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Outline

|. Nuclear structure across energy scales

I1l. Nucleonic cluster pg_t;té'f'ihf' in light °O nucleus

IV. Conclusions and outlooks
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Shape of atomic nuclei

Emergent phenomena of the many-body quantum system, govern by short-range strong nuclear force
Quadrupole/octupole/hexadecapole deformations
Clustering, halo, skin, bubbile...

« Non-monotonic evolution with N and Z

.ﬁﬁ +
o A. Andreyev et al., Nature 405, 430 (2000)

S. Cwiok et al., Nature 433, 705 (2005)

L.P Gaffney P. Butler et al., Nature 497, 199 (2013)
A. Trzcinska et al., PRL 87, 082501 (2001)

A. M. Centelles etal., PRL 102, 122502 (2009)
J.P. Ebran et al. Nature 487, 341 (2012)
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N (neutron numbers)

Z (proton numbers)

Very rich landscape of shapes and other structures

Y. Ye, X. Yang, H. Sakurai, B. Hu, Nature Review Physics, 7, 21-37 (2025); Y.-G. Ma, S. Zhang, Handbook of Nuclear Physics (2022) 3



Nuclear shape at low energy: long exposure

Lower-energy spectroscopy method energy

A

Traditional imaging method taken before destruction

Tij2

Ay

gamma spectroscopy l ‘

few-nucleon transfer i ‘ i

radioactive decay

— Low energy spectroscopic methods probe a superposition of

EITRE— l : these fluctuations.
coulomDp excitauon . .
s ptosony — Instantaneous shapes not directly seen, but inferred from
}%ﬁ model comparison.

laser spectroscopy

Each DOF has zero-point fluctuations within certain timescales.

Quantum fluctuations in orientations ‘ PN . E= n? J(;I+ 1)
. - 0.307 MeV
4* 0.148 MeV
Time scale: 7 > I/h ~ 10°-10* fm/c Coherent superposition of g: 0.045 MeV

wavefunctions probed at low energy
Rotational band of 238U

W. Ke, 2509.09549 4



Imaging by smashing method

Take a snhapshot Evolution Measurement

Nuclei collisions T, (7 = 0) 0,T" =0, EQOS, viscosity...

S -

Pressure-driven expansion of free-streaming
— >

Quark-gluon plasma (QGP)

A 4

- o
T~ 2Ry/T ~ 0.1fm/c 7 ~ 10fm/c 7~ 10%fm/c
exposure expansion detection

Po

p(r,0,¢) = R J. Jia et al., Nucl. Sci. Tech. 35, 220 (2024)

B2 — quadrupole deformation
B3 — octupole deformation

Y —> triaxiality

a9 — surface diffuseness

Ry — nuclear size

ab initio theory/shell model/DFT



Imaging by smashing method

Take a snhapshot Evolution Measurement
Nuclei collisions T, (T =0) 0,T" =0, EQOS, viscosity...
T -

Pressure-driven expansion of free-streaming

—_— >
Quark-gluon plasma (QGP)

A 4

- o
T~ 2Ry/T ~ 0.1fm/c 7 ~ 10fm/c 7 ~ 10"fm/c
exposure expansion detection
_ PO - - Observables _d°N
p(r,0,9) T ot R J. Jia et al., Nucl. Sci. Tech. 35, 220 (2024) d¢de N(pr) Z Ve ind

B2 — quadrupole deformation

B3 — octupole deformation

R2 2 g n ,ing .
(r1) o (1 e™?) Event-by-event linear responses:

TM'\ Olpr] R, V, x &,

Ry B [pr] R,

Y —> triaxiality
ay —» surface diffuseness

Ry — nuclear size

ab initio theory/shell model/DFT Si ze & S h a p e

Key: 1) fast snapshot, 2) linear response, 3) large multiplicity for many-body correlation 5
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b=2.5 | V/SnN = 5.02 TeV
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R (fm) E; (10°MeV)

G. Giacalone, F. Gardim, J. Hostler, J. Ollitrault, et al, PRC 103, 024909 (2021)

Linear response in ultra-central collisions

V., x &,

0.05

c(€y,v5 ) =0.991
8 () =0.163

SWN 7/s=0.16

0-5 %

0.10 0.15 0.20 0.25 0.30
€9

H. Niemi, G. Denicol, H. Holopainen, P. Huovinen, PRC 87, 054901 (2013)



Imaging nuclear shape in high-energy snapshot

* Nuclear shape in intrinsic (body-fixed) frame not directly visible in the lab frame
--Mainly inferred from non-invasive spectroscopy methods.

b Quantum fluctuations in orientations - c . E= # J(2J/ +1)
‘v ‘ h & e 0.307 MeV
...... € | O\
' y 4+ 0.148 MeV
Time scale: 7 2 I/ ~ 10°-10* fm/c Coherent superposition of (2): 0.045 MeV

wavefunctions probed at low energy
Rotational band of 2®U

1 fm/c = 3 x 1072* seconds
=3 x 10 attoseconds
= 3 yoctoseconds



Imaging nuclear shape in high-energy snapshot

Nuclear shape in intrinsic (body-fixed) frame not directly visible in the lab frame
--Mainly inferred from non-invasive spectroscopy methods.

b Quantum fluctuations in orientations P c _ U +1)
- : 7 . E= STAR, Nature 635, 67-72 (2024)
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https://www.nature.com/articles/s41586-024-08097-2

Imaging nuclear shape in high-energy snapshot

Nuclear shape in intrinsic (body-fixed) frame not directly visible in the lab frame
--Mainly inferred from non-invasive spectroscopy methods.

b Quantum fluctuations in orientations >
“\)G\eo Time scale: 7 2 I/h ~ 10°-10* fm/c Coherent supérposition of
wavefunctions probed at low energy
e f
Quat (kg npes

2\ arge 63

Pressure-driven
hydrodynamic expansion

Tip-tip

free streaming

e
quakco®® pes

configuration '
-24 \a‘g Qe \P1
1 fm/c = 3 x 10%* seconds ~  gmal 2 gmal v, V@
- —6
= 2% 10 slossconda Time scale: 7 ~ 2R,/ ~ 0.1 fm/c 2~ 10 fm/c
= 3 yoctoseconds exposure expansion

c W2 JJ + 1)

« E= ——— 1

i 1 2/
6* 0.307 MeV
4+ 0.148 MeV
2 0.045 MeV
0

ZSBU

Rotational band of

Particlization and

N2
Ui

7~10" fm/c
detection

4

STAR, Nature 635, 67-72 (2024)

https://www.nature.com/articles/s41586-024-08097-2

across energy scales

Body-body: large-eccentricity large-size

V2}‘ pT\‘

Tip-tip : small-eccentricity small-size

Vg\ pT}‘

W =a+ blﬂzz'
(6pp)® = a+b,B;,
(v; 6pT) as— b3[32 cos(3y).

G. Giacalone, J. Jia, C. Zhang, PRL 127, 242301(2021)

Shape-frozen like a snapshot during nuclear crossing (10-?°s << rotational time scale 10-?'s)

probe entire mass distribution in the intrinsic frame via multi-point correlations


https://www.nature.com/articles/s41586-024-08097-2

Il. Nuclear deformation in heavy 238U nucleus

B Po
p(’P, 0, ¢) - 1+ e(r—R(0,9))/aq

R(H, ¢) — RO (1 + 62 [COS 7Y2,0(97 ¢) + sin ’YY2,2(07 ¢)] + /B3Y3,0(97 ¢) + B4Y4,0 (97 ¢))

™\ 17/‘ i I
3 7] “‘.\
HT T [

DFT calculations predict a slightly small WS deformation [52U ~ 0.28 — Bauws =~ 0.25]

4
3R2A

corresponding to a larger volume deformation in presence of f,,~0.1 B2poay = / &rp(r)r’Ya

4 B(E2)

Low-energy estimate with rigid rotor assumption from B(E2) data Azip = SR2Z

/82U,LD = 0.287 + 0.007 YULD = 6° — 8&°
Bsu ~ Bau ~ 0.1

62




Constraining the ground-state 238U: 8,y and yy

(VI VB pu

R, =

Rigp,y2 = (@PP )/ (@P D),

(V38D )/ (VAP pu
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Constraining the ground-state 238U: 8,y and yy

(B2 EPD) Ay

R(iiﬂT)2

(V3P (Vo301 A

RvgépT =

0.2 <p;<3GeV/c
'_ —@— STARdata

|l — Hydrop,,=0.28,y,=0°
I  — Hydrop,,=0.25,y,=0°

[ ]
1w 29 e 000" 1.0

0-5% centrality

STAR data

Hydroy, = 0°
Hydro y, = 10°
Hydro y,, =15°
Hydro y,, = 20°

Sufficient precision is achieved
from ratios in ultra-central collisions

Relation confirmed from hydro
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Constraining the ground-state 238U: 8,y and yy

(B2 EPD) Ay

R e

(V3P (Vo301 A

Rz,
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N

A large deformation with a slight deviation from axial symmetry in the nuclear ground—statge
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'_ —@— STARdata
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Model constraints
From Rv§
From R15DT)2 X-Z

From Rz,

Confidence contours at
10%, 30%, 60% and 90%

From R(EPT)z R oo,

X-y

lIIIl
20

Sufficient precision is achieved
from ratios in ultra-central collisions

Relation confirmed from hydro

R(vg) ~ 1 + a_1'32’
R N~ 1+ b—2B2
<(5PT) > as 2

bs
R<v§6pT> ~1- a_3ﬁg COS(37)

0 5 10 15
1 ()

High-energy estimate
(Ip-glasma+MUSIC and Trajectum)

Boy = 0.286 £ 0.025
YU = 8.5° +£4.8°

low-energy estimate:

Boy = 0.287 4 0.007
"YU — 60 _ 80




Evidence of octupole deformation g3y

Sm,

a,

11 6}, Iarge d
L

However, vs is fluctuation driven, expect in central
2 2
<v3> X <z—:3> ~1/A

mass number
B. Alver and G. Roland, PRC 81, 054905 (2010)
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Evidence of octupole deformation g3y

IP-Glasma+MUSIC calculations

— 7T T T

IP-Glasma+MUSIC+UrQMD —
B,=0.00, B,=0.09 -
= B,=0.05, p,=0.09  _
—_— B,=0.10, B,=0.09
B,=0.15, B,=0.09
[3-010 ﬁ—OOO
Inl<1 02<p <3 GeV/c

T

1.6
1.4
of 2 LF:
S NSER

<~

1.2
'
IS

0

Sm,
3115_} Ial‘ged A

Centrality (%)

However, vs is fluctuation driven, expect in central

<v§> X <z—:§> ~1/A

mass number
B. Alver and G. Roland, PRC 81, 054905 (2010)

2
(v3p.),

C. Zhang, J. Jia, J. Chen, C.

(v3) follows a linear increase with 33,

Characteristic anticorrelation in <v§5pT> shows a pronounced (33-dependent suppression.

IP-Glasma+MUSIC+UrQMD

p,=0.10,

10 20
Centrality (%)

Shen, L. Liu, 2504.15245

2
<U3>U U asuy b3 3 b3 4
Rjg= 15— t— = + g3+ ,3
<U3> Au+Au G3Au a3Au a3A
2
<v35pT>U U
R =~ " TUIU ~ o — bBB2.
v28pr </U?2:5pT>Au+Au ﬂ2,33



Evidence of octupole deformation g3y N@W

STAR, Rep. Prog. Phys. 88, 108601 (2025)

| ' | ! ! | ! ' ' I_] 2 |
3 i R;=a-+ bjs - :,_
o 1 4 ; o T *
\\>/ i <U§>U > <v§>Au | <
> | i =
AN AN
N>°° 1____.... 'i II! "'I 1Y % SR _ o
< - 7 (::oo 5l (v30pT)y < (V30PT) 5,
: +0.2<pT<2GeV/c : ~
0.9 - 05<p <2GeVlc ~ — . 2 7
i -0.2<p_<3GeVic ] RU%‘SPT =a—bP2fs
o = O.5<pT<3GeV/c .
B N R RS b PP PP B B
50 40 20 0 % 30 20 10 0
Centrality [%] Centrality [%]

= No apparent p; dependence
= Order of vzand vs-p; reversed by considering non-zero 5 B4y,

* Anevidence and modest 33y ~ 0.08-0.10 are confirmed and Bsu ~ Bau y



Probe f;y and its fluctuation

Octupole collectivity L. Liu, C. Zhang, J. Chen, J. Jia, X. Huang, Y.-G. Ma, 2509.09376

x1072
soft rigid | TRENTO U+U@193 GeV
octupole deformation 4L (B%,)=0.01 i
¢ 0-2%
¢ 0-5%

(Bs) = B3 + o5,

Cnel2} = <5721> ~ <5727,,0> + (Pnpy,) </8121>

0 1 1 1 1 1
| TRENTO UU/AuAu
I (Bg,u> =0.01

[ ¢ 0-2%
¢ 0-5%

Cne{d} = (%) — 2(e2)”
~ (ed ) —2(e2 ) + (p2p2) (B2) — 2(pupi) 282

| “Rigid

Four-particle correlation is linearly scaled to (B‘;,U). 050601 00002 00003
(B3.0)

A way to discriminate between static and dynamic collective modes in high-energy nuclear collisions

|Res tayic 23| = |Rvatamntizy| |c3,e{4}1ct {2} = |v3{4}/v3{2}|

(b) 1

B. G. Zakharov, JETP Lett. 112, 393 (2020); P. Carzon et al., PRC 102, 054905 (2020),; H. Xu et al., PRC112, L051901 (2025); K. Hagino and M. Kitazawa, 2508.05125 12



lll. Nucleonic cluster pattern in light '®*O nucleus

-== from one-body distribution to many-body nucleon correlations

1+ w(r?/R?)
1 + e(r—R)/ao

> Modern ab initio first-principle calculations

p(r) o



Light nuclear geometry and nucleon-nucleon correlations

Nucleon fluctuation subnucleon fluctuation NN correlation (cluster pattern)

deuteron deuteron

ab initio calculations

STAR, PRL 130, 242301 (2023)

Y.-G. Ma, S. Zhang, Handbook of Nuclear Physics (2022)

Nearly same N,
d+Au collision, 200 GeV < > O+0 collision, 200 GeV
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Ab-initio nucleon-nucleon correlations and their impact on high-energy

Multiple final-state observables

_$1.002
il a
£ o O
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Centrality (%)

0+0 Ys,,, =200 GeV
AMPT, 0.2 <p_<2 GeV/c
Config.
-@- vmMC

3pF fit to VMC

—@- NLEFT
3pF fit to NLEFT

~=~ PGCM

C. Zhang, J. Chen, G. Giacalone, S. Huang, J. Jia, Y.-G. Ma, PLB 862, 139322 (2025)
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1
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 3pF asthe baseline can NOT capture the NN correlations.

 Distinct differences are observed between VMC and NLEFT/PGCM.
* Central collision is prominent.

Data analysis is ongoing and will be presented in sOM.

Two-body correlations in coordinate space

Two-body C(Ar)

0.5

—
o
T T T T

PR USSR SO TN U ST T S T S ST S S

— VMC
—— NLEFT
— PGCM
- 3pF

1 2 3 4

Relative distance Ar (fm)

A C iy O TP
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Disentangling nuclear structure and subnucleonic structure effects

Nucleon Glauber

3-quark Glauber

S. Huang, J. Jia, C. Zhang, PLB 870, 139926 (2025)

7-quark Glauber

-~
SR [t 1T 1
w ..* ...-Il..-- * E
zrg_:‘_t't_r?_:oooooooooog. [ li’ooq..,’,,.u.+‘ l:i::::::-*:'-*
— + + Gt ¢ ¢ ’¢+
0.8 o +, 0.8 Yia, 0.8[- ey,
+ B - +
+++++++++ +++++++++* - ++++++++++ +
-, " .
0.6 0.6 0.6
L L —e— p+Au
i . —=— d+Au
- . + - —+— 2He+Au
0.4 ¢ 0.4 —+— O+ONLEFT 0.4
N " N | N X | N N N | N N X 1 N M N | X N N 1 N N N | N X N 1 N N PR S T ST TR N R TN N N SN TN T NN S S
0 20 40 60 8( 0 20 40 60 80 0 20 40 60 80
N N N

ch

ch

ch

 Quark Glauber is more flattened in d+Au, indicating subnucleon hints
* No clear difference beyond 3 quarks inside of proton.

* Similar behavior in p; fluctuations.

15



Benchmarking geometric tomography of 1O nucleus N@W

STAR, 2510.19645

197 16Q + 16
d+ Au O O d+1g7Au 160+160
Nucleon-Glauber e Quark-Glauber
dAu 00
EZAU > 5%)0 ggAu = 580
g < €3 ggA“ ~ 6300
nucl > quark
€9 < &9 8nucl ~ é:quark
€§ud < 8(%uark = i

Nucleon-Glauber and quark-Glauber yield different triangular v;

16



Benchmarking geometric tomography of 0O nucleus

N@&w

STAR, 2510.19645

& 120 ©) d+Au - d) O+O & data
>>; B —— hydro+PGCM
<t i == e, {4y e {2} NLEFT
= 1 " B
> - — ¢,{4)/¢,{2} PGCM
[ rf\+ - - = £,{4Y/& {2} AFDMC
0.8_— B
0.6—— # data
I — hydro + +
0.4_ o 82{4}/82{2} B
I 1 1 I 1 1 I 1 1 I 1 1 1 1 1 1 | 1 1 1 1 | | 1 1 1 | 1 J
20 40 60 80 50 100 150
Nch Nch

(vn{2})* = ea{2} = (v;,)

e2{2} = (e3)

(onfa})" = —ca{4} = 2(2)" — (vh)  exfd} = 2(e})" — (e3)

Y.-G. Ma, S. Zhang, Handbook of Nuclear Physics (2022); W. He, Y.-G. Ma et al, PRL 113, 032506 (2014)
G. Giacalone, G. Nijs et al., PRL135, 012302 (2025), G. Giacalone, W. Zhao et al., PRL134, 082301 (2025); P. Li, B. Zhou, G.-L. Ma, 2504.04688
Y. Wang, S. Zhao, B. Cao, H. Xu, H. Song, PRC 109, L051904 (2024); X. Zhao, G.-L. Ma. Y. Zhou, Z. Lin, C. Zhang, 2404.09780; S. Jahan, Roch, C. Shen, 2507. 11394 17

£o{4} |e,{2} from three models:
AFDMC vs. EFT/PGCM have a visible difference.

Can many-nucleon correlations significantly impact
the eccentricity fluctuations? YES!

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

The interplay between sub-nucleon fluctuation and
many-nucleon correlation.

STAR, PRL 130, 242301 (2023)

S. Huang, J. Jia, C. Zhang, PLB 870, 139926 (2025)



Benchmarking geometric tomography of 0O nucleus

STAR, 2510.19645

& 120 ©) d+Au - d) O+O & data
i —— hydro+PGCM
< i - ¢ {4} {2} NLEFT
— - - 2 2
> T "2 = —— &, {4Y¢,{2} PGCM
i rf# < - - - £,{4Y¢,{2} AFDMC
0.8_— -
0.6 # data
— hydro + +
0.4 o 82{4}/82{2} B
I 1 1 I 1 1 I 1 1 I 1 1 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 J
20 40 60 80 50 100 150
Nch Nch

(vn{2})* = ea{2} = (v;,)

e2{2} = (e3)

(onfa})" = —ca{4} = 2(2)" — (vh)  exfd} = 2(e})" — (e3)

Y.-G. Ma, S. Zhang, Handbook of Nuclear Physics (2022); W. He, Y.-G. Ma et al, PRL 113, 032506 (2014)
G. Giacalone, G. Nijs et al., PRL135, 012302 (2025), G. Giacalone, W. Zhao et al., PRL134, 082301 (2025); P. Li, B. Zhou, G.-L. Ma, 2504.04688
Y. Wang, S. Zhao, B. Cao, H. Xu, H. Song, PRC 109, L051904 (2024); X. Zhao, G.-L. Ma. Y. Zhou, Z. Lin, C. Zhang, 2404.09780; S. Jahan, Roch, C. Shen, 2507. 11394 18

N@&w

£o{4} |e,{2} from three models:
AFDMC vs. EFT/PGCM have a visible difference.

Can many-nucleon correlations significantly impact
the eccentricity fluctuations? YES!

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

The interplay between sub-nucleon fluctuation and
many-nucleon correlation.

STAR, PRL 130, 242301 (2023)

S. Huang, J. Jia, C. Zhang, PLB 870, 139926 (2025)

Geometric scan elucidates nuclear tomography
and strong nuclear force?

more low-energy model inputs & revisit



Benchmarking geometric tomography of 1O nucleus N@W

STAR, 2510.19645

£o{4} |e,{2} from three models:
AFDMC vs. EFT/PGCM have a visible difference.

& 120 ©) d+Au - d) O+O & data
> i —— hydro+PGCM . . p
§ s s — — ¢, {4Ye {2} NLEFT Can many-l?u_cleon corrc:zlatlons significantly impact
~ T L g 5 [ —— &,{4)/¢ {2} PGCM the eccentricity fluctuations? YES!
I rf\+ = I - = = £,{4Y¢,{2} AFDMC C. Zhang et al., PLB 862, 139322 (2025)
0.8 -
I The interplay between sub-nucleon fluctuation and
0.6 W data many-nucleon correlation.
I — hydro + + STAR, PRL 130, 242301 (2023)
0.4F e {4Ye {2} - S. Huang, J. Jia, C. Zhang, PLB 870, 139926 (2025)
-I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 I 1 1 1 1 | | 1 1 1 | 1 J
20 40 60 80 N 50 100 150N Geometric scan elucidates nuclear tomography
ch cn  and strong nuclear force?
more low-energy model inputs & revisit
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IV. Conclusions and Outlooks

1. The signatures of nuclear structure in nuclear collisions are ubiquitous:

STAR, Rep. Prog. Phys. 88, 108601 (2025) STAR. 25710.19645
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2. Many potential applications from large to small collision systems :

— Rigid and soft g,, and y (shape fluctuations/coexistence)

Neutron skin & symmetry energy constraints

Energy evolution between GeV/TeV and MeV in even-and odd-A nuclei
Confronted with ab initio calculations and more light-ion studies

N
N
N
— Intersection with other research: Nucleosynthesis, nuclear fission, 0v3f3 19
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Nuclear structure is inherent of heavy-ion probes
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