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° Rare Top Quark decays
         - R = B(t to Wb)/B(t to Wq) (CMS)
         - Flavor-Changing Neutral Current (FCNC) in top decays (ATLAS + CMS)
         - Baryon Number Violating (BNV) top decays (CMS)

° Resonances
          - Z' to ttbar in all hadronic (CMS)
          - Z' to ttbar in l + jets (ATLAS + CMS)
          - W' to tb (ATLAS + CMS)
          - T* to tg (CMS)
          - Anomalous production in SS dileptons, resonances (ATLAS)

° Vector-Like Quarks and other non resonant states
          - Anomalous production in SS dileptons, non resonant (ATLAS)
          - T

5/3
 to SS dileptons (CMS)

          - Search for T VLQ in single-lepton and >= 2 bjet channel: T to Ht to (bb)t (ATLAS)
          - Search for 4th gen. t' and T VLQ in single-lepton and >=1 b-jet channel: T to Wb   (ATLAS)
          - Search for T & B VLQs in di-lepton and >= 2 b-jet channel: T to Zt & B to Zb  (ATLAS)
          - Inclusive search for Vector-Like T Quark in single- and multi-lepton channels (CMS)

Non-exhaustive review!

Only 2013 results!

2



  

 

Outline

Marco CARDACI

° Rare Top Quark decays
         - R = B(t to Wb)/B(t to Wq) (CMS)
         - Flavor-Changing Neutral Current (FCNC) in top decays (ATLAS + CMS)
         - Baryon Number Violating (BNV) top decays (CMS)

° Resonances
          - Z' to ttbar in all hadronic (CMS)
          - Z' to ttbar in l + jets (ATLAS + CMS)
          - W' to tb (ATLAS + CMS)
          - T* to tg (CMS)
          - Anomalous production in SS dileptons, resonances (ATLAS)

° Vector-Like Quarks and other non resonant states
          - Anomalous production in SS dileptons, non resonant (ATLAS)
          - T

5/3
 to SS dileptons (CMS)

          - Search for T VLQ in single-lepton and >= 2 bjet channel: T to Ht to (bb)t (ATLAS)
          - Search for 4th gen. t' and T VLQ in single-lepton and >=1 b-jet channel: T to Wb   (ATLAS)
          - Search for T & B VLQs in di-lepton and >= 2 b-jet channel: T to Zt & B to Zb  (ATLAS)
          - Inclusive search for Vector-Like T Quark in single- and multi-lepton channels (CMS)

Non-exhaustive review!

Only 2013 results!

Most recent results

2



  

 

Measurement of R = B (t to Wb) / B(t to Wq) with q = b, s, d

Marco CARDACI

- PLR to determine the 
signal purity
- Jet misassignement model 
obtained  by randomly 
rotating selected leptons
- PLR taking into account 
signal purity, 
misassignement and 
probability of b-tagging as 
a function or R 

Under the hypothesis 
of CKM matrix unitarity 

Upper and lower 
endpoints of the 
confdence interval 
on R using the 
Feldman-Cousins 
frequentist approach 
based on a 
likelihood ratio 

ordering principle 

Assuming                 
obtain at 95% CL 

[CMS-PAS-TOP-12-035]

Under the hypothesis 
of CKM matrix unitarity 

Indirect test of SM, which predicts:                                            [1]

Tension with SM from                                                                                            [2]

SM prediction:                                                                         [1]
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Search for FCNC in t to Zq with q = u, c

Marco CARDACI

Highly suppressed in the SM by GIM mechanisms                               [3]

Enhanced in R-parity violating SUSY [4], top color assisted technicolor [5] models to 

Measurement in the trilepton channel:

[CMS-PAS-TOP-12-037]

Data-driven background:

No excess found and 95% C.L. 
limit set with CLs method:

                       <

7 TeV analyses:
CMS Phys. Lett. B718 (2013) 1252 
ATLAS Phys. Lett. B712 (2012) 351-369
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Search for FCNC in t to c(u)H with H to gamma-gamma
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[ATLAS-CONF-2013-081]
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Quark-singlet model (QS) [6–8], 2HDM of type I with explicit favour conservation (FC-2HDM), or 
2HDM of type II, like MSSM [9–15], 2HDM without explicit favour conservation (2HDM-III) [16–23]

tt → (cH)(Wb) → 
(c gamma-gamma) (lnu c)

8 TeV

tt → (cH)(Wb) → 
(c gamma-gamma) (qq c)

7 TeV and 8 TeV

Single-lepton channel :
Lowest jet pT replaced by a lepton

B(t to cH) 

< 0.83% 
observed

< 0.53%
expected
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QCD background data-driven estimate:

[CMS-PAS-B2G-12-023]

from MC

from DATA
(fake rate)

2012 results (20 fb-1 at 8 TeV):

Search for Baryon Number Violating top decays

Cross check on MET modelling
from Z (           ) + 4 jets events

Recent studies point to BNV top decays                                       [25]

Small BNV can arise from non-perturbative effects in the SM [24]

Signature: 1 lepton + 5 jets + no MET
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ttbar resonances in all hadronic
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Highly boosted topologies - 2 fat jets in the fnal state:

[CMS-PAS-B2G-12-005]

Top-tagging criteria:
- 3 or 4 subjets
- Fat-jet mass within [140, 250] GeV
- Minimum pair-wise subjet mass > 50 GeV

QCD background model from inversion of pair-wise mass cut:

Anti top-tagged jet Probe jet

to estimate mistag rate, 
which is applied on 1 top-
tagged + X events

ATLAS
7 TeV analysis
JHEP 01(2013) 116

Constraint of enhancements (i.e. top forward-
backward charge asymmetry) in ttbar mass spectrum

Type Mass exclusions

Z' (10% width) [26] < 2.7 TeV

Z' (1.2% width) [26] < 2.1 TeV

KK-gluon [27] < 2.5 TeV
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[CMS-PAS-B2G-12-006]

Two regimes are investigated and then merged:

Threshold analysis

- Background parametrization

- Morphing for signal model

Boosted analysis

- No isolation requirement 
on the lepton, instead:

OR

- Both analyses use chi2 sorting for: jet assignement and neutrino disambiguation
- Both analyses apply a binned likelihood ft to the invariant mass to extract limits

ttbar resonances in l + jets

Type \ Mass 0.5 TeV 2 TeV

Z' (10% width) < 1.71 pb < 0.045 pb

Z' (1.2% width) < 1.94 pb < 0.029 pb

KK-gluon - < 0.101 pb

Cross section exclusions at 95% C.L.

Type Mass

Z' (10% width) [26] < 2.7 TeV

Z' (1.2% width) [26] < 2.1 TeV

KK-gluon [27] < 2.5 TeV

Mass exclusions at 95% C.L.
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[ATLAS-CONF-2013-052]

- Topocolor Z' (1.2% width) [26]

- KK-gluon (15.3% witdth) [28]

M
Z'
 > 1.8 TeV

M
g(KK)

 > 2.0 TeV

(not directly 
comparable with the 
measurement from 
CMS)

7 TeV analysis
Phys. Rev. D 88, 
012004 (2013)

- Boosted and 
resolved channels 
considered

- Bumphunter 
scan taking into 
account LEE
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ttbar resonances in l + jets



  

 

W' to tb
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Theory motivations: Little Higgs, Extra Dimensions, 
Extended Technicolor, L-R Symmetry [29 - 33] 

- M
W'

 > 2.03 TeV for right-handed W'

[CMS-PAS-B2G-12-010]
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- Limits on the general couplings (left-handed 
component implies mixing with SM) [34]
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[ATLAS-CONF-2013-050]

W' to tb

- Limits valid for the theoretical model (same as CMS) [34]:

M
W'(L)

 > 1.74 TeV M
W'(R)

 > 1.84 TeV

- Boosted Decision Tree discrimination

- Two categories: 2 jets 2 b-tags, 3 jets 2 b-tags
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T* to top + gluon
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[CMS-PAS-B2G-12-014]

Fermi-like function 
modelling the SM sources

Only showing electron channel here!

Result given for spin 3/2 RS T* [35]

M
T*

 > 794 GeV
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Search of T
5/3

 in SS dilepton
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[CMS-PAS-B2G-12-012]

T
5/3 

top partners of exotic charge [36 - 39]

M
T(5/3)

 > 770 GeV

Top-tagging as in
Z' analysis
                   +
W tagging:
- 2 subjets
- M within [60, 130] GeV
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SS dilepton searches
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M
b'
 > 720 GeV

M
B (singlet)

 > 590 GeV

M
T (singlet)

 > 540 GeV

M
sgluon

 > 800 GeV     (pair production)
M

KK
 > 900 GeV    

Non resonant results

[ATLAS-CONF-2013-051]

- Exchange of heavy 
particles via s- and t-channels

- 4 top quarks prevalently

Selection:
- exactly 2 SS leptons (and Z veto for SF)
- 2 jets
- at least 1 b-tag
- MET > 40 GeV
- H

T
 > 550 GeV

Optimization:
- H

T
 > 650 GeV 

 for b' and VLQ searches
- H

T
 > 650 GeV and at least 2 b-tags

  for 4 top enhancement 
- Positive charge leptons
  for 2 positively charged top quark production

b' [40]  T, B Vector-like Quarks [41], 4 top quark production [42], 
slguons [43 - 49], UED [50], positively charged top pair [51, 52] 
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Search for T Vector-Like Quark

 
Marco CARDACI

- T (singlet or doublet) to bW, tH and tZ [53] in single lepton channel and >= 2 b-tags: focusing on T to Ht to (bb)t 

- Fit SF of ttbar + LF and ttbar + HF for HT < 700 GeV

- Backgrounds from Matrix Method and W charge asymmetry

- Log-Likelihood Ratio as test-statistics

[ATLAS-CONF-2013-018]

M
T(doublet)

 > 790 GeV M
T(singlet)

 > 640 GeV

T

T
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Search for t' Chiral 4th Gen. & T Vector-Like Quarks
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[ATLAS-CONF-2013-060]

- Single-lepton and 1 >= b-jet: focusing on T to Wb

- Complementary to previous analysis: >= 6 jets and >= 3 b-tag

- Backgrounds from Matrix Method and W charge asymmetry

- Log-Likelihood Ratio as test-statistics

M
t'
 >  740 GeV [54, 55]

M
T(singlet)

 > 505 GeV
valid also for Y(-4/3)
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Search for t' Chiral 4th Gen. & T Vector-Like Quarks
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[ATLAS-CONF-2013-060]

- Single-lepton and 1 >= b-jet: focusing on T to Wb

- Complementary to previous analysis: >= 6 jets and >= 3 b-tag

- Backgrounds from Matrix Method and W charge asymmetry

- Log-Likelihood Ratio as test-statistics

M
T(singlet)

 > 505 GeV [ATLAS-CONF-2013-060]
M

T(singlet)
 > 670 GeV

Combination
with 

previous
analysis

M
T(singlet)

 > 640 GeV [ATLAS-CONF-2013-018]
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Search for T & B Vector-Like Quark
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[ATLAS-CONF-2013-056]

Di-lepton and >= 2 b-tags: focusing on T to Zt & B to Zb   singlet doublet (*)

M
T

> 585 GeV > 680 GeV

M
B

> 645 GeV > 725 GeV

(*): T of an (X, T) doublet or B of an (B, Y) doublet
       with X(+5/3) and Y(-4/3) 

No signifcant signal-like excess observed in 
the invariant mass distribution :

2D limits on
B VLQ
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Search for T & B Vector-Like Quark
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[ATLAS-CONF-2013-056]

Di-lepton and >= 2 b-tags: focusing on T to Zt & B to Zb   singlet doublet (*)

M
T

> 585 GeV > 680 GeV

M
B

> 645 GeV > 725 GeV

(*): T of an (X, T) doublet or B of an (B, Y) doublet
       with X(+5/3) and Y(-4/3) 

No signifcant signal-like excess observed in 
the invariant mass distribution :

2D limits on
T VLQ
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Search for T & B Vector-Like Quark
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[ATLAS-CONF-2013-018 / 51 / 56 / 60]
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B exclusion limits T exclusion limits



  

Inclusive search for T Vector-Like Quark
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[CMS-PAS-B2G-12-015]

Observed Exclusion 
Limits are between:
M

T
 > 782 GeV

M
T
 > 687 GeV

Limits computed
using bayesian 
statistics

- BDT discriminant used for single-lepton channel based on: 
Jet multiplicity, b-tag multiplicity, H

T
,  missing p

T
, lepton p

T
, p

T
 of the 3rd 

jet & p
T
 of the 4th jet

- 4 single-lepton categories:
(Electron, Muon) x (>= 1 W-jets, 0 W-jets)
where W-jet is a CA jet that consists of 2 sub-jets

Single-lepton, OS and SS dileptons and tri-lepton channels 

- Instrumental backgrounds such as non-prompt and 
charge mis-identifed are estimated from data
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Analysis Exp. Result Result

R = B(t to Wb) / B(t to Wq) CMS R = 1.023 +0.036/-0.034 R > 0.945 (R <= 1) 

R = B(t to Wb) / B(t to Wq) CMS |V
tb
| = 1.011 +0.018/-0.017 (CKM unitarity) |V

tb
| > 0.972 (CKM unitarity)

FCNC CMS B(t to qZ) < 0.07%

BNV CMS B(t to bue/bcm) < 0.15 %

FCNC ATLAS B(t to cH) < 0.83%

Topcolor Z' (10% width) CMS M > 2.3 TeV (hadronic analysis) M > 2.7 TeV (semilep. analysis)

Topcolor Z' (1.2% width) CMS M > 1.6 TeV (hadronic analysis) M > 2.1 TeV (semilep. analysis)

KK-gluon (mass dependent width) CMS M > 1.8 TeV (hadronic analysis) M > 2.5 (semilep. analysis)

Topcolor Z' (1.2% width) ATLAS M > 1.8 TeV (semilep. analysis)

KK-gluon (15.3% width) ATLAS M > 2 TeV (semilep. analysis)

W' to tb CMS M > 2.03 TeV (right-handed)

W' to tb ATLAS M > 1.84 TeV (right-handed) M > 1.74 TeV (left-handed)

T* CMS M > 0.794 TeV

T
5/3

CMS M > 0.770 TeV

b' ATLAS M > 0.720 TeV

T CMS M > 0.782 TeV (singlet) 

T ATLAS M > 0.670 TeV (singlet) M > 0.790 TeV (doublet)

B ATLAS M > 0.645 TeV (singlet) M > 0.725 TeV (doublet)

Other non-resonant ATLAS M(sgluon) > 0.800 TeV M(KK mass) > 0.900 TeV

Summary

20
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Indirect test of SM, which predicts:                                            [1]

Tension with SM from                                                                                            [2]

Strategy in the dilepton channel:

- PLR to determine the signal purity

- Jet misassignement model obtained 
  by randomly rotating selected 
  leptons

Measurement of R = B (t to Wb) / B(t to Wq) with q = b, s, d

[CMS-PAS-TOP-12-035]

SM prediction:                                                                         [1]
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Measurement of R = B (t to Wb) / B(t to Wq) with q = b, s, d

Marco CARDACI

PLR taking into account signal purity, 
misassignement and probability of 
b-tagging as a function or R 

Under the hypothesis 
of CKM matrix unitarity 

Upper and lower endpoints of the confdence interval 
on R using the Feldman-Cousins frequentist approach 
based on a likelihood ratio ordering principle 

Assuming                 
obtain at 95% CL 

[CMS-PAS-TOP-12-035]

Under the hypothesis 
of CKM matrix unitarity 
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Search for FCNC in t to Zq with q = u, c

Marco CARDACI

Highly suppressed in the SM by GIM mechanisms                               [3]

Enhanced in R-parity violating SUSY [4], top color assisted technicolor [5] models to 

Measurement in the trilepton channel:

[CMS-PAS-TOP-12-037]

Data-driven background:

No excess found and 95% C.L. 
limit set with CLs method:

                       <

36

7 TeV analyses:
CMS Phys. Lett. B718 (2013) 1252 
ATLAS Phys. Lett. B712 (2012) 351-369



  

 

Search for Baryon Number Violating top decays

Marco CARDACI

Recent studies point to BNV top decays                                       [7]

[CMS-PAS-B2G-12-023]

Signature: 1 lepton + 5 jets + no MET

Likelihood approach based on the following equations:

which can be written after normalizing the expected event yield in the BASIC selection

- Improvement of a factor of 2.5 on the expected limit due to the normalization

Cross check on MET modelling
from Z (           ) + 4 jets events

Small BNV can arise from non-perturbative effects in the SM [6]
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QCD background data-driven estimate:

[CMS-PAS-B2G-12-023]

from MC
from DATA
(fake rate)

2012 results (20 fb-1 at 8 TeV):

2011 results (5 fb-1 at 7 TeV):

Muon channel | Electron channel
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Search for Baryon Number Violating top decays



  

 

Z' to ttbar in all hadronic

Marco CARDACI
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Highly boosted topologies - 2 fat jets in the fnal state:

[CMS-PAS-B2G-12-005]

Top-tagging criteria:
- 3 or 4 subjets
- Fat-jet mass within [140, 250] GeV
- Minimum pair-wise subjet mass > 50 GeV

QCD background model from inversion of pair-wise mass cut:

Anti top-tagged jet Probe jet

to estimate mistag rate, which is applied on
1 top-tagged + X events

ATLAS
7 TeV analysis
JHEP 01(2013) 116



  

 

Z' to ttbar in all hadronic

Marco CARDACI
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[CMS-PAS-B2G-12-005]

Constraint of enhancements (i.e. top forward-
backward charge asymmetry) in ttbar mass spectrum

Topcolor narrow (1.2%) resonance [8] Topcolor wide (10%) resonance [8]

KK-gluon (width function of mass) [9]

M
Z'
 > 1.6 TeV M

Z'
 > 2.3 TeV

M
g(KK)

 > 1.8 TeV
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41

[CMS-PAS-B2G-12-006]

Two regimes are investigated and then merged:

Threshold analysis

- Background parametrization

- Morphing for signal model

Boosted analysis

- No isolation requirement 
on the lepton, instead:

OR

- Both analyses use chi2 sorting for: jet assignement and neutrino disambiguation

- Both analyses apply a binned likelihood ft to the invariant mass to extract limits

The two regimes are ''combined'' choosing the transition on the base of the exp. sensitivity

Z' to ttbar in l + jets
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[CMS-PAS-B2G-12-006]

M
Z'
 > 2.1 TeV

Type \ Mass 0.5 TeV 2 TeV

Z' (10% width) < 1.71 pb < 0.045 pb

Z' (1.2% width) < 1.94 pb < 0.029 pb

KK-gluon - < 0.101 pb

M
Z'
 > 2.7 TeV

M
g(KK)

 > 2.5 TeV

Cross section exclusions at 95% C.L.

Topcolor narrow (1.2%) resonance [8] Topcolor wide (10%) resonance [8]

KK-gluon (width function of mass) [9]

Z' to ttbar in l + jets



  

 

Z' to ttbar in l + jets

Marco CARDACI

[ATLAS-CONF-2013-052]

- Boosted and resolved channels considered

43

7 TeV analysis
submitted to PRD
arXiv:1305.2756

- Bumphunter scan taking into account LEE

- No signifcant excess was found
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[ATLAS-CONF-2013-052]

- Topocolor Z' (1.2% width) [8]

- KK-gluon (15.3% witdth) [10]

44

Z' to ttbar in l + jets

M
Z'
 > 1.8 TeV

M
g(KK)

 > 2.0 TeV

7 TeV analysis
submitted to PRD
arXiv:1305.2756



  

 

W' to tb

Marco CARDACI
45

Theory motivations: Little Higgs, Extra Dimensions, Extended Technicolor, L-R Symmetry [11 - 15] 
- M

W'
 > 2.03 TeV for right-handed W'

- and in addition limits on the general couplings
(left-handed component implies mixing with SM) [16]

[CMS-PAS-B2G-12-010], [ATLAS-CONF-2013-050]

- Boosted Decision Tree discrimination

- Two categories:
    2 jets 2 b-tags
    3 jets 2 b-tags
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[ATLAS-CONF-2013-050]

W' to tb
- Limits valid for the theoretical model (same as CMS) [16]:

M
W'(L)

 > 1.74 TeV M
W'(R)

 > 1.84 TeV



  

T* to top + gluon

  
Marco CARDACI

[CMS-PAS-B2G-12-014]

Fermi-like function 
modelling the SM sources

Only showing electron channel here!

Result given for spin 3/2 RS T* [17]

M
T*

 > 794 GeV
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SS dilepton searches

 
Marco CARDACI

[CMS-PAS-B2G-12-012], [ATLAS-CONF-2013-051]

T
5/3 

top partners of exotic charge [18 - 21]

M
T(5/3)

 > 770 GeV

Top-tagging as in Z' 
analysis
           +
W tagging:
- 2 subjets
- M within [60, 130] GeV

b' [22]  T, B Vector-like Quarks [23],
4 top quark production [24], slguons [25 - 31], 
UED [32], positively charged top pair [33, 34] 

48

Selection:
- exactly 2 SS leptons (and Z veto for SF)
- 2 jets
- at least 1 b-tag
- MET > 40 GeV
- H

T
 > 550 GeV

Optimization:
- H

T
 > 650 GeV 

 for b' and VLQ searches

- H
T
 > 650 GeV and at least 2 b-tags

  for 4 top enhancement 

- Positive charge leptons
  for 2 positively charged top quark production  



  

SS dilepton searches
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M
b'
 > 720 GeV

49

M
B (singlet)

 > 590 GeV

M
T (singlet)

 > 540 GeV

M
sgluon

 > 800 GeV     (pair production)
M

KK
 > 900 GeV    

Non resonant results

[ATLAS-CONF-2013-050]

- Exchange of heavy 
particles via s- and t-channels

- 4 top quarks prevalently



  

Search for Vector-Like t' Quark

 
Marco CARDACI

- t' (singlet or doublet) to bW, tH and tZ [35] in single lepton channel

- Fit SF of ttbar + LF and ttbar + HF for HT < 700 GeV

- Backgrounds from Matrix Method and W charge asymmetry

- Log-Likelihood Ratio as test-statistics

[ATLAS-CONF-2013-018]

50

M
t'(doublet)

 > 790 GeV M
t'(singlet)

 > 640 GeV
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