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A Large lon Collider Experiment

1. IS 6. EMCAL
2.V0Oand TO 7. PHOS
3. TPC 8. Muons
4. TRD 9. AD

5. TOF 10. ZDC
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A Large lon Collider Experiment
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A Large lon Collider Experiment

* ITS: a semiconductor detector measuring charged 1. ITS 6. EMCAL
particle traversing its segments (|n| < 0.9) 2.V0and TO 7. PHOS
 TPC: cylindrical gas detector used to reconstruct 3. TPC 8. Muons
' 4. TRD 9. AD

tracks and identify the particle species (|n| < 0.9)

5. TOF 10. ZDC
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A Large lon Collider Experiment

* ITS: a semiconductor detector measuring charged e e e T 1. IS 6. EMCAL
particle traversing its segments (|n| < 0.9) 2.V0and TO 7. PHOS

 TPC: cylindrical gas detector used to reconstruct i" $Eg g X‘SO"S
tracks and identify the particle species (|n| < 0.9) 5 TOE 10. ZDC

* VO: two cylindrical scintillators located at opposite
sides of the interaction point (VOC: 2.8 < || < g/1¢ LA N\ TP : M' .
5.1, VOA: —3.7 < |n| < —1.7) ) e iy . BRIt ¥
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A Large lon Collider Experiment

* ITS: a semiconductor detector measuring charged 1. ITS 6. EMCAL
particle traversing its segments (|n| < 0.9) 2.V0and TO 7. PHOS
 TPC: cylindrical gas detector used to reconstruct 3. TPC 8. Muons
' 4. TRD 9. AD

tracks and identify the particle species (|n| < 0.9)
* VO: two cylindrical scintillators located at opposite

sides of the interaction point (VOC: 2.8 <7 9/10 L\ : “I”' -'.'

< 5.1,V0A: -3.7<n < -1.7) A e— | > :
e ZDC: hadronic calorimeters located at beam '
rapidities (4.8 < |n| < 5.7)

5. TOF 10. ZDC
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A Large lon Collider Experiment

* ITS: a semiconductor detector measuring charged 1. ITS 6. EMCAL
particle traversing its segments (|n| < 0.9) 2.V0and TO 7. PHOS
e ITPC: cylindrical gas detector used to reconstruct 3. TPC 8. Muons
' 4. TRD 9. AD

tracks and identify the particle species (|n| < 0.9) . 5 TOF 10. ZDC

e 1VO: two cylindrical scintillators located at opposite
sides of the interaction point (VOC: 2.8 < |n| <
5.1, VOA: —3.7 <

Spectator
plane
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Electromagnetic field in heavy-ion collisions —
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Electromagnetic field in heavy-ion collisions ——

-«— e
U — —> U
-«— —
 Complicated interplay of E and B fields gives rise to L | Eooms 10! direiei ﬂ;w, o <0
four types of current.s e e Elot, 't
* Faraday current: induced current from the <0l | ‘ L ERE
decrease of the B field in the medium R A 2
* Lorentz current: conducting medium expanding v v Flodne Braracgy Ecuioms § 1} |
in longitudinal direction (i) experiences Lorentz \AM ! v

Total directed ﬂOW, "M > 0 Eplasma
force result in an electric current perpendicular sevom?

— g _)<_ —}_’
to u and B (Hall effect) U +— —> U

Force
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Electromagnetic field in heavy-ion collisions ——

-«— i
U — —>u
-«— —
 Complicated interplay of E and B fields gives rise to | EPasma - Total direiei ﬂo4w, v <0
four types of cu rrent.s EE:%Z?L%%’ Eraraday Eloerk | 70
* Faraday current: induced current from the 7,< 0

decrease of the B field in the medium

* Lorentz current: conducting medium expanding 1 | Florentz Eraraday Efiofo !
in longitudinal direction (1) experiences Lorentz ot di:ctzdzow’ b0 p.asma' :
force result in an electric current perpendicular Ecaons

— g _)ﬂ_ —}_’
to u and B (Hall effect) U +— —> U

 Coulomb current: positively charged spectators ::

passing the collision zone exerts an electric force
on charged plasma
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Electromagnetic field in heavy-ion collisions ——

-— —_
U — —> U
-— —
* Complicated interplay of E and B fields gives rise to L Ediom: Total direc;ei f|2w, v <0
four types of currents 1 LESTom  Eraraday Elorentz 4 + |
* Faraday current: induced current from the <Oy ‘ | | ) i
decrease of the B field in the medium i Y st | L b
* Lorentz current: conducting medium expanding ' v+ Elorentz Efbraday Efooms ! ' !
in Iongltudlr?al dll‘eCtIOI’? (1) experiences LQrentz AN AA AN Ep.a;ma'
force result in an electric current perpendicular N

— g _)<_ —}_}
to u and B (Hall effect) U +— —> U

 Coulomb current: positively charged spectators ::
passing the collision zone exerts an electric force
on charged plasma

* Plasma current: the net positive charge in the

plasma creates an outward E field
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Electromagnetic field in heavy-ion collisions ——

-«— —_
U — —> U
-— —
 Complicated interplay of E and B fields gives rise to L | Etouom, Total d‘fecfi f'zw' v <0
four types of current.s D EReR Eo ey, !
* Faraday current: induced current from the AU | ‘ L | ) i
decrease of the B field in the medium HHE A | 2
* Lorentz current: conducting medium expanding v v+ Elorentz Efaraday Edouioms ' ! !
in longitudinal direction (i) experiences Lorentz \AM ! v

Total directed ﬂOW, "M > 0 Eplasma
force result in an electric current perpendicular sevom?

— g _,<— —}_)
to u and B (Hall effect) U +— —> U

 Coulomb current: positively charged spectators :}:E

passing the collision zone exerts an electric force
on charged plasma
* Plasma current: the net positive charge in the
plasma creates an outward E field
* First three effects result in a charge-odd directed
flow Av,
* Fourth effect results in a non-trivial radial and
elliptic flow
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Electromagnetic field in heavy-ion collisions

Phys. Rev. Lett. 111, 172001 (2013) Phys. Rev. C 85, 044907
e (2012)
06 08 10 12 14 16 18 20 70 — RS
+ N_=0 (Aarts et al. - 2007) | | | 605- —e— B, . :
0.6(-@ N.=0 (Ding etal. - 2011) - --m—|By| -----[B)[ .-
s N,=2 (Brandtetal. - 2012) & SOF—w=|E,| - v--|E [0
0 24> | N,=2+1 ] : R4

o4l T 32° } (this work) & | il

S
. -:
= . Y E, 30 "o Pb+Pb, Vs =2.76TeV:
w5 1L 4 — r t=0
1 ~~ LR YTy V! ]
Com B 10} i
=5/9¢% | f : 08l |
|, tid ] 0 2 4 6 8 10 12 14
50200 [%\542\/] 300 350 400 b(fm)
 Lattice QCD calculation suggests that * EMfieldatt=0andr =0, the centre
the conductivity (o) of QGP drops as of the collision region. B,, increases
the plasma cools. for more peripheral collisions

* Tdecay X 0 (Tdecay time constant of
the magnetic field)
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Electromagnetic field in heavy-ion collisions

Phys. Rev. Lett. 111, 172001 (2013)
T/T

0.6 . 0.8 . 1.0 | 1.2 | 1.4 | 1.6 . 1.8 ' 2.0 |
+ N.=0(Aarsetal-2007) |

0.6He Nf=O(Dingetal.-20ll) —
B Nf =2 (Brandt et al. - 2012)

0 247 | N,=2+l
0
04 I 32 (this work) . . .

o ol i L
— 2
5/9¢2 | TR !
150 200 T [21\542V] 300 350 400
e Lattice QCD calculation suggests that
the conductivity (o) of QGP drops as

the plasma cools.
* Tdecay X 0 (Tdecay time constant of

the magnetic field)
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Phys. Rev. C 85, 044907

2
b4

0O 2 4 6 8 10 12 14
b(fm) -

e EMfield att=0andr =0, the centre
of the collision region. B, increases

for more peripheral collisions

e-(field)/m

Phys. Rev. C 85, 044907
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Higher /s leads to higher E and B field
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Electromagnetic field in heavy-ion collisions gy ¢ 8> 044307
Phys. Rev. Lett. 111, 172001 (2013) Phys. Rev. C 85, 044907 .
T, (2012) S
Oi6'0i8-li0-li2-li4-li6-li8-2i0- 70 ——————————r =
o N.=0 (Aarts et al. - 2007) ) -
0.6{~e N =0 (Dingetal.-2011) — 60! o .3, ---e-- By %
a N =2 (Brandtetal. - 2012) NE': 50 —&—|Ey| - -v- -|L |87 =
(0 24° N, =2+l > 40 ‘0" 1 L PR i
1 30’ is wor : 3 -
% 0414 32 (th k) n .0 — é 30 g Pb+Pba \/?:276T€V 10_5 -
S S Y 3 20 "'H"'-l-l..,'i:gl -1.0 -05 0.0 0.5 1.0
Corn 020 | - 10 - t(fm/c)
=5/9e? | ! ] 00 1 00— —————
|, tid ] 0 2 4 6 8 10 12 14 — -B, Pb-+Pb
150 200 'T [21\542\]]' 300 350 400 b(fm) ng 1. ——— |B, Vs =2.76TeV.,
e S AR B b=10fm
 Lattice QCD calculation suggests that « EMfieldatt=0andr=0,thecentre & !
the conductivity (o) of QGP drops as of the collision region. B, increases =
the plasma cools. for more peripheral collisions Py
* Tdecay X 0 (Tdecay time constant of 10-6
the magnetic field) -04 -0.2 00 0.2 04

e Lifetime of the B field is shorter at 2.76
TeV than at 200 GeV.
e Lifetime of QGP at ALICE is

~10 fm/cl]

[1] Phys. Lett. B 696 (2011) 328
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Charge dependent dlreCted ﬂOW i ALICE Phys. Rev. C 98 (2018) 5, 055201
2 5-40% Pb-Pb, SN = 5.02 TeV H _ B 20-30%, V1(TC+) _ V1(TC‘)
0.002 - :
v (h") - v (h) 1T bl This model
* Produced particle azimuthal distribution relative to the -\ Prediction shows
collision-spectator plane is directly sensitive to the e e | | l--:de???-f?ﬂ-t--t-r-@nd---
presence of the electromagnetic fields ' O
* The particle (a) azimuthal distribution: | S
dN 0.002 - — Au-Au, |s,,,=0.2TeV —
~ _ i . L -~ Pb-Pb, |5, = 2.76 TeV
do, 1+sz"'“ cos[n(pq = ¥re)] 02 - _ R Pb-Pb, (5, = 5.02 TeV
n v by by ST R B B
e ALICE uses the scalar-product 1! method 05 0 0.5 -2 - 0 1 2
Ui y

_ (0" + 1y 057)

V1 =
Jlfodas +afof)
where u = (cos ¢, sin @) and Q#¢ is the flow vector for
ZDC at A and C side.
* Av; = v (") — vy (h7)
e ALICE inclusive hadron measurements

1] Phys.Rev. C87 (2013) 044907




Charge-dependent directed flow

>g1 ():{3 1

I | I 1 1
! ALICE
"' 5-40% Pb-Pb, |5 = 5.02 TeV

| 0.002 -

| I I I I | | I I 1 | | I I 1 | I I
Phys. Rev. C 98 (2018) 5, 055201

20-30%, v(t*) — V(1)

s vy -vey T L This model |
* Produced particle azimuthal distribution relative to the ~n, N\ prediction shows
collision-spectator plane is directly sensitive to the s ’"""____._d_'_‘_i_f?_[?_']?I@D_@_

presence of the electromagnetic fields
* The particle (a) azimuthal distribution:

......

-
-------

| 0.002 - — Au-Au, s =0.2TeV -

10-40% Pb—Pb, |5, = 5.02 TeV

10-40% Pb-Pb, |5, = 5.02 TeV

dN
~1 + sz cos|n — Yy SERE Pb-Pb, \s,\=2.76 TeV
do, ~ na C0S[n(¢q = ¥rp)] 02 _ R Pb-Pb, {5y = 5.02 TeV
PIRT SR TN AT RN SN TR T SO SN TR S NN S S| T N R N SN TN SN SO S NN TR SO ST S Y SR SO S S
e ALICE uses the scalar-product X! method 0.5 0 0.5 -2 ~1 0 1 2
AC A,C n y
v—<uxQx+quy> T T T T T T e B |
L= 0.5 ALICE - i ALICE
ANnC ANnC
Jlfodas +afof)

where u = (cos ¢, sin @) and Q#¢ is the flow vector for
/DC at A and C side. i
i Avl — vl (h+) — Ul (h_) S0

e ALICE inclusive hadron measurements

* ALICE Heavy-flavor measurements on D° (cu) and 50 (cu
e Charm quarks produced early in the hard process
experience more effect from EM field leading to a -0.5

larger gradient (0.49 + 0.17(stats) + 0.06(syst.)) T

1] Phys.Rev. C87 (2013) 044907
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Charge-dependent directed flow

* Measurement of Av,; at RHIC energy shows
a slope of —0.011 4+ 0.034(stat.)

+ 0.020(syst.)

* The larger slope of Av; of D mesons at LHC
might indicate a stronger effect of the
Lorentz force relative to the Coulomb one

* Predictions for the dependence of the Av,

for the D meson is almost flat for two choice §
of drag y!*! from the matter =
 Recent model calculation using a magnetic 1?
field with a slower time evolution and with a
lifetime of about 0.4 fm/c can reproduce the _
measurement 0.5 |

[1] More discussion on drag vs. Lorentz force, see Phys.Lett.B 798 (2019) 134955
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Hyperon polarization

* Global polarization: spin alignment along the initial angular
momentum
* Two contributions to the global polarization:
* Magnetic field align particles’ and antiparticles’ spin
oppositely due to the opposite sign of magnetic moment

reaction plane
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Hyperon polarization

* Global polarization: spin alignment along the initial angular
momentum

* Two contributions to the global polarization:
* Magnetic field align particles’ and antiparticles’ spin
oppositely due to the opposite sign of magnetic moment
* Large vorticity expected due to velocity difference along
beam direction. Orbital angular momentum is transferred
to particle spin equally for particles and antiparticles

P

sl beam direction
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Hyperon polarization

A—=p+n~
* Global polarization: spin alignment along the initial angular (BR: 63.9%, c T~7.9 cm)
momentum | o
* Two contributions to the global polarization: =
* Magnetic field align particles’ and antiparticles’ spin P,
oppositely due to the opposite sign of magnetic moment
* Large vorticity expected due to velocity difference along /
beam direction. Orbital angular momentum is transferred ";/'
to particle spin equally for particles and antiparticles 7

* How to measure?

* A (A) decays dominantly into p + 7. Protons are emitted _'-'3':: ------------

preferentially in the direction of the A (A) spin
* The global polarization is given by

8 (sin(¢p; — Wsp))
T[(XH Ré;) X

beam direction (z)

PH:_

Wep: SP angle measured by ZDC
y  ¢p:angle of daughter proton in A rest frame

arXiv:1710.08934v1
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Hyperon polarization Phys. Rev. C 101, 044611 (2020

g | ALICE Pb-Pb O A VS_NN=2.76 TeV
o> 051 o A
* Global polarization: spin alignment along the initial angular : % %
momentum : % |
* Two contributions to the global polarization: L ’% ________________________
* Magnetic field align particles’ and antiparticles’ spin : l:] Q
oppositely due to the opposite sign of magnetic moment o5k
* Large vorticity expected due to velocity difference along o
beam direction. Orbital angular momentum is transferred 5 10 15 20 25 30 3 40 45 50
to particle spin equally for particles and antiparticles contraty 1)
* How to measure? - Vhw=s02TeV
e A (A) decays dominantly into p + 1. Protons are emitted : \ \\
preferentially in the direction of the A (A) spin : | [% %
* The global polarization is given by %# ----------------------------
8 {sin( — W) #
Py = — . |
nay RSD) i + ¥|<05
i 0.5<pT<5.O GeV/c
Ll ] | | | | | | | |

5 10 15 20 25 30 35 40 45 50
centrality (%)
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- - arXiv:1710.08934v1
Hyperon polarization — 3 S :
SN, _ H STAR, Nature, 548, 62 (2017)-
I B ® * A oA .
o 5 . . STAR, PRC76.024915 (2007) |
B | * A OA _
. . - | STAR prelim. (20-60%) -
* Confirms the observed earlier trend of the global - i ] AP :
polarization decrease with increasing \/Syny 1 U
* The magnitude of B field at kinetic freeze-out can be A TN i
~ . S L b :
probed by A — A splitting: s O aponto, Becatin eps crraomand T f; """ .
1 1 - — primary A e 0. 7*dV" -
- 05(1): |MA|B: o 050):_ |‘LLA|B: - iincltrx):iingfeed-down O-rravfdn [ ] ’
PAN —+ |,P ~ " - | | C ol ,
T T A T 1 T 3
L___2 I L I 10 107 10
2|ualB Sy [GEV]
= PA - PK ~
. . T . . X1012
More .data (100x more) in th.e high Iu.ml.n05|ty LHC AR AI(STAR) 10" '™
run will help to test the predicted splitting of P, and 400L ®Po-Pb (ALICE) 45 ALfE .
P+ better ot 12
X E 10+ E 1
@ S [
= 5| 7% —o.8 E
® 2001~ ®
'y — WL, . -0 —0.6
(S (TeV) 0.4
—0.2
O_VIIItII, .......... b S . S—
107 107 1 10
[1] Advances in High Energy Physics, vol. 2016, Article ID 2836989 /Sy (TeV)
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Chiral magnetic effect

* CME: The generation of electric current along an external magnetic field induced by
chirality imbalance.
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Chiral magnetic effect

* CME: The generation of electric current along an external magnetic field induced by
chirality imbalance.

Red: momentum
Blue: spin

Non-trivial QCD Chirality
vacuum structure imbalance
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Chiral magnetic effect

* CME: The generation of electric current along an external magnetic field induced by

chirality imbalance.
Magnetic field

Red: momentum Magnetic field: Polarization B Reaction 7

e é ﬁ é f p'ane\/ 0,
LRLIEL * B

Non-trivial QCD Chirality Under B field, LH quarks
vacuum structure imbalance have  opposite to RH

quarks

=

Current along B field

* Discovery of the CME implies: chiral symmetry restoration, local P/CP violation that
may solve the strong CP problem

Nik|hef




Chiral magnetic effect

* The commonly used Ay observable
Yap = (COS(QDa T @p — ZLPRP))
V+F > 0,71+ <0
Ay =V4+5 —V++ >0
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_5 JHEP 09 (2020) 160

| | X1 S B L R G i UL L U o |
Chiral magnetic effect -y -
L h

0‘8:¢\(TNN =2.76 TeV B

0.6 =5.02 TeV -

* The commonly used Ay observable > EHS_NN ’ ]
Vaﬁ — (COS(QDa + QDﬁ o ZLIJRP)) 0'42— o —

Y+ > 0,734 <0 02+ . ':

Ay =Y+3 = V++ >0 oaon. 08 g

* ALICE previous measurement showed that Ay STV TV T TOV TR TN

I
0 10 20 30 40 50 60 70
Centrality (%)

significantly > 0.
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Chiral magnetic effect

* The commonly used Ay observable

Yap = (COS(QDa + Pp — ZLPRP))
Y+ > 0,744 <O
Ay =V+3 —V++ >0

* ALICE previous measurement showed that Ay
significantly > 0.

* However, Ay is heavily contaminated by local
charge conservation (LCC) and resonance decays,
mainly coupled with elliptic flow (noted as v,)

e e.g. p° > w¥m~, more OS pairs align in the
Y,p» than B direction
e Similar value of y observed in small system (no

CME expected, pPb) confirming that the
background is huge

Shi Qiu
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_5 JHEP 09 (2020) 160
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&5 = 2.76 TeV Q. ]
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CMS, PRL 118 (2017) 122301

%107 65 55 ZE? = CeggamY(%)
| I | |
0.5 \syy=5.02 TeV CMS _
B SS OS
£ ® ® pPb, ¢ (Pb-going)
" © O PbPb
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Chiral magnetic effect

e Mix harmonic measurements

Ay, = <COS(¢a +@, — 2y, )> ~ <COS(¢a

~4,)){cos2¢, —2,)) ~ k,-AS -v, + CME

A7,y = (cos(@, +2¢, —3y,)) = (cos(d, —#,) ) (cos(3g, —3y,)) ~ iy - AS v,

PbPb centrality(%)

65 55 45 35
- CMS pPb 8.16 TeV -
3l + |An| < 1.6
e
< i -
>C
~
2 —
T | 'y !o+ |
P:_
< 1 , -
® n=2, ¢C(Pb-gomg)
B n=3, ¢ (Pb-going)
O | L s N " PO T T |
- PbPb 5.02 TeV -
- A 1.6 —
o 3 An| <
4 | o
Ze 2 o
c 2 ) —
T % 0 8 3 J I(:)l =
>.1-
< 1 O n=2 -
(] n=3
O | ! . |
10° ffline 103
PRC 97 (2018) 044912 N;)rk
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* Ky = Ayy12 /1,00
* K3 = Ayy23/V3A0
* Assume K, = Ky

Bkg ~ Vo Ko
"Avi ® Az
U2
1,2 Va

e Upper limit on fraction of CME for
each centrality interval from 0-40%

* ranging from 15-18% at 95% CL

* ranging from 20-24% at 99% CL

JHEP 09 (2020) 160

I I I 1 I I

al rrTT T T =

15 ALICE Pb-Pb VS_NN =276 TeV -

0.8 o Data (Stat. Uncert.) —

0.6 1 Correlated Uncert. =

04F —-0.021+ 0.045 (fit) E

L - -

S 0.2 =

- of—]L ----- ” S — f

0.2F 0 % E

—0.4;— —;

0.6 —

- L T T B B

0 10 20 30 40 50 60
Centrality (%)

1—_' vl | L L L L L L L DL L L L l_

- ALICE Pb-Pb m =5.02TeV -

0.8 o Data (Stat. Uncert.) E

0.6 "1 Correlated Uncgert. =

0.4/ —0.003 + 0.029 (fit) E

5025 -

=~ 0OF - 5 7 :

-0.2F ? =

—0.4f o

0.6 —

T T B B B

0 10 20 30 40 50 60

Centrality (%)
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Phys. Lett. B 777 (2018) 151-162
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Chiral magnetic effect

* Event-Shape-Engineering

 Define the second-order reduced flow vector
M M

Qo= ) c05(261), 02y = ) sin(2¢1)
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* Use g, to select different geometry. Use v, to
guantify event anisotropy

e Asignificant CME contribution — non-zero
intercepts at v, = 0 (still the non-zero
intercept has background from LCC)

* Using three different initial-state models to
estimate the dependence of CME signal to v,
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Chiral magnetic effect

* Event-Shape-Engineering

 Define the second-order reduced flow vector
M M

Qsr = z c0s(27), Qzy = z sin(2¢;) k% : O MC-Glauber ~ ALICE Pb—Pb |5, = 2.76 TeV
i l. L o mexincae  02<p, <5.0GeVic Inj<0.8
2 = 1Q2|/NM = \/sz,x +Q5,/NM - & EKRT

 Use g, to select different geometry. Use v, to BRI
guantify event anisotropy 1L %

e Asignificant CME contribution — non-zero b + %x% J%% e
intercepts at v, = 0 (still the non-zero 1 1| PR |
intercept has background from LCC) I H

* Using three different initial-state models to LT
estimate the dependence of CME signal to v, o T 20 30 a0 50 60

* The extracted CME fraction for three models Centrality (%)
used in the study suggests an upper limit on Weak dependence on initial states

fcmEe of 26 to 33% (depending on initial-state
models) at 95% CL for the 10-50% centrality
interval
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A summary of the results for the upper
limits for the CME signal at ALICE
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* |t is clear that background is dominant

* CME is a very important physics. We have to quantify it
* Currently, the work on using the Spectator/participant

planes method is ongoing
PhysRevC.105.024913
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Summary

* The early-stage EM field can affect the motion of the final state particles via measurements of directed
flow for particles and antiparticles.

* The differences in the measured global polarisation of A and A provide an upper limit for the magnitude of
the magnetic field

* Direct studies for the existence of the CME in Pb-Pb collisions yielded upper limits of 26 to 33% for ESE and
15-18% at 95% CL for mix harmonic for the 0-40% centrality interval
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EB field simulation
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Simulation of the electric (left) and magnetic (right) fields in the

transverse plane after a Pb—Pb collision at 2.76TeV with 20-30%
centrality
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