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1. Reaction mechanism 3. Calculated spectrum

2. Theoretical formula
T(!"# →ΛNπ)～ T(!"N→πΣ) Fd(q, kΣ) T(ΣN→ΛN)
Fd(q, kΣ) = ∫ψd(r){sin(qr)/(qr)}{exp(ikΣr)/r} r2 dr
T(ΣN→ΛN) = βΣΛ/(1-ikΣAΣ), At

Σ = a-ib

Above threshold: Rs = 4πb/{(1+kΣb)2+(kΣa)2}, 
Below threshold: Rs = 4πb/{(1+|kΣ|a)2+kΣ2b2}

(kΣ = i|kΣ|)

Femtoscopy and Cusp: 
New Methods to Study the Hadron-Hadron Interaction

https://n-ext.inha.ac.kr/event/899/


SCATTERING EXPERIMENT:
CONVENTIONAL TOOL TO STUDY THE HADRON INTERACTION
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Ordinary, hadron interaction is 
studied by the scattering experiment. 
pp, pn, πp, Kp (Limited channels)

J-PARC E40
YN scattering



FEMTOSCOPY: 
NEW TOOL TO STUDY THE HADRON INTERACTION
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Open new era for the hadron-hadron interaction!!

Σ



CURRENT ISSUES OF FEMTOSCOPY

¡ Femtoscopy → Isospin and spin averaged interaction (f0, d0)
¡ CF corresponds to total cross section (σ) in the scattering experiment.

¡ Scattering experiment: 
PWA to decompose them using dσ/dΩ and spin observables 

¡ Can CF(Femtoscopy) be decomposed with spin observables?
→ Y. Ichikawa et al., J. Subatomic Part. Cosmol. 3, 100040 (2025).

¡ Neutral hadrons (ex: η, ηʼ) are difficult to study (measure).  
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→ Cusp spectroscopy is complementary to compensate these issues.  



CUSP STRUCTURE IN FEMTOSCOPY

5ALICE Coll. PLB 833 (2022), 137272

Λp
ΣN threshold K0n threshold

K-p

ALICE Coll. PRL124 (2020)

ΣN Cusp

K0n cusp



“ΣN CUSP”
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K-d → Λpπ-

SPES4

HIRES
(COSY)

TOF
(COSY)

pp → ΛpK+

H. Machner et al., 
NPA 901, 65 (2013).

π+d → ΛpK+

C. Pigot et al., 
NPB 249, 172 (1985).

J-PARC E27

Clear enhancement 
around ΣN threshold
(~2.13 GeV/c2)

ALICE(pp@13TeV)

6

Inclusive d(π+, K+)



J-PARC E90 EXPERIMENT: ”ΣN CUSP SPECTOROSCOPY”
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¡ Deduce the ΣN scattering length of (T, S) = (1/2, 1) 
channel by fitting “ΣN cusp” spectrum shape observed in 
the missing mass of the d(K-, π-) reaction.
¡ Unstable bound state (ΣN dibaryon)? or Virtual state?

The key of this experiment is the excellent missing-mass resolution 
thanks to the S-2S spectrometer (used in E70) and high statistics. 
We will be able to achieve the best resolution of 0.4 MeV in σ, 
which is two times better than the past experiment (HIRES at COSY).



ΣN CUSP AND ΣN SCATTERING LENGTH
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ΣN cusp

dσ/dE can be described by AΣ

[E < Threshold] dσ/dE ∝ "#$
{ &'($ )' (* )}

[E > Threshold] dσ/dE ∝ "#$
{ &'|-(*| )' .-($ )}

b = 2.0 fm (Fixed) 

－a = -3.0 fm
－a = -2.0 fm
－a = -1.0 fm
－a = +1.0 fm

a = +1.0 fm (Fixed) 

－b = 3.0 fm
－b = 2.0 fm
－b = 1.0 fm

Threshold

dσ
/d

E

Momentum
k 〜 201

(0 = 3435
34'35

)

ΣN interaction strength
Attractive, repusive

ΣN⇔ΛN
coupling strength

ΣN threshold

Bubble chamber data

Cusp formula by Dalitz

Threshold
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AΣ = a + ib



¡ “ΣN cusp” is measured by K-d → π-Λp reaction etc..

¡ T: T = ½ (Λp final state)
¡ S: 3S1 is favored, D-target; observed in forward angles
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Above threshold: R = #$%
{ '()% *( )+ *} ~ 1 − 212 + 4(12)

Below threshold: R = #$%
{ '(7+ *( 7% *} ~ 1 − 2κ9 + 4 κ2 , 1 = ;κ

(1~ 2<=)

“ΣN Cusp” can be expressed by the 
ΣN scattering length (AΣ=a+ib) of the 
(T, S) = (1/2, 3S1) channel!!

“ΣN CUSP”

b = 2.0 fm (fixed) 

－a = -3.0 fm
－a = -2.0 fm
－a = -1.0 fm
－a = +1.0 fm
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ΣN(T=1/2, 3S1) SCATTERING LENGTH (THEORY)

Large ambiguity!!
a > 0: Attractive
a < 0: Bound state

AΣ = a + ib



THRESHOLD CUSP
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Cusp structure can be expressed by the scattering length (for B’C’), A = a + ib
¡ B’C’→BC amplitude 

¡ !"#$#,"$~ '
()*+, , Pole position: -~ − *

,
¡ (Two body scattering amplitude) 

¡ ! = (
+ ∑123

4 26 + 1 9*:1 sin δ6 ?6 cos B

¡ →(s-wave) ! = (
+ 9

*:3 sin δ0 = (
+ DEF G)*+ →

I
()*+I

¡ - cot K = (
I −

LMNN
O -2 + ⋯

¡ Reaction rate (R) : QR
O

QSQT ∝ |!"#$#, "$|2
¡ Above threshold: R = XY'

{ ([+' O[ +I O}

¡ Below threshold: R = XY'
{ ([]I O[ ]' O} , - = ^κ (due to analytic continuation)

k(relative momentum for B’C’) ~ 2`a

For the “ΣN cusp”, 
B’=Σ, C’=N, B=Λ, C=N 

Reduced mass 
µ = mB’mC’/(mB’+mC’)
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Scattering amplitude with Square-well potential

Scattering parameters 
↔ Square-well potential

We can also calculate cusp 
from kcotδ directory.

(Square-well potential w complex term)

S-wave Schrödinger equation

Boundary conditions at r = R

S-Matrix: amplitude ratio
Incident wave / Scattered wave

attenuation

Boundary conditions at r = R

Scattering amplitude

Scattering length and effective range have complex term
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Results with square-well potential with fixed R = 1.4 fm (π exchange)



14

Results using Squared-well Potentials with Effective-range input

Effect is limited in this case
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E90

(K-, π-):（K18 + S2S）Spectrometer
Decay particles:  HypTPC

K-d→Λpπ-
High resolution！

Bubble chamber data
・low resolution（ΔM > 1MeV）
・small statistics（< 1000 events）
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J-PARC E90 EXPERIMENT
K-: K1.8 beamline spectrometer
Δp/p = 3.3 × 10-4 in FWHM (Design)

π-: S-2S spectrometer
Δp/p = 6.0 × 10-4 in FWHM (Design)
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E90

(K-, π-):（K18 + S2S）Spectrometer
Decay particles:  HypTPC

・High resolution：ΔM = 0.4 MeV/c2(σ)
・High statistics:14,000 events

K-d→Λpπ-
High resolution！

Bubble chamber data
・low resolution（ΔM > 1MeV）
・small statistics（< 1000 events）
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J-PARC E90 EXPERIMENT
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Multiplicity = 3 without (K-, π-)

Multiplicity =３

Simulated inclusive spectrum d(K-, π-)

β>0.24 for p
β>0.4 for π

QF BACKGROUND SUPPRESSION BY HYPTPC



BACK GROUND REDUCTION METHOD 
SUBMITTED TO PTEParXiv:2606.22750

https://arxiv.org/abs/2606.22750


19

Key of  E90: High resolution ΔM = 0.4 MeV

Theoretical 
Value of 

ΣN scattering 
length

（T=1/2, 3S1）

Sensitivity of past experiment（ΔM = 2 MeV） Sensitivity of E90（ΔM = 0.4 MeV）

ΣN-dibaryon !?



EXPERIMENTAL TECHNIQUE TO STUDY 
THE HADRON-HADRON INTERACTION
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The beam and 
target are limited

Neutral particles are 
difficult to measure. 
Spin decomposition.

No necessary to 
measure the neutral 
particles such as Λη
→Next talk

!beam

target

sca*ered par.cle

Scattering Experiment Femtoscopy

k*

correlation

Cusp shape (slope)
-> scattering length

Cusp Spectroscopy
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Σ p

ALICE(Run2) Σ+p ALICE(Run2) Σ0p

Σp Femtoscopy at ALICE



SYNERGY WITH NEW TOOLS [YN SYSTEM]
(FEMTO, CUSP, YN-SCATTERING)

¡ ΛN interaction (T=1/2, S=(0, 1))
¡ Λp scattering experiment including spin observable

¡ ΣN interaction (T=(1/2,3/2), S=(0, 1))
¡ J-PARC E90（ΣN cusp）: T=1/2, S=1
¡ Σ0p Femto: T=(1/2, 3/2), S=(0, 1)
¡ Σ+p Femto: T=(3/2), S=(0, 1) T=1/2, S=(0,1)

T=1/2, S=0

S=0, 1
ΛN-ΣN coupling (imaginary part)

ΛN-ΣN interaction will 

be completely determined
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Isospin decomposition!
Spin decomposition!



SUMMARY

¡ Femtoscopy is powerful tool to open new era of hadron interactions.

¡ Issues: 
¡ Isospin and spin averaged interaction is given.

¡ Neutral particles (ex. η, η’) are difficult to measure. 

¡ Cusp spectroscopy will be also good tools to study hadron interaction. 

¡ J-PARC E90 will determine the ΣN scattering length with (T, S) = (1/2, 1) channel.

¡ Synergy with new tools (Femto, Cusp, YN-scattering) will reveal the YN 
interaction for each isospin and spin combination!
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BACK UP
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REQUIREMENTS FOR THE “ΣN CUSP” EXPERIMENT

¡ Good energy resolution (σ < 1 MeV)
¡ High statistics (> 104 events)
¡ Good Signal / Noise (S/N) ratio
¡ Avoid FSI except for the ΣN

¡ × Stopped K-d → Λpπ- reaction (pπ〜pΛ〜pp)
FSI: πΛ, πp, YN (YN FSI = ΣN cusp signal)

¡ 〇 In-flight K-d → Λpπ- reaction (pK〜 pπ >> pΛ〜pp)
FSI: YN (YN FSI = ΣN cusp signal), 〇impulse approximation

¡ Decompose 1S0 and 3S1 contribution 
(K-d→Λpπ- reaction: extract only 3S1 contribution by D-target property)
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There was no experiment to satisfy these requirements!!

Dahl
Stopped K-

FSI (πΛ)
Σ(1385)

=M(πΛ)



!"# $%&''()*+, -(+,'.
① A.D. Martin, Nucl. Phys. B179, 33 (1981).

② B. Borasoy et al., Phys. Rev. C74, 055201 (2006).
Chiral SU(3) before SIDDHARTA KpX. 

③ Y. Ikeda, T. Hyodo and W. Weise, Nucl. Phys. A 881, 98 (2012).
Chiral SU(3) after SIDDHARTA KpX. 

SIDDHARTA: 

→ a(K-p) = ½(a(I=0)+a(I=1))

→ a(K-n) = a(I=1)

→ a(I = 0) = -1.97 + i1.05 fm

26
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T(ΣN→ΛN)∝ "
#$%&'

Above threshold: R = *+"
{ #-&" .- &/ .} ~ 1 − 256 + 8(52)

Below threshold: R = *+"
{ #-;/ .- ;" .} ~ 1 − 2κ= + 8 κ2 , 5 = ?κ

(5~ 2@A)

“ΣN Cusp” can be expressed by the ΣN scattering 
length (AΣ=a+ib) of the (T, S) = (1/2, 3S1) channel!!

“ΣN cusp” K-d→π-Λp reaction

¡ f(θ)∝ T(BCD →ΛNπ)〜 T(BCN→πΣ) Fd(FΣ, kΣ) T(ΣN→ΛN)

R.H. Dalitz, Nucl. Phys. A354, 101 (1981).

Amplitude of the elementary reaction

: deuteron wave function

Deuteron factor Amplitude of ΣN→ΛN reaction (Important term)
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E = (1491.3, 107.6)MeV
E = (1615.4, -37.9) MeV
E = (1454.1, 67.7) MeV

ー①(Martin) A = 0.37 + 0.60 fm
ー②(Chiral Old) A = -0.06 + 0.57 fm
ー③(Chiral IHW)A = 0.57 + 0.73 fm

＊Threshold = (K0 + n)

!0n cusp structure (calculation)
K- p

ALICE Coll. PRL124 (2020)

!0n cusp

!0 n threshold
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IMPORTANCE OF (T, S) = (1/2, 1) CHANNEL IN 4ΣHe

( VTS )

ΣN interaction has strong T and S dependence.
VT=3/2, S=1 and VT=1/2, S=0 are expected to be 
repulsive due to quark Pauli-blocking effect.
→ No Σ-hypernuclei in large A system.

ΣN cusp channel: VT=1/2, S=1
(expected to be attractive potential and 
origin for the 4ΣHe bound state)

ΣNNN (4body) system ΣN(2body) system

4He(K-,	π+):
4He(K-,	π⁻):



Re k
0

Ⅱ

Ⅲ Ⅳ

• Pole in (Ⅳ) quad                             

Im k

• Pole in (Ⅲ) quad                                

K. Miyagawa and H. Yamamura, PRC 60, 024003 (1999).

Bound state

Virtual state
/Cusp Resonance

POLE POSITION vs CROSS SECTION (dσ/dE)
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• Pole in (Ⅱ) quad 
Pole position: !~ − $

%
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Sensitivity of past experiment’s resolution（ΔM = 2 MeV）
with E90 statistics(1.4×104 events) / 0.2 MeV
Old bubble chamber: < 103 events

603 events 
/ 2MeV (11 bin)
ΔM = 2 MeV

217 events
/ 2MeV (11 bin)
ΔM = 3 MeV

Braun

Eastwood
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with E90 statistics(1.4×104 events) / 0.2 MeV
Old bubble chamber: < 103 events

603 events 
/ 2MeV (11 bin)
ΔM = 2 MeV

217 events
/ 2MeV (11 bin)
ΔM = 3 MeV

Braun

Eastwood

Sensitivity of E90’s resolution（ΔM = 0.4 MeV）
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Braun

603 events 
σ = 2 MeV

Eastwood
217 events
σ = 3 MeV Σ

Stopped K- reaction
・Multiple K- scattering
・FSI:πΛ, πp (pπ～pΛ～pp)

[YN FSI = Signal]

Tan
2470 events
σ = 1 MeV



HIRES
(COSY)

TOF
(COSY)

pp→ΛpK+: Good resolution, Worse SN, 1S0+3S1 mixed,
Complicated reaction mechanism (via N*, Δ*)
→PWA (with Spin observable)

ALICE(pp@13TeV, Femtoscopy)
1S0+3S1 mixed→Spin observable
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HIRES
(COSY)

TOF
(COSY)
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pp→ΛpK+: Good resolution, Worse SN, 1S0+3S1 mixed,
Complicated reaction mechanism (via N*, Δ*)
→PWA (with Spin observable)

ALICE(pp@13TeV, Femtoscopy)
1S0+3S1 mixed→Spin observable

There was no experiment to satisfy the requirements!!



– J-Aモデル：
a=-2.5, b=3.7 fm

− NBモデル：
a=-3.0, b=1.8 fm

− NDモデル：
a=2.1, b=4.6 fm

Bubble chamber data
・low resolution（ΔM > 1MeV）
・small statistics（< 1000 events）
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ΔM = 2 MeV
14,000 events

±10 MeVJ-A model：
a=-2.5, b=3.7 fm
NB model：
a=-3.0, b=1.8 fm

ND model：
a=2.1, b=4.6 fm

Line -：Ideal

With error ＋: 
with statistics and 
resolution

ΔM = 2 MeV
600 events

±10 MeV
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Resolution is the most important！！

SENSITIVITY OF OLD BUBBLE CHAMBER



CROSS SECTION OF ELEMENTARY PROCESS
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