
A Minimal Supersymmetric Cosmological Model

Ewan Stewart

KAIST

Prometeo I: LHC Physics and Cosmology
4 March 2009

Dept. of Theoretical Physics, University of Valencia

Donghui Jeong, Kenji Kadota, Wan-Il Park, EDS hep-ph/0406136
Gary N Felder, Hyunbyuk Kim, Wan-Il Park, EDS hep-ph/0703275

Richard Easther, John T Giblin, Eugene A Lim, Wan-Il Park, EDS arXiv:0801.4197
Seongcheol Kim, Wan-Il Park, EDS arXiv:0807.3607

http://ific.uv.es/~gabriela/miniworkshop.html
http://arxiv.org/pdf/hep-ph/0406136
http://arxiv.org/pdf/hep-ph/0703275
http://arxiv.org/pdf/0801.4197
http://arxiv.org/pdf/0807.3607


A Minimal Supersymmetric Cosmological Model

Ewan Stewart

KAIST

Prometeo I: LHC Physics and Cosmology
4 March 2009

Dept. of Theoretical Physics, University of Valencia

Donghui Jeong, Kenji Kadota, Wan-Il Park, EDS hep-ph/0406136
Gary N Felder, Hyunbyuk Kim, Wan-Il Park, EDS hep-ph/0703275

Richard Easther, John T Giblin, Eugene A Lim, Wan-Il Park, EDS arXiv:0801.4197
Seongcheol Kim, Wan-Il Park, EDS arXiv:0807.3607

http://ific.uv.es/~gabriela/miniworkshop.html
http://arxiv.org/pdf/hep-ph/0406136
http://arxiv.org/pdf/hep-ph/0703275
http://arxiv.org/pdf/0801.4197
http://arxiv.org/pdf/0807.3607


History of the observable universe

ρ1/4

t

mPl

1011 GeV

103 GeV

100 keV

10 K

tPl

10−28 s

10−13 s

10 min

1010 yr

inflation
density perturbations
gravitational waves?

νR decay baryons?

electroweak transition baryons?
neutralino freeze out neutralino dark matter?

QCD transition axion dark matter?

nucleosynthesis light elements

atom formation microwave background
galaxy formation galaxies

vacuum energy dominates acceleration



History of the observable universe

ρ1/4

t

mPl

1011 GeV

103 GeV

100 keV

10 K

tPl

10−28 s

10−13 s

10 min

1010 yr

inflation
density perturbations
gravitational waves?

νR decay baryons?

electroweak transition baryons?
neutralino freeze out neutralino dark matter?

LHC

QCD transition axion dark matter?

nucleosynthesis light elements

atom formation microwave background
galaxy formation galaxies

vacuum energy dominates acceleration



History of the observable universe

ρ1/4

t

mPl

1011 GeV

103 GeV

100 keV

10 K

tPl

10−28 s

10−13 s

10 min

1010 yr

inflation
density perturbations
gravitational waves?

νR decay baryons?

moduli, gravitinos, . . .

electroweak transition baryons?
neutralino freeze out neutralino dark matter?

QCD transition axion dark matter?

nucleosynthesis light elements

atom formation microwave background
galaxy formation galaxies

vacuum energy dominates acceleration



History of the observable universe

ρ1/4

t

mPl

1011 GeV

103 GeV

100 keV

10 K

tPl

10−28 s

10−13 s

10 min

1010 yr

inflation
density perturbations
gravitational waves?

νR decay baryons?

moduli, gravitinos, . . . disaster

electroweak transition baryons?
neutralino freeze out neutralino dark matter?

QCD transition axion dark matter?

nucleosynthesis light elements

atom formation microwave background
galaxy formation galaxies

vacuum energy dominates acceleration



History of the observable universe

ρ1/4

t

mPl

1011 GeV

103 GeV

100 keV

10 K

tPl

10−28 s

10−13 s

10 min

1010 yr

inflation
density perturbations
gravitational waves?

νR decay baryons?

moduli, gravitinos, . . . disaster

electroweak transition baryons?
neutralino freeze out neutralino dark matter?

QCD transition axion dark matter?

nucleosynthesis light elements

atom formation microwave background
galaxy formation galaxies

vacuum energy dominates acceleration



History of the observable universe

ρ1/4

t

mPl

1011 GeV

103 GeV

100 keV

10 K

tPl

10−28 s

10−13 s

10 min

1010 yr

inflation
density perturbations
gravitational waves?

νR decay baryons?

moduli, gravitinos, . . . disaster

electroweak transition baryons?
neutralino freeze out neutralino dark matter?

QCD transition axion dark matter?

nucleosynthesis light elements

atom formation microwave background
galaxy formation galaxies

vacuum energy dominates acceleration



History of the observable universe

ρ1/4

t

mPl

1011 GeV

103 GeV

100 keV

10 K

tPl

10−28 s

10−13 s

10 min

1010 yr

inflation
density perturbations
gravitational waves?

νR decay baryons?

moduli, gravitinos, . . . disaster

electroweak transition baryons?
neutralino freeze out neutralino dark matter?

QCD transition axion dark matter?

nucleosynthesis light elements

atom formation microwave background
galaxy formation galaxies

vacuum energy dominates acceleration



History of the observable universe

ρ1/4

t

mPl

1011 GeV

103 GeV

100 keV

10 K

tPl

10−28 s

10−13 s

10 min

1010 yr

inflation
density perturbations
gravitational waves?

νR decay baryons?

moduli, gravitinos, . . . disaster

electroweak transition baryons?
neutralino freeze out neutralino dark matter?

QCD transition axion dark matter?

nucleosynthesis light elements

atom formation microwave background
galaxy formation galaxies

vacuum energy dominates acceleration



History of the observable universe

ρ1/4

t

mPl

1011 GeV

103 GeV

100 keV

10 K

tPl

10−28 s

10−13 s

10 min

1010 yr

inflation
density perturbations
gravitational waves?

νR decay baryons?

moduli, gravitinos, . . . disaster

electroweak transition baryons?
neutralino freeze out neutralino dark matter?

QCD transition axion dark matter?

nucleosynthesis light elements

atom formation microwave background
galaxy formation galaxies

vacuum energy dominates acceleration



Moduli problem

Moduli (fields with Planckian expectation values) are cosmologically dangerous. For
example, nucleosynthesis constrains

nΦ

s
. 10−12

In the early universe

H2 (Φ− Φ1)2

m2
susy (Φ− Φ0)2

∼ MPl

nΦ

s
∼ 107

Moduli generated: H . msusy

after

slow-roll inflation: H & minflaton & msusy



Moduli problem

Moduli (fields with Planckian expectation values) are cosmologically dangerous. For
example, nucleosynthesis constrains

nΦ

s
. 10−12

In the early universe

H2 (Φ− Φ1)2

m2
susy (Φ− Φ0)2

∼ MPl

nΦ

s
∼ 107

Moduli generated: H . msusy

after

slow-roll inflation: H & minflaton & msusy



Moduli problem

Moduli (fields with Planckian expectation values) are cosmologically dangerous. For
example, nucleosynthesis constrains

nΦ

s
. 10−12

In the early universe

H2 (Φ− Φ1)2

m2
susy (Φ− Φ0)2

∼ MPl

nΦ

s
∼ 107

Moduli generated: H . msusy

after

slow-roll inflation: H & minflaton & msusy



Moduli problem

Moduli (fields with Planckian expectation values) are cosmologically dangerous. For
example, nucleosynthesis constrains

nΦ

s
. 10−12

In the early universe

H2 (Φ− Φ1)2

m2
susy (Φ− Φ0)2

∼ MPl

nΦ

s
∼ 107

Moduli generated: H . msusy

after

slow-roll inflation: H & minflaton & msusy



Moduli problem

Moduli (fields with Planckian expectation values) are cosmologically dangerous. For
example, nucleosynthesis constrains

nΦ

s
. 10−12

In the early universe

H2 (Φ− Φ1)2

m2
susy (Φ− Φ0)2

∼ MPl

nΦ

s
∼ 107

Moduli generated: H . msusy

after

slow-roll inflation: H & minflaton & msusy



Moduli problem

Moduli (fields with Planckian expectation values) are cosmologically dangerous. For
example, nucleosynthesis constrains

nΦ

s
. 10−12

In the early universe

H2 (Φ− Φ1)2

m2
susy (Φ− Φ0)2

∼ MPl

nΦ

s
∼ 107

Moduli generated: H . msusy

after

slow-roll inflation: H & minflaton & msusy



Moduli problem

Moduli (fields with Planckian expectation values) are cosmologically dangerous. For
example, nucleosynthesis constrains

nΦ

s
. 10−12

In the early universe

H2 (Φ− Φ1)2

m2
susy (Φ− Φ0)2

∼ MPl

nΦ

s
∼ 107

Moduli generated: H . msusy

after

slow-roll inflation: H & minflaton & msusy



Thermal inflation

If
V

1/4
0 ∼ 106 to 107 GeV

which for V0 ∼ m2φ2
0 corresponds to

φ0 ∼ 1010 to 1012 GeV

then

V = V0

+ g2T 2|φ|2

−m2|φ|2 + . . .

Inflation for

V
1/4
0 & T & m

T ∝ e−N so few e-folds

N ∼ ln
V

1/4
0

m

dilution factor ∼ 1020: pre-existing moduli sufficiently diluted,

H ∼ 10−8m: moduli regenerated with sufficiently small abundance,

N ∼ 10: primordial perturbations from slow-roll inflation preserved on large scales,
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Reduction
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Cosmology

MODULI
DOMINATION

THERMAL
INFLATION

FLATON
DOMINATION

RADIATION
DOMINATION

φ = 0

φ > 0

φ ∼ φ0

φ preheats

φ decays

huhd = 0

hd > 0 ⇒ d = e = 0

lhu = 0

lhu > 0

brought back into origin with rotation
⇒ nL < 0

preheating and thermal friction
⇒ NL conserved

l , hu , hd decay
T > TEW ⇒ nL → nB

dilution ⇒ nB/s ∼ 10−10

nucleosynthesis



Simulation

Lattice 1283, box size = 200m−1, Fourier modes 0.033m ≤ k ≤ 3.5m.

CP phase

arg (−B∗Aν) =


π − π

20
CP+

π CP0
π + π

20
CP−

Initial conditions

φ = 4m + δφ

l = l0 + δl

hd = δhd

Constraints

D = ε2 with ε = 4.8× 10−3l0

j0 = 0

Algorithm Adaptive constrained gauge invariant leapfrog type algorithm.
Exactly conserves the constraints and charges, and has good energy
conservation.
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Dark matter candidates
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Dark matter abundance
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1 GeV

)(1011 GeV

φ0

)2

×


1 for Td �

mN

7(
7Td

mN

)7

for Td �
mN

7



Dark matter abundance

Flaton decays late

Td ∼ 10 GeV

(
|µ|

103 GeV

)2 (1011 GeV

φ0

)

Axion Misalignment

Ωa ∼ 0.1

(√
6

N

)1.2 (
φ0

1011 GeV

)1.2

×


1 for Td � 1 GeV(

Td

1 GeV

)2

for Td � 1 GeV

Axino

Flaton decay
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Rich cosmology

MODULI
DOMINATION

THERMAL
INFLATION

FLATON
DOMINATION

RADIATION
DOMINATION

φ = 0

φ > 0

φ ∼ φ0

φ preheats

φ decays

huhd = 0

hd > 0 ⇒ d = e = 0

lhu = 0

lhu > 0

brought back into origin with rotation
⇒ nL < 0

preheating and thermal friction
⇒ NL conserved

l , hu , hd decay
T > TEW ⇒ nL → nB

dilution ⇒ nB/s ∼ 10−10

nucleosynthesis

gravitational waves

dark matter
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Key assumption

m2
LHu

=
1

2

(
m2

L + m2
Hu

)
< 0

Implies a dangerous non-MSSM vacuum with LHu ∼ (109GeV)2 and

λdQLd̄ + λeLLē = −µLHu

eliminating the µ-term contribution to LHu ’s mass squared.

LHu ,QLd̄ , LLē

V

0

our vacuum

another vacuum



Axino LHC signal
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