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Abstra t

We examine non-thermal dark matter produ tion from a late-de aying s alar eld, with a parti ular
attention on non-renormalizable operators of = 5 through whi h the s alar eld de ays into the
standard model parti les and their superpartners. We show that almost the same number of
superparti les as that of parti les are generally produ ed from the de ay. To avoid the gravitino
overprodu tion problem, the de ay is favored to pro eed via intera tions with an intermediate
ut-o s ale  P . This should be ontrasted to the onventional s enario using the modulus
de ay. The bosoni supersymmetry partner of the axion, i.e., saxion, is proposed as a natural
andidate for su h late-de aying s alar elds. We nd that a right amount of the wino/higgsino
dark matter with a mass of (100) GeV is obtained for the saxion mass around the weak s ale and
axion de ay onstant, A = (109 12) GeV.
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I.

INTRODUCTION

The lightest superparti le (LSP) is one of the most plausible andidates for the dark
matter (DM) in supersymmetri (SUSY) models with R-parity onservation. In the SUSY
standard model, the lightest neutralino, omposed of superpartners of the gauge and Higgs
bosons, is usually the LSP. From both the theoreti al and experimental/observational points
of view, the wino/higgsino DM is interesting, and it has been studied extensively so far [1,
2, 3℄. In this paper, we will on entrate on s enarios of the wino/higgsino DM produ tion.
The present DM abundan e is
2
DM h = 0:11  0:01;

(1)

from the latest WMAP three year data [4℄, where h is the present Hubble parameter in units
of 100km/s/Mp . The reli abundan e of the LSP must fall in this range to a ount for the
DM abundan e. The reli LSP abundan e depends on the thermal history of the universe.
On e the universe is reheated up to high temperature after in ation, the LSP is thermally
produ ed by parti le s atterings and rea hes thermal equilibrium. However, it is known that
the thermal pro esses annot provide a suÆ ient amount of the wino/higgsino LSP with a
mass, m = O(100) GeV, be ause of the large annihilation rates. Therefore, non-thermal
produ tion must take pla e below the de oupling temperature, T  m =20, to realize the
observed DM abundan e.
The non-thermal DM produ tion at su h a low temperature may be realized by a latetime de ay of a s alar eld, , with a mass m . Renormalizable intera tions generi ally
indu e a too rapid de ay into the standard model (SM) parti les and their superpartners
unless the ouplings are suppressed by some symmetries or me hanisms. Thus the de ay
should pro eed via non-renormalizable operators suppressed by a large ut-o s ale. In this
paper, we fo us on the D = 5 operators. We will show that the bran hing ratio of the s alar
de ay into the SM superparti les is omparable to that into the SM parti les.
A modulus is one of su h late-time de aying elds [5℄, be ause the intera tions of the
modulus eld are suppressed by the Plan k s ale, MP = 2:4  1018 GeV. The de ay temperature of the modulus eld is likely lower than the de oupling temperature, leading to
the non-thermal produ tion of the wino/higgsino LSP. However, a ording to the re ent
works [6, 7, 8, 9, 10℄, the late-time s alar de ay is generi ally plagued with the gravitino
2

overprodu tion. Thus the osmologi al s enario with a modulus eld is strongly onstrained,
for example, from the big{bang nu leosynthesis (BBN).
We point out that a natural sour e of the non-thermal DM produ tion is related to
new physi s at an intermediate s ale, M  MP . The gravitino overprodu tion problem is
then relaxed. This is be ause the total de ay rate is enhan ed as  m3 =M 2 , redu ing
the bran hing ratio of the gravitino produ tion. Note also that, sin e a light s alar eld
be omes a eptable, the de ay into the gravitinos may be kinemati ally forbidden. In the
following se tions we will show that a right amount of the wino/higgsino DM is obtained by
the s alar de ay at an intermediate s ale. We propose the saxion eld, whi h is the bosoni
SUSY partner of the axion, as a natural andidate for su h a s alar eld.
Before losing the introdu tion, let us larify di eren es from the works in the past,
whi h dis ussed the non-thermal DM produ tion from late-time de aying s alar elds. The
de ay from a heavy s alar with Plan k-suppressed ouplings, i.e., a modulus eld, has been
extensively dis ussed in Ref. [5℄. Also, Ref. [11℄ analyzed a similar subje t with a lower uto , although they regarded the bran hing ratios of the superparti le as a free parameter. In
this paper, we expli itly show that the bran hing ratio of the SM superparti le produ tion
is generi ally large, and that the e e tive number of the LSP produ ed by one s alar de ay,
N , is lose to unity. This has a great impa t on the non-thermal DM produ tion s enarios.
The rest of the paper is organized as follows. In Se . II we estimate the bran hing fra tion
of the SM (super)parti le produ tion for the s alar de ay through the non-renormalizable
operators of D = 5. We reexamine the onventional s enario using the modulus de ay for
the non-thermal DM produ tion in Se . III. It is shown that the saxion de ay an a ount
for the present DM abundan e in Se . IV. The last se tion is devoted to on lusion.
II.

HEAVY SCALAR DECAY VIA D

= 5 OPERATORS

In this se tion we onsider a heavy s alar de ay into the SM parti les and their superpartners, assuming the s alar mass m mu h larger than the weak s ale. Sin e those parti les
with R-parity odd eventually produ e at least one LSP per de ay, the produ tion rate of the
superparti les is ru ial to determine the reli LSP abundan e. In the following, we assume
that the s alar eld is R-parity even and singlet under the SM gauge groups. The purpose
of this se tion is to estimate the de ay rates of the s alar eld into the SM (super)parti les
3

via the non-renormalizable operators of D = 5. Although su h operators have been studied
in Ref. [5℄, they overlooked some important intera tions of the superparti le produ tion.
Below we investigate the operators one by one.
(I) Let us rst onsider the s alar de ay into the gauge boson and gaugino. Su h an
intera tion is e e tively given by the dilatoni oupling with a ut-o s ale M ,
Z
L = MG d2 W (a)W (a);
(2)
where G is a numeri al oeÆ ient and W (a) is the supersymmetri eld strength of the SM
gauge supermultiplet. In luding the supergravity e e ts, we obtain
R  1 (a) (a)  I  1  (a) (a)
G  p
+p
 F F
LG ' M 2 4 F F
2 8
n 

o

1
 
+ eG=2 G  + Gy  (a)PR (a) + Gy + G   (a) PL(a) ; (3)
4
p
where the real and imaginary omponents of the s alar eld are de ned as   (R +iI )= 2.
Although there are the other ontributions from the gaugino kineti terms, the resultant
de ay rate through them is proportional to the gaugino mass squared, m2 , after applying
the equation of motion. Therefore they are negle ted unless m is lose to (but larger than)
2m . The subindex, i, atta hed to the total Kahler potential, G = K + ln jW j2, represents
a derivative with respe t to the eld, i, while the supers ript is obtained by Gi = g ij  Gj  ,
where g ij  is the inverse of the Kahler metri gij  . The oeÆ ient eG=2 is equal to the
gravitino mass at the va uum, m3=2 = heG=2 i.
The oeÆ ients of the intera tions with the gauginos are

G  = (g G) = g G + (g )G;
G = (g G) = 1 + (g ) G;

(4)
(5)

where we have assumed gij  = 0 for i 6= j , for simpli ity. If m <
 m3=2, we an see G  +
G = O(1) barring an ellations. In fa t, the minimal Kahler potential without the SUSY
mass term (i.e., G = 0) gives G  +G = 1. On the other hand, if the mass is enhan ed by
the SUSY mass, namely m ' eG=2 jG j  m3=2, the oeÆ ient is enhan ed as G  + G =
O(m =m3=2). However if the s alar mass m is enhan ed due to the non-SUSY e e ts, e.g.,
ÆK = jj2jz j2 =M 2 with the SUSY breaking eld z , the oupling is given by G  +G = O(1).
Then the de ay rates into the gauge multiplets are evaluated as [6℄
j
G j2 m3
;
(6)
G  ( ! gauge boson) ' ( ! gaugino) ' Ng
8 M 2
4

either if m  m3=2 or if m  m3=2 due to the SUSY mass term. Here Ng is the number of
the possible nal states, and Ng = 12 for the SM gauge groups, SU (3)C  SU (2)L  U (1)Y .
We nd that the produ tion rate of the gaugino is omparable to that of the gauge boson, and
is not suppressed by the gaugino mass. On the other hand, if the s alar mass is smaller than
m3=2, the gaugino produ tion rate is estimated as  m23=2m =M 2 up to a numeri al fa tor,
while the gauge boson produ tion rate is the same as (6). Similarly, if m is enhan ed due
to the non-SUSY mass term as m  m3=2, the gaugino produ tion rate is  m23=2m=M 2 ,
whi h is suppressed ompared to the gauge boson produ tion rate  m3 =M 2 .
(II) The s alar eld an ouple with the matter elds in the Kahler potential. When the
0
Kahler potential in ludes su h a non-renormalizable term as, K = QQ y=M + h: :, in whi h
the matter elds Q and Q0 appear with the opposite hiralities, we an show that the de ay
rate into the SM (super)parti le is proportional to powers of the masses of the matter elds.
Let us rst onsider the matter s alar produ tion rate. The rst ontribution omes
from the kineti term of the s alar elds: LK = gij   i   j . Then the de ay rate is
proportional to the fourth power of the mass of the matter s alar after using the equation of
motion, sin e the intera tion term be omes LK = (=M ) Q~ ( 2Q~ 0) up to a total derivative
term, where Q~ is the s alar omponent of the matter hiral multiplet Q [5℄. Thus the de ay
rate is estimated as K  (mQ0 =m )4  m3 =M 2 .
The other ouplings arise from the s alar potential. In parti ular, the de ay rate may
be enhan ed due to the supergravity e e ts when m3=2 is large. Sin e non-renormalizable
operators violate the onformal symmetry, the operator re eives orre tions of order m23=2 at
the leading level. Thus we obtain LV  M1 m23=2Q~ Q~ 0y + h: :, though the oeÆ ient depends
on details of the models. The de ay rate then be omes V  (m3=2=m )4  m3 =M 2 .
The above supergravity e e ts seem to give a orre tion to the matter s alar mass, Æm2Q 
m23=2, by taking a va uum expe tation value (VEV), hi  M . It should be noted, however,
that this estimate is too naive and a tually overestimates the orre tion when m3=2 is larger
than the weak s ale. This is be ause there exists a an ellation among the ontributions
to the soft s alar mass if jG j  hi. This an ellation an be understood in terms of the
Kahler invarian e. To be on rete, let us onsider the minimal Kahler potential with the
oupling ÆK = QQ0y=M + h: :. Sin e the above ontribution in O(m23=2) arises from K W
of the s alar potential, it is always a ompanied by W . Thus when the F-term of  is
suppressed, the orre tion of O(m23=2 ) will an el with that from W after taking the VEV.
5

Lastly, the produ tion rates of the matter fermions, Q , are hirally suppressed. The
de ay rate is estimated as Q  (m Q =m )2  m3=M 2 , whi h is proportional to the fermion
mass squared.
(III) The heavy s alar eld an de ay into the Higgs supermultiplets via the intera tion:

L

=

H Z 4 y
d   Hu Hd + h: :;
M

(7)

though su h a oupling is related to the -problem and it is quite model-dependent whether
or not su h a oupling exists. We noti e that the Higgs hiral supermultiplets appear with
the same hirality. Expanding the intera tion (7), we obtain

LH '

H h 2 y
 ~ ~ i
(  )Hu Hd + eG=2 G H
uR HdL + h: ::
M

(8)

In addition, the s alar trilinear oupling yHu Hd arises from the s alar potential; the de ay
rate through the supergravity orre tions is given by  jH j2 m23=2m =M 2 . We negle t the
intera tion terms whose oupling is suppressed by the higgsino mass. In parti ular, they
in lude the U (1) onne tion term in the ovariant derivative of the higgsino kineti term,
and that obtained by expanding eG=2 in the higgsino mass term. These are generi ally
small in the mass eigenstate basis by onsidering the interferen e with the SUSY breaking
eld [9, 10℄.
Thus, either if m  m3=2 or if m  m3=2 due to the SUSY mass term, the de ay rates
are given by
( ! HH )

'

( ! H~ H~ )

2 m3

' j8Hj M
2

(9)

for the Higgs multiplets whi h are doublet under the SU (2)L symmetry. We nd that the
de ay rates are omparable to G if G  H , and that the higgsino produ tion rate is the
same order of the Higgs produ tion rate. In ontrast, when the s alar mass is enhan ed by
the non-SUSY mass term as m  m3=2, the higgsino produ tion is suppressed ompared
to the de ay into the Higgs bosons by O(m23=2=m2 ).
(IV)The following intera tions in the superpotential permit the three-body de ay,

L

Y Z 2
d  Hu T Q + h: :;
=
M

(10)

where Hu ; T; Q are the hiral supermultiplet of the up-type Higgs, right-handed top quark
and left-handed quark doublet of the third generation, respe tively. Then the intera tions
6

be ome

LY

=

i
Y h 
Hu tq + t~H~ uR q + tH~ uL q~ + h: :;
M

(11)

in the global SUSY Lagrangian. Although the de ay rates do not re eive hirality suppressions, the de ay is a three-body pro ess and the phase spa e is small [5℄:
( ! Htq )

'

( ! H~ t~q )

'

~ q~)
( ! Ht

jY j2 m3 ;
' 256
3 M 2

(12)

for m  msoft. Note that ouplings with the lighter quarks and leptons must be suppressed,
sin e the orresponding Yukawa oupling onstants need ne-tunings by taking a ount of
the s alar VEV, hi  M .
Additionally, the s alar ouplings re eive supergravity orre tions. The de ay rate
through the orre tion whi h is of order m3=2 for the operator Hu u~q~ is suppressed both by
the phase spa e and by the gravitino mass squared. If m < m3=2, the de ay rate be omes
larger than (12). At rst sight, the s alar VEV seems to indu e a orre tion of an order m3=2
to the trilinear s alar oupling, Hu u~q~. However, it is a tually suppressed if jG j  hi,
sin e the s alar  ontributes to the A-parameter through the auxiliary omponent G due
to the Kahler invarian e.
From the analyses of (I) { (IV), either if m  m3=2 or if m  m3=2 due to the SUSY
mass G  1, almost the same amount of the SM superparti les is produ ed as that of the
SM parti les:
Br( ! SM parti les)

'

Br( ! SM superparti les);

(13)

with the total de ay rate


m3
;
=
4 M 2

(14)

where is a numeri al oeÆ ient, and given by ' Ng 2G + 2H , for the dilatoni oupling and
the intera tion with the Higgs supermultiplets. The other de ay pro esses are suppressed
either by the soft masses or by the phase spa e. On the other hand, when the s alar
mass is enhan ed by the non-SUSY mass term as m  m3=2, the above superparti le
produ tion rate be omes suppressed ompared to that of the SM parti le. Note that the
single-gravitino produ tion indu e a serious problem in this ase, as will be dis ussed in the
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next se tion. If m3=2 > m , the supergravity orre tions signi antly a e t the de ay rates,
and the bran hing ratio of the superparti le produ tion depends on the non-renormalizable
operators. We emphasize again that the bran hing ratio of the superparti le produ tion
is generi ally sizable, Br( ! SM superparti les) = O(0:1), either when m  m3=2 or if
m  m3=2 due to the SUSY mass term.
III.

DIFFICULTIES IN MODULUS DECAY

It has been known that the wino/higgsino LSP with a mass of O(100) GeV annot be
produ ed suÆ iently in the thermal bath be ause of its large annihilation ross se tion.
We need therefore the non-thermal pro ess below the freeze-out temperature in order to
explain the observed DM abundan e. In this se tion let us reexamine the non-thermal DM
produ tion from the modulus de ay.
The modulus eld orresponds to a dynami al degree of freedom asso iated with a at
dire tion of the s alar potential. Sin e the SUSY breaking e e ts stabilize the potential,
the modulus eld naturally obtains a mass around the gravitino mass, m3=2. In addition,
the modulus mass an be even larger with sizable non-perturbative orre tions. The modulus de ay is generally indu ed by the non-renormalizable operators, whose ouplings are
suppressed by the Plan k s ale, namely M = MP in the previous se tion. Su h a light and
late-de aying s alar eld is likely to dominate the energy of the universe before its de ay.
Then the subsequent thermal history depends on the de ay pro esses of the modulus eld,
that is, the de ay temperature and the bran hing fra tions of the de ay produ ts. The
modulus mass is required to be m >
 100 TeV [5℄ a, from the osmologi al BBN bound.
If the de ay takes pla e after the freeze-out of the LSP, the reli LSP abundan e is estimated in terms of the following parameters: the annihilation ross se tion of the LSP, hv i,
the modulus de ay temperature, Td , and the bran hing fra tion of the superparti le produ tion, whi h provides an e e tive number of the LSP from one modulus de ay, N . A ording
to the previous se tion, the bran hing fra tion of the LSP produ tion is generi ally quite
large. Then the resultant LSP abundan e after the pair annihilation be omes independent
a

One might onsider the modulus de ay via the
takes pla e before the BBN starts.

D
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= 6 operators. However it is unlikely that the de ay

of the initial abundan e, and given by [12℄

YLSP

'

s

45
1
;
2
8 gd hv i MP Td

(15)

or equivalently, the reli LSP density is


h2

'

10:75
0:5
gd

! 12

!
10 7 GeV 2  m   100 MeV 
;
hvi
100 GeV
Td

(16)

where m is the LSP mass. In the ase of the wino LSP, the annihilation ross se tion is
estimated to be e.g. hv i ' 3:3  10 7 GeV 2 for the wino mass M2 = 100 GeV, and that
of the higgsino LSP is roughly the same order of the magnitude (see Eqs. (32) and (33)).
Sin e the annihilation ross se tion de reases for the larger LSP mass, it is likely smaller
than O(10 7 ) GeV 2 . Thus the de ay temperature must satisfy Td >
 100 MeV in order to
obtain a right amount of the reli DM abundan e (1).
Using the total de ay rate (14) with M = MP , the de ay temperature is given by

Td

'

5:5 MeV 

1
2



m 3=2
;
100 TeV

(17)

where = O(1). To satisfy Td >
 100 MeV, the modulus mass should be large enough:
6 7
m >
 10 GeV:

(18)

The bound on the modulus mass be omes severer for smaller and the heavier wino/higgsino.
It should be stressed again that one of the ru ial points to derive the above onstraint is an
e e tive number of the LSP from the modulus de ay. As long as the de ay pro eeds through
the non-renormalizable operators of D = 5, the bran hing ratio of the LSP produ tion is
generi ally large, and lose to unity. This is another diÆ ulty of the modulus de ay, and let
us all it as \the moduli-indu ed LSP problem".
The mass of the modulus eld depends on the me hanism of the potential stabilization.
A modulus eld as heavy as m >
 106 7 GeV may be realized in the s enarios of the mixed
modulus-anomaly/KKLT mediation [2℄ and in the ra etra k setups [13℄. However, su h a
heavy modulus generi ally su ers from the gravitino overprodu tion [6℄. Sin e the onformal
anomaly mediates the SUSY breaking e e ts to the visible se tor and the orre tion is
related to the gravitino mass [1℄, the gravitino mass is favored to be <
 100 TeV, leading
to the relation m > 2m3=2. The produ tion rate of the goldstino, whi h is a longitudinal
9

omponent of the gravitino, an be enhan ed in the mode  ! 2 3=2 in high energy limit
p  m3=2. A tually, the de ay rate is obtained as [6℄
~ ! 2 3=2 )
(

(e )j2 m5
jG

' 288 m2 M 2 ;
3=2 P

(19)

~ denotes the mass eigenstate (mainly omposed of ), and G(e ) is the e e tive
where 
~ . The auxiliary omponent of the s alar eld ru ially depends on the
auxiliary eld of 
stru ture of the SUSY breaking se tor as was pointed out in Ref. [9℄. Sin e both the modulus
and SUSY breaking elds are not generally prote ted by any symmetries at the va uum,
they ouple with ea h other, and the rate be omes sizable b . In fa t, the e e tive auxiliary
eld an be as large as G(e ) = 3=2m3=2=m with 3=2 = O(1) [10℄. Thus the bran hing
ratio of the gravitino produ tion is B3=2 = O(0:01 0:1). Su h models with a large gravitino
produ tion is severely onstrained by the osmology, whi h we all \the moduli-indu ed
gravitino problem" [6℄.
As a nal remark of this se tion, let us mention the ase of a modulus mass oming
from the non-SUSY mass whi h satis es m  m3=2. In this ase, a mass of the fermioni
omponent of  is likely mu h smaller than m, so the single-gravitino produ tion starts to
dominate over the pair produ tion. The de ay rate is [15℄
( !

 3=2)

'

m5
1
48 m23=2MP2

(20)

for m  m  ; m3=2, whi h dominates over the other de ay pro esses. It is noti ed that the
rate is independent of the VEV of the e e tive auxiliary eld G(e ). Thus su h modulus eld
generally su ers from the produ tion of too mu h gravitinos.
In summary, the modulus de ay is disfavored as a sour e of the non-thermal DM produ tion be ause of the above \the moduli-indu ed gravitino/LSP problems." In the next
se tion, we propose a natural solution whi h is free from these problems and also explains
the reli wino/higgsino DM abundan e.
b

Even if the modulus does not ouple to the SUSY breaking se tor, the bran hing fra tion of the gravitino
produ tion is still large. If the s alar mass of the SUSY breaking eld, mz , is smaller than m as
4 10 3), while B
B3=2 = O (10
3=2 = O(0:01 0:1) if mz > m . Su h large bran hing ratio auses serious
osmologi al problem [14℄.
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IV.

DARK MATTER FROM SAXION DECAY

The diÆ ulties of the modulus de ay in produ ing a right amount of DM are asso iated
with the fa t that the intera tions are suppressed by the Plan k s ale, as shown in the
previous se tion. The modulus mass annot be smaller than 100 TeV to de ay before BBN,
whi h makes the modulus de ay into the gravitinos almost inevitable. One of the attra tive
ways to get around the problem is to postulate a ut-o s ale smaller than the Plan k s ale;
the bran hing ratio of the gravitino produ tion an be then suppressed, or may even be
kinemati ally forbidden. Thus an intermediate-s ale physi s is likely to play an important
role in the non-thermal wino/higgsino DM produ tion.
An intermediate-s ale physi s naturally arises in the Pe i-Quinn (PQ) me hanism [16,
17, 18, 19℄. The strong CP problem is one of the profound puzzles in SM, and the PQ
me hanism using a pseudo Nambu-Goldstone boson alled axion provides an elegant solution to the problem. The axion eld has a at potential at a perturbative level, and
a quires a nite mass from non-perturbative QCD e e ts via the anomaly. The axion rolls
down to the potential minimum at whi h the strong CP phase vanishes. From the osmologi al/astrophysi al observations, the axion de ay onstant, FA , is required to satisfy,
FA >
 109 GeV from SN1987a [20, 21℄, and FA < 1012 15 GeV by the axion-over losure limit ,
although the latter depends on the osmologi al s enario [22, 23, 24℄.
In the SUSY theories, the axion eld is extended to the axion supermultiplet, A. The
multiplet ontains two bosoni real elds, whi h are axion and saxion, and one hiral fermion
alled axino. The s alar omponent of the axion multiplet is represented as

A  p12 ( + ia);

(21)

where  and a are saxion and axion elds, respe tively. The saxion behaves like a modulus
in the evolution of the universe. Sin e the saxion potential as well is at at a perturbative
level in the SUSY limit, the eld is stabilized by the SUSY breaking (and perhaps nonperturbative orre tions), and it a quires a mass around the gravitino mass, m  m3=2 d .
The initial position of the saxion generi ally deviates from the potential minimum in the

d

As is well known, the axion itself is a DM andidate. However the ontribution depends on the initial
ondition of the axion eld and the subsequent thermal history. In the following, we will fo us on the
abundan e of the wino/higgsino LSP.
Pre isely speaking, the saxion mass is model-dependent. For instan e, in the heavy gravitino setups, if
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early universe, and it starts to os illate when the Hubble parameter be omes omparable to
the saxion mass. Then the energy fra tion of the saxion an be sizable, and large number
of the superparti les may be produ ed at the de ay e .
It is a strength of the ouplings with the SM se tor that signi antly di ers from the
modulus eld. The axion supermultiplet intera ts with the SM (super)parti les with the
ouplings suppressed by the axion de ay onstant, FA . Sin e FA must be mu h smaller than
the Plan k s ale be ause of the osmologi al requirement, the saxion de ay rate is mu h
larger than that of the modulus eld with the same mass. In parti ular, the axion multiplet
A ne essarily has a dilatoni oupling:

L

=

Z

d2 

p FA W (a)W (a);

4 2 A

(22)

where is a gauge oupling onstant, and FA the axion de ay onstant. Here we adopt the
hadroni axion model [18℄ for simpli ity, and a brief omment on the ase of the DFSZ axion
model [19℄ will be given later. The dilatoni oupling arises from the hiral anomaly of the
PQ symmetry whi h is extended to the omplex U (1)P Q symmetry in the SUSY framework.
The intera tion (22) a tually reprodu es the axion oupling with the SU (3)C gauge bosons,
providing a solution to the strong CP problem. It also provides the saxion ouplings with
the gauge bosons and gauginos:

L

=

 (a) (a)
F F
8 FA 



 G=2   A
G A + GAA  (a) PL(a) + h: : ;
e
8  FA

(23)

(a) and (a) denote the eld strength of the gauge boson and the gaugino eld,
where F
respe tively. The de ay rates of the saxion into the gauge bosons g and gauginos  are given
by f

( ! gg )

e
f

'

3 2 m3
;
64 3 FA2

( ! )

'

3 2 2 m3
jj
64 3 FA2

(24)

the axion multiplet is sequestered from the SUSY breaking se tor, the saxion mass an be smaller than
the gravitino mass by a loop fa tor.
The LSP may be the fermioni superpartner of the axion, axino. However the axino mass depends on the
models, and we assume that the wino/higgsino is the LSP in the following.
The saxion may have a oupling with the axion, whi h enables the saxion to de ay into two axions. If
the saxion dominantly de ays into the axions, it an be osmologi ally problemati [25℄. However, it
is model-dependent whether this pro ess dominates the saxion de ay. In fa t, su h a oupling an be
suppressed. In the following, we simply assume that the de ay mode is suppressed.
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with







GAA + GAA

 m3=2

m

;

(25)

where we have negle ted the sub-leading terms suppressed by (m=m )2 (m : the gaugino
mass). Although we have assumed that the saxion universally ouples to the SU (3)C 
SU (2)L  U (1)Y gauge multiplets in estimating the de ay rates, this assumption is not
ru ial for the following arguments. This is be ause the saxion de ay into the gauge bosons
is dominated by that into gluons, to whi h the QCD axion multiplet ne essarily ouples.
Thus the bran hing ratio of the gaugino produ tion is Br( ! ) ' jj2=(1 + jj2 ), whi h
< m3=2, leading
depends on . As dis ussed in Se . II, GAA + GAA is generi ally O(1) for m 
to  = O(1). In fa t, for the minimal Kahler potential we have (GAA + GAA) = 1. Here it
should be note that the axion multiplet is not allowed to have nonzero SUSY mass, sin e the
potential minimum of the axion would be shifted otherwise. On the other hand, if a mass
hierar hy, m  m3=2, is realized,  an be suppressed as O(m3=2 =m ). Thus the bran hing
ratio of the gaugino produ tion is sizable in the saxion de ay,
Br( ! ) =

jj2 = O(0:1);
1 + jj2

(26)

unless the saxion mass is mu h larger than m3=2 due to the non-SUSY mass. It should be
stressed that the bran hing ratio of the gaugino produ tion is not suppressed by the gaugino
mass as noted in the previous se tion, and that the de ay rates are enhan ed by O(MP2 =FA2 )
ompared to the modulus ase.
The reli wino/higgsino LSP abundan e is determined by solving the Boltzmann equations. The wino/higgsino LSP an be produ ed from thermal s atterings, but it is known
that the thermal reli abundan e is too small to a ount for the present DM density. As
will be shown below, the saxion de ay an non-thermally produ e a large enough number of
LSPs, due to both large bran hing ratio of the gaugino produ tion and relatively low de ay
temperature.
The LSP number density n evolves as

n_ + 3Hn =

hvi n2;

(27)

where we have negle ted the produ tion of the LSPs from thermal s attering pro esses by
assuming that the saxion de ay temperature is lower than the de oupling temperature of
13

the LSP, T  m =20. Here hv i is the thermally averaged annihilation ross se tion of the
LSP. Let us rewrite Eq. (27) in terms of the LSP abundan e, Y  n =s,

dY
=
dT

s

8 2 gd
hvi MP Y2;
45

(28)

where gd is an e e tive number of massless degrees of freedom at the saxion de ay, and
we have approximated that gd is almost onstant during the evolution. By integrating this
equation, we obtain the simple analyti formula of the reli abundan e for T < Td [12℄:
2
s
8 2 gd
Y (T ) = 4Y (Td) 1 +
hvi MP (Td

45

3 1
T )5 :

(29)

If the initial LSP abundan e Y (Td ) satis es

Y (Td )

3 1
hvi MP Td5 ;



2s
8 2gd
Y( )  4

'

10:75
8:4  10 12  1

45

! 41

gd

!
3
10 7 GeV 2  1 TeV  2  FA 
;
hvi
m
1012 GeV

(30)

the se ond term in the parenthesis of Eq. (29) dominates over the rst term. Then the nal
abundan e is approximately given by

Y(f )

'

s

45
1
:
2
8 gd hv i MP Td

(31)

Therefore the reli abundan e is determined only by the annihilation ross se tion of the
LSP and the de ay temperature of the parent parti le, independent of the initial amount of
the LSP.
The annihilation ross se tion, hv i, for the wino LSP is evaluated as [5℄

hvi '

g24 2 (1 xW )3=2
m
;
2  (2 xW )2

(32)

where xW  m2W =m2 denotes the mass squared ratio of the W boson and the LSP(wino),
and g2 is the gauge oupling onstant of SU (2)L . For m = O(102 ) GeV, hv i is roughly
estimated as O(10 7 ) GeV 2 . For the higgsino LSP, it is given by [26℄

hvi '

g24
(1 xW )3=2
2
m
;
32  (2 xW )2

whi h is smaller than the wino ross se tion by one order of magnitude.
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(33)

Assuming that the saxion dominantly de ays into the gauge bosons and gauginos with
the rates given by Eq. (24), the de ay temperature is given by

Td

'

1:1  102 MeV 

where  is de ned as 
given by


h2



q

' 0:23 10g:75
d

10:75
gd

!1 
4

!

m  23 1012 GeV
;
1 TeV
FA

(34)

(1 + jj2)=2. Using Eqs. (31) and (34), the LSP reli density is

! 41

!
3
10 7 GeV 2  m   1 TeV  2  FA 
hvi
100 GeV
m
1012 GeV

(35)

as long as the saxion de ay provides a suÆ ient amount of the LSP.
The initial LSP abundan e produ ed from the saxion de ay depends on the saxion density at the de ay as well as the bran hing ratio of the gaugino produ tion. Sin e the saxion
potential is generally at, it an develop a large expe tation value during in ation like a
modulus eld. When the Hubble parameter be omes omparable to the saxion mass, it
starts to os illate around the potential minimum with an amplitude i . The osmologi al
abundan e of the saxion thus depends on the initial displa ement from the potential minimum, whi h is expe ted to fall in the range from FA to MP . The saxion dominates the the
energy density of the universe if the following ondition is satis ed:

i p  Td  2
> 6
;
MP
TR
1

(36)

where TR is the reheating temperature, and we have assumed that the reheating is not
omplete when the saxion starts to os illate. If the saxion dominates the universe, the
saxion-to-entropy ratio at the de ay is given by

Y

'

10:75
3 Td
= 8:5  10 5 
4 m
gd

! 14 

!

m  12 1012 GeV
;
1 TeV
FA

(37)

independent of the initial amplitude i. The initial LSP abundan e is related to Y as
Y (Td ) = N Y , where N is the averaged number of the LSP produ ed by the de ay of one
saxion eld. Sin e N is lose to unity from Eq. (26), Y (Td ) easily ex eeds the riti al value
Y( ) , and therefore the reli LSP abundan e saturates to the value given by (31).
Even when the saxion eld does not dominate the universe before its de ay, the LSP oming from the saxion de ay tends to ex eed the riti al abundan e Y( ) . Sin e the reheating
15

temperature is then bounded above due to the gravitino problem [27℄ g , the saxion is likely
to start to os illate before the reheating pro ess ompletes. This is the ase if TR < T ,
where T is de ned by

T = 2:3  1010 GeV

!
200 1=4  m 1=2
:
gos
1 TeV

(38)

Here gos ounts the e e tive number of massless degrees of freedom at H = m . The
saxion abundan e is

Y ' 2:1  10 11



1 TeV   TR   i 2  FA 2
:
m
106 GeV FA
1012 GeV

(39)

> FA. So, in
Thus even if the saxion does not dominate the universe, (30) is satis ed for i 
the following, we adopt Eq. (35) to estimate the reli LSP abundan e, assuming that (30) is
satis ed. Note that it is the large bran hing ratio into the gauginos that enables the saxion
to non-thermally produ e a right amount of the LSP DM, even if it does not dominate the
universe.
In Fig. 1, we show the ontours of the LSP abundan e in (m ; FA ) plane. We have hosen
the wino LSP with m = 300 GeV and  = 1 as representative values. Sin e the gaugino
bran hing ratio is generi ally O(1) as long as m > 2m , the reli LSP abundan e is given
by Eq. (35). From the observation of SN1987A [20, 21℄, FA is bounded from below, FA > 109
GeV, while an upper bound, FA < 1012 GeV, is set by taking a ount of an over losure limit
of the reli axion abundan e [22, 23℄. We nd that the observed DM abundan e,  h2  0:1,
is realized for m around O(102 3 ) GeV and FA = 1010 12 GeV (below the dashed line).
Note that the axion over losure bound an be relaxed by the entropy produ tion asso iated
with the saxion de ay. In fa t, in deriving the upper bound FA < 1012 GeV, it is assumed
that the initial displa ement of the axion from the true minimum is O(1), and that there is
no entropy produ tion [28℄ after the axion starts to os illate at T = QCD ' 200 MeV. If
the saxion dominates the universe and de ays after the QCD phase transition (of ourse, but
before the BBN begins [29, 30℄), the upper bound an be relaxed to  1015 GeV [24℄. Then
although it depends on the initial VEVs of the axion and saxion elds, the region above the
dashed line in Fig. 1 an be viable, and the right amount of the wino DM is realized even
g

Throughout this paper we assume that there is no sour e for the late-time entropy produ tion [28℄ other
than the saxion.
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FIG. 1: Contours of the wino LSP abundan e,  2 = 0 3 0 1 0 03 0 01, for  = 300 GeV.
The shaded regions are ex luded; the LSPs are only thermally produ ed and therefore too small
reli density for  2  ; the upper left triangle region is ex luded sin e the saxion de ays after
the BBN starts, i.e., d 5MeV, while the lower right one orresponds to the de ay temperature
2 0 13 is from the
higher than the de oupling temperature of the wino, i.e., d
 20; 
LSP overprodu tion in the light of WMAP; A 109 GeV from the SN bound. Also the region
above the dashed line is disfavored by the axion over losure limit if no entropy produ tion o urs
after the QCD phase transition.
h
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T
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<

T
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> m =

h

>

:

<

for that region h.
In the above numeri al analyses, we have xed the wino mass as m = 300 GeV. In fa t,
the larger LSP mass favors smaller FA for xed m . This an be understood as follows; higher
saxion de ay temperature is needed to realize  h2  0:1, sin e larger m suppresses the
annihilation ross se tion (see Eq. (32)). It is interesting to see that for m >
 500 GeV, the
h

The DM abundan e in ludes the ontribution from the reli axion as well as the wino/higgsino LSP. When
we take into a ount the axion ontribution, the smaller LSP abundan e tends to be favored, though the
result depends on both the initial displa ement of the axion and the thermal history of the universe.
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parameter region to reprodu e  h2  0:1 ( al ulated by using Eq. (35)) overlaps with that
where the LSP is thermalized, namely, Td >
 m=20. This means that the saxion de ay takes
pla e before the de oupling of the LSP. Then we need to numeri ally solve the Boltzmann
equation around the LSP de oupling, taking a ount of the LSP produ tion from the saxion
de ay in order to estimate the LSP abundan e orre tly. Sin e the reli abundan e depends
sensitively on the evolution around the de oupling temperature [31℄, we do not go into details
in this paper. On the other hand, the lighter LSP may be ex luded by the BBN. The 6 Li
an be overprodu ed due to the energeti hadrons from the DM annihilation. Thus a mass
of m <
 100 200 GeV is disfavored for wino/higgsino DM [32℄.
So far we have onsidered the wino LSP. When the LSP is the higgsino,  h2  0:1
requires higher de ay temperature. In fa t, sin e the annihilation ross se tion is lowered by
 1=10, the de ay temperature should be raised by about one order of magnitude. Then the
onstant ontours of the LSP abundan e in Fig. 1 shift to lower FA by  1=10 for xed m .
Therefore, we nd that the observed reli abundan e of the higgsino DM an be naturally
realized by the non-thermal produ tion from the saxion de ay, for m at the weak s ale and
FA = 109 12 GeV.
In the above dis ussions, we have onsidered the hadroni axion model. Let us now
omment on the DFSZ axion model. In this ase the standard model parti les have nonzero
PQ harges, and the saxion an dominantly de ay into the third generation quarks. Then
the total de ay rate of the saxion be omes slightly higher and N is suppressed by that
amount. It should be noted, however, that the reli DM abundan e is given by Eq. (35)
as long as (30) is satis ed. Therefore the ontours of the LSP abundan e in Fig. 1 slightly
move upward for the DFSZ axion model, but our main on lusion remains virtually inta t.
Lastly let us omment on the gravitino produ tion in the saxion de ay. If A has a mixing
with the SUSY breaking eld z , the saxion an de ay into a pair of the gravitinos, in addition
to the single gravitino produ tion. In ontrast to the modulus, however, the saxion de ay is
free from the gravitino overprodu tion problem. This is be ause the axion de ay onstant
is mu h smaller than the Plan k s ale. Sin e the total de ay rate is enhan ed by lowering
the uto s ale, the saxion mass needs not be larger than the gravitino mass to de ay
before BBN, and the gravitino produ tion may be kinemati ally forbidden. Even when the
hannel is kinemati ally allowed, the bran hing ratio of the gravitino produ tion an be
suppressed. Let us rst onsider the gravitino pair produ tion rate. Sin e the oupling of
18

A with the two gravitinos is proportional to FA [10℄, the bran hing ratio of the gravitino

produ tion is suppressed by (FA =MP )4 , namely 3=2 = O(FA =MP )4. Sin e FA is bounded
above, FA <
 1015 GeV, leading to 3=2  10 12 whi h is small enough to evade the bounds
from the BBN and LSP over losure limits [6℄. However, the single-gravitino produ tion rate
a tually dominates over the pair produ tion rate, if the saxion mass is larger than m3=2
due to the non-SUSY mass term. The bran hing ratio of the single-gravitino produ tion
is given by O((m =m3=2)2 (FA =MP )2 ), and the osmologi al bounds are not so severe unless
m  m3=2. Note that, sin e the saxion does not ne essarily dominate the universe to
produ e a right amount of the wino/higgsino DM, the gravitino abundan e from the saxion
de ay may be suppressed. Therefore the gravitino produ tion an be safely negle ted in the
saxion de ay.
V.

CONCLUSIONS AND DISCUSSION

In this paper we have pointed out that an intermediate s ale physi s is ne essary for a
su essful non-thermal produ tion of the wino/higgsino DM, to avoid the moduli-indu ed
gravitino/LSP problem re ently pointed out in Refs. [6℄. This is be ause gravitinos and/or
LSPs would be overprodu ed otherwise. The onventional s enario using the modulus deay to produ e the wino/higgsino DM non-thermally is disfavored from this point of view.
Instead we have proposed an alternative andidate: the bosoni SUSY partner of the axion,
i.e., the saxion. It is parti ularly interesting that the right amount of the DM an be realized for the saxion mass around the weak s ale when we onsider the axion de ay onstant
within the osmologi ally allowed range, FA = 109 12 GeV. Although our analyses fo used
on the ase of the saxion, we would like to stress that they are rather generi and an be
applied to any s alar elds that de ay via the non-renormalizable operators of D = 5 with
an intermediate ut-o s ale.
It is also worth noting that the saxion de ay is appli able for a sour e of the harmless entropy produ tion. As was stressed in this paper, the late-time de ay of the s alar
eld generally su ers from the gravitino/LSP overprodu tion. In ontrast, the s alar eld
at an intermediate s ale an reheat the universe avoiding overprodu tion of the gravitino/superparti les. For instan e, a s alar eld at M  MP may de ay before BBN begins,
while satisfying m < 2m3=2; 2mLSP to kinemati ally blo k the gravitino/LSP produ tion
19
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