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ABSTRACT: In a previous paper, we proposed a simple extension of the Minimal Super-
symmetric Standard Model which gives rise to thermal inflation and baryogenesis in a
natural and remarkably consistent way. In this paper, we consider the Ay = 0 special case
of our model, which is the minimal way to incorporate a Peccei-Quinn symmetry. The
axino/flatino becomes the lightest supersymmetric particle with mg ~ 1 to 10 GeV and
is typically over-produced during the flaton decay. Interestingly though, the dark mat-
ter abundance is minimized for mg ~ 1GeV, f, ~ 10 to 1012GeV and |u| ~ 400 GeV
to 2TeV at an abundance coincident with the observed abundance and with significant
amounts of both axions and axinos. Futhermore, for these values the baryon abundance
naturally matches the observed abundance.

KEYwoORDS: [Baryogenesis, Cosmology of Theories beyond the SM, Supersymmetry]|
[Phenomenology.
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1. Introduction

In this introduction, we review some necessary background material on axions [[Il-H] and
thermal inflation [§—f], and then give our motivation for the model presented in this paper.
In section [}, we present our model and describe some of its important features, including a
detailed analysis of the flaton decay. Some technical calculations of flaton decay rates used
in this section are given in appendix []. In section ], we determine the constraints on the
model. In section f, we describe our numerical simulation of the leptogenesis and discuss
the results. In section [], we summarize the physics of our model, compare it with related
models, and discuss observational tests and signatures.

1.1 Axions

The main motivation for axions [J—[[q] is to solve the strong C'P problem [, ff], though
they are also one of the best candidates for dark matter [, .
The strong C'P problem arises because the QCD Lagrangian contains a term

9 .z

which violates C'P, and observations require § < 10719 [[7, ] which is much smaller than
would be expected naively. To solve the strong C'P problem, Peccei and Quinn introduced
a Peccei-Quinn (PQ) symmetry, U(1)pq, which is spontaneously broken by the PQ field

(o ) ()

where the pseudo-Nambu-Goldstone boson a is the axion. A U(1)pqg-QCD anomaly adds

an extra contribution to eq. ([.1) giving

2
a g ~
Ly=(0—— ) ==FF 1.3
’ ( fa> 32m° 3
and, after the QCD phase transition, the axion relaxes to cancel 6, solving the strong

CP problem.
The axion decay constant f, is related to the PQ symmetry breaking scale by

V24
N

fa (1.4)



N is the coefficient of the U(1)pq-QCD anomaly and is given by

N = Z pi (1.5)

ie{quarks}

where the p; are the PQ charges normalised such that ¢ has PQ charge one. The axion
also couples to electromagnetism, indirectly via the U(1)pq-QCD anomaly and directly via
the U(1)pq-QED anomaly. They generate a term in the QED Lagrangian

E\ a €2 ~
- == FF 1.
(C N> fa 3272 (16)
where C ~ 2 [[d] and E is the coefficient of the U(1)pg-QED anomaly

E= 22]%%‘2 (1.7)

where the ¢; are the electromagnetic charges. The axion mass depends on the tempera-

ture [

Agep \*”
0.1m4(0) < T > for T'>> Aqcp

me(T) ~ (1.8)
me(0) for T < Aqep
where
mqa(0) =~ 6 x 107° eV <1011fﬂ> (1.9)

and Aqcp ~ 200 MeV is the scale of the QCD phase transition.

Only invisible axion models with f, much greater than the electroweak symmetry
breaking scale are consistent with observations [2(]. These models can be classified into
two types: KSVZ [, [[4] and DFSZ [[[§, [[§]. In the KSVZ model, the superpotential has
a coupling

W = A\ oxXx (1.10)

of the PQ field ¢ to new quarks x and x which become heavy after PQ symmetry breaking.
In the DFSZ model, the superpotential has a coupling

W =\, ¢*H,H, (1.11)

between the PQ field and the Minimal Supersymmetric Standard Model (MSSM)
Higgs fields.

Various astrophysical and cosmological observations constrain f,. Energy loss in Su-
pernova 1987A gives a lower bound [R(]

fa 2 10° GeV (1.12)

while axion cold dark matter abundance gives an upper bound. Axion cold dark matter is
generated when the axion starts to oscillate coherently at the QCD phase transition due
to an initial misalignment of the axion field, and also by the decay of PQ strings formed



after PQ symmetry breaking. Assuming a randomized misalignment angle, as would be
expected after a PQQ phase transition, misalignment generates [R1]]

1, 1.175
Q, ~ 0.2 <m> (1.13)
while the decay of PQ strings generates [21-RJ]
1, 1.175
la ~ 02 <1010 to 1011 GeV> (1.14)

compared with an observed cold dark matter abundance of [2]]]
QCDM ~ 0.2 (115)

However, if entropy is released after the QCD phase transition then the axions will be
diluted [24], see section B.6.

The ADMX experiment [R5 has searched for cold dark matter axions with axion mass
in the range my ~ (2 to 3) x 1075 eV corresponding to f, ~ (2 to 3) x 10'2 GeV. For this
range of axion masses, the resulting constraint on the ratio of the axion-photon coupling
to axion mass translates to [I9]

0t0 08 —=<36to4 (1.16)

2=

1.2 Thermal inflation

The main motivation for thermal inflation [{, f, P4, P B1] is to solve the moduli prob-
lem [B3-B4], though it also solves the gravitino problem [BH, Bg] and may be able to
explain the origin of the observed baryon asymmetry i, §, B7-[2]. Irrespective of these
uses, thermal inflation is sufficiently natural that it might be expected to occur anyway.
A flaton is a scalar field ¢ with negative mass squared at the origin and no quartic term

V(g) =Vo—milo]*+ ... (1.17)
so that its vacuum expectation value ¢g is much greater than its mass scale
Po > my (1.18)
with mg a typical soft supersymmetry breaking mass
mg ~ ms ~ 10% to 10° GeV (1.19)

See figure [l.

Thermal inflation begins when the flaton is held at the origin by its finite temperature
potential and the energy density has dropped sufficiently for the potential energy at the
origin to dominate. It lasts for about 10 e-folds and ends in a first order phase transition
just before the temperature drops to the critical temperature

T, ~ mg (1.20)

for the flaton to roll away from the origin. It is followed by a period of flaton matter
domination until the flaton decays leaving a radiation dominated universe at temperature
Ty. See figure J.
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Figure 1: Thermal inflation occurs when a flaton ¢ is held at the origin by its finite temperature
potential and V dominates the energy density.
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Figure 2: History of the universe with thermal inflation. The fractional density Qx = px/p of
moduli, potential, flaton and radiation is plotted against the number of e-folds of expansion In a.

1.2.1 Thermal inflation and the moduli problem

Moduli are scalar fields with Planckian vacuum expectation values, and hence gravita-
tional strength interactions. Their potential arises due to supersymmetry breaking, and,
assuming supersymietry breaking is transmitted to the observable sector via gravitational
strength interactions, they would be expected to have vacuum masses of order the soft
supersymmetry breaking scale in the observable sector

Mmod ~ M (1.21)

However, in the early universe, the finite energy density breaks supersymmetry. When
H = myg this supersymmetry breaking dominates over the vacuum supersymmetry breaking
and hence determines the moduli potential. When H drops below mg the moduli potential



reduces to its vacuum form, but with the moduli typically displaced by a Planckian distance.
The moduli then start oscillating with Planckian amplitude and immediately dominate the
energy density of the universe, and, because of their relatively low mass and very weak
interactions, they persist beyond nucleosynthesis with disastrous consequences [B2-B4].

Inflation is typically invoked to rid the universe of unwanted relics, but one would
expect an inflaton to have a mass = mg and hence primordial inflation to occur at a scale
H 2 mg. However, the moduli are generated at H ~ mg, and to a lesser extent by any
phase transition at H < mg. Thus one wants inflation at H < myg to dilute the moduli,
but it is very difficult to realize primordial inflation at these scales.

Thermal inflation [f], ] on the other hand automatically occurs at H < ms. For a
thermal inflation scale

V't ~ 105 to 107 GeV (1.22)

corresponding to
po ~ 101° to 102 GeV (1.23)

thermal inflation provides enough dilution to rid the universe of moduli, but has a low
enough scale not to regenerate them afterwards. Furthermore, it does not last long, only
around 10 e-folds, and so does not destroy the primordial perturbations needed for structure
formation, only shifting them to slightly larger scales.

In more detail, following ref. [fj], the moduli produced before thermal inflation are
diluted to an abundance

Nmod ~ Tg’Td

1/2 Ve

mod
and this is reduced further in the case of double thermal inflation, and those generated at

- (1.24)

the end of thermal inflation have an abundance

Nmod ~ ‘/OTd

(1.25)
§ m?nod
with nucleosynthesis requiring [[]
fmod < 4(-12 (1.26)
s

1.2.2 Thermal inflation and baryogenesis

Thermal inflation provides a very natural solution to the moduli problem, but unfortu-
nately is incompatible with most baryogenesis scenarios since it dilutes any baryons gen-
erated before it and the temperature after flaton decay is very low, typically O(10GeV).
Fortunately, it gives rise to its own baryogenesis scenario [[i, B, B7. BgJ.

In ref. [, we proposed the simple extension of the MSSM

_ 1 1
W = M\QHy i+ N\gQHgd + N\ LHgE + N\ ¢* H, Hy + 5 (LH,)? + M\ XX + Z/\¢¢4 (1.27)
with the key extra assumption that the soft supersymmetry breaking mass squared along
the LH, flat direction is negative

2

—miy, == (mi—mj ) <0 (1.28)

N =



where m% and —m%{u are the soft supersymmetry breaking mass squareds of L and H,.
The first three terms in eq. ([.27) are MSSM terms and the fifth gives neutrino masses.
The term A, ¢xx couples the flaton ¢ to the thermal bath. After thermal inflation, the x
and y fields acquire large masses

My = M\ého (1.29)

and so are not strongly constrained apart from that they should not damage gauge coupling
unification. This coupling also induces |¢| dependent renormalization group running of ¢’s
effective soft supersymmetry breaking mass squared, tending to drive it negative at small
||, as is required for a flaton. The term %/\¢¢4 stabilizes ¢’s potential at a value

me

Po ~ % (1.30)

that turns Au¢2Hqu into the MSSM pu-term with

A
| = ‘/\Mb%‘ ~

- 1.31
/\¢m¢ (1.31)

The /\u¢2Hqu coupling also helps to ensure that the temperature after flaton decay Ty
is high enough for dark matter to be generated. Thus we have a simple model of thermal
inflation with the right scale for ¢q if Ay ~ Ml§11, and that also generates a u-term of the
right scale if A, ~ Ag.

Our key assumption, eq. ([.2§), seems at first sight dangerous since it implies a deep
non-MSSM vacuum with LH,, ~ (10° GeV)? and

NaQLd + A\.LLée = —uLH, (1.32)

eliminating the y-term contribution to LH,’s mass squared [i4]. To analyze the dynamics
induced by eq. ([[.2§), we parameterize the potentially unstable flat directions as

B e/V?2 | hu (0 _
() (h) (i)
i=(000) . a= (%P0} J
X

p=0¢ |, x=0 ,

= e/\/§> (1.33)

(
(d/ﬁ 0 0) (1.34)
0

(1.35)

The superpotential eq. ([.27) reduces to
1 2, 1 2 2 1 2 1y 4
W = Shahad? + Shchac® + NP huha + S0 (1ha)? + 200 (1.36)
with the remaining D-term constraint

1 1
D = [haf? = hal? = I + ldf* + 5lel* = 0 (137)
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Figure 3: Thermal inflation baryogenesis.

The potential is
V = Vo —mj|e* +mill|* —m, |hul® +miy, | hal* +mGldf® +mZ]el?
1 1 1 1
- <§A,,)\V12h3 + AyAud*hyha + 1A¢A¢¢4 + §Ad)\dhdd2 + §A6)\ehde2 + c.c.>

[ AR2 [P+ AR + A% ha] + [As0® + 27\ huhal” + [Aahad]? + | Aehael?

1 1 2 1 1 2
(M’ hu + G Aad? + S he€?| + oo <\hu\2 = hal* = II* + 5la* + 5’6\2> (1.38)

The dynamics is illustrated in figure fJ. Initially, all fields are held at the origin by
their finite temperature potential. Once the energy density has dropped sufficiently, V,
will dominate driving thermal inflation. After the temperature drops further, one of the
unstable directions, ¢ or lh,,, will roll away from the origin. We assume lh,, rolls away first.
Then %Au)\ylzh% fixes the phase of [h,, and |)\Vlh%‘2
The lh, field may partially reheat the thermal bath and so prolong the thermal inflation,

and |)\Vl2hu|2 stabilize its magnitude.

but eventually ¢ will also roll away from the origin, ending thermal inflation. As ¢ rolls
away, A,\,d%hyhg will force hy to become non-zero. IAghad)? and |Achge|? then constrain
d and e to zero, shielding the dynamics from the dangerous non-MSSM vacuum in the
direction of eq. ([[.39). Then Au/\uqﬁhuhd, and also iA¢)\¢¢4 and the cross term from
!)\¢¢3 + 2)\u¢huhd|2, fix the phase of ¢?h,hg. As ¢ nears its minimum, the cross term
from ‘)\Vl2hu + )\Mqﬁzhdf rotates the phase of [h, generating a lepton asymmetry, and at
the same time |)\u¢2hu‘2 gives an extra contribution to the mass squareds of [h, and h,hg,
bringing them back in towards the origin. Thus we have a type of Affleck-Dine (AD)



leptogenesis [ [fd]. Preheating then damps the amplitude of the lh, and h,hg fields
keeping them in the lepton preserving region near the origin [§). The lh, and h,hg fields
then decay, at a temperature in the MSSM sector above the electroweak scale, and their
lepton number is converted to baryon number by sphalerons. Finally, the flaton decays,

diluting the baryon density to the value required by observations, ng/s ~ 10719,

1.2.3 Thermal inflation and axions

The scale of the flaton vacuum expectation value, eq. ([.23), coincides with that of the PQ
field, egs. ([4) and ([.I2) to (L-I§). This motivates unification of thermal inflation and
axions [B, fl], and several papers have studied this in detail [i§-F1]]. In order to introduce a
U(1)pq symmetry, refs. ] B extended the flaton sector, ¢ — ¢1, @2, to get a multi-field
flaton axion model of the type studied in refs. [f3~[F4]. In this type of thermal inflation
axion model, the main danger is that too many hot axions will be produced in the flaton
decay to be consistent with Big Bang nucleosynthesis. This imposes significant constraints
on the parameter space.

1.3 This paper

The motivation for this paper starts from noting that our thermal inflation baryogenesis
model, egs. ([[.27) and ([1.2§), generates a very rich and complex but remarkably consistent
cosmology from a very simple and constrained extension of the MSSM.

As discussed in section [[.2.2, the first three terms in eq. ([.27) are pure MSSM terms.
The fourth term generates the MSSM p-term, forces Hy to become non-zero shielding the
dynamics from the deeper non-MSSM vacuum, in combination with the fifth term generates
the lepton asymmetry, couples the flaton to LH, and H,H,; allowing the flaton to bring
them back in towards the origin, and provides an efficient decay channel for the flaton
allowing the temperature after flaton decay to be high enough for dark matter generation.
The fifth term generates neutrino masses, stabilizes the L H,, field during thermal inflation,
and in combination with the fourth term generates the lepton asymmetry. The sixth term
couples the flaton to the thermal bath holding it at the origin during thermal inflation, and
drives the flaton’s mass squared negative at small |¢|. The seventh and last term stabilizes
the flaton field.

Thus, all the terms we add, though simple and natural, do many different things.
However, there is one exception. The term %)\¢¢4 is simply introduced to stabilize the
flaton’s potential at the right scale. If we eliminate this term, the flaton’s potential will in
any case be stabilized by the |¢| dependent renormalization of the flaton’s mass squared
induced by the coupling A\y¢xx. Furthermore, the model now has a U(1)pq symmetry
and so automatically includes the axion without any need to introduce extra fields. This
simplest of axion models was studied long ago by Moxhay and Yamamoto [5J] but has
since been largely ignored. Its one disadvantage is that we have to tune ¢g to the right
scale, though this tuning is very modest.

Thus we have an even simpler! and more constrained extension of the MSSM, eq. ([.27)

Tt is arguable whether the absence of the ¢* term is more natural or not.



with Ay = 0, that generates an even richer and more complex, but as we will see, even
more remarkably consistent cosmology.

2. Model
Our model?
W = \QH, 0 + NQHgd + N\ LHge + X\, ¢* H, Hy + %A,, (LH,)? + A dXX (2.1)

with the key parameter condition eq. ([L.2§), is a simple extension of the MSSM incorpo-
rating thermal inflation, baryogenesis and axions. In this section we describe some of its
important properties.

2.1 Flaton potential

The flaton potential has the form
1 o> +m2\ 5
V(g)=Vo— f| zagIn e m|d| (2.2)

where the function f encodes the |¢| dependent renormalization of the flaton’s mass
squared. We set

f0)=1 (2.3)
to fix the definition of mi at the origin and recover eq. ([L.17)
V(g)=Vo—milo]*+...  for|¢| < ms (2.4)

Away from the origin the potential simplifies to

V(p)=Vy — f<a¢ In %) mi,|qz§|2 for |@| > msg (2.5)
Now
dv ,
gl = — (2f + agf') m3|¢| (2.6)
d2V / 2 el 2

Therefore, the potential has a minimum at |¢| = ¢¢ with

fo= —%%fé (2.8)

We set
fo=-1 (2.9)

2 An obvious alternative would be to replace AM¢2Hqu and Ay, ~ Mgll with AM¢3Hqu and A, ~ MC:%T.

— 10 —



to fix the definition of ay at |¢| = ¢o. Setting the vacuum energy to zero, egs. (2.5), (B.9)

and (R.9) give
1
Vo= Lagm2ed (210
and egs. (2.7), (£.8) and (R.9) give the physical mass squared at the minimum
1 d*V 1
2 _ _ 2 2

Note the suppression factor of ay in both egs. (2.10) and (B.I]). In the vicinity of
the minimum

V() =Vo — [%a(b —agln

¢
%‘ +(’)<a§51n2

21)| 3o (212)

The value of ¢q is determined by the |¢| dependent renormalisation group running of
the flaton’s soft supersymmetry breaking mass squared. The renormalization coefficient
ay is determined by the coupling Ay ¢xX in eq. (B.1)

1 2( 2 2 2
g = WEX:MX\ <mx+m>—<+\Axl ) (2.13)

where m,, my and A, are the soft supersymmetry breaking masses and A parameter
of x and x. Therefore, using eq. (R.17), at least some of the Yukawa couplings should
be unsuppressed

PR (2.14)

X
in order to obtain the correct scale for ¢y.
For definiteness, in our numerical simulation described in section [], we consider the

simplest case

flz)y=1—x (2.15)

We can then solve eq. (R.§) to give

$o = msexp <ai¢ - %) (2.16)

To match egs. ([L19) and ([.23) then requires

ap ~ 0.05 (2.17)

2.2 Lightest supersymmetric particle

In our model, the axino/flatino mass is generated by a xx loop containing the soft
supersymmetry-breaking interaction A, A, ¢xx [B]

1
mg =~ Z )\iAX ~ 1 to 10 GeV (2.18)
X

1672

where we have used eq. (B.14) to estimate \,. Therefore the axino will be the lightest
supersymmetric particle (LSP) in our model.

— 11 —



2.3 x and Y and the PQ anomalies

To maintain gauge coupling unification, x and y should form complete SU(5) multiplets,
and so, assuming that they are not singlets, they should contain fields charged under SU(3).
Thus the Peccei-Quinn field ¢ has couplings to both heavy quarks, contained in x and ¥,
and the Higgs fields H,, and H;. Thus our model is a combination of the KSVZ and DFSZ
axion models.

Assuming that x can be decomposed into 1, 5 and 10 representations of SU(5), and
X into corresponding 1, 5 and 10 representations, we can parameterize Y and ¥ as

X = N11+N55—|—N1010 (219)
X = N1 + N55 + Njp10 (2.20)

with the number of heavy quarks
Nq = N5 4+ 3Nyg (2.21)

Then eq. ([L.) gives
N=6-N, (2.22)

with the existence of an axion requiring N # 0, and eq. ([.7) gives

=12 gzvq (2.23)
and therefore E 3 A

As discussed above, x and x should form complete representations of SU(5) in order
to preserve gauge coupling unification. However, although gauge coupling unification is
preserved, the GUT scale gauge coupling becomes stronger than in the pure MSSM case.
To preserve perturbative gauge coupling unification, we must restrict the size of the y

and Y representations. Using the parameterization of eqs. (2.19), (B.20) and (R.21), this
requires [bq]

N, <6 (2.25)
2.4 Baryogenesis

The potential derived from eq. (B.1) is a simplified version of eq. ([[.3)
V= Vo —md|g]* + mi[l]* — mE, [hu|* + mi, | hal?
1
+ <§A,,)\V12hi + BAy¢*hyha + C.c.>
+ MIRZ ) 4 [ Nhy + M hal” + [ NudPhu] + 120 0hhal?
1 2
+ 5% (1hal? = 1hal? ~1IP) (226)

— 12 —



where, as described in section P.1,

2 2
(16 = f G% In W%) m3 (2.21)

S

and we have set d = e = 0 since, as discussed in section [.2.9, they will be held at the
origin throughout the dynamics. Despite setting Ay = 0, the potential still contains all
the terms needed for our baryogenesis scenario, and we expect the thermal inflation and
baryogenesis to proceed as described in section [[.2. The detailed differences will be due to
the presence of the axion and the suppressed flaton vacuum mass, eq. (2.11)), both of which
may affect the preheating and decay of the flaton. The PQ strings formed at the end of
thermal inflation may also have some effect, possibly prolonging the leptogenesis.

In section | we describe and present the results of our numerical simulation performed
in order to test in detail whether the baryogenesis proceeds as we expect, especially that
the preheating leads to a conserved lepton number, as we did for our original model of

ref. [ in ref. [§].
2.5 Flaton decay

The flaton decays to Standard Model (SM) particles and axions
Iy =Tsm+T, (2.28)

2.5.1 Axion branching ratio
The decay rate to (hot) axions is (see appendix [])
3

“ 64T

(2.29)

The decay to SM particles is dominated by three channels: direct decay to SM Higgs, decay
to bottom quarks via flaton-Higgs mixing, and decay to gluons via a xx loop

T'spy = F¢—>hh + F¢—>b13 + F¢—>gg (2.30)

The decay rates are calculated in appendix [, giving

| P m% = B2\ [ |ul \* 4mj; 2
= 16 Ref1 - 2 4+ O @) 2.31
S (LT kool ea
3 -2
Ty _ 200m <m§4—|B|2>2< il >4 o Ami N om0 mE ) g g
T, m? m? mpQ m%Q m%Q m%Q
Lo—gg 212
P—a ~ 01 Oéqu (233)

- 13 —
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Figure 4: T',/T'sy versus mpq/my, for ma = 2|B|, |u| = 103 GeV and m), = 125 GeV.

where 7, ~ 107° is defined in eq. (A7). For my ~ 125GeV and mq =~ agmj, with
ap ~ 0.05 and mgy ~ |u| ~ mg ~ 10? to 103 GeV, we have roughly

Ty, 10% to 10*  for mpo > 2my,
o—hh @ (2.34)
La 1071 to 1077 for mpg < 2my,

T, .

2=t 10 to 102 (2.35)
Ly

Ly

—2299 1072 to 1073 (2.36)
Ly

so that either ¢ — hh or ¢ — bb dominate the SM channel with ¢ — gg always being
negligible. Thus the SM axion branching ratio has the form

r 2 _ B2 2 4 2
T, m mpQ m
A PQ
where .
_ BeJ _ T (1 &%)z
f)= VTt + = (1-3) (2:38)
and )
12
£~ —2b 0 0.02 (2.39)
h
see figure [

The branching ratio has a strong and somewhat complicated dependence on m}% / ml%Q,
with the axion production suppressed if®

mi < ml%Q o~ a¢m%¢ < m? (2.40)

3This comes close to providing an anthropic explanation for the little hierarchy, since the Higgs thresholds
could lead to sharp jumps in hot axion production, and hence via Big Bang nucleosynthesis in helium
abundance, with anthropically relevant effects on stellar evolution. Unfortunately, the flaton-Higgs mixing
channel makes this effect too small.
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The overall amplitude of axion production depends on the ratio

<mPQ>4 _ %
1| |l

which is highly suppressed in our model, see eqs. (R.17) and (B.13).

2.5.2 Flaton decay evolution

While the flaton is decaying, its energy density evolves as [E]4

pg +3Hpy = —L'ypg

while the entropy increases as

§ _ Tsmpy
S sT
with
3H” = Pp + Pr
and
Pr = PSM + Pa
eq. (R.49) is easily solved to give
Pd) x a—Se—F¢t

while eq. (R.43)) gives

1
4 (272\3 T ¢
4/3 _ * SM 3.4, at
§ 3(45) a4/09* @ P¢

Treating g, as slowly varying gives

and

Numerical solutions for pg, p, and [gi/ 4(T 1)/ gi/ 4 (T)] (S/S¢) are shown in figure [{.

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

Flaton decay temperature. There is no unique decay temperature, instead we define

the flaton decay temperature Ty by

1
pr(Ta) = §F%¢

or
2

T 1
30 9:(Ta) Ty = psm(Ta) = §FSMF¢

4We neglect radiation from the AD sector.

— 15—
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Tyta
102 1 -

102 I~_flaton

101 1

wl TR

| e R

1 -2 |

0 radiation

103 , — gt
1071 100 101

Figure 5: Flaton and radiation energy densities and entropy during the flaton decay: py/ Fi,
pr /T2, {ql/"](Td) /,(11/"1(T)} (5/5¢) versus I'yt. The dotted lines are the early time asymptotic

solutions of egs. (R-63) and (R.6). The time corresponding to our definition of Ty in eq. (R-50) is
marked in red.

Ty
103 4
102 4
101 4
mp
10° ' —
1071 10° ot

Figure 6: Flaton decay temperature versus flaton mass: Ty versus mpq/my, for ¢o = 10! GeV,
lu| = 103 GeV, my, = 125GeV and my = 2|B].

The time
ta ~1.061T" (2.52)

corresponding to Ty is marked in figure fj. At this time
pg(ta) = 0.495T7 (2.53)

and after this time the entropy increases by a factor

5t 1946 (2.54)
Sd
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Substituting the results of section into eq. (R.51)) gives

[N

5 \i|mA-1BP| IuP m3
Ta ~ < 1 > A 2 | S (2.55)
814 g+(Ta) ma mpaPo Mpq
1 1
~ 100 GeV m?% — |B]*| /10! GeV || 2 /102GeV \ 2 f m2 :
N m? bo 103 GeV mpQ mgq
(2.56)
which is plotted in figure [,
Early time decay evolution. At early times, 'yt < 1,
3H? ~py xa™® (2.57)
therefore from eq. (2.49)
6
PSM =~ gFSMH o a3/? (2.58)
and , )
8\ 1 (2721
e <3> (%) g/t ComH)Y* oc a8 (2.59)
Therefore, using eq. (R.44),
r 7 -3 -3
polta) ], ( a ,(a
~ |—/——— T4 [ — ~1.430T% | — 2.60
P¢ Fi ¢ aq ¢ aq ( )
— -1 3 3
polta) e ]? (a3 %
H~|—/——| Ty|— ~0.690T, [ — 2.61
I 3F3§ ¢ ad ¢ aq ( )
6 (tq) el'ota 2 -3 -3
Poplld) € a a
~ — | —/——————| Tguly | — ~ 0.828T'gmIy | — 2.62
PSM 5[ 32 ] SM ¢<ad> SM ¢<ad> (2.62)
3 5 5
gi/4(Td)S Sd 12 % p¢(td) €F¢td s a % a %
g« (1) S =t 6 d d

3. Constraints

Our model has a rich phenomenology generating many constraints. In this section we
analyze the constraints on our model arising from the MSSM, neutrino masses, thermal
inflation, baryogenesis, dark matter and nucleosynthesis.

3.1 MSSM
Stability of LH, in our vacuum requires
2 > 2miy, (3.1)

where m? ;; is defined in eq. ([.2§). The MSSM p parameter is generated by the flaton’s
vacuum expectation value and has magnitude

lul = [\ (3.2)
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3.2 Neutrino masses

The term 1\, (LH,)? in eq. (R-1]) generates neutrino masses
m, = ‘)\,,Hﬂ = |\ |v?sin? 8 (3.3)

where v = 174 GeV is the electroweak symmetry breaking scale. The observed neutrino

mixing [21]]

Am2, ~ 2.4 x 1073 eV? (3.4)
Am3, ~ 8.0 x 1075 eV?

suggest neutrino masses

mg ~ 5 x 1072 eV (3.6)
mg ~ 9 x 1073V
my S ma
and so .
my
M| =~ 800 3.9
‘ ’ (10_2 eV) <sjn2 ﬂ) ( )

3.3 Thermal inflation and baryogenesis
For the flaton ¢ and AD flat direction LH, to be unstable during thermal inflation, we
require their soft supersymmetry breaking mass squareds to be negative
—m3 <0 (3.10)
and
—mip, <0 (3.11)
The critical temperatures of the flaton and AD phase transitions are

_ ¢

Ty = 3, (3.12)
and
m
Tpu, = 6;5 (3.13)
where 1
B3 =32 M (3.14)
X
and .
B, = 1 (3 IAe|” + 393 + g%) (3.15)

For the AD phase transition to occur before the flaton phase transition, we require

Tfi) < TLHU (316)
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therefore
mg _ mi,

3.17
Be  Bru, (3.17)
Combining this with eq. (B.1) gives
33 o5
2 ¢ 2 ¢ 2
my < —5—m < u 3.18
[ /B%Hu LH, 2/8%Hu ’ ’ ( )
Now eqs. (ET1), (ET3) and (ET3) give
mpqQ S M (319)

10

and mpq should be fairly close to this bound since we expect mg ~ mg ~ |u|, while
requiring mg ~ mg 2 100 GeV gives

mpq 2 20 GeV (3.20)

The roll away of the Affleck-Dine field L H,, may reheat the thermal bath and so extend
the thermal inflation. This would dilute the moduli produced before thermal inflation by

an extra factor [§]

1
App ~ — 3.21
AD ~ o (3.21)

where we have taken the equality in eq. (22) and hence eq. (25) of ref. [§, and noted that
I'ap < Hy so that the AD energy density is reduced by Hubble expansion rather than
decay, and probably has a matter-like equation of state.

After the AD phase transition, the AD field LH,, settles to the minimum

12 = |hy|? = 12 (3.22)

of its potential

1 1
V = Vorm3 I[P —m% |hu|*+ <§A,,)\,,12hi + C.c.> +\)\,,lh3\2+|)\,,12hu|2+592 (Ihal?— [1%)?

(3.23)
where®
12m2 .+ | A2+ |4,
12 = V12m (3.24)
6]A]
eq. (B-9) gives
10—2eV
~10° LH, 2

lo ~ 10 GeV\/<103 ) - (3.25)

For the flaton to be able to bring the AD field LH, back in to the origin at the end
of thermal inflation, we require the flaton potential energy to dominate the AD potential
energy

agmgd 2 mip, I (3.26)

5The |LH,| dependent renormalisation group running of mzLHu may reduce this value.
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The extra dilution factor of eq. (B.21)) is sufficient to effectively remove the lower bound on
¢o coming from requiring that thermal inflation sufficiently dilute the moduli, compared

with the constraint
do > lo ~ 10 GeV (3.27)

required by eq. (B.26). The upper bound derived from eq. ([[.29) still applies, and using
eq. (R.10) gives

3 2
102 GeV 10 GeV
<1 13 \V4 nmod/s Mmod 9
%0 % 107 Ge \/< 1012 ) \10% GeV meq Ta (3.28)
The number of e-folds of thermal inflation is [f]
Nt () () o (3.29)
~ —In —In{— |~ .
6 m§ms 3 b0

where the second term comes from eq. (B.21)).
The baryon asymmetry generated in this model is [ff,

— ~ s (3.30)
S NAD a¢m¢¢0 MLH,
100 (nL/nan (102 GeVNT Ty \ (1071 (1072eVY (mim, )’
10—2 oo 1GeV Qg m, me
(3.31)

Comparing with the observed value [21]]
%B —9x 1071 (3.32)

gives the constraint

12 nL/nAD Td 10-1 10—2eV mrm,
e (5222) (i) (57) () () oo

Our simulation results, figure [[4 and ref. [§], suggest that ny/nap < 102 and so we get

the rough upper bound
P <1012 GeV (3.34)

with values near this bound presumably being more natural.

3.4 Axinos produced by the flaton decay

The flaton dependent renormalization of the axino mass generates the effective radial flaton

axino interaction

QgMyg
2 5ra’ +c.c. (3.35)
V2 ¢y
where
g ~ 1071 (3.36)

— 20 —



is calculated in appendix [A.§. The flaton decay rate to axinos is

2.2
atmimp
Poman = ~5 0™ @ (3.37)

Using eq. (£:4G), the flaton decay generates an axino number density

Myaa [* 2Ty .aa
ng = Lo—aa / a3p¢dt:#Qle(eF¢t—l) ps (3.38)
0

and so, using egs. (2.51)) to (B.59), a late time axino abundance

na _ 20g—aa Sae' " py(ta) _ 2.2Talyaa (3.39)
S meF¢ Stsq mPQFSM '

Current abundance. Using eqs. (.51]) and (B.37), the current axino abundance is

o~ 8 (_Ma_\nNa
Q5 ~ 5.6 x 10 <1Ge\/> - (3.40)
1/2 2
r 10 az \2/ mg \3 [10GeV [ 10" GeV
6 a i
~ 0. 41
036 T2 (gi”(%)) (10—1> <1GeV) ( Ty > ( o ) (341)

Therefore Q25 < Qcpm == 0.2 requires

1
T2 (g (1y) T 10N\ s\
< SM * d d 0
ma S 1.8 GeV R ( 10 <1GeV> < aa ) <1012 GeV> (3.42)

which is at the lower end of its expected range eq. (R.1§).

3.5 Axinos produced by the decay of thermally generated NLSPs
3.5.1 NLSP decay to axinos

The superpotential coupling )\H¢2Hqu leads to the decay of NLSPs to axinos via various
channels with rate [5g, g
m3
A N
1673

where we have neglected the decay products’ masses, and A ~ 1 may contain a factor

Iyoi = (3.43)

of m%/m%.

3.5.2 Axino abundance

The thermal bath will generate NLSPs with number density

1 [ k% dk
ny = F/ — (3.44)
O expy/ —;ZLN +1
= md, fx (%) (3.45)
whose decays will generate a late time axino abundance
i Sal [® ’
E = —d—/ <i> nNFN_)@ dt (346)
s StsaJo \ad
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High T4 limit. In the high Ty limit

s s(mn) Jo a(my)? '
3 [e'¢)
mNFN_>5L my 5 my dT
_ my myy al 4
s(mN)H(mN)/O ( T > fN( T > T (3.48)
135v/5 . | ) A
= x” fv(z) dz 3.49
[mz o O ] T 3% ) (349

54 TR Th_a 250
= 732 1/2 m2 (3.50)
g<'“(mn) T ® N

where we have used

/OO 2t fy(z)de = 15¢6) _ o788 (3.51)
0

om2

Low Ty limit. Using eq. (2.5§), the axino production rate

d(a*ng) da®ny  nn

— — .52
dinT  H TR (3:52)
and so, using
3/23/2
my T ( mN>
nNy~———exp|——— 3.53
vV 2m3 T ( )
the maximum axino production occurs at
T Ty = 2 (3.54)
>IN = 21’[71,]\[ .

with our low Ty limit corresponding to Ty < Ty .

We can analytically estimate the axino abundance in eq. (B.46) using

eqs. (E31), (E51), [@58) and (26D,

na_ B5(0 a(Ty)’ m 3FN%~L) /0°° (T_N> v (2 )dT (3.55)

35(Tr) a(Ta)’ s(Ta) H(Ty T !
1/2 3/2 7
_ [576\/3—1(;4§ 8)? / M fa () da SM1/2 (Ta) TqT'n (3.56)
3/2 F1/2 7
— 410092 1) FN?“ 2d (3:57)
g*(TN) ;/2 my my
where we have used
o0 7
/ 2 fy(z) do = 3 (1 —271) |Byo| 7!t ~ 1.737 x 10° (3.58)
0
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Figure 7: Axino abundance versus flaton decay temperature: Fj versus xg, see egs. )
to ) F5, and hence the flaton decay temperature Ty, is constrained by eq. (B.66)).

Numerical. A numerical solution of eq. (B.46) can be obtained by writing it in the form

1/2

na -1 -2 Py 'v—a
5 S0 (Ta) g« *(TN) f—%m—2 Fa(za) (3.59)
Ly N
where
1/2 3
1 5 /" g, m2 [
Falas) = g} (Ta) o (Tw) £ 2" (—) i dt (3.60)
Fsﬁa St sa Jo \aa
Versus
1/4
2 g (Ty)T:
T5 = ggm(ﬂ (3.61)
g9+ (In)Tn
is plotted in figure [j.
For x5 < 1, eq. (B.57) gives
Fi(xg) ~5.3x] (3.62)
while for x; > 1, eq. (B.50) gives
F@(l’@) ~ 5.4 (363)

Current abundance. Using egs. (B.43) and (B.59), the current abundance is

Q5 ~ 5.6 x 108 (122\[) % (3.64)
2 103 m ma (101 Gev\”
~ 270 A—SM N a Fz(za
70 F;ﬂ <9i/4(Td)9£/4(TN) <102 GeV) <1GeV> < bo > ()
(3.65)
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Therefore Q25 < Qcpm == 0.2 requires

1/2
Faten) < 75 x 104110 (9T NTw) | (102 GeVy (1Gev s \2
a\ta) ~5 - A Pé/l\/? 103 my ma 1011 GeV

(3.66)
which can be converted into a constraint on xz, and hence the flaton decay temperature

Ty, using figure []. For 75 < 1, eq. (B.6) gives

0 0191411%{\/2I 108 3% (Ty) ( my )( ma) 101 GeV\* /25Ty \" (3.67)
T ey ) \17Gev ) \1Gev %o mN '

and

1
Ty < mn [9*(TN)]4
~ 25 g*(Td)
1

LE” (g o ()| (100 GV (1GeVY (a0 Vo
A Fé{\i 103 my mg 1011 GeV '

Note that the flaton decay temperature will be less than or similar to the neutralino freeze

out temperature, which is about my /20 [R1]. Therefore we may require
mpQ < 2mpy (369)

to avoid direct production of neutralinos in the flaton decay.

Axinos will also be produced by the decay of NLSPs after they freeze out. However,
the standard Big Bang neutralino freeze out abundance is good match to the dark matter
abundance, our freeze out NLSP abundance will typically be less than the standard abun-
dance, and mg < my, therefore the axino abundance generated after freeze out should
be safe.

3.6 Cold axions

3.6.1 Misalignment axions

The axion mass turns on around T ~ Aqcp, see eq. ([.§), and the axion starts to oscillate
at a temperature 7, given by [g]

me(To) ~ 3H, (3.70)

with axion number density

na(Ty) x me(Ty) (3.71)

and conserved axion number. The late time misalignment axion abundance is

e = (3.72)




The abundance is suppressed by a factor A, compared with the standard Big Bang abun-
dance, where

CTone/s S(T,) ma(Ty) [ s(To) g*(T B) \ T3P S(To) '
egs. ([.§) and (B.70) give the standard Big Bang axion oscillation temperature
1
0.1mq(0) AFLy (TEB)™]°7
7B ~ [ (0) Ao (727)° (3.74)
° 3HDD
1
1 11 5.7
~ 1.3GeV <0f7(}ev> (3.75)

Low T4 limit. Our axion oscillation temperature can be analytically estimated using
the results of section if the oscillation starts well before the flaton decay completes.

For Ty < Ty, using eqs. (B-51)) and (£.55),

BB (TBB)3-7 T4

717 = 2o I:T ° (3.76)
_6V2 Tgf 0. (T8P) 0 () (TBBY> T 12 (3.77)
WD gl o)

and, using eqs. (.63) and (P.63),

S g [ e D) (T

Therefore, for Ty < T, the misalignment axion abundance is suppressed by a factor

A _om GJ_1;<&M>&ﬁ[ (1) }%%<QB>”ﬂ“ .
5V3 Ly 9« (T3%) g+ (Ta) Ty '

High T4 limit. In the opposite limit, Ty > 7T,, dilution due to the flaton decay is
negligible but the presence of hot axions produced in the flaton decay increases H for a

given T', and so reduces Ty, slightly enhancing the cold axion production. For Ty > T,

_1
g* TOBB FSM 2x5.7
T, = %F_qﬁ 758 (3.80)
and
(T) 24—77 T'sm 2677
g* o x5 x5
A, = | —=% 3.81
) (2 (380)
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Figure 8: Axion dilution factor versus flaton decay temperature: Fa, versus z,, see

eqs. (B53), (B30) and (B37).

Numerical. We can numerically solve eq. (B.70) using egs. (B-49), (B-43) and (£:44) to

give
L 3.7
T INET » T(PB Ix5.7 i/4 )T,
()77 |2l e ) (552
Tsu 9+(To) g./ ! (TBB) TBB
where .
Ly 557 [ g, (TEB) | ™7 /(1) T
ta= (=2 Jello ) G "d)d (3.83)
Tsm 9:(To) g/t (BB TBB
For z, < 1, eq. (B-71) gives
Fy(z4) ~ 1.02026 (3.84)
while for z, > 1, eq. (B-80) gives
Fo(zg) ~ 1 (3.85)
eq. (B-79) then gives the suppression factor
_6.7 _4.7 1/4
I‘SM>2x5A7 [ g*(TO) :|2x5A7 Jx (Tf)
A, = <_ 9ldo) Fa,(za 3.86
Ty 9:+(T38) g1 ) (389)
where Tt = min(Ty, T,) and
ST BB\ T5 s 1/4 1/4
7 (w ) ( I‘d) >2x5A7 Jx (TO ) o O« (TO) T, O« (TO) Sf (3 87)
Ag\La) = \ = S =———— .
Fsm 9:(To) TP TP g (1) S(T)
is plotted in figure f.
For z, < 1, eq. (B.79) gives
Fa, (z4) ~ 0.69 z; 19 (3.88)
while for z, > 1, eq. (B.80)) gives
Fa,(z4) ~ 1 (3.89)
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3.6.2 String axions
The axion abundance produced by the decay of PQ strings is [g]

1 [“a’H?d
Mo X — / e (3.90)
a3 /o w oa

with the typical axion energy w o< H. Therefore, using eq. (B.70), the late time abundance is

na  S(To) ma(T) / “ a’H da (3.91)
0

Pl Se s(Ty) a3H, a

Comparing with eq. ([B.73), our string axion abundance is suppressed compared with the
standard Big Bang abundance by a factor

o 3 -1
Aztring _ </Oa ;%_]{z)%) Agaisalign (392)
For Ty < T, eq. (R:57) gives
Aztring ~ gAglisalign (393)
while for Ty > T,
Aztring ~ Ag’lisalign (394)

3.6.3 Current abundance

Taking into account the dilution factor A,, egs. (.13)) and ([.14) become

0.2 fa 1.175
Qp ~ -2 3.95
A, <1010 to 1011 GeV> (3.95)

For Ty > TBB ~ 1GeV, the dilution factor A, is slightly less than one, see eq. (B-81),
giving a slight enhancement of the cold axion abundance over the standard Big Bang case,

which may provide an observational signal of our model in the future. For T < T\°B,
eq. (B79) gives the dilution factor A, ~ (Ty/TPB)719% and so, using egs. ([4), (-59)
and (B-75), we have Q, o< f; 044,

3.7 Hot axions

Hot axions will be produced in the flaton decay with energy density

ot [9u(T) 915 (1) ] T (3.96)
PSM | gu(T) g (Ty) | P

where ', /T'sy is given by eq. (B-37) and plotted in figure | The axion production is highly
suppressed in our model due to the suppressed flaton mass, but will typically be higher
than the thermally produced axion energy density [P]

th 101 GeV 2
Pa_ 1076 <Of¢> (3.97)
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The hot axions produced in the flaton decay have current momentum

_ ampQ

- 3.98
a2 (3.98)

a

where a is the scale factor at the time they were created and ag is the scale factor now. In
particular, the current momentum of an axion produced at tq is

_ a4dmpqQ
=t (3.99)
1/3 1/3
B Sd/ g*é (To) T | mpq (3.100)
o 1/3 1/3 2 ’
~ 148 X 1074 eV | it (3.101)
9" (Ta) Ta

so, comparing with eq. ([.g), they are marginally relativistic now. The current number
density spectrum is

dnlhot 3920, T 16T, p3 3
P N, _ <(1> Po Lla al ¢Pq Po¢Pq (3102)

dpa a_O mpQ H mil)Q HFd,pg

which may provide an observational test of our model in the future. Assuming that the
hot axions are still relativistic now, their current energy density is

1
100 |3 T
Qlot ~ 2 x 1077 [ } — 3.103
¢ 9«(Ta)] Tsm ( )
3.8 Nucleosynthesis
The flaton decay should complete before Big Bang nucleosynthesis, requiring
Ty > 10 MeV (3.104)

The good agreement between the Standard Model prediction for the *He mass
fraction [p0]
vIM = 0.248 (3.105)

and the observed value [1]]
Yebs = 0.25 4 0.01 (3.106)

constrains any additional contribution to the energy density at the time of nucleosynthesis
from hot axions produced in the flaton decay [B]]

Pa

<0.14 (3.107)
PSM |BBN
eq. (B-96) then gives the constraint
r
~ <03 (3.108)
Lsm

which is automatically satisfied in our model, see eqs. (.37) and (B.19), and figure .
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Figure 9: Parameter space constraints, |u| versus mpq, for ¢o = 3f,/V2, my = 125GeV
and my = 2|B|. Top f, = 101 GeV and bottom f, = 10'2GeV. B hot axion over-abundance

at Big Bang nucleosynthesis, eq. (B.10§).  thermal inflation baryogenesis consistency constraint,
eq. (B.19).  flaton mass constraint, eq. (-20). © axion cold dark matter over-abundance, eq. (8.99)
for <olicdl misalignment or linc high string estimate. MM axino cold dark matter over-abundance:

B eq. (BA4]) for az = 0.1 and solid mz = 1GeV or line mg = 2GeV; M eqgs. (B.6G) and (B.69) for
mg = 1 GeV and solid my = 200 GeV or line my = 100 GeV.

3.9 Summary of constraints

Figure [f] shows the constraints on |u| and mpq for f, = 10! and 10'2 GeV, while figure [[]
shows the constraints on f, and |u| for mpqg = 0.1, 0.05 and 0.025|x|. There are many
strong constraints but nevertheless interesting regions of parameter space survive. The
axino mass is required to be at the lower end of its expected range, msz ~ 1 GeV. Avoiding
over-production of axinos requires f, > 10! GeV, which nicely coincides with the more
natural range of parameters for our baryogenesis scenario near the rough upper bound
fa <102 GeV. Avoiding over-production of axions splits the allowed parameter space

into two regions. For f, ~ 10'' GeV, the axion abundance is in good agreement with
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Figure 10: Parameter space constraints, f, versus |u|. Top mpq = 0.1 |p|, middle mpg = 0.05 |y
and bottom mpg = 0.025|u|. © thermal inflation baryogenesis abundance constraint, eq. (B.34).

the observed dark matter abundance, but to avoid over-production of axinos the MSSM
p parameter is confined to the range 700 GeV < |u| < 2TeV. For f, ~ 102 GeV, the
axino constraint weakens, but to avoid over-production of axions the decay temperature
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has to be low enough to dilute them, which requires lower values of |u| in the range
400 GeV < |u] < 800GeV.

The tightness of the dark matter over-production constraints implies that the dark
matter should be composed of significant amounts of both axions and axinos. For example,

eqs. (B.AT), (B.67) and (B.99) give

02 o ¢ 2Tt (3.109)
T A @) (3.110)
Qg o o5l (Ty > 1GeV) (3.111)

therefore the dark matter minimum at f, ~ 10" GeV, |u| ~ 1 TeV has
02 =70Y (3.112)

Q, =1.794 (3.113)

0.74 ) 9 10.09 9 10.14 0.14
Quia ~ 0.2 x A%05 <E> ( O‘al>°'65 [ 10 } [ 10 ] ( Ly >
N 10— g*(Td) g*(TN) PSM

" ( mg )1.02 200 GeV 0.28 AQCD 0.63 S()/3H02 (3 114)
1GeV my 200 MeV 5.6 x 108 GeV ! '

Alternatively, egs. (B.31) and (B.93) give

O, x Tygy? (3.115)
Qo o< P17 (Ty < 1GeV) (3.116)

and

therefore, fixing (y,, the dark matter minimum at f, ~ 10'2 GeV, |u| ~ 600 GeV has
Qs ~ Q0 =140, (3.117)

and

0.64 N 115 2 7029 /N 0.61
Quia ~ 02x (2 ( Ga ) 10 il
N 101 9«(Ta) I'sm
9 2 2 0.25
" 10 < Qg > me < m, > 174 GeV 1GeV Qp
nL/nAD 101 mrH, 10-2eV VEW myp 0.05

L N173 0.41 9 0.75
" ( mg ) <2OOMeV> < so/3H§ _1> (3.118)
1GeV Aqcp 5.6 x 108 GeV

To need to be at a minimum of the dark matter abundance may seem like tuning, but,
taking into account anthropic selection effects, it can be quite natural for our local part
of the universe to be found at such extrema of parameter space. Similarly, our mixed (su-
persymmetric!) dark matter may also seem odd, but is due to our extremum of parameter
space, and follows the observed trend of an over-complicated composition of our local part
of the universe, which is again well motivated anthropically.
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4. Numerical simulation of the leptogenesis

We closely follow the methods of ref. [§]. We performed a three dimensional lattice sim-
ulation with periodic boundary conditions using the algorithm described in ref. [§]. The
potential was that of eq. (B:24) with f given by eq. (2.17), the D-term

D = [hu|? = |hg* = |I]* = € (4.1)

and gauge

Ja _ Z w*QDaw _‘(Dal/})* Qd}

Z =0 (4.2)

pe{hu,hq,l}
constraints exactly conserved by the algorithm, and canonical gauge invariant kinetic terms.
The numerical parameter € was introduced to cut off the singularity at h,, = 0. The physical
parameters and fields were rescaled by a typical soft supersymmetry breaking mass m and
a typical flaton expectation value M1 or AD (I, h, or hy) expectation value Map, as
described in refs. [[i, §]. As the initial condition, we used the A = 4m case from ref. [f.

4.1 Simulation parameters

The lattice volume L3, number of lattice points N3, time step At, and D-term constraint

singularity cutoff €, were taken as®

L=200m~' |, N=128 , At=4x102m™! |, e=5x10"3Map (4.3)

We tested our results using different values of these numerical parameters. Limited com-

puting power constrained us to N < 128.
The k-modes allowed by this lattice are k = \/k? + k3 + k3 with

2mn;
ki = ——
L

where n; = 0,1,...,N/2 with n; = 0, N/2 having degeneracy one and the rest degeneracy

(4.4)

two. This spans the range

0.033m = 2% <k< \/ggN —35m (4.5)
The physical parameters were taken as follows’
m5 =0.217m* | ap = 0.051758 m? =m; (4.6)
my, = 1.510m?* | my, =3.533m” | mi =1.323m>  (4.7)
|A,|=025m |B| =1.15m (4.8)
M| =02mM3 Ayl = 2.0mM? (4.9)
Map = 1072 My (4.10)
arg (A \,) = arg (BX,) =0 (4.11)

5Tt was necessary to take L larger than in ref. [E] due to the suppressed flaton mass of eq. ()
"The mass squareds were set to three decimal places to avoid any accidental resonances and also to fit
the MSSM constraints described in ref. [ﬂ]
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Note that the phases of eq. ({.11]) are not physical and can be adjusted by field rotations.
The CP phase was taken as

arg (—B*A,) =<7 CPO (4.12)
™
T+ % CP—-

For the choice of parameters above, we have [§]

bo=0.70Mrr , ¢.=067dy , lop=15x10"2¢ (4.13)
where |¢| = ¢, is the critical value at which the minimum of the AD sector switches to
the origin

4 2 2
my —m
<ﬁ> =t L (4.14)
b0 |l

The flaton mass squared eigenvalues at ¢ = ¢ are
mpq = agmy =0.011m> | m=0 (4.15)
and the Affleck-Dine sector mass squared eigenvalues at ¢ = ¢g, [ = h,, = hy = 0 are
mig, =037Tm* . mi y =054m* . mif, =34m’ (4.16)
and
|1|? = 0.94m? (4.17)

Characteristic potential values are

1
Vo = §a¢m§,¢3 , V1=59x102V, , V% =32x10"21, (4.18)

where

Vi= ‘/0 - V(07 hu07 0710) (419)

is the depth of the Affleck-Dine sector minimum when the flaton is still at the origin, and
‘/2 = V(¢07hu0707l0) (420)

is the height to which that point is lifted when the flaton reaches its minimum. Here
V (¢, hy, hg, 1) is the potential.

4.2 Results

The overall dynamics can be seen in figure [[1. Initially, the flaton ¢ and the Higgs field
hq are near the origin, the AD field [ is near its thermal inflation minimum at [I| = I,
and h, is determined by [ and hg via the D-term constraint. As ¢ rolls away from the
origin, ending thermal inflation, it first forces hgq to become non-zero, and then, as it crosses
|¢| = ¢, it causes the AD potential to flip, forcing [ and hy in towards the origin. The AD
fields then oscillate about the origin while the flaton rolls beyond its minimum and then
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Figure 11: Magnitude squareds of the flaton and AD fields averaged over the lattice as a function
of time (CP—): (|¢?)/d3, (I|%)/#3, (|ha|?) /o7 versus mt.

back in towards the origin. Note that the flaton evolves slowly relative to the rapid AD
field oscillations since the flaton mass scale mpq ~ oz;/ 2m¢ is suppressed relative to the
AD sector mass scales. As the flaton returns past |¢| = ¢., the AD potential flips back
to its original form, forcing [ back out to || ~ Iy where it oscillates rapidly. The flaton
nears the origin and then rolls out again, crossing |¢| = ¢. and flipping the AD potential
for the final time, bringing the AD fields back in again towards the origin. The flaton then
settles to oscillate about its minimum since the build up of gradient energy (preheating)
has by this time drained enough kinetic energy from the homogeneous mode to prevent it
from returning to |¢| < ¢.. The AD field [ initially oscillates around the origin with large

amplitude but gradually settles down closer to the origin.

The important outcome of this dynamics is shown in figure [§. The AD field [ is
initially sitting in its thermal inflation minimum, and hence the lepton number is zero.
The flaton then brings it in towards the origin with rotation, as described in section [[.2.2,
and hence lepton number is generated. This is initially conserved while [ is held in the
symmetrical lepton number conserving part of its potential near the origin. Then the
flaton forces | back out towards its lepton number violating thermal inflation minimum,
about which it oscillates, and hence the lepton number oscillates violently. The flaton
then again brings [ back in towards the origin with rotation, and the corresponding lepton
number is initially conserved as [ is held near the origin by the overextended flaton field.
As the flaton settles down to oscillate about its minimum, the [ field is held less tightly
and spreads out to feel the lepton violating outer parts of its potential, and hence the
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Figure 12: Lepton number density averaged over the lattice as a function of time: mpy, (ny)/Va
(CP+, CPO, CP—) versus mt.

lepton number decays. This decay is halted as [ settles down closer to the origin, leaving
a residual conserved lepton number. Although the dynamics is very complicated, figure [[9
shows that the lepton number is controlled by the C'P violating phase in our potential,
eq. (f13).

The flaton dynamics is shown in more detail in figures [[J and [[4. The first oscillation
of the flaton is essentially homogeneous, but the angular dispersion becomes significant
in the second oscillation, limiting its amplitude. The radial flaton then settles down to
oscillate about its minimum, with fairly small amplitude and dispersion, as can be seen in
figure [[4 The axion on the other hand settles down to large amplitude oscillations in its
dispersion, as can be seen from the late time oscillations in the mean squared and variance
of the complex flaton field in figure [[3.

The effect of the flaton dynamics on the AD sector is shown in more detail in figure [[.
The first two large amplitude flaton oscillations force the AD sector in towards the origin,
then out, then back in again. As the flaton settles down, the AD fields mean squareds
quickly settle to the origin but the variance now becomes significant. The variance of [ is
initially large but importantly decreases over time leading to the conservation of the lepton
number seen in figure [3. The variance of hq on the other hand is initially small but grows
over time.

The preheating of the flaton and AD sectors is shown in figure [[f. The initial roll out
of the flaton gives rise to tachyonic and angular preheating, exciting modes with k < m,
as can be seen in the top left graph. Thereafter, the flaton preheating becomes broader,
but is still mostly limited to modes with k£ < my, and the spectrum settles down to a fairly
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Figure 13: Mean squareds (solid) and variances (dotted) of the complex and radial flaton fields

as a function of time (CP—): [(8)[*/85, (|6 — (&)|*) /8, (|])?/ 93, (8] — (I¢]))?)/ ¢} versus mt.

T T T T T T T T T T T T T

0.1 r 1
0.08 r
0.06 r

0.04

0.02

0 200 400 600 800 1000
mt

Figure 14: Mean displacement from minimum squared (solid) and variance (dotted) of the radial
flaton field as a function of time (CP—): {|¢| — ¢0)?/d3, ((|p| — (|¢]))?)/d3 versus mt.

stable distribution well within the cutoff of our lattice, as can be seen in the bottom left
graph. The AD preheating is more complex, as discussed in ref. [J], and very efficient. As
can be seen from the top right graph, all the AD lattice modes have thermalized by about
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Figure 15: Magnitude squared of the flaton field and mean squareds (solid) and variances
(dotted) of the AD fields as a function of time (CP—): (|¢|?)/243, [(1)|*/13, ([l—(1)|?) /1, [(ha)|* /13,
(|ha — (ha)|?) /15 versus mt.

t ~ 250 m~!. Thus the AD preheating is artificially truncated by our lattice cutoff, so in
reality should be even more efficient, bringing the AD fields in even closer to the origin.
However, the preheating available with our limited lattice is sufficient to lead to excellent
conservation of lepton number, as shown in figure [[2.

The energy densities in the flaton sector are shown in figure [[]. The first flaton
oscillation is dominated by radial kinetic and potential energy, as would be expected for
an essentially homogeneous oscillation. During the second oscillation, a large part of the
potential energy is converted into angular gradient and then angular kinetic energy, causing
the radial flaton to settle down around its minimum. The late time axion dispersion
oscillations are again evident from the angular kinetic and gradient energies.

The energy densities in the AD sector are shown in figure [[§. Initially [ is sitting in its
thermal inflation minimum and hg is at the origin, hence the potential energy is —V; and
the kinetic and gradient energies are negligible. Then the AD potential gets lifted up by
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Figure 16: Kinetic energy spectra of flaton (left) and AD (right) sectors, thermally normalized
(top) so that a thermal spectrum is flat, and energy normalized (bottom) so that the area under
the graph is the total energy (CP—): |¢x|?/Vo, |vk|?/Va, K3|kl?/mboVe, K3[ikl?/msy Vo at
t = 0,40, 80, , , , ,300,500, 1000 versus k/m. Relevant mass scales are mpg = 0.11m,
mge = 0.47m, mrg, = 0.61m, ml_{qu =0.73m, mEqu =1.8m.

the flaton and the AD fields roll in towards, and oscillate homogeneously about, the origin
with negligible gradient energy. As the flaton returns near the origin, the AD potential
is dropped and [ returns to its thermal inflation minimum, though now oscillating with
substantial kinetic energy. The flaton then rolls out again and settles around its minimum,
permanently lifting the AD potential. The AD fields once again roll in towards, and
oscillate about, the origin, though this time with rapidly growing gradient energy. Finally,
the AD energies all gradually increase, though at a decreasing rate, due to energy transfer
from the flaton sector.

Figure [l shows the energy transfer between the radial and angular flaton sectors. The
flaton energy is initially all in the radial component but quickly becomes equally distributed
between the radial and angular components. Over much longer timescales, far beyond the
scope of this simulation, the Hubble expansion, and possibly also preheating and decay,
will reduce the amplitude of the flaton oscillations about its minimum. Then we expect
the radial flaton and the axion to decouple and the energy in the axion sector to red-shift
away, leaving the universe dominated by the radial flaton until it finally decays. However,
the details of this process deserve further investigation.

Figure R(j shows the energy transfer from the flaton sector to the AD sector. Since the
flaton sector dominates, Vp > Vi, Vs, the energy transfer is negligible for the flaton but is
significant for the AD sector. The energy transfer could be dangerous for the conservation
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Figure 17: Kinetic, gradient and potential energy densities of the radial (solid) and angular
(dotted) flaton fields averaged over the lattice as a function of time (C'P—): p,/Vo versus mt.
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Figure 18: Kinetic, gradient and potential energy densities of the AD sector averaged over the
lattice as a function of time (CP—): pap/Va versus mt.

of the lepton number if it increases the amplitude of the [ field too much. Whether this
happens depends on the efficiency of the energy transfer from the flaton sector to the AD
sector, which from figure P( seems to be rapidly declining, the energy flow within the AD
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Figure 19: Radial (solid) and angular (dotted) energy densities of the flaton averaged over the
lattice as a function of time (CP—): pg/Vp versus mit.
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Figure 20: Flaton and AD energy densities averaged over the lattice as a function of time (C'P—):
04/ Vo, pap/Vo versus mt.

sector to higher & modes, which from figure [[§ seems to be very efficient but is artificially
cut off at an early stage in our simulation due to the finite lattice size, and the transfer
of energy from the AD sector to other sectors via thermal friction [§], which is beyond
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the scope of this paper. However, as the lepton is well conserved in our simulation, see
figure [[J, despite artificially cutting off the preheating and not including thermal friction
at all, we are confident it will be conserved in reality.

Thus, despite the dynamics being complex, our simulation suggests that our baryoge-
nesis mechanism does work in this model.

5. Conclusion

In this paper, we proposed a cosmological model based on a simple extension of the MSSM
with superpotential

_ 1
W = ANQHyu + M\gQHad + A\ LHge + AM¢2Hqu + §AV (LHu)2 + A OXX (5.1)

and key parameter condition eq. ([.2§). The model is obtained from our original thermal
inflation and baryogenesis model of ref. [ by removing the flaton self-interaction term
/\¢¢4, with the flaton now stabilized by the renormalization group running of its potential.
Removing the flaton self-interaction gives the model a PQ symmetry and axion, with the
scales required for thermal inflation and axions well matched. As shown in section i, our
baryogenesis scenario works well in this model, as it did in our original model [§], but now
in an even more minimal setting, using essentially all the terms in the potential.

Comparison with multi-field thermal inflation axion models

Our model, though simpler, has much in common with the multi-field thermal inflation
axion models studied in refs. [i§—[F1], and our baryogenesis scenario would probably work
in those models too, but there are at least two important differences. First, in the absence of
the flaton self-interaction, the flatino/axino becomes light making it the LSP, see eq. (2.1§).
Second, the renormalization group running stabilization of the flaton’s potential suppresses
the flaton’s mass squared around the minimum of its potential, see eq. (B.11)).

An axino LSP would be over-produced in the standard hot Big Bang cosmology, but
in our model the flaton decays late at a temperature of order 1 GeV. The lack of a flaton
self-interaction suppresses direct axino production in the flaton decay, but axinos are still
typically over-produced either in the flaton decay or by the decay of NLSPs in the thermal
bath. This provides the strongest constraint on our model, forcing the axino mass to be at
the lower end of its expected range, mgz ~ 1 GeV. Avoiding over-production of axinos also
requires f, > 10" GeV, which is nonetheless nicely consistent with the scale required for
thermal inflation, our baryogenesis scenario and axion dark matter, see section fj.

The suppressed flaton mass suppresses the flaton decay rate to hot axions, whose over-
production would conflict with Big Bang nucleosynthesis, and is the strongest constraint
on the multi-field thermal inflation axion models [E§-F1]. It also tends to put the flaton
mass below threshold for Higgs production, reducing the decay temperature and helping

avoid over-production of dark matter.
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Observational tests and signatures

Our model has a variety of observational tests and signatures. Thermal inflation wipes out
any gravitational waves at solar system scales generated during primordial inflation [p7],
so observation of such would rule out thermal inflation. However, the first order phase
transition that ends thermal inflation generates its own gravitational waves [57]. These
may be observable at future gravitational wave detectors such as BBO and DECIGO, and
a correlated analysis of ultimate-DECIGO [p3] may probe the heart of the thermal inflation
parameter space.

Thermal inflation and the following period of flaton domination redshift primordial
perturbations by 10 to 15 e-folds compared with a standard hot Big Bang history. This
may have an observable effect on the primordial density perturbations. For example, many
simple models of primordial inflation predict a spectral index n — 1 = —a/N + (9(1 /N 2),
where N is the number of e-folds between horizon exit and the end of the primordial
inflation. Thermal inflation would reduce N by 10 to 15. One could also try to reconstruct
N. For example, in the simple class of models above, (n — 1)2/n’ = —a determines the
model, (n—1)/n’ = N determines the number of e-folds, and (n — 1)n"/(n’)? = 2 provides
a check of assumptions, where n’ = dn/dInk, etc.

The key parameter condition for our baryogenesis scenario, eq. ([.2§), can be tested at
future accelerators. The roll away of the AD field may extend the thermal inflation by 5 or
6 e-folds, see eqgs. (B.21]) and (B.29). The x and x fields, needed to couple the flaton to the
thermal bath, acquire intermediate scale masses after thermal inflation and, assuming that
they are not all MSSM singlets, will affect the renormalisation of the MSSM couplings. The
late decay of the flaton may dilute, or even enhance, the dark matter abundance compared

with a standard hot Big Bang history.

Thermal inflation axion models can be tested by the effect of the hot axions on Big Bang
nucleosynthesis. Significant parts of the parameter space of multi-field thermal inflation
axion models are already ruled out by this test [f§—F1]. As discussed in sections
and B.7, and above, the hot axion production is suppressed in our model but is still expected
to be greater than the usual thermal production, so this might also provide a test of our
model in the future.

Our model, and Moxhay and Yamamoto’s original single-field flaton axion model [FH],
can be tested by its prediction that the LSP is the axino/flatino. Furthermore, in our
model we expect mg ~ 1GeV, see sections P.4 and B.4. This provides an important test
of our model at future accelerators [64-[67]. Also, the tightness of the axino bounds, see
figures ] and [L{, suggests that the dark matter should be composed of significant amounts
of both axions and axinos.

Summary

In summary, our simple and natural extension of the MSSM leads to a rich but remark-
ably consistent cosmology combining thermal inflation, baryogenesis, axions and axinos,
with observational implications for primordial perturbations, gravitational waves, Big Bang
nucleosynthesis, dark matter and particle accelerators.
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A. Flaton decay rates

A.1 Decay to axions

Decomposing the flaton as in eq. ([.2), the flaton kinetic term generates the radial flaton
axion interaction

5 2
1092 — or (9a)” (A1)
V2o
Since mq ~ 0, we get the flaton decay rate to axions
3
m
= (A.2)
647 ¢;

A.2 Decay via SM Higgs

The superpotential term )\uquHqu generates the radial flaton SM Higgs interaction

2
7
oIt (Ff 1) = VB 5 o BPY P
— V2 (1 - —> VLsrn2 (A3)

B|?|ul? m% ) do
BAGH, Hy + o — 2B 5,42 4
mACbO
where
mi = —miy, +mi, + 2l (A.4)

and we have used eq. (B:J). Therefore the flaton decay rate via (possibly virtual) SM
Higgses is [pg]

r 4 mPQ 2p dp mpLy, mPQTP 2q dgmpl'y,
¢—hh — 9 9 2 2 2 2 2 2
0 7T[(p —m3) +(mhFh)] 0 7T[(q —m3)” + (mpTh)

202 2¢2  2p%¢2  pt q*
x\/l—m2 B e sl e i aten (A.5)
PQ PQ PQ PQ PQ
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where

) (1 B |B2|2>2 (A.6)

N 4rmpqd} my
and I'j, is the decay rate of the SM Higgs. The dominant decay mode of the SM Higgs is
to bottom quarks, giving [P7]

T 302m2 am2\ /2
=~ 92m2b 1- ) 107 (A7)
mp, 32mmyy,

where gy ~ 0.65 is the SU(2) gauge coupling, my ~ 5GeV is the bottom quark mass and
mw =~ 80GeV is the W boson mass. Therefore, defining x = p/mpq, y = ¢/mpq and
& = myp/mpq, we have

1—a 2 — —
Lynn = / / 4xyfyh§ Vi 2 2”3292; zt +yt (A.8)
T e -y +fy,%§2} (2 - € + 3]

V142 + O(y) for £<4i

4] o e e EETIEE o) o <e<

1 dzy/1—222—2y2 —222y2 + o4yt
T fO dw f° dy \/Wz(x2_§2)2(y2_£2)2 + O(’Y%) for 1<¢

(A.9)

A.3 Decay to b and b via flaton-Higgs mixing

The superpotential term /\u¢2Hqu induces flaton-Higgs mixing, allowing the flaton mass
eigenstate to decay directly to SM fermions.
The neutral C'P even Higgs states are

= Ofpoh + Oj H (A.10)
Hj = Opoh + 0 H (A.11)
where h and H are the mass eigenstates, h being the SM Higgs. The mass matrix elements
are
1, 1
MHOHO = 5™ (1 +cos2p3) + 2mZ (1 —cos2p) (A.12)
1
MHOHO =3 (m + m2Z) sin 23 (A.13)
1 1
MHOHO = §mA (1 —cos2p) +§m2Z (14 cos2p) (A.14)
giving the tree level Higgs masses
2 1 2 2 2 22 2,02 oa2
mp, = 5 (m% +mz) —\/ (m4 +m%)” — 4m%m? cos? 23 (A.15)
o L1, o 2 2 22 9 2 2
my =5 (m% +mz) + 1/ (m% +m%)” — 4m%m? cos? 23 (A.16)
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where

m = miy, +miy, + 2l (A.17)
2|B

sin2g = 2 2“' (A.18)
my

2 2 2
9 my, — My, tan 15} 5
=2 —2 A.19
m ( e m (A.19)

A is the neutral C'P odd Higgs boson and tan (3 is defined as

tan f = Yu (A.20)
vg

where v, and vg are the magnitudes of the vacuum expectation values of H, and Hy, and
the electroweak symmetry breaking scale is

v? =02 + 02 = (174 GeV)? (A.21)

The flaton mixes with h and H

h =0k +0lH+67 (A.22)
H = 0lh+0%i+094 (A.23)
¢ = O+ O H +0%% (A.24)

where h, H and ¢ are the mass eigenstates, due to the mass matrix elements

M, = mpq (A.25)
M%I% = 2sin 3 (2|u|* — m?% cos® B) % (A.26)
) v
M%Ig¢ = 2cos 3 (2|u|* — m? sin’ B) % (A.27)
Since the decay is dominated by the bottom quark channel for my < 1TeV [B(]
A HObb — Ab@;@gq@bz‘) (A.28)
3/2
3 7|2 4m?
Lo = 1o | 205 = A.29
¢—bb 1671 b HY mpQ ( m%Q) ( )
we are only interested in the ¢ Hg mixing
R W g o
0% = OO + OO (A.30)
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Diagonalizing the Higgs mass matrix gives

M2
HOHO
@Zg = e (A.31)
\/ (Mgg —m2) + Mg
A
_ e cosf3 (A.32)
\/A% + 2A@B@ Sinﬁ -+ B%
M2 0170 — m}%
Offy = Halla - (A.33)
2 2 4
\/ (Mg —m) + Mg
Ao si B
= osinf+ Bo (A.34)

\/ 48 +246Bosin 5 + B3
and perturbatively diagonalizing the flaton Higgs mass matrix gives

2 M2 0 0~/\/l2 04 (M2 0770 — m%) M%{O
o = —— L A M e (A.35)
(= 2.) | (Mg = 8) + Mg

2 o5 2 2
4 (1 — ‘ﬁ—f) lu|?v | Ae + Be <—4M 2mj cos 6) sin 3
A

4|p|2—m? sin® 23

_ (A.36)
(m,% — m%Q> ®0 \/A% +2AgBgsin 8 + B(%
2 2 2 2 2
0% = - (Mg ) Mig * Mg M (A.37)
2
(s~ M2,) \/ (Miigag = m3) "+ Mg
) 2|pu|2—m? sin? 8
_ mivsm4ﬁ A®+B@ <m%sin,@cos2,8) (A 38)
2 (m%{ - m%Q) b0 \/A% +2AgBesin f + B(%)
where
Ag = (m% +m%)sinp (A.39)
Be = m%cos23 —m3 (A.40)

Thus the mixing coeflicient @ZO has a complicated dependence on the parameters, but can
d

be roughly parameterized as

N B 2 2

0% ~4Ce (1 l [pl7v cos 5 (A.41)

H; my <m2 _ m2) ¢

PQ h ) ¥0

with Cg ~ 1. With this parameterization, eq. ([A.29) becomes
2 % 2 2 2
4m m m
2 b b PQ

F(Z)—%)B ~ 120@14 1 - P) P) P) — P) (A42)

where A is defined in eq. (A.6).
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A.4 Decay to gluons via y and Y

The superpotential term A, ¢x¥ allows the flaton to decay to SM gauge fields via a virtual
xX loop. The dominant decay channel is via heavy quark superfields to gluons [p(]

27723
Oéi’)]\[qn/LPQ 95ai3
Tygg = ————~ — A4
9799 T T 144m3 ] am (4.43)
where ag = g3 /(4m) ~ 0.1,
A.5 Decay to axinos
Axino mass is generated at one-loop and given by eq. (R.1§)
1 2
ma = 15 ) A Ax (A.44)
X
The |¢| dependent renormalisation of A, and A, is [69]
d\2 A2
X = X M2 =43 Caly) 82 A4
T EX;\ vl 2P 43 G0 g (A.45)
dh _ 1 ST Ar + 2P A+ 4 Caly) 92 M (A.46)
dln|g| 8w = X X XX - @

where the C,(x) are the quadratic Casimir invariants, for example C5(x) = 4/3 for a quark
superfield y. This generates the coupling of the flaton to the axino, given in eq. (8.39),
with

dlnmg
o = ol (A.47)
2 2
ZX )‘3( [Zx’ )‘X" Ay + fo P‘x’ Ay +4 ‘)‘x’2 Ay +43%2,Ca(x) 9a (M, — Ax)}
8123 AT A
(A.48)
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