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predictions for the ILC

Precise predictions are crucial for the physics program at 
the ILC.

QCD effects present the main challenge:
rich phenomenology, produces backgrounds to many 
new physics signals,
large coupling constant, leading order perturbation 
theory is often not sufficient,
need to control non-perturbative effects 
(hadronisation, ...).

ILC: higher energy and luminosity → higher precision 
and higher multiplicity final states.
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Challenges
Many loops

NNLO corrections to Bhabha scattering
NNLO corrections to 

Many legs
Unitarity methods, recursion relations

Many scales
Effective theory calculations and resummation 

More realism
Detailed simulations and exp. studies
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e+e− → 3 jets

17 talks in our WG



many loops
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Bhabha Scattering @NNLO
Bhabha scattering is used for the luminosity 
measurement at lepton colliders

After a large effort by many people, we now have all 
relevant 2-loop QED corrections, including

heavy flavor corrections
hadronic corrections

Corrections still need to be implemented into MC event 
generator.
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[A. Ferroglia]

L =
dN

dtdΩ

∣∣
measured

dσ
dΩ

∣∣
theory

precise prediction crucial
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                   near threshold

NNNLO nearly complete. Needed for <3% accuracy on 
cross section.

hard matching calculation incomplete, ongoing work.

Part of the               corrections were calculated and found to 
be very small ~ 0.1%. Presumably, the entire correction is 
negligible. Kiyo, Seidel and Steinhauser ‘08
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           near threshold

Precision determination of mW. 6 MeV accuracy?
NLO corrections where the W width is consistently 
included by two groups: 

using complex mass scheme Denner et al. ’05 
exclusive: arbitrary cuts

using EFT for unstable particles Beneke at al.’07

works only in the threshold region but can include 
dominant NNLO effects.
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e+e− → 3 jets @ NNLO

Implemented in fixed order event generator. Can be 
used for NNLO evaluation of event shapes.
Used to determine αs from LEP data:

Even at NNLO perturbative uncertainty dominates.
Resum logarithmically enhanced contributions.

A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover, G. Heinrich ’07    Weinzierl ‘08

+ + + ...
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[Gionata Luisoni]

Abstract: We present the first determination of the strong coupling constant from a fit of

next-to-next-to-leading order QCD predictions to event-shape variables, measured in e+e−

annihilations at LEP. The data have been collected by the ALEPH detector at centre-of-

mass energies between 91 and 206 GeV. Compared to results of next-to-leading order fits

we observe that the central fit values are lower by about 10%, with considerably reduced

scatter among the results obtained with different event-shape variables. The dominant

systematic uncertainty from renormalization scale variations is reduced by a factor of two.

By combining the results for several event-shape variables and centre-of-mass energies, we

find

αs(M2
Z) = 0.1240 ± 0.0008 (stat) ± 0.0010 (exp) ± 0.0011 (had) ± 0.0029 (theo).

Keywords: QCD, Jets, LEP Physics, NLO and NNLO Computations, strong coupling

constant.

http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gehrmann%2DDe%20Ridder%2C%20A%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gehrmann%2DDe%20Ridder%2C%20A%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gehrmann%2C%20T%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gehrmann%2C%20T%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Glover%2C%20E%2EW%2EN%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Glover%2C%20E%2EW%2EN%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Heinrich%2C%20G%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Heinrich%2C%20G%2E%22
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[Gionata Luisoni]

Determination of αS: NNLO results
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αS (MZ)

consistent results at NNLO,

scattering between

variables much reduced.

calculate weighted average

for αS (Q) from 6 variables

ᾱS = 6
i=1 wi αi

S , wi ∝ 1
σ2

i

⇒ ᾱS (MZ) = 0.1240 ± 0.0033

LCWS08, Chicago, November 2008 – p. 22/24

Abstract: We present the first determination of the strong coupling constant from a fit of

next-to-next-to-leading order QCD predictions to event-shape variables, measured in e+e−

annihilations at LEP. The data have been collected by the ALEPH detector at centre-of-

mass energies between 91 and 206 GeV. Compared to results of next-to-leading order fits

we observe that the central fit values are lower by about 10%, with considerably reduced

scatter among the results obtained with different event-shape variables. The dominant

systematic uncertainty from renormalization scale variations is reduced by a factor of two.

By combining the results for several event-shape variables and centre-of-mass energies, we

find

αs(M2
Z) = 0.1240 ± 0.0008 (stat) ± 0.0010 (exp) ± 0.0011 (had) ± 0.0029 (theo).

Keywords: QCD, Jets, LEP Physics, NLO and NNLO Computations, strong coupling

constant.

http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gehrmann%2DDe%20Ridder%2C%20A%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gehrmann%2DDe%20Ridder%2C%20A%2E%22
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many legs



Thomas Becher, Fermilab LCWS08, Nov. 15-20, 2008

many legs
As the number of external legs grows, the standard Feynman 
diagram approach to perturbative calculations becomes 
impractical:
1. Number of diagrams grows factorially with the number of 

external legs.
2. Passarino-Veltman reduction to scalar integrals produces 

large number of terms and is numerically unstable when 
external momenta are linearly dependent.

Solution to 1.) at tree level: Berends-Giele ‘88 recursion 
relations

Polynomial-complexity algorithm for calculating high- 
multiplicity tree-level amplitudes in QCD.
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Many Legs @ NLO
A pressing problem in pQCD are NLO calculations of 
processes with many legs

pp → ≥ 3 jets, e+e− → ≥ 4 jets

pp → (W, Z) + ≥ 2 jets, pp → (W W, W Z, WW) + ≥ 2 
jets, ...

Most of this work is done in preparation of the LHC, but 
the same methods will be used to calculate ILC processes.
Talks on

                  T. McElmurry

Tensor reduction of pentagon and hexagon int’s Th. 
Diakonidis
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pp→ tt̄Z
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Recycling of Trees

13

Lots of recent work and many interesting new ideas over 
the last few years, e.g.

New tree-level recursion relations: based on MHV 
amplitudes Cachazo, Svrcek and Witten, between on-shell 
amplitudes Britto, Cachazo, Feng and Witten.

implemented in new matched MC code [M. Peskin] 

Generalized unitarity. Bern et al., Britto, Cachazo and Feng. Simple 
numerical implementation: Ossola, Padadapoulos and Pittau.

Recycles trees into loops!
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Yes, we can: 20 gluon one loop amplitudes

Code for the purely gluonic case has been written and validated. 
Uses Berends-Giele recursion for tree amplitudes. Giele and Zanderighi 
arXiv:0805.2152

High precision, polynomial computing time!
New, independent C++ implementation by J. Winter  
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Figure 3: Time in seconds needed to compute tree (blue, dashed) and one-loop (red, solid) ordered
amplitudes with gluons of alternating helicity signs, A

[1]
N

(+−+−+...), as a function of the number
of external gluons ranging between 4 to 20 using a single 2.33 GHz Xeon processor.

cuts (for two point functions we subtract the vanishing contributions of the external self

energy graphs). From this it follows that the time needed to evaluate a one-loop ordered

amplitude will for large N scale as

τone−loop,N ∼ ntree · τtree,N ∝ N9 . (3.7)

In fig. (3) we plot the time needed to compute tree (blue, dashed) and one-loop (red, solid)

ordered amplitudes with alternating helicity signs for the gluons, A
[1]
N (+ − + − . . .), as a

function of the number of gluons in the range between four and twenty. Time estimates

refer to using a 2.33 GHz Xeon processor. One can see that the times needed to compute

tree and one-loop ordered amplitudes are consistent with a N4 and N9 growth respectively

(we show a polynomial fit to those points as well).5 When running in quadrupole precision

rather than in double precision the evaluation time grows with a factor of approximately

thirty. We verified that the scaling with N is unchanged.

Finally we remark that the time needed to compute “easier” ormore “difficult” helicity

amplitudes is approximately the same, i. e. we checked that the plot looks essentially

identical for other helicity configurations.

3.4 Results for fixed phase space points

In this section we present sample results for one-loop helicity amplitudes at fixed phase

space points for N = 6, 7. Other results for N ranging from eight to twenty are given in

5The evaluation times given in ref. [54] for 6, 7 and 8 gluon MHV amplitudes make use of analytic

expressions for the required tree amplitudes. Nevertheless, the average time for the most complicated 6

gluon helicity amplitudes quoted is 72ms per phase space point, while we have an average computation

time of 90ms for any of the helicity amplitude.
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Outlook
Virtual corrections for pp→W, Z +3 jets based on 
unitarity and recursion relations are now available

Berger, Bern, Dixon, Febres Cordero, Forde, Ita, Kosover, Maitre 
arXiv: 0808.0941

 Ellis, Giele, Kunszt, Melnikov and Zanderighi arXiv:0810.2762

Next steps: add real emission. Phase-space integration. 
Future: implement results into MC generator

15
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effective Field theory
Fixed order calculations become unreliable in situations 
where several disparate scales are relevant. Higher order 
corrections enhanced by large logarithms of scale ratios.
Effective field theories can be used to simplify such 
problems, and to resum the enhanced higher-order 
corrections.
Many examples

Top production near threshold: NRQCD
WW production near threshold: unstable particle EFT
Production of energetic jets with small invariant masses: 
Soft-Collinear Effective Theory

17
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Resummation for Thrust [TB] 

Prediction for event-shape variables dominated by perturbative 
uncertainty even at NNLO Gehrmann et al. ‘07.

Traditional methods allowed resummation to NLL Catani et al. 
’93 but not beyond. 

Using RG evolution in SCET we were able to derive NNNLL 
resummed distribution matched to NNLO TB and Schwartz, JHEP 
0807:034, 2008. Fit to LEP data gives

1 Introduction

Lepton colliders, such as the Large Electron-Positron collider lep which ran from 1989-2000
at cern, provide an optimal environment for precision studies in high energy physics. Lacking
the complications of strongly interacting initial states, which plague hadron colliders, lep has
been able to provide extremely accurate measurements of standard model quantities such as
the Z-boson mass, and its results tightly constrain beyond-the-standard model physics. The
precision lep data is also used for QCD studies, for example to determine the strong coupling
constant αs. With the variation of αs known to 4-loops, one should be able to confirm in
great detail the running of the coupling, or use it to establish a discrepancy which might
indicate new physics. Even at fixed center-of-mass energy, differential distributions for event
shapes, such as thrust probe several energy scales and are extremely sensitive to the running
coupling. Moreover, event shape variables are designed to be infrared safe, so that they can be
calculated in perturbation theory and so the theoretical predictions should be correspondingly
clean. Nevertheless, extractions of αs from event shapes at lep have until now been limited
by theoretical uncertainty from unknown higher order terms in the perturbative expansion.

One difficulty in achieving an accurate theoretical prediction from QCD has been the
complexity of the relevant fixed-order calculations. Indeed, while the next-to-leading-order
(NLO) results for event shapes have been known since 1980 [1], the relevant next-to-next-
to-leading order (NNLO) calculations were completed only in 2007 [2, 3]. In addition to the
loop integrals, the subtraction of soft and collinear divergencies in the real emission diagrams
presented a major complication. In fact, this is the first calculation where a subtraction scheme
has been successfully implemented at NNLO [4]. However, even with these new results at hand,
the corresponding extraction of αs continues to be limited by perturbative uncertainty. The
result of [5] was αs(mZ) = 0.1240 ± 0.0033, with a perturbative uncertainty of 0.0029. This
NNLO result for the strong coupling constant comes out lower than at NLO, but 2σ higher
than the PDG average αs(mZ) = 0.1176 ± 0.0020 [6]. Actually, the most precise values of αs

are currently determined not from lep but at low energies using lattice simulations [7] and
τ -decays [8]. An extensive review of αs determinations is given in [9], new determinations
since its publication include [10, 11].

To further reduce the theoretical uncertainty of event shape calculations, it is important
to resum the dominant perturbative contributions to all orders in αs. To see this, consider
thrust, which is defined as

T = max
n

∑
i |pi · n|∑

i |pi|
, (1)

where the sum is over all momentum 3-vectors pi in the event, and the maximum is over all
unit 3-vectors n. In the endpoint region, T → 1 or τ = (1−T ) → 0, no fixed-order calculation
could possibly describe the full distribution due to the appearance of large logarithms. For
example, at leading order in perturbation theory the thrust distribution has the form

1

σ0

dσ

dτ
= δ(τ) +

2αs

3π

[
−4 ln τ − 3

τ
+ . . .

]
, (2)

where the ellipsis denotes terms that are regular in the limit τ → 0. Upon integration over

1

1− T ≈ M2
1 + M2

2

Q2
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fit to ALEPH data
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Figure 10: Best fit values for αs(mZ). From right to left the lines are the total error bars at
each energy for first order, second order, third order and fourth order, as defined in the text.
The bands are weighted averages with errors combined from all energies.

between the systematical uncertainties among the two experiments. For the hadronization
and perturbative error, we assume 100% correlation. Proceeding in this way, we find

αs(mZ) = 0.1172 ± 0.0010(stat) ± 0.0008(sys) ± 0.0012(had) ± 0.0012(pert)

= 0.1172 ± 0.0022 . (39)

This result is close to the PDG world average αs(mZ) = 0.1176 ± 0.0020 and has similar
uncertainties.

It is interesting to repeat the fit order by order. This is done in Table 4 and displayed
graphically in Figure 10. The figure shows that the results found at different energies are
consistent and illustrates the reduction of the uncertainty when including higher order terms.

5 Non-perturbative effects and power corrections

Now, let us turn to the non-perturbative effects. The effective theory calculation corresponds
to a parton-level distribution, while the experimental data involves hadrons. Because thrust
is an infrared-safe observable, the hadronization corrections are expected to be suppressed,
however they may not be negligible.

In a fixed-order calculation, one normally corrects the theoretical prediction with a parton-
to-hadron transfer matrix derived from a Monte Carlo event generator. Then the uncertainty is
calculated by comparing the output of different generators. This procedure is clearly not ideal,
since the event generators have been tuned to the same lep data we are trying to reproduce!
The situation is especially problematic when trying to correct our resummed distribution.
The Monte Carlo generators are all based on the parton-shower approximation, which only
sums the leading Sudakov double logarithms and part of the next-to-leading logarithms. In
contrast, our distribution is correct to N3LL and to NNLO in fixed-order perturbation theory.
By tuning to data, part of the missing higher order perturbative corrections get absorbed

20

most precise αs at high energy. theory unc. no longer dominant
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Top mass from jet shapes [S. Mantry] 

Consider energetic top jets:  
Factorization theorem based on sequence of effective 
theories QCD → SCET → HQET

resum log’s using RG evolution 
Measurement of the jet-mass distribution gives precise 
top mass determination with controlled systematics. 

19

thrust
 axis

soft particles

n-collinear n-collinear

hemisphere-a hemisphere-b

FIG. 1: Six jet event initiated by a top quark pair, tt̄ → bW b̄W → bqq′b̄qq′. The plane separating
the two hemispheres is perpendicular to the thrust axis and intersects the thrust axis at the
interaction point. The total invariant mass inside each hemisphere is measured. Our analysis

applies equally well to the lepton+jets and the dilepton channels (not shown).

to the top mass, so that M2
t − m2 ∼ mΓ and M2

t̄ −m2 ∼ mΓ. It is convenient to introduce

the shifted variables

ŝt,t̄ ≡
st,t̄

m
≡

M2
t,t̄ − m2

m
∼ Γ % m , (1)

because it is only the invariant mass distribution close to the peak that we wish to predict.

Here the top width Γ is setting a lower bound on the width of the invariant mass distribution

and the shifted variable ŝt,t̄ can also be larger than Γ as long as ŝt,t̄ % m. However, for

simplicity we will often write ŝt,t̄ ∼ Γ as we did in Eq. (1).

There are three relevant disparate scales governing the dynamics of the system,

Q & m & Γ > ΛQCD . (2)

This kinematic situation is characterized by energy deposits contained predominantly in

two back-to-back regions of the detector with opening angles of order m/Q associated to

the energetic jets coming from the top quark decay and collinear radiation. Frequently in

this work we refer to the jets coming from the top and antitop quark collectively as top

and antitop jet, respectively, but we stress that we do not require the jets from the top

and antitop decay products to be unresolved as pictured in Fig. 1 (for example one can still

identify a W and do b-tagging). The region between the top jets is predominantly populated

by soft particles with energies of order of the hadronic scale.

The EFT setup used to describe the dynamics in this kinematic situation is illustrated in

Fig. 2 and represents a sequence of different EFT’s. The use of different EFT’s is mandatory

to separate the various relevant physical fluctuations. The high energy dynamics for the

top quarks at the scale Q & m can be described by quark and gluon degrees of freedom

that are collinear to the top and antitop jet axes, and by soft degrees of freedom that

5

Q2 !M2
jet ≈ m2

t ! mtΓt



more realism



Thomas Becher, Fermilab LCWS08, Nov. 15-20, 2008

Simulation
Important to confront these theoretical calculations with 
experimental reality.
Example: effects of beamspread, beamstrahlung and ISR 
on     cross section near threshold [Boogert & Gournaris]
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Propagation to top threshold

• Top threshold 
significantly modified by 
luminosity spectrum

• Effective reduction in 
luminosity at threshold 
compared with 
continuum process

• Threshold location not 
significantly modified 
due to luminosity 
spectrum
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Parton level analysis

tt̄
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top production
Several talks on MC simulation of top production

One-loop matched shower for production and decay of 
top quarks [S. Latunde-Dada]
    analysis at SiD [E. Devetak]
Simulation study of top-antitop event reconstruction 
[K. Ikematsu]

and on various aspects top physics 
theory review [Z. Sullivan]
new physics studies with top [M. Vos]
at the Tevatron [C. Gerber]
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Thank you!


