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Introduction
• Top quark is a natural probe for new physics

• New physics can appear in both top quark production and decay

• This talk focuses on LHC results in searching for new physics in top decay 

• Many searches at LHC could show new physics by looking at the top decay
• FCNC in top decay

• search for baryon number violation in top decay

• measurement of the B(t➝Wb)/B(t➝Wq) ratio

• measurement  of the W boson helicity from top decay

• search for charged Higgs (t➝H+b)

• ...

• Three analysis will be shown:
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• Top quark is a natural probe for new physics

• New physics can appear in both top quark production and decay

• This talk focuses on LHC results in searching for new physics in top decay 

• Many searches at LHC could show new physics by looking at the top decay
• FCNC in decay

• search for baryon number violation in top decay

• measurement of the B(t➝Wb)/B(t➝Wq) ratio

• measurement  of the W boson helicity from top decay

• search for charged Higgs (t➝H+b)

• ...

• Three analysis will be shown:
• TOPQ-2011-22     (ATLAS) 

• TOP-11-028          (CMS)

• B2G-12-002          (CMS)
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covered by other talks

Results produced using pp collisions 
at √s = 7 TeV collected in 2011

covered by this talk



Search for FCNC in top decay
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• According to the SM the 𝘽(t→Wb) is ~100%

• Branching ratios for FCNC top decays are known to be extremely small
• no tree-level FCNC processed in the SM

• they can be produced at one-loop level

• because of GIM cancellations, the one-loop effects are suppressed

• typical branching ratios for FCNC top decays are of the order of 10-12 or lower

• Many extensions of the SM predict higher BR for FCNC top decays

• supersymmetric model with R-parity violation

• technicolor models

• quark-singlet model

              ...

• Direct searches for the FCNC decay t→Zq performed at Tevatron

• upper limits: 3.7% set by CDF and 3.2% set by D0

• t→Zq search also performed at LHC by ATLAS and CMS experiments
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𝘽(t→Zq) could be up to ~10-4



ATLAS search

• Search for t➝Zq decay in tt pairs

• Based on 2.1 fb-1 of pp collision data at √s = 7 TeV (2011)

• The three leptons final state used for the search:

arXiv:1206.0257

ar
X

iv
:1

20
6.

02
57

v1
  [

he
p-

ex
]  

1 
Ju

n 
20

12

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-2012-139
Submitted to: JHEP

A search for flavour changing neutral currents in top-quark
decays in pp collision data collected with the ATLAS detector at

√

s = 7 TeV

The ATLAS Collaboration

Abstract

A search for flavour changing neutral current (FCNC) processes in top-quark decays by the ATLAS
Collaboration is presented. Data collected from pp collisions at the LHC at a centre-of-mass energy
of √s = 7 TeV during 2011, corresponding to an integrated luminosity of 2.1 fb−1, were used. A
search was performed for top-quark pair-production events, with one top quark decaying through
the t → Zq FCNC (q = u, c) channel, and the other through the Standard Model dominant mode
t → Wb. Only the decays of the Z boson to charged leptons and leptonic W -boson decays were
considered as signal. Consequently, the final-state topology is characterised by the presence of three
isolated charged leptons, at least two jets and missing transverse momentum from the undetected
neutrino. No evidence for an FCNC signal was found. An upper limit on the t → Zq branching ratio of
BR(t → Zq) < 0.73% is set at the 95% confidence level.
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tt̄ ! WbZq ! l⌫bllq

http://arxiv.org/abs/1208.0957
http://arxiv.org/abs/1208.0957


Object definition
• Lepton candidates are selected using:

• the full ATLAS detector (inner detector, calorimeter and muon spectrometer)
• only the inner detector 

 

• ID electron candidates:
• reconstruction starts from energy deposits in the EM calorimeter (clusters)
• clusters are matched to reconstructed tracks in the inner detector

• ID muon candidates: 
• reconstruction starts from track segments in the muon system
• segments are combined and then matched with reconstructed tracks in the inner detector

• TL candidates:
• defined by inner detector tracks
• a series of quality cuts are applied to keep the misidentification rate low

• Jets:
• reconstruction uses the anti-kt algorithm (R = 0.4)
• energy corrections (pT- and ƞ-dependent) are applied

ID leptons

Track leptons or “TL”
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Event selection 1/3
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• events are triggered using a single electron or muon trigger
• one of the 3 lepton candidates must match the triggered lepton within ∆R < 0.15 

• exactly 3 lepton candidates, 3ID or 2ID+TL, are requested

• for 3ID events, requirements on lepton candidates are: 
• pT > 25 GeV/c for the leading lepton and pT > 20 GeV/c for the other two

• |ƞ| < 2.5 for muons and |ƞ| < 2.47 for electrons (excluding the range 1.37 < |ƞ| < 1.52)

•  

• for 2ID+TL events, requirements on lepton candidates are: 
• pT > 25 GeV/c for the TL candidate and pT > 20 GeV/c for the two ID candidates

• |ƞ| < 2.5 for muons and |ƞ| < 2.47 for electrons (excluding the range 1.37 < |ƞ| < 1.52)
•  

• all lepton candidates are requested to come from the same primary vertex

• veto for cosmic muons:
• ID muon pairs are rejected if muons are back-to-back and with |d0| > 0.5 mm
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requested:

• 3ID and 2ID+TL analysis are orthogonal

• single electron or muon trigger



Event selection 2/3
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• lepton candidates requested to be isolated:

• ID electrons: calorimeter ∑ET < 3.5 GeV (∆R = 0.2)

• ID muons: 

• calorimeter ∑ET < 4 GeV (∆R = 0.3)

• ∑pT < 4 GeV (∆R = 0.3)

• TL candidates:  ∑pT < 2 GeV (∆R = 0.3)

• at least two jets

• pT > 25 GeV and |η| < 2.5

• separated by ∆R > 0.4 from the TL candidate 

• transverse missing energy > 20 GeV

tracking-based isolation

calorimeter-based isolation



Event selection 3/3
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• in 2ID+TL events, at least one jet is required to be b-tagged 
• based on a cut on a likelihood ratio of b- to light-quark jet hypotheses (eff ~80% for tt pairs) 

• events must be kinematically compatible with the signal-like final state 

• constraints (based on MC) are:
• masses:   mt = 172.5 GeV/c2,   mW = 80.4 GeV/c2,   mZ = 91.2 GeV/c2

• resolutions:   σt = 14 GeV/c2,   σW = 10 GeV/c2,   σZ = 3 GeV/c2 
• events are rejected if:

• the reconstructed top masses are not within 40 GeV/c2 of mt

• the reconstructed W mass is not within 30 GeV/c2 of mW

• the reconstructed Z mass is not within 15 GeV/c2 of mZ

the candidate. The contribution from all ID muon candidates and calorimeter clusters

(including those not belonging to a reconstructed object) was also included. TL candidates

that arise from muons and leave little energy in the calorimeter are not properly included

in the Emiss
T . In such events the Emiss

T often points close to the TL direction. In these

events the Emiss
T was corrected with the pT of the TL if the TL and an oppositely-charged

ID muon were consistent with coming from a Z-boson decay, and if the ∆φ between the

Emiss
T and the TL direction was less than 0.15 and there is no ID lepton within ∆R=0.05 of

the TL (in which case the correction was already included by the Emiss
T algorithm). After

all corrections, Emiss
T > 20 GeV was required.

5 Event selection and reconstruction

The analysis required collision data selected by an inclusive single-electron or single-muon

trigger. To ensure that the event was triggered by the lepton candidates used in the

analysis, one of the identified leptons and the triggered lepton were required to match

within ∆R < 0.15.

Events were required to have a primary interaction vertex with at least five tracks with

pT > 400 MeV. The event was discarded if it had any jet with pT > 20 GeV that failed

quality cuts designed to reject jets arising from calorimeter noise or activity inconsistent

with the bunch-crossing time [63]. If an electron candidate and a muon candidate shared

a track, the event was also discarded.

During part of the data-taking period, corresponding to an integrated luminosity of

0.9 fb−1, an electronics failure in a small η − φ region of the LAr EM calorimeter created

a dead region. For this subset of the data, events in data and MC simulation containing

either an identified electron or a jet with pT > 20 GeV, satisfying −0.1 < η < 1.5 and

−0.9 < φ < −0.5 were rejected.

Events were selected as either 3ID or 2ID+TL candidates, each with thresholds de-

scribed in Section 4. In both cases, all three lepton candidates were required to come from

the same primary interaction vertex. In addition, signal candidates were required to have

at least two jets and Emiss
T > 20 GeV. In events selected with a TL, at least one jet was

required to be b-tagged. Figure 1 shows the Emiss
T distribution for the 3ID and 2ID+TL

events prior to the final selection requirements. For the 3ID case these are events with

three identified leptons with at least one opposite-sign, same-flavour pair with an invariant

mass consistent with a Z-boson, but no jets or Emiss
T requirement. In the 2ID+TL case,

these are events with an opposite-sign pair and both the jet and Emiss
T requirements, but

no Z-boson selection.

Selected events were required to be kinematically consistent with tt̄ → WbZq through

a χ2 minimized with respect to jet and lepton assignments and the longitudinal momentum

of the neutrino, pνz . The χ2 was defined as follows
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(

mreco
ja"a"b

−mt

)2

σ2
t

+

(

mreco
jb"cν

−mt

)2

σ2
t

+

(

mreco
"cν

−mW

)2

σ2
W

+

(

mreco
"a"b

−mZ

)2

σ2
Z

, (5.1)

– 6 –

�

2 =
X (x� x̄)2

�

2

 Davide Pagano                                                                                    TOP 2012 - September 20, 2012

9• in 2ID+TL events, at least one jet is required to be b-tagged 
• based on a cut on a likelihood ratio of b- to light-quark jet hypotheses (eff ~80% for tt pairs) 

• events must be kinematically compatible with the signal-like final state 

• constraints (based on MC) are:
• masses:   mt = 172.5 GeV/c2,   mW = 80.4 GeV/c2,   mZ = 91.2 GeV/c2

• resolutions:   σt = 14 GeV/c2,   σW = 10 GeV/c2,   σZ = 3 GeV/c2 
• events are rejected if:

• the reconstructed top masses are not within 40 GeV/c2 of mt

• the reconstructed W mass is not within 30 GeV/c2 of mW

• the reconstructed Z mass is not within 15 GeV/c2 of mZ

the candidate. The contribution from all ID muon candidates and calorimeter clusters

(including those not belonging to a reconstructed object) was also included. TL candidates

that arise from muons and leave little energy in the calorimeter are not properly included

in the Emiss
T . In such events the Emiss

T often points close to the TL direction. In these

events the Emiss
T was corrected with the pT of the TL if the TL and an oppositely-charged

ID muon were consistent with coming from a Z-boson decay, and if the ∆φ between the

Emiss
T and the TL direction was less than 0.15 and there is no ID lepton within ∆R=0.05 of

the TL (in which case the correction was already included by the Emiss
T algorithm). After

all corrections, Emiss
T > 20 GeV was required.

5 Event selection and reconstruction

The analysis required collision data selected by an inclusive single-electron or single-muon

trigger. To ensure that the event was triggered by the lepton candidates used in the

analysis, one of the identified leptons and the triggered lepton were required to match

within ∆R < 0.15.

Events were required to have a primary interaction vertex with at least five tracks with

pT > 400 MeV. The event was discarded if it had any jet with pT > 20 GeV that failed

quality cuts designed to reject jets arising from calorimeter noise or activity inconsistent

with the bunch-crossing time [63]. If an electron candidate and a muon candidate shared

a track, the event was also discarded.

During part of the data-taking period, corresponding to an integrated luminosity of

0.9 fb−1, an electronics failure in a small η − φ region of the LAr EM calorimeter created

a dead region. For this subset of the data, events in data and MC simulation containing

either an identified electron or a jet with pT > 20 GeV, satisfying −0.1 < η < 1.5 and

−0.9 < φ < −0.5 were rejected.

Events were selected as either 3ID or 2ID+TL candidates, each with thresholds de-

scribed in Section 4. In both cases, all three lepton candidates were required to come from

the same primary interaction vertex. In addition, signal candidates were required to have

at least two jets and Emiss
T > 20 GeV. In events selected with a TL, at least one jet was

required to be b-tagged. Figure 1 shows the Emiss
T distribution for the 3ID and 2ID+TL

events prior to the final selection requirements. For the 3ID case these are events with

three identified leptons with at least one opposite-sign, same-flavour pair with an invariant

mass consistent with a Z-boson, but no jets or Emiss
T requirement. In the 2ID+TL case,

these are events with an opposite-sign pair and both the jet and Emiss
T requirements, but

no Z-boson selection.

Selected events were required to be kinematically consistent with tt̄ → WbZq through

a χ2 minimized with respect to jet and lepton assignments and the longitudinal momentum

of the neutrino, pνz . The χ2 was defined as follows

χ2 =

(

mreco
ja"a"b

−mt

)2

σ2
t

+

(

mreco
jb"cν

−mt

)2

σ2
t

+

(

mreco
"cν

−mW

)2

σ2
W

+

(

mreco
"a"b

−mZ

)2

σ2
Z

, (5.1)

– 6 –

�

2 =
X (x� x̄)2

�

2

 Davide Pagano                                                                                    TOP 2012 - September 20, 2012

9

• in 2ID+TL events, at least one jet is required to be b-tagged 
• based on a cut on a likelihood ratio of b- to light-quark jet hypotheses (eff ~80% for tt pairs) 

• events must be kinematically compatible with the signal-like final state 

• constraints (based on MC) are:
• masses:   mt = 172.5 GeV/c2,   mW = 80.4 GeV/c2,   mZ = 91.2 GeV/c2

• resolutions:   σt = 14 GeV/c2,   σW = 10 GeV/c2,   σZ = 3 GeV/c2 
• events are rejected if:

• the reconstructed top masses are not within 40 GeV/c2 of mt

• the reconstructed W mass is not within 30 GeV/c2 of mW

• the reconstructed Z mass is not within 15 GeV/c2 of mZ

the candidate. The contribution from all ID muon candidates and calorimeter clusters

(including those not belonging to a reconstructed object) was also included. TL candidates

that arise from muons and leave little energy in the calorimeter are not properly included

in the Emiss
T . In such events the Emiss

T often points close to the TL direction. In these

events the Emiss
T was corrected with the pT of the TL if the TL and an oppositely-charged

ID muon were consistent with coming from a Z-boson decay, and if the ∆φ between the

Emiss
T and the TL direction was less than 0.15 and there is no ID lepton within ∆R=0.05 of

the TL (in which case the correction was already included by the Emiss
T algorithm). After

all corrections, Emiss
T > 20 GeV was required.

5 Event selection and reconstruction

The analysis required collision data selected by an inclusive single-electron or single-muon

trigger. To ensure that the event was triggered by the lepton candidates used in the

analysis, one of the identified leptons and the triggered lepton were required to match

within ∆R < 0.15.

Events were required to have a primary interaction vertex with at least five tracks with

pT > 400 MeV. The event was discarded if it had any jet with pT > 20 GeV that failed

quality cuts designed to reject jets arising from calorimeter noise or activity inconsistent

with the bunch-crossing time [63]. If an electron candidate and a muon candidate shared

a track, the event was also discarded.

During part of the data-taking period, corresponding to an integrated luminosity of

0.9 fb−1, an electronics failure in a small η − φ region of the LAr EM calorimeter created

a dead region. For this subset of the data, events in data and MC simulation containing

either an identified electron or a jet with pT > 20 GeV, satisfying −0.1 < η < 1.5 and

−0.9 < φ < −0.5 were rejected.

Events were selected as either 3ID or 2ID+TL candidates, each with thresholds de-

scribed in Section 4. In both cases, all three lepton candidates were required to come from

the same primary interaction vertex. In addition, signal candidates were required to have

at least two jets and Emiss
T > 20 GeV. In events selected with a TL, at least one jet was

required to be b-tagged. Figure 1 shows the Emiss
T distribution for the 3ID and 2ID+TL

events prior to the final selection requirements. For the 3ID case these are events with

three identified leptons with at least one opposite-sign, same-flavour pair with an invariant

mass consistent with a Z-boson, but no jets or Emiss
T requirement. In the 2ID+TL case,

these are events with an opposite-sign pair and both the jet and Emiss
T requirements, but

no Z-boson selection.

Selected events were required to be kinematically consistent with tt̄ → WbZq through

a χ2 minimized with respect to jet and lepton assignments and the longitudinal momentum

of the neutrino, pνz . The χ2 was defined as follows

χ2 =

(

mreco
ja"a"b

−mt

)2

σ2
t

+

(

mreco
jb"cν

−mt

)2

σ2
t

+

(

mreco
"cν

−mW

)2

σ2
W

+

(

mreco
"a"b

−mZ

)2

σ2
Z

, (5.1)

– 6 –

�

2 =
X (x� x̄)2

�

2

 Davide Pagano                                                                                    TOP 2012 - September 20, 2012

9

one jet is required to be b-tagged



Background estimation
• backgrounds categorized by the number of real and fake leptons:

• three real leptons backgrounds (WZ and ZZ)

• backgrounds with one fake lepton (Z+jets, WW, dileptonic tt, and ttW/Z)

• backgrounds with two or more fake leptons (W+jets, semi-leptonic tt, single top)

• 

• for the 3ID selection:

• diboson contribution taken from MC (dominant background)

• one fake lepton backgrounds: Z+jets estimated from data, the others taken from MC

• backgrounds with two or more fake leptons (estimated from data) negligible

• for the 2ID+TL selection:

• the dominant contribution comes from events with at least a fake lepton (from data)

• contribution from three real leptons backgrounds from MC
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Results

with a fake TL. A small contribution (2% of the total), evaluated from the MC simulation,

was included to account for events with a ‘real’ TL and a fake ID lepton.

A summary of expected backgrounds and selected data events in both the 3ID lepton

and 2ID+TL samples is shown in Table 1.

Table 1. Expected number of background events, number of selected data events and signal
efficiency (normalized to all decays of the W and Z bosons), after the final event selection. The tt̄
backgrounds correspond to SM decays of the top quarks. The third entry in the 2ID+TL column
corresponds to the fake TL background and includes all sources of events in the left-hand column
except ZZ, WZ, tt̄W and tt̄Z.

3ID 2ID+TL

ZZ and WZ 9.5 ± 4.4 1.0 ± 0.5
0.6

tt̄W and tt̄Z 0.51 ± 0.14 0.25 ± 0.05

tt̄, WW 0.07 ± 0.02

7.6 ± 2.2
Z+jets 1.7 ± 0.7

Single top 0.01 ± 0.01

2+3 fake leptons 0.0 ± 0.2
0.0

Expected background 11.8 ± 4.4 8.9 ± 2.3

Data 8 8

Signal efficiency (0.205 ± 0.024)% (0.045 ± 0.007)%

Figure 2 shows the reconstructed candidate Z-boson and top-quark masses, mll and

mllq respectively, for the FCNC decay hypothesis in the selected candidate events, for both

the 3ID and 2ID+TL data, compared with the expectations from SM backgrounds and the

FCNC signal.

7 Systematic uncertainties

A number of systematic uncertainties can influence the expected number of signal and/or

background events. The effect of each source of systematic uncertainty was studied by

independently varying the corresponding central value by the estimated uncertainty. For

each variation, the total number of expected background events and the signal efficiencies

were compared with the reference values.

The measurement of the integrated luminosity has a total uncertainty of 3.7% [35, 36].

This uncertainty was considered in the analyses by changing the normalizations of the back-

grounds evaluated from MC simulation. Uncertainties associated with the energy scale of

light-quark jets and b-jets were studied as a function of the jet transverse momentum

and pseudorapidity. These uncertainties, including the effects of pile-up, are in the range

6–10% [63]. The effects of the jet reconstruction efficiency uncertainty were studied by

randomly removing about 2% of jets from the events. The effect of potential jet resolution

mis-modelling in the MC simulation was evaluated by additional smearing of the recon-

structed jet energies within the uncertainties. In each case, the difference with respect to

– 10 –
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Figure 2. Expected and observed Z-boson and top-quark mass distributions for the FCNC decay
hypothesis in the 3ID ((a) & (c)) and 2ID+TL ((b) & (d)) candidate events after all selection
requirements. The tt̄ → WbZq distributions are normalized to the observed limit in each channel.

the nominal simulation was considered as the systematic uncertainty. The uncertainties

due to MC modelling of the lepton trigger, reconstruction and selection efficiencies, and

b-tagging efficiency, were taken into account by re-computing the predicted event yields and

signal acceptance using the corresponding systematic shift. The momentum of the lepton
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Figure 2. Expected and observed Z-boson and top-quark mass distributions for the FCNC decay
hypothesis in the 3ID ((a) & (c)) and 2ID+TL ((b) & (d)) candidate events after all selection
requirements. The tt̄ → WbZq distributions are normalized to the observed limit in each channel.

the nominal simulation was considered as the systematic uncertainty. The uncertainties

due to MC modelling of the lepton trigger, reconstruction and selection efficiencies, and

b-tagging efficiency, were taken into account by re-computing the predicted event yields and

signal acceptance using the corresponding systematic shift. The momentum of the lepton

– 11 –

• good agreement between data and expectations
• reported uncertainties are statistical plus systematic
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Limits

Table 3. The expected and observed 95% C.L. upper limits on the FCNC top quark decay t → Zq
BR. The ±1σ expected limits include both statistical and systematic uncertainties.

channel observed (−1σ) expected (+1σ)

3ID 0.81% 0.63% 0.95% 1.4%

2ID+TL 3.2% 2.15% 3.31% 4.9%

Combination 0.73% 0.61% 0.93% 1.4%

9 Conclusions

A search for FCNC decays of top quarks produced in pairs was performed using data

collected by the ATLAS experiment at a centre-of-mass energy of
√
s = 7 TeV and cor-

responding to an integrated luminosity of 2.1 fb−1. The search for the t → qZ decay

mode was performed by studying top-quark pair production with one top quark decaying

according to the Standard Model and the other according to the FCNC (tt̄ → bWqZ).

No evidence for such a signal was found. An observed limit at 95% C.L. on the t → qZ

FCNC top-quark decay branching fraction was set at BR(t → qZ) < 0.73%, assuming

BR(t → bW )+BR(t → qZ) = 1. The observed limit is compatible with the expected

sensitivity, assuming that the data are described correctly by the Standard Model, of

BR(t → qZ) < 0.93%.
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Table 2. Relative changes in the expected number of background events and signal yield for differ-
ent sources of systematic uncertainties. The contributions from the ZZ and WZ event generator
apply only to the simulated background samples.

3ID 2ID+TL

Source Background Signal Background Signal

Luminosity 4% 4% <1% 4%

Electron trigger 4% 1% <1% <1%

Electron reconstruction modelling 10% 3% <1% 2%

Muon trigger 3% 1% <1% <1%

Muon reconstruction modelling 7% 1% <1% 1%

TL reconstruction modelling — — 2% 1%

Jet energy scale 11% 1% 1% 1%

Jet reconstruction efficiency 5% 2% <1% <1%

Jet energy resolution 1% 3% 1% 4%

Emiss
T modelling 4% 1% <1% <1%

LAr readout problem 3% 1% <1% 1%

Pile-up 4% <1% <1% <1%

b-tagging — — 1% 6%

Top quark mass <1% 2% — 3%

σtt̄ <1% 8% — 8%

ISR/FSR <1% 3% — 6%

PDFs — 3% — 3%

ZZ and WZ shape 33% — 5% —

ZZ and WZ cross section 4% — <1% —

ZZ and WZ heavy-flavour content — — <1% —

Fake leptons 1% — 17% —

Total 38% 12% 18% 15%

the ZZ, WZ and signal acceptance were considered to be fully correlated between the 3ID

and 2ID+TL channels, while all other sources of uncertainties (statistical or systematic)

were considered uncorrelated. The limits on the number of signal events were converted

into upper limits on the corresponding BRs using the approximate NNLO calculation, and

its uncertainty, for the tt̄ cross section (σtt̄ = 165+11
−16 pb) [73], and constraining BR(t →

Wb) = 1−BR(t → Zq). The observed 95% C.L. upper limit on the FCNC t → Zq BR

is 0.82% (3.2%) taking the 3ID (2ID+TL) events and background evaluation alone, and

0.73% when the 3ID and 2ID+TL results are combined. Table 3 shows the observed and

expected limits in the absence of signal for the 3ID and 2ID+TL channels, as well as for

the combination. Also shown are the ±1σ expected limits.

– 13 –

• many sources of systematic uncertainties considered

• ~90% of 2ID+TL background estimated from data  

• 95% CL upper limits on the number of signal events 
   derived using the CLs method

• limits on the number of signal events converted to a limit on BR:

using σtt = 165 pb and constraining 𝘽(t➝Wb) = 1-𝘽(t➝Zq)

• ZZ, WZ and signal acceptance assumed to be fully correlated between the 3ID and 2ID+TL analysis

• observed upper limit on signal BR is set to 0.73%
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CMS search

• Search for t➝Zq decay in tt pairs

• Based on 5.0 fb-1 of pp collision data at √s = 7 TeV (2011)

• The three leptons final state used for the search:

• four cases                      

arXiv:1208.0957
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CMS-TOP-11-028

Search for flavor changing neutral currents in top quark
decays in pp collisions at 7 TeV

The CMS Collaboration⇤

Abstract

The results of a search for flavor changing neutral currents in top quark de-
cays t ! Zq in events with a topology compatible with the decay chain
tt ! Wb + Zq ! `nb + ``q are presented. The search is performed with a data sam-
ple corresponding to an integrated luminosity of 5.0 fb�1 of proton-proton collisions
at a center-of-mass energy of 7 TeV, collected with the CMS detector at the LHC. The
observed number of events agrees with the standard model prediction and no evi-
dence for flavor changing neutral currents in top quark decays is found. A t ! Zq
branching fraction greater than 0.24% is excluded at the 95% confidence level.

Submitted to Physics Letters B

⇤See Appendix A for the list of collaboration members
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1 Introduction

The top quark decays with a branching fraction of nearly 100% to a bottom quark and a W bo-
son, t ! Wb. However, some extensions of the standard model (SM) predict that the top quark
can also decay through a neutral Z boson, t ! Zq, where q is a u or c quark. This decay occurs
in the SM at the level of quantum loop corrections only, and the branching fraction B(t ! Zq)
is predicted to be O(10�14) [1], far below the experimental reach of the Large Hadron Col-
lider (LHC). Detection of this signal would therefore be an indication of a large enhancement
in the branching fraction and clear evidence for violations of the SM prediction. There are sev-
eral models, for example R-parity-violating supersymmetric models [2] and topcolor-assisted
technicolor models [3], that predict enhancements of the t ! Zq decay where B(t ! Zq) could
be as large as O(10�4).

Previous searches for the flavor changing neutral currents in top quark decays performed at the
Tevatron by CDF and D0 determined a B(t ! Zq) upper limit of 3.7% [4] and 3.2% [5] at the
95% confidence level (CL), respectively. At a center-of-mass energy of 7 TeV, the tt production
cross section at the LHC at the next-to-leading order is 157.5 pb for an assumed top quark
mass of 172.5 GeV, which is twenty times larger than that at the Tevatron at a center-of-mass
energy of 2 TeV. This enables event samples with leptonically decaying vector bosons to be
used. These samples have well determined backgrounds. A recent search in the three-lepton
channels performed at ATLAS with an integrated luminosity of 2.1 fb�1 reported a B(t ! Zq)
upper limit of 0.73% [6].

We expect B(t ! Zq) to be small and look for tt ! Zq + Wb ! ``q + `nb final state events,
which produce three-lepton (eee, eeµ, µµe, µµµ) final states. This choice results in a measure-
ment with reduced background and fewer signal events. The analysis uses a data sample cor-
responding to an integrated luminosity of 5.0 fb�1 of proton-proton collisions at

p
s = 7 TeV,

recorded by the Compact Muon Solenoid (CMS) experiment during 2011.

2 The CMS Detector

The central feature of the CMS apparatus is a superconducting solenoid, 13 m in length and 6 m
in diameter, which provides an axial magnetic field of 3.8 T. Within the field volume there are
several particle detection systems. Charged particle trajectories are measured by silicon pixel
and silicon strip trackers, covering 0  f  2p in azimuth and |h| < 2.5 in pseudorapidity,
where h is defined as � log[tan q/2] and q is the polar angle of the trajectory of the particle with
respect to the counterclockwise proton beam direction. A crystal electromagnetic calorimeter
and a brass/scintillator hadron calorimeter surround the tracking volume, providing energy
measurements of photons, electrons and hadron jets. Muons are identified and measured in
gas-ionization detectors embedded in the steel return yoke outside the solenoid. The detector
is nearly hermetic, allowing energy balance measurements in the plane transverse to the beam
direction. A two-tier trigger system selects the most interesting proton-proton collision events
for use in physics analysis. A more detailed description of the CMS detector can be found in
Ref. [7].

3 Basic Selection

Events with two opposite-sign, isolated leptons (e or µ) consistent with a Z-boson decay and an
extra charged lepton are selected, e+e�e±, e+e�µ±, µ+µ�e±, µ+µ�µ±. All three leptons must
be isolated and have transverse momentum pT > 20 GeV, and the electrons (muons) must
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Object definition
• Muons:

• reconstructed by using segments in the muon spectrometer and reconstructed hits in the tracker

• ID and quality cuts applied

• selection criteria used are ~99% efficient for muons from W and Z decays

• Electrons:

• reconstructed by matching energy deposits in the ECAL with hits in the tracker (strip + pixel)

• ID and quality cuts applied

• selection criteria used are ~95% efficient for electrons from W and Z decays

• Jets and MET:

• reconstructed using the particle-flow technique

• anti-kT jet clustering algorithm used, with cone R = 0.5

• energy calibrations and pile-up corrections are applied
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BASIC selection 1/2

• double lepton trigger (ee or µµ) 

• two opposite-sign leptons consistent with the Z boson 

• pT > 20 GeV/c within |ƞ| < 2.5 (2.4) for electrons (muons)

• isolation cut = 0.125 

• identification criteria

• invariant mass within [60, 120] GeV/c2

isolation variable:                                                 within                                                 = 0.3

• exactly one additional lepton

• pT > 20 GeV/c within |ƞ| < 2.5 (2.4) for electrons (muons)

• isolation cut = 0.1

• tighter requirements on electron reconstruction 

�R ⌘
p

(�⌘)2 + (��)2I ⌘ ECH
T + ENH

T + E�
T

plT
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Final state

Efficiency

eee eeµ eµµ µµµ

~99% ~98% ~91% ~93%



• all leptons must come from the same primary vertex

• missing transverse energy larger than 30 GeV

• MC events are weighted to reproduce:
• data trigger and reconstruction efficiency

• data pileup distribution

3

Table 1: Event yields and background predictions based on simulated events for all three-
lepton channels after the basic event selection, which includes the trigger, Z boson, third lepton,
fourth-lepton veto and missing transverse energy requirements for an integrated luminosity of
5.0 fb�1. The uncertainties include the statistical and systematic components separately (in that
order).

Channel µµe µµµ eee eeµ

Drell–Yan 2.0 ± 0.9± 0.3 0.9 ± 0.6 ± 0.1 2.8 ± 1.1 ± 0.4 0.9 ± 0.6 ± 0.1
WZ 46.1 ± 0.3 ± 6.1 60.3 ± 0.4 ± 8.0 40.9 ± 0.3 ± 5.4 48.6 ± 0.4 ± 6.4
ZZ 17.7 ± 0.2 ± 2.3 21.7 ± 0.2 ± 2.9 15.1 ± 0.2 ± 2.0 18.2 ± 0.1 ± 2.4
WW  0.001  0.001 0.18 ± 0.06 ± 0.01  0.001
tt  0.001 0.5 ± 0.2 ± 0.1 0.9 ± 0.5 ± 0.1 0.9 ± 0.4 ± 0.1
Single top  0.001 0.14 ± 0.09 ± 0.02  0.001  0.05
Total 66 ± 1 ± 7 84 ± 1± 9 60 ± 1 ± 6 69 ± 1 ± 7
Observed 73 87 85 61

The samples of Drell–Yan events with invariant mass of lepton pairs m`` larger than 50 GeV,
SM tt, and WZ are generated using MADGRAPH [14]. The samples of WW and ZZ diboson
events are simulated using PYTHIA [15], while single top quark events are generated using
POWHEG [16–18]. The signal sample pp ! tt ! Zq + Wb ! `+`�q + `±nb (` = e,µ) is simu-
lated using MADGRAPH. The set of parton distribution functions used is CTEQ6L [19]. The
CMS detector response is simulated using a GEANT4-based [20] model, and the events are
reconstructed and analyzed using the same software used to process collision data. The sim-
ulated events are weighted so that the trigger efficiencies, reconstruction efficiencies and the
distribution of reconstructed vertices observed in data are reproduced.

The observed and expected yields after the basic event selection described above are listed in
Table 1. The initial data sample of 1.3 (1.6) million Z to ee (µµ) events is reduced to less than
100 events per three-lepton channel. The Drell–Yan entry in Table 1 also includes the t+t�
decay mode. Single top quark production is dominated by the Wt channel. The total yields are
dominated by diboson production and a reasonable agreement is observed between data and
simulation. The details of the background estimations are discussed in Section 5.

Figure 1 shows the distributions for data and simulated events of the missing transverse energy,
transverse mass of the W boson candidate (mT), and the scalar sum of the transverse energy
ST, after the trigger, Z boson, third lepton, fourth-lepton veto, missing transverse energy, and
the additional requirement of two or more jets. The ST variable is defined as SpT` + SpTj + E/T,
where only the three leptons and two jets from the tt candidate are considered. The mT is
calculated using the transverse momentum and azimuthal direction of the third lepton and the
magnitude and direction of the missing transverse energy, as

p
2pT`E/T(1 � cos(Df)).

4 Signal Reconstruction

For the t ! Zq ! `+`�j signal, a full reconstruction of the top quark mass mZj is possible
and straightforward, but the possibility of a combinatorial background arises since there is no
unambiguous way to pair multiple light-quark jets with the Z boson. Therefore all possible
combinations are examined.

The invariant mass of the W and b jet system (mWb) can be reconstructed by assuming that the
transverse components of the neutrino momentum are given by the missing transverse energy
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• Expected and observed yields after the basic selection: 
uncertainties are statistical plus systematic



Signal reconstruction
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• for the FCNC decay, the top mass can be fully reconstructed

• for the                         decay, the top mass can be reconstructed by:

• assuming              as        and constraining          to the W mass

t ! Wb ! l⌫b

Ml⌫Emiss
T

• the search for                                       is performed using two strategies:

• ST-cut based selection             (reference analysis)

• b-tag based selection               

tt̄ ! WbZq ! lll⌫bq

• signal-like final states selected with additional cuts on jets, mZj and mWb
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ST selection
• at least two jets (pT > 30 GeV)

• candidate events should have ST > 250 GeV
• ST is defined as the sum of the pT of the leptons, the pT of the jets and the missing energy

• mZj and mWb requested to be between 100 GeV and 250 GeV

6 4 Signal Reconstruction
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Figure 2: Comparison between data and simulated events of the mZj and mWb distributions
after the basic event selection described in Section 3 for an integrated luminosity of 5.0 fb�1,
requiring at least two jets and: (Top) the minimum ST value, as required in the ST selection;
(Bottom) exactly one b jet as required in the b-tag based selection. The data are represented by
the points with error bars and the open histogram is the expected signal assuming B(t ! Zq)
is equal to 1%. Stacked solid histograms represent the dominant backgrounds. The last bin
contains all the overflow events. The red dotted lines show the boundaries of the allowed mass
region.
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b-tag selection
• at least two jets (same cuts as ST selection) with exactly one b jet

• jets are requested to be associated to the same vertex of the Z candidate

• mZj requested to be within 25 GeV of the assumed top mass (172.5 GeV)

• mWb requested to be within 35 GeV of the top mass

6 4 Signal Reconstruction
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Figure 2: Comparison between data and simulated events of the mZj and mWb distributions
after the basic event selection described in Section 3 for an integrated luminosity of 5.0 fb�1,
requiring at least two jets and: (Top) the minimum ST value, as required in the ST selection;
(Bottom) exactly one b jet as required in the b-tag based selection. The data are represented by
the points with error bars and the open histogram is the expected signal assuming B(t ! Zq)
is equal to 1%. Stacked solid histograms represent the dominant backgrounds. The last bin
contains all the overflow events. The red dotted lines show the boundaries of the allowed mass
region.
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Backgrounds
• diboson backgrounds taken form simulation

• Drell-Yan and tt are estimated from data
• two data samples considered:

1. basic selection plue at least two jets and a loose requirement for ST, mZj and mWb 

2. like the previous selection but with a looser requirement for the third lepton

• selection 2 contains events with 3 real leptons and 2 leptons plus a fake
  

• composition of true and fake three-leptons events estimated:
• from the efficiencies for true and misidentified leptons

• diboson events are subtracted (from MC) to obtain the DY and tt estimate            

• QCD multijet background negligible
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Results and limits

• No excess beyond the SM prediction found in both selections

• 95% CL upper limits on 𝘽(t➝Zq) have been set using the CLs approach

• Many sources of systematic uncertainties have been considered

• The final limit, taken from the ST selection because of the higher sensitivity, is: 0.24%

8 7 Results

Table 3: Background composition, observed and expected yields, and limits at the 95% CL
for all three-lepton channels combined for the ST and b-tag selections for an integrated lumi-
nosity of 5.0 fb�1. The uncertainties in the background estimation include the statistical and
systematic components separately (in that order).

Selection ST b-tag
WZ background 13.59 ± 0.20 ± 2.58 0.718 ± 0.011 ± 0.150
ZZ background 1.09 ± 0.02 ± 0.21 0.058 ± 0.001 ± 0.012
Drell-Yan and tt background 1.52 ± 0.46 ± 0.41 0.055 ± 0.017 ± 0.012
Total background prediction 16.20± 0.51 ± 2.62 0.83 ± 0.02 ± 0.15
Observed events 11 0
Expected limit at the 95% CL B(t ! Zq) < 0.36% B(t ! Zq) < 0.42%
Observed limit at the 95% CL B(t ! Zq) < 0.24% B(t ! Zq) < 0.30%

Table 4: Summary of the systematic uncertainties for the three-lepton signal selection in percent
for the ST and b-tag selections. There is an additional 2.2% uncertainty due to the luminosity
measurement.

Source ST selection [%] b-tag selection [%]

Trigger efficiency 4 4
Parton distribution functions 6 6
Lepton selection 7 7
Pile-up events 7 7
Missing transverse energy resolution 8 8
Cross sections 8 8
b-tagging 0 9
Jet energy scale 10 10
Total 19 21

background estimation is listed with the total background prediction given in Table 3.

7 Results

In the ST (b-tag) selection, we expect 16.2 ± 2.7 (0.8 ± 0.2) events from the SM background
processes and we observe 11 (0) events for all four channels combined. No excess beyond the
SM background is observed and a 95% CL upper limit on the branching fraction of t ! Zq is
determined using the modified frequentist approach (CLs method [24, 25]). A summary of the
observed and predicted yields and limits are presented in Table 3.

The calculation of the upper limit is based on the information provided by the observed event
count combined with the values and the uncertainties of the luminosity measurement, the back-
ground prediction, and the fraction of all tt ! Zq + Wb ! ``q + `b events expected to be
selected. The signal event yield is obtained from the efficiency times acceptance and branching
fraction for simulated events.

The best observed and expected 95% CL upper limits on the branching fraction B(t ! Zq)
are 0.24% and 0.36%, respectively, obtained in the ST selection from the combined three-lepton
analyses. The one-sigma boundaries of the expected limit are 0.26 – 0.52%. The correspond-
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Search for Baryon Number 
Violation in top decay
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Motivations
This analysis has been triggered by the following theoretical work

Search for BNV top quark decay in tt pairs  
Introduction 

Our analysis was triggered by the theoretical work done by F. Maltoni, J.M. Gerard, G. Durieux  
(from our institute) et. al. on BNV processes involving the top quark at LHC. 

ARTICOLO QUI 

The baryon number B is a global U(1) charge carried by quarks in units of 1/3.  

Baryon'number'viola7on:'
  In'the'Standard'Model'–'We'have'accidental'conserva4on'(no'fundamental'principle'
jus4fying'it).'Moreover,'non'perturba4ve'BNV'processes'arise'in'SM'due'to'the'B'(and'
L)'anomaly.'This'is'undetectable'at'the'usual'temperatures'and'energies.'

  In'Grand'Unified'theories'A'Viola4on'arising'from'the'gauge'group'extension'
(mediated'mainly'by'new'gauge'bosons,'but'also'new'scalars)'

  In'Supersymmetry'A'Viola4on'arising'from'the'introduc4on'of'new'fields'
(renormalizable'R.parity.viola4ng'interac4ons'allowed'by'sfermions)'

  In'black'holes'physics,'string'theories,...'
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Baryon number violation at the LHC: the top option
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Subject to strong experimental constraints at low energies, baryon number violation is nonetheless
well motivated from a theoretical point of view. We examine the possibility of observing baryon-
number-violating top-quark production or decay at hadron colliders. We adopt a model independent
effective approach and focus on operators with minimal mass-dimension. Corresponding effective
coefficients could be directly probed at the Large Hadron Collider (LHC) already with an integrated
luminosity of 1 fb−1 at 7 TeV, and further constrained with 30 (100) fb−1 at 7 (14) TeV.

PACS numbers: 12.38.Bx,12.60.-i,14.65.Ha,11.30.Fs

Introduction

In the Standard Model (SM) for fundamental inter-
actions, baryon (B) and lepton (L) numbers, associ-
ated with accidental global symmetries, are classically
conserved quantities; a (tiny) violation is, however, in-
duced by non-perturbative effects [1]. Baryon number
violation (BNV) also naturally occurs in Supersymme-
try [2], in Grand Unified Theories [3], where BNV is no-
tably mediated by new gauge bosons, and in black hole
physics [4]. The cosmological production of matter from
a matter–anti-matter symmetric initial condition more-
over requires B to have been violated in the early Uni-
verse [5].

On the other hand, experimental constraints on sev-
eral BNV processes have reached impressive heights. Nu-
cleon decay channels provide the best examples, though
baryon-number-violating decays of the τ lepton or, much
more recently, of heavy mesons have also been investi-
gated [6]. These latter measurements opened the way
for direct experimental tests of the baryon number con-
servation law within the second and third generations
of quarks and leptons but have not really extended the
range of energy scales. The only direct experimental con-
straints on BNV beyond the GeV scale are bounds on the
Z → p e−, p µ− branching ratios obtained at LEP [6].
The LHC comes as a natural step forward in probing the
baryon number conservation law beyond the TeV scale
and the first generation. In particular, with a very large
production rate and unique experimental signatures, top
quarks are an interesting option: the top flavor can be
clearly identified, the t and t̄ are distinguishable via the
charged lepton in their decay, and the hadronization ef-
fects unimportant. Consequently, BNV could be probed
at the quark level.

We choose to consider interactions involving one sin-
gle top quark and a charged lepton. The presence of
a single final state lepton produced from the proton-
proton initial state implies a total change in lepton num-
ber ∆L = ±1, and, by conservation of angular momen-

tum ∆(L + 3B) ∈ 2Z, requires a simultaneous violation
of B. Thus a single charged lepton without missing en-
ergy points toward BNV. In the presence of neutrinos
in the production process, though, the lepton number is
intractable. Consequently, baryon-number-violating pro-
cesses would be more difficult to identify unambiguously,
and could, for instance, be confused with flavor-changing
neutral currents [7, 8].

Effective operators

The effective BNV Lagrangian can easily be built out
of five lowest dimensional effective operators [9–11] that
preserve Lorentz invariance and SU(3)C ⊗ SU(2)L ⊗
U(1)Y gauge symmetries, along with an accidental global
B − L symmetry. Following the notation of Ref. [9], we
write

Ldim=6
BNV =

1

Λ2

5
∑

i=1

ci O(i) , (1)

where ci are the effective (dimensionless) coefficients of
the corresponding operators O(i) and Λ is the mass scale
associated with physics responsible for BNV beyond the
Standard Model.

Expanding SU(2)L indices in operators O(1−5) and
identifying one up-type quark as the top, the effective
terms that do not contain neutrinos can be parametrized
as linear combinations of only two operators (and their
Hermitian conjugates),

O(s) ≡ εαβγ [tc
α(aPL + bPR)Dγ ][U c

β(cPL + dPR)E],

O(t) ≡ εαβγ [tc
α(a′PL + b′PR)E][U c

β(c′PL + d′PR)Dγ ],
(2)

where D, U, E respectively denote generic down-, up-
type quarks and charged leptons. We emphasize that
fermions in Eq. (2) are taken as mass eigenstates. Charge

conjugated fields are defined as ψc ≡ Cψ
T

with C, the
charge conjugation matrix; 2PL/R ≡ 1 ∓ γ5; colors are

arXiv:1107.3805 

Baryon number violation (BNV):

• In the Standard Model - We have accidental BN conservation (no fundamental principle 
justifying it). Non pertubative BNV processes arise in SM because of B (and L) anomaly.

• In Grand Unified Theories - Violation arises from the gauge group extension (mainly 
mediated by new gauge bosons)

• In Supersymmetry - Violation arises from the introduction of new fields (renormalizable R-
parity violating interactions allowed by s-fermions)

• In black holes physics, string theories, ...

LHC will let us test the baryon number conservation beyond the TeV scale 
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CMS search

• Search for t➝lbq decay in tt pairs

• Based on 5.0 fb-1 of pp collision data at √s = 7 TeV (2011)

• The lepton plus five jets final state used:

• electron and muon flavors used                      

page 1/2
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pp ! tt̄ ! lbbjjj
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Contact: cms-pag-conveners-b2g@cern.ch 2012/09/13

Search for baryon number violating top quark decays in pp
collisions at

p
s = 7 TeV

The CMS Collaboration

Abstract

A search for the decay of top quarks that violate baryon number conservation is per-
formed using pp collisions produced by the LHC at

p
s = 7 TeV. The considered top

quark decay produces one light lepton (electron or muon), two jets, and no neutrino
in the final state. Data are collected using the CMS detector and correspond to an
integrated luminosity of 5.0 fb�1. The event selection is optimised for top quarks pro-
duced in pairs, with one experiencing the baryon number violating decay and the
other the standard model hadronic decay to three jets. No statistically significant ex-
cess of events over the expectations from standard model processes is observed. As-
suming lepton universality, the upper limit at 95% confidence level on the branching
ratio of the baryon number violating top quark decay is found to be 0.0067.



Analysis strategy
1.   Define a BASIC selection 

• Normalize data and MC and reduce non-top background

2. Define the signal region with a TIGHT selection

3. Expected yield as a function of the BNV top quark decay branching ratio (BR):

• signal contribution from tt and tW: single top t- and s-channel treated as non-top background

This approach largely reduces the impact 
of some systematic uncertainties
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giving the expected total yield in the tight selection (NT
exp) reads:

NT
exp = NB

top

"
NB

tt̄
NB

tt̄ + NB
tW

⇥ e(T|B)tt̄ +
NB

tW
NB

tW + NB
tt̄
⇥ e(T|B)tW

#
+ NT

bck (3)

where NB
tt̄ (NB

tW) is the tt (tW) expected yield in the basic selection and e(T|B)tt̄ (e(T|B)tW ) is the the
efficiency for tt (tW) events to pass the tight selection once the basic selection is passed. All
the quantities in the square brackets of Equation 3 are functions of BR and can be expressed in
terms of the tt and tW cross sections (stt and stW , respectively), integrated luminosity (which
cancels out), and efficiency values for passing the basic and tight selections. If these variables
are introduced, Equation 3 becomes:

NT
exp =

⇣
NB

obs � NB
bck

⌘
2

64
1

1 + stW eB
tW(BR)

stt̄e
B
tt̄(BR)

⇥
eT

tt̄(BR)
eB

tt̄(BR)
+

1

1 + stt̄e
B
tt̄(BR)

stW eB
tW(BR)

⇥ eT
tW(BR)

eB
tW(BR)

3

75+ NT
bck (4)

where NB
obs is the basic selection total yield observed in data and NB

bck (NT
bck) is the yield of138

the non-top background (including s and t-channel single top production events, as discussed139

below) in the basic (tight) selection. In Eq. 4, eB
tt (eT

tt) indicates the efficiency of the basic (tight)140

selection for tt events. Similarly, eB
tW (eT

tW) indicates the efficiency of the basic (tight) selection141

for tW events. Each of these four efficiency values is a function of BR and of three (for tt142

events) or two (for tW events) more fundamental efficiency values, each corresponding to an143

actual decay mode:144

eX
tt = 2BR(1 � BR)eX

BNV,SM + (1 � BR)2eX
SM,SM + BR2eX

BNV,BNV (5)

eX
tW = (1 � BR)eX

SM + BReX
BNV (6)

where X = B, T with B and T standing for basic and tight selection, respectively, and SM145

(BNV) indicating the SM decay mode of the top quark (t ! bW) or the BNV decay mode146

(t ! b̄c̄µ+ for the muon analysis, t ! b̄ūe+ for the electron analysis, and corresponding charge147

conjugate decays).148

In Eq. 4 we neglect the contributions to a possible BNV signal from events with single top149

production via s and t�channels. These contributions are expected to be negligible, while150

their proper treatment would have introduced significant complications in Eq. 4 and in the151

likelihood maximization procedure. These production modes are however treated as non-top152

background and assimilated into W+jets, Z+jets events etc.153

The observable of the likelihood function is the yield in data for the tight selection (NT
obs). The

parameter of interest is BR and the nuisance parameters, affecting the estimate of NT
exp, are the

ten efficiency values in Eq. 4, NB
bck, NT

bck and the ratio stW/stt. Each nuisance parameter, qi, is
assigned a lognormal probability density functions ri(qi|q̃i, s̃i) describing the probability of a
true value qi for the i-th nuisance parameter, given its estimated value q̃i, and its estimated
relative uncertainty s̃i. The likelihood L, given the data and the estimates q̃i and s̃i reads:

L(data | BR, q) = P
⇣

NT
obs | NT

exp(BR, q)
⌘
· ’

i
r(qi|q̃i, s̃i) , (7)

✏Xtt̄ = 2BR(1�BR)✏XBNV,SM + (1�BR)2✏XSM,SM +BR2✏XBNV,BNV

✏XtW = (1�BR)✏XSM +BR✏XBNV

X = T, B



BASIC selection
• single muon or single electron plus three jets trigger

• exactly one tight lepton 

• pT > 35 GeV/c within |ƞ| < 2.1

• isolation cut = 0.125 (0.1) for muons (electrons) 

• identification criteria

• veto for events containing an additional lepton 
• pT > 10 GeV/c (ET > 15 GeV in case of electrons) within |ƞ| < 2.5 

• isolation cut 0.2
• 

• at least five jets

• pT > 30 GeV/c within |ƞ| < 2.4 

• reconstructed using the anti-kT clustering algorithm (R = 0.5)

• energy and pileup corrections applied
• 

• at least one b-tagged jet

Main thresholds (muon pT, missing ET, Χ2, 
jet pT and b tagging) tuned by minimizing 

the expected limit on the signal BR
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TIGHT selection

4 5 Signal search strategy

the reconstructed invariant mass of the BNV decaying top. The values of x̄i and si are the mean123

and sigma of a Gaussian fit to the xi distribution obtained from simulated tt SM-BNV events,124

where the SM decay is fully hadronic and simulation information is used to obtain the right jet125

to parton association. In both analyses, the number of jet combinations to test are reduced by126

preventing jets tagged by the CSV algorithm tuned for high purity [27], from being associated127

to the W decay. All other combinations are tested and the one with smallest c2 is retained. In128

the case of the signal the correct jet combination is chosen in about 60% of the cases in both the129

muon and electron analysis. In the tight selection the smallest c2 is required to be smaller than130

20. The c2 distribution for simulated events with W+jets, tt with SM-SM decays, and tt with131

SM-BNV decays passing the basic selection in the muon analysis is shown in the right plot of132

Fig. 1.133
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Figure 1: Distribution of Emiss
T (left) and c2 (right) for simulated events with W+jets, tt with

SM-SM decays, and tt with SM-BNV decays. All allowed W decays are considered for the SM
decays of the top quark.

The value of the thresholds on the lepton pT, jet pT, Emiss
T and c2 as well as the b-tagging134

algorithm configuration are optimized, separately for the muon and electron analyses by min-135

imizing the expected upper limit on BR at 95% confidence level.136

5 Signal search strategy137

Contribution from BNV decays of the top quark can come not only from tt production pro-
cesses, but also from tW production and single top production via s and t�channels. The main
background in the tight selection is represented by tt events with SM-SM decays. In order to
reduce significantly the large systematic uncertainty that would arise from the uncertainty on
the tt cross section and from the uncertainty on the efficiency for tt events to pass the tight
selection, the expected top yield in the tight selection is expressed as the expected top yield in
the basic selection (NB

top), taken from data after subtraction of the subdominant non-top back-
ground, multiplied by the efficiency for top events to pass the tight selection once the basic
selection is passed. The latter efficiency is the sum of the efficiencies of the various top produc-
tion channels, each weighted by the relative rate of the channel. With this choice the expression

•  for the TIGHT selection it is additionally required: 
• missing energy < 20 GeV 

• χ2 < 20 

• χ2 gives the compatibility of event kinematics with the signal-like final state

• 

• three variables used:

• BNV decaying top mass

• W boson mass (b-tagged jets not allowed)

• hadronically decaying top mass

• mass values and resolutions taken from MC

• all possible combinations are considered and the one with smallest χ2  is kept

�

2 =
X

i

(xi � x̄i)

�i
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Background estimation
• tt and tW are normalized to data in BASIC 

• TIGHT yields are then extracted from their efficiency to pass TIGHT once BASIC is passed

• QCD multi-jet and γ+jets contributions estimated from data

• multi-jet: control region defined by reverting the isolation cut on the lepton

• for the electron channel an alternative method has been used as cross-check:

‣ it is based on fitting the observed isolation variable distribution with template shapes for 

the QCD and non-QCD contribution (compatible values)

• γ+jets: control region defined by reverting the photon conversion requirements

• all other backgrounds are estimated from MC

8 6 Background evaluation

Table 3: Relevant numbers for the estimate of the QCD multi-jet yield in the tight selection
for both the muon and electron analysis and in the basic selection for the electron analysis.
Uncertainties are only statistical.

Selection Nanti�iso
data Nanti�iso

non�qcd R Nqcd

Muon Tight 19 9.0 ± 1.4 0.9 ± 0.3 9.0 ± 5.1
Electron Basic 1276 631 ± 16 0.51 ± 0.10 329 ± 68
Electron Tight 261 52.2 ± 3.5 0.51 ± 0.10 106 ± 22

Table 4: Relevant numbers for the estimate of the QCD multi-jet yield in the basic selection for
the muon analysis. Uncertainties are only statistical.

eEmiss
T

ec2 NT
qcd NB

qcd

0.47 ± 0.09 0.55 ± 0.03 9.0 ± 5.1 35 ± 21

in data (Nanti�iso
data ), the yield of the QCD multijet background (Nqcd) can be inferred using the

following formula:
Nqcd = R(Nanti�iso

data � Nanti�iso
non�qcd) , (8)

where R is the ratio between the number of events from the QCD MC sample found in the iso-
lation and anti-isolation selection and the formula applies to both the basic and tight selection.
In the case of the basic selection of the muon analysis, however, the yield of non-QCD events
in the anti-isolation region is dominant and therefore subtracting it from Nanti�iso

data will result
in large uncertainties in the estimate of the QCD yield in the anti-isolation selection. For this
reason a different approach is adopted to estimate the yield of the multi-jet QCD background
in the basic selection (NB

qcd). The assumption of independence between Emiss
T and c2 is made

for QCD events and the estimated QCD yield in the tight selection (NT
qcd), as obtained from

Equation 8, is used in the following equation:

NB
qcd =

NT
qcd

eEmiss
T

ec2
, (9)

where eEmiss
T

(ec2 ) is the probability that a QCD event that passes the basic selection has Emiss
T <186

20 GeV (c2 < 20). The value of eEmiss
T

is taken from the Emiss
T distribution in simulated QCD187

events. The value of ec2 is instead taken from the c2 distribution in simulated W+jets events188

that pass the full basic selection.189

The relevant numbers involved in these estimations are reported in Tables 3 and 4.190

An alternative method has been used to cross check the multi-jet QCD yield in the electron191

analysis. The method relies on fitting the observed I`Rel distribution with template shapes for192

the QCD and the non-QCD contributions. The results obtained with several different analytical193

forms for the QCD template shape are all compatible with those reported in Tab. 3 within 10%194

(50%) for the tight (basic) selection.195

We assign a total uncertainty of 100% (50%) to the estimate of the QCD multi-jet background196

for the muon (electron) selection. The larger uncertainty for the muon channel is justified by197

the large statistical uncertainty in the estimate and from the lack of an alternative estimate, as198

for the case of the electrons.199

R =
QCD

iso

QCD
anti�iso

from simulation
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Results

Muon channel

Electron channel

• data and expected yields in the BASIC (before and after the correction) and TIGHT regions 
• reported uncertainties are statistical plus systematic
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Dataset Cross section (pb) Basic - Yield Basic - Corrected yield Tight - Yield

t¯t 157.5± 24.4 7816± 1960 7715± 1940 584± 81

W+jets 31310± 1560 1288± 770 1288± 770 76± 42

Z+jets 3048± 132 182± 109 182± 109 36± 20

WW 43.0± 1.5 9.9± 6.0 9.9± 6.0 0.97± 0.53
WZ 18.2± 0.7 6.7± 4.0 6.7± 4.0 0.92± 0.51
ZZ 5.9± 0.1 1.24± 0.75 1.24± 0.75 0.32± 0.18
tW 15.7± 0.8 233± 61 230± 61 12.8± 1.8
t-ch 64.6± 3.4 45± 27 45± 27 2.3± 1.3
s-ch 4.63± 0.19 4.8± 2.9 4.8± 2.9 0.26± 0.14
ttW 0.16± 0.02 26± 16 26± 16 2.0± 1.1
QCD - 35± 35 35± 35 9.0± 9.0
Total Exp. - 9647± 2180 9544± 98 724± 39

Data - 9544± 98 9544± 98 796± 28

Dataset Cross section (pb) Basic - Yield Basic - Corrected yield Tight - Yield

t¯t 157.5± 24.4 6769± 1700 6387± 1600 497± 72

W+jets 31310± 1560 1130± 510 1130± 510 88± 35

Z+jets 3048± 132 275± 120 275± 120 82± 33

WW 43.0± 1.5 8.4± 3.8 8.4± 3.8 0.80± 0.32
WZ 18.2± 0.7 6.8± 3.1 6.8± 3.1 1.10± 0.44
ZZ 5.9± 0.1 1.67± 0.75 1.67± 0.75 0.37± 0.15
tW 15.7± 0.8 188± 50 178± 47 14.6± 2.1
t-ch 64.6± 3.4 38± 17 38± 17 3.2± 1.3
s-ch 4.63± 0.19 3.9± 1.8 3.9± 1.8 0.30± 0.12
ttW 0.16± 0.02 23± 10 23± 10 1.77± 0.71
QCD - 374± 190 374± 190 109± 54

Total Exp. - 8817± 1890 8425± 92 798± 66

Data - 8425± 92 8425± 92 843± 29



MET and χ2 distributions
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Figure 2: Muon analysis: distribution of Emiss
T (left) and c2 (right). Top: corrected basic se-

lection with a null assumed BR value. Middle: tight selection with a null assumed BR value.
Bottom: tight selection with an assumed BR value equal to 0.003. The SM uncertainty band
in the middle and bottom plots includes statistical and systematic uncertainties; the system-
atic uncertainty is computed under the assumption of constant and fully correlated relative
uncertainty across all bins.

Muon channel



MET and χ2 distributions
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Figure 3: Electron analysis: distribution of Emiss
T (left) and c2 (right). Top: corrected basic se-

lection with a null assumed BR value. Middle: tight selection with a null assumed BR value.
Bottom: tight selection with an assumed BR value equal to 0.003. The SM uncertainty band
in the middle and bottom plots includes statistical and systematic uncertainties; the system-
atic uncertainty is computed under the assumption of constant and fully correlated relative
uncertainty across all bins.

Electron channel



Limits

• the 10 efficiency terms are assumed correlated

• the  2 non-top background yields are assumed correlated (but uncorrelated with the efficiencies)

• the observed upper limit on signal BR is set to 0.67%

• 95% CL upper limits on the signal BR set using CLs

• many sources of systematic uncertainties considered

• 14 nuisance parameters affecting NTexp
• 

18 6 Systematic uncertainties

Table 10: Source of systematic uncertainty considered in the analysis.
Source of systematic effect Uncertainty

Jet energy scale ±s(pT, h)
Jet energy resolution from 10% to 20%

Lepton efficiency 2%
Unclustered energy 10%

tt cross section 15%
tW cross section 8%

W+jets cross section 50%
Z+jets cross section 30%

tt and W+jets scale Q2 0.5Q2 and 2Q2

tt and W+jets matching threshold 10 and 40 GeV
Pileup ±0.6

B-tagging ±s(pT, h, f lavour)
Luminosity 4.5%

Table 11: Relative uncertainties (%) on the MC-nuisance parameters arising from experimental
sources.

Par JES JER PU BTAG µ eff LUMI
eB

tt SM SM +10/-14 0.5 3 2.5 2
eT

tt SM SM +5/-15 -1/-5 2.5 2.5 2
eB

tt BNV SM +10/-12 1 11 2.5 2
eT

tt BNV SM +9/-11 -16/+2 10 2.5 2
eB

tt BNV BNV +11/-15 -3/+5 9 2.5 2
eT

tt BNV BNV +6.5/-13 -27/+6 9 2.5 2
eB

tW SM +14/-18 0.1 4 3.5 2
eT

tW SM +22/-10 +6/+2 2 3.5 2
eB

tW BNV +14/-19 1 13 3.5 2
eT

tW BNV +15/-19 -9/-5 15 3.5 2
NB

bck +19/-23 1 2 7 2 4.5
NT

bck +20/-18 -3/-1 2 7 2 4.5

W+jets and Z+jet absolute cross section, does not affect any of the efficiency values. The signif-212

icance of the observation is mostly sensitive to eB
tt SM SM and eT

tt SM SM, while it is almost213

unaffected by uncertainties on the other MC-nuisance-parameters. In particular, uncertainties214

on the five efficiency values involving the signal only affect the measured value of the branch-215

ing ratio and its uncertainty, but not the significance. Moreover only an increase (decrease) of216

tight (basic) selection efficiencies results in a reduction of the significance. Table 10 summa-217

rizes the considered sources of systematic uncertainty and their uncertainty. The final relative218

uncertainty assumed for each nuisance parameter is instead reported in Tab. 11 and 12. These219

tables also report the various contributions of the various uncertainty sources and the assumed220

correlated and uncorrelated components. In those cases where a significant asymmetry is ob-221

served in the change of the nuisance parameters, both changes, with their sign are reported.222

Whenever there is no number reported, the corresponding source has no impact on the nui-223

sance parameter. The various sources of systematic uncertainty are described in more detail224

below.225

muon channel electron channel

14 References

Table 7: Observed 95% CL upper limit on BR, expected median 95% CL limit for the BR = 0
hypothesis and ranges that are expected to contain 68% of all observed excursions from the
expected median for the muon and electron channels and for their combination.

95% CL Upp. lim. Exp. lim. 68% exp. lim. range
Muon ch. 0.0076 0.0044 [0.0028, 0.0057]

Electron ch. 0.0072 0.0054 [0.0035, 0.0087]
Combined 0.0067 0.0041 [0.0027, 0.0060]

The results coming from the combination of the muon and electron channels are obtained by311

maximising the product of the two likelihood functions, assuming a common value of BR for312

the two channels. Any given nuisance parameter is considered to be fully correlated across the313

two analyses. The upper limit on BR at 95% CL is obtained with the CLs approach [36] where p-314

values are computed with a hybrid Bayesian-frequentist treatment of nuisance parameters [37].315

The significance of the measurement is expressed in terms of the number of Gaussian standard316

deviations at which the tail integral equals the p-value of the observations obtained under the317

BR = 0 hypothesis. The results are summarized in Table 7 for the muon, electron and combined318

analyses.319

9 Conclusions320

In summary the CMS detector has been used to search for baryon number violating top quarks321

decays. Data are found to be in agreement with the SM expectations, obtained from a data-322

driven method and MC simulations, in events with low Emiss
T , one isolated lepton (either a323

muon or an electron) and five jets, one of which is b-tagged. These results are used to set324

an upper limit of 0.0067 at 95% C.L. on the branching ratio of a hypothetical baryon number325

violating top quark decay into a lepton and 2 jets.326
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• Top quark is a probe for new physics

• New physics can be looked for in both top quark production and decay

• Results from LHC searches sensitive to new physics in the top decay shown:

• FCNC in decay (like t➝Zq)

• search for baryon number violation in top decay

• Shown analysis performed using √s = 7 TeV of pp collisions collected in 2011

• No evidence of new physics so far

Thank you!


