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Observation of Tcc

Introduction

 observed in  spectrumTcc D0D0π+

- Signal near  thresholdDD*

LHCb collaboration, arXiv 2109.01038 [hep-ex], 2109.01056 [hep-ex]
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- Charm C = + 2 : ∼ ccūd̄

Tcc

D0D*+(3875.10)
D+D*0(3876.51)

D0D+π0(3869.45)

- Level structure

D0D0π+(3869.25)

Energy (MeV)

3875

3870

- Very small (few MeV ~ keV) energy scale involved 
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 and Tcc X(3872)
Introduction

 : another near-threshold state with  X(3872) MTcc ∼ MX(3872)

X(3871.65)

D0D̄*0(3871.69)

D+D*−(3879.92)

D0D̄0π0(3864.66)

Tcc

D0D*+(3875.10)
D+D*0(3876.51)

D0D+π0(3869.45)
D0D0π+(3869.25)

3875

3870

3875

3870

D0D̄−π+(3874.07)

3865

3880- Masses from PDG Live
(c.c. implicit)

ππJ/ψ, ⋯

≈
-  has decay channelsX(3872)

Energy (MeV)

—> Molecule nature?
-  near Tcc /X(3872) DD*/DD̄*
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Production yields
ExHIC collaboration

Hadron production yields and internal structure
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Identifying hadronic molecular states and/or hadrons with multiquark components either with or

without exotic quantum numbers is a long-standing challenge in hadronic physics. We suggest that

studying the production of these hadrons in relativistic heavy ion collisions offers a promising resolution

to this problem as yields of exotic hadrons are expected to be strongly affected by their structures. Using

the coalescence model for hadron production, we find that, compared to the case of a nonexotic hadron

with normal quark numbers, the yield of an exotic hadron is typically an order of magnitude smaller when

it is a compact multiquark state and a factor of 2 or more larger when it is a loosely bound hadronic

molecule. We further find that some of the newly proposed heavy exotic states could be produced and

realistically measured in these experiments.

DOI: 10.1103/PhysRevLett.106.212001 PACS numbers: 14.40.Rt, 24.10.Pa, 25.75.Dw

Finding hadrons with configurations other than the usual
q !q configuration for a meson and qqq for a baryon is a
long-standing challenge in hadronic physics. In 1970s, the
tetraquark picture [1] was suggested as an attempt to
understand the inverted mass spectrum of the scalar nonet.
At the same time, the exotic H dibaryon [2] was proposed
on the basis of the color-spin interaction. While results
from the long search for the H dibaryon in various experi-
ments turned out to be negative, we are witnessing a
renewed interest in this subject as the properties of several
newly observed heavy states, including DsJð2317Þ [3] and
Xð3872Þ [4], cannot be properly explained within the
simple quark model.

An important aspect in understanding a multiquark
hadron involves the discrimination between a compact
multiquark configuration and a loosely bound molecu-
lar configuration with or without exotic quantum num-
bers. While the wave function of a loosely bound
molecular configuration is dominantly composed of a
bound state of well separated hadrons, the main Fock
component of a compact multiquark configuration typi-
cally has the size of a hadron, with little if any sepa-
rable color singlet components. For a crypto-exotic
state, one further has to distinguish it from a normal
quark configuration. For example, f0ð980Þ and a0ð980Þ
could be either normal quark-antiquark states [5],

compact tetraquark states [1], or weakly bound K !K
molecules [6].
Previously, discriminating between different configura-

tions for a hadron relied on information about the detailed
properties of the hadron and its decay or reaction rate [7].
Moreover, searches for exotic hadrons have usually been
pursued in reactions between elementary particles. In this
Letter, we show that measurements from heavy ion colli-
sions at ultrarelativistic energies can provide new insights
into the problem and give answers to some of the funda-
mental questions raised above [8–10]. In particular, we
focus on the yields of multiquark hadrons in heavy ion
collisions. To carry out this task, we first use the statistical
model [11], which assumes that the produced matter in
relativistic heavy ion collisions is in thermodynamical
equilibrium and is known to describe the relative yields
of normal hadrons very well, to normalize the expected
yields. We then use the coalescence model [12], which is
based on the sudden approximation by calculating the
overlap of the density matrix of the constituents in an
emission source with the Wigner function of the produced
particle, to take into account the effects of the inner struc-
ture of hadrons, such as angular momentum [13] and the
multiplicity of quarks [9]. The coalescence model has been
extensively used to study both light nucleus production in
nuclear reactions [14] and hadron production from the
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We investigate the possibilities of using measurements in present and future experiments on heavy ion collisions
to answer some longstanding problems in hadronic physics, namely, identifying hadronic molecular states and
exotic hadrons with multiquark components. The yields of a selected set of exotic hadron candidates in relativistic
heavy ion collisions are discussed in the coalescence model in comparison with the statistical model. We find
that the yield of a hadron is typically an order of magnitude smaller when it is a compact multiquark state,
compared to that of an excited hadronic state with normal quark numbers. We also find that some loosely bound
hadronic molecules are formed more abundantly than the statistical model prediction by a factor of two or
more. Moreover, owing to the significant numbers of charm and bottom quarks produced at RHIC and even
larger numbers expected at LHC, some of the proposed heavy exotic hadrons could be produced with sufficient
abundance for detection, making it possible to study these new exotic hadrons in heavy ion collisions.

DOI: 10.1103/PhysRevC.84.064910 PACS number(s): 14.40.Rt, 24.10.Pa, 25.75.Dw

I. INTRODUCTION

Experiments at the Relativistic Heavy Ion Collider (RHIC)
during the past decade have shown that the properties of the
quark-gluon plasma (QGP) formed in heavy ion collisions
are far more intriguing than originally conceived [1]. Instead
of weakly interacting, the QGP was found to be a strongly
coupled system with so small a shear viscosity that it behaves
like an ideal fluid. The study of the QGP is expected to remain
an active field of research in the future because of the proposed
upgrade of RHIC and new experimental possibilities at the
Large Hadron Collider (LHC). The physics of QGP is related
to a wide range of other fields, such as the early universe,
nonequilibrium statistical physics, string theory by AdS/CFT
correspondence, and so on.

During the same time, there have also been exciting devel-
opments in the spectroscopy of heavy hadrons, starting with the
discovery of the DsJ (2317) by the BABAR Collaboration [2],
whose mass could not be explained by the simple quark model,
and the X(3872) by the Belle Collaboration [3], whose mass
and decay channel strongly support a nontrivial fraction of
D̄D∗ and DD̄∗ components in its wave function. The Belle
collaboration also reported the finding of the Z+(4430) in the
ψ ′π+ spectrum [4]. Because the Z+(4430) is a charged state, it
cannot be a simple cc̄ state. If confirmed, this would be the first
evidence for the existence of an exotic hadron that is composed
of two quarks and two antiquarks such as cc̄ud̄ [5,6].

The question of whether multiquark hadrons exist is an
old problem in the light hadron sector that began with

attempts to understand the inverted mass spectrum of the
scalar nonet [a0(980), f0(980), and so on] in the tetraquark
picture [7,8]. Also, the exotic H dibaryon was proposed on
the basis of the color-spin interaction [9], and it has been
sought for in various experiments for a long time without
success. On the other hand, the #(1405) baryon resonance
was considered as a K̄N quasibound state in the K̄N − π$
coupled-channel analysis [10]. With further development of
the coupled-channel approach [11], it has been realized that
the #(1405) is the most obvious and uncontroversial candidate
for a hadronic molecule, whose wave function is composed
dominantly of a K̄N bound state mixed with a small π$
resonant state [12]. If such a configuration for the #(1405) is
confirmed in experimental measurements, it will be the first
evidence for a molecular hadronic state. Many new multiquark
states such as K̄KN , K̄NN , (%%)0, etc., have also been
predicted.

While the Z+(4430) could be the first explicitly exotic
hadron found to date, it will be a milestone in hadronic
spectroscopy if other flavor exotic hadrons are found, such
as the controversial pentaquark &+(ududs̄) first reported in
experiments on photonuclear reactions [13]. Also, several
other flavor exotic molecular and compact multiquark hadrons
were previously predicted, based, respectively, on the meson-
exchange and color-spin interactions. More recently, a simple
diquark model based on the color-spin interaction [14,15]
was shown to naturally explain the likely existence of flavor
exotic multiquark hadrons consisting of heavy spectator
quarks, such as the T 1

cc(udc̄c̄), T 0
cb(udc̄b̄), and &cs(udusc̄)
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a b s t r a c t

High energy heavy ion collisions are excellent ways for producing heavy hadrons and
composite particles, including the light (anti)nuclei. With upgraded detectors at the
Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC), it has become
possible to measure hadrons beyond their ground states. Therefore, heavy ion collisions
provide a newmethod for studying exotic hadrons that are eithermolecular statesmade of
various hadrons or compact system consisting of multiquarks. Because their structures are
related to the fundamental properties of QuantumChromodynamics (QCD), studying exotic
hadrons is currently one of themost active areas of research in hadronphysics. Experiments
carried out at various accelerator facilities have indicated that some exotic hadrons may
have already beenproduced. The present review is a summary of the current understanding
of a selected set of exotic particle candidates that can be potentially measured in heavy
ion collisions. It also includes discussions on the production of resonances, exotics and
hadronic molecular states in these collisions based on the coalescence model and the
statistical model. A more detailed discussion is given on the results from these models,
leading to the conclusion that the yield of a hadron that is a compact multiquark state is
typically an order of magnitude smaller than if it is an excited hadronic state with normal
quark numbers or a loosely bound hadronic molecule. Attention is also given to some of

I Report No.: YITP-16-120.
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Production yields
Statistical model

Statistical production yield for hadron h

- works well for normal hadrons

Nstat
h = VH

gh

2π2 ∫
∞

0

p2dp
γ−1

h eEh/TH ± 1

A. Andronic, P. Braun-Munzinger, J. Stachel, NPA 772, 167 (2006)

- Fugacity  : chemical equilibrium for , tuned for γh u, d, s c, b

A. Andronic et al. / Nuclear Physics A 772 (2006) 167–199 181

Fig. 10. The χ2 distribution and hadron yield ratios with best fit at
√

sNN = 130 GeV. Here, the Ω yield includes both
Ω and Ω̄ .

Fig. 11. Hadron yield ratios with best fits at
√

sNN = 200 GeV (see text). The last three ratios, involving resonances,
were not included in the fits.

tematic errors are then estimated as the differences to the case when all measured hadrons (but
no resonances) are included in the fit and to the values from the δ2 minimization.

The experimental ratios and the best fit calculations for the two cases, (i) and (ii) are shown
in Fig. 11. Their respective χ2 distributions are shown in Fig. 12. We note that, comparing the
resonances, only the Λ∗ ratio is clearly deviating from the model fits in our case, at variance
with other claims in this respect [86]. Despite this deviation, which needs further support from
the experimental side, our results on resonances do not point to a sizeable hadronic rescattering
effect after chemical freeze-out [86].

In Fig. 13 we show the sensitivity of various hadron ratios on T and µb for the range of values
relevant for the RHIC energies [6]. The importance of particular ratios in constraining T and/or
µb is evident. The antihyperon to hyperon ratios as well as the ratios of heavy hadrons to pions
are of special value in this respect.

We note that thermal models have also been used to describe hadron production in e+e− and
hadron–hadron collisions [27,38], leading to temperature parameters in the range 160–170 MeV.
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Production yields
Coalescence model

Coalescence (overlap of constituents and hadron w.f.)

Ncoal
h = gh ∫

n

∏
i=1 [ 1

gi

pi ⋅ dσi

(2π)3

d3pi

Ei
f(xi, pi)] fW(x1, ⋯, xn; p1, ⋯, pn)

V. Greco, C. M. Ko, P. Levai, PRL 90, 202302 (2003)

- Model parameters <— statistical yields of normal hadrons

- Multiquarks by quark coalescence
Prediction for exotic hadrons

- Hadronic molecule by hadron coalescence

M
M
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Production yields
Yield estimation

Coalescence-statistical ratio

- Multiquarks suppressed

RCS
h =

Ncoal
h

Nstat
h

- Molecules enhanced

S. Cho et al. / Progress in Particle and Nuclear Physics 95 (2017) 279–322 297
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Fig. 3.2. Coalescence–statistical yield ratio from central Au + Au collisions at
p
sNN = 200 GeV at RHIC. Upper panel is taken from Ref. [15], and lower

panel shows the updated results.
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Fig. 3.3. Freeze-out temperature dependence of the coalescence–statistical yield ratio for deuteron, ⇤(1405) and X(3872) at RHIC.

to the K(K̄) and N yields. In this treatment, however, the coalescence model overestimates the deuteron yield, which is
known to follow the statistical model prediction at the chemical freeze-out temperature.

In Fig. 3.3, we show the freeze-out temperature dependence of the coalescence–statistical yield ratio RCS
h for deuteron

and ⇤(1405) at RHIC. Requiring RCS
h = 1 for the deuteron leads to a freeze-out temperature of deuteron TF = 119 MeV.

According to Eq. (3.28), the density at which a particle freezes out is inversely proportional to its scattering cross section
with other particles in themedium. Since the elastic cross section of a particle is related to its size, onewould expect that the

S. Cho et al., ExHIC collaboration, PPNP 95, 279 (2017)

If  is a  molecule, yield would beTcc DD* ∼ 10−3

Nstat
Tcc

= 4.4 × 10−3

Yields (Pb-Pb @ 5.02 TeV)

Nccūd̄
Tcc

= (1.8 − 2.1) × 10−4

Nstat
X(3872) = 2.8 × 10−3 Ncc̄qq̄

X(3872) = (1.8 − 2.1) × 10−4 Nmolecule
X(3872) = (4.5) × 10−3

NN = 32

J. Hong, S. Cho T. Song, S.H. Lee, PRC 98, 014913 (2018)
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Correlation function and hadron interaction
Correlation functions :  interactionsK−p

High-energy collision: chaotic source  of hadron emissionS(r)

- Definition

C(q) =
NK−p( pK−, pp)

NK−( pK−)Np( pp)

pp

pK−

p

K−

S(r) FSI

(= 1 in the absence of FSI/QS)

Source function <—> two-body wave function (FSI)

- Theory (Koonin-Pratt formula)

C(q) ≃ ∫ d3r S(r) |Ψ(−)
q (r) |2

ALICE collaboration, Nature 588, 232 (2020); …

relative 

momentum q
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Experimental data of  correlationK−p
Correlation functions :  interactionsK−p

 total cross sectionsK−p

- Old bubble chamber data

- Threshold cusp is not visible
- Resolution is not good

Y. Ikeda et al. / Physics Letters B 706 (2011) 63–67 65

Fig. 2. Calculated K − p elastic, charge exchange and strangeness exchange cross sections as function of K − laboratory momentum, compared with experimental data [12].
The solid curves represent best fits of the full NLO calculations to the complete data base including threshold observables. The shaded uncertainty bands are explained in
the text.

with the K −p reduced mass, µr = mK M p/(mK + M p), and includ-
ing important second order corrections [6]. We use the accurate
SIDDHARTA measurements [10]:

!E = 283 ± 36(stat) ± 6(syst) eV,

Γ = 541 ± 89(stat) ± 22(syst) eV.

The available data base is completed by the collection of (less
accurate) scattering cross sections [12] (see Fig. 2). We do not in-
clude measured πΣ mass spectra in the fitting procedure itself but
rather generate them as “predictions” from our coupled-channels
calculations.

4. Results and discussion

Using the unitary coupled-channels method just described, the
basic aim of the present work is to establish a much improved
input set for chiral SU(3) dynamics, by systematic comparison
with a variety of empirical data and with special focus on the
new constraints provided by the recent kaonic hydrogen measure-
ments [10]. A detailed uncertainty analysis is performed. It will be

demonstrated that previous uncertainty measures [7,9] can be re-
duced considerably.

We have carried out χ2 fits to the empirical data set in several
consecutive steps: first starting with the leading order (TW) terms,
then adding direct and crossed Born terms, and finally using the
complete NLO effective Lagrangian. The results are summarized in
Table 1. All calculations have been performed using empirical me-
son and baryon masses. This implies in particular that those parts
of the NLO parameters b0,bD and bF responsible for shifting the
baryon octet masses from their chiral limit, M0, to their physi-
cal values, are already taken care of. The remaining renormalized
parameters, denoted by b̄0, b̄D and b̄F , are then expected to be
considerably smaller in magnitude than the ones usually quoted in
tree-level chiral perturbation theory. Similar renormalization argu-
ments imply that the pseudoscalar meson decay constants should
be chosen at or close to their physical values [13],

fπ = 92.4 MeV, f K = (1.19 ± 0.01) fπ ,

fη = (1.30 ± 0.05) fπ . (11)

It turns out that best fit results can indeed be achieved with these
physical decay constants as inputs. This is a non-trivial obser-

Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011)

—> Important constraint on  and K̄N Λ(1405)

the transport code used in the simulation from GEANT3 [48]
to GEANT4 [49].
The effects related to momentum resolution effects are

accounted for by correcting the theoretical correlation
function, similarly to what shown in Refs. [33] and [41].
The theoretical correlation function Cðk"Þtheoretical depends
not only on the interaction between particles, but also on
the profile and the size of the particle emitting source.
Under the assumption that there is a common Gaussian
source for all particle pairs produced in pp collisions at a
fixed energy, the size of the source considered in the present
analysis is fixed from the baryon-baryon analyses described
in Refs. [33] and [41]. The impact of strongly decaying
resonances (mainly K" decaying into K and Δ decaying
into p) on the determination of the radius for Kp pairs was
studied using different Monte Carlo simulations [45,46]
and found to be 10%. This contribution was linearly added
to the systematic uncertainty associated with the radius.
The radii of the considered Gaussian sources are r0 ¼
1.13% 0.02þ0.17

−0.15 fm [33] for collisions at
ffiffiffi
s

p
¼ 5 and

7 TeV, and r0 ¼ 1.18% 0.01% 0.12 fm [41] for the
ffiffiffi
s

p
¼

13 TeV collisions.
The comparison of the measured Cðk"Þ for same-charge

Kp pairs with different models is shown in Fig. 1. Each
panel presents the results at different collision energy and
the comparison with two different scenarios. The blue band
represents the correlation function evaluated as described in
Eq. (1), assuming only the presence of the Coulomb
potential to evaluate the Cðk"Þtheoretical term. The red band
represents the correlation function assuming the strong
potential implemented in the Jülich model [50] in addition
to the Coulomb potential. The latter has been implemented

using the Gamow factor [51]. In the bottom panels, the
difference between data and model evaluated in the middle
of each k" interval, and divided by statistical error of data
for the three considered collision energies are shown. The
width of the bands represents the n-σ range associated to
the model variations. The reduced χ2 are also shown. This
comparison reveals that the Coulomb interaction is not able
to describe the data points, as expected, while the intro-
duction of a strong potential allows us to reproduce
consistently the data when the same source radius as for
baryon-baryon pairs is considered. Hence, the measured
correlation functions are sensitive to the strong interaction
and can be used to test different strong potentials for the
K−p system, assuming a common source for all the Kp
pairs produced in a collision.
Similar to Fig. 1 for like-sign pairs, Fig. 2 shows the

data-model comparison for unlike-sign pairs. The measured
Cðk"Þ is reported for the three different collision energies
and the Cðk"Þ distributions were compared with different
interaction models. Since all the models considered in this
Letter do not take the presence of Λð1520Þ into account,
only the region below 170 MeV=c is considered in the
comparison. The blue bands show results obtained using
CATS with a Coulomb potential only.
The remaining curves include, on top of the Coulomb

attraction, different descriptions of the K̄N strong inter-
action. The width of each band accounts for the uncer-
tainties in the λ parameters, the source radius and the
baseline. The light blue bands corresponds to the Kyoto
model calculations with approximate boundary conditions
on the K−p wave function which neglect the contributions
from Σπ and Λπ coupled channels [26,52–55]. Moreover,
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FIG. 2. (K−p ⊕ Kþp̄) correlation functions obtained (from left to right) from pp collisions at
ffiffiffi
s

p
¼ 5, 7, 13 TeV. The fourth panel

shows the combined results at the three colliding energies; the number of pairs in each data sample has been used as weight. The inset
shows the correlation function evaluated for pp collisions at

ffiffiffi
s

p
¼ 5 TeV in a wider k" interval. The measurement is presented by the

black markers; the vertical lines and the boxes represent the statistical and systematic uncertainties, respectively. Bottom panels
represent comparison with models as described in the text.
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|q |

- Excellent precision (  cusp)K̄0n

- Low-energy data below K̄0n
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Coupled-channel correlation function
Correlation functions :  interactionsK−p

Coupled-channel formulation
R. Lednicky, V.V. Lyuboshitz, V.L.Lyuboshitz, Phys. Atom. Nucl. 61, 2050 (1997);

J. Haidenbauer, NPA 981, 1 (2019)

CK−p(q) ≃ ∫ d3r SK−p(r) |Ψ(−)
K−p,q(r) |2

Schrödinger equation (s-wave)

− ∇2

2μ1
+ V11(r) + VC(r) V12(r) ⋯

V21(r) − ∇2

2μ2
+ V22(r) + Δ2 ⋯

⋮ ⋮ ⋱

ψK−p(r)
ψK̄0n(r)

⋮
= E

ψK−p(r)
ψK̄0n(r)

⋮

+ ∑
i≠K−p

ωi ∫ d3r Si(r) |Ψ(−)
i,q (r) |2

- Transition from K̄0n, π+Σ−, π0Σ0, π−Σ+, π0Λ

-  : weight of source channel  relative to ωi i K−p

Coulomb threshold energy difference
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Correlation from chiral SU(3) dynamics
Wave function  : coupled-channel  potentialΨ(−)

q (r) K̄N-πΣ-πΛ

Correlation function by ALICE is well reproduced

small and the correlation function is not very sensitive to
ωπ0Λ, the effects of πΣ channels are important because of
the strong K̄N − πΣ coupling. Then we fix ωπ0Λ ¼ 1 and
vary the parameter ωπΣ around the reference value,
obtained by the simplest statistical model estimate [34],
ωðstatÞ
πΣ ≃ exp½ðmK þmN −mπ −mΣÞ=Tc& ≃ 2.0 with Tc ¼

154 MeV [35,36]. As for the source size, the ALICE
collaboration fixed R ¼ 1.18 fm by assuming the same
source size as that of Kþp, which was obtained by the
femtoscopic correlation fit based on the Jülich Kþp
interaction [25], with Coulomb effects treated by the
Gamow factor correction. Although this correction
describes the Coulomb effect well for light systems such
as π − π, it lacks the necessary accuracy for heavier
systems [32]. Thus, we also consider the variation of R
in the fitting procedure. While the source size can in
principle be channel dependent, possible size differences
between channels can be compensated by varying the
source weights. We therefore use a common source size
in K̄N, πΣ, and πΛ channels. We also assume that the
source function has a Gaussian shape and the source weight
is isospin symmetric.
The measured correlation function is assumed to be

described in the form [20]

CfitðqÞ ¼ N ½1þ λfCðqÞ − 1g&; ð8Þ

whereN is a normalization constant and λ is the pair purity
parameter, known also as the chaoticity parameter. The pair
purity parameter is experimentally determined through a
Monte Carlo simulation, λexp ¼ 0.64' 0.06, so we allow
for variations of λ within 1σ. We fit the correlation function
data in the momentum range q < 120 MeV=c, where the
distortion of the s wave is considered to give the dominant
contribution.
In Fig. 2 the χ2=d:o:f: distribution is plotted in the

ðR;ωπΣÞ plane. A good fit (χ2=d:o:f:≲ 1) is achieved in the

region from ðR;ωπΣÞ ¼ ð0.6 fm; 0Þ to ð1.1 fm; 5.0Þ. The
source size R ≃ 1 fm is reasonable for pp collisions, while
ωπΣ should be consistent with the simple statistical model
estimate within a factor of 2 to 3. Thus, we consider
parameter sets in this region with 0.5 ≤ ωπΣ ≤ 5 as equally
acceptable. On the other hand, if we take the R ¼ 1.18 fm
as adopted by the ALICE Collaboration, ωπΣ ≳ 8 gives a
good fit, but such large ωπΣ values appear to be signifi-
cantly beyond the statistical model estimate.
Figure 3 shows the fitted K−p correlation function

with R ¼ 0.9 fm as an example of a result satisfying
χ2=d:o:f: < 1. The other parameters are chosen as

ωπΣ ¼ 2.95; N ¼ 1.13; λ ¼ 0.58; ð9Þ

to give the minimum value of χ2=d:o:f: ¼ 0.58. The
enhancement in the low-momentum range and the char-
acteristic cusp structure are evidently well reproduced.
Recalling the importance of the πΣ component in the K−p
correlation as shown in Fig. 1, the sizable value of ωπΣ
indicates that the contribution from the πΣ source is
essential to reproduce the data.
The peak structure seen in Fig. 3 around q ∼ 240 MeV=c

represents the Λð1520Þ resonance. The contribution from
this resonance can be simulated by a Breit-Wigner func-
tion:

CresðqÞ ¼
bΓ2

ðq2=2μK−p þmp þmK− − ERÞ2 þ Γ2=4
; ð10Þ

with parameters b, ER, and Γ. We can isolate the resonance
by subtracting CfitðqÞ from the correlation data, using the
parameters of Eq. (9) and R ¼ 0.9 fm. The remaining
structure in the interval 150 MeV=c < q < 300 MeV=c is

FIG. 2. Reduced χ2 distribution in the ðR;ωπΣÞ plane. From
inward out the contour lines correspond to χ2=d:o:f: ¼ 0.5, 1,
1.5, and 2, respectively.

FIG. 3. Correlation function with the best fit parameters (solid
line). The result including the Λð1520Þ contribution is shown by
the dotted line. The dashed line shows the prediction with
R ¼ 1.6 fm. Its shaded area shows the uncertainty with respect
to the variation of ωπΣ. For comparison, we also plot the
corresponding area for the case with R ¼ 0.9 fm. The ALICE
data set is taken from Ref. [20].

PHYSICAL REVIEW LETTERS 124, 132501 (2020)

132501-4

Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise, PRL124, 132501 (2020)

K. Miyahara, T. Hyodo, W. Weise, PRC98, 025201 (2018)

Correlation functions :  interactionsK−p

- Source function  : Gaussian,  in  data S(r) R ∼ 1 fm K+p

- Source weight  by simple statistical model estimateωπΣ ∼ 2

small and the correlation function is not very sensitive to
ωπ0Λ, the effects of πΣ channels are important because of
the strong K̄N − πΣ coupling. Then we fix ωπ0Λ ¼ 1 and
vary the parameter ωπΣ around the reference value,
obtained by the simplest statistical model estimate [34],
ωðstatÞ
πΣ ≃ exp½ðmK þmN −mπ −mΣÞ=Tc& ≃ 2.0 with Tc ¼

154 MeV [35,36]. As for the source size, the ALICE
collaboration fixed R ¼ 1.18 fm by assuming the same
source size as that of Kþp, which was obtained by the
femtoscopic correlation fit based on the Jülich Kþp
interaction [25], with Coulomb effects treated by the
Gamow factor correction. Although this correction
describes the Coulomb effect well for light systems such
as π − π, it lacks the necessary accuracy for heavier
systems [32]. Thus, we also consider the variation of R
in the fitting procedure. While the source size can in
principle be channel dependent, possible size differences
between channels can be compensated by varying the
source weights. We therefore use a common source size
in K̄N, πΣ, and πΛ channels. We also assume that the
source function has a Gaussian shape and the source weight
is isospin symmetric.
The measured correlation function is assumed to be

described in the form [20]

CfitðqÞ ¼ N ½1þ λfCðqÞ − 1g&; ð8Þ

whereN is a normalization constant and λ is the pair purity
parameter, known also as the chaoticity parameter. The pair
purity parameter is experimentally determined through a
Monte Carlo simulation, λexp ¼ 0.64' 0.06, so we allow
for variations of λ within 1σ. We fit the correlation function
data in the momentum range q < 120 MeV=c, where the
distortion of the s wave is considered to give the dominant
contribution.
In Fig. 2 the χ2=d:o:f: distribution is plotted in the

ðR;ωπΣÞ plane. A good fit (χ2=d:o:f:≲ 1) is achieved in the

region from ðR;ωπΣÞ ¼ ð0.6 fm; 0Þ to ð1.1 fm; 5.0Þ. The
source size R ≃ 1 fm is reasonable for pp collisions, while
ωπΣ should be consistent with the simple statistical model
estimate within a factor of 2 to 3. Thus, we consider
parameter sets in this region with 0.5 ≤ ωπΣ ≤ 5 as equally
acceptable. On the other hand, if we take the R ¼ 1.18 fm
as adopted by the ALICE Collaboration, ωπΣ ≳ 8 gives a
good fit, but such large ωπΣ values appear to be signifi-
cantly beyond the statistical model estimate.
Figure 3 shows the fitted K−p correlation function

with R ¼ 0.9 fm as an example of a result satisfying
χ2=d:o:f: < 1. The other parameters are chosen as

ωπΣ ¼ 2.95; N ¼ 1.13; λ ¼ 0.58; ð9Þ

to give the minimum value of χ2=d:o:f: ¼ 0.58. The
enhancement in the low-momentum range and the char-
acteristic cusp structure are evidently well reproduced.
Recalling the importance of the πΣ component in the K−p
correlation as shown in Fig. 1, the sizable value of ωπΣ
indicates that the contribution from the πΣ source is
essential to reproduce the data.
The peak structure seen in Fig. 3 around q ∼ 240 MeV=c

represents the Λð1520Þ resonance. The contribution from
this resonance can be simulated by a Breit-Wigner func-
tion:

CresðqÞ ¼
bΓ2

ðq2=2μK−p þmp þmK− − ERÞ2 þ Γ2=4
; ð10Þ

with parameters b, ER, and Γ. We can isolate the resonance
by subtracting CfitðqÞ from the correlation data, using the
parameters of Eq. (9) and R ¼ 0.9 fm. The remaining
structure in the interval 150 MeV=c < q < 300 MeV=c is

FIG. 2. Reduced χ2 distribution in the ðR;ωπΣÞ plane. From
inward out the contour lines correspond to χ2=d:o:f: ¼ 0.5, 1,
1.5, and 2, respectively.

FIG. 3. Correlation function with the best fit parameters (solid
line). The result including the Λð1520Þ contribution is shown by
the dotted line. The dashed line shows the prediction with
R ¼ 1.6 fm. Its shaded area shows the uncertainty with respect
to the variation of ωπΣ. For comparison, we also plot the
corresponding area for the case with R ¼ 0.9 fm. The ALICE
data set is taken from Ref. [20].
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Source size dependence
New data of Pb-Pb collisions at 5.02 TeV

Correlation functions :  interactionsK−p

Kaon–proton scattering in Pb–Pb collisions at the LHC ALICE Collaboration
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Figure 3: Left: scattering parameters obtained from the Lednický–Lyuboshitz fit compared with available world
data and theoretical calculations. Statistical uncertainties are represented as bars and systematic uncertainties, if
provided, as boxes. Right: experimental femtoscopic correlation function for K�p�K+p pairs in the 30–40%
centrality interval, together with various Lednický–Lyuboshitz calculations obtained using the scattering length
parameters from Refs. [17, 18, 71–75] and the source radius from this analysis. The statistical and systematic
uncertainties of the measured data points are added in quadrature and shown as vertical bars.

and ¡ f0 = 0.92± 0.05(stat)+0.12
�0.33(syst) fm.

The obtained parameters of the scattering length are compared with the available experimental values as
well as model calculations [18, 71–75] in the left panel of Fig. 3. Numerical values of those parameters
are also provided in Tab. 1. The ALICE results are compatible with them within uncertainties2. Up until
this point, the world’s best experimental data on Kp scattering are mainly from exotic kaonic atoms,
where the interaction at the threshold is measured, and from scattering experiments. Theory predictions
and calculations are based on cEFT models.

Moreover, the Lednický–Lyuboshitz formalism is also used to compute femtoscopic correlation functions
using scattering length parameters from previous measurements and theory predictions. They are then
compared with the experimental data and the deviations in units of c2/ndf are obtained. The result of
such a procedure is shown in Fig. 3 (right), while the c2/ndf values are presented in Table 1. The Kyoto
model, which captures well the structures related to coupled channels in pp collisions, reproduces the data
trends in all measured Pb–Pb centrality intervals, confirming that the coupled channels are fundamental
in the description of small sources but have a negligible influence on correlation functions at large source
sizes [39]. However, the model still requires further development as the resulting c2/ndf= 2.8 is slightly
worse than the best calculations using the Lednický–Lyuboshitz analytical approach.

2Note that systematic uncertainties are not provided for some of the older results.
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ALICE collaboration, PLB 822, 136708 (2021)

small and the correlation function is not very sensitive to
ωπ0Λ, the effects of πΣ channels are important because of
the strong K̄N − πΣ coupling. Then we fix ωπ0Λ ¼ 1 and
vary the parameter ωπΣ around the reference value,
obtained by the simplest statistical model estimate [34],
ωðstatÞ
πΣ ≃ exp½ðmK þmN −mπ −mΣÞ=Tc& ≃ 2.0 with Tc ¼

154 MeV [35,36]. As for the source size, the ALICE
collaboration fixed R ¼ 1.18 fm by assuming the same
source size as that of Kþp, which was obtained by the
femtoscopic correlation fit based on the Jülich Kþp
interaction [25], with Coulomb effects treated by the
Gamow factor correction. Although this correction
describes the Coulomb effect well for light systems such
as π − π, it lacks the necessary accuracy for heavier
systems [32]. Thus, we also consider the variation of R
in the fitting procedure. While the source size can in
principle be channel dependent, possible size differences
between channels can be compensated by varying the
source weights. We therefore use a common source size
in K̄N, πΣ, and πΛ channels. We also assume that the
source function has a Gaussian shape and the source weight
is isospin symmetric.
The measured correlation function is assumed to be

described in the form [20]

CfitðqÞ ¼ N ½1þ λfCðqÞ − 1g&; ð8Þ

whereN is a normalization constant and λ is the pair purity
parameter, known also as the chaoticity parameter. The pair
purity parameter is experimentally determined through a
Monte Carlo simulation, λexp ¼ 0.64' 0.06, so we allow
for variations of λ within 1σ. We fit the correlation function
data in the momentum range q < 120 MeV=c, where the
distortion of the s wave is considered to give the dominant
contribution.
In Fig. 2 the χ2=d:o:f: distribution is plotted in the

ðR;ωπΣÞ plane. A good fit (χ2=d:o:f:≲ 1) is achieved in the

region from ðR;ωπΣÞ ¼ ð0.6 fm; 0Þ to ð1.1 fm; 5.0Þ. The
source size R ≃ 1 fm is reasonable for pp collisions, while
ωπΣ should be consistent with the simple statistical model
estimate within a factor of 2 to 3. Thus, we consider
parameter sets in this region with 0.5 ≤ ωπΣ ≤ 5 as equally
acceptable. On the other hand, if we take the R ¼ 1.18 fm
as adopted by the ALICE Collaboration, ωπΣ ≳ 8 gives a
good fit, but such large ωπΣ values appear to be signifi-
cantly beyond the statistical model estimate.
Figure 3 shows the fitted K−p correlation function

with R ¼ 0.9 fm as an example of a result satisfying
χ2=d:o:f: < 1. The other parameters are chosen as

ωπΣ ¼ 2.95; N ¼ 1.13; λ ¼ 0.58; ð9Þ

to give the minimum value of χ2=d:o:f: ¼ 0.58. The
enhancement in the low-momentum range and the char-
acteristic cusp structure are evidently well reproduced.
Recalling the importance of the πΣ component in the K−p
correlation as shown in Fig. 1, the sizable value of ωπΣ
indicates that the contribution from the πΣ source is
essential to reproduce the data.
The peak structure seen in Fig. 3 around q ∼ 240 MeV=c

represents the Λð1520Þ resonance. The contribution from
this resonance can be simulated by a Breit-Wigner func-
tion:

CresðqÞ ¼
bΓ2

ðq2=2μK−p þmp þmK− − ERÞ2 þ Γ2=4
; ð10Þ

with parameters b, ER, and Γ. We can isolate the resonance
by subtracting CfitðqÞ from the correlation data, using the
parameters of Eq. (9) and R ¼ 0.9 fm. The remaining
structure in the interval 150 MeV=c < q < 300 MeV=c is

FIG. 2. Reduced χ2 distribution in the ðR;ωπΣÞ plane. From
inward out the contour lines correspond to χ2=d:o:f: ¼ 0.5, 1,
1.5, and 2, respectively.

FIG. 3. Correlation function with the best fit parameters (solid
line). The result including the Λð1520Þ contribution is shown by
the dotted line. The dashed line shows the prediction with
R ¼ 1.6 fm. Its shaded area shows the uncertainty with respect
to the variation of ωπΣ. For comparison, we also plot the
corresponding area for the case with R ¼ 0.9 fm. The ALICE
data set is taken from Ref. [20].
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Correlation is suppressed at larger , as predictedR

- Scattering length  fmaK−p = − 0.91 + 0.92i
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Strategy
Schematic threshold structures in  meson sectorD

Correlation functions :  meson sectorD

Tcc X(3872)

En
er

gy

D̄N DN DD* DD̄*

D−p D+p D0D*+
D+D*0

D0D̄*0
D+D*−

πΣc
ππJ/ψπΛc

D*ND̄*N D*D* D*D̄*

-  <— Scattering length in theoretical models ( )V0 D̄N, DN

-  <— Binding energies of  ( )V0 Tcc, X(3872) DD*, DD̄*

One-range gaussian potentials
V(r) = V0 exp{−m2r2}
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Exotic  sectorDN

 correlation functions ( , exotic)D−p c̄duud

Correlation functions :  meson sectorD

- Gaussian potentials with a0(I = 0,1)

- Coupled with D̄0n

- Theoretical models
[1] J. Hofmann, M.F.M. Lutz, NPA763, 90 (2005);

[2] J. Haidenbauer et al., EPJA33, 107 (2007);

[3] Y. Yamaguchi et al., PRD84, 014032 (2011);

[4] C. Fontoura et al., PRD87, 025206 (2013)

- No decay channels below

Y. Kamiya, T. Hyodo, A. Ohnishi, in preparation

- To be compared with experiments in future
- Model 3 with a bound state : dip structure
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Non-exotic  sectorD̄N

 correlation functions ( , non-exotic)D+p cd̄uud

Correlation functions :  meson sectorD

- Effective single-channel potential

   <— a0(I = 1)

- No isospin partner in DN

- Theoretical models
[1] J. Hofmann, M.F.M. Lutz, NPA763, 90 (2005);

[2] T. Mizutani, A. Ramos, PRC74, 065201 (2006);

[3] C. Garcia-Recio et al., PRD79, 054004 (2009);

[4] J. Haidenbauer et al., EPJA47, 18 (2011);

[5] U. Raha et al., PRC98, 034002 (2018)

- With decay channels ( )πΛc, πΣc

Y. Kamiya, T. Hyodo, A. Ohnishi, in preparation

- Sizable dependence on the scattering length
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 sectorDD* ∼ Tcc

 and  correlation functions ( , exotic)D0D*+ D+D*0 ccūd̄

Correlation functions :  meson sectorD

- Bound state feature (source size dep.) in both channels

Y. Kamiya, T. Hyodo, A. Ohnishi, in preparation
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Figure 1: Correlation function of D0D̄∗+ and D+D∗0 pair.

3

- Strong signal in , weaker one in D0D*+ D+D*0

-  cusp in  ( ) is not very prominentD+D*0 D0D*+ q ∼ 52 MeV

D0D*+ D+D*0

Tcc

D0D*+
D+D*0
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 sectorDD̄* ∼ X(3872)

 and  correlation functions ( )D0D̄*0 D+D̄*− cc̄qq̄

Correlation functions :  meson sectorD

Y. Kamiya, T. Hyodo, A. Ohnishi, in preparation

-  correlation : Coulomb attraction dominanceD+D*−

- Sizable  cusp in  ( )D+D*− D0D̄*0 q ∼ 126 MeV

- Bound state feature in  correlationD0D̄*0

X(3872)

D0D̄*0

D+D*−

D+D*−D0D̄*0
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Figure 1: Correlation function of D0D̄∗0 and D−D∗+ pair.

Hadron mass [MeV] JP

D+ 1869.66 0−

D0 1864.84 0−

D∗+ 2010.26 1−

D∗0 2006.85 1−

Table 2: Masses of charmed hadrons.

Hadron pair Threshold energy [MeV]
D0D̄∗0 3871.69
D+D∗− 3879.92
D∗0D̄∗0 4013.70
D∗+D̄∗− 4020.52

Table 3: Threshold energy of DD̄ and DD̄∗ channels.

3
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Hadron production yields <— internal structure


 correlation in  collisions 

 and  correlations


 and  correlations

K−p pp

D−p D+p

D0D*+ D0D̄*0

Summary

Summary

Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise, PRL124, 132501 (2020)

Y. Kamiya, T. Hyodo, A. Ohnishi, in preparation

S. Cho et al., ExHIC collaboration, PRL 106, 212001 (2011);

S. Cho et al., ExHIC collaboration, PRC 84, 064910 (2011);

S. Cho et al., ExHIC collaboration, PPNP 95, 279 (2017)

- sizable scattering length dependence

- (quasi-)bound nature of  and Tcc X(3872)

- well described by chiral SU(3) dynamics
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Table 3.1

Statistical and coalescence model parameters for Scenario 1 and 2 at RHIC (200 GeV), LHC (2.76 TeV) and LHC (5.02 TeV), and those given
in Refs. [14,15]. Quark masses are taken to be mq = 350 MeV, ms = 500 MeV, mc = 1500 MeV and mb = 4700 MeV. In Refs. [14,15], light
quark masses were taken to bemq = 300 MeV.

RHIC LHC (2.76 TeV) LHC (5.02 TeV) RHIC LHC (5 TeV)
Sc. 1 Sc. 2 Sc. 1 Sc. 2 Sc. 1 Sc. 2 Refs [14,15]

TH (MeV) 162 156 175
VH (fm3) 2100 5380 1908 5152
µB (MeV) 24 0 20 0
µs (MeV) 10 0 10 0
�c 22 39 50 6.40 15.8
�b 4.0 ⇥ 107 8.6 ⇥ 108 1.4 ⇥ 109 2.2 ⇥ 106 3.3 ⇥ 107

TC (MeV) 162 166 156 166 156 166 175
VC (fm3) 2100 1791 5380 3533 5380 3533 1000 2700
! (MeV) 590 608 564 609 564 609 550
!s (MeV) 431 462 426 502 426 502 519
!c (MeV) 222 244 219 278 220 279 385
!b (MeV) 183 202 181 232 182 234 338
Nu = Nd 320 302 700 593 700 593 245 662
Ns = Ns̄ 183 176 386 347 386 347 150 405
Nc = Nc̄ 4.1 11 14 3 20
Nb = Nb̄ 0.03 0.44 0.71 0.02 0.8

TF (MeV) 119 115 125
VF (fm3) 20355 50646 11322 30569
NK 67.5 134 142a 363a

NK̄ 59.6 134 127a 363a

NN 20 32 62a 150a

N� 18 28 – –
N⇤ 3.8 6.5 – –
N⌅ 2.6 4.4 4.7 13
N⌦ 0.37 0.62 0.81 2.3
ND = ND̄ 1.5 4.0 5.2 1.0 6.9
ND⇤ = ND̄⇤ 2.0 5.4 6.9 1.5 10
ND1 = ND̄1

0.20 0.49 0.63 0.19 1.3
NB = NB̄ 8.1 ⇥ 10�3 0.12 0.20 5.3 ⇥ 10�3 0.21
NB⇤ = NB̄⇤ 1.9 ⇥ 10�2 0.27 0.45 1.2 ⇥ 10�2 0.49
N⇤c 0.17 0.36 0.46 – –
N⌃c 0.2 0.41 0.52 – –
N⌃⇤

c 0.28 0.56 0.71 – –
N⌅c 0.11 0.25 0.32 0.10 0.65
a Values contain feed down contributions.

QGP has small net baryons or baryon chemical potential µB, indicates that there is an approximate chemical equilibrium
of strangeness at RHIC, and this is due to the short equilibration time and net zero strangeness in the QGP. Because of the
higher energy, longer lifetime, and almost zero net baryons of QGP at LHC, a complete chemical equilibrium is reached for
strangeness, resulting in a zero strange chemical potential.

3.1. Statistical model

Both the statistical hadronization model and the coalescence model have been used to evaluate the yields of exotic
hadrons produced from heavy ion collisions. The statistical model has been very successful in explaining the relative yields
of normal hadrons in relativistic heavy ion collisions. In the statistical hadronizationmodel, the number of produced hadrons
of a given type h is given by [244]

Nstat
h = VH

gh
2⇡2

Z
1

0

p2dp
� �1
h eEh/TH ± 1

⇡
�hghVH

2⇡2 m2
hTHK2

⇣mh

TH

⌘
⇡ �hghVH

✓
mhTH
2⇡

◆3/2

e�mi/TH , (3.1)

with gh being the degeneracy of the hadron, �h the fugacity, K2 the modified Bessel function of the second kind, and VH
and TH , respectively, the volume and temperature of the source for the statistical production of hadrons. The fugacity �h of
hadron species h, is generally expressed as

�h = � nc+nc̄
c �

nb+nb̄
b e(µBB+µsS)/TH , (3.2)

where B, S, nc(nc̄) and nb(nb̄) are the baryon number, strangeness, (anti-)charm quark number, and (anti-)bottom quark
number of the hadron, respectively. Values of the strangeness chemical potentials for heavy ion collision at RHIC and LHC
are listed in Table 3.1. Since charm and bottom quarks are mostly produced from initial hard scattering, their numbers are

S. Cho et al., ExHIC collaboration, PPNP 95, 279 (2017)
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Table 3.5

Summary of particle yields for other hadrons (I) (cf. Table 2.5).

Particle Scenario 1 Scenario 2 Mol. Stat.
qq̄/qqq Multiquark qq̄/qqq Multiquark

RHIC

⇥(1530) – 6.7 ⇥ 10�3 – 6.7 ⇥ 10�3 – 5.0 ⇥ 10�1

K̄KN – 5.0 ⇥ 10�3 – 5.1 ⇥ 10�3 4.2 ⇥ 10�2 1.2 ⇥ 10�1

K̄NN 7.3 ⇥ 10�4 2.7 ⇥ 10�5 7.4 ⇥ 10�4 2.9 ⇥ 10�5 3.9 ⇥ 10�3 5.8 ⇥ 10�3

⌦⌦ – 8.2 ⇥ 10�6 – 9.4 ⇥ 10�6 – 1.5 ⇥ 10�5

LHC (2.76 TeV)

⇥(1530) – 8.2 ⇥ 10�3 – 8.5 ⇥ 10�3 – 6.8 ⇥ 10�1

K̄KN – 6.0 ⇥ 10�3 – 6.6 ⇥ 10�3 5.1 ⇥ 10�2 1.5 ⇥ 10�1

K̄NN 7.9 ⇥ 10�4 2.3 ⇥ 10�5 8.6 ⇥ 10�4 3.0 ⇥ 10�5 3.9 ⇥ 10�3 6.3 ⇥ 10�3

⌦⌦ – 7.6 ⇥ 10�6 – 1.2 ⇥ 10�5 – 1.8 ⇥ 10�5

LHC (5.02 TeV)

⇥(1530) – 8.2 ⇥ 10�3 – 8.5 ⇥ 10�3 – 6.8 ⇥ 10�1

K̄KN – 6.0 ⇥ 10�3 – 6.6 ⇥ 10�3 5.2 ⇥ 10�2 1.5 ⇥ 10�1

K̄NN 7.9 ⇥ 10�4 2.3 ⇥ 10�5 8.6 ⇥ 10�4 3.0 ⇥ 10�5 3.9 ⇥ 10�3 6.3 ⇥ 10�3

⌦⌦ – 7.6 ⇥ 10�6 – 1.2 ⇥ 10�5 – 1.8 ⇥ 10�5

Table 3.6

Summary of particle yields for other hadrons (II) (cf. Table 2.5).

Particle Scenario 1 Scenario 2 Mol. Stat.
qq̄/qqq Multiquark qq̄/qqq Multiquark

RHIC

T 1
cc – 5.0 ⇥ 10�5 – 5.3 ⇥ 10�5 – 8.9 ⇥ 10�4

D̄N – 2.6 ⇥ 10�3 – 2.6 ⇥ 10�3 1.3 ⇥ 10�2 1.0 ⇥ 10�2

D̄⇤N – 9.8 ⇥ 10�4 – 9.3 ⇥ 10�4 1.1 ⇥ 10�2 9.6 ⇥ 10�3

⇥cs – 7.4 ⇥ 10�4 – 7.4 ⇥ 10�4 – 6.4 ⇥ 10�3

Hc – 2.7 ⇥ 10�4 – 2.8 ⇥ 10�4 – 5.7 ⇥ 10�4

D̄NN – 1.8 ⇥ 10�5 – 1.8 ⇥ 10�5 9.4 ⇥ 10�5 5.1 ⇥ 10�5

⇤cN – 1.5 ⇥ 10�3 – 1.5 ⇥ 10�3 5.0 ⇥ 10�3 2.9 ⇥ 10�3

⇤cNN – 6.7 ⇥ 10�6 – 6.7 ⇥ 10�6 2.9 ⇥ 10�6 9.8 ⇥ 10�6

T 0
cb – 9.3 ⇥ 10�8 – 9.9 ⇥ 10�8 – 1.6 ⇥ 10�6

LHC (2.76 TeV)

T 1
cc – 1.1 ⇥ 10�4 – 1.3 ⇥ 10�4 – 2.7 ⇥ 10�3

D̄N – 4.3 ⇥ 10�3 – 4.2 ⇥ 10�3 2.3 ⇥ 10�2 1.9 ⇥ 10�2

D̄⇤N – 1.6 ⇥ 10�3 – 1.3 ⇥ 10�3 2.0 ⇥ 10�2 1.8 ⇥ 10�2

⇥cs – 1.2 ⇥ 10�3 – 1.2 ⇥ 10�3 – 1.2 ⇥ 10�2

Hc – 3.8 ⇥ 10�4 – 4.0 ⇥ 10�4 – 8.6 ⇥ 10�4

D̄NN – 2.0 ⇥ 10�5 – 2.0 ⇥ 10�5 1.1 ⇥ 10�4 6.7 ⇥ 10�5

⇤cN – 2.2 ⇥ 10�3 – 2.2 ⇥ 10�3 7.0 ⇥ 10�3 4.3 ⇥ 10�3

⇤cNN – 6.7 ⇥ 10�6 – 6.5 ⇥ 10�6 2.7 ⇥ 10�6 9.9 ⇥ 10�6

T 0
cb – 1.1 ⇥ 10�6 – 1.3 ⇥ 10�6 – 2.7 ⇥ 10�5

LHC (5.02 TeV)

T 1
cc – 1.8 ⇥ 10�4 – 2.1 ⇥ 10�4 – 4.4 ⇥ 10�3

D̄N – 5.3 ⇥ 10�3 – 5.3 ⇥ 10�3 3.0 ⇥ 10�2 2.4 ⇥ 10�2

D̄⇤N – 2.0 ⇥ 10�3 – 1.7 ⇥ 10�3 2.6 ⇥ 10�2 2.3 ⇥ 10�2

⇥cs – 1.5 ⇥ 10�3 – 1.4 ⇥ 10�3 – 1.6 ⇥ 10�2

Hc – 4.7 ⇥ 10�4 – 4.9 ⇥ 10�4 – 1.1 ⇥ 10�3

D̄NN – 2.5 ⇥ 10�5 – 2.5 ⇥ 10�5 1.5 ⇥ 10�4 8.6 ⇥ 10�5

⇤cN – 2.7 ⇥ 10�3 – 2.7 ⇥ 10�3 9.1 ⇥ 10�3 5.5 ⇥ 10�3

⇤cNN – 8.2 ⇥ 10�6 – 8.0 ⇥ 10�6 3.5 ⇥ 10�6 1.3 ⇥ 10�5

T 0
cb – 2.3 ⇥ 10�6 – 2.7 ⇥ 10�6 – 5.6 ⇥ 10�5

that from the statistical model prediction. This is in contrast to high energy pp collisions, where molecular configurations
with small binding energies are difficult to produce at high transverse momentum pT [144]. The upper panel of Fig. 3.2,
shows the coalescence–statistical yield ratio, Rcs = Ncoal/Nstat, given in Refs. [14,15] using parameters given in Table 3.1 and
assuming that the hadron coalescence takes place at TF = 125 MeV as well as including the resonance decay contributions
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with small binding energies are difficult to produce at high transverse momentum pT [144]. The upper panel of Fig. 3.2,
shows the coalescence–statistical yield ratio, Rcs = Ncoal/Nstat, given in Refs. [14,15] using parameters given in Table 3.1 and
assuming that the hadron coalescence takes place at TF = 125 MeV as well as including the resonance decay contributions
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shows the coalescence–statistical yield ratio, Rcs = Ncoal/Nstat, given in Refs. [14,15] using parameters given in Table 3.1 and
assuming that the hadron coalescence takes place at TF = 125 MeV as well as including the resonance decay contributions
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Table 3.3

Summary of particle yields for light hadrons (cf. Table 2.3).

Particle Scenario 1 Scenario 2 Mol. Stat.
qq̄/qqq Multiquark qq̄/qqq Multiquark

RHIC

f0(980) 2.1 (0.7) 3.9 ⇥ 10�2 2.1 (0.7) 4.0 ⇥ 10�2 1.7 3.5
a0(980) 6.4 1.2 ⇥ 10�1 6.4 1.2 ⇥ 10�1 5.2 10
K(1460) – 5.8 ⇥ 10�2 – 5.7 ⇥ 10�2 1.3 ⇥ 10�1 6.3 ⇥ 10�1

⇤(1405) 4.7 ⇥ 10�1 2.3 ⇥ 10�2 4.5 ⇥ 10�1 2.4 ⇥ 10�2 7.3 ⇥ 10�1 8.6 ⇥ 10�1

�� – 4.2 ⇥ 10�3 – 5.3 ⇥ 10�3 – 1.8 ⇥ 10�2

⇤⇤-N⌅ (H) – 4.7 ⇥ 10�4 – 5.0 ⇥ 10�4 1.6 ⇥ 10�3 4.9 ⇥ 10�3

N⌦ – 1.7 ⇥ 10�3 – 1.9 ⇥ 10�3 1.4 ⇥ 10�3 6.7 ⇥ 10�3

LHC (2.76 TeV)

f0(980) 4.3 (1.2) 5.4 ⇥ 10�2 4.1 (1.2) 6.0 ⇥ 10�2 3.2 6.6
a0(980) 13 1.6 ⇥ 10�1 12 1.8 ⇥ 10�1 9.5 20
K(1460) – 8.2 ⇥ 10�2 – 8.0 ⇥ 10�2 1.9 ⇥ 10�1 1.0
⇤(1405) 7.5 ⇥ 10�1 2.9 ⇥ 10�2 7.0 ⇥ 10�1 3.2 ⇥ 10�2 1.1 1.4
�� – 5.8 ⇥ 10�3 – 1.0 ⇥ 10�2 – 1.9 ⇥ 10�2

⇤⇤-N⌅ (H) – 5.0 ⇥ 10�4 – 6.1 ⇥ 10�4 1.8 ⇥ 10�3 5.9 ⇥ 10�3

N⌦ – 1.8 ⇥ 10�3 – 2.3 ⇥ 10�3 1.6 ⇥ 10�3 7.8 ⇥ 10�3

LHC (5.02 TeV)

f0(980) 4.3 (1.2) 5.4 ⇥ 10�2 4.1 (1.2) 6.0 ⇥ 10�2 3.2 6.6
a0(980) 13 1.6 ⇥ 10�1 12 1.8 ⇥ 10�1 9.5 20
K(1460) – 8.2 ⇥ 10�2 – 8.0 ⇥ 10�2 1.9 ⇥ 10�1 1.0
⇤(1405) 7.5 ⇥ 10�1 2.9 ⇥ 10�2 7.0 ⇥ 10�1 3.2 ⇥ 10�2 1.1 1.4
�� – 5.8 ⇥ 10�3 – 1.0 ⇥ 10�2 – 1.9 ⇥ 10�2

⇤⇤-N⌅ (H) – 5.0 ⇥ 10�4 – 6.1 ⇥ 10�4 1.8 ⇥ 10�3 5.9 ⇥ 10�3

N⌦ – 1.8 ⇥ 10�3 – 2.3 ⇥ 10�3 1.6 ⇥ 10�3 7.8 ⇥ 10�3

Table 3.4

Summary of particle yields for heavy hadrons (cf. Table 2.4).

Particle Scenario 1 Scenario 2 Mol. Stat.
qq̄/qqq Multiquark qq̄/qqq Multiquark

RHIC

Ds(2317) 2.3 ⇥ 10�2 2.4 ⇥ 10�3 2.3 ⇥ 10�2 2.5 ⇥ 10�3 6.5 ⇥ 10�3 6.6 ⇥ 10�2

X(3872) 5.4 ⇥ 10�4 5.0 ⇥ 10�5 5.6 ⇥ 10�4 5.3 ⇥ 10�5 9.1 ⇥ 10�4 5.7 ⇥ 10�4

Zc(3900) – 1.5 ⇥ 10�4 – 1.6 ⇥ 10�4 – 1.5 ⇥ 10�3

Zc(4430) – 1.5 ⇥ 10�4 – 1.6 ⇥ 10�5 5.0 ⇥ 10�5 6.5 ⇥ 10�5

Zb(10610) – 2.0 ⇥ 10�9 – 2.1 ⇥ 10�9 – 2.1 ⇥ 10�8

Zb(10650) – 2.0 ⇥ 10�9 – 2.1 ⇥ 10�9 – 1.6 ⇥ 10�8

X(5568) – 5.1 ⇥ 10�5 – 5.2 ⇥ 10�5 – 2.3 ⇥ 10�3

Pc(4380) – 2.5 ⇥ 10�5 – 2.6 ⇥ 10�5 2.9 ⇥ 10�5 9.2 ⇥ 10�5

Pc(4450) – 1.5 ⇥ 10�5 – 1.5 ⇥ 10�5 – 9.1 ⇥ 10�5

LHC (2.76 TeV)

Ds(2317) 5.2 ⇥ 10�2 4.3 ⇥ 10�3 5.0 ⇥ 10�2 4.5 ⇥ 10�3 1.4 ⇥ 10�2 1.5 ⇥ 10�1

X(3872) 1.6 ⇥ 10�3 1.1 ⇥ 10�4 1.7 ⇥ 10�3 1.3 ⇥ 10�4 2.7 ⇥ 10�3 1.7 ⇥ 10�3

Zc(3900) – 3.4 ⇥ 10�4 – 4.0 ⇥ 10�4 – 4.3 ⇥ 10�3

Zc(4430) – 3.4 ⇥ 10�4 – 4.0 ⇥ 10�4 1.4 ⇥ 10�4 1.7 ⇥ 10�4

Zb(10610) – 1.3 ⇥ 10�7 – 1.5 ⇥ 10�7 – 1.9 ⇥ 10�6

Zb(10650) – 1.3 ⇥ 10�7 – 1.5 ⇥ 10�7 – 1.5 ⇥ 10�6

X(5568) – 5.0 ⇥ 10�4 – 5.2 ⇥ 10�4 – 3.1 ⇥ 10�2

Pc(4380) – 5.0 ⇥ 10�5 – 5.8 ⇥ 10�5 6.4 ⇥ 10�5 2.1 ⇥ 10�4

Pc(4450) – 2.9 ⇥ 10�5 – 3.2 ⇥ 10�5 – 2.0 ⇥ 10�4

LHC (5.02 TeV)

Ds(2317) 6.5 ⇥ 10�2 5.4 ⇥ 10�3 6.4 ⇥ 10�2 5.7 ⇥ 10�3 1.8 ⇥ 10�2 1.9 ⇥ 10�1

X(3872) 2.5 ⇥ 10�3 1.8 ⇥ 10�4 2.7 ⇥ 10�3 2.1 ⇥ 10�4 4.5 ⇥ 10�3 2.8 ⇥ 10�3

Zc(3900) – 5.4 ⇥ 10�4 – 6.4 ⇥ 10�4 – 7.1 ⇥ 10�3

Zc(4430) – 5.4 ⇥ 10�4 – 6.4 ⇥ 10�4 2.3 ⇥ 10�4 2.8 ⇥ 10�4

Zb(10610) – 3.4 ⇥ 10�7 – 3.9 ⇥ 10�7 – 5.0 ⇥ 10�6

Zb(10650) – 3.4 ⇥ 10�7 – 3.9 ⇥ 10�7 – 3.9 ⇥ 10�6

X(5568) – 7.9 ⇥ 10�4 – 8.2 ⇥ 10�4 – 5.0 ⇥ 10�2

Pc(4380) – 7.9 ⇥ 10�5 – 9.3 ⇥ 10�5 1.0 ⇥ 10�4 3.4 ⇥ 10�4

Pc(4450) – 4.7 ⇥ 10�5 – 5.0 ⇥ 10�5 – 3.4 ⇥ 10�4
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Table 3.3

Summary of particle yields for light hadrons (cf. Table 2.3).

Particle Scenario 1 Scenario 2 Mol. Stat.
qq̄/qqq Multiquark qq̄/qqq Multiquark

RHIC

f0(980) 2.1 (0.7) 3.9 ⇥ 10�2 2.1 (0.7) 4.0 ⇥ 10�2 1.7 3.5
a0(980) 6.4 1.2 ⇥ 10�1 6.4 1.2 ⇥ 10�1 5.2 10
K(1460) – 5.8 ⇥ 10�2 – 5.7 ⇥ 10�2 1.3 ⇥ 10�1 6.3 ⇥ 10�1

⇤(1405) 4.7 ⇥ 10�1 2.3 ⇥ 10�2 4.5 ⇥ 10�1 2.4 ⇥ 10�2 7.3 ⇥ 10�1 8.6 ⇥ 10�1

�� – 4.2 ⇥ 10�3 – 5.3 ⇥ 10�3 – 1.8 ⇥ 10�2

⇤⇤-N⌅ (H) – 4.7 ⇥ 10�4 – 5.0 ⇥ 10�4 1.6 ⇥ 10�3 4.9 ⇥ 10�3

N⌦ – 1.7 ⇥ 10�3 – 1.9 ⇥ 10�3 1.4 ⇥ 10�3 6.7 ⇥ 10�3

LHC (2.76 TeV)

f0(980) 4.3 (1.2) 5.4 ⇥ 10�2 4.1 (1.2) 6.0 ⇥ 10�2 3.2 6.6
a0(980) 13 1.6 ⇥ 10�1 12 1.8 ⇥ 10�1 9.5 20
K(1460) – 8.2 ⇥ 10�2 – 8.0 ⇥ 10�2 1.9 ⇥ 10�1 1.0
⇤(1405) 7.5 ⇥ 10�1 2.9 ⇥ 10�2 7.0 ⇥ 10�1 3.2 ⇥ 10�2 1.1 1.4
�� – 5.8 ⇥ 10�3 – 1.0 ⇥ 10�2 – 1.9 ⇥ 10�2

⇤⇤-N⌅ (H) – 5.0 ⇥ 10�4 – 6.1 ⇥ 10�4 1.8 ⇥ 10�3 5.9 ⇥ 10�3

N⌦ – 1.8 ⇥ 10�3 – 2.3 ⇥ 10�3 1.6 ⇥ 10�3 7.8 ⇥ 10�3

LHC (5.02 TeV)

f0(980) 4.3 (1.2) 5.4 ⇥ 10�2 4.1 (1.2) 6.0 ⇥ 10�2 3.2 6.6
a0(980) 13 1.6 ⇥ 10�1 12 1.8 ⇥ 10�1 9.5 20
K(1460) – 8.2 ⇥ 10�2 – 8.0 ⇥ 10�2 1.9 ⇥ 10�1 1.0
⇤(1405) 7.5 ⇥ 10�1 2.9 ⇥ 10�2 7.0 ⇥ 10�1 3.2 ⇥ 10�2 1.1 1.4
�� – 5.8 ⇥ 10�3 – 1.0 ⇥ 10�2 – 1.9 ⇥ 10�2

⇤⇤-N⌅ (H) – 5.0 ⇥ 10�4 – 6.1 ⇥ 10�4 1.8 ⇥ 10�3 5.9 ⇥ 10�3

N⌦ – 1.8 ⇥ 10�3 – 2.3 ⇥ 10�3 1.6 ⇥ 10�3 7.8 ⇥ 10�3

Table 3.4

Summary of particle yields for heavy hadrons (cf. Table 2.4).

Particle Scenario 1 Scenario 2 Mol. Stat.
qq̄/qqq Multiquark qq̄/qqq Multiquark

RHIC

Ds(2317) 2.3 ⇥ 10�2 2.4 ⇥ 10�3 2.3 ⇥ 10�2 2.5 ⇥ 10�3 6.5 ⇥ 10�3 6.6 ⇥ 10�2

X(3872) 5.4 ⇥ 10�4 5.0 ⇥ 10�5 5.6 ⇥ 10�4 5.3 ⇥ 10�5 9.1 ⇥ 10�4 5.7 ⇥ 10�4

Zc(3900) – 1.5 ⇥ 10�4 – 1.6 ⇥ 10�4 – 1.5 ⇥ 10�3

Zc(4430) – 1.5 ⇥ 10�4 – 1.6 ⇥ 10�5 5.0 ⇥ 10�5 6.5 ⇥ 10�5

Zb(10610) – 2.0 ⇥ 10�9 – 2.1 ⇥ 10�9 – 2.1 ⇥ 10�8

Zb(10650) – 2.0 ⇥ 10�9 – 2.1 ⇥ 10�9 – 1.6 ⇥ 10�8

X(5568) – 5.1 ⇥ 10�5 – 5.2 ⇥ 10�5 – 2.3 ⇥ 10�3

Pc(4380) – 2.5 ⇥ 10�5 – 2.6 ⇥ 10�5 2.9 ⇥ 10�5 9.2 ⇥ 10�5

Pc(4450) – 1.5 ⇥ 10�5 – 1.5 ⇥ 10�5 – 9.1 ⇥ 10�5

LHC (2.76 TeV)

Ds(2317) 5.2 ⇥ 10�2 4.3 ⇥ 10�3 5.0 ⇥ 10�2 4.5 ⇥ 10�3 1.4 ⇥ 10�2 1.5 ⇥ 10�1

X(3872) 1.6 ⇥ 10�3 1.1 ⇥ 10�4 1.7 ⇥ 10�3 1.3 ⇥ 10�4 2.7 ⇥ 10�3 1.7 ⇥ 10�3

Zc(3900) – 3.4 ⇥ 10�4 – 4.0 ⇥ 10�4 – 4.3 ⇥ 10�3

Zc(4430) – 3.4 ⇥ 10�4 – 4.0 ⇥ 10�4 1.4 ⇥ 10�4 1.7 ⇥ 10�4

Zb(10610) – 1.3 ⇥ 10�7 – 1.5 ⇥ 10�7 – 1.9 ⇥ 10�6

Zb(10650) – 1.3 ⇥ 10�7 – 1.5 ⇥ 10�7 – 1.5 ⇥ 10�6

X(5568) – 5.0 ⇥ 10�4 – 5.2 ⇥ 10�4 – 3.1 ⇥ 10�2

Pc(4380) – 5.0 ⇥ 10�5 – 5.8 ⇥ 10�5 6.4 ⇥ 10�5 2.1 ⇥ 10�4

Pc(4450) – 2.9 ⇥ 10�5 – 3.2 ⇥ 10�5 – 2.0 ⇥ 10�4

LHC (5.02 TeV)

Ds(2317) 6.5 ⇥ 10�2 5.4 ⇥ 10�3 6.4 ⇥ 10�2 5.7 ⇥ 10�3 1.8 ⇥ 10�2 1.9 ⇥ 10�1

X(3872) 2.5 ⇥ 10�3 1.8 ⇥ 10�4 2.7 ⇥ 10�3 2.1 ⇥ 10�4 4.5 ⇥ 10�3 2.8 ⇥ 10�3

Zc(3900) – 5.4 ⇥ 10�4 – 6.4 ⇥ 10�4 – 7.1 ⇥ 10�3

Zc(4430) – 5.4 ⇥ 10�4 – 6.4 ⇥ 10�4 2.3 ⇥ 10�4 2.8 ⇥ 10�4

Zb(10610) – 3.4 ⇥ 10�7 – 3.9 ⇥ 10�7 – 5.0 ⇥ 10�6

Zb(10650) – 3.4 ⇥ 10�7 – 3.9 ⇥ 10�7 – 3.9 ⇥ 10�6

X(5568) – 7.9 ⇥ 10�4 – 8.2 ⇥ 10�4 – 5.0 ⇥ 10�2

Pc(4380) – 7.9 ⇥ 10�5 – 9.3 ⇥ 10�5 1.0 ⇥ 10�4 3.4 ⇥ 10�4

Pc(4450) – 4.7 ⇥ 10�5 – 5.0 ⇥ 10�5 – 3.4 ⇥ 10�4
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Table 3.3

Summary of particle yields for light hadrons (cf. Table 2.3).

Particle Scenario 1 Scenario 2 Mol. Stat.
qq̄/qqq Multiquark qq̄/qqq Multiquark

RHIC

f0(980) 2.1 (0.7) 3.9 ⇥ 10�2 2.1 (0.7) 4.0 ⇥ 10�2 1.7 3.5
a0(980) 6.4 1.2 ⇥ 10�1 6.4 1.2 ⇥ 10�1 5.2 10
K(1460) – 5.8 ⇥ 10�2 – 5.7 ⇥ 10�2 1.3 ⇥ 10�1 6.3 ⇥ 10�1

⇤(1405) 4.7 ⇥ 10�1 2.3 ⇥ 10�2 4.5 ⇥ 10�1 2.4 ⇥ 10�2 7.3 ⇥ 10�1 8.6 ⇥ 10�1

�� – 4.2 ⇥ 10�3 – 5.3 ⇥ 10�3 – 1.8 ⇥ 10�2

⇤⇤-N⌅ (H) – 4.7 ⇥ 10�4 – 5.0 ⇥ 10�4 1.6 ⇥ 10�3 4.9 ⇥ 10�3

N⌦ – 1.7 ⇥ 10�3 – 1.9 ⇥ 10�3 1.4 ⇥ 10�3 6.7 ⇥ 10�3

LHC (2.76 TeV)

f0(980) 4.3 (1.2) 5.4 ⇥ 10�2 4.1 (1.2) 6.0 ⇥ 10�2 3.2 6.6
a0(980) 13 1.6 ⇥ 10�1 12 1.8 ⇥ 10�1 9.5 20
K(1460) – 8.2 ⇥ 10�2 – 8.0 ⇥ 10�2 1.9 ⇥ 10�1 1.0
⇤(1405) 7.5 ⇥ 10�1 2.9 ⇥ 10�2 7.0 ⇥ 10�1 3.2 ⇥ 10�2 1.1 1.4
�� – 5.8 ⇥ 10�3 – 1.0 ⇥ 10�2 – 1.9 ⇥ 10�2

⇤⇤-N⌅ (H) – 5.0 ⇥ 10�4 – 6.1 ⇥ 10�4 1.8 ⇥ 10�3 5.9 ⇥ 10�3

N⌦ – 1.8 ⇥ 10�3 – 2.3 ⇥ 10�3 1.6 ⇥ 10�3 7.8 ⇥ 10�3

LHC (5.02 TeV)

f0(980) 4.3 (1.2) 5.4 ⇥ 10�2 4.1 (1.2) 6.0 ⇥ 10�2 3.2 6.6
a0(980) 13 1.6 ⇥ 10�1 12 1.8 ⇥ 10�1 9.5 20
K(1460) – 8.2 ⇥ 10�2 – 8.0 ⇥ 10�2 1.9 ⇥ 10�1 1.0
⇤(1405) 7.5 ⇥ 10�1 2.9 ⇥ 10�2 7.0 ⇥ 10�1 3.2 ⇥ 10�2 1.1 1.4
�� – 5.8 ⇥ 10�3 – 1.0 ⇥ 10�2 – 1.9 ⇥ 10�2

⇤⇤-N⌅ (H) – 5.0 ⇥ 10�4 – 6.1 ⇥ 10�4 1.8 ⇥ 10�3 5.9 ⇥ 10�3

N⌦ – 1.8 ⇥ 10�3 – 2.3 ⇥ 10�3 1.6 ⇥ 10�3 7.8 ⇥ 10�3

Table 3.4

Summary of particle yields for heavy hadrons (cf. Table 2.4).

Particle Scenario 1 Scenario 2 Mol. Stat.
qq̄/qqq Multiquark qq̄/qqq Multiquark

RHIC

Ds(2317) 2.3 ⇥ 10�2 2.4 ⇥ 10�3 2.3 ⇥ 10�2 2.5 ⇥ 10�3 6.5 ⇥ 10�3 6.6 ⇥ 10�2

X(3872) 5.4 ⇥ 10�4 5.0 ⇥ 10�5 5.6 ⇥ 10�4 5.3 ⇥ 10�5 9.1 ⇥ 10�4 5.7 ⇥ 10�4

Zc(3900) – 1.5 ⇥ 10�4 – 1.6 ⇥ 10�4 – 1.5 ⇥ 10�3

Zc(4430) – 1.5 ⇥ 10�4 – 1.6 ⇥ 10�5 5.0 ⇥ 10�5 6.5 ⇥ 10�5

Zb(10610) – 2.0 ⇥ 10�9 – 2.1 ⇥ 10�9 – 2.1 ⇥ 10�8

Zb(10650) – 2.0 ⇥ 10�9 – 2.1 ⇥ 10�9 – 1.6 ⇥ 10�8

X(5568) – 5.1 ⇥ 10�5 – 5.2 ⇥ 10�5 – 2.3 ⇥ 10�3

Pc(4380) – 2.5 ⇥ 10�5 – 2.6 ⇥ 10�5 2.9 ⇥ 10�5 9.2 ⇥ 10�5

Pc(4450) – 1.5 ⇥ 10�5 – 1.5 ⇥ 10�5 – 9.1 ⇥ 10�5

LHC (2.76 TeV)

Ds(2317) 5.2 ⇥ 10�2 4.3 ⇥ 10�3 5.0 ⇥ 10�2 4.5 ⇥ 10�3 1.4 ⇥ 10�2 1.5 ⇥ 10�1

X(3872) 1.6 ⇥ 10�3 1.1 ⇥ 10�4 1.7 ⇥ 10�3 1.3 ⇥ 10�4 2.7 ⇥ 10�3 1.7 ⇥ 10�3

Zc(3900) – 3.4 ⇥ 10�4 – 4.0 ⇥ 10�4 – 4.3 ⇥ 10�3

Zc(4430) – 3.4 ⇥ 10�4 – 4.0 ⇥ 10�4 1.4 ⇥ 10�4 1.7 ⇥ 10�4

Zb(10610) – 1.3 ⇥ 10�7 – 1.5 ⇥ 10�7 – 1.9 ⇥ 10�6

Zb(10650) – 1.3 ⇥ 10�7 – 1.5 ⇥ 10�7 – 1.5 ⇥ 10�6

X(5568) – 5.0 ⇥ 10�4 – 5.2 ⇥ 10�4 – 3.1 ⇥ 10�2

Pc(4380) – 5.0 ⇥ 10�5 – 5.8 ⇥ 10�5 6.4 ⇥ 10�5 2.1 ⇥ 10�4

Pc(4450) – 2.9 ⇥ 10�5 – 3.2 ⇥ 10�5 – 2.0 ⇥ 10�4

LHC (5.02 TeV)

Ds(2317) 6.5 ⇥ 10�2 5.4 ⇥ 10�3 6.4 ⇥ 10�2 5.7 ⇥ 10�3 1.8 ⇥ 10�2 1.9 ⇥ 10�1

X(3872) 2.5 ⇥ 10�3 1.8 ⇥ 10�4 2.7 ⇥ 10�3 2.1 ⇥ 10�4 4.5 ⇥ 10�3 2.8 ⇥ 10�3

Zc(3900) – 5.4 ⇥ 10�4 – 6.4 ⇥ 10�4 – 7.1 ⇥ 10�3

Zc(4430) – 5.4 ⇥ 10�4 – 6.4 ⇥ 10�4 2.3 ⇥ 10�4 2.8 ⇥ 10�4

Zb(10610) – 3.4 ⇥ 10�7 – 3.9 ⇥ 10�7 – 5.0 ⇥ 10�6

Zb(10650) – 3.4 ⇥ 10�7 – 3.9 ⇥ 10�7 – 3.9 ⇥ 10�6

X(5568) – 7.9 ⇥ 10�4 – 8.2 ⇥ 10�4 – 5.0 ⇥ 10�2

Pc(4380) – 7.9 ⇥ 10�5 – 9.3 ⇥ 10�5 1.0 ⇥ 10�4 3.4 ⇥ 10�4

Pc(4450) – 4.7 ⇥ 10�5 – 5.0 ⇥ 10�5 – 3.4 ⇥ 10�4

S. Cho et al., ExHIC collaboration, PPNP 95, 279 (2017)
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Boundary conditions
Correlation functions :  interactionsK−p

Asymptotic ( ) wave functionr → ∞
ψK−p(r)
ψK̄0n(r)

⋮
∝

#e−iqr + #eiqr

#e−iq2r + #eiq2r

⋮

incoming + outgoing

- Usual scattering: normalize incoming flux of beam
ψK−p(r)
ψK̄0n(r)

⋮
∝

e−iqr + c(+)
1 eiqr

+ c(+)
2 eiq2r

⋮
c(+)

i ∝ s1i(q)
coefficient ~ S-matrix

- Correlation function: normalize outgoing flux

ψ (−) =
ψK−p(r)
ψK̄0n(r)

⋮
∝

c(−)
1 e−iqr + eiqr

c(−)
2 e−iq2r

⋮

c(−)
i ∝ s†

1i(q)

—>  should be calculated with full coupled channels.ψ (−)
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Bound state in correlation function
Correlation functions :  meson sectorD

9

B. ⇤⇤ correlation function

In the lower panels of Fig. 6, our final results of the ⇤⇤
correlation functions are compared with the ⇤⇤ data in pp

collisions at 13 TeV (the left panel) and in pPb collisions at
5.02 TeV (the right panel) [9]. The solid lines denote our final
results with statistical and systematic errors of the HAL QCD
potential. The dotted green lines are the results with only the
quantum statistics effect. Although there are large uncertain-
ties of the experimental data at small q region, the agreement
of the solid line with the data indicates a weak attraction in
the ⇤⇤ channel without a deep bound state. This is consistent
with the conclusions in Refs. [8, 9].

The correlation functions calculated with the Lednicky-
Lyuboshits (LL) formula for identical spin-half baryon
pairs [33] are also plotted in the lower panels of Fig. 6 by
the dash-dotted line:

C(q) =1� 1

2
e
�4q

2
R

2

+
1

2
�C(q), (23)

�C(q) =
|f(q)|2

2R2
F3

⇣
re↵

R

⌘
+

2Ref(q)p
⇡R

F1(2qR)

� Imf(q)

R
F2(2qR), (24)

where F1(x) =
R
x

0
dt e

t
2�x

2

/x, F2(x) = (1 � e
�x

2

)/x,
F3(x) = 1 � x/2

p
⇡, and we make the effective range ex-

pansion of single channel ⇤⇤ scattering amplitude f(q) with
a0 = �0.78 fm and re↵ = 5.4 fm given in Table I. The same
non-femtoscopic parameters and the pair purity listed in Ta-
ble. II are used. We find that the single-channel LL formula
gives a good approximation to the fully coupled-channel re-
sults for wide range of q in both pp and pPb collisions. It
would be interesting to see whether high precision data for
C⇤⇤(q) in the future may reveal cusp structures at the n⌅0

and p⌅� thresholds as expected from the coupled channel ef-
fect.

C. System size dependence

The enhancement of C(q) for fixed R alone cannot con-
clude whether bound or quasi-bound state is generated by the
strong interaction. This can be demonstrated by using an an-
alytic model for neutral and non-identical particles C(q) =
1 +�C(q) with re↵ = 0 which is obtained from Eq. (24) as

�C(q) =
1

x2 + y2


1

2
� 2yp

⇡
F1(2x)� xF2(2x)

�
, (25)

with x = qR and y = R/a0. Shown in Fig. 7 is a contour
plot of C(q) in the x-y plane. The strongly enhanced region
C(q) > 2 indicated by the white area extends to both negative
and positive sides of y for x < 0.5. (Even if one introduces
the Coulomb attraction such as the case of p⌅�, this situation
does not change qualitatively as discussed in Appendix C.)

Scanning through the y-axis by changing the system size R
would provide further experimental information on the sign of

0 0.5 1 1.5 2
qR

�1.5

�1

�0.5

0

0.5

1

1.5

R
/
a
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

LL model, re↵ = 0

C = 0.5

C = 1.5
C > 2

Correlation function

FIG. 7. The contour plot of the correlation function C(q) in the LL
analytic model at re↵ = 0 as a function of x = qR and y = R/a0.

y. To demonstrate this, we show the p⌅� and ⇤⇤ correlation
functions for several different source sizes (R = 0.9, 1.2, 1.5,,
and 3 fm) in Fig. 8 with the HAL QCD potential (the thick
lines) and without the HAL QCD potential (the thin lines).

For the p⌅� correlation function, Fig. 8 implies that the
enhancement of C(q) due to strong interaction over the pure
Coulomb attraction is significant around R = 1 fm but is grad-
ually reduced toward the larger values of R. This is consis-
tent with the fact that we are in the negative y region as indi-
cated by Fig. 7. If the scattering length is in the bound region
(y = R/a0 > 0), we would expect that C(q) undershoots
the Coulomb contribution and may form a dip as a function of
x = qR. Thus the experimental studies of the p⌅� correlation
function in heavy-ion collisions corresponding to larger R are
of particular interest.

For the ⇤⇤ correlation function, Fig. 8 shows that the en-
hancement of C(q) due to strong interaction over the pure
quantum statistics has characteristic non-monotonic behavior
for q smaller than the N⌅ threshold. However, to make quan-
titative discussions for large R corresponding to the heavy-ion
collisions, more realistic source shape as well as the flow ef-
fect need to be taken into account [7], since the effect of quan-
tum statistics is particularly important in the ⇤⇤ correlation.

We note here that a high-momentum tail of the ⇤⇤ cor-
relation function above the N⌅ threshold was observed in
Au+Au collisions at RHIC [42], and a residual source hav-
ing a small size (Rres ' 0.5 fm) was introduced in previous
works [7, 22, 42]. Although it was suggested in Ref. [43] that
the coupled-channel effects may explain the high-momentum
tail in Au+Au collisions, the present analysis shows that such
a tail does not appear unless R is smaller than 1 fm as shown
in Fig. 8. Thus this issue is still left open for future studies.
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