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2Introduction
• Many models beyond the Standard Model (SM) predict new heavy quarks

• Standard Model 4th generation (SM4): simplest extension

• it can explain some CP-violation anomalies in B-physics

• enhanced CP-violation ⇒ universe baryon asymmetry

• hierarchy problem, dynamical electroweak symmetry breaking, ...

• LEP constraints on Z→νν ⇒ heavy 4th generation neutrino

• precision EW data favor |mt′- mb′| < mW 

Beyond 3-Generation SM: New Fermions at the Crossroads of Tevatron and LHC
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• Vector-like quarks (non-chiral) predicted in many models beyond the SM:

• extra dimensions, little Higgs models, composite Higgs models, ...

• they can also include a charge 5e/3 quark T

• unlike SM4, vector-like quarks are less constrained

• tree-level flavor-changing neutral-current coupling allowed JHEP 0212 (2002) 036 

• topologies predicted by these models also interesting as benchmarks



XXI International Workshop on Deep-Inelastic Scattering and Related Subjects              April, 24 2013

3Analyses presented
• B2G-12-004: search for heavy quarks decaying to tW or tZ

• 5.0 fb-1 at √s = 7 TeV
• JHEP 01 (2013) 154 - arXiv:1210.7471

• B2G-12-012: search for top partners with charge 5e/3
• 19.6 fb-1 at √s = 8 TeV
• Physics Analysis Summary (PAS)

• EXO-11-098: inclusive search for a sequential 4th generation of quarks
• 5.0 fb-1 at √s = 7 TeV 
• Phys. Rev. D 86, 112003 (2012) - arXiv:1209.1062

• SUS-12-027: b′ interpretation of the results from the RPV SUSY 
                     search with three or more leptons and b-tagged jets 

• 9.2 fb-1 at √s = 8 TeV
• Physics Analysis Summary (PAS)
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4Search for Q→tV
• search for heavy down(up)-type quarks decaying to tW (tZ)

• QQ → tWtW → bWWbWW  and  QQ→ tZtZ → bWZbWZ

• data fitted to the ST distribution as a 
function of the jet multiplicity

Event selection
• 𝟣 isolated electron (muon) with pT > 35 (42) GeV and |η|< 2.5 (2.1)

• at least 4 jets with pT > 100, 60, 50, 35 GeV with at least 1 b-tagged jet

• missing ET (ETmiss) > 20 GeV
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Figure 1: Distribution in ST for different jet multiplicities after the maximum-likelihood fit to
data. The last bin in each subfigure is the overflow bin.The bottom plot shows the ratios of
data and SM plus signal over SM. Q ! tW and Q ! tZ distributions are shown for illustrative
purposes for MQ = 500 GeV.

ST: scalar sum of lepton and jets pT and ET
miss

• 5.0 fb-1 of data at √s = 7 TeV used
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8 7 Summary

tors, such as PYTHIA and POWHEG. All of the generators provide results similar to MADGRAPH221

within their systematic uncertainties. We also studied different models of the tt ST spectrum222

by changing internal parameters in MADGRAPH, such as the renormalization and factorization223

scales and the parameters responsible for matching jets originating from matrix element par-224

tons to their showers. We determine that a change of the matching parameters by one standard225

deviation from their nominal values provides good agreement between the simulated and ob-226

served spectrum of the ST distribution, which can be accommodated in the fit because of the227

relatively weak dependence of the minimum on this parameter. The dependence of the ST dis-228

tribution for tt background is covered by the systematic uncertainties included in the fit of the229

model to data.230
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Figure 2: The observed (solid line with points) and the expected (dashed line) 95% CL upper
limits on the QQ production cross section as a function of the heavy quark mass, MQ, com-
pared to the theoretical QQ cross section for the case of a down-type heavy quark decaying
exclusively to tW.

7 Summary231

A search for pair-produced new heavy quarks QQ decaying exclusively to tWtW or to tZtZ is232

performed in lepton + jets events. The analysis is based on a data sample of proton-proton233

collisions at
p

s = 7 TeV corresponding to an integrated luminosity of 5.0 fb�1. Events are234

selected requiring an electron or a muon, missing transverse momentum, and at least four jets,235

one of which is identified as a bottom jet. A combined fit is performed to the scalar sum of236

the transverse momenta of all final reconstructed objects as a function of jet multiplicity. No237

significant deviations from SM expectations are found, and upper limits on the production238

cross section of QQ as a function of a heavy quark mass are computed. Assuming a strong239

production mechanism for both signal models, down-type quarks decaying exclusively to tW240

with masses below 675 GeV and up-type quarks decaying exclusively to tZ with masses below241

625 GeV are excluded at 95% CL. These are the most stringent limits to date.242

References 9
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Figure 3: The observed (solid line with points) and the expected (dashed line) 95% CL upper
limits on the QQ production cross section as a function of the heavy quark mass, MQ, compared
to the theoretical QQ cross section for the case of an up-type heavy quark decaying exclusively
to tZ.
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Search for Q→tV (II)

• down-type Q: MQ > 675 GeV assuming BR(Q→tW) = 𝟣

• up-type Q: MQ > 625 GeV assuming BR(Q→tZ) = 𝟣
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6Search for T5/3 

1

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.

q̄ q0

g

g

T̄5/3

q0

q̄

g

W�

W+ b

b̄

t̄

l+ ⌫
l+ ⌫

t
T5/3

W�

W+

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-

• search for heavy top partners with charge 5e/3 (T5/3)

• same-sign dilepton channel (ee, eµ, µµ)

• 19.6 fb-1 of data at √s = 8 TeV used

• Cambridge-Aachen (CA) jets for boosted top quark and W boson

Event selection
• 2 isolated same-sign leptons pT > 30 GeV

• quarkonia and Z boson vetoes

• at least 5 constituents

• CA W and top jets count as 2 and 3 constituents respectively 

• HT > 900 GeV (scalar sum of leptons and jets pT)

b

q

q′

q
q′
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• expected and observed yields for the three channels:

Search for T5/3 (II) 

8 7 Results

6 Systematic Uncertainties
Systematic uncertainties arise due to imperfect knowledge of either detector effects or theory.
The former includes uncertainties in the efficiency of the trigger, lepton reconstruction, lepton
identification and isolation and the lepton pT scale. These systematic uncertainties are derived
from Ref. [17] and are shown in Table 5. We also include a 4.4% uncertainty on the luminos-
ity [31].

The jet energy scale (JES) and pileup uncertainties for the background contributions that are
obtained from simulation are also summarized in Table 5. For the signal, the JES and pileup un-
certainties correspond to 2% and 3%, respectively. In addition, we apply a flat 3% uncertainty
based on the use of jet substructure for all Monte-Carlo samples [19]. Table 5 also includes the
overall normalization uncertainty for each simulated background sample. The WZ, ZZ and tt
W normalization uncertainties are taken from Refs. [32], [33], and [34] respectively. For the
other rare backgrounds that have not been measured (well), we assume a conservative normal-
ization uncertainty of 50%. As described in Secs. 5.2 and 5.3, we also include a 50% uncertainty
associated with the estimation of the fake lepton background and a 20% uncertainty for the
charge misidentification probability.

Sample JES Pileup Normalization Trigger Lepton Efficiency Luminosity
WZ 6.6% 4.5% 17% 1.0% 1.0% 4.4%
ZZ 4.8% 2.4% 5.1% 1.0% 1.0% 4.4%

W±W± 3.0% 3.8% 50% 1.0% 1.0% 4.4%
WWW 4.1% 3.8% 50% 1.0% 1.0% 4.4%

tt W 4.4% 2.7% 32% 1.0% 1.0% 4.4%
tt Z 4.4% 3.4% 50% 1.0% 1.0% 4.4%

tt WW 4.7% 2.6% 50% 1.0% 1.0% 4.4%

Table 5: Systematic uncertainties for the background contributions that are obtained from sim-
ulation.

7 Results
The final estimates of observed and expected event yields are shown in Table 6. Figures 3 and 4
show the pT distributions of the leading lepton and leading jet after the same-sign selection,
the lepton invariant mass veto and a requirement of at least two jets. Figure 5 shows the HT
distribution. These distributions are for illustrative purposes only: the full selection is not
applied to them due to limited statistics.

PSS MC Non-Prompt Charge Mis-ID Total Expected Observed
ee 0.7 ± 0.2 1.9 ± 1.2 0.06 ± 0.02 2.6 ± 1.3 0
eµ 1.9 ± 0.4 0.6 ± 0.9 0.05 ± 0.01 2.5 ± 1.0 6
µµ 1.3 ± 0.3 0.2 ± 0.6 - 1.5 ± 0.7 5
All 3.9 ± 0.8 2.6 ± 1.8 0.1 ± 0.02 6.6 ± 2.0 11

Table 6: Summary table of expected and observed events for all channels. The expected yield
is composed of the prompt, same-sign (“PSS”) contribution from simulation, the contribution
due to fake leptons (“Non-prompt”), and that due to charge misidentification. All systematic
uncertainties are included.

In the absence of a significant excess, exclusion limits are computed at the 95% C.L. by using
the RooStats implementation [35] of the Bayesian statistic. The event yields from all channels

• MT5/3 > 770 GeV assuming BR(T5/3→tW) = 𝟣

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.

11
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Figure 5: The distributions of HT in the ee, eµ and µµ channels and for all channels combined
after the same-sign selection, the Z/quarkonia lepton invariant mass veto and a requirement
of at least two jets.
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8Inclusive t′ and b′ search

1

1 Introduction
There is experimental evidence for three generations of fermions. The existence of a fourth
generation of fermions is not excluded, although it is heavily constrained by the precision
measurements of the electroweak observables. These observables are mainly influenced by
the mass differences between the fourth-generation leptons or quarks. In particular, scenarios
with a mass difference between the fourth-generation quarks smaller than the mass of the W
boson [1, 2] are preferred.

A new generation of fermions requires not only the existence of four additional fermions, but
also an extension of the Cabibbo-Kobayashi-Maskawa (CKM) and Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrices [3–6]. New CKM (quark mixing) and PMNS (lepton mixing) ma-
trix elements have an important impact on the allowed phase space for the fourth-generation
fermions to be consistent with the electroweak precision measurements [7].

Previous searches at hadron colliders have considered pair production or single production of
one of the fourth-generation quarks. The most stringent limits exclude the existence of a down-
type (up-type) fourth-generation quark with masses below 611 (565) GeV [8–14]. To increase
the sensitivity and to use a more consistent approach while searching for a new generation of
quarks, we have developed an inclusive simultaneous search for the up-type and down-type
fourth-generation quarks, based on the electroweak and strong production mechanisms.

If a fourth generation of quarks exists, their production cross sections and decay branching
fractions will be governed by an extended 4⇥ 4 CMK matrix, V4⇥4

CKM0 , in which we denote the up-
and down-type fourth-generation quarks as t0 and b0 respectively. For simplicity, we assume
degenerate masses for t0 and b0 and choose a model with one free parameter, A, where 0  A 
1:

V4⇥4
CKM =

0

BB@

Vud Vus Vub Vub0

Vcd Vcs Vcb Vcb0

Vtd Vts Vtb Vtb0

Vt0d Vt0s Vt0b Vt0b0

1

CCA =

0

BB@

1 0 0 0
0 1 0 0
0 0

p
A

p
1 � A

0 0 �
p

1 � A
p

A

1

CCA . (1)

The complex phases are omitted for simplicity. Within this model mixing is only allowed be-
tween the third and the fourth generation. This is a reasonable assumption since the mixing
between the third and the first two generations is small [15].

With the inclusive search, we will put limits on the masses of the fourth-generation quarks as a
function of A. Since

p
A = |Vtb|, the lower limit of |Vtb| > 0.81 from the single-top production

cross section measurements [16] translate into a lower limit on the mixing between the third
and fourth-generation quarks in our model of A > 0.66.

Using the data collected from 7 TeV proton-proton collisions at the Large Hadron Collider
(LHC), we search for fourth-generation quarks that are produced in pairs, namely b0b̄0 and t0 t̄0,
or through electroweak production, in particular tb0, t0b and t0b0, where we have omitted the
charges. While the cross section of the pair production processes are not related to the value of
A, the production cross sections of the single b0 and t0 processes are. The cross sections of the
t0b and tb0 processes depend linearly on (1 � A) and the single top and t0b0 cross section on A.

A priori, we assume degenerate b0 and t0 quark masses in the analysis, i.e. mt0 = mb0 = mq0 . In
this case, the fourth-generation quarks will decay in 100% of the cases to the third-generation
quarks, since the decay of one fourth-generation quark to the other is kinematically not al-
lowed. However, even for non-zero mass differences, the branching fractions of the t0 ! bW
and the b0 ! tW ! (bW)W decays are close to 100% provided that the mass difference is

• inclusive search for t′ and b′

• t′t′, b′b′ and t′b, tb′, t′b′

• unitary CKM with A = |Vtb|2 = |Vt′b′|2 and degenerate b′ and t′ masses

t′→bW   

b′→tW→bWW

• 3 channels defined according to the number of W bosons in the final state: 

• single lepton channel

• same-sign (SS) dilepton channel

• trilepton channel  

• 5.0 fb-1 of data at √s = 7 TeV used

2 3 Event selection and simulation

small [17]. For instance for a mass splitting of 25 GeV, and for Vt0b = 0.005 (which would cor-
respond to A = 0.99975 in our model), less than 5% of the decays (depending on the fourth
generation quark mass) will be b0 ! t0W⇤ (in case mt0 < mb0) or t0 ! b0W⇤ (in case mt0 > mb0).
For larger values of Vt0b, the branching fractions of b0 ! t0W⇤ (or t0 ! b0W⇤) decrease even fur-
ther. Therefore, the decay chains remain unchanged as long as the mass splitting is relatively
small.

For nearly degenerate masses, the branching fractions of t0 ! bW and b0 ! tW ! (bW)W are
close to 100%. Therefore, we expect the following final states:

• t0b ! bWb
• t0 t̄0 ! bWbW
• b0t ! tWbW ! bWWbW
• b0t0 ! tWbW ! bWWbW
• b0b̄0 ! tWtW ! bWWbWW

These decay chains imply that for both singly and pair produced fourth-generation quarks,
two b-jets are expected in the final state. Additionally, there are one to four W bosons present
in the decay of each signal process. The different production processes are classified according
to the number of observed W bosons.

2 The CMS detector
The central feature of the CMS detecor is a superconducting solenoid, 13 m in length and 6 m
in internal diameter, providing an axial magnetic field of 3.8 T. The inside of the solenoid is
outfitted with various particle detection systems. Charged particle trajectories are measured
by the silicon pixel and strip tracker, covering 0 < f < 2p in azimuth and |h| < 2.5, where
the pseudo-rapidity h is defined as h = � ln[tan(q/2)], and q is the polar angle of the tra-
jectory with respect to the anti-clockwise beam direction. A crystal electromagnetic calorime-
ter (ECAL) and a brass/scintillator hadron calorimeter (HCAL) surround the tracking volume
and provide high resolution energy and direction measurements of electrons, photons, and
hadronic jets. Muons are measured in gas-ionization detectors embedded in the steel return
yoke outside the solenoid. The detector is nearly hermetic, allowing for energy balance mea-
surements in the plane transverse to the beam directions. A two-tier trigger system selects the
most interesting proton collision events for use in physics analysis. A more detailed description
of the CMS detector can be found elsewhere[18].

3 Event selection and simulation
The search for fourth-generation quarks is performed using the 7 TeV proton collisions recorded
by the Compact Muon Solenoid (CMS) experiment at the LHC. We have analyzed the full
dataset collected in 2011 corresponding to an integrated luminosity of (5.0 ± 0.1) fb�1. Events
are selected through a trigger requiring an isolated muon or electron, where the latter should
be accompanied by at least one jet identified as a b-jet. The calorimetry and the tracker are used
for the particle-flow (PF) event reconstruction [19]. Events are selected with at least one high
quality isolated muon or electron with a pT exceeding 40 GeV in the acceptance region |h| < 2.1
for muons and |h| < 2.5 for electrons. The relative isolation Irel is calculated from the other PF
particles within a cone of DR =

p
(Df)2 + (Dh)2 < 0.4 around the axis of the lepton. The

relative isolation is defined as Irel = (Icharged + Iphoton + Ineutral)/pT, where Icharged and Iphoton

final states with 2 b-jets 
and 1 to 4 W bosons
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Single lepton channel
• exactly one isolated electron or muon pT > 40 GeV and |η|< 2.5 (2.1) 

• missing ET > 40 GeV 

• events subdivided into exclusive categories based on:
• number of b-tagged jets (exactly one or two)

• number of  W candidates (exactly one, two, three or at least four)

• W candidate: dijet pair with 74.7 GeV < Mjj < 93.9 GeV   

Same-sign dilepton and trilepton channels
• 2 SS leptons or 3 leptons with pT > 20 GeV (40 GeV for the leading)

• missing ET > 40 GeV 

• at least 4 (2) jets for the dilepton (trilepton) channel

Inclusive t′ and b′ search (II)
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• for A=1 and Mt′=Mb′: Mt′ = Mb′ > 685 GeV 

5.3 Results and discussion 9
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• for |mt′ - mb′| = 25 GeV: corresponding limit shifts by about ±20 GeV

Inclusive t′ and b′ search (III)
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11b′ from inclusive RPV susy search 
• search for anomalous production of events with at least 3 isolated leptons 

• 9.2 fb-1 of data at √s = 8 TeV used

Event selection
• at least 3 isolated leptons pT > 10 GeV (20 GeV for the leading)

• maximum one hadronic-𝞽

• jets are requested to have pT > 30 GeV

• events classified according to:
• number of opposite-sign same-flavor lepton pairs
• whether at least one lepton pair has Mll within [75, 105] GeV (onZ event)
• number of reconstructed taus and b-jets
• ST (scalar sum of ETmiss and jets and leptons pT)

• 240 channels: 90 with three leptons and 150 with four leptons
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12b′ from inclusive RPV susy search (II) 

• for BR(b′→bZ) = 0.5: Mb′ > 718 GeV
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Figure 17: Exclusion in the two-dimensional plane consisting of the b’!bZ branching ratio on
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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.

• b′b′→bZbZ: channels with 3 leptons, 2 OSSF, no tau, ≥1 b-jet and onZ

• b′b′→tWtW :channels with 4 leptons, 1 OSSF, no tau, ≥1 b-jet + offZ

• BR(b0 ! tW ) = 1�BR(b0 ! bZ)
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13Summary
• Many BSM models predict a fourth generation of fermions

• CMS performed the search for new heavy quarks in several decay channels

• no evidence of new physics

• Four analyses have been presented:

• B2G-12-004: search for Q→tV 
 limits: 675 (625) GeV for down(up)-type quarks

• B2G-12-012: search for T5/3

 limits: 770 GeV

• EXO-11-098: inclusive b′ and t′ search
 limits: 685 GeV for degenerate b′ and t′ masses 

• B2G-12-012: b′ from inclusive RPV susy search
 limits: 718 GeV for BR(b′→bZ) = 0.5
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BACKUP
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15SM4 and the125 GeV Higgs

• direct search exclude SM Higgs up to 600 GeV except for the mass range
  122-128 GeV where a new particle with mass ~125 GeV was observed

• the presence of a 4th generation would impact the Higgs production cross 
    section and decay branching fractions

• also CMS has excluded  SM4 Higgs in the
   mass range 110-600 GeV at 99% CL 

• ml4 = mν4 = mb′ = 600 GeV

• mt′ - mb′ ~ O(50) GeV

6.2 The FP results 9
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Figure 1: The observed and expected CLs values for the SM4 Higgs boson hypothesis as a
function of the Higgs boson mass in the range 110–600 GeV (left) and 110–145 GeV (right). The
three horizontal lines show confidence levels of 90%, 95%, and 99%, defined as (1 � CLs).
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Figure 2: The observed and expected 95% CL upper limits on the signal strength modifier,
µ = s/sSM4 H, for the SM4 Higgs boson hypothesis as a function of the Higgs boson mass in
the range 110–600 GeV (left) and 110–145 GeV (right).

the existence of a chiral 4th generation is NOT 
ruled out but only the most simple extension SM4

• several papers showed the ~125 GeV Higgs is not compatible with SM4
arXiv:1302.1764
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16The CMS detector
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