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In this talk

A theoretical motivation

• The Standard model Higgs and why might it be 

composite?


• Composite Higgs models (BSM) predict the existence of 

a light particle , produced in association with the Higgs 


• How we might search for such a new resonance? 


• In order to search, we will define 12 models 

(fundamental fermions)

a
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Analysis outline

• Targeted low mass search for BSM physics:


• Consider :  

deficiency of (LHC) searches thus far


• Possible search avenue at lepton colliders (FCC-ee) 

with low c.m. + high integrated luminosity = possibility 

for detection of weakly interacting particles


• Machine learning using boosted decision trees

ma ∈ [10,60] GeV
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Theoretical motivation

Composite models remove this tension:

quadratic divergences allowed only up to 
some compositeness scale


Finite size effects screen quadratic growth

The Standard Model is an 
effective theory: 


Unstable due to quantum 
corrections to the Higgs 
mass at high scales


ΛSM
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<latexit sha1_base64="GczNH3u09zMsCUOvyxHoIPSuveA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBg5TdVtBj0YvHCvZDukvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJx7czv/NElWaxfDCThAYCDyWLGMHGSo9+otmFT0asX664VXcOtEq8nFQgR7Nf/vIHMUkFlYZwrHXPcxMTZFgZRjidlvxU0wSTMR7SnqUSC6qDbH7wFJ1ZZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8Xmqi6yBjMkkNlWSxKEo5MjGafY8GTFFi+MQSTBSztyIywgoTYzMq2RC85ZdXSbtW9erV2v1lpXGTx1GEEziFc/DgChpwB01oAQEBz/AKb45yXpx352PRWnDymWP4A+fzB4qKkDw=</latexit>

“Same” idea as QCD! 


(new fermions take the 

place of quarks)

• Composite Higgs models: high scale fundamental  

gauge dynamics + new strong sector 


• Higgs is a bound state of fermions (but not the ones we know)


• If the Higgs is composite, it’s hard to detect that from direct 

measurements, but..


• It will be accompanied by light states arising from same dynamics


• These light states may be the first signs of compositeness!
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A quick interlude: symmetry groups

The understanding of symmetries is crucial in both SM and CH models

•Whenever there is a symmetry of a physical 

system, we talk about a group


• The elements of the group correspond to the 

symmetry transformations


• Eg rotations in physical space, where each rotation 

is described by some matrix

• Symmetries leave our system unchanged


• The SM is governed by the symmetry groups 

SU(3) × SU(2) × U(1)
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•Many BSM theories will go to larger  

symmetry groups 


• In composite Higgs theories, there is  

some larger symmetry group which is  

spontaneously broken to produce our  

Higgs (and other Goldstones)

+ symmetry

symmetry broken by

 fermions condensing
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•Many BSM theories will go to larger  

symmetry groups 


• In composite Higgs theories, there is  

some larger symmetry group which is  

spontaneously broken to produce our  

Higgs (and other Goldstones)

+ symmetry

symmetry broken by

 fermions condensing

• Extend the SM 
• Introduce strongly coupled gauge fermion sector 

• Avoid fundamental scalars (no !)SO(5)/SO(4)
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pNGB Higgs

Based on a confining  gauge group, with fundamental fermions in 
different irreps. 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.

HC

G → H
G

• Explicit breaking of the global sector by, for example, bare masses for the hyperquarks, gives mass to 
NGB which becomes pNGB
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~1 TeV
Bound states

Free fermions

Energy

h, a, η . . .

ψ, χ

Usual EWSB
246 GeV

• A given model has a hypercolour 

gauge group (unbroken), and  in 

two different irreps of the 

hypercolour group


• Global (flavour) symmetries of  

are broken on the order of 1 TeV


• Also broken (by the same 

mechanism) is a ubiquitous non-

anomalous  symmetry

ψ, χ

ψ, χ

U(1)
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•We have to make choices for these higher dimensional 

symmetries


•We will employ a set of 12 models (M1-M12) spanning a 

variety of HC and flavour groups


• Varying group structures 


• Coefficients determined
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•We have to make choices for these higher dimensional 

symmetries


•We will employ a set of 12 models (M1-M12) spanning a 

variety of HC and flavour groups


• Varying group structures 


• Coefficients determined

M1-M12 First proposed 
1312.5330/1610.06591
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This talk: pseudo-scalar  which is 

always present in models of this nature

a

•We have to make choices for these higher dimensional 

symmetries


•We will employ a set of 12 models (M1-M12) spanning a 

variety of HC and flavour groups


• Varying group structures 


• Coefficients determined

M1-M12 First proposed 
1312.5330/1610.06591
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Composite Higgs vs technicolour 

• 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

TECHNICOLOUR

• Fermion condensate breaks  

EW symmetry

• Higgs identified with lightest 

scalar excitation of the 
condensate

COMPOSITE HIGGS


• Fermion condensate breaks 
global symmetry group 


• Higgs identified with pNGB

G
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A CH 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 forming Higgs. 
In the technicolour limit, . 
In limit , new physics decouples leaving SM (  )

f

v = 246 GeV

→ ξ = v/f

ξ = 1
f → ∞ ξ = 0
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Underlying fermions

We have  in two different irreps of the hypercolour group


EW-charged  :  generate Higgs and EWSB upon condensation

                           multiplicity matches minimal coset


QCD  :               partial compositeness

                            carry QCD colour and hypercharge

ψ, χ

ψ

χ

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

SU(Nf )⇥ SU(Nf )/SU(Nf )
<latexit sha1_base64="1mU313BNwAs4jE6aE5cthF578KY=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECxC3dSZKuiy6MaVVHTaQjsMmTTThmYeJBmhDF258VfcuFDErd/gzr8xbWeh1QMhJ+fcy809fsKZVJb1ZRQWFpeWV4qrpbX1jc0tc3unKeNUEOqQmMei7WNJOYuoo5jitJ0IikOf05Y/vJz4rXsqJIujOzVKqBvifsQCRrDSkmfu3zqVay846ioWUony13F+e2bZqlpToL/EzkkZcjQ887Pbi0ka0kgRjqXs2Fai3AwLxQin41I3lTTBZIj7tKNphPVQN5uuMUaHWumhIBb6RApN1Z8dGQ6lHIW+rgyxGsh5byL+53VSFZy7GYuSVNGIzAYFKUcqRpNMUI8JShQfaYKJYPqviAywwETp5Eo6BHt+5b+kWavaJ9XazWm5fpHHUYQ9OIAK2HAGdbiCBjhA4AGe4AVejUfj2Xgz3melBSPv2YVfMD6+AcamlsI=</latexit>

SU(Nf )/SO(Nf )
<latexit sha1_base64="CjmaT1Javsp7/3z0Kh0kDSKR7Zs=">AAAB+HicbVDLTsJAFJ3iC/FB1aWbicQEN9iiiS6JblwpBgsk0DTTYQoTptNmZmqCDV/ixoXGuPVT3Pk3DqULBU9yc0/OuTdz5/gxo1JZ1rdRWFldW98obpa2tnd2y+befltGicDEwRGLRNdHkjDKiaOoYqQbC4JCn5GOP76e+Z1HIiSN+IOaxMQN0ZDTgGKktOSZ5ZZTvfWCk9PWXdY9s2LVrAxwmdg5qYAcTc/86g8inISEK8yQlD3bipWbIqEoZmRa6ieSxAiP0ZD0NOUoJNJNs8On8FgrAxhEQhdXMFN/b6QolHIS+noyRGokF72Z+J/XS1Rw6aaUx4kiHM8fChIGVQRnKcABFQQrNtEEYUH1rRCPkEBY6axKOgR78cvLpF2v2We1+v15pXGVx1EEh+AIVIENLkAD3IAmcAAGCXgGr+DNeDJejHfjYz5aMPKdA/AHxucPP7KRhg==</latexit>

SU(Nf )/Sp(Nf )
<latexit sha1_base64="XUyDYsuhnjuZRiQAQX/QGJsifiM=">AAAB+HicbVBNT8JAEJ36ifhB1aOXRmKCF2zRRI9EL54MBgsk0DTbZQsbtttmd2uCDb/EiweN8epP8ea/cYEeFHzJZF7em8nOviBhVCrb/jZWVtfWNzYLW8Xtnd29krl/0JJxKjBxccxi0QmQJIxy4iqqGOkkgqAoYKQdjG6mfvuRCElj/qDGCfEiNOA0pBgpLflmqelW7vzw9KyZzLpvlu2qPYO1TJyclCFHwze/ev0YpxHhCjMkZdexE+VlSCiKGZkUe6kkCcIjNCBdTTmKiPSy2eET60QrfSuMhS6urJn6eyNDkZTjKNCTEVJDuehNxf+8bqrCKy+jPEkV4Xj+UJgyS8XWNAWrTwXBio01QVhQfauFh0ggrHRWRR2Cs/jlZdKqVZ3zau3+oly/zuMowBEcQwUcuIQ63EIDXMCQwjO8wpvxZLwY78bHfHTFyHcO4Q+Mzx9yW5Gn</latexit>
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Mass generation for fermions 

• Cannot accommodate enough partners to realise PC for all 
fermions:


• choose top quark PC only

• Top mixes with a composite state of the new strong sector with 

the same quantum numbers: suppresses FCNC and CP-
violating terms

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

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
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Ubiquitous U(1) scalars

Always have singlet pseudo-scalars assoc. to global U(1) symm,

(and a coloured octet from coloured underlying fermions) 

a, ⌘0,⇡8
<latexit sha1_base64="CfU0qEMXa6syVBGTUN8jOw2ZV9E=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1KSKthl0Y3LCvYBTQyT6U07dJIMMxOhhIK/4saFIm79Dnf+jdPHQlsPXDhzzr3MvScUnCntON9WYWV1bX2juFna2t7Z3bP3D1oqzSSFJk15KjshUcBZAk3NNIeOkEDikEM7HN5M/PYjSMXS5F6PBPgx6ScsYpRoIwX2ETnHHmjy4AnJYjAPwYJaYJedijMFXibunJTRHI3A/vJ6Kc1iSDTlRKmu6wjt50RqRjmMS16mQBA6JH3oGpqQGJSfT9cf41Oj9HCUSlOJxlP190ROYqVGcWg6Y6IHatGbiP953UxHNT9nicg0JHT2UZRxrFM8yQL3mASq+cgQQiUzu2I6IJJQbRIrmRDcxZOXSatacS8q1bvLcv16HkcRHaMTdIZcdIXq6BY1UBNRlKNn9IrerCfrxXq3PmatBWs+c4j+wPr8Ab1plLM=</latexit>

 undergo non-trivial mixing. In the decoupling limit, a, η′ 

sin↵dec = � 1r
1 +

q2 N f
2
 

q2�N�f
2
�

<latexit sha1_base64="C6AIwaFuIQs8r5czxOYwpc9c8yU="></latexit>

 condensing: the axial  spontaneously broken, but also 
explicitly broken by a ABJ anomaly  heavy Goldstone.

Also have  fermions condensing  additional axial  SB. 

Possible to construct an ABJ anomaly free linear combination 

 : associated pseudo-scalar will be light

ψ U(1)ψ
⟹

�
<latexit sha1_base64="2nJGzzoVtZOM+N/8kUwooO4SuzA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXQbde+q3nho1lq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gABCI42</latexit> ⟹ U(1)χ

U(1)a

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

ã
<latexit sha1_base64="mM2qdpf3gST80P3V4LAGiFTsMAA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ie0oWw223bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIzEQjKKVHnsoZMgzOu2XK27VnYOsEi8nFcjR6Je/emHMUsUjZJIa0/XcBP2MahRM8mmplxqeUDamQ961NKKKGz+bHzwlZ1YJySDWtiIkc/X3REaVMRMV2E5FcWSWvZn4n9dNcXDtZyJKUuQRWywapJJgTGbfk1BozlBOLKFMC3srYSOqKUObUcmG4C2/vEpatap3Ua3dX1bqN3kcRTiBUzgHD66gDnfQgCYwUPAMr/DmaOfFeXc+Fq0FJ585hj9wPn8AIbiQnw==</latexit>

⌘̃
<latexit sha1_base64="+vP2o/Ln6+SeqnycI65x+fIJnh0=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj04rGC/YAmlM1m2i7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk0hxZPZKK7ITMghYIWCpTQTTWwOJTQCcd3M7/zBNqIRD3iJIUgZkMlBoIztJLvo5AR5D4gm/YrVbfmzkFXiVeQKinQ7Fe+/CjhWQwKuWTG9Dw3xSBnGgWXMC37mYGU8TEbQs9SxWIwQT6/eUrPrRLRQaJtKaRz9fdEzmJjJnFoO2OGI7PszcT/vF6Gg5sgFyrNEBRfLBpkkmJCZwHQSGjgKCeWMK6FvZXyEdOMo42pbEPwll9eJe16zbus1R+uqo3bIo4SOSVn5IJ45Jo0yD1pkhbhJCXP5JW8OZnz4rw7H4vWNaeYOSF/4Hz+AHFOkfI=</latexit>
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How has it evaded detection so far?


• Needs to be weakly coupled -  

no strong or electric charge


• Small couplings


• Low mass

A  pseudo-scalar emergesU(1)
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• Previous searches (di- /di- /di- /di- ) 

yield poor constraints in low pseudo-

scalar mass region


•QCD backgrounds play a role in low 

mass searches at hadron colliders 

(therefore difficult to search there)

j μ γ τ

How has it evaded detection so far?


• Needs to be weakly coupled -  

no strong or electric charge


• Small couplings


• Low mass

A  pseudo-scalar emergesU(1)

(Top band: bounds from .  
Side band: bounds from .

Bounds on  computed individually and  
then most stringent bound chosen)

a
η

fψ

Minimal constraints region in the  
lower mass region
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• Light: mass up to 100 GeV 

• Small couplings to SM particles 

• Singlet under SM symmetries 

• Couples directly to SM fermions 

(proportionally to fermion mass)

L =
1

2
(@µa) (@

µa)� 1

2
m2

aa
2 � ⌃f

iCfmf

fa
a ̄f�

5 f+

g2sKg

16⇡2fa
aGa

µ⌫G̃
aµ⌫ +

g2KW

16⇡2fa
aW i

µ⌫W̃
iµ⌫ +

g02KB

16⇡2fa
aBµ⌫B̃

µ⌫ ,
<latexit sha1_base64="ld6QnyDIbPOasGYFC47PJV0Ymv4="></latexit>

U(1) pseudo-scalar
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• Light: mass up to 100 GeV 

• Small couplings to SM particles 

• Singlet under SM symmetries 

• Couples directly to SM fermions 

(proportionally to fermion mass)

L =
1

2
(@µa) (@

µa)� 1

2
m2

aa
2 � ⌃f

iCfmf

fa
a ̄f�

5 f+

g2sKg

16⇡2fa
aGa

µ⌫G̃
aµ⌫ +

g2KW

16⇡2fa
aW i

µ⌫W̃
iµ⌫ +

g02KB

16⇡2fa
aBµ⌫B̃

µ⌫ ,
<latexit sha1_base64="ld6QnyDIbPOasGYFC47PJV0Ymv4="></latexit>

Previous phenomenology in 1710.11142, 1902.06890, focusing on LHC searches

U(1) pseudo-scalar
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This model (+ new implementation)

This model: SM loops, full LO

di-tau searches for light 
pseudo-scalar including  

only top loops

Description of  scalarsU(1)

Built on recent works:
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Model implementation tools: simulation

FeynRules for model building:


Define all particles and how they interact with each 

other 

MG5_aMC for simulation of signal and background 

processes:


Model collisions at detector 

Pythia for parton showering and hadronisation


Delphes (+ FastJet) for detector response:


Simulate how the particles would be detected 

Analysis:


MadAnalysis: cut and count


XGBoost: machine learning

We will examine FCC (not built yet!)


Using a simulation of the collider 

and detector to create data:
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Models

• M1-M12 including partial compositeness for the top

• Varying group structures

• Limit number of fermions so we don’t lose 

asymptotic freedom

• HC: confining gauge interactions

• Custodial symmetry preserved

• Coefficients are computable: determined by the 

dimension of the underlying fermionic 
representation.

Ingredients: HC group, choice of fermion representations,

 EW coset, QCD coset
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Recall: minimal cosets are

SU(4)/Sp(4), SU(5)/SO(5),

SU(4)⇥ SU(4)/SU(4)
<latexit sha1_base64="rExBSPJfbr0CG/KpFuaeh2BZR6I=">AAACHHicbVBNT8JAEN3iF9avqkcvG4kJJgRbwOiR6MWbGCyQUEK2yxY2bD+yuzUhDT/Ei3/FiweN8eLBxH/jUnpQcJKdvHlvJrPz3IhRIU3zW8utrK6tb+Q39a3tnd09Y/+gJcKYY2LjkIW84yJBGA2ILalkpBNxgnyXkbY7vp7p7QfCBQ2DezmJSM9Hw4B6FCOpqL5RbdrF2ulZM1K5BFVxropblUuOo6eaI6lPBMz6ZrlvFMyymQZcBlYGCiCLRt/4dAYhjn0SSMyQEF3LjGQvQVxSzMhUd2JBIoTHaEi6CgZILewl6XFTeKKYAfRCrl4gYcr+nkiQL8TEd1Wnj+RILGoz8j+tG0vvspfQIIolCfB8kRczKEM4cwoOKCdYsokCCHOq/grxCHGEpfJTVyZYiycvg1albFXLlbtaoX6V2ZEHR+AYFIEFLkAd3IAGsAEGj+AZvII37Ul70d61j3lrTstmDsGf0L5+AGlKm2Q=</latexit>

A variety of hypercolour 
groups


F: fundamental rep

A: antisymmetric rep

Sp: spinorial rep




Models of Composite Higgs at the FCC                                                                         Alan Cornell  |  22 November 2022 22

: charges of fermions 


under non-anomalous 

qψ(χ)

U(1)

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

fa =

s
q2 N f2

 + q2�N�f2
�

q2 + q2�
<latexit sha1_base64="cVIZqC2UT6SVxNfv2TFdt1abgmU="></latexit>

L =
1

2
(@µa) (@

µa)� 1

2
m2

aa
2 � ⌃f

iCfmf

fa
a ̄f�

5 f+

g2sKg

16⇡2fa
aGa

µ⌫G̃
aµ⌫ +

g2KW

16⇡2fa
aW i

µ⌫W̃
iµ⌫ +

g02KB

16⇡2fa
aBµ⌫B̃

µ⌫ ,
<latexit sha1_base64="ld6QnyDIbPOasGYFC47PJV0Ymv4="></latexit>

Ca
t = c5

 
n p
N 

cos↵+
f 
f�

n�p
N�

sin↵

!

<latexit sha1_base64="k2otxqjX3/9+YvsoibSwq6/Lurg="></latexit>
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Anomalous coupling to bosons

Couplings of the form ,  are gauge bosons, proceed via 
the Wess-Zumino-Witten anomaly.

aXX′ XX′ 

Coupling can be broken into a BSM component (effective vertex) 
and an SM component (loop of SM fermions)

Ka
V = c5

 
C 

Vp
N 

cos↵+
f 
f�

C�
Vp
N�

sin↵

!

<latexit sha1_base64="4I1/ISR4i0bwTPoXX4VmySV02ag="></latexit>
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 : - anomaly coefficients of the singlets assoc. with 

            - fully determined by SM charges of underlying fermions. 


Only dependence on the mixing angle  remains:  
determined by the masses of the two states.

Cψ(χ)
V U(1)ψ(χ)

α

Ka
V = c5

 
C 

Vp
N 

cos↵+
f 
f�

C�
Vp
N�

sin↵

!
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Coupling to bosons

ℒgauge ⊃
a

16π2fa
(g2

s κggGμνG̃μν + g2κWWW+
μνW̃−μν+

e2κγγFμνF̃μν +
e2

s2
Wc2

W
κZZZμνZ̃μν +

2e2

sWcW
κZγFμνZ̃μν),

LhZa =
3Ctm2

t gA
2⇡2fav

(t � V ) log
⇤2

m2
t

h (@µa)Z
µ.
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Coupling to gauge bosons: quark loops

A(⌧) = ⌧f(⌧)
<latexit sha1_base64="wfSSVnhCeOrh8oNCno4B21EHTbE=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFqJsyUwXdCFU3LivYB7RDyaSZNjSTGZKMUGoX/oobF4q49Tfc+Tdm2llo64GQk3Pu5d4cP+ZMacf5tnJLyyura/n1wsbm1vaOvbvXUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vEn95gOVikXiXo9i6oW4L1jACNZG6toHV6WOxskJukTpjYLZs2sXnbIzBVokbkaKkKHWtb86vYgkIRWacKxU23Vi7Y2x1IxwOil0EkVjTIa4T9uGChxS5Y2n+0/QsVF6KIikOUKjqfq7Y4xDpUahbypDrAdq3kvF/7x2ooMLb8xEnGgqyGxQkHCkI5SGgXpMUqL5yBBMJDO7IjLAEhNtIiuYENz5Ly+SRqXsnpYrd2fF6nUWRx4O4QhK4MI5VOEWalAHAo/wDK/wZj1ZL9a79TErzVlZzz78gfX5A1hNlGM=</latexit>

Differs from Higgs result as now have a pseudo-scalar

⌧ =
4m2

f

M2
a

<latexit sha1_base64="X+z9SZPvExiiqNzSgwHhL6KX6Xw=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqszUgm6Eohs3QgX7gM44ZNJMG5pkhiQjlKELN/6KGxeKuPUj3Pk3pu0stPXA5R7OuZfknjBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FZxKjFp4ZjFshsiRRgVpKWpZqSbSIJ4yEgnHF1N/c4DkYrG4k6PE+JzNBA0ohhpIwV22dMohRfQiyTCWZ0H0X1tkt0EyLTArjhVZwa4TNycVECOZmB/ef0Yp5wIjRlSquc6ifYzJDXFjExKXqpIgvAIDUjPUIE4UX42O2ICj43Sh1EsTQkNZ+rvjQxxpcY8NJMc6aFa9Kbif14v1dG5n1GRpJoIPH8oShnUMZwmAvtUEqzZ2BCEJTV/hXiITBza5FYyIbiLJy+Tdq3qnlZrt/VK4zKPowjK4AicABecgQa4Bk3QAhg8gmfwCt6sJ+vFerc+5qMFK985BH9gff4Ae9KXWw==</latexit>
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Production at lepton colliders 

28
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Consider production in 

association with a  

(virtual or real) boson:

e+e− → ℓ+ℓ−a , e+e− → jja
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Production at lepton colliders 

28
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Consider production in 

association with a  

(virtual or real) boson:

e+e− → ℓ+ℓ−a , e+e− → jja

Mass range of interest is relatively well 

covered, even at the Z pole

pT( j) > 20 GeV , |η( j) | < 5

pT(ℓ) > 5 GeV , |η(ℓ) | < 2.5



Models of Composite Higgs at the FCC                                                                         Alan Cornell  |  22 November 2022

FCC-ee:  decayττ

29

20 40 60 80 100
5.×10-4

0.001

0.005

0.010

0.050

Ma(GeV)

B
R
(a

→
ττ
)

M1
M2
M3
M4
M5
M6
M7
M8

M9
M10
M11
M12

Branching to 𝝉’s and b’s 

highest (coupling 

proportional to mass)


We choose 𝝉 decay mode
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FCC-ee:  decayττ

29
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Branching to 𝝉’s and b’s 

highest (coupling 

proportional to mass)


We choose 𝝉 decay mode

• Consider  produced with a pair of 

OS leptons (avoid multi jet bg)


• Signal events expected for 

subsequent decay to hadronic 𝝉𝝉


• Sensitivity depends on model

a
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Analysis

30

• Signal:  (hadronic taus)


• Z pole: low c.m energy means fewer background processes


• Background resulting from (virtual)  events: look like our 

signal, but don’t contain our 


•We simulate background to make the data realistic

e+e− → a ℓ+ℓ−, a → τ+τ−

Z/γ

a

e

e

f

f

ff

f

e

Z(⇤)/�⇤

Z(⇤)/�⇤ And others!
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Preselection: ensure objects are good quality when reconstructing

Nℓ ≥ 2 with pT(ℓ) > 10 GeV; Nτ ≥ 2 with pT(τ) > 5 GeV; Mℓℓ > 12 GeV; Mττ > 10 GeV .
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• Following preselection, we expect about  

50,000 background events and up to 40 signal events  

(maximal production at )


• Signal looks swamped by background - it will be hard to see


• In the following analysis we will compare a  

cut and count with ML


• Choose a sample of models with varying group structures for 

illustrative purposes

Ma = 20/30 GeV

Preselection: ensure objects are good quality when reconstructing

Nℓ ≥ 2 with pT(ℓ) > 10 GeV; Nτ ≥ 2 with pT(τ) > 5 GeV; Mℓℓ > 12 GeV; Mττ > 10 GeV .
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Machine learning

32

• The simple cuts in variables aren’t enough


•What if we can build an algorithm to differentiate the signal from 

background?


•Make a big matrix of both signal and background, label them, and 

ask the machine to learn how to identify the signal
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Simulated labelled 

(training) data 


,  𝒟 = {xi, yi} yi = f(xi)
Model: ̂f = 𝒜(𝒟)

Get predicted labels 

for our test data: {xj, yj}

Simulated un-labelled 

(test) data {xj}

1.


2.


3.


Simulated data used to 
create a model (learning)


Feed unlabelled data into 
our trained model (testing)
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Decision trees: the basis of our algorithm

34

object

classified

Internal nodes: check value 
and compare to a threshold (‘if 
yes, go left, if no, go right”)

Leaves: allow us to make predictions 
(when an object lands on a leaf, it is 
assigned the classification of that leaf)
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While decision trees are interpretable, they are often not very 

powerful and can be unstable. 


A more advanced class of algorithms builds on this idea..
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•We want to train our tree so that at each node we split our data 

in a sensible way.


•Once the tree is trained, a given object will traverse the tree until 

it hits a leaf and is classified.

While decision trees are interpretable, they are often not very 

powerful and can be unstable. 


A more advanced class of algorithms builds on this idea..
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Machine learning: XGBoost

36

XGBoost:


•Gradient boosting ML algorithm: combines many decision trees


• Classify S or B: Logistic regression for binary classification
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Machine learning: XGBoost

36

• Features optimised to maximise 

performance without being too correlated


• 1:5 test/train split


• Hyperparameters: learning rate,  

maximum depth, minimum child weight 

• Trained by maximising auc,  

then calculated significance

XGBoost:


•Gradient boosting ML algorithm: combines many decision trees


• Classify S or B: Logistic regression for binary classification
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• Variation across models, maximal significance for 


• Lowest mass destroyed by preselection, higher  low cross-sect

Ma = 20 GeV

ma ma

37

Model Metric Ma = 10 GeV Ma = 20 GeV Ma = 30 GeV Ma = 40 GeV Ma = 50 GeV

M2
auc 0.98±0.003 0.87 ± 0.006 0.84 ± 0.0013 0.94 ±0.0058 0.95 ± 0.0066

ams 0.22 2.96 2.41 0.29 0.11

M4
auc 0.98± 0.0045 0.95± 0.0029 0.87± 0.020 0.88± 0.042 0.89±0.061

ams 1.16 2.83 1.69 0.54 0.15

M7
auc 0.98± 0.0018 0.86± 0.0082 0.88± 0.0011 0.90± 0.0012 0.94± 0.019

ams 0.22 3.20 2.58 0.27 0.14

M10
auc 0.98±0.003 0.92± 0.0057 0.90±0.019 0.96±0.0078 0.96±0.0050

ams 0.37 4.08 2.35 0.14 0.042

M12
auc 0.98±0.0075 0.92±0.003 0.92± 0.013 0.95±0.0044 0.96 ±0.0082

ams 0.066 1.26 0.98 0.11 0.046

Model Ma = 10 GeV Ma = 20 GeV Ma = 30 GeV Ma = 40 GeV Ma = 50 GeV

M2 0.0015 0.13 0.090 0.049 0.020

M4 0.0013 0.42 0.26 0.12 0.040

M7 0.0024 0.14 0.11 0.061 0.023

M10 0.0042 0.11 0.055 0.023 0.0078

M12 0.00061 0.047 0.035 0.021 0.017

Cf. cut and count significances:
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Future prospects and conclusion

38

Model Ma (GeV)
Cut and Count Machine Learning

2� 3� 2� 3�

M2

10 2.67⇥108 6.00⇥108 1.24⇥104 2.79⇥104

20 3.55⇥104 7.99⇥104 68.5 154

30 7.41⇥104 1.67⇥105 103 232

40 2.50⇥105 5.62⇥105 7.13⇥103 1.61⇥104

50 1.50⇥106 3.38⇥106 4.96⇥104 1.12⇥105

M4

10 3.55⇥108 7.99⇥108 446 1.00⇥103

20 3.40⇥103 7.65⇥103 74.9 169

30 8.88⇥103 2.00⇥104 210 473

40 4.17⇥104 9.38⇥104 2.06⇥103 4.63⇥103

50 3.75⇥105 8.44⇥105 2.67⇥104 6.00⇥104

M7

10 1.04⇥108 2.34⇥108 1.24⇥104 2.79⇥104

20 3.06⇥104 6.89⇥104 58.5 132

30 4.96⇥104 1.12⇥105 90.1 203

40 1.61⇥105 3.63⇥105 8.23⇥103 1.85⇥104

50 1.13⇥106 2.55⇥106 3.06⇥104 6.89⇥104

M10

10 3.40⇥107 7.65⇥107 4.38⇥103 9.86⇥103

20 4.96⇥104 1.12⇥105 36.0 81.1

30 1.98⇥105 4.46⇥105 109 244

40 1.13⇥106 2.55⇥106 3.06⇥104 6.89⇥104

50 9.86⇥106 2.22⇥107 3.40⇥105 7.65⇥105

M12

10 1.61⇥109 3.63⇥109 1.38⇥105 3.10⇥105

20 2.72⇥105 6.11⇥105 378 850

30 4.90⇥105 1.10⇥106 624 1.41⇥103

40 1.36⇥106 3.06⇥106 4.96⇥104 1.12⇥105

50 2.08⇥106 4.67⇥106 2.84⇥105 6.38⇥105

• Significant gains by gradient boosting 

methods over traditional cut and count


• At the FCC-ee we are expecting 

around 150 


• Highest masses remain out of reach, 

as does 


• Possibility to achieve  or even   

for several models

ab−1

Ma = 10 GeV

2σ 3σ

What luminosities are needed for us to reach 2 or 3 sigma?
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• Significant gains via machine learning methods

• A direct search for a light composite pseudo-scalar at high 

integrated luminosity lepton colliders should be considered

• Could be separately optimised for the heavier configurations  

by considering higher c.m. energies.
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• Significant gains via machine learning methods

• A direct search for a light composite pseudo-scalar at high 

integrated luminosity lepton colliders should be considered

• Could be separately optimised for the heavier configurations  

by considering higher c.m. energies.

Thank-you all for your attention


