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Introduction

= In non-central heavy-ion collisions an enormous magnetic field (1018 G)
IS generated by the movement of the spectator protons

= Several anomalous chiral effects have
been predicted to be created in the QGP

- Chiral Magnetic Effect
- Chiral Magnetic Wave
- Chiral Vortical Effect

3= *.'/"
C B=1ot® ausé\ .

and are expected to bring information on
possible local CP violation in strong

Interactions and on the non-trivial
topologies of QCD

_‘ \\\

= ALICE, CMS and STAR experiments have been put
efforts into such studies for more than a decade
1
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Snapshot timeline

Observation of charge-dependent azimuthal Charge separation relative to the reaction Observation of Charge-Dependent
correlations and possible local strong parity plane in Pb-Pb collisions at vsnn = 2.76 TeV Azimuthal Correlations in p-Pb Collisions
violation in heavy-ion collisions Phys. Rev. Lett. 110, 012301 (2013). and Its Implication for the Search for the

Phys. Rev. C 81, 054908 (2010).

Chiral Magnetic Effect

Fluctuations of charge separation perpendicular
Phys. Rev. Lett. 118, 122301 (2017).

to the event plane and local parity violation in
VsnN =200 GeV Au + Au collisions at the BNL
Relativistic Heavy lon Collider

Phys. Rev. C 88, 064911 (2013).

/

2009 2010 .- 2013 2014 . 2017 2018 2019 ‘?

Azimuthal Charged-Particle
Correlations and Possible Local
Strong Parity Violation

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

ALICE
STAR
CMS

Constraining the magnitude of the Chiral Magnetic
Effect with Event Shape Engineering in Pb—Pb
Beam-Energy Dependence of Charge collisions at Vsnn = 2.76 TeV

Separation along the Magnetic Field in Au+Au Physics Letters B 777, 151 (2018).

Collisions at RHIC

Phys. Rev. Lett. 113, 052302 (2014). Constraints on the chiral magnetic effect using
charge-dependent azimuthal correlations in pPb and

Measurement of charge multiplicity asymmetry 55 lisions at the CERN Large Hadron Collider
correlations in high-energy nucleus-nucleus Phys. Rev. C 97, 044912 (2018)

collisions at Vsnn = 200 GeV 2
Phys. Rev. C 89, 044908 (2014).
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CME - how do we measure it

= the experimental observable: charge separation across
the reaction plane

= |t can be measured with charge
dependent 2- and 3-particle
correlators:

Reaction
plane

O, _ = (cos(p, —¢.))
Y (defines ¥y) Y+ — — (COS(¢+ + ¢ —2¥pp))

Voloshin: Phys. Rev. C 70, 057901 (2004) 3
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CME correlators

= significant difference in ya», same vs opp.

= sign of the difference correct, but background largely present!

- 0.6 5‘I(\i‘z‘:me opp
9% ° " ALICE Pb-Pb @5, = 2.76 TeV
CTJ 0.4 * STAR Au-Au @\s.\‘N =0.2 TeV
f_no ol (ALICE) same+opp. mean #._, }/+,_ p— <COS(¢+ -|— ¢_ - 2\PRP)>
& o &
§ Oﬁ—ﬁﬁj : ) 5
T.0.2h e,
e .
oal LI | : = Main background sources:
(©08(¢, +, - 2000/ Vo(2) i - transverse momentum conservation
0.6 — CME expectation (same charge [13]) 1 J - ﬂOW ﬂ UCtu athnS
0 10 20 3 40 5 60 70 - local charge conservation

centrality, %

STAR: Phys. Rev. Lett. 103, 251601 (2009)
ALICE: Phys. Rev. Lett. 110, 012301 (2013)
CMS: Phys. Rev. Lett. 118, 122301 (2017) 4
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CME - upper limits

ALICE: Physics Letters B 777, 151 (2018)
CMS: Phys. Rev. C 97, 044912 (2018). = CME correlators with

Event-Shape-Engineering
in Pb-Pb collisions at the LHC
by ALICE and CMS

x10° |
PbPb 5.02 TeV
JLami<16  AY

Cent. 60-70%
7 Cent. 50-60%
o - ¢ Cent. 45-50%
- gent. gg-ig%
= 05 | Cent. 35-40%
< ""| o Cent.30-35%

Assumption:
CME is vzo-independent,
background is not (scale linearly)

A —

= Results: compatible with
D 015 background-only hypothesis

n
v, (il < 2.4)

Upper limits (3.8% CMS, 26-33% ALICE) strongly depend on assumptions

on signal and background: more studies are needed!
5
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= magnetic field in heavy-ion collision is expected to

lead to several novel phenomena
e.g. Chiral Magnetic Effect (CME)

= we face different problems:
— hard to decouple signal (charge separation across reaction plane)
from background (local charge conservation + flow)
— very few constraints from theory: difficult phenomena to model
+ uncertainties in estimating the magnetic field

= proposal: charge-dependent directed flow
measure a simpler and cleaner observable
(not related to the chiral imbalance),

use it to calibrate the strength and lifetime of the electromagnetic field 6
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The idea”

= varying magnetic field will influence moving charges (quarks)

= very few ingredients needed: charged and conductive QGP

= presence of a conducting QGP
substantially delays the decay of the
magnetic field

- assumption: constant conductivity
as a function of temperature
o = 0.023 fm-1

H.-T. Ding, et al, Phys. Rev. D 83, 034504
B. B. Brandt et al, JHEP 1303, 100 (2013)
A.Amato, et al, Phys. Rev. Lett. 111, 172001 (2013)

*first proposed by Gursoy et al: Phys. Rev. C 89, 7
054905 (2014)

A. Dubla IS 2019



The idea”

= varying magnetic field will influence moving charges (quarks)
= very few ingredients needed. charged and conductive QGP

= the result: charge-dependent directed flow, asymmetric in rapidity

— where does it come from?

— electric field induced by decreasing B
(Faraday effect)

*first proposed by Gursoy et al: Phys. Rev. C 89, B o S A POl e T B Kl A e i 7
054905 (2014)
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The idea”

= varying magnetic field will influence moving charges (quarks)
= very few ingredients needed. charged and conductive QGP

= the result: charge-dependent directed flow, asymmetric in rapidity

Force exerted by a ;
magnetic field on electric ¥
charges (quarks)

Z

— where does it come from? B
y

......
et .
* s

— electric field induced by decreasing B
(Faraday effect)

“
“
*

— Lorentz force on moving charges

(Hall effect)
 Competing effects >

*first proposed by Gursoy et al: Phys. Rev. C 89, 7
054905 (2014)
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The idea”

= varying magnetic field will influence moving charges (quarks)
= very few ingredients needed. charged and conductive QGP

= the result: charge-dependent directed flow, asymmetric in rapidity

P 00002 Faraday + Hall
- | / ™~ [ mmma Faraday only
— electric field induced by decreasing B / . 0.0001
(Faraday effect)
-3 -2 -1 2 Y
— Lorentz force on moving charges N }
(Hall effect) ~0.0001 N 7
- ] I S /
@ompeting effectsD
—— ~0.0002- =
*first proposed by Gursoy et al: Phys. Rev. C 89, 7

054905 (2014)
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Charge-dependent v;

= prediction for Pb-Pb collisions at 2.76 TeV: ~10-°

V1 Phys. Rev. C 89, 054905 (2014)

( ().()()()()4) o
’ \
L A T \

N00002 -

AAAAAAAAAAAAAAAAAAA

Pb-Pb 2.76 TeV, pr = 0.25, 0.5 and | GeV/c

- the rapidity slope varies with pr, different contribution of Faraday and Lorentz
38
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How do we measure the

directed flow

(a) reaction plane i OAC b - QAC Ly . QAC
. (% nAC) = @) ( i >
- % Jle o] lararan)]

<target (n<0) “ . F projectile (r]>O)>
1K 2 o

Y ! N.B. the convention is to choose

e @® participant zone v1 > 0 for spectatorsatn >0

r i (O projectile spectators
(O target spectators

= need to measure the impact parameter
reaction plane, including its sign

— we use the spectator neutrons that fly at
beam rapidity (ZDCs)
— therefore, we call it spectator plane
(~reaction plane) 9
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Vi1 energy dependence

v10dd: compressibility — initial tilt / rotation of the system

x10~°
kel LI LN BN L B B LI BLEE RN B
oad 1 8~ 1 ALICE Preliminary -
Vi — 5(‘-"1 {\PA} — V] {lPC})o > I Pb-Pb (s, = 5.02 TeV, 5-40% 1
_ B p.>0.2GeV/c -
" E Pb-Pb Vs, = 2.76 TeV, 10-60% .
05} —_— pT>0.15 GeV/c -
B ALICE, PRL 111 (2013) 232302
= dv10dd/dn decreases by a factor ~1.3 I i
between 2.76 and 5.02 TeV N I— 5o
= qualitatively consistent with energy [ 5.02TeV -
dependence observed from RHIC to LHC o5 276 TeV §
- decreased rotation of initial system et o )
I boxes (fiII-ed./e'mpty): syst. err. (corr./uncorr.)
. " 1 T (| TS BRI A EETETE B EErEE R A
= Caveat: different centrality ranges, 1 o e
but no significant centrality dependence n
observed
10
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Charge-dependent v

x107° x107°
g I_lllIllllllllIlllllllllll.ll'lllll- -é IIllllIII.II.IIIIIlIlIIlIIIIIII
T 0.8F ALICE Preliminary 7 3+-0.3 ALICE Preliminary
- Pb-Pb Vs, = 5.02 TeV 5-40% 8 ub™" ] > Pb-Pb Vs, = 5.02 TeV 5-40% 8 pb”
0.6F - '
- E p.> 0.2 GeV/c - _; 0.2 p,>02GeV/c
-_ . __ _8 _ . ) Il
04r ® Vi > o Vy-V,
- 8 o VvV, ] 0.1 |
0.2 - "
B Y - | D, L ereernmeeennes
0 [oTTTTnTTmmnnTnssmmnnsssanness i """""""""""""" I'I'_ 0 . g
-0.2 : - -0.1
C ¢ ]
04 — fit function: k - m
" g ] -0.2 k = 1.68 + 0.49 (stat) + 0.41 (syst) - 10
0.6 :_ bars: stat. err. _: bars: stat. err.
0.8 - boxes (filled/empty): syst. err. (corr./uncorr.) -+ -0.3 boxes (filled/empty): syst. err. (corr./uncorr.)
.-|| | ' e | L | L | | ] I T | | I

1 1 1 1 1 1 1 L1 1 11 L1 I Ll L1l
-06-04-02 0 0.2 04 0.6 -0.6-04-02 0 0.2 04 0.6

N

=

= hint of a charge difference: Av1 odd = vq odd(+) - v4 odd(-) # 0
(2.60 significance)

= 1 order of magnitude bigger: long-lived magnetic field? early thermalization?

= opposite sign: dominance of Lorentz force? ”
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Charge-dependent vi1 with BES

I

0.02—I | i ! E + ' E f])‘%f“ T T T T T T T T T
O P | = i
L Rt B Mk L ' 10-40% Centrality -
0020 . 200GV - i |
0.02- 5 T i} X \V E895 proton @ proton .
0 ¢38’-§-§8.8:‘,,__-_-tisﬁ#géﬁﬁﬁg-— 0.05 [J NA49 proton O antiproton_|
-0.02- :(‘) :——:62.4=GeVE o - LV T i
002~ o | T, § - | ot 1
0_____. ;2@;.}. o _____f:'l_!_'!'_elg._l__*_; _____ _ %ﬁ - ]
! 4 ~N- i O
002 . O T.39Gev. 1 >
00 oo B 1 A ] e gﬁ.i,.o@ """""""
> 0—“"."’"/'\%50‘0r"—— """" * ""*‘4;_"_‘;‘“— i In + i =
0020 . %0 4 oorgevi *. I % % o 5 g
002- o, | '%' e - I i @ |
0____..;@?3'.‘_____ _____ii_i!i_jlé*_j._; _____ _ B T i
-0.02- 09 | qoscey % -0.05 )
- , , \ , , , it i . . R B A I L I
00— Yo b T, 1] 10 10°
T B T Vs, (GeV)
-0'02— t } i. \: JI: =__ t 115. GeVé t ¢'?l-.‘| |
L : o —+ i . . . .
002 1«}&“5 oo | e, = proton stopping seems important at low RHIC energies
0|4 ®8 % oo R T , o .
* 3 [ e VF% and the importance decrease with increasing energy
002t o | 'l  77GeV Ty _
105005 1-1-050 05 1 = |s the effect observed at LHC related to possible
y baryon stopping?
STAR: Phys.Rev.Lett. 112 (2014) no.16, 162301 At LHC us ~ 0, look at identified particle! 12
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Can we do something more?

13
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Can we do something more?

= Look at open heavy-flavour particles — charm

13

A. Dubla IS 2019



Why open heavy-flavour?

= formation time ~ 0.1 fm/c — comparable to the time scale
when B is maximum

0.1
i LHC: Pb+Pb@2.76 TeV |
0.08 - b=9.5fm, n=1.0 -
_ I eEx
= 0.06[ — B, .
L
S
s | ¢ =0.023 fm-! ]
S 0.04} -
S i
0.02f | charm :
'y Trorm  |Standard hydrot, ]
I | 1 1 ‘ | | 1 1 I 1 | 1 | [ 1 | | |
0 0.5 l 1.5 2
t (fm/c) 14
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Why open heavy-flavour?

= formation time ~ 0.1 fm/c — comparable to the time scale
when B is maximum

= resultant effects entail a significantly large directed flow v+ of
charm quarks compared to light quarks

EM: vi*8 =0, vt £ 0;

0.1l ———

— T T 1
— D[CC]] ’ t=tf,o,
LHC: Pb+Pb@2.76 TeV ]

b=9.5fm, n=1.0 -

eEx

— — Dcql. =t

0.08- 4 |
r - == D [cql, t=2 fm/c. - N

R D [Ca] t=5 fm/c/ -

— CBV

0.06|-

6 = 0.023 fm-! ; >

eField (GeV/fm)

0.04|- . . . '
0.02f | charm I |
l Tform ‘Standard hydrot, | 004 Phys. Let B 768, 2017, 260-264 -
1 E—— - — 2 <15 -1 05 9 0.5 1 1.5 2
t (fm/c) 14
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EM field + tilting of the system

= Charm quark is produced early, shifted from the bulk
— larger directed flow of heavy-flavour mesons.

= Heavy-flavour can be used as a probe of initial state
longitudinal profile of matter distribution

arXiv:1804.04893
Phys.Rev.Lett. 120 (2018) no.19, 192301

Enhanced dipole asymmetry

—
B -
| GP -
j >2—

" charged particles
T

- A STAR -
_6 [ Hydro eD D -

15
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EM field + tilting of the system

= Electromagnetic field introduce a separation
between charm and anti-charm

= Beam energy dependence:
— constant v49 and decreasing v412v9 due to decreasing tilting with
Increasing energy

arXiv:1804.04893 :
av diff
Phys.Rev.Lett. 120 (2018) no.19, 192301 vy & ;é 0, v{ ;zé 0
3pm——m——————— 77— 1 T T T T T T T T
S s = . P T R C A, D,D , ., 1 1
oEe AutAu, |s\ =200 GeV : Ay T i - s S 6y =T 1
n D ] 0.8 Oy =T - o2 B—g__ ’ oy =T
1 -_“‘ﬁ-—--___:@\...__\ _ = - o\° ° - i [ % ;!o_l— 1 | ", = B -3
: Ty *D 35 Rosb ! L ol T FO e, 5
;\? OF x\ . >‘-|": t-J' - TIT ov e, tjl]
= N 22oap 1 T4 ~ 1 7 ey a
> ol . S~ - ' ‘ charged particles
—1F y =71 E—a ] 02f | ] 10T, A
_of % =04fm < 3 - (a) S E 0 Hydro ()
C 6 =0.035 fm” N3 Ob ] Y E N
b0 S 10° 10 102 10°
— I f—
—1 0 n 1 /Snn (GEV) |'sny GeV
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STAR results in Au-Au

Au+AU [S,=200 GeV, 10-80% Au+Au \s\,=200 GeV, 10-80%
0.1— p,>1.5GeVic gmz— o m D
= a) E B
5 0.05
5 O
o —~
O —
o > 0
a e D° (Tc) Z
0.1~ »D° () STAR = — = _ E
@ D + D" (Uc +uc)
! ! ! ! ! -0.05F o K +K" (Us + us)
- 0.5 - .do.t 0.5 1 Model:(D° + D°)
apidity (y) — Hydro+EM (Chatterjee etal) —— AMPT
| | | ! |
i STAR
= Observed negative slopes b) . D°- B - )
for both D% and anti-D0 - Tilt imprinting 0.05 a K- K' (Ts -us)

Av,

= Charge-integrated v for charmed
hadrons is 25 times larger than kaons
(3.40 significance) ~0.05(~ Model:(D° - DY)

........ EM (Das et. al.)
—— Hydro+EM (Chatterjee et.al)
| |

| | |

= predicted signal of the charge-dependent - 05 Rapigity v 05 1
v4 of D meson is smaller than precision STAR: arXiv:1905.02052v1
achieved 17
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ALICE results

N L B B = Despite the large uncertainties

Ofo 43_ ALICE Preliminary - — hint of a positive slope for D9
" b 10-40% Pb-Pb, |5y =5.02TeV : and negative for anti-D0
02~ —f— —— -
N e | i = Hint: signal factor 10 higher then
R T prediction: Phys. Let B 768, 2017, 260-264
0ol - — long-lived magnetic field?
B ﬁ%j; 1 — early thermalisation?
- DY 3<p.<6(GeVic) ]
_O . 4 B —a Not feed-down corrected 1 u =
: _G_DO Not efficiency and acceptance corrected : ﬁ OppOSIte trend Of DO and antl-Do W. r.t
T R S T N S R S

prediction: Phys. Let B 768, 2017, 260-264

Lo [
—1 05 0 0.5 1 _
— dominance of Lorentz force?

= Do we see the effect of the electro-magnetic field only?

18
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ALICE results

AvP¥(n) = k X 11
= rapidity dependence of the charge
difference Av1 is fitted using a linear

A function with slope k
S5 0.6 ALICE Preliminary —
& 10-40% Pb-Pb, {5, = 5.02 TeV ]
| 0.4 / 7
S L Not feed-down corrected ,F‘ — k p— 0. 52 +/— 0_ 18 (Stat) +/- 006 (SySt)
e 0.2 | Not efficiency and acceptance corrected Ul _ |
S S :
: : = Not yet high significance of the
~0.2F % - measurements (2.70)
- 3<p_<6(GeV/c) |
-0.4- LP ! ]
0.6 k50107518 10" (sta £ 55 x 10° (syst) = Hint of an opposite slope w.r.t
T N I R theory calculations
—1 -0.5 0 0.5 1

n

19
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Charged partivle vs heavy-flavour

x10~°
6 :l L L I LI L I LI .l I.l LI I LI DL l LI L I LI DL I | L l:
o - ALlCE Prellmlnal’y - —~ T T 1 [ T T T T [ T T T T [ T T T 1
303 . p y a I ]
: [ Pb-Pb Vs, = 5.02 TeV 5-40% 8 ub : =06 ALICE Preliminary ]
+ 0.2f Pr>02Ceve o &~ [ 10-40% Pb-Pb, {5, = 5.02 TeV ]
> C —0— V1 - V1 -] S o L Not feed-down corrected -
0-1 :_ —: _BD_/ 02 __ Not efficiency and acceptance corrected __
- ol | . 'SS_ i i
e Hi """""""""""""""" I Al I -
-0.1F & = -0.2 -
E fit function: k - m E : 3< p. < 6 (GeV/c)
—0.2 K _1.68+0.49 (stat) + 0.41 (syst) - 10° B —-0.41- -
[ bars: stat. err. . i fit function: k x 7 N
-0.3 — boxes (filled/empty): syst. err. (corr./uncorr.) . —0.6 u k=52x10"+1.8x10"(stat) + 5.5 x 10 (syst) -
;| o s s s e s by s by s s by by s sl |; i o e b i
—-0.6-04-02 0 0.2 04 06 ~1 —0.5 0 0.5 1
n n

= The 3 orders of magnitude difference between charged-particle and

heavy-flavour predicted by theory will be experimentally accessible
20
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New from theory!

T T T T T T T 0.10 T T T T - ————
2000 & B ¥ PHENIX Au+Au@200 GeV | ./,'7"".:: ------- ~Jis
A & & ALICE Pb+Pb@2760 GeV 008l v ®
XY A A ALICE Pb+Pb@5020 GeV |
150077 &, Phys.Rev. C98 (2018) no.5,
S & . 055201 0.06}
S~
£ S
% 1000} »
= 0.04+ 1
/ B B STAR u,{EP} Au+Au@200 GeV
500} 0.0 / @ @ STAR v,{4} Au+Au@200 GeV
| @ & ALICE »,{4} Pb+Pb@2760 GeV |
' A A ALICE v, {4} Pb+Pb@5020 GeV
0 L - - v 0.00 - N - - N
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Centrality (%) Centrality (%)

= Simulate the evolution of the expanding QGP hydro-dynamically, using the
IEBE-VISHNU framework, and add the magnetic and electric fields as well as
the generated currents

= Simulations well describe charged particle multiplicity and elliptic flow coefficients
21
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New from theory!

Phys.Rev. C98 (2018) no.5, 055201

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

2.0 20-30% AuAu©200 GeV

1.5

T

1.0

) (1073GeV

£05

<]
0.0
0.0

— - —
.";_-—~'\\.

-1.0

\
\

-2.0

10°Aws

-3.0
c)

Illllllllllllllllllll

(Id) I I

—-20-10 00 10 20 -20 -1.0 0.0
Y Yy

_IIII[IlIIlIV‘]IIIII[——IIIIIIIIIIIIIII

Pr € [1, 2] GeV
(
L

Illlll

-4.0 10 2.

= Similar order of magnitude w.r.t to measurements (~10-3)

= Found a charge-odd v3 also odd in rapidity and that has a similar physical origin

= The electric field produced by the net charge density of the plasma drives
rapidity-even charge-dependent <prt> and elliptic flow v- 22
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Summary

1) Charge-integrated directed flow gives unique insight into the initial tilt of the
produced matter. Probe of initial state longitudinal profile of matter distribution

= From RHIC to LHC a decrease of the v4 as a function of rapidity
- suggest a smaller tilt of the system at higher energies

= charm is produced early
- shifted from the bulk and a larger v41 w.r.t light quark is measured

2) Charge-dependent directed flow used to investigate the magnetic field
created in the initial stages of heavy-ion collisions

= At RHIC: predicted signal of the charge-dependent v+ of
D meson is smaller than precision achieved

= At LHC: Not yet high significance of the measurements (2.70)
- Hint for a signal factor 10 higher and with an opposite trend then prediction

23
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Analysis strategy

= SP in which the Q vector is reconstructed

from the spectator at beam rapidity g 25001 ALICE Preliminary
S 2000[ 10-40% Pb-Pb, (5, =5.02 TeV
= Analysis performed as a function of the 3

Invariant mass

1000

=

D% — Kt ~0.4<n<0.0
500 3<pT<6GeV/c
- S(M) B(M) L ny . R R |
vi(M) = S(M) + BOM) * Vi + S(M) + BOM) *vp(M). T 04 i
' ' [ yodd(D0) = —0.278 = 0.099
0.2 —
- I 1l
ot
. . s -
= Assumption of directed flow : MT R
for the background 02} -

0.4 ]
I IR S S TR (N SO T S N A S o

1.75 1.8 185 19 Tos
MK =*) (GeV/c?)

Vﬁg (Mivv) = po + p1 X Miny

17
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Projection for Run3/4

-3
g 40 ><1 IOI I | L I | L I | L I | L I | L L] I LI I 1
(@) B -
N [ ALICE Upgrade projection -
30 .
< "TE  30-50% Pb-Pb, |5, = 5.02 TeV, 10 nb" ]
20 - =
- —— V1°dd(D0) _ V1°dd(D0) -
10 —
= 2 -
~10F -
—20 S— & —f
- fit function: k x 7 :
—30F k =(3.0+0.1 (stat) £ 0.2 (syst)) x 102
_40 : 11 I 111 I 111 I 111 I 111 I 111 I 11 1 I 11 -
08 -06-04-02 0 02 04 06 0.8

n

Extremely good significance is expected in Run3/4
Simulations done according to the values predicted by theory
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