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Landscape of nuclear physics
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Most nuclear experiments starts with nuclei



Rich structure of atomic nuclei

= Collective phenomena of many-body quantum system

= clustering, halo, skin, bubble...

— known nuclei
------ drip lines
= stable nuclei
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Neutron number

= Shell models (configuration interaction)

s Understanding via effective nuclear theories
= Lattice, Ab.initio (starting from NN interaction)

= DFT models (non-relativistic and covariant)



High-energy heavy ion collision
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High-energy heavy ion collision

Nucleus

Rich structure of atomic nuclei

» Collective phenomena of many-body quantum system
= clustering, halo, skin, bubble...

= quadrupole/octupole/hexdecopole deformations
= Nontrivial evaluation with N and Z.

me — Radii-landsca

(¥ “o- ,.

Q a @ = Understanding via effective nuclear theories
- = Lattice, Ab.initio (starting from NN interaction)

Initial condition
hydrodyamics AN

Asymmetric distribution

- % = Shell models (configuration interaction)
= = DFT models (non-relativistic and covariant)
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Final state
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Anisotropic expansion

1) Are nuclear structures important for HI initial condition and final state evolution?

2) What HI experimental observables can be used to infer structure information?

3) Can HI provides competitive constraints on nuclear shape and radial profile? can
consideration of nuclear structure improves understanding of HI initial condition?



Collective flow in fluctuating events

Final Particle flow

| Event 1 ATLAS Pb+Pb |

_—centrality: 0-5% \ S\ =276 TeV -
pT>0.5 GeV,n|<2.5 |

Initial State

80|

dN/dy [/25]

40
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Fixed impact parameter
Initial Size Initial Shape Multiplicity

d2N —in
NCh dodpr — N(pT) (; Vae ¢)

Initial volume Radial Flow Harmonic Flow

Npart Ri X <7°2L>7 Ey X <Tiei2¢>
E3 x <riei3¢>

€y x <'r"i ei4¢>

High energy: approx. linear N, Npart S[pr] o — OR | Vn X gn
R,

response in each event: [pr]




Z00 of Flow observables

» Single particle distribution

d’N = N(pr) -1 + 2 Z vy (pr) cosn(¢p — \I!n(pT))]
dodpr ! n
N | S vn@T)em]
Radial flow/ T \Anisotropic flow

s Two-particle correlation function

2N, d%2N, *
d¢de d¢de = <‘[n(pT1)Vn (pT2)> n—nm=~0

s Multi-particle correlation function
d* Ny d*N,,
dadpr " dadpr ) = (VY. V, ) mensan, =0

1 dNevts
Nevts d5[pT]dV2dV}, .o

[

p(dlpr], Vo, V3....)

Flow vector: 'V, = ’Unein

W,
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State-of-the-art modeling of HI collisions

s Data-model comparison via Bayesian inference to optimize

constraining power.
Only a subset observables is used

Model parameters: Observables v.s. centrality
Initial condition N, p, w, k, d Transverse energy
Early time dynamics 7¢4,0, €o Charged particle multiplicity
Transport coefficients 7/s,(/s @ /K [p yield
Particlization prescriptions /K /p (pr)
Switching temperature T, Flow harmonics vs, v3, v4

\ Charged particle (pr) EbE fluctuation

m Detailed temperature dependence of viscosity!

BMA

0.4 M = Grad
JETSCAPE —_CE

. .PTB

0.15 A

0.10 A

{Is

0.05 A

0.00 -1

0.15 0.20 0.25 0.30 0.35
T [GeV]

Major uncertainty: initial condition and pre-hydro phase




The role of nuclear structure

Nucleus Initial condition Final state

understood AN 4

Q-
'

N

\

TA(way) - /p(w7y7z)dz

TP 4 TP q/p
= Different ways of depositing energy T ( A B)

2

(T4 +Tg Npart — scaling,p =1
TyTg Ncon — scaling,p = 0,9 = 2
vVIT4TR Trento default,p = 0

e(z,y) ~ ¢

min{T4, Ts} KLN model,p ~ —2/3
T4+ 1 + aTyT two-component model,

\ similar to quark-glauber model

s Use nuclear structure to provide extra lever-arm for initial condition ?



The role of nuclear structure

Initial condition
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Nuclear shape:
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Radial profile:
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Final state
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Parametric form

= [n principle, can measure any moments of p(1/R, &,, &;...)

= Mean (d)) (pr)

= Variances: {(€2), (( <5dJ_/dJ_ > d. =1/R, E> (v3)s <5pT/pT)>

= Skewness (e26d,/d.), <5dL/dL)> (v2opr/pT), <5pT/pT)3>

= Kurtosis  (gt) —2(e2)’, <(5dL/d¢)>—3<(5d¢/dL)> (uh) — 2(e2)’, <(5PT/pT)>_3<(5pT/pT)2>2

m All with rather simple connection to deformation, for example:

= Variances = Skewness
(en) ~ an + mZ; bnsm,m' BB <€g5dl/dl> ~ a; — by cos(37)5s
((6d/d,)?) =~ ag + n%; B0, BB ((6d./d)®)  ~ az + by cos(37)53
Specifically: | = Kurtosis
EINRY I TP i
(€2) ~ ay + byB3 + by o3 <(5dl/di)4> ~ 3((5dl/dl)2>2 ~ s — bafh

((8d1/d1)?) ~ ag + by % + by 332



But how to achieve precision?
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Isobar collisions at RHIC: context

Z N mass
96Ru 44 52 95.907598(8)
96Zr 40 56 95.908273(3)

Isobar
= iai -
B collisions B

Extra
»° Proton
o<

>0 \

96740+ 96740+ 9%RY 9RY
0 ® O ®

arXiv:2109.00131

Designed to search for the chiral magnetic effect: strong P & CP violation in
the presence of EM field. Experimental signature is a spontaneous
separation of + and - hadrons along EM direction, vertical to &,

Turns out the CME signal is small, and isobar-differences are dominated by
the nuclear structure differences.

and turns out to be a precision tool for both NS physics & HI initial condition



Isobar collisions at RHIC/STAR b

RHIC Running

* Switch isobar species each time beam is inserted into RHIC
» Stable luminosity (matched between species) with long (~20 hour) beam circulation time

* Adjust and level luminosity to optimize data collection rate while minimizing backgrounds and systematics
* Restrict species-related information to those necessary for successful data-taking

* (Calibration experts (recused from CME analyses) evaluate data quality “in real time”

From J Drachenberg

Ru Zr Ru

ZDC Rate (Hz)
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STAR : predefined blind analysis

Step-0 Step-1 Step-2 Step-3
Isobar Mixed Isobar Blind Isobar Unblind
Mock Data lysi e oo
challenge analysis analysis analysis
Test data structure Code freezn.lg QA with ~ 1%_ data Final analysis

(Au+Au data) (Each run is (Each run is (Ru+Ru & Zr+7Zr :
Ru+Ru & Zr+7Zr) Ru+Ru or Zr+7Zr) separated) | sz s s = .
8 8 8§ 5 5 :
g8

STAR Data Acquisition Rates

<0.4% precision is achieved in ratio of many observables between
9Ru+ %Ru and %Zr+%Zr systems—> precision imaging tool



Isobar collisions as precision tool

O%Ru—l—%Ru

= A key question for any HI observable O:

096 Zr_|_96 7r

”
1

Deviation from 1 must has origin in the nuclear structure, which

impacts the initial state and then survives to the final state.

s Many such pairs of 1sobars in the nuclear chart.

= Small system 1sobar such as 36Ar and 36S.
= Large system isobar such as 204Hg and 204Pb

15

m Isobar also done at low energy, e.g FOPI, with different physics focus

= Baryon stopping and isospin sensitive observables.
= No clear separation between initial and final state

= Smaller hadron multiplicity limits the precision
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Isobar collisions as precision tool

096 96 {
= A key question for any HI observable O: Rut Ru g

096 Zr_|_96 7r

Deviation from 1 must has origin in the nuclear structure, which
impacts the initial state and then survives to the final state.

Po
: p(r,0,¢) =
s Expectation (r,6,9) 1 + e(r=2(8:9))/a0
96 96 . 3 4
/ Ru ‘Ru R(Q, ¢) = RO (1 + “‘82 [COS ’7}/2’0 + SID’YYQ’Q] + JBg Z a3,m}/3,m + 34 Z a4,mY4,m)
Quadrupole § /i WP m=-3 m=—4
L) T B3~0
2 2
O = by + b1 5 + baff3 + b3(Ro — Rorer) + ba(a — arer)
(0] le - i N By = 0.06
crupole o /‘ kzzoizé— R _ ORU ~ 1 A 2 A 2 AR A
7. Jia, aXiv:2106.08768 O = OZ 1+ Cy 52 + C2 63 + C3 0+ CsAQ
r
Species [ B2 fs ag Ro Valid for most single- and two-particle

Ru 0.162 0 0.46 fm 5.09 fm

: 2
7r 006 020 052 fm 5.02 fm observable: v,,v;, p(Ngp),<pr>,<0pr=>..

difference Ay ABs  Aag ARo . .
0.0226_-0.04_-0.06 fm_0.07 fm Only probes isobar differences




Glauber results

AB,* dep AB,* dep
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Glauber results: scaled
AR, dep Aa dep AB,?% dep
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AB,* dep

B3 0202
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Verifies the relation: 1+ ¢; ABS + o ABS + c3Aa + c4, AR




AR dependence
scaled to AR=0.07 fm

AMPT results: scaled

Aa dependence
scaled to Aa = -0.06 fm

B, dependence

B, dependence

scaled to ABZ = 0,0226

scaled to AB3 = -0.04

2 ' ' ' — AMPT Aa=-0.06 0 . F = AMPT B.=0.1 J
o b 3
© 1 1F - AMPT aa=-0.12 . [ - AMPT p =0.2
—~ ] & AMPT Aa=-0.18 . ] — = AMPT B_=0.25
O i o B 3
< | 9 - . ! -
! {1.05 4 |
< 0.95F 5 ! ]0.95
I R ] ] I
- AMPT AR=-0.09 g ] [ ——AMPT § =0.1
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Verifies the relation: 1+ ¢; ABS + o ABS + c3Aa + c4, AR
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Scaling approach to nuclear structure

Valid for most single- and two-particle
observable: v,,v;, p(Ng,),<p7>,<0p:%>..

~ ]+ ClAﬂg + CgAﬁg + C3ARO + C4ACL
Nucleus Initial condition Final state
- ol
- — —’
» '’ \

C, relates nuclear structure
and initial condition

s Determine c, once, and predict ratios for other NS parameter values.

= Constrain parameters via ¥ analysis or Bayesian inference.

20
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Compare with isobar data

9%Ru 9%6Ru N
From chunjian DNP STAR talk
Quadrupole L g, = 0.162
gy B0 5 21 0.2%
T T T T l T T T T I T T il T E I T T b T
offline offline : : .
e p(Ntrk )Ru /p(Ntrk )Zr : ]
Octupole - f“‘:““:’f \ By = 0.06 L Vo Ru / Vo zr ‘ I o -
B3 =0.20 —
J. Jia, aXiv:2106.08768 1.1-e /v y + — Large B, r,
3Ru /V3z
DO el
& (3p2)/(p.)° Ru/zr Y B 4"
! ... ‘....

Nuclear deformation
+ Radial structures

STAR, arXiv:2109.00131

H. Xu et al., arXiv:1808.06711,1910.06170 | § ‘O:.. .
2103.05595,2111.14812 _ o
e - STAR Preliminar g
Q. Shou et al., arXiv:1409.8375 0.9 | |y i > Large Bs
G. Giacalone et al., 2105.01638 ' — — T Aann —
0 100 200 300

C.Zhang et al., arXiv:2109.01631

Nfrf;"”e (Inl<0.5)

Use these ratios to probe shape and radial structure of nuclei.



Quadrupole

Octupole -

Nuclear structure via v -ratio

B,r,~0.16 increase v,, no influence on v, ratio
B;,,~0.2 decrease v, in mid-central, decrease v, ratio

= Aay=-0.06fm increase v, mid-central, small influ. on vj.

= Radius AR,=0.07fm only slightly affects v, and v; ratio.

5 21 0.2% 5 21 0.2%

@) T T T [ T T T T [ T T T T T T T T T T T T T T T T T T T T T T
= | -V, /Vy, STARData | | | | L
(U ’ ’ 1 1 1 1
m B _e_VZ,Ru /V2,Zr AMPT B2 1 [ 1 —

B _E_V2Ru /VZZr AMPT 823 E E E E ] 1 /1 Zal PO N TN TN : : : E ......
1_1__._V2Ru/v22rAMPTB 3 1 1 P ; Sha ] [ 1
+V2Ru /VZZr AMPTB

| STAR Prellmlnary

Ratio

0-957" STAR Preliminary

1.05

" —-V3gr, /Vaz STAR Data
i _e_ VS,Ru /VS,Zr AMPT B2
0.9} & V3p, /Vsz AMPT B

i : —l—v3Ru/v32rAMPTBZS 2
L _‘_VSRU/VSZrAMPTB Ro : : : : -
1 1 1 1 | 1 1 1 1 | 1 1 | 1 | 1 | 1 1 1 1 1 1 | 1 1 1 1 | 1 1 | 1 | 1 | 1 1
0 100 200 off II%OO 0 100 200 offhr%oo
Ntrk (nl<0.5) Ny (ml<0.5)

Simultaneously constrain these parameters using different N, regions
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Not affected by final state

= Vary the shear viscosity via partonic cross-section
= Flow signal change by 30-50%, the v, ratio unchanged.

>N ! >") _' L L L i
17 0.03F o (b) 4
_ alalans o Wug A
1 0.025} f |
0.06 LA A 1
Vp — kné‘n 0.028_ &
0.04 0.015¢ B
Un,Ru En,Ru p RutRu and Zredrcombined | § 0.0t RusRuandZrezr combined -
— = 8 "—é—'1[5'm'b"'”('c')"' N T ST
<;1.06- _o-3mb y
Un,Zr En,Zr & % 6mb
10 mb
1048 o 3mb, 7, =15Mm/c
1.02}
- AMPT 0.2-2 GeV/c I
0981111|111111111111 PR ST SR S AT SR ST ST SR ST ST ST TR SN MY
' 100 200 300 100 200 300,

ch ch
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Not affected by final state

ﬁ """"""""" T &1-Uo—
| -=-0.2- N I
2@1 .06_— 0.2-2 GeV/c (C) i %é’
> | |-e-05-2GeVic 15
- 1" .
1-04_ —<£-1.0-2 GeV/c !
1.02— 0.95»
1 R |
"~ AMPT 3.0mb 0.9
nag L !
y [ . ] §Uo
2@ 106l | = meson-mesor © ] zé
> | |-ebaryon-baryor 1>

Up = knsn

K, is a function of pr and PID,
But fully cancels in the ratio

vo{2, |An|>2}

0.95

0.9

0.85

R
300
N

ch

0.3

0.2

| ALICE Pb-Pb |s, =5.02Tev  En*

- |y| < 0.5, 10-20% = K*
i ®p+p
i wdd 86 .¢
_— . w o™ BO8 :{ x igx
s S PR
- e .
| o i o
ok
T A p T
0 2 4 6 8
P, (GeV/e)

Robust probe of
initial state!

Nucleus Initial condition

@0
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Nuclear structure via p(N,,), <p T>-ratio

96 R =5.09 fm .
Ru s =m For Nch ratio:

e s PByr,~0.16 decrease ratio, increase after considering ;,,~0.2

Quadrupole

= The bump structure in non-central region from Aa, and AR,

967r 9%7 _ .
~ e g For <pT> ratio:

a=0.52 fm
Octupole 2 = 0.06 = Strong influence from Aa, and AR
B3 = 0.20 — 0.27
J. Jia, aXiv:2106.08768
5 21 0.2% ,
ll\hl T T T T T T T T ] Centrahty (°/o) 5 2 1 0.2
g‘ . -e STARdata : ] N T e p ! '
= -~ AMPTB a 1.003 - g
g/ 2 ;/ -
S - 5 AMPTB S -
= 1.05- N 1 ook
P g 1.002-
% . 4 AMPT B, a, R, | i
Z i
o i 1.001-

anooo9oagouaaeald
& e

0.999%¢ AMPT v2.2615, Il <2,0.2<p_<2 GeV/c

IIIIIII[II“II'IIIIlIlIIIII

1 1 1 1 1 l 1 1

A N 1
0 100 200 ~ 300 0 100
N (Inl<0.5)
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o
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Relating to the Neutron Skin

_ Po
" 11e(-Roa

i)

=] 1904.12269
‘B
: — - s - \
D
©

n
\ P
\\

\—>

R

skin-type: larger R,

Neutron skin:
Ary = ()" - (1)

p

a

PRL87.082501

halo-type: larger a,

density

Related to the EOS of symmetry energy,
in particular the slope parameter “L”

1
Egym(p) ~ J + Lz + EKsymw2

r = (,0 - psat)/3psat

404

(p)/MeV

Y

ES

120

L(p,)/MeV

404

80
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Many constraints from structure and
low-energy heavy-ion experiments

Analyses of Terrestrial Experiments

1304.3368

Mass-defference

polarizability

(2010,”'5 ! Average=31.5542
With no or incomplete error information

Analyses of Terrestrial Experiments

nnnnnnnnn

««««««
eeeeee

Average=58.8865
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Relating to neutron skin: ar, = (m)"? - ()"

Neutron skin A,,,, can be expressed by R, () =
and a, for nucleons and protons: Tp ™ m(5+ 1)

5= (N-2)/A

3 7
For Woods-Saxon: (r*) ~ (%Rﬁ - %w%?) (r2) =~ (gRg,p + 37720,22))

Isobar collision measure “difference of neutron skin” from

AR, Aa for nucleons, and known AR, Aa for protons:
7?2 @’ [ AY > Aa AR

i e ),

3 R?) a R,
A(Arpp) =Arpp1 —Arpp o~

V15R, (1 + 5)

Ax =21 — o _ 2 2 2(.2 2
5~ (514 23)/2 Y =3(R5-Rj ,)+7m(a"~a;)




Hydro-response to Neutron skin

Sensitive to L parameter via hydro response:

—

=
£1.01
o

1
Esym(P) ~J+ Lx+ EKsymmz 1.005

T = (p - Psat)/3psat

L e
— Lc20 (b) 7
— Lc47

— Lc70

P
60 80
Centrality(%)

Small sensitivity to final state effects,

e of the initial state:

mostly a prob

=1.01 T T ~1.01
a o
EE\; Lca7 ( ) E:\;
O(Ys),,,,=0.025 c
- (ys),, =0.052(Default)
O (C/S)max=0.1
1.005 -1 1.005

T 7
Lca7

O(n/s)min=0.04

- (n/s)min=0.081 (Default)
O (n/s)min=0. 16

(d)

Centrality(%)

Centrality(%)
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<pJ-> ~ dJ_ = ‘\/ Npart /SJ_

R/ <pT>ZrZr

>
=}

PPr

1.01
"STAR Preliminary iEBE-VISHNU + DFT(eSHF)
L s L(p,)=20 MeV
1.008| lsobar {syy =200 GeV . | ()-47.3meV
- %Data L{p,)=70 MeV
F e Defi
1.006 eformed
- 0.2<pT<2 GeV/c
r Jon—
¥ —_—
S 111 0 TR
1004 T e e T e
- T AN
| __»-'*/, ' \\
1.0025“,_;;/’ )
By Deformed: Ru(B,=0.16),Zr (,=0.20)
1k.-'."'. R R RS B
0 20 40 60 80

Centrality (%)

H. Xu, QM2022
Extracted value from 0-5%

L(p.) =56.8+0.4+10.4 MeV

Need to quantify the
model uncertainties
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Directly peeling off the skin matter

= Similar to low energy fragmentation reaction

Andrea Jedele @ % @
” B B e

S8 TECHNISCHE
g‘}?ﬁé‘ universitar - NUSym2021
fo

&) DARMSTADT N

O'R:O'RN-FO'?{O” @

~a

s Enhanced skin contribution in peripheral collisions reduces net

charge in mid-rapidity @@ @

H. Xu et.al. 2105.04052
GPAf g A %Ru + %Ru

= Spectator neutrons in ultra[\\l-%entrall igc?]barhcmg%gg%g enhanced
by neutron skin .Kozyrey, |. Pshenichnov _

L. Liu, J. Xu et.al 2203.09924

ZDC
ZDC

Complete separation between
participant and spectator matter

9%6Zr + 9%67r 9%RuU + %Ruy
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Three-particle observables
((8pr)°) {vadpr)

\

<v§5pT>

Ratio

L T T T T T T T i'_ 02l '3' T ] ’:._ : T T !
i STAR Preliminary | N I : STAR Preliminary
B B = = L Standard method
a F ® 4 g
i Inl<t, O.2<pT<2 GeV/c | i ° : g88s08g . ] L 0.2<p_<2GeVic
L =@ ((dp,)/(p,)* Ruzr § - ° . B ] =@ Ru+Ru |5,,,=200 GeV
L i 0.15[~ =@~ Ru+Ru |s,=200 GeV ° . — 0.2_— ° 5@ Zr+Zr (s,,=200 GeV 7
| i | 5@ Zr+Zr |s,,=200 GeV e b B '
| | | Standard method ¢ | - $ ) s ° i
0.2<p_<2GeVic LI | - Sesoe, 1
5 O S 7] | STAR Prelimina o N o1 e®00e®
| | 0.1 | ry | o i 00 g |
e i S 1.05F ' ‘ ' o T
e F " 14 @ Data -
-e + ] el e B . T e — 1 & | —— TRENTO 1
i + + + i E’ 0.95F- ~@— Data + = g 1 AT =% B
0.9~ + : —— TRENTo L 1 ey %% * g
T R S R R 0.9 —— AMPT ° = ® .
100 200 %00 - 100 200 300 - - 100 200 300
offline il !
Npy  (nl<0.5) No"®(Inl<0.5) N (Il <0.5)

||<‘/22‘/4*>

STAR Preliminary
nl<1,02< p, < 2 GeVic

s V,drivenby g, plus &
non-linear modes

13

All indicate NS effects.

2 . Eiti AMP-racz{s}m/acz{S}Zr Q/
Vi =Var + x4 (V2) 2 mem — i, . Much more expected from

higher-order correlators

@ 11

Vi) = xa(vz)

|I\I\|\I\I\I\I\|llll|

See Giuliano’s talk

o . .
T 105 Data: 0.9983 + 0.00141 A
9 4 T e_e |
* ) 1= T
<Vé ‘/4 >Ru . X4Ru <v2>Ru '% C ® [ ]
2 * _ 4 o 095 = Data AMPT . . ® E
< ‘/2 ‘/4 > 7y X4Zr <'U2 > 7r 0o N —0:60 (ac2{3;/6<(\)/ D /ac By v ?) - ]

30%fﬂine
N (Inl<0.5)



What are the next steps?

Initial condition

(O

Final state
hydro LN ”

=@~
y

B\

\
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Direction I: exploration

m Further explore connections between NS and HI, more observables

= More case studies with Ru/Zr, Au/U, Pb/Xe. cancel most final state effect
= Shape fluctuations and shape coexistence

Large shape fluct.,
<’U§5[pT]>129Xe esp along y

(030[pr) )

ATLAS ¥ E,-based B 0.5<p <2GCeV
I Three-subevent method @ 05<p . <5GeV
- Pb+Pb 5.02 TeV ml <25 11
| Xe+Xe 5.44 TeV .

Shape coexistence

R —

oblate prolate

6 Jor—

......
........
~

“t----F

el N

~0.5F 2205.0003 BN
- Trento N ] “NYSREVY,
L - Xe+Xe( %)/Pb+Pb(=0.06, y=27%) * ' | s iy
| — Xe+Xe( 0°)/Pb+Pb(B=0.06, y=27°) *

— Xe+Xe( 0%)/Pb+Pb(B=0.06, y=27°)
.. Xe+Xe( 0°)/Pb+Pb(B=0.06, y=27°)
O~ — Xe+Xe( 0°)/Pb+Pb(B=0.06, y=27°)
C 1 I | 1 1

ratio (Xe+Xe/Pb+Pb)
\

P
/s

B=0.2, y=0
B=0.2, y=2
B=0.2, y=3
B=0.2, y=4
B=0.2, =6

w(y)

1 1 1 1 | 1 1 1 1 1 1
15 10 5 0

Centrality [%]

0 10 20 30 40 50 60

FIG. 3. The evolution of the  potential defined by Eq. (7) with
itted parameters ¢ and c;, along the isotopic chain ''*'>*Xe.



Direction I: exploration

m Further explore connections between NS and HI, more observables
= More case studies with Ru/Zr, Au/U, Pb/Xe. cancel most final state effect

= Shape fluctuations and shape coexistence A
quadrupole operator @

1672

(B) =+
Shape coexistence MR |
< ((8))/(8) = a*(1@)) /(@ )+«— 4-p correlation

<Q2> «—— 2-p correlation

AN
(£

oblate prolate

6 gt—

byt alAN ) .3 .
74K:, = (@) . 3-p correlation
) (cos3y) = —/ =

33

- (@) .—6-p correlation
0— S Bu 0‘@’7) _ 02<Q3> N 202<Q2> - 3<Q5> _ <Q3><Q2>
(cos37)? (@32 4 (Q?)? (@3)(Q?)
Heavy ion (sg) (e3) -2 <5§)2
observables: 3 <:> -
Eﬂ% e 56712 /82
3
(€2(8d./d.)) ({e8) -9 (e3) (e3) + 12(e3)°) /4
~iaeara <0s(37)83 (3782 confom)) o8
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Direction I: exploration

m Further explore connections between NS and HI, more observables
= More case studies with Ru/Zr, Au/U, Pb/Xe. cancel most final state effect
= Shape fluctuations and shape coexistence

= Energy dependence of the nuclear structure RHIC vs LHC
= Will gluon saturation modifies the impact of nuclear structure to initial state?

L. STAR, QM2022
= Longitudinal dependence? _

? 1 I T T T I 1 L] T I T T T I T T
-~ STAR Preliminary 1
e g s -
Wy 3D-Glasma ' n 5 10-40% |
A = B l i
0.98- L - -
I u
0.96- W Zr+Zr |fsy,, = 200 GeV — ]
B Ru+Ruys,,, =200 GeV i
0.94- 3.1< Inrefl <5.1 i
| 0.4GeV< p_ < 4.0 GeV
i ) L 1 1 I 1 1 1 I 1 1 1 I 1 L 1 I 1 1 1
From Wei Li 0O 02 04 06 08 1

M
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Direction |l: calibration

m Calibrating the response coefficients using species with well
known properties such as Pb and U.

= This 1s also important to understand the HI initial condition, e.g. testing
different energy deposition mechanisms.

= What kinds of ultimate precision in HI can be achieved? Require systematic
theoretical efforts from both communities.

Nucleus  ,,/ Initial condition e.g. < €2> =d + V3
_ Oru 2 2
’) R(’) = O ~ 1+ 61A52 + CgAﬁS + CgAR() + C4ACL
] Zr —
.-.(__6 ¢ p(N:)rTI:"ne)Ru /p(NtOanme)Zr
m =
Cl, 027 C3, C4 | & Vory [Vaz
1'1_+V3,Ru [Vaz: . + B
e (6p%)/(p ) Ruizr ..“;::i“ ]
Many HI observables (N,,<p;>, V, 5 4, higher cumulants) W}-}‘ |
. . T . 0 ry
+ their full centrality dependence can over-constrain the 15_}'3::,-;-:.'..-:;.'-/ ]
. %oy |
collective structure parameters [ o, |
0 9-_ STAR Preliminary *Ce, ]
Are NS & HI measuring same thing? 0o 20 @00

N (1n1<0.5)

trk



Direct Il : heavy system (isobar) scan

s Make predictions for “heavy species of interest”
= Precision with 1sobar species: evolution of shape/skin.

= Odd mass vs even mass given same information?

(€)= 1.3/A+o.233§ e,-B, plot
A

<€2> =a' + b' B2
<v§> —=a+ bﬂ%

In central collisions
a' = (€3) 5,0 x L/ A .

E li—';,f'.,'f,f 1,,95

a= <v§>|ﬁ2:0 x1/A 52°8P§

0-1% centrality
0.03 - Glauber model

0.02 85 m

b’, b are ~ independent of system

Systems with similar A fall on the same curve.
Fix a and b with two isobar systems with known 3,
then make predictions for the third one
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Direct Il : heavy system (isobar) scan

s Make predictions for “heavy species of interest”
= Precision with 1sobar species: evolution of shape/skin.
= Odd mass vs even mass given same information?
(e36d, ) = ¢’ +d' cos(3v)B; d’, d are ~ independent of system
<’v§5pT> =c+ dcos(37)ﬁ‘;’ c’, c depend only on A

Nuclear Structure High-energy Collisions
<v§5pT> Vs. <v§>

arb. scale

calibrate coefficients with species with known f3,y,
then predict for species of interest.
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Direction |V: light system (isobar) scan

88
= Alpha clustering, halo etc from structure side ~ @ 8 o o g 2112.08617
88 o B Eirw g, o

= Sub-nucleonic fluctuations will be Important  « mwsm e o vameo © o
= New handle on origin of collectivity, role of HI early time dynamics.

Isobar (or close to) is probably the best way to achieve precision

P. Bozek, W. Broniowski,E. Arriola 1312.0289, 1410.7434, 1411.5807 Flow fluctuations in 180+160
Analyzing '2C structure via collisions with a “disk” of Pb

le—-8
/ 0.0 -~ Woods —Saxon -@ Woods — Saxon + quarks A~ o — clustering
0.06} ' _ g
I . N ‘_‘;;./-;»;’ »/_/.
1 ZC+208Pb 0.04; i
N . \\ .
N \

0.02+
- — e{2} (BEC) — °"{:‘e'ed S
u,= i —— ef2} (BEC) . — uuntiorm N
0450 c42) (uniform) % 40 60 80 100 e o
_ —— €2} (uniform) N
0.4% 0.03
r b)
0.35f J-+!
oo 0.02 _ ,
0.3 e & 20 30 40 50 60
; ipir— S Centrality (%)
0.25) 0.01; clustered
T __ uniform
4 7 ‘ ‘ ‘ ) . .
% 40 50 €0 ,fl’w %0 % a0 e 80 100 Very subtle effects: Need light isobars
N,

o to verify the sensitivity e.g. 40Ca+40Ca
Isobar+Pb collisions? vs 40Ar+40Ar.



Summarizing questions

How the nuclear shape and radial profile extracted from HI collisions
relate to properties measured in nuclear structure experiments?

How the uncertainties in nuclear structure impact the initial state of HI

collisions and extraction of QGP transport properties?

What are the most interesting stable i1sobar species to collide?
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A isobars A isobars A isobars
36 Ar, S 106 | Pd, Cd 148| Nd, Sm
40 Ca, Ar 108| Pd, Cd 150| Nd, Sm
age o . 4 Ca, Ti 11 Pd, Cd |152 m, Gd
Nucleus Initial condition Final state ©| oom 3| orse |l o d
50| Ti, V,Cr |113 Cd, In 156 | Gd, Dy
hyd ro w\ P 54| Cr,Fe |[114]| Cd,Sn |158| Gd, Dy
64 Ni, Zn 115 In, Sn 160 | Gd, Dy
? B =D 70| Zn,Ge |116| Cd,Sn |162| Dy, Er
a 74| Ge,Se |120| Sn,Te |164| Dy, Er
A/ * \ 76 Ge,Se |122| Sn,Te |168| Er, Yb
78 Se, Kr 123 Sb, Te 170 | Er, Yb
80 Se, Kr 124 | Sn, Te, Xe | 174 Yb, Hf
84 | Kr, Sr, Mo | 126 Te, Xe 176 | Yb, Lu, Hf
86 Kr, Sr 128 Te, Xe 180 Hf, W
87 Rb, Sr 130 | Te, Xe, Ba [184| W, Os
92 | Zr, Nb, Mo | 132 Xe, Ba 186 W, Os
94 Zr, Mo 134 Xe, Ba 187 Re, Os
96 | Zr, Mo, Ru | 136 | Xe, Ba, Ce | 190 Os, Pt
98 Mo, Ru 138 | Ba, La, Ce | 192 Os, Pt
100 Mo, Ru 142 Ce, Nd 198 Pt, Hg
102| Ru, Pd 144| Nd,Sm |[204| Hg, Pb
104| Ru, Pd 146| Nd, Sm
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Low-energy vs high-energy HI method *

s Shape from B(En), radial profile from e+A or 1on-A scattering

. r_r—v—v—‘v‘v—;r‘—r—y—'ﬁ
«rotational» spectrum g ST

100
6+

- [ :
2 Ef o Jd+1) M
- 0+ 0.0l mmf\/\/\w

0.001 -

- 1 1 1 1 L1 S I B—
010 30 50 70 90
Angle (deg)

m Shape frozen in crossing time (<1024s), probe entire mass distribution
via multi-point correlations.

[\ orolecle
£\ 77T\
L \\ /'K ’
0 A PN

S(s1,82) = (0p(s1)dp(s2))
Collective flow response to nuclear structure = (p(s1)p(s2)) — (p(s1)){p(s2))-



Evidence of deformation in U+U vs Au+Au”

https://indico.cern.ch/event/854124/contributions/4135480/

102 7 T T ] >
S =
o 10
28 <
oo °°
STAR Preliminary
—e— Au+Au 200 GeV % 10"
10°F 2 u+Au 200 Ge &, -
_<V2 > e U+U 193 GeV x 1
L L]
0.2<p_<2 GeV, 0.1<-n_n >1 ?T
P PP L TR AP | 0
60 40 20 0
Centrality [%)]
T T l2 l T T T I 2 T I T T /\'_
— a
O p(vy, [pr]) o <U25PT> 1 oo
= i ) D_|—10
o
L w0
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[ 107
- STAR Preliminary i LI ]
- . @
e~ Au+Au 200 GeV || : i, |
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- 0.2<p <2 GeV, Ini< I| : 1
1 1 1 l 1 1 1 I 1 1 1 I 1 1
0 200 400 600 0

Vv, variance

NZ° (nl<0.5)

[ n=0.77
I 0.2<p <2 GeV, Inl<1

[ps] variance

|

—*-U+U 193 GeV

| I S ST S N S
200 400
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[pr] skewness
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STAR Preliminar
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¢

1 1 I 1 1
500
N, (nl<0.5)

1 I 1
200 400

Collisions at Vsy,=193-200 GeV

Large deformation in 238U
relative to 1°7Au strongly
influence flow signals

BZAU~ '013’?

Trends easily understood

Vv, kurtosis

12F

__1opk *

° g: 5 * U+U

Ly * +

S Kk H+

W k---- wall I B I Sy

g +
_4f Au+Au. 1 |

700 800 900
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Inclusive Yield Ratio Ru/Zr

1.8}
1.6}

1.4

1.2

0.8F
0.6}
045

EM field effects in isobar

Low P, di-electron (Breit-Wheeler)

o(yy = ete )~ 24

URu+Ru (’ny — e+e_) ~
UZr+Zr (’y,y — e+e—)

I

|

e Data: 40-80%

" STAR Preliminary ]
Isobar (Ru+Ru)/(Zr+Zr), |'s,, = 200 GeV ]
y+y—>e‘e (M :04-26 GeV/c?)

lIlllllllllIllllllllIIllllllllIIllllllll]

v+y—e'e

EPA-QED == -(%)4 scaling ]

0.5 1 1.5 2 2.5 3
P, (GeVlc)

Inclusive Yield Ratio Ru/Zr

1.8

1.6}

1.4}

1.2

0.8}

0.4°L

Truina (YA = J/¥) (44>2

o(vA = J/¢) ~ Z?

0.6}

UZr+Zr (’YA — J/w) 40
' STAR Preliminary ' '
- Isobar (Ru+Ru)/(Zr+Zr), \[sy, = 200 GeV ]
i y+A—=Jp+X|y|<1.0 N
} Jhp —e'e” (M_:3.0-3.2 GeV/c?) ]
e Data: 40-80% E
-
L . (%)2 scaling Y+A J/lp —

0

0.5 1

2
P, (GeVlc)
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Other interseting results form isobar

Mass-dependence from radial flow Baryon and charge transport
L2 L 4
© 101 —
S 1.20 — =T i
& STAR Preliminary N e
- B = N [ : tilatiy ]
!9-1.15— 2018 Isobar s, = 200 GeV S f P T ae Ty 50 S e T O Ve :‘#-
Z B 20-40%, -0.5<y < 0.5 X = ~oo T T T S B e o e
o _ ror STAR Preliminary T
= 0 o -+ K ~p x [ Isobar |sx=200 GeV i
é : o -0.5< Yy <0.5 7
S+ - 0.99— statistical uncertainty only —
g 1.051 I ; } ; i
Z N ® u
o _ & 1.01—
A i
N Statistical uncertainty only :
0 95 _1 v v b b v v s vy b v by g 1=
0 02 04 06 08 1 12 14 16 18 2 -
P, (GeV/c) : —o— 0-10% —=— 10-20%
- —— 20-40% —%— 40-60%
"~ 60-80%
Ol5l11l5

P, (GeV/c)
Search for baryon junctions in photonuclear processes and isobar collisions at RHIC
James Daniel Brandenburg, Nicole Lewis, Prithwish Tribedy, Zhangbu Xu arXiV' 2205 05685

Assume net-charge carried by valence quarks:

AZ 4

B ~ 0.044N, AC2expected = TB ~ %0044]\7% = 0.002N; Twice as Iarge



