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Abstract

We examine dark matter production rates in supersymmetric axion models typified by the mass
hierarchy mg/, < m(neutralino) < m(axino). In such models, one expects the dark matter
to be composed of an axion/gravitino admixture. After presenting motivation for how such a
mass hierarchy might arise, we examine dark matter production in the SUSY KSVZ model, the
SUSY DFSZ model and a hybrid model containing contributions from both KSVZ and DFSZ.
Gravitinos can be produced thermally and also non-thermally from axino, saxion or neutralino
decay. We obtain upper bounds on Tr due to overproduction of gravitinos including both the
thermal and non-thermal processes. For Tr near the upper bound, then dark matter tends to
be gravitino dominated, but for Tr well below the upper bounds, then axion domination is more
typical although in many cases we find a comparable mixture of both axions and gravitinos. In
this class of models, we ultimately expect detection of relic axions but no WIMP signal, although

SUSY should ultimately be discovered at colliders.

PACS numbers: 11.30.Pb, 98.80.-k
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I. INTRODUCTION

The axion solution to the strong CP problem provides a natural candidate for dark matter,
the cold axion produced coherently from an initial misalignment during the QCD phase
transition [1]. In its supersymmetric (SUSY) version, the axion, a, is accompanied by the
fermionic and scalar partners called the axino, @, and saxion s, respectively. They also have
significant implications in cosmology [2, 3], which are characteristically different depending
on the axion models. In the KSVZ model [4], the axion solution is realized by the presence
of extra heavy vector-like quarks and thus the axion supermulitiplet interacts with the
minimal supersymmetric standard model (MSSM) fields through the (non-renormalizable)
QCD anomaly term. On the other hand, in the DFSZ model [5], the p-problem of the
MSSM is connected to the axion solution [6] and the (renormalizable Yukawa-type) p-term
interaction plays a major role in the axino/saxion cosmology.

Since the axion is the Goldstone boson of a spontaneously broken U(1)pg symmetry [7],
its mass is protected to be zero up to the QCD anomaly. The axino and saxion remain also
massless in the SUSY limit. In reality, however, SUSY breaking induces their masses which
are generically expected to be of order the SUSY breaking scale, but can be quite model-
dependent [8-12]. Being superpartners of a Goldstone boson, the axino and saxion interact
with the MSSM particles through couplings suppressed by the axion scale f, ~ 10 — 10'2
GeV. Although very weakly coupled, sizable cosmic abundances of the axino and saxion can
be generated either through the QCD anomaly interaction in the KSVZ model [13-15], or
through the p-term interaction in the DFSZ model [16-18]. Thus, the axino has to be very
light if it is the lightest supersymmetric particle (LSP) and thus a dark matter candidate
[19]. If the axino (or saxion) is heavy and unstable, its decay leads to a large non-thermal
abundance of the LSP such as a neutralino or the gravitino, which can change the standard
dark matter cosmology significantly. Note also that coherent oscillation (CO) is another
important source of the saxion cosmic abundance.

If the gravitino is the LSP, its abundance comes from the usual thermal generation
depending on the reheat temperature and also from non-thermal generation due to next-
to-lightest SUSY particle (NLSP) decays. This contribution is important if the axino is
the NLSP due to its sizable initial abundance [20]. If a usual neutralino is the NLSP, the

axino (and saxion) typically decays first to the NLSP and then its re-adjusted abundance



will be relevant to the gravitino production while the direct decay of the axino (saxion) to
the gravitino is suppressed by O(mj , f2/m3,,M3) which is a tiny number for mg s ~ mz)s.
In this paper, we investigate the possibility of realizing the situation that the axino/saxion
mass is hierarchically larger than the gravitino mass and thus the axino/saxion decay to the
gravitino cannot be negligible.

In Section 2, we first consider the effective theory of the axion supermultiplet to see how
rather unusual cases of mg s > ms/, can be realized and then provide specific examples in
gravity and gauge mediation models. In Section 3, some phenomenological implications of
SUSY KSVZ and DFSZ axion models will be discussed. If m3/,, < 100 GeV, the SUSY
breaking masses in the MSSM sector can be generated by the usual gauge mediation or
the “axionic gauge mediation” which can be realized in the KSVZ scheme. In Section
4, we investigate the cosmological consequences of heavy axinos/saxions by taking specific
examples of the Higgsino-like (SUA) and bino-like (SOA) NLSP. For these benchmark points,
we compute the gravitino abundance coming from thermal generation[21], the NLSP and
axino/saxion decays, and put an upper bound on the reheat temperature in the KSVZ[22],
DFSZ and hybrid (KSVZ+DFSZ) axion models. We also present a brief discussion on the
big-bang nucleosynthesis (BBN) bound on the long-lived NLSP. Finally, we conclude in

Section 5.

II. AXINO AND SAXION MASSES IN EFFECTIVE THEORY

The main focus of this paper is to investigate the consequences of a rather exotic mass

spectrum:
msz/2 < mz < Mg, (1)

which can be realized in both gravity mediation and gauge mediation scenarios. To see how

this happens, let us revisit the effective theory[39] of the axion supermultiplet A,

A= % (s + ia) + V20i + 6°F,, (2)

which is a Goldstone superfield arising after spontaneous breaking of U(1)pg symmetry in
SUSY theory. The low energy effective theory below the PQ symmetry breaking scale vpg

should be invariant under the non-linear transformation of A:

Ul)py: A— A+iauvpg, (3)
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where « is a real parameter, and other fields are all neutral under U(1)pg. In order to be
invariant under U(1)pg, the effective superpotential Weg should be independent of A, and
the effective Kiahler potential K¢ should be the function of A+ Af. Expanding K.g in terms
of (A + AT)/vpg, one has

(4)

A+ AN Z(A+ ANH?2 Z5(A+ A3
Keﬁr:U]%Q<ZQ—I—Zl( ), 2 ) ZsA+A)

UpQ 20 Vpg 31 whg

where Z; are spurion superfields. Assuming that there is no significant mixing between the

axino and other fermions, Z; can be written as
Zi=7;+(0°Z + h.c) + 0?0 ZP. (5)

Calculating Kef|g2g2, and solving the equations of motion for Fy, we obtain

QZ_Z_f’_\/é<Z_§_Zng) o (6)
VpQ Zg Z2 Z22 VpQ

Here we keep terms up to O(1/vpg). Considering the scalar potential for s induced by Z;

and the constraint (s) = 0, one finds

2 VAR A4/ ey £ AN VA
|Z{7‘ :( 2 1 QZ; 1 2) 2. (7)

Barring an additional symmetry or a special arrangement, it is generally expected that

Z;=001), zP=0(Z)). (8)

)

Then one can find that the axino mass is given as

_z¥ Zzzfr  ZF L% Fi
7 73 Zy  Zyupq

mg

—0(ZF), o O (ﬂ) | (9)

VpQ

Similarly, the saxion mass-squared is
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As an example of an UV model with an additional (approximate) symmetry A <> —A
requiring F4 = 0, let us introduce two PQ charged chiral superfields (X, Y') transforming
like

Ul)pg: X — Xe Y = Ye (11)



They can be decomposed as

1 1
X = EUGA/UPQ, Y = EUG_A/UPQ (12)

where U is a PQQ neutral spurion superfield whose vacuum value is determined by equations
of motion. The transformation A <+ —A corresponds to X > Y, and (X) = (V) = vpg/v/2.
After stabilization of the U field, the low energy effective Kahler potential is

2 T
cosh M, (13)

Keg = Zeg (XTX +YTY) = 0} Zeg .
PQ

UPQ

where Z.q can be taken as 1 + 6%20°m?, since 62 (#%) terms could be removed by field

)

(15)

redefinition of X, Y. By matching (13) with (4), we get

Fy

F -
2122320 20222:1+(92—U+hc>+9292 (mz—l—
VpQ

VpQ

and the axino mass is

’UPQ

mg

This corresponds to

_Fx _ Fy
X Y

mg

(16)

where Xy = (X) and Yy = (Y) in the linearly realized PQ symmetry.
From the above discussion, one can get a formal upper bound for the axino mass as a
function of the gravitino mass and the PQ symmetry breaking scale. For a given gravitino

mass, F-terms are bounded as |Fal|, |Fyy| < v/3ms/2Mp which leads to

ma < m3/2<%>. (17)

UPQ

On the other hand, the saxion mass-squared in the above example is

o\ 2

m? =2 { (—U) — mf} =2 (m% — mf) > O(m2). (18)
’UPQ

The specific relation between m; and my is model-dependent. Let us remark that the relation

(17) allows a hierarchically large ratio mgz/ms s2 up to Mp /vpg which has not been studied

seriously in the literature as one generically finds Zf ~ Mgz and |Fau| ~ ms /2Vp@Q, and

thus meg ~ m3/2.



A. Gravity Mediation

In gravity mediation models, the axino mass is of order the gravitino mass or smaller
if the theory does not have an additional zero mode other than the axion mode in the
supersymmetric vacuum. On the other hand, if the theory does have an additional zero
mode, the axino mass can be hierarchically larger than gravitino mass [10]. We show here a
specific example realizing mg > ms/o in gravity mediation models.

Let us consider the following superpotential:
W= (MXY = A.Z%) S+ (Z — fo)’ (19)

with U(1)pq charges X (1), Y(—1), Z(0), S(0). In the supersymmetric limit, the vacuum
expectation values of X, Y, Z, § (Xo, Yo, Zo, So) are

So=0, Zo=fo, XoYo= N/ N)I3- (20)

We find that in addition to the axion supermultiplet corresponding to the flat direction
XYy = constant, there is another massless spectrum whose mass is proportional to (Z — fy).
This is the accidental massless mode, which does not correspond to any flat direction, and
thus is removed if terms like SZ and extra Z2 are added.! The vacuum values are modified
when the SUSY breaking terms are turned on. The modification of the vacuum values are
O(ms/2) along the massive directions while they can be much larger than msg/, along the
additional massless direction. More specifically, the superpotential term (Z — fy)® makes a
large shift of 67y ~ O(m;g 3/3) and consequently mg ~ 65y ~ O(mgg 5/3). The relation
between the vacuum structure and the mass spectrum before and after adding soft SUSY
breaking terms is discussed more generally in Ref. [10].

To simplify the analysis, let us assume that Ay ~ A, ~ 1> A.. Including generic gravity

mediated soft terms in the scalar potential, we obtain the mass spectrum of the P(Q sector

I Tt is noted that for sizable )., then mixing terms between S and Z can be induced in the Kaher potential.

Such terms are quite suppressed for A\, < 1, and our tree-level discussions are still valid at the loop level.



as follows:

me = 0, (21)
ms =~ V2ma = V2o ~ (Aym? o)’ (22)
M2 X Mgy = My X Myp3 ~ My = Mg ~ A\ Xo ~ fa, (23)
Mgy \/émm ~ V6ms ~ (A?mg/gfg)l/g , (24)

where {s, a, a} are the axion supermultiplet, {s2,--- , s4} are scalars, {p2,--- , p4} are pseu-
doscalars, and {p,q, 2} are fermion superpartners. One can see that m, mg > mgy is
obtained for fo > m3/,. We should note that in this setup every superfield has a non-zero

F-term of order
Fx/XoﬁFy/Ybﬁmd, Fz/Zoﬁ—ma Fs/S()Z—m@. (25)

A peculiar feature of the model (19), which is relevant to cosmology, is that the saxion
decay to a pair of axions/axinos is very suppressed by the small coupling ¢ which will be

discussed later in Eqgs. (76,77) [10]:

§ = ZQS’U?/U%’Q
i

Xy Y
CXGHYE
m2 — m? m 2/3
- 3 > 2 = 2 N( 3/2) < 1 (26)

where m% (mi) is the soft scalar mass squared for X (Y') of order mj ,. In addition, the

saxion decay to an axino pair is also kinematically forbidden due to m, ~ V2mg < 2mg.

B. Gauge Mediation

In the usual gauge mediation model, one has m3/, < Mmgor. One can also expect to have
ma < Moy, as the PQ symmetry breaking sector consists of gauge singlet fields [11]. To
get the opposite spectrum of mg.i < mg, one needs to allow a direct coupling between

the axion superfield and the SUSY breaking/messenger field.? For a given SUSY breaking

2 Here we consider that dominant SUSY breaking fields are not charged under the U(1)pg, so that the

axion sector stabilization is independent of the SUSY breaking sector construction.



spurion superfield Z = Z; + 6*F, we introduce N,; copies of PQ charged SM singlet chiral
superfields M + M*¢ as messengers between the SUSY breaking and the axion sector. The

U(1)pg charges are assigned as
The PQ invariant superpotential is

W = ZO®P“+ \ZMM*®

1 1
e X MM + S, Y MM

+ (A XY — f2)8. (28)
where ® 4+ ®¢ are SM charged messenger superfields and the first term Z®®¢ is the source of
gauge mediation for the MSSM sector. The coupling XY Z can be prevented by assigning

additional U(1)g charges. For f, ~ Xo < Zy, M + M€ are integrated out at the scale Zj.
At one-loop level, this effect can be captured by the Coleman-Weinberg Kéahler potential as

MIM
_ T
AK.g = ~35.3 Tr (/\/l Mln e ) , (29)
where M is the mass matrix for M and M€ that depends on X, Y, Z. Then we have
Nu 2 N2 Z)? Nu k2 N2|Z)?
AKg = — ] X|? - Y] Y|?
f (327r2nA2 1] 22 Tz ) 1Y
N (B2 X%+ &2V
Nu (RIXP RV 0
6472 \2| Z |2
Taking rk, = k, = k for simplicity, stabilization of X and Y leads to the axino mass:
NM Iiz FZ K 2
any = N —_ S0 31
"™ T5or 7, M(g> Mhsoft (31)

which can allow a large ratio mg/mgor > 1 when & is larger than the standard model gauge
coupling g or Ny, is large. The soft scalar masses for X and Y are generated at two loop

level as

2
K2F

m% = mi ~ Ny (Ny + 2) 52727

(32)

They are all positive, so that the saxion can be stabilized without dangerous unstable di-

rections. Its physical mass is

Nur? Fz\’
2 MM “Z) 2
m; (32%2 Zo) Oo(mg). (33)
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Note that the dominant SUSY breaking superfields can also be charged under the U(1) pg
[40]. In this kind of model, R-symmetry is imposed in the global SUSY limit, and thus
there are generically light R-saxion/axion fields. One then find the following typical mass

spectrum:

saxion, axino : F/Z,
R-saxion : F/4nZ,
MSSM sparticles : F/167%Z,

R-axion : \/ Zo/MpF/ZO

gravitino : F/Mp. (34)

with Zy ~ f,. It also gives a heavy axino/saxion with mg ~ mg ~ 100mg.q. The existence
of such a light R-axion is model-dependent, and might play an important role in cosmology.

We do not study these models in this paper. Related work can be found in [41, 42].

III. PHENOMENOLOGICAL IMPLICATIONS OF SUSY AXION MODELS

The ‘QCD axion,” by definition, has the ‘anomalous’ interaction with gluons:

2 ~
L 9s a GbuuGb

35
- 3272 f, /N s (35)

where g, is the coupling constant of QCD, G® is the gluon field strength, and éfw is its
dual. In SUSY theories, this interaction is supersymmetrized by

V242

L2 5N

d*0AWW® + hec., (36)

where W? is gluon field strength superfield. It includes interactions of axinos and saxions
in addition to Eq. (35). Note that f, is related to vpg as f, = \/iva and N is the domain
wall number.

The above Lagrangian is generated after integrating out (heavy) fermions charged under
the anomalous PQ symmetry U(1)pq. In the linearly realized axion models, U(1)pq can be
realized by coupling the U(1)pq breaking singlet superfield X to either color-charged fields
(KSVZ) or the Higgs bilinear operator (DFSZ), or to both:

2

X
W = MXOOE + Ny H, H,, (37)
Mp
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where ® + ®°¢ is 3 + 3 under SU(3),, and H, 4 is up (down)-type Higgs multiplet. This
superpotential respects the PQ symmetry with the PQ charge assignment: (¢ + ®¢, H, +
Hy) = (—1,-2).

Note that N = Ng with Ng being the number of ®+ &€, in the pure KSVZ model (A; # 0
and Ay = 0), whereas N = 6 in DFSZ (A\; = 0 and Ay # 0). On the other hand, one has
N = |6 — Ng| in the hybrid case (KSVZ+DFSZ). In the following, we will discuss separately

phenomenological implication of the KSVZ and DFSZ models with heavy axino/saxion.

A. KSVZ

In the KSVZ superpotential,
W =\ X0 (38)

® 4+ ®¢ can be a larger representation, e.g., 5+5 under SU(5), which includes 3+ 3 of SU(3)...
In this case, the axion supermutiplet has the additional anomaly interactions similar to
Eq. (36) with SU(2), and U(1)y gauge superfields, which has non-trivial implications not
only to the axion physics but also to the MSSM spectrum. For the heavy axino scenario
under consideration, the ratio Fx /X, can be considerably larger than the gravitino mass as
shown in Eq. (25). Then, the SUSY breaking effect can be mediated to the visible MSSM
sector by the gauge interactions of ® 4+ ®¢ and thus sizable soft SUSY breaking terms can
be generated. We call this “axionic gauge mediation”. The corresponding soft masses are

of order

L Ix (ma). (39)

Aallon = 75550 = O\ i6m
If mg = O(100 TeV), and & + ®¢ are charged under all the SM gauge groups, the desired soft
masses of order TeV can be generated. That is, the KSVZ axion model naturally provides
gauge mediation with heavy PQ charged matter fields playing the role of messengers. In

this set-up, one has mgo ~ mg/ 1672 and thus

mz/2 2 Ja —4 Ja
Mmsj2 o qgr2da ot [ Jo 4
I VA <1012Gev)’ (40)

which realizes again the spectrum of ms/y < Mo <K Ma.
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B. DFSZ

An attractive feature of the DFSZ model with the superpotential
W = Ay~ H, Hy, (41)

is that the p-term is generated naturally [6]:

uz&j\i—iz(’)(%) . (42)
Moreover, the non-zero F-term generates also the Bu term in the Higgs scalar potential:
LD / d*0 <A2]\)§—i> (%aﬁ H,H; = %uHqu, (43)
that is,
Bu = %uwmauwmsu. (44)

On the other hand, the p/Bpu-terms and Z-boson mass are related by the electroweak

symmetry breaking condition [44],

M2 (my, +59) — (my, + ¥ tan’ 5, i
2 tan? 3 — 1 s (45)

Bu = {(m%{u +u® + X9+ (m%d + u® + Eg)} sin 3 cos 8 + Zz, (46)

where ZZ:Z is the radiative correction for the Higgs mass parameters. In the large tan 5 and
decoupling limit, Eq. (45) approximately becomes
M3

5 = —p? —miy, +mj;,/ tan® 3, (47)

neglecting the radiative corrections. For natural electroweak symmetry breaking, each term

in the right-hand side should be of order M%. Thus one needs
o~ My ~ O(100) GeV (48)

which can be achieved if vpg ~ 10 (10") GeV for Ay ~ 1(0.01). Moreover, Eq. (46)

requires
B ~ (my, +mj;,)/ tan f ~ m3; /tan . (49)

where |m7, | < m3 , is assumed in the decoupling limit. Then, the naturalness argument

says
m3;,/ tan® B ~ Bu/ tan 8 < M. (50)
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SUA SOA

tan 8 10 10

My 311.3 222.2
Mo 971.5 410.6
1 200.0 2598
ma 1000 4284
mp, 124.8 125.0
mg 1793 1312
mg 5116 3612
mg, 1226 669.0

m 1877 224.1
1

Q%ZEdh2 0.013 6.8
1

TABLE I: Masses and parameters in GeV units for two benchmark points computed with

IsAJET 7.83 and using m; = 173.2 GeV.

From the relation B ~ mgz ~ mg and p ~ Mz, one can put the upper limit for the axino
and saxion mass:

mg ~ ms S My tan 3. (51)

Thus, the axino/saxion mass may be required to be below ~ 10 TeV considering natural

electroweak symmetry breaking.

IV. COSMOLOGY WITH HEAVY AXINO/SAXION AND A GRAVITINO AS
LSP

A. Two MSSM benchmark models: SUA and SOA

In this section, we will discuss the cosmological implications of heavy axinos and saxions,
concentrating on dark matter properties with the gravitino as the LSP. In order to see the
effects of next-to-lightest SUSY particle (NLSP) on gravitino production, we consider two
different benchmark points. The first one— labelled SUA for standard underabundance of

NLSP (if it were dark matter)— contains a Higgsino-like neutralino as NLSP. The second
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one— labelled SOA for standard overabundance— contains a Bino-like neutralino as NLSP.
In Table I, some weak scale parameters, sparticle masses and the putative NLSP density are
shown for these two benchmark points. An advantage of choosing these two benchmark cases
is that the results of the current work with a gravitino as LSP may be directly compared to
previous work with a heavy gravitino but with a neutralino as LSP [23].

We display here only the weak scale spectra for the SUSY benchmark models with two
different cases of a neutralino NLSP. Although we do not specify any UV-complete models
for these scenarios, it is worthwhile providing some comments. Since the gravitino is the
LSP, gauge-mediation is a plausible mechanism to produce these sparticle mass spectra [24].
After the discovery of Higgs boson, a number of papers have examined how to obtain a 125
GeV Higgs mass in gauge mediation models with relatively light top squarks [25-29]. The
Higgsino-like NLSP has also been explored in non-minimal gauge mediation models [30-38].
It is interesting to work out concrete models which reproduce the properties of the above
benchmark scenarios. However, it is beyond the scope of this work and thus we leave it for

a future task.

B. Thermal and non-thermal gravitino production

The axino and saxion can be produced efficiently in the early universe by thermal scatter-
ing, decay and inverse decays which can alter the standard dark matter property. The axino
and saxion thermal production has been studied extensively for the KSVZ case [13-15] as
well as for the DFSZ case [16-18]. Depending on the PQ breaking scale, reheat temperature,
and axino mass, it can be either hot, warm or cold dark matter if the axino is sufficiently
light [19]. In such circumstances, the axion-axino mixed dark matter scenario can also be
realized [45]. Along with the axino, the saxion can also play an important role in cosmol-
ogy and astrophysics [46]. For conventional gravity mediation models with a typical mass
spectrum, mg ~ Mg ~ M35 ~ Mgoge, the LSP is normally the lightest neutralino, and the
decays of the abundant axino and saxion have to be taken into account as they can affect
the neutralino relic density. In such a case, the axion-neutralino mixed dark matter scenario
can be realized either in the KSVZ model [47-50] or in the DFSZ model [16, 18, 23, 51, 54].

In this work, we address a different possibility: the heavy axino/saxion with light grav-

itino. As shown in Sec. II, the axino and saxion can be much heavier than not only the
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gravitino but also the MSSM sparticles. In this case, we have two dark matter candidate:
the gravitino and the axion. The axion dark matter is produced from coherent oscillations
during the QCD phase transition. Concerning the gravitino production, there are three

different sources in our scenario:

e thermal production
The gravitinos are produced from the thermal bath via interactions with MSSM par-

ticles. The gravitino thermal density is given by [55, 56]

7 \2(1GeV T
OIPp2 = 0,21 (—nf f 2
G h 0 <1 TeV) ( mgz/2 ) (108 GeV (5 )

where T§ is the reheat temperature after the primordial inflation, and mj is the gluino

mass. As described from this equation, it is possible that a sufficient amount of

gravitinos are produced from the thermal bath if T is large enough.

e decay of arinos and saxions
The gravitinos are also produced from the decays of axinos and/or saxions. These

decays are extracted from the interaction term [57]

- — i) AYAH(] — G
2MP8V(S i),y (1 —~s)a + hec. (53)

and the corresponding decay rates are given by [58]

Masatd) — ™ (54)
@  96m m2 , Mp
~ 1 m> m2 1
(s> atQ) = —— s (p_TMay) 55
(s >a+G) 481 mg/QMI% ( mg) (55)

In general, the PQ scale is much smaller than the Planck scale, so thermally produced
axinos and saxions are much more abundant than the gravitino. Hence, this process

can be an important source of gravitino production.

e decay of neutralinos
Neutralino NLSPs are produced from thermal and non-thermal processes and ulti-
mately decay into the gravitino LSP. The gravitino density from neutralino decay
is simply determined by the ratio of the gravitino mass to neutralino mass and the
neutralino density before it decays:

ms/2
mgl

02 = —=Q; h?. (56)

15



Therefore, it strongly depends on the neutralino composition of 7, which determines
the relic density. An important constraint on the neutralino NLSP decay to the grav-
itino LSP comes from its impact on Big Bang Nucleosynthesis (BBN), which will be
discussed in more detail later. The dominant NLSP decay modes are given by [59]
2
(vil) cos By + Uél) sin 9W> .

NZ, — G - > 57
(Z1 +7) 487rm§/2M123 mz, (57)

2 2
(o ity sty (s - f )

['(Z =G+ 2) =

96mm3 , Mp
5\ 4
m
Xy, ( - m_22> ’ %)
VA
4
~ =~ |’%|2 5 mi
Nz — G = a1 = %
(21 + ) 167 mz m2 ’ (59)
Al
where ¢ = h, H, A and
-\01+1 r
Kp = _\/6(]2\)4— uﬁ” cosa-i-vél) sina] 5 (60)
pM3z/2 -
\01+1 -
Ky = _\/6(5\2[— —vf) sinOH—Uél) COS@] ) (61)
pmsyo -
)01+2 r
KA = _\/6(;\)4—771 v§1) cos B + Uél) sin 5] . (62)
pmM3/2 -

Here, the vi(l) denote the ¢th component of the lightest neutralino, where ¢ = 1,2 corresponds

to higgsino, i = 3 to wino and i = 4 to bino in the notation of Ref. [59].

While the thermal production of gravitinos is simply determined by the gravitino mass

and reheat temperature, the non-thermal productions from the axino/saxion decay and

neutralino decay strongly depend on the PQ sector and the MSSM spectrum. In the following

sections, we will examine some specific examples of the MSSM spectrum to study these effects

separately for the KSVZ, DFSZ and hybrid cases. For these analyses, we will assume that

the PQ symmetry is already broken during and after inflation, so that the Hubble parameter

and the reheating temperature are hierarchically smaller than the PQ breaking scale.?

3 If the phase transition of the PQ symmetry occurs after the end of inflation, the PQ symmetry breaking

scale and the domain wall number are strongly constrained especially by the axion dark matter abundance

produced by strings and domain walls [60].
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C. KSVZ

For the KSVZ axion model, Eq. (36) is the only relevant interaction with the MSSM
sector. Having only dimension-five interactions, the thermal yields of the axion/saxion are

proportional to the reheat temperature T [14, 15, 62]:

3\ /102 GeV\? [ Ty
VP =09%x107%¢°In(— ) [ ——— —_ 63
a Sl ) fa 105 GeV ) (63)
101\ /102 GeV\? /[ T
VI = 1.3%x107%°1 U 64
s SR 7. 10° GeV (64)
For saxions, coherent oscillations can also lead to a large yield given by
_s (min [Tg, T}] f ? [(GeV
Yo _ 1.9 105 (2inlTe Ty a 65
. 8 105 GevV ) \102 GeV ) \'m, (65)

where Ty is the temperature at which the saxion field starts to oscillate: 3H(Ty) = ms.

Here we assumed that the initial displacement of the saxion field is f,, i.e. sqg = fa.
Taking an initial value of sg as f, is a natural choice since generic supergravity effects provide
additional Hubble-induced mass terms for the saxion field. With a modified scalar potential,
the saxion becomes heavy with a mass of O(H) for H > m,, and stays in its modified
vacuum value during inflation. As H decreases, the saxion field follows the instantaneous
minimum, and begins to oscillate when H ~ mg. At this moment, the displacement from
its present value would just be O(f,). For example, in models like W ~ (XY — f2)S, the
additional Hubble induced SUSY breaking terms just change the ratio between X, and Y
while fixing XYy = f2. Without fine-tuning we easily expect §Xo ~ dYy = O(fo) = O(f.),
which implies a saxion amplitude of O(f,). Meanwhile, in the model of Eq. (19), the
situation becomes more interesting because for mg/,, < H < f,, the saxion mass becomes
O((H?f,)'/?) which is much greater than H for generic Hubble-induced SUSY breaking
terms. In such a case, the saxion is strongly captured near its minimum, and adiabatically
moves to its effective vacuum value even for H < mg/,. Thus, here the oscillating amplitude
is very small. This kind of phenomena is studied in the context of the moduli problem [61].
Here we do not calculate detailed oscillation amplitudes, but instead in our forthcoming T'r
bounds, we consider a case with sq = 0.01 f, as an example corresponding to the model
(19).

The produced axinos and saxions decay mainly into gluons and gluinos through the

interactions in Eq. (36). For the saxion decay, we note that from Eq. (6) and Eq. (9) F4 also
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depends on s and its coefficient is proportional to the axino mass. Thus, in addition to the

standard interactions, the additional saxion-gluino-gluino interaction can be obtained as

22 2 i
_V2g; Fi o +he. — ——L28 _ ggobgb | pc (66)

L2 s N 1672f, /N

Then the partial decay widths are given by

_ a? m2\°
r (a’ — g + g) = 167T3f2m2 <1 - m_g) ) (67>
azm;
-~ aZ(mg + ma)°my am2\ *?
I'(s—g+3g) = g87r3f2 (1 — m;) . (69)

If @ — gg and/or s — gg are not kinematically allowed, we should also consider the decays

via the electromagnetic interactions similar to Eq. (36), which leads to

N\ 2
. (OéyCayy COS vaﬁf)) 5 mQZ 3
DA = Zi47) =~ ogarrwe m@(l ~ > (70)
- )
_ (ayC’ayy sin Oy v, ) mZ 2
~ Z; m
Ma—Zz+2) = 12873 (f, /N )2 maA? (1’ ‘m2’ m_§>
m3

m% 2 m~m2 2 9
Z; Z;'"Z my i my
{0-T) wir - (e e e )

a

(aycayy SiIl2 ew) 2

I'(s—=2Z+7) =

25673(fo/N)?
Am?2 1/2 Am2 4
m (1 - :;Z) (1 -—Z+ 625), (72)
(Oéycayy COS2 ew)Q 3
I'(s — = 73
(ay Cuyy)? sin? Oy cos? Oy 5 m% 4
r Z = 1-— 4
@, > s o
~ ~ (aYCaYYU4 Uy ) m< m3 1
1/2 7, Z;
L= 2i+2) = 12873( fo/N)? N ( 2 2) (1_55“)
mz +mgz
ms(mgz, +my, + 2mg) [ ( - ’) ], (75)

where C,yy = (0,2/3,8/3) for the heavy quark charges eg = (0, —1/3,+2/3).
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For the saxion, there are additional decay modes into axions and axinos from the effective

Lagrangian for the axion supermultiplet:

2 ! - //7
LD (1 + f—s) {g(&”a)(aﬂa) + 5(8“3)(@3) + %EL(?CNL} : (76)
from which one finds
_&md
I'(s—>a+a) = 3omf2 (77)
o &”m2m, 4m? 3/2
F(S—>CL+CL) = sz 1— mQ s (78)

where £, ¢ and £ are the model-dependent constants determined by the effective interactions
in Eq. (4). In general, £, £ and " are not the same, but if Fy =0 and ZI' =0, =¢ = ¢”
as in Ref. [10]. In this work, we assume £ = £” in the following analyses for simplicity.

The heavy axinos decay into lighter particles and thus affect the density of those light
spices. The amount of non-thermal gravitinos from axino decay is determined by the axino
density and its decay branching fraction:

msy2

GeV

QLK = 2.8 x 10° ( ) BR(a— a+G) Ya. (79)

Comparing the major decay modes of the axino, one gets

I'(@— a+G) o fimg
I'(a—g+9) 6a2 mg,, M7

Fy \?
~ 102( ) . 80
Eot ( )

where Fioy = /3m3 /2M]23. It is interesting to note that the branching fraction is determined
by the ratio of F-terms of the PQ sector and the dominant SUSY breaking sector. Due to

the factor of O(10%), I'(@ — a + G) can be sizable or even the dominant decay mode for
large f2m2.

As shown in Fig. 1a), the mode @ — a+G becomes dominant for f, > 10'2 GeV. However,
for f, 2 5% 10! GeV, a 10 TeV axino mass violates the self-consistency condition (17) and
thus the corresponding region is shaded out. In the case of f, < 10'2 GeV, the gravitino

density from axino decay takes a simple form:

) = \2 /100 MeV Tn
OLR2 ~ 0.05 — 0 . 81
G (10 TeV) ( ms /o ) (105 Ge\/) (81)
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FIG. 1: a) Axino branching fractions versus f, for mz = 10 TeV (left) and b) versus m; for

fa = 10" GeV (right) in the KSVZ model. The sparticle mass spectrum is taken from the SUA

benchmark point of Ref. [23].

This relation is valid for mz; 2 10 TeV. For smaller axino mass, the branching fraction of
@ — a + G can be enhanced by kinematic suppression of a — g + g modes or small weak
gauge coupling of a — Z/ 7+Zv mode. For mg < 2 TeV, the branching fraction to a gravitino
final state is an order of magnitude larger than that for m; 2 2 TeV as shown in Fig. 1b).

~Y

For f, 2> 10" GeV, BR(a — a+ é) ~ 1, so the gravitino density from axino decay becomes

2
~ mg/2 1013 GeV TR
O%h? ~ 0.003 ——t ). 82

G (100 Me\/> ( fa 105 GeV (82)

Similar to axino decay, the saxion can also decay into gravitinos if allowed kinematically.

The gravitino production from saxion decay can be determined by the branching fraction
to the gravitino final state. For m, 2 10 TeV, the saxion dominantly decays into an axion

~

pair if € ~ 1. From Egs. (55) and (77), we can estimate the decay fraction:

F(s—>d—|—é) 2 m? f2

P(s—a+a)  362m3,Mp

~ O(1) (;ﬁ)z (83)

Comparing this with Eq. (80), we easily see that the saxion contribution to gravitino

production is always smaller than the axino contribution if we consider just the thermally-
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produced axinos and saxions. In the case of saxions, however, the coherent oscillation of the
saxion field for the large f, region becomes the dominant source of saxion production. We

find that the density of gravitinos from saxion CO is given by

1 T T] f 4 m m3/2
05 2 ~ 0.01 mln[ Ry, 1ts a s 4
gh" =00 ( 105 GeV 1013 GeV (20 TeV) <1OO MeV) ’ (84)

and thus it may become the dominant gravitino production mode.

The last component of gravitino production is neutralino decay. Neutralinos are produced
by thermal scattering and decays of the particles which are in thermal equilibrium. They
are also produced by out-of-equilibrium decays of heavy particles. If the axino and saxion
decay before neutralino freeze-out, the decay products are thermalized so that axino and
saxion decays do not affect the neutralino density. If the axino and saxion decay after
neutralino freeze-out, on the other hand, they produce a huge amount of neutralinos, and
the neutralinos quickly re-annihilate into a smaller density. The neutralino yield after re-
annihilation is approximately determined by the annihilation rate at the axino/saxion decay

temperature as i
H(Tp")

A0 = s

(85)

where H(T%®), (ov)(T%®) and s(T%®) are respectively the Hubble parameter, annihilation
rate, and entropy density at the decay temperature of axino (saxion), T' = Tg’s.

In Fig. 2, we show examples of the gravitino relic density as a function of f, for a)
ms = 2mg where the saxion can produce gravitinos and b) ms; = m; which does not allow
the saxion decay into gravitinos. We set Tp = 10° GeV so that the thermal production
of gravitinos is not their dominant source. In both cases, the density of gravitinos from
neutralino decay is determined by the standard neutralino freeze-out density since the axino
and saxion decay temperatures are larger than neutralino freeze-out temperature (7 = 7
GeV for SUA). For f, < 10'2 GeV, therefore, the gravitino density is mostly determined from
axino production and decay. It is worth noting that for f, < 10*° GeV the axino and saxion
thermal production is determined by their in-equilibrium values. For 10'? GeV< f, < 103
GeV, the gravitino density becomes smaller since the axino thermal production is getting
smaller due to suppression from the increasing PQ scale and BR(a — a + é) approaches

unity. Thus, in this region, axions from CO can be the dominant dark matter component.

For f, 2 10" GeV, two plots show different features. In the case a) where s — a + G is
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FIG. 2: Relic abundance of gravitinos from various sources versus f, with a) ms = 2mg (left) and

b) ms = mg (right) for the SUA benchmark point in the KSVZ model.

open, gravitino production from saxion decay becomes the dominant source of dark matter
production since the saxion CO increases as f, increases. Therefore, the gravitino density is
drastically increasing and becomes larger than the overclosure limit when f, > 4 x 10'* GeV.
In the case b) where the mode s — a + @ is forbidden, saxion decay does not contribute to
gravitino production. The increasing neutralino density, which is due to the late decay of
saxion CO, is the dominant source of gravitino production for f, > 10'® GeV. This region

is, however, theoretically inconsistent as argued in Eq. (17).

Let us now discuss the SOA benchmark scenario with the Bino-like lightest neutralino for
a comparison of the SUA benchmark point in which the lightest neutralino is Higgsino-like.
In Fig. 3, the gravitino density plots for a) ms; = 2m; and b) mg = m; are shown. Most
of the physical characteristics are similar to the SUA case except that the pair annihilation
cross-section of Bino-like neutralino is much smaller than Higgsino-like neutralinos and thus
the neutralino density tends to be larger than the SUA case which is shown Fig. 3b) for
fa = 10%° GeV.

From the previous discussions that show sizable non-thermal gravitino production from
the axino/saxion decay depending non-trivially on the axion scale f, and the axino/saxion

mass, one can see that the thermal gravitino production has to be suppressed appropriately
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FIG. 3: Relic abundance of gravitinos from various sources versus f, with a) ms = 2mg (left) and

b) ms = mg (right) for the SOA benchmark point in the KSVZ model.
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FIG. 4: The upper bound of T calculated from thermal and non-thermal production of gravitinos
as a function of a) f, (left) and b) mg (right) for SUA (red) and SOA (blue) in the KSVZ model.

The region above the curves is disallowed by overproduction of gravitinos.
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by putting an upper limit on the reheat temperature T as a function of f, and the ax-
ino/saxion mass. Fig. 4 shows the Tk bound in terms of a) f, and b) mz assuming my, = 2mg;
for both cases. Recall that the major source of the non-thermal gravitino density is from
axino decay for f, < 10'® GeV and from saxion decay for f, = 10'® GeV. The upper limit
of the reheat temperature is reduced by an order of magnitude for 10} GeV < f, < 10!2
GeV where the gravitino production from axino decay is maximized. For f, > 103 GeV,
the Tk bound starts to decrease again as the coherent saxion production becomes sizable.
Meanwhile, as discussed in the beginning of this subsection, sy can be much smaller than
fa- In this case, saxion CO contribution to the gravitino production is suppressed so that it
becomes dominant for larger f, > 10* GeV. The upper bound on T for sy = 0.01f, (dashed
curves) is also shown in Fig. 4a). The right panel of Fig. 4 for a fixed f, = 10" GeV shows
that the Tk bound tends to decrease as m; increases. This can be understood from the fact
that F'y ~ f,m; becomes larger and thus enhances the branching fraction of the axino decay
into gravitinos for larger m;. If the axino mass becomes larger than 30 TeV, the T bound
becomes smaller than the axino mass and thus the formula Eq. (63) is invalidated. In this
paper we do not consider the region T < mg or m, which is shaded out in Fig. 4b). The
continuing dot-dashed line shows the bound if Eq. (63) were still valid. It is expected that
the upper bound of Tk is in the shaded region above the dot-dashed line. Meanwhile, a clear
difference between the SOA and SUA cases can be seen in the region of small mz; < 2 TeV.
In this region, the axino and saxion tend to decay after the neutralino freeze-out, and thus
there appears an overall enhancement in the neutralino density producing a lot of gravitinos.
As a consequence, the T bound becomes much stronger.

For different values of mg/s shown is the upper bound of Ty in Fig. 5 with fixed f, = 10!
GeV and m; = m,/2 = 10 TeV. For f, = 10" GeV, the gravitino density is mostly
determined by the non-thermal production from axino and saxion decay as discussed in the
previous paragraphs. Therefore, the upper bound of Tg is determined by Eq. (81), which
is consisitent with the plots. For SOA case, however, the upper bound of Ty steeply drops
around ms/; = 4 GeV above which the gravitino density from neutralino decay exeeds the

overclosure limit so that this region is not allowed independently of Tk.
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FIG. 5: The upper bound of T calculated from thermal and non-thermal production of gravitinos
as a function of mg/, for SUA (red) and SOA (blue) in the KSVZ model. The region above the

curves is disallowed by overproduction of gravitinos.
D. DFSZ

In the DFSZ case, the p term operator (41) determines the axino/saxion interactions

which can be written as
£DFSZ = /dQQ 2 (1 + B02) Hque_QA/UPQ + h.c. (86)

where B is the soft SUSY breaking term in the Higgs sector. From the above interaction,

one finds the axino/saxion population from thermal production given by

2
YIP — 10_7(&( K >2 (1011 Ge\/) (Te\/) 7 (87)

100 GeV fa My,
2
TP qnT 1 2 (10" GeV TeV
o= 10 C5<100 GeV> < fa My ) (58)

where My, is a threshold scale of the process, which can be either Higgsino mass, Higgs
mass or axino/saxion mass and (; s are O(1) constants determined by the mass spectrum.
Notice that the thermal yields are independent of the reheat temperature as axino/saxion

interactions are of the Yukawa type with the coupling p/vpg.
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The decays of the DFSZ axino and saxion can be complicated as many channels can
open due to their mixing with neutralinos and Higgses [54]. For the heavy axino (mgz > ),
however, the decay width of the axino is simply given by

- .. 2 (pu 2
['(a — Higgsinos) ~ — | — | ma. (89)
T\ fa
On the other hand, the decay width for the gravitino final state is the same as in the KSVZ

case, and thus one finds

['(@— a+G) 1 <m&>2 m2 2

I'(a — Higgsinos) T 192 m mg/QM]%

e E

Since Fx < Fiy, the decay mode a — a + G is typically subdominant unless the axino

mass is exceptionally larger than p. From the relation, (79) and (87), we find the gravitino

density from the axino decay:

) . \3 /100 MeV
QLY? ~ 3 x 1071¢, (e 1
gh” ~3x10 <<10Tev> ( M3y ) (o1

where M, = m; is taken.

For the saxion decay, in the case s — a + G is open and the mode s — a + a is dominant
in the SUA benchmark (with & ~ 1), then the saxion branching fraction into the gravitino
final state is similar to the KSVZ case. From the Eqgs. (83) and (88), the relic density of
gravitinos produced from saxion decay is then

2 m 100 MeV
Q82 ~ 3 x 1079¢, H s 92
G < 1077°¢ (100 Gev> (10 Tev>< M2 ) 62

where we take My, = m,. As shown in Eq. (84), the saxion CO can make a sizable con-
tribution to gravitino production for f, 2> 10 GeV. In the SOA benchmark, on the other

hand, dominant saxion decay can be into Higgses and gauge bosons due to the large p term

(for ms < ma),

. 2 (pu*\ 1
I'(s—H b ~— = | —. 93
(s iggses/gauge bosons) - < ff) - (93)
The gravitino from the saxion decay is given by
5 (2.5 TeV\? (100 MeV
it 5 10756, () 100 eV, o
G % ¢ TeV 1 ms /s (94)
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FIG. 6: Relic abundance of gravitinos from various sources versus f, with a) ms = 2mg (left) and

b) ms = mg (right) for the SUA benchmark point in the DFSZ model.

For mg 2 5 TeV, s — a+ a becomes dominant also in the SOA benchmark, so the gravitino
density from the saxion decay is the same as Eq. (92).

The gravitino production from neutralino decay tends to be similar to the KSVZ case. A
notable diffence is that the tree-level Yukawa type coupling p/vpg makes the decays of axino
and saxion more rapid (for a given value of m; or my) than in KSVZ case so that neutralino
decay tends to occur at earlier times: before neutralino freeze-out or before onset of BBN.
Then the resulting neutralino density tends to be less sensitive to the chosen parameters
than in the KSVZ case.

In Fig. 6, we show the gravitino density for the SUA benchmark point with a) ms = 2m;
and b) ms; = mg. Notice that the shape of the gravitino density plot is similar to the KSVZ
case. For f, < 10'* GeV, the axino and saxion decay before the neutralino freeze-out so
that the gravitino production from the neutralino decay is given by st Zth(mg/Q /mz ).
For 10" GeV< f, < 101 GeV, the late decays of axino and saxion enhance the neutralino
density but it is still negligible for the gravitino production. For f, > 10! GeV, saxion
CO becomes the dominant source for gravitino production if the saxion decay s — a + G is
open. In the case of my = myg, on the contrary, the saxion decay to neutralinos augments

the neutralino density which becomes the dominant gravitino source but it occurs only in
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FIG. 7: Relic abundance of gravitinos from various sources versus f, with a) ms = 2mg (left) and

b) ms = mg (right) for the SOA benchmark point in the DFSZ model.

the theoretically inconsistent region.

In Fig. 7, we show gravitino density plots for the SOA benchmark. The large p-term
(u ~ 2.5 TeV) in this case makes the axino and saxion interactions more efficient so that
they tend to decay earlier than neutralino freeze-out even for large f, up to about 10'% GeV.
Similar to the SUA case, the saxion CO becomes the dominant source for the gravitino
production in the case of my = 2mg;. In the case of my = mg, the augmented neutralino
density enhances the gravitino density for f, > 10 GeV.

The axino and saxion thermal production rates in SUSY DFSZ do not depend on Tg
while gravitino production from axino and saxion decays is almost independent of f, as
shown in Egs. (91) and (92) (as far as the branching ratios of the axino/saxion decay to the
gravitino is less than one). Thus, the upper limit of Tg is mostly determined by the thermal
gravitino production and is independent of f, for f, < 10'® GeV. For f, > 10* GeV, the
dominant gravitino source is the saxion CO which is proportional to Tk and also to f,, and
thus the T bound is steeply decreasing as shown in the left panels of Fig. 8. As discussed
in the KSVZ case, small sy makes the saxion CO less effective for the gravitino production.
For 5o = 0.01f,, the saxion CO becomes important for larger f, > 10'® GeV. Meanwhile,

for lower axino mass, the gravitino abundance from axino and saxion decays is negligible so
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FIG. 8: The upper bound of Ty calculated from thermal and non-thermal production of gravitinos
as a function of a) f, (left) and b) mg (right) for SUA (red) and SOA (blue) in the DFSZ model.

The region above the curves is disallowed by overproduction of gravitinos.

that the T bound is determined by the thermal component of gravitino production. For
mg 2 20 TeV, however, the axino decay to gravitino becomes sizable, and thus the T bound
becomes stronger as shown in the right panels of Fig. 8. In the case of the SOA benchmark,
the saxion decay into gravitino becomes very large for large saxion mass because of the large
p term. Thus, the region of mz = m,/2 2 70 TeV is excluded for all Tk.

In Fig. 9, the upper bound of Tk for varying mg/, is shown. As discussed in the previous
paragraphs, the gravitino production from the decays of axino and saxion is much smaller
than the overclosure bound since the thermal productions of axino and saxion are much more
suppressed than those in the KSVZ case. Therefore, the T bound is determined by the
thermal production of gravitino. In the case of SOA, meanwhile, the gravitino production
from neutralino decay exceeds the overclosure bound for ms/, 2 4 GeV as in the KSVZ case.

Thus, there is no allowed region in this case.
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FIG. 9: The upper bound of T calculated from thermal and non-thermal production of gravitinos
as a function of mg/, for SUA (red) and SOA (blue) in the DFSZ model. The region above the

curves is disallowed by overproduction of gravitinos.
E. Hybrid KSVZ+DFSZ model

This hybrid model can be motivated by the simultaneous resolution to the p problem
and the domain wall problem achieving Npy = |6 — Ng| = 1. The cosmological properties
of the axion/saxion become somewhat different from those in the KSVZ and DFSZ model
as they have both the QCD anomaly and p-term interactions:

V242

£ 2 g, N,

/ LPOAW W + / d*0 1 (1 +2B160%) H,Hye ***"@ + h.c.  (95)

valid below Mg ~ f, = \/§va and above mg,. It is worth noting that the first term is
generated only by PQ anomaly of heavy vector-like quarks, ® 4+ ¢, while the contribution
from the ordinary quarks in the loop is still suppressed by (u/FE)? as in the DFSZ case.
Thermal production of the axino and saxion for Ty = 872y is predominantly determined
by the first term in Eq. (95) and thus the axino/saxion thermal yield is the same as in
Eq. (63). On the other hand, the axino decay is determined by the second term as in the
DFSZ case if m; <

~Y

872u. Therefore, the gravitino production from the axino decay is
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FIG. 10: The upper bound of T calculated from thermal and non-thermal production of gravitinos
as a function of a) f, (left) and b) mg (right) for SUA (red) and SOA (blue) in the KSVZ+DFSZ

model. The region above the curves is disallowed by overproduction of gravitinos..

typically given by

OLK? — 2.8 x 10° (m3/2
& 8 x 10° x GoV

)BR(EL N a+é)DFSZ YaKSVZ,

GeVY (100 GeV\? / ma \4 [ Tg
~ 2.3 x 107N} - : 96
8 ® <m3/2) ( 1 ) (TeV) (108 GeV> (56)

As in the previous cases, the saxion produced by coherent oscillation can contribute signifi-

cantly to the gravitino density for large f,. The gravitino density from the saxion CO decay
is the same as in Eq. (84) for the KSVZ case.

In Fig. 10, we show the results of precise calculations for the T bounds depending on
fa and mg for the SUA and SOA benchmark points. The main production of the axino and
saxion is due to the anomaly interaction while the dominant decay is due to the Yukawa-

< 103 GeV as we discussed. The same amount of axinos and

Y

type p-term interaction for f,
saxions are produced as in the KSVZ case, but they tend to decay more into MSSM particles
so that BR(@ — a + G) and BR(s — @ 4+ G) become smaller. Therefore, the Tk bounds
are somewhere between those of the KSVZ and DFSZ cases. For f, > 10! GeV, the Tx
bound rapidly decreases because of the onset of saxion production via CO. If sy = 0.01f,,

> 10'° GeV as in the KSVZ and DFSZ

~Y

saxion CO contribution becomes important for f,
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FIG. 11: The upper bound of Ty calculated from thermal and non-thermal production of gravitinos
as a function of my/y for SUA (red) and SOA (blue) in the KSVZ+DFSZ model. The region above

the curves is disallowed by overproduction of gravitinos.

cases. For production of gravitinos from neutralino production and decay, the production
arguments are similar to those presented earlier for the KSVZ and DFSZ cases.

As in the cases of pure KSVZ or DFSZ, the upper bound of T shows similar pattern
which is shown in Fig. 11. There are sizable gravitino productions from both the thermal
process and the axino/saxion decays, so the T bound is slightly smaller than that from the
thermal-only case. Also, in the case of SOA benchmark, there is no allowed parameter space

for ms/o 2 4 GeV because of the too much gravitino density from the neutralino decay.

F. Long-lived neutralino and BBN

In the gravitino LSP scenario, neutralino production and decay might result in post-BBN
energy injection that disrupts the expected abundance of light elements. Depending on the

life-time and decay modes, the neutralino abundance at the time of decay is constrained as
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discussed in [52, 53]. For mz = O(100 GeV), the bound on Q3 h? is given as

(0.1 for Ty = 1 ~ 100 sec
) 4x107* for 7 = 103 sec
(By=03) Q1S ) N
(0.4 ~ 1.0) x 107 for 7; = 10* ~ 10" sec
[ 1.3 x107° for 77 = 108 ~ 102 sec
(40 ~ 30 for 7; =1~ 20sec
800 for 7; = 40sec
0.1 for 77 = 103 sec
(Bh=107)  Q;h* % “ ;o (98)
0.01 for 77 = 10* ~ 10% sec
1074 for 75 = 107 sec
\ 10~° for 7 = 108 ~ 102 sec

where By, is the hadronic branching ratio which is crucial for 75 < 107 sec. Here we took
the conservative constraints on °Li/7Li as °Li/"Li < 0.66. When the less conservative bound
on SLi/"Li (°Li/"Li < 0.1) is used, the constrains become about eight times stronger in the
range of 10* ~ 10° sec.

Decay modes for the neutralino are given as (57), (58), and (59). The life-time and the
relic abundance of the lightest neutralino for the SUA case (Higgsino-like) are

Mz \2
75 = 1.7 x 107 sec <m> Q% ~0013, (99)

and for the SOA case (Bino-like)

mgo 2
7'21 ~ 1.2 x 10sec (m) s Q’Z“lhz ~ 6.8. (100)

The mode Z; — G+ Z is the main decay channel for both cases. It is noted that the life-time
in SUA case is about ten times longer than that in SOA case, because the lightest neutralino
of the SOA benchmark scenario has a sizable mixing component vil) as 0.99 compared to
that of the Higgsino-like lightest neutralino (vfll) ~0.2).

When the decay modes Zl — G+Z /h is sizable as for our benchmark points, the hadronic
branching ratio is O(1). The value of B, can be suppressed if mz —mz < mgs so that
the neutralino decay to Z/h is not kinematically allowed. However, in such a case where

the life-time of Z; exceeds 108 sec, the constraints are mainly determined by electromagnetic

decay and are still serious for Q5 h* < 107°.
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The Z; life-time can be shorter when mg /2 is smaller. For the SUA (SOA) benchmark
point (23 h* = 0.013(6.8)), 77 has to be shorter than 200sec (0.12sec) for By, = 0.3 which
implies that mg, < 100 MeV (10 MeV).

For mg/, > O(100 MeV), the decaying neutralino might be dangerous. A way out is to

consider Dirac neutrinos whose masses come from the Dirac Yukawa term:
Wz/ - yz/LNHU7 (101)

where N is the right-handed (RH) neutrino superfield and y, is of O(107'3). Here the
conserved lepton number can be identified with the PQ symmetry so that the smallness of
y,, might be explained by a nontrivial PQ charge of N leading to y, ~ (vpg/Mp)™.

A special feature of the Dirac neutrino model is that the soft scalar mass of the RH
sneutrino mg is mostly dominated by gravity mediation due to a negligible contribution
from gauge mediation. Thus mg = O(mg/2) < mz . In this case, Z decays mostly to

N +v. Then, we get

(1y2, 2 ! —13\ 2
10
T (%mz) ~ 3.9 x 10sec< - ) (102)

for the SUA case, which is small enough to avoid the BBN constraint. Non-thermally

produced sneutrinos from neutralino decay will in turn decay to gravitinos via N> G+v
which does not affect the BBN.

On the other hand, in case of SOA, introducing the Dirac neutrino sector is not quite
helpful for mg/, 2 10 MeV since the benchmark value vil) is quite small. The dilution of the
neutralino abundance via additional entropy production might be most promising in this

region.

V. CONCLUSION

In this paper we have investigated cold dark matter production in supersymmetric axion
models characterized by the mass hierarchy ms, < mz <K Mgs. In such models, the
dark matter is expected to be composed of two particles: the axion a and the gravitino
G. Whereas typically one might expect mg ~ my ~ mg/s in gravity-mediation, we derive a
formal bound of mg s < mg2(Mp/vpg) which allows instead for a heavy axino/saxion with

Ma,s > M3/2.
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In the SUSY KSVZ model with heavy axino and gravitino LSP, gravitinos are produced
thermally with a relic abundance o< Tr. Gravitinos are also produced non-thermally due to
thermal production followed by decays of axinos in the early universe, and also by thermal or
CO production followed by decay of saxions into a + G. In this case, the thermal production
of a/s is also proportional to Tx. In addition, gravitinos are produced due to neutralino
production followed by (possibly late) decay to gravitinos. In this scenario, the neutralinos
can be produced thermally, or non-thermally themselves via axino or saxion production
followed by decays. The gravitino abundance is dominantly determined by the axino decay
for the small f, region, while it is determined by the saxion decay for large f, if it is open.
We have seen that in the large f, and/or large mg region, the T bound steeply decreases
compared to that only from the thermal production. In the KSVZ model, the suppressed
decays of axinos, saxions and neutralinos must all be carefully evaluated in light of bounds
from BBN on late decaying semi-stable relics.

In the SUSY DFSZ model, the direct coupling of the axion superfield to the Higgs super-
fields leads to i) axino/saxion thermal production rates which are independent of Tk so that
the upper bound on Tg is mainly determined by the thermal production of gravitino and ii)
axino and saxion decays which tend to be more rapid (for given axino/saxion masses) than
in the KSVZ case so these models are less sensitive to BBN constraints and s/a more often
decay before onset of BBN and also often before neutralino freeze-out.

As consequences of this scenario with mixed axion/gravitino dark matter, we expect
ultimate detection of relic axions, but no detection of WIMP dark matter. However, we
would still expect detection of supersymmetric particles at colliding beam experiments,

given sufficiently energetic beams and increased integrated luminosity.
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