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If the Standard Model is accurate up to some high energy scale Λ𝑈𝑉, 

Higgs mass will receive loop contributions that scale with Λ𝑈𝑉, mainly from 𝑡-quark:

Fine-tuning

• If Λ𝑈𝑉 (e.g. Planck scale) ≫ 𝑚𝐻, require very precise cancellation from 𝑚0
2 

    to restore 𝑚𝐻 = 125 GeV

Naturalness of the Higgs mass
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• Consider some strongly interacting dynamics at scale, 𝑓 (~ TeV )

• Higgs appears as spin-0 bound state of said dynamics (finite size)

Why a composite Higgs?

2

• Loop integrals are cut off at scale 𝑓
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• Higgs is a pseudo Nambu-Goldstone boson (like pions in QCD)

• SM particles get masses by mixing with their partners in the composite sector

• TeV-scale composite resonances

Composite Higgs Models (CHMs)
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• SM has global 𝑆𝑈 2 𝐿 × 𝑆𝑈 2 𝑅 symmetry

• 𝑆𝑂 5 → 𝑆𝑂(4) gives exactly 4 Higgs doublet fields

• Various fermion representations (𝟏, 𝟓, 𝟏𝟎, 𝟏𝟒, …)

Minimal Composite Higgs Models (MCHMs)

o SO 4 ≅ 𝑆𝑈 2 𝐿 × 𝑆𝑈 2 𝑅

o dim 𝑆𝑂 𝑁 =
𝑁(𝑁−1)
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Ω2
𝜓 Ψ, ෩Ψ

Ω1

Global:  𝑆𝑂 5 1  ×  𝑆𝑂 5 2/𝑆𝑂 4

Gauge:  𝑆𝑈 2 𝐿 × 𝑈 1 𝑌 𝑆𝑂 5 2

Elementary                         Composite                            Observed



In this work

•  Quarks are embedded in 5 − 5 − 5 ; Leptons in 14 − 10  and 5 − 5

• Choice of representations based on work by:
• M. Carena, L. Da Rold and E. Pont´on  ( JHEP 06 (2014) 159, [1402.2987] )

• Looked at models that could fit collider constraints

• J. Barnard and M. White ( JHEP 09 (2017) 049, [1703.07653] )
• Explored leptonic-inclusive models based on fine-tuning, given by BG-measure

• E. Carragher, W. Handley, D. Murnane, P. Stangl, W. Su, M. White ( JHEP 21 (2021) 237, [2101.00428] )
• First convergent global fits with partially-composite 3rd generation quarks

Minimal Composite Higgs Models (MCHMs)

𝑙𝐿 =𝜏𝐿

𝑣𝐿 , 𝜏𝑅𝑞𝐿 =𝑏𝐿

𝑡𝐿 , 𝑡𝑅 , 𝑏𝑅
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• Prior 𝜋(𝑝): Initial guess of some parameter (Distribution of points 𝑝)
• Likelihood 𝐿(𝑝): How well data fits a point
• Posterior 𝑃(𝑝): Updating guess based on the likelihood 𝑝  

𝑃 𝑝 = 𝐿(𝑝)𝜋(𝑝)
𝑍

• Kullback-Leibler (KL) Divergence: 
𝐷KL = ∫ 𝑑𝑝𝑃 𝑝 ln 𝑃 𝑝 /𝜋(𝑝)

• Evidence: 
𝑍 = ∫ 𝑑𝑝 𝐿 𝑝 𝜋 𝑝  →  ln 𝑍 = ln 𝐿 𝑃 − 𝐷KL

Segue: Bayesian statistics
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Models

LM4DCHM5−5
5−5−5 LM4DCHM14−10

5−5−5 

Constraints
SM masses, EW precision observables, Z boson decay ratios, Higgs signal strengths, 
LHC fermion partner bounds

Tools
Nested sampling (PolyChord) allows efficient exploration of param space
• Log-spaced priors (Flash subset of table of
• Likelihood is taken to be Gaussian in observables
• Lots of parameters to scan over

𝐿 ⊂ −𝑚 Ψ
ഥΨΨ − ෥𝑚Ψ

ഥ෩Ψ ෩Ψ + Δ𝐿𝜓LΨR + Δ𝑅𝜓R
෩ΨL + 𝑚𝑌

ഥΨ𝐿Ψ𝑅 + ⋯
• Only 3rd generation fermions couple to composite sector

Fitting the models
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Scan Params
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LM4DCHM14−10
5−5−5 14 − 10  LM4DCHM5−5

5−5−5 5 − 5

Results
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LM4DCHM5−5
5−5−5

Results

10

5 − 5  has small, separate mode! 
This will be important later…



Results

• Both scans are convergent
• Model with leptons in 14 − 10 is a better fit from a Bayesian perspective
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Direct detection

: Producable range at HL−LHC

: 13 TeV search bounds

Not really... 12

• As a product of these scans, we can then look at their 
phenomenological signatures

• Each model has a number of heavy quark and lepton 
partners

• We can try and look for these at the LHC



Indirect testing

: Current measurements

: Projected precision at HL−LHC

: SM 13

• Another avenue is Higgs signal strengths (gluon fusion)
• Sensitive to modifications of Higgs couplings to SM 

gauge bosons and fermions, as well as loop 
contributions from composite resonances

𝜇𝑗𝑗
𝑔𝑔

=
𝜎 𝑔𝑔 → 𝐻 𝐵𝑅 𝐻 → 𝑗𝑗 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜎 𝑔𝑔 → 𝐻 𝐵𝑅 𝐻 → 𝑗𝑗 𝑆𝑀



Takeaway

• Scans of lepton-inclusive MCHMs are convergent

• Both models satisfy all imposed experimental constraints

• But 14 − 10  is a better Bayesian fit than 5 − 5

• SM partners are generally too heavy to be seen, even at HL-LHC

• Best shot is indirect tests via Higgs signal strengths

arXiv:2312.06027 [hep-ph] 14
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Lagrangians and gauge sector

NGB}
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Higgs vev



Constraints 
• SM masses: mt, mb, m𝜏, mH

• Oblique parameters: S and T

𝑆 =
1

4 𝛼em
(1 −

𝑚𝑊
2

𝑚𝑍
2 −

𝑔𝑍𝑒𝑒
𝑅

2 𝑔𝑍𝑒𝑒
𝑅 − 𝑔𝑍𝑒𝑒

𝐿 )

T =
1

𝛼em
(
Π𝑊𝑊

𝑇 𝑝2 = 0

𝑚𝑊
2 −

Π𝑍𝑍
𝑇 𝑝2 = 0

𝑚𝑍
2 )

• Z decay ratios: 𝑅𝑖 =
Γ 𝑍→𝑖 ҧ𝑖

Γ 𝑍→𝑞 ത𝑞
,  for 𝑖 = 𝑏, 𝑒, 𝜇, 𝜏

• Higgs signal strengths: 𝜇𝑗𝑗
𝑔𝑔

=
𝜎 𝑔𝑔→𝐻 𝐵𝑅 𝐻→𝑗𝑗 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜎 𝑔𝑔→𝐻 𝐵𝑅 𝐻→𝑗𝑗 𝑆𝑀

• Collider searches*
(lower mass bounds for fermion resonances) 



Symmetries



Quark partner direct detection



Naturalness of the Higgs mass
If the Standard Model is accurate up to some high energy scale Λ𝑈𝑉, 

Higgs mass with receive loop contributions that scale with Λ𝑈𝑉:

𝑚𝐻
2 =  𝑚0

2 + Δ𝑚2

= 𝑖𝑁𝐶 −𝑖
𝜆 𝜓

2 

2

∫
𝑑4𝑘

2𝜋 4

Tr[(𝑝 + 𝑘 + 𝑚𝜓)(𝑘 + 𝑚𝜓)]

( 𝑝 + 𝑘 2 − 𝑚𝜓
2 − 𝑖𝜖)(𝑘2 − 𝑚𝜓

2 − 𝑖𝜖)
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Branching ratios
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