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and the cos θ∗
µ

distribution, respectively. This control region is also used in the fit described

in section 7.

The MadGraph model of tt production is known to predict a harder top quark pT
(ptT) spectrum than observed in data [41, 42]. The spectrum of generator-level top quarks

in tt events is therefore reweighted so that it reproduces the measured differential cross

section as a function of ptT.

In conclusion, the tt modelling provided by MadGraph after applying the ptT
reweighting is found to be in reasonable agreement with data.

7 Extraction of signal and background yields

The signal and background components are estimated by means of a simultaneous ML

fit to the distribution of the BDTW/tt discriminant in the “2jets 1tag” and “3jets 2tags”

regions. The inclusion of the tt-dominated “3jets 2tags” region in the fit provides an

additional constraint on the tt background. This also reduces correlations of the estimated

tt yield with other contributions.

For all background processes, except the multijet events background, templates from

the MC samples are used. The multijet events template is obtained from data by inverting

the isolation selection, as discussed previously, and its normalisation is kept fixed to the

estimated yield described in section 6.1. To reduce the number of free parameters, several

processes that have a similar distribution in both cos θ∗
µ

and the BDTW/tt discriminant are

merged into a single contribution:

• Signal: t-channel single top quark production, treated as unconstrained.

• Top quark background: tt, s-channel and tW single top quark production, with their

relative fractions taken from simulation; a constraint of ±20% using a log-normal

prior is applied.

• W/Z/diboson: W+jets, Z/γ
∗+jets, and diboson production, with their relative frac-

tions taken from simulation, have a constraint of ±50% using a log-normal prior.

The results of the three fits, and the post-fit uncertainties for top quark events, top

antiquark events, and their combination, are presented in table 1 as scale factors to be ap-

plied to simulation yields, while table 2 shows the number of events exceeding the threshold

on the BDTW/tt discriminant >0.45. The number of top quark events is greater than the

number of top antiquark events due to the up-quark density being larger than either the

down-quark or up-antiquark densities at large values of Bjorken x in the incoming protons.

8 Unfolding

An unfolding procedure is used to determine the differential cross section as a function of

cos θ∗
µ

at the parton level. It accounts for distortions from detector acceptance, selection

efficiencies, imperfect reconstruction of the top quark candidate, and the approximation

made in treating the direction of the untagged jet as the spectator quark direction.

– 11 –



J
H
E
P
0
4
(
2
0
1
6
)
0
7
3

Processes t t̄ t + t̄

Signal 1.10 ± 0.03 1.20 ± 0.05 1.13 ± 0.03

Top quark bkg. 1.06 ± 0.02 1.08 ± 0.02 1.07 ± 0.01

W/Z/diboson 1.26 ± 0.05 1.21 ± 0.06 1.24 ± 0.04

Table 1. Estimated scale factors and uncertainties from the simultaneous maximum-likelihood fit

to the distribution of the BDTW/tt discriminant in the “2jets 1tag“ and “3jets 2tags“ categories.

Process t t t + t

tt 1543± 24 1573± 23 3118± 34

tW 143± 8 168± 9 311± 12

s-channel 44± 4 27± 3 72± 4

W+jets 1332± 60 1022± 56 2353± 81

Z/γ
∗+jets 181± 23 189± 23 371± 32

Diboson 21± 2 13± 1 33± 2

Multijet 219± 110 208± 105 427± 214

t-channel 3852± 101 2202± 90 6049± 136

Total expected 7334± 165 5402± 153 12733± 271

Data 7223 5281 12504

Table 2. The expected number of signal and background events in the “2jets 1tag” signal region

(BDTW/tt > 0.45) after scaling to the results of the maximum-likelihood fit. The uncertainties

reflect the limited number of MC events and the estimated scale factor uncertainties, where ap-

propriate. The multijet events background contribution is estimated using a data-based procedure.

In simulation, the parton-level definition of cos θ∗
µ

is defined based on the generated

muon from the decay chain of a top quark or antiquark and the spectator quark scattering

off the top quark or antiquark via virtual W boson exchange, with all momenta boosted into

the rest frame of the generated top quark or antiquark. To preserve the spin information

from the W decay, the response matrix takes into account the case in which the muon is

from W → τν → µνν decay by unfolding the angular distribution to the τ lepton. Prior

to unfolding, remaining background contributions are subtracted from the reconstructed

data, using the fitted number of events and their uncertainties, estimated in section 7.

After the background subtraction, an unfolding procedure [43] is applied. At its core

is the application of a matrix inversion using second derivatives for regularisation. A

detailed description of the procedure can be found in the tt charge asymmetry analysis [44],

performed previously by CMS, which utilises the same method.

The performance of the unfolding algorithm is checked using sets of pseudo-

experiments. Pull distributions show no sign that the uncertainties are treated incorrectly.
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A bias test is performed by injecting anomalous Wtb-vertex coupling events as pseudo-

data, generated with CompHEP [18, 19]. This test verifies that, with the analysis strategy

described here, it is possible to measure different asymmetries correctly, and with only a

small bias that will be accounted for as a systematic uncertainty.

The value of Aµ is extracted using a χ2-fit of the unfolded cos θ∗
µ

distribution, under

the assumption that eq. (5.1) is valid. The fit takes into account the bin-by-bin correlations

that are induced in the unfolding procedure.

An alternative procedure, based on analytic matrix inversion with only two bins in

the cos θ∗
µ

distribution (corresponding to forward- and backward-going muons), is used as

a crosscheck. Although the results of the two methods are in agreement, the expected

precision of the analytic matrix inversion is slightly worse when tested using pseudo-data.

9 Systematic uncertainties

The differential cross section and asymmetry measurement presented in this paper can be

affected by several sources of systematic uncertainty. To evaluate the impact of each source,

we perform a new background estimation and repeat the measurement with systematically

shifted simulated templates and response matrices. The expected systematic uncertainty

for each source is taken to be the maximal shift in the values of the asymmetry between

the nominal asymmetry and the one measured using the shifted templates.

ML fit uncertainty: this uncertainty is determined by propagating the uncertainty

associated with the background normalisation from the maximum-likelihood fit through

the unfolding procedure.

Other background fractions: a specific uncertainty is assigned to the fraction of each

minor process that is combined with similar and larger processes in the fit. These are

dibosons and Z/γ
∗+jets production for the W/Z/diboson component, and the tW and s-

channel production for the top quark component. A yield uncertainty of 50% is used for

each of the templates.

Multijet events background shape: a shape uncertainty is taken into account by vary-

ing the range of inverted isolation requirement used to extract the templates for estimating

this background contribution.

Multijet events background yield: a 50% uncertainty is assigned to the yield obtained

from the multijet events fit.

b tagging: the uncertainties in the b tagging and mistagging efficiencies for individual

jets as measured in data [35] are propagated to the simulation event weights.

Detector-related jet and ET/ effects: all reconstructed jet four-momenta in simulated

events are changed simultaneously according to the η- and pT-dependent uncertainties in

the jet energy scale [38]. The changes in jet four-momenta are also propagated to ET/ . In

addition, the effect on the measurement of ET/ arising from the 10% uncertainty associated

with unclustered energy deposits in the calorimeters is estimated after subtracting from
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ET/ all jets and leptons. An extra uncertainty accounts for the known difference in JER

relative to data [38].

Pileup: a 5% uncertainty is applied to the average expected number of pileup interactions

in order to estimate the uncertainty arising from the modelling of pileup.

Muon trigger, identification, and isolation efficiencies: a systematic uncertainty

of 1% is applied independently to the muon trigger, identification, and isolation efficiencies.

These uncertainties cover the efficiency differences between the phase space regions sampled

by the present selection and by the selection of Z/γ
∗+jets events for the tag-and-probe

procedure.

tt̄ top quark pT reweighting: the MadGraph model for tt production is known to

predict a harder ptT spectrum compared to that observed in data [41, 42]. Although the

correlation with other uncertainty sources is not clear, the spectrum of generator-level

top quarks in tt events is reweighted to the measured differential cross section and an

additional systematic uncertainty from this reweighting by either doubling or not using

any reweighting is applied.

W boson pT reweighting in W+jets: the MadGraph model for W+jets events

predicts a pT spectrum of the reconstructed W boson candidate that does not agree with

data in the “2 jets 0 tags” control region. The distribution is reweighted to data (after

subtraction of other processes) and the difference is taken as a systematic uncertainty.

cosθ∗µ reweighting in W+jets: the uncertainty associated with the reweighting pro-

cedure presented in section 6.2 is estimated conservatively by comparing the result after

cos θ∗
µ

shape reweighting with that determined with no weighting applied. The difference

between the two is then symmetrised and taken as the uncertainty. An additional uncer-

tainty is assigned to the fraction of W+jets events in which jets arise from heavy flavours.

This uncertainty is taken into account by scaling its contribution by ±50% relative to the

prediction by MadGraph.

Unfolding bias: a test of the analysis shows a small bias when injecting events with

anomalous couplings as pseudo-data. This is treated as an additional systematic uncer-

tainty in the asymmetry measurement.

Generator model: the nominal result is compared with the one obtained using an un-

folding matrix from a signal sample generated with amc@nlo, interfaced with pythia 8

for parton showering.

Top quark mass: additional samples of tt and signal events are generated with the top

quark mass changed by ±3 GeV. These are used to determine the uncertainty arising from

our knowledge of the top quark mass. This is a conservative estimate as the current world

average is 173.3± 0.8 GeV [45].
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Parton distribution functions: the uncertainty due to the choice of the set of par-

ton distribution functions (PDF) is estimated by reweighting the simulated events with

each of the 52 eigenvectors of the CT10 collection [46], and additional eigenvectors cor-

responding to variation of the strong coupling, as well as using the central sets from the

MSTW2008CPdeut [47] and NNPDF23 [48] collections. The LHAPDF [49] package is

used for the reweighting.

Renormalisation and factorisation scales: the uncertainties in the renormalisation

and factorisation scales (set to a common scale equal to the momentum transfer Q in the

event) are evaluated for signal, tt and W+jets independently, by doubling or halving the

value of the scale. For the signal, a reweighting procedure is applied to simulated events,

using the simplification of neglecting the scale dependence of the parton shower (PS). Since

the signal process does not contain a QCD vertex at LO in the 5FS, the dependence of its

cross section with scale Q can be written as

σLOt-ch.(Q) =

∫ 1

0
dx1fPDF(x1, Q

2)

∫ 1

0
dx2fPDF(x2, Q

2) σ̂(x1, x2), (9.1)

where xi are the momentum fractions of the two partons in the colliding protons,

fPDF(xi, Q
2) is the PDF, and σ̂(x1, x2) denotes the partonic cross section. The event

reweighting to a different scale Q′ is then defined using a factor

wQ→Q′(x1, x2) =
fPDF(x1, Q

′2) fPDF(x2, Q
′2)

fPDF(x1, Q2) fPDF(x2, Q2)
. (9.2)

Dedicated simulated samples with doubled and halved scales are used to verify the validity

of the approximation of ignoring the effect of scale in PS simulation for the signal process.

The reweighting is preferred over use of these dedicated samples because of their limited

number of events.

For the tt and W+jets backgrounds, a lower threshold is applied to the BDTW/tt

discriminant in simulated samples that have a changed Q scale to increase the number of

selected events. This provides a cos θ∗
µ

distribution that agrees, within the limited statistical

uncertainty of the simulation, with the shape obtained by applying the nominal BDTW/tt

discriminant threshold.

Matrix element/parton shower matching threshold: the impact of the choice

of ME/PS matching threshold in the MLM procedure is evaluated independently for tt

and W+jets processes, using dedicated samples in which the threshold is either doubled

or halved.

Limited number of simulated events: the uncertainty associated with the limited

amount of simulated events used in forming the templates is taken into account at all stages

of the analysis, i.e. both in terms of fluctuations in the background and in determining the

elements of the migration matrix. The limited number of simulated events can also influence

the estimation of other systematic uncertainties, potentially leading to an overestimation

of the associated uncertainties.

Table 3 shows the impact of the different sources of systematic uncertainties on the

asymmetry measurements.
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δAµ(t)/10−2 δAµ(t)/10−2 δAµ(t + t)/10−2

Statistical 3.2 4.6 2.6

ML fit uncertainty 0.7 1.2 0.6

Diboson bkg. fraction <0.1 <0.1 <0.1

Z/γ
∗+jets bkg. fraction <0.1 <0.1 <0.1

s-channel bkg. fraction 0.3 0.2 0.2

tW bkg. fraction 0.1 0.7 0.2

Multijet events shape 0.5 0.7 0.5

Multijet events yield 1.9 1.2 1.7

b tagging 0.7 1.2 0.9

Mistagging <0.1 0.1 <0.1

Jet energy resolution 2.7 1.8 2.0

Jet energy scale 1.3 2.6 1.1

Unclustered ET/ 1.1 3.3 1.3

Pileup 0.3 0.2 0.2

Lepton identification <0.1 <0.1 <0.1

Lepton isolation <0.1 <0.1 <0.1

Muon trigger efficiency <0.1 <0.1 <0.1

Top quark pT reweighting 0.3 0.3 0.3

W+jets W boson pT reweighting 0.1 0.1 0.1

W+jets heavy-flavour fraction 4.7 6.2 5.3

W+jets light-flavour fraction <0.1 <0.1 0.1

W+jets cos θ∗
µ

reweighting 2.9 3.4 3.1

Unfolding bias 2.5 4.2 3.1

Generator model 1.6 3.5 0.3

Top quark mass 1.9 2.9 1.8

PDF 0.9 1.6 1.2

t-channel renorm./fact. scales 0.2 0.2 0.2

tt renorm./fact. scales 2.2 3.4 2.7

tt ME/PS matching 2.2 0.5 1.6

W+jets renorm./fact. scales 3.7 4.6 4.0

W+jets ME/PS matching 3.8 3.0 3.4

Limited MC events 2.1 3.2 1.8

Total uncertainty 10.5 13.8 10.5

Table 3. List of systematic uncertainties and their induced shifts from the nominal measured

asymmetry for the top quark (δAµ(t)), antiquark (δAµ(t)), and their combination (δAµ(t + t)).
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Figure 6. The normalised differential cross sections as a function of unfolded cos θ∗
µ

for (left) top

quark and (right) antiquark compared to the predictions from powheg, amc@nlo, and CompHEP.

The inner (outer) bars represent the statistical (total) uncertainties.

10 Results

Figures 6 and 7, respectively, show the differential cross sections obtained from the unfold-

ing procedure for single top quark and antiquark production, and for their combination,

with a comparison to the SM expectations from powheg, amc@nlo, and CompHEP.

These generators agree well in their predictions of Aµ. Uncertainties arising from the

renormalisation and factorisation scale and PDF variations have been found to be negligi-

ble for the predicted differential distributions and are therefore not shown.

The asymmetry Aµ is extracted from the differential cross section according to eq. (5.1),

taking into account correlations. Using this procedure, we obtain:

Aµ(t) = 0.29± 0.03 (stat)± 0.10 (syst) = 0.29± 0.11, (10.1)

Aµ(t) = 0.21± 0.05 (stat)± 0.13 (syst) = 0.21± 0.14, (10.2)

Aµ(t + t) = 0.26± 0.03 (stat)± 0.10 (syst) = 0.26± 0.11, (10.3)

where the combined result is compatible with a p-value of p(data|SM) = 4.6%, which

corresponds 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 hypothetical 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 antiquark 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. (1.1). 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. (10.4)
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