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SUSY → SM flavor → Quark+DM flavor → MFV → 𝑈-flavored → top-flavored

• SUSY is beautiful and powerful
• starts from

• fine tuning of ∆𝑚ℎ

• ends in
• (partially) solve fine tuning of ∆𝑚ℎ

• gauge coupling unification

• DM candidate

• How about a different starting point?
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SUSY →SM flavor→ Quark+DM flavor → MFV → 𝑈-flavored → top-flavored

• SM flavor structure
• all matters have 3 flavors/generations

• significant mass hierarchy in both quark and lepton sector

• broken by SM Yukawa interaction

• approximate flavor symmetry 𝑈 3 5

• 𝑈 3 𝑄 × 𝑈 3 𝑈 × 𝑈 3 𝐷 × 𝑈 3 𝐿 × 𝑈 3 𝐸

• ignore the neutrino masses
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SUSY → SM flavor → Quark+DM flavor→ MFV → 𝑈-flavored → top-flavored

• Maybe a similar flavor structure in new physics sector
• extend SM flavor to

• 𝑈 3 5 × 𝑈 3 𝐷𝑀, if DM is complex

• 𝑈 3 5 × 𝑂 3 𝐷𝑀, if DM is real

• 𝑈 3 𝐷𝑀, 𝑂 3 𝐷𝑀 can be
• exact: degenerate DM multiplet

• broken: mass splitting between DM flavors

• DM is the lightest particle in the dark sector
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• LHC is a hadron collider, consider the quark sector

• renormalizable interaction ∝ 𝑄𝑢𝑎𝑟𝑘 𝑖 ∗ 𝜆 𝑖
𝛼 ∗ 𝐷𝑀 𝛼 ∗ (𝑚𝑒𝑑. )

• (𝑚𝑒𝑑. ) can transform under flavor of 
• both 𝑄𝑢𝑎𝑟𝑘 and 𝐷𝑀

• one of them

• none (simplest)

• if (𝑚𝑒𝑑. ) is singlet
• flavors of 𝑄𝑢𝑎𝑟𝑘 and 𝐷𝑀 are associated

• breaking of 𝑄𝑢𝑎𝑟𝑘 flavor may transfer to 𝐷𝑀

• mass splitting in 𝐷𝑀 sector
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• Generally, FCNC generated by 𝑄𝑢𝑎𝑟𝑘 ∗ [𝜆] ∗ 𝐷𝑀 ∗ (𝑚𝑒𝑑. )
• alleviated by

• 𝑚𝑚𝑒𝑑.~500 GeV
• but harder to detect

• 𝜆~10−2

• but small annihilation, cannot obtain 𝜴𝑫𝑴𝒉
𝟐~0.1

• or, make DM couple to SM gauge bosons, more complex model

• if DM is SM singlet, [𝜆] should be 𝑂(1).
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• Minimal Flavor Violation (MFV)

• All flavor violation comes only from SM Yukawa

• 𝑈 3 𝐷𝑀 is identified as 𝑈 3 𝑄𝑢𝑎𝑟𝑘 = 𝑄,𝑈, 𝐷 , which one?
• 𝑄: more complicate spectrum

• 𝐷: flavor constraints from 𝐾, 𝐵 mesons

• 𝑈: simple and safe
• top quark is special in SM, a portal to explore new physics

• largest hierarchy in quark sector

• may cause significant splitting in dark sector

7/7/2016 Peiwen Wu (KIAS), SUSY 2016, Melbourne, Australia 8

SUSY → SM flavor → Quark+DM flavor →MFV →𝑈-flavored→ top-flavored



• Quark-flavored DM: ℒ ⊃ 𝑈𝑖[𝜆]𝑖
𝑗
𝐷𝑀 𝑗 𝑚𝑒𝑑.

• under MFV, expansion of 𝜆𝑖
𝑗
, 𝑚𝐷𝑀 in terms of SM Yukawa 𝑌

• keep lowest order

• [𝜆]𝑖
𝑗
= 𝛼 ⋅ 1 + 𝛽 𝑌+𝑌 𝑖

𝑗
, [𝑚𝐷𝑀]𝑖

𝑗
= 𝑚0 ⋅ 1 + Δ𝑚 𝑌+𝑌 𝑖

𝑗

• {𝛼, 𝛽,𝑚0, Δ𝑚} are constants determined by UV complete theory
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SUSY → SM flavor → Quark+DM flavor →MFV →𝑈-flavored→ top-flavored
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• Quark-flavored DM: ℒ ⊃ 𝑈𝑖[𝜆]𝑖
𝑗
𝐷𝑀 𝑗 𝑚𝑒𝑑.

• under MFV

• [𝜆]𝑖
𝑗
= 𝛼 ⋅ 1 + 𝛽 𝑌+𝑌 𝑖

𝑗
, [𝑚𝐷𝑀]𝑖

𝑗
= 𝑚0 ⋅ 1 + Δ𝑚 𝑌+𝑌 𝑖

𝑗

• 𝛼 ≥ 𝛽 𝑦𝑡
2, 𝑚0 ≥ Δ𝑚 𝑦𝑡

2

• almost degenerate in first 2 generation 𝐷𝑀𝑢,𝑐

• small FCNC coupling, less flavor constraints

• considerable splitting between 𝐷𝑀𝑢,𝑐 and 𝐷𝑀𝑡𝑜𝑝

• 𝐷𝑀𝑢/𝑡𝑜𝑝 is the lightest, depending on (+/-) of Δ𝑚

• assume 𝐷𝑀𝑡𝑜𝑝 is the lightest
• arrange {𝛼, 𝛽,𝑚0, Δ𝑚} to decouple masses/couplings of 𝐷𝑀𝑢,𝑐
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• no valence top quark in nucleon

• DM coupling to gluons
• loop calculation (SUSY) [arXiv: 1007.2601 Junji Hisano et al]

• (DM, mediator)=(fermion, scalar)

• extreme case: gluon-philic DM [arXiv: 1506.01408 R.M. Godbole et al]

• (DM, mediator)=(scalar, scalar)

• top-philic DM, EFT operator [arXiv:1009.0618 Kingman Cheung et al]

• (DM, mediator)=(fermion, scalar/vector)

• Our model: (DM, mediator)=(scalar, fermion)

7/7/2016 Peiwen Wu (KIAS), SUSY 2016, Melbourne, Australia 11

SUSY → SM flavor → SM+DM flavor → MFV → 𝑈-flavored → top-flavored



Model description

• DM: real scalar 𝑆
• SM singlet, couple only to top quark
• Higgs portal, well studied

• 𝜆𝑆𝐻𝑆
2 𝐻 2 turned off here

• top partner: Vector-like (VL) fermion 𝑇

• 𝑍2 parity: 𝑆, 𝑇 are odd
• no mass mixing 𝑆, 𝐻 , (𝑇, 𝑡)

• 𝐵𝑟 𝑇 → 𝑆𝑡(∗) = 100%

• LHC searches for VL (𝑇, 𝐵) do not apply

• gauge invariance
• (𝑇, 𝑡𝑅) same quantum number

ℒ = ℒ𝑆𝑀 + ℒ𝑆 + ℒ𝑇 + ℒ𝑌 + ℒ𝐺

ℒ𝑆 =
1

2
𝜕𝜇𝑆

2
−
1

2
𝑚𝑆

2𝑆2

ℒ𝑇 =  𝑇 𝑖𝐷 −𝑚𝑇 𝑇

ℒ𝑌 = −(𝑦𝑆𝑇𝑆  𝑇𝑡𝑅 + ℎ. 𝑐. )

ℒ𝐺 = 𝐶𝑆𝑔
𝛼𝑠
𝜋
𝑆2𝐺𝐴𝜇𝜈 𝐺𝜇𝜈

𝐴

/
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[arXiv: 1306.4710 J. Cline et al]



Thermal Relic

• pair annihilation
• 𝑆𝑆 → 𝑡  𝑡

• co-annihilation
• 𝑆𝑇 → 𝑡∗ → 𝑏𝑊+

• 𝑆𝑇 → 𝑡 + 𝑆𝑀
• 𝑆𝑀 = 𝑔, 𝛾, 𝑍, ℎ

• 𝑆 + 𝑡/  𝑡 → 𝑇/ 𝑇 + 𝑆𝑀

• 𝑆𝑆 → 𝑇 𝑇

• 𝑇 𝑇 → 𝑆𝑀 + 𝑆𝑀′

• loop coupling 𝐶𝑆𝑔
• [arXiv: 1502.02244, Junji Hisano et al]

• 𝑆𝑆 → 𝑔𝑔
• small for 𝑆𝑆 → 𝑆𝑀 + 𝑆𝑀′

• 𝑆𝑀 = 𝑔, 𝛾, 𝑍, ℎ

• proportional to 𝑦𝑆𝑇
2

• important when 𝑦𝑆𝑇 > 𝒪(1)
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Thermal Relic

• loop coupling 𝐶𝑆𝑔
• proportional to 𝑦𝑆𝑇

2

• important when 𝑦𝑆𝑇 > 𝒪(1)

• suppressed by large 𝑟 = 𝑚𝑇/𝑚𝑆

• heavier particles in the loop
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Thermal Relic
• 𝑆𝑆 → 𝑡  𝑡 , 𝑆𝑆 → 𝑔𝑔

• channels evolve with 𝑦𝑆𝑇

𝑦𝑆𝑇 = 0.3 𝑦𝑆𝑇 = 0.5

𝑦𝑆𝑇 = 1 𝑦𝑆𝑇 = 10

𝑦𝑆𝑇 = 0.3

7/7/2016 Peiwen Wu (KIAS), SUSY 2016, Melbourne, Australia 15



Thermal Relic

• 𝑆𝑆 → 𝑔𝑔 ignored for 𝑦𝑆𝑇 < 𝒪(1)

• when 𝑆𝑆 → 𝑡  𝑡 is open
• relaxed 𝑟

• larger 𝑦𝑆𝑇 is more helpful

• further suppressed 𝐶𝑆𝑔
• affect the direct detection
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Thermal Relic

• when 𝑆𝑆 → 𝑡  𝑡 is open
• relaxed 𝑟

• larger 𝑦𝑆𝑇 is more helpful

• further suppressed 𝐶𝑆𝑔
• affect the direct detection

𝑆𝑆 → 𝑡  𝑡 , 𝑆𝑆 → 𝑔𝑔

𝑦𝑆𝑇 = 0.3 𝑦𝑆𝑇 = 0.5

𝑦𝑆𝑇 = 1 𝑦𝑆𝑇 = 10
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Direct detection

• large 𝑦𝑆𝑇
• 𝑆𝑆 → 𝑔𝑔 can dominate in light 𝑚𝑆 region

• 𝜎𝑆𝐼 is correlated with Ω𝐷𝑀ℎ
2

• excluded by LUX-2015

• 𝑦𝑆𝑇 ≈ 1
• difficult for XENON-1T

• possibly covered by LZ

• 𝑦𝑆𝑇 < 0.5
• difficult to detect 𝑦𝑆𝑇 = 0.3

0.5

1

10 LUX

XENON − 1T

LZ
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Indirect detection (gamma-ray)

• gamma-ray spectrum
• continuous: dwarf galaxies

• line: galactic region
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Indirect detection (gamma-ray)

• continuous: dwarf galaxies
• [arXiv: 1503.02641, Fermi]

• no 𝑡  𝑡 ?
• rescale from 𝑏 𝑏

• 𝜎𝑣 𝑔𝑔 obtained from 𝑢 𝑢

[arXiv: 1511.04452 F. Giacchino et al]
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Indirect detection (gamma-ray)

• line: galactic region
• [arXiv: 1506.00013, Fermi]

• conversion from 𝑔𝑔 to 𝛾𝛾
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Indirect detection (gamma-ray)

• promising to detect 𝑚𝑆 > 𝑚𝑡

• complementary to DD

• current results just about to test this model

• improved sensitivity can cover wide regions in 𝑚𝑆 > 𝑚𝑡
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Collider search

• 𝑝𝑝 → 𝑇 𝑇 → 𝑡  𝑡 + 𝑀𝐸𝑇
• similar to stop search

• CMS 8 TeV [arXiv: 1504.01398]

𝜒: Dirac fermion
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Collider search

• Validation
• cut efficiency for a wide range of 𝑚𝜒
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Collider search

• Validation
• kinematic variables: 𝐸𝑇 , 𝑚𝑇 , 𝑚𝑇2

𝑊 , 𝑚𝑖𝑛 𝛥𝜙(𝑗1,2,  𝑝𝑇)/ /
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Collider search

• Results
• exclude 𝑚𝑇 from 300 (450)-850 GeV

for 𝑚𝑆 = 0 (200) GeV

• future improvement:
• off-shell 𝑡,𝑊±

• mono-jet
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Combination

• complementarity between DD/ID

• large 𝑦𝑆𝑇: excluded by LUX and Fermi

• perturbative 𝑦𝑆𝑇 ∈ 0.5, 1 : about to be tested in future
𝑦𝑆𝑇 = 0.5 𝑦𝑆𝑇 = 1

7/7/2016 Peiwen Wu (KIAS), SUSY 2016, Melbourne, Australia 27



Conclusion

• Flavored DM is an interesting framework
• rich particle spectrum

• Top-flavored, 3 parameters 𝑦𝑆𝑇 , 𝑚𝑆, 𝑚𝑇

• annihilation: 𝑚𝑆 < 𝑚𝑡: (𝑆𝑇), moderate 𝑚𝑡 : (𝑆𝑆), large 𝑚𝑡: (𝑇 𝑇)

• DD/ID: large 𝑦𝑆𝑇, 𝑆𝑆 → 𝑔𝑔 dominant, excluded by LUX and Fermi
• Complementarity: DD (ID) in 𝑚𝑆 < (>)𝑚𝑡

• Collider: 𝑚𝑇 excluded between 300 (450)-850 GeV for 𝑚𝑆 = 0 (200) GeV

• LHC Run-2 will further test Flavored DM
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Thank you
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Back up
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stop search, CMS
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stop search, EXO vs SUSY in boosted top
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Loop coupling Csg [arXiv: 1502.02244, Junji Hisano et al]
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co-annihilation
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co-annihilation [arXiv: 9704361 Joakim Edsjo et al]
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Direct detection

• parton effective coupling
• ℒ𝑒𝑓𝑓 =  𝑝=𝑞,𝑔 𝐶𝑆

𝑝
𝒪𝑆
𝑝

• 𝒪𝑆
𝑞
= 𝑚𝑞𝑆

2  𝑞𝑞

• 𝒪𝑆
𝑔
=

𝛼𝑠

𝜋
𝑆2𝐺𝐴𝜇𝜈 𝐺𝜇𝜈

𝐴

• nucleon effective coupling

• ℒ𝑆𝐼
(𝑁)

= 𝑓𝑁𝑆
2  𝑁𝑁

• 𝑓𝑁/𝑚𝑁 =  𝑞=𝑢𝑑𝑠 𝐶𝑆
𝑞
𝑓𝑇𝑞
(𝑁)

−
8

9
𝐶𝑆
𝑔
𝑓𝑇𝑔
(𝑁)

• nucleus scattering

• 𝜎 =
1

𝜋

𝑚𝑡𝑎𝑟

𝑚𝑆+𝑚𝑡𝑎𝑟

2
|𝑛𝑝𝑓𝑝 + 𝑛𝑛𝑓𝑛|

2
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Direct detection

• General formalism
• refer to 1502.02244

• Effective Langragian

• DM-parton coupling
• 𝐶𝑆

𝑝
= 𝐶𝑆

𝑝
(𝑦𝑆𝑇 , 𝑚𝑆, 𝑟)

7/7/2016 Peiwen Wu (KIAS), SUSY 2016, Melbourne, Australia 37



Direct detection

• DM-nucleon coupling
• 𝑓𝑁 = 𝑓𝑁(𝐶𝑆

𝑞
, 𝐶𝑆

𝑔
)

• scattering cross section
• 𝜎 = 𝜎(𝑓𝑁, 𝑚𝑆)
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Direct detection

• mass fraction 𝑓𝑇𝑞
𝑁

• quantum mechanics

• expectation value 
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Indirect detection

• General formalism, two factors

• astrophysical

• particle physics

[arXiv: 1108.2914 A.G. Sameth et al]
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Gluon-philic DM [arXiv: 1506.01408 R.M. Godbole et al]
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Gluon-philic DM [arXiv: 1506.01408 R.M. Godbole et al]
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