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Introduction from experimental perspective



What is chiral anomaly?

(4

E/B

Chiral magnetic effect
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Chiral anomaly in condensed matters

Dirac/Weyl semimetal + E/B —™ J

BNL + 7 7Z B\ HHEABKRG. ZRIREH
Chiral magnetic effect in ZrTe5 The discovery of dynamic chiral anomaly
Nature Phys. 12, 550-554 (2016) iIn a Weyl semimetal NbAs

Nature Commun. 11, 1259 (2020)
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Beyond condensed matters, in heavy-ion collisions

Dirac/Weyl semimetal + E/B —™ J

Quarks from QGP + E/B from spectators — J

- Topological structure of vacuum gauge fields
. The possible local violation of P (parity) and/or CP (charge-parity)
symmetries In strong interactions
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P/CP symmetry in weak interaction

- Before 1950s, no one suspected the P/CP symmetry, until the ©-1 puzzle:

Similar features but different parity values @ -ttt + 0, T Tt + 1" + 1T

- C.N. Yang and T.D. Lee first noticed this. C.S. Wu did the experiment with Co60 3 decay:
Regardless of the left- or right-handed, 3 prefer to emit along the opposite direction of spin

P violation in weak interaction!
. Cronin and Fitch further confirmed the CP violation in weak interaction.
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P/CP symmetry in strong interaction?

. Strong CP problem
Why does QCD seem to preserve CP symmetry?
No known reason in QCD for it to necessarily be conserved

- In this century, it is proposed that the chiral anomaly is possible in strong interaction
and can be tested in heavy-ion collisions
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Heavy-ion collisions

Nuclear collisions and the QGP expansion

. . collision evolution rticl Had rons
Magnetic field g s cooing e

(~101°> )

lumpy initial hadronization {liils_J=aBtributions and
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Criticality, Collectivity, Chirality
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Strong magnetic field in HIC

Thinking — human brain: 10™"* Tesla 4 \ ™ Phys. Rev. C 85, 044907 (2012)
Earth's magnetic field:  10° Tesla , A o N
. 10} Au+Au |
Refrigerator magnet: 10° Tesla iobe TG g —== B R Vs =200Gev
A.Geim (got Nobel = 01 5| ) \  b=0fm
Loudspeaker magnet: 1 Tesla 2o10orgraphene) 2 oot A P
Levitating frogs: 10 Tesla ool
R -1.0 =05 0.0 0.5 1.0
Strongest field in Lab: 10° Tesla Destructive explos t(fm/c)
g {es ructive exp osmnj 00 e —
. + ,
Typical neutron star: 10° Tesla R Vs 2 76TeV i VT o2 76TeV.
7..10 - Bl I b=om | & [ . ) b=10fm
Magnetar: 10" Tesla TR U A || NS X 1
- 4 I — =
Heavy-ion collisions: 10"-"® Tesla LN S | @ 07— . |
] . 10—6 ”’ ................. 10—6 ”’ .................
. Early Universe: even (much) higher l —04 —02 00 02 04 —04 —02 00 02 0.4
t(fm/c) t(fm/c)

THE ASTROPHYSICAL JOURNAL LETTERS, 933:L3 (9pp), 2022 July 1
© 2022. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

Insight-HXMT Discovery of the Highest-energy CRSF from the First Galactic
Ultraluminous X-Ray Pulsar Swift J0243.6+6124

https: //doi.org/10.3847/2041-8213 /ac7711

rossMark
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CME in heavy-ion collisions

Nucl. Phys. A 803, 227 (2008)

iy

Q #0

&

1 | 2 | 3
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Anomalous chiral effects

Chiral magnetic effect Jy = u, B C.)ut-_of-plane
(CME) electric dipole moment

Chiral separation effect Ja= Wy B /
(CSE)

Chiral electric separation effect Ja=0(ek) In-plane
(CESE) electric dipole moment
Chiral vortical effect ] = Us w Out-of-plane
(CVE) baryonic dipole moment
CSE + CME

Chiral magnetic wave
(CMW)

Out-of-plane electric
quadrupole moment

Chiral vortical wave
(CVW)

Out-of-plane baryonic
quadrupole moment
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CME and CMW

Local effect, global phenomenon

How can we experimentally detect such kind of charge separations?
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CME and CMW

How can we experimentally detect such kind of charge separations?
A needle in a haystack
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Signal and background in experiments

|deal

A good observable: sensitive to the signal rather than the background
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Solenoidal 'racker at HFHIC

| &

PHENIX

VLTI
(I P

14 countries, 65 institutes, 668 members
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A Large lon Collider Experiment

CERN Meyrin*®

SUISSE - == — "“"‘ \-“ATLAS !
FRANCE et = N o Sae s
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o~ (3 ;. -y \
'.X\.

ZDC W
~116m from |.P.
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——
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____ Y TRIGGER
— ~ ACHAMBER
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Compact 'uon Solenoid

45 countries,

- = : C g\
ek --;_;,Prévessinj

- y

LHC 27 km

3 .y

198 institutes, 2100 members

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length ~ :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)

~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels
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Experimental setup

~ Au+Au BES (7-62 GeV)
Pb-Pb 2.76 TeV Au+Au 200 GeV
Pb-Pb 5.02 TeV Cu+Cu

Isobar (Zr+Zr)

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

U+U 192 GeV
Xe-Xe 5.44 TeV sobar (Ru+Ru)
oPb 5.02 TeV  p(d)+Au 200 GeV
pPb 8.16 TeV Cu+Au

With inclusive and identified particles at varied kinematic windows
25/ 66



Intuitive expectation

AA

Weak QGP
( 4 )

L)

RHIC low GeV

B direction
( 4 )

Maybe OK?

RHIC top energy

B direction
( 4 )

H

B lifetime

/.\
-

LHC 5.02 TeV
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CME and CMW

y correlator (0, K and H) Charge asymmetry dependent flow

How can we experimentally detect such kind of charge separations?
A needle in a haystack
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Prerequisite: anisotropic flow

Key property of QGP

- Anisotropy In initial-state coordinate space

- Anisotropy in final-state momentum space

- Azimuthal correlations of final state particles

Ed3N 2% 1+§ 2v ,co8[n(p—¥ )])
— = v, cos[n(p—V,
d’p 27 p.dp.dy n=1

Un(Pr, y) = (cos[n(¢ — Wrp)])
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Search for the Chiral Magnetic Effect



Measurement of with y correlator

Y112 = <COS(Pa + Pp - 2W2)>

= <COSA®Pa COSADPp > - <SINAPa SINAPe>
011 = <COS(Pa - Pp)>

= <COSA®Pa COSAPp> + <SINAPa SINAPp>

Y112 = KV2F - H
o011 =F+H
H = (Kv2011 - Y112) / (1 + KV2)

Y132 = <COS(Qa - 3Pp + 2W2)>
Y123 = <COS(Pa + 2¢Pp - 3W3)>

dNo/dp = 1 + 2v1,aCOSAP + 2v2,aCOS(2AP) + ... Not sensitive to CME
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vi12 at RHIC

Phys. Rev. Lett. 103, 251601 (2009)

%10~
P 1AL LiiAl Likdd tA5Al REEAT CEAAD }
—_ Au+Au 200 GeV ]
& 0.4 ¥Sl':'ARu ° B
9.‘ O HIJING -
~J Y A HUING + v, j
. R O UrQMD _
e@.O.Z +"%A 0 MEVSIM -
+ = t:;z’%":\ L 5
;i; | — ;\ Qo R NTTTTIESTY - The observed y112 shows nontrivial structure
2 B W e
O i M - .
~ 0.2 x 4 - Stronger centrality dependence of SS than that of
-0-4 -
’ Red : same charge j
+“ Blue: opp charge -
-0-6 1 I 1 L[ | . l | . l P 1L 1 l a8 N _§ l .. IT

70 60 50 40 30 20 10
% Most central
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vi12 at RHIC

Phys. Rev. Lett. 113, 052302 (2014)

i 62.4 GeV 1@ 39 GeV _ : 60 - 80% :
) 5 I | . "N N, S . c{} 7
% O opposite charge - ' N
S| % same charge | o) i 0 - :

—_
a 51— —
o N -
5 1 L L L Ll 1 1 1 L -10 — i —
o 30_1 1 1 1 i 1 1 T ] :_" |
= 2r _
+ 27 GeV + 19.6 GeV “» | -
= r [ -
5 20r ; UrQMD + % - Y _
o 8 opp charge MEVSIM @ -
< 10 = Bl same charge I O - £ [ | i
1l 0 o X o _
C ' . <+ | |
.i: 0 \ﬁ' O ...... OW k\ O i, 7 TR O__W@_ 2 - |
— 1 T 1 T 11 ¥ 1 1 T T i o R o |
= a0 1 i " & 10 - 30% ‘
; 11.5 GeV 7.7 GeV 0.5 o S N
30 + $ - - :
20 + 9 . : :

% 0
b AN T R ) : :
0.0 Q ; - & -
0 1 \ ok % 1'. el L1 1 g l@ ....... l el ] i ol ot . PR i
80 60 40 20 080 60 40 20 0 10 10°

10 |
Collision centrality (% Most Central) ISy (GeV)

Strong collision energy dependence at RHIC BES
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vii2 at LHC

x107°
same opp.
O O ALICE Pb-Pb @\sy, = 2.76 TeV
% % STARAU-Au@|s, =0.2TeV
(ALICE) same+opp. mean + A
A
O,
0* -
O
— *
®x
u O +
<C°S((pa TP, - 2(Pc)>HIJING /V,{2} *
 —— CME expectation (same charge [13])
| | | 1 |
0 10 20 30 40 50 60

centrality, %

/70

Phys. Rev. Lett. 110, 012301 (2013).

Nucl. Phys. A 982, 543 (2019).

® © \s5,=5.02TeV

* % \'Syn = 2-76 TeV [PRL 110, 012301(2013)]

x10~°

- ALICE Preliminary

"_ Pb-Pb 7&

! |
A - S
i * :

B ox

- oX

:— same opp. sign 0+

| L

| I | | |

| I | | | | l | | | |

2030 40
Centrality (%)

| | I |
10

o

50

- Little or no difference for y112 between 0.2, 2.76 and 5.02 TeV collisions
. Stronger centrality dependence of SS than that of OS

60
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Surprise in the small system collisions

0.5

x107™° 65

PbPb centrality(%)

o0 45 35
T

|
— Sy = 9-02 TeV
B SS 0OS
- e m pPb, q)C(Pb-going)

| |
CMS _

O PbPb

3
Noffline 10

trk

(cos(¢a+¢B-2¢C))/v2,C (OS - SS)

%10~ 65

PbPb centrality(%)
55 45 35

Sy = 5.02 TeV

Hy,

8 f?'{h,ﬂ, 2

I I I
CMS .
® pPb, ¢ (Pb-going) |

B pPb, ¢ _(p-going)
%= PbPb

ot

Noffline

trk

- Agreement between pPb and Pb-Pb results
- A common underlying mechanism that generates the observed y112
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Surprise in the small system collisions

0-01j Sy = 200 GeV OOS S.S oA i &P " sy = 200 GeV p+Au d+Au
X 0 m d+Ay ﬁ ! L An fn v {2} 0
o e  Au+Au (Y2004) - o I~ o Aninv,{25: 0.5
- Au+Au (Y2007) - o= Anin V2{2}I 1.0
0.005} p+Au  d+Au - | B N T R Aninv, {2} 1.4
TR e Ny, T e Aninv {20 - 2‘ 0.005|-
----------------------- Anin v2{2}: 0.5 - : el )
Anin v {2} 1.0 | :
- SRERE - Aninv {2} 1.4 - G\e
0 : 0 TS —e—a—o—e—ee
” ‘ o Au+Au (Y2004)
= ptAu e d+Au Au+Au (Y2007)
10 107 -
dN_./d
chh/ dT] ch’ YTl

- Agreement between pPb and Pb-Pb results
- A common underlying mechanism that generates the observed y112
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Study of the background: what are they and how large?

Transverse momentum conservation Local charge conservation
CME
CME CME + momentum conserv.
+ momentum conserv. 0OS
OS S0 + charge conserv.

$ 0S \L

M /‘ /

SS SS

wol!

LCC + flow
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Study of the background: Local Charge Conservation

Local charge conservation: charges are locally balanced
The source can be either primordial or secondary (resonance decay)
Example ;

X? 01_31 1 T ] T T T T I T T T T ] T | T T I | 1 T T l T T T T I
. = = [ I | _— | | H | | e
3 CD) ﬁgs ((:follzcc::ttzg)) ALICE E ;—l > (a) Centrality 0-5% (b) Centrality 30-40% (c) Centrality 70-80%
Sp c pog 0.2<p. <50GeVic - ;1 Pb-Pb @ Sy = 2.76 TeV
— @ neg 500 — —e— ALICE data
- e 00 . . - |e 1 |  —8— ALICE event mixing data.
@) &
0000 %006 0%,
000 ] = - guEN - ) v.~
0 = - 0.5F o'} T T
O - : % 000900
Og_ = = % %
- Om — % (S %0000
- 20-60% Pb-Pb : %, P %N
P E |\ sy =276 TeV E oo g% o SooeP00 i
- = R R CE AT E T E A e T T R T PR TR e R R R rF R PR
Y TR TR T N WO TR TN T NN TR TR TN TN NN TR TN TN MO AN TR TN NN W N NN NN NN MM | 0 l l | . I I I I I I I I
-1.5 -1 0.5 0 0.5 1 1.5
AN o 05 1 150 05 1 150 05 1 15

In the CME/CMW studies, flow serves as a carrier, conveying the
initial charge separation (sig or bg) to the final state.
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Study of the background 1

Y112 = (CoS(¢py + ¢ — 2W2))
= (Cos(¢py — V1) cos(¢pg — W7))
— (sin(¢y — W2) sin(¢pg — ¥7))

bkg _ K2(c0S(Py — ¢p))(cOs 2(pp — Wrp)) = K20 v

Y112

Y123 = (C0S(Py + 205 — 3W3))

yXE = ke3(cos(dy — Pp)) (cos 3(s — W3))

= K35U3,

If pure background:

Az Ay
A0 (V) A0 U3

P.F
<

0.5

Y123

Ad

PbPb centrality(%)
o 45 35

0

CMS 2017:
O pPb5.02 TeV, ¢_(Pb-going)
7 pPb 5.02 TeV, ¢_(p-going)

|

@ pPb8.16TeV, ¢ (Pb-going) -
B pPb8.16 TeV, ¢ _(p-going) -
cn PbPb 5.02 TeV —

‘ -
& !
e

"

* pPb 8.16 TeV
n 7L PbPb 5.02 TeV

IV AS

Y1,n-1;n

A

IV AS

1,n-1;n

Ay

Phys. Rev. C. 97 (2018) 044912

PbPb centrality(%)
65 55 45 35

- CMS

TR i

pPb 8.16 TeV -

+ An|<16

® n=2 q)c(Pb-going)
B n=3, q)c(Pb-going)

L]

PbPb 5.02 TeV -
An| < 1.6 -

(D [il D =
\ ; ( ) S I | I
1/ I\. ",| ':‘ ] | ]l e~ D D
=S | ) 7 \ . —
./ | (ER) Ty
- - S o O

6%,
-

n=2
n=3

[

A i |

10°

N:)ffgline
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Study of the background 2

/
/

&

BKG

ME

BKG
ME

»

BKGxa

/KQWE

BKG

o

\

X(I/

Wpp and Wrp are sensitive to

different component of y112

a = v2{Wzpc}/ v2{WTprc}
A = Ay{Wzpc} / Ay{WTtprc}
fcve = (Ala-1)/ (1/a - 1)

Ala

0.1

0.05

1.4

1.2 -

08 |

0.6 |

: STAR Au+Au \|s,, =200 GeV () :
- Full-event, Inl<1, h* p,=0.2-2 GeVl/c

1pTPC

e c— — — — — — — — — — — — — — — — ——

80 60 20 20 0

A A | . |
80 60 40 20

% Most Central

| STAR Au+Au |s,, =200 GeV (@) ]
' h® p.:0.2-2 GeV/c ]

—=— Full-event
—— Sub-event

Most Central (%)

<1 0.002

0.0015 |
0.001}

0.0005 |

fCME
o

0.2

Phys. Rev. Lett. 128, 092301 (2022).

- STAR Au+Au s, = 200 GeV (b) -
- " Full-event, ni<1, h* p.=0.2-2 GeV/c -
RERAT

ll)ZDC _

[ }

80 60 40 20 0

% Most Central

" | h*p_:0.2-2 GeV/c
| T

#STAR Au+Au |s,, = 200 GeV (b) |

- —=— Full-event
_‘ —— Sub-event

— —— e— — — —— e c—— e— — e

N , A | . |
80 60 40 20

Most Central (%)

< 15
. - STAR Au+Au SN = 200 GeV (c) 1
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Study of the background 3

Event Shape Engineering

Events with the desired initial spatial anisotropy

can be experimentally selected by g2

VAEP, |An|>2}
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| ALICE Pb-Pb |s,, =2.76 TeV
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[ '_DD o Cccof—E
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Physics Letters B 777, 151 (2018)
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Study of the background 4

0'015__ 20-50% run11 Au+Au VSNN =200 GeV 0.015F runi16 Au+Au \/? =200 GeV
i n NN
: n: p_:0.2-1.8 GeVic 0.0 i mt p_:0.2-0.8 GeV/c
0.01} ;
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0.005(- - rmmeo0ssacansssses B
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| ., 20-50% l
L ¢ —— A: large 509
o — 0.0004| ¢ ge 50%q,
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T R " o F
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>~ ;
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0.002f . 0.0004} |, 2
- —— all pairs _ —~A-B
——my, < 1.5 GeV/c’ Z 0.0002f |, % | |
0.001 ——m,, > 1.5 GeV/c* o’ fﬂ’@&”"*’”ﬁ. BC : | )
| Of—#-"- - '”‘W“'f’f*h*++++**l+”‘ ;
ol |- o 02 04 06 08 1 12 14 16 1:82
- STAR preliminary M, (GeV/c)
| 7t p_:0.2-1.8 GeV/c . . . "
~0.00% Pr = — — . Y110 IS contaminated by major backgrounds arising from local charge
o Most Centra conservation/resonance decay coupled with the elliptical anisotropy
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Comparison between observables

0.2 -

0.1

X1|O_I3 | | l | | | | | | |
- W/l resonance
I 2Ay
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é
. —ad
w/0 resonance |
i ” i 2Ay
< O Apy
D -
e ] | | I | | | | | | | I ]
0 0.02 0.04 0.06
%

x10™

1.5

CPC 46, 014101 (2022).

0.5

_Ix_1 |O—3 I I I I I I I I | I
2Ay
O Ag, <
© Aspr
AN
i 2
I @
| | l | l l | | I I | I l
0 0.1 0.2
n./s

EBE-AVFD framework for the signal
Imported resonance/neutral pair for the background
Three observables have the same response
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Experimental search for the CME: current status

e 'AL.C'EFBQFBQﬁ _276TeV -
0.8 © Data (Stat. Uncert) E
0.6 1 Correlated Uncert. =
| | | | [ | | ! l l | I | 1 | l 0.4 —-0.021 £ 0.045 (fit) E
Au+Au and U+U collisions (20-50%) p+Pb, Pb+Pb at LHC 202 | =
o o M= Ol — e
STAR preliminary ® CMS ® ALICE Pb+Pb (10-50%) _ooF % l =
. . _04F I E
b e 3 combined e p+Pb (120<=N°"""<300), ESE ooF E
: o i Y2012 U+U ’ CE
I Pb+Pb (30-50%), ESE 0 10 20 30 040 50 60
—e—— Y2016 Au+Au Centrality (%)
e Y2014 AutAu | " | =SE (EKRT) T Ak o g steTey
O (j) D Stat. U =
: . . ESE (MC-KLN CGOC) 06E 5 Gorrlated Uncert E
} ° i Y2011 Au+Au 04C —0003+0029 (fit) E
N ' = 1 ESE (MC-Glauber) W ook E
h pT:O.2-2.O GeV/c TPC sub-event | | | | | R S L E
| | | | | | | | 1 | | | = Q Q T ]
20% -10% 0% 10% 20% 30% 40% 5% 0 5%10% 20% 30% 40% Dytd £y
feqe  Ossible CME Ay /inclusive Ay s -

0 10 20 30 40 50 60
Centrality (%)

- y correlator has been used to investigate charge separation for a decade, and it’s clear that the LCC+flow
driven background as well as the contamination from the resonance decay play dominate roles
 Current consensus of the CME component (upper limit) in y < 10%
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Experimental search for the CME: isobaric collisions

Colliding deformed nuclei

U238
Finite v2 + no B field

Isobars: different chemical elements that have the same number of nucleons.

RHIC2012

RHIC2018

For example, ZZRu (Ruthenium) and ZSZ?‘ (Zirconium): up to 10% variation in B field

Isobar . , 7 06 06 .96 06
o collisions = Observable uRu+ gRuvs 0 Zr + 7r
Neutron
.b:‘\ ;:“ N }{}v'\ Extr.
% SN o U $ Lo, D amatin oD
Proton | &g :iq':i‘.{"?i:{\;;ﬁ;?;;: & :ﬁ:";’?,gf‘i};ﬁ:z CME =
_— ::" 4 ’":; i o :;' h )~ - it
96 967,40 96R ; 9BR CMW >
Zr0+ Zriot u u
; g : 5 CVE ~

In most central collisions (body-body)
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Experimental search for the CME: isobaric collisions

| | | |

1.02 | STAR Isobarpost-blind analysis, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50% -

Ratio
o
o
»

094 | 1 | l | | | I | I | l 1 é
O O L& L& L& OF & Vs SR
& B Qo L Lo L & S V@S S
S S X Q D
OO M LA LA S A
N\ » T .2 a
N N N N
AR S N S A A A NST 32, 48 (2021).

PRC 105, 014901 (2022).

No predefined CME signatures are observed in this blind analysis
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Search for the Chiral Magnetic Wave



Measurement of CIVIVV with charge asymmetry dependent flow

4
T+ T Ave = vo - Vot ~rA
A = (N* - NY) / (N* + NY)
¢ Sensitive to CMW
Avz=v3 - v3t ~rAqp
T + T Not sensitive to CMW
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v2 vs A, at RHIC

4 — I T T I T T T T T s —
Phys. Rev. Lett. 114, 252302 (2015) i % ........ % - AU;AU 200 GeV |
3.4 """"""" i = & & & R L L T :\o\ i ’."'." % |
© Au+Au 200 GeV: 30-40% ! o e gevans 1] e, e % B
0.15<p_<0.5GeV/c — ! o - i + )
33| ch' ott | & 01r i % L |
g - ‘E’ . :-EN % ‘} g O :_._: ...................... %]. ........ % ........ %.] ........ %‘. .................... S
N > e I \‘ o
" a2l é ¢ ¥ I = = t 3 ‘E} E} %1 J] i
T I T ! [ -
I ] = [ I = —< 8 *x
(a) o5 01k (b)- L | * STARdata --CMW (r=5 fm/c) :
31 PR S T [T S TN TR S NN TR S SN SR N SR S S | N T TR N TR TR S [T TR ST SR N SN SR S — —
—0.05 0 0.05 -0.04 -0.02 0 0.02 0.04 B 2 UI’QMD CMW (T L 4 fm/C) |
Observed A , A, T N S RN —

0 20 40 60 80

% Most Central

The linear dependences between v, and Ay, are clearly observed, matching CMW expectation
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v2vs A, at LHC

- 0_06 B | | | | I | | | | | | | | | | | | | | I | | | | I | | | | | | | |
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_001 B L1 1 1 | L1 11 | I I | L 11 1 | L 111 | L1 1 1 | L1 1 1
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Centrality (%)

. The linear dependences between v, and A}, are clearly observed, matching CMW
expectation
- Little difference between RHIC and LHC results

49 / 66



Surprise again in the small system collisions

pPb5.02TeV @ hi CMS Phys. Rev. C. 100 (2019) 064908
0.072 . mh 2
< | o 1185 < N < 220 CMS
> ° . n * ~ . |03<p_<3.0GeVlc 3+
® N 0.01F T '
g N ®
0.07— & | o +
185 < NOI'™ < 220 o
....... 031 <P.< 39 G?V{C \\,_': 0
0.008 -PbPb 5.02 TeV +>C\j
? o
I > -0.01
o g B . ~ o2 PbPb 0.108 + 0.005
Q|
> S = 4= pPb 0.149 + 0.008
i ® IR ST R S SR RS
m B e -0.05 0 0.05
- . . .
0.096 . At
ch
~0.05 0 0.05
true
Ach

- Agreement between pPb and Pb-Pb results
- A common underlying mechanism generates the observed vz vs A,
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Surprise again in the small system collisions

- pPb5.02TeV @ h" CMS
" @ mh
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- - ffline ‘
0 185 < N\ " < 220
B 0.3<p <3.0 GeV/c
" PbPb 5.02 TeV
L @
® i
- .
g = "
.
_ m
B o
- o
-005 0 005
true
Ach

L 185 < Nfine < 220
-0.3< p. < 3.0 GeV/c

CMS

rnorm
{P.)
o2 PbPb 0.058 + 0.001

&= pPb 0.062 = 0.001

PR T T N T T
-0.05 0

0.05
true
Ach

« pt shows a clear A}, dependence
- Indication of the local charge conservation
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Study of the background: what are they and how large?

PLB, 726 (2013) 239243
PRC, 103 (2021) 034906

A}, decrease, mean p1 < mean pt

LCC + flow

Ay, is a tricky observable!
It doesn’t just cut on the number of particles as it appears to be
In practice, one preferentially applies nonuniform kinematic cuts on the charged particles
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Study of the background: what are they and how large?

PLB, 726 (2013) 239243
PRC, 103 (2021) 034906

>~
- :
- 0 - Q. - [ Event-wise [+]CMS data
1k ®p" — ' 3 0.1 ®@CaseA
| | A Case B /\ Case B (shuffled)
| ¥ Case C V/ Case C (shuffled)
.“. .:. i (i
4
g Y- -
"
E 4
, /@
A Inl <0.8
02<p_<5GeVic (a) X (b)
1 l 1 1 1 L l 1 1 L 1 l 1 1 l 1 1 1 1 I 1 1 1 1 l 1
-0.5 0 0.5 -0.5 0 0.5
0 +y i
Ach (p — T ) Ach

LCC + flow

Ay, is a tricky observable!
It doesn’t just cut on the number of particles as it appears to be
In practice, one preferentially applies nonuniform kinematic cuts on the charged particles
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Study of the background: what are they and how large?

rN-M | T l T T T T ] T
=<' 0.104 — ® pos ALICE .
& neg 30'40°/o Pb'Pb
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Regardless of A, v; (pt,n) = v, (P1,1)

When Introducing Ay,
v; = Integrate v; (pt, 1) in Red region
v, = Integrate U, (pT,7) in Blue region

2D effect, NOT 1D!
If only consider the linear v, ~ pt, Wrong!

—

-

Apt = 0.004, Av, = 0.002 (not v, = 0.1 * pr)

Can be reproduced by the LCC model very well!

Same particles and cuts as measuring v, . Stat. Unc. are invisible

oy
Q.

~"

2 (b

: .
0.73 (2 ‘._

0725
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Study of the background 1

If it’s local charge conservation: vo 3 ~ Ach

CMS Preliminary
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Study of the background 2

If it’s local charge conservation:

I | | | I | | | | | | | I
 ALICE _
2
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A r; uncorrected
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d{2;7*h"} + d, {2, 7*h™} N d,{2; m*h"} — dn{2;7rih‘}A

d{2; 7 h} =
{2; 7 h} 5

60 8

% Most Centra

2

as pointed out in NPA 1005, 121770 (2021)

ch

Conclusion: No significant difference between v2 and v3 slopes,

indicating the dominance of the LCC background.
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Study of the background 3

Isospin chemical potential: Avs ~ Ui ~ Ach (negative slope for K)

/? I L | | L | I L I 1 1 1

o> . NPA 947, 155 (2016)
R O~ Au+Au 200 GeV | —_— PRC 108, 014908 (2023)
® - T —

Q. jf \

o L | + | L -

) + | T + _

T, O15<p <0.5GeV/c
+ K, O15<p <1GeV/c
o K, O15<p <1GeV/c, A% "
¢p,04<p <2GeVlc F

20 70 80
| % Most Central

The isospin effect doesn't play a significant role
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Distinguish the signal from the background

Model
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Event Shape Engineering again!

A Ag - (A_XV,))

A Int. Cov.

Phys. Lett. B 820, 136580 (2021)
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Experimental search for the CMW: current status

arxiv:2308.16123
-3
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In 10-60% centrality: fcmw ~ 0.08+0.06
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A comparison between CME and CMW

CME CMW
obsorvable Moas.  Amsope
“““““““““““““““““““““““““““ Sgral  clectiodipole  clecto quachupol
“““““““““““““““““““ ackgowd LG + sty

Methods valid for both 2nd- and 3rd-EoSrc|1£er observables,
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A universal LCC background for CME and CMW

A modified

PHYSICAL REVIEW C 107,L031902 (2023)
blast wave model C Letter

Global constraint on the magnitude of anomalous chiral effects in heavy-ion collisions

Wen-Ya Wu ©,? Qi-Ye Shou®,"?" Panos Christakoglou,*>" Prottay Das,* Md. Rihan Haque ©,°> Guo-Liang Ma®,!-?
Yu-Gang Ma ®,"?* Bedangadas Mohanty,* Chun-Zheng Wang ©,"? Song Zhang ©,"? and Jie Zhao ® 2

TABLE 1. List of the modified BW parameters for Pb-Pb collisions at /sy = 5.02 TeV.

Centrality 0-5 % 5-10 % 10-20 % 20-30 % 30-40 % 40-50 % 50-60 % 60-70 %
Tiin 111.34 106.96 104.78 107.37 111.63 115.14 118.14 128.20
R./R, 0.956 0.934 0.905 0.872 0.845 0.823 0.807 0.786
I 1.262 1.267 1.254 1.226 1.196 1.148 1.087 0.994

P2 0.054 0.063 0.11 0.135 0.15 0.145 0.121 0.115

Na (In| < 0.8) 2290 1858 1334 904 608 369 222 117
fice 0.71 0.62 0.58 0.56 0.54 0.48 0.47 0.46

Pure data-driven: all parameters are determined based on

Single production: 4 experimental results.
Pair production: 3 Now, inclusive spectra (no PID in this work), v2, mult., BF

fLCC =3/7 =~ 0.43 are all comparable with data.
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A universal LCC background for CME and CMW

A modified
blast wave model
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The CME and the CMW observables can be simultaneously and perfectly

described within 10% deviation.

Unify studies of the CME and the CMW for the first time.

Following the principle of parsimony, we argue that, in LHC energy, the
measured results of the CME and the CMW can be interpreted by the
LCC entwined with the collective flow.
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The latest study on the CVE

CVE
Possible effect: Out-of-plane
baryonic dipole moment
Observables: PID 9, y correlator

Please refer to

ALICE

Quark Matter 2023 (3-9 September 2023): Search for
anomalous chiral effects in heavy-ion collisions with
ALICE - Indico (cern.ch)

STAR
Quark Matter 2023 (3-9 September 2023): Search for the

Chiral Magnetic and Vortical Effects Using Event Shape

Variables in Au+Au Collisions at STAR - Indico (cern.ch)
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https://indico.cern.ch/event/1139644/contributions/5502913/
https://indico.cern.ch/event/1139644/contributions/5465420/

Anomalous chiral effects have been deeply studied for a decade...

2009 ~ 2015
First attempt: early results favor  |[Early y
the explanation of signals

Since 2015
Similarity between p-A and
A-A collisions

A Challenge

Jistinguish the

ig. and bg.

\
\ \
N
N \
- \F

L ‘<

Since 2016

Various new observables and
methods are proposed to
distinguish the signal from the
background

2018 - present
Dedicated collisions and

. blind analysis
SIC NS| A unified background

64 / 66



Summary

How can we correctly capture the signal of the
anomalous chiral effects, if they exist in QGP?

A Ideal observable should

- be self-analysing
- clearly distinguish the signal and the

background

We've already learnt a lot about
no matter CME can be found or not.
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Summary

* Theorists and experimentalists should always work together
* People used to only see what they believe — stay objective

* A good research takes time — be persistent
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