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Early Stages of Heavy lon collisions

Early stages of heavy ion collisions can produce
gauge field configurations with non-trivial topologies

Pre-equilibrium Hydrodynamic
CGC Glasma evolution evolution

Hadronization

Chirality imbalance in
the produced quarks
at early times



Early Stages of Heavy lon collisions

Early stages of heavy ion collisions also produce
strongest electro-magnetic field

Reaction
plane

(Fr) \

X (defines ¥y)

Strength : eB ~(mn)2 ~1018 Gauss
Direction : | reaction plane Wgrp (mMid-central, symmetric A+A)



The Chiral Magnetic Effect

QCD anomaly driven chirality imbalance leads to current along B-field




The Chiral Magnetic Effect

Real-time first principle lattice calculations of CME

. ®
Axial ch o 7
xial charge ;9 k,z
Vector charge j, y
pd ) P 3

s ‘£ . ‘a, y 4 ’ R ,// o <
‘@ N /, ‘ / > 3 / \ /. . ' 5 / :,,..
Q/ d s y Q g (‘ Q'_, b4 fi ,\/»7 f/ ,/,4,,!;//

g 4 }/,"‘ | > , »
£ //@. )/"’ y.

Formation of dipoles in the initial charge distribution



Observables of CME

CME current can lead to out-of-plane charge dependent
dipoles in the produced hadron distribution

Dipole in the initial charge distribution

Dipole in distribution of produced hadrons :

dN 3
d_gbi o 1+ 2v; cos(¢p — Wgrp) + 205 cos[2(¢ — Urp)| + ... +(2a. sin(¢ — Ygrp) + ...,




Observables of CME

Harmonic decomposition should reflect the P-odd effect

dN.
Z= x 1+ 2v;1 cos(¢p — Ugrp) + 209 cos[2(¢p — Urp)] + |

x)\’I“/‘\/z\ o do
/ :\ —I—@ai Sin((b — \IIRP) + ...,

\ g Only correlations survive flipping of dipole
/ji\'\& <Sin(¢a R \I]RP) Sin(gbﬁ R \IJRP)> —

Sergei’s y-correlator :

'Ya’ﬁ = (co8(Pa + g — 2V 1))
— (c08(pa — U ) cos(dp — U ,)) _ s
_<Sin(¢a - \IJRP) Sin(¢ﬂ - \IJRP)> YRrp

3-particle-correlator : Ciiz = (cos(¢a + ¢5 — 2¢¢))



Early measurements from STAR

Early observation of charge separation in Au+Au 200 GeV
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Indication that pairs of same-charges
preferably flow together & out-of plane

Weak preference for opposite charges
Multiple sources of background ?



Sources of background

Background can contribute only in a very specific way
Sergei’s y-correlator : &

7%6 — <COS(¢04 + ¢B o 2\IJRP)> \\ \\

— <COS(¢04 — \IJRP) COS(¢5 — \IJRP)> 5
—(sin(¢o — ¥, )sin(pg — V,.,.))

= [(v1,av1,8) + Bin] — [(@aap) + Bour]

. ) 4 \ 4 -
Directed flow In-plane Interesting Out-of-plane
(small at |n|<1) background Signal background

(Bin- Bour) ~ v2/N Vs
~ V2 (anisotropy) ¢ ”yo"ﬁ = —(aqag) +c N
~ 1/ Multiplicity (random-walk)



Background : Local charge conservation

LCC + radial + Flow — stronger correlation between
in-plane opposite charge pairs predicted

0.04 ~—e— charge separation in Au+Au 200 GeV
~—e— background model
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0.01 |
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% centrality

LCC explains Ay = (Yos - Yss) but not yos & Yss separately

Momentum conservation leads to negative vy, & yss but Ay=0

10



Background : Local charge conservation

<COS((I)G+(|)B-2‘PRP)>
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Strong correlation between opposite charge pair
predicted by Blast Wave model : LCC + radial + Flow

LI L L L L O
opposite charge |

0 W, Y7

E W, Y7
op Y, Y4

same charge
O W¥,Y7

o] W, Y7
b Y, Y4

60 50 40 30 20 10 O
Centrality (%)

M/2 (vos - Yss)

0.04 r

0.08 f

0.02

0.01 |

~—e— charge separation in Au+Au 200 GeV
~—e— background model

10 20 30 40 50
% centrality

LCC explains Ay = (Yos - Yss) but not y.s & Yss separately

Momentum conservation will predict negative vy, & yss but Ay=0

60 70

11



Background : Local charge conservation

Strong correlation between opposite charge pair
predicted by Blast Wave model : LCC + radial + Flow
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Background : Local charge conservation

Strong correlation between opposite charge pair
predicted by Blast Wave model : LCC + radial + Flow
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LCC explains Ay = (Yos - Yss) but not y.s & Yss separately
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13



Background : Model comparison
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(single) event generator can describe all aspects of the data
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Surprising similarity between

Background : p+A collisions

New measurements at the LHC — new puzzles

PbPb centrality(%)
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“Challenge to CME” ?
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n+Pb & Pb+Pb and between RHIC & LHC
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Recent measurements from STAR

STAR Detector

Data Set :
U+U 193 GeV (2012),
Au+Au 200 GeV (2011),
p+Au 200 GeV (2015)

Acceptance : 0<p<2m, InllI,

pr> 0.2 GeV/c
Centrality :
Time-Projection Chamber Time Projection Chamber
(used for this analysis) Zero Degree Calorimeter

Observables :

Three particle correlator : C112 = {(cos(¢1 +d2—2¢3))

LPV correlator : et . {os((01 F gg}‘ 205))) 0 {2)? = (cos(2(61 — 62))
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Revisit : Magnetic field in HICs

Quantity of interest is the projection of B on P>

a+ X 5B = (aqag) x |B|? = (B%cos(2(V—0,)))
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Why background removal is difficult

U2
. -~ Y9F = —(aqag) +c N
ol Y= Bcos(2(Wg - ¥y))) ©
| Y=v,{2} O ) y
U+U 193 GeV | B-field driven flow driven

0.8 |

Y/ <Y>max

(Signal) (Background)

04

The centrality dependence of
sighal & background is similar

0 100 200 300 400

Npart

Attempts to reduce flow also reduces the ability to resolve the direction
of event plane and therefore the direction of projected B-field

Disentangling the effects driven by B-field and flow is challenging
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How to deal with this problem

A list provided by Sergei Voloshin during QM 2017

* Beam energy scan |l (signal should disappear at lower energies)
* Vary magnetic field keeping the same flow (isobar collisions)

* Higher harmonic correlators (+ differential)

* Event Shape Engineering (increase/decrease background)

e Correlations with identified particles (e.g. for the next bullet)

e Cross-correlation of different observables, CME X CMW X CVE)
(both in experiment and theory)

* U+U (body-body vs tip-tip ?7?)
* Very central collisions ( Signal ~0, BG>0)
 Small system collision (?7?)

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

arp. units

* Studies of EM fields
* Improving the phenomenology

o - N w 5 o, o N
T

0 2 4 6 8 10 12 14 16

* Try a new observable Sanksit %)
https://indico.cern.ch/event/433345/contributions/2345400/attachments/1407180/2150703/voloshin_CAEs_v2.pdf
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Signal & Backgrounds of charge separation

Charge separation (central-events)

4P = (cos(pa + @5 — 20,)) = —(asap) + 2

N
AWWOSWSS< Baaa5>+cv—]\2f
Backgrounds
Ay
HBT (SS), Coulomb (OS)
Flowing resonance (OS) .
S Vo —_ Flow driven Ay—0,
Charge conservation (OS) A v2—0
pt conservation (SS=0S) 2 Z
Y
Sig nal I B-field driven Ay—0,
voz 0
Magnetic field (SS, OS) Y., —>

Possible strategy : look for Ay—0, vo# 0 0 v
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If B-field dominates

Ay

Ay ~0

min

Two possible scenarios

Measurements in central-events may help

e o Jotal

disentangle the two effects

AW—VOSWSS_<

Zaaa5> +c —

U2
N

If Background dominates

o o TJotal
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Central and Ultra-central Collisions

OS  SS

E’
" " L|J2
Data Projected B-field 1_,
T T T T T < 5 f T T
STAR U+U 193 GeV » .
—— Multiplicity binning 1_5/ 4
< —B- Spectator binnin —~ i
o P : = | {300, (y) v
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—_ —4— Year 2004 (0909.1717) +. 'm P x
—e— Year 2007 (1302.3802) = 0<Wocon I
> —=— Year 2011 (0-1%) - N 2+ SR =T ,® U+U 193 GeV -
» 2 4 0-10 %
- +. m ‘] O 5
.I]] % - Multiplicity binning =
0 E| o < 0 | “ Spectator binning &
0 0.01 0.02 0.03 0.04 0.05 0 0.05 0.1 0.15
€ >V, {2} Ellipticity ¢,

Projected B-field vs €2 can provide a natural explanation to the data

More theory inputs needed to see if a background model can explain data
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Ay x Npart
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0.01
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Central and Ultra-central Collisions

Data
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(Background-model)
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0.03 r
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Peripheral collisions in A+A

However complicated background effects
may arise in peripheral events

Central A+A : An,Ap~0 emission + vz

Backgrounds modulation, jets are mostly quenched
HBT (SS), Coulomb (OS) v,
Flowing resonance (OS) Yrp
Charge conservation (OS) f\
conservation (SS=0S
PT ( ) I "'; \P?——
Jet-fragmentation (SS,0S) ¥, T
~~~~ \PRP

Peripheral A+A :

Jet-fragmentation — Jets define the Y»
24



A new approach to reduce background

Early time effects— should be long-range in Ay

C(An)

1
Tinit. = Tf.0. €XP (—§Ay) Short-range
- |Ntermediate

- | ONng-range

Differential measurement of correlation in An may be a key to
disentangle signal and background
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(cos(2(d4 - d)))

2_

Vo {2}

0.008

0.006 -

Structure of the correlations in An

Two-particle correlation
(elliptic flow v2)

Imi<t  U+U 193 GeV (40-50%)
Data —e—
Fit  m—
Short-Range
Long-range

02 04 06 08 1 12 14 16 1.8

(cos(dq + do - 293))

1x10°

-1x107°

-2x107°

Three-particle correlation
(numerator of y*¥)

(All-charge) U+U 193 GeV (40-50%) -

fit  —
Short-range-positive
Residual

02 04 06 08 1 12 14 16 1.8
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A new approach to reduce background

Search of early time charge separation — should be long-range in Az

(All-charge) U+U 193 GeV (30-40%)
o

-0.001

fit  —
Short-range-positive
Residual
pedestal

-0.002

(COS(91 + b2 - 203)) x Npgyy

02 04 06 08 1 12 14 16 1.8
ANqo

Short-range limit : A¢ — 0,An — 0: Cr12 = (cos(P1(n1) +@2(n2) —2¢3)) > 0
0112(A7712) — A;ae_(An>2/20§R - AI_Re_(An)Q/QJ?R T ALR

I B EEEE——————.
Short-range-positive Residual
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Comparison between A+A centralities

0.0002 -

0

-0.0002 r
-0.0004 |
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0.001 ¢
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o
04 08 1.2 1.6
Anqo

Central
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-0.0001 r

0.0002
0.0001
0

-0.0002

(cos(dq + Po - 2¢3)) x Npart

0.001 .

-0.001 +

0.004 -

0.002 r

-0.002 r

" Opposite-sign  0-5%

¢

U+U 193 GeV

' 30-40% |

¢

fit
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Residual =

70-80% -

Very different structures in central and peripheral events
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Centrality dependence of charge separation

Charge separation has a narrow and wide An component

Magnitudes of different components Widths of different components

I I I I 10 F | | | T ]
0.03 - U+U 193 GeV - Total - - U+U 193 GeV —6- Short-range-positive

—o- Residual N\A —©- Residual |
—©- Short-range-positive - 1F R ~ oo 1
3 [ ’
< ! _
© !

| | | | 0-01 I
0 100 200 300 400 500 0 100 200 300 400

N
Npart part

o
(&)
o —i
| |
“u &
¢d

Wider An component (Short-range-positive) = 0 for small & large Npart

The narrow An component (Residual) grows at small Npart
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CMS measurements in p+Pb collisions

What does this mean ?

P = (cos(pa + 5 — 27,)) = —(aqag)

PbPb centrality(%)
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Interpretations by CMS

<COS(¢0L+¢B-2(I)C)>/V2,C (OS - SS)

Ay (OS-SS) agree between systems

The y seems have no sensitivity to the CME signal
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CMS measurements in p+Pb collisions

Puzzling feature a8 — (cog(gy + ¢y — 210,)) = %jL CUNQ

of CMS data
Pbe centrality(%)
-3
i e of o SUSENSL SN S S
stimates O N a—)\ I m=5'02 TeV CMS _
(@p)]
cms . 4L o
" O pPb {5 =5TeV ] N ® pPb, ¢ _(Pb-going)
010l O PbPb {5\ = 2.76 TeV o peo o= o T M pPb, ¢ (p-going) |
(o)
- AN > 2 _ o °© 1| 40% S ! & PbPb
= [ _ 1|difference <
—— — o ey @y a A ] % B 4t
EO DD o0 © S § osl- F dlffeNr(e)nce
> 0.05— D — - '
u Og %ﬁ#}.@ 8 ® pp \s=13 TeV B s ?'ﬂ:#}
- gg T pp Vs =7 TeV . ;_zs o
i 0.3<p_<3GeVlc e | B ke o
N R e B . 8 " (b gp
0 100 200 300 L (b)
. 0
NOfﬂlne L ] ] ] ] L
trk
107 10°
Noffllne
Puzzle : trk

|f %2 changes by 40% between systems, why 7** « UNQ IS still same ?

p+Pb data challenge both signal and background interpretations ?
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(CoS(dq1 + dp - 263)) x Nooy
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STAR measurements of p+A vs A+A
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Comparison between p+A & peripheral A+A

Short-range-positive (Narrow An) Residual (Wider An)
" 30-40% U+U 200 GeV 30-40% U+U 193 GeV |
0
0.003 r opposite-sign
same-sign Central
0.002 | -0.002 | ooo°°
. 0001 | A+A 5 o
S :5 8 0.004 [
Z 0 . . . . Z ' | | |
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"o "o O — — = = = = = =1
& 00037 U+U 193 GeV S
. : ' o
& 0002 | Peripheral  « 40, MM*M%W <
T o001 | A+A T
3 + é -0.004 t OppOSite-Sign —o— |
3 0+ | | . . Q - - same-sign = —6—
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0.001 | . p.|.A
-0.004 |
O C | | | | | | 1 1
0 04 08 12 16 0 04 08 12 1.6
ANy ANy

p+A & peripheral A+A = dominated by short-range correlations
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Comparison between p+A and A+A

CMS p+Pb CMS Pb+Pb
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Summary of STAR results in A+A & p+A

Ay x Npart
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(COS(d1 + dp - 243)) x Nooyy

Summary of STAR results in A+A & p+A

Data (wide An component) Projected B-field in A+A
0-1% U+U 193 GeV ol | Y= Bécos(Z(IIIIB "1’2))|> o |
0 ' Y=vp{2} O
C>E<S .................
S_g 0s | U+U 193 GeV
-0.002 L <
opposite-sign —e— >
same-sign = —6— 04
0 0.4 0.8 1.2 1.6
Anyo 0L , , , | | 4
0 100 200 300 400
N
part ?
b\
O<Wo<2m

O<Wp<2m

\ARE/
Ultra-Central A+A
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(cos(dq + dp - 203)) x I\Ipart

Data (wide An component)
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Data (wide An component)

'% -
o
pa
X
L
S 0
(QV
=
T 0002}
=
/)]
®)
L
0
-0.002 |

Summary of results in A+A and p+A

0-1% U+U 193 GeV

opposite-sign  —&—
same- S|gn —o—

70 80% U+U 193 GeV

Projected B-field in A+A

' Y={B’cos(2(Wg-¥,))) ©
Y=vp{2} O

U+U 193 GeV

1.2

0.8

Y/ <Y>max

04
)
0k

0 100 200 300 400

part

B
O<LIJ2<2T[ > O<LI12<27T O<Wo<2n % O<Wp<2m

Perlpheral A+A Ultra-Central A+A

38



Data (wide An component)

(CoS(d1 + dp - 2¢3)) x Ny
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Wider An component of charge separation
vanishes when projected B—0, v2#0

(Naive background model
Ay~ vo/N can not explain this)

39



Outlook for isobar collisions at RHIC

The idea is to change B-field without changing background

96 96
44F{u + 44Fiu

< >

Vs =200 GeV 40

96 96
Zr + 40 Zr

Different B-field with same flow background is expected

1.2 B events can provide about 50

confidence of signal/bkg
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What else can be done ?

Isobars Au+Au , U+U
Future Run (2018) Measurements exist
96
" 7r 238

Zr +Z2r Ru +Ru
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qI-E 20 I I I I I
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= o 8 —8— Au+Au 200 GeV v
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= a0, Large difference in B-field ?
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D B %99
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m ] ] ] ] ]
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(2/Nggrt) dNgy/d

4.5

3.5

2.5

Multiplicity and flow in Au+Au & U+U

Background expectation is under control : A7y, iouma & 02]‘5[2}

Multiplicity per Npart Measured flow

| PHENIX Au+Au 200 GeV =2 i 0.008
PHENIX U+U 193 GeV o
N & é i ‘} ‘{; - 0.006 9 '0 .0
_ i a0 A
& . . o
3 é Q A N 0004 @
| - Al
B 7 0.002
—e— Au+Au 200 GeV o %
B . | | | ] 0 —o— U+|U 193 GeVI | o
0 100 200 300 400 500 0 100 200 300 400
Npart N

part

At the same Npart multiplicity dN/dn per participant is similar

v2{2} measurement with very small uncertainties available
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Projected B-field differs in central collisions

One needs to take care of shape difference between Au+Au & U+U

e PrOj B-field by ellipticity A Proj B-field by v2

£ ' — 250 ' '

=~ =0 | 5 Au+AU 200 GeV ~ N B AutAu 200 GoV
N 800000 o U+U193GeV ~ 200 @3¢ " Ho © U+U 193 GeV
. 40 r B E o o >>\ - 0

’N G gy ©o0 —~ 150 |

> 80 8 o °0 { = o g ©

. 20 | o (0] o 100 +©

= - a © 4

N 10 ¢ o o > 0t

2 ° & o]

8 Of-r--mmccimmmmmaiee Ta.-.-0 3 o T Ag--.-aQ
Al ] ] ] ]

D o 100 200 300 400 m; 0 100 200 300 400

' N ~ N

At same Npart projected B-field differs when scaled by €2 or v2
Larger B-field per eccentricity in U+U than Au+Au at large Npart

Motivation : Qualitatively similar scenario as isobar collisions
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Comparison between Au+Au and U+U

Au+Au U+U

Zg (All-charge) Au+Au 200 GeV (30-40%) S (All-charge) U+U 193 GeV (30-40%)
Z

X0 o :

< £
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Q Q

o \CD/ | | | | | | | |

= 02 04 06 08 1 12 14 16 1.8

02 04 06 08 1 12 14 16 1.8
Anqo Anqo

Perform three component fit to remove fragmentation, HBT-like peak

0112(A7712) — A;%e_(An>2/20§R _|A1R6(AU)Q/QJ?R T ALR I

Short-range-positive Residual
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(CoS(d1 + bp - 203)) x Npoyy
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Relative pseudo-rapidity dependence looks similar
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Short range-positive (narrow An) component
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scaled by Npart scaled by Npart /v2
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Au+Au is lower than U+U at large Npar 4
A v9{2} In a pure background scenario this
VBackground & N plot should be flat & universal

Residual (wide An) components

System dependence — not explained by naive background model
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Summary

— Ultra-central U+U and Au+Au show Ay ~0, v220

Short-range-positive component (Asr)
— subtracted charge separation vanishes in
central & peripheral A+A and in p+A collisions

__ Comparison between Au+Au and U+U show
difference in central events at same Npart

Several similarities of charge separation with
projected B-field is observed in contrast to naive
background (~v2/N) expectation. Theoretical inputs
needed to see if sophisticated background model
calculations can explain these observations.

Future Isobar collisions at RHIC will provide more
stringent test to disentangle background vs B-field
driven charge separation.
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Backup
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arXiv: 0911.1482
Flowing cluster

&Y aexiv: 1008.4919

Momentum
Conservation

Ay arXiv: 1412.5103
Magnetic field

Vo

0 Vv,

0 Vs,

Ultimately boils down to two scenarios

AY  arXiv: 1009.4283 Ay
Local charge
conservation
0 Vo, O
If B-field dominates
Ay
e o
AY '\_JO
min
0

V2,max
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If Background dominates
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