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Given the big cross section for tt production in proton-proton collisions
at 14 TeV, the LHC with its high luminosity will be, among others, a top
factory, allowing a precision measurement of the top quark mass. Based
on a detailed simulation of the CMS detector, the following top mass re-
construction accuracies are possible in the respective final states with the
present knowledge of experimental and theoretical uncertainties.

∆mt(dileptonic, 1 fb−1) = ±1.5 (stat.) ± 2.9 (syst.)GeV/c
2

∆mt(semileptonic, 1 fb−1) = ±0.7 (stat.) ± 1.9 (syst.)GeV/c
2

∆mt(fully hadronic, 1 fb−1) = ±0.6 (stat.) ± 4.2 (syst.)GeV/c2

∆mt(dileptonic, 10 fb−1) = ±0.5 (stat.) ± 1.1 (syst.)GeV/c
2

∆mt(semileptonic, 10 fb−1) = ±0.2 (stat.) ± 1.1 (syst.)GeV/c2

∆mt(J/Ψ , 20 fb−1) = ±1.2 (stat.) ± 1.5 (syst.)GeV/c
2

A combined top mass accuracy of O(1 GeV/c2) for 10 − 20 fb−1 of well-
understood CMS data will be feasible.

PACS numbers: 14.65.Ha

1. Introduction

At LHC top quarks will be produced dominantly as tt pairs with their
production cross section calculated to be 830 pb [1] at NLO. Contrary to
Tevatron the dominant production mechanism at LHC is gluon–gluon fusion
accounting for about 90% of the tt events, while quark–antiquark annihila-
tion only contributes about 10%. According to the Standard Model the top
quark decays almost exclusively to a b quark and a W boson. The decays
of the tt system are then classified according to the decays of the W+W−

system as dileptonic, semi-leptonic or fully hadronic. Neglecting higher or-
der corrections, the branching ratios of those three decay channels are 9/81
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(11.1%) for the dileptonic, 36/81 (44.4%) for the semi-leptonic and 36/81
(44.4%) for the fully hadronic final state.

2. Dileptonic final states

The dileptonic channel offers an easily selectable and clean final state,
but the presence of two neutrinos prevents a direct reconstruction of the top
quark mass. However, the event kinematic retains a large sensitivity to the
top mass. The method presented here is discussed in more detail in [2].

Events are selected using the single- and dilepton trigger, and then re-
quiring at least two isolated opposite-sign leptons with pT > 20GeV/c. Fig. 1
shows the invariant mass of the two highest-pT lepton candidates, a cut
around the visible Z mass peak is used to remove the contamination due
to Z+jets events. Selected events must also contain at least two b-tagged
jets with pT > 30GeV/c, using the CMS combined b-tagging algorithm [3].
An upper cut on the number of high-pT jets is used to suppress the other
tt final states. Finally, a Emiss

T
> 40GeV selection cut reflects the presence

of two neutrinos in the final state of signal events. This selection already
achieves a S/B of 7.3 with the other tt channels dominating the remaining
background.
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Fig. 1. Invariant mass distribution of the two highest-pT lepton candidates, indi-

cated is the cut window to remove Z+jets events.

The event kinematics of the dileptonic tt decay channel yield an un-
derconstrained equation system due to the two undetected neutrinos in the
final state. Using the constraints of momentum balance in the transverse
plane, the known mW and the equality of both top quark masses, the event
kinematics can be written as a fourth order polynomial with the top mass
as a parameter. For each selected event, top mass values in the range
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100GeV/c2
≤ mt ≤ 300GeV/c2 are tested in 1GeV/c2 steps. Each solution

for the neutrino momenta, including their fourfold ambiguity, are weighted
by the SM expectation. The solution with the highest weight is retained and
the corresponding top mass distribution is shown in Fig. 2. A simple Gaus-
sian fit based mass estimator yields a statistical uncertainty of 1.5GeV/c2

for 1 fb−1, with 10 fb−1 this will be reduced to 0.5GeV/c2.
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Fig. 2. Most likely top mass after selection for 1 fb−1.

The main systematic effect in this decay channel is the uncertainty on
the jet energy scale, its effect on this measurement is 2.9GeV/c2 for 1–10 fb−1

of data. Further improvement in the knowledge of the jet energy scale after
10 fb−1 is expected to reduce this uncertainty to about 1GeV/c2.

3. Semi-leptonic final states

The semi-leptonic channel offers an easily selectable final state with its
leptonic decaying top, while allowing a full reconstruction of the hadronic
decaying top. Thus it is traditionally referred to as the golden channel for
measuring the top quark mass.

The full analysis, described in detail in [4], uses events passing the single-
muon trigger, and then requiring at least one isolated muon with pT >
20GeV/c. Selected events must also contain four non-overlapping leading
jets with ET > 30GeV, two of them b-tagged and the other two anti-b-
tagged.

A likelihood variable Lsignal, combining three kinematic observables
(pT of muon candidate, pT of second muon candidate, minimal ET among
four leading jets), is transformed into a probability Psignal, and a cut Psignal >
0.8 is applied. A second likelihood variable Lcomb is constructed from several
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observables, described in [4], to choose the correct jet pairing to reconstruct
the hadronic decaying top quark from three of the four selected jets. The jet
combination with the largest Lcomb value is taken as the best pairing. Trans-
forming the likelihood into a probability Pcomb and requiring Pcomb > 0.5
for selected events, yields a pairing efficiency of 81.6%. For each jet combi-
nation a kinematic fit with a W mass constraint is performed [5]. Only jet
combinations with a fit probability Pχ2 > 0.2 are taken into account, dis-
carding events where none of the jet combination fulfils this criterion. The
full selection is described in detail in Table I.

TABLE I

Selection cuts for the signal and considered background samples.

Signal Other tt W+4j Wbb+2j Wbb+3j S/B

L1+HLT trigger 62.2% 5.30% 24.1% 8.35% 8.29% 0.74
Pre-selection 45.8% 2.68% 11.7% 3.94% 5.91% 1.10
4 jets ET > 30 GeV 25.4% 1.01% 4.1% 1.48% 3.37% 1.69

plepton
T

> 20 GeV/c 24.8% 0.97% 3.9% 1.41% 3.14% 1.72
b-tag criteria 5.5% 0.21% 0.052% 0.47% 0.70% 3.73
No jet overlap 3.0% 0.11% 0.027% 0.25% 0.44% 3.87

Pχ2 -cut 20% 1.4% 0.039% 0.0097 0.061 0.07 5.3
Psignal-cut 80% 1.2% 0.025% 0.0085 0.052 0.05 6.8
Pcomb-cut 50% 0.7% 0.013% 0.0036 0.013 0. 8.2

Scaled L = 1 fb−1 588 64 6 2 0 8.2

Three different mass estimators, described in [4], are used to extract
the top mass from the kinematically fitted hadronic top, their results are
compared in Table II.

TABLE II

Comparison of three different mass estimators for the kinematically fitted hadronic
top in all selected events.

Gaussian Gaussian Full scan
fit ideogram ideogram

Bias (GeV/c
2
) −0.84± 0.59 −4.35± 0.54 −2.58 ± 0.31

Slope 0.86 ± 0.18 1.01 ± 0.16 1.01 ± 0.13
Pull 0.82 1.01 1.01

stat. for 1 fb−1 (GeV/c
2
) 1.01 1.14 0.66

stat. for 10 fb−1 (GeV/c
2
) 0.32 0.36 0.21
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The full range of systematic effects has been investigated and Table III
summarises and combines the systematic uncertainties on each of the top
quark mass estimators.

TABLE III

Summary of the systematic uncertainties for the top mass determination in semi-
leptonic tt final states.

Standard selection

Gaussian Gaussian Full scan

Source fit ideogram ideogram
∆mt ∆mt ∆mt

(GeV/c2) (GeV/c2) (GeV/c2)

Pile-up (5%) 0.32 0.23 0.21
Underlying event 0.50 0.35 0.25
Jet energy scale (1.5%) 2.90 1.05 0.96
Radiation (ΛQCD, Q2

0
) 0.80 0.27 0.22

Fragmentation (Lund b, σq) 0.40 0.40 0.30
b-tagging (2%) 0.80 0.20 0.18
Background 0.30 0.25 0.25
Parton density functions 0.12 0.10 0.08

Total systematical uncertainty 3.21 1.27 1.13

Statistical uncertainty (10 fb−1) 0.32 0.36 0.21

Total uncertainty 3.23 1.32 1.15

4. Fully hadronic final states

The fully hadronic final state consists of four light-quark jets and two
b-jets, and thus kinematics that can be fully reconstructed. However, it also
suffers from a large background stemming from QCD multi-jet production,
which makes the signal selection very challenging. Furthermore the num-
ber of jets in the final state is source of significant levels of combinatorial
background.

The selection uses the inclusive jet trigger [6] and a special inclusive b-jet
trigger [7]. Eventshape variables like centrality, aplanarity and non-leading

jet total transverse energy (
∑

3
ET =

∑
ET − Ejet 1

T
− Ejet 2

T
), are used to

separate the signal from the multi-jet background. Table IV summarises this
cut-based selection. Improved selections based on neural networks, already
employed for the cross section measurement, are still being optimised for the
mass measurement [2].
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TABLE IV

Selection cuts for the signal and QCD background.

Selection Requirement σǫ [pb] σǫQCD [pb] S/B

Before selection (pythia LO) 225 25M 1/105

Trigger HLT multi-jet+b-jet 38 11600 1/300

Event 6 ≤ Njet ≤ 8, ET ≥ 30 GeV 15 930 1/60
centrality ≥ 0.68 9.9 324 1/33
aplanarity ≥ 0.024 9.0 251 1/28∑

3
ET ≥ 148 GeV 9.0 229 1/25

b-tagging 1 b-tag 8.6 148 1/17
2 b-tag 6.0 54 1/9

In order to perform the correct jet pairing, a likelihood variable is con-
structed from the several kinematic and topological observables, documented
in [2]. Taking for each event the pairing with the highest likelihood value
yields a pairing efficiency of 68%.

A kinematic reconstruction of the top quarks is then straightforward and
the resulting invariant mass distribution of the top quark, with the paired
non-b-jets rescaled such that they yield the W mass, is shown in Fig. 3.
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Fig. 3. Invariant mass distribution of the reconstructed and rescaled top for signal

and combinatorial background with a Gaussian fit to the peak.
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Already with 1 fb−1 of data the statistical error becomes negligible com-
pared to the systematic uncertainties which are summarised in Table V.
The S/B in the displayed mass window of Fig. 3 is about 2/3, although

TABLE V

Summary of the systematic uncertainties for the top mass determination in fully
hadronic tt final states.

Source ∆mt[ GeV/c
2
]

Pile up 0.4
Underlying event 0.6
PDF 1.4
IS/FS radiation 2.3
Fragmentation 0.9
Jet energy scale 2.3
b-tagging 0.3
Background 2.0

not shown since the currently available number of simulated events does not
allow a determination of the QCD background shape and of the uncertainty
it introduces into the top mass determination. Experience from CDF at
the Tevatron [8, 9] indicates that this uncertainty can be understood at the

∼ 2GeV/c2 level, when using data for background estimation.

5. Final states containing a J/Ψ meson

Top quark decays which include a J/Ψ meson can be used to determine
the top mass through its correlation with the invariant mass of the recon-
structed J/Ψ and the lepton from the W coming from the same top. The
correlation is present because the reconstruction of the J/Ψ gives an ac-
curate measurement of the b quark flight direction and momentum due to
the relatively high mass of the meson. Details of the analysis can be found
in [10].

While the three lepton final state allows a very clean experimental recon-
struction, the main difficulty stems from the extremely low branching ratio
(5.5 × 10−4) for a tt event to decay into a final state with a leptonic J/Ψ ,
which yields only ∼4500 events per 10 fb−1.

Events are triggered using the inclusive lepton trigger with thresholds
described in [6]. In events passing the trigger thresholds a J/Ψ candidate
is constructed from two same-flavour, opposite-sign leptons with 2.8 < mℓℓ <
3.2GeV/c2 and 2◦ < ∠(ℓ, ℓ) < 35◦. If a J/Ψ is found in an event, the
isolated lepton with the highest pT and higher than 40GeV/c is considered
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as the lepton candidate from the W decay. Furthermore, for events with
only one isolated lepton a cut

∑
jets pT > 100GeV/c is applied to suppress

bosonic backgrounds, while for events with two isolated same-flavour leptons,
a cut on the [85, 97]GeV/c2 invariant mass range is used to suppress the
Z-background. Table VI summarises the selection performance.

TABLE VI

Selection performance on signal and expected backgrounds. Channels are classified
as signal (S), physics background (B) or combinatorial background (C).

Channel BR·σ ǫtrigger ǫselect Events in Class
[fb] [%] [%] 10 fb−1

tt → (b → J/Ψ)ℓν − bℓν 107 93.9 15.7±0.4 158 S+C
tt → (b → J/Ψ)ℓν − bτν 53 61.1 11.0±0.8 36 S
tt → (b → J/Ψ)ℓν − bqq 320 55.3 10.9±0.3 193 S
tt → (b → J/Ψ)τν − bℓν 53 61.1 10.6±0.8 34 C
tt → (b → J/Ψ)τν − bτν 27 14.2 2.8±1.2 1 B
tt → (b → J/Ψ)τν − bqq 160 7.9 1.5±0.5 2 B
tt → (b → J/Ψ)qq − bℓν 320 55.3 10.7±0.3 190 C
tt → (b → J/Ψ)qq − bτν 160 7.9 1.5±0.5 2 B
tt → (b → J/Ψ)qq − bqq 959 0.1 0.2±0.5 0 B

W + N jets, N > 1 → J/ΨX 394 55.3 2.1±0.1 43 B
Wbb + jets → J/ΨX 196 55.3 1.6±0.1 16 B
Zbb + jets → J/ΨX 23 93.9 9.4±0.1 20 B

bb → J/ΨX 1.3 × 109 <2·10−8 <1 <2.6 B
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Fig. 4. (a) Three-lepton invariant mass distribution for mt = 175 GeV/c2 for se-

lected events. (b) Correlation between the reconstructed three-lepton invariant

mass and the input top mass.
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Fig. 4(a) shows the three-lepton invariant mass in tt events after the
selection. The fitted maximum is strongly correlated to the top mass which
is shown in Fig. 4(b) for different input values.

The statistical uncertainty of this method is 1.2GeV/c2 with 20 fb−1 of

data and reaches 0.6GeV/c2 with 50 fb−1. Table VII summarises the sys-
tematic uncertainties. This analysis reduces to a minimum those systematic
uncertainties, like the jet energy scale and b-tagging, which dominate direct
reconstruction top mass measurements.

TABLE VII

Summary of the systematic uncertainties for the top mass determination in J/Ψ final
states.

Source δmt Source δmt

( GeV/c2) ( GeV/c2)

ΛQCD 0.31 Electron E scale 0.21
Q2 0.56 Muon p scale 0.38
Scale definition 0.71 Electron E resolution 0.19
b-quark fragmentation 0.51 Muon p resolution 0.12
Light jet fragmentation 0.46 Jet E scale 0.05
Minimum bias/Underlying event 0.64 Jet E resolution 0.05
Proton PDF 0.28 Background knowledge 0.21

Total theoretical 1.37 Total experimental 0.54

Total systematic 1.47

I would like to thank the organisers of the conference for the invita-
tion and their hospitality and my CMS colleagues for providing results and
information on their tt analyses.
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