


The Strong Coupling Constant

Source: PDG
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as(Mz)=0.1176 = 0.002
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as(Mz)=0.1202 £ 0.0003 (stat) & 0.0049 (syst)
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Thrust at LEP is some of tHeest data in the worl® clean events

Wh y

as(Mz)=0.1264 £ 0.0008 (exp.) £ 0.0066 (theory)
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ALEPH Collaboratiorkur.Phys.J.C35:457-486,2004
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‘Rhmist atl eadimiosOrder (LOJun .

A Thrust can be calculated perturbation theory
A At leading ordeiit is a textbook exercise

1 do] CFr
—| =4é(7)+=—a,
LO 27

[M— 8 + 2logT + 237 — L ]

oo dr 3

Not a very good fit to data!



Next-to-Leading Order (NLO)

A At nextto-leading orderit is anextremely difficultcalculation
A Involves complicatethtegralswith overlappinglivergences
A Answer only knowmumerically

Ellis, Ros3gerrano (Nucl.Phys.B178:421,1981)

Still not a great fit to data!



Next-to-Next-to-Leading Order (NNLO)

A Involves nearlympossibldoop calculations witmultiple overlappinglivergences
A Just completed last yedrafter many years of work
A Answer only knowmumerically 8 using asupercomputer

Gehrmannde Ridder Gehrmann Glover and Heinrich JHEP 0711:058, 2007




Eit lon g at NNLO)

Dissetori et al. (arXiv:0712.0327)

Fit to LEP data:

as(Mz) =0.1274 +0.0047

LO

Q=M,
05 (M) = 0.1189 compare to PDG
world average
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a.(Mz)=0.1176 % 0.002

off by ~10%-~2s !

Als a_ beingpushed upo account for missing computation?
AWhat aboutNNNNLO or NNNNNLO ?
APerhaps we should work to all orders mé



Sum up radition

Traditional approach sums emissions using DGLAP functions:

do _ logTt 9, 1 9 \2
— d v §§ o+ g8 o T=a ll_“'slog”#%l% )4

A his semiclassicatesummatiorfor thrust was done first i 993

A Softeffects equated with
angular ordering

turns overd good!

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

still poor agreement

with datad bhad!

ASemiclassical approach gets stucknait-to-leading log (NLL)
A ittle progresssince themd not clear how to go to higher orders
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For thethrust distribution:

T Factorization Theorem

Lee,Sterman

Fleming, Hoangantry, Stewart(hep-ph/0703207)

MDS, PRD: 77.14026 (2oo$)

Asector quark form factor
ASame as iDrell-Yan and DIS (with & - Q2)
AKnown to 2-loops, anomalous dimensions td@ps

Jet Functions:

J(p?, ) ~ Disc { - B v L. (v SR

ASame as ibl sg, etc
AKnown to 2-loops

BecherNeubert

AAnomalous dimension known to-®ops from DGLAP splitting functions




Soft Function

Fleming, HoangdJantry;

= Z KX Y,1V;|0) |2 ok —n-px, —7n-p Stewart(hep-ph/0703207)
&

To one-IOOp Yoo oY KorchemskyMarchesiniL993

2 n component of all

n component of all
S(yo) =1+ '_CF l210g (iyope™® —ic) + == momentagoing left + p

12 momentagoing right

Fourier transform

S(kr,kr) =S (y+y-)

At order a_, one of the hemisphere masses is zero

Sy(k) =2 / dhrdknS (ke kn)0(kn — k)d (kg — k)

MDS, PRD: 77.14026 (2008)

Or compute directly (see Andreds tal k)



Expanding the SCET result

1 doy ) ) o __ ._ _ _. _ 2 —2Ar (pp o 5)
——— =exp [4S(pn, p15) + 45 (phs, 115) — 241 (pin, p1s) + 4A5(115, 115)] ( H‘g )

gy dr

T

() v OIS 15C) n NE — (. N1 70 T e—nEN
x H(Q? 1) |7 ( ln # + Oy 14 ) T (d"l? ”‘s) - _Q R
- ' T\ ) T

Expandhe SCET thrust distribution ia.

e—27EN

- 1 45(Q,Q7)+6A(Q,Q7)+ p a2
— 1 ’ T 1 = » ‘0' (_)"" e | —
[00 dTLCET == 1+ as(QvT)(c1 + 20, + ¢30;) + ]F[,_)"]

=0(7)

MDS, PRD:77.14026 (2008)
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Lets usmatch
to includeexact
fixed order result

V It successfullyeproducesthe singulatbehavior
of the leading fixearder result



Eampanestieniixed:Onden

Fixed
Order

SCET
(to fixed order)

— 4logT — 3
i

— 8+ 2logr + 237 — %72




Next-to-next-to-next-to-leading log resummation
(without effective field theory, onlLL available)

We 4-loop b-function

4-loop cusp anomalous dimensions (usiapéfor G,)
3-loop hard and jet anomalous dimensions
2-loop hard and jet finite parts

ASoft function knowranalyticallyat
ASoft function anomalous dimensions a@b8p determined by RG invariance

MDS, PRD: 77.14026 (2008)

/2-loop soft function finite part can be computedimericallyusings .

_ SCET FO SCET
Otot = TOtot +/(d0 —do )

T. Becher MDS arXiv:0803.0342

Known to a2 Known t@a@u!gntesancel
in ciifference

Known to a/
up to finite part of 2
loop soft function




Eampanestieniixed:Onden

Aeffective Field Theory result knovexactly
Meyond leading ordefjixed-order results known onlynumerically

T. Becher MDS, arXiv:0803.0342
leading order second order

___ Fixed
Order

— SCET
(to fixed order)

— 4logT — 3

— 84 2logT + 237 — ﬂr




NLO color structures

Agreement so good we can use it to extract missing bit of 2Heop soft function




Eampanestieniixed:Onden

Aeffective Field Theory result knovexactly
Meyond leading ordefjixed-order results known onlynumerically

T.BecheyMDS arXiv:0803.0342
leading order second order third order

___ Fixed
Order

— EFT
(to fixed order)

— 4logT — 3

— 84 2logT + 237 — ﬂr




NNLO color structures

(EFT) are knowrexactly  (NNLO) only numerically
Aimportant checkon NNLO calculation




NNLO color structures

G 2 10

Log plots

A Remarkableagreement
A Are NNLO errors being underestimated?




Conyvergerice

Fixed Order Effective Field Theory

At fixeda(M,) = 0.1168



Conyvergerice

Fixed Order Effective Field Theory

At fixeda(M,) = 0.1168



Conyvergerice

Fixed Order Effective Field Theory

At fixeda(M,) = 0.1168



Dependence on Fit Range

sample fit range
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Perturbative Uncertainties

L |

noC ] 1% grder
[ — v I
e 3 o der
e 4 order

hard scale variation

L1 1% order
— v
. 3 grder
e 4T order

jet scale variation o 1% order
e 2 grder
s 34 order
D order

soft scale variation 1 1% order
[S— L T
e 3 order
4 order




Scale Variations can be unphysical

pn=Q xU/szx/F
pn =100 [ =99

Q =100 GeV
t=0.3

1% order |
2% order
3% order
4% order

correlated scale variation
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Perturbative Uncetainty Band

Varya. in best theory to findoest fit to for ag

Vary theoryparameters holding, fixed

Construct uncertainty bandontaining all variations

Varya. in best theory best theory so that curve theory within band

fitrange
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anti—correlated
0.20 0.25

D a(M,) =+0.0012




Perturbative Uncetainty Band

Effective Field Theory
D a(M,) =+0.0012

AMany scales appear
AUncertainty stillsmall + matching scale
hard scale

correlated

(prediction—re ference)/reference

anti—correlated

0.05 0.10 0.15 0.20 0.25 0.30 0.35

Fixed Order
D a(M,) =+0.0046

AOnly variation is
ASince lower scales are relevant,
error may beunderestimated




Estimate Higher Orders

AGuesshigher coefficients
AFor example, us@adéapproximation

£ L <
Ynt)=E£ 1 Cpin=2

I n+41 = T
hOE Y(n—1) C(n—1)

titrange
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EEREE el .E Rl

fit to ALEPH data fit to OPAL data

!

100 120 140 160 180 200 ’ 120 140 160 180 200

LEP1: a,(M,) = 0.1168 =+ 0.0001 (stat) LEP1: a,(M,) =0.1189 <+ 0.0001 (stat)
+ 0.0011 (sys)

+ 0.0008 (sys)
+ 0.0014 (had) + 0.0031 (had)
+ 0.0014 (pert)

+ 0.0013 (pert)
LEP1/LEP2: a(M,) =0.1168+0.0022 LEP1/LEP2 :a(M,) = 0.1189+0.0030

a(M,) = 0.1172+0.0022

a4(M,) = 0.1176+0.0020 (World Average)



Non-perturbative Effects

Two ways to handlénadronizationn a, fits:

1. Modelhadronizationwithin theoreticalcalculation

AConvolute perturbativesoft functionwith function

S(k. p) — / AK'S(k — k', 1) Sxp (K 1)

KorchemskyTafat
Hoang, Stewart

ALeading power correction modeled by a gapped $ofiction §p(k) = d(k-L \p)
ALeads to ashiftin the thrust distribution

2. RunpYyTHIAWIth and withouthadronization
Usedifferenceto correct theoretical calculation



Non-perturbative Effects

AFit simultaneouslyo a, andL

95% confidenctevels forOPAL LEPL andLEP2 data

do do Anp

%T)—)%(T—T)

ANo evidencefrom data that thisnodelis correct
AFurther study needed é



