
Part V: 
Applications of PQCD to High Energy 

Hadron-hadron Collisions

W/Z/γ/μ+μ−

b/t/H/h/…



Kinematics: Rapidity







Vector Boson Production Plays a Key Role in PQCD







Hadronic contributions to 
direct photon production:



Source of this broadening: 
multi-gluon radiation at high 
energies; non-perturbative 
effects at low energies.

These complications make the 
direct photon production 
process a continuing challenge 
for theorists to gain control 
over.



Minimum requirements on a good Jet definition (“algorithm”):

•Theoretically, it must be IRS (so that xSec’s can be reliably 
calculated in PQCD;

• Experimentally, it must be conveniently, and unambiguously, 
implementable;

• Most importantly, everyone must agree on the same 
algorithm to use, so that meaningful comparisons can be made.

Inclusive Jet Production

The basic idea is that final state 
partons manifest themselves as jets:

But what constitutes a jet?

Guess which one of these is the hardest (impossible) to achieve?



Heavy Quark (H) Production
What are the scales involved 
in this process? m/LQCD, Q(s), MH, 

H

This is a multi-scale problem; it is 
not straightforward!

Historically, there were two seemingly incompatible 
approaches—two opposite ways to approximate this 
process as a one-scale problem:

• Q >> MH : Zero-mass formalism,
Variable-Flavor-Number-Scheme (VFNS);

• MH >> Q : Heavy Quark formalism,
Fixed-Flavor-Number-Scheme (FFNS)

Collins’ mass-indep. proof of Factorization provides a 
general formalism that is valid for all values of Q/MH, 
that reduces to the two cases in their respective limits.





1988 - 1992



Perturbative series 
to calculate:

Expected accuracy:

Example: Charm 
Production in DIS:



Perturbative series 
to calculate:

Expected accuracy:

But there is no need to do so in general.





1978: CWZ : EW
‘85, C-T      : QCD
‘88, O-T      : Higgs
‘94, ACOT  : HQ
’97, Collins : FacThm



Other Multi-scale Processes and Resummations

Small-x (x → 0) and BFKL;
Transverse momentum distribution and Sudakov 
Effects;
Large-x  (x → 1) and Threshold resummation;
Combined Resummations
• BFKL and DGLAP;
• pT and threshold; …

Power-law corrections
• Renormalons
• Higher-twist …

Have fun!
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