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I. Baryon Asymmetry: General
Considerations



Cosmic Baryon Asymmetry

Standard Model Universe

QCD: 
n+p! nuclei

QCD: 
q+g! n,p…

Astro: stars,
galaxies,..

 e+ + e- ! γ
 q + q  ! γ

How did we go from
nothing to something ?



Cosmic Baryon Asymmetry

 Big Bang Nucleosynthesis:

Light element abundances
depend on YB



Cosmic Baryon Asymmetry

 Cosmic Microwave Bcknd:

Shape of anisotropies
depends on YB



What is the Origin of Matter

?

Baryogenesis: When?
CPV? SUSY? Neutrinos?

 EW Baryogenesis:
testable w/ EDMs +
colliders

Leptogenesis:
less testable,
look for
ingredients w/ νs

Can new TeV scale
physics explain the
abundance of matter ?

If so, how will we
know ?



Ingredients for Baryogenesis

• B violation (sphalerons)

• C & CP violation (BSM)

• Out-of-equilibrium or CPT
violation (BSM)
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Ingredients for Baryogenesis

• B violation (sphalerons)

• C & CP violation (BSM)

• Out-of-equilibrium or CPT
violation (BSM)

Standard Model BSM

✔

✖

✖

✔

✔
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Scenarios: leptogenesis,
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold
baryogenesis, post-
sphaleron baryogenesis…



EW  Baryogenesis: Standard Model

Weak Scale Baryogenesis

• B violation

• C & CP violation

• Nonequilibrium 
dynamics

Sakharov, 1967

Anomalous Processes

Different vacua: Δ(B+L)= ΔNCS
! 

A"

Kuzmin, Rubakov, Shaposhnikov
McLerran,…

Sphaleron Transitions! 

W

! 

W

! 

Jµ
B

! 

qL



EW Baryogenesis: Standard Model

Weak Scale Baryogenesis

• B violation

• C & CP violation

• Nonequilibrium 
dynamics

Sakharov, 1967
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Increasing mh

1st order 2nd order

• CP-violation too weak
• No EWPT

Shaposhnikov



II. Electroweak Phase Transition



EW Phase Transition: New Scalars & CPV
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Increasing mh

New scalars

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches

“Strong”   1st order EWPT

Bubble
nucleation

EWSBYB : diffuses
into interiors

Preserve
YB

initial

Quench
EW sph

EW Phase Transition: New Scalars & CPV



EW Phase Transition: St’d Model
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F1st order 2nd order

Increasing mh

Lattice: Endpoint

S’td Model: 1st order EWPT
requires light Higgs



EW Phase Transition: New Scalars & CPV
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Light RH stop w/ special

MSSM



EW Phase Transition: MSSM
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Increasing mh

New scalars

MSSM: Light RH stops

CCB vac

Carena et al 2008: Higgs
phase metastable



EW Phase Transition: New Scalars
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F

? 

F1st order 2nd order

Increasing mh

New scalars
1st order
EWPT

Decreasing RH stop mass

CCB Vac

Lattice: Laine, Rummukainen

MSSM: Light RH stops

PT: Carena et al,…



EW Phase Transition: Higgs Portal
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F

? 

F1st order 2nd order

Increasing mh

New scalars

< φ >

+…

• Renormalizable 

• φ : singlet or charged 
under SU(2)L x U(1)Y

• Generic features of full theory
(NMSSM, GUTS…)

• More robust vacuum stability

• Novel patterns of SSM



III. CPV: EDMs & Flavor



CPV in EW Baryogenesis
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CPV in EW Baryogenesis

? 

! new

? 

!(x)

Unbroken phase

Broken phase
CP Violation
& Transport

Transport: A Competition

 CPV

Chem Eq

R-M et al

Diffusion



Quantum Kinetic Equations
CPV Sources

Kinetic eq (approx) in Wigner space:

! 

2k " #X G
< k,X( ) = $i M 2 X( ),G< k,X( )[ ] $ 2 k " %,G< k,X( )[ ] + & G k,X( )[ ]

The G(k,X) are matrices in flavor space
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CPV in EW Baryogenesis

? 

! new

? 

!(x)

Unbroken phase

Broken phase
CP Violation
& Transport

Transport: A Competition

 CPV

Chem Eq

R-M et al

Diffusion

MSSM: ~ 30 Coupled Eqns

Thanks: B. Garbrecht

Topological transitions

MSSM: Chung, Garbrecht, R-M, Tulin ‘09

Bubble interior

Bubble exterior

LH leptons

LH quarks
LH fermions

BSM
CPV



Illustrative Study: MSSM

Neutralino Mass Matrix

M1

-µ

M2
-mZ cos β sin θW mZ cos β cos θW

mZ sin β sin θW -mZ sin β sin θW 0

0

0
0

-µ

-mZ cos β sin θW mZ cos β cos θW

mZ sin β sin θW -mZ sin β sin θWMN =

Chargino Mass Matrix

M2

µ
MC =

!cos2mW

!sin2mW

CPV

 sin φµ =  Arg(µM1b*) = Arg(µM2b*)
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Illustrative Study: MSSM

Neutralino Mass Matrix

M1

-µ

M2
-mZ cos β sin θW mZ cos β cos θW

mZ sin β sin θW -mZ sin β sin θW 0

0

0
0

-µ

-mZ cos β sin θW mZ cos β cos θW

mZ sin β sin θW -mZ sin β sin θWMN =

Chargino Mass Matrix

M2

µ
MC =

!cos2mW

!sin2mW T << TEW : mixing
of H,W to χ+, χ0~ ~ ~ ~

T ~TEW : scattering
of H,W from
background field

~~

? 

! new

? 

!(x)

! 

q , ˜ W , ˜ B , ˜ H u,d

T ~ TEW

CPV

Resonant CPV:
M1,2 ~ µ

 sin φµ =  Arg(µM1b*) = Arg(µM2b*)



EDM Probes: EWB Implications
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" sinφCP ~ 1  ! M > 5000 GeV

M < 500 GeV! sinφCP < 10-2

Universal
gaugino
phases

Arg(µMib*) =

Arg(µMjb*)

Cirigliano, R-M, Tulin, Lee ‘06 Ritz CIPANP 09 +

Cirigliano, R-M, Tulin, Lee ‘06
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EDM Probes: EWB Implications

Heavy sfermions: LHC
consistent & suppress
1-loop EDMs

Sub-TeV EW-inos: LHC & EWB -
viable but non-universal phases

• EDMs are 2-loop

• CPV is flavor non-diag

Viable EWB & CPV:



Heavy Sfermions: Two-loop EDMs
One loop EDMs suppressed in heavy
sfermion regime

Li, Profumo, R-M: PRD 78:075009
(2008)

WH Loops dominate for neutron &
comparable to γH, γA for electron

 mA=300 GeV, µ=300 GeV, M2=2M1=290 GeV



EDM Probes: EWB Implications

Heavy sfermions: LHC
consistent & suppress
1-loop EDMs

Sub-TeV EW-inos: LHC & EWB -
viable but non-universal phases

si
n(

µ
M

1b
* )

Li, Profumo, RM

Compatible with
observed YB

Next generation dn

• EDMs are 2-loop

• CPV is flavor non-diag

Viable EWB & CPV:



EDMs & EWB: 2 Loop Regime

Arg(µM1b*) = Arg(µM2b*)/

Weak dependence of
de , dn on Arg(µM1b*)

Res  χ+ EWB not
compatible with dn

Res & non-res  χ0

EWB compatible
with future dn , light
mA,  & moderate
tanβ

Li, Profumo, R-M: PLB
673:95 (2009)



EDM Probes: EWB Implications

Light staus: LHC
consistent & suppress
1-loop EDMs

No CEDM (199 Hg): EWB-viable
but mH ! New scalars for EWPT

Kozaczuk, Wainwright, Profumo, RM

Next gen dn

Compatible with
observed YB

• EDMs are 2-loop

• CPV is flavor non-diag

Viable EWB & CPV:



MSSM Baryogenesis: EDMs & LHC
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MSSM Baryogenesis: EDMs & LHC

baryogenesis

Present  de

LEP II excl

Prospective  dn

Cirigliano, Profumo, R-M

LHC reach

New complete 2-loop MSSM EDM: Li, Profumo, R-M

2008-
2009



MSSM Baryogenesis: EDMs & LHC

baryogenesis

Present  de

LEP II excl

Prospective  dn

Cirigliano, Profumo, R-M

10-28

LHC reach

2010



EDMs: What We May Learn
Present n-EDM limit

Proposed n-EDM limit

Matter-Antimatter
Asymmetry in
 the Universe:

“n-EDM has killed
more theories than
any other single
experiment”
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EDMs: What We May Learn
Present n-EDM limit

Proposed n-EDM limit

Matter-Antimatter
Asymmetry in
 the Universe:

Theory: How robust ?
Can EDMs kill EW
baryogenesis ?

“n-EDM has killed
more theories than
any other single
experiment”

? MSSM



Flavored CPV & EWB

• EDMs are 2-loop

• CPV is flavor non-diag

Viable EWB & CPV:

Liu, R-M, Shu ‘11;
see also Tulin &
Winslow ‘11; Cline
et al ‘11

CPV & 2HDM

? 

!(x)b
s

CP Violation
& Transport

Combination
of Hu,d vevs
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Flavored CPV & EWB

• EDMs are 2-loop

• CPV is flavor non-diag

Viable EWB & CPV:

Liu, R-M, Shu ‘11;
see also Tulin &
Winslow ‘11; Cline
et al ‘11

CPV & 2HDM

 LHCb

 constant nB / s

Largely unexplored:
flavored EWB


