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高エネルギー衝突実験と終状態相互作用
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: Source functionS(r)
φ(−)(q, r) : Relative wave function
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高エネルギー衝突実験における 
ハドロン運動量相関

 ハドロン運動量相関
• Koonin-Pratt 公式: 

C(q) ≃ ∫ d3r S(r) |φ(−)(q, r) |2 Collision detail (Ai, energy, centrality)
size of hadron source,  
momentum dependence, weight…

q = (m2k1 − m1k2)/(m1 + m2)

S.E. Koonin, PLB 70 (1977)  
S. Pratt et. al. PRC 42 (1990) 
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PROBING !! AND P! DIBARYONS … PHYSICAL REVIEW C 101, 015201 (2020)

FIG. 5. The S-wave N! potential with J = 2 from lattice QCD
simulations [13]. The lattice data are fitted by the form Vfit(r) =
b1e−b2r2 + b3(1 − e−b4r2

)(e−mπ r/r)2 with mπ = 146 MeV.

respectively, so that a weakly bound N! appears with the
binding energy EB ∼ 1.54 MeV.

Table III shows the low-energy-scattering parameters and
binding energies obtained by solving the Schrödinger equa-
tion in the presence of the attraction from the strong inter-
action and the extra attraction from the Coulomb interaction.
The value of the resultant scattering length is compatible with
the expected effective system size in heavy-ion collisions,
thus one can expect characteristic depletion of the correlation
function and its variation for the system with bound state,
against system size as seen from Fig. 1.

B. Correlation function

In addition to the J = 2 channel, the N! system has the
J = 1 channel which is expected to couple strongly with
low-lying octet-octet states due to fall apart decay in the
S-wave. In the same way as Ref. [17], we consider a limiting
case where the J = 1 p! pairs are perfectly absorbed into
low-lying states through the potential V J=1(r) = −iθ (r0 −
r)V0. The strength V0 is taken to be infinity and r0 is set to
2 fm where Coulomb interaction dominates over the J = 1
LQCD potential. Accordingly, the wave function is written
as ϕJ (q, r) = ϕC (q, r) − ϕC

0 (r) + χC
0 (r), where the scattering

wave function in the S-wave, χC
0 (r), receives the effects of the

interactions.

TABLE III. S-wave scattering length a0, effective range reff, and
binding energy of the p! pair with the lattice QCD potential for
different t/a and the Coulomb attraction.

t/a a0 (fm) reff (fm) EB (MeV)

11 3.45 1.33 2.15
12 3.38 1.31 2.27
13 3.49 1.31 2.08
14 3.40 1.33 2.24

FIG. 6. p! correlation function from central (0–10%) to periph-
eral (60–80%) Pb-Pb collisions (a), as well as from peripheral to
central collisions and the small-to-large ratio (b).

Then the total probability density reads

|ϕp!(q, r)|2 =
2∑

J=1

2J + 1
8

|ϕJ (q, r)|2. (21)

Here the J = 2 contribution which is of our interest, is
weighted by a large factor 5/8. The number of the low-
momentum pairs decrease due to the absorption in the J = 1
channel and the resultant correlation function C(q) tends to
decrease but not with significant amount as discussed in in
Ref. [17].

Figure 6 shows the p! correlation functions from periph-
eral to central collisions. Since the N! potential in Fig. 5
is nearly independent of t/a, the same holds for C(q), too.
Thus we display only results of t/a = 12. The enhancement
of C(q) above 1 for small q is due to the Coulomb attraction,
whereas the suppression of C(q) below 1 is due to the positive
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FIG. 13. (Color online) Correlation functions combined with the
residual term and the feed-down correction for R = 2.5 fm.

scattering length. We also find that all the NSC97 potentials,
of which reff is broadly ranged from 1.15 to 16.33 fm and the
scattering length is 1/a0 < −2 fm−1, can reproduce the data
with χ2/Ndof " 1.

In general, results with the residual correlation term (25)
depends on the feed-down contribution λ. Since the value
λ = (0.67)2 takes only $0 into account, this serves a minimal
correction owing to possible % contribution. We confirmed
that the present result for the constraint on the scattering
length, 1/a0 < −0.8 fm, holds for smaller λ by repeating the
same analyses for λ = (0.572)2 in which the % contribution is
included.

The above discussion applies to all the potentials with
a0 < 0 analyzed here. We note that there are two exceptions.
We find that ND46 and NF42, which have the positive largest
1/a0 thus have a bound state, can fit the data when R < 0.7
fm with the residual correlation taking 2 < rres < 4 fm and
−0.2 < ares < −0.08. We consider it to be coincidence, since
it is accompanied with rres larger than the source size and
χ2/Ndof ∼ 1 is achieved only in the small R region. As we
shall discuss below, the appearance of the bound state should
lead to suppression of C(Q) at low Q when the source size is
larger than a0. Therefore, one may be able to confirm or rule
out this possibility by analyzing data of more central collisions,
which are expected to have a larger source size.

VI. DISCUSSION

A. Possible signal of H resonance

On the basis of the scattering length and the effective
range of the !! interaction obtained in the present analyses,
the existence of the H particle as a bound state of !! is
not preferred. This can be understood from the enhanced
!! correlation function observed in the data compared
with the free case. If we had a bound state in !!, the
correlation function would be suppressed from the free
case. The scattering wave function has the asymptotic form,
χq(r) = e−iδ sin(qr + δ)/qr , where q = Q/2 is the relative
momentum of !. In the case of small enough interaction range
compared with the source size, we can substitute the asymp-

totic form for the scattering wave function χq(r) in Eq. (11)
and obtain the low energy limit of the correlation function,

C(Q) → 1
2

− 1√
π

a0

R
+ 1

4

(
a0

R

)2

(Q → 0), (26)

where the phase shift is given approximately as δ " −a0q.
For !! interaction with a bound state (a0 > 0), the scattering
wave function has a node at r " a0 at low energies, then the
correlation function is suppressed compared with the free case
in the low energy limit, as long as the second term dominates
in Eq. (26). Thus we would see a suppressed Q region if we
have a bound state. In practice, the interaction range is not
small enough compared with the source size considered here,
thus the above estimate might not be precise. It should be
noted that the above argument is not valid, when !! is not
the dominant component of H .

The existence of H as a resonance pole above the !!
threshold is another interesting possibility, as suggested in
KEK experiments [8,9]. While the !! potentials considered
here do not have H as an s-wave resonance, a quark model
calculation with instanton induced interaction allows the
existence of resonance H below the %N threshold [46]. In
order to evaluate the strength of the resonance H signal in
the correlation function, we have invoked the statistical model
results. In the statistical model [47], H (!) yield is calculated
to be NH " 1.3 × 10−2 (N! " 30) per event per unit rapidity.
We here assume that the resonance H is produced in a different
mechanism from the !! potential scattering. We also assume
that the mass of H is distributed according to the Breit-Wigner
function, then the contribution of resonance H in the !!
relative momentum spectrum is given as

dNH

dydQ
= NH fBW(EQ)

dEQ

dQ
, (27)

where fBW(E) = (H/[(E − EH )2 + (2
H/4]/2π is the Breit-

Wigner function. In Fig. 14, we show the strength of
the resonance H signal. We have fitted the STAR data
in a simple smooth function, and added the ratio of
dNH /dydQ to the thermal !! distribution, dN!!/dydQ =
4πq2N!! exp(−q2/2µT )/(2πµT )3/2/2, where q = Q/2,
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FIG. 14. (Color online) Possible resonance H signal in the !!

correlation function. Signal for (EH ,(H ) = (14 MeV, 4.5 MeV)
and (EH ,(H ) = (1.8 MeV, 1.5 MeV) are multiplied by 10 and 2,
respectively.
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Coulomb attractions for two different values of the static source
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correlation function as (a), but divided by the Gamow factor.

we propose to introduce an “SL (small-to-large) ratio” of the
correlation functions for systems with different source sizes,

CSL(Q) ≡
CRp,!=2.5fm(Q)

CRp,!=5fm(Q)
, (6)

as shown in Fig. 4. An advantage of this ratio is that the effect
of the Coulomb interaction for small Q is largely canceled, so
that it has a good sensitivity to the strong interaction without
much contamination from the Coulomb interaction.

Effects of expansion and freeze-out time. The results so far
have been obtained with a simplified static source function (4).
In reality, the collective expansion takes place in high-energy
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FIG. 4. CSL(Q) for the static source between the different source
sizes, Rp,! = 2.5 and 5 fm.

heavy ion collisions. Also, the freeze-out of multistrange
hadrons may occur prior to other hadrons due to small cross
sections [24,25]. To see the influences of these dynamical
properties, we consider the following source model with a
1-dim Bjorken expansion [23]:

S(xi,ki) = N ′
i E

tr
i

1

eEtr
i /Ti + 1

e
− x2+y2

2(Rtr
i

)2 δ(τ − τi), (7)

where Etr
i =

√
(ktr

i )2 + m2
i cosh(yi − ηs) with the momen-

tum rapidity yi and the space-time rapidity ηs =
ln

√
(t + z)/(t − z). The temperature and the proper time at

the thermal freeze-out are denoted by Ti and τi , respectively.
The transverse source size is denoted by the parameter Rtr

i . We
have not taken into account the transverse collective expansion
explicitly in the present paper, since its effect on C(Q) has been
shown to be effectively absorbed into a slight modification of
Rtr

i as shown for the %% correlation with the same model [16].
We consider a small system with Rtr

p = Rtr
! = 2.5 fm

and a large system with Rtr
p = Rtr

! = 5 fm. Following the
results of the dynamical analyses of the peripheral and central
Pb+Pb collisions at

√
sNN = 2.76 TeV with hydrodynamics

+ hadronic transport [24], we take τp (τ!) = 3 (2) fm
for the former, and τp (τ!) = 20 (10) fm for the latter as
characteristic values. We take Tp,! = 164 MeV for peripheral
collisions [26], while Tp (T!) = 120 (164) MeV for central
collisions [27]. Under the expanding source, Eq. (1) has
explicit K dependence: For illustrative purpose, we take the
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TABLE I. !! potentials. The scattering length (a0) and effective range (reff ) are fitted using a two-range Gaussian potential, V!!(r) =
V1 exp(−r2/µ2

1) + V2 exp(−r2/µ2
2).

Model a0 (fm) reff (fm) µ1 (fm) V1 (MeV) µ2 (fm) V2 (MeV) Ref.

ND46 4.621 1.300 1.0 −144.89 0.45 127.87 [18] rc = 0.46 fm
ND48 14.394 1.633 1.0 −150.83 0.45 355.09 [18] rc = 0.48 fm
ND50 −10.629 2.042 1.0 −151.54 0.45 587.21 [18] rc = 0.50 fm
ND52 −3.483 2.592 1.0 −150.29 0.45 840.55 [18] rc = 0.52 fm
ND54 −1.893 3.389 1.0 −147.65 0.45 1114.72 [18] rc = 0.54 fm
ND56 −1.179 4.656 1.0 −144.26 0.45 1413.75 [18] rc = 0.56 fm
ND58 −0.764 6.863 1.0 −137.74 0.45 1666.78 [18] rc = 0.58 fm
NF42 3.659 0.975 0.6 −878.97 0.45 1048.58 [19] rc = 0.42 fm
NF44 23.956 1.258 0.6 −1066.98 0.45 1646.65 [19] rc = 0.44 fm
NF46 −3.960 1.721 0.6 −1327.26 0.45 2561.56 [19] rc = 0.46 fm
NF48 −1.511 2.549 0.6 −1647.40 0.45 3888.96 [19] rc = 0.48 fm
NF50 −0.772 4.271 0.6 −2007.35 0.45 5678.97 [19] rc = 0.50 fm
NF52 −0.406 8.828 0.6 −2276.73 0.45 7415.56 [19] rc = 0.52 fm
NSC89-1020 −0.250 7.200 1.0 −22.89 0.45 67.45 [20] mcut = 1020 MeV
NSC89-920 −2.100 1.900 0.6 −1080.35 0.45 2039.54 [20] mcut = 920 MeV
NSC89-820 −1.110 3.200 0.6 −1904.41 0.45 4996.93 [20] mcut = 820 MeV
NSC97a −0.329 12.370 1.0 −69.45 0.45 653.86 [21]
NSC97b −0.397 10.360 1.0 −78.42 0.45 741.76 [21]
NSC97c −0.476 9.130 1.0 −91.80 0.45 914.67 [21]
NSC97d −0.401 1.150 0.4 −445.77 0.30 373.64 [21]
NSC97e −0.501 9.840 1.0 −110.45 0.45 1309.55 [21]
NSC97f −0.350 16.330 1.0 −106.53 0.45 1469.33 [21]
Ehime −4.21 2.41 1.0 −146.6 0.45 720.9 [23]
fss2 −0.81 3.99 0.92 −103.9 0.41 658.2 [25]
ESC08 −0.97 3.86 0.80 −293.66 0.45 1429.27 [22]

interaction, we need to take account of the meson exchange
between quarks or baryons. There are several quark model
BB interactions which include the meson exchange effects.
We adopt here the fss2 model [25], as a typical quark model
interaction. This interaction is constructed for the octet-octet
BB interaction and describes the NN scattering data at a
comparable precision to meson exchange potential models.
For fss2, we use a phase-shift equivalent local potential in the
two range Gaussian form [25], derived by using the inversion
method based on supersymmetric quantum mechanics [26].

Low energy scattering parameters of the !! interactions
considered here are summarized in Table I. In Fig. 1, we
show the scattering parameters (1/a0 and reff) of the !!
interactions under consideration. These scattering parameters
characterize the low energy scattering phase shift in the
so-called shape independent form as

k cot δ = − 1
a0

+ 1
2
reffk

2 + O(k4). (1)

For negatively large 1/a0, the attraction is weak and the phase
shift rises slowly at low energy. When we go from left to
right in the figure, the interaction becomes more attractive
and a bound state appears when a0 becomes positive. We have
parametrized the boson exchange !! interactions, described
above in two-range Gaussian potentials,

V!!(r) = V1 exp
(
−r2/µ2

1

)
+ V2 exp

(
−r2/µ2

2

)
, (2)

then fit the low energy scattering parameters, a0 and reff .

In addition to the !! potentials listed in Table I, we also
examine the potentials used in Refs. [2] [by Filikhin and
Gal (FG)] and [3] [by Hiyama, Kamimura, Motoba, Yamada,
and Yamamoto (HKMYY)] with the three-range Gaussian fit
given in those references. The parameters are summarized in
Table II.

ΛΛ scattering parameters
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ESC08
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FIG. 1. (Color online) !! interactions and scattering parameters
in the (1/a0,reff ) plane. The !! interactions favored by the !!

correlation data without feed-down correction are marked with big
circles. The thin big and thick small shaded areas correspond to the
favored regions of scattering parameters with and without feed-down
correction, respectively, which show stable and small χ2 minimum
(see text). The results of the analysis by the STAR Collaboration
is shown by the filled circle [15], together with systematic error
represented by the surrounding shaded region.
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 衝突における  相関 by ALICEpp K−p

• Strong enhancement ( ) at small momenta ==> Coulomb interaction 

• Deviation from with pure Coulomb case ==> Strong interaction                                    

• Characteristic cusp at the  threshold (k = 58 MeV) ==> isospin sym. breaking 

C > 1

K̄0n

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

4

Λ(1520)
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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≠i

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.
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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
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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

4

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

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

described in the form [20]

CfitðqÞ ¼ N ½1þ λfCðqÞ − 1g&; ð8Þ

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

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

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

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

ωπΣ ¼ 2.95; N ¼ 1.13; λ ¼ 0.58; ð9Þ

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

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

CresðqÞ ¼
bΓ2

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

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

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

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

PHYSICAL REVIEW LETTERS 124, 132501 (2020)

132501-4

相関K−p

Kamiya, Hyodo, Morita, Ohnishi, Weise, PRL 124 (2020) 13, 132501
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- 相関NΞ ΛΛ
K. Sasaki et al. [HAL QCD], NPA 998 (2020), 121737. HAL QCD potentialNΞ-ΛΛ
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 ダイバリオン: 付近のunphysical pole(ぎりぎり束縛しない)H NΞ
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YK, K. Sasaki, T. Fukui, K. Morita, K. Ogata, A. Ohnishi, T. Hatsuda, 
Phys.Rev.C 105 (2022) 1, 014915

 ダイバリオンが存在しないモデルとコンシステントH
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Coulomb interaction with LL formula + Gamow correction
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• クーロンなし • クーロンあり（引力の場合）
• クーロンはガモフファクター

• 低運動量: クーロン効果が支配的 

• 束縛状態( ): ==> ディップa0 > 0

Add Coulomb int.

A(q) = 2πη(q)
exp(2πη(q)) − 1

η(q) = μα /q

× A(q)

ユニタリ極限近傍のクーロン効果

YK, K. Sasaki, T. Fukui, K. Morita, K. Ogata, A. Ohnishi, T. Hatsuda, 
Phys.Rev.C 105 (2022) 1, 014915

• LLモデル
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Scope of Femtoscopic study of HHI
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 and  sector DD* DD̄*
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ππJ/Ψ
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DDπ

DD∗ correlation function and Tcc state

November 16, 2021

1 Related hadrons and channels

Recently, the signal of so called Tcc state is found in the D0D0π+ spectrum [1, 2]. In Ref. [1], the pole
mass is given as

ETcc = δm− i

2
Γ, (1)

δm = −360 keV,Γ = 48 keV, (2)

where ETcc is measured from D0D∗+ threshold Eth, D0D∗+ . The scattering length is given by

a0 = −7.16 + i1.85 fm, (3)

which is defined as a0 = F(E = Eth, D0D∗+) with D0D∗+ amplitude F .
To analyze this channel we use Gaussian potential given as

V (r) = V0 exp(−m2r2), (4)

where V0 is the strength and m is the parameter to control the range of the Gaussian. Here we fix the
range parameter m as m = m+

π because the π+ exchange interaction exists for these channels.

2 Coupled-channel potential

We consider the coupled-channel potential of D+D∗0 and D0D∗+. The relation between the isospin basis
and charge basis is give as

|DD∗(I = 0)〉 = 1√
2

(
|D+D∗0〉 − |D0D∗+〉

)
, (5)

|DD∗(I = 1)〉 = 1√
2

(
|D+D∗0〉+ |D0D∗+〉

)
. (6)

With the I = 0 and I = 1 potential, the coupled-channel potential forD0D∗+ (channel 1) andD+D∗0(C =
+) (channel 2) are given as

VDD∗(r) =
1

2

(
VI=1(r) + VI=0(r) VI=1(r)− VI=0(r)
VI=1(r)− VI=0(r) VI=1(r) + VI=0(r)

)
(7)

Assuming that the I = 0 gives the dominant contribution we set

VI=0 =V (r), (8)

VI=1 =0. (9)

Now we determine the potential strength V0 by fitting the scattering length of aD
0D∗+

0 where the result
is shown in Table 1. We find that the real parts of the scattering length of both channels are negative in
this calculation.

1

LHCb, Nature Com. 13 (2022) 1

ETcc
= δm − i

2 Γ PDG, PTEP 2020, 083C01 (2020). 

EX(3872) = δm − i
2 Γ

δm = − 0.04 MeV

Γ = 1.19 MeV
Γ = 0.048 MeV

δm = − 0.36 MeV

a0 ≡ ℱ(E = Eth)
+ : attractive w/o bound  
- : repulsive  
    or attractive w/ bound 
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• 散乱長に応じたソースサイズ依存性

• 散乱長から ポテンシャルをDD*/DD̄*

DD̄∗ correlation function

November 29, 2021

1 Related hadrons and channels

The spin-parity of X(3872) state is given as JPC = 1++ and it has isospin I = 0 [1]. The X(3872)
couples to DD̄∗ and D∗D̄∗ channels in s-wave. According to the PDG, X(3872) locates around the
D0D̄∗0 and D0D̄∗0 threshold energy. Considering that this state has C = +, the X(3872) state couples
to the following combination of DD̄∗ and D∗D̄ states.

1√
2

[
D0D̄∗0 +D∗0D̄0

]
, (1)

1√
2

[
D+D∗− +D∗+D̄−] . (2)

In this note, for simplicity, sometimes these combinations are labeled byD0D̄∗0(C = +) andD+D̄∗−(C =
+), respectively.

According to the PDG [1], the pole energy of the X(3872) is Epole = 3871.65 − i0.60 MeV. The
difference between its energy and the D0D̄∗0 threshold Eth is Eh = Epole − Eth = −0.04− i0.60 MeV.

aD
0D̄∗0,C=+

0 = −4.23 + i3.95fm. (3)

While the X(3872) couples to the I = 0 C = + channel of DD̄∗ channels, the interaction of other
channels also affect the correlation function. However, in this study we assume that, in the low-energy
region of the DD̄∗, I = 0 C = + channel gives the dominant contribution to the correlation function and
we switch off the other interaction (V = 0).1

To analyze this channel we use Gaussian potential given as

V (r) = V0 exp(−m2r2), (4)

where V0 is the strength and m is the parameter to control the range of the Gaussian. Here we fix the
range parameter m as m = mπ because the pion exchange interaction exists for these channels.

2 Coupled-channel potential

Now we discuss the coupled-channel potential for JPC = 1++ DD̄∗ channels. The DD̄∗ and D∗D̄ states
are decomposed as

|DD̄∗, I = 0, C = ±〉 = 1√
2

[
|D+D∗−〉 − |D0D̄∗0〉

]
(5)

± 1√
2

[
|D∗+D−〉 − |D∗0D̄0〉

]
(6)

|DD̄∗, I = 1, C = ±〉 = 1√
2

[
|D+D∗−〉+ |D0D̄∗0〉

]
(7)

± 1√
2

[
|D∗+D−〉+ |D∗0D̄0〉

]
(8)

1Note that Zc(3900) with JPC = 1+− can also couple to DD̄∗ state. Thus the we may see its effect on the correlation
function.

1
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• 将来の実験データから内部構造の 
  判別が可能

YK, T. Hyodo, A. Ohnishi, Eur.Phys.J.A 58 (2022



ALICE Collaboration Physics Letters B 833 (2022) 137272

Fig. 1. Upper panels: p! correlation function (circles) with statistical (vertical bars) and systematic (grey boxes) uncertainties. Middle panels: zoom on the cusp-like signal 
at k∗ = 289 MeV/c. Lower panels: The deviation between data and predictions, expressed in terms of nσ . The fit is performed using NLO13 (red) χEFT potentials with 
cut-off ! =600 MeV [2,3] and using a cubic baseline (dark grey). The residual p$− ⊕ p$0 (pink) and p%0 (royal blue) correlations are modelled using, respectively, a lattice 
potential from the HAL QCD collaboration [33,55] and a χEFT potential [2]. Both contributions are plotted relative to the baseline, while in panel b) the strong interaction of 
p%0 is neglected. The reduced χ2, for k∗ < 300 MeV/c, amounts to 2.2 in case a) and to 1.9 in case b).

Fig. 2. Similar representation as in Fig. 1, where the p! interaction is modelled using NLO19 (cyan) χEFT potentials with cut-off ! =600 MeV [2,3]. This leads to an improved 
description of the low momentum region. The reduced χ2, for k∗ < 300 MeV/c, equals 2.0 in case the p%0 is modelled by χEFT (panel a) and 1.8 in case the p%0 final state 
interaction is ignored (panel b).

tering data which cover the region k∗ >60 MeV/c. The preci-
sion achieved for k∗ <110 MeV/c is better than 1%, which cor-
responds to an improvement of factor up to 25 compared to 
previous scattering data [9–11]. The theoretical correlation func-
tions in Eq. (3) were evaluated using the CATS framework [60]. 
The size of the emitting source employed in the calculation was 
fixed from independent studies of proton pairs [30], which demon-
strate a common primordial (core) Gaussian source for pp and p!
pairs when the contribution of strongly decaying resonances is ex-
plicitly accounted for [30]. This source exhibits a pronounced mT
dependence and considering the average transverse mass 〈mT〉 =
1.55 GeV of the measured p! pairs a corresponding core source 
radius of rcore(〈mT〉) = 1.02 ± 0.04 fm is obtained. The total source 
function can be approximated by an effective Gaussian emission 
source of size 1.23 fm. The genuine p! correlation function is 
modelled by χEFT hyperon-nucleon potentials, considering the 
leading-order (LO) interaction [1] and two NLO versions (NLO13 [2]

and NLO19 [3]). For the NLO interactions the variation with the 
underlying cut-off parameter ! (cf. Ref. [2]) is explored, while 
! =600 MeV is chosen as a default value. Both NLO versions 
provide an excellent description of the available scattering data, 
having a χ2 ≈ 16 for the considered 36 data points [3].

Figs. 1 and 2 show the total fit functions (red and cyan) to the 
present data. The non-FSI baseline B(k∗) is depicted as a dark grey 
line, while the individual contributions related to feed-down from 
F = {%0,$} are drawn as royal blue and pink lines, corresponding 
to B(k∗) 

[
λp(F)Cp(F)(k∗) + 1 − λp(F)

]
. The latter relation is derived 

by setting all Ci terms within Eq. (3), apart from Cp(F) , equal to 
unity. The upper panels in Figs. 1 and 2 present the correlation 
function in the whole k∗ range, while the middle panels show the 
region where the N% channels open, clearly visible as a cusp struc-
ture occurring at k∗ = 289 MeV/c. The deviation between data and 
prediction, expressed in terms of number of standard deviations 
nσ , is shown in the bottom panels. The discrepancy between the-
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FIG. 6. Experimental and theoretical correlation functions of the pΞ− pairs (the upper panels) and the ΛΛ pairs (the lower panels). The
blank squares are the ALICE data taken from Refs. [9, 14, 15]: The statistical error and systematic error are denoted by the vertical line and
the shaded bar, respectively. Solid lines are the theoretical results with with statistical and systematic uncertainties represented by the shaded
region. The left (right) panels correspond to the results in pp collisions at 13 TeV (pPb collisions ar 5.02 TeV). The dotted lines show the results
with only Coulomb interaction (only quantum statistics) for the pΞ− (ΛΛ) correlation functions. The dash-dotted lines show the correlation
function calculated with the LL formula.

(Neither the coupled channel effect nor the threshold dif-
ference has been considered in Refs. [14, 15, 24], while
the Coulomb interaction was not considered in Ref. [26].)
We note that the agreement of the correlation function in
Refs. [14, 15] and that in the present work comes from the

fact that the coupled-channel effects are not significant in the
pΞ− correlation function due to weak transition between pΞ−

and ΛΛ.

 ALICE 
 Pb 5.02 TeV
pΞ−
p

ALICE Collaboration / Physics Letters B 805 (2020) 135419 5

Fig. 2. Measured correlation function of p–p ⊕ p–p . Statistical (bars) and systematic 
uncertainties (boxes) are shown separately. The width of the band corresponds to 
one standard deviation of the systematic uncertainty of the fit.

k∗ ∈ [0, 375] MeV/c to determine simultaneously the femtoscopic 
radius r0 and the parameters of the baseline. To assess the sys-
tematic uncertainties on r0 related to the fitting procedure the 
upper limit of the fit region is varied within k∗ ∈ [350, 400] MeV/c. 
The baseline is modeled as a polynomial of zeroth, first, and sec-
ond order. Additionally, as discussed above, all three models for 
the p–! residual correlation function are employed, and the in-
put to the λ parameters is modified by ±20% while maintaining 
a constant sum of the primary and secondary fractions. The p–p
correlation function is shown in Fig. 2, where the width of the 
bands corresponds to one standard deviation of the total system-
atic uncertainty of the fit. The inset shows a zoom of the p–p
correlation function at intermediate k∗ , where the effect of re-
pulsion becomes apparent. The femtoscopic fit yields a radius of 
r0 = 1.249 ± 0.008 (stat) +0.024

−0.021 (syst) fm.
Analyses of π–π and K–K correlation functions at ultrarelativis-

tic energies in elementary [56] and heavy-ion collisions [57] indi-
cate a source distribution significantly deviating from a Gaussian. 
Indeed, strongly decaying resonances are known to introduce sig-
nificant exponential tails to the source distribution, especially for 
π–π pairs [47–49]. This becomes evident when studying the cor-
responding resonance contributions obtained from the statistical 
hadronization model within the canonical approach [58]. The main 
resonances feeding to pions, ρ and ω, are significantly longer-lived 
than those feeding to protons (&) and '0 (!(1405)). Hence, it is 
not surprising that the source distribution for π–π deviates from 
a Gaussian. These conclusions are underlined when fitting the p–p
correlation function with a Lévy-stable source distribution [59,60]. 
Leaving both the femtoscopic radius and the stability parameter α
for the fit to determine, the Gaussian source shape (α = 2) is re-
covered. Employing a Cauchy-type source distribution (α = 1), the 
data cannot be satisfactorily described. Therefore, the premise of a 
Gaussian source holds for baryon–baryon pairs.

Accordingly, a Gaussian source with femtoscopic radius r0 is 
used to fit the p–'0 correlation function. The parameters of the 
linear baseline are obtained from a fit to the p–(!γ ) correlation 
function in k∗ ∈ [250, 600] MeV/c, where it is consistent and kine-
matically comparable with p–'0, however featuring significantly 
smaller uncertainties. The experimental p–'0 correlation function 
is then fitted in the range k∗ < 550 MeV/c, and varied during the 
fitting procedure within k∗ ∈ [500, 600] MeV/c to determine the 
systematic uncertainty. Additionally, the input to the λ parame-
ters is modified by ±20% while maintaining a constant sum of 
the primary and secondary fractions. The parameters of the base-

Fig. 3. Measured correlation function of p–'0 ⊕ p–'0. Statistical (bars) and system-
atic uncertainties (boxes) are shown separately. The gray band denotes the p–(!γ )

baseline. The data are compared with different theoretical models. The correspond-
ing correlation functions are computed using CATS [46] for χEFT [20], NSC97f [26]
and ESC16 [23], and using the Lednický–Lyuboshits approach [51,52] for fss2 [24]. 
The width of the bands corresponds to one standard deviation of the systematic 
uncertainty of the fit. The absolute correlated uncertainty due to the modeling of 
the p–(!γ ) baseline is shown separately as the hatched area at the bottom of the 
figure.

line are varied within 1σ of their uncertainties considering their 
correlation, including the case of a constant baseline. Finally, the 
femtoscopic radius is varied according to its uncertainties. Possible 
variations of the p–'0 source due to contributions of mT scaling 
and strong decays are incorporated by decreasing r0 by 15%, sim-
ilarly as in [28,29]. The corresponding resonance yields are taken 
from the statistical hadronization model within the canonical ap-
proach [58].

All correlation functions resulting from the above mentioned 
variations of the selection criteria are fitted during the procedure, 
additionally considering variations of the mass window to extract 
the p–(!γ ) baseline. The width of the bands in Fig. 3 corresponds 
to one standard deviation of the total systematic uncertainty of the 
fit. The absolute correlated uncertainty due to the modeling of the 
p–(!γ ) baseline correlation function is shown separately at the 
bottom of the figure.

4. Results

The experimental p–'0 ⊕ p–'0 correlation function is shown 
in Fig. 3. The k∗ value of the data points is chosen according to the 
〈k∗〉 of the same event distribution Nsame(k∗) in the correspond-
ing interval. Therefore, due to the low number of counts in the 
first bin, the data point is shifted with respect to the bin centre. 
Since the uncertainties of the data are sizable, a direct determina-
tion of scattering parameters via a femtoscopic fit is not feasible. 
Instead, the data are directly compared with the various models of 
the interaction. These include, on the one hand, meson-exchange 
models, such as fss2 [24] and two versions of soft-core Nijmegen 
models (ESC16 [23], NSC97f [61]), and on the other hand results of 
χEFT at Next-to-Leading Order (NLO) [20]. The correlation function 
is modeled using the Lednický–Lyuboshits approach [51] consider-
ing the couplings of the p–'0 system to p–! and n-'+ [52] with 
scattering parameters extracted from the fss2 model. For the case 
of ESC16, NSC97f and χEFT, the wave function of the p–'0 system, 
including the couplings, is used as an input to CATS to compute the 
correlation function. The degree of consistency of the data with the 
discussed models is expressed by the number of standard devia-
tions nσ , computed in the range k∗ < 150 MeV/c from the p-value 
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FIG. 6. Experimental and theoretical correlation functions of the pΞ− pairs (the upper panels) and the ΛΛ pairs (the lower panels). The
blank squares are the ALICE data taken from Refs. [9, 14, 15]: The statistical error and systematic error are denoted by the vertical line and
the shaded bar, respectively. Solid lines are the theoretical results with with statistical and systematic uncertainties represented by the shaded
region. The left (right) panels correspond to the results in pp collisions at 13 TeV (pPb collisions ar 5.02 TeV). The dotted lines show the results
with only Coulomb interaction (only quantum statistics) for the pΞ− (ΛΛ) correlation functions. The dash-dotted lines show the correlation
function calculated with the LL formula.

(Neither the coupled channel effect nor the threshold dif-
ference has been considered in Refs. [14, 15, 24], while
the Coulomb interaction was not considered in Ref. [26].)
We note that the agreement of the correlation function in
Refs. [14, 15] and that in the present work comes from the

fact that the coupled-channel effects are not significant in the
pΞ− correlation function due to weak transition between pΞ−

and ΛΛ.

 ALICE 
 Pb 5.02 TeV
ΛΛ
p

ALICE PLB 797 (2019).

ALICE PRL 123 (2019). 

S = − 2
PLB 833 (2022) 137272 

 ALICE 
  13 TeV
pΛ
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NLO 19 
J. Haidenbauer,  et al  

EPJA 56(2020) 

K. Sasaki et al., NPA, 121737 (2019). 
Y. Kamiya, et al PRC 105 (2022)  014915

HAL QCD at almost physical mπ • ハイペロン相関はOK

• 相関を用いた詳細な相互作用の決定? 

相関?αY

α Y

→ , αΛ αΞ
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有限密度での 相互作用NΛ
 相関αΛ

• ハイペロンパズル解決の鍵
D. Gerstung, N. Kaiser, W. Weise, EPJA 55 (2020) 

A. Jinno. K. Murase, Y. Nara, and A. Ohnishi arXiv:2306.17452

ポテンシャルαΛ

• high central density ~ 2ρ0

• Unknown : fit to reproduce the  experimental aΛ
3

5
ΛHe EB = 3.12 MeV

• Chiral EFT with NLO  
—>  三体力による斥力 

—> stiffer EOS

ΛNN

Can we see the effect of repulsion core? 

• Chi3モデル: スキルム  ポテンシャル<— Chiral EFT w/  三体力Λ

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

Λ potential (U
Λ
) in SHF

Skyrme Hartree-Fock equation

Parameters in Empirical and Chiral EFT

Chi2mom Chi3mom LY-IV H.Λ2

a1 (MeV fm^3) -352.20 -388.30 -500.89 -302.72

a2 (MeV fm^5) 39.35 47.28 16.00 23.73

a3 (MeV fm^5) 52.18 36.56 20.00 29.84

a4 (MeV fm^4) -356.96 -405.68 480.54 581.04

a5 (MeV fm^5) 1000.80 1256.74 0.00 0.00

RMSD (MeV) 1.59 0.75 0.74 0.78

J%Λ (MeV) -33.45 -30.03 -29.78 -31.23

L%Λ (MeV) -23.55 9.32 -36.24 -46.10

K%Λ (MeV) 415.00 532.30 217.80 277.40

m'Λ(mΛ 0.73 0.70 0.87 0.82

5

FIG. 2. Normalized baryon density dependence of the single-particle
potentials for ⇤ in the symmetric nuclear matter. GKW2 and GKW3
represent the results of the ⇤ single-particle potential with only two-
body interactions and two- and three-body interactions obtained from
the �EFT [23], respectively. The solid and dashed lines represent
the fitting results to GKW2 and GKW3, respectively. The dotted
and dash-dotted lines correspond to the ⇤ potentials, LY-IV [49] and
HP⇤2 [50], respectively.

of 13
⇤ C, 11.88 MeV. The experimental value is taken from

Ref. [65] with a correction of 0.5 MeV, which is pointed out
in Ref. [66]. There are two reasons for choosing 13

⇤ C: First,
it has a larger surface-energy effect compared with a heavier
nucleus. Second, the spherical Skyrme-Hartree-Fock method
is expected to provide a relatively good description of 13

⇤ C
because it has even numbers of protons and neutrons.

TABLE I. Sets of Skyrme potential parameters. Chi2 and Chi3 are
the fitting results to the �EFT calculations [23, 34]. LY-IV [49] and
HP⇤2 [50] are the ⇤ potentials, which can explain the ⇤ binding en-
ergy data. The symbol �B⇤ represents the mean squared deviation
of the calculated ⇤ binding energy from the experimental data as de-
fined by Eq. (29).

Chi2 Chi3 LY-IV HP⇤2
t⇤0 (MeV fm3

) �352.2 �388.3 �542.5 �399.9

t⇤1 (MeV fm5
) 143.7 120.4 56.0 83.4

t⇤2 (MeV fm5
) 13.7 68.7 8.0 11.5

t⇤3,1 (MeV fm4
) �951.9 �1081.8 1387.9 2046.8

t⇤3,2 (MeV fm5
) 2669 3351 0 0

x⇤
0 0 0 �0.153 �0.486

x⇤
3,1 0 0 0.107 �0.660

x⇤
3,2 0 0 0 0

J⇤ (MeV) �33.5 �30.0 �29.8 �31.2

L⇤ (MeV) �23.5 9.3 �36.2 �46.1

K⇤ (MeV) 415 532 218 277

m⇤
⇤/m⇤ 0.73 0.70 0.87 0.82

�B⇤ (MeV) 1.55 0.72 0.71 0.78

We show in Table I the Taylor coefficients and the normal-

ized effective mass at ⇢0, which characterize the ⇤ potential:

J⇤ = U⇤(⇢N = ⇢0, k⇤ = 0), (25)

L⇤ = 3⇢N
@U⇤

@⇢N

���
⇢N=⇢0,k⇤=0

, (26)

K⇤ = 9⇢2N
@
2
U⇤

@⇢
2
N

���
⇢N=⇢0,k⇤=0

, (27)

m
⇤
⇤

m⇤

���
⇢N=⇢0

=
1

1 +
2m⇤

~2 a
⇤
2 ⇢0

. (28)

C. ⇤ single-particle potential and ⇤ binding energy

We now present the results of the Skyrme-Hartree-Fock cal-
culations for ⇤ hypernuclei using the ⇤ Skyrme interaction
discussed in the previous section.

Figure 3 shows the ⇤ single-particle potential (18) for hy-
pernucleus 208

⇤ Pb. At a distance r < 4 fm where the nucleon
density ⇢N is close to the saturation density ⇢0, both Chi3 and
LY-IV have the potential depth of �30 MeV while Chi2 has a
slightly greater depth of �33 MeV. Those values reflect J⇤,
the ⇤-potential depth at ⇢0 (see Table I).

FIG. 3. ⇤ single-particle potential (18) for hypernucleus 208
⇤ Pb in

the coordinate space. The dashed and solid lines show the results
from the ⇤ potential Chi2 and Chi3, respectively. The dotted line
corresponds to the result from the LY-IV parameter sets.

Figure 4 compares the ⇤ binding energies calculated from
different ⇤ potentials at mass number A = 13–208 in 1s, 1p,
1d, 1f , and 1g orbitals. The experimental data at A = 16–
208 are listed in Table III. Chi3, which includes the ⇤NN

three-body force, reproduces the data. This implies that the
strong repulsive ⇤ potential, which is sufficient to suppress
the presence of ⇤ hyperons in dense nuclear matter, is con-
sistent with the observed ⇤ hypernuclear data. On the other
hand, Chi2, which includes only the ⇤N two-body force, pre-
dicts the overbinding of the data in the 1s orbital. This is be-
cause J⇤ is as deep as approximately �33 MeV for Chi2. We

ρ(r) = A(2νc /π)3/2e−2νcr2
• Nucleon density with Gaussian form: 

•  ポテンシャルモデルNΛ

D. E. Lanskoy and Y. Yamamoto, PRC 55, 2330 (1997)
• LY-IV

N. Guleria, S. K. Dhiman, and R. Shyam, Nucl. Phys. A 886, 71 (2012)
• HP 2 Λ

• Well reproduces the binding energy of  in hypernuclei  Λ

Λ－α potential

4

Λ－α local potential 𝑼 Effective mass potential 𝑼𝒎

Repulsive core VαΛ

A. Jinno, Y. Kamiya, T. Hyodo, A. Ohnishi in prep.
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 相関 with Chi3 modelαΛ

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

• Strong source size dependence

• Dip structure

斥力芯効果

R = 1 fm

R = 3 fm

R = 5 fm

Preliminary

•  with Chi3 is slightly suppressed from that with LY-IVC(q)

• Characteristic lineshapes for weak binding system ( )5
ΛHe

• Effect of the repulsive core emerges in small source size  

Kumagai-Fuse, S. Okabe, Y. Akaishi, PLB 345 (1995) 
•  Isle potential NΛ

V(r) = V1e−r2/b2
1 + V2e−r2/b2

2

repulsive core 
(short range)

attractive part 
(long range)

•  Much stronger suppression compared to LY-IVC(q) :
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Strength of the repulsive core can be tested with 

 from small source!CαΛ(q)

Preliminary

LY-IV
LY-IV

LY-IV

LY-IV

Chi3

LY-IV

Isle

 相関αΛ
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 相関と  αΞ− 5
ΞH

potential EB [MeV] Model

Vfolding 0.45 HAL QCD base folding V 
(original)

2 Vfolding 2.16 EB chiral model 
(H. Le, et al EPJA(2021)

Vfolding / 2 (Unbound) Weaker interaction case 

•  foldingポテンシャル with HAL QCD  αΞ

• Result with small source ( )R = 1 fm
•  and  unnatural bump at  MeV/c Vfolding Vfolding /2 q ∼ 100
• 2 : deep bump structureVfolding

Coulomb int. included

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

  can be distinguished by the source size dependence5
ΞH
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Effect by the strong repulsion core

• Result with mid source ( )R = 3 fm
• : suppression from CoulombVfolding
• 2 : bump structure around Vfolding q ∼ 100 MeV/c

• : enhancement from Coulomb Vfolding /2

Preliminary

 相関αΞ
K. Sasaki et al., NPA, 121737 (2019). 
E. Hiyama, M. Isaka, T. Doi, and T. Hatsuda, PRC (2022).
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