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CGC Initial Thermalized

) . Hadron Gas
Singularity sQGP

What are the properties of the CGC, the Glasma and the thermalized QGP?
When is the matter produced in heavy ion collisions a Glasma or a thermalized sQGP?
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freeze out

hadrons —s kinetic theory
gluons & quarks in eq. — 1deal hydro
gluons & quarks out of eq. — viscous hydro

strong fields —s classical dynamics

Z

Color Glass Condensate:
The High Density Gluonic States of a high energy hadron that dominate high energy scattering.

Glasma:

Highly coherent gluon fields arising from the Glasma that turbulently evolve into the
thermalized sQGP while making quarks

Thermalized sQGP:
Largely incoherent quark and gluons that are reasonably well thermalized



0% /A

“dense” Y A Q,(7)
> ar - - Linear : “dilute”
Color Glass /

‘Ondensate

<
S Parton Gas

9

- o o e ey e o e ey

BFKL

&2
® ® ) DGLAP
&

2
lnA2 InQ ~

A

The CGC is a consequence of QCD at some energy and some A: Are we there yet?



H1+ZEUS

Motivated by the dominance and increase
of the gluon density for small x

Provides a good description of deep
inelastic scattering and diffraction from

protons and nuclei at small x

Precision tests in Electron lon Collider

Fit including heavy quarks
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Provided semi-quantitative description of forward particle production in AA and dA collisions at

RHIC
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Many tests with the extraordinary reach in pt and y at LHC

15 years ago: Theorists would
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Too steep a dependence of the

NLO effects?
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Much exciting physics to come:
Centrality and rapidity dependence of R_pA, J/Psi and
heavy quark production, two particle correlations, photon
triggered correlations, Drell Yan....
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[. Weizsacker Williams gluon distribution:
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Comments: Why do we need NLO calculations?

@ LO calculation is order of magnitude estimate. Normally, we need to introduce the
artificial K factor to fix the normalization. Fails to describe large p data.

@ There are large theoretical uncertainties due to renormalization/factorization scale
dependence in xf(x) and D(z). Choice of the scale at LO requires information at NLO.

@ In general, higher order in the perturbative series in a; helps to increase the reliability of
QCD predictions.

@ NLO results reduce the scale dependence and distort the shape of the cross section. < e

K = "L";L% is not a good approximation.

e NLO is vital in terms of establishing the QCD factorization in saturation physics. <

Bowen Xiao



The Glasma

1/Qs I

random

IRy

E* =iglaq, )]
B* =igeiat, o).
Typical configuration of a single event
just after the collision

Highly coherent colored fields:
Stringlike in longitudinal direction
Stochastic on scale of inverse saturation momentum in transverse direction
Multiplicity fluctuates as negative binomial distribution



Fluctuations in positions of sources of color field and in multiplicity of
production from individual source will make v_n
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VERY IMPRESSIVE and SOPHISTICATED

flow analysis, correlations etc from Atlas.

Jia, Csernai, Wang

Scale in transverse size is sub-
nucleonic:

If there is flow in pp, would generate
v_n

Without flow there are intrinsic
correlations that would generate two
and multiparticle correlations

Strongest in high multiplcity events

Transverse momentum scale
associated with saturation momentum
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(b) MinBias, 1.0GeV/c<pT<3.OGeV/c
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Ridge seen in high multiplicity pp in CMS
Now seen in high multiplicity pA in CMS

For fixed multiplicity cut, pA ridge appears
to be stronger than in pp
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The Glasma:

Weak coupling but strongly interacting due to coherence of the fields
In transport or classical equations, the coupling disappears!
Two scales

Acoh (tzn) ~ AUV(tin) ~ Qsat

But it takes time to separate the scales and make a thermal distribution
Acoh (ttherm) ~ O‘sAUV (ttherm) ~ asTinit

Bose-Einstein with 1=0.54,T=1.31 ] How long does it take to
T/wy)-1/2 with p=0.54,T=1.31 ——

const /K& e | thermalize?

1000 \, .
,'v t=0 A

Are there Bose-Einstein
Condensates formed?

100 ==

W

For how long is the system in
homogeneous with longitudinal
pressure not equal to transverse?

0.1

Cane we measure a difference
between longitudinal and
transverse pressure?

0.01

Gelis: Scalar field Order parameters: Electric and magnetic confinement
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In scalar field theory:
Smallish viscosity

Eventual equilibration of longitudinal
and transverse pressure

Longish time for thermalization
Yang Mills theory with realistic numbers?

What condenses?

The Glasma and turbulent
coherent fields is generically a
new type of matter:

There may be genuinely new
phenomenon associated with
electric and magnetic
confinement and perhaps
superfluidity

Vacuum ~ Turbulent
Fluctuations?



Holographic description of a boost tnvariant plasma

(Heller, Janik, Witaszczyk, 2011)
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Viscous hydro can cope with partial thermalization, and large
differences between longitudinal and transverse pressures

In fact, there is little experimental evidence that complete
local equilibrium is reached in nuclear collisions

The Glasma may be a nearly perfect fluid, even though it is not a thermalized sQGP. It
is certainly a sQGP
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High pT suggests photons comes from early time

V2
and

geometric scaling of multiplicity dependence seen in Phenix
suggest photons did not arise from a very hot thermalized

QGP
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The study of jet quenching is very
sophisticated and provides non-trivial
information about the sQGP. There is

still some lack of convergence about
the magnitude and proper method of
computation. It appears however that
the jet energy loss mechanism has an
underlying explanation within
perturbative QCD. The body of work
experimental and theoretical is very
impressive!
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Vitev computations: Reasonable agreement

“The data is consistent with weak coupling
between the jet and the medium. Experiment
have largely confirmed theory expectations”

l. Vitev
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Theory postdictions for dijet asymmetry
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Energy loss is not proportional to E as had been suggested by
AdSCFT considerations: Betz



Comparison of Jet Quenching Formalisms for a Quark-Gluon Plasma “Brick”
I

Nestor Armesto,! Brian Cole,? Charles Gale,® Willam A. Horowitz,*> Peter Jacobs.®
Sangyong Jeon,® Marco van Leeuwen,” Abhijit Majumder,® Berndt Miiller,® Guang-You Qin,® Carlos
A. Salgado,! Bjorn Schenke,®® Marta Verweij,” Xin-Nian Wang,'®¢ and Urs Achim Wiedemann!!
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Dispersion in computations
related to various
approximations.

Approximations can be
tested by NLO
computation, which is in
progress.

For an outsider:
Need to discard models
that make unrealistic
approximations in light of
comparison with
experiment of higher order
computation.

Big Uncertainty: |Is the media more thermalized and incoherent or Glasma and coherent?

How could we decide between the two scenarios:
1, Gluon energy loss - thermal bath of QGP —>hadronization with quark coalescence

2, Gluon energy loss - coherent gluon field ->quark pair production from strong field -
Quark-antiquark dominated plasma (QAP) -

hadronization with quark coalescence

P. Levai
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Towards a
theory of media
induced
fragmentation
(low energies
along the jet

Courtesy: J. Casalderrey-Solana aX|5)

*Shower transverse size < 1/Qs = radiation as the total charge

*Shower transverse size > 1/Qs = radiation as a independent partons

PbPb/pp

Revises the usual picture of energy loss! P
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MLLA: collimated modes
Qo < k1 < zE0,

Q() no modification of
— the fragmentation
E9 function!

E.g. 0,=0.05, E=100 GeV, R,=15¢eV
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Fragmentation function goes to 1 at high z because
fragmentation function for quenched jet is measured relative to
energy of quenched jet, not original unquenched jet. Must do
some reconstruction to extract “intrinsic” fragmentation function



Even more at lower z..
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For energy loss, the fragmentation functions should be energy dependent at low z.

They should not scale!



v-jet imbalance
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Does anyone understand this?
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RHIC

Qsat ~ Mcharm
LHC

Qsat > > Mcharm

In latter case, heavy
qguark bound states are
made late and
recombination is
important. Energy loss
should look more like
that for light quarks

Can we coumpute and
understand heavy quark
production in pA
collisions? Would
eliminate many
uncertainties
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J/Psi and Heavy Quarks
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