JET BROADENING IN EFFECTIVE FIELD THEORY:
WHEN DIMENSIONAL REGULARISATION FAILS

[ GUIDO BELL ]

based on:

T. Becher, GB, M. Neubert, Phys. Lett. B 704 (2011) 276
T. Becher, GB, Phys. Lett. B 713 (2012) 41
T. Becher, GB, JHEP 1211 (2012) 126

E W THE ROYAL
& SOCIETY

PARTICLE PHYSICS SEMINAR VIENNA APRIL 2013



OUTLINE

EVENT-SHAPE VARIABLES

FACTORISATION
REVIEW OF THRUST ANALYSIS
FACTORISATION BREAKDOWN FOR BROADENING
ANALYTIC REGULARISATION IN SCET

RESUMMATION
COLLINEAR ANOMALY

NNLL RESUMMATION

JET BROADENING IN EFFECTIVE FIELD THEORY
PARTICLE PHYSICS SEMINAR - VIENNA

GUIDO BELL
APRIL 2013



OUTLINE

EVENT-SHAPE VARIABLES
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Canonical event shape

Thrust:

F? (Z |5 - nT|)

= P

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

Thrust distribution precisely measured at LEP (r=1—-T)
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in the two-jet region 7 ~ 0

1 do ~, @sC¢ _4In7—+3+
og dr — 27 T

= Sudakov logs require resummation
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Motivation

Why et e~ event shapes in 20137?

» clean environment to test understanding of QCD
perturbation theory + resummation + non-perturbative effects
same methods are applied at the LHC: soft gluon resummation (= thrust)

pr resummation (= broadening)
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Motivation

Why et e~ event shapes in 20137?

» clean environment to test understanding of QCD
perturbation theory + resummation + non-perturbative effects
same methods are applied at the LHC: soft gluon resummation (= thrust)

pr resummation (= broadening)

» precision determination of as

traditionally based on a fit to six event shapes (T, py, Br, Bw, C, ¥3)
NLO + NLL: as(Mz) = 0.1202 4 0.0003 (stat) + 0.0009 (exp) + 0.0013 (had) + 0.0047 (theo)
[LEP QCD working group 04]

NNLO + NLL:  as(Mz) = 0.1224 + 0.0009 (stat) & 0.0009 (exp) = 0.0012 (had) = 0.0035 (theo)
[Dissertori et al 09]

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

Traditional resummations are based on the coherent branching algorithm
[Catani, Trentadue, Turnock, Webber 93]
» sums probabilities for independent gluon emissions

» apparently hard to extend beyond NLL

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

NNLO + N3LL:  as(Myz) = 0.1135 & 0.0002 (exp) & 0.0005 (had) = 0.0009 (pert)
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Beyond NLL?

Nonsinglet DIS (Blumlein'07)

Lattice (HPQCD'08)

L - |
— Electroweak(Gfitter'08)
Global Thrust Analysis

(AFHMS'10)

Bethke avg.('09)

Bethke avg.('06)
I

PDG avg.('05)
1 1 1 1 1 1 1 1 1 1 1
0.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.120 0.121 0.122

as(myz)

» field theoretical treatment of power corrections [Abbate, Fickinger, Hoang, Mateu, Stewart 10]
two-dimensional fit to world thrust data
NNLO + N3LL:  as(My) = 0.1135 & 0.0002 (exp) & 0.0005 (had) = 0.0009 (pert)

world average:  as(Mz) = 0.1184 4 0.0007 almost 40 below world average?
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Precision thrust analysis

a,(myz) from global thrust fits

0.135F + — perturbative error |

N from scan of theory ]

r o) parameters ]

0.130+ 0.1300 + 0.0047 .

C + multijet boundary ]

0.125 0.1245 + 0.0034 1

as(mz) ]

I +N°LL . x> 440 B

0.120F  summation + Power Corrections T = — = 0.914

r 0.1152 + 0.0021 dof 485 h

F 0.1194 + 0.0028 S oe =VAEEY 4 R—scheme A

r 0.1140 = 00009 + b-mass & QED +

0.115 i 0.1135 +0.0009 _]

0.110C .
distribution: as(Mz) = 0.1135 4 0.0002 (exp) = 0.0005 (had) =& 0.0009 (pert) [Abbate et al 10]
moment: as(Mz) = 0.1140 + 0.0004 (exp) %+ 0.0013 (had) 4 0.0007 (pert) [Abbate et al 12]
NNLO + NNLL: as(Mz) =0.1131 j‘ggggg [Monni, Gehrmann, Luisoni 12]
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Event shape studies in SCET

Heavy jet mass:

PH

1
:gmax

(M, M)

[Chien, Schwartz 10, Abbate et al in progress]

hemisphere jet masses

» similar to thrust = again N3LL resummation

» non-perturbative effects more involved (hadron masses, ...
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M g = ( > Pi>2

ieL/R

) [Mateu, Stewart, Thaler 12]

GUIDO BELL

APRIL 2013



Event shape studies in SCET

Heavy jet mass:

pH = 1 max (M2, M2)

[Chien, Schwartz 10, Abbate et al in progress]

2
hemisphere jet masses M 5 = ( > p,)

2
Q ieL/R

» similar to thrust = again N3LL resummation

» non-perturbative effects more involved (hadron masses, ...) [Mateu, Stewart, Thaler 12]

Total and wide jet broadening:

br = b, + bg

by = max (b, br)

[Chiu, Jain, Neill, Rothstein 11;
Becher, GB, Neubert 11]

hemisphere jet broadenings b g =3 > |Bj x fir|

ieL/R

» orthogonal to thrust (measure transverse momentum distribution)

» different type of factorisation formula = aim at NNLL resummation
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OUTLINE

FACTORISATION
REVIEW OF THRUST ANALYSIS
FACTORISATION BREAKDOWN FOR BROADENING
ANALYTIC REGULARISATION IN SCET

JET BROADENING IN EFFECTIVE FIELD THEORY
PARTICLE PHYSICS SEMINAR - VIENNA

GUIDO BELL
APRIL 2013



Thrust in SCET

In the two-jet limit = — O the thrust distribution factorises as [Fleming, Hoang, Mantry,
Stewart 07; Schwartz 07]
1do _ 2 > 42 > pE + PR
S = M) [t [ob e e S(ra- PGP )

multi-scale problem: @2 > pZ~pE~TQ2 > r2Q°

hard collinear soft

J(p7) H(Q?) J (k)

O, &% 5555 5565%
i S Qo0

£ 8 ., 3

JET BROADENING IN EFFECTIVE FIELD THEORY GUIDO BELL
PARTICLE PHYSICS SEMINAR - VIENNA APRIL 2013



Thrust in SCET

In the two-jet limit = — O the thrust distribution factorises as [Fleming, Hoang, Mantry,
Stewart 07; Schwartz 07]
1do _ 2 > 42 > pE + PR
S = @) [at a0 ) S(ra- L)

multi-scale problem: @ > pZ~pR~TQ2 > r2Q°

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 7 — 0 the thrust distribution factorises as [Fleming, Hoang, Mantry,
Stewart 07; Schwartz 07]
1 do 2 2 2 2 P} + PR
o = HGE.) [t [ob e e S(ra-PLGPR )
multi-scale problem: ~ @Q® > pP~ph~TQ2 > T2QP
hard collinear soft
Jet function:
» imaginary part of quark propagator in light-cone gauge
J(p?) ~ Im [F.T. <o|%ﬁ W (0)w(0) $(x)W(x) 2 ‘o>} W(x) = P exp <igs /0 ds i 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 7 — 0 the thrust distribution factorises as [Fleming, Hoang, Mantry,
Stewart 07; Schwartz 07]
1do _ 2 2 2 2 P; + PR
S = M) [t [ob e Seha) S(ra- PR

multi-scale problem: @2 > pZ~pR~TQ2 > r2Q°

hard collinear soft

Soft function:

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

» known to two-loop accuracy (anomalous dimension to three-loop)
[Kelley, Schwartz, Schabinger, Zhu 11; Monni, Gehrmann,
Luisoni 11; Hornig, Lee, Stewart, Walsh Zuberi 11]
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How does resummation work (roughly)?

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

c @? @? 772
H@P w) =1+ 257F | _om2 2 yein— — 16+ —
4 u? u? 3

u

2 5. asCe [ (4In(p?/u?) -3 12 . ,
J©2, ) = 6(p%) + — | | — L L7 ) se?)

4 P2
asCk —16In(w/p) (1] =
S ) = o) + 2 | (IO T
47 w % 3
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How does resummation work (roughly)?

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

c 2 7
H(QR, ) = 1+ 25°F —2I20—+6Ino—716 ~
4 2 3

2 w2
4 P2

asCk —161In(w/p) (1] =
S(w, 1) = 8(w) + 4—[(7) + ?5(@]

T w

5 2 | asCr [ [ 4in(eR/u2) — 3\ W) 2 2
SR ) = 5ot + | (RS +(7 - =) 5(p°)

General structure:
» logarithms < divergences

anomalous dimensions of EFT operators = resum logs via RG techniques

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

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

c @? @? 77
HQ?, u) = 1+ 2% | o2 = 46in— 164
4 u? u? 3

us

2 s asCr [ [4In(R/u2) — 3\ 1] .
./(p,u):<5(p)+T A 7 — ) (R

asCr [/ —16In(w/p)\ M 72
S(w, 1) = 5(w) + 4—{(7) + ?5(@}

us w

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

d Q?
H(@?, 1) = |2Neusp(ers) |”E+4"/q(0¢s) H(Q?, )

dinp

» 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

us w2

c 2 7
H(QR, ) = 1+ 25°F —2I20—+6Ino—716 ~
4 2 3

5 2 | asCr [ [ 4in(eR/u2) — 3\ W) 2 2
O w) = 8%+ | +(7 — =) 5(p°)

T w

asCk —161In(w/p) (1] =
S(w, p) = 8(w) + 4—[(7) + ?5(@]

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

d Q?
H(@?, 1) = |2Neusp(ers) |”E+4"/q(0¢s) H(Q?, )

dinp

» 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; (sin6;)2 (1 — |cos 6;])'—2
a= 5 Z,: i (sin0;)? (1 —| il)

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

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

SCET analysis [Hornig, Lee, Ovanesyan 09]
> relevantscales:  pf~ Q@2 > 3~ er;%a > g~ QP2
thrust: pR~ @ > BN QP >~ QP2 (SCET))
broadening: pe~ @ > B~ QPB2 ~ pE ~ QPBP (SCETy)

= factorisation 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 factorises as

l d?c _
oo db, dbg

H(@?, 1) / dbj / abj / d’2p;- / d’?pg

Ti(by — b5.p 1) Ta(be — b5, . 1) S(b, bS. —pi. —pf . 1)

two-scale problem:

Q2 > b~bg

L R

:
|
|
|
|

> relevant modes have pl, ~ pL, ~ b, gr

» jet recoils against soft radiation
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Jet broadening

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

1 d?o
. —H 2’ . /dbs /dbs /dd_2 L /dd—2 L
oo db s 1) [ 9L [ R PL PA

JL(bL - bf7pi_7 M) JR(bR - b;7pJR'7 /’1’) S(bf7 bz7 _pi_v _p[J:f_7 l"’)

Hard function:

» precisely the same object as for thrust
» recall the RG equation

d Q2
H(Q®, 1) = |2cusp(as) In =5 +449(as)| H(GP, )
dinp %

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

2
thrust ﬂ:%:o N
Hns T

(SN

broadening

3
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Jet broadening

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

1 d?c
o —H 2’ /dbs /dbs /dd_2 L /dd—2 L
o0 db by (T H) [ oL [ oA PL Pr

Ti(by — b5.p 1) Ta(be — b5, . 1) S(b, bS. —pi. —pf . 1)

Some manipulations:

» Laplace transform b, g — 7. R
i L 1

» Fourier transform Pigp = Xig

N, , 2\x; 4l
» define dimensionless variable z; g = —=f

TLR

= the naive factorisation theorem takes the form

1 d?c o0 o0 . _ _
— = H(Q?, ) / dZL/ dzg Ji(m, 2, ) TR(TR, 2R, 1) S(TL, TR, ZL; ZR; 14)
oo dr dmp 0 0
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Jet function

The quark jet function for broadening reads
Tb,pb) ~ 32 8 px— @) 892 ox — o) 5(b— 13 Int1) [(X[F@w©) 2 |0)[*
X iex
» delta-functions ensure that jet has given energy, p- and b

» tree level: J(b,pi)za( 7%|pL\) = J(r,z2)= 572 +O(©)

<1+z§)
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Jet function

The quark jet function for broadening reads
Tb,pb) ~ 32 8 px— @) 892 ox — o) 5(b— 13 Int1) [(X[F@w©) 2 |0)[*
X iex
» delta-functions ensure that jet has given energy, p and b

» tree level: J(b,pi):a( 7%|pL\) = J(r,z2)= 572 +O(©)

<1+z;)

At one-loop the calculation involves

T, R @ g% y fm,
L L

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

Q gk
/ i—_ diverges in the soft limit (DR regularises d9—2k )
0

» this does not happen for thrust or any SCET, problem
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Momentum modes

Thrust (SCET)) Broadening (SCET))

> thrust: P2 < P2

» broadening: p2 ~ p2
= cannot distinguish soft mode from collinear mode when radiated into jet direction
=- need additional regulator that distinguishes modes by their rapidities
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Regularisation in SCET),

The regularisation of individual diagrams is largely arbitrary, one could use e.g.

1 1 (VZ)Q
— —)
P2+ ie P2 — A +ie’ (02 +i T+a?
P2 + ie)

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

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

The regularisation of individual diagrams is largely arbitrary, one could use e.g.

1 1 (VZ)Q
— —)
P2+ ie P2 — A +ie’ (02 +i T+a?
P2 + ie)

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

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

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

/ddk 5(K2) 6(K%) = /ddk (%)ﬂ(s(k?)e(kf’)

» 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(K2) (K%)= /ddk (%)aa(;@)e(k%

» virtual corrections do not need regularisation

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

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

Our new prescription amounts to

/ddk 5(K2) (K%)= /ddk (%)ua(kZ)e(kO)

» virtual corrections do not need regularisation
matrix elements of Wilson lines in QCD = the same for thrust and broadening
technical reason: /ddfzkl f(ki ki) ~ ki€

» required for observables sensitive to transverse momenta

f(ky, ki) ~ 892k, —p,) = factor ki ©absent = reinstalled as kK “

can show that the prescription regularises all LC singularities in SCET [Becher, GB 11]

» 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

L Cras €€ 1 /u\2<[  4T@2+a)l(a) [Qui\©
Tu(b.p = 0) = 8(b) + = F(1—e)b(b> {1 T e+ 2q) (b2>]

I Cras e“E l " 2¢ _ 4T (—a) v\
TR =0) = 6(b) + = r(wqb(b) [1 €+F(2—a)<0)]

» ordered limit o« — 0, ¢ — 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)

_ _ 1 /1
Ti(r,2) = T, 2) [1 _ Cras 1 (

—+1In H27__2) +21In
€

VIHEAT) (@r2) 4 }

™ @

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

The soft function for broadening reads
S(be,ba, Pl PR) ~ > 89 2(ox, — p) 87 P(px, — PR)
X1 XR

(o= 3 > Ipiil) 6(ba— 3 > Ieayl) |(XXa|S}(©) Sp0)|0)|

iex; JEXR

2

» split final state into left and right-moving particles

> treelevel: S(b,bg,pi, pr) = 5(b.) 8(bg) 89 2(pf) 69 2(pF) = S(71,7R 21, 28) =1

At one-loop the calculation involves

v 0 < <%>

Cras (1 /1 Ji+2
= S(rmz,zr) =1+ = — (=~ 4+ (u27) +2m XL (7/+7—L) —(L+ R)+
™ « € 4
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Anomalous Q dependence

Let us now put the jet and soft functions together
Ti(ri.21) Trl(rr 2r) S ma.21.28) = T\ N(71.21) TW(7R. 2R)

c 1 1 1 J1+22+1
{1 4 2 [( — — —In(QusFR) + — +1n (u+ﬂ)) (— +In (1278) +2In %)
«@ €

™ @

@

+ (+l+|n(%) - % —'”(Vﬁﬁ)) (%+In(u2?5)+2ln7“1+:%ﬂ) +]}

» 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(tRs 2R) S(T1, 7Ry 21, 2R) = 720)(71720 7(,:(;))("'972/?)

™

{1 4 O [( —In(Qus7) +1n (V+"_'L)) (% +in(u27R) +2m X —L ! +4ZE +1)
1122
+< +In(%) 7|n(1/+%ﬁ)) <£+In(u2ﬂ%)+2m71+4ﬁ+1>+A..]}

» 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) = 7(LO>(TL12L) 72))(7'1?72/?)

{”%[( —In(Q7) )(%+In(#27‘f)+2ln7\/1+4ZE+1)

™

+< —In(Q7g) )<£+In(u2?§)+2ln7'1+:%+1>+.“}}

» well-defined without additional regulators
» similarly the artificial scale v, drops out
» the hidden Q dependence shows up!

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

How can we resum a logarithm that appears in a matching calculation?
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OUTLINE

RESUMMATION

COLLINEAR ANOMALY
NNLL RESUMMATION
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Collinear anomaly

Can 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 (Quy7d); -rL,zL) + In?;;(ln (%) "'R»ZR) +In§(|n (va7r); TL’TRizL’ZR)

/ | \
: soft: ky ~ b

collinear: ky ~ % anticollinear: ki ~ Q
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Collinear anomaly

Can 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 = In?L(In (Om ?E); TL,ZL) + Injg(ln (%) TR,ZR) +In§(|n (w 7'1); TL,TR,ZL,ZR)

/ | \

. 2 -
collinear: ky ~ % anticollinear: ki ~ Q soft: ky ~ b

» use that product does not depend on v and that it is LR symmetric
= inP =2 12 7, 75) — Fg(r, 21, 1) In (QP72) — Fa(, zg, 1) In (QP72) +In W(ry, T, 21, 28, 1)

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

2 2 _2\ —F; VZp 2_2\—Fp(thp, N
= | P(@, r, 7R 21,28, 1) = (QP7F) FBULZLM (QP7R)~FBUR 2RI W(ry, vg, 2, 25, 1)
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Final factorisation formula

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

1 o o0 o 2.2\ Fp(r[.2) . 2\ —Fg(rp.2,
— = H(szu)/ dZL/ dzg (Q2#F) FBULALm) (QPRR) T FBURR) W(ry, h, 2, 25, 1)
oo drpdtg 0 0
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Final factorisation formula

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

1 g g
— 20— W@ o [Tom (Pr)TEULA) (@R ~TElA R W
oo drpdtg 0 0

TL TRy 215 ZR5 1)

To NLL the Mellin inversion can be performed analytically

1 do e 2E" 1 /by
Lo L ( ) Pn)

oq dbr r(2n) br Cras(p) Q?
= 207 = o(1)
2 L 2
1 do (P )2ne’ YEN A (bw)znlz( )
- . = ) — T~ 7\ — n
oo dby r21+mn) by \ u
The non-trivial z-dependence of the anomaly coefficient is encoded in
<, V1422 +1\—n 47
= Fi(n,1+mn,2+n, —1
/ 1+223/2( ) ) 1+7]21(71 ] n, —1)
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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 using SCET [Chiu, Jain, Neill, Rothstein 11,12]
» start from same naive factorisation formula

» modify Wilson-line propagators to regularise rapidity divergences

» treat additional divergences in a "rapidity renormalization group”

» 2011 paper missed quark recoil effects = valid only to LL

2012 paper in agreement with Dokshitzer et al
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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]

& @ & <

- c 4 /1 T+ /1+2 2
= S(TL,TFhZuZR):1+¥{(u27’f)5 (ve7)™ {,<7+2In (#) _ £
7T @ €

2

2 2

. _m71 W ARRVAR ﬁ B

+8Lip +41In + (L R)
1+ +1 4 6
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One-loop jet function

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

~ /ddq 5(q) o /ddk< ) S(k2) (k) APkt na)

nk (q + k)2

x 8(@—nq—nk) 6% 2(pr —aL — ki) 5(b— Jlar| - flkLl)

1
1 o tra [T ER-9'TRER - - 14+yA) T2
L A TLE TR CEwr

» non-trivial angle complicates calculation -
» expansion in « and ¢ is subtle

= 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

» performed Laplace + Fourier transformations analytically
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Two-loop anomaly coefficient

Most easily extracted from the two-loop soft function -
» again two particles in final state @eéo
» but requires to go one order higher in e-expansion

» encounter Nielsen polylogs and elliptic integrals -

1-¢—z2 67+222 zZ_ ) zZ_
hi(2) + =22 hy(2) — 8 hy(2) + 32 31,2(7 7) - 8L|3(7 7)
9 pan zp

o) = ca { -
] . 1—w
+8Sq p(—w) — 24Lig(—w) — 24 Sy p(1 — W) +8Lig(1 — w) + 24 S"Z(T)

+ a few more Iines}

2(1+ 2%) 2(13 + 22%) 4, 20 4, 82
+Tn{ hy(z) — ho(z) — =Nz — —Inz + -2 — —
FNf 5 1(2) 5 2(2) 3 gzt g >
aw(5 — 22 14+w 2w(11 + 222
+ ¥m(7) N ¥}
9 w 9
withw = V1 +2z2andz = (w £ 1)/4
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[Becher, GB 12]

A glimpse at the data

Total broadening Wide broadening

15+
ALEPH
drR ol B NNLL
— il W7 <S NLL
dBy dBy i
b /x\
5] T
; |
0 ‘ ‘ ‘ :
0.00 0.05 0.10 0.15 0.20 0.25 0.30
By
» theory uncertainty significantly reduced in fit region for as extraction
» without matching to fixed-order calculation
» without estimate of non-perturbative corrections
GUIDO BELL
APRIL 2013
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Compare with fixed order

Confront with output of fixed-order MC generators (EVENT2, EERAD3)

NNLO—NNLL
6F7 AT
b | e a3t | 10%ACED/CE
2
-2 Ne ne
@ -4 1
o -6 5
2 - ;
76 -5 -4 -3-2-10 7 6 5 4 3 -2 -1 0
1 02
0.2 1 /Ne
L o n,
-04
NLO—NNLL -2 -06
-7 6 -5 -4 -3 -2 -1 0 -7 6 5 -4 -3 -2 -1 0
0. 01
2 OMWI Fis ] M
I p23 01 N2 -0.1 n?
-2 { 00 -02
_a0 01 -0:
10 _8 6 4 2 0 -7 6 -5 -4 -3 -2 -1 0 7 6 -5 -4 -3 -2 -1 0
L In@n)
= we obtain the right logarithmic terms for small values of L = In By
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Conclusions

Resummation beyond standard RG techniques via collinear anomaly

» we proposed an analytic phase space regularisation for SCET); problems

/ddk 5(K2) (K%)= /ddk (%)ua(kZ)e(kO)

» respects symmetries of EFT, well-suited for efficient calculations

We 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

» Higgs production, 1, jet vetoes, jet substructure, . ..
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Transverse momentum-dependent PDFs

Central ingredient for pr resummation at hardon colliders

1 iztn [e3 - =
Bqntexrin) = o= [ ote™ 0 S TO8 oy st ) 1) (X1 5 0) INGR)
X

= ill-defined in DimReg because of unregularized rapidity divergences
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Transverse momentum-dependent PDFs

Central ingredient for pr resummation at hardon colliders
1 —izth- ﬁa _ -
Boyn(@xyin) = 5= [ dte™ ™ S 2B NG) R (i) 1) (X] x5 (0) INGP)
’ X

= ill-defined in DimReg because of unregularized rapidity divergences

Many attempts to find an optimal definition, e.g.

S(x7, ¥1,¥n)

' b
Bon(z, xriCarn) = lim BEIRNC(Z, X700 — v2) 4| = Z
9/ np—Eeo 9/ S(XT, Y15 ¥2) S(0)(XT> ¥ns ¥2)

"This definition seems unexpectedly complicated”
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Transverse momentum-dependent PDFs

Central ingredient for pr resummation at hardon colliders
1 —izth- ﬁa _ -
Boyn(@xyin) = 5= [ dte™ ™ S 2B NG) R (i) 1) (X] x5 (0) INGP)
’ X

= ill-defined in DimReg because of unregularized rapidity divergences

Many attempts to find an optimal definition, e.g. [Collins 11]
' S(x7, y1,¥n)
Byn(z, xriaip) = Im_ BIS(z, xriyp — 1) || = =
9 na—tee YN P S(XT, Y15 ¥2) S(0)(XT> ¥ns ¥2)

"This definition seems unexpectedly complicated”

We propose a minimal modification of the naive definition [Becher, GB 11]
Bonzxrim) = o [ oo~ S M PB NG R (17 + x1) 1X) (X 505(0) ING)
X,reg
= the only definition that has shown to work at two-loop order [Gehrmann, Liibbert, Yang 12]
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