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Deconfinement + Chiral symmetry restoration
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Chiral magnetic effect (CME) in HIC

s ¢ N (right-handed) — N (left-handed) # 0

Fluctuations of topological charge in
QCD vacuum > P and CP odd domains

- g@rmiﬁ i *mﬁﬂ{m
- (i o - d‘i £

Derek Leinweber, University of Adelaide



Chiral magnetic effect (CME) in HIC
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Chiral magnetic effect (CME) in HIC

Ms ¢ N (right-handed) - N (left-handed) # 0 Strong magnetic field
— —
Sa Aﬁ B _'J '/,
(R Sp_4D B=101%Gauss ¥ 3

2 /[

= R
) L S\ \

0
Sa__ 4P *
()R §A g

I
‘ : A Aﬁ ) N _’
@ sl -
- e NN

*» Chiralityimbalanceinside of the QGP phase with a strong magnetic field can
generate charge separation, known as the CME

«

If CME is observed, evidence for chiral symmetry restoration!
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Status of CME in previous studies

Same-sign: a =B with y= <cos(¢a +o, =2y, )> arXiv: hep-ph/0406311
Opposite sign: a #

(@ Jargon: y-correlator
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Status of CME in previous studies
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Status of CME in previous studies

Same-sign: a =B with y= <cos(¢a +o, =2y, )> arXiv: hep-ph/0406311
Opposite sign: a #

(@ Jargon: y-correlator
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Status of CME in previous studies

Same-sign: a =B with y= <cos(¢a +o, =2y, )> arXiv: hep-ph/0406311

Opposite sign: o #
pposite sig B 10° Phys.Rev.Lett. 110 (2013)
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Status of CME in previous studies

with Y = <cos(¢a + (bﬁ — 21//RP )> arXiv: hep-ph/0406311
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Status of CME in previous studies
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Status of CME in recent studies

FIGURE 6.24
Problem 6.16 (D. Griffiths)

Wei.Li, Chirality workshop at UCLA 2017
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Status of CME in recent studies

B 0 FIGURE 6.24
— Problem 6.16 (D. Giriffiths)
Wei.Li, Chirality workshop at UCLA 2017
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PA can be a baseline for CME measurement
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Status of CME in recent studies
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Non negligible
background has been
long speculated.

Question is about “how
much”?

** Why is pPb and PbPb so similar? Background dominated

¢ The fact that y(pPb) = y(PbPb) not only challenges the CME but
also the background mechanism (e.g., ~v2/N) 18




Motivation of a detail analysis

o Two major questions to be answered:

i.  What is the background exactly?
ii. Isthere any real CME signal, if BKG is removed?
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Motivation of a detail analysis

o Two major questions to be answered:

i.  What is the background exactly?
ii. Isthere any real CME signal, if BKG is removed?

Commonly suspected BKG scenario:

Lect.Notes Phys. 871 (2013) 503-536

Yy=K-vy,-0—H

where 6= <Cos(¢a —¢ﬁ)>

————— e i

i.e., local charge conservation + v2
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Motivation of a detail analysis

o Two major questions to be answered:
i.  What is the background exactly?

Commonly suspected BKG scenario:

Lect.Notes Phys. 871 (2013) 503-536

Y =|K|Vy -0

where 5E<Cos(¢a—¢ﬁ)>
o Two major difficulties: s A R T
. . . i.e., local charge conservation + v2
i. Kk parameter is hard to constrain
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Motivation of a detail analysis

o Two major questions to be answered:

ii. Isthere any real CME signal, if BKG is removed?

Commonly suspected BKG scenario:

Lect.Notes Phys. 871 (2013) 503-536

Yy = —|4

where 5E<Cos(¢a—¢ﬁ)>
o Two major difficulties:

i. BKG is hard to control, need an independent
handle on v, without changing the B field
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Motivation of a detail analysis

o Two major questions to be answered:

i.  What is the background exactly?
ii. Isthere any real CME signal, if BKG is removed?

Commonly suspected BKG scenario:

Lect.Notes Phys. 871 (2013) 503-536

Py

P, (GeV/ic)

Y = K-V, - O — H | .......

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

i.e., local charge conservation + v2

New experimental strategy is needed!
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Analysis strategy Uprdate: yi1, =Y

*»* 1: Higher-harmonic correlator

Y 1ps = <cos(¢ +2¢ - 3Y¥ )>

o CME free as no charge separation w.r.t. W,
o For BKG-only source,

V123 = K’V3'5><

An independent constraint to k!
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Analysis strategy Uprdate: yi1, =Y

*»* 1: Higher-harmonic correlator

Y 1ps = <cos(¢ +2¢ - 3Y¥ )>

o CME free as no charge separation w.r.t. W,
o For BKG-only source,

V123 = K’V3'5><

An independent constraint to k!

¢ 2: Event Shape Engineering (ESE) arxiv:1608.03205v2

To directly observe the relation between y,,, and v,
(Is it consistent with a v,-linear BKG-only scenario?)
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Results: (OS-SS)
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Results: (OS-SS) arXiv:1708.01602

“*Why is y112 pPb and PbPb so similar?
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Results: (OS-SS) arXiv:1708.01602
“*Why is ¥,,, pPb and PbPb so similar?
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Results: (OS-SS)

arXiv:1708.01602

“*Why is y112 pPb and PbPb so similar?
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This can explain y(pPb) = y(PbPb),if y = Kk-v, - 8 »




Results: (OS-SS)
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Results: higher-order correlator

** CME free correlator
71 =(cos(9, +20,-3¥, ))

Charge-dependent signal has to be BKG
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Results: higher-order correlator

** CME free correlator

Y ps = <Cos(¢ +2¢,-3% )>

Charge-dependent signal has to be BKG

arXiv:1708.01602
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» Correlation is still short-range and charge-dependent.
» Can this be compatible with the suspected BKG?
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Results: Test BKG (A = 0S-SS)

To test this background only ‘ Ayi12 = + Uy - AO
scenario, we compare k, and Kk, Ay 1,3 = \K3) V3 - Ad

If K, = K3, the data is compatible with ~100% background
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Results: Test BKG

(A = 0S-SS)

To test this background only
scenario, we compare K, and K;

VK, =

Ay112 =
Ay 3 =

vz‘AS
U3’A6

K3, the data is compatible with ~100% background

- pPb 8.16 TeV
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1 2
Ap_I (GeV)
arXiv:1708.01602

pPb
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Results: Test BKG

arXiv:1708.01602

v K, = k3, thedatais
compatible with ~100%
background scenario
throughout the entire
multiplicity or centrality
range
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Results: Test BKG

arXiv:1708.01602

v K, = k3, thedatais
compatible with ~100%
background scenario
throughout the entire
multiplicity or centrality
range

** Now, can we observe the
linear dependence on v2
and see if thereis any
room for CME?
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ESE with CMS detectors

HF- §(— Tracker —)§ ----- HF+
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Minimum n gap of 2 units 3.0 —Y9—50
-4.4 -2.4

*» The ESE uses q,, magnitude of q vector, in one side of the HF (3-5
units) to select events with very different v2

** In pPb collision, g, is calculated from the Pb-going side. Particle c
from both p- and Pb-going side are studied.

¢ Particle ciny,y, is from the other side of the g, regionin PbPb.



ESE with CMS detectors

arXiv:1708.01602
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¢ g, is monotonically correlated with v2, expected from the

initial-state geometry;

** Y112 can be studied as a function of v2 within a single
multiplicity or centrality class.




Results: ESE

arXiv:1708.01602

X1 IO_3 T T T |
- PbPb 5.02 TeV CMS -
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% 0S-SS vsv2, when v2 =0 -2 finite intercept?
** Some nonlineartrend at high v2. Anything else other than CME?
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Results: ESE

arXiv:1708.01602
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1-1Anl < 1.6
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Cent. 30-35%
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0.5r

O x>

0 0.05 0.1 0.15
Vv, (Inl <2.4)

% 0S-SS vsv2, when v2 =0 -2 finite intercept?
** Some nonlineartrend at high v2. Anything else other than CME?

d-correlator? Is 6 independent of v27? .



Results: ESE

arXiv:1708.01602
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** Indeed, the Ad is not flat vs v2, esp at low multiplicity.
s Two effects:
1. Multiplicity dilution, multiplicity bias from q, selection
2. Nonflow, n-gap is not optimal. 21



Results: ESE

** Background-only scenario:
Ay112 = Ky - vy - Ad

2

Ay112/06 = Ky - vy
- Goes thru ZERO!



Results: ESE

%* Background-only scenario: ¢ Background + signal scenario:
Ayi12 = K-V - A0 Ay112 = Kz -V -A0-Db
- -
AYllZ/A6 = Ky Uy AV112/A5 S iluals b/ Ad

- Goes thru ZERO! - Finite intercept!
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s+ Background-only
scenario:

Ay112 = Kz * V- Ad

=)

Ay112/A8 = Ky - v,

- Goes thru ZERO!
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Results: ESE
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s+ Background-only
scenario:
Ay112 = Kz "V - A0

Results: ESE

=)
Ay112/A6 = Ky - v,
- Goes thru ZERO!
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s+ Background-only
scenario:
Ay112 = Kz "V - A0
=)
Ay112/A6 = Ky - vy
- Goes thru ZERO!

R

»* The remaining
intercept can be
guantitatively
constrained with
uncertainty
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Results: ESE

** Normalized intercept vs multiplicity:
Ay112/A8 = Ky - v, -b/ A5 | (bnorm)

PbPb centrality(%)
65 55 45 35
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No significant positive intercept!
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Results: ESE
fnorm = bnorm/ (AV112/A5) ~ b/AV112 (Vz'indEp'Comp)

Upper limit @ 95% Confidence level
6.6% and 3.8% for pPb and PbPb, if combined all
multiplicities
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Summary and outlook

¢ Experimental achievements:
v" First time measurement of y,,5,and & in pA collisions
v" First time Event-Shape-Engineeringin pA collisions

¢ Major conclusions and implications:
v' ydominated by background,i.e., Yy = K- 1, - 0
v Possible CME signal (at LHC energies) is less than 6.6%
for pPb and 3.8% for PbPb collisions @95% CL.

v Significant improvement on constraining the CME signal.

Provide more insights for lower energy CME search
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New results on CMW

Submitted to PRL and arXiv:1708.08901

Shownin Q17
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*** pPb shows significant slope parameters btw v2 and charge asymmetry
*¢* In PbPb collisions,v2 and v3 show identical slope parameters

Challenges to the Chiral Magnetic Wave interpretations
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Figure 19: The average multiplicity N2 as a function of v, evaluated in each g class, for
different multiplicity ranges in pPb collisions at /s, = 8.16 TeV (upper), and for different
centrality classes in PbPb collisions at 5.02 TeV (lower). Statistical uncertainties are invisible on

the current scale.
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¢ First time measurement of y;,;
as function of |Apy| =[pr—Prg |

+** Similar trend and magnitude
observed between pPb and PbPb

** Not onlyin |An|, the similarity
extends to |Apy]

¢ Observation: 6 and y,5 are
different between pPb and PbPb
collisions.
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¢ First time measurement of y;,;

as function of pr =(pr,+prp)/2 ¢ oqiiiiiig?g—ir

+*»* Similar trend and magnitude
observed between pPb and PbPb ¢

** 8 correlator shows more positive
value towards high p, indicating o
jet-like correlation starts to be

dominant.
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Results: (OS-SS)

A = OS-SS vs Ntrk
% Is that possible the v2 g
and 9§, these two
effects add upto y,4,?
05
> |If thisis true, can it %
be compatible with— <
the 3" order? 0
*** Then it should also describe
all multiplicity ranges g >

x10~
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FIG. 6: (Color online) The centrality dependence of eight two-plane correlators, (cos(X®)) with £® = jk(®,, — ®,,,) obtained
via the SP method (solid symbols) and the EP method (open symbols). The middle two panels in the top row have j = 2 and
j = 3, respectively, while all other panels have j = 1. The error bars and shaded bands indicate the statistical uncertainties
and total systematic uncertainties, respectively. The expected correlations among participant-plane angles ®;, from a Glauber
model are indicated by the solid curves for weighted case (Eq. (11)) and dashed lines for the unweighted case.
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Measurement with CMS detectors

HF- %(— Tracker —)§ ----- HF+

Lo

Minimum n gap of 2 units
-4.4 -2.4 2.4 4.4

® V11, IS ¥, measured in the same way as before: phys.Rev.Lett. 118(2017) no.12, 122301
Vi = <cos(¢a +0, —Z‘JJEP)> = <cos(¢a +0,—29, )>/v2'c
% Sj milarly, Vg = <COS(¢)(X +2¢l3 — 3‘P3)> = <COS(¢a +2¢ﬁ —3¢C )>/V3‘C o= <cos(¢a _¢ﬁ )>

*» Large gap between particle a, and ¢, to reduce short range
correlation. Valid for factorization.
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Results: OS and SS
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“*Why is ¥,,, pPb and PbPb so similar?
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Results: OS and SS
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Results: OS and SS
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¢ Suspected BKG should also describe other differential variables
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Results: ESE
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¢ Nontrivial to interpret the data, due to mixture of
charge-(in)dependent correlations.

** How about the difference OS-SS?



