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Top Priority
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✦ Top quark plays an unique role in phenomenology studies of both 
electroweak and QCD sectors of the SM due to its large mass and short 
lifetime



Probe of BSM physics
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✦ Many well motivated extensions of the SM can modify production and 
decays of the top quark that can be tested at the (HL-)LHC for its high 
energy and great precision
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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 

probing EW coupling (Vtb) 

polarized top-quark production  

test of heavy-quark scheme 

constraining parton distributions 

sensitive to various new physics  

Lidia Dell’Asta 12

tZq @13TeV
SM single-top production in association with a Z 
boson (t-channel) not yet measured. 

CMS search on 8 TeV data [JHEP 07 (2017) 003]. 
Observed (expected) significance 2.4σ (1.8σ).  

SM tZq probes both tZ and WWZ couplings. 
ttZ̄ only probes tZ - previously measured by 
ATLAS and CMS. 

SM tZq background for: 
FCNC tZ production, 
tH final state. 

tZq trilepton final state: lowest branching fraction 
(2.2%) but by far highest signal to background ratio.
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Figure 2. NLO inclusive cross sections for single and top quark pair production with and without an accom-

panying Z boson. The NLO tt̄Z cross section is estimated from the lowest order result using a K-factor of

1.39 and renormalization and factorization scales µ = mt +mZ/2 [4].

consider the full process (and similarly for the charge conjugate process),

u+ b → t+ Z + d
|
|

|→ µ− + µ+

|→ ν + e+ + b

(1.3)

where the leptonic decay of the top quark is included and we have specified the charged leptons that
are associated with the Z decay. The top quark decay is included using the techniques described in
Refs. [9–11] and retains all spin correlations at the expense of requiring the top quark to be treated
exactly on-shell. Since this calculation involves an incoming b-quark it is necessarily a five-flavor
calculation.

We have also considered the closely-related single top + H process which is of smaller phenomeno-
logical interest in the Standard Model. A brief description of the next-to-leading order result is given
in Appendix B.
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ATLAS-CONF-2017-052 
more in Irina’s posterNew measurement

A total cross section of ~300 pb 
at 13 TeV

M. Komm - single top quark cross sections Slide 12
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t-channel production
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✦ t-channel production mode enjoys special interest for its large cross 
section and several strong physics motivations  

•  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|%

only consider leptonic decays of 
top quark 

select the fiducial region with 
exactly “two jets” and “one-
tagged”, plus charged lepton 

untagged jet prefers in forward 
region  

Event display



Measurements on total/differential cross sections
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✦ Experimental precision of ~5-10% for total cross section and with a 
precision of ~5-20% at 13 TeV, unfolded back to parton level for  easy 
comparison to theory
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Figure 4: The combined | fLVVtb | value extracted from the t-channel and tW cross-section measurements atp
s = 7 and 8 TeV from ATLAS and CMS, as well as the ATLAS s-channel measurement at

p
s = 8 TeV, is shown

together with the combined | fLVVtb | values for each production mode. The theoretical predictions for t-channel
and s-channel production are computed at NLO accuracy, while the theoretical predictions for tW are calculated
at NLO+NNLL accuracy. The �theo. uncertainties used to compute | fLVVtb | include scale, PDF+↵s, mt , and Ebeam
variations.
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Figure 9: Normalised differential cross sections for the sum of t-channel single top quark and
antiquark production at the parton level: (upper row) top quark pT and rapidity; (middle
row) charged lepton pT and rapidity; (lower left) W boson pT; (lower right) cosine of the top
quark polarisation angle. The total uncertainty is indicated by the vertical lines, while horizon-
tal bars indicate the statistical and experimental uncertainties, which have been profiled in the
ML fit, and thus exclude the uncertainties in the theoretical modelling. Three different predic-
tions from event generators are shown by the solid, dashed, and dotted lines. The lower panels
show the ratios of the predictions to the data.

top quark transverse momentum
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✦ Polarization of the top quark can be extracted through polar angle 
distribution of charged lepton wrt. spin axis in top quark rest frame

21

POWHEG signal sample—generated in the 4FS and interfaced with PYTHIA. The uncertainty
bands shown in Figs. 11 and 12 represent the total uncertainty from varying the correspond-
ing PDF eigenvectors and aS. Within the uncertainties, the measured charge ratios are in good
agreement with the predictions from all three PDF sets.

The spin asymmetry, sensitive to the top quark polarisation, is determined from the differential
cross section as a function of the polarisation angle at the parton level (Fig. 7, lower right). A
linear c2-based fit, assuming the expected functional dependence given in Eq. (2), is used to
take the correlations between the unfolded bins into account. The spin asymmetry is measured
to be

Aµ = 0.398 ± 0.042 (exp) ± 0.047 (theo) = 0.398 ± 0.063, (8)

Ae = 0.443 ± 0.048 (exp) ± 0.068 (theo) = 0.443 ± 0.083, (9)

Aµ+e = 0.439 ± 0.032 (exp) ± 0.053 (theo) = 0.439 ± 0.062, (10)

for muon, electron, and combined events, respectively. The first uncertainty, labelled “exp”,
denotes the post-fit uncertainties after the statistical and experimental systematic uncertain-
ties have been profiled, whereas the latter one, labelled “theo”, is the systematic uncertainty
from the theoretical modelling. The measured asymmetries are in good agreement with the
predicted SM value of 0.436, found using POWHEG at NLO, with a negligible uncertainty. In
particular, the deviation found in a previous CMS analysis at

p
s = 8 TeV corresponding to 2.0

standard deviations [10] is not seen.

11 Summary
Differential cross sections for t-channel single top quark and antiquark production in proton-
proton collisions at

p
s = 13 TeV have been measured by the CMS experiment at the LHC

using a sample of proton-proton collision data, corresponding to an integrated luminosity of
35.9 fb�1. The cross sections are determined as a function of the top quark transverse momen-
tum (pT), rapidity, and polarisation angle, the charged lepton pT and rapidity, and the pT of
the W boson from the top quark decay. In addition, the charge ratio has been measured as a
function of the top quark, charged lepton, and W boson kinematic observables. Events contain-
ing one muon or electron and two or three jets are used. The single top quark and antiquark
yields are determined through maximum-likelihood fits to the data distributions. The differen-
tial cross sections are then obtained at the parton and particle levels by unfolding the measured
signal yields.

The results are compared to various next-to-leading-order predictions, and found to be in good
agreement. Furthermore, the top quark spin asymmetry, which is sensitive to the top quark
polarisation, has been measured using the differential cross section as a function of the top
quark polarisation angle at the parton level. The resulting value of 0.439 ± 0.062 is in good
agreement with the standard model prediction.

These results demonstrate a good understanding of the underlying electroweak produc-
tion mechanism of single top quarks at

p
s = 13 TeV and in particular of the electroweak

vector�axial-vector coupling predicting highly polarized top quarks. Lastly, the differential
charge ratios, sensitive to the ratio of the up to down quark content of the proton, are found to
be consistent with the predictions by various sets of parton distribution functions.
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Figure 7: Differential cross sections for the sum of t-channel single top quark and antiquark
production at the parton level: (upper row) top quark pT and rapidity; (middle row) charged
lepton pT and rapidity; (lower left) W boson pT; (lower right) cosine of the top quark polarisa-
tion angle. The total uncertainty is indicated by the vertical lines, while horizontal bars indicate
the statistical and experimental uncertainties, which have been profiled in the ML fit, and thus
exclude the uncertainties in the theoretical modelling and the luminosity. Three different pre-
dictions from event generators are shown by the solid, dashed, and dotted lines. The lower
panels show the ratios of the predictions to the data.
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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)
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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.
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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)
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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.
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POWHEG signal sample—generated in the 4FS and interfaced with PYTHIA. The uncertainty
bands shown in Figs. 11 and 12 represent the total uncertainty from varying the correspond-
ing PDF eigenvectors and aS. Within the uncertainties, the measured charge ratios are in good
agreement with the predictions from all three PDF sets.

The spin asymmetry, sensitive to the top quark polarisation, is determined from the differential
cross section as a function of the polarisation angle at the parton level (Fig. 7, lower right). A
linear c2-based fit, assuming the expected functional dependence given in Eq. (2), is used to
take the correlations between the unfolded bins into account. The spin asymmetry is measured
to be

Aµ = 0.398 ± 0.042 (exp) ± 0.047 (theo) = 0.398 ± 0.063, (8)

Ae = 0.443 ± 0.048 (exp) ± 0.068 (theo) = 0.443 ± 0.083, (9)

Aµ+e = 0.439 ± 0.032 (exp) ± 0.053 (theo) = 0.439 ± 0.062, (10)

for muon, electron, and combined events, respectively. The first uncertainty, labelled “exp”,
denotes the post-fit uncertainties after the statistical and experimental systematic uncertain-
ties have been profiled, whereas the latter one, labelled “theo”, is the systematic uncertainty
from the theoretical modelling. The measured asymmetries are in good agreement with the
predicted SM value of 0.436, found using POWHEG at NLO, with a negligible uncertainty. In
particular, the deviation found in a previous CMS analysis at

p
s = 8 TeV corresponding to 2.0

standard deviations [10] is not seen.

11 Summary
Differential cross sections for t-channel single top quark and antiquark production in proton-
proton collisions at

p
s = 13 TeV have been measured by the CMS experiment at the LHC

using a sample of proton-proton collision data, corresponding to an integrated luminosity of
35.9 fb�1. The cross sections are determined as a function of the top quark transverse momen-
tum (pT), rapidity, and polarisation angle, the charged lepton pT and rapidity, and the pT of
the W boson from the top quark decay. In addition, the charge ratio has been measured as a
function of the top quark, charged lepton, and W boson kinematic observables. Events contain-
ing one muon or electron and two or three jets are used. The single top quark and antiquark
yields are determined through maximum-likelihood fits to the data distributions. The differen-
tial cross sections are then obtained at the parton and particle levels by unfolding the measured
signal yields.

The results are compared to various next-to-leading-order predictions, and found to be in good
agreement. Furthermore, the top quark spin asymmetry, which is sensitive to the top quark
polarisation, has been measured using the differential cross section as a function of the top
quark polarisation angle at the parton level. The resulting value of 0.439 ± 0.062 is in good
agreement with the standard model prediction.

These results demonstrate a good understanding of the underlying electroweak produc-
tion mechanism of single top quarks at

p
s = 13 TeV and in particular of the electroweak

vector�axial-vector coupling predicting highly polarized top quarks. Lastly, the differential
charge ratios, sensitive to the ratio of the up to down quark content of the proton, are found to
be consistent with the predictions by various sets of parton distribution functions.

Measurements on top quark polarizations

1

1 Introduction
The three main production modes of single top quarks and antiquarks in proton-proton (pp)
collisions occur via electroweak interactions and are commonly categorised through the virtu-
ality of the exchanged W boson four-momentum. They are called t channel (t ch) when the
four-momentum is space-like, s channel when it is time-like, and W-associated (tW) when the
four-momentum is on shell. At the CERN LHC, the production via the t channel has the largest
cross section of the three modes whose most-relevant Born-level Feynman diagrams are shown
in Fig. 1. In the rest of this paper, “quark” is used to generically denote a quark or an antiquark,
unless otherwise specified.

Figure 1: Born-level Feynman diagrams for single top quark production in the t channel. Cor-
responding diagrams also exist for single top antiquark production.

The t-channel production process was first observed by the D0 and CDF experiments at the
Tevatron [1, 2]. Its inclusive cross section has been measured with high precision at the CERN
LHC by the ATLAS and CMS Collaborations at

p
s = 7, 8, and 13 TeV [3–9]. Differential cross

sections have been determined as well at 7 and 8 TeV [4, 6, 10].

Differential cross section measurements can contribute to constraining the effective field the-
ory operators [11], the top quark mass, the renormalisation and factorisation scales, and the
parton distribution functions (PDFs) of the proton [12]. In particular, the ratio of the t-channel
top quark to antiquark production is sensitive to the ratio of the up to down quark content
of the proton [13, 14]. Furthermore, differential angular distributions can be used to assess
the electroweak coupling structure at the Wtb vertex. A “vector�axial-vector” (V�A) cou-
pling is predicted in the standard model (SM), leading to the production of highly polarised
top quarks [15–17]. A powerful observable to investigate the coupling structure in t-channel
production is given by the top quark polarisation angle q?pol, defined via

cos q?pol =
~p?q 0 · ~p?`
|~p?q 0 ||~p?` |

, (1)

where the superscript signifies that the momenta of the charged lepton, ` (muon or electron),
from the top quark decay, and the spectator quark, q0, are calculated in the top quark rest frame.
The normalised differential cross section as a function of cos q?pol at the parton level is related
to the top quark polarisation, P, as

1
s

ds

d cos q?pol
=

1
2

⇣
1 + 2A` cos q?pol

⌘
, A` =

1
2

Pa` , (2)

where A` denotes the spin asymmetry and a` is the so-called spin-analysing power of the
charged lepton [17]. The spin asymmetry and/or polarisation have been measured in pp col-
lision data by the ATLAS and CMS Collaborations at

p
s = 8 TeV using various analysis tech-

niques [10, 18, 19].
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✦ Single-top quark production offers an opportunity to measure top 
quark mass that could be largely independent with those from pair 
production in theory and experimental uncertainties 
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Figure 5: (a) Distributions of m(!b) in the signal region for events with an output value of the neural
network larger than 0.75. The data are compared to the MC predictions for signal and background.
The signal MC processes assume mtop = 172.5 GeV and the expected distribution is normalised to the
number of expected events estimated in [49]. The hatched bands indicate the statistical uncertainty from
the simulated sample size and the systematic uncertainty on the W+jets normalisation. (b) Dependence
of the m(!b) distribution of all top quark processes on mtop for the signal MC samples generated with
different input top quark masses, together with the signal probability density functions obtained from the
parametrisation described in Section 7. The processes are normalized to the expectation for 20.3 fb−1.

the data with the following likelihood function:

L =
∏

bins i
P
(

m(!b)datai |λi(N, f , si(mtop), bi)
)

· G
(

f | fbkg,σ fbkg
)

(2)

The likelihood has three parameters: the top quark mass mtop, the relative background fraction, f and the
overall normalisation, N. f is constrained by a Gaussian distribution centred around the prediction from
simulation, fbkg. The width of the Gaussian, σ fbkg , reflects the theoretical uncertainty on the background
fraction.

Using pseudo-experiments on large MC samples, a good linearity is found between the input top
quark mass and the mean value derived from the distributions of reconstructed top quark masses. The
pseudo-experiments are constructed by drawing N events from MC where N is taken from a Poisson
distribution of the number of expected events. Within their statistical uncertainties, the mean values and
widths of the pull distributions are consistent with the expectations of zero and one, respectively, for
all input top quark masses. Finally, the expected statistical uncertainty on mtop obtained from pseudo-
experiments for an input top quark mass of mtop = 172.5 GeV, and for an integrated luminosity of
20.3 fb−1, is 0.7 GeV.
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ATLAS NOTE
ATLAS-CONF-2014-055

September 28, 2014

Measurement of the top quark mass in topologies enhanced
with single top quarks produced in the t-channel
at
√

s = 8 TeV using the ATLAS experiment

The ATLAS Collaboration

Abstract

This note presents a measurement of the top quark mass in topologies enhanced with
single top quarks produced in the t-channel via weak interaction produced via weak in-
teractions. The dataset was collected at a centre-of-mass energy of

√
s = 8 TeV with the

ATLAS detector at the LHC and corresponds to an integrated luminosity of 20.3 fb−1. Se-
lected events contain one lepton, missing transverse momentum, and two jets, one of which
is b-tagged. The top quark processes are further enhanced using a neural network-based
discriminant. To determine the top quark mass, a template method is used, based on the
distribution of the invariant mass of the lepton and the b-tagged jet as estimator. The result
of the measurement is mtop = 172.2 ± 0.7(stat.) ± 2.0(syst.) GeV.

c© Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Figure 3: Reconstructed µnb invariant mass distribution for data (points with error bars) and
Monte Carlo events (stacked histograms). Left: initial selection; right: final selection after the
charge and light-quark jet pseudorapidity requirements. The ratio of the observed number of
events in data to the number predicted by simulation is shown in the lower plots. The hatched
area represents the uncertainty on the Monte Carlo predictions associated to the finite size of
the samples and their normalization, and the integrated luminosity.
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quark t channel (left) and tt (right). The continuous lines show the results of fits to Crystal Ball
shapes.

obtained from the simulated samples before the final selection are shown in Fig. 4. The differ-
ence between the values of the µ parameter of the Crystal Ball function obtained from the fits
is mt(t channel)� mt(tt) = 0.30 ± 0.17 GeV, where the uncertainty is the statistical uncertainty
from the fit.

The remaining single top quark components (s-channel and tW production) account for only
about 3.5% of the final sample and their contribution is absorbed in the tt component, since
their distributions exhibit broader peaks with respect to the t channel.

The parameter µ of the Crystal Ball function describing the single top quark t-channel compo-
nent is used to estimate the top quark mass. The mass is obtained by shifting the value of µ

1703.02530

full invariant mass visible invariant mass

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP/2017-012
2017/06/01

CMS-TOP-15-001

Measurement of the top quark mass using single top quark
events in proton-proton collisions at

p
s = 8 TeV

The CMS Collaboration⇤

Abstract

A measurement of the top quark mass is reported in events containing a single top
quark produced via the electroweak t channel. The analysis is performed using data
from proton-proton collisions collected with the CMS detector at the LHC at a centre-
of-mass energy of 8 TeV, corresponding to an integrated luminosity of 19.7 fb�1. Top
quark candidates are reconstructed from their decay to a W boson and a b quark,
with the W boson decaying leptonically to a muon and a neutrino. The final state
signature and kinematic properties of single top quark events in the t channel are used
to enhance the purity of the sample, suppressing the contribution from top quark
pair production. A fit to the invariant mass distribution of reconstructed top quark
candidates yields a value of the top quark mass of 172.95 ± 0.77 (stat)+0.97

�0.93 (syst) GeV.
This result is in agreement with the current world average, and represents the first
measurement of the top quark mass in event topologies not dominated by top quark
pair production, therefore contributing to future averages with partially uncorrelated
systematic uncertainties and a largely uncorrelated statistical uncertainty.

Published in the European Physical Journal C as doi:10.1140/epjc/s10052-017-4912-8.

c� 2017 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license

⇤See Appendix A for the list of collaboration members
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✦ Surprisingly uncertainties due to theoretical modeling of the signal are 
far dominant in the final experimental results, e.g., for the total cross 
sections and thus Vtb  

1902.07158, ATLAS+CMS, 8TeV

Table 3: Contribution from each uncertainty category to the combined t-channel cross-section (�t-chan.) uncertainty
at (a)

p
s = 7 TeV and (b)

p
s = 8 TeV. The total uncertainty is computed by adding in quadrature all the individual

systematic uncertainties (including the uncertainty in the integrated luminosity) and the statistical uncertainty in data.
Correlations of systematic uncertainties between experiments are presented in Appendix A.1.

(a)

�t-chan.,
p

s = 7 TeV
Combined cross-section 67.5 pb

Uncertainty category Uncertainty
[%] [pb]

Data statistical 3.5 2.4
Simulation statistical 1.4 0.9
Integrated luminosity 1.7 1.1
Theory modelling 5.1 3.5
Background normalisation 1.9 1.3
Jets 3.4 2.3
Detector modelling 3.4 2.3
Total syst. unc. (excl. lumi.) 7.5 5.0
Total syst. unc. (incl. lumi.) 7.6 5.2
Total uncertainty 8.4 5.7

(b)

�t-chan.,
p

s = 8 TeV
Combined cross-section 87.7 pb

Uncertainty category Uncertainty
[%] [pb]

Data statistical 1.3 1.1
Simulation statistical 0.6 0.5
Integrated luminosity 1.7 1.5
Theory modelling 5.3 4.7
Background normalisation 1.2 1.1
Jets 2.6 2.3
Detector modelling 1.8 1.6
Total syst. unc. (excl. lumi.) 6.3 5.5
Total syst. unc. (incl. lumi.) 6.5 5.7
Total uncertainty 6.7 5.8

combined cross-section at
p

s = 7 TeV is not evaluated since no estimate is available for the CMS input
measurement at

p
s = 7 TeV.

6.2 Combinations of tW cross-section measurements

The combination of the ATLAS and CMS tW cross-section measurements at
p

s = 7 TeV [61, 62] yields,
after two iterations, a cross-section of

�tW = 16.3 ± 2.3 (stat.) ± 3.3 (syst.) ± 0.7 (lumi.) pb = 16.3 ± 4.1 pb.

The relative uncertainty is 25%, which improves on the uncertainty of 28% in the most precise individual
measurement from CMS [62]. The �2 for the combination is 0.01, corresponding to a probability of 91%.
The CMS weight in the combination is 0.59, while the ATLAS weight is 0.41. The overall correlation
between the two measurements is 17%. The contribution from each uncertainty category to the total
uncertainty in the combined tW cross-section measurement at

p
s = 7 TeV is shown in Table 4(a).

The combination of the ATLAS and CMS tW cross-section measurements at
p

s = 8 TeV [34, 35] results,
after two iterations, in

�tW = 23.1 ± 1.1 (stat.) ± 3.3 (syst.) ± 0.8 (lumi.) pb = 23.1 ± 3.6 pb.

The relative uncertainty is 15.6%, which improves on the uncertainty of 16.5% in the most precise individual
measurement from ATLAS [34]. The �2 for the combination is 0.01, corresponding to a probability of
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1812.10514, CMS 13 TeV, 36 fb-1
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the total cross section is found to be

st-ch,t+t = 207 ± 2 (stat) ± 6 (prof) ± 29 (sig-mod) ± 5 (lumi) pb

= 207 ± 2 (stat) ± 31 (syst) pb
= 207 ± 31 pb,

where the statistical uncertainties are treated as uncorrelated and the systematic uncertainties
as correlated between the st-ch,t and st-ch,t measurements. The total cross section is used to
calculate the absolute value of the CKM matrix element Vtb . Neglecting |Vtd | and |Vts | as they
are significantly smaller than |Vtb |, and assuming that the top quark exclusively decays to a b
quark and a W boson, leads to

| fLVVtb | =

vuut
st-ch,t+t

stheo
t-ch,t+t

,

with the predicted SM value stheo
t-ch,t+t = 217.0+6.6

�4.6 (scale)± 6.2 (PDF+aS) pb [10, 11, 16] assuming
|Vtb | = 1. The anomalous form factor fLV takes the possible presence of an anomalous W t b
coupling into account, with fLV = 1 for the case in which the Wtb interaction is a left-handed
weak SM coupling and fLV 6= 1 for physics beyond the SM [63]. The measured cross section
translates to

| fLVVtb | = 0.98 ± 0.07 (exp) ± 0.02 (theo).

The first uncertainty considers all uncertainties of the cross section measurement, while the
second uncertainty is derived from the uncertainty of the theoretical SM prediction. Assuming
the unitarity of the CKM matrix, a lower limit of 0.82 is determined in the Feldman–Cousins
unified approach [64] for |Vtb | at 95% confidence level.

The ratio of the cross sections for the production of single top quarks and antiquarks in the t
channel is measured as

Rt-ch = 1.68 ± 0.02 (stat) ± 0.02 (prof) ± 0.05 (sig-mod)
= 1.68 ± 0.02 (stat) ± 0.05 (syst)
= 1.68 ± 0.06.

The measured ratio is compared to the predictions using different PDF sets as shown in Fig. 8.
Good agreement between the measurement and most predictions is found.

9 Summary
Events with one muon or electron and multiple jets in the final state are used to measure the
cross sections for the t-channel production of single top quarks and antiquarks, and their ra-
tio. The measured cross sections are 130 ± 1 (stat) ± 19 (syst) pb for the production of single
top quarks, 77 ± 1 (stat) ± 12 (syst) pb for the production of single top antiquarks, and 207 ±
2 (stat) ± 31 (syst) pb for the total production. The latter result is used to calculate the abso-
lute value of the Cabibbo–Kobayashi–Maskawa matrix element | fLVVtb | = 0.98 ± 0.07 (exp) ±
0.02 (theo), including an anomalous form factor fLV. The measured ratio of the cross sections
of the two processes Rt-ch = 1.68± 0.02 (stat)± 0.05 (syst) is compared to recent predictions us-
ing different parton distribution functions (PDFs) to describe the inner structure of the proton.
Good agreement with most PDF sets is found within the uncertainties of the measurement.

The statistical uncertainty plays only a minor role for the achieved precision of the measure-
ments, which are limited by the systematic uncertainties in the modeling of the signal process.
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Table 2: Estimated relative impact of uncertainties in percent of the measured cross sections or
cross section ratio.

DRt-ch/Rt-ch Ds/s(t) Ds/s(t)
Nonprofiled uncertainties

µR/µF scale t channel 1.5 6.1 5.0
ME-PS scale matching t channel 0.5 7.1 7.8
PS scale t channel 0.9 10.1 9.6
PDF t channel 3.0 3.1 5.8
Luminosity — 2.5 2.5

Profiled uncertainties
JES 0.9 1.5 1.8
JER 0.2 < 0.1 0.2
Unclustered energy < 0.1 0.1 0.2
b tagging 0.1 1.1 1.2
Muon and electron efficiencies 0.2 0.8 0.6
Pileup 0.1 0.9 1.0
QCD bkg. normalization < 0.1 0.1 0.1
MC sample size 2.5 2.2 3.2
tt bkg. model and normalization 0.2 0.6 0.6
Top quark pT < 0.1 < 0.1 < 0.1
tW bkg. normalization 0.1 0.5 0.6
W/Z+jets bkg. normalization 0.3 0.6 0.9
µR/µF scale tt , tW, W/Z+jets 0.1 0.2 0.3
PDF tt, W/Z+jets < 0.1 0.2 0.2

tive uncertainties and their impact on the two cross sections. For instance, the nonprofiled
signal modeling uncertainties are highly correlated between the two cross sections and the
only remaining uncertainty contribution in the ratio comes from the differences in the size of
the impacts on the individual cross sections. The dominant uncertainty contributions in the
ratio measurement are the uncertainty due to the choice of the PDF set for the t-channel signal
model and the uncertainty due to the size of the simulation samples.

8 Results
The measured cross sections for the t-channel production of single top quarks and antiquarks
are

st-ch,t = 130 ± 1 (stat) ± 4 (prof) ± 18 (sig-mod) ± 3 (lumi) pb

= 130 ± 1 (stat) ± 19 (syst) pb
= 130 ± 19 pb,

st-ch,t = 77 ± 1 (stat) ± 2 (prof) ± 11 (sig-mod) ± 2 (lumi) pb

= 77 ± 1 (stat) ± 12 (syst) pb
= 77 ± 12 pb.

Here, the uncertainty sources that are profiled in the fit, are labeled as “prof”, the uncertainties
on the signal modeling are labeled as “sig-mod”, and the uncertainty due to the integrated
luminosity measurement is labeled as “lumi”. The total systematic uncertainty is obtained by
adding the three uncertainty contributions in quadrature. Adding the st-ch,t and st-ch,t results,

Modeling of t-channel single top production
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✦ We will address two questions with the state of art calculations at 
NNLO in QCD in a 5-flavor scheme, for t-channel production with 
leptonic decays

double deep inelastic scattering 
(DIS) approximation 

narrow width approximation 
(NWA) 

[Berger, JG, Yuan, Zhu, 2016]
[Berger, JG, Zhu, 2017]
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What are the true theoretical uncertainties in modeling of the t-channel 
production, especially related to heavy-quark schemes? 

Is it possible to extract top-quark mass without relying directly on kinematics 
of the b-jet?
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✦ The production can be calculated either in a factorization scheme 
based on 4 flavor of quarks in the initial state (4FS) or also treats the 
bottom quark as a massless parton in initial hadrons (5FS)

4FS 5FS

exact mb dependence at 
fixe orders

resummation of large 
logarithms of mb

4FS@LO vs 5FS@NLO

Modeling of t-channel single top-quark production at the LHC

Jun Gao1, 2, ⇤ and Edmond L. Berger3, †

1
INPAC, Shanghai Key Laboratory for Particle Physics and Cosmology,

School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China
2
Center for High Energy Physics, Peking University, Beijing 100871, China

3
High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

We study the modeling of t-channel single top-quark production at Large Hadron Collider (LHC)
energies. We compare predictions at next-to-next-to-leading order in a 5-flavor scheme to those of
next-to-leading order in a 4-flavor scheme, finding the two schemes agree within a few percent in
general for the shape of kinematic distributions of the top quark. The predictions in the 5-flavor
scheme show strong stability for both normalization and distributions, and are superior to those
of the 4-flavor scheme at comparable orders. We present comparisons of the predictions with LHC
data. Our findings provide clear theoretical guidance for precision studies of single top-quark physics
at the LHC.

Introduction. As the heaviest particle in the stan-
dard model (SM), the top quark (t) is thought to of-
fer special opportunities to explore electroweak symme-
try and possible new physics beyond the SM. Single top
quark production at hadron colliders provides a great
opportunity to directly probe the electroweak Wtb ver-
tex, including measurement of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element Vtb. In addition, the
data can be used to extract the top-quark mass [1, 2]
and to constrain the ratio of u-quark to d-quark parton
distributions [3–6]. Single top-quark production is also
sensitive to physics beyond the SM [7], including modi-
fied structure of the Wtb vertex, new gauge bosons, new
heavy quarks, and top-quark flavor-changing neutral cur-
rents.

The t-channel production of a single top quark has
the largest rate among all single production channels at
the Large Hadron Collider. It occurs via electroweak
charged-current coupling with a bottom quark, where the
bottom quark arises from gluon splittings. The produc-
tion can be calculated either in a factorization scheme
based on 4 flavors (4FS) in the initial state or in a fac-
torization scheme that also treats the bottom quark as
a massless parton in initial hadrons (5FS). Critical ques-
tions arise on the use and agreement of the two heavy-
quark schemes in single top quark production, with ini-
tial e↵orts at understanding made in Refs. [8–10]. Large
theoretical uncertainties in modeling of the signals and
of various measured quantities at the LHC [11–13] must
be addressed in view of the unprecedented precision ex-
pected in upcoming high luminosity studies at the LHC.
One issue is whether the 4FS provides a better descrip-
tion of kinematic distributions than the 5FS. In this
manuscript we address these questions with a detailed
comparison of the next-to-next-to-leading (NNLO) pre-
dictions in 5FS to those at next-to-leading order (NLO)
in 4FS. Availability of the NNLO calculation in 5FS en-
sures a fair comparison since the 4FS calculation is ef-
fectively an order higher than that of 5FS. We observe
excellent agreement between 5FS and 4FS for predic-

tions of the shapes of kinematic distributions including
the transverse momentum and rapidity of the top quark.
Predictions in the 5FS further exhibit a better conver-
gence and strong stability against choice of QCD scales,
and are superior to predictions from the 4FS evaluated
at comparable orders. The agreement of the two schemes
provides important confidence in the reliability of higher
order QCD predictions at the LHC.
Significant e↵orts have been made recently to improve

the theoretical description of t-channel single top quark
production. The NLO QCD corrections in the 5-flavor
scheme are calculated in Refs. [14–29]. Further NNLO
QCD corrections are reported in Refs. [3, 5, 30]. The
NLO calculation in the 4-flavor scheme is carried out
in Ref. [8]. The NLO electroweak corrections are also
calculated [31]. Soft gluon resummation is considered
in Refs. [32–38]. Matching of NLO calculations to par-
ton showers is done in the framework of POWHEG and
MC@NLO Refs. [39–42].
In the remaining paragraphs we present our numerical

results on inclusive cross sections and kinematic distri-
butions and comparisons with LHC data.
Total cross sections. The NNLO predictions for single
top quark production in the 5-flavor scheme are calcu-
lated using phase-space slicing with the N -jettiness vari-
able [43–46] together with the method of “projection-to-
Born” in Ref. [47]. Details for the NNLO calculation in
the 5FS can be found in Ref. [30]. We use the program
MCFM [48, 49] to calculate NLO predictions for single
top quark production in the 4-flavor scheme. The original
calculation was detailed in Ref. [8]. In both calculations,
the QCD corrections can be further factored as from ei-
ther fermion line with heavy quarks or light quarks ne-
glecting certain color suppressed contributions [50, 51],
which are irrelevant for the comparison.
Schematically the di↵erence of 5FS and 4FS can be

understood by taking cross sections at first comparable
order, i.e., leading order (LO) in 4FS and NLO in 5FS
as an example
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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 [52] 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 and choose di↵erent values in the compar-
isons.

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 [53]. Indeed a lower value
of the QCD scale in 5FS was suggested in Ref. [9] 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 can not 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.

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 [9]. We examine first the transverse momentum of
the top quark at 13 TeV. In Fig. 2 (a) we show abso-
lute 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
ratio is shown of NNLO cross section to the NLO predic-
tions 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 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 momen-
tum 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 cor-
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✦ Shown below are predictions on total cross section as a function of 
QCD scales at various orders and in both 4FS and 5FS 
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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 [52] 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 and choose di↵erent values in the compar-
isons.

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 [53]. Indeed a lower value
of the QCD scale in 5FS was suggested in Ref. [9] 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 can not 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 [9]. We examine first the transverse momentum of
the top quark at 13 TeV. In Fig. 2 (a) we show abso-
lute 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
ratio is shown of NNLO cross section to the NLO predic-
tions 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 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 momen-
tum 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 cor-

LHC 13 TeV, top quark
resummation leads to fast 
convergence and stability 
against scale choice at higher 
orders in 5FS, less than 2%

predictions of the two schemes 
do approach each other at high 
orders

the collinear logarithms beyond 
4FS@NLO are still significant

preferable scale of mt/4 or mt/2 
in 5FS  
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✦ A direct comparison of the two schemes at the highest order available , 
i.e. 5FS@NNLO and 4FS@NLO, on normalized distributions

3

rections and vice versa. An alternative choice could be a
dynamic scale of µ5F = HT /4 with the transverse mass
HT = (m2

t +p
2

T,top)
1/2, that interpolates in between. De-

pendence 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): absolute cross sections with
the nominal scale choices for both schemes; (b) and (c): ratio
of NNLO(NLO) to the respective NLO(LO) predictions 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.

In the conventional 5FS for single top quark production
we use matrix elements with massless bottom quarks,
which is regarded as a zero-mass variable flavor num-
ber scheme. The power corrections from a finite bottom
quark mass can be added back order by order with the so-
called general-mass variable flavor number scheme [54].
We should not expect such power corrections to be sig-
nificant in single top quark production since the top
quark mass is so large [55]. We have verified this ex-
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✦ A direct comparison of the two schemes at the highest order available , 
i.e. 5FS@NNLO and 4FS@NLO, on absolute distributions 

4FS and 5FS converge in tail 
region; 4FS is off exactly in 
region sensitive to resummation

increase the total cross section 
by 0.1%, distribution at most 
1% wrt. 5FS 

absolute distribution with 
extended pT range

impact of power corrections of 
bottom mass, SACOT@NLO

3

rections and vice versa. An alternative choice could be a
dynamic scale of µ5F = HT /4 with the transverse mass
HT = (m2

t +p
2

T,top)
1/2, that interpolates in between. De-

pendence 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): absolute cross sections with
the nominal scale choices for both schemes; (b) and (c): ratio
of NNLO(NLO) to the respective NLO(LO) predictions 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.

In the conventional 5FS for single top quark production
we use matrix elements with massless bottom quarks,
which is regarded as a zero-mass variable flavor num-
ber scheme. The power corrections from a finite bottom
quark mass can be added back order by order with the so-
called general-mass variable flavor number scheme [54].
We should not expect such power corrections to be sig-
nificant in single top quark production since the top
quark mass is so large [55]. We have verified this ex-
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✦ Select two measurements from ATLAS at 8 TeV and CMS at 13 TeV, 
comparing to predictions of both 5FS and 4FS with their nominal scale 
choices, for transverse momentum of top quark 4

plicitly with a NLO calculation using a simplified ACOT
scheme [56, 57]. In the calculation we replace the gluon
initiated matrix element in 5FS with the LO matrix el-
ement from 4FS. We find the finite mass corrections in-
crease the total cross section by 0.1%. The impact on the
shape of the transverse momentum distribution is negli-
gible except for a region below 20 GeV that is shifted
upward by less than 1 %.
Comparison with data. The good general agreement
of the theoretical predictions of the 5FS at NNLO and
the 4FS at NLO show that uncertainties associated with
scheme dependence are under control. There are also
experimental modeling uncertainties since the top quark
momentum must be reconstructed from the kinematics
of its decay products, for example, from semileptonic
decay with an electron or muon observed in single top
quark production. These measurements are usually un-
folded back to the parton level with stable top quarks
for easy comparison to theories, e.g., for a global fit of
PDFs [6, 58]. Comparison can also be made at the level of
decay products if a model of top quark decay is included
in the calculations as in Ref. [30, 59–62]. We select two
measurements, one from ATLAS at 8 TeV [11] and the
other from CMS at 13 TeV [63]. We compare predictions
from both the 5FS and the 4FS with their nominal scale
choices to the measured distributions of the transverse
momentum of top quark in Fig. 4 and of the rapidity of
the top quark in Fig. 5. In each figure we show ratios
of the predictions to the central value of data for both
absolute cross sections and normalized distributions. For
predictions of normalized distributions we normalize the
bin-by-bin cross section to the sum from all bins. Er-
ror bars represent total experimental errors by adding
statistical and systematic errors in quadrature.

For the transverse momentum distributions shown in
Fig. 4 (a) and (b), we find very good agreement with
ATLAS data for the NNLO predictions in the 5FS, for
both absolute and normalized distributions. The NLO
predictions in 4FS are systematically lower than the cen-
tral values of ATLAS data for the absolute distribution,
an aspect that can be improved if a lower scale is used.
Regarding the case of CMS, we find none of the theoret-
ical curves describes the CMS data particularly well for
the normalized distribution in Fig. 4 (c). The di↵erences
of the predictions in 5FS and 4FS are much smaller than
the experimental errors for the normalized distribution.
Interestingly the CMS data on the absolute distribution
in Fig. 4 (d) seem to agree better with the NLO predic-
tion in the 4FS for the overall normalization. 1 This is
opposite to the case of the total inclusive cross sections

1 A decay branching to two lepton families of top quark is applied
in order to compare with the CMS measurement on top-quark
distributions at parton level.
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FIG. 4. Comparison of predictions of absolute and normal-
ized distributions in transverse momentum of the top quark
to measurements from ATLAS at 8 TeV in (a) and (b), and to
CMS at 13 TeV in (c) and (d), presented as ratios to central
values of data. Error bars represent total experimental errors.

at 13 TeV [12, 64, 65] which agree better with predictions
in the 5FS.
For rapidity distributions shown in Fig. 5, all predic-

tions agree quite well with the data on normalized distri-
butions. The normalization of predictions in the 4FS are
again lower than the ATLAS central data. We find the
overall normalization of CMS data on the rapidity dis-
tribution is larger by 6% compared to data on the trans-
verse momentum distribution. Comparing Fig. 4 (d) and
Fig. 5 (d) we see that the predictions from 4FS are higher
than the central values of data on average for transverse
momentum and much lower than data for rapidity.
We are left puzzled by what may be inconsisten-

cies within the CMS data set and refrain from drawing
stronger conclusions.
Summary. We study the modeling of t-channel single
top quark production at the LHC at the highest per-
turbative order available in both a 5-flavor and 4-flavor
scheme. We find excellent agreement between the two
schemes for predictions of the shape of kinematic distri-
butions of the top quark. The 5FS further exhibits strong
stability of predictions of the normalization and distri-
butions, and are superior to predictions from 4FS when
evaluated at comparable orders in perturbation theory.
Our comparisons with current data on top quark dis-
tributions show good agreement with ATLAS measure-

very good agreement with 
ATLAS data for 5FS@NNLO 

4FS@NLO is off on normalization 
comparing to ATLAS data

none of predictions describes 
CMS data particularly well 

interestingly CMS data agrees better 
with 4FS@NLO on normalization 
[not the case for measurement on 
total inclusive cross sections]



Extraction of top quark mass
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✦ Mass of the top quark can be extracted from transverse momentum of 
the charged lepton without explicit dependence on hadronic activities

optimal observable: <PT,l> within 
a region of PT,l < 100 GeV and 
with |yj|>2.5 

relative change of <PT,l> 
when varying mt by 1 GeV 
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Figure 1: Transverse momentum distribution of the charged lepton within the two fiducial

regions at NLO in QCD for di↵erent choices of top-quark mass, calculated in the 5FS for

LHC 13 TeV.

Figure 2: Induced change of the average transverse momentum of the charged lepton within

the two fiducial regions when varying the top-quark mass by 1 GeV, as a function of upper

limit on the transverse momentum, calculated at NLO in QCD in the 5FS for LHC 13 TeV.

We prefer to use a single variable when extracting the top-quark mass, rather than a

template fit to the full leptonic distributions. We choose the variable as average pT of the

charged lepton. We can select di↵erent windows of the pT spectrum to be included. We plot

the relative change of the average pT when varying top-quark mass by 1 GeV, as a function

– 6 –
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Figure 2: Induced change of the average transverse momentum of the charged lepton within

the two fiducial regions when varying the top-quark mass by 1 GeV, as a function of upper

limit on the transverse momentum, calculated at NLO in QCD in the 5FS for LHC 13 TeV.

We prefer to use a single variable when extracting the top-quark mass, rather than a

template fit to the full leptonic distributions. We choose the variable as average pT of the

charged lepton. We can select di↵erent windows of the pT spectrum to be included. We plot

the relative change of the average pT when varying top-quark mass by 1 GeV, as a function
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bottom quark. Their e↵ects will be added later. For unpolarized top quark average transverse

momentum of the charged lepton can be derived as

hpT,li ⌘

R
pT,ld�R
d�

=
⇡

16

1 + 2ȳ + 3ȳ2

1 + 2ȳ
mt. (2.4)

It is straightforward to show that Eq. (2.4) also holds for a polarized top quark with the spin

axis not necessary to be coincident with the z axis. Substituting the physical mass values of

mt = 172.5 GeV and mW = 80.385 GeV [70], we arrive at

hpT,li = 37.21 (1 + 0.695
�mt

172.5GeV
)GeV, (2.5)

assuming a small shift of the top-quark mass �mt. Thus a 1 GeV shift of the top-quark mass

translates into a 0.4% change of the average transverse momentum. E↵ects of finite W boson

width can be included by integrating fully in y instead of using narrow width approximation.

The average transverse momentum is increased by one permille with a W boson width of 2.2

GeV as comparing to NWA,

hpT,li = 37.21 (1 + 0.0009
�W

2.2GeV
)GeV. (2.6)

E↵ects due to the finite bottom quark mass in top-quark decay are expected to be even

smaller with the direct result given by

hpT,li = 37.21 (1� 0.0004
mb

4.5GeV
)GeV. (2.7)

At hadron colliders kinematics of the charged lepton can be measured in both single

top-quark production and top-quark pair production in which the top quarks are boosted in

general. For a boost along the z axis it will not a↵ect the transverse momentum distributions

of the decay products. Now considering the top quark travels perpendicularly to the z axis

with a velocity �, the average pT,l from decay of an unpolarized top quark is given by

hpT,li = 37.21
(1� 0.0015� + 0.257�2)p

1� �2
GeV, (2.8)

as derived from Eq. (2.1) by keeping up to O(�2) terms. At LHC 13 TeV the top quark in

t-channel single production has an average pT of around 40 GeV, while the average is about

120 GeV in pair production. They correspond to roughly a velocity of top quark of 0.2 and

0.6 respectively. From direct calculations of production with subsequent leptonic decay of the

top quark at leading order (LO), we obtain the following results for LHC 13 TeV,

hpT,lit�ch = 38.38GeV, hpT,litt̄ = 56.37GeV, (2.9)

which are in agreement with estimations using Eq. (2.8) and the corresponding velocities at

the LHC.

– 4 –

<PT,l> for top quark at rest

PT,l in t-channel production



Theory predictions for signal 

17

✦ NNLO predictions in 5FS shows a theoretical uncertainty on the 
average PT of lepton of 0.1~0.3%; uncertainties from other sources are 
well under control    
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Figure 3: Transverse momentum distribution of the charged lepton within the two fiducial

regions at various orders in QCD in the 5FS for LHC 13 TeV. Scale variations are evaluated

by taking envelop of results with 9 scale choices.

hpT,li CMS-SA CMS-SB

[GeV] < 100 GeV < 200 GeV < 100 GeV < 200 GeV

LO 47.33+0.03
�0.03(47.33) 49.31+0.09

�0.08(49.31) 47.38+0.01
�0.02(47.38) 48.73+0.05

�0.04(48.73)

NLO 47.78+0.17
�0.14(48.06) 50.37+0.38

�0.30(50.67) 47.49+0.13
�0.09(47.84) 49.66+0.36

�0.27(50.02)

NNLO 47.65+0.09
�0.03(48.01) 50.10+0.09

�0.16(50.49) 47.35+0.14
�0.03(47.75) 49.25+0.17

�0.12(49.67)

Table 1: Average transverse momentum of the charged lepton within the two fiducial regions

at various orders in QCD in the 5FS for LHC 13 TeV. Scale variations are evaluated by taking

envelop of results with 9 scale choices. Numbers in parenthesis correspond to predictions

without including QCD corrections in decay of top quark.

upper limit of 100 GeV is applied. The corrections are slightly larger if instead the upper

limit of 200 GeV is used. The final NNLO predictions show scale uncertainties at the level of

0.1 GeV which are comparable to the change as induced by a shift of 1 GeV of the top-quark

mass.

The QCD corrections from top-quark decay are large comparing to our aimed precision

on average pT . They reduce the average pT by about 0.3⇠0.4 GeV at NLO. The NNLO

corrections from top-quark decay further decrease the average pT by 0.1 GeV in case of signal

region CMS-SA. We recall that the NNLO corrections due to top-quark decay consist of two

parts, one from the pure two-loop corrections in top-quark decay and the other from one-

loop corrections in decay multiplied by one-loop corrections in production. Both of the two
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hpT,li CMS-SA CMS-SB

[GeV] < 100 GeV < 200 GeV < 100 GeV < 200 GeV

PYTHIA8 47.66(47.55) 49.98(49.95) 47.41(47.48) 49.29(49.25)

PYTHIA6 47.58(47.52) 50.05(49.93) 47.43(47.23) 49.34(49.08)

HERWIG7 47.41(47.28) 49.75(49.57) 47.15(46.91) 48.89(48.73)

NNLO 47.65 50.10 47.35 49.25

NLO(w/o decay) 47.78(48.06) 50.37(50.67) 47.49(47.84) 49.66(50.02)

Table 6: Average transverse momentum of the charged lepton within the two fiducial regions,

comparing predictions at fixed-order and those from various event generators in the 5FS

for LHC 13 TeV. Numbers in parenthesis correspond to MC predictions without including

hadronizations or fixed-order predictions without including QCD corrections in decay of top

quark.

�fid. CMS-SA CMS-SB

[pb] < 100 GeV < 200 GeV < 100 GeV < 200 GeV

PYTHIA8 1.23(1.24) 1.27(1.28) 0.565(0.570) 0.580(0.580)

PYTHIA6 1.24(1.25) 1.29(1.29) 0.555(0.559) 0.570(0.573)

HERWIG7 1.14(1.17) 1.17(1.21) 0.510(0.524) 0.535(0.548)

NNLO 1.10 1.14 0.493 0.506

NLO(w/o decay) 1.17(1.31) 1.22(1.36) 0.545(0.613) 0.562(0.632)

Table 7: Fiducial cross sections within the two fiducial regions, comparing predictions at

fixed-order and those from various event generators in the 5FS for LHC 13 TeV. Numbers

in parenthesis correspond to MC predictions without including hadronizations or fixed-order

predictions without including QCD corrections in decay of top quark.

5 Discussions

In this section we further discuss several theory or experimental subjects which are relevant

for extraction of the top-quark mass. That includes impact of experimental selections, for

example, contributions from leptonic decay of ⌧ lepton in top-quark decay, isolation of lepton

from jets, and b-tagging e�ciency. Theory topics include contributions of non-resonant dia-

grams, non-factorized and electroweak corrections. We also provide an estimation on various

standard model backgrounds and propose a possible solution on reducing their impact. Re-

sults shown here are calculated with MG5 at leading order matched with parton showering

and hadronization via PYTHIA6 unless otherwise specified.
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PT,l in t-channel production

NNLO vs. NLO with scale 
variations

predictions on <PT,l> at fixed orders

with NLO+parton showering and hadronization 
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✦ Uncertainties from modeling of SM backgrounds, e.g. from top-quark 
pair or W+jets production, are another major theoretical error in the  
proposed measurement of top quark mass  

pT spectrums with positive and negative charges. In this way dependence and associated

uncertainties on modeling of the tt̄ and tW backgrounds are minimized, though their statis-

tical fluctuations remain. Sensitivity to top-quark mass and the theoretical uncertainties are

almost unchanged for the signal when taking di↵erences of processes with opposite charges.

That is because the di↵erences of t-channel single top quark and anti-quark production are

only induced by di↵erent parton distributions at the light-quark line. Afterwards, the uncer-

tainty due to modeling of QCD WJJ background will be dominant. However, as mentioned

earlier, a large fraction of WJJ background arise from production of charm quark, gluon or

light quarks which are misidentified as b-jets. One can further reduce their impact by either

imposing a tighter b-tagging criteria or using data-driven methods.

6 Projection for (HL-)LHC

We provide an estimation on precision of the top-quark mass measurement can be achieved in

the coming run of LHC and HL-LHC. As explained earlier, the observable used is the average

transverse momentum of the charged lepton in the charge weighted distribution,

hpT iobs ⌘

R
pT,l[d�l+

� d�l� ]

�l+ � �l�

= hpT iS +
r

1 + r
[hpT iB � hpT iS ] , (6.1)

where in the second line we have rewritten the average pT in terms of signal and background

contributions, and r is the ratio of background to signal rate. We neglect backgrounds other

than from top-quark pair production and QCD production ofWJJ , which are small according

to Table 9. From Eq. (6.1) we can extract average transverse momentum of the signal hpT iS
using measurement on hpT iobs and inputs of r and hpT iB. From our theory calculation we

can arrive at a linear model on dependence of average pT on the top-quark mass,

hpT iS = pT,0 + �
h mt

GeV
� 172.5

i
, (6.2)

where pT,0 is the signal average pT for a top-quark mass of 172.5 GeV. pT,0 and � can be

calculated from NNLO predictions shown in Tables 1-3 together with the counterpart for top

anti-quark production. By combining Eqs. (6.1) and (6.2) we can extract the measurement

on top-quark mass.

In the following we focus on signal region CMS-SB with pT,l < 100GeV. It benefits

from both smaller backgrounds and controlled theoretical uncertainty. We estimate several

contributions to the final uncertainty of measured top-quark mass. The statistical uncertainty

on hpT iobs due to both signal and background fluctuations, including tt̄ contributions, are

computed with pseudo experiment assuming an integrated luminosity of 300 and 3000 fb�1

respectively and top-quark decays into two charged lepton families. Theoretical uncertainties

on pT,0 are estimated with scale variations of NNLO predictions shown in Table 1. In Fig. 7

we plot results on determination of the top-quark mass with a hypothetical value of 172.5
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can utilize charge symmetry/
asymmetry to remove impact 
of most backgrounds almost 
completely 

forward, almost all backgrounds are suppressed by a factor of ten at least. The signal from

t-channel production are less a↵ected due to the forward nature of the light jet.

[GeV]/[pb] CMS-SA CMS-SB

< 100 GeV < 200 GeV < 100 GeV < 200 GeV

tt̄
hpT,li 52.2 59.8 51.9 59.1

�fid 4.42 4.93 0.40 0.44

tW�(t̄W+)
hpT,li 52.2 61.8 52.5 61.1

�fid 0.33 0.38 0.019 0.021

s-channel t
hpT,li 47.6 50.6 47.2 49.4

�fid 0.044 0.046 0.007 0.007

s-channel t̄
hpT,li 47.7 50.3 47.4 49.1

�fid 0.030 0.031 0.004 0.004

QCD W+JJ
hpT,li 50.5 59.2 51.0 58.8

�fid 1.29 1.45 0.157 0.174

QCD W�JJ
hpT,li 52.5 64.2 52.9 62.8

�fid 0.99 1.15 0.107 0.117

W+Z
hpT,li 53.0 65.1 55.2 68.5

�fid 0.005 0.006 0.0008 0.0009

W�Z
hpT,li 52.7 63.5 51.8 60.2

�fid 0.004 0.004 0.0005 0.0006

t-channel t
hpT,li 47.65 50.10 47.35 49.25

�fid 1.10 1.14 0.493 0.506

t-channel t̄
hpT,li 47.85 50.17 47.70 49.54

�fid 0.674 0.696 0.250 0.257

Table 9: Average transverse momentum of the charged lepton and fiducial cross section

within the two fiducial regions, for various background processes to t-channel top quark and

anti-quark production. The top-quark pair production or top-quark associated production

with W boson contribute equally to the two charge conjugate final states.

From Table 9 we see even in region CMS-SB, the rates of tt̄ background can still reach

the same level as the signal processes. That may easily spoil the precision on measurement

of average pT of the signal processes due to uncertainties on modeling of the tt̄ background.

Further more, any backgrounds from top-quark production depend on the top-quark mass as

well, which will complicate the extraction of top-quark mass. One important observation is

that both the tt̄ and tW backgrounds contribute equally to signal processes of charged lepton

with positive and negative charges, with di↵erences being negligible. The charge asymmetry

first enters at NLO for tt̄ production and is small at the LHC. In case of tW production the

asymmetry vanishes even at NLO. Thus one possibility is to measure the di↵erence of lepton
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forward, almost all backgrounds are suppressed by a factor of ten at least. The signal from

t-channel production are less a↵ected due to the forward nature of the light jet.
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anti-quark production. The top-quark pair production or top-quark associated production

with W boson contribute equally to the two charge conjugate final states.

From Table 9 we see even in region CMS-SB, the rates of tt̄ background can still reach

the same level as the signal processes. That may easily spoil the precision on measurement

of average pT of the signal processes due to uncertainties on modeling of the tt̄ background.

Further more, any backgrounds from top-quark production depend on the top-quark mass as

well, which will complicate the extraction of top-quark mass. One important observation is

that both the tt̄ and tW backgrounds contribute equally to signal processes of charged lepton

with positive and negative charges, with di↵erences being negligible. The charge asymmetry

first enters at NLO for tt̄ production and is small at the LHC. In case of tW production the

asymmetry vanishes even at NLO. Thus one possibility is to measure the di↵erence of lepton
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<PT,l> and fiducial cross 
sections

remaining theoretical uncertainty 
from BKs are dominated by 
predictions on normalization 
and <P,Tl> of W+jets production
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✦ Projections for (HL-)LHC are found to be very promising with a total 
uncertainty on extracted top-quark mass of about 1 GeV, from theory 
modeling on both signal and background processes 

statistical uncertainties (300/3000 fb-1) are much smaller than theoretical ones 
from modeling of the signal (t-channel) process with the latter ~1 GeV 

theoretical uncertainty due to modeling of background processes are 
comparable, ~0.8 GeV

Figure 8: Predictions on average transverse momentum of the charged lepton of the signal

process as a function of the top-quark mass (band along diagonal direction) and the projected

measurement on the same quantity with only systematic errors from background modeling

(horizontal bands). Extracted top-quark mass with various uncertainties are indicated by

vertical lines.

7 Summary

In summary we have studied determination of top-quark mass using leptonic observables in

t-channel single top-quark production at the LHC. Extraction of top-quark mass from single

top-quark production benefits from partial uncorrelated systematic uncertainties to those from

top-quark pair production on both experimental and theory sides. We demonstrate sensitivity

of average transverse momentum of the charged lepton to the input top-quark mass. Leptonic

observables are generally believed to be less a↵ected by various non-perturbative QCD e↵ects

and the jet energy scale uncertainties. We identify the appropriate signal region for such

a measurement at the LHC that has enhanced signal to background ratio as well as stable

theory predictions.

We present our NNLO QCD predictions with narrow width approximation and structure

function approach. We show that QCD corrections in top-quark decay play important role for

such leptonic observables. We find a good convergence on predictions of the average transverse

momentum of charged lepton with scale variations well under control. By comparing fixed-

order predictions to those from MC generators we confirm the parton showering resummation

mimic part of the NLO and NNLO corrections, and the hadronization e↵ects are in general

small for leptonic observables. Besides, we discuss on several corrections that need to be
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Figure 7: Predictions on average transverse momentum of the charged lepton of the signal

process as a function of the top-quark mass (band along diagonal direction) and the projected

measurement on the same quantity with only statistical errors (horizontal bands). Extracted

top-quark mass with various uncertainties are indicated by vertical lines.

GeV. The horizontal bands indicate the statistical uncertainty as propagated into hpT iS .

The diagonal band represents the theory prediction of hpT iS as a function of the top-quark

mass including scale variations. The projected uncertainties on the extracted top-quark mass

are computed assuming linear error propagation, and are represented by vertical lines. For

example, the statistical uncertainty is about ±0.3(0.1) GeV with an integrated luminosity of

300(3000) fb�1. The theoretical uncertainty amounts to +0.3 and �1.2 GeV.

Further uncertainties are related to modeling of the backgrounds. We only need to

consider the WJJ background in this case since the systematic uncertainty for tt̄ production

cancels in the charge weighted pT distribution. A precise study on QCD WJJ background is

beyond the scope of current paper and can be carried out with dedicated MC simulations. We

simply assign some empirical numbers on systematic uncertainties of hpT iB and r from WJJ

background. On one side we assume they are 0.5 GeV and 10% respectively, and reduced by

a factor of two in the optimistic case. The results are shown in Fig. 8 with the horizontal

bands representing uncertainty of hpT iS as propagated from background systematic errors.

The induced uncertainty on measured top-quark mass is 0.8(0.4) GeV for the two scenarios

as shown by the vertical lines in Fig. 8, comparing to the theoretical uncertainty shown

earlier. Thus we expect the full error budget on the extracted top-quark mass consists of the

theoretical uncertainty of about 1 GeV from signal modeling, 0.4 GeV due to background

modeling, and even smaller for the statistical uncertainty.
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sta. unc. vs theo. unc. (signal) theo. unc. (BKs) vs theo. unc. (signal)
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Summary and outlook
✦ The predictions in the 5FS show strong stability for both normalization 

and distributions, and are superior to those of the 4FS at comparable 
orders  

Thank you for your attention!

✦ The NNLO predictions in 5FS shows perturbative uncertainty of a few 
percents; large modeling uncertainty in experimental measurements 
possibly deserves a careful examination 

✦ More works on matching 5FS@NNLO to parton showering would be 
desirable to further test stability of predictions from 5FS 

✦ Extraction of top quark mass with our precision calculation and using 
leptonic observables are proposed and shows promising sensitivities


