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Why is this so exciting ?

Baryon number violation in early universe — matter-antimatter asymmetry

Non-trivial topologies of gauge fields — violation of P & CP
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Can we observe in the hot

“Chirality-genesis” —> & dense QCD medium of

Baryogenesis
heavy ion collisions ?

(Electroweak) (QCD)
B, Jh + 0 0, JL #0



Experimental searches for chiral effects

Relativistic Heavy lon collider (RHIC)

i T =

200 GeV : U+U, Cu+Cu, p+Au, d+Au
Ru+Ru, Zr+Zr, 7.7-200 GeV : Au+Au

This talk

Large Hadron Collider (LHC)

1. C
2. C
3. C

nira
nira

nira

5 TeV : Pb+Pb, p+Pb
see talk by Wel

Magnetic Effect
Magnetic Wave
Separation Effect



Search for local parity violation in QCD

QCD allows topologically distinct states to violate P and CP (locally)
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Experiment
(detect particles)

' Quark-Gluon
Color Glass
Condensate (CGC) Plasma (QGP)

Any observation would require the following
Non-conservation of chirality (n.-nr #0)
De-confinement & restoration of chiral symmetry (m~0 fermions)

Presence of strong magnetic field (B)
Chiral Magnetic Effect
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#1: Non-conservation of chirality

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

i HE Il B N N N = N

Vs Gluon Condensate
i Plasma (Glasma)

Hadronization

[ N B B B B B B e | ’ -
Color Glass - Quark-Gluon

Condensate (CGC) Plasma (QGP)

Experiment
(detect particles)

dQs/dt x E - B (nL-nRr #0)



#1: Non-conservation of chirality

Sphaleron transition in Glasma —> non zero axial (Chern-Simons) current

Glasma Chirality non-conservation

0 S S
R0 30 4
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2 27 AW ¢/ .
; Right-handed Left-handed
2 helicity helicity

(~massless fermions)



#2:. Restoration of chiral symmetry

Chiral symmetry restoration in the medium created in A+A collisions

A
Critical Point
Condensate melted
<Yyw>=0
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v QGP
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© Chiral symmetry
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Chiral symmetry

Broken, confinement

Nuclei CC
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Baryon chemical potential (u;)

Conjectured phase diagram

Temperature (T)

Baryon chemical potential (u;)

How experiments scan it

A+A collisions at sufficiently high energy -> deconfined massless fermions
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#3: Presence of strong magnetic field

18 : .
Strong B-fields ~10 Gauss are generated in non-central heavy ion collisions

B-field direction — perpendicular to collision plane

B-field magnitude — ~Z° ~ vy

B-field lifetime — ~ 1/y, conductivity of the medium

B-field strength — decrease with impact parameter/overlap




Chiral Magnetic Effect



The Chiral Magnetic Effect

The B-field will align the fermions
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The Chiral Magnetic Effect : a closer look

Scenario-2 : Excess right handed

_> _>

P S ©_ o
T T - Vector Current
UR

UR —»
l l along B

11



The Chiral Magnetic Effect : a closer look

Scenario-2 : Excess right handed
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The Chiral Magnetic Effect : a closer look

Scenario-2 : Excess right handed
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The Chiral Magnetic Effect : How to detect ?

Main challenge : the direction of B-field is unknown

~10% elliptic
anisotropy in
particle emission

~~. Eventplane
(Reference angle)

(unknown)

Parity-odd distribution
A charge dependent dipole dN* N y

anisotropy along B-field : g5 1 sin(¢™ — W) = of = —q]
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Early measurements from STAR

Measurements of dipole anisotropy : (a;") = (sin(¢™ — Us)
. x10®
~ 1.5 (rerrprrrrprrrrprrrr R rrp e et et g
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:e, . e negative charges | .
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0

Event average charge separation vanishes :
no sign of global parity odd processes
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A better observable : use two particles

Only variance will survive flipping of dipole

(ar) = (sin(¢™ —W2)) W (af) = (ar)

<affaf> = (sin(¢® — Vo) sin(¢” — Us)) <a1 aj > + <a1 aq >

Same-sign Opposite-sign
(SS) (0S)

We need to look at a pair of
particles perpendicular to W,
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A better observable

However it becomes a parity-even variable, susceptible to background

Sergei’s y-correlator : va’ﬁ — <CL‘{‘CL?>l - <ac1xaf>||
7@,5 = (cos(¢po — V2) cos(pp — Vq))— (sin(¢o — ¥2)sin(gg — ¥s))
= (cos(@q + 5 — 2WUs3))
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Difference between anisotropy perpendicular & parallel to B-field
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Early measurements from STAR
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(cos(¢y + ¢ — 2V Rp))
v>® = (cos(¢7 + ¢ — 2V gp))

-+ Pairs of same-charges preferably flow together perpendicular to W2
- Strength of such flow is strongest in peripheral event

Expectation consistent with the effect of B-field ?



How does the energy dependence look like ?

Charge separation vanishes at the lowest energy

(c0S(9,+0,-2y ] X 10*

[y
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Expectation consistent disappearance of
deconfinement / chiral symmetry restoration ?
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Background sources of charge separation

+p0S — heg
O : neutral
Up aB _
s Y = (cos(pa + g — 2V2))
,\\'/\f \év Any value O < @p1+po< T
Left \ equally probable
A‘é % Right
/RN Y = (cos(¢f + ¢ — 2Wgp)) = 0
Down v~ = {(cos(¢p; + ¢, —2¥Rp)) =0
v = (cos(¢1 + ¢y —2¥pp)) =0

No correlation background if particles are emitted uniformly around Yrp



Background : elliptic flow + momentum cons

In heavy ion collisions about ~10% more particles move left-right : FLOW

Up
+P0S — heg
O : neutral
SRR FI
I . ow = (Nu+ Np)/(Nr+NL)~v>
/ \ Right
Left < s Momentum conservation = Ng~ N,
paye, e Yo
p=m 25“ E: =0
\ / —
(e ++ + 2
YT = (cos(@] + ¢y —2¥Rp)) = N
Down —— _ - 2P — 2
Y <COS(¢1 + ¢, RP)) N
U2
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Background : Neutral resonance decay

Up Neutral resonance decay can mimic CME
Neutral particle decays to a
_ pair of opposite charges both
/
>::' = ke them go either left or right
— -

Right

Down 71 = (cos(¢y + d; — 2V Rp)) o Ex: :inigw
v~ = {(cos(¢p; + ¢, —2URp)) x E%: :%32?]2

N — N2 _(N.+N
AT = <(:os(q5}L + ¢y —2Wpp)) EN: + Nzi(NR (+7VL _Tii -
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M/2 (vos - Yss)

Background : local charge conservation
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New measurements to estimate Background

Wherever there is a neutral resonance peak there is charge separation

Neutral resonance yield Charge separation
x10~°
0.01501 20-50% run11 Au+Au \s,, = 200 GeV g oY 120-50% run11 Au+Au |s., = 200 GeV
/ w p,:0.2-1.8 GeV/c ' / STAR preliminary
0.0 —— r=(N_-Ng) /Nos I
I N i\//
0.005|- BN
[ ‘/ ' W WW* i i
| b il
| I e S e L1 LTH RN
STAR preliminary ﬂ: P, 0. 2 1 8 G eV/c “T
1 2 1 | 2 o
m. ., (GeV/c?) m., (GeV/c?)

One can subtract the resonance contribution with some assumptions :

Ay (Miny) = 7(Minv) R(Minv) + AveMmE (Miny)

What is the invariant mass distribution for CME ?
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Recent attempts to quantify the fraction of signals

Au+Au |'s,, =200 GeV (20-50%) T T AutAu S
o c L1} (Nep ) ~30 prau o
STAR prehmlnary STAR Preliminary
[ +—e—4 1 ¥ oo/ ¥ (TPC full) 2 | E{] Elj |
~o 105 !
[ —e— ] ¥ o/ o (TPC sub-evt) R4 h i
[e—] m,_, > 1.5 GeV/c® (TPC full) | h m |
[ e ] Low m,,, + ESE (TPC sub-evt) 1 _""""+-"+i}'4i'"i*"'g'-'t5ﬂ'{l"-?""ﬁé""""'ﬁ
L Aym ESE (Ay123 similar) 3 ) -1 0 ’ 1 2) 3
" | R | . | 2 | ) | " ) the AS
-0.1 0 0.1 0.2 0.3 0.4 0.5

Results using a new observable
Several estimations of possible signal to study CME looks interesting
fraction of CME, large uncertainties and
also some model dependence is needed
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A new source of background is identified

New measurements at the LHC — new puzzles
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For a long time this was thought to be due to increase of B-field



Measurements by the CMS at

LHC

However the signal looks the same

p+Pb high multiplicity

*

must be some other source

PbPb centrality(%)

«1072 6|5 ?5 4|5 ’3:5
05F |8y =5.02 TeV CMS _
. - SS 0s
Random B-field e m pPb,¢ (Pb-going) -
8 'E] O O PbPDb
no CME expected X " -
P E%P o_— 4:,—&—% 5o 5 o o & T
é_@_ B @) ©
Pb+Pb peripheral (>60%) s . °
3 I + o O
I F %"
_ (a)
L ! L
10? | 10°
N?r]:(ﬂm
Large B-field CME expected Talk by Wei
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Revisit : Magnetic field calculations

-
qg 20 | | §> |
/I—I\ E E | Wo
— 1 5 B E —
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Measurements by the CMS collaboration

A possible explanation — di-jets
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Background due to di-jets

Peripheral A+A and p+A data are dominated by dl-Jets

0.001

opposﬂe S|gn

Mid-central A+A
di-jets quenched

-0.001 30-40% U+U 193 GeV |
0.004

0.002

Peripheral A+A

-0.002

di-jets dominate

70-80% U+U 193 GeV

I fit o
0.004 Short-range-positive ==

(CoS(d1 + p - 203)) x Nooyy

Residual ==

0.002

Min-bias p+A

. : R '.::'.:,,ﬂlp‘n\:\ -0.002 | ]
di-jets dominate (5  0-100% p+Au 200 GeV




Data from RHIC after di-jet subtraction

Attempt to subtract di-jets

" U+U

Total =
Short-range(+)-subtracted -6
p+AU A
ZDC-EP -@-
BBC-EP

Magnetic field in A+A & p+A

-( B?cos(2(Wg - W,)) ) [ fm™ ]

— — N
(@) ] o (@) ] o

O H m I I I

o

3

—8— Au+Au 200 GeV

—— p+Au 200 GeV

o]
g m

100

200 300 400

I\lpart

Some similarities with the B-field expectation, more studies needed
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Results from RHIC on Au+Au & U+U collisions

o . °‘.. . U+U (Npart=394)
qu | | | | T ..;&..‘:s.w';:”: '.. °
- 50| —=— Au+Au 200 GeV c o TEd $o0,
® —o— U+U 193 GeV o g fod , oo
— 40t g¥%0g®oo0, - e X s0F°
N 8 EE OOO '0.o‘£. o..~.
> 30 g g o 47 | Lo .
o 20 | = ®
=) @ )
\cy/ 10 _g m o o0
§ o T m m“. v . &‘:. Ky -
Nm ! ! ! ! ! | 0;:' O@ .b.
1 2 4 o .“.. —
0 00 0 0 00 - 3%. "i"":‘ Au+Au (Npar=394)
part . e
'."b‘"o‘ ‘3
® o et

B-field is different in Au+Au and U+U — can be tested in data
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Results from RHIC Au+Au and U+U collisions

B-field with collision centrality Data on Charge separation

qu ' ' 0.4 T | T

o~ 50 f —E— AUAL200GeV e GT{JA(UR(eZ?dSJitlj)aI)
=~ 40 EBEQSEOGo?—UNmSGeV § 7 aﬁ’%"@ * o

0 © g, ©o0 Z ¢

> 30t g “"a o, % 0.2 o

' @

E—? 20 + MOdel o] 0] o | \zc_\l 0.1 Data + ¢ + ]
3 “le  MC-Glauber = o < l

I I Tg---0 I R I D
C\é 0 100 200 300 400 0 100 200 300 400

' Npart N

System dependence — not explained by naive background model

Measurement w.r.to third order event plane is underway
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Chiral Separation Effect & Chiral Magnetic Wave
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The Chiral Separation Effect : Quark > anti-Quark

Scenario-1 : Excess RH Quark

Tr o (5)(ng — ng) o (Qe)uB

Excess quarks lead to axial
current along B-field

N, - N_
- N, +N_

Ach > ()
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The Chiral Separation Effect : Quark > anti-Quark

Scenario-2 : Excess LH Quark

J, o<-(p)(ng —ng) « (Qe)uB

Excess quarks lead to axial
current opposite to B-field

N, — N_
N, +N_

Ach: > ()
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The Chiral Magnetic Wave

Jr o< (7)(ng —ng) o (Qe)uB

Excess quarks lead to axial
current along B-field

—

Ji o<-(p) (ng —ng) o (Qe)uB
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The Chiral Magnetic Wave

driven by CSE
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Search for the chiral magnetic wave at RHIC

o) ' — T
N Q - reliminar
& | Au+Au 200 GeV: 30-40% O T .
N ] O o
>N 3.3l 015<pT<05 GeV/c %0---@ __________ + ____________ [____________O _______ .
i 2 T ©
_ ? + +
a TC++ -{} B
. Al G 2 Au+Au 200 GeV, T | ]
“lra % ¢ " 0.15<p_<0.5 GeV/c
' ¢ af + s an 2
(@) | + CMS 5.02 TeV, A v, , A v, |
3 1_ o | 0 . . ! | ! ! ! | ! ! ! | ! ! !
I R 20 40 60 80
-0.05 0 0.05 % Most Central

Observed Ach

Observation at RHIC is consistent to CMW expectation

N, — N_
Ay, = N* — < 0, va(nt) > vo(n7)
+ B Unlike LHC, at RHIC effect vo>> v3
A —N+_N_>O fv(7r+)<v(7r_)
ch — N_|_ —|—N_ . 2 2
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Chiral Separation Effect & Spin polarization
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Chiral separation effect and spin polarization

CSE enhances spin polarization along global angular momentum

—> —> — —> —>

T

P S P s P S
N, - N_ N, - N_
Ay = >0 Ay = — 0
"7 N, + N_ hENLF N O

More spin polarized along B Il & More spin polarized opps to B || &
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The connection between CSE and polarization

9 | STAR Au+Au |[s,,, = 200 GeV 20%-60%
. - Ini<d, O.5<pT<6 GeV/c *A K
BBC
quark-gluon/’
plasma /
A forwam/_going slope = stat.uncert. + syst.uncert.
beam fragment A: 0.097 = 0.041+ 0.043 [%]
A: -0.112 + 0.045 = 0.102 [%)]
| | | | | | | | | | | | | | | | | | | | |
-2 -1 0 1 2
_ S 8 <COS ((l); —05 ) > observed A, / o,
- -~ Sys ch
TTOLH REP

Global polarization of A and A studied w.r.to charge asymmetry Ach

Very first measurement looks promising, need more statistics



Decisive tests of CME, CMW, CSE
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Better and controlled experiment : Isobar collisions

Isobar
collisions

Ru+Ru will have 10% B-field
than Zr+Zr, all

10 1 Vg =200 GeV B ‘
Isobars have same mass : A -
. A A Cl

number but different charge, _ O a AL

so produce identical systems _ " Apg

. . . . - A-
with different B-field, ideal to —_

test evidences of B-filed _a RUsRU B |

driven effects L I Sl

0 10 20 30 40 50 60 70 80

Centrality %
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Better and controlled experiment : Isobar collisions

Nﬁ',!,?g'f,@g!ﬁ,’,fy Newsroom media & communications Office

Isobar pug
collisions

Newsroom | Photos | Videos | Fact Sheets | Lab History | News Categories | Contacts

Extra

Contact: Karen McNulty Walsh, (631) 344-8350, or Peter Genzer, (631) 344-3174 share: n a
Proton

Relativistic Heavy lon Collider Begins 18th Year of
Experiments

First smashups with 'isobar' ions and low-energy gold-gold collisions will test
earlier hints of exciting discoveries as accelerator physicists tune up
technologies to enable future science

March 21, 2018

N . Q@
;0‘15__ “.._projection with 1.2B events 525 %

S R
% i —casel | ’g

= 0.1 . —
N O ~case2 | @
g | E b 3.1B events for both Ru+Ru, Zr+Zr
< oo 200 Ge - 10 collected over 8 weeks
< SN = e Lo E .
S [ 20-60% | g Blind analyses is being planned
° %% % 100 °
é’ Background level (%)
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Summary

Very exciting time for STAR @ RHIC BROOKHAVEN  News 00 e s Communcatins o

1) Comprehensive set of
m eaS u re m e nts O n C M E y C M W Contact: Karen McNulty Walsh, (631) 344-8350, or Peter Genzer, (631) 344-3174 share: ﬁ g

Relativistic Heavy lon Collider Begins 18th Year of

Experiments
First smashups with 'isobar' ions and low-energy gold-gold collisions will test

2) M any I nte re Stl n g reS U ItS b Ut n O te:g::ﬁglfggitessotzegrcl;tg;g ?J:S(r);/e;rciiisn?z accelerator physicists tune up
deCiSive teStS yet March 21,2018

3) Several attempts to quantify signals

4) Isobar data taking was a success,
bind analysis is being planned
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How much guidance do we have from theory ?

Real-time first principle lattice calculations of CME

® o
. , X
Axial charge ;¢ T<'Z
Vector charge j y

/4

£ 4 : fe ¢
@&\ [ 4 /= 4 ol ’
C QR AVETR
/_/ o ) A » ,
. W <
’ A

We are looking for a signal of charge separation that :

1) will be correlated to event plane (W2) therefore must follow the
correlation of B-field with W5 |

2) requires time to build up during the early phases of collisions, so
may be short-range in An compared to flow.
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How much guidance do we have from theory ?

A first principle calculations of axial charge density

. €nergy density profile

dE /d*xdn [a.u]
O = NN W Hh 01 O

dNs /d* dn [a.u]

We are looking for a signal of charge separation that :

1) is driven by structures of the axial charge density that is lumpy
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