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i Outline of 4 lectures

®  Lecture | : General Introduction, QCD at
high energies.

®  Lecture ll: QCD at high energies-continued.



Outline of lecture | |

% Quick review of key points in lecture |

<+ Light Cone preliminaries

“* The Color Glass Condensate - an effective theory
of wee parton dynamics at high energies



Hadron structure in the Regge limit of QCD:

g — 058 — 00; 0 (>> A%QCD) = fixed

Physics of strong fields in QCD,
multi-particle production-
novel universal properties of theory in this limit ?




Resolving the hadron

-BFKL evolution
Low Energy _ Large X

Gluon
Density
Grows

High Energy - omall x

Gluon density saturates at f= S



Mechanism for parton saturation:

Competition between “attractive” bremsstrahlung
and “repulsive” recombination effects.

Maximal phase space density =>

1 r Gz, Q%) 1

2(N? — 1) 7wR?Q? as(Q?)

Saturated for

Q = Qs(x) > > AQCD ~ (0.2 GeV




\/

< Higher twists ( power suppressed-in QQ)
contribute equally when:

Q° ~ Q:(x) >> Ajep

< Leading twist “shadowing’ of these
contributions can extend up to at small x.

Q° >> Q7 (x)

Need a new organizing principle-
beyond the OPE- at small x.



Geometrical scaling at HERA

(Golec-Biernat,Kwiecinski,Stasto)
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Novel regime of QCD evolution at high energies

Ln (1/x)
“Higher twists” /
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Light cone preliminaries



The QCD vacuum is very complicated:

Instantons, Monopoles, Skyrmions, ...

Hadrons - bags or flux tubes or solitons:

Complex phenomena - Chiral symmetry breaking,

Confinement,...




J Given this, how does one describe the structure of
hadrons in high energy scattering?

J How does one construct a Lorentz invariant wave fn
for a hadron?

Partial answer: formulate the theory on the light cone



Life on the light cone

RV, nucl-th/9808023

Quantize theory on light like surface: 1" = ()

Quantum field theories quantized on light like
surfaces have remarkable properties Dirac



Light cone algebra

Co-ordinates: z'u = (gljo, :1317332, $3) = (t,f)

L) D) . (@A)




FA L
For spinors, define projection operators: ai — ! ;
Project out two component spinors: ?ﬁ—- — Oé:w
[ s [ 1) 0
P2 0 ¥
— p— ; _ =
Y3 Y+ 0 g Y3

\ Y4 \¢4/

14 and A_{x,y} : dynamical “good” fields
- express physical content of the theory




Light cone quantization:

d3k ik-x —ikx
7 ¢+:/ I Z by (ko) + e dl (k2]

3
( ) s=+1/2

{bs(k;:ﬁ),bi,(k’;x*)} . {ds(k;ﬁ),di,(k’;az*)} — (2138 (k — k)0

Z Oni [eik'xa‘;\(/{; x) + c.c]

A=1,2

0\ d3k
Aile) = / \/2]‘67‘}'(27'(')3

a5 (k2,0 | = (2000 (6 — K)o



Light cone QCD Hamiltonian in light cone gauge: A+ — ()

N d3k (k% + M?)
Py bose :/ (27)3 ; oL+ ay CLA



» The QCD vacuum is trivial” in light cone
quantization. It is an eigenstate of both

Physical states therefore expressed in terms of Fock
states of bare quanta => PARTON MODEL



Weinberg, 1966
Susskind, 1968

Q.F.T on the light cone

ydaowos

=.
vV 3

Two dimensional quantum mechanics

Light cone dispersion relation:

e _ (P24 M)

/ B 21>+\

Energy

Momenta

Mass

Light cone pert. theory = Rayleigh-Schrodinger pert. theory



Example: electron scattering off an external potential

Bjorken,Kogut,Soper, 1971

« 1

classical

‘6;}1}’5-> — 01 ‘egare> T (2 ‘6_7*> + a3 ‘6_7*€+6_> + ..



Scattering of physical state is complex at high
energies - many interacting quanta.

Mutual interactions of the quanta (“partons™) is
simple - slowed by time dilation.

Scattering of the partons off the potential is simple-
they acquire a phase - eikonal scattering

QFT basis of Bj scaling



Now armed with light cone tools, return to

- hadron structure at high energies



The Hadron at high energies: Il

V _ 1/\\ /
alence partons 4+
- > P — o0
—

S

“wee” parton cloud

In infinite momentum frame (IMF) ,

h >= |qqq > +lqqqg > +---1q99999 - - - 939 >

N

Construct “effective” theory of wee parton modes

r =k /PT



Born-Oppenheimer: separation of large x and small x modes

H1 PDF 2000

os F s ZEUS-S PDF

| Valence modes-
are static sources
for wee modes

Dynamical
wee modes

1 2 kT 2 x Pt
Twee ™~ 7 — —
k= k2 K2

2P
Tvalence = 75 >> Twee fOTr x << 1
L

Valence partons are static over wee parton life times



Random sources

1 1 color charges
)\ ~ — at large x
Rm A 000\‘ :.o.o. 0 ® %" ';.o
. p . %o 0 o 00 %, %5
>> Avalence — scsee M e s 00 Yoo

Ymax Y

Gaussian random sources

small x gluon



Consider large nucleus in the IMF frame: P+ — OO

boost to high energy -

|
Z

S s

LA2 << 1 fm”2

One large component of the current-others suppressed
by 1

Wee partons “see” a large density of valence color charges
at small transverse resolutions.



The effective action McLerran, RV

Generating functional: Scale separating sources and fields

/

'[.A [(1 Al §(AT) e zs"[,--x,,,]_f A
J : [dr"l] S(A+) eiS[Ap]

2(j) = [l Wi [0

Gauge invariant weight functional for distribution of sources

[A, p] = — / x F[j, Y / d*z  dx=6(x~ )T (p(.;r_) U_ o ~ [1_])
(' . *
Dynamlcal wee fields Coupling of wee fields to classical
sources

where U _ . .. [A | = Pexp (z'y / (1.1-+...-1—-”'1'“)



In Iarge A limit of QCD: McLerran, RV; Kovchegov;

Jeon, RV
“pt 1 aoc @ nb ¢
‘/VA+=GXP<—/(12:EL |:P,02 _ ¢ b,PPP})
2/‘,4 KR A
2
2 g°A 1/3 g3 A?N,

Effective action describes a weakly coupled
albeit non-perturbative system



classical color field of a nucleus at high energies

Yang-Mills equations

(DuF*)* = J"" = 6" 6(a”) p* (1)

Solutions are non-Abelian
Weizsacker-Williams fields

o
i - S
\\ A -—

o i (pure gauge)




Random Electric & Magnetic fields
in the plane of the fast moving nucleus




Hadron at high energies is a Color Glass Condensate

>
Aacp Qu(x) Qu(x) ki
v Gluons are colored

v Random sources evolving on time scales much larger
than natural time scales-very similar to spin glasses

v" Bosons with large occupation ~ —form a condensate
@S

v Typical momentum of gluonsis (),
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Quantum evolution of classical theory: Wilsonian RG

Fields Sources

0

Integrate out
Small fluctuations => Increase color charge of sources

Wilsonian RG equations describe evolution of all
N-point correlation functions with energy

JIMWLK Jalilian-marian, lancu, McLerran,Weigert, Leonidov,Kovner



The hadron at high energies - |l

Mean field solution of JIMWLK = B-K equation

Balitsky-Kovchegov

DIS:
—)
\/I
Fast hadron fast partons  (pP)
- small-x gluor (AlpD
Dipole < -
—
Dipole amplitude N satisfies///' BFKL kernel

Oln(1/x) = K* [NV - N]



How does @ s behave as function of Y?

Fixed coupling LO BFKL: Q2% = Qae®*="

LO BFKL+ running coupling: Qz _ A(QQCDe\/Qb()c(Y+Y0)
Re-summed NLO BFKL + CGC:

The Logarithmic Derivative of Qs®

1 .
ALL with running coupling
cirele 1 L BFEL wWith Yo=0
datted 1 L BFEL
) 2 0.8 ':"_:I dazhed 1 L BFEL + boundary
d ]_Il . L gray 1 L BG BFEL + boundary
A —_— S ".,.ﬂ_ black 1 HL RG BFEL + boundary
— L] {'ﬂ‘
{:-E .i'- “a =
dy — °of el oo,
ll-_.- Y -
T :'::?+:au"'f’ R
l:} 4 __-_-:-'_ ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ ??:?EE?EE?E*?E"E‘
Triantafyllopolous 0.2 —
5 10 15 20 25
Very close to

HERA result! Y



Remarkable correspondence of high energy QCD
With Stat. Mech. :

Munier-Peschanski

B-K same universality class as FKPP equation

FKPP = Fisher-Kolmogorov-Petrovsky-Piscunov

FKPP-describes unstable travelling wave fronts -

B-K correspond to spin glass phase of FKPP

A
u(x,t)




(% —3-1500)H

arbitrary cngn

S0

In

AR 485 450 30

Fluctuations in high energy QCD described by
stochastic FKPP Eq. lancu, Itakura, Munier



Melting Colored Glass in Heavy lon Collisions
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