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We highlight that the observed concurrence between the baryon and dark matter relic densities can be
explained via a parametric coincidence between two distinct production mechanisms: Affleck-Dine
baryogenesis and dark matter UV freeze-in. In the Affleck-Dine mechanism, the baryon asymmetry is
naturally proportional to the inflationary reheating temperature Trh, which also plays a critical role in
setting the relic abundance of UV freeze-in dark matter. Since Affleck-Dine baryogenesis requires flat
directions in the potential, the framework is inherently supersymmetric, offering compelling UV freeze-in
dark matter candidates such as the gravitino. We outline scenarios in which Trh simultaneously determines
both relic abundances, resulting in a baryon-to-dark matter ratio of order unity that is largely insensitive to
Trh. We also discuss the conditions required to avoid Q-ball formation or dark matter production by
other mechanisms, such as next-to-lightest supersymmetric particle decays, to preserve the parametric
coincidence between baryon and dark matter abundances.
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I. INTRODUCTION

The genesis of matter remains a fundamental question, in
particular, the dual origins of dark matter and the matter-
antimatter asymmetry. This includes the curious similarity
between dark matter and baryon densities: ΩDM ≃ 5 ΩB
[1]. For scenarios in which dark matter and the baryon
asymmetry are produced at or before the onset of the
radiation-dominated era, cosmological parameters such as
the reheating temperature Trh significantly influence the
late-time abundances. Different UV-sensitive production
mechanisms for dark matter and the baryon asymmetry
usually imply that the relative ratio between them would
depend on both particle physics model parameters and the
cosmological parameters. Upon closer examination of this
reheating temperature dependence, intriguing coinciden-
ces arise.
UV freeze-in [2,3] relies on out-of-equilibrium produc-

tion of dark matter from a thermal bath, with production
rates increasing at higher temperatures. The production

peaks at the beginning of the radiation-dominated era
following inflationary reheating. This occurs through
higher-dimensional operators. Specifically, when dimen-
sion-five operators are involved, the dark matter abundance
scales linearly with reheating temperature ΩDM ∝ Trh. On
the other hand, in the Affleck-Dine mechanism [4] where
baryon asymmetry is generated through a rotating scalar
field during reheating the baryon-to-photon ratio also
exhibits a linear dependence on the reheating temperature,
ΩB ∝ Trh. This is due to the dilution effect caused by
entropy production prior to the end of reheating. Despite
the distinct production processes, this linear dependence on
Trh cancels out in their relative abundance, allowing their
ratio ΩDM=ΩB to remain independent of Trh, and resulting
in models that have predictive features despite their UV
sensitivity.
Notably, both the Affleck-Dine mechanism and UV

freeze-in dark matter find a natural framework within
supersymmetry (SUSY). The Affleck-Dine mechanism
relies on renormalizable flat directions [5], which are highly
fine-tuned in nonsupersymmetric settings.Moreover, within
SUSYextensions of the StandardModel, there are a number
of classic dark matter candidates with abundances that are
set via UV freeze-in, most prominently the gravitino.
Here we study the prospect of linking the dark matter

abundance set by UV freeze-in and the baryon asymmetry
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generated by the Affleck-Dine mechanism through their
shared Trh dependence. It should be noted that the link
between UV freeze-in and Affleck-Dine will be broken if
there are other sources of baryon asymmetry or dark matter
production. For instance, sparticle decays to the lightest
SUSY particle (LSP) after decoupling, or if Q-ball for-
mation is effective, these can disconnect the dark matter
and/or the baryon asymmetry from Trh. Here we identify
models for which these issues are avoided.
This paper is structured as follows in Sec. II we recall the

process of Affleck-Dine baryogenesis and the UV freeze-in
mechanism, highlighting the general conditions under
which one can simultaneously match the observed ΩDM
and ΩB via an appropriate choice of Trh. Section III
discusses UV freeze-in within the context of supersym-
metry. Section IV identifies Affleck-Dine scenarios that
avoid Q-balls, which otherwise disrupt the coincidence
between ΩDM and ΩB. Finally, in Sec. V we provide two
specific examples that realize our ambition of Trh insensi-
tivity in ΩDM=ΩB, in which the Affleck-Dine field is
identified as either a right-handed (RH) sneutrino or an
R-parity violating operator. Concluding remarks are pre-
sented in Sec. VI.

II. PARAMETRIC DEPENDENCES OF DARK
MATTER AND THE BARYON ASYMMETRY

We are interested in settings in which the late-time
abundances of dark matter and baryons have linear depend-
ences on the reheating temperature of the Universe. Before
discussing specific models, in this section, we will first
explore the general features of both UV freeze-in dark
matter and Affleck-Dine baryogenesis, and discuss how
these models realize our scenario.

A. UV freeze-in DM production

Let us consider a fermion χ, representing dark matter,
which is a singlet under both the gauge group of the
Standard Model and baryon and lepton numbers. The
stability of dark matter is guaranteed by a Z2 symmetry
under which χ → −χ. In this setup, the leading operators
between the dark matter and the Standard Model particles
are mass dimension-five operators, such as

1

Λ
χχOSM;

1

Λ
χXaOa

SM: ð1Þ

Here, OSM is a Standard Model singlet dimension-two
operator involving visible sector fields. The second dimen-
sion-five operator can also exist if there exists another
heavier Z2 charged fermion Xa that carries an appropriate
Standard Model charge. The cutoff scale Λ, is an effective
scale influenced by UV physics.
For dimension-five operators with a sufficiently large

cutoff scale Λ, the dark matter abundance can be deter-
mined by the UV freeze-in mechanism [2,3]. A natural

choice for Λ is the reduced Planck mass, Λ ¼ MPl. In this
case, dark matter remains out of equilibrium, and its
production is dominated by direct thermal processes at
high temperatures. At temperatures well above the masses
of the relevant particles, the Boltzmann equation governing
the dark matter number density takes the form

ṅχ þ 3Hnχ ¼ RUV
T6

M2
Pl

; ð2Þ

where RUV is a model-dependent Oð1Þ parameter associ-
ated with UV freeze-in (which may exhibit some mild
temperature-dependence). It follows that the dark matter
yield Yχ is

Yχ ¼
nχ
s
¼ cUVRUV

�
Trh

MPl

�
; ð3Þ

where cUV is a numerical factor given by

cUV ¼ 1ffiffiffi
2

p
�
3
ffiffiffi
5

p

π

�3 g̃ðTrhÞ
g�sðTrhÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g�ðTrhÞ

p
≈ 4.9 × 10−4

�
200

g�ðTrhÞ
�

3=2
; ð4Þ

where g� (g�S) is the relativistic degree of freedom for the
energy (entropy) density, and we introduce

g̃≡ 1þ T
3

d logðg�SÞ
dT

: ð5Þ

In the second line of Eq. (4), we take g̃ ≈ 1 and approximate
g�S ≈ g�. In the case that χ comprises 100%of the darkmatter
abundance, we have the dark matter yield YDM ¼ Yχ .
Observe, in particular, the linear dependence on the reheat-
ing temperature Trh in the dark matter yield in Eq. (3).

B. Affleck-Dine mechanism

The Affleck-Dine mechanism [4] for generating a baryon
asymmetry relies on the dynamics of a scalar field carrying
an approximately conserved quantum number, e.g., B − L.
Let us denote this complex scalar field as ϕ, with a
corresponding Uð1Þϕ global transformation under which
ϕ → eicϕ. This global symmetry is assumed to be slightly
broken, typical at the Planck scale MPl, with the breaking
effect increasing as jϕj takes on larger values. Decomposing
ϕ into fields representing its magnitude and phase gives

ϕðxÞ ¼ 1ffiffiffi
2

p fðxÞeiθðxÞ: ð6Þ

The associated current from the field dynamics can be
expressed as ðjϕÞμ ¼ f2∂μθ.
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Assuming an initially large expectation value for fðxÞ
compared to the background temperature, ϕ can be
naturally out-of-equilibrium. For a homogeneous field
expectation value, the net number density of ϕ is

n̄ϕðtÞ ¼ nϕðtÞ − nϕ�ðtÞ ¼ f2ðtÞθ̇ðtÞ: ð7Þ

The Affleck-Dine mechanism describes how, in the early
Universe, this large initial f value and a nonzero kick
velocity θ̇ can arise based on the scalar potential

VðϕÞ ¼ VðjϕjÞ þ δVðf; θÞ; ð8Þ

where δV is the global symmetry-breaking contribution.
The Boltzmann equation governing the evolution of the

particle asymmetry n̄ϕ is given by

˙̄nϕ þ 3Hn̄ϕ ¼ −
∂

∂θ
δV: ð9Þ

Typically, one expects ∂θδV ∼ ϵfn cosðnθÞ, where n ≥ 3 is
an integer and ϵ is a small constant with dimension 4 − n.
At a certain time t in the early Universe, the right-hand side
(rhs) of Eq. (9) becomes effective to kick the θ field, leading
to a nonzero n̄ϕ. However, its effect quickly decreases once
the scalar field begins a rapid rotation around the origin in
the complex field space. Once the net ϕ-number is fixed, n̄ϕ
scales as 1=a3.
In this sense, the Affleck-Dine mechanism resembles

UV freeze-in, as the net ϕ-number is generated and frozen
before it reaches the equilibrium value at high temperature,
but unlike freeze-in, the Affleck-Dine mechanism is highly
nonthermal, which is important for the Sakharov conditions
[6], and it is due to the field nature of the complex scalar
field. The net ϕ-number density generated through the
Affleck-Dine mechanism is parametrically

n̄ϕðtADÞ ¼ f2ðtADÞθ̇ðtADÞ at t ¼ tAD; ð10Þ

where tAD is the timescale at which the potential effectively
kicks in and a sizable asymmetry is generated. In a typical
Affleck-Dine baryogenesis scenario, tAD is set during the
early matter-dominated era, i.e., before the end of reheating.
This period is driven by a field (e.g., inflaton or curvaton)
whose decay into Standard Model particles initiates reheat-
ing. Thus the net ϕ-number-to-entropy ratio decreases
continuously after its generation due to radiation production
in the early matter-dominated era. At the temperature T ¼
Trh (corresponding to time t ¼ trh), the early matter density
crosses the radiation density (ρemat ∼ ρrad), marking the
beginning of the radiation-dominated era. This assumes
that reheating after inflation (due to decays of the inflaton
field I) is perturbative and completes efficiently, such that
TRH ≃

ffiffiffiffiffiffiffiffiffiffiffiffi
ΓIMPl

p
is a faithful approximation.

Prior to this transition, the total energy density scales as
ρemat ∝ 1=a3, similar to n̄ϕ, resulting in

n̄ϕ
s

¼ n̄ϕ
4
3T ρrad

����
Trh

≃
3n̄ϕðtÞTrh

4ρematðtÞ
����
tAD≤t≤trh

¼
�
f2ðtADÞθ̇ðtADÞ
4H2ðtADÞMPl

��
Trh

MPl

�
: ð11Þ

Here, the dynamical condition ρematðtrhÞ ¼ ρradðtrhÞ is used,
and, in the lower line, for tAD ≪ trh we substitute

ρematðtADÞ ¼ 3H2ðtADÞM2
Pl: ð12Þ

We note that if a flat direction obtains a very large initial
displacement, this can lead to n̄ϕ=∝Trh, in which case
Eq. (11) will no longer hold and our connection between
UV freeze-in and baryogenesis will be spoiled. There are
two separate concerns here; the first is that the flat direction
may come to dominate the energy density of the Universe,
which would lead to an additional entropy injection when it
decays. We derive the condition under which matter
domination is avoided in Appendix A. The second issue
is that if the vacuum expectation value (VEV) is large
(≳1012 GeV) and breaks a Standard Model gauge sym-
metry (e.g., LH or UDD) this will tend to delay thermal-
ization after perturbative inflaton decay [7]. In addition to
lowering the reheat temperature, this can result in pre-
thermalization production of dark matter being important
[8]. We discussed such effect in Sec. V C.
Although there is significant freedom in the cosmologi-

cal parameters HðtADÞ, θ̇ðtADÞ, and fðtADÞ, these param-
eters are typically interrelated in specific realizations. For
instance, in the context of SUSY, the soft SUSY breaking
scale msoft in the visible sector sets the mass scale of ϕ,
while the explicit Uð1Þϕ breaking commonly arises due to a
contribution in the scalar potential of the form msoft

MPl
ϕ4. This

leads to the following relations

θ̇ðtADÞ ∼HðtADÞ ∼msoft;

f2ðtADÞ ∼HðtADÞMPl ∼msoftMPl: ð13Þ

Using these characteristic values in Eq. (11) one finds

Yϕ ¼ n̄ϕ
s

¼ RAD

�
Trh

MPl

�
; ð14Þ

where RAD is a model-dependent coefficient. If one
assumes that the quantities in Eq. (13) only differ by an
Oð1Þ number, then the product of these which comprises
RAD is such that one reasonably expects this prefactor to
fall in the range 0.01≲ RAD ≲ 10.
Eventually, this net ϕ-number (ϕ − ϕ̄ asymmetry) is

transferred to the asymmetry between the Standard Model
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quark and antiquark, leading to the baryon yield today
YB ≃ Yϕ. Moreover, the linear dependence of YB on the
reheating temperature Trh can be clearly inferred
from Eq. (14).

C. Dark matter to baryon ratio

We next examine the ratio of the baryon density today
ΩB ¼ ρB=ρc to the dark matter density today ΩDM ¼
ρDM=ρc, where ρB, ρDM, and ρc are the baryon mass
density, the dark matter mass density, and the critical
density today, respectively. Assuming that the baryon
asymmetry and dark matter relic abundance originate from
the Affleck-Dine and UV freeze-in mechanisms, respec-
tively, via leading higher-dimensional operators, we find

ΩDM

ΩB
¼ mχYχ

mNYϕ
¼
�
cUVmχ

mN

��
RUV

RAD

�
; ð15Þ

where mχ is the dark matter mass, and mN ≈ 1 GeV is the
nucleon mass. We can see that the ratio between dark matter
and baryon abundance does not depend on the reheating
temperature but only on model parameters. If we choose
mχ ∼msoft ∼ TeV and RUV ∼ RAD ∼Oð1Þ, we naturally
have ΩDM=ΩB ∼Oð1Þ.
We show ΩDMh2 from the UV freeze-in mechanism and

ΩBh2 from the Affleck-Dine mechanism in terms of Trh
with different choices of model parameters RUV and RAD in
Fig. 1. As standard, h is the Hubble parameter today in the
unit of 100 km=s=Mpc. The figure clearly shows that the

linear dependence on Trh and agreement between ΩDM and
ΩB as long as RUV and RAD are Oð1Þ.
In what follows, we explore general conditions under

which the parametric coincidence between the baryon
asymmetry and dark matter abundance can be realized
within specific model constructions, taking into account
various phenomenological constraints.1 Supersymmetry
provides a natural framework that accommodates viable
UV freeze-in dark matter candidates and offers the flat
directions required for the Affleck-Dine mechanism. We
therefore focus on matter generation within SUSY and
discuss its possible implications.

III. UV FREEZE-IN DM IN SUSY

Here, we discuss possible interactions between dark
matter and the visible sector within the framework of
supersymmetry, and then examine UV freeze-in gravitino
dark matter in more detail.

A. Higgs portal UV freeze-in

Consider the minimal supersymmetric Standard Model
(MSSM), extended by an additional gauge singlet chiral
superfield X ¼ X þ ffiffiffi

2
p

θχ þ θ2FX. This introduces a new
hidden sector Standard Model singlet fermion χ. Enforcing
a Z2 parity for X, the renormalizable contribution to the
superpotential is given by

FIG. 1. The dark matter abundance from UV freeze-in and the baryon abundance from the Affleck-Dine mechanism in terms of the
reheating temperature Trh. Both abundances are proportional to Trh, so the ratio between them does not depend on Trh. WithOð1Þmodel
parameters RUV and RAD of Eqs. (3) and (14), the ratio is naturally Oð1Þ as in Eq. (15). We assume that the UV freeze-in portal and the
operator that lifts the flat direction in the Affleck-Dine mechanism are both mass dimension five [i.e., corresponding to n ¼ 4 in the
potential of Eq. (36)] with the cutoff scales both identified as the reduced Planck mass MPl.

1We note in passing that there are alternative explanations for
the coincidence of dark matter and baryon abundances involving
the Affleck-Dine mechanism that appear in the literature [9,10].
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ΔW ¼ 1

2
μXX2 þ 1

Λ
X2HuHd; ð16Þ

where, μX provides the Majorana mass of dark matter
candidate χ. The superpotential of Eq. (16) implies the
following dimension five operator in the Lagrangian

L ⊃
1

Λ
χ2HuHd þ H:c: ð17Þ

In addition to Eq. (17), other dimension-five interactions
arise, involving X the scalar component of X, and
Higgsinos H̃u, H̃d, such as

L ⊃
1

Λ
χXðH̃uHd þHuH̃dÞ þ H:c: ð18Þ

There also exist dimension-four operators suppressed by
μX=Λ for X, but such operators are not relevant for dark
matter production at high temperatures.
Famously, the MSSM—and its extensions—lead to

(disastrously) fast proton decay unless certain operators
are forbidden by R-parity (or a similar symmetry). If
R-parity is exact, then the lightest supersymmetric particle
(LSP) is stable. Thus if χ is the LSP, then it will be stable;
interestingly, X will also be stable as the lightest Z2-parity
state. The dark matter density is then established by thermal
production, as discussed in Sec. II A, and the late time
decays of the next-to-lightest supersymmetric particle
(NLSP) into X þ χ.
In the context of this class of models, we can identify the

production coefficient RUV, as given in Eq. (2). For the
abundance of χ and X this coefficient will be [3]

RDM;HP ≃
1

16π5
: ð19Þ

The scale Λ, which suppresses the dimension five
operator, indicates the scale at which the operator is
generated. This could be some intermediate scale, perhaps
connected to mediation of SUSY breaking; another natural
choice is Λ ¼ MPl. In particular, in the case that the visible
and hidden sectors are decoupled due to a preserved global
symmetry, then gravitational interactions that violate these
symmetries can provide a weak coupling of these two
sectors. Moreover, supersymmetric models require at least
one hidden sector, and the complexity of string compacti-
fications commonly leads to multiple sectors that commu-
nicate only via nonrenormalizable operators. Thus, if the
LSP resides in one of these hidden sectors, it is natural to
think that it may be stable and that its abundance may be set
by UV freeze-in via some higher dimension operators.

B. Axino UV freeze-in

Another clean and generic possibility for mass dimen-
sion five UV freeze-in arising in the context of

supersymmetry come from superpotential terms involving
field-strength supermultiplets

Wa ¼ λa þ θðDa − iσμνFa
μνÞ − iθ2σμDμλ̄

a; ð20Þ

where Fa
μν represents the field strength of the gauge boson,

and λa is the gaugino, the fermionic superpartner of the
gauge boson. We can introduce a dimension-five super-
symmetric Lagrangian with the coupling between the chiral
supermultiplet X and the field-strength superfields

L ⊃
1

Λ

Z
d2θXWaWa þ H:c: ð21Þ

If R-parity is conserved, the fermion component χ of X can
be stable if it is the LSP. The scalar superpartner X is not
stable and will decay to two gauge bosons. The relevant
interactions for thermal production are

L ⊃
ffiffiffi
2

p

Λ

�
iχσμνλaGa

μν þ H:c:þ
X
i

χλagaϕ
†
i T

aϕi

�
: ð22Þ

Here, ga is the gauge coupling, and ϕi are the Standard
Model charged scalar fields. At high temperatures, all
gauginos and charged scalar particles are in thermal
equilibrium. Therefore, the production of χ is the same
as the usual UV freeze-in.
The most famous example of this class of models is the

axino [11–18]. In this case X is identified as the axion
supermultiplet, χ ≡ ã is identified as the axino and X ≡ a is
the axion. The superpotential term of Eq. (21) is obtained at
one-loop level from the anomalous global U(1) Peccei-
Quinn (PQ) symmetry [19]. This implies that Λ is asso-
ciated with the intermediate scale at which PQ breaking
occurs, and one can make the matching

1

Λ
¼ g2a

16π2
1

fa
; ð23Þ

where fa is the axion decay constant. Moreover, from
inspection of the existing literature, we can identify the
production coefficient RUV for the axino states in the
Boltzmann equation of Eq. (2) to be of the form [11]

RUV;ã ¼
g43

256π7

�
Gðg3Þ þ 1.29 ×

6g23
π2

�
; ð24Þ

where G is a numerical factor [20] with the following form
Gðg3Þ ¼ 320

π2
g23 ln ð1.2=g3Þ. Evaluating with a characteristic

gauge coupling g3 ≃ 1 gives Gð1Þ ≃ 6 and Rχ;ãjg3¼1 ≃
9 × 10−6. However, note that a full analysis should account
for the running of g3.
In the case that the axion a is associated with the

anomalous global U(1) that dynamically resolves the strong
CP problem, then fa is typically expected to be at some
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intermediate scale mZ ≪ fa ≪ MPl. If this axion is unre-
lated to the strongCP problemΛ has an even greater degree
of freedom. Moreover, fa ¼ Oð0.01–0.1ÞMPl is well moti-
vated in the case of string axions [21,22].

C. UV freeze-in gravitino dark matter

Another prime candidate for SUSY UV freeze-in is the
gravitino, the gauge fermion superpartner of the graviton
with spin 3=2. The gravitino includes the goldstino as a
spin 1=2 component of a Nambu-Goldstone fermion that
arises from the spontaneous breaking of rigid supersym-
metry. At high temperatures (m3=2 ≫ T, where m3=2 is the
gravitino mass), the thermal production of the longitudinal
component of gravitino can be described by goldstino
production [23]. The qualitative feature of the interaction
strength between the goldstino and Standard Model par-
ticles can be easily understood from Eq. (21). When the
spontaneous breaking of SUSY is dominantly given by the
nonzero expectation value FX of X, the fermion component
of the superfield X is the goldstino χ. It is subsequently
absorbed by the gravitino, which becomes massive with a
mass m3=2 ¼ FX=ð

ffiffiffi
3

p
MPlÞ.

According to Eq. (21), the gaugino mass is given by

mλa ¼
FX

Λ
: ð25Þ

Thus, we can express the inverse of Λ as

1

Λ
¼ mλa

FX
¼ 1

MPl

mλaffiffiffi
3

p
m3=2

: ð26Þ

This indicates that for mλ ≫ m3=2 the goldstino coupling to
the Standard Model particles has an enhancement factor of
the gaugino-to-gravitino mass ratio, in addition to the
Planck mass suppression. As a result, goldstino production
dominates the thermal production of gravitino.
More generally, supergravity restricts the gravitino ψμ

interactions to the MSSM particles to have the following
form

L ¼ −
1

MPl

�
i
2
ψμσ

νρσμλ̄aFa
νρ þ H:c:

þ iffiffiffi
2

p ðDμϕiÞ†ψνσ
μσ̄νψ i þ H:c:

�
: ð27Þ

The interaction of the goldstino component can be derived
through the substitution ψμ →

ffiffiffiffiffiffiffiffiffiffiffið2=3Þp
1

m3=2
ð∂μχÞ. This

leads to the same interaction strength as given in
Eq. (26) upon the integration by parts and application of
the equations of motion for gauginos.
In gauge mediated supersymmetry breaking, the grav-

itino mass is suppressed by a factor of Λ=MPl relative to
Standard Model superpartners. As a result, the gravitino is

generically the LSP when supersymmetry breaking is
communicated via gauge mediation. Identifying the LSP
for gravity-mediated supersymmetry breaking is more
complicated since all superpartners have masses of order
the gravitino mass m3=2 ∼ FX=MPl. Notably, it was shown
by Kersten and Lebedev [24] that for gravity-mediated
supersymmetry breaking the gravitino will be the LSP if at
the GUT scale

m1=2

m3=2

����
μ¼MGUT

≳ 2.6; ð28Þ

where m1=2 is the unified gaugino mass mλa at the GUT
scale. This GUT boundary condition is determined by the
form of the gauge kinetic function and the Kähler potential.
The inequality of Eq. (28) can be readily satisfied in string-
motivated setups [24]. Furthermore, in this case, either the
neutralino or stau will typically be the next-to-lightest
superpartner (NLSP).
There have been many studies of the thermal production

of gravitinos [20,25–38]. Here in examining gravitino
production rate we follow the recent work of Eberl,
Gialamas, and Spanos [33] which includes the one-loop
thermal self-energy, and claims to correct errors in the
literature.2 The Boltzmann equation for the UV freeze-in
production Eq. (2) can be specified for the gravitino in
terms of RUV;3=2, which is found to be [33]

RUV;3=2 ¼
3ζð3Þ
16π3

X
a

cag2a

�
1þ m2

λa

3m2
3=2

�
ln

�
ka
ga

�

þ 72Cλ2t

�
1þ A2

t

3m2
3=2

�
; ð29Þ

where ca ¼ ð41.9; 68.2; 21.1Þ and ka ≃ ð0.8; 1.0; 6.9Þ are
constants labeled by the corresponding index a ¼ 1, 2, 3
associated to the gauge couplings ga.
The final term in Eq. (29) corresponds to t̃ t̃ → H̃ ψ̃ and

involves the top Yukawa λt, the top-stop A-term At and a
constant C ≈ 2.6 × 10−4. When the At-term can be
neglected the characteristic size for Rχ;3=2 is

RUV;3=2 ∼ 0.4

�
1þ m2

1=2

3m2
3=2

�
; ð30Þ

where we have assumed a universal mass for the gauginos
m1=2 ≃mλa and evaluate the couplings ga at their weak
scale values (using instead the coupling at the GUT scale
αGUT ¼ g2GUT=4π ¼ 1=24 halves the estimate of RUV;3=2).
For a gravitino LSP whose abundance is entirely

determined by thermal production, the dark matter relic

2Another contemporary treatment of the gravitino production
rate leads to an Oð10%Þ difference in the yield [34].
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abundance is related to the freeze-in yield Y3=2 via

Ω3=2h2 ¼
45ζð3Þ
2π4g�S

m3=2Y3=2ðT0ÞsðT0Þh2
ρc

; ð31Þ

where T0 ≈ 2.348 × 10−13 GeV is the present-day temper-
ature of the cosmic microwave background. It follows that
the gravitino freeze-in yield is given by

Y3=2 ¼
n3=2
s

≃
RUV;3=2ðTrhÞ
HðTrhÞsðTrhÞ

g�sðTÞ
g�sðTrhÞ

: ð32Þ

To evaluate RUV;3=2ðTrhÞ in Eq. (32) one must run the
gauge couplings into the UV. In [33] they take the
couplings to be gaðTrhÞ ¼ gGUT. Implementing the one-
loop renormalization group evolution for the gauge cou-
plings and evaluating each at gaðTrhÞ is straightforward.
Putting Eq. (31) and Eq. (32) together and evaluating the

numerical prefactor one obtains

Ω3=2h2 ¼ 1.63 × 1024
�
m3=2RUV;3=2Trh

M2
Pl

�
: ð33Þ

The form of Eq. (32) assumes that inflaton decay is
instantaneous. More realistically, decays should exponen-
tially deplete the inflaton energy density. From comparison
with [35], it is anticipated that a more careful treatment
of inflaton decay leads to an Oð10%Þ correction [20,33].
An analytic argument in Appendix B also supports this
numerical study that such noninstantaneous reheating
effects should be small. Thus, here, we will also neglect
these effects.
We close by noting that NSLP decay to gravitinos can

lead to major complications if they contribute significantly
to Ω3=2h2. If R-parity is conserved one anticipates that its
contribution to the gravitino abundance from NLPS decays
to be given by

ΔΩ3=2h2 ¼
m3=2

mNLSP
ΩNLSPh2: ð34Þ

For gauge mediation one anticipates that m3=2 ≪ mNLSP in
which case the contribution ΔΩ3=2h2 is naturally sup-
pressed. For freeze-in to set the gravitino abundance, one
requires ΔΩ3=2h2 ≪ Ω3=2h2, otherwise the link to Trh, and
thus Affleck-Dine baryogenesis, is spoiled. In Sec. V we
identify two scenarios in which this is not a concern,
namely a RH sneutrino NLSP and a scenario with R-partity
violation. Appendix C also provides a discussion on
implications for alternative NLSP candidates, such as the
stau or neutralino.

IV. AFFLECK-DINE BARYOGENESIS IN SUSY

In supersymmetric models, the renormalizable scalar
potential is determined by sums involving the squares of
F-terms and D-terms. As a result, for certain “flat direc-
tions” in the field space, the scalar potential may be exactly
zero. The seminal paper of Dine, Randall, and Thomas [5]
highlighted that MSSM flat directions with nonzero B − L
are ideal for implementing the Affleck-Dine mechanism.
These flat directions are lifted by soft SUSY-breaking terms
and nonrenormalizable terms, which generate a nonvanish-
ing scalar potential for the field ϕ parametrizing the flat
direction.

A. Asymmetry generation

All forms of supersymmetry breaking will weakly lift
any flat directions. The general form of this lifting term can
be parametrized by the nonrenormalizable operator in
superpotential

On ¼
ϕn

Λn−3 : ð35Þ

If gravity alone mediates SUSY breaking this introduces a
soft term m2

ϕjϕj2, where ϕ is the scalar component of
the field parametrizing the flat direction, and mϕ ≃m3=2

coincides with the gravity-mediated SUSY breaking scale.
In the case of gravity-mediated supersymmetry breaking
for which scalar potential is lifted by the leading non-
renormalizable operator On, the resulting scalar potential
can be expressed as follows [39,40]

V ≃ ðm2
ϕ − cH2Þjϕj2

þ 1

Λ2n−6 jϕj2n−2 þ
�

Aϕn

nΛn−3 þ H:c:

�
: ð36Þ

The Hubble parameter H accounts for SUSY breaking due
to the inflaton energy density. The constant c is related to
the coupling between the inflaton and the ϕ field and
should be positive and Oð1Þ to ensure that ϕ develops a
large expectation value during inflation [5]. In the Affleck-
Dine mechanism, the field associated with the flat direction
carries a conserved global charge Q (this is typically taken
to B or L).
At the end of inflation, the ϕ field will be at a large field

value provided cH2 > 0. It subsequently evolves to form a
coherently oscillating field at Hosc ¼ mϕ=γ where γ param-
eterisesOð1Þ factors. During this period of oscillations, the
symmetry-violating A-term Aϕn causes the ϕ condensate to
develop a global charge asymmetry (see, e.g., [41] for
details). The resulting ϕ-asymmetry can be expressed as
follows
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YðnÞ
ϕ ¼ δ

�
m3=2Trh

M2
Plm

2
ϕ

�
ðmϕΛn−3Þ 2

n−2; ð37Þ

where δ collects all the other various Oð1Þ factors

δ ¼ n − 2

6ðn − 3Þ jamjβγ
2ðn−3Þ
n−2 sin θ: ð38Þ

Here β is the global charge (i.e., baryon/lepton number) of
ϕ, we parametrize the A-term A ¼ amm3=2, and the phases
enter via

θ ¼ arg½am� þ arg½ϕ�: ð39Þ

Without tunings, it is natural to expect the value of δ to lie
between 0.01 and1.Thus, for a dimension 4operator (suchas
the HuL flat direction [42]) with Λ ¼ MPl the asymmetry is

Yð4Þ
ϕ ¼ jamjβγ sin θ

3

�
m3=2Trh

mϕMPl

�
: ð40Þ

Notably, the Affleck-Dine mechanism is parametrically
different in the presence of gauge-mediated SUSY-break-
ing. For gauge-mediation scenarios, hidden sector SUSY
breaking is communicated to the visible sector through
messenger fields (with mass M), which are nontrivial
representations of the Standard Model gauge groups.
This results in soft-breaking terms, which are distinct from
the case of gravity-mediated SUSY breaking. In particular,
the soft mass scale is parametrically

msoft ∼
FX

M
≫ m3=2 ∼

FX

MPl
: ð41Þ

In the case thatM ≪ MPl, the gravitino can be significantly
lighter than the spectrum of Standard Model superpartners,
making the gravitino generically the LSP. The introduction
of gauge mediation also impacts the Affleck-Dine mecha-
nism. For SUSY breaking mediation mechanisms other
than gravity mediation, the ϕ potential will receive a
corresponding soft breaking mass (in addition to the
model-independent gravity mediated contribution), imply-
ing a contribution to the ϕ potential of the form [43–47]3

ΔVðΦÞ ∼

8><
>:

m2
softM

2 ln
�
1þ jϕj2

M2

�
jΦj > M

F2
X ln
�
jϕj2
M2

�
jΦj < M

ð42Þ

This potential term supplements the model-independent
gravity-mediated terms of Eq. (36). For extremely large

field values, the gravity mediated contribution dominates
[44] and the asymmetry is unchanged from Eq. (37). In
contrast, if the contributions due to gauge mediation
dominate (for small or modest initial field values), then
the asymmetry generated differs by a factor of msoft=m3=2

(see, e.g., [51])

YðnÞ
ϕ ∼ RðnÞ

AD

�
Trh

MPl

�
ð43Þ

with

RðnÞ
AD ¼ βðn − 2Þ

6ðn − 3Þ
�
msoft

mϕ

��
Λ
MPl

�2ðn−3Þ
n−2
�
MPl

mϕ

�n−4
n−2
; ð44Þ

where we have dropped Oð1Þ factors, such as CP phases,
and we take Hosc ≃mϕ.
Importantly, in many cases, the Affleck-Dine condensate

is not the lowest energy configuration. As a result, spatial
perturbations may cause the condensate to fragment into
nontopological solitons, called Q-balls [40,52–54]. These
Q-balls are metastable, charge Q solitons associated to
scalar fields with a spontaneously broken global U(1) [52]
and can have significant implications for baryon asymme-
try generation, as we discuss next.

B. Avoiding Q-ball formation

The link between Affleck-Dine and UV freeze-in can be
broken if other processes influence the late-time dark
matter abundance or baryon asymmetry. If the Affleck-
Dine condensate fragments into Q-balls, this will generally
lead to one or both of ΩB and ΩDM no longer being
dominantly determined by the reheat temperature Trh. Such
a change spoils the elegant connection established in
Eq. (15). Accordingly, below we discuss how to avoid
Q-ball formation, which is the simplest manner to circum-
vent this issue.4

If the scalar potential along the flat direction is shallower
than ϕ2, the ϕ condensate experiences negative pressure,
which leads to the growth of inflation-induced perturba-
tions, and the fragmentation of the inflaton into Q-balls
[39,51,56]. In the case of gravity-mediated supersymmetry
breaking, the formation of Q-balls is determined by the
one-loop correction to the quartic term

ΔV ≃ ðm2
ϕ − cH2ÞK log

�jϕj2
M2

Pl

�
jϕj2: ð45Þ

3There can also be thermal contributions, in particular thermal
mass terms of the form

P
fkjϕj<T f

2
kT

2jϕj2 [48–50]. These
contributions can be neglected for small couplings f2k, as we
discuss for the specific models we study in Sec. V.

4The connection between ΩDM and ΩB can potentially be
maintained if Q-balls do form but then rapidly evaporate. Fast Q-
ball decay can occur for low Trh and/or highmϕ since the lifetime
is controlled by τ ∝ Q and Q ∝

ffiffiffiffi
K

p
mϕ=Trh [39,51,55]. One

would require the gravitino production to be highly subdominant.
This seems less clean and we do not explore it here.
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The factor K can be calculated for a given flat direction and
is a function of energy scaleK ¼ KðμÞ. Notably, the sign of
K determines whether Q-balls form. Specifically, for
K > 0, the ϕ potential grows faster than quadratic, the
ϕ-condensate remains stable, and Q-balls do not form.
Whereas in the converse case K < 0, the potential grows
slower than quadratic, leading to Q-ball formation. Note
that gaugino loops contribute negatively to K, while
Yukawa couplings contribute positively.
Condensate collapse andQ-ball formation are generically

observed for almost all of the MSSM flat directions [57].
However, for the leptonic flat directions K is generically
positive [39,57,58], since the leptonic flat directions do not
couple to the gluino, which drives the squark flat directions
to negativeK. In special parts of parameter space, squark flat
directions can have K > 0; however, this requires the flat
direction to be more strongly aligned with the third-
generation squarks, e.g., Q3Q3QL [57].
Another prospect is the RH sneutrino ϕ ¼ ν̃R [59] with,

for example, a scalar potential of the form

V≃ ðm2
ϕ−cH2Þjν̃Rj2þ

1

M2
Pl

jν̃Rj6þ
�
Aν̃4R
4MPl

þH:c:

�
: ð46Þ

The one-loop running for ϕ ¼ ν̃R is such that K is strictly
positive since the RH sneutrino has no gauge couplings. We
will return to discuss the details of this sneutrino model
in Sec. V.
In gauge mediation Q-ball physics can be altered since

the scalar potential is different. For gauge mediated SUSY
breaking the scalar potential picks up additional terms of
the form of Eq. (42). In the case that jϕj=M ≫ 1, then the
potential is dominated by gravity-mediated contribution,
and the analysis is unchanged compared to earlier sub-
sections. Conversely, for jϕj=M ≲ 1 gauge meditation
introduces the slow-growing logarithmic potential, and
Q-balls will generically form (regardless of the sign of
K) [46] (see also [43,46,47]). Thus for gauge mediation
scenarios withK > 0, Q-balls will form only while the field
value of the Affleck-Dine field ϕ lies in a window [51]

mϕ < ϕ <
ffiffiffi
2

p �
m2

soft

m3=2

�
; ð47Þ

where the ϕ mass mϕ corresponds to the temperature at
which the condensate transfers its energy density to light
degrees of freedom. In certain models, this window may be
closed.
For gauge-mediated SUSY breaking, the simplest sce-

nario that avoids Q-ball formation is the identification of
the RH sneutrino with the Affleck-Dine field ϕ ¼ ν̃R. Since
ν̃R is a singlet under the Standard Model gauge group it
receives highly suppressed gauge mediated contributions to
its soft breaking mass. This is especially true if the RH
sneutrinos have small Yukawa couplings. In Sec. V we will

explore a second scenario (based on R-partity violation) in
which Q-balls are absent due to the small couplings of the
Affleck-Dine field.
Another interesting possibility we highlight in passing

for avoiding Q-balls in gauge mediation is to use the HuL
flat direction ϕ=

ffiffiffi
2

p ¼ Hu ¼ L with a gauged Uð1ÞB−L
symmetry, as proposed in [58]. This scenario is quite
distinct from other models since the scale Λ at which
nonrenormalizable operators in the Affleck-Dine potential
arise is related to the scale of Uð1ÞB−L breaking (rather than
MPl). The scale Λ can be high, but should be below the
messenger scale Λ < M. In this case, the scale Λ is also
related the RH neutrino mass scale [60] and thus the light
neutrino masses with mν ∼ hHui2=M. This typically
implies the lightest neutrino m1 is hierarchically lighter
than the other two species [48].

V. MODELS

We next identify two specific examples based on super-
symmetric models, in which the gravitino ubiquitous in
SUSY frameworks is considered the dark matter candidate
as the LSP. In these scenarios, the observed ratio ΩDM=ΩB
becomes insensitive to Trh due to the parametric coinci-
dence between Affleck-Dine baryogenesis and UV freeze-
in. When the gravitino constitutes dark matter, a natural
concern arises: supersymmetric partners of Standard Model
particles, particularly the NLSP, must eventually decay into
gravitinos. However, the NLSP typically has a long life-
time, which can severely affect big bang nucleosynthesis
(BBN) and may lead to an overproduction of gravitinos.
We investigate two concrete models that naturally address
these issues, where the associated interactions and sectors
responsible for these decays also play an essential role in
generating the baryon asymmetry. Specifically, we examine
the cases in which the Affleck-Dine field corresponds to
either a right-handed sneutrino or an R-parity violating flat
direction. These models significantly relax the constraints
from NLSP decays; to make this point clear, we begin by
discussing the bounds arising from BBN observations.

A. Gravitino dark matter and constraints

Since the lifetime for an NLSP decaying to gravitinos is
typically long, this commonly leads to energy injection
during BBN, at which the temperature of the Universe is
around 1 MeV. Observations of the relative abundances of
primordial elements strongly favor standard cosmology
during BBN, see, e.g., [61–63]. These studies strongly
exclude decays of cosmological populations of states to
baryonic matter. Since decays to gravitinos are Planck-
suppressed, the lifetimes of the NLSP tend to be suffi-
ciently long that this is a concern. Moreover, with the
possible exception of resonantly annihilating NLSPs one
expects the NLSP to have a sizeable cosmological abun-
dance prior to decays. Thus, in this section, we consider the
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constraints that arise from BBN considerations on the
NLSP candidates identified above.
The constraints from BBN depend on three factors, the

abundance of the NLSP at the time of decays YNLSP, the
lifetime of the NLSP τNLSP, and the dominant decay
channel (specifically if it is hadronic, electromagnetic, or
neither). If the NLSP decays in a manner that has negligible
hadronic and electromagnetic branching fractions (as is
typically the case for the sneutrino), then the constraints are
largely circumvented. Additionally, if τNLSP < 1 s then the
NLSPs will decay prior to BBN. The BBN limits on NLSP
decays to gravitino LSPs have been studied carefully for
the stau [64] and neutralino [36] (see also see also, e.g.,
[63–66]). For a given NLSP candidate, one can constrain
the abundance YNLSP as a function of τNLSP, both of which
are related to model parameters such as the NLSP mass and
couplings, and the rest of the superpartner spectrum.
To be concrete, we consider the case of a stau NLSP,

drawing on the “conservative” bounds derived by Pradler
and Steffen [64]. We first note that for ττ̃ ≲ 100 s there are
no exclusion limits. The decay rate of the scalar super-
partner of a Standard Model fermion, such as the stau, to
the gravitino is [37]

Γðτ̃ → ψ3=2 þ τÞ ¼ 1

48π

m5
τ̃

m2
3=2M

2
Pl

�
1 −

�
m3=2

mτ̃

�
2
	
2

: ð48Þ

For the case m3=2 ≪ mNLSP the lifetime is

ττ̃ ≃ 60 s

�
m3=2

10 GeV

�
2
�
1 TeV
mτ̃

�
5

: ð49Þ

Requiring ττ̃ ≲ 100 s gives the upper value for m3=2 (for a
given mτ̃). In this case the BBN limits (conservative and
aggressive) [64] are not constraining regardless of Y τ̃. Such
short-lived stau NLSPs require a gravitino mass

m3=2 ≲ 13 GeV

�
mτ̃

1 TeV

�
5

: ð50Þ

More generally, in [64] it was found that for a τ̃ NLSP the
model is safe provided ττ̃ ≲ 107 s and Ωτ̃=ΩDM ≲ 0.1, this
corresponds to

mτ̃Y τ̃ ≲ 6 × 10−11 GeV: ð51Þ

Let us consider the case that mτ̃ ∼m3=2 in which case the
lifetime is ττ̃ ∼ 6 × 105 s × ðmτ̃=1 TeVÞ3 and the freeze-
out yield away from resonance is [67]

mτ̃Y τ̃ ∼ 10−9 GeV

�
mτ̃

1 TeV

�
2

: ð52Þ

This is in conflict with the conservative limit of [64] for
TeV stau NLSP. Evading the conservative limits requires

very light staus with mτ̃ ≲ 250 GeV, and this is entirely
excluded for the aggressive BBN assumptions of [64].
Notably, resonant enhancement can commonly lead to a

reduction of the Y τ̃ by a factor of Oð10−2 − 10−3Þ for
mτ̃ ≈mH=2, see [68,69]. Thus, not only can resonant
annihilation be helpful in avoiding NLSP decays from
being the dominant source of gravitino production, it also
aids in evading BBN constraints for TeV scale stau NLSP.
We conclude that in the case of gauge mediation, the τ̃

are a viable NLSP candidate provided m3=2 ≪ mτ̃. While
for vanilla gravity mediation with mτ̃ ∼m3=2 resonant
annihilation is required to satisfy the (conservative) BBN
bounds for the case that the stau NLSP decays only to
gravitinos. Moreover, neutralino NLSP leads to a similar
conclusion (see, e.g., [36]).
We have identified two interesting alternative scenarios

that avoid the need for (tuned) resonant NLSP annihila-
tions. The first is the case of sneutrino NLSP in which case
decays to gravitinos are neither hadronic nor electromag-
netic, leading only to late time neutrino production which is
hard to constrain. The second case is NLSPs decay via
R-parity violating operators which can lead to the branch-
ing fraction of NLSP to gravitinos to be small. We will
discuss both of these possibilities below.

B. Sneutrino Affleck-Dine field

The case in which the sneutrino is identified as both the
NLSP and the Affleck-Dine field ϕ has a number of distinct
advantages in realizing the coincidence between ΩB and
ΩDM. Specifically, ϕ ¼ ν̃R is a natural flat direction
[cf. Eq. (46)], Q-balls are typically absent. Moreover, the
sneutrino soft mass can naturally lie below that of other
MSSM superpartners, making it a generic NLSP candidate
in a model with a gravitino LSP. Consequently, BBN
constraints on NLSP decays are generally weak. In addi-
tion, thermal corrections [48] to the quadratic term jϕj2 (cf.,
Footnote 3) can be safely neglected, provided that the
Yukawa couplings in ΔWν ¼ yνLHuνR is sufficiently
small, a condition that is typically well justified. Given
these advantages, we now focus on this ideal subclass of
models with ϕ ¼ ν̃R.
The asymmetry in ϕ is generated via the Affleck-Dine

mechanism. To transfer this asymmetry to the baryons and
leptons, we introduce a sizable A-term associated with
sneutrinos-Higgs interactions [70]:

L ⊃ AνL̃Huν̃R þ H:c: ð53Þ

When the A-term is generated from higher-dimensional
operators in the Kähler potential, it is expected to be of
order the gravitino mass, Aν ∼Oðm3=2Þ [70]. These inter-
actions enable efficient transfer of the ϕ asymmetry to the
visible sector before sphaleron freeze-out. The resulting
baryon asymmetry is given by Eq. (14) with
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RAD ¼ 1

3
jamjβγaν̃R sin θ ð54Þ

in terms of aν̃R ≃m3=2=mν̃R , and the remaining parameters
are defined in Eq. (40).
The dark matter abundance arises from UV freeze-in

production of gravitinos, as described in Sec. III C. In
Fig. 2, we show that ΩDM=ΩB is almost independent on Trh
as expected from Eq. (15), up to the running of gauge
couplings, and the parameters that give the observed values
of ΩDM and ΩB at given RAD and m3=2=m1=2.
If the RH sneutrino ν̃R is the NLSP, the MSSM super-

patners will quickly decay to the RH sneutrino via the
channel ν̃L → ν̃R þ h from Eq. (53). As a result, BBN
constraints are largely evaded because the visible energy
Evis is negligible since most of RH sneutrinos decay via
ν̃R → ψ3=2 þ νR or ν̃R → ψ3=2 þ νL arising from mixing
between ν̃L and ν̃R. While highly energetic neutrinos can
alter the ratios of light elements, the impact is typically very
small. In particular for τν̃R < 10−3 the limits on mν̃RY ν̃R are
very weak (see, e.g., [71–73]).
Given that observational limits from decays can typically

be satisfied, the most pressing issue is to ensure that NLSP
decays are not the dominant production mechanism of
gravitinos (which breaks the connection to UV freeze-in).
To assess this, we must calculate the freeze-out abundance
of the RH sneutrino via Eq. (53). Parametrizing the mixing

between ν̃L and ν̃R following [74] we write

ν̃1 ¼ ν̃R cos θν̃ − ν̃L sin θν̃;

ν̃2 ¼ ν̃R sin θν̃ þ ν̃L cos θν̃;

where

sin θν̃ ¼
ffiffiffi
2

p
Aνv sin β

m2
ν̃2
−m2

ν̃1

; ð55Þ

with the squared mass matrix

M2 ¼
 
m2

L̃
þ 1

2
m2

Z cos 2β
1ffiffi
2

p Aνv sin β

1ffiffi
2

p Aνv sin β m2
ν̃R

!
: ð56Þ

The RH-like sneutrino ν̃1 couplings being those of the left-
handed (LH) sneutrino suppressed by a factor sin2 θν̃ due to
mixing. We take the limit where mL̃ ¼ Oð5–10Þmν̃R such
that mν̃1 ∼mν̃R and mν̃2 ∼mL̃.
There are several channels for annihilation ν̃1ν̃1 → νν

through neutralino t-channel, ν̃1ν̃�1 → ff̄ via Z exchange,
and ν̃1ν̃

�
1 → bb̄ via Higgs exchange. The cross sections for

both channels are proportional to sin4 θν̃. Because of high
power dependence on sin θν̃ it should not be too small for
RH sneutrinos to be in thermal equilibrium. Depending on
parameters, we expect sin θν̃ ≳Oð0.01Þ. For reference, the
reader is referred to the figures of [75].
The density of ν̃1 prior to decays to the gravitino LSP is

set by the freeze-out mechanism. The density of ν̃1 after
freeze-out for mν̃1 ≳mh is given by [76],

mν̃1Y ν̃1 ∼ 4 × 10−10 GeV

�
0.06
sin θν̃

�
4
�
5mν̃1

mL̃

�
4

: ð57Þ

Note that mY ∼ 4 × 10−10 GeV corresponds Ωh2 ∼ 0.1 if it
were cosmologically stable.
We require that ν̃1 decays lead to a negligible increase in

the gravitino relic density and that ν̃1 decay does not change
BBN. Since each sneutrino decay produces a single LSP,
the contributions to ΩDM are diluted by the ratio of masses
m3=2=mν̃1 according to Eq. (34). It follows that for NLSP
decays to have a negligible increase in the gravitino relic
density, we require

m3=2Y ν̃1 ≲ 10−10 GeV: ð58Þ

Furthermore, comparing to the BBN bounds [71,72] these
are satisfied for

mν̃1Y ν̃1sin
2θν̃ ≲ 10−10 GeV: ð59Þ

The benchmark model sin θν̃ ¼ 0.1 and mL̃ ¼ 5mν̃1 sat-
isfies both requirements. Figure 2 illustrates how ΩB and

FIG. 2. The plot shows the impact of varying the gravitino LSP
mass m3=2 and the reheat temperature Trh on the ratio of
ΩDM=ΩB. It is assumed that the baryon abundance ΩB arises
from to Affleck-Dine baryogenesis with ϕ ¼ ν̃R and relic
abundance of gravitino LSP is due to UV freeze-in ΩDM. We
assume that NLSP decays to gravitinos lead to a negligible
contribution to ΩDM, as is the case for our benchmark model with
sin θν̃ ¼ 0.1 and mL̃ ¼ 5mν̃1 (see main text). Q-balls production
will also be generically absent. As a result, the ratio ofΩDM=ΩB is
constant with Trh as discussed in Sec. II. The near-vertical lines
indicate the TRH-independence of the ratio ΩDM=ΩB, with the
slight variation arising due to mild renormalization effects.
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ΩDM change in this model as the LSP massm3=2 and Trh are
varied. Observe that the ratio ofΩDM=ΩB is almost constant
with Trh, which only occurs since Q-balls and NLSP decays
have a negligible impact on ΩB and ΩDM.

C. R-parity violating Affleck-Dine field

To avoid unacceptable proton decay in the MSSM
R-parity is typically imposed, however, R-parity violating
(RPV) operators can be introduced if done with care. For
the scenario we are considering RPV plays several useful
roles: it potentially allows the NLSP to decay prior to BBN,
and it reduces the branching fraction to gravitinos such that
NLSP decays give only a negligible contribution to the
gravitino abundance.
Moreover, the consideration of R-parity violation can

lead to new opportunities for implementing the Affleck-
Dine mechanism. Since the coefficient of these operators
can be small and technically natural, these models circum-
vent many of the issues we have discussed above. Higaki
et al. [77] studied a scenario involving λ00ijku

c
i d

c
jd

c
k (See

also [78]). Taking the R-parity violating superpotential

W ¼ 1

3!
λ00ijkUiDjDk: ð60Þ

This can be recast in terms of the Affleck-Dine superfieldΦ
as

W ¼ 1

3
λΦ3: ð61Þ

It follows that the potential for ϕ, the scalar component of
Φ, is given by5

VðϕÞ ¼ ðm2
ϕ − cH2Þjϕj2 þ λ

3
Aϕ3 þ H:c:þ λ2jϕj4: ð62Þ

For VðϕÞ, the cubic potential is a subdominant effect for the
expectation value of ϕ. Then, for cH2 ≫ m2

ϕ, the equations
of motion for ϕ imply

ϕ�ðcH2 þ 2λ2jϕj2Þ ≃ 0; ð63Þ

and thus

hjϕj2i ∼ cH2

2λ2
: ð64Þ

The potential is effectively flat when λ ≪ 1. This is
technically natural, since R-parity is restored for λ → 0.
To avoidwashing outB asymmetries, one requires λ≲ 10−7.
Moreover, Q-balls formation is negligible for [77]

10−11
�

fk
10−5

�
2 ≲ λ≲ 10−9

�
ck
1

��
fk
10−5

�
2

: ð65Þ

where we omit some Oð1Þ factors and take α3 ∼ 0.1.
This is related to the thermalmass correction is parametrized
by ΔV ≃ ckf2kT

2jϕj2 where ck ¼ Oð0.1–1Þ is a constant
determined by the field degrees of freedom, and fk is the
coupling strength of ϕ to the bath states, characteristically
fk ∼Oð10−5–1) [48,77].
We can represent the scalar potential as radial and

angular fields ϕ ¼ 1ffiffi
2

p feiθ in the following manner

Vðf;θÞ¼ 1

2
ðm2

ϕ−cH2Þf2þλ2

4
f4þ A

3
ffiffiffi
2

p λf3 cosθ: ð66Þ

When
ffiffiffi
c

p
H ∼mϕ and f ∼ mϕ

λ the angular field a ¼ fθ has
the potential

VðaÞ ¼ A

3
ffiffiffi
2

p λf3 cos
a
f
≃

A

3
ffiffiffi
2

p λf3
a2

f2
þ… ð67Þ

We can interpret these quadratic terms as a mass term
1
2
m2

θa
2 implying

m2
θ ∼ Aλf ∼ Amϕ: ð68Þ

Therefore, when cH2 ∼m2
ϕ, and when the angular field

starts to roll, one has

θ̇ ∼
m2

θ

H
∼
m2

θ

mϕ
∼

ffiffiffiffiffiffi
cA

p
: ð69Þ

It follows that the ϕ asymmetry at Trh is given by

Yϕ ¼
�

f2θ̇
4H2MPl

��
Trh

MPl

�
∼

ffiffiffiffiffi
c3

p �
A

λ2MPl

��
Trh

MPl

�
; ð70Þ

which gives

RAD ¼ aeff
m3=2

λ2MPl
; ð71Þ

where aeff collects the coefficients including am ≡ A
m3=2

.

This ϕ asymmetry leads to a baryon asymmetry, and in
turn the late time baryon abundanceΩB. Accordingly, if we
assume the gravitino is the LSP for which the late time
abundance is due to freeze-in (as in Sec. III C), then we can
compute the ratio of ΩDM to ΩB can be obtained from
Eq. (15). For gravity mediation A ∼m3=2 ∼m1=2, whereas
for gauge mediation A ∼m1=2 ≫ m3=2, implying two cases

ΩDM

ΩB
∼
�

λ

10−9

�
2

×

(
1 Gravity med:
m1=2

m3=2
Gauge med:

ð72Þ5This can be matched to the general potential of Eq. (37), with
the identification 1

Λn−3 → λ. Simply taking n ¼ 3 sets λ ¼ 1.
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where we have used the form of RUV;3=2 from Eq. (30).
Thus we conclude that this R-parity violating operator
provides an elegant example of our case of interest in which
the ratio of dark matter to baryon abundance is Trh
independent, with both Q-balls and washout are avoided
due to the (technically natural) small coupling λ ∼
10−10–10−9 as given by Fig. 3.
Note that an expectation value for UiDjDk breaks Uð1ÞY

and SUð3Þc. A large hϕi ¼ fðtÞ implies large masses for the
Uð1ÞY and SUð3Þc gauge bosons which can impede

thermalization of the visible sector [7]. Therefore, the basic
condition for thermalization to proceed as usual is that the
gluon and gluinomasses,Mg ∼ g3fðtÞ, become smaller than
the temperature at T ¼ Trh. If this condition is satisfied, the
effect of the gauge boson mass becomes negligible during
the radiation-dominated era, since fðtÞ ∝ a−3=2.
Let us briefly examine this condition, focusing on its

parametric dependence. At T ¼ Trh, the ratio of the energy
density of the Affleck-Dine (AD) fields to the total energy
density is given by

FIG. 3. We consider the RPV flat direction such that the baryon asymmetry is set by RPV coupling λ in Eq. (61), and the parameter
aeff implicitly defined in Eq. (71). We indicate parameter values that correctly reproduce the observed dark matter abundances
(dashed lines) and baryon asymmetry (dotted lines) and via UV freeze-in of the gravitino and Affleck-Dine baryogenesis,
respectively. The black solid line identifies both dark matter and baryon abundance are the observed values. Observational
constraints are overlaid. The blue shaded region indicates the gravitino LSP lifetime does not lead to indirect detection constraints,
and the gray region corresponds to where large λ leads to washout of the asymmetry, both taken from [79]. While BBN limits
can arise from NLSP (with mass msoft) decays to gravitinos, for the whole plot area shown, these are found not to be constraining.
The yellow region indicates typical LHC limit on colored superpartners, we take the conservative bound m1=2 > 2.4 TeV [80]. In the
three panels we consider both gravity and gauge mediated type spectra, and the case in which the Oð1Þ coefficients RAD in the
Affleck-Dine model are less than unity. Observe that viable scenarios exist in all cases, although the gravity mediated model with
RAD ¼ 1 is most tightly constrained, requiring Trh ∼ 109 GeV.
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ρϕ
ρtot

∼
f2ðtADÞ
M2

Pl

∼
m2

ϕf
2ðtrhÞ
T4
rh

: ð73Þ

From this expression, we can derive the ratio between
fðtrhÞ and Trh as

fðtrhÞ
Trh

∼
fðtADÞTrh

mϕMPl
∼

Trh

λMPl
: ð74Þ

Here, λ and Trh are constrained by the baryon-to-dark
matter ratio as well as by their absolute values. For a given
value of λ, the reheating temperature Trh can be fixed by the
model parameters and cosmological abundances using
Eq. (70). Consequently, the ratio between the gauge boson
mass and the temperature at T ¼ Trh is expressed as

Mg

T

����
T¼Trh

∼
�

Yϕ

10−10

��
λ

10−9

��
0.1 GeV

A

�
: ð75Þ

One may be concerned that for Mg=T ≫ 1 that the
connection between the dark matter and baryons will be
disrupted, thus we restrict to Mg=T ≪ 1. In the parameter
space considered in our model, this ratio can be sufficiently
small. Thus, the gravitino DM production proceeds via the
usual UV freeze-in mechanism.
Various concerns arise once the Lagrangian includes

RPV operators, and we discuss them in turn below. Since
we have seen in the above that gauge mediated models
with a stau NLSP can decay without dominating the
gravitino abundance or disrupting BBN, we will restrict
our discussion in this section to gravity mediated scenar-
ios with mNLSP ∼m3=2. Suppose that the neutralino is the
NLSP, its lifetime due to the presence of the UDD
operator has [77,81]

τ
=Rp

NLSP ≃ 0.1 sec

�
10−10

λ

�
2
�
1 TeV
mNLSP

�
5
�
2 TeV
mq̃

�
4

; ð76Þ

where mq̃ is the common scale of the squarks. Note that if
the RPV coupling is too large it can lead to wash-out of
generated baryon asymmetry, following [82,83], to avoid
this we restrict λ≲ 10−7. Observe that for the parameter
values shown the NLSP decays to Standard Model
particles via the RPV operator well before BBN.
RPV also implies that the gravitino is now unstable and

we require that its lifetime is sufficiently long that its
decays are not observable. Since the decay rate is sup-
pressed by both the Planck scale and the RPV coupling
(which is assumed to be small) the gravitino typically
always lives longer than the age of the Universe.
Specifically, consider we only introduce the RPV operator
ofUDD, the lifetime of the gravitino LSP (with stau NLSP)
can be estimated to be [79,83–85]

τψ3=2
≃4.6×1029 sec

�
10−10

λ

�
2
�
1 TeV
m3=2

�
7
�

mq̃

2 TeV

�
4

:

ð77Þ

To satisfy constraints from indirection searches restricts
τ3=2 ≳ 1027 sec [86–88], which is not overly constraining.
All those constraints are shown in Fig. 3.
We close by noting that care should be taken not to

introduce both B and L violating dimension four or five
operators, as this will generally lead to unacceptably fast
proton decay. Moreover, if the gravitino is lighter than the
proton, then B-violation alone can lead to proton decay
which can run into tension with constraints [89].

VI. CONCLUSIONS

This work has highlighted that the Affleck-Dine
mechanism is highly symbiotic with UV freeze-in pro-
duction of dark matter. Through pairing these mecha-
nisms, the abundances of both the baryons and dark
matter can be simultaneously explained through an
appropriate value of the reheating temperature of the
Universe Trh. In particular, for UV freeze-in via a
dimension five operator, then the ratio ΩDM=ΩB does
not exhibit any dependency on the reheating temperature
of the Universe. While this is more generally true for any
mechanism in which an observed quantity has a linear
dependence of Trh, these two mechanisms provide the
cleanest examples.
Since the Affleck-Dine mechanism is intrinsically super-

symmetric (to obtain flat directions), we identified a
number of SUSY candidates that are ideal for realizing
this scenario. In particular, we have seen that the gravitino
provides an excellent candidate for linking UV freeze-in
and Affleck-Dine baryogenesis. Figures 1 and 2 nicely
illustrate the general scaling principles that lead to the
parametric coincidence between ΩDM and ΩB.
A number of constraints arise from consistency con-

ditions and observational limits. In particular, to maintain
the connection between ΩDM and ΩB, one must avoid
altering either quantity through other processes, in particu-
lar, Q-ball formation and NLSP decays. There may also be
BBN constraints from NLSP decays. We have outlined a
range of scenarios in which the various constraints can be
satisfied, including specific models in which many issues
are avoided. In particular, we have highlighted the case in
which RH sneutrino is identified as the NLSP and the
Affleck-Dine field as particularly attractive.
It is notable that by requiring the reheat temperature to be

fundamental in establishing both the baryon asymmetry
and the dark matter abundance, it leads to a more con-
strained scenario than either of these two UV-dominated
mechanisms separately.
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APPENDIX A: AVOIDING
MATTER DOMINATION

To maintain our link between UV freeze-in and baryo-
genesis it is important to ensure that the energy density
stored in the flat direction ϕ does not come to dominate the
energy density of the Universe prior to its decay. In this
appendix, we derive a simple constraint on the initial field
value hϕi to avoid this issue. We assume that the flat
direction begins oscillating when the Hubble parameter
drops to H ∼mϕ, at which point its energy density is

ρϕ ∼m2
ϕjϕj2: ðA1Þ

At the same time, the background inflaton energy density is
approximately ρI ∼M2

PlH
2 ∼M2

Plm
2
ϕ. Hence, the initial

ratio is [cf., (Eq. (10)]

ρϕ
ρI

∼
fðtADÞ2
M2

Pl

: ðA2Þ

This ratio maintains until reheating. Since the Affleck-Dine
field redshifts as matter ρϕ ∝ a−3, while for the radiation
ρr ∝ a−4 after reheating, the ratio atT ¼ T�, the temperature
ϕ condensate dissipates (by thermalization or ϕ deacy), is

ρϕ
ρr

����
T¼T�

∼
fðtADÞ2
M2

Pl

Trh

T�
; ðA3Þ

whereT� denotes the temperaturewhereϕ decays or scatters
with the StandardModel bath, whichever is larger. T� can be
obtained from Γϕ ∼H, where Γϕ is the decay or scattering
rate of ϕ.
We can check this criterion in the specific context of the

models of Sec. V. We find for the sneutrino model,
Γϕ ∼ A2

ν=T, which gives T� ∼ ðMPlA2
νÞ1=3. To avoid early

matter domination, we require

Aν ≳ fðtADÞ3T3=2
rh

M7=2
Pl

; ðA4Þ

which is satisfied for the parameter space we consider.
Similarly, Γ ∼ α2sT for the RPV model. We get T� ∼ α2sMPl
so ϕ thermalizes quickly with the Standard Model bath.
Hence in either case matter domination does not occur for
the parameter space of interest.

APPENDIX B: PRODUCTION
BEFORE REHEATING

In this appendix, we discuss a subtlety regarding non-
instantaneous reheating. Dark matter production may
initiate once the thermal bath is populated and while the
inflaton (or other field) is still injecting energy into the bath.
Indeed, in certain cases, the thermal bath may reach
temperatures Tmax higher than Trh before subsequently
cooling [90,91]. Thus we should ascertain whether dark
matter production at temperatures T > Trh (times t < Trh)
can be typically ignored.
Consider the Boltzmann equation ṅþ 3Hn ¼ ΓðTÞ

where we parametrize the rate ΓðTÞ ∼ RT6=Λ2. For a given
Hubble time Δt ¼ H−1 with t < Trh the change in the
number density Δn is parametrically

Δn ∼ ΓðTÞ 1
H
: ðB1Þ

We can estimate the yield prior to freeze-in at t ¼ Trh�
Δn
s

�
Trh

¼ Trh

�
Δn
ρtot

�
t¼Trh

: ðB2Þ

Because for t < Trh one has Δn ∝ a−3, and ρtot ∝ a−3, it
follows�

Δn
ρtot

�
t¼Trh

≃
�

Δn
H2M2

Pl

�
t<Trh

≃
�

ΓðTÞ
H3M2

Pl

�
: ðB3Þ

For t < Trh one has ρrad ≪ ρtot ∼H2M2
Pl and thus

T4 ≪ H2M2
Pl. Therefore for T > Trh the Hubble rate is

HðTÞ ≃ T2

MPl
×

�
T
Trh

�
m

ðm > 0Þ: ðB4Þ

where m parametrizes the expansion rate prior to reheating
(for standard inflationary reheating, one typically takes
m ¼ 2 cf., [91]). Then using Eq. (B4) in Eq. (B2) one
obtains

Δn
s

����
Trh

¼ Trh

�
ΓðTÞ
H3M2

Pl

�

∼ Trh

�
ΓðTÞMPl

T6

�
×

�
Trh

T

�
3m
: ðB5Þ

Alternatively, we can write ðT=TrhÞm ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρtot=ρrad

p
. Taking

the production rate to be ΓðTÞ ∼ R T6

Λ2 one has
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Δn
s

¼ R
TrhMPl

Λ2
×

�
ρrad
ρtot

�
3=2

: ðB6Þ

While there is a Trh-dependence, for temperatures in excess
of the reheat temperature at times t < Trh, this leads to a
suppression since ρrad ≪ ρtot. Thus dark matter production
during t < Trh can typically be neglected.

APPENDIX C: MORE GENERAL NLSP DECAYS

Considering the case of a gravitino LSP whose relic
abundance is given by Eq. (33) in this appendix we
examine the implications of NLSP decays for typical
candidates. These decays may either invalidate Eq. (33)
or lead to experimental exclusions. Since there are a
number of differences between gravity mediation and
gauge mediation, such as the sparticle spectra and the
conditions for avoiding Q-ball formation, we must consider
these two scenarios separately.

1. B1: Gauge mediated SUSY breaking

In the case of gauged mediated supersymmetry breaking
the gravitino is generically the LSP and can be made
arbitrarily light compared to the mass scale of the other
superpartners msoft (up to cosmological consideration).6

The NLSP is not uniquely identified, although it is often
taken to be the neutralino. Identifying the NLSP is
especially important in this case since it will decay to
the gravitino LSP and its contribution to the gravitino
abundance is given by

ΔΩ3=2h2 ¼
m3=2

mNLSP
ΩNLSPh2: ðC1Þ

Thus unless the NLSP is especially poor at annihilating,
then on anticipates that ΔΩ3=2h2 ≪ 1 for a modest splitting
m3=2 ≪ mNLSP. Such a mass hierarchy between the grav-
itino and other sparticles is expected in gauge mediation,
cf., Eq. (41).
To verify this assertion that one can typically neglect

contributions to Ω3=2h2 provided m3=2 ≪ mNLSP, let us
consider a couple of examples. Suppose the NLSP is a
neutralino χ, such a candidate is a natural WIMP candidate
over much of its parameter space as such ΩNLSPh2 ∼ 0.25
for mχ ∼ 1 TeV. Then the requirement that ΔΩ3=2h2 ≪ 1

implies m3=2 ≪ 1 TeV or equivalently, M ≪ MPl which is
a typical expectation. Let us consider the stau NLSP as
another example [67]

ΔΩ3=2h2 ¼ 0.01

�
m3=2

1 GeV

��
mτ̃

1 TeV

�
: ðC2Þ

The parameter values indicated above would imply a
percent level change in the relic gravitino abundance.
Thus this hierarchical separation between m3=2 and msoft

allows the contribution to the relic gravitino abundance
from NLSP decays to be negligible in many cases.

2. B2: Gravity mediated SUSY breaking

We next consider the scenario in which supersymmetry
breaking is communicated to the visible sector only via
gravity. We will restrict our attention to leptonic flat
directions (e.g., ϕ=

ffiffiffi
2

p ¼ Hu ¼ L or ϕ ¼ ν̃R) in order to
avoid Q-ball formation as discussed in Sec. IV B. In this
case the gravitino can be arranged to be the LSP, as
discussed in Sec. III, and then identifying the NLSP is
important for understanding the phenomenology and
constraints.
In gravity mediated models the low energy spectrum of

superpartners is determined by UV boundary conditions
and renormalization group running. The archetypal model
of gravity-mediated supersymmetry is the constrained
minimal supersymmetric Standard Model (CMSSM),
which enforces a number of conditions on the soft
parameters at the GUT scale. In particular, one assumes
universal soft SUSY-breaking masses for the scalars m0,
gaugino m1=2, and universal trilinear supersymmetry-
breaking A-terms (A0). After running to low energy, the
lightest Standard Model superpartner is found to be
either the (mostly bino) neutralino χ or the stau τ̃, with
mχ ≃ 0.4m1=2 and m2

τ̃ ≃m2
0 þ 0.15m2

1=2 [94]. One of these
two states will typically be the NLSP (if the gravitino is the
LSP); however, as we discuss below, there are caveats.
The problem arises that neither the bino or the stau

annihilate efficiently enough to heavily deplete their relic
abundances. Moreover, without significant tuning, the
gravitino cannot be made significantly lighter than the
NLSP in gravity mediation [24]: mNLSP ∼m3=2. By inspec-
tion of Eq. (C2) for the stau one finds that the contribution
to the gravitino abundance from NLSP decays is typically
comparable to (or greater than) the thermal gravitino
abundance, i.e., ΔΩ3=2h2 =≪Ω3=2h2. A similar conclusion
can be found for the binolike neutralino [95,96]. This is
clearly a concern since we are relying on Trh-dependent
thermal production of gravitinos to provide the link
between ΩDM and the baryon asymmetry in Eq. (15),
however, this is an issue that can be resolved with some
further model building.
The CMSSM is one of the most constrained super-

symmetric extensions of the Standard Model one can
construct (hence its name). Deviations from the universal
boundary conditions can change the NLSP. For instance, if
one considers nonuniversal soft breaking masses for the

6A similar mass hierarchy m3=2 ≪ mNLSP can arise in a special
class of UV completions to supersymmetry called “no-scale”
supergravity [92,93], which involves a nonminimal Kähler
potentials. Leading to similar conclusions regarding ΔΩ3=2h2.
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Higgses at the GUT scale, then depending on the choice of
parameters, the NLSP can be neutralino, Higgsino, or
sneutrino in addition to a pure bino or stau [97].
Furthermore, the inclusion of additional states or sym-

metries can further perturb the spectrum while remaining
within the framework of gravity-mediated SUSY breaking.
For instance, one can forbid the μHuHd operator at tree
level via a symmetry and subsequently reintroduce this
term via the Giudice-Masiero mechanism. This both solves
the μ problem of the MSSM and allows μ some degree of
freedom [98]. If m3=2 < μ < msoft, then the Higgsinos can
be the NLSP.
While it remains challenging to obtain ΔΩ3=2h2 ≪ 0.1

with m3=2 =≪msoft and msoft ∼ TeV (in order to avoid
collider constraints) it is possible in some parts of param-
eter space. For instance, for a Higgsino NLSP the freeze-
out abundance (prior to decays) is given by [99]

ΩH̃h
2 ∼ 0.1

�
μ

1 TeV

�
2

: ðC3Þ

By comparison to Eq. (34) this implies

ΔΩ3=2h2 ¼ 0.01

�
m3=2

300 GeV

��
μ

350 GeV

�
: ðC4Þ

With the stated parameter values NLSP decays produce
10% of the gravitino dark matter, which is acceptable but

less compelling. Moreover, one anticipates that the other
superpartners (including the colored states) appear within
an order of magnitude of m3=2. Thus one predicts sub-
3 TeV gluino which is near the edge of experimental
tension. This likely also requires some tuning in the
supergravity model to get an order-of-magnitude mass
separation between the gluino and gravitino [24].
We have identified three scenarios in which NLSP

decays can be neglected:
(i) Resonant NLSP annihilation.
(ii) Mass splittings m3=2 ≪ mNLSP.
(iii) R-parity violating decays of the NLSPs.

The case of R-parity violating decays was already dis-
cussed in Sec. V.
Many of the NLSPs discussed above can annihilate to

Standard Model states on resonance via the heavy scalar
components of the Higgs sector, the heavy CP-even state
H0 and the CP-odd A0. Resonant annihilation can be orders
of magnitude more effective at reducing cosmological
abundances. Cosmological abundances following resonant
annihilation have previously been studied in the literature
for neutralinos (including bino-Higgsino) [100,101], sneu-
trinos [75,102], and staus [68,69]. Resonant annihilation
can lead to ΩNLSPh2 ≪ 0.1 and thus one can obtain
ΔΩ3=2 ≪ Ω3=2 with m3=2 ∼mNLSP, removing the con-
straints and disruption of NLSP at the cost of fine-tuning
the masses onto resonance: mH ≈ 2mNLSP.
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