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Heavy-ion Collisions in a nutshell
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RELATIVISTIC HEAVY ION COLLISIONS
Relativistic Heavy Ion Collider at BNL; 
Au on Au at 200 GeV

Large Hadron Collider at CERN; 
Pb on Pb at 5 TeV.
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Ions about to collide Ion collision Quarks, gluons freed Plasma created

HEAVY ION COLLISIONS

Debye Screening
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Origin and properties of magnetic field
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Order of magnitude estimate:

 ZAu =79, b~R=7 fm, γ=100 ⇒

To estimate the ELECTROMAGNETIC FILEDS created in heavy ion collisions 
take Lienard-Wiechert potentials, integrate over the charge distribution in 
nuclei.  

B ⇠ Ze
b

R3
�
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b
p ZeBZe

eB = (200 MeV)2 ≈ mπ2 B~1018 G
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EXAMPLES OF MAGNETIC FIELD STRENGTHS

10-4 G: Earth’s magnetic field 
50 G: Refrigerator magnet 
105 G: Modern MRI system
106 G: Strongest pulse obtained in lab

1010-1013 G: Neutron stars

1012-1015 G: Magnetars

1013 G: Breakdown of superposition principle 
of electrodynamics

1016-1018 G: Heavy ion collisions
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Fig. A.2. Magnetic field at the center of a gold-gold collision, for different impact
parameters. Here the center of mass energy is 200 GeV per nucleon pair (Y0 = 5.4).

we will consider the spectators, then we will discuss an approximation for the
participants. We will perform both approximations at the origin (x⊥ = 0
and η = 0). In that case the magnetic field is pointing in the y-direction,
eB = eBey. Especially for large impact parameters the magnetic field at
the origin will be a good estimate for the magnetic field at the surface of the
interacting region, since the magnetic field in the overlap region is to a good
degree homogeneous in the transverse plane.

A.1 Spectator Contribution for τ ! R/ sinh(Y0)

For τ ! R sinh(Y0) the denominator of the integrand of the spectator contri-
bution Eq. (A.6) can be approximated by τ 3 sinh(Y0)3. Hence we find

eBs ≈ ZαEM exp(−2Y0)
4R

τ 3
g(b/R), (A.9)

where
g(b/R) =

∑

±

g±(b/R), (A.10)

with

g±(b/R) = ∓
1

R

∫

d2x′
⊥ρ±(x′

⊥)(1 − θ∓(x′
⊥))x′. (A.11)

We find that to very good approximation g±(b/R) = b/R. As a result

eBs ≈ ZαEM exp(−2Y0)
4b

τ 3
. (A.12)
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Kharzeev, McLerran, 
Warringa (2007)
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NUMERICAL SIMULATIONS
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Due to finite electric conductivity of quark-gluon plasma magnetic 
field  relaxes over time comparable to the plasma lifetime.  

ROLE OF CONDUCTIVITY
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Free space: σ=0

KT (2011)
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SPATIAL DISTRIBUTION
Rather modest spatial variation ~20% in the QGP region

Magnetic field is constant in the 0th approximation
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Quarkonium in magnetic field
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QM '09, Knoxville, TN PHENIX Highlights II, Carla M. Vale 12

Heavy flavor from (forward)
single µ±

4/3 5D 15:00 Heavy Flavor
from Leptons, A. Dion (ISU)

Stronger suppression than
at mid-rapidity? Matches
trend seen for J/$

14

WHY QUARKONIUM?

Quarkonium melts in plasma. Expect its suppression in heavy-
ion collisions vs pp ⇒“smoking gun”of plasma.

However, there are other mechanisms to destroy quarkonium.  



QUARKONIUM IN MAGNETIC FIELD

Zeeman effect. Quarkonium state of total angular momentum 
J splits (in weak field) into states of different mass: ΔM= (eB/
2m)gJz, where Jz=-J, -J+1,...,J. For example J/ψ (S=1,L=0, 
J=1) Jz=0,±1 ⇒ ΔM=0.15 GeV (at LHC)

Distortion of the quarkonium potential due to high order 
effects. This is important B~3πm2/e which is 3π/α stronger 
than the Schwinger’s field.

Lorentz ionization: in the quarkonium rest frame there are 
perpendicular electric and magnetic fields. Electric field renders 
quarkonium unstable with respect to decay into q and anti-q. 

Machet, Vysotsky (2010)
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J/Ψ IN MAGNETIC FIELD
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B0
V

𝜙

J/ψ

B

E

COM of heavy-ion collision 

J/ψ rest frame

Consider J/𝜓 moving with velocity V in COM frame in field B.

Boost to J/𝜓 rest frame:



J/Ψ IONIZATION IN ELECTRIC FIELD

-eEy=|e|Ey

εb
|e|Ey+εkin

There is finite quantum 
probability for the anti-
quark (e<0) to tunnel 
through the potential 
barrier and go to y→-∞.

y

This is J/ψ+E → D+D- decay.

Quarkonium rest frame

Lab frame
J/ψ

B

c̄

c
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Magnetic field supplies momentum,
while moving quarkonium supplies energy. 



J/Ψ IONIZATION: ROLE OF B

E=0

E=Bê2

E=BB=0
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In the rest frame decay happens only due to electric field (magnetic field does no work). 
What is the role of magnetic field? 

U(y) =
q

m2 + (p
x

+ eBy)2 + p2
y

+ p2
z

)� eEy �
q

m2 + p2
x

+ p2
y

Dissociation rate can be calculated in the WKB approximation as a 
tunneling rate of quark thru the potential barrier. 



WKB APPROXIMATION  

w = e�2
R y1
0

p
�p2

ydy ⌘ e�f

where y1 is the turning point.
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fm =
m2⌧0⇢

eE
p

1� ⇢2
[1� ✏0(✏0 � qm⇢)] Extremum of f is 

 Ionization probability = Transmission coefficient

 Non-relativistic approximation: p≪m, εb/m≪1, ρ=E/B ≪1

Keldysh (1965)
fm =

2m2(2✏b)3/2

3eE
g(�) g(�) =

3⌧0

2�

"
1� 1

�

✓
⌧2
0

�2
� 1

◆1/2
#

where � =
p

2✏b

⇢
is the adiabaticity parameter

Weak binding: εb≪ρ2 ⇒ γ≪1 w = exp

(
�2

3

(2"bm)

3/2

meE

)



0 1 2 3 4
0.0

0.5

1.0

1.5

2.0

p¶, GeV

w
,1
êfm E0=0.2B0

E0=0.1B0

E0=0 7

0 1 2 3 4
0.0

0.5

1.0

1.5

2.0

p¶, GeV

w,
1êfm

E0=0.2B0

E0=0.1B0

E0=0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.5

1.0

1.5

2.0

∂b, GeV

w,
1êfm

E0=0.2B0

E0=0.1B0

E0=0

(a) (b)

FIG. 1: Dissociation rate of J/ at eB0 = 15m

2
⇡, � = ⇡/2 (in the reaction plane), ⌘ = 0 (midrapidity) as a

function of (a) P? at "b = 0.16 GeV and (b) "b at P? = 1 GeV.

w ⇠ 0.3�0.5 fm�1 corresponds to complete destruction of J/ ’s. This means that in the magnetic

field of strength eB0 ⇠ 15m

2
⇡ all J/ ’s with P? & 0.5 GeV are destroyed independently of the

strength of E0. This P? is lower than we estimated previously in [16] neglecting the pre-factors

in the dissociation rate. Since magnetic field strength decreases towards the QGP periphery, most

of J/ surviving at later times originate from that region. E↵ect of the electric field E0 of the

parity-odd bubble is strongest at low P?, which is consistent with our discussion in the previous

section. The dissociation rate at low P? exponentially decreases with decrease of E0. Probability

of quarkonium ionization by the fields below E0 . 0.1B0 (i.e. ⇢0 . 0.1) is exponentially small.

This is an order of magnitude higher than the estimate ⇢0 ⇠ ↵ proposed in [5].

As the plasma temperature varies, so is the binding energy of quarkonium although the precise

form of the function "b(T ) is model-dependent. The dissociation rate picks at some "0b < "

vac
b (see

Fig. 1(b)), where "vac
b is the binding energy in vacuum, indicating that J/ breaks down even

before "b drops to zero, which is the case at B0 = 0. This "0b is a strong function of E0 as can be

seen in Fig. 2. It satisfies the equation @w/@"b = 0. In the case � ⌧ 1 (10) and (12) imply that

"

0
b =

m

2

✓
5eE

2m

2

◆2/3

, � ⌧ 1 (14)

At � � 1 and ✓ = ⇡/2 we employ (9) to derive the condition ("0b)
2 + eB"

0
b/2m � eE

2
/B = 0. In

view of (11) E ⇡ B and we obtain

"

0
b =

eB

4m

 r
16m

2

eB

+ 1� 1

!
⇡
p

eB , � � 1 (15)

where in the last step we used that eB ⌧ m

2. For a given function "b(T ) one can convert "0b into

the dissociation temperature, which is an important phenomenological parameter.
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DISSOCIATION RATE



AZIMUTHAL ASYMMETRY

Spectrum of quarkonia surviving in EM field is proportional to survival 
probability P=1-wt

E0=0.2B0, p¶=2.5

E0=0.2B0, p¶=1

E0=0, p¶=1

Reaction plane

B0

-2 -1 1 2

-1.0

-0.5

0.5

1.0
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Magnetic field destroys J/ψ’s. This effect grows 
with pT and strongly depends on azimuthal angle.



Synchrotron radiation
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UNEXPLAINED EXCESS OF PHOTONS IN HEAVY ION COLLISIONS

Azimuthal asymmetry of photons.
dN

d�
= N0[1 + 2v2 cos(2�) + 2v4 cos(4�) + . . .]
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f(ef , j, p)! f(ef , k, q) + �(k)

γ

f

QGP is transparent to the emitted electromagnetic radiation 
because its absorption coefficient  is suppressed by α2. 

Spacing between the Landau levels ~ eB/ε, while their thermal width ~ T. 
When eB/ε≳T it is essential to account for quantization of fermion spectra. 

ANGULAR DISTRIBUTION OF RADIATION

Synchrotron radiation:
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"j =
q

m2 + p2 + 2jefB , "k =
q

m2 + q2 + 2kefB

"j = ! + "k , p = q + ! cos ✓

dIj

d!d⌦
=
X

f

z2
f↵

⇡
!2

jX

k=0

�jk

�
|M?|2 + |Mk|2

 
�(! � "j + "k)

j (k) is the quantum number of Landau orbit of initial (final) charged fermion.

p (q) is the projection of initial (final) fermion momentum on the direction of B

Magnetic field does no work, thus energy is conserved. Magnetic Lorentz force 
has no component along the B-direction:

Angular distribution of the power spectrum:

B θ

KINEMATICS

Matrix elements are well-known functions of Laguerre polynomials.
Sokolov, Ternov (1968) and others
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PHOTON NUMBER SPECTRUM

dN synch

dtd⌦d!
=

X

f

Z 1

�1
dp

efB(2Nc)V
2⇡2

1X

j=0

jX

k=0

dIj

!d!d⌦
(2� �j,0)f("j)[1� f("k)]

f(") =
1

e"/T + 1

We are interested in the photon number spectrum radiated from QGP

�(! � "j + "k) =
X

±

�(p� p⇤±)�� p
"j
� q

"k

��Energy conservation

p⇤± =

⇢
cos ✓(m2

j �m2
k + !2

sin

2 ✓)

±
q

[(mj + mk)
2 � !2

sin

2 ✓][(mj �mk)
2 � !2

sin

2 ✓]

�
/(2! sin

2 ✓)

m2
j = m2 + 2jefB , m2

k = m2 + 2kefB

⇒
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(i) mj �mk � ! sin ✓ , or (ii) mj + mk  ! sin ✓

dN synch

V dtd⌦d!
=
X

f

2Ncz2
f↵

⇡3
efB

1X

j=0

jX

k=0

!(1 + �k0) #(!s,ij � !)
Z

dp
X

±

�(p� p⇤±)�� p
"j
� q

"k

��

⇥
�
|M?|2 + |Mk|2

 
f("j)[1� f("k)] ,

p± is real in two cases:

synchrotron radiation one-photon pair 
annihilation

In case (i) the j → k transition must satisfy

!  !s,jk ⌘
mj �mk

sin ✓
=

p
m2 + 2jefB �

p
m2 + 2kefB

sin ✓

in particular j=k transition is forbidden.

Spectral distribution of the synchrotron radiation rate per unit volume:
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The natural variables to study the synchrotron radiation are the photon energy ! and its emis-

sion angle ✓ with respect to the magnetic field. However, in high energy physics particle spectra are

traditionally presented in terms of rapidity y (which for photons is equivalent to pseudo-rapidity)

and transverse momentum k?. k? is a projection of three-momentum k onto the transverse plane.

These variables are not convenient to study electromagnetic processes in external magnetic field.

In particular, they conceal the azimuthal symmetry with respect to the magnetic field direction.

To change variables, let z be the collision axis and ŷ be the direction of the magnetic field. In

spherical coordinates photon momentum is given by k = !(sin↵ cos �x̂ + sin↵ sin �ŷ + cos ↵ẑ),

where ↵ and � are the polar and azimuthal angles with respect to z-axis. The plane xz is the

reaction plane. By definition, k̂ · ŷ = cos ✓ implying that cos ✓ = sin↵ sin �. Thus,

k? =
q

k

2

x

+ k

2

y

=
! cos ✓

sin �

, y = � ln tan
↵

2
. (19)

The second of these equations is the definition of (pseudo)-rapidity. Inverting (19) yields

! = k? cosh y , cos ✓ =
sin �

cosh y

. (20)

Because dy = dk

z

/! the photon multiplicity in a unit volume per unit time reads

dN

synch

dV dt d

2

k?dy

= !

dN

synch

dV dt d

3

k

=
dN

synch

dV dt !d!d⌦
(21)
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FIG. 1: Spectrum of synchrotron radiation by u quarks at eB = m

2

⇡, y = 0, � = ⇡/3: (a) contribution of

10 lowest Landau levels j  10; several cuto↵ frequencies are indicated; (b) summed over all Landau levels.

mu = 3 MeV, T = 200 MeV.

Fig. 1 displays the spectrum of synchrotron radiation by u quarks as a function of k? at fixed

�. At midrapidity y = 0 (20) implies that k? = !. Contribution of d and s quarks is qualitatively

similar. At eB � m

2, quark masses do not a↵ect the spectrum much. The main di↵erence

SYNCHROTRON SPECTRUM
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B θ

A A

Transve
rse plane

x

z

x

y

kkT

ϕ π-α

k = !(sin↵ cos �ˆ

x + sin↵ sin �ˆ

y + cos ↵ˆ

z)

REFERENCE FRAMES

ˆk · ˆy = cos ✓

cos ✓ = sin↵ sin �

⇒

Thus, azimuthal dependence (ϕ) of 
the spectrum is an artifact of the 

frame choice! 
k? =

q
k2

x

+ k2
y

=

! cos ✓

sin �
, y = � ln tan

↵

2

dN synch

dV dt d2k?dy
= !

dN synch

dV dt d3k
=

dN synch

dV dt !d!d⌦
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ANGULAR DISTRIBUTION OF SR

7

stems from the di↵erence in electric charge. In panel (a) only the contributions of the first ten

Landau levels are displayed. The cuto↵ frequencies !

s,jk

can be clearly seen and some of them are

indicated on the plot for convenience. The azimuthal distribution is shown in Fig. 2. Note, that at

midrapidity � = ⇡/2 � ✓. Therefore, the figure indicates that photon production in the direction

of magnetic field (at � = ⇡/2) is suppressed. More photons are produced in the direction of the

reaction plane � = 0. This results in the ellipticity of the photon spectrum that translates into the

positive “elliptic flow” coe�cient v

2

. It should be noted, that the classical synchrotron radiation

has a similar angular distribution.
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FIG. 2: Azimuthal distribution of synchrotron radiation by u-quarks at k? = 0.2 GeV, eB = m

2

⇡, y = 0.

mu = 3 MeV.

In order to compare the photon spectrum produced by synchrotron radiation to the photon

spectrum measured in heavy-ion collisions, the u, d and s quarks contributions were summed up.

Furthermore, the experimental data from [39] was divided by V t, where t is the magnetic field

relaxation time. The volume of the plasma can be estimated as V = ⇡R

2

t with R ⇡ 5 fm being

the nuclear radius. Therefore,

dN

�

exp

dV dt d

2

k?dy

=
dN

�

exp

d

2

k?dy

1
⇡R

2

t

2

=
dN

�

exp

d

2

k?dy

✓

GeV
14.9

◆

4

✓

1 fm
t

◆

2

. (22)

The results are plotted in Fig. 3. In panel (a) it is seen that synchrotron radiation gives a significant

contribution to the photon production in heavy-ion collisions at RHIC energy. This contribution is

larger at small transverse momenta. This may explain enhancement of photon production observed

in [39]. Panel (b) indicates the increase of the photon spectrum produced by the synchrotron

radiation mechanism at the LHC energy. This increase is due to enhancement of the magnetic field

strength, but mostly because of increase of plasma temperature. This qualitative features can be

better understood by considering the limiting cases of low and high photon energies.

This distribution implies that v2>0 (to be calculated)

||B⊥B

Reaction plane
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10

f u u u u u u s u u s

eB/m

2

⇡ 1 1 1 1 1 1 1 15 15 15

T , GeV 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.4 0.4 0.4

�

⇡
3

⇡
3

⇡
3

⇡
3

⇡
6

⇡
12

⇡
3

⇡
3

⇡
3

⇡
3

k?, GeV 0.1 1 2 3 1 1 1 1 2 1

x 0.096 9.6 38 86 29 35 19 0.64 2.6 1.3

j

max

30 40 90 150 120 200 90 8 12 16

TABLE I: The upper summation limit in (18) that yields the 5% accuracy. j

max

is the highest Landau level

of the initial quark that is taken into account at this accuracy. Throughout the table y = 0.

provided that ! � m

p

mT/e

f

B sin ✓. Here n

f

is number density of flavor f , which is independent

of B:

n

f

=
2 · 2N

c

e

f

B

4⇡

2

1
X

j=0

Z 1

�1
dp e

�"

j

/T ⇡ 4N

c

⇡

2

T

3

. (33)

Here summation over j was replaced by integration. It follows that this part of the spectrum

increases with magnetic field strength as
p

B and and with temperature as
p

Te

�!/T . Therefore,

variation of the spectrum with T is much stronger than with B. The T dependence is shown in

Fig. 4.
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FIG. 4: Variation of the synchrotron spectrum with plasma temperature. Lower line: T = 200 MeV, upper

line: T = 250 MeV. Other parameters are the same as in Fig. 3(a).

III. PAIR ANNIHILATION

The theory of one-photon pair annihilation was developed in [46, 47]. It was shown in [48] that

in the super-critical regime eB � m

2 one-photon annihilations is much larger than the two-photon
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⇡
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3
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x 0.096 9.6 38 86 29 35 19 0.64 2.6 1.3

j

max
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TABLE I: The upper summation limit in (18) that yields the 5% accuracy. j

max

is the highest Landau level

of the initial quark that is taken into account at this accuracy. Throughout the table y = 0.

provided that ! � m

p

mT/e

f

B sin ✓. Here n

f

is number density of flavor f , which is independent

of B:
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f

=
2 · 2N

c

e

f

B

4⇡

2

1
X
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Z 1

�1
dp e

�"

j

/T ⇡ 4N
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Here summation over j was replaced by integration. It follows that this part of the spectrum

increases with magnetic field strength as
p

B and and with temperature as
p

Te

�!/T . Therefore,

variation of the spectrum with T is much stronger than with B. The T dependence is shown in

Fig. 4.
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FIG. 4: Variation of the synchrotron spectrum with plasma temperature. Lower line: T = 200 MeV, upper

line: T = 250 MeV. Other parameters are the same as in Fig. 3(a).

III. PAIR ANNIHILATION

The theory of one-photon pair annihilation was developed in [46, 47]. It was shown in [48] that

in the super-critical regime eB � m

2 one-photon annihilations is much larger than the two-photon

dN synch
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Here summation over j was replaced by integration. It follows that this part of the spectrum

increases with magnetic field strength as
p

B and and with temperature as
p

Te

�!/T . Therefore,

variation of the spectrum with T is much stronger than with B. The T dependence is shown in

Fig. 4.
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FIG. 4: Variation of the synchrotron spectrum with plasma temperature. Lower line: T = 200 MeV, upper

line: T = 250 MeV. Other parameters are the same as in Fig. 3(a).

III. PAIR ANNIHILATION

The theory of one-photon pair annihilation was developed in [46, 47]. It was shown in [48] that

in the super-critical regime eB � m

2 one-photon annihilations is much larger than the two-photon
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PAIR ANNIHILATION

γ
f

anti-f

One and two-photon annihilation: At eB≫m2 one-photon annihilation dominates.

One-photon annihilation is a cross-channel of synchrotron radiation. The 
corresponding matrix elements are straightforward to calculate.
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QUARK ENERGY LOSS DUE TO GLUON  SYNCHROTRON RADIATION 
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• General formulas for synchrotron radiation simplify if quark is ultra-
relativistic ε>>m before and after gluon radiation.

This always holds in week fields eB≪m2

In strong fields eB≫m2 this approximation breaks down at the threshold ω~ε, i.e. gluon 
carries away almost all quark energy ⇒ energy loss in this approximation must satisfy 
Δε≪ε

• Synchrotron radiation is quasi-classical if

2. Recoil due to gluon emission is small: ω≪ε (i.e. far from the threshold)

1.Spacing between Landau levels eB/ε is much smaller than ε =>ε2≫eB
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Figure 3: RAA in central (0–5%) and peripheral (70–80%) Pb–Pb collisions at √sNN = 2.76 TeV. Error bars
indicate the statistical uncertainties. The boxes contain the systematic errors in the data and the pT dependent
systematic errors on the pp reference, added in quadrature. The histograms indicate, for central collisions only,
the result for RAA at pT > 6.5 GeV/c using alternative pp references obtained by the use of the p p measurement
at √sNN = 1.96 TeV [26] in the interpolation procedure (solid) and by applying NLO scaling to the pp data at 0.9
TeV (dashed) (see text). The vertical bars around RAA = 1 show the pT independent uncertainty on 〈Ncoll〉.
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Figure 4: Comparison of RAA in central Pb–Pb collisions at LHC to measurements at √sNN = 200 GeV by the
PHENIX [30] and STAR [31] experiments at RHIC. The error representation of the ALICE data is as in Fig. 3.
The statistical and systematic errors of the PHENIX data are shown as error bars and boxes, respectively. The
statistical and systematic errors of the STAR data are combined and shown as boxes. The vertical bars around
RAA = 1 indicate the pT independent scaling errors on RAA.
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ITS-TPC and TPC stand-alone tracking are in excellent
agreement. Because of the smaller corrections for the
azimuthal acceptance, the results obtained using the TPC
stand-alone tracks are presented in this Letter.

The pt-differential flow was measured for different
event centralities using various analysis techniques. In
this Letter we report results obtained with 2- and 4-particle
cumulant methods [34], denoted v2f2g and v2f4g. To cal-
culate multiparticle cumulants we used a new fast and
exact implementation [35]. The v2f2g and v2f4g measure-
ments have different sensitivity to flow fluctuations and
nonflow effects—which are uncorrelated to the initial ge-
ometry. Analytical estimates and results of simulations
show that nonflow contributions to v2f4g are negligible
[36]. The contribution from flow fluctuations is positive
for v2f2g and negative for v2f4g [37]. For the integrated
elliptic flow we also fit the flow vector distribution [38] and
use the Lee-Yang zeros method [39], which we denote by
v2fq-distg and v2fLYZg, respectively [40]. In addition to
comparing the 2- and 4-particle cumulant results we also
estimate the nonflow contribution by comparing to corre-
lations of particles of the same charge. Charge correlations
due to processes contributing to nonflow (weak decays,
correlations due to jets, etc.) lead to stronger correlations
between particles of unlike charge sign than like charge
sign.

Figure 2(a) shows v2ðptÞ for the centrality class 40%–
50% obtained with different methods. For comparison, we
present STAR measurements [41,42] for the same central-
ity from Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, indicated
by the shaded area. We find that the value of v2ðptÞ does
not change within uncertainties from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV to
2.76 TeV. Figure 2(b) presents v2ðptÞ obtained with the 4-
particle cumulant method for three different centralities,
compared to STAR measurements. The transverse momen-
tum dependence is qualitatively similar for all three cen-
trality classes. At low pt there is agreement of v2ðptÞ with
STAR data within uncertainties.

The integrated elliptic flow is calculated for each cen-
trality class using the measured v2ðptÞ together with the
charged particle pt-differential yield. For the determina-
tion of integrated elliptic flow the magnitude of the charged
particle reconstruction efficiency does not play a role.
However, the relative change in efficiency as a function
of transverse momentum does matter. We have estimated
the correction to the integrated elliptic flow based on
HIJING and THERMINATOR simulations. Transverse momen-
tum spectra in HIJING and THERMINATOR are different,
giving an estimate of the uncertainty in the correction.
The correction is about 2% with an uncertainty of 1%. In
addition, the uncertainty due to the centrality determina-
tion results in a relative uncertainty of about 3% on the
value of the elliptic flow.

Figure 3 shows that the integrated elliptic flow increases
from central to peripheral collisions and reaches a

maximum value in the 50%–60% and 40%–50% centrality
class of 0:106$ 0:001ðstatÞ $ 0:004ðsystÞ and 0:087$
0:002ðstatÞ $ 0:003ðsystÞ for the 2- and 4-particle cumu-
lant method, respectively. It is also seen that the measured
integrated elliptic flow from the 4-particle cumulant, from
fits of the flow vector distribution, and from the Lee-Yang
zeros method, are in agreement. The open markers in Fig. 3
show the results obtained for the cumulants using particles
of the same charge. The 4-particle cumulant results agree
within uncertainties for all charged particles and for the
same charge particle data sets. The 2-particle cumulant
results, as expected due to nonflow, depend weakly on
the charge combination. The difference is most pro-
nounced for the most peripheral and central events.
The integrated elliptic flow measured in the 20%–30%

centrality class is compared to results from lower energies
in Fig. 4. For the comparison we have corrected the inte-
grated elliptic flow for the pt cutoff of 0:2 GeV=c. The
estimated magnitude of this correction is ð12$ 5Þ% based
on calculations with THERMINATOR. The figure shows that
there is a continuous increase in the magnitude of the
elliptic flow for this centrality region from RHIC to LHC
energies. In comparison to the elliptic flow measurements
in Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, we observe
about a 30% increase in the magnitude of v2 at

ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV. The increase of about 30% is larger than in
current ideal hydrodynamic calculations at LHC multiplic-
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FIG. 2 (color online). (a) v2ðptÞ for the centrality bin 40%–
50% from the 2- and 4-particle cumulant methods for this
measurement and for Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
(b) v2f4gðptÞ for various centralities compared to STAR mea-
surements. The data points in the 20%–30% centrality bin are
shifted in pt for visibility.
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RADIATION BY FAST QUARKS 
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Synchrotron radiation contributes to quark anergy loss and 
azimuthal asymmetry. 
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POLARIZATION OF LIGHT QUARKS
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A very strong polarization of quarks and leptons A =
8

5
p

3
= 92%



Other effects
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✴ Synchrotron radiation

✴ Photon/dilepton production

✴ Azimuthal anisotropy of QGP

✴ Ionization of bound states (e.g. J/ψ)

✴ Chiral Magnetic Effect

✴ QCD phase diagram

KT (2010,2012)

KT (2010,2013)

Mohaparta, Saumia, 
Srivastava (2011), KT (2011)

Marasinghe, KT (2011)

Kharzeev (2006), Kharzeev, Zhitnitsky (2007), 
Kharzeev, McLerran, Warringa (2008), ...
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SUMMARY

• Electromagnetic field produced in relativistic heavy-ion 
collisions is, probably, strongest in nature: B~1018 G

• Strong magnetic field can trigger a lot of novel phenomena 
that have never been observed before (some were predicted 
long time ago). 

• We have a unique opportunity to study non-perturbative 
Quantum Electrodynamics in lab - a lot of cross-disciplinary 
applications.
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Other stuff
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NUCLEAR DENSITY FLUCTUATIONS

B

Ze

Ze

Figure 2: The mean absolute value of the magnetic field at t = 0 and !x = 0 as a function of
impact parameter b for AuAu collision at

√
s = 200 GeV. Fluctuation of proton positions

lead to non-zero values of 〈|Bx|〉 that are comparable to 〈|By|〉.

ing over events. To study the magnitude of the magnetic field disregarding its
direction from one event to another we consider the average (over events) ab-
solute value3 of the magnetic and electric fields, 〈|Bx,y|〉 and 〈|Ex,y|〉. Due to
fluctuations of the proton positions we obtain comparable numbers for 〈|Bx|〉
and 〈|By|〉 suggesting that on the event-by-event basis we should expect huge
fields both in x and y directions. Since the chiral magnetic effect leads to the
electric current along the magnetic field, our result indicate that, in principle,
the chiral magnetic effect may take place not only in the y direction but also
in the x direction.

The results for the electric field are shown in Fig. 3.
The symmetry of the system presented in Fig. 1 implies that at !x = 0

the average value of the electric field 〈Ex〉 = 〈Ey〉 = 0. However, as seen in
Fig. 3, fluctuations lead to 〈|Ex|〉 ≈ 〈|Ey|〉 with magnitude of the order of
m2

π. It is interesting to notice that x and y components of the electric field

3First we calculate, e.g., Bx in an event from all protons and after that we take the
absolute value. Next we calculate average over events.

4

Figure 3: The mean absolute value of the electric field at t = 0 and !x = 0 as a function of
impact parameter b for AuAu collision at

√
s = 200 GeV. Fluctuation of proton positions

lead to non-zero values of 〈|Ex|〉 ≈ 〈|Ey|〉.

are almost identical to the x component of the magnetic field

〈|Bx|〉 ≈ 〈|Ex|〉 ≈ 〈|Ey|〉 . (2)

This conclusion can be drawn easily from the analysis of Eqs. (1). The fields
Bx and Ex,y are driven only by fluctuations of the proton positions and since
vz ≈ 1 it is evident that Eq. (2) is valid. For peripheral collisions, the y
component of the magnetic field is influenced not only by the fluctuations,
but also (mainly) by the geometry of the collision, as seen from Fig. 2, where
〈|By|〉 and 〈By〉 are compared. Thus we expect 〈|By|〉 to be larger than the
fields in Eq. (2).

To provide more complete information on the fluctuating values of B and
E fields, we show in Fig. 4 the event-by-event histograms for Bx,y and Ex,y

at the impact parameter b = 8 fm. As expected By distribution is shifted
away from zero and Bx, Ex and Ey distributions are practically indistin-
guishable, consistent with Eq. (2). We checked that for b = 0 histograms
look very similar, the only difference is By that is centered around zero being
indistinguishable from Bx, Ex and Ey.

5

Bzdak and Skokov (2011)

Fluctuations of nucleon positions 
generate other components of 
electromagnetic field.

E

E~1021V/cm
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EXAMPLES OF STRONG ELECTRIC FIELDS

105 V/cm (107 W/cm2): SLAC particle accelerator
1016 V/cm (1029 W/cm2): Schwinger limit (instability 

of QED vacuum)
1021 V/cm (1039 W/cm2): Heavy ions collisions

Lasers


