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Heavy Partner of the Top
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• Can be divided into two main categories

‣ Sequential Fourth fermion generation (SM4)

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

- Direct limits on t´/b´ production
- M. S. Paul H. Frampton, P.Q. Hung Phys. Rep. 330 (2000) 263

‣ Vector-like quarks

- Transforms as (3,1,+2/3) under SU(3)c × SU(2)W× U(1)Y would mix with the top quark
- Rakhi Mahbubani et.el,  JHEP 0906:001 (2009)

• We need new physics at TeV scale to stabilize its mass

‣ T quark cancels the top loop

Vectorlike quarks

All Standard Model fermions are chiral: their masses are not gauge
invariant, and arise from the Higgs coupling.

Vectorlike (i.e. non-chiral) fermions – a new form of matter.

Masses allowed by SU(3)c × SU(2)W × U(1)Y gauge symmetry,

⇒ naturally heavier than the t quark.

A vectorlike quark which transforms as (3,1,+2/3) under

SU(3)c × SU(2)W × U(1)Y would mix with the top quark.

Branching fractions of t′:
(Mh = 125 GeV, sin θL = 0.1)
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vector-like quarks 
we have a 125 GeV Higgs boson 

 
 
 
 
 
 
 
 
 
 
4th generation would enhance Higgs cross section by factor  5 

inconsistent with data 
 

need new physics at the TeV scale to stabilize its mass 
T quark cancels top quark loop 

8/9/2012 Ulrich Heintz - XTY Meeting 3 
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4th Generation

3
|mt� −mb� | < mW

• A sequential family of the heavy quarks and leptons has 
been an important topic - G. D. Kribs, T. Plehn, M. Spannowsky and T. Tait, PRD 76, 
075016(2007); P. Q. Hung and M. Sher, PRD 77, 037302 (2008); H. He, N. Polonsky and S. Su, PRD 64, 
053004 (2001); M. Chanowitz, PRL 87, 231802 (2001) V. A. Novikov, L. B. Okun, A. N. Rozanov and M. I. 
Vysotsky, PLB 529 (2002);... B. Holdom, PLB 686(2010); J. Erler, P. Langacker, PRL 105,031801 (2010), ...

• If exist, 

‣ 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)

‣ It can induce a heavy neutrino as a candidate for dark 
matter

‣ expect small mass splitting between the t´ and b´ masses -
M.Baak et al., arXiv:1107.0975

Thursday, January 17, 2013



4th Generation
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• However, sequential 4th 
generation would enhance Higgs 
boson cross section by a factor ~5

‣ Change of couplings: H→ττ are 
largely enhanced, H→γγ strongly 
suppressed 

‣ Having found some new state mostly 
showing up in H→gg is not a direct 
exclusion criterion. 

‣ If the resonance does not show up in 
H→ττ this is a killer for this kind of 
models.
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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

• Production: pp→TT, BB --- pair produced

•                   pp→Tt, Bb --- singly produced

• Decays:T→bW or B→tW as in the 4th Gen case, but also flavor changing neutral current 
(FCNC) decays as 

‣ T→tZ, tH or B→bZ, bH where H couples to fermions and bosons, but with non SM 
couplings 

- heavy Higgs is not excluded (weaker couplings than in SM case)

- more Higgs-like bosons are possible (one light, one heavy...)

• Different final states are possible:

‣ Pair production: TT→ bWbW, bWtZ, bWtH, tZtZ, tHtH, tZtH
‣ Singly produced: Tt →bWt, ttZ, ttH

5
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2.  Exclude Triangles not Points

• At 7 TeV most heavy quark, Q searches assume100% BR for a given 
channel  

• Michael Peskin’s slogan #2

‣ ExcludeTriangles not Points, a vector-like heavy quark would have the 
following decay modes

6

Vector-like Quark

https://indico.fnal.gov/getFile.py/access?contribId=49&resId=0&materialId=slides&confId=5256
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What does this mean? 
T decays into different 
final states 

T bW 
T tZ 
T tH 

there is one triangle for 
every T mass 
every point in the 
triangle corresponds    
to a different set of 
these branching 
fractions 

 8/9/2012 Ulrich Heintz - XTY Meeting 5 

bW 

tZ tH 
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Vector-like Quark
• What does it mean?

‣ T decays into different final states

- T→bW 

- T→tZ  

- T→tH   

‣ There is one triangle for every T mass

‣ Every point in the triangle corresponds to a different set of these branching fractions
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Vector-like Quark
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Vector-like Quark
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• CMS 4th generation searches @7 TeV

‣ t´ pair search

- lepton+jets channel 

- dilepton channel

‣ b´ search

- lepton+jets channel

- same sign dilepton + trilepton channel

‣ Inclusive t´ and b´ search

- singly produced

- pair produced

‣ T vector like pair 

- lepton+jets

- trilepton channel

‣ B vector-like pair

11

PLB.2012.10.038, EXO-11-099 

arXiv:1204.1088 (sub to JHEP)

 arXiv:1209.1062 (accept by PRD)

PRL.107.271802
EXO-11-005

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

arXiv:1210.7471 (accept by JHEP), 
B2G-12--004 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G

PLB.2012.07.959, EXO-11-050

Status @ 7 TeV

arXiv:1210.7471 (accept by JHEP), 
B2G-12--004 
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• Use HATHOR (HAdronic Top and Heavy quarks 
crOss section calculatoR) 
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Theory Cross sections

1

1 Introduction1

The standard model with three generations of quarks describes remarkably well almost all2

particle physics phenomena observed to date. A fourth generation is predicted in a number of3

theories [1, 2], and while often disfavored based on purely esthetic grounds, is still in agreement4

with precision data [3].With a fourth generation, indirect bounds on the Higgs boson mass can5

be relaxed [4, 5], and an additional generation of quarks may possess enough intrinsic matter6

and anti-matter asymmetry to be relevant for the baryon asymmetry of the Universe [6].7

A search for a heavy bottom-like quark (b�) in pp collisions at a centre-of-mass energy,
√

s =8

7 TeV with the Compact Muon Solenoid (CMS) detector at the large Hadron Collider (LHC) is9

presented. The decay chain b
�
b̄� → tW

−
tW

+ → bW
+

W
−

bW
−

W
+ is expected to be dominant if10

the mass of the b
� quark (mb� ) is larger than the sum of top-quark and W-boson masses and the11

coupling between b
� and top predominates [7]. It has been shown [8] that a heavier fourth gen-12

erations mZ/2 < m f < O(< H >) is consistent with existing precision electroweak data, and13

that this could relax the bounds on the Higgs mass, which could be as large as 500 GeV. How-14

ever, a b
� mass lower than that is disfavored by results from several previous experiments [9].15

Furthermore, there are new physics models that include the existence of forth generation vec-16

torlike (non-chiral) quarks (denoted B,T) that could decay through FCNC processes [10–12].17

For these kind of quarks with a new Yukawa coupling, the decays T → tZ and T → tH could be18

dominant, where H is the Higgs boson. If the Higgs decay channel is kinematically forbidded,19

then T → tZ branching fraction could be close to 100%. In this document, we include the search20

for pair-produced T quarks that decay to top quarks and Z bosons. The decay chain is expected21

to be TT̄ → tZtZ → bW+ZbW−Z. If we assume one W boson decays leptonically and the rest22

hadronically, the selection strategy used for the search of the pair production of a b� quark can23

be directly exploited to search for pair production of vectorlike quarks TT̄.24

The cross section for the gg → q
�
q̄� production computed to NNLO using the HAdronic Top25

and Heavy quarks crOss section calculatoR (HATHOR) [13] are plotted in Fig. 1 and tabulated26

in Table 1.27

Figure 1: Cross section σ in pb for q
�
q̄� pair production computed for different pp center of mass

energies
√

s at NNLO [13].

5

Table 2: Theoretical cross sections [32], selection efficiencies, and numbers of expected events

for the t
�
t̄
�

signal with different t
�

masses in the e+jets and µ+jets channels. The efficiencies

include the branching fraction of the t
�
t̄
�

system into a single-lepton final state.

Mt� (GeV) Cross section (pb) e+jets eff. (%) Events ν+jets eff. (%) Events

400 1.41 4.3 ± 0.1 302 5.4 ± 0.1 373

425 0.96 4.4 ± 0.1 210 5.6 ± 0.1 263

450 0.66 4.7 ± 0.1 155 6.0 ± 0.1 194

475 0.46 4.7 ± 0.1 108 6.1 ± 0.1 137

500 0.33 4.8 ± 0.1 79 6.2 ± 0.1 100

525 0.24 4.7 ± 0.1 56 6.4 ± 0.1 75

550 0.17 4.9 ± 0.1 41 6.5 ± 0.1 54

575 0.13 4.7 ± 0.1 30 6.6 ± 0.1 42

600 0.092 4.7 ± 0.1 22 6.6 ± 0.1 30

625 0.069 4.8 ± 0.1 16 6.5 ± 0.1 22

for electron or muon:

m(�ν) = MW, (1)

m(qq
�) = MW, (2)

m(�νb) = m(qq
�
b) = Mfit. (3)

Here �, ν, b denote either particle or antiparticle.

The reconstructed objects in the event are the charged lepton, the neutrino, and four or more

jets. For the neutrino, only its transverse momentum can be measured as the missing trans-

verse momentum in the event. The z component of the neutrino momentum can be deter-

mined with two solutions from the kinematic constraints. The four quarks in the final state

manifest themselves as jets and their momenta are measured. Thus, all but one of the momen-

tum components of the considered final system are measured. With one unknown and three

constraints, a kinematic fit is performed by minimizing the χ2
computed from the difference

between the measured momentum of each reconstructed object and its fitted value, divided by

its uncertainty.

We have studied different strategies for pairing the observed jets with the four quarks from

the decay of the t
�

and t̄
�

quarks to find the best separation between the t
�
t̄
�

signal and the tt

background. In events with exactly four jets, we consider all possible jet-quark assignments.

To reduce the number of combinations, we choose only those in which at least one b-tagged jet

is assigned to a b quark from the t
�
t̄
�

decay. In events with more than four jets, we take the five

jets having the highest pT values, and consider all combinations of four out of these five jets.

In each event, the kinematic fit is carried out for each jet-quark assignment, and the jet-quark

assignment with the smallest χ2
value is chosen. This procedure selects the correct jet-quark

assignment in 36–40% of the simulated t
�
t̄
�
events over a t

�
-quark mass range of 400–625 GeV for

all jet multiplicities together. For tt events this fraction is much lower, about 19%, because the

jets from the decays of the t and t quarks are softer than from t
�
and t̄

�
decays and, therefore, are

less likely to be among the five highest-pT jets in the event. The χ2
value does not distinguish

the t
�
t̄
�

signal from the tt background because both processes satisfy the fit hypothesis, but

using the smallest value for each event does increase the fraction of correct quark assignments.

Since a restriction on χ2
does not improve the signal-to-background ratio, no such restriction is

applied.

7 TeV

http://arxiv.org/abs/1007.1327
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Where are we now?

CMS Collaboration / Physics Letters B 718 (2012) 307–328 313

with 20% smearing. The missing-pT resolution is also simultane-
ously corrected for this effect.

The systematic uncertainty from the b-tagging efficiency is es-
timated by varying this efficiency by ±1 standard deviation taken
from [34].

To evaluate the uncertainties related to the modelling of mul-
tiple interactions in the same beam crossing, the average number
of interactions in the simulation is varied by ±8% relative to the
nominal value.

The uncertainty in the factorization/normalization scale Q ,
used for the strong coupling constant αs(Q 2), is estimated by
using two sets of simulated tt samples in which the Q value is
increased and decreased by factors of two relative to the nominal
value.

The uncertainty arising from the threshold for matching be-
tween matrix elements and parton showers [42] is estimated using
two simulated tt samples generated with the matching threshold
varied up and down by a factor of two from the default value.

The impact of initial- and final-state radiation is estimated us-
ing a tt MC sample generated with powheg, instead of MadE-
vent/MadGraph.

We estimate the effects of these systematic uncertainties on the
expected t′ t̄′ cross section limits by adding them to the limit cal-
culation one at a time. The largest effects on the expected limits
come from the normalizations of the EW background, the jet en-
ergy scale calibration, and the normalization of the tt background.
All other uncertainties change the expected limits by insignificant
amounts. In order to simplify the computational complexity of the
limit computation, we therefore consider only a limited set of sys-
tematic uncertainties in the limit calculation by assigning nuisance
parameters to them: the integrated luminosity, normalization of
the EW and tt backgrounds, lepton efficiency, jet energy scale,
and parton-shower matching threshold. The additional effect of the
other uncertainties is negligible. All of these except the lepton ef-
ficiency are treated as correlated in the combined result from the
e+ jets and the µ + jets channels.

8. Results

Fig. 6 shows the observed and expected 95% CL upper limits on
the t′ t̄′ cross section for the e + jets (top), the µ + jets (middle)
channels, and the combination of both channels (bottom). The 95%
CL lower limit for the t′-quark mass is given by the value at which
the observed upper limit curve for the t′ t̄′ cross section intersects
the theoretical curve, also shown in Fig. 6. In the e + jets chan-
nel this happens for the 95% CL observed (expected) lower limits
for a t′-quark mass of 490 (540) GeV. In the µ + jets channel the
corresponding t′-quark mass limit is 560 (550) GeV. The combined
observed (expected) limit from both channels is 570 (590) GeV.
A comparable lower limit on the t′ mass of 557 GeV was obtained
recently by the CMS Collaboration using a dilepton channel [43].

9. Summary

The results of a search for up-type fourth-generation quarks
that are pair produced in pp interactions at

√
s = 7 TeV and de-

cay exclusively to Wb have been presented. Events were selected
in which one of the W bosons decays to leptons and the other to a
quark–antiquark pair. The selection required an electron or a muon,
significant missing transverse momentum, and at least four jets, of
which at least one was identified as a b jet. A kinematic fit assum-
ing t′ t̄′ production was performed and for every event a candidate
t′-quark mass and the sum over the transverse momenta of all de-
cay products of the t′ t̄′ system were reconstructed. No significant
deviations from the standard model expectations have been found
in these two-dimensional distributions, and upper limits have been

Fig. 6. The observed (solid line with points) and expected (dotted line) 95% CL up-
per limits on the t′ t̄′ production cross section as a function of the t′-quark mass
for e + jets (top), µ + jets (middle), and combined (bottom) channels. The ±1 and
±2 standard deviation ranges for the expected limits are shown by the bands. The
theoretical t′ t̄′ cross section is shown by the continuous line without points.

set on the production cross section of such t′ quarks as a function
of their mass. By comparing with the predicted cross section for
t′ t̄′ production, the strong pair production of t′ quarks is excluded
at 95% CL for masses below 570 GeV under the model assump-
tions used in this analysis. This result and the one from [43] are
the most restrictive yet found and raise the lower limit on the
mass of a t′ quark to a region where perturbative calculations for
the weak interactions start to fail and nonperturbative effects be-
come significant. The search is equally sensitive to nonchiral heavy
quarks decaying to Wb. In this case, the results can be interpreted
as upper limits on the production cross section times the branch-
ing fraction to Wb.
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Limits on Branching FractionsLimits on branching fractions 

T mass TT xsec  bW   tZ   
400 GeV 1.406 pb 0.473 pb 0.58 0.48 pb 0.58 

450 GeV 0.662 pb 0.246 pb 0.61 0.45 pb 0.82 

500 GeV 0.330 pb 0.213 pb 0.80 0.48 pb --- 

550 GeV 0.171 pb 0.148 pb 0.93 0.44 pb --- 
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For T mass = 450 GeV

for T mass = 450 GeV 
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• The top-like physics require all sub-detectors

• Significant improvement due to Particle Flow Algorithm that uses information from all sub-
detectors, starting from particle traces in each sub detector to  

‣ muons, electrons, photons, charged and neutral hadrons

‣ the list is used to reconstruct higher level objects like jets, MET
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Particle Flow overview
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import from RECO

integrated in RECO

Particle-Flow reconstruction
- Done in RECO

Particle-Flow Based Reconstruction
- Can be done on the AOD
- Can be tuned to the analysis

 (PFT-10-003)
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• A lepton e/μ with pT >30 GeV 

• ≥ 4 jets, ≥ 1b-tagged jet

• Missing ET > 20 GeV

t�

t̄�

W

W

l

q

q̄

HT = p
lepton
T + p

miss
T +

�
p
jets
T

Strategy 

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

‣ m(lν) = m(qq) = MW

‣ m(lνb) = m(qqb)

‣ 2-C fit → minimize χ2

• Define HT (scalar sum of transverse energies of the fitted final objects)

• Look at the HT and Mfit of the tt→lνbqqb event tails for 
signs of a massive quark decay

• Dominant backgrounds: ttbar and W+jets

t�t̄� → WbWb̄ → lνbb̄qq̄

Selection

!"#$%&'()$#*+,-).//$%012'03'45)678)96:98);/0')<3='4$>/? ,@%A/)B)#C)B9

!"#$"%&'

!"#$"%&'(#)("#(*+(#","&+-#%,.#(*+(#/%$$#)%*0$#12#)("#)) 034554#21&#!
$*+,$#12#%#216&)(#+","&%)*1,#1&#/%$$*7"#56%&8#."'%-#)1#!4

!"#6$"#)91#8*,"/%)*'#7%&*%40"$#)1#.*$)*,+6*$(#) #$*+,%0#2&1/#:)%,.%&.#"
;1."0#4%'8+&16,.$<

=>#?#$'%0%&#$6/#12#)&%,$7"&$"#
","&+*"$#12#)("#@))".#@,%0#
14A"')$#&"B&"$",)*,+#)("#) #"
)4%& #$-$)"/#C)("#14A"')$#)(%)#"
/*,*/*D"#16&##E#*,#)("#
8*,"/%)*'#@)F

;@)#?#&"'1,$)&6')".#/%$$#
12#)"

G1/*,%,)#4%'8+&16,.$H#))4%&#
%,.#!IA")$ !"#$%&'()$#*+,-).//$%012'03'45)678)96:98);/0')<3='4$>/? ,@%A/)B)#C)B9

!"#$"%&'

!"#$"%&'(#)("#(*+(#","&+-#%,.#(*+(#/%$$#)%*0$#12#)("#)) 034554#21&#!
$*+,$#12#%#216&)(#+","&%)*1,#1&#/%$$*7"#56%&8#."'%-#)1#!4

!"#6$"#)91#8*,"/%)*'#7%&*%40"$#)1#.*$)*,+6*$(#) #$*+,%0#2&1/#:)%,.%&.#"
;1."0#4%'8+&16,.$<

=>#?#$'%0%&#$6/#12#)&%,$7"&$"#
","&+*"$#12#)("#@))".#@,%0#
14A"')$#&"B&"$",)*,+#)("#) #"
)4%& #$-$)"/#C)("#14A"')$#)(%)#"
/*,*/*D"#16&##E#*,#)("#
8*,"/%)*'#@)F

;@)#?#&"'1,$)&6')".#/%$$#
12#)"

G1/*,%,)#4%'8+&16,.$H#))4%&#
%,.#!IA")$

!"#$%&'()$#*+,-).//$%012'03'45)678)96:98);/0')<3='4$>/? ,@%A/)B)#C)B9

!"#$"%&'

!"#$"%&'(#)("#(*+(#","&+-#%,.#(*+(#/%$$#)%*0$#12#)("#)) 034554#21&#!
$*+,$#12#%#216&)(#+","&%)*1,#1&#/%$$*7"#56%&8#."'%-#)1#!4

!"#6$"#)91#8*,"/%)*'#7%&*%40"$#)1#.*$)*,+6*$(#) #$*+,%0#2&1/#:)%,.%&.#"
;1."0#4%'8+&16,.$<

=>#?#$'%0%&#$6/#12#)&%,$7"&$"#
","&+*"$#12#)("#@))".#@,%0#
14A"')$#&"B&"$",)*,+#)("#) #"
)4%& #$-$)"/#C)("#14A"')$#)(%)#"
/*,*/*D"#16&##E#*,#)("#
8*,"/%)*'#@)F

;@)#?#&"'1,$)&6')".#/%$$#
12#)"

G1/*,%,)#4%'8+&16,.$H#))4%&#
%,.#!IA")$

PLB.2012.10.038, EXO-11-099 

Thursday, January 17, 2013

http://www.sciencedirect.com/science/article/pii/S0370269312010921
http://www.sciencedirect.com/science/article/pii/S0370269312010921
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012


Discriminators

21

Top towards 
lower HT, Mfit

PLB.2012.10.038, EXO-11-099 

310 CMS Collaboration / Physics Letters B 718 (2012) 307–328

Fig. 1. HT versus Mfit for the e + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

Fig. 2. HT versus Mfit for the µ + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

mentum can be determined with two solutions from the kinematic
constraints. The four quarks in the final state manifest themselves
as jets and their momenta are measured. Thus, all but one of the
momentum components of the considered final system are mea-
sured. With one unknown and three constraints, a kinematic fit
is performed by minimizing the χ2 computed from the difference
between the measured momentum of each reconstructed object
and its fitted value, divided by its uncertainty.

We have studied different strategies for pairing the observed
jets with the four quarks from the decay of the t′ and t̄′ quarks
to find the best separation between the t′ t̄′ signal and the tt back-
ground. In events with exactly four jets, we consider all possible
jet-quark assignments. To reduce the number of combinations, we
choose only those in which at least one b-tagged jet is assigned
to a b quark from the t′ t̄′ decay. In events with more than four
jets, we take the five jets having the highest pT values, and con-
sider all combinations of four out of these five jets. In each event,
the kinematic fit is carried out for each jet-quark assignment, and
the jet-quark assignment with the smallest χ2 value is chosen.
This procedure selects the correct jet-quark assignment in 36–40%
of the simulated t′ t̄′ events over a t′-quark mass range of 400–
625 GeV for all jet multiplicities together. For tt events this fraction
is much lower, about 19%, because the jets from the decays of the

t and t quarks are softer than from t′ and t̄′ decays and, there-
fore, are less likely to be among the five highest-pT jets in the
event. The χ2 value does not distinguish the t′ t̄′ signal from the tt
background because both processes satisfy the fit hypothesis, but
using the smallest value for each event does increase the fraction
of correct quark assignments. Since a restriction on χ2 does not
improve the signal-to-background ratio, no such restriction is ap-
plied.

Figs. 1 and 2 show the two-dimensional HT versus Mfit dis-
tributions for the data, tt simulation, the other simulated back-
grounds, and the t′ t̄′ simulation with a particular t′ mass of
550 GeV in the e + jets and µ + jets channels, respectively. Fig. 3
shows the corresponding Mfit and HT projections. The integrated
luminosities given in Table 1 are used for the normalization of the
background processes. The data are found to be in agreement with
the predicted background Mfit and HT distributions. The tt events
that pass the selection criteria either have high-pT t and t quarks
that produce high-pT jets in their decays or they have high-pT jets
from initial-state gluon radiation. The former class of events is re-
sponsible for the relatively narrow peak in the Mfit distribution at
the t-quark mass. The Mfit distribution of the latter class of events
is broad and typically populates the region above the t-quark mass,
leading to the observed high-mass tail in the Mfit distribution.

Thursday, January 17, 2013

http://www.sciencedirect.com/science/article/pii/S0370269312010921
http://www.sciencedirect.com/science/article/pii/S0370269312010921
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012


Discriminators

21

Top towards 
lower HT, Mfit

PLB.2012.10.038, EXO-11-099 

310 CMS Collaboration / Physics Letters B 718 (2012) 307–328

Fig. 1. HT versus Mfit for the e + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

Fig. 2. HT versus Mfit for the µ + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

mentum can be determined with two solutions from the kinematic
constraints. The four quarks in the final state manifest themselves
as jets and their momenta are measured. Thus, all but one of the
momentum components of the considered final system are mea-
sured. With one unknown and three constraints, a kinematic fit
is performed by minimizing the χ2 computed from the difference
between the measured momentum of each reconstructed object
and its fitted value, divided by its uncertainty.

We have studied different strategies for pairing the observed
jets with the four quarks from the decay of the t′ and t̄′ quarks
to find the best separation between the t′ t̄′ signal and the tt back-
ground. In events with exactly four jets, we consider all possible
jet-quark assignments. To reduce the number of combinations, we
choose only those in which at least one b-tagged jet is assigned
to a b quark from the t′ t̄′ decay. In events with more than four
jets, we take the five jets having the highest pT values, and con-
sider all combinations of four out of these five jets. In each event,
the kinematic fit is carried out for each jet-quark assignment, and
the jet-quark assignment with the smallest χ2 value is chosen.
This procedure selects the correct jet-quark assignment in 36–40%
of the simulated t′ t̄′ events over a t′-quark mass range of 400–
625 GeV for all jet multiplicities together. For tt events this fraction
is much lower, about 19%, because the jets from the decays of the

t and t quarks are softer than from t′ and t̄′ decays and, there-
fore, are less likely to be among the five highest-pT jets in the
event. The χ2 value does not distinguish the t′ t̄′ signal from the tt
background because both processes satisfy the fit hypothesis, but
using the smallest value for each event does increase the fraction
of correct quark assignments. Since a restriction on χ2 does not
improve the signal-to-background ratio, no such restriction is ap-
plied.

Figs. 1 and 2 show the two-dimensional HT versus Mfit dis-
tributions for the data, tt simulation, the other simulated back-
grounds, and the t′ t̄′ simulation with a particular t′ mass of
550 GeV in the e + jets and µ + jets channels, respectively. Fig. 3
shows the corresponding Mfit and HT projections. The integrated
luminosities given in Table 1 are used for the normalization of the
background processes. The data are found to be in agreement with
the predicted background Mfit and HT distributions. The tt events
that pass the selection criteria either have high-pT t and t quarks
that produce high-pT jets in their decays or they have high-pT jets
from initial-state gluon radiation. The former class of events is re-
sponsible for the relatively narrow peak in the Mfit distribution at
the t-quark mass. The Mfit distribution of the latter class of events
is broad and typically populates the region above the t-quark mass,
leading to the observed high-mass tail in the Mfit distribution.

Signal towards high HT, Mfit
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Fig. 1. HT versus Mfit for the e + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

Fig. 2. HT versus Mfit for the µ + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

mentum can be determined with two solutions from the kinematic
constraints. The four quarks in the final state manifest themselves
as jets and their momenta are measured. Thus, all but one of the
momentum components of the considered final system are mea-
sured. With one unknown and three constraints, a kinematic fit
is performed by minimizing the χ2 computed from the difference
between the measured momentum of each reconstructed object
and its fitted value, divided by its uncertainty.

We have studied different strategies for pairing the observed
jets with the four quarks from the decay of the t′ and t̄′ quarks
to find the best separation between the t′ t̄′ signal and the tt back-
ground. In events with exactly four jets, we consider all possible
jet-quark assignments. To reduce the number of combinations, we
choose only those in which at least one b-tagged jet is assigned
to a b quark from the t′ t̄′ decay. In events with more than four
jets, we take the five jets having the highest pT values, and con-
sider all combinations of four out of these five jets. In each event,
the kinematic fit is carried out for each jet-quark assignment, and
the jet-quark assignment with the smallest χ2 value is chosen.
This procedure selects the correct jet-quark assignment in 36–40%
of the simulated t′ t̄′ events over a t′-quark mass range of 400–
625 GeV for all jet multiplicities together. For tt events this fraction
is much lower, about 19%, because the jets from the decays of the

t and t quarks are softer than from t′ and t̄′ decays and, there-
fore, are less likely to be among the five highest-pT jets in the
event. The χ2 value does not distinguish the t′ t̄′ signal from the tt
background because both processes satisfy the fit hypothesis, but
using the smallest value for each event does increase the fraction
of correct quark assignments. Since a restriction on χ2 does not
improve the signal-to-background ratio, no such restriction is ap-
plied.

Figs. 1 and 2 show the two-dimensional HT versus Mfit dis-
tributions for the data, tt simulation, the other simulated back-
grounds, and the t′ t̄′ simulation with a particular t′ mass of
550 GeV in the e + jets and µ + jets channels, respectively. Fig. 3
shows the corresponding Mfit and HT projections. The integrated
luminosities given in Table 1 are used for the normalization of the
background processes. The data are found to be in agreement with
the predicted background Mfit and HT distributions. The tt events
that pass the selection criteria either have high-pT t and t quarks
that produce high-pT jets in their decays or they have high-pT jets
from initial-state gluon radiation. The former class of events is re-
sponsible for the relatively narrow peak in the Mfit distribution at
the t-quark mass. The Mfit distribution of the latter class of events
is broad and typically populates the region above the t-quark mass,
leading to the observed high-mass tail in the Mfit distribution.
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Fig. 1. HT versus Mfit for the e + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

Fig. 2. HT versus Mfit for the µ + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

mentum can be determined with two solutions from the kinematic
constraints. The four quarks in the final state manifest themselves
as jets and their momenta are measured. Thus, all but one of the
momentum components of the considered final system are mea-
sured. With one unknown and three constraints, a kinematic fit
is performed by minimizing the χ2 computed from the difference
between the measured momentum of each reconstructed object
and its fitted value, divided by its uncertainty.

We have studied different strategies for pairing the observed
jets with the four quarks from the decay of the t′ and t̄′ quarks
to find the best separation between the t′ t̄′ signal and the tt back-
ground. In events with exactly four jets, we consider all possible
jet-quark assignments. To reduce the number of combinations, we
choose only those in which at least one b-tagged jet is assigned
to a b quark from the t′ t̄′ decay. In events with more than four
jets, we take the five jets having the highest pT values, and con-
sider all combinations of four out of these five jets. In each event,
the kinematic fit is carried out for each jet-quark assignment, and
the jet-quark assignment with the smallest χ2 value is chosen.
This procedure selects the correct jet-quark assignment in 36–40%
of the simulated t′ t̄′ events over a t′-quark mass range of 400–
625 GeV for all jet multiplicities together. For tt events this fraction
is much lower, about 19%, because the jets from the decays of the

t and t quarks are softer than from t′ and t̄′ decays and, there-
fore, are less likely to be among the five highest-pT jets in the
event. The χ2 value does not distinguish the t′ t̄′ signal from the tt
background because both processes satisfy the fit hypothesis, but
using the smallest value for each event does increase the fraction
of correct quark assignments. Since a restriction on χ2 does not
improve the signal-to-background ratio, no such restriction is ap-
plied.

Figs. 1 and 2 show the two-dimensional HT versus Mfit dis-
tributions for the data, tt simulation, the other simulated back-
grounds, and the t′ t̄′ simulation with a particular t′ mass of
550 GeV in the e + jets and µ + jets channels, respectively. Fig. 3
shows the corresponding Mfit and HT projections. The integrated
luminosities given in Table 1 are used for the normalization of the
background processes. The data are found to be in agreement with
the predicted background Mfit and HT distributions. The tt events
that pass the selection criteria either have high-pT t and t quarks
that produce high-pT jets in their decays or they have high-pT jets
from initial-state gluon radiation. The former class of events is re-
sponsible for the relatively narrow peak in the Mfit distribution at
the t-quark mass. The Mfit distribution of the latter class of events
is broad and typically populates the region above the t-quark mass,
leading to the observed high-mass tail in the Mfit distribution.
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Fig. 1. HT versus Mfit for the e + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

Fig. 2. HT versus Mfit for the µ + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

mentum can be determined with two solutions from the kinematic
constraints. The four quarks in the final state manifest themselves
as jets and their momenta are measured. Thus, all but one of the
momentum components of the considered final system are mea-
sured. With one unknown and three constraints, a kinematic fit
is performed by minimizing the χ2 computed from the difference
between the measured momentum of each reconstructed object
and its fitted value, divided by its uncertainty.

We have studied different strategies for pairing the observed
jets with the four quarks from the decay of the t′ and t̄′ quarks
to find the best separation between the t′ t̄′ signal and the tt back-
ground. In events with exactly four jets, we consider all possible
jet-quark assignments. To reduce the number of combinations, we
choose only those in which at least one b-tagged jet is assigned
to a b quark from the t′ t̄′ decay. In events with more than four
jets, we take the five jets having the highest pT values, and con-
sider all combinations of four out of these five jets. In each event,
the kinematic fit is carried out for each jet-quark assignment, and
the jet-quark assignment with the smallest χ2 value is chosen.
This procedure selects the correct jet-quark assignment in 36–40%
of the simulated t′ t̄′ events over a t′-quark mass range of 400–
625 GeV for all jet multiplicities together. For tt events this fraction
is much lower, about 19%, because the jets from the decays of the

t and t quarks are softer than from t′ and t̄′ decays and, there-
fore, are less likely to be among the five highest-pT jets in the
event. The χ2 value does not distinguish the t′ t̄′ signal from the tt
background because both processes satisfy the fit hypothesis, but
using the smallest value for each event does increase the fraction
of correct quark assignments. Since a restriction on χ2 does not
improve the signal-to-background ratio, no such restriction is ap-
plied.

Figs. 1 and 2 show the two-dimensional HT versus Mfit dis-
tributions for the data, tt simulation, the other simulated back-
grounds, and the t′ t̄′ simulation with a particular t′ mass of
550 GeV in the e + jets and µ + jets channels, respectively. Fig. 3
shows the corresponding Mfit and HT projections. The integrated
luminosities given in Table 1 are used for the normalization of the
background processes. The data are found to be in agreement with
the predicted background Mfit and HT distributions. The tt events
that pass the selection criteria either have high-pT t and t quarks
that produce high-pT jets in their decays or they have high-pT jets
from initial-state gluon radiation. The former class of events is re-
sponsible for the relatively narrow peak in the Mfit distribution at
the t-quark mass. The Mfit distribution of the latter class of events
is broad and typically populates the region above the t-quark mass,
leading to the observed high-mass tail in the Mfit distribution.
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Fig. 1. HT versus Mfit for the e + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

Fig. 2. HT versus Mfit for the µ + jets channel from data (top left), and simulations of tt production (top right), other backgrounds (bottom left), and t′ t̄′ production (bottom
right) for Mt′ = 550 GeV.

mentum can be determined with two solutions from the kinematic
constraints. The four quarks in the final state manifest themselves
as jets and their momenta are measured. Thus, all but one of the
momentum components of the considered final system are mea-
sured. With one unknown and three constraints, a kinematic fit
is performed by minimizing the χ2 computed from the difference
between the measured momentum of each reconstructed object
and its fitted value, divided by its uncertainty.

We have studied different strategies for pairing the observed
jets with the four quarks from the decay of the t′ and t̄′ quarks
to find the best separation between the t′ t̄′ signal and the tt back-
ground. In events with exactly four jets, we consider all possible
jet-quark assignments. To reduce the number of combinations, we
choose only those in which at least one b-tagged jet is assigned
to a b quark from the t′ t̄′ decay. In events with more than four
jets, we take the five jets having the highest pT values, and con-
sider all combinations of four out of these five jets. In each event,
the kinematic fit is carried out for each jet-quark assignment, and
the jet-quark assignment with the smallest χ2 value is chosen.
This procedure selects the correct jet-quark assignment in 36–40%
of the simulated t′ t̄′ events over a t′-quark mass range of 400–
625 GeV for all jet multiplicities together. For tt events this fraction
is much lower, about 19%, because the jets from the decays of the

t and t quarks are softer than from t′ and t̄′ decays and, there-
fore, are less likely to be among the five highest-pT jets in the
event. The χ2 value does not distinguish the t′ t̄′ signal from the tt
background because both processes satisfy the fit hypothesis, but
using the smallest value for each event does increase the fraction
of correct quark assignments. Since a restriction on χ2 does not
improve the signal-to-background ratio, no such restriction is ap-
plied.

Figs. 1 and 2 show the two-dimensional HT versus Mfit dis-
tributions for the data, tt simulation, the other simulated back-
grounds, and the t′ t̄′ simulation with a particular t′ mass of
550 GeV in the e + jets and µ + jets channels, respectively. Fig. 3
shows the corresponding Mfit and HT projections. The integrated
luminosities given in Table 1 are used for the normalization of the
background processes. The data are found to be in agreement with
the predicted background Mfit and HT distributions. The tt events
that pass the selection criteria either have high-pT t and t quarks
that produce high-pT jets in their decays or they have high-pT jets
from initial-state gluon radiation. The former class of events is re-
sponsible for the relatively narrow peak in the Mfit distribution at
the t-quark mass. The Mfit distribution of the latter class of events
is broad and typically populates the region above the t-quark mass,
leading to the observed high-mass tail in the Mfit distribution.
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Fig. 3. Distributions of Mfit (left) and HT (right) for the e + jets (top) and µ + jets (bottom) channels. The data are shown as points, the simulated backgrounds as shaded
histograms, and the expected signal for a t′ mass of 550 GeV as dashed histograms (multiplied by a factor of 50 to improve visibility).

6. Computation of t′ t̄′ cross section limits

The two-dimensional distributions of HT versus Mfit, such as
those shown in Figs. 1 and 2, are used to search for a t′ t̄′ signal
in the data. Simulated t′ t̄′ signal distributions are produced for t′

masses from 400 to 625 GeV in 25 GeV steps. We do not use the
two-dimensional histograms directly because it is not possible to
simulate enough events to adequately populate all bins of the dis-
tributions for both signal and background. Therefore, we employ a
new procedure that combines bins.

All the background distributions are added together to obtain
the expected background event yield in each bin of the HT ver-
sus Mfit histogram. Then the projections of the two-dimensional
signal and background histograms onto the HT and Mfit axes are
separately fitted with analytic functions. Next, we compute the ex-
pected signal-to-background (s/b) ratio for each two-dimensional
bin as the product of the values of the two one-dimensional-bin
fit functions for the signal and for the background at the bin cen-
ter. This procedure of fitting the projections and neglecting their
correlations is chosen because it reduces the sensitivity of s/b or-
dering to statistical fluctuations in the simulated samples. These
functions are used only to define the ordering of the bins. All
two-dimensional bins are then sorted in increasing order of the
expected s/b ratio, which we call the s/b rank.

We then merge the two-dimensional bins that are adjacent af-
ter ordering by s/b ratio so that the fractional statistical uncer-
tainty of both the signal and the background predictions is below
20% in all bins. We select the 20% value as a compromise be-
tween two effects. Increasing this value would increase the t′ sig-
nal sensitivity, but would also increase the potential biases in the
t′ t̄′ cross section measurement, as determined from MC-generated
“pseudo-experiments”, described below. Fig. 4 shows the colour-
coded maps of the merged bins obtained for the simulation of a t′

quark with a mass of 550 GeV. The colour represents the rank of
the bin in the s/b ordering. A higher rank corresponds to a higher
s/b value.

Fig. 4. Map of the merged bins in the HT versus Mfit plane for a t′ quark with a
mass of 550 GeV for the e + jets (top) and µ + jets (bottom) channels. The colour
represents bins merged according to increasing signal-to-background (s/b) ratio. The
vertical colour axis is labelled by s/b rank and corresponds to the bin index of the
one-dimensional histograms of Fig. 5.

In Fig. 5, the number of events in the merged bins is plotted
versus s/b rank. In these histograms, signal events will predom-
inantly cluster towards the right, and background events towards
the left. These one-dimensional histograms are used as input to
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2D→1D Rebinning
• The 2D HT vs Mfit histograms have empty or low occupancy bins 

‣ incorrect statistical inferences

• Rebin the 2D HT vs Mfit histograms 

‣ Project 2D histograms into a 1D by ordering the bins in descending S/B ratio

‣ Merge neighboring bins into 1D histogram until fractional uncertainty in the 
combined bin falls below 20% for both the background and signal events

• Each color becomes a single bin in the 1D template

• Same procedure for every simulated t´ mass point
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Fig. 3. Distributions of Mfit (left) and HT (right) for the e + jets (top) and µ + jets (bottom) channels. The data are shown as points, the simulated backgrounds as shaded
histograms, and the expected signal for a t′ mass of 550 GeV as dashed histograms (multiplied by a factor of 50 to improve visibility).

6. Computation of t′ t̄′ cross section limits

The two-dimensional distributions of HT versus Mfit, such as
those shown in Figs. 1 and 2, are used to search for a t′ t̄′ signal
in the data. Simulated t′ t̄′ signal distributions are produced for t′

masses from 400 to 625 GeV in 25 GeV steps. We do not use the
two-dimensional histograms directly because it is not possible to
simulate enough events to adequately populate all bins of the dis-
tributions for both signal and background. Therefore, we employ a
new procedure that combines bins.

All the background distributions are added together to obtain
the expected background event yield in each bin of the HT ver-
sus Mfit histogram. Then the projections of the two-dimensional
signal and background histograms onto the HT and Mfit axes are
separately fitted with analytic functions. Next, we compute the ex-
pected signal-to-background (s/b) ratio for each two-dimensional
bin as the product of the values of the two one-dimensional-bin
fit functions for the signal and for the background at the bin cen-
ter. This procedure of fitting the projections and neglecting their
correlations is chosen because it reduces the sensitivity of s/b or-
dering to statistical fluctuations in the simulated samples. These
functions are used only to define the ordering of the bins. All
two-dimensional bins are then sorted in increasing order of the
expected s/b ratio, which we call the s/b rank.

We then merge the two-dimensional bins that are adjacent af-
ter ordering by s/b ratio so that the fractional statistical uncer-
tainty of both the signal and the background predictions is below
20% in all bins. We select the 20% value as a compromise be-
tween two effects. Increasing this value would increase the t′ sig-
nal sensitivity, but would also increase the potential biases in the
t′ t̄′ cross section measurement, as determined from MC-generated
“pseudo-experiments”, described below. Fig. 4 shows the colour-
coded maps of the merged bins obtained for the simulation of a t′

quark with a mass of 550 GeV. The colour represents the rank of
the bin in the s/b ordering. A higher rank corresponds to a higher
s/b value.

Fig. 4. Map of the merged bins in the HT versus Mfit plane for a t′ quark with a
mass of 550 GeV for the e + jets (top) and µ + jets (bottom) channels. The colour
represents bins merged according to increasing signal-to-background (s/b) ratio. The
vertical colour axis is labelled by s/b rank and corresponds to the bin index of the
one-dimensional histograms of Fig. 5.

In Fig. 5, the number of events in the merged bins is plotted
versus s/b rank. In these histograms, signal events will predom-
inantly cluster towards the right, and background events towards
the left. These one-dimensional histograms are used as input to

312 CMS Collaboration / Physics Letters B 718 (2012) 307–328

Fig. 5. Number of events per bin in the two-dimensional HT versus Mfit histogram
after bin merging, as a function of the signal-to-background (s/b) rank for the
e+ jets (top) and µ+ jets (bottom) channels. The data are shown by the points, the
simulated tt and other background distributions by the histograms, and the predic-
tion for a t′ t̄′ signal with a t′ mass of 550 GeV by the dotted lines (multiplied by a
factor of 50 for easier viewing).

the t′ t̄′ cross section computation, and we will refer to these dis-
tributions as templates in the following. The data agree with the
predicted background distributions in Fig. 5, with no evidence for
a t′ signal. Thus, we use the results to set upper limits on the t′ t̄′

cross section as a function of t′ mass.
The computation of the limits for the t′ t̄′ cross section uses the

CLs criterion [38,39]. The first step is to perform a likelihood fit to
the data. We group the background in two components: the larger
one due to tt production and the smaller one from all EW pro-
cesses (W + jets, Z + jets, single-t, and diboson production) and
from multijet processes. Each background component is normal-
ized to its expected yield and multiplied with a scale factor that is
a free parameter in the fit. The t′ t̄′ cross section, σ , is also a free
parameter in the fit. The following likelihood ratio is used as the
test statistic:

t(q|σ ) =
{
L(q|σ , α̂σ )/L(q|σ̂ , α̂) if σ > σ̂ ,

1 if σ ! σ̂ .
(4)

Here, L(q|σ ,α) is the likelihood of the data having the value q
for the parameter of interest and the nuisance parameters α. The
nuisance parameters account for effects that give rise to system-
atic uncertainties in the templates and include the normalizations
of the background components. We do not include the per-bin sta-
tistical uncertainties on the signal and background predictions in
the likelihood fit because their effects were found to be negli-
gible after applying the bin-merging procedure described above.
The likelihood reaches its maximum when σ = σ̂ and α = α̂.
The symbol α̂σ refers to the values of the nuisance parame-
ters α that maximize the conditional likelihood at a given value
of σ .

Using the asymptotic approximation for the test statistic de-
scribed in [40], the probability to observe a value t for the like-
lihood ratio that is larger than the observed value tobs is deter-

mined. This is done by producing samples of pseudo-experiments
in which the expected numbers of signal and background events
are allowed to vary according to their statistical and systematic
uncertainties. For the pseudo-experiments generated with back-
ground only, this probability is denoted by CLb. For pseudo-
experiments with a cross section σ for the t′ t̄′ signal, this proba-
bility is denoted by CLs+b(σ ), which is a function of σ . The upper
limit at the 95% confidence level (CL) for the t′ t̄′ cross section is
the value of σ for which CLs = CLs+b/CLb = 0.05. To determine
the limits for both lepton channels combined, we simultaneously
fit the histograms from both channels, accounting for correlations
among the nuisance parameters, and then apply the CLs method
described above.

7. Systematic uncertainties

The signal and background predictions are subject to systematic
uncertainties. Below, we describe all sources of systematic uncer-
tainties that have been considered. They can be divided into two
categories: uncertainties that only impact the normalization of the
signal and background templates, and uncertainties that also affect
the shapes of the distributions.

The uncertainties in the tt cross section, electroweak and mul-
tijet background normalizations, integrated luminosity, lepton effi-
ciencies, and data/MC scale factors affect only the normalization.

The uncertainty on the cross section for tt production is taken
from the CMS measurement of 154 ± 18 pb at

√
s = 7 TeV [35].

The predicted yields of the EW and multijet backgrounds are de-
termined as described in Section 4. A 50% uncertainty is assigned
to the sum of these two backgrounds in the likelihood fit to the
data in order to account for the uncertainty in the acceptance and
the W+ jets normalization.

The integrated luminosity affects the normalization of the t′ t̄′

signal and the background templates in a correlated way. The in-
tegrated luminosity is known to a precision of 2.2% [41].

Trigger efficiencies, lepton identification efficiencies, and
data/MC scale factors are obtained from data using decays of Z
bosons to dileptons. Their uncertainties are included in the selec-
tion efficiency uncertainty. They amount to 2% for the µ + jets
channel and 3% for the e+ jets channel.

Uncertainties that affect the shapes of the distributions include
those on the jet energy scale, jet energy resolution, missing-pT res-
olution, b-tagging efficiency, number of multiple pp interactions,
factorization/renormalization scale Q , matrix-element/parton-
shower matching threshold [42], and initial- and final-state ra-
diation. To model these uncertainties, we produce additional tem-
plates by varying the nuisance parameter that characterizes the
systematic effect by ±1 standard deviation. To determine the sig-
nal and background templates used in the fit for any value of the
nuisance parameter, we interpolate the content of each bin be-
tween the varied and nominal templates. This procedure is often
referred to as vertical morphing.

The energy of all jets is obtained using the standard CMS jet
energy calibration constants [33]. The sum of the four-momenta of
the jets is 100% correlated with the measured missing pT. The jet
energy scale uncertainty affects the normalization and the shape of
the HT vs. Mfit distribution. This is taken into account by generat-
ing HT vs. Mfit distributions for values of the jet energy scaled by
±1 standard deviation of the η- and pT-dependent uncertainties
from [33].

The energy resolution of jets in the simulation is better than
in the data. Therefore, random noise is added to the jet ener-
gies in the simulation to worsen the resolution by 10%, to match
the actual resolution of the detector. To estimate the correspond-
ing uncertainty, the analysis is performed without smearing and

PLB.2012.10.038, EXO-11-099 

Thursday, January 17, 2013

http://www.sciencedirect.com/science/article/pii/S0370269312010921
http://www.sciencedirect.com/science/article/pii/S0370269312010921
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012


24

Result
Sources Syst. Unct

background normalization 50%

Luminosity 2.2%

lepton Trigger/ID 3%

Q2 (renorm. and fact. scale) ±σ(nom)

Matrix-element to parton matching ±σ(nom)

ISR/FSR ±σ(nom)

Jet Energy Scale ±σ(nom)

Jet Energy Resolution ±σ(nom)

Systematic Uncertainties 
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with 20% smearing. The missing-pT resolution is also simultane-
ously corrected for this effect.

The systematic uncertainty from the b-tagging efficiency is es-
timated by varying this efficiency by ±1 standard deviation taken
from [34].

To evaluate the uncertainties related to the modelling of mul-
tiple interactions in the same beam crossing, the average number
of interactions in the simulation is varied by ±8% relative to the
nominal value.

The uncertainty in the factorization/normalization scale Q ,
used for the strong coupling constant αs(Q 2), is estimated by
using two sets of simulated tt samples in which the Q value is
increased and decreased by factors of two relative to the nominal
value.

The uncertainty arising from the threshold for matching be-
tween matrix elements and parton showers [42] is estimated using
two simulated tt samples generated with the matching threshold
varied up and down by a factor of two from the default value.

The impact of initial- and final-state radiation is estimated us-
ing a tt MC sample generated with powheg, instead of MadE-
vent/MadGraph.

We estimate the effects of these systematic uncertainties on the
expected t′ t̄′ cross section limits by adding them to the limit cal-
culation one at a time. The largest effects on the expected limits
come from the normalizations of the EW background, the jet en-
ergy scale calibration, and the normalization of the tt background.
All other uncertainties change the expected limits by insignificant
amounts. In order to simplify the computational complexity of the
limit computation, we therefore consider only a limited set of sys-
tematic uncertainties in the limit calculation by assigning nuisance
parameters to them: the integrated luminosity, normalization of
the EW and tt backgrounds, lepton efficiency, jet energy scale,
and parton-shower matching threshold. The additional effect of the
other uncertainties is negligible. All of these except the lepton ef-
ficiency are treated as correlated in the combined result from the
e+ jets and the µ + jets channels.

8. Results

Fig. 6 shows the observed and expected 95% CL upper limits on
the t′ t̄′ cross section for the e + jets (top), the µ + jets (middle)
channels, and the combination of both channels (bottom). The 95%
CL lower limit for the t′-quark mass is given by the value at which
the observed upper limit curve for the t′ t̄′ cross section intersects
the theoretical curve, also shown in Fig. 6. In the e + jets chan-
nel this happens for the 95% CL observed (expected) lower limits
for a t′-quark mass of 490 (540) GeV. In the µ + jets channel the
corresponding t′-quark mass limit is 560 (550) GeV. The combined
observed (expected) limit from both channels is 570 (590) GeV.
A comparable lower limit on the t′ mass of 557 GeV was obtained
recently by the CMS Collaboration using a dilepton channel [43].

9. Summary

The results of a search for up-type fourth-generation quarks
that are pair produced in pp interactions at

√
s = 7 TeV and de-

cay exclusively to Wb have been presented. Events were selected
in which one of the W bosons decays to leptons and the other to a
quark–antiquark pair. The selection required an electron or a muon,
significant missing transverse momentum, and at least four jets, of
which at least one was identified as a b jet. A kinematic fit assum-
ing t′ t̄′ production was performed and for every event a candidate
t′-quark mass and the sum over the transverse momenta of all de-
cay products of the t′ t̄′ system were reconstructed. No significant
deviations from the standard model expectations have been found
in these two-dimensional distributions, and upper limits have been

Fig. 6. The observed (solid line with points) and expected (dotted line) 95% CL up-
per limits on the t′ t̄′ production cross section as a function of the t′-quark mass
for e + jets (top), µ + jets (middle), and combined (bottom) channels. The ±1 and
±2 standard deviation ranges for the expected limits are shown by the bands. The
theoretical t′ t̄′ cross section is shown by the continuous line without points.

set on the production cross section of such t′ quarks as a function
of their mass. By comparing with the predicted cross section for
t′ t̄′ production, the strong pair production of t′ quarks is excluded
at 95% CL for masses below 570 GeV under the model assump-
tions used in this analysis. This result and the one from [43] are
the most restrictive yet found and raise the lower limit on the
mass of a t′ quark to a region where perturbative calculations for
the weak interactions start to fail and nonperturbative effects be-
come significant. The search is equally sensitive to nonchiral heavy
quarks decaying to Wb. In this case, the results can be interpreted
as upper limits on the production cross section times the branch-
ing fraction to Wb.
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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

25

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:

• For a top decay

• Combine the two leptons and two b-tagged jets 

‣ 4 possible values of 

‣ Choose the minimum 

Mlb

Mmin
lb

Mlb =
�

(El + Eb)2 − |�pl + �pb|2

M2
lb < M2

t −M2
W

Search for t´→bW(dilepton)

t�t̄� → WbWb̄ → lνblν̄ b̄
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Samples Yield
Misidentified b-jet(s) and prompt lepton (from data) 0.7±0.8

Fake lepton(s) and real b-tagged jet(s) (from data) 0.0+0.4-0.0

2 real b-tagged jets and 2 real leptons (from MC) 1.0±0.7

Misidentified b-jet(s) and fake lepon 0.0+0.0

Total predicted 1.8±1.1

Data 1.0

Backgrounds
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Search for t´→bW(dilepton)

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

PLB.2012.07.959, EXO-11-050

BR(t´→bW)=100%
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Search for Q→tV (l+jets)

 b´→tW

• one isolated lepton (muon or electron)

• ≥4 jets (accounting for jets merged and 
out of our fiducial acceptance)

 T→tZ

q
q

q

q

q q

• We have similar NJets in the final 
state and therefore our selection is 
also sensitive to it

T T̄ → tZt̄Z → WbqqWb̄qq → lνbqqqqbqq

arXiv:1210.7471, accepted by JHEP
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b�b̄� → WtWt̄ → WWbWWb̄ → lνqqbqqqqb
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Search for Q→tV (l+jets)
arXiv:1210.7471, accepted by JHEP

Selection

• A lepton e/μ with pT >30 GeV 

• ≥ 4 jets, ≥ 1b-tagged jet

• Jet ET thresholds 100, 60, 50, 35 GeV

• Missing ET : PFMET > 20.0 GeV 

• Dilepton Veto

       

ST = plT + ΣpjetT + Emiss
T

       Strategy

• The signal features events with high ST and NJets

• Perform fit on ST distributions for different jet multiplicities (NJets 
= 4,5,6,≥7) to search for a fourth generation massive quark Q

SM Backgrounds

• ttbar+jets

• non-ttbar+jets

‣ W+jets

‣ Single top quark

‣ Z+jets

‣ Diboson (WW/WZ/ZZ)

‣ QCD Multijets

Thursday, January 17, 2013
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Search for Q→tV (l+jets)
arXiv:1210.7471, accepted by JHEP

• Extremely important to model the backgrounds 
accurately in the high tails of the ST

Before Fit

Systematic Uncertainty

• The shape parameters are quoted based on their 
effect on the acceptance only

• Due to the correlation between the fit 
parameters, the combined number is not the sum 
of the squares of the contribution
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Search for Q→tV (l+jets)
arXiv:1210.7471, accepted by JHEP

After Fit
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Results arXiv:1210.7471, accepted by JHEP

Combine b′→tW

• We exclude at 95% C.L, mb′→tW < 675 GeV/c2 and for mT →tZ < 625 GeV/c2

Combine T→tZ
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http://arxiv.org/abs/1210.7471
http://arxiv.org/abs/1210.7471
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11050Winter2012


33

Theorist Excitement! 
arXiv:1210.7471, accepted by JHEP

• As soon as this result was public, theorist get excited to claim the 
method! :)

http://profmattstrassler.com/2012/11/13/theory-killers-at-the-hcp-conference/#more-4928

• Requests are made to provide limits in light of vector quark-like 
models  for an inclusive search for T and B decays (expected for 
Moriond)

• The method is very suitable for low Missing ET natural SUSY !

Blog by Matt. Strassler(Rutgers, US) during HCP

Thursday, January 17, 2013
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• Leptons (e/μ) with pT > 20 GeV

• Suppress Z events, |Mll-Mz| > 10

• Reject events with < 4(2) jets 
for the same-sign dilepton 
(trilepton) channel

‣ ≥ b-tagged jets

• For each event scalar quantity, ST 
is determined

• ST > 500 GeV

Search for b´→tW(di/tri-lepton)

St
ra

te
gy

ST = |Emiss
T |+

�
|plT |+

�
|pjetT |

dilepton trilepton

arXiv:1204.1088, submitted to JHEP
EXO-11-036
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Search for b´→tW(di/tri-lepton)
arXiv:1204.1088, submitted to JHEP

EXO-11-036

• 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)

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
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Search for inclusive b´/t´ 
production

b� → tW

• Why not look for b´/t´ at the same time? What about single 
productions?

• Assuming degenerate states:

• Simplifying CKM4 with one free parameter:

• Assuming the branching fractions to be ~100% 

mt� = mb� = mq�

t� → bW

CKM4 =





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





A = |Vtb|2 = |Vt�b� |2
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• 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) + jets

‣ Same-sign dilepton + jets

‣ Trilepton + jets
37

Selection and Classification

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´

The events can be categorized according 
to number of W bosons
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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
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Search for inclusive b´/t´ production
Discriminator: Scalar sum of reconstructed objects (ST) and hadronic top mass (mbW)

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 

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.
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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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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
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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

39

Search for inclusive b´/t´ production
EXO-11-098

5.3 Results and discussion 9
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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.

5.3 Results and discussion 9

2
tb' = 1 - V2

t'b = 1 - V2
t'b' = V2

tbA = V
0.8 0.85 0.9 0.95 1

 (G
eV

)
b'

 = 
m

t'm

550

600

650

700

750  = 7 TeVs at -1CMS preliminary, 5 fb

obs. limit 95% CL
exp. limit 95% CL

! 1 ±
! 2 ±

 (GeV)b' - mt'm
-20 -10 0 10 20

 (G
eV

)
t'm

550

600

650

700

750

800  = 7 TeVs at -1CMS preliminary, 5fb
obs. limit 95% CL (A=1)
exp. limit 95% CL (A=1)

! 1 ±
! 2 ±

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
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• 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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Future Aspects

• On going analysis at 8 TeV

‣ T pair search (bWbW, bWtZ, bWtH, tZtZ, tHtH, tHtH)

‣ B pair search (tWtW, tWbZ, tWbH, bZbH, bZbZ, bHbH)

‣ Single T and B search 

‣ Inclusive search to extract couplings and 
branching ratios

40
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Search for Vector-like B quark (l+jets)

• Need new strategies to gain sensitivity, since  we 
have excluded the heavy quark masses so high. 

• Exploiting boosted topologies

‣ BB→tWtW, tWbZ, tWbH, bHbZ, bHbH, bZbZ 

‣ The decay products being highly boosted will be 
collimated and clustered into single jet

‣ Categorize events based on b-jets and number of 
bosons (V-tagging) 

- Use CA Algorithm to tag a W/Z/H

41

On going analysis at 8 TeV
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Search for Vector-like B quark (l+jets)

42

On going analysis at 8 TeV
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Search for Vector-like B quark (l+jets)

43

NJets

NVtags

Nbtags

b�b̄� → WtWt̄ → bWWbWW

43

• Using Multidimensional fit using 
NJets, Nb-tags and NVtags gives 
sensitivities to high mass signal 
region

On going analysis at 8 TeV
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Summary (7 TeV)

44

Search Channel Lower mass limit

t´→bW pair
lepton+jets 570 GeV/c2

t´→bW pair
dileptons 557 GeV/c2

b´→tW pair
lepton+jets 675 GeV/c2

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

T→tZ pair
lepton+jets 625 GeV/c2

T→tZ pair
trileptons 475 GeV/c2

B→bZ pair  two leptons 550 GeV/c2

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

45

M.S. Chanowitz, M.A. Furman, I. Hinchcliffe, Phys. Lett.B78, 285 (1978)

• 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

• Many interesting analysis are awaited for Moriond 
exploring the territories that were not explored 
before!

‣ overlap with top Physics

‣ overlap with SUSY
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Thank you!

46
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Extra material

47
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• Backgrounds (mostly data driven)

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

- use data control regions for events passing all but b-tag jet 
requirement. 

• N1mistag → with1 b-tag, weight each untagged jet by mistag rate (ri)
• No untagged jets passes Mlbmin selection →event weight=0

• For each untagged jet passing Mlbmin selection → event weight is increased 
by ri / (ri -1)

• N2mistag →weigth each untagged jet by ri / (ri -1) * rj / (rj -1)

• Nmistag = N1mistag - N2mistag

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

- use data control region of lepton passing loose selection of 
electron ID

• Fraction of loosly identified electron passing the event ref selection = 0

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

- require to match the jets and leptons at generator level particles

‣ Category IV - misidentified b-jet(s) and fake lepton(s) (negligible)

- no double counting possible as shown by Category II

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

Backgrounds 5 fb-1

EXO-11-050
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Global Event Description
• Charged-based separation of components making best use of

‣ field integral

‣ calorimeter granularity

‣ iterative tracking(progressively relaxing constrains/removing hits)

‣ linking algorithm yields blocks sub-detector elements called particle 
candidates 

• Particle flow provides a global description of each event

• A reconstructed jet is “again” a cluster of particles

49

• crucial for b-jets (e.g. reduce material budget uncertainty on energy scale)

• crucial for missing transverse energy
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≥ 2 jets & RT>80 GeV

• Construct the variable                                                                                                                                                                        > 80 GeV

50

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

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

TT̄ → tZt̄Z → bb̄W+W−ZZ

Decay mode BF

3L+4-6J (1Wlν+1Zll) 72/900

4L+2-4J (2Wlν+1Zll) 18/900

4L+6J (2Zll) 4/900

5L+4J (1Wlν+2Zll) 4/900

6L+2J (2Wlν+2Zll) 1/900

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
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Theory

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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5

Table 2: Number of signal events corresponding to 4.9 fb−1 of integrated luminosity. The
uncertainties are statistical only. The cross sections for the signal processes were evaluated
using HATHOR [29].

Process Cross section (pb) Z → e+e− Z → µ+µ−

M(B’) = 350 GeV/c2 3.20 222 ±6 345 ± 9
M(B’) = 400 GeV/c2 1.41 107 ±3 160 ± 4
M(B’) = 450 GeV/c2 0.662 56 ±1 83 ± 2
M(B’) = 500 GeV/c2 0.330 27.8±0.6 42 ± 1
M(B’) = 550 GeV/c2 0.171 16.5±0.4 21.6 ± 0.5
M(B’) = 600 GeV/c2 0.092 8.5 ±0.2 12.3 ± 0.3
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Figure 1: The invariant mass of B’ quark candidates for the electron (left) and muon (right)
channels. The points with error bars are data; the open histograms are the expected signals
for a B’ quark of mass 350 GeV/c2; the filled histograms are the expected contributions from
the Z+jets, tt+jets, and diboson background processes. The histogram corresponding to the
B’ quark signal is stacked on top of the background contributions. The shaded areas represent
the quadratic sum of the statistical and systematic uncertainties of the total background.

and η of the jets as well as the nature of the original parton, with light quarks and gluons164

providing the largest uncertainty. Since the dominant background contribution is from Z+jets,165

where a light quark or gluon jet fakes a b jet, this gives the largest source of uncertainty in the166

background evaluation.167

The uncertainties in the Z+jets and tt+jets cross sections are further sources of systematic un-168

certainty. Separate cross-section uncertainties were assigned to Z+b, Z+c, and Z+light (u,d,s,g)169

flavour jets. The uncertainty in the Z+b inclusive cross section is +13%/-16% [34]. In the ab-170

sence of a measurement the uncertainty in the Z+c cross section was taken to be the same as171

that of the Z+b cross section. The uncertainty in the Z+light flavour jets cross section (4%) was172

taken to be same as that on the Z+jets cross section [30]. The Z+jets events in simulation were173

categorised as above, based on whether they contain a b quark, a c quark, a light quark, or a174

gluon, and each of their event fractions scaled by the above uncertainties, to obtain the system-175

atic uncertainty in the Z+jets background. The tt+jets cross section uncertainty was assumed176

to be 14% [31].177

B B
b

b
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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

5

Table 2: Number of signal events corresponding to 4.9 fb−1 of integrated luminosity. The
uncertainties are statistical only. The cross sections for the signal processes were evaluated
using HATHOR [29].

Process Cross section (pb) Z → e+e− Z → µ+µ−

M(B’) = 350 GeV/c2 3.20 222 ±6 345 ± 9
M(B’) = 400 GeV/c2 1.41 107 ±3 160 ± 4
M(B’) = 450 GeV/c2 0.662 56 ±1 83 ± 2
M(B’) = 500 GeV/c2 0.330 27.8±0.6 42 ± 1
M(B’) = 550 GeV/c2 0.171 16.5±0.4 21.6 ± 0.5
M(B’) = 600 GeV/c2 0.092 8.5 ±0.2 12.3 ± 0.3
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Figure 1: The invariant mass of B’ quark candidates for the electron (left) and muon (right)
channels. The points with error bars are data; the open histograms are the expected signals
for a B’ quark of mass 350 GeV/c2; the filled histograms are the expected contributions from
the Z+jets, tt+jets, and diboson background processes. The histogram corresponding to the
B’ quark signal is stacked on top of the background contributions. The shaded areas represent
the quadratic sum of the statistical and systematic uncertainties of the total background.

and η of the jets as well as the nature of the original parton, with light quarks and gluons164

providing the largest uncertainty. Since the dominant background contribution is from Z+jets,165

where a light quark or gluon jet fakes a b jet, this gives the largest source of uncertainty in the166

background evaluation.167

The uncertainties in the Z+jets and tt+jets cross sections are further sources of systematic un-168

certainty. Separate cross-section uncertainties were assigned to Z+b, Z+c, and Z+light (u,d,s,g)169

flavour jets. The uncertainty in the Z+b inclusive cross section is +13%/-16% [34]. In the ab-170

sence of a measurement the uncertainty in the Z+c cross section was taken to be the same as171

that of the Z+b cross section. The uncertainty in the Z+light flavour jets cross section (4%) was172

taken to be same as that on the Z+jets cross section [30]. The Z+jets events in simulation were173

categorised as above, based on whether they contain a b quark, a c quark, a light quark, or a174

gluon, and each of their event fractions scaled by the above uncertainties, to obtain the system-175

atic uncertainty in the Z+jets background. The tt+jets cross section uncertainty was assumed176

to be 14% [31].177
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Search for vector-like B→bZ(dilepton) 5 fb-1

EXO-11-066

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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• With the observed upper limit at 95% CL on the production 
cross section, we excludes a B´quark with a mass < 550 GeV
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