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Event shapes

Thrust:

T Lma (Y15 7) E %

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

High-precision data from LEP, SLD, JADE, ... (r=1-T)

ALEPH | -
15f N Q=912 1" o
515 10 i » s determination
Sl 101 0s -
» testing ground for precision
[ 010 015 020 025 030 035 040 045 .
: QCD techniques
ol
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Event shapes

Other common et e~ event shapes:

» heavy jet mass

M2 M2 2
PH = W hemisphere jet masses M}z = ( > p,-)

ieL/R

» total and wide jet broadenings

br = b, + bg
hemisphere broadenings b, g =3 > |Bj x fir|

by = max (bLabR) i€L/R

» C-parameter
_ 3 — — . 2 .

C =32 > IBilIp sin®0; no reference to thrust axis
i
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Precision analysis

Need to control QCD in different regimes:

» fixed-order perturbation theory

%0% =22 A(e) + (22)%B(e) + (22)° C(e) + ... ww<“

known to NNLO [Gehrmann-De Ridder, Gehrmann, Glover, Heinrich 07; Weinzierl 08]
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Precision analysis

Need to control QCD in different regimes:

» fixed-order perturbation theory

(}0%:g‘—;A(e)Jr(%)zB(e)Jr(g—;)sC(e)Jr... ww<”

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

» resummation of Sudakov logarithms

et _ Ine 1 e . 1d L L L
Ale) = ax"C+al+a+... = 0d 2 5 =clas) e 91(asb)+g2(asl)
traditionally NLL using coherent branching algorithm [Catani, Trentadue, Turnock, Webber 93]
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Precision analysis

Need to control QCD in different regimes:
» fixed-order perturbation theory

oio%:g‘—;A(e)Jr(%)zB(e)Jr(g—;)sC(e)Jr... wwé

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

» resummation of Sudakov logarithms
e<1 €
Ale) = @ railta+... = / Jo! Gio% ~ c(as) eLoi(ashtgz(asl)
0

traditionally NLL using coherent branching algorithm [Catani, Trentadue, Turnock, Webber 93]

» non-perturbative (hadronisation) effects

MC estimates + analytic studies based on effective coupling model  [Dokshitzer, Webber 97]

d : .
%(e) = ‘2‘:" (e— ce%) A': universal non-perturbative parameter
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Soft-collinear effective theory

Advantages of an EFT approach:
» all-order factorisation theorems do~H -J®J® S
» extension to higher log resummation straight-forward

» field-theoretical definiton of non-perturbative parameters

SCET-based event shape studies:
» NSLL resummation for thrust and heavy jet mass [Becher, Schwartz 08; Chien, Schwartz 10]

» first all-order factorisation for broadenings [Becher, GB, Neubert 11; Chiu, Jain, Neill, Rothstein 11]

NLLL resummation for broadenings [Becher, GB 12]

» studies of non-perturbative effects [Lee, Sterman 06; Mateu, Stewart, Thaler 12]

also: NNLL resummation for thrust in traditional approach [Gehrmann, Monni, Luisoni 11]
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as determinations

as(mz) determination from event shape fits

| [Dissertori et al] MC power Analytic power ]
0.125F corrections corrections __

L FO i 4

T,p, Y3, B

| [Chien & Schwartz] ) 4
0.120 7.0, Y3, B T tail fits moments fits

: world average :

o [Gehrma t al]

| L'\IZ‘[LVW al] [ArHMS]
0.115F -

L [Becher & Schwartz] 7

r NS3LL [Davison Webber]' 1

i resummation NLL [AFHMS] 7,0, Ys, B 1

F NS3LL [Gehrmann et al]
0.110

[compilation from A. Hoang, QCD workshop, Singapore, March 2013]

» higher log resummations reduce uncertainties
» lower values from fits based on analytic power corrections

» tension between most precise determinations and world average
[AFHMS: Abbate, Fickinger, Hoang, Mateu, Stewart 10,12]
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Factorisation

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

1 d%
o — H(Q? /dbs /dbs /dd72 L /dd72 L
oo db, dbp (@, 1) L R pL Pr

jL(bL - bivpf7l") jﬂ(bﬂ - bf?*pé7#) S(bi.bz, 7pf~ 7:0,1#7}1)

» jet recoils against soft radiation [Dokshitzer, Lucenti, Marchesini, Salam 98]
. 2 2 2 1\2 1\2
» relevantscales: Q° > bf ~ by ~ (P )" ~ (Pg)

how can we resum Sudakov logarithms in a two-scale problem?
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Factorisation

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

1 d%
o — H(Q? /dbs /dbs /dd72 L /dd72 L
oo db, dbp (@, 1) L R pr Pr

jL(bL - bi*pf*l") jﬂ(bﬂ - b;*pé7ﬂ) S(bibz7 7pf* 7:0,1#7}1)

Convenient to work in Laplace-Fourier space

» Laplace transform by g — 7. R

L
2\XL’H|

» Fourier transform pi:, — x;-, anddefine z g =
PLR LR LR= 7 g

1 d?c —_ _ _
— = H(szﬂ)/dzL /dZR T(m, 20, ) TRr(TR, 2R, 1) S(TL, TR, 2L, ZR, 11)
oo dr dTR

H(Q?, ) = square of on-shell vector form factor
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Jet function

The broadening jet function reads
T(b,pt) ~ 3 8 px — Q) 6 Ppx —pT) (b} Z 1) [(x|aew©20)
X

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

> tree level: J(b,pl):é(bfglpL\)
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Jet function

The broadening jet function reads
T(b,pt) ~ 3 8 px — Q) 6 Ppx —pT) (b} Z 1) [(x|aew©20)
X

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

> tree level: J(b,pi):é(bfélpL\)

At one-loop the calculation involves

%ﬁ%% ﬁQ% /@_@—F@ @rﬁ.@
L L

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

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

» same problem in soft function calculation
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Regularisation in SCET
k- K2 = kyk_ + KB

= cannot distinguish soft from collinear

mode if radiated into jet direction

= need an additional regulator that

distinguishes modes by their rapidities
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Regularisation in SCET
k- K2 = kyk_ + KB

= cannot distinguish soft from collinear

mode if radiated into jet direction

= need an additional regulator that

distinguishes modes by their rapidities

The regulator can be implemented on the level of phase-space integrals [Becher, GB 11]

/ddk 5(k?) (k%) = /ddk (%)aé(/@)e(ko)

» regularises ill-defined diagrams + respects the symmetries of the EFT

» analytic, minimal, optimal
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Low-scale matching

Let us now put the jet and soft functions together

Tilr,zt) = 720)(71, 1)

™ [e%

{1 i %[(7 ) ) (%-{-In (f?f)+2|n7v1+4zf+1>
+( )(%+In(uzfg)+2ln7\/1+:’%ﬂ>+...]}
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Low-scale matching

Let us now put the jet and soft functions together

Ti(r1,21) TR(TR, 2R) = 750)(71,4) 753)(TRYZR)

™ [e%

] ) (L m et e VL

+(+::+In(%) )(£+|n(u2%§)+2ln7”+:’%ﬂ>+...]}
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Low-scale matching

Let us now put the jet and soft functions together

T, 21) TR(7R, 2R) S(71, TR, 215 2R) = 750)(71,4) 75$)(TR»ZR)

C 1 1 1 1422 41
{1 4 CFos {(7 L@ )+ (u+FL)) (7 +1n (1u272) +2In 7V4L>
«@ €

™ [e%

+(+l+|n(yg) . 7|n(u+7",.-;)) (%+In(u27‘-,2;)+2ln7v1+:%ﬂ>+-n]}

«@ «

» additional regulator and associated scale v drop out
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Low-scale matching

Let us now put the jet and soft functions together

Tiu(ri,21) Tr(Tr, 2R) S(71, 7R, 21, 2R) = ?(LO)(TL:ZL) 75:?)(7'97213)

{1+@[( —n(Q7) )<£+IH(H2?E)+2In7\/1+4ZE+1)

™

+( —In(Q7g) )(%+|n(u27_';2q)+2|ﬂ7y1itz’%“)+.“:|}

» additional regulator and associated scale v drop out

» generates a large logarithm in a matching calculation

Can show that the rapidity logarithms exponentiate

» collinear anomaly [Becher, Neubert 10]
» rapidity renormalisation group [Chiu, Jain, Neill, Rothstein 11,12]
JET BROADENING IN EFFECTIVE FIELD THEORY GUIDO BELL

RADCOR - LUMLEY GCASTLE SEPTEMBER 2013



NLL resummation

First all-order factorisation formula for broadening distributions [Becher, GB, Neubert 11]

1 d?o
og drpdrg

e
= H(oz,u)/O dzL/O dep (QP7F)FBULAL) (QP7E) FBURZR) Wy, vh, 21, 25, 1)

At NLL the formula reproduces earlier results [Dokshitzer, Lucenti, Marchesini, Salam 98]

—27577 1 b 2n
e T
( ) P(n)
I

1 do H(02 )
——— = H) T
oo dbr r@2n) br _ Cras(n) )

tm‘ 3

1 do
— —— = H(@, )

2ne 27EN 1 (bw)2"2
oo dby r214+n) by

I%(n)
I
The extension to NNLL requires two new ingredients
» one-loop remainder function W

» two-loop anomaly coefficient Fg
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One-loop jet function
The calculation of the one-loop jet function is surprisingly complicated

- /ddq 8(¢%) o( /dd (Vi) S(Kk2) p(k0y 19k + na)

nk (q + k)?
x 6(@—ng—7k) 692 (pL —qr — ki) 6(b— flavl - flkel)
1 e [ €29 P2 — 1y R
AR /vyd (€ —2ym)? +4n(1 — (1 +y—©)
» non-trivial angle complicates calculation N
» expansion in o and e is subtle g
= have to keep (2b—p)~'—¢,(2b—p)~1=2¢, ... to all orders
» computed the integrals in closed form M
= hypergeometric functions of half-integer parameters ”
» performed Laplace + Fourier transformations analytically
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One-loop jet function

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

~ [d%a s 0@’ [o%K (”i) 5(K%) 6(K°) %
x 6(@—ng—7k) 692 (pL —qr — ki) 6(b— flavl - flkel)

1
1 ot [T ER-OTTRNER - - 14+y7) 727
/od’”’“ ) /pyd (E—2ym2 +4n(1 — (1 +y—¢)

— — asC
T 2) = TP(r2) 5 (uB7)° (vi07%)°

271 141+ 22 2 2 i 1422 -1
{2 [Taan ()] 4 22 ey (- VT
ale 4 13 e Vi1i+22 41

14+ V1422
+ 8Lig(— V1 + 22) — 41n? (%) +In2(1 +22) + 272 In(1 +zz)
2
41— 2N+ V1 +22)+ 41+ 22 — 82 — %}
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Two-loop anomaly coefficient

Most easily extracted from two-loop soft function ,
» again two particles in final state = similar integrals @e%
» requires to go one order higher in e-expansion

» encounter harmonic polylogs and elliptic integrals -

1422 67 + 222

B z_ . z_
dPz)=c,4 {7 (@) + =5 h(2) 78h3(z)+3231,2(7 7) - sua(f 7)
+ +
+ 88y 2(—w) — 24Lig(—w) — 24 Sy 5(1 — w) + 8Lizg(1 — w) + }
2(1 4+ 2%) 2(13 4 22%) 4, 20 4, 82
+Tn{ hi(z) — ho(z) — =In“z — —Inzp + =25 — —
F Ny 5 1(2) 5 2(2) 3 gzt g >
4W(5—22)| 1+w +2w(11+222)}
awe T2, (Y it ez
9 ( w ) 9 w=+1+22

zy =(wx1)/4

) 1 arcsint 1 T 5 5 5
with h1(z):/0 d TR, -7 )—/0 do F(0, —22)

t - =
VIi—82\V1+R2 2

JET BROADENING IN EFFECTIVE FIELD THEORY GUIDO BELL
RADCOR - LUMLEY GCASTLE SEPTEMBER 2013



A glimpse at the data (Becher, GB 12

Total broadening Wide broadening
15
ALEPH
@R 10 NNLL
R NLL

0 L L L h ot
000 005 010 015 020 025 030
B

» excellent convergence of perturbative predictions
» scale uncertainty significantly reduced in fit region for as extraction

» pure resummation result (not yet matched to fixed-order and no hadronisation effects)
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Power corrections

Dominant non-perturbative effect is a shift

do, « dopen (

—(e) e—c é)
de'”’ de ¢

Q

driven by a universal parameter A that can be fitted to experimental data

The observable-dependent coefficients ce can be calculated, e. g.

cr =2, cp =1, cc =3m

Effective coupling model predicts that the broadening distributions get distorted
[Dokshitzer, Marchesini, Salam 98]
1 1

1
cBT:InB—TJr..., cBW:EIner...

Is this a model-independent statement?
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Conclusions

Anomalous factorisation theorems for pr-dependent observables
» resummation beyond standard RG techniques via collinear anomaly

» jet broadening, pr resummation, jet veto resummation, . ..

Analytic phase-space regularisation in SCET

/ddk 5(K2) O(K®) = /ddk (%)as(;@)e(ko)

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

NNLL resummation for jet broadening distributions available

» allows for precision determination of as
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Backup slides
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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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Analytic regularisation in SCET

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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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

= | P(@, 7, mp 2028, 0) = (QPF) FBULALM) (QPrR) FBUR IR W(ry, g, 21, 25, 1)
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Comparison with fixed order

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

NNLO—NNLL
6F7 4 )
b | e 3 107 AC(B7)/Cr
2
2 Ne g
o -4 1
E o :
76543210 7 6 5 -4 -3 -2 -1 0
1 02
02 ni/Ne
t -1
-04
NLO—NNLL -2 -06
7 6 -5 -4 -3 -2 -1 0 7 6 5 4 3 2 -1 0
20 o 01
o s [ [ S
I p23 01 N2 -0.1 n?
-20 { 00 -02
- 01 —0:
4910 _8 6 4 2 0 -7 6 -5 -4 -3 -2 -1 0 7 %6 5 4 3 2 -1 0
L In(Br)

= we obtain the right logarithmic terms for small values of L = In By
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