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NUCLEAR STRUCTURE

W T<0.1s

I 0.1s<T<3s
O3ssT<2m
[J2ms<T<1h
B th<T<1d

W 1dsT<1y

B 1ysT<1cy
W 16y<T

[ unknown haifife

Figure from CERN Courier: https://cerncourier.com/a/exploring-nuclei-at-the-limits/
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LiguT v. HEAVY 10NS

Light ions
T~

(*Ne, pu,z (x, v, 2) - PaCH

Based on ab-initio calculations

Heavy ions

Based on the Woods-Saxon distribution
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NUCLEAR SHAPE

(a) Spherical (b) Prolate (c) Oblate

Br>0,v=0° B2 >0,y =60°
(e) Hexadecapole (f) Ba2+PB4

Bs>0 B2>0,8,>0

R(0,6) = Ro(1+ 3 BinYin )
Im

Figure from: Kota, V.K.B. (2020). Introduction. In: SU(3) Symmetry in Atomic Nuclei. Springer
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https://rdcu.be/eC0sg

NUCLEAR STRUCTURE OF 129Xe

(@) deformed nucleus B>0) (] collisions at low (p;)
Y
prolate 0/ R(6,9) = Ro [1 + B2 (cosyYa0 + sinyYs,)]
y=30°

— , " @ Xenon nucleus has mostly quadrupole
y; N o z deformation
TFERFD /
triaxial © Probe the nuclear structure, quadrupole

_ deformation magnitude 3, and
Y=o e triaxiality angle
n<ry=713
Br=\/B3o+282,, v = atan(v2p2,/B2,0)
x

B. Bally et al., Phys. Rev. Lett. 128 (2022), 082301
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https://doi.org/10.1103/PhysRevLett.128.082301
https://doi.org/10.1103/PhysRevLett.128.082301

ACCESSING THE NUCLEAR STRUCTURE

i=4 T T T T T T
S @ XeXe (5,544 TeV: v,{2/an|>2)  ALICE
[ O Pb-Pb |5,,=5.02 TeV: v,(2,Jan] > 2) gﬂ? <, opé =30 Gevic
[ -Xe: <0.
0.1 @ XeXe:vi2jan|>2) o o)

L O Pb-Pb: vy{2,jan| > 2}

° ° (.3

0.05 e

e . ) . ‘

e © e ¢
O
5 F | ; I | I i .
T b ® ALICE: n=2 ons
% 1'4,_. — EKRT (/5=0.2): n=2 —n=3
T +--V-USPHYDRO (ys=0.047):n=2  ~~n=3 |
x1.2 -
° :
© ]
i<

0.8— —
"3‘1‘2_\\|v‘|v\\i\vvvi\l\\\‘l\\l‘[vvv\\‘lv\v_
3 F @ EKRT (1/5-0.2): n=2 ® n3 ]
g r O V-USPHYDRO (/s=0.047):n=2 O n=3 ]
S 11 _
5 1e i 1
< L o ]
¢ o8 3 o) : P ]
> F L ° ° D |
8 [ e} ] ? ]
§0.9— -
k- S I B I B P
0

ALICE, Phys. Lett. B 784 (2018), 82-95

Centrality (%)

N
S)

(@) deformed nucleus B>0)

y=0

n=mn<n

prolate

y=30°
nEREy

triaxial

y=60°

n<m=rny

oblate

(©] collisions at low (p)

4
Ce-
c*
«*

@ Deformation of the nucleus affects the collision geometry

@ v, can be traced back to eccentricities

@ (13) o (3) o
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https://doi.org/10.1016/j.physletb.2018.06.059

ACCESSING THE NUCLEAR STRUCTURE

Bally et al., Phys. Rev. Lett 128 (2022), 082301

04 O ATLAS, Pb+Pb Ny-based o4 ——Pb+Pb § = 0.062, 7 = 27.04°
@ Deformation of the nucleus 03 ) ATLAS, Xe+Xe Ng-based 03 —==Xe+Xe = 0.207, 7 = 26.93°
affects the collision ’g? 00 0 000000 (g ’:é\ T NerXep=020m =0
geometry @ &
QU QU

@ p, requires two-particle
correlation, while v needs
three-particle correlation

018 977 5 r1AS, Pb+Pb S Er-based
’ ) ATLAS, Xe+Xe 3 Er-based

o
o
=)
o

) ; 208 208
@ p(v3,dpr) is defined as the & Eg_ﬁﬁ\ﬁﬁiﬁai\ & DDHH. p ‘VQEE.JE\
. o ! N \ gl \
Pearson correlation between gor 87 "/ ' - 0'7DDE- W ¥
2 ~ g ~_ - & A/
v; and dpr 2 el 4 osig® /1 7
= & = &
@ (v30pr) x (€30d1) o 2 05@1 ;7 B Nabased, 05<p<2Gev | 32050 [ )7 B T Erbased, 05 <p <2 Gev
,33 oS (37) Iy O Ny-based, 0.5 < py < 5 GeV. /7 O X Erbased 05<p<5GeV
2 04 5 10 15 0 % 5 10 15 20
centrality (%) centrality (%)
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https://doi.org/10.1103/PhysRevLett.128.082301

ACCESSING THE NUCLEAR STRUCTURE

ALICE, Phys. Lett. B 834 (2022), 137393

Pb-—Pb |5, = 5.02 TeV Xe-Xe |5, = 5.44 TeV
@ Deformation of the nucleus ; ' ' ' ' ' E ' ' ' e ]
affects the collision
= P et SR & ) @]
geometry 3 \\\\\\\\\\\\\\\\\\\\
. . o™ - \
© [ requires two-particle = D b Cﬂgghydm b=00 SNNE
. N — j o T =~
correlation, while ~y needs “t O Trajectum .TF \\v-USPhydro, B’= 0.16
. . -+ JETSCAPE (ISE) 1P- GIasma*MLjSIC*UrQMD B 0.0
= 1 T 1 —Y4 i JETSCAPE e IP- Glasma+MUS|C+UrQMD B 0 162 !
three-particle correlation 0.4 . : .
@ p(v}, 5pr) is defined as the 3 @ |
Pearson correlation between aSNEE s s
v3 and dpr A
2 2 - F z
© (v36pr) o (e50d1) — v-USPhydro (1SE) | Inl<0.8 v IAIr,I>0_8
_ e MUSIC - 02<p_<30GeVic [p]ln<0.4 E
f; cos (37) 1P~ Glggrmng:MUSIC+UrQMD (FSE only) T T
0 10 20 30 40 0 10 20 30 40 50 60
Centrallty (%) Centrality (%)
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https://doi.org/10.1016/j.physletb.2018.06.059

MOMENTS OF (5;7%

12y Spherical nuclei Deformed nuclei
X
10 ALICE Preliminar F[E1Pb-Pb Vs, =5.02 TeVig
8 02< p <3GeVic F[e]Xe-Xe |sy,=5.44TeV| _
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256 ER
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EN) e S B ==
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40 5
E sub sub
305 +30.8 F?ub] - [pr]c3 jSub Cy
2% oo 06 o pr] = T suby2 [pr] = 7 suby2
3 2 H S04 3s (c30)2 (csub)2
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AR " X B T B
3 302 .
—10E 3-0.4 © Event-by-event meant-pr fluctuations are
6 + T [ﬂ ER measured
o 4 + 2 2 . .
g 4 + + 4 [*] %3 Iy E*] E © Larger fluctuations for deformed nuclei
* o+ 4] ]
o + + k3 :i © Additional constraints for the initial
0 7020 30 40 50 60 70 0 10 20 30 40 50 60 70 80 conditions

Centrality (%) Centrality (%)
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MOMENTS OF (5p%

e Spherical nuclei Deformed nuclei
X107 4
19 ALICE Preliminar FLIPb-Pb {5,=5.02TeVis
8 02< p <3GeVic FoJXe-Xe sy =544TeV _
s, g M<08 ES F 53
X o EN >
4 s*f s 2 %
oF < g Feoes & % o 10
oEe = * = * E ) ) 41
2.5 é’_ ER
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ACCESSING THE FLUCTUATIONS OF NUCLEAR STRUCTURE

S. Zhao et al., Phys. Rev. Lett. 133 (2024), 192301

O:r'

_ Py 2. yesont  Paz; wiaal
| p4,2: triaxial I
LT
e —
0
L L
0 1 2 3

X

X

S
3

Do PXetXe, \5,75.44 TeV

B,=0.17, y-soft (0°<y<60°)
|32=0.17, triaxial (y=30°) (a)

Centrality(%)

E. Nielsen ef al., Eur.Phys.].A 60 (2024) 2, 38

Oblate
B2>0,y=60°

Triaxial
B>0,y=27°

Prolate
B2>0,y=0°

b

© v requires a three-particle correlation
— v fluctuations need six-particle correlation

© New 6-particle correlation between flow harmonics and
mean-pr, C(v3, 5p7)

@ ps is the corresponding initial-state observable
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THE SIX-PARTICLE CORRELATION C(05, 6p% )

X0 i .
Q" FALICE Prelimi 3
5 fagsE iy ]
O o5l <0.8 =+
s S E 4 o9 4c 2 2\ /22 2 2
_0_55_\1|pb,pb VS = 5.02 TeV _ C(UZ7 6PT ) :<026PT > - 4<02><v26PT > - 4<025PT >
L XeXe Vsa-Sd4TeV | +4(v3)*(dpt ) — (02)(pT )
2 50F E
o C
OF = + ---------- B S SALEIIR ——
*100;‘& [+]Xe-Xe/Pb-Pb =
—150F E
%o.s- 3
E OF- x5+ = TR 3
Y3 ‘—Jf—‘ E @ Measured for the first time in Pb—Pb and Xe—Xe collisions
-F  fXeXe - Pb_Pb E © The difference between the systems is used due to
-1.5F E fluctuations around zero

S
(&3]
3
&

20 25 30
Centrality (%)

Maxim Virta, maxim.virta@cern.ch

1. July, Paris Workshop 2026 10/25



EXTRACTING PARAMETERS WITH BAYESIAN

One can utilise Bayesian inference to extract nuclear structure parameters

0.30[ 0.28

Bz,mean

B2, st

0:10
0.05 j .
0.00
1.047 [
0.000
0.3491[
0.0000

o o
0 0 P o P

Ymean

Vstd

BZ,mean ﬁZ, std

oo

Ymean

Vstd

s O 0o
AT O AN T

0.10 015 020 025 0.30
B2

1 with p(v2{2)2.(p7))

11 without p(v2{2¥.(or))
® PGCM

BSkG 1

BSkG 2

BSkG 3

BSkG 4

BSkG 5

o <4 » o
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https://doi.org/10.48550/arXiv.2606.03993

PROBING NUCLEAR STRUCTURE OF LIGHT-IONS

T~ T

[160’ pm;Z (XJ Y, Z) - PGCM
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FLOoW IN LIGHT-TONS

@ Latest v, measurements in
OO and Ne-Ne collisions
© Flow is driven by collision
anisotropy and fluctuations
@ Nuclear structure effects

become visible in the central
collisions

Maxim Virta, maxim.virta@cern.ch

vi{m}

0.1

ALICE, arXiv 2509.06428
'ALICE " Data Ne_Ne, {S.=5.36TeV
00, {5y =5.36TeV o v,{2} o Trajectum
0.2< p.<3GeVic PR NLEFT PGCM
Linl<0.8" " V{2 + 2 V)

7620 30 40 50 600

Centrality (%)

1. July, Paris Workshop 2026
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https://doi.org/10.48550/arXiv.2509.06428

FLow IN LIGHT-TONS

@ Nuclear structure effects

become visible in the central

collisions

© Extracting the ratio gets rid

of final-state effects

© Ne exhibits stronger v, due

to bowling-pin shape

© Models with lower
subnucleon width
(vy = 0.11) agree better
with the data

[ ALICE 00 and'Ne—Ne,
02< p;< 3 GeV/c

2K mM<0.8

v, (Ne-Ne / 00)
Y

[ = 5.36 TeV "

Data
¢ V{3 7
¢ V4
v {2 1

T
3DGlauber IP-Glasma
[ PGCM PGCM
O
12 O

v,{2} (Ne-Ne / O0)

Trajectum
PGCM NLEFT

v{2}
v4{2} S

30
Centrality (%)

ALICE, arXiv 2509.06428
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https://doi.org/10.48550/arXiv.2509.06428

FLOW CORRELATIONS IN LIGHT-IONS

@ Correlations between flow
harmonics relate to the
initial eccentricity
correlations

© Very similar between OO
and Ne-Ne

@ Sensitivity to the nuclear
structure

NSC(2,3)

Vojtech Machacek, SOM2026

0.4 ———T T T
- ALICE Preliminary -

F 0OandNe-Ne,ysy =536TeV 0O Ne-Ne ]

03 02<p,<3.0GeVie =
' mi<o08 ¢ 4 NSC(2,3; |an| > 0.2) ]
0.2F -
- IPGlasma + JIMWLK + MUSIC + UrQMD (PGCM) 4

F 00 Ne-Ne ]
01 NSC(2,3) E
oF + =
—01F . =
E VR ]
0.2 i
08b e 1 ]
0 10 20 30 40 50

Centrality (%)
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https://indico.global/event/13943/contributions/143533/

FLOW CORRELATIONS IN LIGHT-IONS

Vojtech Machacek, SOM2026

3 ——— e —————————————

NSC(”’ m) = <ZJ%> <U$n> Q: C A'\LICE ;:’rellimi'nar'y ' ]
o I OOandNeNe,ysy=536TeV 00 Ne-Ne .
(ehen) — (ea)(em) B 25F ﬁ]'lz:gy 80 Gevie #7 T% NSC(2,4; An] > 0.2)
ENES! S S ]
2| 1PGlasma + JIMWLK + MUSIC + UrQMD (PGCM) -
- OO Ne-Ne ]
@ Correlations between flow 15E NSCEA) E
harmonics relate to the E ]
initial eccentricity 1E .
correlations E E
@ Very similar between OO 05F =
and Ne-Ne F 1 | 1 | E

@ Sensitivity to the nuclear O "0 20 30 40 50
structure Centrality (%)
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https://indico.global/event/13943/contributions/143533/

Un — 5PT CORRELATIONS IN LIGHT-IONS

Spripr)

NeNe/OO

0.05 0.15GeVspr=<2GeV,|ng=s1l

© Jpr-fluctuations dependent on the
nucleon positions

@ p(v3, [pr]) shows a stronger
correlation for Oxygen due to the
bowling-pin shape of Ne

@ (v3opt) x (€30d 1) ox —f33 cos (37)

Giacalone et al., arXiv 2402.05995

0.2 GeV < pr <3 GeV, |n =0.8]

p(v2{2)2 {p7))

NeNe - OO0

0] 10

20 30 40 50
centrality [%]
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CHALLENGES

Maxim Virta, maxim.virta@cern.ch 1. July, Paris Workshop 2026 18/25



MutrirLicity v. CENTRALITY

hha
Entries  2.580611e+07
Mean 19.7
Std Dev 21.08

<

@ Light-ion collisions are affected 500
more by fluctuations than heavier
ions 400

© Multiplicities change a lot for a

given centrality bin *

S

© Results from the same centrality,
e.g. 0-1%, may have hugely
different statistics

200

100
© Importance of multiplicity
weighting and narrow binning T

‘e
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FLow MULTIPLICITY WEIGHTS

Without weights (or unit weights) gives the regular event
average

Ante Bilandzic’s thesis

Ml eM(1,0=b1,p)

Z MZ Ml _ 1 /N o.os4;—
o.osz?
Applying pair-weights gives a multiplicity-weighted 008t
average o0sep-
o.ass?
Zi\?ﬁ in(pa—b1,p) N 0.054-
Welght ZMI W / Z M, Ml - 1 o.osz;—
Ny oos LLL] H + +
1 I
— Z 26111(¢] a1, b)/ ZMI Ml — 1 o v,{MCEP} ‘ v,{2,QC} I v,{4,QC} ‘ v,{6,QC} ‘ v,{8,QC}

I a#b
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https://inspirehep.net/literature/1186272

WEIGHTS IN U); — 0pT CORRELATIONS

Generalises to multiparticle correlations

(vidpr) = (vilpr] — Vi ([pr]))
_ 2 MIMIM{ou {2} [pr] o) MiMIM{oa{2} 32 pr]
> MiMIM; SIMiMM; N

Similarly to dpr cumulants

o = var([pr]) = (op1)
X MMy — 1)épt
S Mi(M; = 1)

Three-particle correlations are
evaluated with 3-sub event

Example (036pr)
@ Flow taken from sections A and C

@ Mean transverse momentum from

section B
N\ t /
=N 08 -0.5 -0.4 0 0.4 0.5 08 1
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CORRELATIONS BETWEEN PARTICLE SPECTRA AND ANISOTROPIC FLOW

pr) = S = [ ) =1
d PT
_ {(on(pr)v3)
2P = o) o)
_ Gupr) — (nlp0)ed)
D)
002— )

PT

© Where should the weight be applied?

@ We argue that it should be applied for v3 only as
n(pr) is a ratio, not a proper particle correlation

-0.02

F Fluctuating

Smooth

Rl volpr)/10 A

e Voalpy) -
-

o
o

(d) p+p

15
pr(Gevic)

L
2.0

'
25

Parida et al., Phys. Lett. B 868 (2025) 139729
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https://doi.org/10.1016/j.physletb.2025.139729

CORRELATIONS BETWEEN PARTICLE SPECTRA AND ANISOTROPIC FLOW

n(pr) = Mon) / n(pr) = b, 0-20% (Ne-Ne)
Nch pr = . ' '
(6n(pr)v) oos- [ with mult. weights
2

[ without mult. weights

T

0.06

0.2<p <50 GeV/c, ml <0.8

T @)
Vo2 = <[;T]> /pr pr(n(pr))vo2(pr) 002

© Where should the weight be applied?

orT
o
o
El
N
N
o
w
w
o

I
. . 4 4.5
@ We argue that it should be applied for v3 only as P, (GeVid)
n(pr) is a ratio, not a proper particle correlation
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CORRELATIONS BETWEEN PARTICLE SPECTRA AND MEAN TRANSVERSE MOMENTUM

© Where should the weight be applied here?

_ {(dn(pr)dpr)

(n(pr))op

_ @ pr{n(pr))oo(pr)
PT

(GeV/c)™?

@ Should both of the terms in the numerator be
weighted, neither of them, or only one of them;

which one?

s
<
3lg

3000

2000

1000

Pb+Pb Syy =5.02 TeV |

Expt. data
(0-5%)
® ALICE
ATLAS

n/s=0.00
n/s=0.08
nis=0.16
s(T). nis=0

nis=0

smooth IC fluctuating IC
(b=0) (b=0)

(b=7 fm)

(b)

1 2
pr (GeV/c)

Parida et al., Phys. Lett. B 857 (2024) 138985
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https://doi.org/10.1016/j.physletb.2024.138985

THANK YOU!
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