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Introduc8on	
The	  origins	  of	  baryon	  number	  asymmetry	  and	  the	  dark	  
maOer	  of	  the	  universe	  are	  sPll	  mysteries	  in	  cosmology.	

baryon	 dark	  maOer	

�DM

�b
= 5

but	  from	  observaPons,	  we	  	  know	  	  
the	  energy	  densiPes	  of	  baryon	  and	  

DM	  are	  at	  the	  same	  order	

?	
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baryon	 DM	
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This	  scenario	  can	  provide	  the	  energy	  density	  raPo	  between	  DM	  and	  baryon.	  
We	  invesPgate	  the	  allowed	  regions	  of	  axion	  parameters	  and	  Q	  ball	  parameters.	  

Gauge	  mediated	  SUSY	  breaking	  &	  Axino	  dark	  mater	  	  



What	  is	  Q	  ball?	
The	  lowest	  energy	  configuraPon	  of	  
scalar	  fields	  with	  global	  U(1)	  charge	  Q	  
Non-‐topological	  soliton	  	

Coleman	  (1985)	

• 	  The	  AD	  condensate	  (=	  squarks,	  sleptons	  and	  higgs)	  may	  fragment	  into	  Q	  
balls	  during	  its	  rotaPon	  in	  the	  potenPal	  to	  create	  the	  baryon	  number.	

r

φ	
The	  Q	  ball	  soluPon	  exists	  in	  MSSM	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Kusenko	  (1997)	  	  

• 	  Global	  U(1)	  charge	  Q	  is	  considered	  to	  be	  the	  baryon	  number	  which	  is	  
also	  global	  U(1)	  charge	  in	  MSSM	  	



Q	  ball	  in	  gauge	  mediated	  SUSY	  breaking	
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respectively.

3 Q-ball decay

A Q-ball decay occurs when some decay particles have the same kind of charges as the Q ball and the
mass of each decay particle is less than the Q-ball mass per charge MQ/Q. The decay rate �Q has an
upper bound �(sat)

Q [16]:
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This saturation occurs approximately when fe�⇧Q � ⌥Q, where fe� is the e⇥ective coupling constant
by which the interaction is written as Lint = fe�⇧⌃⌃̄. On the other hand, for the weak coupling limit
such as fe�⇧Q ⇤ ⌥Q, the decay rate is calculated as [16]
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Here we are interested in the case where the Q ball decays into nucleons but not into MLSPs. It
is described by the condition bmN < MQ/Q < mMLSP where mN and mMLSP are the nucleon and
MLSP masses, respectively. This implies that the Q-ball charge should be Qcr < Q < QD where
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, (10)
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The elementary process of the Q-ball decay into nucleon is squark + squark ⇧ quark + quark via
gluino exchanges and the rate of this process is given by [17]
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where mg̃ is the gluino mass, and ⇥ ⇥ |VCKM|4 is a possible CKM suppression factor (10�3 ⇥ |VCKM| ⇥
1 [18]). Thus, the e⇥ective coupling constant fe� (�⇥ = 1

8�f2
e�m⇥) is evaluated as

fe� ⌃
⇥1/2g2
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, (13)

where we suppose m⇥ ⌃ ⌥Q. Since we have
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3

baryon	  number	

de	  Gouvêa,	  Moroi,	  Murayama	  (1997)	

Kasuya,	  Kawasaki	  (2001)	

Q = 6� 10�5

�
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1
3
Q



Q-‐ball	  decay	

Q	  ball	

nucleons	

DM	

decay	decay	

axino	MSSM	  LSP	  (MLSP)	

might	  be	  harmful	  to	  the	  BBN	  	

The	  Q	  ball	  can	  decay	  into	  a	  parPcle	  only	  if	  the	  mass	  of	  the	  parPcle	  is	  less	  then	  the	  Q-‐
ball	  mass	  per	  charge.	

Q-‐ball	  decays	  only	  from	  its	  surface	  and	  the	  decay	  rate	  is	  given	  by	

�(sat)
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The	  decay	  into	  MLSP	  only	  happens	  
ajer	  the	  Q-‐ball	  charge	  becomes	  small	  	

Cohen,	  Coleman,	  Georgi,	  Manohar	  (1986)	

Kasuya,	  Takahashi	  (2007)	
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Q-‐ball	  decay	  into	  nucleons	
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Decay	  into	  nucleons	  =	  saturated	

fe� �
�1/2g2

s⇥
2⇥

⇤Q

(mg̃⌅Q)1/2

fe�⇥Q

⇤Q
⇤ 3.2� 1017�1/2g2

s

� mg̃

TeV

⇥�1/2
⇤

MF

104GeV

⌅1/2 ⇤
Q

1021

⌅7/8

⇥ 1

Ellis	  et	  al.	  (1984)	

� � |VCKM|4 � 10�12



Q-‐ball	  decay	  into	  axinos	
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Decay	  into	  axinos	  =	  saturated	  or	  unsaturated	
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The	  branching	  ra8o	  is	  given	  by	

Covi	  et	  al.	  (2002)	



Baryon,	  axino	  and	  MLSP	  
abundances	  from	  Q-‐ball	  decay	
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4 Baryon, axino and MLSP abundances from Q-ball decay

In this section, we estimate the number densities of the baryon and the axino dark matter. We also
calculate the MLSP abundance which is constrained by the BBN observation and by the upper limit
of the reheating temperature which comes from the requirement that the thermally produced axinos
and/or gravitinos should not be the main component of the dark matter of the universe. The analysis
largely follows Ref. [12].

The number densities of the baryon, the axino and the MLSP are expressed in terms of the AD
field number density n� as

nb ' ✏bn�, (21)
nã ' Bãn�, (22)

nMLSP '
Qcr

Q
n�, (23)

respectively, where Bã = 1 in the saturated case. From the observations (such as the WMAP obser-
vation [20]), the ratio of the dark matter to baryon energy densities is ⇢DM/⇢b ' 5, so
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Therefore, the orbit of the AD field is typically oblate, and we generally set � = 6⇥ 10�5 below. The
baryon number is estimated as [12]

Yb ⌘
nb

s
' 9

8
p

2
✏b��3/4 MF TRH

M2
P

Q3/4 ' 9
8
p

2
mãBã
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where we used Eq.(24) in the second equality. For the saturated case, that is, Bã = 1, Yb is obtained
as
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and, for the unsaturated case, Yb becomes

Yb

10�10

����
unsat

' 0.11
⇣ mã
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From these equations, we get relations among the parameters assuming Yb = 10�10.
On the other hand, the MLSP abundance is estimated as
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mN ✏b
' 5. (24)

This gives an expression for ✏ such that

✏ ' mã
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Baryon,	  axino	  and	  MLSP	  
abundances	  from	  Q-‐ball	  decay	
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MLSP	  is	  produced	  when	  Q	  ball	  charge	  becomes	  small	  enough.	
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Constraints	  on	  the	  MLSP	  abundance	
There	  are	  constraints	  on	  the	  MLSP	  abundance	  	

	  BBN	  constraint	

	  The	  constraint	  on	  the	  reheaPng	  temperature	  which	  
comes	  from	  	  the	  thermal	  produc8on	  of	  DM	

MLSP	



BBN	  constraint	
The	  decay	  of	  the	  MLSP	  may	  affect	  abundances	  of	  light	  elements	  synthesized	  during	  
the	  BBN,	  so	  the	  MLSP	  abundance	  should	  be	  small	  enough	  for	  the	  successful	  BBN.	
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Constraints	  on	  the	  MLSP	  abundance	

• 	  thermal	  axino	  producPon	  
	  depends	  on	  axion	  models	  (KSVZ,	  DFSZ)	  

• 	  thermal	  graviPno	  producPon	
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There	  are	  constraints	  on	  the	  MLSP	  abundance	  	



Thermally	  produced	  DM	  constraint	

TRH < TRH, max

Thermally	  produced	  axino	  and	  graviPno	  should	  be	  less	  than	  the	  dark	  maOer	  produced	  
by	  Q	  ball	  decay	

max
�
�TH
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ã ,�TH
3/2

⇥
h2 < �DMh2 � 0.11

TRH < TRH, max
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at	  low	  reheaPng	  temperature	  	
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we	  have	  to	  use	  graviPno	  thermal	  producPon	  
constraint	  on	TRH

for	  DFSZ	  at	  low	  	TRH
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Figure 1: Constraints on the MLSP abundance for mMLSP = 100 GeV in (a) the KSVZ and (b) the
DFSZ models with mã = 300 MeV. In both panels, the BBN constraint [Eq.(34)] is denoted as the
blue solid lines. Red dashed and green dotted lines represent the lower limits in the saturated Q-
ball decay with the highest possible reheating temperature determined by thermally produced axinos
and gravitinos, respectively [Eqs.(40) and (45) for the KSVZ and DFSZ models, respectively]. On the
other hand, orange dashed dotted and purple dashed double-dotted lines show the lower bounds in the
unsaturated Q-ball decay with the highest possible reheating temperature determined by thermally
produced axinos and gravitinos, respectively [Eqs.(41) and (46) for the KSVZ and DFSZ models,
respectively]. The gray region in the right panel (b) is excluded by the overabundance of the axinos
from the higgsino decay [Eq.(44)].

5.2 Lowest possible abundance of the MLSP

The lower limit on the MLSP abundance comes from constraints on the reheating temperature. The
constraints are due to the condition that thermally produced axinos and gravitinos cannot be the
dominant component of the dark matter in the universe.

Let us first see how the MLSP abundance depends on the reheating temperature TRH. Using
Eqs.(15) and (27) with Yb = 10�10 to eliminate Q and MF from Eq.(30), we obtain

⇥MLSP

s

���
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⇥ 2.8� 10�23 GeV

⇥ mã

GeV

⇤�3
⌅

�

6� 10�5

⇧3/2 ⇥ mMLSP

100 GeV

⇤�3
⌅

TRH

107 GeV

⇧�2 ⌅
TD

3 MeV

⇧4

,

(35)
for the saturated case. On the other hand, using Eqs.(15) and (28) with Yb = 10�10 to eliminate Q
and MF from Eq.(31), we have
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GeV
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100 GeV

⇤�3
⌅

TRH

107 GeV

⇧�7/5 ⌅
TD

3 MeV

⇧26/5

, (36)

for the unsaturated case.
The upper limit of TRH comes from the requirement that the thermally produced axinos and

gravitinos should satisfy max(�TH
ã h2,�TH

3/2h
2) � �DMh2 ⇥ 0.11, where �TH

ã and �TH
3/2 respectively

denote the density parameters of thermally produced axino and gravitino, and h is the Hubble constant
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Figure 3: Allowed region for the Q-ball parameters MF and Q for the KSVZ and DFSZ as indicated
in the figures. It is shown for fa = 1012, 1013, and 1014 GeV from the left column to the right,
respectively, and mã = 3, 30, 300 MeV, and 3 GeV from the bottom row to the top, respectively.
Blue solid lines show Eq.(55) or Eq.(56) with the largest possible TRH from the constraint of the
axino/gravitino thermal production. Upper and lower green dashed lines show Eq.(53) or Eq.(54)
with the minimum and maximum MLSP abundances, respectively (see Fig. 1). Thin blue solid and
thin green dashed lines apply to the DFSZ model for mã = 300 MeV and fa = 1013 GeV case. Red
dashed dotted lines represents Eq.(57) with TD = 3 MeV, below which is allowed. Orange dashed
double-dotted lines denote Eq.(58) with MQ

Q = mMLSP, MQ

bQ = mN , and MQ

Q = mã (where shown) from
the right to the left, respectively, exception being for mã = 3 GeV case, as shown in the figure.
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Figure 3: Allowed region for the Q-ball parameters MF and Q for the KSVZ and DFSZ as indicated
in the figures. It is shown for fa = 1012, 1013, and 1014 GeV from the left column to the right,
respectively, and mã = 3, 30, 300 MeV, and 3 GeV from the bottom row to the top, respectively.
Blue solid lines show Eq.(55) or Eq.(56) with the largest possible TRH from the constraint of the
axino/gravitino thermal production. Upper and lower green dashed lines show Eq.(53) or Eq.(54)
with the minimum and maximum MLSP abundances, respectively (see Fig. 1). Thin blue solid and
thin green dashed lines apply to the DFSZ model for mã = 300 MeV and fa = 1013 GeV case. Red
dashed dotted lines represents Eq.(57) with TD = 3 MeV, below which is allowed. Orange dashed
double-dotted lines denote Eq.(58) with MQ
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Q = mã (where shown) from
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Conclusion	  	
• We	  invesPgated	  the	  model	  which	  gives	  the	  same	  origin	  for	  baryon	  
and	  DM.	  

• This	  model	  can	  produce	  baryon	  number	  and	  axino	  DM,	  and	  the	  
correct	  raPo	  between	  those	  energy	  densiPes	  without	  disturbing	  the	  
BBN	  predicPon.	  

• We	  found	  the	  there	  exist	  allowed	  regions	  of	  axino	  parameters	  and	  
Q	  ball	  parameters.	  

saturated/unsaturated	  decay	

Q	  ball	

nucleons	 axino	

MLSP	

�DM

�b
= 5

	  BBN	  	

	  thermal	  produc8on	  of	  
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