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How we will discover SUSY?

This talk is going to be a journey which
starts from this first (vintage) question

and ends up saying something new about
a second (yet-to-be-defined) question

Which QFTs give rise to Gravitational Waves?
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How we will discover SUSY ?

Putting the mystery of the EW scale aside

A SUSY Universe at high energies will still be welcome:



How we will discover SUSY ?

Putting the mystery of the EW scale aside

A SUSY Universe at high energies will still be welcome:

perturbative gauge coupling unification # e

6000

Dark Matter candidates: WIMPs, gravitino, ... =

1000

0

embedding in string theory
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How we will discover unnatural SUSY?
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SUSY-breaking sector V = F2

At least one hidden sector breaking SUSY is guaranteed
to exist in a SUSY Universe

gravitino

If fine-tuning is allowed the
super-partner scale
IS a less robust target

The gravitino mass is related to SUSY-breaking scale
via super-Higgs mechanism
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e 2 229T it the SUSY-breaking sector is reheated after inflation,

it can undergo a 1st order PT"
leading to GW signals at future interferometers
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The frequency of the signal correlates
with the SUSY-spectrum and it is constrained
by the requirement of a viable cosmology

*

the question about the nature of this PT
will be the topic of the second part
of the talk
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The SUSY Universe

F/Mpl_

SUSY-breaking sector

super-partners

Standard Model

gravitino

V = F?

Ja
X
= V2
b
R-symmetry

breaking scale

+f9G+92

Goldstino

the minimal dynamics required is a chiral field

SUSY—breaklng
scale



The SUSY Universe

mp —

F/Mpl_

SUSY-breaking sector V = F2

super-Bartners

Stan‘d odel _

gravitino

fa 2
X + \f 9(; +02F
)= V2
J
R-symmetry Goldstino

breaking scale

mgngX\/F

v

" The strength of the hidden sector

coupling determines the scheme

the minimal dynamics required is a chiral field

SUSY—breaklng
scale



mp —

The SUSY Universe

SUSY-breaking sector V = F2

breaking scale

super-partners

mgngX\/F

- The strength of the hidden sector
coupling determines the scheme

v

The very same force has important
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_gravitino  cosmological consequences (nature of DM etc..

the minimal dynamics required is a chiral field
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SUSY-breaking sector
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G.F. _Giudice, A. Romanino (2004)
N. Arkani-Hamed, S. Dimopoulos (2004)
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The main signal to hunt for are the WIMPs!

SUSY-breaking sector
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m [GeV]

Gravitino cosmology

The gravitino cosmology shapes the parameter space if we require 1. 5, ZJ vV F

This is known as “gravitino problem”

L. Hall, J. Ruderman T.Volansky (2013)
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Gravitino cosmology

The gravitino cosmology shapes the parameter space if we require 1. 5, ZJ vV F

This is known as “gravitino problem”
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Gravitino cosmology

The gravitino cosmology shapes the parameter space if we require 1. 5, ZJ vV F

This is known as “gravitino problem”
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The gravitino production from
the plasma is enhanced if it is light

M2T
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3/2 uv m§/2MP1

This lead generically to problems
with Gravitino overabundance

m3/2Y3/2 < O.27Teq
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Ultralight Gravitino Window

VF < (Mpim2)'"” < 5 % 107 TeV

the gravitino is thermal!

USY-breaking sector V — F2

o
super—partners
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very low SUSY-breaking scale

large coupling 1 < gps S 100

model building challenges
A. Hook, H. Murayama (2015, 2018)
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Ultralight Gravitino Window

A
Mp; 4+ 1/3
2
VF < (MpimZ)"" ~ 5 x 107 TeV
the gravitino is thermal!
F 1 SUSY'br,eE:king sector |/ = F 2 very low SUSY-breaking scale
super—partners
mg ~ gpm XV i large coupling 1 < gps S 100
My fr
- Standard Model model building challenges
h = e—— A. Hook, H. Murayama (2015, 2018)
bounded from above by warm DM constraints
m3/2 S 16 eV ] F 5 260 TeV
PP PP » Planck data + future colliders
from below by collider bounds can close this?
F/MP] —— % F Z TeV’S
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Gravitino Dark Matter
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to avoid gravitino thermalization

mg~ gym XV F gy < 1 standard gauge mediation!

For a fixed gluino mass the UV produced gravitino
can match the relic abundance today
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The pseudomodulus phase transition

X = %e%a/ fo 4 V260G + 6°F
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the complex pseudomoduls

The R-axion a is the Goldstone of R-symmetry broken spontaneously
)\2
1672

The radial mode x is massless at tree-level |}/ = F'X ......... > My ~

F/m,

M, << M, atweak coupling



The pseudomodulus phase transition

X = iema/fa + \/596 + 92F

V2 :

£
Goldstino SUSY-breaking
; scale

the complex pseudomoduls

The R-axion a is the Goldstone of R-symmetry broken spontaneously
)\2
1672

The radial mode x is massless at tree-level |}/ = F'X ......... > My ~

F/m,

M, << M, atweak coupling

tunnelling between the origin

and the R-symmetry breaking vacuum*

= pbreaking R-symmetry is necessary
to have Majorana gaugino masses

&
&V



1st order Phase Transitions

Let me assume that the SUSY-breaking sector
produces a first order phase transition (later we will see how)

v Ss/Tt
T =0 |
T:Tmin
T=T,
1T =1,
>
X

If thermal fluctuations dominate, I‘(T) ~ T4 22
the tunnelling probability is encoded in



1st order Phase Transitions

Let me assume that the SUSY-breaking sector
produces a first order phase transition (later we will see how)

V1 S3/T1
T =0
T = Tmin
T="1T,:
100
T =T, T —
> >
o T
If thermal fluctuations dominate, I(T) ~ T4 [ 22
the tunnelling probability is encoded in 2T’

Ss3(Ty,)

n

When one bubble per Hubble volume nucleates

~ 100




Gravitational Waves signal from 1st order Phase Transitions

V't S3/T1
T =0 "
T:Tmin
T="T,
T=T, / [
>

The detectability of the GWs signal depends on:



Gravitational Waves signal from 1st order Phase Transitions

V1 Ss/T4
T =0 |
T:Tmin
T=T,
L
AV(T,) |/T=1. / L
v >

X

The detectability of the GWs signal depends on:

AV(T)
pr(Ty)

® The energy released during the PTs  «/(T,)



Gravitational Waves signal from 1st order Phase Transitions

V't S3/T1
T =0 |
T = Tmin
T = Tn.
A
AV (T),) T—T / L
v >

X

The detectability of the GWs signal depends on:

AV (1)

® The energy released during the PTs  «(T},) ~
pr(Th)

def d S3
® The duration of the PTs Bu(Tn) = H(Ty) - T"d_T (?>



Gravitational Waves signal from 1st order Phase Transitions

v S3/T1
T =0 |
T = Tmin
T = Tn.
A
AV (T),) T—T / L
v >

X

The detectability of the GWs signal depends on:

AV
PR (Tn)

aof B(Ty) _ o d (53) *

® The energy released during the PTs  «/(T,)

® The duration of the PTs Bu(Tn) = H(T,) = n AT

T

T=Tn

« in PTs with a mass gap
thereis alwaysa Ts.t Oy (Twmin) =0



Gravitational Waves signal from 1st order Phase Transitions

V1t Ss/T4
T =0 |
T:Tmin
T=T,
A
AV(T,) /=1 / L
v >

X

The detectability of the GWs signal depends on:

AV(T)
pr(Ty)

® The energy released during the PTs  «/(T,)

® The duration of the PTs ﬂH(Tn) - H(T,) = T"d_T

e The behavior of the bubbles in the cosmic plasma

« in PTs with a mass gap
thereis alwaysa Ts.t Oy (Twmin) =0



Bubble frictions

V

p=AV —APLo —vAPNLO

v "

pressure from pressure from
states whose mass is growing vector massless outside

D. Bodeker, G. D. Moore (2017)
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p

AP o =

Bubble frictions

’y f states need to be abundant in the thermal bath

T Z M false

V

= AV — AP0 — YAPNLO
v 4
pressure from pressure from
states whose mass is growing vector massless outside
D. Bodeker, G. D. Moore (2017)
TRUE states need to have
- enough energy to cross the wall
Am=T 2 2 2
a1 Am® = Mirue — Mialse

24 YT 2 Mire
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Bubble frictions

’y f states need to be abundant in the thermal bath

p=AV — AI_DLO — 'yAPNLQ

v "

pressure from pressure from
states whose mass is growing vector massless outside

D. Bodeker, G. D. Moore (2017)

Am?2T? A2 2 2

AP o = 24 — Myrue — Miealse

Heavy states can contribute to AP [LO  A.Azatov, M. Vanvlasselaer (2020)

heavy _ 1 2 2 2 —m T,
AP LO — ﬂ(mtrue — mfalse) Tne fatse/ T

This is generically enough to stop the acceleration for the pseudomodulus

V

TRUE

T Z M false

states need to have
enough energy to cross the wall

/VT Z TMtrue
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Bubble frictions

p=AV — A.PLQ — ’YAPNLQ

v "

pressure from pressure from
states whose mass is growing vector massless outside

D. Bodeker, G. D. Moore (2017)

Am?2T? A2 2 2

AP o = 24 — Myrue — Miealse

Heavy states can contribute to AP [LO  A.Azatov, M. Vanvlasselaer (2020)

heavy _ 1 2 2 2 —m T
AP LO — ﬂ(mtrue T mfalse) Tne fatse/ T

This is generically enough to stop the acceleration for the pseudomodulus

As a result of heavy state friction

Yeq 7 mtrue/Tn

FALSE

TRUE
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GW signal

, Qs T,=10°GeV Q. T,=10"GeV
10°F
g 102} | &
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o'l X LISA 10 E
1074 1073 1072 107" 1 1074 103 1072 10~" 1
a a

Using the nucleation condition the duration of the PT can be written as

Bu(T,) ~ S (T,) - C



GW signal

, Qs T,=10°GeV Q. T,=10"GeV
10°F
& 102f ;] &
DECIGO
O 1 1L
o'l X LISA 10 :
1074 1073 1072 107" 1 1074 103 1072 10~" 1
a a

Using the nucleation condition the duration of the PT can be written as

Bru(Ty) ~ S (T,) —C ~ 100 unless | tune the two terms to partially cancel
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GW signal
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Q,,,: T,=10"GeV
102: 5
ET
CE A-LIGO
101: g
| fine-t nlng Ag,>100
1074 103 1072 107" 1

a

Using the nucleation condition the duration of the PT can be written as

/BH(Tn) = S,(Tn) —C r~ ].OO

unless | tune the two terms to partially cancel

Having a very small duration seems to be a highly non-generic prediction of any PT

def

Agy = MaX{Pi}AIﬂ)iH = Max{pi}

dlog By
dlog p;

this “beta-tuning” can be computed
in a model a’ la Giudice-Barbieri



How we will discover Low Energy SUSY breaking

The pseudomodulus PTs we considered have a mass gap
} L~V F
The typical scale affecting the potential is the SUSY-breaking scale F

Because of efficient friction most of the energy goes into the plasma

sound waves: a=0.3, kya<<1
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How we will discover Low Energy SUSY breaking

GRAVITINO DM:  The gravitino problem bounds the GWs frequency

to be always within reach of A-LIGO, CE and ET

Calculable models live at high F

They will be fully tested at FCC-hh!
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How we will discover Low Energy SUSY breaking

GRAVITINO DM:  The gravitino problem bounds the GWs frequency
to be always within reach of A-LIGO, CE and ET

Calculable models live at high F

They will be fully tested at FCC-hh!
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| k FCC-hh: m; > 14 TeV, LESB: gy € (0.01-0.1) Q “ _
| S He+—— hereis
10 . : S W where the calculable
LHC: m3 > 2 TeV, LESB: gy < (0.01-0.1) o f models
= 106! = — lwill present have
A =
& AT to leave
[ vv 7
O
I; 10° ET E —
HELC-30TeV: e*e > yGG &
.............................................................................................. 5 -
4 RIS . ¢ dlhhe « o« o ¢+ ¢ o 0 o0 0000 anosonnnnossssnsessosnnnnsssnns @
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The nature of the pseudomodulus PT: Goals

e How 53 / T depends qualitatively with temperature?

Higgs Sg/T ~ T high-T expansion

dilaton . S3/T ~ 1/logm/T supercooling

pseudomodulus} SS/T ~ Tae—m/T low-T expansion

Can we extract a parametric dependence of S 3 / 1" interms of theory parameters?

---------- » trying to answer the question how generic is a strong first order PT
for a given class of models



The pseudomodulus potential at T=0

)\2
My ~ o Fime My <ma Vog(z) = V() +Vr(x)
at weak coupling
Vo(z)/F*
A N e
AV
\ ve Venedoop o

f Y&
l

e The potential is flat f;l > AV loop corrections asymptote to a Log at large field value

2
e The barrier is small E — )\eﬁ Aeff ~ 0(1)
AV 1672

e The position of the barrier does not affect the bounce much (see later)



The pseudomodulus potential at finite T

My

)\2

< folime e <me - Vog(w) = V(w) +Vi()

at weak coupling

|V£<Tc)|{ |

5l

fa

| | By construction, the scale setting the potential

IS below the cutoff

T, ~VF <m,

the low-T expansion applies at nucleation



The pseudomodulus potential at finite T

)\2

at weak coupling

| | By construction, the scale setting the potential
Is below the cutoff

T, ~VF <m,

the low-T expansion applies at nucleation

|V£<Tc)|{ |

2 9 2\ 3/4 2222 m?2
A°x +m*) 6—\/ T2

N = Nbosons + Nfermions



The pseudomodulus potential at finite T

)\2
My ~ o Fime My <ma Vog(z) = Vo(z) + V()

at weak coupling

| | By construction, the scale setting the potential
Is below the cutoff

T, ~VF <m,

the low-T expansion applies at nucleation

|V£<Tc)|{ |

|
1

f.VF

‘Thermal corrections only make the origin deeper in this limit

Noz? + m2)3/4 _\/A2w2+m%
*
e

Vr(z) ~ —NT* ( (2nT)? T2

N = Nbosons + Nfermions



The pseudomodulus bounce action

2000H 7 (1) =0.52, T,/VF =1.78

— Exact

1500f — TBA—optimal
— TBA-full
1000H — T™BA-LO ¢+ - 0)

0.0 05 10 15 20

T/NF

A simple triangular barrier
approximates the full bounce quite well



The pseudomodulus bounce action

2000{[ru7) = 052, TVF = 178] | A simple triangular barrier
1500f| _ ot approximates the full bounce quite well
& — TBA-full
o 1000)) = mea-toci-o For a fully analytical treatment
500} J we expand for
ol flat potential + small barrier

00 05 410 15 20

T/NF

o3 144v/2r (Vp — V)5/2 f3
T — 5T (AV)3

VR(To)




The pseudomodulus bounce action

2000{[r(z) = 052, TVF = 1.78] | A simple triangular barrier
[ — Exc approximates the full bounce quite well
15 OO — TBA-optimal
Q — TBA-full
w3 1000)| = ma-toci-o For a fully analytical treatment
500} j we expand for
ob flat potential + small barrier

00 05 410 15 20

T/NF

X p-independent!

Sy _ 144v2r (Vp — V2)¥/2f3
T~ 57 (AV)3

/' \‘/F

The bounce is independent on the position
of the barrier in this limit!

v2T)I{ |




The pseudomodulus bounce action Il

Sz 144v2m (Vp — VR)*/2 f2
T ~— 5T (AV)3 AV

In the same approximation we can vl
get the nucleation temperature analytically NN
in a systematic expansion Vp/V? < 1 |

. NTO . 7 Ve TT? 3/5 fami 6/5
roon C2/5m$ \ 'm, AV

where T ~ m, /2

3-




The pseudomodulus bounce action Il

V()

2

Sz 144v2m (Vp — VR)*/2 f2
T ~ 5T (AV)3

In the same approximation we can
get the nucleation temperature analytically
in a systematic expansion Vp /V0 < 1

. NT() . 7 Ve TT(B 3/5 fami 6/5
n—=+n C2/5m:<l My AV

»
0 I
where T, ~ m, /2 5

VF

The competition of the two terms shows that the nucleation temperature
can be diminished down to the minimal temperature by increasing the barrier

or the distance in field space




The pseudomodulus bounce action Il

Sy _ 144V2m (Vp — V)52 f3
T — 5T (AV)3

In the same approximation we can

get the nucleation temperature analytically bt S 2

in a systematic expansion Vp /V0 < 1

~ 70 _ 7 Vp Tr(:,) 3/5 fami 5/5 |VT°(TC)|{ '
T, ~T 1|1
noon C2/5m? \\m, AV |

> N
3 \

0 z
where T, ~ m, /2 =
The competition of the two terms shows that the nucleation temperature
can be diminished down to the minimal temperature by increasing the barrier
or the distance in field space

| |
. . . ! '
at the boundary of nucleation the signal is enhanced! Tmin T
C

Since Qv ~ AV/TfL‘ ‘Tn
i



Vo(z) = K7, (F — eRw2)2 +

A toy model

/\2
3272

IFPbg(

A2z? + m?

m3

)




A toy model

/\2 )\2 2 2
Vo(z) = k) (F —ega?)” + IF|2log( ~ +m*)

2 2
. . 327 ms
skp = 1 .
single scale ep < 1/\/ KD * never singular = mass gap
SUSY-breaking to ensure flatness

*purelogat r — OO

AV




A toy model

/\2 )\2 2 2
)= B+ g ()

2 2
. . 327 ms
skp = 1 .
single scale ep < 1/\/ KD * never singular = mass gap
SUSY-breaking to ensure flatness

*purelogat r — OO




A toy model

)\2 )\2 2 2
Vo(z) =k} (F —egz?)” + |F|210g( = +m*>

. . 3272 m?2
*R D =1 .
single scale € < 1/\/5 * never singular = mass gap
SUSY-breaking to ensure flatness

*purelogat r — OO

2 SUSY-breaking scales

_ are needed to have large
. no-tuning alpha!

T, ~ )2




What did we learn

As long as the barrier is small and the potential is flat
the bounce is independent on the position of the barrier

At the boundary of nucleation the signal is enhanced if we allow for cancellations

For a generic nucleation temperature, 2 SUSY-breaking scales are needed
to get a sizeable GW signal



What did we learn

As long as the barrier is small and the potential is flat
the bounce is independent on the position of the barrier

At the boundary of nucleation the signal is enhanced if we allow for cancellations

For a generic nucleation temperature, 2 SUSY-breaking scales are needed
to get a sizeable GW signal

We will now see these features in explicit SUSY-breaking sectors

—_



The O'Raifeartaigh phase diagram

see also A. Katz (2009)

- . . X | D | P | Dy | Dy
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Mass spectrum in O'Raifeartaigh model
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The O'Raifeartaigh p

hase diagram

W = —FX + AX® 8y + m(18; + 023,)

e
LR ..........
g 2».:: ~~~~
R

S I m;
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X /\/f
2 2 T .®
o \/_ﬂ- ’ T* ~ 0.23 Yrm
\yF

competition between
thermal and loop corrections

see also A. Katz (2009)
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The O'Raifeartaigh phase diagram

see also A. Katz (2009)
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A full model of Low Energy SUSY breaking

Same field content that O’Raifeartaigh X| o & |0, d,

Uz |20 2270
Ulp |01 [-1]1]1

* *A similar model can be obtained
without F.l. splitting the
masses of the matter fields



A full model of Low Energy SUSY breaking

Same field content that O’Raifeartaigh X |®, | D | Dy | Dy

Uz 20220
Ulp |0 1 |-1]1]-1

The flavor symmetry is gauged with an abelian gauge field with a Fayet-lliopoulos®

» ¢* (D 2 1712 2 72\’ "’ v
........... -
+ 2 (24161 = Bl + foal - 162l
g 'y Vm=Fz+%D2
N
Vil
a ------------------------------------------
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0.
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2 02 100 0.005

23 4/15 67823 4/15 67823 4/15 6 78 *A similar model can be obtained
without F.I. splitting the

masses of the matter fields



A full model of Low Energy SUSY breaking

Prediction for GWs

1077
108 |yr=0.75,yp=02 A-LIGO
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Prediction for the superpatner spectrum

= Afa *
SU(6)/U(1)p D SU(5) and messengersinthe 5+ 5 I ( \T/ni T(f)b)

F 1/2 yp \3 [ F 1/2 7y g
mg =2 TeV (30 Pev> ((ﬁ) (2.51)) (Z) (07) | o |
+ gaugino screening is unavoidable

since we want to avoid massless
messengers along the pseudomodulus



How we will discover SUSY?

Future colliders can possibly nail unnatural SUSY scenarios

The frequency of GWs expected from the hidden sector
correlates with the SUSY spectrum

Which QFTs give rise to Gravitational Waves?

The SUSY-breaking pseudomodulus features
a new type of 1st order PTs

*low-T expansion
*pressure from Boltzmann suppressed states

*GWs are unlikely to be detectable in single scale models



Model building extras



An example of beta-tuning

O'Raifeartaigh w = —FX + AX®,3; + m(®:3; + $,3,)

_ _ 1 v |
+ R-breaking wi(X) = ;ex
By tuning By tuning
€= 0.01'28 ' | ' €= 0.0525 ' '
10000; : 100004
Bu
1000} DY 1000}
100} ~ 100}
10} M~ ! 10} By
2} Aﬁﬁ / . ] 2} A'Bﬁ """""""""" _ -
2.2 2.4 2.6 2.8 3.0 3.2
A A

the numerically computed fine-tuning is even larger than the naive parametric we derived



The F vs D interplay




The F vs D interplay

2 2m?(m? — gD)
Ltrans = )‘QgD

/

the potentially is flat in the origin and the
it runs down into a runaway direction where ) — ()

F2 4+ %Dz =V, T < Ttrans
‘/tree(x) = A4D2($2_xt2,rans)2
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The F vs D interplay

2 2m?(m? — gD)
Ltrans = )‘QgD

/

\ Loop corrections generate the barrier
and the true vacuum

>\2F2 x2rans
Vp = Vi = Yo 108 (;n_2)
427 | D
<$>true - fa = /\yF ;
the potentially is flat in the origin and the
it runs down into a runaway direction where D — ()
F2 + %D2 = V_|_ T < Ttirans

Vvtree(z) = A4D2(x2_x%rans)2

2 1 N2
F“ + §D T T 2@mZiA2z2)2 T > Ttrans




