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Much more on BlackHat later this week in

Darren Forde’s  and Daniel Maître’s talks



Physics aim

Sherpa BlackHat

• Describe QCD processes and backgrounds at NLO
• Focus for now

- Parton level QCD at NLO
- Organization of computation:



BlackHat

• Library for computation of LO and NLO matrix elements
– Analytic matrix elements 
– Numerical matrix elements
– Squared matrix elements
– Partial amplitudes

• Broad layout
– Standard model like processes
– High multiplicity final states
– So far: focus on processes with W/Zs and light jets
– Can largely deal with more generic QCD (e.g. massive quarks)

• Aim to publish BlackHat
– tested & used with: Sherpa, MadFKS, POWHEG, MadDipole

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



BlackHat: numerics

Numerical on-shell methods for LO and NLO matrix elements:
• Loops:

unitarity method Bern, Dixon, Kosower, Dunbar 

and recent extensions Bern, Dixon, Dunbar, Kosower; Britto, 
Cachazo, Feng; 
Ossola,Papadopoulos, Pittau; Forde; 
Ellis, Giele, Kunszt, Melnikov; Badger

loop recursions Berger, Bern, Dixon, Forde, Kosower; Bern, 
Bjerrum-Bohr, Dunbar, HI

• Input tree amplitudes: 
on-shell recursions Britto, Cachazo, Feng, Witten



Sherpa

Event generator providing:
• Phase space integration
• Analysis framework
• Automated dipoles for real part integration 

(Catani, Seymour; impl. Gleisberg, Krauss)

• Future: Opportunity to go beyond parton level

Gleisberg, Hoeche, Krauss, Schoenherr, 
Schumann, Siegert, Winter



Studies with BlackHat+Sherpa

Tevatron:

– W+3jets CDF Phys.Rev.Lett.102:222001,2009          

Phys.Rev.D80:074036,2009

– Z+3jets D0 & CDF arXiv:1004.1659

LHC:

– W+3jets Phys.Rev.D80:074036,2009

– W+4jets preliminary



W+4 jets on its way

Generic Cuts:

Leading color approximation:
• 8-point virtual amplitudes

• Off-shell W

• in virtual keep up to nf/Nc terms 

drop order 1/(Nc)
2 terms and 6q 

real contribution

• Approximation good to a few %.

Under good control for 

physics! 4th jet pT

μR=μf=ĤT/2

pT
jet > 25 GeV |η jet| < 3

ET
e > 20 GeV |ηe| < 2.5

MTW>20 GeV R > 0.4[siscone] 
PRELIMINARY

W-+4jets+X



Stability plot W+4 jets

Good numerical control 
over matrix elements

• Virtual contribution

• gd → e⁻ ν̄ g g g u 

• Test over physical phase space 
(105 PS points)

Rescue system:
• Run time precision tests

• Partial re-evaluation at higher 
precision arithmetic

• identical specifics as used 
Z/W+1,2,3 jets

BlackHat 1005.3728



nth-jet pT spectra.

PRELIMINARY

W-+1 jet W-+2jets W-+3 jets W-+4 jets

We see the expected steepening going from W+1 to W+4jets!

1st jet pT 2nd jet pT 3rd jet pT 4th jet pT



n-jet pseudo-rapidity spectra
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Distributions show expected forward-backward symmetry.
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CDF W+jets

Comparison:
• MCFM (NLO parton)

• MLM (LO Alpgen+Herwig)

• SMPR (LO Madgraph+Pythia)

CDF, Phys. Rev. D 77, 011108 (2008)

data: 320 pb-1, particle level

JETCLU, R=0.4, f=0.75

W+2 jets

W+3 jets

Second jet ET

Third jet ET
σ

D
at

a/
σ

Th
eo

ry
σ

D
at

a/
σ

Th
eo

ry



CDF: W+3 jets @NLO

NLO uncertainties on 

distributions and deviation 

of Data/Theory ratios from 

one smaller than other 

calculations. 

Jet algorithms: 

• SISCone: R=0.4, f=0.5 

• CDF: JETCLU R=0.4, f=0.75 

BlackHat: 0902.2760, 0907.1984, 
Ellis et al 0906.1445,Third jet ET

CDF, Phys. Rev. D 77, 011108 (2008)
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Z + 3 jets setup
NLO Matrix Elements

• Z+3 jets new BlackHat: 1004.1659

• Z+2 jets long available Bern, Dixon, Kosower (virtual); 

available in MCFM

Processes:

• pp̄ → Z/γ* + 3 jets + X → e+ e- + 3 jets + X 

• off-shell Z/γ*

• drop top, axial & vectorial loops (~0.3% for Z + 2 jets)

Sample virtual 
contributions



CDF Z+jets
CDF: Phys. Rev. Lett. 100, 102001 (2008) [hep-ex/0711.3717]

1.7 fb-1 data set 

~6.203/650/57/2 events with 1/2/3/4 jets

Cuts

pT
jet > 30 GeV |yjet| < 2.1

ET
e > 25 GeV |ηe1| < 1 ,  |ηe2| < 1 or 1.2 < |ηe2| < 2.8

ΔRe-jet > 0.7 66 GeV < Mee < 116 GeV

Jet algorithms

• CDF: Midpoint R=0.7, f=0.75

• BlackHat: SISCone (f=0.75) , anti-kT with R=0.7



CDF Z+jets

NLO QCD results 
• MCFM for n≤2 jets 

• Corrected to hadron

level by CDF.

Incl. parton-to-hadron

non-pert. corrections:

• Factors 1.1,1.2 and 1.4 for 

Z+1,2 and 3 jets 

Describes data well.

CDF: Phys. Rev. Lett. 100, 102001 (2008) [hep-ex/0711.3717]



NLO Scale Dependence
BlackHat: 1004.1659

Fixed scale variation

• μ0=MZ

Jet algorithms

• SISCone: f=0.75, R=0.7

Number 
of Jets

LO NLO

1 18 % 5 %

2 33 % 11 %

3 46 % 21 %

Z+2 jets

Z+1 jet

Z+3 jets



CDF Z+jets total cross-section

hadron-level parton-level

Variation from:  Stat.   Sys.  Lum.          Integr.   Scale                                     non-perturbative corrections
(not included) 

Good Agreement.

Need non-perturbative
corrections to compare:
Is there a best value for R?

study Jet alg. R Non-pert.Corr.
Estimate 

CDF: W+n jets R=0.4 <10%

CDF: Z+n jets R=0.7 10-40%

D0: Z+n jets R=0.5 15%

CDF: Phys. Rev. Lett. 100, 102001 (2008) 
BlackHat: 0912.4927, 1004.1659

x 1.1

x 1.2

x 1.4

σ in [fb]



Z+3jets pT prediction

1st jets pT 2nd jets pT 3rd jets pT

CDF

It would be interesting to compare this prediction to CDF data.



Jet production ratios
Ellis, Kleiss, Stirling; Berends,  Giele, Kuijf, Klaiss, 
Stirling; Berends, Giele, Kuijf , Tausk

Ratios should mitigate 
dependence on e.g:
• Jet energy scale
• Non-perturbative corrections

Observe rather strong 
dependence on kinematics. 
Not solely a measure of αs.

Also called ‘Berends’ or ‘staircase’ ratio.

Differential ratios over pT,Z



D0 Z+jets
D0: Phys. Lett. B 678,45 (2009) [hep-ex/0903.1748]

1.0 fb-1 data set  

~8.452/1.233/167 events with 1/2/3-jets

Cuts

pT
jet > 20 GeV | ηjet| < 2.5

Selection (a)

65 GeV < Mee < 115 GeV

Selection (b) 

65 GeV < Mee < 115 GeV

ET
e > 25 GeV

|ηe1| < 1.1  or 1.5 < |ηe2| < 2.5

Jet algorithms

• D0 Run II midpoint R=0.5, f=0.5; not IR safe

• BlackHat: SISCone R=0.5, f=0.5

extrapolation



D0 Z+3jets
BlackHat: 1004.1659

Agreement reasonable

• Similar for less inclusive 

selection.

Setup

• Use D0 non-perturbative

corrections : 15%

• Pdf uncertainty: 5%-15%

• Different jet-algorithms

• Extrapolated data

Z/γ*+3jets+X

μ= ĤT/2



LHC: W-Polarization

• Known: W boson has preferred 

polarization at large rapidity 

because of angular momentum 

conservation (of initial state quarks).

• New at large transverse BlackHat 0907.1984

momentum

Beam

see Ellis, Stirling, Webber;  
recent: Catani, Ferrera, Grazzini

p p/p̄

W+

W+/-



At large transverse momentum

Properties:
• Both W⁻ and W⁺ dominantly left-handed at high pT,W

• Stable under QCD-corrections
• Similar for W+1,2,3 jets

BlackHat 0907.1984
BlackHat to appearW-polarization fraction at large pT,W



Left-polarization gives preferential 
• Larger pT for νL (missing ET) in W+ events
• Larger pT for e-

L in W- events

BlackHat 0907.1984

W polarization analyzed by leptons

p p

W+
L

e+
R

νL

Ratio: ET of e+ over ET of e-



Physics application

• Polarization effect largely absent in 

W- production from decays of tops

• Can be used to separate Ws produced from 
light quarks and from tt ̄

• Under study by CMS



Summary

• BlackHat setup

• First NLO physics results for W+4 jets

• Comparison of NLO W/Z+ 1,2,3 jets with 
Tevatron data

• Jet production ratios

• New W-polarization effect at LHC



PRELIMINARY

Future
• W+ 4 jets studies
• Public version of BlackHat
• Automation and further processes including

massive quarks
• Merging with parton shower

Thanks.



Extra-slides



Jet pT distributions

• Including non-perturbative corrections

• Good agreement

Z/γ* + jet + X Z/γ*+2jets+X

μ= ĤT /2μ= ĤT /2

CDF data



W-polarization for 1,2,3-jets
BlackHat to appear.


