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Scattering theory - two-body  
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Ti → f

In scattering theory theory we need to know the 
initial and final state

Ti → f = < ψf | V | ψi >

        asymptotic wave function: well defined  

● Not-charged particles

● Charged particles 

Plane waves

Coulomb distorted plane waves [1]

[1]  J.I. Hornyak, A.T. Kruppa, j. Math. Phys. 54, 053502

https://arxiv.org/abs/1304.6247
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Ti → f

In scattering theory theory we need to know the 
initial and final state

Ti → f = < ψf | V | ψi >

           Asymptotic wave function: not analytically well defined

● Not-charged particles

● Charged particles 

Plane waves

[1]  J.I. Hornyak, A.T. Kruppa, j. Math. Phys. 54, 053502
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Analytically unknown

https://arxiv.org/abs/1304.6247
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● Asymptotic configurations:

● Effect of the Coulomb forces decrease too slow to be negligible even for infinite separation

● 3 cases give 3 different Coulomb solution
○ Not possible to generalize and have a unique solution[1]

●  Long standing problem in nuclear physics and atomic physics
○ An approximated solution exist → To be tested!

[1] E. O. Alt et al., Phys. Rev. A 47, 2004

Case 1 Case 2 Case 3

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.47.2004
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● Asymptotic configurations:

● Effect of the Coulomb forces decrease too slow to be negligible even for infinite separation

● 3 cases give 3 different Coulomb solution
○ Not possible to generalize and have a unique solution[1]

●  Long standing problem in nuclear physics and atomic physics
○ An approximated solution exist → To be tested!

[1] E. O. Alt et al., Phys. Rev. A 47, 2004

Case 1 Case 2 Case 3

Three-body femtoscopy can be used as an                                                                                      
effective 3 → 3 scattering experiment[2]

  [2]  ALICE Coll., arXiv:2608.05708v1

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.47.2004
https://arxiv.org/abs/2608.05708
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Femtoscopy technique at LHC 
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 Source: relative distance distribution (See Daniel’s talk)

Two-body scattering wave function
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Femtoscopy technique at LHC 
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Jacobi coordinates

[1]

[1] Eur. Phys. J. A 59 (2023) 145

Two-body scattering wave function
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Jacobi coordinates

[1]

[1] Eur. Phys. J. A 59 (2023) 145

Three-particle scattering wave function

https://arxiv.org/abs/2206.03344
https://arxiv.org/abs/2206.03344
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Three-body measurement plan in Run 3
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S = 0 S = -1 S = -2 S = -3

NNN NNΛ  NNΣ  

ppK+

NΛΛ  NΛΣ  

NNΞ  Ξd

ΛΛΛ   NΛΞ  

● Many 3-body femtoscopy measurement expected with Run 3 data

○ Transition from the QCD perturbative regime to the low-energy domain

○ Behaviour of matter in dense astrophysical environments

Three-body systems     
ongoing (published[1]) 
by Prague and other 
ALICE groups 

Three-body systems                               
soon in Prague (if statistic 
will allow it)

  [1]  ALICE Coll., arXiv:2608.05708v1

https://arxiv.org/abs/2608.05708
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Three-body measurement plan in Run 3
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● Many 3-body femtoscopy measurement expected with Run 3 data

● Goal: study the 3-body strong interaction → other contributions have to be well describe

○ No any problems with anti symmetrization

○ Important to have a good approximation for Coulomb 

Coulomb potential                             
+ 

Quantum anti symmetrization                
+

Strong interaction potential of 
interest
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Approximation for Coulomb potential 
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● A possible solution of the problem: screened Coulomb potential[1]

● Coulomb potential
○ Screened exponentially with a power of n
○ Suppressed for relative distance >> rsc

n, rsc: no physical parameter, need to be 
properly chosen 
 

[1] A. Kievsky et al., Phys. Rev. C.110.054004

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.054004
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● A possible solution of the problem: screened Coulomb potential[1]

● For 2-body pp correlation function  
○ Asymptotic solution is exactly know
○ n = 4, rsc = 100 fm 

■ Good approximation for k* > 5 MeV/c

n, rsc: no physical parameter, need to be 
properly chosen 
 

[1] A. Kievsky et al., Phys. Rev. C.110.054004

A. Kievsky et al., Phys. Rev. C.110.054004

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.054004
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.054004
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● A possible solution of the problem: screened Coulomb potential[1]

● For 2-body pp correlation function  
○ Asymptotic solution is exactly know
○ n = 4, rsc = 100 fm 

■ Good approximation for k* > 5 MeV/c

● Does It works for 3-body as well?
○ n, rsc values?

n, rsc: no physical parameter, need to be 
properly chosen 
 

[1] A. Kievsky et al., Phys. Rev. C.110.054004

A. Kievsky et al., Phys. Rev. C.110.054004

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.054004
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.054004
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● Test the 3-body Coulomb potential with a data-driven approach:

○ Effect of strong interaction for these particle is negligible[1] → Coulomb can be isolated

○

○ At this distance → short range interaction suppressed → Asymptotic behavior

 

Test the 3-body Coulomb approximation 
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Study the correlation function of π+π+π+ (π-π-π-) in Pb-Pb collisions at LHC

13

Jacobi coordinates

[1]

[1] Eur. Phys. J. A 59 (2023) 145[1] J. Eser, J. Blaizot, Phys. Rev. D 105, 074031

https://arxiv.org/abs/2206.03344
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.074031j
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● Test the 3-body Coulomb potential with a data-driven approach:

○ In PbPb emission of hadrons occurs at larger relative distances with respect to pp

■ At this distance → short range interaction suppressed → Asymptotic behavior

○

○ At this distance → short range interaction suppressed → Asymptotic behavior

 

Test the 3-body Coulomb approximation 
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Study the correlation function of π+π+π+ (π-π-π-) in Pb-Pb collisions at LHC
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Jacobi coordinates

[1]

[1] Eur. Phys. J. A 59 (2023) 145Asymptotic regionInteraction region

Typical short range 
nuclear potential

https://arxiv.org/abs/2206.03344
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● Test the 3-body Coulomb potential with a data-driven approach:

● π+(-) statistic will allow to have less than 1% of uncertainties on n and rsc values

○ At this distance → short range interaction suppressed → Asymptotic behavior

 

Test the 3-body Coulomb approximation 

15

Study the correlation function of π+π+π+ (π-π-π-) in Pb-Pb collisions at LHC
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Jacobi coordinates

[1]

[1] Eur. Phys. J. A 59 (2023) 145

https://arxiv.org/abs/2206.03344
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1. Fit the 2-body π+π+ CF (ALICE - Run1 Data[1]) → extract single pion emission radii (Rpp , Rrr) 

2. Use Rpp , Rrr for obtain 3-body hyperspherical source 

3. Fold source and calculation for coulomb screened potential with 3 π+

4. Compare with experimental π+π+π+ CF

a. Check correctness of coulomb approximation

b. Extract n and rsc

 

Analysis steps 
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[1] ALICE Coll., Phys. Rev. C 89, 024911

https://arxiv.org/pdf/1310.7808
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Fit on 2-body π+π+ ⊕ π-π- CF  
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●
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Fit on 2-body π+π+ ⊕ π-π- CF - Source  
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●                                                                                      

● π+(-) may be:
○ Primary
○ From weak decay → r ~ cm → out from the source (fm)
○ From strong resonance
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Fit on 2-body π+π+ ⊕ π-π- CF - Source  
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●                                                                                      

● π+(-) may be:
○ Primary
○ From weak decay → r ~ cm → out from the source (fm)
○ From strong resonance

● π+(-)  pairs: 

Primary - Primary Primary - Resonance Resonance - ResonanceResonance - Primary

Rpp Rpr Rpr Rrr
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Fit on 2-body π+π+ ⊕ π-π- CF - Source  
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●                                                                                      
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Fit on 2-body π+π+ ⊕ π-π- CF - Source  
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●                                                                                     

    
●                                                                                      
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Fit on 2-body π+π+ ⊕ π-π- CF - Source  
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●                                                                                     

    
●                                       

      
● p = fraction of primordial pions → from Thermal-FIST [1]                                                                                     

                  

[1] V. Vovchenko, H. Stoecker, j. cpc. 2019.06.024

https://www.sciencedirect.com/science/article/pii/S0010465519302139?via%3Dihub


Roberta Ferioli

Fit on 2-body π+π+ ⊕ π-π- CF - Source  
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●                                                                                     

    
●                                       

      
● p = fraction of primordial pions → from Thermal-FIST [1]

●  Wave function →  modeling with CATS [2]

○ Coulomb   
○ Strong interaction 
○ Quantum antisymmetrization                                                                                     

                  

[1] V. Vovchenko, H. Stoecker, j. cpc. 2019.06.024

|ψ(k*,r)|2 , π+π+

[2] D. L. Mihaylov et al., Eur. Phys. J. C (2018) 78:394

https://www.sciencedirect.com/science/article/pii/S0010465519302139?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-018-5859-0
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Fit on 2-body π+π+ ⊕ π-π- CF - Total Fit  
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●                                                                                      

                
Total fit function
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Fit on 2-body π+π+ ⊕ π-π- CF - Total Fit  

25

●                                                                                   
   

    

●  π+(-) that not contribute to interaction → C(k*) = 1

○ π+(-)  from weak decay

○ π+(-)  from long-lived strong resonances

○ π+(-) experimental background and misidentification                                                                              

                

Total fit function
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Fit on 2-body π+π+ ⊕ π-π- CF - Total Fit  
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●                                                                                   
   

                                                                                               

●  Rpp, Rrr free parameter of the fit                                                                                     

                

Total fit function This work
ALICE, Phys. Rev. C 89, 024911
Pb-Pb √SNN=2.76 TeV
0-5%
0.2<kT<0.3 GeV/c 

https://arxiv.org/pdf/1310.7808
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Three-body hyperspherical source 

27

Two-body sources

A lot of algebra 

Three-body sources
This work 

From 2-body fit
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Three-body hyperspherical source 
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Two-body sources

A lot of algebra 

Three-body sources
This work 

● Fold to calculation of thee-body wave function with 
screened potential (performed by Dr. Martin Schäfer)
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Three-body π+π+π+ ⊕ π-π-π- CF and comparison with data 
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● No fit performed → n and rsc values from 2-body 
calculations

●                                                       

● Two different ensemble of resonance considered 
○ In depth studies → ongoing

   

● Good agreement with data in the high Q3 region
○ Peak region → under study

This work
ALICE, Phys. Rev. C 89, 024911
Pb-Pb √SNN=2.76 TeV

https://arxiv.org/pdf/1310.7808
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Summary and outlook 
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● Presented the first attempt of describe 3-body 
correlation function of π+-π+-π+-

● Approximation for Coulomb potential                                    
has been used and tested

● General good agreement with data

○ Low Q3 region → to be investigated

○ Different parameters values → to be tested

● Next steps:

○ Extend the study also to mixed charge system

This work
ALICE, Phys. Rev. C 89, 024911
Pb-Pb √SNN=2.76 TeV

Thank you for your attention!

This work
ALICE, Phys. Rev. C 89, 024911
Pb-Pb √SNN=2.76 TeV
0-5%
0.2<kT<0.3 GeV/c 

https://arxiv.org/pdf/1310.7808
https://arxiv.org/pdf/1310.7808
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Primary - Primary Primary - Resonance Resonance - ResonanceResonance - Primary

Rp Rpr Rpr Rr

Backup
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Buckup - Strangeness in neutron stars
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● High density in a core of a neutron star
○ Fermi gas assumption + nuclear forces

                 𝜌core≥ 2 − 3 𝜌0

● Production of hyperons is energetically 
possible via weak process

nn → nΛ
nn → pΣ-

     …
● Equation of state with state-of-the-art 

interactions for NN, NNN, YN (S=-1 and S=-2) 
and YY fail to reproduce observed heavy 
neutron stars

 

Eur.Phys.J.A 61 (2025) 3, 59

https://arxiv.org/abs/2412.12729
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● High density in a core of a neutron star
○ Fermi gas assumption + nuclear forces

                 𝜌core≥ 2 − 3 𝜌0

● Production of hyperons is energetically 
possible via weak process

nn → nΛ
nn → pΣ-

     …
● Equation of state with state-of-the-art 

interactions for NN, NNN, YN (S=-1 and S=-2) 
and YY fail to reproduce observed heavy 
neutron stars

 

● Missing contributor?
○ nY: Attractive interaction
○ nnY / nYY: repulsive? → Increasing in model prediction

■ Enough? 

Eur.Phys.J.A 61 (2025) 3, 59
Phys. Rev. Lett. 114, 092301

https://arxiv.org/abs/2412.12729
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.092301
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Backup - Three-body forces 
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● Precise knowledge, including 3-body forces effects, of the short-range nuclear 
force is necessary:

○ Transition from the QCD perturbative regime to the low-energy domain

○ Behaviour of matter in dense astrophysical environments

○

●

Femtoscopy can bridge the experimental gap and deliver                     
measurements for three-body systems with hyperons
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Backup - Femtoscopy technique 
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● Possible to study the interaction by studying the 3-body correlation function (CF) 

a. Measuring C(Q3) 

b. Fixing the source S(ρ) (See Daniel’s presentation)

 

Study the interaction

V
(ρ

) (
M

eV
)

ρ (fm)
C

(Q
3)

Q3 (MeV/c)
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Backup - Fit on 2-body π+π+ ⊕ π-π- CF  
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●                                                                                   
   

    
●                                                                                      

                

Total fit function

from MC, Data from Thermal-FIST
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Backup - 2-body sources 
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● Sum of 3 Gauss
○ Two primary pions
○ One primary and one from resonance
○ Two from resonance

● Weight from Thermal-FIST
○ p ~ 37%
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Backup - 3-body sources 
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Backup - Femtoscopy measurements with ALICE 
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Backup - Femtoscopy measurements with ALICE  
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Measurements to solve the hyperon puzzle in neutron stars:

Three-body systems                               
soon in Prague (if statistic will allow it)

Not possible to study n in ALICE → correction from p studies

S = 0 S = -1 S = -2 S = -3

NNN NNΛ  NNΣ  

ppK+

NΛΛ  NΛΣ  NΣΣ  

NNΞ  Ξd

ΛΛΛ  ΣΣΣ  
NΛΞ  NΣΞ

Three-body systems     
ongoing in ALICE
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Backup - ppp, ppΛ, ppΞ- Correlation function from Run 3 
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● Motivation of interest: 

a. ppp (S = 0)

■ 3 nucleons interactions: well understood[1] → Can be use as benchmark for 3-body 
femtoscopy

■ Quantify the sensitivity of the correlation observable to the inclusion of the three-body 
components in the calculations.

b. ppΛ (S = -1), ppΞ- (S = -2) 

■ Study interaction between NN and hyperons

 

[1] Phys. Rev. C 109, 034006

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.109.034006
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Backup - 3-body measurements in ALICE

42

 
● ppp: 

○ Novel way to study many-body interactions                     
via three free baryon scattering 3 → 3

○ paper: will be publish soon

● ppΛ: 
○ Significant effect of the three-body interaction 
○ Not still complete calculations

● ppΞ
○ First measurement with S = -2
○ Not available calculations for strong                                              

interaction → look promising
○ Structures observed → to be investigated

● Presented results of femtoscopy study with different 3-body systems


