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Motivation

eTe~ — 3 jetreaction: very prominent role for phenomenology:
discovery of gluon and its properties,

precise determination of the QCD coupling constant «.

et q

Instead of looking only at jet rates, we can study their shape in the
final state:
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Event shape observables

Parametrize geometrical properties of energy-momentum flow,

canonical example: T = maxg

T =1
popular observables for testing QCD — IR & collinear safe,

measured very precisely at LEP:

error in the determination of g mainly from theoretical
uncertainty
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Event shape observables

Theoretical calculations:

State-of-the-art one year ago:
NLO calculations,

NLL resummation,
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Event shape observables

Theoretical calculations:

State-of-the-art one year ago:
NLO calculations,

NLL resummation,

Very important progress in the last year
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, = %)

1 d dA dB dC
7y, Q, 1) = aa (1) — (y) + @2 (1) = (v, 7)) + & (1) — (y, z,,) + O(al).
Ohad Oy dy dy dy
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Fixed Order Calculations

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

Ghlad é(%@aﬂ) = + & (u)—lj(y T,)+ & (,u) (y,xu) + O(al).
NLO NJ:erO
NNLO ~* — qqg two loop
v — qdg9 one loop
NLO ~* — qqg one loop v* — qqqq one loop
~* — qggg  tree level ~* — qdqdg  tree level
v* — qqqq treelevel ~v* — qgggg  treelevel
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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 dC
—(y,Q, ) = - + as (1) —— (v, o) + O(&5) -
Ohad dy N dy ,

NJ\‘]rLO

NNLO ~* — qqg two loop

v" — qdgg one loop

~v* — qqqq one loop

~v* — qqqqg tree level

~v* — qg@ggg  tree level

Coefficient functions , “”, % are functions of I = ln%,

describe the enhancement due to soft and collinear emissions.
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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

A VS, 1 VS, 1
"‘/ <d(7NNLo - daNNLO) "‘/ donNLO
dCI)m_|_1 ch)m—I—l
S
"‘/ 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
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Fixed Order Calculations

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

Uhd

fy dd(:v Q D) dz,

Contribution

becomes smaller

R(y,Q,p) = 1+ + + C(y,zu) @2 (u).
asC(y,x,) | a3l | a3L? | a3L® | alL* | a3L® | a3L®

S

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,u) = -1 [V 42&C.0) g,

Uhd

R(y,Q,p) = 1+ + + C(y,zp) @ (w).

Contribution
becomes smaller

5&26 (ya xu)

<
Main contribu % es from highest power of the logarithms.

° ° ° ° ° ° ° ° °
LCWSO08, Chicago, November 2008 — p. 9/24

) Universitat Ziirich



Resummed Calculations

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

)) (y) = e + g2(asL)+...
with —
9 (L) = GulLa,+GpnL®al +Gel’al +... (N
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Resummed Calculations

For suitable observables, resummation of logarithms leads to

exponentiation 4+ 4.

Y(y) = e

with —

Integrated cross section at NLLA to be matched with NNLO:

R(y) =

. 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.

LCWSO08, Chicago, November 2008 — p. 12/24
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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.
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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.
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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).

B AN\ ° ° ° ° ° ° ° ° °
2 Universitat ZUrich LCWS08, Chicago, November 2008 — p. 13/24



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 (asL) — g2 (asL,u®) = g2 (asL) + — (asL)? g (asL) Inz,, |

3
!

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

Thrust T: consider 7
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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 ° ° ° ° ° ° ° ° °
EfE=EI) Universitét ZUFICh LCWS08, Chicago, November 2008 — p. 15/24



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.
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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 2 kPrPy
C-parameter: O = Sm Sl

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, 1Pk XA
Bi = =53 5

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 =
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Determination of ag

Recent works:

ag fit using only theoretical NNLO predictions and ALEPH
data,

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

Recent works:

ag fit using only theoretical NNLO predictions and ALEPH
data,

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

Work still in progress:

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

Analysis outline

use public ALEPH data on event shapes,

data are corrected to hadron level using MC corrections
accounting for ISR/FSR and background,

data are fitted by NNLO or NLLA+NNLO predictions, including
NLO quark mass correction, folded to hadron level by MC

generators,

combine 6 variables and 8 data sets (LEPI + LEPII)
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Determination of (’g. NLLA+NNLO fits to data

data are fit in the central
part of the event shape

T
=
Ky
o)
S
L
i

distribution,

only statistical uncertainties
are included in the 2.
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Determination of ag:

NNLO vs NLLA+NLO

clear improvement of NNLO over NLO,

good fit quality (but includes still large
statistical uncertainties of C-coefficient),

matched NLLA+NLO still yields a better
prediction in the 2-jet region,

) Universitit Ziirich

NLLA+NNLO fits to data

ALEPH data
E.,=91.2 GeV

[EnY
o

1/o do/dT

fit range

/'——— NNLO, 0,=0.1274£0.0003%/n,,=0.44
NLO, 0 =0.1446+0.0003x°/n,,=1.7

NLO + NLLA
0=0.1271+0.0002,x°/n,=0.62

o o
o N b

(data-fit)/data

o] I statistical uncertainty Y\
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Determination of 5. NLLA+NNLO fits to data

NNLO vs NLLA+NLO

clear improvement of NNLO over NLO, ALEPH data
E.=91.2 GeV

[EnY
o

good fit quality (but includes still large
statistical uncertainties of C-coefficient),

matched NLLA+NLO still yields a better
prediction in the 2-jet region, : _ NLOMLLA o 0125540.0008

x2/nd0f:0.4

1/o do/dT

fit range NNLO+NLLA

NNLO, a=0.1274+0.0003,x/n,,=0.44

NLLA+NNLO vs NNLO

NLO + NLLA
0=0.1265£0.0002,%°/n,,=0.77

better predictions in two jet region,

stat. 0 exp. uncerta

©
~

extended fit range,

o
(V)

fit to fixed order calculations gives higher
values for a g,

o

(data-fit)/data

statistical:uncertainty

tendency to decrease from NLO to NNLO.
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Determination of ag: perturbative uncertainty

Uncertainty band method to estimate missing higher orders

evaluate distribution of event shape y for a given value of ag with a reference

theory,
calculate theoretical uncertainties for y — uncertainty band,
fill the uncertainty band with the nominal prediction by varying o,

corresponding variation range for ag is assigned as systematic uncertainty.

Parameter taken into account
for NNLO fit: only z,, variation,

for NLLA+NNLO fit: variation of z,, 1, ymax, p @and matching scheme.
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Thrust, E,,=M, |

NNLO+NLLA for a2+ Aag

total uncertainty of distribution

p-scale uncertainty

kin. constraint uncertainty

-~
fit range
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uncertainty
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Determination of acg: NNLO results

NLO+NLLA

g (Mz)

consistent results at NNLO,

scattering between
variables much reduced.

calculate weighted average
for ag (Q) from 6 variables

- 6 ; 1
ag =, qw;y, WX p
(2
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Determination of (5. NLLA+NNLO results

Not yet, but still some hints:

improvement from NNLO to NLLA+NNLO smaller than from NLO to

NLLA+NLO: two loop running terms not compensated in NLLA.

i
U

NLLA+NNLO
NNLO

o
n

Q=M,
o (M,) =0.1189

2
o
©
©
2
o
~
0

Tendency confirmed by JADE Collaboration analysis.
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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,

in 2-jet region better prediction than NNLO, but far from perfect.
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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,
in 2-jet region better prediction than NNLO, but far from perfect.

ag determination with NNLO calculations: 'ag (Mz) = 0.1240 £ 0.0033

substantial improvement over NLO and NLLA+NLO,

competitive result, but "somewhat" high compared to other results.
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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,
in 2-jet region better prediction than NNLO, but far from perfect.

a g determination with NNLO calculations: fag (Mz) = 0.1240 + 0.0033
substantial improvement over NLO and NLLA+NLO,
competitive result, but "somewhat" high compared to other results.

Further steps and improvements:

combinations of ag measurements using NLLA+NNLO, [work in progress]
resummation of subleading logarithms (for all observables),
inclusion of EW-corrections and hadronization corrections from modern

NLO+PS MC.
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