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• Koonin-Pratt formula : 

C(q) ≃ ∫ d3r S(r) |φ(−)(q, r) |2

q = (m2k1 − m1k2)/(m1 + m2)

S.E. Koonin, PLB 70 (1977)  
S. Pratt et. al. PRC 42 (1990) 
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Fig. 2: (Color online)(K�p � K+p) correlation functions obtained from pp collisions at
p

s = 5 TeV (left), 7 TeV
(middle) and 13 TeV (right) fitted with Eq. 1. The measurement is presented by the black markers, the vertical
lines and the boxes represent the statistical and systematic uncertainties respectively. Three different potentials
were considered: Coulomb potential (blue band), Kyoto model [44–48] (light blue band), Jülich model [49] where
the physics masses of K� and K0are used [50] with the Coulomb interaction included (red band). In the bottom
panels, differences between data and model are shown. The bands represent the systematic uncertainty related to
the determination of the l parameter and to the source radius.

threshold of the K0n (K0n) channel at plab = 89 MeV/c [52] which corresponds to k
⇤ = 58 MeV/c. In

order to quantify the significance of the observed structure, and since the three measured distributions are
mutually compatible, the C(k⇤) measured at the three different energies were summed using the number
of events for each data sample as a weight. The resulting C(k⇤) was interpolated with a spline considering
the statistical uncertainties and the derivative of the spline was then evaluated. A change in the slope of
the derivative consistent with a cusp effect in the k

⇤ region between 50 and 60 MeV/c at the level of 4.4s
has been observed, to be compared with a significance of 30s for L(1520). The measurement presented
in this letter is therefore the first experimental evidence for the opening of the K0n (K0n) isospin breaking
channel, showing that the femtoscopy technique is a unique tool to study the Kp scattering, where the
conventional scattering experiments at fixed target are difficult to perform.

The experimental correlation functions were also used to test different potentials to describe the interac-
tion between K+p (K�p) and K�p (K+p). The measured correlation function C(k⇤) is compared with a
theoretical function using the following equation

C(k⇤) = (a+b · k⇤) ·
h
1+l · (C(k⇤)theoretical �1)

i
, (1)

where the baseline (a+ b · k
⇤) is introduced to take into account the remaining non-femtoscopic back-

ground contributions which might be present also after the ST selection. The slope, b, of the baseline is
fixed from Monte Carlo simulations based on PYTHIA 6 [53] and PYTHIA 8 [54], while the normal-
ization, a, is a free parameter of the fit. To assign a systematic uncertainty related to the slope of the

5

Scattering studies with low-energy Kp femtoscopy in pp collisions at the LHC ALICE Collaboration

Table 1: Summary of track selection criteria

Selection variable Value
|h | < 0.8
Number of TPC clusters � 70
DCAxy to primary vertex < 1 cm
DCAz to primary vertex < 1 cm
Tracks with kink topology rejected

K+(K�) transverse momentum pT
0.15 < pT < 0.3 GeV/c
0.4 < pT < 1.4 GeV/c

p(p) transverse momentum pT
0.4 < pT < 0.6 GeV/c
0.8 < pT < 3.0 GeV/c

Particle identification
n-sTPC <3
for K with pT > 0.4 and p with pT > 0.8:
n-sTPC <3 + n-sTOF <3

the deviations. The total systematic uncertainty was calculated as the quadratic sum of each source’s
contribution and amounts to about 3% in the considered k

⇤ intervals.

The measured correlation functions for (K+p � K�p) and (K�p � K+p) are shown in the upper panels
of Fig. 1 and Fig. 2.
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Fig. 1: (Color online)(K+p � K�p) correlation functions obtained from pp collisions at
p

s = 5 TeV (left), 7 TeV
(middle) and 13 TeV (right) fitted with Eq. 1 including only a Coulomb interaction (blue) or in addition the strong
interaction implemented in the Jülich model (red). The measurement is shown by the black markers, the vertical
lines and the boxes represent the statistical and systematic uncertainties respectively. In the bottom panels of the
figure, the difference between the data and models are shown. The bands represent the systematic uncertainty
related to the determination of the l parameter and to the source radius.

In both figures, each panel corresponds to a different collision energy, as indicated in the legend. The
structure that can be seen in the (K�p � K+p) correlation function at k

⇤ around 240 MeV/c in Fig. 2 is
consistent with the L(1520) which decays into K�p, with a center-of-mass momentum for the particle
pair of 243 MeV/c [51]. The correlation function of (K�p � K+p) exhibits also a structure between 50
and 60 MeV/c for the three collision energies. The k

⇤ position of the structure is consistent with the
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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

CðQÞ¼N
!
1þλ

"
−1

2
expð−r20Q2Þþ1

4

jfðkÞj2

r20

"
1− 1

2
ffiffiffi
π

p d0
r0

$

þRefðkÞffiffiffi
π

p
r0

F1ðQr0Þ−
ImfðkÞ
2r0

F2ðQr0Þ
$

þares expð−r2resQ2Þ
%
; ð4Þ

where k ¼ Q=2, F1ðzÞ ¼
R
1
0 ex

2−z2=zdx and F2ðzÞ ¼
ð1 − e−z

2Þ=z in Eq. (4). The scattering amplitude is
given by

fðkÞ ¼
"
1

f0
þ 1

2
d0k2 − ik

$−1
; ð5Þ

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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Fig. 1. Results for the fit of the pp data at √s = 13 TeV. The p–p correlation function (left panel) is fitted with CATS (blue line) and the !–! correlation function (right 
panel) is fitted with the Lednický model (yellow line). The dashed line represents the linear baseline from Eq. (5), while the dark dashed-dotted line on top of the !–! data 
shows the expected correlation based on quantum statistics alone, in case of a strong interaction potential compatible with zero.

only significant contribution is p–!→p–p, where the p–! inter-
action is modeled using the scattering parameters from a next-to-
leading order (NLO) χEFT calculation [41] and the corresponding 
correlation function is computed using the Lednický model. The 
remaining residuals are considered flat, apart from p–#−→p–!, 
p–$0 →p–! and p–#(1530)− →p–#− , where the interaction can 
be modeled. For the p–#− interaction a recent lattice QCD poten-
tial, from the HAL QCD collaboration [42,43], is used. The p–$0 is 
modeled as in [44], while p–#(1530)− is evaluated by taking only 
the Coulomb interaction into account.

After all corrections have been applied to Ctot(k∗), the final fit 
function is obtained by multiplying it with a linear baseline (a +
bk∗) describing the normalization and non-femtoscopy background 
[25]

Cfit(k
∗) = (a + bk∗)Ctot(k∗). (5)

Fig. 1 shows an example of the p–p and !–! correlation func-
tions measured in pp collisions at 

√
s = 13 TeV, together with 

the fit functions. The p–p experimental data show a flat behav-
ior in the range 200 < k∗ < 400 MeV/c, thus by default the slope 
of the baseline is assumed to be zero (b = 0) and the corre-
lation is fitted in the range k∗ < 375 MeV/c. The resulting r0
values are 1.182 ± 0.008(stat)+0.005

−0.002(syst) fm in pp collisions at √
s = 13 TeV and 1.427 ± 0.007(stat)+0.001

−0.014(syst) fm in p–Pb colli-
sions at √sNN = 5.02 TeV. In pp collisions at 

√
s = 7 TeV the source 

size is r0 = 1.125 ± 0.018(stat)+0.058
−0.035(syst) fm [25].

The systematic uncertainties of the radius r0 are evaluated fol-
lowing the prescription established during the analysis of pp col-
lisions at 

√
s =7 TeV [25]. The upper limit of the fit range for the 

p–p pairs is varied within k∗ ∈ {350, 375, 400} MeV/c and the in-
put to the λ parameters is modified by 20%, keeping primary and 
secondary fractions constant.

Two further systematic variations are performed for the p–p 
correlation. The first concerns the possible effect of non-femto-
scopy contributions to the correlation functions, which can be 
modeled by a linear baseline (see Eq. (5)) with the inclusion of 
b as a free fit parameter. The final systematic variation is to model 
the p–! feed-down contribution by using a leading-order (LO) [41,
45] computation to model the interaction. The effect of the latter 
is negligible, as the transformation to the p–p system smears the 
differences observed in the pure p–! correlation function out.

To investigate the !–! interaction the source sizes are fixed to 
the above results and the !–! correlations from all three data 
sets are fitted simultaneously in order to extract the scattering 

parameters. The correlation functions show a slight non-flat be-
havior at large k∗ , especially for the pp collisions at 

√
s = 13 TeV 

(right panel in Fig. 1). Thus the fit is performed by allowing a non-
zero slope parameter b (see Eq. (5)). The fit range is extended to 
k∗ < 460 MeV/c in order to better constrain the linear baseline. 
Due to the small primary λ parameters (see Table 1) the !–! cor-
relation signal is quite weak and the fit shows a slight systematic 
enhancement compared to the expected Ctot(k∗) due to quantum 
statistics only, suggestive of an attractive interaction. However, the 
current statistical uncertainties do not allow the !–! scattering 
parameters to be extracted from the fit. Therefore, an alternative 
approach to study the !–! interaction will be presented in the 
next section. Systematic uncertainties related to the !–! emission 
source may arise from several different effects, which are discussed 
in the rest of this section.

Previous studies have revealed that the emission source can be 
elongated along some of the spatial directions and have a mul-
tiplicity or mT dependence [46,47]. In the present analysis it is 
assumed that the correlation function can be modeled by an ef-
fective Gaussian source. The validity of this statement is verified 
by a simple toy Monte Carlo, in which a data-driven multiplicity 
dependence is introduced into the source function and the result-
ing theoretical p–p correlation function computed with CATS. The 
deviations between this result and a correlation function obtained 
with an effective Gaussian source profile are negligible.

Possible differences in the effective emitting sources of p–p and 
!–! pairs due to the strong decays of broad resonances and mT
scaling are evaluated via simulations and estimated to have at 
most a 5% effect on the effective source size r0. This is taken into 
account by including an additional systematic uncertainty on the 
r!–! value extracted from the fit to the p–p correlation.

4. Results

In order to extract the !–! scattering parameters, the correla-
tion functions measured in pp collisions at 

√
s =7, 13 TeV as well 

as in p–Pb collisions at √sNN = 5.02 TeV are fitted simultaneously. 
The right panel in Fig. 1 shows the !–! correlation function ob-
tained in pp collisions at 

√
s = 13 TeV together with the result 

from the fit.
Since the uncertainties of the scattering parameters are large, 

different model predictions are tested on the basis of their agree-
ment with the measured correlation functions.

One option is to use a local potential and obtain C(k∗) based 
on the exact solution from CATS, with the source size fixed to the 
value obtained from the fit to the p–p correlations. Many of the 

• pΩ

STAR AuAu: PRL 114,022301(2015) 
ALICE : PLB 797 (2019) 134822 
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pp
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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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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.
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Figure 2: The K�p�K+p correlation functions in the six centrality classes, with the corresponding Lednický–
Lyuboshitz fits (denoted as “L–L”) and Kyoto model calculations shown as light cyan and orange bands, respec-
tively. The width of the bands corresponds to the 1-s uncertainties. The inserts show the K+p�K�p correlation
functions with Lednický–Lyuboshitz fits as light cyan bands. The bottom panels show the difference between data
and the fit (model) normalised by the statistical uncertainty of the data sstat. The average pair transverse mass
hmTi is 0.92± 0.03 GeV/c2 for all centrality intervals. The statistical and systematic uncertainties are added in
quadrature and shown as vertical bars.

The following effects can be observed: the K�p�K+p pairs show an attractive Coulomb interaction for
small k⇤. The effect is opposite for K+p�K�p pairs. The influence of the repulsive strong interaction
manifests as correlation functions reaching values below unity in the region of k⇤ ⇡ 20�50 MeV/c and
becomes more pronounced towards more peripheral events, i.e., smaller source sizes. As predicted in
Ref. [39], features of the correlation function related to the coupled channels, observed in the analysis of
pp collisions [37], are negligible here. Neither the cusp structure at 58 MeV/c due to the presence of the
isospin-breaking channel K0n ! K�p nor the enhancement due to the coupled channels below threshold
enhancing the correlation above unity in the intermediate k⇤ range are visible in the correlation function
in Pb–Pb.

The common femtoscopic radii RKp for same- and opposite-charge pairs obtained from the Lednický–
Lyuboshitz fit are provided in Fig. 2 as well. They increase from around 5 fm for peripheral events to
almost 9 fm for central events, and all are larger than 3 fm where the predicted effect of coupled channels
is reduced or negligible [39]. The radii scale linearly with the cube root of the mean charged-particle
multiplicity density hdNch/dhi1/3, as observed for pion–pion [67], kaon–kaon [49], and pion–kaon [57]
pairs. The scattering length parameters obtained from the fit are ¬ f0 =�0.91± 0.03(stat)+0.17

�0.03(syst) fm
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Figure 2: The K�p�K+p correlation functions in the six centrality classes, with the corresponding Lednický–
Lyuboshitz fits (denoted as “L–L”) and Kyoto model calculations shown as light cyan and orange bands, respec-
tively. The width of the bands corresponds to the 1-s uncertainties. The inserts show the K+p�K�p correlation
functions with Lednický–Lyuboshitz fits as light cyan bands. The bottom panels show the difference between data
and the fit (model) normalised by the statistical uncertainty of the data sstat. The average pair transverse mass
hmTi is 0.92± 0.03 GeV/c2 for all centrality intervals. The statistical and systematic uncertainties are added in
quadrature and shown as vertical bars.

The following effects can be observed: the K�p�K+p pairs show an attractive Coulomb interaction for
small k⇤. The effect is opposite for K+p�K�p pairs. The influence of the repulsive strong interaction
manifests as correlation functions reaching values below unity in the region of k⇤ ⇡ 20�50 MeV/c and
becomes more pronounced towards more peripheral events, i.e., smaller source sizes. As predicted in
Ref. [39], features of the correlation function related to the coupled channels, observed in the analysis of
pp collisions [37], are negligible here. Neither the cusp structure at 58 MeV/c due to the presence of the
isospin-breaking channel K0n ! K�p nor the enhancement due to the coupled channels below threshold
enhancing the correlation above unity in the intermediate k⇤ range are visible in the correlation function
in Pb–Pb.

The common femtoscopic radii RKp for same- and opposite-charge pairs obtained from the Lednický–
Lyuboshitz fit are provided in Fig. 2 as well. They increase from around 5 fm for peripheral events to
almost 9 fm for central events, and all are larger than 3 fm where the predicted effect of coupled channels
is reduced or negligible [39]. The radii scale linearly with the cube root of the mean charged-particle
multiplicity density hdNch/dhi1/3, as observed for pion–pion [67], kaon–kaon [49], and pion–kaon [57]
pairs. The scattering length parameters obtained from the fit are ¬ f0 =�0.91± 0.03(stat)+0.17
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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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Fig. 3. Measured correlation function (C(k∗)) for proton–! and antiproton–!̄ (P! + P̄!̄) for (0–40)% (a) and (40–80)% (b) Au + Au collisions at √sNN = 200 GeV. The triangles 
represent raw correlations, open circles represent pair-purity corrected (PP) correlations, and solid circles represent pair-purity and smearing corrected (PP + SC) correlations. 
The error bars correspond to statistical errors and caps correspond to the systematic errors. The predictions from Ref. [24] for proton–! interaction potentials V I (red), V II
(blue) and V III (green) for source sizes R p = R! = 5 fm and R p = R! = 2.5 fm are shown in (a) and (b) respectively.

resolution on the correlation functions is negligible compared with 
statistical errors.

To study the shape of the correlation function for the back-
ground, the candidates from the side-bands of the invariant mass 
of ! were chosen in the range M < 1.665 GeV/c2 and M >
1.679 GeV/c2. These selected candidates were then combined with 
the proton tracks from the same event to construct the relative 
momentum for the same event. The relative momentum for the 
mixed event is generated by combining the selected candidates 
from the side-bands of the invariant mass of ! with protons from 
different events with approximately the same vertex position along 
the z-direction.

3. Results and discussion

After applying the selection criteria for the proton and !
identification, as mentioned in the data analysis section, a to-
tal of 38065 ± 195 (8816 ± 94) and 3037 ± 55 (679 ± 26) pairs 
of proton–! and antiproton–!̄ for k∗ < 0.2 (0.1) GeV/c are ob-
served for 0–40% and 40–80% Au + Au collisions, respectively. 
The measured proton–! and antiproton–!̄ correlation functions, 
P! + P̄!̄, the correlation functions after correction for pair-purity, 
P! + P̄!̄ (PP), and the correlation functions after correction for 
pair-purity and momentum smearing, P! + P̄!̄ (PP + SC), for 
0–40% and 40–80% Au + Au collisions at √

sN N = 200 GeV are 
shown in Fig. 3 (a) and 3 (b). The systematic errors for the mea-
sured proton–! correlation function were estimated by varying the 
following requirements for the selection of ! candidates: the de-
cay length, DCA of ! to the primary vertex, pointing angle cuts 
and mass range, which affect the purity of the ! sample. The DCA 
and m2 requirements were varied to estimate the systematic er-
ror from the proton purity. In addition, the systematic errors from 
normalization and feed-down contributions were also estimated. 
The systematic errors from different sources were then added in 
quadrature. The combined systematic errors are shown in Fig. 3 as 
caps for each bin of the correlation function.

Predictions for the proton–! correlation function from Ref. [24]
for the proton–! interaction potentials V I , V II and V III for a static 
source with sizes R p = R! = 5.0 fm and R p = R! = 2.5 fm are 
also shown in Fig. 3(a) and Fig. 3(b). The selected source sizes 
are not fit to the experimental data. The choice of the poten-
tials in Ref. [24] is based on an attractive N! interaction in the 

5 S2 channel from the lattice QCD simulations with heavy u-, d-, 
s-quarks from Ref. [16]. The potential V II is obtained by fitting 
the lattice QCD data with a function V (r) = b1e−b2r2 + b3(1 −
e−b4r2

)(e−b5r/r)2, where b1 and b3 are negative and b2, b4 and 
b5 are positive, which represents a case with a shallow N! bound 
state. Two more potentials V I and V III represent cases without a 
N! bound state and with a deep N! bound state, respectively. The 
binding energies (Eb), scattering lengths (a0) and effective ranges 
(reff) for the N! interaction potentials V I , V II and V III are listed 
in Table 2 [24]. The measured correlation function for P! + P̄!̄ is 
in agreement with the predicted trend with the interaction po-
tentials V I , V II and V III in 0–40% Au + Au collisions as shown 
in Fig. 3(a). However, due to limited statistics at the lower k∗ , 
strong enhancement due to the Coulomb interaction is not visi-
ble in 40–80% Au + Au collisions in Fig. 3(b).

The measured proton–! and antiproton–!̄ correlation func-
tions include three effects coming from the elastic scattering in 
the 5 S2 channel, the strong absorption in the 3 S1 channel and the 
long-range Coulomb interaction. The Coulomb interaction between 
the positively charged proton and negatively charged ! introduces 
a strong enhancement in the correlation function at the small k∗ , 
as seen in Fig. 3. One can remove the Coulomb enhancement us-
ing a Gamow factor [45], however, this simple correction is not 
good enough to extract the characteristic feature of the correla-
tion function from the strong interaction. A full correction with the 
source-size dependence is needed to isolate the effect of the strong 
interaction from the Coulomb enhancement. Therefore, the ratio of 
the correlation function between small and large collision systems, 
is proposed in Ref. [24] as a model-independent way to access the 
strong interaction with less contamination from the Coulomb in-
teraction.

The ratio of the combined proton–! and antiproton–!̄ corre-
lation function from the peripheral (40–80%) to central (0–40%) 
collisions, defined as R = C40–80/C0–40 is shown in Fig. 4. The cor-
relation functions corrected for pair-purity and momentum smear-
ing are used for the ratio calculations. The systematic uncertainties 
are propagated from the measured correlation functions for the 
0–40% and 40–80% centrality bins and are shown as caps. For the 
background study, the candidates from the side-bands of the !
invariant mass were combined with protons to construct the cor-
relation function. The same ratio, R, for the background is unity 
and is shown as open crosses in Fig. 4. Previous measurements 
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Fig. 3. Measured correlation function (C(k∗)) for proton–! and antiproton–!̄ (P! + P̄!̄) for (0–40)% (a) and (40–80)% (b) Au + Au collisions at √sNN = 200 GeV. The triangles 
represent raw correlations, open circles represent pair-purity corrected (PP) correlations, and solid circles represent pair-purity and smearing corrected (PP + SC) correlations. 
The error bars correspond to statistical errors and caps correspond to the systematic errors. The predictions from Ref. [24] for proton–! interaction potentials V I (red), V II
(blue) and V III (green) for source sizes R p = R! = 5 fm and R p = R! = 2.5 fm are shown in (a) and (b) respectively.

resolution on the correlation functions is negligible compared with 
statistical errors.

To study the shape of the correlation function for the back-
ground, the candidates from the side-bands of the invariant mass 
of ! were chosen in the range M < 1.665 GeV/c2 and M >
1.679 GeV/c2. These selected candidates were then combined with 
the proton tracks from the same event to construct the relative 
momentum for the same event. The relative momentum for the 
mixed event is generated by combining the selected candidates 
from the side-bands of the invariant mass of ! with protons from 
different events with approximately the same vertex position along 
the z-direction.

3. Results and discussion

After applying the selection criteria for the proton and !
identification, as mentioned in the data analysis section, a to-
tal of 38065 ± 195 (8816 ± 94) and 3037 ± 55 (679 ± 26) pairs 
of proton–! and antiproton–!̄ for k∗ < 0.2 (0.1) GeV/c are ob-
served for 0–40% and 40–80% Au + Au collisions, respectively. 
The measured proton–! and antiproton–!̄ correlation functions, 
P! + P̄!̄, the correlation functions after correction for pair-purity, 
P! + P̄!̄ (PP), and the correlation functions after correction for 
pair-purity and momentum smearing, P! + P̄!̄ (PP + SC), for 
0–40% and 40–80% Au + Au collisions at √

sN N = 200 GeV are 
shown in Fig. 3 (a) and 3 (b). The systematic errors for the mea-
sured proton–! correlation function were estimated by varying the 
following requirements for the selection of ! candidates: the de-
cay length, DCA of ! to the primary vertex, pointing angle cuts 
and mass range, which affect the purity of the ! sample. The DCA 
and m2 requirements were varied to estimate the systematic er-
ror from the proton purity. In addition, the systematic errors from 
normalization and feed-down contributions were also estimated. 
The systematic errors from different sources were then added in 
quadrature. The combined systematic errors are shown in Fig. 3 as 
caps for each bin of the correlation function.

Predictions for the proton–! correlation function from Ref. [24]
for the proton–! interaction potentials V I , V II and V III for a static 
source with sizes R p = R! = 5.0 fm and R p = R! = 2.5 fm are 
also shown in Fig. 3(a) and Fig. 3(b). The selected source sizes 
are not fit to the experimental data. The choice of the poten-
tials in Ref. [24] is based on an attractive N! interaction in the 

5 S2 channel from the lattice QCD simulations with heavy u-, d-, 
s-quarks from Ref. [16]. The potential V II is obtained by fitting 
the lattice QCD data with a function V (r) = b1e−b2r2 + b3(1 −
e−b4r2

)(e−b5r/r)2, where b1 and b3 are negative and b2, b4 and 
b5 are positive, which represents a case with a shallow N! bound 
state. Two more potentials V I and V III represent cases without a 
N! bound state and with a deep N! bound state, respectively. The 
binding energies (Eb), scattering lengths (a0) and effective ranges 
(reff) for the N! interaction potentials V I , V II and V III are listed 
in Table 2 [24]. The measured correlation function for P! + P̄!̄ is 
in agreement with the predicted trend with the interaction po-
tentials V I , V II and V III in 0–40% Au + Au collisions as shown 
in Fig. 3(a). However, due to limited statistics at the lower k∗ , 
strong enhancement due to the Coulomb interaction is not visi-
ble in 40–80% Au + Au collisions in Fig. 3(b).

The measured proton–! and antiproton–!̄ correlation func-
tions include three effects coming from the elastic scattering in 
the 5 S2 channel, the strong absorption in the 3 S1 channel and the 
long-range Coulomb interaction. The Coulomb interaction between 
the positively charged proton and negatively charged ! introduces 
a strong enhancement in the correlation function at the small k∗ , 
as seen in Fig. 3. One can remove the Coulomb enhancement us-
ing a Gamow factor [45], however, this simple correction is not 
good enough to extract the characteristic feature of the correla-
tion function from the strong interaction. A full correction with the 
source-size dependence is needed to isolate the effect of the strong 
interaction from the Coulomb enhancement. Therefore, the ratio of 
the correlation function between small and large collision systems, 
is proposed in Ref. [24] as a model-independent way to access the 
strong interaction with less contamination from the Coulomb in-
teraction.

The ratio of the combined proton–! and antiproton–!̄ corre-
lation function from the peripheral (40–80%) to central (0–40%) 
collisions, defined as R = C40–80/C0–40 is shown in Fig. 4. The cor-
relation functions corrected for pair-purity and momentum smear-
ing are used for the ratio calculations. The systematic uncertainties 
are propagated from the measured correlation functions for the 
0–40% and 40–80% centrality bins and are shown as caps. For the 
background study, the candidates from the side-bands of the !
invariant mass were combined with protons to construct the cor-
relation function. The same ratio, R, for the background is unity 
and is shown as open crosses in Fig. 4. Previous measurements 

STAR AuAu

ALICE pp
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 ALICE femto data and theoretical linespΣ+

Models asC (fm) atC (fm)
SMS NLO19 -3.62 0.47
SMS NLO19 
(at=0.3fm) -3.62 0.31
NSC97f -4.35 -0.25
ESC16 -4.30 0.57

SMS NLO 
(sim) -2.39 0.80

Coulomb scattering lengths 

p–S+ correlation function in pp collisions at
p

s = 13 TeV ALICE Collaboration

The systematic uncertainty is evaluated by making variations to the particle selection, background con-
struction method, and the background fitting. For the variation of the particle selections, the BDT cut-offs
of the S+ and proton selection are varied by ±10% each. For the background, the two different back-
ground construction methods are considered and the fitting range is varied in the given range. The former
variations are done in all possible combination to account for possible correlation. Assuming a flat dis-
tribution, the maximum variation of the data points is divided by

p
12. The uncertainties arising from

particle selection and background fitting are similar at low k⇤, while the uncertainty from particle selec-
tion vanishes towards higher k⇤. For k⇤ > 250 MeV/c, the systematic uncertainty is dominated by the
uncertainty of the background fitting. In general, the uncertainty of the measured correlation function is
dominated by the limited statistics.

3 Results

In Fig. 2, the experimental correlation function is shown in comparison with model predictions. A bin
width of 40 MeV/c is chosen for the correlation function to optimize resolution and statistical signifi-
cance. The measurement starts at 30 MeV/c because there are only very few counts at smaller k⇤. The
width of the first two bins is reduced to 35 MeV/c to resolve the peak region of the femtoscopic signal.
The data points are shifted to the center of gravity of the bin determined from the mixed-event distribu-
tion. Although the uncertainties are sizeable, a deviation from unity caused by final-state interactions is
evident.
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Coulomb only
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Figure 2: p–S+ correlation function in high-multiplicity triggered pp collisions at
p

s = 13 TeV. The statistical
uncertainties are drawn as bars and the systematic ones as boxes. The data points are shifted to the center of gravity
of the mixed-event distribution. The data points show the measurement, containing both the genuine contribution
as well as the contributions from feed-down and misidentification. The model calculations are weighted by the
genuine l parameter and smeared by the momentum resolution to allow a comparison with data.
Left: Correlation function with several model calculations using the full wave functions and the effective Gaussian
parametrization of the source. The uncertainty bands arise from the uncertainty of the source size.
Right: Decomposition of the theoretical correlation functions into the singlet (dashed lines) and triplet (dash-dotted
lines) contributions. The contributions are multiplied by their statistical weights and added to the Coulomb-only
function scaled by 1 – ji, which illustrates the influence of the given contribution on the total correlation function
(solid lines).

The theoretical framework for the calculation of the correlation function is based on the Koonin–Pratt

7
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• Signal from  attraction and  repulsion  
   are found in the different momentum region.  
• NLO 19 (Chiral model) is favored by data  

J = 0 J = 1

• Can we determine both simultaneously with data driven method?

CpΣ+(k*) =
3
4

Ctriplet(k*)
1
4

CSinglet(k*) +

Repulsion 
—> triplet

Attraction 
—> Singlet
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• Simultaneous fitting of  and  Vsinglet Vtriplet

p–S+ correlation function in pp collisions at
p

s = 13 TeV ALICE Collaboration

potentials described above.
In the 1S0 channel, the short-range part of the Reid potential contains two terms, and two scenarios are
considered. In scenario A, only the strength of the second (attractive) term is varied, while the third (re-
pulsive) term is left unchanged. In scenario B, a parametrization is tested, where both short-range terms
are modified by a common fit parameter. Evidently, the latter parametrization leads to a potential that is
attractive for all values of the fit parameter, which limits the scattering length to be below �0.9 fm, the
result from pure pion exchange. This configuration is used as a cross check.
Since the interaction in the 3S1 channel is expected to be weak, the coupling to the 3D1 partial wave is
neglected, and only the first phenomenological term is taken into account. From the given potentials,
the S-wave scattering lengths as and at are calculated. The resulting correlation functions are compared
to the data by calculating the total c2 and the best-fit function is defined as the one with the smallest
c2 value. The fit is performed in the range k⇤ < 180 MeV/c, above which the simple Gaussian model
fails to describe the data. In addition, the correlation functions practically coincide at higher k⇤, so no
additional information can be extracted by extending the fit range. Subsequently, the c2 values are re-
lated to p-values through a bootstrapping procedure. To this end, 105 artificial correlation functions are
generated using the same bin size as the data. In each bin, the value of the best fit function is taken as
the central value. This value is replaced by a random value from a Gaussian distribution with a standard
deviation equal to the total uncertainty of the respective data point. The resulting correlation functions
are fitted again, resulting in a probability distribution that allows the given c2 value of a bin to be re-
lated to its p-value. Finally, the p-values are used to define the 1, 2, and 3s intervals using the relation
p-value = erf(ns/

p
2). The resulting exclusion plots for the Reid-like and Gaussian potentials are shown

in Fig. 3, together with several model predictions.
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Figure 3: Exclusion plots obtained for the Reid-like A (left panel) and Gaussian (1.8 fm) (right panel) potentials
as described in the text. The agreement with the data as a function of the singlet and triplet scattering lengths in
multiples of the standard deviation is shown together with the model predictions given in Tab. 1.

The scattering lengths from the statistical analysis and their uncertainties are summarized in Tab. 2.
The results are in agreement within the given uncertainties, which indicates that there is only a modest
model dependence in the analysis. That said, since a Reid-like potential ansatz is physically much
better motivated and also more constraining, the values obtained with that interaction are considered to
have greater significance. In detail, for the singlet state, attraction is found, where the corresponding
potential strength is around 15% smaller than that for the (Reid) pp potential. In the triplet channel, the
data indicate a fairly weak repulsion, which excludes the two model predictions that produce either a
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Table 2: Results for the p–S+ scattering lengths including Coulomb effects in the 1S0 (as) and 3S1 (at) partial
waves, obtained by using Reid-like and Gauss potentials for the analysis (see text).

Potential Reid-like A Gauss (1.8 fm) Reid-like B Gauss (1.46 fm)

as (fm) �3.03+0.82
�1.06 �2.82+0.90

�1.20 �3.00+0.84
�1.07 �2.40+0.66

�0.78

at (fm) 0.21+0.12
�0.12 0.26+0.19

�0.19 0.27+0.13
�0.12 0.31+0.15

�0.15

stronger repulsion [17] or an attraction [14] by more than 3s . Interestingly, the scattering parameters of
the Jülich ’04 meson-exchange model show the best agreement with the constraints from the measured
correlation function and lie within the 1s region. The correlation functions corresponding to the 1s
regions and the correlation function calculated with the Jülich ’04 model are shown in Fig. A.1 in the
appendix.

4 Conclusion

In this letter, the first measurement of the p–S+ femtoscopic correlation function is reported. These
data are compared with results based on several p–S+ interaction potentials from the literature. Given
the limited experimental data so far, the theory predictions exhibit significant discrepancies, particularly
in the triplet channel. Although the statistical uncertainty of the measured correlation function is still
sizeable, the reported measurement makes it possible to distinguish between the model predictions and
to exclude some of them by more than 3s . In particular, in contrast to scattering experiments [53], for
the first time, one can discriminate between attractive and repulsive triplet interactions. Furthermore, it
was possible to obtain a first determination of the p–S+ scattering parameters. The data indicate a weak
repulsion in the triplet channel, which is best described by the Jülich ’04 meson-exchange model.

Regarding the implications for the possible presence of S baryons in neutron star matter, sophisticated
calculations are required that are beyond the scope of this letter. However, the data presented provide
valuable input for such calculations.

This measurement not only provides the most precise constraint on the N–S interaction to date, but also
paves the way for further measurements of the interaction in the p–S+ channel, with unprecedented
statistics, by ALICE in the LHC Runs 3 and 4.
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Gaussian parameterization of potential: VJ(r) = VJ
0 exp(−br)

• Scattering length is restricted:  
   —> weaker repulsion for triplet is favored. 



10

Contents

  femtoscopy with the chiral unitary modelK−p

Introduction and examples of Femtosocpic study  

Summary

 correlation functionK−α



11

 interaction and  correlationK̄N K−p

 interaction and  K̄N Λ(1405)

K−pπΣ K̄0n

Λ(1405)
Λ(1380)

σK−p→K−p
σK−p→K̄0n

SIDDHARTA 
constraint on aK−p

0

Re s

 correlationK−p

• Strong attraction reproducing  
quasi-bound state  Λ(1405)

• Strong constraint on  by SIDDHARTA 
experiment of Kaonic hydrogen

aK−p
0

M. Bazzi, et al.. PLB 704 (2011)

Chiral SU(3) dynamics and effective potential
Miyahara, Hyodo, Weise, PRC 98 (2018) 

Ikeda, Hyodo, Weise, NPA881 (2012)

Vstrong
ij (r, E) = e−(bi/2+bj/2)r2

∑ αmax
α=0 Kα,ij (E/100 MeV)α

• Constructed based on the amplitude with NLO chiral SU(3) dynamics <—  ,  fitted 

• Coupled-channel, energy dependent as 

aK−p
0 σ

• Constructed to reproduce the chiral SU(3) amplitude around the  sub-threshold regionK̄N
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Koonin-Pratt-Lednicky-Lyuboshits-Lyuboshits (KPLLL) formula
S.E. Koonin, PLB 70 (1977)  
S. Pratt et. al. PRC 42 (1990) 
R. Lednicky, et.al. Phys. At. Nucl. 61(1998) 

• Contribution from coupled-channel source 

C(q) = ∫ d3r S(r) |ψ (−)(q; r) |2 + ∑
j≠K−p

ωj ∫ d3r Sj(r) |ψ (−)
j (q; r) |2

, , , , , K−p K̄0n π0Σ0 π+Σ− π−Σ+ π0Λ

K−

p
CK−p

FSI

• Enhance  
• Enhance cusp structure   
•  : production rate  
         (compared to measured channel)

C(q)

ωi

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
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

R = 1 fm

 interaction and  correlationK̄N K−p
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Source size dependence of coupled-channel effect 
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• Less prominent cusp structure 
• Weaker coupled-channel source contribution

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

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μjðΔj − EÞ

p
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e−κjr=κjr. This is because the wave function component of
the off-shell state can emerge only in the strong interaction
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correlation function can be written as
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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.
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Figure 5: (K�p � K+p) correlation functions obtained in p–Pb collisions at
p

sNN = 5.02 TeV in the 0–20%
(left), 20–40% (middle) and 40–100% (right) centrality intervals. The measurement is shown by the black markers,
the vertical error bars and the boxes represent the statistical and systematic uncertainties, respectively. The red and
blue bands in the upper panels represent the model calculations and their systematic uncertainty as described in
the text. The rcore and reff values of the source are reported with their statistical and systematical uncertainties,
respectively. Bottom panels represent the data-to-model comparison as described in the text.
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Figure 6: (K�p � K+p) correlation functions obtained in Pb–Pb collisions at
p

sNN = 5.02 TeV in the 60–70%
(left), 70–80% (middle) and 80–90% (right) centrality intervals. The measurement is shown by the black markers,
the vertical error bars and the boxes represent the statistical and systematic uncertainties respectively. The red and
blue bands in the upper panels represent the model calculations and their systematic uncertainty as described in
the text. The rcore and reff values of the source are reported with their statistical and systematical uncertainties,
respectively. Bottom panels represent the data-to-model comparison as described in the text.

Schrödinger equation.

Since the coupled channel dynamics mostly acts at inter-particle distances of the order of 1 fm, the
inelastic terms shown in Eq. (3) should be relevant for femtoscopic measurements performed in small
colliding systems like pp, p–Pb, peripheral and semi-peripheral Pb–Pb. It has been shown that the probed
source sizes in such small systems are around 1 fm [72] and the explicit inclusion of the inelastic corre-
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Figure 5: (K�p � K+p) correlation functions obtained in p–Pb collisions at
p

sNN = 5.02 TeV in the 0–20%
(left), 20–40% (middle) and 40–100% (right) centrality intervals. The measurement is shown by the black markers,
the vertical error bars and the boxes represent the statistical and systematic uncertainties, respectively. The red and
blue bands in the upper panels represent the model calculations and their systematic uncertainty as described in
the text. The rcore and reff values of the source are reported with their statistical and systematical uncertainties,
respectively. Bottom panels represent the data-to-model comparison as described in the text.
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Figure 6: (K�p � K+p) correlation functions obtained in Pb–Pb collisions at
p

sNN = 5.02 TeV in the 60–70%
(left), 70–80% (middle) and 80–90% (right) centrality intervals. The measurement is shown by the black markers,
the vertical error bars and the boxes represent the statistical and systematic uncertainties respectively. The red and
blue bands in the upper panels represent the model calculations and their systematic uncertainty as described in
the text. The rcore and reff values of the source are reported with their statistical and systematical uncertainties,
respectively. Bottom panels represent the data-to-model comparison as described in the text.

Schrödinger equation.

Since the coupled channel dynamics mostly acts at inter-particle distances of the order of 1 fm, the
inelastic terms shown in Eq. (3) should be relevant for femtoscopic measurements performed in small
colliding systems like pp, p–Pb, peripheral and semi-peripheral Pb–Pb. It has been shown that the probed
source sizes in such small systems are around 1 fm [72] and the explicit inclusion of the inelastic corre-
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Figure 1: K+p (K+p � K�p) correlation function obtained in pp collisions at
p

s = 13 TeV. The measured data
points are taken from Ref. [38] and are corrected for finite experimental momentum resolution and for residual
correlations as described in Section 4.1. Measured data are shown by the black markers, the vertical error bars
and the boxes represent the statistical and systematic uncertainties, respectively. The red band in the upper panel
represents the model calculation and its systematic uncertainty as described in the text. The rcore and reff values of
the source are reported with their statistical and systematical uncertainties, respectively. Bottom panels represent
the data-to-model comparison.
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Figure 2: K+p (K+p � K�p) correlation functions obtained in p–Pb collisions at
p

sNN = 5.02 TeV in the 0–20%
(left), 20–40% (middle) and 40–100% (right) centrality intervals. The measurement is shown by the black markers.
The vertical error bars and the boxes represent the statistical and systematic uncertainties, respectively. The red
band in the upper panels represents the model calculation and its systematic uncertainty as described in the text.
The rcore and reff values of the source are reported with their statistical and systematical uncertainties, respectively.
Bottom panels represent the data-to-model comparison.

second integral in Eq. (3) represents the explicit contributions stemming from inelastic processes
( j = p0L, pS, K0n)! K�p, in which initial and final states are different but share the same quantum
numbers. The functions SK�p(r

⇤) and S j(r⇤) represent the emitting source profiles, as a function of the
relative distance r

⇤ in the pair rest frame, for K�p pairs and for the j inelastic channels, respectively.
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 femto data and chiral modelK−p

Kaon–proton scattering in Pb–Pb collisions at the LHC ALICE Collaboration
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Figure 2: The K�p�K+p correlation functions in the six centrality classes, with the corresponding Lednický–
Lyuboshitz fits (denoted as “L–L”) and Kyoto model calculations shown as light cyan and orange bands, respec-
tively. The width of the bands corresponds to the 1-s uncertainties. The inserts show the K+p�K�p correlation
functions with Lednický–Lyuboshitz fits as light cyan bands. The bottom panels show the difference between data
and the fit (model) normalised by the statistical uncertainty of the data sstat. The average pair transverse mass
hmTi is 0.92± 0.03 GeV/c2 for all centrality intervals. The statistical and systematic uncertainties are added in
quadrature and shown as vertical bars.

The following effects can be observed: the K�p�K+p pairs show an attractive Coulomb interaction for
small k⇤. The effect is opposite for K+p�K�p pairs. The influence of the repulsive strong interaction
manifests as correlation functions reaching values below unity in the region of k⇤ ⇡ 20�50 MeV/c and
becomes more pronounced towards more peripheral events, i.e., smaller source sizes. As predicted in
Ref. [39], features of the correlation function related to the coupled channels, observed in the analysis of
pp collisions [37], are negligible here. Neither the cusp structure at 58 MeV/c due to the presence of the
isospin-breaking channel K0n ! K�p nor the enhancement due to the coupled channels below threshold
enhancing the correlation above unity in the intermediate k⇤ range are visible in the correlation function
in Pb–Pb.

The common femtoscopic radii RKp for same- and opposite-charge pairs obtained from the Lednický–
Lyuboshitz fit are provided in Fig. 2 as well. They increase from around 5 fm for peripheral events to
almost 9 fm for central events, and all are larger than 3 fm where the predicted effect of coupled channels
is reduced or negligible [39]. The radii scale linearly with the cube root of the mean charged-particle
multiplicity density hdNch/dhi1/3, as observed for pion–pion [67], kaon–kaon [49], and pion–kaon [57]
pairs. The scattering length parameters obtained from the fit are ¬ f0 =�0.91± 0.03(stat)+0.17

�0.03(syst) fm
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Figure 2: The K�p�K+p correlation functions in the six centrality classes, with the corresponding Lednický–
Lyuboshitz fits (denoted as “L–L”) and Kyoto model calculations shown as light cyan and orange bands, respec-
tively. The width of the bands corresponds to the 1-s uncertainties. The inserts show the K+p�K�p correlation
functions with Lednický–Lyuboshitz fits as light cyan bands. The bottom panels show the difference between data
and the fit (model) normalised by the statistical uncertainty of the data sstat. The average pair transverse mass
hmTi is 0.92± 0.03 GeV/c2 for all centrality intervals. The statistical and systematic uncertainties are added in
quadrature and shown as vertical bars.

The following effects can be observed: the K�p�K+p pairs show an attractive Coulomb interaction for
small k⇤. The effect is opposite for K+p�K�p pairs. The influence of the repulsive strong interaction
manifests as correlation functions reaching values below unity in the region of k⇤ ⇡ 20�50 MeV/c and
becomes more pronounced towards more peripheral events, i.e., smaller source sizes. As predicted in
Ref. [39], features of the correlation function related to the coupled channels, observed in the analysis of
pp collisions [37], are negligible here. Neither the cusp structure at 58 MeV/c due to the presence of the
isospin-breaking channel K0n ! K�p nor the enhancement due to the coupled channels below threshold
enhancing the correlation above unity in the intermediate k⇤ range are visible in the correlation function
in Pb–Pb.

The common femtoscopic radii RKp for same- and opposite-charge pairs obtained from the Lednický–
Lyuboshitz fit are provided in Fig. 2 as well. They increase from around 5 fm for peripheral events to
almost 9 fm for central events, and all are larger than 3 fm where the predicted effect of coupled channels
is reduced or negligible [39]. The radii scale linearly with the cube root of the mean charged-particle
multiplicity density hdNch/dhi1/3, as observed for pion–pion [67], kaon–kaon [49], and pion–kaon [57]
pairs. The scattering length parameters obtained from the fit are ¬ f0 =�0.91± 0.03(stat)+0.17
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• Large source

• Consistent with analysis only with  sourceK−p
• Weaker cusp • Clear  cusp structure K̄0n

• Good agreement with the chiral NLO dynamics for every collisions system’s data

Kamiya, Hyodo, Morita, Ohnishi, Weise, PRL 124 (2020) 13, 132501
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 correlation from large sourceK−p
• ALICE data PbPb collisions data

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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                        —> more direct approach to interaction of the measured channel 
• Extraction of the  scattering length from correlation function K−p

* Fitting with 1 channel LL model with Gaussian source

ALICE PLB 822 (2021) 136708

Kaon–proton scattering in Pb–Pb collisions at the LHC ALICE Collaboration
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uncertainties of the measured data points are added in quadrature and shown as vertical bars.
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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
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 correlationK0
S p

 interaction from  correlation functionK̄N K0
S p

|K0
S p⟩ = [ | K̄0p⟩ − |K0p⟩]/ 2

KN, I = 0, 1K̄N, I = 1
CK0

S p = [CK̄0p + CK0p]/2

•  component only I = 1

re = − 0.06 + i0.20 fm

K. Aoki and D. Jido, PTEP (2019) Ikeda, Hyodo, Weise, NPA881 (2012)

• Well determined with scat. exp. 

• Chiral amplitude• Chiral amplitude
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Figure 1: Scattering amplitude of K̄0p diagonal component.

We show the scattering amplitude above the threshold in Fig. 1. Compared to the K−p channel, the
attraction is moderate but not so small. The large imaginary part indicates the coupling to the lower
channels is strong. The scattering length a0 and the effective range re of the K̄0p channel are obtained
as

a0 = −0.61− i0.78 fm, (6)

re = −0.06 + i0.20 fm, (7)

where the scattering length is defined as a0 = −F(E = Eth).
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Figure 2: K̄0p correlation function.

In Fig. 2, we show the K̄0p correlation function for the Gaussian source with radius R = 1 fm case.
We find that the K̄0p correlation function shows the strong enhancement at the low momentum region
due to the strong attraction. The πΣ source contribution gives the non-negligible enhancement to CK̄0p.
Note that here we have assumed ωi = 1 for every channels. In the actual cases, these weight factors of
πΣ and πΛ should be larger than unity, which leads the larger contribution of coupled channel source
compared to Fig. 2.

2

ωj = 1

The K0p correlation function is calculated using the KN effective potential as shown in Fig. 4. As
expected from the weakly repulsive K0p amplitude, the K0p correlation function shows weak suppression.
The K+n source contribution is very small due to the weak coupling. The difference between the two
models can be considered as the theoretical uncertainty of the chiral dynamics.
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Figure 4: K0p correlation function.

4 K0
sp correlation function

With the K0p and the K̄0p correlation function, the K0
sp correlation function is calculated with Eq. (1) as

shown in Fig. 5. Due to the strong enhancement of the CK̄0p at the low momentum, the K0
sp correlation

function also shows the enhancement.
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ωj = 1K0p

The K0p correlation function is calculated using the KN effective potential as shown in Fig. 4. As
expected from the weakly repulsive K0p amplitude, the K0p correlation function shows weak suppression.
The K+n source contribution is very small due to the weak coupling. The difference between the two
models can be considered as the theoretical uncertainty of the chiral dynamics.
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4 K0
sp correlation function

With the K0p and the K̄0p correlation function, the K0
sp correlation function is calculated with Eq. (1) as

shown in Fig. 5. Due to the strong enhancement of the CK̄0p at the low momentum, the K0
sp correlation

function also shows the enhancement.
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4

K0
S p

K̄0p
• Enhancement by  is sizable.  K̄0p(K̄N I = 1)

• Effective potential
Miyahara, Hyodo, Weise, PRC 98 (2018) 

• Effective potential
Constructed from chiral amp.
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 correlation and K−α 4
K̄H

 interaction  K̄N

Cieply and Mai, EPJ Web Conf. 130, 02001 (2016)

CHIRALLY MOTIVATED K̄N AMPLITUDES

A modern treatment of low-energy meson-baryon interactions is provided by approaches based on chiral perturbation
theory combined with coupled channel T-matrix re-summations techniques. The parameters of such models are fitted
to low energy K

�
p total cross sections, the threshold branching ratios (see e.g [? ] and to the strong-interaction

characteristics of the 1s level in kaonic hydrogen measured recently by the SIDDHARTA collaboration [4]. Several
theoretical groups presented models describing about equally well this set of experimental data. We refer to these
approaches as Kyoto-Munich (KM) [5], Prague (P) [6], Bonn (B2, B4) [7], Murcia (MI , MII) [8] and Barcelona
(BCN) [9], with some of them providing two solutions. The first four models are compared in [10].

In Fig. 1 we present the predictions of the models for K
�

p and K
�

n elastic amplitudes in the free space. Concerning
the K

�
p amplitude, all these state-of-the-art chiral models are in agreement in a region of energies at and above the

K
�

p threshold. The only exception is the Bonn approach due to different treatment of off-shell effects and partial
waves. The above models yield considerably different K

�
p amplitude below the threshold. On the other hand, for

the K
�

n amplitude the model variations are quite large over the whole energy region. The reason is that the I = 1
amplitudes, as well as the subthreshold K

�
p amplitudes, are not sufficiently restricted by the experimental data.

In nuclear matter the free-space K
�

N amplitudes are modified due to Pauli blocking and hadron self-energies,
the latter effectively modifying the in-medium hadron masses as well. It appears that for energies at least about
20 MeV below the K̄N threshold the main effect comes from the Pauli blocking and can be approximated by a simple
multiplication of the free-space K

�
N amplitudes by an energy and density dependent factor derived from considering
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n (bottom panels) elastic scattering amplitudes generated by recent chirally motivated
approaches. The various lines refer to the models: B2 (dotted, purple), B4 (dot-dashed, red), MI (dashed, blue), MII (long-dashed,
green), P (dot-long-dashed, violet), BCN (dot-dot-dashed, brown), and KM (continuous, black). The thin vertical lines in the
panels mark the pertinent K

�
N thresholds.

Re ℱK−p

CHIRALLY MOTIVATED K̄N AMPLITUDES

A modern treatment of low-energy meson-baryon interactions is provided by approaches based on chiral perturbation
theory combined with coupled channel T-matrix re-summations techniques. The parameters of such models are fitted
to low energy K

�
p total cross sections, the threshold branching ratios (see e.g [? ] and to the strong-interaction

characteristics of the 1s level in kaonic hydrogen measured recently by the SIDDHARTA collaboration [4]. Several
theoretical groups presented models describing about equally well this set of experimental data. We refer to these
approaches as Kyoto-Munich (KM) [5], Prague (P) [6], Bonn (B2, B4) [7], Murcia (MI , MII) [8] and Barcelona
(BCN) [9], with some of them providing two solutions. The first four models are compared in [10].

In Fig. 1 we present the predictions of the models for K
�

p and K
�

n elastic amplitudes in the free space. Concerning
the K

�
p amplitude, all these state-of-the-art chiral models are in agreement in a region of energies at and above the

K
�

p threshold. The only exception is the Bonn approach due to different treatment of off-shell effects and partial
waves. The above models yield considerably different K

�
p amplitude below the threshold. On the other hand, for

the K
�

n amplitude the model variations are quite large over the whole energy region. The reason is that the I = 1
amplitudes, as well as the subthreshold K

�
p amplitudes, are not sufficiently restricted by the experimental data.

In nuclear matter the free-space K
�

N amplitudes are modified due to Pauli blocking and hadron self-energies,
the latter effectively modifying the in-medium hadron masses as well. It appears that for energies at least about
20 MeV below the K̄N threshold the main effect comes from the Pauli blocking and can be approximated by a simple
multiplication of the free-space K

�
N amplitudes by an energy and density dependent factor derived from considering
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FIGURE 1. The K
�

p (top panels) and K
�

n (bottom panels) elastic scattering amplitudes generated by recent chirally motivated
approaches. The various lines refer to the models: B2 (dotted, purple), B4 (dot-dashed, red), MI (dashed, blue), MII (long-dashed,
green), P (dot-long-dashed, violet), BCN (dot-dot-dashed, brown), and KM (continuous, black). The thin vertical lines in the
panels mark the pertinent K

�
N thresholds.
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• Large uncertainty remains in  I = 1

 interactionK̄α

12

TABLE V. Properties of the calculation for 4
K̄He system with Jπ = 0−.

4
K̄He (Jπ = 0−)

Model SIDDHARTA AY

Type I Type II

B [MeV] 67.9 72.7 85.2

Γ [MeV] 28.3 74.1 86.5

δ
√
s [MeV] −67.6− i23.0 −18.4 − i15.0

PK− 0.08 0.06 0.16

PK̄0 0.92 0.94 0.84
√

⟨r2NN ⟩ [fm] 1.98 1.91 2.07
√

⟨r2
K̄N

⟩ [fm] 1.83 1.72 1.81
√

⟨r2N⟩ [fm] 1.22 1.18 1.27
√

⟨r2
K̄
⟩ [fm] 1.22 1.12 1.14

⟨T ⟩K
−

G [MeV] 32.6 + i6.75 26.7 + i16.2 50.3 + i7.22

⟨V ⟩K
−

G [MeV] −25.1− i6.74 −20.0 − i15.9 −42.3− i12.0

⟨T ⟩K̄
0

G [MeV] 214 + i27.8 240 + i66.0 183 + i52.7

⟨V ⟩K̄
0

G [MeV] −265− i38.4 −300− i94.3 −232− i88.3

2⟨V ⟩K
−K̄0

G [MeV] −24.8− i3.66 −20.2 − i9.13 −43.9− i2.82

P I=0
K̄N 0.28 0.27 0.31

P I=1
K̄N 0.72 0.73 0.69

TABLE VI. Properties of the calculation for 4
K̄H system with Jπ = 0−.

4
K̄H (Jπ = 0−)

Model SIDDHARTA AY

Type I Type II

B [MeV] 69.6 75.5 87.4

Γ [MeV] 28.0 74.5 87.2

δ
√
s [MeV] −68.7− i22.4 −19.1 − i14.9

PK− 0.93 0.94 0.86

PK̄0 0.07 0.06 0.14
√

⟨r2NN ⟩ [fm] 1.96 1.89 2.04
√

⟨r2
K̄N

⟩ [fm] 1.82 1.71 1.79
√

⟨r2N⟩ [fm] 1.21 1.17 1.26
√

⟨r2
K̄
⟩ [fm] 1.21 1.11 1.13

⟨T ⟩K
−

G [MeV] 216 + i28.1 244 + i66.6 188 + i53.4

⟨V ⟩K
−

G [MeV] −269− i39.1 −306− i95.7 −241− i90.0

⟨T ⟩K̄
0

G [MeV] 30.5 + i5.50 25.1 + i14.7 47.0 + i6.54

⟨V ⟩K̄
0

G [MeV] −23.0− i5.54 −18.5 − i14.2 −38.7− i10.9

2⟨V ⟩K
−K̄0

G [MeV] −24.4− i3.00 −19.9 − i8.71 −42.7 + i2.64

P I=0
K̄N 0.28 0.27 0.30

P I=1
K̄N 0.72 0.73 0.70

repulsive Coulombic pairs in the K−ppnn channel which
is the dominant component of the 4

K̄
H system. Therefore,

Coulomb interaction is repulsive in the 4
K̄
He system and

attractive in the 4
K̄
H system, and the Coulomb splitting

becomes larger than that of the three-body systems.

Figures 7 and 8 plot the particle density distributions
in the 4

K̄
H system. The nucleons in the K̄NNNN system

become more compact, and the central density increases
to about 1.3-1.5 times higher than that in the 4He. As
in the three- and four-body systems, the shrinkage effect

S. Ohnishi, et al PRC95, 065202 (2017)

• : bound state of  system4
K̄H K−α

• Predicted by the few body calculation  
• : large uncertainty with the calculation/potentialB, Γ

α
K−

VK̄α ∼
1
4 [VI=0 + 3VI=1]VK−p =

1
2 [VI=0 + VI=1]

•  interaction VK̄α

 • Large I=1 contribution

• Large binding energy of  
—> • Good description by two body treatment

α
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Coupled-channel Source effect? 

C(q) = ∫ d3r S(r) |ψ (−)(q; r) |2 + ∑
j≠i

ωj ∫ d3r Sj(r) |ψ (−)
j (q; r) |2

 correlationK−α

K−

α
K−

α

K−

α
π

3He
Σ

+⋯

• Coupled-channel source: considered to be negligible   

• Decay effect → introduced via optical complex  potentialK̄N

• Coupled-channel KP formula 
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 potential with chiral  potentialK̄α K̄N

 correlationK−α
• Chiral base  potential K̄N

• Fitted to the low-energy  chiral amplitude 
   of chiral unitary model  
  
• Energy dependent and complex potential  

K̄N

VKyoto
K̄N

(r, E) = e−(r/b)2C(E)∑ αmax
α=0 Kα (E/100 MeV)α

Ikeda, Hyodo, Weise, NPA881 (2012)

Miyahara, Hyodo, PRC 93, 015201 (2016) • Folding  potential K̄α

VK̄α(r) = ∫ dr′￼ρN(r′￼)
1
4 [VI=0( |r − r′￼| ) + 3VI=1( |r − r′￼| )]
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 correlationK−α

U(r) = (V0 + iW0)
ρN(r)

ρ0

Phenomenological optical -atom potentialK̄

potential EB (w/o Coulomb) [MeV] EB (w/ Coulomb) [MeV]
Chiral −1.5− i4.5

Chiral (w/o E dep) −1.4− i4.7
Chiral (real part only) −2.8

IS–A -
IS–B −1.8− i32.7

IS–A (real part only) −37
IS–B (real part only) ??, −13.4

Table 1: The binding energy EB of K−α system. EB is measured from the threshold of the K− and α
pair.

potential a0 (w/o Coulomb) [fm] aC0 (w/ Coulomb) [fm]
Chiral

Chiral (w/o E dep)
Chiral (real part only)

IS–A -
IS–B

IS–A (real part only)
IS–B (real part only)

Table 2: The scattering length calculated with K̄α potentials.

For the the low energy scattering, the relative momentum is small and the Vem ≪ V 2
em/(2µ). Then this

KG equation leads,

[
∇2

2µ
+ U(r) + Vrm(r)

]
φ(r) = Enon−rela.φ(r), (16)

with the non-relativistic energy E = p2/2µ.
In Ref. [4], the potential parameter sets (V0,W0) are obtained by the fitting of kaonic 3He and 4He

data. With the combined analysis of 3He and 4He, two parameter sets of IS–A and IS–B are obtained.
The parameters are summarized in Table. 3 The K̄α potential is plotted in Fig. 4. Note that the value
of U(r = 0) is different from that shown in the original paper due to the different ρ(r) distribution.

potential V0 W0

IS–A −90 −120
IS–B −280 −70

Table 3: The K̄α effective optical potential constructed in Ref. [4].

The binding energy calculated with IS–A and IS–B are shown in Table 1. Interestingly, the EB of
IS–B is very close to that of the chiral folding potential. However, apart from the chiral potential case,
the found quasi-bound state corresponding to the 2nd-bound state. For IS–A, the quasibound state was
not found however, an unphysical pole lies around E = mK− +mα− i150 MeV at the unphysical Rieman
sheet, which becomes a bound state with EB = 37 MeV when we swithc off the imaginary part.

5 K−α correlation function

The results of K−α correlation function calculated with the Chiral SU(3) model and phenomenological
potentials are shown in Figs. 5, 6.

4

• J-PARC E62 data of energy level  
shift and width  and  K−3He K−4He

J.Yamagata-Sekihara et al., PTEP  013D02 (2025)

T. Hashimoto et al. [J-PARC E62], PRL 128, 112503 (2022)

ΔEisotope
2p ¼ −0.4" 0.5ðstatÞ " 0.2ðsystÞ eV:

Here, the uncertainty that originates from the charged-kaon
mass is almost canceled, making this result useful for future
comparisons to theoretical calculations.
The shifts and widths determined in this Letter are

compared to those of the past experiments in Fig. 4. Our
results improve the precisions by about a factor of 10, and
clearly exclude the large shift jΔE2pj > 1 eV and a large
width Γ2p > 5 eV. The optical-potential-model approach
works rather well in these light systems.
This is the first experiment in which a finite width of a

few electron volts is directly determined for an atomic state
of kaonic atoms, whereas all the past reported widths below
10 eV are indirect measurements based on x-ray yields [5].
In turn, from the 2pwidth of this Letter and the x-ray yields
of all the transitions to the 2p states in the literature [41],
we can estimate the Kα yields of kaonic helium to be of
the order of 0.01% per stopped kaon. This suggests the
possibility of a future experiment to measure 1s states
with large-collecting-area devices, such as silicon drift
detectors.
In summary, we measured the energies and widths of the

3d → 2p transition x rays from kaonic 3He and 4He atoms
with a TES microcalorimeter spectrometer. With an energy
resolution better than 6 eV (FWHM), we achieved approx-
imately 10 times better precision than in the past experi-
ments. Our results exclude the large shifts and widths
predicted by a coupled-channel calculation and are
compatible with the optical-model-based calculations.
Comparison to more elaborate theoretical studies would

be beneficial for the precise evaluation of the K̄-nucleus
strong interaction, especially in connection to the properties
of light kaonic nuclei. The present experiment demon-
strates that TES detectors can perform physics experiments
such as measuring a rare signal of one event per hour even
in a difficult beam environment that produces many
charged particles. This marks an important milestone for
the widespread use of high-resolution microcalorimeter
spectrometers in harsh radiation environments, while the
range of applications is expanding rapidly by covering a
higher energy range and a larger effective area.
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• Fitted optical -atom potential (strong int.)  K̄

 : Fitted to E62 data V0, W0
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 correlationK−α
Comparison of  and Vfolding VPheno.

J.Yamagata-Sekihara et al., PTEP  013D02 (2025)

• Fitted optical -atom potential K̄• Chiral based folding  potential K̄α

• Large difference between the two potentials 
 —> How  differs?  C(q)
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 correlation K−α
 correlation functionK−α

• Phenomenological optical -atom potential K̄

IS-A

IS-B

• Chiral folding potential 
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Figure 4: The K̄α effective potential constructed in Ref. [4].
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Figure 5: The K−α correlation function calculated with the Chiral SU(3) effective potential.

6 Effective KN potential

The effective KN potential constructed from the Aoki-Jido chiral SU(3) amplitude [5] has been con-
structed few years ago but not published. The potential is constructed in the same manner with Kyoto
potential [1, 6] and given in the same form. In Ref. [5], two fitted models (namely AJ1 and AJ2) are
constructed inorder to discuss the uncertainty of the interaction arrising due to the lack of the scattering
data. In the low energy regeme, AJ1 and AJ2 show good agreement in the I = 1 part because the K+p
scattering data is relatively abundant, while the I = 0 part differs so much.

In Fig. 6, the AJ1 and AJ2 are plotted with the KN kinetic energy E = 0, 100, and 200 MeV.
Compared to the isospin 1 component, the isospin 0 component shows stronger energy dependence.
Among the two models, energy dependence of AJ2 is stronger and attractive potential at E = 0 MeV
turns to repulsive for higher energies, causing the zero amplitude F = 0.

7 K+α correlation function

The results of K−α correlation function calculated with the Chiral SU(3) model and phenomenological
potentials are shown in Figs. 5, 6.

8 Coulomb folding

We consider the effect of the α density distribution on the Coulomb itneraction. As for the short range
inteaction, the folding potential for the Coulomb potential can be written as

V folding
Coulomb(r) =

∫
dr′ρp(r

′)V KN
Coulomb(|r − r′|). (17)

5

Folding

potential EB (w/o Coulomb) [MeV] EB (w/ Coulomb) [MeV]
Chiral −1.5− i4.5

Chiral (w/o E dep) −1.4− i4.7
Chiral (real part only) −2.8

IS–A -
IS–B −1.8− i32.7

IS–A (real part only) −37
IS–B (real part only) ??, −13.4

Table 1: The binding energy EB of K−α system. EB is measured from the threshold of the K− and α
pair.

potential a0 (w/o Coulomb) [fm] aC0 (w/ Coulomb) [fm]
Chiral

Chiral (w/o E dep)
Chiral (real part only)

IS–A -
IS–B

IS–A (real part only)
IS–B (real part only)

Table 2: The scattering length calculated with K̄α potentials.

For the the low energy scattering, the relative momentum is small and the Vem ≪ V 2
em/(2µ). Then this

KG equation leads,

[
∇2

2µ
+ U(r) + Vrm(r)

]
φ(r) = Enon−rela.φ(r), (16)

with the non-relativistic energy E = p2/2µ.
In Ref. [4], the potential parameter sets (V0,W0) are obtained by the fitting of kaonic 3He and 4He

data. With the combined analysis of 3He and 4He, two parameter sets of IS–A and IS–B are obtained.
The parameters are summarized in Table. 3 The K̄α potential is plotted in Fig. 4. Note that the value
of U(r = 0) is different from that shown in the original paper due to the different ρ(r) distribution.

potential V0 W0

IS–A −90 −120
IS–B −280 −70

Table 3: The K̄α effective optical potential constructed in Ref. [4].

The binding energy calculated with IS–A and IS–B are shown in Table 1. Interestingly, the EB of
IS–B is very close to that of the chiral folding potential. However, apart from the chiral potential case,
the found quasi-bound state corresponding to the 2nd-bound state. For IS–A, the quasibound state was
not found however, an unphysical pole lies around E = mK− +mα− i150 MeV at the unphysical Rieman
sheet, which becomes a bound state with EB = 37 MeV when we swithc off the imaginary part.

5 K−α correlation function

The results of K−α correlation function calculated with the Chiral SU(3) model and phenomenological
potentials are shown in Figs. 5, 6.

4

• Significant difference between  and  for every source size!CFolding CPheno

C(q) = ∫ d3r S(r) |φ(−)(q, r) |2

• Koonin-Prat foramula analysis 
• Solve Schrödinger equation

•  model with KP formulaC(q)
 +  →  VK̄α VC φ−

K̄α
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 folding potential with chiral unitary  potentialKα KN

 correlationK+α

• Chiral base  potenitalKN

K. Aoki and D. Jido, PTEP 2019, 013D01 (2019) 

• Fitted to the low-energy  chiral amplitude 
   of chiral unitary model 

KN

VKN(r, E) = e−(r/b)2C(E)∑ αmax
α=0 Kα (E/100 MeV)α
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• Folding  potentialKα
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 folding potential with lattice QCD  potentialKα KN

 correlationK+α

• HAL QCD  potentialKN
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• Folding  potenitalKα
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Figure 8: The KN scattering amplitude calculated with the AJ effective potential.

9 K+α and K+3Hecorrelation function

In the same manner with Eq. (6), the folding potential for K+α and K+3He are given as

VK+α(r) =

∫
dr′ρNα (r′)

[
1

4
VI=0(|r − r′|) + 3

4
VI=1(|r − r′|)

]
, (20)

VK+α(r) =

∫
dr′ρNα (r′)

[
1

6
VI=0(|r − r′|) + 5

6
VI=1(|r − r′|)

]
.. (21)

In Fig. 9 the folding Kα potential is shown.
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Figure 9: (Left panel) The Kα folding potential with Gaussian rho evaluated with AJ potentials with
K+α relative momentum p = 0 and 300 MeV/c. (Right panel) The Kα folding potential evaluated with
ρFB AJ potentials with K+α relative momentum p = 0 MeV/c.

The results of K+α correlation function calculated with the Chiral SU(3) model is shown in Fig. 9

10 HAL QCD KN potential and correlation function

The I = 0 and 1 KN HAL QCD potentials have been recently constructed in Ref. [8]. The potential has
been fitted with a four-range Guassian function given as

V 4G
I (r) =

4∑

i=1

aIi exp
(
−r2/bI

2

i

)
, (22)

with the potential parameter aIi and bIi . These are shown in Figs. 10. In the same manner, the Kα
folding potential has been contructed as shown in Fig. ??.
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• Weaker repulsion compared to chiral model 
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 correlation K+α
 correlation functionK+α

• Sizable suppression by the strong interaction 
   —> Good observable to determine the source size

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200 250 300

AJ1

HAL t/a =14

C
K

+
↵

q [MeV/c]

HAL

Chiral

Coulomb

R = 1 fm

• HAL folding potential: weaker signal compared to Chiral model
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Summary
Femtoscopy: new tool for the hadron interaction  
• Useful for the strangeness/charm sector 
• Sensitive to the low-energy interaction 

 correlation function  
• Strong source size dependence due to  quasibound state 
• Coupled-channel source effect for small source data 
• Good agreement with the chiral dynamics model  

/  correlation function 
• Large difference between the chiral folding potential and phenomenological 
optical potential   
•  shows significant signal with strong dependence on  for both 
potential models.  
•  useful for determine the source 

K−p
Λ(1405)

C(q)

K−α K+α

CK−α(q) R

CK+α(q)

Thank you for your attention!



Thank you!
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