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Baryogenesis in SUSY 

-Observed baryon asymmetry: 

-Microphysical mechanism for generation of  the asymmetry must satisfy the  
“Sakharov conditions”: 

      

-Several possibilities at different scales…  

1.  B – violation  

2. C– and  CP–violation 

3. “Arrow of  time” 

YB ≡ nq − nq̄

3s
∼ 10−10
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Baryogenesis in SUSY 
MP ∼ 1019 GeV

MGUT ∼ 1016 GeV
Mseesaw ∼ 1015 GeV

MEW ∼ 100 GeV

Minflation ∼ ?

• Planck scale:    
• Affleck-Dine:  
• GUT scale:   
• Leptogenesis:   
• Electroweak baryogenesis:   
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Baryogenesis in SUSY 
MP ∼ 1019 GeV

MGUT ∼ 1016 GeV
Mseesaw ∼ 1015 GeV

MEW ∼ 100 GeV

Minflation ∼ ?

∆(B + L) = ∆NCS

First order  Second order 

�φ�

Γws(T � MW ) ∝ (αWT )4

• Planck scale:    
• Affleck-Dine:  
• GUT scale:   
• Leptogenesis:   
• Electroweak baryogenesis:   
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EWB in the SM: 

  B-violation from SU(2) sphalerons 

  CPV from CKM matrix 

  Departure from equilibrium at the EWPT 

Dine+Kusenko, 0303065 

Dine+Kusenko, 0303065 
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Baryogenesis in SUSY 
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J = s12s13s23c12c
2
13c23 sin δ13 → YB ∼ 10−20

EWB in the SM: almost… 

No first order phase transition 

  B-violation from SU(2) sphalerons 

  CPV from CKM matrix 

  Departure from equilibrium at the EWPT 

MP ∼ 1019 GeV

MGUT ∼ 1016 GeV
Mseesaw ∼ 1015 GeV

MEW ∼ 100 GeV

Minflation ∼ ?

• Planck scale:    
• Affleck-Dine:  
• GUT scale:   
• Leptogenesis:   
• Electroweak baryogenesis:   
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Baryogenesis in SUSY 

Sources of  CP-violation? 

Mechanism for strongly 1st order EWPT?  

Need to go beyond the Standard Model… 

Other issues with SM: 

 -Higgs mass put in by hand (quartic coupling).  Extremely sensitive to 
 loop corrections (Hierarchy problem) 

 -No Dark Matter candidate 

Supersymmetry can provide a solution.  What about EWB? 

Bernreuther, 0205279 
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Baryogenesis in SUSY 

Sources of  CP-violation? 

Mechanism for strongly 1st order EWPT?  

          

Supersymmetry can also provide new sources of  
CP-violation and a first order EWPT 

-MSSM has 40 new CP-violating phases 
 (SUSY-breaking masses, couplings, etc)  

-Bosons contribute a cubic term to the finite temperature effective potential 

First order  Second order 

            Increasing          

               additional scalars  
  (new cubic terms)   

mh

Dine+Kusenko, 0303065 

Bernreuther, 0205279 
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Baryogenesis in SUSY 

SUSY EWB is testable today… 

…What do we know, and what will we learn?  

See e.g. Balasz et al, 0412264 
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Computing the Baryon Asymmetry 

-SU(2) sphalerons convert LH density       baryon density   

neglected. However the vev-insertion approximation is expected to characterize the produc-

tion of the BAU to order unity accuracy [32]. Recent studies have worked out the flavor

oscillations in the bubble wall beyond the vev-insertion approximation for a toy model [36],

and found qualitatively similar results to those obtained in the vev-insertion approximation,

including a resonance in the various sources. Although a treatment beyond the vev-insertion

approximation is desirable for an accurate assessment of EWB in the MSSM, since we will

be looking at the baryon asymmetry across a wide range of parameter space with other

inherent uncertainties, we content ourselves with the vev-insertion approximation, deferring

a more detailed analysis including flavor-mixing effects to future study. Our results can thus

be interpreted as a “best case scenario” for EWB with scalar sources in the MSSM, albeit

we also show results that would correspond to a factor 10 smaller net BAU, to guide the

reader to a more conservative interpretation.

Proceeding within the outlined framework for computing the baryon-to-entropy ratio YB,

the weak sphaleron rate Γws is typically much slower than the rates for the creation and

diffusion of the left-handed charge density nL ahead of the EWPT bubble wall. This allows

us to consider separately the diffusion equations for the various (s)particle densities and the

creation of the baryon density nB, which is given, in terms of Γws, nL, and the bubble wall

velocity vw as [20]:

nB =
−3Γws

vw

∫ 0

−∞

dz nL(z)e
15Γws
4vw

z, (2)

where z is the distance from the bubble wall in the wall rest frame (neglecting the wall

curvature) and where the unbroken EW phase corresponds to z < 0. The left handed charge

density nL is given by the sum of the charge densities of the various left-handed quarks and

leptons nL =
∑

(qi + li) where the sum runs over all colors and generations and qi, li denote

the difference of particle and antiparticle densities for each species. The charge densities

entering into the expression for nL are obtained from a set of coupled quantum Boltzmann

equations (described below) which, once solved, allow one to compute nB via Eq. (2).

Detailed derivations of the quantum Boltzmann equations (QBEs) governing the gener-

ation of the BAU have been discussed at length in the existing literature (see e.g. Ref. [32]

for a full treatment) so we do not reproduce them here; in what follows we use the simplified

form of the QBEs discussed in Ref. [23], with some modifications. For each particle species

we can define a corresponding chemical potential µi, which is the fundamental quantity

7

Stongly1st order EWPT  sphalerons quenched 
in broken phase 

-      determined by coupled quantum Boltzmann equations for chemical 
potentials, accounting for all particle-number changing interactions: 
nL

-Schwinger-Dyson  diffusion equations for all relevant particle species: 

nL

entering into the Boltzmann equations, related to its corresponding charge density by

ni =
T 2

6
kiµi +O

(µi

T

)3

, (3)

where we have expanded in µ/T and the statistical weight for the density ki is given by

ki = gi
6

π2

∫ ∞

mi/T

dx
xex

(ex ± 1)2

√

x2 −m2
i /T

2. (4)

Additionally, as we will see in the following sections, for the cases we consider, the so-called

supergauge rates, which drive chemical equilibrium between particles and their superpart-

ners µi ↔ µĩ, are typically faster than the corresponding diffusion timescale τdiff , defined

in terms of the various diffusion constants and k-factors in Ref. [32]. As a result of this

“superequilibrium” condition, one can define common charge densities for the various par-

ticles and their corresponding superpartners: Ui for right-handed up-type (s)quarks, Di for

left-handed down-type (s)quarks, Qi for left-handed (s)quarks, H for the combined Higgs-

Higgsino density, Ri for the right handed (s)leptons, and Li for left-handed (s)leptons (here

i is a generational index). We also use the notation Q ≡ Q3, T ≡ U3, B ≡ D3, L ≡ L3, and

R ≡ R3, while the k-factors for these densities are defined by kI = ki + kĩ. In terms of these

definitions, the fermionic part of the density I (the quantity entering the weak sphaleron

equation for the LH densities) is given by

ni =
ki
kI

I (5)

and the LH fermionic charge density nL is

nL =
3

∑

i=1

kqi
kQi

Qi +
3

∑

i=1

kli
kLi

Li. (6)

Two more observations allow us to reduce the number of equations needed to solve for the

various densities. First, since weak sphalerons are decoupled from the Boltzmann equa-

tions, baryon and lepton number are approximately locally conserved, so that the sum

of all the densities vanishes at a given spacetime point. Second, since the first and sec-

ond generation Yukawa couplings are negligible compared to corresponding couplings for

the third generation, a first and second generation quark charge can arise only through

strong sphalerons, and thus all corresponding charges will be produced in equal number,

i.e. Q1 = Q2 = −2U1 = −2U2 = −2D1 = −2D2. Combined, these two relations imply
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Define common density H for both 
Higgses and Higgsinos 
(superequilibrium); sfermions 
decoupled 

∂µj
µ
i (x) = Si(x, {ni})

Cline, 0609145 
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Computing the Baryon Asymmetry 

Current density depends on all active particle-number changing processes 

∂µJ
µ
i = SCP

i + SCPV
i + Ssph

i
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Computing the Baryon Asymmetry 

Current density depends on all active particle-number changing processes 

∂µJ
µ
i = SCP

i + SCPV
i + Ssph

i

CP-conserving: 

Yukawa and triscalar 
interactions 

      

Chiral relaxation terms 

f1 f2

H H

f̃R f̃L

f̃R f̃Lf1 f2

v(x) v(x)
x x 
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Computing the Baryon Asymmetry 

Current density depends on all active particle-number changing processes 

∂µJ
µ
i = SCP

i + SCPV
i + Ssph

i

CP-conserving: 

Yukawa and triscalar 
interactions 

      

Chiral relaxation terms 

f1 f2

H H

f̃R f̃L

f̃R f̃Lf1 f2

v(x) v(x)
x x 

CP-violating: 

Interactions with 
spacetime varying 
Higgs vevs 

f̃R f̃R

f̃L

v(x) v(y)
x x 

v(x) v(y)
x x 

f2
f1f1

Compute via perturbative “vev-insertion” scheme, neglecting flavor effects 
(results in resonant sources and relaxation rates) Resummed sources: Carena et al, 0011055, 0208043 

          Prokopec et al, 0312110, 0406140 
Flavor effects: Cirigliano et al, 0912.3523, 1106.0747  

Jonathan Kozaczuk                           11            TRIUMF, 12/10/2013 



Computing the Baryon Asymmetry 

Current density depends on all active particle-number changing processes 

∂µJ
µ
i = SCP

i + SCPV
i + Ssph

i

CP-conserving: 

Yukawa and triscalar 
interactions 

      

Chiral relaxation terms 

f1 f2

H H

f̃R f̃L

f̃R f̃Lf1 f2

v(x) v(x)
x x 

CP-violating: 

Interactions with 
spacetime varying 
Higgs vevs 

f̃R f̃R

f̃L

v(x) v(y)
x x 

v(x) v(y)
x x 

f2
f1f1

Sphalerons: 

SU(3) sphalerons 
convert quark 
densities between 
generations 

Non-perturbative 
quantity; lattice 
estimation 

Γss = 6κ� 8

3
α4
sT

κ� ∼ O(1)

Compute via perturbative “vev-insertion” scheme, neglecting flavor effects 
(results in resonant sources and relaxation rates) Resummed sources: Carena et al, 0011055, 0208043 

          Prokopec et al, 0312110, 0406140 
Flavor effects: Cirigliano et al, 0912.3523, 1106.0747  

Jonathan Kozaczuk                           11            TRIUMF, 12/10/2013 



Computing the Baryon Asymmetry 

Current density depends on all active particle-number changing processes 
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B = −(T +Q) so that we can eliminate the set of equations governing the B density as well

as all of the other first and second generation (s)quark densities besides Q1.

Given the above assumptions, the relevant set of Boltzmann equations to consider are:

∂µQ
µ =− Γyt

(

Q

kQ
−

T

kT
+

H

kH

)

− Γyb

(

Q

kQ
+

T +Q

kB
−

H

kH

)

− Γmt

(

Q

kQ
−

T

kT

)

− Γmb

(

Q

kQ
+

T +Q

kB

)

− SCPV
t̃ − SCPV

b̃

− 2Γss

(

2
Q

kQ
−

T

kT
+

Q+ T

kB
+

1

2

2
∑

i=1

[

4
1

kQi

+
1

kUi

+
1

kDi

]

Q1

)

(7)

∂µT
µ = Γyt

(

Q

kQ
−

T

kT
+

H

kH

)

+ Γmt

(

Q

kQ
−

T

kT

)

+ SCPV
t̃

+ Γss

(

2
Q

kQ
−

T

kT
+

Q + T

kB
+

1

2

2
∑

i=1

[

4
1

kQi

+
1

kUi

+
1

kDi

]

Q1

) (8)

∂µQ
µ
1 =− 2Γss

(

2
Q

kQ
−

T

kT
+

Q + T

kB
+

1

2

2
∑

i=1

[

4
1

kQi

+
1

kUi

+
1

kDi

]

Q1

)

(9)

∂µH
µ =− Γyt

(

Q

kQ
−

T

kT
+

H

kH

)

+ Γyb

(

Q

kQ
+

T +Q

kB
−

H

kH

)

+ Γyτ

(

L

kL
−

R

kR
−

H

kH

)

− Γh
H

kH

(10)

∂µL
µ = −Γyτ

(

L

kL
−

R

kR
−

H

kH

)

− Γmτ

(

L

kL
−

R

kR

)

− SCPV
τ (11)

∂µR
µ = Γyτ

(

L

kL
−

R

kR
−

H

kH

)

+ Γmτ

(

L

kL
−

R

kR

)

+ SCPV
τ (12)

We solve these equations in the so-called diffusion approximation, in which one introduces

a diffusion constant for each species Di and assumes ji = Di∇ni. The diffusion constants

we use are those found in Ref. [32]: DQ = DT = DQi
# 6/T , DH # 100/T , DL # 100/T ,

DR # 380/T where T is the EWPT temperature, assumed to be 100 GeV. Note that the

left- and right-handed (s)lepton diffusion constants are different; this is because of the SU(2)

interactions active in the plasma for LH-densities. We neglect this difference for the (s)quark

diffusion constants since DQ,T,Qi
are determined primarily by SU(3) interactions which are

non-chiral.

With our framework in place, we can now compute the various sources and rates based

on previous work in Refs. [21–25, 32] for the stop, sbottom, and stau cases. We assume the

transition temperature Tc = 100 GeV throughout.

9

Compute via perturbative “vev-insertion” scheme, neglecting flavor effects 
(results in resonant sources and relaxation rates) 

Relevant QBEs in the MSSM 

+SCPV

H̃

Resummed sources: Carena et al, 0011055, 0208043 
          Prokopec et al, 0312110, 0406140 

Flavor effects: Cirigliano et al, 0912.3523, 1106.0747  
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Computing the Baryon Asymmetry 

B. Garbrecht 

-Up to  
uncertainties in 
CPV sources 

-VEV insertion 
approximation is 
the most 
optimistic 

O(10)
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Constraints on MSSM EWB 

Both the EWPT and CP-violating sources are highly constrained in the MSSM 
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Constraints on MSSM EWB 

Both the EWPT and CP-violating sources are highly constrained in the MSSM 

MSSM: light stops contribute cubic term to finite-T effective potential 

practice, we do not consider the effects of the implicit gauge-dependence, and therefore our results

will contain gauge artifacts. However, our primary purpose in examining the effective potential is

to estimate whether or not a first-order phase transition is possible, and for this purpose a rough

calculation with gauge-dependence is acceptable.

We calculate the neutralino masses from Eq. (4) above. The scalar mass matrix is given by taking

the second derivative of the tree-level potential, but including CP-odd and charged directions.

This yields a block-diagonal 10× 10 matrix, with blocks consisting of CP-even states (3 degrees of

freedom), CP-odd states (3 degrees of freedom), and two blocks of charged Higgses (4 degrees of

freedom) (see Appendix A for details).

The finite-temperature contributions are

V1(T >0) = V1(T =0) +
T 2

2π2

∑

i

niJ±

(
m2

i

T 2

)
, (18)

where

J±(x
2) ≡ ±

∫ ∞

0

dy y2 log
(
1∓ e−

√
y2+x2

)
(19)

and again the upper (lower) signs correspond to bosons (fermions). At high temperature, the

validity of the perturbative expansion of the effective potential breaks down. Quadratically di-

vergent contributions from non-zero Matsubara modes must be re-summed through inclusion of

thermal masses in the one-loop propagators [36, 37]. This amounts to adding thermal masses to

the longitudinal gauge boson degrees of freedom and to all of the scalars (see Appendix A).

The full one-loop effective potential is

V (hu, hd, s, T ) = V0(hu, hd, s) + V1(T =0) +
T 2

2π2

∑

i

niJ±

(
m2

i

T 2

)
(20)

where the masses m2
i are field-dependent and include thermal mass corrections.

The important qualitative feature of the finite-temperature contribution is that it lowers the

effective potential anywhere m2
i /T

2 is small. To get a strongly first-order phase transition, we need

to sharply lower the potential near the symmetric phase without significantly lowering it in the

broken phase so that the two phases may be degenerate with a sizable barrier. Therefore, a strongly

first-order transition demands either numerous heavy field-dependent particles (such that they are

massless in the symmetric phase and heavy in the broken phase), or a tree-level contribution to

the barrier separating the two phases. In the standard model, the electroweak phase transition is

not strongly first-order. There are no heavy bosons (relative to the Higgs, which sets the relevant

17
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not strongly first-order. There are no heavy bosons (relative to the Higgs, which sets the relevant
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Constraints on MSSM EWB 

Strongly first order EWPT in MSSM from light stop: 

Recent results from lattice simulations suggest the window might be slightly larger  
than from 2-loop results.   

Light stops are highly constrained by LHC… 

Carena et al, 1207.6330 

Laine et al, 1211.7344 

�φ(Tn)�
Tn

� 1
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Constraints on MSSM EWB 

Light stops lead to e.g. increase in gluon-gluon fusion Higgs production cross  
section (Menon +Morrissey 0903.3038) 

Can be ameliorated with a light neutralino, but tenuous  

m�t [GeV]m�t [GeV]

σ
×

B
R

(σ
×

B
R
) S

M

B
R

Carena et al, 1207.6330 

Global fit by Belanger et 
al,1306.2941 
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Constraints on MSSM EWB 
Light stops constrained by LHC searches (Krizka et al, 1212.4856, Delgado et  
al, 1212.6847) 

For                         ,  
relevant decay  
channels are e.g. 
                   ,                ,              

Razor searches in  
particular (unofficially) 
rule out the light stop  
scenario 

Pending official analysis   

May be a small window between 120 GeV and 140 GeV 
if  a light stau allows                  (Carena et al, 1303.4414) 

�t → χ0
1c

�t → χ0
1b�ν

�t → χ0
1bW

+

m�t < mt +mχ0
1

�t → �τ+νb

Delgado et  
al, 1212.6847 
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Constraints on MSSM EWB 

So... 

The light stop scenario in the MSSM is barely holding on 

What about CP-violating sources? 

Jonathan Kozaczuk                           18            TRIUMF, 12/10/2013 



CP-violation either in 3rd generation sfermion sector 

Or Higgsinos + Gauginos: 

Both possibilities have important phenomenological consequences 

charge densities when (s)particles scatter off of the EWPT bubble wall. In the present

study we concern ourselves with scalar sources associated with third-generation (s)quarks

and (s)leptons, as their Yukawa couplings are much larger than those of their first- and

second-generation counterparts. In addition, we focus on the large tanβ regime, where third-

generation down-type Yukawa couplings become comparable to the top Yukawa coupling,

and therefore relevant in scattering off of Higgs fields. The relevant part of the MSSM

Lagrangian describing the associated CP-violating interactions in the gauge eigenstate basis

reads:

L ⊃ ytt̃Lt̃
∗
R(AtH

0
u − µ∗H0∗

d ) + ybb̃Lb̃
∗
R(AbH

0
d − µ∗H0∗

u ) (1)

+ yτ τ̃Lτ̃
∗
R(AτH

0
d − µ∗H0∗

u )− bH0
uH

0
d + h.c.,

where CP-violating phases can arise between the various triscalar couplings Af , µ, and

the Higgs soft mass parameter b. We henceforth denote this phase for species f as φf ≡

Arg(µAfb∗). Without loss of generality, we will assume b to be real so that φf = Arg(µAf)

in what follows.

In addition to the CP-violating sources, there are several CP-conserving processes arising

from Eq. (1) that affect particle number ni for the relevant species in the MSSM. There are

relaxation terms associated with chirality-changing particle scattering off of the Higgs vevs,

with corresponding thermally-averaged rates ΓM
i . There are triscalar and supersymmetric

Yukawa interactions given by Eq. (1) without replacing H0
u,d by their vevs; as discussed

below, the assumption of supergauge equilibrium allows us to combine the rates for both

types of processes which we write as Γyi. For the squarks, there are also SU(3) sphalerons,

with rate Γss, that produce 1st- and 2nd-generation squarks from a 3rd-generation density

and vice-versa. Finally, weak sphalerons ultimately convert the left-handed particle density

nL to a net baryon asymmetry with rate Γws. A complete set of expressions for these various

sources can be found in Refs. [23, 32], to which we refer the Reader for additional details of

the calculation.

We follow Refs. [21–25, 32] and work in the Higgs vev-insertion approximation, in which

it is assumed that the sources in the bubble wall are strongest near the unbroken phase

and where one uses a basis of SU(2) gauge eigenstates, expanding about flavor-diagonal

states in the bubble wall. This approximation tends to overestimate the resulting baryon

asymmetry and clearly breaks down farther inside the wall where flavor mixing cannot be

6

Constraints on MSSM EWB 
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Thermal suppression 
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See e.g. 
Huet + Nelson, 9506477 
JK et al, 1206.4100 
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See e.g. 
Huet + Nelson, 9506477 
Carena et al, 9702409 
Cline et al, 0006119 
… 
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Intensity frontier: 
-Electric Dipole Moments sensitive to CP-violation 

-EDM can be induced at one-loop and beyond.  With heavy sfermions, two-loop contributions can 
still be sizable 

Energy frontier: 
-Collider searches constrain new SUSY degrees of  freedom which must be light ( O (100 GeV) ) to 
avoid thermal suppression near the EWPT 

-Predictions for mass and properties of  observed 126 GeV Higgs affected by new particles 

Cosmic Frontier: 
-Light gauginos for CPV sources have implications for dark matter 

L(C)EDM = − i

2
dEf F

µν f̄σµνγ5f − i

2
dCq G

aµν q̄σµνγ5T
aq

P-odd, T-odd (CP-odd) 

L = −dEf
i

2
ψ̄σµνγ5ψFµνH = −µ

B
f B · S

S
− d

E
f E · S

S

(Chromo-EDM) 

Constraints on MSSM EWB 
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Constraints on MSSM EWB 

Higgsino-gaugino sources 

-Relatively light neutralinos/charginos 
to avoid thermal suppression 

-Resonant structure in VEV-insertion 
scheme 

-Optimistic estimate of  baryon 
asymmetry (keep factor of  10 in 
mind) 

How do these sources fare with the new ACME e-EDM bound? 
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FIG. 1. Regions compatible with resonant chargino-neutralino electroweak baryogenesis, on the

(M1, µ) plane at tan β = 40, for maximal gaugino-higgsino CP-violating phase sinφµ = 1 and for

mA = 300 GeV. The cyan region corresponds to the band in the wall velocity vw shown in the inset.

The red shaded region is excluded by LEP searches for light neutralinos/charginos [20]

right-handed stops, to be heavy, msf ∼ 1−10 TeV. The gaugino masses, which are generally

assumed to be unified to a common mass at some higher scale, typically organize themselves

into patterns given the mechanism of supersymmetry breaking. We follow Ref. [3] and

concentrate for the sake of illustration on two scenarios for our investigation, namely gravity-

mediated SUSY breaking, which yields the pattern M1 ≈ M2/2, and anomaly-mediated

SUSY breaking models (AMSB), for which M2 ≈ M1/3 [19]. These hierarchies and their

implications are discussed in more detail in Sec. III and Sec. IV. In calculating the baryon

asymmetry we typically vary the lightest gaugino mass and µ, focusing on the (M1, µ) plane

for the gravity-mediated case and the (M2, µ) plane for the anomaly-mediated scenario.

We calculate the baryon asymmetry numerically for values of µ, M1,2 between 100 GeV

6

M2=2M1 

M2 ∼ µ
M1 ∼ µ
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Constraints on MSSM EWB 

Higgsino-gaugino sources 

Wino-driven EWB and EWB 
with universal phases 
(tentatively) excluded by 
ACME EDM limits alone! 

Independent of  phase 
transition, collider 
searches, etc.  Also true 
beyond MSSM  

*Implies that Higgsino-gaugino 
 driven EWB is in tension  
 with a good neutralino DM  
 candidate 
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FIG. 2. Left: Regions with a thermal relic neutralino abundance 0.095 < Ωχh2 < 0.13 on the

(M1, µ) plane at tan β = 40, for maximal gaugino-higgsino CP-violating phase sinφµ = 1 and for

mA = 300 GeV (dark green) and mA = 1000 GeV (light green). The black line indicates successful

electroweak baryogenesis for sinφµ = 1 and mA = 300 GeV, as in Fig. 1. Right: Regions of correct

relic abundance, with a lightest stop set at a mass of 102 GeV, again for mA = 300 and 1000 GeV

(darker and lighter green, respectively). The dashed blue line corresponds to the parameter space

where the lightest neutralino has the same mass as the lightest stop. Bounds on the density of heavy

relic charged or colored particles exclude the portion of the parameter space above and to the right

of the dashed blue line, where the stop would be the lightest supersymmetric particle.

soft breaking masses are universal at the grand unification scale. Renormalization group

evolution then dictates, approximately, that M2 ! 3
5
cos2 θW
sin2 θW

M1 ! 2M1.

Having established a relation between the soft-breaking gaugino masses, the mass and

composition of the lightest neutralino only depends on the values of M1 and µ. We begin

exploring the dark matter phenomenology on the (M1, µ) parameter space in Fig. 2. In the

left panel, we calculate the relic density and show regions on the parameter space where the

thermal relic density of the lightest neutralino Ωχ falls in a range consistent with the inferred

dark matter density in the universe [18] (quantitatively, we highlight regions of parameter

13

*Old result; 
Now all excluded 
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FIG. 2. Left: Regions with a thermal relic neutralino abundance 0.095 < Ωχh2 < 0.13 on the

(M1, µ) plane at tan β = 40, for maximal gaugino-higgsino CP-violating phase sinφµ = 1 and for

mA = 300 GeV (dark green) and mA = 1000 GeV (light green). The black line indicates successful

electroweak baryogenesis for sinφµ = 1 and mA = 300 GeV, as in Fig. 1. Right: Regions of correct

relic abundance, with a lightest stop set at a mass of 102 GeV, again for mA = 300 and 1000 GeV

(darker and lighter green, respectively). The dashed blue line corresponds to the parameter space

where the lightest neutralino has the same mass as the lightest stop. Bounds on the density of heavy

relic charged or colored particles exclude the portion of the parameter space above and to the right

of the dashed blue line, where the stop would be the lightest supersymmetric particle.

soft breaking masses are universal at the grand unification scale. Renormalization group

evolution then dictates, approximately, that M2 ! 3
5
cos2 θW
sin2 θW

M1 ! 2M1.

Having established a relation between the soft-breaking gaugino masses, the mass and

composition of the lightest neutralino only depends on the values of M1 and µ. We begin

exploring the dark matter phenomenology on the (M1, µ) parameter space in Fig. 2. In the

left panel, we calculate the relic density and show regions on the parameter space where the

thermal relic density of the lightest neutralino Ωχ falls in a range consistent with the inferred

dark matter density in the universe [18] (quantitatively, we highlight regions of parameter

13
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Constraints on MSSM EWB 

Higgsino-gaugino sources 

Bino-driven EWB slightly more 
subtle 

  EDMs suppressed in this 
case 

  Incompatible with strongly 
first order EWPT via light stop 
scenario 

Recall: 

m�t [GeV]

σ
×

B
R

(σ
×

B
R
) S

M MSSM Bino-driven EWB now excluded 
by stop searches, Higgs production 
rates, and EDMs 
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Constraints on MSSM EWB 

Higgsino-gaugino sources 

What about beyond the light stop scenario? 

OK with current LHC constraints on EWinos 

Bino-driven EWB requires M1~µ  
compressed             spectrum = difficult, 
but not impossible for future searches 
(see e.g. Gori et al, 1307.5952) 

LSP under-abundant, so tough to get at 
with DM constraints 
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FIG. 7. Curves of constant total -ino production cross-section at the LHC for points in the (M1, µ)

plane for the gravity-mediated supersymmetry breaking gaugino mass hierarchy, with
√
s = 7 TeV

(left) and 14 TeV (right), and with tan β = 40, mA = 300 GeV and all other parameters as

discussed in the text. Also shown are regions compatible with resonant chargino-neutralino elec-

troweak baryogenesis, on the (M1, µ) plane for the same values of the other parameters and maximal

gaugino-higgsino CP-violating phase sinφµ = 1.

their production from collisions at the Large Hadron Collider (LHC). All other sparticles in

this picture possess masses in the multi-TeV range and are thus not expected to be produced

in significant numbers at the LHC. The possible exception is the gluino, which would be

naturally expected to have a mass scale comparable to that of the other two gauginos (the

wino and bino). The gluino mass is, however, entirely unrelated to the phenomenology

of EWB, and is thus essentially a free parameter, making it difficult to ascertain sensible

predictions for the LHC based upon gluino production. We therefore only consider the

electroweak -inos, i.e. charginos and neutralinos, in what follows.

We calculate here the leading order (LO) total cross-section for electroweak production

of neutralinos/charginos at the LHC, with all possible pairs of -inos in the final state, for

points in the gaugino-higgsino mass planes suitable for resonant EWB using a modified

version of PROSPINO [39]. We do so for center-of-mass energies
√
s = 7 TeV and 14

22

χ0
1, χ

±,0
1,2
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Constraints on MSSM EWB 

Scalar sources  
Stops and sbottoms excluded by EDM constraints even before the new ACME limit 

   

0 500 1000 1500 2000
MU3 

 [GeV]

500

1000

1500

2000

M
Q

3 
 [G

eV
]

YB=YObs, YB<0
YB=YObs, YB>0
mh0

=115.5 GeV

mt1
=96 GeV

tan!=10, At=250 GeV, µ=1000 GeV

Excluded

|d
n |=3x10 -26

 e cm

|d
e |=1x10 -27

 e cm

~

~

~

|d
Hg |=3x10 -29 e cm

YObs x  0.1

YObs x 10

0 500 1000 1500 2000
MU3

 [GeV]

500

1000

1500

2000

M
Q

3 [G
eV

]

YB=YObs, YB<0
YB=YObs, YB>0
mh0

=115.5 GeV

mt1
=96 GeV

tan!=10, At=100 GeV, µ=1000 GeV

Excluded

|d
n |=3x10 -26 e cm

|d
e |=1x10 -27 e cm

|d
Hg |=1x10 -29 e cm

~

~

~

|d
Hg |=3x10 -29 e cm

FIG. 2. Regions of the stop soft supersymmetry breaking mass parameter space consistent with the

observed value of the baryon asymmetry resulting from stop sources for µ = 1000 GeV, |At| = 250

GeV (Left) and |At| = 100 GeV (Right). Regions shaded blue (green) correspond to YB ≥ YObs

with YB < 0 (YB > 0) for maximal CP-violating phase. The dotted blue contour on the left marks

the region that would be consistent with stop-sourced EWB if the vev-insertion approximation had

underestimated YB by a factor of 10 (we omit this curve in subsequent plots). On the left we also

show, by the darker shaded regions, the parameter space compatible with 10× the observed BAU,

i.e. the allowed regions if the vev-insertion approximation overestimated YB by a factor of 10.

Black shaded regions are excluded by stop mass direct searches; regions to the left of the thick red

line are excluded by LEP Higgs mass bounds in both cases. Current constraints on the electron,

neutron, and 199Hg EDMs are represented by the black dashed-dot, dashed, and dashed-double-dot

lines, respectively, with regions to the left of each line ruled out by null results; the projected future

reaches for de, dn, and dHg measurements are shown in magenta (where applicable). In both cases

here, both the de and dn future sensitivities lie above the plane shown. For the |At| = 250 GeV

case, the Mercury EDM future sensitivity also lies above the plane shown.

the phase φt is not experimentally constrained, either region can lead to the appropriate

overall sign for the baryon asymmetry through an appropriate choice of φt.

16

f f f

H
γ, g

γ, g

�t∼ sinφt

200 400 600 800 1000
MD3

 [GeV]

500

1000

1500

2000

M
Q

3 [G
eV

]

YB=YObs
mb1

=89 GeV

tan!=40, Ab=250 GeV, µ=200 GeV

mh0
=122 GeV

mh0
=121 GeV

|d
Hg |=3x10 -29

 e cm

|d
n |=3x10 -26

 e cm

|d
e |=1x10 -27

 e cm

~

Excluded

~

~

500 1000 1500 2000
MD3

 [GeV]

1000

2000

3000

4000

M
Q

3 [G
eV

]

YB=YObs
mb1

=89 GeV

tan!=40, Ab=1000 GeV, µ=1000 GeV

mh0
=121 GeV

mh0
=120 GeV

|d
n |=3x10 -26 e cm

|d
e |=1x10 -27

 e cm

~

~

~

.

Excluded

FIG. 7. Same as Fig. 6 but for |Ab| = 250 GeV, µ = 200 GeV (Left) and |Ab| = 1000 GeV,

µ = 1000 GeV (Right). For both the |Ab| = 250 and |Ab| = 1000 GeV cases, the future reach of

electron, neutron, and Mercury EDM measurements is expected to probe the entire parameter space

shown. For the |Ab| = 1000 GeV case, the current Mercury EDM constraint already rules out all

of the parameter space shown.

tend to be more stringent.

The behavior of the produced baryon asymmetry and the various constraints in Figs. 6-7

is qualitatively similar to that for the stop-source case: increasing |Ab| or µ leads to larger

regions compatible with the observed baryon asymmetry but strengthens the various EDM

constraints. We note that since the sbottoms have down-type couplings to the Higgs, the

roles of Ab and µ in the mass matrix for the T = 0 sbottoms are reversed relative to the roles

of At and µ for the stops, and as a result, the exclusions from direct searches are primarily

sensitive to µ for the large value of tanβ chosen here. In addition to the cases shown in

Figs. 6-7, we have verified that scenarios for sbottom-sourced EWB with large |Ab| and small

µ are also solidly ruled out by the current 199Hg EDM constraint. We have also checked

that decreasing the strength of the CP-violating phase opens up no additional parameter

space for the sbottom sources (it potentially could have, as the slope of EDM constraints

26
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Constraints on MSSM EWB 

Scalar sources  
Stops and sbottoms excluded by EDM constraints even before the new ACME limit 

 Large hadronic uncertainties 
 now replaced by e-EDM bound    
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FIG. 2. Regions of the stop soft supersymmetry breaking mass parameter space consistent with the

observed value of the baryon asymmetry resulting from stop sources for µ = 1000 GeV, |At| = 250

GeV (Left) and |At| = 100 GeV (Right). Regions shaded blue (green) correspond to YB ≥ YObs

with YB < 0 (YB > 0) for maximal CP-violating phase. The dotted blue contour on the left marks

the region that would be consistent with stop-sourced EWB if the vev-insertion approximation had

underestimated YB by a factor of 10 (we omit this curve in subsequent plots). On the left we also

show, by the darker shaded regions, the parameter space compatible with 10× the observed BAU,

i.e. the allowed regions if the vev-insertion approximation overestimated YB by a factor of 10.

Black shaded regions are excluded by stop mass direct searches; regions to the left of the thick red

line are excluded by LEP Higgs mass bounds in both cases. Current constraints on the electron,

neutron, and 199Hg EDMs are represented by the black dashed-dot, dashed, and dashed-double-dot

lines, respectively, with regions to the left of each line ruled out by null results; the projected future

reaches for de, dn, and dHg measurements are shown in magenta (where applicable). In both cases

here, both the de and dn future sensitivities lie above the plane shown. For the |At| = 250 GeV

case, the Mercury EDM future sensitivity also lies above the plane shown.

the phase φt is not experimentally constrained, either region can lead to the appropriate

overall sign for the baryon asymmetry through an appropriate choice of φt.
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FIG. 7. Same as Fig. 6 but for |Ab| = 250 GeV, µ = 200 GeV (Left) and |Ab| = 1000 GeV,

µ = 1000 GeV (Right). For both the |Ab| = 250 and |Ab| = 1000 GeV cases, the future reach of

electron, neutron, and Mercury EDM measurements is expected to probe the entire parameter space

shown. For the |Ab| = 1000 GeV case, the current Mercury EDM constraint already rules out all

of the parameter space shown.

tend to be more stringent.

The behavior of the produced baryon asymmetry and the various constraints in Figs. 6-7

is qualitatively similar to that for the stop-source case: increasing |Ab| or µ leads to larger

regions compatible with the observed baryon asymmetry but strengthens the various EDM

constraints. We note that since the sbottoms have down-type couplings to the Higgs, the

roles of Ab and µ in the mass matrix for the T = 0 sbottoms are reversed relative to the roles

of At and µ for the stops, and as a result, the exclusions from direct searches are primarily

sensitive to µ for the large value of tanβ chosen here. In addition to the cases shown in

Figs. 6-7, we have verified that scenarios for sbottom-sourced EWB with large |Ab| and small

µ are also solidly ruled out by the current 199Hg EDM constraint. We have also checked

that decreasing the strength of the CP-violating phase opens up no additional parameter

space for the sbottom sources (it potentially could have, as the slope of EDM constraints
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New EDM limit now kills stau sources in the MSSM 

EDM bounds require staus too heavy to allow  

Scalar Sources 
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Constraints on MSSM EWB 

So… 

•  All potential CPV sources in the MSSM now appear to be ruled out by EDM + 
collider constraints required for strongly 1st order PT even in the most 

optimistic estimates of the baryon asymmetry* 

•  Bino- or stau-driven EWB potentially still an option beyond the MSSM light 
stop scenario 

*Possible caveats: cancellations between various EDM contributions, non- 
resonant contribution to CPV source 
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EWB Beyond the MSSM 

Scenarios beyond the MSSM can provide a strongly first order EWPT and  

more available parameter space for CP-violating sources 

Most obvious choice: the NMSSM 

Already has several nice features: 

I. INTRODUCTION

Recent analysis of the Fermi-LAT data from the Galactic Center has uncovered a 130 GeV

gamma-ray line, possibly arising from dark matter annihilation (or decay) []. Subsequent studies

of the data and systematics have shown that this line cannot be simply explained away [], prompting

many to interpret the signal as evidence for dark matter annihilation. Many models have been put

forth to explain the line []...

Problems with ordinary neutralino DM... NMSSM is ok...

While in the MSSM neutralino dark matter is ruled out as a source of the 130 GeV gamma-

ray line, it is possible for NMSSM neutralinos to produce the observed line while satisfying all

other dark matter and particle phenomenology constraints [1]. This is because in the NMSSM,

which we describe below, there can be an s-channel resonant contribution to the annihilation cross

section arising from the diagram shown in Fig. ?? where two ∼ 130 GeV bino-like neutralinos

annihilate into a singlet-like pseudoscalar A1, which then decays into photons via a chargino loop.

For mA1 ∼ 260 GeV, the process is resonant and the resulting cross-section can easily satisfy

�σγγv� � 10
−27

cm
3
/s as required to produce the observed line [].

II. A 130 GEV LINE IN THE NMSSM WITH COMPLEX GAUGINO MASSES

In this section, we briefly review the NMSSM set-up and show how one can choose parameters

consistent with the 130 GeV gamma-ray signal and complex gaugino masses. We follow closely the

strategy of Ref. [1] and consider the simplest incarnation of the NMSSM with a scale-invariant,

Z3-symmetric superpotential:

W = WMSSM|µ=0 + λ�S �Hu
�Hd +

κ

3

�S3
(1)

where hatted quantities denote the corresponding superfields and S is a gauge singlet. The soft

supersymmetry-breaking Lagrangian is given by

−Lsoft
= −Lsoft

MSSM +m
2
S |S|2 +

�
λAλSHuHd +

1

3
κAκS

3

�
+ h.c. (2)

After electroweak symmetry breaking (EWSB), the Higgs and singlet fields obtain vacuum expec-

tation values �Hu� ≡ vu, �Hd� ≡ vd, and �S� ≡ s. As in the MSSM, we denote the ratio of Higgs

vevs as tanβ ≡ vu/vd. The singlet vev generates an effective µ-term in the superpotential given

by µ ≡ λs. We assume that λ, s ∈ R > 0 so that µ is real and there is no CP-violation at tree
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New fermion+complex scalar  

Given our parameter space, the requirements on the bino-like LSP and on A1 lead us to vary M1

and Aλ in the range

135GeV ≤ M1 ≤ 145GeV

150GeV ≤ Aλ ≤ 600GeV.
(10)

For each point in the M1, Aλ parameter space, we use the following strategy to choose values for

the seven remaining parameters:

1. To obtain a Higgs mass of 125 GeV in the NMSSM without excessive tuning in the stop

sector requires relatively large λ and small tan β, as seen from the tree-level inequality:

m2
h1

≤
(
cos2 2β +

2λ2 sin2 2β

g21 + g22

)
m2

Z . (11)

We take tan β in the range 1.7 ≤ tan β ≤ 1.8. In principle λ can be either positive or negative.

We focus on positive λ and consider 0.6 ≤ λ ≤ 0.8 (see, e.g. Ref. [17] for a discussion of the

case of λ < 0). For |λ| much smaller than this value, one must rely heavily on stop loops

to raise the Higgs mass. Also, λ determines the coupling of neutralinos to A1, as well as

the coupling of A1 to photons, and so for much smaller |λ| the neutralino annihilation cross-

section into photons is suppressed. For values λ ! 0.7, λ becomes non-perturbative below

the GUT scale; this can be remedied by including higher-dimension operators resulting from

integrating out new physics which enters below the GUT scale4 (see e.g. Refs. [20, 21] for

explicit implementations of this strategy in similar contexts).

2. The pseudoscalar A1 must be predominantly singlet-like to be compatible with indirect

detection results. The amount of mixing between A1 and the MSSM-like CP-odd Higgs A2

is governed by MP,12 in Eq. (3) and is minimized for

κ ≈ λAλ

2µ
. (12)

Given the relatively large values of λ we consider, we take κ ≥ 0.3. For a given choice of

κ, the A1 −A2 mixing will vary point-by-point in the parameter space under consideration.

Therefore in some regions of parameter space the lightest pseudoscalar can obtain a large

branching ratio into fermions and be incompatible with indirect detection constraints for a

given mass difference
∣∣∣mA1

− 2mχ0
1

∣∣∣. As mentioned above (and discussed in more detail in

Sec. IIB), one can typically dial in the details of the resonance to satisfy these constraints

for a given point, however the BAU does not depend sensitively on this tuning.

4 We will in fact assume that this is the case for our benchmark EWPT point which features λ = 0.75.

9

µ = λvs

Tree-level Higgs mass enhancement 

Potentially no µ problem 
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The NMSSM can support a strongly first order EWPT without a light stop  

FIG. 4. The phase structure for the benchmark point with first-order phase transitions. The dotted line

gives the temperature-dependent singlet field values, and the solid line gives the temperature-dependent Higgs

doublet field values.

the asymptotic values of Ωh2 computed by MicrOmegas away from the resonance and the trend

of the relic density approaching the pole give us confidence that the correct value of the relic

density is achieved in the vicinity of the resonance. Simple analytic estimates also corroborate this

conclusion. The total zero-temperature annihilation cross-section (at tree-level) for our benchmark

point is 〈σv〉 ∼ 3× 10−26 cm3/s, dominated by the resonant A1 → bb̄ channel. The resonant peak

is smoothed out and suppressed at Tf.o. (see Eq. (14)), and so one may be concerned that the

relic density for this point will be too large. However, we have computed the corresponding finite-

temperature thermally-averaged cross-section, and found that adjusting the splitting |mA1
− 2mχ0

|

can indeed provide O(10−26) cm3/s contributions to 〈σv〉T=Tf.o.
while still conforming to indirect

detection constraints. This adjustment should therefore be sufficient to dial in Ωh2 = 0.11. If,

despite this tuning, the relic density remains too large, one can also introduce e.g. a moderately

light stau with MR3
∼ 200 GeV to reduce Ωh2 to its canonical value through co-annihilation. Since

tan β is small, the presence of such a light slepton will not affect the properties of the EWPT.

Thus, we are confident that a proper one-loop calculation of the relic density for the benchmark

point in Table I will yield a relic density compatible with observation, albeit with some possible

believe is unphysical. Since the zero-temperature total-annihilation cross section is of order 〈σv〉 ∼ 10−26 cm3/s,

by the arguments in Sec. II B 1 the thermally averaged cross-section at freeze-out should be smaller than this since

the resonance is effectively shifted. Instead, we find a drop of four orders of magnitude in the relic density which

is quite suspect.
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FIG. 5. A contour plot of the effective potential just below the critical temperature. The electroweak broken

minimum is represented by the dot on the upper-right, while the symmetric minimum is on the lower left.

The actual tunneling happens along the curved solid black line.

minor changes to the parameters or the introduction of a co-annihilation channel which will not

substantially affect the EWPT.

Fig. 4 shows the field evolution as a function of temperature for the benchmark point in Ta-

ble I. This makes the location of the phase transitions obvious: first-order phase transitions can

happen anywhere there is a discontinuous jump in the vacuum expectation values. A second-order

transition, if there were one, would be distinguished by a continuous line of vacuum expectation

values with discontinuous first derivatives.

Fig. 5 shows the field configuration at the critical temperature of electroweak symmetry break-

ing. All three fields — s, hu and hd — change values when tunneling from the high-temperature to

the low-temperature minimum. We calculate the tunneling direction (denoted by a thick black line)

using the CosmoTransitions package, where by “tunneling direction” we mean the path through

field space that one would travel when crossing a bubble wall. The path is curved in the s − hu

and s− hd planes, but is approximately straight in the hu − hd plane (∆β " 1).

While we did not perform a systematic study of the NMSSM parameter space compatible with

a strongly first-order transition (see e.g. Refs. [10, 11] for previous work in this direction), there

are some common traits between the viable points we have found. Restricting ourselves to the case

of positive λ, κ, µ, and Aλ, we find that a strongly first-order phase transition typically requires

λ ! 0.6, κ " 0.6, Aλ ! 500 GeV, and µ " 350 GeV. This seems to be consistent with our intuition:

increasing the strength of the cubic terms in the effective potential and decreasing the singlet vev

tends to strengthen the transition. Note that, for all the points we considered, the transition tends

20

λ 0.75 mA1
[GeV] 261.26

κ 0.45 mχ0
1
[GeV] 130.72

tanβ 1.7 〈σv〉bb̄ [cm3/s] 3.07× 10−26

Aλ [GeV] 545.0 〈σv〉γγ [cm3/s] 1.54× 10−27

Aκ [GeV] -88. 0 σSI
P [pb] 2.8× 10−9

µ [GeV] 275.8 σSD
P [pb] 1.4× 10−6

M1 [GeV] 143.5 EWPT Properties:

M2 [GeV] 635.5 Tc [GeV] 72.3

mh1
[GeV] 126.4 ϕ(Tc)/Tc 1.14

TABLE I. Benchmark Point in the NMSSM with a strongly first-order EWPT and a 130 GeV line. We use

a renormalization scale of Λ = 100 GeV in the effective potential.

Λ such that the one-loop minimum does not drastically differ from its tree-level value. This last

point requires a certain amount of finesse since the top-quark contribution to the zero-temperature

one-loop potential tends to be fairly large. The CosmoTransitions package traces the broken

electroweak phase up in temperature until it disappears, and then traces the symmetric phase

down and checks for an overlap. If there is one, it calculates the temperature of degeneracy (the

critical temperature) and the separation between the phases. If there is no overlap, then the

transition is necessarily second-order.

The region of the NMSSM consistent with the 130 GeV Fermi line can in fact accommodate a

strongly first-order phase transition. The barrier has large tree-level contributions and in particular

does not require an additional light scalar. As a proof of principle, we outline a benchmark point

consistent with a 125 GeV Higgs, 130 GeV Fermi line, and a strongly first-order electroweak

phase transition in Table I. This point has an EWPT at Tc = 72.3 GeV with order parameter

ϕ(Tc)/Tc = 1.14 and is consistent with all other relevant phenomenological constraints 9. The spin-

dependent and –independent neutralino-proton scattering cross-section for the point in Table I is

computed taking σπN = 39 MeV, σ0 = 43 MeV for the strange quark content of the proton

and is thus rather optimistic. Also, note that we do not show the relic density for the specified

point. Since we are near a resonance, as discussed in Sec. II B, the relic density calculation should

be performed to loop level – something which is not implemented in MicrOmegas 10. However,

9 As mentioned previously, we can invoke some higher-dimension operators to render λ perturbative below the GUT

scale.
10 We have also found a suspected numerical issue with the MicrOmegas 2.4.5 calculation of the relic density near

the resonance. There is a very sharp increase in the annihilation cross section right above mA1
= 2mχ0

1
which we
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of tan β. Finally, we have also verified the absence of unphysical global minima of the effective

potential for all points we consider, as well as the absence of Landau poles below the GUT scale,

with the exception of the EWPT benchmark point, for which we take λ = 0.75. As discussed

above, this issue can be remedied with the modest assumption of new physics entering below the

GUT scale.

In summary, Fig. 3 shows that there exist regions of NMSSM parameter space consistent with

a 130 GeV gamma-ray line, a 125 GeV SM-like Higgs, and which can satisfy all relevant dark

matter and experimental particle physics constraints. We can now proceed to investigate the

phenomenology and properties of electroweak baryogenesis in these regions.

III. THE ELECTROWEAK PHASE TRANSITION

Successful electroweak baryogenesis requires a strongly first-order electroweak phase transition.

In the absence of a strongly first-order transition, SU(2) sphaleron processes, which provide the

necessary baryon number violation, are unsuppressed in the broken electroweak phase and tend

to wash out any existing generated baryon asymmetry. The strength of the phase transition can

be parametrized by the order parameter ϕ(Tc)/Tc, where Tc is the critical temperature, defined

as the temperature for which the symmetric and broken phases are degenerate7. To prevent

sphaleron washout requires ϕ(Tc)/Tc ! 1, which we take as the definition of a “strongly first-

order” transition8. As we will show in this section, this requirement can be readily satisfied in the

region of the NMSSM compatible with the 130 GeV gamma-ray line and without relying on a light

stop squark, as is instead typically required in the MSSM [32, 33].

The strength of the electroweak phase transition is governed by the finite-temperature effective

potential, which comprises several parts: the tree-level scalar potential, zero-temperature quan-

tum corrections, finite-temperature quantum corrections, and thermal mass terms. The tree-level

potential comes directly from the superpotential (Eq. (1)) and the soft supersymmetry-breaking

terms (Eq. (2)):

V0(hu, hd, s) =
1

32
(g21 + g22)

(
h2u − h2d

)2
+

1

4
κ2s4 − 1

2
λκs2huhd +

1

4
λ2

(
h2dh

2
u + s2

(
h2d + h2u

))

+

√
2

6
κAκs

3 −
√
2

2
λAλshuhd +

1

2
m2

dh
2
d +

1

2
m2

uh
2
u +

1

2
m2

ss
2. (15)

7 Note that this quantity is not gauge invariant, see e.g. the discussion in Ref. [30, 31].
8 More precisely, one should actually consider the system at the nucleation temperature, Tn. However, the amount

of supercooling in this model is small, and for simplicity we assume that Tn ≈ Tc as in previous work.
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The fields hu, hd, and s are defined by

Hu =
1√
2



 0

hu



 ; Hd =
1√
2



hd

0



 ; S =
1√
2
s. (16)

We assume that the scalar fields are real at all temperatures, and we do not consider charged vacua

(although we do ensure that the potential is stable in the charged and imaginary directions).

Using MS renormalization, the one-loop zero-temperature quantum corrections are

V1(T =0) =
∑

i

±ni

64π2
m4

i

[
log

(
m2

i

Λ2

)
− c

]
, (17)

where m2
i are the (possibly negative) field-dependent mass-squared values, ni are their associated

number of degrees of freedom, Λ is the renormalization scale, and c = 1
2
for the transverse polar-

izations of gauge bosons while c = 3
2 for their longitudinal polarizations and for all other particles.

The plus and minus signs are for bosons and fermions, respectively. The sum over the relevant

particles i include all standard model particles (although we ignore fermions lighter than the bot-

tom quark), the physical Higgs and other scalar particles, their associated Goldstone bosons, the

neutralinos and the charginos. We work in Landau gauge where the ghost bosons decouple and

need not be included in the spectrum. The one-loop potential contains explicit gauge-dependence

which cancels with the implicit gauge-dependence of the vevs at every order in ! (for recent dis-

cussions of gauge dependence in effective potentials, see e.g. Refs. [30, 31, 34, 35]). As is common

practice, we do not consider the effects of the implicit gauge-dependence, and therefore our results

will contain gauge artifacts. However, our primary purpose in examining the effective potential is

to estimate whether or not a first-order phase transition is possible, and for this purpose a rough

calculation with gauge-dependence is acceptable.

We calculate the neutralino masses from Eq. (4) above. The scalar mass matrix is given by taking

the second derivative of the tree-level potential, but including CP-odd and charged directions.

This yields a block-diagonal 10× 10 matrix, with blocks consisting of CP-even states (3 degrees of

freedom), CP-odd states (3 degrees of freedom), and two blocks of charged Higgses (4 degrees of

freedom) (see Appendix A for details).

The finite-temperature contributions are

V1(T >0) = V1(T =0) +
T 2

2π2

∑

i

niJ±

(
m2

i

T 2

)
, (18)

where

J±(x
2) ≡ ±

∫ ∞

0

dy y2 log
(
1∓ e−

√
y2+x2

)
(19)
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Tree-level: 

The fields hu, hd, and s are defined by
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2
for the transverse polar-

izations of gauge bosons while c = 3
2 for their longitudinal polarizations and for all other particles.

The plus and minus signs are for bosons and fermions, respectively. The sum over the relevant

particles i include all standard model particles (although we ignore fermions lighter than the bot-

tom quark), the physical Higgs and other scalar particles, their associated Goldstone bosons, the

neutralinos and the charginos. We work in Landau gauge where the ghost bosons decouple and

need not be included in the spectrum. The one-loop potential contains explicit gauge-dependence

which cancels with the implicit gauge-dependence of the vevs at every order in ! (for recent dis-

cussions of gauge dependence in effective potentials, see e.g. Refs. [30, 31, 34, 35]). As is common

practice, we do not consider the effects of the implicit gauge-dependence, and therefore our results

will contain gauge artifacts. However, our primary purpose in examining the effective potential is

to estimate whether or not a first-order phase transition is possible, and for this purpose a rough

calculation with gauge-dependence is acceptable.

We calculate the neutralino masses from Eq. (4) above. The scalar mass matrix is given by taking

the second derivative of the tree-level potential, but including CP-odd and charged directions.

This yields a block-diagonal 10× 10 matrix, with blocks consisting of CP-even states (3 degrees of

freedom), CP-odd states (3 degrees of freedom), and two blocks of charged Higgses (4 degrees of

freedom) (see Appendix A for details).

The finite-temperature contributions are

V1(T >0) = V1(T =0) +
T 2

2π2

∑

i

niJ±

(
m2

i

T 2

)
, (18)

where

J±(x
2) ≡ ±

∫ ∞

0

dy y2 log
(
1∓ e−

√
y2+x2

)
(19)
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One-loop, T=0: 

One loop, finite T: 

-Larger       
strengthen cubic  
terms 

λ, Aλ

EWB Beyond the MSSM 
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Variety of  symmetry breaking patterns across parameter space consistent  

with current LHC data 

BM 1 BM 2 BM 3 BM 4

λ 0.65 0.63 0.65 0.72

κ 0.20 0.14 0.15 0.37

Aλ [GeV] 380 250 300 385

Aκ [GeV] -95 -120 -33 20

tan β 1.5 1.5 1.7 1.5

µ [GeV] 220 130 150 195

M1 [GeV] -84 145 -93 -161

M
Q̃3

= M
Ũ3

[TeV] 1 1 1 0.8

At = Ab [GeV] 700 700 700 1500

mhSM
, mhs [GeV] 125.7, 146.5 126.3 , 93.1 126.3, 107.2 125.6, 231.4

mas [GeV] 179.5 134.2 112.1 145.2

∆χ2
γγ , , ∆χ2

ff 3.3 1.2 1.2 5.8

mχ̃0
1
[GeV] 88.6 78.6 98.1 162.9

χ̃0
1 composition Bino Higgsino–Singlino Bino Bino

Ωh2 0.12 0.10 0.11 0.12

σSI [cm2] 1.3 × 10−45 2.1× 10−45 2.2 × 10−45 8.8 × 10−46

〈σv〉 [cm3/s] 1.1 × 10−29 6.94×10−28 1.24 × 10−28 4.7 × 10−28

TABLE I. The benchmarks considered in this study exemplifying the different phase transition

possibilities in the NMSSM. Aside from yielding various strongly first-order phase transitions (see

Sec. ??), parameters are chosen to yield a ∼ 125 GeV Higgs with properties compatible with the

resonance observed at the LHC, a viable neutralino dark matter candidate, and with the rest of the

particle spectrum compatible with LHC searches and other constraints (see text).

I. INTRODUCTION

II. THE BENCHMARKS AND THEIR PHENOMENOLOGY

III. COMPUTING THE WALL VELOCITY

We want to get a rough relative estimate. Ignoring hydrodynamics (detonations/deflagrations,

etc), the EOMs for a set of background scalar fields in the plasma are a set of Klein-Gordon

2
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Variety of  symmetry breaking patterns across parameter space consistent  

with current LHC data 

BM 1 BM 2 BM 3 BM 4

λ 0.65 0.63 0.65 0.72

κ 0.20 0.14 0.15 0.37

Aλ [GeV] 380 250 300 385

Aκ [GeV] -95 -120 -33 20

tan β 1.5 1.5 1.7 1.5

µ [GeV] 220 130 150 195

M1 [GeV] -84 145 -93 -161

M
Q̃3

= M
Ũ3

[TeV] 1 1 1 0.8

At = Ab [GeV] 700 700 700 1500

mhSM
, mhs [GeV] 125.7, 146.5 126.3 , 93.1 126.3, 107.2 125.6, 231.4

mas [GeV] 179.5 134.2 112.1 145.2

∆χ2
γγ , , ∆χ2

ff 3.3 1.2 1.2 5.8

mχ̃0
1
[GeV] 88.6 78.6 98.1 162.9

χ̃0
1 composition Bino Higgsino–Singlino Bino Bino

Ωh2 0.12 0.10 0.11 0.12

σSI [cm2] 1.3 × 10−45 2.1× 10−45 2.2 × 10−45 8.8 × 10−46

〈σv〉 [cm3/s] 1.1 × 10−29 6.94×10−28 1.24 × 10−28 4.7 × 10−28

TABLE I. The benchmarks considered in this study exemplifying the different phase transition

possibilities in the NMSSM. Aside from yielding various strongly first-order phase transitions (see

Sec. ??), parameters are chosen to yield a ∼ 125 GeV Higgs with properties compatible with the

resonance observed at the LHC, a viable neutralino dark matter candidate, and with the rest of the

particle spectrum compatible with LHC searches and other constraints (see text).

I. INTRODUCTION

II. THE BENCHMARKS AND THEIR PHENOMENOLOGY

III. COMPUTING THE WALL VELOCITY

We want to get a rough relative estimate. Ignoring hydrodynamics (detonations/deflagrations,

etc), the EOMs for a set of background scalar fields in the plasma are a set of Klein-Gordon

2

BM  1: 

SYM  s 

Tn=195 GeV 

∆φ

Tn
= 1.3
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Variety of  symmetry breaking patterns across parameter space consistent  

with current LHC data 

BM 1 BM 2 BM 3 BM 4

λ 0.65 0.63 0.65 0.72

κ 0.20 0.14 0.15 0.37

Aλ [GeV] 380 250 300 385

Aκ [GeV] -95 -120 -33 20

tan β 1.5 1.5 1.7 1.5

µ [GeV] 220 130 150 195

M1 [GeV] -84 145 -93 -161

M
Q̃3

= M
Ũ3

[TeV] 1 1 1 0.8

At = Ab [GeV] 700 700 700 1500

mhSM
, mhs [GeV] 125.7, 146.5 126.3 , 93.1 126.3, 107.2 125.6, 231.4

mas [GeV] 179.5 134.2 112.1 145.2

∆χ2
γγ , , ∆χ2

ff 3.3 1.2 1.2 5.8

mχ̃0
1
[GeV] 88.6 78.6 98.1 162.9

χ̃0
1 composition Bino Higgsino–Singlino Bino Bino

Ωh2 0.12 0.10 0.11 0.12

σSI [cm2] 1.3 × 10−45 2.1× 10−45 2.2 × 10−45 8.8 × 10−46

〈σv〉 [cm3/s] 1.1 × 10−29 6.94×10−28 1.24 × 10−28 4.7 × 10−28

TABLE I. The benchmarks considered in this study exemplifying the different phase transition

possibilities in the NMSSM. Aside from yielding various strongly first-order phase transitions (see

Sec. ??), parameters are chosen to yield a ∼ 125 GeV Higgs with properties compatible with the

resonance observed at the LHC, a viable neutralino dark matter candidate, and with the rest of the

particle spectrum compatible with LHC searches and other constraints (see text).

I. INTRODUCTION

II. THE BENCHMARKS AND THEIR PHENOMENOLOGY

III. COMPUTING THE WALL VELOCITY

We want to get a rough relative estimate. Ignoring hydrodynamics (detonations/deflagrations,

etc), the EOMs for a set of background scalar fields in the plasma are a set of Klein-Gordon

2

BM  2: 

SYM  s+h 

Tn=58.2 GeV 
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∆φ

Tn
= 6.6
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Variety of  symmetry breaking patterns across parameter space consistent  

with current LHC data 

BM 1 BM 2 BM 3 BM 4

λ 0.65 0.63 0.65 0.72

κ 0.20 0.14 0.15 0.37

Aλ [GeV] 380 250 300 385

Aκ [GeV] -95 -120 -33 20

tan β 1.5 1.5 1.7 1.5

µ [GeV] 220 130 150 195

M1 [GeV] -84 145 -93 -161

M
Q̃3

= M
Ũ3

[TeV] 1 1 1 0.8

At = Ab [GeV] 700 700 700 1500

mhSM
, mhs [GeV] 125.7, 146.5 126.3 , 93.1 126.3, 107.2 125.6, 231.4

mas [GeV] 179.5 134.2 112.1 145.2

∆χ2
γγ , , ∆χ2

ff 3.3 1.2 1.2 5.8

mχ̃0
1
[GeV] 88.6 78.6 98.1 162.9

χ̃0
1 composition Bino Higgsino–Singlino Bino Bino

Ωh2 0.12 0.10 0.11 0.12

σSI [cm2] 1.3 × 10−45 2.1× 10−45 2.2 × 10−45 8.8 × 10−46

〈σv〉 [cm3/s] 1.1 × 10−29 6.94×10−28 1.24 × 10−28 4.7 × 10−28

TABLE I. The benchmarks considered in this study exemplifying the different phase transition

possibilities in the NMSSM. Aside from yielding various strongly first-order phase transitions (see

Sec. ??), parameters are chosen to yield a ∼ 125 GeV Higgs with properties compatible with the

resonance observed at the LHC, a viable neutralino dark matter candidate, and with the rest of the

particle spectrum compatible with LHC searches and other constraints (see text).

I. INTRODUCTION

II. THE BENCHMARKS AND THEIR PHENOMENOLOGY

III. COMPUTING THE WALL VELOCITY

We want to get a rough relative estimate. Ignoring hydrodynamics (detonations/deflagrations,

etc), the EOMs for a set of background scalar fields in the plasma are a set of Klein-Gordon

2

BM  3: 

SYM  s  h 

Tn=112 GeV, 110 GeV 

EWB Beyond the MSSM 

∆φ

Tn
= 1.1, 2.12
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Variety of  symmetry breaking patterns across parameter space consistent  

with current LHC data 

BM 1 BM 2 BM 3 BM 4

λ 0.65 0.63 0.65 0.72

κ 0.20 0.14 0.15 0.37

Aλ [GeV] 380 250 300 385

Aκ [GeV] -95 -120 -33 20

tan β 1.5 1.5 1.7 1.5

µ [GeV] 220 130 150 195

M1 [GeV] -84 145 -93 -161

M
Q̃3

= M
Ũ3

[TeV] 1 1 1 0.8

At = Ab [GeV] 700 700 700 1500

mhSM
, mhs [GeV] 125.7, 146.5 126.3 , 93.1 126.3, 107.2 125.6, 231.4

mas [GeV] 179.5 134.2 112.1 145.2

∆χ2
γγ , , ∆χ2

ff 3.3 1.2 1.2 5.8

mχ̃0
1
[GeV] 88.6 78.6 98.1 162.9

χ̃0
1 composition Bino Higgsino–Singlino Bino Bino

Ωh2 0.12 0.10 0.11 0.12

σSI [cm2] 1.3 × 10−45 2.1× 10−45 2.2 × 10−45 8.8 × 10−46

〈σv〉 [cm3/s] 1.1 × 10−29 6.94×10−28 1.24 × 10−28 4.7 × 10−28

TABLE I. The benchmarks considered in this study exemplifying the different phase transition

possibilities in the NMSSM. Aside from yielding various strongly first-order phase transitions (see

Sec. ??), parameters are chosen to yield a ∼ 125 GeV Higgs with properties compatible with the

resonance observed at the LHC, a viable neutralino dark matter candidate, and with the rest of the

particle spectrum compatible with LHC searches and other constraints (see text).

I. INTRODUCTION

II. THE BENCHMARKS AND THEIR PHENOMENOLOGY

III. COMPUTING THE WALL VELOCITY

We want to get a rough relative estimate. Ignoring hydrodynamics (detonations/deflagrations,

etc), the EOMs for a set of background scalar fields in the plasma are a set of Klein-Gordon

2

BM  4: 

s  h 

Tn=106 GeV 

∆φ

Tn
= 1.1
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NMSSM also allows for additional sources of  CP-violation 

  Gaugino-Higgsino-, stau-sourced explicit CPV (now with µ  µ(x) ) 
   E.g. JK et al, 1302.4781 

  “Transitional CPV”: CP-violating high-T minimum (no EDM contribution) 

   Huber et al, 0003122  

    

   Spacetime-dependent CP phase 
   Huber et al, 0606298 

  Singlino-sourced explicit CPV 

   Cheung et al, 1201.3781 

   

Rich phenomenology in both EWPT and CPV possibilities worth (re-)exploring   

EWB Beyond the MSSM 
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MSSM Electroweak baryogenesis appears to be ruled out.   

Pending: 
  Incorporating non-resonant CPV sources  

  Consideration of  potential cancellations in EDM contributions 

  More systematic treatment of  uncertainties 

NMSSM regions compatible with 125 GeV Higgs, LHC, and DM  
can have a rich phenomenology for EWB. 

•  Strongly 1st order EWPT from singlet without light stop 

•  New sources of  CPV not present in MSSM (worth re-exploring) 

Conclusions 
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Backup Slides 
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Constraints on MSSM EWB 

Both the EWPT and CP-violating sources are highly constrained in the MSSM 
Strongly first order EWPT in MSSM from light stop 

New results from lattice simulations suggest the window might be slightly larger than from 2-loop 
results: 

Carena et al, 1207.6330 

Laine et al, 1211.7344 

�φ(Tn)�
Tn

� 1

Leads to e.g. increase in gluon-gluon fusion 
Higgs production cross-section (Menon  
+Morrissey 0903.3038) 

Can be ameliorated with light (~60 GeV)  
neutralino (Carena et al, 1207.6330) 
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Constraints on MSSM EWB 

Light stop  too large ggf  production cross-section 

Jonathan Kozaczuk                           39            TRIUMF, 12/10/2013 

Carena et al, 1207.6330 

Global fit by Belanger et 
al,1306.2941 



Putting it all together: 

200 400 600 800 1000

M2 [GeV]

200

400

600

800

1000

M
1
[G

eV
]

un
de
r-
ab
un
da
nc
e
of
W
in
o-
lik
e
D
M

mχ± < 103 GeV

Experimentally viable regions
with resonant sources only
mA = 500 GeV

excl. by Xenon100

1x BAU
0.1x BAU

200 400 600 800 1000

M2 [GeV]

200

400

600

800

1000

M
1
[G

eV
]

un
de
r-
ab
un
da
nc
e
of
W
in
o-
lik
e
D
M

mχ± < 103 GeV

Experimentally viable regions
with resonant sources only
mA = 1000 GeV

excl. by Xenon100

1x BAU
0.1x BAU

FIG. 9. A summary plot for the parameter space of accidental supersymmetry compatible with

successful electroweak baryogenesis, constraints from EDMs and dark matter searches. The green

regions correspond to regions that produce 100% of the BAU and that are compatible with EDM

searches; within the light blue regions, CP-violating phases compatible with EDM constraints yield

a BAU greater or equal to 10% of the observed value. We shade in gray the portion of parameter

space ruled out by direct dark matter searches with Xenon100 [60], and as in all other plots we set

mA = 500 GeV in the left panel and 1000 GeV in the right panel.

• the heavy Higgs sector must be below 1 TeV (no viable parameter space is open for

mA
>∼ 1 TeV, see the right panel of Fig. 9 and 10) and lies within approximately 20-25%

of twice the lightest neutralino mass (to comply with direct detection constraints)

Fig. 9 shows the allowed parameter space that is consistent with the observed dark

matter relic abundance, electroweak baryogenesis, EDM constraints, and dark matter direct

detection constraints, ignoring the contribution of non-resonant sources. As in all other plots,

at each point on the M1–M2 plane, µ is set to give the correct dark matter abundance. The

phases φM1 = φM2 are set to the maximal value compatible with EDM searches. The green

central region is consistent with all of the baryon asymmetry coming from the electroweak

phase transition, whereas in the larger blue regions electroweak baryogenesis would only

account for a fraction of the asymmetry, at least 10%, unless a correction of order unity is

29

Fix phase to 
evade EDM 
constraints 
(where possible) 

200 GeV � m�χ1 � 500 GeV

m�χ1 � mA/2 with mA � 700 GeV

All other neutralinos/charginos within a factor of  2 of   m�χ1

successful EWB and a viable DM candidate, as long as: 

(within 20%) 

*Also verified that non-resonant (resummed) sources do not open up additional parameter space 
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