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SBGW 

energy density

over critical one

Source: K. Turbang adapted from LIGO/Virgo collab. arXiv:1612.02029
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Transition from metastable minimum to symmetry breaking vacuum

Order parameter

for symmetry breaking

V (x)

hxi ⌘ fa

�V{
Tc

T = 0

Tc minima are degenerate
nucleation to symmetry breaking vacuum occurs
through formation of bubbles of the true vacuum

Tn

Tn
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✦Transition rate controlled by bounce action

�(Tn) ' H(Tn)
4

�(T ) ' T 4e�
S3(T )

T

S3(T )

✦Nucleation happens at T such that

S3(T )

T

TcTn
✦Parameters controlling PT propertiesFOPT iii) on the behavior of the bubbles in the cosmic fluid. The two first ingredients can

be easily written in terms of field theory data of the FOPT:
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30

⇡2g⇤(Tn)T 4
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where �V (Tn) is the potential energy di↵erence between the true and the false vacuum at

Tn and ↵ is the latent heat relative to the radiation energy density ⇢R = ⇡2g⇤T 4

30 [54]. �H

is the inverse of the typical timescale of the transition normalized with respect to Hubble,

and it is defined under the assumption that the nucleation rate rises exponentially [51, 52]:

S(t) = e�HH(t)(t�tn). Using the approximate nucleation condition in Eq. (2.14) we can

write

�H(Tn) ' S0(Tn) � C , (2.19)

where S0(Tn) & C in order for the nucleation rate to rise and �H & C ⇠ 100 unless a

fine-tuning between the first and the second term of the above expression is involved. To

evaluate the �H fine-tuning in explicit models we define

��H
= Max{pi}

����
d log �H

d log pi

���� , (2.20)

where pi are the parameters of the theory. As we will discuss in Sec. 3 the parametric

of the fine-tuning above can be derived for our general class of models and the computed

explicitly in the models of Sec. 4. As a result, having �H < 10 would imply a large amount

of fine tuning between the parameters of the theory. This region of parameter space in

Fig. 1 is then theoretically disfavoured. We leave a more careful study of this quantity in

more general scenarios leading to SGWB signals for future work [55].

The dominant production mechanism of gravity waves depends instead on the dynam-

ics of the bubbles in the cosmic fluid which is going to set the bubble velocity vw and the

dominant GW production mode. The bubble wall velocity can be determined by equili-

brating the pressure on the bubble wall induced by the di↵erence in potential energy �V

with the friction forces exerted by the surrounding plasma []. The latter are induced by

states becoming more massive in the true vacuum. The total pressure can be written as

p = �V � �PLO � ��PNLO , PLO =
T 2�m2

24
, PNLO ' 1

16⇡2
�g2�mV T 3 , (2.21)

where � = 1/
p

1 � v2 and at leading order the plasma friction PLO is velocity independent

and depends only on the change in the mass squared of all the states in the thermal bath

while the NLO radiation depending on the change in mass of the vector boson is �-enhanced

for v ! 1 [].

Two cases can be distinguished which result in two separated production modes of

GWs:

• Bubble collisions dominance.
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Energy released during
phase transition

Inverse time-scale of
the phase transition
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where �V (Tn) is the potential energy di↵erence between the true and the false vacuum at

Tn and ↵ is the latent heat relative to the radiation energy density ⇢R = ⇡2g⇤T 4
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explicitly in the models of Sec. 4. As a result, having �H < 10 would imply a large amount
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Fig. 1 is then theoretically disfavoured. We leave a more careful study of this quantity in

more general scenarios leading to SGWB signals for future work [55].

The dominant production mechanism of gravity waves depends instead on the dynam-

ics of the bubbles in the cosmic fluid which is going to set the bubble velocity vw and the

dominant GW production mode. The bubble wall velocity can be determined by equili-

brating the pressure on the bubble wall induced by the di↵erence in potential energy �V

with the friction forces exerted by the surrounding plasma []. The latter are induced by

states becoming more massive in the true vacuum. The total pressure can be written as
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p

1 � v2 and at leading order the plasma friction PLO is velocity independent

and depends only on the change in the mass squared of all the states in the thermal bath

while the NLO radiation depending on the change in mass of the vector boson is �-enhanced

for v ! 1 [].

Two cases can be distinguished which result in two separated production modes of
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• Bubble collisions dominance.

– 9 –



SGWB from FOPT

Alberto Mariotti (VUB) SUSY and GW 27-10-2020

5

3 mechanisms to generate SBGW from FOPT
✦Bubble collisions
✦Sound Waves in the plasma
✦Turbolence

Repartition of signal in different production mechanisms

Many subtleties in computation of correct GW signal
• Bubble wall velocity 
• Correct estimation of friction in plasma
• Hydrodynamic simulations

Peak frequency and amplitudes depends on PT properties

See e.g. LISA W.G. arXiv:1910.13125 
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✦Dark Matter Sectors

✦Sectors solving the Strong CP problem

✦Sector addressing flavour hierarchies

✦Force unification models

What about SUSY?

Many BSM theories includes spontaneously broken new symmetries
Perfect playground for generating SBGW

Can FOPT occur in BSM theories?

Probe of BSM physics up to 10^8 GeV With planned

interferometers

Which kind of BSM can we explore?

See Iason Baldes talk !

e.g. Delle Rose, Panico, et al. arXiv:1912.06139
Von Harling, Pomarol, et al. arXiv:1912.07587

e.g. Greljo, Opferkuch et al. arXiv:1910.02014 

e.g. Croon, Gonzalo et al., arXiv:1812.02747

Grojean, Servant: arXiv:hep-ph/0607107

Craig: arXiv:0902.1990
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Negative results in LHC and DM experiments challenge BSM physics
Similar argument applies to SUSY and other BSM scenarios

SUSY at high energy could be tested in GW? 

Is there a Desert above the TeV scale?

✴ Address hierarchy problem and naturalness (little fine-tuning)

✴ Included in unified description 

✴ Dark matter candidate (LSP)

✴ Admit a low energy SM limit (including also SM-like BEH boson)

Why SUSY?
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!!! If R symmetry breaking PT is first 
order it can deliver GW signals !!!

Scheme of SUSY breaking

Q: can it exhibit a phase transition?

SUSY breaking

scale

Actually it is expected!

Spontaneous
SUSY breaking 

Spontaneous
R-symmetry breaking 

Nelson Seiberg '93
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[AM: New section 3]

3 Anatomy of the SUSY-breaking phase transition

In this section we describe the generic features of the R-symmetry phase transition occur-

ring in SUSY breaking hidden sector. The dynamics of the phase transition is described

by the e↵ective field theory for the scalar component of the chiral superfield X as intro-

duced in (2.1). Now X is a dynamical field and the vacuum expectation value of its scalar

component x sets the order parameter for spontaneous R-symmetry breaking fa.

We will show that, given the natural flatness of the scalar potential along x in SUSY

theories, the phase transition happens at very low temperatures compared to the SUSY

mass scale m?, implying that the correct approximation for the study of the thermal poten-

tial is the low-T expansion. 4 This possibility has received little attention in the literature

[AM: check this] since in non-SUSY theories this can be realized only in very fine tuned

scenarios. The observations of this section will find a concrete realization in the working

examples of Section ??.

3.1 The SUSY-breaking pseudomodulus

The existence of flat directions is ubiquitous in hidden sectors with spontaneous SUSY

breaking. The theorem of [15] implies that spontaneous F-term SUSY breaking is accom-

panied with at least one pseudo-flat direction, which is the supersymmetric partner of the

Goldstino (the fermionic SUSY goldstone boson). Such pseudo-flat direction (or pseudo-

modulus) is lifted by quantum corrections whose size is controlled by the SUSY breaking

scale. In addition, the theorem of [13] implies that a global U(1)R symmetry must be

present and spontaneously broken in models which break spontaneously SUSY. 5

In the following we focus on the large class of SUSY breaking sectors where the dynam-

ics of the SUSY and R-symmetry breaking can be embedded in the dynamics of a single

chiral superfield X with R-charge 2, parameterized as in eqn (2.1) 6

X =
xp
2
e2ia/fa +

p
2✓G̃ + ✓2F , (3.1)

where the R-charges of the components are respectively R[x] = 2, R[G̃] = 1, R[F ] = 0. The

scalar component x (the pseudomodulus) tracks the breaking of the R-symmetry, while

hF i sets the SUSY breaking scale. The phase transition occurs along the pseudomodulus

space from a local minimum at the origin x = 0 (where R-symmetry is preserved) to the

T = 0 vacuum of the theory h xp
2
i = fa, where R-symmetry is broken. 7

4[AM: You already introduced m? before but not sure that it has been explained properly. We can just

call it the cuto↵ of the theory at this level?]
5 The U(1)R symmetry is a global symmetry which does not commute with the N = 1 SUSY generators

and which hence distinguishes between di↵erent components of a super-multiplet.
6[AM: Please Diego check the real vs modulus parameterization also in equation (3.2)]
7[AM: We do not consider the case of multiple pseudo-flat directions which can emerge when there is

more than one source of F�term SUSY breaking [49]. ]
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SUSY and R breaking in the same chiral superfield

We study EFT and PT along x direction in SUSY br models

SUSY theorems: x is a pseudo-flat direction

✦R-symmetry breaking occurs along x

R-charges:

Goldstino

SUSY breaking
Pseudo-modulus

R[x] = 2 , R[G̃] = 1 , R[F ] = 0

hxi ⌘ fa
R-breaking scale

In typical models

fa >
p
F

Komargodski and Shih '09
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In order to study the phase transition along this direction in field space, we introduce

now a simplified version of the typical scalar potentials for x that emerges in SUSY breaking

sectors:

V (x) =
⇣
F � ✏

2
x2

⌘2
+

�2

16⇡2
|F |2 log

✓
�2x2 + m2

?

m2
?

◆
(3.2)

The structure of this potential descends from the following generic properties:

1. The tree level part of the potential for x is induced by possible explicit R-symmetry

breaking deformations and is controlled by a small parameters ✏. SUSY non-renormalization

theorems implies that they can be considered technically natural.[AM: to be dis-

cussed]

2. The loop correction is induced by heavy fields of mass m2
? & �F and it asymptotes

to a flat potential in the large x region (specifically if �x2 � p
F ) where the theory

becomes approximately supersymmetric and hence the quantum corrections exhibit

non-trivial cancellations. This large field behaviour is a unique characteristic of SUSY

models.

The shape of this potential is shown in Figure 4 and has the following characteristics:

• Close to the local minimum we can match the potential to a polynomial potential

V (x) ' m2
e↵

2
x2 � �e↵

4
x4 (3.3)

• There is a local minimum at x = 0 if the e↵ective mass at the origin is positive

m2
e↵ = F

⇣
�4

8⇡2

F
m2

?
� 2✏

⌘
> 0

• The instability of the local minimum at the origin is realized through an e↵ective

negative quartic �e↵ = ✏2 � �6

4⇡2

F 2

m4

?
> 0.

• The true vacuum is far in field space at 8 hxi =
q

F
✏ where �2hxi2 � m2

?.

• The potential energy di↵erence between the two minima is �V = F 2.

Note that generically we have that hxi4 � �V signalling that the potential is flat (equiv-

alently the e↵ective quartic coupling in the large field region is very small). Moreover

the mass of the pseudo-modulus (both in the local as well as in the global minimum) is

parametrically smaller than the heavy states mass m?.

We now turn to the temperature corrections. First, as it is well known, temperature

e↵ects break SUSY and so we expect that they will modify the pseudo-modulus potential.

The self interaction is negligible and hence also the self-induced thermal corrections. In-

stead, thermal e↵ects are dominated by the loops of the heavy fields coupled with x, whose

8[AM: The careful reader will realize that the one-loop corrections in principle modify this vacuum.

In SUSY actually this does not even happen since the radiative corrections completely cancel at the true

vacuum. In this perspective the shape of the loop corrections in equation (3.2) is very simplistic.]
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0-Temperature potential

Vtree

Vfull

V1�loop

n
�V

hXitrue

X

V (X) Temperature potential

�V

hXitrue

X

VT=0

V (X)T

VTc

Figure 2. [DR: in this figure we should also provide the parametric of the curvature]

mass is at least m?. Since m? is by construction larger than the typical scale setting the 0-

temperature potential, which is
p

F , the relevant temperatures for the phase transition are

smaller than the mass scale m? of the particles running in the thermal loops. This implies

that the correct approximation of the thermal potential is the low temperature expansion.

This makes the pseudo-modulus potential qualitatively di↵erent than ordinary non-SUSY

models, where the high temperature approximation is often valid since the typical scalar

potential curvature is of the same order of the highest mass scale in the theory (unless

there is fine-tuning).

In the simplified model we hence consider the thermal corrections schematically of the

form

VT (x) = �2T 4

 s
�2x2 + m2

?

(2⇡T )2

!3/2

e
�
r

�2x2+m2

?
T2 (3.4)

where we assumed the presence of one single heavy state of mass squared ⇠ �x2 +m2
? (and

two degrees of freedom), to be consistent with the one-loop corrections in equation (4.4). 9

The thermal corrections constitutes a negative contribution to the potential which is

maximal (in absolute value) at the origin of the x space, when x ⇠ 0 and the Boltzmann

suppression factor is minimal. The critical temperature is obtained when the thermal

corrections at the origin balance the 0-temperature potential di↵erence between the two

minima, see Figure 4 (right). This identify the critical temperature which results

VTc(x = 0) = �V ) Tc ' 2

5

m?

W


22/5

5⇡3/5

⇣
m2

?
F

⌘4/5� (3.5)

where here W [x] is the Lambert function, solution to the equation W [x]eW [x] = x. By

inspection, one can check that it is su�cient that
p

F . 0.4m? and then Tc is smaller

than m?, consistently with the low-T approximation. [AM: Not sure this is enough to

completely motivate that we are in low-T. How this would look like at high-T? Still I at

most expect �V ⇠ m4
?, and in this case Tc ⇠ 3.5m?, so not extreme anyway. Also how

much should be T smaller than m? for the low-T approximation to be good? What is the

error we are doing?]

9[AM: I should probably further divide the log contribution in equation (3.2) by 2 to be consistent with

this?]
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✦Tree level part induced by small explicit R breaking
✦Loop corrections asymptotically ~log (special of SUSY)
✦Very flat potential: 

Toy Model 
Potential

hxi4 � �V

Mass of heavy 

states coupled to x

✦Flatness of potential                  low T approximation
Qualitatively different than e.g. EW phase transition

Novel and rich PT dynamics

Tc < m⇤
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✦Simplest O'Raifeartaigh model
✦Gauge non-anomalous U(1) + D-term

SBGW from FOPT as signal of hidden SUSY breaking sectors
Frequency of signal points to SUSY breaking scale

In a nutshell

SUSY and spontaneous R-breaking

Preliminary
Concrete example

First Order Phase Transition associated 
to SUSY and R-symmetry breaking

SBGW signal

SBGW signal
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Realize scenarios of Low Energy SUSY breaking (LESB)
105 GeV <

p
F < 1010 GeV

Gravitino is the Lightest SUSY partner: 
Can it be DM?

What about cosmology?

How GW signal compare with current and future collider reach?

Gluino
Mass

gM
Depends on details of 

mediation sector
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No accessible to LESB

Ultra light

Gravitino

SUSY br.
scale

Inverse of time-scale of PT

Gravitino

problem
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No accessible to LESB

SUSY br.
scale

SBGW at 
high frequency

SUSY at reach 
for FCC

{

Ultra light

Gravitino

Gravitino

problem

SBGW and SUSY Pheno



Conclusions

Alberto Mariotti (VUB) SUSY and GW 27-10-2020

15

SBGW can be the first sign of SUSY (breaking)!
Can provide hints for future colliders

No accessible to LESB

✦Interesting interplay with other SUSY probes

✦SBGW from PT provides probe of BSM 
theories at high energy 

✦SUSY breaking hidden sector contains 
naturally R-symmetry PT

✦SBGW frequency point to SUSY br scale

Can deliver SBGW


