Perturbative QCD:

from basic principles to current applications

I : Basic Ideas — Qualitative Descriptions

What is Quantum Chromodynamics (QCD)?
Why do we believe in Quarks and Gluons?
Long-distance phys. — the Quark Model
Short-distance phys. — the Parton Picture
How can a Strong-interaction theory, QCD,

give rise to the simple Parton Picture?

The importance of scaling and factorization:
Renormalization and Assymptotic Freedom;
Infra-red Safety and Factorization Thmes.

Precision Tests of PQCD in ete™
Interactions

IT : Quantitative case study —
Deep Inelastic Scattering at NLO
LO and NLO calculations
The origin of collinear singularities
The separation of long- and short- distances

How does Factorization form the foundation
of the QCD-Parton-Model?

III : General Formalism of PQCD
From NLO to Higher Orders
Universal Parton Dist. & QCD evolution
How are Hard X-sect's actually calculated?
Scale- & Scheme-dependencies

Renormalization vs. Factorization — a head-
to-head comparison and correspondence

IV : Survey of Hard Scattering Processes

Q-Qbar annihilation and Drell-Yan processes:
lepton-pair, W- and Z- production

g-Q scattering and Dir. Photon Prod.

g-g scattering and Jet Production
Two-scale hard-scattering processes

A 2-scale process: Heavy Quark Production

V : Global QCD Analysis

Overview of Physical Processes and Expts.
Overview of NLO QCD Theory Input
Global QCD Analysis

Parton Distribution Functions

Open Questions and Challenges



Basic Elements of Quantum Chromodynamics

—Non-abelian Gauge Field Theory with
SU(3) color Gauge Symmetry

Fields: Quarks 52" and Gluon G T (AT, g).

flavor

Basic Lagrangian:

L=y P—yg /A-t—m)w—%G(A-T,g)-G(A-T,g)

e g. gauge Coupling Strength

e m;. quark masses

e t & T: color SU(3) matrices in the funda-
mental and adjoint representations.

4 1
Group factors: Cp = 3 ; Tp =3 ;, Cp=3

Interaction Vertices:

Why do we believe Hadrons
are made of Quarks?

— Strong Interaction at long-distance scale —
Hadron Spectroscope [0 the Quark Model

Quantum #’s of Mesons given by: L=0,1,2
SU(3),, Octets (nonets) of g-gbar bound states.
Addition of Charm Q.N. O SU(4)
— see plots (PDG)
Combining of SU(3),,,, & SU(2)_, 0O SU(6)
Quantum #’s of Baryons given by: L=0,1,2
SU(3),, Octets & decuplets of q-q-q bound
states.

avor spin

—see plots (PDG)
These are the Constituent Quarks

However:
Quarks have not been found in nature.

Interaction is very (infinitely?) strong at long-
distances.



QCD at Low Energy (long-distance) Scales
-- Confinement, Bound-states
=> the Quark Model

Mesons Baryons
(a)

(b)

Meson States in the Quark Model

uz, i, dd ul, dd, s3 ce bb Su, sd cu, ed cs bu, bd bs be
N 25+ | gPe I=1 I=0 I=0 I1=0 I=1/2 I=1/2 I=0 |I=1/2|I=0|1=0
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Baryon States in the Quark Model

Jr (D, Lf,) S Octet members Singlets
172+ (56,05) 1/2 N(939) A(1116) X(1193) =(1318)
1/2% (56,0) 1/2 N(1440) A(1600) 2(1660) =(?)
1/2= (70,17) 1/2 N(1535) A(1670) X(1620) =Z(?)  A(1405)
3/27 (70,17) 1/2 N(1520) A(1690) X(1670) =(1820) A(1520)
1/2= (70,17) 3/2 N(1650) A(1800) X(1750) =(?)
3/27 (70,17) 3/2 N(1700) A(?)  X(?)  =(?)
5/27 (70,17) 3/2 N(1675) A(1830) X(1775) =(?)
1/2F (70,05) 1/2 N(1710) A(1810) X(1880) =(?)  A(?)
3/2% (56,23) 1/2 N(1720) A(1890) X(?)  =(?)
5/2% (56,23) 1/2 N(1680) A(1820) X(1915) =(2030)
7/27 (70,33) 1/2 N(2190) A(?)  X(?)  =(?)  A(2100)
9/27 (70,33) 3/2 N(2250) A(?)  X(?) E=(?)
9/2% (56,4f) 1/2 N(2220) A(2350) X(?)  =(?)
Decuplet members
3/2% (56,08) 3/2 A(1232) X(1385) Z(1530) £2(1672)
1/27 (70,17) 1/2 A(1620) X(?)  =(7)  £(?)
3/27 (70,17) 1/2 A(1700) 2(?) =) 2(?)
5/2 (56,2F) 3/2 A(1905) £(?)  =(7)  2(?)
7/2% (56,2F) 3/2 A(1950) £(2030) Z(?)  £2(?)
11/2% (56,4f) 3/2 A(2420) £(?)  =(7)  2(?)

Why is Hadron Interactions at High Energies
described by the QCD Parton Picture?

— Strong Interaction at short -distance scale —
Hard Scattering Probes [ the Parton Model

Evidences for the existence of Partons:

“direct”: Most Hard Sc. events contain visible
“jets” O fragments of underlying partons?

Are they point-like?  “Rutherford expts”
[ (Bjorken) Scaling in DIS;
[0 annihilation into hadrons;

[0Hadron-hadron scattering, ....

Properties of Partons:

2-Jet angular distributions in e'e”, DIS, DY proc.

are the same as for scattering into leptons [
underlying partons are fermionic

Expts. : EM & Weak Isospin couplings of partons
= those of leptons [ “Current Quarks”

3-jet events and their detailed properties prove
the existence, and spin of gluons
[1  QCD-parton Model complete.

Big Question .....



An elementary particle event
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Two-jet Events:
Quark — anti-quark Pair Production

Typical et e~ event with hadron final states:

Parton process underlying 2-jet events

e 7T



Measuring the Spin of the Quark Parton 3 Jet Events and the Gluon Parton

A typical 3-jet event (~ 10% prob.):

Use the angular distribution of 2-jet events _ -
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Measuring the Spin of the Gluon Question:
How could the simple parton picture possibly

Use the angular distributions of 3-jet events ) i . -
hold in a strongly interacting gauge field theory
such as Quantum Chromodynamics?
> Answers:
A strongly interacting theory at long-distance
can become weakly interacting at short-
Experimental result from SLD: distance.

2. Infra-red Safety:
There are classes of “infra-red safe” quantities

1. Asymptotic Freedom:

g‘ls X which are independent of long-distance
£ 10 < physics, hence are calculable in PQCD.
€5 < 3. Factorization:
0 There are an even wider class of physical
0.6 quantities which can be factorized into long-
distance pieces (not calculable, but universal)
a0 ('C) - & and short-distance pieces (process-dependent,
3t 2 but infra-red safe, hence calculable).
5 50 S . .
z 5 Bottom Line
< |
0 % PQCD does not give all the answers; but it does

0O 02 04 06
X3

cover quite a lot of ground!
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The importance of Scales -- Renormalization and Factorization

Upper end of -
exptl. energy 12 Gev |
1019 Gev P Range of physical interest R MeV
(Plank Scale) (Nuclear Scale)
10720 tm 100 fm
M porQ m, A\
(huge) (large/hard) (soft/confinement)
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< >
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< >

Renormalization Group Equations (RGE) relates physics at different scales

Ultra-violet
Renormalization
hides / summarizes

analogies &
__correspondences

>

our ignorance of
physics at huge scale in
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Infra-red / collinear
Factorization
hides / summarizes
non-perturbative QCD
physics at confinement scale in
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Running Coupling & Asymptotic Freedom

e The running coupling results from renormal-
ization, accounts for physics in the RG range:

M (huge) Energy

1M

It sums the leading effects of short-time fluc-
tuations:

mn@mn

e The u dependence of as(u) is given by the
renormalization group equation -

(long-time)

renormalization MR
group !

Vpg space-time

S0y,
&

5 3
das(p) _ —B(as(p)) = —PBo (aiu)) e <°‘S7(r“)> o

rdin(pu?)

Solution (to 1-loop order) sums leading quan-
tum fluctuation effects to all orders:
() & @) — (L 20n) + (22 (22 ya3an)
K S M2 S T M2 S
as(M) . 1y
1+ Za,(M)In(45)  BoIn(4)
as(M), or A, is a parameter in the solution.

e 3 >0 = as(u) decreases as u increases —
Asymptotic freedom.

Asymptotic Freedom
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Asymptotic Freedom and
Total Cross-section for eTe™ — hadrons

J%+e_+hadrons )
r="T, (B) = X Q3| 1+ Al
ete~—putp~ f

(A = Order as QCD correction term.)

Rinete™ Collisions
6 L ——
F \ \

L P I L

5

I yy2 b
+{M£§%/LGW # ++ t + , +++++++++ o]
4 T MEA 14 b g, 0 1
" Y AR T :
T T
2 }MHH ! | ) W HH(
d MH" J/L‘U(‘ls) Lu.(ZS) | | | |

- 1
4 [ i i i 0 < ¥ Az 14 M
— g el Ll Logek =3
R " éﬁ & | | b
3 L o AMY o CRYSTAL BALL OJADE < MARK J HTASSO

CT(nS) e CELLO ::CUSB ** LENA v MD-1 | TOPAZ
P>} @CLEO  ADASPII *MAC #PLUTO  xVENUS
I | R N R B D D DU B P P
10 15 20 25 30 35 40 45 50 55 60
B (GeV)

e Energy-indep. = point-like partons.

e Value of R measures sum of quark charges.

e Rise for E > 45 GeV due to Z-tail.

Factorization of short- and long-distance
physics in & Annihilation
Example:One particle/jet inclusive cross-section
(Zero-mass quarks)

Leading Order:

Back-to-back jets: N\ P1
\\ Q
do PEAVAVAVAVAY
40 O (1+cos’8) //
Ve p2

Next-to-Leading Order:

x=_ & -2ap P
NOFIE
i=1,2,3 D
3
Sx=20ER
S q
2(1-X%,) =XX(1-cosB,), cycl. P>
do (o X+ X

G i  2m (1=x)(1-%)




Singularities in the perturbative cross-section formula

do _ q X+ X

o, dx,dx, o’ (1-%)(1-x)

P1 2
X3=O
0 A P3 X1 {
W g
q X3=1 -
P2 ! 2

ft\’/

(O8]

—— "
T 72 & 3 collinear
2

soft

|

1&2

collinear
4——?‘("

TSUI[OD € 9 [ B

1
soft

—

Moral: Singularities occur at boundaries of phase space
(colinear/soft) where 2-->3 kinematics collapses to 2-->2
andthe 4-mom. k of the internal line goes on-mass shell

(These singularities correspond to solutions to the Landau
equations for pinch surfaces of the Feynman diagrams.)

Separation of Short- and Long-distance Interactions
Space-time Picture

Null Plane coordinates:
=KEK sk -k ©
V2
Space-time connection:
fd“xei XK,
xk=xk +xk —% [k
On mass shell:

= 2

_k +n7
K="
High-energy interaction:
ki 50 [ k o0 [0 X - o

Correspondence between singularities in p-space and the
development of the system in space time:

Kkt

ke

P1 X X+

X P3

X
q A‘J
P2

Moral: Singularities associated with divergent perturbative
X-sec <--> interactions a long time after the creation of
the initial quark-antquark pair.




What to do with the long-distance physics associated Infrared-safe Observables and Factorization Theorems
with these colinear/soft singularities?

Other examples of IRS observables:
Identify physical observables which are insensitive to the Sterman-Weinberg jet cross-sections and their
singularities!(Infra-red-safe (IRS) quantities) modern variationsJade-, Durham-, ... algorithnis
Jet shape observables: Thrust, ... ;
Total Hadronic Cross-sectiqinclusive: energy-energy correlation ;

04 (S) = Gs(s)[1+a.(s)C. +...]

Block — Nordsieck Thm - c,, arefinite, i.e. IRS
(unitarity)

A different strategyFactorization QCD Parton model

Factorize the physical observable into a calculable
IRS part and a non-calculable but universal piece.

Orderay

Cancellation of the Example One patrticle inclusive cross-section
colinear/soft

singularities > < > <{ Fragmentation functionD!(z p)
between real and Long-distance physics;

virtual diagrams Universal.

Hard scattering: 6%(s,z, 1)
Short distance physics;

the observable must be IRS, perturbatively cal.
such that it is insensitive l

to whether n or n+1 l

particles contributed -- 1 .

if the n+1 particles has o(s2) =, (H F (H)) [Da(c, 1)

n-particle kinematics e.g. a IRS "jet algorithm™

Essential feature of a general IRS physical quantity:
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Experimental Analyses of IRS Quantities:
Color Factors in Quark and Gluon Couplings

Detailed fits to 2,3-jet event shapes and 4-jet distr. yield, in addition to as(Q):

Color factor ratio C ,/C, Color factor ratio T /C,.
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The science and art of choosing u

Take as(My) ~ 0.117, /s = 34 GeV, 5 flavors.

Plot A(u) versus p defined by
p=2Ps i.e. p=logo(p/V/s)

0.05

0.048

0.046

0.044

0.042

-3 -2 -1 0 1 2

pu-dep.—ground zero.

\

-3

-2

-1 0 1

Expanded view of u-dep.

LO: Aq1(u) = as(u)/m (monotonic p-dep.)

NLO: As(p) up to a2 (note improvement).
NNLO: Asz(x) up to a3 (tiny residual u-dep.)

Error band:

Central value: g based on {M

dinu

} lp=p =0

Error size: range of A(u) for 2u > p > 0.5,

What does Az(u) say about the error estimate

based on Aqo(u)?

Note: The IRS o4, Only depends on the renor-
malization scale, ug. The factorization scale
K will appear in hadronic X-sect.'s with fac-

torized long- and short- distance pieces.

Summary:. Salient Features of Perturbative QCD

Strong interactionyet perturbative method is applicaple

Confined quarks and gluongetcalculations based on

partons can explain large classes of observed hadronic

processes.

Keys to resolve the apparent dilemma:

Infra-red safe observables
Long-distance interaction (non-calculable) does not
change the short-distance perturbative results

Factorization Theorems

parton distribution/fragmentation functions which
characterize lom-distance hadron structure

Some important features and consequences:

Large classes of inclusive cross-sections can be factgrized
into an IRS (calculable) hard X-sec. and a set of universal

Ultra-violet Renormalization- Asymptotic freedon
Running couplingx(i,) and massesy(1,);

Factorization of mass- (colinear-) singularities
Both parton-distribution/fragmentation functiorasd
hard cross-sectionarefactorization (and renormal-
ization) scheme- and scglg)- dependent

—

"Scaling violation"




