III. FACTORIZATION AND EVOLUTION

. Factorization as a generalization
of the Parton Model

2. Evolution

3. Hard hadron-hadron scattering

4. Prologue: QCD beyond the basic
theorems



1. FACTORIZATION AS A GENERALZATION

OF THE PARTON MODEL

e Challenge: use AF in observables (cross sec-
tions (o) (also some amplitudes ... )) that are
not infrared safe

e Possible //: o has a short-distance subprocess.
Separate /i Safe from IR: 1his is factorization

o /17 Safe part (short-distance) is calculable i pQQCD

e Infrared part — cxample: parton distribution -
measureable and universal

e Infrared safe — insensitive to soft gluon emission
collinear rearrangements

e Just like Parton Model except in Parton Model
the infrared safe part is ooy = @(x) normal-
ized uniquely

e In pQCD must define parton distributions
more carefully  vet another scheme:

the factorization scheme
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FIELD THEORY CORRECTIONS: DIS

Basic observation: virtual states not truly frozen.
Some states fluctuate on scale 1/Q:

e
,
%kr<0
a/p' /p'

Short-lived states = In(Q)

Long-lived states = Collinear Logs (IR)
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RESULT: FACTORIZED DIS
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® ¢ has In(pur/Aqgep) -+ -
e (' has In(Q/u), In(pp/p)

e Often pick y = ur and often pick ur = Q. So
often see:

Fy'(2,@Y) = 7" [ [.04Q)] ® 6y(€. Q")

-

e But we still need to specify what we really
mean by factorization: scheme as well as scale

e For this, compute ,(z, Q)
e Keep 1 = up for simplicity
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“Compute quark-photon scattering” — What docs this mean?

e Must use an //!-requlated theory

e Extract the /R Safe part then take away the reg-
ularization

® Let’s see how it works . . .
® At zeroth order — no interactions:
g " \ ) a / '.
o O\ = Q7 o(1 —x/&)
(Born cross section; parton model)

o Py, _.'h_;{g )

dppr 0(1 = &)

(at zeroth order, momentum fraction conserved)
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e On to one loop ...



F7r @ AT ONE LOOP: FACTORIZATION SCHEMES
Start with F; for a quark:

PERE-
vore(5)( Z? +E//

"virtual"”

2 "real"

Have to combine final states with different phase
space
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“Plus Distributions”:

N f(z) 1 flx) — f(1)
lr = [ dx - .
/[I a (l = -"')r /{l ," (l e _I‘)
1 , In(1 — z) | _ In(l — x)
|y dx _f(.r]( 1 _. ) = h a8z (fix)—J(1)) =t
— 1 1 (1l =2)

and so on ...where
e [(r) will be parton distributions

o f(x) term: real gluon, with momentum frac-
tion | — x

e f(1) term: virtual, with elastic kinematics

A Special Distribution
DGLAP “evolution kernel” = “splitting function”

1 + z°

| - x

(1)1 v (s
RM \T) = (r'*'
s

+

e Will see: I, a probability per unit log &y



Expansion and Result:

F(z, Q%) = [ dg Oy }*fmww

_ I | —
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Factorization Schemes

b 4

. ( l | . : _) (IH l) : ;j"’ (]11‘?
Pg/g\ Ty ) = 5 a\T) Jo 2
i 'l.,['

With kr-integral “IR regulated”.

Advantage: technical simplicity; not tied to
process.

CO) ()5t = (@s/27) Prg(®) In(Q?/u?)+ p-independent

DIS:

y (Y vye N
Og/al T, p1°) = F (z, u")

i

Absorbs all uncertainties in DIS into a PDF.
Closer to experiment for DIS.

C(z)prg = (as/2m) Py(x) In(Q*/p?) +0



Using the Regulated Theory
and

Getting Parton Distributions for Real Hadrons

IR-regulated QCD is not REAL QCD
BUT it only differs at low momenta

THUS we can use it for IR Safe functions: ",
etc.

This enables us to get PDF's for real hadrons:

e Compute ), ;" ...
® Define factorization scheme; find IR Safe (’s

e Use factorization in the full theory

N . -
FQI — 2_ C’ya ® ¢)a/N
a=qs,q5,G
® Measure F5; then use the known (s to derive

(I.l’) ’ \

(l

e Multiple flavors and cross sections complicate
technicalities; not logic (Global Fits)
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NOW HAVE ¢o/x(€, 1i2)
USE IT IN ANY OTHER PROCESS THAT FACTORIZES
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2. EVOLUTION

e ()’>-dependence

— In general, Q? / u? dependence still in C, (:c /€, Q> / u,
Choose = @ i%\}
’

F'_‘;/l(m’ Q) = %:/xl ey (If' L, ”’.‘.(Q)J Da/a(&s f‘
S &

5,

Q > i"\(é(_-;l‘, — compulte C'sin PT.

cye (? 1, as(Q)) =% (a?)n ™ (g)

But still need PDFs at 1 = Q) ¢a/A(§,Q2)

— Remarkable result: EVOLUTION

Can use ¢,a(z, Qf)
to determine b, 4(x, Q%) and hence Fyo3(x, Q%)

for any @ !
So long at a,(()) is still small

12



e Illustrate by a ‘nonsinglet’ distribution

YNS _ Y _ pn
Fa ‘Fa Fa

N 9 NS Z ( 9
F(e, Q) = 5 de €7 (1. ()| ons(’
S H

Gluons, antiquarks cancel

At one loop: (5% = C3”

e ‘Mellin’ Moments and Anomalous Dimensions
o N-—1
- /0 dx x f(z)

e Reduces convolution to a product

flzx) = /",.i dy .,}(-r) hiy) — f(N H(N) h( N 4+1)
= v
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e Moments applied to NS structure function:

F™(N, Q%) = 3% (v : mw) ons(N, )

j

(Note ons(N, u?) = i dEEN (€, u?) here.)

o [7"3(N,Q? is PHYSICAL

d -.ng 9.
= FP™(N,Q% =

® ‘Separation of variables’

d
—3— In ons (N, p° ) = —s(V, as( i)
Ws(NV, as(p)) = Ed;m(* Y (N, ay(p))

e Because o, is the only variable held
in common!
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,uv% Inons(N, ji7) = —yns(N, o))
d

Ws(N, as(p)) = #3/:111 C3™ (N, ag(p))

e Only need to know (s = ~, from IR regulated
theory!

Q-DEPENDENCE DETERMINED BY PT

EVOLUTION

THIS WAS HOW WE FOUND OUT QCD IS ‘RIGHT"’

THIS IS HOW QCD PREDICTS PHYSICS
AT NEW SCALES
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’YNS(Na as)

Hint:

I

ws AT ONE LOOP

d - NS ._
p- InCINS (N, o, (Q))

/,l,

da . . 4 . 5, 3 |
'LLE,E { (g /2m) Poyp(N) In(Q* /") + p indep. }
—%"i /01 dz V7! Ppy(z)

OAS 1 N-1 ]. '+' 5112
-—C d | 1
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Qg N 1 2
——CF |4 — —2— 1
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1=0
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SOLUTION: SCALE BREAKING

d ; e
p—— a)\q N, ji*) = —yns(N, as()) Ons(N. p”)

ons(N, %) = ons(N, )
|2 du*

X exXp
P\ =5 hi

. (43
. ‘ . - Q2/ A¢ D)] R

(N, Q%) = oéns(N, Q2 '
dns(N, Q) ons(V, Qo) ( 1(Q3/Aden)

Hint:
47

Y, ( -
%R = Bo In(Q2/Adep)

So also:

P '\I | )31 1)

(QFJ)

ONs( (N, Qn) ( Q}_

(DNH(N. (J;}
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. 5 [ g (Q2)
{.')\}.;:_\‘.(_&)i = ONs! -\r-(;)f,] [‘”.{ L):])

e Mild’ scale breaking

e For o, — oy # 0, get a power ()-dependence:

(@)"¥
o QCD'’s consistency with the Parton Model (73-
74)
aao.(w :
d (N, u) (as(s)) (N, u*)
— NSV ) = — ONSLIV,
'ud,u/ NS / fYN S :U’ NS\ /
J
d dé

,u,g-/; Ons( IV, /l:_l = /xl z PNS(§7 as(.ul)) Pns(€, /":.-]

Splitting function «— Moments

/01 dz V1 Py, 05) = Ygq(N, as)
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BEYOND NONSINGLET

COUPLED EVOLUTION

d ,
—_— ) |\ ] =
'udﬂ q/A H b_%:, /

d .
'R Pl W) ol

Physical Contxt of Evolution

e Parton Model: ¢,/4(z) density of parton a with
momentum fraction z, assumed independent

of ()
e PQCD: ¢,/4(z, u): same density, but with trans-
verse momentum < yu

e If there were a maximum transverse momen-
tum Qo, ¢(x, Q) would freeze for u > Qo

e Not so in renormalized PT

e Scale breaking measures the change in the
density as maximum transverse momentum
increases
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e Cross sections we compute still depend on our
choice of ;i through uncomputed “higher or-
ders” in (' and evolution

Bot m an a mpf-oh'ce.lld' free
f{.corﬁ, “h.‘ahcr ovrcder

means “smaller”,
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e Evolution in DIS (with CTEQS fits)

x=0.00013
/ x=0,0002

2.5

HI data
low x values

/ *=000 05005

10 20 50 100 200

Q* [GeV?]

500 1000

HI data

2.5 high x values

x=0.013

0.5 ""—""‘—0--—!..._...'\_‘_- x=0.4

x=0.65

100 1000 100000.

Q@ [Gev?]

10000

21



3. HADRON HADRON SCATTERING

e Same generalization from Parton Model as DIS

e For final state system F', mass @

Oap-F@ = T _ Jo d€ dn B a(z, 1) So/B(0, )

a,b=q,q,

X(Afab__,F(Q) (pr, YpPB, Qa My as(:u))
x0(&npa - p5 — Q)

Convolution form:

OAB—F(Q) = <13a/A ® Gapr @ <73b/B

e Depends on choice of i through uncomputed
“higher orders” in ¢ and evolution
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e A typical O(a,;) (NLO) hard-scattering cross
section at one loop: §¢)g for Drell-Yan

In(1 + 2?)
l=-2

bay = Ters(@) (“S(“)) (2(1+ 2%

T
(1+2%)In 2| 2
sl 2 o0

® 0pom describes Electroweak annihilation of ¢¢ o

-+

e Compared to data at high energy (v and Z)
with forward-backward asymmetry in ogom
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e This way, detect “new” physics in the hard
scattering
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e FFactorized hadron-hadron scattering
“Collinear factorized”

OAB—F(Q) = ¢2a/A ® Oab—F @ ng/B

e Requirements: same as for IR Safety in ete™
cross sections

e Insensitivity to soft emission,
collinear rearrangement

e Continuous dependence on particle momenta

e Numerous Cases

p+p— high pr jets
high pr particles, heavy particles :
W, Z...
H, g, ...
QQ...

e PDFs ¢’s same as in DIS (experiment) same
evolution

o PT — 6,’s (IR-regulated theory)
e ‘New physics’ in 6.’
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e Evolution — ability to extrapolate
to new energy scales

e Predictions in hadron-hadron cross sections
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e Lorentz contracted fields of incident particles
do not overlap until the moment of the
scattering!

e Initial-state interaction disappear at high enough
energies!

e = Repalced by parton distributions

e Interactions after the scattering are too late
to affect large momentum transfer, creation
of heavy particle, etc.

e = Cross section for hard scattering is IR safe

ll

OAB-F(Q) = an/A ® Oap—rF @ ng/B
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