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Fundamentals of perturbative QCD

4 Infrared Safety
 Purely infrared safe cross sections
d Jets — “trace” of the partons

 Factorization — predictive power of pQCD

1 Factorization for deeply inelastic scattering
d Evolution of parton distribution functions

J Factorization for hadronic collisions
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Infrared Safety

1 Running quark mass:

Hy

m(x,) = M(z4,) exp{-_" d%[l+7m(g(/1))]:| = 0 asu, >x

H

Perturbation theory becomes a massless theory when p — «

4 Infrared safety: _ _

G"“y(Q_z’“s(”Z)’mz(fZ)j N 6(Q—§,a3(u2>j+o (mz(fZ)j
H Y7, U 1

Infrared safe = x>0

Asymptotic freedom is useful for quantities that are infrared safe

QCD perturbation theory (Q>>Aqcp)
is effectively a massless theory

June 6, 2006 3 Jianwei Qiu, ISU



Infrared and collinear divergence

7
Consider a general diagram: IJJJ

. . 4
p°=0, k=0 foramassless theory \

“ k¥ >0 = (p—k)2 — p*=0 singularity
——> |Infrared (IR) divergence

“ k*|Ip¥Y = k=Ap with 0<A<1
= (p-k) =>(1-2)" p*=0
——> | Collinear (CO) divergence

IR and CO divergences are generic problems
for massless perturbation theory
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Purely Infrared safe cross sections

e+e- — hadron total cross section is infrared safe (IRS)

Hadronization

bl

hadrons

Perturbative
(2—loop + MNLLA

|

I -
Electroweak g 3loop: total G )

1

QCD

Resonance
Decayvs

Hadrons
“n”

Partons “m”

If there is no quantum interference between partons and hadrons,

tot
DTS 3) 1 B
O-e+e‘—>hadrons e'e”—n efe"—>m mM—n

tot
O, _ oC E
e’e” —partons e'e"—>m

m

—> atOt_ —Nol

e*e” —hadrons

tot

= Z I:)e+e‘—>m
m

D Pl =1

Unitarity

a

e"e” - partons
~—
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Finite in perturbation
Theory — KLN theorem

\

“Local” — of order of 1/Q
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o't for e*e- — hadrons in pQCD

1
0t0t=2—8H>:a‘<+>:(r<§+>::&“%+

PS®)

PS®)

+ ... } + UV counter-term

(0) (1)

=0 + o, L)

+ Ojy

+ 3-particle phase space

Born O(a,)
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Lowest order contribution

O Lowest order Feynman diagram: Py K,

d Invariant amplitude square: 0
— 11 ) y K
Mo o =N T 7oy ] P, 22

T (ko )7, (7 ke =y ) 7, | : :(( p”kfii
=P
2

=e'egN, | (Mg —t)° +(mg —u)* + 2mgs u=(p, k)’

J Lowest order cross section:

o, - 1 _
e'e >QQ _ M |2 where s = Q2 Threshold constraint
dt 167s® ¢ X /

2m? 4m?
+ Q:| 1— Q

S S

One of the best tests for the number of colors
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Dimensional regulation for IR and CO

1 n=4-2¢ dimension:

e[ 2
5O _G(O)E(as] 4zu® ) | T(1-¢) {1 .\ 3 +19}
3,6 2,& 2 2
3\ 7« Q F(1-3¢)|Le® 2¢ 4
e[ 2
5O _G(O)itas) Ay’ F(l—g) F(1+5) - 1 - 3 +7[2_4
2.& 2.& 2 >
3\ 7 Q F(1—25) e 28 2
o+l =al?| %10 (o)
72. —
 «
GtOt2050)+G§1‘Z+J§1‘)€+O(O(SZ)=O'§O) 1+—= +O(a82)
| | 7
d Lesson:

oot is independent of the choice of IR and CO regularization

—)

otot is Infrared safe!
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Jets in e*e" - trace of the partons

d Jets — Inclusive x-section
with a limited phase-space

d Q: will IR cancellation
be completed?

*+ Leading partons are
moving away from
each other

s Soft gluon interactions
should not change the
direction of an energetic
parton — a “jet”

— “trace” of a parton

 Jet algorithm
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Sterman-Weinberg Jet

Jet

ete ™ — jet + jet j.¢
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A clean two-jet event

Lowest order (O (a*a?)): LEP (/s = 90 — 205 GeV)

o

-

B i B R e M N AP ECivife B TLH B e 6 il 100 i e T
Bivem i i B Bmivn B Win i A, DG | dmme 8 b i T e il 0

,].E.l_' e B Toowweid I dp bamdl WY v e i e el BT

ete™ — jet + jet jq¢

A clean trace of two
partons — a pair of
quark and antiquark
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Discovery of a gluon jet

PETRA e*e~ storage ring at DESY:
Ecm < 15 GeV

First order in QCD (O (aal)):

Jet
TASSO
G tracks . : & tracks
4.1 GeV 4.3 GE."'IJ'

Jet

Reputed to be the first BN
three-jet event from TASSO

TASSO Collab., Phys. Lett. B86 (1979) 243

MARK-J Collab., Phys. Rev. Lett. 43 (1979) 830

PLUTO Collab., Phys. Lett. B86 (1979) 418
JADE Collab., Phys. Lett. B91 (1980) 142

June 6, 2006 11 Jianwei Qiu, 1ISU



Tagged 3-jet event from LEP

LN S26F EVT 207157 DATE 540771 THE 054713

Gluon Jet
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Basics of jet finding algorithms

(1 Recombination jet algorithms:
—— almost universal choice at et+e- colliders

® Recombination metric: ¥;; = —5-
J‘irz:n'_'.,i'.fi'_
—> Combine the particle pair (i, 7) with the smallest y;;:

E scheme : Pr = pi + Py — massive Jets

Eﬂ scheme : E;u = Ee,( + Ej
. D; + Dj :
P = Ij, I_}:? Er  — massless jets
|p; + P}

® |terate until all remaining pairs satisfy v;; > V..
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The JADE jet finder

[JADE Collab,, Z. Phys. C33 (1986) 23]
The original recombination jet finder:

o

o M7 =2E;F;(1— cosb;;) = (invariant mass)*

e Original version based on the [f; scheme

Sometimes leads to the formation of “junk jets”

ey o g

— Two-jet events with > 2 soft, colinear gluons can be
classified, unnaturally, as three-jet events

— Prevents re-summation technigues from being applied
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The Durham k; jet finder

[S. Catani et al., Phys. Lett. B269 (1991) 432]
Introduced to reduce the problem of junk jets

° ﬂfﬁ — 9 111j11(F,-?_. F?)(l — cos 6;5)

e E scheme combination of particles: (¢, 7) — k

& i

. o

Consider small emission angles E??;j:
M}~ 2min(E} E)[1—(1—62/24--)]

.f.llr J
~ min(E};, E?) 07 ~ K]

(min. transverse momenta of one particle w.r.t. the other)

& i

Soft, colinear radiation is attached to the quark jet(s)

-

- Y
e, d-- ]

'\-_\_. d'-

— -

* = |

! — 1

g .-\-H_

-

--Fi- -\-h-\-

- -

- -

e

-

"

Permits re-summation
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The Cone jet finder

CDF Collab., Phys. Rev. D45, 1448 (1992); OPAL Collab., Z. Phys. C63, 197 (1994)

® Cluster particles within a cone of half angle R into a jet

® Reguire a minimum visible jet energy: f?jM = €

— Two resolution parameters: B and € , as opposed to
re-combination algorithms which only have one (1.,

® Eliminate or merge overlapping or redundant jets

— Unlike recombination algorithms, not all particles in an
event are necessarily assigned to a jet
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Inclusive jet cross section at Tevatron

Run - 1b results

nbfGa VW

E

10
CDF Results D@ Results
0.1<|n|<0.7
& 0.0=|n|= 0.5
o 199495 T 0.5 |n|< L0
O 199283 A 1.0<|7|< 15
O 1.5=n[<2.0
NLO QCD prediction {(EKS) ¥ 2.0=|n|< 3.0

ctegdm L=E/2 Rsep:t?i

(d°c/ dE dn)y (Th/GeV)

Statistical Errors Only _ i
1 Yominal cross sections &
E statistical errors anly
| | | | Ll A | | ol | 1

L1
0
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= QCD-JETRAD

L L1 L1l
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T am e am S0 100 150 200 250 300
Transverse Energy (GeV) E+ (GeV)

350

400 450 500

Data and Predictions span 7 orders of magnitude!
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Infrared safety for jet cross sections

J Jet cross section = inclusive cross section with a

phase-space constraint

1 For any observable with a phase space constraint, I,

d()

do (T ——de QF(kl,k)

(3)
+ L{do, 92
3! dQ,

+ ...

(n)
+2(d, %7
n! dQ

=0Tk, K, k)

T (K, Ky, k) .

n

1 Conditions for IRS of do(I'):
(K Ky, k) with 0<A<1

n+1(k11k2; (1_ﬂ)kr'$,ﬂ,kr’]u)zr
Special case:
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Where T, (k;,Ky...,K,)

are constraint functions
and invariant under
Interchange of n-particles

Measurement cannot
distinguish a state with a
zero momentum parton
from a state without

the parton

T, (KK, k )=1 foralln = o™
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PQCD Factorization

d Can pQCD calculate cross sections with identified
hadrons?
Typical hadronic scale: 1/R~1fm™ ~ Agqp

O PQCD can be useful iff quantum interference

Energy exchange in hard collisions: Q >> Agygp

—> | pQCD works at 04(Q), but not at a4(1/R)

between perturbative and nonperturbative scales

can

—

June 6, 2006

be neglected

Short-distance Power corrections

.y (Q,1/R) - 5(Q) ® p(1/ R) + O(L/ QR)

Measured Long-distance

Factorization — “forgetting the past”
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Picture of factorization in DIS

J
} (xP+gqg)
J!

J Time evolution:

Long-lived parton state

D }H—.rJP
Time: “Past” Now “Future”
e ———
1 Unitarity — summing over all hard jets:
e €= N
DIS
. o Im

1
J(_ri,:

Not IR safe

~—
!
Py,

Interaction between the “past” and “now” are suppressed!
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Factorization in DIS

o2 - é% LN o

Past Connection

Predictive power of pQCD

*» short-distance and long-distance are separately
gauge invariant

“ short-distance part is Infrared-Safe, and calculable

** long-distance part can be defined to be Universal
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Long-lived parton states

0 Feynman diagram representation:

q

q q
VRN A VAN
W‘“’oci;k +k§
ki
P P P

4 Perturbative pinched poles:

4 1
e monf |

=
k?—ig

1 Perturbative factorization:

k?+k?

kK = xp* +
P 2Xp-n

j%deT H(Q,k? =0)
X el

H )z
n“ +ky

q q q
ARV e
k + k"‘ = k‘g + HEnN
k; >
P P P

T(k,i) = oo perturbatively
I

0

Nonperturbative matrix
element

jde(

1 1 1
k? + i5j£k2 —igj T(k’a)

Short-distance
June 6, 2006
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Collinear factorization

O Collinear approximation, if |Q ~ xp-n > k., vk*

q q

I ) N

Scheme dependence

Same as elastic x-section

QA DIS limit: v Q% — oo, while x; fixed
——> Feynman’s parton model and Bjorken scaling

Fo(%5,Q%) = Xg Zef 9 (Xg)+0(a, )+O[A§CDJ

June 6, 2006 23 Jianwei Qiu, 1ISU



Scaling violation and factorization

O NLO partonic diagram to structure functions:

kl2 ~0
Dominated by
Lap

Diagram has both long- and short-distance physics
O Factorization, separation of short- from long-distance:

===
co g @)Q
LO + evolution i
ki~ 0
Cf (1) (0} -2 i N
NLO Vi kr?vﬁlmi C‘:})‘fﬂ‘ ; \:\

f
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Leading power QCD formula

0 QCD corrections: pinch singularities in [ d ‘k,
q q

U Logarithmic contributions into parton distributions
q
%%‘D [ ; ; é’gé +...+UVCT }
—> F,(x5,Q%) = ZC [

Al
s}®¢f(x /uF)+O£ QQC j
 Factorization scale: yF

-—p ToO separate collinear from non-collinear contribution

F

Recall: renormalization scale to separate local from non-local contribution
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Dependence on factorization scale

 Physical cross sections should not depend on the

T d
factorization scale 112 =R (%, Q%) =0

F

-==p Evolution (differential-integral) equation for PDFs

, d Xg Q? ) Xg Q? , d )
ut —C. | =, —,a, | |®@ (X, ue |+ ) C | =, 5,0, |Our —¢, (X, u: )=0
Z{ Fd!ré f X D’é f( F) Zf: f X ”é Fd!!é f( F)

 PDFs and coefficient functions share the same logarithms
PDFs: log (/1) or log( i [Ade)
Coefficient functions: log (Qz/ﬂé) or |09(Q2/ﬂ2)
- DGLAP evolution equation:

0 X :
(Di(xnulg)zzpi/j (;’asj@)ﬁﬁj(x )
j

2
He U2

 Predictive power of pQCD:
Universality of PDFs and their scale dependence
—p Q% dependence of physical observables
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Measurement of F;

When Q% < M2, we can
neglect the Z°-contribution

Precision test of QCD:
as good as 2-3% error
for such difficult
measurement
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Q* (GeV)
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Kinematic Regions of DIS

S I B A I R
- - SLAC

- - BCDMS

= [ NmC

[ CCFR

B E665

- BB ZEUS <5
- H1 g : '..
3:5&

o p e N

- X S,

L1 (1011 NN 1 IIIIIII|

L .I.llIIIl.l
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Improvement from the fixed order

1 Beyond the Born term (lowest order), partonic

hard-parts are NOT unique, due to renormalization
of parton distributions

 Once o¢(x,u?) is fixed in one scheme, same ¢(x,u?)
should be used for all calculations of partonic parts

[ Coefficient has the P, (x)/n (Q—z)

Suggests to choose the scale: ,LI,E ~Q°

 Coefficient has potentially large logarithms:

mex). 1 | (ﬁn(l—x)j
(1_X)+ 1-x +

——> | Resummation of the large logarithms
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Recover the effect of non-vanishing k-

 Sources of power corrections:

« Parton transverse momentum: <kj>/Q2 ~ <k2>/Q2

< Target and parton masses: m?/Q’

% Coherent multiple scattering: | (1/Q?)/R? <F1F”><Medium length))
 Systematics of power corrections:

/ Leading Twist

O onys =05 ®l+a,+al+..]®T,"(x) Factorization may

G _ not be true for
+ Q—;®[1+ a, +a’\ . ]OT,"(x)

. perturbative
G .
+ 2o @I, +alF. 1O T (X)

+ .. \ Power corrections
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power corrections!

Need to be proved

for any given process




Summary

1 QCD is a SU(3) color non-Abelian gauge theory
of quark and gluon fields

1 QCD perturbation theory works at high energy
because of the asymptotic freedom

U Perturbative QCD calculations make sense only
for infrared safe (IRS) quantities

U Jets in high energy collisions provide us the “trace”
of energetic quarks and gluons

1 We can actually “see” and “count” the quarks
and gluons?
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