
1

Swagato Banerjee

Measurements of the top quark branching 
ratios into channels with leptons and quarks 

with the ATLAS detector



Top quark 
branching ratios

Swagato 
Banerjee

Introduction

2

Top (t) quark → W-boson + beauty (b) quark with > 95% probability. 
In the Standard Model (SM), the branching ratio (BR) of the t-quark 
is thus given by that of the W-boson, which are very well measured 

with 0.3% precision (assuming lepton universality) by the LEP 
experiments, and predicted with an uncertainty of the order of 0.1%.

In the SM, BR of the t-quark into leptons are same. 
But, in new physics models, the BR to τ-leptons could be different, 

eg. via contributions from the charged Higgs (t → H+b),  
or decays containing supersymmetric stop quarks (t → t ̃+ X).
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Almost similar diagrams could also lead to pair production of t,̃ 
decaying via t ̃→ b ντ τ ̃channel followed by τ ̃→ τ + gravitino decays 

which could change the measured BR to τ-leptons.  
Predicted cross-section for pair production of t-̃quark is same as that 

of pair production of t-quark for mt ̃= 120 GeV and  
12% of the value for mt ̃= 180 GeV.  

ICHEP2016 limits on mt ̃ from LHC are > 800 GeV.

At the LHC, top anti-top pair production happens via  
gluon-gluon (>84%) and quark-quark processes. 
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This analysis requires presence of ≥ 1 lepton (ℓ=e/µ) in the event,  
produced directly from W → ℓν or indirectly via W → τν decays, 

contributions from which are not distinguished, but summed. 
Events are classified based of the decays of the other W-boson: 

W → jets for ℓ+jets, W → ℓν for ℓℓ’+jets, W → τhν for ℓτh+jets, 
where τh refers to the hadronic decays of the τ-leptons.

Top-pair events are classified by  
leptonic or hadronic decays of the 

2 W-bosons and presence of b-jet(s).
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≥ 1 b-jets events are classified into 7 mutually exclusive final states: 

• e+jets, µ+jets: 
In ℓ+jets channels, 3 invariant masses from 2- and 3-jet systems, 

and a transverse mass distributions are fitted. 

• ee+jets, µµ+jets, eµ+jets: 
In ℓℓ’+jets channels, the di-lepton effective mass distributions  

from  2 different missing transverse energy (E̸T) regions are fitted. 
Backgrounds are smallest in the eµ+jets channel. 

• eτh+jets, µτh+jets: 
In ℓτh+jets channels, a multivariate discriminant from a boosted 
decision tree (BDT) output that separates jets from τh is fitted. 

Signal significance for ℓτh+jets channel is used for optimization,  
since it has largest background and smallest number of signal events.
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Results presented here were recorded at center-of-mass energy of √s = 7 TeV, 
the full 2011 data sample corresponding to an integrated luminosity of ∫L = 4.6 fb-1. 

Reference: ATLAS Collaboration, Phys. Rev. D 92, 072005 (2015)

In 2011,  ATLAS employed a 3 level trigger system: 
hardware based level-1 trigger, followed by software based level-2 and event filter 
to bring the recorded event rate to 75 KHz and 300 Hz for analysis, respectively.

This analysis uses events recorded with single lepton triggers: 
• single-muon trigger with pT > 18 GeV, or 
• single-electron trigger with ET > 20 GeV, rising to 22 GeV,  

during periods of high instantaneous luminosity from 2.4 to 3.7x1033 cm-2 s-1.

Process Monte Carlo generators
t t ̅ POWHEG + PYTHIA (Systematics: MCNLO/ALPGEN + HERWIG)

single-top MCNLO + HERWIG
W/Z + jets ALPGEN + HERWIG + JIMMY
WW/WZ/ZZ HERWIG + JIMMY
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Use common selection criteria as much as possible for uniformity: 

• 1 muon with pT > 20 GeV and/or 1 electron with ET > 25 GeV 
• In ℓ+jets channels, pT > 25 GeV for muons & require 1 lepton 
• In ℓℓ’+jets channels, require leptons to be oppositely charged 

• ET > 20 GeV for τh 
• Consider τh seeded with 1 charged track (selects 77% of τh) 
• τh overlapping with e/µ/jet objects not double-counted as τh  

• In ℓ+jets, ℓℓ’+jets channels remove events with identified τh 

• In ℓτh+jets channel, lepton & τh must have opposite charge 
• At least 2 jets with ET > 25 GeV (including b-jet requirement) 
• ≥ 1 b-jet with 70% efficiency, 0.8% mis-tag rate for all channels 

• In ℓ+jets channels, anti-isolated e/µ are multi-jet backgrounds  
• In ℓ+jets channels, number of jets ≥ 4 (including b-jet) 

• E̸T > 30 GeV, except in ℓ+jets channels, E̸T > 20 GeV



Top quark 
branching ratios

Swagato 
Banerjee

Event Selection

8

Use common selection criteria as much as possible for uniformity: 

• 1 muon with pT > 20 GeV and/or 1 electron with ET > 25 GeV 
• In ℓ+jets channels, pT > 25 GeV for muon & 1 isolated-lepton 
• In ℓℓ’+jets channels, require oppositely charged isolated e/µ 

• ET > 20 GeV for τh 
• Consider τh seeded with 1 charged track (selects 77% of τh) 
• τh overlapping with e/µ/jet objects not double-counted as τh  

• In ℓ+jets, ℓℓ’+jets channels remove events with identified τh 

• In ℓτh+jets channel, lepton & τh must have opposite charge 
• At least 2 jets with ET > 25 GeV (including b-jet requirement) 
• ≥ 1 b-jet with 70% efficiency, 0.8% mis-tag rate for all channels 

• In ℓ+jets channels, anti-isolated e/µ are multi-jet backgrounds  
• In ℓ+jets channels, number of jets ≥ 4 (including b-jet) 

• E̸T > 30 GeV, except in ℓ+jets channels, E̸T > 20 GeV



Top quark 
branching ratios

Swagato 
Banerjee

Event Selection

9

Use common selection criteria as much as possible for uniformity: 

• 1 muon with pT > 20 GeV and/or 1 electron with ET > 25 GeV 
• In ℓ+jets channels, pT > 25 GeV for muon & 1 isolated-lepton 
• In ℓℓ’+jets channels, require oppositely charged isolated e/µ 

• ET > 20 GeV for τh 
• Consider τh seeded with 1 charged track (selects 77% of τh) 
• τh overlapping with e/µ/jet objects not double-counted as τh  

• In ℓ+jets, ℓℓ’+jets channels remove events with identified τh 

• In ℓτh+jets channel, lepton & τh must have opposite charge 
• At least 2 jets with ET > 25 GeV (including b-jet requirement) 
• ≥ 1 b-jet with 70% efficiency, 0.8% mis-tag rate for all channels 

• In ℓ+jets channels, anti-isolated e/µ are multi-jet backgrounds  
• In ℓ+jets channels, number of jets ≥ 4 (including b-jet) 

• E̸T > 30 GeV, except in ℓ+jets channels, E̸T > 20 GeV



Top quark 
branching ratios

Swagato 
Banerjee

Event Selection

10

Use common selection criteria as much as possible for uniformity: 

• 1 muon with pT > 20 GeV and/or 1 electron with ET > 25 GeV 
• In ℓ+jets channels, pT > 25 GeV for muon & 1 isolated-lepton 
• In ℓℓ’+jets channels, require oppositely charged isolated e/µ 

• ET > 20 GeV for τh 
• Consider τh seeded with 1 charged track (selects 77% of τh) 
• τh overlapping with e/µ/jet objects not double-counted as τh  

• In ℓ+jets, ℓℓ’+jets channels remove events with identified τh 

• In ℓτh+jets channel, lepton & τh must have opposite charge 
• At least 2 jets with ET > 25 GeV (including b-jet requirement) 
• ≥ 1 b-jet with 70% efficiency, 0.8% mis-tag rate for all channels 

• In ℓ+jets channels, anti-isolated e/µ are multi-jet backgrounds  
• In ℓ+jets channels, number of jets ≥ 4 (including b-jet) 

• E̸T > 30 GeV, except in ℓ+jets channels where E̸T > 20 GeV



Top quark 
branching ratios

Swagato 
Banerjee

ℓ+jets channels

11

Important Backgrounds: 
• W(→ℓν) + jets modeled from MC 
• Z(→ℓℓ) + jets [1 mis-identified ℓ] cross-checked with data 
• Multi-jet [1 jet mis-identified as ℓ] modeled from data

For events with fake E̸T (< 30 GeV): transverse mass (mT) between ℓ 
& E̸T is fitted after fixing single-top & Z+jets contributions from MC.
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For events with E̸T >30 GeV: a 3D fit is performed using di-jet mass 
(Mjj) between 2 highest ET jets not b-tagged & 2 3-jet masses (Mb1jj, 

Mb2jj) between 1st and 2nd highest ET  b-jet and the ones used for mjj.
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S/B 1.7 1.8
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Important Backgrounds: 
• Z(→ℓℓ’) + jets modeled from MC templates, but very small in eµ 
• Multi-jet [jets mis-identified as ℓ] modeled from same sign data 
• Single-top, Di-boson modeled from MC

Fit di-lepton mass in 2 separate bins (30 < E̸T < 60 GeV, E̸T > 60 GeV) 
to account for varying amounts of Z + jets in different E̸T regions.
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S/B 2.1 2.3 19.4
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Separate templates for τh (MC), gluon/quark-jets (Data) are validated 
by a fit to BDT output that separates jets from τh using MC ensemble.

Region 1 (20 ≤ ET ≤  35 GeV) Region 2 (35 ≤ ET ≤  100 GeV)ττ

Important Backgrounds: 
• t t̅→ ℓ+ jets (jets mis-identified as τh) 
• Z / t t̅→ ℓℓ+ jets (ℓ mis-identified as τh) 
• W+jets, multi-jets (one jet mis-identified as ℓ and another jet as τh)
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Fit data to obtain  signal τh contribution

Region 1 (20 ≤ ET ≤  35 GeV) Region 2 (35 ≤ ET ≤  100 GeV)
ττ



Top quark 
branching ratios

Swagato 
Banerjee

ℓτh+jets channels

18

Ntt̅      = NS        - Bnon-t t̅  - Bℓepton is in good agreement with Ntt̅   
fitted fitted MC

 NS         : # of signal eventsfitted

Bnon-t t̅  : τh from other sources 
Bℓepton : ℓ mis-identified as τh 

Signal τh composition
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Definitions
A · ϵ: acceptance × efficiency

• Nµj=(observed number of tt → µ+jets)/ A · ϵµj

• Nej=(observed number of tt → e+jets)/A · ϵej

• Nµµ=(observed number of tt → µµ+jets) /A · ϵµµ

• Nee=(observed number of tt → e + e+jets) /A · ϵee

• Neµ=(observed number of tt → e + µ+jets) /A · ϵeµ

• Nτ =(observed number of tt → ℓ + τh+jets) /A · ϵℓτ

• Nj=Nµj+Nej

• Nℓ=Nµµ+Nee+Neµ

• Bµ : top quark branching ratio to µνµ(ντ ) + X

• Be: top quark branching ratio to eνe(ντ ) + X

• Bτ : top quark branching ratio to τhντ + X

• Bj : top quark branching ratio to jets

• Bℓ: Bµ+Be

- 29 - S. Protopopescu, BR
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Calculate B.R. and cross section
Note that Bµ and Be include events coming from τ leptons decaying

leptonically. With these definitions the following relations hold:

Nj = 2σtt · Bℓ · Bj · L (1)

Nℓ = σtt · B2
ℓ · L (2)

Nτ = 2σtt · Bℓ · Bτ · L (3)

Bj + Bℓ + Bτ = 1 (4)

where L is the integrated luminosity. Solving four equations with

four unknowns:

Bj = Nj/(Nj + 2Nℓ + Nτ ) (5)

Bℓ = 2Nℓ/(Nj + 2Nℓ + Nτ ) (6)

Bτ = Nτ /(Nj + 2Nℓ + Nτ ) (7)

σtt · L = (Nj + 2Nℓ + Nτ )2/4Nℓ (8)

- 30 - S. Protopopescu, BR
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Relative uncertainties (%)
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Bj + Bℓ + Bτ = 1, (10)

where σtt is the cross section for tt pair production and L is the integrated luminosity. These four equa-
tions with four unknowns can be solved to obtain:

Bj = Nℓ j/(Nℓ j + 2Nℓℓ + Nℓτ), (11)

Bℓ = 2Nℓℓ/(Nℓ j + 2Nℓℓ + Nℓτ), (12)

Bτ = Nℓτ/(Nℓ j + 2Nℓℓ + Nℓτ), (13)

σtt · L = (Nℓ j + 2Nℓℓ + Nℓτ)
2/4Nℓℓ. (14)

From the numbers of tt events given in Tables 1– 4 and the acceptances given in Table 5 the values are
obtained for Nℓx and given in Table 6. The Nℓx are in units of events/pb−1.

After solving for Bℓ one can solve for Be and Bµ using ratios in the dilepton and the single-lepton chan-
nel:

Bµ(e) = 2Nµµ(ee) · Bj/Nµ(e) j ≡ a, (15)

Bµ(e) = Bℓ ·
√

Nµµ(ee)/Nℓℓ ≡ b. (16)

The best values are obtained by minimizing

χ2 = ([Bµ(e) − a]/δa)2 + ([Bµ(e) − b]/δb)2, (17)

where δa and δb are the a and b uncertainties.

Table 5: The acceptance × efficiency (Ach · ϵch) of each channel used to extract the number of tt events after all
selections. TheAch · ϵch are calculated by taking the ratio of fully reconstructedMC events to MC generated events.
The uncertainties represent the statistical uncertainties of the MC samples.

e+jets µ+jets ee+jets µµ+jets eµ+jets ℓτ+jets
Ach · ϵch(%) 14.02±0.02 17.88±0.02 7.09±0.04 19.74±0.08 9.50±0.04 4.36±0.02
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Table 6: Measured number of events/pb−1 for each channel and the number predicted by the SM. Data uncertain-
ties are statistical only. The SM uncertainty is calculated using the theoretical uncertainty of the NNLO+NNLL
calculation of the cross section.

Nej Nµ j Nee Nµµ Neµ Nℓτ
Nℓ j Nℓℓ

Measured 30.62±0.26 30.57±0.29 3.06±0.12 3.19±0.10 6.06±0.12 6.39±0.30
61.19±0.40 12.31±0.20

SM 30.40±1.2 30.40±1.2 2.86±0.11 2.86±0.11 5.72±0.20 6.39±0.25
60.64±2.4 10.95±0.44

10 Systematic Uncertainties

Several sources of experimental and theoretical systematic uncertainty are considered. Lepton trig-
ger, reconstruction and selection efficiencies are assessed in data and MC simulation by comparing the
Z → ℓ+ℓ− events selected with the same object criteria as used for the tt analyses. Scale factors are ap-
plied to MC samples when calculating acceptances to account for any differences between predicted and
observed efficiencies. The scale factors are evaluated by comparing the observed efficiencies with those
determined with simulated Z boson events. Systematic uncertainties on these scale factors are evaluated
by varying the selection of events used in the efficiency measurements and by checking the stability of
the measurements over the course of data taking. The modeling of the lepton momentum scale and reso-
lution is studied with reconstructed invariant mass distributions of Z → ℓ+ℓ− candidate events, and these
distributions are used to adjust the simulation accordingly [36, 37].

The jet energy scale (JES), jet energy resolution (JER), and their uncertainties are derived by combining
information from test-beam data, LHC collision data and simulation. For jets within the acceptance, the
JES uncertainty varies in the range 4%–8% as a function of jet pT and η [39]. The b-tagging efficiency
and its uncertainty is determined using a sample of jets containing muons [40]. The effect of all these
variations on the final result is evaluated by varying each source of systematic uncertainty by ±1σ in the
MC-derived templates and fitting all the distributions with the new templates.

The uncertainty in the kinematic distributions of the tt signal events gives rise to systematic uncertainties
in the signal acceptance, with contributions from the choice of generator, the modeling of initial- and final-
state radiation (ISR/FSR) and the choice of PDF set. The generator uncertainty is evaluated by comparing
the MC@NLO and ALPGEN [29] predictions with those of POWHEG [20] interfaced to either HERWIG
or PYTHIA. The PDF uncertainty is evaluated following the PDF4LHC recommendation [45]. An event-
by-event weighting is applied to a default MC@NLO sample that uses the central value of CT10 [28].
MSTW2008 [46] and NNPDF2.0 [47, 48] sets are taken to estimate the systematic uncertainty due to
the PDF. The uncertainty due to ISR/FSR is evaluated using the ALPGEN generator interfaced to the
PYTHIA shower model, and by varying the parameters controlling ISR and FSR in a range consistent
with experimental data [49]. The dominant uncertainty in this category of systematic uncertainties is
the modeling of ISR/FSR. In addition there is an uncertainty in the W+jets MC simulation due to the
uncertainty in the heavy flavor component of the jets. The systematic uncertainty from single top MC
simulation has a negligible impact on the overall systematic uncertainty.

26
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• A single parameter fit to ℓ + jets, ℓℓ’ + jets and ℓτh + jets yields a 
cross-section of σt t̅  = 178 ± 17 pb, in good agreement with SM 
prediction of σt t̅  = 177.3 ± 9.0 +4.6 pb using NNLO + NNLL. 

• This analysis is the first measurement of top quark hadronic and 
semi leptonic branching ratios. Branching ratio measurements have 
smaller systematic uncertainties than cross-section measurements 
because of cancellation in ratios. The precision ranges from 2.3% for 
t → jets to 7.6% for t → τh + X. 

• The measured branching ratio Bτ will vary by more than the 
observed uncertainty if the B(t ̃→ b ντ τ)̃ times the production cross-
section of the t-̃quark is > 3% of that of pair production of t-quark.
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