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Outline of lectures

Q Lecture |: General introduction, the D1S
paradigm, QCD evolution, saturation.

Q Lecture Il: The ¥MF wave function, the MV
model.

o Lecture lll: Quantum evolution in the CGC,
Wilson RG, anafytic and numerical solutions.

0 Lecture IV: D1S and hadronic scattering

at high energies; Cl—l;zavy Jon collisions at RHIC.



Recent Reviews on the CGC:

L. McLerran, hep-ph/0311028

E. Iancu & R. Venugopalan, hep-ph/0303204

A. H. Mueller, hep-ph/9911289




Outstanding phenomenological issues
in QCD at high energies (I)

e Perturbative QCD s very successfuf-ﬁut- describes

, 1
on(y a small part @( the cross-section: oRutherford X ——

Q'E

e Lattice Qgi@-ﬁ’rst Jam’ncg’p[’es a}ojaroacﬁ-comjoutes static
quantities we[(-e.fpecia([y diﬁ(icuﬁ“ to apjofy at ﬁigﬁ enerygies
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cross-sections in QCD




Outstanding phenomenological issues
In QCD at high energies (ll)

e Can one compute the behavior cf hadronic cross-sections
and mu[t@’p['icities at ﬁigﬁ energies? ‘Are tﬁey intrinsica[(y

non-]oerturﬁative?

e Are hadronic cross-sections universal at ﬁigﬁ energies? Do

the strong interactions have a ﬁxeof ]ooim“ at ﬁigﬁ energies?

e Can one compute the initial conditions for the formcm’on

cf a cluarﬁ g[uon Jofasma? What are its }orc)]aerties?




Total Cross-sections
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ol map of the strong Interactions
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Parton Density

Current and future colliders

0
eRHIC
HERA
RHIC O
[ SLAC DIS ]

distance R ~ 1,/()



e € /L-’ Kinematics:
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= |n the leading logarithmic approximation (or DIS

scheme)

FQ(;I.’-'._. QEJ = Z fi’-?j; (J:'f}'(*'x: QE) + J:‘?(*r: QE))
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Parton model:
Impulse approximation X_FP
(.:I:Fj_t;l + q)ﬁ — .m,i ~ 0 —2xpp-q= _qz

rp; = Fraction @C hadron momentum carried By a parton...
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In the parton model, F»(xpj, Q%) — F2(zg;)

CBjorﬁen sca(ing - the tﬁeory is scale invariant

Parton model # QC
D

QCD has scafing violations which are on[y (ogaritﬁmic

in the CBjorﬁen [imit:

TDQE'D, for

3
5 (J* .
Q7 — 00} 8 — 00 IR; ~ = fixred
) e

Q% >> Aep(Aqep =~ 200MeV)

the OPE enables F_2 to be exyressec( in terms @[ local operators

The Renormalization Group describes evolution cf moments cf

operators with cﬁange @[ scale 1



Parton ‘Model
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xg(x,Q”)

12.5

HI+ZEUS
H1 NLO-QCD Fit 2000

:cg:a"‘:cII H(1-x) *(L+dvxdex)

Q*=20 GeV*

FFN heavy-quark scheme

Q2=2D[I GeV? total uncert.
Bl exp. uncert.

ZEUS NLO-QCD Fit
(Prel.) 2001
xg=at" (1)

RT-VFN heavy-quark scheme

exp. uncert.

From the QCD
evolution Equations
(DGLAP egns.)
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QCD evolution equations at small x

a) The DGLAP equation (Dokshitzer'—Gr'ibov—Lipatov—Altar'elli—Par'isi)

le x_Bj << 1, g[uon 6remsstmﬁ[ung is dominant in QCD evolution:
P-g9>1-q99> P-4

Qr2

Large Logs from Bremsstrahlung

; Ir d*k . |
o (e / (r d- K| : {Ig’ lllr”(l/.’f) IHH(QE)

T2
T hl

For (,)2 > > iﬁiafgu and X~1, resum g lll((y)g}
At small x, sum double logs
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increasing

QZ

But.. the phase space density decreases
-the proton becomes more dilute .
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F_L is a positive definite quantity-result hints at problem
with leading twist NLO pQCD at low x and moderat¢()-
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Thus far, our discussion has focused
on the Bjorken 1limit in QCD:

Q2

S

— fixed

Q% — 00 s — 00 ; TRj ~

ﬂsymytotic freecﬁ)m, Factorization Theorems, macﬁinery cf
precision Jgﬁysics QO

Other interesting limit-i1s the Regge
ErmisE ofie O Ehk:

rp; — 0; 5 — 00; Q%(>> AE}(‘:‘D) — fixed

?ﬁysics qf strong ﬁe[c[s in QCD, mu[ti-yarticfe Jorocfuction-
]90551?6[}/ discover novel universal Jorqperties of tﬁem’y in this [imit
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QCD evolution equations at small x

b) The BFKL equation (Balitsky—Fadin—Kur'aev—Lipatov)

Q"2

Evolution in x, not Q7
Re-sums agIn(1/x)

# (Z}C g[uons gTOWS evert movre TCLJ%C[@

1
G (z,Q%) x —; A~ 0.5
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Low Energy -Large x

Gluon

Density
Grows

High Energy —Small x

Phase space c[ensity grows m}oicffy-CBTCKL evolution breaks

C{'OWTL wﬁen]aﬁase .?PCLCQ C{éHSifny 1

1

Gluon density saturates at f=—
(XS

21



Gluon recombination-higher twist effects
QE' L , ]

J Gribov, Levin,
Ryskin

Mueller, Qiu
Blaizot, Mueller

Recombination effects compete with
DGLAP Bremsstrahlung effects when

aszG(x, Q%) ~ R*Q?
Saturation of the gluon density for @ = Qs(x)
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Novel regime of QCD evolution at high energies

Non-linear «—— /—— Linear
Parton Gas
BFKL
L DGLAP
> 2
2 2
InA Ink? InQ

The Color Glass Condensate
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Golec-Biernat & Wusthoff’'s model

o f — /ff ry /rf,f,,|¢ o (r, 2, Q* | Tgap (T, )
Ur,r-.r”,i- ?' — Ull 1'1};’[ {)2( :Ij:']

with the saturation scale Q_s defined as (), (2)? = Qﬁ (,r “)

T
> Fit to HERA data for = < 0.01 and Q* < 20 GeV”

(see also Bartels, Golec-Biernat,Kowalski)
Qn=1GeV: A=03:2,=3-10"7; o =23mb

» Also good fit to HERA diffractive data

Golec-Biernat-Wusthoff; Kowalski-Teaney: Mueller,Stasto,Munier; 24
Gonsalves, Machado



(Golec-Biernat Kwiecinski,Stasto)
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