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😊  LHC circa 2012 – Higgs Discovery ,  𝑚𝑕 ∼ 125 GeV  
 
 

😊  But its couplings to 𝛾 𝛾 , WW, ZZ, bb, and 𝜏𝜏  are  

     compatible with the Standard Model (SM) Higgs. 

 
😱  But BSM physics exists!   

Experimental Facts: Neutrino masses, Dark matter, Inflation, baryon 
asymmetry, Dark energy 
Theoretical inconsistencies: Strong CP problem, flavor hierarchies, gauge 
coupling unification, EW Hierarchy 
 

 ⟹Search for an SM extension with a Higgs-like state 

which provides an explanation for why 𝑚𝑕, 𝑣 ≪ 𝑀𝑝𝑙.  

 
😱  Look for BSM in the LHC  data  
 

 

Why BSM?  



The name of the “game” is 

to identify the underlying  

theory from data   
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spin 0: 𝜙, 𝜂  
spin ½: 𝜓, 𝜒… (𝑉𝐿𝑄𝑠)  
spin 1: 𝜌0,±, 𝑎0,±..(V’), G’ 

Dark Matter (DM) 

 

Particles  

invariant mass peaks,  

& non - resonant 

productions, 

correlations  

 

Signatures 

Models  
 

Underlying 

theories with 

symmetries, Nc, 

Nf  

 

Data 
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• Suppose Higgs is composite (Dugan, Kaplan, Georgi – 1980s) 

 

 

 

 

 

• Higgs is no longer elementary, so mh is not a fundamental parameter  

Composite Higgs Models (CHM) 

 

 𝑙𝐻~
1

TeV
 

Models 
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Composite Higgs 
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• Warped XD models: 5D dual (AdS/CFT correspondence) of 

Composite Higgs:    [Randall & Sundrum,... ’90s] 

    nice frame work, providing explicit realization of 4D composite Higgs model 

• Little Higgs: collective symmetry breaking [Arkani-Hamed, 
Cohen, Georgi ’00s] 

• Higgs is GB under multiple symmetries 

• Two or more explicit symmetry breaking terms are needed to break all symmetries 
protecting the Higgs mass. 

• No quadratic divergences at one-loop. 

• Holographic Higgs: Higss as a component of GB (A5)[Contino, 

Nomura, Pomarol; Agashe, Contino, Pomarol; Hosotani,...] 

• Simple 4D effective description (Strongly-Interacting Light 
Higgs) [Giudice, Grojean, Pomarol, Rattazzi ’07] 

• NB: Higgs does not need to be a usual PGB; it can arise from other 
mechanisms, i.e. it can be a light dilaton [Bellazzini, Csaki, Hubisz, Serra, 

Terning ’12, ’13] 



Composite Higgs 

Bithika Jain  7 

• Warped XD models: 5D dual (AdS/CFT correspondence) of 

Composite Higgs:    [Randall & Sundrum,... ’90s] 

    nice frame work, providing explicit realization of 4D composite Higgs model 

• Little Higgs: collective symmetry breaking [Arkani-Hamed, 
Cohen, Georgi ’00s] 

• Higgs is GB under multiple symmetries 

• Two or more explicit symmetry breaking terms are needed to break all symmetries 
protecting the Higgs mass. 

• No quadratic divergences at one-loop. 

• Holographic Higgs: Higss as a component of GB (A5)[Contino, 

Nomura, Pomarol; Agashe, Contino, Pomarol; Hosotani,...] 

• Simple 4D effective description (Strongly-Interacting Light 
Higgs) [Giudice, Grojean, Pomarol, Rattazzi ’07] 

• NB: Higgs does not need to be a usual PGB; it can arise from other 
mechanisms, i.e. it can be a light dilaton [Bellazzini, Csaki, Hubisz, Serra, 

Terning ’12, ’13] 

Key Features:  

 

1. Higgs is a pseudo-NG-boson associated with the spontaneous 

breakdown of an approximate global symmetry.  
 

2. Partial compositeness: the quarks and leptons acquire a mass by 

mixing with composite fermions. 

 



Anatomy of CHMs 
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• Higgs as a Goldstone of a spontaneously broken global 

symmetry , 𝒢 → ℋ 
 

• Elementary sector induces a small (explicit) breaking of 𝒢 

(also source of partial compositness)  
 

• Higgs becomes a  pseudo-Goldstone  
 

• EW  symmetry breaking is radiatively induced  

Bithika Jain  



 

 

 

 
 

 

  

ℒ0 =
𝑓2

2
𝑇𝑟 𝐷𝜇𝒰

𝑇
𝐷𝜇𝒰  - 

1

4
Tr 𝜌 𝜇𝜈𝜌 

𝜇𝜈 −
1

4
Tr W𝜇𝜈W

𝜇𝜈 −
1

4
𝐵𝜇𝜈𝐵

𝜇𝜈 

 

   ℒ𝜋    ℒ𝑔,𝑠𝑡𝑟𝑜𝑛𝑔                               ℒ𝑔,𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦  

 

 

 

SM gauge fields → combination of elementary, 𝑊𝜇, 𝐵𝜇  

and composite 𝜌 𝜇 - partial compositeness  

 

 

Features of Gauge sector  
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[Kaplan (1991), Contino, Kramer, Son and Sundrum (2006)] 
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𝒢𝑒 
[𝐸𝑔. 𝑆0 5 𝑅] 

𝒢  
𝐸𝑔. 𝑆0 5 𝐿   

 gauging  

S𝑂(4) ⊂ 𝒢𝑒 
gauge subgroup 

𝑆𝑈 2 𝐿 × 𝑈 1 𝑌 ⊂ 𝒢 

𝒰 : Goldstone matrix 

[Panico, Wulzer’11, Matsedonskyi, Wulzer’12] 



Ingredients of Top sector   
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• 𝑞𝐿 and 𝑡𝑅  embedded in 𝑄𝐿 and 𝑇𝑅 which are incomplete fiveplets 

𝑄𝐿 =
1

√2

− 𝑖 𝑏𝐿
−𝑏𝐿
−𝑖𝑡𝐿
𝑡𝐿
0

, 𝑇𝑅 =

0
0
0
0
𝑡𝑅

  

• 𝜓 ∈ 𝟐, 𝟐 ⊕ 𝟏 =  
𝑇 𝑋5 3 
𝐵 𝑋2 3 

⊕ (𝑇 ) 

• Elementary and composite sector kinetic Lagrangians is  

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

Mass term, 𝑚 = 𝑑𝑖𝑎𝑔(𝑀4, 𝑀1)  

ℒ𝑚𝑖𝑥 = 𝑦𝐿𝑓 𝑄𝐿
𝐼𝒰𝐼𝐽𝜓

𝐽 + 𝑦𝑅𝑓 𝑇𝑅
𝐼𝒰𝐼𝐽𝜓

𝐽  

𝝍 𝑞𝐿 , 𝑡𝑅 



Partially Composite vectors : Mass and couplings  
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Masses 

 

 

 

 

 

 

Couplings (examples) 

Post EWSB:  

Physical vectors in mass basis 
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Partially Composite fermions : Mass and couplings  
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SM like top  

 

 

 

Partners in 4 

 

 

 

 

 

Singlet Partner 

 

 

Post 

EWSB:  

Top 

sector  

in mass 

basis @ 

leading 

order in 

v/f 
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Striking phenomenological features 

 

The  strong sector gives rise to tower of resonances (direct searches) 
 

1. Fermionic resonances: spin ½ - 𝜓, 𝜒…Vector like quarks (B, T2/3 , X5/3 )  

2. Gauge resonances : spin 1: 𝜌0,±, 𝑎0,±..(V’ commonly called  W’ , Z’ ), G’ 

3. spin 0: 𝜙, 𝜂 -  

4. Dark Matter (DM) 

 

Higgs sector is modified  

1. Modification of the Higgs couplings   

Change in Higgs productions: 𝜅𝑍,𝑊 = 1 − 𝑣2 𝑓2  

2. Double Higgs production          Indirect effects 

     [Contino, Dolan….] 

 

Non minimal 

cosets 

Particles 
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Signatures 

and 

Strategies  

There are two main classes of signatures  

• Resonant – single or several bumps  

• Non-resonant typically effects in the 

tails of the distributions  

Models  
 

Underlying 

theories with 

symmetries, Nc, Nf  

 

Data 

spin 0: 𝜙, 𝜂  
spin ½: 𝜓, 𝜒…(𝑉𝐿𝑄𝑠)  
spin 1: 𝜌0,±, 𝑎0,±..(V’), G’ 

Dark Matter (DM) 

 

Particles  



Status of natural CHMs 

• Pair and single production of VLQs 

 

 

 

• a reasonably tuned pNGB Higgs generically requires, MT ~ TeV  

 

• DY and VBF (subleading) production of vector resonances (𝜌′s) 

 

 

 

 

• EWPT pushes 𝑀𝜌 > 2-3  TeV [Contino and Salvarezza '15] 

• If kinematically allowed 𝝆 decays to VLQs become dominant 

• VLQ production processes via 𝜌0( Z’) become viable 
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[Matsedonskyi et al. '12] 

[comprehensive review see  Panico, Wulzer ’15 , Csaki, Grojean, Terning’15]  
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“No lose” strategy for 𝜌′𝑠 

 

• Current searches - ONLY SM final states for 𝜌 decays 

• Additional signatures to be added to support the 

    “no lose” strategy for Z’ (neutral heavy resonances) 

• Can be combined with di-lepton, VV, VH 

• resonance searches if some excess is observed 

• Bounds on 𝜌± – using  X5/3’s  

    [Barducci, Delauney – 1511.01101] 
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𝜌0 

𝜌0 

𝜌0 

W 

Z 

l 

l 

W 

H 

𝜌0 𝜌0 

𝑇′ 
𝑇′ 

𝑇′  𝑡  
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𝜌  decay channels: SM (di-quark, di-lepton, di-boson)   and  

    Exotics (t T, TT ) – Top partner production channels  



Benchmark points 
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𝒎𝝆 ~ 𝟐 𝑻𝒆𝑽 ,𝒎𝑻 ≥ 𝟏. 𝟓 𝐓𝐞𝐕 𝐒𝐞𝐭 𝟏   ⟹ Single Top partner production occurs but 

SM like final states (diboson) dominates  
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Benchmark points 
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𝒎𝝆 ~ 𝟐 𝑻𝒆𝑽 ,𝒎𝑻 ≥ 𝟏 𝐓𝐞𝐕 (Set 2,3 ) ⟹ Top partner pair production allowed, single 

top partner production dominates  
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Search Strategy @ LHC run II 
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Boosted  

Top tagging  

+  

b-tagging  

3  Fat  jets in an event  
 

~10 signal events expected with L = 100 fb-1  
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Madgraph 5 with  Feynrules model implementation of a toy model with a Z-

prime , interfaced with VLQ model and an effective Higgs model   

Production of T’ from 𝜌0~ 40 fb @ 14TeV * 

 

  

* Preliminary  
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Boosted  

Top tagging  

+  

b-tagging  

Bithika Jain  

Search Strategy @ LHC run II 

l 

l 

Madgraph 5 with  Feynrules model implementation of a toy model with a Z-

prime , interfaced with VLQ model and an effective Higgs model   



Summary 
• Composite Higgs model (with H as PGB) provides a viable solution 

to the hierarchy problem and generically predict partner states to 
the fermions 

• Top partner will be probed beyond the 1 TeV mass region at the 
Run 2 of LHC 

• mass of top partners <  mass of heavy vector resonances. 

• vector resonances decay to top partners instead of pure Standard 
Model final states start can dominate  

• For run II, single-top partner production channels and strongly 
boosted top searches become important. 

• New search strategies can aid in hunting Top partners and also 
put more accurate bounds on heavy vector resonances 
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TH     NK   YOU!   


