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Motivation

The SM lacks an out of equilibrium epoch, a condition for baryogenesis (Sakharov (1967))

‘We propose an extended model
SM + Complex Scalar Field

This model allows for an first order electroweak phase transition (EWPT).

A possible way to detect such transition is by measuring the primordial gravitational waves spectrum
created by sound waves.

We explored the parameter space and tested the GW spectrum dependence on the SM parameters.

This model also produces a dark matter candidate, a missing piece of the SM.
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Scalar Potential

We add a complex scalar field (Yo = T = 0) to the Standard Model content and choose the potential

Standard Model
—_—
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We enforce the Z; symmetry o — — o making all potential parameters real. The vacuum configuration is
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Scenarios
Scenario I  (vg # 0) Scenario 2 (v # 0 + neutrinos)
e 2 Real Scalar Particles ( 1 Higgs-like ) ¢ 2 Real Scalar Particles ( 1 Higgs-like )
¢ 1 Dark Matter Particle ¢ 1 Dark Matter Particle

¢ 6 Majorana Sterile Neutrinos
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Finite Temperature Potential

The 1-loop finite temperature potential is given by
Verr(T) = Vo + Vi) + Ve + AV(T) ,
where V) is the tree-level classical scalar potential.

The zero temperature 1-loop Coleman-Weinberg (CW) potential is given by
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where F; = 0(1) for bosons(fermions), m; are the ¢ field- dependent masses , n; are the number of d.o.f.
for particle i, A is the MS renormalization constants, and ¢; are 3 3 for each d.o.f. of scalars, fermions and

longitudinally polarised gauge bosons and % for each d.o.f. of transversely polarised gauge boson, in the
Landau gauge.
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Finite Temperature Potential - Counterterms and Temperature Corrections

The counterterm potential is given by
2 gt to) 4 op 2
Ve = 61207 ® + 510 (CD <1>) + 812 0"+ 81 (07 0)
1
+ 01 ® Dot o + (5 6,11,2; o2+ he. ) .
‘We apply the renormalization conditions by imposing that tadpole equations and mass terms are unchanged
at 1-loop
1 1
Ve [ aVéV\)/ PVa |\ _ B 7 VC(V\)/
oh; |~ oh; |’ Oh;oh; - Oh;ohj |~
The 1-loop finite-temperature corrections are given by (Quiros (1999))
- Z nyJp
f

where ny, (ny) are the bosonic (fermionic) d.o.f. for each particle b (f) in the summation, and m; are the
field dependent masses. The Jp,; functions are the bosonic (fermionic) thermal integrals given by
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Finite Temperature Potential - Temperature Corrections

At finite temperature one also has to take into account the daisy (ring) diagrams to compute consistently at a
given order (Arnold and Espinosa (1993), Dolan and Jackiw (1974), Espinosa and Quiros (1995), Parwani
(1992)).
This is done by resumming higher-loop diagrams which, in practice, is equivalent to have a
temperature-dependent mass term

w2 (T) =y +coT?.
In scenario 2, the daisy correction ¢ receives an additional contribution coming from the neutrino Yukawa
sector of the form

13
2
Cg-—)Cg-+ﬁZYo.i,
i=1
The longitudinal modes of the gauge bosons also receives thermal corrections

11
miy, ($n:T) = miy () + £ &°T7,

1 11
mZZL,AL (¢n;T) = §m22(¢h) + E(82 +gT 29,

where

1 11 2 11 11
2 = (Emzz(fl’h) + E(g2 +8'2)T2) - Eg2g12T2(¢121 + ?Tz) .

6/21



Instanton

The decay rate of the false vacuum to the true vacuum is given (Coleman (1977)) by
[(T) = A(T)e~S3/T |
where $3/T is the O(3) symmetric Euclidian action given by

0 2
S‘3(¢3,T)=47r/ drrz{l(d—d)) +veﬁ(¢3,T)},
0 2 \dr

with ¢ being the field VEVs that follow the classical path

d*¢ 2dé dveff

dé
ﬁ-'-rdr

dr

, with boundary conditions é(r) |r_m =0, 0=
.

The prefactor A(T') of the tunnelling rate can be well approximated as

[ST8)

~ SS
A(T) =T (2 T)
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Temperatures

> Critical Temperature - 7. - The potential has two degenerate minima and, consequently, the transition
from the false vacuum to the true vacuum begins via quantum tunnelling.

> Nucleation Temperature - 7,, - The temperature at which the tunnelling decay rate matches the
Hubble rate

(T _

HY(Ty)
> Percolation Temperature - 7, - Temperature at which at least 34% of the false vacuum has tunnelled
into the true vacuum or, equivalently, the probability of finding a point still in the false vacuum is 70%

T ar
r H(T)

3 ’ ’
P(T) 1D 1(T) = dnvy, /Tc I(T")dT

3 T“H(T")

To find the percolation temperature one has to solve I(7.) = 0.34 or, equivalently, P(7;) = 0.7.

There is a clear hierarchy between the temperatures

Te >T, > T,
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Strength of the Phase Transitions

The strength of the phase transitions is defined by the trace anomaly Hindmarsh et al. (2015, 2017) as

x(ovi 0
o~ 55 - ar )

The inverse time scale of the transitions if given by

B, d (ST
7= ar ()

H ™ "ar -

The order parameter of the phase transition is given by
S i
Avg vy — vyl
o MoVl

T T

The spectrum of the GW is given by

7 3 3 -3
S E N R |
7 fpeak 4 fpeak

where fpeax is proportional to the inverse of the mean bubble separation.

B2 Qgw = W2 (4_1)‘2
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Scenario 1 - Results
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Scenario 1 - Variations with Higgs and Top Quark Mass
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Scenario 2 - Results
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Scenario 2 - Variations with Higgs and Top Quark Mass
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Conclusions

A
Detectable GW occur when both order parameters fulfill %:’ ~ 1.
Strong transitions have a significant difference in percolation and nucleation temperatures.

In scenario 1, at most 250% GW signal variation if we vary the Higgs mass inside its experimental
uncertainty.

In scenario 1, at most 12% GW signal variation if we vary the top mass.

In scenario 2, at most 25% GW signal variation if we vary the Higgs mass.

In scenario 2, at most 5% GW signal variation if we vary the top mass.

There is no impact if we vary the any other SM parameter inside its experimental uncertainty.

A
Weak points, with %f < 1, do not have any variation with any SM parameter (including Higgs/Top
mass).
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Thank you!

Questions?
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Scenario 2 - Neutrino Potential

In scenario 2 we considered an inverse-seesaw mechanism given by

1

Zexsm = (..) = Y Lg®NR — My, SE N, 5

ASESro + hc..

vV,

S

It has the following mass matrix, with mp =Y}, %, H=f

mp 0 Vz
0 M, [[Nr| +hec..
M, H SR

Oﬁ|

S

. 1, —
g = () -5 (ve N Sg)|m

o

‘We impose the following hierarchy M, > mp > u which enables us to approximate light left handed
neutrino (SM-like) mass as
2
m
~u—2
my, = u M,% B

‘We also have two Majorana neutrinos, with large masses, approximately equal to

mp
my, = M, + -

mp
m,,3 %MV - T
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Gravitational Waves Spectrum

The spectrum of the GW is given by

w42 F VL 352
NI

A peak Ji peak

where fpeax is the peak-frequency. Semi-analytic expressions for peak-amplitude and peak-frequency in
terms of B/H and « can be found in Ref. (Caprini et al. (2020)) and can be written as

fpeak:26><10_6(L)(T*)( e )%HZ,

HR | \100) \ 100 Gev
2

1 HR\*> 3 2 HR
RPN = 1.159 x 1077 OV HRY k3 forbiry, = = R

8 Cs \/§ K12

1 HR\? 2 HR
R2QP = 1.159 x 1077 (ﬂ —) K2, forHtg, = — ——— =~ 1,

g )\ cs V3 K172
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Gravitational Waves

The fraction of the kinetic energy in the fluid compared the total bubble energy is given by

K = Ka

and
H 1
HR = 5 (87)3 max (vp,cs)

where « is the efficiency factor. The bubble wall velocity has to be large enough to give rise to detectable
GWs spectra. Our analysis is performed using CosmoTransitions (Wainwright (2012)), considering the
case of supersonic detonations where the wall velocity v, = 0.95 is taken to be above the Chapman-Jouguet

limit,
! ‘/
— 242
vy = cstyar+5al.
! 1+a(s 3)
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Signal-to-noise Ratio - Scenario 1 vs Scenario 2
SNR = \/o‘ /'fmax f [ thGW(f) ]
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