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Exotica at LHC is Physics beyond SM/SUSY/Higgs  

q  Heavy Resonances (extended gauge models, extra dimensions,   
    technicolor) ⇒ dileptons, dijets, diphotons, ttbar, WZ 

q  Non-Resonant Signals 
q  Mono-particle + Missing ET (extended gauge models, extra  
    dimensions, technicolor) ⇒ mono-jet + MET, mono-photon + MET,  
    mono-lepton + MET  

q  Black Holes (extra dimensions) ⇒ high-multiplicity events 

q  Leptoquarks 
 

q  4th Generation ⇒ lepton + jet, dilepton 

CMS Exotica Public Physics Results  
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO  

 OUTLINE 



Total weight                   12 500 t 
Overall diameter            15.00 m 
Overall length                21.6 m 
Magnetic field                3.8 Tesla 

Large general-purpose particle physics detector 

Compact Muon Solenoid 

Detector subsystems are designed to measure: 
the energy and momentum of photons, electrons, muons, jets, missing ET up to a few TeV 
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LHC provided 6.13 fb-1 at a 7 TeV 
center-of-mass energy of proton  
beams for 2011 and  
23.3 fb-1 at a 8 TeV for 2012 
 
5.55 fb-1 and 21.79 fb-1   were recorded  
by CMS in 2011 and 2012 
 
The results covered by this talk were 
produced with up to 20fb-1  
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Heavy Resonances 
q   Extra gauge bosons predicted by extended gauge models (left-right 
symmetric models and GUT-inspired  models) 
q    Kaluza-Klein graviton excitations arising in extra dimensions models with 
curved bulk space (Randall-Sundrum model) 

Ø  Small extra spatial dimensions, Curved  
    bulk space (AdS5 - slice) 
Ø  Well separated  graviton mass spectrum 

q  Kaluza-Klein excitations of SM gauge  
    bosons in large flat extra-dimensions (TeV-1 Models)  

Ø  Bosons could also propagate in the bulk 
Ø  Fermions are localized at the same (opposite) orbifold point: destructive  
   (constructive) interference between SM gauge bosons and KK excitations  

q  Technicolor 

Signals: di-leptons/di-jets/di-photons resonance states in high (~TeV) invariant mass 
range ⇒ new particles would be observed as a bump, excess in the mass spectrum 
 

Excellent momentum and energy resolutions are required !!  
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Dileptons: Spectra 
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CMS PAS EXO-12-061 

New Physics (Zʹ′/ZKK/GKK) contributions to  
SM processes: 

−+→ llqq −+→ llgg
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Dileptons: Limits 

A Sequential Standard Model Zʹ′SSM with standard-model-like couplings is excluded with 8 
TeV data below 2960 GeV, and the superstring-inspired Z ʹ′ψ  below 2600 GeV 

 
Combined 7 TeV + 8 TeV data (5.3 fb-1 + 4.1 fb-1) excludes RS Kaluza–Klein gravitons 

below 2390 (2030) GeV for couplings of 0.1 (0.05) (Phys. Lett. B 720 (2013) 63) 
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CMS PAS EXO-12-061 

95% C.L. mass limits have been set on neutral gauge  
bosons using the combined muon and electron channels 
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Dilepton Events at CMS 
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CMS PAS EXO-12-061 

Dielectron, M = 1776 GeV 

Dimuon, M = 1824 GeV 
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Diphotons 

95% CL lower limits on a mass of RS Kaluza–Klein gravitons for given values 
of the coupling parameter k 
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PRL 108 (2012) 111801, arXiv:1112.0688  
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Dijets 
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CMS PAS EXO-12-059 

The observed 95% C.L. upper 
limits on σ x Br x A 
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Highest Dijets Mass at CMS 
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CMS PAS EXO-12-059 

Display for the event with the highest di-wide-jet mass  
(5.15 TeV) 

I. Gorbunov and S.Shmatov, Highlights of non-SUSY searches for physics beyond the SM from the CMS Detector….,  QFTHEP2013 



ttbar in the Boosted All-Hadronic Final State  
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Massive new particles from colorsinglet Zʹ′, colorons or axigluons, KK-excitations 
of gluons or gravitons etc could manifest as resonances in the production of 
ttbar pairs 
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CMS-PAS-B2G-12-005 
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ttbar in the Semileptonic Final States   
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CMS-PAS-B2G-12-006 
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A upper limit of 1.94 (1.71) pb and 
0.029 (0.045) pb  is set on the 
production cross section times 
branching fraction for a narrow 
(wide) resonance mass of 0.5 TeV 
and 2 TeV respectively.  

MKK Gluon > 2.54 TeV MtopcilorZʹ′ > 2.68 TeV 



WZ Resonances 
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arXiv:1206.0433, PRL 109 (2012) 141801 

SSM: MWʹ′ > 1143 GeV 

MρTC  is excluded between 167 and 687 GeV 
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(Lepton-Lepton) + (Jet-Jet) Resonance 
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WR and heavy neutrino from LR models 
CMS PAS EXO-12-017 

Combined limit for MWR > 2.9 TeV 
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Non-Resonant Signals 
q   ADD-graviton contribution in the SM processes (Drell-Yan,   
    diphotons productions) 
 

q  Compositeness 

Signals:  excess in di-particle spectrum 
 

15 

−+→ llqq −+→ llgg

d=2 

d=4 

SM 
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Exclusion Limits for ADD 
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Dimuons  Diphotons  CMS PAS EXO-12-027 PRL 108 (2012) 111801,  
arXiv:1112.0688  

The 95% CL limits on fundamental Planck scale, MS  
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Mono-Particle + MET 
q   Extra gauge bosons (Wʹ′) predicted by extended gauge  
    models (left-right symmetric models and GUT-inspired      
    models)  
 

q   Kaluza-Klein graviton emission in large 
    flat extra-dimensions (ADD model) 

q   Technicolor  

Signals:  lepton + MET, photon +MET, jet +MET 
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Lepton + MET 

Signature is W-like at high mas   
Background is SM W production! 
 
W’ with SM-like coupling is excluded with MW’  
< 3.35 TeV 
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CMS PAS EXO-12-060 
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Photon + MET 

19 

arXiv:1204.0821, PRL108 (2012) 261803 

CMS  extends the current limits to be MD > 
1.59-1.66 TeV for n = 3 - 6 
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Jet + MET 
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CMS PAS EXO-12-048 
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Black Holes 
arXiv:1303.5338 

CMS set limits on the 
minimum BH mass of 4.3-6.2 TeV 
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Leptoquarks 
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CMS PAS-EXO-12-042 

ST is the sum of the magnitudes of the pT of the 
two leading electrons and two leading jets. 
 
A 95% C.L. lower limit is set on the mass of a 
second-generation scalar leptoquark at 1070 
GeV 
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bʹ′→ t + W/Z 
CMS-PAS-SUS-12-027 
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8 Interpretation of the result as a b’!tW or b’!bZ search
A popular idea for beyond the standard model physics is the existence of sequential, exotic
quarks [38–42]. The heavier partner of the bottom quark, denoted by b’, could then decay
either to a top-quark with a W-boson (tW mode) or a bottom-quark and a Z-boson (bZ mode).
The second mode would constitute a flavor changing neutral current (FCNC). In general, a b’
would decay to both modes with non-zero branching fractions. Such an exotic quark evades
bounds on a fourth generation by Higgs boson production limits. In this search, we do not
consider decays of the quark to Higgs bosons.

The 7-TeV b’!bZ [43], b’!tW [44], and combined search [45] results set limits reaching 550
GeV, 611 GeV, and 685 GeV, respectively. Our multibinned approach is well-suited to search
for the b’ as a function of the branching fraction to the different decay modes. All the channels
are treated uniformly and we present search results in a two-dimensional plane of the b’ mass
and the branching ratio of b’!bZ (which is 1 - BR(b’!tW) if the BR(b’!bH) is set to zero).

The various bins in the analysis have different amounts of signal as the branching ratio changes.
For example, when both b’ quarks decay to tW, 4.7% of events are classified as OFF-Z three-
lepton events, and 0.4% of events are classified as four-lepton events. On the other hand, if
both b’ quarks decay to bZ, 0.36% of events have 4 leptons. When one b’ decays to tW and
one to bZ, then 0.375% of events are classified as 4-lepton events, and 2.25% are classified as 3-
lepton events. In this way, we always have sensitivity to b’ decays irrespective of the branching
fractions.
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Figure 16: ST distributions are shown for to channels with expected signals overlaid. The left
plot shows the four-lepton channel with at least one b-tagged jet and one OSSF pair on the
Z mass with the expected signal for b’!bZ with 100% branching ratio. The right plot shows
the three-lepton channel with at least one b-tagged jet and an OSSF pair that is outside the Z
window with the expected signal for b’!tW with 100% branching ratio. Both signals have a b’
mass of 550 GeV.

This result represents the first CMS search for exotic quarks that presents limits as a function of
branching ratio. Future work includes incorporating a third decay mode using a Higgs boson
as another FCNC and adding selections and channels that improve sensitivity in the highly-
boosted regime.

Figure 17 shows the exclusion as a function of the branching ratio b’!bZ on the y-axis and the
b’ mass on the x-axis. Points to the left of the curve are excluded at the 95% confidence level.
We also show one dimensional exclusions for fixed branching ratios in Fig. 18. Cross sections
are provided by the HATHOR program [46].

18 8 Interpretation of the result as a b’!tW or b’!bZ search

8 Interpretation of the result as a b’!tW or b’!bZ search
A popular idea for beyond the standard model physics is the existence of sequential, exotic
quarks [38–42]. The heavier partner of the bottom quark, denoted by b’, could then decay
either to a top-quark with a W-boson (tW mode) or a bottom-quark and a Z-boson (bZ mode).
The second mode would constitute a flavor changing neutral current (FCNC). In general, a b’
would decay to both modes with non-zero branching fractions. Such an exotic quark evades
bounds on a fourth generation by Higgs boson production limits. In this search, we do not
consider decays of the quark to Higgs bosons.

The 7-TeV b’!bZ [43], b’!tW [44], and combined search [45] results set limits reaching 550
GeV, 611 GeV, and 685 GeV, respectively. Our multibinned approach is well-suited to search
for the b’ as a function of the branching fraction to the different decay modes. All the channels
are treated uniformly and we present search results in a two-dimensional plane of the b’ mass
and the branching ratio of b’!bZ (which is 1 - BR(b’!tW) if the BR(b’!bH) is set to zero).

The various bins in the analysis have different amounts of signal as the branching ratio changes.
For example, when both b’ quarks decay to tW, 4.7% of events are classified as OFF-Z three-
lepton events, and 0.4% of events are classified as four-lepton events. On the other hand, if
both b’ quarks decay to bZ, 0.36% of events have 4 leptons. When one b’ decays to tW and
one to bZ, then 0.375% of events are classified as 4-lepton events, and 2.25% are classified as 3-
lepton events. In this way, we always have sensitivity to b’ decays irrespective of the branching
fractions.

 (GeV)TS
0-300 300-600 600-1000 1000-1500 1500-2000 >2000

Ev
en

ts

-210

-110

1

10
 bZbZ @ 550 GeV→b'b'

Bkg Uncertainties
Data-driven
tt

WZ
ZZ

Wtt
Ztt

CMS Preliminary -1 = 9.2 fbint = 8 TeV, Ls
4-leptons + OSSF2 + on-Z + no taus + at least 1 b-jet

 (GeV)TS
0-300 300-600 600-1000 1000-1500 1500-2000 >2000

Ev
en

ts

-210

-110

1

10

 (GeV)TS
0-300 300-600 600-1000 1000-1500 1500-2000 >2000

Ev
en

ts

-210

-110

1

10
 tWtW @ 550 GeV→b'b'

Bkg Uncertainties
Data-driven
tt

WZ
ZZ

Wtt
Ztt

CMS Preliminary -1 = 9.2 fbint = 8 TeV, Ls
3-leptons + OSSF1 + high-Z + no taus + at least 1 b-jet

 (GeV)TS
0-300 300-600 600-1000 1000-1500 1500-2000 >2000

Ev
en

ts

-210

-110

1

10

Figure 16: ST distributions are shown for to channels with expected signals overlaid. The left
plot shows the four-lepton channel with at least one b-tagged jet and one OSSF pair on the
Z mass with the expected signal for b’!bZ with 100% branching ratio. The right plot shows
the three-lepton channel with at least one b-tagged jet and an OSSF pair that is outside the Z
window with the expected signal for b’!tW with 100% branching ratio. Both signals have a b’
mass of 550 GeV.

This result represents the first CMS search for exotic quarks that presents limits as a function of
branching ratio. Future work includes incorporating a third decay mode using a Higgs boson
as another FCNC and adding selections and channels that improve sensitivity in the highly-
boosted regime.

Figure 17 shows the exclusion as a function of the branching ratio b’!bZ on the y-axis and the
b’ mass on the x-axis. Points to the left of the curve are excluded at the 95% confidence level.
We also show one dimensional exclusions for fixed branching ratios in Fig. 18. Cross sections
are provided by the HATHOR program [46].

18 8 Interpretation of the result as a b’!tW or b’!bZ search

8 Interpretation of the result as a b’!tW or b’!bZ search
A popular idea for beyond the standard model physics is the existence of sequential, exotic
quarks [38–42]. The heavier partner of the bottom quark, denoted by b’, could then decay
either to a top-quark with a W-boson (tW mode) or a bottom-quark and a Z-boson (bZ mode).
The second mode would constitute a flavor changing neutral current (FCNC). In general, a b’
would decay to both modes with non-zero branching fractions. Such an exotic quark evades
bounds on a fourth generation by Higgs boson production limits. In this search, we do not
consider decays of the quark to Higgs bosons.

The 7-TeV b’!bZ [43], b’!tW [44], and combined search [45] results set limits reaching 550
GeV, 611 GeV, and 685 GeV, respectively. Our multibinned approach is well-suited to search
for the b’ as a function of the branching fraction to the different decay modes. All the channels
are treated uniformly and we present search results in a two-dimensional plane of the b’ mass
and the branching ratio of b’!bZ (which is 1 - BR(b’!tW) if the BR(b’!bH) is set to zero).

The various bins in the analysis have different amounts of signal as the branching ratio changes.
For example, when both b’ quarks decay to tW, 4.7% of events are classified as OFF-Z three-
lepton events, and 0.4% of events are classified as four-lepton events. On the other hand, if
both b’ quarks decay to bZ, 0.36% of events have 4 leptons. When one b’ decays to tW and
one to bZ, then 0.375% of events are classified as 4-lepton events, and 2.25% are classified as 3-
lepton events. In this way, we always have sensitivity to b’ decays irrespective of the branching
fractions.

 (GeV)TS
0-300 300-600 600-1000 1000-1500 1500-2000 >2000

Ev
en

ts

-210

-110

1

10
 bZbZ @ 550 GeV→b'b'

Bkg Uncertainties
Data-driven
tt

WZ
ZZ

Wtt
Ztt

CMS Preliminary -1 = 9.2 fbint = 8 TeV, Ls
4-leptons + OSSF2 + on-Z + no taus + at least 1 b-jet

 (GeV)TS
0-300 300-600 600-1000 1000-1500 1500-2000 >2000

Ev
en

ts

-210

-110

1

10

 (GeV)TS
0-300 300-600 600-1000 1000-1500 1500-2000 >2000

Ev
en

ts

-210

-110

1

10
 tWtW @ 550 GeV→b'b'

Bkg Uncertainties
Data-driven
tt

WZ
ZZ

Wtt
Ztt

CMS Preliminary -1 = 9.2 fbint = 8 TeV, Ls
3-leptons + OSSF1 + high-Z + no taus + at least 1 b-jet

 (GeV)TS
0-300 300-600 600-1000 1000-1500 1500-2000 >2000

Ev
en

ts

-210

-110

1

10

Figure 16: ST distributions are shown for to channels with expected signals overlaid. The left
plot shows the four-lepton channel with at least one b-tagged jet and one OSSF pair on the
Z mass with the expected signal for b’!bZ with 100% branching ratio. The right plot shows
the three-lepton channel with at least one b-tagged jet and an OSSF pair that is outside the Z
window with the expected signal for b’!tW with 100% branching ratio. Both signals have a b’
mass of 550 GeV.

This result represents the first CMS search for exotic quarks that presents limits as a function of
branching ratio. Future work includes incorporating a third decay mode using a Higgs boson
as another FCNC and adding selections and channels that improve sensitivity in the highly-
boosted regime.

Figure 17 shows the exclusion as a function of the branching ratio b’!bZ on the y-axis and the
b’ mass on the x-axis. Points to the left of the curve are excluded at the 95% confidence level.
We also show one dimensional exclusions for fixed branching ratios in Fig. 18. Cross sections
are provided by the HATHOR program [46].
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8 Interpretation of the result as a b’!tW or b’!bZ search
A popular idea for beyond the standard model physics is the existence of sequential, exotic
quarks [38–42]. The heavier partner of the bottom quark, denoted by b’, could then decay
either to a top-quark with a W-boson (tW mode) or a bottom-quark and a Z-boson (bZ mode).
The second mode would constitute a flavor changing neutral current (FCNC). In general, a b’
would decay to both modes with non-zero branching fractions. Such an exotic quark evades
bounds on a fourth generation by Higgs boson production limits. In this search, we do not
consider decays of the quark to Higgs bosons.

The 7-TeV b’!bZ [43], b’!tW [44], and combined search [45] results set limits reaching 550
GeV, 611 GeV, and 685 GeV, respectively. Our multibinned approach is well-suited to search
for the b’ as a function of the branching fraction to the different decay modes. All the channels
are treated uniformly and we present search results in a two-dimensional plane of the b’ mass
and the branching ratio of b’!bZ (which is 1 - BR(b’!tW) if the BR(b’!bH) is set to zero).

The various bins in the analysis have different amounts of signal as the branching ratio changes.
For example, when both b’ quarks decay to tW, 4.7% of events are classified as OFF-Z three-
lepton events, and 0.4% of events are classified as four-lepton events. On the other hand, if
both b’ quarks decay to bZ, 0.36% of events have 4 leptons. When one b’ decays to tW and
one to bZ, then 0.375% of events are classified as 4-lepton events, and 2.25% are classified as 3-
lepton events. In this way, we always have sensitivity to b’ decays irrespective of the branching
fractions.
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Figure 16: ST distributions are shown for to channels with expected signals overlaid. The left
plot shows the four-lepton channel with at least one b-tagged jet and one OSSF pair on the
Z mass with the expected signal for b’!bZ with 100% branching ratio. The right plot shows
the three-lepton channel with at least one b-tagged jet and an OSSF pair that is outside the Z
window with the expected signal for b’!tW with 100% branching ratio. Both signals have a b’
mass of 550 GeV.

This result represents the first CMS search for exotic quarks that presents limits as a function of
branching ratio. Future work includes incorporating a third decay mode using a Higgs boson
as another FCNC and adding selections and channels that improve sensitivity in the highly-
boosted regime.

Figure 17 shows the exclusion as a function of the branching ratio b’!bZ on the y-axis and the
b’ mass on the x-axis. Points to the left of the curve are excluded at the 95% confidence level.
We also show one dimensional exclusions for fixed branching ratios in Fig. 18. Cross sections
are provided by the HATHOR program [46].
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Figure 17: Exclusion in the two-dimensional plane consisting of the b’!bZ branching ratio on
the y-axis and the b’ mass on the x-axis. Points to the left of the curve are excluded at the 95%
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Figure 18: We show the one-dimensional exclusion contours for fixed values of the b’ branch-
ing ratio. The top left panel shows b’!tW, the top right panel shows b’!bZ, and the bottom
plot shows the 50% branching ratio.
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Figure 18: We show the one-dimensional exclusion contours for fixed values of the b’ branch-
ing ratio. The top left panel shows b’!tW, the top right panel shows b’!bZ, and the bottom
plot shows the 50% branching ratio.
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8 Interpretation of the result as a b’!tW or b’!bZ search
A popular idea for beyond the standard model physics is the existence of sequential, exotic
quarks [38–42]. The heavier partner of the bottom quark, denoted by b’, could then decay
either to a top-quark with a W-boson (tW mode) or a bottom-quark and a Z-boson (bZ mode).
The second mode would constitute a flavor changing neutral current (FCNC). In general, a b’
would decay to both modes with non-zero branching fractions. Such an exotic quark evades
bounds on a fourth generation by Higgs boson production limits. In this search, we do not
consider decays of the quark to Higgs bosons.

The 7-TeV b’!bZ [43], b’!tW [44], and combined search [45] results set limits reaching 550
GeV, 611 GeV, and 685 GeV, respectively. Our multibinned approach is well-suited to search
for the b’ as a function of the branching fraction to the different decay modes. All the channels
are treated uniformly and we present search results in a two-dimensional plane of the b’ mass
and the branching ratio of b’!bZ (which is 1 - BR(b’!tW) if the BR(b’!bH) is set to zero).

The various bins in the analysis have different amounts of signal as the branching ratio changes.
For example, when both b’ quarks decay to tW, 4.7% of events are classified as OFF-Z three-
lepton events, and 0.4% of events are classified as four-lepton events. On the other hand, if
both b’ quarks decay to bZ, 0.36% of events have 4 leptons. When one b’ decays to tW and
one to bZ, then 0.375% of events are classified as 4-lepton events, and 2.25% are classified as 3-
lepton events. In this way, we always have sensitivity to b’ decays irrespective of the branching
fractions.
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Figure 16: ST distributions are shown for to channels with expected signals overlaid. The left
plot shows the four-lepton channel with at least one b-tagged jet and one OSSF pair on the
Z mass with the expected signal for b’!bZ with 100% branching ratio. The right plot shows
the three-lepton channel with at least one b-tagged jet and an OSSF pair that is outside the Z
window with the expected signal for b’!tW with 100% branching ratio. Both signals have a b’
mass of 550 GeV.

This result represents the first CMS search for exotic quarks that presents limits as a function of
branching ratio. Future work includes incorporating a third decay mode using a Higgs boson
as another FCNC and adding selections and channels that improve sensitivity in the highly-
boosted regime.

Figure 17 shows the exclusion as a function of the branching ratio b’!bZ on the y-axis and the
b’ mass on the x-axis. Points to the left of the curve are excluded at the 95% confidence level.
We also show one dimensional exclusions for fixed branching ratios in Fig. 18. Cross sections
are provided by the HATHOR program [46].

18 8 Interpretation of the result as a b’!tW or b’!bZ search
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A popular idea for beyond the standard model physics is the existence of sequential, exotic
quarks [38–42]. The heavier partner of the bottom quark, denoted by b’, could then decay
either to a top-quark with a W-boson (tW mode) or a bottom-quark and a Z-boson (bZ mode).
The second mode would constitute a flavor changing neutral current (FCNC). In general, a b’
would decay to both modes with non-zero branching fractions. Such an exotic quark evades
bounds on a fourth generation by Higgs boson production limits. In this search, we do not
consider decays of the quark to Higgs bosons.

The 7-TeV b’!bZ [43], b’!tW [44], and combined search [45] results set limits reaching 550
GeV, 611 GeV, and 685 GeV, respectively. Our multibinned approach is well-suited to search
for the b’ as a function of the branching fraction to the different decay modes. All the channels
are treated uniformly and we present search results in a two-dimensional plane of the b’ mass
and the branching ratio of b’!bZ (which is 1 - BR(b’!tW) if the BR(b’!bH) is set to zero).

The various bins in the analysis have different amounts of signal as the branching ratio changes.
For example, when both b’ quarks decay to tW, 4.7% of events are classified as OFF-Z three-
lepton events, and 0.4% of events are classified as four-lepton events. On the other hand, if
both b’ quarks decay to bZ, 0.36% of events have 4 leptons. When one b’ decays to tW and
one to bZ, then 0.375% of events are classified as 4-lepton events, and 2.25% are classified as 3-
lepton events. In this way, we always have sensitivity to b’ decays irrespective of the branching
fractions.
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Figure 16: ST distributions are shown for to channels with expected signals overlaid. The left
plot shows the four-lepton channel with at least one b-tagged jet and one OSSF pair on the
Z mass with the expected signal for b’!bZ with 100% branching ratio. The right plot shows
the three-lepton channel with at least one b-tagged jet and an OSSF pair that is outside the Z
window with the expected signal for b’!tW with 100% branching ratio. Both signals have a b’
mass of 550 GeV.

This result represents the first CMS search for exotic quarks that presents limits as a function of
branching ratio. Future work includes incorporating a third decay mode using a Higgs boson
as another FCNC and adding selections and channels that improve sensitivity in the highly-
boosted regime.

Figure 17 shows the exclusion as a function of the branching ratio b’!bZ on the y-axis and the
b’ mass on the x-axis. Points to the left of the curve are excluded at the 95% confidence level.
We also show one dimensional exclusions for fixed branching ratios in Fig. 18. Cross sections
are provided by the HATHOR program [46].
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1 Introduction
Various extensions of the standard model predict the existence of heavy partners for the top
quark with charge 5e/3. These “top partners” are Dirac particles, and therefore do not con-
tribute significantly to the Higgs Boson production cross-section [1]. Thus, they are not ex-
cluded by the recent observation of a 125 GeV Higgs-like resonance [2] and searches for such
top partners continue to be important for testing several new physics scenarios [1, 3–5].

This note presents a search for the pair-production of such exotic top quark partners using data
collected by the Compact Muon Solenoid (CMS) experiment at

p
s = 8 TeV. This is an update

of the CMS search [6] which was performed at
p

s = 7 TeV. As before, we follow Ref. 3 which
proposes the T5/3, an exotic top partner with charge 5e/3, and the B quark (with charge -1e/3)
and also assumes that the mass of the B quark is greater than that of the T5/3. The predicted
mass of the T5/3 ranges from about 300 GeV to a TeV, so it should be possible to observe it
at the Large Hadron Collider (LHC). We also assume 100% branching fraction for the decay
T5/3 ! tW.

We focus on the dilepton channel wherein the two W bosons arising from the same T5/3 decay
into same-sign leptons and the other two decay inclusively (see Fig. 1). The leptons used for
this analysis are electrons and muons. The presence of same-sign leptons distinguishes this
process from tt, leaving only backgrounds with much smaller cross sections: ttW, ttZ, WWW,
and same-sign WW. The tt background, however, still contributes to the overall background
due to its large cross section. In addition to instrumental effects such as charge misidentification
in dilepton signatures, tt events where the W boson from one top quark decays leptonically and
the second lepton arises from a b-quark contribute to the same-sign dilepton signatures. Due
to instrumental effects, QCD multijets and Z+jets also contribute to the background.
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Figure 1: Pair production of T5/3 quarks via gluon fusion and decay to same-sign dilepton final
states. Figure taken from Ref. [5].

2 CMS Detector
A detailed description of the CMS detector can be found elsewhere [7]. The layout comprises a
superconducting solenoid providing a uniform magnetic field of 3.8 T. The bore of the solenoid
is instrumented with various particle detection systems. The inner tracking system is com-
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Figure 7: The distributions of the reconstructed T5/3 mass in the ee, eµ and µµ channels and
for all channels combined after the same-sign selection and Z/quarkonia lepton invariant mass
veto.

• The invariant mass of reconstructed top quark must be within 30 GeV of
the top quark mass.

The distributions of the reconstructed T5/3 mass are shown in Figure 7. The selection for the
mass reconstruction differs from the one used for setting the limit: there is no HT requirement
and the T5/3 constituents selected for the reconstuction must be jets. Because all five of the jets
from the hadronic T5/3 need to be within the detector acceptance region and have a sufficiently
high pT , the efficiency of the reconstruction is approximately 4% or nearly three times lower
than the efficiency of the selection used for the limit.

12 7 Results

are combined when setting the limits. Upper bounds are set on the production cross section
of heavy top quark partners assuming a 100% branching fraction for the decay T5/3 ! tW.
The expected and observed limits are shown in Fig. 6. The expected limit is 830 GeV and the
observed limit is 770 GeV.
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Figure 6: Expected and observed 95% C.L. limits on the T5/3 production cross section. The 1s
and 2s combined statistical and systematic expected variation is shown as a yellow (light) and
green (dark) band, respectively.

7.1 Mass Reconstruction

In the event of a potential discovery in the future, the reconstruction of the T5/3 mass can
be used to distinguish it from other exotic particles which decay in a similar manner. The
reconstruction proceeds as follows:

• If there exists a CA top jet described in Section 4, it is assumed to be the hadronically
decaying top quark. If there is more than one CA top jet, the one closest to the top
quark mass is chosen. In signal events where the T5/3 can be reconstructed, a CA
top jet is present 22% of the time.

• If there also exists a CA W jet satisfying the requirements in Section 4,
then this is assumed to be the W boson and the T5/3 is the sum of these
two jets.

• If there is no CA W jet, then the W boson is constructed from pairs of AK5
jets in the event. The selected pair must have an invariant mass within
20 GeV of the W mass. If there is more than one such pair, the one closest
to the W mass is selected.

• If there are no CA top jets, then two W bosons are constructed from the other jets in
the event and then one of these is combined with an unused jet to reconstruct the
top quark.

• If there are any CA W jets in the event, they are assumed to be the W
bosons. If there are more than two CA W jets, then the two closest to the
W mass are used. In signal events where the T5/3 can be reconstructed,
there is at least one CA W jet 80% of the time.

• The invariant mass of AK5 jets used to construct a W must be within
20 GeV of the W mass.
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Figure 1: The reconstructed top+gluon mass spectrum for data (points) along with the back-
ground fit to the data (curve), and signal distribution (histogram) in the µ+jets (left) and
e+jets (right) channels. The reconstructed masses are those of the jet-quark assignment with
the smallest c2 value for each event.

6 Background Estimation

We use a data-driven method to estimate the background contribution to the signal region. We
model the background from standard model sources using a Fermi-like function:

f (x) =
a

1 + e
x�b

c
, (4)

where x represents the reconstructed mass and a, b, and c are parameters that are determined
by a fit to the data. The t⇤-signal distribution is modeled using simulated samples. Figure 1
shows the fit to the reconstructed top+gluon mass distribution using Eq. 4.

We fit the background function plus the signal model to the reconstructed mass spectrum ob-
served in data above a mass of 350 GeV/c2 (the function describes the tail of the background
distribution, not the peak at low mass). The three parameters of the background function and
the signal cross section are allowed to float during the maximum likelihood fit.

7 Systematic Uncertainties

Systematic uncertainties influence the signal and background predictions for the Mt+g distri-
bution that are used to test whether the observed events are consistent with the signal-plus-
background or the background-only hypotheses. The dominant sources of systematic uncer-
tainties that are considered are described below.

The uncertainty on the background shape is estimated from the uncertainties on the back-
ground fit parameters (a, b, c).

Given that the signal shape is based on simulation, we consider it to be affected by both ex-
perimental and theoretical uncertainties. For each source, we adjust the relevant parameters
in the simulation and create an alternate signal template. We take the relative difference of the
alternate template with respect to the nominal shape, as parametrized by a constant function,
as the estimate of the magnitude of the uncertainty.

Experimentally, the signal may be affected by a number of sources. The integrated luminosity
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e+jets (right) channels. The reconstructed masses are those of the jet-quark assignment with
the smallest c2 value for each event.

6 Background Estimation

We use a data-driven method to estimate the background contribution to the signal region. We
model the background from standard model sources using a Fermi-like function:

f (x) =
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, (4)

where x represents the reconstructed mass and a, b, and c are parameters that are determined
by a fit to the data. The t⇤-signal distribution is modeled using simulated samples. Figure 1
shows the fit to the reconstructed top+gluon mass distribution using Eq. 4.

We fit the background function plus the signal model to the reconstructed mass spectrum ob-
served in data above a mass of 350 GeV/c2 (the function describes the tail of the background
distribution, not the peak at low mass). The three parameters of the background function and
the signal cross section are allowed to float during the maximum likelihood fit.

7 Systematic Uncertainties

Systematic uncertainties influence the signal and background predictions for the Mt+g distri-
bution that are used to test whether the observed events are consistent with the signal-plus-
background or the background-only hypotheses. The dominant sources of systematic uncer-
tainties that are considered are described below.

The uncertainty on the background shape is estimated from the uncertainties on the back-
ground fit parameters (a, b, c).

Given that the signal shape is based on simulation, we consider it to be affected by both ex-
perimental and theoretical uncertainties. For each source, we adjust the relevant parameters
in the simulation and create an alternate signal template. We take the relative difference of the
alternate template with respect to the nominal shape, as parametrized by a constant function,
as the estimate of the magnitude of the uncertainty.

Experimentally, the signal may be affected by a number of sources. The integrated luminosity
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Figure 2: The observed (solid line) and expected (dashed line) 95% CL upper limits for the
t⇤t⇤ production cross section as a function of the t⇤ mass for µ+jets (top), e+jets (center), and
the combined (bottom) data. The ±1 and ±2 standard deviation ranges for the expected limits
are shown by the bands. The theoretical cross section is shown by the dashed-dotted line.

Mtop* > 790 GeV at 95% CL.  
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CMS Exotica Summary  
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Conclusions and Outlook 

q CMS demonstrates excellent performance 
ü  TeV leptons, photons, jets 
ü  Mono-particle + associated missing energy 
ü  Complex signatures 

q Physics analysis with up to 5 fb-1  at 7 TeV and 20 fb-1 at 8 TeV 
set stringent limits to many benchmarks models      

q Unfortunately, no evident deviations 
    from Standard Model have been  
    seen so far 
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