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Traditional imaging method

Yy+p— J/Y+p

Coherent diffraction Au Au
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Imaging by smashing: some examples

Smashing a deformed droplet on surface
strongly-coupled cold atomic gas

F=VP Coulomb Explosion Imaging in Chemistry
Lyt =1/po
— fslaser— _
= ;
0 (ms) a festmolecule
(@) stripping foil
'Y @) p © EH-
N
g 800 us
3
5 1500 s
o
0p]
EQOS, viscosity...
T;W(T = 0) 6#Tﬂy =0 T;w("' = 00) -
snaps%n - evolution > meDasurement e —

Instantaneous stripping of electrons and let

Im age infe rred after dEStru CtiOn atoms explode under mutual coulomb repulsion



Imaging by smashing: heavy ion collisions
Take a snapshot Evolution Measurement

nuclei Tt —0) 0,T" = 0, ECS, viscosity... T (7 = 00)

e o Particlization and 30,000 particles
‘ Pressure-driven expansion of free-streaming =
400 nucleons _ |:> > , >
quark-gluon plasma (QGP)
()

By N\ iy o/

@ TNQRo/Fmolfm/C TNlDfm/c T’\‘1015 fm/C

exposure expansion detection

Large entropy production enable a semi-classifical description
« Initial condition is a fast snapshot of nuclear structure

« Transformed to final state via hydrodynamic expansion (EFT)

* Reverse engineer this snapshot, aided by large information output

Ablility to imaging <-> understanding of the QGP



Imaging by smashing: heavy ion collisions

Take a snapshot Evolution Measurement
nuclel Ty (T = 0) 0,T"" =0, ECS, viscosity... Ty (T = 00)

s . Particlization and 30,000 partlcles
Pressure-driven expansion of free-streaming

400 nucleons |:> > . >
@ guark-gluon plasma (QGP)
CJ

~/QQZO TNQRO/[‘ ~ 0.1fm/c T IOfm/c T ~ 101 fm/ec
1( exposure expansion d :
‘2{7 % etection
Y
(e
b
g o - Event-by-event
”,o% linear responses:
’g)
2N :
R} o (1), &, (re?) = N(pr) ZVn e "7 V X g
dédpr
n 5[pT] 6RJ_
size & shape observables [pT] R,




Preserving the snapshot to the final state

Shape-flow transmutation via pressure-gradient force:

F = —VP(e) :>‘_¢q

[pT] R, V, x &,
initial state (x) final state (p) initial state (x) final state (p)
N A
o Bl
s S

small <p>

A

S

large <p>

large vz

D

large v3

dqbde pT (ZV e n¢)



Preserving the snapshot to the final state

T, (T = 00)

Several real event display at LHC

T T L] I L] L]
ATLAS Pb+Pb
‘ESNN:2.?6 TeV |
pT>O.5 GeV,n|<2.5 _

60

dN/dg [x/25]

s
[=}

20

-2 l l 0 — 2
higher-order harmbnics seen at
single event level




A plethora of observables/measurements

= Single particle distribution  Flow vector: V,, = ¥
d’N [

-by- i istributi Higher-harmonics v,-v,
= N(pr)|1+2 Z va(pr) cos (e — ‘I’n(’pT))] E-by-E flow amplitude distribution p(v,) g er-harmonics Ve

1< ple2 GoV

ATLAS

dedpr . | Jfowes
[ . .,_ S ! M 2t
=N(pr)| Y Valpr)e™ HAREAS LN oo,
| n=—00 ) ) = AL = Ty
Radial flow/v ™ Anisotropic flow : i

Event-plane correlation p(¥,, ¥, %) £ Jossspininatiod]cocopnitiniiale

= Two-particle correlation function o 2t [ i = o comarm
Jom % ! > | vp-pr correlation p(v,, pr)
d’Ny  d’N, > R (e S FEL e
P (V.(pr1)V, (pr n—n=0 e
<d¢de dodpr Valpr) Ve (pra)) b e, 1 s
. F . ‘ys
= Multi-particle correlation function ..‘ 2 LT ey

dzN d2N ny + ng + +
<[PT]k d ¢ dp; "t d) d;; > = <[pT]kVn1 Vn2 .. V;zm> v,, amplitude correlation p(v,,,vy,)

1 \L dN t o ‘_M..z.mmmi,...mn ,.m %}E;,:hm,ﬁ " % :g‘::mmmamrw
Vo, Vi...) = 2 ) ’
pllpel, Vo, Vi) = o dpravaavs .. - : .

EbyE fluctuations of initial volume, size and shape



It seems we can infer the initial condition of QGP
which carries imprints of the colliding nuclei.

But what kinds of images do we expect to get?

That requires an intro to atomic nuclel



Atomic nuclel

Many-body quantum systems, govern by short-range strong nuclear force
Emergent properties in between bulk nuclear matter and discrete nucleon, like quantum doc.
Configuration is one that minimizes E, which is often deformed away from magic numbers

Cluster of nucleons Cluster of atoms
T Na cluster
Sezo wié*\-% f] 7 Ee
Nay Nay, Nay, BT N N “31

spherical

Effective Potential (V)

0 10 20
Radius R (arb.units)
10

supsrdeformad




Atomic nuclel and their shapes

Many-body quantum systems, govern by short-range strong nuclear force
Emergent properties in between bulk nuclear matter and discrete nucleon, like quantum doc.
Configuration is one that minimizes E, which is often deformed away from magic numbers

B,- Iandscape

iN-28
N=20 ' T T T T T 04
40 80 120 160 200 240
N

— known nuclei
- drip lines
= stable nuclei

p(r,0,¢) = A0

40 60 80 100 120 140 160 180 200
1 4 e(T_R(9s¢))/a0 Neutron number

R(0,¢) = Ry(1 + Pa[cosyY20(0, @) + sinvY22(0, ¢)] + B3Y30(6, @) + BsYs0(6, ¢))
i 0<y<n/3 i

¢

b
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Degrees-of-freedom and timescales

GR PR
Heavy nuclei @ @

I
r .
~ ., longrange medum-range shortrange
~ \ Y. g z
2> et
; N s |
© 803 o S %i 10: 7 il E o ’2(“:1’-' o E Rezg:rseiveé
L ' oo b -~/ ;
. rotation  vibration clustering nucleon correlations
Y= om
Energyscales:  ~0.04  ~0.5-2 ~a few ~1-30
(MeV)
Tin}f;jg)'es 1041038 ~1000 ~1000-100 ~100 to a few

h— 197MeV x 2
C
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Nuclear shape in low-energy methods

Each DOF has zero-point fluctuations within certain timescale.

R2J(J +1
. E;= %
quantum fluctuations in orientations . .
6" —— 0.307 MeV
8 — L
- ey 4 0.148 MeV
—— 2" ———— 0.045 MeV
time scale: 7> I/h ~ 10°-10* fm/c wavefunctions probed in 0r —

spectroscopy method rotational band of 238U

Spectroscopic methods probe a superposition of these fluctuations
Infer shape from model comparison to energy-transition-lifetime measurements.

But instantaneous shapes are not directly seen - intrinsic shape is not observable
13



Nuclear shape in high-energy smashing experiment

To see event-by-event shape directly, one must have

access to instantaneous many-body correlations p(ri,ra2...)

But we will see all DOFs longer than

this timescale: 7 > 7y
Nucleons, hadrons, quark, gluons, gluon saturations

suosew ‘suokieq

Concept of shape is collision energy dependent

€2=\€L+P(Q)ﬁ2+0(ﬂ%)

W
Vs-dependent Globalishape
fluctuations rotational
vibrational

Spherical Woods-saxon Sampled with A nucleons

PbPb, vy =5.02 TeV ;"
centrality: || < 2.4 /

0.01 ' PRI T S oo e e e P —

Trajectum —Wa{2} —va{2} —v4{2}
0.001 0.01 0.1 1 5
centrality [%]

0.00
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Imaging by smashing

Nuclear Structure Initial condition Final state

Energy deposition hydrodynamics
Tp a/p
plz,y, z)dz 2 )
Shape and radial dis. Size & shape observables
* Quadrupole deformation . d2N —in
B2~ Quadrupole def Ri“(""i): Snoc<’r'iem¢> dq&de_N(pT)(ZVne ¢)

B3> Octupole deformation
ag — Surface diffuseness

Ry > Nuclear size

Nocteon i What is the space-time dynamics of QGP
substructure . . . e ..
How energy is deposited to form initial condition

How to apply nuclear imaging method

15



Impact of deformation

Consider deformed 238U and compare with near spherical 1°’Au

|as ma
Ouavk-Gluon & ark-GIUO" plas!
Qui

—
configuration
boosted to pressure-driven particlization and
relativistic speed I'=100 hydrodynamic expansion freestreaming
—

tip-tip
configuration

Deformation enhances the fluctuations of v, and [p+].
and leads to anti-correlation between v, and [p+].

= Collision geometry depends on
: _ . the orientations: Headon
collisions has two extremes
body-body or tip-tip collisions

Body-body: large eccentricity large size

238

(v3) = a1+ b153 |
((6pr)?) = az +b2p33 ,
(v%épT) = a3 — b3 35 cos(37)

Vo PTy
Tip-tip : small eccentricity small size

VZ\J pT’?‘

197AU

W =a
<(5PT)2> = ay

<'u§5pT> = as

How to disentangle contribution from global deformation and fluctuations? 16



Impact of deformation

Seen directly by comparing 238U+238U with near-spherical ¥’Au+°’Au

= 0 - 0.5% Centralit
Q;C_D STAR ° Ue:L:a'y O [@e e e e uqxﬁfﬂ?% (V Spherical
X | 0.1F L 2P ®e & baseline
> 8 & < Au+Au i
N i Preliminary
I < 5PT) ®
I P2 =
- ol :
I #}Aﬂ 0.2<p_<3GeVlc 0oL T Vv - prolate
e A ST T SRS AR N SRS | B L
01 -0.05 0 0.05 0.1 — 20 0
Sp_/([p.D Centrality [%]

Near-spherical - flat p, vs centrality
Strongly prolate - decreasing of p, vs centrality
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Ratio of observables Ro = (O)y,y/(O)auran

.

] 3 \ v
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Ratios cancel final state effects and isolate impacts of initial state, including nuclear structures!

U deformation dominates the UCC (ultra-central collisions)

2>50%-70% impact on <(ép1)%> and <v,2>, 300% for <v,26p+>

More smooth centrality dependence for <(dp1)%> than <v,2>

-V, is dominated by v,RP (unaffected by deformation), having residual impact in UCC



Compared to hydrodynamic models

.r""'\-\.E .-"‘H.é
[T ¥ ]
> 0.2<p, <3GeVic En s
- o I
= =2
o 4@~ STARdata / = !\
i ~ hydro B, =0.28 & . -
] . = o]
15 _ | o 1.5k i e
[vell hydro B =0.25 e .
Lo
_‘;}
e
1 . 1;:. ......‘ ..
o0®
1 L 1 1 1 i L 1 1 1 1 1 L L 1 1 1 L l
0 40 20 0
Centrality [%]

Centrality [3&] Centrality [%5]

Compare with state-of-the-art ipglasma+music+UrQMD hydro model.

The <(6pt1)?> and <v,26pt> data seems prefers value closer to ,,=0.28 and a small y,,.

Smaller B, value for <v,2>



Sensitivity to other structure parameters

b

Small a

r 0.2<p <3 GeV/c Bzu =0.28

_ — default — small BQAU
| ——smallR,, ~— B4U=O [ )
5 —large RU — large a,

—d,, =04

20 20 0 20

1 1 L 1
40

M IR
20

Centrality [%]

PO
1 _|_ e("'_RU(l"’Zn ﬁnYnO(Baqf’))/aU

Centrality [%] Centrality [%]

dependence on other structure parameters:
Ro, &y, higher-order deformation, nucleon separation

p(r) =

In ultra-central collisions, ratios are controlled by §,, and yy.

In non-central collisions, v, ratio is also sensitive to nuclear skin

Focus on 0-5% most central collisions to constrain the Uranium shape

20



Constraining the U238 shape

. . . | . . | .
0 0.02 0.04

< | 0-5% centrality
AN
N N
2> 15+
< b
2
G STAR data
~ r °
—— hydro 9,= 0
i — hydrog = 10°
1= — hydrog = 15°
i —— hydro 9, 20
...........
0 0.05 0.1

Confirming this relation, including
strong sensitivity to triaxiality

focus on ((6pr)?), (v3dpr)

(v3) = a1 + 0133,
((5PT)2) =ag + bzﬂg ;
(v30pT) = az — bsB; cos(3y)




High-energy estimate

Bory = 0.286 + 0.025
YU = 8.7° £4.5°

Hydro-mode| Uncertaintjes
dominates

2
<(5PT) >U as +b2ﬂ%U by o
~ =1+ a—2)82U

R
: /

Spherical baseline dominated by

Gassian-like, nucleon fluctuations.

Described well by hydro model

Results
Low-energy estimate

Under liquid model

X-Z X-y assumption

Variations in energy deposition, saturation effects are
subleading. Similar findings from B. Schenke. et.al

£ —O—
025 | 3) = 028,b=0fm . —o-
0.2 ®

c 0.15 |p——b—dp—b—3—3 & 3 2 o » -

T Y9

01 HM_H_O

0.05

0
256-2-156-1-05 0 05 1 156 2 256

Yonise + ln(\/gt’\/;b)

Low energy High energy




Ratios cancel final state effects

= Vary the shear/bulk viscosity in Music hydro model
= Flow signal change by more than factor of 2, yet the ratio unchanged.

Vo2 X €9 ) 5
<V,2> <(6pqy)*>
% 10f 2 b Pr %
opr x —O0R X X X
N>N N,..i_ Q_'_
02< p, < 3 GeVic
,02,U —~ EZ,U 1~ @~ Au+Audata
~ [ ip-glasma hydro
'UZ’Au Eg,Au | == gefault

[ &= 50% lower viscosity

<((5pT)2>U <(6R)2>U I =50°/=; highc?rvisc?sit?/ o

(), (GRP),y, & o ~
< B, =028 %F & i
| = | o < o-—
<U§JPT>U ~ <€%5R>U ?’1.5— ] f\f_its— ;_‘»:—) I
(’U%(spT)Au (EgJR) Au ° @ / {:,N _1:_
: ~/ ﬁ :
Robust probe of '® 90000gg0® . 1 ‘——.6. .............. b »
C e o0® [
initial state! I r"';o"'z'o“-a N !

Centrality [%] Centrality [%)] Centrality [%)]



Flow-assisted nuclear imaging

cle > article metrics
nature _
e euivs | Las updated: Sun, 24 Nov 2024 20:42:54 Z Pub“shed on Nov 6 2024

Imaging shapes of atomic nuclei in high-energy nuclear collisic

Access & Citations

41 k O 1 Citation cou

Article Accesses Web of Science CrossRef Thi,counts)
availability o

https://doi.org/10.1038/s41586-024-08097-2

Online attention
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169 ® 4atweeters 3 blogs @ 1 Facebook pages article receir
) different type of o
@ 23 news outlets 2 Redditors 1 Video uploaders ifferent typs r
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are the main sourc
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Explore content v About the journal v  Publish withus v Subscribe

nature > news & views > article

https://doi.org/10.1038/d41586-024-03466-3

NEWS AND VIEWS | 06 November 2024

Rare snapshots of a kiwi-shaped
atomic nucleus

Smashing uranium-238 ions together proves to be a reliable way of imaging their nuclei.
High-energy collision experiments reveal nuclear shapes that are strongly elongated
and have no symmetry around their longest axis.

By Magda Zieliiska & & Paul E. Garrett &

Uranium + Uranium
Nuclear Collisions

body - body

/7

tip - tip

initial configration exposure expansion detection

https ://mww.bnl.gov/newsroom/news.php?a=122119

NEWS | 06 November 2024

Smashing atomic nuclei together
reveals their elusive shapes

A method to take snapshots of exploding nuclei could hold clues about the fundamental
properties of gold, uranium and other elements.

By Elizabeth Gibney.

vy f = ¥ i -024- -
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Strategy for nuclear shape imaging

Flow observable = K ® initial condition (structure)

- ~~

QGP response, Structure of colliding nuclei,
a smooth function of N+Z non-monotonic function of N and Z

Compare two systems of similar size but different structure

_ ORu
- OZr

Deviation from unity depends only on their structure differences
c,-C, are function of centrality

Ro ~ 1+ clABS + czAﬁg +c3A Ry + cuAa

12



Avallable collision systems
Nuclear Structure<->Initial Condition<—->QGP dynamics/properties

RHIC /s=200GeV LHC /s=5000 Gev

197 197 238 238 129 129 208 208
Au+IAU VS EH yU Establish methodology Xe+ xe vs “Pb+=HPb
;JU g 43 * Large sensitivity Baxe ¥xe Neutron skin

See talk of G. Nils, C. Zhang, Y. Zhou, H. Xu

9RU+9RuU vs 96Zr+96Zr Establish precision

Boru gfzé e * 0.2% measurement error vs 5-15% signal
ge s« . High-order observables See talk of C. Zhang, H. Xu
Structure of light nuclei 160)+16
+160 vs 20Ne+20Ne?
d+197Au vs 160+160 «  Cluster, subnucleon structure.
* Benchmark ab-initio models See talk of G. Giacolone

p+p, p+27AI’ p+197Au’3He+197Au’

63Cu+53Cu, $3Cu+197Au What can we learn from these? p+p, p+€0, p+2°8Pb

What interesting species to consider & what questions do they answer?

26



Isobar 2°Ru+°°Ru and °6Zr+9%Zr collisions at RHIC 200 GeV

ORu

One-body p(Ne,) two- bog}c' t<|;125> 2<11;.;2 three-body (V,*V,") RO =
§ pa— RuIZr B &% ey | AOZE OZr
v, L oi ] 1PV %
1.05-"®= V; : 'M - "'(VZ)

Structure influences

N i<0.5) N (<0.5 everywhere
) <(5PT)2>a <(5PT)3> <v§6pT>, <v§5pT>
ol . 0061 T 1 T T T T O [Trrrrrrrrrrryrrrgrorors ©O FrTrTrTrrTYTrTTrICTrTYIY " MR
T STAR Preliminary Ru/zr B [STARPreliminary Ru/zZr b= L STAR Preiimin nary Ru/Zr . .
T e I X ad " e T 1 Asignificant lever-arm
1004 T 1 [ === ((8p,)°/(p,)’ ] ;+<v§6 ) ] .
T~ I .-* + ¥ * ~ i to probe QGP physics
1.002:-: \'.\,... ‘{ 1W”*-"""—. 1:__‘._0_7:;_+_f+?_.*'__¢_ _+_+_____:
[ e | [ *, + I [ + . y :
| ' tyy H ' |
fommmm e oo | 0.9r = 0.9+
0....160....260“.‘360'..‘ 01(;02603(:\0 ..... 0”.”1(130‘...2(1)0““3(;0 ‘‘‘‘‘
N, (M!<0.5) N, (ml<0.5) N, (1<0.5)
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Nuclear structure via v,-ratio and v,-ratio

96Ru 96Ru

Quadrupole By = 0.162 O
" - Ro = =2 8 1+c1AB2 + eaAB2 + c3ARg + caAa
OZr
%ZI'
. “ Simultaneously constrain four structure parameters
I Bs = 0.06
" By =0.20
<v§>1/2 — ratio <v§>1/2 — ratio
SpeCieS ﬁ2 ﬁg ao RU O T T T T T T T T T T 5I T 2 1 T 0.I2°/I° T O T T T T T T T T T T 5I T 2 1 IO.IZO/I‘:> T
Ru | 0.162 0  0.46 fm 5.09 fm 2 [eviu/uastarDa T2 ] ! L
Zr 0.06 020 052fm 502fm| @ f B 1 @ [ gee®ge E 1
= : o l [ b . | S e O@ i [ | I A —
- AB;  ABS  Aag AR 1.1+ e - I Q@ n ]
difference 55596 0.0 0,06 fn 0.07 fm i s 1t oo, .
| STAR Preliminary S + ] - . U 1
I SRR o - o, -
- L ge® - \ -
1. | 1;.'? 1 %% sTAR Preliminary | %o, 1
] & ] - Y .
L e 098 o]
. 1 1 I 1 1 1 1 I 1 1 EI 1 1 1 1 | . L 1 I 1 1 1 1 I 1 1 il 4 il 1 1 |
u 100 200 39 u 100 200 3

N (Inl<0.5) N (Inl<?'45)



Nuclear structure via v,-ratio and v,-ratio

~ 1+ clAﬁg + CQAB% +c3ARy + cuAa

2109.00131

Simultaneously constrain four structure parameters

96Ru 95Ru
Quadrupole m i B, = 0.162 ORu
Rt ‘ Bs~0 Ro =
OZr
Octupole N =006
B3 = 0.20
2106.08768 .
- <v§>1/2 —ratio
Species B2 B3 ao Ro O 5 -2|1 02%
Ru 0.162 0 0.46 fm 5.09 fm S [ ~*Vam/Vaz STARData
Zr 0.06 020 0.52fm 5.02 fm @ [ #AMPT
. AB;  AB; Aag ARy 1.1+
difference | 3-5556 0,04 0,06 fm 0.07 fm i
~ STAR Preliminary
Boru~ 0.16 increase v,, no influence on v, ratio 1 {)5‘

B3z~ 0.2 decrease v, and v; ratio

Aay=-0.06 fm increase v, mid-central,

Radius AR, = 0.07 fm slightly affects v, and v ratio. 1‘

Is °6Zr octupole deformed? o

<v§>1/2 — ratio

5 21 0.2%

| STAR Preliminary

| -8V, [Vyx STAR Data
[ 4 AMPT

PR ISR T T
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Future opportunities

High-energy: fast snapshot of nucleon distribution for any collision species.
Low-energy: complexity & interpretation depends on location in nuclide chart

Conftra".‘ri]”li(“a' condition via Current extraction of QGP properties
nuclel with xnown structure are limited by the initial condition

m Better constrains on properties of QGP
\ 4
) N
U Model parameters: Observables v.s. centrality
Initial condition N, p, w, k,d Transverse energy

i ) Early time dynamics 7,0, €o Charged particle multiplicity
Constrain the structure for nuclei of Transport coefficients 7/, (/s @ /K /p yield
interest with known initial condition Particlization prescriptions /K /p {pr)

Switching temperature T, Flow harmonics v9, v3, v4

w'r) EbE fluctuation
effective for discerning shape differences between isobar-like species

v _
JEVSCAPE

{Is

As the imaging tool become more precise,
many exciting applications lie ahead

0.15 020 0.25 0.30 0.35 0.15 020 025 030 0.35
T [GeV] T [GeV]



Nuclear structure lever-arm: 3D Initial condition

. : . —A
« Sensitive to stopping & timescales7T ~ € 7

* SR structure sensitive to hydrodynamization

Wounded Nucleons

v #yy
Bjorn Schenke, Soren Schlichting Jiangyong Jia, Peng Huo
Phys. Rev. C 94 (2016) 4, 044907 Phys. Rev. C 90 (2014) 034905
Traditional observables inadequate, e.g.
Ideally we want: o
. . . ; < Mgy lrey) > - V B V* . ) )
R m) = et (1) I 1001 oo o
VAV (m)Vs (m)) (Va(n2) V5 (12)) —

Impossible due to non-flow. This also means no

L . . Decorrelations are non-linear!!
access to longitudinal structure in |An|<2 region

Decorrelation are partially canceled out.
31



Deformation-assisted study of longitudinal structure

Voan = Voasp + Von g + Ont

AMPT U+U B=0.28

Vonsp + Vaag + Out

Isolate the decorrelation map of deformation-induced flow

><10"3

Voa(m,m) = (Va(m)Vy' (12)) S,
o ° n dependence of flow

Vaa,g(mim) = (v3 4(n))

difference

Decorrelation of flow

4

M, : .
Vaasp + Ot Vaas = b(mi,m2) B WA | \ Rﬂ("h; 172)

32



Deformation-assisted study of longitudinal structure

><10"3

1 oe=veey)

Voag
[ )
[ )

Voa = Vansp + Van g + Out Vaa(m,me) = (Va(m) Vo' (m2))

. . n dependence of flow

Vaa,g(mim) = (v3 4(n))

difference

Decorrelation of flow

4

n\
Vaa,g = b(m,m2) B

Isolate the decorrelation map of deformation-induced flow

Vaasp + Vaa,g + Ous Vaasp + Ot Rﬂ("?l, "72)

Longitudinal structure is non-
linear and not factorizable

R( -1 Uref)
R('f?' nref)

Projection in slices—> ..

Some decorr. is cancelled, and | Tt i Can not be interpreted as decor
residual decorr. depends on 7,y | AT 0P GeViey, 08

e ~ 0 o~ -0.8 ' R .~ 0 on_~ -0.8 \ i betWeen '77 an d T’

i ~ ~ - ."\_ ) ~ ~ \\. b
0_4_in1 2.0 o, 3.2 . _ 0.4 fnre' 2.0 fnrel 3.2 i

pnos0 enohe t ] Then b0 e, -te

-5 0 5 0 2 4
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Currently the only reliable way to obtain the 3D
structure of the initial state.

Can be applied to small systems e.qg.
dAu vs O+0 at RHIC or Ne+Ne vs O+O at LHC.
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Odd N or Z nuclel

nuclear shape is often presumed to be similar to
adjacent even-even nuclei.

their spectroscopic data are more complex due
to the coupling of the single unpaired nucleon
with the nuclear core.

by comparing the flow observables of odd-mass
nuclei to selected even-even neighbors with
established shapes, the high-energy approach
avoids this complication.



Higher-order deformations (5 and g,

Ratio of v, in UCC region are mainly sensitive to £,

<
!
.
y
"
0

=F N Tz x 7
Uranium 238 F = = =o- C
ﬂz 63 64 == = g_ E
0.286[12] 0.078[13] 0.07 — 0.09[14, 15] £5E =
Expectation: =F =
—_F 3

2 2 2 S
(v3) = @z + b2 + bass = =
2 2 2 75 oo 2 =
(v3) ~ as + b3 303 + bs 4 _Ugl_%uAu E
(vi} 0 aq + byuf5r LU E

B4y constrained using v, ratio in central region
Order of v; reversed by considering non-zero B, Bay

V, ratio is mostly affected by £,, but also £,
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Shape fluctuation and coexistence -

Same nuclei can has several low-lying states with different intrinsic shapes

Can we probe the shape entanglement ?

B I
|
82 = === T = !
RevModPhys.83.1467 | 7
| ool ' '
(64) — Ty =
Ll 9
b} | l
= | |
s e :
g« =@ ! K
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20 — —:—— 7 E S o G H
B I/,.:, : \L F
A - p
O
1 | 1 | | 1 1 il 1 1 1 T
2 8 20 28 (40) 50 82 126

High-energy collisions are sensitive only

to ground state shape, avoid shape
variations during transitions

Neutron number N ——

- /™ 186Pb

" Energy (MeV)

BE=630.876 MeV 60
<p.>=0.338

M. Girod

B,cos(¥+30)
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""""'30,» e s

Nature 405,430 (2000)

Configuration mixing:
0%u)
0%)

0 >+ s 7

B ~ Oy
[Ol>=+co>q i

O}') =—smzy O;m>+ cosn

electric monopole (EO) transition
(0 IM(EO)|0; ) o= sin g cosn (£, = i)
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Shape fluctuations via high-order correlations.

9o2

(cos(37)) =~ e T cos(39)

a0

EL 025_ a, = -0.85x10° U+U Glauber Model E

3 T (a1,a2)=(-19.98,-0.03)x10‘5;

O 045 g (b;b,) =(0.28,0.08)x10°

' 0.1:‘ . E b=0fm, p=0.28 E

8 o.05F e g E

£ It SN ]

of [ G T

F Jort Sliatd ]

-0.05F e o

s e Cos(3y) Data Fit 4

-0.1F - 1004 -

E e 0.50 3

-0.15F L 050 ¥ -

e 400 ¢ - ]

“02F..0.. 2301.03556 ]
0 02 04 06 08 1

0,‘!

Fluctuation in y washes out difference between prolate
and oblate, such that all results approach triaxial case.

3-particle correlation can not distinguish between static
triaxiality vs large triaxiality fluctuations.

Similarly, 2-particle correlation can not distinguish
between static £, from its fluctuations

Need to go higher-order:

Heavy ion

observables: 3
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Neutrlnoless double-beta decay

Phase space Massgirameter

T%]~1 = Go(Q, Z)| Moy *(m3s)?

' Nuclear l]atrix element

- Need to model the overlap of nuclear wavefunction between
1 initial nuclei and its final isobar nuclei.

@9; ‘fi;

W~

2vpp: observed OvfB: not yet
0Wr—T—T7—T1—T 7

REDF

x2-3 difference in matrix element, corresponding to x10 change in lifetime

| Challenge: modeling nucleon correlations in nuclear structure. eg: quadruple
1 and pairing correlations

| | | | | | | | | |
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Radial parameters R,, a, are properties of one-body distribution 2 <p;>, <N.,>, v,

Imaging the radial structures
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Summary and outlook

Collective flow assisted nuclear shape imaging is a discovery tool for exploring

nuclear structure and high energy nuclear collisions

High- and low-energy techniques together enable study of evolution of nuclear structure
across energy and time scales.

Future research could leverage collider facilities to conduct experiments with selected
Isobaric or isobar-like pairs
Recently organized activities:

A| isobars | A | isobars | A |isobars| A | isobars | A |isobars | A isobars R B RC wor kS h o p ‘] an 2022 ’ M
36| Ar, S 80| Se, Kr |106|Pd, Cd|124 |Sn, Te, Xe| 148/ Nd, Sm | 174| Yb, Hf .
40| Ca, Ar | 84 |Kr, Sr, Mo |108/Pd, Cd| 126 | Te, Xe | 150/Nd, Sm|[176| Yb, Lu, H EM M I TaS kfo rce May&'OCt 2022’ m(

46| Ca,Ti |86 | Kr,Sr |110{Pd, Cd|128| Te, Xe |152|Sm, Gd|180| Hf, W

48| Ca,Ti |87| Rb,Sr |[112|/Cd, Sn|130|Te, Xe, Ba|154 |Sm, Gd |184| W, Os ESNT WorkShOp Sep 2022’ |Ink

50| Ti, V, Cr | 92 |Zr, Nb, Mo|113|Cd, In|132| Xe, Ba |156| Gd,Dy||186| W, Os INT program Jan—FebZOZS Ilnk

54| Cr,Fe |94| Zr,Mo |(114/Cd, Sn|134| Xe, Ba |158| Gd,Dy||187| Re, Os

64| Ni, Zn |96 |Zr, Mo, Ru|115| In, Sn | 136 | Xe, Ba, Ce| 160 | Gd,Dy||190| Os, Pt Dallan WOI’kShOp Aug 2023 Ilnk

70| Zn, Ge |98 | Mo, Ru |116|Cd, Sn| 138 |Ba, La, Ce| 162 | Dy,Er || 192| Os, Pt

74| Ge, Se |100] Mo, Ru |120|Sn, Te|142| Ce, Nd |164| Dy,Er|| 196| Pt, Hg BEIjlng WOrkShOp Aprll 2024 In DreDaratlon

76| Ge, Se |102| Ru, Pd |122|Sn, Te|144| Nd, Sm |168| Er,Yb||198| Pt, Hg

78| Se, Kr |104| Ru, Pd |123|Sb, Te| 146 Nd, Sml 170 | Er,Yb ||204| Hg, Pb
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https://indico.bnl.gov/event/13769/
https://indico.gsi.de/event/14430/
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https://www.int.washington.edu/programs-and-workshops/23-1a
https://indico.ihep.ac.cn/event/17999/
https://indico.ihep.ac.cn/event/20877
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Shape fluctuations via high-order correlations.
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Deformation-assisted study of longitudinal structure

52 = ggjsp + 52,5
Vo= V2,Sp + V:‘Z,ﬁ

Project flow to forward eccentricity
and quantify the decorrelations.
Deformation-driven flow and
normal flow components have
similar long-range decorrelations

(v%) =a+ bﬁ%

a,b have the same decorrelation!

(Va(—m)&5 5)
T2,EF —
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(Va()€3 v )

<V2(_n)S;,F,,B>
Toepy =
o <V{) (mé3, F,B)

(‘/2 (_77)‘/2* (nref)

T2 (U)nref = (Va(m) V5 (et ))
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10q |
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n

Can be applied to small systems e.g. dAu vs O+0O at RHIC or Ne+Ne vs O+0 at

LHC. Currently the only reliable way to obtain the 3D structure of the initial state.
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Long-range correlations in many small systems

Peripheral A+A

p+A, d+A.. O+O

p+p (LHC)
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Origin of collectivity in small collision systems

Collectivity Non-flow

N\

not-driven by Geometry | Geometry-driven

N

Non-hydro hydro

How to experimentally distinguish these sources?



Nuclear structure lever-arm: small system

« Clearly, initial condition in small systems has large uncertainties

—nucleon correlations (clustering), subnucleonic fluctuations, longitudinal fluctuations, energy deposition...
« Hydrodynamic picture is qualitatively consistent, but hardly proven.
* Impossible to unwind the clock only based on final state measurements

observables

Nuclear structures

7=0 —

Tfreezeout

Vary structure input and check final state responses

- powerful way to disentangle different components
46



Disentangle geometrical and non-geometrical components
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Precision
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using new approaches to geometry reconstruction, recent results and
prospects using the Waterloo ALLS reaction microscope facility
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Seen at LHC

t~108 s
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Collision dynamics

t~10fm/c =1022s

-

Credit: Bjoern Schenke

3D relativistic viscous hydrodynamics
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Isobar ratio constraints on the initial condition

Nucleus (T£+T§)”" Initial condition Final state
2
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c, relates nuclear structure and initial condition
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Flow-assisted nuclear shape imaging at high-energy

30,000 particles

Nuclear structure Initial condition Final state

VEN 100 — 2500 GeV

s
400 nucleons Pb% :
: Fluid dynamics freestreaming

Quark-Gluon Plasma

gzwpb o 5 :
_ T ~2Ry/T' ~0.1fm/c 7~ 10fm/c T~ 1015fm/c

size & shape
p % exposure expansion detection
¢ Event-by-event

linear responses:

R: « (r?), En x (r'te ‘"‘35 = N( ZV e_m‘f’ V X gn
Lo dq,sd (pr) Olpr] _ORy
size & shape observables pr] © R.

Key: 1) fast snapshot, 2) large multiplicity for many-body correlations 3



Accessing information in body-fixed frame

=1/R, Ey = 9" fr2p(r) d; —/|r2|p(r) od, = d, —(d.)
= We measure moments of p(1/R, ¢, €5...) via p([p+], Vo, V3...)...
= Mean d,) (p1)
« Variance: (c), ((6d./d.)?) (i), (/")
= Skewness (s20d./d.), ((6d./d.)’) = (vidpr/pr), ((Gpr/pr)°)
= Kurtosis  (eh) ~ 222", ((6d1/d.)") ~3((6d./a,)*) () — 202", {(Gor/pr)") ~ 3 (Gpr/pn)?)

= These moments naturally probe the many-body distributions—> frame independent

PO ONIGED (6260, /d, ) w —Jrurers ()" (@3) Iedlp (r1,v3,%3)
Uslef?$p(0))) (el (p(x))” f Il (o (x))

(E%) = (825;) N

p(r1,12) = (3p(r1)dp(r2)) = (p(r1)p(r2)) - (p(r1)) (p(r2)) P (T1:72:73) = (9p(r1)0p(r2)0p(rs))



Isobar ratios cancel final state effects

= Vary the shear viscosity by changing partonic cross-section in AMPT
= Flow signal change by 30-50%, the v, ratio unchanged.
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How to obtain the shape of nuclei of interest

2 _ 2 i
(&)= 1 .3/A+0.23]32 €, B2 plot

154Sm

In central collisions 0-1% centrality
<6g> =a +V5; a = <E§>\ﬁz=o x1/A 0.03 Glauber model

<U%> =a+ bﬁg a= <U§>|ﬁ2:0 x1/A

0.02 _

b’, b are ~ independent of system
0.01 ¢

E 8
r208 Pb

v

Systems with similar A falls on the same curve. s o
Fix a and b with two isobar systems with known [3,, then predict others.
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Neutron (N) #

Transition from nearly-spherical to well-deformed nuclei
when size increase by less than 7%. Using HI to access the
multi-nucleon correlations leading to such shape evolution,
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Connecting initial condition to nuclear shape

Body-Body & = e2e”® (riei%) Tip-Tip

82""0.9582 82""0.4882 82‘-"0

@= @ PMWEOE) 2 ()~ (d)+025
undeformed  phase factor

Shape depends on Euler angle Q=¢6y <’U?L> X <€721,> In intrinsic frame



Nucleon
Fluctuation

Nucleon & Subnucleon
Fluctuation

Longitudinal Decorrelation

backward

Small system collectivity

Flow dominated by geometry response, NOT initial momentum anisotropy.
Three sources of geometry: 1) nucleon fluctuation, 2) sub-nucleon fluctuation,

Current status: comparison of p/d/*He+Au suggests dominant role of
subnucleon fluctuation and possible impact of flow decorrelations

Small symmetric O+0O provide additional lever arm for nucleon vs subnucleon
fluctuations, as well as role of many-nucleon correlations
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vy(p,)/e,

Shengli Huang QM23

v, /€,(0+0) = v, /g,((He+Au) for quark-Glauber

Consistent with expectation of sub-nucleon fluctuation

Small v2{4}/v2{2} ratio in UCC consistent with enhanced v2

fluctuation due to many-nucleon correlations.
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Nuclear structure are required to understand small system collectivity
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Geometry imaging via Isobar-like small system collisions

Controlled variation of nuclear
geometry with well-expected
final state response

dN / dy ~ 100 ' - - ' ' '
y 1.02} O/Ne, V sy =6.8 TeV
v [0+0] 0.03 4 0.01 & 1.00 ,_073 GeVspTSSGeVE
vy [Ne + Ne] ' — ® 0.98; fo-d-be g ’
| 0.96F g — “f.. ,
o S 0.94 )4 s S
Model uncertainties largely cancel 9': e = o I
: . : 0.90} . ]
Direct reflection of nuclear shape and radial ool —O(RGCM)/Ne (PGCM)  Trajectum

structure arising from nucleon correlations. 0 10 20 30 40 50 60
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Picture of the heavy ion initial condition
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L N Still based on the simple

'l *, | hydrodynamics p(v,) | Woods-Saxon Glauber model
P ] e 2 Should use more realistic
nuclear structure input!

1 hydrodynamics dN
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Fluctuations in the initial state play a dominant role for the system evolution! 4



Role of nuclear structure in heavy ion collisions

Nuclear structure Initial condition Final state
hydrodyn amics L Q P4
ﬁ> -— —p
' ) \
Status

= Precision of QGP properties depends on initial condition and energy deposition
= Detailed nuclear structure information not yet part of hydro framework

Two-fold goal
= Constrain the initial condition by comparing nuclei with known structure properties
» Extract properties of nuclei from heavy-ion collisions and compare to low-energy




Low-energy vs high-energy method
= Intrinsic frame shape not directly visible in lab frame at time scale T > ~I/A~10"%1s
= Mainly inferred from largely “non-invasive” spectroscopic methods.

1606.04717

—>

Quantum fluctuations

Correlated shape in intrinsic frame Spherical shape in lab frame 0+

= High-energy collisions destructive imaging: probe entire mass distribution in the intrinsic
frame via multi-point correlations. Shape frozen in nuclear crossing (10->*s << rotational time scale 10-2's)

\ S~ Fast crossing Large multiplicity
O 0 - - 7 2Ry/v < 0.1fm/e arXiv:1902.07168,
e < |
)\ /Mo M\ .
6 () r = re'
c /(}\ Intrinsic frame
A \ in(d, —ds)
e NS <f3 (=02 > D‘Cf Py(ry,ry) ...
= FINAL-STATE ry,ry

Imaging via collective flow TWO-PARTICLE CORRELATION NUCLEAR TWO-BODY DENSITY g



Example: Probing the nuclear three-body density (triaxiality)

Prolate R(0,¢) = Ry (1 + B2[cos Y5 o +sinyY5 5]

B2 = 0.25,cos(3v) =1 = small v2
tip-tip . <_o — small area VAN
large [pi]
body-body e G — > % large area V2" pry
small [pi]

Triaxial Need 3-point correlators to probe the 3 axes
= 0.25,cos(3y) =0
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Opportunities at the intersection of nuclear structure and hot QCD

Multi-nucleon Multi-particle

correlations in nuclei \ correlations in final state
"sappupuduunnnn®

Many examples in https://arxiv.org/abs/2209.11042

ITI. Science cases at the intersection of nuclear structure and hot QCD
A. Stress-testing small system collectivity with 2°Ne
B. Shape evolution along the Samarium isotopic chain
C. The neutron skin of ¥Ca and 2°®Pb in high-energy collisions
D. Initial conditions of heavy-ion collisions

E. Impact on future experiments: EIC and CBM FAIR

New tests of effective field theories of low-energy QCD!

See recent INT program 23-1A



https://www.int.washington.edu/programs-and-workshops/23-1a
https://arxiv.org/abs/2209.11042

Nuclear shape in low-energy methods

Each DOF has zero-point fluctuations within certain timescale.

2
1
B - h J(ZJI + 1)
quantum fluctuations in orientations — . -
y ; 67— 0.307 MeV
O )
o 4 0148 MeV
-7 2t 0.045MeV
time scale: 72> I/h~ 10°-10" fm/c wavefunctions probed in 0r —

spectroscopy method rotational band of 238U

(non-invasive) spectroscopic methods probe a superposition of these fluctuations
Can infer shape from model comparison to energy-transition-lifetime measurements.
But instantaneous nuclear shapes are not directly seen - intrinsic shape is not observable

e+A scattering has very short timescale, SR N
but so far mostly probe the one-body S
(charge) distribution. Impact of =X

deformation appear as increase in radius

F (@)
/
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Coulomb Explosion Imaging in Chemistry

Instantaneous stripping of electrons (thin foil or x-ray

laser), and then let atoms explode under mutual
coulomb repulsion
20A Detector g
Formvar é |
%

Normalized momentum, p,

Magnified view

Fig. 1. A schematic view of a Coulomb explosion experiment. When a swift
molecule passes through a thin solid film, it loses all of its binding electrons.
The remaining positive ions repel each other, thus transforming the micro-
structure (as seen in the magnified view) into a macrostructure that can be
measured precisely with an appropriate detector. The measured traces (x, y,
t) of each fragment nucleus for individual molecules are then transformed
into the original molecular structure.

“Nuclear explosion imaging” is 10°-10° times faster.

t=—2fs t=2fs t=5fs t=10fs t=—20fs t=50fs


https://www.nature.com/

Atomic nuclear

Many-body quantum systems, govern by short-range strong nuclear force
Emergent properties in between bulk nuclear matter and discrete nucleon, like quantum doc.
Configuration is one that minimizes E, which is often deformed away from magic numbers

Interplay between shell and collective effects

cluster of Na
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Atomic nuclei and their shapes

Emergent phenomena of the many-body quantum system
= clustering, halo, skin, bubble...

= quadrupole/octupole/hexdecopole deformations Bo-landscape -
= Non-monotonic evolution with N and Z 5. ,
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