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4th Generation

2

|mt� −mb� | < mW

• A simplest extension of the SM3, adding another fermion generation

• It is not excluded by Electroweak precision measurements
‣ G. Kribs, T. Plehn, M. Spannowsky, T. Tait PRD 76 (2007) 075016

• It allows indirect bounds on the Higgs boson mass to be relaxed
‣ P. Q. Hung and M. Sher. PRD 77, 037302 (2008)

• It can enhance CP violation significantly to explain the matter anti-
matter asymmetry in the Universe
‣ W. Hou, F.Lee, C. Ma PRD 79, 07302 (2009)

• If SM4 exists we expect small mass splitting between the t´ and b´ 
masses:
‣ M.Baak et al., arXiv:1107.0975
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4th Gen:Vector-like Quark
• Vector-like fermions (non-chiral fermions) can be found in 

models like:

‣ Little Higgs model

- Nucl.Phys.Proc.Suppl.117 (2003)40

‣ Warped extra dimensions

- Phys.Rev.Lett.83:3370-3373,1999

• These models provide an explanation to the large 
difference between the Plank and the electroweak scale, 
the so called hierarchy problem in the SM

• T´→tH, tZ or B´→bH, bZ -- flavor changing neutral 
current (FCNC) decays enhance branching fractions
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Outline
• CMS 4th generation searches @7 TeV

‣ t´ pair search

- dilepton channel

- lepton+jets channel 

‣ b´ search

- trilepton channel

- same sign dilepton channel

‣ Inclusive t´ and b´ search

- singly produced

- pair produced

‣ T´vector like pair 

‣ B´ vector-like pair
4

arXiv:1203.5410, submitted to PLB

CMS-PAS- EXO-11-099

arXiv:1204.1088, submitted to JHEP

CMS-PAS- EXO-11-098

10.1103/PhysRevLett.107.271802

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO

CMS-PAS-EXO-11-066

t�t̄� → WbWb̄ → lνblν̄ b̄

t�t̄� → WbWb̄ → lνbb̄qq̄

b�b̄� → WtWt̄ → bWWbWW

t�b → bWb

t�t̄� → bWbW

b�t → tWbW → bWWbW

b�b̄� → tWtW → bWWbWW

b�t� → tWbW → bWWbW

T T̄ → tZt̄Z → bb̄WWZZ

BB̄ → bZb̄Z
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Search for t´→bW(l+jets)

5

5 fb-1

• A lepton e(μ) with pT > 35 GeV

• ≥ 4 jets of pT > 35, ≥1b-tagged 
jet

• Missing ET > 20 GeV

EXO-11-099

t�

t̄�

W

W

l

q

q̄

HT = p
lepton
T + p

miss
T +

�
p
jets
T

Strategy

Discriminating variables 
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• Apply kinematic fit for mass 
reconstruction (Mfit) with 
constraints

‣ m(lν) = m(qq) = MW

‣ m(lνb) = m(qqb)

• Look in the HT and Mfit tails 
for signs of a massive quark 
decay

t�t̄� → WbWb̄ → lνbb̄qq̄

e+jets

Selection
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Search for t´→bW(l+jets) 4.7 fb-1

EXO-11-099

• The 2D HT vs Mfit histograms 
have few empty or low 
occupancy bins

• Rebin them to extract the 
correct statistical inferences 

‣ Project 2D histograms into 
1D profiled with analytic 
functions

‣ Sort by ordering the bins in 
descending S/B ratio

‣ Merge neighboring bins into 
1D histogram until a minimum 
precision in the expected 
number of background and 
signal events is achieved
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Search for t´→bW(l+jets) 4.7 fb-1

EXO-11-099

Observed limit: mt´ > 560 GeV/c2 @ 95% CL

• Compute the t´ pair cross section 
using CLs method

‣ Likelihood ratio is used as a test 
statistics for an observable x, 
parameter of interest σ! and nuisance 
parameters α

‣ 95% C.L. upper limit corresponds to

• The nuisance parameters includes

‣ Normalization of electroweak and 
ttbar backgrounds

‣ Jet energy scale

‣ Integrated luminosity

‣ Lepton efficiency

‣ Parton shower matching threshold .....

8 6 Limit Computation

events is small. They are added to the electroweak backgrounds according to their expected

yield.

The computation of the t
�
t̄� cross section limit is performed using templates produced from

data and MC simulation. The number of generated MC events is not sufficient to populate all

the bins of the HT vs Mf it histograms adequately. Bins in the background or signal templates

that remain empty because of limited MC sample size, even though they have a small but finite

probability to be occupied, could lead to incorrect statistical inferences.

Therefore, the following algorithm is employed to combine bins with inadequate statistics.

First all background templates are added to obtain the expected background event yield in each

bin. Then the projections of the signal and the background templates onto the HT and Mf it axes

are fitted with an analytic function. Bins in both signal and background templates are sorted in

decreasing order of the signal/background ratio, computed as the product of the fits to the two

projections, evaluated at the HT and Mf it values that correspond to the bin center. Sorting bins

by signal/background ratio before combining them minimizes the loss of sensitivity from the

rebinning procedure. The expected signal/background ratio is not determined directly from

the number of MC events in each bin, but from analytical fits to the projections of the templates

onto the HT and Mf it axes. In this way possible biases in the signal/background ordering due

to statistical fluctuations in the signal and background templates are avoided. Finally, adjacent

bins in the ordered templates are merged until the fractional statistical uncertainty in the event

yield in the combined bin is below 20% for both signal and background templates. Figure 5

shows the maps of the merged bins obtained for the 550 GeV t
�
quark mass hypothesis. Figure 6

shows the observed number of events in each bin compared to the signal and background

expectations.

The computation for the t
�
t̄� cross section limit uses the CLs method [31, 32]. The following

likelihood ratio is used as test statistic:

t(x|σ) =
�

L(x|σ, α̂σ)/L(x|σ̂, α̂) if σ > σ̂

1 if σ ≤ σ̂.
(4)

Here, L(x|σ, α) is the likelihood of the data having the value x for the parameter of interest, the

t
�
t̄� signal cross section σ, and the nuisance parameters α. The nuisance parameters parametrize

effects that give rise to systematic uncertainties in the templates. They are discussed in the

following Section. The likelihood reaches its maximum when σ = σ̂ and α = α̂. The symbol α̂σ

refers to the values of the nuisance parameters α that maximize the conditional likelihood at a

given value of σ.

Using the asymptotic approximation for the test statistic described in [33], the probability to

observe a value for the likelihood ratio L that is larger than the observed value Lobs is deter-

mined. For the pseudo-experiments generated with background only, this probability is de-

noted by CLb. For pseudo-experiments with a signal cross section σ, this probability is denoted

by CLs+b(σ), which is a function of σ. The 95% confidence level (CL) upper limit for the t
�
t̄�

signal cross section is the value of σ for which

CLs =
CLs+b

CLb

= 0.05. (5)

The combination of the two channels is performed by simultaneously fitting the histograms

from both channels and then applying the CLs method described above.
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signal cross section is the value of σ for which

CLs =
CLs+b

CLb

= 0.05. (5)
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Result
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• Simplify CKM4 with one free parameter:   

‣ A > 0.66 (|Vtb| > 0.81 @ 95% C.L.) from Tevatron

• Assume degenerate states:

‣ Assume the branching fractions to be ~100%

• Baseline selection

‣ Lepton (e/μ) with pT > 40 GeV

‣ ≥ 1 jet of pT > 30 GeV and ≥ 1 b-tagged

‣ Missing ET > 40 GeV

• Final state topologies contains 

‣ 1-4 W bosons (≥ 1 W decay leptonically)

‣  2 b-quarks 

• Search is performed 

‣ Single lepton(e/μ) / Same-sign dilepton / Trilepton + jets

8

Search for inclusive b´/t´ production
5 fb-1

EXO-11-098

mt� = mb� = mq�

A = |Vtb|2 = |Vt�b� |2

2 3 Event selection and simulation

small [17]. For instance for a mass splitting of 25 GeV, and for Vt�b = 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 b� → t�W∗
(in case mt� < mb�) or t� → b�W∗

(in case mt� > mb�).

For larger values of Vt�b, the branching fractions of b� → t�W∗
(or t� → b�W∗

) 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 t� → bW and b� → tW → (bW)W are

close to 100%. Therefore, we expect the following final states:

• t�b → bWb
• t� t̄� → bWbW
• b�t → tWbW → bWWbW
• b�t� → tWbW → bWWbW
• b�b̄� → 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 < φ < 2π in azimuth and |η| < 2.5, where

the pseudo-rapidity η is defined as η = − ln[tan(θ/2)], and θ 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 |η| < 2.1

for muons and |η| < 2.5 for electrons. The relative isolation Irel is calculated from the other PF

particles within a cone of ∆R =
�
(∆φ)2 + (∆η)2 < 0.4 around the axis of the lepton. The

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

1W 2W 3W 4W

t´b t´t´ b´t + b´t´ b´b´

max for A = 0

max for A = 0

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

CKM� , in which we denote the up-

and down-type fourth-generation quarks as t� and b� respectively. For simplicity, we assume

degenerate masses for t� and b� and choose a model with one free parameter, A, where 0 ≤ A ≤
1:

V4×4

CKM =





Vud Vus Vub Vub�

Vcd Vcs Vcb Vcb�

Vtd Vts Vtb Vtb�

Vt�d Vt�s Vt�b Vt�b�



 =





1 0 0 0

0 1 0 0

0 0

√
A

√
1 − A

0 0 −
√

1 − A
√

A



 . (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

√
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 b�b̄� and t� t̄�,
or through electroweak production, in particular tb�, t�b and t�b�, 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 b� and t� processes are. The cross sections of the

t�b and tb� processes depend linearly on (1 − A) and the single top and t�b� cross section on A.

A priori, we assume degenerate b� and t� quark masses in the analysis, i.e. mt� = mb� = mq� . 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 t� → bW
and the b� → tW → (bW)W decays are close to 100% provided that the mass difference is

max for A = 1

independent of A

independent of A

sensitivity to all signal process sensitivity to signal with 1 or 2 b´ process

} }
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• 2b1W box : single t´

‣ exactly 2 b-tagged jet

• 1b2W box (2b2W box): t´t´

‣ exactly 1 (2) b-tagged jet(s)

‣ exactly 1 hadronically decaying W

• 1b3W box (2b3W box): single b´

‣ exactly 1 (2) b-tagged jet(s) 

‣ exactly 2 hadronically decaying W

• 1b4W box (2b4W box): b´b´

‣ exactly 1 (2) b-tagged jet(s) 

‣ at least 3 hadronically decaying W

9

Search for inclusive b´/t´ production
5 fb-1

EXO-11-098

Discriminator: Scalar sum of reconstructed objects (ST) and hadronic top mass (mbW)

5.2 Fit for the presence of a sequential fourth generation of quarks 7
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Figure 1: The ST distribution for the subsamples with two b-jets and one W boson (top left),
one b-jet and three W bosons (top right), two b-jets and two W bosons (bottom left) and the
mbW distribution for the subsample with two b-jets and two W bosons (bottom right). The
data distributions of these observables are compared to their expectation from the simulation
assuming the fitted nuisance parameters. As an illustration the total uncertainty band around
the bare simulated expected distribution is added. The distribution for the signal is shown for
two different values of the V4×4

CKM parameter A and for b� and t� masses of 550 GeV. The cross
section of the signal in the plots is scaled by a factor of eight for visibility. The last bin includes
the overflow.

b-jet pT

6 5 Setting upper limits on the fourth-generation quark masses

5.1 Observables sensitive to fourth generation physics

The expected number of events is low in the subsamples with two leptons of the same charge,
the trilepton subsample and the two single lepton subsamples with four W boson candidates.
As a consequence, the event counts in each of these subsamples are used as the sensitive ob-
servable. Table 1 summarizes the event counts for the subsamples with two leptons of the same
charge and the trilepton subsample.

In the single lepton subsamples with one or three W bosons, we use ST as the observable to
differentiate between the standard model background and the fourth generation signal. ST is
defined as the scalar sum of the transverse momenta of the reconstructed objects in the final
state, namely

ST = �ET + pl
T + pb

T + pj
T +

N

∑
i=0

p
Wi

qq̄
T , (2)

where the sum runs over the number of reconstructed hadronically decaying W bosons; pl
T the

transverse momentum of the lepton, pb
T the transverse momentum of the b-jet, pj

T the transverse
momentum of the second b-jet or, in case there is no additional jet identified as a b-jet, the pT of
the jet with the highest transverse momentum in the event that is not used in the hadronically

decaying W boson reconstruction, and p
Wi

qq̄
T the transverse momentum of the ith reconstructed

hadronically decaying W boson. In general, the decay products of the fourth-generation quarks
are expected to have higher transverse momenta compared to the standard model background.
This is shown in Figure 1 for two of the subsamples.

The subsamples with two W bosons are dominated by tt̄ events. In this case we use two
sensitive observables, ST and the mass of the hadronic bW system, mbW . The latter observ-
able is sensitive to the fourth generation physics, due to the higher mass of a hypothetical
fourth generation t� quark compared to the top quark mass. To obtain a higher sensitivity with
the mbW observable, four jets need to be assigned to the quarks to reconstruct the final state
t� t̄� → WbWb → qq̄blνl b̄. Therefore, six observables with differentiation power between correct
and wrong jet-quark assignments are combined with a likelihood ratio method. These observ-
ables are angles between the decay products, the W boson mass, the transverse momentum of
the hadronically decaying top quark and an observable related to the values of the b-jet identi-
fication variable for the jets. The jet-quark assignment with the largest value of the likelihood
ratio is chosen. The mass of the bW system is then reconstructed from this chosen jet-quark as-
signment. The bottom plots in Figure 1 show the projections of the two-dimensional ST versus
mbW distribution.

5.2 Fit for the presence of a sequential fourth generation of quarks

We construct a single histogram “template” that contains the information of the sensitive ob-
servables from all the subsamples. Different template distributions are made for the signal
corresponding to the different values of A and the fourth-generation quark masses mq� . The
binning of the two-dimensional observable distribution in the single lepton subsamples with
two W bosons is defined using the following procedure. We use a binning in the dimension
of mbW such that the selected standard model top quark pair events are uniformly distributed
over the bins. Secondly, the binning in the dimension of ST in each of the mbW bins is chosen to
obtain also in this dimension uniformly distributed top quark pair events.

The templates of the sensitive observables are used as input to obtain the likelihoods for the
background-only and the signal-plus-background hypotheses. Systematic uncertainties are
taken into account by introducing nuisance parameters that may affect the shape and/or the

lepton pT pT of 2nd b-jet or 
jet not from Whad 

pT of Whad 
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Figure 1: The ST distribution for the subsamples with two b-jets and one W boson (top left),
one b-jet and three W bosons (top right), two b-jets and two W bosons (bottom left) and the
mbW distribution for the subsample with two b-jets and two W bosons (bottom right). The
data distributions of these observables are compared to their expectation from the simulation
assuming the fitted nuisance parameters. As an illustration the total uncertainty band around
the bare simulated expected distribution is added. The distribution for the signal is shown for
two different values of the V4×4

CKM parameter A and for b� and t� masses of 550 GeV. The cross
section of the signal in the plots is scaled by a factor of eight for visibility. The last bin includes
the overflow.
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Figure 1: The ST distribution for the subsamples with two b-jets and one W boson (top left),
one b-jet and three W bosons (top right), two b-jets and two W bosons (bottom left) and the
mbW distribution for the subsample with two b-jets and two W bosons (bottom right). The
data distributions of these observables are compared to their expectation from the simulation
assuming the fitted nuisance parameters. As an illustration the total uncertainty band around
the bare simulated expected distribution is added. The distribution for the signal is shown for
two different values of the V4×4

CKM parameter A and for b� and t� masses of 550 GeV. The cross
section of the signal in the plots is scaled by a factor of eight for visibility. The last bin includes
the overflow.
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Figure 1: The ST distribution for the subsamples with two b-jets and one W boson (top left),
one b-jet and three W bosons (top right), two b-jets and two W bosons (bottom left) and the
mbW distribution for the subsample with two b-jets and two W bosons (bottom right). The
data distributions of these observables are compared to their expectation from the simulation
assuming the fitted nuisance parameters. As an illustration the total uncertainty band around
the bare simulated expected distribution is added. The distribution for the signal is shown for
two different values of the V4×4

CKM parameter A and for b� and t� masses of 550 GeV. The cross
section of the signal in the plots is scaled by a factor of eight for visibility. The last bin includes
the overflow.

2b1W 1b3W

2b2W 2b2W

2nd discriminating variable 

Single lepton channel
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multilepton channel
• Same-sign dilepton channel

‣ ≥2 leptons (charge ++ or --), ≥ 4 jets

‣ Backgrounds

- Wrong-sign lepton(e.g, Z or dilepton events)

- Fake leptons (single top, semileptonic ttbar, W)

- Irreducible background (WZ, ZZ, ttV, W± W±)

• Trilepton channel

‣ ≥3 leptons (charge ++- or +--), ≥ 2 jets

‣ Background (WZ, ZZ, ttV) estimate from simulation

• Suppress Z events, |Mll-Mz| > 10 GeV

5

double isolated electron trigger. We require two isolated electrons that are within 10 GeV

of the Z boson mass. We select events with �ET < 20 GeV and a transverse mass MT =�
2pT,l �ET[1 − cos(∆φ(l, �ET))] less than 25 GeV to suppress background from top quark and

W+jets events. We define the charge misidentification ratio as the number of events with two

electrons of the same charge divided by twice the number of events with two electrons of oppo-

site charge, R = NSS/2NOS. After the full event selection is applied, with the exception of the

charge requirement, we obtain a number of selected data events with two electrons and with

an electron and muon in the final state. The background with two electrons or an electron and

muon with the same charge is obtained by taking the number of opposite charge data events

and scaling it with the charge misidentification ratio.

Another important background contribution orginates from jets being misidentified as (“fak-

ing”) an electron or a muon (non-prompt leptons). We require at least one electron or muon

with looser isolation (Irel < 0.2) and identification criteria (loose lepton). Additionally, we re-

quire �ET < 20 GeV and MT < 25 GeV to suppress background from top quark and W+jets

events. Moreover, we veto events with leptons of the same flavour that have a dilepton mass

within 20 GeV of the Z boson mass. We count the number of loose and tight (regular isolation

and identification criteria) leptons with a pT below 35 GeV. The threshold on the pT is required

to suppress contamination from W+jets events. The probability that a loose (L) lepton passes

the tight (T) selection criteria is then given by � f l = NT/NL. To estimate the number of events

from the background source with a non-prompt lepton, we count the number of events in data

that pass the event selection criteria with one tight and one loose, but not tight lepton. This

yield is multiplied by R f l = � f l(1 − � f l) to determine the number of events with a non-prompt

lepton in the analysis.

The total number of expected background events for the same-charge dilepton and trilepton

events is given in Table 1.

Table 1: The prediction for the total number of background events is compatible with the num-

ber of observed events in the same-sign dilepton and the trilepton subsamples.

type 2 muons 2 electrons electron+muon trilepton

Observed 2 2 2 1

Background 0.83 ± 0.11 1.36 ± 0.19 2.27 ± 0.22 0.96 ± 0.12

Signal (A = 1, mq� = 550 GeV) 3.31 ± 0.15 2.03 ± 0.36 5.29 ± 0.19 3.37 ± 0.16

Signal (A = 0.8, mq� = 550 GeV) 3.79 ± 0.15 2.29 ± 0.36 6.00 ± 0.19 3.65 ± 0.16

5 Setting upper limits on the fourth-generation quark masses
We have defined different subsamples according to the reconstructed final state. In each of

the different subsamples, we reconstruct observables that are sensitive to the presence of the

fourth-generation quarks. These observables are used as input to a fit of the combined distri-

butions for the standard model (background-only) hypothesis and the signal-plus-background

hypothesis. With the profile likelihood ratio as a test statistic, we calculate the 95% confidence

level (CL) upper limits on the combined input cross section of the signal as a function of the

V
4×4

CKM
parameter A and the mass of the fourth-generation quarks.

} Data-driven

These event counts are used in the limit calculation
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• Model-dependent exclusion limit on 
mt′ = mb′ as a function of A
‣ t´b´ production ∝ A
‣ t´b and t b´ production ∝ 1- A

‣ mq′ < 685 GeV excluded at 95% CL

11
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5.3 Results and discussion 9
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Figure 2: Top: Exclusion limit on mt� = mb� as a function of the V4×4
CKM parameter A. The

parameter values below the line are excluded at 95% confidence level (CL). The slope indicates
the sensitivity of the analysis to the t�b and tb� processes. Bottom: For a V4×4

CKM parameter value
A = 1, the exclusion limit on mt� versus mt� −mb� is shown. The exclusion limit is calculated for
mass differences up to 25 GeV. The existence of up-type fourth-generation quarks with mass
values below the observed limit are excluded at the 95% confidence level.
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CKM parameter value
A = 1, the exclusion limit on mt� versus mt� −mb� is shown. The exclusion limit is calculated for
mass differences up to 25 GeV. The existence of up-type fourth-generation quarks with mass
values below the observed limit are excluded at the 95% confidence level.

• Effect of mass diff: mt′ - mb′ = 25 GeV is 
studied
‣ Limit shifts about 20 GeV

• The electroweak t´b´ process is omitted
‣ Less stringent limit for mt′ = mb′
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Search for vector-like B´→bZ(dilepton) 5 fb-1

EXO-11-066

• Clean signature includes 
‣ ≥ 2 jets, ≥ 1 b-tag (pT > 65 GeV)
‣ Z Cand: (60 < mll  <120) GeV, pT > 95 GeV

BB̄ → bZb̄Z
• Search for resonance peak of mass spectrum of the bZ 

candidate
‣ Reconstruct B´ candidate using leading pT Z boson and the 

leading pT b-tagged jet 

Strategy

Event Selection
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Z→ee Z→μμ
B´(350 GeV) 222±6 345±9

Total Pred 648±15 999±26

DATA 604±24 928±30

Yields

Assuming a branching 
fraction of 100% B´→bZ

References 7
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Figure 2: The 95% CL cross section exclusion limits as a function of the B’ quark mass calculated

using the combined Z → e
+

e
−

and Z → µ+µ−
channels. The expected and observed limits are

510 GeV/c
2

and 550 GeV/c
2
, respectively.

and Z → µ+µ−
. No evidence for B’ quark production has been found and the event yield is220

in agreement with the predictions of the standard model. An upper limit of 550 GeV/c
2

was221

determined for the B’ quark mass under the assumption that the B’ quark decays exclusively222

to bZ.223
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Search Channel Lower mass limit

t´→bW pair dileptons 557 GeV/c2

t´→bW pair lepton+jets 560 GeV/c2

b´→tW pair trilepton and 
same-sign dilepton 611 GeV/c2

T´→tZ pair three leptons 475 GeV/c2

B´→bZ pair  two leptons 550 GeV/c2

Model-Dependent t´/b´ lepton(s)+jets 685 GeV/c2

• CMS has the most stringent limits on the existence of 4th generation quarks

• We have reached the critical mass of ~550 GeV/c2 at which fermion’s weak 
interactions become non-perturbative

M.S. Chanowitz, M.A. Furman, I. Hinchcliffe, Phys. Lett.B78, 285 (1978)
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Thank you!
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Extra material
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Particle Flow Algorithm
• Provides a list of observable particles that 

describe the event

‣ muons, electrons, photon, charged and neutral 
hadrons

17

• It combines the 
information from all 
CMS sub-detectors to 
achieve this 

• This list is used to 
reconstruct higher 
level objects like jets, 
MET

Friday, July 6, 2012



• Reconstruct hadronic top mass (mbW) 

‣ Likelihood ratio (LH) with 7 observables (angles, 
W mass, b-tag discriminator values, pT of the top 
quark candidate)

‣ Use the jet combination with the largest LR 
value

• W→qq counting procedure

‣ remove the 1or 2 b-tag jets

‣ Choose the jet pair that minimizes |mj1j2 – mWsim|

‣ If |mj1j2 – mWsim| < σWsim, a W→qq event is found

‣ Remove the jet pair that formed the W→qq

‣ Repeat the procedure until no hadronically 
decaying W are found

18

Search for inclusive b´/t´ production
5 fb-1

EXO-11-098
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Figure 1: The ST distribution for the subsamples with two b-jets and one W boson (top left),
one b-jet and three W bosons (top right), two b-jets and two W bosons (bottom left) and the
mbW distribution for the subsample with two b-jets and two W bosons (bottom right). The
data distributions of these observables are compared to their expectation from the simulation
assuming the fitted nuisance parameters. As an illustration the total uncertainty band around
the bare simulated expected distribution is added. The distribution for the signal is shown for
two different values of the V4×4

CKM parameter A and for b� and t� masses of 550 GeV. The cross
section of the signal in the plots is scaled by a factor of eight for visibility. The last bin includes
the overflow.
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Search for inclusive b´/t´ production
5 fb-1

EXO-11-098

Backgrounds for same-sign dilepton channel

• Wrong-sign lepton(e.g, Z or dilepton events)

‣ Missing ET < 20 GeV, MT < 25 GeV

‣ Require two electrons within a 10 GeV window around Z 
mass

‣ Charge misidentification ratio, R = NSS/2NOS 

‣ Rescale the events passing all selections except the same-sign 
requirement

• Non-prompt leptons (single top, semileptonic ttbar, W)

‣ Missing ET < 20 GeV, MT < 25 GeV

‣ Veto events with |Mll-Mz| < 20 GeV

‣ Count #loose (NL) and tight (NT) leptons with pT < 35 GeV

‣ Probability that a loose lepton passes the tight cuts:

‣ Require the events to pass selection criteria except

- One tight lepton

- One loose but not tight lepton

‣ Scale the data yields by 

5

double isolated electron trigger. We require two isolated electrons that are within 10 GeV

of the Z boson mass. We select events with �ET < 20 GeV and a transverse mass MT =�
2pT,l �ET[1 − cos(∆φ(l, �ET))] less than 25 GeV to suppress background from top quark and

W+jets events. We define the charge misidentification ratio as the number of events with two

electrons of the same charge divided by twice the number of events with two electrons of oppo-

site charge, R = NSS/2NOS. After the full event selection is applied, with the exception of the

charge requirement, we obtain a number of selected data events with two electrons and with

an electron and muon in the final state. The background with two electrons or an electron and

muon with the same charge is obtained by taking the number of opposite charge data events

and scaling it with the charge misidentification ratio.

Another important background contribution orginates from jets being misidentified as (“fak-

ing”) an electron or a muon (non-prompt leptons). We require at least one electron or muon

with looser isolation (Irel < 0.2) and identification criteria (loose lepton). Additionally, we re-

quire �ET < 20 GeV and MT < 25 GeV to suppress background from top quark and W+jets

events. Moreover, we veto events with leptons of the same flavour that have a dilepton mass

within 20 GeV of the Z boson mass. We count the number of loose and tight (regular isolation

and identification criteria) leptons with a pT below 35 GeV. The threshold on the pT is required

to suppress contamination from W+jets events. The probability that a loose (L) lepton passes

the tight (T) selection criteria is then given by � f l = NT/NL. To estimate the number of events

from the background source with a non-prompt lepton, we count the number of events in data

that pass the event selection criteria with one tight and one loose, but not tight lepton. This

yield is multiplied by R f l = � f l(1 − � f l) to determine the number of events with a non-prompt

lepton in the analysis.

The total number of expected background events for the same-charge dilepton and trilepton

events is given in Table 1.

Table 1: The prediction for the total number of background events is compatible with the num-

ber of observed events in the same-sign dilepton and the trilepton subsamples.

type 2 muons 2 electrons electron+muon trilepton

Observed 2 2 2 1

Background 0.83 ± 0.11 1.36 ± 0.19 2.27 ± 0.22 0.96 ± 0.12

Signal (A = 1, mq� = 550 GeV) 3.31 ± 0.15 2.03 ± 0.36 5.29 ± 0.19 3.37 ± 0.16

Signal (A = 0.8, mq� = 550 GeV) 3.79 ± 0.15 2.29 ± 0.36 6.00 ± 0.19 3.65 ± 0.16

5 Setting upper limits on the fourth-generation quark masses
We have defined different subsamples according to the reconstructed final state. In each of

the different subsamples, we reconstruct observables that are sensitive to the presence of the

fourth-generation quarks. These observables are used as input to a fit of the combined distri-

butions for the standard model (background-only) hypothesis and the signal-plus-background

hypothesis. With the profile likelihood ratio as a test statistic, we calculate the 95% confidence

level (CL) upper limits on the combined input cross section of the signal as a function of the

V
4×4

CKM
parameter A and the mass of the fourth-generation quarks.
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5 Setting upper limits on the fourth-generation quark masses
We have defined different subsamples according to the reconstructed final state. In each of

the different subsamples, we reconstruct observables that are sensitive to the presence of the

fourth-generation quarks. These observables are used as input to a fit of the combined distri-

butions for the standard model (background-only) hypothesis and the signal-plus-background

hypothesis. With the profile likelihood ratio as a test statistic, we calculate the 95% confidence

level (CL) upper limits on the combined input cross section of the signal as a function of the

V
4×4

CKM
parameter A and the mass of the fourth-generation quarks.
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Introduction

‣ We search in the dilepton final state, where

‣ Datasets: DoubleElectron, DoubleMu, MuEG

‣ High pT dilepton triggers

‣ May10th rereco + Prompt v4 + Aug05th rereco + Prompt v6 + 
2011B Data (4.7 fb-1)

‣ Summer11 MC

4

opposite sign dileptons
2 b tagged jets

MET

20

Selection
• Two opposite sign high pT leptons (ee, eμ,μμ) 

• Z/ϒ→ee/μμ veto

• ≥ 2 jets, ≥ 1b-tagged jet

• Missing ET > 50 GeV

Strategy
• Invariant mass of the lepton and the b-tagged jets:

• Combine the two leptons and two b-tagged jets 

‣ 4 possible values of 

‣ Choose the minimum 

‣ For a top decay 

Mlb

Mmin
lb

Mlb =
�

(El + Eb)2 − |�pl + �pb|2

M2
lb < M2

t −M2
W

Search for t´→bW(dilepton) 5 fb-1

arXiv:1203.5410

t�t̄� → WbWb̄ → lνblν̄ b̄

Exclude mt´ < 557 GeV @ 95% C.L. on the 
production cross section

7

Table 5: The approximate NNLO theoretical cross section of t�t� production assuming standard

QCD couplings [25], and the expected and observed 95% CL upper limits on the production

cross section of t�t�, for different t� masses.

Mt� ( GeV/c2) 350 400 450 500 550 600

Theoretical cross section (pb) 3.20 1.41 0.62 0.33 0.17 0.09

Expected limit (pb) 0.53 0.29 0.24 0.21 0.18 0.16

Observed limit (pb) 0.47 0.26 0.22 0.18 0.16 0.14
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Figure 2: The 95% CL upper limits on the production cross section of t�t� as a function of t�

mass. The observed (expected) 95% CL lower bound on Mt� is 557 (547) GeV/c2.
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Figure 1: Comparison between the data and the simulated background for Mmin

�b
. The signal

region is defined by Mmin

�b
> 170 GeV/c2. The simulated background yields in the signal region

are scaled so that they match the yields estimated from control regions in data, as given in

Table 3. Outside the signal region the simulated background yields are taken without rescaling.

One event is observed in the signal region. The expected distribution for a t�t� signal with

Mt� = 450 GeV/c2 is also shown.

prediction, and the fraction of t�t� events expected to be selected. This fraction (the overall se-

lection efficiency) is taken as the product of efficiency, acceptance, and the branching fraction

for simulated signal events, and is given in Table 4 for different values of Mt� . The calculated

limits are shown in Table 5 and Fig. 2.

In summary, assuming a branching fraction of 100% for t� → bW, the expected and observed

95% CL lower bounds on the t� mass are 547 and 557 GeV/c2, respectively, from the analysis

of a data sample of pp collisions at
√

s = 7 TeV, corresponding to an integrated luminosity of

5.0 fb
−1

.

Table 4: Overall selection efficiency in simulated events for different t� masses. The branching

fraction of 6.5% for the dilepton decay mode of t�t� is included. The uncertainties are calculated

using the systematic uncertainty of 19% from Section 6.

t�t� sample Eff×Acc×Br (%)

Mt� = 350 GeV/c2 0.16 ± 0.03

Mt� = 400 GeV/c2 0.29 ± 0.06

Mt� = 450 GeV/c2 0.35 ± 0.07

Mt� = 500 GeV/c2 0.41 ± 0.08

Mt� = 550 GeV/c2 0.48 ± 0.09

Mt� = 600 GeV/c2 0.54 ± 0.10

≥170 GeV
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• Backgrounds (mostly data driven)

‣ Category I - b-mistagged jet(s) and prompt leptons 

‣ Category II - fake lepton(s) and real b-tagged jet(s)

‣ Category III - b-mistagged jet(s) and fake lepton(s) (negligible)

‣ Category IV - 2 real b-tagged jets and 2 real leptons 
(obtained from MC)

5

(Category III). Selecting only events where both b jets and leptons are well matched to the

corresponding particles at the generator level, the resulting prediction is 1.0 ± 0.7 where the

uncertainty is statistical. The systematic uncertainty is small in comparison (Section 6), so the

total uncertainty is also 0.7.

The contribution of events from Category IV is assumed to be negligible and is covered by both

the Category I and Category II predictions. Since the Category II prediction is zero, there is no

possibility of double-counting.

6 Systematic uncertainties
The systematic uncertainty on the overall selection efficiency is dominated by the uncertainty

on the b-tagging efficiency. This uncertainty is 15% for b jets with pT > 240 GeV/c, and 4% for

b jets with pT ≤ 240 GeV/c [20]. Other uncertainties include those on trigger efficiency (2%),

lepton selection (2%), and jet and Emiss

T
energy scale (8%) [27]. These four sources combine

to yield a 19% relative uncertainty on the overall selection efficiency. There is a further 2.2%

uncertainty on the luminosity measurement [28].

The systematic uncertainty on the background estimate is dominated by the uncertainty on the

estimate of events with mistagged b jets from data (100%), and by the lack of selected events in

the loose-lepton control region. The systematic uncertainties on these sources of background

are included in the summary of background predictions given in Table 3.

7 Results and summary
The number of expected events from background processes is 1.8 ± 1.1, and one event is ob-

served in the eµ channel. There is thus no evidence for an excess of events above SM expecta-

tions. A summary of the observed and predicted yields is presented in Table 3.

The simulated distribution of Mmin

�b
from background processes is compared with the data in

Fig. 1, where the expected distribution for a t�t� signal with Mt� = 450 GeV/c2 is also shown. The

simulated background yields in the signal region are scaled so that they match the yields esti-

mated from control regions in data, as given in Table 3. Outside the signal region the simulated

background yields are taken without rescaling.

Table 3: Summary of the predicted background yields and the measured yield in data. Statis-

tical and systematic uncertainties are combined.

Sample Yield

Category I (from data) 0.7 ± 0.8

Category II (from data) 0.0
+0.4

−0.0

Category III (simulated) 1.0 ± 0.7

Total prediction 1.8 ± 1.1

Data 1

Finally, 95% confidence level (CL) upper limits on the production cross section of t�t� as a func-

tion of t� mass are set, using the CLs method [29, 30], in which a log-normal model of nuisance

parameter integration is assumed.

The limit calculation is based on the information provided by the observed event count com-

bined with the values and the uncertainties of the luminosity measurement, the background

Search for t´→bW(dilepton) 5 fb-1

arXiv:1203.5410
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Selection
• Leptons (e/μ) with pT > 20 GeV

• Suppress Z events, |Mll-Mz| > 10 GeV

• Reject events with

‣ < 4 jets for the same-sign dilepton 

‣ < 2 jets for trilepton channel

• ≥1 b-tagged jets

Strategy
• Construct scalar quantity, ST > 500 GeV

•

Search for b´→tW(di/tri-lepton) 5 fb-1

ST = |Emiss
T |+

�
|plT |+

�
|pjetT |

dilepton

b�b̄� → WtWt̄ → bWWbWW

arXiv:1204.1088

trilepton
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• Backgrounds (mostly from ttbar)

‣ Sources for same sign dilepton channel

- Type I (data driven) -- Fake lepton 

- Type II (data driven)-- Charge Misidentification

- Type III (from MC) -- Prompt dileptons

‣ Sources for trilepton channel

- Dominated by 3 prompt leptons events (ttW)

Search for b´→tW(di/tri-lepton) 4.9 fb-1

Sources Same-charge 
dilepton

Trilepton

Type1+TypeII 7.8 ± 2.8

TypeIII 3.6 ± 0.6 0.78 ± 0.21

Background sum 11.4 ± 2.9 0.78 ± 0.21

Observed yield 
in data

12 1

arXiv:1204.1088
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≥ 2 jets & RT>80 GeV

• Construct the variable RT > 80 GeV

24

Search for vector-like T´→tZ(trilepton) 1.14 fb-1

• Clean signature includes
‣ ≥ 3 leptons (e/μ) 
‣ ≥ 2 jets
‣ (60 < mll  <120) GeV

PRL. 107, 271802(2011)

TT̄ → tZt̄Z → bb̄W+W−ZZ

RT = (
�

pleptonsT +
�

pjetsT )− (
�

ptwo leading leptons
T +

�
ptwo leading jets
T )

Strategy
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Search for vector-like T´→tZ(trilepton) 1.14 fb-1

PRL. 107, 271802(2011)

T´(350 GeV) 57.8±11.0

Background 4.60±1.04

DATA 7

Yields

]2 [GeV/cTM
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2 > 475 GeV/cTLimit at 95% CL: M

 = 7 TeVs  -1CMS 1.14 fb

observed limit "1 
expected limit "2 

• With the observed upper limit at 95% CL on the 
production cross section, we excludes a T´quark with a 
mass < 475 GeV 

Assuming a branching 
fraction of 100% T´→tZ
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