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Opportunities for Electroweak Baryogenesis



Outline

▪ Higgs exploration and the many open questions

▪ Electroweak Baryogenesis (EWBG)

•  The short-comings in the Standard Model

•  New models for electroweak baryogenesis: 

               -- singlet extensions

               --  CP violation in the Dark Sector

▪ Bubble Wall Dynamics and the Terminal Wall Velocity 

▪ Impact of the Terminal Bubble Wall Velocity on the Baryon Asymmetry 
results and Gravitational Wave Signals
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The Idea of the Higgs Mechanism

What turned the Higgs field on? How did it happen?

•  The Higgs field potential describes the energetics of turning on                                          

    the Higgs field to a certain (complex) value  

• Because of the symmetry there are degenerate vacua 

• Because of the infinite degrees of freedom in Quantum Field Theory, once one of the 
degenerate ground states is chosen it is hard to transition to another

Now the quantum vacuum is the “ medium”

Apply condensed matter ideas to particle physics

Spontaneous Electroweak Symmetry Breaking (EWSB) SU(2)L x U(1)Y → U(1)em 
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• A scalar field with self-interactions causes EWSB in the vacuum                                      
and gives mass to the gauge bosons of the broken symmetry

• The Higgs boson appears in the theory

• Adding the Yukawa interactions, the Higgs field also give masses to the chiral 

fermions of the Standard Model

Stockholm 2013



31 11. Status of H iggs Boson Physics

Figure 11.4: Combined measurements by ATLAS and CMS of the products ‡ · BR, normalised

to the SM predict ions, for the five main product ion and five main decay modes.
higgs:fig:MuGeneral

compat ibility of the signal with the SM Higgs boson. Indeed, it is sensit ive to any deviat ion from1184

the SM Higgs boson couplings provided that these deviat ions do not cancel overall. The full Run 11185

combinat ion determines the global signal st rength to be1186

µ = 1.09 ± 0.11 = 1.09 ± 0.07 (stat .) ± 0.04 (expt .) ± 0.03 (th. bkg.) ± 0.07 (th. sig.), (11.13)

where the stat ist ical, experimental uncertaint ies as well as the theoret ical uncertaint ies on the1187

background and on the signal are reported separately. The ATLAS Run 2 combinat ion of the1188

global signal st rength yields [198]:1189

µ = 1.06 ± 0.07 = 1.06 ± 0.04 (stat .) ± 0.03 (exp.) ± 0.02 (th. bkg.) + 0.05
≠ 0.04 (th. sig.), (11.14)

while the CMS Run 2 combinat ion yields [199]:1190

µ = 1.02 + 0.07
≠ 0.06 = 1.02 ± 0.04 (stat .) ± 0.04 (th) ± 0.04 (exp.). (11.15)

DRAFT 30th August , 2023 1:03pm- Not for public dist ribut ion

With MH = 125 GeV, its mass is at a lucky spot to maximally allow us to measure 

its interactions with other particles

Nature 607, no.7917, (2022); [arXiv:2207.00092]; [arXiv:2207.00043]

LHC experiments have verified that the discovered boson:

• is related to the mechanism of electroweak symmetry breaking

• couples most strongly to the heaviest Standard Model fermions

The LHC data favors a SM-like Higgs boson 

MC, Grojean, Kado, Sharma

https://pdg.lbl.gov/2024/reviews/rpp2024-rev-higgs-boson.pdf

The great success of the Higgs Boson
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Precision Higgs Measurements and Di-Higgs Production
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Figure 1. Projected uncertainties on k i , combining

ATLAS and CMS: total (grey box), statistical (blue),

experimental (green) and theory (red). From Ref. [2].

These coupling measurements assume the absence of sizable

additional contributions toGH . As recently suggested, thepatterns

of quantum interference between background and Higgs-mediated

production of photon pairs or four leptons are sensitive to GH .

Measuring the off-shell four-fermion final states, and assuming

the Higgs couplings to gluons and ZZ evolve off-shell as in the

SM, theHL-LHC will extract GH with a20% precision at 68% CL.

Furthermore, combining all Higgs channels, and with the sole

assumption that the couplings to vector bosons are not larger than

the SM ones (kV 1), will constrain GH with a 5% precision at

95% CL. Invisible Higgs boson decays will be searched for at

HL-LHC in all production channels, VBF being themost sensitive.

The combination of ATLAS and CMS Higgs boson coupling mea-

surements will set an upper limit on the Higgs invisible branching

ratio of 2.5%, at the 95% CL. The precision reach in the mea-

surements of ratios will be at the percent level, with particularly

interesting measurements of kg/ kZ, which serves as a probe of

new physics entering theH ! gg loop, can bemeasured with an

uncertainty of 1.4%, and kt / kg, which serves as probe of new

physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-

eration quarks from a variety of observables is given in Fig. 2

(left). It includes: (i) HL-LHC projections for exclusive decays of

the Higgs into quarkonia; (ii) constraints from fits to differential

cross sections of kinematic observables (in particular pT); (iii)

constraints on the total widthGH relying on different assumptions

(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift

from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the

total width from off-shell couplings measurements of 20%); (iv) aglobal fit of Higgs production cross sections (yielding the

constraint of 5% on the width mentioned herein); and (v) thedirect search for Higgs decays to cc using inclusivecharm tagging

techniques. Assuming SM couplings, the latter is expected to lead to themost stringent upper limit of kc / 2. A combination of

ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

TheRun 2 experience in searches for Higgs pair production led to areappraisal of theHL-LHC sensitivity, including several

channels, some of which were not considered in previous projections: 2b2g, 2b2t , 4b, 2bWW, 2bZZ. Assuming the SM Higgs
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Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on

the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a

single operator are labeled as "exclusive". From Ref. [2].
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LHC experiments until circa 2040 have the power to address ambitious new questions

This could include other Higgs bosons, new particles, 

new forces, new sources of CP violation - the symmetry 

between matter and antimatter - and connections with 

the dark sector
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can shed light on the Higgs potential and how the electroweak breaking occurred 

ATLAS Higgs self-coupling results
• Higgs self-interaction can be measured via HH production 

• 103 times more rare than single Higgs processes 

• Allows us to probe the shape of the Higgs potential 

• Many different channels analyzed 

• Sensitivity better than 3x the SM

https://physics.aps.org/articles/v8/108

22

Phys. Lett. B 843 (2023) 137745

4 Marcela Carena - EWBG

arelyc @cern .ch
41

Phys. Rev. Let t . 133 (2024) 101801

Const ra in ts on  𝝹
𝝺 

and  𝝹
2V 

PAS-H IG-20-011

Lead in  sensit ivit y by b b 𝞃𝞃, b b ɣɣ 

(b et ter  access to  low m
HH

).

arelyc @cern.ch
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H H  p rod uct ion

Main production mechanism is via luon- luon  usion. 

There is however destructive intererence between the box and 

trian le diarams,  thus the cross sect ion  is sup p ressed  

(~10
3
 times smaller than sin le H i s cross section). 

⨯ m
H H
 distribution depends on 𝝹

𝝺
.

⨯ For lare values o 𝝹
𝝺
 the trian le diaram dominates. 

⨯ For values o 𝝹
𝝺
 ⨯ 1, x-section can be enhanced.

Adapted rom: Phys. Lett. B 800 (2020) 135103

SM  p red icts 𝝹
𝝺
 = 1

arelyc @cern.ch
47

Diffic

u

l t to ant i ci pa t e imp r ovements in reconstruction, 
identific

a

tion  and overa ll ana lysis strateies.  
Impor tant to identi y the 

areas o  oppor tunity in each analysis.

Latest projections are based in our  le acy results rom Run 2 
(input or  the European Strate y Update 2025)

○ ATLAS: HH combination, bb𝞃𝞃, bbɣɣ, boosted VBF 4b, 
bbℓℓ+M ET, multi-lepton.

○ CM S: HH combination
○ ESU-2025

H L-LH C Projections

ATL-PHYS-PUB-2024-016

arXiv:2504.00672
HL-LHC will measure Di-Higgs production in the SM 

21/08/2026

HL-LHC will confirm SM expectations at the 2-4 % level for couplings 
to gauge bosons, 3rd gen. fermions plus 2nd gen. charged leptons



C. Grojean

Higgs
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FCC-ee = best Higgs factory

what can be achieved at the HL-LHC. Deeper and broader than any other Higgs factory project498

considered at the moment , and in a record t ime, the FCC-ee will bring the Higgs programme into499

a sub-per-cent precision area (see Table 3 for a summary). These phenomenological project ions500

are now being confirmed by more detailed experimental studies [48–50] taking into account more501

realist ic detector set -ups. Further direct ions in the Higgs precision programme also need to be more502

systemat ically invest igated beyond what was done so far, in part icular in the context of specific503

flavour scenarios or considering BSM sources of CP violat ion. Progress is ant icipated on these504

fronts by the end of the feasibility study. In this document , instead, the benefit of the interplay505

between Higgs and elect roweak measurements, a specificity of the FCC-ee, will be emphasised. It506

was not discussed in details in the FCC CDR [6, 7], but has been studied afterwards [46, 47]. The507

conclusions reached are summarised and further recent explorat ions performed are presented.508

T ab le 3 Expect ed 68%CL relat ive precision (%) of t he paramet ers for fut ure accelerat ors

beyond t he LHC era (t he HL-LHC dat a are combined wit h each of t he fut ure accelerat ors) . T he

corresponding 95%CL upper limit s on t he unt agged, BRunt , and invisible, BR i nv , branching rat ios

are also given. A s denot ed wit h an ast erisk (⇤), for t he HL-LHC numbers, a bound on | V | 1 is

applied since no direct access t o t he Higgs widt h is possible at hadron colliders. T his rest r ict ion is

l ift ed in t he combinat ion with t he lept on colliders, since the lat t er ones provide t he necessary access

t o t he Higgs widt h. Cases in which a part icular paramet er has been fixed t o t he SM value due t o

lack of sensit ivity are shown wit h a dash (− ). Result s from Ref. [45], updat ing t he FCC-ee numbers

wit h t he 4-IPs scenario. T he linear collider column collect s t he best sensit ivity obt ained at eit her

250 or 380 GeV .

Coupling HL-LHC linear colliders (250 or 380 GeV ) circular coll iders (240–365 GeV)

2 IPs / 4 IPs

W [%] 1.5⇤ 0.73 0.43 / 0.33

Z [%] 1.3⇤ 0.29 0.17 / 0.14

g [%] 2⇤ 1.4 0.90 / 0.77

γ [%] 1.6⇤ 1.4 1.3 / 1.2

Z γ [%] 10⇤ 10 10 / 10

c [%] – 2.0 1.3 / 1.1

t [%] 3.2⇤ 3.1 3.1 / 3.1

b [%] 2.5⇤ 1.1 0.64 / 0.56

µ [%] 4.4⇤ 4.2 3.9 / 3.7

⌧ [%] 1.6⇤ 1.1 0.66 / 0.55

BR i nv (< %, 95% CL) 1.9⇤ 0.26 0.20 / 0.15

BRunt (< %, 95% CL) 4⇤ 1.8 1.0 / 0.88

The interpretat ion of current Higgs-boson measurements at the LHC was so far not hindered509

by the finite precision of the elect roweak measurements realised at LEP and SLC. With the FCC-510

ee target ing almost an order-of-magnitude increase in the precision of Higgs propert ies in the511

main channels, the current (experimental and theoret ical) precision on elect roweak quant it ies will512

become a limitat ion. The Z-pole run of the FCC-ee is inst rumental in avoiding contaminat ion from513

elect roweak coupling uncertaint ies in the Higgs characterisat ion. If the elect roweak symmetry is514

linearly realised on the Standard Model (SM) fields, the interplay between the Higgs and elec-515

t roweak sectors is even deeper. Indeed, diboson e+ e− ! W+ W− product ion is then sensit ive to516

some of the same new-physics effects as Higgs product ion and decay processes, making both types517

of measurements complementary.518

We adopt the SMEFT framework t runcated to operators of dimension six. It assumes that519

new physics arises at a scale ⇤, significant ly above the elect roweak one, below which the part icles520

and symmetries are the SM ones, with the Higgs embedded in a SU(2)L doublet . The current521

status of the global SMEFT fit is shown in Fig. 4. It projects the results of the fit to the different522

dimension-six operators entering at leading order in elect roweak (including anomalous t riple gauge523

couplings, aTGCs, and boson-fermion couplings, Vff) and Higgs processes onto the sensit ivity to524

new-physics effects in effect ive couplings, see e.g. Ref. [47] for details. Compared to that reference,525

we also include the FCC-ee results in a scenario with four interact ion points (4 IPs), in which the526

dist ribut ion of running t ime across energies is kept the same, result ing in an increase of the total527

luminosity by a factor of 1.7 [51].528

The interplay between Higgs and elect roweak measurements is illust rated in Fig. 5, which shows529

the expected precision in the effect ive coupling determinat ion. The correlat ions between them are530

displayed as internal lines of variable thickness and are visibly reduced when including new Z-pole531

data (dark blue) in addit ion to current elect roweak measurements (light blue). The importance532

of Z-pole measurements is summarised in the next subsubsect ion, followed by a discussion of the533

importance of the diboson process for Higgs physics.534

14

• Interplay 240 and 365 GeV runs
• Interplay Z-pole run and Higgs measurements
• Complementarity and synergy ee/hh:

• Rare production and decay channels
• ttH/ttZ @ ee + ttH @ hh → top Yukawa
• ttZ @ ee + HH @ hh → Higgs self-coupling

Reaches 1‰ in a record time and model-
independent way (contrary to HL-LHC *)

Jan. 29 2024

5

• FCC-ee programme:

-- can measure Higgs production inclusively as a recoil in e+e-→ HZ, yielding an       

    absolute measurement of the HZZ coupling and a model independent extraction of ΓH

Higgs Measurements:                        

an exploration tool at FCC-ee

With σHZ and ΓH  known, FCC-ee 

programme aims at measuring Higgs 

couplings (in non-rare decays) at 

percent to sub-percent level

This assumes no-flavor violation couplings, but flavor violating channels should be explored 

Higgs rare/exotic decays bounded below the 1% level

(1.3% precision)

The electron–positron Future Circular Collider at CERN

21/08/2026 Marcela Carena - EWBG



HL-LHC & FCC-ee coverage in selected Higgs Exotic Decay BRs

HL-LHC: from various studies and projections available in the literature 

FCC—ee are from arXiv:1612.09284  and 𝑒𝑒 → 𝑍𝐻 (except for the first channel, ℎ → 𝑖𝑛𝑣)

95% C.L. upper limit limit on BR( H → exotics)

Missing ET , e.g. in SUSY/DM models yields about 2-4 orders of magnitude improvement

H → 4 f, e.g. in extended Higgs sectors and/or Higgs portals yields about 2-3 orders of 

magnitude improvement 

Based on Zhang, Liu, Wang, 1612.09284, with updates
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• Precision Cosmology tell us the observable Universe is made 
almost entirely of matter — essentially no primordial antimatter

The mystery of the matter-antimatter asymmetry

η

▪ Abundance of primordial elements 

▪ Predictions from Big Bang Nucleosynthesis

➔ The baryon-to-photon ratio: η ≈ 6 × 10 -10 

     — what generated this small but crucial number?

• Baryon (or Lepton) number violation: if universe starts symmetric 

• C and CP violation: treat baryon/anti-baryon differently to remove     

                                    antimatter                               

• Out-of-thermal equilibrium: suppress inverse processes 

Sakharov conditions for baryogenesis (1967)

▪ CMB determinations 

A number of mechanisms proposed that satisfy Sakharov conditions

21/08/2026 Marcela Carena - EWBG7

This talk: generate baryogenesis at the Electroweak Phase Transition

We need to understand the dynamics and the history of the EWSB mechanism



Can successful Electroweak Baryogenesis take place in the SM? 

•  Baryon number violation: Sphalerons

•  CP and C violation: CP violating phase in mixing of the three generations of quarks;            

                                    C violation through Sphalerons/SU(2)L interactions

•  Non-equilibrium: At the Electroweak Phase Transition

21/08/2026 Marcela Carena - EWBG 8

In a first-order EW Phase Transition, the universe 
tunnels from the symmetric phase (Higgs off) to the 

broken phase (Higgs on) — via bubble nucleation 
Higgs off

Higgs 
on

Higgs off

Higgs 
on

Higgs 
on

Higgs off

Bubbles nucleate and expand in 

the plasma of SM particles

Bubble wall moves at near the 

speed of light – the precise vW is 

relevant for EWBG and GW signals

• CPV in the bubble wall cause different forces for particles and antiparticles, creating a 
chiral asymmetry

• EW sphalerons active outside the bubble wall profit from the chiral asymmetry and  
violating  B and L create a net B = L ≠0.  

• The sphalerons freeze out inside the bubble wall (broken phase) to avoid erasing the 
created B and L  asymmetries  ➔ needs a strong first order EWPT ~ v(Tn) /Tn ~ 1>



Baryon Asymmetry Preservation

For a short period, EW sphalerons work to generate the desired baryon asymmetry; 

Then need to shut off quickly to prevent washout of the asymmetry

To preserve the baryon asymmetry demands a Strong First Order EWPT                                                                

If ΓΔB ≠ 0 ≲ H ~ T2/ MPl

B processes frozen ∕

Transition does not occur at Tc, but rather at Tn (bubble nucleation temp.) [Tn < Tc] 

We use semiclassical arguments to estimate the nucleation probability to be approx. 

one per Hubble time to determine Tn

if  nB = 0  at T > Tc and create nB (Tc):

)  /TT)(exp(-E T   sph00  B
Recall:

<< 1 ➔  v(Tc) /Tc ~ 1>

921/08/2026 Marcela Carena - EWBG



          
CPV is proportional to the so-called Jarlskog’s invariant, that is proportional to the CKM mixing 

angles appearing in W boson interactions with the 3 generations of quarks 

#1. Contribution from CP violation cannot catalyze enough of an asymmetry 

High order loop effects needed to generate a complex contribution 

to the top quark - Higgs interaction in the bubble wall

Gavela, Hernandez, Orloff, Pene, 
Quimbay’94 

The failures of EW Baryogenesis in the Standard Model 

10

#2. With the measured 125 GeV Higgs mass, the EWPT is a crossover. 

Since  λ = mH
2/v2 , to sufficiently suppress sphaleron processes 

in the true vacuum and prevent washout of the asymmetry   

 

 v(Tc)/Tc  > 1 ➔ mH < 40 GeV (perturb)
Kajantie, Laine, Rummukainen, Shaposhnikov ‘88

21/08/2026 Marcela Carena - EWBG

Defining Tc and requiring that <φ(Tc)> = v (Tc) is a minimum yields

controls the strength of the phase transitionv (Tc) / Tc ~ ESM / λ 



• Singlet extensions of the Standard Model

• Two Higgs doublet models (+ singlet extensions)

• Supersymmetric models:  with 2 Higgs Doublets + possibly extra singlets:

➢ MSSM: light stop scenario, ruled out by Higgs precision

➢ NMSSM: through additional scalars with CP violation - an appealing scenario

• Models with Dark CP violation   

• Models with heavy Fermions

• SM effective theory with additional higher order operators

• Models of EW symmetry non-restoration/delayed restoration – many new Higgs 

singlets (+ possibly an inert doublet)

• ...

Electroweak Baryogenesis needs new phenomena

Many possible SM extensions with new Higgs particles and potential new particles 

and new forces - at the reach of existing and future experiments

To provide new sources of CPV that catalyze enough of a chiral asymmetry to 

seed the observed baryon asymmetry via sphaleron processes

To render the EWPT strongly first order that allows to freeze sphaleron effects as 

the universe tunnels into the real vacuum

1121/08/2026 Marcela Carena - EWBG



Enhancing the EWPT strength through a singlet scalar

Scalar couples to the Higgs and affects the tree level potential  

Natural situation in scenarios where, e.g., the singlet is the Higgs-like boson of a dark 

sector complex scalar that spontaneously breaks a dark gauge symmetry   

To determine phase transition pattern requires finite temperature potential 

➔ Different thermal histories, with 1 or 2 step phase transitions and strong first order EWPT      

21/08/2026 Marcela Carena - EWBG 12

We have separated out terms that explicitly break the Z2 symmetry:  
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Collider prospects to determine the EWSB thermal history

• Z2-symmetric (at T=0) scenario: Invisible Decays 

➢ Requires sizeable s2 |H|2 coupling for a 2-step strongly 1st 

order EWPT,  [(0,0)→(0,vS) →(v,0)], that calls for a careful 

treatment of perturbativity 

➢ No S-H mixing – S is stable (invisible decays)

BR(H)inv bounds
(Missing ET) or

pp →VSS (AP) 
pp →SSjj  (VBF)
Universal shift in 

coupling via σ(ZH)126 CHAPTER 8. BEYOND THE STANDARD MODEL
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to aheavy scalar singlet mixing with theSM

Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters

compatible with a strong first-order EW phase transition.

poses, Fig. 8.11 shows an example of the region compatible with a two-step phase transition,

where the singlet supports the Higgs in delivering a strong first-order phase transition [463].

Strongly first-order phase transitions are particularly interesting as they could also lead to size-

able gravitational wave signals at future experiments like LISA, linking discoveries at Earth-

based colliders with space interferometry (see Chapter 7). The case of a light singlet scalar,

with mass lower than 125 GeV, is discussed extensively in the section on feebly interacting

particles 8.6.
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Fig. 8.12: Direct and indirect sensitivity at 95% CL to heavy neutral scalars in minimal SUSY.

Another common extension of the SM Higgs sector is the addition of a second SU(2)

doublet, which naturally appears in supersymmetric extensions of theHiggssector or in models

with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two

CP-even scalars h and H, one CP-odd scalar A and a charged scalar H
±

. The direct mass reach

of lepton colliders for these scalars is generally close to
p

s/ 2 independent of tanb , mainly

λHS = λm/2

Low mass singlet: ms < mh/2

Kozaczuk, Ramsey-Musolf, Shelton ‘19

Current bounds 

imply mS < 20 GeV

Scenarios for EW baryogenesis based on EW symmetry non-restoration can also be 

tested via Higgs invisible decays M.C, Krause, Z. Liu, Y Wang’21

ms > mh/2

VBF pp→SSjj
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Higgs Phenomenology in Singlet models with H-S mixing  

Mixing between doublet and 
singlet states implies reduction 
in Higgs signal strengths 
compared to SM Higgs boson; 
equivalently one can observed 
deviations in HZZ coupling and 
Higgs self coupling

Circular e+e-HL-LHC

•  Light Singlet ➔ ms < mh /2 ➔ Higgs Exotic Decays:  H→ SS 

      Spontaneous Z2 breaking or Explicit Z2 breaking

➔ exotic Higgs decays are a potent probe of Singlet extensions with viable EW Baryogenesis

•  Heavy Singlet ➔ ms > mh/2.   --  Explicit Z2 breaking 
 

Specifics of Higgs exotic decays depend on Z2 symmetry breaking mechanism

21/08/2026 Marcela Carena - EWBG14



Similarly to the SM we can compute the expression of the order parameter v  (Tc)/Tc 

Sizeable quartic mixing coupling λm  needed for a 

strong 1st order EWPT ➔ v (Tc) / Tc >1 

▪ λm  proportional to sinθ (the h-s mixing 
parameter) &  strongly constrained by Higgs 
precision measurements

▪ a light singlet: mS < 50 GeV is required

The Higgs can have exotic decay: H→SS

Also, v (Tc) / Tc >1 demands significant S-H couplings  

➔ Hence, BR(H → SS) is bounded from below 

A Strong first-order Electroweak Phase Transition

M.C, Z. Liu, Y. Wang, JHEP 08 (2020) 107

21/08/2026 Marcela Carena - EWBG 15

• Spontaneous Z2 breaking case



21/08/2026

M.C., Tong Ou, Yikun Wang, et al, LHEP 2023 (2023)

Direct search and Higgs precision measurements  

at HL-LHC and FCC-ee can probe large regions of 

space compatible with a strong 1st order EWPTExtended Higgs sectors: 
2HDM, extra singlets, …

Higgs and flavor:
probing anomalous 
Hss coupling

arXiv:2203.07261

arXiv:2203:08206

arXiv:2203:07535

Extended Higgs sectors - direct BSM portal
Strong 1st 

order EWPT

Probing Spontaneous Z2-breaking Singlet Extensions via Exotic 
Higgs Decays

H → SS can lead to many final states with S 

inheriting Higgs-like hierarchical BR’s via mixing

• LHC data from global fit to Higgs couplings constrains BR[H→ exotics] < 16% 

• Bounds on exotic Higgs decays
HL-LHC and FCC-ee projected reach on 

Br(h → ss) from Br(h → ss → XXYY)

mS[GeV]

Many ongoing searches at ATLAS and CMS 

for h → ss → 4b, 4μ, 4τ, 4γ, bbμμ, bbττ,…

Marcela Carena - EWBG 16



Models with Strong First Order Phase Transitions in the Early Universe

• are a necessary ingredient for a successful generation of EWBG 

• induce Gravitational Wave signals that may become detectable in the 
future

The bubble wall dynamics plays a crucial role in both processes

21/08/2026 Marcela Carena - EWBG 17



Bubble Wall and Fluid Dynamics – computation of vW

The fluid velocities v±, defined in the wall frame, and temperatures T± on the two sides of 
the bubble wall are discontinuous.

They are connected by energy-momentum conservation of the scalar + fluid system, when 
using proper boundary conditions for each type of solution

21/08/2026 Marcela Carena - EWBG 18

To compute the wall terminal velocity, vw, one needs to consider the scalar field EOM 

The full study involves consideration of the Equations of State for the total pressure 

and energy of the scalar fluid system

Three possible fluid profiles can form around the expanding bubbles, depending on vW 

= 0 ➔ terminal vw



Energy-Momentum Tensor (EMT) Conservation Conditions

21/08/2026 Marcela Carena - EWBG 19

with

Assuming the fluid is in local thermal equilibrium (LTE) =>

EMT can be written in terms of the thermal quantities:

With the fluid velocity: uμ(z) = γ(z) (1, 0, 0,−v(z)),

The fluid pressure density is pf = − VT , and enthalpy wf , entropy sf and energy densities ef 
:

working in the wall frame, ignore curvature of the bubble — the only spatial dependence is in 

the direction of bubble expansion, then EMT conservation reduces to two equations:

Substituting the EMT expressions above, the two matching conditions:

With scalar 

contributions: 

Ai, Laurent,  van de Vis, JCAP 07 (2023) 002



Equation of Motion Condition and Entropy Conservation

Multiply both sides of EMT conservation by uν, we get

Equation of motion for the scalar field imposes that □ϕ + ∂Veff/∂ϕ = 0. We get the

third matching condition — entropy conservation:

This shows the equivalence of the scalar field EOM with entropy conservation under LTE.

Both calculations, as a function 
of total pressure or entropy 
conservation  yield  qualitatively 
identical behavior and cross 
zero at the same value of vw. 

Terminal velocity vw = 0.6 for the same benchmark point in the Z2 symmetric singlet SM extension

zero at terminal vw, peaks at vw = vJ.

Ai, Laurent,  van de Vis, JCAP 07 (2023) 002

MC, Ireland, Ou, Wang,  JHEP 09, 2025
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Determining the Terminal Velocity from First Principles – LTE -

The Z2 symmetric real singlet SM ➔ vw ~ 0.55 – 0.67 for deflagration/hybrid 

requires knowledge of Nucleation Temperature + Scalar Potential

Scalar EOM yields to entropy conservation condition

Laurent, Cline PRD106, 2022
MC, Ireland, Ou, Wang,  JHEP 09, 2025

Allows to determine vw in excellent agreement with results from 

the LTE pressure analysis ( e.g. EOM along the bubble wall)
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Figur e 3. St rong first -order EWPT points and wall velocit ies calculated under the LTE approxi-

mat ion, using the entropy conservat ion approach for the Z2 symmet ric real scalar singlet extended

SM. We fix ωS = 1, and vary ωSH and mS in the scanning. Panel (a) shows detonat ion and defla-

grat ion/ hybrid solut ions in the mS -ωSH plane, with wall velocit ies depicted by the color gradient .

Panel (b) shows the histogram of ε n for the detonat ion and deflagrat ion/ hybrid solut ions. Panel

(c) shows all the deflagrat ion/ hybrid points in the ε n -vw plane. The points highlighted in blue,

green, and red have one of the model parameters mS rest ricted to a narrow range as indicated by

the legend. The solid lines of the same colors are the fit t ing of the scat ter points with the funct ion

f (x) = a ln(x) + b+ cx + dx2, with fit ted parameters listed in Table 2. Panel (d) shows all the st rong

first -order EWPT points (in gray), including detonat ion bubbles, in the ε n -vn / Tn plane. The blue,

green, and red points and lines have the same meaning as those in panel (c).

expression for ε max
n which depends solely on the number of light degrees of freedom in the

model. Applying this formula to the Z2-symmetric scalar singlet extension, one finds the

crit ical value ε max
n →0.05. However, Fig. 3(b) shows a more complicated pat tern, implying

a deviat ion from the bag equat ion of state. Nevertheless, the results in [68] st ill provide

guidance for the maximal value of ε n for deflagrat ion/ hybrid solut ions in EWPT.

– 16 –

Histogram of αn – strength in GW 
signals - for detonation vs 
deflagration/hybrid fluid solutions.

Points with SFOPT for fluid profiles 

Terminal vw significantly larger than assumptions in the literature

21/08/2026 21Marcela Carena - EWBG

Important correlation between vn/Tn and αn 



A new force in nature to transmit CP violation from a dark sector

• Electroweak Baryogenesis demands new, sizeable CPV sources 

• Electric Dipole Moment (EDM) experiments set constrains on new sources of CVP

Electron EDM and the latest ACME/JILA experiment results →II 

Weak scale CPV: 

Problem: most models of electroweak baryogenesis require sinθCPV ≥ 10-2

21/08/2026

[In the SM de ~ 10-39 e cm]  

f
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A new force in nature to transmit CP violation from a dark sector

• Electroweak Baryogenesis demands new, sizeable CPV sources 

• Electric Dipole Moment (EDM) experiments set constrains on new sources of CVP

Z2 and EW 
Restoration

Electron EDM and the latest ACME/JILA experiment results →II 

Problem: most models of electroweak baryogenesis require sinθCPV ≥ 10-2

New Challenge: How to transfer CP violation in the early universe? 

Solution: new agent of CP violation is a SM gauge singlet, hence can only contribute 

to electron EDM through higher order quantum corrections

[In the SM de ~ 10-39 e cm]  

Through a new force that connects the dark sector to ours

f

M.C., M. Quiros and Y. Zhang:  Phys. Rev. Lett. 122 (2019) 20, 201802; Phys. Rev. D 101 (2020) 5, 055014

23

Weak scale CPV: 
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A new force: a U(1) gauged lepton number

• Higgs–Singlet portal to the dark sector 

     to source CP violation and induce a first order phase transition

New particles:  Z’, S, χ (dark matter)

Dark CPV: a New mechanism for EW Baryogenesis

• Z’ portal to the dark sector 

    to transfer the CP violation to the SM sector          

M.C., M. Quiros and Y. Zhang:  Phys. Rev. Lett. 122 (2019) 20, 201802; Phys. Rev. D 101 (2020) 5, 055014

24

M.C., Y-Y. Li, T. Ou and Y. Wang, JHEP 02 (2023) 139
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A New Mechanism for Electroweak Baryogenesis:

A dark matter fermion χ 
talks to the Higgs boson via 

a new SM singlet scalar S

A varying mass mχ, along the expanding bubble  
wall direction, together with the S vev, generates 
a CP asymmetry in the χ dark matter particles

New	EW	Phase	Transi) on

24

λ S H λ

mS S λ

H S

zO

S

HO

A new scalar-Higgs interaction,  λSH |S|2 |H|2, can trigger strong first order EWPT

• Higgs–Singlet portal to the dark sector 

     to source CP violation and induce a first order phase transition

M.C., Y-Y. Li, T. Ou and Y. Wang, JHEP 02 (2023) 139
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A dark matter fermion χ 
talks to the Higgs boson via 

a new SM singlet scalar S

A varying mass mχ, along the expanding bubble  
wall direction, together with the S vev, generates 
a CP asymmetry in the χ dark matter particles

New	EW	Phase	Transi) on

24

λ S H λ

mS S λ

H S

zO

S

HO

A new scalar-Higgs interaction,  λSH |S|2 |H|2, can trigger strong first order EWPT

• Z’ portal: to transfer the CP violation to the SM sector 

The new gauge boson Z’ 
couples to χ and SM leptons;  

Z’ transfers CPV to us and 
generates a lepton CP 
asymmetry at Tn

    
The sphalerons, active outside the 
bubble wall create equal asymmetries 
in B and L number ➔ ΔNL = ΔNB 

• Higgs–Singlet portal to the dark sector 

     to source CP violation and induce a first order phase transition

EW sphalerons cannot touch 
the CP asymmetries in the χ 

electroweak singlet 

M.C., Y-Y. Li, T. Ou and Y. Wang, JHEP 02 (2023) 139
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A New Mechanism for Electroweak Baryogenesis:
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Wall Velocity Calculation in the Dark CPV Model
Strong first-order EWPT points and terminal vw calculated from first principles

Wall velocity for the dark CPV model

Scalar sector: SM Higgs extended by a complex scalar singlet S = s + ia

Vt r ee = ωH (|H|
2 →v

2
H )

2
+ ωS(|S|

2 →v
2
S)

2
+ ωSH |S|

2
|H|

2
+ ε

2
SS

2
+ h.c.

CP violat ion sourced from a dark fermion coupled to S

L ↑ ϑ̄L(m0 + ωcS)ϑR + h.c,

Wall velocit ies calculated from matching condit ions

Argonne Theory Seminar, 2/ 18/ 2025 5 / 7

➔ vw ~ 0.56 – 0.62 for deflagration/hybrid 

Histogram of αn in GW signals with 

detonation vs deflagration/hybrid.

Model free parameters after imposing SM Higgs mass and vev 

And fixing m0 and κ2
S to be real, leaving θ ≡arg(λc)

Also

to secure SFOPT, observed relic density, Higgs exotic and

invisible decay bounds, & observed baryon number asymmetry  

MC, A. Ireland, Tong Ou, I. Wang, JHEP 09, 2025
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Gravitational Wave Strength Correlations with Model Quantities
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Figur e 4. Strong first -order EWPT points and vw calculated under LTE using the ent ropy conser-

vat ion approach for the DarkCPV model. There are two free parameters varying in the scanning:

v→S and ωSH . Other parameters are fixed as given in the plot t it le. (a) Detonat ion and defla-

grat ion/ hybrid points in the v→S-ωSH plane. Wall velocit ies for the deflagrat ion/ hybrid points are

depicted by the color gradient . (b) Histogram of ε n for the detonat ion and deflagrat ion/ hybrid

solut ions. (c) ε n and vw of the deflagrat ion/ hybrid points. The red line is a fit t ing of the scat ter

points with the funct ion indicated by the legend. (d) ε n and vn / Tn of all the st rong first -order

EWPT points. The red line is again a fit t ing with the same funct ion as in panel (c).

are added to cancel the Coleman-Weinberg correct ion so that the tree-level relat ion m2
a =

ωSH v2
H / 2→ωSv→2S is fixed. Only two free parameters then remain in the scanning: v→S and

ωSH , as depicted in Fig. 4(a). The wall velocit ies for the deflagrat ion/ hybrid walls are in

the range ↑ 0.56→0.62. Similar to the Z2 singlet scalar model, a histogram of ε n for the

detonat ion and deflagrat ion/ hybrid solut ions is shown in Fig. 4(b) for the DarkCPV model,

from which we observe a much lower upper bound of ε n for the deflagrat ion/ hybrid bubbles

at around 4↓ 10↑3. Fig. 4(c) and Fig. 4(d) show the deflagrat ion/ hybrid points in ε n -vw

plane and all the SFOPT points in ε n -vn / Tn plane, respect ively. Due to the collider bounds
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Figur e 4. St rong first -order EWPT points and vw calculated under LTE using the ent ropy conser-

vat ion approach for the DarkCPV model. There are two free parameters varying in the scanning:

v→S and ωSH . Other parameters are fixed as given in the plot t it le. (a) Detonat ion and defla-

grat ion/ hybrid points in the v→S-ωSH plane. Wall velocit ies for the deflagrat ion/ hybrid points are

depicted by the color gradient . (b) Histogram of ε n for the detonat ion and deflagrat ion/ hybrid

solut ions. (c) ε n and vw of the deflagrat ion/ hybrid points. The red line is a fit t ing of the scat ter

points with the funct ion indicated by the legend. (d) ε n and vn / Tn of all the st rong first -order

EWPT points. The red line is again a fit t ing with the same funct ion as in panel (c).

are added to cancel the Coleman-Weinberg correct ion so that the tree-level relat ion m2
a =

ωSH v2
H / 2→ωSv→2S is fixed. Only two free parameters then remain in the scanning: v→S and

ωSH , as depicted in Fig. 4(a). The wall velocit ies for the deflagrat ion/ hybrid walls are in

the range ↑ 0.56→0.62. Similar to the Z2 singlet scalar model, a histogram of ε n for the

detonat ion and deflagrat ion/ hybrid solut ions is shown in Fig. 4(b) for the DarkCPV model,

from which we observe a much lower upper bound of ε n for the deflagrat ion/ hybrid bubbles

at around 4↓ 10↑3. Fig. 4(c) and Fig. 4(d) show the deflagrat ion/ hybrid points in ε n -vw

plane and all the SFOPT points in ε n -vn / Tn plane, respect ively. Due to the collider bounds
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vn/Tn  characterizes the 

degree of electroweak 

Sphaleron suppression 

in the broken phase

vw (for the deflagration/hybrid points) and vn /Tn (for all the strong first-order phase 
transition points) can be fitted by the same functional form of αn.  

Strong correlation between vw  and αn  as well as  between. vn /Tn and αn 

More results

Correlat ion between ωn and other quantit ies

vw (for the deflagration/ hybrid points) and vn/ Tn (for all the strong first-order phase

transit ion points) can be fit by the same functional form of ωn! The fit ted coe! cients are

vw = f (ωn) : a = 0.15, b = 1.64, c = →95.07, d = 1.05↑ 10
4
.

vn

Tn

= f (ωn) : a = 0.54, b = 4.44, c = 8.01, d = →9.10.

Argonne Theory Seminar, 2/ 18/ 2025 6 / 7

The results of the terminal velocity for deflagration/hybrid points is much larger than 
previously assumed in the literature (e.g. for the Z2 singlet extension of the SM, vw ~0.1) 

➔ impact on baryogenesis calculation and GW signals

MC, A. Ireland, Tong Ou, I. Wang, JHEP 09, (2025)
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αn below  4 x 10-3 for 

deflagration/hybrid



Electroweak Baryogenesis in the DarkCPV  Model

• To transfer the chiral asymmetry to the SM, we gauge the lepton number to U(1)l with a Z′,   and 

assign U(1)l charges to χ and S ➔ χ and the SM leptons are connected via the Z′ portal. 

• Sphalerons turn the transferred chiral asymmetry in SM leptons into a net baryon asymmetry

charged conjugates scatter off the bubble wall at different rates, creating a chiral asymmetry

_
• Varying complex mass                                                      ➔ the chiral fermion χL, χL  & their 

Baryon asymmetry calculation with full dependence on vW (CK20 method, Phys. Rev. D 101, 2020) 

➔ good results for values of the terminal bubble wall velocity computed from first principles 

The low vW  assumption (e.g. method at LO, JHEP 07, 2000) yield results that diverge at  vw ≳ 0.5

The terminal vw falls in a range where the 
baryon asymmetry calculation based on 

small vw assumption becomes questionable. 

29

MC, A. Ireland, Tong Ou, I. Wang,, JHEP 09, 2025 
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What to expect for Gravitational Waves Signals 

Main parameters controlling the stochastic GW background power spectrum

• Inverse time duration of the Phase transition

• Wall velocity vw
• Strength of GW signature from the PT

Fitted from numerical simulations 

30

Results for the CPV Dark model as a function of vw

21/08/2026

Bubbles with a deflagration/hybrid fluid profile                                                                             

- sizable friction from the plasma -

Vacuum energy release creates a sound shell & 

a turbulent flow in the plasma, sourcing the GW 

Case of interest for EWBG

Marcela Carena - EWBG

MC, Ireland, Ou, Wang,  JHEP 09, 2025

Caprinia, Hindmarsh, Huber et. Al, 2015.



Dark CPV and EWBG: Phenomenology  

➢ Predicts the existence of a new force carrier Z’, leptophilic ➔ Z’ searches. 

➢ Predicts very small EDM’s, but can be at reach in next round of experiments 

➢ Predicts a new Higgs portal scalar S, which could mainly decay into Z’ s. 

➢ The χ particle qualifies as a thermal DM candidate ➔ strongly constrained by 

direct detection searches

➢ Strong 1st order EWPT can generate stochastic gravitational wave signatures 

possibly observable at future GW detectors (?)

Model parameters in the scalar, Z’ and dark sectors need to accommodate to: 

• Strong 1st order EWPT, yield the observed baryon asymmetry and DM relic density

• Fulfill experimental constraints

Z2 and EW 
Restoration

Leading EDM arises at higher loops

         

naturally suppressed by one or two orders of magnitude 

below current limit for CPV sources of order one

M.C., M. Quiros and Y. Zhang :  Phys. Rev. Lett. 122 (2019) 20, 201802; Phys. Rev. D 101 (2020) 5, 055014

M.C., Y.Y Li, Ou and Wang, JHEP 02 (2023) 139; MC, Ireland, Ou and Wang, JHEP 09 (2025)
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Bubble velocity beyond LTE 

• Considering the effect of deviations from equilibrium on the distribution fuction

       f = feq + δf. ➔  entropy production such that

21/08/2026 Marcela Carena - EWBG 32

An open window for GW signals in Electroweak Baryogenesis models?

Since ΔS > 0 ➔ out–of eq. frictional pressure is positive and vw decreases

MC, Ireland, Laurent, Ou, Wang, in preparation

Example we have: Benchmark points for the Z2 symmetric 
singlet extension

Some/ Many detonation 
Benchmarks  turn into 
Hybrid or Deflagration 
cases due to out-of eq. 
effects (?)

No change in GW strength 

New Benchmark points  
available



Conclusions

Electroweak Baryogenesis remains an exciting possibility to explain the  observed 

baryon asymmetry 

Models may also provide Dark Matter candidates and  have interesting signals, e.g 

new scalars, new particles/forces @colliders, GW/EDM signals, DM direct detection… 

Evaluation of model capabilities to produce Electroweak Baryogenesis and GW 

signals requires detailed understanding of the bubble wall dynamics

We showed correlations between EW phase transition parameters governing the 

sphaleron process  and the strength of gravity wave signals.

Future directions

Investigate BSM EWBG models and bubble wall dynamics from entropy production

Quantum simulation formalism applied to real-time wave packet evolution to compute 

transmission and reflection dynamics at the bubble wall.                                                          

Real-Time Simulation of Asymmetry Generation in Fermion-Bubble Collisions                      

MC, Ying Ying Li, Tong Ou and Hersh Singh 2412.10365 [hep-ph]

21/08/2026 Marcela Carena - EWBG 33

https://inspirehep.net/literature/2859387
https://inspirehep.net/literature/2859387
https://inspirehep.net/literature/2859387
https://inspirehep.net/literature/2859387
https://inspirehep.net/literature/2859387
https://arxiv.org/abs/2412.10365
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Thank You !
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