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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)

relative 
momentum q

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

- Theory (Koonin-Pratt formula)

C(q) ≃ ∫ d3r S(r) |Ψ(−)
q (r) |2

S.E. Koonin PLB 70, 43 (1977); S. Pratt, PRD 33, 1314 (2986)
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Experimental data
Correlation functions :  interactionsK−p

Applicable for systems where usual experiment is difficult

results for Λ and Λ̄ in order to increase the statistical
significance.
The combined ΛΛ and Λ̄ Λ̄ correlation function for

0–80% centrality is shown in Fig. 3. The systematic errors
were estimated by varying the following requirements
for the selection of Λ: DCA, DL, and mass range, which
affect the signal-to-background ratio. Systematics from cuts
on the angular correlation of pairs were also studied that
may affect correlations at small relative momentum. The
systematic uncertainties from different sources were then
added in quadrature. The combined systematic error is
shown separately as a shaded band in Fig. 3. If there were
only antisymmetrization from quantum statistics, a ΛΛ
correlation function of 0.5 would be expected at Q ¼ 0.
The observed pair excess near CðQ ¼ 0Þ compared to 0.5
suggests that the ΛΛ interaction is attractive; however, as
mentioned earlier, the data are not corrected for residual
correlations and those effects can give rise to this excess. In
Fig. 3, the dotted line corresponds to quantum statistics.
The Lednický and Lyuboshitz analytical model [23]

relates the correlation function to source size and also takes
into account the effect of the strong final-state interactions
(FSI). The following correlation function is used to fit the
experimental data
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where f0 ¼ a0 is the scattering length and d0 ¼ reff is the
effective range. Note that a universal sign convention is used
rather than the traditional sign convention for the s-wave
scattering length a0 ¼ −f0 for baryon-baryon systems.
More details about the model can be found in Ref. [23].
The free parameters of the LL model are normalization
(N), a suppression parameter (λ), an emission radius (r0),
scattering length (a0), and effective radius (reff ). In the
absence of FSI, λ equals unity for a fully chaotic Gaussian
source. The impurity in the sample used and finite momen-
tum resolution can suppress the value of λ parameter. In
addition to this, the non-Gaussian form of the correlation
function and the FSI between particles can affect (suppress
or enhance) its value. The last term in Eq. (4) is introduced to
take into account the long tail observed in themeasured data,
where ares is the residual amplitude and rres is the width of
the Gaussian.
When the amplitude ares in Eq. (4) is made to vanish, a fit

performed on data causes a larger χ2=NDF (dashed line in
Fig. 3) and also the obtained r0 is much smaller than
the expected r0 from previous measurements [22,24,25],
which suggests that the measured correlation is wider than
what the fit indicates in this scenario. This effect can be
explained by the presence of a negative residual correlation
in the data, which is expected to be wider than the
correlation from the parent particles. Therefore, to include
the effect of a residual correlation, a Gaussian term
ares expð−Q2r2resÞ is incorporated in the correlation function
(solid line in Fig. 3). A negative residual correlation
contribution is required with ares ¼ −0.044% 0.004þ0.048

−0.009
and rres ¼ 0.43% 0.04þ0.43

−0.03 fm, where the first error is
statistical and the second is systematic. Such a wide
correlation could possibly arise from residual correlations
caused by decaying parents such as Σ0 and Ξ, and coupling
of NΞ to the ΛΛ channel. The fit parameters obtained with
the residual correlation term are N ¼ 1.006% 0.001,
λ ¼ 0.18% 0.05þ0.12

−0.06 , a0 ¼ −1.10% 0.37þ0.68
−0.08 fm, reff ¼

8.52% 2.56þ2.09
−0.74 fm, and r0 ¼ 2.96% 0.38þ0.96

−0.02 fm with
χ2=NDF ¼ 0.56. All the systematic errors on the param-
eters are uncorrelated errors. The Gaussian term is empiri-
cal and its origin is not fully understood. However,
the addition of this term improves fit results and the
obtained r0 is compatible with expectations. The LL
analytical model fit to data suggests that a repulsive
interaction exists between ΛΛ pairs, whereas the fit to
the same data from Morita et al. showed that the ΛΛ
interaction potential is weakly attractive [26]. The

FIG. 3 (color online). The combined ΛΛ and Λ̄ Λ̄ correla-
tion function for 0–80% centrality Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Curves correspond to fits using the
Lednický-Lyuboshitz (LL) analytical model with and without
a residual correlation term [23]. The dotted line corresponds to
quantum statistics with a source size of 3.13 fm. The shaded band
corresponds to the systematic error.
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selection criteria of protons and kaons as well as the lower
limit of the sphericity. These variations are chosen such that
any combination leads to a maximum change of !20% of
Nsame within k" < 200 MeV=c in order to retain the
statistical significance. Systematic uncertainties associated
with the background description are evaluated by varying
the fit ranges and the order of the polynomial assumed for
Cbaselineðk"Þ. Uncertainties related to the unfolding are
accounted for according to Ref. [38]. This results in a
relative systematic uncertainty at low k" of 2.8%.
In correlation measurements, the detected pairs are

emitted in the final state of the scattering processes. The
correlation function of the sample is then sensitive to elastic
and inelastic channels produced in the collision [58].
Inelastic channels opening below threshold act as an
effective increase of the correlation function. The relevant
channels for the p-ϕ system, Λ-K and Σ-K are located
substantially below threshold. Channels appearing above
threshold lead to a cusp structure in Cðk"Þ in the vicinity of
the threshold. Because of the large uncertainties and the
broad bin width, no such structures are observed at the
opening of the Λ-K" (k" ¼ 221.6 MeV=c) and Σ-K"

(k" ¼ 357.4 MeV=c) thresholds.
In order to interpret the measured genuine p-ϕ correla-

tion one has to consider that the p-ϕ interaction features
one isospin and two spin configurations. Since the latter
cannot be disentangled, spin-averaged results are pre-
sented. The strong p-ϕ interaction is modeled employing
the Lednický-Lyuboshits approach [57]. Coupled channel
effects are incorporated via an imaginary contribution to the
scattering length. For large values of d0, the term ∝ d0=r0
that corrects the asymptotic wave function for small sources
has an impact on the modeled correlation function [34].
Additionally, in line with studies of charmonium states
[23,59], phenomenological potentials are employed to

model the p-ϕ interaction [24], including Yukawa-
type, VYukawaðrÞ ¼ −A × r−1 × e−α×r, and Gaussian-type
VGaussianðrÞ ¼ −Veff × e−μ×r

2
potentials. The correlation

functions based on these potentials are obtained with the
correlation analysis tool using the Schrödinger equation
(CATS) [60].
The particle-emitting source is extracted from studies of

p-p and p-Λ pairs [33], which demonstrated that by
accounting for the effect of strong resonances feeding to
the particle pair of interest, a common source for both pairs is
found. The primordial source depends on the transverse
massmT of the particle pair and is obtained by evaluating the
core radius at the hmTi ¼ 1.66 GeV=c2 of the p-ϕ pairs.
The strong decays feeding to protons are explicitly consid-
ered [33], while for the ϕ a 100% primordial fraction is
assumed [14]. The resulting source function is parametrized
by a Gaussian profile with reff ¼ ð1.08! 0.05Þ fm.
The interaction parameters are extracted by fitting the

genuine p-ϕ correlation function Cp-ϕðk"Þ with the respec-
tive model within k" < 200 MeV=c. The systematic uncer-
tainties of the procedure are assessed by varying the upper
limit of the fit range by !30 MeV=c and the source radius
within its uncertainties.
The real and imaginary parts of the scattering length

obtained from the Lednický-Lyuboshits fit are ℜðf0Þ ¼
0.85! 0.34ðstatÞ ! 0.14ðsystÞ fm and ℑðf0Þ ¼ 0.16!
0.10ðstatÞ ! 0.09ðsystÞ fm. The resulting effective range
is d0 ¼ 7.85! 1.54ðstatÞ ! 0.26ðsystÞ fm. ℜðf0Þ deviates
by 2.3σ from zero, indicating the attractiveness of the p-ϕ
interaction in the approximate vacuum of pp collisions.
Notably, ℑðf0Þ vanishes within uncertainties, indicating
that inelastic processes do not play a prominent role in the
interaction. Instead, the elastic p-ϕ interaction appears to
be dominant in vacuum. The scattering length is larger than
values found in literature: a recent analysis of data recorded
with the CLAS experiment reports jf0j ¼ ð0.063!
0.010Þ fm [61]; a value of around f0 ¼ 0.15 fm is con-
sistent with LEPS measurements of the ϕ cross section
[62,63]; studies of an effective Lagrangian combining
chiral SU(3) dynamics with vector meson dominance
obtain f0 ¼ ð−0.01þ i0.08Þ fm [64]; and a QCD sum
rule analysis finds f0 ¼ ð−0.15! 0.02Þ fm [65]. The
obtained scattering lengths are rather model dependent
since the data refer to the properties of the ϕmeson inside a
nucleus and not to a two-body system as in this work. This
underlines the importance of direct measurements of the
two-body N-ϕ interaction to provide constraints for theo-
retical models.
Finally, the data are employed to constrain the param-

eters of phenomenological Gaussian- and Yukawa-type
potentials. As the imaginary contribution of the scattering
length is consistent with zero, only real values are used for
the parameters. The fits yield a comparable degree of
consistency as the fit with the Lednický-Lyuboshits
approach. The resulting values for the Gaussian-type
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FIG. 2. The genuine p-ϕ correlation function Cp-ϕðk"Þ with
statistical (bars) and systematic uncertainties (boxes). The red
band depicts the results from the fit employing the Lednický-
Lyuboshits approach [57]. The width corresponds to one standard
deviation of the uncertainty of the fit.
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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
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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)
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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 
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 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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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 
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D−ppΩ−

pΞ−

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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https://inspirehep.net/literature/2011222
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Introduction — Femtoscopy

Correlation functions for exotic hadrons

Correlation functions for hypernuclei  

Summary

Contents

Contents

-  correlations for  K−p Λ(1405)
Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise. PRL124, 132501 (2020)

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

-  correlationsΛα

Y. Kamiya, T. Hyodo, A. Ohnishi, EPJA58, 131 (2022)

-  and  correlations for  and DD* DD̄* Tcc X(3872)

https://inspirehep.net/literature/1762829
https://inspirehep.net/literature/2058465
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 and  scatteringΛ(1405) K̄N

 does not fit in standard picture —> exotic candidateΛ(1405)

: experiment

Λ(1405)

: theory
N. Isgur and G. Karl, PRD18, 4187 (1978)

Resonance in coupled-channel scattering

—> Chiral SU(3) dynamics

 thresholdK̄N

en
er

gy Λ(1405)

 thresholdπΣ

N
K̄

- Coupling to MB states

Σ
π

u d
s

 correlations for K−p Λ(1405)
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Pole positions are determined
2020 update of PDG

T. Hyodo, M. Niiyama, Prog. Part. Nucl. Phys. 120, 103868 (2021)

-140

-120

-100

-80

-60

-40

-20

0

Im
 z

 [M
eV

]

1440140013601320

Re z [MeV]

- “ ” is no longer at 1405 MeV but ~ 1420 MeV.Λ(1405)

- Lower pole : two-star resonance Λ(1380)

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

Λ(1405) 1/2− I (JP ) = 0(12
−) Status: ∗∗∗∗

In the 1998 Note on the Λ(1405) in PDG 98, R.H. Dalitz discussed
the S-shaped cusp behavior of the intensity at the N-K threshold ob-
served in THOMAS 73 and HEMINGWAY 85. He commented that
this behavior ”is characteristic of S-wave coupling; the other below
threshold hyperon, the Σ (1385), has no such threshold distortion
because its N-K coupling is P-wave. For Λ(1405) this asymmetry is

the sole direct evidence that JP = 1/2−.”

A recent measurement by the CLAS collaboration, MORIYA 14,

definitively established the long-assumed JP = 1/2− spin-parity
assignment of the Λ(1405). The experiment produced the
Λ(1405) spin-polarized in the photoproduction process γ p →

K+Λ(1405) and measured the decay of the Λ(1405)(polarized) →

Σ+ (polarized)π−. The observed isotropic decay of Λ(1405) is
consistent with spin J = 1/2. The polarization transfer to the

Σ+(polarized) direction revealed negative parity, and thus estab-

lished JP = 1/2−.

See the related review(s):
Pole Structure of the Λ(1405) Region

Λ(1405) POLE POSITIONΛ(1405) POLE POSITIONΛ(1405) POLE POSITIONΛ(1405) POLE POSITION

REAL PARTREAL PARTREAL PARTREAL PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

1429+ 8
− 7

1 MAI 15 DPWA

1434± 2 2 MAI 15 DPWA

1421+ 3
− 2 GUO 13 DPWA

1424+ 7
−23 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

24+ 4
− 6

1 MAI 15 DPWA

20+ 4
− 2

2 MAI 15 DPWA

38+16
−10 GUO 13 DPWA

52+ 6
−28 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

HTTP://PDG.LBL.GOV Page 1 Created: 6/1/2020 08:30

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

Λ(1380) 1/2− JP = 1
2
− Status: ∗∗

OMITTED FROM SUMMARY TABLE
See the related review on ”Pole Structure of the Λ(1405) Region.”

Λ(1380) POLE POSITIONΛ(1380) POLE POSITIONΛ(1380) POLE POSITIONΛ(1380) POLE POSITION

REAL PARTREAL PARTREAL PARTREAL PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

1325±15 1 MAI 15 DPWA

1330+ 4
− 5

2 MAI 15 DPWA

1388± 9 GUO 13 DPWA

1381+18
− 6 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

180+24
−36

1 MAI 15 DPWA

112+34
−22

2 MAI 15 DPWA

228+48
−50 GUO 13 DPWA

162+38
−16 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

Λ(1380) REFERENCESΛ(1380) REFERENCESΛ(1380) REFERENCESΛ(1380) REFERENCES

MAI 15 EPJ A51 30 M. Mai, U.-G. Meissner (BONN, JULI)
GUO 13 PR C87 035202 Z.-H. Guo, J. Oller
IKEDA 12 NP A881 98 Y. Ikeda, T. Hyodo, W. Weise (MUNT, RIKEN, TINT)

HTTP://PDG.LBL.GOV Page 1 Created: 6/1/2020 08:31

new!

- Particle Listing section:

Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881, 98 (2012);
Z.H. Guo, J.A. Oller, PRC87, 035202 (2013);
M. Mai, U.G. Meißner, EPJA51, 30 (2015)

 correlations for K−p Λ(1405)

K̄NπΣ

https://inspirehep.net/literature/1822909
https://inspirehep.net/literature/927436
https://inspirehep.net/literature/1086833
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Experimental data of  correlationK−p
 correlations for K−p Λ(1405)

 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.

PHYSICAL REVIEW LETTERS 124, 092301 (2020)

092301-4

 correlation functionK−p
ALICE collaboration, PRL 124, 092301 (2020)

C
(q

)

|q |

- Excellent precision (  cusp)K̄0n

- Low-energy data below K̄0n

https://inspirehep.net/literature/927436
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Calculation before ALICE measurements
 correlations for K−p Λ(1405)

Effective  single channel calculation (not complete!)K−p

A. Ohnishi, K. Morita, K. Miyahara, T. Hyodo, NPA 954, 294 (2016)

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

- Without Coulomb interaction

A. Ohnishi et al. / Nuclear Physics A 954 (2016) 294–307 305

Fig. 4. K−p correlation function obtained by Eq. (7) with the potential in Ref. [40] based on the NLO chiral SU(3) 
dynamics [23,24] (solid line) and that obtained by the LL model formula (17) with the same amplitude (dashed line). 
The source size is set to be R = 3 fm.

conclude that the short range details of the K−p interaction does not affect the correlation func-
tion for the source size R = 3.0 fm. Thus the correlation function is dominated by the long range 
part of the wave function, and the correlation function is well reproduced by the LL model (17), 
as shown by the dashed line in Fig. 4. We note that the Coulomb interaction is not included in the 
present result. The inclusion of the Coulomb interaction will modify the correlation function at 
small q . In the actual measurement, there is the !(1520) resonance in d-wave K−p scattering, 
which may affect the correlation around q ∼ 0.24 GeV/c.

It is also interesting to note the bump structure around q ∼ 0.05 GeV/c. There is no bump 
structure in the K−p amplitude at the corresponding energy. It turns out that this bump structure 
arises from the detailed interference between two phases of I = 0 and I = 1 components in S̃K−p

defined in Eq. (11). In this way, the K−p correlation function gives a complementary information 
to the elastic K−p scattering.

5. Summary

We have analyzed the !! and K−p intensity correlation in high-energy heavy–ion collisions, 
which will provide information on the !! and K−p interactions.

We have investigated the dependence of the !! correlation on the !! interaction and the pair 
purity parameter λ. Recent two analyses of the !! correlation data [36,37] give different signs 
of the scattering length for the favored !! interaction. This difference is found to come from 
the assumption on the pair purity parameter λ. When λ is chosen to minimize the χ2, the optimal 
value of λ is found to be small, λ # 0.18. The corresponding quantum statistical correlation 
is larger than the observed value, C!!(q → 0) # 0.82, then the !! interactions with positive 
a0 (decreasing phase shift at low energy) are favored in order to suppress the correlation. With 
λ = (0.67)2 evaluated on the basis of the measured data of the $0/! [38,39], the corresponding 
quantum statistical correlation is smaller than the observed correlation. Thus the !! interactions 
with negative a0 (increasing phase shift) are favored to enhance the correlation. Experimental 
confirmation of $0 yield in heavy–ion collisions is important.

We have also discussed the K−p correlation function in heavy–ion collisions. We use the 
K−p potential developed in Ref. [40] which is fitted to the scattering amplitude including the 
SIDDHARTA data [23,24]. We find that the K−p correlation function does not depend on the 

- With Coulomb interaction
S. Cho, …, A. Ohnishi, …, ExHIC collaboration, PPNP 95, 279 (2017)S. Cho et al. / Progress in Particle and Nuclear Physics 95 (2017) 279–322 317

1
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C
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1.05

C
(q

)
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0.05 0.1 0.15 0.2 0.25
q [GeV/c]

0 0.3 0.05 0.1 0.15 0.2 0.25
q [GeV/c]

0 0.3

Fig. 5.7. K�p correlation function with a static source with R = 3 fm. The left panel shows the K�p correlation without the Coulomb function obtained
by the potential in Ref. [69] (solid line) and by the LL model formula (see Section 5.1.3) with the same amplitude (dotted line). The correlations of I = 0
(dashed line) and I = 1 (dash-dotted line) are also described. The right panel shows the K�p correlation with the Coulomb interaction (solid line), together
with the results only with the strong interaction (dashed line) and with the Coulomb interaction (dotted line).

A general form of the K̄N wave function  (�)

K̄N,`=0 can be written as the superposition of the isospin wave function  I(r),
which has the asymptotic form e�i�I sin(qr + �I)/(qr),

 
(�)

K̄N,`=0 = C0
�(K�p) + �(K̄ 0n)

p
2

 0(r) + C1
��(K�p) + �(K̄ 0n)

p
2

 1(r), (5.41)

= �(K�p) K�p(r) + �(K̄ 0n) K̄0n(r), (5.42)

where �(K�p) and �(K̄ 0n) represent the isospin wave function of the physical state. For the wave function used in the
correlation function, the K�p channel should satisfy the outgoing boundary condition as in Eq. (5.10). On the other hand,
the outgoing wave in the K̄ 0n channel should disappear. From these conditions, the coefficients C0 and C1 are determined
as C0 = �C1 = 1/

p
2. Thus, the asymptotic K�p wave function is found to be

 K�p(r) !
1

2iqr

h
eiqr � S̃

�1
K�pe

�iqr
i
, S̃K�p = 2

�
S

�1
0 + S

�1
1

��1
, SI = e2i�I . (5.43)

Because of the characteristic boundary condition for the coupled-channel correlation function, the obtained S̃K�p is different
from the S-matrix in the K�p channel SK�p = (S0 + S1)/2 for usual scattering experiments.

The left panel of Fig. 5.7(left) shows the K�p correlation function without the Coulomb interaction. The source size of
nonidentical particle pairs can be estimated as R =

q
(R2

K + R2
p)/2. Considering that the kaon source size in Au+Au collisions

at
p
sNN = 200 GeV is estimated as RK = 2–5 fm [304,305] and the proton source size is expected to be similar, R = 3.0 fm

is used in this study. Because of the small interaction range of the K̄N potential (0.4 fm [69]) owing to the absence of the ⇡
exchange, the short range details of the K̄N interaction does not affect the correlation function for the source size R = 3.0 fm.
Actually, the correlation function is well reproduced by the LLmodel explained in Section 5.1.3, as shown by the dashed line
in Fig. 5.7(left), which assumes a zero range interaction and uses the asymptotic behavior for the wave function.

There is another interesting feature, i.e., the existence of the bump and dip structures, around q ⇠ 0.05–0.15 GeV/c,
which does not appear in theK�p ! K�p scattering amplitude. Its origin seems to be the characteristic isospin combination
of S̃K�p in Eq. (5.43). Especially, the dip structure around q ⇠ 0.15 GeV/c is a good example, because the K�p correlation
function is smaller than unity, though both of the K̄N(I = 0) and K̄N(I = 1) correlation functions are larger than unity in
the corresponding energy region [see dashed (I = 0) and dash-dotted (I = 1) lines in Fig. 5.7(left)], reflecting the attractive
K̄N(I = 0, 1) interaction. Thus, the coupled-channel correlation function gives us information complementary to that from
the K�p scattering.

For the direct comparison with future experiments, the K�p correlation with the Coulomb interaction is shown by the
solid line in Fig. 5.7(right). Similar to the p⌦ correlation in Section 5.3.2, the K�p correlation is largely enhanced by the
Coulomb interaction in the small q region (q . 0.1 GeV/c). On the other hand, in the relatively higher energy region, the
correlation function is determined by the strong interaction. As a result, the interesting dip structure in Fig. 5.7(left) is kept
in the case with the Coulomb interaction in Fig. 5.7(right).

It should be noted that the ⇤(1520) effect, which appears in the d-wave K̄N(I = 0) scattering, is not included in the
above results. Because the ⇤(1520) energy region corresponds to q ⇠ 0.24 GeV/c and the width of ⇤(1520) is not very
large (⇠15 MeV), the inclusion of the⇤(1520) would not affect very much the dip structure around q ⇠ 0.15 GeV/c . Thus,
the interesting feature of the isospin interference is expected to be seen in actual measurements.

http://inspirehep.net/record/1430061
http://inspirehep.net/record/1511900
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Coupled-channel effects
 correlations for K−p Λ(1405)

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)

⋮

Coulomb threshold energy difference
Asymptotic ( ) wave functionr → ∞

ψK−p(r)
ψK̄0n(r)

⋮
∝

#e−iqr + #eiqr

#e−iq2r + #eiq2r

⋮

incoming + outgoing

- Transition from  is in  with K̄0n, π+Σ−, π0Σ0, π−Σ+, π0Λ ψi(r) i ≠ K−p

K−

p

π0

Σ0
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Coupled-channel correlation function
 correlations for K−p Λ(1405)

Coulomb function. For closed channels (E < Δi), the
asymptotic form is given by substituting qj ¼ −iκj ¼
−i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μjðΔj − EÞ

p
as ψ ð−Þ

j ðrÞ→AjðqÞu
ð−Þ
j ð−iκjrÞ=ð2κjrÞ∝

e−κjr=κjr. This is because the wave function component of
the off-shell state can emerge only in the strong interaction
region. For spherically symmetric source functions the
correlation function can be written as

CðqÞ ¼
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where the left-hand side depends only on q ¼ jqj. The
normalization of the source function implies that the weight
of the observed channel must be unity: ω1 ¼ 1 [27].
The K−p correlation function was calculated in Ref. [14]

using the effective K̄N potential in Ref. [33] within the
model space of K−p and K̄0n channels. Although the
effects of the coupled πΣ and πΛ channels are implicitly
included in the renormalized K̄N potential to reproduce the
scattering amplitude, the proper boundary condition (6)
was not imposed because the wave function does not
contain explicit πΣ and πΛ components. The present
calculation reduces to that in Ref. [14] when the channel
couplings of K̄N ↔ πΣ; πΛ are switched off and the K̄0n
source function is ignored. It turns out, however, that there
are sizable deviations of the present results from those in
Ref. [14]. This indicates the importance of an explicit
treatment of coupled channels in the K−p correlation
function.
We now employ the wave functions in the full

K̄N-πΣ-πΛ coupled-channel framework. The starting point
is chiral SU(3) dynamics at next-to-leading order [30]
which successfully describes the set of existing K−p
scattering data together with the SIDDHARTA kaonic
hydrogen data [4]. An equivalent local K̄N-πΣ-πΛ
coupled-channel potential has been constructed to repro-
duce the corresponding scattering amplitudes [28]. Note
that the coupled-channel effects contribute to the correla-
tion function through the wave functions ψ ð−Þ

j includ-

ing ψ ð−Þ
K−p.

Results.—The K−p correlation function and its break-
down into channels are shown in Fig. 1 for source sizes of
R ¼ 1 fm and 3 fm. We assume a common source function
of Gaussian shape for all channels, SjðrÞ ¼ SRðrÞ≡
expð−r2=4R2Þ=ð4πR2Þ3=2 with ωj ¼ 1. For both source
radii R we can see the strong enhancement due to the
Coulomb attraction at small momenta, demonstrated by
comparison with the results omitting the Coulomb inter-
action. Also evident is the cusp structure at the K̄0n
threshold at q ≃ 58 MeV=c. Among the coupled-channel

components, the enhancement by the K̄0n channel is found
to be the largest, and next in importance is πΣ. The
inclusion of the K̄0n component also makes the cusp
structure more prominent. The π0Λ channel couples to
K−p only in the I ¼ 1 sector; its effect is relatively weak.
Because the calculated wave functions in channels other
than K−p have a sizable magnitude only at small distances,
the contributions from these components decrease with
increasing source size. This leads to a less pronounced cusp
structure for the R ¼ 3 fm case.
Now we are prepared to compare the calculated K−p

correlation function with data. We allow for variations of
the source size and weights, which can be channel
dependent [25]. Since a given source function with the
weight in the relative coordinate is obtained from a product
of single-particle emission functions, the weight should be
proportional to the product of particle yields. For example,
ωπ−Σþ=ωK−p ¼ Nðπ−ÞNðΣþÞ=NðK−ÞNðpÞ. The produc-
tion yields NðhÞ should be regarded as those of promptly
emitted particles in order for those hadrons to couple into
the final K−p channel. Those primary yields are not
directly observable. Thus, we regard the source weights
ωj as parameters. While the effect of the π0Λ channel is

FIG. 1. K−p correlation function with R ¼ 1 fm (upper panel)
and R ¼ 3 fm (lower panel). The long-dashed line denotes the
result with K−p component only. The short-dashed, dotted, and
solid lines show the results in which the contributions from K̄0n,
K̄0n, and πΣ, and from all coupled-channel components are
added, respectively. The dash-dotted line denotes the full
coupled-channel calculation without the Coulomb interaction.

PHYSICAL REVIEW LETTERS 124, 132501 (2020)

132501-3

Coulomb function. For closed channels (E < Δi), the
asymptotic form is given by substituting qj ¼ −iκj ¼
−i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μjðΔj − EÞ

p
as ψ ð−Þ

j ðrÞ→AjðqÞu
ð−Þ
j ð−iκjrÞ=ð2κjrÞ∝

e−κjr=κjr. This is because the wave function component of
the off-shell state can emerge only in the strong interaction
region. For spherically symmetric source functions the
correlation function can be written as

CðqÞ ¼
Z

d3rS1ðrÞ½jϕCðq; rÞj2 − jϕC
0 ðqrÞj2%

þ 4π
X

j

Z
∞

0
drr2ωjSjðrÞjψ

ð−Þ
j ðq; rÞj2; ð7Þ

where the left-hand side depends only on q ¼ jqj. The
normalization of the source function implies that the weight
of the observed channel must be unity: ω1 ¼ 1 [27].
The K−p correlation function was calculated in Ref. [14]

using the effective K̄N potential in Ref. [33] within the
model space of K−p and K̄0n channels. Although the
effects of the coupled πΣ and πΛ channels are implicitly
included in the renormalized K̄N potential to reproduce the
scattering amplitude, the proper boundary condition (6)
was not imposed because the wave function does not
contain explicit πΣ and πΛ components. The present
calculation reduces to that in Ref. [14] when the channel
couplings of K̄N ↔ πΣ; πΛ are switched off and the K̄0n
source function is ignored. It turns out, however, that there
are sizable deviations of the present results from those in
Ref. [14]. This indicates the importance of an explicit
treatment of coupled channels in the K−p correlation
function.
We now employ the wave functions in the full

K̄N-πΣ-πΛ coupled-channel framework. The starting point
is chiral SU(3) dynamics at next-to-leading order [30]
which successfully describes the set of existing K−p
scattering data together with the SIDDHARTA kaonic
hydrogen data [4]. An equivalent local K̄N-πΣ-πΛ
coupled-channel potential has been constructed to repro-
duce the corresponding scattering amplitudes [28]. Note
that the coupled-channel effects contribute to the correla-
tion function through the wave functions ψ ð−Þ

j includ-

ing ψ ð−Þ
K−p.

Results.—The K−p correlation function and its break-
down into channels are shown in Fig. 1 for source sizes of
R ¼ 1 fm and 3 fm. We assume a common source function
of Gaussian shape for all channels, SjðrÞ ¼ SRðrÞ≡
expð−r2=4R2Þ=ð4πR2Þ3=2 with ωj ¼ 1. For both source
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comparison with the results omitting the Coulomb inter-
action. Also evident is the cusp structure at the K̄0n
threshold at q ≃ 58 MeV=c. Among the coupled-channel

components, the enhancement by the K̄0n channel is found
to be the largest, and next in importance is πΣ. The
inclusion of the K̄0n component also makes the cusp
structure more prominent. The π0Λ channel couples to
K−p only in the I ¼ 1 sector; its effect is relatively weak.
Because the calculated wave functions in channels other
than K−p have a sizable magnitude only at small distances,
the contributions from these components decrease with
increasing source size. This leads to a less pronounced cusp
structure for the R ¼ 3 fm case.
Now we are prepared to compare the calculated K−p

correlation function with data. We allow for variations of
the source size and weights, which can be channel
dependent [25]. Since a given source function with the
weight in the relative coordinate is obtained from a product
of single-particle emission functions, the weight should be
proportional to the product of particle yields. For example,
ωπ−Σþ=ωK−p ¼ Nðπ−ÞNðΣþÞ=NðK−ÞNðpÞ. The produc-
tion yields NðhÞ should be regarded as those of promptly
emitted particles in order for those hadrons to couple into
the final K−p channel. Those primary yields are not
directly observable. Thus, we regard the source weights
ωj as parameters. While the effect of the π0Λ channel is

FIG. 1. K−p correlation function with R ¼ 1 fm (upper panel)
and R ¼ 3 fm (lower panel). The long-dashed line denotes the
result with K−p component only. The short-dashed, dotted, and
solid lines show the results in which the contributions from K̄0n,
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added, respectively. The dash-dotted line denotes the full
coupled-channel calculation without the Coulomb interaction.

PHYSICAL REVIEW LETTERS 124, 132501 (2020)

132501-3

Coupled-channel effect is enhanced for small sources

Coupled-channel Koonin-Pratt formula
R. Lednicky, V.V. Lyuboshitz, V.L.Lyuboshitz, Phys. Atom. Nucl. 61, 2950 (1998);
J. Haidenbauer, NPA 981, 1 (2019);
Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise, PRL124, 132501 (2020)

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

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

https://inspirehep.net/literature/1762829
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Correlation from chiral SU(3) dynamics
Wave function  : coupled-channel  potentialΨ(−)

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

- Source weight  by simple statistical model estimateωπΣ ∼ 2
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154 MeV [35,36]. As for the source size, the ALICE
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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
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source function has a Gaussian shape and the source weight
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The measured correlation function is assumed to be
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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
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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
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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,
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R ¼ 1.6 fm. Its shaded area shows the uncertainty with respect
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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 with Pb-Pb collisions at 5.02 TeV

 correlations for K−p Λ(1405)

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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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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Systematic study of source size dependence
Correlations in , ,  by Kyoto  potentialpp p-Pb Pb-Pb K̄N-πΣ-πΛ

More strength is needed in the  channelK̄0n

04/10/2022 Ramona Lea - Hadron physics with kaon beam and related topics

● Unique constraint and direct access to 
K⁻p ↔ K̅⁰n and K⁻p ↔ πΣ dynamics 

● 𝛼K̅⁰–n deviates from unity: 
○ K⁻p ↔ K̅⁰n currently implemented in Kyoto 

𝜒EFT is too weak 
○ fine tuning of Kyoto 𝜒EFT is needed and data 

from hadron-hadron collisions have to be 
taken into account

K⁻p from small to large systems

ALICE Collaboration arXiv: 2205.15176
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Expected weight  by 
Thermal Fist + Blast Wave

ωi

enhancement needed to 
explain data

ALICE collaboration, EPJC 83, 340 (2023)

 correlations for K−p Λ(1405)

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

i≠K−p

ωi ∫ d3r Si(r) |Ψ(−)
i,q (r) |2

https://inspirehep.net/literature/2088954
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Introduction — Femtoscopy

Correlation functions for exotic hadrons

Correlation functions for hypernuclei  

Summary

Contents

Contents

-  correlations for  K−p Λ(1405)
Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise. PRL124, 132501 (2020)

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

-  correlationsΛα

Y. Kamiya, T. Hyodo, A. Ohnishi, EPJA58, 131 (2022)

-  and  correlations for  and DD* DD̄* Tcc X(3872)

https://inspirehep.net/literature/1762829
https://inspirehep.net/literature/2058465
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Observation of Tcc

 and  correlations for  for DD* DD̄* Tcc X(3872)

 observed in  spectrumTcc D0D0π+

- Signal near  thresholdDD*

LHCb collaboration, Nature Phys., 18, 751 (2022); Nature Comm., 13, 3351 (2022)
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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)
 and  correlations for  for DD* DD̄* Tcc X(3872)

 : 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*



19

Measurement of  correlationD−p

First measurement of correlation involving charm 
ALICE collaboration, PRD 106, 052010 (2022)

Favors bound state with exotic quantum number  D−p ∼ c̄duud

 and  correlations for  for DD* DD̄* Tcc X(3872)

Correlation function with charm can be measured

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
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)c (MeV/k* 
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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

https://inspirehep.net/literature/2011222
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 potentialsDD*, DD̄*
 and  correlations for  for DD* DD̄* Tcc X(3872)

Coupled-channel potentials

VDD*/DD̄* =
1
2 (VI=1 + VI=0 VI=1 − VI=0

VI=1 − VI=0 VI=1 + VI=0 + Vc)

VI=0 = V0 exp{−m2
πr2}, VI=1 = 0

-  : one-range gaussian potentials,  neglectedI = 0 I = 1

 range by  exchange↑ π

 <— scattering lengths (molecule picture)V0 ∈ ℂ

-  :  (LHCb analysis)Tcc aD0D*+
0 = − 7.16 + i1.85 fm

-  :  (  with PDG )X(3872) aD0D̄*0
0 = − 4.23 + i3.95 fm a0 = − i/ 2μEh Eh

LHCb collaboration, Nature Comm., 13, 3351 (2022)

 Coulomb for  ↑ {D+D*−}

D0D*+/{D0D̄*0}
D+D*0/{D+D*−}
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 sectorDD* ∼ Tcc

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

 and  correlations for  for DD* DD̄* Tcc X(3872)

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

Y. Kamiya, T. Hyodo, A. Ohnishi, EPJA58, 131 (2022)

https://inspirehep.net/literature/2058465
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 sectorDD̄* ∼ X(3872)

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

 and  correlations for  for DD* DD̄* Tcc X(3872)

-  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*−
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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

Y. Kamiya, T. Hyodo, A. Ohnishi, EPJA58, 131 (2022)

https://inspirehep.net/literature/2058465
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Introduction — Femtoscopy

Correlation functions for exotic hadrons

Correlation functions for hypernuclei  

Summary

Contents

Contents

-  correlations for  K−p Λ(1405)
Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise. PRL124, 132501 (2020)

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

-  correlationsΛα

Y. Kamiya, T. Hyodo, A. Ohnishi, EPJA58, 131 (2022)

-  and  correlations for  and DD* DD̄* Tcc X(3872)

https://inspirehep.net/literature/1762829
https://inspirehep.net/literature/2058465
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Motivation
Hyperon puzzle in neutron stars

 correlationsΛα

-  three-body force for repulsion at high densityΛNN
D. Gerstung, N. Kaiser, W. Weise, EPJA 55, 175 (2020)

Eur. Phys. J. A (2020) 56 :175 Page 9 of 13 175
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Fig. 7 Single-particle potentials UΛ(p = 0; ρ) of a Λ hyperon in
dense symmetric nuclear matter (left) and neutron matter(right), based
on self-consistent solutions of Eqs. (15) and (17) computed up to
ρ = 3.5 ρ0 using the NLO13 interaction, and further extrapolated to

higher densities as described in the text. The uncertainty bands reflect
cutoff dependence and choices of (H1, H2) from the lower solid seg-
ments of the NLO13 lines of Fig. 6
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Fig. 8 Comparison of Λ and neutron chemical potentials, µΛ and µn ,
in neutron star matter up to baryon densities typically encountered in
the center of neutron stars. The neutron chemical potential is derived
from the equation-of-state calculated in ref. [10] using chiral SU(2)
nucleon-meson field theory combined with functional renormalization
group methods. The uncertainty band reflects primarily the errors in

the nuclear symmetry energy Esym = 32 ± 3 MeV. The Λ chemical
potential is based on UΛ as in Fig. 7, calculated using the chiral SU(3)
interactions NLO13 (left panel) and NLO19 (right panel) with full two-
and three-body forces (ΛN+ΛNN ) and sets of three-body parameters
as explained in the text. The dashed line shows µΛ using two-body Y N
interactions only

The comparison of µΛ and µn is shown in Fig. 8. The
uncertainty band of the neutron chemical potential is related
primarily to the range of possible values of the nuclear sym-
metry energy, Esym = (32 ± 3) MeV. We note that this
uncertainty band also includes µn as given in Ref. [8] for
their maximally repulsive interaction (AV18+δv + UIX*) up
to ρ ! 4 ρ0.

Figure 8 points out that the combined repulsion from
two- and three-body hyperon–nuclear interactions for both
NLO13 and NLO19 cases can indeed be potentially strong
enough to avoid the appearance of Λ hyperons in neutron
stars. One findsµΛ > µn throughout the neutron star density
range when a set of three-body parameters is selected from
the solid segments of the lines in Fig. 6 that are constrained

123

How to verify this in experiments? 
-  directed flow in heavy ion collisionsΛ

Y. Nara, A. Jinno, K. Murase, A. Ohnishi, 
PRC 106, 044902 (2022)

Possible three-body force in  correlation functionΛα

-nucleus correlation function? Λ

- Heavy nuclei are difficult to produce
- Strong binding of  —> high central densityα ≳ 2ρ0
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 potentialsΛα

Skyrme-Hartree Fock potentials for  hypernucleiΛ

- Chi3 : based on chiral EFT with  force ΛNN

- Both reproduce hypernuclear data from  to C Pb

A. Jinno, K. Murase, Y. Nara, A. Ohnishi, in preparation

- LY4 : empirical potential
D.E. Lanskoy, Y. Yamamoto, PRC 55, 2330 (1997)

 correlationsΛα

 potentialsΛα

9 A. Ohnishi @ 3rd J-PARC HEF-ex WS, Mar. 14, 2023

Λ-α potential

Significant difference in the potential shape (local part)
LY4 shows Woods-Saxon type Λ-α potential (volume type)
Chi3 shows a dip at r ~ 1.2 fm and central repulsion (surface type)
Potential shape reflects the density dependence of U

Λ

Chi2 (GKW2 fit)
Chi3 (GKW3 fit)

cf: I. Kumagai-Fuse, 
S. Okabe, Y. Akaishi,
PLB 345 (‘95) 386.
(Isle potential)

- Chi3 : central repulsion

- overestimate  binding energy
  —> adjustment of parameters

5
ΛHe

- LY4 : Woods-Saxon like
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 correlation functionsΛα

Results of correlation function

15 A. Ohnishi @ 3rd J-PARC HEF-ex WS, Mar. 14, 2023

Λ-α correlation function

Comparison of Λ-α correlation functions
from empirical (LY4) and chiral (Chi3) potentials
for gaussian source with R=1 and 3 fm.

 correlationsΛα

- Bound state signature (dip at small )q

- Effect of  force is not visible for , but gives  
   slightly stronger correlation for 

ΛNN R = 3 fm
R = 1 fm

Y. Kamiya, A. Jinno, T. Hyodo, A. Ohnishi, in preparation
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Correlation functions are useful to study 
interactions of exotic hadrons and nuclei.

 correlations 

 and  correlations

 correlations

K−p

DD* DD̄*

Λα

Summary

Summary

Y. Kamiya, T. Hyodo, A. Ohnishi, EPJA58, 131 (2022)

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

- precise test for  and  interactionsΛ(1405) K̄N
Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise. PRL124, 132501 (2020)

- possible hint for  three-body forceΛNN
Y. Kamiya, A. Jinno, T. Hyodo, A. Ohnishi, in preparation

https://inspirehep.net/literature/2058465
https://inspirehep.net/literature/1762829

