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T.Otsuka et al., Nature Commun 13, 2234 (2022)

Fundamental structure of atomic nuclei
• Multipole deformations
• Clustering
• Neutron skin/halo
• …

Chun Shen, Quark Matter 2025

STAR Collaboration, Nature 635, 67-72 (2024)

PREX Collaboration, PRL 126, 172502 (2021)

• how the universe makes elements,
• how we harness nuclear energy,
• and neutrinoless double beta decay.

It is the required bridge between:

Talk by Jiangming Yao, April 13, 10:00 PM 
Talk by Kenta Hagihara, April 13, 11:00 PM 
Talk by Xin Zhang, April 13, 14:30 PM 
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Not all Forests are beautiful!

QMD
EQMD

AMD

DFT

VMC

PGCM
NLEFT
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High Energy Experiments
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Standard Model of HIC

Can we reconstruct information 
about nuclear structures from HIC 

measurements?

P.Sorensen, arXiv: 0905.0174

Shape of the fireball: Anisotropic flow

Size of the fireball: Radial flow

Vn ∝ ℰn

⟨pT⟩ ∝
1
R

and ⟨pT⟩ ∝ E

H.Niemi et al., PRC 87 (2013) 5, 054901

G.Giacalone et al., PRC 103 (2021) 2, 024909
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Strong Collective Correlation of Nucleons

J.Jia, PRC 105 (2021) 014905

J.Jia, PRC 105 (2022) 4, 044905

STAR Collaboration, PRL 115 (2015) 222301

STAR Collaboration, Nature 635 (2024) 8037
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Opportunity of Light Ion Collisions

G.Giacalone et al., PRL 134 (2025) 082301

HM, A.Saha, EPJC 85 (2025) 1284

- Connecting ab initio model with relativistic nuclear collisions  

G.Giacalone et al., PRL 135 (2025) 012302

B.N.Lu et al., PRL 119 (2017) 222505

  Pinhole Algorithm   

Talk by Bingnan Lu, April 17, 10:00 AM 
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Opportunity of Light Ion Collisions
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LHC RHIC

Talk by Chunjian Zhang, April 15, 11:00 AM 
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Clustering Model

George Gamow, Nature 130, 648 (1932)

M.Rybczynski et al., PRC 97 (2018) 034912

Y.Wang et al., PRC 109, L051904 (2024)

D.Behera et al., PRC 109, 014902 (2024)

Z.Lu et al., PLB 868, 139698 (2025)

C.Zhang et al., PLB 862, 139322 (2025)

L-M.Liu et al., PRC 111, L021901 (2025)

J.P.Blaizot & G.Giacalone, EPJA 61 (2025) 9, 220

J-Y.Hu et al., 2507.01493

P.Li et al., 2511.23293

X.Fan et al., 2511.23293

J.P.Blaizot et al., 2512.18926

…

JP. Ebran et al., Nature 487, 341–344 (2012)

Talk by Jiangming Yao, April 13, 10:00 AM 

Talk by Oscar Garcia-Montero, April 15, 10:00 AM 
Talk by Chunjian Zhang, April 15, 11:00 AM 
Talk by Giuliano Giacalone, April 20, 10:00 AM 
Talk by Weiyao Ke, April 20, 11:00 AM 

α = b/r0
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General Picture: A Rigid-Rotor Model
Can we find an approximate yet realistic analytical model of the collision process?

Approach

- The leading dependency of final-state observables on nuclear structure of two colliding nuclei

- Symmetric and asymmetric collisions

- Light and heavy nuclei collisions

 n-body particle densities:

ρ(n)(r1, r2, ⋯, rn) = ∫rn+1,⋯,rA

|Ψ(r1, r2, ⋯, rA) |2

Transverse n-body density of nucleons:

ρ(n)
⊥ (r1⊥…, rn⊥) = ∫z1,…,zn

ρ(n)(r1, r2, ⋯, rn)

n-body Operators:

⟨ ̂T⟩ = ⟨r2
1⊥r2

2⊥r2
3⊥ei2(ϕ2−ϕ3)⟩ − ⟨r2

⊥⟩⟨r2
1⊥r2

2⊥ei2(ϕ1−ϕ2)⟩

G.Giacalone, EPJA 59 (2023) 297

M.Alvioli et al., PLB 680, 22 (2009)

⟨R̂2⟩ = ⟨r2
⊥⟩ = 2R2

0 + 𝒪(β2
2)

⟨ℰ̂2⟩ = ⟨rn
1⊥rn

2⊥ein(ϕ1−ϕ2)⟩ =
6
π

R4
0 β2

2 + 𝒪(β3
2)

HM, G.Giacalone, M.Luzum, 2604.00619

T.Duguet et al., PRL 135 (2025) 182301

Talk by Giuliano Giacalone, April 20, 10:00 AM 

A-nucleon ground-state  
wave function

=
12 5R6

0

7π3/2
β3

2 cos(3γ) + 𝒪(β4
2)
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General Picture: A Rigid-Rotor Model
Can we find an approximate yet realistic analytical model of the collision process?

Approach

- The leading dependency of final-state observables on nuclear structure of two colliding nuclei

- Different symmetric and asymmetric collisions

- Small and large systems

The density of overlapping area:

ϵ(r⊥) = (T(r⊥)T′￼(r⊥))p =
A

∑
i=1

g(r⊥ − ξi)
B

∑
j=1

g′￼(r⊥ − ξj)

p

k-body correlations:

⟨ϵ(r)⟩ = [A∫ξ
ρ(1)

⊥ (ξ)g(r − ξ)]
2

G.Giacalone, EPJA 59 (2023) 297

J.S.Moreland et al., PRC 92, 011901 (2015) J.P.Blaizot et al., PLB 738, 166 (2014)

Profile of a nucleon located at 
position  in the transverse planeξi

Talk by Giuliano Giacalone, April 20, 10:00 AM 

A point in the transverse 
plane after the collision
takes place

Impact parameter is zero

p = 1

⟨ϵ(r1)ϵ(r2)⟩ = [A∫ξ
ρ(1)

⊥ (ξ)g(r1 − ξ)g(r2 − ξ)

+A(A − 1)∫ξ1,ξ2

ρ(2)
⊥ (ξ1, ξ2)g(r1 − ξ1)g(r2 − ξ2)]

2

⋮
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Light Nuclei: Alpha Clustering 
Distribution of nucleons in each cluster

- One-body density:

M.Rybczynski et al., PRC 97 (2018) 034912

ρα( ⃗r) = ( 3
2πr2

L
)3/2 exp[ −

3( ⃗r − ⃗L i)
2r2

L
]

Transverse densities:

- Two-body density:

ρ(2)
⊥ (r, r′￼) =

9
4π2r4

L
e

− 3( |r |2 + |r′￼|2)
2r2

L

Nα

∑
i,j ⟨exp[ −

fi − 2(x hx,i + y hy,i) + fj − 2(x′￼ hx′￼,j + y′￼ hy′￼,j)
2r2

L /3 ]⟩
Ω

: Position of the center of the cluster  ⃗L i i
: Root-mean-square radius of the clustersrL

HM, PRC 113 (2026) 3, 034909

ρ(1)
⊥ (r) =

Nα

∑
i=1

⟨ραi
(r, Ω)⟩Ω =

3
2πr2

L
e

− 3 |r |2

2r2
L

Nα

∑
i=1 ⟨exp[ −

fi − 2(x hx,i + y hy,i)
2r2

L /3 ]⟩
Ω

fi = | ⃗L i |
2 − (Lz,i c2 + (−Ly,i c1 + Lx,i s1) s2)2

hx,i = (Ly,i c1 c2 − Lx,i c2 s1 + Lz,i s2) s3 + (Ly,i s1 + Lx,i c1) c3

hy,i = (Ly,i c1 c2 − Lx,i c2 s1 + Lz,i s2) c3 − (Ly,i s1 + Lx,i c1) s3

Ω = (a1, a2, a3)
ci = cos ai and si = sin ai



13

Light Nuclei: Alpha Clustering 
Distribution of nucleons in each cluster

- One-body density:

M.Rybczynski et al., PRC 97 (2018) 034912

ρα( ⃗r) = ( 3
2πr2

L
)3/2 exp[ −

3( ⃗r − ⃗L i)
2r2

L
]

Transverse densities:

- Two-body density:

: Position of the center of the cluster  ⃗L i i
: Root-mean-square radius of the clustersrL

Intra-Cluster

Inter-Cluster

Intra-Cluster:

Inter-Cluster:

ρ(2)
⊥,1(r, r′￼) =

Nα

∑
i=1

⟨ρ(αi)
⊥ (r, Ω)ρ(αi)

⊥ (r′￼, Ω)⟩Ω

ρ(2)
⊥,2(r, r′￼) =

Nα

∑
i≠j

⟨ρ(αi)
⊥ (r, Ω)ρ (αj)

⊥ (r′￼, Ω)⟩Ω

ρ(1)
⊥ (r) =

Nα

∑
i=1

⟨ραi
(r, Ω)⟩Ω =

3
2πr2

L
e

− 3 |r |2

2r2
L

Nα

∑
i=1 ⟨exp[ −

fi − 2(x hx,i + y hy,i)
2r2

L /3 ]⟩
Ω

HM, PRC 113 (2026) 3, 034909
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Light Nuclei: Alpha Clustering 

⟨ϵ(r, Ω, Ω′￼)ϵ(r′￼, Ω, Ω′￼)⟩ = ⟨
A,B

∑
s,t=1

𝒢(r − ξs)𝒢(r − ξt)
A,B

∑
n,m=1

𝒢(r′￼− ξn)𝒢(r′￼− ξm)⟩

= ⟨
A

∑
s,n=1

𝒢(r − ξs)𝒢(r′￼− ξn)
B

∑
t,m=1

𝒢(r − ξt)𝒢(r′￼− ξm)⟩

HM, PRC 113 (2026) 3, 034909

Two-point function:

= [A∫ξ
ρ(1)

⊥ (ξ)g(r − ξ)g(r′￼− ξ)

+(A2 − A)∫ξ ∫ξ′￼

ρ(2)
⊥ (ξ, ξ′￼)g(r − ξ)g(r′￼− ξ′￼)]

2

= [A′￼Nα ℐ(1)(r, r′￼, Ω) + Nα(A′￼2 − A′￼) ℐ(2)
1 (r, r′￼, Ω) + A′￼2Nα(Nα − 1) ℐ(2)

2 (r, r′￼, Ω)]
2

Intra-Cluster Inter-Cluster

Intra-Cluster

Inter-Cluster
One-body densityA′￼ = 4



15

Light Nuclei: Nucleon Configurations 

Projected Generator Coordinate Method (PGCM)

Nuclear Lattice Effective Field Theory (NLEFT)

Variational Mone Carlo (VMC)

Ab initio formalism
 EFT HamiltonianN3LO

Particle-number projected one-body density from 
intrinsic Hartree-Fock-Bogoliubov state

Effective field theory + lattice Monte Carlo
Well-suited to probe clustering effects
Nuclear many-body correlations to all orders preserved

Including shorts-range repulsive effects

 chiral EFT HamiltonianN2LO

M.Frosini et al., EPJA 58, 64 (2022)

U.-G.Meißner et al., PRL 119, 222505 (2017)

D.Lonardoni et al., PRC 97, 044318 (2018)

C.Zhang et al., PLB 862, 139322 (2025)

Talk by Bingnan Lu, April 17, 10:00 AM 

Talk by Thomas Duguet, April 16, 10:00 AM 
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Clustering Model: Nucleon Configurations 

C.Zhang et al., PLB 862, 139322 (2025)

Acceptance-Rejection Method (ARM)
R.Christensen, A.Branscum, and T.E.Hanson, Bayesian ideas and data analysis: an introduction for scientists and statisticians (2010)

Define target distribution f(x) & proposal distribution g(x)

Determine the constant M (M·g(x) ≥ f(x) always holds)

Generate random number X from g(x)

Generate uniform random number U ∈ (0,1)

Judge: Is U ≤ f(X)/(M·g(X))?

Check if enough samples are collected?

Yes

No

No

Yes
End
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Clustering Model: Nucleon Configurations 

C.Zhang et al., PLB 862, 139322 (2025)

Acceptance-Rejection Method (ARM)
R.Christensen, A.Branscum, and T.E.Hanson, Bayesian ideas and data analysis: an introduction for scientists and statisticians (2010)

Define target distribution f(x) & proposal distribution g(x)

Determine the constant M (M·g(x) ≥ f(x) always holds)

Generate random number X from g(x)

Generate uniform random number U ∈ (0,1)

Judge: Is U ≤ f(X)/(M·g(X))?

Check if enough samples are collected?

End

C(Δr) = 1 −
ℱ(Δr)
ℱ′￼(Δr)

NN Correlations:

 & f(x) = ℱ(Δr) g(x) = ℱ′￼(Δr)

Acceptance:

M = sup
Δr

ℱ(Δr)
ℱ′￼(Δr)

= Δrbiggest

correlated

uncorrelated

Q.Liu, HM, and B.Lu, 2509.00315
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Isolated NN Correlations: O+O collisions
Acceptance-Rejection Method (ARM) Q.Liu, HM, and B.Lu, 2509.00315

VMC

NLEFT

3pF

0 1 2 3 4 5
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0.15

r [fm]

ρ
(r)

[fm
-3
]

1. 3pF density distribution:   ρ(r) ∝
1 + w (r2/R2

0)
1 + e(r−R0)/a0

2. Angle coordinates ( )cos θ & ϕ

3. : NLEFT and VMCℱ(Δr)

Δr′￼

3pF

VMC

VMC ARM

0 1 2 3 4 5

0.0

0.2

0.4

0.6

0.8

1.0

Δr [fm]

C
(Δ
r)

NLEFT

NLEFT ARM

0 1 2 3 4 5
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

Δr [fm]

C
(Δ
r)

M = Δrbiggest

U ≤
ℱ(Δr′￼)

M ⋅ ℱ′￼(Δr′￼)

R0 = 2.608 fm, a0 = 0.513 fm, w = − 0.051
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Isolated NN Correlations: O+O collisions
Acceptance-Rejection Method (ARM) Q.Liu, HM, and B.Lu, 2509.00315

VMC
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]

1. 3pF density distribution:   ρ(r) ∝
1 + w (r2/R2

0)
1 + e(r−R0)/a0

3pF

VMC

VMC ARM

0 1 2 3 4 5

0.0

0.2

0.4

0.6

0.8

1.0

Δr [fm]

C
(Δ
r)

NLEFT

NLEFT ARM

0 1 2 3 4 5
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

Δr [fm]

C
(Δ
r)

U ≤
ℱ(Δr′￼)

M ⋅ ℱ′￼(Δr′￼)
Angular CorrelationsR0 = 2.608 fm, a0 = 0.513 fm, w = − 0.051

2. Angle coordinates ( )cos θ & ϕ

3. : NLEFT and VMCℱ(Δr)

Δr′￼

M = Δrbiggest
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Angular Correlations: O+O collisions Q.Liu, HM, and B.Lu, 2509.00315

εn{2}2 =
∫r ∫r′￼

|r |n |r′￼|n eni(ϕ−ϕ′￼)⟨δϵ(r)δϵ(r′￼)⟩ev

( ∫r
|r |n ⟨ϵ(r)⟩ev)

2

C.Zhang et al., PLB 862, 139322 (2025)

The attractive correlation of 
NLEFT enhances 
fluctuations and .  εn{2}

The repulsion correlation of 
VMC reduces the 
eccentricities.  

δϵ = ϵ − ⟨ϵ⟩
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Angular Correlations: O+O collisions Q.Liu, HM, and B.Lu, 2509.00315
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Alpha Clustering: O+O and Ne+Ne collisions  HM, PRC 113 (2026) 3, 034909

Distribution of nucleons in each cluster M.Rybczynski et al., PRC 97 (2018) 034912

ρα( ⃗r) = ( 3
2πr2

L
)3/2 exp[ −

3( ⃗r − ⃗L i)
2r2

L
] : Position of the center of the cluster  ⃗L i i

: Root-mean-square radius of the clustersrL

1. Radial distribution (  )χ2/NDF ≈ 1 2. NN correlation distribution

●
●
●

●
●

●

●●
●●

●

●

●
●
●
●●

●
●
●
●

●

●
●

●●
●
●●

●
●

●
●
●

●●●
●
●●

●●
●
●
●●

●
●●

●●
●●

●
●●

●●
●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

● α cl.

PGCM

0 1 2 3 4 5
0.00

0.05

0.10

0.15

0.20

r [fm]

ρ
(r
)
[f
m

-
3
]

●

●

●

●

●

●

●

●
●
●
●
●●

●

●
●

●●
●
●●

●
●

●
●
●
●
●
●●

●●
●●●

●●
●●

●●
●
●
●
●
●●●

●
●

●●
●
●
●●

●●
●●

●
●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

VMC

0 1 2 3 4 5
0.00

0.05

0.10

0.15

0.20

r [fm]

ρ
(r
)
[f
m

-
3
]

●

●

●

●

●

●

●

●

●

●
●●●●

●

●
●
●●●●●

●

●
●
●●

●●
●
●
●●

●
●●

●●●●●
●
●●

●●
●
●●

●●
●
●●

●
●
●●

●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

NLEFT

0 1 2 3 4 5
0.00

0.05

0.10

0.15

0.20

r [fm]

ρ
(r
)
[f
m

-
3
]

●

●●

●

●

●

●

●
●
●●

●●●●
●
●●

●

●●●●●
●

●
●●

●●
●
●●●

●
●
●●

●●

●●●
●●

●
●●

●
●●●●●

●●
●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

3pF

0 1 2 3 4 5
0.00

0.05

0.10

0.15

0.20

r [fm]

ρ
(r
)
[f
m

-
3
]

●

●

●

●

●
●
●

●

●
●
●
●

●
●

●

●

●
●
●
●●

●

●●●●
●
●
●
●
●●●●

●
●
●●●

●
●●

●●●●●
●
●●●

●●
●●●

●●●
●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

NLEFT

0 1 2 3 4 5
0.00

0.05

0.10

0.15

0.20

r [fm]

ρ
(r
)
[f
m

-
3
]

●

●

●

●●
●

●
●

●

●●

●

●●

●

●
●●

●●
●●●

●
●●●

●●
●●

●
●

●●
●●

●●

●●●●
●
●●

●●●●
●●

●
●●●

●
●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

3pF

0 1 2 3 4 5
0.00

0.05

0.10

0.15

0.20

r [fm]
ρ
(r
)
[f
m

-
3
]

Tetrahedron

Bowlling-pin
R0 = 2.608 fm, a0 = 0.513 fm, w = − 0.051 R0 = 2.791 fm, a0 = 0.698 fm, w = − 0.168

16O 20Ne

16O 20Ne

16O

16O



23

Alpha Clustering: O+O and Ne+Ne collisions  HM, PRC 113 (2026) 3, 034909

Distribution of nucleons in each cluster M.Rybczynski et al., PRC 97 (2018) 034912

ρα( ⃗r) = ( 3
2πr2

L
)3/2 exp[ −

3( ⃗r − ⃗L i)
2r2

L
] : Position of the center of the cluster  ⃗L i i

: Root-mean-square radius of the clustersrL

Tetrahedron

Bowlling-pin

NLEFT: OC

PGCM: OC
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1. Radial distribution (  )χ2/NDF ≈ 1 2. NN correlation distribution
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Alpha Clustering: O+O and Ne+Ne collisions  HM, PRC 113 (2026) 3, 034909
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Alpha Clustering: O+O and Ne+Ne collisions  HM, PRC 113 (2026) 3, 034909
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Alpha Clustering: Different Shapes HM, PRC 113 (2026) 3, 034909
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Alpha Clustering: Different Shapes HM, PRC 113 (2026) 3, 034909
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Summery
A general theoretical picture: from light to heavy nuclei

Acceptance-rejection method

Imprints of isolated nucleon-nucleon correlations

Angular correlations

Symmetric and asymmetric collisions

Imprint of ab initio correlations within a clustering model

Reproduced differences between the structures of Neon-20 and Oxygen-16
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Summery

Thanks For Your Attention!

A general theoretical picture: from light to heavy nuclei

Acceptance-rejection method

Imprints of isolated nucleon-nucleon correlations

Angular correlations

Symmetric and asymmetric collisions

Imprint of ab initio correlations within a clustering model

Reproduced differences between the structures of Neon-20 and Oxygen-16
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Many-Body Operators HM, G.Giacalone, M.Luzum, 2604.00619

N(r, θ, ϕ) =
e

− r2
2R2

0

2 2π3/2R3
0

[1 + β2
𝒴(θ, ϕ)r2

R2
0

+ β2
2

2π𝒴(θ, ϕ)2r4 − r2R2
0(1 + 6π𝒴(θ, ϕ)2)

4πR4
0

+ ⋯]

G(r, θ, ϕ) =
1

(2π)3/2R3
0

exp(−r2/2R(θ, ϕ)2),

R(θ, ϕ) = R0(1 + β2[cos γY0
2(θ, ϕ) + sin γY2

2(θ, ϕ)]) −
β2

2

4π

Nuclear density:

with

Expansion:

𝒴(θ, ϕ) = cos γY0
2(θ, ϕ) + sin γY2

2(θ, ϕ)

∫ N(r, θ, ϕ) r2 sin(θ) dr dθ dϕ = 1

⟨r2
⊥⟩ = ∫r⊥

ρ(1)
⊥ (r⊥) r2

⊥ = 2R2
0 (1 +

5
4π

β2
2)

⟨rn
1⊥rn

2⊥ein(ϕ1−ϕ2)⟩ = ∫r1⊥,r2⊥

ρ(2)
⊥ (r1⊥, r2⊥) rn

1⊥rn
2⊥ein(ϕ1−ϕ2) =

6R4
0

π
β2

2 +
24 5R4

0

7π3/2
β3

2 cos(3γ)

⟨r2
1⊥r2

2⊥r2
3⊥ei2(ϕ2−ϕ3)⟩ = ∫r1⊥,r2⊥,r3⊥

ρ(3)
⊥ (r1⊥, r2⊥, r3⊥) r2

1⊥r2
2⊥r2

3⊥ei2(ϕ2−ϕ3) =
12R6

0

π
β2

2 +
60 5R6

0

7π3/2
β3

2 cos(3γ)

⟨r2
1⊥r2

2⊥r2
3⊥ei2(ϕ2−ϕ3)⟩ − ⟨r2

⊥⟩⟨r2
1⊥r2

2⊥ei2(ϕ1−ϕ2)⟩

=
12 5R6

0

7π3/2
β3

2 cos(3γ)
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Two-Body Correlators HM, PRC 113 (2026) 3, 034909

Two point function:

Variance of energy density:

 &   ξ = w2/r2
L η = ℓ2

c /r2
L

b1 = 1/8,
b2 = 1/20,
⋮

⋮


