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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 à là “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

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

Searching for Alternative Candidates for Dark Matter  
beyond “standard WIMPs



Extra U(1) beyond SM symmetry

Global: L, B-L, B,PQ,…,X

Gauge: B-L,D,…,X
Dark Photons, Baryo-photons, extra Z’, etc. 

Pseudo-bosons bosons: 

Majorons, Axions, …

Globals need for a spontaneous 
symmetry breaking and a new VEV 



Pseudo-Goldstone 
as Dark Particle 

σ = Reσ + iImσ



First Order Phase Transitions

Credit to D. Weir, saoghal.net/slides/brda 

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

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

M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J. Weir, C. Caprini and R. Durrer and others 



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 FOPTs) 

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  

M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J. Weir, C. Caprini and R. Durrer and others 



Latent heat 

Enucleation rate scale

M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J. Weir, C. Caprini and R. Durrer and others 



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 isotropic, stationary and Gaussian. 
Furthermore, both the + and the × polarizations are assumed to have the same spectrum and are mutually uncorrelated. The 
GW power spectrum is given in terms of the energy-density of the gravitational radiation per logarithmic frequency as 

R=mean bubble separation,

cs speed of sound

Kinetic energy in the fluid from total bubble energy, depending from efficiency factor 

vS>vJ supersonic detonation, 

Sound Wave Dominance in GW

M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J. Weir, C. Caprini and R. Durrer and others 



T around 1-100 MeV

T around EW
T around 1000-10000 EW  

Possible region of interest for FOPTs 



EW or around EW FOPTs
•  D. E. Morrissey and M. J. Ramsey-Musolf, (2012), 1206.2942. 

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

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

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

•  H. H. Patel and M. J. Ramsey-Musolf, (2012), 1212.5652. 
And many others … 



…and efficient way to do that…



Higgs + complex scalar singlet



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

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 

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 

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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within the ranges |�i| < 5 and |Yi| < 3.5, even more
conservative bounds in a zero-temperature theory.

Due to the current LHC constraints on invisible Higgs
decays [26, 27, 44, 45] one has a bound ��h <

⇠ 0.03 the
Higgs-majoron quartic coupling in the case of light keV-
scale majoron. Under this assumption in our numerical
scan we did not find any point with an EW FOPT that
is strong enough for a potential observability of the re-
sulting GW spectra. This is illustrated in Fig 1.

There is a strong correlation of the peak-amplitude with
��h value such that requiring the latter to be very small
makes the GW signals well below the reach of LISA or
even the planned BBO and DECIGO missions. Note, this
is the case for both considered versions of the majoron
inverse seesaw model, with explicit and spontaneous lep-
ton number symmetry breaking in the scalar sector at
T = 0. Therefore, we conclude that the standard keV-
scale (warm) majoron dark matter scenario associated
with the inverse seesaw mechanism cannot be probed by
the GW astrophysics in the current simplest formulation.
For this reason, from now on we only consider the case
of heavy majoron mA > mh/2 kinematically closing the
invisible Higgs decay channel and thus enabling us to
consider larger values of ��h that ensure the existence of
the strong FOPTs in the model under consideration.

B. Inverse seesaw with majoron: small v� case

Let us now consider the case of a genuine inverse seesaw
with majoron and very small singlet VEV v�, effectively
generating an equally small µSS term in the Lagrangian
(3). As discussed above, this mechanism offers a dynami-
cal explanation for light neutrino masses, whose scale can
be attributed to the (tiny) scale of spontaneous breaking
of the lepton-number U(1)L symmetry in the neutrino
sector (while being softly-broken in the scalar sector).

In order to understand the role of heavy neutrino in the
generation of the GW spectra in the majoron inverse see-
saw scenario, we study the sensitivity of the GW peak-
amplitude h

2
⌦

peak
GW originated by the EW FOPTs with

respect to the variation of the Yukawa coupling Y�. As
shown in Fig. 2 an order one variation in the Yukawa cou-
pling reflects into violent variations by several orders of
magnitude in the GWs spectrum, with all the other pa-
rameters fixed. The results are shown together with the
projected sensitivities expected in LISA, and the planned
u-DECIGO and BBO missions [62, 63, 74, 75]. We have
taken the u-DECIGO sensitivity curves from Ref. [76],
whereas the sensitivities of other experiments are taken
from Ref. [77]. Here, for simplicity we have used the soft

U(1)L breaking scenario at zero temperature, with van-
ishing v� providing a tiny value of µ in the inverse seesaw
mechanism according to Eq. (5). We find a large num-
ber of points with strong FOPTs that generate the GW
peak-amplitudes well within the projected LISA sensitiv-
ity, with typical values of Y� below unity.
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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)L 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 �� = 0.37, ��h = 1.07, M = 239.4 GeV, mh2 = 154.6 GeV
and mA=369.9 GeV.

As is typical in models with several scalars, due to the
presence of two classical fields {�h, ��} in the effec-
tive potential at finite temperatures, besides a plenty
of single-step FOPTs one also finds double-step and,
in some rare cases, even triple-step FOPTs for a given
parameter space point and at well-separated nucleation
temperatures. One could naturally expect the presence
of several peaks in the corresponding GW spectrum as-
sociated with each FOPTs in such a chain of transitions.
Notice also that the analyses of GW spectra for the
multi-step FOPT scenarios involving EW phase transi-
tions require particular care, as discussed for instance in
Ref. [78].

Multi-peak configurations in the GW spectrum occur
very frequently in the inverse seesaw with majoron. This
fact is further highlighted in Fig. 3. Indeed, the double-
peak feature of the GW spectrum is a generic prediction
of our model, that can arise for many parameter choices,
as shown in Fig. 3a. Configurations with larger peak
multiplicities are also possible, as seen in Fig. 3b, where
the color denotes the peak number, 1 (blue), 2 (cyan)
or 3 (red). Such a rich structure of the GW spectrum
is favoured for relatively large quartic couplings involv-
ing �. From Fig. 3b we also see that the GW spectra
with three peaks are rarer than single or double GW-
peak spectra. We also note that a significant fraction
of the single peak cases are potentially testable at LISA
and BBO. However, finding a well-resolved double- or

















Effective Potential

Coleman-Weinberg 1-loop potential (Landau Gauge)

Counter-term potential

A1: one-loop T-dependent effective potential

Field dependent masses, n are d.o.f for each i-species, Q is the renormalisation sale, ci=3/2(all except:),1/2(transv.gaugebosons) in MSbar scheme 

Ref, Quiros 1999, hep-ph/9901312.  

The counter-terms are 
introduced to guarantee 


That masses at 1-loop are 
the same of tree-level



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. I. Tenkanen, and G. White (2021);

 P. Schicho, T. V. I. Tenkanen, and G. White (2022);  



Corrections to gauge boson masses



Where M is the scalar field dependent Hessian matrix 

First non-trivial order of the Hessian matrix

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

Scalars and Longitudinally polarised photon

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 0νββ − decay

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 



Majoron: extra global U(1)

Sub-electroweak FOPTs
Dark Matter Models

Dark Photon: extra gauge U(1)

Other possible dark symmetries …

AA. Y. Cai, A. Marciano et al 

AA, A. Marciano 



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



The 6D ope can work for It in Majoron model

1
Λ2

(σ†σ)6



FOPTs and Sound Waves Contributions



Neutron see-saw and new scalars: B-Majoron!

A. Addazi arXiv:1501.04660 & work in progress
Z.Berezhiani,arXiv:1507.05478  

https://arxiv.org/abs/1507.05478


Thanks for the attention!


