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Motivation: Some big questions

What is the structure of a hadron in the high energy limit 7

@ Or that of a very large nucleus with mass number A > 17
@ How to compute QCD scattering when s and/or A are large ?

e Can one rely on perturbation theory ?

Does QCD approach the unitarity limit at high energy, and how ?

Are these asymptotic limits relevant for the phenomenology 7
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Motivation: ... and some answers

@ A high-energy and/or large-A hadron is mostly made with gluons

e in a special state: the Color Glass Condensate
e very small longitudinal momentum fractions = < 0.01

e large occupation numbers n ~ 1/aq

This form of matter is weakly-coupled, due to its high density

@ It controls the hadronic interactions at high energies, due to the large
number of its constituents — the small-z gluons

QCD scattering unitarises due to the phenomenon of gluon saturation

Promising phenomenology at HERA, RHIC, and the LHC

@ ... and even stronger expectations for the EIC: the smoking gun ?
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Outline: Lecture 1

@ Why small = gluons ?
@ Experimental motivation from particle production at RHIC and the LHC

@ ... and from DIS structure functions at HERA
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Outline: Lecture 1

@ Why small = gluons ?
@ Experimental motivation from particle production at RHIC and the LHC
@ ... and from DIS structure functions at HERA

@ A pretext to introduce some basic (but important) concepts
e parton picture
o factorisation
o (non-linear) quantum evolution

e gluon saturation

@ Focus on the physical picture:
e typical scales (and their separation)
e uncertainty principle
e oversimplified formulae

o ... and lots of suggestive (7) cartoons !
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Pedagogical references

@ General introductions to heavy ion collisions
e QCD in heavy ion collisions, by E. lancu, arXiv:1205.0579
e Small x physics and RHIC data, by T. Lappi, arXiv:1003.1852
e Some Aspects of the Theory of Heavy lon Collisions,
by F. Gelis, arXiv:2102.07604

@ Review papers & lecture notes on the CGC (not exhaustive):

o The Color Glass Condensate and High Energy Scattering in QCD,
by E. lancu and R. Venugopalan, arXiv:hep-ph/0303204

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

e Color Glass Condensate and Glasma, by F. Gelis, arXiv:1211.3327
o Initial state and thermalization in the Color Glass Condensate

framework, by F. Gelis, arXiv:1508.07974

@ A book (more advanced): Quantum chromodynamics at high energy, by
Yuri V. Kovchegov and Eugene Levin, 2012, 349 pp. (Cambridge Univ Press)
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https://arxiv.org/abs/1205.0579
https://arxiv.org/abs/1003.1852
https://arxiv.org/abs/2102.07604
https://arxiv.org/abs/hep-ph/0303204
https://arxiv.org/abs/1002.0333
https://arxiv.org/abs/1002.0333
https://arxiv.org/abs/1211.3327
https://arxiv.org/abs/1508.07974
https://www.cambridge.org/core/books/quantum-chromodynamics-at-high-energy/D9BFB752C0B7EFDFD2A0531EFAE92B09

Heavy lon Collisions @ RHIC &
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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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Pb+4Pb collisions at the LHC

@ Pb+Pb collision recorded by ALICE: /s = 2760 GeV/nucleon
@ About 20,000 hadrons in the detectors

@ Compare to 2A ~ 400 protons and neutrons in the incoming nuclei
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Pb+4Pb collisions at the LHC

@ Where are all these hadrons coming from ?
@ A brief reminder of the parton picture ...

@ ... and of the kinematics of high energy collisions
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A proton in its rest frame: P" = (M,0,0,0)

@ A proton is a bound state made with 3 valence quarks ...

0.5
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which interact by exchanging gluons

@ The coupling is weak at large transferred momenta, or short distances :
Q ~ 1/R > Aqcp =~ 200 MeV = perturbative approaches

@ ... but it becomes of order 1 at @) ~ Agcp or R ~ 1 fm (proton radius)
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A proton in its rest frame: P" = (M,0,0,0)

@ A proton is a bound state made with 3 valence quarks ...

@ Virtual fluctuations with typical energies and momenta of order Agcp
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@ Typical lifetimes (duration) At ~ 1/Aqcp ~ 1 fm

@ No meaningful concept of “parton”
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e non-perturbative, off-shell, mixing with vacuum fluctuations...

CGC & all that
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Infinite momentum frame

@ Consider the proton in a boosted frame with large velocity g ~ 1

P = (E,0,0,P) with E = \/17 =P2+ M2~P> M

/ .
PR3N - /(Jﬁ,ggf, Ty .
s N
D, 5 Iy
L{ :\ j (,36(’0 fp
=3 =] U 8 >
e ) N
M P> M

@ The lifetime of the fluctuations is amplified by Lorentz time dilation:

1 1
Ativr = 7 Atrp ~ T

A K 9 7 = /71 — 62
@ They last much longer than the vacuum fluctuations Aty,. ~ 1/A
(the vacuum is boost invariant!)
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Infinite momentum frame

@ Consider the proton in a boosted frame with large velocity § ~ 1

P* = (E,0,0,P) with E = =VP2+M2~P> M

r\l"\]
v// - 5 B e
e Iy T T T
NS 55° =

e v — p= rP 5667

s 2 ;

& E g /f' o
[ G >
M P>»M

@ The lifetime of the fluctuations is amplified by Lorentz time dilation:

1 1
Atpyrp = 7 Atgp ~ T

A X) Y= /717/82

@ Also much longer than a collision with a projectile: Atyyp > Ateon

@ Long-lifetime fluctuations are nearly on-shell: partons

Midsummer School in QCD 2024 CGC & all that Edmond lancu 11/42



Parton picture

@ Parton energies (po) and longitudinal momenta (p.) are boosted

@ Transverse momenta (p ) and virtualities (p? = p*p,,) are boost invariant

pP=pi—-p>—pl ~A% and pi~A = po=p.>pL

pH >~ (xP,0,0,2P) = xP": partons on-shell & collinear with the proton

e z : longitudinal momentum fraction

e negligible intrinsic transverse momentum p

@ Proton wavefunction ~ a Fock state built with partons

Parton distributions:  f;(x, Q?), i = quark (gq), antiquark (g), or gluon (g)

e also depend upon resolution scale %, via quantum evolution (DGLAP)

Collinear factorisation:

e hadronic cross-sections = PDFs ® partonic cross-sections
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Intrinsic p,

@ Intrinsic p: the transverse momentum of a parton from the hadron

@ “Non-perturbative but small and negligible” in the parton model: p; ~ A

e the basis of the collinear factorisation

. but this can change ! : quantum fluctuations & high density effects

o DGLAP and CSS evolutions (Collins, Soper, Sterman)

> particle production with net transverse momentum

> transverse-momentum dependent (TMD) distributions & factorisation
e high energy evolution, large nucleus, gluon saturation

> dipole picture, kpr—factorisation, hybride factorisation, CGC
@ The intrinsic p, enters many physical/technical arguments underlying the

modern-day parton picture: the parton model + its quantum evolution
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The lifetime of a fluctuation

@ Even if boosted, parton fluctuations do still have a finite lifetime
@ At: the lifetime of a quark-gluon fluctuation of a quark inside a hadron
@ Maximal transverse separation ~ gluon transverse wavelength \| ~ 1/p;

o if Ax; > A = quantum decoherence: the gluon can be emitted

T ) 2
(@’s?ﬁ’vm}mﬁ% Ax, ~ PL A S AL ~—
€<§666v ‘\‘/\L b})g} Y2 pbL
5 7
( § 2 2 2z P
P (1—a'P —p At ~ % - 2
P P

@ Yet another argument: the uncertainty principle: At =

2
AFE = )2+ p? 1—2)p.)2+p% —po~——PL
\/(a?p) +m+\/(( RLORAE St el

Midsummer School in QCD 2024 CGC & all that Edmond lancu 14 /42



Kinematics: Pseudo-rapidity

@ Consider a particle with 3-momentum p; take z as the collision axis

@ Detectors: transverse momentum p; & polar angle 6 (or pseudo-rapidity 7)

s
P = (Pz:py,pz) = (P1,P2)
p p, =pcosh, p; =psinb
pJ_ S
‘\ _ 1. p+tp. -
N n=—-In = —Intan -
\\¢ 2 pP—Dp:
0
\
> J — e ) =0 = n— oo: forward
Z
e 0=7 = n=0: central
Y e 0 >m = n— —oo: backward

@ Exercice (easy): demonstrate that

p=mycoshn, p.=m sinhn, with m, =/m?+p?
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Kinematics: Momentum rapidity

@ The momentum (or proper) rapidity y is also useful: boost-covariant

1. E+p, . /

@ y transforms via a shift under a Lorentz boost along = :

Y

1. 1+p
E —~(E+ Bp.), p.—7({p.+BE) = y%y+§ln1_ﬂ

@ y = 1) for massless (or ultrarelativistic) particles: E ~ p

e experimentally, it is more convenient to measure angles: 6, n

e conceptually, y turns out to be more useful: Ay = boost invariant
@ These lectures: particles will always be ultrarelativistic : y =17

@ Exercice: demonstrate that

E =p, coshy, p. = p1sinhy
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Kinematics: A hadron-hadron collision

@ pp or nucleon—nucleon (NN) pair from a pA or AA collision
@ z : longitudinal (or ‘beam’) axis; x;, = (x,y) : transverse plane

o Center-of-mass frame : P{' = (P,0,0,P), P} =(P,0,0,—P)

e high energy: particle masses are negligible: E = /P2 + M2 ~ P

e huge boost factor v = E/M ~ 1000 at the LHC: Lorentz contraction
@ Center-of-mass energy squared : s = (P + P)? = 2P| - P, = 4P?
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A partonic subcollision

@ To lowest order in perturbative QCD: a 2 — 2 subcollision
o eg. q(p1) +q(p2) — q(k1) + q(k2)
@ Initial partons assumed to be collinear with the incoming hadrons

plf:Tl(P*OaOP) pIQ’ZCCQ(P,O-O«_P)

do do
- dz1dzs f; 2) ¢, 2
d2klj_d2k2J_dy1dy2 %:/ T I2f’/1 (1‘1, H )f]/?(I% M ) d2klld2k2ldy1dy2
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Initial parton kinematics

@ The longitudinal fractions 21 and x5 of the incoming partons are fixed by
the kinematics of the final state, via energy-momentum conservation

kf = (E%kil_akiz)a 1=1,2
kii +ka =0
Ey+ E; = (xy +22)P

ki + ko, = (x1—22)P

Ei = kl COShni7 k,;z = kl sinhm

, k
Ty = —= (6711 +e"2)7 To = ML (e—m +e—r]2)

NG
@ Forward rapidities, 71, 172 = 1, probe large =1, but small x5

@ Vice versa for the backward rapidities
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Collinear factorization
A central (1~ 0] A

hackward (‘ \ k., r‘ | forward
(n<0) (n>0)

Koy, 10

do;

koJ_dThan lefl Ty, lej(va ) dkg

o 1i? : factorization scale (of order k% > AZp)

o ; 2 . .
@ Leading-order pQCD: ‘(11'22’ ~ i = favours particles with low &
1 1

@ The total cross-section (integrated over k, ) appears to be divergent
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Charged hadron multiplicity in AA collisions

@ pr spectrum of charged particles produced in Pb+Pb at midrapidities
and in different bins of centrality (arXiv:12082711, ALICE)

102 T — T —

ALICE, Pb-Pb, {Spy =2.76 TeV _|
charged particles, Ini<0.8
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The importance of small-z partons

@ Pb+Pb @ the LHC: pp spectrum at midrapidities (arXiv:12082711, ALICE)

e 99% of the total multiplicity lies at low momenta, below p; = 2 GeV

22

102 T
ALICE, Pb-Pb, |5, = 2.76 TeV _|
charged particles, j<0.8

chh
d?p dn

EN

TTRTeTT

n=0
102

L
[

T

g

Take py =1 GeVand n=0

N, 1@xp,) (EN,) / (cn dp.) (GeVic)®

10 ‘ B, u.,“‘:;
%”%?% o 2 ~5x 1072 at RHIC (y/s = 200 GeV)
1 %” o o x ~2x 107 at the LHC (/s =5 TeV)
g

LR I B B B Y
[ <

<

g

3

10° E " .
‘ ) M o Nuclei liberate thousands of partons with
©0-5% (x10'%)  ¥20-30% (x10'®) 450-60% (x10%) Vg
- .::‘;:m",), 03040%()(10:} 260-70% (x107) : sma|| r<1
410-20% (x10') 0140-50% (x10°) 770-80%
- - ppreference (scaled by <T,,>) B
T o Consistent with energy conservation

Py (GeVic)

@ Also consistent with parton distributions measured in DIS at HERA
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LHC: average p, and multiplicity

@ Multiplicity: divergent in collinear fact. ... but measured in the experiments
chh o /d2 chh
Sileh PL

dn d?podny

@ “Controlled by p; ~ Agep ~ 200 MeV" 77 Not true, according to the datal

_
0.60 4 /\E [ ® AA(0-5%)ALICE A pp NSD ALICE
o CMS 01ls L 810~ = AA(0-5 %) NA50 o pp NSD CMS
n UAI 0.142+0322F 4 r A AA(0-5%) BRAHMS  +* pp NSD CDF
0559 5 cpF W [ * AAOS%)PHENIX o ppNSD UAS o 015
© 8 O AA(0-5%)STAR * pp NSD UA1
= [V AA(6%PHOBOS x pp NSD STAR
J = L
- 0.50 = [
= I - B 6
> ] 5 L
o, 04 012840318 OIS = r
A T 4
£ 040 L
\% 2;
0.354 L
1 1
0.3001 i 1,0 \/?NN (GeV)

E[TeV]

@ Data suggests intrinsic p| which grows like a power of the energy
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LHC: average p, and multiplicity

@ Multiplicity: divergent in collinear fact. ... but measured in the experiments
chh o /d2 chh
- PL =
dn d?p_dn

@ Average p, in pp collisions: (p ) ~ E°!5 (McLerran, Praszalowicz, 2010)

—

0.60 - T [ ®AA0S5%)ALCE A pp "2[’ éLg:E

o CMS 0115 . 810~ W AA(0-5 %) NA50 O pp NSD CM:
» UAI 0.142+0322 & < | 4 AA(D5%)BRAHMS  pp NSD CDF
0.554 B [ * AA(0-5%) PHENIX 0 pp NSD UA5 o s%15
oS 8 O AA(5%)STAR * pp NSD UA1 ’
= [V AA(0-6%)PHOBOS

0.50 4 = C
—_ = |
N T 6—
% 0as - 3
o™ ©0.128+ 0318 0115 = b
A o 4
— ~ r
. 0.404 =
v L

2r
0.354 L
ol . HHW(\)Z . Huml’s L
1 1
0 1 10 Sy (GeV)

E[TeV]

@ Charged particle multiplicity in pp and AA: power law increase with s,
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Deep Inelastic Scattering @ HERA & the EIC
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Deep inelastic scattering

@ Electron-proton (ep) collisions mediated by a virtual photon (v*)

o
electron 4E_// q2 = (k_k/)Q :—QEE/(l—COS a) <0

1,9k 2 2 2
v s= (P = M*— 2P -
iq §=(P+q) Q" +2P-q

P . .
o 2 useful invariants:

X
proton

Q2
2P - q

@ These 2 invariants control the resolution(s) of the virtual photon:

e 7" couples to quarks with longitudinal momentum fraction z =

and with transverse momenta k? < Q?
@ A fine probe of the parton distribution functions (PDFs) in the proton

@ Electron-lon Collider (~ 2035): similar measurements of the nuclear PDFs
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Longitudinal resolution: small =

@ Work in a target infinite momentum frame: P* = (P,0,0, P)
@ Struck quark (roughly) collinear with the proton: pt = xP*

@ The quark is on shell both before and after absorbing the photon

PP=@p+q*=0

0=2p-q+¢*=22P -q—Q°

@ High DIS energy: 3 ~2P - ¢ > Q*> M? <= smallz <1
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Transverse resolution: Bjorken frame

@ One needs to more carefully specify the kinematics & and the frame
@ Parton intrinsic p, plays a role: p* = (P, p,,xP)

@ A target infinite momentum frame P* = (P,0,0, P) ... but which one ?

Bjorken frame: the photon carries “only” transverse momentum q

" =(q0~0,q1,¢. =0), Q?*=~qg}

@ The photon is absorbed over a transverse distance Az | ~ 1/Q

The quark transverse size A\| ~ 1/p; must be larger

1 1
ACEJ_N*SJ)\J_Ni

Q L

e * couples to quarks having

P S Q°
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Transverse resolution: Breit frame

@ Parton intrinsic p, plays a role: p* = (P, p,,xP)

@ Breit frame: the photon carries only longitudinal momentum ¢,

Q* Q? Q
" =(0,0,0,¢. = —Q), x= = = gP=Z
7" =1(0,0,0,q Q), = 5p g 2rq ~ P73
@ The photon is absorbed over a time At.q ~ 1/Q
@ The lifetime At, of the quark fluctuation must be larger
2x P 1
Aty ~ o > Atn ~ =
[ P Q
P . e ~* couples to quarks having
p.=-Q/2 / , ,
pL S @
@ After collision, the struck quark propagates in the photon direction:

Q Q
plz:pz‘i’(h:?*Q:*;
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Parton distributions

@ DIS allows us to measure the parton distributions: f;(x,Q?), i = q,q,9

@ The number of partons with longitudinal momentum fraction 2 and any
transverse momentum p; < @:

Q AN zq(z, Q%) for i=q,
i ” 2 = d2 72 =
zfi(x, Q) / pL xddePL :rG(a:,Qz) for i=g.

@ The cross-section for virtual photon absorption by the proton:

2
477 e

QZ

Z et [zq(z,Q%) + 2qy (z, Q%)

f=u,d,s...

Uv*p(vaQ) =

Fa(z,Q%)
@ Valid to leading order in 1/Q? for @2 > A? (“leading twist”)
@ Gluons are indirectly measured, via their effect on quark distribution
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Parton evolution in QCD

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

@ Perturbative QCD applicable for sufficiently large Q2 > A?

@ Higher-order corrections, but enhanced by large kinematical logarithms

r
q Ly
e transverse logarithms: DGLAP q;:
2 EQQQQOQQQQQQQQQOQ_QQ/
Q g
powers of azIn —— £000000000000000000
A2 %
o small-z: BFKL — BK/JIMWLK 900009990000000000.

1
powers of g In —
x
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Parton distributions at HERA

@ Fits to Fy(x,Q?) using the DGLAP evolution

10 10? 10? 10" 1

H1 and ZEUS /]/1/7 Y
o= LA
Ry e q mé:
1 EMQQQ_OQ_QQQQQQDQQQ»
>
20000000000000000
W gommmmmwb
—— HERAPDF1.0 EQQQQQOQO_QQQO.QQQQQQ/
102 - exp. uncert. 1
£
[ model uncert. P,
] varametrization uncert. i
10° L L L AN \ Vi
X

@ For x < 0.01 the hadron wavefunction contains mostly gluons !

o the virtual photon is absorbed by a sea quark (¢ — ¢q)
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Parton distributions at HERA

@ Fits to Fy(x,Q?) using the DGLAP evolution

H1 and ZEUS T v
« “,
B }g Qz e q L/)?
1 000000000000000000
e
000000000000000000
10" .
10000000000000000
—— HERAPDFL0 g >
10 Bl o uncert. ‘ >
] model uncert. ‘ P .,
[ parametrization uncert. 4‘4
\ —
10_3 L L L v 1
10 10° 10*? 10" 1 v
X

@ Gluon distribution measured at HERA rises roughly like a power of 1/x:

1
2G(2, Q%) ox —  with A~ 0.20+0.25
x
@ Can one understand this rise from (perturbative) QCD ?
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Bremsstrahlung

@ A quark (e.g. a valence quark from the proton) emits a gluon with

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

pmpL=0 (I—-x)p.. =k,
as dk?
2 k2 Y
1+ (1—x)?
k.=ap.k Py (x) = CF%

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

kR . 2
e B2

J Par | Q?

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

1
1
—dx =In— =Y,

Zo X o
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Bremsstrahlung

@ A quark (e.g. a valence quark from the proton) emits a gluon with

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

pupL =0 (1—2)p.. —k,
- s dik?
dP~ o kf{ 4—g(7)dz
1+ (1—2)?
ke =ap. k. Pyg(x) = CFf

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

/Q2 dki = an—Q
A K2 A2

@ Emissions of soft quarks are not enhanced: £ =1 -2z < 1

14¢2
1-¢

Pysq(§) = Pyosglz =1-§) =Cp
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Gluon splitting

(I1—a)p.. —k,
N ay dk?
dp~ = —L P, (v)dz
21 ki 979
1—z(1-x))?
P = 2N,
e. = ap., ki 99 () z(1—x)

@ Logarithmic singularities for both x — 0 and x — 1

e symmetry: x <> 1 —x = choose x < 1 and multiply by 2

p=p; =0 Pz Ko
%z 4P ~ asN, dki dic
ST Toor kf_ x
r<< 1, k|

@ Soft gluons can act as sources for even softer ones: high-energy evolution
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Gluon distribution at small z

ngluon

Q
G (z,Q?) :/ d2k”dxd2kl

@ To leading order in «y: single (soft) gluon emission by a quark

=0 (1—2)p.. —
P (- AN{hon @ Cr 1 1

% ded?k, 7 K2

J = apo K, e “unintegrated gluon distribution”

e number of gluons with fixed values for both the longitudinal
momentum (xP) and the transverse momentum (k)
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Gluon distribution at small z

asCF/deki o asCFl Q2
A

™

xG(O)(x,Qg) =

n
2 2
> k9 s A

@ To leading order in as: single (soft) gluon emission by a quark

pp. =0 —a)p,, —k (0)
(I=2)p.. —ki ngluon _ a,Cp 11
%%%mmm dzd?k T oz ki
[ e “unintegrated gluon distribution”

e number of gluons with fixed values for both the longitudinal
momentum (zP) and the transverse momentum (k)

@ The leading-order gluon distribution zG(®) (z, Q?):

e the first ‘transverse’ logarithm of the DGLAP evolution
e independent of z
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BFKL evolution

@ The z-dependence enters via the quantum evolution

@ Two successive gluon emissions, strongly ordered in z

o the “price” of the additional gluon

29900900, 1< dg, 1
as/
xT

0
000900, r & m

@ Y =In(1/x): rapidity difference between parent quark and final gluon

@ When oY ~ O(1) = need for resummation: arbitrary many emissions

% e a n—gluon cascade:
%, 2 1 as N,

. o<1
o 1@, a= 2

90000,y < oy

@ sum over n = an exponential:

G (x, QZ) x eV
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Coherence in the parton cascades

@ The parton cascades in pQCD feature quantum coherence

e partons overlap in time and possibly also in space

@ Successive parton emissions are strongly ordered in lifetimes

e 20, P

2
knl

00 0000cn & 3
“R0000¢g, w1 < Lk A L~
@‘ 2090000 1y < 21, ka1

e,
%Q‘QUJ*’ Atn < Atnfl
XQQALQ,Q/ Tk

@ BFKL cascades: z,, < x,,_1, but no ordering in k.
@ DGLAP cascades: k2| > k(Q'u,—l)L’ but no strong ordering in x

@ Yet, the physical consequences are very different in the two cases !
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Overlapping gluons

@ A gluon w/ transverse momentum k, and longitudinal momentum k. = xP
e occupies a transverse area Az ~ 1/k?

e and has a longitudinal extent Az ~ 1/(xP)

1/.L1P

R/y

@ DGLAP evolution maintains a dilute system of partons
o rapid decrease in their transverse sizes = no possible overlap
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Overlapping gluons

@ A gluon w/ transverse momentum k, and longitudinal momentum k. = 2P
e occupies a transverse area Az? ~ 1/k?

e and has a longitudinal extent Az ~ 1/(xP)

laD, 1)z P

R/ /2P

@ BFKL evolution leads to an increasing density
e gluons which overlap can interact
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Gluon occupancy

@ Gluons mutual interactions are measured by their occupation number

(27)3 dNgluon
2(]\702 ) dIkoldQ:BL

n(z, k@)=

e the unintegrated gluon distribution per unit transverse area

Y=In1/x]
Saturation

e a simple estimate @ na’m=Ary
n(z,Q?) ~ 1 2G(z,Q%)

’ N Q2 7TR2 @ Dilute system

e HERA data suggest [ e

1 @ DGLAF1

n(z,Q*) ~ ”fW|th)\~02

In Q2
@ When n = 1, gluons overlap, but their interactions are still suppressed by

@ Interactions become of O(1) when n ~ 1/ay
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Non-linear evolution towards saturation

© When n < 1/ay, interactions are weak = linear evolution

%W@ @ BFKL: Y =1In(1/2)
%&w# on
%E?w&/ W =wasn = nx ewasY

"ﬁ(z)N\IJ:
e & @ Rapid gluon multiplication: ¢ — gg
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Non-linear evolution towards saturation

@ When n < 1/ay, interactions are weak = linear evolution

=p | ©
r /} \7%/% \k%

@ Non-linear evolution: BK-JIMWLK

el Q0g O 0n00
b g4 0 @\Of eann
%% tﬁw&,w,a . on
Cpp ° 2 2
L0000, - = —
- 100000, = wogn a.n
© oY s

. @ @ Non-linear term taming the growth

©® When n ~ 1/as: non-linear effects like gluon recombination gg — ¢
@ A functional equation <= an infinite hierarchy for multi-gluon correlations
(Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, and Kovner, 97-00)
e mean field approximation = a closed equation: Balitsky-Kovchegov
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Non-linear evolution towards saturation

@ When n < 1/, interactions are weak = linear evolution

Y =1In1/x

Dilute system

@sgtu’amﬂm?m:w @ Non-linear evolution: BK-JIMWLK
on
2, 2
—_— = WA — o n
aY S S

: @ Saturation fixed point:
JIMWLK

L 0 1
@ DGLAP 37;' ~ 0 when n ~ OTS
In/\gw

In Q?

@ Saturation momentum: n(z, Q%) ~ 1/a, when Q? = Q?(x)

2 ~ CCG(.%‘7Q§> 1 H ~ .
QS(CC) >~ asﬁiRQ ~ _/L'As with )\s ~0.2+0.3

@ Saturation exponent \; ~ 0.2: confirmed by NLO studies of BK equation
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Saturation momentum

@ For a large nucleus (A > 1): additional enhancement ~ A'/?

2Ga(x,Q7) AV

2 ~
Qs('TaA)— Qs WR,24 .1’/\5

Y =1In1/x

Saturation
In Q% (Y)= heY

Sheratigetisy)
o
e

@ Dilute system
JIMWLK

Color Glass Condensate gl
(® @) DGLAP
1\
: | =y
: -
In Afep ‘ -

InQ?

o x~ 1073 (EIC): Q% ~ 2 GeV? for Pb or Au
o 2~ 1075 (LHC): Q% ~ 10 GeV? for Pb and ~ 1 GeV? for a proton
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Saturation momentum

@ For a large nucleus (A > 1): additional enhancement ~ A'/?

Ga(r,Q?) Al/3
2z, A) ~ a: L EAYN
Qs('Tv ) Qs 7TR2 s

Y =In1/x
Saturation

In Q2 (Y)= heY

Dilute system

Q2 (GeV?)

JIMWLK )
Color Glass Condensate

[® @) DGLAP 2
e |~ Confinement Regime 8
K 104 100

InQ? 05 107
A 10 X

2
In Adeo

@ Q. (x, A) : typical transverse momentum for the gluons with a given z < 1

@ One can (at least, marginally) study gluon saturation in pQCD
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Geometric scaling at HERA

@ DIS cross-section o(x, Q%) is a priori a function of 2 variables

@ At small z, proton structure involves one intrinsic scale Q4(z)

= physics should depend upon the ratio Q%/Q?(x) : geometric scaling

Q*GeV?)

© HERA

4 fixed target

10 10 107

O™ [ub]
s

ZEUS BPT 97
ZEUS BPC 95

Hi low Q*95

ZEUS+H] high Q* 94-95
E665

x<0.01

all Q*

<obxn
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Geometric scaling at HERA

@ DIS cross-section o(z, Q%) is a priori a function of 2 variables

@ DIS cross—section at HERA (Stasto, Golec-Biernat, Kwieciriski, 2000)
o(r,Q%) vs. 7= Q*/Q%(x) x Q%2 £ <0.01, Q2 <450 GeV?

2

Ot [1b]

103

ZEUS BPT 97
ZEUS BPC 95

Hilow Q*95

1B ZEUS+H1 high Q* 94-95
E665

x<0.01 ‘%3

all Q*

<ob D

10? w0’ 0! 1 10 0’ 10’
X

@ Left: data in (z,Q?) plane. Right: cross-section as a function of 7
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Geometric scaling at HERA

@ DIS cross-section o(x, Q%) is a priori a function of 2 variables

= =,
j: é 10
£ B
S il v HI+ZEUS i <
o BCDMS
o NMC ¢ boge
A E665 )
° EMC 107 E|
0L o SLAC 4
1k i
0 4
' E ZEUS BPT 97 o
001 ZEUS BPC 95 *
1Q? ?' Hl low Q95 A %
b % M 1E ZEUS+HI high Q° 94-95 ° E|
. i 1 it E665 v "~
e *ﬁ * 3 x<0.01 %‘}
1 r ﬁ all Q@
10 L L L L L 10 L L L L L
0! 1 10 10° 10 10 10° 0? 10 |I)>‘ 1 10 10 |03
T T

@ No scaling for the HERA data corresponding to larger values = > 0.01
@ Theory (CGC): E.I, Itakura, McLerran, '02; Mueller, Triantafyllopoulos, '02
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Multiplicity : pp, pA, AA

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

@ Saturated gluons which are released by the collision and hadronise

— e
[ PP (pp) NSD  Central AA i so_15 ]

AN ) ) 5[ & ALIcE ALIGE W
a QDX e -
o~ m ]

T4l o uas NA50 | ]

[ xuat BRAHMS ]

> which value for 2 7 < - x STAR PHENIX b
= 31 pp (pP) INEL STAR o o7

k, S [ R PHOBOS *<Sw ]
r~— & k; ~Q; T [ e uss A//""":
Vs = 2 v PHOBOS , I % 5+ —

) S [ =oaLcE 4 % },&{*ﬁ“ s’ ]

Ag r i & T ]

2(2) o —— ~ sTFA R P o PPOALICE |

xThs T ¥ dAuPHOBOS ]

I ]

o m pAu NA35 B

A~ 02503 0 S Y Y

102 10
(5 (GeV)
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@ Qualitatively consistent with the data
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