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Without baryogenesis, the ‘visible’ 4% would be 
only ∼0.3% (mostly ν ).

• cosmological matter-antimatter 
asymmetry is BSM

• The new physics must couple 
to us

• Cosmology suggests the new 
physics is probably at accessible 
energies 96%

4%

‘Visible’ Stuff Dark Stuff
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Today’s baryons are but a tiny remnant

• 108+1 quarks for every 108 antiquarks created in the very 
early universe

• inflation would erase any initial asymmetry

• Sakharov coined idea of Baryogenesis in 1967 and proposed a 
model with three key ingredients (now known as Sakharov 
conditions)

1. C violation and CP  violation

2. B violation

3. out of equilibrium process in early universe (CPT 
guarantees B=0 in equilibrium)
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Sakharov Conditions  and the Standard Model

✓C and CP violation (but not enough)

✓Baryon number violation (electroweak anomalous 
nonperturbative field configurations known as sphalerons, 
which are common at very high temperature, above 
electroweak phase transition at 100 TeV) 

★ sphalerons conserve B-L

Out of equilibrium (no phase transition for mH=126)

4

Friday, August 2, 2013



Baryogenesis Contenders

• 3 viable proposals which use Lagrangian of  “pre-existing” 
models that were proposed for other reasons

‣ Leptogenesis

‣ Electroweak baryogenesis

‣ Affleck-Dine baryogenesis

• A plethora of other viable proposals which involve theories 
invented primarily for the purpose of baryogenesis and in 
some cases baryogenesis/dark matter
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MeV < The  Scale of baryogenesis < 1016 GeV

• the scale of inflation is an upper bound

➡B mode signature of inflation in CMB

➡some models of baryogenesis or dark matter predict 
isocurvature perturbations in CMB unless inflation scale is 
LOW

• The reheat temperature is a stronger upper bound

• some high reheat scale models have issues with 
overproduction of light particles e.g. gravitinos 

• B-L violation (majorana neutrinos, neutron antineutron 
oscillations) give upper bound on baryogenesis scale)
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Leptogenesis (Fukugita and Yanagida) 

• Heavy, out of equilibrium   
CPV decay of very heavy 
Majorana neutrinos

• electroweak sphalerons 
convert lepton asymmetry 
into baryon asymmetry

• Observable leptogenesis 
consequences: light 
Majorana neutrino mass, 
CPV in neutrino sector 
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From Chen talk, previous session
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Electroweak Baryogenesis 

•  With Higgs discovery, Electroweak Baryogenesis still a well 
motivated and viable possibility, motivating searches for

• Electric Dipole moments

• New bosons  (e.g. light stop)

• New Higgs bosons

• Deviations from SM Higgs properties especially triple Higgs 
coupling
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from Patel, previous session
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recipe for EW baryogenesis model

• need to change the Higgs sector

• strong 1st order phase transition

➡2HDM

➡Higgs singlets

➡new light boson coupled to Higgs (e.g. light right handed 
stop in SUSY)
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New CP Violation
• Cosmology requires  q/( q+ q) ~ 10-8

• EWB comes with   small numbers                                                  
~ rate of baryon number violating events/(volume T4)  
~30αW5~ 10-6

• Effects of new CP phases cannot be suppressed by too many 
small factors 

• CKM phase won’t work because its effects are                    
∝ Vcb Vub Vus (mc2-mu2) (ms2-md2)(mb2-ms2)/T6

• Great news for EDM hunters

• EDM constraints→ small phases affecting Higgs 
Physics
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from Kozaczuk, MSSM EWB
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Affleck-Dine

• SUSY+inflation intrinsic, relies on squark and slepton 
condensates with relatively low energy density (“flat 
directions”).

• “Q-ball” (leftover squark/slepton lumps) dark matter would 
be strong evidence (but not necessary consequence)

• high inflation scale could exclude  (isocurvature fluctuations)

• compatible with low reheat temperature
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Summary

• Cosmology: Inflation+ Dark Matter+Baryogenesis=probable 
new experimentally accessible physics

•  With Higgs discovery, Electroweak Baryogenesis still a well 
motivated and viable possibility, motivating searches for

• Electric Dipole moments

• New bosons  (e.g. light stop)

• New Higgs bosons

• Deviations from SM Higgs properties
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CF6-C
The Fundamental Nature of Spacetime
  Quantum Geometry and The Holographic Universe
                       - slides thanks to Craig Hogan
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