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1 Introduction
The electroweak production of single top quarks has been discovered and established by mea-
surements at the Fermilab Tevatron [1, 2] and the CERN LHC [3–7]. A variety of theory cal-
culations and Monte Carlo (MC) generator programs exist that predict the cross section and
properties of single-top quark production, within the standard model (SM) and beyond, us-
ing different approaches and approximations. Differential measurements of production cross
sections are particularly well suited to assess the validity of the predictions.

The normalized differential cross sections of t-channel single-top-quark production, presented
in this note, are measured as a function of the transverse momentum (pT) and the absolute
value of the rapidity (y = 1

2 ln
[
(E + pz)/(E− pz)

]
) of the top quark. Figure 1 shows the cor-

responding Born-level Feynman diagrams of the production process in the 4 flavour (4FS) and
5 flavour schemes (5FS) which differ in the exclusion or inclusion of the b quark in the parton
distribution function (PDF) [8]. This can contribute to differences in the predicted shapes of the
top quark pT and y as reported in Ref. [9] for LHC energies.

Figure 1: Born-level Feynman diagrams for single top quark production in the t channel:
(left) (2)→(2) and (right) (2)→(3) processes. Corresponding diagrams exist for single-top-
antiquark production.

Data corresponding to an integrated luminosity of 2.3 fb−1 recorded by the CMS experiment
in proton-proton collisions at the LHC at a centre-of-mass energy of 13 TeV are analyzed. The
measurement is restricted to events in which the top quark decays into a final state containing
a b quark, a muon and a neutrino. Similar analyses have been reported by the ATLAS collabo-
ration at a centre-of-mass energy of 7 TeV [5] and by the CMS collaboration at a centre-of-mass
energy of 8 TeV [10].

This note is organized as follows: The dataset and simulated samples are described in Section 2;
details on the event selection are given in Section 3; the reconstruction of a top-quark candi-
date and the fit procedure to estimate the signal and the background composition in data are
discussed in Section 4; the methodology to infer the differential cross sections at parton level is
presented in Section 5; the statistical procedure and the sources of systematic uncertainties af-
fecting the measurement are detailed in Section 6; the results are given in Section 7; a summary
is provided in Section 8.

2 Data and simulation
Proton-proton collision data delivered by the LHC with a bunch spacing of 25 ns at

√
s =

13 TeV in the year 2015 are used for the measurement. The analyzed dataset, recorded when
all CMS sub-detectors and the solenoid were fully operational, corresponds to an integrated
luminosity of 2.3 fb−1 [11].

Samples containing simulated events of signal and background processes are used to compare
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data with theoretical predictions. The signal process of t-channel single-top-quark production
is simulated using the MC event generator MG5 aMC@NLO version 2.2.2 [12]. It is interfaced to
PYTHIA version 8.205 [13, 14] for the simulation of hadronization and parton showering in the
4 flavour scheme (4FS) using the CUETP8M1 tune [15]. Alternative samples of the signal pro-
cess are generated for comparisons using MG5 aMC@NLO interfaced with PYTHIA in the 5FS,
POWHEG version 1 interfaced with PYTHIA in the 4FS [16], and MG5 aMC@NLO interfaced with
HERWIG [17] in the 4FS where the latter uses the EE5C tune [18]. The background contribution
from top-quark pair production (tt̄) is simulated using POWHEG version 2 [19, 20], interfaced to
PYTHIA. The simulation of single-top-quark production in the tW channel uses POWHEG ver-
sion 1 interfaced with PYTHIA. For all these samples a top-quark mass of 172.5 GeV is used. The
MG5 aMC@NLO generator interfaced with PYTHIA is also used to generate background events
from the production of W or Z bosons in association with jets (W+jets, Z/γ∗+jets).

The simulated events are overlaid with additional collision interactions (“pileup”) according
to the distribution inferred from the data. All generated events undergo a full GEANT4 [21]
simulation of the detector response.

The single-top-quark production cross sections, calculated at next-to-leading order (NLO) us-
ing the HATHOR library version 2.1 [22], are 136.0+5.4

−4.6 pb for top quark and 81.0+4.1
−3.6 pb for top

antiquark production via the t channel, and 71.7± 3.8 pb for inclusive production in the tW
channel. The quoted uncertainties include scale and PDF variations. The predicted tt̄ pro-
duction cross section is 832+20

−29 pb as calculated with the TOP++2.0 program to next-to-next-
to-leading order in perturbative QCD, including soft-gluon resummation to next-to-next-to-
leading-log (see Ref. [23] and references therein).

Differential tt̄ cross section measurements [24–26] have shown that the pT spectrum of top
quarks in tt̄ events is significantly softer than the one generated in simulation. To correct for
this effect, simulated tt̄ events are reweighted according to scale factors derived from these
measurements.

Although the cross section for production of multijet events is very large, the probability for a
simulated event to mimic the final state of the signal process is very small. As a result it be-
comes impractical to simulate a sufficiently large number of events for this process. Therefore,
multijet events are modelled using the shape of the data in a multijet-event-enriched sideband
region. The method used to model the shape and estimate the yield of multijet events in data
is detailed in Section 4.

3 Event selection
The signature of t-channel single-top-quark production where the top quark decays as t→ bµν
consists of one isolated muon, one b jet, one spectator jet (j′) from a light-flavoured quark (u,
d, or s), and missing transverse energy. The signature can feature a second b jet from initial
state gluon splitting. In most events this second b jet is outside of the detector acceptance
because its transverse momentum is small. Another characteristic of the signal process is that
the light-flavoured quark recoils against the W boson. As a consequence, the spectator jet is
often scattered into the forward detector region.

Data events are recorded by a trigger requiring the presence of an isolated muon with a trans-
verse momentum of at least 20 GeV within a pseudorapidity range of |η| < 2.4. Events are
reconstructed with the particle-flow (PF) algorithm [27, 28]. Single particles are reconstructed
and identified by combining information from various detector components.
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For the analysis the presence of exactly one isolated muon candidate with transverse momen-
tum of pT > 22 GeV is required, detected within the trigger acceptance and fulfilling a set of
additional muon identification criteria [29]. The relative muon isolation, Iµ

rel., is defined by

Iµ
rel. =

Ich. had. + max
(

Iγ + Ineut. had. − 1
2 · IPU, 0

)
pµ

T
, (1)

where the charged hadron (Ich. had.), photon (Iγ), and neutral hadron (Ineut. had.) transverse en-
ergy deposits are corrected by subtracting half of the scalar pT sum from reconstructed tracks
which are associated to pileup vertices, IPU, within a cone of ∆R =

√
∆η2 + ∆φ2 < 0.4 around

the muon.

Events with one well isolated muon that is required to have Iµ
rel. < 6% are used in the measure-

ment. Muons with Iµ
rel. > 20% will be referred to as anti-isolated. The latter usually originate

from multijet production.

Events with one or more additional muons or electrons are rejected. The criteria used to identify
additional leptons are loosened and in addition the following requirements are applied: pT >
10(20) GeV and |η| < 2.5(2.5) for muons (electrons). Loose muons are furthermore required
to have Iµ

rel. < 20%. Loose electrons are additionally required to fulfil dedicated quality criteria
that are specifically designed for vetoing electrons.

Jets are clustered from PF candidates using the anti-kt algorithm [30] with a distance parameter
of R = 0.4. The influence of pileup is mitigated using the charged hadron subtraction (CHS)
technique [31]. Jets are rejected if ∆R(jet, µ) < 0.3 in order to avoid overlap of the jets with
the selected muon candidate. The jet energy and resolution is corrected to account for the
non-flat detector response in η and pT of the jet. Corrected jets with transverse momenta of
pT > 40 GeV and within |η| < 4.7 are selected. Forward jets (|η| > 3) are required to have
an electromagnetic energy fraction smaller than 90% and to be constructed from more than
ten PF candidates. For central jets (|η| < 3) the following criteria are imposed: The neutral
electromagnetic and hadronic energy fractions are both required to be < 99% and the jet is
required to consist of more than one PF candidate. Furthermore, if the jet falls into the tracker
acceptance (|η| < 2.4), the charged hadron energy fraction and multiplicity should both be > 0
and the charged electromagnetic energy fraction should be < 99%.

The multivariate b-tagging discriminator “Combined Secondary Vertex Tagger” [32] is used
to identify jets that originate from the hadronization of b quarks. A threshold is chosen that
corresponds to a mistag rate of about 0.1% and a tagging efficiency of about 50% depending on
the jet transverse momentum and pseudorapidity [33].

The missing transverse momentum is defined as the negative vectorial sum of all reconstructed
PF candidates, ~pT/ = −∑i ~pPF

i . Its magnitude, E/T = |~pT/ |, is referred to as missing transverse
energy. The energy scale and resolution corrections applied to the jets described above are
propagated via the clustered PF candidates to the E/T. This rebalances the transverse net mo-
mentum of the event and improves also the E/T resolution itself.

Although E/T is not directly used in the event selection, a threshold is applied on a closely
related variable, i.e. the transverse W boson mass, defined as

mT(W) =

√(
pµ

T + E/T
)2 −

(
pµ

x + ~pT/ ,x
)2 −

(
pµ

y + ~pT/ ,y
)2

(2)
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where pµ
T denotes the muon momentum. To reject events from multijet production, mT(W) >

50 GeV must be fulfilled.

The number of selected jets and b-tags per event is used to define signal and control regions.
The signal region is characterized by two jets and one b-tag (2j1t). Events from this region
are used for the differential cross section measurement. A W+jets control region is defined by
events with two non-tagged jets (2j0t) and a tt̄ control region is defined containing events with
three jets and one or two b-tags (3j1t, 3j2t).

4 Background estimation and signal extraction
4.1 Top-quark reconstruction

The reconstruction of events assuming t-channel single-top-quark production starts with the
reconstruction of the W boson from the selected muon and the missing transverse momen-
tum. The pz component of a neutrino candidate is found by imposing a W boson mass con-
straint on the sum of the muon and missing transverse energy 4-momenta as in Ref. [3]. In
about two thirds of all signal events this approach results in two real solutions for the miss-
ing pz component and the solution with the smallest absolute value of |pz| is chosen. For
the remaining events, the reconstructed transverse W boson mass exceeds the mass constraint
which leads to complex solutions. The imaginary part of the solution is eliminated by modify-
ing the transverse components of the missing transverse momentum independently, yielding
mT(W) = mW. These choices are justified based on studies of simulated signal events.

A top-quark candidate can be unambiguously defined in the 2j1t signal region using the se-
lected muon, the neutrino candidate and the b-tagged jet. The 4-momentum of the top-quark
candidate (from which its mass, transverse momentum and rapidity are derived) is defined as
the sum of 4-momenta of these reconstructed objects. The other, non-tagged jet is then inter-
preted as the light jet (j′) originating from the spectator quark (q′) which recoils against the W
boson. In the control regions, the following scheme is used. First, b-tagged jets are sorted by
pT and non-tagged jets are sorted by |η|. Then, the most forward, non-tagged jet is taken as the
light jet and the hardest b-tagged jet is associated to the top-quark decay. This is motivated by
the fact that the spectator quark, in signal events, is often scattered into the forward detector
region whereas additional b-tagged jets likely stem from initial state gluon splitting for which a
much softer transverse momentum is expected compared to the b jet from the top-quark decay.

4.2 Background discrimination with a multivariate analysis

After the event selection, the amount of remaining background is still very high. To discrimi-
nate between signal and background events further, a Boosted Decision Tree (BDT) [34, 35] is
trained to separate the dominant tt̄ and W+jets background from the signal process using as
input various kinematic observables.

The BDT is trained using simulated events from the 2j1t region without imposing a selection
on the transverse W boson mass. To prevent remaining multijet events that pass the mT(W) >
50 GeV requirement to be classified as signal-like, simulated multijet events from the anti-
isolated region are added to the training as background as well. The signal and background
contributions are adjusted to the expectations from the maximum-likelihood fit as described in
the next subsection.

Only discriminating observables that are well modelled in control and signal regions by the
simulation are considered for the training. The five observables used as input to the BDT train-
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ing are briefly described in the following. These have been carefully selected to have little
correlation with the top quark pT and rapidity such that data is not biased towards the signal
SM prediction as a simulated SM signal sample is used for the training. The two most discrim-
inating observables which are also well modelled by the simulation are the pseudorapidity of
the non-tagged jet, |η(j′)|, and the invariant mass of the reconstructed top-quark candidate,
mµνb, as shown in Fig. 2, top row. Further input observables are the ∆R distance between the
two selected jets, the absolute difference in pseudorapidity between the b-tagged jet and the
selected muon (Fig. 2, bottom row), and mT(W) (Fig. 3, left).

)|'(jη|
0 1 2 3 4 5

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

E
ve

nt
s 

/ b
in

0

1000

2000

3000

4000

5000

6000

CMSPreliminary

b-tag jets 1 2

TeV)  (13-1fb 2.3

Data
-channelt

/tW-tt
W/Z+jets
Multijet
Total syst.

 (GeV)bνµm
100 200 300 400

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

E
ve

nt
s 

/ b
in

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

CMSPreliminary

b-tag jets 1 2

TeV)  (13-1fb 2.3

Data
-channelt

/tW-tt
W/Z+jets
Multijet
Total syst.

)'j R(b, ∆
0 2 4 6

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

E
ve

nt
s 

/ b
in

0
1000
2000
3000
4000
5000
6000
7000
8000

CMSPreliminary

b-tag jets 1 2

TeV)  (13-1fb 2.3

Data
-channelt

/tW-tt
W/Z+jets
Multijet
Total syst.

)|µ (b,η ∆|
0 1 2 3 4

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

E
ve

nt
s 

/ b
in

0

1000

2000

3000

4000

5000

6000

7000
CMSPreliminary

b-tag jets 1 2

TeV)  (13-1fb 2.3

Data
-channelt

/tW-tt
W/Z+jets
Multijet
Total syst.

Figure 2: Distributions of discriminating observables used in the BDT training: (top left) the
absolute value of the pseudorapidity of the non-tagged jet; (top right) the mass of the recon-
structed top quark candidate; (bottom left) the ∆R distance between the two selected jets; (bot-
tom right) the absolute difference in pseudorapidity between the b-tagged jet and the selected
muon. The simulations of the different processes are normalized to the inclusive ML fit result.
The ratio of yields in data and simulation is displayed under the histograms. The hatched band
denotes the total systematic uncertainty scaled to the fit results. The first and last bin includes
the under- and overflow of events, respectively.

The resulting BDT discriminant is shown in Fig. 3 for events with mT(W) > 50 GeV. A good
agreement between data and simulation is observed. The same discriminator obtained from
training on events in the 2j1t region is evaluated also in control regions.



6 5 Unfolding

4.3 Maximum-likelihood fit

Binned maximum-likelihood fits are performed, separately in each bin of the measurement, us-
ing a combined likelihood by taking the mT(W) distribution for events with mT(W) < 50 GeV,
and the BDT discriminant otherwise. The fits yield the fractions of signal and background
contributions in data inclusively and differentially in intervals of the reconstructed top quark
pT and rapidity. The mT(W) shape is a powerful handle to estimate the multijet event yield
whereas the BDT discriminant provides sensitivity to the other backgrounds and to the signal
yields.

In order to reduce the overall amount of parameters in the fits, similar processes are grouped
together: tW and tt̄ are lumped into the tt̄/tW background, and W+jets and Z/γ∗+jets into the
W/Z+jets background. The shape of multijet events is modelled using a template from anti-
isolated muons in data. Log-normal priors with a conservative width of 30% (100%) are used
to constrain the W/Z+jets (multijet) yields, respectively. A tighter constraint of 10% is used for
the top-quark background yield as tt̄ production is much better understood in this particular
analysis phase space. The signal yield is kept unconstrained.

The two tt̄-dominated control regions (3j1t, 3j2t) are included in the fits as well. In addition
to providing better control of the tt̄ event yield, their inclusion is found to reduce the correla-
tions between the estimated background yields. A good agreement with data is observed after
scaling the simulated samples to the inclusive fit result. Figure 3 shows the corresponding
distributions of the fit variables in the signal region.
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Figure 3: Distributions of the fit variables: (left) the transverse W boson mass distribution and
(right) the BDT discriminant after selecting only events with mT(W) > 50 GeV. The simulations
of the different processes are normalized to the inclusive ML fit result. The ratio of yields in
data and simulation is displayed under the histograms. The hatched band denotes the total
systematic uncertainty scaled to the fit results. The first and last bin includes the under- and
overflow of events, respectively.

5 Unfolding
The aim of this analysis is to measure the differential cross section of single-top-quark produc-
tion as a function of the parton-level single top quark transverse momentum and rapidity. The
reconstructed distributions are affected by detector resolution, selection efficiencies and kine-
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matic reconstruction which lead to distortions with respect to the original event distributions.
The size of these effects vary with the event kinematics. In order to infer the parton-level dis-
tributions, an unfolding method is applied to the reconstructed distributions, correcting for the
mentioned distortion effects. In this analysis the TUNFOLD algorithm [36] is chosen which treats
unfolding as a minimization problem. A penalty term, based on the resulting curvature of the
unfolded spectrum [37, 38], is added in the minimization to reject oscillating solutions from
amplified statistical fluctuations. This procedure is called “regularization” and its strength is
chosen such as to minimize the global correlation between the unfolded bins.

The reconstructed distributions in a signal-depleted (signal-enhanced) phase space defined by
mT(W) > 50 GeV and BDT < 0 (BDT > 0.6) are shown in Fig. 4, respectively.
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Figure 4: Distributions of (top row) the transverse momentum and (bottom row) the rapidity
of the reconstructed top quark in 2j1t for events with mT(W) > 50 GeV: (left column) signal-
depleted region (BDT < 0), (right column) signal-enhanced region (BDT > 0.6). The simula-
tions of the different processes are normalized to the inclusive ML fit result. The ratio of yields
in data and simulation is displayed under the histograms. The hatched band denotes the total
systematic uncertainty scaled to the fit results. The average number of events per bin is nor-
malized to the bin width. The first and last bin includes the under- and overflow of events,
respectively.

In the signal-depleted phase space, a good agreement between data and simulation for the
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reconstructed top quark pT and rapidity is observed which validates the background simula-
tions. A good agreement is also observed for the rapidity in the signal-enhanced phase space.
However, for the pT distribution the data display a somewhat harder spectrum than the expec-
tation.

For the unfolding, the signal yields are estimated from ML fits to the combined mT(W) and
BDT discriminant distributions, separately in exclusive top quark pT and |y| bins of the mea-
surement. No selection on the BDT discriminant is applied.

The parton-level top quark is defined as the generated on-shell top quark after QED and QCD
radiation, taking into account the intrinsic kT of initial-state partons.

The binning is chosen such as to minimize the migrations between the reconstructed bins while
retaining sensitivity to the shapes of the distributions. The stability (purity) are defined as the
probabilities that the parton-level (reconstructed) values of an observable within a certain range
also have their reconstructed (parton-level) counterparts in the same range. The size of the bins
is chosen such that both quantities are larger than ∼ 50%.

The overall acceptance of signal events per unfolding bin after the 2j1t event selection ranges
from 1.5% to 2.5% with the exception of the first top quark pT (1.1%) and the last |y| (0.7%) bins.
Pseudo-experiments using simulated data are performed to verify that the unfolding method
estimates the uncertainties correctly while keeping the bias at a minimum.

6 Systematic uncertainties
The measurement is affected by various sources of systematic uncertainty. For each systematic
variation the whole analysis is repeated with replaced fit templates and response matrices.

The central value and total uncertainty of the cross section measurement are calculated from the
combination of all variations. For this purpose, multiple Gaussian distributions, one per un-
certainty source, are diced around the unfolded nominal template with a width corresponding
to the difference between the unfolded systematic variation and the unfolded nominal result.
The distribution of the sum of the diced yields is used to extract the final result. The central
value is taken as the median and the total uncertainty as one standard deviation quantile.

In the following, the considered sources of systematic uncertainty and their impact on the mea-
surement are described.

Background composition As described in Section 4.3, the Z/γ∗+jets, W+jets processes and tt̄,
tW processes are grouped together in the ML fit. An additional uncertainty accounts for
their assumed ratios. Each ratio is varied corresponding to a conservative±20% variation
of the Z/γ∗+jets or tW cross section.

Multijet shape estimation The shape of multijet events is estimated from data by inversion
of the muon isolation criterion. An uncertainty on the shape is taken into account by
changing the isolation range.

b tagging efficiency The scale factors used to reweight the b-tagging efficiency in simulation to
the one estimated from data are varied within their uncertainties [39]. Twice the variation
is applied to true charm jets taken to be 100% correlated to the true b jet scale factor. The
scale factors for mistagged jets are varied independently.

Jet energy scale and resolution The jet energy scale and resolution corrections are varied within
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their uncertainties. The shifts induced in the jet momenta are propagated to the missing
transverse energy as well.

Pileup The distribution of pileup interactions is rederived by shifting the inelastic pp cross
section by ±5%.

Muon trigger, identification, and isolation efficiencies The scale factors accounting for the muon
trigger, identification, and isolation efficiencies are varied within their uncertainties, in-
cluding an additional systematic component that covers their dependence on the jet mul-
tiplicity.

Generator model The modelling of the signal process and the response matrix used for unfold-
ing is taken as an additional uncertainty. A template is derived by changing the default
generator from MG5 aMC@NLO to POWHEG.

Hadronization model The modelling of the hadronization simulation for the signal processes
is taken as an additional uncertainty. A template is derived by changing the default had-
ronization simulation from PYTHIA to HERWIG.

Top quark mass An uncertainty on the top quark mass of m = 172.5± 1 GeV is propagated
to the unfolding by using dedicated tt̄, tW and t-channel samples with varied top-quark
masses.

Parton distribution function The uncertainty on the PDF is estimated by reweighting simu-
lated events according to all variations of the NNPDF3.0 set [40].

Renormalization and factorization scale A reweighting procedure of the simulated samples
is applied using information stored in the event during the simulation of the hard scat-
tering by the matrix element generator. These correspond to a coherent variation of a
factor 2 (0.5) in renormalization and factorization scales with respect to the nominal val-
ues. Dedicated samples are produced to evaluate the effect of varying these scales, by the
same factors, at parton shower level. We quote as an uncertainty the envelope of all pos-
sible combinations of up-varied / nominal / down-varied scales at matrix element and
parton shower levels, with the exception of the extreme combinations up-varied matrix
element scales / down-varied parton shower scales, and vice versa.

tt̄ pT reweighting The measurement is performed without applying the tt̄ pT reweighting as
an estimate of the resulting uncertainty.

The sources of uncertainties which have the largest impact on the differential cross section
measurements are the data statistics (10%-25%), the choice of the renormalization and factor-
ization scale of the signal process (10%-15%), the top-quark mass (10%-20%) and the jet energy
corrections (10%-15%).

7 Results
The unfolded distributions of the transverse momentum and the absolute value of the rapidity
of the top quark are shown in Fig. 5, normalized to the in-situ measured inclusive cross sec-
tion of t-channel single top-quark production. The data are compared to the SM expectations
generated with MG5 aMC@NLO in the 4FS interfaced with PYTHIA 8, POWHEG in the 4FS inter-
faced with PYTHIA 8, MG5 aMC@NLO in the 5FS interfaced with PYTHIA 8, and MG5 aMC@NLO

in the 4FS interfaced with HERWIG. The unfolded data distributions are, within the estimated
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uncertainties, described by theoretical predictions. In the first top-quark pT bin, the low accep-
tance to select signal events and the large sensitivity to the systematic uncertainties leads to a
particularly large relative uncertainty. Within the current uncertainties, the data are described
by the theoretical predictions.
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Figure 5: Measured differential cross section of t-channel single top quark production as a
function of the top quark (left) transverse momentum and (right) rapidity. Horizontal ticks on
the error bars indicate the statistical uncertainty and vertical bars indicate the total uncertainty
per bin.

8 Summary
The differential cross section of t-channel production of single top quarks has been measured
as a function of the transverse momentum and rapidity of the top quark using a dataset cor-
responding to a total integrated luminosity of 2.3 fb−1 at

√
s = 13 TeV, collected with the

CMS detector. Within the experimental uncertainties, no significant deviation is observed with
respect to the theoretical predictions based on NLO+PS generators in the 4FS or 5FS.
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