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Abstract

A direct bound on the top quark decay width is presented, obtained by analysing
12.9 fb−1 of proton-proton collision data collected at

√
s = 13 TeV by the CMS ex-

periment at the LHC. The measurement is performed by partially reconstructing the
kinematics of top quark candidates from final states containing at least two charged
leptons (electrons or muons) and at least two jets, where at least one jet is identified as
stemming from the fragmentation and hadronization of a b quark. The observable is
compared to the simulated expectations for different top quark width scenarios using
a likelihood technique. Under the hypothesis of a standard model-like top quark the
measurement yields limits at the 95% CL of 0.6 ≤ Γt ≤ 2.5 GeV, with an expected
limit at 0.6 ≤ Γt ≤ 2.4 GeV for a top quark mass of 172.5 GeV.
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1 Introduction
In the standard model (SM), the top quark is a fundamental particle with large couplings to the
Higgs boson, owing to its mass. Given that the CKM matrix element Vtb ≈ 1, the top quark
decays preferentially in Wb final states, before it hadronizes. Although the mass of the top
quark is precisely determined to a 0.3% total uncertainty [1] using fully reconstructed top quark
decay kinematics compared to simulated predictions, its width, denoted Γt, is determined less
accurately. Γt is a fundamental property of the particle related to the second moment of the top
quark mass distribution, and its value is inversely related to the lifetime of the quark.

Several methods have been employed to measure the width of the top quark. Indirect deter-
minations involve a combination of a measurement of the branching fraction Rb = B(t→Wb)

B(t→Wq)
and of the single top t-channel cross section [2]. Using this method D0 has determined Γt =

2.00+0.47
−0.43 GeV [3], while CMS has reported Γt = 1.36± 0.02(stat.)+0.14

−0.11(syst.) GeV [4]. Indirect
measurements are limited by the knowledge of the b-tagging efficiency (the limiting factor for
the extraction of Rb) and the uncertainty in the measurement of the t-channel cross section.
Direct determinations of the width have been carried out by the CDF collaboration by recon-
structing the top quark mass lineshape and comparing it to simulated predictions. An upper
limit of Γt < 6.38 GeV has been obtained at the 95% CL [5], limited by the statistical and jet
energy resolution uncertainties. Both direct and indirect determinations are found to agree
with the next-to-leading order (NLO) SM prediction ΓNLO

t = 1.35 GeV, for mt = 173.3 GeV and
αS = 0.118 [4], but are still far away from challenging its < 1% uncertainty.

In this document we present a direct measurement of the top quark width from observables
which partially reconstruct the top quark kinematics. By profiting from the higher integrated
luminosity datasets of Run 2 of the LHC, which allow for a fine-grained analysis of the observ-
ables in different categories, we expect a reduction in the impact of experimental uncertainties
affecting the measurement. The current Monte-Carlo (MC) simulations used in CMS are accu-
rate to NLO in production but only to leading order (LO) in the decay of the top quark. As such,
the lineshape of the mass distribution is expected to follow that of a relativistic Breit-Wigner
distribution. A direct measurement of the width in this regime is expected to be sensitive to
missing orders in the MC, as well as to potential beyond-SM sources.

The note is organized as follows: Section 2 describes the data, simulations and event selection
employed, Section 3 defines the observable and Section 4 discusses the main uncertainties af-
fecting the measurement. The statistical analysis of the observable is presented in Section 5 and
a summary of the results is given in Section 6.

2 Data, simulation and event selection
This measurement is performed using 12.9± 0.8 fb−1 [6] of proton-proton collision data col-
lected at

√
s = 13 TeV by the CMS detector at the CERN LHC. Details on the CMS detector can

be found in [7].

All processes involving the double resonant (tt) and single resonant (tW) productions of top
quarks are considered signal in our analysis. The final state decay signature involves at least
two charged leptons, two neutrinos and at least one b-jet in the final state. The relative contri-
bution of the two production modes is determined by using the next-to-next-to-leading order
(NNLO) [8] and approximate NNLO [9] predictions for the tt and tW processes. The tt produc-
tion is modeled with POWHEG v2 [10, 11], while tW is modeled with POWHEG v1 [12]. Both
are paired with PYTHIA v8.205 [13, 14]. The NNPDF3.0 NLO [15] parton distribution functions
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(PDF) and the CUETP8M1 [16, 17] underlying event tune have been used in the simulation.

The main backgrounds expected in this analysis are due to Drell-Yan (DY), di-boson (WW,WZ,
ZZ), W+jets, and single-top (t-channel) production. The latter is not considered as a signal
process given that the expected contamination is small and the second reconstructed charged
lepton is expected to be from non-prompt sources, e.g. misreconstruction of a signal event from
a semi-leptonic b-hadron decay does not affect our result. The MC samples used to model the
backgrounds are similar to the ones used in [18].

All simulations include an emulation of the response of the CMS detector using GEANT4
v.9.4p03 [19]. The effects induced by multiple pp collisions are considered for the same and
neighbouring beam crossings (within 25 ns) and added to the generated hard interaction, ac-
cording to the pileup multiplicity which is observed in data.

The data were collected requiring double lepton triggers. We request that at least one of the
reconstructed leptons has pT > 30 GeV and |η| < 2.1, and fullfills tight identification and
isolation criteria. These are tighter criteria than the ones used at trigger level. A second lepton
with pT > 20 GeV and |η| < 2.5 is additionally required, fullfilling the same identification
and isolation criteria. Events with more than two leptons also pass the selection, provided
they satisfy these conditions. The dilepton candidate is expected to have no charge (built from
opposite signed charged leptons) and to have an invariant mass M`` > 20 GeV. For ee and
µµ events the Z pole mass region is used as a control region and excluded from the main
analysis by requiring |M`` − 91| > 15 GeV. The events are further required to have two jets
with pT > 30 GeV and |η| < 4.5. One of the selected jets is required to be identified as stemming
from the fragmentation and hadronization of a b quark by using the medium working point
of the Combined Secondary Vertex algorithm (CSVv2) [20]. In our analysis, the events are
categorized according to the number of b-tagged jets (=1 or ≥2) and the flavour of the dilepton
candidate (ee, eµ or µµ).

All backgrounds are estimated from simulation, with the exception of the DY contribution.
The Rin/out method is employed, using the Z pole mass control region in ee and µµ events
to determine an overall scale factor which is applied to rescale the DY contribution [18]. In
the eµ channel the scale factor applied is SFDY(eµ) =

√
SFDY(ee)SFDY(µµ). The scale-factors

are independently determined for the =1 or ≥2 b-tagged jet categories to be in the range of
0.85-0.99. A 30% uncertainty is assigned to these scale factors, in addition to the statistical
uncertainty of their determination.

After selection, 66408 (31151) events with =1b- (≥2b-) tagged jets are obtained, with an expected
purity of ≈ 91% (97%). The total number of expected events agrees with the observations in
each individual category used in the analysis.

Figure 1 shows two distributions of the transverse momentum of the systems of leptons and
b-tagged jets found in an event (pT(`, b)), obtained after pre-selection. The momenta are cal-
culated using an inclusive strategy: up to four pairings are considered per event, whereby up
to two leading b-tagged jets are matched to the two lepton candidates which pass the selec-
tion criteria above. The distributions are separated according to the number of b-tagged jets
in the event. Fair agreement is observed between data and simulation for mt = 172.5 GeV and
Γt = ΓSM

t . Overall a slight trend is observed whereby the spectrum in the data is softer than
the expected results. Such a trend is compatible with a harder prediction for the top quark pT
in POWHEG +PYTHIA 8 [21–23] and a systematic uncertainty due to the mismodelling of the
top quark pT will be assigned (see Sec. 4). Moderately boosted events are expected to have a
higher fraction of correctly assigned lepton-jet pairs, i.e. where the two legs are from the same
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top quark decay. In our analysis, non-boosted pairs are defined with pT(`, b) ≤ 100 GeV, while
boosted pairs have pT(`, b) > 100 GeV. In both =1b and ≥2b event categories, the probability
of correctly pairing the lepton with the b-jet when they are boosted is expected to be ≈63%,
versus ≈40% in the non-boosted categories.
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Figure 1: Distributions of the inclusive lepton-b-jet transverse momentum, pT(`, b), for events
with = 1 (left) or ≥2 (right) b-tagged jets. All dilepton channels are combined. The top panels
compare the distribution in the data to the simulated expectations, while the bottom panels dis-
play the ratio of the two. The shaded band in the bottom panel represents the uncertainty in the
prediction due to the limited statistics in the simulation and due to the integrated luminosity.

3 Observable chosen, and its sensitivity to Γt

We analyse the inclusive spectrum of the invariant mass of the lepton-b-tagged jet systems
(M`b). The distributions are obtained by pairing the two leading-pT charged leptons with up
to two leading-pT b-tagged jets and separating according to the number of b-tagged jets and
the pT of the (`, b) system. The masses of all possible lepton-b pairings are stored for a given
event. Other selection strategies for the (`, b) pairs considered in the analysis have been tested
(minimum mass, minimizing ∆R(`, b), or imposing a cut in this variable), but the optimal
sensitivity is expected from the inclusive strategy we have outlined. An alternative analysis
using the MT2 variable (similar to the one used in [24]) has also been attempted, but leads to
slightly wider bounds on Γt.

The M`b distribution is characterized by an end-point related to the the masses of the t quark
and the W boson. At LO, and neglecting the b quark mass, the endpoint is defined as

Mmax
`b =

√
m2

t −m2
W, for pairs coming from the same top quark decay. Incorrectly assigned

pairs or background pairs are not bound kinematically and often have masses significantly
higher than Mmax

`b . Nevertheless, at higher orders, and taking into account width effects, there
is some spillage of correctly assigned pairs above Mmax

`b [25–32]. While this information may in
principle be used to improve the accuracy in the determination of mt and Γt, in this preliminary
analysis we perform a measurement calibrated to NLO in the production and LO in the decay
simulation of double (tt) and single (tW) resonant top quarks, where the mass line shape of the
top quark follows a relativistic Breit-Wigner distribution.
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Figure 2 shows the distributions of the inclusive M`b observable in all channels. Fair agreement
is observed with expectations obtained for tt and tW simulations using mt = 172.5 GeV and
Γt = 1.324 GeV.

The expected sensitivity of the selected observable to variations in the width is compared to
the variations induced by the mass of the top quark in Fig. 3 for the different categories used
in the analysis. While most of the sensitivity to the mass is expected near the endpoint (similar
to the conclusion found in [24]), variations of the width are expected to impact lower values
of the M`b observable. Given the absence of higher corrections to the decay of the top quark
it is reasonable that no sensitivity to the width is expected above the kinematic endpoint. As
such we expect the bounds on the width reported in this analysis to be dominated from the
information measured in events with low M`b While they display some sensitivity to variations
in the top quark width, the non-boosted categories are expected to contribute mostly as control
regions for the analysis. The sensitivity of the analysis is expected to be driven by the boosted
categories.

4 Systematic uncertainties
Systematic uncertainties for this analysis are treated as nuisance parameters in likelihood fits,
described in detail in the next section. The nuisances may reflect a change in the shape of the
distribution, the rate of a process, or both. In the fit procedure described in Section 5, we have
chosen log-normal distributions to describe these nuisance parameters.

Experimental uncertainties affecting the measurement of M`b include:

Pileup: to estimate the impact of the mismodelling of pileup in the simulation, we vary the
effective minimum bias cross section by 5% with respect to its initial estimate.

Trigger and selection efficiency: To correct for the performance differences between lepton
tracking efficiency, identification and isolation in data and that in simulation, we apply
a pT,η-dependent scale factor, measured with the tag-and-probe method [33–35]. Trig-
ger efficiencies, with respect to the offline selection, are measured using a control sample
triggered by uncorrelated Emiss

T triggers. The procedure adopted is similar to the one de-
scribed in [36] and allows for a parametrization of the efficiency and the corresponding
uncertainty as functions of the lepton kinematics. Both the uncertainty on the trigger
efficiency and on the lepton identification and isolation efficiency scale factors are prop-
agated by re-weighting the simulation after shifting the nominal values by their corre-
sponding uncertainties.

Lepton energy scale: A variation of the lepton energy scale according to its uncertainties is
performed independently for muons and electrons.

Jet energy scale and resolution (JES/JER): A pT- and η-dependent parameterization of the jet
energy scale and resolution is used to vary the calibration of the jets in the simulation.
The procedure is similar to the one described in [37].

b-tagging efficiencies: The nominal efficiency expected in the simulation is corrected by the
pT-dependent scale factors described in [20]. Depending on the flavour of each jet, the
b-tagging decision is updated according to the scale factor measured. The scale factor is
also varied according to its uncertainty. In the fit we separate the efficiencies for tagging
b, c and other jets (light quarks, gluons, or unmatched).
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Figure 2: Distribution of the M`b observable calculated using up to two leptons and two b-
tagged jets per event, for all dilepton channels combined. The plots on the top (bottom) refer
to the boosted (non-boosted) category, and the plots on the left (right) correspond to the =1b
(≥ 2b) event category. In each plot the top panels compare the distribution in the data to
the simulated expectations, while the bottom panels display the ratio of the two. The last bin
includes the overflow of the distributions. The shaded band in the bottom panel represents
the uncertainty in the prediction due to the limited statistics in the simulation and due to the
integrated luminosity.
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Figure 3: Distribution of the M`b variable for simulated POWHEG +PYTHIA 8 events where the
top quark mass is varied by±3 GeV with respect to 172.5 GeV and the width is varied by a factor
of 4 with respect to the SM value. The upper (lower) row of plots describes boosted (unboosted)
events, while the left (right) column displays information in the 1b(≥ 2b) category. The top
panels show the distributions with the last bin displaying the overflow of the histograms while
the bottom plot show the ratio with respect to the mt = 172.5 GeV and Γt = ΓSM scenario.
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Integrated luminosity: The uncertainty on the integrated luminosity is estimated at 6.2% [6].

Drell-Yan normalisation: The simulated Drell-Yan background events were rescaled by the
expected yield calculated from the Z pole mass region, as described in Sec. 2. A systematic
uncertainty of 30% is assigned to the normalization of this process uncorrelated accross
the different channels.

Other backgrounds: The theoretical uncertainty on the expected cross section for residual back-
grounds is included as an uncertainty in the fits.

Theoretical uncertainties may also affect the rate and shape of the M`,b observable. These in-
clude:

Choice of the QCD scale: We consider anti-correlated variations of the factorization and renor-
malization scales (µR/µF) in the tt sample, by factors of 0.5 and 2. For tW we include a
simultaneous variation of µR/µF by 0.5 and 2 as an uncertainty in the fit.

Matrix Element generator and jet-parton matching scheme: The default simulation is based
on POWHEG. We compare with MG5 AMC@NLO+PYTHIA 8 with FxFx matching and
assign an uncertainty to the differences in simulation. In the fit we parameterize the
effect of the nuisance by mirroring the binwise discrepancies with respect to the nominal
information.

Hadronizer choice: The choice of the hadronizer is assigned an uncertainty by comparing the
shape and variation of the acceptance between POWHEG hadronized with PYTHIA 8 or
HERWIG++. The variation is symmetrized at each bin. The b-tagging efficiency in the
HERWIG++ simulation is corrected to match the expected efficiency for the PYTHIA 8 sim-
ulation for which the data/MC scale factors are derived [20].

Parton shower scale: Alternative POWHEG +PYTHIA 8 samples in which the parton shower
scale choice is varied by a factor of 0.5 and 2 are used in the analysis. This affects the
fragmentation and hadronization of the jets initiated by the matrix element calculation as
well as the emission of extra jets by the hadronizer.

Top pT: The uncertainty due to the modelling of the top quark pT distribution in the simulation
is evaluated by re-weighting it at generator level to match the one measured in data.
Scale factors similar to the ones obtained at 8 TeV [38] are used to produce bin-by-bin
shape differences for the observable distributions. As this only produces a one-sided
uncertainty, we make it two-sided by mirroring the relative differences with respect to
the nominal template.

Top mass: The most recent measurement of the top quark mass by CMS yields a total uncer-
tainty of ±0.49 GeV [1]. In the fits we consider variations of the top mass due to this
uncertainty as a nuisance parameter, in a 6σ band at mt = 172.5± 3.0 GeV. Template dis-
tributions are generated from Monte Carlo simulated datasets where the generator-level
top mass is fixed at either edge of the band.

Parton distribution functions: The parton distribution function (PDF) used to model proton-
proton collisions is assigned an uncertainty. The root mean square of 100 replicas of the
NNPDF3.0 set is computed and added in quadrature to 2 extra variations corresponding
to different choices of αS.



8 5 Statistical analysis

tW/tt interference: At NLO QCD, tW production is expected to interfere with tt production [39–
41]. Two schemes for defining the tW signal in a way which distinguishes it from tt pro-
duction have been compared in our analysis: “diagram removal” (DR) [39], in which all
doubly resonant NLO tW diagrams are removed, and “diagram subtraction” (DS) [39,
42], where a gauge-invariant subtractive term modifies the NLO tW cross section to lo-
cally cancel the contribution from tt. The difference between the samples simulated using
the two approaches is taken as a systematic uncertainty.

5 Statistical analysis
To test different hypotheses for the top quark width, we analyse likelihood ratios calculated
from pairs of shape hypotheses. The adopted procedure is similar to the one used in [43].
Hypotheses differed in the generator-level width, where the null hypothesis was fixed at the
SM-predicted Γt = 1.324 GeV. Below we denote the null hypothesis as SM. The hypotheses
are generated by re-weighting the generator-level top quark mass distribution with ratios of
relativistic Breit-Wigner functions [13] corresponding to the alternative and SM hypotheses
being tested. The procedure has been validated for the observable used in this analyis, using
a dedicated POWHEG simulation with Γt = 4 · ΓSM

t . For each hypothesis, a two-dimensional
likelihood scan was performed, varying the signal strength (µ ≡ σobs

σSM
) and the sample fraction of

alternative width hypothesis (denoted x) as parameters of interest. The signal model generated
from these parameters was a scaled linear interpolation between SM and alternate hypotheses:

Nsignal = µ [(1− x) · NSM + x · Nalt] , (1)

where Nsignal is the total expected number of signal events, and NSM (Nalt) is the expectation
for the SM (alternate) hypothesis. In Equation 1 the expectations for the signal are furthermore
expanded to include the tt and tW expectations for each hypothesis under test. The overall
signal strength therefore corresponds to the ratio of the observed to the expected tt +tW cross
section. This parameter is profiled in the fit.

Figure 4 compares the expected values of the likelihood as functions of x, for different alter-
native top quark width hypotheses. The expected likelihoods are obtained using pseudo-data
where Γt = ΓSM or Γt = 4 · ΓSM. In each case, these are compared with the values of the fit
observed in data. Qualitatively, the data prefers an SM-like scenario, with respect to a wide top
quark scenario.

The impact of each uncertainty in the fit, discussed in Sec. 4, is determined by repeating the fit
after fixing each nuisance to its best-fit value in data and evaluating the difference in the un-
certainty attained in the measurement of x. With this procedure we estimate that the dominant
uncertainties in the measurement of x for each pair of width hypotheses being tested is due to
tt and tW modelling and the luminosity, trigger and selection efficiency-related uncertainties.
In general, the post-fit nuisance values and corresponding uncertainties are in good agreement
with the pre-fit ones.

In order to quantify the separation of the different hypotheses and derive the limits on an
SM-like top quark width, we assume a top quark mass of mt = 172.5 GeV and we perform
pseudoexperiments to produce distributions of a test statistic defined from the likelihood ratios
between the alternate and SM hypotheses:
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q ≡ −2 · ln
(
Lalt

LSM

)
, (2)

where Lalt and LSM are the likelihoods for the alternate and SM hypotheses, respectively. These
distributions are produced both before and after optimizing x, µ, and all other nuisance pa-
rameters through a fit to data. Figure 5 demonstrates distributions of the test statistic from
pseudoexperiments. The toy experiments display a Gaussian behavior and the quantiles of the
distributions are used to evaluate the separation strength of the hypotheses in each test.

The quantiles of the distributions of the test statistics are represented in Fig. 6. Similar behavior
is observed in the pre-fit and post-fit model with the data following closely the SM hypothesis.

Hypothesis separation can be measured via the CLs criterion, which takes into account the
value of the test statistic observed in data, qobs.. CLobs.

s is defined as the ratio of the areas under
each distribution with q ≤ qobs.:

CLobs.
s =

P(qalt. < qobs.)

P(qSM < qobs.)
. (3)

An analogous criterion for expected results, CLexp.
s , can be defined by replacing qobs. with the

median of the SM hypothesis distribution:

CLexp.
s =

P(qalt. < qmedian
SM )

0.5
(4)

Figure 7 shows the evolution of CLS as a function of the width of the top quark. The value of
Γt for an SM-like top quark is constrained by fitting the CLS as a function of generator-level
width using a piece-wise quadratic spline, which takes the separation strength into account
for all the different input template widths. An exclusion region at a level of 2σ is calculated
as the expected generator-level widths yielding CLS = 0.05. The expected bounds at the 95%
confidence level are 0.6 ≤ Γt ≤ 2.4 GeV. The observed bounds at the 95% confidence level are
0.6 ≤ Γt ≤ 2.5 GeV.

6 Conclusion
We have presented limits on the top quark width using 12.9 fb−1 of proton-proton collision
data at

√
s = 13 TeV collected by the CMS experiment. Using tt and tW decay events with

two charged leptons in the final state, we reconstruct the M`b observable inclusively using up
to two jets identified as stemming from the fragmentation and hadronization of ab quark. The
observable is fit for deviations of the width with respect to the SM prediction. Different event
categories are included in the fit to improve the sensitivity of the measurement and partially
constraint some of the uncertainties. Binary hypothesis tests are then used to bound an SM-like
top quark width to 0.6 ≤ Γt ≤ 2.5 GeV at the 95% CL, with corresponding expected bounds of
0.6 ≤ Γt ≤ 2.4 GeV for mt = 172.5 GeV. This constitutes the first such direct measurement at
the LHC and the most precise direct bound of the top quark width performed to date.
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Figure 4: Scan of the likelihood as function of x (the fraction of the alternative width hypothesis)
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