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Nucleus|R [fm]|a [fm] | w [fm]
H |0.01 |0.5882|0
10 | 2.608 |0.513 |-0.51
28Gi |3.34 [0.580 |-0.233
32§ | 2.54 (2.191 | 0.16
0Ca |3.766 |0.586 |-0.161
°®Ni | 4.309 |0.517 |-0.1308
2Cu 4.2 0.596 | 0
186y | 6.58 [0.480 | O
97Au [6.38 10.535 | 0
207phe | 6.62 [0.546 | 0
238U 16.81 (0.6 0
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X (fm)

Michael L. Miller, Klaus Reygers, Stephen J. Sanders, Peter Steinberg,
Ann.Rev.Nucl.Part.Sci. 57 (2007) 205-243
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Optical Glauber model

* Thickness function

(00)

— 00 ]

* The probability of a nucleon in A interact with a nucleonin B is
+ /2, — /2

* Foragiven nucleoninA, it interact with a nucleonin B is
— /2,
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A+B cross section

* The probability of having n binary collision is

1_

* The total cross section of an interaction between A and B is

, =1— 1-
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Number of binary collisons

; + /2, - /2,
=1

Number of participant(wounded nucleons)
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+ /2 1— 1-—
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PHYSICAL REVIEW C 94, 054903 (2016)

Cumulants of multiplicity distributions in most-central heavy-ion collisions

Hao-jie Xu"

Department of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
(Received 17 April 2016; revised manuscript received 11 August 2016; published 11 November 2016)

(W€
TR A

I investigate the volume corrections on cumulants of total charge distributions and net proton distributions.
The required volume information is generated by an optical Glauber model. I find that the corrected statistical

expectations of multiplicity distributions mimic the negative binomial distributions at noncentral collisions, and

they tend to approach the Poisson ones at most-central collis
the volume corrections. However, net proton distributions ai
to the external volume fluctuations at most-central collisions,
volume distributions in event-by-event multiplicity fluctuatic
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Glauber modeling in high energy nuclear collisions

Michael L. Miller (MIT, LNS), Klaus Reygers (Munster U.), Stephen ). Sanders (Kansas U.), Peter Steinberg (Brookhaven) (Jan, 2007)
Published in: Ann.Rev.Nucl Part.Sci. 57 (2007) 205-243 = a-Print: nucl-ex/0701025 [nucl-ex]

X
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The PHOBOS Glauber Monte Carlo
B. Alver (MIT), M. Baker (Brookhaven), C. Loizides (MIT), P. Steinberg (Brookhaven) (May, 2008)
e-Print: 0805.4411 [nucl-ex] : - : s : coms o : s
The effect of triangular flow on di-hadron azimuthal correlations in relativistic heavy ion collisions
pdf E cite Jun Xu (Texas A-M), Che Ming Ko (Texas A-M, Cyclotron Inst. and Texas A-M) (Now, 2010)
Published in: Phys.Rev.C 83 (2011) 021903 = e-Print: 10711.3750 [nucl-th]
pdf & DOl [= cite <) 59 citations
Elliptic and triangular flow in event-by-event (3+1)D viscous hydrodynamics
Bjorn Schenke (McGill U.), Sangyong Jeon (McGill U.}, Charles Gale (McGill LL) (Sep, 2010)
Published in: Phys.Rewv.lett. 106 (2011) 042301 = e-Print: 1009.3244 [hep-phl
pdf & Dol = cite ) 611 citations
Triangular flow in event-by-event ideal hydrodynamics in Au+Au collisions at /sy = 2004 GeV
Hannah Petersen (Duke L), Guang-You Qin {Duke U.), Steffen A. Bass (Duke U.), Berndt Muller {Duke U.} (Aug. 2010)
Published in: Phys.Rewv.C 82 (2010) 041901 = e-Print: 1008.0625 [nucl-th]
pdf & DOl = cite <) 202 citations

Triangular flow in hydrodynamics and transport theory
Burak Han Alver (MIT, LN5), Clement Gombeaud (Saclay, SPhT), Matthew Luzum (Saclay, SPhT), Jean-Ywves Ollitrault (Saclay, SPhT) (Jul, 2010)
Fublished in: Phys Rew.C 82 (2010) 034913 « e-Print: 1007.54569 [nucl-th]

pdf & DOl = cite <) 345 citations

Collision geometry fluctuations and triangular flow in heavy-ion collisions

B. Alver (MIT), G. Roland (MIT) (Mar, 2010)
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PHYSICAL REVIEW C 84, 064913 (2011)

Wounded-nucleon model with realistic nucleon-nucleon collision profile and observables in

relativistic heavy-ion collisions

Maciej Rybezyriski" and Wojciech Broniowski*""
Institute of Physics, Jan Kochanowski University, PL-25406 Kielce, Poland
“The H. Niewodniczariski Institute of Nuclear Physics, Polish Academy of Sciences, PL-31342 Krakéw, Poland
(Received 1 September 2011; published 22 December 2011)

A
A Vrp
"t.%. e e U
L X
] P
Dk 17 N 7
00‘. ‘. Yy’
!. g WL e =
I . . .“ ...... \
o’ \
. Q“""‘-‘"’ L] i >
."'"G,. o' [ -
©°%p " ' Xgp
\ e . a! ]
Qo0 /
gl
vt J
o O [
b G &




Eccentricity (Point-like nucleons)

(r" sin (ng)) ]
i
(r* cos (ng)) Recenter(2)

1
wn{pﬂ]‘t} — [mctan
n

\/{r” cos (ng))* + (rm sin (ng))?
(") |

en{part} =

+ 1-— /2

BRI, MIMITAT S



Energy (entropy) density
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Energy (entropy) density

PHYSICAL REVIEW C 92, 011901(R) (2015)

Tre nto m Od e | Alternative ansatz to wounded nucleon and binary collision scaling in high-energy nuclear collisions

J. Scott Moreland, Jonah E. Bernhard, and Steffen A. Bass
Department of Physics, Duke University, Durham, North Carolina 27708-0305, USA
(Received 23 December 2014; revised manuscript received 11 May 2015; published 6 July 2015)

1. 18E

entropy deposition via a “reduced-thickness” function. The model simultaneously describes experimental proton-

\ We introduce a new parametric initial-condition model for high-energy nuclear collisions based on eikonal

2 proton, proton-nucleus, and nucleus-nucleus multiplicity distributions and generates nucleus-nucleus eccentricity
Aut-Au harmonics consistent with experimental flow constraints. In addition, the model is compatible with ultracentral

'"++:t“r"'-—*—‘—-—-—0—~—‘0—‘—‘¢—f++

(a) 0-0.1% spectators

uranium-uranium data unlike existing models that include binary collision terms.

0,006 L ’ P P l-."IF'
o.18k —— TRENTO === QGlauber+NBD . T.."l + TE
| f=Tr(p; Ta,Tg) = 5 i
e Fa
5 ||j-i_+ L U+ s - 8. +
Aut+Au 1
44 = o 4 § ]“ﬂ:‘r{T.-hTEL p— +00

0.08 i (b) O ll}:l;“lw“””rq " { T_.-l_ + TH ]ll.lr'z . F —_— + i {mthmﬂ[if}
() (geometric)

2T Ty /(Ty + Tg), p = —1 (harmonic)

min(7T4,Tg), p — —00,
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Collision geometry and anisotropic flow

¥ ~ ~

With the WS densities, we have made very
successful connections between the final

flow observable and the initial collision m - m (GeV /cz)
geometry.

0 1 2 3 456 70 1 2 3 456 7

. . —= 1+2 cos[ —-W¥ ])
Prefect fluid - strong coupling QGP (sQGP)

e . STAR, PRC 77, 054901 (2018)
tRitsid WM 5%
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Q vector

Flow analysis with cumulants: Direct calculations

Ante Bilandzic,'> Raimond Smallings,3 and Sergei Voloshin?

' Nikhef, Science Park 105, NL-1098 XG Amsterdam, The Netherlands
2Utrecht University, P.O. Box 80000, NL-3508 TA Utrecht, The Netherlands
3Wayne State University, 666 West Hancock Street, Detroit, Michigan 48201, USA
(Received 6 October 2010; published 26 April 2011)

Anisotropic flow measurements in heavy-ion collisions provide important information on the properties of
hot and dense matter. These measurements are based on analysis of azimuthal correlations and might be biased
by contributions from correlations that are not related to the initial geometry, so-called nonflow. To improve
anisotropic flow measurements, advanced methods based on multiparticle correlations (cumulants) have been
developed to suppress nonflow contribution. These multiparticle correlations can be calculated by looping over
all possible multiplets, however, this quickly becomes prohibitively CPU intensive. Therefore, the most used
technique for cumulant calculations is based on generating functions. This method involves approximations, and
has its own biases, which complicates the interpretation of the results. In this paper we present a new exact
method for direct calculations of multiparticle cumulants using moments of the flow vectors.

= Y, 2) = |Qul* — M (4)=|Qn|*‘+|Qg,,|3—2-Re[Qz,, of ¢
MM -1) M(M — 1)(M —2)(M - 3)

i=l

LM —2)- 10, — M(M —3)
B, A28 MM — 1)(M —2)(M —3)



Hydrodynamics and flow

d,T*"(x)=0 and 49,j*(x)=0,

22 March 2001

PHYSICS LETTERS B ."'" ¥
L'}L'NIER Physics Letters B 503 (2001) 58-64
www.elseviernllocate/npe i
— Uy — N =
Radial and elliptic flow at RHIC: further predictions {: o
—
P. Huovinen®, P.F. Kolb®¢, U. Heinz®, P.V. Ruuskanen®, S.A. Voloshin ® -

* Lawrence Berkeley National Laboratory, Berkeley, CA 94720, US4
P Department of Physics, The Ohio State University, 174 West 18th Avenue, Columbus, OH 43210, USA
€ Irsiin _,r'r_?r Thearetische Ffr_r.-uk, Universirdr Regensburg, [D-93040 Regensburg, Germany
d Department fg;'."h_r_lul'.\', Universiry u;"..{i'rd_ik_\'l’d, FIN-40341 Jyvaskyld, Finland
L Department f._if'!’-'l_l.'.\rﬂ and Astronomy, Wayne Stare Universiry, 666 W. Hancock Streer, Detroit, MI 48202, USA

Fig. 6. Simple source of four fireballs.
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flow fluctuation & correlations

Collective flow in 2.76 A TeV and 5.02 A TeV Pb+Pb collisions

Wenbin Zhao (Peking U. and Peking U., SKLNPT), Hao-jie Xu (Peking U. and Peking U., SKLNPT), Huichao
Song (CICQM, Beijing and Peking U., CHEP and Peking U., SKLNPT) (Mar 31, 2017)

Published in: Eur.Phys).C 77 (2017) 9, 645 « e-Print: 1703.10792 [nucl-th]
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Effect of deformation
Au: =—0.131; U: =

— 0.28
1+ exp| — 1+ + ] Knee structure of v2 distributions at
most-central U+U collisions
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From Glauber to Trento
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Prediction with Trento
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Effect of cluster correlations
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Isobar cQi!

Chiral Magnetic Effect (CME)

 CME: a novel phenomenon predicted in HI collisions
— Prerequisite: chiral imbalance+ magnetic field
— Consequence: charge separation along B field

« Experimental search is challenging due to overwhelming background -> Isobar

Isobar Blind " Mock data N Isobar-Mixed \@Ff Isobar-Blind e
challenge | Anziysis Analysis Isobar-Unblind

Analysis

STAR, arXiv:1911.00596

Analysis
Cartoon: arXiv:2009.01230
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CME measured in Au+Au collisions

~ DS BKG
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Chiral magnetic effect
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2 = _ L 4D topological
g At o aap - charge
: ¥ <R ® Qr) Sa * Sa ‘ﬁ g
— (L)/ 7‘-) ) :
:up Qr ) P : Q . gl dil Fu ﬁ';_a;u
3> 15" P ps # 0 ps # 0 ¥ 99,2 Tl pr'a
Chiral magnetic effect (CME) —
(Qe)? Strong magnetic s
Jcme = O'SB =\ 53 M5 B, field B=10'*Gauss
27
D. Kharzeev, PPNP88, 1(2016) - @
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Signal and  background

v = (cos (pa + 3 — 2V RpP))

3
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STAR, PRL103, 251601 (2009)
ALICE, PRL110, 012301 (2013)

RIGTE, WM

Jy Schlichting, PRC83(2011)

(B)NTAT Bzdak, PRC81(2010)
Wang, PRC81(2010)
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Cluster decay + elliptic flow(vs)
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Isobar collisions

The isobar collisions was proposed to

measure the chiral magnetic effect.
S. Voloshin, PRL105, 172301 (2010)
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W. Deng, X. Huang, PRC94, 041901(2016) +
_0'1__::: | | | !
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Zr 5.02 0.46 0.08/0.217 % Most central
Ru 5.085 0.46 0.158/0.053

* Same eccentricities => flow background

BRI, WIS * Different magnetic field => CME signals




DFT densities VS WS densities
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Instead of the WS densities, we use the
densities obtained from the density
functional theory (DFT) with parameter

set SLy4.




Static model: Monte Carlo Glauber model

S04 T
= | —Ba(OF T Osaws— - Signal
[ =—-g (DFT) 1 [ & ws) ] > Background
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0.21 T 2
; _>/ I ] Monte Carlo Glauber Model
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4 6 8 4 6 8
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AMPT simulations

| | I | | l I I |
Au+Au (s, = 200 GeV (20-50%)

STAR preliminary
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—e—
[ —e— 1 W /W, (TPC sub-evt)

|C—e—t] m._ >1.5 GeV/c® (TPC full)

[ e 1 Lowm  + ESE (TPC sub-evt)

L . N T T T I
o 20 40 680 =80 5% 0 5%10% 20% 30% 40%

Centrality (%) Possible CME Ay /inclusive Ay
AMPT model J. Zhao (STAR), NPA982, 535(2019)

Background dominated

w0 --- The CME signal, if exist, 1s very small



Originadl
anficipated

— R(Ay)—

—

PP

Our study
with DFT

Density profiles

e 305

RIGTE, WM




Multiplicity distributions i ey w | ¥
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Neutron skin from antiprotonic atoms

VOLUME 87, NUMBER 8 PHYSICAL REVIEW LETTERS 20 Aucust 2001

Neutron Density Distributions Deduced from Antiprotonic Atoms

A. Trzciniska, J. Jastrzebski, and P. Lubinski

Heavy lon Laboratory, Warsaw University, PL-02-093 Warsaw, Poland Normal NUCIEI Neu[ron_Sk"] Nucle] Neutron-Halo NUCIG'
F.J. Hartmann, R. Schmidt, and T. von Egidy p
Physik-Department, Technische Universitidt Miinchen, D-85747 Garching, Germ Ccore p core
B. Klos Skl[l
Katowice, Poland
_— o UL N M ust lr2(]01) T halo
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$,~20M
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0.2 P (O SRR St STy W N T S Y LA N i et M ST ais I Rﬂ'Rp
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Determine the neutron skin type

d PHuHu/derZr

1.1

H. Xu, H. Li, X. Wang, C. Shen, F. Wang,
PLBS819, 136453 (2021)
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© halo-type Ar,=0.12fm |} 4 0%9'1'02__ VOc;Cr--:a":":’C'OG”-:_-.C'G:_ [ y
;‘fl | ; » The shapes of the Ru+Ru/Zr+Zr
£ 18 1 ”iﬁ'“ff”mf”ﬁ”““ﬂ“”“% ,%g {% - ratios of the Nch distributions
BoSs r;:::' ,U l { e ]’I ] o . o
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Haofre Xu, Huzhou University Trento Model



Nuclear density distributions

SHEF: Standard Skyrme-Hartree-Fock (SHF) model

eSHF: Extended SHF model
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7. Zhang, PRC94, 064326(2016)
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Additional density-dependent two-body forces to effectively simulate the
momentum-dependent three-body forces




Neutron skin thickness
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The four mteractions give similar proton rms, but

the neutron radius increase with )
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96ZI‘ 96Ru 2()8Pb
L(pc) L(,O()) T'n Tp ATnp T'n Tp Arrnp AT'np
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SLy4| 42.7 | 46.0 {4.432 4.271 0.161{4.356 4.327 0.0300.160
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g 02 '
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Roca-Maza, PRL106, 252501 (2011)




Heavy ion event generators

* Heavy 10n jet interaction generator (Hijing)

* A Multi-Phase Transport model (AMPT)

— Default (String fragmentation)

— String melting

o Ultra relativistic Quantum Molecular Dynamics (UrQMD)
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Multiplicity distributions
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The effect 1s hardly observable 1n a plot of the distributions themselves.
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Ratios of distributions

Pb Ar,,(fm)
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* The ratio of distributions highlight the differences but cumbersome to quantify
* To quantify the differences, we use the R observable of at top 5% centrality.
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The R observable E—

A%0 026A
R 1s a relative measure, much of experimental effects
cancel:

1. Track inefficiency: We use only 0-5% central collisions , where
the tracking efficiency is constant to a good degree

0-5% ]

° o ) . 0 . N -
2. Trigger inefficiency: the trigger inefficiency can be corrected L 0004f o
. . . . . . [ X’ -4 AMPT-sm
in experiment. Even without correction, the uncertainty is about I -k UrQMD
o o 0.002

2x10 |, negligible small. Hijing

-¥- AMPT-def

R PR T T T S
0.1 0.15 0.2 0.25

. . . . . Zr Atyy(fm)
Question: The R observable 1s actually an 1sospin insensitive ,,

observable, why 1t have rather weak model dependence?

The particle production 1n relativistic heavy 1on collisions is insensitive to the details of

the QCD physics, which 1s 1n contrast to the hadronic observables in low-energy studies.
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e Glauber model

- S +
2

: number of participant; : number of binary collisions

= 0.1(default), = 0.2(extreme)

* Trento model (J. Moreland, et.al, PRC92, 011901(2015) )

/

> ; =0and =14
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Probe the neutron skin thickness

Low energy

0.01F

< Ncr)RuRu-( Ncr?ZrZr
< I\Ich>|-'-luFIu+< Nch>ZrZr

OO0 Glauber(x=0.2)
O Trento

jr !“:i

® AMPT-sm

A UrQMD
Hijing

v AMPT-def

4 dynamic models + 2 static models

I0.15I — IO.2I
Zr Arp,(fm)
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The R observable in isobaric collisions at
ultra-relativistic energies provide a novel
approach to determine the neutron skin
thickness to a precision that may
comparable to or even exceed those
achieved by traditional low-energy nuclear
experiments.

STAR 1sobar collisions (2018):
More statistics: 6.3 billion 1sobar events
* Less systematical uncertainty




. . . 0 H. Xu, H. L1, Y. Zhou, X. Wang, J. Zhao, L. Chen, F. Wang,
Grazing isobaric collisions — xiva10s0405 00)

Number of particpnat potons / Net charge number ratios
Number of total participants between Ru+Ru and Zr+Zr superimposition
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We propose a direct measurement of the neutron skin by using net-charge multiplicities in
ultra-peripheral (grazing) collisions of those isobars.

Haojie Xu, Huzhou University



DFT and WS denSitieS H. Xu, H. Li, X. Wang, C. Shen, F. Wang,
PLB&19, 136453 (2021)
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Effective of nuclei deformation H. Xu, H. Li, X. Wang, C. Shen, F. Wang,
PLB819, 136453 (2021)
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Probing the Neutron Skin with Ultrarelativistic Isobaric Collisions

Hanlin Li®," Hao-jie Xu®,>" Ying Zhou," Xiaobao Wang,” Jie Zhao," Lie-Wen Chen,*’ and Fugiang Wang™"* Determine the neutron skin type by relativistic isobaric collisions )
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Particle production in ultrarelativistic heavy ion collisions depends on the details of the nucleon den AR RTINS (TN R
distributions in the colliding nuclei. We demonstrate that the charged hadron multiplicity distribution Article history: The effects of neutron skin on the multiplicity (Ng,) and eccentricity (€;) in relativistic J5Ru+55Ru and
isobaric collisions at ultrarelativistic energies provide a novel approach to determine the poorly knc Received 17 March 2021 SzZr+352r callisions at /5, =200 GeV are investigated with the Trento model. It is found that the
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Ru-+RufZr+Zr ratios of the Ny, distributions and & in mid-central collisions are exquisitely sensitive
to the neutron skin type (skin vs. halo). The state-of-the-art calculations by energy density functional
theory (DFT) favor the halo-type neutron skin and can soon be confronted by experimental data. It is
demonstrated that the halo-type density can serve as a good surrogate for the DFT density, and thus can
be efficiently employed to probe nuclear deformities by using elliptic flow data in central collisions. We
provide hereby a proof-of-principle venue to simultaneously determine the neutron skin type, thickness,

and nuclear deformity.
@ 2021 The Aurhors. Puhlished by Elsevier B.V. This is an open access article under the CC BY license
(http: /[creativecommons.org licenses/by/4.0/). Funded by SCOAP,

neutron density distributions and thus the neutron skin thickness in finite nuclei, which can in turn
stringent constraints on the nuclear symmetry energy.
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Measuring neutron skin by grazing isobaric collisions

Hao-jie Xu*,! Hanlin Lif,2 Ying Zhou,? Xiaobao Wang,! Jie Zhao,* Lie-Wen Chen?,> and Fugiang Wang®1:4
ISchool of Science, Huzhou University, Huzhou, Zhejiang 313000, China
2College of Science, Wuhan University of Science and Technology, Wuhan, Hubei 430065, China
3 School of Physics and Astronomy, Shanghai Key Laboratory for Particle Physics and Cosmology,
and Key Laboratory for Particle Astrophysics and Cosmology (MOE),
Shanghai Jiao Tong University, Shanghai 200240, China
?Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907, USA

Neutron skin thickness (Arnp) of nuclei and the inferred nuclear symmetry energy are of critical importance
to nuclear physics and astrophysics. It is traditionally measured by nuclear processes with significant theoretical
uncertainties. We recently proposed an indirect measurement of the Aryp by charged hadron multiplicities in
central isobaric collisions at relativistic energies, which are sensitive to nuclear densities. In this paper we propose
a direct measurement of the Arpp by using net-charge multiplicities in ultra-peripheral (grazing) collisions of
those isobars, under the assumption that they are simple superimposition of nucleon-nucleon interactions. We
illustrate this novel approach by the TRENTO and UrQMD models.

PACS numbers: arXiv: 2105.04052
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