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Abstract

A measurement of the top quark mass from top quark pair (tt̄) events produced in
association with additional hard jets is performed in pp collisions at

√
s = 8 TeV

with the CMS detector using data recorded in 2012, corresponding to an integrated
luminosity of 19.7 fb−1. The mass is extracted from the normalised invariant mass
distribution of the tt̄+jet system at reconstruction level as well as from the related
normalised differential cross section. Both measurements are performed in the dilep-
tonic decay channels (e+e−, µ+µ− and e±µ±) of the tt̄ quark pairs.
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1 Introduction
The mass of the top quark (mt) is an important parameter for precision tests of the standard
model and is either measured directly, based on the kinematic reconstruction of the decay prod-
ucts of the quark, or based on the mass dependency of the inclusive tt production cross section.
Direct determinations of the top quark mass have been performed at the Tevatron and LHC
colliders and the current world average of direct measurements is mt = 173.34± 0.27 (stat)±
0.71 (syst) GeV [1], while the most precise combination of direct measurements by CMS yields
mt = 172.44± 0.13 (stat)± 0.41 (syst) GeV [2].

In this note an alternative approach to measure the mass is presented, following a method
proposed in [3] using the normalised differential cross section as a function of the invariant
mass of the tt system and the leading additional jet in the event, which does not stem from the
top quark decays. The observable is defined as

ρs =
2 ·m0√stt+jet

,

where m0 is a scale of the order of the top quark mass and √stt+jet denotes the invariant mass
of the two top quark candidates and the additional leading jet.

First the measurement of the reconstructed ρs distribution is described and the extraction of
the top quark mass using a traditional template technique is presented. For this, the observed
ρs distribution is compared to simulations at reconstruction level generated with different top
quark masses. Then the normalised differential cross section is derived by unfolding the dis-
tribution of ρs in order to correct for detector effects. Finally, the extraction of the top quark
mass from the measured differential cross section is performed using theoretical predictions
assuming different top quark masses. The extraction of the top quark mass from this differen-
tial cross section has been previously measured by the ATLAS Collaboration in the lepton+jets
decay channel [4].

The measurements are performed using tt events in pp collisions recorded at
√

s = 8 TeV with
the CMS detector [5], corresponding to an integrated luminosity of 19.7 fb−1. The events are se-
lected in the dileptonic decay channel with two oppositely charged isolated leptons (electrons
or muons) and at least two jets and one b-tagged jet. The analysis presented in this document
follows the strategy of other CMS measurements of differential tt cross sections and the tt+jet
studies in the same decay channel [6, 7]. This note focuses on the sensitivity of the method
proposed, studying in detail the experimental and model uncertainties associated to the mea-
surements.

The document is organized as follows. In Section 2 the process of event simulation and the
employed MC simulations are described, the event selection is outlined in Section 3, and the
sources of systematic uncertainties are discussed in Section 4. The extraction of the top quark
mass from the ρs distribution is presented in Section 5. In Section 6, the calculation of the
normalised differential cross section as function of ρs is described, and Section 7 details the
top quark mass extraction from the cross section. A summary of the measurements is given in
Section 8.

2 Event Simulation
In this analysis, the reference tt sample is simulated using the MADGRAPH event generator
(v. 5.1.5.11) with the MADSPIN [8] package to account for spin correlation effects. The tt signal
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was generated with up to three additional partons. The value of the top quark mass in the
reference sample is chosen to be mt = 172.5 GeV and the proton structure is described by the
CTEQ6L1 [9] set of parton density functions (PDFs). The generated events are subsequently
processed with PYTHIA (v. 6.424) [10] for fragmentation and hadronization using the MLM
prescription for the matching of jets with parton showers [11]. The PYTHIA Z2∗ tune [12] is
used to describe the underlying event. The CMS detector response is simulated using GEANT4
(v. 9.4) [13]. In addition to the reference sample, MADGRAPH+PYTHIA samples generated with
mt values of 166.5, 169.5, 171.5, 173.5, 175.5, and 178.5 GeV are used to evaluate the dependence
of the measurement on the top quark mass and to extract the result.

Standard model backgrounds are simulated with MADGRAPH, POWHEG or PYTHIA, depending
on the process. The main background contributions stem from Z/γ∗ (referred to as Drell–Yan,
DY in the following), single top quark (tW-channel) and W-boson production with additional
jets (W+jets in the following). Smaller background contributions arise from diboson (WW, WZ
and ZZ), tt production in association with a Z, W, or γ boson (referred to as tt+Z/W/γ in
the following), and QCD multijet events. For comparison with the measured distributions,
the events in the simulated samples are normalised to an integrated luminosity of 19.7 fb−1

according to their cross section predictions. They are taken from NNLO (W+jets and DY),
NLO+NNLL (single top quark tW-channel [14]), NLO (diboson [15], tt+W [16]) and LO (QCD
multijet [10]) calculations. The predicted cross section for the tt+γ sample is obtained by scal-
ing the LO cross section as obtained with the WHIZARD event generator [17] with an NLO
k-factor [18].

The top quark mass is extracted through a fit to the data using the predicted normalised dif-
ferential tt+jet cross section from a NLO calculation combined with parton showering. The
samples are generated using POWHEG (POWHEGBOX ttJ) with the PYTHIA (v. 8.205) 4C tune [19]
for hadronization, and the proton structure is described by the CT10 PDF set. The values of
the top quark mass for the different samples are mt = 172.5 GeV and ±1 GeV, ±3 GeV, ±6 GeV,
and an additional sample is provided at mt = 163.5 GeV.

3 Event Selection
The events are reconstructed using a particle-flow technique in which signals from all sub-
detectors are combined [20]. Charged hadron candidates from pileup events, i.e. originating
from a vertex other than the one of the hard interaction, are removed before jet clustering on
an event by event basis. Subsequently, the remaining component of neutral particle candidates
from pileup events is evaluated [21]. Electron candidates are reconstructed from a combination
of their charged track and their energy deposition in the ECAL, while electrons from identified
photon conversions are rejected. Muon candidates are reconstructed from tracks which can be
linked to both the silicon tracker and the muon system. The leptons, both electrons and muons,
are required to have a transverse momentum of pT > 20 GeV within the pseudorapidity region
|η| < 2.4, and to be isolated with Irel < 0.15. Irel is defined as the sum of the transverse mo-
menta of all neutral and charged reconstructed particle candidates, excluding the lepton itself,
inside a cone of ∆R ≡

√
(∆η)2 + (∆φ)2 < 0.3 in the η − φ space, divided by the transverse

momentum of the lepton under consideration. Jets are reconstructed by clustering the particle-
flow candidates [22] using the anti-kT clustering algorithm with size parameter R = 0.5 [23].
Muons and electrons passing less stringent selection criteria compared to the ones mentioned
above have been identified and are excluded from the clustering process. Jets are selected in
the pseudorapidity interval |η| < 2.4 and with a requirement of pT > 30 GeV. Jets originating
from bottom quarks are identified using combined secondary vertex and track-based lifetime
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information. The b-tagging efficiency for the working point chosen for this analysis is about
80–85% and the mis-tag rate around 10% [24]. The missing transverse energy Emiss

T is defined
as the magnitude of the imbalance of the transverse momentum of all reconstructed particle
candidates [25].

Events are selected if they contain at least two isolated leptons (electrons or muons) of opposite
charge and two jets of which at least one is identified as b jet. These events are triggered using
combinations of two leptons fulfiling transverse momentum thresholds and isolation criteria.
Events with a lepton pair invariant mass smaller than 20 GeV are removed in order to suppress
events from heavy flavour resonance decays and DY processes. In the µµ and ee channels, the
dilepton invariant mass is required to be outside a Z-boson mass window of 91± 15 GeV and
Emiss

T is required to be larger than 40 GeV.

A kinematic reconstruction method [26] is used to determine the tt kinematic properties and
to identify the two b jets originating from the decays of the top quarks. This allows to un-
ambigously assign the additional jets in the event. This method has previously been used
in [27, 28]. In the kinematic reconstruction the following constraints are imposed: the balance
of the transverse momentum of the two neutrinos; the W-boson invariant mass of 80.4 GeV;
and the equality of the top and antitop quark masses. The remaining ambiguities are resolved
by prioritising those event solutions with two or one b-tagged jets over solutions using jets
without b tags. The top quark mass can be experimentally reconstructed in a broad range due
to resolution effects. In order to account for this in the reconstruction, the assumed top quark
mass for each lepton-jet combination is varied between 100 GeV and 300 GeV in steps of 1 GeV.
Among the physical solutions, the solution of highest priority according to the aforementioned
criteria and with the most probable neutrino energies according to a simulated neutrino en-
ergy spectrum is chosen. The efficiency of the method is about 90% and only events with a
valid solution for the kinematic reconstruction are used for the subsequent analysis.

Events are finally selected if they contain at least one additional jet which has not been selected
by the kinematic reconstruction and features a pT > 50 GeV within |η| < 2.4, following the
criteria described in [3].

Dominant backgrounds to the e+e− and µ+µ− channels originate from DY+jets processes.
Their contribution is estimated from data following the procedure described in [27, 29] us-
ing events rejected by the Z-boson veto. The contributions are scaled by the ratio of events
failing and passing the selection criteria as estimated from simulation (Rout/in) [29]. The re-
maining backgrounds, including tW, W+jets, diboson, and QCD multijet events, are estimated
from simulation.

Figure 1 shows the invariant mass of the tt system, the transverse momentum of the leading
additional jet, and the ρs observable with m0 = 170 GeV [3] for the dilepton event sample. The
distributions are compared to the standard model predictions. Only tt events with two leptons
(electron or muon) in the final state are considered as signal. All other tt events, specifically the
dominant contribution originating from decays via τ leptons, are considered as background.

4 Systematic Uncertainties
Systematic uncertainties in the measurement arise from detector effects, background mod-
elling, and theoretical assumptions. Each systematic uncertainty is investigated separately and
estimated for each bin of the measurement by varying the corresponding efficiency, resolution,
or scale within its uncertainty. The different sources of systematic uncertainty described in the
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Figure 1: Invariant mass of the tt system (top left), transverse momentum of the leading addi-
tional jet (top right) and ρs (bottom) at reconstruction level for the combined dilepton channel.
The tt sample is simulated using MADGRAPH and is assuming a top mass of mt = 172.5 GeV.
The label “tt signal” refers to the events decaying dileptonically, while “tt other” refers to the
other decay modes including tt decays into prompt τ-leptons. The hatched regions correspond
to all shape uncertainties of the simulation (cf. Section 5).
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following are assumed to be uncorrelated.

Experimental Uncertainties

The experimental sources considered are jet energy scale (JES) and jet energy resolution (JER),
background normalisation, b-tag efficiency, pileup modeling and the kinematic reconstruction.
The experimental uncertainty on the JES [30] is determined by varying the reconstructed energy
scale as a function of the transverse momentum and the pseudorapidity of the jet, typically by
a few percent. The uncertainty on the JER [31] is estimated by varying the simulated JER within
its uncertainty for different pseudorapidity regions.

The impact of the background normalisation is obtained by scaling the background contribu-
tions by ±30% [29, 32].

The shape uncertainty on the b-tag efficiency is determined by dividing the b jet distributions
for transverse momentum and pseudorapidity into two bins at their respective median value.
The b-tag scale factors for the b jets in the first bin are scaled up by half of the assigned un-
certainties [24], while those in the second bin are scaled down and vice versa. The difference
between the scale factors in the two bins amounts to the full uncertainty.

The effect of pileup events is evaluated by weighting the simulation to the minimum bias cross
section determined from data. The pileup model estimates the mean number of additional pp
interactions to be about 20 events for the data analysed, based on the total inelastic proton-
proton cross section which is determined to be 69.4 mb [33]. The systematic uncertainty is
evaluated by varying this cross section within its uncertainty of ±5%.

Other uncertainties taken into account stem from lepton trigger and identification efficiencies
and the kinematic reconstruction efficiency, which have a negligible impact on the normalised
measurements presented. The dependence of the result on the MC top quark mass used as
reference for the measurement is found to be negligible.

Modelling Uncertainties

Modelling uncertainties originating from theoretical assumptions on the renormalisation and
factorization scales, the jet-parton matching threshold, the hadronization model, the colour
reconnection [34] and the underlying event (UE) modelling are determined by repeating the
analysis, replacing the reference MADGRAPH signal simulation by dedicated simulation sam-
ples.

In particular, the impact of the first source is assessed with MADGRAPH samples with the
renormalisation and factorisation scales simultaneously varied from the nominal values of µR
and µF, which are defined by the Q2 scale in the event as µ2

R = µ2
F = Q2 = m2

t + ∑ p2
T(jet),

where the sum runs over all the additional jets in the event not stemming from the tt decay.
The samples with varied scales use µR = µF = 4Q2 and Q2/4, respectively. For the nominal
MADGRAPH sample, a jet-parton matching threshold of 20 GeV is chosen, while for the varied
samples, values of 40 and 10 GeV are employed, respectively.

The UE modeling is evaluated by comparing the two different Perugia 11 (P11) PYTHIA tunes
mpHi and TeV to the standard P11 tune.

The uncertainties from ambiguities in modeling colour reconnection effects are estimated by
comparing simulations of an underlying event tune including colour reconnection to a tune
without the effect (the P11 and P11 noCR tunes described in [35]).

The hadronisation model uncertainty is estimated by comparing samples simulated with POWHEG
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and MC@NLO, using PYTHIA and HERWIG, respectively, for hadronisation.

The uncertainty arising from the PDFs is assessed by reweighting the tt signal sample according
to the CT10 error PDF sets at 68% confidence level. The effects of these variations are added in
quadrature.

5 Extraction of mt from ρs using a Template Technique
The top quark mass value is determined by comparison of the experimentally observed yields
in individual bins of the normalized ρs distribution as presented in Fig. 1 with the predicted
yields for different values of mt. Each of the tt samples employed for the comparison are nor-
malized such that the total number of expected events including backgrounds corresponds to
the events selected in data.

The most probable value of top quark mass is extracted by means of a χ2
i distribution for each

bin i. For each of them, the predicted yields for the different top quark masses are fitted using
a second order polynomial function, f (mt), in order to obtain a continuous distribution as a
function of mt. The χ2

i distributions are then calculated as

χ2
i (mt) =

(Ndata
i − f sim

i (mt))2

(δNdata
i )2 + (δ f sim

i (mt))2
, (1)

where f sim
i (mt) represents the polynomial fit to the simulation distributions, δ f sim

i corresponds
to the statistical errors on the simulation obtained from the confidence interval of the fit, and
Ndata

i is the number of selected events in each bin with δNdata
i being the corresponding statistical

uncertainty. The χ2
i does not include the systematic uncertainties, which are treated as external

variations as described below. The binning chosen corresponds to the one in Fig. 1 except for
the regions ρs < 0.2 and ρs > 0.85 which are integrated into two bins in order to increase
statistics.

The global χ2 is calculated by summing all bins to χ2 = ∑i χ2
i (mt) since the individual bins

are statistically uncorrelated. The number of degrees of freedom is reduced by one owing to
the normalisation of the utilized distributions. In order to accommodate for this in the global
χ2, the bin with the lowest statistical significance is removed from the calculation, i.e., the first
bin of the ρs distribution. The resulting χ2 distribution is presented in Fig. 2. The minimum
of the distribution is taken as the measured top quark mass value, the statistical uncertainty is
calculated as the ±1σ deviation from the minimum by applying a χ2 + 1 variation.

The systematic uncertainties described in Section 4 are propagated to the mass measurement by
repeating the extraction with each varied input distributions, either by replacing the reference
simulation with the dedicated samples, or by varying the corresponding efficiency, resolution,
or scale within the respective uncertainties. For each source of uncertainty, the altered simu-
lation is used as input for the χ2 distribution from which the top quark mass is obtained. The
difference between the mass extracted for each source and the nominal measurement is taken
as the systematic uncertainty. In the case of the model uncertainties, the reference MADGRAPH

tt sample with nominal top quark mass is replaced by the corresponding systematic samples,
for instance P11 or varied jet-parton matching sample. The same model uncertainty is then
assigned to all varied mass MADGRAPH samples.

The breakdown of the systematic uncertainties for the top quark mass is presented in Table 1.
All systematic uncertainties quoted are statistically significant, the statistical uncertainties are
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Figure 2: Global χ2 distribution obtained as the sum of the χ2
i distributions of the individual

bins for the dilepton combined channel. The most probable top quark mass is extracted from
the minimum, the statistical uncertainty from a χ2 + 1 variation around the minimum.

found to be below 0.1 GeV. The size of the uncertainties is in agreement with the expected
values from the blinded analysis, performed using simulated samples as pseudo-data.

The total uncertainty amounts to 2.2 GeV and is calculated as the quadratic sum of all individ-
ual contributions. It is dominated by the renormalisation and factorization scales and jet-parton
matching uncertainties, while the most relevant experimental contribution arises from uncer-
tainties in the b-tagging. The top quark mass results to mt = 173.1± 1.0 (stat) +2.0

−2.3 (syst) GeV,
including both the statistical uncertainty of data and the MADGRAPH samples used to extract
the mass.

In order to calibrate the mass extraction technique, the measurement has been repeated with
pseudo data generated from the simulated samples with different top quark masses. The mea-
sured top quark masses are compared to the true mass used to generate the input samples as
shown in Fig. 3. The measured top quark mass agrees with the input mass within the statisti-
cal uncertainty, which indicates that the method does not favour certain values of the mass or
introduces a bias toward higher or lower mass values. Propagating the uncertainty of a linear
regression to the measured top quark mass would yield an effect of below 0.1 GeV for a mass
shift of 1 GeV and can thus be neglected.

6 Differential Cross Section Measurement
The normalized differential tt production cross section as a function of ρs is measured from
the event yields determined in Section 3. In order to avoid additional uncertainties due to the
extrapolation of the measurement outside of the phase space region probed experimentally, the
differential cross section is determined in a visible phase space defined at particle level by the
kinematic and geometrical acceptance of the final-state leptons and jets. The charged leptons
from the tt decay are selected with |η| < 2.4 and pT > 20 GeV. A jet is defined at particle level
by applying the anti-kt clustering algorithm to all stable particles except leptons and neutrinos
stemming from the W boson decays. A jet is defined as b jet if it has at least one b hadron
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Table 1: Breakdown of the systematic uncertainties for the top quark mass extracted from the
normalized event yield for the dilepton combined channels. All systematic uncertainties are
found to be statistically significant. For the asymmetric uncertainties due to scale variations,
the first reported value corresponds to an increase of the corresponding scale and the second
one to a decrease.

Source ∆mt [GeV]

Jet-Parton Matching −1.3
+0.1

Q2 Scale ±2.0

ME/Showering +0.2
−0.3

Color Reconnection < 0.1

Underlying Event ±0.1

PDF ±0.1

Background ±0.4

Jet Energy Scale ±0.1

Jet Energy Resolution ±0.1

Pile-Up ±0.1

Trigger Eff. < 0.1

Kinematic Reconstruction < 0.1

Lepton Eff. < 0.1

B-Tagging ±0.2

Total syst. +2.0
−2.3

Stat. ±1.0

Total unc. +2.2
−2.5
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Figure 3: Top quark mass obtained from pseudo data generated from each of the MADGRAPH

samples with varied mass values. Neither a favoured mass value nor a bias towards higher or
lower masses can be observed.

associated to it, which can be assigned to the corresponding original b quark. The two b jets
from the tt decay have to fulfill the kinematic requirements |η| < 2.4 and pT > 30 GeV, while
the additional jet is required to have |η| < 2.4 and pT > 50 GeV.

The differential cross section in each bin is defined as

1
σ

dσi

dρs
=

1
σ

∑j A−1
ij (N j

data − N j
non−tt bkg) · f signal

∆i
xL

, (2)

where j indicates the bin index of the reconstructed variable x, while i denotes the index of the
corresponding generator-level bin. N j

data and N j
non−tt bkg represent the number of data events

and estimated background events from processes different than tt in bin j, respectively, while
L is the integrated luminosity and ∆i

x denotes the bin width. The contribution from non-signal
tt decays is taken into account by correcting Ndata − Nnon−tt bkg with the signal fraction, f signal,
defined as the ratio of selected tt signal events to the total number of selected tt events. This
avoids the dependence on the inclusive tt cross section used for normalisation. The distribution
is normalized by the sum of the differential cross section per bin σi over all bins, σ = ∑ σi.

Effects from detector efficiency and resolution in each bin i of the measurement are corrected
are corrected using a regularized unfolding method [27, 36, 37]. The generalized inverse of
the response matrix, denoted as A−1

ij , is used to obtain the unfolded values from the measured
distribution. In order to avoid nonphysical fluctuations, a smoothing prescription (regulariza-
tion) is applied. The regularization level is determined using the averaged global correlation
method [38].

The binning was chosen such that the purity and stability are above 40% and the sensitivity of
the distribution on the top quark mass is enhanced. The purity pi denotes the number of events
generated and correctly reconstructed in a given bin i relative to the number of events that are
reconstructed in bin i but generated anywhere. The stability si represents the number of events
which are generated and correctly reconstructed in a given bin i relative to the number of events
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that are generated in bin i but reconstructed anywhere. In particular for this observable, pi is
between 40% and 60% for all bins, while si ranges between 60% to 80%.

All systematic sources described in Section 4 are propagated to the measured differential cross
section by replacing the nominal simulation samples used for the unfolding matrix, determina-
tion of the background etc. by the samples with the systematic effect applied. For each system-
atic variation the differential cross section is evaluated. In each bin, the systematic variations
are added in quadrature. Due to the normalisation, systematic uncertainties which are corre-
lated across all bins of the measurement, such as the uncertainty on the integrated luminosity
as well as all other normalisation uncertainties, cancel out. The final result is obtained as the
weighted average of the normalized differential cross sections measured in each of the individ-
ual dileptionic channels.

The simulation used to extract the cross sections is the reference sample with a top quark mass
of 172.5 GeV. Figure 4 shows the unfolded distribution together with the predicted values for
different top quark masses (±1, 3 and 6 GeV from the nominal value). The total systematic
uncertainty is displayed as yellow band, while the statistical uncertainty is represented as grey
band. The distribution shows a discriminating power between the different top quark masses,
except for the region ρs = 0.5 where the curves intersect due to the normalisation. The dis-
tribution is most sensitive to mass variations in the regions around ρs = 0.4 and ρs ≥ 0.6 as
expected according to the reference [3].
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Figure 4: Normalized differential tt cross section in the visible phase space after unfolding
as a function of the observable ρs in the dilepton channels, compared to the predictions from
POWHEG tt+jet simulated with a top quark mass of 172.5 GeV as well as±3 and 6 GeV variations
with respect to the central value. The grey band represents the statistical uncertainty, the yellow
band corresponds to the total systematic uncertainty.

7 Extraction of mt from the Differential Cross Section
The unfolded differential cross section obtained in Section 6 is used to measure the top quark
mass by comparing it to theoretical predictions of the ρs distribution. Following the approach
described in Section 5, the measured differential cross section is compared to the predicted
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cross sections for each bin of the ρs distribution using different top quark masses as shown in
Fig. 5, and the most probable top quark mass is extracted from a global χ2 estimator.
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Figure 5: Distributions of the differential cross section for simulation and data for all mass
samples in the different bins of the ρs distribution, shown for the three dilepton final states
combined. The error bands correspond to the statistical error on data and the confidence inter-
val of the second order polynomial for the simulation.

However, owing to the unfolding procedure the individual bins of the ρs cross section distribu-
tion are correlated and these bin-to-bin correlations need to be taken into account in the global
χ2 distribution via the covariance matrices obtained from the unfolding procedure. Since the
individual bins of the simulation samples are uncorrelated, the corresponding statistical un-
certainties only contribute to the diagonal elements of the covariance matrix. The global χ2

estimator is thus obtained as

χ2(mt) = VT(mt)× COV(mt)
−1 ×V(mt), (3)
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where COV−1 denotes the inverted and normalized unfolding covariance matrix including the
statistical uncertainties from simulation. The vector Vi(mt) = f data

i (mt)− f sim
i (mt) represents

the difference between the measured cross section and the cross section function obtained by a
second order polynomial fit to the simulations with different top quark masses.

The first bin (0 < ρs < 0.2) is excluded from the global χ2 in order to satisfy the reduced number
of degrees of freedom from the normalisation of the differential cross section. The resulting
global χ2 distribution is presented in Fig. 6. The minimum of the global χ2 corresponds to the
most probable top quark mass with the statistical uncertainty taken as the ±1 σ deviation from
the minimum by applying a χ2 + 1 variation.

 [GeV]tm
166 168 170 172 174

2 χ

5

10

15

20

25 CMS
Preliminary

 ( 8 TeV)-119.7 fb

Figure 6: Global χ2 distribution for the normalized differential cross section as a function of ρs
in the dilepton combined channel.

Possible biases of the mass extraction have been studied by repeating the measurement using
each of the available MADGRAPH samples with different top quark masses as pseudo data,
and by confronting the measurement with the MC truth, following the approach presented in
Section 5. The values of the top quark mass obtained from the global χ2 distribution are com-
pared to the mass of the sample used as input as shown Fig. 7. A good agreement within the
statistical uncertainty can be observed, indicating that the method is unbiased. Considering a
variation of the top quark mass of 1 GeV, the effect would correspond to a±0.05 GeV deviation
in the final result, which is well below the statistical uncertainty of the measurement. The de-
pendence of the result on the MC top quark mass used to evaluate the background contribution
and to unfold the distribution is found to be negligible.

The systematic uncertainties are propagated to the mass measurement as follows. For each un-
certainty source the normalized differential cross section is evaluated replacing the simulated
samples by the corresponding variations as well as changing the correlation matrix for unfold-
ing accordingly. For each of the obtained cross sections, the χ2 distribution is calculated and
the top quark mass is extracted. The difference between the mass obtained for each source of
uncertainty and the nominal mass value is taken as systematic uncertainty. This difference is
found to be statistically significant for each source of systematic uncertainty considered.

Additionally, the uncertainty in modelling of the hard-production process is assessed through
a simultaneous variation of the renormalisation and factorisation scales in the POWHEG tt+jet
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Figure 7: Top quark mass obtained by using each of the MADGRAPH samples with varied mass
values as pseudo data, for the dilepton combined channel.

simulation (“POWHEG tt+jet modelling”) with respect to their common nominal value, which is
set to mt. For each top quark mass value considered in the mass measurement, two dedicated
samples have been produced with µR = µF varied coherently by factors of 2 and 0.5. The sys-
tematic uncertainty is then evaluated by repeating the mass measurement using the dedicated
samples as theoretical prediction.

The breakdown of systematic uncertainties for the top quark mass is shown in Table 2. The
first row represents the POWHEG tt+jet modelling uncertainty while the other uncertainties are
related to the measurement of the cross section. The total systematic uncertainty is dominated
by model uncertainty sources, in particular, jet-parton matching and Q2 and theoretical uncer-
tainties in the POWHEG tt+jet simulation. The most relevant experimental uncertainties arise
from the background and JES sources.

The top quark mass obtained is 169.9± 1.1 (stat) +2.5
−3.1 (syst) +3.6

−1.6 (theo) GeV, where the system-
atic uncertainty is calculated as the quadratic sum of all sources. The systematic uncertainty
corresponds to +1.5

−1.8 %, while the theoretical uncertainty on the modelling assumptions arising
from the POWHEG tt+jet simulations yields an additional +2.1

−0.9 %.

8 Summary
The top quark mass is measured from the inverse of the invariant mass of the tt+jet system, an
observable proposed in [3]. The mass extraction has been performed with a global template
fit using the shape of the distribution at reconstruction level as well as using the normalised
differential cross section in the visible phase space. The first approach avoids statistical correla-
tions and uncertainties arising from the unfolding procedure, however it cannot be compared
to predictions given at generator level, while the second eases the comparisons with theory
models.

The top quark mass obtained from the normalized differential tt+jet cross section using an NLO
calculation interfaced with parton shower yields 169.9± 1.1 (stat) +2.5

−3.1 (syst) +3.6
−1.6 (theo) GeV. The
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Table 2: Breakdown of the systematic uncertainties for the top quark mass measured from the
dileptonic channel. All systematic uncertainties are found to be statistically significant. For
the asymmetric uncertainties due to scale variations, the first reported value corresponds to an
increase of the corresponding scale and the second one to a decrease.

Source ∆mt [GeV]

POWHEG tt+jet modelling −1.6
+3.6

Jet-Parton Matching −0.1
+1.6

Q2 Scale +1.0
−2.8

ME/Showering ±0.4

Color Reconnection ±0.7

Underlying Event ±0.3

PDF +0.9
−0.1

Background ±1.0

Jet Energy Scale ±0.1

Jet Energy Resolution ±0.1

Pile-Up ±0.3

Trigger Eff. < 0.1

Kinematic Reconstruction < 0.1

Lepton Eff. ±0.1

B-Tagging ±0.3

Syst. uncertainty +2.5
−3.1

Stat. untertainty ±1.1
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precision is mostly limited by the systematic uncertainties arising from modelling sources and
the theory uncertainties in the POWHEG tt+jet simulation. The result is in agreement within the
uncertainties with other measurements performed following the same approach [4] as well as
complementary measurements of the mass from the inclusive tt production cross section [39–
41].
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