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Main idea in a mini-nutshell

Cold or Warm Dark Matter, still behaving better than MOND in
observations such as Bullet Cluster

WIMPs a la “thermal miracle” are highly disfavoured by deep
underground labs, colliders and indirect detection/cosmic rays

No new physics data in direct detection experiments demands for
minimality as a cautious attitude, minimalism and Occam’s razor

Searching for Alternative Candidates for Dark Matter
beyond “standard WIMPs

Sorry for missing references but these are very well known facts and statements



Extra U(1) beyond SM symmetry
Gauge: B-L,D,...,X

Dark Photons, Baryo-photons, extra Z’, etc.

Global: L, B-L, B,PQ,...,X

Pseudo-bosons bosons:
Majorons, Axions, ...

Globals need for a spontaneous
symmetry breaking and a new VEV
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http://saoghal.net/slides/brda

How
necessarily new physics beyond the Standard

Model.
Electroweak PT in minimal SM is a cross-over

Scalar field: Higgs or new particle

Higher order effective operators, example a D=6 self-interaction of the scalar field
It may be generated integrating out heavier fields or non-perturbative effects in
composite Higgs models

For example, Higgs strongly coupled with a scalar field.
In this case, a multi-step PT is possible



When

Cosmological time related to thermal history

Enucleation temperature
related to vacuum expectation value of the scalar field
and typically not far from it (there are exceptions such as in supercooled FOPTSs)

Tunneling from false to true vacuum
Bubble enucleations

Gravitational waves stochastic background

Frequency peaks proportional to the temperature.
Higher is temperature higher the Frequency peak

3 contributions: collisions, sound waves and turbulence
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Primordial Gravitational Waves from FOPTs

Strong FOPTs are violent processes occurring in the early Universe and are expected to leave a signature in the form of a
stochastic background of primordial GWs.

In the first approximation, the primordial stochastic GW background is statistically 1sotropic, stationary and Gaussian.
Furthermore, both the + and the x polarizations are assumed to have the same spectrum and are mutually uncorrelated. The
GW power spectrum 1s given in terms of the energy-density of the gravitational radiation per logarithmic frequency as
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M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J. Weir, C. Caprini and R. Durrer and others
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Kinetic energy in the fluid from total bubble energy, depending from efficiency factor



Characteristic Strain
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EW or around EW FOPTs

D. E. Morrissey and M. J. Ramsey-Musolf, (2012), 1206.2942.

e D.Land and E. D. Carlson, Phys.Lett. B292, 107 (1992), hep-
ph/9208227.

e A.Hammerschmitt, J. Kripfganz, and M. Schmidt, Z.Phys.
C64, 105 (1994), hep-ph/9404272.

e S.Profumo, M. J. Ramsey-Musolf, and G. Shaughnessy, JHEP
0708, 010 (2007), 0705.2425.

e H.H. Patel and M. J. Ramsey-Musolt, (2012), 1212.5652.

And many others ...




...and efficient way to do that...
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Higgs + complex scalar singlet
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The Majoron is the best candidate for it
among pseudo-goldstone DM models

QCD Axion for examples cannot have low
scale spontaneous symmetry breaking of U(1)

Motivated as Warm Dark Matter if KeV mass

Typically the vev of U(1) can be around of lower than the electroweak scale
And actually this is theoretically preferable

Peccei, Mohapatra, Berezhinsky, Valle, Shekter, Akhmedov, Berezhiani, Dolgov, Senjanovic, Cline and many others

Motivated as Cold Dark Matter as Bose-Einstein condensate.
It may also mix with the QCD axion in a strong CP solution scenario

Valle et al;
For example if the Majoron is composite as in Dvali, Funcke et al



Majoron dark matter and neutrino mass
in Standard see-saw, inverse see-saw and extended inverse see-saw type-I

L* V%{ S o H | Model

1 1 x =2 0 T1S
U(1)1 1 1 0 -1 O IS

1 1 -1 2 0 EIS

LIS =y L, Hug, + 4y 0§, vr;0 + h.c.

Ly =y L;Hvr, + 47 Sfvrjo + A7 SES; + hee.,
L, =y LiHve; +y3 SiS;0 + 45" Vrivrjo” + AYPR;S; + buc..

A. Addazi, R. Pasechnick, A. Marciano, A. Morais, R.Sivastrava, J.Valle, Phys.Lett.B 807 (2020) 135577;
AA, R. Pasechnick, A. Marciano, A. Morais, JCAP 09 (2023) 026.
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(a) Selected double-peak scenarios within the LISA and BBO
sensitivity ranges. The two ends of each line represent the
location of the peaks of the double-peak GW spectrum. The
two maxima in each double-peak GW spectra are joined by a
straight line, in order to easily identify the peaks associated
with each other.
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(b) Scatter plot showing the number of peaks for given model
parameter choices. Notice the appearance of double- and even
triple-peak features.
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FIG. 2: The GW spectrum as a function of the Yukawa Y, cou-
pling in the case of softly-broken U(1); symmetry (i.e. v = 0).
Order one variation of Y, correspond to several order of magnitude
variations in the GW power spectrum. Other model parameters are

fixed as Ao =0.37, App, =1.07, M =239.4 GeV, my,, =154.6 GeV
and m 4 =369.9 GeV.



— (T, Avh, Av?) = (53.0, 119.0, 786.0), (134.0, 33.0, 3.0) GeV ’
10-91 — (T, Avl, Av?) = (82.0, 166.0, 693.0), (149.0, 0.0, 353.0) GeV _+~
0 . (T, Avl, Av?) = (53.0, 115.0, 786.0), (136.0, 32.0, 2.0) GeV
10—11 \\‘\\
\ﬁi;:‘x\
10—13 TS
§~~D,E(iIGO—corr ~ :
E \\\\\55 ~
Q 10-15 =<
G 10772t 7 ==
o] ~~
~
10~
u-DECIGO
10—19
10_21 u-DECIGQAorr
1023 - - - -
1072 104 103 102 101 10°
f [Hz]
(a) The expected GW spectra.
L’ LISA ,
//
10—12_\\ /// //
3o~ = 7’
BEOSIS~o . N g R y ‘
——— ’ 4 s
. ~ Ve
DECIGB—?oH~~__~

10—16_

u-DECIGO-corr =~

~~

3=
%EU
C.\]Q 10—20_

10—24_

—28 | |
10 103

(b) Scatter plot showing typical double-peak scenarios.
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F1G. 4. Scatter plots showing the dependency of the Higgs trilinear coupling modifier in terms of the second CP-even

Higgs boson mass and the energy density amplitude of the SGWB in the colour scale. In the left panel 0g = 0 whereas
in the right panel 0g # 0.
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F1(G. 6. Scatter plots showing the correlations between the Higgs trilinear coupling modifier x» and the scalar mixing

angle sin ay,.

On both left panels, where the top one includes only 69 = 0 data while the bottom one features al
generated viable points, the colour scale denotes the energy density peak amplitude of the SGWB. On the top-righ
panel the colour gradient describes the mass of the new CP-even Higgs boson, he, and on the bottom-right one if
quantifies the size of the one-loop contribution to the Higgs trilinear self coupling as defined in Eq. (5.4). The vertica
red lines represent future constraints on sin o, assuming a precision of 1% (solid lines) and 0.1% (dashed lines) at future
colliders [80]. The blue horizontal lines indicate the projected 95% CL limits in k) measurements for the high-luminosity

LHC (dot-dashed lines) and the future /s = 27 TeV high-energy upgrade (dotted lines) [82]. The regions under the
darker blue and red shades correspond to the least constrained ones upon future measurements.
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F1G. 5. Scatter plots showing the correlation between the strength of the Higgs self interaction

portal couplings
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FI1G. 7. Scatter plots showing the Majoron decay life-time normalized to the age of the Universe 7y in terms of the
Majoron mass and the SGWB peak amplitude (top-left), the strength of the neutrino coupling to Majorons versus the
Majoron mass and the U(1)g, lepton number symmetry breaking scale (top-right), and the third generation nutrino
Yukawa couplings in terms of the heavy neutrinos mass scale and the amplitude of the SGWB (bottom).



A1: one-loop T-dependent effective potential

Vett (T) = Vo + V( ) + AV( ) + Vet | Effective Potential

Ref, Quiros 1999, hep—ph/9901312.
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Resummation via Daisy or Ring diagram for Finite temperature potential

L. Dolan and R. Jackiw (1974);
R. Parwani (1992);P. B. Arnold and O. Espinosa (1993); J. R. Espinosa and M. Quiros, (1995);
D. Croon, O. Gould, P. Schicho, T. V. |. Tenkanen, and G. White (2021);
P. Schicho, T. V. I. Tenkanen, and G. White (2022);
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where for the 6D EIS model one has
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Corrections to gauge boson masses {WE‘ 7 WL— , / I, A L}

g> 0 0 0
11_,1 0 g0 0

gauge(thv ) gauge(¢h)+ 6T 0 0 g2 0 ;
0 0 0 g~

whose eigenvalues of the zero-temperature mass matrix M, ,.(¢n) read as

%z

w(on) = 1 9 m7(én) = %( +4d7).

Rotating to the physical basis one obtains the following mass spectrum

11

miy, (¢n; T) = miy (dn) + 692T2
1 11

my, a, (on;T) = 5’”122(%) T

— (> +¢°)T?*+D,

with the field-dependent W, Z boson masses given in Eq. (4.17), and

1 11 2 11 9 11
D2 _ (_ 2 TQ) P, T2( TQ)
2mz(¢h) 12(9 +9 ) 1599 dp, + 3
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Tosrly) = | doatlog (1 expl—V/a? 7).
0

First non-trivial order of the Hessian matrix

T? i
AVOD)|Lo. = oo A T [M2s(0a)] + D mami(ga) + Y wmi(da) ¢
1=W,Z,~ 1=1;

Where M is the scalar field dependent Hessian matrix

SM Gauge Bosons (W,Z and transversely polarised photon)

nW:6, nZ—S, n7:2,
Ng — 6, naA, = 1 . Scalars and Longitudinally polarised photon
Nu,d,c,s,t,b = 12, Ne,u, — =, Nuy o3 =Nt = 2. fermions



The Majoron model for FOPTs
can be tested In colliders

Higgs trilinear couplings

Higgs decay into invisible channels

Interest for LHC in high luminosity phase or possible future
electron positron colliders such as CEPC and so on.

A. Addazi, R. Pasechnick, A. Marciano, A. Morais, R.Sivastrava, J.Valle, Phys.Lett.B 807 (2020) 135577,
AA, R. Pasechnick, A. Marciano, A. Morais, JCAP 09 (2023) 026.



Implications to 0v4p — decay
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Majoron emissions,
See Jones arXiv:2108.09364v2
For an example of review



https://arxiv.org/abs/2108.09364v2

Possible prospectives:
Local or global electroweak
Baryogenesis In this scenario

In discussion with Michael Ramsey Musolf



Sub-electroweak FOPTs

Dark Matter Models

Majoron: extra global U(1)
AA. Y. Cai, A. Marciano et al

Dark Photon: extra gauge U(1)

AA, A. Marciano

Other possible dark symmetries ...



Recent anomaly In
NANOGrav-15yr, PPTA, EPTA,
and CPTA

Compatible with sub-electroweak first order phase transitions
Alternative to Supermassive BH mergings

AA, Y. Cai, A.Marciano et al



Qcwh?

The 6D ope can work for It in Majoron model
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FIG. 1. Several GW signals from FOPTs are displayed and
compared with the sensitivity region of NANOGrav 12.5 yrs
1], NANOGrav 11 yrs |52]|, PPTA |53, EPTA [|54]. We show
the cases of several FOPTs corresponding to different val-
ues of the {«, 8/H, T, } parameters: 1) Yellow {0.7,5,3 KeV};
2) Cyan {0.3,10,300KeV}; 3) Magenta {0.5,2,300KeV}; 4)
Blue {0.5,2,0.6 KeV}; 5) Dark purple {0.5,10,30KeV}; 6)
Red {0.1,10,2MeV}, 7) Black {0.1,10,100 MeV}. The in-
trinsic uncertainties of sound and turbulence efficiency factors
are considered.
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FIG. 1. The strain amplitude A. (vertical axis) and the
index ~ (horizontal axis) predicted by different models of
GWs from bubble collision for a phase transition occurring at
T, = 100 MeV (red lines) and T, = 1 MeV (blue lines). Dif-
ferent line thicknesses correspond to different choices for the
value of @ — see the figure label for details. We also display
the fit recently obtained by the NANOGrav collaboration [1]
after analyzing the 15 years data set, with the different shad-
ings marking the 1-, 2- and 3-0 confidence regions.

FOPTs and Sound Waves Contributions



Neutron see-saw and new scalars: B-Majoron!
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Z.Berezhiani,arXiv:1507.05478
A. Addazi arXiv:1501.04660 & work in progress



https://arxiv.org/abs/1507.05478
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