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The electroweak phase transition
Current Universe is cold, nearly empty (T ≈ 0).
Higgs mechanism proceeds as in textbooks.

But the early Universe is hot ⇒ Higgs immersed in plasma
Thermal corrections to the Higgs effective potential
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Barrier between vacua =⇒ sym. breaking through tunneling
Bubbles! The early Universe “boils” (first order phase transition)!
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Baryogenesis
The Universe has a matter-antimatter asymmetry: nB

s
≈ 6.1× 10−10.

Still unexplained!

Sakharov conditions:
I B violation;

F at T = 0, tunneling amplitude ∼ e−8π2/g2 ∼ 10−185 (!). . .
F . . . but unsuppressed at T & EW scale (sphalerons);

I C violation, otherwise Γ(X → Y +B) = Γ(X → Y +B);
I CP violation, else

Γ(X → qLqL) + Γ(X → qRqR) = Γ(X → qRqR) + Γ(X → qLqL);

I Displacement from equilibrium, else 〈B〉 ≡ constant.
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New J. Phys. 14 (2012) 125003
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Baryogenesis
The Universe has a matter-antimatter asymmetry: nB

s
≈ 6.1× 10−10.

Still unexplained!

Sakharov conditions:
4 B violation in SM via B + L anomaly and SU(2) instantons:

F at T = 0, tunneling amplitude ∼ e−8π2/g2 ∼ 10−185 (!). . .
F . . . but unsuppressed at T & EW scale (sphalerons);

4 C violation from weak interactions;
8 CP violation from CKM matrix insufficient!

Γ(X → qLqL) + Γ(X → qRqR) = Γ(X → qRqR) + Γ(X → qLqL);

8 Sphalerons are in equilibrium w.r.t. Hubble expansion.
In SM, sym. breaking is a crossover (no phase transition)!

Baryogenesis requires BSM physics.
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Gravitational waves
Collision of bubbles breaks spherical symmetry!
GW sources:

I Kinetic energy of scalar field(s) in bubble wall (envelope approx.);
I acoustic oscillations in the fluid;
I turbulence.

Density parameter for GW:

ΩGW =
〈ḣij(x)ḣij(x)〉

12H2

Fourier−→ dΩGW
d ln k

= 1
12H2

k3

2π2Pḣ(k, t)

with 〈ḣij(k, t) ḣij(k′, t)〉 = (2π)3 δ(k + k′)Pḣ(k, t)

Long distances (k . k∗), sources causally disconnected =⇒ ΩGW ∼ k3.
Total GW energy is finite, so spectrum decreases for k & k∗.
Exact behaviour depends on source details.

Hindmarsh, Huber, Rummukainen and Weir
Phys. Rev. D 92, 123009
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Gravitational waves
After redshift, the peak amplitude and frequency scale as:

h2ΩGW = 1.67× 10−5 ×
( g∗

100

)−1/3

︸ ︷︷ ︸
redshift

(
κα

1+α

)2

(H∗τ) (H∗R∗)× Ω̃GW︸ ︷︷ ︸
dimensionless,
encodes source

details

f = 16.5× 10−3 mHz
(
gs∗
100

)1/6 T∗
100 GeV

(
f∗
H∗

)

I α ≡ energy released
total energy in radiation ;

(computed from eff. potential);
I κ ≡ efficiency in converting free energy

to kinetic energy;
I τ ≡ duration of source;
I R∗ ≡ typical bubble radius ≈ vwβ−1.

I In practice, we compute
β ≡ characteristic timescale of EWPT;

Γ = Γ∗ e−β (t−t∗)
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FIG. 3: Several spectra of gravitational radiation according to the old and new formulas. The

parameters are taken from ref. [8] and given in table I with α decreasing from top to bottom. In

the shaded region, the sensitivity of LISA and BBO is expected to drop considerably.

Notice that the peak frequency and amplitude agree reasonably well with the results pre-

sented in ref. [6] (our peak amplitude is about 50% larger for vb ≈ 1, while for small vb

both results agree within the statistical errors). In the light of the analysis presented in

ref. [13], the dependence of the peak frequency on the wall velocity has the following phys-

ical interpretation. For small velocities, vb ≪ 1, the phase transition lasts long compared

to the relevant distance scale that is given by the average bubble size. In this case, the

GW spectrum inherits the time scale of the source, f̃ ∼ β. If one used in eqs. (8)-(10) a

wall velocity much larger than the speed of light, vb ≫ 1, the phase transition would be

very short compared to the relevant distance scale and the GWs would inherit the distance

scale of the source, f̃ ∼ β/vb. This effect leads to a decrease in the peak frequency in the

transition region where the wall velocity is close to the speed of light.

IV. CONCLUSIONS

We reexamined the spectrum of gravitational wave radiation generated by bubble col-

lisions during a first-order phase transition in the envelope approximation. Using refined

numerical simulations, our main finding is that the spectrum falls off only as f−1.0 at high

frequencies, considerably slower than appreciated in the literature. This behavior is most

probably related to the many small bubbles nucleated at a later stage of the phase tran-

Huber and Konstandin,
JCAP 0809 (2008) 022

Typically f∗ ' β ∼ O(102)H∗.
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LISA: Laser Interferometer Space Antenna

3 free-falling spacecrafts preserving equilateral shape while orbiting the sun(!)
at 50 MKm from Earth (“close” to Mars).

Sensitive to variations of 1 part in 1022 arm lengths.

Viability successfully tested at LISA Pathfinder mission.
Two cubic test masses M ' 2 Kg of size l = 46 mm separated by L = 376 mm.
Pathfinder probed how well these test masses can be put in free fall.

LISA Pathfinder, PRL 120, 061101 (2018)

at ð1.74" 0.01Þ fm s−2=
ffiffiffiffiffiffi
Hz

p
above 2 mHz and ð6" 1Þ × 10 fm s−2=

ffiffiffiffiffiffi
Hz

p
at 20 μHz, and discusses the

physical sources for the measured noise. This performance provides an experimental benchmark
demonstrating the ability to realize the low-frequency science potential of the LISA mission, recently
selected by the European Space Agency.

DOI: 10.1103/PhysRevLett.120.061101

Introduction.—LISA Pathfinder (LPF) [1] is a European
Space Agency (ESA) mission dedicated to the experimental
demonstration of the free fall of test masses (TMs) as
required by LISA [2], the space-based gravitational-wave
(GW) observatory just approved by ESA. Such TMs are the
reference bodies at the ends of each LISA interferometer
arm and need to be free from spurious acceleration, g,
relative to their local inertial frame; any stray acceleration
competes directly with the tidal deformations caused by
GWs. LPF has two LISA TMs at the ends of a short
interferometer arm, insensitive to GWs because of the
reduced length but sensitive to the differential acceleration,
Δg, of the TMs arising from parasitic forces.
LPF was launched on December 3, 2015 and was in

science operation from March 1, 2016. Operations ended
on June 30, 2017, and the satellite was finally passivated on
July 18, 2017. On June 7, 2016, we published [3] the first
results on the free fall performance of the LPF test masses.
These results showed that the amplitude spectral density
(ASD) ofΔgwas found to be (see Fig. 1 of Ref. [3]) limited
by Brownian noise at S1=2Δg ¼ ð5.2" 0.1Þ fm s−2=

ffiffiffiffiffiffi
Hz

p
, for

frequencies 1 mHz≲ f ≲ 30 mHz; rising above the
Brownian noise floor for frequencies f ≲ 1 mHz,

increasing to ≲12 fm s−2=
ffiffiffiffiffiffi
Hz

p
at f ¼ 0.1 mHz; and lim-

ited, for f ≳ 30 mHz, by the interferometer readout noise
of S1=2x ¼ ð34.8" 0.3Þ fm=

ffiffiffiffiffiffi
Hz

p
, which translates into an

effective Δg ASD of S1=2x ð2πfÞ2.
The previously published data referred to the longest

uninterrupted stretch of data, of about one week duration,
we had measured up to the time of publication. Since that
time, several improvements have allowed a significantly
better performance, presented in Fig. 1. First, the residual
gas pressure has decreased by roughly a factor of 10 since
the beginning of operations, as the gravitational reference
sensor (GRS) surrounding the TM has been continuously
vented to space [3] with a slowly decreasing outgassing
rate. Second, a more accurate calculation of the electrostatic
actuation force has eliminated a systematic source of low-
frequency force noise. Third, another inertial force from the
LPF spacecraft rotation has been identified and corrected in
theΔg time series. This last effect will be highly suppressed
in LISA by the improved rotational spacecraft control.
Finally, we have removed, by empirical fitting, a number of
well-identified, sporadic (less than one per day) quasi-
impulse force events or “glitches” from the data, allowing
uninterrupted data series of up to ∼18 days duration. This

FIG. 1. ASD of parasitic differential acceleration of LPF test masses as a function of the frequency. Data refer to an ∼13 day long run
taken at a temperature of 11 °C. The red, noisy line is the ASD estimated with the standard periodogram technique averaging over 10,
50% overlapping periodograms each 2 × 105 s long. The data points with error bars are uncorrelated, averaged estimates calculated as
explained in the text. For comparison, the blue noisy line is the ASD published in Ref. [3]. Data are compared with LPF requirements [1]
and with LISA requirements taken from Ref. [2]. Fulfilling requirements implies that the noise must be below the corresponding shaded
area at all frequencies. LISA requirements below 0.1 mHz must be considered just as goals [2].

PHYSICAL REVIEW LETTERS 120, 061101 (2018)

061101-2
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LISA: Laser Interferometer Space Antenna
Launch planned for 2034 (possibly earlier).

Gravity much weaker than electromagnetic interaction
=⇒ gravitons decouple much earlier than photons from plasma!

Detection of such cosmological GWs will give us access to the Universe at
10−12 s after Big Bang (CMB: 300,000 years)!

Compare spectrum to prediction =⇒ GW as tests for BSM physics!

Moore et al., CQG 32(1):015014 (2015) LISA Mission Proposal L3
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Enough with generalities. . .
a concrete example
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Two-Higgs-doublet model
Two-Higgs-doublet models are minimal SM extensions:

I Two SU(2)L scalar doublets: Φ1 and Φ2 .
I Various heavy scalars (h0, H0, A0, H±) increase EWPT strength.
I Motivated by many SM extensions (e.g. SUSY, Composite Higgs).
I Additional source of CP violation (explicit or spontaneous).

Vtree =− µ2
1Φ
†
1Φ1 − µ

2
2Φ
†
2Φ2 −

1

2

(
µ
2
e
iφ

Φ
†
1Φ2 +H.c.

)
+
λ1

2

(
Φ
†
1Φ1

)2
+
λ2

2

(
Φ
†
2Φ2

)2
+ λ3

(
Φ
†
1Φ1

) (
Φ
†
2Φ2

)
+ λ4

(
Φ
†
1Φ2

) (
Φ
†
2Φ1

)
+

1

2

[
λ5 e

iψ
(
Φ
†
1Φ2

)2
+H.c.

]
〈Φ1〉 =

(
0
v1

)
,

〈Φ2〉 =

(
0

v2 e
iξ

)

Two field-redefinition-independent complex phases related
by a minimization condition:

δ1 = 2φ− ψ, δ2 = φ− ψ − ξ,
|µ2| sin(δ1 − δ2) = v2 sinβ cosβ |λ5| sin(δ1 − 2δ2).

Important parameters:

��CP phase: δ1 − δ2
Scalar masses: mh0 = 125 GeV, mH0 , mA0 , mH±

Mass scale of Φ2: M2 ≡ Re(µ2)/ sin(2β)
Mixing angles: tanβ, β − α (sets departure of h0 from hSM)
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Constraints and phase transition in 2HDMs

Higgs signals constraints require approximate
alignment (h0 ≈ hSM)
This also favors a strong EWPT.

EW precision observables enforce an approx.
degeneracy, mH± ≈ mA0 or mH0

For Type II, B → Xsγ constrains
mH± ≥ 480 GeV
Misiak et al., PRL 114 (2015) no. 22 221801

We scanned a wide range of parameter space.
A strongly first order phase transition prefers
a large mass splitting
mA0 & mH0 +mZ with mA0 & 400 GeV
GCD, Huber, No, JHEP 1310 (2013) 029
GCD, Huber, Mimasu, No, PRL 113 (2014) 21, 211802
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Phenomenological consequences
GCD, Huber, Mimasu, No, PRL 113 (2014) no. 21, 211802

Requiring a strong EWPT points to a very different kind of 2HDM than
usually considered in collider analyses.

I Most searches were motivated by SUSY, where scalar mass splittings . mZ .
Thus Si → ZSj channel (Si ∈ {H0, A0}) is closed.

I Many searches focus on H0 →WW,ZZ (not allowed for A0).
I Pseudoscalar searched for in A0 → Zh0, ττ .

Our scenario favours A0 → ZH0.
(decay to Zh0 is suppressed when h0 ≈ hSM).
We did a dedicated study on the detectability of these heavy scalars via
A0 → ZH0 → bb̄`` and WW``.
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Phenomenological consequences
A year and a half later. . .

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Phys. Lett. B 783 (2018) 392
DOI: 10.1016/j.physletb.2018.07.006

CERN-EP-2018-030
2nd August 2018

Search for a heavy Higgs boson decaying into a Z
boson and another heavy Higgs boson in the ``bb
final state in pp collisions at ps = 13 TeV with the

ATLAS detector

The ATLAS Collaboration

A search for a heavy neutral Higgs boson, A, decaying into a Z boson and another heavy
Higgs boson, H, is performed using a data sample corresponding to an integrated luminosity
of 36.1 fb�1 from proton–proton collisions at

p
s = 13 TeV recorded in 2015 and 2016 by the

ATLAS detector at the Large Hadron Collider. The search considers the Z boson decaying to
electrons or muons and the H boson into a pair of b-quarks. No evidence for the production
of an A boson is found. Considering each production process separately, the 95% confidence-
level upper limits on the pp ! A ! ZH production cross-section times the branching ratio
H ! bb are in the range of 14–830 fb for the gluon–gluon fusion process and 26–570 fb for
the b-associated process for the mass ranges 130–700 GeV of the H boson and 230–800 GeV
of the A boson. The results are interpreted in the context of two-Higgs-doublet models.

© 2018 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Gravitational wave spectrum
GCD, Huber, Konstandin, No, JCAP 1705 (2017) no.05, 052

For thermal transitions the dominant contribution to GWs comes from
acoustic oscillations in the plasma after collisions.
Active even after phase transition is complete (H∗τ → 1).
Relevant parameters: energy released (αn) and duration of source activity

αn =

(
T

4

d∆V

dT
−∆V

)
/ρrad,

Γ

V ∼ e
−S3/Tn+β (t−tn) =⇒ β

H∗
= Tn

dS3

dT

∣∣∣∣
Tn

.

From numerical simulations the spectrum is estimated to behave as:

h2Ωsw ' 2.65× 10−6

∼H∗R︷ ︸︸ ︷
vw

(
H∗
β

)(
κvα
1+α

)2 (
100
g∗

) 1
3

fsw ' 1.9× 10−2 mHz 1
vw

(
β
H∗

) (
T

100 GeV

) (
100
g∗

) 1
6

mA0 [GeV] vn/Tn LwTn αn β/H∗ vw
480 4.00 1.72 0.11 757.32 0.3

483 4.36 1.56 0.14 564.24 0.35

485 4.68 1.44 0.18 439.55 0.45

487 5.12 1.31 0.25 316.08 ≈ cs
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EDM constraints and the BAU
GCD, Huber, Konstandin, No, JCAP 1705 (2017) no.05, 052

In 2HDMs, contributions to EDMs enter already at 2-loop
(Barr-Zee diagrams, Weinberg 3-gluon operator)
Experimental bounds place tight constraints on��CP phase.
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Regarding the BAU, full computation
involves solving Boltzmann eqs.
including all relevant scattering rates.

The results are expected to scale as

η

ηobs
∼

(
vn

Tn

)4 1

LwTn

∆θCP

(1 + tan2 β)

θCP ≡ Arg(v∗1v2)

A caveat: new ACME II eEDM constraints,

|dACME II
e | < 1.1× 10−29 e · cm Nature 562 (2018) no.7727, 355-360

compared to |dACME I
e | < 8.9× 10−29 e · cm.
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Conclusions and Outlook

We live in a golden age for Cosmology (precision measurements, GW
detection, new experiments in sight. . . )

Cosmological observations can be used to constrain BSM Particle Physics.
The Early Universe reached higher energies than any accelerator we could dream of
building in the foreseeable future.

The Universe might have undergone a first order phase transition in the
electroweak epoch (T ≈ 100 GeV).
Relics include BAU and a stochastic GW spectrum detectable at LISA!

The study of this process provides a rich Particle-Cosmology interface.
EW epoch −→ EW scale (detectable at current colliders!)

We have shown a concrete example in the case of 2HDMs.
Study of EWPT lead to exploration of thus far neglected search channels!

Thank you!
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Appendix: Cosmological redshift
Adiabatic expansion, s ∝ a3gsT3 ≡ constant, so

a∗
a0

=
(
gs0
gs∗

)1/3
T0
T∗

[
H∗ =

√
π2g∗

90

T2
∗

MPl

]
The frequency redshifts as

f = f∗

(
a∗
a0

)
= 16.5× 10−3 mHz

( gs∗
100

)1/6 T∗
100 GeV

(
f∗
H∗

)
after replacing T0 ≈ 2.725 K and g0 ≈ 3.91.

Energy density scales as a−4 and ρc ∝ H2, so

ΩGW ≡ ρGW
ρc

= ΩGW∗

(
a∗
a0

)4 (
H∗
H0

)2

h2ΩGW = 1.67× 10−5 ·
( g∗

100

)−1/3
(

κα

1 + α

)2

(H∗τ) (H∗R) Ω̃GW

where we used H0 ≡ h× 100 km
s Mpc (h ≈ 0.67− 0.70).
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Appendix: 2HDM perturbativity analysis
A strong PT typically requires large couplings.
The most extreme case here considered has

λ1 = λ2 ' 0.2578, λ3 ' 6.762, λ4 = λ5 ' −3.252.

Solve RGE ⇒ Landau pole and max(λi(Λ)) ≥ 4π.
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Appendix: 2HDM
In CP conserving, softly broken Z2 symmetric case:

Vtree(Φ1,Φ2) =− µ2
1Φ†1Φ1 − µ2

2Φ†2Φ2 −
1

2

(
µ2Φ†1Φ2 +H.c.

)
+

+
λ1

2

(
Φ†1Φ1

)2
+
λ2

2

(
Φ†2Φ2

)2
+ λ3

(
Φ†1Φ1

)(
Φ†2Φ2

)
+

+ λ4

(
Φ†1Φ2

)(
Φ†2Φ1

)
+

1

2

[
λ5

(
Φ†1Φ2

)2
+H.c.

]
.

No quartic mixing terms Φ†1Φ2!

In principle µ and λ5 can be complex: explicit CP violation!
Physical states:

G+ = cosβ ϕ+
1 + sinβ ϕ+

2 (charged Goldstone),

H+ = − sinβ ϕ+
1 + cosβ ϕ+

2 (charged Higgs),

G0 = cosβ η1 + sinβ η2 (neutral Goldstone),

A0 = − sinβ η1 + cosβ η2 (CP-odd Higgs),

h0 = cosα h1 + sinα h2 (lightest CP-even Higgs),

H0 = − sinα h1 + cosα h2 (heaviest CP-even Higgs).
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Appendix: Benchmark and Branching Ratios

Benchmark scenarios
mH0 = 180 GeV, mA0 = mH± = 400 GeV, µ = 100 GeV, tanβ = 2

A: α− β = 0.001π (alignment)
B: α− β = 0.1π (non-alignment)

200 250 300 350 400
mH0

[GeV ]

10−2

10−1

100

B
R

A
0

ZH0

Zh
tt̄

—— A: α−β = 0.001π
- - - B: α−β = 0.1π

For our benchmark points, tt and Zh0 are always subdominant.
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Appendix: H0 decays and final states

200 250 300 350 400
mH0

[GeV ]
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10−1

100

B
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H
0

W+W−

ZZ
hh
tt̄

bb̄

—— A: α−β = 0.001π
- - - B: α−β = 0.1π

Clear preference for bb̄ and WW in respective scenarios.
I Leptonic final states are clean, with lower background than

hadronic channels.
I Consider leptonic decays of Z and W.
I Final states:

A: bb̄``.
B: WW``→ 4` 2ν.

G. C. Dorsch (UFES) BAU and GW from EWPT Verão Quântico 2019 5 / 8



Appendix: Collider analysis

Implemented Type I 2HDM in FeynRules

I Including 5-dim effective operators for gluon fusion.

Events generated using MadGraph5_aMC@NLO.

I Passed to Pythia for parton showering and hadronization;
I Delphes used for LHC detector simulation.

Use K-factors for signal and dominant backgrounds to estimate NLO radiative
corrections.

I Obtained in literature for background, used SusHi for signal.
"Cut and count" analysis performed on a few kinematical variables.

Determined required luminosity at 14 TeV to achieve a (statistical only)
significance of 5σ.

I Assumed a 10% uncertainty on background expectation.
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Appendix: Wall velocity

Wall velocity is computed from scalar fields’ EOM:

�φ+
d V

dφ
+
∑
n

dm2
n

dφ

∫
d3p

(2π)3

1

2En

 feq
n (p, x)︸ ︷︷ ︸

thermal contribution

+ δfn(p, x)︸ ︷︷ ︸
friction

 = 0

Perturbations δfn computed from Boltzmann eq.(
pµ∂

µ + 1
2
∂µm

2∂pµ
)
f(xµ, pi) = collision terms︸ ︷︷ ︸

rates computed
from underlying

fundamental theory

Tricky for theories with many interactions and multiple scalar fields!
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Appendix: Estimating vw in 2HDMs

For 2HDMs we estimate the wall velocity using a simplified model.
Four additional scalars get their masses from the Higgs according to

m2
s = κ2 〈h〉2

2
(no self-interactions).

Comparable to a 2HDM in alignment limit, tanβ = 1 and M = mh/
√

2.

Determine friction coefficient η at runaway point and extrapolate using
η ∼ exp(−

√
v/T ) as found in MSSM scenarios.

0.00 0.05 0.10 0.15 0.20 0.25 0.30

αn

0

1

2

3

4

5

6

v n
/T

n
,
10

v w

vn/T
n

10vw

Toy model
M = mh/2

Hierarchical

0

5

10

15

20

L
w
T

n

LwTn

αn ≡
ρreleased

ρrad

vn/Tn αn vw
1.819 0.013 0.132
2.535 0.029 0.175
3.727 0.088 0.300
4.599 0.181 0.449

We can exclude detonations even
for very strong transitions!
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