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supersymmetry (SUSY)

 Motivations for SUSY

・ stabilize quadratic divergence for scalars

・ gauge coupling unification

・ radiative electroweak symmetry breaking (EWSB)  

・ lightest SUSY particle (LSP) is a good dark matter candidate 



supersymmetry (SUSY)

 Motivation for SUSY

・ stabilize quadratic divergence for scalars

・ gauge coupling unification

・ radiative electroweak symmetry breaking (EWSB)  

・ lightest SUSY particle (LSP) is a good dark matter candidate 

 neutralino Dark Matter

・mixed gaugino-higgsino LSP is easily excluded by direct detection

・ the DM is probably purely gaugino-like or higgsino-like

↔
SUSY



higgsino DM

 Motivation for higgsino DM

 The Higgs boson mass 125 GeV 

・Higgs boson mass requires 𝑀𝑠𝑡𝑜𝑝 ≳ 10TeV if Τ𝐴𝑡 𝑀𝑠𝑡𝑜𝑝 ∼ 0

・heavy top squarks tend to lead heavy higgsino
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light higgsino is necessary to explain EWSB without fine-tuning
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Higgs boson mass in NUGM

 Universal Gaugino Masses 

𝑀2 = 𝑀3 ≫ 𝑚0

✓ 125 GeV Higgs boson requires heavy top squark≳ sub TeV

 top squark parameters at 𝑚𝑆𝑈𝑆𝑌 = 1.0TeV
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unification scale

Τ𝐴𝑡 𝑀𝑠𝑡𝑜𝑝 ≃ 6 is necessary to avoid heavy top squark
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Higgs boson mass in NUGM

 top squark parameters at 𝑚𝑆𝑈𝑆𝑌 = 1.0TeV
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 Non-Universal Gaugino Masses (NUGM) 

✓ 𝑚 ሚ𝑡𝑅 𝑚𝑆𝑈𝑆𝑌 decreases, |𝐴𝑡 𝑚𝑆𝑈𝑆𝑌 | increases as 𝑀2 increases

Τ𝐴𝑡 𝑀𝑠𝑡𝑜𝑝 ≲ 6

`07 H.Abe, T.Kobayashi, Y.Omura

𝑀𝑠𝑡𝑜𝑝 ≡ 𝑚 ሚ𝑡𝑅𝑚 ሚ𝑡𝐿
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 RG-running of 𝑚𝐻𝑢
2

higgsino mass in NUGM

𝑀2 ≃ 3.1 × 𝑀3 → 𝑚𝐻𝑢
2 𝑚𝑆𝑈𝑆𝑌 ≃ 𝜇 ≃ 𝑚𝐸𝑊
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large wino mass reduces higgsino mass 𝜇
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 higgsino mass 𝜇 is fixed to satisfy EWSB condition:  
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NUGM is a good scenario for higgsino DM

summary of NUGM 

• higgsino can be light due to large wino mass

• the Higgs boson mass is also enhanced by large wino mass   

• both 𝑚ℎ ∼ 125 GeV and 𝜇 ∼ 𝑚𝐸𝑊 can be achieved 
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scenarios for DM relic abundance

• Ω𝐿𝑆𝑃 = Ω𝑜𝑏𝑠 @ 𝜇 ≃ 1.0TeV and reduces for smaller 𝜇

• dark matter is augmented by other particle w/o changing Ω𝐿𝑆𝑃

 thermal scenario:    Ω𝐿𝑆𝑃 = Ω𝑡ℎ𝑒𝑟𝑚𝑎𝑙 ≤ Ω𝑜𝑏𝑠

 Non-thermal scenario:  Ω𝐿𝑆𝑃 = Ω𝑜𝑏𝑠

• LSP is produced by certain non-thermal production

• DM searches become the most efficient 

We consider “thermal” and “non-thermal” scenarios 



constraints form indirect detection

𝜎𝑣 𝑣=0 is determined by higgsino mass itself

http://www.hap-astroparticle.org/184.php

≃ ෨ℎ0, ෨ℎ±



11

constraints form indirect detection

non-thermal

thermal

- 𝜇 < 300GeV excluded by Fermi-LAT

- 𝜇 < 800GeV excluded by AMS-02

 non-thermal: Ω𝐿𝑆𝑃 = Ω𝑜𝑏𝑠  thermal: Ω𝐿𝑆𝑃 = Ω𝑡ℎ𝑒𝑟𝑚𝑎𝑙

- no constraint on 𝜇

Fermi-LAT, AMS-02, 
(`16 Cooco, Kramer, Tsai, Fan)

softsusy, SDECAY 
micrOMEGA
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direct detection for higgsino LSP

SI cross section
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: gauge-basis

• gaugino masses are crucial for higgsino-gaugino mixing

• sign of 𝜇 is also important for smaller tan𝛽



constraints from direct detection

tan𝛽 = 10
𝑚0 = 1TeV

softsusy+sdecay
+micrOMEGA

• there are significant bounds on 𝑀1 even when 𝑚 ෤𝑔 ≃ 3.2TeV

• SI cross section is on the “neutrino floor” everywhere

`13 Billard, Strigari, Figueroa-Feliciano

non-thermal

𝑀3 = 1.5TeV and 𝑀2 is fixed to realize 𝜇



constraints from direct detection

tan𝛽 = 10
𝑚0 = 1TeV

softsusy+sdecay
+micrOMEGA

• XENON1T fully covers 𝜇 > −100GeV in non-thermal case

• only 𝜇 ≲ 1.0TeV is covered in thermal case

• LHC is sensitive to small 𝜇 , while DD is sensitive to large 𝜇

non-thermal

𝑀3 = 1TeV and 𝑀2 is fixed to realize 𝜇



Summary

• large wino accommodates light higgsino with LHC results

• DM searches directly see gaugino masses

• DM searches give strong bounds if LSP saturates universe

• direct detection and LHC play complemental roles if LSP density 
is determined by thermal process

• relatively large wino helps to avoid limit from direct detection 
when gluino is light   
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backups 



 we assume universal soft mass 𝑚0 and A-term 𝐴0

Higgs boson mass in NUGM

𝑚ℎ = 124 GeV

𝑚ℎ = 126 GeV
no EWSB

𝑀3 = 𝑚0 = 1.0TeV
tan𝛽 = 15

1-loop RGE + 
1-loop RG Higgs mass

𝐴0 = −1.0TeV

𝑚𝑆𝑈𝑆𝑌 ≡ 𝑚 ሚ𝑡1𝑚 ሚ𝑡2 , 𝑟𝑖 = 𝑀𝑖/𝑀3



decays of higgsinos at LHC

 higgsinos are light and degenerate Δm෥𝜒 ≲ 2.0GeV

• decay products are too soft to be reconstructed

• c𝜏 < 𝑂(10−3𝑐𝑚): no dissapearing track unlike pure wino

higgsino search at LHC is not efficient

soft 

soft ATLAS 
collab.

invisible 
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Realization of NUGM

 mixed moduli / anomaly mediation 

 F-terms of non-trivial GUT representations   

 non-universal gauge kinetic function   

𝑏𝑎 =
33

5
, 1, −3

ex ) 𝑀1: 𝑀2: 𝑀3 = 1 ∶ 3 ∶ −2 for 24 of SU(5) 

suitable linear combi. of 𝐹1 and 𝐹24 `12 J.E.Younkin, S.P.Martin

𝑓𝑎 = 𝑐𝑎 + 𝑙𝑎
𝐼 𝑇𝐼 𝑎 = 𝑈 1 𝑌, 𝑆𝑈 2 𝐿, 𝑆𝑈 3 𝐶

`05 K.Choi, K.S.Jeong, K.Okumura
`05 R.Kitano, Y.Nomura



parameter settings

 parameters 

• universal soft mass and A-term:  𝑚0, 𝐴0

• non-universal gaugino masses :  𝑀1, 𝑀2, 𝑀3

• Higgs bilinear, Higgs VEV ratio : 𝜇, 𝐵𝜇, tan𝛽 = Τ𝐻𝑢 𝐻𝑑
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 constraints 

• electroweak symmetry breaking (EWSB) condition

• Higgs boson mass : 𝑚ℎ = 125 GeV

 strategy 

• 𝑀2 and 𝐵𝜇-term are tuned to satisfy EWSB condition

• 𝐴0 is tuned to realize 𝑚ℎ = 125 GeV 



typical mass spectrum

✓ higgsinos are light 

✓ right-handed stop can be lighter than others

✓ most of sparticles are heavy 

• these are determined by gluino mass 𝑀3

2 TeV

1 TeV

100 GeV

෤g, ǁ𝑡2, ෨𝑏1,2, ෤𝑞, ሚ𝑙, ෤𝜒3,4
0 , ෤𝜒2

±

ǁ𝑡1 ≃ ǁ𝑡𝑅

෤𝜒1,2
0 , ෤𝜒1

± ≃ ෨ℎ
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• as a result of  large wino mass



top squark decays

 right-handed top squark is light in NUGM

𝑊𝑀𝑆𝑆𝑀 ∋ 𝑦𝑡 𝑡𝐿 ෨ℎ𝑢
0 − 𝑏𝐿 ෨ℎ𝑢

+ ǁ𝑡𝑅

• top squark decays to 𝑡 + ෤𝜒1,2
0 or 𝑏 + ෤𝜒1

±

• right-handed top squark couples to quark/higgsinos universally

• Br ǁ𝑡1 → 𝑏 ෤𝜒1
± = 1 − Br ǁ𝑡1 → 𝑡 ෤𝜒1,2

0 ≃ 0.5 unless 𝑚 ሚ𝑡1 ≃ 𝑚෥𝜒1
±
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25 % 25 %50 %



top squark search
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✓ signals are tt (25%) / tb (50%) / bb (25%) + MET

✓ bb+MET channel[1]  is sensitive to mass degenerate region

✓ (4 ≥) jets + MET channel[2]  is sensitive to high-stop mass region 

[1] ATLAS-CONF-2015-066 [2] ATLAS-CONF-2016-077

tan𝛽 = 15
𝑚0 = 𝑀3 = 1TeV

softsusy+sdecay+MG5
+pythia6+delphes3

𝐿 = 3.2 𝑓𝑏−1

𝐿 = 13.3 𝑓𝑏−1



gluino search
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✓ gluino decays to top and stop: ෤𝑔 → 𝑡 ǁ𝑡1 → 𝑡 + 𝑡 ෤𝜒1,2
0 /𝑏 ෤𝜒1

±

✓ signals are characterized by 4 bottoms and large MET

✓ 13TeV data [3] cover 𝑚 ෤𝑔 ≤ 1.8TeV for 𝜇 ≤ 800GeV

[3] ATLAS-CONF-2016-052

tan𝛽 = 15
𝑚0 = 1TeV
𝑀1 = 12TeV

softsusy+sdecay+MG5
+pythia6+delphes3

𝐿 = 14.8 𝑓𝑏−1



𝑀1 = 10TeV

𝑀1 = 5TeV




