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Introduction

The purpose of heavy-ion physics is to study nuclear matter under extreme
conditions from nucleus-nucleus (AA) collisions. At collider energies, col-
liding nuclei can be viewed as two clouds of valence and sea partons which
interact passing through each other. Quantum Chromodynamics predicts
that partonic final state interactions produce a new phase of matter, a
plasma of quarks and gluons . This new state of matter is a transient
rearrangement of the correlations among quarks and gluons contained in
the incident baryons into a larger but globally still color neutral system
with however remarkable theoretical properties. This plasma expands and
becomes cooler and more dilute. In presence of a first-order deconfinement
phase transition, the plasma will pass through a mixed phase of quarks,
gluons and hadrons, before the hadrons lose thermal contact and stream
freely towards the detector. The open questions experiments must answer
are to find out what the structure of matter formed in heavy-ion collisions
is, and verify if the initial partonic system attains kinetic and/or chemical
equilibrium. To achieve equilibrium enough time for formation and equili-
bration must be available. It is estimated that this time amounts to about
3-5 fm/c at RHIC energies and to more than 10 fm/c at LHC energies.

Relativistic heavy-ion collisions thus provide the experimental informa-
tion on the fundamental prediction of the Standard Model by searching
for the quark-gluon plasma and exploring the physics of this new state of
matter. However, it is as important to study at the same time asymmet-
ric systems like proton-nucleus (pA) as well as proton-proton collisions
to disentangle the contribution of different physics processes to the same
signal.
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Chapter 1

Kinematics

Reference [1]

h=c=1

1.1 Light-cone variables

e In the reaction:
b+a—c+ X

if the detected particle can be identified as originating from one of the
colliding particles (a or b), one says that c is fragmenting from the
projectile b (or the target a).

e Four-momentum:
¢ = (co,cr,¢:) = (Co,Ca, Cy, C2)
e Forward (backward) light-cone momentum of c:
Cr(—)y=Coxec,

e Lorentz transformation of c(_:

!

cpo) =7 (=B es
¢ Longitudinal-momentum fraction z:

co+c . .
Ty = b — bz — x at high energies when co ~ ¢,

0<z<1
x is Lorentz invariant.
¢ Invariant mass of a free particle:

2 _ 2 2 _ 2
=cg—7"=m?

e Transverse mass of a free particle:

2 2

co—czzmz+(:2T:m2

cT
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8 CHAPTER 1. KINEMATICS

¢ Feymann scaling variable:

*

¢z

Tp = x = CM quantity

ct(max)

ct(maz) is the maximum value of c,attained in the reaction b + a —
¢+ X when X consists of a single particle with a rest mass which
corresponds to the minimum value of the rest mass of X allowed by
conservation laws (baryon number, charge, etc...).

1.2 Rapidity variables

y=—In|——
2 Do — P:

e Definition:

It is related to the ratio: 2+

1 (145
i/ =v-gi (155)

po = mpcoshy

e Lorentz transformation:

e Relations:

y:yb+lnx++ln(mb) y:ya—lnx—ln<ma)
My Mey

e Usage:

- to describe particles produced with a momentum close to the
beam momentum, use z

- to describe particles produced in the central rapidity region (¥1¥=)
use y

1.3 Pseudo-rapidity variable

To be used when only 7 is measured and not the energy po

1=l ()

6 is the angle between P and the beam direction.

e Definition:

e Relations:

|P'| = prcoshn
pr = \/p? —p?
p. = prsinhn

dN 1 m? dN
dndpr m3, cosh? y dydpr



1.4. NUCLEON-NUCLEON COLLISIONS: 9

1.4 Nucleon-nucleon collisions:

3 GeV < /5 <100 GeV

e Cross-sections:

Otot = 40 mb = Oinelastic T Oelastic

Oinelastic = 30 mb
Crotal = 48 + 0.522 (Inp)* — 4.5Inp
Oetastic = 11.9+ 26.9p~*! +0.169 (In p)* — 1.85Inp

pin GeV/c

e Particle production:

about half of CM energy, /s, is used to produce particles
80-90% of produced particles are pions

multiplicity:
Nehargeda = 0.88 +0.441n s + 0.118 (In 5)”

s in GeV? 5

Niotal = Ncharged 5

particles which resemble the incident particles in the fragmenta-

tion regions (z ~ 1)are called leading particles.

rapidity distribution:
% =A(Ql-2)"1—-2_)" a~3-4

invariant cross-section:

B = (L= p) (1= ) [11067097 4 35¢4207] mbe? G

mrscaling:
do  Ae~™mr/T
dp (mT/GeV)A
A=1.5, T=0.290 GeV, A=13.9 mb GeV~—2¢?
definitions:

*x pr <1 GeV/c : soft particles (phenomenological QCD)
x p>1 GeV/c: hard particles (perturbative QCD)
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Chapter 2

Quarks gluons and other
animals

Quarks Q 1. C| S|T|B Mass
(MeV)

u 2/3 | 1/2 0] 0 |0| 0| 5.6+1.1

d -1/3-1/2 0] 0 |O0| 0| 9.94+1.1

c 2/3 0 1[0 |[0]| 0| 1350+50

S -1/3 0 O|-1{0|O0 199+33

t 2/3 0 OO0 |1 0| >90000

b -1/3 0 0|0 ]|0O]|-1 ~ 5000

e mass:
The mass reported in the table is the cwrrent mass, i.e., the mass of
the quark in absence of confinement. When the quark is confined in
a hadron, the quark acquires an effective mass called the constituent
mass. It is typically a few hundred MeV.

e QCD
Quantum Chromodynamic is the field theory which describes the
strong interaction. The QCD Lagrangian takes the following form:

Lacp = =R F Fly + 30070, = Bu) ¥ =17 A,
1l

with v# the Dirac Gamma matrices, J# the 4 current—vectorgu (z) =

Z§:1 Al'(z));, the Colour potential sum of the 8 gluon-potentials, and
F!” the Field intensity tensor which tansforms as:

FI'" =8, A — 0" Al + gfijn AL AL

where the last term describes the self coupling of gluons. The physics
of QCD can be divided into two regimes. The firs one, the domain
od asymptotic freedom, corresponds to high momentum transfer and
can be treated by perturbative theory. The second one, the domain
of confinement, corresponds to small momentum transfer and can be
treated within the lattice theory. By asymptotic freedom one means
that for increasing momentum transfer, the quarks cross section de-
creases, in other words the coupling constant is related to the scale

11



12 CHAPTER 2. QUARKS GLUONS AND OTHER ANIMALS

of the momentum transfer:

. (%))
as (¢%) =
1+ a2 1n (24

where «aq is the coupling constant for the momentum transfer p and
ny the number of flavors. When the distance scale of the interac-
tion is small, i.e., when one probes the high momentum component
of the quarks distribution, the coupling constant is small. Therefore
quarks move almost freely inside hadrons. A perturbative treatment
in terms of partons is applicable. The above expression can be rewrit-
ten in terms of temperature versus critical temperature for the phase

transition:
67

(33— 2n;) In (8T—T>

One often uses the strong interaction coupling constant g = /4w as.

as (T) =

2.1 The MIT Bag Model

The bag model provides a useful phenomenological description of quarks
being confined inside hadrons. Quarks are treated as massless particles
inside a bag of finite dimension. They are infinitively massive outside the
bag. Confinement results from the balance of the pressure on the bag
walls from the outside and the pressure resulting from the kinetic energy
of the quarks inside the bag. The bag pressure constant, B, is related to
the equilibrium radius of the bag:

pa_ (81271
\ 4n R

For a baryon radius R = 0.8 fm, B'/* = 206 MeV.

Inside the bag perturbative QCD applies. The total color charge of the
matter inside the bag must be colorless, thus valid hadronic bags can only
contain qqgq and ¢g states.

2.2 Deconfinement

Under given conditions of temperature and density QCD Lattice theory pre-
dicts that hadronic matter undergoes a phase transition toward a plasma
of quarks and gluons in which quarks and gluons are deconfined. The
predicted temperature at which this phase transition occurs is about 200
MeV.



Chapter 3

Heavy-ion collision
dynamics

It is difficult to find a robust theoretical description of relativistic heavy-
ion collisions involving the QCD phase transition to predict observables.
Theory can thus serve mainly to motivate particular experimental studies
and provide overall consistency checks in the interpretation of the data.
The heavy-ion collision at collider energies can be viewed as depicted in
Figures 3.1 and 3.2.

Nucleus Nucleus
B A

—> 0 <d—

Before collision After collision

(a) (b)

Figure 3.1: The configuration of two colliding nuclei before collision and after
collision with energy deposited in the central region.

In Bjorken’s space-time scenario, which maight be the appropriate pic-
ture for collisions at /s >100A GeV, the colliding nuclei traverse each
other with only little interaction which deposit only part of their kinetic
energy to heat up the central rapidity distribution. In the region between
the two fast traversing nuclei hot matter is formed with energy densities
larger by one one or two orders of magnitude than the energy density of
normal nuclear matter. Matter in this space-time region is formed of quasi
free quarks and gluons and constitues the pre-equilibrium phase which
might lead to a local thermal equilibrium provided tha there are enough
interactions among partons.

The initial conditions at which the equilibrium is reached are defined by

13



14 CHAPTER 3. HEAVY-ION COLLISION DYNAMICS

before collision

targ mid proj

full stopping

dN/dy

Ytarq Ymid Yproj

transparency

targ mid

Figure 3.2: Nuclear stopping scenarios. The particle rapidity distributions
are given before the collision and after the collision in the case of a full
stopping (Landau) and complete transparency (Bjorken).

(z,t) = (0,0) and the proper time 7. The proper time is defined as the local
time in the rest frame of any fluid element. For example, if one considers
a cylindrically symmetric collisions, the longitudinal proper time is:

T=1/12 - 22

Local equilibrium is defined as the coincidence of the exponential slopes
of the longitudinal and transverse momentum distributions when they are
integrated over a comoving volume with linear dimensions of one partonic
mean free path, A;. The equilibrium is predicted to be reached after 7, =
0.7A¢, i.e, 70 ~ 0.2 — 0.3 fm/c at collider energies.

After 7, the plasma may evolve according the law of hydrodynamics.
Chemical equilibration is driven by the two-body reactions gg <+ ¢g and
gluon multiplication and its inverse process, gluon fusion gg <+ ggg. The
hot matter expands, cools down to a critical temperature 7. = 160 MeV
(e = 1.45 GeV/fm?3) and the hadronization takes place. The system then
enters into a mixed phase where a phase transition occurs. When all of
the QGP has converted into hadrons, the gas again expands and cools
till freeze-out temperature (I'y ~ 100 MeV) is reached. The hadrons finally
stream out of the collision region at freeze-out temperature. We shall now
review how the various phases considered and depicted in Figure 3.4 can
be formalized.
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fragmentot]on \ \ / / fragmentation
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Figure 3.3: Schematic diagram showing the spatial evolution of the matter
formed after the central collision of two identical nuclei in the center of mass

frame.

time

free streaming freeze-out
. \\ s o

7 fm/

<po fme

/ mixed phase

. N 160 MeV
hydrodynamical expansion "\
| '/~ Chiral symmetry SU(3), U(1)
equilibrated QGP
Q. te 1 fm/c L
. glue ball
T: 1GGV
pre-equilibrium parton cascade ) deconfined quarks and gluons
coordinate space
beam beam

Figure 3.4: Space-time picture of a nucleus-nucleus collision.
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3.1 Pre-equilibrium phase

In the pre-equilibrium phase the dynamic of partonic can be described
as a cascade of freely colliding partons. This is the approach taken by
the Parton Cascade Model [3]. The space-time evolution of the partons
distribution is described by a transport equation where the collision term
is described by QCD processes calculated within the perturbation theory.
The main hypothesis called the factorization hypothesis is that the colli-
sions during the cascade are independent of each other. The initial partons
distribution is described by the distribution in phase-space (P, 7) at time
t = to of parton of type a = (u,d,..: q,q,9) :

@it = Y P (7. 5.7) m (7. .7)

where PMi, and R are the momentum and spatial distribution of the
parton in the nucleon as a function of the parton momentum (position),
the nucleon momentum (position) and nucleus momentum (position). The
momentum distribution of partons can be expressed in terms of the trans-
verse momentum distribution parametrized as:

—1p7)?
g(lﬁ):iexp< 1] )

m&? &

and the nucleon structure function f: (z, Q%) evaluated at fixed transfered
momentum )y ~ 1 GeV which is experimentally measured by electron
scattering for example. On therefore writes:

PN (TP P) = 1 (5.08) 0 (0)

with the fractional longitudinal momentum of the parton:

Pa
Py,

2

. . m
m%{a — mz + LaQ
(PN,)

with Py, the nucleon momentum within the nucleus and m? , = p> + m2.
The evolution of the phase-space distribution of the partons is then
described by the relativistic Uehling-Uhlenbeck equation:

POuF. =) E.C

coll

where C describes the collision term. This equation follows the evolution
of the system until it equilibrates i.e., until partons are isotropically dis-
tributed in phase space. An effective local temperature is defined in an
elementary volume cell in the center of the system. Its evolution can be
parametrized of Au+Au at /s = 200A GeV as:

T —0.30

where 7 = \/ (t —1fm/c)® — 22 represents the proper time, z being the lon-
gitudinal coordinate.
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3.2 Equilibrated phase

The initial condition at equilibrium can be estimated from a parton cascade
calculation. Relativistic hydrodynamics will then be used to describe the
expansion of the hot and compressed central region characterized by a
constant baryon density and constant energy density.

3.2.1 Thermodynamics variable

The dynamics of the system is described at different space-time points as
the system evolves by:

e ¢ : the energy density

e p: the pressure field

e T : the temperature field

e ut =dz*/dr : the 4-velocity field

The energy density and the pressure at a space-time point are measured
in the frame in which the velocity of a fluid element at that point is zero,
i.e., u* = (1,0,0,0). The energy density, the pressure and the temperature
are related by the EOS:

e=e(pT)

3.2.2 Energy-momentum tensor

T+ is defined as the momentum in the p direction per unit 3-surface area
perpendicular to the v direction. In the frame in which the fluid is at rest:

T*OO = €

T*J = pd¥ if the pressure is isotropic
The energy-momentum tensor in terms of energy density and pressure is:
T = (e + p) utu” — g"¥p

where ¢g*¥ is the metric tensor.

3.2.3 Equation of motion

In Bjorken’s hydrodynamik model the space-time evolution of the system
is described as an one dimensional expansion. It is assumed that a particle
produced at z = ¢ = 0 propagates freely along a straight trajectory. In the
rest system of the produced particles, the fragments propagate along hy-
perbols of constant longitudinal proper time. The system is approximated
as an idealized continuum with a longitudinal translational symmetry so
that a Lorentz transformation along the longitudinal direction leads to the
same initial conditions and the same dynamics of the system. The dynam-
ics of the system can then be specified by the thermo-dynamical variables
as a function of the the proper time (Lorentz invariant quantity):

e = ¢€(1)

p p(7)
T = T(1)
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and the motion is governed by the hydro-dynamical equation which comes
from energy and momentum conservation:

orr
ozt
Since it is assumed that the system undergoes a purely longitudinal boost-

invariant expansion, the equation of motion reduces to an equation for the
thermodynamic variables ¢ and p as:

0
Oe  (etp) _
or T
This equation implies:
er?® = Constant (3.1)

3.2.4 Equation of State

Equation of states for the various phases of matter during the collision are
defined [4][5]

Quark-gluon plasma

It is described by an ideal gas EOS for massless non-interacting particles:

€

p(€7pB) = g

Two parametrizations are proposed here:
e Sollfrank et al. [4]
(32 + 21Ny) n?

N . Ny .
_Wwe eV e 2N 22 SN 2 B
p 180 T T

e=3p+4B
N
pB = NuT + W—;cug
where p, = up/3; B is the bag constant (connected in the MIT bag model
with the energy necessary to form a bag out of the QCD vacuum); Ny = 2.5

is the number of flavors which simulates effects of the finite strange quark
mass.

e Srivastava et al. [5]

e=3P = [az)\g + by ()\q + )\a)] T4

where ay = 87%/15, by = 7Tn?N;/40, N; ~ 2.5 is the number of dynamical
quark flavors, )\, is the fugacity for the parton species k£ and is defined by:

Ng = AgNg, Ng = AgNg (3.2)

where 7y, is the equilibrium density of the parton species k:

16

Ng = F (3)T3 = a1T3 (3.3)
Ny = i4(3)N T% =0, T3

1 o2 A
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Hadronic phase
It is described by a hadron gas EOS built in the following way:
1. the hadron gas contains the following hadrons with their anti-particles:
 K,n, pw, K* p,n,n,6,A %, A, ar, 2, T (1385)

it does not change too much to only include mesons up to the w
meson.

(@) in case of a dilute gas, non-interacting hadrons in chemical equi-
librium are considered. One starts from the grand canonical par-
tition function:

{Z"(T,V, up, ps) = HeXp [Zn (T, V, pn)]
h

where V is the volume, the product is taken over the different
hadron species h, py is the chemical potential of hadron 5,

pn = Brpup + Shits

where B;, and S}, are the baryon number and the strangeness of
hadron h, Z; is the partition function for the hadron specie h:

3/2

_ _ BV [ (B —mj)
InZy (T, V, pn) = BV pn = 62 /mh dE A=) £ 1

where 5 = 1/T, g5, is the degeneracy factor, m;, the mass of the
hadron and +applies to fermions/bosons.

The thermodynamic variables baryon density, energy density and
pressure can then be calculated as:

T 9In 27
T = —
pe (Tspp) = 17 B
10Inz2H
G(TvNB)—VW
dln ZH
p(T,pg) =T 57

(b) In case of a dense gas, one has to add a repulsive interaction be-
tween particles. This is done by assuming a mean field potential
of the form:

1.
V(ps) = §KPZB

where K is the mean field repulsion parameter. The partition
function is modified as:

ZME - — eXp{—ﬂV [V(PB)_pBV/ (PB)]}
x [lexp [Zh (T, V, uerf,uSﬂ

where ,u%f ! is the effective baryon chemical potential:

wif? =pp =V (pp) = up — Kpp

and describes the shift in the particle energy by Kpp due to the
repulsive interaction.
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Mixed phase

The phase boundary is determined by pressure balance:

PHG = PQGP

between the 2 phases at equilibrium. The mixed phase is described by
introducing the volume fraction of the QGP defined as:

QGP
w(e,pB) = g T yaap

3.2.5 Initial conditions

References[4][5]

The production and equilibration is not described within hydrodynam-
ics. The calculation starts from initial conditions which specify the state
of the system at proper time 75. The uncertainty in the initial conditions
arises from the lack of knowledge about the nuclear stopping power and
the time scale for the equilibration.

Within Bjorken’s model of the collision the geometry of the initial con-
dition at 7y is defined by:

¢ for central collisions, the system has a cylindrical symmetry around
the z direction and the radial velocity is zero:

’U_)r(to,T) =0

in other words (!):

1
(t,0,0,2)

ut (z,t) = —
pu

e for ¢t > ¢y, the longitudinal velocity is related to the longitudinal size:

z

z
v, = —
t

e The system is invariant under longitudinal Lorentz boost, i.e., the
thermodynamic quantities depend only on the longitudinal proper
time 7 = v/t2 — 22 which equals the local time in the rest frame of any
fluid element.

e There is a constant proportionality between the energy density and
the proper time (see Equation 3.1):

/3
€ (to, 2) _ ( to )4 :7(2)4/3

2 _ 2
t5 — 2

97 —1/2

where 7 (z) = [1 - ( is the relativistic v factor for the Bjorken

z
to
expansion velocity 1 (¢,0,0, z).

The initial time and temperature can be calculated following two methods
(the two I have heard about) modeling the early partons cascade:
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1. The self-screened parton cascade model (SSPC)[5]:

Early hard scattering produce a medium which screens the longer
ranged color fields associated with softer interactions. When two
heavy nuclei collide at sufficiently high energy, the screening occurs
on a length scale where perturbative QCD still applies. This approach
yields predictions for the initial conditions of the forming QGP with-
out the need for any ad hoc momentum and virtuality cutoff param-
eters.

2. The Hijing Monte-Carlo model[6]:
It combines multiple hard and semi-hard parton scattering with initial-
and final-state radiation with Lund string phenomenology for the ac-
companying soft non perturbative interactions to describe nuclear
interactions.

Table 3.1: Initial conditions for the hydrodynamical expansion phase in cen-
tral collision of two gold nuclei at RHIC and LHC energies. From reference
(5]

Energy To To ,\g‘” )\éo) €0
(fm/c) | (Ge - - (GeV/fm?)
SSPC
RHIC 0.25 | 0.668 | 0.34 | 0.064 61.4
LHC 0.25 1.02 | 0.43 | 0.082 425
HIJING

RHIC 0.7 0.55 0.05 | 0.008 4.0
LHC 0.5 0.82 | 0.124 | 0.02 48.6

¢ In the central rapidity region the number of produced particles can
be related to the initial conditions:

73 27t dN
TO= 5o o
070" 45¢(3)nR?4aq dy
where ag = Y57 if the system is initially in the QGQP phase, consist-
ing of massless u, and d, and gluons or ag = %8 if the system is

in the hadronic phase, consisting of 7, p,w; and n mesons; R is the
initial transverse dimension of the system. The evolution of the par-
ticle density with time can be calculated using Equation 3.1. Results
are shown for RHIC (Figure 3.5) and LHC (Figure 3.6) energies using
the SSPC predictions for the initial conditions. It is interesting to
notice that gluons are much more abundant than quarks. As a con-
sequence the production of hadrons with a significant “valence-glue”
component, such as 5 and  mesons or glue ball may be enhanced.
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2000 T T T T | T T T T | T T T T I

1000
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o

Figure 3.5: Multiplicity of partons with (solid curves) and without (dashed
curves) transverse flow at RHIC. From reference [5].
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Figure 3.6: Multiplicity of partons with (solid curves) and without (dashed
curves) transverse flow at LHC. From reference [5].



Chapter 4

Hard scattering

The hard probes associated with hard scattering or hard processes are
experimental observables of particular interest because they provide the
unique mean to study the partonic structure of hadrons or of extremely
hot and dense nuclear matter. In hadron or heavy-ion collisions they are
produced in the earliest stage of the collision and their abilities to probe
the dense matter are not complicated by the hadronization physics.

4.1 Definitions

Particle and transverse energy production in the central rapidity region
of ultra-relativistic heavy-ion collisions can be treated as a combination of
perturbative (hard and semi-hard) parton production and non-perturbative
(soft) particle production. By hard processes one usually means clearly
perturbative processes with momentum or mass scales of the order of sev-
eral tens of GeV. The produced hard parton by fragmentation produces
a jet which is associated to a parton and is experimentally associated to
hadrons clustered in the phase space. Hadronic jets have been observed
in pp collisions from pr ~ 5 GeV up to pr ~ 440 GeV.

Semi-hard processes refers to QCD-processes where partons with trans-
verse momenta of a few GeV are produced. These partons from semi-hard
processes are called minijets. The detection of minijets is not possible.

23



24 CHAPTER 4. HARD SCATTERING

Hard scattering: A+B — C+X
A, B : composite particles
C : detected particle
a(b): constituent of A(B) called parton
X oHHd+y
@: vertex function related with structure function

e Structure function:
Gy (zb,br) is the probability for finding a constituent of type b in the
particle B with a momentum fraction z,and a transverse momentum
bTZ

1 Tp ¢% (b)
(27)% 2(1 —ap) (b2 — m}z))z

Gy B (zp,b1) =

where ¢p (b)is the vertex function for pulling b out of on B with b off
the mass shell; this is not yet calculable within QCD.

e Fragmentation function:
Gy (zo, Cr)probability for the parton c to fragment into C with a
momentum fraction z- and a transverse momentum C'r.

¢ Inclusive cross section:

dBo

E R
CaBC

-y / dzydbrdzadar Gy (21, br) Gaya (2o, ar)
AB—CX ab,cd

Ao

xr (5,5 an,0) [ decdCrGey (vo,Cr) B 7

ab—cd
r is a kinematic factor
! T2 12
Als,a’,b

= ~1
" .Tb.’L'a)\ (57 A27 BZ)

s =(a+b)’

7 7
A~SA ~s
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4.2 Counting rules

e In the region = ~ 1; ar > 1GeV/c, the interaction of the constituents
at very short distance is involved, the corresponding QCD coupling
constant becomes small, pQCD can be applicable and the leading
behavior of G can be calculated:

Ga/A (Ta,ar) o< (1 - xa)ga

1

. .
(az)" "

with g, = 2(N4 —1) — 1 is called the counting index and Nis the
number of constituent of on A.

e The elementary cross section can be approximated by:

H

N2
o (ba—>C’X') - (X>

where H is an empirical parameter, and X' = (a + b — C)® /s the miss-
ing mass.

e Thus the rules:

1. N4 is the total number of constituents in A ; N, the number
of constituents in a; ns = Ns — N, the number of spectators;
ga = 2ns — 1; idem for gy;

2. nis the number of constituent particles participating to the basis
process ba — CX

S N=n—-2%F=g,+g,+1
d*c (1-z,)"

(ohry=r1 X
dC? | sp_,ox (C’?F)N

Co

with z, = NCIE

e Example: pp — 7X
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\
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sons

| elementary process | Na | Ny [ ga [ 9o | F [ n | N |
qq — qq 3 1 313|714 2
g — Tq 5 2 | 5|13|9|6] 4

empirically one finds 2N = 8.2 and F = 9 for pp — 7t X, 0., = 90°, z7 >
0.18, and beam energies from 200 to 400 GeV.

4.3 Parton distributions in coordinate and mo-
mentum space

4.3.1 In vacuum

It is deduced from deep-inelastic lepton-nucleon measurements and a
functional representation of the parton distribution is usually adopted:

zq* (x,Q) = Ag;vA% (1- m)Ag P® (z)

where a is a flavor label (¢, 7,9); P (x) is a smooth function as for example:1+
1. A¢ are constants function of Q2.

The parton distribution function depends on the momentum scale in
which the parton distribution is scaled, therefore the dependence in Q. It is
the momentum transfer from the lepton to the constituent and is equal to
the four-momentum transfer of the probing intermediate space-like virtual
photon.

4.3.2 In nuclear medium

4.4 Hard processes in heavy-ion collisions

The ideal quark-gluon plasma which by definition can be considered as
a system of weakly interacting quarks and gluons in both thermal and
chemical equilibrium might be difficult to reach in heavy-ion collisions.
A generalized quark-gluon plasma which can be defined as an interacting



4.4. HARD PROCESSES IN HEAVY-ION COLLISIONS 27

and deconfined parton system with a large size and a long life-time (several
fm/c) might however be reached at RHIC or LHC energies. Hard probes are
unique to study to study the large size and long life-time of the interacting
partonic system. They dominate the collision dynamics which will deter-
mine the initial conditions of the produced partonic system. Their study
will thus enable to probe the early parton dynamics and the evolution of
the QGP. Copiously produced at high energies mini-jets are responsible for
the thermalization of the hot plasma.

Time scale for producing partons and transverse energy into the central
rapidity region by semi-hard collisions is short, typically 7 ~ 1/pg ~ 1 fm/c
where pg ~ 2 GeV/c is the momentum cut off below which perturbative
QCD is not applicable anymore. The soft processes are completed at later
times of the collision, 7 ~ 1/Agcp ~ 1 fm/c.

There are two types of hard probes:

1. the thermal emission of photons/di-leptons and charm particles which
spectrum can be considered as a thermometer of the dense, thermal-
ized medium constituted of quarks and gluons. The thermal radiation
is discussed within the frame of hydrodynamics (see section 3.2 and
following).

2. the particle, high pr particles from jets and J/v, suppression by the
medium can reveal parton energy loss in dense matter and the de-
confinement of the partonic system.

The parton dynamics in the course of a heavy-ion collisions is influenced
by various effects during the formation phase as well the thermalized
phase effects which could be observed in the hadron transverse momen-
tum spectra resulting from the parton (jet)

fragmentation or in direct photon/dilepton spectra. They are:

e Formation phase (a few tenth fm/c)

- Initial-state interaction (Cronin effect) between partons and beam
nucleons. It results in the smearing of the initial transverse en-
ergy of the parton.

-~ Nuclear shadowing which describes the depletion of low frac-
tional momentum partons inside the nucleus.

— The parton cascade which is at the origin of jets and minijets
through hard-processes.

- The soft final-state interaction of produced partons with spec-
tator beam-nucleons. It results in a broadening of the initial
transverse energy of the produced parton.

— The copiously produced minijets lead to the thermalization of the
plasma.

e Thermalized QGP phase

— The earlier produced hard partons by traversing the dense par-
tonic medium loose energy and induces the so-called jet-quenching
which can be observed as a suppression of high py hadrons re-
sulting from the jet fragmentation. The energy loss proceeds in
multiple scattering accompanied by the radiative emission of glu-
ons. The multiple scattering induces a transverse momentum
broadening of the jet momentum, Ak2.
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-~ The weakly interacting thermalized QGP produces a thermal ra-
diation.

The parton then fragments and the QGP hadronizes.
We shall discuss now the second observable often referred to as jet
quenching.

4.4.1 Jet quenching

The propagation of partons through the dense partonic medium modifies
the parton transverse momentum due to induced radiative energy loss
(jet quenching) and enhanced acoplanarity and energy imbalance of the
two back-to-back jets due to multiple scattering. These effects can be
experimentally studied by measuring the energy loss and total transverse
momentum broadening squared of partons. They are related to the parton
density of the medium that the parton is traveling through.

We shall next discuss the energy loss of partons, traveling through a
dense medium, by radiative emission of gluons. The identified jet can con-
tain hadrons both from the fragmentation of the leading parton and from
the radiated gluons. Therefore the total energy of the jet is unchanged but
the hadrons distribution inside the jet, i.e. the fragmentation function,
and the jet profile are modified. To study the jet quenching, one can thus
measure the py distribution of hadrons inside a jet. However, since the sin-
gle particle spectrum results from the convolution of jets cross-section and
jet fragmentation-function, the high pr suppression of hadrons will result
from quenched jets with a range of initial transverse energies. Therefore
can the effect be studied only qualitatively. For a quantitative study one
needs to measure photon-tagged jets which momentum is then well de-
fined (see section 4.4.3).

Definitions

A phenomenological model to describe the parton energy through a dense
medium is applied. The plasma is formed with a transverse size R4 equal
to the size of the colliding nuclei. The parton hadronizes only outside the
deconfined phase.

. D?I /a (z,Qz) : fragmentation function in vacuum for parton a into

hadron h at fractional energy z = E,/E, and momentum scale Q.
It is studied in ete~ and pp annihilation.

e ), is the parton mean free path of the parton inside the plasma. A, =
0.5A,.

e ¢, is the energy loss per scattering.

e dE,/dx = €,/ ), is the energy loss per unit distance. It can be consid-
ered independent of the parton energy. It can also be a function of
the energy. This energy dependence is not trivial. It can be related
to the total transverse momentum broadening AkZ acquired by the
parton through multiple scattering:

dE, N.as ..., L
a — c SAkZ—
dz 8 ),
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where L is the length of the medium, and N, = 3. It is related to the
total length the parton has traveled.... the parton knows the history
of its propagation.

e P, (n,AL) is the probability for a parton to scatter n times over a
distance AL. Assuming a Poisson distribution:
(AL/Aa)

P, (n,AL) = B2 mari
n.

The fragmentation function for the radiated gluon is taken identical to the
one of the leading parton. Since its energy ¢, is small it also fragments
into hadrons with small fractional energy. Finally the parton with initial
transverse energy Er is assumed to travel in the transverse direction of a
cylindrical system. Transverse and longitudinal expansions are ignored.

The modified fragmentation function of a parton traveling a distance
AL is:

1 & z3 z,
Dh/a (Zv Q27 AL) = @ Z [Pa (’ﬂ, AL) ng/a (2'27 Qz) + <n(l> ?aD?z/g (za7 Qz)
n=0

It is the sum of the fragmentation of the leading parton with reduced en-
ergy Er — ne, and the fragmentation of the radiated gluon of energy ¢,.

a 1
n = 1 —ne, / Er
is the fractional energy after n collisions;

/ ZET

z =
“ €a

is the fractional energy of each radiated gluon;

€a

N

is the number of inelastic scattering limited by energy conservation;

N
Cy = Z P, (n)
n=0

is a normalization factor. For N > 1, (n,) = AL/, is the average number
of scattering within a distance AL.

We now need the jets cross-section. Since one wants to compare pp and
AA collisions, the two cases are considered:

e pp collision

doPP

dydp? Z
. ) Tz

y pT abed,h Tamin Tbmin c

AA collision

1 1 A oy Dhye (26,Q%) d
dara/ dzp fasp (Ta, Q%) forp (26, Q%) h/id_(ti

UAA ! ! B D c \Fey 27AL
d—:K/d%“tix (r) Z / dﬁ?a/ dzy fosa (Ta, Q) foya (zo, Q%) e (70, Q )d

dydp?,

abed,h Tamin Tbmin

TZe

(ab — cd)

do
t

(ab — cd)



30 CHAPTER 4. HARD SCATTERING

L, _ar (e et
¢ 2 \z, Tp

with the definitions:

T,xre Y ey
Tobmin = Tamin =
2z, —xre Y 2—xre Y
o — 2pr
===
Vs

The nuclear thickness function is normalized to A = [d*rt% (r). Kis a
factor to take into account next to leader-order terms and is taken equal
to 2.

The structure function of the partons inside the nucleus is derived from
the the structure functions of partons in vacuum:

fa/A = Sa/A (.’L’,?") %fa/p (xaQQ) + <]- - %) fa/n (xaQQ):|

where S,/ (z,7) is the nuclear shadowing factor.

To study the effective suppression factors one builds the ratio of hadron
spectra measure in pp and AA collisions properly normalized by the effec-
tive total number of binary NN collisions in a central AA collision:

R ( ): dNAA/dy/dQPT 1
AP AN, fdy [ @pr 0TI T4A(0)

where T44(0) is the overlap function of central collisions and is equal to
qA% /87 R, Ry = 1.2A/3 fm.

The calculated suppression factor (Figure 4.1) indicates a rise in the
region where hard processes are the dominant mechanism for the pro-
duction of hadrons (pr > 5 GeV/c). This is explained by the fact that the
most energetic hadrons originate from the most energetic jets for which
the total energy loss is only a small fraction of the initial energy. The sup-
pression is therefore least. This effect will be less important if one assumes
the energy-dependent energy loss. The suppression will remain stronger at
high momenta. At lower transverse momenta, soft processes play the dom-
inant role. One notices also a dependence with the mean-free path and the
energy loss per unit distance. The two quantities are however linked and
cannot be extracted separately in a model independent way. Another way
is to compare the direct photons with the decay photons from #°. High
pr pions will be suppressed because of jet quenching while the photon
spectrum will not be affected by the parton energy loss since the electro-
magnetic interaction between the produced photon and the QCD medium
can be neglected. A change in the v/7" at large transverse momentum can
also be an indication of parton energy loss (Figure 4.2).

To study the consequence of a parton energy loss with the distance L it
travels one can either vary the impact parameter of the size of the colliding
nuclei and measure the dependence of the energy loss at a fixed transverse
momentum (Figure 4.3). This could provide the mean to study the energy
loss dependence with the size of the plasma.

Strategy for studying the parton dynamics:

e Compare the fragmentation function of jets in pp and pA or peripheral
AA collisions to study the transverse momentum smearing (bean par-
ton scattering with other beam partons) and transverse momentum
broadening (multiple scattering of leading parton with beam partons).
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Figure 4.1: The suppression factor or ratio of charged particle pr spectrum
in central AutAu over that of pp collisions at /s = 200 GeV, normalized to
the total binary nucleon-nucleon collisions in central Au+Au collisions, with
different values of the energy loss dE,/dx and the mean-free path A, of a
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Figure 4.2: The inclusive pr distribution for ° with (solid) and without
(dashed) parton energy loss as compared to that of direct photons (dot-
dashed) in central Aut+Au collisions at /s = 200 GeV and /s = 5.5 TeV.
From reference [7].
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R, (py) (p=10 GeV/c)

Figure 4.3: The suppression factor for central A+A collisions at pr = 10
GeV/c as a _function of the system size for a constant energy loss per unit
distance length (dot-dashed line) and an energy loss which increases lin-
early with the length (solid line). From reference [7].
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e Compare pp and central AA to study the energy loss of partons trav-
eling through the dense partonic medium and the momentum broad-
ening in direction transverse to the parton propagation, or k% broad-
ening.

4.4.2 Photon tagged jets
4.4.3 Photon tagged-jet

In the previous section we have discussed how the energy loss of partons
traversing a dense partonic medium can be qualitatively studied from the
observation of high pr hadrons suppression. The difficulty in the inter-
pretation of this kind of observation is that the energy of the parton at the
origin of the hadrons in question is not known so that the jet fragmen-
tation can only be studied at an average fractional energy. To overcome
this difficulty of not knowing precisely enough the jet energy one can use
direct photons to tag the energy of jets which always accompany the direct
photons.

We consider than one measures a photon with transverse energy E7. in
the rapidity range Ay = laround central rapidity and at azimuthal angle
¢+, 0, = ¢, — . We will calculate the pr distribution of hadrons from
the associated jet fragmentation over the kinematical region (Ay, A¢) =
(lyl < Ay/2,|p, — ¢, < Ag/2). As in the previous section we shall compare
pp and AA collisions.

¢ pp collisions: the multiplicity of hadrons associated with a direct pho-
ton is defined as:

dNh/ 1 do"/" do”
dydpy — dydpr <dyvdE¥/ dyvdE¥>
The hadron cross section is obtained by summing over all jets a and

hadron species h the cross section for the production of photon-jet
event. Using the notations of the previous section:

1 doh/
7= dESdy,dp,
dyd®pr dy,dE7 GX,;/ 1Yedd

o do®/Y Dﬁ/a (pr/E%)
dydE}dE%dy,d, prE$

[ )
(ag,ag) Ay Ag "

where fj is the normalized hadron intrinsic profile around the parton
axis (yq,¢.). This cross section is modified by initial-state interac-
tions which cause an imbalance between photon and jet transverse
momentum and by final-state interactions which change the the jet
profile. For that a Er smearing function (Figure 4.4) and a parton
correlation function (Figure 4.5) are defined:

1 do/7
do” | dy~dEy. dy,dE7dy,dE%dd,

g (E%HE%) fjet (yav (ba) =

which says that for a given photon with a well defined energy more
than one jet can be associated because of the Ef smearing due to
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Figure 4.4: The E; smearing function for the photon-tagged parton jets

with E7. = 10,15 GeV, from HIJING simulations of pp collisions at /s = 200
GeV. The parton mean energy drops to 8 and 12.6 GeV. From reference [8].
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initial-state interactions. The hadron multiplicity distribution can
thus be rewritten:

th/,y
. dErg (Br, E
Ay Bor ag r / 9 (Er, E})

D?l/a (pr/ET) C (Ay, Ad)
prEr AyA¢

where

Capa0) = [

dy [ dof (o, -3)
ly|<Ay/2 |¢y —0-|<A¢/2

can be considered as an acceptance factor for finding the jet frag-
ments in the given kinematical range. For (Ay = 1,A¢ = 2),C (Ay,A¢) =
0.5. The jet profile is defined as the convolution of the parton correla-
tion function and the hadron intrinsic profile:

f,¢) = /dyad¢afjet (Yas Pa) fo Ya — Y5 Pa — @)

The fractional production cross-section of an a-type jet associated
with the direct photon is:

do, ;- [ dy,dEj

E}) =
ro (B1) do~/ dy,dE7

and the cross-section for the production of a parton a associated with
the photon is:

dO’a/
ddeE'VV Z/x day forp (x3) forp (2e)

bmin

2 Ty, do

—_— bc —
T2z, — et dt & (b a)
with the notations defined in the previous section. The inclusive frag-
mentation function associated with the direct photon is:

2)=> ra(E}) | dErg(Er, E} )E Dpa | 2 o
a,h

with z = pr/Er is the hadron momentum as a fraction of the direct
photon transverse energy. Finally:

ANy, D3, (pr/E7) C (Ay, Ag)

dyd?pr prE) AyAgp

e AA collisions: one uses the impact-parameter average parton dis-
tribution per nucleon in a nucleus as in the previous section. The
modified fragmentation function reads:

d?rt? (r) E El
24 Z ANV Y Y T T
D, (2) = / Trr(0) a§h o (E}) / dErgaa (Er, E}) —ETDh/a <Z—ET,L)
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To measure the modification in the inclusive fragmentation function be-
tween pp and AA collisions one follows the steps:

1. select events with a direct photon of energy E7.; to make sure that the
average number of jets with E7 = E7. in each central collision is less
than 1 one needs to trigger with photons of energy

dO'jet

E% 2 E%min TAA(O)dyd—ET

(B . )=1GeV ™

Tmin

E“r

Tmin

= 40 GeV at LHC energies.

2. measure the particle spectrum in the kinematical region (Ay, A¢) in
the opposite direction of the tagged photon;

3. subtract the background obtained from ordinary events (Figure 4.6);

4. from pp data extract the inclusive jet fragmentation function D}, and
from AA D), 4;

5. make the ratio of the two fragmentation functions (one can also com-
pare central and peripheral AA collisions (Figure 4.7);

6. study the modification due to parton energy loss (Figure 4.8). At z ~ 1
the remaining contribution comes from the partons which escape the
system without any scattering (n = 0). This contribution is a measure
of the mean-free path of partons:

Py (0) = e b/

At intermediate z the suppression is controlled by the total energy

loss:
dE,

dx
and provides a measure of the partons energy loss for fixed E; and L.

(AEr) = (na)ea = L
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Figure 4.6: The differential pr spectrum of charged particles from the frag-
mentation function of a photon-tagged jet with EJ. = 60 GeV and the un-
derlying background in central Au+Au collisions at at /s = 200 GeV and
/s = 5.5 TeV. From reference [8].
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Chapter 5

Photons probes of HIC
dynamics

Photons have remained one of the most effective probes of every kind of
terrestrial or celestial matter over the ages. The main reason for this lays
in the fact that photons carry unscathed information about the circum-
stances of their birth. In a heavy-ion collisions too photons represent a
particularly interesting probe of the history of hard and dense nuclear
matter.

5.1 Why photons?

e Photons are electro-magnetically interacting particles, therefore is the
mean free path of photons traveling through the nuclear medium ex-
pected to be quite large and the photons may not suffer a collision
after it is produced even in the densest matter. Thus do photons
escape from the system without re-scattering.

e The photon production rate and the photon momentum distribution
depend on the momentum distribution of the quarks, anti-quarks
and gluons in the plasma or of the hadrons in hadronic matter, which
are governed by the thermo-dynamical condition of the matter.

e Photons are emitted at all stages of the heavy-ion collision.

Hence, photons convey information on the thermo-dynamical state of the
medium at the moment of their production. The hardest photons which ac-
company the parton cascade evolution during the early stage of the heavy-
ion collision shed light on the formation of a partonic matter which at
turn radiates a typical softer photon spectrum where from information on
thermo-dynamical state of the thermalized plasma can be extracted.

At variance hadrons are not produced until late in the collision when
the energy density is lower and their final spectrum is influenced by their
last scattering. Since hadrons interact throughout the dense phase of the
collision, the hadronic spectra are chiefly determined from the conditions
at the freeze-out of matter.

To arrive at definite conclusions about the reaction dynamics and the
Equation-Of-state, both of these signals must however be addressed con-
currently.

43
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Di-leptons are also an electromagnetic probe and share with photons
similar interests. They are however produced with reduced cross-sections

as compared to the photon cross-sections by a factor a = % = +=. On the
other hand they carry an additional degree of freedom, the mass. Since
the mass is invariant under Lorentz transformation the di-lepton, as well
as di-photon, mass spectra are not affected by the transverse flow in the
expanding plasma. Photons are because of the Doppler effect.

Both probes convey complementary information and it will be reward-
ing to compare their spectra. Indeed, photons are mainly produced through
gluons Compton scattering and di-leptons through quark-antiquark anni-
hilation, the two probes taken together hence provide valuable tools for
probing the early stages of partonic matter, namely the gluon versus the
quark content.

5.2 Photon sources

Real photons are produced in all stages of relativistic heavy-ion interac-
tions:

¢ the initial stage, through hard scattering processes;
e the thermalization phase (if any) of quarks and gluons;
¢ the phase transition leading to the hadronization phase;

¢ the hadronic phase;

the freeze-out phase through final-state interactions and hadron de-
cays.

Therefore photons can tell in principle the entire history of the collision.
We shall call direct photons all those not coming from final state meson
decay.

The photon spectrum as it will be measured during a heavy-ion collision
experiment can be calculated by integrating the photon production rate
over the space-time evolution of matter and therefore over the thermal
and chemical history of the system:

dN dN
B, = [ 5B o (T (@) 0 @), ()
where T'(z) describes the temperature field, u”(z), the 4-velocity field and
A; the fugacity of the constituent particles. The time evolution of these
quantities is described by models as discussed in Chapter3 and by consid-
ering the various phases: pre-equilibrium partonic cascade, equilibrated
quark-gluon plasma, mixed parton and hadron gases, and hadron gas.

5.2.1 Photon production during the pre-equilibrium par-
tonic cascade

Photons can be emitted by the initial state collision between constituents
of colliding particles with momenta transfer of the order of 1 to 3 GeV. The
hard scattering model applies. The basic processes are quark-antiquark
annihilation and the gluon scattering, governed by the quark and gluon
structure functions and the nuclear shadowing:
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Elementary processes[9]

1. Compton scattering:
g+tq — v+gq
gtq — v+gq
This process is the dominant one. The photon production rate through
this process is:

E,dN, 2a.04
Bp,diz wt

4E. T 1
A, T2e2f, (p) In ( o=+ - c) (5.1)

where d'z is the space-time volume element, C' = 0.577721... is the
Euler-Masheroni constant, e, the quark charge and k. is a parameter
related to the thermal mass of quarks in the medium, o, = % is the
electromagnetic fine structure constant, a, = ;= with g the strong in-
teraction coupling constant, and A the fugacity of parton species k.
The function f, (p}) describes the quark/gluon momentum distribu-
tion evaluated at the photon momentum p?, i.e., the nuclear quark
structure function.

2. Quarks annihilation:
gtq — v+tg
qg+q — v
q+q — 7 is not allowed by the law of energy-momentum conservation;

q +q — v is often neglected because its cross section is suppressed
by a factor ¢=. The photon production rate through this process is:

E.dN. 20, 0g 5 4E.T
d3;)A,d4’.yr =—3 Aq)\ETzeéfq (py)In < kg —-1- C’) (5.2)
q
g
q _
q

Figure 5.1: Feymann diagrams for asa processes (Compton and annihilation
graphs) for emission of photons from a quark-gluon system.

The photon distribution from parton collisions is proportional to the
initial constituents distribution, i.e., the structure function of quarks and
gluons in a nucleon:

Al Al
f(py) ocay (1 —ay)2

where z., = %‘1/—2 is the photon light cone variable, and

F o) (Qﬁ) exp (~244E3//5)
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In the CM system the prompt photon distribution will thus appear as if it
has an effective temperature:

N

~ 247

for /s = 200 GeV, T = 25 GeV.

Photon jet fragmentation or Bremsstrahlung

The quark jets, produced by the parton hard scattering, are an additional
source of photons, the so-called bremsstrahlung photons. Bremsstrahlung
photons result from the fragmentation of quark jets into a collinear photon
and a quark. This contribution is important at small py and below 4 GeV

s
§ e

i S

000 ——
\QQSXXIQ—{
Figure 5.2: Feymann diagrams leading to a photon (bremsstrahlung) frag-
mented off a _final state quark.

is comparable to the Compton process at RHIC energies (Figure 5.3) and
provides the largest QCD contribution at LHC energies (Figure 5.4).

This production may be modified when jets traverse dense partonic
matter. Indeed quark jets suffer a substantial energy loss while propagat-
ing through the hot and dense central region. This energy loss is caused
by induced gluon radiation. Consequently the fragmentation of the jets
into photons with high transverse momenta will be inhibited. This effect
is illustrated in Figures 5.5 and 5.6.

These calculations [16] give upper limits for the photon production as very
short thermalization time (7, = 0.124 fm/c) and high initial temperatures
(Th = 530 MeV for RHIC and T, = 880 MeV for LHC) have been considered.
They indicate the following:

1. At RHIC prompt photons are the dominant contribution for ky > 2.5
GeV and that thermal photons provide the main contribution below
k7 < 3 GeV only when the jets are fully quenched.
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Figure 5.3: The Compton, Compton+annihilation and jet fragmentation con-
tributions to direct photons at RHIC energies at central rapidity for Pb+Pb
collisions. From reference [2].

Direct (QCD) photons at LHC
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Figure 5.4: The Compton, Compton+annihilation and jet fragmentation con-
tributions to direct photons at LHC energies at central rapidity for Pb+Pb
collisions. From reference [2].
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Figure 5.5: Transverse momentum distribution of prompt QCD-photons and
thermal photons at mid-rapidity for central Au+Au collisions at RHIC ener-
gies. From reference [16].
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Figure 5.6: Transverse momentum distribution of prompt QCD-photons and
thermal photons at mid-rapidity for central Au+Au LHC energies. From ref-
erence [16]
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2. At LHC, because of the shadowing of the nuclear structure function,
the prompt photons might be below the thermal radiation over the
whole k7 range.

Anyhow thermal and prompt photon spectra can be distinguished by their
different slopes.

5.2.2 Photon production in the quark gluon plasma: ther-
mal photons

Because of the parton energy losses, most of the mini-jets (by definition: a
few GeV partons between 1 and 5 GeV) are trapped in the fireball, created
in central collisions, and therefore contribute to the equilibration of the
quark-gluon plasma. The basic processes are the same as those described
previously but now they are governed by the thermal quark and gluon
distribution.

e Partons phase-space density:

The time 7, when quarks and gluons are first put on mass shell by
collisions between the incoming nuclei is called the formation or ma-
terialization time; it is of the order of a typical strong interaction time,
i.e., 1 fm/c. Gluons may equilibrate much faster because the gluon-
gluon cross section is larger than the gluon-quark and quark-quark
ones, leading to a chemical relaxation time for gluons smaller than
that for quarks. This scenario is called the hot glue scenario. The
chemical equilibrium for gluons could then be reached at 7, = 0.3
fm/c and with temperatures 2 to 3 times larger than the QGP initial
temperature. However albeit a thermalization is obtained that early
in the reaction, the plasma is not yet in chemical equilibrium. The
chemical equilibrium is likely to proceed through gluon multiplica-
tion (g9 < qqq) and quark production.

At time 7y the phase-space density of quarks and gluons has a locally
exponential distribution characterized by the temperature T:

1
fq(B) = BT Fermi Dirac distribution for quarks (5.3)
e

1 . L
fo (BE) = BT Bose Einstein distribution for gluons (5.4)

At RHIC T=500 MeV photons with Er > 8 GeV, and at LHC T=900
MeV Er > 14 GeV stem from the early phase when the energy density
is greatest before the initial phase-space distribution of partons has
changed through the expansion of the system.

e Cross section: The basic processes are the same as those of hard
scattering and the cross sections are given by Equations 5.1 and 5.2
with the quark distributions now replaced by the thermal distribu-
tions of Equations 5.3 and 5.4.

The rate for the production of hard photons evaluated to one loop order
using the effective theory based on resummation of hard thermal loops is
given by[?][11]:

E\dN,  aeas 9\ 3 E, cE,
d3p,yd4a:_ 52 f (ef)T exp T In ol (5.5)
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where the constant ¢ ~ 0.23 and f denotes the quark flavor and ey its
electric charge.

By extending the evaluation of the photon production in a QGP up to
two loops [12] it is found that the bremsstrahlung process gives a con-
tribution which is similar in magnitude to the Compton and annihilation
contributions evaluated up to the one loop (Equation. 5.5). The rate due
to bremsstrahlung processes is given by:

E,dN, 8a.as
Bp,diz 7

S (¢3) T2 exp (-%) (Jr = Ju)In(2) (5.6)

f

where Jr ~ 4.45 and J;, ~ —4.26 for 2 flavors and 3 color of quarks. For 3
flavor of quarks, Jr ~ 4.80 and J;, ~ —4.52.

The same authors introduces a new photon production mechanism, the
gq — v annihilation with the scattering. It corresponds to the annihilation
of an off-mass shell quark and an anti-quark, where the off-mass shell
quark is a product of scattering with another quark or gluon. This process
cannot exist in the medium because of momentum conservation which is
taken care off by the medium. The contribution of this mechanism is given
by:

E.dN. S8acag . . E
o = zf: (e2) B, 7% exp <_%> (Jr — J1) 5.7)

This mechanism completely dominates the emission of hard photons.

A calculation [13] assuming photon emission from a QGP at T=250 MeV
is compared to the usual one loop calculation (Figure 5.7). The photon rate
is predicted to be at least a factor five more intense when the calculation
is performed up to the order of two loop and the dominant mechanism is
clearly annihilation with scattering.

5.2.3 Photons emission and collision dynamics
Standard case

At RHIC energies (Figure 5.8) the QGP photons spectrum has the following
properties:

e The transverse expansion of the plasma leaves the thermal photon
production at RHIC essentially unchanged for p, > 1 GeV.

e Prompt photons will dominate the yield beyond p; > 4 GeV.

At LHC energies (Figure 5.9) the QGP photons spectrum has the following
properties:

e The production of thermal photons with large p; remains unchanged
as they have origin in the early hot stages, when the flow effects are
still small.

e The production of low p; photons decreases considerably due to re-
duction in the space-time volume occupied by colder matter in the
presence of transverse expansion.

e While the prompt photon production may remain lower than the ther-
mal photon yield up to p, = 5 GeV, the background contribution of
photons fragmented off high-p; quark jets is large.



5.2. PHOTON SOURCES 51

Radiation of Photons From QGP
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Figure 5.7: Photon production rate calculated for the emission from a QGP
at T=250 MeV. The rate associated with the processes calculated at the or-
der of one loop are derived from Equation 5.5, the two loop calculation for
bremsstrahlung is derived from Equation 5.6 and for annihilation with scat-
tering from Equation 5.7. From reference [13].
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Figure 5.8: Distribution of thermal photons from the QGP phase at RHIC.
The Compton and annihilation yields and their sum are shown for the case
with transverse expansion. Results are also given for a purely longitudinal
flow. Prompt photons, whose production is governed by structure functions,
are seen to dominate the yield for momenta larger than 3-4 GeV. From refer-
ence [5].
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Figure 5.9: Same as previous figure at LHC. The prompt photons from frag-
mentation of quark jets are also shown. From reference [5].

Hot -glue scenario

Within the hot-glue scenario [15] the amount of thermal photons in the
transverse momentum range between 3-5 GeV is considerably enhanced
(Figure 5.10), due to the much higher initial temperature. This provides a
window of opportunity to observe the QGP signal.

¢ In the figure the photon spectra have been calculated assuming an
hydro-dynamical expanding plasma (f, evolves according the rela-
tivistic Boltzmann equation plus a collision term; photons are pro-
duced perturbatively), and assuming a free-streaming plasma (the
collision term is omitted). The two distributions are equal at the high-
est transverse momentum a consequence of the fact that f, has not
yet evolved from the initial distribution when these energetic photons
are produced.

5.2.4 High mass di-photons

As large mass di-leptons, large mass di-photons have their origin in the
hot and dense stage of QGP and their detection would provide informa-
tion about the state of matter [17]. Comparison with di-lepton data would
confirm the result. Di-photons are produced through quark-antiquark
annihilation during the initial stage as well the thermalizing stage of the
heavy-ion collision. Like for di-leptons, the measurement of di-photons
has the advantage that the mass spectrum is only influenced by the tem-
perature during the collision history and is not affected by collective flow.
For di-photon masses, M, much larger than the mass of the quarks:

2

Y _ 2 2 i L2
011 (M) = 2ma® N, (25 + 1) Zq: 2o (anmg)
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Figure 5.10: The transverse momentum distribution of photons, produced
Jfrom quark-gluon plasma. Hot glue implies 7o = 0.3 fm, Ty = 460 MeV; Stan-
dard 19 = 1 fm, Ty, = 240 MeV; Direct represents the contribution from all
sources and ©° denotes the range of decay photons. The system is Au+Au
at 200 GeV. From reference [15]
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Figure 5.11: Invariant mass distribution of photon pairs from quark-
antiquark annihilation for the Aut+Au system at LHC energies in a _fully equi-
librated QGP (Eq. Hydro), a free-streaming gas of quarks and gluons, and
a chemically equilibrated (Noneq. Hydro) quark gluon system. Invariant
mass distribution of hard photon pairs (Hard) from initial quark-antiquark
annihilation_for momentum transfer greater than 2 GeV is also shown. From
reference[17]
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Figure 5.12: Ratio of di-photon and di-lepton invariant mass distribution for
a hadronizing Q@GP at RHIC and LHC energies. From reference [17].



5.2. PHOTON SOURCES 55

with N, = 3, S = 1/2 and ¢, the charge of the quark. The quarks in a heat
bath acquire a thermal mass:

mep, = \/ 2w /3T

and m, = my, is assumed.
Calculations have been performed within different assumptions:

¢ equilibrated hydrodynamic evolution starting at o = 1/37y and Ty =
860 MeV for LHC energies;

¢ free-streaming evolution starting with the same values as above;
¢ non-equilibrium hydrodynamic evolution starting at 7, = 0.3 fm/c;

e hard QCD annihilation with a cut-off on the momentum transfer at 2
GeV.

It is found that thermal di-photons dominate the spectrum up to 6 GeV at
LHC. The limit is found to be 4 GeV at RHIC.

To compare the di-photon spectrum with the di-lepton spectrum all
mechanisms for the production of direct photons have been taken into
account plus, in addition, the annihilation of pions in hadronic matter
into a di-photon or a di-lepton. The ratio of di-photons to di-leptons is
plotted in Figure 5.12 as a function of the invariant mass. The structure
around 800 MeV comes from the p-meson peak in the pion form factor. The
maximum around 1.4 GeV corresponds to the region where the structure-
less quark annihilation process starts dominating.Since it was assumed
that the thermal mass of quarks depends on the temperature and enters
the cross section through the factor In (M?/ 2.7m3), the ratio at large mass
might reveal information of dynamics and confirm the temperature depen-
dence of the thermal mass of quarks.

Comparing the single photon production with the di-photon production
could be an approach to establish the existence of the hot glue scenario
(see 5.2.3). Single photons as we know are produced through quark an-
nihilation and gluon Compton scattering whereas di-photon are produced
through quark annihilation only. Thus to the leading order the di-photon
production rate is determined by the quark distribution whereas the sin-
gle photon production is sensitive to both quark and gluon distribution.
The relative production rates of photons and di-photons has been calcu-
lated within the hydrodynamical model including a phase transition (Fig-
ure 5.13). One observes that at masses larger than about 3 GeV, i.e., for
photons from the pre-equilibrium phase, the Compton cross section de-
creases (lower curve decreases) and that the annihilation has become the
dominant contribution (upper curve increases). If in experiments the satu-
ration of the photon to di-photon ration is indeed observed at high masses,
it would indicate that the gluon component continues to be important and
we can obtain information about the glue distribution from simultaneous
measurement of photons and di-photons.

5.2.5 Photon production in the hadronic gas

Hot and dense matter expands and cools: photons are produced in the
warm, transversally expanding hadronic matter. The photon spectrum
follows the hadron distribution with a slope given by the hadron-gas tem-
perature. The spectrum can be modified by a possible rapid expansion of
the gas. The main processes are:
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Figure 5.13: Ratio of photon to di-photon count rates as a function of M ~
pr. The upper curve is_for both Compton and annihilation channels for single
photon while the lower curve is_for Compton alone. The time at which gluon
thermalize is much earlier that the overall equilibration time 7, = 79/20, the
QGP temperature is talken as T=200 MeV. From reference [2].

Elementary processes

1. Annihilation:
at+r= = 4+ p°
a4+ m0 o 44

Compton scattering:
at 4+ 00 = g4t
4+ pF - y+a°
e A

This former process is the dominant one. It's cross section in the case
where photon energies are much large than the hadron masses is:

dE

AN (rr—s T
) — o () [ dsg L (B (L4, (B2
Y

1
dphdtz  (2n)

X8 (s —4m?2)0rr—~p (5)
The hadron phase-space density f: (p.) for high photon energies is de-
scribed by an exponential form: e/~ T, = 260 MeV at RHIC, and 330

MeV at LHC.

It has been shown [19] that the 7mp channels proceeds mainly through
the A; resonance. The rate of photon production can be parametrized by
the following analytical function::

de Ay =7 b 0.77
EV$ = 24T exp [—1/(1.35TE7) = 7/T]
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Results

Thermal Photon Spectrum at RHIC
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Figure 5.14: Spectrum of thermal photons emitted from an expanding QGP
up to the time of freeze-out at RHIC energies with and without transverse
Jlow: T; = 532 MeV, r; = 0.124 fm/c, dN/dy, = 1735, T. = 160 MeV and Tr
= 100 MeV. The hadronic matter is composed of «, p,w, and n mesons. The
quark matter is composed of u and d quarks and gluons. From reference [2].

The cross section for photons stemming from the plasma is larger than
the cross section for photons from the hadron gas at transverse energies
larger than 2 GeV at RHIC as well as at LHC, because high energy photons
come predominantly from the matter with the highest temperature. HOW-
EVER if there is transverse flow in the hydro-dynamical expansion, pho-
tons from the cooler hadronic phase are Lorentz boosted to higher momen-
tum so that the distribution of photons from the plasma and the hadron
gas are the same even at high photon energies (see Figures 5.14 and 5.15)!
Note that di-leptons or di-photons do not have this problem this their mass
is Lorentz invariant).

5.2.6 Decay photons

A major contribution to the photon spectrum originates from the two pho-
ton decay of neutral pion and  meson decay which occurs about 107 fm/c
after the beginning of the collision. This contribution represents the major
problem in a photon experiment and must be subtracted to give access
to the direct photon spectrum of interest. therefore the neutral meson
momentum distribution must be known accurately. This represents an
experimental challenge. It is considered that a direct to decay photon ra-
tion of or larger than 10% is required to extracted safely the direct photon
spectrum (see Figure 5.16).

To illustrate on a more global basis the decay-photons contribution to
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Thermal Photon Spectrum at LHC
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Figure 5.15: Spectrum of thermal photons emitted from an expanding QGP
up to the time of freeze-out at RHIC energies with and without transverse
Sflow: T; = 958 MeV, r; = 0.069 fm/c, dN/dy, = 5624, T, = 160 MeV and T
= 100 MeV. The hadronic matter is composed of «, p,w, and n mesons. The
quark matter is composed of u and d quarks and gluons. From reference [2].
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Figure 5.16: Photon spectra from hydro-dynamical expanding and free
streaming QGP, for RHIC energies (dN/dy=1735, To=500 MeV) and LHC en-
ergies (dN/dy=5624, Ty=500 MeV). The ©° pr spectrum is assumed to be
exponential with inverse slope of 260 MeV at RHIC and 330 MeV at LHC

energies. From reference [2].
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the photon spectrum, the scaling behavior of the number of direct photons
with the number of charged particles produced in heavy-ion collisions.

Thermal Photons, Pb+Pb
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Figure 5.19: Variation of rapidity density of thermal photons with the
charged particle rapidity density with two EOS (the number of hadrons
changes) involving phase transition.

It is found that the number of photons scales as Ncl,’f with a constant
of proportionality decided by the EOS.

5.3 Concluding remark on direct photons

Photons coming from direct parton interactions early in the col-
lision may out-shine photons coming from meson decays at the
end of the collision for transverse energies larger than 5 GeV and
Jor central collisions at RHIC and LHC. A hadron gas shines as
brightly as (or even slightly brighter than) a quark-gluon plasma.
The occurrence of a QGP will be accompanied by photons with
a greater temperature. A photon distribution exhibiting a much
higher temperature may allow one to distinguish the QGP source
from the colder hadron source. But transverse expansion of the
warm hadronic matter towards the end of the collision can boost
locally soft photons to higher transverse momentum. The photon
yield from parton collisions will be greater than the photon yield
from the QGP at large photon energies. This picture might be dra-
matically modified if it is confirmed that taking into account two
loop processes in the calculation of the elementary photon pro-
duction rates as discussed in section 5.2.2. Including this new
development the spectra shown in Figure 5.20 for RHIC energies
and Figure 5.21 for LHC energies were obtained [13]. It is as-
sumed that a chemically and thermally equilibrated quark-gluon
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plasma is formed at 7o =0.5 fm/c with a temperature of 310 MeV
at RHIC energies and 450 MeV at LHC energies deduced from the
Bjorken condition. The phase transition temperature is taken at
160 MeV and the freeze-out temperature at 100 MeV. The history
of the evolution of a central lead on lead collision is obtained by
solving the hydrodynamic equations including the three phases:
QGP, mixed and hadronic. The pre-equilibrium contributions cal-

Pb+Pb @ RHIC; Hydrodynamics

102 dN_/dy=1734  —
—~
N> - QM To=0.5 fm/c 1
) <~ Aurenche et al
100 = = Ty=310 MeV —

dN/d%k.dy (1/¢
|

- Equilibrated plasma

10—8 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | | 1 1 | 1
0 1 2 3 4 5

ky (GeV)

Figure 5.20: Radiation of photons from central collision of lead nuclei
at RHIC energies from the hadronic matter (in the mixed phase and the
hadronic phase) and the quark matter (in the QGP phase and the mixed
phase). The contribution of the quark matter while using the rates obtained
by calculation at the order of one loop and two loop and those from hard
QCD processes are shown separately. From reference [13]

culated within the parton cascade model [5] but with elementary
cross sections evaluated at the order of one one loop only has
been added to the figures. The results for RHIC energies indicate
that within a window extending up to almost 3 GeV the thermal
photons from the QGP out shine the hadronic contribution. At LHC
energies this window extends to beyond 4 GeV. Therefore this
result provide the exciting possibility that the quark matter may
emit photons which have intensities almost an order of magnitude
larger than those coming from hadronic matter over a fairly wide
window. The pre-equilibrium contribution at larger transverse mo-
mentum would even substantially widen this window.

With which energy and when during the collision photon
shine and what can be learned from this subtle light is
illustrated by the cartoon in Figure 5.22G. David and P.
Stankus. Meditate!
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Figure 5.21: Same as Figure 5.20 for LHC energies. From reference [13].
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Figure 5.22: Inspired by a cartoons from Gabor David (BNL) and Paul

Stankus (ORNL).
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5.4 Photon interferometry

We have learned that direct photons are emitted at all stages of the heavy-
ion collisions. Measuring the photon spectrum, which represents the time
integrated yield of all direct photons, does not permit to distinguish the
various contributions. It is however possible to distinguish the early pho-
ton component, associated to the rapidly developing parton cascade, from
the rest by exploring the emission time information which is imprinted into
the two-photon correlation pattern.

5.4.1 Photon statistics in quantum optics

Quantum optics tells us that the statistics of photons behaves differently
depending on the nature of the source (Figure 5.23). In case of a coherent
source, like a laser, the number of photons measured during a time ¢ are
statistically distributed according to the Poisson law:

n
P(n) = <nn—>!ef<”>

where P(n) is the probability to measure n photons and (n) is the average
number of photons measured during time ¢. In case of a chaotic source,
like a light bulb, which emits photons according to a Gaussian distribu-
tion and for which the coherence time, 7., is larger than the measurement
time, the number of detected photons are distributed according to a Bose-
Einstein distribution: (n)

n

(1+ ()™

In a light-source atoms emit wave packet with a random phase-relation,
i.e., incoherently. The length of such a wave packet is defined as the
coherence length, L., and is proportional to the inverse of the spectral
width of the emitted light. When the time difference between two wave
packets is smaller than the coherence length, 7. = L./c, the packets are
coherent, i.e., they have a constant phase relation.

A way to determine if a light source is a laser or a thermal source with
a very narrow band width consists in measuring the second order correla-
tion function (see for example reference [21]). The correlation function is
obtained from the probabilities that photons arrive in coincidence at two
photon detectors as a function of the arrival time difference (Figure 5.24.

For a chaotic source at a coincidence time 7 = 0, the number of coinci-
dences is larger than at coincidence times larger than the coherence time.
This can be interpreted by th fact that photons emitted by a chaotic source
have the tendency to arrive in packets to the detector whereas the photon
emission by a laser is regular. It is important to note that the statistics
distribution is a property of the source and not of the photons.

P(n) =

5.4.2 Application to particle and nuclear physics

The property of Bose-Einstein statistics of photons can be generalized:
statistical fluctuations of a chaotic system consisting of identical non-
interacting bosons in the six-dimensional phase-space are not Poissonian
but of Bose-Einstein type. To find at which scale the statistical behavior
of identical bosons changes from a Poisson distribution to a Bose-Einstein
distribution one can, for example, measure the two-particle correlation as
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Figure 5.23: Statistical distributions of photons detected at different times
Jollowing the startup of the laser oscillation. At short times the source is
chaotic and the distribution is of Bose-Einstein type. At longer times the

source is a laser and the distribution becomes Poissonian. Form reference
[20].
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Figure 5.24: Second order correlation function. For a thermal source there
is an augmentation of the coincidence rate when the coincidence time is
smaller than the coherence time. From reference [20].
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a function of the considered phase-space volume. This technique was first
developed by Hanburry-Brown and Twiss and applied to the measurement
of the apparent size of stars, hence the name of HBT correlations, also
known as Bose-Einstein correlations (BEC). Another method consists in
studying directly the count probability statistics as a function of the mo-
mentum or to study moments like factorial moments. This is the only
method applicable to multi-particle correlations.

In particle physics the same technique was first applied by Goldhaber,
Goldhaber, Lee and Pais (the GGLP effect) to study the correlation between
charged pions emitted in pp collisions. It has now become a common tech-
nique in particle and nuclear physics. There the space-time configuration
is unknown, whereas the momentum space is accessible to measurement.
The goal of a correlation measurement is to find the scale in the acces-
sible coordinate of the phase-space for which the fluctuations become of
Bose_Einstein type. The scale of the system along the unaccessible coor-
dinates is then deduced from the phase-space volume corresponding to a
single phase-space cell:

AzAp ~ B?

The correlation function

The correlation function is defined as the ratio of the probability for the
coincidence of two particles with four-momentum k; relative to the proba-
bility of observing the particles individually:

P (ky,k2)

Ca (ks ko) = 5P )

One can show that for an extended chaotic source the correlation func-
tion for identical non-interacting bosons is directly related to the Fourier
transform of the density distribution of the particles emitting source:

Co (ki k) = 1+ [P (qs ki ko) [?

The source density is usually parametrized in the form of a Gaussian dis-
tribution:

(2 ko) N . z? x? x2 t2
. _ ol Tz
PRI = o R, RyR.oy V2R 2R2 2R? 207

and the Fourier transform is:

R2 q2 R2 q2 R2q2 0.2t2
ckiko) = _ Ttedxe . Yty 22z T
p (¢; kiks) NeXp{ 5 5 5 5

and the correlation function writes:
Cy (ki k2) = C2 (g3 k1, k2) = 1+ Ne (‘Riqi_Riqi—quE—"?tz)

In general NV, R; and o, are parameters function of k;. However in the
particular case where the source is uniform, i.e., the production amplitude
at various source points is independent of the source point coordinate
then:

p(@;kiks) = p(z)
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and
Co (g1, k2) = Co (q) = 1+ |p(g)]

In this case the momentum correlation function is related to the Fourier
transform of the space-time distribution of the source.

In a heavy ion collisions the particle source expands. The Bose-Einstein
correlation is only frozen in at the decoupling time (freeze out time) when
the dimensions of the system exceed the pion mean free path. If parti-
cles are created at a formation time ¢, , at ¢; the particles with a given
relative momentum Ap and originally separated spatially by Az ~ 1*/Ap
are separated by a distance Az > h*/Ap and are therefore not correlated.
Therefore only particles emitted with a given Ap from a smaller relative
distance demonstrate correlation.

Momentum coordinates

To analyze the experimental correlation function one usually decomposes
the relative 3-momentum @ = k; — k», into longitudinal (along the beam
direction), transverse side ward and transverse outward components:

Qr = (k1 — k1)
QT Nkr

Qs = TRl
_ Qr - kr

Qo = e

where kr = (ki + k2,) /2 and Qr = k1, — k2,,. Assuming the source dis-
tribution in Gaussian in the 3 directions, the correlation function writes
within this parametrization:

C(Qs,Q0,Qr) = 1+ Ne(O5H5~QoRo—QLRL)

Notice here that the time dependence has disappeared!

An other parametrization often used because more convenient and less
degree of freedom. The information is also limited. One uses the invariant
mass as momentum coordinate:

2= (h — ko)’ = (K~ 19)* - (R - )
with the correlation function:
CQ (anv) =1 + Ae_R?"UQ?nv

The quantity R;,, is not a direct measure of the size of the density as it
contains also the time component. It is useful in photon-photon correla-
tion measurements because it enables to localize clearly the resonances
like neutral pions.

Note that in the two previous expression of the correlation function
the parameter A was introduced. For a fully incoherent source A = 1 for
hadrons and A = 0.5 for photons. These values drop when the source is
partially incoherent hence the denomination coherence factor. Experimen-
tally this parameter contains also all the effects which tend to decrease the
correlation like random coincidences, etc...
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5.4.3 Photon-photon correlation

The two photon correlation function is certainly the most easy to under-
stand since photons are not subject to final state interaction. However it is
also at the same time the most difficult to measure for many reasons: pho-
tons are rarely produced, the overwhelming background of decay photons
makes the correlation signal extremely weak, the conversion of photons
into two electrons will populate the correlation function at small relative
momenta, photons are emitted during all stages of the collision which in-
troduces complexity in the interpretation of the correlation function. How-
ever the last remark can be taken positively. Indeed at variance of the
hadrons which probe on the system at freeze out, photons carry infor-
mation on the pre-equilibrium quark-gluon plasma, the fully equilibrated
plasma, the phase transition or mixed phase and the hadronic matter.

An ideal two-photon correlation would look like the one sketched if
Figure5.25.

maximum at C,, = 1.5

AE=AG=0

C,=1at

large Q

width reflects

the space-time extent

of the source

0.5 0 >

relatif 4-momentum

Figure 5.25: Idealized two-photon correlation function. The magnitude of
the correlation is limited to A = 0.5 to take into account the polarization of
photons.

For photons produced during an ultrarelativistic collision, including
the time dependant photon sources (pre-equilibrium, QGP, mixed and
hadronic phases) a covariant form of the correlation function has been
derived[24] as:

Co (k1 k2) = /d4x1d4x2w <3317 #) w (9627 u ;l@) cos (Az"Aky) (5.8)

where w (z,p) describe the photon production rates.
We shall now examine the various contributions which will modify the
ideal situation:
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Resonance decay

For 7° and n meson the two-photon decay contribution to the correla-

tion function can well be identified as it easily localized in the relative-
momentum space (Figure 5.26). The decay of the neutral K meson, K —
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Figure 5.26: Two-photon correlation function measured in the reaction S+Au
at 200A GeV by the WAS8O collaboration. From reference [22]

7979 — 4477, can be localized and carry a correlation which however only
slightly modifies the two-photon correlation function for radii of the order
of 1fm.

Residual 7° — 79 correlations

Since most of the photons originate from 7° decay, the two-photon corre-
lation may carry a residual correlation since pions will them self be cor-
related. This can be turned to our advantage. It is within the present
identification techniques impossible to identify neutral pions on an event
by event basis and consequently impossible to construct the correlation
function. It was discussed if the pion correlation could indeed be extracted
from the measured photon correlation which writes:

_ fFﬂ- (k‘l) Fﬂ— (k‘z) Cﬂ-ﬂ— (05 |k‘1 - k72|) dp
B [ Fx (k1) Fr (k2) dp

with the following definitions: k; is the pion 4-momentum which decays
into two photons of momentum k;; and k;», A = 0.5 (k;1 — ki2) is parallel to
z and s = k;; + ki2, Crr is the two-pion correlation function and the volume

cell is:
) 1
dp = d®kyd®kad®s x & <\/m2+k%— ‘is—A‘ - >
X4 <\/m2 + k3 — L

Cy5(A)

(5.9

1

1
k1+A—§S
—s—A kQ_A_§S

; )

where the ¢ functions ensure energy conservation at the decay vertex.
Having the measured two-photon correlation it is sufficient(!) to inverse
the integral in Equation 5.9 to obtain the two-pion correlation function.
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This can only be done numerically [23]. Why should one go through that
much of pain? Because 7° are a much better probe as the commonly used
charge pions as they are not affected by the time-dependent Coulomb field
in the expanding system which modifies in an rather uncontrolled way the
charged pion correlation function. Results from simulations (Figure 5.27)
one can conclude: Fig. 1
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Figure 5.27: 7970 (thin curve) and corresponding v+ (thick curve) correlation
Jfunctions versus the appropriate relative momentum. From reference [23]

e the initial 7° — 7° Bose-Einstein correlation is also present in v pairs
and source parameters can be extracted

e the extracted source parameters are related to the original source
parameters by a photon momengum dependent function.
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Direct photons

As we have learned so far, direct photons have various origins with rather
different source’s parameters. For simplicity we shall distinguish two
sources only: an early one in which photons are produced in the initial
parton cascade leading to thermalization of a quark-gluon plasma and a
later one where photons are radiated from thermalized matter the quark-
gluon plasma phase, the mixed phase or the hadronic phase. Within
this photon production dynamic the two-photon correlation function is
an unique tool to evidence the early perturbative QCD phase. Indeed the
early emitted photons are Bose-Einstein correlated over a wide longitudi-
nal momentum scales, thanks to their very early emission time:

AT =0.5 fm/c = Ap=04GeV/c

All other photons that emerge later are correlated at progressively narrower
longitudinal momentum scales, which provides a possibility to distinguish
the contribution of the early photons and to verify the existence of the
hypothetical rapidly developing parton cascade.This is illustrated by two
simulations.

e The first one [25] was performed at RHIC energies for the system
Au+Au at 200A GeV. The first stage of the collision is calculated
within the Parton Cascade Model (see section 3.1). Equilibrium is
reached after about 2 fm/c and with a temperature of 950 MeV. The
evolution of the equilibrated phase is described by a three dimen-
sional hydro-dynamical model. The direct photon spectrum (no decay
photons) from the various phases of the collision (Figure 5.28) indi-
cate that within these calculations (is it realistic?) that pre-equilibrium
photons out shine all others contributions (!) already at photon mo-
menta above 1.5 GeV. The correlation function are calculated (Equa-
tion 5.8) as a function of the relative rapidity, i.e., in longitudinal
direction and relative transverse momentum (Figure 5.29) and for
various transverse momentum cuts.. One observes that the shape
of the correlation functions changes dramatically when the photon
momentum increases and reflects nothing else than the increasing
contribution of pre-equilibrium photons. The larger correlation width
indicating a narrower source volume and shorter emission time.

e A second calculation [26] was performed for LHC energies. Again the
photon production dynamics is separated into two components: early
photons emerging at time 0.3 fm/c from the rapidly developing par-
ton cascade at 750 MeV effective temperature and the late photons
comprising the later direct photons and the decay photons. It is fur-
ther assumed that the fraction of the early direct photons is 5% or the
total photon yield (Figure 5.30). The two-photon correlation function
as a function of the relative longitudinal momentum (Figure 5.31) has
been simulated with the longitudinal effective length of 0.3 fm, which
corresponds to the early appearance of the hypothetical high effective
temperature parton gas. The transverse effective radius was set to 3
fm which corresponds to the transverse size of the colliding Pb nu-
clei. Gaussian shape has been assumed in the three dimensions with
an intercept of 1.5. The expected wide HBT correlation in @);, (Figure
5.31) due to early photons is indeed seen.
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Figure 5.28: Inclusive spectrum of pre-equilibrium and thermal photons for
Au+tAu collisions at 200A GeV as a _function of transverse momentum at y=0.
From reference [25]
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Figure 5.30: Transverse momentum spectra for pre-equilibrium photons
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line). From reference [26]
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Figure 5.31: Two-photon correlation function as a function of the longitu-
dinal relative momentum with a transverse momentum cut at 2 GeV and
Qs < 0.1 GeV, Qo < 0.1 GeV. Full line: R;, = 0.3 fm, Rs = Ro = 3 fm. Dashed
line:the early photon component is shifted to later times by setting R;, = 6
Jfm. The sharp peak is due to the ° decay. From reference [26].
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As a general conclusion one can say if during heavy-ion collisions a
parton cascade phase takes place, it should be seen in the two-photon
correlation function along the longitudinal dimension on a wide scale well
beyond the 7° correlation peak and only for large momentum photons.

5.5 Photons and DCC
5.6 Photons and heavy mesons

5.7 Measuring photons

Real photons are notoriously hard to measure. However the instrumental
and physics backgrounds are broad. The errors on the measured cross-
sections are predominantly the result of systematics errors. The exper-
imental challenges differ if one wants to measure high transverse mass
photons or low transverse mass photons.

5.7.1 High momenta photons
High p; means a few GeV/c.

e The first difficulty comes from necessity to resolve the two photons
from the 7° decay which showers might merge in the detector and
appear as a single photon.

pf (GeV/c) 477 (cm)
PHENIX ( (Ryertez = 510 cm) | ALICE (Ryerer = 460 cm)
20 6.89 6.21
40 3.44 3.10

The solution to that problem is to chose an adequate granularity of the
detector: the EMCAL of PHENIX has 5.5 x 5.5 cm? and 4.0 x 4.0 cm? and
PHOS in ALICE has 2.2 x 2.2 cm?. The next step is to apply a shower shape
analysis which is based on the lateral distribution of the electromagnetic
shower (Figure 5.32):

fle,E) = Aexp (—m) r<0.5
= Amax{exp (—%),dexp (—%)} r>0.5
with d = 1.97 and s = 0.385, A is a normalization factor.

e The low count rates is another problem as shown in the next table
taken from reference [7]:

| RHIC: /s = 200 MeV, Au+Au £ =2 x 10%° cm?s™! |
E; (GeV) 7 10 | 15 | 20
dN7=I¢ [dyd Eyyear | 20500 | 3550 | 400 70
LHC: /s = 5.5 TeV, Au+Au £ = 2 x 10" cm~2s™!
E] (GeV) 20 | 50 | 60
dN7=I¢ [dydEyyear | 2880 | 1070 | 490
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Figure 5.32: Response in one PHOS module relative to the total energy de-
posit versus the distance to the incident point of a 10 GeV photon.

One therefore requires back-to-back coverage, trigger on high momen-
tum photon/jets and a systematic study of pp, pA and AA.

5.7.2 Low momenta photons

Low p; means below a few GeV/c.

e The major problem comes from the decay photons of mesons which

are about 10 to 100 times more abundant than direct photons (Figure
??).

¢ In addition the important particle density of the order of dN/dy ~ 1500
at RHIC and 8000 at LHC generate a huge combinatorial background

as it goes as (dN/dy)>.

e The granularity of the detector (defined by the crystal size, the dis-
tance to the vertex and crystal’s Moliere radius) is therefore the major
parameter and determines the occupancy.

e Particle identification is also an important factor provided by a Charged
Particle Veto (PHENIX and PHOS) for charged hadrons, time of flight
measurement for neutral baryons (PHENIX) and shower topology anal-
ysis for neutral baryons (PHENIX and PHOS).

5.7.3 Extraction of meson spectra

The exact knowledge of the 7' spectrum is an unavoidable prerequisite
of a direct photon measurement. Four methods have been proposed to
measure this spectrum.
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Figure 5.33: Illustration of what an invariant mass spectrum of pairs of
photons and the associated combinatorial background will look like . From
reference [14]
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O are identified in the invariant mass spectrum constructed from

any pair of photons:

Miny = \/2E1E5 (1 — cos )

The next step consists in the construction if the combinatorial back-
ground to be subtracted from the raw invariant mass spectrum. This
background turns out to be a varying function of the transverse mo-
mentum and rapidity of the original meson. The most commonly used
method to determine the background is the event mixing method. It
is generated by constructing the invariant mass between the pho-
tons from the current event with each of the photons belonging to
an ensemble of different events. The events are classified are classi-
fied according to the particle multiplicity. Only events belonging to a
same ensemble are mixed.

For those pairs which have their invariant mass around the rest mass
of 7° the 4-momentum of the 7° can be calculated according to three
methods:

(a) without taking into account the response function of the detector
Pr =P, + P,
(b) taking into account the response through the asymmetry of the

photon energies:

E‘v1 7E72
Ey +Ey,
2m?2
K, = 1/—(1_COS¢)(1_Q2) — My (5.10)
E, cos 0y, +Ey, cos 0,
\/E?/1 —E?/Q +2E,, E,, cos ¢

[0 =

cosl, =

(c) the exact solution obtained by minimizing under constraint a
function of 12 parameters:

F(Ex, P, Ey, Dyt By, Drs) < €

with the constraints:

P = P, +P,
E, = Py,

E,, = P,

E. = P2+m2

2. Itis considered that the daughter photon spectrum is an integral over

all parent 7° that contribute to a given photon momentum [27]:

M0 /p"““’ N (p)dp
2(]* » )1/‘2

n(q) =

min (M2 + p?

with ¢, ¢* the photon momentum in the laboratory and in the center-
of-mass and p the pion momentum in the laboratory. Inverting this
equation gives the 7° spectrum N(p) expressed with the measured
single photon spectrum n(q):

N(p) = - [qu—(;)L

=3 [p+ (mio +p2) 1/2]
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This method assumes a smooth rapidity distribution for pions and
that the inclusive photon spectrum is dominated by the decay photon
contribution.

3. A somewhat similar method to the previous one: g (y,p;) is the mea-
sured inclusive photon distribution. Beforehand one needs to con-
struct the transformation matrix D (y”,p; : y™,pf) which relates the
single photon inclusive spectrum to the initial parent #° distribution.
This matrix is purely based on decay kinematics and does not require
the a priori knowledge of the real 7° distribution. One then assumes
a shape for the 7° distribution:

fy™,pf) = Aexp [(yﬂa;zyg)] exp [—mzT (a +by™ + cy”2>]
and fit the data:
9W".pl)=Dy",p} :y".p}) f(y".pi)
4. The last method [28] compares peripheral and central exclusive spec-

tra. The starting point is that the ratio between peripheral and central
particle production cross-sections is the same for all particle species:

_ hadron
o™t o’ o o
central  __ central  __ central  — f( ) _ central
pum — = - 70 — p - ,Yhadron
Upe’r’iphe’r’al Upe’r’iphe’r’al Uperipheral Upe’r’iphe’r’al

Therefore one can write the inclusive photon spectra in central and
peripheral collisions as a sum of direct and hadronic contributions:

direct hadron

O central - Ucentral + O central
direct hadron

Ucentral + f(p)O' eripheral

irect adron

Y _
Uperipheral - Uperipheral + Uperipheral

By subtracting central from peripheral spectra one obtains the direct
photon excess:

direct direct

Y Y —
Ocentral — f(p)aperipheral = Ocentral — f(p)acentral

No conclusion can, however be obtained on the shape of the direct
photon spectrum.

Simulations have been performed to evaluated the capabilities of the event
mixing method in the ALICE experiment multiplicity environment. Photons
were detected with PHOS, the Photon Spectrometer [29] for ALICE. The
SHAKER event generator with highest rapidity density expected in central
Pb-Pb collisions, i.e., 8000 charged particles per unit rapidity, has been
used to produce 7”’s and 5’s. The real and mixed two-photon invariant
mass spectra were obtained with and without a cut on a (Equation 5.10).
The ratios real/mixed in a p; range Of 2-3 GeV/c for the two cases are
shown in Figure

5.7.4 Two-photon correlation function

First a few useful things to remember:



80 CHAPTER 5. PHOTONS PROBES OF HIC DYNAMICS

g 5 | : 2GeV/C<Pl<3GeVIC
= :
< Ut
oc 0.5 ‘\ 1 LAl H\ | i [ 1 10 |
%Nooc cut§
] | I - ‘ I ‘ Ll | I ‘ | ‘ ) | ] | I - ‘ Ll Ll
0 o1 02 03 04 05 06 07 08 09 1
Myy, MeV
kS
s
S
¢ St b
€ ,, mney W e o N
%oc <04
] | N i ) i ) I | ] \ | i ) | ] | N i ) -
0 o1 02 03 04 05 06 07 08 09 1
Myy, MeV

Figure 5.34: Extraction of 7° and 7 signals with the event mixing technique
and using two cuts in the assymetry factor (Equation 5.10) of the two
photons energy.
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e the correlation with when measure in terms of relative momentum ()
is related to a spatial extend of the photon production source:

he fm-MeV
R~— ~200—/——
Q Q
and
R = §R
RMS = \| 5

e The correlation strength for photons is reduced as compared to the
strength for hadrons because of the polarization of photons:

A=05

e The correlation strength is further reduced because of the presence
of decay photons:

Ndirect 2
measured theory Ntotal
ol

Le., if N#7ec!=50%, A = 0.10 and if N*"'=10%, X = 0.005.

The momentum scale along which the two-photon correlation can be mea-
sured with PHOS has been evaluated by calculating the two-dimensional
acceptance (A6, Q) (Figure 5.35) for photons with transverse momentum
distributed according an exponential distribution with an inverse slope of
500 MeV, A6 being the opening angle of the two photons and @, their
relative longitudinal (along the beam axis) momentum. Remember that
PHOS maximum opening angle is 30° and the rapidity coverage around
mid-rapidity is +£0.25. Referring to Figures 5.29 and 5.31 one concludes
that the coverage of PHOS will allow to search for the most energetic pho-
tons the broad correlation signal expected from pre-equilibrium photons.

5.8 Data and Calculations

The direct photon spectrum has been measured[30] by the WA80 collabo-
ration for 200A GeV S+Au collisions. The calculation are from an hydro-
dynamic model as described earlier (section 3.2). The various equations of
state considered are:

e EOS A (hard) and EOS B (soft) are two different parametrizations
(parameters B and K) of an equation of state with a QGP phase tran-
sition.

e EOS H is the equation of state for an interacting hadron+resonance
gas without phase transition

e EOS I is the equation of state for massless non-interacting hadrons
and no phase transition.

Discussion: Depending on the EOS the relative rate of photons from the
QGP to the rate from the hadron gas changes:
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Figure 5.35: Longitudinal momentum scale accessible with PHOS for the
two-photon correlation function. It has been calculated for a thermal distri-

bution of photons with T=500 MeYV.
¢ QGP leads to larger slope

e Hadron gas leads to a dominant contribution but the QGP contribu-
tion can take over at large transverse momentum p; > 2 GeV.

In principle the dependence of the photon production on 7¢ could be used
to determine the critical temperature from the data.

| EOS | Ty (MeV) |

A 238
B 249
H 248
I 400

Table 5.1: Initial temperatures at ty and z = 0 calculated for the various EOS
of the hydrodynamic model. From reference [4]
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Figure 5.36: Single photon pr spectra compared with the upper bound of
WAS80. An EOS with a QGP phase transition is considered and the dif-
Jerent contributions are shown: HG hadron gas, m(HG) hadronic part of
the mixed phase, M(QGP) QGP part of the mixed phase, QGP quark-gluon
plasma phase. From reference [4]

Figure 7b
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Figure 5.37: Total spectrum of single photons for the different EOS’s. From
reference [4].

Figure 8
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