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Collective structure of atomic nuclei

s Emergent phenomena of the many-body quantum system
= cClustering, halo, skin, bubble...
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Role of nuclear structure in heavy ion collisions

Nuclear structure Initial condition Final state
hydrodynamlcs w, P
—2> — —
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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




Role of nuclear structure in heavy ion collisions

Nuclear structure Initial condition Final state
hydrodynamics w, P
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Shape and radial dis. Volume, size and shape Observables
B — Quadrupole deformation N, part
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B3 — Octupole deformation R 1 X <'r' J_> = N(pr) E V, e ing
ag — Surface diffuseness n _ing dodpr ™
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Ry — Nuclear size

Anisotropic flow Radial}ow
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Initial shape Initial size

How initial condition is impacted by nuclear structure?



Connecting initial condition to nuclear shape

Body-Body & = 2% o (rh e”?) Tip-Tip

82~O.95Bz 82""0.4832 €2~0
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undeformed  phase factor

Shape depends on Euler angle Q=¢0y <’U,21> X <€i> In intrinsic frame



Low-energy vs high-energy method

= Intrinsic frame shape not directly visible in lab frame at time scale T > I/A~10"%1s

m Mainly inferred from largely “non-invasive” spectroscopic methods.

Correlated shape in intrinsic frame
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Quantum fluctuations

«rotational» spectrum
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Spherical shape in lab frame 0+

m High-energy collisions destructive imaging: probe entire mass distribution in the intrinsic
frame via multi-point correlations. Shape frozen in nuclear crossing (10-24s << rotational time scale 10-2!s)
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Imaging via collective flow

Fast crossing Large multiplicity

T 2Ry/vy < 0.1fm/c arXiv:1902.07168,
' r — 7°€

Intrinsic frame
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Impact of nuclear shape on many-body correlations

p(r,0,¢) = al R(6,$) = Ro(1 + f[cos 7Ya0(8, ¢) + sin1Ya2(6, #)] + BsYs,0(6, #) + BiYao (6, 4))

1 + e(r_R(97¢))/a0

In principle, can probe any moments of p(1/R, &,, &5...) via p([p1], V2, V3...)...
= Mean (d)  di=1/Rs (pr)
Variance: (cn); <5d¢/dL)> | (vn), <6pr/pT)>
Skewness (e.dd./d.), <5di/di)3> <:::> (v2épr/pT), <5pr/pT)3>
( (

Kurtosis (st) —2(c2)", (6, /d.)") ~ 3( (6. /d.)?) oh) = 2(e2)’, ((Gpr/pn)*) - 3<(5pT/pT)2>2

All have a simple connection to deformation:
= Variances s Skewness

2\ ~ ay + byf32 + by 332
R (B0 ) o~
3

<€i> ~ Q4 + b4,8?1 <(6dl/dl)3> ~ ay + by COS(?)")’),B‘é3
<(5dL/dL)2> ~ agy + bo,@% + bo,gﬁg ......



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

R(H. (f)) = R() (]. + 32 [COS’)YQ.U + sin 9 Yz_-g]

Prolate

B2 = 0.25,cos(37) =1

=

Triaxial
B2 = 0.25,cos(3v) =0

2

Oblate

B2 = 0.25,cos(3y) = —1

A(R)

2
2

p(v

v @D —

body-body O > - 0

Need 3-point correlators to probe the 3 axes

((8pr)*) ~ B3 cos(3)

<v§6pT> ~ —f33 cos(37)

V,-[p1] covariance
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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{-Cc, are function of centrality

Ro ~ 1+ clAﬁg + @AB% +c3A Ry + cuAa



Isobar °Ru+%Ru and 26Zr+%Zr collisions at RHIC 200 GeV
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everywhere
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Nuclear structure via v,-ratio and vs-ratio

~ 1+ ClAﬂg + CQAB% + CgAR() + C4Aa

Simultaneously constrain four structure parameters
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Nuclear structure via v,-ratio and vs-ratio

9%Ru 9%Ru
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Simultaneously constrain four structure parameters
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Nuclear structure

&

Un,Ru ~

Isobar ratios cancel final state effects

m 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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Imaging the radial structures—> neutron skin

Radial parameters R,, a, are properties of one-body distribution > <p;>, <N.,>, V,RP~v,{4}, o7,,,,

- 1.01 (o) LA B B I B B S B A B B T
~N
N i imil i A =] | -~ STAR p(0.94N__)-ratio x1.004
~ 'STAR Preliminary IEBE-VISHNU + DFT(eSHF) © p ch - :
e i , wonnms L(p =20 MeV O | = AWPTS, ] - | AMPT v {4} ratio ! ]
/ELOOBT Isobar |s,, =200 GeV  _ _ L(p,)=47 3MeV o AWPT B, | ‘ =B,
C - % Data swer L(p,)=70 MeV 1.05L ¢ AMPT B, a, i I By
] 006; ......... Deformed 4 AMPTB__a, R B J OB, 8
' 0.2<p,<2 GeVi I 2e 0 1 1.1
- De<ppee evic U i | —=- AMPT direct calculation ] » = By 3R,
- i<t e ', ——————— X - -4~ STAR data
1.004|- Py R - 1 I
- T eI N, ¥ s ] i
1 002 1 BagERgAEEES | 1_ ..........
. j 7.-},/’ l® i L
| ¥ Deformed: Ru(B_=0.16),Zr (B_=0.20 - i
- eformed: Ru(B,=0.16).Zr (B,=0.20) Ly PN /PN ), ] ( -4 V,{4} ratio
o S RS Ll : Y W

L L PRI PRI T P PR e
0 20 40 60 80 0 100 200 300
Contay (%) N ﬂ - 0 % e
part

Constrain neutron skin and symmetry energy

— LHC [Trajectum] [0.217 + 0.058 fm] B.Li, et.al Universe 7, 182 (2021)
—_ PREX II L r data) 57.7 £ 19 MeV PREX I
A T de 1o} y 58.7 428 MeV i (PRL2021)
;_,,% — ab nitio s ses) by &Hmssy:mmv‘l' 1
4 o} = i
k= > 2
3" 71‘5671'1-' & BT T 7r92“..‘ r_ *
— Ew»|1" %TTTTnatL‘
—_— i T + :
' : . » J._l J. 9_1_ il is l_lL i_ l_ STAR Preliminary
== Py o - =1 + DFT(eSHF)
0.0 0.1 0.2 0.3 0.4 ° o
68% confidence boundries
Arnp =rn— rp [ﬁn] 20—1 N N AM oos :;"Tk e bowndce] (68% confidence boundries)

13



Constrain the heavy-ion initial condition

Nucleus Initial condition Final state
p=1 hydro
€
=
Tal@,y) = /p(m,y, 2)dz @ ORU ~ ]+ ClAﬂg + CzAﬂg + C3ARO + C4Aa

OZr
C, relates nuclear structure and initial condition

P p\ a/p
m Different ways of depositing energy T « (TA + TB)

(T4 +Tg Npart — scaling,p =1
TyTg Neon — scaling,p = 0,q = 2
e(z,y) ~ ¢ VTATg Trento default,p = 0
min{Ty, Tp} KLN model,p ~ —2/3
Tyr+ T+ oTyTp two-component model,
L similar to quark-glauber model

Other parameters:

Nucleon width, w
Minimum distance, di,.
Fluctuation parameter, oy

Use nuclear structure as extra lever-arm for initial condition
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€ {2} Ratio

Constrain the heavy-ion initial condition

Nucleus Initial condition Final state
p=1 hydro “\ |
= -6
= o
TA(w,y) - /p(m,y, z)dz @ ((QDRU ~ ]+ ClAﬁg + CgAﬁg + CgARO + C4Aa
Zr

C, relates nuclear structure and initial condition

0.558+0.076 —0.12+0.13 1.31+0.11 0.217+0.058
I 0.47
0.32

0.16

w [fm]
dmin = 0.6[fm], p =0.2 w =0.5[fm], p =0.0 w = 0.6 [fm], dpyjp = 0.6 [fm]

1.08F

1.04F

Ar, np [fm]
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Opportunities at the intersection of nuclear structure and hot QCD

Multi-nucleon Multi-particle

correlations in nuclei 1 correlations in final state
"sapppuduuunnnn®

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

Summary and outlook

High-energy collisions image nuclear shape at ultra-short time scale of 10-24s; Large particle
multiplicity enables many-particle correlation event-by-event to probe many-nucleon
correlations in nuclei.

Collisions of carefully-selected isobar species (at LHC) can reveal the many-body nucleon
correlations & constrain the heavy ion initial condition from small to large nuclei

Recently organized activities:

A| isobars | A | isobars | A |isobars| A isobars A | isobars | A isobars

36| Ar,S |80| Se,Kr |106/Pd, Cd|124|Sn, Te, Xe| 148/ Nd, Sm| 174| Yb, Hf RBRC WOI’kShOp Jan 2022, M

40| Ca, Ar |84 |Kr, Sr, Mo |108|Pd, Cd|126| Te, Xe | 150|Nd, Sm||176| Yb, Lu, H

46| Ca,Ti |86| Kr,Sr |110|Pd, Cd|128| Te, Xe |152|Sm, Gd|180| Hf, W EMMI Taskforce May&Oct 2022, m
48| Ca,Ti |[87| Rb,Sr [112|Cd, Sn|130|Te, Xe, Ba| 154 |Sm, Gd |[184| W, Os

50| Ti, V, Cr | 92 |Zr, Nb, Mo|113| Cd, In | 132| Xe, Ba |156 | Gd,Dy|/186| W, Os ESNT workshop Sep 2022, link

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 |NT program Jan-Feb2023 M

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 Dalian workshop Aug 2023 link

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

78 SeKr (104 Ru,Pd |123|Sb, Te| 186 Na Sm] |170| Ervb | 204| Hg, Pb Beijing workshop April 2024, in preparation



https://indico.bnl.gov/event/13769/
https://indico.gsi.de/event/14430/
https://esnt.cea.fr/Phocea/Page/index.php?id=107
https://www.int.washington.edu/programs-and-workshops/23-1a
https://indico.ihep.ac.cn/event/17999/

