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Heavg»-ion Collisions in a nutshell



RELATIVISTIC HEAVY ION COLLISIONS

Relativistic Heavy lon Collider at BNL
Au on Au at 200 GeV

Large Hadron Collider at CERN;
Pb on Pb at 5 TeV.
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HEAVY ION COLLISIONS
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Origin and Prol:)erties of magnetic field



ORIGIN




ORIGIN

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

b
Order of magnitude estimate: B ~ Ze—="y

R3
Zau =79, b~R=7 fm, y=100 = B = (200 MQV)Z ~ mEZ B~10!8 G



EXAMPLES OF MAGNETIC FIELD STRENGTHS

10 G: Earth’s magnetic field
50 G: Refrigerator magnet
10° G: Modern MRI system
10° G: Strongest pulse obtained in lab
10'9-10'3 G: Neutron stars

10" G: Breakdown of superposition principle
of electrodynamics

10"2-10"° G: Magnetars

1070-10"8 G: Heavy ion collisions



NUMERICAL SIMULATIONS
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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 (Yy = 5.4).
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ROLE OF CONPUCTIVITY

Due to finite electric conductivity of quark-gluon plasma magnetic
field relaxes over time comparable to the plasma lifetime.
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SPATIAL DISTRIBUTION

Rather modest spatial variation ~20% in the QGP region

8fm 40

20

=20

-8fm ™"

| I I I | I I I | I I I | I I I |
—40 -20 0 20 40

-8fm 0 8fm

Magnetic field is constant in the Oth approximation
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Quarkonium in magnetic field
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WHY QUARKONIUM?

Quarkonium melts in plasma. Expect its suppression in heavy-
ion collisions vs pp = “smoking gun” of plasma.
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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: AM= (eB/
2m)gdz, where J,=-J, -J+1,...,d. For example J/ (5=1,L=0,
J=1) J.=0,+1 = AM=0.15 GeV (at LHC)

Distortion of the quarkonium potential due to high order
effects. This is important B~3mm?/e which is 3m/a stronger
than the Schwinger’s field.  Machet, Vysotsky (2010)

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

Consider J/y moving with velocity V in COM frame in tield B.

Y J/y rest frame

Boost to J/y rest frame:

COM of heavy-ion collision
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J7W IONIZATION IN ELECTRIC FIELD

Quarkonium rest frame

There is finite quantum

probabillity for the anti-
quark (e<0) to tunnel
through the potential .y

barrier and go to y—-o.

|e|Ey+8kin

-

This is J/Y+E — D™D decay.

C
Lab frame <
J/)
C

Magnetic field supplies momentum,
while moving quarkonium supplies energy.
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J/W IONIZATION: ROLE OF B

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) = \/m2+(px+eBy)2+p§+p§) —eby — \/m2+p.%+p§

U/m
0.2}
0.1

=0~_E=B

~0.3"

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

& lonization probability = Transmission coefficient w = e_2f vV Pydy —

where y1 Is the turning point.

m27'0,0

& Extremum of fis fm = 1 —eo(€0 — gmp
X u | m QEM[ ( m)]

& Non-relativistic approximation: p<«m, es/m< 1, p=E/B <1

2 3/2 3 1 /72 1/2
fro = 22O 0y ) = [17(7% ) ]

3ek
V2
where v = peb IS the adiabaticity parameter
Weak binding: eyp? >yl w = exp 4 2 2m)”
eak binding: ep<kp = y< =Py T

Keldysh (1965)
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PISSOCIATION RATE

p., GeV

FIG. 1: Dissociation rate of J/1 at eBy = 15m2, ¢ = w/2 (in the reaction plane), 7
function of (a) P, at e, = 0.16 GeV and (b) g, at P =1 GeV.

0 (midrapidity) as a
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AZIMUTHAL ASYMMETRY

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

Magnetic field destroys J/w s. This effect grows
with ptand strongly depends on azimuthal angle.
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Synchrotron radiation
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UNEXPLAINED EXCESS OF PHOTONS IN HEAVY ION COLLISIONS
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ANGULAR DISTRIBUTION OF RADIATION

V

Synchrotron radiation: 1 /J\N

fleg,3,p) — fler, k,q) + (k)

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

Spacing between the Landau levels ~ eB/g, while their thermal width ~ T.

When eB/e=T it is essential to account for quantization of fermion spectra.
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KINEMATICS

£j = \/m2+p2+2jefB, £ = \/m2+q2+2kefB

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:

Ej=w-+er, p=gq-+wcost

Angular distribution of the power spectrum:

dl 2o L
TS = %WQZF]';C{|MJ_|2—|—|M“|2} 5(w—€j+5k)
f k=0

Matrix elements are well-known functions of Laguerre polynomials.

Sokolov, Ternov (1968) and others
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PHOTON NUMBER SPECTRUM

We are interested in the photon number spectrum radiated from QGP

stynch B 2N J dI]
dtdS2dw Z/ dpef Z Z wdwdQ 05,0)f(€5)[1 — f(ew)]

7=0 k=0

1
es/T +1

fe) =

(p— pi
Energy conservation d(w —e€; + &) Z‘ _

—  ph :{ COS G(m? — mi 4 w? sin? 9)

+ \/ [(mj + my)? — w?sin? 0][(m; — my)? — w2 sin? 4] }/(Qw sin” )

m? =m?* +2je;B, mi=m>+2kesB
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P+ is real in two cases:

(i) mj —my > wsinf, or (ii) m; +mg < wsinb

synchrotron radiation one-photon pair
annihilation

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

mj; —my V/m? +2jerB — \/m? + 2kes B
sinf sin 6

W < Ws jk =

In particular j=k transition is forbidden.

Spectral distribution of the synchrotron radiation rate per unit volume:

4 Nsynch QNCZ o c©
Vdtdde — ; 7T3f efBZZw 1 + 5l<:0 ws 2] / Z ‘

X {IMLP+ M2} FE)L = flew)],
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SYNCHROTRON SPECTRUM
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FIG. 1: Spectrum of synchrotron radiation by u quarks at eB = m2, y = 0, ¢ = 7/3: (a) contribution of

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

my, = 3 MeV, T' = 200 MeV.



REFERENCE FRAMES
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Thus, azimuthal dependence () of e weosd _a
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ANGULAR PDISTRIBUTION OF SR
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FIG. 2: Azimuthal distribution of synchrotron radiation by u-quarks at k; = 0.2 GeV, eB = m?2, y = 0.
m, = 3 MeV.

This distribution implies that v,>0 (to be calculated)
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HOW MANY LANPAU LEVELS CONTRIBUTE?

stynch o0 efB(ch)V jmax ] dIJ
= 2§, N1 —
s~ 2 | e > Y S @~ e - fe)

eB/m2| 1 1 15 15
T, GeV | 0.2 0.2 0.4 0.4
k1,GeV| 0.1 1 1
x 0.096 9.6 0.64 2.6
30 40 g 12

DN WA

]max

TABLE I: The upper summation limit in (18) that yields the 5% accuracy. jmax is the highest Landau level

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

Large |,k correspond to quasi-classical limit.



PAIR ANNIHILATION

/
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One and two-photon annihilation: At eB>m? 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 PUE TO GLUON SYNCHROTRON RAPIATION

B

® General formulas for synchrotron radiation simplify if quark is ultra-
relativistic ¢>>m before and after gluon radiation.

This always holds in week fields eB<m?

In strong fields eB>»m? this approximation breaks down at the threshold w~e, i.e. gluon
carries away almost all quark energy = energy loss in this approximation must satisfy

Aeke

e Synchrotron radiation is quasi-classical if

1.Spacing between Landau levels eB/c is much smaller than ¢ =>g?»eB

2. Recoll due to gluon emission is small: w<e (i.e. far from the threshold)

33



RADIATION BY FAST QUARKS

e ALICE Pb-Pb \/s, = 2.76 TeV (0 - 5%)
STAR Au-Au \[s,,, = 200 GeV (0 - 5%)
= PHENIXAu-Au \[s,, = 200 GeV (0 - 10%)
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Alice, PRL 105 (2010)
arXiv:1011.3914 [nucl-ex]

Synchrotron radiation contributes to quark anergy loss and

azimuthal asymmetry.
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ULTRA-RELATIVISTIC + QUASI-CLASSICAL LIMIT

In the quasi-classical approximation j> 1, k> 1. Taking also the UR limit Laugerre
polynomials reduce to Airy functions:

I miw [ [ .. 2 W 92\ g
@——C)&SCF - {/x A1(§)d§+(;+;xm )Al(x)}

, Qe Z 2 h> y Qe Z 2 H3
Invariant parameter 2 = — m6q (Fp¥)? = — L (p x B)’
de o dl m2y? [ 4452+ 4\
Energy loss = _/0 dw@ = asCFp 5 /0 1+ x272) Ai'(x) x dx
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Energy loss in magnetic field
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POLARIZATION OF LIGHT QUARKS

Spin-flip probability per unit time

~ 5V3asCp h* [ eN® [ Zgelv x B ; 2 .  8V3
YT T w2 (m) ( - L= g (6-v)" = gmsien(eq) (¢ - )
Sokolov, Ternov (1964)
g
d {} I g N@
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NRcase: H=—u-B = — (geth) s-B
2m

A very strong polarization of quarks and leptons 4= % = 92%
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Other ettects
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X Synchrotron radiation KT (2010,2012)

X Photon/dilepton production KT (2010,2013)
: : Mohaparta, Saumia,
X Azimuthal anisotropy of QGP Srivastava (2011), KT (2011)

X lonization of bound states (e.g. J/\p)  Marasinghe, KT 2011)

* Chiral Magne’[ic Fffect Kharzeev (2006), Kharzeev, Zhitnitsky (2007),

Kharzeev, McLerran, Warringa (2008), ...

X QCD phase diagram
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SUMMARY

® lectromagnetic field produced in relativistic heavy-ion
collisions is, probably, strongest in nature: B~10'% G

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

e \\le 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

Fluctuations of nucleon positions
generate other components of
electromagnetic field.
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EXAMPLES OF STRONG ELECTRIC FIELDS
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