
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Introduction to perturbative QCD

XiaohuiLiaxiliu
bnu.edu.cn

1.4.2025 Sun YAT SEN UNIV



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Part 2 Parton hadron duality

Hadron Cross Section

in éé annihilation

Operator Product Expansion

dispersion relation

the parton hadronduality



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parton hadron duality
Hadron X sec in été annihilation

We consider
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at q s Naca we have
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from optical theorem
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specifically we consider
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operator product Expansion OPE

now if x 00 more precisely

c tap we can expand
Jix Jar in terms of local operators
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as long as symmetries allow

the operator will occur on the

right in the expansion
some of them may not be independent
e g related by equations of motion

Independent operators form a basis

Lol to only scalars

organized by the dimension

of the operators
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one type of factorization

Short distance physics in the
coefficient Esg Wilson Coefficient

can be perturbatively calculated

e g mom ECE III



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ilm Eq q

ÉÉ
non Egat

long distance in the Col 10 knows

about hadrons but suppressedby Nyt

higher dimensional operators are less

important more suppressed as q 00

If the OPE is allowed then the hadron

cross section is determined dominantly

by Cacq which knows only quarks and

gluons and can be perturbatively calculated



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

But the ope is valid

when a co space like

in this region no on shell hadron

can be produced X
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Typically what we do is performing

OPE for q c0 and analytically

continuing to the physical region

9270
62

accly ti everywhere exe aptRelf 4m

analytic continuation IMIPI
Ae.ie iiEn

Perform opt HC Q l eg tail



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Howeversince we do not know the

complete form of IC Q we can

only do the analytic continuation
order by order Wemiss information

for instance
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Experimentally one usually looks at
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good agreementbetweendata PQCD at large 9

actually LO QCD is lowerthan the measured R

Value which can be improvedbyhigherordercorrections

as we will see inpart3ofthisLecture

Inthe resonanceregion the data exhibitspeek

oscillation I PQCD calculation
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dispersion relation
the parton hadronduality

To have a better understanding of
the previous comparison between data

of PQCD Prediction we consider

the contour integration
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to vanish on the boundary



The contour indicates that
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The dispersion relates the weighted
hadronic cross section with the

PE formalism in terms of Partons

Themoralty of the relation is

that

If we are sufficiently Inclusive
over the hadrons then the calculation

using partons an approximatewell

the hadronic obser ables

parton hadron duality



IF in low 9 region or at the resonance

it produces an exclusive hadron

the partonic calculation fails to describe

the data In order for PQCD to work
we need to average over the q region
to cover sufficiently inclusive over the

hadrons
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eat at large values of 92 is Mass

the cross section already includes

sufficient hadrons therefore

the parton hadron duality holds

locally in a

an intuitiveway
to understandthis is

via probability

TakeL
all measured

if inclusive enough

PrubCpr doing parton Prob producinghedroust



III examples of sufficiently Inclusive

Inclusive cross section Z H Ptdirt

jets 1bag of hatr.net

event shapes thrust

can be understood perturbatively

using partons



III examples of insufficiently
inclusive

tag a hadron in the fical

state but Inclusive over

others h X semi invasive

initial state hadron

e.g ep pp

additional non pert distribution

functions are required PDF
frogmenti n functions
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