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Motivation

LHC era is around the corner
it will be a discovery machine, however...
... heed excellent understanding of background,

... and precise prediction of signals.

Challenge for perturbative QCD:
can we achieve a high enough precision in perturbative
calculations?
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Motivation

Apart the quark masses, there is only one free parameter in the

QCD lagrangian,

Can be extracted with good accuracy from et e~ data, however

the value of o, from LEP data suffers mainly from theoretical
scale uncertainty:
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Event Shape Observable

ete~ — 3 jets at leading order:
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Event Shape Observable

ete~ — 3 jets at leading order:

¢ % Universitat Zrich

Born cross section for Z, v — qq

do

dE, dcos8qg X

Bremsstrahlung:
enhancement for £, — 0
and for 834 — O

LC09 Workshobp. Peruaia. September 2009 — p. 5/37



Event Shape Observable

ete~ — 3 jets at leading order:

Born cross section for Z, v — qq

e’ q
0 %
Z", g
e~ ]
: Bremsstrahlung:
Experimental observable: enhancement for E, — 0
— Jet rates (number of jets), and for 85, — 0

— event shape observables.

Well suited also for theoretical pQCD predictions since many

are
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Event shape observables

Parametrize geometrical properties of energy-momentum flow,

canonical example: T — max- 2_qlpini|
T n
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ALEPH data

Q=M,

a, (M,) =0.1189
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Event shape observables

Progress in theoretical predictions:

State-of-the-art up to recently:
NLO calculations,

NLL resummation,
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Event shape observables

Progress in theoretical predictions:

State-of-the-art up to recently:
NLO calculations,

NLL resummation,

Very important progress in the last two years
NNLO calculations and matching with NLLA of the LEP
standard set of event shape observables,

N3LL resummation in SCET and matching with NNLO for T,

Non-perturbative 1/¢) corrections to NLLA+NNLO for T,
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Fixed Order Calculations

For an observable y the differential cross section at NNLO is given
0)Y; (648 = 02,3, = %)

- d—a(y Q, 1) _as(,u)—(y)+oz (u)—(y 2y} + o (u)—(y zu) + O(ay) .

00
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Fixed Order Calculations

For an observable y the differential cross section at NNLO is given
0)Y; (643 = 02,3, = %)
1 do 2 dB

s —(y,Q p) = +as () - (u r,) + a; (u) (y,wu)+0(a ).
Nfo NNVLo
NNLO ~* — qqg two loop
v — qdgg one loop
NLO ~* — qqg one loop v — qqqq one loop
’7* — qqgg tree level 'y* — qqqqg tree level
v* — qqqq  treelevel ~v* — qgggg  treelevel

W [ ] [ ] [ ] [ ] [ ] [ ] [ J [ J [ J
s mie A
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Fixed Order Calculations

For an observable y the differential cross section at NNLO is given
0)Y; (648 = 02,3, = %)

1 do
G, @m = + +a; (u) (y,wu)+0(a ) -
NKfLo
NNLO ~* — qqg two loop
v — qdgg one loop
~v* — qqqq one loop
~v* — qqqqg tree level
~v* — qgqggg  tree level
Coefficient functions , /", % are functions of L = In _,
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Fixed Order Calculations

Logarithms are originated from integration over soft and collinear
regions: q

Integrating over the phase space:
do dE, dbZ,

— — O0(y—vy(E,, 0z
dyoc E, 9§g (y—y( g qg))

()
x — log | —
Y Y

They describe the enhancement due to soft and collinear emissions.
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Fixed Order Calculations

Consider cumulative cross section R (y,Q, u)

Uhd

fy dd(:v Q D) dz,

R(y,Q,u) = 1+ 4 + C(y,xp) @ (w)-
&3C(y,z,) | G3L | &PL? | G3L? | G3L* | a3L5 | a?L6 | &
If L is NOT large, contributions become smaller line-by-line.
In phase space region where y — 0, L — oc:
— coefficient functions become large spoiling the convergence of the series
expansion.
Main contribution comes from highest power of the logarithms.
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Fixed Order Calculations

Consider cumulative cross section R (y,Q,p) = -1 [V o@Q.1) g0

Ohad 20 dx

R(y,Q,p) = 1+ 4 + C(y,xp) @ (w)-

asC (y,x,) L* | a3l | a2L® g
If L is NOT large, contribution 2 smaller line-by-line.
In phase space region w

— coefficient functions j .arge spoiling the convergence of the series

expansion. @
Main contribUs »mes from highest power of the logarithms.
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Resummed Calculations

ldea: resum the highest powers of the
logarithms to all orders in perturbation theory

S

I BLAE %)
£ bk g
% B g

Universitat Zdrich

L.C09 Workshobo. Peruaia. September 2009 — p. 11/37



Resummed Calculations

ldea: resum the highest powers of the
logarithms to all orders in perturbation theory

& .
a2B(y.x,) | oL | [ | a2r° |
a3C(y,z,) | &L | aPL? - asL* - -

e Next-to-Leading logarithms
e From trivial exponentiation
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Resummed Calculations

For suitable observables, resummation of logarithms leads to
exponentiation

E(y) — 4+ golav. L)+...
with —
0 (0aL) = Guld, +Onl’a + Cyl*al + ... (N
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Resummed Calculations

For suitable observables, resummation of logarithms leads to

exponentiation 4+ 4.

X(y) = e

with —

Integrated cross section at NLLA to be matched with NNLO:

. to be determined by matching with fixed order.
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Matching

Different matching schemes

R-matching scheme:

* Two predictions for R (y) are matched and double-counting terms are

subtracted.

Unknown matching coefficients C1, Cs, C3, G21, G32, G31 humerically

determined from fixed order result.
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Matching

Different matching schemes

R-matching scheme:

* Two predictions for R (y) are matched and double-counting terms are

subtracted.

Unknown matching coefficients C1, Cs, C3, G21, G32, G31 humerically

determined from fixed order result.

Log(R)-matching scheme:

* Logarithm of R (y) is matched and double-counting terms are subtracted.

* All matching coefficients from expansion of resummed result.

) Universitat Zirich
LC09 Workshobo. Peruaia. September 2009 — p. 13/37



Matching
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Log-R matching scheme

To NLLA + NNLO the integrated cross section in the Log-R matching scheme is
given by

In(R(y,as)) =

+ as ( —G11L—G12L2) +
1
+a% ( — 5,42 (y) — Gao L? — G23L3>
1
+ag ( — A(y) B(y) + 5443 (y) — GasL® — G34L4) :
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Log-R matching scheme

To NLLA + NNLO the integrated cross section in the Log-R matching scheme is
given by

In(R(y,as)) =

+ as ( —G11L—G12L2) +
1
+a% ( — 5,42 (y) — GaaL® — G23L3>
1
+ag ( —A(y) B(y) + gAs (y) — GasL® — G34L4)

To ensure the vanishing of the matched expression at the kinematical boundary

_ 1 p p
Ymax L—>L:—1n(< yO) _< Yo > +1),
p yrL Ymax TL

with yo = 6 for y = C' and yg = 1 otherwise, (x;, = p = 1).
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Results: renormalization scale dependence

Thrust T: consider 7

I
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NLLA+NNLO
NNLO

NLLA+NLO
NLO

o

~
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Q=M,
o, (M) =0.1189

Q=M,
o (M) =0.1189
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Difference between NLLA+NNLO and NNLO restricted to the two-jet region,

whereas NLLA+NLO differ in normalisation throughout the full kinematical range.
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Determination of agq

Recent works:

ag fit using only theoretical NNLO predictions and ALEPH
data,

ag fit using theoretical N3LLA predictions and ALEPH data,

ag fit using theoretical NNLO and NLLA+NNLO predictions
and JADE data,

ag fit using the the matched NLLA+NNLO predictions and
ALEPH data.
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Determination of ag: uncertainties

Experimental uncertainties:
track reconstr., event selection, detector corrections: cut variations or MC

~ 1%
background and ISR (LEP2),

Hadronization uncertainties:

difference between various models for hadronization: ~ 0.7 - 1.5%

Pythia (String frag.), Herwig (Cluster frag.), Ariadne (Dipole + String frag.),

Theoretical uncertainties (pQCD and resummation):
variation of x,,, 1, ymax, p @nd matching scheme,

~ 3.5 - 5%
uncertainty for b-quark mass correction.

Uncertainty band method to estimate missing higher orders
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Determination of avg: NLLA+NNLO fits

data are fit in the central
part of the event shape

distribution,

T
=
B
o
S
o
=

only statistical uncertainties
are included in the 2.

good fit quality (but includes
still large statistical

uncertainties of C-coefficient)
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Determination of ag: NNLO fits

fit to fixed order calculations gives

ALEPH data S
T Eem=91.2 GeV higher values for a g,
_8 :
0
—
f tendency to decrease from NLO to
it range
NNLO.
NLO + NLLA
0a=0.12710.0002x°/n ,,=0.62
S . . )
@©
kS|
&
©
z
0.6 065 0.7 075 08 085 0.9 O.QI_S
[ J [ J [ J [ J [ J [ J [ J [ J [ J

?) Universitat Zrich
LC09 Workshobo. Peruaia. September 2009 — p. 19/37



Determination of ag: NNLO fits

NLO+NLLA

ALEPH data
E.,=91.2 GeV

=
o

1/c do/dT

fit range

NLO + NLLA
a=0.12710.0002,x°/n,,,=0.62

at. 0 exp. uncertainty

o
~

much less scatter at NNLO

o
o N

(data-fit)/data

reduced perturbative uncertainty:
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Determination of ag: NNLO fits

NLO+NLLA
T

H

ALEPH data
E.,=91.2 GeV

=
o

1/c do/dT

=

fit range

/' —— NNLO, 0,=0.1274+0.0003X/n ,=0.44 -

— 2 —
NLO, a=0.1446£0.0003,x°/n,,=1.7

NLO + NLLA
a=0.12710.0002,x°/n,,,=0.62

stat. [ exp. uncertainty

o
~

much less scatter at NNLO

o
(V)

o

(data-fit)/data

o
(V)

reduced perturbative uncertainty:

=
~

s (Mz) = 0.1240 +

Universitat Zdrich




Determination of avg: NNLO+NLLA fits

Beware: consistent matching
(at present known only for T).

a slight increase of the scale uncertainty is observed:
two loop running terms not compensated in NLLA.

using thrust at LEP1

data set LEP1 + LEP2  LEP2
as (Mz) 0.1224 0.1224
stat. error 0.0009 0.0011
exp. error 0.0009 0.0010 T oA
pert. error 0.0035 0.0034
hadr. error 0.0012 0.0011
total error 0.0039 0.0039 - oA

. . 9 Universitat Zirich
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Determination of ag: perturbative uncertainty

The log R(u)- matching scheme:

compute the two-loop terms proportional to the renormalization scale
in resummation and matching functions,

central values of individual fits are not affected...

... but theoretical uncertainty is much reduced.
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Determination of a.g: perturbative uncertainty

The log R(u)- matching scheme:

\ I I ]
Thrust, E,=M, -

NNLO+NLLA for a+Aag

T T T
Thrust, E,=M,

NNLO+NLLA LogR( p) for a2+ Aag

total uncertainty of distribution total uncertainty of distribution

p-scale uncertainty p-scale uncertainty

kin. constraint uncertainty kin. constraint uncertainty

—————
A e T AR R AR

modification degree uncertainty | modification degree uncertainty

T, B

x_-scale uncertainty X, -scale uncertainty

T, S B
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normalised difference: (prediction-reference)/reference

fit range fit range

T T Y T T Y Y Y Y Y B 0
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Universitat Zdrich




Determination of a.g: perturbative uncertainty

The log R(u)- matching scheme:

compute the two-loop terms proportional to the renormalization scale
in resummation and matching functions,

central values of individual fits are not affected...

... but theoretical uncertainty is much reduced.

data set LEP1 + LEP2 LEP2 data set LEP1 + LEP2 LEP2
x| as (Mz) 0.1224 0.1224 S as (Mz) 0.1227 0.1226
E)D stat. error 0.0009 0.0011 Dbfo stat. error 0.0008 0.0010
exp. error 0.0009 0.0010 2 | exp. error 0.0009 0.0010
pert. error 0.0035 0.0034 pert. error 0.0022 0.0021
hadr. error 0.0012 0.0011 hadr. error 0.0012 0.0011
total error 0.0039 0.0039 total error 0.0028 0.0028

cancelations are probably overestimated,

conservative result is more reliable.
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Determination of ar,: NNLO+NLLA results

NNLO+NLLA NLO+NLLA

—a—

Two class of observables:
T, C-par., By higher fit result — sizeable missing higher order

-log y3, Bw, Mg lower fit result, — good convergence of pert. expansion

— also seen by NNLO study of moments
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Determination of ar,: NNLO+NLLA results

NNLO+NLLA NLO+NLLA

Two class of observables:
T, C-par., By higher fit result — sizeable missing higher order

-log y3, Bw, Mg lower fit result, — good convergence of pert. expansion

— also seen by NNLO study of moments

What about hadronization corrections?
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Determination of a,: Hadronization

S m
g blA
(2 7]
&

' 9 Universitdt Zdrich

LC09 Workshobo. Peruaia. September 2009 — p. 23/37



Determination of a,: Hadronization

MC generator (e.g. Pythia)
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Determination of a,: Hadronization

Hadronization corr.

MC generator (e.g. Pythia) NNLO-+NLLA

AW
ST %
15 BAB )
Ell=nal

G )
i

Ay
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Determination of a,: Hadronization

Problematic if parton level in MC and pQCD predictions

are very different

Hadronization corr.

MC generator (e.g. Pythia) NNLO+NLLA
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Determination of «.: Hadronization

=

PYTHIA PYTHIA

o
©
o
©

ARIADNE ARIADNE

- HERWIG - HERWIG

o
fe)
o

HERWIG++ HERWIG++

HW++ MCNLO HW++ MCNLO

©
N
©

— — HW++ POWHEG — — HW++ POWHEG

o
[S)

<
i
|
Z
+
O
|
Z
£
o
=
<
i
|
Z
+
®)
|
Z
=

(NNLO+NLLA -MC)/NNLO+NLLA

Thrust: parton level higher than in NNLO+NLLA

Pythia parameters tuned such that missing HO terms are (over-)compensated
and hadronization corrections are effectively too small

%) Universitat Zrich
LC09 Workshobo. Peruaia. September 2009 — p. 24/37



Determination of «.: Hadronization

as (M) T C My Bw Br —Inys
PYTHIA 0.1266 0.1252 | 0.1211 | 0.1196 | 0.1268 | 0.1186
x2/Nao 0.16 0.47 4.4 4.4 0.84 1.89
ARIADNE 0.1285 0.1268 | 0.1234 | 0.1212 | 0.1258 | 0.1202
x2/Nao 0.96 0.52 2.5 3.1 2.15 1.41
HERWIG 0.1256  0.1242 | 0.1253 | 0.1203 | 0.1258 | 0.1203
X2 /Nao s 0.5 0.65 4.4 2.0 2.15 0.8
HW++ 0.1242 0.1228 | 0.1299 | 0.1212 | 0.1238 | 0.1168
X2 /Ngo s 6.6 3.2 3.3 1.33 2.65 0.56
HW++ MCNLO 0.1234 0.1220 | 0.1292 | 0.1220 | 0.1232 | 0.1175
X2 /Nao s 10.7 4.2 2.2 1.1 5.7 0.69
HW++ POWHEG 0.1189 0.1179 | 0.1236 | 0.1169 | 0.1224 | 0.1142
X2 /Naos 1.46 2.55 3.8 3.9 1.54 0.56
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Conclusions and outlook

Matched NLLA+NNLO distributions in the log-R matching scheme,

NLLA+NNLO results improved wrt. NLLA+NLO especially in 3-jet region,
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Conclusions and outlook

Matched NLLA+NNLO distributions in the log-R matching scheme,

NLLA+NNLO results improved wrt. NLLA+NLO especially in 3-jet region,

ag determination with NLLA+NNLO calculations:

as (Myz) = 0.1224 + 0.0009(stat.) = 0.0009(exp.) =+ 0.0012(had.) & 0.0035(theo.)

reduced scatter and scale dependence,
indication of still missing higher order corrections

tuning of MC models might have led to a systematic upward shift of as-fits
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Conclusions and outlook

Matched NLLA+NNLO distributions in the log-R matching scheme,

NLLA+NNLO results improved wrt. NLLA+NLO especially in 3-jet region,

ag determination with NLLA+NNLO calculations:

as (Myz) = 0.1224 + 0.0009(stat.) = 0.0009(exp.) =+ 0.0012(had.) & 0.0035(theo.)

reduced scatter and scale dependence,
indication of still missing higher order corrections

tuning of MC models might have led to a systematic upward shift of as-fits

Further steps and improvements:

EW-corrections computed recently,

resummation of subleading logarithms (for all observables), :

further hadronization and power correction studies.
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Backup Slides
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Fixed Order Calculations

NLO and NNLO calculations:

careful subtraction of real and virtual divergencies using
antenna method:

R S S %
donLO = / (dUNLo — dUNLo) + / doNLO "‘/ doNL,o
R S S
doNNLO = / (dUNNLo — dUNNLO) +/ doONNLO
AP 12 d® 42

V,1 VS, 1 VS, 1
"‘/ (dJNNLO - daNNLO) "‘/ doNNLO
dCI)m_|_1 ch)m—I—l
V,2
"‘/ doNNLO-
d®

Implemented in the EERAD3 integration programme.
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Fixed Order Calculations

Inconsistency in the treatment of large-angle radiation,

Inconsistency was corrected and cross-checks are in
progress,

numerically minor changes in the kinematical region of

Interest for phenomenology.

NNLO new
NNLO old

Q=M,
a, (M,) =0.1189

NN ° ° ° ° ° ° ° ° °
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Fixed Order Calculations

Theoretical NNLO prediction (as = 52,1, = %):
do 2
Uio 5 o @) —as(u)—(y)+ : (u) (y,wu>+a (u) <y,azu>+0<a ).
However:
1 n oo 1 da
— @(y , Q) = ora (O 1) 7 (y Q, 1)

Theory prediction

) ) ) ) ) ) ) ) )
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Fixed Order Calculations

Theoretical NNLO prediction (@5 = 52,1, = %):
do 2
Uio 5 o @) —as<u>—<y>+ : (u) (y,wu>+a (u) (y,mw(a ).
However:
1 n oo 1 da
— @(y , Q) = oma (O 1) 7 (y Q, 1)

Theory prediction

use simple expansion in a, or "exact" ratio up to calculated order

Issues:

* mass effects

* EWK effects (factorization)

—— Effects below per-cent range
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Renormalization scale dependence

The full renormalization scale dependence is given by making the
following replacements,

as —  as(p),

B(y) — B(y,n) =200 Inz, A(y) +B(y) ,
C(y,m) = (260 Inwu)? A(y) + 2 Inwzy 26808 (y) +261 AW +C(y) ,

A
S
l

Bo
g2 (agl) — g2 (aSL,IuQ) = g2 (agl) + — (asL)? g (asL) Inz,, |

3
!

Goo (,LL) = Ga22 + 260G12 lnzr;u ;
Gs3 — G33(pu) =Gsz + 460G23Inzy, .

S nEa
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Results: renormalization scale dependence

Thrust T: consider 7
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o, (M) =0.1189
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o (M) =0.1189
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° °
© ©
2 2
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Difference between NLLA+NNLO and NNLO restricted to the two-jet region,

whereas NLLA+NLO differ in normalisation throughout the full kinematical range.
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Results: renormalization scale dependence

Thrust T: consider = 1 —-T

NLLA+NNLO  ——
NLLA+NLO E—

Q=M,
o, (M) =0.1189

Difference between NLLA+NNLO and NLLA+NLO moderate in the three-jet region.

Renormalization scale dependence reduced in three-jet region.

NN ° ° ° ° ° ° ° ° °
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Results: renormalization scale dependence

Thrust T: consider = 1 —-T

ALEPH data NLLA+NNLO  ——
NLLA+NLO ——
NNLO ——

Description of the hadron-level data improves between parton-level NLLA+NLO

and parton-level NLLA+NNLO, especially in the three-jet region.

. 9 Universitét Ziirich
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Results: renormalization scale dependence

Thrust T: consider = 1 —-T

NLLA+NNLO new E—
NLLA+NNLO old E—

Q=M,
o, (M) =0.1189

Comparison between matched results using old and corrected new histograms:

the small difference in the IR region disappears, resummation becomes dominant.
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Results

Full set of event shape variables:

: : M2 1 ~
Heavy jet mass: p=—H = max; 5 (Zke H, pk)
o
_ : af _ _ 1  2kPrPy
C-parameter: O = SR el

C = 3 (@11@22 4 @22@33 4 @33@22 o @12@12 o @23@23 o @31@31)

Total jet broadening: Br = B1 + B ke H, [P Xir]
B; = 2> k|Pk

Wide jet broadening: Bw = max (B, B2),

Two-to-three jet parameter for Durham jet algorithm:

2 min (Ef, EJQ) (1 —cosb;;)
E2

Vis

Yij,D —

§) Universitat Zirich
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Results

Heavy Jet Mass p:

) Universitat Zirich

NLLA+NNLO
NNLO

Q=M,
o, (M) =0.1189

NLLA+NNLO
NLLA+NLO

Q=M,
o (M,) =0.1189

NLLA+NLO
NLO

Q=M,
o, (M) =0.1189

ALEPH data NLLA+NNLO
NLLA+NLO
NNLO

Q=M,

o, (M) =0.1189
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Results

C-parameter C-

NLLA+NNLO —— NLLA+NLO ——

NNLO ——

o, (M,)=0.1189 Uy o, (M) =0.1189

ALEPH data NLLA+NNLO  ——
NLLA+NLO ——
NNLO ——

NLLA+NNLO
NLLA+NLO

S

Q=M,
o, (M,) =0.1189

5K

o (M) =0.1189

TS

33%%:
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Results

Total jet broadening Br:

NLLA+NNLO NLLA+NLO ————
NNLO NLO ——

Q=M, “‘ 23 Q=M,
o, (M,) =0.1189 4 H o, (M) =0.1189

NLLA-+NNLO ' .. ALEPHdata NLLA+NNLO ~——

NLLA+NLO NLLASNLO  ———

NNLO ——
Q=M,
o, (M,) =0.1189

o (M,)=0.1189
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Results

Wide jet broadening Byy :

NLLA+NNLO NLLA+NLO
NNLO : NLO

Q=M, . X . Q=M,
o, (M) =0.1189 : - a, (M) =0.1189

NLLA+NNLO ) ALEPH data NLLA+NNLO ——
NLLA+NLO . NLLA+NLO ——
NNLO ——

Q=M, .
o (M) =0.1189 Q=M,
o, (M,)=0.1189
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Results

Two-to-three jet parameter for Durham algorithm Ys:

NLLA+NNLO ——
NNLO —

NLLA+NNLO ——
NLLA+NLO ——

) Universitat Ziirich

Q= MZ NLLA+NLO — Q= MZ

NLO —

o, (M) =0.1189 o (M) =0.1189

NLLA+NNLO

o, (M,) =0.1189 : NLLA+NLO
NNLO

o, (M,) =0.1189

ALEPH data
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