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Although single top production cross section is relatively large
it’s hard to disentangle the signal from all the backgrounds
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explicitly stated otherwise, our NLO results for the signal processes are calculated including

QCD corrections in both the production and decay of the top quark.

The background processes which we consider are of several types. The irreducible back-

grounds are,

u + d̄ → W+ + b + b̄
|→ ν + e+

(44)

u + b → W+ + d + b
|→ ν + e+

. (45)

u + d̄ → W+ + Z
|
|

|→ b + b̄
|→ ν + e+

(46)

There are also backgrounds related to tt̄ production which contribute to the W+ 2 jets

process. The case where both top quarks decay leptonically,

u + ū → t + t̄
|
|

|→ b̄ + e− + ν̄
|→ ν + e+ + b

(47)

contributes if the electron, e− (or muon, µ−) fails the cuts. If one of the top quarks instead

decays hadronically then there can also be a contribution when only two jets are observed,

either because of merging or because the extra jets lie outside the acceptance (or both),

u + ū → t + t̄
|
|

|→ b̄ + q + q̄
|→ ν + e+ + b

(48)

A significant background process involves W + two light jet production where one of the

light quark jets fakes a b-quark,

u + d̄ → W+ + 2 jets
|→ ν + e+

(49)

Further backgrounds involve the mistagging of a c-quark as a b-quark,

u + s̄ → W+ + u + c̄
|→ ν + e+

(50)
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u + ū → t + t̄
|
|

|→ b̄ + e− + ν̄
|→ ν + e+ + b

(47)

contributes if the electron, e− (or muon, µ−) fails the cuts. If one of the top quarks instead

decays hadronically then there can also be a contribution when only two jets are observed,

either because of merging or because the extra jets lie outside the acceptance (or both),
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TABLE VI: Cuts for the single top analysis presented in this section.

Lepton pT pe
T > 20 GeV

Lepton pseudorapidity |ηe| < 1.1

Missing ET !ET > 20 GeV

Jet pT p
jet
T > 15 GeV

Jet pseudorapidity |ηjet| < 2.8

Mass of b + l + ν 140 < mblν < 210 GeV

u + d̄ → W+ + c + c̄
|→ ν + e+

(51)

u + c → W+ + d + c
|→ ν + e+

(52)

Our estimation of the rates for these processes depends on the cuts shown in Table VI,

which have been chosen to mimic those used in an actual Run II analysis [4]. As well as

the normal jet and lepton cuts, we perform a cut on the missing transverse energy and the

mass of the ‘b + l + ν’-system, mblν . The missing transverse energy vector is the negative

of the vector sum of the transverse energy of the observed jets and leptons. The mass of

the putative top system is determined by reconstructing the W and combining it with the

tagged b-jet. In reconstructing the W the longitudinal momentum of the neutrino is fixed

by constraining the mass of the eν system to be equal to MW . The two solutions for the

longitudinal momentum of the neutrino are,

pν
L =

1

2|pe
T |2
[
pe

L

(
M2

W −M2
T + 2|pe

T ||pν
T |
)
±Ee

√
(M2

W − M2
T )(M2

W − m2
T + 4|pe

T ||pν
T |)
]

(53)

In this equation pν
T is the measured missing transverse energy and

M2
T = (|pe

T | + |pν
T |)2 − ("p e

T + "p ν
T )2 (54)

is the transverse mass of the W . We resolve the twofold ambiguity in pν
L by choosing the

solution which gives the largest (smallest) neutrino rapidity for the W+(W−).

Our results are shown in Table VII. In this table we first show the cross sections calculated

assuming a perfectly efficient detector, both at LO and NLO where possible. The column

labeled ‘Efficiency’ gives the rescaling factor that should be applied in order to take account

20

Most known
at least at parton 

level with
NLO QCD 
corrections
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Higher order corrections mandatory to study 
single top production and decay at the LHC

Shower Monte Carlo, not enough for many purposes

with NLO
• reduction of theoretical errors: scales uncertainty, pdf uncertainty

• more accurate description of the shapes of distribution for hard final state leptons, jets and 
missing energy inclusive over extra jet radiation

+ PS
• all order resummation of leading logarithmic collinear singularity

• allows for full event simulation

NLO+PS (when doable) is optimal for a large set of observables, example: 

Single top physics
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12 Conclusions
The cross section of t-channel single-top-quark production has been measured in pp collisions
using 2011 data in semileptonic top-quark decay modes with improved precision compared
to the previous CMS measurement. Two approaches have been adopted. One approach has
been based on a fit of the characteristic pseudorapidity distribution of the light quark recoiling
against the single top quark in the t-channel with background determination from data. The
other has been based on two multivariate discriminators, a Neural Network and Boosted De-
cision Trees. The multivariate analyses reduce the impact of systematic uncertainties by simul-
taneously analysing phase space regions with substantial t-channel single-top-quark contribu-
tions, and regions where they are negligible. The results are all consistent within uncertainties.
As a consequence, all three analyses have been combined with the Best Linear Unbiased Esti-
mator method to obtain the final result.

The combined measurement of the single-top-quark t-channel cross section is 67.2 ± 6.1 pb.
This is the first measurement with a relative uncertainty below 10%. It is in agreement with the
approximate NNLO standard model prediction of 64.6+2.1

�0.7
+1.5
�1.7 pb [7]. Figure 11 compares this

measurement with dedicated t-channel cross section measurements at the Tevatron [49, 50],
ATLAS [5], and with the QCD expectations computed at NLO with MCFM in the 5-flavour
scheme [51] and at approximate NNLO [7]. The absolute value of the CKM matrix element Vtb

is measured to be | fLV Vtb| =
q

st-ch./sth
t-ch. = 1.020 ± 0.046 (meas.) ± 0.017 (theor.). Assuming

fLV = 1 and |Vtb|  1, we measure the 95% confidence level interval 0.92 < |Vtb|  1.
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 (p
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210

-1CMS, 1.17/1.56 fb
-1ATLAS, 1.04 fb

-1D0, 5.4 fb
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NLO QCD (5 flavour scheme)
 PDF)⊕theoretical uncertainty (scale 

Campbell, Frederix, Maltoni, Tramontano, JHEP 10 (2009) 042

approximate NNLO QCD
 PDF)⊕theoretical uncertainty (scale 

Kidonakis, Phys. Rev. D 83 (2011) 091503

Figure 11: The single-top-quark cross section in the t-channel vs. centre-of-mass energy. The
error band (width of the curve) of the SM calculation is obtained by varying the top-quark
mass within its current uncertainty [3], estimating the PDF uncertainty according to HEPDATA
recommendations [52], and varying the factorisation and renormalisation scales coherently by
a factor of two up and down. The central values of the two SM predictions differ by 2.2% atp

s = 7 TeV.

NNLO orders corrections

• Threshold resummation performed for s, t and Wt production   [Kidonakis 2011]

• Corrections are very stable and very small (good convergence)

• BTW there is no strong tension among data and NLO results for total cross sections

• Other input like b-pdf and mb determination bring higher theoretical errors            
[Campbell et al 2009]

CMS Collaboration
JHEP 1212 (2012) 035

t-channel



NLO+PS computation

MC@NLO [Frixione, Webber 2002] and POWHEG [Nason 2004] methods

• differ in the way they match NLO partonic events to the shower MC

• differences expected at NNLO

• using both one gets an estimation of the uncertainty related to the 
matching procedure



Figure 3: Comparisons between POWHEG, MC@NLO and NLO results for t-channel top production at
the Tevatron pp̄ collider.

– 24 –

Single top NLO computations have been interfaced with Parton Shower in 
both MC@NLO and POWHEG

• top mass generated with Breit-Wigner
• 4 and 5 Flavor scheme computation implemented
• decay introduced with a non trivial procedure based on the LO matrix element
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NLO+PS computation is fully automated

MC@NLO method:

• Sherpa+OLP: Njets: fully automated for multijets, VB+jets, photons+jets
                           GoSam: fully automated for SM
                           OpenLoops: fully automated for SM (private)

• MadGraph+MC@NLO (just released): fully automated

POWHEG method:

• POWHEG-Box: POWHEL=POWHEG+HELAC (ntuples produced for selected processes)

• POWHEG-Box+OLP: +MadGraph4+GoSam (almost fully automated)

OLP = One Loop Provider (virtual matrix elements)
many general SM and beyond one loop providers: FormCalc, MadLoop, Recola, XLoop, ...

Fully automated computation not always optimal/used:
- generally slower and less stable then analytic computation
+ much easier to obtain, almost no possibility to make mistakes

fast/stable analytic computations coded in MCFM, Blackhat, VBFNLO, ...



Production rates for single top at the LHC14
up to NLO QCD corrections

+ Z + photon+ H

Z H γ

244pb (MCFM) 68.7pb (MCFM) 10.4pb (MCFM)

942fb (MCFM) 87.5fb (MCFM) O(10fb) in actual searches

QCD corr. by [Fael, Gehrmann 2013]

~ttZ
related to WZ

gauge cancellation probes top EM
dipole moment

Probe Vtb, Wtb vertex, sensitive to b-pdf, q’, W’O(pb)

O(fb)

Mix with t-channel
at higher order

EW corrections
by Beccaria et al



The production of a t-channel single top

Ex: t-channel
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Next-to-leading-order predictions for t-channel single-top production at hadron
colliders

J. M. Campbella, R. Frederixb,c, F. Maltonic, F. Tramontanod

aDepartment of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom
b PH Department, Theory group, CERN 1211-CH Geneva, Switzerland

cCenter for Particle Physics and Phenomenology (CP3),
Université catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium
d Università di Napoli Federico II, Dipartimento di Scienze Fisiche,

and INFN, Sezione di Napoli, I-80126 Napoli, Italy

We present the predictions at next-to-leading order (NLO) in the strong coupling for the single-top
cross section in the t channel at the Tevatron and the LHC. Our calculation starts from the 2 → 3
Born amplitude gq → tb̄q′, keeping the b-quark mass non-zero. A comparison is performed with a
traditional NLO calculation of this channel based on the 2 → 2 Born process with a bottom quark
in the initial state. In particular, the effect of using kinematic approximations and resumming
logarithms of the form log(Q2/m2

b) in the 2 → 2 process is assessed. Our results show that the
2 → 3 calculation is very well behaved and in substantial agreement with the predictions based on
the 2 → 2 process.

PACS numbers: 12.38.Bx, 14.65.Ha

It is a quite remarkable fact that in hadron collisions,
top quarks can be produced via electroweak interactions
at a rate comparable with strong production [1, 2, 3].
Such unique behavior is mainly due to two factors. First,
a top quark can be produced together with its SU(2)L

partner, the bottom quark, with a sizable gain in phase
space cost with respect to a top and anti-top quark pair.
Second, among the three possible production channels,
one entails the exchange of a vector boson in the t-
channel, leading to an enhanced cross section at high
energies.

Given the large predicted cross section, evidence for
single top production has been actively sought and re-
cently established at the Tevatron [4, 5] and it will play
an important role in the physics program at the LHC.
Single-top production offers, for instance, the only effec-
tive way of extracting direct information on Vtb [6]. In
fact, at the Tevatron the prospects for the detection and
then measurement of the electroweak (EW) production
cross sections have significantly worsened since the first
theoretical proposals [7]. The main reason for this was
an underestimate of the impact of large backgrounds such
as those coming from W+ jet production (both with and
without heavy flavors) and from the strong production
of tt̄ [8]. The situation at the LHC, though bound to
improve thanks to the larger rates expected, will not be
qualitatively very different.

The most accurate analyses for single top are based on
two essential ingredients. The first is an in situ determi-
nation of the background rates. Predictions from theory
are in this case not able to match the needed accuracy.
The second is the systematic exploitation of theoretical
predictions for the kinematic properties of signal (and
backgrounds). This information is encoded via sophis-
ticated analysis techniques (such as those based on ma-

trix elements, neural networks and others [4, 5]). Such
methods are crucial in building efficient discriminating
variables to select the Standard Model signal or possibly
find indications of new physics effects [9].

It is therefore clear that the most accurate predictions
for the signal, both for rates and kinematic distributions,
are needed as inputs in these analyses. An intense ac-
tivity in the last fifteen years has led to increasingly-
sophisticated predictions at NLO accuracy. Calculations
have progressed from evaluations of total rates [10, 11], to
differential distributions [12, 13], including spin correla-
tions in production and decay [14, 15, 16, 17] and finally
to the implementation of the three production channels
in a fully exclusive Monte Carlo program [18, 19].

b

q

t

q′

W

(a)

g

q

t

q′

b̄

W
+

g

q

b̄

q′

t

W

(b)

FIG. 1: Diagrams contributing at LO in the 2 → 2 (a) and
2 → 3 (b) approaches.

All NLO calculations available so far are based on the
2 → 2 scattering process, Fig. 1(a), where a b-quark
appears in the initial state [20, 21]. The usefulness of
such an approach, called the five-flavor (5F) scheme, is
twofold. Firstly, the calculation greatly simplifies (as we
shall describe in detail later), leading to straightforward
calculations and compact results. Second, possibly large
logarithms of the form log (Q2/m2

b) due to initial state
collinear configurations with g → bb̄ splitting are con-
sistently resummed into the b-quark parton distribution
functions leading to an improved stability of the pertur-
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5F (2to2) 4F (2to3)

•  4F cross section dominated by a collinear logarithm

•  resumming this logarithmic enhancement brings to the definition of a b-pdf

   ! when using 4F(5F) scheme the factorization scale should be chosen of the order   
     of pt(b)max at which the differential cross section starts to deviate substantially from 
     the collinear behaviour [Maltoni, Sullivan, Willenbrock 2003] ~mt/4 for t-channel single top
     ~(mt+mw)/4 for tW production

•  All the single top production mechanisms but the s-channel might be  
    studied within a 5 or a 4 flavor scheme



Figure 8: Total cross section at NLO for the 2 → 2 and 2 → 3 at the Tevatron (top), LHC 10 TeV
(bottom-left) and LHC 14 TeV (bottom-right).

5. Conclusions

The recent discovery of single top production at the Tevatron opens the door to more exten-

sive studies of this final state both there and at the LHC. In this paper we have presented

an up-to-date and systematic study of both the cross sections that should be expected

in this channel and their associated theoretical uncertainties. Cross sections have been

computed at NLO accuracy in the strong coupling, starting from two Born approximations

corresponding to 2 → 2 and 2 → 3 scattering processes. Our best predictions for t-channel

single top cross sections in the 2 → 2 and 2 → 3 schemes, with mt = 172 ± 1.7 GeV,

mb = 4.5 ± 0.2 GeV and computed using the CTEQ6.6 PDF set, are:

σNLO
t−ch(t + t̄) 2 → 2 (pb) 2 → 3 (pb)

Tevatron Run II 1.96 +0.05
−0.01

+0.20
−0.16

+0.06
−0.06

+0.05
−0.05 1.87 +0.16

−0.21
+0.18
−0.15

+0.06
−0.06

+0.04
−0.04

LHC (10 TeV) 130 +2
−2

+3
−3

+2
−2

+2
−2 124 +4

−5
+2
−3

+2
−2

+2
−2

LHC (14 TeV) 244 +5
−4

+5
−6

+3
−3

+4
−4 234 +7

−9
+5
−5

+3
−3

+4
−4

The first two uncertainties are computed according to the procedure outlined in Section 2

and we have used CTEQ6.6 in order to provide the most conservative predictions. These

results are also depicted in the plots of Figure 8. The third and fourth uncertainties are

related to the top mass and bottom mass uncertainties, respectively.

As the results in the two schemes are in substantial agreement and a priori provide

equally accurate though different theoretical descriptions of the same process, one could try

to combine them. We think that this is a legitimate approach (once correlations among the

theoretical errors, scale and PDF, are taken into account), however, we prefer to present

the predictions separately.

In addition, we have also presented cross sections for the production of a fourth gener-

ation b′, both in association with a top quark and with its partner t′. These cross sections

set useful benchmarks for future searches, particularly at the LHC where very heavy quarks

with sizeable mixing with third generation quarks or very large mass splittings would be

preferentially produced from t-channel production rather than in pairs via the strong in-

teraction.

– 11 –

Included uncertainties: scale, pdf, mt, mb

•  The two descriptions should agree at all orders

•  More exclusive distributions, ie of the second b are more accurate in 4F

•  Total cross section expected to be more precise in 5F but b-pdf might not to  
    be accurate, furthermore, differences are small

The production of a single top via the t-channel 
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We present the predictions at next-to-leading order (NLO) in the strong coupling for the single-top
cross section in the t channel at the Tevatron and the LHC. Our calculation starts from the 2 → 3
Born amplitude gq → tb̄q′, keeping the b-quark mass non-zero. A comparison is performed with a
traditional NLO calculation of this channel based on the 2 → 2 Born process with a bottom quark
in the initial state. In particular, the effect of using kinematic approximations and resumming
logarithms of the form log(Q2/m2

b) in the 2 → 2 process is assessed. Our results show that the
2 → 3 calculation is very well behaved and in substantial agreement with the predictions based on
the 2 → 2 process.

PACS numbers: 12.38.Bx, 14.65.Ha

It is a quite remarkable fact that in hadron collisions,
top quarks can be produced via electroweak interactions
at a rate comparable with strong production [1, 2, 3].
Such unique behavior is mainly due to two factors. First,
a top quark can be produced together with its SU(2)L

partner, the bottom quark, with a sizable gain in phase
space cost with respect to a top and anti-top quark pair.
Second, among the three possible production channels,
one entails the exchange of a vector boson in the t-
channel, leading to an enhanced cross section at high
energies.

Given the large predicted cross section, evidence for
single top production has been actively sought and re-
cently established at the Tevatron [4, 5] and it will play
an important role in the physics program at the LHC.
Single-top production offers, for instance, the only effec-
tive way of extracting direct information on Vtb [6]. In
fact, at the Tevatron the prospects for the detection and
then measurement of the electroweak (EW) production
cross sections have significantly worsened since the first
theoretical proposals [7]. The main reason for this was
an underestimate of the impact of large backgrounds such
as those coming from W+ jet production (both with and
without heavy flavors) and from the strong production
of tt̄ [8]. The situation at the LHC, though bound to
improve thanks to the larger rates expected, will not be
qualitatively very different.

The most accurate analyses for single top are based on
two essential ingredients. The first is an in situ determi-
nation of the background rates. Predictions from theory
are in this case not able to match the needed accuracy.
The second is the systematic exploitation of theoretical
predictions for the kinematic properties of signal (and
backgrounds). This information is encoded via sophis-
ticated analysis techniques (such as those based on ma-

trix elements, neural networks and others [4, 5]). Such
methods are crucial in building efficient discriminating
variables to select the Standard Model signal or possibly
find indications of new physics effects [9].

It is therefore clear that the most accurate predictions
for the signal, both for rates and kinematic distributions,
are needed as inputs in these analyses. An intense ac-
tivity in the last fifteen years has led to increasingly-
sophisticated predictions at NLO accuracy. Calculations
have progressed from evaluations of total rates [10, 11], to
differential distributions [12, 13], including spin correla-
tions in production and decay [14, 15, 16, 17] and finally
to the implementation of the three production channels
in a fully exclusive Monte Carlo program [18, 19].
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FIG. 1: Diagrams contributing at LO in the 2 → 2 (a) and
2 → 3 (b) approaches.

All NLO calculations available so far are based on the
2 → 2 scattering process, Fig. 1(a), where a b-quark
appears in the initial state [20, 21]. The usefulness of
such an approach, called the five-flavor (5F) scheme, is
twofold. Firstly, the calculation greatly simplifies (as we
shall describe in detail later), leading to straightforward
calculations and compact results. Second, possibly large
logarithms of the form log (Q2/m2

b) due to initial state
collinear configurations with g → bb̄ splitting are con-
sistently resummed into the b-quark parton distribution
functions leading to an improved stability of the pertur-
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partner, the bottom quark, with a sizable gain in phase
space cost with respect to a top and anti-top quark pair.
Second, among the three possible production channels,
one entails the exchange of a vector boson in the t-
channel, leading to an enhanced cross section at high
energies.

Given the large predicted cross section, evidence for
single top production has been actively sought and re-
cently established at the Tevatron [4, 5] and it will play
an important role in the physics program at the LHC.
Single-top production offers, for instance, the only effec-
tive way of extracting direct information on Vtb [6]. In
fact, at the Tevatron the prospects for the detection and
then measurement of the electroweak (EW) production
cross sections have significantly worsened since the first
theoretical proposals [7]. The main reason for this was
an underestimate of the impact of large backgrounds such
as those coming from W+ jet production (both with and
without heavy flavors) and from the strong production
of tt̄ [8]. The situation at the LHC, though bound to
improve thanks to the larger rates expected, will not be
qualitatively very different.

The most accurate analyses for single top are based on
two essential ingredients. The first is an in situ determi-
nation of the background rates. Predictions from theory
are in this case not able to match the needed accuracy.
The second is the systematic exploitation of theoretical
predictions for the kinematic properties of signal (and
backgrounds). This information is encoded via sophis-
ticated analysis techniques (such as those based on ma-

trix elements, neural networks and others [4, 5]). Such
methods are crucial in building efficient discriminating
variables to select the Standard Model signal or possibly
find indications of new physics effects [9].

It is therefore clear that the most accurate predictions
for the signal, both for rates and kinematic distributions,
are needed as inputs in these analyses. An intense ac-
tivity in the last fifteen years has led to increasingly-
sophisticated predictions at NLO accuracy. Calculations
have progressed from evaluations of total rates [10, 11], to
differential distributions [12, 13], including spin correla-
tions in production and decay [14, 15, 16, 17] and finally
to the implementation of the three production channels
in a fully exclusive Monte Carlo program [18, 19].
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All NLO calculations available so far are based on the
2 → 2 scattering process, Fig. 1(a), where a b-quark
appears in the initial state [20, 21]. The usefulness of
such an approach, called the five-flavor (5F) scheme, is
twofold. Firstly, the calculation greatly simplifies (as we
shall describe in detail later), leading to straightforward
calculations and compact results. Second, possibly large
logarithms of the form log (Q2/m2

b) due to initial state
collinear configurations with g → bb̄ splitting are con-
sistently resummed into the b-quark parton distribution
functions leading to an improved stability of the pertur-

5F (2to2) 4F (2to3)

•  All the single top production mechanisms but the s-channel might be  
    studied within a 5 or a 4 flavor scheme



In general for the b-initiated single top channels,
t-channel and tW, one could say:

If the search strategy includes a resolved extra b-jet the 4 flavor 
scheme should be used for comparisons, otherwise the 5 flavor 

scheme should give more precise results

On the other end, often the differences are small and well within 
the combined scale+pdf+mb+mt uncertainties



• Narrow Width Approximation: top is produced and decays exactly on its mass shell. Corrections to 
the production and decay stages can be combined

✴interference among QCD radiation in production and decay neglected

✴non resonant diagrams neglected

✴Implemented  in MCFM  [Campbell, Ellis, FT 2004]

a subtraction that makes finite the real correction to the decay, that is analitically integrable on the 
degrees of freedom of the extra radiation

FIG. 7: Interference between radiation in production and decay, real terms.

FIG. 8: Interference between radiation in production and decay, virtual terms
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The decay of the top quark

describes the emission of soft or collinear radiation,

|M(. . . pt, pW , pb, pg)|2 → |M0(. . . pt, p̃W , p̃b)|2 × D(pt.pg, pb.pg, m
2
t , M

2
W ) , (29)

In the region of soft emission, or in the region where the momenta pg and pb are collinear,

the right hand side of Eq. (29) has the same singularity structure as the full matrix element.

The lowest order matrix element M0 in Eq. (29) is evaluated for values of the momenta

pW and pb modified to absorb the four-momentum carried away by the gluon, and subject

to the momentum conservation constraint, pt → p̃W + p̃b. The modified momenta denoted

by a tilde are also subject to the mass-shell constraints, p̃2
b = 0 and p̃2

W = p2
W . The latter

condition is necessary in order that the rapidly varying Breit-Wigner function for the W is

evaluated at the same kinematic point in the counterterm and in the full matrix element.

We define p̃W by a Lorentz transformation, p̃µ
W = Λµ

νp
ν
W fixed in terms of the momenta pW

and pt. Because p̃W and pW are related by a Lorentz transformation the phase space for the

subsequent decay of the W is unchanged.

The general form of a Lorentz transformation in the plane of the vectors pt and pW is

given by (p̃µ
W = Λµ

νp
ν
W ),

Λµν = gµν +
sinh(x)

√
(pt · pW )2 − p2

Wp2
t

(
pµ

t p
ν
W − pµ

W pν
t

)

+
cosh(x) − 1

(pt · pW )2 − p2
W p2

t

(
pt · pW (pµ

t pν
W + pµ

W pν
t ) − p2

W pµ
t p

ν
t − p2

t pµ
W pν

W

)
(30)

The transformed momentum of the b quark is fixed by p̃b = pt − p̃W . For the special case in

which we impose the condition p̃2
b = (pt − p̃W )2 = 0 we get

sinh(x) =
1

2 p2
tp

2
W

[
− (p2

t − p2
W )pt · pW + (p2

t + p2
W )
√

(pt · pW )2 − p2
Wp2

t

]

cosh(x) =
1

2 p2
tp

2
W

[
+ (p2

t + p2
W )pt · pW − (p2

t − p2
W )
√

(pt · pW )2 − p2
Wp2

t

]
(31)

Acting on the vector pW the Lorentz transformation becomes

p̃W = α
(
pW −

pt · pW

p2
t

pt

)
+ β pt (32)

where the constants are given by

α =
p2

t − p2
W

2
√

(pt · pW )2 − p2
Wp2

t

(33)

β =
p2

t + p2
W

2p2
t

(34)
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FIG. 7: Interference between radiation in production and decay, real terms.

FIG. 8: Interference between radiation in production and decay, virtual terms
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• NWA is the first attempt to describe the top decay with NLO accuracy

✴ spin correlation conserved

✴ remarkably excellent for many distributions

✴ not good for W,b-jet invariant mass (and related) distributions!
In this case off-shell effects are indeed important



Neglecting interference among production and decay

• Small correction to the total cross section [Fadin, Khoze, Martin 1994], [Melnikov, Yakovlev 1994]

•                 confirmed for example in s-channel single top [Pittau 1996]

   and in e+e- to ttbar   [Macesanu 2002]

• More recently in ttbar hadroproduction [Denner et al 2011, Bevilacqua et al 2011]

O

✓
↵S

�t

mt

◆

• Off-shell and non resonant effects for single top production first studied in 
the context of Effective Field Theory [Falgari, Meellor, Signer 2010]

• Confirmed with full NLO analytic computation performed using the complex 
mass scheme for the top quark description [Papanastasiou et al 2013]



LO NLO

CMS [pb] 4.184(1)+8.5%
�12.3% 4.115(5)+0.5%

+4.6%

NWA [pb] 4.223(1)+8.8%
�12.2% 4.138(1)+0.9%

+2.6%

%di↵ +0.9 +0.6

ET [pb] 4.154(1)+8.8%
�12.2% 4.074(1)+0.3%

+4.0%

%di↵ -0.7 -1.0

Table 3: LHC (8 TeV) cross sections for the process defined via the analysis of Table 1, at LO
and NLO for the o↵-shell (CMS), NWA and ET computations. Numbers in brackets are Monte
Carlo integration uncertainties whilst the percentages indicate scale uncertainties. ‘%di↵’ is the
% di↵erence to the CMS results.

Figure 4: Transverse momentum of light jet, pT (Jlight).

highlight here is the small di↵erence, O(1-2%), between the three approaches,
consistent with our expectation that it be parametrically suppressed in the NWA
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Including interference among production and decay

CMS = Complex Mass Scheme
NWA = Narrow Width Approximation
ET  = Effective Field Theory
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Figure 1: Selection of LO t-channel diagrams for EW W+bj production in the 5F scheme:
resonant (a) and non-resonant (b) & (c).
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Figure 2: Selection of NLO virtual t-channel diagrams for EW W+bj production in the 5F
scheme: resonant (a) and non-resonant (b) & (c).

where µ2
t = m2

t � imt�t. As is shown explicitly in [35], the quantity �µt can be
fixed in terms of the renormalized top-quark self-energy evaluated at the complex
argument, p2t = µ2

t , such that µ2
t corresponds to the complex pole of the top quark

propagator. The precise value of the top width can be freely chosen as an input in
this scheme; but in order to ensure NLO accuracy, the width correct to (at least)
O(↵s) should be used.

The CMS has recently been implemented [36] in the framework of aMC@NLO,
and the results presented in this paper illustrate the first hadron-collider applica-
tion of this new feature. The automation of such an approach to unstable particle
production and decay is highly beneficial due to the non-trivial book-keeping in-
volved in these calculations. The NLO corrections have thus been obtained in
an automated fashion, with the one-loop and real contributions computed using
MadLoop [37] and MadFKS [38] respectively.

2.1. Process definition

Given that our aim is that of comparing the predictions of the NWA and ET
approaches to single-top production with those we obtain by retaining all �t and

4

LO

[Papanastasiou et al 2013]



The decay of the top quark
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Figure 1: Selection of LO t-channel diagrams for EW W+bj production in the 5F scheme:
resonant (a) and non-resonant (b) & (c).
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where µ2
t = m2

t � imt�t. As is shown explicitly in [35], the quantity �µt can be
fixed in terms of the renormalized top-quark self-energy evaluated at the complex
argument, p2t = µ2

t , such that µ2
t corresponds to the complex pole of the top quark

propagator. The precise value of the top width can be freely chosen as an input in
this scheme; but in order to ensure NLO accuracy, the width correct to (at least)
O(↵s) should be used.

The CMS has recently been implemented [36] in the framework of aMC@NLO,
and the results presented in this paper illustrate the first hadron-collider applica-
tion of this new feature. The automation of such an approach to unstable particle
production and decay is highly beneficial due to the non-trivial book-keeping in-
volved in these calculations. The NLO corrections have thus been obtained in
an automated fashion, with the one-loop and real contributions computed using
MadLoop [37] and MadFKS [38] respectively.

2.1. Process definition

Given that our aim is that of comparing the predictions of the NWA and ET
approaches to single-top production with those we obtain by retaining all �t and

4

LO

by terms of O(�t/mt) for inclusive observables. Indeed, similar small-sized di↵er-
ences are observed for di↵erential observables either inclusive in, or insensitive to,
the invariant mass of the (W+, Jb)-system. As an illustrative example we present
in Figure 4 the transverse momentum distribution of the light jet, pT (Jlight). The
lower panel reveals that the NWA and ET NLO results di↵er by 1-2% in all bins
from the o↵-shell NLO results. In the upper panel it can be seen that both the
NWA and ET results are actually contained within the scale variation band of the
NLO o↵-shell result, indicating that for this observable the size of o↵-shell e↵ects
is smaller than the scale uncertainty.
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Figure 5: Invariant mass distribution for the reconstructed top quark, M(W+, Jb).

The picture changes for observables which are less inclusive in the invariant
mass of the reconstructed top quark (i.e., the (W+, Jb)-system), with the prime
example being of course the invariant mass itself, displayed in Figure 5. The first
feature one observes is that the NLO corrections are large, in particular below the
peak position. The origin of these is to a large extent the real corrections to the
top decay, confirmed by the fact that the NWA result mimics the shape of the
o↵-shell curve for M(W+, Jb) < mt. However, it is clear that the shapes of the
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these two processes, two methods have been outlined in the literature.

The first involves making a cut on the invariant mass of the W−b̄ system to prevent

the t̄ propagator from becoming resonant [5]. The second method instead subtracts the

contribution from the resonant diagrams so that no on-shell piece remains [6]. A comparison

of these two approaches [7] shows that the methods yield the same total cross section when

a mass window of 15Γt ≈ 25 GeV either side of the top mass is chosen. However, these

methods do not lend themselves to a Monte Carlo implementation where one wishes to

study distributions of final state particles as well as total cross sections. Therefore we shall
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• gg and qqbar real corrections 
contain tt production and decay

tW signature hard to define, can be 
described through different approaches.

One could start from WWbb....
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no top resonance. While diagrams with intermediate t t states always contain two W-boson reso-
nances from the top-quark decays, the remaining background diagrams involve one or two resonant
W bosons. Typical leading-order (LO) and NLO diagrams for partonic channels with different res-
onance structures are shown in Figure 1.

In the following we discuss results of our NLO QCD calculation [8] of the process pp →

W+W−b b+X → νee+µ−  νµb b+X and of its earlier version [6]. At LO we fully take into account
all diagrams with any number of intermediate top-quark and W-boson resonances, i.e. all off-shell
effects are included. For the real-emission corrections we follow the same procedure. To regularize
the resonances in a gauge-invariant way we employ the complex-mass scheme [10], where the
decay widths Γi (i= t,W) are incorporated into the definition of the (squared) masses, µ2

i = m2
i −

imiΓi. All matrix elements are evaluated using the complex masses µi, so that resonant and non-
resonant contributions are uniformly described. In principle, it would be possible to proceed for
the virtual NLO corrections in the same way (as it was done in Ref. [7]), but we decided to proceed
somewhat differently. While we still take into account all diagrams with any number of on- or
off-shell top quarks, we treat the W-boson resonances in the so-called double-pole approximation
(DPA), where only the leading contribution in an expansion about the W resonances is kept. This
procedure reduces the set of loop diagrams to the ones with two W resonances only and guarantees

3

WWbb @ NLO completed by two groups assuming a vanishing b quark mass

mb 6= 0 needed to allow for an unresolved b-jet and study Wt production

[Denner et al 2011, Bevilacqua et al 2011]
5F



Very recently two independent groups completed the computation of 
QCD corrections to WWbb with massive b’s
[Frederix 2013] and [Cascioli, Kallweit, Maierhofer, Pozzoni 2013]

• Parton level NLO (easy to shower, results will then need of 
interpretation/validation)

• For Wt production the comparison among 4 Flavor vs 5 Flavor 
scheme is important from both theoretical and experimental 
reasons

• For Wt signal, the general rule should still apply: Wt+ps 
computation should still give the most precise predictions in case 
of unresolved extra b jet.



b-initiated computation however contains
the resummation of the collinear ligarithm.
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•  b-pdf inspired [Campbell, FT 2005] in MCFM

events with low pt-b already counted for at LO
b-jet veto to reduce interference with tt
parton level

•  Removal of tt diagrams [Frixione et al 2008] in MC@NLO

gauge non-invariance, but the effect seems negligible

   !! This in particular means that what is removed is
      also almost gauge invariant !!

•  Subtract an extra cross section that locally
    removes the tt double resonant contribution
    [Frixione et al 2008] in MC@NLO

can be done in a gauge invariant way but introduces some uncompensated arbitrariness
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contribution from the resonant diagrams so that no on-shell piece remains [6]. A comparison

of these two approaches [7] shows that the methods yield the same total cross section when

a mass window of 15Γt ≈ 25 GeV either side of the top mass is chosen. However, these

methods do not lend themselves to a Monte Carlo implementation where one wishes to

study distributions of final state particles as well as total cross sections. Therefore we shall
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Table 2 Full W+W�bb̄ predictions and finite-top-width contributions
for bins with 0,1 and � 2 b-jets. Same conventions as in Table 1.

µ0 s [fb] s0[fb] s1[fb] s2+ [fb]

LO µWWbb 1232+34%
�24% 37+38%

�25% 367+36%
�24% 828+33%

�23%
NLO µWWbb 1777+10%

�12% 65+20%
�17% 571+14%

�14% 1140+7%
�10%

K µWWbb 1.44 1.73 1.56 1.38

LO mt 1317+35%
�24% 35+37%

�25% 373+36%
�24% 909+35%

�24%
NLO mt 1817+8%

�11% 63+20%
�17% 584+14%

�14% 1170+5%
�9%

K mt 1.38 1.80 1.56 1.29

µ0 s

FtW[fb] s

FtW
0 [fb] s

FtW
1 [fb] s

FtW
2+ [fb]

LO µWWbb 91+41%
�27% 13+42%

�27% 71+40%
�27% 7+45%

�29%
NLO µWWbb 107+6%

�11% 20+18%
�17% 82+4%

�10% 5+2%
�10%

K µWWbb 1.18 1.49 1.16 0.77

LO mt 63+36%
�25% 8+36%

�25% 49+36%
�24% 6+46%

�29%
NLO mt 100+17%

�16% 16+22%
�18% 77+16%

�15% 6+12%
�16%

K mt 1.58 1.89 1.58 1.10

and 0.5, respectively. In general, jet- and b-jet-bin results in-
dicate that the conventional scale µ0 = mt yields a similarly
good perturbative convergence as µ0 = µWWbb. However, it
is a priori not clear if this holds also for more exclusive ob-
servables. For what concerns theoretical uncertainties in jet
and b-jet bins, we checked that NLO scale variations remain
similarly small as in Tables 1–2 if the jet-rapidity acceptance
is increased up to |h |< 4.5.

To illustrate jet-veto and jet-binning effects in more de-
tail, in Fig. 4 we plot the integrated W+W�bb̄ cross section
in exclusive bins with Nj = 0 and Nj = 1 jets versus the pT-
threshold that defines jets. The 0-jet bin corresponds to the
integrated cross section in presence of a jet veto, pT,jet <
pthr

T,jet. At large pthr
T,jet the K-factor and the FtW contribu-

tions converge quite smoothly towards their inclusive limit.
In contrast, the region of small transverse momentum fea-
tures a very pronounced dependence on pthr

T,jet: FtW correc-
tions grow from 6% up to more than 40%, and the K-factor
decreases very fast due to the presence of a soft singularity
at pthr

T,jet ! 0. For a jet veto with pthr
T,jet = 30GeV we observe

a 98% suppression of the W+W�bb̄ cross section. Yet the
moderate size of the K-factor and NLO scale variations in-
dicates that the perturbative expansion is still rather stable in
this regime. In the 1-jet bin, the limit of small pthr

T,jet is driven
by the effect of the veto on the second jet, and NLO and FtW
corrections behave rather similarly as for the 0-jet bin in this
region. In the opposite regime, pthr

T,jet mainly acts as a lower
pT bound for the first jet, and tt̄ production with LO on-shell
kinematics turns out to be kinematically disfavoured at large
pthr

T,jet, while the relative importance of NLO jet emission and
FtW effects increases quite dramatically.

Analogous results for exclusive bins with Nb = 0 and
Nb = 1 b-jets are displayed in Fig. 5. In this case the reduced

sensitivity of b-jet bins to NLO real emission is clearly re-
flected in the much better stability of the K-factor with re-
spect to variations of pthr

T,bjet. Similarly as for jet bins, FtW
corrections are strongly enhanced at small pT. This effect
can be attributed to the single-top Wt channels, and the in-
clusion of tt̄–Wt interferences, as in the present W+W�bb̄
calculation, is clearly advisable in this regime.

Finally, in Fig. 6 we show distributions in the azimuthal-
angle-separation and in the invariant mass of charged lep-
tons in the 0-jet bin. These observables play a key role for
the measurement of the H ! W+W� signal at the LHC, and
the accurate modelling of top-backgrounds is very important
for the experimental analyses. In this context, Fig. 6 shows
that NLO and FtW effects are quite significant. In partic-
ular, the impact of FtW contributions reaches up to 40%.
Shape distortions due to the kinematic dependence of FtW
and NLO contributions are at the 10% level, and scale vari-
ations do not exceed 10% at NLO. The fact that FtW cor-
rections are fairly stable with respect to NLO corrections
provides further evidence of the stability of the perturbative
description.

6 Summary and conclusions

We have presented a complete NLO simulation of W+W�bb̄
production at the LHC, including W-boson decays in the
opposite-flavour di-lepton channel, finite W- and top-width
effects, and massive b-quarks in 4F scheme. The finite b-
quark mass acts as a regulator of collinear singularities and
allows one to describe the full b-quark phase space, includ-
ing single-top contributions that arise from initial-state g !
bb̄ splittings followed by gb ! Wt scattering. This yields a
gauge-invariant description of top-pair, single-top, and non-
resonant W+W�bb̄ production including all interferences at
NLO QCD. We introduced a dynamical scale choice aimed
at an improved perturbative stability of initial-state g ! bb̄
splittings in single-top contributions. Using this scale, the
NLO W+W�bb̄ cross section in bins with 0, 1 and 2 jets
features NLO scale uncertainties at the 10–15% level. The
more conventional choice µ0 = mt yields similarly small
NLO uncertainties in jet bins. Finite-top-width corrections
mainly originate from single-top and off-shell tt̄ contribu-
tions. They represent 6% of the integrated cross section and
are strongly sensitive to the jet multiplicity. In the 2-jet bin
they are as small as 2%, while in the 1- and 0-jet bins they
reach the 16% and 32% level, respectively. Also NLO cor-
rections vary quite strongly with the jet multiplicity. More-
over, finite-top-width contributions receive quite different
corrections as compared to on-shell tt̄ production. The non-
trivial interplay of NLO and finite-width effects is especially
relevant for the 0- and 1-jet bins. It plays an important role
for the accurate description of associated Wt production, as
well as for top-backgrounds to H ! W+W� and to other

[Cascioli, Kallweit, Maierhofer, Pozzorini 2013]
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3 Input parameters, cuts and jet definition

In the following, we present NLO results for W+W�bb̄ pro-
duction at the 8 TeV LHC. For the heavy-quark and gauge-
boson masses we use

mt = 173.2 GeV, mb = 4.75 GeV,

MZ = 91.1876 GeV, MW = 80.385 GeV. (1)

The electroweak coupling is derived from the Fermi con-
stant, G

µ

= 1.16637⇥10�5GeV�2, in the G
µ

-scheme,

a =

p
2

p

G
µ

M2
W

✓
1�

M2
W

M2
Z

◆
. (2)

In the complex-mass scheme the electroweak mixing angle
is evaluated as

cos2
qw =

M2
W � iGWMW

M2
Z � iGZMZ

, (3)

and for the widths we use the NLO QCD values

GW = 2.09530 GeV, GZ = 2.50479 GeV (4)

everywhere, i.e. for LO as well as for NLO matrix elements.
The Higgs-boson mass and width are set to MH = 126 GeV
and GH = 4.21 MeV. To guarantee consistent top-decay
branching fractions, matrix elements and top-width input
parameters must be taken at the same perturbative order. For
the LO and NLO top-quark widths we use the values

G

LO
t = 1.47451 GeV, G

NLO
t = 1.34264 GeV, (5)

which are computed with massive b-quarks and off-shell W-
bosons [23]. Consistently with the use of massive b-quarks
we employ 4F parton distributions. Specifically, at NLO the
LHApdf implementation of the 4F NNPDF2.3 parton distri-
butions [24] and the corresponding running strong coupling
are used. More precisely, we use a reference set1 that is ob-
tained from a variable-flavour set with a

(5)
s (MZ) = 0.118 via

inverse 5F evolution down to µF = mb and subsequent up-
ward evolution with four active flavours. Since the
NNPDF2.3 release does not include LO parton distributions,
for LO predictions we adopt the NNPDF21_lo_nf4_100 4F
set, which corresponds to a reference strong-coupling value
a

(5)
s (MZ)= 0.119. While the 4F running of as misses heavy-

quark-loop effects, corresponding O(as) contributions are
consistently included in the virtual corrections via zero-
momentum subtraction of the top- and bottom-quark loops
in the renormalisation of as.

To investigate NLO corrections to top-pair and Wt pro-
duction we select events with two oppositely charged lep-
tons, `= e+,µ�, with

pT,` > 20GeV, |h`|< 2.5, pT,miss > 20GeV, (6)

1NNPDF23_nlo_FFN_NF4_as_0118

where pT,miss is obtained from the vector sum of the neutri-
nos’ transverse momenta. Final-state QCD partons, includ-
ing b-quarks, are recombined into IR-safe jets using the anti-
kT algorithm [25] with jet-resolution parameter R = 0.4.
Events are categorised according to the total number, Nj,
of jets with pT > 30 GeV and |h | < 2.5 and the number of
b-jets, Nb, within the same acceptance region. We classify
as b-jet any jet involving at least a b-quark, which includes
also the case of collimated bb̄ pairs resulting from the split-
ting of energetic gluons. In fixed-order calculations the im-
plementation of this realistic b-jet definition is possible only
in presence of massive b-quarks, while collimated bb̄ pairs
must be handled as “gluon-jets” in the massless case.

4 Scale choice for top-pair and single-top production

In order to isolate off-shell and single-top effects associated
with the finite top-quark width (FtW) we decompose the dif-
ferential W+W�bb̄ cross section as

dsW+W�bb̄ = dstt̄ +ds

FtW
W+W�bb̄, (7)

where the tt̄ term represents on-shell top-pair production
and decay in spin-correlated narrow-width approximation.
The tt̄ contribution is obtained from the numerical extrapo-
lation of the full W+W�bb̄ cross section in the narrow-width
limit [5],

dstt̄ = lim
Gt!0

 
Gt

G

phys
t

!2

dsW+W�bb̄(Gt), (8)

where the factor (Gt/G

phys
t )2 compensates the 1/G 2

t scaling
of the cross section in such a way that top-decay branching
fractions remain constant when Gt ! 0. By construction the
ds

FtW
W+W�bb̄ remainder in (7) contains all finite-top-width ef-

fects, including off-shell tt̄ production as well as single-top
and non-resonant contributions.

As compared to W+W�bb̄ production with two hard b-
jets, the fully inclusive case involves a much wider spectrum
of scales, ranging from mb to mtt̄. This renders theoretical
calculations significantly more involved. In particular, given
that the tt̄ and Wt contributions to W+W�bb̄ production are
characterised by very different scales, it is a priori not clear
if a conventional QCD scale choice can ensure a perturba-
tively stable description of both contributions. For tt̄ pro-
duction, a scale of the order of the geometric average of the
top-quark transverse energies,

µ

2
tt̄ = ET,tET,t̄ with E2

T,i = m2
i + p2

T,i, (9)

is known to ensure a good perturbative convergence [5]. In
the case of the single-top W�t contribution one has to deal
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ting of energetic gluons. In fixed-order calculations the im-
plementation of this realistic b-jet definition is possible only
in presence of massive b-quarks, while collimated bb̄ pairs
must be handled as “gluon-jets” in the massless case.
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In order to isolate off-shell and single-top effects associated
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jets, the fully inclusive case involves a much wider spectrum
of scales, ranging from mb to mtt̄. This renders theoretical
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Jets: antikt, R=0.4

PDF’s: NNPDF in Cascioli et al
            MSTW2008 in MCFM

Comparison with tW in MCFM
In Cascioli et al:

• full off-shell effects

• 4F, no resummation of the collinear log

• inclusion of bb-jets

In MCFM:

• Narrow width approximation

• 5F, resummation of the collinear log

• no bb-jets

Cascioli et al: 0+1 b-jet 
off-shell + tW

MCFMt
W

LO
84 +35-16

57 +21-10
89

NLO
102 +7-5

93 +16-9
97

Too much a good agreement!
Need of deep comparisons



Conclusions
• Single top production and decay studies test the Standard Model in a unique way

• Further, the large cross section at LHC with signature:

     “high pt lepton(s), missing energy, b-jets, light jets”

     are relevant backgrounds for Higgs searches and for a large number of BSM searches

• Predictions doable with fully automated frameworks that link the lagrangian to the event 
samples without human efforts

✤ it is a remarkable fact that, the addition of one more extra jet radiation with respect to known 
analytic computation (i.e. more extensive computation) can be done in a fully automated way up 
to the NLO+PS without human effort.

• Automation is not the end of the game for the theorists: it’s just the beginning of the fun!
    Great care is needed in the interpretation/validation of the results (quite often) case by case 


