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CHIRAL ANOMALIES IN HEAVY ION COLLISIONS

B

Strong magnetic field [P i TR
Chirality imbalance v .
Chiral quarks
Collective flow

Hadronisation
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D. Kharzeev et al., Phys. Rev. Lett. 81, (1998) 512 §
{0 Kharzeev, Prog. Part. Nucl. Phys. 75 (2014) 133 |
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THE STRONGEST MAGNETIC FIE NATURE...
¢ Develops perpendlcular |

Consider two ions with radii R and electric
charge Ze colliding at impact parameter b that
collide at Vsnn

The magnetic field at the center-of-mass is

given by the Biot-Savart law:
B_ Mo [1 dlx#  Au-Au collisions @ RHIC Pb-Pb collisions @ LHC

A 72 Jsn = 200 GeV Jsn = 2.76 GeV
b y =100 y = 1.38x103
BrryZens Z =79 Z = 82
Prete b = Rau ~ 7fm b = Rau ~ 7fm

7= 2m, eB ~ my? eB ~ 10mg?

' Heavy ion collisions: |
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B-FIELD LIFETIME - QGP CONDUCTIVITY

The field decays rapidly B, [fm?]
 Decay rate depends on the electric 1 o = 0.023fm-
conductivity of the medium .
e Conductivity depends (in principle) 00011
on temperature 10~

e Poorly constrained so far by 10
experiments
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EXPERIMENTAL PROBE: CHARGE DEPENDENT Vy

Competing effects:

Faraday + spectator 1
Coulomb vs Lorentz IN

— —> _
U — o do o< 1 4 2v;1 cos(p — Urp)
force — —
Egaslmr?]b Total directed flow + 2U2 COS [2(90 — \IIRP)] + ...
+ + + XT (a) (b) p XT (c)
| : ECp |tntqb EFaraday Elorents Lo | | | le 0 |

\'/

Initial stage E/M fields * * # ’ ‘ * B E P N - _.#
could affect the motion of ; S *Emaday st | v i~ 0000 .

CImb 1 1
VVV

pa rti CI eS — Total directed flow Epasma (@) reaction plane A (%
experimentally T — G %%@
: : : — > " 1 -
accessible differences in $ e Tt
. ’ @ participant zone
Charge dependent Odd Vn T]<O,V1 >0 n>0’ v 20 @/: O projectile spectators
O target spectators
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EXPERIMENTAL PROBE: CHARGE DEPENDENT Vn

;‘(LIACE Collaboration) Phys»Rev”‘Lett 125, 022301 (2020) | (STAR'CoIIaboratlon)' Phys. Rev. Lett. 122 ‘1‘62301 (2019 »16) ,
'-Sm‘all formationv tirﬁ ~more i
x107°  sensitive probe of the early E/M fields |
T | T | T | T T | | T T T T | T T 7’ T | Ll ;A" T
- ALICE ) 0.5 ALICE - Model:(D° + D)
5—-40% Pb—Pb \/S_NN =5.02 TeV - —— Hydro+EM (Chatterjee et.al.) — — AMPT
| ’ . — /o’ | l | | |
[ERRR O SEp— 'J:‘|x" i STAR __
= b) D° - D° (Tc - ug)
) 0.05— A K -K* (Us -us)
~ ﬂ
g O I - -
0
| ’ — <
i ] - 1 3<p_<6(GeVic) -
. In - 0 0
-0.2 - p.>0.2GeV/c ] I Not feed-down corrected -0.05~ Model:(D" - D")
T - | i N EM (Das et. al.)
i _ ——— Hydro+EM (Chatterjee et.al)
| dAv,/dn =[1.68 +0.49 (stat) £ 0.41 (syst)] - 107* _ -0.5 [ dav,/ ldn —[49+1.7 (lstat) +0.6 (s,ys,t)]I 10" — - 05 0 05 3
R R AR NN TR SN TN SR NN T N A S N S L1 I R B I R B L1 . qe
0.5 0 0.5 -0.5 0 0.5 Rapidity (y)
n , Ui

| Av+ # 0 with a 2.70 significance }

| Avs # 0 with a 2.60 significance |

Magnitude smaller than theory expectation and sign reversed

o Effect @RHIC >10 times smaller
e Larger contribution from the Lorentz force?
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EXPERIMENTAL PROBE: GLOBAL POLARISATION

[(STAR Collaboration) Nature 548, 62 (2017) ;,
| (ALICE Collaboration), Phys. Rev. C101 (2020) 044611 |

8 ! A A
o= 3F % »m= e ALICE
! 0.2 + Pb-Pb 15-50%
25 1
I SP . LA 0.5< P, < 5.0 GeV/c
2 w _ * lyl <0.5
I O
Large values of magnetic field and angular 151 I L |
momentum at the initial stage of a HI collision S i . 10° 10° 10°| =% 1O STAR
- , - - S Pl — o : Vsw (GeV) | Au-Au 20-50%
Part of L remains I'm the overlap region — rotating | = “eohion , 05|
QGP 7 7 ——- ' 7y | 0.5<p_ <6.0GeV/c
o _ ' B A RN S 1| . S —— %* ----- In1<0.8
QGP exhibits vortical structure affected by the local 8 l‘ BA T ﬂ M Al S T S . SO
velocity field <N 10 10° 10° — (Gel/(;
Spin proportional to magnetic moment .9 e "
. Particles tend to be polarised along the initial angular A?‘%?'gf‘ff"f 2 S%l‘f?%%ﬁ, i \gﬁTRHFFT%L - 3
B Py = —— (sin(gp, — Ugp)
momentum of the QGP TOH
o Opposite effect for particles and antiparticles
B Q Py ~ 1w | MAE Significant reduction of Py at the LHC energies relative to RHIC
PB 'un > q T 2T T
MMq 1w B No significant difference between A and anti-A — (still) not sensitive to
Py ~ > °
A= o HA T effects due to magnetic field
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EXPERIMENTAL PROBE: GLOBAL POLARISATION

Q-(STAR'CoIIaboratlon) Nature'548‘: 62 (201 7u |

o “McLerran __v Skokov‘ Nucl, Phys. A 929 ;2014 184,

(ALICECoIIaboratlon)) FPhys Rev C101_ (2020) 044611

NER 10—lllllllll llllllllllllllllllllllll-
) -
— S A R
as o= 3F % “m= e ALICE
Q - 0.2y * , Pb-Pb 15-50%
25 l
I P 0.5<p_<5.0GeV/c
0 ___________________________ T
2 w _ lyl <0.5
i O
1.5+ -0.2 _
i ] e e A A
irst observation el i 1_ I 102 103 104 .l- O STAR
forml:di}ytrleiavy- 7 : i NSNN (GeV) AU'AU 20'50°/o
ion collisions ; -
0.5 , 0.5<p._<6.0GeV/c
O | - R In1<0.8
B L 111 I | 1 | L1 111 I 1 1 1 L1 111 I 1 l. 1 :; L1 11 I
—7 : : | 10 102 10° 10*
10 4 0 | 5 (S (GeV)
“i'a‘ffﬁ"f;“ SUMMER YOLTE;CIE{LL;UL o o |
t/ Ry AGREDNENT | SHECTOV | SECRETS 8
u lm:zisi i }A::EZB 2 mwmmll:Aé:é;lllgme\.s PH : _— <Sln(¢p — WRP>

P 1w | B
’qu Q, B A 5T MAT
T 2mg T 1w B

—oT HMAT

Current measurements provide fight
lconstrains on the value of B at freeze }
out, even if they are compatible with 0]

2

PB

>
z
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SEARCH FOR NOVEL QCD PHENOMENA...

N4
— o 1 4 2v7 cos(¢p — Urp) + 2v5 cos|[2(p — Urp)| + ...

dy
—|—20é1,:: SiIl(gO — \IJRP) —+ ...
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HOW DO WE TRY TO DETECT IT?

Theory expectations (signal)

T Ym,n = (cos(mp, + n‘ — (m+n)¥min))) a; o ~ 1072
Yo = (c05(ipa + 93 — 2Unp)) = e N,
cos[(pa — ¥rp) + (g — Yrp)]) = _
) :ﬁ (a1,401,8) ~ 107°

f(B)
Nch

(a1 oa1,8)(centrality) ~

f Parity conserving background :
¢ effects projected in and out of plane §

Theory expectations (bkg)

Bin — Bout X V2, cluster <COS(9004 + Y — 2ﬂpcluster)>
Background suppressed by a factor of vo ~ 0.1

Polarisation measurements in ee ep, pp and heavy-

ions collisions
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FIRST RESULTS AT RHIC

Significant charge dependent correlations

_ /“':“_ B Au+Au 200 GeV a

that develop for more peripheral Au-Au Sz 041 3 oo
N S oal S HE |
COII|S|OnS _.le-_cn.O.Z— Dmg/sm -

~
_____________

Consistent with CME expectations

Red : same charge

Blue: opp charge

Models that include “conventional physics” _

(e.g. flow, fragmentation) were unable to 0 50 40 30 20 10
_ % Most central

describe the measurements
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FIRST LHC RESULTS

Strong centrality
dependent effects

02
consistent with naive Ca
expectations from CME S

 But no significant energy .
dependence between 04
RHIC and LHC 0.6

Novel QCD and E/M phenomena

%107

same opp.
®@ O ALICEPb-Pb@\s,, =2.76TeV #7
% Y STARAU-AU@\S,, =0.2TeV
(ALICE) same+opp. mean X
V
OV A% *
x ey
V <C°S((p T, 2(p ) HIJING /V,l2} * |
 —— CME expectatlon (same charge [13])
| |
0 10 20 30 4

/70

| Centrallty % B

Blg surprlse Con3|der|ng the dn‘ference |n energy, partlcle den3|ty,
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IDENTIFYING BACKG ROUND EFFECTS

S | Free coutmodel o, =05, Centraity 50-60% : Vo Cg: more balancing pairs in-
3 0005~ D Gselecsse - plane than out-of-plane
B m 82.5°<¢<97.5° (Out-of-Plane) _
: V2 c. degree to which in-plane pairs
- are more tightly correlated than
out-of-plane pairs
- Vo s: balancing charge is more
: likely to be found toward the event
o plane.
-150 -100 -50 0 50 100 1 50A b
. . STAR —e—
Main background component: 004 Blstiawe (0,-0) ——
: 003
e | ocal charge conservation (LCC) coupledto -,
: : =~ o002} V Cp (04=0) +----
anisotropic flow E . ﬁ b
. . E 0.01 f s ......... s S— égﬂ
A simple BW model + LCC can provide a = EFET e a v
o 7 Vog 7

qualitative description of some of the g e
systematics of the measurement of Ay o 10 a %sgemraﬁ?ty o w0
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FIRST CME LIMITS @ LHC WITH ESE

 ALICE Pb-Pb |s.. = 2.76 TeV 2 ANy .
| o m ﬁ‘“&*&‘f"; Phy5|cs | etters B
| 02<p, <50GeV/c fn<0.8

Ij‘:' j] E AN Volume 719, Issues 4-5, 26 February 2013, Pages 394-398
0.1— ¥ Jl 5 éf}ff ELSEVIER
, &
' O

f oo
J Ultra-relativistic nuclear collisions: Event shape

i 5 f 6 0-10% g, 0 50-60% q, cngineering

V,{EP, |An|>2}

0.05 | . i
L ?gﬁ © 10-20% q, ‘0 60-70% q, Jiirgen Schukraft 2, Anthony Timmins ®, Sergei A. Voloshin ¢ & =
- © 20-30% q2 0 70-80% q2
g ©30-40% g, '@ 80-90% q, Show more
u © 40-50% q, = 90-100% q, https://doi.org/10.1016/j.physletb.2013.01.045 Get rights and content
B '8l unbiased Under a Creative Commons license Open access

| | | | | |
0-5% 5-10% 10-20% 20-30% 30-40% 40-50% 50-60%
Abstract

Centrality
Event Shape
The evolution of the system created in a high energy nuclear collision is very

E n g i n e e ri n g ( E S E ) a I | OW S sensitive to the fluctuations in the initial geometry of the system. In this Letter we

show how one can utilize these large fluctuations to select events corresponding to a

specific initial shape. Such an “event shape engineering” opens many new

yO U tO S e | e Ct eve n tS by possibilities in quantitative test of the theory of high energy nuclear collisions and
(oa . - understanding the properties of high density hot QCD matter.
dialling in” the amount of
v2 they have within the
same centrality

Polarisation measurements in ee ep, pp and heavy-

.M C ions collisions .
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FIRST CME LIMITS @ LHC WITH ESE

N | ALICE Pb-Pb =276 TeV i S
5 022 b 250 o " e - } s B L o  MC-Glauber ALICE Pb—Pb | 5, = 2.76 TeV
1 . 02<p <5. . I
& 01F : ﬁg cf& ﬁf ' o Mekincae ~02<p.<50GeVic <08
N r Jlf | e, [
i ¥ f C; r =+  EKRT
I gfﬁﬁ ' 1 F el I
I o 0 0-10% q, 0 50-60% q, a u
009 = f,;f 610-20% q,  [860-70% q, L
i ) 6/20-30% q, 70-80% q,
i 6/30-40% g, '@ 80-90% g, — || Octh
s 0 40-50% g,  1190-100% g, | + )
- '® unbiased 0 i __ | J%%;____________________fa( ______
0 | | | | | |
0-5% 5-10% 10-20% 20-30% 30-40% 40-50% 50-60% -
Centrality L 0] &
Event Shape I T
O
Englneerlng(ESE) allows _1 1 | | | I | | | | I | | 1 | I | | | | I | | | | I

0 10 20 30 40 501 - |60
you to select events by Centrality (%)

“dialling in” the amount of Upper limit on the CME fraction for the 10-50% centrality

v2 they have within the interval:
same centrality e 26-33% at 95% C.L. depending on models of initial state

Polarisation measurements in ee ep, pp and heavy-
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AT THE SAME TIME...ENERGY SCAN

Ay+ 1 reduces with ;
decreasing energy A
> .5
Compatible with O at low 3
RHIC energies § 10

Novel QCD and E/M phenomena

_ 62. 4 GeV N 39 GeV _
+ O opposite charge
B B ¥ same charge T #\Q h
AN AR N
<w = ﬁ& _ —Q’:@-‘&Q—
& X - kK
- . &
b, | _
27 GeV Jf 19.6 GeV
B # UI'QMD T + 7
opp charge . ~= MEVSIM
5 ¢ B samecharge | ."O _
\-n.\? (@) o
: * x RRAG
- % 11.5 GeV T \ 7.7 GeV B
e b
| L _ﬁ‘ Q * 1 Al—@ Ql | 1
80 60 40 20 080 60 40 20 0

Collision centrality (% Most Central)

asurements in ee ep, pp and heavy-
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AT THE SAVE TIME _SMALL SYSTEMS

X107 65 55 45 35
T T ) —_— —_ ,
_ CMS
0.5 |syn=15.02TeV ~ >_(D SNN 200 GeV p+Au d+Au _
I SS OS ] v ootk . e e Aninv{2}:0 _
o - [}] e = pPb, ¢ (Pb-going) 8 B I e Anin v2{2}: 0.5 -
QN E © O PbPb o= L N\ Anin v2{2}: 1.0 7
. - . - N N\t .
=, o i _ | oM. e s Aninv {2}: 1.4
= 0 o 0 O ] o &8 — - “ N “ 2 -
N . 5 - 2 0005F N -
o O ! .
+ i O i
P i @)
~~ i O I
3 L ' —o——o
O 0.5 1L m O — N
_ % g B - - o Au+Au (Y2004)
e § -  mptAu e d+Au - Au+Au (Y2007)
1 I | | | | | | | | I 10 102 dN /d
2 3
10 Noffllne 10 ch n
trk

Significant charge dependent correlations in small systems
* Note: the results should not be used to rule out the CME
e They can be used (at best) as an indication that background effects can be
dominant = (measurements hampered by dominant parity independent effects)

Polarisation measurements in ee ep, pp and heavy-

= ions collisions
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AT THE SAME TIME...SMALL SYSTEMS

lllllllllIllllllllllllllllllllllll

STAR, 200 GeV

—&— same charge, AuAu
—il— opp charge, AuAu
—<— same charge, CuCu
—=— opp charge, CuCu

(Lines Expectations from
{HIJING on 3-particle i
correlations

lllllllllll

1Solid: Au-Au

lIllllIllllil(ll')ﬁlllllllllll

(YR TN W W N W TN TN T NN TN TN TN W NN N WA WY WO NN TN WO MO U AN NN NN NN M N NN AN A

70 60 50 40 30 20 10 O
% Most Central

Polarisation measurements in ee ep, pp and heavy-

= ions collisions
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HIG HER HAR VI O NICS

Ym,n = (cos(mgoa T ngoﬁ — (m + 1) in))) _
§ +—0.0rc

1,1 = (cos(¢a + g — 2¥3)) } PR— . 5- N
V1,-3 = {(cos(pq — 3pg + 2¥3)) 3 #

9 g o o © ] o6 40sss 1t
O ] - 13

71,2 = {c08(pa + 295 — 3V3)) } 155

| | § o1 0E 3 0.6 943

V2,2 = (cos(2a + 205 — 4V 4)) b ook P2 JoOy
Significant charge dependent signal for the CME I ookoo o 8 8
sensitive correlators = T SR = ,.. T S PSS

Correlations relative to W3 illustrate a significant | 1o g w08 1l

3 > - Q E
charge dependence as well o 1 o0z 1]
0.02 E O_o;@.Q--Q____Q____Q____O_ ____________ %

e Dominant contribution from background effects 10 08
e [ © = i -OF _:

Correlations relative to W4 have no significant chargef . | | ~0.6F
L SR e 5 1z 04f
dependence (within the current level of uncertainties) = | = o2t i 1%

§ O Ur ‘
‘ ‘ . . O 10 20 30 40 50 60 70 O 10 20 30 40 50 60 70 &
S Centrahty (%) o Centrahty % -

Polarisation measurements in ee ep, pp and heavy-

= ions collisions
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CME FRACTION UPPER LIMITS

STAR Au-Au \fﬁ =200 GeV | | T | | | |
: Centrality 20-50% Au+Au and U+U collisions (20-50%)
h=0.2<p_<2.0 GeV/c STAR prelimihary
It +—e— 2 combined
v m,, < 1.5 GeV/c® + ESE J.Zhao, 3 .
QM 2019 I | * i Y2012 U+U
[ m,, > 1.5 GeV/c? : —e—i Y2016 Au+Au
" WU (sub-ew) Il—o—! Y2014 Au+Au
. : . i Y2011 Au+Au
| ! | ¥ | ‘Ppp/‘lfap (full) | h plT:0.2-|2.O Ge}V/c | TP(|3 sub-|event|
° Phys.Rev.C 97 (2018) 4,044912
-10 0 10 20 30 40 50
20% -10% 0% 10% 20% 30% 40%
CME limit (%) (EP
Summary of upper limits @ LHC (95% CL) C‘ME _

ESE in Pb-Pb collisions 26-33%

| (ALICE Collaboration) Phys. Lett. B777, (2018) 151 §

Higher harmonics in Pb-Pb collisions 11-15% }(CMS Collaboration) Phys.Rev.C 97 (2018) 4, 044912
p-Pb collisions 139%* | (ALICE Collaboration) JHEP 2020, (2020) 160 |
ESE in Pb-Pb collisions %"

Current analyses provide stringent upper limits for the CME fraction at
both RHIC and LHC energies — CME signal, if any, at the level of few %

Polarisation measurements in ee ep, pp and heavy-

S ions collisions
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AN ATTEMPT FOR A SUMI\/IARY

TF| rsthlnt‘o effects 'of» the |n'|t|al E/ Mflelds'
fon the motion of final state particles _§

" 5-40% E g T $ |
- + 10-40% 1
g i

—0.5—bars: stat. uncert

0.5+ T i
107 [{tT) = i) (0 - viD) *
SR SR e 5 A
ST SEEE . $
5-40% T ) o 10-40% |
p. >0.2 GeV/c 3<p;<6(GeVio) |

—0.5[— dAv,/dy =[1.68 = 0.49 (stat) = 0.41 (syst)] - 10 —~  dAv,/dn=[4.9 = 1.7 (stat) = 0.6 (syst)] - 107 —

0.5 0 0.5 -0.5 0 0.5
-3
~ 0.6%1Y
—~ same opp.
5 @ O ALICEPb-Pb@)\s,,=2.76TeV #7
N 047 4+ % STARAwAu @\ Sy = 0.2 TeV H
= (ALICE) same+opp. mean
0.2+ Mﬂr
= \Y4
= A
ERY 3 e N
o * ® N —
0.2} * 1 ]
Y & D
0.4 f :
Vo (CoS(9, + 0y - 20 )y e / Vot I* t *
-0.6 - —l CME exrl)ectation (Isame chalrge [13]) |

B
0 10 20 30 40 50 60 70
centrality, %
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\‘ _WWWWW ,. ’

{CME signal (if any) very '
eIu3|ve — background
effects are dominant

,goal' either discover the|
CI\/IE or set a limit at the
% IeveI

(TPt =0 = mot senaitve

jto effects due to magnetic field |

:\j . A A
& 3k E "m= '@ ALICE
i 0.2f | Pb-Pb 15-50%
251 M L 0.5<p,. <5.0 GeV/c
| Of === === !
2 I lyl<0.5
15 -_ ) -0.2 _
i . sl Ll A A
1k L 10° 10° 10*| ®@= 1@ STAR
: I V5w (GeV) | Au-Au 20-50%
0.5 — | @ j 0.5<p <6.0 GeV/c
] 5. ------ In1<0.8
11 I 11 I 11 I 1 1 1 11 I
10 102 10° 10*
Vsnn (GeV)
w 2
s MC-Glauber ALICE Pb—Pb | s, = 2.76 TeV
B & MC-KLN CGC 0.2< p; < 5.0GeV/c n|<0.8
B « EKRT
1+ bbbl el
. 0
mi J'% E]O
0 I Q[ R 1 .-+ Y S
o %%
_1 I 1 l 1 1 I 1 1 I 1 1 1 I 1 1 1 1
0 10 20 30 40 50 60
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FUTURE PROSPECTS: ISOBAR ANALY SIS

Ruthenium Ruthenium

96 96
e, o
e

96 96

w0 LT 0 &¥

Zirconium Zirconium

(a)
Charge Asymmetry
Correlation Measurement
Background  Signal RuRu
Background | Signal 2rZr

Novel QCD and E/M phenomena

¢ Isobar Analysis:

A large, collective effort

Analyzers

LN

Isobar-Mixed
Analysis

Test data
Structure

(27 GeV files)

Establish all procedures

P. Tribedy A. Tang
WWND 2020 PAC meeting, Sept 2020

Isobar-Blind Isobar-Unblind
Analysis Mass Data AI'IG'YSIS

production “ull analys

~ 3 months o

Act "blindly” on all procedures

STAR, arXiv:1911.00596 (2019)

5-Isobar Blind Analyses

. We are here

Case for CME:

> Ay,AS and k » Ay and its derivatives
Isobar Blind > Ay, AS and Ay (An) Ay /v,(Ru/Zr) > 1
Analysis » Ay in PP/SP and Ay (M) Ay112/V2(Rw/Zr) > Ay123/v3(Ru/Zr)
. k(Ru/Zr) > 1
God Parent > Ay m PP/SP A}/Ru — a'r'Ayzr >0
Committee éBlinfltitng » R(AS) Correlator.
ommitice
1-Isobar Unblinded Analysis > R(AS) (Ru/Zr) show concave shape
» The signed balance function > fRu S £Zr S0

Slide “stolen” from talk of Niseem Magdy Abdelrahman @ RHIC & AGS Annual User’s meeting

BNL, CCNU, Fudan, Huzhou, Purdue, SINAP, Stony Brook, Tsukuba, UCLA, UIC and Wayne State 19
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Thank you for
your attention!
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