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Outline

- Goal of initial-state studies: To characterize the system formed after the collision of
two heavy ions and provide a description (and proof!) of the equilibration of the system

3. Equilibration dynamics

QGP.phase Ot< T< T eq

2. Initial production

mechanism
T =0*

pre-equilibrium

1. Nuclear wave function

%
T <0

%

...mostly from a Color Glass Condensate perspective



Lessons from data

HIC behave very differently to a simple superposition of independent N-N collisions

dNAA ~ dINPP
d—77 < colld—77

Strong coherence effects reduce the effective number of sources for particle production

_y RHIC: PHOBOS Au-Au (0.2 TeV) LHC: ALICE Pb-Pb (2.76 TeV)
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What are the relevant coherence effects and what is their dynamical description??
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Lessons from data

Energy dependence
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Centrality dependence

» Stronger energy dependence in A+A than in p+p?

» Factorization of energy and centrality dependence?
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Lessons from data

Centrality dependence

Energy dependence
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Coherence mechanisms

<G i
. . - (b-dependent) Nuclear Shadowing
Wave function: String fusion -- percolation %%m«
o 9
Initial production: Breakdown of independent particle S &

production: cutoff

Such mechanisms are implemented in (most of) A+A Monte Carlo event generators

SOFT po(s) =  HARD

: » Pt
Strings, Dual Parton Model, RFT,: LO pQCD independent minijet
hydro/thermal models...) . production, eikonal approximation

: Aha,rd
A, | : )
g seft X %l : 5 X %
: po(S) ~

Asoft ~ 0.08 i Ahard ~ 0.3



Coherence mechanisms in the Color Glass Condensate

Wave function: gluon recombination tame the growth of gluon densities towards
small-x (high-energies) > o
‘ , 09(x k) 2
BK-JIMWLK ~ K ® ¢(x,ke) — o(x, ke) o
0 lIl(X()/X) - : : ®
radiation recombination &

Saturation of gluons with: k¢ < Qs(x)



Coherence mechanisms in the Color Glass Condensate

Wave function: gluon recombination tame the growth of gluon densities towards
small-x (high-energies) :>.
1 b} a¢(X7 kt) 2
BK-JIMWLK” 5% ~ K@ o(x, k) — o(x, ki) ®
n(Xo/x) - o ®
radiation recombination ®

Saturation of gluons with: k¢ < Qs(x)

Theory development!: Calculation of higher orders (full NLO and running coupling
corrections) to the evolution kernel K [Balitsky, Kovchegov-Weigert, Gardi et at]:
LO: as In(1/x)
small-x gluon emlss1on

NLO Running couphng
—D ={>

WHMM‘ W /T\O’\(M}W




Coherence mechanisms in the Color Glass Condensate

=
Wave function: gluon recombination tame the growth of gluon densities towards
small-x (high-energies) > ®
14 1) 8¢(X7 kt) 2
BK-JIMWLK" ~ K ® o(x,ke) — o(x, ke)
H(XO/X) L o @
radiation recombination o °

Saturation of gluons with: k¢ < Qg(x)

Initial production: Rearrangement of perturbation series due to the presence of strong
color fields —
! g A~ O(1)

A(k rg Qs) ~
i :> ’% -<:
- Classical Yang-Mills EOM: [D, F#"] = J”[p]
(Suplemented by JIMWLK evolution)

- kt-factorization: dNN® Kk xo. ke —
VY] 3 ’ t
only for (p+A) dnd?py P, k) © §(xa ke — pb)

(BK evolution)

Qs(x) > Aqcp :A purely perturbative analysis is possible
QI P(LHC) ~ 1.5 +4GeV



Color Glass Condensate models

# charged particles ~ # small-x gluons in the wave functions of the colliding nuclei

. g
LO kt-factorization: sz X iz d?k o p(x1, ki) d(x2, |pt — kt|)
QGP. dnd Pt n=0 Pt
P phase
re-equilibrium
. A~ 024=0.3
: ch g
7 ’} gluon-hadron duality: dN _2gdN x Q2(y/s,b) ~ @@\ypart
-3% Y dn 3 dn =0

- Gluon to hadron conversion

- Contribution from valence and sea partons
- jet fragmentation

- k-factor for higher order corrections

- Truly soft contribution (peripheral collisions)

10



Color Glass Condensate models

# charged particles ~ # small-x gluons in the wave functions of the colliding nuclei

g
LO kt-factorization: dN X 1 d?k; ay d(x1, k) d(x2, |pt — kt|)
QGP'phase dn dzpt n=0 p%
pre-equilibrium )\ ~ 024 + 03
ch
7 . gluon-hadron duality: dN _ EK dIN® x Q2(v/s,b) ~ - /S/S@\IO bart
03& 3 dn 77:0 3 dn 77:0
Energy - Empiric information from e+p collisions [KLN, ASW, Razeian-Levin]
dependence: | _ golutions of running coupling BK equation [TLA-Durmitru]
Trivial Mean-field Monte-Carlo
Centrality L
Ak
dependence: ‘ J

o"

QSA 3,4(5) ~ pafrt(b) §A<b) ™~ pa?“t(b) gO,nucleon
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Color Glass Condensate models

# charged particles ~ # small-x gluons in the wave functions of the colliding nuclei

g
LO kt-factorization: dN X iz d?k; ay d(x1, k) d(x2, |pt — kt|)
QGP'phase d?] dzpt n=0 Pt
pre-equilibrium )\ ~ 024 + 03
: dNeh 2__dNSs
o gluon-hadron duality: = -K x Q2(\/s,b) ~ Jﬁ@\! ar
1 4 dy | o3 dy | Qs (vs, b) /s0—Npart
Energy - Empiric information from e+p collisions [KLN, ASW, Razeian-Levin]
dependence: - Solutions of running coupling BK equation [JTLA-Dumitru]
Trivial Mean-field Monte-Carlo
: »
Centrality : A
dependence: B, -
»
»
QSA QiA(b) ~ pafrt(b) QgA(b) ™~ pC““t(b) QgO,nucleon

Fundamental (non-perturbative) problem: Convoluting evolution and b-dependence?

Ansatz: Solving b-independent rcBK evolution at each transverse point

12



CGC Monte Carlo: MC-KLN and rcBK

y sasus
g e 1. Initial conditions for the evolution (x=0.01)
e A

G R _ [0 _\R_m 2 (R) = N(R) Q?

Eﬁ) X) ) N(R) ;@ ( o |R I'1|> SO( ) ( ) s0, nucl
-/ /

(% [ ) 90(330 — 0017 kta R)
~ > 2. Solve local running coupling BK rcBK equation
] evolution at each transverse point or KLN model

90(3:7 kt7 R)

3 Calculate gluon production at each transverse point
according to kt-factorization

INPUT: ©(x =0.01,k;) FOR A SINGLE NUCLEON:

NOTE: rcBK Monte Carlo is built as an upgrade of MC-KLN, by Drescher and Nara
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Learning from proton data: Initial Conditions for rcBK
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2 dN p/dn / Np,pq

Learning from proton data: Initial Conditions in rcBK

Little effect on multiplicity distributions
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Initial state anisotropy

CGC (MC-KLN or rcBK) yield larger Study of higher harmonics may

eccentricites than Glauber calculations set further constraints on models for the
Initial state

‘ rcBK ¢ Results

.‘?0'7. - Au+Au at\'s =17 GeV
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c /g - - Pb+Pb at\s, =2750 GeV
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2 o e / ol
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WARNIG!!

- Not clear to what extent such difference is rooted in the use ok kt-factorization [Lappi-
Venugopalan]

- Some differences arise due to implementation details: nucleon size, spread etc..



p-A collisions:
Forward (i.e x<0.01) RHIC suppression well described by rcBK CGC calculations.

* single inclusive

1.8

1.6

I:2d+Au
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» h n=2.2; BRAHMS
« h 1=3.2; BRAHMS
e n® <n>=4; STAR

—— NLO-CGC
JLA & C. Marquet

-
P, (GeV/c)

g

Large-x energy loss effects?

K-factor ~ 0.3 for forward pions?

- central d+Au di-hadron correlations in A¢ ®—‘2@
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joy—n—

P, >2 GeVl/c

1 GeV/c <P; P,

24<y;,y2 <4
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- p+p (-0.0045)
. d+Au central (-0.0145)

d+Au
Ptp

.r
J.

1
1 | 1 1 1 1 |
5

o

multi-parton interactions?

Some leading-Nc terms missing

Multi-parton interactions enhanced in d+
Au collisions at large-x?

NOTE: Calculations done in Qsa
the trivial b-dependence scheme
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p-A collisions:

Forward RHIC suppression well described by rcBK CGC calculations

- single inclusive
_ 9 predlctlons for p+Pb @ LHC
1.8~ + h n=2.2;BRAHMS —— NLO-CGC

= L[ ¢ N n=8.2:BRAHMS JLA & C. Marquet F 1 I 7, S PR T ™
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- central d+Au di-hadron correlations in Ad

?7? Sensitivity to non-perturbative input

§°'°2:_ | ge@i SeV/c; A e INARY (initial conditions, b-dependence) and

ool g4 < p<p4  GeAu central (0.0149) normalization issues remain to be

G e d+Au tested...
0.01:: l AT P+ P %E IE}

- RN ; p+PDb run: extremely useful also to
o005\ TR ' constrain CGC models for bulk particle

£ T LT production
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multi-parton interactions?



CGC at very early times

Solution of classical Yang-Mills EOM: (A+A): Electric and magnetic fields are longitudinal:

Correlated over rapidity intervals o

: 1
Correlated over transverse sizes AR, ~ o
S

Fig by F Gelis

Imply the presence of long-range in rapidity correlations, which must be generated at early

times.
Several attempts to describe current correlation data based on CGC+ radial flow exist

...however, phenomenological description of the demands accounting for flow effects
triggered by initial state fluctuations
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The thermalization conundrum

The energy-momentum tensor after the collision is
maximally anisotropic:

Ty¢ = diag (e,e,¢, —¢) 7 =07

QGP phase

pre-equilibrium

T;,, = diag (¢,p,p,p)  Ten ~ 1fm/c

1S0O

How does the transition to an (quasi)
iIsotropic EMT happen over such short times?

CGC/ weak coupling approaches:

Bottom-up approach: large estimates of thermalization time
Resummation of Feynmann diagrams leads to free streaming (pz=0)

Resummation of unstable secular terms may speed up the thermalization
dynamics

Strong coupling? AdS/CFT studies suggest a rapid thermalization
Chesler-Yaffe, Lin-Shuryak, Mue, JLA-Kovchegov-Taliotis, ]
How to match them with weak coupling/CGC at earlier times?

No conclusive proof of thermalization yet...the elephant remains in the room
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GGC: Short list of theoretical developments
0¢p(x, k)

Evolution Equations BK-JIMWLK: — K ® ¢z, k) — ¢ (z, k) ; Wl _

v -Running coupling corrections [Balitsky, Kovchegov-Weigert, Gardi et at]
X -Full NLO kernel [Balitsky]
X -High-Q?2 effects (CCFM + saturation) [Avsar-Iancu]

X -Kinematic constraints & b-dependence in BK evolution [Berger-Stasto]
X - Subleading-N(c) corrections [kovchegov-Weigert]

dNAB—>X
d3p1 SR

Production processes: [o(z, k); Wy [p]]

v - Factorization of multiparticle production processes [Gelis-Lappi-Venugopalan]
X - Analytic solutions to Yang-Mills EOM [Blaizot-Mehtar Tani-Lappi]
X - Running coupling corrections to kt-factorization [Kovchegov-Horowitz]
X - DIS NLO photon impact factors [Balitsky-Chirilli]
- Di-hadron correlations [Dumitru-Jalilian Marian, Dominguez et al]
X - Progress in the hybrid formalism (CGC+pdf’s) [Altinoluk-Kovner]
X - New observables beyond the large-Nc limit [Marquet-Weigert]

Used in phenomenological works? v Yes X No

0 In(1/x) Y. "



Conclusions / Outlook

v LHC reach on small-x physics is unprecedented.

v Important steps have been taken in promoting GCG to an useful quantitative tool
- Theoretical calculation of higher order corrections (running coupling)
- Phenomenological effort to systematically describe data from different
systems (e+p, e+A, p+p, d+Au, Aa+Au and Pb+PDb) in an unified framework
- Devise & maintenance of Monte Carlo methods to input hydro/transport
calculation
-... but more work is still needed!

v First HI LHC data on multiplicities compatible with CGC models (and others)

v Most urgent tasks:
- Putting together b-dependence and evolution
- Matching with high-x, high-Q2 physics (valence quarks ,DGLAP evolution)

v A p+Pb run would be extremely useful for the calibration of initial-state
effects for hard probes, but also to further constrain models for bulk particle
production

THANK YOU!!
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