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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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hyperdeformed
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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)
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Rich structure of atomic nuclei
n Collective phenomena of many-body quantum system

= clustering, halo, skin, bubble... Bs-landscape
= quadrupole/octupole/hexdecopole deformations g
= Nontrivial evaluation with N and Z.
(T Raditlandscape =27 !
o ey Vo - o
faec iy .

g

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

/A

R
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initial stages

QGP medium expansion 2 freeze-out
l ] l >

o &» = Shell models (configuration interaction)
s &l = DFT models (non-relativistic and covariant)

10 Thydro ~ 1fm/c Tfo ~ 10fm/c

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

Nucleus Initial condition Final state
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Fixed impact parameter ‘
Multiplicity Radial Flow  Harmonic Flow

Nuclear structure Initial volume Initial Size  Initial Shape
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High energy: approx. linear _ < R
response in each event: 7
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Expected structure dependencies

Central collisions

Non-Central collisions

(v3) =~ ay + b33 + 355

<(5PT/PT)2> ~ ag + boBs + co5;

(v3) =~ a3 + b3f3;

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

Atfixed N, 8N o V7' pr/
RoY = Pt/



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

- 2 2
Ultra-central Collisions at { V3 Ay = @Au + 055 A,

Vs =193-200 GeV 2 oy + b2 b~0.014
Upu = au 2,U
: : : apny 238
Need to correct for slightly different size: a«<1/A, r,= o T 107" 1.21

. : T2Tq — 1 U%,U

Alinear relation for B,y and Bop,: g2 = 2~ 4,88 Tz = =
b/aU 2 2,Au
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02<pT<2 GeV, 0.1<m_n >1 o T L |

6|0 4'0 - 210 0 0.01 0.02 0.03 0.04 Bz

BZAU= 18 Au

Centrality [%]

Suggests |B,]5,~0.18+-0.02, larger than NS model of 0.13+-0.02
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Isobar collisions at RHIC

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

Isobar
= iai -
B collisions B

Extra
»° Proton
o<

o0 ¢

96740+ 96740+ 9%RY 9RY
8 ® C ®

arXiv:2109.00131

Designed to search for the chiral magnetic effect: strong P & CP violation
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 %Zr+%Zr systems—> precision imaging tool
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Isobar collisions as precision tool

= A key question for any HI observable O: OoRu+ %R ; 1

Oos Zr+%%Zr

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

. 1
0
" Expectatlon ,0(7“, ,¢) - 1+ e[T—Ro(1+ﬁ2Y20(9,¢)+ﬁ3Y30(9,¢))]/00
96Ru 96Ru
Quadrupole iﬂ. | “‘ By = 0.162 2 2
X R O % by + b1 53 + b 32 + b3 (Ro — Ro vet) + ba(a — arer)

Octupole ,“\\ By = 0.06 OR
LT By =0.20— RO = 4 ~ ]_ + C]_AB% + CQAB:? + C3ARO + C4Aa’
J. Jia, aXiv:2106.08768 OZ r
Species B2 B3 ao Ro I I
T T T T Only probes isobar differences
/r 0.06 020 0.52fm 5.02 fm

. AB;  ABS  Aay AR
difference 0.0226 -0.04 -0.06 fm_0.07 fm
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What about 197Au and 208Pb?
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Nuclear structure via v -ratio

Quadrupole

Octupole -
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Simultaneously constrain these parameters using different N, regions
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Simultaneously constrain these parameters using different N, regions

Nuclear structure via v -ratio

By = 0.162
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B = 0.20 —

5 21 0.2%
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Nuclear structure via v -ratio

*Ru Ry s [3,z,~0.16 increase v,, no influence on v, ratio

sm-ow2 ™ [3,~0.2 decrease v, in mid-central, decrease v, ratio

Quadrupole Y
T B~0

Octupole - By = 0.06

Bs =0.20 —
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Simultaneously constrain these parameters using different N, regions
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Nuclear structure via v -ratio
s [(,z,~0.16 increase v,, no influence on v, ratio
sm-ow2 ™ [3,~0.2 decrease v, in mid-central, decrease v, ratio
= Aay=-0.06fm increase v, mid-central, small influ. on vj.
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Octupole £
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Simultaneously constrain these parameters using different N, regions



Quadrupole

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.

Octupole -
. Ro = Oru 1 4 c1AB3 + caAB3 + c3ARy + c4Aa
J. Jia, aXiv:2106.08768 Oz,
5 21 0.2% 5 21 0.2%
S [ s T ] [T T T
o  ©Ver [V2z AMPT B, o 1o

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

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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Separating shape and size effects

Nuclear skin contributes to v,™ ~ v,{4},
deformation contribute to fluctuations

1.1F
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B 2,3’ 4
=B 2,3’ ao’Ro
—4- STAR data



16

Separating shape and size effects

Nuclear skin contributes to v,™ ~ v,{4},
deformation contribute to fluctuations
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Nuclear structure via p(N,,), <p T>-ratio

keswin w o For Nch ratio:
Quadrupole By = 0.162 s B,r,~0.16 decrease ratio, increase after considering 3;,,~0.2
© Bs~0

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

r=502fm w For <pT> ratio:

a=0.52 fm .
Octupole By = 0.06 = Strong influence from Aa. and AR,
B = 0.20 — 0.27 ORu 9 9
1. Jia, aXiv:2106.08768 Ro = % ~ 1+ C1 Aﬁz + 02A63 + 03AR0 + C4Aa
Zr
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£ o B : Lo T
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pd 2 > i ’
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@ - ’ ‘ Lo
<. 4 AMPT B, a,R, 1
=
= i
18eacl SRS HREHREERS _

L L
200 300
N (Inl<0.5)

N, (Inl<0.5)
Aa, and AR, influences cancel

Aa, and AR, influences add up
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Relating to neutron skin: ars, = (ra)"* - (r,)'?

Ro = ((QQRU ~ 1+ clABS + QAB? +c3ARy + caAa
Zr
2 2
=1 1904.12269 2| Prus7.082501 N <"° > B <"°p>
e i s Ay & §=(N-2)/A
3 s P 8 P ‘/<r,«2>(5+1)
\ \
s _> .
R R
skin-type: larger R,  halo-type: larger a, For Woods-Saxon:
3 7
, N o [2p2, ' 22
Neutron skin 4,,,, expressed by R, and a, (r’) =~ (5 Ry +—ma )
for nucleons and protons: 3 7
2\ 2 2 2
(rp) = (gRO,p + 57 ap)
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Relating to neutron skin: ar, = (r.

Ro = ((OQ ~ 1+ clAﬁz + CQAB3 +c3ARy + caAa
Zr
_:. 1904.12269 -i-“ PRL87.082501 <7°2> — <7°12)>
al . Bl === : ATnp N 5= (N-2)/A
3 \ B = . v/ () (6 +1)
\ \
\, .
R R
skin-type: larger R,  halo-type: larger a, For Woods-Saxon:
, <r2>% ERz 1772a2
Neutron skin 4,,,, expressed by R, and a, -
for nucleons and protons: ) 3 7 5,
<Tp> ~ gRO,p 57 A

Isobar collision measure “difference of neutron skin” from
AR, Aa for nucleons, and known AR, Aa for protons:

T2 a® [ AY > Aa AR
AY - 11 RQ( : +Y(a _ ROO))

0

A(Arpp) =Arpp1 —Arpp o~
V15R, (1 + 5)
AT =1y =22 = 3(R;-R? )+77T2(CL a2)

T=(r1+x2)/2



Isobar ratios not affected by final state
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= Vary the shear viscosity via partonic cross-section
= Flow signal change by 30-50%, the v, ratio unchanged.

Robust probe of
initial state!

Nucleus Initial condition

@0

N

>
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0.04

VordV oz,
o
(o))
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1.02

0.981-+———-

| Ru+Ru and Zr+Zr combined
PO SN TN S NN ST RN S T S S S S S |

L
AL LB B L B

L = 1.5mb
- e-3mb (C)
——-6mb
~=10 mb
-©- 3 mb, rhc=15fm/c

AMPT 0.2-2 GeV/c

1 1 () 1 l 1 1 1 1 l 1 1
100 200 300

oql.Uor———
[}

0.015

T
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Isobar to constrain initial condition

Nucleus Initial condition Final state

hydro \ U
=) — ¢
P

~ 1+ ClABS + CQAB% + C3ARO + C4ACL

ORu

Zr

C, relates nuclear structure
and initial condition

| N TP 4 TP\ /P
m Different ways of depositing energy T « <u)

2

(T4 +Tg Npart — scaling,p =1
TsTg Ncon — scaling,p =0,q = 2
vVIT'4Tg Trento default,p = 0

e(z,y) ~ 1 .

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

\ similar to quark-glauber model

Use nuclear structure as extra lever-arm for initial condition



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))-
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Triaxil |ty R(0,6) = Ry ( 1+ BocosYa o + sinyYa o]

Prolate

small v2
= 0.25,cos(3v) =1 iD-ti Y Y small area
Ba , cos(37) tip-tip 0—» 4—0 —> large [p{ VN pr/
,l: large v2
body-body > - 9 — > @ large area V7' PtV

small [p{]

Need 3-point correlators to probe the 3 axes

Triaxial (v3dpr) ~ —PB cos(37) ((8pr)*) ~ B cos(37)
B2 = 0.25,cos(3y) =0

: O

B2 = 0.25,cos(3y) = —1

o



T 7 7 24
TrlaX| I |ty R(0,¢) = Ry (l + Ba[cos Yo g+ sinyYs 5]

Prolate

— small v2
= 0.25,cos(3v) =1 ip-ti R ) e small area
Ba (37) tip-tip @+ +® —> arge[p]  V2Y P17
l[: ‘ ‘; ‘ large v2
body-body —»> < —> @ large area V2/‘ pT\,
small [p{]

Need 3-point correlators to probe the 3 axes

Triaxial (v3dpr) ~ —PB cos(37) ((8pr)*) ~ B cos(37)
B2 = 0.25,cos(3y) =0

Compare U+U vs Au+Au: B, ~ 0.28, Byp,~ 0.13:

/,

\ V,-[p7] covariance [pr] skewness
A\ T T T T L “~ T T T T m— T T T
R i,_ -8 <’U% 5pT> = » ISTAR Prelimlinary |
o - p2 = : 1 g"m —e— Au+Au 200 GeV 3
Oblate = 0-2__ 8::........\/V8.1‘ (’Uz) <(TpT6pT> __ 0\8/-'_ —- U+U 193 GeV

oo..... oo.o,o....q:...

B2 = 0.25,cos(3y) = —1 ﬁ Lﬂﬂ : .

i 77-_ d : ® e o e o 0 © 0 4 ¢ _-
) - STAR Preliminary o 1 107 .. E
4 L . ° ] - ° ]
K —e— Au+Au 200 GeV ! il i ®e 1
i | 1, [ . ]

\ oof TUrU198GeY ‘ 10°E n=1.49 $ f

- 0.2<p <2 GeV, Ini<t '
1 1 1 I 1 1

0 200 400 r'ecsoo '
N, (ml<0.5)

—
S
(=]
|
|

0.2<p <2 GeV, Ini<1
1 1 I

1 1 1 1 l 1 1 1 l 1
0 200 400 o C600
N, (nl<0.5)
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Influence of triaxiality: Glauber model

Skewness super sensitive

Described by

5 0d |
d;

> o (v3dpr) o a+ bcos(3y)55

variances insensitive to y

<6§> X <’U§> X a + bﬁ%

-3
/:' 1 5 X19 T T T ‘ T T T T |
o) A —e— undeformed
~ o B,=0.28, cos(3y)=1
S 1 —— B,=0.28, cos(3y)=0.5 |
Yt = B,=0.28, cos(3y)=0
7>|/ i —+— B,=0.28, cos(3y)=-0.5 |
8 0.5 ~o B,=0.28, cos(3y)=-1 4 |
: LD CROORORKE { i
o) Mvmsesensed.
L f
o5l u+U X |
L 1 Il 1 Il | Il 1 Il 1 \ 1 Il 1 Il | Il 1 Il 1
1bo 200 300 400
Npart
N T
W U+U

—-B,=0y=0

1020 —ﬁ =0.28,c0s(3y)=1
i +[3 =0.28,c0s(3y)=0.71

Use variance to constrain [3,,

BZ—O 28,c0s(3y)=0.3
o [32—0.28,cos(37)—0
_— [32=0.28,cos(3y)=-0.3
B 2=0.28,cos(37)=-0.71
- [32=0.28,cos(37)=-1
\ I

1 l 1
300 350 400

use skewness to constrain y

L1
450
N

part
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(B5,y) diagram in heavy-ion collisions

d, < 1/R,
[0.02 + B3] x 0.235 p=
0.035 + 42] x 0.0093 (€3)4/ ((8d1)?)

(e50d. )

The (B,,y) dependence in 0-1% (e2)
U+U Glauber model can be  ((54,/4,)?)
approximated by:

P

P4

(e36d,/d,) ~ [0.0005 — (0.07 + 1.36 cos(37)) 5] x 1072

Map from (f3,,y) plane to HI observables How about

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



Summarizing questions

related to those measured in nuclear structure experiments?

collisions and extraction of QGP transport properties?

PROGRAM

Organizers:

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

Dean Lee (Michigan State & FRIB)

Matt Luzum (Sé&o Paulo)

Jaki Noronha-Hostler (Urbana-Champaign)

JANUARY 23 - FEBRUARY 24, 2023

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

Fugiang Wang (Purdue)

Nuclear structure Initial condition Final state

3 hydro w P
’_) — —_—
\

What are the most interesting stable i1sobar species to collide?

How the nuclear shape and radial profile extracted from HI collisions

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

27

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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