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CH models and this talk

• Full LO treatment including quark loops in couplings to gauge bosons

• A case for targeted searches in the low mass region at the LHC/ future 

lepton colliders


CH models: 


• BSM 


• A new strongly coupled sector which extends the SM


• Higgs emerges as a bound state of a broken global flavour symmetry


• Additional resonances generated by the same dynamics
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- the Planck scale

- the compositeness scale

- the EW scale

 GeV1019

~1000 GeV

246 GeV

Phase transition 1

Phase transition 2

Free fermions

Bound states

A composite Higgs model

(Think QCD!)

G → H
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Global hyper colour group: GHC

Global flavour symmetry of fermion  : ψ G

A composite Higgs model

G → H
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Global hyper colour group: GHC

Global flavour symmetry of fermion  : ψ G

A composite Higgs model

G → H

Goldstone’s theorem 

pNGB  produced in the breaking when  was initially explicitly broken by some small amount

→
G

Once the underlying dynamics are specified, we may only have the following patterns

SU(2Nf ) → SO(2Nf )

SU(2Nf ) → Sp(2Nf )

SU(Nf ) × SU(Nf ) → SU(Nf )
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Global symmetries

Global symmetries in the effective low-energy model are determined:


1. There always exists a  non-anomalous  chargeU(1)

• Acts on both species of fermions

• Broken by (at least) the chiral 

condensate in the EW (Higgs) sector of 
the theory

Results in a light pNGB, singlet under all 
SM gauge symmetries

Direct searches may provide first 
evidence of new physics



Future collider prospects for a ubiquitous composite pseudo-scalar       Lara Mason | HEPP2020

Mass generation for fermions 

L ◆ yLq̄L qL + yR ̄tRtR + h.c
<latexit sha1_base64="8nsVKa7kvjhkyADMo6x5B+I6e38="></latexit>

Spin-1/2 top partners: 

• Fermions in multiple representations

• Composite states mixing linearly with top

• Tend to be heavy


• Cannot accommodate enough partners to realise PC for all fermions

!!"
<latexit sha1_base64="QTFb82RluuLBoZyOJTYxnxw4IFc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQtlsN+3SzWbZ3Qgl9G948aCIV/+MN/+N2zQHbX0w8Hhvhpl5oeRMG9f9dkobm1vbO+Xdyt7+weFR9fikq5NUEdohCU9UP8SaciZoxzDDaV8qiuOQ0144vVv4vSeqNEvEo5lJGsR4LFjECDZW8n2pWV5kwobVmlt3c6B14hWkBgXaw+qXP0pIGlNhCMdaDzxXmiDDyjDC6bzip5pKTKZ4TAeWChxTHWT5zXN0YZURihJlSxiUq78nMhxrPYtD2xljM9Gr3kL8zxukJroJMiZkaqggy0VRypFJ0CIANGKKEsNnlmCimL0VkQlWmBgbU8WG4K2+vE66jbp3VW88NGut2yKOMpzBOVyCB9fQgntoQwcISHiGV3hzUufFeXc+lq0lp5g5hT9wPn8ARtiR1g==</latexit>

!""
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}

In a general composite Higgs model, mass is generated for SM fermions through four 
fermion interactions or  partial compositeness.

Requires fermions in two 
different irreps of HC group 
( )ψ, χ

direction. This misalignment can be thought of as a rotation controlled by the Higgs
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This model (+ new implementation)

8

This model: SM loops, full LO

FeynRules:  

-a Mathematica-based package


-implements particle physics models 


• Input: a list of fields, parameters and a 

Lagrangian (any model you like)


• Calculates the Feynman rules 


• Output: for MC generators (like MadGraph)
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Models

Constants C are determined by

9

Ingredients: HC group, choice of 
fermion representations,

 EW coset, QCD coset

Structure determined by the 
HC irreps of the fermions


A nice feature: all 
coefficients in this model 
are completely computable!

Based entirely on 
characteristics of underlying 
fermions
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 pseudo-scalar U(1) a

¥ Light: mass up to 100 GeV 

¥ Small couplings to SM particles 

¥ Singlet under SM symmetries 

¥ Couples directly to SM fermions

L =
1
2

(! µ a) ( ! µ a) !
1
2

m2
aa2 ! ! f

iC f mf

f a
aø" f " 5" f +

g2
s K g

16#2f a
aGa

µ !
÷Gaµ ! +

g2K W

16#2f a
aWi

µ !
÷W iµ ! +

g!2K B

16#2f a
aBµ! ÷B µ! ,

<latexit sha1_base64="ld6QnyDIbPOasGYFC47PJV0Ymv4="></latexit>
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LHC Production Modes

11
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Run 1, Run 2 HL-LHC projections

Top band: bounds from . 

Bounds on  computed individually and then most stringent bound chosen

a
fψ

Poorly constrained region: lack of direct searches

Future Searches
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Future lepton colliders

We will consider associated production of : choose process a e+e− → ℓ+ℓ−a
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Future lepton colliders

1412.2928

We will consider associated production of : choose process a e+e− → ℓ+ℓ−a
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a → τ+τ−
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Hadronic tau decay
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e+e− → ℓ+ℓ−τ+τ−

 background 

discrimination 

Z(*)/γ*
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e+e− → ℓ+ℓ−τ+τ−

 background 

discrimination 

Z(*)/γ*



Future collider prospects for a ubiquitous composite pseudo-scalar       Lara Mason | HEPP2020 18

e+e− → ℓ+ℓ−τ+τ−

Model behaviour
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Model behaviour

e+e− → ℓ+ℓ−τ+τ−
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VLQs (  )T, B, X, Y

 or  an independent test of the models since the couplings do not rely on the 
composite model structure, and are largely independent of the mass of a in this region.

T → ta B → ba

• Composite fermions generating mass for the top (for 
now) via partial compositeness


• VLQs mix with the SM quarks through the Yukawa Lag.

• Couple to the light scalar a
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• Additional light scalars may provide first signs of compositeness


• Masses between 10 GeV and 60 GeV poorly constrained thus far


• Possibility of low mass searches for the pseudo-scalar at future lepton colliders in 
 channel


• We have constructed a potential search channel at the FCC-ee running at Z pole 
using the hadronic tau decay channel.


• Dominant di-boson background may be reduced


• VLQs as future additional check

ℓ+ℓ−τ+τ−

Conclusion

Thank you 
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BACKUP

22
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In 2012, ATLAS and CMS announced the 
discovery of the SM Higgs at 125 GeV.

All Standard Model particles now accounted for.


However:

• origin of EWSB? 

• lightness of the Higgs?

The scalar sector

We need the Higgs for gauge invariance:

m(ψ̄RψL + h.c)

V = − μ2 |H |2 + λ |H |4

⟨H⟩ = v/ 2

v = 246 GeV
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CH models remove the tension:

quadratic divergences allowed only up to 
some compositeness scale


Finite size effects screen quadratic growth


The Standard Model is an 
effective theory: 


Ambient quantum energy 
pushes the Higgs mass 
towards the Planck scale


ΛSM

The hierarchy problem
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Symmetry breaking

HF � Gcus � GSM
<latexit sha1_base64="TWIjMBl82EfWjGPO35EU4k/odco=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiRV0GVR0G6EivYBbQiT6aQdOpmEeQgldO/GX3HjQhG3/oA7/8Zpm0VtPXDhzDn3MveeIGFUKsf5sXIrq2vrG/nNwtb2zu6evX/QlLEWmDRwzGLRDpAkjHLSUFQx0k4EQVHASCsYXk381iMRksb8QY0S4kWoz2lIMVJG8u1izb+GXakTSRS88VOs5Xj+fX879u2SU3amgMvEzUgJZKj79ne3F2MdEa4wQ1J2XCdRXoqEopiRcaGrJUkQHqI+6RjKUUSkl05vGcNjo/RgGAtTXMGpOj+RokjKURSYzgipgVz0JuJ/Xker8MJLKU+0IhzPPgo1gyqGk2BgjwqCFRsZgrCgZleIB0ggrEx8BROCu3jyMmlWyu5puXJ3VqpeZnHkwREoghPggnNQBTVQBw2AwRN4AW/g3Xq2Xq0P63PWmrOymUPwB9bXL04jmpc=</latexit>

Gcus = SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X
<latexit sha1_base64="gipA1aWi46IDL/o0fhv46Q2jems=">AAACJnicbVDLTgIxFO3gC/E16tJNIzGBDZkBE92QEFnowgU+BkhgMumUAg2dR9qOCZnwNW78FTcuMMa481PswJgIeJIm55x7b27vcUNGhTSMLy2ztr6xuZXdzu3s7u0f6IdHTRFEHBMLByzgbRcJwqhPLEklI+2QE+S5jLTcUT2pt54IFzTwH+U4JLaHBj7tU4ykshy9eu3EOBITWIUPVqFSdOqwK6lHRCLLRed2Ud7/SqtgFp22o+eNkjEDXCVmSvIgRcPRp91egCOP+BIzJETHNEJpx4hLihmZ5LqRICHCIzQgHUV9pHbZ8ezMCTxTTg/2A66eL+HM/TsRI0+IseeqTg/JoViuJeZ/tU4k+5d2TP0wksTH80X9iEEZwCQz2KOcYMnGiiDMqforxEPEEZYq2ZwKwVw+eZU0yyWzUirfnedrV2kcWXACTkEBmOAC1MANaAALYPAMXsEUvGsv2pv2oX3OWzNaOnMMFqB9/wDulqG/</latexit>

Coset:  tells you 
how many Goldstones 
you have:


GF /HF

n = dim(G) − dim(H)

GSM = SU(3)C ⇥ SU(2)L ⇥ U(1)Y
<latexit sha1_base64="+T99PfOV1U2JEa61HtG7FvStq/I=">AAACFnicbVDLSgMxFM34rPU16tJNsAjtwjLTCroRil3oQqFSp620w5BJ0zY08yDJCGXoV7jxV9y4UMStuPNvzLQjaOuBwLnn3MvNPW7IqJCG8aUtLC4tr6xm1rLrG5tb2/rObkMEEcfEwgELeMtFgjDqE0tSyUgr5AR5LiNNd1hN/OY94YIG/q0chcT2UN+nPYqRVJKjH104cf16DM9g3cqXC04VdiT1iEjKUsG5+imtvFlw7hw9ZxSNCeA8MVOSAylqjv7Z6QY48ogvMUNCtE0jlHaMuKSYkXG2EwkSIjxEfdJW1Edqlx1PzhrDQ6V0YS/g6vkSTtTfEzHyhBh5rur0kByIWS8R//Pakeyd2jH1w0gSH08X9SIGZQCTjGCXcoIlGymCMKfqrxAPEEdYqiSzKgRz9uR50igVzXKxdHOcq5yncWTAPjgAeWCCE1ABl6AGLIDBA3gCL+BVe9SetTftfdq6oKUze+APtI9vijSb2w==</latexit>
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We must have the Higgs doublet be produced, so we 

require that  be embeddable within H. SU(2) × U(1)

Pattern of chiral symmetry breaking depends on underlying gauge dynamics, governed by


1. dimension of gauge group (number of fermionic matter fields)


2. subgroup to which symmetry breaks
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• Explicit breaking of the global sector by, for example, bare masses for the hyperquarks, 
gives mass to NGB which becomes pNGB

pNGB Higgs

CH models are based on a confining  gauge group, with fundamental fermions in 
different irreps of the  group. A global (flavour) symmetry of the fermions is broken, 

leading to the production of the Higgs.


Goldstone’s theorem: pNGB  produced in the breaking 




when  was initially explicitly broken by some small amount (analogy with QCD).


HC
HC

G → H
G

• Provides masses to gauge bosons as usual



Future collider prospects for a ubiquitous composite pseudo-scalar       Lara Mason | HEPP2020 27

TECHNICOLOUR


Fermion condensate breaks EW symmetry


Higgs identified with lightest scalar 
excitation of the condensate

Both: Higgs sector replaced with fundamental gauge dynamics 
featuring fermionic matter fields


Gauge dynamics break a symmetry of the theory


Both need a separate sector to provide mass to fermions

COMPOSITE HIGGS


Fermion condensate breaks global 
symmetry group 


Higgs identified with pNGB

G

Composite Higgs vs technicolour 
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Composite Higgs vs technicolour 

A composite Higgs model is characterised by some scale  at which condensation of 
fundamental fermions leads to the formation of the Higgs. 

• In technicolour, this scale is equal to the scale of electroweak symmetry breaking,
 (condensate breaks the EW symmetry and creates the Higgs all at 

once)

• In composite Higgs models, the vev of the Higgs breaks EW symmetry 

 system characterised by : indicates difference in energy between scale of 
EWSB  and condensation leading to formation of Higgs . 

In the technicolour limit, . 
In limit , new physics decouples and we are left with the SM (  )

f

v = 246 GeV

→ ξ = v/f
v f

ξ = 1
f → ∞ ξ = 0
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Particle Spectrum

U(1) singlets: mass eigenstates {  } 

Coupling to gluons via the Wess-Zumino-Witten anomaly term 

a, ⌘0
<latexit sha1_base64="I0oI96QkxZZ4mGBXFhlaIU8IGwc=">AAAB+HicbVBNSwMxEM36WetHVz16CRbBg5TdKuix6MVjBfsB3bVk02kbmmSXJCvUpb/EiwdFvPpTvPlvTNs9aOuDgcd7M8zMixLOtPG8b2dldW19Y7OwVdze2d0rufsHTR2nikKDxjxW7Yho4ExCwzDDoZ0oICLi0IpGN1O/9QhKs1jem3ECoSADyfqMEmOlrlvKyFkAhjwEiWICJl237FW8GfAy8XNSRjnqXfcr6MU0FSAN5UTrju8lJsyIMoxymBSDVENC6IgMoGOpJAJ0mM0On+ATq/RwP1a2pMEz9fdERoTWYxHZTkHMUC96U/E/r5Oa/lWYMZmkBiSdL+qnHJsYT1PAPaaAGj62hFDF7K2YDoki1NisijYEf/HlZdKsVvzzSvXuoly7zuMooCN0jE6Rjy5RDd2iOmogilL0jF7Rm/PkvDjvzse8dcXJZw7RHzifP9nckzc=</latexit>

Various EW/QCD resonances are possible

Rich spectrum due to fermions with two representations



< �� >
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 never forms so HC group remains unbroken<  � >
<latexit sha1_base64="9yDnFVLb6jO53GRj/zUW0XqMRj0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh5Eil48VrAf2F1KNs22oUl2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKXjVBHaJDGPVSfEmnImadMww2knURSLkNN2OLqd+u0nqjSL5YMZJzQQeCBZxAg2Vnq88hPNfDJk171yxa26M6Bl4uWkAjkavfKX349JKqg0hGOtu56bmCDDyjDC6aTkp5ommIzwgHYtlVhQHWSziyfoxCp9FMXKljRopv6eyLDQeixC2ymwGepFbyr+53VTE10GGZNJaqgk80VRypGJ0fR91GeKEsPHlmCimL0VkSFWmBgbUsmG4C2+vExatap3Vq3dn1fqN3kcRTiCYzgFDy6gDnfQgCYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8AKMGQlA==</latexit>

Two types of fermions in the underlying theory 

 there is always a combination of the two U(1)’s 

which is non anomalous with respect to the HC group

 the associated pseudo-scalar will be light

=)
<latexit sha1_base64="HMfr/LPTm2TgOdnS9fG9kiDX+Vs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gPaUDbbSbt0dxN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0nGqKDZpzGPVCYlGziQ2DTMcO4lCIkKO7XB8O/PbT6g0i+WDmSQYCDKULGKUGCt1ekzYLaj75YpX9eZwV4mfkwrkaPTLX71BTFOB0lBOtO76XmKCjCjDKMdpqZdqTAgdkyF2LZVEoA6y+b1T98wqAzeKlS1p3Ln6eyIjQuuJCG2nIGakl72Z+J/XTU10HWRMJqlBSReLopS7JnZnz7sDppAaPrGEUMXsrS4dEUWosRGVbAj+8surpFWr+hfV2v1lpX6Tx1GEEziFc/DhCupwBw1oAgUOz/AKb86j8+K8Ox+L1oKTzxzDHzifP0N5kB0=</latexit>
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This model (+ new implementation)

This model: SM loops, full LO

30

di-tau searches for light pseudo-scalar 
including only top loops

Description of  scalarsU(1)

Built on recent works:
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Ubiquitous U(1) scalars

We will always have singlet pseudo-scalars associated to global U(1) symmetries,

(and a coloured octet arising from the presence of coloured underlying fermions) 

a, ! ! , " 8
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The presence of two types of fermions in the underlying theory guarantees that there is always 

 undergo non-trivial mixing. In the 
decoupling limit, 
a, η′�
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"
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 condensing: the axial  would be spontaneously broken, but also explicitly 
broken by a ABJ anomaly  heavy Goldstone.

Also have  fermions condensing  additional axial  spontaneously 
broken. 

Possible to construct an ABJ anomaly free linear combination  : associated 
pseudo-scalar will be light


ψ U(1)ψ
⟹

�
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U(1)a

The pNGB  is naturally lighter than the typical 
confinement scale, and the orthogonal  is heavier

ã
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Coupling to gauge bosons: quark loops

A(⌧) = ⌧f(⌧)
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Coupling to bosons

33
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Production Modes: ggF single production

SU(4)/Sp(4)SU(5)/SO(5)
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Production Modes
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Gluon-gluon fusion alternative production modes
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Production Modes

Gluon-gluon fusion alternative production modes
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Decay modes
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• Variation across models


• Any dependence on the 
decay constant vanishes 
in the branching ratios 
due to cancellation 

b and tau: dominant 
fermion decay modes
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The case for including b quarks 
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A model comparison
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