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Relativistic heavy-ion collisions

Quark-gluon plasma (QGP)
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QCD vacuum

fluctuations of topological charge

Sphaleron
The volume e bOX i 2.4 X 2.4 fm Dimitri Diakonov, Progress in Particle and
Derek Leinweber Nuclear Physics, 51, 173-222, (2003)

» Transition between Quantum Chromodynamics (QCD) vacuum states by
instanton/sphaleron mechanism

» Fluctuations of topological charge (Q,xN -Ng) in QCD, “Winding number”

» Non-zero Q,#0 introduce chirality imbalance (N, #NR), local P/CP violation
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The strong CP problem

Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Fluctuations

Weak interaction Cl" too small

Vacuum fluctuations =

Topological gluon field No Cr’ is observed in strong interaction [«* &
in local domains > ‘
Local P and CP violations The strong CP problem
, >E§FBF?§J'FMQ§$J&EIE§;fugld
Il & > Quark oq Hihedom, L PRiRetry
(C:g N -/ lag SHED Vgg fluctuation
N balre uark ma s~3 Me\[ %Pp
— opalogi luon fie Q #ﬁ,
B [gl éggn ded nded

> Local P, CP violations
u: 2/3e; d: -1/3e, s=1/2
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Heat up the QCD vacuum at RHIC

/" PHOBOS

RHIC u

| Yoosle  (Relativistic Heavy lon Collider)

)
»
"
v

PHENIXE Sty i

;g - , s i

BRAHMS

Pre-

Glasma
collision

QGP

Hadron

Detector
Gas

e )
.. +BOOSTER

S~
2

Instanton

Sphaleron




How to measure CME?

B. Alver et al. (PHOBOS) , PRL 98, 242302 (2007).

RP d_go o< 14+2v, cos(2p -2y )

v2=cos(2q0—21//Rp)

¢ represents the azimuthal angle

» Direction correlated with the B direction ? (Wxp pre. toB)
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How to measure CME?

S. A. Voloshin, Phys.Rev. C 70 (2004) 057901 B
3 3 :

LorB ﬂ 6 "

=
e

Q#0

same-sign (++/--) pairs go together, i ]
opps.-sign (+-/-+) pairs back-to-back T T

The sign of Q,, can vary event to event and domain to domain =>»
one has to measure correlations

o) Yy =cos(m” +m —0)=cos(360°) =+1
= (COS(¢a T Qs — WRP)> ¥ =cos(m* + 1" —0) = cos(180°) = 1

¢ represents the azimuthal angle Ay=y" -y =2>0
a, B denote the charge of the particles, with combination of +-(-+), ++, --
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Background?

F. Wang 2009, A. Bzdak, V. Koch and J. Liao 2010, B

A
S. Pratt, S. Schlichting 2010 ... -
+ ++ +
p%ﬂ7+
y:<cos((pa + ¢, —21//RP)> >
LIJRP
— Ncluster - - -
B N N < COS(¢& T (pﬁ B 2¢cluster) Os(zgocluster o 2WRP) o I
a” p
two-particle correlation Vo CME
Y =cos(m" + 71 —0)=cos(360°)=+1 ~ Y =cRs(mr"+7m —0)=cos(0°)=+1
Ay >0 CME ~ Ay >0 Decay BKG.

» Background from two-particle correlatlon coupled with v,
» Remove background by selecting on v,=0 (event shape)

HENPIC J. Zhao, Purdue 9



Background issue, event-by-event v,

STAR, PRC 89,044908 (2014)

at L3 s
-— 1 Qn — wjezn J y
1: 20-40% Au+Au 200 GeV + i M =1
> 27 i - .
< :+ 0.5F l;% " qnEP = e NYEP ’
O ~ - A | v — Q*
— g _ i n,ebye ndn ,EP ,
P 1| s v St 1 where n = 2,3.
e < N i
S 3 i i
Oy -0.51 % - :
<1 <« L A — 1.3°%10°+3.2°%%107°v2" [
1: 2/ ndf =11 /13
i | i

1 ] 1 1 1 1 1 1 ] 1
-0.2 0 0.2 @”
V3PS = (cos2(¢-y_ )) (0.15<p_<2 GeVi/c)

> Charge correlator linear as function of event-by-event v, (v,°°S or V2 ebye)

» suggests large v, background contributions

> By selecting the events with v,°° = 0, the correlator is largely reduced
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Event shape engineering (ESE)

CMS, Phys.Rev. C97 (2018) no.4, 044912
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» Select events of different shape (v,) with the g,
value using the ESE method

» Correlator largely depends on the v, (or q,)
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Small system

CMS, PRL 118(2017)122301;

515_ 315:
> I Pb+Pb >
10 1o
I = = 5
o o-
-10- -10}-
I R. Belmont and J.L. Nagle, arXiv:1610.07964v1
_15’_1111‘1l‘lllllllllllllllLl _15_11Llll‘llllLlll‘llllllll
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
X [fm] X [fm]
> &, related to v,, related to -> v, background
» the magnetic direction (B), related to -> CME signal

» €&, and B directions correlated in A+A, CME and background entangled

» €&, and B directions not correlated in p+A, d+A, CME and background disentangled

HENPIC J. Zhao, Purdue 12




Small systems, a milestone

CMS, PRL 118(2017)122301
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» p+Pb = Pb+Pb at the same multiplicities (N, °""¢) at LHC
» Major challenge to the CME interpretation in heavy-ion collisions
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Small systems, a milestone

CMS, PRL 118(2017)122301

x107° 65

PbPb centrality(%)
55 45 35
T T

VSu = 5:02 TeV

",

T
CMS |

® pPb, ¢ (Pb-going)

B pPb, ¢_(p-going)
% PbPb

trk

Noffllne

STAR, PLB 798 (2019) 134975

sy = 200 GeV

p+Au d+Au
---------------- Aninv{2}:0 |
............................... Anin V2{2}Z 05 |
— —— Anin v2{2}: 1.0 ]
mrmmemememeee Anin v2{2}: 14 |

=

o Au +Au (Y2004

~— @

= p+tAu e d+Au Au+Au (Y2007)
10 10°

dN_,/dn

» p+Pb = Pb+Pb at the same multiplicities (N,

+°fine) at LHC

» Major challenge to the CME interpretation in heavy-ion collisions
» p/d+A=A+A, RHIC = LHC

HENPIC
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Why model can not reproduce data ?

J. Zhao, Y. Feng, H. Li, F. Wang arXiv:1912.00299

Q:c 0_1t p+Au, d+Au, Au+Au |'s,, =200 GeV Qi or Au+Au s, =200 GeV
(&) i O
% : //% p,:0.2-2.0 GeVic, Ini<1 % p,:0.2-2.0 GeV/c, i<
= i % N
< 008 Mﬁ,ﬁﬁ**ﬁ &
i % % <
w %‘
0; —————————————————— Oi -o- AMPT: p+Au -#-d+Au % Au+Au
-o- Hijing: p+Au % d+Au - Au+Au | —e- Hijing: p+Au -# d+Au - Au+Au
O STAR:p+Au 0 d+Au 3 AutAu O STARip+Au 0 drAu K Auru
10 10 _10° 10 102 10°
dN,,/dn
Y * Au+Au |s, =200 GeV
- NN~ .
> o P 0.2-2.0 GeVio, hi<t > Early conclusions:
7 'mﬁ\a.i aax KONE Ay, model < data in A+A, suggests CME
- i\( [N
| \ - > pl/d+A, Hijing ~ data, AMPT < data CME?
| \1\,\*\’\‘1 » Hijing < data in A+A, due to small v, in Hijing
[ e
| e Hijng: p+Au = d+Au * Au+Au » Scaled Hijing ~ or > data, depends on
o STAR: p+Au 0 d+Au % Au+Au ) ) . .
10 e details, like, rescattering, resonance yield...

10°
dN,,/dn
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» Early measurements dominated by background
» How to measure the background-free CME signal?
» Two novel methods:

1, Exploiting invariant mass dependence of Ay

2, Ay with respect to Wrp and Wpp

J. Zhao, F. Wang, Progress in Particle and Nuclear Physics 107 (2019) 200-236

J. Zhao, H. Li, F. Wang, Eur. Phys. J. C (2019) 79:168

H-J Xu, J. Zhao, X. Wang, H. Li, Z. Lin, C. Shen and F. Wang, CPC 42 (2018) 084103
H-J Xu, X. Wang, H. Li, J. Zhao, Z. Lin, C. Shen and F. Wang, PRL 121 (2018) 022301

HENPIC J. Zhao, Purdue
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Resonance decay background

STAR, PRL 92,092301 (2004) F. Wang, J. Zhao, PRC 95,051901(R) (2017)
STAR, PRL103,251601 (2009)

Counts x 10%(10 MeV/c?)

(4 o)
o

15~ || Minimum Bias p+p .. Kg - OS - SS
- flo6<p;<08Gevic ® 0.001

3]
TTT

o
T

= MC simulation (%)

o

I e STARN ]
-0.001 [-(b) . . . .

R 80 60 40 20 0
ok .:"'""'""""“'L"-"— <COS(¢a + (Pﬁ - 2W RP )> % Most Central

Invariant Mass (GeV/c?

; % il T = <COS(¢a + ¢ﬂ - 2¢res0. + 2¢res0. _ 21//RP )>

......................

Invariant Mass (GeVic?) = COS(¢a -+ ¢ﬁ — 2¢reso.> X V2 reso

83F
Peripheral Au+Au E 3
o
0.6 < p < 0.8 GeVic ©° 4

(=]

invariant mass of the m+x pair, m;,,= V(E2 — p2)

» Resonance background: resonance decay + v, = CME-like Ay
» Can we remove/isolate the background?

HENPIC J. Zhao, Purdue 17



To eliminate background

y =(cos(p, +¢, - 2pr)>

— COS(¢a T gDﬂ cluster ) Cos(z(pcluster B WRP)

Resonance decay ... V2

Get rid of resonances, or utilize them...

Identify the backgrounds by invariant mass of a+f3 pairs

J. Zhao, H. Li, F. Wang, Eur. Phys. J. C (2019) 79:168
H. Li, J. Zhao, F. Wang, NPA 982 (2019) 563-566

HENPIC J. Zhao, Purdue 18




Identify the background

nvariant mass of the n-+n pair, m;,,= V(E? — p?)

— > I
0015 20-50% run11 Au+Au |s, = 200 GeV “ ooal p run11 Au+Au |sy, =200 GeV
{ . nt p.0.2-1.8 GeV/c %, —— all pairs 2
0.01 s (/@/ —~—m,,<1.5GeVic
7 ™ (Mg Mss) /Mo 0.001 o, - m.,> 1.5 GeV/c?
[ 0 7 dk
0.005} P ,
| o § | A .
obl T e o g [ IJ h Mi,y AY STAR preliminary
[ STAR preliminary 000 + pT:O.2‘-1 .8 GeV/c‘ |
I L L 780 60 40 20 0
107 | > % Most Central
> o04f -
< 7 20-50% run11 AuAu \'Syn = 200 GeV \ \

\ \ \ \
Au+Au |s,, .|-|= 200 GeV (20-50%)
[ STAR preliminary STAR preliminary|

7 |1 combined
0. |
I \ l—e— runi16

i
: m MW}IIMH*H ” I.—o—a runi4
0-——*———*——&”&1”— | L High mass signal |
_ 1 Tr (My>1.5 GeV/c?) .}_._. runt1
\%o.zw 5 | 7°p02-18GeVlc | Full TPC.
1 2 , -30% -20% -10% 0% 10% 20% 30%
m._. (GeV/c?) High m Ay / inclusive Ay

» Data show resonance structure in Ay vs. invariant mass (m;,,)

> At high m;,,, possible CME signal is (52 +4)% of the early measurements

HENPIC J. Zhao, Purdue 19




0.015}

0.0004f

0.0004}

> I
<1 0.0002f

Isolate the CME from background

0.01}

0.005[ [ =]

STAR pre

run16 Au+Au |\ sy = 200 GeV

nt pT:O.2-O.8 GeV/c

liminary

<1 0.0002|

20-50%

—— B:small 50% q|
o 1
] AT
P S P {’1 L
%W%ﬁ*i

—— A: large 50% q,

" o, } Q%H %qﬂ

—-0-100%q,

o]

02 04 06 08 1

12 14 1.6 1.8
m.., (GeV/c?)

N tey
N (:Nﬁ cos(@, + @5 =20, V€020 .. —2W ,,))

vary v,

r(m)*COS(G+B'2¢reso.)*v2,reso.

+ CME

Background shape

ESE select events with diff. v, by g, class (A, B)

Background shape: Ay, - Ayg

Fit Ay = k*(Aya-Ayg) + CME
J. Zhao, H. Li, F. Wang, Eur. Phys. J. C (2019) 79:168
J. Zhao. Int. J. Mod. Phys., A33(13):1830010, 2018
J. Zhao, Z. Tu, F. Wang, NPR 2018, 35 (3): 225-242.

» Obtain the Bkg Ay m,,, shape by event shape engineering (ESE)

HENPIC

J. Zhao, Purdue
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Isolate the CME from background

J. Zhao (for the STAR collaboration), NPA 982 (2019) 535-538

| | | | | |
Au+Au s, ]L 200 GeV (20-50%)

STAR preliminary|
[ |J|-o—| ] combined
I—:o—l runi16
— i runi4

Low mass ESE |

m;,: 0.4-1.5 GeV/c?
mt pT:O.2-(|).8 G|eV/c

1—o—|
|

| TITC su|b-event

runii

-30% -20% -10%

0%

10% 20% 30%

Bkg subtracted Ay / inclusive Ay

» possible CME signal is (24 +6)% of the inclusive Ay
measurements from this method
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Wop &Wip to solve Bkg & CME

H-J Xu, J. Zhao, X. Wang, H. Li, Z. Lin, C. Shen and F. Wang, CPC 42 (2018) 084103
H-J Xu, X. Wang, H. Li, J. Zhao, Z. Lin, C. Shen and F. Wang, PRL 121 (2018) 022301

B. Alver et al. (PHOBOS) , PRL 98, 242302 (2007).

- WYpp maximizes v,
-> v, background

- WYrp maximizes the magnetic field (B),
-> CME signal

- WYpp and Wgp are correlated, but not

identical due to geometry fluctuations

\g\z <0082(WPP —Wre )>

» Ay w.rt. TPC Wep (proxy of Wep ) and ZDT W, (proxy of Wgp) contain
different fractions of CME and Bkg

HENPIC J. Zhao, Purdue 22



Wop &Wip to solve Bkg & CME

» Wpp maximizes flow, -> flow background

» Wpp maximizes the magnetic field (B), -> CME signal

» Wpp and Wgp are correlated, but not identical due to geometry fluctuations

» Ay w.rt. TPC W (proxy of Wpp ) and ZDC W, (proxy of Wrp) contain different
fractions of CME and Bkg

H-J. Xu, et al, CPC 42 (2018) 084103,
arXiv:1710.07265 AY W rpe s = CMEW 1 b+ BKEW b | Two-component

AV i} = CME{y , }+ Bkely .} | @ssumption

CME{y ,.;=a*CME{y .}, Bkgly .} = a*Bkgly .}

assume Bkg o< v,

a =v{Wuct I VyWrpct> A=AY{W pc} T AY W ppe S
Both are experimental measurements

fin(CME)=CME{y_, .}/ Ay{y. .} =(4/a-1)/(1/a’ 1)

HENPIC J. Zhao, Purdue



oY B o= I
> 015 Au+Au and U+U collisions < [ Au+Au and U+U collisions
AutAu: +TPCy, <ZDCy, 0.002| AutAu: *TPCy, <ZDCy,
0.1_— U+U: *TPCy, “ZDCy, U+U: *=TPCy, #ZDCy,
0.001- . STAR preliminary
0.05 -
| &
of o ————
[ ht pT:O.2‘-2.O GeV/cI TPC sulb-event [ ht pT:O.2|-2.O GeV/cI TPC sup-event
~w [ - = <Tol
> [ Au+Au and U+U collisions < Au+Au and U+U collisjo
8 1.5r -e- Au+Au = U+U 8 1.5r - Au+Au
5 " STAR preliminary 5 - STAR preliminary
) ———— —— — — — O T .
N [ N [ At
Il : Il
T osf < o5}
[ ht p,:0.2-2.0 GeV/c  TPC sub-event e p :0.2-2.0 GeV/cl TPC sub-event
L | n l . | L L L L L
80 60 40 20 0 80 60 40 20 0
(o) (o)
J. Zhao, QM2019 %o Most Central Yo Most Central

» Data indicate difference in v, between central U+U and Au+Au
» “a” and “A” similar trend and magnitude, indicate bkg. dominant

HENPIC J. Zhao, Purdue



Au+Au 27 GeV with EPD W, & Yy,

STAR Event Plane detector acceptance: 2.1<|n|<5.1

Beam rapidity for Au+Au 27 GeV, Ybeam =3.4
EPD detects both participants & spectators

SPECTATOR
PROTONS

FORWARD
PARTICIPANTS

w.r.t. planes of the .8 uter
oroduced particles  71,1,2(TPC — EPD*")

|n|<Ybeam = <Cos(¢g _|_ ¢5 _ 2\Ill2n|<Ybeam)>
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> Unique way to search for CME
using EPD for both Wy and Wip

> Ratio ~1 with large uncertainity,
indicating CME fraction consistent
with zero. More quantitative result
In progress

HENPIC J. Zhao, Purdue



CME fraction by Wy, & Wpp in U+U & Au+Au

J. Zhao, QM2019
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J. Zhao (for the STAR collaboration), NPA 982 (2019) 535-538 fEP
H. Xu, J. Zhao, X. Wang, H. Li, Z. Lin, C. Shen, F. Wang, NPA 982 (2019) 531-534 CME

» CME fractions are extracted with Ay using Wpp/Wgrpin U+U and Au+Au:
the combined result is (8 =4 +8)%, previous results (94 x7)%
» Systematic uncertainties assessed by track quality cuts and n gap

HENPIC J. Zhao, Purdue



Our current measurements

J. Zhao (for the STAR collaboration), NPA 982 (2019) 535-538
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» possible CME signal is 5-10% of the early measurements,
with1-20 significance

HENPIC J. Zhao, Purdue 27




» The Chiral Magnetic Effect (CME) is extremely important in QCD
» Early measurements dominated by background

precision improved ~10

‘ I
Au+Au Vs =200 GeV (20 50%)

STAR preliminary
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Possible CME Ay / inclusive Ay

The possible CME signal ~5-10%
of the early measurements,
with 1-20 significance

J. Zhao, F. Wang, Progress in Particle and
Nuclear Physics 107 (2019) 200-236

» In future, more Au+Au data, possible ZDC upgrades for Wgp




Back up

HENPIC

J. Zhao, Purdue
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