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Supersymmetry

Theoretically important

• Haag–Łopuszański–Sohnius (HLS) theorem
SUSY is the only way to nontrivially mix 4-D Minkowski spacetime and continuous
internal symmetries,  when both anti-/commutating generators are considered

• necessary for string theory

• may solve the naturalness problem (aesthetical choice)

Phenomenologically rich

• viable DM candidate

• SM gauge coupling unification

• possible origins of exp. anomalies



Nature of DM is still unknow

• cosmological / astrophysical hints of existence of DM are strong

• among various possibilities, particle nature of DM is under search in many experiments

D. Clowe, et al, astro-ph/0608407
Begeman et al, 1991, MNRAS, 249, 523.



Some SUSY particles seems to be heavy

• Esthetical requirement about naturalness problem may need to be relaxed

ATLAS
ATL-PHYS-PUB-2023-005

CMS
SUS-21-008-pas



DM-focused SUSY particle spectrum, concerning exp. results

• High Scale SUSY,   Split SUSY,   other variations...

• most SUSY sparticles are assumed to be heavy 

• all/part of Electroweak-ino sector are light

Energy Scale

~𝑀𝑆𝑈𝑆𝑌

~𝑀𝐸𝑊

{ ෨𝐵, ෩𝑊, ෩𝐻𝑢, ෩𝐻𝑑 }

{ ሚ𝑓, ෨𝐺, 𝐻0, 𝐴0, 𝐻± }



DM-focused MSSM particle spectrum

• High Scale SUSY, Split SUSY, other variations...

• most SUSY sparticles are assumed to be heavy 

• all/part of Electroweak-ino sector are light

Energy Scale

~𝑀𝑆𝑈𝑆𝑌

~𝑀𝐸𝑊

{ ෨𝐵, ෩𝑊, ෩𝐻𝑢, ෩𝐻𝑑 }

{ ሚ𝑓, ෨𝐺, 𝐻0, 𝐴0, 𝐻± }    { ෩𝐻𝑢, ෩𝐻𝑑}

in this work

in this work

in this work



MSSM wino ෪𝑾 DM < 5 TeV is NOT favored by indirect exp.

• High Scale SUSY, Split SUSY, other variations...

• most SUSY sparticles are assumed to be heavy 

• all/part of Electroweak- sector are light

{ ෨𝐵, ෩𝑊, ෩𝐻𝑢, ෩𝐻𝑑 }

{ 𝑞, ሚ𝑙, 𝐻0, 𝐴0, 𝐻± }    { ෩𝐻𝑢, ෩𝐻𝑑}
in this work

MAGIC
2212.10527

excluded



bino ෩𝑩 DM is the opposite,  interacting too weakly with SM

• High Scale SUSY, Split SUSY, other variations...

• most SUSY are assumed to be heavy 

• all/part of Electroweak- sector are light

some Higgsino ෩𝐻𝑢, ෩𝐻𝑑 components
is needed in bino-dominated DM

Abdughani, Wu, Yang
1705.09164

Freeze-Out scenario usually difficult to meet  Freeze-Out too early,
overly abundant



bino ෩𝑩 DM is the opposite,  interacting too weakly with SM

• High Scale SUSY, Split SUSY, other variations...

• most SUSY are assumed to be heavy 

• all/part of Electroweak- sector are light

How about Freeze-In ?

Hall, Jedamzik, March-Russell, West
0911.1120



Freeze-In Bino, UV or IR type ?

• High Scale SUSY, Split SUSY, other variations...

• most SUSY are assumed to be heavy 

• all/part of Electroweak- sector are light

Elahi, Kolda, Unwin
1410.6157

Boltzmann equation

dependence behavior on temperature 𝑇
determines production efficiency



UV Freeze-In:   dim-5,    𝟐 → 𝟐 fusion

• High Scale SUSY, Split SUSY, other variations...

• most SUSY are assumed to be heavy 

• all/part of Electroweak- sector are light

Elahi, Kolda, Unwin
1410.6157

depending on Reheating Temperature 
𝑇𝑅𝐻, sensitive to UV physics, 

Thus UV Freeze-In



UV Freeze-In:   dim-6,    𝟐 → 𝟐 fusion
Elahi, Kolda, Unwin
1410.6157

UV Freeze-In



IR Freeze-In:   decay production
Elahi, Kolda, Unwin
1410.6157

peaks at 𝑥 =
𝑀

𝑇
~3

Not sensitive to 𝑇𝑅𝐻,      IR-dominated production



MSSM setup in this work



Mass spectrum and DM production processes

• High Scale SUSY, Split SUSY, other variations...

• most SUSY are assumed to be heavy 

• all/part of Electroweak- sector are light

Energy
Scale

𝑇𝑅𝐻

𝑀𝑆𝑈𝑆𝑌

𝑂 1  TeV

cosmic 
evolution
𝑡, 1/𝑇



Phenomenology

• to meet the observed DM abundance
• interplay with Big Bang Nuclear-synthesis (BBN)

• collider constraints on Long-Lived particle (LLP)
• disappearing / displaced track

• DM direct/indirect signal
• negligible for bino in our setup



Main results



DM abundance,  mass scale of heavy sector

dim-5

dim-6



DM abundance,  mass scale of heavy sector

if a universal heavy scale is assumed: 𝑂 𝜇 ~𝑂(𝑚 ሚ𝑓)

dim-6 contributions will be negligible

dim-5

dim-6



Wino Freeze-Out effects properly included

For benchmark wino mass 𝑀 ෩𝑊 = 2 TeV

෩𝑊 → ෨𝐵 ℎ contribute 25% (1%) 

to 𝑌 ෨𝐵 for 𝑀 ෨𝐵 = 1 0.1 TeV 

Hall, Jedamzik, March-Russell, West
0911.1120

our case

Beneke, Szafron, Urban
2009.00640



UV & IR feature of different Freeze-In processes

• we focus on dim-5 operators

• Bino mass choice can affect

the specific IR/UV ratio

IRUV

Energy
Scale

cosmic 
evolution
𝑡, 1/𝑇

𝑇𝑅𝐻 𝑂 1  TeV𝑀𝑆𝑈𝑆𝑌



Interplay between DM abundance & BBN: constrained 𝑻𝑹𝑯 range: 

safely fast, generated by loop 

dangerous, 𝝁 cannot be too large 

SUSY electroweak-inos must decay before BBN epoch

not helping decay,

𝛤 has extra 
1

𝜇2
 suppresion



Interplay between DM abundance & BBN: constrained 𝑻𝑹𝑯 range: 

Freeze-In bino scenario imply connection between
the two characteristic scales in MSSM



Collider signal profile 
disappearing track, 𝑀 ෩𝑊 > 0.5 TeV is allowed. our benchmark 𝑀 ෩𝑊 = 2 TeV still allowed 

𝜏 > 𝑂 10−2 𝑠 making 𝜒0 leave the whole detector before decay.
BBN limits on our set-up result in NO displaced vertex at collider. 



Discussion

Higgs sector

• current limits rely on the chosen uncertainty range of SM inputs (e.g. top Yukawa),

relaxing e.g. to 3𝜎 can easily make out setup compatible with 125 GeV Higgs

• fine tuned, as expected

Giudice, Strumia
1108.6077



Discussion

non-universal gaugino masses

• ෨𝐵, ෩𝑊 at 𝑂 1 TeV, ෨𝐺 at high scale:

possible UV completion

• ascribing distinct representations to SUSY breaking superfield Φ

with non-vanishing F-terms, then applying linear combination

• fine tuned, as expected

Martin, 0903.3568



Summary

• Supersymmetry manifests the symmetry faith of modern physics,

but may not meet aesthetical taste in pheno. studies

• if sparticles are heavy, Freeze-In bino can be a simple DM realization

• only gauge couplings involved

• UV / IR features highlighted in cosmic DM production

• linking scales of 𝑀𝑆𝑈𝑆𝑌~10
13−14 GeV and 𝑇𝑅𝐻~10

4−6 GeV

• cosmic history (e.g. BBN) apply further interplay between 𝑀𝑆𝑈𝑆𝑌 and 𝑇𝑅𝐻

which may reveal underlying details of SUSY breaking & inflation 
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