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e+e− Event Shapes: Thrust[Introduction]

Various proposals to measure shape of events. Most famous example is
Thrust:

T = max
~nT

∑

i |~pi .~nT |∑

i |~pi |
,

2-jet event: T ≃ 1 3-jet event: T ≃ 2/3

Fraction of events with T ≃ 2/3 is ∝ αs
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Other widely-used event shapes[Introduction]

“Jet” masses: M2
i =

(
∑

k∈Hi
pk

)2
, i = 1, 2;

◮ Heavy-jet mass ρ ≡ M2
H =

max(M2
1 ,M

2
2 )

E2
vis

Broadenings: Bi =

∑

k∈Hi
|~pk × ~nT |

2
∑

j |~pj |
, i = 1, 2;

◮ Total broadening: BT = B1 + B2

◮ Wide-jet broadening: BW = max(B1,B + 2)

C -parameter: C =
3

8

∑

i ,j |~pi ||~pj | sin2 θij
(
∑

i |~pi |)2

Jet rates: most often defined using the kt algorithm, as a function of jet
resolution parameter ycut ∼ k2t /Q

2

NB: n-jet rate with n > 3 sensitive to αn−1
s , i.e. enhanced sensitivity to αs.
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Data sources (e+e−)[Introduction]

4 LEP experiments (ALEPH, DELPHI, L3, OPAL):

◮ LEP 1: very high statistics at Q = MZ

◮ LEP 2: modest statistics at energies from 133 . . . 207 GeV

◮ Events with radiated photon giving effective hadronic Q < MZ

Use of these data as “pure QCD with lower Q” is of arguable legitimacy

SLD @ SLAC:

◮ very high statistics at Q = MZ

JADE @ PETRA:

◮ good statistics from 14 . . . 44 GeV

◮ data reanalysed with modern tools
and variables

TASSO, AMY, etc.:

◮ older data covering 14 . . . 55 GeV
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Also DIS event
shapes from HERA

Won’t discuss
here.
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Extracting αs from event shapes[Introduction]
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What’s happened recently that’s relevant for αs?

1. NNLO calculations for 3-jet type observables
Gehrmann–De Ridder et al ’07; Weinzierl ’08

2. More accurate resummation (N3LL) for thrust and

heavy-jet mass in SCET
Becher & Schwartz ’08; Chien & Schwartz ’10

3. NLO calculation of 5-jet rate

Frederix et al ’10

4. Lots of phenomenology
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Overview of recent fits[Introduction]

αs(MZ)

all ev.shp, JADE, NNLO/NLL [0810.1389]

thrust, all exp, NNLO/NLL/1/Q [0809.3326]

thrust, all exp, NNLO/N3LL/SCET [1006.3080]

ev.shp moments, JADE/OPAL, NNLO/1/Q [0911.2422]

3-jet, ALPEH, NNLO [0910.4283]

4-jet, JADE,  NLO/NLL [0707.0392]

5-jet, ALEPH,  NLO [1008.5313]

 0.11  0.115  0.12  0.125  0.13

all ev.shp, ALEPH, NNLO [0712.0327]

all ev.shp, JADE, NNLO [0810.1389]

all ev.shp, ALEPH, NNLO/NLL [0906.3436]

BETHKE
’09



What choices go into a fit?[MC hadronisation]

Data choices

◮ One experiment (and one energy): simpler combination of systematics

◮ Many experiments / many energies: more data, lever-arm in
√
s, etc.

◮ One “excellent” observable? Or many, as cross check of systematics?

Resummation

◮ Traditional resummation, available for many observables, but only NLL?

◮ Or SCET N3LL, available only for thrust and heavy-jet mass?

◮ Or no resummation at all?

Hadronisation

◮ Do you correct for it?

◮ Do you estimate it from Monte Carlos?

◮ Or from analytical models?
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Often the choices are entangled with each other



αs(MZ)

all ev.shp, JADE, NNLO/NLL [0810.1389]

thrust, all exp, NNLO/NLL/1/Q [0809.3326]

thrust, all exp, NNLO/N3LL/SCET [1006.3080]

ev.shp moments, JADE/OPAL, NNLO/1/Q [0911.2422]

3-jet, ALPEH, NNLO [0910.4283]

4-jet, JADE,  NLO/NLL [0707.0392]

5-jet, ALEPH,  NLO [1008.5313]

 0.11  0.115  0.12  0.125  0.13

all ev.shp, ALEPH, NNLO [0712.0327]

all ev.shp, JADE, NNLO [0810.1389]

all ev.shp, ALEPH, NNLO/NLL [0906.3436]

BETHKE
’09
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NNLO and NNLO/NLLA with hadronisation
from Monte Carlo event generators



NNLO, ALEPH 0.1240 ± .0008stat ± .0010exp ± .0011had ± .0029theo
NNLO JADE 0.1210 ± .0007stat ± .0021exp ± .0044had ± .0036theo

NNLO/NLL, ALEPH 0.1224 ± .0009stat ± .0009exp ± .0012had ± .0035theo
NNLO/NLL, JADE 0.1172 ± .0006stat ± .0020exp ± .0035had ± .0030theo

ALEPH data
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In these results, an O (5− 10%) contribution to αs comes
from hadronisation corrections.

Determined by taking Pythia/Herwig/Ariadne MCs and
looking at ratio of parton-level event-shape distribution to

hadron-level distribution.

But who says MC parton level is in any way related to
NNLO/NNLA parton level?

E.g. in MC’s ∝ radiation ∝ αs(pt) with a 1 GeV cutoff

In NNLO, radiation ∝ αs(µ) + b0α
2
s (µ) lnµ/pt + . . . with no cutoff
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αs(MZ)

all ev.shp, JADE, NNLO/NLL [0810.1389]

thrust, all exp, NNLO/NLL/1/Q [0809.3326]

thrust, all exp, NNLO/N3LL/SCET [1006.3080]

ev.shp moments, JADE/OPAL, NNLO/1/Q [0911.2422]

3-jet, ALPEH, NNLO [0910.4283]

4-jet, JADE,  NLO/NLL [0707.0392]

5-jet, ALEPH,  NLO [1008.5313]

 0.11  0.115  0.12  0.125  0.13

all ev.shp, ALEPH, NNLO [0712.0327]

all ev.shp, JADE, NNLO [0810.1389]

all ev.shp, ALEPH, NNLO/NLL [0906.3436]

BETHKE
’09
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Results with analytic/SCET models for hadronisation



Effective coupling hadronisation[Analytic hadronisation]

[Effective coupling]

What matters for thrust (etc.) is how hadronsiation modifies the soft
energy flow at large angles. Parametrise with effective coupling

α0 =
1

µI

∫ µI

0
dµαeff(µ)

Argue thrust shifted by amount proportional to α0

δT = −8CFM
π2

µI

Q

[

α0 − αs(µR)− α2
s (µ

2
R)

(

ln
µR

µI

+ . . .

)

− α3
s (µ

2
R ) (. . .)

︸ ︷︷ ︸

subtract ”perturbative” NNLO infrared piece

]

i.e.
dσ

dT
(T ) → dσ

dT
(T − δT )

Dokshitzer & Webber ’95, ’97 + numerous related contributions

[Possibly] Valid in 2-jet limit; but seems to work also near 3-jet limit
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NLO/NLL + power-corrections for thrust[Analytic hadronisation]

[Effective coupling]

αs(MZ ) = 0.1164 ± 0.0022exp ± 0.0031theo

Davison & Webber 0809.3326

Results based on all LEP
and low-energy data

χ2/d .o.f . = 1.09

Experimental error corre-
sponds to δχ2 ≃ 14 on
grounds that fit not per-
fect.
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SCET results[Analytic hadronisation]

[SCET]

N3LL resummation recently performed in context of Soft Collinear Effective
Theory (SCET) for thrust and heavy-jet mass

Becher & Schwartz ’08; Chien & Schwartz ’10

SCET also argued to provide operator definition of hadronisation and
rigorous factorisation (including subtraction terms shown for effective
coupling) Choice of which operators to keep/neglect requires skill?

SCET provides event-shape αs extraction with by far the smallest errors:

αs(MZ ) = 0.1135 ± 0.0002expt ± 0.0005hadr ± 0.0009pert

Abbate et al, arXiv:1006.3080

Davison & Webber had larger exp./hadr. err. (similar dataset); related to δχ2?

Not compatible with world average. Similar to some DIS extractions
Is it corrrect?
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In favour of SCET fit[Analytic hadronisation]

[SCET]

Good converge and fit quality
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Questionnable aspects of SCET fit? [1][Analytic hadronisation]

[SCET]

Dependence on fit range
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τ τ

Suggestion of systematic depen-
dence & quoted theory error.

Span of results is 0.003

Particular sensitivity to lower edge

What is basis for specific central
choice?
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Questionnable aspects of SCET fit? [2][Analytic hadronisation]

[SCET]

Choice of “profile” function

0.005 difference ≫ theory error

τ 0.50.0 0.1 0.2 0.3 0.4

20

40

60

80

100

0

µH

µJ

µS R,

µi

µHτ

µHτ 1/2

Becher
& Schwar

tz

Abbate et al

Profile function determines

◮ Weight of fixed-order v.
resummation

◮ Scales in resummation
[∼ modified logs of CTTW]

Schwartz agrees his orig. choice not right.

But is Abbate choice sufficiently broad?
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Questionnable aspects of SCET fit [3]? ρ v. T[Analytic hadronisation]

[SCET]

hadronisation systematics?

Heavy Jet Mass

Thrust

Combined
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GPS & Wicke ’01

◮ Jet masses’ hadronisation very sensitive to π, K and p/n masses

◮ Heavy/wide observables are tricky (esp. for dists, higher moments).

◮ Do related systematics propage also into thrust?

Monte Carlo hadronisation gets these things “right”
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αs(MZ)

all ev.shp, JADE, NNLO/NLL [0810.1389]

thrust, all exp, NNLO/NLL/1/Q [0809.3326]

thrust, all exp, NNLO/N3LL/SCET [1006.3080]

ev.shp moments, JADE/OPAL, NNLO/1/Q [0911.2422]

3-jet, ALPEH, NNLO [0910.4283]

4-jet, JADE,  NLO/NLL [0707.0392]

5-jet, ALEPH,  NLO [1008.5313]

 0.11  0.115  0.12  0.125  0.13

all ev.shp, ALEPH, NNLO [0712.0327]

all ev.shp, JADE, NNLO [0810.1389]

all ev.shp, ALEPH, NNLO/NLL [0906.3436]

BETHKE
’09
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Event shapes take all hadrons. Jet rates v. ycut use
only a subset → less sensitive to hadronisation?



αs from 5-jet rate (pure NLO)[Jet rates]

Hadronisation with Sherpa
(multijet-matched) is small
effect.

➥do not correct for it
NB: depends on MC

Final result with LEP1 & LEP2
data:

αs(MZ ) = 0.1156+0.0041
−0.0034

Frederix et al arXiv:1008.5312
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3-jet rate @ NNLO[Jet rates]

αsαsαs from this point
3-jet rate as a function of ycut

Measure αs from point where

◮ determination stable

◮ systematics small

From ALEPH LEP 1 data:

αs(MZ ) = 0.1175 ± 0.0020exp ± 0.0015theo

Dissertori et al., arXiv:0910.4283

◮ Aside from SCET analysis, this is measurement with smallest theory error
◮ Can exp. error be reduced by combining other LEP experiments’ data?
◮ Total effect of hadronisation is 0.0015. Adding this (conservatively) as

hadroniation error, get αs = 0.1175 ± 0.0029
Would other jet definitions (e.g. Cambridge) have yet smaller hadronisation?
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3-jet rate @ NNLO[Jet rates]
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αs(MZ ) = 0.1175 ± 0.0020exp ± 0.0015theo

Dissertori et al., arXiv:0910.4283

◮ Aside from SCET analysis, this is measurement with smallest theory error
◮ Can exp. error be reduced by combining other LEP experiments’ data?
◮ Total effect of hadronisation is 0.0015. Adding this (conservatively) as

hadroniation error, get αs = 0.1175 ± 0.0029
Would other jet definitions (e.g. Cambridge) have yet smaller hadronisation?
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Interesting combination of modest errors and simplicity of
analysis

http://arxiv.org/abs/0910.4283


Conclusions[Conclusions]

Situation with event shapes is not ideal

Benefits of NNLO somewhat counteracted by large
hadronisation effects and limited perturbative convergence

Best “simple” analysis might be from jet rates?

SCET with N3LL has small errors, but disturbing αs.
How well controlled are the systematics?
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EXTRAS
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0910.4283: Dissertori et al; NNLO 3-jet rate[Extras]

[Jet rates]

From LEP 1:

αs(MZ ) = 0.1175

±0.0020exp±0.0015theo

◮ Hadronisation is ∼
5% correction

◮ αs extracted at
y = 0.02

◮ LEP2 consistent

G. Salam (CERN/Princeton/LPTHE) αs from event shapes Munich, 2011-02-10 26 / 24



0707.0392: Schieck et al/JADE; NLO+NLL 4-jet rate[Extras]

[Jet rates]

αs(MZ ) = 0.1159 ± 0.0004stat ± 0.0012exp ± 0.0024had ± 0.0007theo

◮ Uses R4 (exclusive?)

◮ fit ranges chosen by “requiring
that hadronization corrections be
less than 50% and the detector
corrections be less than 50% in
the fit range”
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1008.5312: Frederix et al; NLO 5-jet rate[Extras]

[Jet rates]

αs(MZ ) = 0.1156+0.0041
−0.0034
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0906.3436: Dissertori et al; NNLO+NLL ev. shapes[Extras]

[Ev.Shp Dists]

αs(MZ ) = 0.1224 ± 0.0009stat ± 0.0009exp ± 0.0012had ± 0.0035theo

αs

NNLO+NLLA

αs

NNLO
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MH

C

BW

BT

-lny3
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0.11
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0.135

0.11
0.115
0.12
0.125
0.13
0.135

Results using Her-
wig++ + POWHEG
for hadr. are 3% lower
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0810.1389: Bethke et al/JADE; NNLO(+NLL)[Extras]

[Ev.Shp Dists]

NNLO : αs(MZ ) = 0.1210± 0.0007stat ± 0.0021exp ± 0.0044had ± 0.0036theo

NNLO+NLL : αs(MZ ) = 0.1172± 0.0006stat ± 0.0020exp ± 0.0035had ± 0.0030theo

◮ Fit range chosen such that
LL terms less than unity;
same range used for NNLO
& NNLO+NLL

◮
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0810.1389 cont.[Extras]

[Ev.Shp Dists]
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Illustrates clear improvement coming from in-
clusion of NNLO/NLL information
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0712.0327: Dissertori et al; NNLO ev. shapes[Extras]

[Ev.Shp Dists]

αs(MZ ) = 0.1240 ± 0.0008stat ± 0.0010exp ± 0.0011had ± 0.0029theo

ALEPH data
Ecm=91.2 GeV

fit range

NNLO, αs=0.1274 ±0.0003, χ2/ndof=0.44

NLO, αs=0.1446 ±0.0003, χ2/ndof=1.7

NLO + NLLA
αs=0.1271 ±0.0002, χ2/ndof=0.62
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0809.3326: Davison&Webber; NNLO/NLL/PC dσ
dT

[Extras]

[Ev.Shp Dists]

αs(MZ ) = 0.1164 ± 0.0022exp ± 0.00157theo

Note, scales varied in range
√

1/2 < xµ <
√
2

With a conventional 1
2 <

xµ < 2 variation, ex-
pect theory error to double
roughly?
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1006.3080: Abbate et al; SCET T NNLO+N3LL[Extras]

[Ev.Shp Dists]

αs(MZ ) = 0.1135 ± 0.0002expt ± 0.0005hadr ± 0.0009pert
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profile function matters at ∼ 4%
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1006.3080 cont.[Extras]

[Ev.Shp Dists]
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1005.1644: Chien & Schwartz; SCET ρ (& T )[Extras]

[Ev.Shp Dists]

Assuming no hadronisation (ρ): αs(MZ ) = 0.1220 ± 0.0031
Assuming no hadronisation (T ): αs(MZ ) = 0.1193 ± 0.0027
Combined:
αs(MZ ) = 0.1193±0.0011stat±0.0012syst±0.0017had±0.0013pert±0.0005soft

With hadronisation as shift (ρ): αs(MZ ) = 0.1017
With hadronisation as shift (T ): αs(MZ ) = 0.1101

Heavy Jet Mass
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Combined
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Is fit without hadroni-
sation degrees of free-
dom reasonable?

Discrepancy between ρ
and Thrust in power-
correction fits has a
long history.
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1005.1644 continued[Extras]

[Ev.Shp Dists]
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0911.2422: Gehrmann et al; NNLO/PC moments[Extras]

[Ev.Shp Moments]

αs(MZ ) = 0.1153 ± 0.0017exp ± 0.0023th
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◮ PC formulae validity
arguable for higher
moments

◮ hadron-mass effects for
the heavy jet mass

◮ Why not extract results
based on first
moments?

G. Salam (CERN/Princeton/LPTHE) αs from event shapes Munich, 2011-02-10 38 / 24


	Introduction
	MC hadronisation
	Analytic hadronisation
	Effective coupling
	SCET

	Jet rates
	Conclusions
	Extras
	Jet rates
	Ev.Shp Dists
	Ev.Shp Moments


