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The Higgs sector of the SM is still not fully understood:

Spontaneous symmetry breaking in the SM is not completely
explained.

The electroweak scale shielded for the higher scale → Naturalness
Higgs → Elementary or Composite ?

Answer of the above questions → Compositeness
Many motivations to consider this kind of model:

Motivated by the QCD: Chiral symmetry breaking
Lightness of the pion

New states =⇒ New signatures
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Low Energy QCD: Q2 < ΛQCD

Within chiral limit mq → 0, q = u, d

Ground state: ⟨0|q̄iLqjR|0⟩

quark condensate breaks spontaneously global flavor symmetry

G ≡ SU(2)L × SU(2)R → H ≡ SU(2)V

that leads to the emergence of the three Goldstone Bosons

π±, π0

Multi-boson splashes at future colliders from electroweak compositenessJuly 10, 2025 5 / 30



Low Energy QCD: Q2 < ΛQCD

Energy

Λχ ∼ 4πfπ
ρ G

H

ΛQCD

π
fπ ∼ 0.1GeV

L2 = f2
π

4 Tr[∂
µU †∂µU ], U = exp(2iπ

aT a

fπ
)

A ∼ 1
f2
π

Calculation in terms of Mesons

Multi-boson splashes at future colliders from electroweak compositenessJuly 10, 2025 5 / 30



High Energy QCD: Q2 > ΛQCD

Energy

q, g

ΛQCD ∼ 0.3 GeV

LQCD = −1
4G

a
µνG

aµν +
∑Nf

i=1 q̄i (iγ
µDµ −mi) qi

α(µ2) = α(µ2
0)

1+
β0α(µ

2
0)

2π log(µ
2

µ20
)

µ0 = ΛAsymptotic Freedom

α(µ2) = 1

1+
β0
2π log(µ

2

Λ ) Partonic Matrix element

Calculation in terms of Quarks and Gluons
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At what energy are we allowed
to do calculations in terms of quarks and gluons?
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Ratio R: ratio of σ(e+e− → hadrons) to the σ(e+e− → µ+µ−)

Hadrons are produced
through quark
fragmentation and
hadronization process.

} Hadron
Mesons/Baryons

This can be classified in two ways.
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Classification of the 2 to few and 2 to many mesons
Q2 ∼ few ΛQCD

e+ e− → 2 + 3

2 to Few

Energy

ΛQCD

Q2
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2 to Few Mesons
Meson Distribution in Space

−1 0 1 2

η
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2 to Few meson final state
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at Z0 pole, 2 to many

Energy

ΛQCD

Q2

Multi-boson splashes at future colliders from electroweak compositenessJuly 10, 2025 11 / 30

LEP at Z0 Pole



at Z0 pole, 2 to many
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2 to Many meson final state
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dijet-like structure
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We discuss low and high energy QCD in terms of the final state 2 to
few and 2 to many mesons.

Question: How is this discussion of QCD relevant for the composite
model?

Answer: Let’s look at the simplest model to attempt this question.
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QCD-like model
Energy

q,g

Λχ ∼ 4πfπ
ρ G

H

ΛQCD

π
fπ ∼ 0.1GeV

scaled 1000 Times
Energy

qHC , gHC

ΛHC ∼ 2 TeV

QCD-like TC Model

W,Z,H
Fπ ∼ v
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Energy

ΛHC ∼ 2 TeV
G

HW,Z,H
Fπ ∼ v

Minimal Technicolor (TC) Model

New Gauge group: GHC ≡ SU(N)HC , N = 2

qHC =

(
U
D

)
L

≡ (2, 2, 0)

UR = (2, 1, 1
2
), DR = (2, 1,−1

2
)

L = −1
4
F a
µνF

aµν+
∑Nf=2

i=1 q̄iHCL
(iγµDµ) q

i
HCL

+

q̄iHCR
(iγµDµ) q

i
HCR

Quark condensate: ⟨ŪLUR⟩ = ⟨D̄LDR⟩ ≠ 0

GF ≡ SU(2)L × SU(2)R → HF ≡ SU(2)V

GBs: π±, π0 → W±
L , Z0

L and H ≡ q̄HCqHC
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The minimal TC model is a toy model, but it serves as a motivation
for our purpose.

The aim is to identify the low-energy and high-energy signals.

Typical models have ΛHC ∼ 2 TeV.

Low-energy signal

2 to 3 or 4 EW bosons in the final state

Similar to χPT of QCD

(Non-perturbative)

Q2 < ΛHC

High-energy signal

2 to few multi-EW bosons in the final
state

Similar to low energy QCD 2-to-few
processes

(qHC , gHC are asymptotically free)

Q2 ∼ few ΛHC

Multi-boson splashes at future colliders from electroweak compositenessJuly 10, 2025 15 / 30



The minimal TC model is a toy model, but it serves as a motivation
for our purpose.

The aim is to identify the low-energy and high-energy signals.

Typical models have ΛHC ∼ 2 TeV.

Low-energy signal

2 to 3 or 4 EW bosons in the final state

Similar to χPT of QCD

(Non-perturbative)

Q2 < ΛHC

High-energy signal

2 to few multi-EW bosons in the final
state

Similar to low energy QCD 2-to-few
processes

(qHC , gHC are asymptotically free)

Q2 ∼ few ΛHC

Multi-boson splashes at future colliders from electroweak compositenessJuly 10, 2025 15 / 30



The minimal TC model is a toy model, but it serves as a motivation
for our purpose.

The aim is to identify the low-energy and high-energy signals.

Typical models have ΛHC ∼ 2 TeV.

Low-energy signal

2 to 3 or 4 EW bosons in the final state

Similar to χPT of QCD

(Non-perturbative)

Q2 < ΛHC

High-energy signal

2 to few multi-EW bosons in the final
state

Similar to low energy QCD 2-to-few
processes

(qHC , gHC are asymptotically free)

Q2 ∼ few ΛHC

Multi-boson splashes at future colliders from electroweak compositenessJuly 10, 2025 15 / 30



The minimal TC model is a toy model, but it serves as a motivation
for our purpose.

The aim is to identify the low-energy and high-energy signals.

Typical models have ΛHC ∼ 2 TeV.

Low-energy signal

2 to 3 or 4 EW bosons in the final state

Similar to χPT of QCD

(Non-perturbative)

Q2 < ΛHC

High-energy signal

2 to few multi-EW bosons in the final
state

Similar to low energy QCD 2-to-few
processes

(qHC , gHC are asymptotically free)

Q2 ∼ few ΛHC

Multi-boson splashes at future colliders from electroweak compositenessJuly 10, 2025 15 / 30



The minimal TC model is a toy model, but it serves as a motivation
for our purpose.

The aim is to identify the low-energy and high-energy signals.

Typical models have ΛHC ∼ 2 TeV.

Low-energy signal

2 to 3 or 4 EW bosons in the final state

Similar to χPT of QCD

(Non-perturbative)

Q2 < ΛHC

High-energy signal

2 to few multi-EW bosons in the final
state

Similar to low energy QCD 2-to-few
processes

(qHC , gHC are asymptotically free)

Q2 ∼ few ΛHC

Multi-boson splashes at future colliders from electroweak compositenessJuly 10, 2025 15 / 30



The process of interest: p p(µ+µ−) → q̄HC qHC

ΛHC ∼ 2 TeV, such partonic eCOM are only possible in FCC-hh
(muon collider).

(similar to LEP for QCD)

Similar to LEP-style Physics
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One-to-one correspondence to the LEP-style Physics
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Signature: Multi-EW bosons final state due to the fragmentation of
the qHC and are the longitudinal components of W± and Z.
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Result
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EW Boson distribution look like

0 1 2 3 4 5 6 7 8 9 10
EW−Boson Multiplicity
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Signal and Background
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Background: pp(µ+µ−) → XY/XY Z, X, Y = W+,W−, Z0, H

(a) (b)

(a) pp → 3 SM Boson and (b) pp → 4 SM Boson
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Main discriminator between signal and background
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Muon Collider

Leading pT distribution of the signal and background for collider FCC-hh(Muon
collider), and pseudo-rapidity cut |η| < 2.5.
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Cross section of the signal and background are comparable!

Type of Collision 3 Bosons 4 Bosons
σSM (ab) σsig (ab) σSM (ab) σsig (ab)

pp 422.3 64.7 96.6 29.0
µ+µ− 4701.8 758.6 1016.2 151.2

Table 1

√
ŝmin (TeV) 3 Bosons 4 Bosons

σSM (ab) σsig (ab) σSM (ab) σsig (ab)
10 422.3 64.7 96.6 29.0
20 13.8 0.8 4.8 1.0
30 0.8 0.01 0.4 0.0

Table 2
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Hope!

Final state EW boson efficiency and cross-section at three minimum
invariant mass cuts

√
ŝmin (TeV) σ(ab) ϵ3 ϵ4 ϵ5 ϵ6 ϵ7

10 202.6 0.31954 0.14314 0.03836 0.00933 0.00203
20 3.952 0.20363 0.25443 0.21371 0.12342 0.05295
30 0.159 0.10002 0.17511 0.21589 0.19651 0.13804
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A naive calculation for 5 EW bosons final states:

3.952× 0.21371× 30 ≈ 25 Signal events!

Background free?

Caution:

Higher multiplicity EW bosons can also be achieved through the non-minimal
model, and it also depends on the fragmentation process.
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Upper bound on the compositeness scale ΛHC for proposed model
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Signal sensitivity Z for 3 and 4 EW bosons final states as a function of ΛHC at
FCC-hh for fixed
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EW Boson distribution in the space
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Green dots are the final state EW bosons. It can decay into the lighter SM state
and form a multi-jet out of QCD mesons.
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Conclusion
A lesson from QCD gives an idea to test QCD-like models.

We showed that ΛHC value in the few TeV range, FCC-hh (100 TeV collider), and
a 10 TeV muon collider gives a similar picture to that of a few GeV lepton collider

for QCD.

Higgs compositeness unveils itself by the production of the few EW bosons (W, Z,
H) and is kinematically distinguished from the pure SM backgrounds.

Signatures provide a clear hint for the composite nature of the Higgs sector of the
SM and the dynamical origin of the electroweak symmetry breaking.

Need for the study of the non-SU(N) type of gauge theory and the fragmentation
process in the context of the high-energy machines.
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THANK YOU
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