
Matthew Schwartz

Johns Hopkins University



Source: PDG

LEPQCD working group avg.

òtotally dominated by theoretical uncertaintiesó

World average
PDG (2007)



t ~ 1/2tÛ1-T ~ 0

Thrust at LEP is some of the best data in the world ð1 million clean events
ALEPH Collaboration, Eur.Phys.J.C35:457-486,2004

T~ 1

Why hasnõt this data led to the worldõs best test of QCD?



Å Thrust can be calculated in perturbation theory

Å At leading order, it is a textbook exercise

Not a very good fit to data!



Still not a great fit to data!

Ellis, Ross, Terrano (Nucl.Phys.B178:421,1981)

Å At next-to-leading order,  it is an extremely difficult calculation

Å Involves complicated integralswith overlapping divergences

Å Answer only known numerically



Å Involves nearly impossibleloop calculations with multipleoverlapping divergences

Å Just completed last year ðafter many years of work

Å Answer only known numericallyðusing a supercomputer

Gehrmann-de Ridder,  Gehrmann,  Glover and Heinrich JHEP 0711:058, 2007



Dissetori et al. (arXiv:0712.0327)

compare to PDG 

world average

Fit to LEP data: 

off by ~ 10%~2s!

ÅIs as being pushed upto account for missing NNNLO computation?

ÅWhat about NNNNLO or NNNNNLO ?

ÅPerhaps we should work to all orders in asé



Catani et al. (Nucl.Phys.B407:3 -42,1993)

ÅThis semi-classicalresummationfor thrust was done first in 1993

turns over ðgood!

still poor agreement 

with data ðbad!

Traditional approach sums emissions using DGLAP functions:

ÅSemi-classical approach gets stuck at next-to-leading log (NLL)

ÅLittle progress since then ðnot clear how to go to higher orders

+ +

ÅSofteffects equated with 

angular ordering



MDS, PRD: 77.14026 (2008)

Fleming, Hoang, Mantry, Stewart(hep-ph/0703207)

For the thrust distribution:

ÅVector quark form factor

ÅSame as in Drell-Yan and DIS (with Q2Ï - Q2)

ÅKnown to 2-loops, anomalous dimensions to 3-loops

Hard Function:

Jet Functions:

ÅSame as in bÏsg, etc

ÅKnown to 2-loops

ÅAnomalous dimension known to 3-loops from DGLAP splitting functions  

Becher, Neubert

Lee, Sterman



Soft Function:

At order as, one of the hemisphere masses is zero

To one-loop
¯ component of all

momentagoing left

n n component of all

momentagoing right
+

Fourier transform

MDS, PRD: 77.14026 (2008)

Or compute directly (see Andreõs talk)

Korchemsky, Marchesini1993

Fleming, Hoang, Mantry, 
Stewart(hep-ph/0703207)



Expandthe SCET thrust distribution in as:

This should approach the fixed order as tÏ0

MDS, PRD:77.14026 (2008)

It successfully reproducesthe singularbehavior

of the leading fixed-order result
V

Lets us match

to include exact

fixed order result



Fixed 

Order

SCET

(to fixed order)



We have 4-loopb-function

4-loop cusp anomalous dimensions (using Padéfor G3)

3-loop hard and jet anomalous dimensions

2-loop hard and jet finite parts

ÅSoft function known analyticallyat 1-loop

ÅSoft function anomalous dimensions at 3-loop determined by RG invariance

Å2-loop soft function finite part can be computed numerically using stot

MDS, PRD: 77.14026 (2008)

(without effective field theory, only NLL available)

T.  Becher,  MDS  arXiv:0803.0342

Known to as
2

Known to as
2

up to finite part of 2-

loop soft function

Known to as
2Singularitescancel 

in difference



Fixed 

Order

SCET

(to fixed order)

leading order second order

ÅEffective Field Theory result known exactly

ÅBeyond leading order,  fixed-order results known only numerically 

T.  Becher,  MDS,  arXiv:0803.0342



Agreement so good we can use it to extract missing bit of the 2-loop soft function



Fixed 

Order

EFT 

(to fixed order)

leading order second order third order

ÅEffective Field Theory result known exactly

ÅBeyond leading order,  fixed-order results known only numerically 

T. Becher, MDS arXiv:0803.0342



Åbluecurves(EFT) are known exactlyred (NNLO) only numerically

Åimportant check on NNLO calculation



Log plots

ÅRemarkableagreement

ÅAre NNLO errors being underestimated?



Fixed Order
Effective Field Theory

(matched to Fixed Order) 

order)

At fixedas(MZ) = 0.1168



Fixed Order
Effective Field Theory

(matched to Fixed Order) 

order)

At fixedas(MZ) = 0.1168



Fixed Order
Effective Field Theory

(matched to Fixed Order) 

order)

At fixedas(MZ) = 0.1168







Q =100 GeV

t= 0.3

2mj > mh 2ms > mj



Das(MZ) =±0.0012

1. Vary as in best theory to find best fit to data for as

2. Vary theory parameters holding as fixed

3. Construct uncertainty band containing all variations

4. Vary as in best theory best theory so that curve theory within band



Das(MZ) =±0.0046

Fixed-order scale variation

Das(MZ) =±0.0012

Fixed Order

Effective Field Theory

ÅOnly variation is hard scale

ÅSince lower scales are relevant,

error may be underestimated

ÅMany scales appear

ÅUncertainty still small!



ÅGuesshigher coefficients

ÅFor example, use Padéapproximation



LEP1/LEP2: as(MZ) = 0.1168 ±0.0022 LEP1/LEP2 : as(MZ) = 0.1189 ±0.0030

as(MZ) = 0.1176 ±0.0020 (World Average)

as(MZ) = 0.1172 ±0.0022

LEP1: as(MZ) = 0.1168  ± 0.0001 (stat)

± 0.0008 (sys) 

± 0.0014 (had)

± 0.0013 (pert)

LEP1: as(MZ) = 0.1189  ± 0.0001 (stat)

± 0.0011 (sys) 

± 0.0031 (had)

± 0.0014 (pert)



ÅLeading power correction modeled by a gapped soft-function SNP(k) = d(k-LNP)
ÅLeads to a shift in the thrust distribution

Two ways to handle hadronizationin as fits:

1.   Model hadronizationwithin theoretical calculation

ÅConvolute perturbativesoft functionwith non-perturbativeshapefunction 

2.    Run PYTHIAwith and without hadronization

Usedifference to correct theoretical calculation

Stermanet al.

Korchemsky, Tafat

Hoang, Stewart



95% confidence levels for OPAL LEP 1 and LEP 2 data

ÅNo evidence from data that this modelis correct

ÅFurther study needed é

ÅFit simultaneouslyto as and LNP


