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Canonical event shape

Thrust:

T:émsx(Zlﬁ/'ﬁﬂ) % %

two-jet like: T ~ 1 spherical: T ~1/2

Thrust distribution precisely measured at LEP (7 =1 —T)

ALEPH | - ) . )

15 " Q=912 ] - in the two-jet region 7 ~ 0

|5 0 1 1. do  asCe [ _4inred |
- og dr — 27 T T
sl 010 015 020 025 030 035 040 045
= Sudakov logs require resummation
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Motivation

Why should we study et e~ event shapes in 2012?

» perturbation theory + resummation + non-perturbative effects

= clean environment to test our understanding of QCD

» precision determination of as |

final result from LEP QCD working group:

as(Mz) = 0.1202 4+ 0.0003 (stat) -+ 0.0049 (syst) R |

completely dominated by theoretical uncertainty (+0.0047) ol

0110 0115 0120 0125 0130
on(My)

Renewed interest due to theory advances

» fixed-order calculation extended to NNLO [Gehrmann-De Ridder, Gehrmann,
Glover, Heinrich 07; Weinzierl 08]

» resummations beyond NLL using SCET [Becher, Schwartz 08; Chien, Schwartz 10;

Becher, GB in preparation]
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The NNLO calculation

[Gehrmann-De Ridder, Gehrmann, Glover, Heinrich 07; Weinzierl 08]

First NNLO calculation for 3-jet observables

» O(100) diagrams with complicated loop integrals
» individual terms are IR-divergent = highly non-trivial IR subtractions

= two Monte-Carlo implementations for generic 3-jet observables

Used in various as determinations [Dissertori et al 07,09]
» NNLO: as(Mz) = 0.1240 £ 0.0008 (stat) 4= 0.0010 (exp) == 0.0011 (had) & 0.0029 (theo)
» NNLO + NLL: as(Mz) = 0.1224 4 0.0009 (stat) 4 0.0009 (exp) & 0.0012 (had) =+ 0.0035 (theo)

= further improvements require to go beyond NLL resummation!
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Beyond NLL?

Traditional resummations are based on the coherent branching algorithm

» sums probabilities for independent gluon emissions

» apparently hard to extend beyond NLL

[Catani, Trentadue, Turnock, Webber 93]

In SCET resummations are formulated in an operator language on the amplitude level

» extension to higher orders requires standard EFT techniques

» thrust analysis extended by two orders to N3LL accuracy [Becher, Schwartz 08]

» field theoretical treatment of power corrections
two-dimensional fit to world thrust data
as(Mz) = 0.1135 4 0.0002 (exp) + 0.0005 (had) 4 0.0009 (pert)

very precise but 3.7o lower than world average?

JET BROADENING IN EFFECTIVE FIELD THEORY
HU-DESY ZEUTHEN SEMINAR

[Abbate, Fickinger, Hoang, Mateu, Stewart 10]

T TR R T Y T Y T T TR YTy
ay(mz)

GUIDO BELL
JUNE 2012



Beyond NLL?

Traditional resummations are based on the coherent branching algorithm

» sums probabilities for independent gluon emissions

» apparently hard to extend beyond NLL

[Catani, Trentadue, Turnock, Webber 93]

In SCET resummations are formulated in an operator language on the amplitude level

» extension to higher orders requires standard EFT techniques

» thrust analysis extended by

» field theoretical treatment o
two-dimensional fit to world
as(Mz) = 0.1135 £ 0.0011

very precise but 3.70 lower
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Global Thrust Analysis
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Electroweak(Gfitter'08)
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Event shape studies in SCET

Heavy jet mass:

[Chien, Schwartz 10]

1 2 g2 : - 2 2
p= gz max (MZ, MZ) hemisphere jet masses M; 5 = ( > p,-)
ieL/R
» similar to thrust = again N3LL resummation
» field theoretical treatment of power corrections more involved [talk by Mateu at SCET 2011]
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Event shape studies in SCET

Heavy jet mass: [Chien, Schwartz 10]
_ M2, M3 hemisphere j M2 = ?
r= max (MZ, MZ) emisphere jet masses M, = ( > p,-)
icL/R

» similar to thrust = again N3LL resummation

» field theoretical treatment of power corrections more involved [talk by Mateu at SCET 2011]

Total and wide jet broadening: [Chiu, Jain, Neill, Rothstein 11;
Becher, GB, Neubert 11]

br =b,+b
4 LToR hemisphere jet broadenings b, =3 » |6 x firl

bw = max (b, bgr) ieL/R

» orthogonal to thrust (measure transverse momentum distribution)

» different type of factorization formula =- aim at NNLL resummation
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OUTLINE

FACTORIZATION
BRIEF REVIEW OF THRUST ANALYSIS
FACTORIZATION BREAKDOWN FOR BROADENING
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Thrust in SCET

In the two-jet limit = — 0 the thrust distribution factorizes as [Fleming, Hoang, Mantry,
Stewart 07; Schwartz 07]
1 do 02 + p2
77:H027 /dz/dzJ 27 JZ7 S Q_L H7
o = @) [ o [ ok Jef ) k) S(r o h)

multi-scale problem: @ > pPZ~pE~TQ2 > r2Q°

hard collinear soft

J(p1) H(Q?) J(pR)

O, % 5555° 5565%
099> S Qo00%

FE LY
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Thrust in SCET

In the two-jet limit = — 0 the thrust distribution factorizes as [Fleming, Hoang, Mantry,
Stewart 07; Schwartz 07]
1 do _ 2 ° > 02 ° pE+ PR
2T = H(GE.) [t [apk et n) Jehn) S(ra- PSP L)

multi-scale problem: @2 > pP~pE~TQ2 > 72QP

hard collinear soft
Hard function:

» on-shell vector form factor of a massless quark

H(@?) =

» known to three—loop accuracy [Baikov, Chetyrkin, Smirnov, Smirnov, Steinhauser 09;
Gehrmann, Glover, Huber, Ikizlerli, Studerus 10]
» also enters Drell-Yan and DIS in the endpoint region
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Thrust in SCET

In the two-jet limit = — 0 the thrust distribution factorizes as [Fleming, Hoang, Mantry,
Stewart 07; Schwartz 07]
1 do P? + p
— 27— H(@.p) / dp? / dof J(o2, ) J(Ph i) S(r@— SR )
op dT Q
multi-scale problem: @2 > pf~pE~7Q2 > T2QP
hard collinear soft
Jet function:
» imaginary part of quark propagator in light-cone gauge
J(?) ~ i [T, (0| 2 W (0)6(0) By W) [o)] W(x) = P exp (igs /0 ds - A(x + sfi))
» known to two-loop accuracy (anomalous dimension to three-loop) [Becher, Neubert 06]
» also enters inclusive B decays and DIS in the endpoint region
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Thrust in SCET

In the two-jet limit = — 0 the thrust distribution factorizes as [Fleming, Hoang, Mantry,
Stewart 07; Schwartz 07]
1 do p? + p?
197 e, /dz/d2J2, J(0%,n) S(rao— PL PR
o = @) [ o [ ok Jef ) k) S(r o n)

multi-scale problem: @2 > pP~pE~TQE > 2QP
hard collinear soft
Soft function:

» Wilson lines along the directions of energetic quarks
0
Sw)=3" KX)S,E(O) s,f,(0)|o>‘2 8w —n-px, — 7 Px;) Sn(x) = P exp <igs/ dsn- As(x + sn)>
X — 00

» determined to two-loop from matching to fixed order calculation
[Becher, Schwartz 08; Hoang, Kluth 08]

» confirmed by several direct calculations [Kelley, Schwartz, Schabinger, Zhu 11; Monni, Gehrmann,
Luisoni 11; Hornig, Lee, Stewart, Walsh Zuberi 11]

» anomalous dimension known to three-loop
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How does resummation work (roughly)?

Let us have a closer look at the one-loop expressions

o) @? @ 772
H@R ) = 1+ 257F | o = 46— — 164 —
(Q°, ») t [ n u2+ nu2 + 3
2 5 asCe [ (4n(p?/u?) -3 0 2y o 2
J(p,u):é(pw—{(iz) +(7—w)6(p)]
4 Je; .

us w

asCk —161n(w/p) \ M 2
S(w, p) = §(w) + v |: (7)* + ?E(w):|
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How does resummation work (roughly)?

Let us have a closer look at the one-loop expressions

C @? @? 772
H(QR, u) = 14 252F [—2|n2—2+6|n—2—15+i
4 % % 3

2 > asCg 4in(p?/p?) — 3 (12 , ,
AT =l R I kRl

asCr —16In(w/p)\ [ x?
S ) = o) + 2 [ (el ?5(@}

U w

General structure:
» logarithms < divergences

anomalous dimensions of EFT operators = resum logs via RG techniques

2

d Q
H(Q?, 1) = |2lasp(as) In =5 + 497 (as) | HIQP, 1)
dinp i
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How does resummation work (roughly)?

Let us have a closer look at the one-loop expressions

o) @? @ 772
H@R, ) = 1+ 257F | 2= y6mn— —16
(Q°, ») t [ n M2+ n”2 +3
2 5 asCe [ (4n(p?/u?) -3 0 2y o2
J(p,m:&(pw—[(iz) +(7 - 72) 8(p )]
4 Je; .

asC
S(w, 1) = 8(w) + TF{(

us

" 2
716In(w/,u))[l ] . %5(@]

w *

General structure:
» logarithms < divergences
anomalous dimensions of EFT operators = resum logs via RG techniques

d @?
H(@, 1) = |2lausp(as) In =5 + 4% (as) | H(Q, 1)
dinp i

» finite terms = accounted for in matching calculations
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How does resummation work (roughly)?

Let us have a closer look at the one-loop expressions

C e @? 7
HQR, u) = 14 25 F[ 21n? 7o — 16+ ”]
4 12 3

asC ain(e /2y — 3\ W3
I, 1) = 5(0°) + ﬁ [ (%) +(7 - wz)é(pz)}

us w

asCg —161n(w/p)\ M -
S ) = o) + 2 [ (el ?m)}

General structure:
» logarithms < divergences
anomalous dimensions of EFT operators = resum logs via RG techniques

d @?
H(@, 1) = |2lausp(as) In =5 + 4% (as) | H(Q, 1)
dinp i

» finite terms = accounted for in matching calculations

Notice: there is no large log when each function is evaluated at its natural scale!
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Angularities

Interesting class of event shape variables [Berger, Kucs, Sterman 03]
1
Ta= — E; (sin§,)2 (1 — |cos 6;])'—2
a sz:,( (1 —| il)

» interpolates between thrust (a = 0) and broadening (a = 1)

» infrared safe for a < 2, but standard factorization only for a < 1

SCET analysis [Hornig, Lee, Ovanesyan 09]
> relevantscales:  pZ ~ Q2 > e~ 027_32%3 > pd~ QP13
thrust: ph~ @ > pE~ QP > pd o~ QPP (SCET))
broadening: pe~ @ > B~ QPB2 0~ s~ Q2B (SCETy)

= factorization formula for broadening will be different (and more complicated)
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Jet broadening

In the two-jet limit b, ~ bg — 0 expect that the broadening distribution factorizes as

1 d%
- —H 27 /dbs /dbs /dd72 1 /dd72 1
o0 dbdby — 1) oL [ b PL Pr

jL(bL - bf~pf7u) jﬂ(bF( - bfqvpé7#) S(bi‘blszp 7pf~ 7p[#7“)

two-scale problem: Q®> > b, ~bg

L R

|
|
|
|
|

> relevant modes have pL, ~ pL, ~ b, g = factorization in SCET)

» jet recoils against soft radiation
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Jet broadening

In the two-jet limit b, ~ bg — 0 expect that the broadening distribution factorizes as

1 d%
- —H 27 , /dbs /dbs /dd72 1 /dd72 1
oo dbdby — 1) [ L [ O PL Pr

jL(bL - bfzpfv lu‘) jFl(bR - b:?:fvpf:ﬂ lu“) S(bf7 bfqv 7pf7 7pf:ﬂ M)

Hard function:
» precisely the same object as for thrust

» recall the RG equation
2

d Q
_a Q? Fo 4~9 H(Q?
n l/( ,,u) = |2 cusp(as) In 2 Y ( 5) ( ’/’L)

= there is a hidden Q-dependence in the second line!

2 2 . 2 2
thrust £ =19 —Q <« broadening 24 =5 —p
) TQ ) b
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Jet broadening

In the two-jet limit b,

~ br — 0 expect that the broadening distribution factorizes as

1 P
oo db, dbp

M) [abt [dog [a%2pt [a% 20

jL(bL - bf~pf7u) jﬂ(bF( - bfqvpé7#) s(bi‘blszp 7pf~ 7p[#7“)

Some manipulations:

» Laplace transform b, g — 7. R

» Fourier transform

» define dimensionless variable z, g =

1 1
Prr = XLR

1
2|XL,R‘

TLR

= the naive factorization theorem takes the form

1 d%c
oo dr dmp

= H(@?,

o0 oo o o o
©) /0 dZL/O dzg J (11,2, 1) TR(TR, ZR, 1) S(TL, TR, ZLs ZR; 1)
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Jet function

The quark jet function for broadening reads
T(b,pt) ~ 3 8- px — Q) 57 2(px —p) 5(b- } Z 1) [(x|Eew© % o)
X

» delta-functions ensure that jet has given energy, p- and b

> tree level: J(b,pl):s( 7%|pi‘\> = T(rz)= 2 + O()
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Jet function

The quark jet function for broadening reads
T(b,pt) ~ 3 8- px — Q) 57 2(px —p) 5(b- } Z 1) [(x|Eew© % o)
X
» delta-functions ensure that jet has given energy, p and b

> tree level: J(b,pl):é(b—%mﬂ) = T(rz)= 2 + O()

At one-loop the calculation involves

f%% ﬁg% /@_@—F@ @,ﬁgrﬁ.@
L L

» Wilson-line diagrams are not well-defined in dimensional regularization!

Q
/ Cj(k—_ diverges in the soft limit (DR regularizes d9—2k )
0

» this does not happen for thrust or any SCET, problem
=- one has to introduce an additional regulator
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Regularization in SCET),

The regularization of individual diagrams is largely arbitrary, one could try e.g.

1 1 (1/2)0
— _>
P2+ ie P2 — A +ie’ (p? o)1 te’
P2 + i)

» trivial for QCD, but regularizes ill-defined EFT diagrams

» spoils gauge-invariance and eikonal structure of Wilson line emissions
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Regularization in SCET;

The regularization of individual diagrams is largely arbitrary, one could try e.g.

1 1 (1/2)0
— _>
P2+ ie P2 — A +ie’ (p? o)1 te’
P2 + i)

» trivial for QCD, but regularizes ill-defined EFT diagrams

» spoils gauge-invariance and eikonal structure of Wilson line emissions

In a massless theory it is sufficient to regularize phase space integrals [Becher, GB 11]

/ddk 5(K2) 6(K%) = /ddk (%)”5(/@) o(KO)

» does not modify SCET atall = keeps gauge-invariance and eikonal structure

» analytic, minimal and adopted to the problem (LC propagators)
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Why does it work?

Our new prescription amounts to

/ddk 5(k%) (k%) = /ddk (:f)a&(/@)a(ko)

» virtual corrections do not need regularization

matrix elements of Wilson lines in QCD =- the same for thrust and broadening

technical reason: /ddfzkl (ki ke) ~ ki€
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Why does it work?

Our new prescription amounts to

/ddk 5(k%) (k%) = /d"k (:f)a&(/@)e(ko)

» virtual corrections do not need regularization
matrix elements of Wilson lines in QCD =- the same for thrust and broadening

technical reason: /ddfzkl (ki ke) ~ ki€

» required for observables sensitive to transverse momenta
f(ky, ki) ~892(k, —p,) = factor ki € absent = reinstalled as k,

can show that the prescription regularizes all LC singularities in SCET

» not sufficient for cases where virtual corrections are ill-defined

examples: electroweak Sudakov corrections, Regge limits
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Jet function revisited

With the additional regulator in place, the jet functions can be evaluated

Lo Cras €7E 1 /pN\2<[ 4T+ 0a)l(a) /Qui\©
Tu(b.p = 0)=0(b) + = I’(1—e)b(b> {1 T T re+2q) (b2>]

I Cras €°VE 1 /p\2e B 4T (—a) v\
aatept =01 =at0+ 7 L (5) e oy ()]

» ordered limit & — 0, e — 0 generates a pole in the analytic regulator

[e3
» note the characteristic scaling (Z—I) in each region

For pt # 0 the computation is considerably more involved (— later)

- C 1 /1 V1 2 411 a
Tur2) = T, 2) {1 o res 1 (7 +1n (1272) 4 2In #) (Qui7?) +...
€

™ @

» divergent term has non-trivial z-dependence
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Soft function

The soft function for broadening reads

(b, ba, Pl pE) ~ > 87 P(ex, — pL) 87 %ok, — PR)
XX
s(bu—3 3 oti) s(ba— 1 X2 okl [(xxa|si) sa0)]0)[*
iex, jeXg

» split final state into left and right-moving particles

> tree level: s(by,bg,pi-,pE) = 8(b) 5(bg) 69 2(pi-) 69 2(pg) = S(r1.7Rs2,2R) =1

At one-loop the calculation involves

Cras [ 1 /1 1+Z
= S, TR 2, 28) =1+ —— { — +In(,u TL)+2|n (u,q) — (L R)+.
™ «@
JET BROADENING IN EFFECTIVE FIELD THEORY GUIDO BELL
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Anomalous Q dependence

Let us now put the jet and soft functions together

Tu(r1,21) Tr(tRs2R) S(T1, TR, 2L, 2R) = 750)(‘1720 75:?)(79723)

™ @

c 1 1 1 Vi+22+1
{1 4 Fos {( L (u+7_'L)) (7 +in (u272) 4 2In %)
«@ €
1 1 1 J1+2% +1
+ <+ — +In(u—+) - = 7|n(u+7"R)> (,+|n(u2;§)+2|n7’?) +]}
« Q a € 4

» well-defined without additional regulators
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Anomalous Q dependence

Let us now put the jet and soft functions together

Ti(r1,21) Tr(TRs2R) S(71, 7Ry 21, 2R) = 750)("1,20 753)(7'9723)

™

{1+%[( ) +m<m))({Hn(fﬁ)+2|n7“+425“)
+( +In<%) 7In(u+7’-Fe))(E+In(#27";%)+2ln7@+1>+...]}

» well-defined without additional regulators

» similarly the artificial scale v drops out
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Anomalous Q dependence

Let us now put the jet and soft functions together

Ti(r1,21) Tr(TRs2R) S(71, 7R, 21, 2R) = 720)(71,20 7(;,))(7'/?72»?)

{1+%[( —1In(Q7)
+ ( —In(Q7R)

» well-defined without additional regulators
» similarly the artificial scale v drops out

» the hidden Q dependence shows up!

W+1>
4

]
) <7 +1n (4?72) +2In
€

) (£+|n(u2%§)+2ln7"1+:%+1)+...}}

= the naive factorization formula does not achieve a proper scale separation

How to resum a logarithm that appears in a matching calculation?
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OUTLINE

RESUMMATION

COLLINEAR ANOMALY
EXTENSION TO NNLL
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Collinear anomaly

Will show that the Q dependence exponentiates using and extending arguments from
» electroweak Sudakov resummation [Chiu, Golf, Kelley, Manohar 07]

» pr resummation in Drell-Yan production [Becher, Neubert 10]

Start from the logarithm of the product of jet and soft functions

InP = In7L( In (Quy7R); 71, ZL) + In7R(In ( ”5 ) TR» z/:,) + Ing(ln (v 7L)s T, TR 205 zR)

/ | \

collinear: ki ~ % anticollinear: ky ~ Q soft: ky ~ b
» use that product does not depend on v, and that it is LR symmetric
k; . _ =
= inP =2 122 7, 75) — Fg(r, 21, 1) In (QP72) — Fa(, 2g, 1) In (QP72) +In W(ry, T, 21, 28, 1)

» RG invariance implies kz(u) = 0 to all orders

= | P(@P, r, 7R 21,28, 1) = (QP7F) FBULZLM (QP7R)~FBUR 2RI W(ry, vg, 2, 25, 1)
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Final factorization formula

The corrected all-order generalization of the naive factorization formula becomes
[Becher, GB, Neubert 11]

1 d?c
oo dr dtg

= H(Q? p) /loodzL/OodzR (@%72) ~FBlrLzn) (@272)~FBURZR 1) W(ry, rg, 2,, 25, 1)
0 0

Our explicit calculation determines the one-loop anomaly coefficient

Qg 2
Fatrozun) = 2 [ingur) +1n Y2221
To NLL one further needs
ZL ZR

WL 7. 21 26, 1) = (1 + zf)s/2 (1 + ZI2?>3/2

- AC [ 4m (1 IR P P, 3P
H(QZ,M) = exp{B—g [aS(Q) (1 P Inr>+(K B0>(1 r+|nr)-¢—260 In“r 4 5 Inr]}
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Total and wide jet broadening

To NLL the Mellin inversion can be performed analytically

—27gn 2n
L8 ot L ()
oo dbr r@2n) br \ u
197 pygr ) e L(bﬂ)z" P(n)
oo dby TTr2(14n) bw \ p K
2
where = Crosl) 1 & oy

™ 12

The non-trivial z-dependence of the anomaly coefficient is encoded in

o0 z V1i+z224+1\7" 41
o) = [ - ( ) - oFi(m 4 + 1.2 4+, —1)

14 22)%/2 4 147

GUIDO BELL
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Comparison with literature

Traditional resummation
» pioneering work missed quark recoil effects = valid to LL [Catani, Turnock, Webber 92]
» first NLL resummation by Dokshitzer et al [Dokshitzer, Lucenti, Marchesini, Salam 98]

we find complete analytical agreement with this work

Resummation within SCET [Chiu, Jain, Neill, Rothstein 11,12]
» starts from same naive factorization formula

» uses different regularization prescription (not manifestly gauge-invariant)

» treats additional divergences in a "rapidity renormalization group”

» 2011 paper missed quark recoil effects = valid to LL

2012 paper in agreement with Dokshitzer result
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A glimpse at the data

Total broadening Wide broadening

preliminary - preliminary

1 1dr
e i p

» NLL with perturbative uncertainty only
» without matching to fixed order calculation
» does not include any treatment of non-perturbative corrections

= a precision determination of as requires NNLL matched to NNLO!
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Beyond NLL

The extension to NNLL requires three ingredients
» one-loop soft function
» one-loop jet function

» two-loop anomaly coefficient
The calculation of the one-loop soft function is straight-forward [Becher, GB, Neubert 11]

& @ o O

- 4 /1 T+ /1+2 2
= S(rL, 7Ry 215 2) =1+ : F{(N ) (i) {*(’ +2In (L)) T2
us «@ €

2

) 1+sz1 5 1+./1+zf 572
+ 8Lis | — +4In +— | —-(L+< R
1+22 +1 4 6
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One-loop jet function

The calculation of the one-loop jet function is surprisingly complicated

" d dp [Vt 2\ o0y 19 (Mk +Nq)
[%a s@) o) [k ( ) 308 000 T

x 6(@—ng— k) 69=2(p. —q. — ki) 6(b— Flqr] - blky])

1
1 Ctra [T ER-9'TRER - 14y T2
Jy dmn =t e S e iy~

» non-trivial angle complicates calculation G,
» expansion in « and e is subtle o
= have to keep (2b—p)~'=<,(2b—p)~'=2¢, ... toall orders
» computed the integrals in closed form without expanding in e ~
= hypergeometric functions of half-integer parameters

» perform Laplace + Fourier transformations analytically
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One-loop jet function

The calculation of the one-loop jet function is surprisingly complicated

" d dp [Vt 2 o, nq (MK + nhq)
[%a s@) o) [k ( ) 308 000 T

x 6(@—ng— k) 69=2(p. —q. — ki) 6(b— Flqr] - blky])

1
1 Ctra [T ER-9'TRER - 14y T2
Jy dmn =t e S e iy~
The Wilson line diagram yields

— — C
T(Pra) = TP T E (4577 (1 ar®)”

271 14+ V1 +22 2 2 . V1422 -1
X { - 7[7 +2In (7)] + <+ - 78L|2(7 7)
ale 4 e2 e Vi1i+22 41
141422
+ 8Lip(— V1 + 22) — 4In? (%) +1In?(1 + 22) + 222 In(1 + 22)

2
41— AN+ VT +22) + 41+ 22 — 82 — %}
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Two-loop anomaly coefficient

Most easily extracted from the two-loop soft function

» again two particles in final state

= similar integrals as one-loop jet function

» but requires to go one order higher in e-expansion

» encounter Nielsen polylogs and elliptic integrals

%
%

Ry

%

(]

Il
—~
£
gl
S~——

2
+
{ 1 4Inzf +2

Z,
-+ —Lt "y [12Li2(7 z&)+8|n2zf+8|nzj+4+7
L

e3 €2

z, z,
+87 E(—22) — 16£(—22) +4Li3( - Z%) - ashz( - z%) — 40Lig(1 — 42]")
L L

.
2

+81In (BT)UZ( - %

+a few more Iines}
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a

- 77r2] 1
6

8
2 1)1 + 3 _+
)+ (20in(1 + 20) + 8In(az]) ) Lip(1 — 42/ + S

+884 2(1 — 4zzr) +8Lig(—4z, ) — 40Sq »(—4z, ) — 8Lig(—2z, ) +40S4 o(—2z,)
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Two-loop anomaly coefficient

Most easily extracted from the two-loop soft function
» again two particles in final state  =- similar integrals as one-loop jet function
» but requires to go one order higher in e-expansion

» encounter Nielsen polylogs and elliptic integrals

We recently finished the two-loop calculation
» can check é{ -, 6,1} and — 53’ 2, E} structures v/

> C,Z_- color structure given by non-abelian exponentiation v

= the analytic result is rather lengthy. .. F<52)(T, 2)
. p=1/7
=- we are currently working on the NNLL

implementation for br and by,

.

o 2 @ 6 5 10
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Conclusions

Resummation beyond standard RG techniques via collinear anomaly

» we proposed an analytic phase space regularization for SCET), problems

/ddk S(K2) 6(K%) = /ddk <’}%>a5(k2)e(k°)

» we have explicitly shown that this prescription works at two-loop order

We have determined all ingredients to perform NNLL resummation for jet broadening

» allows for precision determinations of as from by and by distributions

The formalism is relevant for many interesting LHC observables

» pr resummation, jet veto, jet substructure, ...
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Backup slides
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Analytic regularization (Smirmov 93]

Raise QCD propagators along the fermion line to fractional power

2\« 2\
— (V1.) T antiquark:  — ! . (Vz.) T
p? +ie (P2 + ie) p? +ie (P2 +ie) ™

quark:

» trivial for QCD, but regularizes ill-defined SCET diagrams

» modifies Wilson line in the opposite sector

2 A (12)" n-pg me () A
Aok (A-kn-pr)'t” nok o (n-kn-p)'t

» introduces foreign momentum components n-pgr = n-p; = Q into jet functions!
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Analytic regularization (Smirmov 93]

Raise QCD propagators along the fermion line to fractional power

2\« 2\
— (V1.) T antiquark:  — ! . (Vz.) T
p? +ie (P2 + ie) p? +ie (P2 +ie) ™

quark:

» trivial for QCD, but regularizes ill-defined SCET diagrams

» modifies Wilson line in the opposite sector

2 A (12)" n-pg me () A
Aok (A-kn-pr)'t” nok o (n-kn-p)'t

» introduces foreign momentum components n-pgr = n-p; = Q into jet functions!

Collinear anomaly: [Becher, Neubert 10]
» classically JL(bL,le) is invariant under rescaling of pg — A\pgr

» in the quantum theory jL(bL,pLL) requires regularization

» symmetry is not recovered when the regulator is removed
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Compare to fixed-order calculation

Confront with output from EVENT2 generator [Catani, Seymour 96]
br do as(Q) (as(O))2
— —— = A(b B(b
oo dbr 2w (br) + 2w (br)
100 0
LO NLO
80 10
< 60 L 20
40
2 -30
Ole -8 -6 4 2 0 740710 -8 6 4 2 0
o0 LO—NLL 005 NLO—NLL

In the two-jet limit L =In(br/Q) — —oo find AA—0 V
AB — const v
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Details of thrust analysis

Two-dimensional fit to world thrust data: [Abbate, Fickinger, Hoang, Mateu, Stewart 10]

» NNLO + (approx.) N3LL resummation

» different treatments of peak, tail and multi-jet regions (with profile functions) +4.3%
» field theoretical treatment of power corrections (+ renormalon subtraction) —8.4%
» bottom mass + QED corrections —0.4%

ag(mz) from global thrust fits

0.135 + — perturbative error
[ from scan of theory ]
r ) parameters 4
0.130 0.1300 + 0.0047 4
[ + multijet boundary ]
0.125F 0.1245 + 0.0034 1
as(mz) £ ]
o +N°LL 2440 1
0.120F  summation + Power Corrections X =091
L - 01 dof 485 4
[ 0.1194 +0.0028 0.1152£0.0021 , R_scheme ]
[ 0.1140 + 0.0009 +l]7|“1\5’\&QLD ]
0.1150 { 0.1135 £0.0009 _]
0.110
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Details of thrust analysis (cont’d)

Pros: 291'2 | ‘-N“LL' Xz25 fu“‘
. "Gev‘mf results m NSLL —_— results
» sophisticated analysis o3t
06
» uses all available data b
» good convergence and fit quality 2r
l‘UUHL! O.I‘IS 0. I‘ZO 0.!‘25 0.130 0.110 0 1‘15 0. 1‘20 0.1‘25 0.130
a.(mz) aq(mz)
Delicate aspects: s
(Gevl)
» uncertainty from profile functions o
p osol
» dependence on fit range g o |
- ) l 0s0l
» remnant hadroniz. effects ~ 0.4%?
e en o o e

v.me)

= thrust:  as(Mz) = 0.1135 - 0.0002 (exp) = 0.0005 (had) + 0.0009 (pert)

moment: as(Mz) = 0.1140 & 0.0004 (exp) + 0.0013 (had) =+ 0.0007 (pert)
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