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IntroductionIntroduction
The effective field theory approachThe effective field theory approach
Numerical results and comparison with Numerical results and comparison with 
datadata
Higher ordersHigher orders



FactorizationFactorization

Physics of interest at hard Physics of interest at hard 
scale Mscale MHH

Parton shower evolution Parton shower evolution 
from Mfrom MHH to to ΛΛQCDQCD

Final state Final state hadronizationhadronization at at 
ΛΛQCDQCD

Multiple Multiple partonparton interactions interactions 
hadronhadron decays, decays, ……



How do we make sense of this gooey mess?How do we make sense of this gooey mess?
Factorization !Factorization !

FactorizationFactorization



Factorization and Factorization and ResummationResummation
,
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d d f fσ σ ξ ξ= ⊗ ⊗∑
Live at hard scaleLive at hard scale

Evolution of PDF allows us to Evolution of PDF allows us to resumresum the large the large 
logarithms of hard and nonlogarithms of hard and non--perturbativeperturbative scalesscales
Final state restriction introduces new scalesFinal state restriction introduces new scales
Example: low transverse momentum distribution in Example: low transverse momentum distribution in 
DrellDrell--Yan, Higgs productionYan, Higgs production

KinematicKinematic
constraintsconstraints

MultipleMultiple
DisparateDisparate
scalesscales

Live at nonLive at non--perturbativeperturbative scalescale

RG evolve to hard scaleRG evolve to hard scale

Additional factorization andAdditional factorization and
resummationresummation requiredrequired



Transverse Momentum SpectrumTransverse Momentum Spectrum

MotivationsMotivations::
Higgs boson searchesHiggs boson searches
WW--mass measurementmass measurement
Tests of Tests of pQCDpQCD
Transverse nucleon structureTransverse nucleon structure

Observable of interestObservable of interest

Restrict pT: new scaleRestrict pT: new scale

CDF data for Z production: 
hep-ex/0001021
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Low pT regionLow pT region
The schematic The schematic perturbativeperturbative series for the pT distribution series for the pT distribution 
of pp of pp →→ ((V,h)+XV,h)+X

ResummationResummation has been studied in great detail in Collinshas been studied in great detail in Collins--
SoperSoper--StermanSterman formalismformalism

ResummationResummation has been studied recently using Effective has been studied recently using Effective 
Field Theory approachField Theory approach

Large logarithms spoil Large logarithms spoil perturbativeperturbative
convergence convergence ⇒⇒ must be must be resummedresummed
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CollinsCollins--SoperSoper--StermanSterman FormalismFormalism

Singular as at least QSingular as at least QTT
--22 as as 

QQT T →→ 00
Important in region of Important in region of 
small Qsmall QTT

Treated with Treated with resummationresummation
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resum Y
AB CX AB CX AB CX

T T T

d d d
dQ dydQ dQ dydQ dQ dydQ
σ σ σ→ → →= +

Obtained from fixed order Obtained from fixed order 
calculationcalculation
Less Singular termsLess Singular terms
Important in region of Important in region of 
large Qlarge QTT



CollinsCollins--SoperSoper--StermanSterman FormalismFormalism
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KK

Y term neglected for the purpose hereY term neglected for the purpose here
A,B,C have wellA,B,C have well--defined defined perturbativeperturbative expansionsexpansions
Integration of impact parameter bIntegration of impact parameter b⊥⊥ introduce Landau introduce Landau 
pole: a treatment must work for pole: a treatment must work for anyany value of pvalue of pTT

ResummedResummed exponent in bexponent in b⊥⊥ space space ⇒⇒ difficult in difficult in 
matching to fixed order calculation in pmatching to fixed order calculation in pTT spacespace

Landau PoleLandau Pole

SudakovSudakov
FactorFactor



EFT FrameworkEFT Framework
Hierarchy of scales suggests EFT approach with well Hierarchy of scales suggests EFT approach with well 
defined power countingdefined power counting

Low pLow pTT region dominated by soft and collinear emissions region dominated by soft and collinear emissions 
from initial statesfrom initial states

Colliding Colliding partonparton is part of initial state pis part of initial state pTT radiation beam radiation beam 
jetjet

H T QCDM p Λ� �

ppT T = 0= 0 Finite pFinite pTT Finite pFinite pTT



EFT FrameworkEFT Framework



Schematic form of SCET crossSchematic form of SCET cross--section: section: 

Use soft collinear decoupling to factor out the soft sectorUse soft collinear decoupling to factor out the soft sector

Beam function is essentially Beam function is essentially unintegratedunintegrated nucleon nucleon 
distribution function and can be matched to PDFdistribution function and can be matched to PDF
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SCET Cross SectionSCET Cross Section
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Wilson coefficient from Wilson coefficient from 
hard matchinghard matching

SCET matrix elementSCET matrix element

Hard functionHard function ImpactImpact--parameter Beam parameter Beam 
Functions (Functions (iBFsiBFs): ): 
collinear radiationcollinear radiation

Soft function: soft emissionSoft function: soft emission



RunningRunning
Factorization formula:Factorization formula:

Schematic picture of running:Schematic picture of running:
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ZZ--production: Comparison w/ Dataproduction: Comparison w/ Data

Good agreement with dataGood agreement with data
Theory curve determined completely by Theory curve determined completely by perturbativeperturbative
funcitonsfuncitons and standard and standard PDFsPDFs..

Phys.Rev.D83:053007,2011.Phys.Rev.D83:053007,2011.
hephep--ph/1007.3773 ph/1007.3773 



Check to Check to pQCDpQCD
Expanded Expanded resummedresummed formula to compare to fixed orderformula to compare to fixed order
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Leading LogLeading Log
NextNext--toto--Leading LogLeading Log

Agrees through NLL levelAgrees through NLL level

22DD11 requires NNLLrequires NNLL



iBFiBF and SF at NNLOand SF at NNLO

Required for NNLL Required for NNLL resummationresummation
Soft function has been worked out as our first stepSoft function has been worked out as our first step

Fully in momentum, position and impactFully in momentum, position and impact--parameter spaceparameter space
Anomalous dimensions and renormalization obtained in momentum Anomalous dimensions and renormalization obtained in momentum 
and impactand impact--parameter spaceparameter space

ImpactImpact--parameter beam function is still in progress parameter beam function is still in progress 

Two loop graphs for soft functionTwo loop graphs for soft function



Soft Function at NNLOSoft Function at NNLO
Anomalous dimensions in position and impactAnomalous dimensions in position and impact--parameter parameter 
spacespace

Old result confirmed: Old result confirmed: BelitskyBelitsky (hep(hep--ph/9808389)ph/9808389)
New in impactNew in impact--parameter spaceparameter space

New renormalized soft function in full position and impactNew renormalized soft function in full position and impact--
parameter spaceparameter space
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SummarySummary
Factorization formula:Factorization formula:

PerturbativePerturbative pTpT distribution given in terms of distribution given in terms of 
perturbativelyperturbatively calculable functions and the standard calculable functions and the standard 
PDFsPDFs
NLL NLL resummationresummation in good agreement with datain good agreement with data
Next step: NNLL Next step: NNLL resummationresummation

Soft function doneSoft function done
Beam function in progressBeam function in progress
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Backup SlidesBackup Slides



Match onto SCETMatch onto SCET

1 2 1 2 1 2( , ) ( , )QCDO d d C Oω ω ω ω ω ω= ∫ ∫
Matching Equation:Matching Equation:

Effective SCET operator:Effective SCET operator:
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S = Soft Wilson lineS = Soft Wilson line
W = Collinear Wilson lineW = Collinear Wilson line

gluon jetgluon jet

quark jetquark jet



ImpactImpact--parameter Beam Functionparameter Beam Function
UnintegratedUnintegrated nucleon functionnucleon function
Definition:Definition:



Soft FunctionSoft Function

Definition:Definition:



ZeroZero--bin and Soft Subtractionbin and Soft Subtraction
NaNaïïve calculation of ve calculation of iBFiBF double counts the soft region: double counts the soft region: 
zerozero--bin subtraction requiredbin subtraction required

Equivalence btw zeroEquivalence btw zero--bin and soft subtraction:bin and soft subtraction:

iBFiBF can be matched onto can be matched onto PDFsPDFs to separate to separate perturbativeperturbative
and nonand non--perturbativeperturbative scalesscales

Define Transverse momentum Function: Define Transverse momentum Function: 
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ZeroZero--bin (soft region)bin (soft region)NaNaïïve ve iBFiBF
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SCET Cross SectionSCET Cross Section



Factorization FormulaFactorization Formula
Factorization formula in full detail:Factorization formula in full detail:

The transverse momentum function is a convolution of The transverse momentum function is a convolution of 
the the iBFiBF matching coefficient and the inverse soft function matching coefficient and the inverse soft function 


