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Quantum ChromoDynamics (QCD)

Structure within

~ Neutron
and

~ Proton

Size =105y

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

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



Deep Inelastic Scattering (DIS)
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U Collider experiment: Electron-Proton collisions at HERA (DESY, Hamburg, Germany)
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A DIS event
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Deep Inelastic Scattering (DIS)
probing hadron structure

Kinematic Invariants
ek, Q2 = _q2 =-(k, _k;)z Measure of
8’ resolution
e(k,) Q2 =4 E, E; sin2 (_e)_ power
' ' Measure of
Y= Pq =]- ﬂcosz 9_3\_ inelasticity
pk  E, 2)
) ) Measure of
> Xp,) x=ao—=E fract
P(p,) 2pq sy
n struck quark
s = (p+k)°

QCD

(structure functions)



Deep Inelastic Scattering

first analysis of DIS does not require any knowledge about QCD

electroweak theory tells us how
the virtual vector boson couples:

(let's assume only photon exchange) {ii
402 d3k' 1
do = ——7 LM (k, @)W (p, q)
2|k | Q "\ N

phase space

leptonic hadronic tensor
scat. lepton phofo: , tensor contains information
propagator about hadronic structure

(can be easily generalized to W/Z-boson exchange)

with  Luw = 2(kFE"Y + kK" — g7k - k)



Deep Inelastic Scattering

Strong interactions: contained in the hadronic tensor W ., (p, Q)
» * » q- q
to all orders in the strong interaction W, Yy,
is given by the square of y'(q) h(p)— X
- p

symmetries (parity, Lorentz), hermiticity & current conservation
tell us that Wnz Wi qW=0

Wuw(p,q) = (9 —ﬂ)
g2 structure
p-q p-q\ 1 functions
_[_ —_— — —_—
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space-time picture of DIS

light cone variables

advantages: boosting is easy
separation of large and small components of vectors

PT = E+ P
V2
p- = E—Pz (V+,V_,Vt)—>(e“V+,e_‘"V_,Vt) with € = Q
V2
P = B
4-vector | hadron rest frame |Breit fr*am:\
_ 4 1 - 1 Q xzms -
(p+:P :pT) E(mhamhso) ﬁ(;r?hzo)
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space-time picture of DIS

simple estimate for typical time-scale of interactions
among the partons inside a fast-moving hadron:

1

rest frame: Azt ~ Az~ ~ — X~
m
1
Breit frame: AzT ~ © - Q2 large
mm m
Ax ~ im = 1 small

mQ

7" world-lines
of partons

interactions between
partons are spread out
inside a fast moving hadron

How does this compare with the fime-scale of the hard scattering?



space-time picture of DIS

now let the virtual photon meet our fast moving hadron \H

struck quark
kicked into
x~ direction 7

upshot:

* partons are free during
the hard interaction

. ; _ * hadron effectively consists
interaction localized of partons that have
to within Ax*~ 1/Q

momenta (pj‘, D; 2 D)

\ * convenient to introduce
momentum fractions

0<&=pf /ot <1




what is inside a hadron: parton model

2

Bjorken limit Q2. S s o0 xXpj= %

structure functions q
depend only on x;;

Feynman: x P

parton constituents of

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

time scale between partons)

Fa(x) =3 e2 x[qe(x) + G (%)



DIS in the QCD-improved parton model

o
)

we got a long way (parton model) without invoking QCD a

q
now we have to study QCD dynamics in DIS

— this leads to similar problems already encountered in e*e-

let's try to compute the O(c.;) QCD corrections to the naive picture

o o

ag corrections to the LO process photon-gluon fusion

caveat: expect divergencies
related to soft/collinear emission or from loops

what to do with infinities?
introduce “regulator” in the intermediate stages, remove it at the end



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

using small quark/gluon mass as a regulator:

d?5

o _ g %f ﬁ }—é
dwdQQ‘FQ = 13

> [ -0 ous (par) @
= egx 5(71 —x)+ 847: [qu(az @ ]

large logarithms finite
(collinear emission)  coefficients

d%G
= 7
drdQ2 ! F> 2
= X w[0+0‘3(“7“) Py e :
q

divergences absorbed

into pdf Fa(x, Q%) => ef x[qr(x, Q) + Gr(x, Q7))

e




DGLAP “evolution” equation

A L
/(I(%U;\ :/1@ /pqq qu\ ./q(x/z,u)

2 \Por Pag)
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DGLAP “evolution” equation:

scale dependence of parton distribution functions
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
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Deep Inelastic Scattering F,

> eraq(z, Q%)

QCD: scaling violations f=q,q
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What drives the growth of parton distributions?

Splitting functions at leading order O( &%") (z #1)

. . 14+ 2
P\ (x) = Cp

i
(0)r .. i
Py (z) = - |

Py@) = C

P)(z) = 204 |——A
’ “11—-

At small x, only P, and P

are relevant.

Q

o
=]

0

= Gluon dominant at small x!

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

xg(x, Q2) ~ eV s (logl/x) (logQ?)




QCD in the Regge-Gribov limit

recall Xp; = —- S — 00, Q?fixed : Xp; — 0

Gribov




gluon radiation at small x :pQCD

The infrared sensitivity of bremsstrahlung favors the

emission of ‘soft’ (= small-z) gluons Pl = for x — 0

number of gluons grows fast

£ P T inljz




Resolving the nucleus/hadron:

Low Energy
Regge-Gribov limit 1
Gluon
_ Density
T Grows
radiated gluons have the
same size (I/QZ) - the number High Energy

of partons increase due to the
increased longitudinal phase space

hadron/nucleus becomes a dense system of gluons:
concept of a quasi-free parton is not useful

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



break down of pQCD at small x

“attractive” bremsstrahlung vs. “repulsive” recombination

=

included ln pQCD not inClUded in pQCD
(collinear factorization)




Low x QCD:

many-body dynamics of universal gluonic matter (CGC)

. a®
See, .
: = x.':-;'.'.' How does this happen ?
o0 & : How do correlation functions of
. .
g ‘ 3 I _:,-‘.:; these evolve ?
5 L o
Are there scaling laws ?
k-'."-ﬁ-:‘\:. °® L ot I- .
: 0:. U A Can CGC explain aspects of HEC ?
: e Initial conditions for hydro?
Thermalization ?

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



A model of nuclei at high energy

(a system of color charges)

boost to high energy

|
Z

color charges
at large x
small x gluon

0 b B R0 dN
QRO TR e
slagngn s s T8 e e

(I EEEBARE)

y = 100 RHIC
y = 5500 LHC



a very large nucleus at high energy: MV model

J.D. Jackson

/ i Classical Electrodynamigs

< /\ \/ - -
> }‘ at rest
boost factor 3

Electric field of a
/ point charge at high energy

r =

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



high x partons as static color charges p

H1 PDF 2000

0.8 g ZEUS-S PDF

Q=10 GeV?

hll‘.
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“valence”

X

recall for any
4-momentum

p?=2p'p —p?

- =
p+
k+
small x: kt+ << p+t
\ 1_2p+>> 1 2k
Tval p- — kf Twee k— — k%

natural time scale for “valence” partons is much
larger than that of “wee” partons



a very large nucleus at high energy: MV model

v ~ 100 RHIC
v ~ 2500 LHC

X" V2 V2o xt sheet of color charge moving

along X+ and sitting at x - =0

[ Ja(x) ="+ S(x7) pa(xe) |
color current color charge
Af(x7,x¢) = 0(x7) 07 (x¢)

Qa

with O; i = gp




small x gluons in a hadron

ke

Agcp  Qg(x)
most gluons in the wave function of a hadron have momentum Q,
Qs(x, by, A) > Aqep



QCD at high energy/small x: gluon saturation

high gluon density: Eikonal multiple scattering

p, broadening (generic to multiple scattering)

energy dependence: x-evolution via JIMWLK/BK

ENERGY

suppression of spectra/away side peaks

1
Q2 (x, by, A) ~ AL/Z ()03

X

Q*(x =3 x107%) ~ 1GeV?

> for a proton target (quarks)

a framework for multi-particle production in QCD at small x/low p,

X S 0.01 agln (z,/x) ~ 1



scattering from a dense system of gluons

X Vi_VoiVZ X+
Ji ~ 55 p, =7
D,J"Y = D_J =0
o_J- = 0 (in A" = 0 gauge)

does not depend on x~

EOM:solution A (zF,2) =n~ Se(ax™, x4)

n* =(nt=0,n" =1,n; =0)

recall (eikonal approx):  u(q)v"u(p) — u(p)y* u(p) ~ p*
u(qQ)Au(p) = p-A~p" AT

scattering of a quark from background color field A; ( xT : xt)



iMy = (ig) [ d'z 0P alg) [S(a1)] ulp) - .
= (ig)(2m)d(pT — q+)/ dPxyy day cila™ =)z o—ilgr—pi)z1e
u(q) [ S(z7, z1¢)] u(p)

< 1 >
My = (ig)? | d*zid? d’p, i(p1—p)r1 Li(g—p1)z2 p P q
iMy = (ig) x1d T WG e ’: : >
7 | I
(q) [ﬁs(m)p L zf’LS(asl)] u(p) : :
1 1 I
o) | S Tl E——
—1 P1t

0(zf — zf)e' 2+ (xf —xd)

contour integration over the pole leads to
path ordering of scattering

: Pt Gt 1
ignore all terms (p Fgr ) anduse ¢ o p h="n

/ dpl e'P1 (z] —xy
— 2 —ie - +
(2m) 9pt {pl — S ] 2p

My = (19 (~)()2n8(0" —q") [ daf duf 0(cF — ) [y oo
u(q) [S(x3, 1) S(27, 21¢)] u(p)



iM,, = 2m5(pt —q* ;/L/ d2x; e qe—pe) e
{aor irr / dot dof - dut 0(at —wt_,) - 0a} —a})
(o0 Sl o) -+ S(ef ) S(a 1)) |
sum over all scatterings WM = Z 1 My,

iM(p.q) = 208(pt — q) () / 2z, e~ @) [V (3,) — 1] u(p) = (q)rsu(p)

p of

A +Oo
with V(z;) = P exp {zg/ drt n~ Su(xt, x4) ta } I

d o4 T—qX
d?p; dy

~ ]z/\/l|2 ~ FT. <TrV(x) VT(yt) >



quark anti-quark production in DIS at small x

v T — q(p)d(q) X

iM = / (gjr’;a(p) [5%(p)] " Sk(p, k) [iedD)] Sp(k —1,—q) [S2(~q)] " v(q)
with

Sr(p.q) = Sk (p) 7r(p, q) Sp(q)
7 (p,q) = (2m)d(p" —qt)# /d2Xt e AP Xe T9(pT)V(xy) — 0(—p )V (x¢)]

use spinor helicity methods to evaluate the Dirac algebra



quark anti-quark production in DIS at small x

dO"Y*A_}qCYX _ 82Q2(21 32)2Nc
d2p d2q dyl dyg (271')7
[S122717 — S12 — S1/9r + 1]

{42’122K0(|X12|Q1)KO(’X1’2’ ’Ql)—l_

0(1—21 — 22)/dSSULe";p'(X/l_xl)eiq‘<xé—xz>

X12 - X179/

|x12][x1/2/]

(2 + 22) Klaxlzwczl)m(rxlfzfr@n}
with

S120/17 = NLCTT V(x1) VT(x2) V(x2) VT(x1) Si2 = NLCT"“ V(x1) VT(x2)



DIS total cross section

1
2
o = /dz/dzxtdzyt|‘I’(ki»kt!Z>Xt>Yt)| Tdipole (Xt Yt)
0

Tr (1 — V(x¢)VT(yy))

1
Jdipole(xta Yt) = N—
can be written in closed ©
form in terms of Bessel

. i
Junctions Ko, K; 'vvvvv\C®

probability of photon probability of the quark
total cross section = decaying into a quark X) anti-quark “dipole”
anti-quark pair scattering on the target

QED QCD



Next time

One-loop corrections to the total cross section

Evolution equations
solutions

High energy heavy ion collisions (QGP)

Evidence from HERA/RHIC/LHC

Current/Future directions



pQCD in pp Collisions

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

fragmentation

fupcfion
f, A
A ta | h L
: D
f i EN
; . v :
distribution c
functions _ \
hard
. scattering
A
€Tr —
(Z) _|_ ......
power

corrections
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