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Hadronic Þnal states and QCD
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Aims: 
‣ test our general understanding of QCD dynamics

‣ test QCD evolution in limiting regimes (small x, low energy, ...)

‣ provide a solid reference for studies of new physics: need precise 

��������& PDFs, which predictions can we really trust? ...αs
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Topics addressed here
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formal developments [Bluemlein, Harlander, Nikolaev]

unintegrated PDFs [Jung] 

parton shower and matrix elements [Nagy, Visscher]

combining QCD and EW [Vicini] 

issues with jet observables [Delenda, Dasgupta, Magnea, Zanderighi]

higher orders for 3- and 4-jets in e+e- [Banfi, Gehrmann]

see talk by S. Moch



Motivation

precision physics with SUSY particles:

compare precision data with higher order calculations

problem: dimensional regularization breaks SUSY

Zg != Z̃g
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reason:

Nspin 1 = D , Nspin 1/ 2 = 2D / 2

Robert Harlander — DRED at 3-loop QCD – p. 2
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Dimensional Reduction

alternative(?): Dimensional Reduction (DRED) [Siegel 79]

keep vector fields 4-dimensional

compactify space-time to d = 4 ! 2! < 4

seems consistent with SUSY so far (in practical calc’s)

i.e.

Zg = ÷Zg

but: restricted algebraic operations (inconsistencies with ! µνρσ)

[Siegel 80][Stöckinger 05]

" no Fierz transformation

Robert Harlander Ñ DRED at 3-loop QCD Ðp. 3

Dimensional Reduction

Aµ (x) = Âµ (x) + Ãµ (x)

L (Aµ , ! , . . .) = L̂ (Â, ! , . . .) + L̃ (Âµ , Ãµ , ! , . . .)

Ãµ (x): “epsilon scalar”

example:

Aµ !̄ ! = Âµ !̄ ! + Ãµ !̄ !

+

→ additional Feynman rules for epsilon scalars

Robert Harlander — DRED at 3-loop QCD – p. 5

Renormalization

SUSY: öZ != ÷Z

non-SUSY: öZ != ÷Z in general

" αs " αe Òevanescent couplingÓ

even worse:

" αs f abef cde

" λ1 f abef cde, λ2 δabδcd, λ3 dabedcde

Robert Harlander — DRED at 3-loop QCD – p. 6
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Ãµ(x): Òepsilon scalarÓ

example:
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Renormalizat ion

SUSY: Ẑ !
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Why bother?

For example: relate ! s(M Z ) to ! s(M SUSY)
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defined in QCD
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Dimensional Reduction
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Dimensional reduction at thr ee loop in QCD 
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R. Harlander
Motivation:



Decouplin g

1/ α

Standard Model SUSY µ

3-loop running needs2-loop decoupling

for αDR
s : [R.H., Mihaila, Steinhauser 05]

Robert Harlander — DRED at 3-loop QCD – p. 15

QCD running in MS

[3-loop]

SUSY ru
nn

ing
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[3-
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MS → DR
 &

 decoupling
[2-loop]
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R. Harlander

αs(MGUT) from αs(MZ )

[R.H., Mihaila, Steinhauser]

preliminary

1-loop
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3-loop

Harlander, Mihaila, Steinhauser 07

SPA 05

µdec
 (GeV)

!
s(

µG
U

T
)

0.392

0.393

0.394

0.395

0.396

0.397

0.398

0.399

0.4

x 10
-1

200 400 600 800 1000 1200 1400

Robert Harlander — DRED at 3-loop QCD – p. 21

Conclusio ns and Outlook
DRED in non-SUSY theory is messy

evanescent couplings —but necessary to relate SUSY to SM

SUSY evolution of αs now consistent through 3 loops

! should be included in spectrum codes

side result: consistency check of DRED and SUSY

ToDo:

quantify validity range of DRED in SUSY

combine running with electro-weak couplings

Robert Harlander Ñ DRED at 3-loop QCD Ðp. 22
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Interesting issue: MS-DR conversion 
& DR running depend on evanescent 
coupling. Physical interpretation?



J. BlŸmlein:

Simp liÞca tion of the c omplex struc ture of high er order sp litting func tions,
Wilson c oefÞcien ts and hard sc a ttering c ross sec tions, e.g. Higgs
produ c tion xs & LHC for mt hea vy - dep en ding on a single sc a le.

Mellin Spac e =! high er symmertry =! exp loit for simp liÞca tion.

Derive a lgeb ra ic and struc tura l rela tions for multip le ha rmonic sums.

High er order c orrec tions c an be c ompac tiÞed.

The Basis

number of fc ts.
• O(! ) Wilson Co efÞcien ts/ anom. dim. # 1
• O(! 2) Anoma lous Dimen sions # 2
• O(! 2) Wilson Co efÞcien ts # " 5
• O(! 3) Anoma lous Dimen sions # 15
• O(! 3) Wilson Co efÞcien ts # 29+

J. Blümlein Structural relations of harmonic Sums ... DIS07 Munich, April 2007 – p.1 Summary of WG on  Hadronic Þnal states and QCD (Part I)   /25

Structural relations between Harmonic Sums

7

J. Bluemlein
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Abramovski-Kancheli-Gribov cutting rules
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K. Nikolaev

‣ In the Reggeon field theory language, the results entail a large variety 
of multi-pomeron couplings which vary from one universality class for 
hard pQCD processes to another

‣ Abramovsky, Gribov and Kancheli (’70): set of unitarity cutting rules 
which relate multi-pomeron exchange contributions to total, 
diffractive and inelastic cross sections 

‣ Starting with an exact kt-factorization for hard pQCD in nuclear 
environment, a dramatic revision of the AGK rules within QCD is 
found

‣ There emerge two kinds of unitarity cut pomerons which describe 
the color excitation and color rotation inelastic interactions
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¥ Normalize to visible cross sect ion in each xBj bin (0◦ < ∆! < 170◦)
! Cancellat ion of scale uncertaint ies (now " 20%)

¥ NLO 3-jet not in agreement with data

Magnus Hansson, DIS 2006, April 22 Page 7

 Summary of WG on  Hadronic Þnal states and QCD (Part I)   /25

Dijet azimuthal correlations
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Y. Delenda
Motivation:
results presented at DIS’06 and request from H1

Hansson 
DISÕ06
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¥ Normalize to visible cross sect ion in each xBj bin (0◦ < ∆! < 170◦)
! Cancellat ion of scale uncertaint ies (now " 20%)

¥ NLO 3-jet not in agreement with data

M agn u s H an sson , D I S 2006, A p r i l 22 P age 7

⇒ resummation?



Matching

Back to the resummed result:
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x = 0.01
Q= 20 GeV 

Need to combine NLO result with resummed result and remove
double counted terms so as to achieve NLL+NLO accuracy.
IN PROGRESS!

NB: different definition 
from D0  ⇒global 
observable

∆ ! ! " " jets
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Dijet azimuthal correlations
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Y. Delenda
Introduction
Dijet azimuthal correlation

Soft and/or collinear
emissions

Jet 1
Jet 1

Jet 2

Jet 3

Jet 2Jet 2

δφjets
δφjets

δφjets

Jet 1

Three-jet event Logarithmically enhanced Born event

Introduction
Dijet azimuthal correlation

Soft and/or collinear
emissions

Jet 1
Jet 1

Jet 2

Jet 3

Jet 2Jet 2

! " jets
! " jets! " jets

Jet 1

Three-jet event Logarithmically enhanced Born event

Work in progress: matching with 
NLOJET++ and power-corrections
Similar study at Tevatron in progress. 
N.B. better use global definition of 
correlations!

First resummation for



Page!"Hannes Jung, Towards precision determination of uPDFs, HFS session, DIS2007,  Munich 
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Towards precision determination of uPDFs
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H. Jung 
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Towards precision determination of uPDFs
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H. Jung 



Introduction Resummation Power corrections MonteCarlo results Perspective

Disentangling hadronization

• Single inclusive jet distributions have Λ/pT power corrections
from hadronization.

• Hadronization corrections are distinguishablefrom
underlying event e! ects because of singular R dependence.

• In a Òdispersive modelÓthe size of leading power corrections
can be related to parameters determined in e+e− annihilation.

• Power corrections near partonic thresholdare qualitatively
compatible with Monte Carlo results.

• Work in progress.
• Study rapidity dependence.
• Investigate role of jet algorithms.
• Combine with models of underlying event.
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• Single inclusive jet distributions have Λ/pT power corrections
from hadronization.

• Hadronization corrections are distinguishable from
underlying event e! ects because of singular R dependence.

• In a “dispersive model” the size of leading power corrections
can be related to parameters determined in e+e! annihilation.

• Power corrections near partonic threshold are qualitatively
compatible with Monte Carlo results.

• Work in progress.
• Study rapidity dependence.
• Investigate role of jet algorithms.
• Combine with models of underlying event.

Intr oduction Resummat io n Power corrections Mo nte Carlo r esul ts Per spective

Power corrections by dipoles

¥ Consider the single inclusive distribution for a jet observable
O(y, pT , R), with an effective jet radius R =

!
(∆y)2 + (∆φ)2.

¥ Measure effect of single soft gluon emission on the
distribution dipole by dipole at power accuracy.

¥ Define R-dependent power correction

! O±ij(R ) ≡
Z

±
d!

d"

2#
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¥ Compute in-cone and out-of-cone contributions

! O ij(R ) = ! O +
ij(R ) + ! O−ij(R ) = ! O +

ij(R ) + ! O− all
ij (R )− ! O− in

ij (R ) .

¥ Express leading power R dependence in terms of (universal?)
moment of coupling A

A (µf ) =
" µf

0

dk⊥
k⊥

αs(k⊥) ák⊥
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Power corrections by MonteCarlo

The analytical estimate of power corrections providedby
resummation is valid near threshold. It can be compared with
numerical estimates from QCD-inspired MonteCarlo models of
hadronization.

¥ Run MC at parton level (p), hadron level without UE (h)
and Þnally with UE (u)

¥ Select eventswith hardest jet in chosenpT range, identify two
hardest jets, define for eachhadron level

∆p(h/u )
T = 1

2

(
p(h/u )

T ,1 + p(h/u )
T ,2 ! p(p)

T ,1 ! p(p)
T ,2

)
.

∆p(u−h)
T = ∆p(u)

T ! ∆p(h)
T .

¥ Compare resultsfor different jet algorithms,
hadronization models, parton channels.

[modeled 
analytically]
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MC power corrections: gluon channel
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MC power corrections: quark channel
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MC power corrections: quark channel
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MC power corrections: quark channel

-4

-3

-2

-1

 0

 1

 2

 3

 4

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p t

 [G
eV

]

R

kt

Pythia
Herwig

-4

-3

-2

-1

 0

 1

 2

 3

 4

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p t

 [G
eV

]

R

cam

UE

hadronisation

-4

-3

-2

-1

 0

 1

 2

 3

 4

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p t

 [G
eV

]

R

siscone

-4

-3

-2

-1

 0

 1

 2

 3

 4

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p t

 [G
eV

]

R

midpoint

Tevatron: qq channel, 55 < pt < 70 GeV (bin 04)

Intr oduction Resummat io n Power corrections Mo nte Carlo r esul ts Per spective

MC power corrections: quark channel
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MC power corrections: gluon channel, scaled
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MC power corrections: quark channel, scaled
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MC power corrections: quark channel, scaled

-2

-1

 0

 1

 2

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p

t 
/ 
f(

R
) 

[G
e
V

]

R

kt Pythia
Herwig -2

-1

 0

 1

 2

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p

t 
/ 
f(

R
) 

[G
e
V

]

R

cam

UE: f(R) = 2" R J1(R)

hadronisation: f(R) = 1/R

-2

-1

 0

 1

 2

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p

t 
/ 
f(

R
) 

[G
e
V

]

R

siscone -2

-1

 0

 1

 2

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p

t 
/ 
f(

R
) 

[G
e
V

]

R

midpoint

Tevatron: qq channel, 55 < pt < 70 GeV (bin 04), SCALED

Intr oduction Resummat io n Power corrections Mo nte Carlo r esul ts Per spective

MC power corrections: quark channel, scaled
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MC power corrections: quark channel, scaled
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MC power corrections: quark channel, scaled
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MC power corrections: gluon channel
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MC power corrections: gluon channel

-4

-3

-2

-1

 0

 1

 2

 3

 4

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p t

 [G
eV

]

R

kt

Pythia
Herwig

-4

-3

-2

-1

 0

 1

 2

 3

 4

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p t

 [G
eV

]

R

cam

UE

hadronisation

-4

-3

-2

-1

 0

 1

 2

 3

 4

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p t

 [G
eV

]

R

siscone

-4

-3

-2

-1

 0

 1

 2

 3

 4

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

!
p t

 [G
eV

]

R

midpoint

Tevatron: gg channel, 55 < pt < 70 GeV (bin 04)

Introduction Resummation Power corrections MonteCarlo results Perspective

MC power corrections: quark channel
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MC power corrections: quark channel
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MC power corrections: quark channel
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MC power corrections: quark channel
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MC power corrections: gluon channel, scaled
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MC power corrections: quark channel, scaled
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In Pythia the UE 
“knows” about 
hard-scattering?

different

same

⇒ please provide measurements for different values of R!
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Non-global observables: sensitive to radiation 
only in a limited region of phase space

‣Monte-Carlos often tuned to non-global observables

‣ Angular ordering catches the relevant part of non-global logarithms
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ur-logo

Comparison to HERWIG and PYTHIA

HERWIG based on angular ordering, shd be close to full

(large Nc) result.

PYTHIA (old) ordering in m2 and reject non AO configs,

shd do worse.

ARIADNE – dipole phase space, shd have the full LL.

PYTHIA (new) like ARIADNE ?

Trick go to very high (105 GeV) to kill subleading effects. Only

interested in t ∼ αs
2π ln

Q
Et
.

Mrinal Dasgupta Parton showers for non-global QCD observables
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Numerically 10%
effect at t = 0.15, Et = 10 GeV.

Mrinal Dasgupta Parton showers for non-global QCD observables

10% up to Et=10GeV 7.5% Pythia new
50% Pythia old

∆η = 1∆η = 1
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But for large gaps....
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Problems seen with new PYTHIA at large rapidity intervals.....

Mrinal Dasgupta Parton showers for non-global QCD observables

∆η = 3

problems with new 
Pythia at large  ∆η
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May incorporate in UE or in NP parameters effects which are PT. 
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Do we have the necessary tools/measurements for best tuned MCs? 

Need to clarify the above discrepancies!



Introduction
☀ The parton shower relies on the universal soft 

and collinear factorization of the QCD matrix 
elements. It is universal property and true at all 
order. This should be the only approximation ...

... but we have some further approximations:

! Interference diagrams are treated 
approximately with the angular ordering

! Color treatment is valid in the                 limit 
(correct only in           annihilation)

! Spin treatment is usually approximated. 

! Usually very crude approximation in the 
phase space

! “Hidden tricks”

Nc →∞
e+e−

Parton shower as 

classical statistical 

mechanics 

Parton shower as 

Quantum statistical 

mechanics 
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Introduction

☀ The parton shower relies on the universal soft 
and collinear factorization  of the QCD matrix 
elements. It is universal property and tr ue at all 
order. This should be the only  approximation ...

... but we have some further approximations:

! Interfer ence diagrams are treated 
approximately with the angular or dering

! Color tr eatment is valid in the                 limit 
(correct only in           annihilation)

! Spin treatment is usually approximated. 

! Usually very cr ude approximation in the 
phase space

! ÒHidden tricksÓ

Nc →∞
e+e−

Parton shower as 
classical statistical 

mechanics 

Parton shower as 
Quantum statistical  

mechanics 

Work in progress to remove 
the above approximations
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[Gianotti&ManganoÕ05]

Meff = ET ,Mis +
4∑

j=1

ET ,j

SUSY search at the LHC:

For many studies MC known to fail! Please use Matrix Element based predictions!

MadGraph/MadEvent
at work.

S. de Visscher

MG/ME
What is
MadGraph/MadEvent?

Matching
Aims

How to?

Validation

Conclusion

.9

Comparison between results from differents generators with
differents matching schemes make possible the study of
systematics!

Already done: Inclusive W production has been fully
compared with results from other generators (ALPGEN,
ARIADNE, HELAC and SHERPA) and Tevatron data.
(J.Alwall et al, publication to come)

9 / 20

systematic comparisons between 
different generators, matching 
techniques, shower algorithms

NEW



MadGraph/MadEvent
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MG/ME
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MadGraph/MadEvent?

Matching
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How to?

Validation

Conclusion
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Comparison of shape of the rapidity of the leading jet for
differents Pjet

T cut:
ALPGEN tt + 0, 1 jets and Herwig [hep-ph/0611129]):
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MadGraph/MadEvent with tt + 0, 1, 2, 3 jets, tt + 0, 1 jets and
pythia:
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Plots are normalized and scale is arbitrary.
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MadGraph/MadEvent
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S. de Visscher

MG/ME
What is
MadGraph/MadEvent?

Matching
Aims

How to?

Validation

Conclusion

.3

What is MadGraph/MadEvent?
MG/ME is a user-driven matrix element events based
generator.

Madgraph (T.Stelzer and W.F.Long - 1994)
Identify and plot Feynman diagrams and create a F77
code for the matrix element squared. (HELAS library
used)

Can handle tree-level processes with many particles in Þnal
states particles
Keeps full spin correlations / interference

MadEvent (F.Maltoni and T.Stelzer - 2003)
Uses the madgraph output and diagram information to
automatically build an efÞcientphase space integration and
packages it in a process-dependent self-contained MC
package for cross section evaluation and event generation
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MadGraph/MadEvent
at work.

S. de Visscher

MG/ME
What is
MadGraph/MadEvent?

Matching
Aims

How to?

Validation

Conclusion

.4

With MadGraph/MadEvent and his tools, complete simulation
chain available: from hard scale physics to detector simulation!

Models
Implemented by default: SM, SUSY, 2HDM, HEFT and UED
Framework for easy implementation of new models

Tools
Pythia and PGS interface for shower/hadronization and
detector simulation
MadAnalysis, ExRootAnalysis
BRIDGE: Reece, Meade: example of use of MG/ME as an
open-source development environnment

Ouput in "Les Houches" format so easy use with full
simulation tool like CMSSW!

Download the code or web-based generation: three public
clusters: at UCL (http://madgraph.phys.ucl.ac.be), in
Rome (http://madgraph.roma2.infn.it) and at UIUC
(http://madgraph.hep.uiuc.edu).
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MadGraph/MadEvent
at work.

S. de Vissc her

MG/ME
What is
MadGraph/MadEvent?

Matching
Aims

How to?

Validation

Conc lusion

.6

A quite general aspect of new physics
In BSM Physics, many analyses have t, W, Z, tt, ... + jets as
main background(s), with large cross sections.
A correct simulation of those processes is therefore crucial to
distinguish non-SM events.

An example
in 2HDM, pp→W+W−bbbb could be the most interesting
channel to discover the charged higgs!

→ Need a reliable tt + 0, 1, 2, 3... jets events sample!
6 / 20
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Alessandro Vicini - University of Milano                                                   DIS2007, Munich, April 17th 2007

Conclusions
!  Drell-Yan processes: very high precision measurements (with % accuracy)
                                 at the Tevatron and the LHC
                  need both QCD and EW corrections
                  possibly unified in a single event generator (not yet available)

!    HORACE: state of the art of the EW radiative corrections to DY processes:
                   charged current (and now also neutral current) channel

!  QCD+EW: additive combination of                            and of 
    EW corrections are necessary to: 
                  !  describe the jacobian peak (<z        measurement)

                  !  describe the large mass/momentum tails (<z new boson searches)

!  in progress: !  complete the QCD comparison (including FEWZ and MCFM)
                    !  study the EW effects on the W mass measurement with the
                       scaled observables method
                    !  long term: combine HORACE+ALPGEN into a single generator

O(! s) + QCD PS O(α) + QCD PS

MW
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Combining QCD and EW corrections
! First attempt: combination of soft-gluon resummation with final state QED
   corrections   Q.-H. Cao and C. -P. Yuan, Ph ys. R ev. Lett. 93 (2004) 042001    ResBos-A

! Additive combination of QCD and EW corrections:
[

dσ

dO

]

QCD⊕EW

=
{

dσ

dO

}

QCD

+
{[

dσ

dO

]

EW

−

[

dσ

dO

]

Born

}

HERWIG PS

! QCD = ALPGEN (with CKKM-MLM Parton Shower matching), ResBos-CSS,
              MC@NLO, FEWZ, MCFM

! EW = HORACE interfaced with HERWIG QCD Parton Shower

NLO-EW corrections convoluted with QCD PS <z inclusion of            terms

not reliable when hard non collinear radiation is important

O(! ! s)

!Beyond the additive approximation, a full 2-loop              calculation is neededO(! ! s)

Alessandro Vicini - University of Milano                                                   DIS2007, Munich, April 17th 2007

The HORACE event generator

! state of the art of EW radiative corrections to DY processes
       exact O(") radiative corrections   matched with
       multiple photon radiation via QED Parton Shower

! http://www.pv.infn.it/hepcomplex/horace.html

! developed by: C.M.Carloni Calame, G.Montagna, O.Nicrosini,  A.Vicini

! true, fully exclusive event generator
    events saved in a Les Houches compliant form
    interfaced to LHAPDF package
    easy to interface to QCD showering programs like HERWIG or PYTHIA

Alessandro Vicini - University of Milano                                                   DIS2007, Munich, April 17th 2007

QCD+EW @ the LHC:                       distributionsM W

⊥ and pµ

⊥
Electroweak ⊕ QCD @ the LHC (M W

! > 1 TeV)

! To what extent large electroweak Sudakov logs compare with QCD corrections in
the region relevant for the search of new physics at the LHC?
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For both M W
⊥ and pl

⊥ QCD corrections are negative and sum up to negative
electroweak Sudakov logs

Their sum is ∼ −40(−70)% for M W
⊥ # 1.5(3) TeV and ∼ −30(−50)% for

pl
⊥ # 0.5(1) TeV

...But in this region there is a handful of events

Guido Montagna EW⊕QCD corrections to weak boson production

M W
! > 1 TeV, pµ

! > 500 GeV

 ! negative QCD corrections sum up with negative EW corrections
 

 ! the sum  

 ! ...but in this region there is a very tiny cross section

 ! which relation between large negative EW Sudakov logs and QCD corrections?

! " 40(" 70)% for MW

⊥ # 1.5(3) TeV and ! " 30(" 50)% for p
µ

⊥
# 0.5(1) TeV

Alessandro Vicini - University of Milano                                                   DIS2007, Munich, April 17th 2007

QCD+EW @ the LHC:                       distributionsMW

⊥ and p
µ

⊥
Electroweak ⊕ QCD @ the LHC
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For both MW
⊥ and pl

⊥ QCD corrections are positive and tend to
compensate electroweak contributions

Around the jacobian peak their interplay is crucial for a precise MW

extraction and can’t be accounted for by a QCD Parton Shower
approximation

Convolution with QCD Parton Shower modifies the relative effect and
shape of electroweak corrections

Guido Montagna EW⊕QCD corrections to weak boson production

 !  positive QCD corrections compensate negative EW corrections
 

 !  around the jacobian peak EW corrections mandatory to extract 
    only QCD-Parton Shower is not sufficient
 

 !  the convolution with QCD Parton Shower modifies
    the relative effect and shape of the EW corrections

MW

Combining QCD & EW for CC Drell-Yan
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G. Zanderighi 

 excess?

 ⇒ NLO�) 40-60% uncertainty 

     EXP errors < TH errors 

Motivation:
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Figure 2: Top: K-factor for inclusive b-jet spectrum as computed with MCFM [10], clus-
tering parti cles into jets using the kt jet-algori thm [9] with R=0.7, and selecti ng jets in the
central rapidity region (|y| < 0.7). Middle: scale dependence obtained by simultaneously
varying the renormalisati on and factorisati on scales by a factor two around pt, the trans-
verse momentum of the hardest jet in the event. Botto m: breakdown of the Herwig [11]
inclusive b-jet spectrum into the three major hard underlying channels cross secti ons (for
simplicity the small bb → bb is not shown).

Þg. 2. Its top panels show the K-factor (NLO/ LO) as obtained with MCFM for the
Tevatron Run II (pøp,

√
s = 1.96 TeV, left) and for the LHC (pp,

√
s = 14 TeV, right). 1

The fact that the K-factor is considerably larger than one indicates that the pertu rbati ve
series is very poorly convergent, and implies that the NLO result cannot be an accurate
approximati on to the full result. It is for this reason that the scale dependence (middle
panels) is large. One might think that a calculati on with MC@NLO [12] should do better,
since it includes both NLO and all-order resummed logari thmically enhanced terms. This
turns out not to be the case, as can be seen from its persistentl y large scale dependence.2

Essenti ally, while MC@NLO contains a good matching between the NLO b-producti on

1Fig. 1 has been obtained using a midpoint type [6] cone algorithm, however given the recent discover-
ies [7, 8] of infrared safety issues in midpoint cone algorithms, we prefer to illust rate our arguments with
an inclusive kt-algorithm [9]. In pract ice, we expect most features of the Þgure to be insensit ive to the
choice of algorithm, for example also with an infrared safe cone-type algorithm such as SISCone [8].

2Poor numerical convergence prevented us from present ing the scale dependence for MC@NLO at the
LHC. Notealso that no K-factor hasbeen shown for MC@NLO because theLO result isnot unambiguously
deÞned.
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verse momentum of the hardest jet in the event. Botto m: breakdown of the Herwig [11]
inclusive b-jet spectrum into the three major hard underlying channels cross secti ons (for
simplicity the small bb → bb is not shown).

Þg. 2. Its top panels show the K-factor (NLO/ LO) as obtained with MCFM for the
Tevatron Run II (pøp,

√
s = 1.96 TeV, left) and for the LHC (pp,

√
s = 14 TeV, right). 1

The fact that the K-factor is considerably larger than one indicates that the pertu rbati ve
series is very poorly convergent, and implies that the NLO result cannot be an accurate
approximati on to the full result. It is for this reason that the scale dependence (middle
panels) is large. One might think that a calculati on with MC@NLO [12] should do better,
since it includes both NLO and all-order resummed logari thmically enhanced terms. This
turns out not to be the case, as can be seen from its persistentl y large scale dependence.2

Essenti ally, while MC@NLO contains a good matching between the NLO b-producti on

1Fig. 1 has been obtained using a midpoint type [6] cone algorithm, however given the recent discover-
ies [7, 8] of infrared safety issues in midpoint cone algorithms, we prefer to illust rate our arguments with
an inclusive kt-algorithm [9]. In pract ice, we expect most features of the Þgure to be insensit ive to the
choice of algorithm, for example also with an infrared safe cone-type algorithm such as SISCone [8].

2Poor numerical convergence prevented us from present ing the scale dependence for MC@NLO at the
LHC. Notealso that no K-factor hasbeen shown for MC@NLO because theLO result isnot unambiguously
deÞned.
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Figure 3: Inclusive jet spectrum at the Tevatron (right) and at the LHC (left). The top
two panels show results for both b-jets and all-jets, while the lower three panels apply only
to b-jets. See text for further details.

3 Results

In Fig. 3 we present the inclusive b-jet pt-spectrum as obtained with the flavour algorithm
specified above. We have used the jet-algorithm parameters ! = 1, and R = 0.7, the latter
having been shown to limit corrections associated with the non-perturbative underlying
event [5]. The left (right) column of the figure shows results for the Tevatron run II (LHC).
We have selected only those jets with rapidity |y| < 0.7. We also show the full inclusive
jet spectrum (all jets) as obtained with a standard inclusive kt-algorithm with R = 0.7.

The spectra have been calculated using NLOJET [19]. The publicly available version
sums over the flavour of outgoing partons. We therefore had to extend it so as to have access
to the flavour of both incoming and outgoing partons. We fixed the default renormalisation
and the factorisation scales to be Pt, the transverse momentum of the hardest jet in the
event and chose as a default PDF set CTEQ61m [20]. We also used the a posteriori PDF
library (APPL) of [21], together with the HOPPET [22] and LHAPDF [23] packages to
allow us to vary scales and PDF sets after the NLOJET Monte Carlo integration.

The figure shows the inclusive jet spectrum at LO (blue, dashed) and at NLO (red,
solid) for all jets and for b-jets. The b-jet cross section is always a few percent of the
light jet one. The K -factor, the ratio of NLO over LO cross-section is shown below and is
similar (between 1.15 and 1.4) for light and b-jets, both at the Tevatron and at the LHC.
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Figure 3: Inclusive jet spectrum at the Tevatron (right) and at the LHC (left). The top
two panels show results for both b-jets and all-jets, while the lower three panels apply only
to b-jets. See text for further details.

3 Result s

In Fig. 3 we present the inclusive b-jet pt-spectrum as obtained with the flavour algorithm
specified above. We have used the jet-algorithm parameters α = 1, and R = 0.7, the latter
having been shown to limit corrections associated with the non-perturbative underlying
event [5]. The left (right) column of the figure shows results for the Tevatron run II (LHC).
We have selected only those jets with rapidity |y| < 0.7. We also show the full inclusive
jet spectrum (all jets) as obtained with a standard inclusive kt-algorithm with R = 0.7.

The spectra have been calculated using NLOJET [19]. The publicly available version
sums over the flavour of outgoing partons. We therefore had to extend it so as to have access
to the flavour of both incoming and outgoing partons. We fixed the default renormalisation
and the factorisation scales to be Pt, the transverse momentum of the hardest jet in the
event and chose as a default PDF set CTEQ61m [20]. We also used the a posteriori PDF
library (APPL) of [21], together with the HOPPET [22] and LHAPDF [23] packages to
allow us to vary scales and PDF sets after the NLOJET Monte Carlo integration.

The figure shows the inclusive jet spectrum at LO (blue, dashed) and at NLO (red,
solid) for all jets and for b-jets. The b-jet cross section is always a few percent of the
light jet one. The K -factor, the ratio of NLO over LO cross-section is shown below and is
similar (between 1.15 and 1.4) for light and b-jets, both at the Tevatron and at the LHC.
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Figure 2: Top: K-factor for inclusive b-jet spectrum as computed with MCFM [10], clus-
tering parti cles into jets using the kt jet-algori thm [9] with R=0.7, and selecti ng jets in the
central rapidity region (|y| < 0.7). Middle: scale dependence obtained by simultaneously
varying the renormalisati on and factorisati on scales by a factor two around pt, the trans-
verse momentum of the hardest jet in the event. Botto m: breakdown of the Herwig [11]
inclusive b-jet spectrum into the three major hard underlying channels cross secti ons (for
simplicity the small bb → bb is not shown).

Þg. 2. Its top panels show the K-factor (NLO/ LO) as obtained with MCFM for the
Tevatron Run II (pøp,

√
s = 1.96 TeV, left) and for the LHC (pp,

√
s = 14 TeV, right). 1

The fact that the K-factor is considerably larger than one indicates that the pertu rbati ve
series is very poorly convergent, and implies that the NLO result cannot be an accurate
approximati on to the full result. It is for this reason that the scale dependence (middle
panels) is large. One might think that a calculati on with MC@NLO [12] should do better,
since it includes both NLO and all-order resummed logari thmically enhanced terms. This
turns out not to be the case, as can be seen from its persistentl y large scale dependence.2

Essenti ally, while MC@NLO contains a good matching between the NLO b-producti on

1Fig. 1 has been obtained using a midpoint type [6] cone algorithm, however given the recent discover-
ies [7, 8] of infrared safety issues in midpoint cone algorithms, we prefer to illust rate our arguments with
an inclusive kt-algorithm [9]. In pract ice, we expect most features of the Þgure to be insensit ive to the
choice of algorithm, for example also with an infrared safe cone-type algorithm such as SISCone [8].

2Poor numerical convergence prevented us from present ing the scale dependence for MC@NLO at the
LHC. Notealso that no K-factor hasbeen shown for MC@NLO because theLO result isnot unambiguously
deÞned.
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Figure 3: Inclusive jet spectrum at the Tevatron (right) and at the LHC (left). The top
two panels show results for both b-jets and all-jets, while the lower three panels apply only
to b-jets. See text for further details.

3 Results

In Fig. 3 we present the inclusive b-jet pt-spectrum as obtained with the flavour algorithm
specified above. We have used the jet-algorithm parameters ! = 1, and R = 0.7, the latter
having been shown to limit corrections associated with the non-perturbative underlying
event [5]. The left (right) column of the figure shows results for the Tevatron run II (LHC).
We have selected only those jets with rapidity |y| < 0.7. We also show the full inclusive
jet spectrum (all jets) as obtained with a standard inclusive kt-algorithm with R = 0.7.

The spectra have been calculated using NLOJET [19]. The publicly available version
sums over the flavour of outgoing partons. We therefore had to extend it so as to have access
to the flavour of both incoming and outgoing partons. We fixed the default renormalisation
and the factorisation scales to be Pt, the transverse momentum of the hardest jet in the
event and chose as a default PDF set CTEQ61m [20]. We also used the a posteriori PDF
library (APPL) of [21], together with the HOPPET [22] and LHAPDF [23] packages to
allow us to vary scales and PDF sets after the NLOJET Monte Carlo integration.

The figure shows the inclusive jet spectrum at LO (blue, dashed) and at NLO (red,
solid) for all jets and for b-jets. The b-jet cross section is always a few percent of the
light jet one. The K -factor, the ratio of NLO over LO cross-section is shown below and is
similar (between 1.15 and 1.4) for light and b-jets, both at the Tevatron and at the LHC.
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3 Result s

In Fig. 3 we present the inclusive b-jet pt-spectrum as obtained with the flavour algorithm
specified above. We have used the jet-algorithm parameters α = 1, and R = 0.7, the latter
having been shown to limit corrections associated with the non-perturbative underlying
event [5]. The left (right) column of the figure shows results for the Tevatron run II (LHC).
We have selected only those jets with rapidity |y| < 0.7. We also show the full inclusive
jet spectrum (all jets) as obtained with a standard inclusive kt-algorithm with R = 0.7.

The spectra have been calculated using NLOJET [19]. The publicly available version
sums over the flavour of outgoing partons. We therefore had to extend it so as to have access
to the flavour of both incoming and outgoing partons. We fixed the default renormalisation
and the factorisation scales to be Pt, the transverse momentum of the hardest jet in the
event and chose as a default PDF set CTEQ61m [20]. We also used the a posteriori PDF
library (APPL) of [21], together with the HOPPET [22] and LHAPDF [23] packages to
allow us to vary scales and PDF sets after the NLOJET Monte Carlo integration.

The figure shows the inclusive jet spectrum at LO (blue, dashed) and at NLO (red,
solid) for all jets and for b-jets. The b-jet cross section is always a few percent of the
light jet one. The K -factor, the ratio of NLO over LO cross-section is shown below and is
similar (between 1.15 and 1.4) for light and b-jets, both at the Tevatron and at the LHC.
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Select 3-jet events. 
Momentum conservation 
⇒ 3 jets are almost planar

Define event-shapes measuring the out-of plane radiation:

Thrust minor: D-parameter:

Event-shapes: hadronization effects give rise to power corrections, 
modeled in terms of one universal parameter     ⇒ fit of     - 
Picture works well, but tested only for two-jet event-shapes.
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Universality of power corrections to two-jet event shapes
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Tests of power corrections for D and Tm
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Three-jet event-shapes: NLO+NLL+1/Q

23

A. BanÞ

Tests of power corrections for D and Tm

Select 3-jet events with y3 > ycut

Differential distributions obtained with CAESAR (µ R = MZ )
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⇒ Shape function or large subleading logs?

Andrea BanÞ Multi-jet

First test of universality of power corrections from 3-jet event-shapes

‣ D-parameter good fits at the right of the peak (left: shape function?)

‣ Thrust minor: no fit yet (power corrections from 4-jets?)



e+e− → 3 jets and event shapes

Classical QCD observable
Testing ground of QCD in e+e− annihilation: perturbation theory, logarithmic
resummation

Precise determination of αs

Current error on αs from jet observables dominated by theoretical uncertainty:
S. Bethke, 2006

αs(MZ) = 0.121 ± 0.001(experiment)±0.005(theory)

theoretical uncertainty largely from missing higher orders

NNLO corrections to the 3-Jet rate are needed !

Status of e+ e! " 3j at NNLO Ðp.2
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Status of 3-jets at NNLO

24

A. Gehrmann
Motivation:

Method: developed antenna subtraction at NNLO

‣ implementation completed and checked

‣ first results obtained for NNLO thrust distribution

‣ ongoing: verification and production of high-precision results



preliminary

e+e− → 3 jetsand event shapes

Event shape variables
assign a number x to a set of final state momenta: {p}i ! x

e.g. Thrust in e+e−

T = max!n

Pn
i=1 |!pi · !n |

Pn
i=1 |!pi|

limiting values:

back-to-back (two-jet) limit: T = 1

spherical limit: T = 1/ 2
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Status of e+e− → 3j at NNLO – p.3

Results

NNLO coefficient C(T ) of thrust (preliminary)
T. Gehrmann, E.W.N. Glover, G. Heinrich, AG
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Status of 3-jets at NNLO
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A. Gehrmann

e+ e− → 3 jets and event shapes

Event shape variables
assign a number x to a set of final state momenta: {p}i → x

e.g. Thrust in e+ e!

T = max!n

Pn
i= 1 |!pi · !n|

Pn
i= 1 |!pi|

limiting values:

back-to-back (two-jet) limit: T = 1

spherical limit: T = 1/2
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Status of e+ e! " 3j at NNLO – p.3

‣Next: implementation of other event-shapes and new fits of 

Calculation of NNLO coefficient completed 

αs
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