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Exotic hadrons and hadron interactions
Observation of tetraquark Tcc

LHCb collaboration, Nature Phys. 18, 7, 751 (2022); Nature Commun. 13, 1, 3351 (2022) 
LETTERS NATURE PHYSICS

and background components. The signal component is described 
by the convolution of the detector resolution with a resonant shape, 
which is modelled by a relativistic P-wave two-body Breit–Wigner 
(BW) function modified by a Blatt–Weisskopf form factor with a 
meson radius parameter of 3.5 GeV−1. The use of a P-wave reso-
nance is motivated by the expected JP = 1+ quantum numbers for 
the T+

cc

 state. A two-body decay structure T+
cc

→ AB is assumed with 
m

A

= 2m

D

0

 and m
B

= m

π

+, where m
π

+ stands for the known mass 
of the π+ meson. Several alternative prescriptions are used for the 
evaluation of the systematic uncertainties. Despite its simplicity, the 
model serves well to quantify the existence of the T+

cc

 state and to 
measure its properties, such as the position and the width of the 
resonance. A follow-up study91 investigates the underlying nature 
of the T+

cc

 state, expanding on the modelling of the signal shape and 
the determination of its physical properties. The detector resolution 
is modelled by the sum of two Gaussian functions with a common 
mean, where the additional parameters are taken from simulation 
(Methods) with corrections applied32,92,93. The root mean square of 
the resolution function is around 400 keV c−2. A study of the D0π+ 
mass distribution for D0D0π+ combinations in the region above the 
D*0D+ mass threshold but below 3.9 GeV c−2 shows that approxi-
mately 90% of all random D0D0π+ combinations contain a genuine 
D*+ meson. On the basis of this observation, the background com-
ponent is parameterized by the product of a two-body phase space 
function and a positive second-order polynomial. The resulting 
function is convolved with the detector resolution.

The fit results are shown in Fig. 1, and the parameters of interest, 
namely the signal yield, N, the mass parameter of the BW function rel-
ative to the D*+D0 mass threshold, δm

BW

≡ m

BW

− (m
D

∗+ +m

D

0), 
and the width parameter, ΓBW, are listed in Table 1. The statistical 
significance of the observed T+

cc

D

0

D

0

π

+ signal is estimated using 
Wilks’ theorem to be 22 s.d. The fit suggests that the mass param-
eter of the BW shape is slightly below the D*+D0 mass threshold.  
The statistical significance of the hypothesis δmBW < 0 is estimated 
to be 4.3 s.d.

To validate the presence of the signal component, several addi-
tional cross-checks are performed. The data are categorized accord-
ing to data-taking periods, including the polarity of the LHCb 
dipole magnet and the charge of the T+

cc

 candidates. Instead of 
statistically subtracting the non-D0 background, the mass of each 
D → K−π+ candidate is required to be within a narrow region around 
the known mass of the D0 meson38. The results are found to be con-
sistent among all samples and analysis techniques. Furthermore, 
dedicated studies are performed to ensure that the observed 
signal is not caused by kaon or pion misidentification, doubly 
Cabibbo-suppressed D0 → K+π− decays or D0

D

0 oscillations, decays 
of charm hadrons originating from beauty hadrons or artefacts due 
to the track reconstruction creating duplicate tracks.

Systematic uncertainties for the δmBW and ΓBW parameters are 
summarized in Table 2 and described below. The largest systematic 
uncertainty is related to the fit model and is studied using pseudo-
experiments with alternative parameterizations of the D0D0π+ mass 
shape. Several variations in the fit model are considered: changes 
in the signal model due to the imperfect knowledge of the detector 
resolution, an uncertainty in the correction factor for the resolution 
taken from control channels, parameterization of the background 
component and the additional model parameters of the BW func-
tion. The model uncertainty related to the assumption of JP = 1+ 
quantum numbers of the state is estimated and listed separately. 
The results are affected by the overall detector momentum scale, 
which is known to a relative precision of δα = 3 × 10−4 (ref. 94). The 
corresponding uncertainty is estimated using simulated samples 
where the momentum scale is modified by factors of (1± δα). In 
the reconstruction, the momenta of charged tracks are corrected 
for energy loss in the detector material, the amount of which is 
known with a relative uncertainty of 10%. The resulting uncertainty 
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Fig. 1 | The distribution of the D0D0π+ mass. The distribution of the 
D0D0π+ mass after statistical subtraction of the contribution of the non-D0 
background, with the result of the fit with the two-component function 
described in the text. The horizontal bin width is indicated on the vertical 
axis legend. The inset shows a zoomed signal region with a fine binning 
scheme. Uncertainties on the data points are statistical only and represent 
one standard deviation, calculated as a sum in quadrature of the assigned 
weights from the background subtraction procedure.

Table 1 | Parameters obtained from the fit to the D0D0π+ mass 
spectrum: signal yield, N, BW mass relative to the D*+D0 
mass threshold, δmBW, and width, ΓBW. The uncertainties are 
statistical only

Parameter Value

N 117!±!16
δmBW −273!±!61!keV!c−2

ΓBW 410!±!165!keV

Table 2 | Systematic uncertainties for the δmBW and ΓBW 
parameters. The total uncertainty is calculated as the sum 
in quadrature of all components except for those related to 
the assignment of JP quantum numbers, which are handled 
separately

Source σ

δm

BW

(

keV c

−2

)

σΓ
BW

(keV)

Fit model
Resolution model 2 7
Resolution correction factor 1 30
Background model 3 30
Model parameters <1 <1
Momentum scale 3 —
Energy loss corrections 1 —
D*+!−!D0 mass difference 2 —
Total 5 43

JP quantum numbers +11

−14

+18

−38
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Conventional, hadronic matter consists of baryons and 
mesons made of three quarks and a quark–antiquark pair, 
respectively1,2. Here, we report the observation of a hadronic 
state containing four quarks in the Large Hadron Collider 
beauty experiment. This so-called tetraquark contains two 
charm quarks, a u  and a d  quark. This exotic state has a mass 
of approximately 3,875!MeV and manifests as a narrow peak 
in the mass spectrum of D0D0π+ mesons just below the D*+D0 
mass threshold. The near-threshold mass together with the 
narrow width reveals the resonance nature of the state.

Quantum chromodynamics, the theory of the strong force, 
describes the interactions of coloured quarks and gluons and the 
formation of hadronic matter, that is, mesons and baryons. While 
quantum chromodynamics makes precise predictions at high ener-
gies, the theory has difficulties describing the interactions of quarks 
in hadrons from first principles due to the highly nonperturba-
tive regime at the corresponding energy scale. Hence, the field of 
hadron spectroscopy is driven by experimental discoveries that are 
sometimes unexpected, which could lead to changes in the research 
landscape. Along with conventional mesons and baryons, made of a 
quark–antiquark pair (q

1

q

2

) and three quarks (q1q2q3), respectively, 
particles with an alternative quark content, known as exotic states, 
have been actively discussed since the birth of the constituent quark 
model1–8. This discussion has been revived by recent observations 
of numerous tetraquark q

1

q

2

q

3

q

4

 and pentaquark q
1

q

2

q

3

q

4

q

5

 candi-
dates9–36. Due to the closeness of their masses to known particle-pair 
thresholds37,38, many of these states are likely to be hadronic mol-
ecules39–42 where colour-singlet hadrons are bound by residual 
nuclear forces similar to the electromagnetic van der Waals forces 
attracting electrically neutral atoms and molecules. An ordinary 
example of a hadronic molecule is the deuteron formed by a proton 
and a neutron. On the other hand, an interpretation of exotic states 
as compact multiquark structures is also possible43.

All exotic hadrons observed so far predominantly decay via 
the strong interaction, and their decay widths vary from a few to 
a few hundred MeV. A discovery of a long-lived exotic state, sta-
ble with respect to the strong interaction, would be intriguing.  
A hadron with two heavy quarks Q and two light antiquarks q , that 
is, Q

1

Q

2

q

1

q

2

, is a prime candidate to form such a state44–49. In the 
limit of a large heavy-quark mass, the two heavy quarks Q1Q2 form 
a point-like, heavy, colour-antitriplet object that behaves similarly 
to an antiquark, and the corresponding state should be bound. It is 
expected that the b quark is heavy enough to sustain the existence 
of a stable bbud  state with a binding energy of about 200 MeV with 
respect to the sum of the masses of the pseudoscalar, B− or B0, and 
vector, B*− or B∗0, beauty mesons, which defines the minimal mass 
for the strong decay to be allowed. In the case of the bcud  and ccud  
systems, there is currently no consensus regarding whether such 
states exist and are narrow enough to be detected experimentally. 

The similarity of the ccud  tetraquark state and the Ξ++
cc

 baryon con-
taining two c quarks and a u quark leads to a relationship between 
the properties of the two states. In particular, the measured mass of 
the Ξ

++
cc

 baryon with quark content ccu50–52 implies that the mass 
of the ccud  tetraquark is close to the sum of the masses of the D0 
and D*+ mesons with quark content of cu  and cd , respectively, as 
suggested in ref. 53. Theoretical predictions for the mass of the ccud  
ground state with spin-parity quantum numbers JP = 1+ and isospin 
I = 0, denoted hereafter as T+

cc

, relative to the D*+D0 mass threshold

δm ≡ m

T

+
cc

− (m
D

∗+ +m

D

0) (1)

lie in the range of −300 < δm < 300 MeV (refs. 53–84), where m
D

∗+ 
and m

D

0 denote the known masses of the D*+ and D0 mesons38. 
Lattice quantum chromodynamics calculations also do not provide 
a definite conclusion on the existence of the T+

cc

 state or its binding 
energy73,85–87. The observation of the Ξ++

cc

 baryon50,51 and of a new 
exotic resonance decaying to a pair of J/ψ mesons29 by the LHCb 
experiment motivates the search for the T+

cc

 state.
In this Letter, the observation of a narrow state in the D0D0π+ 

mass spectrum near the D*+D0 mass threshold compatible with 
being a T+

cc

 tetraquark state is reported. Throughout this Letter, 
charge conjugate decays are implied. The study is based on proton–
proton (pp) collision data collected by the LHCb detector at the 
Large Hadron Collider at the European Organization for Nuclear 
Research at centre-of-mass energies of 7, 8 and 13 TeV, correspond-
ing to integrated luminosity of 9 fb−1. The LHCb detector88,89 is a 
single-arm forward spectrometer covering the pseudorapidity range 
of 2 < η < 5, designed to study particles containing b or c quarks and 
is further described in Methods. The pseudorapidity η is defined 
as − log

(

tan

θ

2

)

, where θ is a polar angle of the track relative to the 
proton beam line.

The D0D0π+ final state is reconstructed by selecting events with 
two D0 mesons and a positively charged pion, all produced at the 
same pp interaction point. Both D0 mesons are reconstructed in the 
D0→K−π+ decay channel. The selection criteria are similar to those 
used in ref. 90. To subtract the background not originating from two 
D0 candidates, an extended, unbinned maximum-likelihood fit to 
the two-dimensional distribution of the masses of the two D0 can-
didates is performed. The corresponding procedure, together with 
the selection criteria, is described in detail in Methods. To improve 
the δm mass resolution and to make the determination insensitive 
to the precision of the D0 meson mass, the mass of the D0D0π+ com-
binations is calculated with the mass of each D0 meson constrained 
to the known value38. The resulting D0D0π+ mass distribution for 
selected D0D0π+ combinations is shown in Fig. 1. A narrow peak 
near the D*+D0 mass threshold is clearly visible.

An extended, unbinned, maximum-likelihood fit to the D0D0π+ 
mass distribution is performed using a model consisting of the signal 

Observation of an exotic narrow doubly charmed 
tetraquark
LHCb Collaboration*

NATURE PHYSICS | VOL 18 | JULY 2022 | 751–754 | www.nature.com/naturephysics 751

- Quark content ∼ ccūd̄

- Internal structure?

c d̄
ūc

D0
D*+

? ?

Hadronic molecules <— hadron interactions
F. K. Guo, et al., Rev. Mod. Phys. 90, 072501 (2018)
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Study of hadron interactions
Introduction — Femtoscopy

Traditional methods: scattering experiments

pp
p

p

- differential cross sections -> phase shift

batively renormalize the partial-wave-projected LS
equation with singular 1/rn potentials !Beane et al.,
2001; Bawin and Coon, 2003; Braaten and Phillips, 2004;
Barford and Birse, 2005; Hammer and Swingle, 2006;
Long and van Kolck, 2008". This program was applied to
different NN channels based on the 1!- and
2!-exchange potentials at various orders in the chiral
expansion by the Granada group !Pavón Valderrama
and Ruiz Arriola, 2004a, 2004b, 2005, 2006b; Pavón
Valderrama and Ruiz Arriola, 2006a; Entem et al., 2008;
Higa, Pavón Valderrama, and Ruiz Arriola, 2008;
Valderrama and Arriola, 2008". In these studies, the
short-range counterterms are replaced by adjustable pa-
rameters entering the short-distance boundary condi-
tions. The number of such parameters in each channel is
uniquely determined by the sign !attractive versus repul-
sive" of the strongest singularity which raises concerns
about a systematic improvability !in the EFT sense" of
such a framework. Nevertheless, the findings of these
studies in attractive channels provide an impressive
demonstration of the existence of the long-range corre-
lations in the NN scattering observables.

The most advanced analyses of the two-nucleon sys-
tem based on the Weinberg power counting take into
account the 2NF contributions up to N3LO !Entem and
Machleidt, 2003a; Epelbaum, Glöckle, and Meißner,
2005". Most of the LECs ci, di entering the long-range
part of the potential are sufficiently well determined in

the pion-nucleon system !Fettes et al., 1998".6 The 24
unknown LECs7 entering the short-range part of the
2NF at N3LO have been extracted from the low-energy
NN data for several choices of the cutoff in the
Schrödinger equation. Both N3LO potentials of #Entem
and Machleidt !EM" !2003a" and Epelbaum, Glöckle,
and Meißner !EGM" !2005"$ yield accurate results for
the neutron-proton phase shifts up to Elab%200 MeV
and the deuteron observables. This is exemplified in
Figs. 15 and 16 where the EGM and EM results for the
neutron-proton S, P, and D waves and the correspond-
ing mixing angles are shown in comparison with PWA
results from Stoks et al. !1993", Rentmeester et al. !1994",
and Arndt et al. !2009". The bands in the EGM analysis
result from the variation in the cutoff in the LS equation
!spectral function regularization" in the range "

=450–600 MeV !"̃=500–700 MeV". It is comforting to
see that in most cases the results of both analyses agree
with each other within the estimated theoretical uncer-
tainty. Notice, however, that the EM and EGM analyses
differ from each other in several important aspects. For
example, the so-called spectral function regularization
!Epelbaum et al., 2004a, 2004b" of the 2!-exchange con-
tributions has been adopted by EGM while the analysis
by EM is based on dimensionally regularized expres-
sions. Further differences can be attributed to the imple-

6Notice, however, that the value of the LEC c4 adopted in
Entem and Machleidt !2003a", c4=5.4 GeV−1, is not compat-
ible with pion-nucleon scattering where one finds at order Q3

!Buettiker and Meißner, 2000": c4=3.40±0.04 GeV−1.
7This number refers to isospin-invariant contact interactions.

0

20

40

60

Ph
as

e
Sh

if
t

[d
eg

] 1
S0

0

50

100

150 3
S1

-40

-30

-20

-10

0

Ph
as

e
Sh

if
t

[d
eg

] 1
P1

0

10

20

3
P0

0 50 100 150 200 250

Lab. Energy [MeV]

-30

-20

-10

0

Ph
as

e
Sh

if
t

[d
eg

] 3
P1

0 50 100 150 200 250

Lab. Energy [MeV]

0

10

20

30

3
P2

FIG. 15. !Color online" Neutron-proton phase shifts in S and P
waves at N3LO in comparison with the Nijmegen !Stoks et al.,
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!dashed lines" refer to the calculations by EGM !Epelbaum,
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1795Epelbaum, Hammer, and Meißner: Modern theory of nuclear forces

Rev. Mod. Phys., Vol. 81, No. 4, October–December 2009

E. Epelbaum, H.W. Hammer, U.-G Meißner RMP 81, 1773 (2009)

NN

 scattering is fine, but…NN

- Limited channels: NN, πN, KN, K̄N, ⋯

Problems
- Stable beam/target particles

- Heavy ( ) hadrons: impossiblec, b
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Scattering experiments and femtoscopy
Introduction — Femtoscopy

 scatteringK−p

- low-energy beam is unstable

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)

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.

PHYSICAL REVIEW LETTERS 124, 092301 (2020)

092301-4

Femtoscopy: correlation function
ALICE collaboration, PRL 124, 092301 (2020) C K

−
p(

q)

|q |
- Excellent precision (  cusp)K̄0n

- Various systems: ΛΛ, NΩ, ϕN, K̄Λ, DN, ⋯

- Heavy hadrons: possible!

-> limited statistics

https://inspirehep.net/literature/927436
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Correlation function and KP formula
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)

(= 1 in the absence of FSI/QS)

relative 
momentum q

Introduction — Femtoscopy

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

interaction

Source function  <—> wave function  (interaction)S(r) Ψ(−)
q (r)

- Theory: KP (Koonin-Pratt) formula

C(q) ≃ ∫ d3r S(r) |Ψ(−)
q (r) |2

S.E. Koonin, PLB 70, 43 (1977); S. Pratt, PRD 33, 1314 (1986)

http://inspirehep.net/record/1511900
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Experimental data with strangeness and charm
Correlation functions observed by ALICE@LHC

ALICE collaboration, Nature 588, 232 (2020);
ALICE collaboration, PRD 106, 052010 (2022)

D−p

Introduction — Femtoscopy

Complementary to scattering experiments

234 | Nature | Vol 588 | 10 December 2020

Article

the number of uncorrelated pairs with the same k*, obtained by com-
bining particles produced in different collisions (the so-called 
mixed-event technique). Figure 1d shows how an attractive or repulsive 
interaction is mapped into the correlation function. For an attractive 
interaction the magnitude of the correlation function will be above 
unity for small values of k*, whereas for a repulsive interaction it will 
be between zero and unity. In the former case, the presence of a bound 
state would create a depletion of the correlation function with a depth 
increasing with increasing binding energy.

Correlations can occur in nature from quantum mechanical inter-
ference, resonances, conservation laws or final-state interactions. 
Here, it is the final-state interactions that contribute predominantly 
at low relative momentum; in this work we focus on the strong and 
Coulomb interactions in pairs composed of a proton and either a Ξ− or 
a Ω− hyperon.

Protons do not decay and can hence be directly identified within the 
ALICE detector, but Ξ− and Ω− baryons are detected through their weak 
decays, Ξ− → Λ + π− and Ω− → Λ + Κ−. The identification and momentum 
measurement of protons, Ξ−, Ω− and their respective antiparticles are 
described in Methods. Figure 2 shows a sketch of the Ω− decay and the 
invariant mass distribution of the ΛΚ− and ΛK¯ + pairs. The clear peak 
corresponding to the rare Ω− and Ω̄+

 baryons demonstrates the excel-
lent identification capability, which is the key ingredient for this meas-
urement. The contamination from misidentification is ≤5%. For the 
Ξ− (Ξ̄+

) baryon the misidentification amounts to 8%11.
Once the p, Ω− and Ξ− candidates and charge conjugates are selected 

and their 3-momenta measured, the correlation functions can be built. 
Since we assume that the same interaction governs baryon–baryon 
and antibaryon–antibaryon pairs8, we consider in the following the 
direct sum (%) of particles and antiparticles (p Ξ p Ξ p Ξ– % ¯ – ¯ ≡ –− + −  
and p Ω p Ω p Ω– % ¯ – ¯ ≡ –− + −). The determination of the correction ξ(k*) 
and the evaluation of the systematic uncertainties are described in 
Methods.

Comparison of the p–Ξ− and p–Ω− interactions
The obtained correlation functions are shown in Fig. 3a, b for the p–Ξ− 
and p–Ω− pairs, respectively, along with the statistical and systematic 
uncertainties. The fact that both correlations are well above unity 
implies the presence of an attractive interaction for both systems. For 
opposite-charge pairs, as considered here, the Coulomb interaction 

is attractive and its effect on the correlation function is illustrated 
by the green curves in both panels of Fig. 3. These curves have been 
obtained by solving the Schrödinger equation for p–Ξ− and p–Ω− pairs 
using the Correlation Analysis Tool using the Schrödinger equation 
(CATS) equation solver39, considering only the Coulomb interaction and 
assuming that the shape of the source follows a Gaussian distribution 
with a width equal to 1.02 ± 0.05 fm for the p–Ξ− system and to 0.95 ± 
0.06 fm for the p–Ω− system, respectively. The source-size values have 
been determined via an independent analysis of p–p correlations15, 
where modifications of the source distribution due to strong decays 
of short-lived resonances are taken into account, and the source size 
is determined as a function of the transverse mass mT of the pair, as 

(GeV/c2)mΛΚ 

1.65 1.66 1.67 1.68 1.69 1.70

dN
/d
m

 (G
eV

/c
2 )

–1

0

5,000

10,000

15,000

20,000

25,000

30,000

ALICE data
Signal + background fit

= 1.6725 GeV/c2mΩ
= 1.82 MeV/c2V

Background fit

Λ

Ω –

–Κ

S–
p

Fig. 2 | Reconstruction of the Ω− and Ω̄
+

 signals. Sketch of the weak decay  
of Ω− into a Λ and a Κ−, and measured invariant mass distribution (blue points)  
of ΛΚ− and Λ K¯ + combinations. The dotted red line represents the fit to the data 
including signal and background, and the black dotted line the background 
alone. The contamination from misidentification is ≤5%.
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0 100 200 300
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C

100 200
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C
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b

Fig. 3 | Experimental p–Ξ− and p–Ω− correlation functions. a, b, Measured  
p–Ξ− (a) and p–Ω− (b) correlation functions in high multiplicity p–p collisions at 

s = 13 TeV . The experimental data are shown as black symbols. The black 
vertical bars and the grey boxes represent the statistical and systematic 
uncertainties. The square brackets show the bin width and the horizontal black 
lines represent the statistical uncertainty in the determination of the mean k* 
for each bin. The measurements are compared with theoretical predictions, 
shown as coloured bands, that assume either Coulomb or Coulomb + strong 
HAL QCD interactions. For the p–Ω− system the orange band represents the 
prediction considering only the elastic contributions and the blue band 
represents the prediction considering both elastic and inelastic contributions. 
The width of the curves including HAL QCD predictions represents the 
uncertainty associated with the calculation (see Methods section ‘Corrections 
of the correlation function’ for details) and the grey shaded band represents, in 
addition, the uncertainties associated with the determination of the source 
radius. The width of the Coulomb curves represents only the uncertainty 
associated with the source radius. The considered radius values are 1.02 ± 0.05 
fm for p–Ξ− and 0.95 ± 0.06 fm for p–Ω− pairs, respectively. The inset in b shows 
an expanded view of the p–Ω− correlation function for C(k*) close to unity. For 
more details see text.

as previously mentioned, the systematic uncertainty on
Cexpðk"Þ is estimated by varying the proton and D−-
candidate selection criteria and ranges between 0.5% and
3% as a function of k". The uncertainties of the λi weights
are derived from the systematic uncertainties on the proton
and D− purities (Pp and PD−), fD"− , and fnonprompt reported
in Sec. III A. The systematic uncertainties of CpðKþπ−π−Þðk"Þ
are estimated following the same procedure adopted for
Cexpðk"Þ and, in addition, by varying the range of the fit of
the correlation function parametrized from the sidebands
regions of the invariant mass distribution. Additional
checks are performed by varying the invariant mass interval
used to define the sidebands region of up to 100 MeV=c2.
The resulting systematic uncertainty ranges from 1% to
5%. The systematic uncertainty of CpD"−ðk"Þ is due to the
uncertainty on the emitting source. Considering the small
λpD"−ðk"Þ this uncertainty results to be negligible compared
to the other sources of uncertainty. The overall relative
Systematic uncertainty on CpD−ðk"Þ resulting from the
different sources ranges between 3% and 10% and is
maximum in the lowest k" interval.

IV. RESULTS

The resulting genuine CpD−ðk"Þ correlation function can
be employed to study the pD− strong interaction that is
characterized by two isospin configurations and is coupled
to the nD̄0 channel. First of all, in order to assess the effect
of the strong interaction on the correlation function, a
reference calculation including only the Coulomb interac-
tion is considered. The corresponding correlation function is
obtained using CATS [71]. Second, various theoretical
approaches to describe the strong interaction are bench-
marked, including meson exchange (J. Haidenbauer et al.
[22]), meson exchange based on heavy quark symmetry
(Y. Yamaguchi et al. [25]), an SU(4) contact interaction
(J. Hoffmann and M. Lutz [23]), and a chiral quark model
(C. Fontoura et al. [24]). The relative wave functions for the
model of J. Haidenbauer et al. [22] are provided directly,
while for the other models [23–25] they are evaluated by
employing a Gaussian potential whose strength is adjusted
to describe the corresponding published I ¼ 0 and I ¼ 1
scattering lengths listed in Table I. The pD− correlation
function is computed within the Koonin-Pratt formalism,
taking into account explicitly the coupling between the pD−

and nD̄0 channels [73] and including the Coulomb inter-
action [74]. The finite experimental momentum resolution is
considered in the modeling of the correlation functions [39].
The outcome of these models is compared in Fig. 3 with

the measured genuine pD− correlation function. The degree
of consistency between data and models is quantified by the
p-value computed in the range k" < 200 MeV=c. It is
expressed by the number of standard deviations nσ reported
in Table I, where the nσ range accounts, at one standard
deviation level, for the total uncertainties of the data points
and the models. The values of the scattering lengths f0 for
the different models are also reported in Table I. Here, the
high-energy physics convention on the scattering-length
sign is adopted: a negative value corresponds to either a
repulsive interaction or to an attractive one with presence of
a bound state, while a positive value corresponds to an
attractive interaction. The data are compatible with the
Coulomb-only hypothesis within ð1.1–1.5Þ σ. Nevertheless,
the level of agreement slightly improves in case of the
models by J. Haidenbauer et al. (employing g2σ=4π ¼ 2.25)
which predicts an attractive interaction, and by Y.
Yamaguchi et al. which foresees the formation of a ND̄

0 100 200 300 400
)c (MeV/k* 

1

2

3

4

)
k*( −

pD
C 

+Dp ⊕ −pD

Coulomb

et al.C. Fontoura 

et al.Y. Yamaguchi 

J. Hofmann and M. Lutz

 = 2.25)π/42
σ

g (et al.J. Haidenbauer 

 = 13 TeVsALICE pp 
 > )0% INEL 0.17 − High-mult. (0

FIG. 3. Genuine pD− correlation function compared with
different theoretical models (see text for details). The null
hypothesis is represented by the curve corresponding to the
Coulomb interaction only.

TABLE I. Scattering parameters of the different theoretical models for the ND̄ interaction [22–25] and degree of
consistency with the experimental data computed in the range k" < 200 MeV=c.

Model f0ðI ¼ 0Þ f0ðI ¼ 1Þ nσ

Coulomb (1.1–1.5)
Haidenbauer et al. [22] (g2σ=4π ¼ 2.25) 0.67 0.04 (0.8–1.3)
Hofmann and Lutz [23] −0.16 −0.26 (1.3–1.6)
Yamaguchi et al. [25] −4.38 −0.07 (0.6–1.1)
Fontoura et al. [24] 0.16 −0.25 (1.1–1.5)

S. ACHARYA et al. PHYS. REV. D 106, 052010 (2022)

052010-6

D−p
pΩ−

 : strangeness ,  : charm Ω− ∼ sss S = − 3 D− ∼ c̄d C = − 1

https://inspirehep.net/literature/2011222
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Resonances and higher partial waves
Resonance peaks in experimental data (  and  )l = 0 l ≠ 0

 : d waveΛ(1520)

ALICE Collaboration Physics Letters B 845 (2023) 138145

Fig. 1. Upper: measured correlation function for !–K− pairs (empty points) with 
statistical (line) and systematic (gray boxes) uncertainties. Lower: invariant mass 
spectrum of !–K− pairs used to build the measured correlation function. Only the 
statistical uncertainties are shown. The upper x-axis indicates the energy at rest 
E =

√
(k∗)2 + m2

! +
√

(k∗)2 + m2
K of the pair written as a function of the relative 

momentum of the !–K− pair. The quantity E corresponds to the invariant mass 
M of the !–K− pairs. The colored vertical dashed lines indicate the values of the 
relative momentum k∗ (upper panel) and the value of the energy E at rest of each 
resonance (lower panel) corresponding to its nominal mass extracted in the final 
femtoscopic fit.

strong decay to !–K− . In order to help the convergence of the fi-
nal femtoscopic fit, a fit of the total Cbackground(k∗) correlation to 
the data is performed in the k∗ region of 190 − 600 MeV/c to es-
timate the weights α# , αi as well as the masses and widths of the 
resonances. A change of ±10% in the upper limit of the prefit range 
is included in the evaluation of the final systematic uncertainties. 
These parameters are then kept free in the final femtoscopic fit of 
Ctot(k∗) to the data and the values obtained for the masses and 
widths are found to be compatible with the available PDG val-
ues [31] and recent measurements [29,30]. The orange band in 
Figs. 2 and 3 shows the total Cbackground(k∗) correlation function 
extracted in the final femtoscopic fit, multiplied by the normaliza-
tion factor ND , for !–K+ and !–K− pairs, respectively.

The last ingredient needed to model the data is the strong in-
teraction of the !–K+ and !–K− pairs entering in the Cmodel(k∗)
in Eq. (2) via the genuine correlation function Cgen(k∗). This is 
modeled for both pairs using the Lednický–Lyuboshits analytical 
formula [70], following the approach used in Ref. [46],

C(k∗)LL = 1 +
[

1
2

∣∣∣∣∣
f (k∗)

R

∣∣∣∣∣

2(

1 − d0

2
√

π R

)

+ 2ℜ f (k∗)√
π R

F1(2k∗R)

− ℑ f (k∗)
R

F2(2k∗R)

]

. (4)

The scattering amplitude f (k∗) is the quantity embedding the scat-
tering parameters and providing information on the underlying 
interaction. Typically, f (k∗) is expressed via the effective-range 
expansion (ERE) f (k∗) =

(
1
f0

+ 1
2 d0k∗2 − ik∗

)−1
, in which f0 is 

the scattering length and d0 is the effective range. The parame-
ter R is the size of the emitting source with a Gaussian profile. 
In this work it was fixed using the core-resonance model taken 
from Ref. [53], already employed in several previous femtoscopic 
analyses performed in small colliding systems as pp collisions 
and anchored to p–p correlations. The core radius for !–K+ and 
!–K− pairs is rcore(⟨mT⟩ = 1.35 GeV/c2) = 1.11 ± 0.04 fm. In or-
der to use the core-resonance total source in Eq. (4), this must be 
parametrized with a Gaussian distribution. The presence of long-
lived strong resonances feeding to ! and kaons introduces a sig-
nificant exponential tail for large r∗ , which cannot be described 
with a single Gaussian [5,6,8,10,13]. The total source is hence mod-
eled with a weighted sum of two Gaussians, leading to an effective 
emitting source Seff(r∗) = λS [ωS S1(r∗) + (1 − ωS)S2(r∗)], in which 
r1 = 1.202+0.043

−0.042 fm, r2 = 2.330+0.050
−0.045 fm, λS = 0.9806+0.0006

−0.0008, and 
ωS = 0.7993+0.0037

−0.0027. As systematic variation of the source function, 
these values are varied within the uncertainties. Due to the addi-
tive property of correlation functions, the final genuine correlation 
is then taken as the sum of two correlations evaluated with the 
two properly weighted Gaussian sources. To preserve the correct 
normalization of the emitting source and the unitarity of the λ pa-
rameters [2] in Cmodel(k∗), a (1−λS ) contribution is added.

The understanding of the !K− interaction, particularly in the 
low k∗ region, is strictly connected to the '(1620) state. In prin-
ciple, since '(1620) shares the same quantum numbers as the 
!–K− pair, the two systems can couple strongly. The Belle collab-
oration recently published the observation of the '(1620) state in 
the 'π decay channel (Ethr.1 = mπ + m' = 1461.3 MeV/c2) [28]. 
The reported mass and widths in Ref. [28] are M'(1620) = 1610.4 ±
6.0 MeV/c2, ('(1620) = 60.0 ± 4.8 MeV, which indicates that the 
decay of '(1620) into !K− (Ethr.2 = mK− + m! = 1609.4 MeV/c2) 
is kinematically allowed. No experimental evidence of this decay 
channel has been observed so far. The presented work provides 
quantitative evidence of this process.

The '(1620) state can be clearly seen in the peak at k∗ ≈
80 MeV/c in the lower panel of Fig. 1. Hence, to model the !K−

interaction at low k∗ , the '(1620) must be taken into account 
in the Lednický–Lyuboshits approach. Similar scenarios, with res-
onances contributing to the signal in the low k∗ region, were 
observed in K0

S − K± correlations measured in pp and Pb–Pb colli-
sions, in which the interaction mainly goes through the formation 
of the a0 resonance. A way to properly include such a resonant in-
teraction is to write the scattering amplitude in Eq. (4) in terms of 
the probability distribution describing the state. Due to the vicin-
ity of the !K− decay-channel threshold, the '(1620) resonance 
must be described with a Flatté-like distribution [71] such as the 
Sill distribution used in Ref. [72]. The corresponding scattering am-
plitude can be written as

f (k∗) =
−2(̃!K−

E2 − M2 + i(̃'π

√
E2 − E2

thr.'π + i(̃!K−
√

E2 − Ethr.!K−
2

(5)

in which M is the mass of the '(1620) state, (̃i='π,!K− are the 
effective partial widths as defined in Ref. [72], and Ethr.i='π,!K−

are the threshold energies for the two channels, as defined above.
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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.

PHYSICAL REVIEW LETTERS 124, 092301 (2020)

092301-4

K−p
K−Λ

 : s wave,
 : p wave (weak decay), 

 : d wave

Ξ(1620), Ξ(1690)
Ω
Ξ(1820)Questions:

- Usually s-wave only. How about higher partial waves?
- Origin of resonance peak?

ALICE collaboration, PRL 124, 092301 (2020); PLB845, 138145 (2023)
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Contribution from s-wave resonance

Contribution from higher partial waves  

Summary

Contents

Contents

S. Watanabe, T. Hyodo, in preparation

- Origin of resonance peak

K. Murase, T. Hyodo, J. Subatomic Part. Cosmol. 3, 100017 (2025);
K. Murase, T. Hyodo, arXiv:2509.22844 [nucl-th]

- Regularized LL formula for  l > 0
- Correlation function with  l > 0

https://inspirehep.net/literature/2847980
https://arxiv.org/abs/2509.22844
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Wave function and correlation (attraction)
Attractive well (no bound state)

source size R = 1 fm

Contribution from s-wave resonances

C(q) ≃ 1 + ∫
∞

0
dr

4π
q2

S(r){ | |rqψq(r) |2 −sin2(qr)}

r
V(r) 1 fm

W.f. is pulled in, increased at  —>  enhancementr ≲ R C(q)

q = 60 MeV

q = 100 MeV
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Wave function and correlation (repulsion)
Repulsive rectangular potential

Contribution from s-wave resonances

C(q) ≃ 1 + ∫
∞

0
dr

4π
q2

S(r){ | |rqψq(r) |2 −sin2(qr)}

source size R = 1 fm

r
V(r)

1 fm

W.f. is pushed out, decreased at  —>  suppressionr ≲ R C(q)

q = 60 MeV

q = 100 MeV
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Wave function and correlation (resonance)
Well + barrier potential

Contribution from s-wave resonances

- resonance @ q− = 59 − 14i MeV

r
V(r)

1 fm

W.f. is localized in  at pole momentum —> peak in r ≲ R C(q)

q = 60 MeV

q = 100 MeV
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Contribution from s-wave resonance

Contribution from higher partial waves  

Summary

Contents

Contents

S. Watanabe, T. Hyodo, in preparation

- Origin of resonance peak

K. Murase, T. Hyodo, J. Subatomic Part. Cosmol. 3, 100017 (2025);
K. Murase, T. Hyodo, arXiv:2509.22844 [nucl-th]

- Regularized LL formula for  l > 0
- Correlation function with  l > 0

https://inspirehep.net/literature/2847980
https://arxiv.org/abs/2509.22844
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Higher partial waves
KP formula with  (spherical source)l > 0

Contribution from higher partial waves

ΔCl(q) = (2l + 1)

C(q) = 1 +
∞

∑
l=0

ΔCl(q)

- sum of partial wave contributions
- interacting w.f.  — free w.f. Rl(r) jl(qr)

× ∫
∞

0
dr 4πr2S(r)[ |Rl(r) |2 − | jl(qr) |2 ]

 1×10−8

 1×10−6

 0.0001

 0.01

 1

(a) V2G(r)

l = 0
l = 1
l = 2
l = 3

|Δ
C

l|

 1×10−8

 1×10−6

 0.0001

 0.01

 1

(b) V1GA(r)

|Δ
C

l|
 1×10−10

 1×10−8

 1×10−6

 0.0001

 0.01

 1

 0  100  200  300  400  500

(c) V1GR(r)

|Δ
C

l|

Relative momentum q (MeV)

Gaussian potentials (range ~ 1.25 fm)
-  components at larger l > 0 q

- -th wave dominant at l q ∼ l/r ∼ 160l MeV

s p d f
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Resonance contribution

Resonances in higher partial waves

Contribution from higher partial waves

−0.4

−0.2
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 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4
(a) VL1(r) KP (l ≤ 10)

rLL(cut) (l ≤ 10)
rLL(cut) (l = 0)
rLL(cut) (l = 1)
rLL(cut) (l = 2)
rLL(cut) (l = 3)

Δ
C

(q
)

−0.6

−0.4

−0.2

 0

 0.2

 0.4

 0.6 (b) VL2(r)

Δ
C

(q
)

−0.3

−0.2

−0.1

 0

 0.1

 0.2

 0.3

 0  100  200  300  400  500

(c) VL3(r)

Δ
C

(q
)

q (MeV)

- p-wave resonance at 

With resonances,  components is enahncedl > 0

p

d

f

q− ∼ 105 − 23i MeV

- d-wave resonance at 
q− ∼ 216 − 20i MeV

- f-wave resonance at 
q− ∼ 345 − 21i MeV

With ,  approaches unityq → ∞ C(q)

- How can resonances be seen?
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LL formula
Lednicky-Lyuboshits (LL) formula for s-wave

Contribution from higher partial waves

- Zero-range limit of interaction (asymptotic w.f. for entire )r

C(q) = 1 + ∫
∞

0
dr

4π
q2

S(r)[sin2(qr − δ(q))−sin2(qr)]

R. Lednicky, V.L. Lyuboshits, Yad. Fiz. 35, 1316 (1981);
K. Murase, T. Hyodo, J. Subatomic Part. Cosmol. 3, 100017 (2025)

- Gaussian (relative) source S(r) = exp(−r2/4R2)/(4πR2)3/2

C(q) = 1 +
| f(q) |2

2R2
F3(re /R) +

2Re f(q)

πR
F1(2qR) −

Im f(q)
R

F2(2qR)

= 1 +
2Re f(q)

πR
F1(2qR) +

Im f(q)
2qR2 (e−(2qR)2 −

re

2 πR )

(Semi) analytic formula with only on-shell observable

- Direct extraction of  and  from experimental dataa0 re

https://inspirehep.net/literature/2847980
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LL formula and correlations
Introduction — Femtoscopy primer

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.

Y. Kamiya, K. Sasaki, T. Fukui, T. Hyodo, K. Morita, K. Ogata, A. Ohnishi, T. Hatsuda, 
PRC 105,  014915 (2022)

LL formula with re = 0

Consistent with KP formula

- fixed R > 0

re
pu

ls
io

n
at

tr
ac

tio
n

- repulsion: , attraction: R/a0 > 0 R/a0 < 0
C(q)

1
q

C(q)

1
q

https://inspirehep.net/literature/2021154
https://inspirehep.net/literature/2021154
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LL formula for higher partial wave?
Naive generalization for  is not possiblel > 0

Contribution from higher partial waves

Some regularization for  is neededr → 0

-  is too singular for  (  ) at Raym
l (r) l > 0 nl(qr) ∼ r−l−1 r → 0

ΔCl(q) = (2l + 1)∫
∞

0
dr 4πr2S(r)[ |Raym

l (r) |2 − | jl(qr) |2 ]

K. Murase, T. Hyodo, J. Subatomic Part. Cosmol. 3, 100017 (2025)

- a simple prescription: introducing cutoff rc

ΔCl(q) = (2l + 1)∫
∞

rc

dr 4πr2S(r)[ |Raym
l (r) |2 − | jl(qr) |2 ]

- No sensible zero-range limit for l > 0

Y. Nishida, Phys. Rev. A 86, 012710 (2012)

https://inspirehep.net/literature/2847980
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Regularized LL formula
Dependence on cutoff rc

Contribution from higher partial waves

Works for  with  ~ interaction range (1.25 fm)l > 0 rc
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Resonace peaks in correlation functions 

s-wave resonance peak <— localization of 
wave function at interacting region 

Higher partial wave ( ) contributions 
becomes important for larger 

Regularized LL formula with suitable cutoff  
works for  

l > 0
q

rc

l > 0

Summary

Summary

S. Watanabe, T. Hyodo, in preparation

K. Murase, T. Hyodo, J. Subatomic Part. Cosmol. 3, 100017 (2025);
K. Murase, T. Hyodo, arXiv:2509.22844 [nucl-th]

https://inspirehep.net/literature/2847980
https://arxiv.org/abs/2509.22844

