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The quest for naturalness

Two main contenders

• Weakly dynamics 
• Light stops 

Supersymmetry Composite Higgs

• Strong dynamics 
• Light top partners



The composite Higgs
Higgs as a pseudo Nambu-Goldstone boson

Strong sector
Higgs, (top)

Elementary
SM fermions,  
gauge fields

Partial compositeness: quarks and leptons get a mass by mixing with 
composite fermions

Agashe, Contino, Pomarol ’04

Resonances

Simplest realization: Minimal composite Higgs model (MCHM) 
based on SO(5)/SO(4).

Kaplan’91;Agashe, Contino, Pomarol ’05



An effective approach

‣Minimal coset: SO(5)→SO(4) 
‣Fully composite tR 

‣Top partners in a 4 of SO(4) 
+ heavy gluon

De Simone, Matsedonsyi, Rattazzi & Wulzer, JHEP(13)

Spectrum:

Useful to capture the relevant collider phenomenology

M45



Direct searches of resonances

• Limits from same-sign dilepton processes

The exotic state X5/3

12 7 Results

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

7.1 Mass Reconstruction

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

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

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

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

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

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

• The invariant mass of AK5 jets used to construct a W must be within
20 GeV of the W mass.

1

1 Introduction
Various extensions of the standard model predict the existence of heavy partners for the top
quark. These “top partners” are Dirac particles, and therefore do not contribute significantly
to the Higgs Boson production cross-section. Thus, they are not excluded by the recent obser-
vation of a 125 GeV Higgs-like resonance [1] and searches for such top partners continue to
be important for testing several new physics scenarios. One model, by Contino and Servant,
proposes the T5/3, an exotic top partner with charge 5/3, and the B quark (with charge -1/3)
as a means of preserving left-right (LR) custodial parity invariance [2]. In this note, we assume
the model proposed by Mrazek and Wulzer in which the mass of the B quark is greater than
that of the T5/3 [3]. The predicted mass of the T5/3 ranges from about 300 GeV to a TeV, so it
should be possible to observe it at the Large Hadron Collider (LHC). This note presents a search
for the pair-production of such exotic top quark partners using the Compact Muon Solenoid
(CMS) detector at the LHC. These top partners can be pair-produced via either gluon fusion
or quark annihilation and typically decay via T5/3 ! tW. Single T5/3 production which has a
completely different topology [3] is not considered.

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

A previous search in this channel performed by the CDF experiment excludes T5/3 masses
below 365 GeV at the 95% confidence level (C.L.) [4].
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Figure 1: Pair production of T5/3 quarks via gluon fusion and decay to same-sign dilepton final
states. Figure taken from Ref. [2].
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Direct searches of resonances

• Searches for top-pair resonances in lepton+jets channel
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(a) Z′ upper cross section limits.

 mass [TeV]
KK

g
0.5 1 1.5 2 2.5

) [
pb

]
t t

→
KK

 B
R

(g
× 

KKgσ
-210

-110

1

10

210

310

Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertaintyσExp. 1 
 uncertaintyσExp. 2 

Kaluza-Klein gluon (LO)

Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertaintyσExp. 1 
 uncertaintyσExp. 2 

Kaluza-Klein gluon (LO)
ATLAS Preliminary

-1 = 14.3 fbdt L
  ∫

 = 8 TeVs

(b) gKK upper cross section limits.

Figure 10: Observed and expected upper cross section limits times the tt̄ branching ratio on (a) Z′

bosons and (b) Kaluza–Klein gluons. The resolved and the boosted selections have been combined
in the estimation of the limits. Both systematic and statistical uncertainties are included.

of the nuisance parameters which decrease the estimated high-mass background in all channels and the
small excess in the boosted electron channel is amplified, leading to weaker observed limits than expected
limits.

Table 3: Upper 95% CL cross section limits times branching ratio on a leptophobic topcolor Z′ decaying
to tt̄, using the combination of all four samples. The observed and expected limits for each mass point
are given, as well as the ±1σ variation of the expected limit. The second column gives the theoretical
predictions with the 1.3 K-factor to account for NLO effects.

Mass (TeV) σ× BR ×1.3 [pb] Obs. (pb) Exp. (pb) −1σ (pb) +1σ (pb)
0.50 23. 5.30 4.99 1.50 10.7
0.75 5.6 2.17 1.00 0.249 1.87
1.00 1.6 0.406 0.335 0.091 0.674
1.25 0.57 0.187 0.160 0.064 0.323
1.50 2.1×10−1 0.148 0.096 0.041 0.198
1.75 0.087 0.066 0.030 0.137
2.00 3.9×10−2 0.078 0.055 0.023 0.117
2.25 0.078 0.045 0.021 0.103
2.50 6.9×10−3 0.081 0.035 0.017 0.081
3.00 1.5×10−3 0.083 0.019 0.010 0.053

11 Summary

A search for tt̄ resonances in the lepton plus jets decay channel has been carried out with the ATLAS
experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity of
14.3 fb−1 of proton-proton collisions at a center-of-mass energy of 8 TeV. The tt̄ system is reconstructed
in two different ways. For the resolved selection, the hadronic top quark decay is reconstructed as two
or three R = 0.4 jets, and for the boosted selection, it is reconstructed as one R = 1.0 jet. No excess

17

Lepton + Jets Results
‣ Transition between threshold and 

boosted analysis determined by 
expected limit values

‣ Wide Z’ exclusion limit 2.68 TeV
‣ RS gluon exclusion limit 2.54 TeV
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• Searches for top-pair resonances in lepton+jets channel
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What effects do top partners have 
on searches for heavy gluon?



Do we search for the right thing?

• It decays dominantly to 
the most composite 
fermions (t, T) allowed 
by kinematics

The heavy gluon is part of the composite sector

q
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G∗ t
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t
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Do we search for the right thing?

• T→t+W/Z/h ⇒the observed spectrum becomes softer

Heavy gluon searches designed for the RS KK gluon

Partonic tt̅ invariant mass

are moderately boosted, as is the case for the benchmarks points we are considering in this
section. Note that the relative deviation for the single top partner channel is much smaller
than for the di top partner channel, since in the single top partner channel the kinematics
of the final state is more similar to a tt̄ final state at the pre-selection level. Therefore the
kinematics is not changed that drastically, and the selections have a higher probability of
mistagging such an event as a tt̄ pair.

Figure 4: Left panels: True (partonic) invariant mass for the tt̄ pairs in pp̄ æ fl æ tt̄ + X.
Right panels: Reconstructed tt̄ invariant mass distribution in signal events. The plots corre-
spond to mfl = 2.5 in the MCH4

5

model with gc4 couplings. The extreme and benchmark
points are shown in top and bottom panels, respectively. In all cases the events are recon-
structed following the ATLAS selection.

Since the SM top pair production rate falls steeply as a function of the invariant mass,
the net e�ect of the new channels is to shift the contributions to a mass range where one
would expect a higher SM tt̄ background. It is therefore worth investigating whether the new
processes could lead to a potentially interesting signal. In the left panels of Fig. 5, we plot the

13

Chala, JJ, Perez & Santiago preliminary



Note: ttbar reconstruction @ ATLAS

• One lepton with mini-ISO > 0.95 

• High missing transverse energy 

• Resolved topology 

• ≥4 jets, pT>25 GeV 

• ≥1 b-jet 

• Boosted topology 

• ≥1 large-R jet, pT>350 GeV 

• ≥1 jet, pT > 25 GeV 

• jet close to lepton  

• jet substructure: √d12>40 GeV, mJ > 100 GeV

Analysis performed in the lepton+jets channel
Strategies for different mass regimes

I low mass resonances (<
1

T

e

V)
I resolved final state objetcs
I many jets, isolated leptons
I solve combinatorics for resonance

mass reconstruction, using
known masses as constraints

I high mass resonances (>
1

T

e

V)
I collimated final states
I less jets, non-isolated leptons
I requires top tagging
I using “fat jets” avoids combinatorics

"fat" jet

José Juknevich Top Tagging Techniques 2 / 29

(ATLAS-CONF-2013-052)
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Reconstructed tt̅ invariant mass ATLAS reconstruction!
 ATLAS-CONF-2013-052

Chala, JJ, Perez & Santiago preliminary



Do we search for the right thing?

• T→t+W/Z/h ⇒the observed spectrum becomes softer

Heavy gluon searches designed for the RS KK gluon

Chala, JJ, Perez & Santiago preliminary

adding SM tt̅ reconstructed invariant mass



Do we search for the right thing?

• T→t+W/Z/h ⇒the observed spectrum becomes softer

Heavy gluon searches designed for the RS KK gluon

Expected 95% CL limits
Chala, JJ, Perez & Santiago preliminary



The elusive gluon

Asks for new kind of searches
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Summary

‣ Natural composite Higgs models provide a viable solution to 
the hierarchy problem; they generically predict “lightish” top 
partners. 

‣ The phenomenology of heavy gluons widely differs from that 
of the simpler models considered so far. 

‣ The heavy gluon bounds can be substantially weakened 
when considering the generic case of a fourplet being 
present. 

‣ The complexity of final states asks for a more tailored study.

Thanks for your attention!



The elusive gluon??


