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Single-top discovery
• Conclusive observation of 

single top production at the 
Tevatron in 2009.


• Impressive coming-together 
of experimental analysis 
techniques (e.g. MVA) and 
theory to overcome 
formidable backgrounds.


• Provides constraints on SM: 
Vtb, mt, PDFs, new physics.

Tevatron combination, https://arxiv.org/abs/1503.050273

https://arxiv.org/abs/1503.05027


LHC status
, PLB 800 (2019) 

• Not much to update since 2019, 
notably tW ℓ+jets ATLAS 8 TeV, 
CMS 13 TeV (not shown here).


• s-channel very tough: small and 
plentiful backgrounds!


• Theory < expt. uncertainty for s- 
and t-channel but similar for tW.


• t-channel: relatively large 
uncertainties at 13 TeV compared 
to 8 TeV, lots of work ahead


• t-channel will be precision 
probe for HL-LHC
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Theory status
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopRefXsec

The goal is to provide a common inclusive reference cross section for single-top to be used by the ATLAS and 
CMS collaborations. Until the newly available t channel NNLO prediction and its uncertainties are fully 
expressed and available for the parameter values of choice, this reference cross section is obtained with 
automated NLO tools which guarantee flexible and easily configurable settings in order to be in accordance with 
configurations used for Monte Carlo samples and agreed-on parameter values. Predictions for the t channel cross 
sections at NLO in QCD have been prepared using the Hathor v2.1 program (P. Kant et al., arXiv:1406.4403 
and M. Aliev et al., arXiv:1007.1327) in a common ATLAS-CMS effort. The same applies to the s channel, 
while the approx. NNLO predictions of Kidonakis are the reference for Wt. 

• Past time for latest NNLO QCD predictions, EW effects, etc. to be exploited for the 
evaluation of cross-sections and associated parametric, theoretical uncertainties.


• Future-proof the theory input for the expected march to experimental precision.


• This talk: focus on t-channel, highest priority and lots of recent progress.
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopRefXsec
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Next-to-leading-order predictions for t-channel single-top production at hadron
colliders
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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-

5 flavour scheme
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top quarks can be produced via electroweak interactions
at a rate comparable with strong production [1, 2, 3].
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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
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single top production has been actively sought and re-
cently established at the Tevatron [4, 5] and it will play
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fact, at the Tevatron the prospects for the detection and
then measurement of the electroweak (EW) production
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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-
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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-

4 flavour scheme

• b-pdf (resums large logs) 

• simpler (NNLO)

• exposes g→bb splitting, 
sensitivity to spectator b 

• 2→3 with two masses (NLO)



4F vs 5F scheme
• Good agreement in top-quark distributions, 

4FS normalization low except for small scale
2

+ higher orders, (1)

where µ is the factorization scale and ↵s(µ) is the strong
coupling constant; mt andmb are masses of the top quark
and bottom quark respectively. Coe�cients ai, ci, and di

are independent of the bottom quark mass. Calculations
in the 4FS are performed order by order in ↵s and include
exact bottom quark mass dependence like power correc-
tion term d1 in Eq.(1) which is otherwise neglected in
5FS. We include only the leading power correction term
for the purpose of this illustration. On another hand,
calculations in the 5FS resum potential large logarithms
of bottom quark mass due to gluon splitting into bottom
quarks in the initial state through all orders in ↵s, as
in terms associated with ai. The NLO and NNLO pre-
dictions have a resummation accuracy of next-to-leading
and next-to-next-to-leading logarithms.

We focus on results for top quark production at 13
TeV though results are similar for either top anti-quark
or top quark production at 8 TeV. We use CT14 NNLO
PDFs [53] of corresponding flavor numbers throughout
the comparison and a bottom quark mass of 4.75 GeV
and a top quark mass of 172.5 GeV accordingly. We set
the QCD renormalization scale and factorization scale
to be the same, unless otherwise specified, and choose
di↵erent values in the comparisons.

In Fig. 1 we plot the total inclusive cross sections for
single top-quark production at 13 TeV as functions of
QCD scales. In 5FS the choice of QCD scale µ5F deter-
mines size of the quasi-collinear logarithms that are re-
summed through the bottom quark parton distribution.
Resummation leads to fast convergence of the cross sec-
tions and stability against scale choice at higher orders in
5FS. For instance the NNLO cross section varies between
134.3 pb to 136.4 pb for the range of scales considered.
On another hand, predictions in 4FS exhibits larger scale
dependence owing to missing higher order contributions,
e.g., with a variation between 112.1 pb to 132.6 pb at
NLO. We note a fair comparison of predictions from the
two schemes should be NNLO(NLO) in 5FS to NLO(LO)
in 4FS since contributions from gluon splitting at large
angles are only included starting from NLO in 5FS. Pre-
dictions of the two schemes do approach each other at
high orders as resummed contributions from even higher
orders diminish. From Fig. 1 we conclude a preferable
scale choice for the 5FS of either µ5F = mt/4 or mt/2
where the NNLO corrections are small and meanwhile
the series show a good convergence, similar to the case of
top quark pair production [54]. Indeed a lower value of
the QCD scale in 5FS was suggested in Ref. [10] which
shows those quasi-collinear logarithms to be resummed
are accompanied by a universal suppression from phase
space integration. Unlike the case of 5FS we cannot find
a strong motivation for an optimal scale choice in 4FS
though a lower value leads to better agreement with 5FS
on the total cross sections. We use a nominal scale of

µ4F = mt in the following comparisons.
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FIG. 1. Inclusive cross sections for single top-quark pro-
duction at the LHC at 13 TeV at various orders in QCD,
as functions of the renormalization and factorization scale in
both 5FS and 4FS.

Kinematic distributions. Comparison of the predic-
tions of the two schemes for various kinematic distri-
butions of the top quark can be enlightening, in part
since there have been recommendations in the literature
that the 4FS provides better modeling at the exclusive
level [10]. We examine first the transverse momentum of
the top quark at 13 TeV. In Fig. 2 (a) we show normal-
ized cross sections at various orders with nominal scale
choices for both schemes, i.e. µ5F = mt/4 and µ4F = mt.
In the 5FS the LO prediction (not shown in the figure)
tends to have soft spectrum for the transverse momen-
tum of the top quark. Gluon splitting at large angles can
boost the top quark in the transverse direction. Those
contributions are included at LO in the 4FS but only
starting at NLO in the 5FS. In the 5FS, we see only a
modest change in shape and normalization of the distri-
bution in going from NLO to NNLO. In Fig. 2 (b) and (c)
we show results for the 5FS and 4FS respectively. The ra-
tio is shown of NNLO absolute cross section to the NLO
predictions in Fig. 2 (b) for di↵erent choices of the scale
µ5F . In Fig. 2 (c), the ratio is presented of the NLO and
LO absolute cross sections, for various choices of µ4F .
We again find that µ5F = mt/4 or mt/2 are the optimal
choices that provide fastest convergence in general for the
transverse momentum distribution. Larger scales lead to
enhancement of the quasi-collinear contributions thus a
softer spectrum at NLO until they are replaced by the full
NNLO corrections and vice versa. An alternative choice
could be a dynamic scale of µ5F = HT /4 with the trans-

3

verse mass HT = (m2
t + p

2

T,top)
1/2. The scale choice with

transverse mass can further stabilize predictions in the
tail at high pT , in qualitative agreement with the obser-
vation in Ref. [10], namely the collinear logarithm grows
with the center of mass energy of the hadronic system in
the heavy-quark line.

Dependence of the ratios on scale choice in 4FS is seen
most significantly for the overall normalizations similar
to that in Fig. 1. NLO corrections in the 4FS have less
impact on the shape of the distributions especially with
the choice of larger scales.

FIG. 2. Di↵erential distribution in transverse momentum of
a top quark at 13 TeV. (a): normalized cross sections with
the nominal scale choices for both schemes (note below the
horizontal dashed line, a di↵erent linear scale is used); (b) and
(c): ratio of NNLO(NLO) to the respective NLO(LO) predic-
tions of absolute cross sections with various scale choices in
5FS(4FS).

We turn next to a direct comparison of predictions
of kinematic distributions at the highest order of each
scheme. The normalized distribution on the transverse
momentum of the top quark is shown in Fig. 3 (a). We
normalize the distribution to the individual total cross
sections in order to concentrate on the shape of the dis-
tribution. For each distribution we plot ratios of the
NNLO predictions in 5FS and NLO predictions in 4FS
to a common reference of NNLO prediction in 5FS with
the nominal scale choice µ5F = mt/4. We find remark-
able agreement in shapes between the two schemes at a

level of a few percent for the kinematic region in trans-
verse momentum considered. The principal di↵erences
are seen close to the boundary of phase space, e.g., at
the smallest and highest transverse momenta. The pre-
diction of the two schemes di↵er by at most 2% for the
nominal scale choices. The spread of all predictions is
within 5% even if alternative scale choices of µ5F = mt/2
and µ4F = mt/2 are chosen.
A similar comparison for the absolute distributions and

for an extended pT range is shown in Fig. 3 (b). It is in-
teresting that the two schemes converge in the tail region
of large transverse momentum, and that the normaliza-
tion of the 4FS is o↵ exactly in the region sensitive to
resummed contributions from higher orders. For the ra-
pidity distribution, the spread of all predictions is at the
permille level up to a rapidity value of 2.4, and increases
to at most 2% for larger values. This occurs because at
high rapidities NNLO corrections from the light quark
line become significant and are only included in the 5FS
calculations.
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FIG. 3. Comparisons of the transverse momentum of the top
quark at 13 TeV for NNLO(NLO) predictions in 5FS(4FS),
presented as ratios to a common reference, for normalized and
absolute distributions in (a) and (b) respectively.

We further consider the e↵ects on the transverse mo-
mentum distribution of independent variations of the
renormalization scale (µr) and the factorization scale
(µf ). In Fig. 4(a) we plot ratios of the predictions to
those with the nominal scale choice when µr or µf is in-

Gao and Berger, https://arxiv.org/abs/2005.12936
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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.
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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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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-

5FS

4FS
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t-channel at NNLO
• First calculated for a stable top-quark using NNLO sector subtraction  

 
 
 
 
 
 
 

• Structure function approximation — corrections to heavy and light lines separately 
(NNLO) and interference (NLOxNLO).


• non-factorizable contributions neglected, relative size O(⍺s2/Nc2).


• Effect of NNLO on inclusive cross-section and top pT distribution small ~ [-2%, +2%].

Brucherseifer, Caola, Melnikov, https://arxiv.org/abs/1404.7116

8

https://arxiv.org/abs/1404.7116


• Extension to top-quark decay in narrow-width 
approximation, including also NNLO in decay 
(computed using combination of SCET/jettiness 
+ projection to Born) 
 

• Larger corrections ~ 10% in regions of 
some distributions.


• Disagreement with earlier calculation of 
inclusive cross-section


• only percent-level on total but O(1) difference 
in NNLO coefficient

(also top decay: BCM, https://arxiv.org/abs/1301.7133)

Berger, Gao, Yuan, Zhu, https://arxiv.org/abs/1606.08463; 
https://arxiv.org/abs/1708.09405
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decay independently by a factor of two around mt and
then adding the variations in quadrature. In general we
found large NLO corrections to the fiducial distributions,
which makes our NNLO calculation a necessity in order
to assess the convergence and reliability of pQCD series.

NNLO
NLO
LO

NNLO!LO NLO!LO

LHC 13 TeV, top quark

µR, p!µF, p!mt

µR, d!mt

"4 "2 0 2 4

0.0

0.2

0.4

0.6

0.8

0.4

0.6

0.8

1.0

1.2

ηj

R
at

io
d

σ
!d

η
j
"p

b
#

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.

As mentioned in Sec. II, we neglect cross-talk between
incoming protons, and we discuss the justification for this
approximation for the inclusive cross section. Exchanges
associated with cross-talk, although suppressed by a fac-
tor of 1/N2

c , might lead to di↵erent kinematical shape
dependence for di↵erential distributions, compared with
the corrections considered in this manuscript. It would
be valuable to compute the cross-talk contributions in the
future, once the relevant techniques are developed. We
believe that the calculation presented in this manuscript
represents the best available results in the literature so
far.

Charge asymmetry is one of the precision observables
at the LHC, e.g., as measured in W boson produc-
tion [52–54]. It is insensitive to high-order corrections
and is less subject to experimental systematic uncertain-
ties. Moreover, since it is determined largely by the
PDFs, it can provide stringent constraints in PDF de-
terminations [48, 55]. The predicted ratio of the fiducial
cross sections for top anti-quark and top quark produc-
tion is presented in the upper panel of Fig. 4 as a function
of the pseudorapidity of the charged lepton. The ratio
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
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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.

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, 58, 59]. This charge ratio
may also be sensitive to certain kinds of physics beyond
the SM [60].

V. SUMMARY

We present the first calculation of NNLO QCD
corrections to t-channel single top quark production
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
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Production and decay at NNLO: redux
• Single top too important to leave theoretical ambiguity unresolved!


• New calculation based on SCET approach, all ingredients re-computed 
from scratch and independently verified where possible.

JC, Neumann, Sullivan, https://arxiv.org/abs/2012.01574)

3.2 Top quark production and decay

Table 4: Comparison with fully inclusive production results from Berger, Gao, Zhu [37, 38].
Scale uncertainties in super- and subscript from simultaneous variation of µR = mt

and µF = mt by a factor of two and one half, respectively.

�
BGZ

LO
�LO �

BGZ

NLO
�NLO ± 0.01 �

BGZ

NNLO
�NNLO

7TeV
top 44.55+5.3%

�7.5% 44.55+5.3%
�7.5% 43.14+2.9%

�1.6% 43.15+2.9%
�1.6% 42.05+1.2%

�0.6% 41.99(4)+1.4%
�0.7%

anti-top 23.29+5.3%
�7.6% 23.29+5.3%

�7.6% 22.57+2.9%
�1.5% 22.57+2.9%

�1.5% 21.95+1.2%
�0.7% 21.90(3)+1.4%

�0.8%

14TeV
top 164.4+8.4%

�10% 164.41+8.4%
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�0.5% 153.2(2)+1.2%
�0.6%
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Figure 9: Leading jet pseudorapidity distribution in stable top-quark production at LO, NLO
and NNLO using NNLO CT14 PDFs. Our cross sections are compared with the
results in ref. [38] (BGZ).

top quark). For example, we show the leading jet pseudorapidity distribution in fig. 9 where
agreement within numerical uncertainties can be seen. Although not illustrated explicitly here,
the same holds true for the individual components of the calculation: heavy-line corrections,
light-line corrections and light⌦ heavy interference contributions.7

Comparison with fiducial results. We now compare with the fiducial results in ref. [38]
(BGZ), where we adopt mt = 173.3GeV and the kinematical cuts are summarized in ta-
ble 5.

The results of this comparison are presented in table 6. Through NNLO we find agreement for
all contributions within mutual uncertainties, where we assume an uncertainty of one in the
final digit of the BGZ results. In addition to this we have performed a check of the individual
contributions to the top-quark production number of �0.24 pb in table 6 from corrections to
the light-line, heavy-line and heavy-light interference. For the light-line contribution we find

7We thank Jun Gao for providing the corresponding division of the NNLO result.
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Comparison with fiducial results. We now compare with the fiducial results in ref. [38]
(BGZ), where we adopt mt = 173.3GeV and the kinematical cuts are summarized in ta-
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The results of this comparison are presented in table 6. Through NNLO we find agreement for
all contributions within mutual uncertainties, where we assume an uncertainty of one in the
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7We thank Jun Gao for providing the corresponding division of the NNLO result.
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same O(1%) difference with BCM perfect agreement with BGZ (also in distributions)10
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Scale choice
• Calculation also allows for double-deep inelastic scattering “DDIS” scales 

to match extraction of PDFs. 
 
 
 
 
 
 

• Scale uncertainties larger 
(compared to mt), suggesting 
more robust choice.

ₜ
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Consistency across orders
• Many PDF constraints come directly from DIS data → PDFs extracted at each order, 

combined with fixed-order prediction at same order, should agree


• Using DDIS scales, t-channel single-top tests this directly.


• Mostly consistent at NLO, NNLO; couple of sets minimal/no overlap (ABMP16, HERA2.0)

Tevatron, 1.96 TeV 

JC, Neumann, Sullivan, to appear

12



1900

2000

2100

2200

ABMP16als118 CT18 HERA20 MSHT20 NNPDF21 NNPDF30 NNPDF31

σ
 / 

fb NNLO

NNLO(mb = 4.7)

Sensitivity to mb
• Difference between predictions of PDF fits mostly due to input 

value of mb, e.g. NNPDF3.0 (4.18 GeV), NNPDF3.1 (4.92 GeV)


• Much better agreement after rescaling to mb=4.7 GeV.


• Eventually expt. uncertainties will be small enough to be 
sensitive to such differences at the LHC → sharpen PDF 
constraints, effects propagated to other processes via sum rules


• ideally, include mb variation in standard uncertainty envelope
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Figure 1: Examples of non-factorisable two-loop diagrams. Wavy lines represent
W bosons, curly lines are gluons, solid lines are quarks. The double line represents
the top quark.

processes including interesting constraints on parton distribution functions and pre-
cise measurements of kinematic distributions are benefitting from the high integrated
luminosity of the LHC [7, 8].

At a hadron collider, single top quarks can be produced in three different ways
(for a review, see Ref. [1]). One distinguishes i) the t-channel process that refers
to q b ! q0 t scattering mediated by an exchange of a W boson, ii) the s-channel
process that at the partonic level corresponds to q q0 ! W ⇤

! t b and, finally, iii)
the associated production that involves the g b ! W t process. About 70% of single
top quarks at the LHC are produced in the t-channel process; O(25%) are due to
the associated tW production and only O(5%) are due to the s-channel process.

Studies of single-top production rely on a precise theoretical description of this
process that can be obtained in the context of perturbative QCD and collinear fac-
torisation. This has been done at next-to-leading order (NLO) in perturbative QCD
in Refs. [9–14]. Furthermore, for the t-channel production next-to-next-to-leading
order (NNLO) QCD corrections have been calculated in Refs. [15–17]. Although the
more recent computations of such corrections presented in Refs. [16, 17] are quite
sophisticated and incorporate top quark decays and QCD corrections to them in
the narrow width approximation, all existing calculations of NNLO QCD corrections
to t-channel single-top production do not account for the so-called non-factorisable
contributions.

In the context of t-channel single-top production, non-factorisable corrections
refer to contributions that connect a light-quark line and a heavy b ! t line by gluon
exchanges, see Figure 1. Thanks to colour conservation, such contributions vanish
when NLO QCD predictions for cross sections are computed. However, since at
next-to-next-to-leading order two gluons in a colour-singlet state can be exchanged
between different fermion lines, non-factorisable diagrams start contributing at that
order and, in principle, have to be accounted for.

However, it is far from obvious that these non-factorisable corrections are im-
portant for a precise description of single-top production. The reason for neglecting
them in earlier computations was that they are colour-suppressed compared to fac-
torisable contributions shown in Figure 2. On the other hand, as became clear
recently, these non-factorisable corrections may be enhanced by a factor ⇡2 related

– 2 –

Non-factorisable contributions

• May not be as suppressed as originally thought, actually proportional to (⍺s 𝝅/Nc)2, 
c.f. calculation of WBF process.


• Non-factorisable 2-loop virtual amplitude recently computed analytically with full 
dependence on mt.


• Integrals computed numerically, demonstrated to be sufficiently robust for 
phenomenology.


• Full study on the way, preliminary results indicate size of 
corrections may be similar to factorisable contribution: 

Bronnum-Hansen et al, 
https://arxiv.org/abs/2108.09222

(also Assadsolimani et al, 
https://arxiv.org/abs/1409.3654)

Basat et al, 
https://arxiv.org/abs/2102.08225

Bronnum-Hansen et al, https://arxiv.org/abs/2108.09222
of the leading order cross section as well as top rapidity and p? distributions. Once
the grid is obtained, we randomly draw kinematic points from it, compute hF|Fi and
the phase-space weight for these points and obtain an estimate of the cross section
including non-factorisable corrections.

We find the following result

�ub
pp!dt =

 
90.3 + 0.3

✓
↵s(µnf)

0.108

◆2
!

pb, (5.4)

where the first term is the leading order cross section5 and the second term is the non-
factorisable NNLO contribution. We have indicated in Eq. (5.4) that one can change
the scale of the strong coupling constant in non-factorisable corrections independently
of the rest of the calculation. This is so because the non-factorisable corrections
appear for the first time at NNLO so that they cannot compensate the scale variations
of leading and next-to-leading order cross sections. This remark is important as the
choice of µnf in Eq. (5.4) has obvious consequences for how large these corrections
actually are. We note that the non-factorisable correction 0.3 pb in Eq. (5.4) is the
result of the cancellation between the one-loop squared contribution (0.7 pb) and the
interference of the two-loop amplitude with the leading order one (�0.4 pb).

It follows from Eq. (5.4) that non-factorisable corrections are quite small; they
change the leading order cross section by 0.3 percent. However, in spite of being
small they are actually of the same order as the factorisable corrections to single-top
production. Indeed, factorisable corrections are supposed to be the dominant ones
but they change the NLO single-top production cross section by less than a percent
(see e.g. Ref. [17]). Moreover, as we already mentioned, the appropriate choice of the
scale µnf in Eq. (5.4) is unclear at present. However, since these corrections always
involve exchanges between two quark lines, it is reasonable to assume that proper µnf

should be related to a typical transverse momentum of the top quark in single-top
production, which is about 40�60 GeV. If so, the magnitude of the non-factorisable
correction will increase by a factor O(1.5) and become close to half a percent.

Having discussed the total cross section we move to kinematic distributions. We
begin with the distribution of the top quark transverse momentum; it is shown in
Figure 7. In the upper pane we display the differential cross section at leading order
and including non-factorisable corrections. In the lower pane, we show ratios of the
NNLO non-factorisable correction to the leading order differential cross section as a
function of the top quark transverse momentum.

It follows from Figure 7 that non-factorisable corrections exhibit significant p?-
dependence. Indeed, they are quite small and negative for p? between 0 and 50 GeV.
For larger p?, they start growing and reach O(1%) at p? ⇠ 100 GeV. It is interesting
to note that the NNLO factorisable correction exhibits a similar p?-dependence [15–

5The leading order cross section has been checked against MadGraph5_aMC@NLO [59].
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Liu, Melnikov, Penin, https://arxiv.org/abs/1906.10899
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Single top in PDF fits
• Based on NNPDF3.1, assessing impact of single-top datasets.


• Most 8, 13 TeV differential data not included — lack of detailed uncertainty/correlation information. 


• Some distributions at 7 TeV— notably pT(t) — not well-described by theory. 
No such disagreement at 8 TeV, perhaps measurement issue?

Dataset Fit 1 Fit 2 Fit 3 Fit 4 Fit 5 Optimal fit

Global baseline y y y y y y

ATLAS �t/�t 7 TeV n n n y y y

ATLAS �t/�t 8 TeV n y y y y n

ATLAS �t/�t 13 TeV n y y y y y

CMS �t/�t 8 TeV n y y y y y

CMS �t/�t 13 TeV n y y y y y

CMS �t+t 7 TeV n y y y y y

ATLAS d�/dpT (t) 7 TeV n y n n n n

ATLAS d�/dpT (t) 7 TeV n y n n n n

ATLAS d�/d|y(t)| 7 TeV n n y n n n

ATLAS d�/d|y(t)| 7 TeV n n y n n n

ATLAS (1/�)d�/dpT (t) 7 TeV n n n y n n

ATLAS (1/�)d�/dpT (t) 7 TeV n n n y n n

ATLAS (1/�)d�/d|y(t)| 7 TeV n n n n y y

ATLAS (1/�)d�/d|y(t)| 7 TeV n n n n y y

Table 5: The combinations of data that are included (y) or not (n) in each fit.

the NNPDF3.1 default analysis to mc = 1.51 GeV, mb = 4.92 GeV and mt = 172.5 GeV,

respectively, in accordance with the values recommended by the Higgs Cross Section Working

Group [119]. The PDFs are parametrised and fitted at Q0 = 1.65 GeV and then evolved at

NNLO with APFEL [120]. The ReportEngine software [121] is used to analyse each fit.

4.3 Fit results

We now present the results of the fits summarised in Table 5. Table 6 shows the �2 values for

the datasets included in the various fits, computed according to Eqs. (3.2)-(3.3). Numbers

in boldface (square brackets) denote the single top measurements (not) included in each fit.

The Baseline fit has a �
2 = 1.19 which remains stable upon the inclusion of single top data

in the fit, irrespective of the single top distribution considered.

Turning our attention to the results for individual single top datasets, we observe, overall,

a remarkable stability in the values of the �2 before and after the fit, irrespective of the specific

single top measurement included in the fit. In each case, the �2 fluctuates around its baseline

value in a statistically insignificant way. Note that we consider a shift in the �2 as statistically

significant only if it is larger than one standard deviation of the �
2 distribution; that is the

new �
2 lies outside the limits defined by �2Ndat±

p
2Ndat

Ndat
, where �2 is the value for the Baseline

fit, and Ndat is the number of data points which have been used to normalise the �2. Overall,

single top data are fairly well described, albeit with the following exceptions, already observed

in Sect. 3.

First, the poor pre-fit �
2 observed in Sect. 3 for the transverse momentum di↵erential

distributions does not improve at all when the data is included in a fit. By comparison

with the rapidity distributions, which instead show an equally acceptable �2 before and after

the fit, we cannot envision any theoretical reason that could explain such a discrepancy.

We therefore conclude that, unless this is understood, the di↵erential distribution in the

transverse momentum of the top antiquark should not be included in a PDF fit. Second, the

comparatively large pre-fit �2 for the ATLAS 8 TeV �t/�t measurement decreases each time

single top data is included in the fit, although it reaches a not particularly good minimum of
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with the rapidity distributions, which instead show an equally acceptable �2 before and after

the fit, we cannot envision any theoretical reason that could explain such a discrepancy.

We therefore conclude that, unless this is understood, the di↵erential distribution in the

transverse momentum of the top antiquark should not be included in a PDF fit. Second, the

comparatively large pre-fit �2 for the ATLAS 8 TeV �t/�t measurement decreases each time

single top data is included in the fit, although it reaches a not particularly good minimum of
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Figure 4: Same as Fig. 3, but for top-antiquark production.

data uncertainty, which remains rather larger than the PDF uncertainty. For this reason, we

anticipate a moderate impact of single top-quark and top-antiquark data on PDFs when they

are included in a fit (see Sect. 4).

That being said, a qualitative inspection of Figs. 2–4 reveals that theoretical predictions

based on the NNPDF3.1 PDF sets are overall in fair agreement with the data. Significant

discrepancies are observed only in two cases, consistently with what was qualitatively reported

in Ref. [12] (see in particular Figs. 15–16 therein). First, the ATLAS single top-quark to top-
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Figure 18: Same as Fig. 3, but for the ATLAS data of Ref. [13].

measurement deserves further investigation, possibly on the original experimental analysis,

and should therefore not be included in a PDF fit.
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Impact on u/d ratio
• Moderate decrease in uncertainties for x ~ [0.01, 0.5], driven by 𝞂(t)/𝞂(t)


• Reflected in very small shift in 𝞂(W+) and 𝞂(W-), within current expt. uncertainties.

Figure 14: Same as Fig. 11 but for the up-quark to down-quark PDF ratio.

Figure 15: Theoretical predictions for theW+ andW
� cross section at NNLO obtained with

the Baseline fit (green) and the Optimal fit (orange), compared to the 13 TeV measurement

performed by ATLAS [122]. The 68% CL and 90% CL ellipses for the theoretical predictions

are represented in dark and light shades, respectively. Correspondingly, the same CLs are

plotted for the experimental measurement in dark and light grey.

range of parton luminosities change upon including single top data in a PDF fit. We do this

because parton luminosities, which describe the partonic content of two colliding protons, are

in fact the relevant entities for the LHC. Note that we adopt the definition of the parton

luminosity given in Ref. [123].

Fig. 16 compares the relative uncertainty on the gluon-gluon, gluon-quark, quark-quark,

and quark-antiquark parton luminosities at
p
s = 13 TeV (whereby a sum over all quark

or antiquark flavours is performed), and Fig. 17 compares the relative uncertainty on the ud̄

luminosity, to which single top data are expected to be particularly sensitive. The uncertainty

is plotted in the invariant mass MX and the rapidity y of the final state. The plots on the left-
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Associated tW production



Latest developments
• Not yet known at NNLO — too many masses for current 2-loop methods.


• Approximate approaches fill the gap, can capture salient features of higher-order corrections, 
e.g. reduced scale uncertainty. 


• State-of-the-art: soft-gluon corrections to approximate N3LO — "aN3LO” — for (stable) top + W, 
underpinned by comparison of aNLO vs. exact NLO (performs extremely well even at 100 TeV).
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Figure 2: The cross section for tW� production with mt = 172.5 GeV versus collider energy: (left)
The NLO and aNLO cross sections using MSHT20 NLO pdf with three scale choices: µ = mt/2,
mt, and 2mt; (right) The LO, NLO, aNNLO, and aN3LO cross sections using MSHT20 NNLO pdf
with µ = mt. The inset plot shows the K-factors over LO.

tW
� production with µ = mt over an energy range up to 100 TeV. MSHT20 NNLO pdf are used

for all orders in the plot in order to show the growth of the perturbative series. The aNNLO cross
section is derived by adding the second-order soft-gluon corrections to the complete NLO result.
The aN3LO cross section is derived by further adding the third-order soft-gluon corrections. The
inset plot shows the K-factors (i.e., ratios of cross sections) relative to the LO cross section, showing
that the NLO corrections are large and that the further aNNLO and aN3LO corrections are also
quite significant.

The plot on the left in Fig. 3 displays results for the aN3LO cross section as a function of collider
energy with three di↵erent choices of factorization/renormalization scale: µ = mt/2, mt, and 2mt.
To better show the dependence on the scale, the inset plot shows the K-factors for the NLO and
aN3LO cross sections relative to the central NLO result. It can be seen that the scale dependence
is significantly reduced at aN3LO relative to NLO. This is of course important for providing more
robust theoretical predictions in making comparisons with experimental data from the LHC and
future colliders. We also note that the relative scale dependence depends on the collision energy,
and it increases at larger energies.

The plot on the right in Fig. 3 displays aN3LO results for the sum of the tW
� and t̄W

+ cross
sections (which is double that for tW

� alone) at LHC energies as well as the relevant data from
LHC combinations at 7 and 8 TeV [40] and from ATLAS [22] and CMS [41] at 13 TeV. The central
aN3LO cross section is displayed as well as upper and lower results that include the combined scale
and pdf uncertainties. We observe very good agreement between the aN3LO theoretical predictions
and the data from the LHC. We also note that the theoretical uncertainty is smaller than the
uncertainty of the recent LHC data.

Next, we provide some specific numbers for the aN3LO cross sections and their uncertainties
for current and future LHC energies as well as for a couple of possible energies at future colliders.
Table 1 shows the aN3LO cross sections for the sum of the tW

� and t̄W
+ cross sections at LHC

energies. The central value is with µ = mt, the first uncertainty is from scale variation over
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Figure 3: (left) The aN3LO cross section for tW� production versus collider energy using MSHT20
NNLO pdf and mt = 172.5 GeV with three scale choices: µ = mt/2, mt, and 2mt; the inset plot
displays K-factors for the NLO and aN3LO cross sections with scale variation over the central
(µ = mt) NLO result. (right) Results for the tW

� + t̄W
+ cross section at aN3LO with scale and

pdf uncertainties compared with data from the LHC [22,40, 41].

aN3LO tW
� + t̄W

+ cross sections
LHC 7 TeV LHC 8 TeV LHC 13 TeV LHC 14 TeV

17.2+0.4
�0.3

+0.7
�0.4 pb 24.6+0.6

�0.5
+0.9
�0.6 pb 79.5+1.9

�1.8
+2.0
�1.4 pb 94.0+2.2

�2.1
+2.2
�1.6 pb

Table 1: The aN3LO tW
� + t̄W

+ cross sections (with scale and pdf uncertainties) in pp collisions
at the LHC with

p
S = 7, 8, 13, and 14 TeV, with mt = 172.5 GeV and MSHT20 NNLO pdf.

mt/2  µ  2mt, and the second uncertainty is from the MSHT20 NNLO pdf as provided by that
set. In addition, we calculate the corresponding tW

� + t̄W
+ cross section at 50 TeV energy, and

find 1.08+0.05
�0.03 ± 0.01 nb; and at 100 TeV energy, and find 3.25 ± 0.20 ± 0.04 nb. We observe that

at LHC energies the scale and pdf uncertainties are similar, but at higher collider energies the pdf
uncertainties become smaller than the scale variation.

4 Di↵erential distributions for tW production

We next consider di↵erential distributions of the top quark and of theW boson in tW production. In
particular, we calculate transverse-momentum and rapidity distributions. Di↵erential distributions
can be more sensitive to new physics than total cross sections, so it is important to consider the
e↵ect of soft-gluon corrections on these distributions.

4.1 Top-quark di↵erential distributions

We first consider di↵erential distributions in pT and rapidity of the top quark in tW production.
In Fig. 4 we show the LO, NLO, aNNLO, and aN3LO top-quark pT distributions, d�/dpT , at

7
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s-channel



Current status
• Current status: NNLO QCD in production and decay (SCET/jettiness) 

• Corrections +5% overall, little overlap 
between orders. 
 
 
 
 

• Decay allows for fiducial cuts, showing 
opposite (negative) pattern of corrections 
in “2 jets, 2 b-tags” analysis.

Gao, Liu, https://arxiv.org/abs/1807.03835

4

fiducial [pb] LO NLO NNLO

t quark
total 0.1348+2.6%

−3.4% 0.1156+3.1%
−3.0% 0.1071+2.2%

−0.8%

corr. in pro. −0.0121 −0.0065

corr. in dec. −0.0071 −0.0026

t̄ quark
total 0.0907+2.5%

−3.4% 0.0745+3.6%
−3.4% 0.0663+2.5%

−1.3%

corr. in pro. −0.0066 −0.0051

corr. in dec. −0.0096 −0.0035

TABLE II. Total cross section within the fiducial volume at
the LHC 13 TeV. The NLO and NNLO QCD corrections from
top quark production and decay are also listed separately.
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FIG. 4. Transverse momentum distribution of the two b-jet
system from the s-channel single top quark production and
decay at the LHC 13 TeV with fiducial cuts.

is associated with top-quark production and the other
is from top-quark decay. We employ the “2-jets 2-tags”
analysis [13], which requires exactly two jets, each with
transverse momentum greater than 40 GeV, and both
being b-tagged.
We summarize the total cross sections at LO, NLO

and NNLO with the fiducial cuts at the LHC 13 TeV
in Tab. II. The QCD corrections from production and
decay alone are also listed. In contrast to the inclusive
cross sections, both the NLO and NNLO corrections are
negative for fiducial cross sections. The NLO and NNLO
corrections are about−16% and−8%, respectively. QCD
corrections from decay are comparable to those from pro-
duction, especially for top anti-quark. The scale varia-
tions are reduced with NNLO corrections.
Next, we show distributions of two observables that

are key inputs to the experimental multivariate analysis.
Fig. 4 presents the transverse momentum distribution of
the two b-jet system in s-channel single top quark pro-
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FIG. 5. Normalized distribution of invariant mass of the sys-
tem composed of the charged lepton and the subleading b jet
in pT , for top anti-quark production and decay at the LHC
13 TeV with fiducial cuts.

duction and decay. The NNLO correction to the distribu-
tion is about −10% over the range 0 < pT,bb < 200GeV.
There is an obvious gap between the NLO and NNLO
prediction bands. The scale uncertainties are reduced by
NNLO corrections especially in large pT,bb region. Fig. 5
presents the normalized distribution of the invariant mass
of the system composed of the charged lepton and the
subleading b jet in pT in s-channel top anti-quark pro-
duction and decay. The distribution of Ml,b2 has an end-
point around the top quark mass, as expected. The peak
of the distribution is shifted to lower masses by higher
order corrections. The normalized distribution show lit-
tle dependence on the scale choices. The ratios of NLO
and NNLO cross sections to LO ones grow rapidly when
Ml,b2 increases above 160GeV, which is close to the top
quark mass threshold.
Conclusions. We have presented a first NNLO QCD
calculation of s-channel single top (anti-)quark produc-
tion and decay at the LHC neglecting certain subleading
color contributions. The top (anti-)quark spin correla-
tion is preserved in the narrow width approximation. By
considering NNLO corrections, the inclusive cross sec-
tions are enhanced by about 7% in general. The increase
of cross sections at low transverse momentum of the top
quark can reach above 10%. Furthermore, the NNLO
corrections to the total fiducial cross section are about
−8%, in contrast to the inclusive case. The scale varia-
tions are reduced in general for both inclusive and fiducial
cross sections. We found scale variations at NLO always
underestimate the true NNLO corrections. The NNLO
corrections are also significant for various kinematic dis-
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inclusive LO NLO NNLO

8 TeV
σ(t) [pb] 2.498+0.17%

−0.74% 3.382+2.36%
−1.81% 3.566+0.95%

−0.78%

σ(t̄) [pb] 1.418+0.12%
−0.73% 1.922+2.37%

−1.81% 2.029+1.07%
−0.83%

σ(t+ t̄) [pb] 3.916+0.15%
−0.73% 5.304+2.36%

−1.81% 5.595+0.99%
−0.80%

σ(t)/σ(t̄) 1.762+0.04%
−0.01% 1.760+0.00%

−0.02% 1.757+0.05%
−0.12%

13 TeV
σ(t) [pb] 4.775+2.69%

−3.50% 6.447+1.39%
−0.91% 6.778+0.76%

−0.53%

σ(t̄) [pb] 2.998+2.69%
−3.55% 4.043+1.33%

−0.94% 4.249+0.69%
−0.48%

σ(t+ t̄) [pb] 7.772+2.69%
−3.52% 10.49+1.36%

−0.92% 11.03+0.74%
−0.51%

σ(t)/σ(t̄) 1.593+0.05%
−0.01% 1.595+0.06%

0.03% 1.595+0.07%
−0.05%

TABLE I. Inclusive cross section for s-channel single top
(anti-)quark production at LO, NLO and NNLO at the LHC
8 and 13 TeV. The uncertainties refer to the variation by si-
multaneously changing the factorization and renormalization
scales by a factor of two from their central value µF = µR =
mt.

The scale variations for the LO cross section are quite
small due to the opposite trend of the u and d̄ quark
PDFs from varying the factorization scale. The NNLO
corrections would be underestimated by the scale varia-
tions of the NLO cross sections. Nevertheless, the scale
variations are largely reduced with the NNLO correc-
tions. At NLO, both of the corrections to Vl and Vh are
significant. At NNLO, the corrections to Vl are below
1%, much smaller compared to the corrections to Vh and
the product of the O(αs) corrections to Vl and Vh, which
are more than 2%. QCD corrections are similar for top
quark and anti-quark production. The ratio of the two
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FIG. 3. Predicted transverse momentum distribution of the
top quark from s-channel production at the LHC 13 TeV.

cross sections are thus stable against QCD corrections,
varying at the per mille level.
Fig. 3 shows the transverse momentum distribution of

top quark at the LHC 13 TeV. Both the NLO and NNLO
corrections are positive and large. The ratios of NLO to
LO cross sections vary from 1.2 to 1.4 over the range
0 < pT,top < 200GeV, and the ratios of NNLO to LO
cross sections vary from 1.35 to 1.45 for the same range.
In low pT,top region, the NNLO corrections can be as
large as 10%. There is no overlap between the NLO and
NNLO prediction bands in most region, which again indi-
cates the NNLO corrections would be underestimated by
scale variations at NLO. The scale variations are greatly
reduced going from NLO to NNLO for large pT,top values.
In experimental analyses, top (anti-)quarks are identi-

fied through their decay products e.g., semi-leptonic or
hadronic decays. With the advantage of our fully differ-
ential calculation, we can study observables within an ex-
perimental fiducial volume. In the following calculations,
we assume top quarks always decay to bW+ and use a
branching ratio of 0.1086 for the leptonic decay of the W
boson to one family. Based on the CMS analysis [13], we
choose the following basic kinematic cuts. Events with
one charged lepton are selected by requiring its transverse
mometum pT,l > 24GeV and pseudorapidity |η| < 2.1.
Jets are clustered with anti-kT jet algorithm and radius
R = 0.5. Pre-selection requires jets to have |η| < 4.5
and pT > 20GeV. Pseudorapidity of bottom quark ini-
tiated jets are required to satisfy |η| < 2.4 according to
b tagging algorithms [80]. Single top quark production
through s-channel is characterized by a final state com-
posed of one charged lepton, missing energy originating
from neutrinos, and two b-tagged jets. One of the b-jets
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small due to the opposite trend of the u and d̄ quark
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corrections would be underestimated by the scale varia-
tions of the NLO cross sections. Nevertheless, the scale
variations are largely reduced with the NNLO correc-
tions. At NLO, both of the corrections to Vl and Vh are
significant. At NNLO, the corrections to Vl are below
1%, much smaller compared to the corrections to Vh and
the product of the O(αs) corrections to Vl and Vh, which
are more than 2%. QCD corrections are similar for top
quark and anti-quark production. The ratio of the two
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FIG. 3. Predicted transverse momentum distribution of the
top quark from s-channel production at the LHC 13 TeV.

cross sections are thus stable against QCD corrections,
varying at the per mille level.
Fig. 3 shows the transverse momentum distribution of

top quark at the LHC 13 TeV. Both the NLO and NNLO
corrections are positive and large. The ratios of NLO to
LO cross sections vary from 1.2 to 1.4 over the range
0 < pT,top < 200GeV, and the ratios of NNLO to LO
cross sections vary from 1.35 to 1.45 for the same range.
In low pT,top region, the NNLO corrections can be as
large as 10%. There is no overlap between the NLO and
NNLO prediction bands in most region, which again indi-
cates the NNLO corrections would be underestimated by
scale variations at NLO. The scale variations are greatly
reduced going from NLO to NNLO for large pT,top values.
In experimental analyses, top (anti-)quarks are identi-

fied through their decay products e.g., semi-leptonic or
hadronic decays. With the advantage of our fully differ-
ential calculation, we can study observables within an ex-
perimental fiducial volume. In the following calculations,
we assume top quarks always decay to bW+ and use a
branching ratio of 0.1086 for the leptonic decay of the W
boson to one family. Based on the CMS analysis [13], we
choose the following basic kinematic cuts. Events with
one charged lepton are selected by requiring its transverse
mometum pT,l > 24GeV and pseudorapidity |η| < 2.1.
Jets are clustered with anti-kT jet algorithm and radius
R = 0.5. Pre-selection requires jets to have |η| < 4.5
and pT > 20GeV. Pseudorapidity of bottom quark ini-
tiated jets are required to satisfy |η| < 2.4 according to
b tagging algorithms [80]. Single top quark production
through s-channel is characterized by a final state com-
posed of one charged lepton, missing energy originating
from neutrinos, and two b-tagged jets. One of the b-jets
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Other developments



“Complete” single top
• Complementary approach: include all contributions to a given final-state 

signature (at some order), traditional channels emerge by applying cuts


• less assumptions, e.g. reliance on narrow-width approximation  ✔︎


• much more complicated, not highest formal accuracy (no NNLO)  ❌


• Study including all NLO QCD and EW effects + QCD shower in MG5_aMC@NLO


• t-channel signature: lepton, light jet, b-jet, missing ET
Frederix, Pagani and Tsinikos,  

https://arxiv.org/abs/1907.12586
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Figure 1. Selection of Feynman diagrams contributing to the signature (2.1). The upper-left diagram
contributes to NLO1 and NLO2 (W+jets), the upper-central diagram to NLO4 (single-top resonant),
and the upper-right diagram also to NLO4 (non-resonant). The lower-left diagram is a typical s-
channel single-top production diagram, with an extra gluon, while the lower-right diagram can be
considered t̄W

+-associated production, both contributing to NLO3.

tree-level diagrams: W+jets with leptonic W decays contributes to the O(↵
2
s↵

2
). Thus, as

already mentioned, single-top production is not the only production process contributing to
this signature. Furthermore also non-resonant contributions are possible.

In this section we present the calculation of all the contributions to fixed-order complete-
NLO predictions for the signature (2.1). Following the notation already used in Refs. [42, 72–
78], with complete-NLO predictions we denote all the one-loop and real emission corrections
of QCD and EW origin. To this purpose we calculate all the O(↵

m
s ↵

n+2
) contributions with

m,n > 0 and m+ n = 2, 3 to

pp ! ⌫eJJJ , (2.2)

where J is any particle that may potentially enter in a fully-democratic jet, i.e., a jet that is
obtained by clustering quarks (including b-quarks), gluons, photons and leptons. As discussed
in Refs. [42, 75], this procedure is necessary in order to fully ensure IR safety when dealing
with complete-NLO contributions and massless final state. In practice, given the presence of
an electronic neutrino,1 all the possible final-states include a positron and two(three) massless
particles.

1In our calculation lepton PDFs are safely set to zero [79], so no initial-state leptons can be present.
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Figure 7. Single-Top cross section and their uncertainty from scale dependence in the fiducial region
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W+jets cross section

LO 0.7656(6)
+0.3002(+39.2%)

�0.2265(�29.6%)
pb

LOPS QCD 1.36(2)
+0.42(+31.1%)

�0.32(�23.6%)
pb

NLO QCD 1.612(3)
+0.323(+20.1%)

�0.309(�19.2%)
pb

NLOPS QCD 1.79(5)
+0.09(+5.1%)

�0.18(�10.3%)
pb

(NLOPS QCD)/(LOPS QCD) 1.31(4)

(LOPS QCD)/LO 1.78(3)

(NLOPS QCD)/(NLO QCD) 1.11(3)

Table 4. Total cross sections and their uncertainty from scale dependence in various QCD approxi-
mations for the signature (2.1) from W+jets within the fiducial region defined in Sec. 3.1. The ratios
are computed for the central values of the corresponding predictions.

(2.1), parton shower effects (or possibly analytic jet-veto resummation) are necessary in order
to reduce theory uncertainties. On the other hand, the impact of NLO EW corrections on top
of NLO QCD predictions is much smaller (⇠ 1% at the inclusive level) than the scale uncer-
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• Large uncertainty at fixed order 
due to jet veto remedied in NLOPS.


• EW effects substantial in distributions.
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Single top in SMEFT

Single Top Quark Production with and without a Higgs Boson
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One way to probe new physics beyond standard model is to check the correlation among higher
dimension operators in e↵ective field theory. We examine the strong correlation between the
processes of pp ! tHq and pp ! tq which both depend on the same three operators. The correlation
indicates that, according to the data of pp ! tq, �tHq =

⇥
106.8 ± 64.8

⇤
fb which is far below the

current upper limit �tHq  900 fb.

1. Introduction.
One way to probe new physics (NP) beyond the

Standard Model (SM) is from the so-called bottom-up
approach, i.e. one describes the unknown NP e↵ects
through high-dimensional operators constructed with the
SM fields at the NP scale ⇤, obeying the well-established
gauge structure of the SM, i.e. SU(2)W ⌦ U(1)Y . The
Lagrangian of e↵ective field theory (EFT) is

LEFT = LSM +
1

⇤2

X

i

CiO(6)
i +O

✓
1

⇤4

◆
, (1)

where Ci’s are Wilson coe�cients. The aim of EFT
analysis is to find nontrivial correlations among Ci’s
as those relations would shed lights on the structure
of NP models. Various basis of dimension-6 operators
have been introduced in the literature, e.g. Warsaw
basis [1], HISZ basis [2, 3], and SILH basis [4, 5].
Unfortunately, each basis consists of 59 independent
operators, and it is di�cult to explore the correlations
among 59 operators in practice. One way out of the
predicament is to find independent observables that are
sensitive to a small set of operators and then examine
correlations among those operators. That has been
studied in single top productions [6–12]. In this work we
explore the strong correlation among the t-channel single
top (single-t) production and the associated production
of single top quark with a Higgs boson (named as the tHq
production); see Fig. 1. The two channels mainly involve
three operators which can be measured in the single-t
production. That yields a strong constraint on the cross
section of the tHq production.

As some high-dimensional operators can be absorbed
by field redefinition, various schemes of input parameters
has been widely discussed in the literature [13, 14].
We choose the Warsaw basis [1] and follow the scheme
of input parameters proposed in [15] to normalize the
SM fields and masses. Several approximations made
in our analysis are listed as follows: i) only diagonal
elements of CKM matrix have been considered for they

⇤
Electronic address: qinghongcao@pku.edu.cn

†
Electronic address: H.R.Jiang@pku.edu.cn

‡
Electronic address: guojintseng@pku.edu.cn

FIG. 1: Feynman diagrams of the single-t channel (a) and the
tHq production (b, c).

are much larger than o↵-diagonal elements; ii) we ignore
the masses of light quarks and keep only the top quark
mass hereafter; iii) gauge couplings of light quarks are set
to be the same as the SM as these couplings are strictly
constrained by hadron experiments, iv) the influence of
branch ratio from top quark decay is neglected since the
e↵ects on partial width and total width will cancel with
each other, leaving a next leading order contribution; v)
CP conservation is supposed to avoid complex Wilson
coe�cients.
The SMEFT analysis in the single-t channel has been

carried out in the literature [6–9]. Only 4 independent
dimension-6 operators are involved in the t-channel
production:

OuW = (q̄p�
µ⌫ur)⌧

I �̃W I
µ⌫ + h.c.,

O�q3 = (�†i
$
DI

µ �)(q̄p⌧
I�µqr) + h.c.,

O(1)
qq = (q̄p�µqr)(q̄s�

µqt) + h.c.,

O(3)
qq = (q̄p�µ⌧

Iqr)(q̄p�
µ⌧ Iqr) + h.c. . (2)

where � denotes the SM Higgs boson doublet, Dµ

the covariant derivative, qi the left-handed SU(2)
doublet of the i-th generation, and ur the right-handed
isosinglets [16]; ⌧ I denote the usual Pauli matrices in
the weak isospin space. Considering the flavor structure
of four-fermion operators, there can be flavor changing
currents from both the first and the second generations
to the third generation. However, we would ignore the
contribution from the second generation, which su↵ers a
suppression from the PDF. With Fierz Identity, it can be
proved that only two independent flavored four-fermion
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predicament is to find independent observables that are
sensitive to a small set of operators and then examine
correlations among those operators. That has been
studied in single top productions [6–12]. In this work we
explore the strong correlation among the t-channel single
top (single-t) production and the associated production
of single top quark with a Higgs boson (named as the tHq
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are much larger than o↵-diagonal elements; ii) we ignore
the masses of light quarks and keep only the top quark
mass hereafter; iii) gauge couplings of light quarks are set
to be the same as the SM as these couplings are strictly
constrained by hadron experiments, iv) the influence of
branch ratio from top quark decay is neglected since the
e↵ects on partial width and total width will cancel with
each other, leaving a next leading order contribution; v)
CP conservation is supposed to avoid complex Wilson
coe�cients.
The SMEFT analysis in the single-t channel has been

carried out in the literature [6–9]. Only 4 independent
dimension-6 operators are involved in the t-channel
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the covariant derivative, qi the left-handed SU(2)
doublet of the i-th generation, and ur the right-handed
isosinglets [16]; ⌧ I denote the usual Pauli matrices in
the weak isospin space. Considering the flavor structure
of four-fermion operators, there can be flavor changing
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to the third generation. However, we would ignore the
contribution from the second generation, which su↵ers a
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SMEFT:  
dim-6 analysis:

sensitive to 3 
independent 

operators 

sensitive to same 3 operators + 
highly-constrained and/or 
suppressed contributions

2

operators have contribution to the t-channel production.
They are

O(1)
3113 = (q̄3�µq1)(q̄1�

µq3) + h.c.,

O(3)
3311 = (q̄3�µ⌧

Iq3)(q̄1�
µ⌧ Iq1) + h.c. . (3)

For convenience, we will still use O(1)
qq and O(3)

qq to denotes
these two flavored operators respectively. Indeed, the

interference between O(3)
qq and the SM is only three times

as large as that of O(1)
qq due to a color factor. Although

their contributions can be separated by quadratic terms,
they can be considered as a same degree of freedom in the
leading order analysis, i.e. keeping only the interference

between the SM and NP operators. We thus use O(3)
qq to

denote the degree of freedom hereafter.
The cross sections of the t-channel single top-quark

productions at the 13 TeV LHC are

�t =
h
214� 13C(3)

qq + 16CuW + 13C�q3

i
pb,

�t̄ =
h
81� 4C(3)

qq + 5CuW + 5C�q3

i
pb, (4)

where

C(3)
qq ⌘ C(3)

qq

�
TeV
⇤2

�2
,

CuW ⌘ CuW
�
TeV
⇤2

�2
,

C�q3 ⌘ C�q3
�
TeV
⇤2

�2
,

and the first constant term denotes the SM contribution
with NNLO QCD corrections [17]. Both FeynRules and
MadGraph packages are used in our calculation [18, 19].

The tHq production involves more operators than the
single-t channel. Figure 2 shows possible modifications
to the tHq production from various operators; see the
black thick dots. In addition to the operators a↵ecting
the single-t production, the tHq production involves
operators as follows [1]:

O�D = (�†Dµ�)⇤(�†Dµ�),

Ou� = (�†�)(q̄pur�̃) + h.c. ,

O�2 = (�†�)2(�†�),

O�W = �†�W I
µ⌫W

Iµ⌫ . (5)

The operator Ou� is tightly constrained from gluon-
gluon fusion measurements [20], and the operator O�W is
severely bounded by the combined analysis of the H��,
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Single top + H constraint
• Probe these three operators by measurement of total t-channel cross 

section (𝞂), ratio of top to anti-top (R) and forward-backward asymmetry (A).


• Leading-order operator expansion of tH cross-section:

5

5. Conclusion.
E↵ective field theory is a very powerful tool to probe

new physics beyond the Standard Model in a model-
independent approach. More accurate information
of higher dimension operators are anticipated at the
large hadron collider in the operation phase of high
luminosity. When new physics resonances decouple
from the electroweak scale, they leave their footprints
in various relations among higher-dimension operators,
i.e., strong correlations among the Wilson coe�cients.
We pointed out that the single-t production and the tHq
channel are highly correlated as both processes depend
mainly on three dimension-6 operators. At the leading
order of operator expansion, we obtain a relation as
following:

�tHq =


� 95.1� 44.0⇥ �t+t̄

�SM
t+t̄

� 266.0⇥ AFB

ASM
FB

+ 479.4⇥ Rt

RSM
t

�
fb,

where �t+t̄, AFB and Rt = �t/�t̄ denotes the total cross
section, the asymmetry and the charge ratio measured

in the single-t processes, respectively. The relation
predicts that, according to the current data of single-t
channel, the yet-to-be measured cross section of the tHq
production at the 13 TeV LHC is

�tHq =
h
106.8± 64.8

i
fb (27)

at the 1� confidence level, which is far below the current
upper limit �tHq  900 fb. Assuming the central value of
�tHq is still the same as the SM prediction at the 13 TeV
HL-LHC, we obtain the projected �tHq as following:

�tHq =
h
74.3± 45.4

i
fb, (28)

where the systematic errors of both the cross section and
AFB measurements are 10% and the error of charge ratio
measurement is 3%.
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FIG. 3: Correlations among �tHq and the cross section �̄t (a) , the asymmetry A (b), and the charge ratio R (c) at the 1�
confidence level at the current 13 TeV LHC (orange) and the HL-LHC (black). The central values of all the three observables
are chosen as 1 at the HL-LHC.

are anticipated at the high luminosity LHC with an
integrated luminosity of 3000 fb�1 (HL-LHC). The
uncertainties are mainly due to the parton distribution
functions and the systematic errors. The major
uncertainties of the cross section and forward-backward
asymmetry measurements are due to the systematic
error which are roughly about 15% [30]. On the other
hand, the statistical uncertainty is about 1% which can
be ignored in our analysis. Therefore, we expect the
uncertainties of the cross section and AFB measurements
to be reduced to 10% in our projection of the HL-LHC
potential of measuring the single-t channel.

In the charge ratio measurement the large systematic
errors tend to cancel out and give rise to a net value
comparable to the PDF uncertainty, e.g. both the
PDF and systematic errors are ⇠ 3.0% in the recent
CMS data [30]. In accord to the NNPDF study the
PDF error is expected to less than 3% when more
precision measurements are available [35]. Therefore,
we optimistically expect the charge ratio to be measured
with an accuracy of 3% in the forthcoming HL-LHC.

Assuming the central values of the three operators are
the same as the SM predictions, i.e. centralizing around
zero, we obtain the projected constraints on the operators
at the HL-LHC as follows:

� 3.7  C(3)
qq  3.7 ,

� 2.7  CuW  2.7 ,

� 3.2  C�q3  3.2 , (22)

where both the cross section and AFB measurement are
of 10% uncertainties, and more optimistically,

� 2.3  C(3)
qq  2.3 ,

� 1.4  CuW  1.4 ,

� 2.1  C�q3  2.1 , (23)

when the systematic uncertainties are improved to be 5%.
4. Single-t channel versus tHq channel

We now examine the correlation between the single-t
production and the tHq production as both the single-t

channel and the tHq channel mainly depend on the three
operators. A simple algebra gives rise to

�tHq =
h
� 95.1� 44.0�̄t � 266.0A+ 479.4R

i
fb, (24)

which serves well for checking the consistence of the
experimental measurement and operator analysis. It
tells us that the information of the tHq production rate
can be inferred from the single-t production as long as
one keeps the interference e↵ect and neglects those sub-
leading operators explained above. For example, based
on the current measurement of the single-t production,
our operator analysis shows that

�tHq =
h
106.8± 64.8

i
fb (25)

at the 1� confidence level, which is far below the current
upper limit �tHq  900 fb [36, 37].
Figure 3 displays the correlations among �tHq and

the cross section �̄t (a) , the asymmetry A (b), and
the charge ratio R (c) at the 1� confidence level at
the current 13 TeV LHC (orange) and the HL-LHC
(black). In the study of the HL-LHC, the central
values of all the three observables are chosen as 1, the
uncertainties of the �t and AFB are set to be 10%,
and the uncertainty of the charge ratio R is 3%. The
capability of the operator analysis is highly limited by
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FIG. 3: Correlations among �tHq and the cross section �̄t (a) , the asymmetry A (b), and the charge ratio R (c) at the 1�
confidence level at the current 13 TeV LHC (orange) and the HL-LHC (black). The central values of all the three observables
are chosen as 1 at the HL-LHC.
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operators have contribution to the t-channel production.
They are

O(1)
3113 = (q̄3�µq1)(q̄1�

µq3) + h.c.,

O(3)
3311 = (q̄3�µ⌧

Iq3)(q̄1�
µ⌧ Iq1) + h.c. . (3)

For convenience, we will still use O(1)
qq and O(3)

qq to denotes
these two flavored operators respectively. Indeed, the

interference between O(3)
qq and the SM is only three times

as large as that of O(1)
qq due to a color factor. Although

their contributions can be separated by quadratic terms,
they can be considered as a same degree of freedom in the
leading order analysis, i.e. keeping only the interference

between the SM and NP operators. We thus use O(3)
qq to

denote the degree of freedom hereafter.
The cross sections of the t-channel single top-quark

productions at the 13 TeV LHC are
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and the first constant term denotes the SM contribution
with NNLO QCD corrections [17]. Both FeynRules and
MadGraph packages are used in our calculation [18, 19].

The tHq production involves more operators than the
single-t channel. Figure 2 shows possible modifications
to the tHq production from various operators; see the
black thick dots. In addition to the operators a↵ecting
the single-t production, the tHq production involves
operators as follows [1]:

O�D = (�†Dµ�)⇤(�†Dµ�),

Ou� = (�†�)(q̄pur�̃) + h.c. ,

O�2 = (�†�)2(�†�),

O�W = �†�W I
µ⌫W

Iµ⌫ . (5)

The operator Ou� is tightly constrained from gluon-
gluon fusion measurements [20], and the operator O�W is
severely bounded by the combined analysis of the H��,
HZZ and HZ� couplings [21]. The operators O�D and
O�2 are constrained by the oblique parameters [22, 23]
and also are mildly sensitive to the tHq production [10].
Therefore, when keeping only the interference e↵ect
between the SM and NP channels, we end up with

only three independent operators, O(3)
qq , O�q3 and OuW ,

which a↵ect both the single-t production and the tHq
production.

The tHq production is not found yet owing to its small
production rate. We sum up both the tHq and t̄Hq0
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productions hereafter and denote the production cross
section of both the tHq and t̄Hq0 productions as �tHq,
which is

�tHq =
h
74.3� 11.3C(3)

qq + 22.0CuW � 2.6C�q3

i
fb. (6)

2. Collider phenomenology.
Thanks to the large production rate of the single-t

production, bot the total cross section and the di↵erential
distributions are well measured at the LHC and can be
used to search for new physics beyond the SM. The
leptonic decays of the top quark provide clean collider
signature at the LHC and are used widely in experimental
searches. We thus focus on the channel of t ! µ+ ⌫µ + b
and choose Br(t ! bµ⌫µ) = (13.4± 0.6)% [24].
Three observables are needed to probe the three

operators O(3)
qq , O�q3 and OuW . In our analysis we

consider both the single top-quark production and the
single antitop-quark production. The first observable in
our analysis is the total cross section of the t-channel
single-top production, i.e.

�t+t̄ = �(tq) + �(t̄q). (7)

The second observable is the cross section ratio of the
single-t production and single-t̄ production, defined as

Rt ⌘
�t

�t̄
. (8)

The di↵erence in production rates mainly arises from the
parton distribution functions (PDFs) of initial state.
The third observable is based on the spin correlation

between the charged lepton and top-quark. Owing to its
large production rate the single top-quark processes are
well measured at the LHC such that one can examine
di↵erential distributions of various observables. We
adopt the so-called “spectator basis” to maximize spin
correlations by taking advantage of the fact that the top
quark produced through the single-t processes is almost
100% polarized along the direction of the spectator
quark, the light jet produced in association with the top
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Summary
• Single-top processes offer a wealth of opportunities that are only 

beginning to be explored. 

• High-rate t-channel topology is particularly powerful:


• probe of SM parameters


• unique constraints on PDFs


• limits on new physics 

• Theory calculations are well-placed to exploit high-luminosity era


• NNLO QCD, NLO EW, fewer approximations


