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SUSY: solution to the hierarchy problem, 
Higgs mass and gauge coupling unification

Peccei-Quinn: solution to the strong CP 
problem, relaxes the QCD ϴ angle to zero

Motivated BSM Physics
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Motivated BSM Physics

SUSY and the Peccei-Quinn 
mechanism provide the two best 
motivated dark matter candidates

http://motls.blogspot.com
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SUSY PQ Theories
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The axion a does not come alone…

…but with its superpartners, the saxion and the axino

A =
s+ iap
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Soft masses, very weakly coupled, dramatic effects
Hashimoto, Izawa, Yamaguchi, Yanagida, PLB437 (1998)( hep-ph/9803263); Kawasaki, Nakayama, PRD77 (2008) (arXiv:0802.2487); 

Kawasaki, Kitajima, Nakayama, PRD83 (2011) (arXiv:1104.1262); Asaka, Yanagida, PLB494 (2000) (hep-ph/0006211); 
Baer, Lessa, Sekmen, JCAP1104 (2011) (arXiv:1012.3760); Baer, Lessa, JHEP1106 (2011) (arXiv:1104.4807); 

Bae, Baer, Lessa, Serce, JCAP1410 (2014) (arXiv:1406.4138); Hasenkamp Kersten, PRD82 (2010) (arXiv:1008.1740)
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SUSY PQ Theories

&

Gravitino and Axino DM scenarios for 
theories with both SUSY and PQ?

Observable signatures?
Raymond Co, FD, Lawrence Hall, arXiv:1611.05028 

Today’s Talk

http://motls.blogspot.com
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LSP Dark Matter
Neutralino Freeze-Out Gravitino UV Production

Strumia, Rychkov, PRD75 (2007) (hep-ph/0701104)

Axino Freeze-In Axino UV Production

Strumia, JHEP1006 (2010) (arXiv:1003.5847)
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Present also in the MSSM alone (with their issues…)

Neutralino has to 
be well-tempered

Gravitino abundance and 
late-time decays severely constrained

Arkani-Hamed, Giudice, Delgado, 
NPB741 (2006) (hep-ph/0601041)

Lee, Weinberg, PRL39 (1977)

Strumia, JHEP1006 (2010) (arXiv:1003.5847)

Moroi, Murayama, Yamaguchi, PLB303 (1993)
Kawasaki, Kohri, Moroi, Yotsuyanagi, PRD78 (2008) (arXiv:0804.3745)
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A new R-odd particle in SUSY PQ theories

Both IR and UV axino production mechanisms



Dark Matter in SUSY PQ

LSP Dark Matter
Neutralino Freeze-Out Gravitino UV Production

Strumia, Rychkov, PRD75 (2007) (hep-ph/0701104)

Axino Freeze-In Axino UV Production

⌦(UV)
3/2 h2 ' 0.1 (1GeV/m3/2) (TRH/10

6 GeV)

⌦(UV)
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equilibrium decaying to axinos

Production dominated at TeV scale (IR)
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Ñ
h2 ' 0.1 (1 pb/h�vreli)

⌦(F.I.)
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Axino UV Production

ã Model dependent
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They all contribute to LSP dark matter abundance,
regardless of the LSP nature
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spectrum with 
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makes things worse
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LSP Dark Matter in SUSY PQ:
low TR (no leptogenesis) and large VPQ (axion overproduction)?

Wait… Saxion effects not accounted for!
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Saxion Cosmology
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DM Scenarios
What are the viable DM scenarios in the presence 

of a large dilution by the saxion condensate?

Misalignment 
Axions with 

large VPQ

Remaining 
part of this 
talk: LSP 

dark matter

GUT and PQ broken together (“SaxiGUTs”)

fa =
p
2VPQ/NDW

Raymond Co, FD, Lawrence Hall, PRD94 (2016) (arXiv:1603.04439) 

Raymond Co, FD, Lawrence Hall, arXiv:1611.05028 

• Gravitino and axino two lightest R-odd states
• LOSP freeze-out highly diluted
• R-odd particles produced by processes with 

axino and gravitino in the final state
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✓
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Decays harmless for BBN (gravitino problem solved)
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Two Classes of Spectra
High Scale Mediation 

(“gravity”)
Low Scale Mediation 

(“gauge”)
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High Scale Mediation
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• Vertical Lines: Axino Freeze-In 
(smaller vPQ needs larger sI)

• For sI > 1016 GeV unmodified

• Diagonal Lines: Gravitino UV 
(Ωh2 α TR / VPQ)

• Saxion condensate opens up 
the region at high TR!

ms = 600GeV
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High Scale Mediation
TeV SUSY Spectrum, with axino UV production

• Production always dominated 
by Axino UV production   
(Ωh2 α TR / VPQ3)

• Axinos thermalize in the UV 
for small enough VPQ DA 

• More dilution needed then 
without Axino UV

• Region at high TR still opened!
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High Scale Mediation
TeV SUSY Spectrum, with axino UV production
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TeV SUSY Spectrum, with axino UV production
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Low Scale Mediation

• Gravitino UV production 
enhanced, axino sub-dominant

• Large m3/2: gravitino UV    
with Ωh2 α TR / VPQ

• Low m3/2: gravitinos thermalize

• Very low m3/2:  VPQ small 
enough that axinos thermalize

• TR can still be large!



Displaced Axinos and Gravitinos at Colliders!

TeV SUSY Spectrum, with axino UV production
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Low Scale Mediation
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Outlook
PQ broken during inflation: 

large saxion condensate with dramatic 
effects on dark matter relic density

SUSY PQ Theories

New scheme for gravitino or axino dark matter
• No gravitino problem (LOSP decays before BBN)

• TR can be as high as 1016 GeV!

• Cold and/or warm dark matter

• Axion dark radiation

• Displaced signals at colliders

Raymond Co, FD, Lawrence Hall, arXiv:1611.05028 
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High Scale - DFSZ0
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High Scale - DFSZ0

Displaced Signals
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Displaced Signals
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Low Scale - DFSZ0
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Displaced Signals

Low Scale - DFSZ0
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Low Scale - DFSZ+
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Displaced Signals
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