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The SM is a tremendously successful theory that explains
"boringly” well most its predictions!

However, it fails to...

e Explain neutrino masses <——  Today'’s focus
e Explain dark matter
e Explain CP violation and matter/anti-matter assymetry

e Explain the observed flavour structure - Flavour puzzles
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SGWB

v/ Superposition of unresolved astrophysical sources
v/ Cosmological origin

@ Inflation

@ Topological defects

@ Phase transitions

SGWB as a gravitational probe to New Physics, in combination with, or
beyond colliders’ reach
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SGWB [2306.16213]

NANOGRAV 15-YEAR NEW-PHYSICS SIGNALS
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beyond colliders’ reach
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First order phase transition (FOPT)

(Illustration)

T

Credit: Marco Finetti

Strength and duration of the PT
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calculated from a certain BSM theory, used
a, BIH, T — < . y

as inputs to obtain the GW power spectrum
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hQQpeak(f ) = 7.835 x 10~ 17f 100" L K>
peak) — peak s 100 C.

1 RO

fpeak = 26 x 10 (HR) (100) (100 GeV) Hz R 5 (87)3 max (vp, cs) 1+ a

We use the templates for SW peak in [Caprini et al. JCAP 03 (2020) 024]
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Scenario 1: Neutrino masses from
lepton number symmetry breaking

[2304.02399] ADDAZI, MARCIANO, APM, PASECHNIK, VIANA, YANG



Which seesaw model?

L uff{ S? o H | Model

1 1 x =2 0 T1S
U(1)y, 1 1 0 -1 0 IS

1 L =1 % 0 EIS

e v, > vy for the T1S; beyond LISA

® U, > vy and/or A < vy, for the IS; beyond LISA

e v, ~ v, and A > v, for the EIS.
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Neutrino sector

BIS —yw [, HVR] + Y9 S¢S0+ Yy v vriot + AR S +he.  M® =

2 2
v/ EFT approach EIS . YvYo VpUo M\ +
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3 light active neutrinos

Use normal ordering masses as input to obtain ya — 2[
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V()(Hag) — VSM(H) _I_‘/ALD(H7O-) _I_‘/6D(H7O-) _|_‘/soft(0-)
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Parameter Range Distribution
M, 60, 1000] GeV linear
m. [1071% eV, 100 keV]  exponential
m,, (1076, 107 1] eV exponential

Br(h; — JJ) [1071°, 0.18] exponential
sin (ay,) +[0, 0.24] linear
Vo 1100, 1000] GeV linear

A 110, 1000] TeV exponential

(;‘Xfl +[10 1Y, 47] exponential

02 — }\Zi”“?f ) +[10719) 47] exponential
()24/"\)52’ +[10719, 47] exponential
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Results

Br(hy — JJ) =

Isina;,| < 0.24

I'(hy = JJ)+ T (hy — SM)
[CMS - Phys. Rev. D 105 (2022) 9 092007]

<0.18

[Papaefstathiou, Robens, White, 2207.0004 3]



Results
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Trilinear Higgs coupling, scalar mixing angle and CP-even scalar mass
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e lllustrates the potential interplay between collider and SGWB
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Di-Higgs production

| | | | | -
HH production at 14 TeV LHC at (N)LO in QCD 1
M, =125 GeV, MSTW2008 (N)LO pdf (68%cl)...

S
-
i
- [
- —
=l I
o
—
-~ -
—
-~

Region compatible with observable
SFOPTs in the 6D Majoron model

MadGraphb5_ aMC@NLO

Phys.Lett.B 732 (2014) 142-149
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Scenario 2: Neutrino masses with colour
restoration at low temperature

[WORK IN PROGRESS] BERTENSTAM, EKSTEDT, FINETTI, APM, PASECHNIK, VATELLIS
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Another possibility for neurtrino masses

£Y — @ZngLZS + QijiideT —+ TijﬂjeiST —+ h.c.

>|< 5 ~ (39 1)1/3 R ~ (39 2)1/6
(H)
gi/3 o gL/3
o7 IR  And an exhaustive flavour analysis
© , dy 3¢ dg \‘I - [Goncalves, APM, Pasechnik, Porod, 2206.01674]
VL VL [Goncalves, APM, Onofre, Pasechnik, 2306.15460]

See also Joao Gongalves talk, Tuesday second Flavour parallel session

2
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Another possibility for neurtrino masses

Vo — | H* 4+ 1%]S)° + kIR + NHTH)? + gur(H' H)(R'R) + ¢y n(H'R)(RTH) + grs(H H)(STS)+
(1;RSH' 4+ h.c.) .

X
QL3 H) i L3 v/ Consider the possibility of LQ VEVs at finite T
o, dr, d, N\ v Classify all possible FOPTs and determine SGWB
————— X —————




GW peaks from LQ model - high-T checked (a)
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GW peaks from LQ model - high-T checked (a1)
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Take home message

Neutrino mass models require BSM physics
LISA + future GW detectors can help uncovering its nature

Combination with collider observables for further insights: new scalars
(singlet, coloured,...) trilinear couplings, mixing angles

Future work can also include DM, baryogenesis, flavour and neutrino
physics, GUTs...
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Current and future experimental facilities will offer new
multi-messenger channels to search for New Physics

LHC and future colliders

LISA and future GW observatories — SGWB
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Basics of Phase Transitions

(Illlustration)

v/ First order phase transition (FOPT) example

Credit: JCAP04(2021)014, Jinno, Konstantin, Rubira
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Inverted equations

tan (20p) (M7, — MZ2,) 6202 + 6402

Ach = 201V, A2 ’
\ 2A(Br)viv, csc (ag,) + A% sec (2a,) (M2, — M7,) + A* (=M, + M2, — 2M2 v,)
i 4A2 (v, — 1) 02
| 54@%
C2A2°
\ 1 (Mfzzh 350?)% + 52U3>
h —& ;
2 \ v A?
_2A(Br)v§;va csc (ay) — A2 (sec (200,) (M}%h — Mgg) + M7, + Mgg)
o 6(v, — 1)vd ’
: A2 [ Br(h— JJ)T(h — SM)
A(Br) = +4/2 (1 g 4&) 3/2— :
(Br) " mi ) 3\ L= Br(h — JJ)] (m2 — 4m2)
1 1
2 2 2 2 2 2 2 2 .
Mpy oo = 5 my +mjy_ £ (my,, —mj ) cos(2ap)| and Mz, = 5 (mj, —mj_ ) sin(2ay)
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Phenomenological inputs

Invisible Higgs decays limit: Br (h — JJ) < 0.18 Used as input
[Phys. Rev. D 105 (2022) 9 092007]

Scalar mixing angle limit: |sin ah‘ < 0.23 Used as input
[Papaefstathiou, Robens, White, 2207.0004 3]

Also used as inputs: 1, = 125.09 GeV, My s My Vs Vs A, 529 54

Uh

Ago}hl = 13 [(v%(SQ + 0204 + A°Xop) cos ay, + vy (V04 + 30206 + 2A°),,) sin ah]
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Which seesaw model?

L* Vﬁ S* o H | Model
1 1 x =2 0 T1S
1 1 0 -1 0 IS
1 1 -1 2 0 EIS
0 %yy 0
M,ES — f/%yv 0 %ya : MEIS =
0 S5 Yo A
2 2
s Yo Avy, EIS
m, 2 .2 %
Yo U
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Thermal effective potential

Ve (T) = Vi + V&l + AV(T) + Vig

ns = 0, na, =1
4 [ o 2 ]
(1) _ F, Mg (¢a) m; (Pa) _ _ _
VCW — ;(_1) (47 647'('2 (10g _ Q2 _ C; nw = 0, Ny — 3, nv — 2
nu,d,c,s,t,b — 127 nenuaT — Y nl/l,Q,S — an: — 2

2

T4 m o ! m (¢a)_ o~
AV(T) = ) {anJB _ bjEQ ) _anJF J;—Q } I r(y°) :/0 dz z* log (1 ¥ exp[—\/x2+y2]) .

Counterterms are fixed such that the
(1) (1) .. " :
(Wct> _ [ Vew < O"Ves > _ [ _9Vew —> T=0 minimum conditions and physical
a¢aa¢5 a¢aa¢5
masses are preserved at 1-loop
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Minimal scalar sector

Vo (H) = pp H'H + X (H'H)?

V(H,0)=p20'0 4+ Ao(0'0)? + Ao H' Ho'o
1 X
Von(0) = 42 (0% 402
_L w1+iWQ _L / :
H \/§(¢h‘|‘h—|—i77)7 0'—\/5(¢0—|—h —|—ZJ)
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[Phys.Lett.B 807 (2020) 135577]

I0.1325

-0.1300

<2
)

<
A1 10.1275

104

102

Jfpeak Hz,

v/ The portal coupling size that induces SFOPTs is too large for invisible Higgs decays

v/ Only viable for Majoron O(100 GeV - 1 TeV)
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Br(hy — JJ) =

JJhy

Aon < O(0.01)

Minimal scalar sector

[Phys.Lett.B 807 (2020) 135577]
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d (hl - JJ) < 018 10_9 LISAY
I'(hy - JJ)+ T (hy — SM)
[CMS - Phys. Rev. D 105 (2022) 9 092007] 1012
2 i
(0) =
1 ()‘JJm) _ m2 = 10715
32w my, mj, = )
— %vh)\gh COS (v, 10
—21
10 100

v/ Only viable for Majoron O(100 GeV - 1 TeV)

28

104
Jfpeak Hz,

102

I0.1325

-0.1300

<2
)

<
0.1275

v/ The portal coupling size that induces SFOPTs is too large for invisible Higgs decays
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Neutrino sector revisited

BIS —yw [, HVR] + Y9 S¢S0+ Yy v vriot + AVDE.S; +he.  M® =

2 2
EIS ~ yyyO' /UthO- mN::

VNQ\/iAQ

3 light active neutrinos

m

Use normal ordering masses as input to obtain ya — 2[
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AU¢=|’U(J;—2)25‘, QbZh,O'

Used PTPlot for SNR [JCAP 2003 (2020) 024 ]

Both order parameters must be large for observable SGWB
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0.0

)\O'h

5[ 0.5
< [N
0.01
—1.5 —
2/\?
Uh .
So}hl — A2 [(U}QL(SQ + 0(2,54 T A2)\ah) COS (/p, + vg(’vi&l =+ 31}(2,56 =+ 2A2)\U) SIn ah]

< (0(0.01)
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0%52

0.0

—0.5
—1.0
—1.5
ASOJ)hl — % [(v,%(SQ + 0264 + A*Xon) cos ap, + Vg (VE0s + 30266 + 2A% ), ) sin ah]
I < (0(0.01)
3
)
/< o .
, O
v/ LISA region favours small 50
~1.5 —1.0
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CMB constraints
[Planck Collaboration, 1807.06209, 1907.12875]

10712+ — Planck2018

+ —— Planck2018

e
5=
2.0 10~ 14
G —
N ~N
= ~
=
a0
= 10710
.‘:"a:..“,.: ; ‘_,-?‘:.:. P o oo SABTado e I g .-.,
1073 10Y 103 03 10Y 103
mJ/ev mJ/e\/

z _
v/ Planck2018 marginally constrains magenta band (LISA) L= 5)‘% JVjY5V;

[Escudero, White, EPJC 80 (2020) 4 294]
Ao, =M [V
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Decaying Majorons

—20

10~ 10" 10°
TTLJ/GV
70 = 13.787 Gyr
4mz,
m? ) [Nikolic, Kulkani, Pradler, EPJC 82 (2022) 7 650]
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Seesaw effect vs FOPTs

0 200 400 600 300

A [TeV]
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Two LQ model

SM < Singlet leptoquark <+ Doublet leptoquark

Sl ~ (3» 1)1/3 Rz ~ (3, 2)1/6

This field content has an UV inspiration...
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[SUB)’ x SUQR); x U(1)s — Flavoured Trinification

[APM, Pasechnik, Porod, Eur. Phys. J. C 80, (2020) 12, 1162]

H 7
-7 (KR ¢L) 0.= (4 D) Qx=(qk DR)

~yy

R, \Y

This FT contains an emergent Z, B-parity

”j)B — (_ 1)3B+ZS
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Z_ r\[_/_ @L @L
+

@ —

I,

Forbids di-quark interactions

Only allows leptoquark interactions
-+ - - - +
L O, Or+L QO Or

Proton is stable
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Neutrino Masses

Y — @zgéjLzS + Q@‘jiideT + TijﬂjGiST + h.c.

And an exhaustive flavour analysis
[Goncalves, APM, Pasechnik, Porod, 2206.01674]

|40| 1. Dorsner, S. Fajfer, and N. Kosnik, Eur. Phys. J. C 77, 417 (2017), 1701.08322.

|41] D. Aristizabal Sierra, M. Hirsch, and S. G. Kovalenko, Phys. Rev. D 77, 055011 (2008), 0710.5699.

|42| D. Zhang, JHEP 07, 069 (2021), 2105.08670.

|43] H. Pas and E. Schumacher, Phys. Rev. D 92, 114025 (2015), 1510.08757.

44| Y. Cai, J. Herrero-Garcia, M. A. Schmidt, A. Vicente, and R. R. Volkas, Front. in Phys. 5, 63 (2017), 1706.08524



Scalar sector

* LQ scalar potential

1
Vip = E(/JH H'H + pus STS + pp RTR)

1 -
+2 (2 (HTH)" + 2 (515)" + 2z (RTR)")

+%(9HS(HTH)(S+S) T gHR(HTH)(RTR) T ghR(HTR)(RTH) + QRS(RTR)(STS))

+c; RTSH

v/ Consider the possibility of LQ VEVs at finite T

v/ Classify all possible FOPTs and determine SGWB
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Basics of Phase Transitions

(Illustration)

TN
Consider the scalar potential: V(p) = u’d*p + AM(p*d)* p
u><0andi>0 i
Add thermal corrections:
V(. T) = (u + C,TOP*p + Ap*)?
For C, > 0, after a certain T > 0, p, ¢ = 1w+ C¢T2 > 0 /%Eﬂ

Restored symmetry at high T

....................
000000
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Basics of Phase Transitions

(Illustration)

Consider the scalar potential: V() = u*d*e + A(p*p)?
u>>0and 1> 0

....................
0 -10

Add thermal corrections:

Vg, T) = (42 + C,THG*p + Ap*)? S

-or Cy < 0, after a certain T > 0, Hopr = 1+ C¢T2 <0 =S

||||||||||||||||||||||||

Broken symmetry at high T
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If a multi-Higgs theory contains multiple vacua, phase transitions can take place:

Vesm(y, o, 1)

T=163 GeV T=162 GeV T=150 GeV

T=100 GeV

T=130 GeV

h, [GeV]

MW
.2 588 YE8

= e = o = S e T R T e e
hy [GeV] hy [GeV] hy [GeV] hy [GeV]

T=200 GeV T=165 GeV

T=157 GeV T=145 GeV

SNER
.85 335838

0 50 100 150 200 0 50 100 150 200
hy [GeV] hy [GeV] hy [GeV]

T=200 GeV T=118 GeV T=88 GeV T=72 GeV =50 GeV

[Gev]
EEEEN

.....

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
hy [GeV] hy [GeV] hy [GeV] hy [GeV]

JHEP 05 (2018) 151
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The larger the potential energy difference between the
FOPTs true and the false vacuum, the stronger the PT

o 17 T, /0V; an ]
Strength of the PT quantified as: o = o Vi =V 1 ((‘9T 57 )
2
_ U
SOREAETE
Duration of the PT quantified as: b —T K2 53
H oT .

Euclidean action: Sg(gﬁ,T) = 47 /C>O dr r? { (i—f) +Veﬁ(gB,T)}
0

Véﬂ-‘(T):Vo-l-V(g) + AV (T) + Vg
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Minimization

0 > =0, (d)h)mC = vy, ~ 246 GeV (qbg)mC = VU, ,

1 1 v2026 1 v%§
2 2 2 h¥V%c"2 o4
Hh = ~VhAh = 5UaAch = 5 TG = A
1 1 v%§ 1 v20248 3036
S R W

2 4 A? 2 A2 4 A2
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Scalar mass spectrum

=

2,2
(U O

2
Mz,

04

M2, Mﬁh)
M2,

3@356

1&2

A2

( COS (¥}, SIN (vp,

— sin v, COS vy,

2

).




Thermal mass resummation

At high-T thermal 1-loop effects overpower the tree-level T=0 potential
Breaks down fixed-order perturbation theory and large T/m ratios must be resummed

Done by introducing Daisy corrections in the effective potential

ml.2 — ml-2 + ¢, T*
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Yv,
Vi 2 A2 \/§
1=1
3 y 2 2 2 $? 2 9¢)°
_|_¢O' | o o __ ¢h | h | o = 0-5 .
Ko=2 s  Ki= ¢h4A2 2 Gaz0 BN Tz T Gps0 et e %
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And for gauge bosons...

20 0 0
11 0 2 0 0
2 a2 | 2
Mgauge(¢h7 T) — Mgauge(¢h) | 6 A 0 0 92 0
0 0 0 ¢
2 2 1L 5
mWL (¢h7T) — mW(¢h) | 6 g 1 9
1 11 2
mQZL;AL (¢h7T) — §m22(¢h) | 19 (92 an g, )T2 + D,
1 11 , 2 11 , 11
D? = (Sm%(on) + 15 (9% + ¢ )T?) = g% T2 (6 + - 12)



