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Background to tops

The main backgrounds to top quark are W-bosons plus 
heavy jets

The (ir)reducible backgrounds to top pair and single top 
production involve vector boson(s) plus heavy jets events
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Outline

The irreducible “background” to top 
pair production: WWbb at NLO

4 & 5 flavor scheme for W + heavy jets

Wbb (and Zbb) matched to the parton 
shower

3



Rikkert Frederix, Sep 26, 2011

on-shell top quarks

Until recently all (exclusive) calculations beyond LO used 
the narrow width approximation for the top quark pair 
production: tops are assumed to be stable
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Figure 1: Representative Feynman diagrams contributing to the leading order process

gg → e+νeµ−ν̄µbb̄ at O(α2
sα

4), with different off-shell intermediate states: double-, single-,

and non-resonant top quark contributions.

qq̄ → e+νeµ
−ν̄µbb̄ (2.1)

where q stands for up- or down-type quarks. The O(α2
sα

4) contributions to the
e+νeµ−ν̄µbb̄ process can be subdivided into three classes, namely diagrams containing
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Off-shell effects

However, top quarks decay, so the better LO diagram is this 
one

In fact, there are quite a few more diagrams of the same 
order...
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gg → e+νeµ−ν̄µbb̄ at O(α2
sα

4), with different off-shell intermediate states: double-, single-,

and non-resonant top quark contributions.

qq̄ → e+νeµ
−ν̄µbb̄ (2.1)

where q stands for up- or down-type quarks. The O(α2
sα

4) contributions to the
e+νeµ−ν̄µbb̄ process can be subdivided into three classes, namely diagrams containing
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Not only Top Pairs...

Gauge invariance guides us to include also single-resonant 
and non-resonant production

There is interference between the diagrams above
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WWbb at NLO
Recently, the full NLO 
computations to the WWbb 
process were calculated by two 
independent groups
Denner et al.; Bevilacqua et al.

Consistent description of top pair 
production and irreducible 
backgrounds

Particularly important when cuts 
require tops to be off-shell

Matrix element-level calculation; 
matching to the parton shower 
not (yet) available
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Figure 2: Representative Feynman diagrams contributing to the virtual corrections to the

partonic subprocess gg → e+νeµ−ν̄µbb̄ at O(α3
sα

4).

As explained before, the process under consideration requires a special treatment

of unstable top quarks, which is achieved within the complex-mass scheme [40]. At
the one-loop level the appearance of a non-zero top-quark width in the propagator
requires the evaluation of scalar integrals with complex masses, for which the program

– 5 –
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No constant ‘K-factor’
Corrections are small for most observables

Compared the LO WWbb production, the 
NLO corrections are not an overall change 
in normalization
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Denner et al.; Bevilacqua et al.
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Figure 16: Differential cross section distributions as a function of the averaged transverse

momentum pT!
of the charged leptons, averaged rapidity y! of the charged leptons, pTmiss

and ∆R!! for the pp → e+νeµ−ν̄µbb̄ +X process at the LHC with
√
s = 7 TeV. The blue

dashed curve corresponds to the leading order, whereas the red solid one to the next-to-

leading order result. The lower panels display the differential K factor.

they are relatively constant. Exceptions are the rapidity distributions, which are
only constant in the central region, and the pTmiss

and HT distributions, which are

distorted up to 40%− 80%.

4. Conclusions

In this paper, we have presented, for the first time, a computation of the NLO QCD
corrections to the full decay chain pp(pp̄) → tt̄ → W+W−bb̄ → e+νeµ−ν̄µbb̄ + X .
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Figure 9: Differential cross section distributions as a function of the averaged transverse

momentum pT!
of the charged leptons, averaged rapidity y! of the charged leptons, pTmiss

and ∆R!! for the pp̄ → e+νeµ−ν̄µbb̄ +X process at the TeVatron run II. The blue dashed

curve corresponds to the leading order, whereas the red solid one to the next-to-leading

order result. The lower panels display the differential K factor.

semi-leptonic channel yields At
FB = 0.150± 0.050stat. ± 0.024syst. [81], while the DØ

measurement of this asymmetry yields At
FB = 0.08± 0.04stat. ± 0.01syst. based on 4.3

fb−1 integrated luminosity [82]. The uncertainties of these results are still very large
and statistically dominated.

In the same manner we can calculate the integrated forward-backward asymme-
try for the top decay products, namely the b-jet and the positively charged lepton.
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TevatronLHC (7 TeV)

4

FIG. 4: Invariant mass Me+b of the positron–b-jet system at
the Tevatron: absolute LO and NLO predictions (upper plot)
and relative corrections w.r.t. LO at µ = mt (lower plot). The
uncertainty bands describe mt/2 < µ < 2mt variations.
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[32] J. Küblbeck, M. Böhm, and A. Denner, Comput. Phys.

Commun. 60, 165 (1990).
[33] T. Hahn, Comput. Phys. Commun. 140, 418 (2001).
[34] A. Bredenstein et al., JHEP 08, 108 (2008).
[35] A. Bredenstein et al., JHEP 1003, 021 (2010).
[36] T. Hahn and M. Perez-Victoria, Comput. Phys. Com-

mun. 118, 153 (1999).
[37] A. Denner and S. Dittmaier, Nucl. Phys. B844, 199

(2011).
[38] J. Alwall et al., JHEP 09, 028 (2007).
[39] S. Dittmaier, Phys. Rev. D59, 016007 (1999).
[40] S. Catani and M. H. Seymour, Nucl. Phys. B485, 291

(1997).
[41] S. Catani et al., Nucl. Phys. B627, 189 (2002).
[42] K. Hasegawa, S. Moch, and P. Uwer, Comput. Phys.

Commun. 181, 1802 (2010).
[43] R. Kleiss and R. Pittau, Comput. Phys. Commun. 83,

141 (1994).
[44] A. D. Martin et al., Eur. Phys. J. C63, 189 (2009).
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massless b-quarks

However, b quarks are considered to be massless: need to put 
cuts on them to make this process finite

This calculation cannot be used to predict the rate when 
one b-quark is too far forward/soft to be observed
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Figure 1: Representative Feynman diagrams contributing to the leading order process

gg → e+νeµ−ν̄µbb̄ at O(α2
sα

4), with different off-shell intermediate states: double-, single-,

and non-resonant top quark contributions.

qq̄ → e+νeµ
−ν̄µbb̄ (2.1)

where q stands for up- or down-type quarks. The O(α2
sα

4) contributions to the
e+νeµ−ν̄µbb̄ process can be subdivided into three classes, namely diagrams containing

– 3 –

Top pair production Looks like single top production
(Wt-channel, 4-flavor scheme)

but it isn’t really...
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4- & 5-flavor schemes

10
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W-boson + b jets

For single top it is straight-forward to understand the two 
prescriptions

It is more involved when trying to describe W-boson plus b-jets

Each of the following need a separate description, e.g.

W+1 jets with 1 b tag (inclusive or exclusive)

W+2 jets with 1 b tag (inclusive or exclusive)

W+2 jets with 2 b tags (inclusive or exclusive)

W+bb-jet (inclusive or exclusive)
[bb-jet is a jet containing two b-quarks]

11
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4-flavor scheme

All of them are described by this process in the 4-flavor scheme

finite process (IR singularities regularized by the bottom mass)

known at NLO (even matched to parton shower)

“W+2jets with 1 b tag (inclusive)” is also (better?) 
described by:

Only known at LO, therefore already included in
NLO description of the diagram above
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1. W+1 jets with 1 b tag (inclusive or exclusive)

2. W+2 jets with 1 b tag (inclusive or exclusive)

3. W+2 jets with 2 b tags (inclusive or exclusive)

4. W+bb-jet (inclusive or exclusive)

be combined, as long as sufficient care is taken to subtract logarithmic terms that would
otherwise be double counted.

In this paper we will combine NLO QCD calculations of qq̄′ → Wbb̄ and qb → Wbq′

parton level processes including b-quark mass effects to provide precise predictions for W +1
jet and W +2 jet production with at least one b jet at the 7 TeV LHC. The choice of the ex-
perimental signature, jet algorithm, and kinematic cuts has been made according to ATLAS
specifications [11]. We will closely follow Ref. [8] where a consistent combination of these
two NLO calculations has been performed for the first time to provide predictions for the
production of a W boson and one b-jet. It is interesting to note that the calculation of Ref [8]
has been compared with a measurement of the b-jet cross section of W boson production
in association with one and two b jets by the CDF collaboration at the Tevatron [14]. This
comparison found a discrepancy of about two standard deviations [12, 13].

After a brief presentation of the theoretical framework in Section 2, we will discuss NLO
QCD predictions and their residual uncertainties for the 7 TeV LHC in Section 3 and present
our conclusions in Section 4.

q

q̄′

b

W

b̄

b b

q q′

W

(a) (b)

Figure 1: Leading-order parton-level processes for the production of a W boson and one or
two jets with at least one b jet.

2 Theoretical Framework

The predictions presented in this paper are based on the combination of NLO QCD calcu-
lations of the qq̄′ → Wbb̄ [2, 3, 7] and bq → Wbq [5] parton-level processes, as presented in
Ref. [8] and implemented in MCFM [7] (where the leptonic W decay is included), and we
refer to [8] for more details.

In the NLO QCD calculation of the qq̄′ → Wbb̄ process the b quark is considered to be
massive, and only light quarks (q "= b) are considered in the initial state, i.e. the so-called
four-flavor number scheme (4FNS) is used. In the NLO QCD calculation of the bq → Wbq′

process the b-quark mass is only kept as regulator of the collinear singularity while it is
neglected in the hard process so that the hadronic cross section is obtained as follows,

σNLO
bq =

∫

dx1dx2b(x1, µ)

[

∑

q

q(x2, µF )σ̂
NLO
bq (mb = 0) + g(x2, µF )σ̂

LO
bg (mb = 0)

]

. (1)

2

b̄

b

q′q

g

W

Figure 2: A parton-level process contributing to Wbj production that appears at NLO in
the calculation of O(αs) corrections to qq̄′ → Wbb̄. This process is also equivalent to the
LO b-quark initiated process of Fig. 1(b), with the b quark originating from collinear g → bb̄
splitting. The consistent treatment of this process in the combination of the two NLO
calculations is described in Section 2.

An approximate solution of the DGLAP evolution equation for the b-quark PDF b(x, µF )
with initial condition b(x, µF ) = 0 at µF = mb exhibits the collinear logarithm at leading
order in αs as follows [9, 10],

b̃(x, µF ) =
αs(µR)

π
log

(

µF

mb

)
∫ 1

x

dz

z
Pqg(z)g

(x

z
, µF

)

. (2)

When combining the NLO calculation of this process with the NLO calculation of qq̄′ → Wbb̄
this contribution has to be subtracted in order to avoid double counting of the process of
Fig. 2 which is already included in the 4FNS NLO QCD calculation. The full five-flavor
number scheme (5FNS) result at NLO QCD, including an all order resummation of collinear
initial-state logarithms via DGLAP evolution, is then obtained schematically as follows,

σNLO
Full = σNLO

4FNS(mb "= 0) + σNLO
bq

−
∑

q

∫

dx1dx2b̃(x1, µF )q(x2, µF )σ̂
LO
bq (mb = 0) . (3)

In fact, the situation is slightly more complicated because the NLO computations of the
qq̄′ → Wbb̄ and of the bq → Wbq′ processes are made in two different schemes, one in the
MS scheme and the other in a decoupling scheme. Hence, in Eq. (3) a scheme change is also
assumed, for which we refer the reader to the literature [9, 10, 15] for further details. This
said, we now present the sub-processes relevant for our analysis. In detail, σNLO

4FNS and σNLO
bq

in this paper include the following parton level processes:

3
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5-flavor scheme
When requiring 2 b tags or a bb-jet, the same diagrams as in the 4-flavor 
scheme are appropriate here as well (in principle with a massless b-quark)

When requiring only 1 b tag, there is a
better description with initial state
b-quarks

Smaller uncertainties compared to
4-flavor scheme for observables that
are not sensitive to very soft/forward
b quarks

NLO study to combine the two approaches in one consistent description 
for W+1,2 jets with (at least) 1 b tag [Caola et al. arXiv:1107.3714]
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be combined, as long as sufficient care is taken to subtract logarithmic terms that would
otherwise be double counted.

In this paper we will combine NLO QCD calculations of qq̄′ → Wbb̄ and qb → Wbq′

parton level processes including b-quark mass effects to provide precise predictions for W +1
jet and W +2 jet production with at least one b jet at the 7 TeV LHC. The choice of the ex-
perimental signature, jet algorithm, and kinematic cuts has been made according to ATLAS
specifications [11]. We will closely follow Ref. [8] where a consistent combination of these
two NLO calculations has been performed for the first time to provide predictions for the
production of a W boson and one b-jet. It is interesting to note that the calculation of Ref [8]
has been compared with a measurement of the b-jet cross section of W boson production
in association with one and two b jets by the CDF collaboration at the Tevatron [14]. This
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Figure 1: Leading-order parton-level processes for the production of a W boson and one or
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2 Theoretical Framework

The predictions presented in this paper are based on the combination of NLO QCD calcu-
lations of the qq̄′ → Wbb̄ [2, 3, 7] and bq → Wbq [5] parton-level processes, as presented in
Ref. [8] and implemented in MCFM [7] (where the leptonic W decay is included), and we
refer to [8] for more details.

In the NLO QCD calculation of the qq̄′ → Wbb̄ process the b quark is considered to be
massive, and only light quarks (q "= b) are considered in the initial state, i.e. the so-called
four-flavor number scheme (4FNS) is used. In the NLO QCD calculation of the bq → Wbq′

process the b-quark mass is only kept as regulator of the collinear singularity while it is
neglected in the hard process so that the hadronic cross section is obtained as follows,

σNLO
bq =

∫

dx1dx2b(x1, µ)

[

∑

q

q(x2, µF )σ̂
NLO
bq (mb = 0) + g(x2, µF )σ̂

LO
bg (mb = 0)

]

. (1)
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5-flavor scheme
When requiring 2 b tags or a bb-jet, the same diagrams as in the 4-flavor 
scheme are appropriate here as well (in principle with a massless b-quark)

When requiring only 1 b tag, there is a
better description with initial state
b-quarks

Smaller uncertainties compared to
4-flavor scheme for observables that
are not sensitive to very soft/forward
b quarks

NLO study to combine the two approaches in one consistent description 
for W+1,2 jets with (at least) 1 b tag [Caola et al. arXiv:1107.3714]

4-flavor scheme calculation is simpler in the sense that “one fits all”

NLO matched to parton shower in POWHEG and aMC@NLO
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Powheg Box

Framework to convert any
existing NLO computation
to a matched NLOwPS
prediction

Can match to any
(pT-ordered) parton shower

Implementation of a new
process requires some manual intervention

Needs “perturbative tuning” for some processes

Wbb process readily available [Oleari & Reina, arXiv:1105.4488]

14
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perturbative tuning

Using the default way of
incorporating the Wbb in
POWHEG leads to an
enormous enhancement of the
W-pT distribution compared to
fixed order computations

Due to radiation from the bottom
quarks that is exponentiated in
the Sudakov factor

Need to introduce a damping function that removes this radiation 
from the exponent

can be tuned to agree with fixed order NLO

15

Figure 2: Transverse momentum distributions for the W boson, pWT , and the hardest radiated non-
b jet, pjT , in W−bb̄ production at NLO in QCD, for both the LHC with

√
s = 14 TeV (upper plots)

and the Tevatron (lower plots). The different curves represent the results of the pure NLO QCD
calculation (dotted blue), and the results obtained with POWHEG with no damping (dashed black)
and with the damping (solid red) of hard-gluon radiation in the region collinear to the final-state
massive quarks.

the quark regularizes it, but it would be a singular region if the mass of the quark were

exactly zero. Since contributions to the differential cross section from this collinear region

would be further increased by the B̄/B ratio of eq. (3.5), we have decided to separate

out this region from the part of the real contribution that is treated by the Monte Carlo

shower techniques (i.e. generated through the Sudakov form factor), and to handle it with

standard NLO techniques, as described in sec. 3.3. In order to do this, we have chosen the

following form for the damping function F of eqs. (3.7) and (3.8)

F =
(1/d)c

(1/d)c + (1/db)
c + (1/db̄)

c , (3.11)

where

d = E2
(

1− cos2 θ
)

, (3.12)

db =
EEb

(E + Eb)2
(E +mb)2

E2
k · kb = E2

b

(E +mb)2

(E + Eb)2

(

1−
|"kb|
Eb

cos θb

)

, (3.13)

– 8 –
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Powheg results for Wbb

With the tuning, corrections from the parton shower are small
16

Figure 9: Differential cross section as a function of the transverse momentum of the hardest b jet,
pbT leading, the pseudorapidity of the second hardest b jet, ηb subleading, the invariant mass of the
leading and subleading b jets mbb, and their angular distance Rbb, for W−bb̄ → l−ν̄ bb̄ production at
the LHC with

√
s = 14 TeV. The different curves represent the results of POWHEG hardest emission

(dotted black), and of POWHEG interfaced with either PYTHIA (solid red) or HERWIG (dashed blue).

popular shower Monte Carlo programs: PYTHIA and HERWIG. Looking at various kinematic

distributions, we have found discrepancies of the order of 10–20% for the Tevatron and of

less than 10% for the LHC between the two shower Monte Carlo programs. Discrepancies

larger than the quoted values can be found in distributions involving the rapidity of the

hardest radiated jet. These discrepancies can be considered as theoretical errors associated

with the two different showering algorithms.

The tool we provide will be very important for both Higgs-boson and beyond the

Standard Model searches at both the Tevatron and the LHC. Indeed W + b jets is one of

the main backgrounds to these searches and Wbb̄ production is the main contribution.

The code of our generator can be accessed in the POWHEG BOX svn repository

svn://powhegbox.mib.infn.it/trunk/POWHEG-BOX,

with username anonymous and password anonymous.

– 18 –

[Oleari & Reina, arXiv:1105.4488]

For future reference, we list here the values of all the parameters and physical quantities

that enter the calculation:

mW = 80.41 GeV , mb = 4.62 GeV , mt = 173.1 GeV ,

ΓW = 2.141 GeV , BR(W → lν) = 0.103 , (4.1)

and

sin2 θW = 0.223 , α = 1/132.088832 , GF = 1.16639 × 10−5 GeV−2 , (4.2)

from which we derive (g2W = 8m2
WGF /

√
2)

gW = 0.6532 . (4.3)

We have used the CTEQ6.6 pdf set [42], and we have set the renormalization and factor-

ization scale to the fixed value

µ = mW + 2mb , (4.4)

from which we compute the two-loop MS strong coupling constant αs(µ) = 0.1183 with 5

light flavors. TheW -boson couplings to quarks are proportional to the Cabibbo-Kobayashi-

Maskawa (CKM) matrix elements. We use non-zero CKM matrix elements for the first

two quark generations, Vud = Vcs = 0.974 and Vus = Vcd = 0.227, while we neglect the

contribution of the third generation, since it is suppressed either by the initial-state quark

pdfs or by the corresponding CKM matrix elements.

Jets are defined using the anti-kT algorithm [39] with R = 0.4 and kTmin = 5 GeV,

and are recombined using the default E scheme.

Since there are no data for W plus two b jets to compare our predictions with, and

consequently no experimental analysis is available, we have chosen a set of cuts that, while

reasonable, are less stringent than the experimental ones. In fact, the purpose of this section

is to show the differences between several POWHEG results, obtained with different showering

programs, rather then provide predictions for experimentalists, who can use the POWHEG

BOX by themselves to generate events and analyze them according to their experimental

selection criteria.

The set of cuts for the Tevatron,
√
s = 1.96 TeV, and the LHC,

√
s = 14 TeV, are the

following:

pbT > 15 GeV , |ηb| < 3 , pjT > 15 GeV , |yj| < 3 ,

plT > 15 GeV , |ηl| < 3 , ET/ > 15 GeV . (4.5)

We keep only events with at least two b-jets that pass the cuts on the transverse momentum

pbT and on the pseudorapidity ηb, disregarding all the other events. Non-b jets are required

to have a minimum transverse momentum of 15 GeV and to be in the rapidity region

|yj | < 3. Since we have decayed the W boson, we have cuts on the transverse momentum

plT and pseudorapidity ηl of the charged lepton, and a cut on the missing energy ET/ , due

to the presence of the undetected neutrino.

– 12 –
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aMC@NLO
Completely automatic tool to generate events at NLO accuracy 
matched to a parton shower using the MC@NLO formalism

Build on the MadGraph framework:
“If you know how to run MadGraph, you know how to run aMC@NLO as well”

Matching implemented for Herwig6, pythia6 and herwig++

Website: http://amcatnlo.cern.ch

Validated NLO event samples for Wbb and
Zbb available for download (to be showered
with herwig6)

Single phase-space point check (for virtual)
available later this week

Will become publicly available soon
17

[RF, Frixione, Hirschi, Maltoni, Pittau & Torrielli]

FKS

One-loop MC@NLO

MadGraph

aMC@NLO

http://amcatnlo.cern.ch
http://amcatnlo.cern.ch
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Background to top pair production and pp ➞ HW/HZ, H ➞ bb
4 Flavor scheme calculations

Massive b quarks

No initial state b quarks

Born is finite: no generation
cuts are needed

At LO, Wbb is purely qq induced, while Zbb has also contributions 
from gg initial states

Cross sections for Zbb and
Wbb are similar at LHC 7 TeV

[RF, Frixione, Hirschi, Maltoni, Pittau &
Torrielli, arXiv:1106.6019]

pp ➞ Wbb/Zbb
with aMC@NLO 
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Figure 1: Representative diagrams contributing to !νbb̄ and !+!−bb̄ production at the leading
order. !νbb̄ production can proceed only via a qq̄′ channel, diagram (a). For !+!−bb̄ production the
qq̄ channel, diagram (a), is dominant at the Tevatron, while the gg channel, diagram (b), largely
dominates at the LHC.

Cross section (pb)

Tevatron
√
s =1.96 TeV LHC

√
s =7 TeV

LO NLO K factor LO NLO K factor

!νbb̄ 4.63 8.04 1.74 19.4 38.9 2.01

!+!−bb̄ 0.860 1.509 1.75 9.66 16.1 1.67

Table 2: Total cross sections for !νbb̄ and !+!−bb̄ production at the Tevatron (pp̄ collisions at√
s = 1.96 TeV) and the LHC (pp collisions at

√
s = 7 TeV), to LO and NLO accuracy. These

rates are relevant to one lepton flavour, and the results for !νbb̄ production are the sums of those
for !+νbb̄ and !−ν̄bb̄ production. The integration uncertainty is always well below 1%.

the !+!−bb̄ sample. The predicted production rates at the Tevatron and at the LHC are

given in table 2 where, for ease of reading, we also show the fully inclusive K factors. The

contribution of the gg → Zbb̄+X channels is clearly visible in these results: at the Tevatron

σ(!+!−bb̄)/σ(!νbb̄) is quite small (and of the same order of the ratio of the fully-inclusive

cross sections σ(Z)/σ(W )), whereas at the LHC !+!−bb̄ and !νbb̄ differ only by a factor of

two.

We now study the impact of NLO QCD corrections on differential distributions, at

both the parton level and after showering and hadronisation, and in doing so we limit

ourselves to the case of the LHC, where the kinematical differences between Wbb̄ and Zbb̄

production are more evident. The parton shower in aMC@NLO has been performed with

fortran Herwig [42, 43, 44], version 6.5202.

We start by summarizing our results for b-jet rates. Jets are reconstructed at the parti-

2Automation of the matching to parton shower in the MC@NLO formalism to Herwig++ [45] and to

Pythia [46] (see refs. [47] and [48] respectively) is currently under way.
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pp ➞ Wbb/Zbb 

In Wbb, ~20% of b-jets are bb-jets; for Zbb only ~6%

Jets defined with anti-kT and R=0.5, with pT(j)>20 GeV and |η|<2.5

Lower panels show the ratio of aMC@NLO with LO (crosses), NLO 
(solid) and LOwPS (dotted)

NLO and aMC@NLO very similar and consistent 
19

Figure 2: Fractions of events (in percent) that contain: zero b-jets, exactly one b-jet, and exactly
two b-jets. The rightmost bin displays the fraction of b-jets which are bb-jets. The two insets show
the ratio of the aMC@NLO results over the corresponding NLO (solid), aMC@LO (dashed), and
LO (symbols) ones, separately for Wbb̄ (upper inset) and Zbb̄ (lower inset) production.

cle level. In the case of MC simulations, this means giving all final-state stable hadrons3 in

input to the jet algorithm. We adopt the anti-kT jet clustering algorithm [49] with R = 0.5,

and require each jet to have pT (j) > 20 GeV and |η(j)| < 2.5. A b-jet is then defined as a

jet that contains at least one b-hadron; a bb-jet is a jet that contains at least two b-hadrons

(hence, a bb-jet is also a b-jet). This implies that we make no distinction between the b

quark and antiquark contents of a jet. We point out that at least another definition of

b-jets exists [50] which has a better behaviour in the mb → 0 limit, in the sense that it

gives (IR-safe) results consistent with the naive picture of “quark” and “gluon” jets. In

practice, this is relevant only in the pT " mb limit. Since this region is not our primary

interest in this paper, we stick to the usual definition; however, it should be obvious that

any jet definition can be used in our framework.

In fig. 2 we present b-jet rates, as the fractions of events that contain zero, exactly

one, or exactly two b-jet(s). In the case of MC-based simulations, there are also events

with more than two b-jets and more than one bb-jet, but they give a relative contribution

to the total rate equal to about 0.4% (for Wbb̄) and 0.6% (for Zbb̄), and are therefore not

reported here. The rightmost bin of fig. 2 shows the fraction of b-jets which are bb-jets.

There is an inset for each of the two histograms shown in the upper part of fig. 2. Each

of the insets presents three curves, obtained by computing the ratio of the aMC@NLO

results over the NLO (solid), aMC@LO4 (dashed), and LO (symbols) corresponding ones.

3In order to simplify the Herwig analyses, weakly-decaying B hadrons are set stable.
4We call aMC@LO the analogue of aMC@NLO, in which the short-distance cross sections are computed

at the LO rather than at the NLO. Its results are therefore equivalent to those one would obtain by using,

e.g., MadGraph/MadEvent [51] interfaced to showers.
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Figure 6: Transverse momentum (left panel) and rapidity (right panel) of the !ν and !+!− pairs
(i.e. of the virtual W and Z bosons respectively) in !νbb̄ and !+!−bb̄ production. The insets follow
the same patterns as those in fig. 2.

In the right panel of fig. 7, where we consider only leptons with positive electric charge

to be definite, we plot the ratio of the lepton transverse momentum over the same quantity,

obtained by imposing a phase-space (i.e., flat) decay of the parent vector boson; hence,

this ratio is a measure of the impact of spin correlations on the inclusive-lepton pT . We

see that differences between correlated and uncorrelated decays can be as large as 20%,

and vary across the kinematical range considered. This confirms that the inclusion of spin-

correlation effects is necessary when an accurate description of the production process is

required. We stress again that our computations feature spin correlations exactly at the

matrix-element level, including one-loop ones. It is interesting to observe that, while in the

case of Zbb̄ production all four calculations give similar results (see the lower inset), this

happens in Wbb̄ production only for pT (!+) ! 50 GeV (see the upper inset). At pT values

larger than this, aMC@NLO and NLO predict ratios that differ from the corresponding

aMC@LO and LO ones. Once again, this is a manifestation of the significant impact of

gluon-initiated, NLO partonic processes on Wbb̄ cross sections.

In figs. 8 and 9 the transverse momenta and the pseudorapidities of the two hardest

b-jets are shown. Differences in normalisation are consistent with what we expect on the

basis of inclusive K factors; differences in shapes are typically small, but visible. We point

out that for an event to contribute to the hardest-b-jet observables shown here it is sufficient

that one b-jet be present in the event; the other b quark emerging from the hard process

can have arbitrarily small momentum.

In the left panel of fig. 10, the ∆R separation between the two hardest b-hadrons

(for the MC-based simulations) or between the b and b̄ quarks (for the NLO and LO

computations) is shown. Differences between the Wbb̄ and Zbb̄ processes are manifest. In

the former case the two b’s originate from a final-state gluon splitting, and they will thus

tend to be quite close in pseudorapidity. On the other hand, the two b’s in Zbb̄ production

can arise from the uncorrelated branchings of the initial-state gluons in the gg channel, and

– 9 –
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Rikkert Frederix, Sep 26, 2011

pp ➞ Wbb/Zbb 

For some observables NLO effects are large and/or parton 
showering has large effects

20

Figure 9: As in fig. 8, for the pseudorapidity of the hardest and the second-hardest b-jet.

Figure 10: Left panel: ∆R separation between the two hardest b-hadrons (aMC@NLO and
aMC@LO) or the b and b̄ quarks (NLO and LO) in the event. Right panel: invariant mass of the
b-jets, inclusive over all b-jets in the event. The insets follow the same patterns as those in fig. 2.

that the b-hadrons that contribute to the ∆R separation shown in fig. 10 are not subject

to any lower cuts in pT . Thus, one expects that the effects of extra radiation be diminished

when imposing a pT cut or, which is equivalent, by studying the same distribution in the

case of b-jets. We have verified that this is indeed the case, i.e. that when a minimum-pT cut

is imposed on the two b-hadrons the pattern of NLO QCD corrections in Wbb̄ production is

more similar to that observed in Zbb̄ production. This is another example of the possibility

of testing detailed properties of QCD radiation by considering low-pT events. It should be

clear that from the theoretical viewpoint such studies can be sensibly performed only by

retaining the full b-mass dependence.

The right panel of fig. 10 shows the mass of the b-jets in the events. The observable

is inclusive over all b-jets, which implies that a given event may enter more than once

– 11 –
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Conclusions
NLO computation to WWbb can be used to describe (irreducible) 
background to top pair production consistently with signal, but not as a 
description of top pair, single top and non-resonant contributions as a 
background to another process (e.g. gg → H → W+W-) 

Need this process with massive b quarks: consistent description of top 
pair and Wt-associated predictions

Need this process matched to the parton shower

For W+jets+b-tags two descriptions exist (4 or 5 flavor schemes) that are 
equivalent when including all orders in perturbation theory

4 flavor scheme description simpler for most observables; when requiring 
only 1 b tag, 5 flavor scheme has smaller uncertainty when inclusive to 
very soft/forward b-quarks

NLO Wbb has been matched to the parton shower using POWHEG 
and aMC@NLO (which has also Zbb)
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