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The problem
V = �µ2�†�+ �(�†�)2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

What is this?

There’s a mass scale μ2 in the Higgs sector,
it’s the only mass in the SM, and moreover

Why is −μ2 < 0 ?
Ø  Because then EW symmetry is broken

Why is EW symmetry broken?
Ø  Because −μ2 < 0.

µ2 ⌧ m2
Pl
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Composite Higgs:  
dynamical mechanism for EWSB

[See talk by Stefania De Curtis for details!] 

Strongly interacting sector; broken global symmetry  
G à H  where H contains the SM symmetry GSM  

•  No fundamental scalars needed 

•  The low Higgs mass is naturally explained: pseudo-Nambu-
Goldstone boson (pNGB) of broken symmetry 

•  New sectors of composite particles

ü  Higgs and other scalars: pNGBs
ü  Partners of SM fermions: vectorlike quarks (VLQs) 
ü  Vectors, scalar resonances … 3



Additional scalars
When the new symmetry is broken, G à H, there are  
Nambu-Goldstone bosons: one per broken generator
No. of pNGBs = dim of coset manifold G/H
When (subgroup of) H is gauged, turn into pseudo-NGB
We want H to contain SU(2)L × SU(2)R ~ SO(4) [custodial] 
Examples:
•  Minimal Composite Higgs: SO(5) / SO(4): 10−6 = 4 

4 goldstones = components of SM Higgs doublet
•  Composite 2HDM: SO(6) / [SO(4)×SO(2)]: 15−7 = 8 

8 goldstones = two Higgs doublets 4



Top partners
•  In particular the top has vectorlike top partners T
•  Partial compositeness:

ü  Top partners mix with the top quark
ü  Top quark gets mass from mixing

•  After mixing, there are additional heavy top quarks
•  Couplings are model-dependent
•  Generically, can also have bottom partners B and 

“exotic VLQs” X,Y,S,…, charges +5/3, −4/3, +8/3,…
•  LHC top partner bounds so far only considering SM 

decays T à tZ, bW+, thSM 5



Simplified model
We consider a simplified model that can encompass 
various interesting models, for example:
•  SU(4)/Sp(4) model with partial compositeness 

E.g. Gripaios et al, Barnard et al, Ferretti et al,  
Cacciapaglia et al, Bizot et al.                          [Talk by T. Flacke]

•  The composite 2HDM  
Mrazek, Pomarol, Rattazzi, Redi, Serra, Wulzer; De Curtis, 
Delle Rose, Moretti, Yagyu                         [Talk by S. De Curtis]

•  2HDM with VLQs 
Aguilar-Saavedra, Benbrik, Heinemeyer, Pérez-Victoria; 
Arhrib, Benbrik, King, Manaut, Moretti, Un       
                            [Talk by J. Song]
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Simplified model Lagrangian

+
X

f

mf

⇣
�f  ̄ �+ i⌘f  ̄�5 ⌘

⌘
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Scalar    or pseudoscalar    interactions with gauge bosons 
and SM fermions, schematically

⌘
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Interactions with VLQs given by Yukawa couplings with

 
This Lagrangian can encompass the models mentioned

t1L, t1R, t2L, t2R
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 ⌘
✓
T X
B T 0

◆
� T̃ 2 (2,2)� (1,1) = 5
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SU(4)/Sp(4) = SO(6)/SO(5)
Symmetry breaking:  SU(4)~SO(6) à Sp(4)~SO(5) 
5 pNGBs: fit in bidoublet and singlet of SU(2)L × SU(2)R  
(custodial symmetry) in a 5 rep of Sp(4):

There are also 5 VLQs: three top partners, one bottom 
partner and one exotic X with charge 5/3:

H� ⌘ ⌘

✓
H

0⇤
H

+

�H
+⇤

H
0

◆
� ⌘ 2 (2,2)� (1,1) = 5

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Lightest VLQ, degenerate with X
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SU(4)/Sp(4)
No diagonal couplings of the scalars to the VLQs:     

Couplings of η to gauge bosons from dim-5 operators 
from the anomaly have no γγ or gg couplings:

à No γγ or gg decay/production from dim-5 or loops

Lt2S = L
S t̄2Lt1R�+ R

S t̄1Lt2R�+ L
S t̄2Lt1R⌘ + R

S t̄1Lt2R⌘ + h.c.
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L⌘V V =
A cos ✓
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SU(4)/Sp(4)
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Figure 3. Branching ratio of ⌘ as a function of m⌘ in the benchmark SU(4)/Sp(4) models intro-
duced in Sec 3.2.

with the further constraint K⌘

B
= �K⌘

W
. Thus, the coupling to photons vanishes, and the

BRs are fixed in terms of gauge couplings, as shown in Fig. 3. To be concrete, we report

here the specific values of the couplings in the benchmark model Bm2 discussed in Sec. 3.2:

MeT = 1.3 TeV , 
eT
⌘,L = �0.08 , 

eT
⌘,R = 0.89 , (2.9)

while for the decay constant, we fix f⌘ = 1 TeV and we leave the mass m⌘ as a free

parameter. Due to the absence of couplings to gluons and the smallness of the anomaly-

induced couplings to EW gauge bosons, ⌘ by itself is not very visible at the LHC nor at

lepton colliders: production cross sections have been studied in ref. [97] and give very small

yields. At loop level, a coupling gg ! ⌘⌘ is generated by top- eT loops, and it may give

sizeable production rates for small ⌘ masses. However, below the Z mass, the decay rates

of ⌘ are very model dependent: besides the 3-body decays Z⇤�, competitive rates may

be due to sub-leading couplings to light quarks or even 3-photon final states generated by

anomalous couplings. A detailed study would, however, be required to establish the precise

bounds, thus here we will focus on the m⌘ > mZ range.

While direct production appears to be negligible, the singlet ⌘ will be produced via

decays of the top partner eT that can only be pair produced. As in this scenario ⌘ decays

into EW gauge bosons, the signatures resulting from eT eT pair production contain fully-

reconstructable 3-body resonances with very low SM backgrounds:

• For m⌘ > 2mW , ⌘ dominantly decays into W+W� which yields a final state of

pp ! eT eT ! (tW+W�)(t̄W+W�). Decays into ZZ and Z� provide subleading

channels.

• Below the 2mW threshold, ⌘ decays almost exclusively into Z�, providing the inter-

esting final state pp ! eT eT ! (tZ�)(t̄Z�).

2.3 Coloured pNGBs: the case X5/3 ! b̄ ⇡6

Models of PC for quarks necessarily contain coloured bound states, as some of the confin-

ing underlying fermions need to be charged under SU(3)c in order to give colour to the

– 8 –

BR(η) where η = singlet pseudoscalar

Plot from Bizot, Cacciapaglia, Flacke, 1803.00021



2HDM + VLQ
Minimal fundamental Higgs model with these decays: T à tA, tH
Arhrib et al, 1607.08517, add a singlet T to 2HDM type II 
Example BR:

 

 
We are investigating singlet, doublet, triplet VLQs in 2HDM, 
[Arhrib, Benbrik, RE, Manaut, Moretti, Panizzi, Rouchad, Taj] 11

the 2HDM+VLQ can reproduce a higher value of the tt̄h signal strength than in the SM,

typically µpp

tt̄h
⇡ 1.5, for small tan � and sin ✓L = 0.22, i.e., a parameter space configuration

ideally testable within the experimental range of LHC Run 2 through direct T production.

In fact, in the light of a possible explanation of potentially anomalous tt̄h data a↵orded

by a heavy top withmT ⇡ 600 GeV, we end this section with a few comments on the possible

production and decay patterns for such a VLQ state, as the ensuing signatures would be a

distinctive feature between a standard 2HDM-II and its VLQ version. Unlike the case of the

SM+VLQ framework where the BR of T ! bW+, T ! tZ and T ! th are, respectively,

50%, 25% and 25% for heavy mT , in models with more than one Higgs doublet, several

decay patterns can appear from the interaction of the new heavy quark with the extended

Higgs sector, e.g.,

T ! bW+, tZ, th, tH, tA, bH+, (33)

where the last three cases are unique to a 2HDM sector. (The partial widths for all these

modes are given in Appendix C). In Fig. 9 we illustrate the BRs of the T quark as a
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FIG. 9: Branching ratios of T in the 2HDM+VLQ as a function of tan� (left) and a a function

of sin ✓L (right) with yT = 2, mh = 125.5 GeV, mA = mH = 500 GeV, mH± = 600 GeV,

cos(� � ↵) = 0, mT = 1 TeV with tan� = 0.7 (right) and sin ✓L = VTb = 10�2 (left).

function of sin ✓L (right panel) and as a function of tan � (left panel). We assume a heavy
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Non-standard decays of VLQ; pair production

where T is the lightest top partner and we consider  
scalars or pseudoscalars S of the model

Assume

and scalar decays

Simulate everything using MG5, Pythia, Delphes 
(developed Delphes card to mimic ATLAS conditions) 

ATLAS studies

T ! tS with S = ⌘ or �
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pp ! T T̄
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S ! ��, �Z, W+W�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

12



Bounds on T

Current LHC bounds only consider SM decay channels:
We need to establish bounds from existing data on our  
decay channels: do a recasting of published analyses

For example: We recast the following ATLAS searches:

ATLAS 1707.04147: “Search for new phenomena in high-mass  
diphoton final states using 37 fb−1 of proton–proton collisions  
collected at √s = 13 TeV with the ATLAS detector”  

ATLAS 1807.11883: “Search for new phenomena in events with  
same-charge leptons and b-jets in pp collisions at √s = 13 TeV  
with the ATLAS detector” 
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Recasting
Recast of 1707.04147

The search

diphoton with invariant mass from 170 GeV to
2600 GeV

cuts on photon ET : 40 GeV (30 GeV) for leading
(subleading)

cuts on photon ET/mγγ : 0.4 (0.3) for leading
(subleading)
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ATLAS 1707.04147

Recast of 1707.04147
Validation on pp → S → γγ

Experimental acceptances (from HEPdata in black) vs simulation (in red), and relative difference
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Simulate using Delphes, mimic ATLAS conditions.
E.g.: the γγ analysis. Right plot: validate expt acceptance

ATLAS

Simulated
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S ! ZZ
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MT > 600 GeV MT > 600-700 GeV MT > 800-900 GeV

Also using HiggsBounds to check bounds on scalars  
from Higgs searches
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Scalar vs Pseudoscalar
Singlet case

LS = κWW
g
v
SWµνWµν + κBB

g′

v
SBµνBµν

LS = κWW
g
v
SWµνϵ

µνrsWrs + κBB
g′

v
SBµνϵ

µνrsBrs

η scalar, ηTRtL
η scalar, ηTLtR
η ps-sc., ηTRtL
η ps-sc., ηTLtR

pp→TT→ttηη

with

t→b(W+→e
+νe)

t→b(W-→μ-νμ)

η→γ(Z→jj)
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Can we test scalar/pseudoscalar?
pp ! T T̄ ! tSt̄S
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t ! W+b ! e+⌫b

t̄ ! W�b̄ ! µ�⌫̄ b̄

S ! �Z ! �jj
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pT of e+

MS=300 GeV

S = ⌘ or �
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pT of e+

MS=800 GeV
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(Distributions in η and ΔR do not show any difference)



LHC searches
Theory study of the sensitivity of LHC experiments to 
searches with pair production and T decay as above and 

Diphoton + jets in first case 
Photon(s) + dileptons + jets in second case 

Ø  Phenomenology paper on these searches  
[Will be arXiv:190x.yyyyy]

S ! �� or Z�
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Summary
•  Top quark important to understand for Higgs physics
•  Models for composite Higgs with dynamical EWSB 

typically have vectorlike top partners
•  Existing bounds only consider SM decays (minimal)
•  We are considering non-minimal models with decays 

to new scalars and LHC phenomenology
•  Results to appear very soon
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