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Introduction

ΩDMℎ2 = 0.1188 ± 0.0022

Jinheung Kim Spin discrimination of Higgs Portal DM at the Muon Collider 5th AEI Workshop 2025-09-29 1 / 17



Higgs Portal DM

• Portal model

PortalStandard Model
𝑛, 𝑝, 𝑒, …

Dark Sector
𝜒, 𝑉 , …

• The SM particles can interact with the dark matter throught the mediator particles.
• In the Higgs Portal model case, the mediator particles are the Higgs bosons.
• DM spin: 0 (SDM), 1/2 (FDM), 1 (VDM)
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Higgs Portal DM
• SDM: 𝑍2 : 𝑆 → −𝑆, ⟨𝑆⟩ = 0

ℒSDM = 1
2
𝜕𝜇𝑆𝜕𝜇𝑆 − 1

2
𝑚2

0𝑆2 − 𝜆𝐻𝑆𝐻†𝐻𝑆2 − 𝜆𝑆
4!

𝑆4

ℒSDM ⊃ −ℎ(∑
𝑓

𝑚𝑓

𝑣ℎ
𝑓𝑓 − 2𝑚2

𝑊
𝑣

𝑊+
𝜇 𝑊−𝜇 − 𝑚2

𝑍
𝑣

𝑍𝜇𝑍𝜇) − 𝜆𝐻𝑆𝑣ℎ𝑆2.

• FDM: 𝑍2 : 𝜒 → −𝜒, ⟨𝑆⟩ = 𝑣𝑠

ℒFDM = 𝜒(𝑖𝜕 − 𝑚𝜒 − 𝑔𝜒𝑆)𝜒 + 1
2
𝜕𝜇𝑆𝜕𝜇𝑆 − 1

2
𝑚2

0𝑆2 − 𝜆𝐻𝑆𝐻†𝐻𝑆2 − 𝜇𝐻𝑆𝑆𝐻†𝐻 − 𝜇3
0𝑆 − 𝜇𝑆

3!
𝑆3 − 𝜆𝑆

4!
𝑆4

ℒFDM ⊃ −(𝐻1 cos 𝛼 + 𝐻2 sin 𝛼)(∑
𝑓

𝑚𝑓

𝑣ℎ
𝑓𝑓 − 2𝑚2

𝑊
𝑣ℎ

𝑊+
𝜇 𝑊−𝜇 − 𝑚2

𝑍
𝑣ℎ

𝑍𝜇𝑍𝜇) + 𝑔𝜒(𝐻1 sin 𝛼 − 𝐻2 cos 𝛼)𝜒𝜒

(ℎ
𝑆) = ( cos 𝛼 sin 𝛼

− sin 𝛼 cos 𝛼)(𝐻1
𝐻2

)
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Higgs Portal DM

• VDM: Dark gauge 𝑈(1)𝑋 , Dark Higgs field Φ, 𝐷𝜇Φ = (𝜕𝜇 − 𝑖𝑔𝑉 𝑄Φ𝑉𝜇)Φ

ℒVDM = −1
4
𝑉𝜇𝜈𝑉 𝜇𝜈 + 𝐷𝜇Φ†𝐷𝜇Φ − 𝜆Φ(Φ†Φ − 𝑣2

Φ
2

)
2

− 𝜆𝐻Φ(𝐻†𝐻 − 𝑣2
𝐻
2

)
2

(Φ†Φ − 𝑣2
Φ
2

)

ℒVDM ⊃ −(𝐻1 cos 𝛼 + 𝐻2 sin 𝛼)(∑
𝑓

𝑚𝑓

𝑣ℎ
𝑓𝑓 − 2𝑚2

𝑊
𝑣ℎ

𝑊+
𝜇 𝑊−𝜇 − 𝑚2

𝑍
𝑣ℎ

𝑍𝜇𝑍𝜇) − 1
2
𝑔𝑉 𝑚𝑉 (𝐻1 sin 𝛼 − 𝐻2 cos 𝛼)𝑉𝜇𝑉 𝜇

• 𝐻1 = ℎ 𝑀ℎ = 125 GeV, 𝐻2 = 𝐻 , 𝑀𝐻 > 125 GeV
• Can we distinguish the FDM and VDM at the collider?

(ℎ
𝑆) = ( cos 𝛼 sin 𝛼

− sin 𝛼 cos 𝛼)(𝐻1
𝐻2

)
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Previous study
• Previous studies of spin discrimination between FDM and VDM were conducted at the ILC

and LHC.

ILC [1]

• SDM vs FDM discrimination is possible
• FDM vs VDM discrimination is not

possible

FCC [2]

• Both SDM vs FDM and FDM vs VDM
discrimination are possible

• Only for 𝑀𝐻 < 500 GeV
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Why Muon Collider?
• 𝑒+𝑒− collider: Low backgrounds, low CM energy.
• 𝑝𝑝(𝑝𝑝) collider: High CM energy, huge backgrounds.

• 𝜇+𝜇− collider: Low backgrounds, high CM energy.

→ We can study TeV scale𝐻2.

• CM energy:
√

𝑠 = 3, 10 TeV, ℒtot : 1, 10 ab−1

• Angular coverage:
‣ Central: |𝜂| < 2.5
‣ Forward:|𝜂(𝜇)| < 8

Muon collider detector concept [3]
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Production of FDM and VDM at MuC

𝑍

ℎ/𝐻

𝜇+

𝜇−

𝑍

𝜒/𝑉

𝜒/𝑉

𝑍

𝑍

ℎ/𝐻

𝜇+ 𝜇+

𝜇− 𝜇−

𝜒/𝑉

𝜒/𝑉
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Production of FDM and VDM at MuC

• FDM production cross section at 
√

𝑠 =
10 TeV MuC.

• 𝜇+𝜇− → 𝜇+𝜇−𝜒𝜒, 𝜂(𝜇) < 8
• 𝑀𝜒 = 150 GeV, 𝑔𝜒 = 3
• Increasing sin 𝛼 gives an increasing 𝜎.
• Increasing 𝑀𝐻  gives a decreasing 𝜎.

‣ For large 𝑀𝐻 , 𝜎 becomes constant.
• SM cross section: 𝜎(𝜇𝜇𝜈𝜈) ∼ 2 pb
• 𝑔𝑉 : 𝜎VDM(𝑔𝑉 ) = 𝜎FDM(𝑔𝜒 = 1, 3)
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Production of FDM and VDM at MuC
• Recoil Mass

𝑚2
𝑋𝑋 = 𝑠 + 𝑚2

𝜇𝜇 − 2𝐸𝜇𝜇
√

𝑠

• 𝑚𝑋𝑋 : Invariant mass of the DM pair (or neutrino pair)
• 𝑚𝜇𝜇, 𝐸𝜇𝜇: Invariant mass and energy of the muon pair
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Production of FDM and VDM at MuC
The DM production cross section at MuC is given by:

𝜎(𝜇𝜇 → 𝜇𝜇𝑋𝑋) = ∫
𝑠

4𝑚2
𝑋

𝑑𝑡 𝜎(𝜇𝜇ℎ∗; 𝑡) | 1
𝑡 − 𝑚2

ℎ + 𝑖𝑚ℎΓℎ
− 1

𝑡 − 𝑚2
𝐻 + 𝑖𝑚𝐻Γ𝐻

|
2

× 2𝑡
𝜋

Γℎ∗→𝑋𝑋(𝑡) 𝑠𝛼𝑐𝛼

• 𝑡: Squared recoil mass 𝑚2
𝑋𝑋

• 𝜎(𝜇𝜇ℎ∗; 𝑡): production cross section with mediator scalar mass 𝑚𝜙 =
√

𝑡
• Γℎ∗→𝑋𝑋(𝑡): Decay width of the mediator scalar to the DM pair, 𝑋𝑋 = 𝜒𝜒, 𝑉 𝑉

• Γ(𝐻 → 𝜒𝜒) = 𝑔2
𝜒

𝑀𝐻
8𝜋 (1 − 𝜏𝜒)

3
2

• Γ(𝐻 → 𝑉 𝑉 ) = 𝑔𝑉 𝑚𝑉
2048𝜋

𝑀3
𝐻

𝑚2
𝑉

(1 − 𝜏𝑉 )
1
2 (4 − 4𝜏𝑉 + 3𝜏2

𝑉 )

𝑍

𝑍

ℎ/𝐻

𝜇+ 𝜇+

𝜇− 𝜇−

𝜒/𝑉

𝜒/𝑉
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ML approach

• For a given 𝑚𝑋𝑋(=
√

𝑡), the distributions of all kinematic variables
(𝑃𝑇 (𝜇), 𝜂(𝜇), 𝑚𝜇𝜇, …) are independent of the choice of BSM parameters (spin, 𝑀𝐻 , sin 𝛼,
𝑔, …).

• If the NN can discriminate signal and background for the full range of 𝑡, this network can
be used for any parameter choice.

• Training
‣ Kinematic Variables:

– 𝐸(𝜇), 𝜂(𝜇), 𝜙(𝜇) of 𝜇0, 𝜇1, 𝜇𝜇, Δ𝑅(𝜇0, 𝜇1), Δ𝜙(𝜇0, 𝜇1), Δ𝜂(𝜇0, 𝜇1)
– 𝑝miss

𝑇 , 𝜙miss, 𝑀(𝜇+𝜇−), 𝑚𝑋𝑋
‣ 100k events each of signal and background, with flat 𝑚𝑋𝑋 distribution.
‣ 70%, 15%, 15% for training, validation, and test
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Results
• Network

‣ FC Layer [128, 64, 32]
‣ 1 Output
‣ Layer Norm, ReLU, Dropout(0.25)

• Signal efficiency and background refaction
‣ 𝜀Signal = 0.6
‣ 1/𝜀Bakcgourn = 483

• Spin discrimination
‣ 𝛿𝜒2 = ∑nbin

𝑖 (𝑁VDM
𝑖 −𝑁FDM

𝑖
√𝑁VDM+SM

𝑖
)

2
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Results
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Dark Matter Phenomenology
• Relic Density Constraints

‣ Ωℎ2 ∝ 1
⟨𝜎𝑣⟩

‣ 𝜆ℎℎ𝐻 , 𝜆ℎ𝐻𝐻 , 𝜆𝐻𝐻𝐻

ℎ/𝐻

𝑋

𝑋

ℎ/𝐻

ℎ/𝐻
• Direct Detection

‣ To avoid DD constraints, small 𝜎DN is needed
‣ Small 𝑔𝑋 , small | sin 𝛼|, large 𝑚𝐻 .

• Other Explanations
‣ Uncertainty in local DM density
‣ Excited Dark Matter [4]

– ℒ ⊃ ∑ 𝜒𝑖(𝑖𝐷 − 𝑚𝑖 − 𝑦𝑖𝑆)𝜒𝑖 − [𝜒1(𝑦𝑆 + 𝑖𝑦𝑝Γ5)𝑆𝜒2 + h.c]

−1
4𝑉𝜇𝜈𝑉 𝜇𝜈 + 𝐷𝜇𝑆𝐷𝜇𝑆 − 1

2𝑚2
𝑆𝑆2 − 𝑉 (𝐻, 𝑆)

– 𝜒2 → 𝜒1𝛾𝐷
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Conclusion
• We study the spin discrimination of Higgs Portal DM at the Muon Collider.

• At the muon collider, the recoil mass 𝑚𝑋𝑋 is a useful variable to measure dark matter
properties.

• Due to the different growth of FDM and VDM with 𝑀𝐻 , the FDM and VDM show
different distributions in 𝑚𝑋𝑋 .

• For 𝑔𝜒 = 1, the separation of FDM and VDM is limited and it is challenging to discriminate
the spin of DM. For 𝑔𝜒 = 3 with sin 𝛼 ≳ 0.5, we can observe the signal above 2𝜎. For most
of this region, we can discriminate the spin of DM.

• The parameter space is excluded by direct detection constraints. However, this may be
evaded by introducing Excited Dark Matter.
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Thank you for your attention!
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