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Many things are changed since the work of  Willenbrock and 

Dicus (1986) that showed the relevance of single top physics 

at hadron colliders (using tree level diagrams):

• I’ll review the progress of the last year (since the end of TOP2015)

• Just a selection, I apologize (too much progress!)

• You will see that, after 30 years of computations and measurements, 

"single top" is more and more an important tool that triggers 

progress in high energy physics 

Single top theory



• t-channel
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FIG. 2. Predicted pseudorapidity distribution of the non-b
jet in the final state from top quark production with decay at
13 TeV with fiducial cuts applied. Only QCD corrections in
production are included.
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FIG. 3. Predicted transverse momentum distribution of the
leading b-jet from top quark production with decay at 13 TeV
with fiducial cuts applied. Only QCD corrections in decay are
included.

is less than one since there are more u-valence quarks
than d-valence quarks in the proton, and it decreases
with pseudorapidity because the d/u ratio decreases at

large x [48]. The uncertainty flags show the statistical
uncertainty from the MC integration. The ratios of the
three curves are shown in the lower panel. The spread
of the LO, NLO, and NNLO predictions is about 1% in
the central region. At large |⌘

l

|, the NLO correction can
reach about 2%, and the additional NNLO correction is
well below one percent. Also shown in the lower panel
are the 68% confidence-level uncertainty bands for three
sets of NNLO PDFs: CT14 [48], MMHT2014 [56] and
NNPDF3.0 [57]. For simplicity, we obtained these bands
using the LO matrix elements and the NNLO PDFs, and
we verified that quantitatively similar central values of
the bands are obtained if we use NLO matrix elements.
Since the PDF induced uncertainty is much larger than
the theoretical uncertainty of its NNLO prediction, the
charge ratio can be used reliably to further discriminate
among and constrain the PDFs, provided that experi-
mental uncertainties can be controlled to the same level,
as is also pointed out in [24]. This charge ratio may
also be sensitive to certain kinds of physics beyond the
SM [58].
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FIG. 4. Ratios of the fiducial cross sections of top anti-quark
to top quark production with decay at 13 TeV as a function
of the pseudorapidity of the charged lepton. The lower panel
shows ratios to the LO prediction as well as dependence on
the choice of PDFs.

Summary. We present the first calculation of NNLO
QCD corrections to t-channel single top quark produc-
tion with decay at the LHC in the 5-flavor scheme in
QCD, neglecting the cross-talk between the hadronic
systems of the two incoming protons. Our calculation
provides a fully di↵erential simulation at NNLO for
t-channel single top-quark production with leptonic

t-channel single top production and decay @ NNLO 
in narrow width approximation
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FIG. 1. Sketch of t-channel single-top quark production and
decay; ub ! dt with t ! e+⌫eb. Vl represents QCD cor-
rections to the light quark line, which could include interfer-
ence of the tree-diagram and the two-loop diagram, square of
the one-loop diagram (double-virtual), interference of the one-
loop diagram with one additional gluon and the tree-level dia-
gram with one additional gluon (real-virtual), and the square
of tree-level diagram with a pair of additional partons (double-
real). Vh and Vd represent the same type of corrections to the
heavy quark line and the decay part, respectively. There is
no cross talk between the light quark line, heavy quark line,
and the decay part in our calculation.

performed for charm quark production in neutrino deep
inelastic scattering (DIS) in Ref. [36]. For the correc-
tions to the light-quark line, we adopted the method of
“projection-to-Born” in Ref. [32]. The key ingredients
in this approach are the inclusive NNLO DIS coe�cient
functions [37–39], for which a conveniently parametrized
version is available [40, 41]. For the real-virtual correc-
tions, we extracted the one-loop helicity amplitudes from
DIS 2 jet production in Ref. [42], and we cross checked
with Gosam [43]. These ingredients were combined ac-
cording to Ref. [32], by constructing appropriate counter-
events with opposite weights for every event in the Monte
Carlo (MC) integration of double-real and real-virtual
contributions, which render the phase space integrals fi-
nite for infrared (IR) safe observables. For the decay part
of the calculation, we adopted the results in Ref. [44]. We
also take into account the product of two NLO correc-
tions from di↵erent combinations of the light-quark line,
the heavy-quark line, and the decay part.

Finally, we combine corrections to the production part
and decay part consistently in the NWA, as in Refs. [45–
47]. Schematically, we write
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where d�i and d�i

t

denote the O(↵i

S) corrections to the
production and decay parts, respectively. For the full
NNLO corrections there are contributions from O(↵2

S)
production only, from the product of O(↵S) production
and O(↵S) decay, and from O(↵2

S) decay only, as shown
in Eq. (1). Inclusive production cross sections at each
order can be obtained after integration over the decay
phase space.

Numerical results. We use a top quark mass of 173.2
GeV and a W boson mass of 80.385 GeV. We set the
W boson decay branching ratio to 0.1086 for one lepton
family. We choose |V

tb

| = 1 and the CT14 NNLO parton
distribution functions (PDFs) [48] with ↵

s

(M
Z

) = 0.118.
The nominal scale choice is µ

R

= µ

F

= m

t

with scale
variation calculated by varying the two together over the
range 0.5 < µ/µ

o

< 2. We list the LO, NLO and NNLO
results for top quark and anti-quark production in Ta-
ble. I. The NNLO QCD corrections reduce the cross sec-
tions by 2 ⇠ 3 % compared to a reduction of 4 ⇠ 5 %
at NLO. The full NNLO corrections consist of pieces
from the heavy-quark line, the light-quark line, and the
products of them. There are cancellations between these
pieces as well as cancellations among di↵erent partonic
channels. Perturbative convergence of the separate QCD
series is well maintained, as we verified by checking the
individual pieces. Variations of the theoretical results as-
sociated with choices of the hard scales are reduced by a
factor of 4 at NLO compared with LO, and by a further
by a factor of 3 at NNLO with respect to NLO.

inclusive [pb] LO NLO NNLO

t quark 143.7+8.1%
�10% 138.0+2.9%

�1.7% 134.3+1.0%
�0.5%

t̄ quark 85.8+8.3%
�10% 81.8+3.0%

�1.6% 79.3+1.0%
�0.6%

TABLE I. Inclusive cross sections for top (anti-)quark pro-
duction at 13 TeV at various orders in QCD. The scale
uncertainties are calculated by varying the hard scale from
µF = µR = mt/2 to 2mt, and are shown in percentages.

Fiducial cross sections for t-channel single top-quark
production have been measured at 7 and 8 TeV [25, 26].
We choose a fiducial region for 13 TeV that is similar to
the one used in the CMS analysis [26] at 8 TeV. We use
the anti-k

T

jet algorithm [49] with a distance parameter
D = 0.5. Jets are defined to have transverse momentum
p

T

> 40 GeV and pseudorapidity |⌘| < 5. We require
exactly two jets in the final state, following the CMS and
ATLAS analyses, meaning that events with additional
jets are vetoed, and we require at least one of these to be
a b-jet with |⌘| < 2.4 [50, 51]. We demand the charged
lepton to have a p

T

greater than 30 GeV and rapidity
|⌘| < 2.4. For the fiducial cross sections reported below
we include top-quark decay to only one family of leptons.
Table II shows our predictions of the fiducial cross sec-
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FIG. 1. Sketch of t-channel single-top quark production and
decay; ub ! dt with t ! e+⌫eb. Vl represents QCD cor-
rections to the light quark line, which could include interfer-
ence of the tree-diagram and the two-loop diagram, square of
the one-loop diagram (double-virtual), interference of the one-
loop diagram with one additional gluon and the tree-level dia-
gram with one additional gluon (real-virtual), and the square
of tree-level diagram with a pair of additional partons (double-
real). Vh and Vd represent the same type of corrections to the
heavy quark line and the decay part, respectively. There is
no cross talk between the light quark line, heavy quark line,
and the decay part in our calculation.
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Fiducial cross sections for t-channel single top-quark
production have been measured at 7 and 8 TeV [25, 26].
We choose a fiducial region for 13 TeV that is similar to
the one used in the CMS analysis [26] at 8 TeV. We use
the anti-k
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jet algorithm [49] with a distance parameter
D = 0.5. Jets are defined to have transverse momentum
p
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> 40 GeV and pseudorapidity |⌘| < 5. We require
exactly two jets in the final state, following the CMS and
ATLAS analyses, meaning that events with additional
jets are vetoed, and we require at least one of these to be
a b-jet with |⌘| < 2.4 [50, 51]. We demand the charged
lepton to have a p

T

greater than 30 GeV and rapidity
|⌘| < 2.4. For the fiducial cross sections reported below
we include top-quark decay to only one family of leptons.
Table II shows our predictions of the fiducial cross sec-

✓ structure function approach
✓ higher precision on inclusive distributions 

wrt reconstructed top variables
✓ might be important for pdf studies

[Berger Gao Yuan Zhu 1606.08463]

BTW this is not the unique way to merge
corrections from production and decay
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no cross talk between the light quark line, heavy quark line,
and the decay part in our calculation.

performed for charm quark production in neutrino deep
inelastic scattering (DIS) in Ref. [36]. For the correc-
tions to the light-quark line, we adopted the method of
“projection-to-Born” in Ref. [32]. The key ingredients
in this approach are the inclusive NNLO DIS coe�cient
functions [37–39], for which a conveniently parametrized
version is available [40, 41]. For the real-virtual correc-
tions, we extracted the one-loop helicity amplitudes from
DIS 2 jet production in Ref. [42], and we cross checked
with Gosam [43]. These ingredients were combined ac-
cording to Ref. [32], by constructing appropriate counter-
events with opposite weights for every event in the Monte
Carlo (MC) integration of double-real and real-virtual
contributions, which render the phase space integrals fi-
nite for infrared (IR) safe observables. For the decay part
of the calculation, we adopted the results in Ref. [44]. We
also take into account the product of two NLO correc-
tions from di↵erent combinations of the light-quark line,
the heavy-quark line, and the decay part.

Finally, we combine corrections to the production part
and decay part consistently in the NWA, as in Refs. [45–
47]. Schematically, we write

�

LO =
1

�0
t

d�0d�0
t

��

NLO =
1

�0
t

h
d�1d�0

t

+ d�0(d�1
t

� �1
t

�0
t

d�0
t

)
i

��

NNLO =
1

�0
t

h
d�2d�0

t

+ d�1(d�1
t

� �1
t

�0
t

d�0
t

)

+ d�0(d�2
t

� �2
t

�0
t

d�0
t

� �1
t

�0
t

(d�1
t

� �1
t

�0
t

d�0
t

))
i
, (1)

where d�i and d�i

t

denote the O(↵i

S) corrections to the
production and decay parts, respectively. For the full
NNLO corrections there are contributions from O(↵2

S)
production only, from the product of O(↵S) production
and O(↵S) decay, and from O(↵2

S) decay only, as shown
in Eq. (1). Inclusive production cross sections at each
order can be obtained after integration over the decay
phase space.

Numerical results. We use a top quark mass of 173.2
GeV and a W boson mass of 80.385 GeV. We set the
W boson decay branching ratio to 0.1086 for one lepton
family. We choose |V

tb

| = 1 and the CT14 NNLO parton
distribution functions (PDFs) [48] with ↵

s

(M
Z

) = 0.118.
The nominal scale choice is µ

R

= µ

F

= m

t

with scale
variation calculated by varying the two together over the
range 0.5 < µ/µ

o

< 2. We list the LO, NLO and NNLO
results for top quark and anti-quark production in Ta-
ble. I. The NNLO QCD corrections reduce the cross sec-
tions by 2 ⇠ 3 % compared to a reduction of 4 ⇠ 5 %
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pieces as well as cancellations among di↵erent partonic
channels. Perturbative convergence of the separate QCD
series is well maintained, as we verified by checking the
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uncertainties are calculated by varying the hard scale from
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Fiducial cross sections for t-channel single top-quark
production have been measured at 7 and 8 TeV [25, 26].
We choose a fiducial region for 13 TeV that is similar to
the one used in the CMS analysis [26] at 8 TeV. We use
the anti-k
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jet algorithm [49] with a distance parameter
D = 0.5. Jets are defined to have transverse momentum
p
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> 40 GeV and pseudorapidity |⌘| < 5. We require
exactly two jets in the final state, following the CMS and
ATLAS analyses, meaning that events with additional
jets are vetoed, and we require at least one of these to be
a b-jet with |⌘| < 2.4 [50, 51]. We demand the charged
lepton to have a p
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greater than 30 GeV and rapidity
|⌘| < 2.4. For the fiducial cross sections reported below
we include top-quark decay to only one family of leptons.
Table II shows our predictions of the fiducial cross sec-
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Matching
The matching of parton showers to matrix elements that involve top-quark 
resonances poses nontrivial technical and theoretical problems

Standard mappings deteriorate the efficiency of the IR cancellation

➡ In general subraction schemes (CS, FKS) only the ingoing and 
outgoing momenta are relevant

➡ counter events kinematic has the primary condition to adsorbe the 
momenta of the extra radiated parton among the particles of the 
Born process, irrespective of the presence of internal resonances

➡ when the b quark in top decay emit a gluon (g) the shift in mass 
virtuality among event and counter event is of the order of

➡ virtualities match only if

m2
bg/Ebg

m2
bg ⌧ �tEbg
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3-momentum, and the absolute value of the b quark momentum is chosen in such a way

that the final state CM energy is conserved. This procedure is designed to conserve the

mass of the final state system, and the mass of the system that recoils with respect to the

splitting partons, i.e. the µ̄νd system, while the mass of the top resonance is not conserved.

We thus expect that the collinear singularities present in the real and subtraction

terms will be exposed in the narrow width limit, spoiling the convergence of the subtraction

method. In fact, double logs of the resonance width will arise in different regions of the

real cross section, yielding to a failure of convergence in the limit Γ → 0. It is also clear

that, in order to overcome this problem, one must devise a subtraction method such that

the resonance mass is the same in the real and subtraction terms when approaching the

resonance peak even when the resonance is off-shell by an amount greater than its width.

1.3 NLO+PS and resonances

If we plan to use an NLO calculation with an interface to a shower generator (NLO+PS

from now on), further problems arise due to the resonance treatment.

In the MC@NLO method [10], one should consider the recoil scheme used by the Shower

Monte Carlo to build radiation from a decaying resonance and construct the MC countert-

erms accordingly.

In the POWHEG method [11–13], one first computes the inclusive cross section for the

production of an event with a given underlying Born configuration. Radiation is then

generated according to a Sudakov form factor with the following form:

∆(p2T ) = exp

!

−
"

R(ΦB,Φrad)

B(ΦB)
θ(kT (Φrad)− pT )dΦrad

#

. (1.11)

The mapping of the real phase space into a product of an underlying Born times a radiation

phase space is the same used in the NLO subtraction procedure. In general, it will not

preserve resonance masses, so that in the R/B ratio, unless the condition (1.10) is met,

the numerator and the denominator will not be on the resonance peak at the same time.

In case when R is on peak and B is not, this will yield large ratios that badly violate the

collinear approximation.

A further problem arises when interfacing the NLO+PS calculation to a Shower gen-

erator, in order to generate the next-to-hardest radiation. Shower Monte Carlo’s should

be instructed to preserve the mass of the resonances. Thus, radiation should have a res-

onance assignment. This is generally not available in processes that include interference

among radiation generated by different resonances, or by a resonance and the production

process itself.

2 The method

In order to solve the problems mentioned above, we should separate all contributions to the

cross section into terms with definite resonance structure. Each term individually should

have resonance peaks only in a single, well defined, resonance cascade chain. The mapping

into an underlying Born configuration should be defined for these terms in such a way that

the resonance masses are preserved. Thus, when looking for parton pairs that can give rise

– 5 –

In the case of POWHEG for example,  for the method to work
correctly R/B must become large only in the collinear limit 

Last, but not less important, PS has to be instructed about
when preserve resonance mass during the shower to avoid arbitrary shift of the 

resonance invariant mass resulting in an unphysical distortion of the top line shape
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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
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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
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Matching

The solutions found in POWHEG-BOX-VRES

• division of the contribution following the possible resonance histories 
introducing appropriate multiplicative factors for all the contributions

• apply resonance aware mappings, in such a way to minimize the mismatch 
among real and subtractions

✓ the delicate separation of the real contribution into resonance histories 
that preserve collinear factorization and allows for subtractions 
computed in the resonance frame

[Jezo Nason 2015]



Matching

The solutions found in MG5_aMC@NLO

• division of the contribution following the possible resonance histories 
combining input from the amplitude structure, the FKS singular region and 
information on the kinematical configuration

• remapping of the event kinematics to match the resonance invariant mass, 
resorting on numerical methods to compute the new jacobian factor, no need 
of further analytic integrations

[Frederix Frixione Papanastasiou Prestel Torrielli 2016]



Matching
POWHEG-BOX results [Jezo Nason 2015]

NORES: POWHEG-BOX-V2
RES-HR: POWHEG-BOX-RES generating hardest radiation
RES-AR: POWHEG-BOX-RES generating hardest radiation from production and from decay
ST_tch: POWHEG generator, radiation in the decay generated by the shower

LHC @ 8TeV
pdf: MSTW2008NLO
jets: pt>25, |eta|<4.5, anti kt alg., R=0.5
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Figure 6. Transverse momentum distribution of the top quark, obtained with the RES-AR and the
ST-tch generators.
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Figure 7. Invariant mass of the top quark, obtained with the RES-AR and the ST-tch generators,
at the reconstructed level and at the MC-truth level.
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Figure 8. Mass and profile of the b jet, obtained with the RES-AR and the ST-tch generators.
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• The different treatment of radiation from 
the decay produces a shift in the 
reconstructed top mass of about 1GeV.

• More detailed pheno studies are nedeed!

RES-AR vs ST-tch

the reconstructed top is the system
built with the W and the b jet
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Figure 10. Transverse momentum distribution of the top quark, obtained with the RES-AR and
the RES-HR generators.

radiation. In the ST-tch generator, on the other hand, POWHEG generates no radiation

from the decaying top. Thus, all radiation from the b quark is handled by Pythia8. We

must therefore ascribe the differences that we find to the different treatment of radiation

in POWHEG and Pythia8. This issue was also discussed in ref. [14]. In view of its impact on

the top mass determination, this topic deserves a more detailed phenomenological study,

that goes beyond the scope of the present work.

5.5 RES-AR and RES-HR comparison

We now compare the RES-AR and RES-HR generators. As mentioned earlier, the two gener-

ators differ in the way that the Les Houches record is formed after the stage of generation

of radiation. In the former, the hardest radiation is kept for both production and top

decay independently. So, events with up to two more partons with respect to the Born

kinematics are stored in the Les Houches record, and are passed to Pythia8 for showering.

The shower in production is limited to the hardness of the radiation in production, while

the shower in top decay is limited by the hardness of radiation in top decay. In the latter,

only the hardest radiation of all is kept. Shower radiation, whether from production or

from decay, is limited by the scale of the hardest radiation in POWHEG.

In figure 10 we plot the transverse momentum and the rapidity distributions of the

reconstructed top. In figure 11 we show the mass peak, both for the reconstructed top and

for the top particle in the Monte Carlo record. In figure 12 we plot the mass and profile of

the b-jet, while in figure 13 we plot its transverse momentum.

We find, as in the case of the RES-AR and ST-tch comparison, differences in the top

lineshape. In this case, however, they are less pronounced. The comparison of observables

related to the b-jet also follow a similar pattern. They are qualitatively similar to the previ-

ous case, but less pronounced, in particular for the case of the b-jet transverse momentum

distribution. We interpret these findings as being due to the fact that in the RES-HR gen-

erator the b-jet hardest radiation is in part controlled by POWHEG and in part by Pythia8.

We remark that also in the RES-HR case POWHEG should correct the hardest radiation from

the b quark to yield an NLO accurate result, at least for sufficiently hard radiation.
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RES-AR vs RES-HR
top quark distributions in good agreement

less pronounced differences on the top lineshape
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Figure 11. Invariant mass of the top quark, obtained with the RES-AR and the RES-HR generators,
at the reconstructed level and at the MC-truth level.
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Figure 12. Mass and profile of the b-jet, obtained with the RES-AR and the RES-HR generators.
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Figure 13. Transverse momentum of the b jet, obtained with the RES-AR and the RES-HR genera-
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POWHEG-BOX results [Jezo Nason 2015]
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Figure 15. Invariant mass of the top quark, obtained with the NORES and the RES-HR generators,
at the reconstructed level.
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Figure 16. Mass and profile of the b jet, obtained with the NORES and the RES-HR generators.
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Figure 17. Transverse momentum of the b jet, obtained with the NORES and the RES-HR generators.
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Figure 15. Invariant mass of the top quark, obtained with the NORES and the RES-HR generators,
at the reconstructed level.
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Figure 16. Mass and profile of the b jet, obtained with the NORES and the RES-HR generators.
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Figure 17. Transverse momentum of the b jet, obtained with the NORES and the RES-HR generators.

– 41 –

RES-AR vs NORES

Marked distortions in many distributions

missing: comparison with a generator with the on-shell approximation

POWHEG-BOX results [Jezo Nason 2015]
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MG5_aMC@NLO results

same cuts as before plus  cut on the reconstructed top mass
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pT (Jb) > 25 GeV pT (Jlight) > 25 GeV

|η(Jb)| < 4.5 |η(Jlight)| < 4.5

140 GeV < M(W+, Jb) < 200 GeV

kt jet algorithm [66, 67], with Rjet = 0.5

Table 1. Setup for process definition and analysis.

enables the tagging of the primary B-hadron, identified as the B-hadron originating from

the outgoing b-quark from the hard interaction. We tag the primary b-jet as the jet that

contains the primary B-hadron. In addition to the pT cut on the primary b-jet, we impose

other cuts at the analysis level, summarised in table 1, which we adopt throughout our

simulations. They are identical to those of ref. [37], and thus allow for a direct comparison

with that paper. We limit ourselves here to reminding the reader that this setup has

been chosen so as to avoid artificial enhancements of non-resonant contributions, so that a

meaningful comparison with the on-shell single-top simulations can be made.

Given that observables sensitive to the leptonic decays of the W boson are also of in-

terest in single-top analyses (e.g. the invariant mass of the lepton+b-jet system, M(l+, Jb),

or the transverse mass of the reconstructed top quark, MT (l+, νl, Jb)), we consider a lep-

tonically decaying W+. For events passed to the PS, these decays are carried out by the

showers themselves, whereas at fixed order we simply decay the W+ isotropically in its rest

frame (which is also what the MCs do). We note that in this way production spin correla-

tions for the leptons are not included. While these may be phenomenologically important,

they are not relevant for the assessment of the off-shell and non-resonant effects we are

presently interested in, and therefore do not warrant the more involved process definition

that would be necessary when generating directly leptonic matrix elements.11

In view of the process definition and of the cuts in table 1, one expects its on-shell

analogue to constitute a reasonable approximation. Indeed, as it has been shown both

in single top [35–37] and in tt̄ [41–43] production, the NWA does an excellent job in

approximating the fully-off-shell results for many distributions. However, since it does fail

to capture the dominant effects in regions of phase space that are sensitive to the top off-

shellness and to non-resonant contributions, misuse of the NWA may therefore introduce

errors that vastly exceed the näıve estimate of ∼ O(Γt/mt), which ultimately may have a

bearing on experimental procedures such as top tagging and top-mass extractions.

The presence of potentially large effects of this kind will be studied in the following

through a systematic comparison of the W+bj results with their on-shell counterparts,

which we generically denote by tj. In tj production the top is a stable external particle,

hence its radiation in the shower is consistently matched at the level of the MC@NLO

short-distance cross sections. Thus, in this case, showering from the top must be allowed

in order to avoid double counting: this is the usual procedure [23, 25]. The inclusion

11Having said that, the generation of the full process p p > e+ ve b j, i.e. the process with spin-

correlated W -boson decays, is possible with the current version of MadGraph5 aMC@NLO.
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LHC @ 8TeV
pdf: MSTW2008NLO
jets: pt>25, |eta|<4.5, kt alg., R=0.5

fNLO: Wbj partone level @ NLO
tj+MSxs NLO+PS: top decay described by PS,
            BW smearing (for off-shellness), Spin correlation
Wbj NLO+PS: exploiting the algorithms to describe resonances

• Detailed study of the dependance of the predictions on the 
variation of the technical parameters

• Useful to understand the associated uncertainties.

[Frederix Frixione Papanastasiou Prestel Torrielli 2016]
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b.) The effect of parton showering with respect to fixed-order results is very significant

over the full range considered, and exceeds 50% in the bins near the peak. Radiation

by both showers smears and flattens the sharply-peaked fixed-order distribution. This

smearing results from the combined effect of ISR and FSR enhancing the high-mass

tail when clustered into the b-jet, and of b-quark FSR enhancing the low-mass tail

when leaking out of the b-jet.

c.) The dashed and solid brown curves in the first right-hand inset indicate that, both at

LO and NLO, the Pythia8 distributions are flatter overall than the corresponding

Herwig6 ones, with effects as large as 20% and 40% at NLO and LO, respectively.

Despite the remaining visible differences, there is a substantial improvement in the

consistency of the two showers at NLO, compatible with the increased formal ac-

curacy of the simulation. Differences between the two showers are to some extent

expected — the smearing cannot be attributed to one single factor, but rather is

a combination of various sources that vary between the showers: different αs(mZ)

or ΛQCD choices, different showering models (interleaved ISR/FSR in Pythia8 and

sequential ISR/FSR in Herwig6) and different hadronisation models.
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PS smears and flatten the sharp peak of fixed order prediction

MG5_aMC@NLO results
[Frederix Frixione Papanastasiou Prestel Torrielli 2016]



harder distribution of b-jet mass wrt fNLO

J
H
E
P
0
6
(
2
0
1
6
)
0
2
7Figure 5. Mass of primary b-jet, M(Jb).

one would obtain a very similar threshold, owing to the fact that the MCs need to

turn b quarks into massive objects with mMC
b ∼ 5GeV, in order to give a realistic

description of b-physics phenomena.

c.) The comparison between Pythia8 and Herwig6 reveals sizable differences, compat-

ible with the fact that this observable receives large contributions both from higher

perturbative orders and from the underlying showers. Nevertheless, given the be-

haviour of the fixed-order results, the (N)LO+PS predictions appear to be reason-

ably close to each other and, in addition, by including the information on the NLO

matrix elements the differences seen at LO+PS are reduced. In particular, it is reas-

suring that the agreement between Herwig6 and Pythia8 improves to about 15%

in the medium- and high-mass regions. There is also an improvement at low jet

masses (not visible in figure 5), which however should not be over-interpreted, since

non-perturbative effects are expected to be substantial in this region.

d.) The solid-red and dashed-magenta lines in the second inset indicate that the Mad-

Spin results roughly follow similar shape patterns as those of LO+PS W+bj, namely
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MG5_aMC@NLO results
[Frederix Frixione Papanastasiou Prestel Torrielli 2016]
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POWHEG-BOX-VRES for Wt

10−3

10−2

10−1

σ
[p
b
]

σ
/σ

b
b̄
4
ℓ

8 TeV

1b

σ
[p
b
]

σ
/σ

b
b̄
4
ℓ

8 TeV

1b

bb̄4ℓ
tt̄⊗ decay

tt̄

0.4

0.6

0.8

1.0

10−3

10−2

10−1

σ
[p
b
]

σ
/σ

b
b̄
4
ℓ

8 TeV

1j1b

σ
[p
b
]

σ
/σ

b
b̄
4
ℓ

8 TeV

1j1b

bb̄4ℓ
tt̄⊗ decay

tt̄

0.4

0.6

0.8

1.0

σ
/σ

b
b̄
4
ℓ

pthr
T,jet

[GeV]

bb̄4ℓ NLO0.8

0.9

1.0

10 50 100 150 200
σ
/σ

b
b̄
4
ℓ

pthr
T,jet

[GeV]

bb̄4ℓ NLO0.8

0.9

1.0

10 50 100 150 200

Figure 16. Integrated cross sections at 8 TeV in jet bins with one b-jet as a function of the jet-pT
threshold. The left plot is inclusive with respect to extra jet radiation (nj � nb = 1), while the
right plot is exclusive (nj = nb = 1). Absolute predictions and ratios as in Fig. 14.

are significantly underestimated in the tt̄⌦ decay predictions of the ttb NLO dec generator,

where single-top contributions are implemented via LO reweighting [35]. In practice such

a reweighting approach ceases to work in phase-space regions far away from the double-

resonant region.

8 Conclusions

In this paper we have presented the first Monte Carlo generator that provides a fully con-

sistent NLO+PS simulation of tt̄ production and decay in the di↵erent-flavour dilepton

channel, including all finite-width and interference e↵ects. This new generator, dubbed

bb4l, is based on the full NLO matrix elements for the process pp ! `+⌫` l�⌫̄l b b̄. This

guarantees NLO accuracy in tt̄ production and decay, as well as the exact treatment of

spin correlations and o↵-shell e↵ects in top decay. Top resonances are dressed with quan-

tum corrections, and also non-factorisable corrections associated with the interference of

radiation in production and decays are taken into account. Bottom-quark masses are

consistently included, which is quite important for the accurate modelling of b-quark frag-

mentation. Moreover, finite b-quark masses permit to avoid collinear singularities from

initial- or final-state g ! b b̄ splittings. This allows for W+W�bb̄ simulations in the full

phase space, including regions with unresolved b quarks, which are indispensable for the

simulation of top backgrounds in the presence of jet vetoes. It moreover provides a unified

NLO description of tt̄ and single-top Wt production, including their quantum interference.

The technical problems that arise from infrared subtractions and NLO+PS match-

ing in the presence of top-quark resonances are addressed by means of the fully general

resonance-aware matching method that was proposed in Ref. [52] and implemented in the

POWHEG-BOX-RES framework. This framework, besides allowing for a consistent matching
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✓ Increasingly important single top contribution 
at small pt jet threshold

New tt and wt generator exploiting the algorithms to treat resonances (bb4l)
[Jezo Lindert Nason Oleari Pozzorini 2016]

Unless stated otherwise, in kinematic distributions we always perform an average over the

t and t̄ case (thus also on lepton–antilepton, b–anti-b, etc.).

The top-pair observables in Sections 6.2–6.3 are computed by requiring the presence

of a b and a b̄ jet with

pjT > 30 GeV, |⌘j | < 2.5 , (5.9)

and applying the following leptonic cuts,

plT > 20 GeV, |⌘l| < 2.5 , pmiss
T > 20 GeV, (5.10)

where l = `+, l� and pmiss
T is obtained from the vector sum of the transverse momentum of

the neutrinos in the final state.

6 Top-pair dominated observables

Here we present numerical predictions for pp ! e+⌫eµ�⌫̄µb b̄+X at
p
s =8TeV. In partic-

ular, we study various observables that are sensitive to the shape of top resonances.

6.1 Comparison with traditional NLO+PS matching

In the following, we compare nominal bb4l predictions, generated with default settings,

with results obtained by switching o↵ the resonance-aware formalism (i.e. setting the flag

nores to 1). In this way we get results that are fully equivalent to a POWHEG-BOX-V2 (or

“traditional”) implementation. For this comparison we do not impose any cuts, i.e. we

perform a fully inclusive analysis that involves, besides tt̄ production, also significant con-

tributions from Wt single-top production.

Events generated with the traditional implementation do not contain any information

whatsoever about their resonance structures. We label the curves obtained by showering

these events as res-o↵. Because the resonance information is not available, the shower

generator will not preserve the virtualities of the resonances. In order to further explore

the usability of the res-o↵ results, we also consider the possibility of reconstructing the

resonance information of the Les Houches event on the basis of its kinematic proximity

to one of the possible resonant configurations. Specifically, we perform an educated guess

of the resonance structure of the event, assigning it to a tt̄ or to a Z resonance con-

figuration (see Section 4.1), and assigning the radiation either to the initial state or to

the outgoing b’s. The curves obtained this way are labelled as res-guess and the proce-

dure for reconstructing the resonance information from the event kinematics is detailed

in Appendix B.1.

We first consider, in Fig. 3, the invariant mass of the WjB and of the ljB systems. In

the res-o↵ case, we observe that the reconstructed mass peak has a wider shape. This is
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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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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

Leptons:

Jets: antikt, R=0.4

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

WWbb 

• full off-shell effects

• 4F, no resummation of the collinear log

• inclusion of bb-jets

Wt(tWb) MCFM

• Narrow width approximation

• 5F, resummation of the collinear log

• no bb-jets

σ(fb)
Cascioli et al:

0+1 b-jet off-shell
MCFM 

tW

LO
84 +35-16

57 +21-10
89

NLO
102 +7-5

93 +16-9
97

Quite good agreement
logs of Q/mb do not seems to play a big role [Maltoni Ridolfi Ubiali 2013]

[Campbell Ellis Giele Williams + FT]

Comparison among fixed order computations for tW production



• in 5F: Resummation of initial state logarithms important at high Bjorken x
• in 4F: possibly large logs of Q/mb always accompained by universal 

suppression factors

• The bulk of the cross section comes from the collinear region

• The suggested general strategy might still be to use 5F for accurate 
prediction of total Xsections and 4F for more exclusive predictions

Comparison among fixed order computations for tW production

[Maltoni Ridolfi Ubiali 2013]

A unified description (also for t-channel) in a single tool is 
hard to obtain, but desirable



• s-channel



Channel ABM12 [20] ABMP15 [52] CT14 [53] MMHT14 [54] NNPDF3.0 [55]

tt̄ 167.3±0.6 167.1±0.6 174.1±0.6 174.0±0.6 173.7±0.6

(167.9±0.6) (167.6±0.6) (174.7±0.6) (174.6±0.6) (174.3±0.6)

t-channel 168.1±4.0 167.1±4.0 170.6±4.1 171.3±4.1 175.0±4.2

(168.7±4.0) (167.6±4.0) (171.3±4.1) (171.9±4.1) (175.7±4.2)

s- & t-channel 167.6±3.6 166.7±3.6 169.4±3.7 170.0±3.7 172.7±3.7

(168.2±3.6) (167.2±3.6) (170.0±3.7) (170.6±3.7) (173.4±3.7)

TABLE 4: Results for mpole
t for di↵erent PDFs from the conversion of mt(mt) at NNLO (in parenthesis at

N3LO) using the value of ↵s(mZ) corresponding to the respective PDF set.

Tevatron. In particular, the ABMP15 PDFs find a non-zero iso-spin asymmetry of the sea, x(d̄� ū),
at small values of Bjorken x ' 10�4 and a delayed onset of the Regge asymptotics of a vanishing
x(d̄� ū)-asymmetry at small-x. This a↵ects to some extent the cross section for t-channel single-
top production, but has overall little impact on the extracted value of mt(mt) as can be seen from
Tab. 3.

For the PDF sets CT14 and MMHT14 we find the central values mt(mt)= 164.7 GeV and
mt(mt)= 164.6 GeV from the tt̄ data. These are not only significantly larger than the ones obtained
with ABM12 or ABMP15 due to the larger values for ↵s(mZ) and the gluon PDF in the relevant
x-range [5], but also much bigger than and barely compatible with the corresponding ones ex-
tracted from data for the single-top cross sections, mt(mt)= 160.2 GeV and mt(mt)= 160.8 GeV.
This lack of compatibility at the level of 1� remains an issue even when considering both the
still sizeable uncertainty on mt(mt) from the precision of experimental data as listed in Tab. 3
and the theoretical uncertainty �mt due the scale variation discussed above. Finally, the mt(mt)
values determined with the NNPDF3.0 set are internally consistent yielding mt(mt)= 164.3 GeV
and mt(mt)= 163.4 GeV, respectively, when using the tt̄ data or the combined s- and t-channel
data. However, they are significantly higher than the ones derived with the ABM12 and ABMP15
sets, so there is some tension among these two results. All the observed di↵erences are directly
translated to the on-shell masses listed in Tab. 4.

The production of single top-quarks at the LHC, especially in the t-channel, has the potential
of becoming a standard candle for the light quark flavor content of the proton as pointed out in
Ref. [52]. In turn, with the light quark PDFs constrained by data on the measured charged lepton
asymmetries from W± gauge-boson production, the single-top process has very good prospects to
contribute to a precise determination of the top-quark mass, since it is mediated by electroweak
interactions in LO and is less sensitive to the value of the strong coupling and the gluon PDFs.

Our study has shown that already with currently available data the top-quark mass can be
determined to good accuracy for single-top cross sections and in doing so we have chosen the
MS renormalization scheme for reasons of better perturbative stability. The values obtained for
the combined s- and t-channel data can be used to perform internal consistency checks for a given
PDF set when comparing with the ones from tt̄ data. Based on the dominant soft-gluon corrections
we have provided new approximate predictions at NNLO for the inclusive s-channel single-top
cross section and future theory improvements should complete the NNLO QCD correction to this
process. On the experimental side, high statistics measurements of single-top production at the
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[Alekhin Moch Thier 1608.05212]

• Tevatron data for s-channel cross section

• Implementation of approximated NNLO s-channel cross section
• Based on soft gluon corrections [Kidonakis 2006, 2007, 2010]

top mass determination
fitting single top cross section measurements



Conclusion

• After 30 years since the proposal to study its creation at hadron 

colliders, single top is now an essential laboratory

✓ NNLO computations

✓ resummation (not discussed here)

✓ NLO+PS matching of hard events with resonance production

✓ flavour schemes

• Progress in all directions

• Still several open issues, but groups are working very hard to solve them
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Stay tuned!


