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Negative results in LHC and DM experiments challenge BSM physics
| (Similar argument applies to SUSY and other BSM scenarios) |
W Naturalness of EW scale is into pressure

b jutasi9® Eer\l
L% cale M° Is there a Desert above the TeV scale?
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Negative results in LHC and DM experiments challenge BSM physics
: (Similar argument applies to SUSY and other BSM scenarios) |
ew Naturalness of EW scale is into pressure
Is there a Desert above the TeV scale?

Why still SUSY beyond TeV?

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

i

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

SUSY beyond TeV could be tested?
Can SUSY reveals itself in GW?

Alberto Mariotti (VUB) SGWB and SUSY



Scheme of SUSY breaking

Visible sector Mediation Hidden sector

Standard Model — ;us( \/F ‘ea\(\“g
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V = F?

Vacuum Energy
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Scheme of SUSY breaking

Visible sector | grmemess | Hidden sector
Standard Model — N ‘
of particle physics }US{ \/ﬁ N btea\a\“‘-”
7 V> ocA\°®
V=F?

Vacuum Energy

Q: Hidden sector namics can lead to GW?
Q: can it exhibit a phase transition (PT)?
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Scheme of SUSY breaking

Visible sector Modiation Hidden sector
Standard Model I ‘
of particle physics }JJS{ \/F N ‘o(ea\k\“g
¥ g\J° A
V = F’

Vacuum Energy

Q: Hidden sector namics can lead to GW?
Q: can it exhibit a phase transition (PT)?

Actually it is expected!

Spontaneous Existence of U(1) < - Broken R-symmetry
SUSY breaking neison seiberg 93 B-Symmetry for gaugino masses }
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Scheme of SUSY breaking

Visible sector Hidden sector

Standard Model
of particle physics

Mediation

Q: Hidden sector namics can lead to GW?
Q: can it exhibit a phase transition (PT)?

Actually it is expected!

Spontaneous Existence of U(1) < - Broken R-symmetry
SUSY breaking neison seiberg '93 R-symmetry for gaugino masses }

I If R-symmetry breaking PT is first
order it can deliver GW signals !!!

Vacuum Energy
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Scheme of SUSY breaking

Visible sector Hidden sector

Standard Model
of particle physics

Mediation

il Vacuum Energy
Q: Hidden sector dynamics can lead to GW?

Q: can it exhibit a phase transition (PT)?

Actually it is expected!

Spontaneous Existence of U(1) < - Broken R-symmetry
SUSY breaking neison seiberg 93 B-Symmetry for gaugino masses }

I If R-symmetry breaking PT is first
order it can deliver GW signals !!!

? Properties of the PT ? ? How it correlates with sparticles ?
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1 Source: K. Turbang adapted from LIGO/Virgo collab. arXiv:1612.02029
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AstroPhysical SGWB

Experimental probes

Cosmological SGWB

~

SGWB and SUSY
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*AstroPhysical SGWB
* Superposition of unresolvable sources

sns

* Predictable after LIGO/Virgo observations
LIGO/Virgo Phys.Rev.D 100 (2019)

! Most likely measured in next few years !

*xCosmological SGWB
* Generated by energetic events during cosmological evolution

Explore Universe earlier than CMB!

arXiv: 1705.01783 D. Weir
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Stochastic Background of GW

Source K Turbang adapted from LIGONlrgo coIIab arX|v 1612 02029
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i Earth's normal modese
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g Experimental probes A
*CMB, Pulsar timing arrays (NANOgrav)
*Interferometers (LIGO/Virgo, LISA, ET, CE, BBO ....)
\_ LIGO/Virgo arXiv:2101.12130 )

Note: Astrophysical SGWB and cosmological SGWB will superimpose
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+Discontinuos Transition between symmetric et TRtEres
to non-symmetric phase (order parameter) S S W @‘J
+Characterized by bubble formations o QS o
+Bubbles can source GW -Bubbie cotiisions i »
*Sound Waves in the plasma
* Turbulence
% In the Standard Model ST
iy . 9|5 |5 le
*QCD Phase Transition (T ~ GeV)? In SM No first order —E =
3 |

*EW Phase Transition (T~ 100 GeV)? In SM No first order el
(If very light Higgs it could have been strongly first order
'81 Witten

FOPT is signal of BSM physics

/ Modify EW or QCD phase transition
del

)

*In Beyond the Standard Mo Q
/ New symmetries which undergo PT

PT in dark sectors

SGWB and SUSY
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+Discontinuos Transition between symmetric et TRtEres
to non-symmetric phase (order parameter) S S W @‘J
+Characterized by bubble formations o QS o
+Bubbles can source GW -Bubbie cotiisions i »
*Sound Waves in the plasma
* Turbulence
% In the Standard Model ST
iy . 9|5 |5 le
*QCD Phase Transition (T ~ GeV)? In SM No first order —E =
3 |

*EW Phase Transition (T~ 100 GeV)? In SM No first order el
(If very light Higgs it could have been strongly first order
'81 Witten

FOPT is signal of BSM physics
Modify EW or QCD phase transition

*In Beyond the Standard Model <

)

New symmetries which undergo PT

PT in dark sectors
SUSY br sector!
SGWB and SUSY
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AV

Described in terms of potential evolution
| ' with temperature
| V( x) T >1T,.

SGWB and SUSY
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AV

+Nucleation rate controlled by

1 V(x) T 5095

| 4005
300
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100 |

150

1 1 1 1 1
0.0 0.2 0.4
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E N I == I == == == = N N N N = = = .

b
3

the bounce action

S3(T)

[(T)~T%% ~7

Approximate S 3 (T)

condition for ‘
nucleation in RD T T=T,

~ 4 log ~ C ~ O(100 — 150)

SGWB and SUSY
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+Parameters controlling PT properties and SGWB

Energy released during B 30 . dAV(T)
phase transition > _ 72, (T;,) T4 AV(Tn) = Tn dT

Inverse time-scale of — def B(Tn) ., d (53
the phase transition P (Tn)| = H(T,) Inar ( T

Bubble dynamics in cosmic plasma -Bubble wall velocity/acceleration

-Correct estimation of friction in plasma
‘Energy budget determines production mechanism
‘Hydrodynamic simulations

TTn>

Ty
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* If friction is significant dominant production mechanism is sound waves

a )
Sound Waves contribution
SGWB amplitude - GW signal is broken power law
RO A e Sound waves
/\ 50" a0 — 1 | |
2 E ee(\ I I
Q 1 Rgw & ‘QG\\N i ' : " ;
" 4B \1+a 1075} !
C ~ ~f~
- S 10-10f |
Precise number I
depends on simulation I
107 :
|
Peak frequency gt . | I I+ . |
10~  0.01 1 100  10* 10°
£, ~ 10 Hz (51{) ( T f [Hz)
x PIPN
100 107GeV
G Y,
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Q. T,=10°GeV
[ ET;
& 102k -
DECIGO
y .
o'l X LISA |
| fine-tuning: Ag,>100
10~ 1073 1072 107" 1
a

Model independent Experimental reach on SGWB from PT

Br

Q. T,=10"GeV
102 g 4
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a

SGWB and SUSY
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Model independent Experimental reach on SGWB from PT

Q. T,=10°GeV Q. T,=10"GeV

[ ETE 102 _ i
ET
& 10%f 1 &

) DECIGO | CE e
| 10"k i
o'l X LISA | - ;
| fine-tuning: Ag,>100 fine-timAg: &4, =100
1074 1073 1072 107" 1 1074 1073 1072 107" 1

a a

Using Nucleation Condition one can show that

Bu(

T,) ~ Si(T},)

— C ~ O(100 — 150)

One can quantify and compute the tuning to get a small ﬁ H

Alberto Mariotti

dlog By

Ag, = Maxy,, |

(VUB)

dlog p;

Unless fine-tuning to

have cancellation

SGWB and SUSY
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- SUSY breaking

- Super-partners

. =Standard Model

~

F/Mpl - ' =Gravitino G

T.. > VF

Y

SUSY breaking sector must be reheated
and undergoes PT at T, ~ V' F

SGWB and SUSY
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- SUSY breaking

- Super-partners

. =Standard Model

=Gravitino G

fw/ﬂd&q-»

Alberto Mariotti (VUB)

> VF

Y

Tre

SUSY breaking sector must be reheated

and undergoes PT at T, ~ V' F

/

107GeV
GW frequency peak correlates with

peak
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> VF

Y

Tre

_»f _SUSY breaking SUSY breaking sector must be reheated
and undergoes PT at T, ~ V' F

Oeve“ds & 8
ge@® oot 1 K T \ N
med\a\\o \ M~ Gez\{'{ ~ 10 Hz ( * ) 10-10/ \I;:Smon
gnrg V' ~d=Super-partners P 107GeV E N \
: GW frequency peak correlates with S
1M },~4=Standard Model SUSY breaking scale o
i \ J J 104 001 1 100  10°
._ * f [Hz]
( Low Energy SUSY breaking
Gravitino is the LSP
‘ =~ Gravitino cosmology shapes
== Gravitino
F/Mp G K the parameter space J
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Uni l tino | .
niversal gravitino Lagrangian _ ( T.. > VF )
1 ~
~ o AN B
L&D Fa GJ, >

Rychkov, Strumia '07 / &

Gravitino production in the plasma enhanced if it is light Y3 /2 ™ Cuv

Typically leads to Gravitino overabundance for large TT e

Two ways out in LESB

. - Yy |
Itra light Gravitino 2 ‘
Ultra light Gravitino g,

Warm DM constraints

Mg < 16 eV, VF < 260 TeV \ Mp |

VE " 01

| | k= F/F, <1072 (—) |
Collider bounds v F' = TeV /Fo <1O7GeV> gM

Viable DM candidate in window

10° GeV < VF < 10% GeV

Hall, Ruderman,Volansky arXiv:1302.2620_ /'

Model building challenges to
get superpartners out of LHC

Alberto Mariotti (VUB)
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) How we dlscoverL_E SB -

SUSY breaking sector First Order Phase Transition at 1, ~ vV F

sound waves: a=0.3, ks, ~ 1

10°

FCC-hh: m; > 14 TeV, LESB: gy € (0.01-0.1) Q .
- Q -
<.
10/ 5 —
LHC: m3 > 2 TeV, LESB: gy € (0.01-0.1) g ;
g .
— 6 = —
> 10 2 N
0] 2
=, va i
\; 10° ET S =
/ DECIGO HELC-30TeV: e*e™> yGG & 1
................................................................................................ g :
10% L S G—hht DD ¥ e Q'
-hh: pp-» yGG E
SUSY br | 6)@ S ]
scale 3 2 TeV + perturbativity ,?i
10 | ‘ ~ 3
102
1 101 102 103 104 10° 106
BH
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SUSY breaking sector First Order Phase Transition at 1, ~ vV F

109 1 1 IIII||| I 1 IIIIII| 1 1 IIIIII| 1 I I T 1T 1Tl 1 1 | RN T | IIII]E

Here live the hidden ‘ inaccessible in LESB (sound waves: @=0.3, ks ~ 13
8 —

sectors that we explore ¢ 10 =
FCC-hh: m; > 14 TeV, LESB: gy < (0.01-0.1) bo -

IGO s

107 S f—

. LHC: m; > 2 TeV, LESB: gy € (0.01-0.1) é :

3 10°F 3 eE R

(D — ,L. ﬁ\ ]

9 f K A

\; 10% 3 ET € —

/ : . DECIGO HELC-30TeV: e*e - y&& L]

R o OBV S8 D NEE L 5
104:_FCChh """" Al Q —

g —~hh: pp- yGG S

SUSY br. : LISA %, s

scale Al y 3 -

1 101 102 103 104 10° 106

SBGW at — SUSY at reach
high frequency for FCC
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SUSY and R breaking in the same chiral superfield

f Goldstino
T

X = ﬁezm/fa + V260G + 6°F
Pseudo-modulus \

SUSY breaking

~

R-charges: R|x| =2, R|G] =1, R[F] =0

+R-symmetry breaking occurs along x In typical models
(@) = fo =a
\_/R—breaking scale

SUSY theorems: x is a pseudo-flat direction
Komargodski and Shih '09

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

Alberto Mariotti (VUB) SGWB and SUSY
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Now | focus on SUSY breaking sector dynamics

X = 2 _¢2ia/fa 4 \/20C3 + 02F

V2

Pseudo-modulus

* Can R-symmetry breaking PT along pseudomodulus be first order?

V(T,x)

* What are properties of scalar potential?

107 i
109 [pr=075,9=02 | Aue
10
10—10
10—11
q% 10—12
-13

< 107!
10—]4
10—15
10—16!_
10—17%_

10718: M
0.001

my

5le

* What are conditions to get strong GW signal?

EEEEE

A I AL AL s s

YA L FEFETETITY EEEETTIT BT A
0.01 0.1 1 10 100 1000
f[Hz]

10000

* How it compares with known scenarios? (EW PT, supercooling ...)

Alberto Mariotti (VUB) SGWB and SUSY



EFT scales
A

M. —— Mass of heavy
* states coupled to x

V F —1— SUSY breaking

My —— Pseudomodulus
mass

Alberto Mariotti (VUB) SGWB and SUSY



* What are properties of potential?

AV{

* Combine flat tree level potential plus loop corrections
—» Realize potentials exhibiting first order phase transition

* Obtained by minimal deformation of basic O’Raifeartaigh models

vMarginal/lIrrelevant R-breaking operators
. . 4 vGauging of global symmetries
*POtentlaI IS ﬂat fa > AV Intriligator Seiberg Shih '07
i . v 22 Witten '81
* Barrier is small Y2 . “eff
AV 1672

Alberto Mariotti (VUB) SGWB and SUSY
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EFT scales
A

My —+

JVE L

My —+
)2 A2x? 4+ m? ot
2 2 *
Vo(w) = ( .\5”‘ 372 | 108 ( m; )
kp =1 Tree level Pure log at x --> infinity
Single scale contribution
SUSY breaking
_— 1 *Barrier is loop induced

* Flatness of the potential: ¢ < 1/./kp

Alberto Mariotti (VUB) SGWB and SUSY



VE(T)|)

- - -
-
"
-

L
1 1 1 1 l
1

»

.’
’ 1
a

' +Flatness of potential <¢=== low T expansion of VT applies

+Weexpect T, ~VE < m,
Low T
expansion

'-, 3/2
* Main effect of thermal corrections is to pull down the origin

\
S5l

|}

~ 4 * T2
VT(SIJ) ~ 7T (\/ (27TT)2 ) e \/

*In non-SUSY theories this could happen only with fine-tuning

SUSYprotects_ the flat»direction b'ut is bquen»byptherma_l» corr’ection”s,

SGWB and SUSY
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Alberto Mariotti (VUB)

__Pseudomodulus bounce action

2000y
— Exact
Triangular barrier 15007 — TBA-optimal
. - &~ — TBA-full
approxmatl_on (TBA) = 1000}| — toar00 -0
works quite well
500f
Ok : : . ;
0.0 0.5 1.0 1.5 2.0
T/NF

+Full analytic treatment: expand TBA for flat potential + small barrier

\‘o’c“ Independent on the

SS ~ 144\/§7T (VP _ VF—IQ)5/2f3 osition of the peak
T - ST’ (AV)S 0““39 P atthisordef

+Thermal dependences encoded in low-T VJQ ~ —T5/ Qmi/ 20— T

+Bounce action scales as: S5 /T ~ Tee—m/T

Remarkable difference with:
S3/T ~ T +Standard high-T PT (as modified EW) |
\_ 83 / T ~ 1 / log (m / T) +Supercooling | /

SGWB and SUSY
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+Nucleation temperature (by further expanding in small V_P)
0 7 Vp 3/5 fam 6/5 Reduce Tn by increasing
Tn~T1,(1- c2/5 mr \ m, AV <« Dbarrier or increasing distance in

\ field space
n

+Duration of phase transition

100

L . > To get small beta

5H I > ABH ~ 4 <6H tuning is unavoidable
+Energy released
30 (kpF\° | oo (F\?[ 230 Two scales

o= 5 5 ~ 10 "Rp | —3 of SUSY breaking are

g (L) 135 T I g« (Tn) needed to get sizeable alpha

By taking
Ty ~ my/2

Our analytics are confirmed by numerical analysis in full models

Alberto Mariotti (VUB) SGWB and SUSY
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O’Raifeartaigh model is the minimal model to break SUSY spontaneously

W = —FX + AX®13y + m(®18;1 + Brds)

X It does not break R-symmetry (vacuum is at X=0)
* We deform it to get R-symmetry breaking and another SUSY breaking scale

Vaknin arXiv:1402.5851

* We have then to study thermal properties
X First we study thermal properties of O’Raifeartaigh
* Then we proceed with the deformation and its thermal evolution

Alberto Mariotti (VUB) SGWB and SUSY
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See also A. Katz 2009

We consider vector-like O’Raifeartaigh model

W=—-FX+AX®Py + m(<I>1<I>1 + @2@2) X (I)l (I)l (1)2 (I)2
One-loop T=0 vacuum is at X=0 U(l)R 2 0 2 2 0
Mass spectrum in O'Raifeartaigh model U ( 1 ) D O 1 _ 1 1 B 1
57m2/F:4,)L:0.2 ___________________
m;? | There are eigenvalues
@ ol } | decreasing for increasing X
S N
1t B * yr = AF[m’
_________________ 0.2 0.4 0.6 0.8 1.0
05 . . . . == -
0 10 20 30 40 50 m? | F =4
1.2f = 41.2
XINF
.7 i . X 41.0
Competition between one-loop and 2
thermal corrections generate local Orioin i The Global Min o .
minimum in a temperature range fgin 15 Lhe Lliobal Vinimum E :
2 2 T ! X High—T Second Order
Ty V2 , Ty ~0.23/yrm 0.6} 0.6
AYF " -
S <
0.4 X & o X =10.4
e =
Low.—T second Ordef ; ] !
1 - 3 4

Albe

rto Mariotti (VUB)
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—FX + AX®1 Dy + m(P1D1 + Bo®))

One-loop T=0 vacuum is at X=0

Mass spectrum in O'Raifeartaigh model
|m*/F=4,1=02

______ There are eigenvalues

| decreasing for increasing X

We consider vector-like O’Raifeartaigh model

See also A. Katz 2009

X[ @ [ & ] @y | s
UDe| 202270
ULp |01 [-1]1]-1

We focus on this regime
for simplicity

__________ Vp = AF/m?
________________ 0.2 0.4 0.6 0.8 1.0
05 . . . . = .
0 10 20 30 40 50 2/ —
1opm [ F=4 412
X/NF
=" T S \
.7 41.0
Competition between one-loop and 2
thermal corrections generate local Orioin i The Clobal Min <3
sk : rigin 1s The Global Minimum =0.8
minimum in a temperature range :—:‘%
- =
2\/§7TT ! X High—T Second Order
Ty 3 , Ty ~0.23/yrm 0.6} 0.6
g ~
I X
0.4F & X 40.4
A QQ\@‘ §
\»O\ﬂ/ X
Low-T second Order
1 2 3 4

SGWB and SUSY
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Same chiral field content than O’Raifeartaigh model X | D | Py | Oy | Dy

W = —FX + AX®1 By + m(®13; + Body)

Flavour symmetry is gauged and a Fayet-lliopoulos term is added

g2

D B ~ 2
------- > L (2P = B + 162 - P

Alberto Mariotti (VUB) SGWB and SUSY



Same chiral field content than O’Raifeartaigh model X | D | Py | Oy | Dy

W =—FX + AX® 83 + m (DB + $d,) Ublgeg|l 21012270

Flavour symmetry is gauged and a Fayet-lliopoulos term is added

g2

D B ~ 2
------- > L (2P = B + 162 - P

Flat potential with local minimum

S g
%] -l P T parameters
P m’—ri Bu Z a i” d b
L= : 2= Timin 5 3 5 e,
4 Do <01 902 21 ylooo 21 2 R ‘eg €M ‘on
) No Nucleation U§f§ 1 No Nucleation %(8)% No Nucleation u§é85 | N"“‘;\et-‘\'cap p" X‘_c\«a\‘é\g\(ed
SOOI RUSUNISUSOItss RSNSOI TBAC
234567 8234567823456 78 and
A A A
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*GW spectrum

1077
10k |yr=0.75,yp =02 Ny * Simplest O'Raifeartaigh model
1077 * Gauge non-anomalous U(1) + D-term
10710 LISA ’ ;
101! o - SUSY and spontaneous R-breaking
Z 10712
S 1 AEDGE ) L. .
% 10 First Order Phase Transition associated
-14 .
10 AN to SUSY and R-symmetry breaking
10713 AN
1071 k3 ) S
10—17
0—18 sl Al ] vy e endN N
0.001  0.01 0.1 1 10 100 1000 10000

f[Hz]
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*GW spectrum

1077

10k |yr=0.75,yp =02 Ny * Simplest O'Raifeartaigh model

107° * Gauge non-anomalous U(1) + D-term
10°10 LISA '

o1 o SUSY and spontaneous R-breaking

q%lo_lz AEDGE
L 1077 First Order Phase Transition associated
~14 -

12_15 A A to SUSY and R-symmetry breaking
10716 AN

107"

0—18 sl Al ] vy e endN N

0.001 0.01 0.1 1 10 100 1000 10000
f[Hz]
* Prediction for Superpartner spectrum
Add messenger in 5+bar5
Aa
SU®B) > U(L)p x SUB) M ( v fj)
1/2 1/2 . .
mg =~ 2 TeV F (y_F)3 B A (&) Gaugino screening

A signal of SGWB at O(100) Hz correlates to gluino at reach of FCC-hh

Alberto Mariotti (VUB) SGWB and SUSY
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+SUSY breaking hidden sectors can o8

lead to R-symmetry FOPT 107;
—P Can deliver SBGW

>

S
* FOPT along the universal pseudomodulus direction = 1°°}
* Two scales of SUSY br needed for large SBGW i
* Beta tuning in parameter space (as any other QFT)

10°E

+SBGW frequency point to SUSY br scale ||

1
+Interesting interplay with other SUSY probes

(future colliders)

+Novel features in SUSY breaking pseudomodulus 1st order PT

low-T expansion

103

LHC-8TeV: pp~ jGG

E v 11l

101 102

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

Alberto Mariotti (VUB)

A e et
10 'g_ FCC-hh: pp> yGG

{ LHC: mz >2TeV + perturbativity {

108 104 10°
B

_ (1>>¥) Na oumAelb

) ouniAelb jybijesyn

(1

SGWB and SUSY




