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Explaining the Baryon Asymmetry 

-Observed baryon asymmetry: 

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

      

-Possible at the electroweak phase transition: 

1. B – violation  
2. C– and  CP–violation 
3. “Arrow of  time” 

YB ≡ nq − nq̄

3s
∼ 10−10
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Electroweak Baryogenesis in SUSY 

SUSY can help… 
New scalars contribute cubic terms to 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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…but the MSSM is in trouble 

Carena et al, 1207.6330 

�φ(Tn)�
Tn

� 1

o  Light stops increase gluon-gluon 
fusion Higgs production cross-section 

 Menon +Morrissey, 0903.3038; however, see 1207.6330 for 
a possible work-around 

o  Highly constrained by direct searches 

 Krizka et al, 1212.4856, Delgado et al, 1212.6847; however, 
see 1303.4414 for a possible work-around  

m�t1 � 117 GeV

Electroweak Baryogenesis in SUSY 

Jonathan Kozaczuk                             4            Pheno, 5/5/2014 



Baryogenesis in the NMSSM 

How about the NMSSM? 

  Tree-level Higgs mass enhancement: 

  No mu problem: 

  New singlet fermion + complex scalar 

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)

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

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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 Cubic terms at tree-level 

 Potentially rich phase transition phenomenology 

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
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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

2



Baryogenesis in the NMSSM 

What are the properties of the PT in viable regions of parameter space? 
 Baryogenesis? Implications for cosmology?  Observable signatures? 

 Focus on regions with: moderately heavy (~1 – 2  TeV) stops, ~125 GeV SM-like Higgs, 
viable DM, spectrum OK w/LHC 

Our method: Effective Field Theory approach 

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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Heavy stops  large logs 

NMSSMTools! 2HD+S 

2HD+S 

CosmoTransitions!

Integrate out stops 

RGEs 

‘Counterterms’ 

M�t

mt

Λ0
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Baryogenesis in the NMSSM 

What we’ve found: 

Variety of  symmetry breaking patterns possible 

-Strong 1st order singlet transitions common.  Occur at higher temperatures 

-Found several points with strong 1st order 1-step EWPT.  Typically large λ, Aλ, small 
tan β, moderate µ  (see e.g. 1309.5091 for other possibilities) 
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Baryogenesis in the NMSSM 

What we’ve found: 

Electroweak baryogenesis can be realized across this region of  parameter space 

Sample point: 

-General feature: new light states (singlet-like scalar/
pseudoscalar; fermions) potentially accessible by LHC 14 
and DM experiments 

BM 1 BM 2 BM 3 BM 4 BM 5

Transition type 1 1 1

Direction s+h s+h s+h

Tn 144.8 138.0 160.5

∆φ/Tn 1.2 138.0 160.5

TABLE IV. Benchmark outputs, first-order transitions

(semi-classical versions of the Louville equations), given in the fluid frame by

∂

∂t
fj + ẋ

∂

∂x
fj + ṗx

∂

∂px
fj = −C[fj] (12)

where C[f ] is a “collision term”, depending on the various interaction rates of j in the

plasma

C[f ] =

�
d3kd3p�d3k�

(2π)9 2Ep2Ep�2Ek�
|M|2 (2π)4δ(p+ k − p� − k�

)

× fpfk(1± fp�)(1± fk�)− fp�fk�(1± fp)(1± fk).

(13)

In the fluid approximation, the perturbations are assumed to take the form for a perfect

fluid,

δj = −
�
δµj +

E

T
(δTi + δTbg) + px (δvi + δvbg)

�
(14)

where the bg subscript corresponds to the perturbations of the background fluid, assumed

to comprise the degrees of freedom with small couplings to the Higgs fields. Inserting this

form of the perturbations back into the Boltzmann equation yields

− f �
0

�
px
E

�
∂xδµj +

E

T
∂x (δTj + δTbg) + px∂x(δvj + δvbg)

�
+ ∂tδµj

+
E

T
∂t (δTj + δTbg) + px∂t (δvj + δvbg)

�
+ TC [δµj, δTj, δvj] = −f �

0

∂tm2
(φ)

2E

(15)

These equations can be recast in the form [41, 45]

A
d

dx
�δ + Γ�δ = F (16)

where A is a matrix with entries ∼ c2,3,4vw, Γ is a matrix involving the various interaction

rates, F is the source term, and �δ is a vector comprising the various δi. Solving the above set

of Boltzmann equations for the various perturbations, the (space-time–dependent) solutions

19
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BM 1 BM 3 BM 4 BM 5

λ 0.64 0.65 0.64 0.72

κ 0.12 0.15 0.15 0.37

Aλ [GeV] 330 300 300 385

Aκ [GeV] -60.5 -35 -33 20

tanβ 1.5 1.7 1.7 1.5

µ [GeV] 180 150 150 195

M1 [GeV] -100 149 149 -162

M �Q3
[TeV] 1.0 1 1.2 1.0

M�U3
[TeV] 1.0 1 1.1 1.0

At = Ab [GeV] 380 500 500 1750

mh [GeV] 126.4 125.7 126.0 124.7

mhs [GeV] 112.0 106.8 107.5 235.6

mas [GeV] 120.9 113.2 110.8 142.6

m�χ0
1
[GeV] 104.8 84.8 84.7 163.9

�χ0
1 composition B H–S–B H–S–B B

Ωh2 0.13 0.11 0.11 0.12

σSI [cm2
] 1.2× 10

−46
6.7× 10

−46
8.1× 10

−46
8.9× 10

−46

�σv� [cm3/s] 1.2×10
−27

3.0×10
−27

3.1× 10
−27

4.0× 10
−28

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

possibilities in the NMSSM. Aside from yielding various strongly first-order phase transitions, pa-

rameters 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). Note that, for the LSP

composition,‘H’, ‘S’, ‘B’ stand for Higgsino-, singlino-, and bino-like, respectively. The wino soft

breaking mass is set to M2 = 600 GeV, 800 GeV, 650 GeV, 600 GeV, 600 GeV for BM 1–5,

respectively.

(semi-classical versions of the Louville equations), given in the fluid frame by

∂

∂t
fj + ẋ

∂

∂x
fj + ṗx

∂
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fj = −C[fj] (12)
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Baryogenesis in the NMSSM 

What we’ve found: 

Bubble walls tend not to run away 
Broken phase vanishes in mean field potential  no runaway solution (Bodeker+Moore, 0903.4099) 

Gravity waves typically not detectable for points we considered 

 EWB looks promising! 

“Mean field potential” 

Effective potential Effective potential 

“Mean field potential” 
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Summary and Conclusions 

o  NMSSM regions with a SM-like 125 GeV Higgs, moderately heavy 
stops, and viable DM can feature strongly 1st order phase transitions 

o  Singlet transitions common – may open the door for alternative 
baryogenesis scenarios  

o  Bubble walls tend not to run away.  Also, other parameters relevant for 
EWB look promising 

o  Much of  the interesting parameter space of  this scenario will be 
probed soon! 
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Backup Slides 
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Constraints on Light Stops 
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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Higgsinos/Singlinos at the LHC 

Trilepton constraints on Higgsino-singlino scenario are substantially weaker  
than usual wino-bino case 
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