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e+p/A vs nuclear collisions

m EIC: structures of nucleon and nuclear initial state
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s Heavy-ion: Initial state and emergence of collectivity.
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e+p/A vs nuclear collisions

m EIC: structures of 1nitial state (one-body Wigner distribution)
= Precise control on kinematics
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s Heavy-ion: Multi-Parton interactions (many-body distributions)
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Probe distributions of nucleons and partons via collective response



Rich structure of atomic nuclei

s Collective phenomena of many-body quantum system

= clustering, halo, bubble, skin, deformations...

= Momentum correlation e.g. SRC

s Nontrivial evaluation with N and Z.
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s Understanding via effective nuclear theories
= Lattice, ab.initio (starting from NN interaction)
= Shell models (configuration interaction)

= DFT models (non-relativistic and covariant)



Collective structure for heavy ion collision °
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High-energy heavy ion collision

v/ SNN
2

— 100 — 2500 GeV

r< B <0.1fmlc

e

initial stages

QGP medium expansion

ﬁ freeze-out
1 L 1

1 1 1 >
0 Thydro ™~ 1fm/c Tfo ™~ 10fm/c

400 nucleons » 30000 hadrons
in 1023 seconds

Key features facilitating the connection to nuclear structure 1) Extremely short
passing time means that collision takes a snap-shot of the nuclear and
nucleon wavefunction in the two nuclei. 2) Large particle production in overlap
region means the produced QGP expands hydrodynamically in each event



Connection to nuclear structure

Nuclear structure Initial condition Final state
R
T =
. hydrodynamics  w_ o
? ) —
o« ) \
Shape and radial dis. Volume, size and shape observables
B2 Quadrupole deformation Npart Radial Flow Harmonig Flow
B3 —» Octupole deformation ) ) 2 /
ap — Surface diffuseness RJ‘ x <TJ'>’ d N — N(pT) Z 1/'n e_ind)
Ry -+ Nuclear size E, x <r1‘ein¢> d¢de n

High energy: approx. linear

dpr] OR |
response in each event: - Vi, x &,

pr] . R.

ch X N, part

« Discuss how nuclear structure impacts the initial condition and observables

« Case study with isobar collision data.
» Discuss the prospect of nuclear structure imaging with system scan.



How nuclear shape influences HI initial condition

& = €2 o (17 e??) Tip-Tip
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€ = \69_/4'19(91, 0)B2 + O(B3) = (&3) ~ (€2) + 0.2
undeformed  phase factor

2 2
Shape depends on Euler angle Q=@0y <Un> X <€n>



Expected structure dependencies
(V) & () &= ee™ o (r*Y,.,)

(v3) = ay + b33 + 355

olpr] SR,
[pr] R,

<(5PT/PT)2> ~ ag + bS5 + co 33

(v3) =~ a3 + b3 35

The shape and size the overlap,
therefore v, and p+, also depend on
diffuseness a, and radius R,

R? <'r2Y2,0>

At fixed Npart ao\l I:> V2/‘ pT]
RoN = Pt/
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Low-energy vs high-energy method

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

T T T l_‘J
154
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s Shape frozen in crossing time (<1024s), probe entire mass distribution
via multi-point correlations.

[ profectie

S(s1,82) = (dp(s1)dp(s2))
(p(s1)p(s2)) — (p(s1)){p(s2))-

Collective flow response to nuclear structure
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High-order fluctuations

» In principle, can measure any moments of p(1/R, &,, &;...)

= Mean (d,) (pr)

= Variances: (¢2), <5dL/dL) > d. =1/R, jl> (v3), <5pT/pT) >

= Skewness (e20d./d.), ((6di/d.)") (v2dpr/pr), ((épr/pr)’)

= Kurtosis (e4) —2(e2)’, <((5dj_/dj_)>—3<((5dJ_/dJ_)> (vh) —2(e2)’, <(5pT/pT)>—3<(5pT/pT)2>2

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

= Variances s Skewness

2
(€3) ~ as + bz + ba3fs (e30d. /d, ) 1= b :

(&) ~ as -+ bl ((0d/1)°)  ~ aa + bacos(3)
(€1) ~ a4+ byfB7 + byafs = Kurtosis
(0dy/d1)?) ~ ag + byfB2 + by 332
( ) ~ ag + bof33 0,303 (5;1) _9 (53)2 ~ az — by

((5dl/dl)4) - 3((6dl/dl)2>2 ~ g — by



Isobar collisions at RHIC: a precision tool *

Z N mass
96Ru 44 52 | 95.907598(8)
96Zr 40 56 |95.908273(3)
B c?.f?s'?ii,s 5
arXiv:2109.00131

Designed to search for the chiral magnetic effect: strong P & CP violation of
QCD in the presence of EM field. Turns out the CME signal is small, and
isobar-differences are dominated by the nuclear structure differences.

<0.4% precision is achieved in ratio of many observables between
%Ru+ %Ru and %6Zr+%Zr systems—> a precision imaging tool



Isobar collisions at RHIC: a precision tool "

= A key question for any HI observable O: OrRut *Ru ; 1
096Zr+96Zr

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



Isobar collisions at RHIC: a precision tool

s A key question for any HI observable O: _
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O%Ru 1+ 96Ry ? .

096 ZI‘—I—‘% 7r

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

= Expectation

Quadrupole @

%Ru 9%Ru

B2 = 0.162

1
0
p(,r, ,¢) - 1+ e[T—Ro(1+52Y20(9a¢)+53Y30(9’¢))]/0’0

O ~ by + blﬁg + b25§ + bS(RO - RO,ref) + b4(a - aref)

_ ORu
- OZr

RO ~ ]+ ClAﬁg + CQAB% + CgARo + C4ACL

Only probes isobar differences

Relate to neutron skin: Ar, = (r)"? = (r,) '/

chgrge

B3~ 0
9Zr 967y
Octupole By = 0.06
T By =0.20 —
J. Jia, aXiv:2106.08768
Species B2 B3 ao Ro
Ru 0.162 0 0.46 fm 5.09 fm

I 1

Zr

0.06 0.20 0.52 fm 5.02 fm

A'r'np,Ru - A'rnp,Zr X (ROARO _ ROPAROP) + 7/37T2(GAJG — apAap)
|

difference

AB;  ABs Aag ARy

|

0.0226 -0.04 -0.06 fm 0.07 fm

mass
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Structure influences everywhere  |ro= o
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Nuclear structure via v,-ratio and v;-ratio

%Ru %Ry
Quadrupole § By = 0.162
| L] BS ~0
N\ L B =0.06
W B3 =0.20 —

2\1/2 . 2\1/2 .
<V2> —ratlog 5, (4, <V3> —ratlo 5 54 g29
O T LI ] T LI T L LI BN IV B B T O T LI ] LI LI 7 LI T [ T T LI
'(.% :—.—Vz,Ru /Vaz STAR Da{a L ..(% . E Eli
T T ot i ]
1 1 1 1 . 1 1 1
1 R AR
B T ... 1 [
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I SR Lol S
Y - \ -
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Compare to calculation from AMPT transport model
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Nuclear structure via v,-ratio and v;-ratio

Boru~0.16 increase v,, no influence on v; ratio

96Ru

Quadrupole

96Ru [ |

1/2 )
<V§> - ratioy ,, (.9

S [N sanbda T
m o 'e'VZ,Ru /V2,Zr AMPT Bz
1.1
| STAR Preliminary
1.051- VARV .
L J
- ..: |
I &
Y| (G == /e ST 2 SR S —
: | 1 1 1 1 | 1 1 :I 1 : |: 1 —
0 . 00 200 off nSeOO
Ny (nl<0.5)

<V§>1/2

—ratlo 5 54 o9

Ratio

0.95

0.9

0

STAR Preliminary | % B
[ - Vyp, /Vsz STAR Data e
[ S Vapu/Vaz AMPT B, b +
.|....|..:..:|:.: ]
00 200 300

N (nl<0.5)

Compare to calculation from AMPT transport model



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

%Ru %Ry m  [Pry~0.16 increase v,, no influence on vj ratio

Quadrupole n-o1z W P37~0.2 decrease v, in mid-central, decrease v; ratio

2\1/2 . 2\1/2 .
<V2> —ratlog 5, (4, <V3> —ratio 5 54 g2%

T T T [ T T T T T T T[T T T 1
- 8-V, [V STAR Da{a Lo 4
B _e_ VZ,RU /V2,Zr AMPT BZ : : : : - 1 [ 1
- B Vo /Vaz AMPT B, roo . 1 PO oy SO

1 .1— 1 1 P ] [ 1

| STAR Preliminary

Ratio

0.95

1.05 | STAR Preliminary

" —-V3gr, /Vaz STAR Data
[ S Vapu/Vaz AMPT B,
0.9 &V, /Vsz AMPT 52’3

L . | 1 1 1 1 | 1 1 EI 1 Eli 1 | —1 __ . | 1 1 1 1 | 1 1 EI 1 Eli 1 E ._
0 00 200 ffI_300 0 00 200 ffI_300
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Compare to calculation from AMPT transport model



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

%Ru %Ry m  [Pry~0.16 increase v,, no influence on vj ratio

Quadrupole n-o1z W P37~0.2 decrease v, in mid-central, decrease v; ratio

B3 ~0 . . .
m  Aay=-0.06fm increase v, mid-central, small influ. on v;.
Octupole s\ By = 0.06
T~ By = 0.20 —
J. Jia, aXiv:2106.08768
4 2 1/2 ° 2 1/2 °
<V2> —ratlog 5, (4, <V3> —ratlo 5 54 g29

LI B L L AL L L B I BE B B
- 8-V, [V STAR Da{a Lo i
- S Vo [Vaz AMPT B, R - A
- B Vagy [Voz AMPT B E E E E . y[anra s [ 7 S et D
1.1 Vop, [Voz AMPT B 8, P S e

Ratio

| STAR Preliminary

0.95

1.05 | STAR Preliminary

" —-V3gr, /Vaz STAR Data
[ S Vapu/Vaz AMPT B,
0.9~ & Vspy /Vaz AMPT B

- - Vgg, [Vsz AMPT [32:3 a,

0 100 200 i 300 0 100 200 i 300
NOfine” (1n1<0.5) NCfine” (jnl<0.5)

Compare to calculation from AMPT transport model



Nuclear structure via v,-ratio and vs-ratio

%Ru %Ry m  [Pry~0.16 increase v,, no influence on vj ratio

Quadrupole @ n-o1z W P37~0.2 decrease v, in mid-central, decrease v; ratio
i, Bz ~0 . . .
: m  Aay=-0.06fm increase v, mid-central, small influ. on v;.
%7r m  Radius ARy=0.07fm only slightly affects v, and vj ratio.
Y o
T Zg;ggg_ Ro = Zu ~ 1+ clABS + czAﬂg +c3A Ry + cuAa
L ' r
J. Jia, aXiv:2106.08768
2\1/2 . 2\1/2 .
<V2> —ratlog 5, (4, <V3> —ratio 5 54 g2%

(@) T r T [ r T T T [ T T T [t 11

= | eV, /V., STAR Da{a L .

(U ’ ’ 1 1 1 1

m B _e_ VZ,RU /V2,Zr AMPT B2 1 [ 1 —
‘_E_V2Ru/v22rAMPTB23 : : : : T 1 N/ md NN N : : : : ......

1.8 Vop, [Voz AMPT B 3 o DB Sves A

_‘_V2Ru/v22rAMPTB

| STAR Prellmlnary

Ratio

0-957" STAR Preliminary

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

1.05

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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Nuclear structure via p(N.,), <pr>-ratio

f=50fm g For N, ratio:
a=0.46 fm
By = 0.162 = [Pry~0.16 decrease ratio, increase after considering 357,~0.2

Quadrupole .‘
i B3~ 0

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

“Zr R-502im m For <pp> ratio:

a=0.52 fm

Octupole 8, — 0.08 = Strong influence from Aa, and ARa
LIS By =0.20 - 0.27 ORu 9 9
1. Jia, aXiv:2106.08768 Ro = 1% ~ 1+ C1 Aﬂ2 + CgAﬁ3 + 03AR0 + Cy Aa
Zr
5 21 0.2% 5 21 0.2%
ll\hl T T T T \p(NCh) T 1T T ° !l\hj T T T -H T <pT> L LN (\J
& . - STARdata ‘ e | = ~o~ AMPT B,
£ o B : Lo T
B E - 5 AMPT B < - AMPTB__ A
pd 2 3 i ’
ot - = AWPTB__ - = AMPTB__a, A
— / - ’ A
Aé 1 05_ = AMPT 132!3 ao e - + AMPT B2’3 aO Ro i
& i A
% . 4 AMPT B, a,R, |
>
= i

anooo9oagouaaeald
& N

L R
0 100 200 _ 300
N2 (Inl<0.5)

N, (Inl<0.5)
Aay and ARy influences add up Aay and ARy influences partially cancel



Energy dependence: RHIC vs LHC

1071(:-4 T T T T

T T T T | T T \g
Before scaling]

& =

Norm. qunts
o
|

10 E
¢ Ru+Ru5TeV E
1oL % Ru+Ru 200 GeV ]
E Default Ru (Case 1) E
292! ¢ 1141
1 0 E_ 1 1 1 |(t'l | 1 1 | | | I I L 1 | 1 ‘—é
0 500 1000 1500

N, (ml <0.5, p, > 0.1 GeV)

x3 more particle density at

Norm. Counts

1071 = L L L
After scaling
102 =
10°E E
1074 = -
10°k -
Ru+Ru 5 TeV
1051 »  Ru+Ru 200 GeV b
Default Ru (Case 1)
292 ]
-7 &
1 0 E 1 1 1 | | 1 1 1 1 | 1 1 | | | 1 1 | | | 1 “ E
0 100 200 300 400

N, (ml <0.5, p,>0.1 GeV)

syn=5 TeV compare to 0.2 TeV
But the shape after rescaling looks quite similar - collision geometry



Results at LHC at 5 TeV

. @ L STARd |

« The influence of nuclear shape and skin £, | - AMPT;“a ]
. . Pz 2

play similar role for p(N,) and v, 5 [ =AWt 1

21.057 = awpTp a2, .

gl 4 AVPT B2:3 a, Ry 1

« But stronger impact of 85 on v 2 A

« Initial condition is /s dependent: AMPT
has nPDF and toy saturation effects
implemented via pg and Lund parameters.

5 21 0.2%

| e V,¢, /Voy STAR Data | 1

L -O-Vopy [Voz AMPT B,
- B Vop, /Voz AMPT ﬁ
1.1 Vopy /Voz AMPT [323

L @ Vo, /Voz AMPT B,q
| STAR Preliminary

Ratio

AMPT model

1.05

0 100 200 300

NCfine” (ini<0.5)

Ratio

0.95r

0.9\ B Vap, /Vaz AMPT B
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5 21 02%
T T T ‘ T T

1 ‘ 1 l 1 1 ‘ l
200 300
N2 (Inl<0.5)

| | | | ‘ 1 | |
0 100

" STAR Preliminary ' ¢

" V3, /Vaz STAR Data
" - Vapu [Vaz AMPT B,

23
- -V, /V?’Zr AMPT B
4 ViR /VSZr AMPT B

0 100 200 i 300
NCfine” (1ni<0.5)
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Isobar ratios not affected by final state

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

o ™ T T LN B S S B B S S HE

> S [ i
17 0.03F T
—_— L N /5.23"%3‘?)* '3»?3‘72?#2; 4 ;;T_
i 1 0.025_
@ 0.06}- :
—_— Y L
~ 0.04 0.015¢
v’n,Zr 8'I’L,Zr [
| Ru+Ru and Zr+Zr combined
PO T T W U S SR T S S S SN SR SR R S N
N TS 1B mb ] 8T
> B ) (C) 1>
=;1.06 —e-3mb S
> | <%-6mb | S7
- =& 10mb
Robust pro_b_e of 104" o 3 mb, 7, =15fm/c
Initial condition! _
1.02
Nuclear structure Initial condition -~ & U@L
@ : @ B - AMPT 0.2-2 GeV/c
098-111]11:1111111:1 llllllllllllllltl
’ 100 200 300 100 200 300
Nch Nch
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Isobar to constrain initial condition

ORu
OZr

C, relates nuclear structure and initial condition

p(z,y,2)d
0 =

p =2 @hydrodynamlcs \

I'd

Nuclear structure Initial condition Final state

— 1

P P a/p
e(z,y) (%) COAﬂg i ClAﬂ;% + c2 ARy + c3Aag =

| o -,—p_|_ TP q/p
m Different ways of depositing energy T « (u)

2

(T4 +Tg Npart — scaling,p =1
T4Tg Ncon — scaling,p =0,qg = 2

J VTATg Trento default,p = 0

G(CL‘, y) ~ .

min{T4, T} KLN model,p ~ —2/3
Ty+Tp + aTyTe two-component model,

\ similar to quark-glauber model

Use nuclear structure as extra lever-arm for initial condition
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Exploiting the structure lever-arm

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

QGP
&=
O




Example: Nuclear structure effects in light nuclei”

Flow in ®0+180 could be sensitive to SRC, clustering, but difficult to isolate due to lack of baseline.

VMC: cluster Variational Monte Carlo ' Tla """""""""""" -
X : ) - yectum . 00, V syy = 6.8 TeV
NLEFT: Nuclear Lattice Effective Field Theory 0.080 L e s o
l 0.075F s
;\3[\!]’(” 176, R = 184 fm, 0 = 0.4 im) 025, | two-body correlation 0.070F o ..\1_\:_:13’
- === 3pF (w - 0.87, /f’.— 1.65 fm, a = 0.53 fm) : e E; A ’
—01 :h- _[\s:n[n(q)a:e:r al. PRC 101, 014318] 0.00 % 0.065 iy
v  one-body density || = r 0.060% ~:_fffg ;‘:
<0.10 ) —0.25F . . 2,
> Wilke van der Schee
005 —0.50 0.055¢ i
—
T ) o 0.050¢ —VMC - NLEFT —3pF 1
0 1 2 3 4 5 . . . . . : .
7 (fm) 0 ib 3 8 1 8 o8 D

centrality [ %]



Example: Nuclear structure effects in light nuclei”

Flow in ®0+180 could be sensitive to SRC, clustering, but difficult to isolate due to lack of baseline.

VMC: cluster Variational Monte Carlo
NLEFT: Nuclear Lattice Effective Field Theory

0.25

0.20

—0.15

<0.10

0.05

VMC
3pF (w
NLEFT

1.76, R = 1.84 fm, a = 0.46 fm)

-==== 3pF (w = 0.87, R = 1.65 fm, a = 0.53 fm)

NNLO Sat, ADC3

[Soma et al., PRC 101, 014318]

‘ one-body density ‘ .

lLU(l“ 1

/*

20Ne with 5 alpha has the most extreme ground
state shape: ,~0.7, Use O+0 and Ne+Ne to

o+0

Ne+Ne

7

6

—6

-6 -3

0.25F . ‘ two-body cor

relation ‘

ZONe

Point-nucleon density

0
y (fm)

B
3

6

0.20

0.15

0.10

0.05

0.00

2) (fm=3

=0,%,

tter(Z

0.080F Trajectum 00, V sy = 6.8 TeV
Dhyifedl | e\
0.070F
f—ta, - £
< 00658 '
" 0.060F% % _
Wilke van der Schee
0.055} x
0.050¢ _ VM. NEFT o
g 1b 0 0 W 5 0 W
centrality [ %]
01 o Trajectum framework
© | Ratio 20Ne+20Ne /160+160
/E 1.5¢ J
=
‘= 1.0} : } ; ‘
Tost
0 0_+ ~®— almost 100% effect |;
0 10 20 30 40 50 60 70

observe “strong” geometric effects at dN/dy~100.

centrality [ %]
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Example: shape evolution of 144-154Sm isotopic chain

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, as well as dynamical f5 and 3,
shape fluctuations (in addition to initial condition)

(2)#

Proton

,

2\ _ 2 )
&) _1 3/A+0.23p, e,-B, plot
154
o 0-1% centrality ST
2 2 In central collisions  ¢.03 Glauber model
/ / —
<€2> =a +bp; d= <a§>|ﬂ220 x1/A
(3) =a+bB3 a=(v]), ,x1/4 0.02 |

b’, b are ~ independent of system

v

0.05 0.1

Systems with similar A falls on the same curve.
Fix a and b with two isobar systems with known [3,, then predict others.



Application in 1°7Au+197Au vs 238U+2381 *

- 2 2
Ultra-central Collisions at { U Ay = QAu T bIB2,Au

Vsnn=193-200 GeV 5 b 32 b~0.014
vy = au + b8y
. . . A Au 238
Need to correct for slightly different size: a<1/A, r,= " 197 1.21
U
2
A linear relation for B,y and Boa,: g2 = Tigfa —1 Yo B T s vj’U
U b/ay v Au Y2 Au
. 10—2'.__' L L l_- o~ DO — — -
N : [ b =029 3 P —
. paavs ] 0.08 jBU=0.28\u-é--structure /cé"“’ B 7
[** i | (\\\0\“/’/ ]
L ,* @N’\O/’/ |
0.06/~ S n
STAR Preliminary I |
10°F - Au+Au 200 GeV 0.04—.-" , : 0-1% cgntrality —
[ —- U+U 193 GeV ] g :';r. — Hydro ekpectation |
- M3 "3 ----Total urkertainty
0.2<p_<2 GeV, 0.1<-1. 1 >1 o2 & = . 1. B
L —— 1 0 0.01 0.02 0.03 0

|
0ig B
Centrality [%)] B2au=0. Au

Suggests |B,|4,~0.18+-0.02, larger than NS model of 0.13+-0.02



Example:Triaxility — #6.6)= ro(1+mlcosrvao esinvaa]

Prolate
small v2

B2 = 0.25,cos(3y) =1 tip-ti @ o — small area
PP = large [pi] V2N Pt/
II: & i large vz
body-body 0 > - 9 —> % large area  Vo/' PTV
small [pt]

Need 3-point correlators to probe the 3 axes

Triaxial <v§6pT> ~ —,Bg cos(37) <(5PT)3> . 5% cos(37)
B2 = 0.25,cos(37) =0

C

Oblate
B2 = 0.25,cos(3y) = —1

C



Example:Triaxility .o - (1 + Bafcos1Yao +sinrYas]

Prolate

— — small v2
= 0.25,cos(3y) =1 iD-ti B 3 Il
B2 , cos(3) tip-tip @_> <_O —_— Isar:\ae allea VoN  pr/
body-body Q B O : @ large area Vo7 PT1)
small [pi]

Need 3-point correlators to probe the 3 axes

Triaxial <v§6pT> ~ —53 cos(37) <(5PT)3> ~ 5% cos(37)
B2 = 0.25,cos(37) =0

" Compare U+U vs Au+Au: Boy ~ 0.28, Boay,~ 0.13:
Vo-[pt] covariance [pt] skewness

~ T T
i— e <’U%5pT> 21—10’5 STAR Preliminary i
fm - P2 = ( 2) 1 2 : —e— Au+Au 200 GeV E
& 02-g \/var vy)(O0prdpr) | o~ —*— U+U 193 GeV
Oblate I ::::::::......°.'°°°“oo 1 10°E ' e -
B2 = 0.25,cos(3y) = —1 ."".... i | [.++ .
0_.. AAAAAAAAAAAAAA | i .: ° o
® 000 0 0 0,

. —7 |- —
- STAR Preliminary e - 107 *e. '3
L - L ] . C o .
|~ Au+Au 200 GeV ! il, | i ®e ]
| o ¢
ol ~*U+U193Gev j0°F n=1.49 ’ + .

8o ’+‘ -

- 0.2<p. <2 GeV, Ini<1 - 1 F 0.2<p_<2 GeV, nl<1
L 1 1 l 1 1 L l L 1 1 l 1 L L N 1: I 1 N

0 200 400 600 0

N, (nl<0.5)

1 I 1 1 1 I 1
200 400 600

N’ (nl<0.5)




Influence of triaxiality: Glauber model ~

[ ] [ ] N 1-5)(19.3] T T T [ T T T T I T
Skewness sensitive to y S b -
- % —— B ,=0.28, cos(3y)=1
2 1 —+— B,=0.28, cos(37)=0.5 |
: AU -~ B.=0.28, cos(3y)=0
DeSC”bed by I i +Bz=0-28,COS(3Y)=-O.5 ]
3 0.5 + ,=0.28, cos(@)=-1 4 |

od -
<6§d—j> X <v§5pT> o a + bcos(3v) 55 i o w,ﬂ

05F U+U -
L 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
1bo 200 300 400
Npart
<
Y

variances insensitive to y

<6%> X <v§> X a + bﬂg

10—2 - -~ B2=O'Y=O \\\ -]
5 B2=0.28,cos(37)=1 \
L +[32=0.28,cos(3~{)=0.71 \
-~ B,=0.28,c0s(3y)=0.3 AN
i +B2=0.28,cos(3~{)=0 *

B,=0.28,cos(3y)=-0.3
i . B2=0~287°°$(3Y)=—0'71
~+-B,=0.28,cos(3y)=-1

|

‘ Ll
300 350 400 450
N

part

Use variance to constrain B,, use skewness to constrainy
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(B,,y) diagram in heavy-ion collisions

d, «<1/R,
The (B,,y) dependence in 0-1% (e2) ~ [0.02 + 52] x 0.235 . (€30d..)
U+U Glauber model can be (54, /4,)%) ~ [0.035 + 53] x 0.0093 (e3)4/((0d1)?)

approximated by: (€30d, /d.) ~ [0.0005 - (0.07 + 1.36 cos(3y)) 53] x 102

Map from (3,,y) plane to HI observables How about

p vs. <5%> <’U§5[pT]> V8. <’U%>

?
&

Collision system scan to map out this trajectory: calibrate coefficients
with species with known B,y, then predict for species of interest.



extraction of QGP properties

Summary

imaging of nuclear structure properties.

initial condition from small to large system

PROGRAM

JANUARY 23 - FEBRUARY 24, 2023

Intersection of nuclear
structure and high-energy
nuclear collisions (23-1a)

Organizers:

Giuliano Giacalone (Heidelberg)
Jiangyong Jia (Stony Brook & BNL)

Dean Lee (Michigan State & FRIB)

Matt Luzum (Sao Paulo)

Jaki Noronha-Hostler (Urbana-Champaign)
Fugiang Wang (Purdue)

Constrain QGP initial condition with nuclear structure input, important for

Collisions of carefully-selected 1sobar species (at LHC) will improve study of

35

Understanding how initial condition responds to nuclear structure, in turn enables

A isobars A isobars A isobars
36 Ar, S 106 | Pd, Cd 148| Nd, Sm
40| Ca,Ar [108| Pd,Cd | 150] Nd, Sm
46 Ca, Ti 110| Pd, Cd 152 | Sm, Gd
48 Ca, Ti 112 Cd, Sn 154 | Sm, Gd
50| Ti, V,Cr |113 Cd, In 156 Gd, Dy
54 Cr, Fe 114 Cd, Sn 158 | Gd, Dy
64 Ni, Zn 115 In, Sn 160 Gd, Dy
70 Zn, Ge 116 Cd, Sn 162 Dy, Er
74 Ge, Se 120 Sn, Te 164 Dy, Er
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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Concluding remarks

s HI relied on NS and DIS to provide inputs on 1nitial state of A and p.

Nuclear structure Heavy lon physics Partonic Structure

s HI physics now i1s precise enough to feedback to NS and DIS

= Clearly possible in large A+A system. As understanding of early state improves,
might be possible even in small system? Continued analysis & interpretation of
HI data 1s important

etp




Neutron skin in high-energy collisions

The famous PREX and CREX has

tension with theory and previous exp.

Indicate a larger L value.

Aryppp = 0.28 & 0.07fm
Arpp ca = 0.14 & 0.03fm

R

R (*Ca, fm)

p

0.3

= 0.1

0.2F

b
T TTT

J|||||||||| LI L I L L L L L L L LB

2205.11593 + n
o

o
o Qco

02 03
R, -R, (""Pb, fm)

m Access the difference of neutron skin by comparing 40Ca+40Ca and 48Ca+48Ca

We know:

Hence :

(r2)(#Ca) = 1/ (12)(*°Ca)
(r2)(9Ca) ~ 1/ (12) (*°Ca)

AL Gy A0 A (Ol

o« RyARy + 7/3m%a Aa

Rch (fm)

. _(a)1602.07906 coee
35F 4, -

34t

40 42 44 46 48 50 52 54
Mass number A
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Separating shape and size effects

L AMPTvj{2}ratio
2
(v3)

1.05[ ﬁ—
1: RN .. i
[ (a) -4 V,{2} ratio :

0 50 100 150
Npart

1.1

) —4- v,{4} ratio

50 100 150
Npart
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Nuclear skin contributes to v,"P ~ vo{4},
deformation contribute to fluctuations

(@) |
B, > |
[ =) + & 0
—— N——
mean fluctuations
4 T_X:* 8,=0.25
_"'I'\’"I""l"'_
110 | AMPT & ratio
“9"[32’3 1.05+
- Bz,a’ a0
4 +B2’3, ao:HO 1:—
4 STARdata o f
(©) -3 ratio |
0 50 100 150
Npart



Shape fluctuations

40

= Shape fluctuations and shape coexistence can be accessed via high-

order correlations

Shape coexistence

BE=620.876 MeV.
<B.>

oblate prolate

6r__ gt

p/r—
A
[0

o

o

+

o]

o

~~

S 1

>

+

(¥}

X

Q

©

S
~0.5

Q

<'U§5[PT] >129Xe

R = 5
<vz5[pT] 208 py,
| ATLAS ¥ E,-based =05<p, <2GeV
~ Three-subevent method @ 05<p . <5GeV ~
- Pb+Pb 5.02 TeV ml <25

| Xe+Xe 5.44 TeV

SRR

u 2205. 00039 N
- Trento " \\1 .
- Xe+Xe(B=0.2, y=0°)/Pb+Pb(B=0.06, y= 27) o
i —Xe+Xe(B=02 y=20%)/Pb+Pb(B=0.06, y= 27) L

— Xe+Xe(B=0.2, y=30°)/Pb+Pb (B=0.06, y=27°)  *
" ... Xe+Xe(B=0.2, y=40°)/Pb+Pb(B=0.06, y=27°) '
— Xe+Xe(B=0.2, y=60°)/Pb+Pb (B=0.06, y=27°) m

C 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1
15 10 5 0

Centrality [%]

Large shape fluct.,
esp along y

60°

B2(min)=0.124
y(min)=30° A

B

w(y)

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



Shape fluctuations 3
s Shape fluctuations and shape coexistence can be accessed via high-
order correlations.

quadrupole operator Q

(8t) = o (@) «— — 2-p correlation

Shape coexistence 4R,
(B8 = *((@)) /(@ “Je—"4-p correlation

sty — [T (@) . 3-p correlation
cos3y) = —/ =

()" .—B-p correlation
o?(cos3y) _ o}(@Q®)  90%(Q%) _ (%) — (Q°NQ)

(cos3y)2 (@32 4 (Q2)? (@2)(@?)

Heavy ion (e3) () )
observables: ; <:> .
Eﬁ% T BEr2 /62

3
(2(6d,/d,)) ((=5) - 9 (e2) (=3) + 12(¢3)°) /4
112\/;/2 cos(37) 82 27(33:{3;82(?00&?;67))53




