‘\\\\ Stony Brook University | mesteuiverstyof Nework

Imaging nuclear structure In
heavy-ion collisions

Jiangyong Jia
High-energy collisions

(v38[pr]) vs. (v3)

C

Nuclear structure
&/on Y [rad]




Hydrodynamic response to initial state

Nuclear Initial State Final Particle flow
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Shape of nuclei

Most ground state stable nuclei are deformed
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Shape of nuclei
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Nuclear structure vs HI method

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

«rotational» spectrum
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m Probe entire mass distribution: multi-point correlations
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nuclear shape imaging via collective flow response



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

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

Large deformation in 238U
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Parametric dependence

€, has the form €, =€y, + Z j L m(Q1,Q2)5m+O(5 )
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Isobar collisions as precision tool

s Unique running mode of RHIC and STAR to minimize systematics

= 0.4% precision is achieved in ratio of many observables between two isobar
systems—> precision imaging tool

?

A key question forany | Ox+x * .
HI observable O Oyty

AX 4+ vs Y +4Y

Deviation from 1 must has its origin in the nuclear structure, which is
reflected by the initial state and then survives the final state. A precision tool
to study initial state and final state responses

s Expectation
- O » by + by B3 + baf3 + bs(Ro = Ro vef) + ba(a = arer)

Quadrupole !

_ ORu

Ry =
© OZr

~ 1+ clAﬁg + 02A532, +c3A Ry + caAa

Octupole £ HHE 5 B = 0.06
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J. Jia, aXiv:2106.08768
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Glauber results: N, dep
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Glauber results scaled
AR dep Aa dep AB,? dep
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AMPT results: scaled

AR dependence Aa dependence B, dependence B, dependence
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Scaling approach to nuclear structure

ORu
OZr

Valid for most single- and two-particle
observable: v2,v3, p(N),<p>,<6p;>>..

~ 1+ ClAﬁg + CzAﬁg + CgARO + C4ACL

m Determine ¢, once, and predict ratios for other parameter values.
= Constrain parameters via y? analysis or Bayesian inference.

» Generalize to multi-particle observables:--



Compare with isobar data
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1. Jia, aXiv:2106.08768 B ’ ’ .‘¢+ ¢ 4
|- (3p*)/(p_)* Ru/Zr "% g%
T T ...f “..
Nuclear deformation #
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7 Large ; g,
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Use these ratios to probe shape and radial structure of nuclei.
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Nuclear structure via v _-ratio

Ru gy R=509Mm s [(,z,~0.16 increase v,, no influence on v, ratio

a=0.46 fm
Ba = 0.162

Al s diffu. Aa;=-0.06fm increase v, mid-central, no influe. on v;.

Quadrupole B;,,~0.2 decrease v, in mid-central, decrease v, ratio

o6 = Similar study by Haojie et.al.
Zr *Zt  R=502fm . : ,
M =052 fm = Radius AR,=0.07fm only slightly affects v, and v, ratio.
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Simultaneously constrain these parameters using different N, regions
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Nuclear structure via p(N,)-ratio

%Ry R =509 fm

i a=0.46 fm — : : 1 1 —_~
Quadrupole / e s [,z,~0.16 decrease ratio, increase after considering 3,,,~0.2
A0 m  The bump structure in non-central region mostly sensitive

o to differences in surface diffuseness Aa,, and radius AR,
Zr %Zr  R=5.02fm

a=0.52 fm
Octupole By = 0.06
B = 0.20 — 0.27
J. Jia, aXiv:2106.08768
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Nuclear structure via p(N,)-ratio

R =5.09 fm
a=0.46 fm . b : :
- ~0.16 decrease ratio, increase after considerin ~0.2
Quadrupole By = 0.162 B 2Ru > g B 37Zr
B0 m  The bump structure in non-central region mostly sensitive

-7 to differences in surface diffuseness Aa, and radius AR,
r R=5.02fm
™ =052 fm m All these trends are quantitatively reproduced by Glauber

' Zj Epyodien = Note the normalization is sensitive to trigger efficiency!!
= See related study by Haojie et.al.
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Prolate
B2 = 0.25,cos(3v) =1

L

tip+tip body+body
€2J/7RJ_\L 62T,RJ_T

cov (637 RJ_) >0

cov (637 dJ_) <0

Triaxiality y:  re.o-n(1-

la[cos7Ya 0 +sinyYs o]

Triaxial
B2 = 0.25,cos(3y) = 0
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Oblate
B2 = 0.25,cos(3y) = —1

body+b0dy tip+tip

s e

€2T7RJ_¢ e |, R T

cov (637 RJ_) <0

cov (637 dJ_) > (
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Influence of triaxiality on initial state

e —~ 15X10
Skewness super sensitive to y © 2 1Y L0 T uorme
=, & 2 di —o— [,=0.28, cos(3y)=1
S 1E —+— B,=0.28, c0s(37)=0.5 |
“\'[UJ/N i ., = PB,=0.28, cos(3y)=0
. | L —— |32=0.28, cos(3y)=-0.5
Described by 5o 028, costan=t 4]

OO

a’+(b"+c cos(3v) )63 o ,;j;:;

tbo 200 300 400
Npart
N:N - <€2> U+U ’19\_2 | Scéll2l O undeformed -
. " ngm Al _ o =| = b
variances insensitive to y & <( dl)) L N ooae cononeos |]
—e— [52=0.28, cos(3y)=0 A
—.—[32=0.28, cos(3y)=-0.5 | |
—¢— B,=0.28, cos(3y)=-1

Only a function of 3, in central

/ b/ 2 102 —ozscos(e,y) 1
a + 2 L +B =0.28,c0s(3y)=0.71
3 ﬁ =0.28,co0s(3y)=0.3
i +ﬁ =0.28,cos(3y)=0
i B2=0.28,cos(37)- -0.3
S [52:0.28,003(37):-0.71
*—:—ﬁ[32=0.28,‘cos(3y)=-1| | T .
300 350 400 450 100 200 300 400
N part

part

Use variance to constrain f3,, use skewness to constrain y
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(B-,y) diagram in heavy-ion collisions

The (3,,y) dependence in 0-1% (€3) ~ [0.02+ 43] x 0.235 p= (a0,

U+U Glauber model can be  ((sd,/d,)?) ~ [0.035 + 52] x 0.0093 (e3)4/ ((dd.1)?)

approximated by: (£26d, /d, ) ~ [0.0005 — (0.07 + 1.36 cos(37)) 3] x 107

Map from (B,,y) plane to HI observables How about
<v§5[pT]> VS. <v§>

e Y [l ol P VS (D)
o | )

A Z

\ ‘o
Of oY Y A
D ) \‘
0.5 B

0
0.1 0.2 0.3 0.4 I 1 1 1
[32 0 0.01 0.02 0.03

Collision system scan to map out this trajectory: calib. coefficients
with species with known [3,y, then predict for species of interest.



Triaxiality from v,?-p; correlation at LHC *

B Bally, M Bender, G Giacalone, V Soma 2108.09578
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m Clear sensitivity to the triaxiality of 129Xe.



Outlook

m Precision of hydrodynamics allow 1imaging of nuclear structure

s Great opportunity for possible (isobaric) system scans.
= Larger systems have better statistical sensitivity e.g. 136Xe vs 136Ce
= Small systems to disentangle geometry from initial momentum anisotropy
= Profit from larger multiply/acceptance from LHC and low energy at NICA

= Manifestation of nuclear structure are Vs and rapidity dependent!

s Model study to explore the connection to nuclear structure and
potential for heavy ion physics.

We're only limited by our imagination ---
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Nuclear structure via <p;>

R =5.09 fm
a=0.46 fm

By = 0.162

Quadrupole )
© Ps~0

R =5.02 fm

a=0.52 fm

> B2=10.06
B3 =0.20 — 0.27

Octupole

J. Jia, aXiv:2106.08768
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m  AMPT underestimate response by x3, so trust trends only

s 3,5 small impact in noncentral, but some increase in UCC
m  Enhancement dominated by surface diffuseness

= Radius difference leads to stronger N, dependence

s Glauber model also describe the trends..
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Nuclear structure via p fluctuations

%Ry R =5.09 fm . . 5[pT] od |
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Quadrupole 8, =0.162 [pT] d;,
[ T B3~0
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~ fz O?E?;fin m  AMPT has wrong <pT> responses (see 2109.00604), but..
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