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Motivation

MSSM

 Dark Matter relic density
 Light element abundances
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T. Jittoh et al., PRD 84, 035008 (2011)

T. Jittoh et al.(2010, 2011), K. Kohri et al.(2012)

 Dark Matter relic density
 Light element abundances

 Higgs boson mass

NMSSM



LSP : Bino-like neutralino 

⌧̃NLSP : Stau
(Next-to-Lightest one)

�̃0(' B̃0)
(Lightest SUSY Particle)

 Stau coannihilation

... degenerated in mass

NLSP annihilations are also contribute to LSP DM annihilation.

Stau LSP 

J. Ellis et al., JCAP 1110 (2011) 024 

Suitable relic density can be obtained.

�m       must satisfy                        .�m/m�̃0 < 1%

 If
stau becomes long-lived.
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Introduction -DM candidate in MSSM-
DM candidate

�m < m⌧



Lifetime [sec] 

2-body decay 
  

3-body decay 
 

4-body decay 
 

10-8 sec 

10-19 sec 

1 sec 

Staus affect BBN 

T. Jittoh et al., PRD 73 (2006) 055009 

Introduction  - long-lived stau -

⌧̃ ⌧̃



c2e + c2µ + c2⌧ = 1l̃ =
X

f=e,µ,⌧

cf f̃⌧̃

larger cµ and/or ce shorter ⌧l̃

 Generalize the stau to be mixed state, ‘slepton’

flavor violating 2-body decays are allowed!
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cµ 6= 0, �m > mµ

µ

shorten the slepton lifetime

Introduction - flavor mixing of the stau -

�m<m⌧
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T. Jittoh et al., PRD76, 125023 (2007)... reduce resultant abundance of 7Li

⇠ O(103) sec to form bound states

7Li problem
... theor. > obs. for 7Li abundance in the standard BBN

A solution by exotic BBN reaction with long-lived slepton

 Internal Conversion

Introduciton - 7Li problem and a solution - 

must have enough long lifetime and sufficient relic density.
... at least, and for �m ⇠ 100MeV

l̃

⌧l̃ ⇠ 103sec Yl̃ = nl̃/s ⇠ 10�13

(7Be l̃�) ! 7Li + �̃0
1 + ⌫l

(7Li l̃�) ! 7He + �̃0
1 + ⌫l

T ⇠ (1� 0.01)MeV
, t ⇠ (1� 103)sec

BBN era



Allowed region in MSSM

MSSM

 Dark Matter relic density
 Light element abundances

T. Jittoh et al.(2010, 2011), K. Kohri et al.(2012)

 Dark Matter relic density
 Light element abundances

 Higgs boson mass

NMSSM
�m (= ml̃ �m�̃0) [GeV]
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With flavor mixing

Y
l̃�



 Parameters in the Higgs sector

Higgs boson mass
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 Superpotential and soft SUSY breaking terms

�, , A�, A, tan� ⌘ hHui/hHdi, µe↵ ⌘ �s (s = hSi)

NMSSM (Z3-invariant)

+�2v2 sin 2� � �2

2
v2(��  sin 2�)2



 Mass eigenstates
�̃0
i = NiB̃0B̃

0 +NiW̃ 0W̃
0 +NiH̃0

d
H̃0

d +NiH̃0
u
H̃0

u +NiS̃0 S̃0

 Mass matrix

µe↵ = �s, µ� = �v, µ = 2s

0

BBBB@

M1 0 � cos� sin ✓WmZ sin� sin ✓WmZ 0

M2 cos� cos ✓WmZ � sin� cos ✓WmZ 0

0 �µe↵ �µ� sin�
0 �µ� cos�

µ

1

CCCCA

 We consider two cases;

Neutralinos in NMSSM

• Singlino-like neutralino LSP … not exist in MSSM
• Bino-like neutralino LSP … almost same as one in MSSM



 GL1 and GR1 are typically small comparing to those in the case of 
bino-like neutralino LSP.

�, , tan� Parameters :

 Longer timescale of Internal Conversion (      )⌧IC

Singlino-like neutralino LSP

 Longer lifetime of the slepton (     )⌧l̃

�L�̃0
1-l-l̃

= l̃⇤�̃0
1(GL1PL +GR1PR)l + h.c.

 Interaction relevant to the slepton decay

GL1 =

mlg2p
2mW cos�

sin ✓le
i�lN1H̃0

d
,

GR1 =

mlg2p
2mW cos�

cos ✓lN1H̃0
d
,



Bino-like neutralino LSP

�, tan�, s Parameters :

 Interaction relevant to the slepton decay

 The second terms are typically small comparing to the first terms 
in GL1 and GR1.

N1H̃0
d
! 0(                              same as in bino neutralino in MSSM)

include NMSSM parameters 
(do not depend on    )

�L�̃0
1-l-l̃

= l̃⇤�̃0
1(GL1PL +GR1PR)l + h.c.

GL1 =

g2p
2

tan ✓W cos ✓l �
mlg2p

2mW cos�
sin ✓le

i�lN1H̃0
d
,

GR1 =

p
2g2 tan ✓W sin ✓le

i�l
+
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2mW cos�
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Strategy NMSSM

 Dark Matter relic density
 Light element abundances

 Higgs boson mass

 2. Select several points allowed from phenomenology

3. Confirm the points to give suitable light element abundances

1. Search for allowed region on        plane�-

 Theoretical constraints : 
lifetime of the slepton 
timescale of the internal conversion processes

⌧l̃
⌧IC

NMSSMTools
U. Ellwanger,  C.Hugonie

 Phenomenological constraints : 
the Higgs boson mass 
DM relic density 
etc.

mh

⌦DMh2

 Nuclear network calculation (show the results on             plane)�m-Yl̃�



• Rate of dominant component in the LSP neutralino

… for singlino-like LSP

• Lifetime of the slepton

... to avoid over-production of 6Li.
... to form bound state with nuclei for IC.

• Timescale of the Internal Conversion

... to reduce enough amount of 7Li.

Theoretical constraints

… for bino-like LSP

N2
1S̃

> 0.9

N2
1B̃

> 0.9

103sec <⌧l̃ < 105sec

⌧IC < 0.1⌧l̃

A solution of  
the 6Li problem 
( theor.       obs. )<

 Catalyzed Fusion ⌧CF ⇠ O(104)sec

(4He l̃�) + D ! 6Li + l̃�



Phenomenological constraints
• Dark matter relic density

• Higgs boson mass

mh = 125.0± 3 GeV

0.1118  ⌦DMh2  0.1280 (3�) by Planck Collaboration

… uncertainty among calculation codes
( NMSSMTools, SPheno, etc.. )

We also check              , and branching ratios of rare decays  
                    and               calculated by NMSSMTools.

(g � 2)µ
Bs ! µ+µ� b ! s�



Results

Case 1. Singlino-like LSP, small        region�-



 Larger    , and/or           , smallertan� �

m�̃0
1
= 350 GeV

�m = 0.1 GeV

sin ✓l = 0.8

�l = 0

ce = 10�4.5

larger GL1 shorter     and ⌧IC⌧l̃

1. The region allowed from theoretical constraints

103sec <⌧l̃ < 105secConstrained by



Assumption:
mQ1,2 = mQ3 , mU1,2 = mU3 , mD1,2 = mD3 ,

mL1,2 = mL3 , mE1,2 = mE3 ,

M1 = M2/2, M3 = 3M2, Ae,µ = A⌧

2. The points which satisfy phenomenological constraints

*NMSSMTools ver.4.1.1, *GeV

PS-2

PS-4

PS-3

… suitable       and              are obtained.mh ⌦DMh2

realized by large 1-loop contribution 
(same as MSSM)



3. Results of BBN calculation 
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1
) [GeV] �m (= ml̃ �m�̃0

1
) [GeV]

6Li/7Li 
allowed

7Li/H 
allowed

PS-1 : (ce,�,) = (10�5, 0.005, 0.002) PS-2 : (ce,�,) = (10�4.5, 0.005, 0.002)

slepton yield value slepton yield value

3He/D 
excluded

D/H 
excluded

7Li/H 
allowed

6Li/7Li 
allowed

2�

3� 3�

2�

(4He l̃�) ! �̃0
1 + ⌫l +T+ n

(4He l̃�) ! �̃0
1 + ⌫l +D+ 2n

(4He l̃�) ! �̃0
1 + ⌫l + p+ 3n
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10-11

10-12

10-13

10-14

10-15

10-16
0.01 0.1

P-1 : (ce,�,) = (5⇥ 10�6, 0.0042, 0.002)

slepton yield value

7Li/H 
allowed

6Li/7Li 
allowed

2�

3�

3. Results of BBN calculation 



Results

Case 2. Singlino-like LSP, large        region�-



m�̃0
1
= 350 GeV

�m = 0.1 GeV

sin ✓l = 0.8

�l = 0

ce = 10�5

1. The region allowed from theoretical constraints

Constrained by                  and ⌧l̃ < 105secN2
1S̃

> 0.9



Assumption:
mQ1,2 = mQ3 , mU1,2 = mU3 , mD1,2 = mD3 ,

mL1,2 = mL3 , mE1,2 = mE3 ,

M1 = M2/2, M3 = 3M2, Ae,µ = A⌧

*NMSSMTools ver.4.1.1, *GeV

2. The points which satisfy phenomenological constraints

PS-6

PS-7

PS-8

… suitable       and              are obtained.mh ⌦DMh2

realized by large tree contribution 
(different from MSSM)



3. Results of BBN calculation 
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PS-5 : (ce,�,) = (10�5.5, 0.63, 0.23) PS-6 : (ce,�,) = (10�5, 0.63, 0.23)

slepton yield valueslepton yield value

7Li/H 
allowed

7Li/H 
allowed

6Li/7Li 
allowed

6Li/7Li 
allowed

3�

3�
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Results

Case 3. Bino-like LSP, large        region�-



Results

Case 3. Bino-like LSP, large        region�-

We choose points at which suitable DM relic density and the Higgs 
boson mass without taking the theoretical conditions into account.

 GL1 and GR1 are almost independent from    ,    , and           .�  tan�



*NMSSMTools ver.4.1.1, *GeV

Assumption:
mQ1,2 = mQ3 , mU1,2 = mU3 , mD1,2 = mD3 ,

mL1,2 = mL3 , mE1,2 = mE3 ,

M1 = M2/2, M3 = 3M2, Ae,µ = A⌧

2. The points which satisfy phenomenological constraints

… suitable       and              are obtained.mh ⌦DMh2

realized by large tree contribution 
(different from MSSM)



3. Results of BBN calculation 
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T. Jittoh et al., PRD 84, 035008 (2011)

MSSM
NMSSMPB-1 : (ce,�,) = (0, 0.6, 0.2)

slepton yield value

6Li/7Li 
allowed

7Li/H 
allowed

7Li/H 
allowed



MSSM
NMSSM

3. Results of BBN calculation 
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10-11

10-12

10-13

10-14

10-15

10-16

0.01 0.1

PB-5 : (ce,�,) = (5⇥ 10�11, 0.68, 0.32)

slepton yield value

6Li/7Li 
allowed

7Li/H 
allowed



 Confirm the points to give suitable light element abundances

 Search for allowed region on        plane�-

 Motivation 

 Strategy

 Results
  We have found several points where suitable light element abundances 
(including 7Li and 6Li), DM relic density, and Higgs boson mass are obtained;

(1) Singlino-like neutralino LSP, small         ,   (2) Singlino-like neutralino LSP, large         ,�- �-

(3) Bino-like neutralino LSP, large         .�-

NMSSM

 Dark Matter relic density
 Light element abundances

 Higgs boson mass

MSSM

 Dark Matter relic density
 Light element abundances

Summary

(theoretical constraints;                                       )⌧l̃, ⌧IC, and N2
1S̃
(N2

1B̃
)

 Select several points allowed from phenomenology (                      )⌦�̃0
1
h2 and mh



Backup



by PDG 2012

 Standard BBN theory
... based on the SM

... primordial synthesis of light elements nuclei.
T ⇠ (1 - 0.01)MeV , t ⇠ (1 - 103)sec

 Predicts light element abundances 
from only one parameter,    .⌘

WMAP9 result

 Consistent predictions with obs. 
in most species of light elements.

D, 4He            OK! 

⌘ ⌘ n
baryon

n
photon

= (6.225± 0.170)⇥ 10�10

Bing-Bang Nucleosynthesis (BBN)



  theory          observation>
 Lithium-7 (7Li) problem

Inconsistent!

 Lithium problems

T. Jittoh et al., PRD 84, 035008 (2011), 
J. Melendez and I. Ramirez, Astrophys. J. 615, L33 (2004)

6Li/7Li : 0.046± 0.022

log10(
7Li/H) : �9.35± 0.006 �9.63± 0.06

M. Asplund et al., Astrophys. J. 644, 229 (2006)

. 10�4

Vangioni-Flam E et al., New Astron 4:245(1999)

 Standard BBN theory
... based on the SM

... primordial synthesis of light elements nuclei.
T ⇠ (1 - 0.01)MeV , t ⇠ (1 - 103)sec

Bing-Bang Nucleosynthesis (BBN)

 Lithium-6 (6Li) problem
  theory          observation<

by PDG 2012



  theory          observation>

by PDG 2012

Inconsistent!

 Lithium-7 (7Li) problem

 Lithium problems

T. Jittoh et al., PRD 84, 035008 (2011), 
J. Melendez and I. Ramirez, Astrophys. J. 615, L33 (2004)

6Li/7Li : 0.046± 0.022

log10(
7Li/H) : �9.35± 0.006 �9.63± 0.06

M. Asplund et al., Astrophys. J. 644, 229 (2006)

. 10�4

Vangioni-Flam E et al., New Astron 4:245(1999)

 Standard BBN theory
... based on the SM

... primordial synthesis of light elements nuclei.
T ⇠ (1 - 0.01)MeV , t ⇠ (1 - 103)sec

Bing-Bang Nucleosynthesis (BBN)

 Lithium-6 (6Li) problem
  theory          observation<

can be solved by exotic BBN reactions 



 Total number density of the SUSY particles
... annihilation and creation processes of SUSY particles,      and     , 
   are frozen out at 

�̃0 ⌧̃
Tf (m�̃0/Tf ' 25)

n�̃0 + n⌧̃± is fixed

 Stau relic density
 Even after the freeze out, stau number density is not yet fixed! 

            ,         and         are still evolving (with fixed          )  as the 
termperature of the Universe drops.

n�̃0 n⌧̃� n⌧̃+ nDM

nDM... this sum is the relic number density of the Dark Matter,          .
*all SUSY particles eventually decay into the LSP

Relic stau density at the BBN



 Evolution of the stau number density until the BBN era

 Exchange processes of      and⌧̃ �̃0

 In thermal equilibrium,Y⌧̃/Y�̃0 ⇠ e��m/T (Yi = ni/s)

�̃0⌧̃

� ⌧

�̃0⌧̃

�⌧

 The exchange processes are frozen out at Tf(ratio)

... compete between the reaction rates and the Hubble expansion rate.

... described by Boltzmann equations for the stau

Relic stau density at the BBN



 Evolution of the stau number density until the BBN era

 Exchange processes of      and⌧̃ �̃0

 In thermal equilibrium,Y⌧̃/Y�̃0 ⇠ e��m/T (Yi = ni/s)

�̃0⌧̃

� ⌧

�̃0⌧̃

�⌧

 The exchange processes are frozen out at Tf(ratio)

... compete between the reaction rates and the Hubble expansion rate.

... described by Boltzmann equations for the stau

Relic stau density at the BBN

T. Jittoh et al., PRD 82, 115030 (2010)
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Parameter dependences of GL1 and GR1
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