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1 – Higher orders in hard scattering

Many hadronic sections in QCD factorize into

parton distributions and hard scattering functions.

E.g. prompt photon production:

p3
T

dσAB→γX(x2
T )

dpT
=∑

ab

φa/A(xa, µ) ⊗ φb/B(xb, µ) ⊗ ωab→γX

(
x̂2

T , µ
)

• x2
T ≡ 4p2

T /S andx̂2
T ≡ 4p2

T /xaxbs

• hard scattering functionωab computed in

perturbation theory
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Computation of higher order (αk
s ) corrections

• tests convergence of perturbation theory

• moves dependence on unphysical scales

(µF,R) to higher orders

Resummationof classes of log corrections

• may “rescue” perturbation theory if in distress

• moves dependence on unphysical scales to

subleading terms

• may explain large data-theory discrepancies

(For good understanding, both should be done even

if data don’t seem to need it).
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Two popular classes of large (Sudakov) logarithmic

corrections (for Drell-Yan e.g.) dσ
dQ2 dQ2

T

1. Threshold enhancements

• αi
s

[
ln2i−1(1−z)

1−z

]
+

, z = Q2

xaxbS integration

variable

• possibly large corrections after integrations

against smooth functions (PDF’s)

2. QT (recoil) enhancements

• αi
s

ln2i−1(QT /Q)
QT

, QT measurable

• large ifQT � Q

Both result from simultaneously soft and collinear

gluon radiation.

Can they be resummed together? (H-n.Li (’98))
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2 – Refactorization and threshold resummation

Scheme (sch) dependence in Drell-Yan:

Q2 dσAB→γ∗+X

dQ2
=

σ0

∑
ab

φsch
a/A(xa, µ) ⊗ φsch

b/B(xb, µ) ⊗

ωsch
ab→γ∗+x

(
z = Q2/(xaxbS),

Q

µ

)

If we useMS-scheme PDF’s:

ω
(1),MS
ab→γ∗+x � αs 4CF

[
ln(1 − z)

1 − z

]
+

For DIS-scheme PDF’s

ω
(1),DIS
ab→γ∗+x � αs 2CF

[
ln(1 − z)

1 − z

]
+

i.e. some logs⊂ finite terms in the redefinition of
theφsch

a/A. SystematizeSterman (’87)to factorall large
corrections fromωab.
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DefineSterman(’87)thea′ matrix element oftime-like

separated quarka fields.

ψa/a′(x, 2p0, ε) =
1

4
√

2Nc

∫
dλ

2π
e−iλxp0

〈a′(p)|q̄a(λ,�0)γ+qa(0)|a′(p)〉 ,

Fourier transform fixesenergyfraction to bex.

ψa/a′(x, 2p0, ε) = δ(1 − x) + αs

(
1

ε
Paa′(x)

+ 2CF

[
ln(1 − z)

1 − z

]
+

+ . . .
)

Define alsoUab: eikonalizedωab (with soft parts ofψ’s

subtracted). Then refactorize hard scattering function

ωab→γ∗+x = ψa/a ⊗ ψb/b ⊗ Uab

× Hab + Ythr

Hab has no large logs left! Large logs now in universal

ψ’s. Also inU , but “easy”. “⊗” includes energy

conservation toO(1 − z). Matching term

Ythr = O(1 − z).
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Theψ’s andU can be resummed to all orders, e.g.

lnψ(N) = ln

∫ 1

0

dx xN−1ψ(x) =

∫ 1

0

xN−1 − 1

1 − x

[∫ Q2

(1−x)2Q2

dµ2

µ2
A(αs(µ)) +

B((αs((1 − x)Q))

]

Sterman(’87); Catani,Trentadue(’89)

• ψ′s universal, soft functionU process dependent

• procedure extends to pure QCD cross sections,

where color-coherence effects show up,Contopanagos,

EL, Sterman (’97); Kidonakis, Oderda, Sterman (’98); Bonciani, Catani,

Mangano, Nason (’98)and single particle inclusive

kinematicsEL, Oderda, Sterman(’98)

• Accuracy achieved : NLL

• for (1 − x) < Λ/Q theµ integral diverges: “IR

renormalon”
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What are threshold-resummed cross sections good for?

• estimates of sizesof all-order cross sections (E.g.

top quark cross sectionEL, Smith, van Neerven (’92,’94); Berger,

Contopanagos (’98); Catani, Mangano, Nason, Trentadue (’96))

• generation of approximate higher orders (E.g. DY

Magnea (’91); HiggsEL, Krämer, Spira (’98); F2 A. Vogt (’99);

F2(cc̄) EL, Moch (’99); g1(cc̄) Eynck, Moch (’00); promptγ

Kidonakis, Owens (’99); W,Z+jet Kidonakis, Del Duca (’99).

All order cross sections need a prescription to deal with

IR renormalon:

• cut-off Appel, Sterman, Mackenzie (’88): EL, Smith, van Neerven (’92)

• principal valueContopanagos, Sterman (’94)

• avoid inN contour integrationCatani, Mangano, Nason,

Trentadue (’96)
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3 – Refactorization and double resummation

Write parton-level prompt photonpT spectrum via

distribution in (unobserved)QT of a + b → γ + c

processLai, Li (’98)):

p3
T

dσ
(resum)
ab→γc (µ̄)

dpT
�

∫
d2QT p3

T

dσ
(resum)
ab→γc

d2QT dpT
Θ (µ̄−QT ) .

Refactorize

p3
T

dσ
(resum)
ab→γc

d2QT dpT
=

Ra/a ⊗Rb/b ⊗ Sab ⊗ Jc × hcd + Yboth

with

Ra/a(x,k, ε) =
1

4
√

2Nc

∫
dλ

2π

d2b

(2π)2
e−iλxp0+ib·k

〈a(p)|q̄a(λ,b, 0)γ+qa(0)|a(p)〉 ,
Fourier transform fixes energy fractionand transverse

momentum of quarka. “⊗” includes bothkT and energy

conservation.Jc is final state “jet” function (has only

threshold logs).
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Jc, Sab andRa/a can be resummed (via eikonal

approximation, and “webs”Gatherall (’83)):

p3
T dσ

(resum)
AB→γ

dpT
=

∑
ij

p4
T

8πS2

∫
C

dN

2πi
φ̃i/A(N,µ)φ̃j/B(N,µ)

∫ 1

0

dx̃2
T

(
x̃2

T

)N |Mij(x̃
2
T )|2√

1 − x̃2
T

×
∫

d2QT

(2π)2
Θ(µ̄−QT )

(
S

4p′
T

2

)N+1

Pij

(
N,QT ,

4p2
T

x̃2
T

, µ

)
,

where

• p′
T = pT − QT /2

• x2
T ≡ 4p2

T /S andx̃2
T ≡ 4p2

T /ŝ

• “normal” PDF’s can be used!

• Pij � ∫
d2b exp(Eij(N,b, ..) “profile function”
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Here the “Drell-Yanln(1 − z)” is ln(1 − x̃2
T ).

What is double resummation good for?

• estimates of shapes + sizesof all-order cross

sections

• perturbative recoil effects included with

energy conservation

• less need for phenomenological “intrinsic

kT ”?
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4 – Is double resummation important?

Effect of profile function (
√
S = 31.5 GeV (E706)), vs.

QT for dσ(resum)
pN→γX/dQT dpT . Dashed lines:

(S/4p2
T )N+1 (no recoil) instead of(S/4p′

T
2)N+1
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Prompt photon cross sectionEd3σpN→γX/dp3 for pN

collisions at
√
s = 31.5 GeV. Data from E706, GRV

PDF’s.

• dotted: full NLOAurenche et al (’88); Baer, Ohnemus, Owens (’90);

Gordon, Vogelsang (’90)

• dashed: threshold resummationCatani, Mangano, Nason,

Oleari, Vogelsang (’99); EL, Oderda, Sterman (’99)

• solid: double resummation
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• Substantial numerical effect: for a measured

pT , the 2→2 scattering has to contribute less,

with an accompanying less heavy final state.

• no matching yet. We took cutoff̄µ = 5GeV

• µ = pT , Fij = 0.5GeV2

• both resummed curves have substantially

reducedµ dependence

• recoil of partons in hadrons evidently relevant!
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5 – Summary and outlook

Summary:

• Recoil and threshold resummation now in one

consistent formalism, to NLL accuracy

• formalism ready for Drell-Yan (Higgs..) at

measuredQT , and for single particle inclusive

2 → 2 scattering.

• (new principal value method for integration

over impact parameterb)

Outlook:

• matching to finite order? Power corrections?

• other processes, numerical studies
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