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Top quark as a unique probe
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✦ Top quark  is unique in the SM and provides access to physics beyond 
the standard model through measurements on its production and 
decays 

large mass, ~173 GeV; flavor 
physics, EW precision fit, 
Higgs physics 

Important role in various 
extensions of the SM, e.g., 
SUSY, extra dimensions 

short life time, decay before 
QCD hadronization and 
depolarization; clean exp. 
signature

t

t



Single top-quark production
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✦ Top quark can be produced singly at LHC via electroweak interactions, 
including t-channel, s-channel, and associated production 
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Single top-quark production
Inclusive cross sections
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large cross section, ~300 pb at 
the LHC 13 TeV; probing EW 
coupling 

polarized top-quark production 
due to V-A structure 

sensitive to new charged-
current or flavor-changing 
neutral-current interactions
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•  Checks%of%the%Standard%Model:%

%

•  Physics%beyond%the%SM:%

What%can%be%measured?%

Ra9o%of%uN%and%dNquark%PDF%

Test%of%the%bNquark%PDF%

Direct%measurement%of%%
|Vtb|2%(α%cross%sec9on)%
Unitarity%test%of%CKM%matrix% Top%quark%proper9es:%

Polariza9on,%pT,%rapidity%Measurement%of%σt(t+t̅),%
extract%|Vtb|%

Measure%Rt%=%σt(t)/σt(t̅)%%

Measure%differen9al%
distribu9ons%

e.g.%flavour%changing%neutral%
currents%or%addi9onal%
anomalous%couplings%

Measurement1program:1PRD190,11120061(2014)1
N  Inclusive%crossNsec9ons%σt(t+t̅),%σt(t),%and%σt(t̅)%%%
N  Extract%Rt%and%|Vtb|%
N  Differen9al%cross%sec9ons%as%a%func9on%of%pT%and%|y|%

t-channel production

4

✦ t-channel production mode enjoys special interest for its large cross 
section and several strong physics motivations  

charge ratio CKM matrix element, |Vtb| 

Source �Rt/Rt [%]

Data statistics ± 3.0
Monte Carlo statistics ± 1.8

Background modelling ± 0.7
Jet reconstruction ± 0.5
Emiss

T modelling ± 0.6
tq (t̄q) NLO matching ± 0.5
tq (t̄q) scale variations ± 0.7
tt̄ NLO matching ± 2.3
tt̄ parton shower ± 1.7
PDF ± 0.7

Total systematic ± 3.9
Total (stat. + syst.) ± 5.0

Table 5: Significant contributions to the total relative uncertainty in the measured value of Rt. The estimation of
the systematic uncertainties has a statistical uncertainty of 0.3 %. Uncertainties contributing less than 0.5 % are not
shown.
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CT14
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JR14 (VF)

MMHT2014

NNPDF 3.0

  -1=8 TeV, 20.2 fbs                                                   ATLAS

Measurement result

Predictions calculated in 5FS:
 syst.⊕stat. stat.

 unc.sα PDF + ⊕scale 

Figure 11: Predicted values of Rt = �tot(tq)/�tot(t̄q) calculated with HatHor [14] at NLO accuracy in QCD [15]
in the 5FS using di↵erent NLO PDF sets [79–85] compared to the measured value. The error bars on the predic-
tions include the uncertainty in the renormalisation and factorisation scales and the combined internal PDF and ↵S
uncertainty. The dashed black line indicates the central value of the measured Rt value. The combined statistical
and systematic uncertainty of the measurement is shown in green, while the statistical uncertainty is represented
by the yellow error band. The uncertainty in the measured Rt value does not include the PDF components for this
comparison.
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for the extrapolation part, but these uncertainties are kept for the fiducial cross-sections entering the
extrapolation. The measured values are compared with fixed-order perturbative QCD calculations [14,
15, 22, 23]. For the default generator Powheg-Box + Pythia 6 the fiducial acceptances are determined to
be Afid(tq) = (17.26+0.46

�0.21) % and Afid(t̄q) = (17.52+0.45
�0.20) %, thereby yielding

�tot(tq) = 56.7 ± 0.9 (stat.) ± 2.7 (exp.) +2.7
�1.7 (scale) ± 0.4 (PDF) (10)

± 1.0 (NLO-matching method) ± 1.1 (parton shower) ± 1.1 (lumi.) pb

= 56.7+4.3
�3.8 pb

and

�tot(t̄q) = 32.9 ± 0.8 (stat.) ± 2.3 (exp.) +1.4
�0.8 (scale) ± 0.3 (PDF) (11)

+0.7
�0.6 (NLO-matching method) ± 0.6 (parton shower) ± 0.6 (lumi.) pb

= 32.9+3.0
�2.7 pb .

The experimental systematic uncertainty (exp.) contains the uncertainty in the fiducial cross-sections,
without the scale, PDF, NLO-matching method and parton-shower components, which are quoted separ-
ately and include both the uncertainties in �fid and Afid. The relative total uncertainty is +7.6

�6.7 % for �tot(tq)
and +9.1

�8.4 % for �tot(t̄q).

10.3 Rt measurement

The ratio of the measured total cross-sections for top-quark and top-antiquark production in the t-channel
is determined to be

Rt =
�tot(tq)
�tot(t̄q)

= 1.72 ± 0.05 (stat.) ± 0.07 (exp.) = 1.72 ± 0.09. (12)

The correlation of uncertainties in �tot(tq) and �tot(t̄q) is taken into account in the pseudo-experiments
used to determine the uncertainties in ⌫̂(tq) and ⌫̂(t̄q), see Section 10.1. Significant sources of systematic
uncertainty in the measured values of Rt are shown in Table 5.

Figure 11 compares the observed value of Rt to predictions based on several di↵erent PDFs. For this
comparison the uncertainty in the measured Rt value does not include the PDF components. The uncer-
tainties in the predictions include the uncertainty in the renormalisation and factorisation scales and the
combined internal PDF and ↵S uncertainty. Most predictions agree at the 1� level with the measured
value; only the prediction based on ABM (5 flav.) [79] is about 2.5� above the measurement. The main
di↵erences of the ABM PDF set compared to the other sets are the treatment of the b-quark PDF and the
value of ↵S.

10.4 Estimation of top-quark mass dependence

The t-channel cross-section results given above are obtained for a top-quark mass of mt = 172.5 GeV.
The dependence of the measured cross-sections on mt is estimated by repeating the measurement with
di↵erent mass assumptions. The MC samples for all processes containing top quarks are reproduced for
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18 9 Summary

)t(-ch.tσ(t)/-ch.tσ = -ch.tR
1 1.2 1.4 1.6 1.8 2 2.2

-1 = 8 TeV, L = 19.7 fbsCMS, 

CT10w

CT10

ABM11

MSTW2008

NNPDF 2.3

HERAPDF

CMS
 0.19 (syst.)± 0.10 (stat.) ±1.95 

Figure 12: Comparison of the measured Rt-ch. with the predictions obtained using different
PDF sets.

theoretical cross section from equation 1 results in

| fLvVtb| = 0.979 ± 0.045 (exp.) ± 0.016 (theo.), (10)

where both the experimental and the theoretical uncertainties are reported. The former comes
from the uncertainties on the measurement of st-ch., while the latter comes from the uncertain-
ties on stheo.

t-ch. . A similar measurement of | fLvVtb| is performed in ref. [11]. The results for | fLvVtb|
from this paper and from the three analyses in [11] are combined using the best linear unbiased
estimator (BLUE) [50] method, considering the full correlation matrix amongst the four mea-
surements and the correlations described for the R8/7 measurement, obtaining the following
result:

| fLvVtb| = 0.998 ± 0.038 (exp.) ± 0.016 (theo.) (7+8 TeV combination). (11)

This result can be directly compared with the current world average of |Vtb| from the Particle
Data Group [51], which is performed without the unitarity constraints on the CKM matrix and,
using the above formalism for non-SM contributions, yields | fLvVtb| = 0.89 ± 0.07. From the
result in equation 11, the confidence interval for |Vtb|, assuming the constraints |Vtb|  1 and
fLv = 1, is determined using the Feldman–Cousins unified approach [52], being |Vtb| > 0.92 at
the 95% confidence level.

9 Summary

The total cross sections for production in the t-channel of single top quarks and individual sin-
gle t and t have been measured in proton-proton collisions at the LHC at

p
s = 8 TeV. The

inclusive single-top-quark t-channel cross section has been measured to be st-ch. = 83.6 ±
2.3 (stat) ± 7.4 (syst) pb. The single t and t cross sections have been measured to be st-ch.(t) =
53.8 ± 1.5 (stat) ± 4.4 (syst) pb and st-ch.(t) = 27.6 ± 1.3 (stat) ± 3.7 (syst) pb, respectively. Their



10 6 Systematic uncertainties

Table 4: Relative impact of systematic uncertainties with respect to the observed cross sections
as well as the top quark to top antiquark cross section ratio. Uncertainties are grouped and
summed together with the method suggested in Ref. [45].

Uncertainty source Dst-ch.,t+t̄/sobs
t-ch.,t+t̄ Dst-ch.,t/sobs

t-ch.,t Dst-ch.,t̄/sobs
t-ch.,t̄ DRt-ch./Rt-ch.

Statistical uncert. ±5.5% ±5.3% ±11.5% ±9.7%
Profiled exp. uncert. ±5.2% ±5.7% ±4.9% ±3.3%
Total fit uncert. ±7.6% ±7.8% ±12.5% ±10.3%
Integrated luminosity ±2.7% ±2.7% ±2.7% -
Signal modelling ±6.9% ±8.2% ±8.5% ±5.3%
tt̄ modelling ±3.9% ±4.3% ±4.5% ±4.0%
W+jets modelling �1.8/+2.1% �1.6/+2.3% �2.5/+2.3% �1.7/+2.0%
µR/µF scale t-channel �4.6/+6.1% �5.7/+5.2% �7.2/+5.1% �0.7/+1.2%
µR/µF scale tt̄ �3.5/+2.9% �3.5/+4.1% �4.7/+3.1% �1.1/+1.0%
µR/µF scale tW �0.3/+0.5% �0.6/+0.8% �1.1/+0.7% �0.2/+0.1%
µR/µF scale W+jets �2.9/+3.7% �3.5/+3.0% �4.9/+3.8% �1.2/+0.9%
PDF uncert. �1.5/+1.9% �2.1/+1.6% �1.8/+2.1% �2.2/+2.5%
Top quark pT modelling ±0.1% ±0.2% ±0.2% ±0.1%
Total theory uncert. �10.7/+11.1% �12.2/+12.1% �13.6/+12.9% ±7.5%
Total uncert. �13.4/+13.7% ±14.7% �18.7/+18.2% ±12.7%

to variations in the renormalization and factorization scales are studied for the sig-
nal process, tW, tt̄, and W+jets by reweighting the distributions with different com-
binations of halved/doubled factorization and renormalization scales. The effect is
estimated for each process separately.

• PDF: The uncertainty due to the choice of PDFs is estimated using reweighted his-
tograms derived from all PDF sets of NNPDF 3.0 [16].

Different contributions to the uncertainty on cross sections are summarised in Table 4. Several
of the experimental sources of uncertainty are treated as nuisance parameters in the fit which
results in a single uncertainty of the fit including also the statistical contribution. By fixing
all nuisance parameters the statistical uncertainty can be obtained, including the uncertainty
due to the size of the samples of simulated events. The contribution due to the profiled ex-
perimental uncertainties is derived by subtracting the statistical term quadratically from the fit
uncertainty. The breakdown of sources of uncertainty that are included in the fit, listed in Ta-
ble 5, is for illustration only. The estimates of the profiled systematic uncertainties are obtained
by comparing the uncertainty of the fit including all nuisance parameters with the uncertainty
of the fit where one source of uncertainty is kept fixed while all others are included via nuisance
parameters. The impact of the size of the samples of simulated events is estimated as described
above.
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theoretical unc. can be dominant 
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CMS 13 TeV 2.3 fb-1, unfolded 

low acceptance, fiducial vs. full 
phase-space (~1/5) 

basic acceptance cuts

further multivariate selection

yield in the 3-jet-2-tag channel, treating t-channel top-
quark and t-channel top-antiquark production as inde-
pendent processes. The signal rates, the rate of the
combined top-quark background (tt̄, Wt, tb̄, and t̄b),
the rate of the combined W þ light-jets, W þ cc̄, and
W þ bb̄ background, and the b-tagging efficiency cor-
rection factor (discussed in Sec. III D) are fitted in all
channels simultaneously. The event yields of the multijet
background and the W þ c background are not allowed
to vary in the fit, but instead are fixed to the estimates
given in Table I. The cross-section ratio is subsequently
computed as Rt ¼ σðtqÞ=σðt̄qÞ.
The maximum-likelihood function is given by the

product of Poisson probability terms for the individual
histogram bins (see Ref. [15]). Gaussian priors are added
multiplicatively to the maximum-likelihood function to
constrain the background rates subject to the fit and the
correction factor of the b-tagging efficiency to their
predictions within the associated uncertainties.
The sensitivity to the background rates is mostly given

by the background-dominated region close to zero in the
NN discriminant distributions, while the sensitivity to the

b-tagging efficiency stems from the event yield in the 3-jet-
2-tag channel with respect to the event yields in the 1-tag
channels.
In Fig. 7 the observed NN discriminant distributions are

shown compared to the compound model of signal and
background normalized to the fit results. Figures 8 and 9
show the three most discriminating variables normalized to
the fit results in the 2-jet-l% and 3-jet-l%-1-tag channels,
respectively. Differences between data and prediction are
covered by the normalization uncertainty of the different
processes after the fit.

E. High-purity region

A high-purity region (HPR) is defined to measure the
differential cross sections in the 2-jet-lþ and 2-jet-l−

channels, by requiring the NN discriminant to be larger
than 0.8. In the 2-jet-lþ HPR the signal contribution is
twice as large as the background contribution. The signal
and background contributions in the 2-jet-l− HPR are of
approximately the same size. The result of the fit described
above is used to normalize the background in the HPR.
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FIG. 6 (color online). Probability densities of the NN discriminants in the 2-jet channels and 3-jet channels in the SR: (a) 2-jet-lþ

channel, (b) 2-jet-l− channel, (c) 3-jet-lþ channel, and (d) 3-jet-l− channel. The distributions are normalized to unit area.

G. AAD et al. PHYSICAL REVIEW D 90, 112006 (2014)

112006-12

signal  
region

Experimental challenges
✦ Experimental measurements rely strongly on theoretical modeling of 

the signal and backgrounds 

signal modeling suffers from large 
QCD uncertainties and is the major 
limitation on the measurement 

Final%State%

•  One%isolated%electron%or%muon%
–  pT%>%25%GeV,%|η|%<%2.5%

•  two%or%three%jets%%
–  pT%>%30%GeV,%if%2.75<|η|<3.5:%pT%>%35%GeV%
–  one%bNtagged%jet%(55%%efficiency)%
–  one%forward%jet%N>%|η|%<%4.5%

•  Large%missing%transverse%energy,%%
ET,miss%>%30%GeV%

•  Main%background%processes:%
–  W+jets%produc9on%
–  tt%̅produc9on%

ForwardNJet%

•  Cuts:%
–  mT(W)%>%30%GeV%
–  pT(l)%>%40%±%(40/(π%N1)%Ç%Δφ(j1,l)%±%π)%
–  |Δη(l,b)|<2.4%

%
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✦ There have been extensive efforts on improving the predictions on 
t-channel production through various perturbative QCD approaches 

P

P P

P

Next-to-leading order (NLO) 
corrections to production 
known for long time 

Bordes, van Eijk, 95 
Pittau, 96 
Stelzer, Sullivan, Willenbrock, 97 
Harris, Laenen, Phaf, Sullivan, 
Weinzierl, 02 
Sullivan, 04 
Campbell, Frederix, Maltoni, 
Tramontano, 09

NLO production + decay in 
narrow width approximation 

Campbell, Ellis, Tramontano, 04 
Cao, Schwienhorst, Benitez, 
Brock,Yuan, 04 
Falgari, Mellor, Signer, 10

off-shell effects 
Falgari, Giannuzzi, Mellor, Signer, 11 
Papanastasiou, Frederix, Frixione, 
Hirschi, Maltoni, 13 
Frederix, Frixione, Papanastasiou, 
Prestel, Torrielli, 16



Source
��(tq)
�(tq)

[%]
��(t̄q)
�(t̄q)

[%]
�Rt

Rt
[%]

Data statistics ± 2.9 ± 4.1 ± 5.0
Monte Carlo statistics ± 2.8 ± 4.2 ± 5.1

Reconstruction e�ciency and calibration uncertainties
Muon uncertainties ± 0.8 ± 0.9 ± 1.0
Electron uncertainties < 0.5 ± 0.5 ± 0.7
JES ± 3.4 ± 4.1 ± 1.2
Jet energy resolution ± 3.9 ± 3.1 ± 1.1
Emiss

T modelling ± 0.9 ± 1.2 < 0.5
b-tagging e�ciency ± 7.0 ± 6.9 < 0.5
c-tagging e�ciency < 0.5 ± 0.5 ± 0.6
Light-jet tagging e�ciency < 0.5 < 0.5 < 0.5
Pile-up reweighting ± 1.5 ± 2.2 ± 3.8

Monte Carlo generators
tq parton shower generator ± 13.0 ± 14.3 ± 1.9
tq NLO matching ± 2.1 ± 0.7 ± 2.8
tq radiation ± 3.7 ± 3.4 ± 3.7
tt̄, Wt, tb̄ + t̄b parton shower generator ± 3.2 ± 4.4 ± 1.2
tt̄, Wt, tb̄ + t̄b NLO matching ± 4.4 ± 8.6 ± 4.6
tt̄, Wt, tb̄ + t̄b radiation < 0.5 ± 1.1 ± 0.7

PDF ± 0.6 ± 0.9 < 0.5
Background normalisation

Multijet normalisation ± 0.3 ± 2.0 ± 1.8
Other background normalisation ± 0.4 ± 0.5 < 0.5

Luminosity ± 2.1 ± 2.1 < 0.5

Total systematic uncertainty ± 17.5 ± 20.0 ± 10.2
Total uncertainty ± 17.8 ± 20.4 ± 11.4

Table 4: List of systematic uncertainties contributing to the total uncertainty in the measured values of �(tq),
�(t̄q), and Rt = �(tq)/�(t̄q). The estimation of the systematic uncertainties has a statistical uncertainty of 0.3 %.
Uncertainties contributing less than 0.5 % are marked with “< 0.5”
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P

P

NLO matched with parton 
shower 

Frixione, Laenen, Motylinski, 
Webber, 2005 
Alioli, Nason, Oleari, Re, 2009 
Frederix, Re, Torrielli, 2012

Threshold resummation 
Kidonakis, 2011-2016 
Wang, Li, Zhu, Zhang, 2010 
Wang, Li, Zhu, 2013

✦ There have been extensive efforts on improving the predictions on 
t-channel production through various perturbative QCD approaches 

NLO prediction is insufficient
ATLAS 13 TeV 3.2 fb-1, unfolded 

NLO corrections are large in the fiducial 
region inducing dominant uncertainties

For the purpose of determining fLV · |Vtb|, the measured inclusive cross-sections of the tq and the t̄q
process are combined, assuming that each uncertainty is 100 % correlated between the two channels. The
statistical uncertainty of the data and the uncertainty due to the limited size of the MC samples, are treated
as uncorrelated. The combined cross-section is calculated to be:

�(tq + t̄q) = 247 ± 6 (stat.) ± 45 (syst.) ± 5 (lumi.) pb
= 247 ± 46 pb.

To estimate the dependence of the measured cross-sections on the assumed top-quark mass, simulated
samples with mtop = 170 GeV and mtop = 175 GeV are used. The measurement is repeated for each
top-quark mass. In Table 5, the measured cross-sections and their ratio are given.

mtop [GeV] �(tq) [pb] �(t̄q) [pb] �(tq + t̄q) [pb] Rt

170.0 156 ± 5 93 ± 4 249 ± 6 1.69 ± 0.09
172.5 156 ± 5 91 ± 4 247 ± 6 1.72 ± 0.09
175.0 155 ± 5 92 ± 4 247 ± 6 1.68 ± 0.09

Table 5: Measured values of the cross-sections �(tq), �(t̄q), �tot(tq + t̄q), and Rt for di↵erent simulated top-quark
masses. The quoted uncertainties are statistical only.

Single top-quark production in the t-channel proceeds via a Wtb vertex and the measured cross-section is
proportional to ( fLV · |Vtb|)2 as discussed in Section 1. The fLV · |Vtb| measurement via single top-quark
production is independent of assumptions about the number of quark generations or about the unitarity
of the CKM matrix. The assumptions made are: |Vtb| is much bigger than |Vtd | and |Vts|, which is in
agreement with the measurement of R = B(t ! Wb)/

P
q=d,s,bB(t ! Wq) [81], the top quark decays

exclusively into a W boson and a b-quark, and the Wtb interaction is a left-handed weak coupling like
that in the SM. A strategy to relax the first two assumptions and account for production and decay of top
quarks via Wts and Wtd vertices is delineated in Ref. [82].

The value of fLV · |Vtb| is extracted by dividing the measured �(tq + t̄q) = 247 ± 46 pb by its value
predicted at NLO, �th(tq+ t̄q) = 217± 10 pb. Changes in fLV · |Vtb| also a↵ect Wt and tb̄+ t̄b production.
However, their contributions are small and their variation does not change the t-channel fit result. The
result obtained is

fLV · |Vtb| = 1.07 ± 0.01 (stat.) ± 0.09 (syst.) ± 0.02 (theor.) ± 0.01 (lumi.)
= 1.07 ± 0.09.

The experimental uncertainty is 0.09, including the statistical uncertainty, the systematic uncertainties,
and the uncertainty in the luminosity. The theoretical uncertainty is 0.02, including scale uncertainties
and PDF uncertainties.

Setting fLV =1 as required by the SM, and assuming a uniform prior of one in |Vtb|2 in the interval [0, 1]
and a Gaussian-shaped likelihood curve for |Vtb|2, a Bayesian lower limit giving |Vtb| > 0.84 at 95 % CL,
is obtained.

20



Theory predictions

8

P

P

P

P

NLO matched with parton 
shower 

Frixione, Laenen, Motylinski, 
Webber, 2005 
Alioli, Nason, Oleari, Re, 2009 
Frederix, Re, Torrielli, 2012

Threshold resummation 
Kidonakis, 2011-2016 
Wang, Li, Zhu, Zhang, 2010 
Wang, Li, Zhu, 2013

NNLO production + decay in 
narrow width approximation 

Berger, JG, Yuan, Zhu, 2016 

✦ There have been extensive efforts on improving the predictions on 
t-channel production through various perturbative QCD approaches 

NNLO production of stable top 
quark 

Brucherseifer, Caola, Melnikov, 2014 

achieving a realistic NNLO 
simulation at parton level



Factorization at NNLO

9

✦ The perturbative QCD corrections can be factorized into three parts, 
at the light-quark vertex, heavy-quark vertex, and decay 
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NWA
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(DIS) approximation 

narrow width approximation 
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The top quark can be produced singly at a hadron collider through the electroweak (EW)

Wtb vertex. There are three production channels: the t-channel and s-channel processes

through exchange of a W boson, and associated production of tW . All three channels are

sensitive to the structure of the Wtb vertex and to the CKM matrix element Vtb, an important
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The top quark can be produced singly at a hadron collider through the electroweak (EW)

Wtb vertex. There are three production channels: the t-channel and s-channel processes

through exchange of a W boson, and associated production of tW . All three channels are

sensitive to the structure of the Wtb vertex and to the CKM matrix element Vtb, an important

motivation for their study. Moreover, single top production provides an important window

to physics beyond the standard model (SM) [? ], e.g., a modified Wtb vertex, new heavy

quarks, new gauge bosons, flavor-changing neutral current, and so forth. Besides, single top

production can also be used to measure the top-quark mass indirectly [? ]. Single top-quark

production was first established at the Fermilab Tevatron [? ? ], and later at the Large

Hadron Collider (LHC) [? ? ? ? ]. Single top-quark studies are expected to enter an era of

high precision during the upcoming run of the LHC at higher energy and larger luminosity.

The t-channel production has the largest rate among the three at the LHC, about 210

pb at
p
s = 13 TeV. In addition to probing the EW dynamics, the t-channel production can

be used to constrain the parton distribution functions expecially for the ratio of up and down

valence quarks [? ]. It can also serve as a standard candle process for studies involving bottom

quark in intial state, e.g., Higgs boson production via bottom-quark annihilation in the SM or

extenstions of the SM. The t-channel production has already been measured with a moderate

precision at the LHC Run 2 for an integrated luminosity of a few fb�1 [? ]. The measured

cross sections are found to be in agreement with the SM predictions within uncertainties.

Significant e↵orts have been made to improve the theoretical description of this process. The

next-to-leading order (NLO) QCD corrections in 5-flavor scheme are calculated in Refs. [?

? ? ? ? ? ? ? ? ]. The NLO calculation in 4-flavor scheme is carried out in Ref. [? ].

Full NLO corrections including top quark leptonic decay are studied based on narrow width

approximaton (NWA) [? ] and the complex mass scheme [? ]. Soft gluon resummation has

been considered in Refs. [? ? ? ? ]. Matching NLO calculations to parton showers is done

in the framework of POWHEG and aMC@NLO Refs. [? ? ? ]. For experimental analyses

at the LHC, predictions from POWHEG or aMC@NLO are always used for modeling of the

signal process in unfolding to parton level cross sections, as well as for comparison of data

and theory. In either cases the cross sections from measurement or prediction can have a

theoretical uncertainty of about 10% [? ]. Thus exclusive predictions incorporating further

higher-order or logarithmic corrections are desirable for precision measurements.

Next-to-next-to-leading order (NNLO) QCD corrections with a stable top quark were first

calculated in Ref. [? ], neglecting certain subleading contributions in color, namely in the

double DIS approximation. The calculation was based on the sector improved phase space

method on subtracting the infrared divergences in real emissions. Latter the authors here

carried out an independent calculation on t-channel single top-quark production in the 5-flavor

scheme and double DIS approximation [? ]. That calculation was based on the generalized

phase-space slicing method [? ] and the method of projection to born [? ]. Importantly the

top-quark leptonic decay at NNLO was also included within the narrow width approximation
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✦ Infrared singularities from double-unresolved phase-space regions 
prevent a direct evaluation of the fiducial cross sections at NNLO
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Factorization at NNLO

direct two-loop calculation by 
integrating out loop momentum 

DIS form factor  [Kramer, Lampe, 
1987] 

vertex t→ bW* [Bonciani, 
Ferroglia, 2008; Asatrian, Greub, 
Pecjak, 2008; Beneke, Huber,          
X.-Q. Li, 2008; Bell, 2008]

singularities entangled with phase-space 
integration of QCD partons 

Antenna subtraction [Gehrmann-De Ridder, 
Gehrmann, Glover], inclusive jet production 

Sector-Improved FKS subtraction 
[Czakon], top-quark pair production 

Phase-space slicing [Catani; JG, Zhu, Li; 
Boughezal, Liu, Petriello], vector boson pair 
production; top production and decay; vector 
boson plus jet production  

Projection-to-Born [Cacciari, Dreyer, Karlberg, 
Salam, Zanderighi], WBF Higgs boson production 
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heavy-quark vertex 
phase-space slicing with beam thrust

top-quark decay 
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✦ The perturbative QCD corrections can be factorized into three parts, 
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the infrared singularities
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Wtb vertex. There are three production channels: the t-channel and s-channel processes

through exchange of a W boson, and associated production of tW . All three channels are

sensitive to the structure of the Wtb vertex and to the CKM matrix element Vtb, an important

motivation for their study. Moreover, single top production provides an important window

to physics beyond the standard model (SM) [? ], e.g., a modified Wtb vertex, new heavy

quarks, new gauge bosons, flavor-changing neutral current, and so forth. Besides, single top

production can also be used to measure the top-quark mass indirectly [? ]. Single top-quark

production was first established at the Fermilab Tevatron [? ? ], and later at the Large

Hadron Collider (LHC) [? ? ? ? ]. Single top-quark studies are expected to enter an era of

high precision during the upcoming run of the LHC at higher energy and larger luminosity.

The t-channel production has the largest rate among the three at the LHC, about 210

pb at
p
s = 13 TeV. In addition to probing the EW dynamics, the t-channel production can

be used to constrain the parton distribution functions expecially for the ratio of up and down

valence quarks [? ]. It can also serve as a standard candle process for studies involving bottom

quark in intial state, e.g., Higgs boson production via bottom-quark annihilation in the SM or

extenstions of the SM. The t-channel production has already been measured with a moderate

precision at the LHC Run 2 for an integrated luminosity of a few fb�1 [? ]. The measured

cross sections are found to be in agreement with the SM predictions within uncertainties.

Significant e↵orts have been made to improve the theoretical description of this process. The

next-to-leading order (NLO) QCD corrections in 5-flavor scheme are calculated in Refs. [?

? ? ? ? ? ? ? ? ]. The NLO calculation in 4-flavor scheme is carried out in Ref. [? ].

Full NLO corrections including top quark leptonic decay are studied based on narrow width

approximaton (NWA) [? ] and the complex mass scheme [? ]. Soft gluon resummation has

been considered in Refs. [? ? ? ? ]. Matching NLO calculations to parton showers is done

in the framework of POWHEG and aMC@NLO Refs. [? ? ? ]. For experimental analyses

at the LHC, predictions from POWHEG or aMC@NLO are always used for modeling of the

signal process in unfolding to parton level cross sections, as well as for comparison of data

and theory. In either cases the cross sections from measurement or prediction can have a

theoretical uncertainty of about 10% [? ]. Thus exclusive predictions incorporating further

higher-order or logarithmic corrections are desirable for precision measurements.

Next-to-next-to-leading order (NNLO) QCD corrections with a stable top quark were first

calculated in Ref. [? ], neglecting certain subleading contributions in color, namely in the

double DIS approximation. The calculation was based on the sector improved phase space

method on subtracting the infrared divergences in real emissions. Latter the authors here

carried out an independent calculation on t-channel single top-quark production in the 5-flavor

scheme and double DIS approximation [? ]. That calculation was based on the generalized

phase-space slicing method [? ] and the method of projection to born [? ]. Importantly the

top-quark leptonic decay at NNLO was also included within the narrow width approximation
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Inclusive cross sections
✦ Total inclusive cross sections for LHC 7, 8 TeV(left axis), and 13, 14 

TeV(right axis) with QCD scale choice in [mt/2, 2mt]  

total rate, top quark 

3 Inclusive cross section

3.1 Inclusive cross section at di↵erent
p
S

How many di↵erent
p
S do we want to compute? 7, 8, 13?
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Figure 2. Inclusive cross sections for t-channel single top quark production at LO, NLO and NNLO
with CT14 NNLO PDFs (left) and CT14 PDFs at same order (right), at the LHC with di↵erent

p
s.

Error bars represent scale uncertainties by varying the hard scale from µF = µR = mt/2 to 2mt.

3.2 Inclusive cross section with di↵erent PDF

3.3 Separation of the corections to inclusive cross section

3.4 Scale variation of the inclusive cross section

4 Di↵erential distributions

4.1 Top quark pT distribution

4.2 Top quark rapidity distribution

5 Fiducial cross section

Currently only cross section in fiducial phase space is measured. No di↵erential fiducial cross

section is presented by CMS or ATLAS.

We observe large K factor at NLO for the fiducial cross section using the ATLAS cut.

The large K factor is probably due to large logarithm arise from jet veto cut. It’s crucial to

go to NNLO to assess the reliability of pQCD prediction.
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moderate negative corrections, 
~5% for NLO, ~3% for NNLO; scale 

variations reduced to within 1%

charge ratio 
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Figure 5. Ratio of inclusive cross sections for t-channel single top quark and anti-quark production,
similar as Fig. 2.
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Figure 6. Inclusive cross sections for t-channel single top quark and anti-quark production at NNLO
with various NNLO PDFs and the LHC with di↵erent

p
s. Error bars represent PDF uncertainties at

68% c.l..

• CMS inclusive cross section at 13 TeV

• CMS top quark polarization
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small corrections, within 1%, 
scale variations almost vanish
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Inclusive cross sections

QCD corrections change the  shapes significantly and 
NNLO show a large reduction of the scale uncertainties

top-quark transverse momentum leading jet pseudo-rapidity 

✦ Differential inclusive cross sections for top-quark at LHC 13 TeV with 
QCD scale choice in [mt/2, 2mt]  
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Figure 9. Predicted transverse momentum distribution of the top (anti-)quark from t-channel single
top-quark production at the LHC 8 and 13 TeV.

• ATLAS inclusive cross section at 13 TeV

• ATLAS 7 TeV measurement

• Combination of ATLAS and CMS 8 TeV

• ATLAS 8 TeV
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Figure 12. Predicted pseudorapidity distribution of the leading-jet from t-channel single top-quark
production at the LHC 8 and 13 TeV.
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Inclusive cross sections

improved agreement to data on the normalized transverse 
momentum distribution of top quark at NNLO 

top-quark transverse momentum top-quark rapidity 

✦ Differential inclusive cross sections for top-quark at LHC 18 TeV with 
QCD scale choice in [mt/2, 2mt]; vs. ATLAS data [1702.02859]  
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Figure 23: Predicted transverse momentum distribution of the top (anti-)quark from t-

channel single top-quark production at the LHC 8 TeV comparing with the ATLAS data.
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Figure 24: Predicted rapidity distribution of the top (anti-)quark from t-channel single

top-quark production at the LHC 8 TeV comparing with the ATLAS data.

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. Some

of the numerical results shown in this section are also reported in our earlier publication [37].
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Figure 23: Predicted transverse momentum distribution of the top (anti-)quark from t-

channel single top-quark production at the LHC 8 TeV comparing with the ATLAS data.
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Figure 24: Predicted rapidity distribution of the top (anti-)quark from t-channel single

top-quark production at the LHC 8 TeV comparing with the ATLAS data.

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. Some

of the numerical results shown in this section are also reported in our earlier publication [37].
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Fiducial cross sections
✦ Effects of QCD corrections on cross sections within an experimental 

fiducial volume at LHC 13 TeV

spectator jet pseudo-rapidity 

4

of two around m

t

. The NNLO predictions are generally
outside of the bands of the NLO scale variations.
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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.
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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.

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
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].
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
decay at the parton level. The NNLO corrections reduce
the scale uncertainties of the theoretical predictions to a
percent level. For the kinematic cuts used in the 8 TeV
LHC experimenal analyses, the NNLO corrections to
the fiducial cross sections can reach �6%. Our results
can be used to improve the determinations of the single
top-quark production cross section and the top-quark
electroweak coupling.

Work at ANL is supported in part by the U.S.
Department of Energy under Contract No. DE-AC02-
06CH11357. H.X.Z. was supported by the O�ce of
Nuclear Physics of the U.S. DOE under Contract
No. DE-SC0011090. This research was supported in
part by the National Science Foundation under Grant
No. NSF PHY-1125915 and PHY-1417326. We thank
Ze Long Liu for cross-checking part of our results.
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Figure 12. Predicted pseudorapidity distribution of the leading-jet from t-channel single top-quark
production at the LHC 8 and 13 TeV.
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QCD corrections show a very 
different shapes wrt. inclusive case

fiducial volume (1 family) 
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1 Introduction

jet pT >40GeV, |⌘| < 5

exactly 2 jets, 1 b jet

charged lepton pT > 30GeV

|⌘b| <2.4, |⌘l| < 2.4

(1.1)
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3

tions at di↵erent perturbative orders, with scale varia-
tions shown in percentages. We vary the renormalization
and factorization scales µ

R

= µ

F

in the top-quark pro-
duction stage, and the renormalization scale in the decay
stage, independently by a factor of two around the nomi-
nal scale choice. The resulting scale variations are added
in quadrature to obtain the numbers shown in Table II.
We also show the QCD corrections from production and
decay separately as defined in Eq. (1). All results shown
in Table II are for the central scale choice m

t

, as for the
inclusive cross sections. The NNLO corrections from the
product of O(↵S) production and O(↵S) decay can be
derived by subtracting the above two contributions from
the full NNLO corrections.

Changes of the QCD corrections after all kinematic
cuts are applied are evident if one compares Table II
with Table I. Acceptance in the charged lepton, the b-
jet, and the non-b jet produce these changes, as well as
the jet veto. We call attention to the fact that the NLO
QCD corrections in production have changed to �19%.
The NLO corrections in decay further reduce the cross
sections by about 8%. At NNLO the correction in pro-
duction is still dominant and can reach �6%. The size
of the NNLO correction in decay is smaller by about a
factor of 2, and it almost cancels with the correction
from the product of one-loop production and one-loop
decay. Scale variations have been reduced to about ±1%
at NNLO. Scale variation bands at various orders do not
overlap with each other in general.

fiducial [pb] LO NLO NNLO

t quark
total 4.07+7.6%

�9.8% 2.95+4.1%
�2.2% 2.70+1.2%

�0.7%

corr. in pro. -0.79 -0.24

corr. in dec. -0.33 -0.13

t̄ quark
total 2.45+7.8%

�10% 1.78+3.9%
�2.0% 1.62+1.2%

�0.8%

corr. in pro. -0.46 -0.15

corr. in dec. -0.21 -0.08

TABLE II. Fiducial cross sections for top (anti-)quark produc-
tion with decay at 13 TeV at various orders in QCD with a
central scale choice of mt in both production and decay. The
scale uncertainties correspond to a quadratic sum of varia-
tions from scales in production and decay, and are shown in
percentages. Corrections from pure production and decay are
also shown.

With fiducial cuts applied, the jet veto introduces an-
other hard scattering scale of p

T,veto

= 40 GeV in addi-
tion to m

t

. Thus it may be appropriate to choose a QCD
scale of (p

T,veto

m

t

)1/2 ⇠ m

t

/2, especially at lower per-
turbative orders where the gluon splitting contributions
are absorbed into the bottom-quark PDF. Alternative re-
sults with a central scale choice of m

t

/2 in production,
with the central scale m

t

retained in the decay part, show

better convergence of the series although the NNLO pre-
dictions are almost unchanged.
In experimental analyses, the total inclusive cross sec-

tions are usually determined through extrapolation of the
fiducial cross sections based on acceptance estimates ob-
tained from MC simulations. We can use the numbers
shown in Tables I and II to derive the parton-level ac-
ceptance at various orders. For top quark production,
the acceptances are 0.0283, 0.0214, and 0.0201 at LO,
NLO, and NNLO respectively. The NNLO corrections
can change the acceptance by 6% relative to the NLO
value. This change also propagates into the measurement
of the total inclusive cross section through extrapolation.
To compare our results with those in Ref. [24], we

calculated the NNLO total inclusive cross sections at 8
TeV using the same choices of parameters. We found a
di↵erence of ⇠ 1% on the NNLO cross sections. With
a refined comparison through private communications,
we traced the source of this discrepancy to NNLO
contributions associated with V

h

, with the b-quark
initial state. All other parts in the NNLO corrections
and all parts of the NLO contributions agree between
the two results within numerical uncertainties. It has
not been possible to further pin down the di↵erences.
We leave this issue for possible future investigation.

Di↵erential Distributions. We present di↵erential
distributions including NNLO corrections for top quark
production with decay. The e↵ects for top anti-quark
distributions are similar. As explained in the introduc-
tion, we neglect the cross-talk between incoming protons.
Such corrections, although will probably lead to di↵erent
kinematical shape dependence compared with the cor-
rections considered in this paper, will be suppressed by a
factor of 1/N2

c

. Nevertheless, it would be very interest-
ing to compute the cross-talk contribution in the future,
once the relevant techniques are developed. We believe
that the calculation presented in this paper represents
the best available results in the literature so far.
We present di↵erential distributions for top quark pro-

duction with decay. The e↵ects for top anti-quark distri-
butions are similar. The QCD corrections in production
for the pseudorapidity distribution of the non-b jet are
shown in Fig. 2 after all fiducial cuts are applied. Events
with two b-jets in the fiducial region are not included in
the plot. The corrections depend strongly on the pseudo-
rapidity. The NNLO corrections have a di↵erent shape
from those at NLO and can be even larger than the NLO
corrections in the regions of large pseudorapidity. The
transverse momentum distribution of the leading b-jet is
plotted in Fig. 3 with QCD corrections included only in
the decay. The corrections reach a maximum for p

T,b

of
about 90 GeV. Acceptance limitations explain the pecu-
liar shape of the distribution. We observe a reduction
in the hard scale variations in both Figs. 2 and 3, cal-
culated by varying the corresponding scales by a factor

large negative corrections, acceptance 
LO 0.0283, NLO 0.0214, NNLO 0.0201 

total rate 



16

!!"#
!"#
"#

!!"#/"# !"#/"#

"$% &' ()*+ ,-. /0123

!"#$ %%&' ()*+
μ=!!=#,-.- /01

-!"# -#"$ #"# #"$ !"#

#"#

%"#

&"#

#"'
#"(
!"#
!"%
!"&

)*+θ!"(#$%)

!
"#
$%

&σ
&'
%(
θ !"

(#
$
)
[)
*]

!!"#
!"#
"#

!!"#/"# !"#/"#

"$% &' ()*+ ,-. /0123

!"#$ %%&' ()*+
μ=!!=#,-.- /01

-!"# -#"$ #"# #"$ !"#

#"##

#"$#

!"##

!"#

!"$

%"#

%"$

&'(θ!"(#$%)

!
"#
$%

&/
σ
'σ

/'
(%
)θ
!"(
#$
%)

Figure 17. Predicted angular distribution between the charged lepton and the non-b jet in the rest
frame of the top quark from t-channel single top-quark production at the LHC 13 TeV after applying
fiducial cuts, including full corrections, with and without normalization respectively.
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Summary
✦ Top quark is unique for test of standard model including quantum 

chromodynamics and as a probe of new physics beyond standard model

✦ Large Hadron Collider is a top-quark factory and has demonstrated a 
great success of precision top-quark measurements, e.g., on pair 
production and single top-quark production; and …  

✦ Improvements on theoretical predictions are still needed to match the 
precision of ongoing projects at LHC Run 2, e.g., NNLO QCD 
corrections further matched with parton showering and hadronization, 
and can be crucial for the measurements of SM and searches for new 
physics beyond

Thank you for your attention!
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Figure 7: The normalised differential cross section as a function of unfolded cos q⇤µ for top
quark and antiquark combined, compared to the predictions from POWHEG, aMC@NLO, and
COMPHEP. The inner (outer) bars represent the statistical (total) uncertainties.

The asymmetry observed in data is smaller than the prediction. Separate results from exclusive
top quark or antiquark events are compatible within the uncertainties. This difference cannot
be explained by any single source of systematic uncertainty considered in this analysis.
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Figure 4: Distributions of the |hj0 | (left) and mbµn (right) variables in the “2jets 1tag” category. In
both plots, the rejection of multijet events is performed by requiring BDTmultijet > �0.15. The
predictions are normalised to the results of the fit described in Section 7. The bottom panels
in both plots show the ratio between observed and predicted event counts, with a shaded area
to indicate the systematic uncertainties affecting the background prediction and vertical bars
indicating statistical uncertainties.

1
s

ds

d cos q⇤X
=

1
2
(1 + P(~s)

t aX cos q⇤X) =
✓

1
2
+ AX cos q⇤X

◆
. (2)

The variable P(~s)
t denotes the single top quark polarisation along the chosen axis, and aX the

spin-analysing power as defined in Section 1. In the SM, the top quark spin tends to be aligned
with the direction of the spectator quark momentum, resulting in a high degree of polarisation.
Hence, an excess of events where the spectator quark momentum is antialigned with the top
quark spin would clearly indicate an anomalous coupling structure. Single top quark polarisa-
tion is studied in the t-channel process through the angular asymmetry Aµ of the muon, with
the polarisation axis defined as pointing along the untagged jet (j0) direction in the top quark
rest frame.

Figure 5 shows the reconstructed distribution of cos q⇤µ in the “2jets 1tag” (for BDTW/tt > 0.45)
and “3jets 2tags” categories. The observed distribution is expected to differ from the parton-
level prediction because of detector effects and the kinematic selection applied, with the most
significant effect being the relatively small number of selected events close to cos q⇤µ = 1. An
overall trend in the ratio between data and simulation is observed that suggests a slightly less
asymmetric shape than predicted by the SM.

In this analysis, a c2-fit is performed of the unfolded cos q⇤µ differential cross section to estimate
Aµ based on Eq. (2).

6 Studies of background modeling

Statistically independent control samples are used for several purposes in this analysis. Sam-
ples in which the isolation requirement on the muon is inverted are used to extract templates for
estimating the contamination by multijet events, while samples with different jet and b-tagged
jet multiplicities are used to validate the simulation of W+jets and tt events, or to provide ad-
ditional constraints on the in situ determination of background and signal strengths relative to
the SM.
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Aµ(t) = 0.29 ± 0.03 (stat) ± 0.10 (syst) = 0.29 ± 0.11, (5)
Aµ(t) = 0.21 ± 0.05 (stat) ± 0.13 (syst) = 0.21 ± 0.14, (6)

Aµ(t + t) = 0.26 ± 0.03 (stat) ± 0.10 (syst) = 0.26 ± 0.11, (7)

where the combined result is compatible with a p-value of p(data|SM) = 4.6%, which corre-
sponds to 2.0 standard deviations compared to the expected SM asymmetry of 0.44 as predicted
by POWHEG (NLO). Alternatively, the compatibility of the combined result with the hypothet-
ical case of Aµ = 0 is smaller, yielding a p-value of p(data|Aµ = 0) = 0.7%, and corresponding
to 2.7 standard deviations. The SM asymmetry predictions for simulated top quark and anti-
quark events are equal, while [1] predicts a O(1%) difference, which is small compared to the
precision of the current measurement.

As a crosscheck, an analytic 2-bin unfolding is also performed, which yields the numbers N(")
and N(#) defined in Eq. (1). This gives a compatible but slightly less precise value for Aµ of:

Aµ(t + t) = 0.28 ± 0.03 (stat) ± 0.1 (syst) = 0.28 ± 0.12. (8)

*µθUnfolded cos
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

)* µθ
d(

co
s

⁄ σ
 d× σ⁄1 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

)8 TeV( -1 + jets, t only, 19.7 fbµCMS

6 FS) + Pythia POWHEG (5
8 FS) + Pythia aMC@NLO (4

6 CompHEP + Pythia
Unfolded data
    Stat.      Total

*µθUnfolded cos
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

)* µθ
d(

co
s

⁄ σ
 d× σ⁄1 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

)8 TeV( -1 only, 19.7 fbt + jets, µCMS

6 FS) + Pythia POWHEG (5
8 FS) + Pythia aMC@NLO (4

6 CompHEP + Pythia
Unfolded data
    Stat.      Total

Figure 6: The normalised differential cross sections as a function of unfolded cos q⇤µ for (left) top
quark and (right) antiquark compared to the predictions from POWHEG, aMC@NLO, and COM-
PHEP. The inner (outer) bars represent the statistical (total) uncertainties.

11 Summary

The first measurement of the top quark spin asymmetry, sensitive to the top quark polarisation,
in t-channel single top quark production has been presented. This measurement is based on
a sample of pp collisions at a centre-of-mass energy of 8 TeV, corresponding to an integrated
luminosity of 19.7 fb�1.

The asymmetry, Aµ, is obtained by performing a differential cross section measurement of
cos q⇤µ , between forward- and backward-going muons with respect to the direction of the spec-
tator quark in the top quark rest frame. The measurement yields Aµ = 0.26 ± 0.03 (stat) ±
0.10 (syst) = 0.26± 0.11, which is compatible with a p-value of 4.6%, equivalent to 2.0 standard
deviations, with the standard model expectation.

SM NLO prediction on angular 
asymmetry Al, 0.44

t-channel production [Backups]
✦ t-channel production mode enjoys special interest for its large cross 

section and several strong physics motivations  

Polarization: angular distribution in top 
quark rest frame wrt. spectator quark 



✦ Infrared singularities from double-unresolved phase-space regions 
prevent a direct evaluation of the fiducial cross sections at NNLO

[RV] [RR][VV]
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Factorization at NNLO [Backups]

direct two-loop calculation by 
integrating out loop momentum 

DIS form factor  [Kramer, Lampe, 
1987] 

vertex t→ bW* [Bonciani, 
Ferroglia, 2008; Asatrian, Greub, 
Pecjak, 2008; Beneke, Huber,          
X.-Q. Li, 2008; Bell, 2008]

singularities entangled with phase-
space integration of QCD partons

double-unresolved singularities

double soft triple collinear mixed soft-coll.



✦ A generalization of phase-space slicing method to NNLO is utilized 
for QCD corrections in top-quark decay
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✦ A generalization of phase-space slicing method to NNLO is utilized 
for QCD corrections in heavy-quark vertex

factorization in soft-collinear effective theory

slicing  
variable

phase space slicing 
(in heavy-quark vertex)

2

we employ phase-space slicing at NNLO [30], which is
a generalization of the qT -subtraction concept of Catani
and Grazzini [25]. Specifically, we use N-jettiness vari-
able of Stewart, Tackmann and Waalewijn [31] to divide
the final state at NNLO into resolved and unresolved re-
gions. Phase-space slicing based on this observable is also
dubbed the N-jettiness subtraction. For recent applica-
tions of N-jettiness subtraction, see Refs. [32, 33]. We
define

τ =
2 pX · pn
Q2 +m2

t

, pn =
!

n̄ · (pc − q)
"nµ

2
(1)

where mc denotes the charm quark mass, n = (1, 0, 0, 1)
specifies the direction of the incoming hadron in the cen-
ter of mass frame, and n̄ = (1, 0, 0,−1) denotes the op-
posite direction. Following Ref. [34], we call τ 0-jettiness
in this work. We refer to the region τ ≪ 1 as unresolved,
while the region τ ∼ 1 as resolved. We discuss the calcu-
lation of cross section in these two regions separately.

In the unresolved region, pX · pn ∼ 0, i.e., pX con-
sists of either soft partons, or hard partons collinear to
incoming hadron, or both. Using the machinery of soft-
collinear effective theory (SCET) [35–38], one may show
that the cross section in this region obeys a factorization
theorem [39, 40]:

dσfact.

dτ
=

# 1

0

dz σ̂0(z)
$

$C(Q,mc, µ)
$

$

2
#

dτn dτs (2)

× δ(τ − τn − τs)Bq(τn, z, µ)S(τs, n · v, µ)

where σ̂0(z) is the LO partonic cross section for the reac-
tion s(zpN)+ νµ(pνµ

) → c(pc)+µ−(pµ−). C(Q,mc, µ) =
1 + O(αs) is the hard Wilson coefficient obtained from
matching QCD to SCET. It encodes all the short distance
corrections to the reaction. Collinear radiation and soft
radiation are described by the beam Bq(τn, z, µ) and soft
functions S(τs, n ·v, µ). At LO they have the simple form

Bq(τn, z, µ) = δ(τn)fs/N (z, µ), S(τs, n · v, µ) = δ(τs)

where fs/N (z, µ) is the PDF.
The factorization formula Eq. (2) provides a simpli-

fied description of the cross section, fully differential in
the leptonic part and heavy quark part, and correct up
to power corrections in τ . The 0-jettiness parameter τ
controls the distance away from the strictly unresolved
region, τ = 0. In fixed order perturbation theory, dσ/dτ
diverges as αk

s ln
2k−1 τ/τ , as a result of incomplete can-

cellation of virtual and real contributions. The strength
of SCET approach to describing the unresolved region is
that each individual component in the factorization for-
mula Eq. (2) has its own operator definition and can be
computed separately.

All the ingredients needed in this Letter have been
computed through two loops for different purposes.
Specifically, the hard Wilson coefficient can be obtained

by crossing the corresponding hard Wilson coefficient
calculated for b → uW− decay [41–44]. The two-loop
soft function and beam function have been calculated in
Refs. [45, 46]. After substituting the two-loop expressions
for the individual components into Eq. (2), we obtain the
desired two-loop expansion of the cross section in the un-
resolved region [40].

In the resolved region, besides the beam jet, there is at
least one additional hard jet with large recoil against the
beam. While we don’t have a factorization formula in this
region, the soft and collinear singularities are relatively
simple. Owing to the presence of the hard recoil jet, there
is at most one parton which can become soft or collinear.
A singularity of this sort can be handled by the stan-
dard methods used at NLO. The relevant ingredients are
a) one-loop amplitudes for charm plus one jet production
which we take from [47] and cross check with GoSam [48],
b) the tree-level amplitudes for charm plus two jet pro-
duction [49], and c) NLO dipole subtraction terms [50]
for canceling infrared singularities between one-loop and
tree-level matrix elements.

After introducing an unphysical cutoff parameter δτ ,
we combine the contributions from the two phase space
regions,

σ =

# δτ

0

dσfact.

dτ
+

# τmax

δτ

dσ

dτ
+O(δτ ). (3)

Power corrections in δτ come from the use of factor-
ization formula in the unresolved region. In order to
suppress the power corrections, a small value of δτ
is required. On the other hand, the integrations in
both the unresolved and resolved regions produce large
logarithms of the form αk

s ln
2k δτ at NkLO. The integral

over τ can be done analytically in the unresolved region.
In the resolved region, the large logarithms of ln δτ result
from numerical integration near the singular boundary of
phase space, resulting in potential numerical instability.
A balance has to be reached between suppressing power
corrections in δτ and reducing numerical instability.

Numerical results. We first present our numerical re-
sults for the total cross section. We use CT14 NNLO
PDFs [51] with Nl = 3 active quark flavors and the as-
sociated strong coupling constant. We use a pole mass
mc = 1.4 GeV for the charm quark, and CKM matrix
elements |Vcs| = 0.975 and |Vcd| = 0.222 [52]. The renor-
malization scale is set to µ0 =

%

Q2 +m2
c unless other-

wise specified. In Fig. 1 we plot the NNLO corrections to
the reduced cross section [16] of charm-quark production
in DIS of neutrino on iron, as a function of the phase-
space cutoff parameter δτ .1

1 Throughout this paper we do not include higher-twist effects,
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✦ Residual dependence on the arbitrary cutoff parameter can serve as a 
good test of the method; vanishes when cutoff small enough 

dependence on the cutoff 

top quark decay neutrino DIS

in practice a cutoff ~10-4 is found to be sufficiently small to converge to 
true NNLO results while keeping the MC integrations stable

[JG, Li, Zhu, 2013] [Berger, JG, Li, Liu, Zhu, 2016]
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✦ Residual dependence on the arbitrary cutoff parameter can serve as a 
good test of the method; vanishes when cutoff small enough 

dependence on the cutoff 

in practice a cutoff ~10-4 is found to be sufficiently small to converge to 
true NNLO results while keeping the MC integrations stable

[JG, Berger, Zhu, 2017]
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Figure 7: Various components of the NNLO corrections from the heavy-quark line on the

total inclusive cross section as a function of the cut-o↵, for top-quark production at the LHC

13 TeV.
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Figure 8: NNLO corrections from the heavy-quark line on the total inclusive cross section

as a function of the cut-o↵, for top-quark production at the LHC 13 TeV and for di↵erent

partonic channels.

we have compared our results with APFEL [82] and found good agreement. To compare

our results with those in Ref. [36] for the case of a stable top (anti-)quark, we calculated

the NNLO total inclusive cross sections at 8 TeV using the same choices of parameters. We

found a di↵erence of ⇠ 1% on the NNLO cross sections. With a refined comparison through

private communications, we traced the source of this discrepancy to NNLO contributions

associated with the heavy-quark line, with the b-quark initial state. All other parts in the

NNLO corrections and all parts of the NLO contributions agree between the two results

within numerical uncertainties. It has not been possible to further pin down the di↵erences.

We leave this issue for possible future investigation.
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Figure 9: NNLO corrections from the heavy-quark line on the transverse momentum distri-

bution of the top quark (left), and the pseudorapidity distribution of the leading jet (right),

for top-quark production at the LHC 13 TeV and with di↵erent choice of the cut-o↵.

In calculations of the fiducial cross sections we also need a theoretically well-defined flavor-

jet algorithm for b-quark jet. At parton level, b-quark jet has certain level of ambiguities.

Naively, the b-jet can be defined as a conventional jet whose total b-flavor number is non-zero

(counting the b quark with b-flavor number 1, and b anti-quark with b-flavor number �1).

However, the resulting jet cross section is not infrared safe in the zero-mass case. Because in

a partonic configuration where a soft gluon is splitting into a bb̄ pair with large seperation

angle, the soft b quark may be clustered together with another hard radiation and force it

to be a b-quark jet [83]. A modification of k
T

algorithm to address the IR safety problem

of b-quark jet is proposed in [83]. However, all current experimental measurements on the

single top-quark production at the LHC is by ultilizing the anti-k
T

algorithm [84], we do

not adopt the flavor-jet algorithm in [83]. In the case of our NNLO corrections, the specific

configurations which can lead to infrared safety issue appear in the following three diagrams

shown in Fig. 10. In the first two diagrams, the splitting does not involve the primary b

(a) (b) (c)

Figure 10: Feynman diagrams containning a soft gluon spltting into bb̄ pair for NNLO

corrections at the light-quark line, heavy-quark line, and the top quark decay, respectively.

The green fermion line represents b quark or anti-quark.
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