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The Little Bang

@ A space-time picture of a heavy ion collision (HIC)

t

/"

freeze out

hadrons — kinetic theory
gluons & quarks in eq. — ideal hydro

gluons & quarks out of eq. — viscous hydro

strong fields —s classical dynamics

<

incoming nuclei —s CGCs

@ ‘Initial singularity’ : the collision between the two incoming nuclei

@ The QGP is re-created in the intermediate stages
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Phase—diagram for QCD

@ ... as explored by the expansion of the Early Universe ...

Temperature

A Expansion of
the early Universe

Heavy ion collisions

Quark-Gluon
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Density

Nuclei Neutron stars

@ ... and in the ultrarelativistic heavy ion collisions.
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Pb+Pb collisions at the LHC: ALICE

@ Pb+Pb collision at the LHC: > 20,000 hadrons in the detectors !
@ Where are all these hadrons coming from ?
@ How to trace back their history ?

@ How to understand that from first principles (QCD) ?
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@ Pb+Pb collision at the LHC: > 20,000 hadrons in the detectors !

Partons which have been liberated by the collision.

@ How to trace back their history ?
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Pb+Pb collisions at the LHC: ALICE

@ Pb+Pb collision at the LHC: > 20,000 hadrons in the detectors !

Partons which have been liberated by the collision.

@ They leave imprints on the hadron distribution in the final state.

@ How to understand that from first principles (QCD) ?
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Pb+Pb collisions at the LHC: ALICE

Pb+Pb collision at the LHC: > 20,000 hadrons in the detectors !

@ Partons which have been liberated by the collision.
@ They leave imprints on the hadron distribution in the final state.

@ Build effective theories for the relevant degrees of freedom.
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QCD matter: from hadrons ...

proton utron

el g

Quark composition of a pion

@ At low energies, QCD matter exists only in the form of hadrons

(mesons, baryons, nuclei) ... as a consequence of confinement
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QCD matter: ... to partons

o At high energies, the relevant d.o.f. are partonic (quarks & gluons)

> interactions occur over distances much shorter than the confinement scale

@ The HIC's give us access to dense forms of partonic matter
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New forms of QCD matter produced in HIC

Prior to the collision: 2 Lorentz—contracted nuclei (‘pancakes’)

o 'Color Glass Condensate’ : highly coherent form of gluonic matter

Right after the collision: non—equilibrium partonic matter

o 'Glasma’ : color fields break into partons

At later stages (At = 1 fm/c) : local thermal equilibrium
e 'Quark—Gluon Plasma’ (QGP)

Final stage (At > 10 fm/c) : hadrons

e ‘final event’, or ‘particle production’
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New forms of QCD matter produced in HIC
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@ Prior to the collision: 2 Lorentz—contracted nuclei (‘pancakes’)

o 'Color Glass Condensate’ : highly coherent form of gluonic matter

@ Right after the collision: non—equilibrium partonic matter

e 'Glasma’ : color fields break into partons

o At later stages (At 2 1 fm/c) : local thermal equilibrium
e 'Quark—Gluon Plasma’ (QGP)

@ My focus here: the partonic phases at early and intermediate stages
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@ The wavefunctions of the incoming hadrons:

Color Glass Condensate

@ Particle production at early stages :

proton-proton (pp), proton-nucleus (pA), nucleus-nucleus (AA)
@ AA collisions : Glasma
@ Thermalization
@ Flow and hydrodynamics
@ Thermodynamics of the Quark Gluon Plasma

o Hard probes of the QGP: jet quenching
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Disclaimer

@ Main emphasis: what do heavy ion collisions teach us about QCD

@ A vast topics, many subfields, a lot of material, many issues that | do
not understand myself (and that | will not try to cover)

No aim to completeness, or to being systematic

No technicalities, no real formulae, no systematic references

@ Lots of cartoons and hand-waving arguments
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Disclaimer

@ For more references, formulae, cartoons and hand-waving arguments,
have a look at this review paper

High Energy Physics - Phenomenology

QCD in heavy ion collisions
Edmond lancu
(Submitted on 2 May 2012)

These lectures provide a modern introduction to selected topics in the physics of ultrarelativistic heavy ion collisions which shed light on
the fundamental theory of strong interactions, the Quantum Chromodynamics. The emphasis is on the partonic forms of QCD matter
which exist in the early and intermediate stages of a collision —- the colour glass condensate, the glasma, and the quark-gluon plasma --
and on the effective theories that are used for their description. These theories provide qualitative and even quantitative insight into a
wealth of remarkable phenomena observed in nucleus-nucleus or deuteron-nucleus collisions at RHIC and/or the LHC, like the
suppression of particle production and of azimuthal correlations at forward rapidities, the energy and centrality dependence of the
multiplicities, the ridge effect, the limiting fragmentation, the jet quenching, or the dijet asymmetry.

Comments: Based on lectures presented at the 2011 European School of High-Energy Physics, 7-20 September 2011, Cheile Gradistei,
Romania. 73 pages, many figures
Subjects:  High Energy Physics - Phenomenology (hep-ph); High Energy Physics - Experiment (hep-ex); Nuclear Theory (nucl-th)
Cite as: arXiv:1205.0579 [hep-ph]
(or arXiv:1205.0579v1 [hep-ph] for this version)

3rd Chilean School on HEP From CGC to QGP

Edmond lancu 10 /




Color Glass ondensate
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The geometry of a hadron—hadron collision

@ 2 : longitudinal (or ‘beam’) axis; | = (z,y) : transverse plane

e Center-of-mass frame : P{' = (P,0,0,P), P} = (P,0,0,—P)
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The geometry of a hadron—hadron collision

@ 2 : longitudinal (or ‘beam’) axis; | = (z,y) : transverse plane
e Center-of-mass frame : P{' = (P,0,0,P), P} = (P,0,0,—P)
@ 2 — 2 subcollision : g(p1) + g(p2) — g(k1) + g(k2)

@ Distinguish between transverse and longitudinal momenta
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The kinematics of a 2 — 2 subcollision

= llnk—i_kz
"= k— k.
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o Initial partons : p# = zP* + p/{ with p/| = (0,p.,0)
o transverse momentum p
o longitudinal momentum fraction x = p,/P

@ Final (or ‘produced’) partons :

e transverse momentum k|
e polar angle 6 or rapidity n = — Intan(6/2)
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The kinematics of a 2 — 2 subcollision (2)

central (n ~ 0)

ISTRUN

backward forward ( > 0)

ky m,

@ Energy—-momentum conservation = p1| + po; = k1 + koo

kit ka1 kit ka1
r) = —=el + =€ — e M4 —=e P

Vit Vst T Vs
@ Exercice | Hint : use P = /s/2, k =k, coshn, k, =k, sinhn
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The kinematics of a 2 — 2 subcollision (2)

central (n ~ 0)

ISTRUN

backward forward ( > 0)

ky M,

@ Energy—-momentum conservation = p1| + po; = k1 + koo

kit ka1 ki kot _
r) = —=el + =€ — e M4 —=e P

) w -
Vs NG 2T /s Vs
@ What are the typical values of x for the participating partons ?
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99% of the total multiplicity lies below p; = 2 GeV

e r ~ 1072 at RHIC (/s =200 GeV & 1 = 0)
o 7 ~4x107%at the LHC (v/s =5 TeV & n =0)
@ x5 ~ 1079 at the LHC & forward rapidity (v/s =5 TeV & n = 4)
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@ The bulk of particle production is controlled by partons at small = < 1

@ Where do all these partons come 7!

> ‘a nucleon is built with 3 valence quarks, each one carrying z ~ 1/3’

@ Need to better understand the parton structure of a hadron
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Deep inelastic scattering at HERA

H1 and ZEUS
%
X8 Q?=10 GeV?
10 —
electron
1
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e Parton distribution functions: xq(z, Q?), G (z, Q?)

> number of partons (quark, gluons) with transverse size Az, ~ 1/Q
and longitudinal momentum fraction 2 ~ Q2 /s per unit rapidity
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Parton evolution in QCD

o
a1

. N
4&_/'/ E
electron EQ_QMQOQ_QD_QQQQQOQQ/

proton

@ The virtual photon 7* couples to the (anti)quarks inside the proton
@ Gluons are measured indirectly, via their effect on quark distribution

@ Quantum evolution : change in the partonic content when changing
the resolution scales = and Q?, due to additional radiation
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The small-z partons are mostly gluons

102 10" 1
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@ For & < 0.01 the hadron wavefunction contains mostly gluons !

@ The gluon distribution is rapidly amplified by the quantum evolution
with decreasing x (or increasing energy s)
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Bremsstrahlung

R > (1-x)P, + -k,
K, =X|:’Z ) kJ_
A%k, dx

dPBrcm ~ ab(ki) CR

—= —
k1
@ Phase—space enhancement for the emission of
o collinear (ki — 0)
e and/or soft (low—energy) (z — 0) gluons
@ The parent parton can be either a quark or a gluon

Cp =t = N =4 ¢y =TT = N, = 3

@ The daughter gluon can in turn radiate an even softer gluon !
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>

X1 <<1

@ The ‘cost’ of the addition gluon:
/1 dzy 1
Qg — = ag In —
z L1 €T
@ Formally, a process of higher order in g, but which is enhanced by the
large available rapidity interval

e Y =In(1/x) : rapidity difference between the parent quark and the
last emitted gluon

@ When oY 2 1 = need for resummation !
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Gluon cascades

@ n gluons strictly ordered in x

@ The n—gluon cascade contributes

1

nl (O‘sy)n

@ The sum of all the cascades
exponentiates :

1
TwWs
(Balitsky, Fadin, Kuraev, Lipatov, 75-78)

BFKL evolution

29(z, Q%) ox e ~

@ This evolution is linear :
the emitted gluons do not interact with each other
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Gluon evolution at small z

Low Energy
Gluon
Density
Grows

High Energy

@ BFKL: an evolution towards increasing density
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Gluon evolution at small z

Y=In1/x
Saturation

InQ%(Y)=AY

Dilute system

EON

BFKL

—_—

)
|

DGLAP

2
InAgep InQ?

@ BFKL: an evolution towards increasing density
@ Non-—trivial: not true for the DGLAP evolution !

o the BFKL gluons have similar transverse momenta, hence similar
transverse areas = they can overlap with each other

@ The relevant quantity: not the gluon number, but ...
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Color Glass ondensate

Y=In1/x
Saturation
InQ%(Y)=AY

@ The gluon occupation number
(or ‘packing factor’)

Dilute system

DGLAP
_—

2
InAgep InQ?

EON

BFKL

T 2G(z,Q%)

QQ X TR2

—_—

¢

7’L(ZL‘, QQ) =

@ When n 2 1 : gluons overlap, so they are coherent with each other:
> better described as a semi-classical, color field: ‘condensate’

o Event—by—event: the field is frozen in some random configuration
> average over the frozen configurations : ‘glass’

e Cannot exceed a value n ~ 1/a; : ‘gluon saturation’
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Gluon saturation

Y =In1/x

Saturation
In Q2(Y)= A

.. e
‘ ./4} % %ﬁkﬁ - @ Dilute systom

\

JIMWLK

@ —
k=X Pz
2
In Adco

In Q2

200000

@ ayn ~ 1 : strong overlapping which compensates small coupling
@ The evolution becomes non—linear :

> emissions 4+ recombination = gluon saturation
o BFKL gets replaced by the non—linear JIMWLK equation

Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, Kovner (97-00)
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A cartoon of the evolution equations : BFKL

e n(Y,Q?%) : gluon occupation number

@ Rapidity increment Y — Y + dY : a probability a;dY to emit an
additional gluon out of any of the preexisting ones

TgtE @

“Svahan

an wosY
y = n = nY) xe J

e Valid so long as n(Y, Q?) < 1/as (dilute system)
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BK/JIMWLK

@ High gluon density: recombination processes leading to saturation

0000000

on 9 9 1
8—Y_a5n—asn—0 when nwoz>>1 J

e Fixed point : the evolution stops when a n(Y, Q%) ~ 1

@ The saturation condition involves Y and Q2
= saturation momentum Q,(Y")
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BK/JIMWLK

@ High gluon density: recombination processes leading to saturation

0 1
%:asn—agnQZO when nwoz>>1 J

@ The simplest equation with saturation (Gribov, Levin, Ryskin, 83)
e Cartoon version of the Balitsky—Kovchegov equation (BK)
@ Mean field approximation (valid at large N.) to JIMWLK
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The saturation momentum

@ The transverse momentum (or virtuality) scale where saturation
effects start to be important

Y=Ini/x]
2\ ™ CCG(I,Q2) @
n(z, Q%) = 2 IR
1 ,
n(x,Qf(x)) ~ @ Dilute system
Qg
JIMWLK
20N G (z,Q?) 1 DGLAP
Qe o™
InAZ,, In Q?

@ Qs is rapidly rising with 1/z, i.e. with the center-of-mass energy :

As >~ 0.2 + 0.3 at NLO accuracy (Triantafyllopoulos, 2003)
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The saturation momentum

@ The transverse momentum (or virtuality) scale where saturation
effects start to be important

n(z,Q%) = o

mR?2

(o, Q) ~ o

m 2G(x, Q%)

IZ}GA(-'L', Qg) A1/3

Q2 (GeV?)

2
Qi(r)~ as 7TR,24

3rd Chilean School on HEP
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and also with the atomic number A for a large nucleus (A > 1)
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The saturation momentum

@ The transverse momentum (or virtuality) scale where saturation
effects start to be important

10 g T e
n0,Q?) = gy x FEE D)
%‘1
(e, Q¥a) ~ o o | T
0.1
Q3 ()~ asxGA(xéQg) ~ A1/3 =
TRY xs 0 T35 g e ) 0 10

A

ez~ 107 Qs ~ 1 GeV for proton and ~ 3 GeV for Pb or Au
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Semi-hard intrinsic k|

@ ()%(z) o the gluon density per unit transverse area
s g Y

@ ()s(z) : the typical transverse momentum of the gluons with a given z

Q
G (z, Q%) :/dsz/ dky k) n(x, by, ky)

10 = 3 1000
1F .
i g 100
01k ]
— I ] = w
\? 0.01 F 5 =
L 1l = 1
0.001 E 3
le-04 | 3 0.1
1e-05 L—L 1 1 1 1 1 AN 0.01 \
- 5 0 5 10 15 20 25 30 35 -10 0 10 20 30 40 50 60
log(k*/k§) log(k?/k2)
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Multiplicity : energy dependence

e Particle multiplicity dN/dn o Q% ~ s*+/2

@ \; ~ 0.2 +0.3 in agreement with the data

N T T T T TTITT ‘ T T T T TTTT T T T TTT L
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Multiplicity : energy dependence (2)

o CGC + MLLA: angular ordering in gluon cascade
@ Explains the difference between pp and AA (Levin, Rezaeian, '11)

UAS. pp NSD

14 CDF, pp NSD
CMS. pp NSD T
ALICE, pp NSD 0.11

12 UAL1, pp NSD

ALICE, AA(0-5%)

BRAHMS, AA(0-5%)
PHENIX 1, AA(0-5%)
PHENIX 2, AA(0-5%)
STAR, AA(0-5%)
NA50, AA(0-5%)
Saturation (CGC)

10
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Average transverse momentum in p+p

o Typical transverse momentum (pr) o« Q4(E) ~ E*s/2

0.60
o CMS 0.142+0322 EOIIS
= UAI
0554  _ cpF %
0.50 %
: b
O, 0:457 e 012840318 EOIIS
3
£ 0404 - »
0.354
0.30 — —
0.1 1 10
E[TeV]
(McLerran and Praszalowicz, 2010)
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Geometric scaling at HERA: F,

@ Qs(x) is the characteristic target scale in p or virtuality =
physics should depend upon the ratio Q?/Q?(x) : geometric scaling

@ DIS cross—section at HERA (Stasto, Golec-Biernat, Kwieciniski, 2000)

o(r, Q%) vs. 7= Q?/Q*(x) ox Q?/x"3 1 2 <0.01, Q%< 450 GeV?

ZEUS BPT 97

o
ZEUS BPC 95 *
HI low Q*95 N %

1E ZEUS+HI high Q* 94-95 o E|
665 v
x<0.01 ‘g% +
allQ* ¥

10 |0: |03
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Geometric scaling in p+p at the LHC

e Particle production at 2 different energies (McLerran, Praszalowicz, '10)

(AN /dnd®p1 )|, . I,
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Particle production
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Particle production

@ How to compute particle production quantitatively ?
e single inclusive hadron production %
e correlated di—hadron production

dN, AN dN
d?pridmd?pardne  dZpridm d?paidne
@ Directly measured in pp, pA, AA at RHIC and the LHC

e important information about high density/nuclear effects

@ An example: the nuclear modification factor (or ‘R44 ratio’)

1 dNAA/deLdn
A4/3 AN, /d2p,dn

Raa =

o A*3 = A2/A%/3 . 4 of binary collisions per unit transverse area

e Ry would be 1if AA = incoherent superposition of pp collisions

@ ... but Ry, is far from being 1!
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R44 at RHIC and the LHC

PHENIX Au+Au Vs, = 200 GeV & T T
10 m  Directy ©0-5%  PDPD\S,=276TeV
A 0 © 70 - 80% l
® n i 3=

Jet Quenching Calculation
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-
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Suppression Factor
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10°

o \H‘

@ Strong suppression: R44 < 0.2 at moderate p; =4 + 12 GeV

~

o High—density QCD effect: photons are not suppressed
@ Possible explanations

o ‘initial state effects’ : saturation in the nuclear wavefunctions
e multiple scattering when the 2 nuclei cross each other
o final state effects: interactions in the fireball created after the collision
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The ‘pA benchmark’ : d4+Au at RHIC

1 dNggpae/d*prdny
2AY/3 dNpyp/d?pidn

Rd+Au =

@ One expects no fireball in d4+Au = no final state interactions

a0 e d+Au FTPC-Au 0-20% |
'13 s —&-d+Au Minimum Bias -
151 1
- ]
051 .
L * Au+Au Central ]

coeo e e e b e ey
% 2 4 3 8 10

p; (GeVic)
@ No suppression, rather an enhancement : ‘Cronin peak’

@ The suppression seen in R 4 must be a final state effect
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Particle production (2)

@ Can one compute such effects (Cronin peak, R44) within QCD 7

@ Different kinds of collisions according to the parton densities in the
projectile and the target :
o ‘dilute—dilute’ : pp collisions & mostly central rapidities
o ‘dilute—dense’ : pA collisions and very forward pp

o ‘dense—dense’ : AA collisions

o Different formalisms (‘factorization schemes'’) :

o ‘dilute—dilute’ : collinear factorization (single scattering)
> pdf's ® partonic cross—section ® fragmentation into hadrons

o 'dilute—dense’ : CGC factorization (saturation & multiple scattering)
> eikonal approximation, Wilson lines

e ‘dense—dense’ : classical Yang—Mills dynamics plus CGC

> initial conditions for the subsequent evolution of the fireball
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‘Dilute—dense’ (pA, dA, forward pp)

@ d+Au collisions at RHIC: /s =200 GeV and p; ~ 2 GeV
e 1 =0 (‘midrapidity’) = x, = x4 = 0.01 (Cronin peak)
o 1 =3 (‘forward rapidity’) = z, = 0.2, z4 =5 x 1074

e Midrapidity : the nucleus looks dense already for z4 = 0.01

e a quark, or gluon, from the proton undergoes multiple scattering
e random kicks = transfers of transverse momentum
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Cronin peak & p,—broadening

g, -e-d+Au FTPC-Au 0-20% |
m? F —+—d+Au Minimum Bias |
15 .
) ]
05F .

[ 5

2

24T TTe B 1
pr (GeVic)

@ A random walk in p, leading to transverse momentum broadening

dN 9 I Gt
m =1y q(p, Q°) P(pL,74), P(pr,za) = ﬁe @s
o a function of p? /Q? with Qs = Qs(A, x4) => geometric scaling
o average p? : (P2) = Q?%(A,x4)

= the distribution in p, gets shifted towards harder values ~ Q,(A)

@ No such a shift in pp collisions = Cronin peak in the R, ratio
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Moving towards forward rapidities: 1 > 0

@ Recall : ‘forward rapidity’ <= smaller values of x4 in the target

Fa
- R, = 1 dNpa/d?*pidn
0.8 v A1/3 deP/d2pLd77
0.6
1
0.4 TpA = Le n
0.2 \/g
° w0 0 10 100 10t 100 10 0 1® ad?
pr (GeV/c)

n=0,0.05 0.1,0.2, 04, 0.6, 1, 1.4 and 2 (BK equation: Albacete et al, 2003)

e ‘Target’' is either a nucleus (numerator), or a proton (denominator)
@ Rapid evolution with 1 : no Cronin peak for = 0.4
o for p; < Qs(A,x4), the nucleus is already saturated = no evolution

o for p; ~ Qs(A,x4), the proton is still dilute = rapid evolution
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Rqiaq at RHIC : increasing n

drAu

0.5

@ This trend is clearly confirmed by the RHIC data (BRAHMS)
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@ N.B. The theoretical predictions for the evolution are much more
robust (i.e. model independent) than those for the normalization

@ Using the same set—-up = predictions for p+Pb at the LHC
(Tribedy and Venugopalan, '11; Rezaeian, '12;
Albacete, Dumitru, Fujii, and Nara, 2012)
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R,.py, at the LHC for central rapidities

1.8f p-Pb |5, =5.02 TeV 3 B B
1.6~ @ ALICE, NSD, charged particles, n, |1 <0.3 3 chb(n=0) [0 reBK-MC kt-factorization
1 E " A EPS09 nPDF
l E —-— IP-Sal (Trbedy & Venugopalan)
1. 15+ — === 1GBK (Tribedy & Venugopalar) | 1.5
0. 3
Saturation (CGC), rcBK-MC E s 1
0. Saturation (CGC), roBK E 4
0. I Saturation (CGC), IP-Sat 3 pr
1. ‘Shadowing, EPS09s (x°) E 0s o5
1 LO pQCD + cold nuclear matter 3
1. =
1 o n n L n n 0
: 0 2 4 6 8 10 12
| pt (GeV/c)
=] 2 ™ 2
E o 1cBK-MC, min bias
E Rero(n=4)

©BK-MC, Npart >10

. cme=5TeV BK-MC, LO+inelastic term a=0.1

18 HIJING 2.1 isnig.,z::o.zs s A EPS09 nPDF 1
16 . DHC, no shad

14 — DHC, no shad., indep. frag.

0
P, (GeVio) ot Plee”

@ No Cronin peak ... in agreement with the CGC expectations

@ Various models could be differentiated by going to forward rapidities
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@ Hard scattering = two jets back-to-back in the transverse plane

visible via 2—particle azimuthal correlations: a peak at A¢ = 7
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Di—hadron azimuthal correlations

@ Di—hadron azimuthal correlations at RHIC: p+p, d+Au, Au+Au

O L B B L B
+ * d+Au FTPC-Au 0-20% R

= 0.2~ A —
3 + . — p+p min. bias ﬁfs@m g
5 L |
> + * Au+Au Central B
S L |
5 01 —

> - R

= L |

< L i
SN N
- Lo o s UL} S &
e ‘ B o o 7

Gt v e v e e e b Ly 0

-1 0 1 2 3 4
A ¢ (radians)
o p+p or d+Au (7 =~ 0) : a well pronounced peak at A® = 7
o Au+Au : no away peak (final state effect: ‘jet quenching’)
@ Transverse momentum broadening in pA could reduce the correlation
(broaden the away peak) ... but this is not seen at midrapidities
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Forward rapidities: p+p vs. d+Au
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@ Predicted by the CGC (Marquet, 2007; Albacete and Marquet, 2010)
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AA collisions : Glasma & the Ridge

ATLAS Preliminary 2<ppb <3 GeV

i“.;‘
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Nucleus—nucleus collisions

o Weakly coupled (as < 1) but dense (n ~ 1/a;) : highly non—linear
@ Two strong color fields (CGC's) with scatter with each other

@ ‘Scattering’ : non-linear effects in the classical Yang—Mills equation
sourced by the color charges in the 2 nuclei
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Nucleus—nucleus collisions

strong fields —s classical EOMs
z

D, F""(z) = 8% pa(x) + 0 p(a)

pr,1(z) : colour charge distributions in the ‘right’ and ‘left’ mover

Solve the YM egs. numerically (2D lattice) == the glasma field

Average over ppr r(x) using the respective CGC weight functions
@ Decompose the 2-point function in Fourier modes = gluon spectrum

@ N.B. Hadron spectra are modified by final state interactions
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Glasma

@ Right after the collision, the chromo-electric and chromo-magnetic
fields are purely longitudinal

@ Flux tubes which extend between the recessing nuclei

‘glasma’ (from ‘glass’ + ‘plasma’) (McLerran and Lappi, 06)

@ These anisotropic configurations are unstable (Weibel instability)
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From flux tubes to particles

@ At time 7 ~ 1/Qs, the glasma flux tubes break into particles (gluons)

@ Gluons emitted from the same flux tube are correlated with each other

e correlation length in the transverse plane: Ar; ~ 1/Q;
o correlation length in rapidity (Y or n): An ~ 1/

e to start with, this correlation is isotropic in A®

3rd Chilean School on HEP From CGC to QGP - | Edmond lancu 51 / 60



From flux tubes to particles

@ At time 7 ~ 1/Qs, the glasma flux tubes break into particles (gluons)

@ Gluons emitted from the same flux tube are correlated with each other

e correlation length in the transverse plane: Ar; ~ 1/Q;

e correlation length in rapidity (Y or ): Anp ~ 1/«

e in presence of radial flow, there is a bias leading to collimation in A®
> more particles along the radial velocity v, than perpendicular to it
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The Ridge in AA

@ A natural explanation for the ‘ridge’ :
o di—hadron correlations long—ranged in Ay & narrow in A¢

e abundantly observed in AA collisions at RHIC and the LHC

ATLAS Preliminary 2< p:_,p_‘; <3 GeV

STAR Preliminary

e Long-range correlations in rapidity (An) are created at early times

= they teach us about the initial conditions
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Boost invariance

@ The right variables: proper time 7 and space—time rapidity 7

1 t+ 2z

n
2 t—z
o If the three fireballs all start out from ¢ = 0, z = 0 and evolve exactly

the same way (e.g. thermalization), the state of the cyan at t =4 is
the same as the state of the brown and magenta at 7 = ¢4

e Long-range correlation in Ay : ‘Little Bang' + Boost invariance
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The Ridge in pp and pA

@ LHC : quite surprisingly, a ridge is also observed in p+p and p+A
events with unusually high multiplicity

CMS pPb \[s,,, = 5.02 TeV, N > 110
(d) CMS N> 110, 1.0GeV/c<p_<3.0GeV/c PR NS VN2
T 1<p, <3GeVic

(b)

= 519 18
< =
= o|g 1.7
3 £ 16
&

@ What is the origin of the azimuthal collimation 7
e Can flow develop in such small systems (~ 1 fm) ?

@ This might reflect the momentum correlations at early times (glasma)
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The thermalization puzzle

@ Is there a quark—gluon plasma in the intermediate stages of a HIC ?

e this requires local thermal equilibrium

e to equilibrate, particles need to efficiently exchange energy and
momentum

e thermalization is not guaranteed for a system which expands and which
is weakly coupled

@ Just after the collision, the partonic matter is highly anisotropic

e the glasma flux tubes have ‘negative longitudinal pressure’ :
they oppose to expansion (like a string of rubber)

e 0 0 0 e 00 0
10 €3 0 o0 . [oeo0 o0
Ta=119 o e/3 0 Twad = | 0 g ¢ o
0 0 0 ¢/3 000 —¢

o in equilibrium: Pp = P;, = ¢/3 ; in the early glasma: Pp =c = —Py,
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The longitudinal expansion

@ The original anisotropy can be amplified by the longitudinal expansion

1 ¢ 1 1
n=35 lntiz =5 In 1iZ: for a free particle (z = v,t) J

if particles fly freely, only one longitudinal velocity can exist at a given
rapidity n : v, = tanhn = cosf

e longitudinal expansion is the biggest obstacle against isotropisation !
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Thermalization in perturbation theory

@ Particles can exchange energy and momentum through collisions.

@ Weak coupling: the dominant mechanism is 2 — 2 elastic scattering

I

o Cross—section (o) scales like |amplitude|?, hence like g* ~ o2
@ Mean free path (/) = average distance between successive collisions
1 1
~ Gomsity o~ a2
e Typical equilibration time: 7oq ~ (/v ~ 1/a?
@ Weakly coupled systems have large equilibration times | &
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The role of the strong fields

@ Heisenberg's uncertainty principle requires
1
mean free path / 2> de Broglie wavelength A ~ —
p

@ In general, weakly interacting systems have ¢ > A

o weakly coupled QGP, temperature T': A\ ~ 1/T while £ ~ 1/[a?T]

@ However, the situation can change for a particle interacting with a
strong electric, or magnetic, field, as in the glasma

o domain of size Q! where the (chromo) magnetic field is |B| ~ Q2%/g

d . B
Lorentz force : d—z; =gux B = 0 ~ 9B ~ Qs
p

©B
o time spent in the domain 7 ~ Q7! = Af ~ O(1) g ,,,,,,,,

@ Mean free path £ ~ Q;! ~ 1/p : as low as permitted by Heisenberg
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Thermalization at weak coupling & strong fields

(Epelbaum and Gelis, 2013)

@ Numerical solution to classical Yang—Mills eq. confirms the anisotropy

0.1

O\/
TPy
TPy e

0 0.5 1 1.5 2 2.5 3
2
gt

o the saturation momentum Q, = g*/ sets the scale
o 7¢ =7(2Pr + Pr) ~ const. (longitudinal expansion)

e TPy starts by being negative, then it becomes positive, but it remains
much smaller than 7Pp
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Thermalization at weak coupling & strong fields

(Epelbaum and Gelis, 2013)
@ However, this (boost—invariant) classical solution is unstable under
(rapidity—dependent) quantum fluctuations.
@ The fluctuations can be added to the initial conditions

o, =810 (g =0.1)

T [fm/c]

0.01 0.1 1 2 3 4
T T

+1 e

12
13

pr/c
P/ I

0.1 1.0 10.0 20.0 30.0 40.0
QT

o for very small g = 0.1, the solution preserves boost invariance, as at LO
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Thermalization at weak coupling & strong fields

(Epelbaum and Gelis, 2013)
@ However, this (boost—invariant) classical solution is unstable under
(rapidity—dependent) quantum fluctuations.
@ The fluctuations can be added to the initial conditions

o, =2107% (g =0.5)

T [fm/c]
0.01 0.1 1 2 3 4

+1
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173

v\

Pr/e

PL/e

Lo

i
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Qst

e for g = 0.5, it approaches isotropy: Pr/Pr ~ 0.7 ©)
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