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Abstract: We investigate supersymmetry (SUSY) breaking scenarios where both SUSY

and Lorentz symmetry are broken spontaneously. For concreteness, we propose models in

which scalar fluid or vector condensation breaks Lorentz symmetry and accordingly SUSY.

Then, we examine whether such scenarios are viable for realistic model buildings. We find,

however, that the scalar fluid model suffers from several issues. Then, we extend it to a

vector condensation model, which avoids the issues in the scalar fluid case. We show that

accelerated expansion and soft SUSY breaking in matter sector can be achieved. In our

simple setup, the soft SUSY breaking is constrained to be less than O(100)TeV from the

constraints on modification of gravity.
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1 Introduction

Supersymmetry (SUSY) has been a plausible candidate for the physics beyond the standard

model of particle physics as well as general relativity. In particular, superstring theory can

be a possible ultraviolet(UV) completion of SUSY including quantum gravity. SUSY plays

an important role in string compactification, since the presence of unbroken SUSY ensures

the stability of the vacuum. Nevertheless, in realistic model buildings, SUSY needs to be

(spontaneously) broken at some scale. One of the reason for SUSY breaking is that collider

experiments so far have not yet discovered any signature of expected SUSY partners of the

standard model particles, which implies that superpartners have to obtain masses much

larger than that of standard model particles. Besides that, from cosmological observation,

our Universe is in an accelerated expansion phase, which also requires SUSY to be broken.

Therefore, SUSY breaking mechanism is an important issue for realistic model buildings.

The most of models of spontaneous N = 1 SUSY breaking can be classified into

either F-term or D-term breaking scenarios, where the auxiliary scalar components of SUSY

multiplets get non-vanishing vacuum expectation values (VEV). In particular, F-term SUSY

breaking scenario has been considered in various model buildings. For example, dynamical

SUSY breaking [1–7] has a good theoretical control of the SUSY breaking scale, which

would be necessary to realize the hierarchy between Planck scale Mpl and SUSY breaking

scale. F-term breaking plays a crucial role in string theoretical realizations of de Sitter

vacua such as KKLT [8] and LVS [9, 10]. In those models, anti-D3 brane breaks SUSY

spontaneously, (not explicitly) [11]. The recent studies [12–20] show that anti-D3 brane

can be effectively described by a non-linear realization of SUSY [21–27], which necessarily

has a non-vanishing F-term. The other scenario is D-term breaking models, where the

auxiliary field in gauge multiplets get non-vanishing vacuum expectation values.

What else is possible as spontaneous SUSY breaking scenarios? Although the F-term

or D-term breaking scenarios provide building blocks for realistic models, it would be in-

teresting to think about other options if possible. In this work, we propose an alternative
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scenario, which we dub as aether SUSY breaking where SUSY is spontaneously broken by

vector condensation rather than non-vanishing F-terms or D-terms. Such a scenario leads

to Lorentz violation, which would show phenomenological features that differ from F-term

and D-term breaking models. As a prototype of the scenario, we first discuss kinetic SUSY

breaking scenario where scalar field fluid breaks SUSY, but one immediately finds several

problems, which seem to make difficult both ultraviolet completion and phenomenologically

consistent model buildings. Then, we discuss how to cure the issues, which leads us to a

vector condensation scenario rather than one with scalar fluid.1

Let us clarify the idea behind our models: There are some symmetry breaking patterns

within SUSY. Without gravity, F-term / D-term breaking is the case that SUSY is sponta-

neously broken while the Lorentz symmetry is left unbroken. The positive vacuum energy

does not have any meaning unless (super)gravity is turned on, and therefore, within global

SUSY, these breaking scenarios realize SUSY broken Minkowski spacetime. Once gravity

is turned on, and if total vacuum energy density is positive, the Universe experiences the

de Sitter phase and de Sitter isometries become the remaining spacetime symmetry. If by

chance the total energy is absolutely zero, we find Minkowski spacetime with broken SUSY

within supergravity. On the other hand, if time or spatial translation is broken, some part

of Lorentz symmetry and SUSY would also be broken simultaneously. In kinetic SUSY

breaking model, the time translation, Lorentz symmetry and SUSY are broken simultane-

ously. The difference is that in kinetic SUSY breaking, these symmetries are broken even

without gravity, whereas the F-term breaking only breaks SUSY. In aether SUSY breaking

model, vector condensation breaks Lorentz symmetry.

Recently the swampland conjectures, which are claimed to be the conditions on low

energy field theories consistent with quantum gravity, are actively discussed (for a compre-

hensive review of swampland conjectures, see e.g. [30]). In particular, one of the conjectures

says that quantum gravity cannot realize de Sitter vacua [31–33]. Although those conjec-

tures are controversial, it may suggest that new possibilities of accelerated expansion are

necessary. Since SUSY breaking and realization of accelerated expansion are tightly related

to each other within SUSY models, alternative realizations of accelerated expansion may

also imply necessity of new types of SUSY breaking scenarios. In this sense, our proposal

may open new possibilities for realistic model buildings from UV theories such as string

theory.

Independently of the UV completions, our new models of SUSY breaking have an

interesting phenomenological feature: The spontaneous breaking of the time translation in-

variance modifies the property of gravitational degrees of freedom. As a result, we find that

SUSY breaking scale, which is related to time translation violation scale, is constrained by

tests of general relativity rather than collider experiments. Regarding collider experiments,

at least one should realize the splitting of the mass scale between that of the standard

model sector and its superpartner sector. We discuss how vector condensation can realize

soft SUSY breaking. Interestingly, due to the constraints on the modification of gravity, the

1The appearance of the preferred frame vector field is also known in the context of Einstein-Aether

model [28, 29].
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soft SUSY breaking scale within our simple model is constrained to be less than O(100)TeV,

which can be either confirmed or excluded by future collider experiments.

The rest of the paper is organized as follows. In Sec. 2, we briefly review F-term SUSY

breaking scenario for comparison with our new scenarios. We propose the kinetic SUSY

breaking scenario in Sec. 3, which explains the main idea of our proposal. However, we

immediately find several issues in the model as discussed in Sec. 3.1. Then, we propose

the aether SUSY breaking scenario as a more realistic model in Sec. 4. We also discuss

constraints on the characteristic vector condensation scale, which is intimately related to

soft SUSY breaking scale. Finally, we conclude in Sec. 5.

2 Brief review of F-term SUSY breaking

Let us briefly review F-term SUSY breaking scenarios. First, we discuss a general aspect

of SUSY breaking. Suppose a chiral superfield is responsible for SUSY breaking. For

simplicity, we will use superfields in global SUSY. A chiral superfield is given by 2

Φ(y, θ) = A(y) +
√
2θψ(y) + θθF (y), (2.1)

where A(x), ψα(x), and F (x) are a complex scalar, a Weyl fermion, and a complex

auxiliary scalar field (F-term), respectively. Here, we have used the chiral coordinate

yµ = xµ + iθα(σµ)αα̇θ̄
α̇, where α, α̇ denote two-component spinor indices. We can read

off the condition on SUSY breaking from the transformation law of ψ, which is given by

δψα = i(σµ)αα̇ǭ
α̇∂µA+

√
2ǫαF, (2.2)

where ǫα and ǭα̇ denote SUSY transformation parameters. One can see that 〈δψ〉 6= 0 when

either 〈F 〉 6= 0 or 〈∂A〉 6= 0. The former situation is called the F-term SUSY breaking.

Most of the phenomenological models are based on such a scenario, whereas, to our best

knowledge, the latter situation has not been applied to realistic model buildings. 3 In later

sections, we propose a model based on the latter situation.

A simple F-term breaking scenario can be briefly summarized as follows: In supergrav-

ity, the (F-term) scalar potential is given by

VF = eK/M2
pl

(

DIWKIJ̄DJW̄ − 3
|W |2
M2

pl

)

, (2.3)

where Mpl ∼ 2.4×1018GeV denotes the Planck scale, K(ΦI , Φ̄J̄), W (ΦI) denote Kähler and

superpotential, respectively, and ΦI (Φ̄J̄) are (anti-)chiral superfields. The Kähler covariant

derivative is defined as DIW = ∂IW +KIW/M2
pl, K

IJ̄ is the inverse of the Kähler metric

KIJ̄ = ∂I∂J̄K and ∂I denotes the derivative with respect to scalars ΦI . The quantities

2We will use the notation of [34] throughout this paper.
3Non-vanishing D-term in gauge sector can also break SUSY spontaneously. Recently, D-term breaking

models with a new class of Fayet–Iliopoulos term has been proposed [35–37]. Here, however, we will focus

only on F-term breaking.

– 3 –



characterizing the SUSY breaking are the VEV of F-terms 〈F I〉 and the gravitino mass

m3/2, which are given by

F I = −eK/(2M2
pl
)KIJ̄DJ̄W̄ , (2.4)

|m3/2|2 = eK/M2
pl
|W |2
M4

pl

. (2.5)

In terms of F I and m3/2, we may rewrite the scalar potential as

VF = F IKIJ̄ F̄
J̄ − 3|m3/2|2M2

pl. (2.6)

In order to achieve (1) SUSY breaking, (2) accelerated expansion of the Universe, and (3)

non-vanishing gravitino mass, we need the situation where 〈F IKIJ̄ F̄
J̄〉 − 3|m3/2|2M2

pl ∼
Λ4 ∼ O(10−120M4

pl), and |m3/2|2 6= 0 where Λ denotes the cosmological constant. This

requirement implies 〈F I〉 6= 0 for some chiral superfield ΦI and 〈W 〉 6= 0. If a single chiral

superfield S is responsible for SUSY breaking, we find the relation

|FS | ∼
√
3|m3/2|Mpl. (2.7)

The SUSY breaking effect is somehow mediated to matter sector, which realizes the

mass splitting between the standard model particles and their SUSY partners. For instance,

the higher-order Kähler mixing δK = − 1
M2 |S|2|Q|2 reads to the soft mass term for a scalar

field Q as m2
Q = |〈FS〉|2/M2 ∼ 3|m3/2|2(M2

pl/M
2), where S is the SUSY breaking multiplet

with 〈FS〉 6= 0 and M̃ denotes some mass scale suppressing the higher-order term. This

is often referred as gravity mediation especially for M ∼ Mpl.
4 There are other mediation

mechanisms, but as we will show, our new scenario is similar to gravity mediation type

scenarios (for a review of other mediation models, see, for example, [38]). For gauge sector,

a gaugino may obtain a soft mass term mg ∼ 〈FS〉∂S〈f〉/〈f〉 if we assume S-dependent

gauge kinetic function f(S). Even if we do not assume such a S-dependence on gauge

kinetic functions, anomaly mediation induces gaugino masses [39–41].

We stress that the F-term SUSY breaking is caused by non-vanishing scalar quantities,

and therefore, the rest of spacetime symmetry, diffeomorphism is unbroken. The models

we propose are very different in this respect, since we consider spontaneous breaking of

spacetime symmetry other than SUSY.

3 kinetic SUSY breaking

We consider an alternative scenario, which we dub as kinetic SUSY breaking. Unfortunately,

this scenario itself faces several issues as we will discuss; however, those issues can be

resolved in an extended model, aether SUSY breaking. Nevertheless, the main idea of

aether SUSY breaking scenario is the same as that of kinetic SUSY breaking. Therefore,

we will discuss kinetic SUSY breaking scenario somewhat in detail.

4Even if there is no higher-order Kähler mixing term, the models with minimal Kähler potential K =

|Q|2 + |S|2 can give a soft mass to the scalar Q within supergravity. In general, however, the quartic Kähler

term equally contributes to soft scalar mass.
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As we discussed, SUSY breaking takes place either by VEV of F-terms or background

with non-vanishing derivatives of scalar components. In the following, we consider the

latter possibility. We should note that such a possibility itself has been pointed out in the

literature [42–44]; however, to our best knowledge, soft SUSY breaking mediation to matter

sector as well as accelerated expansion of the Universe have not been addressed within such

a framework.5

From a phenomenological viewpoint, we require a model to achieve the mass splitting

between SUSY particles and the standard model particles, and accelerated expansion of

the Universe, at least. Of course, these are not sufficient conditions for realistic SUSY

models, but the above requirements are necessary to make a model consistent with current

experiments and observations. The simplest realization of accelerated expansion is a positive

cosmological constant, which is realized by the balance between F-term and gravitino mass

term in F-term SUSY breaking scenario. However, if we consider quintessential models,

positive cosmological “constant” is not necessary.

For an illustrative purpose, we consider a toy model where the accelerated expansion

is achieved by derivative terms of a scalar field, instead of (F-term) scalar potential, which

is known as k-essence [46]/ghost condensation [47]. To realize such a scenario, we consider

the following SUSY Lagrangian [48],

L =

∫

d4θ

(

K +
1

16
T (X̂)DαΦDαΦD̄α̇Φ̄D̄

α̇Φ̄

)

, (3.1)

where Φ is the SUSY breaking chiral superfield, K is a Kähler potential and X̂ ≡ 1
4 (∂(Φ−

Φ̄))2, and Dα and D̄α̇ denote spinor derivatives. We call the scalar component of Φ as

Φ|θ=0 = 1
√

2
(χ + iφ). We choose the Kähler potential to be K = K(Φ + Φ̄) so that the

Lagrangian has shift symmetry φ → φ+ c where c is a constant, and we identify φ as the

k-essence scalar field. We note that, although this expression is for a global SUSY case, the

(conformal) supergravity extension is straightforward, and there is no crucial difference for

components (see e.g. [42, 49–51]). In the absence of superpotential, the equation of motion

of the F-term FΦ has the solution FΦ = 0. Then, the on-shell action is given by

L = −1

2
KΦΦ̄

(

(∂φ)2 + (∂χ)2
)

+ T (X̃)

[

X̃2 +
1

4
(∂χ)4 + X̃(∂χ)2 + (∂φ∂χ)2

]

, (3.2)

where X̃ = −1
2(∂φ)

2. Let us assume for now that χ = 0.6 We take the Kähler potential

to be K = 1
2(Φ + Φ̄)2. Let us consider a homogenious background φ = φ(t), and then the

effective Lagrangian becomes

L = X + T (X)X2 ≡ P (X), (3.3)

where X = 1
2 φ̇

2 and dot denotes the time derivative. By choosing an appropriate function

T (X), this model can realize effective de Sitter phase as we will discuss below.

5The SUSY breaking scenario similar to ours was discussed in [45], where the authors imposed shift

symmetry of scalar fields by applying differential operators, and therefore, they concluded that the soft

SUSY breaking mediated to visible sector is very small. As we will show this is not the case in our setup.
6In this Lagrangian, this is a consistent solution of the equation of motion. Later, we will show that it

is possible to add effective mass to χ, which can also stabilize χ.
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As for other sector, we consider the standard setup,

L =

∫

d4θK0(Φ
I , Φ̄J̄) +

(
∫

d2θW (ΦI) + h.c.

)

, (3.4)

where ΦI denotes both matter sector and moduli fields if exists. Here we emphasize that

we will not consider F-term breaking scenarios. With vanishing F-terms, the F-term scalar

potential (2.6) becomes

VF = −3|m3/2|2M2
pl. (3.5)

If R-symmetry is unbroken, this term should vanish as well, but then gravitino becomes

massless. Here, we consider explicit breaking of R-symmetry by simply adding a constant

to the superpotential, 〈W 〉 = W0 = const. In string moduli stabilization models, such as

KKLT [8] and LVS [9], there appears non-vanishing (effectively) constant superpotential

due to the remnant of flux stabilization of moduli fields and so on. Without the k-essence

sector Φ, the scalar potential gives a negative constant,

〈VF 〉 = −3|W0|2
M2

pl

, (3.6)

which means that the minimum realizes SUSY anti-de Sitter spacetime. Of course, this

situation cannot describe our Universe, since the spacetime curvature is negative and also

SUSY is unbroken.

Let us discuss how the accelerated expansion as well as SUSY breaking and its media-

tion to matter sector can be achieved. Assuming all but the k-essence scalar are stabilized,

the effective action becomes

S =

∫

d4x
√−g(P (X) + 3|m3/2Mpl|2), (3.7)

where the latter term in parentheses is a positive constant (= a negative cosmological

constant). We take the background metric to be flat Friedmann-Robertson-Walker metric,

ds2 = −dt2 + a2(t)dx2, where a(t) is the scale factor. The equations of motion read

(PX + 2PXXX)Ẋ + 6HPXX = 0, (3.8)

3M2
plH

2 = ρ, (3.9)

ρ = 2XPX − (P + 3|m3/2Mpl|2), (3.10)

p = P + 3|m3/2Mpl|2, (3.11)

where PX = ∂XP , PXX = ∂X∂XP , H = ȧ/a, and ρ and p are energy density and pressure,

respectively. We find that when PX = 0, namely, if there is a local minimum for P (X)

at X = X0 = const, the equation of motion (3.8) is satisfied. Furthermore, the equation

of state parameter becomes w = p/ρ = −1. If ρ = −(P (X0) + 3|m3/2Mpl|2) > 0 the

accelerated expansion of the Universe takes place. From current observational data, the

Hubble parameter is negligibly small but positive H2
0 ∼ O(10−120M2

pl), and this requires a

miraculous cancellation between the k-essence term −P (X0) and the negative cosmological

constant originating from other sector −3|m3/2Mpl|2. This requirement seems unnatural,
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but the same is required for F-term uplifting cases, where the cancellation between positive

and negative contribution in the F-term potential is realized by fine-tuning.

Let us discuss the condition on the k-essence term at the local minimum P (X0). Ne-

glecting the tiny Hubble parameter, (3.9) implies

3|m3/2Mpl|2 ∼ −P (X0) > 0. (3.12)

Therefore, at the local minimum, P (X0) needs to be negative and slightly larger than the

gravitino mass term |P (X0)| > 3|m3/2Mpl|2, although the difference would be negligible. If

these requirements are satisfied, the de Sitter phase of the Universe can be realized.

Thus far, we have discussed the accelerated expansion, but how about SUSY breaking

mediation to matter sector? Even though F-term of any sector is vanishing, soft terms of

visible sector can be realized as follows: For chiral matter sector, we may consider Kähler

potential term

δK = − 1

M̃2
(Φ + Φ̄)2|Q|2, (3.13)

where Q denotes a generic matter scalar field such as squarks and sleptons, and M̃ denotes

an unknown mass parameter that suppresses the higher-order Kähler term. Such a higher-

order term gives rise to the effective “soft mass” term

δL = −X0

M̃2
|Q|2, (3.14)

as the usual gravity mediation. This possibility was pointed out in [52], in which the

author considered the slow-roll quintessence model, and such a mass term is negligibly

small. On the other hand, we are now considering a non-slow-roll type quintessence model,

and therefore, this contribution is no longer small. We also note that the similar quartic

Käher potential term can be introduced to Φ itself as

δK = − 1

48Λ2
(Φ + Φ̄)4, (3.15)

where Λ is a mass parameter. Such a term leads to the effective mass to χ

δL ∼ − X0

2Λ2
χ2, (3.16)

which stabilizes χ at the origin and therefore our assumption χ = 0 can be consistently

realized. We note that the shift symmetry of ImΦ direction is important to suppress the

mass term for the quintessence field φ.

Let us turn to discussion on the soft SUSY breaking scale. In order to make an estimate

on the value of the soft term, we parametrize P (X) as

P (X) =M4R(Y ) (3.17)

whereM denotes a mass parameter characterizing the higher dimensional operators in P (X)

and Y = X/M4. The value of Y0 = X0/M
4 depends on the choice of the function P (X).

But let us assume Y0 ≤ 1. M may be understood as a cut-off scale of this effective theory,

– 7 –



so the value of Y0 should be smaller than one, such that higher order terms becomes less

important. This situation would be naturally realized in the ghost condensation scenario.7

For k-essence scenario, some numbers of terms including higher-order terms need to be

relevant to make a local minimum, which may seem unnatural from effective field theory

viewpoint. For a concrete example, R(Y ) = Y + 0.5Y 2 − 9Y 3 + 9Y 4 has a local minimum

at Y0 ∼ 0.64 and R(Y0) ∼ −0.005. Of course, we show this example for an illustrating

purpose, and the rest of discussions does not much depend on the choice of P (X). One

may find more reasonable models from UV theory. In either way, we will assume that there

is a local minimum, where X 6= 0 in the following. Suppose |R(Y0)| ∼ O(1), for simplicity,

and then, since |P (X0)| ∼ 3|m3/2Mpl|2 is required, we find the relation

M ∼ |m3/2Mpl|1/2, (3.18)

and this means that the UV scale M is much larger than SUSY breaking scale ∼ |m3/2|.
For simplicity, we assume Y0 ∼ 18, and then the value of the velocity X0 is

X0 ∼M4 ∼ |m3/2Mpl|2. (3.19)

Thus, in this situation, we find the relation between X0 and gravitino mass scale |m3/2|.
This is similar to the F-term breaking scenario where |FS | is related to the gravitino mass

scale via the similar relation, see (2.7). In this case, the “soft mass” (3.14) for matter fields

is

m2
Q ∼

M2
pl

M̃2
|m3/2|2. (3.20)

When M̃ ∼Mpl, m
2
Q ∼ |m3/2|2, and this is indeed similar to the case of the F-term SUSY

breaking scenario.

As for gauge sector, anomaly mediation [39–41] would give rise to the gaugino mass,

since conformal compensator superfield, which is auxiliary degree of freedom, has non-

vanishing F-term even though any physical chiral superfields have vanishing F-term [53, 54].

The F-term of compensator S0 is |FS0 | ∼ |m3/2| as usual and the gaugino is mg ∼ g2b0
16π2m3/2,

where g denotes a gauge coupling and b0 the 1-loop beta function coefficient. Thus we have

found that the kinetic SUSY breaking realizes the soft SUSY breaking in matter sector in a

very similar manner to the F-term SUSY breaking scenario, by which realistic mass splitting

between standard model particles and SUSY particles can be realized without conflicting

the collider experiments so far.

3.1 Problems of kinetic SUSY breaking

We have seen that the kinetic SUSY breaking scenario may work as an alternative to F-term

SUSY breaking scenario. However, there is an issue unique to the kinetic SUSY breaking

scenario.

7If we consider ghost condensate scenario, there appear two ghost scalars due to SUSY. The second

ghost can be stable by some modification. See [48] for more details.
8Y0 ≪ 1 is more appropriate situation for a controllable effective field theory. However, we choose Y0 ∼ 1

for estimation.
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Let us show a problematic relation between the field excursion range of φ and the soft

SUSY breaking mass scale. In kinetic SUSY breaking, the current inflationary stage is

driven by a scalar field velocity X = 1
2 φ̇

2. In our simple solution X = X0 = const, we

can estimate the field excursion to realize O(1) e-folding number as follows: The number

of e-folding N is related to the field excursion range as

N =

∫

Hdt =

∫

dφ
H

φ̇
∼ H0√

X0
∆φ, (3.21)

where ∆φ is the field excursion range required for N e-folding. On the other hand, from

(3.14), X0 is related to a soft mass m2
Q, and therefore, we find the following relation

∆φ ∼ mQ

H0
NM̃. (3.22)

Since H0 ∼ O(10−60Mpl) is extremely small whereas mQ > O(1)TeV ∼ 10−15Mpl, this

relation means that the field excursion required in our model would be in general much

larger than Planck scale Mpl, unless we consider very unnatural parameter choices. For

example, if M̃ ∼ Mpl, ∆φ > 1045Mpl, which is in strong tension with the distance conjec-

ture [55]. Therefore, kinetic SUSY breaking cannot realize a model consistent with such

a conjecture. The relation (3.22) is rather general in our scenario independently of details

of k-essence scenarios. We also note that the relation (3.22) is also independent of the

condition −P (X0) − 3|m3/2Mpl|2 ≃ 3H2
0M

2
pl, and therefore, modification of this relation

cannot help to reduce the required excursion range. This result can be easily understood

by a simple reason: The mass term is provided by scalar velocity |φ̇|, which needs to be

sufficiently large to make mass splitting between SUSY particles and standard model ones.

This splitting needs to last for about the age of our Universe, which requires very large ex-

cursion for φ. Therefore, the kinetic SUSY breaking scenario inevitably faces this problem.

Note that, if the shift symmetry φ enjoys is exact, the large field excursion might be not

a problem. However, there are several discussions about the absence of global symmetry

in quantum gravity [56, 57] or the absence of global symmetry is proven in the context of

AdS/CFT [58, 59]. Therefore, such a large field excursion might be impossible to realize

within UV theories.

Other problem is model-dependent and associated with P (X) models with PX(X0) =

0. This situation leads to vanishing speed of sound for the fluctuation of φ. In ghost

condensation, it is pointed out that higher-order derivative terms provide M−2(∂2i φ)
2 as

leading spatial derivatives, which give the dispersion relation ω2 = k4/M2 [47]. Coupling

to gravity leads to negative contribution to the right-hand side of the dispersion relation,

and one finds Jeans-type instability, which leads to the constraint M < 100GeV, so that

the cosmic microwave background is not smeared out [60]. If we also require the same

constraint, we cannot realize mQ > 1TeV unless we assume extremely small M̃ . Also,

ghost condensation scenario may suffer from caustic formations [47, 60].

4 An extension: aether SUSY breaking

We propose a possible extension to overcome the above difficulties of the kinetic SUSY

breaking scenario: It was pointed out that gauged ghost condensation relaxes the constraint
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onM to beM < O(1012)GeV and also avoids the caustic formation issue [61]. In the gauged

ghost condensation, we consider gauged shift symmetry φ → φ −Mξ(x), ξ(x) is a U(1)

gauge transformation parameter, and introduce an associated U(1) gauge field Aµ(x), which

transforms as A(x) → A(x) + ∂µξ(x). As a result, the gauge invariant kinetic term of φ

becomes

X̂ =
1

2
M2 (∂µφ/M +Aµ(x))

2 ≡ 1

2
M2A2. (4.1)

In this case, the non-vanishing scalar fluid can be replaced with vector condensation and

a simple replacement of P (X̂) with P (A2/2) reads the “potential” for the gauge field Aµ.

Accordingly, the background solution in non-gauged ghost condensation X = X0 becomes

A = A0 in the gauged case.

As we mentioned above, the problem in non-gauged ghost condensation can be relaxed

by the gauging extension. Essentially, in the gauged ghost condensate case, the Goldstone

mode φ more strongly couples to the gauge field rather than gravity, which reduces the

modification of gravity. Besides that, we also notice an important feature: Since the scalar

φ can be eaten by the gauge field Aµ(x), the field excursion of φ is no longer physical, or in

other words, the scalar field is driving in (unobservable) “gauge” space. Therefore, such a

model can avoid extremely large field excursion problem discussed in the previous section.

Supersymmetric extension of the above idea is straightforwardly done as follows: We

introduce a vector multiplet V , and the gauge transformations are

Φ → Φ−MΛ (4.2)

V → V +Λ + Λ̄, (4.3)

where Λ is a gauge transromation parameter superfield. The gauge invariant combiation is

V̂ =M−1(Φ + Φ̄ +MV ). The gauge extension of the Lagrangian (3.1) is given by

L =

∫

d4θ
(

M2K(V̂) + T̃ (Â2/M2)DαV̂DαV̂D̄α̇V̂D̄α̇V̂
)

, (4.4)

where we have introduced

Âµ ≡ 1

4
σ̄µαα̇(D

αD̄α̇ − D̄α̇Dα)V̂ . (4.5)

The lowest component of Âµ is Aµ, and we note that this is a gauge invariant quantity.

These terms provide “potential” for A0, which causes vector condensation. The kinetic term

of the vector superfield is

L =
1

4g2

∫

d2θWαWα + h.c., (4.6)

where Wα = −1
4D̄

2DαV̂. One can think of this system to be that of a massive vector

multiplet V̂, and the terms in (4.4) can be regarded as nontrivial potential for massive

gauge multiplet, which leads to the vector condensation as mentioned above. We also note

that the superpartner scalar χ can be massive as in the previous case. So far, we have

described the system using global SUSY, and one can in principle extend the system to

supergravity; however, it would make the analysis more complicated. We leave it for future
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work. In the following discussion, we discuss couplings to gravity simply by covariantizing

the component action.9 The vector condensation is achieved as the case of P (X) model.

Therefore, we only focus on the dynamics below the condensation scale M in the following.

We briefly describe the low energy dynamics in the gauged ghost condensation model

(see [61] for details). Below the condensation scale M , the 0-th component of the vector A0

is integrated out and we are left with the following effective Lagrangian coupled to gravity,

L = LEH − 1

2g2
(Ȧi − gǫ∂iH)2 − 1

4g2
FijF

ij − 1

2
α(∂iAi)2 + · · · , (4.7)

where ǫ = M
√

2gMpl

and α is a dimensionless constant. Here we have made linearized approxi-

mation for gravity around flat spacetime gµν = ηµν +hµν and H corresponds to canonically

normalized gravitational potential H = Mplh00/
√
2. We have introduced the last term

in (4.7) which would originate e.g. from a higher-order derivative term −1
2α(∇µAµ)2,

which gives the leading order contribution to the longitudinal mode in Ai. We note that

the transverse modes of Ai has the standard dispersion relation. Therefore, the non-trivial

dispersion relation appears for the longitudinal mode and gravitational potential. Let us

parametrize the longitudinal mode as Ai = g∂iσ. The gradient term from Einstein-Hilbert

action reads LEH ⊃ −1
2(∂iH)2 in Newtonian gauge. Thus, we find the quadratic Lagrangian

of σ and H as

L =
1

2
(σ̃ H̃)

(

ω2k2 − αg2k4 −iǫωk2

iǫωk2 −k2(1− ǫ2)

)(

σ̃

H̃

)

. (4.8)

Essentially, there is only one propagating mode corresponding to Goldstone mode, and its

dispersion relation can be read from the zero of the above kinetic matrix and we find

ω2 = c2sk
2, (4.9)

where c2s = αg2. Indeed, in the decoupling limit of gravity Mpl → ∞ and ǫ→ 0, we are left

with a scalar kσ with the above dispersion relation. As expected, the longitudinal mode

can get the quadratic term αg2k2 only when α 6= 0. In the presence of gravity, there is

nontrivial mixing between gravitational potential H and σ, which leads to the two-point

function of H of the form,

〈HH〉 ∼ − 1

2M2
pl

1

k2

(

1− αg2ǫ2k2

ω2 − αg2(1− ǫ2)k2

)

, (4.10)

which leads to the modification of the gravity. Note that in the static limit ω → 0, the

above modification becomes just “renormalization” of gravitational constant or Planck scale.

9Nevertheless, we mention the possible supergravity corrections: One of the concerns of supergravity

corrections to bosonic component originates from the correction from auxiliary field in gravity multiplet.

We can embed the action (4.4) into comformal supergravity by making Dα the superconformal spinor

derivative [62]. Also, V̂ can be identified with a real multiplet with zero conformal weight. Then, the spinor

derivative is independent of chiral compensator. Since the auxiliary field in Poincaré supergravity multiplet

is the F-term of chiral compensator, we expect the supergravity extension does not lead to non-trivial

corrections to the bosonic action except minimal couplings to gravity. Indeed, for the ungauged case, there

is no such correction, see e.g. [51].
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However, energy source moving relative to the aether background leads to modified profile

of gravitational potential, which is constrained by observations discussed below.

The soft SUSY breaking mediation mechanism can be achieved by the replacement

(Φ + Φ̄) → V̂. The SUSY breaking can be described by introducing spurion superfield,

v = 〈V〉 = −θσ0θ̄M, (4.11)

where 〈A0〉 = M , and we find v2 = 1
2M

2θ2θ̄2. This is different from the chiral spurion

superfield for F-term breaking models s = θ2〈F 〉, but its square is the same, ss̄ = θ2θ̄2〈|F |2〉.
We also note that the D-term spurion vector field is g = θ2θ̄2〈D. Therefore, if the leading

order couplings of vector condensate to matter superfields have (accidental) Z2 symmetry

V̂ → −V̂, the effect of Lorentz violation to the visible sector can be suppressed. As the

kinetic SUSY breaking case, the “gravity mediation” can be realized by couplings such as

−
∫

d4θ
M2

M2
pl

V̂2|Q|2. (4.12)

This is the generalization of the coupling (3.13), which is reproduced by turning off the

gauge superfield V . After replacing V̂ with the spurion v, we find the soft scalar mass to

be m2
Q =M4/M2

pl as the previous case.

Let us discuss the constraints on model parameters. As discussed in [61], the gauged

ghost condensation model predicts the modification of the dynamics of gravitational po-

tential, especially for the energy density source moving with velocity v in preferred frame

relative to the ghost condensate. As a result, the gravitational potential shows the angular

dependence, which can be constrained by the parametrized post-Newtoninan parameter α2,

which is related to the model parameters as

α2 =
M2

2αg4(1− ǫ2)2M2
pl

, (4.13)

The observational constraint α2 < 2 × 10−9 [63] leads to the constraint on the scale M

as M <
√
αg × 1014GeV. The other constraint comes from black hole accretion [61],

since the gauged ghost condensation surrounding black hole can make the accretion faster.

The observation of XTE J1118+480 leads to
√
αM < 1012GeV [61], which in our case is

translated to the constraint on gravitino mass,

|m3/2| ∼
M2

√
3Mpl

< O(100)TeV, (4.14)

where we have assumed α ∼ g ∼ 1. If we assume a simple gravity mediation, mQ ∼ m3/2,

which implies that SUSY partners may be discovered in future collider experiments.10

We have to mention necessary fine-tuning of parameters required from the constraints

on gravitational wave speed: In the above discussion, we have assumed −1
2α(∇µAµ)2, which

would be the leading contribution to the dispersion relation of longitudinal mode of Ai.

10Recently, a conjecture on the gravitino mass is proposed in [64].
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However, from symmetry viewpoint, β(∇iAj)
2 can equally contribute, where β is a dimen-

sionless coupling constant. However, such a coupling includes β(〈A0〉ḣij)2 ∼ βM2(ḣij)
2,

which contributes to the dispersion relation of gravitational waves, and changes the sound

speed of graviton as quoted in [61]. We can make an estimate of the correction to be

|c2s−1|2 ∼ βM2/M2
pl. Since the gravitational wave speed is constrained by the observations

of gravitational wave and gamma ray, and the constraint is |cs−1|2 ∼ 10−15 [65]. Therefore,

we have to require
√

|β|M/Mpl < 10−15. For M ∼ 1012GeV, the constraint on the param-

eter is β < 10−9, which seems a very unnatural requirement. Unfortunately, we have not

found any explanations how to suppress the modification of the graviton dispersion rela-

tion. We expect such a requirement would be necessary for various Lorentz violation models

unless the violation scale is sufficiently small. In the “gravity mediation” discussed above,

small Lorentz violation cannot realize sufficiently large mass splitting between SUSY parti-

cles and standard model particles.11 The other possible constraints would be from Lorentz

violation in standard model sector. If we allow various direct couplings between standard

model sector and aether sector, more stringent constraints would be expected [61]. Regard-

ing Lorentz violation in visible sector, it was pointed out that SUSY suppresses the possible

violation [66, 67]. Nevertheless, we expect that in general, couplings to visible sector needs

certain amount of fine-tuning. As discussed in [61], if there is a symmetry Aµ → −Aµ and

the aether sector communicates with visible sector via gravity, the violation in visible sector

can be rather suppressed, which we assumed in our discussion.

We finally note that the soft mass spectra could be modified if we consider more general

cases. For instance, we have assumed that all F-terms and D-terms are vanishing; however,

hidden sector coupled to the aether field may lead to non-vanishing F- or D-term of them.

In such a case, the soft SUSY mass spectra of standard model sector can differ from the

one discussed above. Such a more involved setup might be important to construct realistic

models. Note also that, we have assumed A0 ∼ M , which seems rather natural. Also, we

have identified the mediation scale M̃ to be the Planck scale. However, if we construct

concrete models (with probably fine-tuned parameters), the scale relation between M and

|m3/2| and accordingly the soft mass scale can be different from our estimation. Then, the

constraints discussed here may be relaxed.

5 Conclusion

We have proposed a new class of SUSY breaking models, in which both Lorentz symmetry

and SUSY are spontaneously broken. As we have shown, scalar fluid, or vector condensation

may play the role of F-term, and soft SUSY breaking in visible sector can be realized

in a way similar to F-term breaking scenarios. However, as we have seen in the kinetic

SUSY breaking scenario, sufficiently large velocity is required for almost whole history of

the Universe, which leads to extremely large field excursion. We have also proposed the

11Even though stronger couplings between aether field and standard model sector give rise to sufficiently

large soft masses with a smaller Lorentz violation. However, of course, direct couplings between standard

model sector and aether would be also constrained. Therefore, such a possibility would not be able to

reduce the fine-tuning mentioned above.

– 13 –



improved model, aether SUSY breaking, where the scalar is eaten by a gauge field. Then

the scalar drives in “gauge space” and the notion of field excursion disappears, which solves

the large field excursion problem or does not require exact global symmetry. In both cases,

the Lorentz symmetry needs to be broken at a very high scale.

Our model discussed in this paper is one of the possibilities of more general class of

Lorentz violating SUSY breaking scenarios. The most important point of our proposal

is that SUSY breaking patterns for realistic model buildings is not restricted only within

F-term or D-term breaking scenarios. Investigation of our new SUSY breaking scenario

from UV theories such as string theory would be interesting. We note that realization of

(gauged) ghost condensation is discussed e.g. in [68]. The recently proposed “revolving

D-brane” model [69] may have similarity to our model since the motion of D-brane leads to

Lorentz violation and accordingly SUSY is spontaneously broken.

One of the interesting features of our model is that the Lorentz violation scale is tightly

related to SUSY breaking scale or soft SUSY mass scale. Therefore, the model is testable

either by collider experiments or (astrophysical) modified gravity tests. Specifically, the

constraints discussed within our simple model implies the SUSY breaking scale to be less

than O(100) TeV. Therefore, future collider experiments can test our model.

There are still various issues we should address. In this work, we have shown a specific

SUSY breaking setup; however, we have not specified possible matter couplings induced

by Lorentz violation. The Lorentz violation in the standard model sector was studied in

various literature (see e.g. [70–73] for earlier works.) In order to investigate such an issue,

we need to specify the coupling between matter sector and aether superfield. As discussed

in [61], discrete symmetry may suppress the leading order Lorentz violation effects on the

standard model, and SUSY may further suppress the violation effects [66, 67]. It would

be worth studying more details of phenomenological side of this scenario. It would also be

important to discuss the connection to very early Universe such as inflationary stage. We

leave these study for future work.
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