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Where are We?

(I)



After 43 Years of BSM Theory

No Experimental BSM Discovery

We don’t know what is going on;
Everything is open for discussion

Without data, no aspect of BSM is healthy



Where are we with SUSY?

We have discovered a highly                       
� = 0.13perturbative Higgs:

SUSY is very much alive
mh = 125GeV

Higgs mass needs boost of 40%: 
But:

m̃ � v ?
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Figure 6: Contours of mh = 125 GeV in the NMSSM, taking mQ3 = mu3 = m
˜t and varying

tan � = 2, 5, 10 from left to right, and varying � within each plot. We add the tree-level Higgs
mass (with NMSSM parameters chosen to maximize it) to the two-loop stop contribution from
Suspect. The tree-level Higgs mass is largest at lower values of tan � and larger values of �,
where only modestly heavy stops, m

˜t ⇠ 300 GeV, are needed to raise the Higgs to 125 GeV.
Heavy stops are still required for lower values of � and larger values of tan �.

to many studies of the NMSSM which focus on the scenario with no dimensionful terms in the

superpotential. We define the parameter µ = µ̂ + � hSi, which acts as the e↵ective µ-term and

sets the mass of the charged Higgsino.

We also include the following soft supersymmetry breaking terms,

V
soft

� m2

Hu
|Hu|2 +m2

Hd
|Hd|2 +m2

S|S|2 + (BµHuHd + �A� SHuHd + h.c.) . (9)

For simplicity, we have not included the trilinear interaction S3 in the superpotential or scalar

potential because we do not expect its presence to qualitatively change our results. We neglect

CP phases in this work and take all parameters in equations 8 and 9 to be real.

In this section, we focus on the scenario where the lightest CP-even scalar is mostly doublet,

with doublet-singlet mixing not too large. The lightest CP-even scalar mass that results from

the above potential is bounded from above at tree-level [14],

(mh
2)

tree

 m2

Z cos2 2� + �2v2 sin2 2�. (10)

Since we take the lightest scalar to be dominantly doublet, this is a bound on the Higgs mass.1

The first term is the upper bound in the MSSM, while the second term is the contribution

from the interaction involving the singlet. The above bound is saturated when the singlet is

integrated out with a large supersymmetry breaking mass, m2

S > M2

S [19], which, in practice,

1It is also interesting to consider the case where the lightest eigenstate is dominantly singlet. Then, singlet-
doublet mixing can increase the mass of the dominantly doublet eigenstate [29].
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Figure 1: The lightest Higgs mass in the SUSY twin Higgs model as a function of a common stop mass
mt̃

1

= mt̃
2

⌘ mt̃ and tan � with � = 1.4, f = 3v, and mA = 1.5 TeV. The green shaded region denotes
123 GeV < mh < 127 GeV.

creating a hierarchy between the A and B sector vevs. According to Eq. 9, this introduces a tuning
of �m2 against the quartic U(4) breaking terms,

�v/f ⇡ @ ln(v2/f 2
)

@�m2
=

✓
f 2

2v2
� 1

◆
. (11)

Numerically we find this relationship to be quite accurate even away from the pseudo-goldstone
limit and in the presence of additional contributions to the effective potential. This tuning is present
in any twin Higgs model in which a soft Z2 breaking mass leads to the hierarchy in vevs [12]. An
important aspect of the twin mechanism is that the Z2 breaking is soft and therefore the �m2 terms
do not have any additive sensitivity to other soft masses.

The second source of tuning in the twin SUSY model is the tuning of the total U(4) breaking vev
f against the quadratic contributions to the U(4) symmetric Higgs masses. This is analogous to
the tuning of the normal electroweak vev in non-twinned SUSY models. At one loop the most
important radiative corrections to the U(4) symmetric Higgs masses arise from the stop and singlet
soft masses

�m2
Hu

⇡ 3y2t
8⇡

(m2
t̃L
+m2

t̃R
) log

⇤mess

msoft

+

�2

8⇡2
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S log
⇤mess
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+ . . . (12)

�m2
Hd
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8⇡2
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S log
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msoft

+ . . . (13)
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where � is the pseudo-goldstone Higgs. A potential for � is generated by the U(4) breaking terms
Eqs. 4 and 5. The minimization conditions yield the vev in terms of the Z2 breaking masses
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where we now take the canonical observed vev in the A sector vA = v ⇡ 174 GeV and define
�m2 ⌘ �m2

Hu
sin

2 � +�m2
Hd

cos

2 �. The mass of the light state � at the minimum is given by
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Eqs. 9 and 10 illustrate several important points for the following more detailed discussion. First,
it is clear that to obtain a hierarchy in vevs v2 < f 2/2, the Z2 breaking mass terms must be
tuned against the potential generated by the U(4) breaking quartic terms. This leads to an intrinsic
tuning of the weak scale of order f 2/2v2. Ref. [13] sought to remedy this tuning in a similar
SUSY twin model by removing the B-sector D-term quartics. This additional Z2 breaking modifies
Eq. 9 to give a small hierarchy v2 < f 2/2 even in the absence of a Z2 beaking mass, but we see
immediately that the remaining symmetric radiative contributions ��u will remain important, and
we find numerically that there is in fact very little to be gained by this modification. Likewise
ref. [14] sought in a left-right twin SUSY model to introduce a natural hierarchy v2 < f 2/2

through removing the D-term contributions by forcing tan � = 1 and including soft Z2 breaking
quartics from a non-minimal singlet sector. This mechanism can be adapted to the mirror model,
but again we find that after including the radiatively generated quartic terms there is little benefit.
In this respect, the added model-building complications of [13, 14] can be sidestepped without
substantially worsening the tuning of the theory.

Another important point is that the mass of the light Higgs state is generated by the same quartic
terms that give mass to the light MSSM Higgs, with no contributions from the U(4) symmetric
coupling �. However, for large hierarchies of v2/f 2 there can be up to a factor of two enhancement
in the squared mass compared to the MSSM formula, as is evident in Eq. 10. Physically, in
this limit the � potential receives contributions from both the A- and B-sector quartics. This
enhancement brings the tree-level Higgs mass prediction tantalizingly close to the observed value,
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Figure 2: The values of the Higgs boson mass in the m̃-tanβ plane. The solid (red) curves represent
ones with µ = 10 TeV, while the dashed (blue) curves µ = 100 TeV. The shaded region around
each curve shows uncertainty from the top quark mass. For the gaugino masses, we have set
M1 = 600 GeV, M2 = 300 GeV, and M3 = 2000 GeV.

gravitino problem, and similarly a moderately split spectrum solves possible moduli and proton

decay problems. LHC signatures of wino LSP were studied in [25, 26], and aspects of particle

physics and cosmology of a moderately split spectrum with M∗ = MPl were discussed recently in

a series of papers in [27].

Dark matter is a critical aspect of Spread Supersymmetry since it determines the normalization

of the entire superpartner spectrum. It constrains the scale of the squark masses to be in the range

m̃ ∼ (102 − 104) TeV. (3)

The upper limit follows from freeze-in of dark matter via gravitinos [28, 29], assuming TR > m̃,

and the lower limit from requiring gravitinos to decay before the Big-Bang nucleosynthesis (BBN).

Furthermore, from Eq. (1) all entries in the Higgs mass-squared matrix are comparable, so that

tanβ is not expected to be large. Since the top squark mixing parameter vanishes at tree level,

the Higgs boson mass is determined essentially only by (m̃, tanβ), which is shown in Fig. 2. The

measurement of the Higgs mass at the LHC is a key motivation for studying the predictions of this

theory in some detail.

In theories with wino LSP arising from anomaly mediation, it is generally understood that the

wino mass should be near 3 TeV, so that thermal freeze-out can account for the observed dark

matter, leading to a gluino heavier than 5 TeV that is out of the LHC reach. In this paper we
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Figure 7: The experimentally allowed ranges of four key mass scales: µc (the scale at which the SM
Higgs quartic coupling vanishes); MHC ,⌃ (the masses of the Hc and ⌃ states in the ISS model of
Section 3); ML (the scale of lepton number violation for seesaw neutrino masses and leptogenesis);
and fa (the axion decay constant in minimal models that solve the strong CP problem). All are
consistent with ISS, with supersymmetry breaking centered around the shaded region.

5 Summary

We have explored supersymmetric grand unified theories that have a single scale, that of super-

symmetry breaking, determined by the value of the Higgs boson mass to be in the intermediate

range of m̃ ⇠ 109–1013 GeV. Mass terms for the SU(5) Higgs multiplets, ⌃, H, H̄ are generated

at m̃ in the same way that in minimal supersymmetric models the Higgs mass parameter µ can

arise at the supersymmetry breaking scale. However, unlike electroweak breaking in these minimal

models, the breaking of the unified symmetry by ⌃ occurs at a scale parametrically higher than

m̃, close to the cuto↵ scale of the theory.

A variety of diverse physics can be described by such GUTs with ISS, as illustrated in Fig. 7.

For a wide range of parameters, the SM Higgs quartic coupling is constrained to be small at m̃;

indeed we determine the allowed range of m̃ by using the Higgs mass as input as shown in Fig. 1.

The result is illustrated by the upper horizontal green bar in Fig. 7, showing the range of the scale

µc where the quartic coupling vanishes in the SM (possibly augmented by a TeV wino for dark

matter).
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5 Summary

We have explored supersymmetric grand unified theories that have a single scale, that of super-

symmetry breaking, determined by the value of the Higgs boson mass to be in the intermediate

range of m̃ ⇠ 109–1013 GeV. Mass terms for the SU(5) Higgs multiplets, ⌃, H, H̄ are generated

at m̃ in the same way that in minimal supersymmetric models the Higgs mass parameter µ can

arise at the supersymmetry breaking scale. However, unlike electroweak breaking in these minimal

models, the breaking of the unified symmetry by ⌃ occurs at a scale parametrically higher than

m̃, close to the cuto↵ scale of the theory.

A variety of diverse physics can be described by such GUTs with ISS, as illustrated in Fig. 7.

For a wide range of parameters, the SM Higgs quartic coupling is constrained to be small at m̃;

indeed we determine the allowed range of m̃ by using the Higgs mass as input as shown in Fig. 1.

The result is illustrated by the upper horizontal green bar in Fig. 7, showing the range of the scale

µc where the quartic coupling vanishes in the SM (possibly augmented by a TeV wino for dark

matter).
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He-4 depends on 
asymmetries, not v 

helium boundary that prevents the runaway of the weak scale to large values. The weak scale
is indeed fine-tuned, but no more than is typically necessary in the multiverse for observers to
exist.

105104103102101
0.0

0.2

0.4

0.6

0.8

1.0

v @GeVD
Y
4

T f
o
~
T Q

C
D

T f
o
>
T Q

C
D

Figure 2: The fraction of baryonic mass processed to 4He during BBN as a function of the weak
scale, with other physically relevant parameters, including m

u,d,e

,⇤
QCD

and M
pl

, held fixed. The
red dot shows our universe, and appears on the steeply rising portion of the curve. The blue
shading shows regions with more than (85, 90, 95)% of baryons in helium. The yellow region
has freeze-out for u $ d conversion occurring before the QCD phase transition while, in the
region of overlapping blue/yellow shading, the ordering of the freeze-out and phase transition is
uncertain.

Given that (y
u

, y
d

) and v could vary over many orders of magnitude, the extreme closeness of
the observed values to the catastrophic boundaries in each of Figures 1 and 2 provides evidence
for environmental selection in a multiverse. Our purpose in this paper is to study and assess
this evidence.

In Sections 2 – 5 we restrict our attention to variations of v up to 30�100 times the observed
value of the weak scale, v

0

, so that the relevant weak interaction freezeout occurs after the QCD
phase transition. We also keep the second and third generation Yukawa couplings fixed so
that heavy flavors are not relevant for BBN in this range of v. As we vary an increasing set
of parameters away from the observed values, we explore the form of the observer boundary,
beyond which observers are either absent, or severely constrained. In the next section we discuss
the relevant multiverse distribution functions, and in Section 3 we study selection of m

u,d,e

at
the atomic boundaries. We then address the BBN helium boundary:

• With v/v
0

< 30� 100 the nuclear abundances resulting from BBN depend on the masses
m

u,d,e

as well the weak scale v, and in Section 4 we investigate whether the BBN un-
derstanding of v persists when the Yukawa couplings also scan. The helium boundary
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1 Introduction

Perturbative theories with supersymmetry broken at the TeV scale are well-motivated by the
hierarchy problem, even if they do not completely solve it, and lead to Higgs boson masses
in the region discovered at the LHC. Dark matter could be the lightest superpartner (LSP),
cosmologically produced by the freeze-out mechanism. On the other hand, the strong CP
problem is elegantly solved by introducing a PQ symmetry [1] broken at scale VPQ, leading
to a light axion degree of freedom [2, 3] that relaxes ✓̄ to zero. In this case dark matter could
be axions produced by the misalignment mechanism, with VPQ of order 1012 GeV a motivated
possibility.

However, the cosmology of these two leading candidates for dark matter, LSPs and axions, is
changed enormously in theories that have both weak scale supersymmetry and axions, because
the axion, a, must be promoted to a superfield

A =
s+ iap

2
+
p
2✓ ã+ ✓2F. (1)

The saxion, s, and the axino, ã, both play central roles in cosmology.
As shown in Fig. (1), the axino is produced in the early universe by the Freeze-In mechanism

(left panel) and during reheating after inflation (right panel). Freeze-In production from neu-
tralinos and charginos, �̃ ! ã, computed in DFSZ theories for reasons discussed below, leads to
a huge axino abundance that overcloses the universe, unless the axino is very light or VPQ is very
large, when the universe is typically overclosed by axions. A large abundance of axinos is also
produced after inflation at TRI , similar to the production of gravitinos at TRI [], and together
they provide a very powerful bound on TRI [21]. The combination of axino production in the
IR (by Freeze-In) and in the UV (by scattering at TRI) suggests that VPQ must be extremely
large, and that dark matter could be axions, with a low value of the axion misalignment angle
imposed by an anthropic requirement. However, the cosmology of the saxion can easily reverse
this conclusion.

Axion theories typically have a domain wall problem, which we assume is solved by breaking
the PQ symmetry before inflation, and not restoring it afterwards. During inflation supersym-
metry breaking yields a potential for the saxion and, depending on the sign of the quadratic
term, the vacuum value �i is either zero or of order the cuto↵ of the field theory, M⇤. Today the
potential for the saxion field gives a vacuum value s0 = VPQ so that the initial condition from
inflation corresponds to a saxion condensate of size �i = si � s0 of VPQ or order M⇤ � VPQ.1 [].
**This is a key ref. hep-ph/9803263 states that generally saxion gets an initial condensate with-
out any ref or justification** If either �i = VPQ

>⇠ 1013 GeV or �i ⇠ M⇤, this saxion condensate
comes to dominates the energy density of the universe, producing an early matter-dominated era.
When the saxion condensate decays, large entropy is created that has a key e↵ect on both LSP
and axion contributions to dark matter. The conventional picture of dark matter survives only
for the restricted case of �i ⇠ VPQ

<⇠ 1013 GeV, when the saxion condensate never dominates,
allowing the usual favorite cases of LSP freeze-out or axion misalignment with VPQ ⇠ 1012 GeV.

1The possibility �i = 0 requires a special symmetry structure that we do not consider in this paper.

3

ã
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tralinos and charginos, �̃ ! ã, computed in DFSZ theories for reasons discussed below, leads to
a huge axino abundance that overcloses the universe, unless the axino is very light or VPQ is very
large, when the universe is typically overclosed by axions. A large abundance of axinos is also
produced after inflation at TRI , similar to the production of gravitinos at TRI [], and together
they provide a very powerful bound on TRI [21]. The combination of axino production in the
IR (by Freeze-In) and in the UV (by scattering at TRI) suggests that VPQ must be extremely
large, and that dark matter could be axions, with a low value of the axion misalignment angle
imposed by an anthropic requirement. However, the cosmology of the saxion can easily reverse
this conclusion.

Axion theories typically have a domain wall problem, which we assume is solved by breaking
the PQ symmetry before inflation, and not restoring it afterwards. During inflation supersym-
metry breaking yields a potential for the saxion and, depending on the sign of the quadratic
term, the vacuum value �i is either zero or of order the cuto↵ of the field theory, M⇤. Today the
potential for the saxion field gives a vacuum value s0 = VPQ so that the initial condition from
inflation corresponds to a saxion condensate of size �i = si � s0 of VPQ or order M⇤ � VPQ.1 [].
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>⇠ 1013 GeV or �i ⇠ M⇤, this saxion condensate
comes to dominates the energy density of the universe, producing an early matter-dominated era.
When the saxion condensate decays, large entropy is created that has a key e↵ect on both LSP
and axion contributions to dark matter. The conventional picture of dark matter survives only
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<⇠ 1013 GeV, when the saxion condensate never dominates,
allowing the usual favorite cases of LSP freeze-out or axion misalignment with VPQ ⇠ 1012 GeV.
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Axino - Gravitino Problem

⌦h2 = 0.1

High Scale Mediation

UV G̃3/2

IR ã
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1 Introduction

Perturbative theories with supersymmetry broken at the TeV scale are well-motivated by the
hierarchy problem, even if they do not completely solve it, and lead to Higgs boson masses
in the region discovered at the LHC. Dark matter could be the lightest superpartner (LSP),
cosmologically produced by the freeze-out mechanism. On the other hand, the strong CP
problem is elegantly solved by introducing a PQ symmetry [1, 2] broken at scale VPQ,1 leading
to a light axion degree of freedom a [3, 4] that relaxes ✓̄ to zero. In this case dark matter could
be axions produced by the misalignment mechanism, with VPQ of order 1012 GeV a motivated
possibility.

However, the cosmology of these two leading candidates for dark matter, LSPs and axions, is
changed enormously in theories that have both weak scale supersymmetry and axions, because
the axion, a, must be promoted to a superfield

A =
s+ iap

2
+
p
2✓ã+ ✓2F. (1.1)

m3/2 < mã
<⇠ 1TeV (1.2)

1In this work we use the PQ breaking scale VPQ instead of the axion decay constant fa. These two quantities
are connected by a color anomaly coe�cient, as shown explicitly in Eq. (A.5) of App. A.
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1 Introduction

Perturbative theories with supersymmetry broken at the TeV scale are well-motivated by the
hierarchy problem, even if they do not completely solve it, and lead to Higgs boson masses
in the region discovered at the LHC. Dark matter could be the lightest superpartner (LSP),
cosmologically produced by the freeze-out mechanism. On the other hand, the strong CP
problem is elegantly solved by introducing a PQ symmetry [1, 2] broken at scale VPQ,1 leading
to a light axion degree of freedom a [3, 4] that relaxes ✓̄ to zero. In this case dark matter could
be axions produced by the misalignment mechanism, with VPQ of order 1012 GeV a motivated
possibility.

However, the cosmology of these two leading candidates for dark matter, LSPs and axions, is
changed enormously in theories that have both weak scale supersymmetry and axions, because
the axion, a, must be promoted to a superfield

A =
s+ iap

2
+
p
2✓ã+ ✓2F. (1.1)

m3/2 < mã
<⇠ 1TeV (1.2)

1In this work we use the PQ breaking scale VPQ instead of the axion decay constant fa. These two quantities
are connected by a color anomaly coe�cient, as shown explicitly in Eq. (A.5) of App. A.
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1 Introduction

Perturbative theories with supersymmetry broken at the TeV scale are well-motivated by the
hierarchy problem, even if they do not completely solve it, and lead to Higgs boson masses
in the region discovered at the LHC. Dark matter could be the lightest superpartner (LSP),
cosmologically produced by the freeze-out mechanism. On the other hand, the strong CP
problem is elegantly solved by introducing a PQ symmetry [1] broken at scale VPQ, leading
to a light axion degree of freedom [2, 3] that relaxes ✓̄ to zero. In this case dark matter could
be axions produced by the misalignment mechanism, with VPQ of order 1012 GeV a motivated
possibility.

However, the cosmology of these two leading candidates for dark matter, LSPs and axions, is
changed enormously in theories that have both weak scale supersymmetry and axions, because
the axion, a, must be promoted to a superfield

A =
s+ iap

2
+
p
2✓ ã+ ✓2F. (1)

The saxion, s, and the axino, ã, both play central roles in cosmology.
As shown in Fig. (1), the axino is produced in the early universe by the Freeze-In mechanism

(left panel) and during reheating after inflation (right panel). Freeze-In production from neu-
tralinos and charginos, �̃ ! ã, computed in DFSZ theories for reasons discussed below, leads to
a huge axino abundance that overcloses the universe, unless the axino is very light or VPQ is very
large, when the universe is typically overclosed by axions. A large abundance of axinos is also
produced after inflation at TRI , similar to the production of gravitinos at TRI [], and together
they provide a very powerful bound on TRI [21]. The combination of axino production in the
IR (by Freeze-In) and in the UV (by scattering at TRI) suggests that VPQ must be extremely
large, and that dark matter could be axions, with a low value of the axion misalignment angle
imposed by an anthropic requirement. However, the cosmology of the saxion can easily reverse
this conclusion.

Axion theories typically have a domain wall problem, which we assume is solved by breaking
the PQ symmetry before inflation, and not restoring it afterwards. During inflation supersym-
metry breaking yields a potential for the saxion and, depending on the sign of the quadratic
term, the vacuum value �i is either zero or of order the cuto↵ of the field theory, M⇤. Today the
potential for the saxion field gives a vacuum value s0 = VPQ so that the initial condition from
inflation corresponds to a saxion condensate of size �i = si � s0 of VPQ or order M⇤ � VPQ.1 [].
**This is a key ref. hep-ph/9803263 states that generally saxion gets an initial condensate with-
out any ref or justification** If either �i = VPQ

>⇠ 1013 GeV or �i ⇠ M⇤, this saxion condensate
comes to dominates the energy density of the universe, producing an early matter-dominated era.
When the saxion condensate decays, large entropy is created that has a key e↵ect on both LSP
and axion contributions to dark matter. The conventional picture of dark matter survives only
for the restricted case of �i ⇠ VPQ

<⇠ 1013 GeV, when the saxion condensate never dominates,
allowing the usual favorite cases of LSP freeze-out or axion misalignment with VPQ ⇠ 1012 GeV.

1The possibility �i = 0 requires a special symmetry structure that we do not consider in this paper.
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IR (by Freeze-In) and in the UV (by scattering at TRI) suggests that VPQ must be extremely
large, and that dark matter could be axions, with a low value of the axion misalignment angle
imposed by an anthropic requirement. However, the cosmology of the saxion can easily reverse
this conclusion.

Axion theories typically have a domain wall problem, which we assume is solved by breaking
the PQ symmetry before inflation, and not restoring it afterwards. During inflation supersym-
metry breaking yields a potential for the saxion and, depending on the sign of the quadratic
term, the vacuum value �i is either zero or of order the cuto↵ of the field theory, M⇤. Today the
potential for the saxion field gives a vacuum value s0 = VPQ so that the initial condition from
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out any ref or justification** If either �i = VPQ
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and axion contributions to dark matter. The conventional picture of dark matter survives only
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A Saxion Matter Dominated Era

DFSZ: s ! hh

dub this initial part an adiabatic matter-dominated (MDA) era. However, radiation coming from
saxion visible decays red-shifts slower and in the end accounts for most of the radiation present
in the universe. Once the contribution from saxion decays dominates, at a temperature TNA, we
enter a non-adiabatic matter-dominated (MDNA) era, where the total entropy is not conserved.
At temperatures below TNA, saxion decays reheat the universe and a large amount of entropy
is released. Finally, most of the saxions decay when the Hubble parameter is of the order of the
saxion decay width, H ⇠ �s. This is the beginning of the last phase of a radiation-dominated
universe (RD), which starts when the radiation bath has the reheat temperature TR.

We assume that saxion decays to R-odd neutralinos and charginos are kinematically forbid-
den, and that decays to axions are sub-dominant. The saxion width is thus dominated by decays
to MSSM Higgs bosons and longitudinal EW bosons. We use the expression in Eq. (A.25) for
the saxion visible width, valid in the decoupling limit and for large tan �. The transition from
MDA to MDNA occurs at temperature

TNA ' 0.2GeV q4/5µ

✓D
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, (2.5)

where we used g⇤(TR) = 10.75 and D denotes the number of final states kinematically accessible
(D = 4 for SM and D = 8 for the full MSSM). The non-adiabatic era ends once the saxion
condensate decays, reheating the universe at the temperature

TR ' 10MeV qµ
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The three characteristic temperatures TM , TNA and TR are shown in Fig. 2. We plot their
values as a function of VPQ for two di↵erent initial conditions: �i = VPQ (left panel) and �i = MPl

(right panel). In the first case, we notice that for VPQ . 1013 GeV there is no matter dominated
era. For such low values of VPQ, the initial saxion energy density is not enough to overtake
radiation before it decays. Thus, TM and TNA are not defined and there is no significant entropy
production at TR. We define V (c)

PQ this critical value of VPQ, corresponding to the intersection of
the three lines in the left panel of Fig. 2.

A physically meaningful and useful quantity is the amount of entropy released by saxion
decays during the reheating process. We quantify this by introducing the dilution factor D,
defined as the ratio of the entropy after and before saxion decays

D ⌘ sf
si

=
g⇤(TR)T 3

R

g⇤(TD)T 3
D

⇡ TM

TR

, (2.7)

where we use conservation of energy g⇤(TD)TMT 3
D = g⇤(TR)T 4

R, assuming all saxions decay to
radiation. We can thus find D from Eqs. (2.4) and (2.6)
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Gravitino Problem Solved

enters the equation through the Hubble rate H, which one will solve from Eqs. (2.22)�(2.25)
by specifying the saxion initial oscillation amplitude �i.

Numerical results for axino dark matter arising from Freeze-In, �̃ ! ã, and saxion decay,
s ! ãã, are shown in Fig. 5. The blue (red) curve traces out the observed dark matter abundance
for µ = 500 GeV (5 TeV) with green shading filling between the two curves. The left panel has
�i = VPQ, while the right panel applies for any �i = M⇤ � 1016 GeV. This latter insensitivity to
VPQ results because the Freeze-In occurs during MDNA, which has no sensitivity to the saxion
initial conditions. The blue and pink regions are excluded by axino overproduction from Freeze-
In and from saxion decays respectively. Since the saxion decay to the axinos depends on , the
solid and dashed parts distinguish between  = 1 and 0. To further demonstrate the scaling of
, the darker pink regions are shown for  = 0.01 with µ = 500 GeV. The regions where VPQ

is larger than the bound labeled by the dot-dashed lines are excluded for µ = 500 GeV because
the saxion decay will spoil the BBN.

As pointed out in [21], the axino mass is expected to be larger than or equal to that of the
gravitino in the absence of unnatural fine-tuning or sequestering. In the case of gravitino LSP,
the axino produced by the axino Freeze-In mechanism and by the saxion decay subsequently
decays to the gravitino. Furthermore, since the axino number density is converted one-to-one to
that of the gravitino via decay, we can simply reinterpret Fig. 5 as for the gravitino by replacing
the vertical axis label, mea, by m3/2.

3.2 UV Gravitino Production

In supersymmetric theories UV production of gravitinos generally limits the reheat temperature
after inflation, TRI [19]. The abundance of gravitinos from scattering at TRI is

Y UV
3/2 = 6.11⇥ 10�12 TRI

1010 GeV

X

i
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1 +

m2
i

3m2
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!
, (3.12)

where �i(TRI) ⇠ (0.02, 0.08, 0.25 � 0.4, 0.02) is given in Ref. [32] and mi = (m(1,2,3), At) is the
gaugino mass of (U(1), SU(2), SU(3)) and the A-term of the top Yukawa coupling.

The results for the gravitino abundance are shown in Fig. 6 for TRI = 1010, 1012 GeV
(TRI

<⇠ 1010 GeV) with saxion dilution from the cosmology of section 2.1 (2.2). In the left

panel, with �i = VPQ, there is no dilution for VPQ < V
(c)
PQ because the condensate is too small for

the saxions to dominate before they decay. The key feature is the rapid dilution for VPQ > V
(c)
PQ,

with V
(c)
PQ ⇠ 1013 GeV for TRI

>⇠ 1010 GeV and growing for smaller TRI . In the right panel
�i = M⇤ = 3 ⇥ 1016 GeV) is large everywhere, so a saxion dominated MD era occurs at much

lower values of V (c)
PQ, leading to dilution at much lower VPQ.
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Figure 7: Contours of ⌦h2 = 0.11 from Axino Freeze-In and Gravitino UV production. We
fix M2/2 = M1 = µ = 1 TeV and ms = 300 GeV. The top (bottom) row is for Case I (II)
cosmology, i.e. TRI
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Displaced Vertices at Colliders

Axino DM from Freeze-In
High Scale Mediation
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Figure 10: The LOSP decay length as a function of VPQ and µ (M1) for left (right) panels: regions
shaded (dark green, light green, blue) have decay lengths of (10�2 � 102, 102 � 104, > 104) cm.
Points along the solid (dotted) lines lead to the observed DM abundance for axino masses of 10
(103) GeV and �i

>⇠ 1016 GeV.

the Freeze-In process of the axino from the neutralinos and charginos. If the axino is lighter
(heavier) than a neutralino/chargino �i, the axino is dominantly produced by the decay process
of �i (inverse decay of the axino, i.e. �i ! ea). The axinos produced from Freeze-In later decay
to the LSP, which always happens after the LSP freeze-out in the parameter space of interest.

The decay rate in Eq. (A.26) (inverse decay rate Eq. (A.27)) depends on the mass of the
decaying �i (the mass of axino) and therefore the dark matter abundance requires the knowledge
of the mass spectrum of neutralinos, charginos, and axinos. For a neutralino LSP, either only
the inverse decay or both the decay and inverse decay processes can be active depending on
where the axino mass sits in the � spectrum. Nevertheless, for a general mass spectrum, we
expect the yield of axino to lie in between the red and orange curves in Fig. 4, the two extreme
cases where all �’s are heavier or lighter than the axino. This axino yield can also be thought of
as the neutralino LSP yield because each axino eventually decays to one LSP. Based on Fig. 4,
for weak scale LSP masses, VPQ is expected to be 1013�14 GeV (1011�12 GeV) for the case of
�i = VPQ (MP l).

The e↵ects of neutralino and chargino mass parameters are further studied in Fig. 11. In
particular, we show contours of VPQ that give the observed dark matter abundance in the M1

and µ plane for M2 = 3/(5 tan2 ✓W ) M1 ' 2M1 and fixed tan � = 2. The top and bottom
rows assume µ > mea > M1 and mea > µ respectively, while the left and right columns use
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A Axion Supermultiplet Interactions and Saxion Decays

In this Appendix we give details about the EFT introduced in Sec. 4. We give the EFT La-
grangian and then we use these interactions to compute the saxion decay widths given in the
main text of this work. The interactions of the axion supermultiplet described by Eq. (4.2) of
Sec. 4 must respect the shift symmetry described by Eq. (4.3). We divide the interactions into
three categories: Kähler potential, superpotential and SUSY breaking.

We work in the basis where the fields �i are canonically normalized

K =
X

i

�

†
i�i . (A.1)

The Kähler potential interactions for the axion superfield A are derived by substituting the PQ
breaking fields expansion (4.4) around the vacuum into Eq. (A.1)

K =
X

i

v2i exp


qi

✓
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VPQ

◆�
= A†A+

1

2

X

i

q3i v
2
i

V 3
PQ

A†A (A+A†) + . . . . (A.2)

The first equality does not contain any approximation, and we observe that the Kähler potential
depends only on the combination A+A†, consistently with the shift symmetry in Eq. (4.3). The
second equality involves the Taylor expansion up to cubic terms. The quadratic piece ensures
that the axion superfield is canonically normalized. The cubic terms gives the interaction in
Eq. (4.5) responsible for the saxion decay to two axions with decay width as in Eq. (4.7).

Superpotential interactions for the axion superfield alone are forbidden. Holomorphy imposes
that we can only have functions of A and not A†, which are not PQ invariant. However, we are
interested in DFSZ theories where the combination HuHd is PQ charged and therefore a µ is
obtained only through PQ breaking. Defining qµ as the PQ charge of the µ term, we have the
superpotential interaction

W = µ exp


qµ

A

VPQ

�
HuHd = µHuHd + qµ

µ

VPQ

AHuHd + . . . . (A.3)

The cubic term in the Taylor expansion induces saxion decays to Higgs bosons through the
scalar potential interactions

V (SUSY)
sH

u

H
d

=
p
2 qµ

µ2

VPQ

s
⇣
H†

uHu +H†
dHd

⌘
. (A.4)

Finally, a soft SUSY breaking Bµ term must be present in our theory in order to break the
electroweak symmetry. Moreover, this scalar potential term alone also violates PQ. We introduce
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A Axion Supermultiplet Interactions and Saxion Decays

In this Appendix we give details about the EFT introduced in Sec. 4. We give the EFT La-
grangian and then we use these interactions to compute the saxion decay widths given in the
main text of this work. The interactions of the axion supermultiplet described by Eq. (4.2) of
Sec. 4 must respect the shift symmetry described by Eq. (4.3). We divide the interactions into
three categories: Kähler potential, superpotential and SUSY breaking.

We work in the basis where the fields �i are canonically normalized

K =
X

i

�

†
i�i . (A.1)

The Kähler potential interactions for the axion superfield A are derived by substituting the PQ
breaking fields expansion (4.4) around the vacuum into Eq. (A.1)

K =
X

i

v2i exp


qi

✓
A+A†

VPQ

◆�
= A†A+

1

2

X

i

q3i v
2
i

V 3
PQ

A†A (A+A†) + . . . . (A.2)

The first equality does not contain any approximation, and we observe that the Kähler potential
depends only on the combination A+A†, consistently with the shift symmetry in Eq. (4.3). The
second equality involves the Taylor expansion up to cubic terms. The quadratic piece ensures
that the axion superfield is canonically normalized. The cubic terms gives the interaction in
Eq. (4.5) responsible for the saxion decay to two axions with decay width as in Eq. (4.7).

Superpotential interactions for the axion superfield alone are forbidden. Holomorphy imposes
that we can only have functions of A and not A†, which are not PQ invariant. However, we are
interested in DFSZ theories where the combination HuHd is PQ charged and therefore a µ is
obtained only through PQ breaking. Defining qµ as the PQ charge of the µ term, we have the
superpotential interaction

W = µ exp


qµ

A

VPQ

�
HuHd = µHuHd + qµ

µ

VPQ

AHuHd + . . . . (A.3)

The cubic term in the Taylor expansion induces saxion decays to Higgs bosons through the
scalar potential interactions

V (SUSY)
sH

u

H
d

=
p
2 qµ

µ2

VPQ

s
⇣
H†

uHu +H†
dHd

⌘
. (A.4)

Finally, a soft SUSY breaking Bµ term must be present in our theory in order to break the
electroweak symmetry. Moreover, this scalar potential term alone also violates PQ. We introduce
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Figure 4: Statistical prediction for the SM Higgs quartic coupling �(µc) as a function of ⇠(µc)
for µc = 1011 GeV (first row) and µc = 1014 GeV (second row), and for tan� = 1 (left column)
and tan � = 2 (right column). The solid line gives the average predicted value, while the dashed
lines show the 1� statistical uncertainties in the prediction. The red shaded region is allowed
by experiment at 1� and 3�.
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