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Physics Motivation
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High-multiplicity events common 
@ LHC.

W/Z+n-jets:

• test of perturbative QCD

• significant background (BSM, 
tt, Higgs)

Many interesting observables: 

• jet-production ratios, conversion 
factors, jet substructure (see 
talk by D.Kosower)
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Impact of Precision Theory

Consider here parton-level @ NLO:

• Normalizations & shapes of cross 
sections:

• Large multiplicity ⇒ high powers of 

strong coupling

• unphysical renormalization-scale 
dependence stabilizes at NLO

• Inclusion of QCD effects: multiple partons 
merged into jets, initial state radiation

• Important ingredient for NLO parton 
shower

Susy Theories and QCD: Numerical Approaches. 8
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Figure 2. A comparison of the pT distributions of the softest observable jets inW−+n-
jet (n = 1, 2, 3, 4) production, respectively. The setup describes the LHC proton-proton
collisions at

√
s = 7 TeV as published in [36]. In the upper panels the NLO distribution

is the solid (black) histogram and the LO predictions are shown as dashed (blue) lines.
The lower panels show the LO distribution and LO and NLO scale-dependence bands
normalized to the central NLO prediction.

The above results validate our understanding of the W +n-jet processes for typical

Standard-Model cuts. It will be interesting, and necessary, to explore the size of

corrections for observables and cuts used in new-physics searches. A related process

that contributes an irreducible background to certain missing energy signals of new

physics is Z + 4-jet production. We expect that the current setup [36] will allow us to

compute NLO corrections to Z+4-jet production, as well as to other complex processes,
thereby providing an unprecedented level of theoretical precision for such backgrounds

at the LHC.

Parton-level NLO simulations of this kind are first principle predictions whose

outcome directly reflect properties of the underlying theory. Although NLO
computations are more challenging, in general they yield results with better reliability

and agreement with measurements.

2.2. Setup of Complete Computation

The computation of differential distributions is the end product of combining many

important ingredients pulled together in a Monte Carlo program; these include parton
distribution functions and couplings, phase-space integration, matrix elements, analysis

framework etc. Various tools are available to deal with complete NLO computations.

One such tool is MCFM [108], which contains an extensive library of analytic matrix

elements for NLO computations. Another approach (see [35] and references) uses tools

Susy Theories and QCD: Numerical Approaches. 8
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The above results validate our understanding of the W +n-jet processes for typical

Standard-Model cuts. It will be interesting, and necessary, to explore the size of

corrections for observables and cuts used in new-physics searches. A related process

that contributes an irreducible background to certain missing energy signals of new

physics is Z + 4-jet production. We expect that the current setup [36] will allow us to

compute NLO corrections to Z+4-jet production, as well as to other complex processes,
thereby providing an unprecedented level of theoretical precision for such backgrounds

at the LHC.

Parton-level NLO simulations of this kind are first principle predictions whose

outcome directly reflect properties of the underlying theory. Although NLO
computations are more challenging, in general they yield results with better reliability

and agreement with measurements.

2.2. Setup of Complete Computation

The computation of differential distributions is the end product of combining many

important ingredients pulled together in a Monte Carlo program; these include parton
distribution functions and couplings, phase-space integration, matrix elements, analysis

framework etc. Various tools are available to deal with complete NLO computations.

One such tool is MCFM [108], which contains an extensive library of analytic matrix

elements for NLO computations. Another approach (see [35] and references) uses tools

[BlackHat 1109.6527]
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BlackHat: Recent Progress

Pushed state-of-the-art in precision QCD:

• pp → W/Z/𝛾+4-jets and presently W+5jets

• pp → 4-jets (see also talk by S.Badger) 

Automated methods for dealing with color d.o.f.

Dissemination of results:

• Helped CMS experimenters with supersymmetry search

• n-tuple event files (used by ATLAS)

Public BlackHat (manual on hepforge) for:

• pp → W/Z/𝛾+(n≤3)-jets and pp → (n≤4) jets

[CMS-PAS-SUS-08-002 & 10-005; 
BlackHat 1206.6064 &1106.1423]

[BlackHat:1112.3940; Badger, 
Biedermann, Uwer, Yundin 1209.0100]

[HI, Ozeren: 1111.4193]

[BlackHat:1108.2229, 1009.2338]

[ATLAS: 1111.2690 & 1201.1276]
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Setup of NLO QCD 
Computation
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BlackHat + Sherpa collaboration

Loop-matrix-element generator:

• BlackHat [Berger, Bern, Dixon, Febres 
Cordero, Forde, HI, Maitre, Kosower, 
Ozeren]

Tree-matrix-element generators: 

• AMEGIC (Feynman diagram based), COMIX 
(color flow + Berends Giele recursion)

• BlackHat (on-shell methods & N=4 inspired)

Soft & collinear singularities: 

• dipole subtraction formalism [Catani, Seymour 
‘96; Dittmaier ‘99; Phaf, Weinzierl ‘01; 
Catani, Dittmaier, Seymour, Trocsanyi ‘02]

• implementations:  AMEGIC [Gleisberg, 
Krauss] and COMIX [Hoeche]

Sherpa’s multi-channel integration and analysis 
framework; BlackHat n-tuple analysis

Fixed-order parton-level cross section @ NLO:

σ
NLO

n =
∫
n+1

(dσreal

n − dσ
sub

n+1) +
∫
n

(dσvirtual

n + dΣsub

n ) +
∫
n

dσ
born

n

1

BlackHat Sherpa
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On-shell Methods

Key features:

• multiplicity independent setup

• on-shell tree amplitudes as input

• numerically stable

For details see recent reviews: [Britto `11; HI ‘11; Ellis, Kunszt, Melnikov, Zanderighi `11]

• Tensor reduction with on-shell loop momenta: [Ossola, Papadopoulos, Pittau; Harmeren] 

• Unitarity methods: [Bern, Dixon, Kosower; Britto, Cachazo, Feng; Ellis, Giele, Kunszt, Melnikov] 

• Recursive on-shell methods for loops: [Berger, Bern, Dixon, Febres-Cordero, Forde, HI, Kosower, Maitre] 

• Numerical unitarity methods: [Berger, Bern, Dixon, Febres-Cordero, Forde, HI, Kosower, Maitre; Ossola, Papadopoulos, 
Pittau,Hameren; Giele, Kunszt, Melnikov] 

For details see recent reviews: [Britto  `11;  H.I.  ‘11;  Ellis,  Kunszt,  Melnikov,  
Zanderighi  `11] 

 
• Tensor reduction with on-shell loop momenta: [Ossola, Papadopoulos, Pittau] 

 
• Unitarity methods: [Bern, Dixon, Kosower; Britto, Cachazo, Feng; Ellis, Giele, Kunszt, Melnikov] 
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BlackHat-library

Tree & loop matrix-element generator

Aim: computation of multi-leg loop matrix elements

Key:  New field-theory methods important for LHC phenomenology @ 
LHC; these provide efficiency and numerical stability

Further recent programs giving collider cross sections: 

• Helac-NLO: Bevilacqua, Czakon, Hameren, Ossola, Papadopoulos, Pittau, Worek 

• Rocket+MCFM: Ellis, Giele, Kunszt, Melnikov, Zanderighi

• MadLoop: Hirchi, Maltoni, Frixione, Frederix, Garzelli, Pittau

• GoSam & Samurai: Cullen, Greiner, Heinrich, Luisoni, Mastrolia, Ossola, Reiter, Tramontano

• NJet: Badger, Biedermann, Uwer, Yundin

• OpenLoops: Cascioli, Maierhofer, Pozzorini

• Recola:  Actis, Denner, Hofer, Scharf, Uccirati

[Berger, Bern, Dixon, Forde, Febres Cordero, 
HI, Kosower, Maitre, Ozeren]
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BlackHat: Loop Setup

Key features:

• explicit color dependence exposed

• primitive amplitude contain gauge invariant 
subset of Feynman diagrams

Convenient for on-shell methods:

• depend on ordered kinematic variables; s12, 
s123 but not s13, s134 

• fine division into physical objects

Express loop-matrix elements in terms of primitive loop amplitudes:

⇒  excellent control over numerical stability 

⇒ simplifies on-shell methods

⇒  color expansion in powers of (1/Nc)

pp → W−(eν) + 3 jets :

· · ·+

· · ·

A1−loop =
∑

color traces ρ

Cρ[(T
a)j

k̄
] Aρ

partial

∑
ordered amplitudes σ

gρσ(Nc, Nf ) Aσ
primitive

Aρ
partial =

∑
ordered amplitudes σ

gρσ(Nc, Nf ) Aσ
primitive

σNLO
n =

∫
n+1

(dσreal
n − dσsub

n+1) +
∫
n
(dσvirtual

n + dΣsub
n ) +

∫
n
dσborn

n

1
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Decompositions have been well known for some amplitudes:

• n-gluons, 2-quarks & n-gluons, 4-quarks [Bern, Kosower ‘91; Kunszt Signer, Trocsanyi 
‘94; Bern, Dixon, Kosower ‘94; Bern, Dixon, Kosower, Weinzierl ‘96]

• 4-quark & 1-gluon [Ellis, Giele, Kunszt, Melnikov, Zanderighi ‘08]; see also review by 
[Ellis, Kunszt, Melnikov, Zanderighi ‘11].

Explicit expressions given for various quark and gluon amplitudes [HI, Ozeren: 1111.4193]

BlackHat: Color

Needed: partial loop amplitudes in terms of primitive amplitudes

pp → W−(eν) + 3 jets :

· · ·+

· · ·

A1−loop =
∑

color traces ρ

Cρ[(T
a)j

k̄
] Aρ

partial

∑
ordered amplitudes σ

gρσ(Nc, Nf ) Aσ
primitive

Aρ
partial =

∑
ordered amplitudes σ

gρσ(Nc, Nf ) Aσ
primitive

σNLO
n =

∫
n+1

(dσreal
n − dσsub

n+1) +
∫
n
(dσvirtual

n + dΣsub
n ) +

∫
n
dσborn

n

1
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BlackHat: Color
Primitive amplitudes [Bern, Dixon, Kosower ‘94]:

• Ordered amplitudes (as for adjoint fermions and gluons) 

• Further split up into left-turners and right-turners.  
Following fermion as it moves towards loop.

Color algorithm: [HI, Ozeren: 1111.4193] 

Quark Amplitudes 

Primitive amplitudes [Bern, Dixon, Kosower]: 
• Start from adjoint fermions and gluons amplitudes 
• And split them: left-turners  and  right-turners 
 
Follow fermion as it 
Moves towards loop: 
 
 
 
Needed assembly of full amplitude from these pieces: 
• Known: 

– n gluons, 2 quarks plus n gluons, 4 quarks [Bern, Dixon, Kosower] 
– 4 quarks plus 1 gluon [Giele, Ellis, Kunszt, Melnikov, Zanderighi] 

• Extended for various quarks and gluons [H.I., Ozeren ’11] 
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FIG. 9: A comparison of the full and leading-colour virtual contributions to the pT distribution
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colour) is also shown. We show not a physical cross section, but rather a particular piece of it. The

subleading-colour contribution is suppressed by a factor of 1/N2
c , approximately uniformly. The
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subleading in 1/Nc. In both approaches, the partial amplitudes include the leading terms

in the formal limit Nc ! 1 and nf ! 1 with Nc/nf fixed. Here, all interference terms of

the non-zero partial amplitudes are kept. To point out one difference to ref. [11], there, in

a more conventional approach, only the leading-colour interference terms were kept.

The comparison of the full-colour and leading-colour virtual contributions to the pT dis-

tribution of the fourth jet in W−+4-jet production at the LHC is shown in fig. 9. Also

displayed are the subleading-colour contributions by themselves, labelled as “full-minus-

leading-colour”. In order to obtain the full parton level differential cross-section one must
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[HI, Ozeren: 1111.4193]

• confirm expected (1/Nc)2 
suppression

• leading-color approximation 
excellent in bulk of distribution

BlackHat: Color - W+4jets
Color organization in powers of (1/Nc) useful for efficiency:

• mostly evaluate bigger, leading-color contributions

• reduced number of evaluations of demanding sub-leading color terms 
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BlackHat:  W+5-jets  -  Work in Progress

Jets W− LO W− NLO W+ LO W+ NLO

1 284.03(0.16)+26.2
−24.6 351.12(0.88)+16.8

−14 416.75(0.63)+38
−35.5 516.28(3.1)+29.1

−23.2

2 83.762(0.092)+25.5
−18.2 83.375(0.25)+1.63

−5.12 130(0.13)+39.3
−28.1 126.36(0.52)+2.56

−8

3 21.034(0.035)+10.7
−6.55 18.396(0.071)+0.321

−1.82 34.719(0.047)+17.4
−10.8 29.352(0.15)+0.414

−2.77

4 4.932(0.016)+3.49
−1.9 3.9023(0.036)+0.127

−0.633 8.6457(0.011)+6.06
−3.31 6.5959(0.054)+0.181

−1.01

5 1.0758(0.0033)+0.985
−0.479 0.80086(0.012)+0.0792

−0.205 2.0051(0.006)+1.81
−0.888 1.4293(0.026)+0.107

−0.339

TABLE I: Total cross sections in pb for W + n jet production at the LHC at
√
s = 7 TeV, using

the anti-kT jet algorithm with R = 0.5. The NLO result for W + 4 jets uses the leading-color

approximation discussed in the text. To be updated with final numbers, but already pretty good.

Also need to add scale variation to W+. W + 4-jet subleading color contributions remain to be

added. – DAK

plots are in.

The distributions we study have a large dynamic range. Accordingly, we choose a scale

event-by-event to match typical energy scales individually rather than merely on average.

Following ref. [8], we use a central scale half the total partonic final-state transverse energy,

µR = µF = µ = Ĥ ′

T/2 . (3.1)

As an illustration of the scale dependence using this choice, we show the variation of the

LO and NLO W + 5-jet cross-section as a function of the total jet transverse energy HT in

fig. 5. The bands in the figure show the results from an upwards and downwards variation

of the scale by a factor of 2 around the central value (3.1). The figure shows the markedly

reduced scale dependence at NLO compared to the corresponding LO cross section. Other

authors have suggested alternate choices of dynamical scale [49].

B. Cross Sections and Distributions

In Table I, we present the LO and NLO parton-level cross sections for inclusive W−- and

W+-boson production accompanied by one through five jets. As discussed in section II, we

include all subprocesses, and do a full color sum everywhere except the virtual contribu-

tions to W + 5-jet production. In these latter contributions, we employ the leading-color

approximation defined in refs. [5, 18], similar to an earlier form of the appoximation used in
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Scale variation reduction:
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FIG. 1: Sample eight-point loop diagrams for the processes qg → W q′gggg, Q̄1q → W q′ggggQ̄1

and Q̄1q → W q′Q̄2Q2gQ̄1, followed by W → eν.
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FIG. 2: Sample nine-point real emission diagrams for the processes qg → Wq′gggg, qq̄′ →

W Q1ggQ2Q̄2Q̄1 and qq̄′ → W Q1Q3Q̄3Q2Q̄2Q̄1, followed by the decay W → eν.

Our calculation employs a similar framework to previous BlackHat calculations with

fewer jets. We have made improvements to theBlackHat library for the virtual corrections.

We use the COMIX package (instead of AMEGIC++) to compute the Born and real-

emission matrix elements, along with the Catani–Seymour [17] subtraction terms. We use

SHERPA to manage the calculation, integrate over phase space, and output root n-tuples.

We make use of a leading-color approximation for the virtual contributions that has been

validated for processes with fewer jets to induce corrections under 3% [8, 18].

In this paper, we compute the total cross sections at NLO for inclusive W+ + n-jet and

W− + n-jet production with n ≤ 5. We also study two key distributions: the differential

cross section in the total hadronic transverse energy HT, and the differential cross sections

in the jet transverse momenta.

This paper is organized as follows. In section II we summarize the basic setup used in the

computation. In section III we present our result for cross sections, ratios and distributions.

We give our summary and conclusions in section IV.
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We use the COMIX package (instead of AMEGIC++) to compute the Born and real-

emission matrix elements, along with the Catani–Seymour [17] subtraction terms. We use

SHERPA to manage the calculation, integrate over phase space, and output root n-tuples.

We make use of a leading-color approximation for the virtual contributions that has been

validated for processes with fewer jets to induce corrections under 3% [8, 18].

In this paper, we compute the total cross sections at NLO for inclusive W+ + n-jet and

W− + n-jet production with n ≤ 5. We also study two key distributions: the differential

cross section in the total hadronic transverse energy HT, and the differential cross sections

in the jet transverse momenta.

This paper is organized as follows. In section II we summarize the basic setup used in the

computation. In section III we present our result for cross sections, ratios and distributions.

We give our summary and conclusions in section IV.
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BlackHat: Public Event Files - Work in Progress

Public event files:  pp→W/Z/𝛾+n-jets, n-jets with (n≤4) @ NLO

Event files:  Standardized ROOT-format n-tuples for NLO fixed order 
predictions.  (Can be generated by Sherpa.)

Analysis library: used to change renormalization and factorization scale 
setting and PDFs of events.

Key features of n-tuple approach: 

• makes available NLO results to experimenters (used by ATLAS in 
[1111.2690 & 1201.1276])

• change scales and PDFs cheaply (without re-evaluating real/loop/
born parts and dipole-terms)

• tighten cuts and study new distributions

Bern, Dixon, Febres 
Cordero, Hoeche, HI, 

Kosower, Maitre, Ozeren
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FIG. 11: The HT distribution for W− + 3-jet production at the LHC. The scale choices µ = EW
T

and µ = ĤT are shown, respectively, on the left and the right. The histograms and bands have the

same meaning as in previous figures.

LO and NLO distributions for µ = EW
T are quite different; the ratio displayed varies from

around 1 at HT of 200 GeV to around 2 at HT near 1200 GeV. In contrast, the ratio for

µ = ĤT is nearly flat.

These features are not special to the HT distribution itself. For example, fig. 12 displays

the ratio of LO to NLO predictions for two other W + 3-jet distributions for the two scale

choices. The left panel shows the ratios for the leading di-jet mass, while the right panel
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III. TEVATRON RESULTS

In this section we present next-to-leading order results for W + 3-jet production in pp̄

collisions at
√

s = 1.96 TeV, the experimental configuration at the Tevatron. We decay the

W bosons into electrons or positrons (plus neutrinos) in order to match the CDF study [35].

In our earlier Letter [34], we presented results for the third jet’s transverse energy (ET )

distribution as well as the total transverse energy (HT ) distribution. Those calculations

employed a particular leading-color approximation for the virtual terms [34]. As discussed in

section VIII, this approximation is an excellent one, accurate to within three percent. In the

present paper, we give complete NLO results for a larger selection of distributions, including

all subleading-color terms. It would be interesting to compare the new distributions with

experimental results from both CDF and D0, as they become available.

We use the same jet cuts as in the CDF analysis [35],

Ejet
T > 20 GeV , |ηjet| < 2 . (3.1)

Following ref. [35], we quote total cross sections using a tighter jet cut, Ejet
T > 25 GeV. We

order jets by ET . Both electron and positron final states are counted, using the same lepton

cuts as CDF,

Ee
T > 20 GeV , |ηe| < 1.1 ,

/ET > 30 GeV , MW
T > 20 GeV. (3.2)

(We replace the /ET cut by one on the neutrino Eν
T .) CDF also imposes a minimum ∆R

between the charged decay lepton and any jet; the effect of this cut, however, is undone by

a specific acceptance correction [81]. Accordingly, we do not impose it.

For the LO and NLO results for the Tevatron we use an event-by-event common renor-

malization and factorization scale, set equal to the W boson transverse energy,

µ = EW
T ≡

√
M2

W + p2
T (W ) . (3.3)

To estimate the scale dependence we choose five values: µ/2, µ/
√

2, µ,
√

2µ, 2µ.

The CDF analysis used the JETCLU cone algorithm [82] with cone radius R = 0.4. This

algorithm is not generally infrared safe at NLO, so we use the seedless cone algorithm SIS-

Cone [37] instead. Like other cone-type algorithms, SISCone gives rise to jet-production

24

The transverse energies of massless outgoing partons and leptons, ET =
√

p2
x + p2

y, can

be summed to give the total partonic transverse energy, ĤT , of the scattering process,

ĤT =
∑

p

Ep
T + Ee

T + Eν
T . (2.10)

All partons p and leptons are included in ĤT , whether or not they are inside jets that pass

the cuts. We shall see in later sections that the variable ĤT represents a good choice for the

renormalization and factorization scale of a given event. Although the partonic version is

not directly measurable, for practical purposes as a scale choice, it is essentially equivalent

(and identical at LO) to the more usual jet-based total transverse energy,

HT =
∑

j

Ejet
T,j + Ee

T + Eν
T . (2.11)

The partonic version ĤT has the advantage that it is independent of the cuts; thus, loosening

the cuts will not affect the value of the matrix element, because a renormalization scale of

ĤT will be unaffected. On the other hand, we use the jet-based quantity HT , which is

defined to include only jets passing all cuts, to compute observable distributions. Note that

for W + n-jet production at LO, exactly n jets contribute to eq. (2.11); at NLO either n or

n + 1 jets may contribute.

The jet four-momenta are computed by summing the four-momenta of all partons that

are clustered into them,

pjet
µ =

∑

i∈jet

piµ . (2.12)

The transverse energy is then defined in the usual way, as the energy multiplied by the

momentum unit vector projected onto the transverse plane,

Ejet
T = Ejet sin θjet . (2.13)

The total transverse energy as defined in eq. (2.11) is intended to match the experimental

quantity, given by the sum,

Hexp
T =

∑

j

Ejet
T,j + Ee

T + /ET , (2.14)

where /ET is the missing transverse energy. Jet invariant masses are defined by

M2
ij = (pjet

i + pjet
j )2 , (2.15)
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FIG. 2: A comparison of the pT distributions of the leading four jets in W− + 4-jet production at the LHC at
√
s = 7 TeV.

In the upper panels the NLO distribution is the solid (black) histogram and the LO predictions are shown as dashed (blue)
lines. The thin vertical line in the center of each bin (where visible) gives its numerical (Monte Carlo) integration error. The
lower panels show the LO distribution and LO and NLO scale-dependence bands normalized to the central NLO prediction.
The bands are shaded (gray) for NLO and cross-hatched (brown) for LO.

no. jets W− LO W− NLO W+/W− LO W+/W− NLO W−n/(n−1) LO W−n/(n−1) NLO

0 1614.0(0.5)+208.5
−235.2 2077(2)+40

−31 1.656(0.001) 1.580(0.004) — —

1 264.4(0.2)+22.6
−21.4 331(1)+15

−12 1.507(0.002) 1.498(0.009) 0.1638(0.0001)+0.044
−0.031 0.159(0.001)

2 73.14(0.09)+20.81
−14.92 78.1(0.5)+1.5

−4.1 1.596(0.003) 1.57(0.02) 0.2766(0.0004)+0.051
−0.037 0.236(0.002)

3 17.22(0.03)+8.07
−4.95 16.9(0.1)+0.2

−1.3 1.694(0.005) 1.66(0.02) 0.2354(0.0005)+0.034
−0.025 0.216(0.002)

4 3.81(0.01)+2.44
−1.34 3.55(0.04)+0.08

−0.30 1.812(0.001) 1.73(0.03) 0.2212(0.0004)+0.026
−0.020 0.210(0.003)

TABLE I: Total cross sections in pb for W + n jet production at the LHC at
√
s = 7 TeV, using the anti-kT jet algorithm

with R = 0.5. The NLO result for W + 4 jets uses the leading-color approximation discussed in the text. The fourth and
fifth columns give the cross-section ratios for W+ production to W− production. The last column gives the ratios of the cross
section for the given process to that with one jet less. The numerical integration uncertainty is in parentheses, and the scale
dependence is quoted in super- and subscripts.

ratio is somewhat larger for R = 0.4, for n > 2; in con-
trast, the ratios of W+ to W− cross sections are un-
changed within errors.

In fig. 2, we show the pT distributions of the leading
four jets in W− + 4-jet production at LO and NLO; the
predictions are normalized to the central NLO prediction
in the lower panels. With our central scale choice, there is
a noticeable shape difference between the LO and NLO
distributions for the first three leading jets, while the
fourth-jet distribution is very similar at LO and NLO.
Similarly, in W + 3-jet production, the pT distributions
of the leading two jets exhibit shape changes from LO to
NLO, while the third-jet distribution does not [1].

Fig. 3 shows the distribution of the total transverse
energy HT , given by the scalar sum of the jet and lep-
ton transverse energies, HT =

∑

j E
jet
T,j + Ee

T + Eν
T . We

show the NLO and LO predictions, along with their scale-
dependence bands. As in the pT distributions, the NLO
band is narrower. The shapes at LO and NLO are similar
above 200 GeV, where the integration errors are small.

The results of this study validate our understanding of
the W + 4-jet process for typical Standard-Model cuts.
It will be interesting, and necessary, to explore the size of
corrections for observables and cuts used in new-physics
searches.

In order to compare our parton-level results to forth-
coming experimental data, the size of non-perturbative
effects (such as hadronization and the underlying event)
needs to be estimated, for example using LO parton-
shower Monte Carlo programs. As NLO parton-shower
programs are developed [29], the virtual corrections com-
puted here should be incorporated into them.
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no. jets W− LO W− NLO W+/W− LO W+/W− NLO W−n/(n−1) LO W−n/(n−1) NLO

0 1614.0(0.5)+208.5
−235.2 2077(2)+40

−31 1.656(0.001) 1.580(0.004) — —

1 264.4(0.2)+22.6
−21.4 324(1)+14

−11 1.507(0.002) 1.499(0.009) 0.1638(0.0001)+0.044
−0.031 0.156(0.001)

2 74.17(0.09)+21.08
−15.12 76.2(0.5)+0.8

−3.4 1.597(0.003) 1.56(0.02) 0.2805(0.0004)+0.051
−0.038 0.235(0.002)

3 18.42(0.03)+8.61
−5.29 17.0(0.1)+0.0

−1.0 1.694(0.005) 1.66(0.02) 0.2483(0.0005)+0.036
−0.026 0.223(0.002)

4 4.41(0.01)+2.82
−1.55 3.81(0.04)+0.00

−0.44 1.814(0.001) 1.76(0.03) 0.2394(0.0004)+0.028
−0.021 0.224(0.003)

TABLE II: The same quantities as in table I, but with R = 0.4.
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FIG. 3: The HT distribution for W− + 4 jets.

A related process that contributes an irreducible back-
ground to certain missing energy signals of new physics is
Z+4-jet production. We expect that the currentBlack-

Hat along with SHERPA will allow us to compute NLO
corrections to it, as well as to other complex processes,
thereby providing an unprecedented level of theoretical
precision for such backgrounds at the LHC.
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ATLAS Comparison

Data: [ATLAS 1201.1276]

Theory: [BlackHat 1090.2338]

Excellent agreement between data and theory.

Particle level; ~3% non-perturbative 
corrections included by ATLAS.

Theory limited by scale dependence (<15%). 
Data limited my JES uncertainty (<30%).

New methods work!

ATLAS Comparison 

4/17/2012 Harald Ita (UCLA) 11 

Data: [ATLAS 1201.1276 ] 

Theory: [BlackHat,Phys.Rev.Lett. 106,2011]  

Excellent agreement between data 
and theory. 
 
Particle level; ~5% non-pert. 
corrections included by ATLAS. 
 
Theory limited by scale uncertainty 
(up to 15 %). 
Data limited my JES uncertainty 
(up to 30%). 
 
New methods work! 
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Conclusions
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• New theory developments in order to deal with color d.o.f in QCD. 
Automated sub-leading color of one-loop matrix elements in BlackHat.

• Discussed recent NLO computations in NLO QCD:  Z+4 jets, W+4/5-
jets.

• Precision theory can play a central role in order to fully exploit the LHC 
potential.

• Recently made BlackHat matrix elements publicly available to 
experimenters.

• Advertised n-tuple event files.

Thanks.
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