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Phenomenology for LHC: 
A (Selective) Status Report

• Higher-order calculations

• Monte Carlos

• Jet algorithms

• Beyond Standard Model
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Higher-order 
calculations

2



IOP HEPP 2009 LHC Phenomenology

Need for NLO
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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

QCD & Searches, G. Salam (p. 18)
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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
} x10 excess      discovery?

LO rescaled to fit cross section

Zanderighi
Butterworth, Davison, Rubin, Salam 
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Need for NLO
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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
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stage 2: look at high pt

! good agreement at low pt , by
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pt

! check scale dependence of LO
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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

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 well understood
See Butterworth, Davison, Salam, Rubin ’08

}

E.g. new channels at NLO

Sorry, just NLO!

LO rescaled to fit cross section

can be misleading!

qq → Zqq

Zanderighi
Butterworth, Davison, Rubin, Salam 
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Les Houches 2007 wish list
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2007 update of Les-Houches NLO wishlist

Process Comments

(V ∈ {Z,W, γ})
Calculations completed since Les Houches 2005

1. pp → V V jet WW jet completed by Dittmaier/Kallweit/Uwer [3];

Campbell/Ellis/Zanderighi [4]

and Binoth/Karg/Kauer/Sanguinetti (in progress)

2. pp → Higgs+2jets NLO QCD to the gg channel
completed by Campbell/Ellis/Zanderighi [5];

NLO QCD+EW to the VBF channel

completed by Ciccolini/Denner/Dittmaier [6, 7]

3. pp → V V V ZZZ completed by Lazopoulos/Melnikov/Petriello [8]

andWWZ by Hankele/Zeppenfeld [9]

Calculations remaining from Les Houches 2005

4. pp → tt̄ bb̄ relevant for tt̄H
5. pp → tt̄+2jets relevant for tt̄H
6. pp → V V bb̄, relevant for VBF→ H → V V , tt̄H
7. pp → V V +2jets relevant for VBF→ H → V V

VBF contributions calculated by

(Bozzi/)Jäger/Oleari/Zeppenfeld [10–12]

8. pp → V +3jets various new physics signatures

NLO calculations added to list in 2007

9. pp → bb̄bb̄ Higgs and new physics signatures

Calculations beyond NLO added in 2007

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

11. NNLO pp → tt̄ normalization of a benchmark process

12. NNLO to VBF and Z/γ+jet Higgs couplings and SM benchmark

Calculations including electroweak effects

13. NNLO QCD+NLO EW forW/Z precision calculation of a SM benchmark

Table 1: The updated experimenter’s wishlist for LHC processes

5

}
NLO multi-leg WG report 

0803.0494

! based on Feynman 
diagrams

! private codes

Unitarity at work @ the LHC       Cern ’08      G.Zanderighi 
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NLO calculations

6

NLO: bottleneck & current status 

tree graph rates with N+1 partons 
! soft/collinear divergences 

set of subtraction terms  

Ingredients for N-particle NLO calculation:

virtual correction to N-leg process 
! divergence from loop integration 

bottleneck

Unitarity at work @ the LHC       Cern ’08      G.Zanderighi 

2 ! 2: all known (or easy) in SM and beyond

2 ! 3: very few processes left

[but: often do not include decays, newest codes mostly private]

2 ! 4: barely touched ground [qq ! tt bb]

Status of NLO:

Bredenstein, Denner, Dittmaier, Pozzorini ’08
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Done since 2007
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! "#$%&'()$*+$&,-$./%$&0#1-&2,#3&4-)1351&0*56,53 5'',#5+(7

8 9:;&+#,,-+%*#1$&%#&<-+%#,&=#$#1&'5*,&',#0.+%*#1&>W+W-, W±Z & ZZ?&<*5&

<-+%#,&=#$#1&2.$*#1&>@A4?B&>C56-,D&E/-5,*D&F-''-12-/0?G>A#HH*?

8 9:;&510&IJ&+#,,-+%*#1$&%#&K*66$&',#0.+%*#1&<*5&@A4B >:*++#/*1*D&;-11-,D&
;*%%35*-,?

– pp ! K*66$+2 L-%$B ><*5&6/.#1&2.$*#1&:53'=-//D&I//*$D&F510-,*6(*?D&><*5&M-5N&*1%-,5+%*#1$&

:*++#/*1*D&;-11-,D&;*%%35*-,?B pp ! K*66$+3 L-%$&>/-50*16&+#1%,*=.%*#1? >4*6)D&
K51N-/-D&F-''-12-/0?B

– pp! B&>A--15NN-,D&;*%%35*-,D&O,P3-,D&Q/R3'-,D&S'*,5D&F-,M5$?D&>;5M$#1D&C5+N$#1D&T-*15D&

J5+N-,#%(?

– pp ! ZZZ, >U5H#'#./#$D&Q-%,*-//#D&"-/1*N#<?&&pp ! G>"+I/3.,,)?

– pp !WWZ, WWW >K51N-/-D&F-''-12-/0D&:53'515,*#D&E/-5,*D&Q,-$%-/?

– pp!WW+j+XB >:53'=-//D&I//*$D&F510-,*6(*?B&>;*%%35*-,D&O5//M-*%D&VM-,?

– pp !W/Z      >4-=,-$&:#,0-,#D&T-*15D&J5+N-,#%(?D&

– pp ! +jet  >;*%%35*-,DVM-,DJ-*1H*-,/?D&

– >A,-0-1$%-*1D;-11-,D;*%%35*-,DQ#HH#,*1*?D

ttZ

ttH

bb

tt

qq tt bb! +

J(5%&K5$&A--1&;#1-W
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Done with new techniques
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! "#$%&'(#)&*)+,)($$&-$./,&-/.%#).%'&#/0&)(1#%(0 %(23/.4-($5

– gg ! gggg #6*1.%-0(7 89()/5:.;+/5<+$+=()>5&89).%%+5?(/,5@#$%)+1.#>5&

89()/59A())-6B9+3)5:-/C#)5D7E7>5&89(),()59()/5:.;+/5?+)0(5<+$+=()>5&&

89(0F+)059)#/03-C()5G*(/2(5H)#I#,1./.>&8J.#+5K#/,5L3->&589(),()59()/5:.;+/5?+)0(5<+$+=()>5&

(M.(1(5<-/$N%5@(1/.O+I)

P Q+%$&+F&,1-+/$&8M.(1(5L#/0().,3.>5&89(),()5&9()/5&:.;+/5&?(C)($&R+)0()+5&?+)0(5D7E75&
<+$+=()5&@#S%)(>

P T&*3+%+/$&8U#,'5&G+*()>5&8V$$+1#5&"#*#0+*+-1+$5&".%%#->5&89./+%35&D(./).235 M(3)6#//5&

@#$%)+1.#>

– pp ! ZZZ, WZZ, WWZ, ZZZ 89./+%35&V$$+1#5&"#*#0+*+-1+$5&".%%#->5&

– gg ! -$./,&:B:.6(/$.+/#1&W/.%#).%'&(X11.$5M.(1(5<-/$N%5@(1/.O+I)

! U-6().2#1&*#2O#,($&-/0()&2+/$%)-2%.+/Y

P 91#2OD#%&&&&&&9(),()5&9()/5&:.;+/5&?(C)($&R+)0()+5&?+)0(5&D7E75&<+$+=()5&@#S%)(

P R-%H++1$ V$$+1#5&"#*#0+*+-1+$5&".%%#-

P Z+2O(%&& X11.$5&M.(1(5&<-/$N%5&@(1/.O+I5&L#/0().,3.

ttg

[3#%&D#$&9((/&:+/(\

Thanks to H.I.=Harald Ita
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BlackHat
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!"#$%&#'!"!"#$$"%&'()&)*+,+%-*"-."-*/

01)(("+)21*%34)0".-5"6/(--'",&'(%+47)0

# $%&'()*+*',"-.'(/0(&0"+*)&(&*1."2%&"3/*4".,.'15.6

# 7%03+(&*',"-%)819'"%&*1/'106

# 7(++1()*+*',"-'%"(991:'".1;1&(+"&%3'*/1."< /351&*9."(/0"

(/(+,'*9.6

# =351&*9(+":&19*.*%/"(/0"122*9*1/9,

# >1(0,"'%"3.1"?*'@"14*.'*/A"7%/'1"B(&+%":&%A&(5.

< C%&D"*/":&%A&1.."?*'@"(3'%5('10"&1(+"0*:%+1".3)'&(9'*%/"

2&%5"E@1&:("-8%+1"9:";()%0<)5=6

Berger, Bern, Dixon, Febres Cordero, Forde, Ita, Kosower, Maitre



IOP HEPP 2009 LHC Phenomenology

HELAC/CutTools
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Cafarella, van Hameren, Kanaki, Ossola, Papadopoulos, Pittau, Worek

Automatic 1-loop computation of all 24 wish-list processes

qq̄, gg → tt̄bb̄, bb̄bb̄, W+W−bb̄, tt̄gg

qq̄′ → Wggg, Zggg

Still need to combine with LO 25 processes, subtraction 
terms and efficient MC integration

All masses, colours and helicities treated exactly
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Rocket
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Rocket

Rocket: an F90 package which fully automates the calculation of 
virtual amplitudes via tree level recursion + D-unitarity 

First step: use only three and four-gluon vertices 
         ⇒ pure gluonic amplitudes 

Input: arbitrary number of gluons and their arbitrary helicities (+/-)

Output: (un)-renormalized virtual amplitude in FDH or t’HV scheme

*

* From the Italian Rucola, Recursive Unitarity Calculation of One-Loop Amplitudes

Unitarity at work @ the LHC       Cern ’08      G.Zanderighi 

Ellis, Giele, Kunszt, Melnikov, Zanderighi
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gg    (N-2)g at 1-loop
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Time dependence up to N=20
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fit to degree 4 polynom.

fit to degree 9 polynom.

! time ∝ N9  as expected

! independent of the 
     helicity configuration

Comparison with BlackHat: N=6 and N=7,8 MHV: slightly longer times (e.g for N=6 72ms 
vs 90ms), related to us using recursive tree amplitudes rather than analytic ones

* [Berger, Bern, Cordero, Dixon, Forde, Ita, Kosower, Maitre ’08]

*

1985

1993

2006

Unitarity at work @ the LHC       Cern ’08      G.Zanderighi 
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QCDloop
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Example: W+3 jets

14

Realistic LHC proceses: W + 3 jets

0→ ū d g g g W+

0→ ū d Q̄Q g W+

Need to evaluate two amplitudes

New! 
All amplitudes in 0810.2542 
[Ellis, Giele, Kunszt, Melnikov, GZ]

1203 +104 Feynman diagrams

 258 +18 Feynman diagramsW+n  jet rates from CDF

Both uncertainty on rates and deviation of Data/Theory from 1 are smaller than 

other calculations. “Berends” ratio agrees well for all calculations,

 but unfortunately only available for n!2 from MCFM.

Unitarity at work @ the LHC       Cern ’08      G.Zanderighi njets Thanks to GZ=Giulia Zanderighi

0810.2762
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Monte Carlos

15



QCD Effects in BSM Searches IPMU Focus Week March 200916

LHC event structure
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PYTHIA

HERWIG

SHERPA

Virtuality/kT-ordered shower, string hadronization

v6 Fortran; v8 C++

v6 Fortran; Herwig++

Angular-ordered shower, cluster hadronization

Virtuality/dipole-ordered shower, string/cluster hadronization

C++

17

MC event generators
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ME-MC Matching
• Two rather different objectives:

• Matching parton showers to NLO matrix elements, 
without double counting

‣ MC@NLO

‣ POWHEG

• Matching parton showers to LO n-jet matrix 
elements, minimizing jet resolution dependence

‣ CKKW

‣ Dipole

‣ MLM Matching

18

Frixione, BW

Nason

Catani, Krauss, Kühn, BW

Lönnblad

Mangano
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H    WW: MC@NLO vs NNLO

19

C Anastasiou, G Dissertori, F Stöckli & BW, JHEP03(2008)017 [arXiv:0801.2682] 
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CKKW matching
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Figure 8: Jet pT in Njet ≥ 1 and Njet ≥ 2 events compared to data from CDF [69].
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Figure 9: Jet multiplicity and jet pT in Njet ≥ 2 events compared to data from CDF [69].

It is also interesting to understand the influence of the maximal number of jets generated from the matrix
element, Nmax, on experimental observables. We observe that typically the predictions are fairly stable for
the Nmax − 1 leading jets. To put it another way, for a given analysis investigating the n’th jet, one should
use a Monte Carlo sample with Nmax ≥ n+1. Due to the increased phase space available for QCD radiation
at the LHC, the higher jet multiplicities will play an even more important role there.

Again, comparing to data from CDF [69] in Figure 8 and varying Nmax between zero and three, the im-
portance of correctly describing additional hard jet production by the respective matrix elements can be
estimated.

7 Conclusions

In this publication we have presented a general formal framework to discuss algorithms for the merging of
multi-jet matrix elements and parton showers. We have constructed a merging algorithm that maintains
the logarithmic accuracy provided by the parton shower in both initial and final state radiation. In this
construction, special emphasis is put on an invariant formulation of the respective phase-space separation

22

SHERPA: S Höche, F Krauss, S Schumann & F Siegert, arXiv:0903.1219 

pp̄→ e+e−X , 66 < mee < 116 GeV

CDF CDF
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Herwig++ v2.3

21

Authors of Herwig++ 2.3

Subset of the Herwig++ collaboration.

• CERN/Manchester

– Mike Seymour

• Durham

– Peter Richardson, David Grellscheid, Martyn Gigg∗, Jon Tully∗

• Karlsruhe

– Stefan Gieseke, Manuel Bähr∗, Simon Plätzer∗

• Louvain

– Keith Hamilton•

• Postdoc
∗ PhD Student

QCD Effects in BSM Searches IPMU Focus Week March 2009 2

Authors:
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Hard subprocesses

22

Hard interactions in Herwig++

• We provide our own set of basic processes, currently

e+e−
→ Z0, e+e−

→ qq̄,
e+e−

→ h0e+e−, e+e−
→ h0νeν̄e

DIS (NC and CC)
Minimum Bias

QCD 2 → 2, pp → tt̄,
pp → (γ, Z0) → #+#−, pp → W±

→ #±ν#,
pp → (Z0, W±) + jet

pp → h0, pp → h0 + jet,
pp → h0 + W±, pp → h0 + Z0

pp → γ + jet, pp → γγ ,

(New from 2.3)

• Many processes available with POWHEG NLO matching.

• LesHouchesFileReader enables to read in and process any hard event generated by parton level
event generators (MadGraph/MadEvent, AlpGen, VBFNLO, CompHEP, WHIZARD, ...).

• Exception: BSM Physics. Production and (long) cascade decay chains with spin correlations.

Herwig++ will probably never such a large library of built–in hard matrix elements as its predecessor.

QCD Effects in BSM Searches IPMU Focus Week March 2009 5
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POWHEG matching

23

Hardest Emission First

• Alternative method to match NLO computations with parton shower Monte Carlos, proposed by
P. Nason.

• Generates hardest (highest pT ) emission first.

• Uses modified Sudakov FF for this emission, full NLO recovered upon expansion in αS.

• Herwig++ angular-ordered Parton Shower may first emit fairly soft, large angle gluons, then higher
pT later

• Truncated Shower adds in this radiation afterwards.

• Finally evolution with vetoed ‘ordinary’ Parton Shower.

Method avoids Phase Space division into hard/soft region. ‘Hardest’ emission may also be soft/collinear.

[Nason, JHEP 11 (2004) 040, Frixione, Nason, Oleari, JHEP 11 (2007) 070]

QCD Effects in BSM Searches IPMU Focus Week March 2009 10

Hardest emission and angular ordered showers

p⊥ ordered shower. Angular
ordering from additional vetos.

Angular ordered shower. Some
softer emissions before hardest
one.

QCD Effects in BSM Searches IPMU Focus Week March 2009 11
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POWHEG in Herwig++
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POWHEG matched processes in Herwig++

Shipped with v2.3:

• Drell–Yan type, γ ∗ /Z0 and W± production.

• Decay of γ ∗ /Z0/W±.

• Higgs in gg fusion.

• Higgs in association with W± or Z0.

With truncated shower. Examples provided.

QCD Effects in BSM Searches IPMU Focus Week March 2009 13
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POWHEG type matching for Drell–Yan processes

POWHEG in Herwig++ with full truncated shower.

[K. Hamilton, P. Richardson, J. Tully, 0806.0290]

Effect of truncated shower here very small.

QCD Effects in BSM Searches IPMU Focus Week March 2009 12
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http://www.ippp.dur.ac.uk/~richardn/particles/

Herwig++ Particle Properties DataBase

This is the production version of the Herwig++ particle properties database. This replaces the

storage of particle properties as a text file to improve maintainance and accessiblity.

This is the version of the database which was used to generate the particle properties for

Herwig++ version 2.1. The baryon properties were not taken from the database for this release.

The database currently contains 487 particles and 6872 decay modes.

The information is available in a number of forms

The particles numerically listed according to the PDG code

The particles listed according to the multiplets taken from the PDG

The decayers

The Width Generators

The Mass Generators

The references

Generate the input files for event generation

The contents of the database can be altered by following the links in the particle table or particle

descriptions or by selecting an option below

Add or modify a particle: 0

Add a decay mode for particle with id: 0

Add a meson multiplet

Add a decayer

Add a width generator

Add a mass generator

Add a reference

Set the multiplets

Set the decay modes for a particle to the charge conjugates of the antiparticle:

0

Add a Baryon 10plet

Add a Baryon 35plet

Herwig++ Particle Properties DataBase http://www.ippp.dur.ac.uk/~richardn/particles/

1 of 2 8/3/09 13:01
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Underlying event
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New MPI model in Herwig++

Fit of new soft component model to TVT Run 1 data.

Freedom in hard parameter space.
Soft parameters fixed by σtot and bel.

[M. Bähr, PhD thesis (Karlsruhe)]

QCD Effects in BSM Searches IPMU Focus Week March 2009 21
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Underlying event at LHC
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New MPI model in Herwig++

Extrapolations to LHC

[M. Bähr, PhD thesis (Karlsruhe)]

QCD Effects in BSM Searches IPMU Focus Week March 2009 22
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Cones vs Recombination

30

• Cone algorithms

‣ Intuitive, clear jet structure

‣ Complicated; problems with IR safety

‣ Solved by SISCone

• Recombination algorithms (kT etc.)

‣ Simple, IR safe

‣ Slow; messy jet structure

‣ Solved by FastJet & anti-kT Cacciari, Salam, Soyez

Salam, Soyez
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Figure 1: Configuration illustrating one of the IR unsafety problems of the midpoint jet
algorithm (R = 1); (a) the stable cones (ellipses) found in the midpoint algorithm; (b)
with the addition of an arbitrarily soft seed particle (red wavy line) an extra stable cone
is found.

these two stable cones, at y ! 1.247R, one iterates back to the stable cone at y ! 0.194R,
therefore the stable cone at y = 1.53R is never found. The result is that particles 1 and 2
are in one jet, and particle 3 in another, fig.1a.

If additionally a soft particle (4) is present to act as a seed near y = 1.53R, fig.1b, then
the stable cone there is found from the iterative procedure. In this case we have three
overlapping stable cones, with hard-particle content 1 + 2, 2 + 3 and 3. What happens
next depends on the precise splitting and merging procedure that is adopted. Using that
of [6] then for f < 0.55 the jets are merged into a single large jet 1 + 2 + 3, otherwise they
are split into 1 and 2 + 3. Either way the jets are different from those obtained without
the extra soft seed particle, meaning that the procedure is infrared unsafe. In contrast, a
seedless approach would have found the three stable cones independently of the presence
of the soft particle and so would have given identical sets of jets.

The infrared divergence arises for configurations with 3 hard particles in a common
neighbourhood plus one soft one (and a further hard electroweak boson or QCD parton
to balance momentum). Quantities where it will be seen include the NLO contribution
to the heavy-jet mass in W/Z+2-jet (or 3-jet) events, the NNLO contribution to the
W/Z+2-jet cross section or the 3-jet cross section, or alternatively at NNNLO in the
inclusive jet cross section. The problem might therefore initially seem remote, since the
theoretical state of the art is far from calculations of any of these quantities. However
one should recall that infrared safety at all orders is a prerequisite if the perturbation
series is to make sense at all. If one takes the specific example of the Z+2-jet cross
section (measured in [10]) then the NNLO divergent piece would be regulated physically
by confinement at the non-perturbative scale ΛQCD, and would give a contribution of order
αEWα4

s ln pt/ΛQCD. Since αs(pt) ln pt/ΛQCD ∼ 1, this divergent NNLO contribution will be
of the same order as the NLO piece αEWα3

s. Therefore the NLO calculation has little formal
meaning for the midpoint algorithm, since contributions involving yet higher powers of αs
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Figure 4: Failure rates for the IR safety tests. The algorithms are as detailed in table 3.
Seeded algorithms have been used with a zero seed threshold. The events used do not
conserve momentum (i.e. have a missing energy component), except for the seedless SM-pt

case (where all events conserve momentum, to highlight the issue that arises in that case)
and for SISCone (where we use a mix of momentum conserving and non-conserving events
so as to fully test the algorithm). Further details are given in the text

generated the hard events, and so are to be interpreted with caution. Having said that,
our hard events have a complexity similar to the Born-level (lowest-order parton-level)
of events that will be studied at LHC, for example in the various decay channels of tt̄H
production, and so both the order of magnitudes of the failure rates and their relative sizes
should be meaningful.

Algorithms that fail on ‘2h+1s’ events have larger failure rates than those that fail
on ‘3h+1s’ events, as would be expected — they are ‘more’ infrared unsafe. One notes
the significant failure rates for the midpoint algorithms, ∼ 16%, and the fact that adding
3-way midpoints (i.e. between triplets of stable cones) has almost no effect on the failure
rate, indicating that triangular configurations identified as IR unsafe in [1] are much less
important than others such as that discussed in section 3. PxCone’s smaller failure rate
seems to be due not to its multi-way midpoints, but rather to its specific split–merge
procedure which leads to fewer final jets (so that one is less sensitive to missing stable
cones).

Seedless algorithms with problematic split–merge procedures lead to small failure rates
(restricting one’s attention to small values of R, these values are further reduced). One
might be tempted to argue that such small rates of IR safety failure are unlikely to have
a physical impact and can therefore be ignored. However there is always a risk of some
specific study being unusually sensitive to these configurations, and in any case our aim

18

Algorithm Type IR unsafe Code
JetClu Seeded, no midpoints 2h+1s [9] [13]
SearchCone Seeded, search cone [21], midpoints 2h+1s [1] [13]
MidPoint Seeded, midpoints (2-way) 3h+1s [1] [13]
MidPoint-3 Seeded, midpoints (2-way, 3-way) 3h+1s [13]
PxCone Seeded, midpoints (n-way), non-standard SM 3h+1s [12]
Seedless [SM-pt] Seedless, SM uses pt 4h+1sa [here]
Seedless [SM-MIP] Seedless, SM merges identical protojets 4h+1sb [here]
Seedless [SISCone] Seedless, SM of algorithm 3 no [here]

aFailures on 4h+1s arise only for R > π/4; for smaller R, failures arise only for higher multiplicities
bFailures for 4h+1s are extremely rare, but become more common for 5h+1s and beyond

Table 3: Summary of the various cone jet algorithms and the code used for tests here;
SM stands for “split–merge”; Nh+Ms indicates that infrared unsafety is revealed with
configurations consisting of N hard particles and M soft ones, not counting an additional
hard, potentially non-QCD, particle to conserve momentum. All codes have been used in
the form of plugins to FastJet (v2.1) [20].

number of momenta (between 2 and 10) and for each one generate a random pt (linearly
distributed, 2−24pt,H ≤ pt ≤ pt,H , with pt,H = 1000 GeV), a random rapidity (linearly
distributed in −1.5 < y < 1.5) and a random φ. For each hard event we also choose
random parameters for the jet algorithm, so as to cover the jet-algorithm parameter space
(0.3<R<1.57, 0.25<f <0.95, linearly distributed, the upper limit on R being motivated
by the requirement that R < π/2; the pt,min on protojets is set to 0 and the number of
passes is set to 1). For each add-on soft event we generate between 1 and 5 soft momenta,
distributed as the hard ones, but with the soft scale pt,S = 10−100 GeV replacing pt,H .

We note that the hard events generated as above do not conserve momentum — they
are analogous to events with a missing energy component or with identified photons or
leptons that are not given as inputs to the jet clustering. For the safety studies on the
full SISCone algorithm, we therefore also generate a set of hard events which do have
momentum conservation, analogous to purely hadronic events.

To validate our approach to testing IR safety, we apply it to a range of cone jet algo-
rithms, listed in table 3, including the many variants that are IR unsafe. In PxCone the
cut on protojets is set to 1 GeV and in the SearchCone algorithm the search cone radius
is set to R/2.

The fraction of hard events failing the safety test is shown in fig. 4 for each of the jet
algorithms.14 All jet algorithms that are known to be IR unsafe do indeed fail the tests.
One should be aware that the absolute failure rates depend to some extent on the way we

14The results are based on 80 trial soft add-on events for each hard event and should differ by no more
than a few percent (relative) from a full determination of the IR safety for each hard event (which would be
obtained in the limit of an infinite number of trial soft add-on events for each hard event). For SISCone we
only use 20 soft add-on events, so as to make it possible to probe a larger number of hard configurations.

17
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Figure 5: Time to cluster N particles, as a function of N , for various algorithms, with
R = 0.7 and f = 0.5, on a 3.4GHz Pentium R© IV processor. For the CDF midpoint
algorithm, s is the threshold transverse momentum above which particles are used as
seeds.

if
∆R

R
< 1 + z , z =

pt2

pt1
, (3)

where the result is exact for small R or with pt-scheme recombination. Equivalently one
can write the probability for two partons to be clustered into a single jet as

P2→1(∆R, z) = Θ

(

1 + z −
∆R

R

)

. (4)

The limit on ∆R/R ranges from 1 for z = 0 to 2 for z = 1. This z-dependent limit is the
main low-order perturbative difference between the cone algorithm and inclusive versions
of sequential recombination ones like the kt or Cambridge/Aachen algorithms, since the
latter merge two partons into a single jet for ∆R/R < 1, independently of their energies.

A statement regularly made about cone algorithms (see for example [21, 1, 27]) is
that parton showering and hadronisation reduce the stability of the cone containing the
‘original’ two partons, leading to a modified ‘practical’ condition for two partons to end

20

(a) (b) (c) (d)

Figure 3: (a) Some initial circular enclosure; (b) moving the circle in a random direction
until some enclosed or external point touches the edge of the circle; (c) pivoting the circle
around the edge point until a second point touches the edge; (d) all circles defined by pairs
of edge points leading to the same circular enclosure.

4.2 The two-dimensional case

4.2.1 General approach

The solution to the full problem can be seen as a 2-dimensional generalisation of the
above procedure.6 The key idea is again that of trying to identify all distinct circular
enclosures, which we also call distinct cones (by ‘distinct’ we mean having a different point
content), and testing the stability of each one. In the one-dimensional example there was a
single degree of freedom in specifying the position of the segment and all distinct segment
enclosures could be obtained by considering all segments with an extremity defined by a
point in the set. In 2 dimensions there are two degrees of freedom in specifying the position
of a circle, and as we shall see, the solution to finding all distinct circular enclosures will
be to examine all circles whose circumference lies on a pair of points from the set.

To see in detail how one reaches this conclusion, it is useful to examine fig. 3. Box (a)
shows a circle enclosing two points, the (red) crosses. Suppose, in analogy with fig. 2 that
one wishes to slide the circle until its point content changes. One might choose a direction
at random and after moving a certain distance, the circle’s edge will hit some point in the
plane, box (b), signalling that the point content is about to change. In the 1-dimensional
case a single point, together with a binary orientation (taking it to be the left or right-hand
point) were sufficient to characterise the segment enclosure. However in the 2-dimensional
case one may orient the circle in an infinite number of ways. We can therefore pivot the
circle around the boundary point. As one does this, at some point a second point will then
touch the boundary of the circle, box (c).

The importance of fig. 3 is that it illustrates that for each and every enclosure, one
can always move the corresponding circle (without changing the enclosure contents) into
a position where two points lie on its boundary.7 Conversely, if one considers each circle

6We illustrate the planar problem rather than the cylindrical one since for R < π/2 the latter is a
trivial generalisation of the former.

7There are two minor exceptions to this: (a) for any point separated from all others by more than 2R,
the circle containing it can never have more than that one point on its edge — any such point forms a
stable cone of its own; (b) there may be configurations where three or more points lie on the same circle
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Figure 11: Mass spectrum of the third hardest jet obtained from the different cone algo-
rithms run on three-jet Pythia events. The top-left (top-right) plot shows the spectrum in
linear (logarithmic) scale and the bottom plots show the relative difference between each
midpoint algorithm and SISCone. See the text for the details of the event selection.
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dij = min{kp
Ti, k

p
Tj}∆Rij/R , diB = kp

Ti

p>0      kT/Durham

p=0      Cambridge-Aachen

p<0      anti-kT

∆R =
√

∆η2 + ∆φ2
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Anti-kT algorithm

34Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4
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Phenomenological MSSM
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Djouadi, Kneur, Moultaka

Berger, Gainer, Hewett, Rizzo
AbdusSalam, Allanach, Feroz, Hobson,Quevedo

Assume (at weak scale):

No tree-level FCNC     sfermion masses

1st & 2nd generation sfermion universality
and trilinears diagonal

This leave 20 MSSM (+5 SM) parameters (+sign   ) µ

Computing power and techniques are now available
to explore this huge parameter space! 

No SUSY CP     real parameters

Profumo, Yaguna
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AbdusSalam et al. adopt a strictly Bayesian approach

Flat or log prior distributions of sfermion masses
(range 100 GeV - 4 TeV)

Gaussian errors for observables and SM parameters

Output is relative likelihood and Bayesian evidence

Nested sampling method computes these efficiently
Skilling; Feroz & Hobson

Computing resources feasible (~16 CPU-yr)

Similar approach applied to cMSSM
de Austri, Feroz, Hobson, Roszkowski, Trotta
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Parameter Description Nat prior fit Log prior fit
M1 Bino mass -2947.1 -250.01
M2 Wino mass -1297.0 -3017.3
M3 Gluino mass -2397.1 -641.94

mẽL = mµ̃L 1st/2nd gen. LL slepton 1039.7 174.42
mτ̃L 3rd gen. LL slepton 2640.3 993.17

mẽR = mµ̃R 1st/2nd gen. ER slepton 2301.2 200.73
mτ̃R 3rd gen. ER slepton 3747.8 3529.8

mũL = md̃L
= mc̃L = ms̃L 1st/2nd gen. QL squark 877.88 164.67

mt̃L
= mb̃L

3rd gen. QL squark 2300.6 2321.4
mũR = mc̃R 1st/2nd gen. UR squark 3026.9 1514.8

mt̃R
3rd gen. UR squark 2617.7 2904.7

md̃R
= ms̃R 1st/2nd gen. DR squark 1368.3 328.61

mb̃R
3rd gen. DR squark 1053.9 1267.8

At top quark trilinear -1962.6 650.69
Ab b-quark trilinear -3540.9 5727.0
Aτ τ -quark trilinear 4724.6 3196.4

Ae = Aµ µ-quark trilinear 2153.8 2950.8
mH1 up-type Higgs doublet 2548.3 3445.0
mH2 down-type Higgs doublet 882.31 668.83
tanβ Higgs vevs ratio 5.2 21.0
mt top quark mass 173.37 175.31
mZ Z-boson mass 91.186 91.190

mb(mb)MS b-quark mass 4.164 4.25877
1/αem(mZ)MS e-coupling constant 127.95 127.91

αs(mZ)MS s-coupling constant 0.11678 0.11609
sign(µ) sign of Higgs mixing -1 -1
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(flat prior)
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(linear prior)Measurement FitObservable 0

0

1

1

2

2

3

3

meas!| / 
fit

 - O
meas

|O

 [GeV]Wm  0.025!80.399 80.40175

 [GeV]Z"  0.00251!2.4952 2.49637

lep

eff
# 2sin  0.0012!0.2324 0.23136

10
 10" 

#
(g-2)$  9.02!30.20 26.73551

l

0
R  0.025!20.767 20.75968

bR  0.00066!0.21629 0.219617

cR  0.0030!0.1721 0.17225

eA  0.0021!0.1513 0.14830

bA  0.020!0.923 0.93488

cA  0.027!0.670 0.68508

FB

b
A  0.0016!0.0992 0.10399

FB

c
A  0.035!0.0707 0.07436

4 10") % s &BR(b  0.42!3.55 3.42260

)' ( & 
u

BR(BR  0.32!1.11 0.99952

sB
 M)R  0.40!1.15 0.99873

0^-)  0.0289!0.0375 0.07480

2hCDM*  0.0200!0.1143 0.13443

(log prior)



IOP HEPP 2009 LHC Phenomenology

Best fit spectra

41

Nat prior Log prior
ẽL, µ̃L 1062 271
ẽR, µ̃R 2310 251

τ̃L 2651 1033
τ̃R 3740 3530

ũ1, c̃1 1059 384
ũ2, c̃2 3067 1527

t̃1 2361 2354
t̃2 2665 2903

d̃1, s̃1 1060 383
d̃2, s̃2 1465 419

b̃1 1169 1296
b̃2 2367 2351
χ0

1 936 243
χ0

2 947 770
χ0

3 1317 781
χ0

4 2918 2864
χ±1 937 765
χ±2 1301 2916

A0,H0 2671 3529
H± 2673 3531
g̃ 2470 735

ν̃1,2 1058 255
ν̃3 2645 1018
h 121 119

Flat prior
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Nat prior Log prior
ẽL, µ̃L 1062 271
ẽR, µ̃R 2310 251

τ̃L 2651 1033
τ̃R 3740 3530

ũ1, c̃1 1059 384
ũ2, c̃2 3067 1527

t̃1 2361 2354
t̃2 2665 2903

d̃1, s̃1 1060 383
d̃2, s̃2 1465 419

b̃1 1169 1296
b̃2 2367 2351
χ0

1 936 243
χ0

2 947 770
χ0

3 1317 781
χ0

4 2918 2864
χ±1 937 765
χ±2 1301 2916

A0,H0 2671 3529
H± 2673 3531
g̃ 2470 735

ν̃1,2 1058 255
ν̃3 2645 1018
h 121 119

Log prior



IOP HEPP 2009 LHC Phenomenology43

Berger et al. adopt a more statistical approach

Flat or log prior distributions ~107 points/models

Allowed intervals for observables, central values 

Models simply accepted or rejected

C.f. earlier work (flat prior only) by Profumo & Yaguna 

for SM parameters

Less prior dependence found (but not Bayesian analysis)
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Neutralino masses
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Flat prior Log prior

N.B. Different scales
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Relic LSP density
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Figure 10: Distributions of predictions for several observables as well as tan β for our model sample
subject to the constraints discussed in the text. The blue and green dashed lines show the SM
predictions as well as the current central values obtained by experiment, respectively.
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Figure 22: Distributions of predictions for several observables as well as tan β for our model sample
subject to the constraints discussed in the text in the case of log priors. The blue and green
dashed lines show the SM predictions as well as the current central values obtained by experiment,
respectively.
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Flat prior Log prior

In most models LSP only a small fraction of dark matter! 
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Conclusions

47

• Many powerful new techniques and tools

‣ NLO wish-list will soon be completed

‣ MCs matched to NLO and multijets

‣ Fast, IR-safe, practical jet algorithms

‣ Powerful parameter space searches

• Why the sudden surge in progress?

‣ LHC attracts clever young people to 
phenomenology!


