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Neutralino dark matter from heavy axino decay
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We consider cosmological consequences of a heavy axino, decaying to the neutralino in R-parity
conserving models. The importance and influence of the axino decay on the resultant abundance of
neutralino dark matter depends on the lifetime and the energy density of axino. For a high reheating
temperature after inflation, copiously produced axinos dominate the energy density of the universe, and its
decay produces a large amount of entropy. As a bonus, we obtain that the upper bound on the reheating
temperature after inflation via gravitino decay can be moderated, because the entropy production by the

axino decay more or less dilutes the gravitinos.
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I. AXINO

Neutralino, if it is the lightest supersymmetric particle
(LSP) in R-parity conserving models, is a natural candidate
for dark matter. Because of the TeV scale sparticle inter-
actions, the thermal history of neutralinos allows the neu-
tralino dark matter possibility. But, imposing a solution of
the strong CP problem, the thermal history involves con-
tributions from the additional sector.

The strong CP problem is naturally solved by introduc-
ing a very light axion a. Most probably, it appears when the
Peccei-Quinn (PQ) symmetry is broken at a scale of f,.
Below the PQ scale, the effective axion interaction with
gluons is

g
327 f,

aFF, (1)

where g, is the strong coupling constant [1]. The PQ scale
is constrained by the astrophysical and cosmological con-
siderations in the narrow window 10'° GeV < f, <
10" GeV [2].

TeV scale supersymmetry (SUSY) suggests axino d, the
superpartner of axion, around the electroweak scale in the
gravity mediation scenario. Here, we consider the effects
of heavy axinos in cosmology. The axino cosmology de-
pends crucially on the axino decoupling temperature [3],

2/0.1\3
T: 4o = 101 G V(fi) (—) , 2
a=dep 102 Gev) \a, @

where a, = g2 /4.
The axion supermultiplet includes axion, saxion (the
scalar partner), and axino. Both saxion and axino masses
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are split from the almost vanishing axion mass if SUSY is
broken. The precise value of the axino mass depends on the
model, specified by the SUSY breaking sector and the
mediation sector to the axion supermultiplet [4]. In prin-
ciple, the axion supermultiplet is independent from the
observable sector, in which case, we may take the axino
mass as a free parameter of order from keV to a value much
larger than the gravitino mass [5,6]. Light axinos can be a
dark matter (DM) candidate, which has been studied ex-
tensively [7-9]. Heavy axinos, however, cannot be the LSP
and can decay to the LSP plus light particles. This heavy
axino decay to neutralino was considered in the literature
[6] where the neutralino relic density was not considered
seriously. Some considered the axino as the next LSP
decaying to the gravitino LSP in the gauge mediated
SUSY breaking scenario [10]. Recently, supersymmetric
axion models were studied with an emphasis on saxion
[11], where the heavy axino possibility was also consid-
ered briefly [12].

In this paper, we present a more or less complete cos-
mological analysis of a heavy axino with mass in the TeV
region so that it is heavier than the LSP neutralino.
Compared with the saxion study, the heavy axino study
probes SUSY directly, because the axino carries the odd R-
charge.

If kinematically allowed, a heavy axino decays predomi-
nantly to a gluino and a gluon, and the gluino subsequently
decays, finally producing the neutralino LSP. However, if
axino is lighter than gluino, this axino to gluino decay is
forbidden, and the axino predominantly decays to a neu-
tralino and a photon. The neutralinos from axino decay can
annihilate in the cosmos if the neutralino number density,
n, is large enough so that n{o,,,v) > H, where o, is the
annihilation cross section. In this case, the neutralino
abundance is modified, which is obtained by solving the
Boltzmann equation. For this to be compatible with the
observed DM density, we find the required thermally-
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averaged cross section of neutralino, (o ,,,v), to be around
103 GeV 2. The Higgsino-like neutralino can give this
kind of large cross section.

The thermally produced O(100 GeV) gravitinos after
inflation induce severe problems on the light element
abundances, which restricts the reheating temperature to
Tr < 107 GeV. We find that the entropy production from
the heavy axino decay can dilute the primordial gravitinos.
For axino mass smaller than gluino mass and for a low PQ
scale, f, ~ 10'° GeV, we find as shown below that there is
no gravitino problem for the reheating temperature up to
the axino decoupling temperature 7; 4.

A heavy axino leads to different physical consequences
depending on its mass being greater or smaller than the
gluino mass mg. If axino is heavier than gluino, it decays
dominantly to a gluino plus a gluon. If axino is lighter than
gluino, it decays dominantly to a b-ino-like neutralino and
a photon and, if kinematically allowed, to a neutralino and
a Z-boson. Thus, the axino decay width is given by,

(1) mgz>mg:

8a? m’ m2\3
lNa—g+g=—"5-12 1——g), 3
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)

a2 C2 ) 3 m2‘ 3
o py+ ) = S mi 1)

1287°  f2 m2

with C,,., = (Cuyy/cosby)Z,  [7], where Z, g is the
b-ino fraction of the i th neutralino and 6y, is a Weinberg
mixing angle. Hereafter, we will use C,yy = Z, g = 1 for
simplicity. For the case (ii), as one can see, the lifetime can
be easily longer than 0.1 s. If the lifetime is shorter than
about 0.1 s, the axino decay does not harm the standard big
bang nucleosynthesis (BBN). Note that for Eq. (3), the
axino lifetime is about 3.3 X 1077 s(a,/0.1)72 X
(f./10" GeV)*(m;/1 TeV) 3.

Right after the axino decay, the temperature of radiation

Tp = JTaMp/(72g./90)'/* is given by

70\1/4/3 X 1077 1/2
Tp = 1.4 GeV(—) (—Sec) ,
8

&)
Ta

where Mp is the reduced Planck mass. For the case that
axinos dominate the energy density of the universe before
they decay, we can regard T, as the second reheating
temperature due to the axino decay. This temperature is
marginal, when we discuss its effect on neutralino DM, as
we discuss below. This is because, for the axino lifetime of
1077 second, this temperature is comparable to the typical
neutralino freeze-out temperature Ty =~ m, /25 [13]. If
Tp > Ty, or equivalently 7; < O(1077) second, the axino
decay has no effect on the neutralino DM abundance,
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because the neutralino produced by the axino decay also
could reach the thermal equilibrium. From Eq. (3), we can
see that this would be the case for a heavier axino or for a
lower PQ scale.

The axino abundance depends on the thermal history of
the early universe after inflation. Another relevant tem-
perature we introduce is the reheating temperature after
inflation Tg. So, the temperatures we introduce are

T;—4cp = axino decoupling temperature,

Tr = reheating temperature after inflation,

T, = neutralino freeze-out temperature, (6)
T;—.q = axino-radiation equality temperature,

Tp = radiation temperature right after a decay.

For Tg > T;_4cp, axinos were in the thermal equilib-
rium, and the axino number density is comparable to the
photon number density. Below the axino decoupling tem-
perature, the axino number in the comoving volume is
conserved if there is no new physics below 74,5 then
the axino abundance is given by

ng _ 135£(3) 8a

87 g*(Tdfdcp) ’

for Tg > T deps
Tﬁ—dcp

(7

where £(3) =~ 1.202, g; is the degrees of freedom of axino,
and s = % g+, T? is the entropy density.

For Tr < T;—qcp, axinos could not be in thermal equi-
librium after inflation. Nevertheless, they are regenerated
by thermal scattering and by decays of gluinos, squarks,
and neutralinos in the thermal plasma. For a high enough
reheating temperature, 7 > 10* GeV, the hard thermal
loop approximation is good enough, and the axino abun-
dance can be approximated as [14]

Y. —2.0% 10-7 61rl(1.108)(10” GeV)2< Tk )
aT e &M, fa 10° Gev/)

®)

We can see that the axino abundance might be large in
terms of Y; going up to 0(0.002), strongly depending on
Tr and f,. Hence, if many axinos are produced after
inflation, axinos might dominate the energy density of
the universe before they decay.

Let us first examine the condition for axino domination.
For T < my, axino becomes nonrelativistic. When axinos
are nonrelativistic, the energy densities of radiation and
axinos are given by

g,
PR =

30 T, Palr<m, = maYss, )]
respectively. From Eq. (9), we find the axino-radiation

equality temperature, 75— .4,
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Timraa = 5maYs > Tp. (10)

If this equality occurs before axino decays as shown as the
inequality, then axino can dominate the universe. On the
other hand, for %m& Y; < Tp, axinos never dominate the
energy density of the universe before they decay. In this
regard, we find the lowest reheating temperature, 7o,
above which axinos can dominate the universe before
they decay, by solving the equality 3 m,Y,(Tg™) = Ty,

In case axinos dominate the universe, the entropy pro-
duction by axino decay dilutes the previously existing
number densities. The ratio of the entropy per comoving
volume before and after the axino decay is [13]

S; _4m,Y,
r=2ta Tl (11)
So 3Tp

for T;—;aq > Tp- Thus, from Eqgs. (5) and (11), the entropy
ratio can be

f.=101°GeV
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FIG. 1 (color). The Tg vs mj plot for f, = 109 GeV. The
region Ty > T;_4p is above the dashed blue line (horizontal).
The axino lifetime greater than 0.1 sec is denoted by the red
shaded region in the left side. The blue shaded region in the right
side is where axino decays before neutralino decouples (T >
T¢). The magenta lines (horizontal) are the contours of the
entropy increase, r = S;/S,. Above r = 1 lines, axinos domi-
nate the universe before they decay. The green lines (vertical)
denote the {0, V;e) in units of GeV ™2, which are used to give
the right amount of neutralino relic density by Eq. (22). We use
neutralino and gluino masses as m, = 100 GeV and m; =
2 TeV. For a heavier neutralino mass, the green lines move to the
right.
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The same as Fig. 1 but with f, = 10'> GeV.

FIG. 2 (color).

S, m; \(2 GeV\[ Y,
=2 oy 3( M i) 12
"7, (1 TeV)( Tp )(0.002) (12)

This is shown in Figs. 1 and 2 as magenta lines. Above the
solid line denoted as r = 1, axinos can dominate the uni-
verse and can produce additional entropy.

Similarly, in case that an axino can decay only into a
neutralino and a photon [case (ii)], T looks to be able to
become as small as of several MeV and S /S, might be as
large as O(10%-103).

II. RELIC DENSITY OF NEUTRALINO

Neutralino, which was in the thermal equilibrium in the
early universe, decouples and freezes out when the anni-
hilation rate becomes smaller than the Hubble parameter.
The freeze-out temperature 7} is normally given by
m X/ 25, e.g. 4 GeV for 100 GeV neutralino. As mentioned
above, the neutralino relic density is not affected by axino
for Tp > T,.

Hence, we consider Ty < T}, below, and the following
arguments are valid only for this case. Another crucial
issue in this case is whether the produced neutralinos
from the axino decay would annihilate again or not. If
the neutralino number density from axino decay is too
large, i.e. for

121 1
90 ) (13)

Y |y > ,
=, ( Kov) MpTp

g,

the produced neutralinos would annihilate more.
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A. Case of axino domination

For Tp < T, let us consider the cases of axino domina-
tion. First, let us consider the case that axinos would
dominate the universe, but the produced neutralino cannot
annihilate. From Egs. (10) and (13), this occurs if

(90/mg)'"> _ m, (90 )”2 (14)
AMpTpY,(Tp)  3MpTE\mg.

(ov) <

is satisfied. The equality in (14) is estimated using Eq. (12),
assuming that the neutralino abundance from axino decay
is much bigger than that from thermal freeze-out. This
condition is not likely to be satisfied for the range of our
m; and Tp.

This leads us to the case that Eq. (14) is not satisfied, i.e.
neutralinos produced (from axino decay and thermal
freeze-out) annihilate. The final abundance is obtained
solving the Boltzmann equation,

% + 3Hn)( = _<0-annvrel>n§n (15)
t

where o,,, is the annihilation cross section of two neutra-
linos, v, is their relative velocity, and . ..) is the thermal
average. With Y, = n, /s, the evolution equation is

dYy
dt
where s is the entropy density, and s o T° o« r~3/2 in the
radiation dominated era.

Applying the sudden decay approximation, after the
decay of axinos, the radiation and neutralino densities
can be easily estimated. The radiation dominates the uni-
verse soon and the neutralinos start to annihilate. We can
solve this evolution equation from the time after axino
decay, Tp, to later times. The final abundance Y, at tem-
perature T after neutralino annihilation can be expressed as

= _<0-annvrel>Y)2(s’ (16)

Y;I(T) = Y;I(TD) - <0'annvrel><% - I;((??))))
=Y;1(TD)+W (17)

Here, Y (Tp) is the sum of neutralino densities from
thermal freeze-out and from the axino decay, right after
axino decay but before neutralino annihilation,

Y (Tp) = YT + Y. (18)

When axino dominates before the neutralino freeze-out,
Tj=raa = Ty, then the freezed-out neutralino relic density,
which is different from the standard one in the radiation
dominated universe, can be obtained as

(90/ 7% gs,)' /% 3 (g_D>1/2< Tp )3,

Yfr — =
Y Kov)MpTEP 2\ gy Tép

19)

where g = g.(Tp), g = g+(T¢P) and TEP is the freeze-
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out temperature of the neutralino in the nonrelativistic
axino matter dominated universe. Otherwise, i.e. for
T;—raq < T} We obtain

yir _ 00/ mg.(Ty))'/2

X Kov)MpTy, 20)

The relic density of neutralinos from the axino decay can
be given by the axino abundance suppressed by the entropy
production,

yE =y, x =2 (21)

where Y is the axino abundance just before axino decay.

When the number density of neutralinos from the ax-
ino’s sudden decay is much larger, so that n,(Tp) X
(T annVyrer) > H(Tp), then we obtain the result of [15]. In
this limit, the relic density can be approximated and sim-
plified as

90 12 m
Q h2=o.14< ) ( x )
X mg.(Tp) 100 GeV

% (10_8 GeV_2)<2 GeV), 22)

( O annVrel ) Tp

where we normalized 7T, for an axino decay to gluino and
gluon. The relic density of neutralino is proportional to the
neutralino mass, which is different from the standard one
where Q  h? o< x; = m, /Ty ~ 25.

B. Case of axino nondomination

In the case that axinos never dominate the universe,
Tj—raqa < Tp, the resultant neutralino LSP abundance is
given by Egs. (17) and (18), but with Y;r given by
Eq. (20) and Y¥® = Y,, in which T}, is the freeze-out
temperature of the neutralino in the radiation dominated
universe, instead of Eqgs. (19) and (21).

If Eq. (13) is satisfied, as in the previous case, we obtain
the same final neutralino relic abundance as that given in
Eq. (22). This is evident if we think that the final neutralino
relic density after re-annihilation is determined from the
Hubble parameter at the time of axino decay.

On the other hand, if Eq. (13) is not satisfied, we simply
obtain

y 00/ T ()
T KoM,y

+Y, (23)

This is possible when the axino abundance is too small,
which is the case for low reheating temperature T <
0O(10% GeV). For a large annihilation cross section, the
first term becomes negligible, and the second term is
dominant. In this case, the neutralino number density is
given by thermally produced axinos. Hence, in this case
also, we may have a chance to measure the reheating
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FIG. 3 (color). The same as Fig. 1 but with m, = 300 GeV.

temperature as in the axino DM case, as recently pointed
out by Choi et al. [16].

In Figs. 1 and 2, we show the contour lines (green lines)
of (ov), which gives the neutralino relic density suitable
for the DM in the universe. As can be seen in the figures,
the high annihilation cross section of neutralinos of order
(ov) = 1073 GeV is necessary. Here, we used the neutra-
lino mass of 100 GeV. If we increased the neutralino mass,

f.=1012GeV
1012 T 1 T T T I|I| T T

101t
1010
100 k
108
107

T, (GeV)

108

m;=5TeV ! ! !
10° & m ~100Gev

104 B
102 10 104

m, (GeV)

FIG. 4 (color). ; = 5 TeV.

The same as Fig. 2 but with m;
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then the (ov) increases accordingly since neutralino relic
density is proportional to the neutralino mass as shown in
Eq. (22), which is plotted in Fig. 3 with m, = 300 GeV.
For completeness we show the plots with different gluino
mass in Fig. 4, where we used mg = 5 TeV.

III. SOFTENING THE GRAVITINO PROBLEM

In the early universe, gravitinos are produced after re-
heating. It is known that the gravitino abundance is pro-
portional to the reheating temperature Ty. If the gravitino is
not the LSP, then it can decay. Since the interaction of
gravitino is suppressed by the Planck mass, the lifetime is
much longer than that of axino, usually falling in the BBN
or post-BBN era. The decay products of gravitino can
change the abundances of light elements and gives the
severe constraint on the reheating temperature, Tx <
1057 GeV for mg ~ TeV [17,18].

For a high reheating temperature in our scenario, the
axino dominates the universe and excessive entropy is
produced as shown in Eq. (12), which may soften the
gravitino problem. This entropy production is proportional
to the reheating temperature, which is of the same form as
the gravitino production. Therefore, as Ty increases, the
increased number of gravitinos is diluted by the increased
entropy from the axino decay, which renders the gravitino
abundance independent of the reheating temperature after
axino enters into the axino dominated phase in the uni-
verse. This independence is true only when Ty is smaller
than the axino decoupling temperature T gcp-

The abundance of gravitinos, Y4, after axino decay can
be expressed as

SA\-1 .
o= ram(g) = vee. e
0

where Yg‘(TR) is the thermally produced gravitino abun-
dance after reheating. TR" is the lowest reheating tempera-
ture above which the axino dominates: » = 1, denoted by
the solid magenta line in the figures. This is valid for
TRn < T < Ta—dep-

So, for f, =10'" GeV, this line is almost 72" =
10° GeV, where the gravitino problem is almost solved
anyway. However, for f, = 102 GeV, TRi» ~ 108 GeV,
the gravitino problem still exists, though it is tolerated in
our heavy axino scenario.

IV. CONCLUSION

We have discussed the heavy axino possibility so that the
heavy axino decay leads to a reasonable DM density of the
LSP neutralino and enough radiation to dilute the graviti-
nos. For this scenario to be realized, we need a large
annihilation cross section of neutralinos (owv). Such a
neutralino is Higgsino-like, in which case the cross section
with nuclei for the direct DM search can be as large as
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og = 107778 pb, which can be probed in future DM
search experiments.
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APPENDIX: NEUTRALINO FREEZE-OUT
DENSITY IN DECAYING PARTICLE DOMINATED
COSMOLOGY

In this appendix, we derive an approximate relic density
of thermal neutralinos decoupled in the decaying matter
dominated universe, Eq. (19) for completeness. Although
one may find the same discussion in Ref. [19], some g.
dependence is missing there, and we will correct it. Just
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after the decoupling of neutralino, from the relevant
Boltzmann Eq. (15), we obtain

11 Aov)2
anl, a*nl,  @’3H | =,

(AD)

for ¢ > ty,. In the matter dominated universe t;, = 2/3Hj,

and the freeze-out temperature is Ty =
3\/§(U'U>Mpmi/2g'/2T2 .
_ 1 :
m, IH[W]. Here, in the decaying matter
T

dominated universe, the entropy density per comoving
volume is not conserved. Hence, we used & instead of
the entropy density in the standard calculation. After the
reheating by the decaying matter is completed, when the
temperature is Tf of course, we can use Y as usual. We find

toon = (i)

3H;,

Haovys(T))’ (A2)

after the decay. Recalling g.(T)T* « H and a(T)* «
g+(T)*T8 in the decaying matter dominated universe, we
obtain

r= <§*z(éf;))<72gi?Tfr))l/2 Ko U>1M1>Tfr

@ 6w

In text, we used g.(Ty) = g.s(T;) and Ty = Tp,.
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