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Quantum ChromoDynamics (QCD)

Structure within

~ Neutron
and

~ Proton

Size ~ 10715

e protons and neutrons in this picture were 10 cm across,
n the quarks and electrons would be less than 0.1 mm in
ire atom would be about 10 km across.

strong force confining quarks inside a proton
(and keeping protons inside a nucleus)






Quantum ChromoDynamics (QCD)

theory of interactions between quarks and gluons SU (N c)
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Perturbative QCD
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pQCD in pp Collisions

collinear factorization: separation of soft (long distance) and hard (short distance)

fragmentation
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Deep Inelastic Scattering (DIS)
probing hadron structure

Kinematic Invariants

ek, Q2 = —qz = _(ku —k;.,)z Measure of

9’ resolution
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QCD
(structure functions)



what is inside a hadron: parton model

2
Bjorl@ﬂ:7 S 5 oo but xB; = E%Dzed (scaling limit)

structure functions q

depend only on x;; /\
P +q

Feynman:

parton constituents of

proton are “free” on time scale
1/Q << 1/A (interaction

time scale between partons)

XB j fraction of hadron momentum carried by a parton = X



general structure of the QCD corrections [O(a,)]

using small quark/gluon mass as a regulator:
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DGLAP “evolution” equation
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U Collider experiment: Electron-Proton collisions at HERA (DESY, Hamburg, Germany)
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detector Equivalent to fixed farget of ~ perticle target

E, = 50600 GeV:
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Experiments i

Circumference: 6.3km




A DIS event
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Deep Inelastic Scattering

QCD: scaling violations
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early experiments (SLAC,...):
scale invariance of hadron structure
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What drives the growth of parton distributions?

Splitting functions at leading order O( ") (z #1)
1 + 2

Pig (@) = Cp——

P@) = - la? ’

Py(z) = C

R{;;:][;t‘} = 204 . I (1l —x)

11— |
At small x, only P and P__ are relevant.

=]

og

= Gluon dominant at small x!

> The double log approximation (DLA) of
Ll DGLAP is easily solved.
> -- increase of gluon distribution at small x

xg(x, Q2) ~ oV as (logl/x) (logQ?)




energy ~ 1/x

as xG(x,Q?)

Q2 J)
saturation scale
Qg(X’ bt,A) -~ A1/3 (1)0.3

X

~ 1

collinear factorization breaks down at small x

“attractive” bremsstrahlung vs. “repulsive” recombination

= FEEE

S — o0, Q? fixed =
2

includedin pQCD not included in pQCD



Low x QCD:

many-body dynamics of universal gluonic matter (CGC)

. a®®
See, .
- = .\_':-;'.'.' How does this happen ?
<% 1 How do correlation functions of
L : L
B riq oo these evolve ?
-__-.. “.' I " *,
Are there scaling laws ?
":"'15_". o [ ] a l- .
:.:' e o o Can CGC explain aspects of HIC ?
. Initial conditions for hydro?
1 Thermalization ?

In Q° number of partons Long range rapidity correlations ?
Azimuthal angular correlations ?
Nuclear modification factor ?



a very large nucleus at high energy: MV model

X

~ ~ 100 RHIC
~ ~ 2500 LHC

sheet of color charge moving
along x* and sitting at x - =0

| Ji(x) = 6"t 6(x7) palxy) |

color current color charge
Af(x7,x¢) = 0(x7) ai (x¢)

with &L Oé,? = gpa




a very large nucleus at high energy: MV model

-
< 3

SN
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X+
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r =1

9.D. Jackson
‘ Classical Electrodynamics ‘
| -
Y Y
at rest
boost factor 3
=
Electric field of a

point charge at high energy

random color Electric & Magnetic fields 4 N
in the plane of the fast moving nucleus E ~6(x7) ag (24)



high energy nucleus-nucleus collisions:
colliding sheets of Color Glass Condensates
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Kl/\ \f/\

/ /|
AR Al
/ /

4> K /
before the collision:
AT = A =0
Ay = 0(@7)0(-2")
Ay = 0(—27)0(z")as
A = AL+ AL

after the collision:
solve for A p

in the forward L.C



GLASMA:

gluon fields produced after collision of two sheets of color glass

early on glasma fields (E and B) are
longitudinal

[(gw)/g’]

classical solutions are boost invariant

transverse size of
the flux tubesis 1

Qs
1 dN 03
Ay dp g F
1 dE, 0.25

A, dn g> °



~ Freeze-out
(System falls apart)

-~ Hadronic Gas

~ Thermalization Region
(Quark-Gluon Plasma)

Initial conditions

nucleus #1

ucleus #2




eliminate/minimize medium effects
dilute-dense collisions (proton-nucleus)

Eikonal approximation 55 s
Ji = 0" pg

D,J* = D_J =0

o_J- = 0 (in A" = 0 gauge)

does not depend on x”

solution to
classical A~ (Qj—l_, ajt) =n_ S, (QZ+, Zl?t)

EOM: ¢

n = (ntT=0n" =1,n, =0)
with 0 L 5

n® = 2n'n —nq =0

scattering of a quark from background color field A; ( xT : gjt)
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1-loop correction: energy dependence

basic ingredient: soft radiation vertex (LC gauge) P e q

_ a a EN) ky
gu(q) t" vuu(p) €(y (k) — 29t ( ;{2 %5%\
t
coordinate space: K0
/ d2kt2 gtk (w=2)9 ¢ qa 6(/\)2' ki _ 219 pa €V (24 _;t) X,, Z, are transverse
(2m) ki 2m (2 — 2¢) coordinates of the quark
and gluon
virtual corrections:

Tt
:WI + 3 I + = TrV() Vi) adipole

real corrections:

(21 — 2¢) - (Y — 2t) the Slmatnx

(2 — 2¢)? (yt — 2t)* S(@t,yt) = ETT V(x) VT(?Jt)

(Tt — 21)?



1-loop correction: BK eq.

at large N,
3®3=8®1~8 0w ~

T=1-S
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2 pA = A1/3 doPP
T 1 QS 2 2 detdy
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QCD kinematic phase space

ENERGY

27

pQCD (DGLAP)

ﬁ

—> Dt

unifying saturation with large x/high p, physics ?

jet physics
partially/fully coherent energy loss
interactions of UHE neutrinos, ...
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