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In Memoriam
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Turn on the machine!
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in 1998 we were told to expect an early SUSY discovery
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in 1998 we were told to expect an early SUSY discovery
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ATLAS TDR (same with CMS)

ATLAS TDR 98
(mSUGRA point, PreWMAP)
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ATLAS TDR (same with CMS)

ATLAS TDR 98
(mSUGRA point, PreWMAP)

ATLAS 2006
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ATLAS TDR (same with CMS)

ATLAS TDR 98
(mSUGRA point, PreWMAP)

ATLAS 2006

What happened?
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ATLAS TDR (same with CMS)

ATLAS TDR 98
(mSUGRA point, PreWMAP)

ATLAS 2006

QCD and SM processes can also produce hard jets! and these are/were lacking in PS/MC
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ME vs PS: Limitations of PS

PS do not describe hard jets

ME do but in practice can not

produce as many jets as PS

ME evaluates the complete set of

all diagrams/configurations: costly

some real progress has been made

in interfacing ME with PS

Still, all of this at leading order
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Putting all together

Monte Carlo Event Generator

ME Generator
Hard Process, New Physics

Decays of resonances
Phase Space Generator

ME expression, Code PDF Library

Mass spectrum

Particle Content, Charges,spin,

Parton Showers

Multiple Interaction

Beam Remnants

Hadronization

Decays of hadrons,τ ’s...
τ decays

B decays

Detector Simulation
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Putting all together, Les Houches Accords

Monte Carlo Event Generator

Need for standardised interfaces

Les Houches Accords

HEPEVT

ME Generator
Hard Process, New Physics

Decays of resonances
Phase Space Generator

ME expression, Code PDF Library

Mass spectrum

Particle Content, Charges,spin,
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Multiple Interaction

Beam Remnants

Hadronization

Decays of hadrons,τ ’s...
τ decays

B decays
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Need for NLO: example from Thomas and Annecy friends, 4b at NLO
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The dependence of the LO and NLO
prediction of pp(qq̄) → bb̄bb̄ + X at the LHC
(
√

s = 14 TeV) on the renormalisation scale

µR = xµ0 with µ0 =
√∑

j p2
T (bj). The

factorisation scale is fixed to µF = 100 GeV.

Invariant mass (mbb) distribution of the two
leading b-quarks . The LO/NLO bands
are obtained by varying the renormalisation
scale µR between µ0/4 and 2µ0 with µ0 =√∑

j p2
T (bj). The full (dashed) line shows

the NLO (LO) prediction for the value µR =

µ0/2.
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what NLO brings

LO predictions only qualitative, due to poor convergence of perturbative expansion

αs ∼ 0.1 → NLO can be O(30 − 100)%

First prediction of normalization of cross-sections is at NLO less sensitivity to

unphysical input scales (renormalization,factorization)

more physics at NLO

parton merging to give structure in jets

more species of incoming partons enter at NLO

initial state radiation effects

a prerequisite for more sophisticated calculations which match NLO with parton

showers

GDR TeraScale, Saclay, March. 2010 F. BOUDJEMA, Binoth Les Houches Accord – p. 11/41



what NLO brings for BSM searches

Usual procedure and normalisation with data.....

Stage 1: get control sample in low pt region (little SUSY contamination)

Stage 2: once LO is validated using data, trust it in signal region

Example for Salam, Zanderighi et al, high Use W+1 jet known at NLO to see how good

this works
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Is NLO really needed? 

Stage 1: 
get control sample (K-factor)

QCD & Searches, G. Salam (p. 17)

Predicting QCD Toy data, control sample
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stage 1: get control sample

Check LO v. data at low pt

! normalisation off by factor 1.5
(consistent with expectations)

So renormalise LO by K-fact

! shape OKish
Don’t be too fussy: SUSY

could bias higher pt
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Stage 1: 
get control sample (K-factor)



QCD & Searches, G. Salam (p. 17)

Predicting QCD Toy data, control sample
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stage 1: get control sample

Check LO v. data at low pt

! normalisation off by factor 1.5
(consistent with expectations)

So renormalise LO by K-fact

! shape OKish
Don’t be too fussy: SUSY

could bias higher pt

Is NLO really needed? 

Stage 1: 
get control sample (K-factor)

Stage 2: 
extrapolate to the signal region

QCD & Searches, G. Salam (p. 18)

Predicting QCD Toy data, high pt
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stage 2: look at high pt

! good agreement at low pt , by
construction

! excess of factor ∼ 10 at high
pt

! check scale dependence of LO
[NB: seldom done except

e.g. Alwall et al. 0706.2569]

still big excess
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! normalisation off by factor 1.5
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! normalisation off by factor 1.5
(consistent with expectations)
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! shape OKish
Don’t be too fussy: SUSY

could bias higher pt
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Stage 2: 
extrapolate to the signal region
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construction

! excess of factor ∼ 10 at high
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still big excess
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! good agreement at low pt , by
construction

! excess of factor ∼ 10 at high
pt
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stage 2: look at high pt

! good agreement at low pt , by
construction

! excess of factor ∼ 10 at high
pt

! check scale dependence of LO
[NB: seldom done except

e.g. Alwall et al. 0706.2569]

still big excess

Factor 10 excess. 6σ deviation.
Discovery ??



No, just plain NLO QCD... 

QCD & Searches, G. Salam (p. 20)

Predicting QCD Open the box. . .
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Unlike for SUSY multi-jet
searches, in the Z+jet case we
do have NLO.

Once NLO is included the excess
disappears

The “toy data” were just the

upper edge of the NLO band

Hold on a second: how does
QCD give a K-factor O (5 − 10)?

NB: DYRAD, MCFM consistent

NB: source of large K-factor understood [soft Z radiated from hard jets]
See Butterworth, Davison, Salam, Rubin ’08



which multi-leg processes at NLO?

The dreamer’s wishlist for NLO processes
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LH Wishlist 2009Les Houches 2009 Experimenter’s Wishlist

Process (V ∈ {Z, W, γ}) Comments

Calculations completed since Les Houches 2005

1. pp → V V jet WW jet completed by Dittmaier/Kallweit/Uwer;
Campbell/Ellis/Zanderighi.
ZZjet completed by
Binoth/Gleisberg/Karg/Kauer/Sanguinetti

2. pp → Higgs+2jets NLO QCD to the gg channel
completed by Campbell/Ellis/Zanderighi;
NLO QCD+EW to the VBF channel
completed by Ciccolini/Denner/Dittmaier

3. pp → V V V ZZZ completed by Lazopoulos/Melnikov/Petriello
and WWZ by Hankele/Zeppenfeld
(see also Binoth/Ossola/Papadopoulos/Pittau)

4. pp → tt̄ bb̄ relevant for tt̄H computed by
Bredenstein/Denner/Dittmaier/Pozzorini and
Bevilacqua/Czakon/Papadopoulos/Pittau/Worek

5. pp → V +3jets calculated by the Blackhat/Sherpa
and Rocket collaborations

Calculations remaining from 2005, completed since

6. pp → tt̄+2jets relevant for tt̄H computed by
Bevilacqua/Czakon/Papadopoulos/Worek

7. pp → V V bb̄, relevant for VBF → H → V V , tt̄H
8. pp → V V +2jets relevant for VBF → H → V V

VBF contributions calculated by
(Bozzi/)Jäger/Oleari/Zeppenfeld

NLO calculations added to list in 2007

9. pp → bb̄bb̄ qq̄ channel calculated by Golem collaboration

NLO calculations added to list in 2009

10. pp → V +4 jets top pair production, various new physics signatures
11. pp → Wbb̄j top, new physics signatures
12. pp → tt̄tt̄ various new physics signatures

Calculations beyond NLO added in 2007

13. gg → W ∗W ∗ O(α2α3
s
) backgrounds to Higgs

14. NNLO pp → tt̄ normalization of a benchmark process
15. NNLO to VBF and Z/γ+jet Higgs couplings and SM benchmark

Calculations including electroweak effects

16.NNLO QCD+NLO EW for W/Z precision calculation of a SM benchmark
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Multileg One-loop: electroweak digression

End of 80’s:
Applications to LEP 1: 1-loop to Z → ff̄

Labour of many years and many groups
Essentially 2-point and 3-point vertex functions (some 4-points, 2-loop for

self-energies)
few ten’s of diagrams

Early 90’s:
Applications to LEP 2.
3 years to achieve e+e− → W+W− (Leiden-Wurzburg)

Year 95 (LEP2 WG):
6 months to include the box needed for bb̄ production!

2001: first full 2 → 3 NLO GRACE-loop

up to 2009

e+e− → ννHH Boudjema et al,.
e+e− → 4f Denner et al,.
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Loop Integrals and Reduction

T
(N)
µν · · · ρ︸ ︷︷ ︸

M

=

∫
dnl

(2π)n

lµlν · · · lρ
D0D1 · · ·DN−1

, M ≤ N

- Tensor integrals and scalar integrals with N > 4 reduced to scalars N = 2, 3, 4

- ex. rank 4 box need to solve a system of 15 × 15 equations. System involves, Gram
determinants that may lead to severe instabilities
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CPU of the various N-point

Process 6-point 5-point 4-point 3-point Others

e+e− → e+e− H - 33% 11% 47% 9%

20 44 348 98

e+e− → νν̄HH 67% 13% 10% 8% 2%

74 218 734 1804 586

Perhaps that Passarino Veltman no longer adequate for present day purposes. Many
developments recently,...
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INFRARED/COLLINEAR DIVERGENCES

γ

e+

e−

infrared divergent needs photon mass λ

dσV (λ)

collinear sing. need mf = me, .. .

e+

e−

γ

must include bremsstrahlung
dσs(λ, Eγ < kc) + dσH(λ, Eγ > kc)

dσs → analytical: factorisation (automatised) ;
dσH → adaptive MC

σO(α) =

∫
dσ0

(
1 + δEW

V

)

︸ ︷︷ ︸
σ0(1+δW )

+

∫
dσ0

(
δQED
V (λ) + δS(λ, kc)

)

︸ ︷︷ ︸
σ

QED
V +S

(kc)

+

∫
dσH(kc)

︸ ︷︷ ︸
σH (kc)

.

strong cancellation, CPU time consuming for collinear parts in σH(kc) and σQED
V +S (kc)
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INFRARED/COLLINEAR DIVERGENCES

γ

e+

e−

infrared divergent needs photon mass λ

dσV (λ)

collinear sing. need mf = me, .. .
Dim Reg: λ, me → 1/ǫ2, 1/ǫ .

e+

e−

γ

must include bremsstrahlung
dσs(λ, Eγ < kc) + dσH(λ, Eγ > kc)

dσs → analytical: factorisation (automatised) ;
dσH → adaptive MC

Dim Reg: dσs part of dσH → Integrate in d-dim.

σO(α) =

∫
dσ0

(
1 + δEW

V

)

︸ ︷︷ ︸
σ0(1+δW )

+

∫
dσ0

(
δQED
V (λ) + δS(λ, kc)

)

︸ ︷︷ ︸
σ

QED
V +S

(kc)

+

∫
dσH(kc)

︸ ︷︷ ︸
σH (kc)

.

Subtraction based on factorisation of collinear sing., more involved: dipoles, antennas,..but
much more efficient (QCD)
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The Old not so good slicing method

recent example: NLO to e+e− → W+W−Z (Boudjema, Ninh Le Duc, Sun Hao,
M. Weber, 2009)

dσe+e−→W+W−Z = dσe+e−→W+W−Z
virt + dσe+e−→W+W−Zγ

real ,

dσe+e−→W+W−Zγ
real = dσe+e−→W+W−Zγ

soft (δs) + dσe+e−→W+W−Zγ
hard (δs),

dσe+e−→W+W−Zγ
hard (δs) = dσe+e−→W+W−Zγ

coll (δs, δc) + dσe+e−→W+W−Zγ
fin (δs, δc),
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The Old not so good slicing method: careful choice of matching/cuts
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-5 -4.8-4.6-4.4-4.2 -4 -3.8-3.6-3.4-3.2 -3 -2.8-2.6

[fb
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10

log
-4 -3.8 -3.6 -3.4 -3.2 -3 -2.8 -2.6 -2.4 -2.2 -2

[fb
]

σ∆
-40

-30

-20

-10

0

10

20

30

40

virt+softσ∆

hardσ∆

virt+soft+hardσ∆

=500GeVs

=120GeVHM
-410×=7cδ
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Slicing vs Dipole in e+e− → W+W−Z

sδ
10

log
-4 -3.5 -3 -2.5 -2 -1.5 -1

[f
b

]
R

e
a

l
σ

-10.2

-10

-9.8

-9.6

-9.4
Slicing

Dipole

WWZ→-e+e

=500GeVs

=120GeVHM

error in the dipole, thickness of line
slicing 10-30 times slower for the same precision.

but even dipole takes longer than (optimised) virtual corrections (factor 2-3).
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Origin and justification of PS: soft and collinear divergencies

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a
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Origin and justification of PS: soft and collinear divergencies

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

Aµ = ū(p)ǫ/(−igsta)
−i

p/ + k/
Γµv(p̄) mq = 0

+ ū(p)Γµ
i

p̄/ + k/
(−igsta)ǫ/v(p̄)

= −gs

(
ū(p)ǫ/(p/ + k/)Γµv(p̄)

2p.k
− ū(p)Γµ(p/ + k/)ǫ/v(p̄)

2p̄.k

)
ta

2p.k = 4EgEp sin2

(
θpk

2

)
→ 0 for Eg → 0, θpk → 0
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Origin and justification of PS: soft and collinear divergencies

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

Aµ = ū(p)ǫ/(−igsta)
−i

p/ + k/
Γµv(p̄) mq = 0

+ ū(p)Γµ
i

p̄/ + k/
(−igsta)ǫ/v(p̄)

= −gs

(
ū(p)ǫ/(p/ + k/)Γµv(p̄)

2p.k
− ū(p)Γµ(p/ + k/)ǫ/v(p̄)

2p̄.k

)
ta

2p.k = 4EgEp sin2

(
θpk

2

)
→ 0 for Eg → 0, θpk → 0

Asoft(k → 0) = −gsta

(
p.ǫ

p.k
− p̄.ǫ

p̄.k

)
A0 diverges k → 0
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Origin and justification of PS: soft and collinear divergencies

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

Aµ = ū(p)ǫ/(−igsta)
−i

p/ + k/
Γµv(p̄) mq = 0

+ ū(p)Γµ
i

p̄/ + k/
(−igsta)ǫ/v(p̄)

= −gs

(
ū(p)ǫ/(p/ + k/)Γµv(p̄)

2p.k
− ū(p)Γµ(p/ + k/)ǫ/v(p̄)

2p̄.k

)
ta

2p.k = 4EgEp sin2

(
θpk

2

)
→ 0 for Eg → 0, θpk → 0

A1g(k → 0) = −gsta

(
p.ǫ
p.k

− p̄.ǫ
p̄.k

)
A0g
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Origin and justification of PS: soft and collinear divergencies

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

Aµ = ū(p)ǫ/(−igsta)
−i

p/ + k/
Γµv(p̄) mq = 0

+ ū(p)Γµ
i

p̄/ + k/
(−igsta)ǫ/v(p̄)

= −gs

(
ū(p)ǫ/(p/ + k/)Γµv(p̄)

2p.k
− ū(p)Γµ(p/ + k/)ǫ/v(p̄)

2p̄.k

)
ta

2p.k = 4EgEp sin2

(
θpk

2

)
→ 0 for Eg → 0, θpk → 0

A1g(k → 0) = −gsta

(
p.ǫ
p.k

− p̄.ǫ
p̄.k

)
A0g

Universal Radiator Factor

We have factorisation of the soft emission (long distance) from the short distance i.e. the hard
process

GDR TeraScale, Saclay, March. 2010 F. BOUDJEMA, Binoth Les Houches Accord – p. 23/41



Squaring soft/collinear

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a
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Squaring soft/collinear

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

A1g(k → 0) = −gsta

(
p.ǫ

p.k
− p̄.ǫ

p̄.k

)
A0g
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Squaring soft/collinear

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

A1g(k → 0) = −gsta

(
p.ǫ

p.k
− p̄.ǫ

p̄.k

)
A0g

|M1g|2 =
∑

a,pol.(ǫ)

|A1g(k → 0)|2 = CF g2
s

2p.p̄

p.k p̄.k
|M0g |2
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Squaring soft/collinear

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

A1g(k → 0) = −gsta

(
p.ǫ

p.k
− p̄.ǫ

p̄.k

)
A0g

Phase Space
|M1g|2dΦqq̄g =

(
|M0g|2dΦqq̄

)
dS; dS ≃ d3~k

2ωk(2π)3
CF g2

s

2p.p̄

p.k p̄.k
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Squaring soft/collinear

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

A1g(k → 0) = −gsta

(
p.ǫ

p.k
− p̄.ǫ

p̄.k

)
A0g

Phase Space
|M1g|2dΦqq̄g =

(
|M0g|2dΦqq̄

)
dS; dS ≃ d3~k

2ωk(2π)3
CF g2

s

2p.p̄

p.k p̄.k

θ = θ∠pk , φ = azimuth

dS ≃ 2αsCF

π

dω

ω

dθ

sin θ

dφ

2π
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Squaring soft/collinear

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

A1g(k → 0) = −gsta

(
p.ǫ

p.k
− p̄.ǫ

p̄.k

)
A0g

Phase Space
|M1g|2dΦqq̄g =

(
|M0g|2dΦqq̄

)
dS; dS ≃ d3~k

2ωk(2π)3
CF g2

s

2p.p̄

p.k p̄.k

θ = θ∠pk , φ = azimuth

dS ≃ 2αsCF

π

dω

ω

dθ

sin θ

dφ

2π

dS diverges for ω → 0, Infrared divergence ( needs virtual loop corrections, we’ll

say more if time permits)

dS diverges for θ → 0 and θ → π , collinear divergence
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Squaring soft/collinear

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

A1g(k → 0) = −gsta

(
p.ǫ

p.k
− p̄.ǫ

p̄.k

)
A0g

Phase Space
|M1g|2dΦqq̄g =

(
|M0g|2dΦqq̄

)
dS; dS ≃ d3~k

2ωk(2π)3
CF g2

s

2p.p̄

p.k p̄.k

θ = θ∠pk , φ = azimuth

dS ≃ 2αsCF

π

dω

ω

dθ

sin θ

dφ

2π

xi = 2Ei/Etot p → 1, k → 3

dSφ =
αsCF

2π
dx1dx2

x2
1 + x2

2

(1 − x1)(1 − x2)

=
αsCF

2π

(
2

sin2 θ

1 + (1 − x3)2

x3
− x3

)
d cos θdx3

dS diverges for ω → 0, Infrared divergence ( needs virtual loop corrections, we’ll

say more if time permits)

dS diverges for θ → 0 and θ → π , collinear divergence
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Squaring soft/collinear

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

A1g(k → 0) = −gsta

(
p.ǫ

p.k
− p̄.ǫ

p̄.k

)
A0g

Phase Space
|M1g|2dΦqq̄g =

(
|M0g|2dΦqq̄

)
dS; dS ≃ d3~k

2ωk(2π)3
CF g2

s

2p.p̄

p.k p̄.k

θ = θ∠pk , φ = azimuth

dS ≃ 2αsCF

π

dω

ω

dθ

sin θ

dφ

2π

xi = 2Ei/Etot p → 1, k → 3

dSφ =
αsCF

2π
dx1dx2

x2
1 + x2

2

(1 − x1)(1 − x2)

=
αsCF

2π

(
2

sin2 θ

1 + (1 − x3)2

x3
− x3

)
d cos θdx3

dS diverges for ω → 0, Infrared divergence ( needs virtual loop corrections, we’ll

say more if time permits)

dS diverges for θ → 0 and θ → π , collinear divergence

collinear divergence for x1 → 1 or x2 → 1 and Infrared divergence for x3 → 0
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Splitting

dSφ ≃ αsCF

2π

(
2

sin2 θ

1 + (1 − x3)2

x3

)
d cos θdx3

2d cos θ

sin2 θ
=

dcos θ

1 − cos θ
+

d cos θ

1 + cos θ
=

dcos θ

1 − cos θ
+

d cos θ̄

1 − cos θ̄
∼ dθ2

θ2
+

dθ̄2

θ̄2
for θ, θ̄ ∼ 0 ≪ 1
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Splitting

dSφ ≃ αsCF

2π

(
2

sin2 θ

1 + (1 − x3)2

x3

)
d cos θdx3

2d cos θ

sin2 θ
=

dcos θ

1 − cos θ
+

d cos θ

1 + cos θ
=

dcos θ

1 − cos θ
+

d cos θ̄

1 − cos θ̄
∼ dθ2

θ2
+

dθ̄2

θ̄2
for θ, θ̄ ∼ 0 ≪ 1

q and q̄ as independent emitters, notion of splitting as a probability

dσ1g ∼ dσ0g

q̄→q̄g∑

q→qg

CF
αs

2π

dθ2

θ2

1 + (1 − z)2

z
dz (z ≡ x3)
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Splitting

dSφ ≃ αsCF

2π

(
2

sin2 θ

1 + (1 − x3)2

x3

)
d cos θdx3

2d cos θ

sin2 θ
=

dcos θ

1 − cos θ
+

d cos θ

1 + cos θ
=

dcos θ

1 − cos θ
+

d cos θ̄

1 − cos θ̄
∼ dθ2

θ2
+

dθ̄2

θ̄2
for θ, θ̄ ∼ 0 ≪ 1

q and q̄ as independent emitters, notion of splitting as a probability

dσ1g ∼ dσ0g

q̄→q̄g∑

q→qg

CF
αs

2π

dθ2

θ2

1 + (1 − z)2

z
dz (z ≡ x3)

z

1 − z

θ

kT

E, Q2
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Splitting

dSφ ≃ αsCF

2π

(
2

sin2 θ

1 + (1 − x3)2

x3

)
d cos θdx3

2d cos θ

sin2 θ
=

dcos θ

1 − cos θ
+

d cos θ

1 + cos θ
=

dcos θ

1 − cos θ
+

d cos θ̄

1 − cos θ̄
∼ dθ2

θ2
+

dθ̄2

θ̄2
for θ, θ̄ ∼ 0 ≪ 1

q and q̄ as independent emitters, notion of splitting as a probability

dσ1g ∼ dσ0g

q̄→q̄g∑

q→qg

CF
αs

2π

dθ2

θ2

1 + (1 − z)2

z
dz (z ≡ x3)

z

1 − z

θ

kT

E, Q2

different choices of the evolution variables, equivalent in the collinear

limit (diff. in practice/different codes)

Q2 = E2z(1 − z)θ2 k2
T = E2z2(1 − z)2θ2

dθ2

θ2
=

dQ2

Q2
=

dk2
T

k2
T
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DGLAP
This generalises to different parton branching (gluon, quarks)

dσbc ∼ dσa
αs

2π

dθ2

θ2
Pa→bc(z)dz

z

1 − z

Pgq(z) = CF

(
1 + z2

1 − z

)

z

1 − z

Pqg(z) = CF

(
1 + (1 − z)2

z

)

z

1 − z

Pqg(z) = TR

(
z2 + (1 − z)2

)
TR =

nf

2

(divergences at z = 0, 1 dealt
with soft/virtual corr.)

z

1 − z

Pgg(z) = CA

(
z

1 − z
+

1 − z

z
+ z(1 − z)

)
CA = 3 (CF = 4/3)

Gluons radiate the most
P (z, φ) can be defined for polarisation effects
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Compensation

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

σreal ∼
CF αs

2π

(
2

ǫ2
+

3

ǫ
+

19

2
+ O(ǫ)

)
σLO

For 1⋆ → 2, analytical result, int. easy.
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Compensation

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

σreal ∼
CF αs

2π

(
2

ǫ2
+

3

ǫ
+

19

2
+ O(ǫ)

)
σLO

For 1⋆ → 2, analytical result, int. easy.

Z, γ∗

p̄

p

l

∫
ddl

(2π)d

N

l2(l − p)2(l + p̄)2

l → 0 IR div, l → ∞ UV
l = xp, yp̄ Coll Div for any x, y → 0 For 1⋆ → 2, analytical
result, int. easy.

σvirt ∼ CF αs

2π

(
− 2

ǫ2
− 3

ǫ
− 8 + O(ǫ)

)
σLO
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Compensation

Z, γ∗

Z, γ∗

p̄

p

p̄

p

k, a

k, a

σreal ∼
CF αs

2π

(
2

ǫ2
+

3

ǫ
+

19

2
+ O(ǫ)

)
σLO

For 1⋆ → 2, analytical result, int. easy.

Z, γ∗

p̄

p

l

∫
ddl

(2π)d

N

l2(l − p)2(l + p̄)2

l → 0 IR div, l → ∞ UV
l = xp, yp̄ Coll Div for any x, y → 0 For 1⋆ → 2, analytical
result, int. easy.

σvirt ∼ CF αs

2π

(
− 2

ǫ2
− 3

ǫ
− 8 + O(ǫ)

)
σLO

σNLO =

(
1 +

αs

π
σLO

)
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Factorisation: Summary

The singularities in the real emission, either soft or collinear factorise and are universal

i.e Process Independent

these universal terms are known, if we subtract their contribution from the full real
emission terms, the obtained contribution has no singularity and could therefore be
integrated numerically over all of phase space

the singularities in the real emission compensate those in the virtual emission, this

assumes we are using the same regularisation scheme
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Factorisation: Summary

When dealing with multiparticle final states,

integration over phase space can only be performed numerically

these observation are very important
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Factorisation: Summary

When dealing with multiparticle final states,

integration over phase space can only be performed numerically

these observation are very important

Calculate the real terms and subtract the soft/collinear counterterms

One can then integrate in 4-dimension numerically

add these counterterms analytically to the virtual contribution (properly UV
renormalised) to obtain a diff cross section that is soft/coll finite and that can be
integrated numerically

some massaging to do, can be automated: dPSLO+1 → dPSLO × dPSgluon

(boosts,...)

there can be a lot of emitters/dipoles!
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Dipoles la Catani-Seymour

ĩj

i

j

k

Dij,k:

Vij,k

pk

pi

pj

ĩj

i

j

a

Da
ij :

V
a
ij

pa

pi

pj

ãi

a i

j

Dai
j :

V
ai
j

pj

pa
pi

ãi

a i

b

Dai,b:

V
ai,b

pb

pa
pi

Dipoles: final-state emitter with final-state spectator (Dij,k), final-state emitter with
initial-state spectator (Da

ij), initial-state emitter with final-state spectator (Dai
j ) and initial-

state emitter with initial-state spectator (Dai,b).
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Ideal merging of loop calculators and MC with automated subtraction
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Putting the pieces together

High level of automatisation,
public

ALPGEN (Mangano et al.)

CalcHEP

(Pukhov,Belyaev,Christensen)

CompHEP (Boos et al.)

Grace (Yuasa et al.)

HELAS/PHEGAS (Papadopoulos et al.)

MADGRAPH/MADEVENT

(Maltoni,Stelzer)

O’Mega/WHIZARD

(Kilian,Moretti,Ohl,Reuter)

SHERPA/Amegic (Krauss,Kuhn)
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Putting the pieces together

virtual Corrections:

Feynmanians
FeynArts/FormCalc (

Hahn,Perez-Victoria,v.Oldenborgh )
Grace-loop ( Shimzu et al., )
Golem ( Binoth et al, )
SloopS ( Boudjema et al. )
Many Process Specific ( a

few )

Unitaritarians/cuts (at amplitude level or

so)

HELAC-1LOOP+CutTools

(v.Hameren,Ossola,Papadopoulos,Pittau)
BlackHat ( Berger et al. )
Rocket ( Ellis, Melnikov,

Zanderighi )

Generalized Color-Dressed

Unitarity ( Giele,Kunszt,Winter )
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Putting the pieces together

Radiation, in principle same as tree-level
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Putting the pieces together

Catani-Seymour dipoles
AutoDipole ( Hasegawa,

Moch, Uwer )
HELAC-DPOLE ( Czakon,

Papadopoulos, Worek )
MadDipole ( Frederix,

Gehrmann, Greiner)
Sherpa ( Gleisberg, Krauss)
TevJet ( Seymour, Tevlin )

MadFKS ( Frederix, Frixione, Maltoni,

Stelzer )
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In Memoriam
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Binoth LHA

hadronic cross section and partonic subprocesses

σhad(p1, p2) =
∑

a,b

∫
dx1 fa/H1

(
x1, µ2

F

) ∫
dx2 fb/H2

(
x2, µ2

F

)

×
[
dσLO

ab

(
x1p1, x2p2; µ2

R

)
+ dσNLO

ab

(
x1p1, x2p2; µ2

R, µ2
F

)]
,

σLO
ab =

∫

m
dσB

ab ,

σNLO
ab =

∫

m+1
dσR

ab +

∫

m
dσV

ab +

∫

m
dσC

ab

(
µ2

F, F.S.
)
.

for 2 → m (Born, V) and 2 → m + 1 (real)

dσV
ab = d LIPS({kj}) I({kj}) .

Take DR after renormalisation

I
(
{kj}, R.S., µ2

R, αS(µ2
R), α, . . .

)
= C(ǫ)

(
A2

ǫ2
+

A1

ǫ
+ A0

)
.
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Binoth LHA

The goal of the interface is to facilitate the transfer of information between

one-loop programs, OLP

and programs which provide

tree amplitude information and incorporate methods to

perform the integration over the phase space:

Monte Carlo tool (MC).
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Binoth LHA

The goal of the interface is to facilitate the transfer of information between

one-loop programs, OLP

and programs which provide

tree amplitude information and incorporate methods to

perform the integration over the phase space:

Monte Carlo tool (MC).

Interaction works in 2 phases

initialisation exchange of basic information: availability of sub-processes, input
parameters, schemes,..

Run-time MC asks OLP for one-loop contributions at points in PS. Finite part may be

split (more efficient integration, sampling)
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contracts

OLP Input Output

Model parameters:

α(0), αS(MZ), . . . , mt, mb, . . . , CKM values confirm values

Schemes:

UV-renormalisation / IR-factorisation confirm schemes

Operational information:

I
n
i
t
i
a
l
i
s
a
t
i
o
n

colour/helicity treatment, approximations, etc. confirm options
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contracts

OLP Input Output

Model parameters:

α(0), αS(MZ), . . . , mt, mb, . . . , CKM values confirm values

Schemes:

UV-renormalisation / IR-factorisation confirm schemes

Operational information:

I
n
i
t
i
a
l
i
s
a
t
i
o
n

colour/helicity treatment, approximations, etc. confirm options

Events:

(E, px, py , pz , M)j=1,...,m+2, µ, αS(µR)
(
A2, A1, A0, |Born|2

)

R
u
n
-
t
i
m
e

optional information
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Setting up the LHA, initialisation
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the order file

Example: Here is an example of an order file for the partonic 2 → 3 processes, gg → tt̄g,
qq̄ → tt̄g and qg → tt̄q, needed for the evaluation of pp → tt̄ + jet

# example order file

MatrixElementSquareType CHsummed

IRregularisation CDR

OperationMode LeadingColour

ModelFile ModelInLHFormat.slh

SubdivideSubprocess yes

AlphasPower 3

CorrectionType QCD

# g g -> t tbar g

21 21 -> 6 -6 21

# u ubar -> t tbar g

2 -2 -> 6 -6 21

# u g -> t tbar u

2 21 -> 6 -6 2
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The contract file

Example:

# example contract file

# contract produced by OLP, OLP authors, citation policy

MatrixElementSquareType CHsummed | OK

IRregularisation CDR | OK

OperationMode LeadingColour | OK

ModelFile ModelFileInLHFormat.slh | OK

SubdivideSubprocess yes | OK

CorrectionType QCD | OK

# g g -> t tbar g

21 21 -> 6 -6 21 | 2 13 35 # 2 channels: cut-constructable,&

& rational part

# u ubar -> t tbar g

2 -2 -> 6 -6 21 | 1 29

# u g -> t tbar u

2 21 -> 6 -6 2 | 3 8 23 57 # 3 channels: leading,&

& subleading, subsubleading colour
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The contract file
Example:

# example contract file

# contract produced by OLP, OLP authors, citation policy

MatrixElementSquareType CHsummed | Error: unsupported flag

# CHaveraged is supported

IRregularisation DRED | Error: unsupported flag

# CDR, tHV are supported

OperationMode LeadingColour | Error: unsupported flag

# see OLP Documentation

ModelFile FavouriteModel.slh | Error: file not found

# Modelfile is called: SM.slh

SubdivideSubprocess yes | Error: unsupported flag

# no is supported

CorrectionType EW | Error: unsupported flag

# QCD is supported

MyWayOfDoingThings true | Error: unknown option

# g g -> t tbar g

21 21 -> 6 -6 21 | Error: massive quarks not supported

# u ubar -> t tbar g

2 -2 -> 6 -6 21 | Error: process not available

# u g -> t tbar u

2 21 ->> 6 -6 2 | Error: check syntax
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DAHU

Warning ! Used by Thomas often at LH09

“ ....NLO tools are not DAUs...” (Stefan Dittmaier)

DAU= dmmst anzumehmender user = most imaginable ignorant user
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DAHU

Warning ! Used by Thomas often at LH09

“ ....NLO tools are not DAUs...” (Stefan Dittmaier)

DAU= dmmst anzumehmender user = most imaginable ignorant user

A Dahu, quoi..! as I told him for a multi-leg alpine (?) animal...
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Chuss Thomas!
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