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Nuclear collisions and the QGP expansion
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) The gamma correlator
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The gamma correlator: EBE charge separation wrt. reaction plane

dN.
d_qbi x 1+ 2vy cos(¢p — Urp) + 2v9 cos[2(¢p — Urp)] + ... + 2a+ sin(¢p — Wgrp) + ...,
v = (cos(Pn + ¢ — 2¥gp)) = (cos Ag, cos Apg) — (sin Ag,, sin A¢g)
= [(viav1,8) + Bix] — [(aaas) + Bour]

~ —(aqas) + [Bix — Bourtl,

Yoeys >0 or  Yos>0
Vig - <0 or 7ss <0

Ay > =705 —7ss > 0
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A clear signal compatible with EBE charge separation wrt. reaction plane is observed.
However.....
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) 'Background issues
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Schlichting, PRC83(2011)
Bzdak, PRC81(2010) CME CME

Wang, PRC81(2010) + Mom. consery. + mom. conserv. (charge-indep.)

(charge-indep. Bkgd) + charge conserv. (charge-dep.)
CME
OS OS
T 0S N~
— |
—
SS
3S SS
F. Wang, BNL seminar, 2021.07
Ay = Yos ~ ¥ss

Momentum conservation: charge-independent background, same contributions for y5q and yqg.

Charge conservations: change-dependent background, can not be removed with Ay
Haojie Xu
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Prefect fluid - strong coupling QGP (sQGP)

Fig. 6. Simple source of four fireballs.
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&) CME and background
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&) Small system measurements

PbPb centrality(%)
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Large Ay in small systems indicate large background in CME measurements
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II. Search for the CME with spectator/participant plane method

HJX, et al, CPC42, 084103 (2018)
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& SP/PP method

“Varying the chiral magnetic effect relative to flow in a single nucleus-nucleus collision”
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@ Factorization

HIX, et al, CPC42, 084103 (2018)

f e,, —Ez{d’ap}/f {"nbpp}”::a \ ( ,E;PEUz{'(,bRP}/U {U‘)EP}N& ’ \
P‘E:i = Sq{.wpp}/'BSq{wRP} = a'PP - G‘EP = Sq{wEP}/Bsq{wRP} ~ aEP
Where a'PP — (COS 2(¢PP - wRP )) . Where EP = 2(Vgp — ¢ R
\ ) \ a (COS ( EP RP))/ ED
EM filed Eccentricity/elliptic flow
2 2ip,
e? 1 -2 L <TJ_6 >
eB(t,r) = E Z,(R,) T2 = (R, x v.)7] 372 Vn X R,. 62{";D{PP}} — ( <T_2L> >
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1) = T 3 Zn(Re) sy R D) vo{¥iepy} = ((€7'9))
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TPC: Wgp, proxy of Wpp
ZDC: ¥ypc, proxy of Wgp (Wrp)

A = Ayzpe/ Ayrpc

feme = m where

a = v,{ZDC}/v,{TPC}
Haojie Xu
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@) STAR AuAu@200GeV

STAR, PRL128, 092301 (2022)
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Indications of finite signal in mid-central 20-50% collisions, with 1-30 significance (2.4B)

Expect 20B events from Run23 + Run25.
Haojie Xu
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Non-flow effect
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Y. Feng, et.al, PRC105, 024913 (2022)
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D. Kharzeev, PLB 633, 260 (2006)
T D. Kharzeev, PRD 83, 085007 (2006) 20

&) Non-flow in CMW measurements D. Kharzeev, PPNP 88, 1 (2016)
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Non-flow in CMW measurements
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The trivial term arises from non-flow differs between like-sign and unlike-sign pairs.
Haojie Xu



III. Search for the CME with Relativistic 1sobar collisions
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&) Relativistic isobaric collisions
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Gt T ol .Au + , Ru

« Same multiplicity distributions, eccentricities =>
same background
« Different magnetic field => different CME signals

Isobar structure difference

Haojie Xu
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Relatwlstlc isobaric collisions and chiral magnetic effect
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The 1sobar method was proposed.
S. Voloshin, PRL105, 172301 (2010)

The method was verified by
model study.

W. Deng, X. Huang, et.al, PRC94,
041901 (2016)

2010
2016
The importance of isobar structure

was investigated.
HJX, et.al., PRL121, 022301 (2018)

2017

2018 The 1sobar data are taken by the
STAR collaboration.

The first CME results published by
the STAR collaboration, confirm the

1sobar structure differences.
STAR, PRC105, 014901 (2022)

2021

Haojie Xu



&, Isobar structures are important for the CME search

STAR, Isobar, PRCIOS 014901(2022)
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T
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Multiplicity differences Flow differences

The multiplicity and v2 differences from isobar structure are crucial for the CME search in the isobar

collisions at RHIC Haojie Xu
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\ V\»:?‘ Neutron skin and symmetry energy

Charge density # nuclear density.

Nuclear density distribution:
e Proton distribution — Can be accurately measured in experiment.
e Neutron distribution — Poorly known

Neutron skin: RMS radii differences between neutron distribution and proton distribution

T T T T T T

— 2 2 - Linear Fit, r =0.979
Arnp - \/ <rn> \/ <I/'p> o3l © Nonrelativistic models %,

¢ Relativistic models
Neutron skin depends on symmetry energy:

B 025y
E(p,8) = Ey(p) + Eqym(p)5° + O(5%) o
Pn P S 02f
dE ('IZ) 0.15 al.,
L(pe) = 3p. [Z—m] . p, =~ 0.11fm" i
P=Pc 0.10 . nt )

The symmetry energy is crucial to our understanding of the masses and drip lines of

neutron-rich nuclei and the equation of state (EOS) of nuclear and neutron star matter.
Haojie Xu
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), Charge densities and nuclear density in isobar collisions

Charge density # nuclear density. HJX, etal, PRL121, 022301 (2018)
. H. Li, HJX, et.al., PRC98, 054907(2018)
Normally we assume neutron density profile = proton's. It's mostly ok,

but for the CME search where the signal is small and we rely on large
cancellation of backgrounds between two systems, we should take the “i
difference between neutron and proton densities into consideration.

1

I ] 1 l 1 ] 1 l 1
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Possible CME Ay /inclusive Ay

STAR Collaboration, NPA982, 535(2019)

Background dominated

--- The CME signal, if exist, is very small energy density functional theory (DFT) with Skyrme parameter set SLy4.
5 5 Haojie Xu

O 1 1 1 | 1 1 1 | 1 1 1 1
2 4 6 8
)

o

Instead of the WS densities with parameters extracted from the measured
charge densities, we use the proton and neutron densities obtained from the
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Multiplicity distribution difference between isobars

7

Predictions with charge densities Predictions with DFT densities
W. Deng, et.al., PRC94,041901(2016) H. Li, HJX, et.al., PRC98, 054907(2018)
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Opposite predictions from WS charge densities and DFT densities (neutron skins)
Haojie Xu



Predictions from charge densities with deformation

&) v, difference between isobars
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W. Deng, et.al., PRC94,041901(2016)

Relative difference
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% Most central

Predictions from DFT densities without deformation

HIX, et.al., PRL121, 022301 (2018)
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Compare to the predictions from charge densities, the calculations with DFT densities indicate that the Zr+Zr collisions
and Ru+Ru collisions have sizable differences in v, in 20-50% centrality range.

Haojie Xu
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& Determlne the neutron skin type by STAR data
HIX, et.al., PLB819, 136453 (2021)

~ Neutron-skin nucleil and neutron-halo nucler for Zr

Normal Nuclei Neutron-Skin Nuclei Neutron-Halo Nuclei ~  —== %Ry %77
P core P4 core R a R a
Skin p 5085 0523  5.021  0.523
. halo skin-type n 5085  0.523 5.194  0.523
I 4 halo-type n 5085 0.523 5021  0.592
c:;“ T T T ‘N: 12— AL AL A N S B L B B B E‘\T T T T
E 0.1 41 o 1 N 104L -
S T b, (a) & L (b) ‘ 19,3 ng1 .04 (©)
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0.05 I { ‘ T . L}J
‘ DDBDDDDD CDDDDCDD
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| —-skin-type Ar,;=0.12 fm 569000000%000604500 :,u“ 44 ]L 4 . rl
| — halo-type Arnp=0'12 fm 1 BQBQWGQQQWQEQEQDE‘MU ------------------ -1 0.98 __ © neutron skin ArnD_O i
. : - i ' » skin-type Ar,;=0.12 fm ?
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1r— ————— i -
i 0'9 1 1 1 1 l 1 1 1 1 l 1 1 l 1 1 1 1 1 1 1 1 l 1 1 1 l 1 1 I 1 | 1 1
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The shapes of the Ru+Ru/Zr+Zr ratios of the multiplicity and eccentricity in mid-central collisions can further
distinguish between skin-type and halo-type neutron densities.

Haojie Xu
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: : HJX, et.al., PRLI121, 022301 (2018)
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9 . 9
4OZr > ¢ Zr

The STAR isobar data demonstrate thick halo-type neutron skin in Zr,
consistent with DFT (energy density functional theory) calculations Haojie Xu



['V. Probing the neutron structure with relativistic 1sobaric collisions
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Woods-Saxon
distributions

Po

p(r)

R = Ry [1+5,Y(0)+5,Y ()]

" 1+ expl(r — R)/a]

Initial geometry

Bulk properties of QGP medium: 7/s, /s, . . .

Anisotropic flow,
Flow fluctuations
HBT,

Final observables

Haojie Xu



4 Current status of neutron skin measurements
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FIG. 1. Left: slope of the symmetry energy at nuclear
saturation density p, (blue upper line) and at (2/3)p, (green
lower line) as a function of R2% . The numbers next to the lines
denote values for the correlation coefficients. Right: Gaussian
probability distribution for the slope of the symmetry energy
L = L(p,) inferred by combining the linear correlation in the
left figure with the recently reported PREX-2 limit. The six
error bars are constraints on L obtained by using different

theoretical approaches [14,19-25].

PREX-2 Collaboration, PRL126, 172502(2021); B. Reed, et.al., PRL126, 172503(2021)
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This PREX-2 result favors a large neutron skin thickness and symmetry energy slope parameter, at tension with existing
experimental data and theoretical analyses.

Haojie Xu
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&) Neutron skin and nuclear symmetry energy
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H. Li, HJX, et.al., PRL125, 222301(2020)

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

E(p,8) = Ey(p) + Egy(p)8° + O(5%)

Pn— P
p=p,t+p; 6= -
p
dEgm(p)
L(p.) = 3p, [Sc}il—p] ) Do 0.11fm™3
P=Pc

7. Zhang, PRC94, 064326(2016) 1
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E 04 ]
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QUZI, QOR,U 2()8Pb
L(/)(-) L([)()) I'n Tp A7'up I'n 'p A"np A7'np
Lc20| 20 | 13.1 [4.386 4.27 0.115|4.327 4.316 0.011]0.109
Lcd7| 47.3 | 55.7 [4.449 4.267 0.183|4.360 4.319 0.042|0.190
Le70| 70 | 90.0 (4.494 4.262 0.232(4.385 4.32 0.066|0.264
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H. Li, HIX, et.al., PRL125, 222301(2020)
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 The ratio of N, distributions highlight the differences
» To quantify the differences, we use the R observable of N, at top 5% centrality.

* R s arelative measure, much of experimental effects cancel
* Deformation has an effect on the tail. Quantitative investigation underway.

Haojie Xu
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) (GeVic)

®
a

smaller R

larger N_;, and (p;)

. Smaller N, and (p;))

HIJX, et.al, arXiv:2111.14812
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The R({p;)) is inversely proportional to nuclear size
ratio in most central collisions.

Haojie Xu
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) Method I1I: net-charge ratio in very peripheral collisions

HIX, et.al., PRC105, LO11901 (2022)

For the colliding
nuclei with
large neutron
skin thickness

more n+n collisions at Less participant charges,
most peripheral collisions thus less final net-charges

The curves are calculated by
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0.4 41 g | f+ N 1 where qp,r./7r7- @re the fraction of
I I il N - i
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o i \\\ \ N ’\ ] )
035k ‘ sk t \,\-\;ﬁg;\ | obtained by the Trento model.
: —— —Lc20 : NN
i i R LA TN N . . .. . .
—- —'Eg% 1 i . 1 aisthe AQ ratio in nn to pp interaction:
—— — . b
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—— : . 3 oy —
0s - I Trento I SLIY4 . I UI'QMD a | Pytha a=— 0352
. 1 10 102 1 raaal 1 Lol 1 r ool Hijing:a p— —0.389
Ny, 1 10 10

Nch UI’QMDI a = — 0.344 Haojie Xu
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&) STAR measurements

. 8
Compare to world wide data HIX(STAR), QM2022
State-of-the-art spherical DFT with eSHF nuclear potential
Zhang, Chen, PRC94, 064326 (2016)
_ Multiplicity ratio: B. Li, et.al Universe 7, 182 (2021)
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Lpy=S3BELTETEMEY o o T e | oy p)
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Haofie X Consistent with world wide data with good precision o F—

92072 Haojie Xu
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STAR, PRCI105, 014901 (2022)

0081  STAR Isobar biind analysis | C. Zhang, J. Jia, PRL128, 022301(2022)
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Sizable v, and v; ratios in central collisions indicate shape difference between isobars

Haojie Xu
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. ,;;/-:' Importance of initial fluctuation

STAR, Isobar, PRC105, 014901(2022)
C. Zhang, J. Jia, PRL128, 022301(2022)
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Sizable v, and v; ratios in most central collisions
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may indicate shape difference in isobars.

&(Ru)

0.6

The 1nitial fluctuation significant dilute the geometry differences
from nuclear densities
Fluctuation modeling is important.

J. Wang, HJX, et.al, in preparation

96 Ru
£0 R a

96Zr
R da ﬂ3

0.159 5.093 0.488
0.159 5.090 0473

0.163 5.022 0.538 0.00
0.163 5.016 0.527 0.16

041
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. [52=0.16 (Monte Carlo)
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_— 62=0 (Optical)
— |32=0.16 (Optical)
. |32=0 (Monte Carlo)
= p,=0.16 (Monte Carlo)

Haojie Xu
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G. Giacalone, et.al, arXiv:2111.02908 J. Wang, et.al, in preparation
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The nucleon width parameter has sizable contributions to the third order
(6v26[ps]) eccentricity (anisotropic flow ) differences.

((602)2)((0[p])?)

pn = p(vy, [pe]) = v

Haojie Xu
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S. Zhao, et.al, arXiv:2204.02387
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@ v. suMMARY

> Although current data are too weak to be definitive, the SP/PP method points out
a potentially very important direction for CME search.
The 1sobar density distributions are crucial for the CME search.

 Sizable v, and multiplicity distribution differences at non-central collisions

» Large enhancement of multiplicity differences and flow differences at most
central collisions
Ultra-relativistic 1sobar collisions can be used to probe the isobar structure,
¢.g. the neutron skin type, thickness, and nuclear deformation.
« Multiplicity distribution ratio; Mean p; ratio; Net charge ratio;

e Flow observables, asymmetric cumulants
Haojie Xu
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