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Its discovery and subsequent study of its properties at the LHC has provided 
a first portrait of the electroweak symmetry breaking mechanism 

It ensures the calculability of the SM at high energies

It offers us a powerful tool for the exploration of fundamental questions in 
particle physics, e.g. Baryogenesis, Dark Matter, Inflation?

The great success of the Higgs Boson

What is encoded in the Higgs potential?
- How is it generated?
- What determines the values of the Higgs mass parameter and quartic coupling?

- Is there an explanation for the apparent 
metastability of the Higgs potential?

- Is it a part of a richer scalar potential ?
- If so, what is the dynamics of the electroweak 

phase transition ?

V (⇥) = �m2|⇥|2 + �|⇥|4

09/13/20221 Marcela Carena | New Opportunities for Electroweak Baryogenesis

Trusting the SM up to the Planck scale
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The Higgs boson: a lot to understand  
With MH = 125 GeV, its mass is at a lucky spot to maximally allow us to look for surprises Higgs Couplings Preamble

ATLAS-CONF-2021-053

Invisible branching fraction
Brinv <  11% ATLAS-CONF-2020-052@95% CL

The larger and excellent Run 2 data sample brought many more 
opportunities…
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Effective self coupling
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κµ < 30%* 

κ" ~ 7%* 

κb ~ 11%* 

κW ~ 5%* 

κt ~ 6%*

Effective tree level couplings  
(assuming new particles neither in the decay nor in the loops)

κZ ~ 6%*
*Uncertainties on κ• We have verified that the Higgs boson is related to the Higgs 

mechanism of electroweak symmetry breaking
• We have verified that the Higgs boson couples most strongly 

to the heaviest SM matter particles

• Enhanced di-Higgs production is now starting to be probed already at the LHC
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σ × Br
γγ γγ ττexp. WW bb      bb bbWW bbbb bb4l

0.1 % 0.26 % 7% 25% 34% 1.5%*

ATLAS <747 (386) <4.1 (5.5) <4.7 (3.9) - <12.9 (21) -

CMS - <7.7 (5.2) <30 (25) <79 (89) <3.7 (7.3) 30 (37)

Summary  in terms of limits on HH production

Full data results in all channels are being finalised and combinations starting!
*without the Z leptonic branching of 3.3% ~4 events expected at HL-LHC high s/b ~ 5

−1.0 < κλ < 6.6

−1.2 < κλ < 7.2

ATLAS 
Combination of 

 and bbττ bbγγ

NEW  
Higgs 2021

NEW  
Higgs 2021

Observed constraint on trilinear 
coupling at 95% CL:

Expected range:

With the improvement of the full Run 2 
dataset analyses Back of the envelope 
calculation with  should get 
close to  sensitivity (ATLAS and 
CMS combined)!

0.5 ab−1

2σ

Major and exciting challenge for Run 3!

Towards a Measurement of the Higgs Self Coupling

• Combination of searches in 
bbττ, bbγγ and bbbb final 
states


• mX range: 251 GeV to 3 TeV


• Complementary sensitivity 
ranges of the three searches


• mX = 1.1 TeV


• 3.2 (2.1) local (global) 
significance

X→HH
Higgs boson pair production
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bbγγ bbττ bbbb

DiHiggs overview: Marco Valente, Wed 10:30am

Non-Resonant H(bb)H(bb)

Motivations
o Probe the Higgs trilinear coupling
o VBF HH also sensitive to %2! (HHVV)
o Probe also potential BSM terms

Analysis feature & main selection
o Two AK8 jets, utilize 

DNN “ParticleNet”
X->bb tagger

May 19, 2022 21

CMS-B2G-22-003

Gluon Fusion (ggF)
Vector boson fusion (VBF)
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HH → bbττ and HH → bbbb

23

• Combine large BR & good signatures
- BRSM(HH → bbττ) = 7.4%  ⇒  ~320 events in 138 fb-1  
- BRSM(HH → bbbb) = 33%  ⇒  ~1400 events in 138 fb-1

bbττ bbbb boosted

σggF+VBF  
/σSM

<3.3 (5.2) <9.9 (5.1)

σVBF/σSM <124 (154) <728 (409)

0.62 < κ2V < 1.41  
(0.66 < κ2V < 1.37) @ 95% CL

HH

1428th February 2020 Katharine Leney

All HH decay 
modes covered, 

either by 
targeted 

analyses, or by 
multilepton 

analysis (covering 
multi-!/τ/γ final 

states).

Gluon fusion   
σ = 31.05 fb 

Self-coupling, λ 
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σ = 1.726 fb 
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Also X→SH (S = scalar, m≠125 GeV)

Close links with 
LHC-HH group 

re theory 
developments, 
and benchmark 

BSM models

-1.8 < κλ < 8.8  
(-3 < κλ < 9.9)  

@ 95% CL

   CMS-B2G-22-003 (submitted to PRL)

   CMS-PAS-HIG-20-010

⇒Currently best observed (expected) κλ limits from      bbττ+bbγγ combination: -1.0 < κλ < 6.6 (-1.2 < κλ < 7.2) 

⇒      bbγγ observed (expected) κλ limits: -3.3 < κλ < 8.5 (-2.5 < κλ < 8.2) [JHEP 03 (2021) 257]
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HH → bbbb boosted
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+ higher order  
EFT operators 

Non-Resonant H(bb)H(bb)

Motivations
o Probe the Higgs trilinear coupling
o VBF HH also sensitive to %2! (HHVV)
o Probe also potential BSM terms

Analysis feature & main selection
o Two AK8 jets, utilize 

DNN “ParticleNet”
X->bb tagger
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This can shed light on understanding the Higgs potential and the EW phase transition

Explore: Do all fermions get their masses from the same Higgs field?  
Do Higgs couplings conserve flavor/CP? What about exotic/inv. Higgs decays?

What is behind the EWSB mechanism: Radiative breaking?  Compositeness?
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The Mystery of our Asymmetric Universe
Precision Cosmology: information on baryon abundance

What generated the small observed baryon-antibaryon asymmetry?
Initial condition, or generated during the evolution of the universe?

3

23. Big-Bang nucleosynthesis 3

Figure 23.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted
by the standard model of Big-Bang nucleosynthesis — the bands show the 95%
CL range [5]. Boxes indicate the observed light element abundances. The narrow
vertical band indicates the CMB measure of the cosmic baryon density, while the
wider band indicates the BBN D+4He concordance range (both at 95% CL).

predictions and thus in the key reaction cross sections. For example, it has been suggested
[31,32] that d(p, γ)3He measurements may suffer from systematic errors and be inferior to

June 5, 2018 19:56

• Abundance of primordial elements 
• Predictions from Big Bang Nucleosynthesis
• CMB 

09/13/2022

Starting from a CPT conserving theory, the necessary Sakharov’s 
conditions for baryogenesis are
• 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 

All three requirements fulfilled in the SM – conditions are necessary but NOT 
sufficient to produced the OBSERVED asymmetry

Marcela Carena | New Opportunities for Electroweak Baryogenesis



Baryon Number Violation: Anomalous Processes 
In the SM, Baryon Number conserved at classical level but violated at quantum level

• For gauge theories, one finds violation of classically preserved symmetries due to 
the quantization process: Anomalies   

• For the chiral weak interactions, gauge symmetry preservation yields the non-
conservation of baryon and lepton currents 

Adler, Bell, Jackiw; Bardeen 

If ≠ 0

In the Standard Model, all processes we
see conserve both baryon and lepton number :

For gauge theories, one finds the violation of classically preserved
 symmetries due to the quantization process :  Anomalies.

For the chiral weak interactions, gauge symmetry preservation
demands that the non-conservation of baryon and lepton currents 
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Anomalous processes violate both baryon and lepton number, hence violate B+L,
but they preserve B – L. They can proceed by the production of “sphalerons” 

è height of the barrier 
separating vacua with 
different baryon number

In the Standard Model, all processes we
see conserve both baryon and lepton number :

For gauge theories, one finds the violation of classically preserved
 symmetries due to the quantization process :  Anomalies.

For the chiral weak interactions, gauge symmetry preservation
demands that the non-conservation of baryon and lepton currents 
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Static configuration: 
middle point in the 
instanton tunneling

Esph ~ 8π v(T) / g
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SM Baryon Number Violation at zero and finite Temperature
• At T = 0,  B-violating sphaleron processes exponentially suppressed

• At  very high temperatures they are unsuppressed,

• At finite temperature they are Boltzmann suppressed

) /exp(-2  W0 ap@G ¹DB

TB µG ¹D  0

)  /TT)(exp(-E T   sph00 b@G ¹DB

Klinkhammer and Manton’84; Arnold and Mc Lerran’88, Khlebnikov and Shaposhnikov ’88

Baryon number generation at the Electroweak phase transition

• In a first order EW phase 
transition, universe tunnels 
from h = 0 to h≠ 0 vacuum 
via bubble nucleation. 

Higgs off

Higgs 
on

Higgs off

Higgs
on

Higgs 
on

Higgs off

Bubbles expand at near speed of light. Processes near the wall highly out of equilibrium
5

Start from B = L = 0 at  T > Tc

with Sinst = 8π/αw

with Esph ~ 8π v(T)/g

09/13/20225 Marcela Carena | New Opportunities for Electroweak Baryogenesis



Effects of CPV and Baryon Number generation at the EWPT
• Start with B = L = 0 at T>Tc

6 09/13/2022Marcela Carena | New Opportunities for Electroweak Baryogenesis
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Fig. 14. The B asymmetry which initially develops in front of the bubble wall.
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Fig. 15. The strong sphaleron.

5.1. Strength of the phase transition

Now that we appreciate the importance of the first order phase transition, we can
try to compute whether it occurs or not. The basic tool for doing so is the finite-
temperature effective potential of the Higgs field, defined by the path integral

e−β
∫

d 3x Veff (H) =

∫ ∏

i

Dφie
−
∫

β

0
dτ
∫

d 3xL[H,φi] (5.2)

where β = 1/T , H is the background Higgs field, and φi are fluctuations of all
fields which couple to the Higgs, including H itself. Here τ is imaginary time and
the fields are given periodic (antiperiodic) boundary conditions between τ = 0
and β if they are bosons (fermions). For a compact introduction to field theory at
finite temperature, see ref. [34].

To evaluate V eff , we can use perturbation theory. Since there are no external
legs, Veff is given by a series of vacuum bubbles,

Veff = + { + }+ ...

Baryogenesis 33

qR (q_R)qR (q_R)

qL (q_L)qL (q_L)

qL (q_L)

qR (q_R)

transmitted incident 
   + reflected

Fig. 12. CP-violating reflection and transmission of quarks at the moving bubble wall.

CP asymmetry

z

wall
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Fig. 13. The CP asymmetry which develops near the bubble wall.

If the baryon asymmetry remained in front of the wall, eventually sphalerons
would cause it to relax to zero, because there are other processes besides sphalerons
in the plasma which can relax the CP asymmetry, for example strong SU(3)
sphalerons which change chirality Q5 by 12 units, 2 for each flavor, as shown
in figure 15. (See [33] for a lattice computation of the strong sphaleron rate.)
The combination of weak and strong sphalerons would relax Q5 and B + L to
zero if the wall was not moving. But due to the wall motion, there is a tendency
for baryons to diffuse into the broken phase, inside the bubble. If Esph/T is large
enough, Γsph is out of equilibrium and B violation is too slow to relax B to zero.
This is the essence of electroweak baryogenesis.

• Particles flow into the expanding bubble wall and CPV implies that the wall exerts    
different forces on particles and antiparticles creating a chiral asymmetry 

Par<cle	Physics	Near	Bubble	Wall

14

Expanding	bubble	wall	serves	as	the	border	where	the	Higgs	
field	quickly	changes	from	0	to	v.	Par3cles	flow	into	it.	

• Yukawa	interac3on	with	
Higgs	field	flips	chirality.

• 	

h=0h≠0

v	~	c

tLtR

• Assume	CP	viola3on	exists,	
par3cles	interact	with	wall	at	
different	x	(interference).
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• First	generates	a	chiral	
charge	asymmetry
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• First	generates	a	chiral	
charge	asymmetry

• Outside the bubble, EW sphalerons allow a fraction “f” of the chiral asymmetry in 
quarks to be shared with leptons è Sphalerons violate B+L, but conserve B-L

The	generated	chiral	charge	asymmetry,	in	par3cular,																	,	
distributes	around	the	bubble	wall.

From	Chiral	to	Baryon	Asymmetry

15

Ŷƚ> � ŶƚĐ>
<latexit sha1_base64="rXXVyw8UGMWKVTHRSvJ8rveBFyw="></latexit>

Outside	the	bubble	(v=0),	EW	sphalerons	allow	a	frac3on	(f)	of	
the	chiral	asymmetry	in	quarks	to	be	shared	with	leptons.

Asymmetry	in	right-handed	fields	is	not	touched	by	sphalerons.

A	net	baryon	asymmetry	will	be	generated	this	way

Ŷ� � Ŷ�̄ �
�
ŶƚZ � ŶƚĐZ

�
+ (ϭ � Ĩ)

�
Ŷƚ> � ŶƚĐ>

�
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Worth	men3oning	that	equal	amount	of	asymmetry	is	stored	in	
the	lepton	number	(sphalerons	conserve	B-L).

A net baryon asymmetry 
is generated this way 
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Fig. 11. Bubble nucleation during a first-order EWPT.

qL + q̄R relative to qR + q̄L in front of the wall, and a compensating deficit of
this quantity on the other side of the wall. This CP asymmetry is schematically
shown in figure 13.

Sphalerons interact only with qL, not qR, and they try to relax the CP-asymmetry
to zero. Diagramatically,

is slower
than

quarks
leptons antileptons

antiquarks
simply because there are more q̄L than qL in front of the wall. But the first in-
teraction violates baryon number by −3 units while the second has ∆B = 3.
Therefore the CP asymmetry gets converted into a baryon asymmetry in front of
the wall (but not behind, since we presume that sphaleron interactions are essen-
tially shut off because of the large Higgs VEV). Schematically the initial baryon
asymmetry takes the form of figure 14.

antileptons
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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.

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] 

è actual transition from false vacuum to real one requires  Sbounce/Tn ~ 140

7

if  nB = 0  at T > Tc, independently of the source of baryon asymmetry
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CP Violation

• CP violation is induced by complex phases in the Yukawa interactions of quarks and 
leptons with the Higgs field.   3 Generations are necessary !

• It is always proportional to the so-called Jarlskog’s invariants that is proportional to 
the mixing angles appearing in W interactions…

Mf
diag = V f

L Yf V f†
R

vp
2

J = c12c
2
13s12s13s23 sin � δ : CP violating phase

Kobayashi,  Maskawa’73.  2008 Nobel Prize (together with Nambu)

VtbSource	of	CP	Viola<on	in	SM

17

Contribu3on	from	SM	CP	viola3on	(CKM)	is	highly	suppressed.

Maximal	CP	phase	is	(another	reason	where	SM	fails)

MƋ = zƋz†
Ƌ
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How	to	generate	a	complex	top	quark	mass?
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EW Baryogenesis in the SM fails

8

All three Sakharov’s conditions could have been fulfilled
• Baryon number violation: Anomalous Processes/Sphalerons
• CP violation: Quark CKM mixing

• Non-equilibrium: At the Electroweak Phase Transition.
Nature	of	EW	Phase	Transi<on

13

First	order	EW	phase	
transi3on	widely	occurs	in	
two-Higgs	doublet	models	
and	SUSY	theories.

There	are	consequences	in	
the	form	of	effec3ve	Higgs	
poten3al	and	Higgs	physics.

Within	SM,	with	the	measured	Higgs	mass	(125	GeV),	lasce	
simula3ons	tell	that	EW	phase	transi3on	is	a	cross	over.	
(Kajan3e,	Laine,	Rummukainen,	Shaposhnikov,	hep-ph/9605288)

With the measured 125 GeV Higgs mass, lattice 
simulations show the EWPT is a cross over. 

Kajantie, Laine, Rummukainen, Shaposhnikov ‘88
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Contribution from CP violation 
(CKM) is highly suppressed 
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High order loop effects needed  to generate a 
complex contribution to the top quark mass 



Electroweak Baryogenesis demands new Physics/ New Scalars

• What was the mechanism that triggered electroweak symmetry breaking? (SM 
gives a simple parameterization, not an explanation) 

• Does this mechanism involve an expanded “Higgs sector” with other scalar 
boson fields, new forces, new fermions, new sources of CP violation ?

• Was the resulting phase transition strongly first order? 

• Was there just one phase transition or a multi-step transition? 

• Was there an electroweak phase transition at all?

Basic Questions:

The answers to these questions will inform whether electroweak baryogenesis 
is a viable explanation of the observed baryon excess in our universe
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• Singlet extensions of the SM
• Two Higgs doublet Models 
• Supersymmetric models
Ø MSSM: light stop scenario, ruled out by Higgs precision
Ø NMSSM: through additional scalars, is an appealing possibility  

§ Importance of computing nucleation temperature 
§ EWBG possible but new scalar boson states are hard to probe at colliders  

due to alignment proximity  (LHC information) 

• Models with Dark CP violation and gauged lepton/baryon number 
• Models with heavy Fermions
• Models of EW symmetry non-restoration/delayed restoration, with multiple singlets 

and possibly with an inert doublet

Higgs boson cousins may be the key to our Asymmetric Universe

Many BSM scenarios have been studied which allow for EWBG
To render the EWPT strongly first order and provide new sources of CPV
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Finite temperature Higgs Potential: general considerations

• D: contributions at one-loop proportional to the sum of the couplings of all bosons and 
fermions squared,  responsible for symmetry restoration 

• E: contributions from to the sum of the cube of all light boson particle couplings: 

V1
CW  yields renormalization scale independence, and V1(φ,T) considers thermal contributions, e.g. 

For mi(φ) < 2Τ,
with ηi = ni (-1)2S

Review Standard Model example: è 43
SM

22
0

2 H 
2
T)(λHTEH)T(TDV ++-=

÷
÷
ø

ö
ç
ç
è

æ +
»

3

33

SM  v2
2

3
2E

p
zW MM

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

Since  λ = mH
2/v2 then GeV40mimplies1

T
)T(v

<> H
c

c

Perturbative result to 
be compared with 
lattice computations 
yielding mH < 75 GeV 

V(φ,Τ) = V0(φ) + V1CW(φ,0) + V1(φ,T)Need to consider: 

that controls the strength of the phase transitionv (Tc) / Tc ~ E / λ
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Finite temperature Higgs Potential: general considerations

§ Tree-level Effects

§ Thermal effects

§ Zero Temperature loop effects

New fields coupling directly with the Higgs, modifying the potential at tree level

Modifying the potential through radiative corrections involving new particles

Modifying the thermal potential through thermal loops involving new particles

[                ]V(h, S, HBSM, …)

Going beyond the Standard Model to allow for a first order phase transition, sufficiently 
strong, one needs to add new particles and look in the direction of the transition

V(φ,Τ) = V0(φ,S, HBSM) + V1CW(φ, S, HBSM,0) + V1(φ, S, HBSM,T)

The scalar potential can have many fields

§ Higher order operators: if new particles heavy à Veff
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Enhancing the EWPT strength through a singlet scalar
Scalar couples to the Higgs and affects the tree level potential  

<latexit sha1_base64="a+g4iwRb29A4AackbWBQN/Ww/h0="></latexit>
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+V explicit
0 (h, s)
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• Explicit Z2 breaking à
• Z2 - preserving (at T=0) à

• Spontaneously Z2 breaking      à

Possible scenarios:
V explicit
0 (h, s) = a1h2s+ b1s+ b3s3
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h(h, s)i = (vEW, 0)

h(h, s)i = (vEW, wEW)

The last case follows naturally in scenarios where, e.g., the singlet is the Higgs-like boson 
of a complex scalar in the dark sector that spontaneously breaks a dark gauge symmetry   

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

To determine phase transition pattern 
requires finite temperature potential 
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Figure 2: Results for the electroweak phase transition in a spontaneous Z2 breaking

singlet extension of the SM, with full numerical study of the one-loop thermal potential.

EWPhT information of scenario A and A-NR are shown in black dots and scenario B

and B-NR are shown in green dots. Upper panel: vc/Tc versus the e↵ective quartic

coupling �̃h. Lower panel: vc and Tc versus �̃h.

temperature dependent quadratic terms dominate the thermal evolution. The critical

– 12 –

14

Exotic Higgs decays as a potent probe of viable EWBG models

The electroweak phase transition strength – Spontaneous Z2 breaking scenario

09/13/2022

• Quartic mixing coupling proportional to mixing between 
mass eigenstates - strongly constrained by Higgs precision 
measurements è

• Strength of the EWPT enhanced for small mS - light singlet 
sin ✓ . 0.4

• Sizeable s2 |H|2 coupling needed for a 
strongly 1st order EWPT 

è BR (HàSS) to be bounded from below

Bounds on Br(h → ss) from  Br(h → ss → XXYY) 

Z2 spontaneous 
breaking with 

SFOEWPT

Global fit: 
BR[Hàexotics] < 4%

Exotic Higgs decays are a potent probe 
of Singlet extensions with viable EWBG Ke-Pan Xie, Yikun Wang, 

et al, Snowmass WP ‘22
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EWPT and Higgs Pair Production: Higgs Trilinear Coupling 
Z2 spontaneous Symmetry Breaking Scenario M.C, Z. Liu, Y. Wang, ‘19

Figure 8: Left: Plane of the trilinear Higgs boson coupling and the singlet scalar-

di-Higgs coupling, normalized to the SM Higgs boson VEV. Right: Departure of the

e↵ective trilinear coupling ⇤E↵

HHH
from its SM value as a function of the mixing angle

sin ✓. For both figures the color coding is as follows: The gray region corresponds

to results including the tree-level and one-loop thermal potential only. The red, blue

and green disks, include the one-loop CW potential and daisy resummation. The blue

and green disks further require cos ✓ > 0.95, while the green disks additionally require

cos ✓ > 0.995. The horizontal gray line indicates the SM value of the y-axis parameter.

The determination and measurement of the trilinear Higgs coupling uses the di↵erential

information of the process as a result of the di↵erent diagrams and the interferences

between the SM di-Higgs box diagram and the e↵ective triangle diagram. Indeed, given

the smallness of the singlet mass, the double Higgs production is far o↵-shell and can

be absorbed into the above e↵ective Higgs trilinear redefinition, which is valid at the

di↵erential cross-section level.

We show the contributing trilinear couplings, ⇤HHH and ⇤SHH , in the mass basis

in the left panel of Fig. 8. The modified Higgs trilinear coupling ⇤HHH varies broadly

between 0.08 to 0.20. There is, in general, a positive correlation between ⇤HHH and

the singlet scalar-di-Higgs trilinear coupling ⇤SHH . Such a positive correlation follows

from Eq. (4.3) for a subdominant contribution of the negative sin3✓ term in ⇤HHH ,

which corresponds to the mixing quartic coupling contribution. The case of negative

correlation, instead, follows from the dominance of the negative sin3✓ term over the

– 25 –

positive second term in ⇤HHH . The shading and color choices are the same as in Fig. 7.

We can see that as we restrict the Higgs-singlet mixing parameter sin ✓ to be smaller,

the Higgs trilinear coupling is also reduced to be closer to the SM value (which is shown

as a gray reference line). The right panel of Fig. 8 shows the departure of the e↵ective

trilinear coupling ⇤E↵

HHH
from its SM value as a function of the mixing parameter sin ✓.

We have defined the ratio

Eff

HHH
⌘ ⇤Eff

HHH

⇤SM

HHH

,

with ⇤Eff

HHH
defined in Eq. (4.5) and, again, the color code is the same as in Fig. 7.

We observe that for negative values of the mixing parameter sin ✓, the e↵ective Higgs

trilinear coupling can be suppressed as much as 30%, while for positive values, the

suppression is at most of the order 10%. These changes in the Higgs trilinear coupling

are beyond the current reach of colliders and set a compelling challenge for the di-Higgs

boson search program and related precision measurements at future colliders.

4.3 Gravitational wave signature

Discussions on Gravitational Wave (GW) signatures associated with a SFOEWPT in

singlet extensions of the SM have been carried out in recent studies, see, e.g., Refs. [80–

87]. Here we study for the first time the potential for detectability of gravitational waves

in a singlet extension of the SM with spontaneous Z2 breaking. We provide a rough

estimate of the GW signatures of the various underlying thermal histories and evaluate

the opportunities to observe them at current and future GW detection experiments.

Following Ref. [89], we estimate the GW signature spectrum from our model pa-

rameter points. The phase transition process induces the GW through bubble collision,

dubbed as ⌦�, propagation of the sound wave, dubbed ⌦sw, and the decay of magne-

tohydrodynamic (MHD) turbulence, dubbed ⌦MHD, respectively. The stochastic GW

background power spectrum is the summation of these three sources,

h2⌦GW ' h2⌦� + h2⌦sw + h2⌦MHD, (4.6)

whose relative strengths di↵er depending on the given model. The detailed spectral

and parametric dependences of the GW signature from the di↵erent sources are given

in Ref. [89, 90]. In this section, we describe the key parameters and show the numerical

results of our study.

The inverse duration of the phase transition is characterized by � ' �̇/� with �

the bubble nucleation rate. In turn, the relevant parameter for the GW signal is

�

H⇤
⇠ T

d(S3/T )

dT

����
T=T⇤

, (4.7)
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lines represent the current LHC coverage, the corresponding HL-LHC coverage, and

projections for a future electron-positron collider [69], respectively. As shown in Fig. 7,

imposing the future Higgs precision bounds implies a strong preference towards low sin-

glet masses, however, we expect that a more intense numerical scan targeted to specific

mass regions may expand the mass values allowed.6 The boundary is also a↵ected by

the renormalization scale choice of the CW potential (see discussion in Appendix C).

We argue that the HL-LHC will be able to actively probe a significant region of the

SFOEWPT parameter space in a spontaneous Z2 breaking singlet extension of the SM

and that a future Higgs factory could compellingly test this model.

4.2 Higgs pair production

The Higgs pair production process provides a unique handle in exploring the vacuum

structure of the Higgs potential [34, 77, 78]. The HL-LHC program can probe the Higgs

trilinear coupling through double Higgs boson production with an accuracy of 50% [59],

whereas it could be measured at the 40% level at a low energy lepton collider [79], and

at the 5-7% level at the FCC-hh [67] as well as at CLIC [61].

The Higgs pair production receives three contributions: the triangle diagram of

an s-channel o↵-shell singlet S through a SHH vertex, the triangle diagram of an s-

channel o↵-shell H through a HHH vertex, and a top-quark box diagram with double

top Yukawa insertions. The first contribution from the s-channel o↵-shell scalar S is

additional to the other SM ones, while the SM diagrams in turn are modified by mixing

e↵ects. The couplings governing the Higgs pair production are

⇤HHH =
m2

H

�
� sin3 ✓ + tan � cos3 ✓

�

2 tan � v

⇤SHH =
(2m2

H
+m2

S
)(sin ✓ + tan � cos ✓) sin 2✓

4 tan � v
. (4.3)

A further simplification can be made due to the fact that mS is much smaller than

twice the Higgs mass. For the double Higgs production at hadron colliders such as the

LHC and FCC-hh, within a good approximation, one can define an e↵ective trilinear

coupling that combines the two triangle diagrams via

⇤E↵

HHH
=

2

3
sin ✓

ŝ2

(ŝ � m2

S
)2 + i�SmS

⇤SHH + cos ✓
ŝ2
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⇤HHH (4.4)

' 2

3
sin ✓⇤SHH + cos ✓⇤HHH . (4.5)

6Note that for these results on a five-dimensional parameter space, we performed scans with approx-
imately 105 CPU hours. We have a total of 107 points, of which 105 are compatible with SFOEWPT,
and 104 satisfy the current Higgs precision and exotic decay constraints.
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(ŝ � m2

H
)2 + i�HmH

⇤HHH (4.4)

' 2

3
sin ✓⇤SHH + cos ✓⇤HHH . (4.5)

6Note that for these results on a five-dimensional parameter space, we performed scans with approx-
imately 105 CPU hours. We have a total of 107 points, of which 105 are compatible with SFOEWPT,
and 104 satisfy the current Higgs precision and exotic decay constraints.

– 24 –

Beyond 
HL-LHC reach, 
needs FCC-hh

H

Gravitational Waves: May be too weak to be 
probed after including 
all radiative corrections 
(red curves)

Further RG 
improvement may help

Bubble nucleation: expanding bubbles collide 
and produce stochastic GW through:
• sound waves propagation
• magnetohydrodynamic turbulence 
• bubble collisions 
Many parameters affect the GW signal
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A SUSY example: the Next-to-Minimal Supersymmetric SM

09/01/2022

A more extended Higgs sector: two Higgs doublets + a singlet

provides flexibility enhancing the PT strengthboth charged under the EW gauge group

The NMSSM with the scalar potential 

Without loss of generality, we consider the 3-dim. field space

The EW vacuum

where m2

i
and Ai are soft SUSY-breaking parameters of dimension mass-squared and mass,

respectively, and g1 and g2 are the U(1)Y and SU(2)L gauge couplings.

The Higgs fields have large couplings amongst themselves, to the electroweak gauge

bosons, and to third generation (s)fermions. These couplings lead to sizable radiative

corrections to V0, to which we return in section 2.1. However, many of the properties of

the scalar potential can already be seen from the tree level potential, eq. (2.3).

In order to be compatible with phenomenology, the NMSSM must preserve charge.

While in the MSSM the scalar potential is su�ciently constrained to make charge-breaking

minima very rare (see, e.g., ref. [59]), the additional freedom of the NMSSM’s scalar po-

tential makes such minima a much larger problem. However, ref. [60] demonstrated nu-

merically that, while charge-breaking minima may be present in the NMSSM, they are

virtually always accompanied by additional charge-conserving minima, and the tunneling

rate from the metastable physical minimum to these charge-conserving minima is larger

than to the charge-breaking minima. Hence, we can neglect such charge-breaking minima;

in the following we will assume that for all phenomenologically relevant vacua the vevs can

be rotated to have the form

hHdi =

 
vd

0

!
, hHui =

 
0

vu

!
, hSi = vS , (2.4)

breaking SU(2)L ⇥U(1)Y ! U(1)em. Without loss of generality, one can furthermore take

all vevs to be real-valued: While the Z3-NMSSM does allow for stationary points in the

scalar potential which spontaneously break CP, at tree level such points are either saddle

points or local maxima [61]. In summary, it su�ces to allow the neutral real components

of Hd, Hu, and S to take non-trivial vevs2 when studying the vacuum structure of the

NMSSM. This reduction from a ten-dimensional to a three-dimensional field space makes

the task considerably more tractable.

In order to ensure that the scalar potential has a stationary point at the physical

minimum, we use the minimization conditions
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=
@V

@Hu
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Hu=vu
S=vS

=
@V
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����Hd=vd
Hu=vu
S=vS

= 0 , (2.5)

replacing the squared mass parameters m2

Hd
, m2

Hu
, and m

2

S
with the vevs vd, vu, and vS in

eq. (2.3). In practice, it is convenient to re-parameterize the vevs,

v ⌘

q
v
2

d
+ v2u , tan� ⌘ vu/vd , µ ⌘ �vS . (2.6)

The observed mass of the electroweak gauge bosons is reproduced by fixing v = 174GeV,

removing one of the NMSSM’s free parameters.

In order to account for the constraints on the NMSSM imposed by the SM-like cou-

plings of the observed 125GeV Higgs boson, it is useful to write the Higgs fields in the

2Observe that in general the sfermions can get non-trivial vevs as well, potentially giving rise to charge

and/or color breaking vacua. We will not entertain this possibility further in this work.
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Parameter space: 

After minimization conditions, replacing mass parameters by vev’s and suppress mixing of 
HNMS and HS with HSM to be consistent with Higgs 125 GeV phenomenology

Higgs basis

Marcela Carena | EWBG and signals at the LHC
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EWPT in the NMSSM - nucleation is more than critical  

09/01/2022Marcela Carena | New Opportunities for Electroweak Baryogenesis

The vacuum structure gives little information about tunneling probability. 
è the higher the barrier, and the larger the distance between the 
minima, the lower the nucleation probability
The bubble nucleation rate per unit volume:
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requiring the nucleation probability to be approx. one per Hubble 
volume and Hubble time leads to the nucleation condition 
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vacuum structure tunneling probability

§ Strong EWPT consistent with light to heavy non-SM-like Higgs boson and a singlet
§ Despite light masses, these states are hard to probe at LHC ( best: H → h125 + hS) 
§ The most promising dark matter scenario is a bino-like lightest neutralino

Collider and Dark Matter opportunities

Baum, M.C, Shah, Wagner, Wang ‘19



The challenge of new CPV sources for EW Baryogenesis
The observed baryon asymmetry requires new CPV sources that are in 
usually in tension with Electric Dipole Moment experimental bounds

Z2 and EW 
Restoration

Z2 and EW 
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Electron EDM and the ACME experiment II 
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Weak scale CPV 

2018 electron EDM measurement ==>

Electron	EDM	and	ACME	II
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Most New Physics models of 
EWBG require sinθCPV ≥ 10-2
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NP

Electron EDM can be suppressed if the CP 
violating fermion is a SM gauge singlet
- doesn’t couple to photons -

How to transfer CP violation in the early universe? 

09/13/202218 Marcela Carena | New Opportunities for Electroweak Baryogenesis

Higgs rate measurement
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Severe	Challenge

21

EW	baryogenesis	
favored	region

Shu,	YZ,	1304.0773	
Inoue,	Ramsey-Musolf,	YZ,	1403.4257

type	II	2HDM,	alignment	limit,	β-α=π/2

ACME	2013

ACME	2018

Leading EDM arises at higher loops, naturally suppressed by one or two orders 
of magnitude below current limit for CPV sources of order one

Shu, Y. Zhang,’13 Inoue, Ramsey-Musolf, Y. Zhang’14 



A new mechanism for EW Baryogenesis: Dark CP violation

EW sphalerons cannot touch 
the chiral charge asymmetries 

in the χ SU(2) singlet

MC, Quiros and Yue Zhang.19

• Higgs portal (sourcing CP violation & phase transition) 
• Z’ portal (for transfer of CP violation) 

09/13/202219 Marcela Carena | New Opportunities for Electroweak Baryogenesis

A model with gauged lepton number

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

A dark fermion χ (DM) talks 
to the Higgs boson via a 
new SM singlet scalar S

A varying mass mχ along the z direction, 
together with the S vev, generates a chiral 
charge asymmetry in χ particles

New	EW	Phase	Transi)on

24

Espinosa,	Konstandin,	Riva,	1107.5441

A	scalar-Higgs	interac3on,	λ|S|2|H|2,	with	λ>0,	can	trigger	
strong	first	order	EW	phase	transition	of	the	following	form	

(with	mS	~	S	~	hundreds	of	GeV,	and	λ	~	1-3).

bubble	wall	profile

H S

zO

field	space

S

HO

new U(1) gauge boson Z’  
couples to the dark fermions 
and SM leptons and 
transfers CPV to SM sector

This in turn generates a Thermal 
Equilibrium Asymmetry in SM leptons
Sphaleron processes yield  ΔNL = ΔNB

SU(2)L anomalons, besides DM,  must decouple from thermal number density
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Fig.11: Scanned points (blue) in the g0 – MZ0 plane, compatible with the observed baryon asymmetry

of the universe assuming Ng = 2 . The colorful shaded regions have been excluded by the existing

constraints from the CCFR, Borexino experiments, and the K ! ⇡⌫⌫̄ and B ! Kµµ decay rate

measurements, respectively. The yellow band is the favored region for explaining the muon g � 2

anomaly. The black dashed lines correspond to v� equal 1 and 10TeV; two indicative values related

to the anomalon masses that need to be above the electroweak scale.

shaded regions in Fig. 11. In this model, the Borexino experiment stands out to be the most

important neutrino scattering experiment because the solar neutrino contains a ⌫µ component. Like

the Le + Lµ + L⌧ case, for small MZ0 , this model is also strongly constrained by flavor-changing

meson decays due to the anomalous Z 0WW coupling [38]. The measurement of K ! ⇡⌫⌫̄ and

B ! Kµµ decay rates have already excluded the cyan shaded region in Fig. 11. A prospective

high-energy electron-positron collider could probe the viable region of Z 0 masses via the multi-muon

searches, similar to limit set by BaBar (not shown in the Fig. 11 because it is superseded by

CCFR.) [58].

In view of neutrino cosmology, the gauged Lµ + L⌧ model has an attractive aspect where the

scalars � and S both carry U(1)` charge 2. This allows them to directly give Majorana masses

to the right-handed neutrinos, which is necessary for being consistent with the �Neff bound

in cosmology and keeping the Z 0 su�ciently light, as discussed in Sec. 4.2. However, with the

minimal particle content given in Table 1, the gauged Lµ + L⌧ model cannot generate realistic

active neutrino masses and mixings. This is mainly because the electron neutrino in this model is

not charged under the U(1)`, which forbids it to mix with the µ and ⌧ flavors unless a charge one

scalar (named S0) under U(1)`, with a non-vanishing VEV, is introduced. The relevant Yukawa

interactions, and Majorana mass terms, accounting for realistic neutrino masses and mixings take

29

MC, Quiros and Yue Zhang’19
MC, Y-Y li, T. Ou, W. Wang, to appear

Dark CPV: Phenomenology

• Predicts the existence of a new force carrier Z’, leptophilic è 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 to be a thermal dark matter candidate 

Leptophilic Z’: 
Target and Searches 

Leptophilic	Z’:	Target	and	Searches

33

Blue	dots:	successful	EW	
baryogenesis

Carena,	Quiros,	YZ,	1811.09719
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Fig. 5: The parameter space of our model (assuming Ng = 3) that could generate the observed

baryon asymmetry of the universe is covered by the blue points, in the g0 versus MZ0 parameter

space. The colorful shaded regions have been excluded by the existing constraints from LEP, BaBar,

electron g � 2, beam dump, and neutrino-electron scattering experiments, as well as the measurement

of flavor changing K ! ⇡, B ! K decay rates. The yellow band is the favored region for explaining

the muon g � 2 anomaly. The black dashed line corresponds to the VEV v� equal to 1, 10TeV. We

consider in the parameter scanning the condition m0 > MZ0/2.

is proportional to ⇠ g02/M2
Z0 . In this case, m0 > MZ0/2, the Z 0 boson is kinematically forbidden

to decay into ��̄. If created in the laboratory, it will decay into SM particles. This is a visible

decay, and in the next section we will confront these points with the existing, and near-future, Z 0

searches. It is worth pointing out that the values of g0 of interest for successful baryogenesis are

much smaller than 1, thus the back reaction of Z 0 particles on the bubble wall is negligible.

On the other hand, we find that the resulting points with m0 < MZ0/2 exhibit a di↵erent g0

versus MZ0 correlation behavior. In particular, we find that when the Z 0 is light (well below the

electroweak scale), m0 is thus small and the required values of g0 for successful baryogenesis are

much larger (with g0 > 10�3 everywhere). This could be understood from the explicit expression for

the source of CP violation for the baryogenesis mechanism SCPV . As discussed in the paragraph

below Eq. (3.12), the relevant CP violation source is proportional to the gradient of arg(M�) along

the z direction, where the VEV of S changes. Clearly, if the m0 term is very small, arg(M�)

remains approximately ✓, and (arg(M�))0 would be suppressed. To compensate for this suppression,

larger values of g0 are needed. In this case, we find that the experimental constraints from invisibly

decaying Z 0 searches [30] are already strong enough to exclude almost the entire viable parameter

space for baryogenesis. Therefore, we will not consider this case any further.
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Outlook: Electroweak Baryogenesis
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An appealing mechanism to explain the matter-antimatter asymmetry:
It requires a strongly first order electroweak phase transition and additional CPV 
beyond the SM.
It may come with interesting new collider signatures and may even accommodate DM 
Gravitational wave signatures can be interesting probes of the nature of the phase 
transition at the reach of planned instruments

Some examples:
• Singlet extensions to the SM can enhance the EWPT, which exhibits rich thermal 

history and collider phenomenology. 
• Extended Higgs sectors with large tree level barriers and multi dimensional field 

space: important differences between the critical temperature study versus the 
nucleation temperature study 

• Baryogenesis generation with CPV in a dark sector can circumvent EDM current 
restrictions and provide a novel mechanism for EWBG in models with gauged 
lepton (or quark number), with CPV transmitted by a new force
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Simplest Case: 
A singlet extension of the Standard Model
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Enhancing the EWPT strength through a Singlet extension
Simplest case: enhancing EWPT through a Singlet extension

• Generic Potential: Explicit Z2 breaking à
Espinosa, Quiros ’93, Profumo, Ramsey-Musolf, Shaughnessy ’07, Choi, Volkas ’93,                    
Huang, Joglekar, Li, Wagner ‘16, Kozaczuk, Ramsey-Musolf, Shelton ‘19

• Z2  - preserving (at T=0) à

Espinosa, Konstandin, Riva ’11,  Curtin, Meade, Yu ’15, Barger, Chung, Long, Wang ’12,  Kozaczuk, Ramsey-Musolf, Shelton ‘19

.                  
• Spontaneously Z2 breaking   à M.C, Liu Wang ‘19

In connection with a dark gauge symmetry, spontaneously broken by a dark Higgs vev. 

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

è Distinct rich phenomenology at Colliders: Higgs precision, Higgs trilinear coupling, 
double Higgs production, direct new scalar searches, possible effects of CPV

A singlet scalar that couples to the Higgs and affects the tree level potential  

h(h, s)i = (vEW, 0)

h(h, s)i = (vEW, wEW)

V explicit
0 (h, s) = a1h2s+ b1s+ b3s3
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To determine phase transition pattern requires finite temperature potential 

V0
explicit(h,s)
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The SM singlet extension: EWPT paths for baryogenesis

Z2 spontaneous breaking 
scenarios with symmetry
restoration at high T

Z2 spontaneous breaking 
scenarios without symmetry
restora/on at high T

Z2 preserving or explicit 
breaking scenarios

Is it possible that the EW symmetry or/and the Z2 symmetry is/are Non-Restored (NR)?
• EW-NR demands many, many singlets (+ possibly an inert doublet) MC, Krauss, Liu, Wang ‘21

• Z2-NR: Yes
Solid lines: EWPT can be strongly first-order

• The step where the EW symmetry is first broken is required to be strongly first-order.      
• To enable a strongly first-order phase transition, the singlet should have significant 

couplings to the Higgs, to induce a sufficiently large deformation to the scalar potential in 
the early universe
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EWPT with Spontaneous Z2 Breaking: The full analysis
Tree-level Potential V0(h, s) = �1
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One Loop Coleman-Weinberg potential and daisy resummation also considered

In this study we work in the Landau gauge and the Goldstone modes contribute

separately in addition to the massive bosons. There has been ample discussion in the

literature on the issue of gauge dependence in perturbative calculations of the e↵ective

potential, both at zero and finite temperature [35–44]. In that sense, we understand

that our treatment is not manifestly gauge invariant. We expect, however, that our

analysis provides a realistic estimate of the EWPhT strength.2

The temperature dependent part of the one-loop e↵ective potential [45], referred

in the following as (one-loop) thermal potential, reads

V T
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where B includes all the bosonic degrees of freedom that couple directly to the Higgs

boson, namely W,Z,�i,'1,'2, and F stands for the top quark fermion only. The JB
and JF functions for bosons and fermions can be evaluated by numerical integration

or proper extrapolation. All the numerical study in this work is performed using a

modified version of CosmoTransitions [46], where spline interpolation is implemented.

The spline interpolation shows the best agreement with our full numerical integration

results. For better analytical control, we use high-temperature expansion for analytical

analyses in the next section. Appendix B provides a more detailed discussion of the

thermal potential, including formalism of the J functions, numerical convergence, and

the high-temperature expansion.

The Coleman-Weinberg (CW) potential [47] is the temperature-independent part

of the e↵ective potential at one-loop order

VCW(h, s) = 1
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where B and F were defined above and cB = 3/2(5/6) for scalar (vector) bosons. The

potential is calculated in the dimensional regularization and the MS renormalization

scheme. Counterterms have been added to remove the UV divergences. Q is the renor-

malization scale that we have chosen to Q = 1000 GeV (see discussion in Appendix C).

This part of the one-loop e↵ective potential gives corrections to both the Higgs VEV

2The reason for this is that gauge dependence appears at loop level in perturbation theory, while, as
will be discussed later in the paper, in our model the important enhancement of the EWPhT strength,
vc/Tc > 1, is due to tree level e↵ects in the potential that come into play once the finite temperature
barrier turns on. Indeed, as we will discuss in Section 3, the thermal contributions are subdominant.
We however intend to study the e↵ects of gauge dependence further in a future work.
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the Higgs boson, but we are only considering the top quark. The JB and JF functions

for bosons and fermions are defined as

JB(↵) =

Z 1

0

y2 ln
h
1 � e�

p
y2+↵

i
dy,

JF (↵) =

Z 1
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y2 ln
h
1 + e�

p
y2+↵

i
dy,

(B.2)

and for positive values of ↵ they have real values and are well defined. For negative

↵ values, instead, the JB and JF functions become complex. As the e↵ective squared

masses in Eq. (B.1) can be negative for some field values, we regulate the functions by

taking their real parts [102]. After taking the real part, it occurs that for large values

of |↵|, the J functions have an oscillatory behavior around a central value. Numerically

CosmoTransitions deals with such an oscillatory behavior by assigning constant values

to the functions once |↵| becomes larger than a certain large cut-o↵ value, as it occurs

when the system is close to zero temperature.

All numerical studies in this work are based on results obtained with a modified

version of CosmoTransitions [46], that appropriately accounts for our scenarios as well

as to improve on instabilities under certain conditions. Our version of the CosmoTran-

sitions code is available at CosmoTransitions-Z2SB. For the numerical evaluation of

the thermal potential with CosmoTransitions, we chose to utilize the spline interpo-

lation. We have compared the results obtained by performing the spline interpolation

with those obtained by performing the exact integration of the J functions. For all the

benchmark points considered, we obtained a reduction of at most 10% in the strength

of the phase transition. This di↵erence is well within the limitations in accuracy due to

the e↵ective potential approximation we consider, namely one loop e↵ective potential

with daisy resummation. Since the calculation with the spline interpolation is much

more e�cient than that one with the exact integration, we used the former throughout

our study.

For the analytic evaluations we expand the JB and JF functions in terms of small

↵, which yields the high-temperature approximation of the thermal potential. Under

the high temperature expansion, the J functions read
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(B.3)

Based on the expansion (up to leading order in T), without the Coleman-Weinberg

potential and daisy resummation contributions, the field-dependent part of the one-
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expanding the JB and JF functions 
in terms of small α =m2/T2

and the Higgs mass at zero temperature; hence, the bare parameters deviate from their

tree-level values to satisfy the boundary conditions (for more details see Appendix C).

In our numerical studies, we perform a 5-dimensional scan of the bare model param-

eters, selecting those consistent with the SM Higgs VEV vEW ' 246 GeV and the

Higgs-like particle mass m'i ' 125 GeV, with i = 1 or 2 depending on the mass hier-

archy between mass eigenstates, where we allow for an uncertainty of ±2 GeV in the

VEV and the mass value, respectively. Observe that adding the CW contributions is

required to perform a consistent one-loop calculation, but significantly decreases the ef-

ficiency of the numerical scanning in comparison to the only one-loop thermal potential

approximation, for which the number of scanning parameters is reduced to three.

Lastly, corrections from daisy resummation of ring diagrams need to be included

in the full one-loop potential to ensure validity of the perturbative expansion. The

leading order resummation results give thermal corrections of ⇧i = diT 2 to e↵ective

masses, say m2

i
(h, s) ! m2

i
(h, s, T ) = m2

i
(h, s) + diT 2, where di for di↵erent degrees of

freedom in the plasma are [17]

dL
W±,3 =

11

6
g2, dT

W±,3 = 0, dL
B
=

11

6
g

0
2, dT

b
= 0,

d� =
3

16
g2 +

1

16
g

0
2 +

1

2
�h +

1

4
y2
t
+

1

24
�m,

dhh =
3

16
g2 +

1

16
g

0
2 +

1

2
�h +

1

4
y2
t
+

1

24
�m, dss =

1

4
�s +

1

6
�m, dsh ⇡ 0.

(2.13)

A truncated full dressing implementation corresponds to replacing all m2

i
(h, s) with

m2

i
(h, s, T ) in the one-loop e↵ective potential at finite temperatures [48, 49].

3 Enhancing the Electroweak phase transitions

In this section, we analyze all possible electroweak phase transition patterns appearing

in our real singlet scalar extension of the SM. The thermal history could be very rich,

as depicted in Fig. 1. We highlight the cases for which a strongly first-order electroweak

phase transition that is consistent with current SM EW and Higgs precision data is

feasible.

Before proceeding with a more detailed analysis, we shall briefly described the

possible thermal histories for the scalar potential defined in the previous section. The

spontaneous Z2 breaking singlet extension of the SM di↵ers from the Z2-preserving

case significantly through the allowed size of the mixing quartic coupling �m. Large

�m certainly helps with enhancing the EWPhT by enhancing the thermal barrier term

ETh3 since the singlet is a new bosonic degree of freedom. However, in the spontaneous

– 7 –
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EWPT with Spontaneous Z2 Breaking: The full analysis
The electroweak phase transition strength • Bare parameters

• Physical parameters

bounded by Higgs precision measurements
Small mS renders SFOPhT: light singlet

sin ✓ . 0.4

Figure 2: Results for the electroweak phase transition in a spontaneous Z2 breaking

singlet extension of the SM, with full numerical study of the one-loop thermal potential.

EWPhT information of scenario A and A-NR are shown in black dots and scenario B

and B-NR are shown in green dots. Upper panel: vc/Tc versus the e↵ective quartic

coupling �̃h. Lower panel: vc and Tc versus �̃h.

temperature dependent quadratic terms dominate the thermal evolution. The critical

– 12 –

Figure 4: Parameter space on the �s-�m plane with di↵erent phase transition scenarios,

zoomed into the small �s region. Color scheme for di↵erent scenarios is the same as

in Fig. 3.

The separation between the Z2 restoration and non-restoration cases is clear in

Fig. 3, corresponding to the positive and negative cs regions, respectively. We have

already described the restrictive region of scenario B. For scenario B-NR,
q

�µ2
s

cs
is the

temperature scale where Z2 is temporarily restored from the high temperature Z2 non-

restoration phase, provided µ2

s
> 0. For a strong electroweak phase transition to happen

in the step of (0, 0) ! (v, w) in scenario B-NR, this temperature needs to be below

the 140 GeV scale, i.e.
q

�µ2
s

cs
< 140 GeV, otherwise after Z2 symmetry restoration to

the trivial phase, the transition to an electroweak breaking vacuum (ṽ, 0) will develop

at a temperature around 140 GeV, which will imply a small perturbation to the SM

situation that we already know does not produce a SFOPhT. In addition, we expect

this will result in scenario B-NR transitioning from (0, 0) ! (v, w) at a temperature

significantly below 140 GeV, rendering a SFOPhT. In Fig. 3, this can be seen in the

dark green shade points with negative cs. Also observe from Fig. 3 that there is no

SFOPhT points for the Z2 restored scenario B.

In Fig. 4, we show the same data set as in Fig. 2 and Fig. 3 for all the scenarios,

now projected in the �s-�m plane of the quartic couplings, zoomed into the small �s

region. As the Higgs quartic �h varies within a small numerical range, the EWSB

condition �̃h � 0 corresponds to the outer parabolic boundary of the dark region, and

the SFOPhT condition �̃h . 0.06 corresponds to the inner parabolic boundary of the
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Exotic Higgs 
decay bounds

• Full one-loop effective potential with daisy resummation allows for all types of 
solutions shown in the thermal only analysis. 

• Results robust against the Nucleation calculation
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• Z2-symmetric (at T=0) scenario: Invisible Decays
Ø Requires sizeable s2 |H|2 coupling for a 2 step strongly 1st order EWPT,  

[(0,0)à(0,vS) à(v,0)], that calls for a careful treatment of perturbativity 
Ø No S-H mixing – S is stable (invisible decays)

126 CHAPTER 8. BEYOND THE STANDARD MODEL
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
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 the Higgs sector 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 EWBG based on EW symmetry non restoration can also be tested via 
Higgs invisible decays M.C, Krause, Z. Liu, Y Wang’21

Lower bound on 
BR(H) inv
or 
pp àVSS (AP) 
pp àSSjj (VBF)

Phenomenology of SM plus Singlet models  

ms > mh/2

VBF ppàSSjj

EWBG scenario to be fully probed by full FCC or CLIC 

09/13/2022Marcela Carena | New Opportunities for Electroweak Baryogenesis



30

Higgs Exotic Decay Phenomenology in Singlet models  

• Z2 spontaneously breaking scenario

λHS = λm/2

• Z2 explicitly breaking scenario

Ø Requires sizeable s2 |H|2 coupling for a strongly 1st order EWPT 
Only 3 parameters after defining Higgs mass and v.e.v
à quartic mixing coupling proportional to S-H mixing – strongly constrained by        

Higgs precision measurements
à strength of the EWPT is enhanced for small mS - light singlet -

Ø Not only the s2 |H|2 coupling is relevant for a strongly 1st order EWPT, but also terms in 
s3 and s |H|2 play a role 
(more free parameters; quartic mixing coupling  independent of S-H mixing )

Ø A strong 1st order EWPT and a small amount of H-S mixing compatible with Higgs 
properties, with a looser lower bound on BR[HàSS]

If singlet sufficiently light è BR (HàSS) to be bounded from below for a strongly 1st

order EWPT that demands significant S-H couplings
è exotic Higgs decays are a potent probe of Singlet extensions with viable EWBG

Specifics of the exotic Higgs decays depend on Z2 symmetry realization
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Probing Z2 breaking Singlet Extensions via Higgs Exotic Decays
Currently: BR[Hà exotics] < 16%

Hà SS can lead to many final states with S inheriting 
Higgs-like hierarchical BR’s, mediated through mixing

Final state dominated by h → ss → bbbb for ms > 2mb,  
and by jjjj, jjττ, and ττττ for ms < 10 GeV 
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FIG. 3: Current bounds (left panel) on exotic Higgs decays h ! ss ! XXY Y and corresponding

projections (right panel) at the HL-LHC. The horizontal dotted line is the current and future

projection of upper limit for the exotic Higgs branching ratio from global fits to Higgs properties

(16% and 4% respectively).

projections are derived using the simple assumption that all uncertainties can be taken to scale as

1/
p

L. Searches in these individual final states exclude regions above the lines. We can see that

the µµµµ channel provides a strong limit on Br(h ! ss ! XXY Y ) to around 10�6-10�5 across

the scalar mass. The ���� channel also makes a stringent ⇠ 10�5 bound. The constraints from

bbµµ and µµ⌧⌧ channels are a bit weaker, around 10�4
� 10�3, but still stronger than the bb⌧⌧ ,

⌧⌧⌧⌧ and ��jj bounds which are around 10�2
�10�1. The current bbbb bounds are typically higher

than the allowed maximal exotic branching ratio (16%), but the HL-LHC projections can reach a

few percent. On the other hand, the µµµµ channel can touch 10�7 at the HL-LHC.

The bounds on Br(h ! ss) can be derived from those on Br(h ! ss ! XXY Y ) once the

s ! XX/Y Y branching ratios are given. Assuming the s decay branching ratios are dominated

by the h-s mixing (see Fig. 2), the bounds on Br(h ! ss) are given in Fig. 4. We can see that the

hierarchies of various channels are significantly a↵ected compared to those in Fig. 3. For ms . 10

GeV, the strongest bounds are still from the µµ-relevant channels, e.g. µµµµ for ms . 3.5 GeV

and µµ⌧⌧ for 3.5 GeV . ms . 10 GeV, respectively. For ms & 10 GeV, bb is the main decay

channel of s, making bb-relevant channels most sensitive. As a result, the most stringent bounds

for 10 GeV . ms < 62.5 GeV is bbµµ and bb⌧⌧ .

In Fig. 4 we show the projected reach of the ⇠ 240 GeV e
+
e
� colliders with an integrated

luminosity of 5 ab�1 for the ⌧⌧⌧⌧ [36] and bbbb [16] channels. The projections for qqqq/gggg and

Bounds on exo=c Higgs decays

16%
16%

Bounds on Br(h → ss) from  Br(h → ss → XXYY) 

Z2 explicit 
breaking with 

SFOEWPT

Z2 spontaneous 
breaking with 

SFOEWPT

Ke-Pan Xie, Yikun Wang, et al, Snowmass WP ‘22

16%

Besides the 4b’s final state, the rest involves at 
least a pair of EW states
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Probing Z2 breaking Singlet Extensions via Higgs Exotic Decays
Currently: BR[Hà exotics] < 16%

Hà SS can lead to many final states with S inheriting 
Higgs-like hierarchical BR’s, mediated through mixing

Final state dominated by h → ss → bbbb for ms > 2mb,  
and by jjjj, jjττ, and ττττ for ms < 10 GeV 

6

FIG. 2: Scalar singlet s branching fractions mediated through mixing with the Higgs boson,

taken from Ref. [17].

III. CURRENT STATUS AND RECENT RESULTS IN EXOTIC DECAYS

The studies discussed in the previous section point us toward an intriguing, accessible signal

in exotic Higgs decays. The 125 GeV SM-like Higgs boson can decay to pairs of new particles

via the portal couplings. As the SM Higgs boson has a very narrow decay width �h = 4.07

MeV, even very tiny BSM couplings can have appreciable impacts on the decay branching ratios,

making exotic Higgs decays a potent probe of beyond-the-SM interactions [8, 13]. This section

summarizes the current status and future prospects for Higgs exotic decays that are relevant for

the EWPT-motivated h ! ss decays.

Current global fits constrain the Higgs exotic decay branching ratio to be  16% at 95%

C.L. [18]. The h ! ss decay mentioned in the last section can lead to various final states according

to the subsequent decay channels of the light scalar state s. In these SM plus singlet models, the

s decay is controlled by the s-h mixing and inherits the Higgs-like hierarchical branching fractions

following the corresponding fermion masses. The final state is dominated by h ! ss ! bbbb for

ms > 2mb ⇠ 10 GeV, and by jjjj, jj⌧⌧ , and ⌧⌧⌧⌧ for ms < 10 GeV. In Fig. 2 we show the singlet

decay branching fractions to various final states from Ref. [17], building on the work of Refs. [19, 20].

In general, the final state arising from h ! ss can be written as XXY Y , where X and Y represent

(possibly) di↵erent particles. Beyond these visible decays, if s decays dominantly to dark particles

or is stable on collider time scales, the signal would be invisible Higgs decay. For instance, the Z2

symmetry in the s ! �s could be exact, and then the scalar s could be stable and hence appear as

missing energy (prospects for this case were surveyed in [6]). Other generalization of Z2 symmetric

SM-singlet extensions could further alter the cosmological history, even achieving electroweak non-

Bounds on exo=c Higgs decays

4%

Bounds on Br(h → ss) from  Br(h → ss → XXYY) 

Z2 explicit 
breaking with 

SFOEWPT

Z2 spontaneous 
breaking with 

SFOEWPT

Ke-Pan Xie, Yikun Wang, et al, Snowmass WP ‘22

4%

Besides the 4b’s final state, the rest involves at 
least a pair of EW states  (same color coding)
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FIG. 3: Current bounds (left panel) on exotic Higgs decays h ! ss ! XXY Y and corresponding

projections (right panel) at the HL-LHC. The horizontal dotted line is the current and future

projection of upper limit for the exotic Higgs branching ratio from global fits to Higgs properties

(16% and 4% respectively).

projections are derived using the simple assumption that all uncertainties can be taken to scale as

1/
p

L. Searches in these individual final states exclude regions above the lines. We can see that

the µµµµ channel provides a strong limit on Br(h ! ss ! XXY Y ) to around 10�6-10�5 across

the scalar mass. The ���� channel also makes a stringent ⇠ 10�5 bound. The constraints from

bbµµ and µµ⌧⌧ channels are a bit weaker, around 10�4
� 10�3, but still stronger than the bb⌧⌧ ,

⌧⌧⌧⌧ and ��jj bounds which are around 10�2
�10�1. The current bbbb bounds are typically higher

than the allowed maximal exotic branching ratio (16%), but the HL-LHC projections can reach a

few percent. On the other hand, the µµµµ channel can touch 10�7 at the HL-LHC.

The bounds on Br(h ! ss) can be derived from those on Br(h ! ss ! XXY Y ) once the

s ! XX/Y Y branching ratios are given. Assuming the s decay branching ratios are dominated

by the h-s mixing (see Fig. 2), the bounds on Br(h ! ss) are given in Fig. 4. We can see that the

hierarchies of various channels are significantly a↵ected compared to those in Fig. 3. For ms . 10

GeV, the strongest bounds are still from the µµ-relevant channels, e.g. µµµµ for ms . 3.5 GeV

and µµ⌧⌧ for 3.5 GeV . ms . 10 GeV, respectively. For ms & 10 GeV, bb is the main decay

channel of s, making bb-relevant channels most sensitive. As a result, the most stringent bounds

for 10 GeV . ms < 62.5 GeV is bbµµ and bb⌧⌧ .

In Fig. 4 we show the projected reach of the ⇠ 240 GeV e
+
e
� colliders with an integrated

luminosity of 5 ab�1 for the ⌧⌧⌧⌧ [36] and bbbb [16] channels. The projections for qqqq/gggg and
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Extended Higgs sectors: a SUSY example

The Electroweak Phase Transition in the NMSSM
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EWPT in the NMSSM: alignment limits and parameter space  
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To be consistent with the current Higgs phenomenology, the mass eigenstate h125
needs to be dominantly composed of HSM - need to suppress mixing of HNMS and HS

with HSM

Defining         in the in the Higgs basis 

extended Higgs basis [49, 62–68]3

Hd =

 
1p
2

�
c�H

SM
� s�H

NSM
�
+ ip

2

�
�c�G

0 + s�A
NSM
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�c�G
� + s�H
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!
, (2.7)
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+ + c�H
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1p
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�
s�G

0 + c�A
NSM

�
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, (2.8)

S =
1

p
2

�
H

S + iA
S
�
. (2.9)

H
SM, HNSM, and H

S are the three neutral CP-even interaction states of the Higgs basis,

A
NSM and A

S are the CP-odd states, and H
± is the charged Higgs. The neutral and

charged Goldstone modes are denoted by G
0 and G

±, respectively, and we used a shorthand

notation

s� ⌘ sin� , c� ⌘ cos� . (2.10)

In this basis, the couplings to pairs of SM particles take a particularly simple form.

Focusing on the CP-even states, the couplings to pairs of down-type and up-type fermions

and pairs of vector bosons (VV) are

H
SM(down, up ,VV) = (gSM, gSM, gSM) , (2.11)

H
NSM(down, up ,VV) = (�gSM tan�, gSM/ tan�, 0) , (2.12)

H
S(down, up ,VV) = (0, 0, 0) , (2.13)

where gSM is the corresponding coupling of the SM Higgs boson to pairs of such particles.

Thus, HSM has the same couplings to pairs of SM particles as the SM Higgs boson. Fur-

thermore, HSM is the only Higgs boson which couples to pairs of vector bosons. H
NSM

has tan� enhanced (suppressed) couplings to pairs of down-type (up-type) SM fermions,

and H
S does not couple to pairs of SM particles. Note that at the physical minimum, only

hH
SM

i =
p
2v and hH

S
i =

p
2vS take non-trivial vevs, while hH

NSM
i = 0.

The interaction states mix into mass eigenstates. We denote the CP-even mass eigen-

states as {h125, H, hS}, where h125 is identified with the 125GeV state observed at the

LHC, H is the non-SM-like state with the largest HNSM component, and hS the state with

the largest HS component. Similarly, the CP-odd interaction states ANSM and A
S mix into

two mass eigenstates, which we denote as A and aS .

In order to ensure compatibility with the observed Higgs boson phenomenology, the

h125 state must be dominantly composed of H
SM. Denoting the squared mass matrix

for the CP even states as M
2

S
in the basis

�
H

SM
, H

NSM
, H

S
 
, the tree-level mass of the

SM-like state is given by

m
2

h125
' M

2

S,11 = m
2

Z cos2(2�) + �
2
v
2 sin2(2�) , (2.14)

where m
2

Z
= v

2
�
g
2
1
+ g

2
2

�
/2 is the Z-boson mass. While mh125 receives sizable radiative

corrections via the stops, see section 2.1, it is interesting to note that the term proportional

3Note, that there are di↵erent conventions in the literature for the Higgs basis di↵ering by an overall

sign of H
NSM and A

NSM.
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the largest HS component. Similarly, the CP-odd interaction states ANSM and A
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two mass eigenstates, which we denote as A and aS .
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M2
S,12 = 0 ! �2 =

m2
h125

�m2
Z cos(2�)

2v2 sin2 �
,

where we introduced the parameter

M
2

A =
2µ

sin 2�

⇣
A� +

µ

�

⌘
. (2.21)

M
2

A
is the (squared) mass parameter of ANSM and controls the mass scale of the mostly

doublet-like CP-even and CP-odd mass eigenstates as well as the mass scale of the charged

Higgs boson. The alignment condition eq. (2.20) gives rise to a mass spectrum where, pro-

vided  < �, the doublet-like mass eigenstates have approximate masses mH ,mA,mH± ⇠

2µ/ sin 2� [69, 70].

In the remainder of this work, we will consider the NMSSM in the alignment limit,

choosing parameters to satisfy eqs. (2.19) and (2.20). While current data [71, 72] allow for

some deviation from perfect alignment, the phenomenological impact of such departures

on the EWPT in the NMSSM is small. Note also that in refs. [69, 70] it was demonstrated

that, in random parameter scans where the alignment conditions are not a priori enforced,

requiring compatibility with the phenomenology of the observed 125GeV Higgs boson

selects the region of parameter space where eqs. (2.19) and (2.20) are (approximately)

satisfied.

The NMSSM parameter space is constrained by a number of additional arguments. Let

us briefly discuss two of them here, while we derive constraints arising from the stability

of the electroweak vacuum in section 2.3. It is well known, that large values of the dimen-

sionless parameters � and  lead to Landau poles. Avoiding the appearance of Landau

poles below the GUT scale [QGUT ⇠ O(1016)GeV] entails constraining the values of the

NMSSM’s couplings, at the electroweak scale, to [14]
p
�2 + 2 . 0.7 . (2.22)

As discussed above, both the SM-like nature of the observed Higgs boson and its mass value

lead to a preference of sizable values of 0.6 . � . 0.7 in the NMSSM. Hence, avoiding

Landau poles below QGUT limits the value of || . 0.3 in the alignment limit. Note that

the NMSSM with larger couplings (and Landau poles between the TeV and the GUT scale)

is known as �-SUSY, see, for example, refs. [73–75].

The parameter space is also constrained by avoiding tachyonic masses. The most

relevant constraint arises from the singlet-like CP-odd mass eigenstate aS . Taking into

account first-order mixing e↵ects, its mass is approximately [49]

m
2

aS
' 3v2


3�

2
sin(2�) �

✓
µA

�v2
+

3µ2

M
2

A

◆�
. (2.23)

Recalling that alignment requires M
2

A
' 4µ2

/ sin2(2�), we can deduce the condition the

NMSSM parameters must satisfy to keep aS from becoming tachyonic:

µA

v2
. 3�2 sin(2�)

2


1 �

 sin(2�)

2�

�
. (2.24)

For small-to-moderate values of tan� and in the alignment limit, where 0.6 . � . 0.7,

the right-hand side of eq. (2.24) is approximately ⇥O(1). Hence, equation (2.24) implies

µA . v
2 for  > 0, while for  < 0 the condition becomes µA & v

2; in particular,

disfavoring sgn(µA) = �1 for  < 0.
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the NMSSM with larger couplings (and Landau poles between the TeV and the GUT scale)

is known as �-SUSY, see, for example, refs. [73–75].

The parameter space is also constrained by avoiding tachyonic masses. The most

relevant constraint arises from the singlet-like CP-odd mass eigenstate aS . Taking into

account first-order mixing e↵ects, its mass is approximately [49]

m
2
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' 3v2


3�

2
sin(2�) �

✓
µA

�v2
+

3µ2

M
2

A

◆�
. (2.23)

Recalling that alignment requires M
2

A
' 4µ2

/ sin2(2�), we can deduce the condition the

NMSSM parameters must satisfy to keep aS from becoming tachyonic:

µA

v2
. 3�2 sin(2�)

2


1 �

 sin(2�)

2�

�
. (2.24)

For small-to-moderate values of tan� and in the alignment limit, where 0.6 . � . 0.7,

the right-hand side of eq. (2.24) is approximately ⇥O(1). Hence, equation (2.24) implies

µA . v
2 for  > 0, while for  < 0 the condition becomes µA & v

2; in particular,

disfavoring sgn(µA) = �1 for  < 0.

– 9 –
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The parameter space 

For small to moderate tanβ: λ ~ 0.6 - 0.7
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EWPT in the NMSSM - the effective potential  
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Radiative corrections (zero temperature)
Integrating out heavy degrees of freedom (sfermions, gluinos etc) are integrated 
out. A new operator by matching:

with          fixed by 125 GeV Higgs mass

Light degrees of freedom: CW potential

Introducing counterterms to maintain boundary conditions

Finite temperature effective potential
with
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EWPT in the NMSSM - nucleation is more than critical  
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The phase transition proceeds by tunneling through the barrier 
separating local minima, the so-called bubble nucleation.
è the higher the barrier, and the larger the distance between 
the minima, the lower the nucleation probability

The bubble nucleation rate per unit volume:
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requiring the nucleation probability to be approx. one per Hubble 
volume and Hubble time leads to the nucleation condition 
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Baum, M.C Shah, Wagner, Wang ‘19

vacuum structure tunneling probability
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EWPT in the NMSSM: collider and dark matter pheno
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Tc Tn

Collider phenomenology:
§ The SFOEWPT consistent with light to heavy non-SM-like Higgs boson and a singlet
§ Despite the light masses, these states are hard to probe in colliders

• Production of the singlet-like state suppressed due to small NSM component
• Decay modes of the doublet-like states make it hard to be probed
• Promising channels to probe: final states containing at least one singlet-like boson

§ The most promising dark matter scenario is a bino-like lightest neutralino
• Small interaction cross sections
• well-tempered scenario for the correct relic density

Dark Matter:

Mhs [GeV] Mhs [GeV]
MH [GeV] MH [GeV]
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Baryogenesis with Dark CP Violation:

A model with gauged lepton number



Z2 and EW 
Restoration

Z2 and EW 
NON- R

MC, Quiros and Yue Zhang ‘19

Dark CPV: The Higgs Portal

A new scalar-Higgs interaction,
λSH|S|2|H|2, with λSH > 0, 

can trigger strong first order EWPT

Scalar S  - also SM singlet - couples to dark fermion (DM)

The	Role	of	Higgs	Portal

23

The	direct	coupling	between	a	SM	gauge	singlet	fermion	χ	and	
the	Higgs	boson	would	be	higher	dimensional.	

To	write	down	a	renormalizable	theory,	introduce	a	new	scalar,	
S,	also	SM	gauge	singlet,	with	Yukawa	coupling	to	χ

A	first	order	phase	transi3on	involving	S	field,	in	presence	of	a	
rela3ve	phase	between	m0	and	y,	can	generate	chiral	charge	
asymmetry	in	χ	particles	(analogue	of	top-Higgs	interaction)

ȴ � Ŷʖ> � ŶʖĐ> = �(ŶʖZ � ŶʖĐZ) �= Ϭ
<latexit sha1_base64="TZWOecn8RzomgwqUQ4bhHmnPjYc="></latexit>

L � ʖ̄>(ŵϬ + Ǉ^)ʖZ + Ś͘Đ͘
<latexit sha1_base64="A9nfJy8IeCiHbwhlIHa4o1yKW94="></latexit>

Carena,	Quiros,	YZ,	1811.09719

In the presence of a relative phase between m0 and y, a chiral charge asymmetry in 
χ particles can be generated

The	Role	of	Higgs	Portal

23

The	direct	coupling	between	a	SM	gauge	singlet	fermion	χ	and	
the	Higgs	boson	would	be	higher	dimensional.	

To	write	down	a	renormalizable	theory,	introduce	a	new	scalar,	
S,	also	SM	gauge	singlet,	with	Yukawa	coupling	to	χ

A	first	order	phase	transi3on	involving	S	field,	in	presence	of	a	
rela3ve	phase	between	m0	and	y,	can	generate	chiral	charge	
asymmetry	in	χ	particles	(analogue	of	top-Higgs	interaction)

ȴ � Ŷʖ> � ŶʖĐ> = �(ŶʖZ � ŶʖĐZ) �= Ϭ
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L � ʖ̄>(ŵϬ + Ǉ^)ʖZ + Ś͘Đ͘
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Carena,	Quiros,	YZ,	1811.09719

The direct coupling between a SM gauge singlet fermion χ and the Higgs boson would 
be higher dimensional. To write a renormalizable theory introduce a new scalar S

A new EW phase transition

Espinosa, Konstandin, Riva, 1107.5441; MC, Y.Y Li, Ou and Wang, in prep.
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z is distance from bubble wall

Sourcing CP Violation

Need at least                         to avoid CPV being redefined away                       

The conditions for H = v, S = 0 to be the global minimum are

�Hv4 > �Sv4S , �SHv2 > 2�Sv2S . (3.2)

At high temperatures, both H and S receive thermal corrections to their quadratic terms,

aHT 2
|H|

2 and aST 2
|S|

2, with aH,S > 0. Thus, at very large T , the potential will be minimized for

hHi = hSi = 0 (steps 1 and 2). Given that the Higgs field couples to more degrees of freedom than

S, it follows that aH > aS , and it is always possible to find an intermediate temperature where the

Higgs quadratic term is positive, while the S quadratic term is negative (step 3), thus triggering a

minimum with hSi 6= 0, hHi = 0. At lower temperatures, however, the Higgs quadratic term will

also turn negative. This implies that there should be a critical temperature where the two minima,

(hSi 6= 0, hHi = 0) and (hHi 6= 0, hSi = 0), are degenerate allowing for step 4 to occur. The Higgs

portal interaction �SH |S|
2
|H|

2 in Eq. (3.1) [or Eq. (2.6)], which is a cross quartic term, could

then provide a tree-level temperature-dependent barrier that separates the two minima allowing

for a first-order phase transition. As this phenomenon depends on the particular values of the

potential parameters, we will just assume hereafter that they are such that they provide a strong

enough first order phase transition. Detailed model analyses can be found in Refs. [11, 22].

3.2. The Source of CP Violation

The scalar potential, and the �-S Yukawa coupling terms introduced so far [see Eqs. (3.1) and

(2.3)], do not violate CP yet. This is because the scalar potential (3.1) is only a function of |S|

and, as a result, we are allowed to redefine the argument of S to remove the relative phase between

m0 and �cS in (2.3). Moreover, any overall phase of the � mass term can be further removed by

redefining the phases of �L and �R fields. Hence any CP violation e↵ect in the Yukawa terms can

be absorbed by field redefinitions, leaving no physical e↵ect during the phase transition.

In order to accommodate a physical CP violating e↵ect, which is a necessary condition for

baryogenesis, one option is to introduce terms in the potential depending on S, which will hinder

the redefinition of arg(S). The general form of these terms is

�V (S) = ⇢SS + µ2
SS2 + �3S |S|

2S + h.c. . (3.3)

Naively, these terms violate the U(1)` gauged symmetry and are forbidden in the UV complete

theory. However, in this model, one can write renormalizable, U(1)` invariant terms involving �

and S, as

�V (�, S) =
�
µ2
�S + ��S |�|

2
�
�⇤S + �0

�S�⇤2S2 + �00
�S |S|

2�⇤S + h.c. . (3.4)

Clearly, after � develops its VEV and the U(1)` symmetry is spontaneously broken, Eq. (3.4)

can generate (3.3), leaving the coe�cients ⇢S , µS , �3S complex in general. In this discussion, we

neglect the back reaction of �V on the VEV of the � field, which is a higher order e↵ect in the

small vS/v� expansion.
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New	EW	Phase	Transi)on

24

Espinosa,	Konstandin,	Riva,	1107.5441

A	scalar-Higgs	interac3on,	λ|S|2|H|2,	with	λ>0,	can	trigger	
strong	first	order	EW	phase	transition	of	the	following	form	

(with	mS	~	S	~	hundreds	of	GeV,	and	λ	~	1-3).

bubble	wall	profile

H S

zO

field	space

S

HO

This requires mχ to vary along the z direction, together with the S vev
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Dark CPV: The role of the Z’ Portal
EW sphalerons cannot touch the chiral charge asymmetries in χ because it is an 
SU(2) singlet — must transfer such CPV effect in other ways to the SM sector 

Introduce a new U(1) gauge boson couples to the dark fermions and  SM leptons

• If qχL ≠ qχR (required by anomaly cancellation), 
there is a net charge density, that generates a 
background for the Z’0 component 
(static electric potential analogue). 

The	Role	of	Z’	Portal

25

EW	sphalerons	cannot	touch	the	chiral	charge	asymmetries	in	χ	
because	it	is	an	SU(2)	singlet	—	must	transfer	such	a	CPV	effect	

in	other	ways	to	the	SM	sector.

Introduce	a	Z’	vector	boson	(will	be	gauge	boson	of	a	new	U(1))	
with	the	following	interac3ons.	First,	coupling	with	χ

If	qχL≠qχR,	there	is	a	net	charge	density,	generates	a	background	
for	the	Z’0	component	(analogue	of	static	electric	potential).

Carena,	Quiros,	YZ,	1811.09719

ȴ
<latexit sha1_base64="ZBpUQeK5bq7nlXSXhow+Iiuy1Rk="></latexit>

�ȴ
<latexit sha1_base64="QdUGY6loX5ex9RxqVCMvW1sKJa8="></latexit>

(α=0	component)

Ő���
ɲ
�
Ƌʖ> ʖ̄>ɶ

ɲ ʖ> + ƋʖZ ʖ̄Zɶ
ɲ ʖZ

�
<latexit sha1_base64="MNw04nu9BRVwEl/LqKI/zAh6+xU="></latexit>

Δ -Δ

• Ζ’ couples to SM leptons 

• The Z’0 background generates a chemical potential for them.  
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Fig.4: Left panel: Chiral charge asymmetry in �L (opposite for �R) particles around the bubble wall,

with parameters m0 = s0 = Tc = 100GeV, MZ0 = 1GeV, � = 0.3, ✓ = ⇡/3, L! = 5/Tc, v! = 0.1.

Right panel: �nEQ
LL

(z)/g02T 3
c for the same values of the parameters. For this plot we only show the

result in the region z > 0 because it corresponds to the range of integral in Eq. (3.24), or (A.4).

The main point here is that �L and �R carry di↵erent U(1)` charges (q+Ng and q respectively) 7.

Consequently, the above chiral asymmetries imply a net U(1)` charge density near the bubble wall

as,

⇢`(z) = (q + Ng)
⇥
n�L

� n�
c

L

⇤
+ q

⇥
n�R

� n�
c

R

⇤
=

1

3
NgT

3
c ⇠�L

(z) , (3.18)

where use has been made of Eq. (3.10). The existence of this net U(1)` charge density yields a

Coulomb background of the Z 0 potential, hZ 0
0i. In the approximation of very large bubbles, this

lepton number potential could be calculated in cylindrical coordinates as,

⌦
Z 0
0(z)

↵
=

g0

2MZ0

Z 1

�1
dz1 ⇢`(z1) exp

⇥
�MZ0 |z � z1|

⇤
, (3.19)

where we neglect the impact of |S(z)| on the mass of Z 0, which is mainly set by the value of v�

at a much higher scale.

The background of the vector field Z 0 breaks the Lorentz symmetry and thus is a CPT

violating e↵ect, which is also odd under the CP transformation. It retains certain similarities to

the spontaneous baryogenesis mechanism [24] (also with gravitational baryogenesis [25]), where a

time-dependent (CPT violating) scalar field couples to the vector current of a particle, and serves

as its chemical potential 8. In our model, we use the time-like component of the Z 0
µ gauge boson,

7Note their charges are not chosen by hand but, instead, required by the anomaly cancellation conditions discussed

in Sec. 2 and Tab. 1.
8Notice that the VEV of Z0

0 vanishes after the electroweak phase transition, as its value stems from the asymmetry

in �L,R particles, which vanishes when arg(M�) becomes a constant and the source of CP violation SCPV vanishes.

Therefore at zero temperature our model does not contain any violation of Lorentz symmetry.

13

Chemical	Poten)als	from	Z’0

26

In	addi3on,	Z’	also	couples	to	SM	fermions,	with	the	following	

generic	charge	assignment

If	Z’0	background	is	nonzero,	the	above	interac3ons	generate	a	
chemical	poten3al	μ=qZ’0	for	each	fermion	(H	~	μN).

Carena,	Quiros,	YZ,	1811.09719

With	a	chemical	poten3al,	the	thermal	equilibrium	asymmetry	

between	the	f	and	fc	number	densi3es	will	dictated	by	μ.		
(Out	of	thermal	equilibrium?	Solve	Boltzmann	equa3ons…)
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as its chemical potential 8. In our model, we use the time-like component of the Z 0
µ gauge boson,

7Note their charges are not chosen by hand but, instead, required by the anomaly cancellation conditions discussed

in Sec. 2 and Tab. 1.
8Notice that the VEV of Z0

0 vanishes after the electroweak phase transition, as its value stems from the asymmetry

in �L,R particles, which vanishes when arg(M�) becomes a constant and the source of CP violation SCPV vanishes.

Therefore at zero temperature our model does not contain any violation of Lorentz symmetry.
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whose CP and CPT violating background is generated due to the microscopic interaction processes

between the dark sector particles and the bubble wall described above. The Z 0
0 background couples

to the SM lepton current (see Eq. (2.5)). As we shall see, given that this current is anomalous

with respect to the SM SU(2)L gauge symmetry, it could bias the sphaleron process to work in

one direction. The Z 0
0 background then yields a “chemical potential” for the SM leptons,

µLL
(z) = µ`R

(z) = g0
⌦
Z 0
0(z)

↵
. (3.20)

The thermal equilibrium asymmetry in SM lepton number would then be given by (considering

left-handed lepton doublets)

�nEQ
LL

(z) =
2NgT 2

c

3
µLL

(z) =
2g0NgT 2

c

3

⌦
Z 0
0(z)

↵
. (3.21)

We show in the right panel of Fig. 4 the spatial distribution of �nEQ
LL

(z) for a given set of model

and phase transition parameters.

In the presence of the electroweak sphaleron processes, which can change the lepton number,

the actual SM lepton number asymmetry will evolve toward its equilibrium value. This evolution

is governed by the following rate equation,

@�nLL
(z, t)

@t
= �sph(z � v!t)

h
�nEQ

LL
(z � v!t) � �nLL

(z, t)
i

, (3.22)

where �sph is the rate for the sphaleron process at the critical temperature Tc. The second term on

the right-hand side of Eq. (3.22) represents the washout term, which would drive the asymmetry

to zero if the sphaleron processes did not go out of equilibrium quickly enough. Assuming a strong

first-order electroweak phase transition, where the condition vc/Tc & 1 is fulfilled (vc is the Higgs

VEV at the critical temperature Tc), a good approximation for �sph is that it is unsuppressed at

any point z outside the bubble wall, but becomes exponentially suppressed after the bubble wall

has passed through taking this point to the bubble interior, i.e.

�sph(z � v!t) =

(
�0 : t < z/v!

�0e�Msph/Tc : t > z/v!
, (3.23)

where �0 ' 120↵5
wTc ' 10�6Tc [26], and Msph = 4⇡vcB/g2 is the sphaleron mass in the broken

phase, where B is a fudge factor [2] which depends on the Higgs mass, and g2 the weak coupling.

For the experimental value of the Higgs mass it turns out that B ' 1.96.

The solution to the rate equation takes the form [4]

�nLL
=

�0

v!

Z 1

0
dz �nEQ

LL
(z)e��0z/v! . (3.24)

We refer the reader to App. A for more details on obtaining this result. At this point it is

important to realize that the final lepton number density, as given by Eq. (3.24), is non-vanishing
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• Sphaleron processes conserve B-L è equal asymmetries are generated ΔNL = ΔNB
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Γsph exponentially suppressed after the bubble wall has passed

as a consequence of the fact that the e↵ective theory at the scale of electroweak baryogenesis has

an anomalous lepton number. Had we not integrated out any anomalon propagating in the UV

theory, the final lepton number density �nL would have been zero. This statement is proven in

detail in App. B. See also [1].

Because the sphaleron processes preserve B � L, equal asymmetries will be generated for

baryon and lepton numbers, �nB = �nLL
. The entropy density of the universe at the EW scale

is s ' (2⇡2)g⇤T 3
c /45, where g⇤ ' gB + (7/8)gF ' O(100) is the e↵ective number of degrees of

freedom at the EW phase transition. The final generated baryon-to-entropy ratio is then

⌘B =
�nB

s
. (3.25)

The dark blue points in Fig. 5 show the working parameter space where the observed baryon

asymmetry [27]

⌘B ' 0.9 ⇥ 10�10 (3.26)

can be generated. They are obtained by scanning over all the model parameters in the following

ranges,

MZ0 , m0 2 (10�3, 103) GeV, s0, Tc 2 (100, 500) GeV, � 2 (10�2, 1),

g0 2 (10�6, 0.1), ✓ 2 (�⇡/2, ⇡/2), Lw 2 (1/Tc, 10/Tc), v! 2 (0.05, 0.5) .
(3.27)

Here, the parameter m0 is the mass of the � particle, assuming S has no VEV today.

We display, in Fig. 5, the baryogenesis viable points in the g0 versus MZ0 plane assuming

Ng = 3 (the case Ng = 2 will be independently exhibited in Sec. 5), where the mass parameters

satisfy the relation m0 > MZ0/2. The result shows that the smaller the Z 0 mass, the smaller the

value of g0 in the allowed region. In particular, with MZ0 around 100MeV, the gauge coupling

g0 should be as small as 10�5. This feature is expected from the value of the Z 0
0 background

during baryogenesis, calculated in Eq. (3.19), where parametrically the final baryon asymmetry

is proportional to ⇠ g02/M2
Z0 . In this case, m0 > MZ0/2, the Z 0 boson is kinematically forbidden

to decay into ��̄. If created in the laboratory, it will decay into SM particles. This is a visible

decay, and in the next section we will confront these points with the existing, and near-future, Z 0

searches.

On the other hand, we find that the resulting points with m0 < MZ0/2 exhibit a di↵erent g0

versus MZ0 correlation behavior. In particular, we find that when the Z 0 is light (well below the

electroweak scale), m0 is thus small and the required values of g0 for successful baryogenesis are

much larger (with g0 > 10�3 everywhere). This could be understood from the explicit expression for

the source of CP violation for the baryogenesis mechanism SCPV . As discussed in the paragraph

below Eq. (3.12), the relevant CP violation source is proportional to the gradient of arg(M�) along

the z direction, where the VEV of S changes. Clearly, if the m0 term is very small, arg(M�)
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è ηΒ ≃ 0.9 10 -10 as needed

Particle SU(3)c SU(2)L U(1)Y U(1)`

⌫i

R
1 1 0 1

L0
L

= (⌫ 0
L
, e0

L
)T 1 2 -1/2 q

e0
R

1 1 -1 q

�R 1 1 0 q

L00
R

= (⌫ 00
R
, e00

R
)T 1 2 -1/2 q + Ng

e00
L

1 1 -1 q + Ng

�L 1 1 0 q + Ng

Table 1: Fermion content (anomalons), and its quantum numbers, in the anomaly free model with

gauged U(1)` symmetry. q is a free (real) parameter.

the electroweak scale. In the forthcoming discussions, we will also show that � qualifies to be the

dark matter candidate.

After integrating out the L0
L
, L00

R
, e0

R
, e00

L
fermions, which play a role in the anomaly cancellation

mechanism, the U(1)` current involving only light degrees of freedom becomes anomalous at lower

energy. As it is well known, integrating out the anomalon fields leads to the introduction of the

Wess-Zumino (WZ) term [14], which is necessary for restoring the SM gauge invariance when

calculating the triangle diagrams in the e↵ective theory 4. However, the coe�cient of the WZ term

is not fixed but depends on the convention, i.e. the momentum routings, and such convention

needs to be respected when calculating the triangle diagrams [19]. In particular, in the convention

of “covariant anomaly”, the coe�cient of the WZ term vanishes [20]. Observe, however, that in

the baryogenesis mechanism discussed in this work all the relevant processes occur at tree level,

and therefore issues of gauge invariance and appropriate loop momentum convention do not play

a role, since they would only matter in one-loop processes involving the Z 0 (see, e.g., [21]).

In addition to the above particle content, baryogenesis requires the presence of another complex

(SM singlet) scalar S, which also carries lepton number Ng. We assume that S is much lighter

than �, and its VEV vS evolves, together with that of the Higgs field, during the electroweak

phase transition. In contrast, the VEV v� of � remains constant as the universe evolves in the

proximity of the electroweak phase transition, since at these scales the field � is decoupled. In the

presence of the S field, one can write down a Yukawa term that gives an additional mass to the

fermion �. It takes the form

�̄L(m0 + �cS)�R + h.c. , (2.3)

where the first term is given by m0 = c�v� and �c is a (complex) Yukawa coupling. As a result,

4A manifestation of the non-decoupling properties of fields which acquire their masses only through a spontaneously

breaking mechanism.

6

Anomalons in a gauged U(1)l

e.g. l = e+μ+τ (Ng = 3)

which is the result quoted in Eq. (3.24) in the main text. Notice that we are integrating over all

points z > 0, outside the bubble, as we are assuming that in the interior of the bubble, z < 0,

�sph ' 0.

Appendix B. The case of a non-anomalous U(1)` ⌦ SU(2)2
L
e↵ective theory

Let us first consider the case where the masses of L0
L

and L00
R

doublet fields are much smaller than

the critical temperature of EWPT, and they are not integrated out. The fermionic current J
µ

that Z 0 couples to takes then the form

J
µ =

NgX

i=1

L̄Li
�µLLi

+ qL̄0
L�µL0

L + (q + Ng)L̄
00
R�µL00

R + · · · , (B.1)

where LLi
(i = 1, 2, 3) are the SM lepton doublets, and the ellipsis represents the terms involving

SU(2)L singlet fields. The current J
µ is non-anomalous with respect to the SM SU(2)L, i.e.,

@µJ
µ

/ tr(`⌧a⌧ b)W afW b
/ [Ng ⇥ 1 + q � (q + Ng)] tr(WfW ) = 0 , (B.2)

where W (fW ) is the SU(2)L field (dual field) strength, and the Pauli matrices ⌧a are SU(2)L

generators.

Next, we assume the hZ 0
0i background to be present during EWBG, still generated by the CP

violating �-bubble-wall interaction, given by Eq. (3.19). Through the gauge interactions, the Z 0
0

background serves as chemical potential for the fields charged under it, and leads to the thermal

equilibrium asymmetry in their number densities. Of particular interest to us are those for the

SU(2)L doublets,

�nEQ
LL

= Ng ⇥ 1 ⇥
2

3
T 2
c g0

⌦
Z 0
0

↵
,

�nEQ
L
0
L

= 1 ⇥ q ⇥
2

3
T 2
c g0

⌦
Z 0
0

↵
,

�nEQ
L
00
R

= 1 ⇥ (q + Ng) ⇥
2

3
T 2
c g0

⌦
Z 0
0

↵
.

(B.3)

In the context of EWBG, the electroweak sphaleron processes are responsible for changes in

the lepton and baryon numbers in the universe. In the presence of L0
L
, L00

R
fields in the thermal

bath, they will also participate. The actual changes in the particle asymmetries are tied to each

other, and satisfy the following relations,

@

@t
�nBL

=
@

@t
�nLL

= 3
@

@t
�nL

0
L

= �3
@

@t
�nL

00
R

, (B.4)

where BL denotes the baryon number in left-handed SM doublets. It is useful to define the

“e↵ective total lepton asymmetry” as

�nL,e↵(z, t) ⌘ �nLL
(z, t) + �nL

0
L
(z, t) � �nL

00
R
(z, t) , (B.5)
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which is the result quoted in Eq. (3.24) in the main text. Notice that we are integrating over all

points z > 0, outside the bubble, as we are assuming that in the interior of the bubble, z < 0,

�sph ' 0.
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“e↵ective total lepton asymmetry” as
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Z’ couples to SU(2)L current, governing L/B violating  processes so that Eq. (B.4) implies

@

@t
�nBL

(z, t) =
3

5

@

@t
�nL,e↵(z, t) . (B.6)

The Boltzmann equation for �nL,e↵(z, t) satisfy

@

@t
�nL,e↵(z, t) = �sph(z � v!t)

h
�nEQ

L,e↵(z � v!t) � �nL,e↵(z, t)
i

, (B.7)

�nEQ
L,e↵ = �nEQ

LL
+ �nEQ

L
0
L

� �nEQ
L
00
R

. (B.8)

Eq. (B.3) then implies that a cancellation occurs in Eq. (B.8), leading to �nEQ
L,e↵ = 0. In this

case, the Boltzmann equation for �nL,e↵(z, t) has no source term, and assuming the universe

begins without any particle asymmetries, no �nL,e↵ will be generated. In turn Eq. (B.6) implies

that the baryon asymmetry cannot be generated.

One should note that such a conclusion is drawn by assuming the L0
L
, L00

R
fields to be relativistic

degrees of freedom in the thermal bath during the EWPT. As pointed out in [1], the above

cancellation is closely related to Eq. (B.2), the conservation of the current J
µ, with respect to

SU(2)L.

On the other hand, if L0
L
, L00

R
obtain a su�ciently large U(1)` symmetry breaking mass through

the Yukawa coupling to the � field as discussed in the main text, their thermal number densities

in Eq (B.3) will become Boltzmann suppressed. In this case, the above cancellation no longer

occurs, and the proposed EWBG mechanism could be successful. In the limit when L0
L
, L00

R
are

very heavy and integrated out, the current that Z 0 couples to in the low energy theory becomes

Jµ =
3X

i=1

L̄Li
�µLLi

+ · · · , (B.9)

which is anomalous with respect to SU(2)L. In summary, the created baryon asymmetry should

be proportional to the non-conservation of the current Jµ [1], as previously stated.
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which is the result quoted in Eq. (3.24) in the main text. Notice that we are integrating over all

points z > 0, outside the bubble, as we are assuming that in the interior of the bubble, z < 0,

�sph ' 0.

Appendix B. The case of a non-anomalous U(1)` ⌦ SU(2)2
L
e↵ective theory

Let us first consider the case where the masses of L0
L

and L00
R

doublet fields are much smaller than

the critical temperature of EWPT, and they are not integrated out. The fermionic current J
µ

that Z 0 couples to takes then the form

J
µ =

NgX

i=1

L̄Li
�µLLi

+ qL̄0
L�µL0

L + (q + Ng)L̄
00
R�µL00

R + · · · , (B.1)

where LLi
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where W (fW ) is the SU(2)L field (dual field) strength, and the Pauli matrices ⌧a are SU(2)L

generators.

Next, we assume the hZ 0
0i background to be present during EWBG, still generated by the CP

violating �-bubble-wall interaction, given by Eq. (3.19). Through the gauge interactions, the Z 0
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background serves as chemical potential for the fields charged under it, and leads to the thermal

equilibrium asymmetry in their number densities. Of particular interest to us are those for the
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SU(2)L anomalons must decouple from thermal number density


