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symmetry breaking)
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The SM4 Higgs boson is excluded in the mass range 120–600 
GeV at 95% CL and in the range 125-600 GeV at 99% CL
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2 1 Introduction

boson depend strongly on its mass mH. The results presented here are based on the following
five decay modes: H ! gg, H ! tt, H ! bb, H ! WW, and H ! ZZ. Figure 1 shows the
dependence of the cross sections and branching fractions on the SM Higgs boson mass.

There are three types of independent theoretical uncertainties on Higgs boson production: un-
certainties associated with (i) parton density functions (PDFs), (ii) incomplete perturbative cal-
culations (also known as QCD scale uncertainties), and (iii) the treatment of the finite width of
the Higgs boson. All these uncertainties are taken from Ref. [16].

1.2 SM4 Higgs boson

In an extension of the standard model including a fourth generation of fermions (the SM4
model) [66], the additional heavy quarks in the quark loop associated with the gg ! H process
greatly enhance its production cross-section. Other production mechanisms are not affected.
The Higgs boson decay branching fractions are also strongly affected by the presence of the
virtual heavy quarks. Figure 2 shows the ratio of the SM4 to SM gg ! H cross section (left)
and branching fractions (right) for the SM4 benchmark parameters recommended by the LHC
Higgs cross section group in Ref. [67]: mD4 = mL4 = 600 GeV and mU4 � mD4 = (50 + 10 ·
ln(mH/115)) GeV. Here mU4 and mD4 are the masses of the “up” and “down” quarks of the
4th generation, and mL4 is the mass of the 4th generation charged lepton.

Following the LHC Higgs cross section group prescription, the theoretical uncertainties on the
production and decay of the SM4 Higgs boson are kept the same as for the SM Higgs boson.

For the SM4 Higgs boson search, for each of the production-decay modes, a signal acceptance
as used in the SM interpretation is assumed.
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Figure 2: Scale factors for the SM4 Higgs boson gg ! H cross section (left) and decay branching
fractions (right). The plots are obtained using the numbers from Ref. [67]. The scale factor
curves for different decay modes are shown in the mass ranges as used in the corresponding
analyses.

1.3 Fermiophobic Higgs boson

If the Higgs boson responsible for the electroweak symmetry breaking does not couple to
fermions, then the gg ! H and tt̄H production modes disappear, while the VBF and VH
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Table 48: SM4 Higgs-boson production cross section via gluon fusion including NNLO QCD and NLO EW
corrections using MSTW2008NNLO PDFs for

√
s = 7 TeV.

MH [GeV] σ [pb] MH [GeV] σ [pb] MH [GeV] σ [pb] MH [GeV] σ [pb] MH [GeV] σ [pb]
100 244 166 77.5 188 56.7 339 13.5 400 9.59
110 199 167 76.3 189 56.0 340 13.5 410 8.80
120 165 168 75.2 190 55.2 341 13.4 420 8.04
130 138 169 74.1 195 51.8 342 13.3 430 7.33
140 117 170 73.0 200 48.6 343 13.3 440 6.67
145 107 171 71.9 210 43.0 344 13.2 450 6.05
150 99.2 172 70.9 220 38.2 345 13.1 460 5.49
151 97.6 173 69.9 230 34.2 346 13.1 470 4.98
152 96.1 174 68.8 240 30.7 347 13.1 480 4.50
153 94.6 175 67.9 250 27.7 348 13.1 490 4.08
154 93.1 176 66.9 260 25.1 349 13.1 500 3.70
155 91.7 177 65.9 270 22.8 350 13.1 550 2.26
156 90.2 178 65.0 280 20.8 351 13.0 600 1.40
157 88.7 179 64.0 290 19.1 352 13.0 650 0.875
158 87.3 180 63.1 300 17.6 353 12.9 700 0.556
159 85.8 181 62.2 310 16.3 354 12.9 750 0.360
160 84.5 182 61.4 320 15.2 355 12.9 800 0.235
161 83.3 183 60.6 330 14.2 360 12.6 850 0.156
162 82.1 184 59.8 335 13.8 370 12.0 900 0.104
163 81.0 185 59.0 336 13.8 375 11.6 950 0.0690
164 79.8 186 58.3 337 13.7 380 11.2 1000 0.0456
165 78.6 187 57.5 338 13.6 390 10.4
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Fig. 131: Ratio of branching fractions in SM4 with respect to SM3 for WW, ZZ, gg, bb̄, and !! decay channels
(!! ratio multiplied with 100).
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14 Predictions for Higgs production and decay with a 4th SM-like fermion generation56

14.1 General setup
We study the extension of the SM that includes a 4th generation of heavy fermions, consisting of an up-
and a down-type quark (t′,b′), a charged lepton (l′), and a massive neutrino (!l

′). The 4th-generation
fermions all have identical gauge couplings as their SM copies and equivalent Yukawa couplings propor-
tional to their masses, but do not mix with the other three SM generations. The masses of the hypothetical
new fermions in this study are

mb′ = ml′ = m!l
′ = 600 GeV,

mt′ = mb′ +

[
1 +

1

5
ln

(
MH

115 GeV

)]
50 GeV, (102)

where the relation among them is used to escape current exclusion limits from electroweak (EW) preci-
sion data (see Refs. [426, 427]). In the following we call the Standard Model with 3 generations “SM3”
and the Standard Model with a 4th generation of fermions “SM4”. Owing to screening (see Section 14.2),
leading-order (LO) or next-to-leading-order (NLO) QCD predictions typically depend only weakly on
the precise values of masses of the heavy fermions. This is completely different for NLO EW corrections,
which are enhanced by powers of the masses of the heavy fermions and induce a strong dependence of
the results on these masses.

Part of the results shown in the following have already been anticipated in Ref. [428].

14.2 Higgs production via gluon fusion
So far, the experimental analysis has concentrated on models with ultra-heavy 4th-generation fermions,
excluding the possibility that the Higgs boson decays to heavy neutrinos. Furthermore, the 2-loop EW
corrections have been included under the assumption that they are dominated by light fermions. At the
moment the experimental strategy consists in computing the cross-section ratio R = σ(SM4)/σ(SM3)
with HIGLU [405] while NLO EW radiative corrections are switched off.

In this section we concentrate on full 2-loop EW corrections to Higgs-boson production (through
gg-fusion) at LHC in SM4 and refer to the work of Refs. [66,429] for the inclusion of QCD corrections.
The naive expectation is that light fermions dominate the low-Higgs-boson-mass regime and, therefore,
EW corrections can be well approximated by the ones [28,29] in SM3. It is worth noting that the leading
behaviour of the EW corrections for high values of masses in the 4th generation has been known for a
long time [430, 431] (see also Ref. [432]) showing an enhancement of radiative corrections.

To avoid misunderstandings we define the following terminology: for a given amplitude A, in the
limit mf → ∞ we distinguish decoupling for A ∼ 1/m2

f (or higher negative powers), screening for
A → constant (or A ∼ lnm2

f ), and enhancement for A ∼ m2
f (or higher positive powers). To discuss

decoupling we need few definitions: SM3 is the usual SM with one t−b doublet; SM4 is the extension
of SM3 with a new family of heavy fermions, t′−b′ and l′−!l

′. All relevant formulae for the asymptotic
limit can be found in Refs. [430, 431]. Considering only EW corrections, the amplitude for gg-fusion
reads57

ASM3 = A1-loop
t +ANLO

3 , ANLO
3 = A2-loop

t + δFR
t A1-loop

t ,

ASM4 = A1-loop
Q +ANLO

4 , ANLO
4 = A2-loop

Q + δFR
Q+L A

1-loop
Q , (103)

where

AQ = At+t′+b′, δFR
Q+L = δFR

t+t′+b′+l′+!l
′ . (104)

56A. Denner, S. Dittmaier, A. Mück, G. Passarino, M. Spira, C. Sturm, S. Uccirati and M.M. Weber.
57Here we neglect the contributions of bottom-quark loops which amount to up to about 3% within SM4 and 5−10% in

SM3. The bottom-quark contributions are, however, included in our numerical results for the gluon-fusion cross section.
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CMS limits on t’->bW (with 4.6 fb-1)
larger data set + stronger cuts: stronger limits
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Note: 
Presented limits assume 100% BR t' -> Wb and 100% BR b' -> Wt

Presented limits on b’ apply to 
vector-like doublets, where B -> 
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account. The resulting uncertainties on the lepton selection
efficiencies are 5.7% and 7.1% for electrons and muons,
respectively, giving a total uncertainty of 17% on the signal
selection efficiency, and an uncertainty of !0:3 events on
the background estimation. The effects of multiple pp
collisions per beam crossing (pileup) are tested with simu-
lations. Weights are assigned to the simulated events so
that the distribution of the number of pileup events matches
the target distribution in data. The associated uncertainty is
estimated by varying the weights for different distributions.
The uncertainty on the parton distribution function (PDF)
from CTEQ6 [29] and the jet energy scale [23] and reso-
lution are also accounted for. The uncertainty on the back-
ground estimation due to the statistical size of the control
samples is !0:7 events. The effect of uncertainties on the
background cross sections is considered by varying the
normalization of the relevant processes as follows:
!11% for t!t [30],!3% (! 4%) forW (Z) [31], conserva-
tively !ð27–42Þ% for dibosons [32], and !50% for
t!tþW=Z.

For each T mass hypothesis from 250 to 550 GeV=c2 we
present the predicted cross section, selection efficiency,

and yield in Table III. Upper limits on the cross section
are calculated using a Bayesian method [33] with a flat
prior for the signal cross section, and a log-normal model
for integration over the nuisance parameters. The observed
upper limit at the 95% confidence level (C.L.) on the T !T
cross section as a function of the T-quark mass hypotheses
is shown as a solid line in Fig. 2. The dotted line gives the
expected upper limit on the cross section under a
background-only hypothesis, and the solid and hatched
areas around it show the !1 and !2 standard deviation
uncertainties on the expected limit. These were found by
producing a large sample of pseudoexperiments in which
the expected number of background events was allowed to
vary according to its statistical and systematic uncertain-
ties, and the resulting upper limit was then determined. By
comparing the observed T !T upper limit with the approxi-
mate NNLO calculation of the pp ! T !TX production
cross section [27] and assuming a 100% branching fraction
for T ! tZ decays, a lower limit on the T-quark mass of
475 GeV=c2 is derived at the 95% confidence level.
In conclusion, using a data sample corresponding to an

integrated luminosity of 1:14 fb%1 collected by the CMS
experiment, we have searched for a vectorlike charge-2=3
T quark that is pair produced in pp collisions at a center-
of-mass energy of 7 TeVand decays to a top quark and a Z
boson. Seven events are observed in data, consistent with
4:6! 1:0 events expected from SM processes. Assuming a
100% branching fraction for the decay T ! tZ, we exclude
a T quark with a mass less than 475 GeV=c2 at the 95%
confidence level. This is the first search for a pair-produced
T quark at hadron colliders.
We wish to congratulate our colleagues in the CERN

accelerator departments for the excellent performance of
the LHC machine. We thank the technical and administra-
tive staff at CERN and other CMS institutes, and acknowl-
edge support from FMSR (Austria); FNRS and FWO
(Belgium); CNPq, CAPES, FAPERJ, and FAPESP
(Brazil); MES (Bulgaria); CERN; CAS, MoST, and
NSFC (China); COLCIENCIAS (Colombia); MSES
(Croatia); RPF (Cyprus); Academy of Sciences and
NICPB (Estonia); Academy of Finland, ME, and HIP
(Finland); CEA and CNRS/IN2P3 (France); BMBF,
DFG, and HGF (Germany); GSRT (Greece); OTKA and
NKTH (Hungary); DAE and DST (India); IPM (Iran); SFI
(Ireland); INFN (Italy); NRF and WCU (Korea); LAS

TABLE III. Summary of the predicted T !T cross sections, selection efficiencies, and expected yields for various T masses,
normalized to an integrated luminosity of 1:14 fb%1, and the observed upper limits at the 95% confidence level on the cross section.
The expected yields include the combined branching fraction of 5.4% from the W and Z leptonic decays.

MðTÞ [GeV=c2] 250 300 350 400 450 500 550

Cross section [pb] 22.6 7.99 3.20 1.41 0.662 0.330 0.171
Efficiency [%] 14:4! 2:8 24:0! 4:4 29:4! 5:3 32:8! 5:8 34:3! 6:1 32:7! 5:8 35:6! 6:3
Expected yield 200 118 57.8 28.3 13.9 6.6 3.7

Observed limit [pb] 1.09 0.65 0.53 0.48 0.45 0.48 0.44
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FIG. 2 (color online). The 95% confidence level (C.L.) upper
limit on the cross section of the pp ! T !TX process, as a
function of the T-quark mass. The branching fraction of
T ! tZ is assumed to be 100%. The solid line shows the
observed limit. The dotted line corresponds to the expected limit
under a background-only hypothesis. The solid (hatched) area
shows the !1 (!2) standard deviation uncertainties on the
expected limit. The dot-dashed line shows the value of the
theoretical cross section [27] for the T !T process.
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Recently, there has been renewed interest in the search
for fourth-generation particles [1] that could have escaped
the stringent bounds set by precision measurements [2,3].
Searches for b0 ! tW [4,5] and t0 ! bW; qW [6] decays
have been performed at the Tevatron and LHC, setting
lower bounds on the masses of fourth-generation quarks
b0 and t0. The decays b0 ! bZ and t0 ! tZ are flavor-
changing-neutral-current (FCNC) processes and, since
they proceed through loop diagrams, they are expected
[7] to have branching fractions of Oð10#5–10#4Þ. Lower
bounds on the mass of a b0 decaying to bZ have been
established [8]. If a vectorlike quark of charge 2=3 (de-
noted T) exists, however, as expected in several models of
new physics [9–11], it would have tree-level FCNC cou-
plings that could result in a large branching fraction for
FCNC T decays. For example, for a vectorlike T with a
new Yukawa coupling [12,13], the decays T ! tZ and
T ! tH could be dominant, where H is the Higgs boson.
If the Higgs decay channel is kinematically forbidden, the
T ! tZ branching fraction could be close to 100%.

In this Letter, we report the results of a first search for
pair-produced T quarks that decay to top quarks and Z
bosons, with the Compact Muon Solenoid (CMS) detector
at the Large Hadron Collider (LHC). The decay chain,
pp ! T !TX, with T !T ! tZ!tZ ! b !bWþW#ZZ, can gen-
erate a very clean signature if at least one Z boson decays
to ‘þ‘#, where ‘ is an electron or a muon, and the decay of
one of the W bosons yields an additional isolated charged
lepton. A search for singly produced vectorlike quarks has
been performed by the D0 Collaboration [14].

The central feature of the CMS apparatus is a super-
conducting solenoid that provides an axial magnetic field

of 3.8 T. Charged particle trajectories are measured within
the field volume by a pixel and silicon strip tracker. The
calorimeter enclosing the tracker includes a lead tungstate
crystal electromagnetic calorimeter (ECAL), which is
composed of a barrel part and two end caps, a lead and
silicon preshower detector in front of the ECAL end caps,
and a brass or scintillator hadron calorimeter (HCAL) that
together provide an energy measurement for electrons,
photons, and hadronic jets. Muons are identified and mea-
sured in gas-ionization detectors embedded in the steel
return yoke outside the solenoid. The detector is nearly
hermetic, allowing accurate energy balance measurements
in the plane transverse to the beam direction. The direction
of particles measured inside the CMS detector is described
using the azimuthal angle (!) and the pseudorapidity ("),
which is defined as " & # ln½tan#=2(, where # is the polar
angle relative to the counterclockwise proton beam direc-
tion, as measured from the nominal interaction vertex. A
more detailed description of the CMS detector can be
found elsewhere [15].
This study is based on a sample of pp collisions atffiffiffi
s

p ¼ 7 TeV recorded in March–June 2011, and corre-
sponds to an integrated luminosity of (1:14) 0:05 fb#1).
The CMS trigger system consists of hardware and software
triggers [16] that are used to select events for further
analysis. Events selected for this search are required to
pass one of several dilepton triggers. The efficiencies of the
dilepton triggers are measured using an independent data
sample collected with a jet-based trigger and containing at
least two fully reconstructed leptons, and found to be 99%
for two-electron, 89% for two-muon, and 97% for electron-
muon triggers.
Muon candidates are required to have a transverse mo-

mentum pT > 15 GeV=c and be within the fiducial range
j"j< 2:4. The reconstructed muon track must be associ-
ated with signals in the pixel and silicon strip detectors,
as well as track segments in the muon system, and have a
high-quality global fit using the information of both
the central tracker and the muon detector. The muon

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PRL 107, 271802 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

30 DECEMBER 2011

0031-9007=11=107(27)=271802(15) 271802-1 ! 2011 CERN, for the CMS Collaboration

Search for aVectorlike Quarkwith Charge 2=3 in tþ ZEvents fromppCollisions at
ffiffiffi
s

p ¼ 7 TeV

S. Chatrchyan et al.*

(CMS Collaboration)
(Received 3 October 2011; published 29 December 2011)

A search for pair-produced heavy vectorlike charge-2=3 quarks, T, in pp collisions at a center-of-mass

energy of 7 TeV, is performed with the CMS detector at the LHC. Events consistent with the flavor-

changing-neutral-current decay of a T quark to a top quark and a Z boson are selected by requiring two

leptons from the Z-boson decay, as well as an additional isolated charged lepton. In a data sample

corresponding to an integrated luminosity of 1:14 fb#1, the number of observed events is found to be

consistent with the standard model background prediction. Assuming a branching fraction of 100% for the

decay T ! tZ, a T quark with a mass less than 475 GeV=c2 is excluded at the 95% confidence level.

DOI: 10.1103/PhysRevLett.107.271802 PACS numbers: 14.65.Jk, 13.85.Rm, 14.80.#j

Recently, there has been renewed interest in the search
for fourth-generation particles [1] that could have escaped
the stringent bounds set by precision measurements [2,3].
Searches for b0 ! tW [4,5] and t0 ! bW; qW [6] decays
have been performed at the Tevatron and LHC, setting
lower bounds on the masses of fourth-generation quarks
b0 and t0. The decays b0 ! bZ and t0 ! tZ are flavor-
changing-neutral-current (FCNC) processes and, since
they proceed through loop diagrams, they are expected
[7] to have branching fractions of Oð10#5–10#4Þ. Lower
bounds on the mass of a b0 decaying to bZ have been
established [8]. If a vectorlike quark of charge 2=3 (de-
noted T) exists, however, as expected in several models of
new physics [9–11], it would have tree-level FCNC cou-
plings that could result in a large branching fraction for
FCNC T decays. For example, for a vectorlike T with a
new Yukawa coupling [12,13], the decays T ! tZ and
T ! tH could be dominant, where H is the Higgs boson.
If the Higgs decay channel is kinematically forbidden, the
T ! tZ branching fraction could be close to 100%.

In this Letter, we report the results of a first search for
pair-produced T quarks that decay to top quarks and Z
bosons, with the Compact Muon Solenoid (CMS) detector
at the Large Hadron Collider (LHC). The decay chain,
pp ! T !TX, with T !T ! tZ!tZ ! b !bWþW#ZZ, can gen-
erate a very clean signature if at least one Z boson decays
to ‘þ‘#, where ‘ is an electron or a muon, and the decay of
one of the W bosons yields an additional isolated charged
lepton. A search for singly produced vectorlike quarks has
been performed by the D0 Collaboration [14].

The central feature of the CMS apparatus is a super-
conducting solenoid that provides an axial magnetic field

of 3.8 T. Charged particle trajectories are measured within
the field volume by a pixel and silicon strip tracker. The
calorimeter enclosing the tracker includes a lead tungstate
crystal electromagnetic calorimeter (ECAL), which is
composed of a barrel part and two end caps, a lead and
silicon preshower detector in front of the ECAL end caps,
and a brass or scintillator hadron calorimeter (HCAL) that
together provide an energy measurement for electrons,
photons, and hadronic jets. Muons are identified and mea-
sured in gas-ionization detectors embedded in the steel
return yoke outside the solenoid. The detector is nearly
hermetic, allowing accurate energy balance measurements
in the plane transverse to the beam direction. The direction
of particles measured inside the CMS detector is described
using the azimuthal angle (!) and the pseudorapidity ("),
which is defined as " & # ln½tan#=2(, where # is the polar
angle relative to the counterclockwise proton beam direc-
tion, as measured from the nominal interaction vertex. A
more detailed description of the CMS detector can be
found elsewhere [15].
This study is based on a sample of pp collisions atffiffiffi
s

p ¼ 7 TeV recorded in March–June 2011, and corre-
sponds to an integrated luminosity of (1:14) 0:05 fb#1).
The CMS trigger system consists of hardware and software
triggers [16] that are used to select events for further
analysis. Events selected for this search are required to
pass one of several dilepton triggers. The efficiencies of the
dilepton triggers are measured using an independent data
sample collected with a jet-based trigger and containing at
least two fully reconstructed leptons, and found to be 99%
for two-electron, 89% for two-muon, and 97% for electron-
muon triggers.
Muon candidates are required to have a transverse mo-

mentum pT > 15 GeV=c and be within the fiducial range
j"j< 2:4. The reconstructed muon track must be associ-
ated with signals in the pixel and silicon strip detectors,
as well as track segments in the muon system, and have a
high-quality global fit using the information of both
the central tracker and the muon detector. The muon

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PRL 107, 271802 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

30 DECEMBER 2011

0031-9007=11=107(27)=271802(15) 271802-1 ! 2011 CERN, for the CMS Collaboration



ATLAS limits on b’->bZ (with 2 fb-1)

 [GeV]b’m
200 300 400 500 600 700

Zb
) [

pb
]

A
(b

’
`

!
’) bb’

A
(p

p
m

-210

-110

1

10

210
 (BR = 100%)`!HATHORm
 (BR VLS) ̀! HATHORm

expected limit
observed limit

m 1 "expected limit 
m 2 "expected limit 

ATLAS Preliminary
 = 7 TeV )sData 2011 ( 

-1 L dt = 2.0 fb0

M & 400GeV if BR=100%

M & 358GeV if B is singlet mixing with 3rd generation only



Present constraints: 
~ 550-600 GeV on the mass of b’ and t’
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Exotic Heavy Quarks @ LHC - V. E. Özcan

Inclusive analysis including single and pair-
production of degenerate 4th gen. quarks

t’b -> bWb ; b’t -> tbWWbW ;
t’t’ -> bWbW ; b’b’ -> tbWWtbWW

Search carried in 6 subsamples, based on nb-jet 
and nW->qq, and with slightly different selection 
requirements:

{1,2+}B_0W: mainly single t’ production

1B_1W, 2+B_{1,2,3+}W: mainly pair production

Isolated muon with PT
!>40GeV and |"|<2.1, 

vetoes on extra leptons.

HT is used as discriminating variable and a fit is 
performed to 6 subsamples together.
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Results presented in the 
(A,mq4) plane, where mq4 
is the degenerate mass 
of the quarks, A=|Vtb|2.

Using CLS, obtained 95% 
CL limit for minimal off-
diagonal mixing (A!1):
mt’=mb’ > 490GeV
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Single production may start to play 
an important role for M>~600 GeV
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Figure 2: Associated single production of B and T5/3 at the LHC.

where MQ, MT̃ are the masses of the composite states, Y∗ their Yukawa coupling and ∆L,
∆R are the mixing masses between elementary and composite fields. After rotating to the
mass eigenstate basis, the Yukawa Lagrangian reads (now denoting with qL, tR the SM fields,
and with T , B, T5/3, T2/3, T̃ the heavy mass eigenstates):

Lyuk =Y∗ sinϕL sinϕR

(
t̄Lφ

†
0tR − b̄Lφ

−tR
)
+ Y∗ cosϕL sinϕR

(
T̄φ†

0tR − B̄φ−tR
)

+ Y∗ sinϕL cosϕR

(
t̄Lφ

†
0T̃ − b̄Lφ

−T̃
)
+ Y∗ sinϕR

(
T̄5/3φ

+tR + T̄2/3φ0tR
)
+ . . .

(3)

Here the dots stand for terms with two heavy fermions, and sinϕL,R denote the degree of
compositeness of the SM tL,R quarks: tanϕL = ∆L/MQ, tanϕR = ∆R/MT̃ [23]. Equation (3)
explicitly illustrates the specific pattern expected for the couplings of the heavy fermions:
they couple to one (third-generation) SM quark of defined chirality plus one longitudinal
W or Z boson, or the Higgs. The values of the couplings are linked to the SM top Yukawa
coupling yt; in the two-site model, in particular, the largest couplings are to the SM fermions
with the largest composite component. For example, if 1 < Y∗ " 4π – as one naturally
expects if the heavy fermions are bound states of a strongly coupled sector – the couplings of
T , B, T5/3, T2/3 are large in the limit of tR mainly composite, Y∗ cosϕL sinϕR # Y∗ sinϕR $
yt, while those of T̃ are suppressed [23]. Also, the small ratio between the bottom and top
quark masses can be easily explained in this scheme by assuming that the bR has a very small
composite component. This in turn implies that any coupling of bR to the heavy fermions
will be suppressed (for that reason we have omitted bR and its own partner(s) from the
Lagrangian (2)). Finally, notice that the presence of flavour-changing neutral interactions
distinguishes the heavy partners T , B from a fourth generation.

As anticipated, the interactions of eq.(3) are responsible for both the decay and the single
production of the heavy fermions (see for example Ref. [23] for a more detailed discussion).
Pair production will instead proceed via QCD interactions. In this work we focus on the pair
production of B and T5/3 at the LHC, considering two values of their mass: M = 500GeV
and M = 1TeV. Both T5/3 and B decay exclusively to one top plus one longitudinally
polarized W , with a decay width

Γ(T5/3/B → tRWL) =
λ2

32π
M

[(
1 +

m2
t −m2

W

M2

)(
1 +

m2
t + 2m2

W

M2

)
− 4

m2
t

M2

]
× ζ1/2 , (4)

where

ζ ≡ 1− 2
m2

t +m2
W

M2
+

(m2
t −m2

W )2

M4
, (5)
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Abstract

This letter presents a search for singly produced vector-like quarks, Q, coupling to light quarks, q. The search is sensitive to both
charged current (CC) and neutral current (NC) processes, pp → Qq → Wqq′ and pp → Qq → Zqq′ with a leptonic decay of
the vector gauge boson. In 1.04 fb−1 of data taken in 2011 by the ATLAS experiment at a center-of-mass energy

√
s = 7 TeV,

no evidence of such heavy vector-like quarks is observed above the expected Standard Model background. Limits on the heavy
vector-like quark production cross section times branching ratio as a function of mass mQ are obtained. For a coupling κqQ = v/mQ,
where v is the Higgs vacuum expectation value, 95% C.L. lower limits on the mass of a vector-like quark are set at 900 GeV and
760 GeV from CC and NC processes, respectively.

1. Introduction

Vector-like quarks (VLQ), defined as quarks for which both
chiralities have the same transformation properties under the
electroweak group S U(2) × U(1), are predicted by many ex-
tensions of the SM, relating to Grand Unification, dynamical
electroweak symmetry breaking scenarios or theories with ex-
tra dimensions [1, 2, 3, 4, 5, 6, 7, 8]. Since the couplings of
the light quarks are well constrained, if VLQs exist they are
generally expected to only couple sizably to the third genera-
tion. However, in certain scenarios, corrections to quark mix-
ings can cancel, relaxing these constraints. The motivation and
phenomenology of heavy VLQs coupling to light generations is
discussed for the Tevatron [9], where a baseline model is intro-
duced which considers two degenerate VLQ doublets having
hypercharges 1/6 and 7/6 and mixing only with the up quark.
This scenario can occur naturally in certain models [10]. Be-
cause the doublets are degenerate, cancellations occur which
allow VLQ coupling to the first two generations, leading to a
potentially strong signal at the Large Hadron Collider (LHC).

Following the notation of more recent work [11] which de-
scribes a model-independent approach to VLQ sensitivity at the
LHC, a coupling κqQ = (v/mQ)κ̃qQ is defined here, where q
stands for any light quark, Q is the VLQ, mQ is the VLQ mass,
v is the Higgs vacuum expectation value and κ̃qQ encodes all
the model dependence of the qVQ vertex (V = W or Z). Elec-
troweak precision measurements constrain the contribution of
heavy quarks to loop diagrams, but under certain conditions, as
for the degenerate VLQ doublet model above, mild bounds ap-
ply on the dimensionless coupling κ, allowing it to be as large as
∼ 1 [11]. The masses of VLQs are not constrained by vacuum
stability in the SM [12].

It has been shown that single production provides a favor-
able process to probe for the existence of these heavy quarks if
the coupling to light quarks is large, and that a significant mass

reach could be achieved at the LHC with early data [9, 11]. Sin-
gle production of a VLQ occurs via the process qq′

V∗
−→ q′′Q

(Fig. 1). A quark produced by this process of gauge boson
exchange can have a charge of 5/3, 2/3,−1/3 or −4/3. As a
benchmark, we consider theories with only VLQs U of charge
+2/3 or only with D of charge −1/3, without regard to the mul-
tiplet structure of the model. The experimental limits obtained
on cross section times branching ratio can then be interpreted
as limits on the couplings for different VLQ models [11]. The
contribution from the s-channel diagram is negligible compared
to that of the t-channel process. Therefore one characteristic of
the signal is the presence of a forward jet: after one of the ini-
tial state quarks emits the electroweak gauge boson, it will con-
tinue in the forward direction with little transverse momentum
(pT ), while the other quark couples to the W or Z to produce
the heavy quark. Because the LHC is a proton-proton collider,
the charged current (CC) production of a D quark is expected
to have a higher cross section than that of a U quark. Similarly,
for the neutral current (NC) process, U quarks are expected to
be produced more abundantly. Anti-quark production is sup-
pressed since it involves antiquarks in the initial state.

Bounds on the mass of new heavy quarks were obtained pre-
viously from a search in the pair production process at the Teva-
tron [13, 14] and LHC [15, 16]. Limits have also been ob-
tained at the Tevatron [17, 18] on single production processes
σ(p  p → qQ) × BR(Q → qW), which in the model [9] of de-
generate doublets with κ̃uD = 1 and decaying 100% via CC
gives a 95% confidence level (C.L.) upper limit exclusion for
D quarks with masses up to 690 GeV. Limits at 95% C.L. on
σ(p  p→ qQ)× BR(Q→ qZ) in the same model yield an exclu-
sion of a U quark with κ̃uU =

√
2 and 100% branching ratio via

NC up to a mass of 550 GeV.
This Letter reports on a search for singly produced VLQs

in the ATLAS detector at the LHC. The search is conducted
in events with at least two jets and a vector boson, indicated
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Figure 1: Vector-like quark production and decay diagrams for s-channel (top)
and t-channel (bottom). The thick line indicates the vector-like quark.

by either two high-pT leptons (electrons or muons) in the case
of a Z, or a single lepton and missing transverse momentum
(Emiss

T ) in the case of a W. The data used in this analysis were
collected from March to June 2011, at a center of mass energy√

s = 7 TeV and correspond to an integrated luminosity of L =
(1.04 ± 0.04) fb−1 [19].

2. The ATLAS Detector

The ATLAS detector is a multi-purpose particle physics de-
tector system optimized to record information coming from pp
collisions [20]. Closest to the interaction point is the inner de-
tector (ID) for charged particle tracking, which is performed
by silicon pixel and microstrip detectors in addition to a straw-
tube tracker with radiators to produce transition radiation. The
tracking system is embedded in a 2 T axial magnetic field. Sur-
rounding the solenoid are the lead and liquid argon electromag-
netic (EM) calorimeter and hadronic tile calorimeter subsys-
tems. Forward calorimetry is accomplished with liquid argon
detectors and copper and tungsten absorbers. These systems al-
low the reconstruction of electrons and jets, both essential for
this analysis. Surrounding the calorimeter systems is a muon
spectrometer (MS) that uses drift chambers to record muon tra-
jectories in a toroidal magnetic field. A three-level trigger is
used to select events for subsequent offline analysis. Events
recorded when a subsystem was not properly functioning are
not used in this analysis.

3. Signal and background modeling

Signal Monte Carlo (MC) samples are generated using Mad-
Graph [21] based on Ref. [9, 11], then hadronized and showered

through PYTHIA [22]. The CTEQ6L1 parton distribution func-
tion (PDF) [23] is used, with factorization and renormalization
scales of mW (mZ) for the CC (NC) channel. Nine reference
masses are generated for both CC and NC decays: 225 GeV,
300 GeV, then continuing in steps of 100 GeV up to 1 TeV. The
production cross section times branching ratio to a vector boson
and jets ranges from 194 pb to 0.47 pb for CC and from 88 pb
to 0.28 pb for NC, assuming κ̃qQ = 1.

The dominant SM backgrounds are W → "ν + jets and
Z → "" + jets for the CC and NC channels, respectively.
Other sources of background are from multijet events, t  t, sin-
gle top, and diboson processes, which can have electrons or
muons and jets in the final states. With the exception of multi-
jets, the contributions of these backgrounds are estimated using
MC samples. W + jets and Z + jets samples are generated by
ALPGEN [24] using CTEQ6L1 PDFs with parton showering per-
formed by HERWIG [25] and using JIMMY [26] for simulation
of the underlying event model. The cross section times lep-
tonic branching ratios are 10.3 pb and 1.06 pb per lepton flavor
for W and Z’s, respectively, with pT of the leptons > 20 GeV.
This includes K-factors of 1.22 and 1.25, respectively, to re-
produce the inclusive cross sections at next-to-leading order in
QCD [27]. MC@NLO [28] is used to simulate t  t production, giv-
ing a cross section of 165 pb. Single top quark events decay-
ing leptonically (σ = 37.5 pb) are generated with AcerMC [29]
combined with parton showering and hadronization by PYTHIA.
Diboson backgrounds are simulated with ALPGEN and HERWIG

parton shower for the NC channel (σ × BR = 5.97 pb), which
requires two leptons in the final state, and standalone HERWIG

(with a K-factor of 1.52 to reproduce the inclusive cross sec-
tion at next-to-leading order in QCD [30]) for the CC channel
(σ × BR = 69.1 pb) where a single lepton is required. Mul-
tijet backgrounds from QCD processes are derived both from
PYTHIA and data samples, described below.

The detector response simulation [31] is based on
GEANT4 [32, 33]. The MC samples are generated with super-
imposed minimum bias events to simulate the conditions that
occur in data. In order to improve the modeling of both signal
and backgrounds, lepton reconstruction and identification effi-
ciencies, energy scales and resolutions in the MC are corrected
to correspond to the values measured in the data.

4. Analysis

The analysis is subdivided into four channels: charged and
neutral current, each with either electrons or muons in the fi-
nal state. Particle definitions and selections are identical in all
channels, but signal and control regions for the CC and NC
channels are defined independently.

Events are selected in which there is at least one vertex recon-
structed with at least three tracks. The vertex with the greatest
total transverse momentum,

∑

pT , of the associated tracks is
designated as the primary vertex. The trigger requires at least
one cluster in the EM calorimeter with pT > 20 GeV or at least
one muon candidate in the MS with a track originating from the
primary vertex with pT > 18 GeV. In both cases, the trigger
requires a matching ID track.
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Figure 1: Vector-like quark production and decay diagrams for s-channel (top)
and t-channel (bottom). The thick line indicates the vector-like quark.

by either two high-pT leptons (electrons or muons) in the case
of a Z, or a single lepton and missing transverse momentum
(Emiss

T ) in the case of a W. The data used in this analysis were
collected from March to June 2011, at a center of mass energy√

s = 7 TeV and correspond to an integrated luminosity of L =
(1.04 ± 0.04) fb−1 [19].

2. The ATLAS Detector

The ATLAS detector is a multi-purpose particle physics de-
tector system optimized to record information coming from pp
collisions [20]. Closest to the interaction point is the inner de-
tector (ID) for charged particle tracking, which is performed
by silicon pixel and microstrip detectors in addition to a straw-
tube tracker with radiators to produce transition radiation. The
tracking system is embedded in a 2 T axial magnetic field. Sur-
rounding the solenoid are the lead and liquid argon electromag-
netic (EM) calorimeter and hadronic tile calorimeter subsys-
tems. Forward calorimetry is accomplished with liquid argon
detectors and copper and tungsten absorbers. These systems al-
low the reconstruction of electrons and jets, both essential for
this analysis. Surrounding the calorimeter systems is a muon
spectrometer (MS) that uses drift chambers to record muon tra-
jectories in a toroidal magnetic field. A three-level trigger is
used to select events for subsequent offline analysis. Events
recorded when a subsystem was not properly functioning are
not used in this analysis.

3. Signal and background modeling

Signal Monte Carlo (MC) samples are generated using Mad-
Graph [21] based on Ref. [9, 11], then hadronized and showered

through PYTHIA [22]. The CTEQ6L1 parton distribution func-
tion (PDF) [23] is used, with factorization and renormalization
scales of mW (mZ) for the CC (NC) channel. Nine reference
masses are generated for both CC and NC decays: 225 GeV,
300 GeV, then continuing in steps of 100 GeV up to 1 TeV. The
production cross section times branching ratio to a vector boson
and jets ranges from 194 pb to 0.47 pb for CC and from 88 pb
to 0.28 pb for NC, assuming κ̃qQ = 1.

The dominant SM backgrounds are W → "ν + jets and
Z → "" + jets for the CC and NC channels, respectively.
Other sources of background are from multijet events, t  t, sin-
gle top, and diboson processes, which can have electrons or
muons and jets in the final states. With the exception of multi-
jets, the contributions of these backgrounds are estimated using
MC samples. W + jets and Z + jets samples are generated by
ALPGEN [24] using CTEQ6L1 PDFs with parton showering per-
formed by HERWIG [25] and using JIMMY [26] for simulation
of the underlying event model. The cross section times lep-
tonic branching ratios are 10.3 pb and 1.06 pb per lepton flavor
for W and Z’s, respectively, with pT of the leptons > 20 GeV.
This includes K-factors of 1.22 and 1.25, respectively, to re-
produce the inclusive cross sections at next-to-leading order in
QCD [27]. MC@NLO [28] is used to simulate t  t production, giv-
ing a cross section of 165 pb. Single top quark events decay-
ing leptonically (σ = 37.5 pb) are generated with AcerMC [29]
combined with parton showering and hadronization by PYTHIA.
Diboson backgrounds are simulated with ALPGEN and HERWIG

parton shower for the NC channel (σ × BR = 5.97 pb), which
requires two leptons in the final state, and standalone HERWIG

(with a K-factor of 1.52 to reproduce the inclusive cross sec-
tion at next-to-leading order in QCD [30]) for the CC channel
(σ × BR = 69.1 pb) where a single lepton is required. Mul-
tijet backgrounds from QCD processes are derived both from
PYTHIA and data samples, described below.

The detector response simulation [31] is based on
GEANT4 [32, 33]. The MC samples are generated with super-
imposed minimum bias events to simulate the conditions that
occur in data. In order to improve the modeling of both signal
and backgrounds, lepton reconstruction and identification effi-
ciencies, energy scales and resolutions in the MC are corrected
to correspond to the values measured in the data.

4. Analysis

The analysis is subdivided into four channels: charged and
neutral current, each with either electrons or muons in the fi-
nal state. Particle definitions and selections are identical in all
channels, but signal and control regions for the CC and NC
channels are defined independently.

Events are selected in which there is at least one vertex recon-
structed with at least three tracks. The vertex with the greatest
total transverse momentum,

∑

pT , of the associated tracks is
designated as the primary vertex. The trigger requires at least
one cluster in the EM calorimeter with pT > 20 GeV or at least
one muon candidate in the MS with a track originating from the
primary vertex with pT > 18 GeV. In both cases, the trigger
requires a matching ID track.

2

dominant 

signal regions for both channels. These distributions are used
in a binned likelihood fit to extract signal yields and production
cross section upper limits.

5. Systematic uncertainties

Systematic uncertainties on the simulation of the signal arise
from uncertainties in PDFs and the factorization and renormal-
ization scales. In order to estimate the uncertainty due to the
parton distributions, the CTEQ66 [40] PDF set is used, for
which the eigenvectors of the Hessian matrix are known. The
difference in signal cross section due to the PDF uncertainty is
found to range from 3.0% at a signal mass of 225 GeV to 4.4%
at 1000 GeV. The uncertainty due to the factorization and renor-
malization scales is estimated by taking the difference between
signal cross sections at the nominal value of the scales, and at
values of one-half and twice the nominal. The uncertainty is
found to vary between 4% and 12% for the same mass range.
Uncertainties due to the simulation of initial and final state ra-
diation are found to be about 1%. These uncertainties on the
theoretical cross section are added in quadrature.

For signal and background events, the jet-energy-scale un-
certainty is calculated by shifting the pT of all jets up and down
by factors that vary as a function of pT and η. The factors range
from 4.6% for jets with pT = 20 GeV to 2.5% for jets with pT
above 60 GeV [37]. This procedure results in an uncertainty
of about 20% on the background normalization, and about 5%
on the signal efficiency. The jet-energy-resolution uncertainty
is calculated by smearing the pT of each jet depending on the
jet pT and η, typically by around 10%. This source of uncer-
tainty is found to impact both the background normalization
and signal efficiency by about 1%. The lepton-energy-scale un-
certainty is evaluated and found to be much less than 1% for
both signal and background. The effect of the previously men-
tioned EM calorimeter inefficiency is also found to be much
less than 1%. Uncertainties also arise from the trigger, identifi-
cation, and reconstruction efficiency corrections applied to the
MC simulation. They affect the signal efficiency uncertainty by
1-2% depending on the mass. The rate uncertainty from MC
statistics after event selection is 3-5%. Finally, the uncertainty
on the luminosity is 3.7% [19]. None of the systematics studied
have been found to significantly affect the shape of the VLQ
candidate mass distribution.

6. Results

To determine signal yields, a binned maximum likelihood
fit is performed using template histograms of the VLQ can-
didate mass distribution. The fit is performed separately for
each signal mass. The electron and muon final states are fit-
ted simultaneously. Signal templates are determined from MC,
while background templates are as shown in Fig. 2, with an
additional correction described below. The overall signal and
background normalizations are left floating in the fit. System-
atic uncertainties on the template normalizations are incorpo-
rated as Gaussian-distributed nuisance parameters. The signal
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Figure 2: Invariant mass distribution of VLQ candidates in both the CC (top)
and NC (bottom) channels, summed over both the electron and muon final
states. The dashed line shows the signal shape, normalized by 100 times the
leading order theoretical cross section. The bottom part of each plot shows the
ratio of the data to the background model. The last bin contains events with
invariant mass candidates equal to or higher than 1200 GeV.
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Mass [GeV] CC σ× BR [pb] NC σ× BR [pb] κ̃2uD κ̃2uU CC− σ× BR [pb]
225 15 18 0.075 0.21 12
300 17 11 0.24 0.31 5.6
400 5.3 2.4 0.21 0.19 3.8
500 2.1 1.4 0.19 0.26 1.1
600 1.9 1.5 0.37 0.56 1.9
700 2.2 1.0 0.86 0.75 2.2
800 0.93 1.0 0.66 1.33 0.97
900 0.80 0.9 1.0 2.1 0.70
1000 0.91 1.1 1.9 4.0 0.50

Table 3: Observed upper limits at 95% confidence level on the cross section times branching ratio σ(pp → Qq) × BR(Q → Vq) as a function of mass and the
corresponding upper limit on a model-independent heavy-to-light quark coupling. The final column shows the limit on the CC process after selecting negatively
charged leptons.
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Figure 3: Upper limits at 95% confidence level on the cross section times
branching ratio σ(pp → Qq) × BR(Q → Vq) for the CC (top) and NC (bot-
tom) channels as a function of mass. The leading-order (LO) theoretical cross
section assumes κ̃uD = 1 and κ̃uU = 1 on the top and bottom respectively. The
width of the dark band around it corresponds to the theoretical uncertainty de-
scribed in the text. The expected cross section upper limit is determined by the
median result of background-only pseudoexperiments, and is shown with its 1σ
and 2σ uncertainties, respectively.

7. Conclusion

A search for single production of vector-like quarks coupling
to light generations has been presented. No evidence is found
for such quarks above the expected background in either the CC
or NC channel. Upper limits on the production cross section
times branching ratio to a vector boson and a jet were deter-
mined at 95% confidence level. Assuming couplings κ̃2uD = 1
and κ̃2uU = 1, the upper bounds obtained for the mass of vector-
like quarks are 900 GeV for the CC channel and 760 GeV for
the NC channel. These limits, which can be used to constrain
different models of vector-like quarks [11], are the most strin-
gent to date on this benchmark model.
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Prospects for T->tH with heavy Higgs
[Azatov et al, 

Les Houches report, 1203.1488] 

FIG. 1. Branching fraction of T to t + h, mh = 120 GeV
(solid), b + W (dotted) and t + Z (dashed) as a function of
mT . An ⌘ value of 0.5 has been chosen, though the branching
ratios are essentially independent of ⌘.

FIG. 2. Comparison of the production cross sections �(pp !
T T̄ ) (solid) and �(pp ! T+j, T̄+j) (dotted) with at least one
T ! th at a 14 TeV LHC. The ⌘ parameter, which enters into
single production, has been set to 1/2. Smaller ⌘ decreases
the cross section slightly.

depends on the b-quark pdf of proton, proportional to
the electroweak coupling, and additionally suppressed
because of W exchange in the T�channel. As long as
mT . 1.1 TeV, single production is always subdominant
with respect to the QCD pair production of T [20, 37].
The dominance of the pair production below 1.1 TeV is
demonstrated in Fig. 2.
Single production, while subdominant, does neverthe-

less create a cleaner final state compared to pair produc-
tion, for example pp ! T+q. Cleaner states are certainly
easier to reconstruct, however one T resonance in the
event obviously provides fewer handles for distinguishing
signal and background compared to T pair production.
We find the cleaner final state does not compensate su�-
ciently for the lack of handles, so single production is al-
ways inferior to pair production, at least for the purpose
of Higgs discovery. Therefore, in this work we concen-
trate on the following set of topologies: pair production
of T followed by the decay of one T to t+h and the other

FIG. 3. A sample Feynman diagram for T T̄ pair production
followed by decays to a Higgs boson and a W or Z.

T to b+W or t+ Z.

B. Search Strategy

In order to come up with a successful search strategy,
we first need to understand the standard model back-
grounds as well as new physics backgrounds that we must
overcome. Every interesting signal event contains multi-
ple resonances, meaning Higgs bosons, W , Z, or tops.
More specifically, in addition to the Higgs boson, there
is always at least one top quark, one gauge boson and
one b quark. Signal W bosons and b quarks can either
come directly from the decay of the top-partner, or they
can come from the decay of the top. The dominant SM
backgrounds are t̄t+jets, t̄t+ b̄b and W/Z+jets – all pro-
cesses with large cross section containing gauge bosons
and multiple hard jets. We will restrict our search to fi-
nal states which contain at least one lepton to avoid an
overwhelming QCD multi-jet background. The specifics
of the backgrounds, including cross sections and genera-
tor details, will be given in Sec. IV.
The success of our search for a boosted Higgs boson

relies crucially on combinations of conventional handles
(such as existence of isolated leptons and large HT i.e.

scalar sum of visible energies in an event) and slightly
unconventional tools (boosted object taggers). Each of
these handles is described in more detail in the following
subsection.

• isolated lepton: In our simulation leptons
are considered as isolated they have pT >
15 GeV, |⌘| < 2.5 and if the energy deposited by
hadrons within a cone of size R = 0.4 surrounding
the lepton is less than 20% of the energy deposited
by the lepton. Our simple implementation tags lep-
tons with a 90% e�ciency.

• HT: HT is defined as the scalar sum of all visible
energy in the detector with |⌘| < 4.0. We calculate
it by summing up the energies of all particles except
neutrinos. Also note that after the hadrons are
granularized into calorimeter cells, we disregard all

3
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Search for a heavy neutrino and right-handed W of the
left-right symmetric model in pp collisions at

p
s=7 TeV

The CMS Collaboration

Abstract

This Note describes the first search for signals from the production of right-handed
WR bosons and heavy neutrinos N` (` = e, µ), that arise naturally in the left-right sym-
metric extension to the Standard Model, with the CMS Experiment at the LHC using
the 7 TeV pp collision data collected in 2010 and 2011 corresponding to an integrated
luminosity of 240 pb�1. No excess over expectations from Standard Model processes
is observed. For models with exact left-right symmetry (the same coupling in the left
and right sectors) we exclude the region in the two-dimensional parameter space that
extends to (MWR , MN`

) = (1700 GeV, 600 GeV).

In SM with Left-Right symmetry

1

The left-right (LR) symmetric extension to the Standard Model model [1–3] is attractive because
it naturally explains the parity violation seen in weak interactions as a result of spontaneously
broken parity. The model necessarily incorporates additional W±

R and Z0 gauge bosons and
heavy right-handed neutrino states N` and thus can also explain the smallness of the ordinary
neutrino masses through the see-saw mechanism [4]. In this paper we present the results of the
search for heavy neutrinos and the associated heavy gauge bosons of the minimal LR symmet-
ric model using the Compact Muon Solenoid (CMS) detector at the LHC.

The strength of gauge interactions of W±
R bosons is described by the coupling constants gR.

Strict LR symmetry leads to the relation gL = gR at MWR , which will be assumed throughout
this paper. To simplify our study, we further assume that the mixing angles (WR � WL, Z0 � Z,
and N` � N`0) are small. The existing experimental limit on the WR mass is in the range 739 �
768 GeV and depends on the heavy neutrino mass (the smaller number corresponds to the case
when all three N` have masses smaller than MWR ) [5].

We consider the leading production reaction at the LHC: pp ! WR + X ! N` + `+ X. The
right-handed neutrino decays into a charged lepton `± and an off-shell W⇤

R which subsequently
decays into a pair of quarks which hadronize into jets (j). This produces the final state

WR ! `1N` ! `1`2W⇤
R ! `1`2 jj (` = e, µ),

where `1, `2 have the same flavor. A unique feature of the heavy neutrino production and
decay process is that it has a two-dimensional resonance structure. The distributions of the
variables M``jj and M`2 jj should exhibit rather narrow peaks, with the reconstructed width of
O(100 GeV) for the WR mass peak and O(50 GeV) for the width of the N` mass peak. In this
analysis, we assume that only one type of heavy neutrino, predominantly coupled to either
the electron or muon flavor, will be accessible at LHC energies with the other N` masses too
heavy to produce. However, the case with degenerate N` masses does not differ significantly,
as the opening of an additional decay channel for the WR would decrease not only the lepton
channels but also the quark channels.

Our search is characterized by the WR and N` masses, which are allowed to vary indepen-
dently. We note that the reaction used in the analysis can also proceed if MN`

> MWR , but we
neglect this possibility due to the relatively small cross section when compared to the dominant
production mechanism.

Since QCD does not distinguish between left- and right-handed particles, the k-factor calcu-
lation is similar to the W and W’ production k-factors [6]. In these calculations, made with
the FEWZ program [7], as is taken at the WR mass which results in a k-factor that slowly de-
creases as a function of MWR , from 1.33 at MWR = 500 GeV to 1.26 at MWR = 2 TeV (can be
approximated by a straight line in this range).

This measurement was performed using 240 pb�1 of pp collision data collected in 2010 and
2011 by the CMS detector at a center-of-mass energy of 7 TeV. The central feature of the CMS
apparatus is a superconducting solenoid, of 6 m internal diameter, providing a field of 3.8 T.
Within the field volume are the silicon pixel and strip tracker, the crystal electromagnetic calor-
imeter (ECAL) and the brass/scintillator hadronic calorimeter (HCAL). Muons are measured
in gas-ionization detectors embedded in the steel return yoke. In addition to the barrel and
endcap detectors, CMS has extensive forward calorimetry. The ECAL has an energy resolu-
tion of better than 0.5% for unconverted photons with transverse energies above 100 GeV. The
combined ECAL+HCAL jet energy resolution is DE/E ⇡ (100/

p
E � 5)%. The muons are
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Search for excited leptons in proton–proton collisions at
√
s = 7 TeV

with the ATLAS detector

The ATLAS Collaboration

The ATLAS detector is used to search for excited leptons in the electromagnetic radiative decay
channel !∗ → !γ. Results are presented based on the analysis of pp collisions at a center-of-mass
energy of 7 TeV corresponding to an integrated luminosity of 2.05 fb−1. No evidence for excited
leptons is found, and limits are set on the compositeness scale Λ as a function of the excited lepton
mass m!∗ . In the special case where Λ = m!∗ , excited electron and muon masses below 1.87 TeV
and 1.75 TeV are excluded at 95% C.L., respectively.

PACS numbers: 12.60.Rc, 13.85.-t

I. INTRODUCTION

The Standard Model (SM) of particle physics is an
extremely successful effective theory which has been ex-
tensively tested over the past forty years. However, a
number of fundamental questions are left unanswered.
In particular, the SM does not provide an explanation
for the source of the mass hierarchy and the generational
structure of quarks and leptons. Compositeness mod-
els address these questions by proposing that quarks and
leptons are composed of hypothetical constituents named
preons [1]. In these models, quarks and leptons are the
lowest-energy bound states of these hypothetical parti-
cles. New interactions among quarks and leptons should
then be visible at the scale of the constituents’ binding
energies, and give rise to excited states. At the Large
Hadron Collider (LHC), excited lepton !∗ production via
four-fermion contact interactions can be described by the
effective Lagrangian [2]

Lcontact =
g2∗
2Λ2

jµjµ,

where g2∗ is the coupling constant, Λ is the compositeness
scale, and jµ is the fermion current

jµ = ηLfLγµfL+η
′
Lf

∗

Lγµf
∗
L+η

′′
Lf

∗

LγµfL+h.c.+(L → R).

For simplicity and consistency with recent searches, the
following prescription is used: g2∗ = 4π, ηL = η′L = η′′L =
1, and ηR = η′R = η′′R = 0 such that chiral symmetry
is conserved [3][4]. The above ansatz ignores underly-
ing preon dynamics and is valid as long as the mass of
the excited leptons is below the scale Λ. In the well-
studied case of the homodoublet-type !∗ [2, 5, 6], the rel-
evant gauge-mediated Lagrangian describing transitions
between excited and ground-state leptons is

LGM =
1

2Λ
!
∗

Rσ
µν

[
gf
τa

2
W a

µν + g′f ′Y

2
Bµν

]
!L + h.c.,

where !L is the lepton field, Wµν and Bµν are the SU(2)L
and U(1)Y field strength tensors, g and g′ are the respec-
tive electroweak couplings, and f and f ′ are phenomeno-
logical constants chosen to be equal to 1. The LGM term

allows the decay of excited leptons via the electromag-
netic radiative mode !∗± → !±γ, a very clean signature
which is exploited in this search. For a fixed value of
Λ, the branching ratio B(!∗± → !±γ) decreases rapidly
with increasing !∗ mass. For Λ = 2 TeV, B(!∗± → !±γ)
is 30% for m"∗ = 0.2 TeV and decreases exponentially to
about 2.3% for m"∗ = 2 TeV.

Previous searches at LEP [7], HERA [8], and the Teva-
tron [9] have found no evidence for such excited leptons.
For the case where Λ = m"∗ , the CMS experiment has
excluded masses below 1.07 TeV for e∗ and 1.09 TeV for
µ∗ at the 95% credibility level (C.L.) [10].

II. ANALYSIS STRATEGY

This article reports on searches for excited electrons
and muons in the !∗ → !γ channel based on 2.05 fb−1

of 7 TeV pp collision data recorded in 2011 with the AT-
LAS detector [11]. The benchmark signal model consid-
ered is based upon theoretical calculations from Ref. [2].
In this model, excited leptons may be produced singly
via qq → !∗! or in pairs via qq → !∗!

∗
, due to contact

interactions. As the cross section for pair production is
much less than for single production, the search for ex-
cited leptons is based on the search for events with !!γ
in the final state: three very energetic particles, isolated,
and well separated from one another.

For both the e∗ and µ∗ searches, the dominant back-
ground arises from Drell-Yan (DY) processes accompa-
nied by either a prompt photon from initial or final state
radiation (Z + γ) or by a jet misidentified as a photon
(Z+jets). The dominant irreducible Z+γ background re-
sults in the same final state as the signal, whereas Z+jets
background can be highly suppressed by imposing strin-
gent requirements on the quality of the reconstructed
photon candidate. Small contributions from tt̄ and di-
boson (WW , WZ and ZZ) production are also present
in both channels. W +jets events, as well as semileptonic
decays of heavy flavor hadrons, and multijet events can
be heavily suppressed by requiring the leptons and pho-
tons to be isolated and thus have a negligible contribution
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relevant for vector-like lepton triplet models, e.g.Delgado et al. 
1105.5417, Panella et al 1201.3764
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●Weakly coupled NP at the TeV scale -> susy

As today, still two paradigms for EW symmetry breaking:

●Strongly coupled NP at the TeV scale -> composite higgs or higgsless

Particularly motivated is the case in which the Higgs is a light remnant of 
strong dynamics as the Goldstone Boson of a  spontaneously broken  

global symmetry (a kind of pion from a new strong sector)

= strong EW symmetry breaking with Partial Compositeness

L=LSM(H)+L!+L!+L rong !rong ! +Lmix



Quantum numbers of the Goldstones fixed by the 
symmetry breaking pattern in the strong sector:

G -> H 



SU(2)L � SU(2)R SU(2)V
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SQCD: U(2)L � SU(2)R
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composite inert Higgs. The last section is devoted to conclusions.

2 Two Composite Higgs Doublets as PNGBs

2.1 General Structure

The basic structure of our composite-Higgs scenario is as follows. As depicted in figure 1, there exists a

new sector, that we denote as “strong”, or “strongly-interacting” sector, which is endowed with a global

group G of symmetry, spontaneously broken to H ⇤ G. As such, the strong sector delivers a set of massless

Nambu-Goldstone bosons (NGB). The only constraints on the choice of the G/H coset that characterizes

the strong sector are of phenomenological nature and they are rather mild, a priori. The main requirement,

needed to avoid generic large contributions to the T -parameter, is that the unbroken group must contain

a “custodial” SO(4) ⇥= SU(2) � SU(2) symmetry, H ⌅ SO(4), and at least one Higgs 4-plet (i.e., a 4 of

SO(4)) must be present. Compatibly with these basic requirements, several cosets exist. The smallest ones,

chosen so that H is a maximal subgroup of G, are present in table 1. Other cosets, with non-maximal

G H NG NGBs rep.[H] = rep.[SU(2)� SU(2)]
SO(5) SO(4) 4 4 = (2,2)
SO(6) SO(5) 5 5 = (1,1) + (2,2)
SO(6) SO(4) � SO(2) 8 4+2 + 4̄�2 = 2� (2,2)
SO(7) SO(6) 6 6 = 2� (1,1) + (2,2)
SO(7) G2 7 7 = (1,3) + (2,2)
SO(7) SO(5) � SO(2) 10 100 = (3,1) + (1,3) + (2,2)
SO(7) [SO(3)]3 12 (2,2,3) = 3� (2,2)
Sp(6) Sp(4) � SU(2) 8 (4,2) = 2� (2,2), (2,2) + 2� (2,1)
SU(5) SU(4) � U(1) 8 4�5 + 4̄+5 = 2� (2,2)
SU(5) SO(5) 14 14 = (3,3) + (2,2) + (1,1)

Table 1: Cosets G/H from simple Lie groups, with H maximal subgroup of G. For each coset, its dimension NG and the
NGBs representation under H and SO(4) ⇥ SU(2)L � SU(2)R are reported. For Sp(6)/SU(2) � Sp(4), two embeddings are
possible, we will be interested only in the first one, which leads to two Higgs 4-plets.

subgroups, can be obtained from table 1 in a stepwise fashion G ⇧ H ⇧ H ⇥ etc.. The coset SO(6)/SO(4),

for instance, arises from the breaking SO(6) ⇧ SO(5) ⇧ SO(4). Besides two (2,2) Higgs 4-plets, this coset
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Fig. 4. Limits from Higgs searches at LEP, Tevatron and LHC in
the plane (mh, ⇠) for MCHM4. For the LHC constraints, we have
used the data reported at the EPS-HEP 2011 conference [14], the
Lepton-Photon 2011 symposium [15] and the ones announced in
December 2011 at CERN [11]. The individual channels are ap-
propriately rescaled according to Eqs. (7)–(11) and they are then
simply combined in quadrature. The red continuous line delin-
eates the region favoured at 99% CL by EW precision data (with
a cuto↵ scale of 2.5 TeV and after marginalizing over ✏2 and ✏b),
the region below the red dashed line survives for an additional
50% cancellation of the oblique parameters.

Fig. 5. Same as Fig. 4 but for MCHM5.

5 Conclusion

The LHC has been built to understand the dynamics at
the origin of the breaking of the electroweak symmetry.
The SM Higgs boson, namely a fundamental scalar field
with appropriate couplings to the SM particles, is a very
compelling UV completion to the Higgs mechanism which
ensures the proper decoupling at high energy of the ex-
tra polarization associated to the masses of the EW gauge
bosons, and at the same time also screens the radiative cor-

Fig. 6. Single (top left) and pair (top right) production of reso-
nances in the top sector. The production cross section (bottom)
makes a discovery plausible even with a limited integrated lumi-
nosity. From Ref. [13]

rections to the propagators of these W and Z. The main
virtue of this scenario is that it can remain perturbative,
hence calculable, up to very high energy, possibly the GUT
or the Planck scale. Nonetheless, strong dynamics could
also be responsible for the EW breaking. And surprisingly
enough, these strong models can be very similar to the SM
if a scalar field with the same quantum number as the Higgs
boson emerges as composite bound state from the strong
sector. Viewed from the low-energy perspective, this new
setup will appear as a deformation of the SM itself.
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= (v/f)^2, measures the amount of 
compositeness of the Higgs boson
(-> 0 in the SM elementary Higgs limit)
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3)⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L #∂ qL + t̄R #∂ tR
+ Tr

{

Q̄ ( #∂ −MQ)Q
}

+ ¯̃T ( #∂ −MT̃ ) T̃ + Y∗Tr{Q̄H} T̃ + h.c

+∆L q̄L (T,B) +∆R t̄RT̃ + h.c.

(2)
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heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):
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(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2,2)2/3, (1,1)2/3 plus the Higgs (the case with partners of the tR in a
[(1,3)⇥ (3,1)]2/3 can be similarly worked out):
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The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2,2)2/3, (1,1)2/3 plus the Higgs (the case with partners of the tR in a
[(1,3)⇥ (3,1)]2/3 can be similarly worked out):

Q = (2,2)2/3 =

⇤
T T5/3

B T2/3

⌅
, T̃ = (1,1)2/3 , H = (2,2)0 =

⇤
�†

0 �+

��� �0

⌅
. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L ⇤⌅ qL + t̄R ⇤⌅ tR

+ Tr
�
Q̄ (⇤⌅ �MQ)Q

⇥
+ ¯̃T (⇤⌅ �MT̃ ) T̃ + Y⇥ Tr{Q̄H} T̃ + h.c

+ �L q̄L (T, B) + �R t̄RT̃ + h.c.

(2)

3

[ mass mixing terms 
between the 2 sectors ]

Light custodial partners of the top quark

MQ� = M2 = MQ cos �qL

custodians become 
very light if SM top  
is largely composite

MQ� � 0 sin�qL � 1sinfor

2.3 Matter Sector

We now have to introduce the SM fermions and couple them with the Higgs. These states originate

in our construction from elementary degrees of freedom, external to the strong sector, which however

are coupled linearly to some strong sector operator. The construction is analogous to the one of

the SM vector bosons that we described in the previous sections. The vectors arise from gauging

the SM group embedded in the strong sector SO(4), which means writing down linear couplings

like g0W�
µ J

µ
� , where Jµ

� denotes the strong sector current operator. The linear coupling results

in a mixing of the elementary fields with the composite resonances of the strong sector. For the

vector bosons we indeed find, in our Lagrangian, terms of the form Lmix ⌅ g0/g⇤m2
⇤W

�
µ �

µ
�. 6

Analogously, for the SM fermions we assume a mixing of the form Lmix ⌅ yf/g⇤m⇤f ⇤, where yf

is the coupling of the elementary field with the corresponding fermionic operator and ⇤ generically

denotes the fermionic strong sector resonance. Because of the mixings, the lightest state which

eventually describe the SM particles are linear combinations of the elementary states, W and f ,

with the composite ones, � and ⇤, realizing the so-called partial compositeness scenario [2, 17].

In the case of two sites, focusing for simplicity on the top quark sector, we introduce only one

Dirac five-plet of fermionic resonances ⌥⇤. This transforms under the SO(5)R ⇥-model group 7 and

is mixed to the elementary doublet qL = {tL, bL} and singlet tR. The mixing term is

Lmix = yL f QL
I
UIJ

⌥⇤J + yR f TR
I
UIJ

⌥⇤J + h.c. , (34)

where QL and TR are the “embeddings” into incomplete five-plets of SO(5)L of the qL and tR SM

fermions. The 5 decomposes as 5 = (2,2)⇤ (1,1), where the (2,2) — of SO(4) — consists of two

SU(2)L doublets of opposite U(1)3R charge T 3
R = ±1/2. We chose to embed qL in the negative-

charge doublet and tR in the singlet. Given the explicit form of the generators in Appendix A, the

embeddings are given by

QL =
1�
2

�

⇧⇧⇧⇧⇤

bL
�i bL
tL
i tL
0

⇥

⌃⌃⌃⌃⌅
, TR =

�

⇧⇧⇧⇧⇤

0
0
0
0
tR

⇥

⌃⌃⌃⌃⌅
. (35)

6Actually, because of gauge invariance, the elementary-composite mixings arise from terms of the form
f2(g0W

�
µ � g��

�
µ)

2, see for instance eq. (15).
7This choice is merely conventional because by acting with the Goldstone matrix U one can convert �⇥ into U �⇥,

which transforms in SO(5)L. Physically, �⇥ or U �⇥ equivalently describe a 5 of the unbroken SO(5)V .
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Before EWSB the Yukawa Lagrangian is

Lyuk =Y⇥ sin ⇥L sin ⇥R
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t̄L�†

0tR � b̄L��tR
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+ Y⇥ cos ⇥L sin ⇥R
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⌃
+ Y⇥

⇧
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+TL + T̄2/3�0T̃L

⌃
+ . . .

(1)

[Notice that in eq.(3) of arXiv:0801.1679 the terms involving two heavy
fermions were not shown, but they are important for the diagonalization
of the mass matrix after EWSB.]

After EWSB, the mass term for charge-2/3 states reads

L =
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2
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sin ⇥L sin ⇥R t̄LtR + cos ⇥L sin ⇥R T̄LtR + sin ⇥L cos ⇥R t̄LT̃R
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�
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cos ⇥L
T̄ T �
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(2)

which implies the following mass matrix for the vector of states (T2/3, T̃ , T, t)L,R:

M+2/3 =

⌥

↵↵↵↵↵↵ 

M(2,2) cR r 0 sR r
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M(1,1)

cR
r 0

0 cLcR r
M(2,2)

cL
cLsR r

0 sLcR r 0 sLsR r

�

������⌦
(3)

where r ⇥ Y⇥v/
⇧

2 and cL,R = cos ⇥L,R, sL,R = sin ⇥L,R.
In the case of charge-(�1/3) and charge-(+5/3) states the mass term is

diagonal after EWSB (i.e. there is no mixing induced by the Higgs vev):
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M(2,2)

cL
. (4)
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After diagonalizing the charge-2/3 mass matrix by rotating the fields
(T2/3, T̃ , T, t)L.R, the charged current interaction terms in the Lagrangian
read:

L =
g⇥
2

�
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µW+
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µ tL + h.c.
⇥ (5)
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Figure 2: Associated single production of B and T5/3 at the LHC.

After rotating to the mass eigenstate basis, the Yukawa Lagrangian reads (now denoting
with qL, tR the SM fields, and with T , B, T5/3, T2/3, T̃ the heavy mass eigenstates):

Lyuk =Y⇥ sin ⇧L sin ⇧R

⇤
t̄L⌅†

0tR � b̄L⌅�tR
⌅

+ Y⇥ cos ⇧L sin ⇧R

⇤
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⇤
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0T̃ � b̄L⌅�T̃
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+ Y⇥ sin ⇧R

�
T̄5/3⌅

+tR + T̄2/3⌅0tR
⇥

+ . . .
(3)

Here the dots stand for terms with two heavy fermions, and sin ⇧L,R denote the degree of
compositeness of the SM tL,R quarks: tan ⇧L = ⇥L/MQ, tan ⇧R = ⇥R/MT̃ [23]. eq.(3)
explicitly illustrates the specific pattern expected for the couplings of the heavy fermions:
they couple to one (third-generation) SM quark of defined chirality plus one longitudinal
W or Z boson, or the Higgs. The values of the couplings are linked to the SM top Yukawa
coupling yt; in the two-site model, in particular, the largest couplings are to the SM fermions
with the largest composite component. For example, if 1 < Y⇥ ⌅ 4⇤ – as one naturally
expects if the heavy fermions are bound states of a strongly coupled sector – the couplings of
T , B, T5/3, T2/3 are large in the limit of tR mainly composite, Y⇥ cos ⇧L sin ⇧R ⌥ Y⇥ sin ⇧R ⇧
yt, while those of T̃ are suppressed [23]. Also, the small ratio between the bottom and top
quark masses can be easily explained in this scheme by assuming that the bR has a very small
composite component. This in turn implies that any coupling of bR to the heavy fermions
will be suppressed (for that reason we have omitted bR and its own partner(s) from the
Lagrangian (2)). Finally, notice that the presence of flavour-changing neutral interactions
distinguishes the heavy partners T , B from a fourth generation.

As anticipated, the interactions of eq.(3) are responsible for both the decay and the single
production of the heavy fermions (see for example Ref. [23] for a more detailed discussion).
Pair production will instead proceed via QCD interactions. In this work we focus on the pair
production of B and T5/3 at the LHC, considering two values of their mass: M = 500 GeV
and M = 1 TeV. Both T5/3 and B decay exclusively to one top plus one longitudinally
polarized W , with a decay width
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After rotating to the mass eigenstate basis, the Yukawa Lagrangian reads (now denoting
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Here the dots stand for terms with two heavy fermions, and sin ⇧L,R denote the degree of
compositeness of the SM tL,R quarks: tan ⇧L = ⇥L/MQ, tan ⇧R = ⇥R/MT̃ [23]. eq.(3)
explicitly illustrates the specific pattern expected for the couplings of the heavy fermions:
they couple to one (third-generation) SM quark of defined chirality plus one longitudinal
W or Z boson, or the Higgs. The values of the couplings are linked to the SM top Yukawa
coupling yt; in the two-site model, in particular, the largest couplings are to the SM fermions
with the largest composite component. For example, if 1 < Y⇥ ⌅ 4⇤ – as one naturally
expects if the heavy fermions are bound states of a strongly coupled sector – the couplings of
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yt, while those of T̃ are suppressed [23]. Also, the small ratio between the bottom and top
quark masses can be easily explained in this scheme by assuming that the bR has a very small
composite component. This in turn implies that any coupling of bR to the heavy fermions
will be suppressed (for that reason we have omitted bR and its own partner(s) from the
Lagrangian (2)). Finally, notice that the presence of flavour-changing neutral interactions
distinguishes the heavy partners T , B from a fourth generation.

As anticipated, the interactions of eq.(3) are responsible for both the decay and the single
production of the heavy fermions (see for example Ref. [23] for a more detailed discussion).
Pair production will instead proceed via QCD interactions. In this work we focus on the pair
production of B and T5/3 at the LHC, considering two values of their mass: M = 500 GeV
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These new fermions couple strongly 
to the 3rd generation 

SM quarks plus one WL , ZL or h

Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2,2)2/3, (1,1)2/3 plus the Higgs (the case with partners of the tR in a
[(1,3)⇥ (3,1)]2/3 can be similarly worked out):

Q = (2,2)2/3 =

⇤
T T5/3

B T2/3

⌅
, T̃ = (1,1)2/3 , H = (2,2)0 =

⇤
�†

0 �+

��� �0

⌅
. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L ⇤⌅ qL + t̄R ⇤⌅ tR

+ Tr
�
Q̄ (⇤⌅ �MQ)Q

⇥
+ ¯̃T (⇤⌅ �MT̃ ) T̃ + Y⇥ Tr{Q̄H} T̃ + h.c

+ �L q̄L (T, B) + �R t̄RT̃ + h.c.

(2)

3

h.c
after rotating to mass 

eigen state basis
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Pair production proceeds via 
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Figure 2: Masses of the lightest colored KK fermions in the MCHM5 (upper plot), and in the
MCHM10 (lower plot). Different symbols denote KKs with different quantum numbers under
SU(2)L×U(1)Y , as specified in the plots. Both plots are for ε = 0.5, N = 8. In the upper one

we have varied 0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < m̃u < 0.42, −3.5 < M̃u < −2.2 (filled

points), or 0.2 < cq < 0.35, −0.25 < cu < −0.42, −1.3 < m̃u < 0.2, 0.1 < M̃u < 2.3 (empty
points). In the lower plot we have varied 0.36 < cq < 0.45, 0 < cu < 0.38, 0.8 < m̃u < 3,

−3 < M̃u < −0.3. The black continuous line is the fit to the mass of the lightest resonance
according to Eqs. (15) and (18).
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Light Higgs wants light top partners
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Large mixing:
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 large mixing

f=500 GeV
[De Curtis, Redi, Tesi 1110.1613 ]

Light Higgs wants light top partners

f=800 GeV
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Light Higgs wants light top partners
[Panico & Wulzer, 1106.2719 ][Panico & Wulzer, 1106.2719 ]
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[Bini, Contino , Parisse, Vignaroli, 1110.6058]

qq̄ � G� � T̃ t̄ + B̃b̄
[Bini, Contino , Parisse, Vignaroli, 1110.6058]

Associated production (via a heavy gluon)

same final state as tt-

[Contino et al ]

Production mechanisms   (continued)

Associated production (via a heavy gluon) G�
T̃ /B

t̄ / b̄
Example:

Bini, R.C., Parisse, Vignaroli, work in progress           

[ after reconstructing 1 top ]

signal

Discovery Reach

g3 tan �3

reach:

[Barcelo, Carmona, Masip, Santiago, 1110.5914]

Production mechanisms   (continued)

Associated production (via a heavy gluon)

Example:

Bini, R.C., Parisse, Vignaroli, work in progress           

[ after reconstructing 1 top ]

signal
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Much better reach 
([1 - 1.4 TeV])

in comparison with the previous 
single+pair production process 
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Figure 13: LHC discovery reach in the plane (MG� , tan �3). The blue area shows the region
where a discovery of the signal pp � G⇥ � T̃ t + Bb � Wtb is possible at 5⇥ with sin⇤tR = 0.6,
MG�/mT̃ = 1.5 and Y⇥ = 3. The reach at sin⇤tR = 0.8 and sin⇤tR = 1 is shown respectively by the
dashed red curve and the dotted black curve. Upper plot: LHC at

⇥
s = 7TeV with an integrated

luminosity L = 10 fb�1; Lower plot: LHC at
⇥
s = 14TeV with L = 100 fb�1.
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[Bini, Contino , Parisse, Vignaroli, 1110.6058]
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almost 3 TeV 
reach for top 

partner!



Finally: 
new leptonic resonances

[Del Aguila, Carmona, Santiago, 1007.4206][Del Aguila, Carmona, Santiago, 1007.4206]

new lepton doublets at the LHC (tau custodians) 10
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FIG. 2: Luminosity required for a 5 σ discovery at the LHC with
√
s = 14 TeV as a function of

the custodian mass M .

IV. CONCLUSIONS

New light leptonic resonances related to the tau lepton through custodial symmetry, tau

custodians, can be a natural occurrence in models of strong EWSB, if a global symmetry

governs the lepton spectrum. Thanks to the custodial symmetry, they can be light and

strongly coupled to the tau without conflict with EW precision or flavour data. Pair pro-

duction of tau custodians provides a clean, model independent channel, that results in two

taus and two gauge or Higgs bosons. Requiring at least one Z decaying into electrons or

muons, leptonic tau decays and no further source of missing energy, we end up with a final

state with four charged leptons (electrons or muons), missing energy and two jets. The

large number of leptons allows for a very efficient reduction of the main backgrounds. The

relative large mass of the custodians results in highly boosted taus with very collimated

decay products. Assuming complete collimation, we can fully reconstruct both taus, despite

the presence of four neutrinos in the final state. The requirement of pair production of same

mass objects then further enhances the signal, leading to a discovery reach for tau custo-

dians at the LHC with
√
s = 14 TeV of M = 240, 480 and 720 GeV for a total integrated
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10

not particularly encouraging



However, the search for heavy top partners is
strongly motivated by models of Higgs compositeness, 

 that will survive in the next few years

Summary (same as last time)

So far ATLAS and CMS papers related to searches for heavy 
b’, t’ ... remained mainly motivated by fourth generation

The presence of light top partners constitutes the most 
visible manifestation of the composite Higgs scenario

your feedback on the content of the 
 4-page report is welcome




