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THE HIERARCHY PROBLEM

δm2
H ≈ 3y2

t
8π2 Λ

2
SM

➤ ΛSM ∼ TeV or excessive fine-tune
➤ Why vEW ≪ Mpl?
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COMPOSITE HIGGS (CH)

Figure: EWSB by vacuum
misalignment [Panico, 1506.01961]

EWSB IN CH

G

F⃗

y⇒ H ∈ pNGBs

SU(2)L × SU(2)R ∈ Hy Higgs vev

SU(2)D W±
µ ,Zµ

! Higgs: a pseudo Nambu-
Goldstone-Boson (pNGB) ∈ G/H

! Custodial symmetry SU(2)L × SU(2)R ∈ H
➤ Minimal coset SU(4)/Sp(4)
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DARK MATTER (DM) AND NEUTRINO MASS

➤ DM: ∼ 85% of total matter content
➤ mν < 0.12eV

Scotogenic Models:

➤ A discrete Z2 symmetry
➤ Majorana fermion N (1,1)−
➤ Scalar bi-doublet Φ (2,2)−
➤ Loop suppression → reduced seesaw

scale MN ∼ TeV
➤ DM candidate: lightest Z2-odd particle

➥ DM and natrually small neutrino
mass simutaneously!
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PNGBS IN THE SU(6)/SP(6) COSET

14 pNGBs in the SU(6)/Sp(6) coset:

EW vacuum (θ = 0) CH vacuum (θ ̸= 0)
SU(2)L × SU(2)R SU(2)D

Z2–even
H = (2,2)+ h = 1+

η1 = (1,1)+ η1 = 1+

η2 = (1,1)+ η2 = 1+

Z2–odd
∆ = (3,1)− ∆±, ∆0 = 3−

η3 = (1,1)− η3 = 1−

Φ = (2,2)−
ϕ±, ϕ0 = 3−
η4 = 1−

Yu Chen (JMU Würzburg) Dark Matter in Composite Higgs Models September 2025 6 / 13



Introduction DM Phenomenology within SU(6)/Sp(6) Coset Conclusion and Outlook

RELIC DENSITY: FREEZE-OUT

DM creation and annihilation: SM + SM ↔ DM + DM

Boltzmann Eq.: dn
dt + 3Hn = − ⟨σv⟩ (n2 − n2

eq)

↑
λ′s = f (g̃,gVππ, θ,MV ,MA)

➤ neq ∝ (mT
2π )3/2e−m/T

➤ Hn ≫ ⟨σv⟩n2 → n ∝ a−3:
freeze-out

➤ Ωch2 = 0.1200 in ΛCDM
Image credit: A. Green

Yu Chen (JMU Würzburg) Dark Matter in Composite Higgs Models September 2025 7 / 13



Introduction DM Phenomenology within SU(6)/Sp(6) Coset Conclusion and Outlook

RELIC DENSITY: FREEZE-OUT

DM creation and annihilation: SM + SM ↔ DM + DM

Boltzmann Eq.: dn
dt + 3Hn = − ⟨σv⟩ (n2 − n2

eq)

↑
λ′s = f (g̃,gVππ, θ,MV ,MA)

➤ neq ∝ (mT
2π )3/2e−m/T

➤ Hn ≫ ⟨σv⟩n2 → n ∝ a−3:
freeze-out

➤ Ωch2 = 0.1200 in ΛCDM
Image credit: A. Green

Yu Chen (JMU Würzburg) Dark Matter in Composite Higgs Models September 2025 7 / 13



Introduction DM Phenomenology within SU(6)/Sp(6) Coset Conclusion and Outlook

η3((1,1)− → 1−) FREEZE-OUT RELIC DENSITY
MDM: DM mass, here mass of η3
gVππ: Effective Vector-pNGB-pNGB coupling
θ: Misalignment angle

(a) Ω vs. MDM for different gVππ (b) Ω vs. MDM for different θ

@ MicrOMEGAs
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η3 FREEZE-OUT RELIC DENSITY
∆M : Mass difference between other pNGBs and DM candidate
MV : Heavy vector mass

Figure: Ω vs. ∆M for different MV and MDM

@ MicrOMEGAs
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WHAT THE RD CALCULATION TELLS US
For the case of η3 being the DM candidate:
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WHAT THE RD CALCULATION TELLS US

For ∆0((3,1)− → 3−): No viable points in parameter space found
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WHAT THE RD CALCULATION TELLS US
For ϕ0((2,2)− → 3−) and η4((2,2)− → 1−):
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CONCLUSION

Observations:
➤ The unbroken Sp(6) subgroup contains a discrete Z2 symmetry
➤ Four potential DM candidates among pNGBs in the SU(6)/Sp(6) coset
➤ ∆0 as a DM candidate does not work in the scaned region of

parameter space
➤ Relic Density calculation favors large pNGB masses and the

decoupling limit

Next steps:
➤ Relevant signatures at LHC
➤ Identifying ingredients for a scotogenic setup
➤ Constraints from neutrino masses and EW precision tests
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THANK YOU FOR YOUR
ATTENTION!
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Appendix Appendix

THE HIERARCHY PROBLEM

An open question in particle physics:

δm2
H =

∫ ≲ΛSM

0
dE

dm2
H

dE
(E ;ptrue) +

∫ ∞

≲ΛSM

dE
dm2

H
dE

(E ;ptrue)

= δSMm2
H + δBSMm2

H

≈ 3y2
t

8π2Λ
2
SM+?



Appendix Appendix

COMPOSITE HIGGS (CH)
A lesson from QCD:

➤ Dimensional transmutation: QCD coupling runs logrithmically
between two vastly separated scales ln

(
Mpl/ΛQCD

)
∼ 100

➤ Below ΛQCD: condensation and pions as pNGB from chiral symmetry
breaking

COMPOSITE SECTOR

G Eg. SU(4)y SSB m∗

y ⟨ψ̄ψ⟩ ≠ 0

H Sp(4)
H ∈ G/H

ELEMENTARY
SECTOR

Wµ,Bµ

SU(2)L×SU(2)R

Lint

�G

➤ mH < confinement scale m∗
➤ mH insensitive to physics above m∗ ∼ TeV
➤ Natural hierarchy between m∗ and ΛUV ≫ TeV
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DARK MATTER (DM)

What we know about DM:
✓ interacting gravitationally
✓ ∼ 85% of total matter content
✓ cold: non-relativistic in early

universe
Image credit: NASA
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SCOTOGENIC MODELS

Weinberg operator: Λ−1H0H0νiνj
Three realizations of seesaw mechanism by adding:

1 Fermion singlets (Majorana neutrinos) ×(LH)s

2 Scalar triplet ×(LL)t

3 Fermion triplets ×(LH)t

Type I Seesaw:

➤ Majorana neutrino N with mass MN

➤ mν ∼ κ ⟨H0⟩2

MN

➤ Typical seesaw scale MN ∼ O(109)GeV
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SCOTOGENIC MODELS

Weinberg operator: Λ−1H0H0νiνj
Three realizations of seesaw mechanism by adding:

1 Fermion singlets (Majorana neutrinos) ×(LH)s

2 Scalar triplet ×(LL)t

3 Fermion triplets ×(LH)t

⇒ Three types of scotogenic setups

L ⊃ ynaαNnηalαL +
1
2

MNn Nc
nNn + λη2H2 + h.c.

mν =
λv2

32π2M2
N

yT floopy
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EMBEDDING EW SYMMETRY IN SU(6)

hyper-fermions SU(2)L × SU(2)R Z2

Ψ1 ≡ (ψ1 ψ2)
T (2,1) +

Ψ2 ≡ (ψ3 ψ4)
T (1,2) +

Ψ3 ≡ (ψ5 ψ6)
T (2,1) -

➤ Three commuting SU(2) subgroups ∈ Sp(6)
➤ SU(2)L = SU(2)1 + SU(2)3
➤ SU(2)R = SU(2)2
➤ Z2 symmetry present

SU(2)L : T i
L = 1/2

σi 0 0
0 0 0
0 0 σi

 ; SU(2)R : T i
R = 1/2

0 0 0
0 −σT

i 0
0 0 0


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VACUUM MISALIGNMENT

EW Vacuum:
⟨ψψ⟩ ∼ Σ0 =

iσ2 0 0
0 −iσ2 0
0 0 iσ2


SU(2)L × SU(2)R ∈ Sp(6)

14 pNGBs ∈ SU(6)/Sp(6)
pause

explicit breakings−−−−−−−−−−→
Higgs vev

CH Vacuum:

Σθ = Ω(θ) · Σ0 · ΩT (θ) =

iσ2 cos θ I2 sin θ 0
−I2 sin θ −iσ2 cos θ 0

0 0 iσ2


Ω(θ) = exp

(√
2iθX H

)
: rotation induced by Higgs vev

SU(2)V , W±
µ ,Zµ
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HEAVY SPIN-1 RESONANCES

HIDDEN SYMMETRY FORMULISM

G0 G1yπ0

yπ1 πp,��πu → Aµ

H0 H1 πp, Aµ

↘ ↙ ��K → Vµ

SU(2)L × SU(2)R ∈ Hv πp, Aµ, Vµy EWSB

SU(2)V πp − 3, W±
µ , Zµ, Aµ, Vµ

nAxi = dim[G]− dim[H]
nVec = dim[G]− nAxi
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HEAVY SPIN-1 RESONANCES

ψψ̄ : N⊗ N̄ = Adj.⊕ 1
35SU(6) = 14Sp(6) + 21Sp(6)
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MIXING WITH THE EW BOSONS

M2
N =



g′2M2
V (1+ws2

θ)
g̃2 − gg′M2

V ws2
θ√

2g̃
−g′ rM2

Asθ√
2g̃

−g′ M2
V√
2g̃

−g′ M2
V cθ√
2g̃

0

− gg′M2
V ws2

θ√
2g̃

g2M2
V (2+ws2

θ)
g̃2 g rM2

Asθ√
2g̃

−g M2
V√
2g̃

−g M2
V cθ√
2g̃

−g M2
V

g̃

−g′ rM2
Asθ√
2g̃

g rM2
Asθ√
2g̃

M2
A 0 0 0

−g′ M2
V√
2g̃

−g M2
V√
2g̃

0 M2
V 0 0

−g′ M2
V cθ√
2g̃

−g M2
V cθ√
2g̃

0 0 M2
V 0

0 −g M2
V

g̃ 0 0 0 M2
V





Bµ

W̃ 3
µ

a0
1µ

v0
1µ

v0
2µ

v0
3µ


= N



Aµ

Zµ

A0
1µ

V 0
1µ

V 0
2µ

V 0
3µ


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MIXING WITH THE EW BOSONS

M2
C =



g2M2
V (2+ws2

θ)
g̃2 −g rM2

Asθ√
2g̃

−g M2
V√
2g̃

−g M2
V cθ√
2g̃

−g M2
V

g̃

−g rM2
Asθ√
2g̃

M2
A 0 0 0

−g M2
V√
2g̃

0 M2
V 0 0

−g M2
V cθ√
2g̃

0 0 M2
V 0

−g M2
V

g̃ 0 0 0 M2
V


,



W̃+
µ

a+
1µ

v+
1µ

v+
2µ

v+
3µ


= C



W+
µ

A+
1µ

V+
1µ

V+
2µ

V+
3µ


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INTERACTIONS

Maurer-Cartan Forms:

iU†
1DµU1 = iU†

1(∂µ − i ĝW̃ i
µT i

L − i ĝ′BµT 3
R)U1

iU†
2DµU2 = iU†

2(∂µ − i g̃V i
µS̃i − i g̃′AI

µX̃ I)U2

Building blocks:

di,µ → d ′
i,µ = h(gi , πi)di,µh†(gi , πi), (1)

ei,µ → e′
i,µ = h(gi , πi)(ei,µ + i∂µ)h†(gi , πi) (2)

CCWZ Lagrangian:

L =− 1
4

TrFµνFµν − 1
4

TrWµνWµν − 1
4

TrBµνBµν

+
f 2
0

4
Trd0µdµ

0 +
f 2
1
4

Trd1µdµ
1 +

rf 2
1

2
Trd0µKdµ

1 K † +
f 2
K
4

TrDµK (DµK )†.
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INTERACTIONS

iU†
i DµUi ≈i(I6 −

i
√

2
fi

Π− 1
f 2
i
Π2)(∂µ − iFµ)(I6 +

i
√

2
fi

Π− 1
f 2
i
Π2)

=− iFµ

+
1
fi
(i
√

2∂µΠ+
√

2FµΠ−
√

2ΠFµ)

+
1
f 2
i
(iFµΠ

2 + iΠ2Fµ − 2iΠFµΠ)

+O(
1
f 3
i
)

⇒ VµVµ(→ vector mixing) + πVµVµ + π∂µπVµ + ππVµVµ
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AN EXAMPLE: η3 + η3 → W+ + W−

η3 :
(1,1)− → 1−

η3

η3

W−

W+

A+
2

η3

η3

W+

W−

A+
2

η3

η3

W−

W+

r+3

η3

η3

W+

W−

r+3

η3

η3

W+

W−

η3

η3

W+

W−

H

η3

η3

W−

W+

∆+

η3

η3

W+

W−

∆+

From the kinematic part:

λ1 · η3A±,µ
2 W∓

µ + λ2 · η3r±,µ
3 W∓

µ

+λ3 · (∂µη3∆
± − ∂µ∆

±η3)W∓
µ

+λ4 · η3η3W+
µ W−,µ

λ′s = f (g̃,gVππ, θ,MV ,MA)

From the scalar potential: c1vEW · η3η3H + c1 · η3η3HH
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η3 FREEZE-OUT RELIC DENSITY
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η3 FREEZE-OUT RELIC DENSITY

g̃: ”gauge coupling” of the composite sector

(a) Ω vs. g̃ for different mDM and MV (b) Ω vs. g̃ for different ∆M and gVππ
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η4 FREEZE-OUT ABUNDANCE


	Introduction
	DM Phenomenology within SU(6)/Sp(6) Coset
	Conclusion and Outlook
	Appendix
	Appendix
	Appendix


