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So far, all lab. measurements amazingly consistent with the Standard Model

describes phenomena over many orders of magnitude!



Open questions in particle physics .
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 ▪︎ Origin of the electroweak scale

 ▪︎ Origin of Dark Matter

 ▪︎ Origin of Flavour

 ▪︎ Origin of Baryon Asymmetry

 ▪︎ Origin of Large Scale Structures (inflation)

 ▪︎ Origin of Cosmological Constant

 ▪︎ Origin of strong CP solution

 ▪︎ Origin of neutrino masses

The Standard Model of Particle Physics 

All related to physics of the early universe



Open questions in particle physics 
that I will not discuss today 

(or only briefly).
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 ▪︎ Origin of Flavour

 ▪︎ Origin of Large Scale Structures (inflation)

 ▪︎ Origin of Cosmological Constant

 ▪︎ Origin of strong CP solution

 ▪︎ Origin of neutrino masses

All related to physics of the early universe
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 Why do massive neutrinos mix so differently?
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16 12. CKM quark-mixing matrix

and the Jarlskog invariant is J = (3.18 ± 0.15) × 10−5.

Figure 12.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region.

12.5. Implications beyond the SM

The effects in B, Bs, K, and D decays and mixings due to high-scale physics
(W , Z, t, H in the SM, and unknown heavier particles) can be parameterized by
operators composed of SM fields, obeying the SU(3) × SU(2) × U(1) gauge symmetry.
Flavor-changing neutral currents, suppressed in the SM, are especially sensitive to beyond
SM (BSM) contributions. Processes studied in great detail, both experimentally and
theoretically, include neutral meson mixings, B(s) → Xγ, Xℓ+ℓ−, ℓ+ℓ−, K → πνν̄,
etc. The BSM contributions to these operators are suppressed by powers of the scale
of new physics. Already at lowest order, there are many dimension-6 operators, and
the observable effects of BSM interactions are encoded in their coefficients. In the SM,
these coefficients are determined by just the four CKM parameters, and the W , Z, and
quark masses. For example, ∆md, Γ(B → ργ), Γ(B → πℓ+ℓ−), and Γ(B → ℓ+ℓ−) are all
proportional to |VtdVtb|2 in the SM, however, they may receive unrelated contributions
from new physics. The new physics contributions may or may not obey the SM relations.
(For example, the flavor sector of the MSSM contains 69 CP -conserving parameters and
41 CP -violating phases, i.e., 40 new ones [129]). Thus, similar to the measurements of
sin 2β in tree- and loop-dominated decay modes, overconstraining measurements of the
magnitudes and phases of flavor-changing neutral-current amplitudes give good sensitivity
to new physics.

To illustrate the level of suppression required for BSM contributions, consider a
class of models in which the unitarity of the CKM matrix is maintained, and the
dominant effect of new physics is to modify the neutral meson mixing amplitudes [130] by
(zij/Λ2)(qiγ

µPLqj)
2 (see [131,132]). It is only known since the measurements of γ and

α that the SM gives the leading contribution to B0 –B0 mixing [6,133]. Nevertheless,
new physics with a generic weak phase may still contribute to neutral meson mixings at
a significant fraction of the SM [134,135,127]. The existing data imply that Λ/|zij |1/2

has to exceed about 104 TeV for K0 –K0 mixing, 103 TeV for D0 –D0 mixing, 500 TeV
for B0 –B0 mixing, and 100TeV for B0

s –B0
s mixing [127,132]. (Some other operators

are even better constrained [127].) The constraints are the strongest in the kaon sector,
because the CKM suppression is the most severe. Thus, if there is new physics at the TeV
scale, |zij | ≪ 1 is required. Even if |zij | are suppressed by a loop factor and |V ∗

tiVtj |2 (in
the down quark sector), similar to the SM, one expects percent-level effects, which may
be observable in forthcoming flavor physics experiments. To constrain such extensions of
the SM, many measurements irrelevant for the SM-CKM fit, such as the CP asymmetry

in semileptonic B0
d,s decays, Ad,s

SL , are important [136]. The current world averages [21]
are consistent with the SM, with experimental uncertainties far greater than those of the
theory predictions.

Many key measurements which are sensitive to BSM flavor physics are not useful
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Figure 12.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining
the experimental data. CKMfitter [6,109] and Ref. [124] (which develops [125,126]
further) use frequentist statistics, while UTfit [110,127] uses a Bayesian approach. These
approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (12.4) gives

λ = 0.22453 ± 0.00044 , A = 0.836 ± 0.015 ,

ρ̄ = 0.122+0.018
−0.017 , η̄ = 0.355+0.012

−0.011 . (12.26)

These values are obtained using the method of Refs. [6,109]. Using the prescription
of Refs. [110,127] gives λ = 0.22465 ± 0.00039, A = 0.832 ± 0.009, ρ̄ = 0.139 ± 0.016,
η̄ = 0.346 ± 0.010 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =

⎛

⎝
0.97446 ± 0.00010 0.22452± 0.00044 0.00365 ± 0.00012
0.22438 ± 0.00044 0.97359+0.00010

−0.00011 0.04214 ± 0.00076

0.00896+0.00024
−0.00023 0.04133± 0.00074 0.999105 ± 0.000032

⎞

⎠ , (12.27)
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and the Jarlskog invariant is J = (3.18 ± 0.15) × 10−5.

Figure 12.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region.
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operators composed of SM fields, obeying the SU(3) × SU(2) × U(1) gauge symmetry.
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a significant fraction of the SM [134,135,127]. The existing data imply that Λ/|zij |1/2
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for B0 –B0 mixing, and 100TeV for B0
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scale, |zij | ≪ 1 is required. Even if |zij | are suppressed by a loop factor and |V ∗
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be observable in forthcoming flavor physics experiments. To constrain such extensions of
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unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining
the experimental data. CKMfitter [6,109] and Ref. [124] (which develops [125,126]
further) use frequentist statistics, while UTfit [110,127] uses a Bayesian approach. These
approaches provide similar results.
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significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (12.4) gives
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η̄ = 0.346 ± 0.010 [128]. The fit results for the magnitudes of all nine CKM elements are
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• Not only inflation

• Neutrinos have a mass, their energy affects the gravitational clustering

• By understanding the clustering, we can measure their mass  

• We need to understand these curves

Massive Neutrinos
Nobel Prize and Breakthrough prize 2015

from Wong 2011

 Neutrino masses affect gravitational clustering

  

Constraints on the neutrino mass sum… 4 of 4

ΛCDM+neutrino mass 7-parameter fit; 95% C.L. on ∑m
ν
 in [eV]. 

+Lensing +BAO (non-CMB) +Lensing+BAO
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Low-ℓ polarisation only  

Plus high-ℓ polarisation 

Aghanim et al. [Planck] 2018
Ade et al. [Planck] 2015

Palanque-Delabrouille et al. 2015

Planck2015 TT+lowP+Lyα ∑mν <0.13 eV



 If a 10 eV-mass neutrino was the dark matter, λFS,max ~ 25 Mpc, we would not have 
galaxies (λ ~10 kpc) and galaxies clusters (λ ~1 Mpc)! 

  
Simulations by Troels Haugbølle
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Cold dark matter Massive neutrinos 7 eV



  

Lyman-α
(z~2-4)

Who can measure it?
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Who can measure it?
Large-scale power spectrum measurements circa 2018

Akrami et al. 2018

 Measuring the matter 
power spectrum



  

Weak lensing of the CMB...

CMB photons are deflected by the intervening matter distribution, leading to a slightly 
distorted image of the large scattering surface.

Weak lensing of the CMB

CMB photons are deflected by the intervening matter distribution, leading to a slightly 
distorted image of the large scattering surface. 

[Y. Wong]



  

Fixed total matter density
Free H

0
 (sound horizon adjusted)

∑ mν=1×1.2 eV

∑ mν=3×0.4 eV

∑mν=0 eV

Uplifting in the 
acoustic oscillation 
phase

Early ISW Effect 
(after photon 
decoupling)

Neutrino mass and the CMB temperature...

WMAP ACT, SPT

Weak lensing

Planck [V1 3/2013; V2 2/2015; V3 7/2018]

Mainly responsible for
WMAP era constraints

Planck era constraints
derive mainly from this
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Weak lensing

[Y. Wong]



The CMB anisotropies and the large-scale structure 
distribution can be used to probe neutrino physics. 
 
Existing data already place strong constraints on the 
neutrino mass.  

Future probes exploiting weak gravitational lensing of 
CMB polarisation (e.g., CMB S4) and cosmic shear (e.g., 
Euclid) can potentially tighter the bound 10-fold. 

Summary on neutrinos & cosmology .

[Y. Wong]



Sloan Digital Sky Survey (SDSS) Galaxy Map
catalog of hundreds of thousands 
of galaxies -> measure of the 
matter content of the universe

The observable universe: ~ 3000 Megaparsec (Mpc)  1 
Mpc 

The main characteristic of our universe: homogeneous & isotropic at large 
scales (>100 Mpc)
At scales < 100 Mpc: very inhomogeneous structure (galaxies, clusters,    
super-clusters)



The cosmological stochastic gravitational wave background Valerie Domcke (DESY, Hamburg)

Planck Collaboration: Constraints on Inflation
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Fig. 1. Planck 2018 CMB angular power spectra, compared with the base-⇤CDM best fit to the Planck TT,TE,EE+lowE+lensing
data (blue curves). For each panel we also show the residuals with respect to this baseline best fit. Plotted areD` = `(` + 1)C`/(2⇡)
for TT and T E, C` for EE, and L2(L + 1)2C��L /(2⇡) for lensing. For TT , T E, and EE, the multipole range 2  `  29 shows the
power spectra from Commander (TT ) and SimAll (T E, EE), while at ` � 30 we display the co-added frequency spectra computed
from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to their best-fit values in the
base-⇤CDM cosmology. For the Planck lensing potential angular power spectrum, we show the conservative (orange dots; used in
the likelihood) and aggressive (grey dots) cases. Note some of the di↵erent horizontal and vertical scales on either side of ` = 30
for the temperature and polarization spectra and residuals.

Section 4 is devoted to constraining slow-roll parameters and
to a Bayesian model comparison of inflationary models, tak-
ing into account the uncertainties in connecting the inflation-
ary expansion to the subsequent big-bang thermalized era. In
Sect. 5 the potential for standard single-field inflation is recon-
structed using two di↵erent methodologies. Section 6 describes
the primordial power spectrum reconstruction using three dif-
ferent approaches. In Sect. 7, the parametric search for features
in the primordial scalar power spectrum is described, including
a dedicated study of the axion monodromy model. In Sect. 8,
the Planck power spectrum data are combined with information
from the Planck bispectrum in a search for oscillations in the
primordial spectra. The constraints on isocurvature modes are
summarized in Sect. 9. Section 10 updates and extends the con-
straints on anisotropic inflationary models of inflation. We sum-
marize our conclusions in Sect. 11, highlighting the key results
and the legacy of Planck for inflation.

2. Methodology and data

The general theoretical background and analysis methods ap-
plied in this paper closely match those of the previous Planck
inflation papers (PCI13; PCI15). Consequently, in this section
we provide only a brief summary of the methodology and focus
on changes in the Planck likelihood relative to previous releases.

2.1. Cosmological models and inference

For well over a decade, the base-⇤CDM model has been estab-
lished as the simplest viable cosmological model. Its six free
parameters can be divided into primordial and late-time parame-
ters. The former describe the state of perturbations on observable
scales (corresponding to a wavenumber range of 10�4 Mpc�1 .
k . 10�1 Mpc�1 today) prior to re-entering the Hubble radius
around recombination. In base ⇤CDM, the initial state of per-
turbations is assumed to be purely adiabatic and scalar, with the
spectrum of curvature perturbations given by the power law

lnPR(k) = ln As + (ns � 1) ln(k/k⇤) ⌘ lnP0(k), (3)
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Fig. 1. Planck 2018 CMB angular power spectra, compared with the base-⇤CDM best fit to the Planck TT,TE,EE+lowE+lensing
data (blue curves). For each panel we also show the residuals with respect to this baseline best fit. Plotted areD` = `(` + 1)C`/(2⇡)
for TT and T E, C` for EE, and L2(L + 1)2C��L /(2⇡) for lensing. For TT , T E, and EE, the multipole range 2  `  29 shows the
power spectra from Commander (TT ) and SimAll (T E, EE), while at ` � 30 we display the co-added frequency spectra computed
from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to their best-fit values in the
base-⇤CDM cosmology. For the Planck lensing potential angular power spectrum, we show the conservative (orange dots; used in
the likelihood) and aggressive (grey dots) cases. Note some of the di↵erent horizontal and vertical scales on either side of ` = 30
for the temperature and polarization spectra and residuals.
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to a Bayesian model comparison of inflationary models, tak-
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ary expansion to the subsequent big-bang thermalized era. In
Sect. 5 the potential for standard single-field inflation is recon-
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the primordial power spectrum reconstruction using three dif-
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in the primordial scalar power spectrum is described, including
a dedicated study of the axion monodromy model. In Sect. 8,
the Planck power spectrum data are combined with information
from the Planck bispectrum in a search for oscillations in the
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marize our conclusions in Sect. 11, highlighting the key results
and the legacy of Planck for inflation.
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we provide only a brief summary of the methodology and focus
on changes in the Planck likelihood relative to previous releases.

2.1. Cosmological models and inference
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ters. The former describe the state of perturbations on observable
scales (corresponding to a wavenumber range of 10�4 Mpc�1 .
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spectrum of curvature perturbations given by the power law

lnPR(k) = ln As + (ns � 1) ln(k/k⇤) ⌘ lnP0(k), (3)
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The paradigm of slow-roll inflation
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V (φ)

φ

large vacuum energy              exponential expansion            homogeneity of CMB

quantum fluctuations               become classical                    tiny anisotropies in the CMB

very successful paradigm, but very many possible realizations

[Planck collaboration ’18]

Planck Collaboration: Constraints on Inflation
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BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' � 2
N
, r ' 12

N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.
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we lack access to sub-CMB scales

Planck Collaboration: The cosmological legacy of Planck

-160

160 µK

0.41 µK

Fig. 6. The Planck CMB sky. The top panel shows the 2018, SMICA temperature map. The middle panel shows the polarization field
as rods of varying length, superimposed on the temperature map, when both are smoothed at the 5� scale. This smoothing is done
for visibility purposes, but the enlarged region presented in Fig. 7 shows that the Planck polarization map is dominated by signal at
much smaller scales. Both these CMB maps have been masked and inpainted in regions where residuals from foreground emission
are expected to be substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution
temperature map. The bottom panel shows the Planck lensing map (derived from r�, i.e., the E mode of the lensing deflection
angle), specifically a minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the
unmasked area covers 80.7 % of the sky, which is larger than that used for cosmology.

13

[V. Domcke]

Inflationary paradigm .
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The SM does not explain any component  
of the energy budget of the universe

 ΩΩ

18

a non-coincidence

Atoms:      4.9 %

Photons:   0.0022 %

Neutrinos: 0.0016 %

Particle-antiparticle asymmetry

Relativistic 
thermal relics



Universe is accelerating…



Black-Hole Neutron-Star merger

GW170817 = GRB170817A Black-Hole Neutron-Star merger

GW170817 = GRB170817A 

Black-Hole Neutron-Star merger

GW170817 = GRB170817A 

The discovery of gravitational waves has hit very heavily the 
theories of dark energy...

Dark energy simplest explanation: a CC.

Lessons on Dark Energy from LIGO/VIRGO .



Open questions in particle physics 
that I will discuss today.
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 ▪︎ Origin of Dark Matter

 ▪︎ Origin of Baryon Asymmetry

 ▪︎ Origin of the electroweak scale
 - Hierarchy problem

 ▪︎ How to use Gravitational Waves to probe new physics

 - Nature of the EW phase transition
 - Cosmological relaxation



 Origin of the 
Electroweak Scale .

-1-

19

 The Hierarchy problem



H"

The Higgs is so special ! 

It gives mass to all elementary 
particles. 

This happened when the temperature 
of the universe dropped below  100 

billions of degrees celsius.



11< The Electroweak Hierarchy Problem of the Standard Model 
Effective Theory 

11< The Higgs is sensitive to heavy new particlesFine-tunning ?

SMEFT and hierarchy problem

g0 = g+O(log(⇤))

µ02
= µ2

+O(⇤

2
)
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H Hg g

If there are heavy new particles, the Higgs mass should know about them…
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11< The Electroweak Hierarchy Problem of the Standard Model 
Effective Theory 

11< Even gravitational physics is sufficient to feed 
through threshold corrections to the Higgs mass

and gives a correction parametrically of order

�m2

H ⇠ m2

H

(16⇡2)2
m4

 

M4

P l

This correction is small because the graviton coupling to a massless, on-shell
particle at zero momentum vanishes, and so the result is proportional to mH .

However, we could also have a three-loop diagram where the graviton couples
to a loop of top quarks,

The correction from this diagram is parametrically of the form

�m2

H ⇠ 6y2t
(16⇡2)3

m6

 

M4

P l

and is much larger because now the gravitons are coupling to o↵-shell states.

If m
 

⇠ MP l, correction is ⇠ 6y2t
16⇡2

M2
Pl

(16⇡2
)

2 . Of course at this point we doubt the
validity of our gravity EFT, but this parametrically validates our naive expecta-
tion from the cuto↵ argument, now with ⇤ ⇠ MP l/16⇡2. So even gravitational
physics is su�cient to feed through threshold corrections to the Higgs mass.

The conclusion is that if there are any other states out there, even ones that
only couple to the Higgs gravitationally, they give a threshold correction to the
Higgs mass that is proportional to the mass scale of the new states. We can see
these corrections in MS or any other scheme; they are physical threshold correc-
tions and have unambiguous value. The result using a hard cuto↵ was merely a
placeholder for threshold corrections, which we could only see in MS if we had
actual physical states in the theory.
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Even if the new states     only couple to the Higgs gravitationally, 
they give a threshold correction to the Higgs mass that is 
proportional to the mass scale of the new states         .
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The Hierarchy Problem

If Standard Model is an effective field theory below MPlanck● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4≪ MPlanck
2Why                            ?



The Hierarchy Problem

In high energy completions of the Standard Model where the Higgs 
potential can be computed in  terms of new parameters, α and  β: 

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

β

α

V(h)
critical line

⟨h⟩≪M
P

V(h)

● Where we see in nature the EWSB scale?

V(h)

The SM:  an EFT below MP (sets the mass scale)

⟨h⟩=0

⟨h⟩~MP

⟨h⟩~100 GeV

β

α

V(h)
critical line

⟨h⟩≪M
P

V(h)

● Where we see in nature the EWSB scale?

V(h)

The SM:  an EFT below MP (sets the mass scale)

⟨h⟩=0

⟨h⟩~MP

⟨h⟩~100 GeV
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Why does the Higgs vacuum reside so close to the critical line separating the phase with  
unbroken (<H>=0) from the phase with broken (<H> ≠0) electroweak symmetry?



The Hierarchy Problem

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

β

α

V(h)

critical line

⟨h⟩≪M
P

V(h)

● Where we see in nature the EWSB scale?

V(h)

The SM:  an EFT below MP (sets the mass scale)

⟨h⟩=0

⟨h⟩~MP

⟨h⟩~100 GeV

β

α

V(h)

critical line

⟨h⟩≪M
P

V(h)

● Where we see in nature the EWSB scale?

V(h)

The SM:  an EFT below MP (sets the mass scale)

⟨h⟩=0

⟨h⟩~MP

⟨h⟩~100 GeV

Solution 1:  Critical line is special line with enhanced 
symmetry-> e.g Supersymmetry, global symm.
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Implications: Partner particles expected at the 
weak scale





CMS Exotica Physics Group Summary – LHCP, 2016!
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Adding a symmetry 

Lowering the cutoff
-> Randall-Sundrum / Composite Higgs, 

Experimental signals: resonances

Selecting a vacuum : Relaxation (dynamics), 
Experimental signals: typically through cosmology

Experimental signals: partners

-> Large Extra Dimensions …

-> Supersymmetry
-> Global symmetry …

Solutions to the Hierarchy Problem .
[N. Craig]



New 
Relaxion 
idea: 

(discussed later 
in this lecture)

Higgs mass parameter is field-dependent

m2|H|2 ! m2(�)|H|2

Φ can get a value such that m2(�) ⌧ ⇤2

from a dynamical interplay between H and Φ

Field-dependent Higgs mass

possibility that ! gets a value where 

it can arise from a “clever” 
dynamical interplay 
between H and !

Higgs-mass parameter

Another new Idea for the Hierarchy Problem:

!

m2
H(�)|H|2m2

H |H|2

m2
H(�) ⌧ M2

P

!c

m2
H(�)

“Relaxation” mechanism P.W. Graham, D.E. Kaplan, S.Rajendran
arXiv:1504.07551 

must settle  
close to Φc

UV cutoff

mH naturally stabilized due to back-reaction of the 
Higgs field after EW symmetry breaking !



 Origin of Dark Matter .
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The existence of (Cold) Dark Matter has been established by  a host of 
different methods; it is needed on all scales

... etc

-> Fraction of the universe’s energy  
density stored in dark matter :  

 ΩΩ

Gravitational lensing
The “Bullet cluster”: lensing map versus 
X-ray image

Galaxy rotation curves

Cosmic Microwave Background

DM properties are more and more constrained (gravitationally interacting, long-lived, 
not hot, not baryonic ...) but  its identity remains a mystery



32

Dark matter can’t be explained by the Standard Model
qu
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Matter Forces

charged/unstable

baryonic

massless

contribution to the energy  budget of 
the universe

radius of circle is proportional to 
the mass

Particule � type
Baryons 4 - 5 % froid

Neutrinos < 2 % chaud
Matière noire 20 - 26 % froid

Particle � type
Baryons 4 - 5 % cold

Neutrinos < 2 % hot
Dark matter 20 - 26 % cold

1

H
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Dark Matter Candidates
thermal relic

superWIMP

condensate

gravitationnally 
produced or at preheating
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Mass scale of dark matter

10-22 eV keV GeV

WIMP``Ultralight” DM

non-thermal  
bosonic fields"

``Light” DM

dark sectors"
sterile ν"

can be thermal

Primordial"
black holes 

10 M�
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential
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has long been 
 favorite candidate
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⇒ σanni ≈ 1 pb

σ ∼ α2/m2   


 ⇒ m ∼ 100 GeV

Thermal relic: ΩDM ∝ 1/σanni

XX � ff

XX ff

XX ff
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Thermal Relics!

Chemical equilibrium is maintained!
as long as annihilation rate exceeds!
the Hubble expansion rate!

‘Freeze-out’ occurs when annihilation rate:!

becomes comparable to the expansion rate!

                where g ~ # relativistic species  !

i.e. ‘freeze-out’ occurs at T ~ mN /45, with: !

However the observed ratio is 109 times bigger for baryons, and there are no 
antibaryons, so we must invoke an initial asymmetry:!

freese-out :

~

ΩΩ O(1) pb
σ

→ a particle with a typical EW-scale cross section  
σanni 

The “WIMP miracle”

WIMP Relic abundance from Standard thermal freeze-out

annihilation 
rate of 
particle

expansion 
rate of 
universe
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FIG. 11. Reproduced from Ref. [38], the Planck 2018 constraints on DM annihilation cross section as a
function of DM mass. The different shaded regions/lines correspond to constraints on different final states
in the DM annihilation. Also shown are preferred regions obtained from fits of cosmic ray and gamma ray
data; for discussion of these excesses, see Refs. [108, 109].

into helium, since the fusion rate competes with dissociation from the high energy photons. As a
result, the effect of the DM is reduced D and increased 4He. (Meanwhile, an additional source of
radiation in Neff primarily affects BBN by changing the expansion rate and thus increasing the relic
n/p ratio; this leads to more D and 4He.) Refs. [105–107] used measurements of abundances and
the baryon density to set lower bounds on the DM mass m� & 1�10 MeV, with the specific number
depending on the number of degrees of freedom of the candidate. (It is also interesting to note that
these bounds apply generally to any MeV-scale particle that was in equilibrium with the SM around
the time of BBN, and does not make any assumption about the particle’s relic abundance.)

CMB —- After freezeout, DM annihilation continues all the way through the epoch of recom-
bination, with a rate given by ⇢2

DM

h�vi/(2m2

�) for Majorana particles. This is a meager rate that
barely changes the DM density, but it is a source of energy injection which does affect the CMB.
Accounting for the energy released in the annihilation (2m�), the rate of energy deposited per
volume and time is parametrized as

dE

dV dt
(z) = ⇢2

c⌦
2

cdm

(1 + z)6
h�vi
m�

f(z) (67)

where f(z) is typically an O(1) number characterizing the efficiency of energy deposition at redshift
z [110, 111]. For instance, annihilation into photons in a “transparency window” (energies and
redshifts where the photon cooling time is relatively slower compared to the expansion rate) or
annihilation into neutrinos would reduce the efficiency. The physical effect of the late energy
injection is primarily to modify the ionization history: there is an increase in residual ionized
hydrogen. CMB photons scatter off the free electrons, leading to damping at small scales in the
CMB power spectra (` & 200) and an increase in the power for CMB polarization (EE) at large
scales (` . 200) [112].
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Indirect searches.  
Fermi constraints on WIMPs
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential
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assumes the number density for a particle in thermal equilibrium and with zero chemical potential.

where the entropy in the photon plus positron/electron bath is s�(T = MeV�) = 11

2

2⇡2

45

T 3. This
result has an additional factor of 43/22 compared to the one we obtained for neutrinos; however,
this compensated by the fact that g⇤,S(T

fo

) is larger when T
fo

> MeV, so that the largest possible
value of Y� is that of the abundance for neutrinos. The relic abundance is then given by

⌦�h2 ' 0.12 ⇥ g

g⇤,S(T
fo

)

⇣ m�

2 eV

⌘
. (29)

Earlier, we determined that a viable thermal dark matter candidate should have mass m� & 1�10

keV. However, if freezeout occurs when the DM is relativistic, then we obtain ⌦�h2 = 0.12 only
when m� ' 1 � 10 eV. Here it is assumed that g⇤,S(T

fo

) ⇠ O(10) and g ⇠ 2. Larger m� would lead
to an excess of matter density and would result in

P
i ⌦i > 1, known as overclosure. Alternatively,

one can increase g⇤,S(T
fo

). From the result above, we see that for m� > keV, we would need
g⇤,S(T

fo

) & 1000 – many more degrees of freedom than is present in the Standard Model!5 The
lesson from this exercise is that freezeout of a relativistic species can give a cold dark matter
candidate – but only in nonstandard cosmologies. Otherwise, the relic number density is simply
too high.

5 In fact, this is the assumption in most searches for warm dark matter, meaning the resulting bounds are quite
conservative.
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Simplified models: relevant/marginal portals 
PBC: Beacham, et al., CERN-PBC-REPORT-2018-007, 1901.09966 

Allowing CP violation => axion acquires scalar couplings (not included). 

the so called hidden sector. Given the exceptionally low-couplings, a high intensity source
is necessary to produce them at a detectable rate: this can be astrophysical sources, or
powerful lasers, or high-intensity accelerator beams. The search for NP in the low-mass
and very low coupling regime at accelerator beams is what is currently called the intensity
frontier.

Hidden Sector particles and mediators to the SM can be light and long-lived. They
interact very weakly with SM fields that do not carry electromagnetic charge, like the Higgs
and the Z0 bosons, the photon and the neutrinos. They are singlet states under the SM
gauge interactions and the couplings between the SM and hidden-sector particles arise via
mixing of the hidden-sector field with a SM “portal” operator. In the following Section
we will present the generic framework for hidden sector portals along with a set of specific
benchmark cases that will be used in this document to compare the physics reach of a large
fraction of proposals presented within this study.

2.1 Hidden Sector portals

The main framework for the BSM models, the so-called portal framework, is given by the
following generic setup (see e.g. Refs. [21–23]). Let O

SM

be an operator composed from the
SM fields, and O

DS

is a corresponding counterpart composed from the dark sector fields.
Then the portal framework combines them into an interaction Lagrangian,

L
portal

=
ÿ

O
SM

◊ O
DS

. (2.1)

The sum goes over a variety of possible operators and of di�erent composition and dimension.
The lowest dimensional renormalisable portals in the SM can be classified into the following
types:

Portal Coupling
Dark Photon, Aµ ≠ ‘

2 cos ◊W
F Õ

µ‹Bµ‹

Dark Higgs, S (µS + ⁄S2)H†H

Axion, a a
fa

Fµ‹F̃ µ‹ , a
fa

Gi,µ‹G̃µ‹
i , ˆµa

fa
Â“µ“5Â

Sterile Neutrino, N yN LHN

Here, F Õ
µ‹ is the field strength for the dark photon, which couples to the hypercharge

field, Bµ‹ ; S is a new scalar singlet that couples to the Higgs doublet, H, with dimensionless
and dimensional couplings, ⁄ and µ; a is a pseudoscalar axion that couples to a dimension-4
diphoton, di-fermion or digluon operator; and N is a new neutral fermion that couples to
one of the left-handed doublets of the SM and the Higgs field with a Yukawa coupling yN .

According to the general logic of quantum field theory, the lowest canonical dimension
operators are the most important. All of the portal operators respect all of the SM gauge
symmetries. Even the global symmetries are kept in tact with the only exception being the
(accidental) lepton number conservation if the HNL is Majorana. The kinetic mixing and
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Example : Constraints on vector portal
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FIG. 12. Collected constraints on a kinetically mixed vector with mass mV and kinetic mixing parameter
. There are stellar emission bounds from the Sun, HB stars, RG stars (adapted from Ref. [118], and first
derived in Refs. [116, 119]) and SN1987a [117]. Other bounds at low masses are from resonant conversion of
CMB photons into dark photons [120], and from fifth force searches (Coulomb) [121]. For mV . 105 eV, the
bounds shown assume the dark photon is either long-lived or decays to invisible hidden sector states. For
mV & 105 eV, the bounds shown assume that the dark photon does not decay to hidden sector states. Then
there are constraints from late decays of dark photons into 3� for mV < 2me [122] or from energy injection
in the BBN or CMB for mV > 2me [123]. The region labeled ‘SN1987a (decays)’ comes from dark photons
which were produced in SN1987a and decays outside to produce a cosmic or gamma ray signal [124]. For
dark photon masses above MeV, we show constraints from electroweak precision observables (EWPO) [125]
and accelerator bounds on a visibly-decaying dark photon [126–130]. The accelerator bounds also change if
the dark photon can also decay to DM; see for example the plots of Ref. [131] for collected constraints and
projections on both visibly-decaying and invisibly-decaying dark photons.

for mV . eV by fifth force searches, since in this case a macroscopic neutral material can have a large
B�L charge. (Summary plots of the constraints can be found in Refs. [87, 136], for example.) Other
anomaly-free combinations of lepton number could also be considered, such as Lµ � L⌧ [137, 138].
Alternatively, it is possible to gauge an anomalous global symmetry such as U(1)B; while this may
still be viable in the high mediator mass regime, there are strong constraints for sub-GeV masses (for
example, see Refs. [139, 140]). Going beyond pure vector couplings, one could consider a massive
vector with axial couplings. However, a massive axial vector is not gauge invariant by itself, and
additional ingredients must be supplied in the model; once these are included, there are also severe
constraints [141].

As a result, the dark photon remains the most compelling and viable vector mediator, especially
for sub-GeV dark sectors where low mass mediators are needed to set the DM relic abundance. When
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential

7
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DARK MATTER MADE OF AXIONS?

super light and super weakly 
interacting particles…

Experimentally challenging.
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1 Introduction

Understanding the generation of the matter-antimatter asymmetry of the universe is one of
the key motivations for physics beyond the Standard Model (SM). CP violation from the
Cabibbo-Kobayashi-Maskawa matrix in the SM has been shown to be too small to play any
role in electroweak baryogenesis [].While a lot of new sources of CP violation arise in minimal
TeV scale extensions of the SM and have been considered for baryogenesis, it is natural to
wonder whether the CP non conserving term in the SM QCD lagrangian

L = �⇥̄
↵s

8⇡
Gµ⌫aG̃

µ⌫
a , ⇥̄ = ⇥ � arg detMq (1)

could have played a role for baryogenesis.
The CP-violating hetabar term in the QCD lagrangians is constrained today to be smaller

than 10�11 from the absence of a measurable electric dipole moment for the neutron. This si
the so-called strong Cp problem. The ⇥ parameter can be absorbed in the quark masses but
the combination ⇥̄ = ⇥ � arg detMq where Mq is the quark mass matrix, is physical. ⇥ and
arg detMq have have nothing to do which each other and there is no reason why they should
be tuned such that ⇥̄ < 10�9. The QCD vacuum energy depends on ⇥̄ and is minimized at
⇥̄ = 0. Therefore the puzzle is solved if theta bar is promoted to a dynamical field which
relaxes naturally to zero. This is the so-called Peccei-Quinn solution. It postulates a new
global axial symmetry U(1)PQ spontaneously broken by a scalar field � = fa+⇢(x)p

2
eia(x)/fa

and new heavy quarks charged under U(1)PQ will then.
But it is essentially on ly in Ref that the wqauestion was addressed in more details/ (this

possibility was suggested in Mc Lerran)
when ⇥̄ = a(x)/fa is large
Today ! ⇥ ⇠ 10�21

However, it was much larger in the early universe, in the context of the Peccei-Quinn
solution to the strong CP problem.

In this letter, we show that this almost-SM source of CP violation can explain baryoge-
nesis under rather minimal assumptions.

A baryogenesis theory requires a stage of non-equilibirum dynamics in addition to CP-
violation and baryon number violation.

In the SM, the EW phase transition is a crossover and the system stays close to equilib-
rium. For EW baryogenesis to work, the tachyonic transition has to be su�ciently out of
equilibrium. The most popular route for baryogenesis has relied on the possibility that the
EW phase transition is first-order. Another less-known but interesting route is to consider
instead the case where EW symmetry breaking is triggered through a coupling of the Higgs
to a rolling field, resulting in a tachyonic instability. This case is labelled as “Higgs quench-
ing”. In this case, the Higgs mass squared is not turning negative as a simple consequenceof
the cooling of the universe but because of its couping to another field which is rolling down
its potential. Therefore the Higgs is ”forced” to acquire a dev by an extra field.

It has been shown that Higgs quenching leads to the production of unstable EW field
configuration which when decaying lead to Chern-Simons number transitions.

The cold baryogenesis scenario requires 1) large Higgs quenching to produce Higgs wind-
ing number in the first place 2) unsuppressed CP violation at the time of quenching so that a

1

Georg Raffelt, MPI Physics, Munich ISAPP, Heidelberg, 15 July 2011  

The CP Problem of Strong Interactions 
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in any case. The effective degrees of freedom are given
by [12]

g!;R ¼
X

i

!
Ti

T

"
4 15gi
!4

Z 1

0
dx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2i

q

exp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2i

q
þ ð%1ÞQf

i

;

(23)

g!;S ¼
X

i

!
Ti

T

"
3 45gi
4!4

Z 1

0
dx

x2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2i

q

exp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2i

q
þ ð%1ÞQf

i

'
!
1þ 1

3

x2

x2 þ y2i

"
; (24)

where T is the temperature of the plasma, Ti the tem-
perature of species i, yi ¼ mi=Ti, and QfðfermionÞ ¼ 1
and QfðbosonÞ ¼ 0. The full numerical integration is too
slow to be used in other numerical investigations, such as
the axion dynamics in a Friedmann-Robertson-Walker
(FRW) universe to be discussed below. To this end, we
have also determined fits that are accurate below the 1%
level, except at the phase transition and e( annihilation
where the error rises briefly to 4%. The fits are given in the
Appendix.

An adiabatically evolving universe has a specific rela-
tion between the temperature and the scale factor, see
Fig. 3. This allows us to accurately relate cosmic time to
the temperature of the plasma; the latter is required to
evaluate the axion mass.

A. Misalignment mechanism

As usual in standard cosmology, the universe will be
described by a flat FRW metric [12], with cosmological
parameters given by the concordance of the best available
data (we take WMAP5þ BAOþ SN [60]). For the tem-
perature regions of interest we can restrict ourselves to
radiation and axions, in which case Einstein’s equations are
given by

H2 ¼ 1

3M2
p

!
!2

30
g!;RT

4 þ f2a

!
1

2
_"2a þm2

aðTÞð1% cos"aÞ
""

;

(25)

€"þ 3H _"a þm2
aðTÞ sin"a ¼ 0; (26)

where M2
P is the reduced Planck mass. Note that the

effective axion potential has been shifted so that nonper-
turbative effects do not lead to a nonvanishing vacuum
energy.7

The dynamics of the axion evolution consists of three
qualitatively different stages: First, as long as its Compton
wavelength is above the Hubble scale, the axion is effec-
tively massless; the Hubble friction enforces a constant
axion field in this case. Secondly, once the axion mass
becomes comparable to the Hubble scale, at a time when
ma ) 3H holds, the axion feels the pull of its mass
and starts to roll towards its minimum at "a ¼ 0. Finally,
after a few oscillations the axion evolution is indistinguish-
able from pressureless matter and the axion number per
comoving volume is conserved. These three regimes are
illustrated clearly for an explicit numerical solution in
Fig. 4.
The physics underlying the misalignment mechanism is

based on the fact that the energy redshifts with time, and
that the Hubble dilution starts once the oscillations in the
axion zero mode begin. Consequently, the total Hubble
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FIG. 4 (color online). As long as the axion Compton wave-
length is well outside the horizon, the axion zero mode is frozen;
this corresponds to the late-time solution of (26) with ma

neglected. The axion starts to feel the pull of its mass at
ma ) 3H, and evolves to its minimum at "a ¼ 0, i.e. the PQ
mechanism to solve the strong CP problem. After a few oscil-
lations the axion number per comoving volume stays constant as
long as the axion mass and the scale factor change slowly
(adiabatic approximation). This is then used to extrapolate the
result to today.

7Note that there exist theories that combine another axionlike
field to entangle the dark matter and the dark energy sector
[29,61].
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Light (pseudo-)scalar fields are featured in many UV models, 
as pseudo-Nambu-Goldstone bosons (pNGBs) of spontaneously broken symmetries. 

The QCD-axion is an example. (Peccei & Quinn 77, Wilczek 78, Weinberg 78) 

The field would be initially displaced from a minimum of its potential during the early 
cosmological history 

NGC 100

On scales much larger than de Broglie wavelength, ULDM behaves like a WIMP. 
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On scales much larger than de Broglie wavelength, behaves like a WIMP. 

NGC 100

Light (pseudo-)scalar fields are featured in many UV models,  
as pseudo-Nambu-Goldstone bosons (pNGBs) of spontaneously broken symmetries. 

The QCD-axion is an example. (Peccei & Quinn 77, Wilczek 78, Weinberg 78) 

The field would be initially displaced from a minimum of its potential during the early 
cosmological history; begins to oscillate around the minimum when H<m. 

Correct cosmological equation of state for dark matter. 
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Figure 3: Numerous constraints and search prospects for axions, taken from [22] where an
excellent overview and figure explanation may be found.

production processes, we can set strong bounds on additional cooling processes by observing
populations of these stars.

The strongest bounds come from the imaginatively named SN1987A (a supernova that
occurred in 1987). The physics is very neat. During a supernova there is copious neutrino
production from the formation of a neutron star core p+e ! n+⌫. Even though neutrinos are
weakly interacting, the medium is so dense that they do not actually escape the supernova
directly, but slowly di↵use out over a period of seconds. Fortuitously, neutrino detectors
on the Earth were able to observe the neutrinos from SN1987A, thus we saw this event
in omnicolour (photons and neutrinos). If axions were also produced and can escape they
would speed up the energy release, and thus the duration of the neutrino burst would be
shorter, thus we may place constraints on axions from these extreme observations. Because
the temperature is much higher in a supernova, the axion coupling is stronger, and hence we
may set stronger bounds!

All of these bounds may be seen in fig. 3.

Axion Dark Matter

The axion is already a pretty compelling candidate for BSM physics due to it’s elegant
solution of the strong-CP problem. However, it has one more trick up it’s sleeve that probably
makes it the most compelling BSM particle going. In an expanding Universe we may write
the metric in comoving time with scale factor a(t) as ds2 = dt2 � a2(t)dx2, such that in this
basis the action for a scalar field, approximating the potential with the lowest order mass

17



Light shining through a wall: 

  

ALPS II 

Completely different detection techniques



 IAXO  

Helioscope: 

  

X-ray 
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COSMOLOGY OF 
AXIONS

The hunt for axions

Figure 1: Current experimental constraints on the photon coupling of an axion or ALP [16]. Theoretically
and astrophysically favored regions are shown for axions within the yellow model band (classical axion
window in dark orange, mixed axion-WIMP DM in light orange, RG and WD cooling hint within the area
surrounded by the dashed blue line) and for ALPs (brown dashed line for transparency hint, below red dashed
diagonal line for ALP cold DM). Future prospects of ALPS II (above light blue line), IAXO (dashed black
region), and ADMX (dashed brown region) are also shown.

Conservatively, the authors of this analysis determine also an upper bound, gag < 6.6⇥10�11 GeV�1,
at 95 % confidence level (CL), which represents the strongest limit on gag for a wide mass range.

Clearly, the result (4.1) gives only a marginal hint for the existence of the QCD axion or an
ALP. In fact, at around two sigma it is still compatible with the SM, gag = 0. However, there are
other mismatches between theory and observations which may also be seen as slight indications
for the existence of a Nambu-Goldstone boson with such a coupling to the photon. One of them is
the fact that the ratio of blue to red supergiants (SGs) is smaller than predicted by stellar evolution
models. Moreover, the blue SGs appear to be less blue than expected [19]. This effect could also
be explained by an axion/ALP with gag = few⇥10�11 GeV�1 [20, 21].

Interestingly enough, Red Giants (RGs) in GCs also mildly prefer additional energy losses,
this time, however, due to axion/ALP emission via bremsstrahlung of axions or ALPs, e+Ze !
Ze+ e+a, pointing to an electron coupling in the range [22]

gae ⌘
Caeme

fa
= 1.8+0.6

�0.8 ⇥10�13 , for ma . few⇥10 keV. (4.2)

Still, at ⇠ 2s , the result is compatible with the SM, gae < 4.3⇥10�13 (95% CL).
Another astrophysical observable probing the electron coupling is the luminosity function of

white dwarfs (WDs). Intriguingly, recent analyses, based on detailed WD cooling treatment and
new data, find weak evidence that the WD luminosity function fits better with a new energy-loss
channel that can be interpreted in terms of axion/ALP losses via bremsstrahlung in electron-ion or

In the last few years,  
vastly growing interest for Axion-Like Particles.



Do we really need a new particle 
to explain Dark Matter ?



Primordial Black Holes as Dark Matter ?
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May constraints rely on rather on uncertain, restrictive, simplistic or 
even incorrect assumptions!
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Primordial black holes potentially influence physics on many different scales. 

They could be a significant fraction of the dark matter. 

A detailed understanding of their formation is crucial. 

Most of the primordial black-hole constraints (GW, lensing, evaporation, CMB… )
rely on uncertain assumptions. We have to understand better: Galactic dark-
matter profile, Clustering 
Accretion, Characteristics of the lensed sources (size, variability, …), 
Composition of "probes" in general 
Velocity distribution, Hawking radiation …

 PBHs: a very active field !



 Origin of Baryon 
Asymmetry .
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 The  great annihilation between 
nucleons & anti-nucleons

n + n̄� ⇥ + ⇥ � � + � + ...

� � (mNT )3/2e�mN /T /m2
� � H � ⇥g⇥T

2/mPloccurs when

corresponding to a freeze-out temperature TF ~ 20 MeV�� H

� � H

�� H

109

and there are no antibaryons 
-> need to invoke an initial asymmetry

 In absence of 
an asymmetry:

fpeak ⇠ 10�2 mHz
⇣ g⇤
100

⌘1/6 T⇤
100 GeV

�

H⇤
1

v
(1)

Tab(x) = (⇢ + p)
va(x)vb(x)

1� v2(x)
(2)

d⌦
GW

h2

d ln k
=

8

3(2⇡)5
⌦radh

2

8
<

:
k3

R
xfin

xin

dy

y

R
xfin

xin

dz

z

cos(z � y)⇧(y, z) long lasting

kH2
⇤
R
xfin

xin
dy

R
xfin

xin
dz cos(z � y)⇧(y, z) short lasting

(3)

5.7  ⌘10  6.7 (95%CL) (4)

⌦
b

= ⇢
b

/⇢crit = 0.02207(27)h�2 = 0.0499(22)

⌘ ⇡ 5⇥ 10�19

2

⌘ =
nB � nB̄

n�
⌘ ⌘10 ⇥ 10�10

Matter Anti-matter asymmetry of the universe

fpeak ⇠ 10�2 mHz
⇣ g⇤
100

⌘1/6 T⇤
100 GeV

�

H⇤
1

v
(1)

Tab(x) = (⇢ + p)
va(x)vb(x)

1� v2(x)
(2)

d⌦
GW

h2

d ln k
=

8

3(2⇡)5
⌦radh

2

8
<

:
k3

R
xfin

xin

dy

y

R
xfin

xin

dz

z

cos(z � y)⇧(y, z) long lasting

kH2
⇤
R
xfin

xin
dy

R
xfin

xin
dz cos(z � y)⇧(y, z) short lasting

(3)

5.7  ⌘10  6.7 (95%CL) (4)

2



61

(Visible) 

characterized in terms of the 
baryon to photon ratio

 10 000 000 001 
Matter

 The  great annihilation

 10 000 000 000 
Anti-matter

1 
(us)

⌘ =
nB � nB̄

n�
⌘ ⌘10 ⇥ 10�10

5.1 < ⌘10 < 6.5 (95% CL)
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Sakharov’s conditions for baryogenesis (1967)

1) Baryon number violation 

2) C and CP  violation

3) Loss of thermal equilibrium

Γ(∆B > 0) > Γ(∆B < 0)

we need an irreversible process since in thermal equilibrium, the 
particle density depends only on the mass of the particle  and on 

temperature --particles & antiparticles have the same mass , so no 
asymmetry can develop
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Baryon number violation  
in the Standard Model

It follows from the Electroweak anomaly
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conditions for successful cold baryogenesis. We estimate the resulting baryon asymmetry in
Section 4 and conclude in Section 5.

2 Cold electroweak baryogenesis

The main idea of cold baryogenesis relies on the evolution of winding number and Chern-
Simons number in a fast tachyonic electroweak transition. In the ‘standard’ picture (see
e.g. [19]), the EW phase transition is triggered by a rapid change in the Higgs mass (“quench-
ing”) in a nearly empty Universe. This can be arranged for instance in a low-scale inverted
hybrid inflation scenario where the inflaton is coupled to the Higgs [35, 36, 22–24]. The
resulting tachyonic instability leads to strongly out-of-equilibrium conditions with an expo-
nential growth of occupation numbers in the Higgs fields and after a short while the system
becomes classical. The SU(2) orientation of the Higgs field is inhomogeneous in space such
that different regions approach different minima in the Higgs potential, similar to a spin-
odal decomposition. The dynamics of the system can lead to substantial changes in the
Chern-Simons number of the SU(2) gauge fields

NCS = −
1

16π2

∫

d3x ϵijk Tr

[

Ai

(

Fjk +
2i

3
AjAk

)]

, (2)

and can therefore induce baryon number violation via the quantum anomaly that relates a
change in baryon number B to a change in Chern-Simons number NCS

∆B = 3∆NCS. (3)

The key point is that the dynamics of the Chern-Simons number is linked to the dynamics
of the Higgs field via the Higgs winding number

NH =
1

24π2

∫

d3x ϵijk Tr
[

∂iΩΩ
−1∂jΩΩ

−1∂kΩΩ
−1
]

, (4)

where Ω is given by the elements of the usual SU(2) Higgs doublet φ of the SM :

ρ√
2
Ω = (ϵφ∗,φ) =

(

φ∗
2 φ1

−φ∗
1 φ2

)

, ρ2 = 2(φ∗
1φ1 + φ∗

2φ2). (5)

Both the winding number and the Chern-Simons number change under large gauge trans-
formations. However, the variations ∆NCS, ∆NH and the difference

δN ≡ NCS −NH , (6)

are gauge invariant. In the vacuum, δN = 0. A texture is a configuration which has δN ̸= 0,
with a Higgs length ρ that is equal to its vacuum value everywhere and which only carries
gradient energy. In the absence of gauge fields, textures are not stable configurations but
shrink quickly [37] and the vacuum configuration is the constant Higgs field with vanishing
winding number.

Cold electroweak baryogenesis is based on gauged textures of the electroweak gauge sector
of the SM [38]. A gauged texture is also unstable and its evolution depends on its length

3

where NF is the number of families, F is the EW field strength and NCS =
R
d3xj0CS is

the Chern-Simons number. Variations in the baryon number are related to variations in the
Chern-Simons number by �B = NF�NCS.

The master equation for baryogenesis is of the form

˙nCS = ��

T

@F
@NCS

=
�

T
µCS (3)

where � is the rate of Chern-Simons transitions. The generated Chern-Simons number
asymmetry is then deduced to be

hNCSi(t) = 1

Teff

Z t

0

dt0�(t0)µ(t0) (4)

where Teff is an e↵ective temperature of the relevant low-momentum modes.
Relevant for baryogenesis is the e↵ective lagrangian

Leff =
↵W

8⇡
⇣(')Tr FF̃ (5)

where ⇣(') is some time-varying function of fields which depends on the underlying baryo-
genesis model. We have

Z
d4x

↵W

8⇡
⇣ Tr FF̃ =

Z
d4x ⇣ @µj

µ
CS = �

Z
dt @t⇣

Z
d3xj0CS (6)

where we made an approximation in which ⇣ is replaced by its spatial average L�3
R
d3x⇣ and

we integrated by parts in order to exhibit the chemical potential for Chern-Simons number:

µ ⌘ @t⇣ (7)

Therefore, the time derivative of ⇣ can be interpreted as a time-dependent chemical potential
for Chern-Simons number and Leff takes the form

Leff = µ NCS (8)

This fact has been heavily used in baryogenesis scenarios in the past.
Most studies of cold baryogenesis have used as new source of CP violation an e↵ective

dimension-6 operator made of the Higgs field �, ⇣ = �†�/M2, suppressed by the scale of new
physicsM . The time-varying vev of the Higgs has been used successfully in cold baryogenesis
studies. What we are instead going to use in our proposal is that ⇣is actually fueled by the
time variation of the axion mass at the QCD scale, while the rate of C-S transitions is non-
zero because of the EW phase transition being delayed at the QCD scale in the context of
dilation induced EW symmetry breaking theories.

The whole point can be summarized by

Leff =
↵W

8⇡
⌅(T )Tr FF̃ $ Leff = µNCS where µ =

d

dt
⌅(T ) (9)

3
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Energy of gauge field configuration as a function of Chern Simons number

 Baryon number violation in the Standard Model

 baryons are created by transitions between topologically  
distinct vacua of the SU(2)L gauge field 

∆B = Nf∆NCS

due to chirality + topology

NCS(t1) − NCS(t0) =

∫ t1

t0

dt

∫
d
3
x ∂µK

µ = ν ∂µKµ
=

g2

32π2
F a

µνF̃ a,µν

⇒ Baryon number violation is totally suppressed in the SM  at 

zero temperature but very efficient at high temperatures

9 TeV



Gavela, P. Hernandez, Orloff, Pene ’94 

Konstandin, Prokopec, Schmidt ’04 

Tranberg, A. Hernandez, Konstandin, Schmidt ’09 

- so far, no baryogenesis mechanism that  
 works with only SM CP violation (CKM phase)

double failure:

- lack of out-of-equilibrium condition

remains unexplained within the Standard Model⌘

proven for standard  
EW baryogenesis

attempts in cold EW 
baryogenesis Brauner, Taanila,Tranberg,Vuorinen ’12 
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Figure 1. Leptoquark decays.

X X
q

q

q

l

q

q

q
l

Figure 2. Radiative corrections to leptoquark decays important for CP-violation.

where δCP is the asymmetry in leptoquark decays,

δCP =
Γ(X → qq) − Γ(X̄ → q̄q̄)

Γtot

, (4)

Γtot is the total width of X, Neff is the number of effectively massless degrees of freedom, and
Smacro is a factor taking into account the kinetics of the leptoquark decays.

The progress over last 30 years is quite impressive: one can distinguish more than 44 different
ways to create baryons in the Universe! Here is the list taken from the titles of numerous papers
on this subject:

1. GUT baryogenesis. 2. GUT baryogenesis after preheating. 3. Baryogenesis from
primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.
Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis. 9.
Electroweak (EW) baryogenesis. 10. Local EW baryogenesis. 11. Non-local EW baryogenesis.
12. EW baryogenesis at preheating. 13. SUSY EW baryogenesis. 14. String mediated EW
baryogenesis. 15. Baryogenesis via leptogenesis. 16. Inflationary baryogenesis. 17. Resonant
leptogenesis. 18. Spontaneous baryogenesis. 19. Coherent baryogenesis. 20. Gravitational
baryogenesis. 21. Defect mediated baryogenesis. 22. Baryogenesis from long cosmic strings.
23. Baryogenesis from short cosmic strings. 24. Baryogenesis from collapsing loops. 25.
Baryogenesis through collapse of vortons. 26. Baryogenesis through axion domain walls. 27.
Baryogenesis through QCD domain walls. 28. Baryogenesis through unstable domain walls.
29. Baryogenesis from classical force. 30. Baryogenesis from electrogenesis. 31. B-ball
baryogenesis. 32. Baryogenesis from CPT breaking. 33. Baryogenesis through quantum gravity.
34. Baryogenesis via neutrino oscillations. 35. Monopole baryogenesis. 36. Axino induced
baryogenesis. 37. Gravitino induced baryogenesis. 38. Radion induced baryogenesis. 39.
Baryogenesis in large extra dimensions. 40. Baryogenesis by brane collision. 41. Baryogenesis
via density fluctuations. 42. Baryogenesis from hadronic jets. 43. Thermal leptogenesis. 44.
Nonthermal leptogenesis.

2

Shaposhnikov, 

Baryogenesis

Mikhail Shaposhnikov

Institut de Théorie des Phénomènes Physiques, Ecole Polytechnique Fédérale de Lausanne,
CH-1015 Lausanne, Switzerland

E-mail: Mikhail.Shaposhnikov@epfl.ch

Abstract. We will discuss different mechanisms for baryogenesis with special emphasis to
those of them that can be experimentally tested.

1. Introduction
Baryogenesis gives a possible answer to the following question: Why there is no antimatter in
the Universe? Or, on quantitative level: Why the observed baryon to entropy ratio is

nB

s
≃ (8.4 − 8.9) × 10−11 . (1)

A (qualitative) solution to this problem is known already for quite some time [1] (see also [2]):
the Universe is charge asymmetric because it is expanding (the existence of arrow of time, in
Sakharov’s wording), baryon number is not conserved and the discrete CP-symmetry is broken.
If all these three conditions are satisfied, it is guaranteed that some excess of baryons over
anti-baryons will be generated in the course of the Universe evolution. However, to get the sign
and the magnitude of the baryon asymmetry of the Universe (BAU) one has to understand the
precise mechanism of baryon (B) and lepton (L) number non-conservation, to know exactly how
the arrow of time is realized and what is the relevant source of CP-violation.

Back in 1977-1979 we thought we knew the origin of the baryon asymmetry of the Universe
[3, 4, 5]. The baryon and lepton number non-conservation was related to Grand Unified Theories
(GUT) of strong, weak and electromagnetic interactions. Since the scale of GUT MX ∼ 1015

GeV is close to the Planck scale MP ∼ 1019 GeV, the rate of Universe expansion was high at this
moment, leading to deviations from thermal equilibrium in the leptoquark decays. The GUT
structure in general allows a number of CP-violating phases in leptoquak coupling to quark and
leptons.

To find the baryonic asymmetry in a specific GUT, one considers B-violating leptoquark
decays (see Fig. 1)

X → qℓ, q̄q̄ and X̄ → q̄ℓ̄, qq (2)

and computes radiative corrections to the amplitudes (see Fig. 2), necessary for CP-violating
effects to show up. The baryon asymmetry is given by

nB

nγ
= ∆ ∼

1

Neff

δCP · Smacro, (3)

Journal of Physics: Conference Series 171 (2009) 012005

1

Plethora of baryogenesis models taking place at all possible scales
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History of baryogenesis papers
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Two leading candidates 
for baryogenesis:

--> Leptogenesis by out of equilibrium decays of RH 
neutrinos before the EW phase transition

--> Baryogenesis at a first-order EW phase transition

2

FIG. 1: Slices of fluid energy density E/T 4
c at t = 400 T−1

c ,
t = 800 T−1

c and t = 1200 T−1
c respectively, for the η = 0.2

simulation. The slices correspond roughly to the end of the
nucleation phase, the end of the initial coalescence phase and
the end of the simulation.

W ϵ, contracting [∂µT µν ]
fluid

with Uν yields

Ė + ∂i(EV i) + p[Ẇ + ∂i(WV i)]−
∂V

∂φ
W (φ̇+ V i∂iφ)

= ηW 2(φ̇+ V i∂iφ)
2. (5)

The equations of motion for the fluid momentum density
Zi = W (ϵ+ p)Ui read

Żi+∂j(ZiV
j)+∂ip+

∂V

∂φ
∂iφ = −ηW (φ̇+V j∂jφ)∂iφ. (6)

The principal observable of interest to us is the power
spectrum of gravitational radiation resulting from bub-
ble collisions. One approach is to project Tij at every
timestep and then making use of the Green’s function to
compute the final power spectrum [34, 35]; this is quite
costly in computer time. Instead, we use the procedure
detailed in Ref. [36]. We evolve the equation of motion
for an auxiliary tensor uij ,

üij −∇2uij = 16πG(τφij + τ fij), (7)

where τφij = ∂iφ∂jφ and τ fij = W 2(ϵ+ p)ViVj . The phys-
ical metric perturbations are recovered in momentum
space by hij(k) = λij,lm(k̂)ulm(t,k), where λij,lm(k̂) is
the projector onto transverse, traceless symmetric rank 2
tensors. We are most interested in the metric perturba-
tions sourced by the fluid, as the fluid shear stresses gen-
erally dominate over those of the scalar field, although it
will be instructive to also consider both sources together.
Having obtained the metric perturbations, the power

spectrum per logarithmic frequency interval is

dρGW(k)

d ln k
=

1

32πGL3

k3

(2π)3

∫

dΩ
∣

∣

∣
ḣlm(t,k)

∣

∣

∣

2

. (8)

We simulate the system on a cubic lattice of N3 = 10243

points, neglecting cosmic expansion which is slow com-
pared with the transition rate. The fluid is imple-
mented as a three dimensional relativistic fluid [37], with
donor cell advection. The scalar and tensor fields are

evolved using a leapfrog algorithm with a minimal sten-
cil for the spatial Laplacian. Principally we used lat-
tice spacing δx = 1T−1

c and time step δt = 0.1T−1
c ,

where Tc is the critical temperature for the phase tran-
sition. We have checked the lattice spacing dependence
by carrying out single bubble self-collision simulations for
L3 = 2563 T−3

c at δx = 0.5T−1
c , for which the value of

ρGW at t = 2000T−1
c increased by 10%, while the final

total fluid kinetic energy increased by 7%. Simulating
with δt = 0.2T−1

c resulted in changes of 0.3% and 0.2%
to ρGW and the kinetic energy respectively.

Starting from a system completely in the symmet-
ric phase, we model the phase transition by nucleat-
ing new bubbles according to the rate per unit volume
P = P0 exp(β(t − t0)). From this distribution we gener-
ate a set of nucleation times and locations (in a suitable
untouched region of the box) at each of which we insert a
static bubble with a gaussian profile for the scalar field.
The bubble expands and quickly approaches an invariant
scaling profile [23].

We first studied a system with g = 34.25, γ = 1/18,
α =

√
10/72, T0 = Tc/

√
2 and λ = 10/648; this allows

comparison with previous (1 + 1) and spherical studies
of a coupled field-fluid system where the same parameter
choices were used [23]. The transition in this case is rela-
tively weak: in terms of αT , the ratio between the latent
heat and the total thermal energy, we have αTN

= 0.012
at the nucleation temperature TN = 0.86Tc. We also
performed simulations with γ = 2/18 and λ = 5/648, for
which αTN

= 0.10 at the nucleation temperature TN =
0.8Tc, which we refer to as an intermediate strength tran-
sition. We note that αTN

∼ 10−2 is generic for a first
order electroweak transition, while αTN

∼ 10−1 would
imply some tuning [38].

For the nucleation process, we took β = 0.0125Tc,
P0 = 0.01 and t0 = tend = 2000T−1

c . The simulation vol-
ume allowed the nucleation of 100-300 bubbles, so that
the mean spacing between bubbles was of order 100T−1

c .
The wall velocity is captured correctly, but the fluid ve-
locity did not quite reach the scaling profile before col-
liding. Typically, the peak velocity prior to collision is
20-30% below the scaling value for the deflagrations.

For the weak transition we chose η = 0.1, 0.2, 0.4 and
0.6. The first gives a detonation with wall speed vw ≃
0.71, and the others weak deflagrations with vw ≃ 0.44,
0.24, and 0.15 respectively. The shock profiles are found
in Figs. 2 and 3 of Ref. [23]; slices of the total energy
density for one of our simulations are shown in Fig. 1.
The intermediate transition was simulated at η = 0.4,
for which the wall speed is vw ≃ 0.44, very close to the
weak transition with η = 0.2.

Fig. 2 (top) shows the time evolution of two quantities
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T B washout unless B-L ≠ 0
requires SO(10) leptogenesis
requires too high reheat 
temperature to produce 
enough GUT particles

hierarchy pb -> embed in susy-> gravitino 
pb (can be solved if M_gravitino>100 TeV 

and DM is neutralino or gravitino is 
stable)

EW breaking, 
sphalerons 
freese-out

GUT baryogenesis

Thermal leptogenesis

Affleck-Dine (moduli decay)

Non-thermal leptogenesis 
(via oscillations)

Asymmetric dark matter-cogenesis

EW (non-local) baryogenesis

EW cold (local) baryogenesis

Models of Baryogenesis 
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Baryogenesis  
at a first-order  

EW phase transition
2

FIG. 1: Slices of fluid energy density E/T 4
c at t = 400 T−1

c ,
t = 800 T−1

c and t = 1200 T−1
c respectively, for the η = 0.2

simulation. The slices correspond roughly to the end of the
nucleation phase, the end of the initial coalescence phase and
the end of the simulation.
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fluid
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Ė + ∂i(EV i) + p[Ẇ + ∂i(WV i)]−
∂V

∂φ
W (φ̇+ V i∂iφ)
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2. (5)

The equations of motion for the fluid momentum density
Zi = W (ϵ+ p)Ui read

Żi+∂j(ZiV
j)+∂ip+

∂V

∂φ
∂iφ = −ηW (φ̇+V j∂jφ)∂iφ. (6)

The principal observable of interest to us is the power
spectrum of gravitational radiation resulting from bub-
ble collisions. One approach is to project Tij at every
timestep and then making use of the Green’s function to
compute the final power spectrum [34, 35]; this is quite
costly in computer time. Instead, we use the procedure
detailed in Ref. [36]. We evolve the equation of motion
for an auxiliary tensor uij ,

üij −∇2uij = 16πG(τφij + τ fij), (7)

where τφij = ∂iφ∂jφ and τ fij = W 2(ϵ+ p)ViVj . The phys-
ical metric perturbations are recovered in momentum
space by hij(k) = λij,lm(k̂)ulm(t,k), where λij,lm(k̂) is
the projector onto transverse, traceless symmetric rank 2
tensors. We are most interested in the metric perturba-
tions sourced by the fluid, as the fluid shear stresses gen-
erally dominate over those of the scalar field, although it
will be instructive to also consider both sources together.
Having obtained the metric perturbations, the power

spectrum per logarithmic frequency interval is

dρGW(k)
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=
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ḣlm(t,k)

∣

∣

∣

2

. (8)

We simulate the system on a cubic lattice of N3 = 10243

points, neglecting cosmic expansion which is slow com-
pared with the transition rate. The fluid is imple-
mented as a three dimensional relativistic fluid [37], with
donor cell advection. The scalar and tensor fields are

evolved using a leapfrog algorithm with a minimal sten-
cil for the spatial Laplacian. Principally we used lat-
tice spacing δx = 1T−1

c and time step δt = 0.1T−1
c ,

where Tc is the critical temperature for the phase tran-
sition. We have checked the lattice spacing dependence
by carrying out single bubble self-collision simulations for
L3 = 2563 T−3

c at δx = 0.5T−1
c , for which the value of

ρGW at t = 2000T−1
c increased by 10%, while the final

total fluid kinetic energy increased by 7%. Simulating
with δt = 0.2T−1

c resulted in changes of 0.3% and 0.2%
to ρGW and the kinetic energy respectively.

Starting from a system completely in the symmet-
ric phase, we model the phase transition by nucleat-
ing new bubbles according to the rate per unit volume
P = P0 exp(β(t − t0)). From this distribution we gener-
ate a set of nucleation times and locations (in a suitable
untouched region of the box) at each of which we insert a
static bubble with a gaussian profile for the scalar field.
The bubble expands and quickly approaches an invariant
scaling profile [23].

We first studied a system with g = 34.25, γ = 1/18,
α =

√
10/72, T0 = Tc/

√
2 and λ = 10/648; this allows

comparison with previous (1 + 1) and spherical studies
of a coupled field-fluid system where the same parameter
choices were used [23]. The transition in this case is rela-
tively weak: in terms of αT , the ratio between the latent
heat and the total thermal energy, we have αTN

= 0.012
at the nucleation temperature TN = 0.86Tc. We also
performed simulations with γ = 2/18 and λ = 5/648, for
which αTN

= 0.10 at the nucleation temperature TN =
0.8Tc, which we refer to as an intermediate strength tran-
sition. We note that αTN

∼ 10−2 is generic for a first
order electroweak transition, while αTN

∼ 10−1 would
imply some tuning [38].

For the nucleation process, we took β = 0.0125Tc,
P0 = 0.01 and t0 = tend = 2000T−1

c . The simulation vol-
ume allowed the nucleation of 100-300 bubbles, so that
the mean spacing between bubbles was of order 100T−1

c .
The wall velocity is captured correctly, but the fluid ve-
locity did not quite reach the scaling profile before col-
liding. Typically, the peak velocity prior to collision is
20-30% below the scaling value for the deflagrations.

For the weak transition we chose η = 0.1, 0.2, 0.4 and
0.6. The first gives a detonation with wall speed vw ≃
0.71, and the others weak deflagrations with vw ≃ 0.44,
0.24, and 0.15 respectively. The shock profiles are found
in Figs. 2 and 3 of Ref. [23]; slices of the total energy
density for one of our simulations are shown in Fig. 1.
The intermediate transition was simulated at η = 0.4,
for which the wall speed is vw ≃ 0.44, very close to the
weak transition with η = 0.2.

Fig. 2 (top) shows the time evolution of two quantities
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3)  In symmetric phase,<Φ>=0,
very active sphalerons convert chiral 
asymmetry into baryon asymmetry

Chirality Flux  
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Baryon asymmetry and the EW scale
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first-order phase transition satisfying     
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Figure 1: A cut through the bubble wall, which moves from the left to the right (in the direction

of positive z, i.e. v

w

> 0). In blue we show the profile of the Higgs vev through the bubble

wall. The rate for the sphaleron transitions (yellow, rescaled to one) only becomes important

in front of the bubble wall.

is a measure for the density of left handed quarks in front of the bubble wall. The first term

in the parenthesis on the right hand side of equation (1) represents the excess of left handed

quarks being converted into a net baryon number by the weak sphaleron. The second term

in this parenthesis accounts for the washout, i.e. the fact that the sphaleron tends to relax

any baryon asymmetry to zero if it has enough time to do so. If the bubble wall advances

at a very low speed compared to the typical di↵usion time scale, the sphaleron washes-out

the baryon asymmetry. If, however, the wall has a sizable velocity, a non-negligible fraction

of the baryon asymmetry di↵uses into the bubble, where the weak sphaleron is suppressed

due to the fact that the electroweak symmetry is broken. This way we can freeze the baryon

asymmetry inside the bubble.

The whole mechanism is illustrated figure 1 which also clarifies our notations and conven-

tions.

From equation (1) it is clear that the main di�culty will be to calculate the density of

the excess of left-handed fermions in front of the bubble wall. This will be determined by the

way the fermions are transported through the bubble wall, i.e. how they interact with the

wall and among them selfs while moving through the wall. We therefore want to determine

the profiles of the chemical potentials (µ
i

) of each one of the particle species. It is clear that

their local velocity in the plasma (u
i

) is influencing the di↵usion through the bubble wall.

We therefore have to determine µ
i

and u

i

simultaneously. For electroweak baryogenesis, only

the CP-violating contribution is of interest, which is the only part that we will calculate.

Therefore the (CP-violating part of the) chemical potentials and the local velocities will also

crucially depend on the (new) source of CP-violation that has to be present in order to create

an excess of left-handed particles. This gives rise to a system of coupled di↵erential equations

2
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Kinetic equations
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Cline, Joyce, Kainulainen ’00
Konstandin, Prokopec, Schmidt ’04

Kinetic equations Huber Fromme ’06

the so called transport equations, which, as we will see later on, can be brought to the form:

A(z) · r0(z) + B(z) · r(z) = S̄(z) (4)

where r = (µ
1

, µ

2

, . . . , µ

N

, u

1

, u

2

, . . . , u

N

)T is the 2N -dimensional vector of the solutions of

the di↵erential equations, A and B are 2N ⇥ 2N matrices that encode the dynamics and

interactions of the particles and S̄ is the vector containing the CP-violating source. Here

N is the number of particle species that are taken into account in the di↵usion system. As

stated in Appendix A, for our purposes we take N = 9, corresponding to the LH and RH

chiralities of the Top, Bottom, Charm, and Strange quarks as well as the Higgs. Notice that

the matrices A and B are space dependent. Besides, we want to impose that the solution

vector vanishes in both limits z ! ±1. In general it is not guaranteed that such a solution

exists and is unique, but it does in our context as long as the wall velocity is not too large.

We solve this system using textbook techniques. In particular, we want to construct a

Green’s function such that

r(z) =

Z

dy G(z, y) S̄(y) . (5)

For our system the Green’s function is just a suitably normalized linear combination of the

solutions of the homogeneous equations multiplied with a Heaviside step function. The ho-

mogeneous system being r

0 +A

�1

Br = 0. First, we chose two points outside wall, z
0

⌧ �l

w

,

z

1

� l

w

. Since A and B are constant outside the wall, we determine the eigenvalues (�
i

) of

A

�1

B with the correct sign in the points z

0

and z

1

, such that the corresponding solutions

w

i

(z) = e

��iz go to zero at ±1. Typically one finds half of the solutions with either sign in

both points such that in total one finds the correct number of solutions that vanish beyond

the wall.

The corresponding functions w

i

(z) can then be numerically continued into the wall and

beyond taking the space-dependence of A and B into account. They will blow up exponentially

beyond the wall. Still, when these functions are multiplied with the appropriate Heaviside

functions, ⇥(±(z�y)), one obtains solutions to the equation of motion that vanish at z ! ±1
and contain a discontinuity at z = y. An appropriate linear superposition then yields the

Green’s function G(z, y).

The relation 1 can be inverted yielding

⌘

B

=
n
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where s = 2⇡

2

45

g⇤T
3 is the entropy density, N

c

the number of colours (3 in the SM) and µ

L

is

the chemical potential of the left handed quark species and hence is a linear combination of

the entries of the solution vector. Therefore we can write µ
L

= V

T

r(z), where V is the vector

that defines the linear combination (see equation (3)). With this and using equations 5 and 6

we write the total baryon asymmetry as:

⌘

B

=
X

i

Z

+1

�1
dy K

i

(y) S̄
i

(y) (7)
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Usual CP-violating sources in EW baryogenesis:

-Charginos/neutralinos/sfermions (MSSM)

-Varying phase in effective Top quark Yukawa

SM+singlet,  
Composite Higgs,  

2-Higgs doublet model
Espinosa, Gripaios, Konstandin, Riva, ‘11

Konstandin et al, Cline et al

Fromme-Huber

Cline et al,  
Carena et al,  
Chung et al…
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- two recent alternatives: strong CP QCD axion  (           
)  

and CP in DM sector (           )
Servant ‘14

e.g. Cline’17
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3

II. CP VIOLATION IN THE STANDARD MODEL

It is often stated in the literature that the CP violation present in the SM is insufficient to

explain the observed baryon asymmetry. These claims rest usually on the so-called Jarlskog

determinant [21] and we review this argument in the following. The basic observation is that

physical observables cannot depend on the flavor basis chosen for the quarks; in particular

transformations of the right-handed quarks leave the Lagrangian invariant since the weak

interactions are chiral. Besides, the quark fields can be redefined absorbing one complex

phase. The last fact implies that all CP-odd observables in the SM have to be proportional

to

J = s21s2s3c1c2c3 sin(δ) = (3.0± 0.3)× 10−5, (3)

with the Jarlskog invariant J given in terms of the Kobayashi-Maskawa parametrization of

the CKM matrix V with a CP-violating phase δ as defined in refs. [21, 22]. In addition,

if two up- or down-type quark masses were degenerate, there would be no CP violation in

the Standard Model since flavor basis transformation can in this case be used to remove the

complex phase of the CKM matrix altogether from the Lagrangian.

If one further assumes that the observable under consideration is polynomial in the quark

masses, the simplest dimensionless expression that fulfills these constraints is found to be

the Jarlskog determinant that has the form

∆CP = v−12Im Det
[

mum
†
u, mdm

†
d

]

= J v−12
∏

i<j

(m̃u,i − m̃2
u,j)

∏

i<j

(m̃2
d,i − m̃2

d,j) ≃ 10−19, (4)

where v is the Higgs vacuum expectation value and m̃2
u/d denote the diagonalized mass

matrices according to

mdm
†
d = Dm̃2

dD
†, mum

†
u = Um̃2

uU
†. (5)

The identity in eq. (4) results then from the following relation of the CKM matrix (summa-

tion over indices is only performed as explicitly shown)

Im
[

VabV
†
bcVcdV

†
da

]

= J
∑

e,f

ϵaceϵbdf , V = U †D. (6)

According to this argument CP violation in the SM seems to be too small to explain the

observed baryon asymmetry that is of order η ∼ 10−10 and several proposals in the literature

If large masses during EW phase transition
 ->no longer suppression of CKM CP violation

Berkooz, Nir, Volansky ’04
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V is the transformation matrix used in the mass diagonalization (see Eq. (92) in Appendix

B). The subscript ii refers to the diagonal entries and does not stand for the conventional

summation. Note that in order to obtain this result we had to make use of the constraint

equations (Eq. (113) in appendix C) to the lowest order in the gradient expansion.

3.2 CP-violating force from varying yukawas across the bubble wall

Under the hypothesis of diagonal entries as stated above, the commutator terms (terms 2, 6

and 7) in equation (13) do not contribute to equation (21). From the derivative structure,

we can see that the CP-conserving force / [V † �
m

†
m

�0
V ] in equation (21), has to come from

a combination of the terms 3, 4 and 5, whereas the CP-violating force (s/k̃
0

)Im [V †
m

†00
mV ]

follows from terms 8 and 9. It is then easy to show that the CP-violating part vanishes for the

SM which has constant Yukawa couplings. Indeed, for constant Yukawas Im
h

V

†
m

†00
mV

i

/
Im

⇥

V

†
Y

†
Y V

⇤

�

00
� and since V

†
Y

†
Y V is hermitian, the diagonal entries are real.

In summary, the only relevant CP-violating terms in equation (13) are terms 8 and 9.

These are second order terms in the derivative expansion of Ê. In the Standard Model, these

terms vanish since derivatives of the mass matrix are proportional to the mass matrix itself.

In the models we will study, this is no longer true. The purpose of this work is to explore the

possibility that the variation of the mass terms of Standard Model fermions across the bubble

wall provide the only source of CP violation to explain the observed baryon asymmetry. These

new CP-violating sources can be su�cient for baryogenesis provided that the Yukawa coupling

starts with a value of order one in the symmetric phase. This is possible even with only one

fermionic flavor as long as the complex phase of this mass is changing during the electroweak

phase transition, a CP-violating axial current being induced due to a semi-classical force [26].

This source of CP violation is di↵erent from the standard CP violation from the CKM

phase. In this case, CP-violating processes have to involve at least three flavors and accord-

ingly are suppressed by the Jarlskog invariant J
CP

[33, 34]. In principle, the Standard Model

CKM CP violation also enters in our analysis, but it will do so via higher loop contributions

to the self-energy ⌃ in (68) and be very much suppressed [3, 35]. In practice, we neglect the

self-energies and hence the standard CKM type of CP violation.

2We note that in [32] the CP-violating force in the kinetic equation for gs0dii is di↵erent and involves the
combination

Im
h

V †m†0mV
i0

ii
6= Im

h

V †m†00mV
i

ii
, (20)

The discrepancy comes from the fact that we work in the limit where flavor oscillations are relatively fast
and one can neglect all o↵-diagonal in the basis where the masses are diagonal. On the other hand, Ref. [32]
works in the limit where oscillations are very slow and the derivative expansion even holds for the o↵-diagonal
entries of the Wightman function.

9
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V is the transformation matrix used in the mass diagonalization (see Eq. (92) in Appendix

B). The subscript ii refers to the diagonal entries and does not stand for the conventional

summation. Note that in order to obtain this result we had to make use of the constraint

equations (Eq. (113) in appendix C) to the lowest order in the gradient expansion.

3.2 CP-violating force from varying yukawas across the bubble wall

Under the hypothesis of diagonal entries as stated above, the commutator terms (terms 2, 6
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a combination of the terms 3, 4 and 5, whereas the CP-violating force (s/k̃
0

)Im [V †
m

†00
mV ]

follows from terms 8 and 9. It is then easy to show that the CP-violating part vanishes for the

SM which has constant Yukawa couplings. Indeed, for constant Yukawas Im
h

V

†
m

†00
mV

i

/
Im

⇥

V

†
Y

†
Y V

⇤

�

00
� and since V

†
Y

†
Y V is hermitian, the diagonal entries are real.

In summary, the only relevant CP-violating terms in equation (13) are terms 8 and 9.

These are second order terms in the derivative expansion of Ê. In the Standard Model, these

terms vanish since derivatives of the mass matrix are proportional to the mass matrix itself.

In the models we will study, this is no longer true. The purpose of this work is to explore the

possibility that the variation of the mass terms of Standard Model fermions across the bubble

wall provide the only source of CP violation to explain the observed baryon asymmetry. These

new CP-violating sources can be su�cient for baryogenesis provided that the Yukawa coupling

starts with a value of order one in the symmetric phase. This is possible even with only one

fermionic flavor as long as the complex phase of this mass is changing during the electroweak

phase transition, a CP-violating axial current being induced due to a semi-classical force [26].

This source of CP violation is di↵erent from the standard CP violation from the CKM

phase. In this case, CP-violating processes have to involve at least three flavors and accord-

ingly are suppressed by the Jarlskog invariant J
CP

[33, 34]. In principle, the Standard Model

CKM CP violation also enters in our analysis, but it will do so via higher loop contributions

to the self-energy ⌃ in (68) and be very much suppressed [3, 35]. In practice, we neglect the

self-energies and hence the standard CKM type of CP violation.

2We note that in [32] the CP-violating force in the kinetic equation for gs0dii is di↵erent and involves the
combination

Im
h

V †m†0mV
i0

ii
6= Im

h

V †m†00mV
i

ii
, (20)

The discrepancy comes from the fact that we work in the limit where flavor oscillations are relatively fast
and one can neglect all o↵-diagonal in the basis where the masses are diagonal. On the other hand, Ref. [32]
works in the limit where oscillations are very slow and the derivative expansion even holds for the o↵-diagonal
entries of the Wightman function.

9
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Special case: 1 flavour

9

S / Im
h
V †m†00mV

i
=

�
|m|2✓0

�0

m = |m|ei✓

✓ has to be space dependent!

This is not the case for two mixing flavours.

Agrees with semi- 
classical treatment

1-Flavour case

requires variation of phase

More than 1 flavour: no need for variation of phase
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exploited in baryogenesis  
through varying top quark mass.



Flavour-EW symmetry  
breaking cosmological interplay
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Baldes, Konstandin, Servant, 1608.03254

Baldes, Konstandin, Servant, 1604.04526

Bruggisser, Konstandin, Servant, 1706.08534

Effect of varying Yukawas on EW phase transition●

Implementation in Froggatt-Nielsen ●
Natural realisation of Yukawa variation in Randall-Sundrum●

Calculation of baryon asymmetry in models of variable Yukawas●
Von Harling, Servant, 1612.02447

Outcome in composite Higgs models● Bruggisser, VonHarling, Matsedonskyi,  
Servant, 1803.08546 & 1804.07314

High scale EW phase transition● Baldes, Servant, 1807.08770



Nature of the EW phase 
transition :

 Still many open exotic possibilities 
regarding what happened when the energy 

density of the universe was (EW scale)4.
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HEATING UP THE STANDARD MODEL .
 EW sym. restored at T≳160 GeV*** 

through a smooth crossover
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It would have been different if mH≲70 GeV
Electroweak phase transition

Lattice calculations show the SM Higgs mass is too large.

RHW ⌘ mH/mW

Endpoint at:

mH ⇡ 67 GeV

- Csikor, Fodor, Heitger, Phys. Rev. Lett. 82, 21 (1999)

Higgs mass is too large in the SM. The Higgs potential must be modified.
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FIG. 2: The evolution of the effective potential with temperature
in the SM (top) and with varying Yukawas (bottom). The vary-
ing Yukawa calculation includes all SM fermions with y1 = 1,
n1 = 1 and their respective y0, chosen to return the observed fermion
masses today (for the neutrinos we have assumed Dirac neutrinos and
m⌫ = 0.05 eV). In the varying Yukawa case we find a first-order
phase transition with �c = 230 GeV and Tc = 128 GeV (second
order transition at Tc = 163 GeV for the constant Yukawa case).

different speeds. Large values of n mean the Yukawa cou-
pling remain large for a greater range of � away from zero.
We will see that large n strengthen the phase transition.

We study the strength of the EWPT for different choices of
n, y1 ⇠ O(1) and the number of degrees of freedom, g, of the
species with the �-dependent Yukawa coupling. The results
do not depend strongly on the choice of y0 as long as y0 ⌧ 1.
The top Yukawa is assumed to be constant and take its SM
value.

Of course, in a realistic model the different fermion species
will take on different values of n, y1 and y0 (also the underly-
ing model determines whether only quarks, only leptons or all
fermion masses are controlled by the same flavon). Our aim
here is to simply illustrate the effect through a simple ansatz
and an overall variation of n, g and y1.

The possibility that the Yukawa couplings could change
during the EWPT was raised in [35] but the impact on the na-
ture of the EWPT was ignored, the emphasis was on the pos-
sibility to get large CP violation from the CKM matrix during
the EWPT. We show in the next section the three main effects

FIG. 3: Solid lines: Contours of �c/Tc = 1 for different choices of
y1 and y0 = 0.02, areas above these lines allow for EW baryoge-
nesis. Dashed lines: areas above these lines are disallowed (for the
indicated choices of y1 and y0) due to the EW minimum not being
the global one.

that Eq. (2) has on the Higgs effective potential.

IV. EFFECTIVE HIGGS POTENTIAL WITH VARYING
YUKAWAS

We consider the effective potential given by the sum of the
tree level potential, the one-loop zero temperature correction,
the one-loop finite temperature correction and the daisy cor-
rection [36]

Ve↵ = Vtree(�) + V

0
1 (�) + V

T
1 (�, T ) + VDaisy(�, T ). (4)

In the framework we have in mind, this potential depends
as well on the additional flavon field(s) coupling to the
Higgs. However, for the generic points we want to stress,
we should ignore the flavon(s) degrees of freedom and take
the SM tree level potential. We study the evolution of the
effective potential with temperature numerically, including
the SM fermionic dof with varying Yukawas, in addition to
the usual bosonic SM fields. An example of the evolution of
the effective potential with varying Yukawa couplings, with a
comparison to the SM case (constant Yukawas), is shown in
Fig. 2. We next scan over n and g for different choices of y1
and find the strength of the phase transition, as characterised
by the ratio of the critical VEV to temperature, �c/Tc

(successful EW baryogenesis requires �c/Tc & 1 [37]).
Our results are summarised in Fig. 3. Below we discuss
the different terms of the effective potential and identify the
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For high-T, m/T<<1:
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FIG. 2: The evolution of the effective potential with temperature
in the SM (top) and with varying Yukawas (bottom). The vary-
ing Yukawa calculation includes all SM fermions with y1 = 1,
n1 = 1 and their respective y0, chosen to return the observed fermion
masses today (for the neutrinos we have assumed Dirac neutrinos and
m⌫ = 0.05 eV). In the varying Yukawa case we find a first-order
phase transition with �c = 230 GeV and Tc = 128 GeV (second
order transition at Tc = 163 GeV for the constant Yukawa case).

different speeds. Large values of n mean the Yukawa cou-
pling remain large for a greater range of � away from zero.
We will see that large n strengthen the phase transition.

We study the strength of the EWPT for different choices of
n, y1 ⇠ O(1) and the number of degrees of freedom, g, of the
species with the �-dependent Yukawa coupling. The results
do not depend strongly on the choice of y0 as long as y0 ⌧ 1.
The top Yukawa is assumed to be constant and take its SM
value.

Of course, in a realistic model the different fermion species
will take on different values of n, y1 and y0 (also the underly-
ing model determines whether only quarks, only leptons or all
fermion masses are controlled by the same flavon). Our aim
here is to simply illustrate the effect through a simple ansatz
and an overall variation of n, g and y1.

The possibility that the Yukawa couplings could change
during the EWPT was raised in [35] but the impact on the na-
ture of the EWPT was ignored, the emphasis was on the pos-
sibility to get large CP violation from the CKM matrix during
the EWPT. We show in the next section the three main effects

FIG. 3: Solid lines: Contours of �c/Tc = 1 for different choices of
y1 and y0 = 0.02, areas above these lines allow for EW baryoge-
nesis. Dashed lines: areas above these lines are disallowed (for the
indicated choices of y1 and y0) due to the EW minimum not being
the global one.

that Eq. (2) has on the Higgs effective potential.

IV. EFFECTIVE HIGGS POTENTIAL WITH VARYING
YUKAWAS

We consider the effective potential given by the sum of the
tree level potential, the one-loop zero temperature correction,
the one-loop finite temperature correction and the daisy cor-
rection [36]

Ve↵ = Vtree(�) + V

0
1 (�) + V

T
1 (�, T ) + VDaisy(�, T ). (4)

In the framework we have in mind, this potential depends
as well on the additional flavon field(s) coupling to the
Higgs. However, for the generic points we want to stress,
we should ignore the flavon(s) degrees of freedom and take
the SM tree level potential. We study the evolution of the
effective potential with temperature numerically, including
the SM fermionic dof with varying Yukawas, in addition to
the usual bosonic SM fields. An example of the evolution of
the effective potential with varying Yukawa couplings, with a
comparison to the SM case (constant Yukawas), is shown in
Fig. 2. We next scan over n and g for different choices of y1
and find the strength of the phase transition, as characterised
by the ratio of the critical VEV to temperature, �c/Tc

(successful EW baryogenesis requires �c/Tc & 1 [37]).
Our results are summarised in Fig. 3. Below we discuss
the different terms of the effective potential and identify the
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At high T:



WHICH ALTERNATIVE 
HIGGS STORIES ?

86



 First-order 
EW  Phase transition .
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First-order EW phase transition .

> Framework for EW baryogenesis !
> Stochastic bgd of gravitational waves 

detectable at LISA !

Nucleation, expansion and collision of Higgs bubbles

Barrier separates 2 
degenerate minima

2 phases can coexist

tunneling
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EW baryogenesis during a first-order EW 
phase transition .

 Baryon asymmetry created at 
vicinity of CP-violating bubble wall.broken phase 

<Φ>≠0

h�(Tn)i
Tn

& 1Strength of EW phase transition ≡

Tn ≡ nucleation temperature
89
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—> LISA !

[LISA Cosmology Working group, 1512.06239]
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Examples of Spectra [1512.06239]
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Figure 2: Example of GW spectra in Case 1, for fixed T⇤ = 100 GeV, ↵ = 0.5, vw = 0.95, and

varying �/H⇤: from left to right, �/H⇤ = 1 and �/H⇤ = 10 (top), �/H⇤ = 100 and �/H⇤ = 1000

(bottom). The black line denotes the total GW spectrum, the green line the contribution from

sound waves, the red line the contribution from MHD turbulence. The shaded areas represent the

regions detectable by the C1 (red), C2 (magenta), C3 (blue) and C4 (green) configurations.

interplay among the contributions of the di↵erent sources, which in turn are determined by

the specific dynamics of the PT. On the one hand this is encouraging, since it opens up

the possibility of investigating the dynamics of the PT. On the other hand, this is probably

feasible only in the most optimistic PT scenarios and for the best eLISA configurations. Note

that the highest GW signals are expected for runaway bubbles in vacuum (Case 3 above) for

which the GW spectrum has the simplest shape, being determined only by the scalar field

contribution.

3.3 Sensitivity to a First-Order Phase Transition

With the eLISA sensitivity to a stochastic GW background determined, we would like to

assess eLISA’s ability to detect GWs from primordial first-order PTs in a way that is as

model-independent as possible. We have shown in the previous section that the predictions
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varying �/H⇤: from left to right, �/H⇤ = 1 and �/H⇤ = 10 (top), �/H⇤ = 100 and �/H⇤ = 1000

(bottom). The black line denotes the total GW spectrum, the green line the contribution from

sound waves, the red line the contribution from MHD turbulence. The shaded areas represent the

regions detectable by the C1 (red), C2 (magenta), C3 (blue) and C4 (green) configurations.
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Figure 4: Plot of the ratio ⌅n = ⇧⌃(Tn)⌃/Tn characterizing the strength of the phase transition
using the thermal mass approximation of [2] (left) and the complete one-loop potential
(right). The contours are for ⌅n = {1, 2, 3, 4} from top to bottom. f is the decay constant
of the strong sector the Higgs emerges from, and mh is the physical Higgs mass.

detailed in this article. We compare these results with the sensitivities of current gravity
wave detectors, and of proposed gravity wave detectors of the future.

3.2.1 Characterizing the spectrum

Previous studies [24, 25, 26] of the gravity wave spectrum culminate in showing that it can
be fully characterized by the knowledge of only two parameters derived ultimately from the
e�ective potential6. The first one is the rate of time-variation of the nucleation rate, named
⇥. Its inverse gives the duration of the phase transition, therefore defining the characteristic
frequency of the spectrum. The second important parameter, �, measures the ratio of the
latent heat to the energy density of the dominant kind, which is radiation at the epoch
considered: � ⇥ ⇤/⇧rad. They are both numerically computed from the e�ective action S3/T
at the nucleation temperature as follows. The time-dependence of the rate of nucleation is
mainly concentrated in the e�ective action and ⇥ is defined by ⇥ ⇥ �dSE/dt

��
tn

. Using the

6This conclusion is valid under the assumption of detonation. However, in practice the bubble expand in
a thermal bath and not in the vacuum and friction e�ects taking place in the plasma slow down the bubble
velocity. Therefore, it might be important to consider the deflagration regime as in Ref. [27]. When the
phase transition is weakly first order, we obtained under the approximations of [28] a wall velocity lower
than the speed of sound. However, in the interesting region where the phase transition gets stronger, we
approach the detonation regime and the approximations of [28] have to be refined to accurately compute the
wall velocity.
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The most studied case: First-order EW phase 
transition from an extra scalar singlet .

2

ory approach, in which the details of the strong dynamics
at the strong coupling scale are integrated out. In such
a framework, one only needs to specify the light degrees
of freedom, together with the operators of low dimension
that are present in the low-energy effective Lagrangian.
The simplest such Lagrangian would contain only the

SM degrees of freedom, together with additional oper-
ators beginning at dimension six. Such a Lagrangian
would arise, for example, as the low energy limit of the
‘minimal composite Higgs model’ [22], based on the coset
SO(5)/SO(4). Clearly, since the SM on its own is defi-
cient from the point of view of EWBG, the dimension-six
(or higher) operators must have a large effect on both the
EWPhT (via sextic and higher contributions to the Higgs
potential [29–31]) and on CP -violating physics [31, 32],
but this conflicts with the need for a large strong-coupling
scale (which suppresses the higher-dimension operators)
and in any case might jeopardize the validity of the ef-
fective field theory expansion.
However, there does not seem to be any compelling rea-

son (pace Occam) to choose the composite Higgs model
based on the coset SO(5)/SO(4) over one based on a
larger coset, and featuring the same desirable properties
[33, 34]. On the contrary, from the point of view of the
EWPhT, we know that the most favorable case (at the
renormalizable level) occurs when the Higgs sector is ex-
tended to include a gauge singlet scalar and that in this
way, one may have a strongly first-order phase transi-
tion (for a recent comprehensive analysis, see [35] and
references therein). Such a scenario is realized in the
composite Higgs model based on the global symmetry
breaking pattern SO(6) → SO(5) [33], where the coset
is five-dimensional and the low-energy spectrum includes
four degrees of freedom corresponding to the Higgs dou-
blet plus one, real, singlet PNGB. What is more, the
non-renormalizable operators in the low-energy effective
Lagrangian of this model begin at dimension-five and in-
clude an operator coupling the singlet and the Higgs to
a pair of top quarks that violates CP .
In this article, we show that such a model can generate

the baryon asymmetry. As we have argued, it suffices to
study the low-energy effective theory of the SM plus a
singlet, including the aforementioned dimension-five op-
erator. The scenario offers a testable way to explain the
origin of the baryon asymmetry and can also be compared
with constraints on new, CP -violating physics coming
from electric dipole moment (EDM) tests and from LEP.
In Section II we summarize the features of the compos-

ite Higgs model with a singlet that are relevant for baryo-
genesis (more details are given in Appendix A) and in
Section III we study how the baryon asymmetry arises in
this scenario. In Section IV, we study electric dipole mo-
ment and LEP constraints, while in Section V we quan-
tify how much explicit CP violation is needed to obtain
a sufficient net baryon asymmetry. In Section VI we esti-
mate the characteristics of the phase transition (such as
the wall thickness and critical temperature) in a special
case where the theory is approximately Z2-symmetric:

then the structure of the effective Lagrangian is simpler
and allows for an analytical study. Finally, in Section VII
we present our conclusions. In Appendix B, we collect the
transport equations used to calculate the baryon asym-
metry.

II. THE SM PLUS A SINGLET FROM A
COMPOSITE HIGGS

We are interested in composite Higgs models that, in
the low energy spectrum, include the SM and a fur-
ther real, scalar degree of freedom, singlet under the SM
gauge group. One example is the model based on the
SO(6)/SO(5) coset of ref. [33], which we summarize in
Appendix A. In this Section, we highlight the features
that play a rôle in EWBG: in particular, we concentrate
on the effective scalar potential and on the couplings be-
tween the Higgs and top-quark sectors, which, from natu-
ralness arguments, are expected to be mostly composite.
The most general effective scalar potential at the renor-

malizable level is

V = V even + V odd , (1)

with

V even ≡ −µ2
h|H |2 + λh|H |4

−
1

2
µ2
ss

2 +
1

4
λss

4 +
1

2
λms2|H |2, (2)

V odd ≡
1

2
µms|H |2 + µ3

1s+
1

3
µ3s

3 , (3)

where µh,s,m,1,3 have dimension of mass and λh,s,m are di-
mensionless1; H denotes the Higgs SU(2)L doublet with
physical component h/

√
2. V even(odd) denotes the part

of the potential that is even (odd) with respect to the Z2

transformation

s → −s . (4)

While this is an isometry of the coset space, whether
or not it is a symmetry of the effective Lagrangian de-
pends on how the SM fermions are coupled to the sigma
model [33].
Let us now consider the couplings between the singlet

and the fermions. Lorentz invariance alone allows the
singlet s to couple to a Dirac fermion F via

sF̄ (a+ ibγ5)F , (5)

where a (b) is a dimensionless coefficient describing its
(pseudo)scalar-like couplings. In the SM, however, the

1 The singlet extension of the SM can produce a strongly first-
order phase transition already at the renormalizable level. So,
provided v and ∆s (the jump in s at the EWPhT) are small
compared to f , we can ignore higher dimension operators in the
potential or the scalar kinetic terms.
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case where the theory is approximately Z2-symmetric:

then the structure of the effective Lagrangian is simpler
and allows for an analytical study. Finally, in Section VII
we present our conclusions. In Appendix B, we collect the
transport equations used to calculate the baryon asym-
metry.
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COMPOSITE HIGGS

We are interested in composite Higgs models that, in
the low energy spectrum, include the SM and a fur-
ther real, scalar degree of freedom, singlet under the SM
gauge group. One example is the model based on the
SO(6)/SO(5) coset of ref. [33], which we summarize in
Appendix A. In this Section, we highlight the features
that play a rôle in EWBG: in particular, we concentrate
on the effective scalar potential and on the couplings be-
tween the Higgs and top-quark sectors, which, from natu-
ralness arguments, are expected to be mostly composite.
The most general effective scalar potential at the renor-
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While this is an isometry of the coset space, whether
or not it is a symmetry of the effective Lagrangian de-
pends on how the SM fermions are coupled to the sigma
model [33].
Let us now consider the couplings between the singlet

and the fermions. Lorentz invariance alone allows the
singlet s to couple to a Dirac fermion F via

sF̄ (a+ ibγ5)F , (5)

where a (b) is a dimensionless coefficient describing its
(pseudo)scalar-like couplings. In the SM, however, the

1 The singlet extension of the SM can produce a strongly first-
order phase transition already at the renormalizable level. So,
provided v and ∆s (the jump in s at the EWPhT) are small
compared to f , we can ignore higher dimension operators in the
potential or the scalar kinetic terms.
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ory approach, in which the details of the strong dynamics
at the strong coupling scale are integrated out. In such
a framework, one only needs to specify the light degrees
of freedom, together with the operators of low dimension
that are present in the low-energy effective Lagrangian.
The simplest such Lagrangian would contain only the

SM degrees of freedom, together with additional oper-
ators beginning at dimension six. Such a Lagrangian
would arise, for example, as the low energy limit of the
‘minimal composite Higgs model’ [22], based on the coset
SO(5)/SO(4). Clearly, since the SM on its own is defi-
cient from the point of view of EWBG, the dimension-six
(or higher) operators must have a large effect on both the
EWPhT (via sextic and higher contributions to the Higgs
potential [29–31]) and on CP -violating physics [31, 32],
but this conflicts with the need for a large strong-coupling
scale (which suppresses the higher-dimension operators)
and in any case might jeopardize the validity of the ef-
fective field theory expansion.
However, there does not seem to be any compelling rea-

son (pace Occam) to choose the composite Higgs model
based on the coset SO(5)/SO(4) over one based on a
larger coset, and featuring the same desirable properties
[33, 34]. On the contrary, from the point of view of the
EWPhT, we know that the most favorable case (at the
renormalizable level) occurs when the Higgs sector is ex-
tended to include a gauge singlet scalar and that in this
way, one may have a strongly first-order phase transi-
tion (for a recent comprehensive analysis, see [35] and
references therein). Such a scenario is realized in the
composite Higgs model based on the global symmetry
breaking pattern SO(6) → SO(5) [33], where the coset
is five-dimensional and the low-energy spectrum includes
four degrees of freedom corresponding to the Higgs dou-
blet plus one, real, singlet PNGB. What is more, the
non-renormalizable operators in the low-energy effective
Lagrangian of this model begin at dimension-five and in-
clude an operator coupling the singlet and the Higgs to
a pair of top quarks that violates CP .
In this article, we show that such a model can generate

the baryon asymmetry. As we have argued, it suffices to
study the low-energy effective theory of the SM plus a
singlet, including the aforementioned dimension-five op-
erator. The scenario offers a testable way to explain the
origin of the baryon asymmetry and can also be compared
with constraints on new, CP -violating physics coming
from electric dipole moment (EDM) tests and from LEP.
In Section II we summarize the features of the compos-

ite Higgs model with a singlet that are relevant for baryo-
genesis (more details are given in Appendix A) and in
Section III we study how the baryon asymmetry arises in
this scenario. In Section IV, we study electric dipole mo-
ment and LEP constraints, while in Section V we quan-
tify how much explicit CP violation is needed to obtain
a sufficient net baryon asymmetry. In Section VI we esti-
mate the characteristics of the phase transition (such as
the wall thickness and critical temperature) in a special
case where the theory is approximately Z2-symmetric:

then the structure of the effective Lagrangian is simpler
and allows for an analytical study. Finally, in Section VII
we present our conclusions. In Appendix B, we collect the
transport equations used to calculate the baryon asym-
metry.
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ory approach, in which the details of the strong dynamics
at the strong coupling scale are integrated out. In such
a framework, one only needs to specify the light degrees
of freedom, together with the operators of low dimension
that are present in the low-energy effective Lagrangian.
The simplest such Lagrangian would contain only the

SM degrees of freedom, together with additional oper-
ators beginning at dimension six. Such a Lagrangian
would arise, for example, as the low energy limit of the
‘minimal composite Higgs model’ [22], based on the coset
SO(5)/SO(4). Clearly, since the SM on its own is defi-
cient from the point of view of EWBG, the dimension-six
(or higher) operators must have a large effect on both the
EWPhT (via sextic and higher contributions to the Higgs
potential [29–31]) and on CP -violating physics [31, 32],
but this conflicts with the need for a large strong-coupling
scale (which suppresses the higher-dimension operators)
and in any case might jeopardize the validity of the ef-
fective field theory expansion.
However, there does not seem to be any compelling rea-
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based on the coset SO(5)/SO(4) over one based on a
larger coset, and featuring the same desirable properties
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tended to include a gauge singlet scalar and that in this
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tion (for a recent comprehensive analysis, see [35] and
references therein). Such a scenario is realized in the
composite Higgs model based on the global symmetry
breaking pattern SO(6) → SO(5) [33], where the coset
is five-dimensional and the low-energy spectrum includes
four degrees of freedom corresponding to the Higgs dou-
blet plus one, real, singlet PNGB. What is more, the
non-renormalizable operators in the low-energy effective
Lagrangian of this model begin at dimension-five and in-
clude an operator coupling the singlet and the Higgs to
a pair of top quarks that violates CP .
In this article, we show that such a model can generate

the baryon asymmetry. As we have argued, it suffices to
study the low-energy effective theory of the SM plus a
singlet, including the aforementioned dimension-five op-
erator. The scenario offers a testable way to explain the
origin of the baryon asymmetry and can also be compared
with constraints on new, CP -violating physics coming
from electric dipole moment (EDM) tests and from LEP.
In Section II we summarize the features of the compos-

ite Higgs model with a singlet that are relevant for baryo-
genesis (more details are given in Appendix A) and in
Section III we study how the baryon asymmetry arises in
this scenario. In Section IV, we study electric dipole mo-
ment and LEP constraints, while in Section V we quan-
tify how much explicit CP violation is needed to obtain
a sufficient net baryon asymmetry. In Section VI we esti-
mate the characteristics of the phase transition (such as
the wall thickness and critical temperature) in a special
case where the theory is approximately Z2-symmetric:

then the structure of the effective Lagrangian is simpler
and allows for an analytical study. Finally, in Section VII
we present our conclusions. In Appendix B, we collect the
transport equations used to calculate the baryon asym-
metry.
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ralness arguments, are expected to be mostly composite.
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While this is an isometry of the coset space, whether
or not it is a symmetry of the effective Lagrangian de-
pends on how the SM fermions are coupled to the sigma
model [33].
Let us now consider the couplings between the singlet

and the fermions. Lorentz invariance alone allows the
singlet s to couple to a Dirac fermion F via

sF̄ (a+ ibγ5)F , (5)

where a (b) is a dimensionless coefficient describing its
(pseudo)scalar-like couplings. In the SM, however, the

1 The singlet extension of the SM can produce a strongly first-
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at the strong coupling scale are integrated out. In such
a framework, one only needs to specify the light degrees
of freedom, together with the operators of low dimension
that are present in the low-energy effective Lagrangian.
The simplest such Lagrangian would contain only the

SM degrees of freedom, together with additional oper-
ators beginning at dimension six. Such a Lagrangian
would arise, for example, as the low energy limit of the
‘minimal composite Higgs model’ [22], based on the coset
SO(5)/SO(4). Clearly, since the SM on its own is defi-
cient from the point of view of EWBG, the dimension-six
(or higher) operators must have a large effect on both the
EWPhT (via sextic and higher contributions to the Higgs
potential [29–31]) and on CP -violating physics [31, 32],
but this conflicts with the need for a large strong-coupling
scale (which suppresses the higher-dimension operators)
and in any case might jeopardize the validity of the ef-
fective field theory expansion.
However, there does not seem to be any compelling rea-

son (pace Occam) to choose the composite Higgs model
based on the coset SO(5)/SO(4) over one based on a
larger coset, and featuring the same desirable properties
[33, 34]. On the contrary, from the point of view of the
EWPhT, we know that the most favorable case (at the
renormalizable level) occurs when the Higgs sector is ex-
tended to include a gauge singlet scalar and that in this
way, one may have a strongly first-order phase transi-
tion (for a recent comprehensive analysis, see [35] and
references therein). Such a scenario is realized in the
composite Higgs model based on the global symmetry
breaking pattern SO(6) → SO(5) [33], where the coset
is five-dimensional and the low-energy spectrum includes
four degrees of freedom corresponding to the Higgs dou-
blet plus one, real, singlet PNGB. What is more, the
non-renormalizable operators in the low-energy effective
Lagrangian of this model begin at dimension-five and in-
clude an operator coupling the singlet and the Higgs to
a pair of top quarks that violates CP .
In this article, we show that such a model can generate

the baryon asymmetry. As we have argued, it suffices to
study the low-energy effective theory of the SM plus a
singlet, including the aforementioned dimension-five op-
erator. The scenario offers a testable way to explain the
origin of the baryon asymmetry and can also be compared
with constraints on new, CP -violating physics coming
from electric dipole moment (EDM) tests and from LEP.
In Section II we summarize the features of the compos-

ite Higgs model with a singlet that are relevant for baryo-
genesis (more details are given in Appendix A) and in
Section III we study how the baryon asymmetry arises in
this scenario. In Section IV, we study electric dipole mo-
ment and LEP constraints, while in Section V we quan-
tify how much explicit CP violation is needed to obtain
a sufficient net baryon asymmetry. In Section VI we esti-
mate the characteristics of the phase transition (such as
the wall thickness and critical temperature) in a special
case where the theory is approximately Z2-symmetric:

then the structure of the effective Lagrangian is simpler
and allows for an analytical study. Finally, in Section VII
we present our conclusions. In Appendix B, we collect the
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the low energy spectrum, include the SM and a fur-
ther real, scalar degree of freedom, singlet under the SM
gauge group. One example is the model based on the
SO(6)/SO(5) coset of ref. [33], which we summarize in
Appendix A. In this Section, we highlight the features
that play a rôle in EWBG: in particular, we concentrate
on the effective scalar potential and on the couplings be-
tween the Higgs and top-quark sectors, which, from natu-
ralness arguments, are expected to be mostly composite.
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While this is an isometry of the coset space, whether
or not it is a symmetry of the effective Lagrangian de-
pends on how the SM fermions are coupled to the sigma
model [33].
Let us now consider the couplings between the singlet

and the fermions. Lorentz invariance alone allows the
singlet s to couple to a Dirac fermion F via
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where a (b) is a dimensionless coefficient describing its
(pseudo)scalar-like couplings. In the SM, however, the
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as S has no VEV today:  
no Higgs-S mixing-> no EW precision tests , tiny 

modifications of higgs couplings at colliders

sufficient, based on existing studies for precision measurements of higgs self-couplings. Remarkably,
the fact that this scenario is testable at the SPPC/FCC demonstrates that it may be possible to postulate
a “no-lose” theorem for EWBG with future colliders.

Our paper is organized as follows. In Section 2, we define the Z
2

symmetric singlet scalar model
and the two-dimensional parameter plane that illustrates its entire phenomenology. Section 3 contains
our analyses of the one-step and two-step phase transitions which enable EWBG in this model. Sec-
tions 4 and 5 examine direct and indirect signatures of the singlet scalar at colliders, and show how
the discovery potential overlaps with the EWBG-favored regions of parameter space. We consider
cosmological constraints on the singlet in Section 6 and show that, under certain assumptions, the en-
tire parameter space can be excluded by future direct detection experiments. Renormalization group
(RG) evolution and the implications of strong couplings are discussed in Section 7. We summarize
our findings and discuss implications in Section 8.

2 A “Nightmare Scenario” for a Strong Electroweak Phase Transition

Our putative nightmare scenario is constructed to hide the effects of a strong first-order phase transi-
tion, as discussed in Section 1.

2.1 Model Definition

We define our model by the following most general renormalizable tree-level higgs potential for the
SM higgs and a single real scalar:
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After substituting H = (G+, (h+iG0

)/
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2) and focusing on the field h which becomes the SM higgs

after acquiring a VEV1, this becomes
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This scenario of adding a singlet with a Z
2

symmetry to the SM has been well-studied in a variety
of different contexts [50–56]. In this work, we focus on adding one real singlet with a mass larger
than mh/2 to avoid exotic higgs decays, and an unbroken Z

2

symmetry under which S ! �S to
avoid singlet-higgs mixing. In our choice of parametrization, the higgs acquires a VEV hhi = v =

µ/
p
� ⇡ 246 GeV and a mass at tree-level mh =

p
2µ ⇡ 125 GeV. In Section 3 we adopt

renormalization conditions to ensure that loop corrections do not change these values from their tree-
level expectation. Therefore we can define the higgs Lagrangian parameters � =

m2

h
2v2

⇡ 0.129 and
µ =

mhp
2

⇡ 88.4 GeV.

2.2 Physical Parameter Space

The model is determined by three new parameters, µS ,�HS and �S . However, in the context of our
nightmare scenario, it is straightforward to show that all relevant physics can be recast into the simple
two-dimensional plane of the physical singlet mass and its coupling to the higgs.

1For simplicity, we use h for the neutral real component of H as well as the SM higgs.
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FIG. 4: Phase transition dynamics in the mS �  plane, with
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FIG. 5: Phase transition dynamics in the  � ⌘ plane, with
mS = 300 GeV. Same labeling and color code as in Fig. 1.

ble nucleation, depend on the singlet quartic coupling ⌘
as well as m

S

and . We find that for larger ⌘, it is easier
to find points in the two-step region where the thermal
EWPT does occur, and is strongly first-order. The rea-
son is that as ⌘ is increased, the critical temperature of
the transition between the EW-symmetric and broken
vacua increases, and both the height and the width of
the potential barrier decrease; see Fig. 3. This makes
tunneling between the two vacua easier, allowing a ther-
mal phase transition to occur. The e↵ect of varying ⌘ on
the viable parameter space is illustrated in Figs. 4 and 5.
Note, however, that even at large ⌘, most of the two-
step region is eliminated by the requirement of bubble
nucleation at non-zero temperature.

Even if this requirement is satisfied, models in which
the nucleation temperature T

N

significantly below the

FIG. 6: Phase transition dynamics in the  � ⌘ plane, with
mS = 300 GeV. In region B (red) bubble walls accelerate to
relativistic speeds and EWBG cannot occur, while in region
A (blue) EWBG is possible.

critical temperature T
c

are likely to fail the BM crite-
rion for relativistic bubble wall motion. This is because
in this case, the symmetry-breaking vacuum would typ-
ically have a significantly lower vacuum energy at T

N

compared to the symmetric vacuum, resulting in a strong
outward pressure on the bubble wall. To check this, we
implemented the BM criterion, Eq. (11), in our scans.
The result, shown in Fig. 6, is consistent with expec-
tations. The BM criterion eliminates a region bordering
that where no thermal EWPT occurs, since by continuity
this is the region where T

N

is the lowest. This extra con-
straint must also be taken into account in the discussion
of collider probes of EWBG.

IV. DISCUSSION

We re-considered the dynamics of EWPT in a model
with a singlet scalar field S coupled to the SM via a
Z2-symmetric Higgs portal, Eq. (1). We found that the
requirements of thermal EWPT (bubble nucleation at
non-zero temperature) and non-relativistic bubble wall
motion eliminate much of the parameter space that was
previously thought to provide viable EWBG models. In
particular, most of the parameter space where a two-step
phase transition was thought to occur, is now eliminated.
The e↵ect of the new requirements in the region where a
one-step transition was expected is less significant.
The model studied here has recently emerged as a use-

ful benchmark for planning the physics program at fu-
ture colliders. While absence of mixing between dou-
blet and singlet states makes this model challenging to
probe at the LHC, Ref. [36] argued that the proposed
future facilities will be able to probe the EWBG sce-
nario in this model conclusively. This can be achieved
with a combination of Higgs cubic coupling measure-
ments [15], direct Higgs portal searches in channels such
as pp ! V SS, qqSS [36, 37], and a very precise measure-
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no Higgs-S mixing-> no EW precision tests , tiny 

modifications of higgs couplings at colliders

sufficient, based on existing studies for precision measurements of higgs self-couplings. Remarkably,
the fact that this scenario is testable at the SPPC/FCC demonstrates that it may be possible to postulate
a “no-lose” theorem for EWBG with future colliders.

Our paper is organized as follows. In Section 2, we define the Z
2

symmetric singlet scalar model
and the two-dimensional parameter plane that illustrates its entire phenomenology. Section 3 contains
our analyses of the one-step and two-step phase transitions which enable EWBG in this model. Sec-
tions 4 and 5 examine direct and indirect signatures of the singlet scalar at colliders, and show how
the discovery potential overlaps with the EWBG-favored regions of parameter space. We consider
cosmological constraints on the singlet in Section 6 and show that, under certain assumptions, the en-
tire parameter space can be excluded by future direct detection experiments. Renormalization group
(RG) evolution and the implications of strong couplings are discussed in Section 7. We summarize
our findings and discuss implications in Section 8.

2 A “Nightmare Scenario” for a Strong Electroweak Phase Transition

Our putative nightmare scenario is constructed to hide the effects of a strong first-order phase transi-
tion, as discussed in Section 1.

2.1 Model Definition

We define our model by the following most general renormalizable tree-level higgs potential for the
SM higgs and a single real scalar:

V
0

= �µ2|H|2 + �|H|4 + 1

2

µ2

SS
2

+ �HS |H|2S2

+

1

4

�SS
4. (2.1)

After substituting H = (G+, (h+iG0

)/
p
2) and focusing on the field h which becomes the SM higgs

after acquiring a VEV1, this becomes

V
0

= �1

2

µ2h2 +
1

4

�h4 +
1

2

µ2

SS
2

+

1

2

�HSh
2S2

+

1

4

�SS
4. (2.2)

This scenario of adding a singlet with a Z
2

symmetry to the SM has been well-studied in a variety
of different contexts [50–56]. In this work, we focus on adding one real singlet with a mass larger
than mh/2 to avoid exotic higgs decays, and an unbroken Z

2

symmetry under which S ! �S to
avoid singlet-higgs mixing. In our choice of parametrization, the higgs acquires a VEV hhi = v =

µ/
p
� ⇡ 246 GeV and a mass at tree-level mh =

p
2µ ⇡ 125 GeV. In Section 3 we adopt

renormalization conditions to ensure that loop corrections do not change these values from their tree-
level expectation. Therefore we can define the higgs Lagrangian parameters � =

m2

h
2v2

⇡ 0.129 and
µ =

mhp
2

⇡ 88.4 GeV.

2.2 Physical Parameter Space

The model is determined by three new parameters, µS ,�HS and �S . However, in the context of our
nightmare scenario, it is straightforward to show that all relevant physics can be recast into the simple
two-dimensional plane of the physical singlet mass and its coupling to the higgs.

1For simplicity, we use h for the neutral real component of H as well as the SM higgs.
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5

FIG. 4: Phase transition dynamics in the mS �  plane, with
⌘ = ⌘min + 2.5. Same labeling and color code as in Fig. 1.

FIG. 5: Phase transition dynamics in the  � ⌘ plane, with
mS = 300 GeV. Same labeling and color code as in Fig. 1.

ble nucleation, depend on the singlet quartic coupling ⌘
as well as m

S

and . We find that for larger ⌘, it is easier
to find points in the two-step region where the thermal
EWPT does occur, and is strongly first-order. The rea-
son is that as ⌘ is increased, the critical temperature of
the transition between the EW-symmetric and broken
vacua increases, and both the height and the width of
the potential barrier decrease; see Fig. 3. This makes
tunneling between the two vacua easier, allowing a ther-
mal phase transition to occur. The e↵ect of varying ⌘ on
the viable parameter space is illustrated in Figs. 4 and 5.
Note, however, that even at large ⌘, most of the two-
step region is eliminated by the requirement of bubble
nucleation at non-zero temperature.

Even if this requirement is satisfied, models in which
the nucleation temperature T

N

significantly below the

FIG. 6: Phase transition dynamics in the  � ⌘ plane, with
mS = 300 GeV. In region B (red) bubble walls accelerate to
relativistic speeds and EWBG cannot occur, while in region
A (blue) EWBG is possible.

critical temperature T
c

are likely to fail the BM crite-
rion for relativistic bubble wall motion. This is because
in this case, the symmetry-breaking vacuum would typ-
ically have a significantly lower vacuum energy at T

N

compared to the symmetric vacuum, resulting in a strong
outward pressure on the bubble wall. To check this, we
implemented the BM criterion, Eq. (11), in our scans.
The result, shown in Fig. 6, is consistent with expec-
tations. The BM criterion eliminates a region bordering
that where no thermal EWPT occurs, since by continuity
this is the region where T

N

is the lowest. This extra con-
straint must also be taken into account in the discussion
of collider probes of EWBG.

IV. DISCUSSION

We re-considered the dynamics of EWPT in a model
with a singlet scalar field S coupled to the SM via a
Z2-symmetric Higgs portal, Eq. (1). We found that the
requirements of thermal EWPT (bubble nucleation at
non-zero temperature) and non-relativistic bubble wall
motion eliminate much of the parameter space that was
previously thought to provide viable EWBG models. In
particular, most of the parameter space where a two-step
phase transition was thought to occur, is now eliminated.
The e↵ect of the new requirements in the region where a
one-step transition was expected is less significant.
The model studied here has recently emerged as a use-

ful benchmark for planning the physics program at fu-
ture colliders. While absence of mixing between dou-
blet and singlet states makes this model challenging to
probe at the LHC, Ref. [36] argued that the proposed
future facilities will be able to probe the EWBG sce-
nario in this model conclusively. This can be achieved
with a combination of Higgs cubic coupling measure-
ments [15], direct Higgs portal searches in channels such
as pp ! V SS, qqSS [36, 37], and a very precise measure-
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 Z2  case .

Figure 2. Parameter space of the scalar singlet model relevant for EWBG along with the reach
of various collider experiments. The yellow shaded region is excluded because in that region, the
electroweak minimum is not the global minimum at zero temperature. In the grey region, the
universe is trapped in a metastable vacuum that preserves electroweak symmetry. The blue region
realises a strong first-order phase transition whereas the light blue region can still be allowed due
to the cosmological modification. Regions above the dotted and dashed lines will be accessible at
colliders. Here ��3 ⌘ (�SM

3 ��3)/�SM
3 is the modification of the triple Higgs coupling with respect

to the SM.

to the modified points. Fitting a function is necessary as otherwise this algorithm becomes

highly unstable. This is because the result of one such modification is not a smooth

function and the second derivative can grow uncontrollably, which would lead to an even

bigger growth in subsequent modifications. We choose to fit a polynomial of order 5, and

have checked that using higher powers does not increase the accuracy of the result any

further. After 20 such modifications, we again calculate the tunnelling action along the

modified path by solving Eq. (3.9). This gives us the next approximation of the S
3

and

dt/dr along the path for further path modification. After a few such steps, the action

stabilises which means a solution has been found.

We have checked that the above algorithm converges to the same result with any

reasonable initial guess for the path. However, in practice it is most convenient to start

with a path that is obtained by choosing S that minimises the potential for each h between

the initial and final vacuum. In fact, in this model, this simple choice proves to be a very

good approximation and the path obtained using the path modification algorithm decreases

the resulting action only by a few percent. This leads to a negligible modification of the

transition temperature T⇤.

Now, we are ready to use the action in Eq. (3.3) and the decay width in Eq. (3.2)

to find T⇤. We assume that the phase transition proceeds when at least one bubble is

– 7 –

Figure 5. Parameter space of the scalar singlet model relevant for EWBG together with the
DM abundance and corresponding direct detection exclusion limits. Constraints from the vacuum
structure of the theory are also taken into account, hence the reason why the abundance or the
direct detection limits do not enter into the gray or yellow shaded regions.

5 Cosmological modification

To ensure that we discuss all the parameter space where the scalar singlet model is viable,

we also discuss a possible modification of the cosmological history which can expand this

area significantly. We will focus on a very simple and generic cosmological modification

that can describe the e↵ects of most existing cosmological models.

We assume an additional contribution to the energy budget of the early universe ⇢N .

The modified Friedmann equation reads

H2 ⌘
✓
ȧ

a

◆
2

=
8⇡

3M2

p

⇣⇢R
a4

+
⇢N
an

⌘
, (5.1)

where a ⌘ a(t) is the scale factor and n > 4 such that the new component dilutes before it

modifies any cosmological measurements. The first of such important measurements comes

from Big Bang Nucleosynthesis (see e.g. Refs. [80, 81]). We can directly measure the Hubble

rate at that time since we precisely know when the neutrons have to freeze-out in order to

save a fraction of them required to recreate observed abundances of light elements. While

the observed expansion is consistent with a universe filled with the SM radiation, within

experimental uncertainties, we can still add a small fraction of the additional component

⇢N .

First, we translate the e↵ective number of neutrino species into a modification of the

– 15 –

Exact Z2 case mostly excluded by direct DM searches even 
if S is sub-component (< 1%) of DM . 96

1702.06124



First-order EW phase transition in a 2-Higgs-
doublet model .

2

each fermion type to couple to one doublet only [21]. By
convention, up-type quarks always couple to the second
doublet, but which doublet couples to leptons and down-
type quarks may vary. We will focus here on the so-
called Type I model, in which all fermions couple to the
same doublet. Another scenario is the so-called Type II
model, where down-type quarks and leptons couple to a
different doublet from up-type quarks, and of which the
scalar sector of the MSSM is a particular instance.
In order to study the strength of the EWPT in 2HDMs,

we perform a Monte Carlo scan over a wide range ofmH0
,

mA0
, mH± , tanβ, α − β and µ using an in-house nu-

merical code developed in [20]. The code is interfaced
to 2HDMC [22] and HiggsBounds [23] to select points
in parameter space that satisfy unitarity, perturbativ-
ity, electroweak precision constraints and collider bounds.
Stability of the potential is checked at 1-loop level by re-
quiring that the electroweak minimum (i.e. the one for
which v21 + v22 = v2) be the deepest minimum of the ef-
fective potential [20]. As for flavor constraints, for the
Type I model the only relevant one1 comes from b → sγ,
which we take into account [13]. In addition, the mea-
sured properties of h, impose further constraints on tanβ
and α−β (see e.g. [14]). We note that, while the type of
2HDM considered is irrelevant for the EWPT (since all
types couple in the same way to the top quark), it does
affect constraints from colliders and Higgs properties. We
choose a Type I 2HDM, which is less constrained than
a Type II. The results below show that a strong EWPT
prefers a SM-like state h, and thus 2HDMs with a strong
EWPT also satisfy Type II constraints.
A point in our scan satisfying the above constraints is

called a physical point. For each of them, the strength of
the EWPT is computed via the thermal 1-loop effective
potential by increasing the temperature until a point is
reached when the potential has two degenerate minima,
which then defines the critical temperature Tc. The phase
transition is considered strong when vc/Tc ≥ 1 [25, 26],
with vc the magnitude of the broken vev at Tc (see [20]
for details).
In Figure 1 we show the heat-maps of physical points

(left) and points with a strongly first order EWPT (right)
in the planes (mH0

,α− β) and (mH0
,mA0

). Altogether,
a strong EWPT, as needed for Electroweak Baryogenesis,
favours the light Higgs state h to have SM-like properties,
i.e. small α−β and moderate tanβ [20, 24]. The range of
α− β leading to a strong EWPT shrinks as the CP-even
state H0 becomes heavier. This can be understood from
the fact that away from the alignment limit α ≃ β, both
h and H0 “share” the vev v, i.e. both participate in the
EWPT, and the phase transition becomes weaker as the

1 The points excluded by other constraints, in particular B0
− B̄0

mixing and Z → bb̄, are also excluded by b → sγ.
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FIG. 1. Heat-maps for the physical region (left) and region
with a strongly first order EWPT (right). Top: (mH0

,α−β)-
plane. Bottom: (mH0

,mA0
)-plane. The dotted-black line

corresponds to mA0
= mH0

+mZ .

states participating in it get heavier (see e.g. [26]). In
addition, Figure 1 shows that a strong EWPT in 2HDMs
scenarios strongly favours a rather heavy CP-odd scalar
state A0 (mA0

> 300 GeV), together with a large mass
splitting mA0

−mH0
! v.

As we discuss in the next section, these results point
towards the A0 → ZH0 decay channel as a ‘smoking gun’
signature of 2HDMs with a strong EWPT, to be searched
for at the upcoming 14 TeV run of the LHC.

II. The Decay A0 → Z H0

Current 2HDM searches at LHC are mainly motivated
by the MSSM, where scalar mass splittings are dictated
by the gauge couplings and do not exceed mZ . The
decays Si → ZSj (for Si ∈ H0, A0) are not kinemati-
cally allowed, and ATLAS/CMS searches are thus not
tailored to them. Most searches so far have focused on
H0 → W+W− [27, 28] and H0 → ZZ [29, 30], or on
the search of the CP-odd state via A0 → τ+τ− [31] and
A0 → Zh [32, 33].
Our results from the previous section show, however,

that a strong EWPT in 2HDMs strongly favours a heavy
CP-odd state A0 with a mass splitting mA0

−mH0
! v, in

addition to α ∼ β (although a small departure from this
limit is allowed). The decay A0 → ZH0 is then strongly
favoured both due to the large amount of phase space
available, and because the coupling gA0ZH0

∼ cos(α −
β) is unsuppressed in the alignment limit. In contrast,
the coupling gA0Zh ∼ sin(α − β) vanishes in that limit,
and the decay A0 → Zh is further suppressed due to
A0 → ZH0 remaining dominant away from alignment
(see Figure 2).
The competing decay channels would then be A0 → tt̄

and possibly A0 → W±H∓. The former is suppressed
as (tanβ)−2, which is moderate in the scenarios under

1405.5537
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1 Introduction

Electric dipole moments (EDM) provide one of the best indirect probes for new-physics. Since a
non-zero EDM requires a violation of the CP symmetry, and the Standard Model (SM) contributions
are accidentally highly suppressed, the EDM is an exceptionally clean observable to uncover beyond
the SM (BSM) physics. Indeed, if BSM physics lies at the TeV scale, we expect new interactions and
therefore new sources of CP violation to be present,1 inducing sizable EDM to be observed in the
near future. For this reason, experimental bounds on the electron and neutron EDM have provided
the most substantial constraints on the best motivated BSM scenarios, such as supersymmetry or
composite Higgs models.

The ACME experiment has recently released a new bound on the electron EDM that improve
by a factor ⇠ 8.6 their previous bound [1]:

|de| < 1.1 · 10�29 e · cm . (1.1)

1As in the SM, we can expect that any parameter of the BSM that can be complex will be complex, providing
unavoidably large new sources of CP violation.

2
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FIG. 2: Shaded region: for f/b = 500GeV, mh = 120GeV
and ms = 80, 130GeV (upper and lower plots), the ∆Θt

achieved for a given vc/Tc in the Z2-symmetric case (a
tiny explicit breaking is assumed, see Section V). The
black lines (dotted, dot-dashed, dashed, solid, double dashed-
dotted) correspond to explicit examples with fixed λm =
0.25, 0.5, 0.75, 1, 1.5, respectively. Points on the red lines
match the observed baryon asymmetry (solid) or 1.5 (dot-
ted), 0.75 (dashed) times that value. The vertical line marks
vc/Tc = 1, below which the asymmetry would be erased by
active sphalerons.

fulfilled for natural values of the parameters.
We close this Section with a comparison of our

EWBG scenario with previous studies of EWBG in non-
supersymmetric models, such as the two-Higgs doublet
model [48, 53] or the SM with a low cut-off [29–32]. In
the former, CP violation arises already at the level of
renormalizable operators in the Higgs potential, through
a complex phase between the two Higgs VEVs. Very
strong phase transitions (induced by tree-level barriers)
are not possible in that context since, contrary to the
case with a singlet, the second Higgs doublet cannot ac-
quire a VEV prior to the EWPhT by definition. (To
circumvent this problem, ref. [54] studies a 2HDM with
an additional singlet: the two Higgs doublets violate CP ;
the singlet strengthens the EWPhT.) Although the non-
supersymmetric 2HDM does not address the hierarchy
problem, it is worth noting that it can also arise as the

low-energy limit of composite Higgs models [34].
The behaviour at finite temperature of other scenar-

ios that address the hierarchy problem but lead only
to a light single Higgs, such as the Minimal Composite
Higgs [22] or Little Higgs models, have been also ana-
lyzed. Refs. [31] studied the temperature behaviour of a
Higgs that arises as the PNGB of a broken global symme-
try,3 parametrizing the deviations from the SM through
effective operators. A strong EWPhT can result in this
setting from the dimension-six operator h6, which stabi-
lizes a Higgs potential with negative quartic coupling, as
discussed in [29, 30]. This creates a large tree-level bar-
rier but the reliability of the effective-theory description
is not then obvious. Different dimension-six operators are
responsible for sourcing CP violation [31, 32], in a man-
ner similar to our eq. (7), and for generating a complex
mass for the top quark: mt ∼ yt(vh+iv3h/Λ

2). Compared
to the model proposed here, these operators (which would
arise also in our model, in the limit of a heavy singlet)
are dimension-six and hence generally smaller than the
ones involving the singlet.

IV. ELECTRIC DIPOLE MOMENTS AND
OTHER CONSTRAINTS

The presence of a scalar that mixes with the Higgs and
has pseudoscalar couplings to fermions induces an elec-
tric dipole moment (EDM) for the electron and for the
neutron. The electron EDM receives the largest contribu-
tion from the two-loop Feynman diagram [56] of Figure 3,
where the electron flips its chirality by coupling to the

s

h

t t
t

e e e
FIG. 3: Diagram illustrating the largest contribution to the
electron EDM: the dashed line indicates a Higgs that mixes
with the singlet, which then couples with the top.

3 At even higher temperatures, the same mechanism that cuts off
quadratic divergences in the Higgs potential also affects its finite
temperature corrections and could lead to non-restoration of the
EW symmetry [55].

3

SU(2)L ×U(1)Y gauge symmetry forbids such a term in
the Lagrangian and s can interact with the SM fermions
only at the non-renormalizable level, beginning at dimen-
sion five with the operator

s

f
HQ̄3(a+ ibγ5)t+ h.c. , (6)

where f is the analogue of the pion decay constant and
is related to the mass mρ (of order the confinement scale
Λ) and coupling gρ of the strong sector resonances via
mρ = gρf , where gSM ! gρ ! 4π and gSM is a typical SM
coupling [36]. In eq. (6) we have written only the coupling
between the singlet s and the third generation SU(2)L
doublet, Q3, and singlet, t. Indeed, naturalness implies
that the Higgs and top sectors be mostly composite, so
that the strong dynamics is expected to influence mostly
the interactions within and between these two sectors.
Even in this case, interactions with the lighter fermions
will be present in the mass eigenstate basis, but are ex-
pected to be of the order of the corresponding (small)
Yukawa couplings.
Finally, it is useful for what follows to consider how

one may implement CP in this context: If V odd vanishes,
a = 0 and b ̸= 0, the singlet behaves as a pseudoscalar
and CP is conserved; similarly for b = 0 and a ̸= 0
the singlet is scalar-like and CP is also conserved in the
Lagrangian. Other non-trivial choices inevitably violate
CP .

III. ELECTROWEAK BARYOGENESIS

Two conditions need to be fulfilled during the EW-
PhT in order to create enough baryon/antibaryon asym-
metry [37]. First of all, CP violation must be present
within the wall separating the broken from the unbro-
ken phase. This sources an excess of left-handed versus
right-handed fermions2 in front of the wall which is con-
verted into a baryon versus antibaryon excess by non-
perturbative electroweak (sphaleron) processes. For this
excess to be conserved, these sphaleron processes must be
quickly suppressed within the broken phase. This brings
us to the second condition: that the EWPhT be strongly
first-order (if vc ≡ ⟨h⟩ |Tc

is the value of the Higgs VEV
in the broken phase at the critical temperature Tc, then
this condition reads vc/Tc " 1 [38]). Neither of these
conditions is fulfilled in the SM, as the CP violation en-
coded in the CKM matrix is too small and, anyway, the
phase transition is really a crossover [39], given the lower
bound on the Higgs mass from LEP.
The strength of the EWPhT in the SM plus a singlet

has been thoroughly studied [14, 35, 40–44]. Many anal-
yses concentrated on loop effects involving the singlet,

2 With left-handed (right-handed) we mean qL + q̄R (q̄L + qR),
where the subscript L denotes the SU(2)L doublet and R the
singlet.

which enhance the cubic term ETh3 in the Higgs po-
tential at finite temperature, while reducing the quartic
λhh4 (at a given Higgs mass) that enters the above condi-
tion 1 ! vc/Tc ≈ E/λh. LEP bounds on the Higgs mass,
however, suggest that one singlet scalar is not enough,
if it contributes only via loop effects [45]. Furthermore,
it was recently pointed out [8] that magnetic fields gen-
erated during the EWPhT might increase the sphaleron
rate within the broken phase, calling for even stronger
phase transitions in order to have successful baryogenesis.
The strongest phase transitions are achieved when the
singlet contributes through tree-level effects, i.e. when
the tree-level potential for H and s is such that a bar-
rier separates the EW broken and unbroken phases (not
necessarily with vanishing VEV ⟨s⟩ along the singlet di-
rection) [35]. Indeed, in the case of a barrier generated
only at loop-level, the jump in the Higgs VEV is propor-
tional to the critical temperature Tc (times a loop factor),
and is hence constrained to be small at small tempera-
ture. In the case of a tree-level barrier, on the other hand,
the Higgs VEV at the critical temperature depends on a
combination of dimensionful parameters in the potential
and its effect can be present even at small Tc (and is
enhanced by a small Tc appearing in the denominator of
vc/Tc). In what follows we will concentrate on this possi-
bility, assuming that the transition is strongly first-order
and relying on the analysis of [35], which studies strong
phase transitions induced by tree-level effects in the SM
plus a singlet. One important implication of scenarios
with a tree-level barrier is that a strong transition is nec-
essarily accompanied by a variation of the singlet VEV
during the EWPhT. This can be understood by noticing
that, were the singlet VEV constant, the potential would
have the same shape as the SM potential at tree-level
and would have, therefore, no tree-level barrier.
When the EWPhT is strongly first-order, bubbles of

the broken phase nucleate within a universe in the un-
broken phase and expand. CP -violating interactions
can then source EWBG within the wall separating the
two phases. In the composite version of the SM plus
a singlet outlined in the previous section, with non-
vanishing, pseudoscalar couplings between singlet and
fermions [b ̸= 0 in eq. (6)], the source is provided by
a variation in the VEV of s. Indeed, from eq. (6), we can
write the top quark mass, which receives contributions
from both h and s, as

mt =
1√
2
v

[

yt + (a+ ib)
w

f

]

≡ |mt| eiΘt , (7)

where yt is the top Yukawa and we defined the VEVs

v ≡ ⟨h⟩ , w ≡ ⟨s⟩ , (8)

with v = 246 GeV. At vanishing temperature, the phase
Θt can be absorbed in a redefinition of the top quark
field and is thus unphysical; the only effect of a non-
zero w is a shift between the top-mass and the Yukawa
coupling compared to the relation that holds in the SM.

1- EW baryogenesis from extra singlet .

Well-motivated CP source 
for EW baryogenesis : 
modified Top-yukawa 
(“Top-transport” EW 

baryogenesis)
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2- EW baryogenesis in Two-Higgs-Doublet .

100

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

tan β

10−2

10−1

π/2

δ 1
−
δ 2

483
GeV

480
GeV460

Ge
V

450
Ge

V

Bd −Bd

CMS search

eEDM

nEDM

Figure 2. EDM constraints for benchmarks described in text. The dash-dotted line corresponds
to the eEDM bound before the ACME experiment. The black dashed lines correspond to the
minimum CPV phase necessary for successful baryogenesis for M = mH0 = 200 GeV and varying
mA0 = mH± .

Figure 2 shows the minimum value of the complex phase �
1

� �
2

for which ⌘B/⌘
obs

= 1

as a function of tan�, for M = mH0 = 200 GeV and several values of mA0 = mH± within

the range [450, 490] GeV, corresponding to the hierarchical 2HDM benchmark scenario

presented in section 3. As expected, large values of tan� suppress the generation of the

BAU due to eq. (3.4), whose e↵ect has to be compensated by a larger value of �
1

� �
2

to keep ⌘B/⌘
obs

= 1. The impact of the recent order-of-magnitude improvement on the

electron EDM bound from the ACME experiment is highlighted in figure 2 by showing

also the exclusion curve (dotted-dashed blue) from the previous eEDM limit. We note that

while the neutron-EDM was a competing bound before, the improvement from the ACME

experiment now makes the eEDM to provide the dominant constraint by far. Also shown

in figure 2 are the excluded regions from Bd � Bd mixing, corresponding to tan� . 1.16,

and from CMS searches for A0 ! ZH0 with LHC 8 TeV data [79], corresponding (for

mA0 = 480 GeV) to tan� . 1.8. For mA0 ⇡ 480 GeV there remains then an allowed

window 1.8 . tan� . 2.5 for which the correct BAU could still be obtained in this

scenario. In figure 2 we also present for illustration the results for mA0 < 480 GeV,

potentially excluded by the B ! Xs� flavour bound6. The values of the wall thickness

in this case are somewhat larger, LwTn ⇠ 2 � 3, and we can be more confident about the

validity of the gradient expansion (nevertheless the curves shown in figure 2 all take into

6This is the case for mA0 = mH± . We however note that a small positive mass splitting mH± � mA0

is allowed by electroweak precision observables, such as to make the scenario mA0 . 480 GeV potentially

compatible with both constraints.
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Summary on minimally extended renormalizable 
scalar sectors*** .

11<-1- Faded  motivation for EW baryogenesis with top-transport 
after ACME18 

11<22-2- Still, 1st-order EW phase transition possible 
-> LHC & gravitational waves tests. 

*** (Both S and 2HDM well-motivated in non-minimal Composite Higgs models)
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Ways out to evade EDM bounds: Hide CP in leptons, or dark sector
1811.11104, 1903.11255 1811.09719



EW  Phase transition in 
Composite Higgs Models .
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EW phase transition 
in Composite Higgs models .

> Higgs potential emerges at E≲f .

For PNGB:
 f~O(TeV): confinement scale of new strongly interacting sector, 
described by VEV of dilaton field <𝛘>, Pseudo-Nambu-Goldstone 

Boson of spontaneously broken conformal symmetry of the strong 
sector
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EW phase transition in CH
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Higgs-dilaton intertwinned dynamics .

 Which path?
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Strongly 1st order TeV scale 
confinement phase transition .

Large number of  massless 
dof in deconfined phase 

Shallow (nearly conformal) 
potential at T=0 with TeV minimum+

26

  

Free energy - 4D

In a thermal system a phase transition will connect the two stable 
phases of the system.

Quarks/gluons that 
are confined in the 
broken phase induce 
a difference in free 
energy between the 
two phases 

tunnel?

Creminelli, Nicolis, Rattazzi’01 
Randall, Servant’06 
Hassanain, March-Russell, Schwellinger’07 
Nardini,Quiros,Wulzer’07 
Konstandin,Servant’11 
Konstandin,Nardini,Quiros’10 
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VonHarling,Servant’17 
Megias, Nardini, Quiros’ 18 
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Baratella, Pomarol, Rompineve’18

Very strongly 1st order TeV scale 
confinement phase transition .
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Free energy - 4D

In a thermal system a phase transition will connect the two stable 
phases of the system.

Quarks/gluons that 
are confined in the 
broken phase induce 
a difference in free 
energy between the 
two phases 

tunnel?
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Very strongly 1st order TeV scale 
confinement phase transition .Strongly 1st order TeV scale 

confinement phase transition .
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Nearly-conformal potential 
with TeV minimum 

+ 
large number of CFT states 

 supercooled confinement 
phase transition



EW phase transition in CH
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Impact on EW phase transition 
in Composite Higgs.

 (1) SM-like EW phase transition

 (2)-(3) Joint confinement-EW 
phase transitions: very rich 
pheno for EW baryogenesis
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Figure 6: Left: Potential as a function of �
1

and �
2

for a meson-like dilaton with mass

m
�

= 600GeV and N = 4 and evaluated at the nucleation temperature T
n

' 95.8GeV.

The other parameters are as in Table 2. The solid blue line shows the tunnelling path

to the release point, while the red dotted line indicates the subsequent rolling trajectory

towards the minimum of the potential. Right: Potential at, from bottom to top, the

nucleation temperature T
n

' 95.8GeV, the critical temperature T
c

' 169.3GeV and T =

210GeV. The potential is plotted along the straight line parametrized by � connecting

the minimum at the origin with the second minimum at {�
1

,�
2

} ' {224GeV, 768GeV},
{3⇥ 10�1GeV, 804GeV} and {1⇥ 10�7GeV, 804GeV}, respectively.

5 CP violation from varying Yukawa interactions

In electroweak baryogenesis, the baryon asymmetry is produced during charge transport

in the vicinity of the Higgs bubble walls that form during a first-order electroweak phase

transition. In Ref. [14], it was shown that a new CP-violating source arises if the Yukawa

couplings vary across the Higgs bubble wall and that this new source can allow for enough CP-

violation to generate the observed baryon asymmetry. The kinetic equations incorporating

the variation of the Yukawa couplings across the Higgs bubble wall were derived and the

induced CP-violating force was extracted. The resulting produced baryon asymmetry was

predicted for a large set of parametrizations of the Yukawa variation. It was in particular

shown that successful electroweak baryogenesis can be realised from the variation of SM

Yukawa couplings using only the top and charm. In the present work, we will apply these

results using the precise Yukawa variation obtained in composite Higgs models.

The CP-violating source due to varying Yukawa couplings across the Higgs bubble wall

which can enable electroweak baryogenesis reads [14]

S
CPV

⇠ Im[V †m†00mV ]
ii

, (5.1)

where m is the mass matrix of up- or down-type quarks (the leptons will not be important in

the following), V is the unitary matrix which diagonalizes m†m, i.e. V †m†mV = diagonal,

25

Which tunneling trajectory ?

1081804.07314
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= 600GeV and N = 4 and evaluated at the nucleation temperature T
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to the release point, while the red dotted line indicates the subsequent rolling trajectory

towards the minimum of the potential. Right: Potential at, from bottom to top, the

nucleation temperature T
n

' 95.8GeV, the critical temperature T
c

' 169.3GeV and T =

210GeV. The potential is plotted along the straight line parametrized by � connecting

the minimum at the origin with the second minimum at {�
1
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2

} ' {224GeV, 768GeV},
{3⇥ 10�1GeV, 804GeV} and {1⇥ 10�7GeV, 804GeV}, respectively.

5 CP violation from varying Yukawa interactions

In electroweak baryogenesis, the baryon asymmetry is produced during charge transport

in the vicinity of the Higgs bubble walls that form during a first-order electroweak phase

transition. In Ref. [14], it was shown that a new CP-violating source arises if the Yukawa

couplings vary across the Higgs bubble wall and that this new source can allow for enough CP-

violation to generate the observed baryon asymmetry. The kinetic equations incorporating

the variation of the Yukawa couplings across the Higgs bubble wall were derived and the

induced CP-violating force was extracted. The resulting produced baryon asymmetry was

predicted for a large set of parametrizations of the Yukawa variation. It was in particular

shown that successful electroweak baryogenesis can be realised from the variation of SM

Yukawa couplings using only the top and charm. In the present work, we will apply these

results using the precise Yukawa variation obtained in composite Higgs models.

The CP-violating source due to varying Yukawa couplings across the Higgs bubble wall

which can enable electroweak baryogenesis reads [14]
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where m is the mass matrix of up- or down-type quarks (the leptons will not be important in

the following), V is the unitary matrix which diagonalizes m†m, i.e. V †m†mV = diagonal,
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In electroweak baryogenesis, the baryon asymmetry is produced during charge transport

in the vicinity of the Higgs bubble walls that form during a first-order electroweak phase

transition. In Ref. [14], it was shown that a new CP-violating source arises if the Yukawa

couplings vary across the Higgs bubble wall and that this new source can allow for enough CP-

violation to generate the observed baryon asymmetry. The kinetic equations incorporating

the variation of the Yukawa couplings across the Higgs bubble wall were derived and the

induced CP-violating force was extracted. The resulting produced baryon asymmetry was

predicted for a large set of parametrizations of the Yukawa variation. It was in particular

shown that successful electroweak baryogenesis can be realised from the variation of SM

Yukawa couplings using only the top and charm. In the present work, we will apply these

results using the precise Yukawa variation obtained in composite Higgs models.

The CP-violating source due to varying Yukawa couplings across the Higgs bubble wall

which can enable electroweak baryogenesis reads [14]
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in the vicinity of the Higgs bubble walls that form during a first-order electroweak phase

transition. In Ref. [14], it was shown that a new CP-violating source arises if the Yukawa

couplings vary across the Higgs bubble wall and that this new source can allow for enough CP-

violation to generate the observed baryon asymmetry. The kinetic equations incorporating

the variation of the Yukawa couplings across the Higgs bubble wall were derived and the

induced CP-violating force was extracted. The resulting produced baryon asymmetry was

predicted for a large set of parametrizations of the Yukawa variation. It was in particular

shown that successful electroweak baryogenesis can be realised from the variation of SM

Yukawa couplings using only the top and charm. In the present work, we will apply these

results using the precise Yukawa variation obtained in composite Higgs models.

The CP-violating source due to varying Yukawa couplings across the Higgs bubble wall
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5 CP violation from varying Yukawa interactions

In electroweak baryogenesis, the baryon asymmetry is produced during charge transport

in the vicinity of the Higgs bubble walls that form during a first-order electroweak phase

transition. In Ref. [14], it was shown that a new CP-violating source arises if the Yukawa

couplings vary across the Higgs bubble wall and that this new source can allow for enough CP-

violation to generate the observed baryon asymmetry. The kinetic equations incorporating

the variation of the Yukawa couplings across the Higgs bubble wall were derived and the

induced CP-violating force was extracted. The resulting produced baryon asymmetry was

predicted for a large set of parametrizations of the Yukawa variation. It was in particular

shown that successful electroweak baryogenesis can be realised from the variation of SM

Yukawa couplings using only the top and charm. In the present work, we will apply these

results using the precise Yukawa variation obtained in composite Higgs models.

The CP-violating source due to varying Yukawa couplings across the Higgs bubble wall
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5 CP violation from varying Yukawa interactions

In electroweak baryogenesis, the baryon asymmetry is produced during charge transport

in the vicinity of the Higgs bubble walls that form during a first-order electroweak phase

transition. In Ref. [14], it was shown that a new CP-violating source arises if the Yukawa

couplings vary across the Higgs bubble wall and that this new source can allow for enough CP-

violation to generate the observed baryon asymmetry. The kinetic equations incorporating

the variation of the Yukawa couplings across the Higgs bubble wall were derived and the

induced CP-violating force was extracted. The resulting produced baryon asymmetry was

predicted for a large set of parametrizations of the Yukawa variation. It was in particular

shown that successful electroweak baryogenesis can be realised from the variation of SM

Yukawa couplings using only the top and charm. In the present work, we will apply these

results using the precise Yukawa variation obtained in composite Higgs models.

The CP-violating source due to varying Yukawa couplings across the Higgs bubble wall

which can enable electroweak baryogenesis reads [14]

S
CPV

⇠ Im[V †m†00mV ]
ii

, (5.1)

where m is the mass matrix of up- or down-type quarks (the leptons will not be important in

the following), V is the unitary matrix which diagonalizes m†m, i.e. V †m†mV = diagonal,
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Supercooled EW phase transition induced 
by TeV-scale confinement phase transition .
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HIGH TEMPERATURE EW SYM. RESTORATION.
EW Symmetry restoration comes from the competition 

of two opposite terms in Higgs mass parameter
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2 Toy Example

High temperature symmetry non-restoration was studied some time ago [21–32], mainly in
the context of GUT theories or in the context of SUSY flat directions [34]. The phenomenon
has been confirmed by lattice simulations [35, 36] and non-perturbative methods [37]. For
the electroweak symmetry, it was considered only a few times. The possible existence of a
broken phase of electroweak symmetry at high temperature in Little Higgs extensions of the
Standard Model was investigated in [38, 39]. The theory, however, exhibits a restoration of
electroweak symmetry as long as temperatures are not pushed beyond the range of validity
of the EFT for a finite temperature calculation [40]. This conclusion is generalised to Twin
Higgs models in [41] and confirms earlier findings in [32]. The case of composite Higgs models
with partial fermion compositeness in which the Higgs is a PNGB has been studied recently
in and these models also lead to EW symmetry restoration [18, 19].

Here we will implement the ideas illustrated in Fig. 1, and show how a phase transition
or crossover can occur at a high scale, i.e. above the zero-temperature minimum of the
scalar potential, using an extension of the symmetry non-restoration e↵ect. Unlike in earlier
realisations of the symmetry non-restoration e↵ect, the symmetry is actually restored at a
su�ciently large temperature, i.e. above some mass threshold. Here, by symmetry non-
restoration, we mean that at temperatures below the phase transition one of the scalar fields
obtains a VEV proportional to the temperature.

The main idea is to induce a negative thermal mass for the Higgs through a negative cross-
quartic coupling between the Higgs and a large number of additional scalar fields. Consider
a toy model of scalar fields, �, S, and �i, where i = 1, ..., NGen is a generational index (the
reason for considering multiple generations will be made clear below). We denote the degrees
of freedom with N�, NS, and N�i (the � sector therefore has in total N� = NGenN�i degrees
of freedom). In this section � is acting as a placeholder for the EW Higgs, though we switch
o↵ the usual SM Yukawa and gauge interactions for the discussion in this section. For the
purposes of our example, the relevant terms in the tree level potential are given by

V (�,�) =
µ2
S

2
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2
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4
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4
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where for simplicity we assume degenerate masses and couplings for the �i generations and
that the cross quartic ��S is negligible. As we shall be choosing ��� < 0, stability of the tree
level potential requires

��� > �2

r
����

NGen
. (2)

At high temperatures, T � µ�, µ�, the thermal masses of the fields are [42]
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Figure 1: Sketch of the e↵ect illustrated in the toy model. At high temperature the thermal
mass of �, c�T 2, is positive and the VEV is zero. The temperature drops below a mass threshold
of a field S, removing a positive contribution to the thermal mass of �. The thermal mass of �
is then negative due to the contributions from some additional scalars �i and the VEV becomes
proportional to the temperature. Finally, at su�ciently low temperatures, the VEV is set by the
usual minimization conditions of the zero temperature potential.

makes model building in this framework challenging. It would therefore be helpful to raise
the scale of EWBG, so we can in turn also raise the flavour scale and hence more easily
satisfy the flavour constraints.

More broadly, raising the scale of EW symmetry breaking is anyway an exciting theoret-
ical possibility, not limited to the context of the flavour model considered below. The aim
of this paper therefore is to study the possibility of high scale EWBG, in which the Higgs �
first obtains a large vacuum expectation value (VEV), which is later gradually decreased to
v� = 246 GeV while in the broken electroweak phase. The VEV can be gradually decreased
using a symmetry non-restoration e↵ect, in which the Higgs — through the coupling to
other scalar fields — gains a negative thermal mass squared and hence a VEV proportional
to the temperature [21–32].1 In the models of symmetry non-restoration considered so far,
the broken symmetry is not restored at any temperature. For electroweak baryogenesis,
however, we want the Higgs to start in the symmetric phase and undergo a phase transition
into the broken phase. Here, we will first show the two conditions can be realised together
generically, through a simple toy model example, sketched in Fig. 1.

Motivated by our findings, we then return to flavour considerations in a more complete
model, in which the Yukawa couplings are field-dependent and large at early times. The
flavor sector contains extra fermions whose mass is controlled by the VEV of a scalar field �
that sets the flavour scale, & O(10) TeV, today. The broken EW phase minimum develops at
large Higgs values once the temperature drops to the flavour scale. The Higgs then undergoes
a strong first order phase transition from a point in field space in which the Yukawa couplings

1For brevity, we omit “squared” when discussing the thermal masses of scalar fields from now on.
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High-scale (T>TeV) EW phase transition .

> Prediction: Large number of new weak-scale 

(m<~300 GeV) scalars !

> Motivation: EW baryogenesis using high-scale 

sources of CP violation, allowed by data !

Testable?…

Figure 3: Left: The evolution of the e↵ective potential with the temperature in the toy model
showing a crossover at Tc ⇡ 8 TeV. Right: The e↵ective potential in the toy model at Tc ⇡ 8 TeV.
The positive thermal contributions from the daisy resummation and S, and the negative thermal
contribution from the �i are also shown.

Now consider a judicious choice of parameters so that: (i) �i and S always have positive
thermal masses, (ii) c� is positive at high temperature, (iii) c� becomes negative when the
contribution of S to its thermal mass becomes negligible, i.e. once T . µS. The e↵ective
potential in the � direction, when T � µ� can be approximated as c�T 2�2/2 + ���4/4.
Positive c� returns a minimum at � = 0, but for negative c� we will find a minimum at
� =

p
c�/��T . The latter solution is the usual symmetry non-restoration e↵ect [21–29, 32].

What is new here is the presence of the additional field S which can switch the sign of c�
when T reaches a mass threshold, leading to a phase transition or crossover. (Similarly, the
symmetry non-restoration e↵ect disappears if T falls su�ciently below µ�.) Eventually, for
T ⌧ |µ�|, the VEV is set by the usual zero-temperature minimization conditions.

We numerically evaluate the e↵ective potential including the tree-level terms, zero and
finite-temperature one-loop terms, and the daisy resummation.2 The latter is crucial and
weakens the phase transition. To give a concrete example, consider the choice of parameters3

N� = 1, NGen = 12, N�i = 4, NS = 12,

�� = 0.1, �� = 0.5, �S = 1, ��� = �0.1, ��S = 1, (6)

µ� = i⇥ 0.1 TeV, µ� = 0.1 TeV, µS = 20 TeV.

In Fig. 3 we show the resulting cross over, together with the thermal contributions from the
S and �i scalars and the daisy resummation. In Fig. 4 we plot the evolution of the VEV

2We use the Arnold-Espinosa method of implementing the daisy resummation [43]. We cut o↵ the
contribution of S to the thermal masses with an exponential factor, e�mS/T , in order to avoid spurious
contributions to the daisy resummation. We checked that the thermal mass estimated using the high-
temperature expansion is consistent with the second derivative of the one loop thermal terms. In fact, the
phase transition is stronger when using the numerical value rather than the high-temperature expansion
value.

3Motivated by flavour bounds, we take a characteristic scale µS ⇠ O(10) TeV for illustration. The scale
of the transition, however, can be taken much larger. The main limit for baryogenesis is around T ⇠ 1012

GeV when the sphalerons become out-of-equilibrium in the symmetric phase.

6

t1
t2

t3

t4

t5

115



High-scale (T>TeV) EW phase transition .

1161807.08770



2 Toy Example

High temperature symmetry non-restoration was studied some time ago [21–32], mainly in
the context of GUT theories or in the context of SUSY flat directions [34]. The phenomenon
has been confirmed by lattice simulations [35, 36] and non-perturbative methods [37]. For
the electroweak symmetry, it was considered only a few times. The possible existence of a
broken phase of electroweak symmetry at high temperature in Little Higgs extensions of the
Standard Model was investigated in [38, 39]. The theory, however, exhibits a restoration of
electroweak symmetry as long as temperatures are not pushed beyond the range of validity
of the EFT for a finite temperature calculation [40]. This conclusion is generalised to Twin
Higgs models in [41] and confirms earlier findings in [32]. The case of composite Higgs models
with partial fermion compositeness in which the Higgs is a PNGB has been studied recently
in and these models also lead to EW symmetry restoration [18, 19].

Here we will implement the ideas illustrated in Fig. 1, and show how a phase transition
or crossover can occur at a high scale, i.e. above the zero-temperature minimum of the
scalar potential, using an extension of the symmetry non-restoration e↵ect. Unlike in earlier
realisations of the symmetry non-restoration e↵ect, the symmetry is actually restored at a
su�ciently large temperature, i.e. above some mass threshold. Here, by symmetry non-
restoration, we mean that at temperatures below the phase transition one of the scalar fields
obtains a VEV proportional to the temperature.

The main idea is to induce a negative thermal mass for the Higgs through a negative cross-
quartic coupling between the Higgs and a large number of additional scalar fields. Consider
a toy model of scalar fields, �, S, and �i, where i = 1, ..., NGen is a generational index (the
reason for considering multiple generations will be made clear below). We denote the degrees
of freedom with N�, NS, and N�i (the � sector therefore has in total N� = NGenN�i degrees
of freedom). In this section � is acting as a placeholder for the EW Higgs, though we switch
o↵ the usual SM Yukawa and gauge interactions for the discussion in this section. For the
purposes of our example, the relevant terms in the tree level potential are given by

V (�,�) =
µ2
S

2
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where for simplicity we assume degenerate masses and couplings for the �i generations and
that the cross quartic ��S is negligible. As we shall be choosing ��� < 0, stability of the tree
level potential requires

��� > �2

r
����

NGen
. (2)

At high temperatures, T � µ�, µ�, the thermal masses of the fields are [42]
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Figure 1: Sketch of the e↵ect illustrated in the toy model. At high temperature the thermal
mass of �, c�T 2, is positive and the VEV is zero. The temperature drops below a mass threshold
of a field S, removing a positive contribution to the thermal mass of �. The thermal mass of �
is then negative due to the contributions from some additional scalars �i and the VEV becomes
proportional to the temperature. Finally, at su�ciently low temperatures, the VEV is set by the
usual minimization conditions of the zero temperature potential.

makes model building in this framework challenging. It would therefore be helpful to raise
the scale of EWBG, so we can in turn also raise the flavour scale and hence more easily
satisfy the flavour constraints.

More broadly, raising the scale of EW symmetry breaking is anyway an exciting theoret-
ical possibility, not limited to the context of the flavour model considered below. The aim
of this paper therefore is to study the possibility of high scale EWBG, in which the Higgs �
first obtains a large vacuum expectation value (VEV), which is later gradually decreased to
v� = 246 GeV while in the broken electroweak phase. The VEV can be gradually decreased
using a symmetry non-restoration e↵ect, in which the Higgs — through the coupling to
other scalar fields — gains a negative thermal mass squared and hence a VEV proportional
to the temperature [21–32].1 In the models of symmetry non-restoration considered so far,
the broken symmetry is not restored at any temperature. For electroweak baryogenesis,
however, we want the Higgs to start in the symmetric phase and undergo a phase transition
into the broken phase. Here, we will first show the two conditions can be realised together
generically, through a simple toy model example, sketched in Fig. 1.

Motivated by our findings, we then return to flavour considerations in a more complete
model, in which the Yukawa couplings are field-dependent and large at early times. The
flavor sector contains extra fermions whose mass is controlled by the VEV of a scalar field �
that sets the flavour scale, & O(10) TeV, today. The broken EW phase minimum develops at
large Higgs values once the temperature drops to the flavour scale. The Higgs then undergoes
a strong first order phase transition from a point in field space in which the Yukawa couplings

1For brevity, we omit “squared” when discussing the thermal masses of scalar fields from now on.
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2 Toy Example

High temperature symmetry non-restoration was studied some time ago [21–32], mainly in
the context of GUT theories or in the context of SUSY flat directions [34]. The phenomenon
has been confirmed by lattice simulations [35, 36] and non-perturbative methods [37]. For
the electroweak symmetry, it was considered only a few times. The possible existence of a
broken phase of electroweak symmetry at high temperature in Little Higgs extensions of the
Standard Model was investigated in [38, 39]. The theory, however, exhibits a restoration of
electroweak symmetry as long as temperatures are not pushed beyond the range of validity
of the EFT for a finite temperature calculation [40]. This conclusion is generalised to Twin
Higgs models in [41] and confirms earlier findings in [32]. The case of composite Higgs models
with partial fermion compositeness in which the Higgs is a PNGB has been studied recently
in and these models also lead to EW symmetry restoration [18, 19].

Here we will implement the ideas illustrated in Fig. 1, and show how a phase transition
or crossover can occur at a high scale, i.e. above the zero-temperature minimum of the
scalar potential, using an extension of the symmetry non-restoration e↵ect. Unlike in earlier
realisations of the symmetry non-restoration e↵ect, the symmetry is actually restored at a
su�ciently large temperature, i.e. above some mass threshold. Here, by symmetry non-
restoration, we mean that at temperatures below the phase transition one of the scalar fields
obtains a VEV proportional to the temperature.

The main idea is to induce a negative thermal mass for the Higgs through a negative cross-
quartic coupling between the Higgs and a large number of additional scalar fields. Consider
a toy model of scalar fields, �, S, and �i, where i = 1, ..., NGen is a generational index (the
reason for considering multiple generations will be made clear below). We denote the degrees
of freedom with N�, NS, and N�i (the � sector therefore has in total N� = NGenN�i degrees
of freedom). In this section � is acting as a placeholder for the EW Higgs, though we switch
o↵ the usual SM Yukawa and gauge interactions for the discussion in this section. For the
purposes of our example, the relevant terms in the tree level potential are given by
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µ2
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where for simplicity we assume degenerate masses and couplings for the �i generations and
that the cross quartic ��S is negligible. As we shall be choosing ��� < 0, stability of the tree
level potential requires

��� > �2

r
����

NGen
. (2)

At high temperatures, T � µ�, µ�, the thermal masses of the fields are [42]
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Figure 4: Left: The VEV of � as a function of T in the toy model. Right: The e↵ective mass
squared of the �, i.e. the second derivative of the potential, at the origin in field space.

and e↵ective mass of � as a function of T , showing the various stages discussed above. As
mentioned previously, the mass threshold is naively at T ⇠ µS, however, additional factors
which enter the full expressions lead to the non-zero VEV only developing at T ⇡ µS/2 in
our example. We have checked the �i VEVs remain zero throughout due to positive thermal
contributions in the �i field directions.

The reason for requiring multiple generations of �i is revealed by considering the thermal
mass of the �i, Eq. (3). A large thermal mass spoils the symmetry non-restoration e↵ect
once it enters the e↵ective potential through the daisy resummation [23]. This is because
a large thermal mass can make the vacuum contribution, �����2/2, which leads to the
symmetry non-restoration e↵ect, negligible in the e↵ective potential. (This is not captured
in the naive Eq. (5) which is simply based on a high-T expansion.) Assuming, as we do,
that �� > ��, the use of multiple generations means the thermal mass of the �i can be
reduced, assuming the inter-generational interactions are negligible. Thus allowing for the
symmetry non-restoration phase to proceed even once the daisy resummation is included.
Furthermore, the use of multiple generations allows us entertain the possibility that the �i

are singlet fields, i.e. N�i = 1, in our full model below, which leads to simpler low energy
phenomenology.

It is interesting that the stability constraint implies

����N�
���

24

���� <
N�i

p
NGen����

12
, (7)

which reveals that a negative thermal mass can be achieved for a su�ciently large NGen,
while keeping c�i small enough, and the potential stable.

In our example here, we do not have a first order phase transition required for EWBG.
Nevertheless, we shall see below that in our full model a strong enough phase transition can
be achieved. What is important here is that we can start in the symmetric phase at high tem-
perature and make a transition to a period in which � obtains a large temperature-dependent
VEV. We can then use the additional freedom gained, e.g. by introducing additional field
directions, to arrange for a strong first order electroweak phase transition at a high scale
followed by the use of the symmetry non-restoration e↵ect to avoid washout.

7
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Figure 1: Sketch of the e↵ect illustrated in the toy model. At high temperature the thermal
mass of �, c�T 2, is positive and the VEV is zero. The temperature drops below a mass threshold
of a field S, removing a positive contribution to the thermal mass of �. The thermal mass of �
is then negative due to the contributions from some additional scalars �i and the VEV becomes
proportional to the temperature. Finally, at su�ciently low temperatures, the VEV is set by the
usual minimization conditions of the zero temperature potential.

makes model building in this framework challenging. It would therefore be helpful to raise
the scale of EWBG, so we can in turn also raise the flavour scale and hence more easily
satisfy the flavour constraints.

More broadly, raising the scale of EW symmetry breaking is anyway an exciting theoret-
ical possibility, not limited to the context of the flavour model considered below. The aim
of this paper therefore is to study the possibility of high scale EWBG, in which the Higgs �
first obtains a large vacuum expectation value (VEV), which is later gradually decreased to
v� = 246 GeV while in the broken electroweak phase. The VEV can be gradually decreased
using a symmetry non-restoration e↵ect, in which the Higgs — through the coupling to
other scalar fields — gains a negative thermal mass squared and hence a VEV proportional
to the temperature [21–32].1 In the models of symmetry non-restoration considered so far,
the broken symmetry is not restored at any temperature. For electroweak baryogenesis,
however, we want the Higgs to start in the symmetric phase and undergo a phase transition
into the broken phase. Here, we will first show the two conditions can be realised together
generically, through a simple toy model example, sketched in Fig. 1.

Motivated by our findings, we then return to flavour considerations in a more complete
model, in which the Yukawa couplings are field-dependent and large at early times. The
flavor sector contains extra fermions whose mass is controlled by the VEV of a scalar field �
that sets the flavour scale, & O(10) TeV, today. The broken EW phase minimum develops at
large Higgs values once the temperature drops to the flavour scale. The Higgs then undergoes
a strong first order phase transition from a point in field space in which the Yukawa couplings

1For brevity, we omit “squared” when discussing the thermal masses of scalar fields from now on.
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3

Figure 3: Left: The evolution of the e↵ective potential with the temperature in the toy model
showing a crossover at Tc ⇡ 8 TeV. Right: The e↵ective potential in the toy model at Tc ⇡ 8 TeV.
The positive thermal contributions from the daisy resummation and S, and the negative thermal
contribution from the �i are also shown.

Now consider a judicious choice of parameters so that: (i) �i and S always have positive
thermal masses, (ii) c� is positive at high temperature, (iii) c� becomes negative when the
contribution of S to its thermal mass becomes negligible, i.e. once T . µS. The e↵ective
potential in the � direction, when T � µ� can be approximated as c�T 2�2/2 + ���4/4.
Positive c� returns a minimum at � = 0, but for negative c� we will find a minimum at
� =

p
c�/��T . The latter solution is the usual symmetry non-restoration e↵ect [21–29, 32].

What is new here is the presence of the additional field S which can switch the sign of c�
when T reaches a mass threshold, leading to a phase transition or crossover. (Similarly, the
symmetry non-restoration e↵ect disappears if T falls su�ciently below µ�.) Eventually, for
T ⌧ |µ�|, the VEV is set by the usual zero-temperature minimization conditions.

We numerically evaluate the e↵ective potential including the tree-level terms, zero and
finite-temperature one-loop terms, and the daisy resummation.2 The latter is crucial and
weakens the phase transition. To give a concrete example, consider the choice of parameters3

N� = 1, NGen = 12, N�i = 4, NS = 12,

�� = 0.1, �� = 0.5, �S = 1, ��� = �0.1, ��S = 1, (6)

µ� = �0.1 TeV, µ� = 0.1 TeV, µS = 20 TeV.

In Fig. 3 we show the resulting cross over, together with the thermal contributions from the
S and �i scalars and the daisy resummation. In Fig. 4 we plot the evolution of the VEV

2We use the Arnold-Espinosa method of implementing the daisy resummation [43]. We cut o↵ the
contribution of S to the thermal masses with an exponential factor, e�mS/T , in order to avoid spurious
contributions to the daisy resummation. We checked that the thermal mass estimated using the high-
temperature expansion is consistent with the second derivative of the one loop thermal terms. In fact, the
phase transition is stronger when using the numerical value rather than the high-temperature expansion
value.

3Motivated by flavour bounds, we take a characteristic scale µS ⇠ O(10) TeV for illustration. The scale
of the transition, however, can be taken much larger. The main limit for baryogenesis is around T ⇠ 1012

GeV when the sphalerons become out-of-equilibrium in the symmetric phase.

6



Figure 11: The evolution of �/T for di↵erent values of µ�. To retain �/T & 1 we require µ� . 300
GeV.

feature at a characteristic frequency in the spectrum of gravitational waves emitted in the
radiation dominated era [53]. A similar feature can be expected in suitable gravitational
wave backgrounds coming from inflation. We leave this study for future investigation.

6.2 Scalar sector in the IR

The scenario relies on the scalar degrees-of-freedom �i to guide the electroweak minimum
to its present value. Hence, it is necessary for the mass µ� to be at or below the EW
scale otherwise, once T . µ�, the symmetry non-restoration e↵ect disappears and �/T will
become small. This is shown in Fig. 11. The experimental constraint on such a scenario
comes from searches for these light scalars. Note while we have considered universal mass
and coupling terms for the �i, we can imagine that in a more realistic scenario the masses
are split in a spectrum of states with masses m2

�i
⇠ O(µ2

� + ���v2�/2). The partial width of
the SM Higgs to the �i is given by

X

i

�(� ! �i�i) =
X

i

�2
��v

2
�

32⇡m�
Re

"s

1� 4
m2

�i

m2
�

#
⇠ N 0

Gen

�2
��v

2
�

32⇡m�
, (25)

where N 0
Gen denotes the number of generations with mass below the threshold 2m�i < m�.

Demanding at most an O(0.1) modification to the SM Higgs signal strength requires N 0
Gen .

O(1) for ��� ⇠ 10�2. Hence the states must lie above this threshold. In summary, we obtain

63 GeV . m�i . 300 GeV, (26)

by combining the EW Higgs decay constraint with the washout avoidance condition shown
in Fig. 11.

The �i states will become thermally populated and should not over-produce DM. The
cross quartic is too small for annihilation solely through the Higgs portal and anyway, at
these masses, is ruled out by direct detection [54–58]. Hence we need to arrange for the �i

to decay.7 This can be achieved if the �i obtain VEVs and can mix with the Higgs. Here

7Alternatively, provided the additional interaction does not lead to a too large thermal mass, the �i could
annihilate into dark radiation [59], or a dark mediator which subsequently decays [60].

17

𝛘’s should be lighter than 300 GeV to avoid 
sphaleron washout of baryon asymmetry!
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High-scale EW phase transition from 
new EW-scale singlet fermions .
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FIG. 4: Left: contours of maximal continuous SNR temperature (in color) for ⇤ = 1 TeV and n = 10, in terms of the
coupling �N and the N zero-temperature mass at h = 246 GeV. Grey dotted contours show the value of

↵ = n�Nm
(0)
N /⇤. Grey areas feature zero-temperature barriers. Center: temperature dependence of h/T in the

minimum of the Higgs potential, for three combinations of mN and �N (corresponding to the three colored points on
the left plot). The h/T lines are limited by the perturbativity from above. Right: for the mN = 0.4 TeV, �N = 0.6

point, Higgs potential at T = 0.1, 0.3, 0.5 TeV.

Eq. (II.12). However, after m
N

becomes too large, the corresponding thermal corrections become ine↵ective at
low h. While at high h, where the minimum of the thermal potential is located, it is not capable of competing
with the zero-temperature Higgs quartic when T ⇠ v

SM

. T
SNR

also initially grows with �
N

, however after a
certain point the perturbativity requirement (III.12) starts being a limiting factor and T

SNR

drops.
The typical example of the Higgs field evolution with temperature in this region is shown in blue in the

central panel of Fig. 4. We also demonstrate the corresponding evolution of the Higgs potential on the right
panel. In the left side of the T

SNR

plot the m
N

mass is too hight for N to be e↵ective at low temperatures,
so the EW symmetry is restored above ⇠ 100 GeV but gets broken at higher temperatures. Corresponding
Higgs field value evolution is shown in red in central panel of Fig. 4.

The gray area in the upper left and central part of the T
SNR

plot shows where the one-loop zero-temperature
Higgs potential features a barrier at v < h < min[h(m

N

= 0), ⇤]. This area only covers the regions of a not
very e�cient SNR. First of all, this means that the zero-T barrier does not a↵ect our SNR analysis. Secondly,
the new physics which may be needed to cure the Higgs instability after the barrier, is not expected to a↵ect
our results either. Finally, the gray regions in the upper right corner show where the zero-temperature Higgs
potential features a barrier at h < v

SM

and a new minimum at h = 0. As was previously discussed in [2], such
a barrier can lead to a peculiar pattern of EW phase transitions. This region also does not overlap with the
region of the most e�cient SNR.

In Fig. 5 we present the dependence of maximal T
SNR

of n and ⇤, marginalized over �
N

and m
N

. The
shape of the contours is mostly defined by two factors. First, our theory is not applicable at temperatures
above ⇤. This defines the horizontal contours in the lower right part of the plot. Second, the condition to
have a negative thermal mass around the origin (see Eq. (II.13)) together with having h & T in the minimum

of the thermal correction (defined by h2 ' m(0)

N

⇤/�
N

), gives

T
SNR

.
p

nm
N

. (III.22)

This condition defines the vertical contour lines on the plot. Importantly, the perturbativity bound (III.12)
together with the requirement to have a negative thermal mass gives the same expression for the maximal
allowed temperature, T . p

nm
N

. This means that the non-perturbativity is not a limiting factor for the
maximal SNR in our simple model. On the other hand, more involved constructions, such as the one presented
in Sec. V allowing for a higher h in the minimum, can not improve on maximal T

SNR

, as the perturbativity
bound remains the same. A small distortion of the vertical contours at low n and high ⇤ is a consequence

Matsedonskyi et al, 
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FIG. 2: Example of the Higgs e↵ective potential at high temperature demonstrating SNR (left panel) and its
decomposition (right panel) into non-thermal part (blue), finite temperature correction from the SM interactions

(orange) and from the interactions with the N fermions (green).

where �
q

is the Yukawa coupling and f is some mass scale suppressing the dimension-six operator. In such
a case the contribution of the q quark to the Higgs thermal potential would have two minima: one at h = 0
and another at h = f , suggesting a possibility of symmetry non-restoration. The first subtlety here is that
for h ⇠ f the e↵ective field theory expansion in the powers of h/f breaks down. To make any predictions in
this regime one needs to invoke some type of UV completion for Eq. (II.7). One simple example would be the
models with a Higgs being a pseudo Nambu-Goldstone boson (PNGB), arising e.g. as a pion-like state of some
new strongly interacting sector. We discuss this option in detail in Sec. IV A. PNGBs can be conveniently
parametrized as phases of trigonometric functions and the term responsible for the top mass can for instance
take the form

m
q

⇠ �
q

f sin(h/f) cos(h/f). (II.8)

The absolute value of the mass (we are not interested in the phase of the fermionic mass terms, as it can be
rotated away) has two minima, at h = 0 and h = ⇡f/2. One should however keep in mind that both minima
are of the same depth

�V T

f

' �7⇡2T 4

180
, (II.9)

see Eq. (II.4). Other thermal corrections (e.g. from the SM gauge bosons) and the zero-temperature potential
typically make the h = 0 minimum deeper. We conclude that modified SM interactions can facilitate SNR,
by reducing the SM contribution (e.g. the large correction from the top quark) to the thermal potential
at large h. Such modifications however are not able to make this large-h minimum deeper than the EW
symmetry-preserving one.

C. Symmetry Non-Restoration with New Fermions

We have seen that the standard model fermions can not produce a global EW symmetry breaking minimum
even after we modified their interactions. Let us then add new fermions. The simplest case is a singlet Dirac
fermion N coming in n copies. The Lagrangian leading to SNR is

L
N

= �m(0)

N

N̄N + �
N

N̄Nh2/⇤ (II.10)

where ⇤ is the scale at which our EFT is completed by some heavier states, �
N

is a positive coupling and m
N

is a positive mass parameter. The dip in the thermal correction to the Higgs potential appears at the point
of vanishing N mass (see Fig. 2)

m
N

(h) = m(0)

N

� �
N

h2/⇤ = 0 �! h2 = m(0)

N

⇤/�
N

, (II.11)5

and the negative correction to the Higgs mass in m
N

⌧ T limit is approximately given by

�m2

h

[T ] ' n
T 2

12
(m2

N

(h))00 = �n�
N

m(0)

N

3⇤
T 2. (II.12)

Again, reliability of our predictions in the regime of large Higgs vev values h ⇠ ⇤ is not obvious if we do not
make any assumptions about the high-energy completion of our model. We will present two types of such
completions in Sec. IV.

The negative correction to the Higgs mass, if large enough, can cancel the SM thermal corrections and
eventually make the Higgs field origin unstable leading to SNR. Comparing Eqs.(II.6) and (II.12), we find the
necessary condition for this to happen

n�
N

& 5

✓
v
SM

m
N

◆ ✓
⇤

TeV

◆
. (II.13)

This condition is only valid when the new fermions contribute significantly to the plasma density, i.e. m
N

(h '
0) . T . Otherwise the N -correction is significantly suppressed. For this reason, having SNR not only at some
high temperature, but also around the EW scale, requires N to be relatively light.

III. ANALYSIS OF PARAMETER SPACE

Our analysis of the SNR so far was limited to the discussion of the leading, one loop, thermal corrections
to the Higgs mass. However the loop expansion in finite-temperature field theory is known for its poor
convergence in some cases. In this section we analyse higher loop correction and derive the conditions needed
to ensure reliability of the one-loop approximation. After deriving the limits of the EFT applicability we test
numerically the allowed parameter space.

A. Finite T Higher Order Corrections

First, we remind that the one-loop correction to the Higgs potential (diagram (1) in Fig. 3) is approximately
given by

�m(1-loop)2

h

T 2

⇠ n�
N

m
N

⇤
⌘ ↵. (III.1)

In order to have a strong SNR with h/T & 1 at the minimum, one then needs

↵ & 1. (III.2)

This means that for n � 1 the SNR condition (III.2) can be fulfilled even for small values of coupling
�

N

/ 1/n. It is exactly this fact that allows to suppress the higher-order loop corrections as we will discuss
in a moment. Before that, let us make a small technical remark on the numerical loop suppression factors
in finite-temperature field theory. Here and in the following we leave them implicit, but they should be
understood accompanying every power of �

N

. A naive estimate for the phase space suppression from the
three-dimensional loop integral is

Z
d⌦

(2⇡)3
=

1

2⇡2

(III.3)

which we additionally multiply by 4 for the loops of Dirac fermions N .
The two-loop corrections to the Higgs mass are given by the diagrams (2a) and (2b) in Fig. 3. Both can

be estimated as

�m(2-loop)2

h

T 2

⇠ n�2

N

T 2

⇤2

(III.4)
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Add n new fermions N with Higgs-
dependent mass contribution. 

Mass vanishes at <h>≠0

Negative 
thermal mass

Enables to push Tc to ~ 500 GeV 
while keeping <h>/T>1 for T<Tc.



EW symmetry: never-restored . 
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Summary on EW phase transition .
 It remains very open how EW symmetry got broken in early universe

 ▪︎ First-order EW phase transition: well alive and still likely

 ▪︎ EW baryogenesis: under threat by EDM bounds

Remaining 
options:

 Top transport may remain open only in composite Higgs.
 CP in hidden sector, e.g. new leptons
EW phase transition occurring at high temperatures >> 

100 GeV, via large number of new O(few100 GeV) singlet 
scalars or singlet fermions.

▪︎ Broken EW sym. at early times may happen in models of EW 
scale cosmological relaxation (not a temperature effect) but 

followed by SM-like EW phase transition (see next part)
preAAssociated predictions: light weakly coupled relaxion. 

    Testable signatures: not yet clear, work in progress.

 supercooled EW phase transition: generic in Composite 
Higgs with light dilaton, rich pheno and cosmo. 

Testable through light dilaton signatures
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 Probing the EW phase transition will keep us busy for 
the next 2 decades through complementarity of studies 

in theory, lattice, experiments in Colliders, EDMs, 
gravitational waves, cosmology, axions.
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LISA: Beautiful and complementary window on the TeV scale

Sensitive to a large region of parameter space, thanks to recent 
analysis of sensitivity curves to stochastic backgrounds + improved 

estimates of the signal (large contribution from sound waves)

Scalar fields are ubiquitous in physics beyond the Standard Model
Many well-motivated models predict a strong first-order EW phase transition.

Summary on EW phase transition 
(continued) .



Cosmological Relaxation 
of the EW scale .
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Graham, Kaplan, Rajendran [1504.07551]

A newborn paradigm following
absence of new physics after LHC Run I

“It is in moments of crisis that new ideas develop,” Gian Giudice



The Hierarchy Problem

If Standard Model is an effective field theory below MPlanck● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4

● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)

V = m2
h(↵,�)h

2 + �h4≪ MPlanck
2Why                            ?



Hierarchies are induced/created by the time 
evolution/the age of the Universe

New paradigm:

Dramatic implications for strategy to search for 
new physics explaining the Weak scale



The idea that hierarchies in force scales could have 
something  to do with cosmological evolution goes 

back to Dirac (hypothetizes a relation between ratio 
of universe sizes to ratio of force strengths )

© 1937 Nature Publishing Group© 1937 Nature Publishing Group
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A MECHANISM FOR REDUCING THE VALUE OF THE COSMOLOGICAL CONSTANT 
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Received 30 October 1984 

A mechanism is presented for relaxing an initially large, positive cosmological constant to a value near zero. This is done 
by introducing a scalar field whose vacuum energy compensates for the initial cosmological constant. The compensating sec- 
tor involves small mass scales but no unnatural fine-tuning of parameters. It is not clear how to incorporate this mechanism 
into a realistic cosmology. 

The extremely small observational limits on the val- 
ue of  the cosmological constant indicate that the vacu- 
um energy density in our universe has magnitude less 
than (0.003 eV) 4. The vacuum energy density receives 
contributions proport ional  to the fourth power of  vir- 
tually every mass scale in particle physics. Since each 
of  these terms individually is many orders of magni- 
tude larger than (0.003 eV) 4, mysterious and unnatu- 
ral cancellations must occur in order for their sum to 
produce a sufficiently small total energy density. This 
situation is very different from that of  a naturally 
small mass parameter like the electron mass. The mass 
of  the electron is also small compared to most other 
scales in particle physics but,  because of  a chiral sym- 
metry,  corrections to m e are always proport ional  to 
m e itself and thus are small for any reasonable cut-off 
value. Although we cannot claim to know why the 
electron is so light, the fact that we have a sensible 
low-energy effective theory in which the value of  m e 
does not require miraculous cancellations suggests 
that there may be hope of  achieving a better  under- 
standing in the future using a more complete theory. 
In the case of  the cosmological constant there is little 
reason for similar optimism as long as the low-energy 
theory requires unnatural cancellations. 

The fact that the cosmological constant requires 

1 Supported in part by Department of Energy Contract DE- 
AC03-ER03230 and by an Alfred P. Sloan Foundation 
Fellowship. 

0370-2693/85/$ 03.30 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 

cancellations at the level of  thousandths of  an electron 
volt suggests that modifications must be made in particle 
physics at very low energies. An attractive possibility 
is the existence of  a compensating field whose vacuum 
energy dynamically adjusts itself to cancel the large 
contribution coming from conventional particle phys- 
ics. Any model of  this type is likely to involve small 
mass parameters associated with the compensating 
field theory sector and we must require of  any sensible 
model that these parameters be naturally small. Other- 
wise we are just replacing one unnaturally small mass 
parameter, the cosmological constant, with another. In 
addition, if this idea is to work it seems that the com- 
pensating sector must have a stable or metastable state 
at virtually every value of its own vacuum energy den- 
sity in order that an arbitrary particle physics contri- 
bution can be cancelled. Also, a mechanism must exist 
for insuring that the compensating sector will evolve to 
a state with an acceptably small value of  the total en- 
ergy density. Finally, it must be possible to incorpo- 
rate such a mechanism into a realistic cosmology. 

In this note, I present a model constructed along 
these lines. A compensating sector is introduced which 
can dynamically reduce any initially large, positive 
cosmological constant to a value arbitrarily close to 
zero. The model is a low-energy effective field theory. 
No at tempt is made to incorporate it into a complete 
high-energy theory.  The compensating sector has very 
small mass parameters associated with it, but these are 
protected by symmetries from getting large radiative 
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corrections and therefore they are natural. No fine- 
tuning is required to keep them small. The model pro- 
vides evidence that this type of  approach can work. 
However, it is not clear how the present mechanism 
can be incorporated into a realistic cosmology. 

The model being discussed consists of  a scalar field, 
B, coupled to a gauge theory. The entire compensating 
sector is only coupled to ordinary particles through 
gravity and therefore is only detectable through its 
gravitational effects. For example, all ordinary parti- 
cles are singlets under the gauge group of  the gauge 
theory in the compensating sector. For this reason 1 
call it a phantom gauge theory. The lambda parameter 
which characterizes the coupling strength of  the phan- 
tom gauge theory, Aph is extremely small - less than 
10-34 eV. This may seem like an extraordinarily small 
value, but actually it is quite natural for an isolated 
gauge theory to have a lambda parameter which is 
vastly different from AQC D which sets the scale for 
hadronic masses in our world. If we characterize a 
gauge theory by the value of  its coupling constant at 
the Planck mass for example, then 0~QCD(mpI ) ~ 0.02,  
corresponding to AQC D ~- 100 MeV. If our phantom 
gauge theory is SU(3) with phantom quarks like QCD 
then by requiring that O~ph(mp1 ) ~< 0.006 we find that 
Aph ~< 10 -34 eV. If  the phantom theory is SU(2) with 
six flavors of  phantom quarks then O~ph(mpl ) ~< 0.01 
assures that Aph ~< 10 -34 eV. Thus, with quite con- 
ventional values of  the coupling constant we find ex- 
tremely small values of  the lambda parameter for the 
phantom gauge theory. A small Aph is crucial for 
achieving a sufficiently small final cosmological con- 
stant in this model. 

The couplings of  the scalar field, B, are restricted 
by the symmetry 

B -+B + constant. (1) 

This symmetry may suggest that B is a Goldstone 
boson. However, I will assume that the range of  B goes 
from minus infinity to plus infinity and that the 
lagrangian does not have to be periodic in B. Thus, B 
is not a Goldstone boson associated with a compact 
symmetry group like U(1). It could conceivably be a 
dilaton, or a field associated with one of  the flat direc- 
tions of  the potential in a supersymmetric theory. For 
the purposes of  the present discussion it does not mat- 
ter where B comes from, as long as it possesses the 
symmetry B ~ B + constant. 

The symmetry of  eq. (1) is softly broken in two 
ways to achieve a non-trivial potential for the B field. 
First B, is coupled to the phantom gauge theory 
through the term 

Lin t = (aph/47r)(B/fB) e #v°~# Tr {FuvFc~},  (2) 

where Fur is the phantom gauge field strength tensor. 
The parameter fB is a large mass (perhaps of  order 
mp1 ) associated with the complete high-energy theory. 
Since Tr {FuvFa~ } eUVC~ is a total derivative this term 
respects the symmetry B -~ B + constant up to surface 
terms. However, instantons contribute to these sur- 
face terms and softly break the symmetry. This is 
exactly the type of  coupling used in axion models to 
break the Peccei-Quinn symmetry [t ]. It is well 
known that the coupling (2) leads to a potential for 
theB field of  the form [1] 

4 V 1 (B) = - a p h  cos(B/f  B). (3) 

The gauge coupling of  the B field breaks the sym- 
metry B -~ B + constant but still preserves the symme- 
tries 

B ~ B + 2rrf B and B -~ -B.  (4) 

These are broken, again softly, by introducing a term 

V2(B ) = eB / f  B (5) 

into the potential for B. The linear form in (5) is not 
essential but is chosen for simplicity. All that is re- 
quired is a potential which has no minima over the 
range of  B discussed below. The parameter e is as- 
sumed to be less than A4h but is otherwise arbitrary. 
It is a naturally small parameter because its non-zero 
value breaks the symmetries of  eq. (4). Since it breaks 
a symmetry all radiative corrections to the value of  e 
must be proportional to e. Thus no fine-tuning is re- 
quired to maintain its small value. 

When this compensating sector is added to a stan- 
dard particle physics model, the total vacuum energy 
is given by 

4 V = eB / f  B - Aph cos(B/¢B) + V 0, (6) 

where V 0 represents the vacuum energy density of  all 
the fields other than B. For e ~ Ap4h this potential has 
local minima at 

B ~, 2rrNf B (7) 

for integer N with energy densities 
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Cosmic attractors and gauge hierarchy
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We suggest a new cosmological scenario which naturally guarantees the smallness of scalar masses
and vacuum expectation values , without invoking supersymmetry or any other (nongravitationally
coupled) new physics at low energies. In our framework, the scalar masses undergo discrete jumps due
to nucleation of closed branes during (eternal) inflation. The crucial point is that the step size of
variation decreases in the direction of decreasing scalar mass. This scenario yields exponentially large
domains with a distribution of scalar masses, which is sharply peaked around a hierarchically small
value of the mass. This value is the ‘‘attractor point’’ of the cosmological evolution.

DOI: 10.1103/PhysRevD.70.063501 PACS numbers: 98.80.Cq

I. GENERAL IDEA

The radiative instability of scalar masses is the key
point of the gauge hierarchy problem. In the effective 4D
field theory, the scalar masses are quadratically sensitive
to the ultraviolet cutoff. The only known exceptions to
this rule are Goldstone bosons. This fact is hard to rec-
oncile with the observed smallness of the weak scale,
relative to the Planck mass Mp ! 1019 GeV. So far su-
persymmetry is the only known symmetry that renders
masses of elementary scalars radiatively stable. The sca-
lar masses are controlled by supersymmetry breaking
scale. Given the fact that we do not understand the origin
of this scale, supersymmetry per se does not really ex-
plain the origin of the weak scale but rather makes the
gauge hierarchy technically natural.

In view of the above, it is crucial to explore other
possible mechanisms of scalar mass stabilization. In the
present paper we suggest an alternative mechanism that
can guarantee zero or very small scalar masses [and
vacuum expectation values (VEVs)] without invoking
supersymmetry or any other nongravitationally coupled
new physics at low energies.

In our scenario, a small scalar mass is selected with
probability one during the cosmological evolution. This
selection works as follows. We construct a simple frame-
work in which scalar masses (and VEVs) undergo discrete
variations due to nucleation of closed domain wall
bubbles (branes) during inflation. Values of the scalar
mass on different sides of the wall differ by a finite
step. The bubbles expand exponentially fast and create
domains of a new vacuum with a new value of the scalar
mass. New bubbles are created within the old, and the
scalar mass changes further. Since inflation is known to
be eternal [1,2], the process of wall nucleation continues
forever, populating the Universe with exponentially large
domains having different values of the scalar mass.
However, not all the values of the scalar mass (VEV) are
equally probable. In our model, in the absence of gravi-
tational backreaction, the probability is sharply peaked

around zero because the step !! decreases towards small
values of the VEV ! faster than ! itself. That is,

!!=! / !n; (1)

where n > 0 is some power. As a result, the density of
states diverges for small VEV (mass) of !.

Thus, in the first approximation, the probability distri-
bution for ! has an infinitely sharp peak at ! " 0. We
will show, however, that infrared effects, such as the
Gibbons-Hawking temperature and quantum fluctuation
of ! during inflation, can shift the most probable value of
the scalar mass (and VEV) away from zero to a small
value and round off the maximum of the peak.

II. COSMIC ATTRACTORS

To introduce our mechanism, we use a simple toy
model. The main ingredients are: (1) a scalar field !;
(2) domain walls (branes) charged under an antisymmet-
ric three-form field A"#$ with the field strength F"#$% "
F&"#$%. These objects are engaged in the following in-
terrelation. The branes are sources for the three-form
field. The value of the brane charge is determined by
the VEV of !. The VEV of ! is in turn determined by
the three-form field strength F.

These couplings result in the following dynamics.
Nucleation of a closed brane changes the value of F.
The step of change (the brane charge) is determined by
!. We construct the model so that an increase in F
decreases !, which in turn decreases the charge of new
branes that can be nucleated. Decrease of the brane
charge diminishes the minimal step of change in F. As
a result, the subsequent decrease of ! requires more steps,
and their number diverges towards small values of !.

Let us discuss this dynamics in more detail. The action
of a free three-form field in 4D can be written as

Z

3#1
F2: (2)

It is invariant under gauge transformations
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Relaxion idea
[Graham, Kaplan, Rajendran ’15

What if the weak scale is selected  
by cosmological dynamics, 

not symmetries?  

Special point in parameter space:  

m2H = 0 not related to a symmetry  
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Higgs (h) & axion-like (") interplay:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier
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Figure 1: Schematic parameter space in the three main non-supersymmetric relaxion models.
See [2] for the derivation of the constraints on the parameter space.
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In this context, both the slope responsible for the rolling of the relaxion and the �-dependent
Higgs boson mass term do not come from an explicit breaking of the discrete shift symmetry
of the relaxion.

The relaxation mechanism then remains the same as the original one. It is conceivable
that one could combine this construction with [2] to address as well the coincidence problem
[20].

We will see whether similar structures can be made manifest in axion monodromy string
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Cosmological evolution

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs

⇤/g
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needed anymore to screen the Higgs mass from large quantum corrections. This has of
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natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
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where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes
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where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.
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FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs
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Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier
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This equation arises from demanding that the steepness of the linear �-term of the potential,

first term of Eq. (1), equals the steepness of the Higgs barrier, third term of Eq. (1). From
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as g defines the spurion that breaks the symmetry � ! �+ 2⇡f . At the quantum level, the
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where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
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where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.
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FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.
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the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs
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We add to the standard model Lagrangian the following terms:
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where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes
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�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.
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FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs
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parameters of the low-energy e↵ective theory are natural if they do not require any special
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Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).
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nized as two notorious challengers of this naturalness principle, a situation that stimulated
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and composite Higgs models, new physics is predicted to be present at TeV energies. Re-
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where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
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FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.
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Higgs-axion cosmological relaxation
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This condition also ensures that the contribution to the
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scalars � and � are lighter than, or at most around, the
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nized as two notorious challengers of this naturalness principle, a situation that stimulated
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In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of
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a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs

⇤/g
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Figure 4: Left: Diagram generating �NN at the radiative level. Middle: Diagram con-

tributing to the coupling NN |H|2. Right: Diagram generating an O(✏2) contribution to

(NN)2.

Under the SU(2)L⇥U(1)Y SM group, L has the quantum numbers of a lepton doublet, while

N is a singlet. We assume that the SU(N) gauge sector becomes strongly-coupled at the

scale ⇤. A key ingredient of the model is the presence of a specific set of mass and interaction

terms for the fermions that break the accidental global symmetries. We assume that the L

and N fields have Dirac masses (here and in the following we neglect O(1) parameters):

Lmass = ⇤LL+ ✏⇤NN , (35)

and couplings to the SM Higgs given by

LY uk =
p
✏LHN + h.c. . (36)

Finally, interaction terms of the singlet N to the � and � fields are included with couplings

of order ✏g and ✏g� respectively

LN = ✏g�NN + ✏g��NN . (37)

As can be seen from the Lagrangian above, we have associated to each N field a coupling
p
✏ ⌧ 1. In the limit ✏ ! 0 the theory acquires an additional chiral invariance (broken only

by the axial anomaly). It is interesting to notice that even if we do not introduce in the

Lagrangian the coupling of the � field to N , it is nevertheless generated at the radiative level

due to the presence of the g⇤�|H|2 coupling in the e↵ective Lagrangian, as shown by the

left diagram of Fig. 4.

We also assume that the � field interactions are invariant under a shift-symmetry, � !
�+ c, up to the explicit breakings due to g, and an anomalous interaction term

�

f
G0

µ⌫
eG0µ⌫ , (38)
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Axions:  ubiquitous in String Theory

like hidden sectors with low confinement scales. This both opens up interesting phenomenology
associated to the presence of this “dark world” and raises the question of how it managed to escape
being observed so far. We will touch on some of the issues involved in the concluding Section 3.
For now we focus upon the observational signatures of the light axions that we have argued are
generic to string theory once the strong CP problem is solved.

2 Cohomologies from Cosmology
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Figure 1: Map of the Axiverse: The signatures of axions as a function of their mass, assuming
f

a

⇡ M
GUT

and H
inf

⇠ 108 eV. We also show the regions for which the axion initial angles are
anthropically constrained not to over-close the Universe, and axions diluted away by inflation.
For the same value of f

a

we give the QCD axion mass. The beginning of the anthropic mass
region (2 ⇥ 10�20 eV) as well as that of the region probed by density perturbations (4 ⇥ 10�28

eV) are blurred as they depend on the details of the axion cosmological evolution (see Section
2.3). 3 ⇥ 10�18 eV is the ultimate reach of density perturbation measurements with 21 cm line
observations. The lower reach from black hole super-radiance is also blurred as it depends on
the details of the axion instability evolution (see Section 2.5). The region marked as “Decays”,
outlines very roughly the mass range within which we expect bounds or signatures from axions
decaying to photons, if they couple to ~E · ~B. We will discuss axion decays in detail in a companion
paper.

2.1 Discovering the String Axiverse

We now turn to the observational consequences of axions lighter than or around the QCD axion
mass. For simplicity, we keep f

a

fixed at M
GUT

and H
infl

⇠ 0.1 GeV. The initial displacement of
axions heavier than ⇠ 10�20 eV has to be tuned in order for them not to overclose the universe and
axions heavier than 0.1 GeV have been diluted away by inflation. The observational consequences
of the string axiverse are outlined in Figure 1.

We concentrate on three main windows to the axiverse. First, as discussed in Section 2.2
axions of masses between 10�33 eV and 4⇥ 10�28 eV, if they couple to ~E · ~B, cause a rotation in
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the polarization of the Cosmic Microwave Background (CMB) by an angle of order 10�3, which is
close to the current bounds (⇠ 10�2) [32, 33]. Future experiments, such as Planck and CMBPol
will be able to probe values of the rotation in the CMB polarization down to 10�5 [34].

Second, as discussed in Section 2.3, axions with masses higher than 10�28 eV can be a significant
component of the dark matter (DM) and suppress power in small scale density perturbations
(< 1 Mpc). This is because the quantum pressure scale originating from the uncertainty principle
and below which gravitational collapse is not possible, is proportional to 1/

p
m and thus for these

light axions is a cosmologically observable scale. Since the axiverse should contain a plethora of
string axions with masses homogeneously distributed on a log scale, the existence of multiple steps
in the small scale perturbation spectrum is a natural expectation. The amount of the suppression—
the step height—is proportional to the fraction of the DM constituted by the particular axion.
Such steps may be detectable with the BOSS [35] and 21 cm line observations [36]. In particular,
the 21 cm line tomography will be sensitive to masses up to 3⇥ 10�18 eV that are well inside the
anthropic regime.

Finally, axions of masses between 10�22 and 10�10 eV can a↵ect the dynamics of rotating black
holes due to the e↵ect of superradiance. When a black hole rotates, a boson with a Compton
wavelength comparable to the black hole size creates an exponentially growing bound state with
the black hole. This gravitational atom can be de-excited through graviton emission that carries
away the black hole’s angular momentum. For black hole masses larger than ⇠ 107 M�, or axion
masses smaller than 10�18 eV, accretion may still be e�cient enough to support the maximal
rotation and sustain a “Carnot cycle” that turns the black hole into a gravity wave pulsar with
possibly detectable signal at future gravity wave experiments. For lighter black holes (heavier axion
masses) this e↵ect leads to a spindown of the black hole, resulting in gaps in the mass spectrum
of rapidly rotating black holes. With the quality of data constantly improving, measurements of
the spin of stellar mass (⇠ 2 ÷ 10 M�) black holes will be able to probe also the QCD axion
parameter space with f

a

> 1016 GeV, well inside the region where the QCD axion relic abundance
is anthropically constrained. These e↵ects are discussed in Sections 2.4 and 2.5, and in the
Appendix.

For axions in the range ⇠ 10�9 to ⇠ 108 eV, and assuming the axions have couplings to ~E · ~B,
decays to photons can potentially lead to signatures. A companion paper will discuss such decays,
as well as the physics induced by warping the axion decay constant to scales lower than M

GUT

,
and the many dark sectors implied by Wilsonian scanning and/or highly warped throats.

2.2 Rotation of the CMB Polarization

Axions much lighter than the QCD axion, when they have an ~E · ~B coupling to electromagnetism
(EM), change the polarization of the CMB photons if they start oscillating anytime between
recombination and today. These axions cannot couple to QCD, as 4d gauge coupling unification
implies, otherwise they would get large contributions to their masses. A coupling to QCD, however,
can be easily avoided in the framework of orbifold GUTs [37, 38, 39, 40]. An example of such
a theory is a scenario with one extra dimension where SU(5) is preserved in the bulk and the
breaking down to SU(3)

c

⇥SU(2)
L

⇥U(1)
Y

occurs on the boundary of the extra dimension. The
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Massless fields with axion-like properties generically arise in string theory compactifications 

Their number is determined by the topology of the compact manifold 
 ( non-equivalent embeddings of a closed two-surface into a reasonably complicated  
six-dimensional manifold. )

In most compactifications this number is of the order of several hundreds!

higher-dimensional gauge invariance -> shift symmetry in 4D!

broken non-perturbatively by couplings to gauge fields -> generates a mass 

-> provides many particles with the qualitative properties of the QCD axion.
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• Non Field theory origin for non-compact terms 
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coupling to fluxes. 

McAllister,!Silverstein,!Westphal!!!
Energy changes at each cycle due to coupling to fluxes

McAllister, Schwaller, Servant, Stout, 
Westphal, to appear

--> Devastating consequences for the 
relaxion



Not a complete theory !

A new playground at the crossroads between 
particle phenomenology, cosmology, strings...
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Mass spectrum 
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Phenomenology 
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scanning of Higgs mass through scanning of SUSY breaking scale

relaxion superfield is the SUSY breaking sector



Supersymmetrize the 2-scanner CHAIN model:

restores naturalness in 
split SUSY models 

scanning of Higgs mass through scanning of SUSY breaking scale

preserves the QCD axion solution to the strong CP pb
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Thomas ’16 
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Figure 3: The allowed parameter region in the mSUSY–mS plane, where ⇣ = 10�8, rTS =
0.1, r⇤ = 0.1, and rSUSY = 10�2.

4 Conclusion

We have presented a supersymmetric relaxion mechanism that can provide a solution to
the little hierarchy problem in supersymmetric models. Our supersymmetric extension is
based upon the nonsupersymmetric two-field relaxion model of Ref. [6]. Since the two-field
model assumes no new source of electroweak symmetry breaking beyond that due to the
Higgs field, the scale of strong dynamics can be arbitrarily large. This preserves the QCD
axion solution to the strong CP problem and allows the cuto↵ scale to be significantly
increased beyond the TeV scale. However, the periodic potential of the relaxion, �, has a
large amplitude that must now be neutralized by a second field, � which has no couplings
to the Higgs sector.

In the supersymmetric extension, the scalar fields �, � are identified with the imagi-
nary scalar field components of two chiral superfields S, T respectively, which transform
under shift symmetries each associated with a global symmetry. In particular the shift
symmetry associated with T prevents a �-Higgs coupling at the renormalizable level, re-
alizing a crucial feature of the nonsupersymmetric model. A nontrivial relaxion potential
is generated when the shift symmetries are explicitly broken and cause the two scalar
fields to dynamically evolve from their initially large field values. This induces large F -
terms which break supersymmetry and therefore as the relaxion rolls, it scans the soft
supersymmetric masses. Electroweak symmetry is broken when the soft supersymmetric
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relaxino is dark matter



Summary 
A new approach to the hierarchy problem based on intertwined 

cosmological history of Higgs and axion-like states. 
Connects Higgs physics with inflation & (DM) axions.

An existence proof that technical naturalness does not require 
new physics at the weak scale

no signature at the LHC , new physics are weakly coupled
light states  which couple to the Standard Model through 

Change of paradigm:

their tiny mixing with the Higgs.

Experimental tests from cosmological overabundances, late decays, 
Big Bang Nucleosynthesis, Gamma-rays, Cosmic Microwave Background...
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An alternative Relaxion mechanism

— Barriers across entire potential 

— Novel source of dissipation from gauge boson 

production turns on at special m2H = 0  point 

Hook, Marques-Tavares ’16;  
Fonseca, Morgante, Servant ‘18  

�c = ⇤/g0 : µh = 0

t = 0

t = tc

�

V (�)

Figure 1. Sketch of the relaxion field evolution.

from the SM and later the relaxion reheats the visible sector. In what follows we will
discuss these two possibilities, and we will show that the first case can be realized
only in the region of the parameter space corresponding to the smallest values of the
coupling g0 in Eq. (2.1).

First, let us assume that, at the end of the inflationary phase, the energy density
of the inflaton field is transferred to the SM sector, initiating the radiation era.
Relaxation starts when the temperature drops below the cutoff ⇤ of the theory and
the potential V (�) is generated. The relaxion then dominates the energy density
until it is stopped and its energy is converted into radiation. A sketch of how the
energy density evolves is shown in the left panel of Fig. 2. During the relaxation era,
the equation of state changes along the evolution, with w = p/⇢ < 0 and close to
w = �1 (cosmological constant) for the lowest values of the coupling g0.

An important concern comes from the fact that, if the SM is reheated to a too
high temperature, the negative mass-squared of the Higgs field is turned positive by
a thermal mass term ⇠ y2t T

2. This could spoil the relaxation mechanism, since the
field � would stop in the wrong position as soon as µ2

h + y2t T
2

= 0, where yt ⇠ 1 is
the top Yukawa. To consider this issue more carefully, we have to compare the time
scales of relaxation with that of the cooling of the universe. Relaxation starts when
the temperature drops below T ⇠ ⇤. Initially, the squared mass term µ2

h and the
Higgs thermal mass are both of order ⇤, and we have to assume that the former is
larger than the latter. As relaxation goes on, both terms will decrease. In order for
the mechanism not to be spoiled by thermal effects, it is necessary that the condition

|µh| & T (2.4)

holds during the whole process. The validity of condition (2.4) in terms of the

– 6 –

gigantic number of e-folds Ne nor a small Hubble rate during inflation HI);

• sub-Planckian field excursions for the relaxion;

• the barriers of the relaxion periodic potential are independent from the Higgs
vacuum expectation value;

The plan of the paper is the following. In Section 2, we discuss the general condi-
tions for realizing the relaxion mechanism after inflation. In Section 3, we discuss the
conditions for using particle production as friction instead of inflation. We consider
first Higgs particle production and then gauge boson production. In Section 4, we
present the induced relaxion couplings to photons and fermions. Section 5 lists all
requirements and summarizes the result of the combination in terms of constraints
on the cutoff scale and relaxion coupling to the Higgs. The relaxion properties are
presented in Section 6. We then consider in Section 7 the phenomenological, cosmo-
logical (relic abundance and Big Bang nucleosynthesis) and astrophysical constraints
and determine the parameter space where a successful implementation is realised. We
conclude in Section 8. The equations of motion for the Higgs, relaxion and the gauge
bosons are reproduced in Appendix A, with a display of their numerical solutions.

2 General conditions for relaxation after inflation

The scalar potential for the Higgs h and relaxion � fields reads:

V (�, h) = ⇤

4 � g⇤3�+

1

2

��⇤

2

+ g0⇤�
�
h2

+

�

4

h4

+ ⇤

4

b cos

✓
�

f 0

◆
, (2.1)

where ⇤ is the cutoff scale up to which we want to solve the hierarchy problem
using the relaxion. The relaxion � is an axion-like field with decay constant f 0. The
dimensionless couplings g and g0 are assumed to be spurions that quantify the explicit
breaking of the axion shift symmetry, and ⇤b is the scale at which the � periodic
potential is generated. The term ⇤

4 cancels the final value of the cosmological
constant and corresponds to the usual tuning of the cosmological constant.

We want the scanning of the Higgs mass parameter to occur when the inflaton
is a subdominant component of the energy of the universe so as to decouple the
relaxation scenario from inflation. For that, a crucial difference with respect to
the original relaxion scenario [1] is that we start in the broken electroweak phase,
where the Higgs mass parameter in the Higgs potential is large and negative [10].
Another important difference is that that the amplitude ⇤

4

b of the cosine potential is
constant and does not depend on the Higgs vacuum expectation value.2 We require

2The existence of large barriers was also present in the double scanning mechanism of the CHAIN
model presented in [2].
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Relaxion coupling to massive gauge fields Dissipation from particle production friction (SM vectors)
Hook, Marques-Tavares ‘16

� the evolution starts in the broken phase, i.e. the vev
is large: Φini < Λ/g. 

� the relaxion is coupled to a massive SM vector field;
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[Anber—Sorbo 0908.4089] Dissipation from particle production friction (SM vectors)
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¾ Higgs vev is sufficiently small  ↔ Vμ experiences a tachyonic
instability

¾ When V+ grows exponentially, the VV term slows down the field φ~
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Equation of motion for 
transverse polarisation

Exponentially growing solution for

Growing mode drains energy from Φ: 

Particle production relaxion
Alternative possibility: keep bumps across entire potential, 
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8 Summary and Conclusions

In summary, we have investigated in detail the viability of the cosmological relaxation
mechanism of the electroweak scale taking place after inflation [10]. In this case,
the friction needed to stop and prevent the relaxion from running away down its
potential, comes from particle production instead of exponential Hubble expansion.
We showed that Higgs particle production cannot be used for this purpose. Instead,
particle production is sourced by a relaxion coupling to a U(1) electroweak gauge
field of the type

� �

4f

⇣
g2
2

WfW � g2
1

B eB
⌘

(8.1)

where g
1

and g
2

are respectively the couplings of U(1)Y and SU(2)W . This particular
combination is crucial since it does not contain the photon. It arises naturally in
some UV completions, for instance PNGBs may inherit such anomalous coupling
structure.

Such coupling induces exponential particle production only when the Higgs VEV
approaches zero and the U(1) gauge field (8.1) becomes nearly massless. Particle
production comes at the expense of kinetic energy of the relaxion. Being slowed down,
it can no longer overcome the large (Higgs-independent) barriers. This stops very
efficiently the relaxion when the Higgs mass parameter approaches its critical value
from above, as illustrated in Fig. 16. In this realisation of the relaxion mechanism,
the universe starts in the broken electroweak phase, with a Higgs VEV of the order of
the cutoff scale ⇤. The universe is initially reheated in a hidden sector, such that the
Standard Model is not thermalised and the Higgs potential receives negligible thermal
corrections. This is the only non-trivial assumption for a successful implementation
of this scenario. Reheating of the Standard Model sector takes place at the end of
the relaxation mechanism and is induced by the same relaxion coupling (8.1) which
is responsible for the stopping mechanism through gauge boson production. As the
relaxion potential energy is transferred to the Standard Model thermal bath, the
reheat temperature is expected to be close to the cutoff scale ⇤. Interestingly, the
more minimal scenario in which the Standard Model is reheated just after inflation
and the relaxation phase starts after the temperature has been redshifted below the
scale ⇤, is constrained but still viable, see Fig. 3.

The relaxion initial velocity can be obtained either from a coupling with the
hidden sector or through an interaction with the inflation sector. For instance, a
coupling of the relaxion to the inflaton can provide an effective slope, which results
in a large initial velocity.

We determined the parameter space in which such mechanism works and satis-
fies all cosmological constraints. Free parameters are the cutoff scale ⇤, the Higgs-
relaxion coupling g0, the height of the barriers ⇤b and the frequency of the periodic
potential f 0. Our results are summarised in Figs. 8 and 15. Fig. 8 shows the allowed
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Figure 6. Evolution of the Higgs field during cosmological relaxation intertwined with
gauge boson production.

from the gauge field production grows.
A crucial role is played by the evolution of the Higgs field right after particle

production starts. Two main effects should be considered here. First, as the V
+

field
grows, the hV V i term in Eq. (3.11) induces a positive mass term for the Higgs field,
temporarily restoring the electroweak symmetry. The field h rapidly rolls to zero,
and so does the mass of the vector boson, making the tachyonic growth even faster.
Another effect, which on the other hand is not included in the system (3.10, 3.11,
3.12), is due to the temperature. The produced particles are expected to thermalise,
generating an additional thermal mass term for the Higgs, which adds to the one
mentioned above. After temperature has dropped, the Higgs relaxes to the minimum
of the T = 0 potential, which is now given by vEW. Such evolution of the Higgs field
is summarised in Fig. 6.

The thermalisation process and the computation of the reheating temperature
are a topic of study in their own that goes beyond the scope of this paper. On the
other hand, the time scale for particle production in the presence of a thermal bath
can be estimated as follows [10]. The generation of a thermal mass for the Higgs is
not the only effect of thermalisation. The production of gauge bosons will be affected
by the presence of the thermal plasma, and the dispersion relation for the tachyonic
mode (V

+

) is modified into

!2

= k2

+m2

V � k
˙�

f
+ ⇧[!, k] (3.20)

– 20 –

It is important to stress that shift symmetry breaking terms like ⇠ g0⇤�h2 in
Eq. (2.1) do not respect the global symmetry which forces the coupling structure in
Eq. (3.8), so an anomalous interaction with photons is generated through the small
mixing with the Higgs. Even more important are the contributions to the �F eF
coupling coming from a W loop through the interaction in Eq. (3.9) [60, 61]. These
contributions are non-zero once the symmetry protecting the PNGB mass is broken
and they disappear in the massless limit (m2

� ! 0). There are several reasons why an
anomalous coupling with photons can be dangerous. First, if photon production is
efficient, the corresponding friction term, which is always active, should be included
in the relaxion evolution. Second, these photons may generate a temperature that
is large enough to deconfine the strong sector which is supposed to stop the relaxion
field evolution through the generation of the potential barriers. Finally, if such
temperature is large (T� & ⇤), we may end up scanning the Higgs thermal mass
instead of the vacuum mass parameter µ2

h. In Sec. 4 we specify the relaxion effective
coupling to photons and discuss the condition one should impose to guarantee that
this coupling is enough suppressed.

A massive vector field Vµ can be decomposed in three independent parts: two
transverse components and one longitudinal component. The term Vµ⌫

eV µ⌫ does not
contain the longitudinal one, whose equation of motion is therefore the usual Klein-
Gordon equation with a positive mass term, plus an additional term that encodes the
variation of the mass. Because this equation does not predict a tachyonic growth,
we can neglect the longitudinal mode in our description. As shown in App. A.2,
absorbing the gauge couplings in the definition of f , the equations of motion for the
relaxion, the Higgs, and the transverse modes of the vector fields are:

¨�� g⇤3

+ g0⇤h2

+

⇤

4

b

f 0 sin
�

f 0 +
1

4f
hV eV i = 0 (3.10)

¨h+ (g0⇤�� ⇤

2

)h+ �h3 � 1

2

g2V hVµV
µih = 0 (3.11)

¨V± + (k2

+m2

V ⌥ k
˙�

f
)V± = 0 (3.12)

where
m2

V = g2V h
2, (3.13)

and we have neglected the spatial fluctuations of h and �. We also define

!2

k± = k2

+m2

V ⌥ k
˙�

f
. (3.14)

Notice that, for simplicity, we are working in Minkowski space. This simplification
is well justified, since the particle production process is very fast, as we will see

– 18 –

Higgs field evolution during cosmological relaxation 
intertwined with gauge boson production



Using Gravitational Waves 
to probe new physics .
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2 types of signals: 

- from astrophysical sources (in the late universe) 

- cosmological background filling the whole universe (relic from the primordial universe) 

Gravitational waves



Well-known sources

-> Cosmological Phase Transitions  

-> Inflation   
-> Cosmic strings
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Gravitational Waves 

> Nevertheless we prefer direct proofs by far

> Many localized sources are supposed to be there waiting for us...

> … and we are attempting to detect them (… and likely with success!!!)
MQCD MTeV MPeV

A huge range of frequencies

GW Stochastic background: isotropic, unpolarized, stationary

GW energy 
density:

�G =
�ḣij ḣij⇥

G�c
=

�
dk

k

d�G(k)
d log(k)

inflation 
signal



Particularly motivated sources

-> Mechanism behind mass generation of Dark Matter 

-> Primordial Black Holes from Inflation   

-> Inflation

-> Cosmological phase transitions

-> Reheating of the universe

-> Dark Matter interactions

-> Axion-like particles 

-> Cosmological relaxation of the electroweak scale

-> Baryogenesis

-> Relativistic degrees of freedom in the early universe



Gravitational Waves 
from cosmological 
phase transitions.
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key quantities controlling the GW spectrum

 β : (duration of the phase transition)-1

α : vacuum energy density/radiation energy density

 α and β : entirely determined by the effective 
 scalar potential at high temperature

50 100 150 200 250 300
Φ

"5#106
"2.5#106

2.5#106
5#106

7.5#106
1#107
V!Φ,T$T_n"

anisotropic stress
Source of GW:

To evaluate the GWs emitted by turbulent motion in the primordial fluid and by a
magnetic field we need to determine the tensor-type anisotropic stresses of these sources.
They source the evolution equation for the GW perturbations,

ḧij + 2Hḣij + k2hij = 8⇥Ga2T (TT )
ij (k, t) . (5)

In this section we consider in all generality a relativistic source, and we solve the wave
equation in two cases: a long lasting source (i.e. many Hubble times), and a short lasting
one (i.e. significantly less than one Hubble time). We introduce the transverse traceless
tensor part of the energy momentum tensor of the source as

T (TT )
ij (k, t) = (⇤ + p)�̃ij(k, t) so that 8⇥Ga2T (TT )

ij (k, t) = 4H2�̃ij(k, t) , (6)

where we denote the dimensionless energy momentum tensor with a tilde: �̃ij(k, t) =
(PilPjm�1/2PijPlm)T̃lm(k, t). The projection tensor PilPjm�1/2PijPlm, with Pij = �ij�k̂ik̂j,
projects onto the transverse traceless part of the stress tensor. �̃ includes any time depen-
dence other than the basic radiation-like evolution. We assume that the source is active only
during the radiation-dominated era, where p = ⇤/3. During adiabatic expansion g(Ta)3 =
constant so that

⇤(t) =
⇤rad,0

a4(t)

⇤
g0

g(t)

⌅1/3

and a(t) ⇥ H0 ⇥1/2
rad,0

�
g0

g(t)

⇥1/6

t (7)

where g(t) is the number of relativistic degrees of freedom at time t.

2.1 Long-lasting source

Let us first concentrate on the more general case of a long lasting source. To solve Eq. (5)
we set H = 1/t, neglecting changes in the number of e⇤ective relativistic degrees of freedom.
In terms of the dimensionless variable x = kt Eq. (5) then becomes

h⇥⇥
ij + 2

h⇥
ij

x
+ hij =

4

x2
�̃ij . (8)

We consider a source that is active from time tin to time tfin, which in the long lasting case
can span a period of many Hubble times. For t > tfin, we match the solution of the above
equation to the homogeneous solution, �̃ij = 0. Assuming further that we are only interested
in modes well inside the horizon today, x ⇤ 1, the resulting GW energy power spectrum
becomes

|h⇥(k, x > xfin)|2 =
8

x2

⇧ xfin

xin

dx1

x1

⇧ xfin

xin

dx2

x2
cos(x2 � x1)�̃(k, x1, x2) x ⇤ 1 , (9)

x1 = kt1, x2 = kt2, and �̃(k, x1, x2) denotes the unequal time correlator of the source,

⇧�̃ij(k, t1)�̃
�
ij(q, t2)⌃ = (2⇥)3�(k� q)�̃(k, kt1, kt2) . (10)
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GW from a 1st-order cosmological phase transition

Electroweak Phase Transition 
-> milli-Hertz -> LISA!
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Figure 4: The plot shows the energy density on the surface of the biggest bubble in a simulation for

three di↵erent times (5/�, 6.4/�, 8.2/�). The energy density increases from dark to light regions. The

energy density is normalized to the maximal energy density possible at the specific time, i.e. black

regions denote no energy density and white regions denote uncollided regions. The plots show the

envelope (left) and bulk flow (right) approximations.

For |↵| � 1 the integrands have singularities and the expressions are only valid up to the

singularities in the integrand, cos(�
0

) = �1/↵. Using the relation

Ic(↵,�1

)� Ic(↵,�0

) = Ic(�↵,�
1

+ ⇡)� Ic(�↵,�
0

+ ⇡) , (27)

Is(↵,�1

)� Is(↵,�0

) = Is(�↵,�
1

+ ⇡)� Is(�↵,�
0

+ ⇡) , (28)

one can map the desired integrals to the regions that are well behaved. Furthermore, there is

an numerical instability in Ic near ↵ ' 1 due to cancellation between the two terms in (26).

As long as the argument of arctan is relatively small, one can expand the expression around

↵ = 1 to obtain an approximation that is more stable when evaluated numerically.

10

LISA: a new window  
on the Weak Scale

complementary to collider informations
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First-order Phase Transition in the early universe 

Formation of “bubbles”
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What sources GWs at a thermal phase transition?

3

• Bubbles nucleate, most energy goes into plasma, then:

1. h2Ωφ: Bubble walls and shocks collide – ‘envelope phase’

2. h2Ωsw: Sound waves set up after bubbles have collided, before

expansion dilutes KE – ‘acoustic phase’

3. h2Ωturb: MHD turbulence – ‘turbulent phase’

• These sources then add together to give the observed GW power:

h2ΩGW ≈ h2Ωφ + h2Ωsw + h2Ωturb

• Each phase’s contribution depends on the nature of the phase transition.

• Now: explore steps 1-2 through two types of simulations:

1. The ‘envelope approximation’ → h2Ωφ

2. A field φ (‘Higgs’) coupled by friction to a fluid Uµ (‘plasma’) → h2Ωsw
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Gravity wave signals from 1st order cosmological 
phase transitions

Stochastic background of 
gravitational radiation

EW phase transition 
-> mHz -> LISA!

[LISA Cosmology Working group, 1512.06239]
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[Credit:David Weir]

Fluid flows

Magnetic 
fields

turbulence

Examples of Spectra [1512.06239]
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Figure 2: Example of GW spectra in Case 1, for fixed T⇤ = 100 GeV, ↵ = 0.5, vw = 0.95, and

varying �/H⇤: from left to right, �/H⇤ = 1 and �/H⇤ = 10 (top), �/H⇤ = 100 and �/H⇤ = 1000

(bottom). The black line denotes the total GW spectrum, the green line the contribution from

sound waves, the red line the contribution from MHD turbulence. The shaded areas represent the

regions detectable by the C1 (red), C2 (magenta), C3 (blue) and C4 (green) configurations.

interplay among the contributions of the di↵erent sources, which in turn are determined by

the specific dynamics of the PT. On the one hand this is encouraging, since it opens up

the possibility of investigating the dynamics of the PT. On the other hand, this is probably
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GW Spectrum from Cosmic Strings

Loops from the string network  
continuously produced & decay via GW
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Nature of Cosmic Strings

Generated from symmetry-breaking  
phase transition [Kibble, 1976] 

Kibble mechanism:  
topological defects of the vacuum manifold 

Thin string ⇒  ~1D object with Nambu-Goto action 
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String inter-commuting: crossing, loop formation 

Cosmic-string network ⇒  Long-lasting GW source !

[Allen & Shellard, 1990]
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String inter-commuting: crossing, loop formation 

Cosmic-string network ⇒  Long-lasting GW source !

[Allen & Shellard, 1990]

GWs

String inter-commuting:  
crossing, loop formation 

Gravitational Waves from Cosmic Strings.
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Higher f ⇔ Earlier emission 

smaller loop ⇔ higher oscillation f 
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FIG. 5: A blow-up of Fig. 4. Note that density of vertical lines shows density of sampling points at which we evaluate Ωh(τ0, k).
The dashed line shows the envelope of the spectrum in the Standard Model of elementary particles.

they did not include the evolution of g∗. Instead, they explored general possibilities that the equation of state might
be modified by trace anomaly or interactions among particles. They also considered damping of gravitational waves
due to anisotropic stress of some hypothetical particles. Our calculations are different from theirs, as we took into
account explicitly all the particles in the Standard Model and the minimal extension of the Standard Model, but did
not include any exotic physics beyond that.

Let us mention a few points that would merit further studies. At the energy scales where supersymmetry is unbroken
(if it exists), say TeV scales and above, the number of relativistic degrees of freedom, g∗, should be at least doubled,
and would cause suppression of the primordial gravitational waves (Fig. 5 for N = 1 supersymmetry). If, for instance,
N = 8 is the number of internal supersymmetric charges, ∼ 250 copies of standard model particles would appear
in this theory. This would suppress the spectrum by 85% at the high frequency region (above ∼ 10−4 Hz) compare
to the Standard Model, though the details depend on models. Since we still do not have much idea about a true
supersymmetric model and its particle rest mass, the search for the primordial gravitational waves would help to
constrain the effective number of relativistic degrees of freedom g∗(T ) above the TeV scales.

In an extremely high frequency region, krh, the gravitational wave spectrum should provide us with unique infor-
mation about the reheating of the universe after inflation. If the inflaton potential during reheating is monomial,
V (φ) ∝ φn, the equation of state during reheating is given by pφ = α(n)ρφ, where α(n) = n−2

n+2 . Since the equation
of state determines the expansion law of that epoch, one obtains the frequency dependence of the gravitational wave
spectrum as Ωh ∝ k(n−4)/(n−1). In an extremely low frequency region (below ∼ 10−18 Hz), on the other hand, dark
energy dominates the universe and affects the spectrum. Acceleration of the universe reduces the amplitude of gravi-
tational waves that enter the horizon at this epoch; however, we will not be able to observe modes as big as the size
of the horizon today.

The signatures of the primordial gravitational waves may be detected only by the CMB polarization in the low
frequency region, <∼ 10−16 Hz. For the higher frequency region, however, direct detection of the gravitational waves
would be necessary, and it should allow us to search for a particular cosmological event by arranging an appropriate
instrument, as the events during the radiation era are imprinted on the spectrum of the primordial gravitational
waves.

APPENDIX A: SPHERICAL BESSEL TYPE FUNCTIONS

We present some formulae for Bessel type functions used in this paper.

d

dx

[

zn(x)

xn

]

= −
zn+1(x)

xn
,

d

dx

[

xn+1zn(x)
]

= xn+1zn−1(x), (A1)

Suppression of GWs from increased number of relativistic degrees of freedom

Changes make the evolution of radiation energy density deviate from the conventional adiabatic evolution, ρr ∝ a−4, and thus cause 
the expansion rate of the universe to change suddenly at each transition which, in turn, modifies the spectrum of primordial 
gravitational waves. 

Reading the number of dof in the early universe in features of the GW background
 from inflation or cosmic strings

Watanabe Komatsu ‘06
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TABLE I: Particles in the Standard Model and their mass and helicity states

particle rest mass [MeV] the number of helicity states: gi

γ 0 2

ν,ν̄ 0 6

e+,e− 0.51 4

µ+,µ− 106 4

π+,π− 135 2

π0 140 1

gluons 0 16

u,ū 5 12

d,d̄ 9 12

s,s̄ 115 12

c,c̄ 1.3×103 12

τ+,τ− 1.8×103 4

b,̄b 4.4×103 12

W +,W− 80×103 6

Z 91×103 3

H 114×103 1

t,t̄ 174×103 12

SUSY particles ∼ 1 × 106 ∼ 110

pressure in such a plasma-dominant universe are given by

ρ(T ) =
π2

30
g∗(T )T 4, (23)

p(T ) =
1

3
ρ(T ), (24)

respectively, where we have defined the “effective number of relativistic degrees of freedom”, g∗ and g∗s, following [36].
These quantities, g∗ and g∗s, count the (effective) number of relativistic species contributing to the radiation energy
density and entropy, respectively. One may call either (or both) of the two the effective number of relativistic degrees
of freedom. Equation (22) and (23) immediately imply that energy density of the universe during the radiation era
should evolve as

ρ ∝ g∗g
−4/3
∗s a−4. (25)

Therefore, unless g∗ and g∗s are independent of time, the evolution of ρ would deviate from ρ ∝ a−4. In other words,
the evolution of ρ during the radiation era is sensitive to how many relativistic species the universe had at a given
epoch. As the wave equation of gravitational waves contains (a′/a)h′

λ,k, the solution of hλ,k would be affected by g∗
and g∗s via the Friedman equation:

a′(τ)

a2
= H0

√

(

g∗
g∗0

) (

g∗s

g∗s0

)−4/3

Ωr

(

a

a0

)−4

+ Ωm

(

a

a0

)−3

. (26)

Although the interaction rate among particles and antiparticles is assumed to be fast enough (compared with the
expansion rate) to keep them in thermal equilibrium, the interaction is assumed to be weak enough for them to be
treated as ideal gases. In the case of an ideal gas at temperature T , each particle species of a given mass, mi = xiT ,
would contribute to g∗ and g∗s the amount given by

g∗,i(T ) = gi
15

π4

∫ ∞

xi

(u2 − x2
i )

1/2

eu ± 1
u2du, (27)

g∗s,i(T ) = gi
15

π4

∫ ∞

xi

(u2 − x2
i )

1/2

eu ± 1
(u2 −

x2
i

4
)du, (28)



Figure 6. Left panel: illustration of our parametrization of the change in the number of DOFs
for T� = 200 GeV and �g⇤ = 101, 102, 103. Right panel: modification of the GW spectrum from
a cosmic string network with Gµ = 10�11 and ↵ = 0.1 for this modification in g⇤. The colored
regions in this panel show the expected sensitivities of SKA, LISA, DECIGO, ET, and CE.

which agrees well with a similar calculation in Ref. [67]. This implies that the amplitude

of the RD plateau depends on the number of DOFs via �R, and thus

⌦GW(f � f�) ⇡ ⌦SM
GW(f)

✓
gSM⇤

gSM⇤ +�g⇤

◆1/3

, (3.9)

where ⌦SM
GW is the amplitude with only SM DOFs, and we have assumed g⇤ = g⇤S at high

T . Therefore an increase of number of DOFs at T� leads to a drop in the amplitude at

frequencies above f�. In fact, similar changes in the GW amplitude from the RD era from

changes in the number of e↵ective SM degrees of freedom at the QCD phase transition and

electron-positron decoupling are visible in Figs. 2 and 3. We also find that the magnitude

of the amplitude decrease in Eq. (3.9) agrees well with the full numerical result shown in

the right panel of Fig. 6.

3.3 Probing new phases of cosmological evolution

The second type of cosmological modification we consider is an early period in which the

expansion of the universe is driven by a new source of energy density prior to the most

recent radiation era, leading to a non-standard equation of state in the early universe.

For example, an early epoch of matter domination with ⇢ / a�3 can arise from a large

density of a long-lived massive particle or oscillations of a scalar moduli field in a quadratic

potential [10]. Such a period of matter domination ends when the long-lived species decays

to the SM. A more exotic class of deviations can arise from the energy density of a scalar

field � oscillating in a potential of the form V (�) / �N , which gives n = 6N/(N + 2).

In the extreme limit of N ! 1 we have n ! 6, corresponding to the oscillation energy

being dominated by the kinetic energy of the scalar. This behavior arises in models of

inflation, quintessence, dark energy, and axions, and is called kination [11, 12, 16]. For all

– 14 –

Probing equation of state of the early universe
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Figure 7. Frequency spectra of gravitational waves ⌦GWh2 sourced by a scaling cosmic string
networks with Gµ = 2⇥ 10�11 (left) and 10�14 (right) with ↵ = 10�1. The solid black lines show
the spectra for a standard cosmological evolution, while the dashed (dash-dotted) lines indicate
the result with in an early period of n = 6 kination (n = 3 matter) domination lasting until the
temperatures T� listed in the figure. Also shown are the sensitivity bands of current and future
GW detectors.

the practical challenges of subtracting astrophysical backgrounds and identifying whether

such a signal is due to cosmic strings or some other phenomenon. We also examine other

potential sources of GW signals and the extent to which they can be distinguished from

cosmic strings evolving in a standard or non-standard cosmological background. Finally,

we comment on how smaller values of the initial loop size parameter ↵ would impact our

results.

4.1 Astrophysical backgrounds

The LIGO/Virgo experiment has already observed a number of binary mergers of black

holes and neutron stars [75, 106–108]. Based on the number of mergers seen and assuming

the redshift dependence of the merger rate follows that of star formation, it is anticipated

that Advanced LIGO/Virgo will soon begin to detect a stochastic GW background from

a collection of weaker, unresolved binary mergers [109, 110]. This background is expected

to begin and peak near f ⇠ 1000Hz with ⌦GW ⇠ 10�9, and fall o↵ in amplitude as f2/3

at lower frequencies [111, 112], also putting it within the detection range of space-based

detectors such as LISA. The signal from these unresolved mergers will also overlap with,

and sometimes overwhelm, the prediction for cosmic strings.

For larger values of Gµ & 10�15, the lower frequency portion of the cosmic string

GW signal could be observed in space-based detectors well above the expected background

from binary mergers. This is likely to include a part of the characteristic flat portion of

the spectrum from GW emission in the radiation era. In contrast, the higher frequency

portion of the cosmic string signal from a standard cosmological history in the sensitivity

– 16 –

Probing non-standard  
pre-Big Bang Nucleosynthesis evolution of the universe
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 and much more to explore through gravitational waves

-> Mechanism behind mass generation of Dark Matter 

-> Primordial Black Holes from Inflation   

-> Inflation

-> Cosmological phase transitions

-> Reheating of the universe

-> Dark Matter interactions

-> Axion-like particles 

-> Cosmological relaxation of the electroweak scale

-> Baryogenesis

-> Relativistic degrees of freedom in the early universe
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Explore alternative theory paradigms    

Look for BSM physics in non-colliders experiments   
 (eg. table-top, cosmological tests, ...)  

Conclusion.


