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The Big Bang

time
4
10*12 e formation of atoms
10*? sec nucleosynthesis
105 sec confinement
<«—— Quark Gluon Plasma
1010 e EW transition
1032 sec end of inflation
big bang
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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
plasma

@
\
{ hadronic

y phase Color superconductor

Density

L 1
Nuclei Neutron stars

@ ... and in the ultrarelativistic heavy ion collisions.

Ecole Joliot-Curie, La Grande Motte '18 High energy QCD & the CGC Edmond lancu



Ecole Joliot-Curie, La Grande Motte '18 High energy QCD & the CGC Edmond lancu 5 /116



Au-+Au collisions at RHIC

@ Au+Au collision at STAR: longitudinal projection
@ ~ 7000 produced particles streaming into the detector

e Collision energy (COM frame) : /s = 200 GeV/nucleon
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Au-+Au collisions at RHIC

@ Au+Au collision at STAR: along the beam axis
@ ~ 7000 produced particles streaming into the detector

e Collision energy (COM frame) : /s = 200 GeV/nucleon
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Au-+Au collisions at RHIC

@ Au+Au collision at STAR: transverse projection
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Pb+Pb collisions at the LHC: ALICE

@ Pb+Pb collision at ALICE: /s = 2760 GeV /nucleon
@ > 20,000 hadrons in the detectors

@ s that much ?
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p+p collisions at the LHC: CMS

@ p+p collision at 7 TeV: candidate event for H — ~~

@ Less than 50 tracks/hadrons in the final state
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Pb+Pb collisions at the LHC: ALICE

@ Where are all these (> 10000) hadrons coming from ?
@ How to trace back their history 7

@ How to understand that from first principles (QCD) 7
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Pb+Pb collisions at the LHC: ALICE

@ Partons which have been liberated by the collision.
@ How to trace back their history 7

@ How to understand that from first principles (QCD) 7
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Pb+Pb collisions at the LHC: ALICE

@ 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) 7
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Pb+Pb collisions at the LHC: ALICE

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

o 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

@ 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

o 1 " dp
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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

At later stages (At 2 1 fm/c) : incomplete equilibration
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 = 1 fm/c) : incomplete equilibration
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
e Hard probes of the QGP: jet quenching

> Main emphasis: What do heavy ion collisions teach us about QCD
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Instead of references

@ For a general and rather elementary introduction and for more references
(albeit a bit outdated), you may have a look at this review paper:

arXiv.org > hep-ph > arXi

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 Cradistei,
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)
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High-energy QCD and the C

Y=In1x] cGc

InQ%(Y)=AY

s

CcG

Dilute system

LI

BFKL

DGLAP

2
InAZ, InQ?

Ecole Joliot-Curie, La Grande Motte '18 High energy QCD & the CGC Edmond lancu



More specific references ...

@ ... on High-energy QCD and the Color Glass Condensate

@ Whenever possible, | will refer to the arXiv number

@ A book: Quantum chromodynamics at high energy, by Yuri V. Kovchegov
and Eugene Levin, 2012, 349 pp. (Cambridge Univ Press)

@ A few review papers or lecture notes (not exhaustive):

The Colour Glass Condensate: An Introduction, by E. lancu, A.
Leonidov, and L. McLerran, arXiv:hep-ph/0202270

The Color Glass Condensate and High Energy Scattering in QCD,

by E. lancu and R. Venugopalan, arXiv:hep-ph/0303204

High energy scattering in Quantum Chromodynamics, by F. Gelis, T.
Lappi, and R. Venugopalan, arXiv:0708.0047 [hep-ph]

The Color Glass Condensate, by F. Gelis, E. lancu, J. Jalilian-Marian,
and R. Venugopalan, arXiv:1002.0333 [hep-ph]

Gluon saturation and initial conditions for relativistic heavy ion
collisions, J. L. Albacete and C. Marquet, arXiv:1401.4866 [hep-ph].
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A hadron-hadron collision

@ pp or nucleon—nucleon (N N) pair from a pA or AA collision
@ 2 : longitudinal (or ‘beam’) axis; x;, = (x,y) : transverse plane
@ Center-of-mass frame : P{' = (E,0,0,F), P} = (F,0,0,—F)

o high energy: particle masses are negligible: £ = /P2 + M? ~ |P,|
e huge boost factor v = E/M ~ 1000 at the LHC: Lorentz contraction

@ Center-of-mass energy squared : s = (P| + P»)%2 = 2P, - P, = 4E?
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A partonic subcollision

k;
@ High energy interactions truly proceed at partonic level

e quarks and gluons from the wavefunctions of the incoming hadrons
@ To lowest order in perturbative QCD (i.e. O(a?)): a 2 — 2 subcollision
o eg. q(p1) +q(p2) = q(k1) +q(k2)
@ Initial partons are assumed to be collinear with the incoming hadrons
Py = (x1E, 0., ;1 F), ph = (22F, 01, —12F)

@ Longitudinal momentum fractions: = = [p.|/E
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A partonic subcollision

k;
@ High energy interactions truly proceed at partonic level

e quarks and gluons from the wavefunctions of the incoming hadrons
@ To lowest order in perturbative QCD (i.e. O(a?)): a 2 — 2 subcollision
@ Transverse momenta p| = (p,, p,) are assumed to be negligible:

e “the only source for intrinsic p, is confinement”

DL~ AQCD ~ 250 GeV < \pz| =uak

o ‘“collinear factorization”
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@ Recall:

e we are working in the COM frame of the nucleon-nucleon pair

e the initial partons have no transverse momenta
@ Transverse momentum conservation: k1| + ko = 0 = “back-to-back”
@ Longitudinal momentum conservation: @1 F — 2o = ki, + ko,

@ Energy conservation: 21 F + 22 F = |ky| + |ks
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Rapidities
@ The longitudinal kinematics is conveniently dealt with by using rapidities

@ Consider an on-shell particle: p* = (E,py,p.) with E = \/m? + p2 + p?

In E+p.

it it 1
Its rapidity: y=—=lIn
2 E-p.

@ Positive for a ‘right-mover’ (p. > 0) & negative for a ‘left-mover’ (p. < 0)

E=m, coshy, p.=mysinhy, with m, =/m?+p?

@ y transforms via a shift under a Lorentz boost along the collision axis

1. 1+5
E = ~y(E+Bp.), p.—7(p.+BE) = y—>y+§1n175

e [3: boost velocity; v = 1/4/1 — 82: Lorentz boost factor

o rapidity differences Ay;; = y; — y; are boost invariant
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@ The longitudinal kinematics is conveniently dealt with by using rapidities
@ Consider an on-shell particle: p* = (E,py,p.) with E = \/m? + p2 + p?
. . 1. E+p,
its rapidity: = —In
pidity: = 5ln 55— =
@ Positive for a ‘right-mover’ (p. > 0) & negative for a ‘left-mover’ (p. < 0)
E =mj coshy, p.=mysinhy, with m, =/m?+p?
@ In the experiments, it is easier to measure angles = “pseudo-rapidities”
1 0
n= S PP tan —, cosf = Pz
2 P =Pz 2
° p=|p|=+/p: +p? = y = for massless particles
@ In these lectures, all particles are massless !
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2 — 2 kinematics revisited

@ Energy conservation: z1E + x2F = |kq| + |ka| = k11 coshny + ko) coshns
@ Longitudinal momentum: z1 F—a9F = k1, sinhny + ko sinh s

kii kot | ko
ra = —— et + - e'l2 + e "2
YT s Vs Vs Vs
@ Particle production probes the wave functions of the incoming hadrons (their
parton distributions in )

kir
To = —=e M
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Particle production
A central (n ~ 0} A

bhackward ( \ ki, m r ‘
(< 0) ’

forward
(n>0)

ki1 ka1 ki _ kar _
T, = e + e?72’ To = e + 72

VA
o High-energy regime: k, /\/s < 1 +— small-z partons: = < 1
@ "Central rapidities”: 7 ~ 0 <= 0 ~7/2 < |k,| <k ~Fk
@ "Forward/backward rapidities”: 6 ~ 0 or m < |k,|~k >k,

@ Forward production : 71, 1o positive and large = x5 < x; (asymmetry)
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Collinear factorization

/\ central (7~ 01 A

backward k. L f’urward
(n<0) 1 \ o { \ (n>0)
ko,
do dé -
i 0P (ks +k i
A2k d2ko, Ay dne ;mf T1, [ x2fy($2 1) (k1L + u)dki

@ 1/ : factorization scale (of order k% > A3 p)

o 1 2 1 -
@ Leading-order pQCD: i:—; ~ % = favors “soft” (low k) particles
V1 V1

@ This eventually fails when decreasing z at fixed and moderate values of k2
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v(2mp,) & N,/dn dp, [(Gevic)?]

o4
<1
[z}

L

* Data0.9 TeV

o Data2.36 TeV

10°H

P T S B I N B
0 05 1 15 2 25 3 35

P, [GeVic]

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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105

[N
S
= =
T

1(2mp,) o N,/dn dp_ [(Gevic)?]
g
T

od
<1
7}

L

Data 0.9 TeV

© Data2.36 TeV

10'5 Ll

005 115 2 25 3 35
P, [GeVic]

@ 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 x ~ 1/3"

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

H1 and ZEUS
=
o Q*=10 GeV*
electron
1
p+q
10"
proton
—— HERAPDF1.0
102 Il . uncert.
Q2 [ model lmfen..
2 — _ p >0 T — [ parametrization uncert.
=99 T BT 9p .y 10 | ‘ ‘ \
10" 10° 10? 10" 1

@ Parton distribution functions: zq(z, Q?), 2G(z, Q?)

> number of partons (quark, gluons) with transverse size Az ~ 1/Q

and longitudinal momentum fraction = ~ z,;
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Deep inelastic scattering at HERA

10* 10° 10? 10" 1

H1 and ZEUS
=
o == Q*=10 GeV?
electron
1
10"
proton
—— HERAPDF1.0
107 Il . uncert.
Q2 [ model lmfen.. ““\
2 e > O T - parametrization uncert. I\
= —q°q, ) B = 9p ‘ ‘ ‘
- q 10° \
X

@ Parton picture: a nearly on-shell, massless quark collinear with the proton
absorbs the virtual photon and emerges as a free, on-shell, quark

2
0=+’ =p"+¢"+2 q=-Q*+22P ¢ = xzmg?fq:%j

Edmond lancu 26 / 116
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Deep inelastic scattering at HERA

H1 and ZEUS
=
o Q*=10 GeV?
electron
1
p+q
10"
proton
—— HERAPDF1.0
102 Il . uncert. \
Q2 Q2 ] model uncert. ““
2 __ _ - parametrization uncert. i\
Q°=—q¢"q, >0, z, = ~ 2 ‘
= qqu 9 Bj_2P.q* g 10° | . . \|
‘ 10* 10° 102 10" <!

@ s = COM energy squared of the proton+virtual-photon collision
s=P+q?=M>—Q*+2P-q~2P-q when s> Q>> M?>

@ DIS at high energy is probing parton distributions at small 2 < 1

Ecole Joliot-Curie, La Grande Motte '18 High energy QCD & the CGC
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Parton evolution in QCD
4£_/k"/
electron

000000000000000000

:
=)

@ The virtual photon v* couples to the (anti)quarks inside the proton

proton

@ Gluons are measured indirectly, via their effect on quark distribution

@ Quantum evolution : change in the partonic content when changing
the resolution scales 2 and @2, due to additional radiation
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The small-x partons

are mostly gluons

xf

10

10"

H1 and ZEUS

Q*=10 GeV?

—— HERAPDF1.0

- exp. uncert.
] model uncert.

- parametrization uncert.

10° 10?2

10" 1

@ For x < 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 at fixed Q?)
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Bremsstrahlung

@ A quark — say, a valence quark from a proton — emits a gluon with

longitudinal momentum fraction z < 1, and transverse momentum k|

PP =0 (1—m)p., -k
e ap =Ly
~——=P . (r)dr
2 k2 9T
P _c 1+ (1—2)?
b= apa k. aa(®) = Or—

@ Logarithmic enhancement for large-k, emissions (p* ~ A% < k2 < Q?%):

— = — |n —

/Q2 dki Q2
N A2

@ ... and also for soft/low-energy (z — 0) gluons: P, ,(z) ~ 2Cr/x
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Bremsstrahlung

@ A quark — say, a valence quark from a proton — emits a gluon with

longitudinal momentum fraction z < 1, and transverse momentum k|

PP =0 (1—m)p., -k
e ap =Ly
~——=P . (r)dr
2 k2 9T
P _c 1+ (1—2)?
b= apa k. aa(®) = Or—

@ Logarithmic enhancement for large-k, emissions (p* ~ A% < k2 < Q?%):

— = — |n —

/Q2 dki Q2
N A2

@ Emissions of soft quarks are not enhanced: { =1 -2 <« 1

1+¢?

1_5 —)CF

Pqeq(ﬁ) = Pgeq(x =1-¢=Cr
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Gluon splitting

@ Gluon splitting into two gluons:
(1 _I)pzv _kL
Qg dkf_

= H Py 4(zx)dx

k.=uap, ky

@ Soft gluon emission: <« 1 = "eikonal approximation”

p»p; =0 P —ky

N, dk?
%?% P~ cdkTLdj
%m\ T kL X

paR<d l,ki

@ The transverse position of the parent parton is not changing during the
lifetime of the fluctuation
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The fluctuation lifetime

@ An on-shell parton cannot decay into a pair of on-shell partons

> the gluon is eventually reabsorbed: “virtual fluctuation”

@ The maximal transverse separation ~ transverse wavelength

4 . ,
- B Az, ~ = At <AL~ —
W & kL
AL
2%
k.= ap.. k At ~ kj

@ It is the transverse velocity v, = k, /k. of the soft gluon which matters

@ The transverse velocity V| = k| /p. = xv, acquired by the energetic parent
parton is negligible: AX | ~ VAt ~ 2| < AL
@ N.B. The same estimate for At follows from the uncertainty principle

1
— — 2 2 _ 2 2 _ ~ N
N = AE= )2+ k4 (- 2)pa)? + K - pe = o
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The fluctuation lifetime

@ An on-shell parton cannot decay into a pair of on-shell partons

> the gluon is eventually reabsorbed: “virtual fluctuation”

@ The maximal transverse separation ~ transverse wavelength

ppL =0 v, —k| 2zp,

At ~

Atcoll = —

Q? Q?
s 2p.qo

@ In DIS, the virtual photon “sees” only those fluctuations which live long
enough: longer than the collision time

At Z Atcoll =4 ki S Q2
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The gluon distribution of a single quark

@ To leading order in ay: single gluon emission by the quark =

ngluon o dPBrem
dzd2k;  daxd2k,

>> “unintegrated gluon distribution”

@ The gluon distribution 2G/(x, Q?) : # of gluons with a given energy fraction
x and any transverse momentum k; < @

2
In Q—
A2

ngluon o asCF /Q2 dki - CKSCF

Q
(20 (0 )2V 2 _
G (z,Q7) /dkmdadekL -

A2 K2
> logarithmic sensitivity to the hard resolution scale Q>
> logarithmic sensitivity to the confinement scale A2

> no dependence upon energy (z)

> the energy dependence enters only via the quantum evolution
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Two gluons

@ The intermediate gluon (x1, k) is not measured, but it acts as a source
for the measured one (x, k)

3 r< 1, A<k <@?

T <1 r o <L 1
Q00000 ¥ < a AN <k <k
@ N.B. The lifetime of the intermediate gluon is much larger:
2x 2x
At; ~ lez > At~ fz
ki kL

@ The 2-gluon contribution to the gluon distribution measured at = and Q?

60y e [T e [ /hdka
1L

m A2
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The double logarithmic approximation

@ When aYp 2 1 = need for all-order resummation

__ agN, 1 Q?
a = , Y=In—, p=In-=
T e PE e
%l% @ Strong ordering in both z (decreasing):
%q, 20000, <1 .
TL Ty LTy Ko K
D\M% 2y < 21 n n—1 1

QQQ
% ,,,,, @ ... and k, (increasing):
0944, @<Ly, 2

Q*> k2 >k o>k > A2

1 1 1
@n/ d.’IJ,,L dl’n_l B / dI" o i (@Y)n
+ Tn .Y 2o Tn n!
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The double logarithmic approximation

@ When aYp 2 1 = need for all-order resummation

as N, 1 Q2
Y=In- =Iln-——=
nx, P nA2

«

@ Strong ordering in both x (decreasing):

TL Ly LTy K1 K1

@ ... and k, (increasing):

Q*> kI >k >kl > A?
@ After summing over cascades with any number n > 0 of intermediate gluons:

26z, Q%) = 26O (2, @2) " L0 2)

(7’1/')2 - IG(O) (I, Q2) Ip (2 @Yﬂ)
n>0 ’

@ Ip(x) : modified Bessel function of rank zero
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The double logarithmic approximation

@ When aYp 2 1 = need for all-order resummation

 agN, 1 Q?
a= , Y=In—, = 1In
T 2 P A2
%, @ Strong ordering in both = (decreasing):
209000, xy <1
(QQQa I<<xn<<zn—1"'<<xl<<1
A 00, Xy << Iy
© 000, . @ ... and k&, (increasing):
“ 0w <<,

QP> k2 >k o>k > A2

@ Asymptotic behavior at small-z and large-Q? : aYp > 1

2G(z, Q%) o e2VOYP  exp 2\/&lnllng2
’ x A2

@ Rapid increase with both 1/2 and Q?: faster than any power
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Gluon evolution at small z

o A gluon with k = (k. , k., = 2P) has a longitudinal extent Az ~ 1/2P and
occupies a transverse area Az? ~ 1/k?

e small-z gluons can easily overlap in the longitudinal direction
e to actually overlap, their transverse momenta need to be small enough

@ An energetic proton with P = yM and v > 1 (“infinite momentum frame")

@ DLA (generally, DGLAP) evolution maintains a dilute system of partons

o rapid decrease in their transverse sizes = no possible overlap
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Gluon evolution at small z

@ A gluon with k = (k1 , k. = 2P) has a longitudinal extent Az ~ 1 /2P and
occupies a transverse area Ax? ~ 1/k%

e small-z gluons can easily overlap in the longitudinal direction
e to actually overlap, their transverse momenta need to be small enough

1/.’1?1P

1/aaP

@ BFKL evolution (Balitsky, Fadin, Kuraev, Lipatov, 1974-78)
o decrease x at roughly fixed k,: >, [@In(1/z)]" = increasing density

o leading logarithmic approximation (LLA) at small x
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Gluon occupancy

@ Overlapping gluons can interact with each other
@ What matter is not the density (# of gluons per unit transverse area)

@ ... but the gluon occupation number (or ‘packing factor’)

Y=In1x]_
e takes into account their L size Saturation,
InQ5v)=AY
dNO‘luon
nle,k ) =r—F5>——
( ' ) dx koJ_dQZBJ_
. . Dilut f
e a simple estimate @ ilute system
2 I BFKL
n(e, QY) = 4 x PG
, ~
o dilute systems have n < 1 AL e

@ When n = 1, gluons overlap, but their interactions are still suppressed by
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Gluon saturation

o HERA data suggest:

xG(I,QQ) 1
n(z, Q%) ~ — >~ ~ —
( ) R2 Q2 g:/\ M@Q&LQJJ <1
with A = 0.2 = 0.3. 00000, <

@ Consistent with BFKL evolution: Y = In(1/x) % e
0 %&L r <z,
87; =wan = no e’

@ Linear equation: after being emitted, gluons do not interact with each other,
but merely act as sources for new gluons, with smaller values of x

@ A reasonable assumption if the gluon occupancy is not that high: n < 1
@ When n ~ 1/a, gluons self interactions become of O(1): what happens?

@ A related question: can the gluon distribution 2G(z, Q%) keep growing when
x becomes arbitrarily small ?
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Gluon saturation

o HERA data suggest:

I\

2G(@,QY) 1 s
@)= T TR T
<o
with A = 0.2 = 0.3 %ﬂ\ @QQ:J%
\%QMJ
@ Non-linear evolution (GLR) “ 0. ‘
& 5 ’)/0’-
0
8—; =a,n—a?n? ~ 0 whenn~ o

@ The idea of gluon saturation (L. Gribov, Levin, Ryskin, 1982)

o gluon recombination (gg — g) becomes important and equilibrates
gluon splitting (g — gg)

e gluon occupation number saturates at a value n ~ 1/
@ The actual physics is more complicated than just “gluon recombination”

@ GLR equation: cartoon version of the non-linear evolution in QCD at small =
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The saturation momentum

@ The non-linear physics introduces a characteristic transverse momentum

> the transverse momentum below which gluons are at saturation

G (z,Q?) N

R2 ()2 when Q2 S Q?(UU)

n(ac,QQ) ~

Qi =

Y =In1/x
o The saturation momentum

_2G(7,Q?) 1
TR e

Q3(z) =~

Dilute system
o Gluon density in transverse plane

JIMWLK
o Q%(z) rises with 1/z, hence with the

energy: A\ ~ 0.2 +0.3 DGLAP

o Non-linear evolution: BK-JIMWLK

In A2 In Q2
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The saturation front

@ A more precise definition of the gluon occupation number

(27‘() 3 ngluon

Yk,)= N,=N?*-1
nYoki) = SN, &V ke 97 e
10F o One roughly has
1F 1
01f 3 for k1 S Qs(x),
£ ool n(@, kL) = 1 Q%(x) for k
0.001 F a k2 or ki > Qs(x).

le-04 |

le05 L ]
0 5 0 5 10 15 20 25 30 35
log(k?/k3)

@ Occupation numbers are rapidly decreasing when increasing k| above Q;

@ (). (x) is also the typical transverse momentum for gluons with < 1
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The saturation front

@ A more precise definition of the gluon occupation number

(27‘() 3 ngluon

n(Y, k)= , N,=N?-1
(¥okes) 2N, dY ik, d?z, 97
10F o One roughly has
1 ; 1
01k = for ki S Qs(w),
= - n(x, k)~
= R Y
0.001 f a k2 or k1> Qs(x).
le01 |
L \ | 1
2 2
s 0 5 10 15 20 2 30 3 Qi(z) The = @ (Y) =AY

log(k?/k3)
@ A front which progresses towards larger k; when increasing ¥ = In(1/x)

@ The saturation exponent )\, : the speed of the front in logarithmic units
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The saturation front

@ A more precise definition of the gluon occupation number

(27()3 ngluon
2Ng dY dzkj_d%lu_ ’

n(YakL)E NgENf*l

10F e One roughly has
1 ; 1
0.1F = for k1 < Qs(),
= - n(x, k)~
o R e
0.001 | 3 K or ki > Qs(x).
le01 |
I ] 1
2, = 2 ~
05 0 5 10 15 20 2 30 85 Q:(x) x s = I Q(Y) =AY

log(k2/k3)

@ To have large occupation numbers n ~ % > 1, one needs weak coupling

o For sufficiently large Y: QZ(Y) > A%op = a,(Qs(Y)) <1 = pQCD
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Average p, in pp (LHC) and pp (Tevatron)

@ The saturated gluons are released by the collision and fragment into hadrons

in the final state

@ Typical transverse momentum: (p7) o< Q. (z) ~ E*+/? (E = \/3)

o CMS
n UAI
o CDF

0.142+0.322 EO115

. (b) cms ] 0.60+

T 10 E

§ / * Data0.9 TeV 3 0.554

() 1 o Data236TeV |

©) 3

= 3 0.50
- B 5

g 0'f E >

= 3 & 045

=] 4 =

¥ 10%F E A

Zz El < 0.40-

o 1

© . v

—~ 107¢ E

o 3 0.35
e 4

Y 10tE

= 0.30

10°

N

005 115 2 25 3 35
P, [GeVic]

0.1

1 10
E [TeV]

(McLerran and Praszalowicz, 2010)

Ecole Joliot-Curie, La Grande Motte '18 High energy QCD & the CGC Edmond lancu 41 / 116



Multiplicity : energy dependence

@ Particle multiplicity dN/d7n: number of hadrons per unit rapidity near n =0

@ Controlled by soft hadrons (p; < 1 GeV), hence by saturated gluons

— x G

o ) x Q)

(,Q?

> which value for = ?

As >~ 0.2+0.3

part>

(AN /dn)/(N

—_

T
pp (pP) NSD

A ALICE

o CMS

* CDF

o UAS

* UA1

x STAR

pp (pP) INEL
A ISR

e UA5

v PHOBOS
= ALICE

»

i T
Central AA

ALICE
ATLAS
CMS
NA50
BRAHMS
PHENIX
STAR
PHOBOS

T
T

sl

R

NN
-

3\

NG

R o
3\

ERY

[ 70
zoh

e pPbALICE
¥ dAu PHOBOS
= pAu NA35

V)O

102 10°
(5 (GeV)
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The nuclear ocomph factor

@ For a single proton (N, valence quarks) and to leading order (no evolution)

(27)3 a,CpN, Q2 — 202N,
2N, m2R2k2 o R?

n(Y k)= ~ (0.2GeV)?

> Qop ~ Aqep (confinement) = dilute system, no gluon saturation
@ Large nucleus (A > 1): Au: A =197 (RHIC) or Pb: A =207 (LHC)

@ Incoherent superposition of A nucleons (McLerran—Venugopalan model, '94)

202 AN,

o AVBQE ~ (0.5GeV)?

2
QOA =

@ The saturation momentum of a large nucleus is semi-hard already at not so
small values of z (say, for zy < 0.05)

RN =1/20 Ry = A*PR* R~ 5o ~ 1 fm; 1fm x 1 GeV ~5
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Gluon evolution towards saturation (heuristically)

@ The energy dependence of the gluon distribution, hence of the saturation
momentum, arises exclusively from the quantum evolution

@ In presence of saturation evolution equations are non-linear (BK-JIMWLK)

@ The Y-dependence of Q2(Y) can be also computed from the linearized
(BFKL) equation, supplemented with a saturation condition

2
@ Just for simplicity, let's use the double-log approximation (p = In %%)

1 _
n(Y,k%) = n(O)(ki) Ip(2y/aYp) ~ - 0P 2VaYD

(YK = QAY)) = = = pu(Y) = 2/aVp,(Y) = day

Qi =

@ Develop for p close to (but above) p,(Y)

_l(p_ _lemps(¥))?
n(}/’ p) ~ e 2()0 ps(Y)) e 16aY
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Gluon evolution towards saturation (heuristically)

@ The energy dependence of the gluon distribution, hence of the saturation
momentum, arises exclusively from the quantum evolution

@ In presence of saturation evolution equations are non-linear (BK-JIMWLK)

@ The Y-dependence of Q2(Y) can be also computed from the linearized
(BFKL) equation, supplemented with a saturation condition

2

@ Just for simplicity, let's use the double-log approximation (p = In g—é)
0

1 _
n(Y, k) = nOk2)Iy(2/aY p) ~ - e P e?Vare

(YK = QAY)) = = = pu(Y) = 2/aVp.(Y) = day

Qi =

@ “Geometric scaling” within a window p — ps(Y") which extends with Y’

1
1 1[Q3(Y)]*®
n(K p) ~ 5 e_%(ﬂ—Ps(Y)) = — |:Cgsk(2):| if P — Ps < VieayY

«a 1
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The traveling wave

@ The occupation number ‘scales’ as a function of Q2(Y)/k?

o instead of 2 independent variables p and Y, there is only one:
the deviation p — ps(Y') from the saturation line

Y=1In1/x

2
In Q(Y) 10
-
-
e -
- -
- -
- -
L e
-
-
-
.

‘,/ = oo0f ]
e = o \\ 4
> 0.001 f
le-04 | ]

Te-05 L L ]

0 5 0 5 10 15 20 25 30 35

inQ? log(k*/kf)

&

In AZ,
@ n(Y,p) = n(p— AY): the front propagates at speed \;, without distorsion

@ “Anomalous dimension” built by evolution: Q%/k? — [Q%/k3]7, v=1/2
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Geometric scaling at HERA: F,

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

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

- T T T 2 03
o S 10°;
> = E
3 &
i 5
¢ Sond
102 4
(U -
ZEUS BPT 97 o
ZEUS BPC 95 *
Hl low Q* 95 A
1E ZEUS+H] high Q” 94-95 o El
3 E665 v " b
x<0.01 b J ]
all Q? 1
2 - I | | | |
10 I I I I I 10
10° 10° 0 107 107 107 107 10" 1 10 10 10°
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An intermediate check list

@ So far, a lot of hand-waving arguments !

@ We brought physical motivations and qualitative arguments in favor of:

o the evolution of the gluon distribution towards higher density with
increasing energy/decreasing x

e the emergence of new collective phenomena like gluon saturation and
multiple scattering

e possible consequences of the phenomena such as geometric scaling

@ To which extent is this physics grounded in pQCD ? What can we actually
compute and how 7

@ In what follows, we shall discuss high-energy factorization(s)
o first for “dilute-dense”: DIS and pA (proton-nucleus) collisions
e eventually, also for “dense-dense™: AA (nucleus-nucleus) collisions
@ ... and the high energy evolution in the leading logarithmic approximation

e Balitsky-Kovchegov, JIMWLK equations
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DIS at high energy: the dipole frame

@ DIS at small z: the evolution involves only gluons but v* couples to a sea
quark (or antiquark) produced by the last gluon in the cascade

@ Boost to a frame where v* is energetic (qo ~ ¢. > Q):

e the g7 can now be seen as a part of the photon wavefunction

f £
J\) r P
<, v
0909090, %0000
0999090, Boost %%ELQQ,Q,O,/
¢ ¢ Q S
by ~* dipole
Q) "nANNF———
2 2 1
T = @ <1 = At ~ q; > —
2p-q Q P=

@ N.B. the physical picture & the factorization depend upon the Lorentz frame
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Dipole factorization for DIS

@ 0.+, = [probability for v* — ¢g] (QED) x [o4g] (QCD)
@ The ¢q pair is in a color singlet state: % (|[RR) + |BB) +|GG)) = |dipole)

zq"

(L-2)g"

1
2
07*P<Q2>x) Z/dQT/O dzlwv*ﬁqé(hz;QQ)’ Udipole(rax)

@ ~* wavefunction W, ,4(r, 2; Q?): computed in QED perturbation theory
@ 2 ~ 1/Q?: dipole transverse size (dipole resolution in the transverse plane)

@ The dipole cross-section cqipole: encodes the QCD scattering and evolution
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Dipole factorization for DIS

® o,+, = [probability for v* — ¢q] (QED) x [o4gp] (QCD)

@ The ¢q pair is in a color singlet state: % (|[RR) + |BB) +|GG)) = |dipole)

" I >WW
AVAVAVAVAV, s
gt Q? l

(1—2)q"

@ Known for many years to leading order (LO) in a;

Nikolaev and Zakharov, 94; Al Mueller, 94;
textbook by Forshaw and Ross (“QCD and the Pomeron”)

@ Recently extended to next-to-leading order (impact factor & evolution)
(Balitsky and Chirilli, 2008-2013; Beuf, 2016-17)

@ No general argument like OPE; no reason to be valid to all orders
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Dipole-hadron scattering

@ The dipole is a direct probe of the gluon distribution in the hadronic target

@ A dipole couples to the electric (color) field: V(r) = grit®E!

@ Forward scattering => two gluon exchange at LO (“single scattering”)

gzrirjt“tb<EéEg)

1
)

G*Crr*(ELED) o« a,Cpr?aG(x, Q% = 1/r?)

=X YL

Q=1

feooooo

r 0QQ0000000

Q?

Tdipole (1, ) = 2% argr? % zG(z,1/r?) ~ 27 R? [r?Q2(z)]
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Multiple scattering

@ A hadronic cross section cannot growth with E “much faster” than the
geometric cross-section

o 0(F) <2nR?>In*(E/M) : Froissart bound

@ Single scattering is a good approximation only so long as Q¢ (x) < 1

=)
g
ER:
93 €y
g %:
g S és YL
g % =5
=2 -y g 3 P
Q' =1/ Q?

@ When r 2 1/Q(x), the scattering probes a dense gluon distribution

e multiple scattering should become important
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Eikonal approximation (1)

@ Multiple scattering can be resummed in the eikonal approximation

o the transverse coordinates (, y, ) of the quark/antiquark are not
changed by the scattering off the shockwave

pL 1 2 i

Arx) ~v, L~— — <K A\ ~— or <1
1 P L 2q.P;

e automatic, since p? < Q% and z = Q?%/(2¢- P) < 1
g
ki g g’“ g
14 s
43 i B8
0 L 0 L

@ Convenient to use the transverse coordinate representation (cf. Markus)
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Eikonal approximation (2)

@ Optical theorem: total cross-section = imaginary part of the forward
scattering amplitude

Jdipole(rax) = 2/d2b T‘(’I"7 b7 1’)

e r=x, —y,: dipole size

o b= (x, +vy.)/2: impact parameter

o T'(r,b,x) =1—(S): dipole amplitude

e T <1 : unitarity bound

@ S-matrix operator: & = Tel /4@ L@ \with Ly (z) = i (@) A ()

o jl!(x): color current of the dipole; Af,(z): color field of the target

@ One quark: jh(z) ~ gv“t“é(z—t)é(m(wj_—wi); vh = Z—: =

(1,0,0,1)
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Eikonal approximation (2)

@ Optical theorem: total cross-section = imaginary part of the forward
scattering amplitude

Udipole(rax) = 2/d2b T(’I”7 b7 l‘)

e r=x, —y,: dipole size

b= (xL +y1)/2: impact parameter

T(r, b,z) =1 —(S): dipole amplitude

e T <1 : unitarity bound

@ S-matrix operator: & = Tel/d' @ L@ \ith Ly (z) = Jh (z)Af ()

o ji(x): color current of the dipole; Af(z): color field of the target

e Adipole: jk(z) ~ gv“t“(S(z—t){(S(Q)(mL—sc(j_) — 5(2)(:cl—y5’_)}
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Eikonal approximation (3)

® vt =(1,0,0,1) = v“AZ:Ag—Aé

Sules) = T HOAI-ADE2 =0 _ (g )
@ Convenient to use light—cone coordinates and momenta

t

.Z’:t:

(t:l:z)

Sl

1
+ 0 z
z p *ﬁ(l’ :l:p)
prx=praT +pTat —p,-xy
dtdz = detdz™

@ Ultrarelativistic right mover (the dipole) : v = /26, VAL = V2A7

@ Left mover (the target): the roles of 2 and ™ get interchanged
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Eikonal approximation (3)

® vt =(1,0,0,1) = v“AZ:Ag—Aé

Sq(azl) = Teifdgfr t* A (zT @ 2™ =0) — V(:IZL)
@ Convenient to use light—cone coordinates and momenta

t

.Z’:t:

(t:l:z)

Sl

1
+ 0 z
z p *ﬁ(l’ :l:p)
prx=praT +pTat —p,-xy
dtdz = detdz™

@ Ultrarelativistic right mover (the dipole) : v = /26, VAL = V2A7

@ Left mover (the target): the roles of 2 and ™ get interchanged
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Wilson lines

V(z,)=Texp {ig /dx*Aa(:ﬁ,mL)t“}

@ The fundamental degrees of freedom for scattering in QCD at high energies
@ An exponential : multiple scattering is resummed to all orders

@ A (z): classical color field representing the small-z gluons in the target

@ A color matrix (here, in the fundamental representation)

@ A unitary matrix: V(2,)VT(z,) =1 = a rotation of the quark color state

i €y 17; Isr 7
- % g § L Ui(zy) — Vii(ar) Vi(z1)
A (@m0 A A
0 L

@ A time-ordered exponential: color matrices do not commute with each other
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Wilson lines

_(;L’;f,:cL)t“)

ige Ay LigeAy igeA] _igeA, - —
V() = 94N @l94n -1 ... loedy olocdo (An:Aa

@ The fundamental degrees of freedom for scattering in QCD at high energies

An exponential : multiple scattering is resummed to all orders

@ A_ (xz): classical color field representing the small-z gluons in the target

@ A color matrix (here, in the fundamental representation)

A unitary matrix: V(z1)VT(x,) =1 = a rotation of the quark color state

i &y i ) J
€L g g % T \Ijl(ajJ_) — ‘/]7,($J_) ‘l’l(l'J_)
: S
A (e,0) A A
0 L

@ Best understood with a discretization of time: z,) = ne, n =0,1,--- N
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The dipole S-matrix

@ 2 Wilson lines: V(x ) for the quark (¢) and V(y, ) for the antiquark (¢)
e an antiquark has charge (—g) and propagates backwards in time
@ Color singlet: the same color states for g and § before & after the scattering

e sum over final color states & and average over the initial ones

1

VO Vi(e) = - (V)Y (51)

gdipole(wLa yL) = ﬁ

@ Perturbative expansion: multiple scattering series ... for a quark
V(zy)=1+1g /dx*A;(J;*, x )t
—% /dx+/dy+ [9(:(:+—y+)t“’ﬁb + 9(y+—x+)tbt“]Ag (M)A, (y™)
9°)

+O(
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The dipole S-matrix

@ 2 Wilson lines: V(2 ) for the quark (¢) and VT(y,) for the antiquark ()

e an antiquark has charge (—g) and propagates backwards in time

@ Color singlet: the same color states for g and ¢ before & after the scattering

e sum over final color states & and average over the initial ones

N 1 1
Sdipole(T1, Y1) = FVZ;(?JJ_)VJZ(JZL) = ﬁtr(v(fBL)VT(yL))

c

@ Perturbative expansion: multiple scattering series ... and for the dipole

Sapete(@1,y1) = 1= S [A; (@) - A; (v1)]” + O(g”)

A (x)) = /d:L'+A;(:1:+,wL)7 trt® =0, tr(t*®) = %5”17

@ Color non-commutativity becomes important at O(g3) and higher
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The target averaging

@ The color fields A, are random fields whose correlators characterize the
distribution of small-z gluons in the target (proton, nucleus)

@ Observables are obtained after averaging over these fields

@ E.g. A single scattering is probing a 2-point function:

A () —A, (yo) ~ (2% —y)) 8?71 Z(by)=7"Fi=(by): chromo-electric field

@ After taking the square and averaging over A~ = the gluon distribution
Q* ) ) - )
[ [ e e @) B ) x 1Gle, Q)
zy

@ To compute multiple scattering, one needs all the n-point functions

(Sw) = [PAT WA

c

tr(VaVy ) [A7]

o W[A™]: functional probability distribution (gauge-invariant)
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The target averaging

@ The color fields A, are random fields whose correlators characterize the
distribution of small-z gluons in the target (proton, nucleus)

@ Observables are obtained after averaging over these fields

@ E.g. A single scattering is probing a 2-point function:

A (x)—A, (yL) ~ (xﬂ_—yi)%A;(bL) =r'F=(by): chromo-electric field
@ After taking the square and averaging over A~ = the gluon distribution
Q* ) ) N )
[ [ e @iy B @) x oG Q)
zy

@ To compute multiple scattering, one needs all the n-point functions

Sa)y = [10A Wy ld] - (V) 4

o includes the target evolution with Y = In(1/x) (here z = k= /P~)
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Color Glass ondensate

@ Small-z gluons : classical color fields A#[p] radiated by a frozen distribution
pa of color charges representing partons with 2’ > x

o lifetimes are strongly ordered by Lorentz time dilation: At = 2zP,/k?

k,=xP, 3 Alp]

o Wy [p]: CGC weight function, built via renormalization group (“JIMWLK")

e successively integrating out gluons in layers of 2’: high-energy evolution

e initial condition at 2’ ~ 0.1 = 0.01: McLerran-Venugopalan model
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Dipole scattering in the MV model (1)

@ A large nucleus (A > 1) & not too small values of z (alnl/x < 1)
@ No quantum evolution: the only color sources are the A x N, valence quarks
@ Independent scatterings = the multiple scattering series exponentiates
€T S(T) — e*To(’l")
B g Cr 2G0(z,1/r2)
- g o(r, @) ~ Tagr N, 2
< %
0 a,CrAN, . Q?
z =10 L xG;)(IL),Q2): %lnp
@ The dipole scatters off all the quarks within an area ~ r2 around its impact
parameter b; = a tube with length L = R4 = RA'/3
@ No explicit b, dependence: target assumed to be homogeneous in | plane
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Dipole scattering in the MV model (1)

@ A large nucleus (A > 1) & not too small values of z (alnl/z < 1)
@ No quantum evolution: the only color sources are the A x N, valence quarks
@ Independent scatterings = the multiple scattering series exponentiates
_ o—To(r)
. S(r)=e
: T 9 @
3 d 202
* ‘ d ' T 1
‘ § g S(r) =exp {— CiOA In e }
L FREE g9 "
2 g S .
99 % S 399 . QO@CFAI/S
QOA = R2
z =10 L

Q2 ,: color charge squared of the valence quarks per unit area

@ In(1/r*A?): gluon exchanges within the range r < Az < 1/A
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Dipole scattering in the MV model (2)

22 1
S(r) =1-T(r) = ) = exp {‘r P zAz}
T

S(r) — 1 (i.e. T(r) — 0) when r — 0 : color transparency

@ T'(r) <1 for any r (and similarly S(r) < 1) : unitarity bound satisfied

Scattering is weak, i.e. T'(r) ~ Ty(r) < 1, so long as the exponent is small.

Scattering becomes strong, i.e. T'(r) ~ O(1), when Ty(r) ~ O(1)

e the dipole should be large enough

@ Saturation momentum @): conventionally defined as T (r) = 1 for % = Qs

2(A
Q24) = @3y L)

Gluon saturation in the nucleus manifests as multiple scattering for the probe

x AY31n A3

e typical scale for the onset of non-linear physics

Ecole Joliot-Curie, La Grande Motte '18 High energy QCD & the CGC Edmond lancu 60 / 116



Particle production in pA collisions

@ A quark initially collinear with the proton acquires a transverse momentum
p1 ~ Qg4 via multiple scattering off the saturated gluons

@ Formally, a 2 — 1 process: qg — ¢ (in contrast to collinear factoriz.: 2 — 2)

PP .pL

Y

o= —lntang : quark rapidity in the COM frame (Q* = P~ = /s/2)
e x, : longitudinal fraction of the quark in the proton

o X, : longitudinal fraction of the gluon in the target
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Particle production in pA collisions

@ A quark initially collinear with the proton acquires a transverse momentum
p1 ~ Qg4 via multiple scattering off the saturated gluons

@ Formally, a 2 — 1 process: qg — ¢ (in contrast to collinear factoriz.: 2 — 2)

x :ﬂz&en
R ARYE
x. =P _PL

g_P7 \/ge

Xy < xp whenn >0

o= —lntang : quark rapidity in the COM frame (Q* = P~ = /5/2)
e 1z, : longitudinal fraction of the quark in the proton

e X, : longitudinal fraction of the gluon in the target
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Multiple scattering

@ The quark exchanges transverse momentum with the gluons in the target

e a random process leading to a distribution in the final momentum k|

@ Transverse momentum broadening can be studied in the eikonal approx.

o fixed transverse coordinate, but the transverse momentum can vary

k’L:

€

Amplitude:

Wilson line:

£0000000

Ty

./\/lij(ku_) = /dQIEJ_ e_imrkj‘ Vij(acl)

Viz,) = Texp{lg/dx+A (F, @ )10 }
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Multiple scattering

ULO

}00000004

k=0 ky bk
Tp: X1 3 €T Y1
L

Amplitude:  M,j(ky) = /inBJ_ e LR V() )

. do 1
Cross-section: M = pr(xpaQZ)Fc <%:|Mu(kl)|2>

@ Average over the color fields A~ in the target (CGC)

@ Two Wilson lines at different transverse coordinates, traced over color
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Dipole picture for pA collisions

@ Equivalently: elastic S-matrix for a ¢g color dipole (here, a fictitious dipole)

i1
Y g g YL
S(xi,y1;Xy) = NLW[V(M)VT(M)DXQ

do d*zd?y
 _  ~ —i(z—y)k .
ik qu(xp)/ e e S(x,y; Xg)

@ Fourier transform S(k, X,) of the dipole S-matrix

e “unintegrated gluon distribution”, or “dipole TMD"
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Momentum broadening in the MV model (1)

@ Consider an incoming quark for simplicity and assume S(x,y) = S(r)
2
v / dr ik 1208410
d2k (2m)?2

@ Would-be a Gaussian integration ... if there were not for the logarithm

@ Two interesting situations which allow for simple results

@ “Typical values for k" k| ~ Q, as transferred by multiple scattering

o integral cut off at r ~ 1/Qy by the S-matrix S(r)

o replace 1/7? — @2 within the argument of the log

v L ki
d2k — mQ2(A)

e a Gaussian distribution: random walk in k

N
(k3) = /ko k3 ccilTk = Q*(A) x L = RAY/3
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Momentum broadening in the MV model (1)

@ Consider an incoming quark for simplicity and assume S(x,y) = S(r)
2 .
ﬂ _ / dr e—ik~1’ 67%7"2(2(2)14 lnﬁ
d2k (2m)2

@ Would-be a Gaussian integration ... if there were not for the logarithm

@ Two interesting situations which allow for simple results

@ Large k| > @, as given by a single hard scattering
o integral cut off at » ~ 1/k; by the exponential
o Qs < 1 = one can expand S ~ 1 — Tj (one scattering)

AN Q84
d’k 7wkt
e an approximate version of the collinear factorization: qq — qq
do a?C%
=~ 2pq(2p) = vaqa(za), raqa(ry) = AN,
dnd?k PEATPT okt ‘
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High-energy factorization for pA (“hybrid”)

@ After scattering, the quark must “fragment into hadrons” : Dh/q(z,MQ)

dan dz 2  ile—y)k 2
= | —zpq(zp, ne S(x,y; X)) | Dy oz, 1
dnd2p /22 Ty (Tp, 1°) {/&ye (x,y; Xg)| Dpyo(z, 1)

@ There is also a gluon-initiated channel, albeit less important when z, ~ O(1)

P aw
_._/\ ’@ 5( X[/) b;—»
> -
S R
i tfm Rapidity
. o ol factorization
i 5 g
= 20TTTT00000
= = c
= e =
= o =
= SOCEE000000°
‘ s} 3
‘o fe
@Of&m ITVVIVIVIORe
Xo~l----- B-—----- -
N b |
/ N
Nuclews \\ .
\v):\\ )

@ Each soft gluon emission brings in a factor aIn(1/X))
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Hybrid factorization at leading order

(Kovchegov and Tuchin, 2002; Dumitru, Hayashigaki, and Jalilian-Marian, 2005)

dO’h dz - Ci(—)- .
dnd2p = / J"Pq(‘ll"liwuz) [L’ye ( y) k S(.’B,y,Xg):| Dh,/q(ztﬂz)

22
@ Collinear factorization for the incoming proton/outgoing hadron
o LO DGLAP evolution for quark distribution/ fragmentation
@ High-energy (CGC) factorization for the quark-nucleus scattering
o LO JIMWLK (BK) for target gluon distribution (dipole S-matrix)

@ Natural, but non-trivial already at leading order

e one needs to prove the factorization of the two types of evolution

@ The dipole picture is preserved by the high-energy evolution up to NLO
(Mueller and Munier, 2012; Chirilli, Xiao, and Yuan, 2012)
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The high-energy evolution of the target

(tr(VaVy))y, = [ (DA W, (4 (V2

g9

@ JIMWLK: functional equation for the CGC weight function Wy [A~]

S(X,) }%
- I8 T
g ) 5 g
o = o
\oa&fwmw guocwooco %)
‘O {
< ﬁ g o
kol =)
= ﬁsvcccoood Sgcmmzn*g
= o S = ol
= ST © B
- g | E203200089
| ‘@”f* S & g %, m; 2N
o SRRt e (rovoy N
e of & C/?
e ) o

Nucleus |

o gluon emissions with smaller and smaller X = p~/P~, down to X,

o non-linear effects in both the evolution (gluon saturation) and the
collision (multiple scattering)
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Shifting to projectile evolution

@ The evolution can be shared between dilute projectile and dense target

o JIMWLK evolution in X = p~ /P~ from Xy ~ O(1) down to X

e BK evolution in z = p*/Q* from z ~ z;, down to z

o the evolution of the dipole is conceptually simpler

o chose xy ~ X, (i.e. X; ~ Xy): target described by the MV model

S(X) 2
o
IS)
,,,,,, Q _ -
<} Iy =
=
Xy - B
e
3 Factorization
E
3
X
0 N
Nucleus | U
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Dipole evolution

@ Probability ~ o, In(1/x) for emitting a soft (z < 1) gluon

o z=kV/q" : longitudinal momentum fraction for a right mover

@ Gluons must be emitted and reabsorbed within the dipole (color neutrality)

a} x
> E5~5>§ - p+ < ’[Jr
. @Uﬁﬁ?@ 0T ammb‘ﬁm%
%, =
Lo, @9) i
0 =1/2 T eaopanss?
P =1/ ko <p
Qs
kT i 1 s
xz:j<<x1:pj<<17 Y=In e
p p Tmin Q

@ Leading logarithmic approx: resum (aY)™ with n > 1
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One step in the BK evolution (1)

@ To construct the evolution equation, it is enough to look at the first emission

@ The gluon can be exchanged between the quark and the antiquark

X X

aabh _ z >
ey POy, 3‘(7@%

YL YL

@ ... or be emitted and reabsorbed by a same fermion (“self-energy graph™)

P L3 7
o, o \¥5) ;

\‘@J 90 [0S ‘29‘0_03999

Z1

UL L

@ In both cases, the gluon may cross the shockwave (“real contributions”)

@ ... or not ! “Virtual corrections”, or “evolution in the initial/final state”
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One step in the BK evolution (2)

@ And of course there are several possible permutations of the gluon vertices

@ 'Real contributions’: the soft gluon can interact with the shockwave

e the system which scatters: a 3-parton system (¢gg)

4 N
x > £
%3} zZ| Wgé\‘ %g g w\)&
z%%aa\ (@5@ R bé% ﬁgﬁgé@’( <
t.
—o0 0 ’ = 0

@ 'Virtual contributions’: only the original ¢g dipole interacts

% QQW(&) M
Py 2 .
b}

é“’%

<l
<
2|
=S

72 / 116
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One step in the BK evolution (3)

@ Small step in rapidity: a,dY <1

P P
| 8’3%?76 ZL | %%
oY T Lererony oy
udb? P

YL Y1

Sy (o) —— Gy [ 222 W2

<ffab(z) (Vi vige) - SF tr(vwvg)>

C C

Y
@ ‘Real’ term: the gluon emitted at @ hits the shockwave a z

(@2

fa—27

amplitude for gluon emission and propagation from x to z

@ Wilson line for the gluon at z in adjoint representation: (T'%). = if%°

V(z) = Texp {ig / d:c*Aa(w+,wL)T“}
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One step in the BK evolution (3)

@ Small step in rapidity: a,dY < 1

€Xy ag £X 3
o z) .
T IOy, . %5@55

oy %)

Yi Yu

i

(y — =)
(y — 2)°
<f/ab(z) Nic tr(V(:v)tb VT(y)t“> — f\fF tr(VwVJ)>

C

(z - 2)

Qs
d; Sy (z,y) =— — dY/dzz x 2

Y
@ 'Real’ term: the gluon emitted at « hits the shockwave a z

(@—2)

@27

@ Not a closed equation: evolution couples Syz(x,y) to Syg.(x, y, 2)

amplitude for gluon emission and propagation from x to z

e not a surprise: one additional gluon that is measured by the scattering
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BK evolution at large N,

@ A closed evolution equation can be obtained in the multi-color limit N. — oo
o finite-N, corrections are suppressed as 1/N2? < 10% for N, = 3
@ At large N, a gluon can be replaced by a quark-antiquark pair

e gluon emission by a dipole &~ dipole splitting into 2 dipoles

Yi

di Sy (z,y) ~ — dY/ ) Z ;) {Sy(:c z) Sy (z,y)— Sy(w,y)}

@ At large N, expectation values of colorless operators factorize

<tr(VmVj) tI"(VszT)>

N, N, ~ Sy(z,z)Sy(z,y)
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BK evolution at large N,

@ A closed evolution equation can be obtained in the multi-color limit N, — oo

o finite-N, corrections are suppressed as 1/N? < 10% for N, = 3

@ At large N, a gluon can be replaced by a quark-antiquark pair

e gluon emission by a dipole & dipole splitting into 2 dipoles

@ Similar manipulations for self-energy graphs (opposite sign, due to § — ¢q)

N

Q‘f\

Y L &?QQ 5y
9 093399>

Y1

daSy (z,y) ~ C;sgc dY/ (a;—lz)Q {Sy(x,z) Sy(z,y)—Sy(a:,y)}
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Fierz identities & the large N, limit

@ Fierz identities = all color structures in terms of fundamental Wilson lines
Ve (z) = 2tr (t°V(2) " Vi(2))
@ SU(N.) representations: 8 =3 x3—-1, N2-1=N.xN.—-1
e a gluon = a quark-antiquark pair minus a “photon”

1 1
tlle tZl - 55” (%k - 2761] 5kl

j 1 i j i J=1i i
_ 1 §
k ¢ i k= I=i k=1 T
- VI tr (VL Vi tr(Vyp VI
Van(2) itr(V(w)tb Vily)) = % {tr(‘]/VVZ) r(J\zf 2) B % r(J\:; y)}
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Fierz identities & the large N, limit

@ Fierz identities = all color structures in terms of fundamental Wilson lines
Ve(z) = 2tr (t“V(2)t"'Vi(z))
@ SU(N.) representations: 8 =3 x3—-1, N2-1=N.xN.—-1
e a gluon = a quark-antiquark pair minus a “photon”

o a 1 1
tij t = 50 05k — TNC(SU Okl

N, N, Nz N,

(&

<Vab<z) Nitr(v(wﬁb VT(y)ta)>Y: ]\ch<tr(VszT) tr(VzVJ) i tr(VwaT) >Y
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Fierz identities & the large N, limit

@ Fierz identities = all color structures in terms of fundamental Wilson lines
Veb(z) = 2tr (t"V(2) Vi (2))
@ SU(N.) representations: 8 =3 x3—1, N2-1=N.xN.-1
e a gluon = a quark-antiquark pair minus a “photon”

1 1
it = 5515 djr — N ij Ol

<1~/ab(z) Nitr(V(m)tb VT(y)ta)> ~ % Sy (x,z)Sy(z,y) when N. — oo

c

@ In the large-N,. limit, expectation values of colorless operators factorize
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Fierz identities & the large N, limit

@ Fierz identities == all color structures in terms of fundamental Wilson lines

Ve(z) = 2tr (t“V(2)t"'Vi(z))
@ SU(N.) representations: 8 =3 x3—1, N2-1=N.xN.-1

e a gluon = a quark-antiquark pair minus a “photon”

o1 1
tij tk = 50 Ojk — TNC(S“ Okt

2
@ Adding the “virtual” contribution and using C'r = ];];\,_l ~ N./2

<Va‘;if(cz)tr(V(m)tb Vi(y)t*) - % tr(VmVyT)>Y: % {Sy(w, z) Sy (z,y)— Sy (x, y)}
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The BK equation

aSY(:va) a
P = [0 Maye [y (@.2)5y (2,9) - Sy (2.9

@ Dipole kernel: BFKL kernel in the dipole picture (Al Mueller, 1990)

i 72

;o a=

@y _[F-a' Py
M= = (z=2P  (z—y) =

(x—2)*(y—2)>

@ Large N, : the original dipole splits into two new dipoles

e Differential probability for dipole splitting: dP = <= My,,. d?zdY

@ Beyond large N, one cannot write a closed equation for Sy (x, y):

e Balitsky-JIMWLK hierarchy: n-point functions of Wilson lines
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The BK equation

aSY(w,y) @
T - % /dzszyz[SY(w»z)SY(zay) 7SY(may)}

@ Dipole kernel: BFKL kernel in the dipole picture (Al Mueller, 1990)

_ (x —y)? I A
Mgy = (x — 2)2(y — 2)2 - |:(z—:1:)2 (z—y)?

@ Cancellations between large-distance contributions from “exchange” (¢q) and
“self-energy” (qq or qq) graphs, by color neutrality
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The BK equation

aSY(w,y) o
T = % /dzszyz[SY(wvz)SY(zay) 7SY(may)}

@ Dipole kernel: BFKL kernel in the dipole picture (Al Mueller, 1990)

™ B (a:—y)Q B P zi_yi 2
T (@-2)Py—2)? (22?2 (2-y)?
@ Cancellations between large-distance contributions from “exchange” (¢q) and
“self-energy” (qq or Gq) graphs, by color neutrality

o color transparency: Mgy,  (z —y)* =12

e a zero-size “dipole” cannot emit, as it has zero charge

o rapid decrease of the emission probability at large 2 :

when |z —x| ~ |z —y| > r
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The BK equation

aSY (IB, y)

«
57 — % /dzszyz [Sy(w,Z)Sy(Z,y) - SY(may)}

@ Dipole kernel: BFKL kernel in the dipole picture (Al Mueller, 1990)

2

2 [A—a 2y
S lz-2)? (z-yp)?
@ Short-distance poles (z = x or z = y) cancel between ‘real’ and ‘virtual’

z—x = Sy(x,2)Sy(z,y) = Ix Sy(x,y)

’ SI0 0% g9 099t I R a9 5
- z.
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BFKL & Unitarity

@ Non-linear generalization of the BFKL equation for T,y =1 — Sy

8Twy _« 2 (iL’ _y)2
Yy o /d 8 (x — 2)%*(y — 2)? [Toz + Ty — Tay —TozTxy]

@ Non-linear term T2: the simultaneous scattering of both daughter dipoles
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BFKL & Unitarity

@ Non-linear generalization of the BFKL equation for T,y =1 — Sy

0T gy _ o 2 (x —y)2
oYy o &z (x— 2)*(y — 2)? [Twz + Ty Twy]

@ When scattering is weak, 7' < 1, one recovers the linear BFKL equation

o conformal symmetry: * — ax = [ d?zMg,. = invariant

e pure powers 7?7 are eigenfunctions of the BFKL kernel:

Kok, @ r? = dX(’Y)T2’Y forany 0 <y <1

a basis of exact solutions: T, (r,Y) oc 727 e®x(M)Y

general solution: superposition in v (Mellin transform)

exponential increase with Y leading to unitarity violation
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BFKL & Unitarity

@ Non-linear generalization of the BFKL equation for T, =1 — Sy,

aTmy o E d2z (m - y)2
ay 2« (x—2)%(y —2)

2 [Tmz + sz - Tmy *Tszzy]

@ The non-linear term in BK restores unitarity: 7'(r,Y) < 1 for any r and V'

o T =0 (no scattering) and T' =1 (total absorption) are fixed points
@ Saturation momentum Q4(Y): T(r,Y) = 0.5 when r = 1/Q;(Y)

o Q4(Y) increases rapidly with Y due to the BFKL dynamics

1 QN axtny 2 2 aXy
BFKL(er—,Y)N o) =05 = QU= Qe

S

e Mellin superposition selects vs = A\ = & . saturation exponent
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The saturation front

@ Numerical solutions to BK with initial condition from the MV model

@ Logarithmic variable p = In(1/7?Q2) = large p <> small r

LO, 6,=0.25

10° _r?Q

ol kb T(r,Y=0)=1—e % "722

102 | -
- T(p,Y)=0.5 when p=ps(Y)
=y

—— Y=0 (o _lp=ps)?
105 L —— vea e Ys(p—ps) e 2Bszayvy (p > ps)
108 f —— ¥=?z T(p,Y) =~
Y=16 1 ([) N Ps)
10-7 1 1
5 0 5 10 15 20 25

p=log(1/r%)

@ 7, ~ 0.63 : anomalous dimension 1 — v, ~ 0.37

@ Geometric scaling: T(r,Y) =~ (r2Q2(Y)) " when p — p;, < v/2B,aY
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The saturation front

@ Numerical solutions to BK with initial condition from the MV model

@ Logarithmic variable p = In(1/7?Q2) = large p <> small r

LO, a,=0.25 speed, 6,=0.25
10° 1.2 T T T
— 1o
10" F i
o
10 > i
s 100 F S
< 5 .
St | =]
—— Y=0 g i
10° F —— Y=4
— v-8
10 F —— Y=12 7
Y=16
10-7 1 1 0 1 1 1
5 0 5 10 15 20 25 0 5 10 15 20
p=log(1/r?) Y
@ Saturation exponent A, = 92:: the speed of the saturation front
dY

@ Constant speed for @Y = 4: p,(Y) =~ \,Y with A\, ~ 4.88a
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Saturation models for HERA

@ Already before BK equation: fits to small-z DIS using the idea of saturation

e dipole factorization + saturation models for the dipole cross-section

zf

’Y* /’/ T >W\/\/VV
(AVAVAVAVAY, r
q e Q ’ \\ l 10
a

-3¢

Oyy"P [ub]

O-ﬂf*p(Qz’z) - / |\II’Y* (T,Z; Q2)|2O—dip(7‘7m) !

T,z

o GBW model (Golec-Biernat, Wiisthoff, ’

odip(r, ) = 00 {1 - e—ﬂQﬁ(x)}, Q3 (x)

e "MV model with ad-hoc evolution in Q"

? P

ZEUS BPT 97

ZEUS BPC 95
Hilow Q*95
ZEUS+H1 high Q” 94-95

E665
x<0.01

all Q*
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Saturation models for HERA

@ Already before BK equation: fits to small-z DIS using the idea of saturation

e dipole factorization + saturation models for the dipole cross-section

2.2 9 1 Z:
Odip(r,x) = 0p|l —e™" Qs(‘r)}, Qi () x Y
x ¢ P,
o built-in geometric scaling i 1
e good fit at x < 0.01 despite simplicity
o data clearly prefer a small value for the nE E
saturation exponent: A ~ 0.3
ZEUSBPTYZ
e inspired the search for geometric scaling i e
. o . 1E ZEUS+H1 high Q° 94-95 K g
(Stasto, Golec-Biernat, Kwieciniski, 2000) K665 %
x<0.01
all Q* b
o, Q%) vs. 7= Q2/Q () |
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Adding running coupling: rcBK

@ BK naturally explains geometric scaling, but A\, ~ 4.88a ~ 1 is way too large
@ Using a running coupling dramatically slows down the evolution

e Ay ~ 0.3 in good agreement with the data

speed, 6,=0.25 speed, By=0.72, smallest

1.2 T T T 0.35 T T
—— |0 — LO

0.25 |- B

0.2 .

dlog[QZ(Y))/dY
1
dlog|Qs(Y)yaY

0.1 B

0 5 10 15 20 0 5 10 15 20

@ Rather successful phenomenology based on rcBK (see below)
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Adding running coupling: rcBK

@ BK naturally explains geometric scaling, but A\, ~ 4.88a ~ 1 is way too large

@ Using a running coupling dramatically slows down the evolution

20v))dyY

dlog[Q

e A; ~ 0.3 in good agreement with the data

speed, ,=0.25
1.2 T T

— LO

0 Il Il

0 5 10
Y

15

20

S(Y)pay

dlog|Q;

0.35

0.3

0.25

0.2

@ But why should the effect of the running be

speed, By=0.72, smallest

— LO

0 5 10 15
Y

so important 7!

20

e the running is a next-to-leading order effect and is only logarithmic
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Pulled front

@ The saturation front is pulled by the BFKL growth in the dilute tail

e this is why one can compute A from BFKL + saturation boundary

e deep connexion to “reaction-diffusion problem” in statistical physics
(Munier and Peschanski, 2003; lancu, Mueller and Munier, 2004)
@ The scale for the running coupling is Q5 and increases exponentially with aY”
Ty Ty
1 1

12 \ 12

P(‘é) P ‘f o

9 1 - 1 N 1 )
BoIn ff; Bo(ps(Y) +po) — BoAsY

decreasing with Y
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rcBK fit to F, at HERA (4 prediction for F7)

(Albacete et al, hep-ph/09021112)

S
F b G’=0.11 GeV?

7

BK + running coupling

b : Q?=0.5 GeV?

125 £

£ ==
F.o
o
0af

E Q=15GeV’

Ll
-
r

[ data: H1 (PLB665, 139; x-averaged)

o8~ solid: GBW initial conditions

14 [ dotted: MV initial conditions

m' d\\ 06—
Fy :

2;:: Q’=5 GeV? Q=10 GeV? 04l

3 0.2;
Fzé' : i"i\L’q‘ LQ\N’\‘ E

955 Q=20 GeV? Q’=50 GeV? of

f:% initial conditions E Ly L | | |

# " solid: GBW E W W w0 e 0 8, 20 &)
leﬁ = dotted: MV N\I : .

8E Q0 Gev? = Q=120 GeV? 2

: i 3 parameters (R, QZ,, C)
P% " ™ 847 data points, x?/d.of. ~ 1

?,_‘E Q*=250 GeV? Q*=450 GeV?

10° 10° 10° x 10° 10° 10° 10° X 10
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rcBK fit to forward particle production at RHIC

(Albacete, Dumitru, Fujii, Nara, arXiv:1209:2001)

@ Fit parameters: initial condition for the rcBK equation + K-factors

1000 1000
® BRAHMS n=2.2 hx (x200). K-factor=1 ® BRAHMS n=2.2 hx (x200). K-factor=1
100 b pp @ 209 GeV = BRAHMS n=3.2 h (x50). K-factor=1 100 F dAu @ 290 GeV g BRAHMS n=3.2 h (x50). K-factor=1

R ,.:- (only elastic term) A STARn=4 110. K-factor=0.4 P (only elastic term) A STARn=4 0. K-factor=0.4
g e e w g i
> 0fF ™ — gamma=1.119 > 10FTy N —— gamma=1.119
8 - .- 8 ~--= gamma=1.119 mod
= 1F = L
& &
2ok 8 ok
5 §
kS S
% 001 | % 001 |

0.001 | 0.001 |

0.0001 = 0.0001

0.00001 =
0.00001
. ) )
0 1 2 3 5 1 3 4 5
pt (GeV) pt (GeV)
dNy,

1
B dz z, [z, k
= Kh/x el (7) §( 2% ) Dusy()

4

dnd?k
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The nuclear modification factor

1 dopa/d*pdn
A dop,/d?pidn

T T S L L S B R L L S B R T
pr [GeVic] pr [GeVic] pr [GeVic] pr [GeV/ic]
@ It would be equal to one if pA = incoherent superposition of pp collisions

e any deviation from unity is a signature of nuclear (high density) effects
@ At RHIC: Rg4 Ay, hence A — 2A with A =197

o central rapidity (n ~0) and p, = 2 GeV: Rgiay > 1 ("Cronin peak”)

o forward rapidity (n > 1) : the peak disappears when 1 2 1

o larger forward rapidities (1 2 3): Rgiau < 1 (“suppresion”)
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Consistent with the C

1 dN,,A/deLdn 1 Sa(pi,Xy)

Rpa = . - = -
PAT A3 AN, /@2p dy AR S,(py, X,)
14
1.2 )
: S(pi,Xy) = /e—""'z’ S(r, X,)
0.8 ™
0.6 pL _
X, = —=e"
0.4 g
0.2 \/g
0 =1 Z 3 4 5 6 7 8 9
10 1 10 107 10 10 10 10 10 10 10]

pr (Gev/c)
n =0, 0.05, 0.1, 0.2, 0.4, 0.6, 1, 1.4 and 2 (BK equation: Albacete et al, 2003)
@ Use BK equation for S(7, X,) with initial condition from the MV model
@ Exactly the same features as in the RHIC data !

@ What is the underlying physical picture ?
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Midrapidity: the Cronin peak
@ d+Au collisions at RHIC: /s =200 GeV, p, ~2 GeV and n =~ 0

e x1 = 29 ~ 0.01 = little evolution, the proton is still dilute

e nucleus: incoherent superposition of valence quarks (MV model)

__n
e Q@ for the nucleus

Sy | @@
47 Q%p
E )

for the proton

o remember the distinction between the two scales Q2(A4) and Q2 :

Qi(4)
A2

Qi(A) = Q%A In Q%A = Al/gQ%p

R])A -

1 Salpy) . Q@A) { P }
A3 8, (p1) )

@ A peak at p; = 2Q(A) with height In[Q%(A)/A%] > 1
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Forward rapidities: R,4 suppression

@ Why is the Cronin peak washed out when increasing 1 (decreasing X,) 7

@ The gluon distribution in the proton rises faster than that in the nucleus
e growth driven by BFKL dynamics in the dilute tail at p;, > Qs

o the logarithmic phase-space p = In(p?% /Q?) is larger for the proton
than for the nucleus, since Qo < Qoa

ln—J‘ > pa=1In since Q24 = Al/SQ(Q)p

pL
QOp Q%A

g RN
- [GeVic] py [GeVrc]

o wF

3 4 1 é 3 4
- [GeVic] py [GeVrc]

o o
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+pp at the LHC for central rapidities

1.8;7 p-Pb \[S, =5.02 TeV é A »
1.6~ @ ALICE, NSD, charged particles, n_ | <0.3 3 RC“ =0 [0 reBK-MC kt-factorization
me E bo(N=0)  pome
E EPS09 nPDF
3 —--—- IP-Sa (Tribedy & Venugopalan)
15k —-== reBK (Tribedy & Venugopalar) = 1.5
E Saturation (CGC), reBK-MC Wk
-6H Saturation (CGC), rcBK
1= I Saturation (CGC), IP-Sat
1.8; Shadowing, EPS08s (x°) sk
1 si LO pQCD + cold nuclear matter :
E 0 L L L L L 0
0 2 4 6 8 10 12
Pt (GeV/c)
E 2 h BK-MC, min bi 2
E| o rcBK-MC, min bias
E Rppb(n_4) cBK-MC, Npart >10
s = cme=5TeV ¢BK-MC, LOsinelastic term a=0.1
— §;=0: E 15 415
. HUING21 Dch, 57028 N EPs09 nPDF
1. - DHC, no shad. 3
1. —— DHC, no shad., indep. frag.
s
1.
o8t osk
0.4 s L s s L L L L L _ .
0 2 4 6 8 10 12 14 16 18 20
o L L L L L 0
0 2 4 6 8 10 12
pT (GeV/c) pt (GeV/c)

@ Midrapidity (7 ~ 0) at the LHC is like n ~ 2 at RHIC: 2y ~ 25 ~ 1073

@ Cronin peak and small evolution compensate each other: R,4 ~ 1
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»+ph at the LHC for central rapidities

p-Pb |5, =5.02 TeV
@ ALICE, NSD, charged particles, ITlcmsl <03

RC“ (n=0) [0 reBK-MC kt-factorization
Po(1N=
i O ePs09 nPOF

—--—- IP-Sat (Trivedy & Venugopalan)
15k —-=- 1B (Trbedy & Verugopaler) o 1.5

Saturation (CGC), rcBK-MC
Saturation (CGC), reBK
[ Saturation (CGC), IP-Sat

Shadowing, EPS09s (x%)
LO pQCD + cold nuclear matter

0 2 4 6 8 10 1
Pt (GeV/c)

Ropo
o

1eBK-MC, min bias
16BK-MC, Npart >10

1cBK-MC, LO+inelastic term a=0.1
PO EPS09 nPDF 7

Rero(n=4)

cme=5TeV

5,028 E 15k
... DHC, 5,=0.28

-+ DHC, no shad.
—— DHC, no shad., indep. frag.

HUING 2.1

e Qe e G Frrr e e e

o
2
I

e =
8 10 12 14 16 18 20
o (GeV/c) 0 2 4 6

10 2
pt (GeV/c)

@ Various models could be differentiated by going to forward rapidities

@ This could be measured e.g. by LHCb (large 1 & semi-hard p )

-Curie, La Grande Motte ' High energy QCD & the CGC d lancu 89 / 116



Forward di-hadron production in pA collisions

@ Saturation effects enter single-particle production via modifications in the
yield and spectrum at semi-hard transverse momenta k| ~ Q(X,)

@ In 2-particle production, they also affect the angular correlations

phyp

@en1+@enz’ Xg:klii-e—m_i_i

Vs Vs

:sz

@ Focus on forward rapidities for both particles = =, ~ O(1) and X, < 1
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Forward di-hadron production in pA collisions

@ Saturation effects enter single-particle production via modifications in the
yield and spectrum at semi-hard transverse momenta k| ~ Qs(X,)

@ In 2-particle production, they also affect the angular correlations

P

@ Measure pairs of particles and extract their correlation in azimuthal angle
Ap = o — 1

_ AN,pair 4N AN
 Aprdmd®paidne dZpridm dZpoidie

C(A¢)
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Forward di-hadron production in pA collisions

@ Saturation effects enter single-particle production via modifications in the
yield and spectrum at semi-hard transverse momenta k| ~ Q,(X,)

@ In 2-particle production, they also affect the angular correlations

oy p

@ Collinear factorization : k1| + ko ~0 = a peak at Ap =7

e a pair of hadrons propagating back-to-back in the transverse plane

@ In the presence of gluon saturation: k1| + ko | ~ Q(X,)

e a broadening d¢ ~ Q/k, of the peak at A¢p ==
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Di—hadron azimuthal correlations at RHIC

@ The reality is more nuanced
e even in pp collisions, there is significant broadening in A¢, due to recoil
in jet fragmentation

e in pA or AA, high-density effects may also reflect final-state
interactions, and not just gluon saturation

jet A B
/ « d+Au FTPC-Au 0-20%

<Ame
N

o
N

. —— p+p min. bias

* Au+Au Central

o
o

N gger AN/A(AG)
TR RE RN S R

-1 0 1 2 3 4
A ¢ (radians)

@ p+p, d+Au and Au+Au collisions at RHIC (STAR)
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Di—hadron azimuthal correlations at RHIC

@ Midrapidities (177 ~ 12 ~ 0) and semi-hard p; ~ 1+ 3 GeV

e p+p or d+Au: the peak at AP = 7 is visible and equally pronounced
o Au+Au : strong suppression of the ‘away peak’ (final state effect)

@ Broadening in d4+Au is controlled by jet fragmentation, like in p+p

@ What happens if one moves to forward rapidities (larger Qs(A)) ?

th N e e L e s B
/  d+Au FTPC-Au 0-20%
0.2

YVQ\TAR

. —— p+p min. bias

* Au+Au Central

/ A D
7 R ; -1‘; o 7-‘-;- ‘*‘—*;*;';,'t;*"“" -+
Jet /\ PR R U U VRN B R

-1 0 1 2 3 4
A ¢ (radians)

I e B N A
*
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Forward rapidities: p+p vs. d+Au

0] > & L)
Q’ // ' \ W

0_0 _
@ 0.0225 p+p => na+X, va = 200 GeV d+AU —> TORO+X, Vs = 200 GeV, 2000< e < 4000
o 0. pr>2 GeV/e, 1GeV/c<prs<pr >
g/_\ o 0.03F P2 GeV/c, 1GeV/c<ps<py
ch 0.02F < >=3.2, <ns>=3.1 g?\ ﬂ. <=3, <ns>=3.2
€9 Ap=0 2 Go.0250
8§’~°‘7~"‘(uea:sid¢%Y Abr 53"
T D
§ 50,015 W (away side) 5 ooz
EQ.0125) \ L X £Z 3- "L*-t-\*&*i-
oe \ + 3800158}
Ba 0.01F -\\F 54
\
0.0075F j/— 3\ ]7 \\ 0.01f Peaks
b + Ag o
0.0051?_ et Peaks 0005 i\S_TAR 0 0.48£0.02
A .Y 00SF
0.00250 STAR o Hizooi \ i w 1.75+0.21
Prellmlnory 7 [0.6620.01 oL relimingry
T °3 o 1 2 3 s 5
-1 0 " R
Ap (rad)

@ The broadening in d+Au is considerably stronger
@ Predicted by the CGC (Marquet, 2007; Albacete and Marquet, 2010)
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2 particle production in the C

@ The collinear quark radiates a gluon prior to, or after, the scattering
pL=20
kl kl
% k., %%m k,

@ Up to four Wilson lines in the cross—section

@ At large N, this factorizes into color dipoles and quadrupoles

1
<Qm1w2w3w4>y = F<t1‘(V£1Vm2V£3 w4)>y
e a generalization of the Weiszacker-Williams gluon TMD (Cédric Lorcé)

@ This property holds for any multi-particle final state at large NV,
(Kovner and Lublinsky, 2012; Dominguez, Marquet, Stasto, and Xiao, '12)
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With due respect to the target

@ How to compute the quadrupole ? How to work at N, =3 7

@ Return to the viewpoint of target evolution: the CGC target average:

1
<Qw1w2w3m4>y = /[Dp} WY[p] Ftr(va‘[lvaVa-!Tg w4)
@ The Wilson lines involve the A~ component of the color field in the target

@ A (z): the classical color field produced by color charges with density p®

Dyt F*(x) = Ji(x) = 8" pa(a™, @) = —ViA;(2) = pa(a™, @)

o JI oc vt = M for a ultrarelativistic left-mover
o light-cone gauge AT = 0 (convenient for collision with a right mover)
e Yang-Mills equations linearize since A# = §*~ A7 for this special J*

@ The functional probability distribution Wy [p] describe the correlations of the
color charges with 2’ > z, where Y = In(1/x).
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JIMWLK evolution

(Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, and Kovner, 97-00)
@ The relevant color charges at small-z (leading logarithmic approximation):
e valence quarks + soft gluons with 1> 2’ > =z

@ Wy [p] is built by integrating out soft gluon fluctuations in (small) layers of z
o =/ — ba’ with b < 1 but such that @In(1/b) < 1 as well

@ Initial condition at low energy (o ~ 0.01): MV model (valence quarks)

< > o independent color sources

o o Gaussian weight function

Wolp) —Nexp{_/wm /h(;)(p;)(x)}

A () A )
o 1%(x): density of color charge squared
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JIMWLK evolution

(Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, and Kovner, 97-00)

@ The relevant color charges at small-z (leading logarithmic approximation):

e valence quarks + soft gluons with 1 >> 2/ >«

o Wy [p] is built by integrating out soft gluon fluctuations in (small) layers of x

o z’/ — ba’ with b < 1 but such that @ln(1/b) < 1 as well

@ One step in the quantum evolution = JIMWLK Hamiltonian

(@ ®> (@ o>

i}
g ba <o’ <& — E
S

Xoex

TETTETLT
hel hel - 5
N N

Az A y) A (x) Ay () AT(e) A (y)

o
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JIMWLK evolution

(Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, and Kovner, 97-00)
@ The relevant color charges at small-z (leading logarithmic approximation)
e valence quarks + soft gluons with 1> 2’ > =

@ Wy [p] is built by integrating out soft gluon fluctuations in (small) layers of z

o 2/ — ba’ with b < 1 but such that @In(1/b) < 1 as well

@ One step in the quantum evolution = JIMWLK Hamiltonian

<t e eremx <s E>

g _>
E B O B
< 0000 T) 000
? g g ba < a' <z C s
ALl Ay A, (%) A, () Ae) Ay <u>

@ The quantum gluon can scatter of the strong color fields generated in

previous steps = non-linear evolution
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JIMWLK evolution

(Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, and Kovner, 97-00)
@ The relevant color charges at small-z (leading logarithmic approximation):
o valence quarks + soft gluons with 1> 2/ > «

® Wy [p] is built by integrating out soft gluon fluctuations in (small) layers of z

o z/ — ba’ with b < 1 but such that @In(1/b) < 1 as well

@ One step in the quantum evolution = JIMWLK Hamiltonian

)

= HyumwLk {ﬂ, (Sp} Wy [p]

Wy [p]
Y

@ BK (Balitsky) equations are obtained after an integration by parts:

0 .

)y = [ Dol (W o) 316l = [1Do] Wyl (1310) = (18),,

@ But JIMWLK equation can actually be solved numerically (for N. = 3)
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JIMWLK evolution in Langevin form (1)

@ Useful to compare projectile (dipole) and target (nucleus) evolutions

o 0 =
e projectile: gluon emissions closer and closer to the target
e target: color charges further and further away from the valence quarks
@ Uncertainty principle: decreasing x = k~ /P~ < increasing Az ~ 1/k~
@ JIMWLK evolution builds the color charge distribution in layers of ™

@ New sources are one-loop quantum fluctuations
e random variables with a Gaussian distribution

e can equivalently be represented as a Gaussian noise

@ A Langevin equation: random walk in the space of the Wilson lines
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JIMWLK in Langevin form

@ Discretize the rapidity interval: Y = ne, ¢ = In(1/b)

s W
PERRCEP

-0 0 oo
Va(ne +¢) = exp (icaf,t*) Va(ne) exp (— ical,t?)
@ af : the change 0 A, at larger negative (R) or positive (L) values of ™"
zt -zt ot—zt
a = pta P — Vab I/Zb
Lx g/z (a:—z)2 z Rx g/z (93—21)2 z z
@ Noise v*: random color charge of the newly emitted gluon

. , 1 3
(V;a(me)z/;b(ne» == Srmn 0 508 5y,

@ Well suited for numerics: 2D lattice (Weigert and Rummukainen, '03)
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Solving JIMWLK via Langevin

@ Several numerical implementations (Weigert and Rummukainen, '03)

Lappi (2011); Schenke et al (since 2012); Roiesnel (2016)

@ Here: the lattice calculation of the dipole S-matrix par T. Lappi (2011)

—vy=0

----y=1.30 1
o y=259 1
<oy =3.89 1

T LI T
1= —y=0 15
i ----y=1.30 [
0.8 . y=259 0.8
coeey=3.89 [
=0.6r y=5.18 = 0.6
o ] (S
0.4 0.4-
0.2- 0.2r
07 | | Ll 3= ol
4 8 16 32 64 128 0.25

o5

1
QS

@ C(r)=S(r,Y) as a function of r and of rQ4(Y) = geometric scaling
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The mean field approximation

@ Gaussian Ansatz for Wy [p]: “MV model with Y-dependent 2-point function”

e all Wilson lines correlators (quadrupole etc) can be related to the
dipole S-matrix, as obtained by solving the BK equation

P = 2GeV, pit = 1GeV, y = yo = 3.4 P+D.3 <y, o < 3.8, 0.5GeV < pi* < 0.75GeV
f f o L1GeV < pf" < 1.6GeV
..... eV 0.20 { + o L6GeV < pf < 2.0GeV
—  d+Au, Q% = 0.72CeV?
) 0.19 }
0.18
0.17
1.00
1 2 3 ) 5 0.165 5 : 3 5 N +

@ Left: different combinations projectile—target
(Lappi and Mantysaari, 2012; see also Stasto, Xiao, Yuan, 2011)

@ Right: comparison with RHIC data (PHENIX, 2012)
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AA collisions : Glasma & the Ridge

ATLAS Preliminary 2<ppb <3 GeV
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Nucleus—nucleus collisions

@ “Dense—dense scattering” : much more complicated !

@ Non-linear effects enter at all levels
e in both incoming wavefunctions: gluon saturation
e in the scattering process: multiple interactions

e in the partonic medium created by the early scattering: final-state
interactions
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Nucleus—nucleus collisions

@ “Dense—dense scattering” : much more complicated !

@ Non-linear effects enter at all levels
e 2 CGC weight functions: Wy, [p1], Wy, [p2]
e in the scattering process: multiple interactions

e in the partonic medium created by the early scattering: final-state
interactions
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Nucleus—nucleus collisions

@ “Dense—dense scattering” : much more complicated !

@ Non-linear effects enter at all levels
e 2 CGC weight functions: Wy, [p1], Wy, [p2]
e classical Yang—Mills equations with 2 sources: p1, po

e in the partonic medium created by the early scattering: final-state

interactions
Edmond lancu 101 / 116
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Nucleus—nucleus collisions

@ "Dense—dense scattering” : much more complicated !

@ Non-linear effects enter at all levels
o 2 CGC weight functions: Wy, [p1], Wy, [p2]
e classical Yang—Mills equations with 2 sources: p1, po

o kinetic theory, hydrodynamics, quark-gluon plasma, ...
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The initial conditions for heavy ion collisions

/ / freeze out

hadrons —s kinetic theory

gluons & quarks in eq. — ideal hydro

gluons & quarks out of eq. — viscous hydro

strong fields — classical dynamics

<

incoming nuclei —s CGCs

@ The CGC describes particle production at early times: Glasma
@ Initial conditions for the subsequent evolution of this partonic matter

@ The state of the partonic matter at proper time 7~ 1/Q)

Ecole Joliot-Curie, La Grande Motte '18 High energy QCD & the CGC Edmond lancu 102 / 116



C factorization for AA collisions

@ Numerically solve classical YM equations with 2 sources (2D lattice)
DVFVH(JJ) = 6#+[)1(Zlf) =+ 6”7[)2(_73)

@ Decompose the classical field A% in Fourier modes

> gluon spectrum for given configurations p; and ps (“event-by-event”)

@ Average over p; and po using the CGC distributions of the nuclei

dN

dN .
(v ) = [PDed W ] W ]

dy d2p,

class

> JIMWLK evolution from Yj,eam up to the rapidity Y of the produced gluon
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The color field of a single nucleus

@ What are the chromo-electric and magnetic fields created by a
ultrarelativistic slab of charges 7

e non-Abelian generalization of the Liénard-Wiechert potentials

o Weiszicker-Williams fields describing quasi-real photons/gluons
DR F (@) = 6 pa(at @) = A= 5" A7 (aF, @)
@ Just one component (A~), independent of = (LC time for the left mover)
o field commutators vanish: F/*" = gt A — 0" A¥, as in QED

0A;
oz~

Fli"' =0, F;" 8+A_ =0, F(j’f :854; : non-zero

@ Non-zero transverse components for the electric and the magnetic fields

E'=-F"Y=F"=p
\/Q E257F20:F2357B1

Ft-=0 = E?=B3=0

Fii _ L(Fio :l:Fl?)) S {
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The color field of a single nucleus

@ What are the chromo-electric and magnetic fields created by a
ultrarelativistic slab of charges 7

e non-Abelian generalization of the Liénard-Wiechert potentials

o Weiszicker-Williams fields describing quasi-real photons/gluons

< < E, L B, 1z
1
</\/\\/ \ E,-B, =0, |E|=|B.|~~-
A~ A\ g
' /\ e transverse polarizations
> /\hl / o chromo-electromagnetic waves
/ o Lorentz contraction: oc §(z™)

@ Fields vary over a distance ~ 1/Qs = gluons typically have k;, ~ Q,

@ Fields have strength ~ 1/g = gluons have occupation numbers ~ 1/a
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The scattering between two color sheets

@ Prior to scattering: purely transverse fields, localized near the 2 light-cones
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The scattering between two color sheets

@ Prior to scattering: purely transverse fields, localized near the 2 light-cones

/—>/
L | " . L e
<AL,_, <\/
/\>__,—> > L
L N\ | T - Vv L.
e U . | N\ :
N N N\
/\ A I . | /N

@ During collision, mutual color rotations induce color charges on the sheets
e longitudinal chromo-electric and chromo-magnetic fields

e color strings (flux tubes) with typical transverse size 1/Q;
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Glasma

@ The ‘valence’ charges of the 2 nuclei rapidly separate from each other

@ The color field between the 2 recessing nuclei: ‘glasma’ (‘glass’ + ‘plasma’)

@ After a time 7 ~ 1/Q);, the transverse fields are regenerated

@ By that time, the partonic system becomes dilute (field strengths become of
0O(1)), due to longitudinal expansion

@ Fourier mode decomposition = gluon production
Ecole Joliot-Curie, La Grande Motte '18 High energy QCD & the CGC

Edmond lancu 106 / 116



The gluon spectrum at early times

@ Numerical solutions to classical YM equations + rcJIMWLK evolution

T T
121 —y=0 ] 12F " izfcl)sof
107 . 1 ) T@% N o y=259 -
o .l — 4
8 N i .y =389 |
g L g 08 s y=518
T 6 & 06 7 8
L = a

4 < 047 1
2L 0.2+ 1

0 06 1 ad_z‘t 16

P/

@ Left: unintegrated gluon distribution for any of the two incoming nuclei

Clkr,Y)=k1S(k,,Y) = k‘j/e*“"k S(r,Y)

r

o MV model (no evolution): C(k,) ~ Q%/k%
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The gluon spectrum at early times

@ Numerical solutions to classical YM equations + rcJIMWLK evolution

Clk,)

S N B~ N ®
e
l.

12

10

T
7y:0

----y=130 |
. y=259
.. y=389 1
y =518 |

pQ

16

@ Left: unintegrated gluon distribution for any of the two incoming nuclei

Clk1,Y)=k1S(k,,Y) = k‘j/e*“"k S(r,Y)

r

e BK evolution = anomalous dimension: C(k,Y) ~ [Qf(Y)/k:i]7
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The gluon spectrum at early times

@ Numerical solutions to classical YM equations + rcJIMWLK evolution

[ T
12F —y=0
. y=130 |
1 . y=259
N . y=389 |
30 y=518 ]
© 06F .
- a
= 04l
0.2
0—6m 1 ARG
pr/Q;”

@ Right: spectrum of gluons produced in AA collisions at time 7 ~ 1/Q4(Y)

e high p; > Q.(Y): the same anomalous dimension as in C'(k,,Y)

o small p; < Qs(Y): universal shape (non-linear effects in classical YM)

@ Not an observable though: spectrum is modified by final state interactions

@ Correlations in multi-particle production have more chances to survive
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Longitudinal expansion

@ Gluons liberated by the collision at ¢ = 0 have transverse momenta k£ ~
and longitudinal momenta |k.| ~ z1 P or |k.| ~ 2o P

@ After a time t ~ 1/Q)s, they separate from each other along the z axis

e particles which at time ¢ are located at z have a velocity v, = 2

t

xz

i < v % ' » Ly vl
:Li; % L 2 — o 3
Tt r;:Z ‘—,
~ - LRGN —
— < - —

|
&
¢
@
B
Il
-
n

@ Particles with different velocities v. ~ k,/Q, can interact with each other
only at early times ¢t < 1/Q5

@ In any slice of z, the distribution in the transverse plane is roughly isotropic
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Longitudinal expansion
@ Gluons liberated by the collision at t = 0 have transverse momenta k| ~ Qg

and longitudinal momenta |k.| ~ 21 P, or |k.| ~ 2o P;

@ After a time t ~ 1/Qy, they separate from each other along the 2 axis
4
T

o particles which at time ¢ are located at z have a velocity v, =

xX

P | z : v
< . N — .

—z \ 4 Lo . . .
veg e 1 L e 3
» L S S o
“ R e |

! ‘ =1 ‘ -

@ Bjorken (1982): Particle distribution is independent of v,: boost-invariant
108 / 116

@ Natural in perturbative QCD (at least, in the classical approximation)
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Boost invariance
@ The classical field (& particle production at early times) is boost invariant
> it depends upon proper time 7 but not upon space—time rapidity 7;

T = const

[n-

7

const T = \/t2—z2:\/2x+x*

- t+z 1 ! xT

Ns

1
= —-In = —In—
2 t—z 2 T

@ Under a boost with velocity 8

\! ns — ns + tanh g

@ For a particle produced at 7 = 0 and undergoing free streaming (z = v.t),
7 coincides with the momentum-space pseudo-rapidity 7:

1. 14w, 1. p+p.
7]5:§ln = —In

l-v. 2 p—p;

= —Intan-= 179

Ecole Joliot-Curie, La Grande Motte '18

High energy QCD & the CGC

Edmond lancu 109 / 116



Boost invariance

@ The classical field (& particle production at early times) is boost invariant

> it depends upon proper time 7 but not upon space—time rapidity 7;

T = const

T = \/152—22 = V2rtz

1. t+z 1.zt
= n = —In—
2 t—z 2 -

x
1 o1 2(ph)? Pt

Yy = “mP = (p2) ~nZ
p- 2 Pl pL

@ For ultrarelativistic particles (E ~ p), it also coincides with the usual
momentum-space rapidity y:

=Y = Ybeam — In —
X

Ecole Joliot-Curie, La Grande Motte '18

High energy QCD & the CGC

Edmond lancu 109 / 116



Multiplicity: the Feynman plateau

@ Bremsstrahlung = the gluon distribution 2G®)(x, Q?) at leading order
(the classical approximation) is independent of , hence of y ~ 1 ~ 1,

> the x-dependence comes fully from the quantum evolution

5 T L
e 200 GeV 0-6%
| AurAu L e |
4+ o 19.6 GeV 35-40% |
u“"".'u’..oo’“u.
~ |- .. L] -
Qt s oo000000000 00000000000 .
g 3 = .000 ooo. —
£ b o
< | ]
5 ; 3
~c oL 80 e . ]
3] P L °
S L 0 o on . ]
e " . 8
1 o5 Hi .H S ]
oe o = ©
%, et
g 5
Ol L mmnmt® | ! L e |
-6 -4 -2 0 2 4 6

M
@ dN.,/dn as a function of n (RHIC, PHOBOS): flat at 9] < Nbeam
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Rapidity correlations

Consider pairs of particles in the final state with different rapidities
> hadrons which propagate at different angles w.r.t. the collision axis
Construct the 2-hadron correlation in 7 and p, :

AN, AN AN
d2?py 1 dimd?peidne d%piadny d2pyidn

C(Ap,An) =

> mostly interested in the distribution in Ay =11 —n9 and in A¢p = ¢1 — o
This correlation is built at early stages: 7 < 1/Qs ~ 0.2fm if Q, = 1 GeV
D> it teaches us about the initial conditions/glasma

To be correlated via the production mechanism, 2 partons must originate
from a same interaction region with transverse area ~ 1/Q?

What would CGC / boost-invariant longitudinal expansion predict 7

> a Feynman plateau in A7, at least up to An ~ 1/a
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The Ridge in AA collisions

@ "The ridge": di-hadron correlations long-ranged in An & narrow in A¢
@ Abundantly observed in AA collisions at both RHIC and the LHC
@ A “trivial" peak around Ay =0 and A¢ =0

e pairs of particles belonging to a same jet (and there are many !)

ATLAS Preliminary

fl_dt:sub" T

2<pl,py<3GeV

STAR Preliminary

;% ) “\ \\\\
i \\\\\\\\k\“‘\ e
i

Ecole Joliot-Curie, La Grande Motte '18 High energy QCD & the CGC Edmond lancu 112 / 116



The Ridge in AA collisions

@ “The ridge™ di-hadron correlations long-ranged in An & narrow in A¢
@ Abundantly observed in AA collisions at both RHIC and the LHC
@ A plateau in rapidity extending over an interval as large as An =8

e boost invariance for particles created in the same interaction region

ATLAS Preliminary 2<pl,py<3GeV

STAR Preliminary

-
a."‘\‘3.‘2“"“\*“:\‘{\\\\‘\\\\\\\\\\\\\
A
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The Ridge in AA collisions

@ "“The ridge™ di-hadron correlations long-ranged in An & narrow in A¢
@ Abundantly observed in AA collisions at both RHIC and the LHC
@ ... and a surprize: for any An, the correlation is peaked at A¢ =0

e particles moving along very different directions w.r.t. the beam axis
preserve a common direction in the transverse plane

ATLAS Preliminary 2<pl,py<3GeV

STAR Preliminary

l\“\\\\\\“___,‘ -
‘.—..‘_\}}3\.%;\\&‘“{‘:\_{\_\\\‘\\\\\\\\\\\

AN

Al
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Radial flow

@ The nuclear disk has a finite radius and it is denser towards its center

o there is also a radial flow: particles move away from the center
e the radial velocity v, increases with the impact parameter b

@ Particles from a same interaction region with size ~ 1/Q) feel the same
radial push

e they would be produced isotropically in the absence of flow
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Radial flow

@ The nuclear disk has a finite radius and it is denser towards its center

o there is also a radial flow: particles move away from the center
e the radial velocity v, increases with the impact parameter b

@ Particles from a same interaction region with size ~ 1/Q) feel the same
radial push

e the radial flow introduces a bias leading to collimation in A®
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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, NI < 35

_ i
(@ CMS pPb \[s, = 5.02 TeV, N},"™ 2 110
1<p <3GeVic

(b

1<p <3GeVic

S \\

"'00 ‘ “““" “\‘
555 \\““ R
ll,’“ (OSSO

‘g g
=
XSS
LSS

7,

el
‘ta’

Q \
ST | | 1
s };?‘mo«{{//h:k A'A‘, D

NN

@ Can flow develop in such small systems (~ 1 fm)

If not ... this may reflect intrinsic momentum correlations at early times
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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, Ny 2 110
(d) CMS N> 110, 1.0GeV/c<p,<3.0GeV/c

(b
1<p <3GeVic

—~ = ORI
= g g GBS ““,‘“““\'
4 = LSS
'y & = £ 'o“"\“;““ ooy,
3
5 3 X
-’

N

7/
Z

)

VNS
NS
v“ 3

@ Can flow develop in such small systems (~ 1 fm) ?

@ If not ... this may reflect intrinsic momentum correlations at early times
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Angular correlations from saturation

@ Dilute-dense scattering (say, pA): saturation domains in the dense target

o color fields are correlated within domains with transverse area ~ 1/Q?
e in each event, different domains are randomly oriented w.r.t. each other

o this domain structure fluctuates from event to event

@ When 2 (or more) quarks from the projectile scatter off a same domain, they
will receive a similar kick provided they are in the same color state

k' = qg/ deTF' |0k~ Qs
e ¢ = R, B, G: quark color charge
o correlation suppressed as 1/N?

o ... and by the number of domains
probed by the projectile

1 1

Ap ~ N2 Q2Spr0;
ClAd=0) o 55 Grg
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Glasma graphs for 2 quark production
(T. Lappi, B. Schenke, S. Schlichting and R. Venugopalan, arXiv: 1509.03499)

@ Independent scattering (“disconnected”) and correlations (“connected”)

Disconnected contributions

e one quark production

v
+ permutations

dN L e g2
o~ SW) = cgpe
y
% Y e two quark production
dN
, Chd’p S(k)S(P){1+C(k,P)}
g V (2) (2)
- C(kp)~6 (k—p)+ 6% (k+p)
I Sproj N2
g { + permutations ° “ridge”: k = p’ or A¢ = 0
-y o “elliptic flow": k ~ —p, or A¢p ~ 7
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