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Relativistic Heavy lon Collisions
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Relativistic heavy ion collisions

£ Future LHC Experiments

iEa”y Universe The Phases of QCD

-create and study QGP
-the QCD phase diagram - QGP
-the deconfinement & chiral phase

Temperature

transition

Critical Point

-the QCD vacuum ol
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Rich A-A collisions at
RHIC & the LHC
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High energy nucleon nucleon
§ collisions & nuclear structure
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Probe the deformation of nuclei with

< *PHOBOS

relativistic heavy ion collisions
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Probe the deformation of nuclei with
BRAHMS] .

relativistic heavy ion collisions
STA TS

initial conditions:
(with deformations)
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BRAHMS \ Probe the deformation of nuclei with
o relativistic heavy ion collisions
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initial conditions:
(with deformations)

Initial conditions

Probe the deformation of nuclei with
relativistic heavy ion collisions

Well calibrated calculations
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Study the deformation of %°Ru and 2°Zr
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bRu+%°Ru and 26Zr+%Zr Collisions @ RHIC isobar run

Isobar

" S o -to search the Chiral Magnetic
B collisions B

Effect (CME)

Extra
L Proton

-Obviously different early
oo, e magnetic field for Ru+Ru
P6Zrd0+ 967 A0g %Ry 1 and Zr+Zr collisions
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Deformation of °®*Ru and °6Zr

/Conversion from B(En) to B, via: (2 = {792 \/B(EQ)T By = n \/B(E3) )

7R3 e2
ﬁg E2J1, (NIBV) 3 ES— (MBV) [
“°Ru(0.154)  0.83 - 3.08 c
i

2°7r 10.062 1.75  4Q.202,0.235,0.22° 1.90

\ ADNDT107,1 (2016) ADNDT80,35(2002) 1u




Model calculation for Nuclear Deformation

General approach (DFT level)

“ ~

Non-relativistic Schrodinger . :
Relativistic Dirac equation:

equation: .
t DFT (CDFT
Skyrme and Gogny DFT covartan ( )

)Range of interaction K

Zero range - point coupling models Finite range - meson exchange models
in CDFT (no mesons) in CDFT
- Skyrme DFT - Gogny DFT

Effective density dependence

CDFT : - explicit (DD-ME2, DD-PC1)
- non-linear (through the powers of mesons) (NL1, NL3*)
Skyrme and Gogny DFTs: different prescriptions for density dependence
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Deformation of °°Ru &°°Zr — DFT calculations
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correction is very
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Deformation of 2°Ru &°°Zr — personal comments
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Nuclear structure physics
obtain the deformation
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spectrum with certain

11 beyond mean field .|

—0.15 < model calculations
: W (/ AN\ NP/, ' '
s %4 02 00 02 o4 %%4/-02 00 02 wa (not directly image the

B2o B2o deformation in position space




Probe the deformation (mass distributions) of ®°Ru & %°Zr
with isobar collisions

initial conditions:
(deformation / mass distributions)

Well calibrated calculations
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Hydrodynamic calculation with initially deformed nuclel

Initial conditions (TRENTOQO)

-Sample nucleon position in deformed nuclei with:

L0 :
— d le:
p(r0,0) = T RE Jas Quadrupole

Octupole:

R(6,¢) = Ry (1 + [Jo[cosyYa o +sinyYs o]

3 4
+53 Z C“S,mYB,m+B4 z a4,mlf4,m)

m=-3 m=—4

Well calibrated calculations
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V2 and Vs for Ru+Ru and Zr+Zr collisions

- VISHMNU, v3{2}, Ru+Ru v e
0.12 4 == WVISHNU, v3{2}, Zr+2Zr Isobar collision 1.06
<  STAR, va{2}, Ru+Ru _
# STAR, v3{SP}(An = 0.2), Ru+Ru VSwv =200 GeV 1.04 1
{3 STAR, v3{2}(An=>1), Ru+Ru — VISHNU, v2{2}, Ru+Ru
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#r STAR, v3{SPHAn=0.2), Zr+Zr < STAR, v2{2}, Ru+Ru ""JN 1 00 i
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-With fine tuning parameters, IEBE-
VISHNU fits V2 & V3 for Ru+Ru collisions

-Using B2 B3 in table1, it “predicts” V2 &
V3 for Zr+Zr collisions & the related ratio
-- (the data are roughly described).

v2{2}(Ru + Ru) —— VISHNU, ratio
v2{2}H(Zr + Zr) O STAR, ratio

v3{2}(Ru + Ru) %
v3{2}(Zr+ Zr)

0 10 20 30 40 50 60 70 80

centrality(%)

a, 0.46 0.52



R(ac,{3)

ac{3}for Ru+Ru and Zr+Zr collisions
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ac{3} is sensitive to quadrupole and
octupole deformations

ac,{3} = (v% vy cos 4(Dy — Dy)),

T . [ STAR o |

1.31- Preliminary result ¢

| (Quark Matter 2022) ]
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S. Zhao, H. Xu, Y. Liu, H. Song. PLB2023, arXiv: 2204.02387



Probe the deformation of °°*Ru and °6Zr
-- a short summary

97

-%Ru and °%Zr: two ideal nuclei for interdisciplinary research between
relativistic heavy ion physics and nuclear structure

-isobar collisions provide rich and high statistical run data for various flow
analysis, which could constrain the deformation of °Ru and °Zr from
heavy ion physics side

-Need more efforts to study the deformation of °°*Ru & °6Zr from both
experimental and theoretical sides in nuclear structure

22



Probe the a-cluster of 10O at RHIC and the LHC

i L uu
Z 20— 8
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160+160 collisions and p+0 collisions 160 160
originally aim to study the possible formation

of the QGP in small systems
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a-cluster of 160
from nuclear structure

-ACM calculations show that

the low-lying states of 160 can
be described as rotation-vibration
of a 4a cluster with tetrahedral
symmetry.

R.Bijker and F.lachello, Phys. Rev.
Lett. 112, no.15, 152501 (2014)

-ab initio lattice calculations demonstrate
the nucleons are arranged in a tetrahedral
alpha clusters in the ground state

E.~Epelbaum, et al Phys. Rev. Lett.112,
no.10, 102501 (2014)

(a) Initial state “A”,
8 equivalent orientations.

(b) Initial states “B’ and “C”,
3 equivalent orientations.

Nuclear structure physics infer the a-cluster configuration of 160 from the
measured spectrum



Relativistic heavy ion collision to probe the structure of °O

BRAHI\/IS. )

initial conditions:
(with or without a-
cluster)

Well calibrated calculations
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Hydrodynamic calculation w/wo clustering

Initial conditions (TRENTO)

-Woods-Saxon:

£0
p(r,0,¢) = 1 & e(r—R(6.0))/ao distribution l Ta
| Woods-Saxon
-Alpha-Cluster: Spherical shape II alpha cluster 2.8 2.0
3(r — ;)2 \ 11 alpha cluster 3.2 1.1
i (r) = Aexp [— 9 ; ] y IV alpha cluster 3.42 1.1
tetrahedral alpha clusters
Well calibrated calculations
A
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Initial conditions viscous hvdro hadron cascade
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Sensitive observables for a-clustering
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Y. Wang, S. Zhao, B. Cao, H. Xu and H. Song. Paper in preparation.
Please also refer to the work from Y G Ma’s groups



Measurement from O+160 collisions

1.0 1 1 I LI [ I I 1 T I I I 1 [ 1

- Quark Nucleon |
TRENTO  clouber Glauber  £2t4VeA2}

— . — Woods-Saxon(w/o cluster)

— “im —_ NLEFT(w cluster)

0.8 o +="" 4 =

0.6— /+ + —
s 0+0 |5y = 200GeV d

B STAR Preliminary @ v.{4, 2-sub.}v,{2,|AnI>1.0, subtr.}
0'4—1 l . l N
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. L TPC Centrality(%)  '° .

-v2{4}Iv2{2}. enhanced fluctuations in ultra-central collisions
heavy ion collision data hint alpha-clustering in 1O
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Probe neutron skin at RHIC and the LHC
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Neutron Skin & neutron star

EOS of nuclear matter

_ 1 _
e(p, @) = [esnamr(po) + S(po)a?)] + o*L p—Po — (Ko + aszym)(M)z
3)00 2 3p0

L: the first order term in EQOS; symmetry energy; Large L thick neutron skin

Probe the Neutron Skin at low energy nuclear physics

Parity-Violating Electron Scattering in Jefferson Lab

R2p5, =0.27820378fm  Phys. Rev. Lett. 126, 172502, (2021)

0 S50 100 150 200 250
v v T v v T v T

0.40 T T T
- xEFT (2020)
0.35 ] = =
= [vd *— xEFT (2013)
—_ o £ T o
030} = & 8k o O - Ab-initio (CC)
—_ s o 2= - a Ski S
tg 0.25 %E c L8 e % —-— Skins(Sn)
|_‘;. I S a, E ,E E 8. é - M
Q.
o 0.20 £ Se & < ot (RPA)
= 22 s ¥
< .
0.15 ¥ n §
Q a
0.10 o e
=]
[a]
0.05F * (106=37)MeV (b)
ZDBPb
L 1 1 | 1 1 2 1
0.00 O 50 100 150 200 250

L(MeV)
arXiv:2206.06527 Esra Y tksel and Nils Paar Phys. Rev. Lett. 126, 172502 D. Adhikari et al



Relativistic heavy ion collision to probe the neutron skin

.2oapb 208pp,
BRAHME \ .97Au 197Au

initial conditions:
(with neutron skin)

Well calibrated calculations
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r Y
Initial conditions viscous hvdro hadron cascade
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Probing the neutron skin of ¥¥’Au and 2%Pb

semi-isobaric double ratio

fix Au Arp,=0.17fm
1.0 1.0-
{ Pb/Au data { Pb/Au data
N i ____________ -~
3 ‘% {l ---------- - %L ---------
R s St S _ e e
£0.8 4}1 i QO-S% o %, _ 4
< o & 3
2 = Pb Ay = 0fm B 4~ Pb&Au Aryy = 0fm
2ol (@) Tt PbAm=017m | 06 (B) - Pb&AuAm,=0.17fm
~ Pb Aryp = 0.28fm 4~ Pb&Au Ary, = 0.28fm
0 10 20 30 40 50 0 10 20 30 40 50

centrality|[%] centrality[%]

A scaling behavior was found in double ratio of v2{2}/v3{2} when Au and Pb
have the neutron skins of the same size,

The measured flow harmonics at various centrality suggest Au and Pb have
similar neutron skin

Q. Liu, H. Xu and H. Song. arXiv:2311.01747.
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Probing the nuclear structure with relativistic
heavy 1on collisions --- more to explore
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AuAu
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neutron skin

9%7r: shape coexistence
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-Nuclear structure: deformation, cluster, neutron skin; shape
coexistence, y-soft (shape phase transition)

-Rich configurations for QGP initial conditions
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Summary and Outlook

o .
PbPb .neutron skin

{ Nparl }
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Relativistic heavy ion collisions have already provide rich collision systems to
study various aspects in nuclear structure. Even we focus on these several
colliding nuclei, there are lots of things to explore !



Summary and Outlook
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Initial conditions viscous hvdro hadron cascade

-Over the past 40 years
-the concept of QGP was proposed
-the accelerators was built
-the QGP was discovered
-the properties of the QGP are being explored

-Put more efforts on initial conditions ( nuclear structure aspects)
-high energy nuclear physics: necessary for a precisely study QGP
-low energy nuclear physics: new insights for nuclear structure

The future is bright !
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