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Ma!er Anti-ma!er asymmetry:

characterized in terms of the 
baryon to photon ratio
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- 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.
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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.
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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 → q!, q̄q̄ and X̄ → q̄!̄, 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)
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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
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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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In these approaches baryogenesis is disconnected from the 
problem of dark matter generation.  

No unified explanation for dark and visible matter densities.
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broken phase 

<Φ>≠0
Baryon number

 is frozen

2)  CP violation at phase interface
 responsible for mechanism  

of charge separation

3)  In symmetric phase,<Φ>=0,
very active sphalerons convert chiral 
asymmetry into baryon asymmetry

Chirality Flux 
in front of the wall

Baryon asymmetry and " EW scale

Electroweak baryogenesis mechanism relies on a 
first-order phase transition satisfying     
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bubbles of broken phase
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 Detour on 1st order cosmological phase transitions
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The four commonly quoted ways to obtain a strongly 1st 
order phase transition by inducing a barrier in the thermal 

effective potential 
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Figure 1. The four methods of obtaining a strongly first order phase transition by inducing a
barrier in the thermal effective potential, which are discussed in this paper. The framed expressions
indicate which term is responsible for the rise or fall of V

e↵
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freedom. One subset of enhanced symmetries is based on continuous symmetries (or the
parametric limit in which the discrete symmetry enlarges into a continuous symmetry).
One way to understand how the Higgs data rules out this subset is to note that the Nambu-
Goldstone bosons associated with the spontaneously broken continuous symmetries have
couplings to Higgs determined by the kinetic part of the action, and this coupling-induced
decay rate is unsuppressed when the Higgs mass is of the order of v = 246 GeV. Hence,
the Higgs decay to the Nambu-Goldstone bosons exceeds the experimental limits on exotic
decays of the Higgs.

The tension that we present in most of the categorization points to the enhanced dis-
crete symmetry point [14] being the parametric space marker having intuitively the largest
set of model building possibilities for electroweak baryogenesis.

In addition to constraints coming from the SM-likeness of the Higgs, it is also interest-
ing to consider the “anomalies” which may point to beyond-the-Standard-Model (BSM)
physics. One of the most promising anomalies observed at the LHC is an excess of events
in the loop-induced diphoton decay channel of the Higgs. If the excess can be attributed
to the presence of a BSM scalar field running in the loop, then we utilize our classification
to argue that there is a general tension with electroweak baryogenesis if this scalar field is

– 4 –
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 example: the SM+ a real scalar singlet

EW breaking
Minimum

EW preserving
Minima

Out of Equilibrium

V (H,S)

V (H,S)

= �µ2
HH2 + �HH4 + �mH2S2 � µ2

SS2 + �SS4+�mH2S2

For simplicity: Z2 (=CP) symmetric case

mercoledì, 4 maggio 2011

EW preserving 
min.

EW broken 
min.from F. Riva -> Espinosa et al, 1107.5441

1409.0005

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:

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.

– 4 –

Two-stage EW phase transition (tree level)4)
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Figure 1: Pictorial representation of our scenario.

composite inert Higgs. The last section is devoted to conclusions.

2 Two Composite Higgs Doublets as PNGBs

2.1 General Structure

The basic structure of our composite-Higgs scenario is as follows. As depicted in figure 1, there exists a

new sector, that we denote as “strong”, or “strongly-interacting” sector, which is endowed with a global

group G of symmetry, spontaneously broken to H ⇤ G. As such, the strong sector delivers a set of massless

Nambu-Goldstone bosons (NGB). The only constraints on the choice of the G/H coset that characterizes

the strong sector are of phenomenological nature and they are rather mild, a priori. The main requirement,

needed to avoid generic large contributions to the T -parameter, is that the unbroken group must contain

a “custodial” SO(4) ⇥= SU(2) � SU(2) symmetry, H ⌅ SO(4), and at least one Higgs 4-plet (i.e., a 4 of

SO(4)) must be present. Compatibly with these basic requirements, several cosets exist. The smallest ones,

chosen so that H is a maximal subgroup of G, are present in table 1. Other cosets, with non-maximal

G H NG NGBs rep.[H] = rep.[SU(2)� SU(2)]
SO(5) SO(4) 4 4 = (2,2)
SO(6) SO(5) 5 5 = (1,1) + (2,2)
SO(6) SO(4) � SO(2) 8 4+2 + 4̄�2 = 2� (2,2)
SO(7) SO(6) 6 6 = 2� (1,1) + (2,2)
SO(7) G2 7 7 = (1,3) + (2,2)
SO(7) SO(5) � SO(2) 10 100 = (3,1) + (1,3) + (2,2)
SO(7) [SO(3)]3 12 (2,2,3) = 3� (2,2)
Sp(6) Sp(4) � SU(2) 8 (4,2) = 2� (2,2), (2,2) + 2� (2,1)
SU(5) SU(4) � U(1) 8 4�5 + 4̄+5 = 2� (2,2)
SU(5) SO(5) 14 14 = (3,3) + (2,2) + (1,1)

Table 1: Cosets G/H from simple Lie groups, with H maximal subgroup of G. For each coset, its dimension NG and the
NGBs representation under H and SO(4) ⇥ SU(2)L � SU(2)R are reported. For Sp(6)/SU(2) � Sp(4), two embeddings are
possible, we will be interested only in the first one, which leads to two Higgs 4-plets.

subgroups, can be obtained from table 1 in a stepwise fashion G ⇧ H ⇧ H ⇥ etc.. The coset SO(6)/SO(4),

for instance, arises from the breaking SO(6) ⇧ SO(5) ⇧ SO(4). Besides two (2,2) Higgs 4-plets, this coset

4

[Mrazek et al, 1105.5403]

-> Agashe, Contino, Pomarol’05 

custodial SO(4)≅ SU(2)×SU(2)  to avoid large corrections
to the T parameter

Easy to motivate 
additional scalars, 

e.g:
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nB
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⇥̄(TEWPT ) (26)

3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.

u ⌘ 1

m3
H

dµ2
e↵

dt

����
T=Tq

(27)

Cold baryogenesis requires u & 0.1 In the SM, the e↵ective Higgs mass varies solely because
of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then

uSM ⇠ 1

µ3

d

dt
(µ2 � cT 2)

����
T=Tq

⇠ H

µ

����
Tq

⇠ TEW

MP l

⇠ 10�16 (28)

This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.

µ2
e↵(t) = µ2 � ����

2(t). (29)

Then
u ⇠ ���

1/2µ�2 �̇|tq . (30)

From energy conservation (�̇)2 ⇠ O(V ) ⇠ µ4 and we see that we can naturally get order 1
quenching parameter as it is no longer controlled but the Hubble parameter. This additional
coupling of the Higgs is what the cold baryogenesis scenario assumes. The goal of this paper
is to provide a natural motivation for such an assumption. Earlier proposal rely on adhoc
potential in which the masses pf the scalars are not protected. Instead, we show that the
mechanism can be implemented in a well-motivated framework where the smallness of the
scalar masses is under control and does not require fine-tuning.

This is a follow-up on our previous work where we already made these claims.
We now make these statements more precise and explicit.
In the case where � is the dilaton/radion we actually have:

V = V (�) +
�

4
(�2 � c�2)2 (31)

where
c = vp/k (32)

where vp is the Higgs vev in the 5D

5

(e.g. Randall-Sundrum scenario)
Higgs vev controlled by dilaton vev

a scale invariant function modulated by a slow evolution 
through the        term

similar to Coleman-Weinberg mechanism where a slow 
Renormalization Group evolution of potential parameters can 

generate widely separated scales

for   |ε|<<1

V (�) = �4 ⇥ f(�✏) (33)

�✏ (34)

4 Size of strong CP violation in the early universe

The axion dynamics is the same as usual. It starts after the QCD phase transition. And we
precisely care about what happens at the time of this transition. When the axion field starts
rolling down its potential, the field value is large, leading to large CP violation. Kuzmin et al
say, ”the only way to use strong CP violation for baryogenesis is to diminish the temperature
of the EW phase transition” and this is precisely what the dilaton is doing for us. The axion
needs to have a mass otherwise e↵ectively there is e↵ectively no CP violation and therefore
we want the QCD chiral phase transition and EW phase transition to happen at the same
tim

The axion mass is strongly suppressed at temperatures above the QCD scale ⇤QCD but
turns on rapidly when the temperature approaches ⇤QCD, as the non-perturbative QCD
e↵ects associated with instantons have amplitudes proportional to

e�2⇡↵s(T ) ⇡
✓
⇤QCD

T

◆11� 2
3Nf

(35)

where Nf is the number of quark flavors with mass below T. Below ⇤QCD, the axion mass
is suppressed as (⇤QCD/T )4

5 Dilaton constraints

8⇡g⇤T 4
reh

30
= �V (36)

�V ⇠ m2
dh�i2 (37)

Treh < 130 GeV (38)

6 Conclusion

We have shown that the QCD axion could play a key role in providing the new source of
CP violation, in this sense linking the origin of dark matter to that of the matter antimatter
asymmetry of the universe. This can be achieved provided that the EW phase atrnsiton is
delayed due to a higgs-dilaton coupling. The nearly conformal dynamics which protects the
EW scale therefore naturally provides the condition for Higgs quenching as needed in the
framework of cold baryogenesis.

baryogenesis and dark matter could be accounted in a simple
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of the EW phase transition” and this is precisely what the dilaton is doing for us. The axion
needs to have a mass otherwise e↵ectively there is e↵ectively no CP violation and therefore
we want the QCD chiral phase transition and EW phase transition to happen at the same
tim

The axion mass is strongly suppressed at temperatures above the QCD scale ⇤QCD but
turns on rapidly when the temperature approaches ⇤QCD, as the non-perturbative QCD
e↵ects associated with instantons have amplitudes proportional to

e�2⇡↵s(T ) ⇡
✓
⇤QCD

T

◆11� 2
3Nf

(36)

where Nf is the number of quark flavors with mass below T. Below ⇤QCD, the axion mass
is suppressed as (⇤QCD/T )4

5 Dilaton constraints

8⇡g⇤T 4
reh

30
= �V (37)

�V ⇠ m2
dh�i2 (38)

Treh < 130 GeV (39)

6 Conclusion

We have shown that the QCD axion could play a key role in providing the new source of
CP violation, in this sense linking the origin of dark matter to that of the matter antimatter
asymmetry of the universe. This can be achieved provided that the EW phase atrnsiton is
delayed due to a higgs-dilaton coupling. The nearly conformal dynamics which protects the

6

Fifth way to get a strong 1st-order PT:
dilaton-like potential  naturally leads to supercooling

c =
v2

h�i2

not a polynomial 



The position of the maximum μ+  and of the minimum μ-

can be very far apart in contrast with standard 
polynomial potentials where they are of the same order

a temperature when

S3/T ≈ log
T 4

H4
≈ 140. (6)

In order to realize several e-folds of inflation, the onset of the phase transition and bubble
nucleation should happen at a temperature that is several orders smaller than the critical
temperature when the symmetric and broken phase are degenerate. Since S3 is of electroweak
scale and well-behaved as a function of T , its derivative ∂T S3/T is likewise of electroweak
scale ρ such that

β/H = T
d

dT

S3

T

∣

∣

∣

∣

Tn

≈
Tn

ρ
, (7)

what is small for Tn " ρ. The parameter β quantifies the inverse duration of the phase
transition and this implies that in average there is at most one bubble nucleated per Hubble
volume and percolation never happens.

In the following we will discuss how the conformal phase transition in a five-dimensional
brane setup can indeed lead to several e-folds of inflation. In the 5D picture the radion is
stabilized by a bulk scalar with a relatively small mass. In the 4D picture this corresponds
to a balance between a marginal and a slightly irrelevant deformation of the gluon sector of
the CFT. The resulting effective potential of the radion is of the form

V (µ) = µ4P ((µ/µ0)
ε). (8)

The field µ is a reparametrization of the brane separation r

µ = l−1e−r/l (9)

with a standard kinetic term and l is related to the 5D curvature and is of Planck scale.
The function P is roughly polynomial and parametrizes the extrema of the potential. The
position of the extrema µ± of V depend on the specific parameters but are given by

µε
+ ! µε

− ! 1. (10)

The smallness of ε (of O(1/10)) is then used to generate the hierarchy between the Planck
and the electroweak scale, µ− " l−1, but also implies µ+ " µ− and the potential is nearly
conformal between those widely spread values.

This construction leads to a tunnel action that is rather well-behaved as a function of µε

and not of µ. This way it is possible to achieve a small nucleation temperature in combination
with percolation and a rather small duration of the phase transition

β/H = T
d

dT

S3

T

∣

∣

∣

∣

Tn

" 1. (11)

An example is given in Fig. 1 where the tunnel action is plotted for a specific Goldberger-
Wise potential (taken from ref. [32]) in comparison with an action as it e.g. occurs in the
electroweak phase transition in supersymmetric extensions of the SM.

Let us be a little bit more quantitative. The tunnel action can be calculated by deter-
mining the bounce solution [43, 44] in the potential (8). An accurate approximation can be
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Figure 1: Comparison of a typical polynomial potential given here by λ(µ2 − µ2
0)

2 + 1
Λ2 (µ2 − µ2

0)
3

with a nearly conformal potential of the type of eq. (1). Both have a minimum at µmin ∼ 1.2 TeV.
For the usual polynomial potential µmax/µmin ∼ O(1), unless coefficients are fine-tuned while for
the potential (1) with |ε| < 1, one can easily get a shallow potential with widely separated extrema.
In this particular example |ε| = 0.2. The • indicates the position of the maxima.

that the scalar effective potential describing symmetry breaking is a scale invariant function
modulated by a slow evolution:

V (µ) = µ4P

[ (

µ

µ0

)ε ]

, (1)

similarly to the Coleman-Weinberg potential where a slow RG evolution of the potential
parameters can generate very separated scales. P is a polynomial function reflecting some
explicit breaking of conformal invariance by turning on some coupling of dimension −ε. This
potential generically has a minimum at µ− #= 0. We are interested in the case where |ε| is
small so that we have an almost marginal deformation of the CFT. If ε > 0 symmetry
breaking results from a balance between two operators unlike in QCD where it is driven by
the blow-up of the gauge coupling [5, 6]. For |ε| $ 1, a large hierarchy is generated.

2.1 Cosmological properties of a nearly conformal scalar potential

This class of potentials leads to some unique cosmological properties. In particular, it leads
to a strongly first-order phase transition. What makes the nearly conformal potentials special
is the fact that the positions of the maximum µ+ and of the minimum µ− can be very far
apart in contrast with standard polynomial potentials where they are of the same order,
as illustrated in Fig. 1. This makes the temperature dependence of the tunneling action
behave very differently from the case of standard polynomial potentials. The nucleation
temperature Tn is determined by the tunneling point µr (also called release point), which
is located behind the barrier, somewhere between the maximum and the minimum of the
potential. For a standard polynomial potential, µ+ and µ− are of the same order and the

3
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with a nearly conformal potential of the type of eq. (1). Both have a minimum at µmin ∼ 1.2 TeV.
For the usual polynomial potential µmax/µmin ∼ O(1), unless coefficients are fine-tuned while for
the potential (1) with |ε| < 1, one can easily get a shallow potential with widely separated extrema.
In this particular example |ε| = 0.2. The • indicates the position of the maxima.

that the scalar effective potential describing symmetry breaking is a scale invariant function
modulated by a slow evolution:

V (µ) = µ4P

[ (

µ

µ0

)ε ]

, (1)

similarly to the Coleman-Weinberg potential where a slow RG evolution of the potential
parameters can generate very separated scales. P is a polynomial function reflecting some
explicit breaking of conformal invariance by turning on some coupling of dimension −ε. This
potential generically has a minimum at µ− #= 0. We are interested in the case where |ε| is
small so that we have an almost marginal deformation of the CFT. If ε > 0 symmetry
breaking results from a balance between two operators unlike in QCD where it is driven by
the blow-up of the gauge coupling [5, 6]. For |ε| $ 1, a large hierarchy is generated.

2.1 Cosmological properties of a nearly conformal scalar potential

This class of potentials leads to some unique cosmological properties. In particular, it leads
to a strongly first-order phase transition. What makes the nearly conformal potentials special
is the fact that the positions of the maximum µ+ and of the minimum µ− can be very far
apart in contrast with standard polynomial potentials where they are of the same order,
as illustrated in Fig. 1. This makes the temperature dependence of the tunneling action
behave very differently from the case of standard polynomial potentials. The nucleation
temperature Tn is determined by the tunneling point µr (also called release point), which
is located behind the barrier, somewhere between the maximum and the minimum of the
potential. For a standard polynomial potential, µ+ and µ− are of the same order and the

3

position of the 
maximum

tunneling point is of the same order as the value of the field at the minimum of the potential.
For a nearly conformal potential, the two extrema are widely separated and as we will show,
the release point can be as low as µr !

√
µ+µ− " µ−. Since the nucleation temperature

Tn ∝ µr, we can get a very small Tn compared to the vacuum expectation value of the scalar
field µ− and therefore several efolds of inflation.

Typically, an extended phase of inflation (at least several efolds) cannot be ended by a
first-order phase transition. This is the well-known graceful exit problem of old inflation
which results from the following argument: for a generic free energy V (φ, T ) the tunnel
action S3/T is a “well-behaved” (meaning roughly polynomial) function of the temperature
T . The first nucleated bubbles appear when the temperature satisfies, in terms of the Hubble
constant H ,

S3/T ≈ log
T 4

H4
. (2)

At the weak scale, this corresponds to S3/T ≈ 140. In order to realize several efolds of infla-
tion, the onset of the phase transition and bubble nucleation should happen at a temperature
Tn that is several orders of magnitude smaller than the critical temperature Tc defined as
the temperature at which the symmetric and broken phase are degenerate.

If S3 is a well-behaved function of T , characterized by the energy scale µ0 ∼ Tc, its
derivative ∂T (S3/T ) is likewise and the parameter β which quantifies the inverse duration of
the phase transition satisfies

β/H = T
d

dT

S3

T

∣

∣

∣

∣

Tn

∼
Tn

µ0

S3

T

∣

∣

∣

∣

Tn

. (3)

An extended phase of inflation (for example, Nefolds ∼ log Tc/Tn ∼ 10 → Tn/Tc ∼ 10−4)
corresponds to Tn " µ0 then β/H " 1, which implies that bubbles never percolate and the
phase transition cannot complete and reheating never occurs.

In contrast, the potential (1) leads to a tunneling action that is well-behaved as a function
of µε rather than µ. This way it is possible to achieve a small nucleation temperature together
with bubble percolation and a rather long but finite duration of the phase transition for
ε ∼ O(1/10)

β/H = T
d

dT

S3

T

∣

∣

∣

∣

Tn

∼ ε
S3

T

∣

∣

∣

∣

Tn

! 1. (4)

An example is given in Fig. 2 where the tunneling action is plotted for a specific Goldberger-
Wise potential [15] (taken from Ref. [11]) in comparison with an action occurring e.g. in the
electroweak phase transition in supersymmetric extensions of the SM.

Let us explain this more quantitatively. The conformal phase transition can be studied
by working in a five-dimensional Anti de Sitter (AdS) space in which the radion is stabilized
by a bulk scalar with a relatively small mass [8–11]. In the 4D picture, this corresponds to a
balance between a marginal and a slightly irrelevant deformation of the gluon sector of the
CFT. At high temperature, the system is in an AdS-Schwarzschild (AdS-S) phase involving
a single ultraviolet (Planck) brane, providing the UV cutoff of the theory. The free energy
of the AdS-S phase is given by

FAdS−S = −4π4(Ml)3T 4, (5)

4

The tunneling value       can be as low as μr

Konstandin Servant ‘11



key point: value of the field at tunneling is much 
smaller than value at the minimum of the potential

nucleation temperature very small
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Figure 1: The tunnel action S3/T as a function of T/Tc for a typical near-conformal potential

(solid line) (we used the Goldberger-Wise potential for illustration) and for a usual polynomial
Higgs potential (dashed line). The horizontal blue line indicates the tunneling value S3/T ∼
4 log(MP l/MEW ) ∼ 140. For a standard potential, the nucleation temperature is always close to

the critical one, unless some fine-tuning is involved. For a near-conformal potential, supercooling is
a general feature and the nucleation temperature can easily be several orders of magnitude below

the critical temperature.

obtained by exploiting the near-conformal behavior of the system1. For a certain bounce
solution with release point µr, the potential is approximated by

V (µ) ≈ µ4P ((µr/µ0)
ε) ≡ −µ4κ. (12)

The conformal invariance of the potential then allows to determine the action and the corre-
sponding nucleation temperature Tn as (we only consider the O(3) symmetric tunnel action
here)

S3/T % 290κ−3/4(Ml)3, Tn % 0.1κ1/4µr, (13)

where M denotes the 5D Planck mass and l is related to the 5D curvature of the system.
If the release point approaches either the minimum or the maximum of the potential, P

(and hence κ) becomes small according to the potential of the form (8) with small ε. This
is reasonable, since for µr → µ− the action becomes large (and Tn → Tc), while for µr → µ+

the temperature drops significantly and hence a large S3/T results.

1We follow the notation and analysis of [32].

6

critical value

bubble action

Servant-Konstandin ‘11
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keep this in mind, 
will be relevant later in the talk.
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Are the Dark Matter 
and baryon abundances related ?

 ΩΩDM≈ 5 ΩΩbaryons 

18

a non-coincidence

Atoms:      4.9 %

Photons:   0.0022 %

Neutrinos: 0.0016 %

Particle-antiparticle asymmetry

Relativistic 
thermal relics
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-> natural WIMP-baryogenesis Connection:
 Asymmetric dark matter

Asymmetric dark matter 

• WIMP paradigm assumes symmetric DM 
– Equal DM and antiDM densities (or DM = antiDM) 

• DM can have an asymmetry (if DM antiDM) 
– DM becomes similar to baryon asymmetry 

Initial B 
asymmetry 

Initial DM 
asymmetry 

annihilation 

Residual 
asymmetric 
component 
remains 

and the Higgs may be responsible for the transfer of asymmetries 
Servant & Tulin, PRL 111, 151601 (2013)

Scenario I: Dark Matter is a WIMP



L � 1

⇤2
(H†X2)

2 + yHX̄2X1H + h.c

Minimal illustrative example

 Just add to the Standard Model 2 vector-like fermions:
 a singlet X1 (Dark matter) and one EW doublet X2  whose role is to 
transfer the asymmetries between the visible and dark sectors

Asymmetric Wimps may follow automatically from standard 
leptogenesis due to Higgs couplings to the Dark sector 

(`Higgsogenesis idea’)
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FIG. 1: Left: Schematic representation of the charge transfer dynamics of case I. A primordial B�L charge generates a Higgs asymmetry,
which subsequently flows to X2 by the Higgs transfer operator. When this operator freezes out at Ttr , the visible and X sectors are no longer
in chemical equilibrium and X charge is frozen in. Later, X2 ! X1H decays transfer the DM asymmetry to X1. Right: For case I, the red
solid lines represent the contours for the correct DM relic abundance for given ⇤2. The shaded area is excluded to guarantee m1 < m2 and
m2 & 100 GeV. For the smallest ⇤2 values that lead to a large range of DM masses at the (sub)TeV scale and m1 . xfTew ⇠ 3 TeV, the
symbols on the contours indicate the yH -dependent lower bounds on (m1,m2) for X1-X̄1 oscillations to start after X1 freeze-out.

Tosc ⇠ min(Tew,
p

�1Mpl), with no gauge scattering to de-
lay their onset. The “min” corresponds to the fact that �1 is
proportional to the Higgs vev and becomes nonzero only after
the EWPT. If ⇤1 ⇠ ⇤2 and Ttr < Mpl, then �1 & v2/Mpl

and Tosc ⇠ Tew. The only way to avoid erasure of the X1

asymmetry is if annihilation freezes out before Tew, requir-
ing either multi-TeV DM or an unusually small Tew ⌧ 100

GeV [5]. On the other hand, if ⇤1 � ⇤2, then �1 is sup-
pressed by ✓ ⌧ 1. In this case, imposing that X1 freezes
out before oscillating leads to lower bounds on m1 and m2,
which depend on the value of the Yukawa coupling yH . This
is illustrated in Fig. 1, where the symbols on the red contours
indicate the lowest allowed masses (for a given yH ) for the
asymmetry not to be erased by oscillations. There is no such
bound for m1 & xfTew ⇠ 3 TeV.

Case II — Asymmetry from the X sector: Next, we con-
sider an alternative case where an asymmetry from the X sec-
tor is transferred to the visible sector, thereby generating the B
asymmetry. At some initial time an X asymmetry is generated
(e.g., a heavy scalar may decay out-of-equilibrium, with CP-
violating rates for X1X1, ¯X1

¯X1 final states). The X1 asym-
metry generates a chemical potential for H , which flows to the
visible sector through Yukawa and sphaleron interactions (see
Fig. 2). As before, the resulting B asymmetry is determined
by requiring these interactions to be in chemical equilibrium
(with Y = 0), given by Eqs. (3-6). We have

nB

nX
=

12kX2

13kX1kX2 + 316(kX1 + kX2)

, (10)

even though B�L is zero. We also require that the dimension-
five operators are not in equilibrium, which otherwise would
wash out this asymmetry. That is, we do not impose Eqs. (7);
otherwise the only solution is nX = nB = 0.

The B asymmetry freezes-out at the EWPT. In the limit that
the EWPT is instantaneous, the B-to-X charge ratio is fixed
by Eq. (10) at Tew, given by

✓
nB

nX

◆

Tew

⇡
(

0.024 m1,2 ⌧ Tew

0.076

⇣
m2
m1

⌘3/2
e� m2�m1

Tew m1,2 � Tew
.

(11)
Values of nB/nX at Tew are shown in Fig. 2.

The finite duration of the EWPT causes additional washout
of nB . Since µH is rapidly relaxed to zero during the
EWPT (since the vacuum violates Higgs number), the B
asymmetry also relaxes away if sphalerons are still active.
The washout factor W has been calculated from the finite
temperature sphaleron rate after the EWPT to be W ⇡
exp(�10

10⇣7e�⇣
) where  ⇠ 0.001 is the fluctuation deter-

minant (for mh = 125 GeV) and ⇣ = Esph(Tc)/Tc gives the
sphaleron barrier energy at the critical temperature Tc [12].

Ultimately, the baryon asymmetry today is

nB/s = W (nB/nX)Tew
(nX/s)in , (12)

where (nX/s)in is the initial X charge asymmetry, and s
is the entropy density. Since (nB/nX)Tew . 10

�2 and
(nX/s)in . g�1

⇤ ⇠ 10

�2, we require W & 10

�6 to achieve

 Asymmetric Dark Matter from Lepto/Baryogenesis

  Such a scenario  does not require new states that carry baryon or lepton 
number, unlike other Asymmetric DM models.

Assume a primordial B-L asymmetry. It induces a Higgs asymmetry which flows 
into the dark sector



Scenario II:

Can it play any role in baryogenesis?

 Dark matter is the QCD axion

Unique paper addressing this question so far was:
Kuzmin, Shaposhnikov, Tkachev ’92 
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Baryogenesis from Strong CP violation 

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 

Real quark 
mass 

Phase from 
Yukawa coupling 

Angle 
variable 

Remove phase of mass term by chiral transformation of quark fields 

today

 promoted to a dynamical field which relaxes to zero, 
 to minimize the QCD vacuum energy.⇥̄ ! a(x)

fa

in early universe, before the axion gets a mass around the QCD scale

|⇥̄| ⇠ 1

as explained by Peccei-Quinn mechanism:

Could      have played any role during the EW phase transition?⇥̄

Servant’14, 1407.0030
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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
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Z 1

0
dx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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q
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(23)
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X

i

!
Ti

T

"
3 45gi
4!4

Z 1
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dx
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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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master equation for EW baryogenesis:

rate of Chern-
Simons transitions

chemical potential 
from CP-violating 
source inducing a 
non-vanishing 
baryon number 

where NF is the number of families, F is the EW field strength and NCS =
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the Chern-Simons number. Variations in the baryon number are related to variations in the
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where we made an approximation in which ⇣ is replaced by its spatial average L�3
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Therefore, the time derivative of ⇣ can be interpreted as a time-dependent chemical potential
for Chern-Simons number and Leff takes the form
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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
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Operator relevant for baryogenesis:

time-varying function
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suppressed by the scale of new physics M . 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.
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using the sphaleron rate in the symmetric phase
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3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.
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dt
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(14)

Cold baryogenesis requires u & 0.1 []. In the SM, the e↵ective Higgs mass varies solely
because of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then
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This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.

µ2
e↵(t) = µ2 � ����

2(t). (16)

Then
u ⇠ ���

1/2µ�2 �̇|tq . (17)

From energy conservation (�̇)2 ⇠ O(V ) ⇠ µ4 and we see that we can naturally get order 1
quenching parameter as it is no longer controlled but the Hubble parameter. This additional
coupling of the Higgs is what the cold baryogenesis scenario assumes. The goal of this paper
is to provide a natural motivation for such an assumption. Earlier proposal rely on adhoc
potential in which the masses pf the scalars are not protected. Instead, we show that the
mechanism can be implemented in a well-motivated framework where the smallness of the
scalar masses is under control and does not require fine-tuning.

This is a follow-up on our previous work where we already made these claims.
We now make these statements more precise and explicit.
In the case where � is the dilaton/radion we actually have:

V = V (�) +
�

4
(�2 � c�2)2 (18)
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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. (12)

This has been extensively used in baryogenesis scenarios in the past. The produced baryon
asymmetry is given by
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where Treh is the reheat temperature after the EW phase transition and is of the order of the
Higgs mass. It may be significantly higher than the temperature of the EW phase transition,
TEWPT , if the EW phase transition was delayed and completed after a supercooling stage [17].
For standard EW baryogenesis, Teff = TEWPT = Treh. In contrast, the key-point for cold
baryogenesis is that Teff 6= TEWPT [17]. Teff should be viewed as an e↵ective temperature
associated with the production of low-momentum Higgs modes during quenching. It is
significantly higher than the temperature of the EW phase transition. It is a way to express
the very e�cient rate of baryon number violation in terms of the equilibrium expression
� ⇠ ↵4

wT
4 although the system is very much out-of equilibrium. We will come back to this

in Section 4.
As a new source of CP violation, most studies of cold baryogenesis have relied on the

e↵ective dimension-6 operator given in Equation (5), i.e.
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The resulting baryon asymmetry is given by
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Using Teff & 5Treg [26], we can have a large enough asymmetry in the context of cold
baryogenesis and satisfy the bound M & 65 TeV from the electron electric dipole moment.

In summary, the time-varying VEV of the Higgs field enables successful cold baryogenesis.
What we are instead going to use in our proposal is that ⇣ is actually fueled by the time
variation of the axion mass around the QCD scale, while the rate of Chern–Simons transitions
is non-zero because of the EW phase transition being delayed at the QCD scale in the context
of dilaton-induced EW symmetry breaking.
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In summary, the time-varying VEV of the Higgs field enables successful cold baryogenesis.
What we are instead going to use in our proposal is that ⇣ is actually fueled by the time
variation of the axion mass around the QCD scale, while the rate of Chern–Simons transitions
is non-zero because of the EW phase transition being delayed at the QCD scale in the context
of dilaton-induced EW symmetry breaking.

5
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CP violation 

Therefore,  we expect that a coupling of the type ~ 

2

arise via dimensional transmutation, i.e. from an addi-
tional coupling of the axion to the gauge fields of some
strongly coupled hidden sector. Given a dynamical scale
⇤H in this hidden sector, the axion mass is then of
O �

⇤2

H/fa
�
. For consistency, we require ma to be smaller

than H
inf

, the Hubble rate at the end of inflation:

ma . H
inf

. (3)

When inflation is over, the axion field remains practically
at rest until the Hubble parameter drops to H

osc

= ma.
Once the axion field is in motion, the e↵ective Lagrangian
contains the term

L
e↵

� g2
2

32⇡2

a(t)

fa
FF̃ = � a(t)

Nffa
@µ

�
 ̄�µ 

�
(4)

=
@ta(t)

Nffa

�
 ̄�0 

�
+ · · · = µ

e↵

j0 + · · · , (5)

with g
2

being the SU(2) gauge coupling and Nf = 3 the
number of fermion generations in the standard model,
where we have used the anomaly equation in Eq. (4), and
integration by parts in Eq. (5). In the following, we will
absorb Nf in our definition of fa and simply determine
the e↵ective chemical potential as µ

e↵

= ȧ/fa.
Now the necessary conditions for generating a lepton

asymmetry are satisfied. A nonzero e↵ective chemical
potential shifts the energy levels of particles as compared
to antiparticles. If lepton number is not conserved, the
minimum of the free energy in the plasma is reached for a
di↵erent number density of leptons than for antileptons,
i.e. for nL ⌘ n` � n

¯` 6= 0. Instead, if the lepton number
violation is very rapid, the minimum of the free energy
is obtained for an equilibrium number density of

neq

L =
4

⇡2

µ
e↵

T 2. (6)

Lepton number violation is mediated by the exchange
of right-handed neutrinos. In contrast to thermal lepto-
genesis [13], we will assume all heavy right-handed neu-
trino masses to be close to the scale of grand unification
(GUT), Mi ⇠ O �

10�1 · · · 1�⇤
GUT

⇠ 1015 · · · 1016 GeV,
so that the heavy neutrinos are never thermally pro-
duced on the mass shell, i.e. T ⌧ Mi at all times. In
the expanding universe, the evolution of the lepton num-
ber density nL is described by the Boltzmann equation

ṅL + 3HnL ' �4neq

` �
e↵

(nL � neq

L ) , (7)

where neq

` = 2/⇡2 T 3 and with �
e↵

⌘ h�
�L=2

vi denoting
the thermally averaged cross section of two-to-two scat-
tering processes with heavy neutrinos in the intermediate
state that violate the lepton number by two units,

�L = 2 : `i`j $ HH , `iH $ ¯̀
jH̄ , (8)

`Ti =
�
⌫i ei

�
, HT =

�
h
+

h
0

�
, i, j = 1, 2, 3 .

We note that the term proportional to neq

L now acts as a
novel production term for the lepton asymmetry, as long
as the axion field is in motion. For center-of-mass ener-
gies much smaller than the heavy neutrino mass scale,p
s ⌧ Mi, the e↵ective cross section �

e↵

is practically
fixed by the experimental data on the light neutrino sec-
tor [14], assuming the seesaw mass matrix [15]:

�
e↵

⇡ 3

32⇡

m̄2

v4
ew

' 1⇥ 10�31 GeV�2 , m̄2 =
3X

i=1

m2

i , (9)

where v
ew

' 174GeV and where we have assumed that
the sum of the light neutrino masses squared is of the
same order of magnitude as the atmospheric neutrino
mass di↵erence, �m2

atm

' 2.4⇥ 10�3 eV2 [16].
For a

0

⌧ M
Pl

, and as long as H � ma, i.e. prior to the
onset of the axion oscillations, the axion energy density
⇢a is much smaller than the total energy density ⇢

tot

=
⇢'+ ⇢R + ⇢a ⇡ ⇢'+ ⇢R, where ⇢' and ⇢R are the energy
densities of the inflaton and of radiation. Reheating is
described by a system of equations:

⇢̇' + 3H⇢' = ��'⇢' , ⇢̇R + 4H⇢R = +�'⇢' , (10)

H2 ⌘ �
Ṙ/R

�
2

=
⇢
tot

3M2

Pl

, ⇢
tot

⇡ (⇢' + ⇢R) , (11)

where �' is the inflaton decay rate. The inflaton must
not decay before the end of inflation, which implies

�' . H
inf

. (12)

The solution for the temperature, T 4 ⌘ ⇡2/3/g⇤ ⇢R,
according to Eqs. (10) and (11) shows the following char-
acteristic behavior: within roughly one Hubble time after
the end of inflation, T quickly rises to its maximal value,

T
max

' 5⇥ 1013 GeV

✓
�'

109 GeV

◆
1/4✓

H
inf

1011 GeV

◆
1/2

, (13)

after which the temperature decreases because the en-
ergy density is dominated by the inflaton oscillations
(which scale as matter). During reheating, the tempera-
ture drops as T / R�3/8 until radiation comes to dom-
inate at time t = t

rh

' ��1

' , when ⇢R = ⇢', and the
reheating temperature is

T
rh

' 2⇥ 1013 GeV

✓
�'

109 GeV

◆
1/2

. (14)

After the end of reheating, i.e. for t > t
rh

, the expansion
is then driven by relativistic radiation and the tempera-
ture simply decreases adiabatically, T / R�1. In the case
of a large axion decay constant, this phase of radiation
domination, however, does not last all the way to the time
of primordial nucleosynthesis. Instead, the axion comes
to dominate the total energy density at some time prior
to its decay, which marks the beginning of yet another

will induce from the motion of the axion field a chemical 
potential for baryon number given by 

This is non-zero only once the axion starts to oscillate after it 
gets a potential around the QCD phase transition.

@ta(t)

fa



30

Baryogenesis from Strong CP violation 
To see the explicit dependence on the axion mass , let us 
write the effective lagrangian generated by SU(3) instantons

Kuzmin, Shaposhnikov, Tkachev ’92 

A condensate for           induces a mass for the axion :

nB = nf

Z
dt
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and so using the sphaleron rate in the symmetric phase � = 30↵5
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Leff =
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F 2
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8⇡
GG̃
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8⇡
FF̃ (13)

The axion dev induces a condensate of GGtilde so that one gets

↵s

8⇡
hGG̃i = m2

a(T )f
2
a sin ✓ (14)

3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.

u ⌘ 1

m3
H

dµ2
e↵

dt

����
T=Tq

(15)

Cold baryogenesis requires u & 0.1 []. In the SM, the e↵ective Higgs mass varies solely
because of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then

uSM ⇠ 1

µ3

d

dt
(µ2 � cT 2)

����
T=Tq

⇠ H

µ

����
Tq

⇠ TEW

MP l

⇠ 10�16 (16)

This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.

µ2
e↵(t) = µ2 � ����

2(t). (17)

Then
u ⇠ ���

1/2µ�2 �̇|tq . (18)

From energy conservation (�̇)2 ⇠ O(V ) ⇠ µ4 and we see that we can naturally get order 1
quenching parameter as it is no longer controlled but the Hubble parameter. This additional
coupling of the Higgs is what the cold baryogenesis scenario assumes. The goal of this paper
is to provide a natural motivation for such an assumption. Earlier proposal rely on adhoc
potential in which the masses pf the scalars are not protected. Instead, we show that the
mechanism can be implemented in a well-motivated framework where the smallness of the
scalar masses is under control and does not require fine-tuning.

This is a follow-up on our previous work where we already made these claims.

4

this leads to:

⌘ ⇣(T )
time variation of 
axionic mass and 
field is source for 

baryogenesis

GG̃

3 Axion-induced CP violation

The e↵ective vacuum angle in Eq. 2 is of order 1 until temperatures of 1 GeV,

⇥̄ = a/fa ⇠ O(1) for T & 1 GeV, (18)

and then quickly drops as the axion gets a mass and starts oscillating around the minimum
of its potential. Our goal is to investigate whether these large values of ⇥̄ at early times can
have any implications for EW baryogenesis. The axion lagrangian reads:

La = L(@µa) � 1

2
@µa@µa+

a
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↵s

8⇡
GG̃ (19)

so that
@Veff

@a
= � 1
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↵s

8⇡
GG̃ (20)

Gluon condensation from SU(3) instantons leads to a VEV for GG̃ and a potential for the
axion that can be written as

V = f 2
⇡m

2
⇡(1 � cos

a
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) ⇡ f 2
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2
a(1 � cos

a

fa
). (21)

As a result
↵s

8⇡
hGG̃i = f 2

am
2
a sin ⇥̄. (22)

To make a connection between the axion and EW baryogenesis, we have to construct an
e↵ective operator gathering gluons and EW gauge bosons. The main point of the previous
section can be summarized as

Leff =
↵W

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

d

dt
⇣(T ) (23)

An operator of the type (9) can arise, where ⇣ is controlled by the axion mass squared. In
particular, the ⌘0 meson, which is a singlet under the approximate SU(3) flavor symmetry
of strong interactions, can couple to both GG̃ and FF̃ . At temperatures below the ⌘0 mass,
m⌘0 ⇡ 958 MeV, we can use the e↵ective operator
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where 1/M4 = 10/(F 2
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2
⌘0) [16]. We end up with
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As announced earlier, the time variation of the axion field and mass is a source for baryoge-
nesis:
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3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.
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T=Tq

(16)

Cold baryogenesis requires u & 0.1 []. In the SM, the e↵ective Higgs mass varies solely
because of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then
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This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.

µ2
e↵(t) = µ2 � ����

2(t). (18)

Then
u ⇠ ���

1/2µ�2 �̇|tq . (19)

From energy conservation (�̇)2 ⇠ O(V ) ⇠ µ4 and we see that we can naturally get order 1
quenching parameter as it is no longer controlled but the Hubble parameter. This additional
coupling of the Higgs is what the cold baryogenesis scenario assumes. The goal of this paper
is to provide a natural motivation for such an assumption. Earlier proposal rely on adhoc
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3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.

u ⌘ 1

m3
H

dµ2
e↵

dt

����
T=Tq

(14)

Cold baryogenesis requires u & 0.1 []. In the SM, the e↵ective Higgs mass varies solely
because of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then

uSM ⇠ 1
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dt
(µ2 � cT 2)
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⇠ TEW
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This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.

µ2
e↵(t) = µ2 � ����

2(t). (16)

Then
u ⇠ ���

1/2µ�2 �̇|tq . (17)

From energy conservation (�̇)2 ⇠ O(V ) ⇠ µ4 and we see that we can naturally get order 1
quenching parameter as it is no longer controlled but the Hubble parameter. This additional
coupling of the Higgs is what the cold baryogenesis scenario assumes. The goal of this paper
is to provide a natural motivation for such an assumption. Earlier proposal rely on adhoc
potential in which the masses pf the scalars are not protected. Instead, we show that the
mechanism can be implemented in a well-motivated framework where the smallness of the
scalar masses is under control and does not require fine-tuning.

This is a follow-up on our previous work where we already made these claims.
We now make these statements more precise and explicit.
In the case where � is the dilaton/radion we actually have:

V = V (�) +
�

4
(�2 � c�2)2 (18)
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Temperature dependence of axion mass

and the different parameters by
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The quark thresholds are treated within the effective field
theory language, where decoupling is enforced by hand
and continuity is achieved through matching conditions.

We also give a very simple approximation to the dilute
gas result in the form of a power-law, as in earlier work
[52,53],

m2
a ¼

!a!
4

f2aðT=!Þn ; (22)

where n ¼ 6:68 and ! ¼ 1:6810#7, from (21); it compares
well with [52]. We believe it is a coincidence that such a
simple fit, based solely on the high temperature regime,
still gives such a good overall approximation to the much
more elaborate result of the IILM simulations, see Fig. 2.

We found that the instanton ensemble is very distinct
from a noninteracting system. Corroborating earlier ideas
on the instanton liquid at finite temperature [24], we found
a population of instanton–anti-instanton molecules and a
noninteracting remnant. The molecules do not lead to
charge fluctuations and, hence, the axion mass is deter-
mined by the random subensemble. It turns out that the
latter have a concentration that just matches the dilute gas
approximation. We believe this is an unfortunate coinci-
dence; in particular, we have found within a toy model that,

depending on the interaction and screening effects, a differ-
ent high temperature behavior can occur: for stronger
interactions the molecule concentration can become higher
so that the noninteracting subensemble acquires a lower
density, and hence a lower axion mass, compared to the
dilute gas estimate [24]. A crude argument within the IILM
gave evidence that at higher temperatures, with more active
quark flavours, the fermionic interactions might outweigh
the screening effects and the molecule concentration could
increase. For temperatures below the charm or even the
bottom threshold, the molecule concentration will, how-
ever, decrease as the screening effects dominate over the

T (GeV)
0 0.05 0.1 0.15 0.2 0.25

)4
 (G

eV
a2

 f a2
m

-710

-610

-510

-410

IILM
Lattice inspired
DGA [Turner]
DGA [Bae et al]
DGA [this paper]

T (GeV)
0 0.2 0.4 0.6 0.8 1 1.2

)4
 (G

eV
a2

 f a2
m

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

IILM
Lattice inspired
DGA [Turner]
DGA [Bae et al]
DGA [this paper]

FIG. 2 (color online). Shown are the mass for the QCD axion
from IILM simulations (19), from a lattice-inspired fit that uses
the IILM mass shifted towards higher temperatures to mimic the
phase transition at Tlat

c & 160 MeV, from the classic dilute gas
approximation (DGA) by Turner [53] and its update by Bae et al.
[52], and from the DGA derived in this paper (22). The simple
power-law DGA axion masses are cutoff by hand once they
exceed maðT ¼ 0Þ and give a surprisingly good approximation
to the full IILM result; we believe this is a coincidence. The
differences that persist to high temperatures, between the update
and our DGA model, arise from the slightly different quark
masses. Our choice has the merit that the masses were deter-
mined self-consistently within the IILM at T ¼ 0 [51].
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FIG. 1 (color online). The mass for the QCD axion follows
from the topological susceptibility, m2

af
2
a ¼ ". The fit goes over

to the dilute gas approximation for moderately high temperatures
T & 400 MeV, in accordance with the IILM data. Note that the
large errors are mostly due to the large uncertainties in the
determination of !, used to set dimensions.
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3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.
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Cold baryogenesis requires u & 0.1 []. In the SM, the e↵ective Higgs mass varies solely
because of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then
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For T > Tt = 102.892 MeV
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3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.
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Cold baryogenesis requires u & 0.1 []. In the SM, the e↵ective Higgs mass varies solely
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3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.
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1) For the axion to be the source of baryogenesis, the EW 
phase transition should be delayed down to ~ 1 GeV. Fine ... but

Kuzmin, Shaposhnikov, Tkachev ’92 
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3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.
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dµ2
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����
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(13)

Cold baryogenesis requires u & 0.1 []. In the SM, the e↵ective Higgs mass varies solely
because of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then

uSM ⇠ 1
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d
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This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.

µ2
e↵(t) = µ2 � ����

2(t). (15)

Then
u ⇠ ���

1/2µ�2 �̇|tq . (16)

From energy conservation (�̇)2 ⇠ O(V ) ⇠ µ4 and we see that we can naturally get order 1
quenching parameter as it is no longer controlled but the Hubble parameter. This additional
coupling of the Higgs is what the cold baryogenesis scenario assumes. The goal of this paper
is to provide a natural motivation for such an assumption. Earlier proposal rely on adhoc
potential in which the masses pf the scalars are not protected. Instead, we show that the
mechanism can be implemented in a well-motivated framework where the smallness of the
scalar masses is under control and does not require fine-tuning.

This is a follow-up on our previous work where we already made these claims.
We now make these statements more precise and explicit.
In the case where � is the dilaton/radion we actually have:

V = V (�) +
�

4
(�2 � c�2)2 (17)

where
c = vp/k (18)

where vp is the Higgs vev in the 5D

4

Conclusion of the authors: 
This kills baryogenesis from strong CP violation. 
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2) and there should not be any reheating -> unacceptable as                       .Treh ⇠ mh

⇠ ⇥̄(Teff )

3 Axion-induced CP violation

The e↵ective vacuum angle in Eq. 2 is of order 1 until temperatures of 1 GeV,

⇥̄ = a/fa ⇠ O(1) for T & 1 GeV, (18)

and then quickly drops as the axion gets a mass and starts oscillating around the minimum
of its potential. Our goal is to investigate whether these large values of ⇥̄ at early times can
have any implications for EW baryogenesis. The axion lagrangian reads:

La = L(@µa) � 1

2
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Gluon condensation from SU(3) instantons leads to a VEV for GG̃ and a potential for the
axion that can be written as
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To make a connection between the axion and EW baryogenesis, we have to construct an
e↵ective operator gathering gluons and EW gauge bosons. The main point of the previous
section can be summarized as
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d

dt
⇣(T ) (23)

An operator of the type (9) can arise, where ⇣ is controlled by the axion mass squared. In
particular, the ⌘0 meson, which is a singlet under the approximate SU(3) flavor symmetry
of strong interactions, can couple to both GG̃ and FF̃ . At temperatures below the ⌘0 mass,
m⌘0 ⇡ 958 MeV, we can use the e↵ective operator
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As announced earlier, the time variation of the axion field and mass is a source for baryoge-
nesis:
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6

B-violation and time-variation of axion mass should occur at 
the same time...

Besides, in this case, axion 
oscillations would start too late and 

would overclose the universe
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However, conclusion becomes positive if you involve Cold baryogenesis.

In 1992, the mechanism of cold baryogenesis was not yet known

Cold baryogenesis arises naturally in models where EW symmetry 
breaking is induced by the radion/dilaton vev.

Cold baryogenesis cures it all as 
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In cold baryogenesis
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4

--> large enough baryon asymmetry even for ⇥̄(T ) & 10�6

key point: Teff 6= TEWPT

So even if TEWPT . ⇤QCD Teff & Treh ⇠ mHwe can have

We have to impose that this temperature never exceeds the sphaleron freese-out temperature
[28]

Treh < 130 GeV (52)

which leads to a constraint on the dilaton mass. Since f ⇠ O(TeV ), this means that the
dilaton should be O(100) GeV. We plot this constraint in Fig. 4 for typical dilaton-like
potentials used in the literature. Constructions that lead naturally to such a light dilaton
have been recently discussed in Ref. [45, 50–53]. LHC constraints on an EW scale dilaton
were presented before the Higgs discovery in [54–57]. Interpretation of the Higgs discovery
in terms of a Higgs-like dilaton [58] has then been considered in [59, 60]. We are instead
interested in a scenario where in addition to the 125 GeV Higgs, there is a light dilaton,
which is a less constrained option, see e.g [61–63], and a careful analysis of CMS and ATLAS
data is generally definitely worthwhile and will be a key-test for our scenario in particular.

6 Conclusion

We have shown that the QCD axion could play a key role in providing the new source
of CP violation in baryogenesis, therefore linking the origin of dark matter to that of the
matter antimatter asymmetry of the universe. This can be achieved provided that the EW
phase transition is delayed due to a coupling between the Higgs field and an EW scale
dilaton. The nearly conformal dynamics which has been advocated to protect the EW scale
naturally provides the condition for Higgs quenching as needed in the framework of cold
baryogenesis. In terms of the QCD angle ⇥̄ = a/fa, the produced baryon asymmetry scales
as, for TEWPT . ⇤QCD,

nB

s
⇠ 10�8

✓
Teff

Treh

◆3

sin ⇥̄
��
EWPT

(53)

where Teff measures the e↵ective temperature of Chern–Simons transitions during the
quench. Since sin ⇥̄(⇤QCD)  10�3, we need Teff/Treh & 5 to get a large enough baryon
asymmetry (see Fig. 2). This is precisely what lattice simulations of cold baryogenesis pre-
dict, Teff/Treh ⇠ 30 � 40 [26].

The possibility that the axion could be responsible for the matter antimatter asymmetry
of the universe had been discarded back in 1992 in Ref. [16], while the cold baryognesis pro-
posal was not yet known. In Ref. [16], which was carried out in the context of standard EW
baryogenesis, Teff was taken to be around ⇤QCD, the temperature at which the axion mass
is unsuppressed. Therefore, there was no way to get a su�ciently large baryon asymmetry
since the reheat temperature after the EW phase transition has to be around the EW scale.
The key point we have stressed here is that in the context of cold baryogenesis, the e↵ective
temperature characterizing baryon number violation may be significantly higher than the
actual temperature of the universe. Therefore, even if the EW phase transition takes place
at T ⇠ ⇤QCD in order for the strong CP violation to be maximal, we can have Teff ⇠ O(100)
GeV, as shown by extensive numerical simulations of cold baryogenesis. As a result, a re-
heat temperature of order O(100) GeV as predicted in models where the dilaton mass is
⇠ O(100) GeV is still compatible with a su�ciently large baryon asymmetry. An important
constraint is that the reheat temperature after the dilaton gets its VEV and induces the EW
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Cold baryogenesis in a nutshell
EW symmetry breaking is triggered  through a coupling of the Higgs to a rolling field

Higgs mass squared is not turning negative as a simple consequence of the cooling of 
the universe  but because  of its coupling to another field which is rolling down its 

potential. The Higgs is "forced" to acquire a vev by an extra field -> Higgs quenching
 

 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.

V (σ, φ) =
λ

4
(φ2 − v2)2 +

1

2
m̃2σ2 +

1

2
g2σ2φ2 . (1)

During inflation, the inflaton is large, σ " σc ≡ M/g,
and the effective mass of φ is, therefore, large and pos-
itive. As a consequence, the Higgs field is fixed at
φ = 0 and does not contribute to the metric perturba-
tions that gave rise to the observed CMB anisotropies.
As the inflaton field slowly rolls in the effective potential
V (σ) = V0 + m̃2σ2/2, it will generate the perturbations
observed by COBE on large scales [16]. Eventually, the
inflaton reaches σ = σc, where the Higgs has an effective
zero mass, and at this point the quantum fluctuations of
the Higgs field trigger the electroweak symmetry break-
ing and inflation ends. The number of e-folds of inflation
required to solve the horizon and flatness problems is
given by

Ne $ 34 + ln
( Trh

100 GeV

)

. (2)

The fluctuations seen by COBE on the largest scales
could have arisen in this model, Ne $ 34 e-folds before
the end of inflation. The observed amplitude and tilt of
CMB temperature anisotropies [16,17], δT/T $ 2×10−5,
and n−1 <∼ 0.1, imposes the following constraints on the
model parameters [18]:

g
( v

MPl

)3 M2

m̃2
$ 1.2 × 10−5 , (3)

n − 1 =
1

π

(MPl

v

)2 m̃2

M2
< 0.1 . (4)

For example, for v = 246 GeV (the electroweak symmetry
breaking vacuum expectation value), λ $ 1, and g $ 0.1,
we find m̃ $ 2 × 10−12 eV, and it turns out that the
spectrum is essentially scale-invariant, n−1 $ 5×10−14.
These parameters give a negligible rate of expansion dur-
ing inflation, H $ 7 × 10−6 eV, and a reheating temper-
ature Trh $ 70 GeV. However, the relevant masses for us
here are those in the true vacuum, where the Higgs has
a mass m

H
=

√
2λ v $ 350 GeV, and the inflaton field a

mass m = gv $ 25 GeV. Such a field, a singlet with re-
spect to the standard model (SM) gauge group, could be
detected at future colliders because of its large coupling
to the Higgs field [19].

Some comments are in order. The consideration car-
ried out below is qualitatively applicable also to a more
complicated theory than the minimal SM. Let us take the
minimal supersymmetric standard model (MSSM) with
an additional singlet field, the inflaton σ, as an example.
There are three SU(2) invariant couplings of the infla-
ton to the Higgs doublets H1 and H2: g11σ2εαβHα

1 Hβ
1 ,

g22σ2εαβHα
2 Hβ

2 , and g12σ2εαβHα
1 Hβ

2 . The Higgs mass
matrix of the MSSM has the eigenvalues that range
from the lightest, ∼ 100 GeV, to the heaviest, roughly,
500 GeV [19]. In general, the inflaton-Higgs interaction is
not diagonal in the basis that diagonalizes the Higgs mass

0

0.2

0.4

0.6

0.8

1

1.2

-1 0 1 2 3 4 5

σ/σc

V(σ)/V0

m
2
σ
2

FIG. 1. The projected effective potential V (σ)/V0, for the
inflaton field σ/σc after the end of inflation. The dashed line
corresponds to the m2σ2 approximation around the minimum
of the inflaton potential. Due to the shape of the potential at
large σ, initial large-amplitude oscillations of the field σ are
not exactly harmonic.

matrix in the broken-symmetry vacuum. In fact, the en-
tire Higgs mass matrix is important in determining the
conditions for parametric resonance. We will leave the
analysis of multiple Higgs degrees of freedom for future
work because it is too complicated and is not necessary
to illustrate the main idea.

A. Preheating in hybrid inflation

To study the process of parametric resonance after
the end of inflation in this model, let us recall some of
the main features of preheating in hybrid inflation [20].
In hybrid models, after the end of inflation, the two
fields σ and φ start to oscillate around the absolute
minimum of the potential, σ = 0 and φ = v, with
frequencies that are much greater than the rate of ex-
pansion. Other bosonic and fermionic fields coupled to
these may be parametrically amplified until the backre-
action occurs and further rescattering drives the system
to thermal equilibrium. Initially, rescattering of the long-
wavelength modes among themselves drives them to lo-
cal thermal equilibrium, while only a very small fraction
of the short-wavelength modes are excited. The spec-
tral density evolves slowly towards the higher and higher
momenta [21,22]. Eventually, thermalization should oc-
cur through a process that breaks the coherence of the
bosonic modes, e.g. through the decay of the Higgs or
gauge fields into fermions. Such a process is very fast
in the absence of the expansion of the universe. What
prevented the universe from reheating immediately after
inflation in chaotic models was the fact that the rate of
expansion in those models was much larger than the de-
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Cold Baryogenesis
main idea: 

During EWPT, SU(2) textures can be produced. 
They can lead to B-violation when they decay. 

Turok, Zadrozny ’90 
Lue, Rajagopal, Trodden, ‘96

vacua

sphaleron

Higgs winding

gauge dressingby thermal fluctuations

by classical dynamics

by classical dynamics

N
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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
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1) large Higgs quenching to produce Higgs winding number in the 
first place

2)  unsuppressed CP violation at the time of quenching so that a net  
baryon number can be produced

3) a reheat temperature below the sphaleron freese-out 
temperature T ~ 130 GeV   to avoid washout of B by sphalerons

Requirements for cold baryogenesis



The speed of the quench  or quenching parameter 
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characterizing  the rate of change of the effective 
Higgs mass squared at the time of quenching.
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3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.
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Cold baryogenesis requires u & 0.1 In the SM, the e↵ective Higgs mass varies solely because
of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then
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This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.

µ2
e↵(t) = µ2 � ����

2(t). (29)

Then
u ⇠ ���

1/2µ�2 �̇|tq . (30)

From energy conservation (�̇)2 ⇠ O(V ) ⇠ µ4 and we see that we can naturally get order 1
quenching parameter as it is no longer controlled but the Hubble parameter. This additional
coupling of the Higgs is what the cold baryogenesis scenario assumes. The goal of this paper
is to provide a natural motivation for such an assumption. Earlier proposal rely on adhoc
potential in which the masses pf the scalars are not protected. Instead, we show that the
mechanism can be implemented in a well-motivated framework where the smallness of the
scalar masses is under control and does not require fine-tuning.

This is a follow-up on our previous work where we already made these claims.
We now make these statements more precise and explicit.
In the case where � is the dilaton/radion we actually have:

V = V (�) +
�

4
(�2 � c�2)2 (31)

where
c = vp/k (32)

where vp is the Higgs vev in the 5D
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Figure 7: The evolution of Chern-Simons number in time, mH = 2 mW (left), mH =
√

2 mW

(right).
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Figure 8: The evolution of winding number in time, mH = 2 mW (left), mH =
√

2 mW (right).

4.3 Full simulation

In order to capture the full dependence on quench time and Higgs mass, we need to include

the CP-violation completely in the dynamics. Figure 7 shows the average Chern-Simons

number for various quench times. Figure 8 is the corresponding winding number. We notice

that the mass dependence found in [1] is robust, and not a pathology of an instantaneous

quench. For mH = 2mW , the fastest quenches mHtQ = 0, 9 lead to an asymmetry of

opposite sign to δcp. For slower quenches, the noise dominates and we can only conclude

that the final asymmetriy is consistent with zero. In contrast, for mH =
√

2mW , the

asymmetry has the same sign as δcp, and it is maximal for intermediate quench times

mH tQ = 18. Recall also the maximal boosting of ∆cs in section 3 was seen at these quench

times. In both cases, for mHtQ = 36 and larger the asymmetry appears to vanish. This is

all compiled in figure 9 which shows the final asymmetry versus quench time.

4.4 Higgs field zeros

We have observed in earlier work [14, 24] that the final asymmetry in 〈Ncs〉 can already be

4Notice that one treats φ†φ as an space-independent chemical potential.
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4.3 Full simulation

In order to capture the full dependence on quench time and Higgs mass, we need to include

the CP-violation completely in the dynamics. Figure 7 shows the average Chern-Simons

number for various quench times. Figure 8 is the corresponding winding number. We notice

that the mass dependence found in [1] is robust, and not a pathology of an instantaneous

quench. For mH = 2mW , the fastest quenches mHtQ = 0, 9 lead to an asymmetry of

opposite sign to δcp. For slower quenches, the noise dominates and we can only conclude

that the final asymmetriy is consistent with zero. In contrast, for mH =
√

2mW , the

asymmetry has the same sign as δcp, and it is maximal for intermediate quench times

mH tQ = 18. Recall also the maximal boosting of ∆cs in section 3 was seen at these quench

times. In both cases, for mHtQ = 36 and larger the asymmetry appears to vanish. This is

all compiled in figure 9 which shows the final asymmetry versus quench time.

4.4 Higgs field zeros

We have observed in earlier work [14, 24] that the final asymmetry in 〈Ncs〉 can already be

4Notice that one treats φ†φ as an space-independent chemical potential.
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Cold baryogenesis has been simulated on the lattice where:

-the Higgs quenching is put by hand.
-The new CP-violating source is parametrized by 

 the dimension-6 operator:

The latest electron EDM constraints lead to a bound of M>~ 65 TeV 

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
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=
�

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
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8⇡
⇣ Tr FF̃ =

Z
d4x ⇣ @µj

µ
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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 �,

⇣ =
8⇡

↵W

�†�

M2
(9)

suppressed by the scale of new physics M . 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 =
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8⇡
⇣(T )Tr FF̃ $ Leff = µNCS where µ =

d

dt
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√
2 mW , dashed mH = 2 mW . The quench time mHtQ = 9. The inset is a further

amplification around the initial winding number bump.

seen at earlier times in 〈Nw〉, which may be expected from the fact that the temperature

after the transition is low enough that sphaleron transitions are suppressed and the robust-

ness of winding number under relatively small changes in the fields. The asymmetry in

〈Nw〉 is induced by the CP violating terms in the equations of motion, which are very small

during the first stages of the instability, as monitored roughly by φ2 and B2. Somewhat

later the asymmetry becomes visible in the initial rise and bouncing back of 〈Ncs〉, and a

little later also in 〈Nw〉. The rise in 〈Nw〉 is much smaller than in 〈Ncs〉, presumably since
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Beyond the linear approximation, we can apply methods from non-equilibrium ther-

modynamics [26, 3, 13, 14] to estimate the asymmetry.

One can interpret the CP-violating term as a chemical potential for Chern-Simons

number4 (cf. (2.1,2.6)):

∫

d4xκφ†φTr FF̃ ↔ −
∫

dt µchNcs, µch(t) =
3δcp

m2
W

d

dt
〈φ2(t)〉. (4.2)

Using the CP-even evolution of the diffusion rate Eq. (3.5) and the Higgs average Eq. (3.1),

the average Chern-Simons number can then be estimated through

〈Ncs〉(t) =
1

Teff

∫ t

0
dt′ Γ(t′)µch(t′), (4.3)

where Teff was interpreted in [3] as the effective temperature of the tachyonic modes. We

will not elaborate here on such an interpretation, but merely observe that Teff turns out to

decrease roughly linearly with tQ, and that mH =
√

2mW gives much larger values, figure

6.

Figure 5 compares the result of

0 10 20 30 40
mHtQ

0

10

20

30

40

Teff

Figure 6: The effective temperature in units of
mH as extracted from the thermodynamical treatment.
Squares: mH = 2 mW , circles: mH =

√
2 mW .

Eq. (4.3) to the full simulation. Teff

is chosen to fit the first maximum

of the full simulation. The approxi-

mation nicely reproduces the change

of sign of the asymmetry produced

by the back-reaction. At later times,

the approximation again breaks down.

We will see that this is precisely the

time when the Higgs field acquires a

net winding number [1], the dynam-

ics of which can apparently not be

described by a simple chemical po-

tential with constant Teff . The effec-

tive temperatures as a function of tQ
are shown in figure 6.

Notice in figure 5 that the sign of the asymmetry at later times mHt ∼ 40 has changed

again to positive (the sign of δcp) in the case of mass ratio
√

2, which is not captured by the

thermodynamic treatment. In principle the latter might do better, since the oscillations in

µch(t) and Γ(t) are correlated. In any case, replacing the diffusion rate by its time average

[13]

∫ tmax

0
dt′Γ(t′)µch(t′) → Γ̄

∫ tmax

0
dt′µch(t

′) =
3δcpΓ̄v2

2m2
W

, (4.4)

gives a sign of the asymmetry that is definitely equal to that of δcp, which may be wrong.
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3 The Higgs quench from the dilaton

The quenching time tq is defined as the time when the Higgs mass turns negative.
The speed of the quench or quenching parameter is a dimensionless velocity parameter

characterizing the rate of change of the e↵ective Higgs mass squared at the time of quenching.

u ⌘ 1

m3
H

dµ2
e↵

dt

����
T=Tq

(27)

Cold baryogenesis requires u & 0.1 In the SM, the e↵ective Higgs mass varies solely because
of the cooling of the universe. Using d/dt = �HTd/dT and Tq ⇠ µ ⇠ 100 GeV, the
quenching parameter is then

uSM ⇠ 1

µ3

d

dt
(µ2 � cT 2)

����
T=Tq

⇠ H

µ

����
Tq

⇠ TEW

MP l

⇠ 10�16 (28)

This situation can be changed radically if the Higgs mass is controlled by the time-varying
vev of an additional field � e.g.

µ2
e↵(t) = µ2 � ����

2(t). (29)

Then
u ⇠ ���

1/2µ�2 �̇|tq . (30)

From energy conservation (�̇)2 ⇠ O(V ) ⇠ µ4 and we see that we can naturally get order 1
quenching parameter as it is no longer controlled but the Hubble parameter. This additional
coupling of the Higgs is what the cold baryogenesis scenario assumes. The goal of this paper
is to provide a natural motivation for such an assumption. Earlier proposal rely on adhoc
potential in which the masses pf the scalars are not protected. Instead, we show that the
mechanism can be implemented in a well-motivated framework where the smallness of the
scalar masses is under control and does not require fine-tuning.

This is a follow-up on our previous work where we already made these claims.
We now make these statements more precise and explicit.
In the case where � is the dilaton/radion we actually have:

V = V (�) +
�

4
(�2 � c�2)2 (31)

where
c = vp/k (32)

where vp is the Higgs vev in the 5D

5

(e.g. Randall-Sundrum scenario)
Higgs vev controlled by dilaton vev

a scale invariant function modulated by a slow evolution 
through the        term

similar to Coleman-Weinberg mechanism where a slow RG evolution 
of potential parameters can generate widely separated scales

for   |ε|<<1

V (�) = �4 ⇥ f(�✏) (33)

�✏ (34)

4 Size of strong CP violation in the early universe

The axion dynamics is the same as usual. It starts after the QCD phase transition. And we
precisely care about what happens at the time of this transition. When the axion field starts
rolling down its potential, the field value is large, leading to large CP violation. Kuzmin et al
say, ”the only way to use strong CP violation for baryogenesis is to diminish the temperature
of the EW phase transition” and this is precisely what the dilaton is doing for us. The axion
needs to have a mass otherwise e↵ectively there is e↵ectively no CP violation and therefore
we want the QCD chiral phase transition and EW phase transition to happen at the same
tim

The axion mass is strongly suppressed at temperatures above the QCD scale ⇤QCD but
turns on rapidly when the temperature approaches ⇤QCD, as the non-perturbative QCD
e↵ects associated with instantons have amplitudes proportional to

e�2⇡↵s(T ) ⇡
✓
⇤QCD

T

◆11� 2
3Nf

(35)

where Nf is the number of quark flavors with mass below T. Below ⇤QCD, the axion mass
is suppressed as (⇤QCD/T )4

5 Dilaton constraints

8⇡g⇤T 4
reh

30
= �V (36)

�V ⇠ m2
dh�i2 (37)

Treh < 130 GeV (38)

6 Conclusion

We have shown that the QCD axion could play a key role in providing the new source of
CP violation, in this sense linking the origin of dark matter to that of the matter antimatter
asymmetry of the universe. This can be achieved provided that the EW phase atrnsiton is
delayed due to a higgs-dilaton coupling. The nearly conformal dynamics which protects the
EW scale therefore naturally provides the condition for Higgs quenching as needed in the
framework of cold baryogenesis.

baryogenesis and dark matter could be accounted in a simple
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6 Conclusion

We have shown that the QCD axion could play a key role in providing the new source of
CP violation, in this sense linking the origin of dark matter to that of the matter antimatter
asymmetry of the universe. This can be achieved provided that the EW phase atrnsiton is
delayed due to a higgs-dilaton coupling. The nearly conformal dynamics which protects the
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Figure 2: Prediction for today’s B asymmetry as a function of the temperature of the EWPT
compared with measured value (dotted line). The case Te↵/Treh = 1 (light gray) and Te↵ ⇠ TEWPT

that would characterize standard EW baryogenesis is unfeasible as Treh ⇠ O(mH) � ⇤QCD. The
cases with Te↵/Treh & 10 can easily account for a large B asymmetry and correspond to a quenched
EWPT, as in cold EW baryogenesis. Each band corresponds to varying the initial angle value ⇥̄i in
the range [10�2, ⇡/2]. Left: ma & 3HEW ⇠ 3 ⇥ 1014 GeV, for oscillations starting at T = 0.3 GeV
in the supercooling era before the EWPT. Right: ma . 3HEW , the axion is frozen to its initial
value until after reheating.

4 The Higgs quench from a Higgs-scalar coupling

The key point in this work is to exploit the fact that e�cient B violation can take place at
temperatures below the sphaleron freese-out temperature, under strong out-of-equilibrium
conditions as provided by a quenched EWPT. We summarize here briefly the main features
of cold baryogenesis and refer the reader to the specific literature for more details [17,21–27].

In the standard picture of cold baryogenesis, the tachyonic transition develops when
the Higgs mass squared m2

eff changes sign rapidly due to a coupling of the Higgs to an
additional scalar field. Just before the EWPT, the universe is relatively cold. The dynamics
of spinodal decomposition has been investigated both analytically and numerically [22, 25,
36–40], typically using infinitely fast quench. The Fourier modes of the Higgs field with
low momentum k < µ are unstable and grow exponentially. The rapid rise of the low
momentum modes and the particle number distribution of the Higgs can be seen by solving
�̈(k, t) + (m2

eff (t) + k2)�(k, t) = 0 and assuming instantaneous quenching: m2
eff = +µ2 at

t < 0 and m2
eff = �µ2 at t > 0, t = 0 being the onset of the transition. This leads to

�(k, t) / exp[
p
µ2 � k2t]. Therefore, the energy of the additional scalar field inducing the

quench is converted into long wavelength modes of the Higgs field which then contain a large
fraction of the total energy of the system. These extended field configurations play a key role
in inducing Chern–Simons transitions (see e.g. [31] for a summarized review and references
therein). It is di�cult to predict the final averaged Chern–Simons number analytically. On
the other hand, although we are far from thermal equilibrium, we can use some e↵ective
sphaleron rate to roughly estimate the e↵ect of dilaton-induced baryon-number violation.
The rate of Chern–Simons transitions can be approximated by that of a system in thermal

9

Axion dynamics during a supercooled EW phase 
transition can lead to baryogenesis

requires a coupling between the Higgs and an 
additional light scalar
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4 Size of strong CP violation in the early universe

The axion dynamics is the same as usual. It starts after the QCD phase transition. And we
precisely care about what happens at the time of this transition. When the axion field starts
rolling down its potential, the field value is large, leading to large CP violation. Kuzmin et al
say, ”the only way to use strong CP violation for baryogenesis is to diminish the temperature
of the EW phase transition” and this is precisely what the dilaton is doing for us. The axion
needs to have a mass otherwise e↵ectively there is e↵ectively no CP violation and therefore
we want the QCD chiral phase transition and EW phase transition to happen at the same
tim

The axion mass is strongly suppressed at temperatures above the QCD scale ⇤QCD but
turns on rapidly when the temperature approaches ⇤QCD, as the non-perturbative QCD
e↵ects associated with instantons have amplitudes proportional to

e�2⇡↵s(T ) ⇡
✓
⇤QCD

T

◆11� 2
3Nf

(33)

where Nf is the number of quark flavors with mass below T. Below ⇤QCD, the axion mass
is suppressed as (⇤QCD/T )4

5 Dilaton constraints

8⇡g⇤T 4
reh

30
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6 Conclusion

We have shown that the QCD axion could play a key role in providing the new source of
CP violation, in this sense linking the origin of dark matter to that of the matter antimatter
asymmetry of the universe. This can be achieved provided that the EW phase atrnsiton is
delayed due to a higgs-dilaton coupling. The nearly conformal dynamics which protects the
EW scale therefore naturally provides the condition for Higgs quenching as needed in the
framework of cold baryogenesis.

baryogenesis and dark matter could be accounted in a simple
The possibility that the axion could be responsible for the matter antimatter asymmetry

of the universe had been discarded back in 1992 in Ref. [1], while the cold baryognesis
proposal was not yet known. The key point is that to get the correct baryon asymmetry, we
need (Teff/Treh) not to be smaller than 0.1. In Ref. [1], which was carried out the context
of standard EW baryogenesis, Teff was taken to be ⇤QCD, the temperature at which there
is no suppression from the axion mass. Therefore, the reheat temperature had to be smaller
than 1 GeV, which is not the most common assumption. What we pointed out in this letter
is that in the context of cold baryogenesis, the e↵ective temperature characterizing baryon
number violation may be significantly higher than the actual temperature of the universe.
Therefore, even if the EW phase transition takes place at T ⇠ ⇤QCD in order for the strong
CP violation to be maximal, we can have Teff ⇠ 10 GeV, as shown by extensive numerical
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The possibility that the axion could be responsible for the matter antimatter asymmetry

of the universe had been discarded back in 1992 in Ref. [?], while the cold baryognesis
proposal was not yet known. The key point is that to get the correct baryon asymmetry, we
need (Teff/Treh) not to be smaller than 0.1. In Ref. [?], which was carried out the context
of standard EW baryogenesis, Teff was taken to be ⇤QCD, the temperature at which there
is no suppression from the axion mass. Therefore, the reheat temperature had to be smaller
than 1 GeV, which is not the most common assumption. What we pointed out in this letter
is that in the context of cold baryogenesis, the e↵ective temperature characterizing baryon
number violation may be significantly higher than the actual temperature of the universe.

6

4 Size of strong CP violation in the early universe

The axion dynamics is the same as usual. It starts after the QCD phase transition. And we
precisely care about what happens at the time of this transition. When the axion field starts
rolling down its potential, the field value is large, leading to large CP violation. Kuzmin et al
say, ”the only way to use strong CP violation for baryogenesis is to diminish the temperature
of the EW phase transition” and this is precisely what the dilaton is doing for us. The axion
needs to have a mass otherwise e↵ectively there is e↵ectively no CP violation and therefore
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where Nf is the number of quark flavors with mass below T. Below ⇤QCD, the axion mass
is suppressed as (⇤QCD/T )4

5 Dilaton constraints
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A Collider bounds
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Figure 7: 95% C.L. collider exclusion limit on the scale of conformal symmetry breaking,
f , with respect to m

�

for our benchmark models A and B.

As mentioned in the main text, in addition to the direct detection bounds there are
also collider bounds from the LHC and earlier experiments. The dilaton (roughly) mimics
a Higgs boson, with couplings to massive SM fields suppressed by the factor v/f compared
to that of the Higgs and couplings to massless gauge bosons that involve contributions from
the matter content of the conformal sector. Collider bounds on the dilaton can thus be
obtained by recasting the results of direct production limits from Higgs boson searches. We
use the HiggsBound [44–46] code version 4.1.2, that incorporates all the currently available
experimental analyses from LEP, the Tevatron, and the LHC [44–46].

The resulting collider bounds on the conformal symmetry breaking scale f as a function
of the dilaton mass is presented in Fig. 7 for the two benchmark models A and B defined
in Sec. 2. In obtaining these bounds we assumed, for simplicity, no invisible decay channels
for the dilaton. We can see that the collider bounds are strongly model dependent: model
A has a large coupling to gluons, and thus is very strongly constrained throughout the
parameter space relevant for LHC kinematics. Model B has small couplings to gluons and
photons, and is only weakly constrained for dilaton masses above 200 GeV.

The resulting bound on f can be turned into a bound on m
�

using Fig. 2. For example
the f & 2 TeV bound for m

�

. 400 GeV in model A implies m
�

& 300 GeV, with the
exception for a narrow resonance region.

22

[1410.1873]

LHC constraints on the scale of conformal symmetry 
breaking (dilaton)



Summary

These conditions can arise naturally in models with a light dilaton 
(e.g Goldberger-Wise radion stabilisation mechanism)

Strong CP violation from the QCD axion can be responsible
 for the matter antimatter asymmetry of the universe in the 

context of cold baryogenesis

if the EW phase transition is delayed down to the QCD scale

scenario testable at LHC : existence of a O(100) GeV
                     Higgs-like dilaton

Usual DM predictions of QCD axions unaffected
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Smoking gun signature of a strongly first-order phase transition

violent process if vb ~O(1)
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Detection prospects for eLISA

Most sensitive in the 
region around 10TeV

It can detect GWs 
from strong PTs, 
occurring slow
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 a signature of near conformal dynamics at the TeV scale
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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



Conclusion

QCD axion-induced baryogenesis may follow if the EW phase transition is 
delayed down to the QCD scale. 

This can happen naturally if EW symmetry breaking  is induced by dilaton 
dynamics. 

This scenario is testable at the LHC (relies on the existence of a light 
dilaton) 

Generic dark matter predictions of QCD axion remain mainly unaffected 
(although contribution from string decays may be suppressed)
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Recent development on the Cosmology/axion/ Weak scale 
Connection



Recently, a radically  new approach to the Higgs 
Mass Hierarchy has been proposed

No need for new degrees of freedom at the weak scale?

2015 Theory 

Highlight
Graham, Kaplan, Rajendran [1504.07551]

We Propose: 
A Dynamical Solution

• Higgs mass-squared promoted to a field.

• The field evolves in time in the early universe.

• The mass-squared relaxes to a small negative 
value.

• The electroweak symmetry breaking stops the 
time-dependence.

• The small electroweak scale is fixed until today.


