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The Standard Model 

Is an extremely successful Theory that describes 
interactions between the known elementary particles. 

3 generations
of fermions (mattter) 

Gauge and Higgs 
Fields

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

SU(3)c ⇥ U(1)em

Strong, Weak and
QED Interactions

< H >=
vp
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How many baryons?

The abundances of the primordial elements and the height of 

the peaks of the CMB power spectrum depend on the ratio of

baryons-to-photons.

Fields, Sarkar

Strumia

How to explain the appearance of such a small quantity ?

⌘B =
nB

n�

Open Question  :  
Origin of Ordinary Matter 

Nucleosynthesis
Abundance of light elements

Peaks in CMB power spectrum

Where is the Antimatter ?



Generating the Matter-Antimatter Asymmetry

Sakharov’s Conditions

  Baryon Number Violation    (Quarks carry baryon number 1/3)

  C and CP Violation               

  Non-Equilibrium Processes

These three conditions are fulfilled in the Standard Model

Antimatter may have disappeared through 
annihilation processes in the early Universe



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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Baryon Number Violation :  Anomalous Processes
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Adler, Bardeen, Bell, Jackiw ‘69

Polyakov et al, t’Hooft ’75, 76

�B = �L = n (per generation)



Baryon Number Violation at finite 

Klinkhamer and Manton ’85,  Kushmin, Rubakov, Shaposhnikov’85, 
Arnold and Mc Lerran ’88
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Instanton configurations may be regarded as semiclasical

amplitudes for tunelling effect between vacuum states with

different baryon number

Weak interactions:  Transition amplitude exponentially small.

No observable baryon number violating effects at T = 0

)
instB
S!"# $% exp(0

configurations

 2

  

At high temperatures, the barrier can be crossed

T<TEW

At large temperatures, transitions violating B+L At large temperatures, transitions violating B+L 

(and preserving B-L) occur very often.(and preserving B-L) occur very often.

T>TEW

SPHALERONS

Tet

�4MW

Standard Model Prediction :
Baryon Number Violation at finite Temperature

Sinst =
2⇡

↵w
��B 6=0 = exp(�2Sinst)

Proportional to v(T )/T

Baryon Number Violation at zero and finite T

n Anomalous processes violate both baryon and lepton number, but 
preserve  B – L.. They can proceed by the production of “sphalerons” 

n At zero T  baryon number violating processes highly suppressed 

n At finite T, only Boltzman suppression 

     
 

Sinst =
2⇡

↵w
, ��B 6=0 / exp(�2Sinst)

Sinst =
2⇡

↵w
, ��B 6=0 / exp(�2Sinst)
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Electroweak Phase Transition

Higgs Potential Evolution in the case of a first order 

Phase Transition

Observe that the
transition does not 
occur at the critical
temperature, but at a 
somewhat lower 
temperature, the so 
called (bubble) 
nucleation temperature. 

Existence of a barrier at
zero temperature very
relevant.  Its absence 
ensures the transition. 

Baryon Number violating processes may be suppressed



Baryon Number Generation

Kuzmin, Rubakov, Shaposhinikov’87,
Dine, Huet, Singleton ’92,
Anderson, Hall’92, 
Cohen, Kaplan, Nelson’93,
Huet, Nelson’95

v(Tc)
Tc

> 1

Condition for successful baryogengesis :
Suppression of baryon number violating processes inside the bubbles

Non-Equilibrium Processes :
Strongly First Order 

Electroweak Phase Transition

First order phase transition :

�QL,B 6= 0

�QL,B = 0

Morrissey



Finite Temperature Higgs Potential

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

E receives contributions proportional to the sum of the cube 
of all light boson particle couplings 

Since in the SM the only bosons are  the gauge bosons, and the  
quartic coupling is proportional to the square of the Higgs mass,



Is this the way the Standard Model                    
generates the asymmetry ?

• It turns out that if the Higgs mass would have been lower than 
70 GeV, the phase transition would have been first order

• But the Higgs mass is 125 GeV,  and the electroweak phase 
transition is a simple cross-over transition.  Making the phase 
transition strongly first order requires new physics. 

This has been
extensively studied
in the lattice

Kajantie et al’95



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)

Vtb



Does Nature uses this SM CP Violation ?

• In spite of the fact that CP-violation is the only apparent reason 
nature chose three generations, it does not seem to be used 
for baryogenesis. 

• The baryon number generated at a phase transition would be  
several orders of magnitude lower than what is necessary.

• In the quark sector,                                               .

• New sources of CP violation are necessary. 11

CP-Violation sources 
Another problem for the realization of the SM electroweak 
baryogenesis scenario:

Absence of sufficiently strong CP-violating sources

Even assuming preservation of baryon asymmetry, baryon number 
generation several order of magnitues lower than required

12
Gavela, Hernandez, Orloff, Pene and Quimbay’94
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Figure 7: (a) shows the non-integrated CP asymmetry (∆CP ) produced by down quarks in
the narrow energy range which dominates for zero damping rate, when masses are neglected
in the internal loop. (b) shows the dramatic effect of turning on the damping rate effects, in
the same approximation.

the other hand, in the case γ ̸= 0 and in the limit m << γ 23, the expression for the peak
value of the asymmetry beautifully reduces to

∆max
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⎡

⎣
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(5.26)
This was expected from naive order-of-magnitude arguments.

Finally, the results (5.25) show that non-leading effects in T give the main contribution
to the asymmetry in the case of non-vanishing damping rate and, in contrast with [11], the
up-sector dominates the asymmetry.

Very recently, Huet and Sather[28] have analyzed the problem. These authors state that
they confirm our conclusions. As we had done in ref. [1], they stress that the damping rate is
a source for quantum decoherence, and use as well an effective Dirac equation which takes it
into account. They discuss a nice physical analogy with the microscopic theory of reflection
of light. They do not use wave packets to solve the scattering problem, but spatially damped
waves, as in our heuristic treatment at the beginning of Sect. 4.

5.4 Wall thickness.

Notice that the derivation in sect. 4 is totally independent of the shape of the function
r(k). The only requirement was a singularity structure limited to a cut in the region of total
reflection. This is quite generic: only for very special wall shapes can other singularities be
expected. For instance, when the wall is not monotonous, a pole with an imaginary part
may express the decay of a quasi-bound state trapped in a potential well.

The thin wall approximation used in this paper is valid only for wall thickness l ≪ 1/6γ,
while perturbative estimates suggest l ≥ .1GeV−1 ≥ 1/6γ. The CP asymmetry, generated in

23This is valid for down external quarks, the case we considered

34

Yukawa couplings) than δhR, because they give a zero contribution at this order , we can
easily obtain:

δhb
R = αwλiλf

∑

l

KliK
∗
lfIR(M2

l ), δhb
L = αw

∑

l

KliK
∗
lfIL(M2

l ) (5.15)

and

c =
λf

mi

∑

l

KliK
∗
lfIm(M2

l ), (5.16)

where we have defined

IR(M2
l ) = −

π

2
H(Ml, MW ), IL(M2

l ) = λ2
l IR(M2

l ), Im(M2
l ) = πλlMlC(Ml, MW ). (5.17)

It then follows that the first effect in the asymmetry appears at O(α2
w) and it comes only

from the interference of the O(αw) effects in δhb
R and δhb

L. Consequently, there is no effect
at O(α2

w) at leading order in T , because at this order δhb
R = 0. It is interesting to analyze

the expression for the non-integrated asymmetry at this order, where the GIM mechanism
is explicitly operative:

∆(2)
CP ≡ Tr[ r(1)†r(1) + r(2)†r(0) + r(0)†r(2) − antiparticles ]

∼
∑

i,j

Im[ δhb
L)jiδh

b
R)ij] × Im{r0

ii
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|dij|2
+

mj((r0
ii)

2 − (r0
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2)

2diidijdji
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r0
jj

dii
(

1

dij
+

1

dji
) ] }.

(5.18)

∆(2)
CP can be shown to have the following structure:

∆(2)
CP ∼ α2

w (2iJ) T int T ext, (5.19)

where J , T int and T ext contain the expected “à la Jarlskog” behaviour of the asymmetry as
a function of the weak angles (J), the internal quark (T int) and the external quark masses
(T ext). The connection between (5.18) and (5.19) is

Im[δhb
L)jiδh

b
R)ij] = α2

wλiλj2i
∑

l,l′
Im[KliK

∗
ljKl′jK

∗
l′i](λ

2
l − λ2

l′)IR(M2
l′)IR(M2

l )

≡ α2
wλiλj(±2iJ)T int, (5.20)

with

J ≡ ±Im[KliK
∗
ljKl′jK

∗
l′i] = c1c2c3s

2
1s2s3sδ,

and

T int ≡
∑

l

(λ2
l − λ2

l+1)IR(M2
l )IR(Ml+1). (5.21)
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J = 3⇥ 10�5, � ' 100 GeV

Gavela, Hernandez, Orloff, Pene, Quimbay’94



Preservation of the Baryon Asymmetry
n EW Baryogenesis would be possible in the presence of new boson 

degrees of freedom with strong couplings to the Higgs. 

n Supersymmetry provides a natural framework for 
    this scenario.            Huet, Nelson ’91; Giudice ’91, Espinosa, Quiros,Zwirner ’93. 

n Relevant SUSY particle: Superpartner of the top 

n Each stop has six degrees of freedom (3 of color, two of charge)  
and coupling of order one to the Higgs 

n Since 

 Higgs masses up to 120 GeV may be accomodated

Carena, Quiros, C.W.’96, Delepine et al’96, 
Cline et al’99, Huber and Schmidt’00,
Carena, Quiros, Nardini, C.W.’09,  Cirigliano 
et al’09, Cohen et al’12, Curtin et al’12



Upper Bound on the Higgs Mass.  Largest values of At

M. Carena, G. Nardini, M. Quiros, C.W.  ‘08
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Figure 4: mmax
H (upper curves) and the corresponding mt̃ (lower curve) as functions of m̃ for

φc/Tc = 0.9 and tanβ = 15 compatible with their corresponding experimental lower mass bounds
(dotted–dotted–dashed and dotted lines).

is that as stated above, whenever T c
H ! T c

U + 1.6 GeV the electroweak phase transition

happens and ends before the color breaking phase transition and the system does not decay

to the color breaking minimum in one expansion time of the Universe at any temperature

below the nucleation one. We will illustrate it by analyzing a border–line point in the

window for m̃ = 8000 TeV which corresponds to the maximum allowed value of the Higgs

mass [thick (green) point of Fig. 3].

5.1 Tunneling from the symmetric phase

The tunneling probability per unit time and unit volume from the false (symmetric) to

the real (broken) minimum in a thermal bath is given by [39]

Γ

ν
∼ A(T ) exp [−B(T )], B(T ) ≡ S3(T )

T
(5.1)

where the prefactor is A(T ) ≃ T 4 and S3 is the three-dimensional effective action. At

very high temperature the bounce solution has O(3) symmetry and the euclidean action

is simplified to

S3 = 4π

∫ ∞

0
r2dr

[
1

2

(
dφ

dr

)2

+ V (φ, T )

]

(5.2)

where r2 = x⃗2 and the euclidean equations of motion yield for the bounce solution the

equation
d2φ

dr2
+

2

r

dφ

dr
= V ′(φ, T ) (5.3)

13

Both the Higgs and the lightest
stop must be lighter than about
125 GeV for the mechanism to work.
Values of the Higgs mass above
120 GeV may only be obtained for
very large values of m̃.

mQ = mq̃ = mA = ml̃ = m̃

Computation using renormalization 
group improved Higgs and stops 
effective potentials



•  The large values of the heavy squark masses render the 
model unnatural.

• Observe, however, that these particles have nothing to do 
with the EWPT or with the mechanism of baryogenesis and 
are heavy only to ensure the heaviness of the Higgs

• One can imagine a model with a singlet where the Higgs 
mass is lifted for relatively small values of tan(beta) and 
lighter heavy stops, with masses of order of a TeV.

• One should therefore analyze the phenomenological 
constraints concentrating on the light Higgs, stops and 
eventually netralinos.

Comments



For light stops, there is an enhancement of a factor of about   
2 to 3 in the gluon fusion diagram, (Menon-Morrissey ’09) 
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Figure 4: Contours of �C/TC [black, solid lines] and � ⇥ BR [red, dotted lines] in the

�sgn
�
M2

X

�q
|M2

X | vs. Q plane for the MSSM-like model. On the left (right) we have taken

the Higgs boson mass to be 115 GeV (125 GeV). The yellow region shows the range of parameters
for which the Universe would have evolved to a charge-color breaking vacuum. For details, see
Fig. 1.

6 Collider Signals

We have demonstrated that a strongly first-order electroweak phase transition can be induced
by a new colored scalar. To do so e↵ectively, the new state must be relatively light with
a mass below about mX . 200GeV. Such a particle would be produced abundantly at
both the Tevatron and the LHC, and one might wonder if its existence can be consistent
with direct collider searches. We have also found that this new scalar necessarily induces
significant changes in the production and decay properties of the Higgs. In this section, we
consider both of these collider signals.

6.1 X Signals

The collider signals of a new colored scalar depend very strongly on how it decays. While the
gauge couplings of the scalar are fixed by its representation, the couplings to matter fields
are not, and the specific decay modes depend on other new particles present in the theory,
i.e. the signals of X are highly model-dependent. We consider several possibilities.

A challenging possibility is that the new scalar decays to light jets, X ! jj. This
could arise from a X qiqj coupling, analogous to a U cDcDc superpotential coupling in
supersymmetry. A search for decays of this type was performed by ATLAS with limited

12

New fields that couple to the Higgs can lead to modifications of the rates for Higgs boson
production and decay. In particular, the e↵ective couplings of the Higgs boson to pairs of
gluons or photons, both of which are generated exclusively by loop e↵ects, can be significantly
a↵ected [20–26]. It is the connection between the strength of the electroweak phase transition
and the properties of the Higgs boson that we investigate in the present work.

We study the correlation between the strength of the electroweak phase transtition and
the collider signatures of the Higgs boson in a simplified model. We assume that electroweak
symmetry breaking is induced by a single complex electroweak doublet scalar Higgs field
H = (v + h)/

p
2 as in SM, but we also include a new scalar field X that couples to H

according to

� L � M2

X |X|2 + K

6
|X|4 +Q|X|2|H|2,

(2)

� M2

X |X|2 + K

6
|X|4 + 1

2
Q
�
v2 + 2 v h+ h2

�
|X|2.

The physical mass of X is

mX =

r
M2

X +
Q

2
v2 . (3)

Although we will allow for values of M2

X < 0, we will demand that the new scalar X does
not develop a VEV in the course of its cosmological evolution.

The basic interactions of Eq. (2) describe a broad range of theories. In particular,
they apply to the minimal supersymmetric standard (MSSM) in the limit of the MSSM
where EWBG is viable. There, X corresponds to a light mostly right-handed scalar top
quark (stop) [12, 27, 28]. Motivated in part by the MSSM and its extensions, we will
concentrate mainly on the case where X is a SU(3)c triplet.1 Colored scalars also lead
to a significant two-loop enhancement of �C/TC [30]. On the other hand, the assumption
that only the Higgs field develops a non-zero VEV means that our analysis does not apply
to the large class of models where the electroweak phase transition is strengthened by the
evolution of other fields, such as singlet and gauge extensions of the SM [31–37].

The primary conclusion of our study is that if new colored (triplet) states induce a
strongly first-order electroweak phase transition with �C/TC & 0.9, the collider signals of
the Higgs boson are modified in a measurable way. For example, the modification of the
production rate of the Higgs via gluon fusion will be large enough to be observed at the
LHC. When applied to the MSSM, our results imply that the discovery of a Higgs boson
with SM-like couplings to gluons and photons would rule out the EWBG window in this
class of theories.

The outline of this paper is as follows. In Section 2 we will describe our calculation
of the strength of the electroweak phase transition. Section 3 contains the formalism for
estimating the e↵ects of the new scalars on Higgs boson production and decay modes. Our
combined quantitative results will be presented in Section 4. Section 5 applies our results to

1See Ref. [29] for a supersymmetric model which can allow Q to be a free parameter.

3

Cohen, Morrissey, Pierce’12
Curtin, Jaiswal, Meade’12

Generic Problem for models with light colored scalars

factor of 3.5 [30]. This e↵ect was first observed for the MSSM in Refs. [39,40]. So, while it is
not impossible that a first-order phase transition might occur in the absence of new colored
states, it seems much easier to obtain in their presence.

3 Higgs Production and Decay

New colored scalars modify the production and decay properties of the Higgs boson. The
most important e↵ects arise in the gluon fusion production channel gg ! h + nj and the
di-photon decay mode h ! ��+nj, where nj = 0, 1, 2 . . . refers to any number of additional
jets. Both channels are generated by loops, with gluon fusion being dominated by a top
quark loop in the SM, and the di-photon decay coming primarily from a W± loop [41]. New
colored scalars coupling to the Higgs as in Eq. (2) will contribute to the amplitudes for these
processes as well, leading to potentially observable e↵ects.

Gluon fusion is the dominant Higgs production mechanism at the LHC and it therefore
plays a central role in Higgs boson searches. To an excellent approximation, the production
rate in this mode is proportional to the decay width of the Higgs to a pair of gluons, given
at leading order (LO) by

�gg =
↵2

s

128 ⇡3

m3

h

m2

W

�����
X

i

gi T
i
2

Fsi(⌧i)

�����

2

, (5)

where the sum i runs over all particles that couple to the Higgs. In the summand, T i
2

is the
trace invariant of the ith particle’s SU(3)c representation,4 and the Fsi(⌧i) are loop functions
of ⌧i = 4m2

i /m
2

h that depend on the particle spin si and are given in Ref. [41]. The coupling
gi is equal to gi = g (the SU(2) gauge coupling) for all SM states, while for an exotic scalar
X coupling to the Higgs as in Eq. (2) it is given by

gX =
2

g

✓
mW

mX

◆
2

Q . (6)

For Q > 0, the new contribution from a complex scalar has the same sign as the top quark
contribution that dominates in the SM.

One of the most important LHC search channels for a lighter Higgs (mh . 135GeV) is
through its decays to pairs of photons, h ! �� + nj. The width to di-photons at LO is [41]

��� =
↵2

1024 ⇡3

m3

h

m2

W

�����
X

i

gi qi
2di Fsi(⌧i)

�����

2

, (7)

where the sum i runs over all charged particles coupling to the Higgs, di is the dimension of
the corresponding SU(3)c representation (di = 1 for color singlets), qi is the electromagnetic
charge of the state, and the Fsi(⌧i) loop functions and the couplings gi are the same as for

4 Specifically, tr(tar t
b
r) = T r

2 �
ab, normalized to 1/2 for the N of SU(N).
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Linear correlation of masses and Higgs couplings established. 
Another Standard Model triumph
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Figure 11: Best-fit values and uncertainties of Higgs boson coupling modifiers per particle type with e�ective photon
and gluon couplings and either BBSM = 0 (left), or BBSM included as a free parameter (right). The SM corresponds
to BBSM = 0 and all  parameters set to unity. All parameters except t are assumed to be positive. In the model
with BBSM included as a free parameter, the conditions W ,Z  1 are also applied and an upper limit on BBSM is
reported.

5.4.5 Parameterization using ratios of coupling modifiers

Finally, a model based on ratios of coupling modifiers is defined analogously to the cross-section ratio
model of Section 5.3. The model parameters are the scaling factors defined in Table 10. The paramet-
erization requires no assumption on the total width of the Higgs boson. All parameters are assumed
to be positive. The results are summarized in Table 10 and Figure 12. The compatibility between the
measurement and the SM prediction corresponds to a p-value of pSM = 86%.

26

i =
ghii
gSMhin

Agreement at the 20 percent level :

Is the Higgs the SM one ?

gHPP / mP

v

Models with light colored scalars seem 
to be ruled out by Higgs physics.

Possible way out, has been ruled out Carena, Nardini, Quiros, C.W.’13



Simple Alternatives to the light Stop Scenario

• Many models were written.  There are nice reviews, for instance,                                                                                     
Cohen, Kaplan, Nelson’93, Troden’98, D.E. Morrissey and J. Ramsey-Musolf, 1206.2942 

• One important alternative is to introduce particles with no charges or only 
electroweak charges. In the simple models there are simply Higgs particles.

• Higgs particles can affect the potential at the thermal level, via E terms, but most 
importantly can modify the potential via mixing with the SM Higgs.

• If these new particles are heavy, they can be integrated out and they may be 
studied via an effective potential analysis. 

• Potential is modified even at zero temperature, and hence the minimal signature is 
a modification of the Higgs self interactions. 

• If they are light, they tend to affect the potential in a complex way, and one 
requires a numerical analysis to determine the nature of the electroweak phase 
transition. 
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Generic potential with non-renormalizable operators

One of the relevant characteristics of this model is that the self 
interactions of the Higgs are drastically modified.  

10

15

15

20

3 4 5 6 7 8
200

210

220

230

240

�c

Joglekar, Huang, Li, C.W.’15

Menon et al’04, Grojean et al’04, Nobel et al’08

9

FIG. 1: Triple Higgs coupling correction � as a function of the cuto↵ ⇤. The upper dashed

black line shows the maximum value of � for the infinite sum with all |c
2n|= 1. The dashed dark

blue shows the values consistent with a FOEPT for the
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potential extension, for c
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while for the same conditions solid light blue line is forbidden due to the absence of electroweak

symmetry breakdown. Fig. 1(a) and 1(b) show the results for the
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potential. The di↵erent

colors correspond to the di↵erent hierarchies of the e↵ective potential coe�cients as explained
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electroweak phase transition (FOEPT) is demanded. Fig. 1(c) and 1(d) show similar results but for
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potential, with di↵erent colors again corresponding to di↵erent coe�cient hierarchies

defined in the text. The lower solid black line shows the maximal negative values of � possible for

the order
�
�†�

�
4

potential.
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where � = v + h and hence the VEV is given as h�i = 246 GeV. This leads to a correction

to the SM value of the triple Higgs coupling as shown in the Appendix A.

�
3

=
3m2

h

v

 
1 +

8v2

3m2

h

1X

n=1

n(n+ 1)(n+ 2)c
2n+4

v2n

2n+2⇤2n

!
. (2)

The non-zero temperature e↵ects are approximately accounted for by adding a thermal

mass correction term to the Higgs potential. This term is generated in the high-T expansion

of the one loop thermal potential. At temperature T, we get m2(T ) = m2 + a
0

T 2. We

have ignored the small cubic term contributions as well as the logarithmic contributions

as they are suppressed compared to the contributions from higher order terms. Here we

have assumed that the heavy new physics is not present in the EFT at the weak scale and

therefore its contribution is Boltzmann suppressed at the EPT scale. In such a case a
0

is a

constant proportional to the square of SM gauge and Yukawa coupling constants. Assuming

all c
2n ' 1, the minimum value that ⇤ can achieve is 174 GeV in this formulation, at which

point the convergence of the series is lost for values of � close to its VEV. However, in any

consistent EFT, the cut-o↵ scale ⇤ will be considerably higher than 174 GeV.

Using Eq. (2), we define another quantity � which quantifies the deviations of the trilinear

Higgs coupling with respect to the SM value as

� =
�
3

�SM
3

� 1 =
8v2

3m2

h

1X

n=1

n(n+ 1)(n+ 2)c
2n+4

v2n

2n+2⇤2n
, (3)

where we restrict |c
2n+4

|< 1.

The values of the enhancement of �
3

for a given ⇤ for all potentials satisfying these

conditions are shown in Fig. 1. This maximal possible value, shown in the the upper-most

black (dashed) line in all the panels in Fig. 1, is obtained assuming all c
2n = 1 and leads to

a large enhancement even at a relatively large value of ⇤. However, the only condition that

we have imposed on the potential so far is the existence of a local minimum with a second

derivative consistent with the measured Higgs mass mh ' 125 GeV. For this minimum

to represent the physical vacuum of the theory, however, it should be a global one. As

we shall show, the global minimum requirement imposes strong constraints on the possible

enhancement of the triple Higgs coupling.

In our further analysis, we choose not to consider the terms of the order higher than
�
�†�
�
5

as they introduce negligible corrections for the cut-o↵s higher than v as shown in Fig. 1. We

v(Tc)

Tc
> 1

4

II. THE EFFECTIVE POTENTIAL AND THE TRILINEAR HIGGS COUPLING

A modification of the nature of the phase transition may be achieved by adding extra

terms to the Higgs potential [36–38]. These may appear through relevant temperature

dependent modifications of the Higgs potential, beyond those associated with the increase

of the e↵ective mass parameter, which lead to the symmetry restoration phenomenon (see,

for example, Refs. [39–52]).

Alternatively, these e↵ects may be already present at zero temperature, through addi-

tional terms in the Higgs potential induced by integrating out new physics at the scales

above the weak scale. In this section we concentrate on the second possibility and illus-

trate the impact of such additional terms on the enhancement of �
3

in minimally extended

models. Several simple extensions of the SM are capable of generating the required extra

terms in the potential and have been studied in the literature [6–13, 53–57]. In Sec. III, we

analyze one such example, where a gauge singlet is added to the SM. This can lead to a

relevant modification of the trilinear Higgs coupling with respect to the SM value �SM
3

, even

for values of the singlet mass much larger than the weak scale. In such a case, the singlet

decouples from physics processes at the LHC, allowing a comparison of these results with

the ones obtained in the e↵ective low energy field theory.

In this section, we take a general approach to the e↵ective field theory (EFT), where non-

renormalizable terms are added to the Higgs potential. We investigate whether these can

potentially generate considerably larger cross-sections for gg ! hh process compared to the

standard model. We also explore the possibility of these being compatible with a strongly

first order electroweak phase transition (SFOEPT). Such modifications to �SM
3

would make

for a viable probe to the new physics at the LHC and beyond.

A. Non-renormalizable terms in the low energy Higgs potential

The general formalism in this section is as follows. All the tree-level e↵ective operators

represented by powers of
�
�†�

�
are added to the usual Higgs potential at the temperature

T = 0 as follows

V (�, 0) =
m2

2
(�†�) +

�

4
(�†�)4 +

1X

n=1

c
2n+4

2(n+2)⇤2n

�
�†�

�n+2

, (1)
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separately analyze the nature of the phase transition and the maximum positive and negative

values for � in each of the three cases corresponding to
�
�†�

�
3

,
�
�†�

�
4

and
�
�†�

�
5

. Let us

stress that these momentum independent operators preserve the custodial symmetry and

evade the tight phenomenological constraints coming from the ⇢ parameter. The momentum

dependent non-renormalizable operators [13, 58–60], instead, may contribute to the oblique

corrections and are very tightly constrained by the electroweak precision measurements. A

particularly relevant one for our analysis is

cH
8⇤2

@µ(�
†�)@µ(�†�), (4)

This correction plays a relevant role in the singlet case that we shall discuss below, but is

also restricted by Higgs precision measurements and tend to be small. Hence, in most of our

analysis we shall ignore the momentum dependent corrections but we shall consider them

in the comparison with the singlet case in section III B.

1. Higgs Potential of order
�
�†�

�
3

From Eq. (1) and Eq. (2), the potential and the triple Higgs coupling are given by

V (�, T ) =
m2 + a

0

T 2

2

�
�†�

�
+

�

4

�
�†�

�
2

+
c
6

8⇤2

�
�†�

�
3

(5)

�
3

=
3m2

h

v

✓
1 +

2c
6

v4

m2

h⇤
2

◆
(6)

This case has been studied in the literature in various contexts [6–13]. We point out a few

key things pertaining to this case in the present context.

We require c
6

> 0 for the stability of the potential 1. The requirement that there should

be a minimum of the potential at � = �c degenerate with the extreme at � = 0 for the

temperature T = Tc leads to

�2 = 4m2(Tc)
c
6

⇤2

. (7)

This implies that m2(T ), which is the curvature of the potential at � = 0, should be greater

than zero at T = Tc for the phase transition to be of the first order. The minimum of the

1We understand that even for c6 < 0 the stability could be recovered for field values that are above the cuto↵,

where the EFT is not valid. We will consider the case of c6 < 0 when we study the (�†�)4,5 extensions.
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check that similar values of the cuto↵ are obtained at the left and right boundaries of the

orange regions in Fig. 3 for other values of �h, �hs and m
singlet

.

After substituting Eq. (60) and considering the field fluctuations of the field �H ,

�H = vH +H, (65)

we obtain,

�
3

⌘ gHHH =
3m2

H

v

✓
1 + 4 z

✓
2�hsv2

m2

H

� 3

2

◆◆
. (66)

Using this in Eq. (66) we obtain

�
3

=
3m2

H

v

✓
1 +

✓
2�hsv2

m2

h

� 3

2

◆
tan2 ✓

◆
(67)

This formula is the same as that obtained in Eq. (30) from the small mixing limit of the

enhancement up to tan2 ✓ order in the full renormalizable Lagrangian. Thus, as expected,

the EFT approach is equivalent to the small mixing limit of the full theory. To make the

analogy more transparent let’s emphasize that from Eq. (56) the fluctuations of the field

�h = v + h and H are related by

h =

✓
1� tan2 ✓

2

◆
H ' cos ✓ H (68)

That is the same relation we obtain between h
1

and h in the full theory, Eq. 24, when we

consider negligible h
2

fluctuations associated with its decoupling from the low energy theory.

We note that the e↵ective potential derived in Eq. (57) is of order �6

H . This is the same

order as the (�†�)3 potential described in section IIA 1. In this case, however, the range of

values of � is not constrained from 2/3 to 2 as expected from the (�†�)3 theory, but is shifted

to lower values. This is due to the kinetic terms corrections we were not considered in the

analysis in Section II. For �hs
>⇠ 1, the kinetic term corrections remain significantly smaller

than the ones associated with the e↵ective potential modification, which are controlled by

the �hs coupling. Expressing Eq. (66) in terms of c
6

and cH , using Eq. (61) and Eq. (53),

we obtain

�
3

=
3m2

H

v

✓
1 + c

6

2v4

m2

h⇤
2

� 3

2
cH

v2

⇤2

◆
, (69)

This is consistent with Eq. (6) when cH = 0. Also, this is consistent with Eq.(34) in Ref [61]

and Eq. (124) of Ref. [81] when taking � = m2

h/(2v
2). As mentioned before, our expression

is more suitable for the study of the region of parameters consistent with a FOEPT in which

Corrections in the potential up to (�†�)5
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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Additional Signature : Higgs Potential Modification
Variation of the trilinear Higgs Coupling

Double Higgs
Production

Curtin et al’14 
Joglekar, Huang, Li, C.W. 1512.00068,   
Huang, Long, Wang 1608.06619,  
Carena, Liu, Rimbeau 1801.00794

We will start to probe this scenario 
at the HL-LHC, but only a higher 

energy collider will lead to a definite answer

Main signature : New bosons or fermions at the weak scale (LHC)
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Introduction Channels Combination SM HH H self-coupling Resonant Conclusion

Limits on the cross-section as a function of Ÿ⁄
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Summary

hh → yybb is a very sensitive channel

For the full Run 2 analysis, many possible improvements : 

– Theoretical improvement (full NLO with m
top

 dependency, EFT)

– Technical improvement (MVA, kinematic fit)

– Dedicated VBF categories 

For the HL-LHC projection (3000 fb-1) : 

– This channel benefits from the upgraded detectors especially on b-tagging 

– Expected significance (ATLAS and CMS individually, not combined) : 1.5σ

– limit on κ
λ
 (for ATLAS with only yybb channel) : 

– New results on significance and κ
λ
 will be released for the CERN Yellow 

Report (end of the year) by ATLAS and CMS with a combination results to 
have better values with 6 ab-1 

 0.2 < κ
λ
 < 6.9 while currently : -8.2 < κ

λ
 < 13.2

High Lumi LHC : D. Delgove’17
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Putting everything together :
Sensitivity at the high luminosity LHC A. Shivaji’17Global analysis(2P): constraints on 3 and t
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Explicit Models with light particles :  Singlet Extension

eigenstates, h1,2. Depending on their masses, the Higgs
portal operators can enable either new decay [6, 7, 9–12]
or resonant di-Higgs production [18] modes.

In our analysis, we consider the kinematic regime in
which no new on-shell decay modes arise and di-Higgs
production is non-resonant. As a result, in order to probe
the xSM scenario in this regime, precision measurements
are required. First, mixing generates small deviations
to Higgs production rates. Although current LHC mea-
surements constrain deviations to roughly O(20%) [20],
future collider experiments such as the high-luminosity
LHC (HL-LHC), the International Linear Collider (ILC),
TLEP, China Electron Positron Collider (CEPC), and a
100 TeV proton-proton collider, such as the Very High
Energy LHC (VHE-LHC) or Super Proton Proton Col-
lider (SPPC) are expected to significantly improve the
accuracy of these measurements. Second, mixing can
lead to significant deviations of the Higgs trilinear self-
coupling from its SM value, leading to potentially ob-
servable consequences for self-coupling studies. Finally,
the presence of another scalar state can be probed indi-
rectly, by precision electroweak observables, and directly,
by searches for singlet-like heavy Higgs bosons in the low
mass region, < 2m

h

. We consider all these constraints as
well as the projected sensitivity of future collider exper-
iments.

As Higgs portal interactions can also enable the oc-
currence of a SFOEWPT [7], the aforementioned exper-
imental signatures provide a link between collider phe-
nomenology and phase transition dynamics. In our anal-
ysis, we rely on a combination of analytic and numerical
methods to analyze the xSM EWPT and its phenomeno-
logical consequences. We first revisit analytic calcula-
tions of the strength, relying heavily on Ref. [7], in order
to gain intuition of the generic characteristics. Then,
up-dating that work, we rely on the CosmoTransitions

package [21] to calculate various aspects of the EWPT
numerically. Our strategy in this work is to ascertain
where current and future collider searches would probe
the SFOEWPT-viable parameter space.

Our analysis indicates that a SFOEWPT prefers large
negative couplings associated with the H†HS Higgs por-
tal operator. As we discuss below, this preference bi-
ases the associated collider phenomenology towards large
mass splittings between the scalar eigenstates in the re-
gion of small mixing angles while allowing for potentially
significant reductions in the strength of the SM-like scalar
self coupling. Future precision measurements of the SM-
like scalar signal strengths and self-coupling would, then,
provide powerful probes of the SFOEWPT-viable param-
eter space. In this respect, there appears to be con-
siderable potential for observable deviations from purely
SM-like Higgs properties. Moreover, direct searches for
singlet-like scalars having SM-like Higgs branching ratios
but reduced signal strengths would provide an additional
window on this scenario. Combining such searches with
precision Higgs property measurements at future collid-
ers could, thus, reveal the presence of scalar potential

dynamics needed for preserving any baryon asymmetry
produced during the EWSB era2.
Our discussion of this analysis is organized as follows:

in Section II, we establish our notations for the xSM
model and discuss basic theoretical bounds. Section III
describes our fit to the current Higgs coupling measure-
ments and study of future sensitivities of the HL-LHC,
ILC, TLEP, CEPC, and VHE-LHC or SPPC. In this
section, we also present constraints from heavy SM-like
Higgs searches and electroweak precision observables. In
Section IV, we discuss the finite temperature e↵ective po-
tential and our analysis of the EWPT. In section V, we
present our final comments and conclusions.

II. THE XSM: A SINGLET SCALAR
EXTENSION OF THE SM

We study a minimal extension of the SM scalar sector
consisting of a single, gauge singlet, real scalar field S.
The T = 0 tree level potential for the Higgs doublet H
and S is given by

V T=0
0 (H,S) = � µ2

�
H†H

�
+ �

�
H†H

�2
+

a1
2

�
H†H

�
S

+
a2
2

�
H†H

�
S2 +

b2
2
S2 +

b3
3
S3 +

b4
4
S4. (2)

The a1 and a2 parameters constitute the Higgs portal
which provides the only connection to the SM for the
singlet scalar S. The b2, b3, and b4 parameters are
self-interactions which, without the Higgs portal, con-
stitute a hidden sector. Our notation here follows that
of Refs. [6, 7, 9], where no distinction is made between
dimensionful and dimensionless couplings. Modulo the
a1 and b3 parameters, the potential has a Z2 symmetry
that stabilizes the singlet scalar, enabling a dark matter
interpretation3 which has been studied by many previous
authors, e.g., [12, 15, 16]. However, as these parameters
play a large role in the strength of the EWPT, we retain
them, thereby rendering S incapable of simultaneously
providing a successful dark matter candidate.
As we are interested in the general pattern of EWSB

for non-vanishing temperatures, we let S, as well as H,
take on a vacuum expectation value (vev), i.e., S ! x0+s

and H ! (v0 + h)/
p
2 where x0 and v0 are the T = 0

vevs. Since x0 also breaks Z2 symmetry, we choose it to
be positive through a field redefinition (s ! �s). The

2 We note that, owing to our implementation of gauge indepen-
dence in the CosmoTransitions package, we do not consider the
region of parameter space where a first order EWPT may arise
through the combination of loop-induced SM contributions and
an e↵ective reduction in the Higgs quartic self-coupling as ob-
served in Ref. [7].

3 As was pointed out in Ref. [7], even if a Z2 symmetry is present
before electroweak symmetry breaking, both scalar eigenstates
are made unstable through mixing if hSi 6= 0.

2

minimization conditions then allow us to express two of
the potential parameters in Eq. (2) in terms of the T = 0
vevs and other potential parameters as

µ2 = �v20 + (a1 + a2x0)
x0

2

b2 = � b3x0 � b4x
2
0 �

a1v
2
0

4x0
� a2v

2
0

2
. (3)

We find it useful to exchange these two mass dimension
two parameters for those appearing on the RHS of Eq. (3)
that have mass dimension one or zero. Doing so is partic-
ularly advantageous for numerical scans as we may choose
smaller ranges for the latter parameters than would oth-
erwise be necessary for the mass-squared parameters.

The elements of the tree level mass-squared matrix are
given by

m2
hh

⌘ d2V

dh2
= 2�v20

m2
ss

⌘ d2V

ds2
= b3x0 + 2b4x

2
0 �

a1v
2
0

4x0

m2
hs

⌘ d2V

dhds
= (a1 + 2a2x0)

v0
2
, (4)

with the corresponding mass eigenstates

h1 = h cos ✓ + s sin ✓

h2 = �h sin ✓ + s cos ✓ (5)

where h1 (h2) is the more SU
L

(2)-like (singlet-like)
scalar. The mixing angle ✓ is most easily defined in terms
of the mass eigenvalues,

m2
1,2 =

m2
hh

+m2
ss

± ��m2
hh

�m2
ss

��
s

1 +

✓
m2

hs

m2
hh

�m2
ss

◆2

2
,

(6)

as

sin 2✓ =
(a1 + 2a2x0) v0
(m2

1 �m2
2)

. (7)

Here, we make several points.

• We require that the SU
L

(2)-like scalar eigenstate,
h1, is the lighter eigenstate and identify it with
the observed Higgs boson at the LHC [1, 2], i.e.,
we set m1 ⌘ 125GeV. The couplings to all SM
states are then rescaled by cos ✓, which results in
modifications to the production cross sections that
can be constrained by measurements of Higgs sig-
nal strengths. We explore these constraints in the
next section.

• The singlet-like scalar eigenstate, h2, receives its
decay modes entirely from mixing, via the Higgs
portal couplings a1 and a2. As such, these parame-
ters are also sensitive to collider searches for heavy

SM-like Higgs bosons. Moreover, electroweak pre-
cision observables are sensitive to the presence of
new heavy scalar states. We explore the e↵ect of
these constraints on the mixing angle, ✓, and mass,
m2, in the next section.

• The relation for the mixing angle ✓ in Eq. (7) im-
plies a highly non-trivial bound on the Higgs portal
parameters and physical masses,

� 1  (a1 + 2a2x0) v0
(m2

1 �m2
2)

 1, (8)

which becomes more severe in the limit in which h1

and h2 are degenerate.

To avoid vacuum instability at T = 0, the potential in
Eq. (2) must be bounded from below. This is imposed by
requiring the positivity of the quartic coe�cients along
all directions in field space. Along the h (s) direction,
this leads to the bound � > 0 (b4 > 0) while, along an
arbitrary direction, this implies a2 > �p

�b4.
For viable EWSB, two conditions must be met. The

first is that the determinant of the mass mixing matrix
described in Eq. (4) must be positive for T  T

c

, where
T
c

is the critical temperature associated with the EWPT.
This is true when

b3x+ 2b4x
2 � a1v

2

4x
� (a1 + 2a2x)2

8�
> 0, (9)

where v and x denote the finite temperature vevs for
T  T

c

. The second condition is that the electroweak
minimum must be the absolute minimum at T = 0,
which we impose numerically.

III. COLLIDER PHENOMENOLOGY AND
ELECTROWEAK PRECISION OBSERVABLES

Phenomenologically, current measurements of Higgs
couplings constrain the combinations of potential pa-
rameters that determine the singlet-like scalar mass
eigenvalue, m2, and the mixing angle sin 2✓. In this work,
we concentrate on the kinematic regime in which no
new scalar decay modes arise, i.e., m1/2 < m2  2m1,
where we remind the reader that we have defined
m1 = 125GeV. This scenario is particularly challenging
experimentally and the strategy to probe it necessarily
must include high precision measurements of Higgs cou-
plings. Motivated by this, we study not only the current
status of LHC measurements of Higgs couplings but also
projections for experiments at the HL-LHC, ILC, TLEP,
CPEC, and VHE-LHC or SPPC as well. Moreover, we
include in our analysis SM-like Higgs searches in the low
mass regime and electroweak precision observables.

From Eq. (5), the couplings of the SU
L

(2)-like eigen-
state, h1, to all SM states are simply rescaled versions of
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FIG. 2: Scatter plots of the parameter space. Orange (light) points satisfy limits from current LHC measurements of Higgs
properties, heavy/light SM-like Higgs searches, and electroweak precision bounds. Black points further satisfy the requirement
of a SFOEWPT and exhibit a su�ciently fast thermal tunnelling rate to support bubble nucleation.

Higgs mass. The value of � thus required to obtain
the observed Higgs-like scalar mass may be smaller
than in the SM. Moreover, � enters �̄ with a factor
of cos4 ↵

c

, so that reducing � can e↵ectively reduce
the denominator of Eq. (21) for | cos↵

c

| ⇠ 1.

• As our numerical results below indicate, a reduc-
tion in the value of � (resulting from a2 > 0) may
also allow for a reduced value of T

c

.

We perform numerical Monte Carlo scans of the xSM
parameter space. As our free parameters, we take all
cubic and quartic couplings in Eq. (2) as well as the T = 0
singlet vev, providing a full description of the potential.
Our scans cover this parameter space within the ranges

a1/TeV, b3/TeV 2 [�1, 1] x0/TeV 2 [0, 1]

b4,� 2 [0, 1] a2 2 [�2
p
�b4, 2], (27)

where the lower bounds on the quartic couplings
represent the vacuum stability bounds presented in
section II. For each point, we require consistency with all
bounds from collider searches and electroweak precision
observables presented in Fig. 1. Moreover, we perform 3
distinct scans, with each scan distinguished by the bound

imposed on the mixing angle, ✓. The first scan imposes
current LHC bounds while the other two scans impose
prospective HL-LHC and ILC-3 bounds, respectively.

In Fig. 2, we present a selection of 2-dimensional slices
of the parameter space left after our first scan, imposing
the current LHC bound on the mixing angle. The orange
points are compatible with all collider and electroweak
precision bounds while the black points further yield a
SFOEWPT with the correct thermal tunneling rate for
bubble nucleation. In Fig. 2(a) we show the distribu-
tion of the Higgs portal parameters, a1 and a2. At the
collider/electroweak precision level, we find that a1 and
a2 are strongly anti-correlated, preferring to have oppo-
site signs throughout the space. This preference can be
understood from Eq. (8), in which the bound on sin 2✓ re-
quires that, in the absence of su�cient suppression from
the mass splitting, m2

1 � m2
2, a cancellation between a1

and 2a2x0 must occur. Indeed, in the small regions where
both a1 and a2 have the same sign, the mass splitting is
near its maximum.

From the standpoint of the SFOEWPT, Eq. (26) im-
plies that negative values of a1 are preferred, therefore
favoring positive values for a2. This same mechanism is
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FIG. 3: Top Row: Scatter plots showing the e↵ect of the more stringent bounds on the mixing angle from the HL-LHC and ILC-3
accelerator programs. Bottom Row: Distributions of EWPT-preferred points overlayed with collider and electroweak precision
bounds for the current LHC (left), HL-LHC (middle), and ILC-3 (right).

EWPT-induced.

In order to understand this preference for values of m2

near the upper end of the mass range considered here,
we note a SFOEWPT prefers large negative values of
a1, potentially making a perfect cancellation between a1
and 2x0a2 in Eq. (8) di�cult. In the case of an imperfect
cancellation, large mass splitting between the two scalar
eigenstates is required to compensate and remain within
this bound. Moreover, both large mass splitting and
e�cient cancellations drive the parameter space towards
small mixing angles. This phase-transition induced
tendency of the parameter space can be viewed as
cosmologically driven motivation for direct searches for
new low mass (. 2m

h

) scalar states as well as high
precision measurements of Higgs signal strengths at the
HL-LHC and ILC. The ILC, TLEP, and CEPC – with
their exceedingly stringent projected sensitivity to the
mixing angles – hold considerable promise for observing
non-zero mixing associated with the SFOEWPT-viable
parameter space.

It is also interesting to consider the implications of fu-
ture measurements of the Higgs-like boson trilinear self-
coupling, as suggested by the early analysis of Ref. [8].
For center of mass energies below the di-Higgs produc-
tion threshold, an indirect determination can be obtained
through measurements of the Higgs associated produc-
tion cross section in e+e� annihilation[30]. Assuming a
0.4% determination of this cross section at TLEP 240 or
the CEPC, one may infer a value of the self-coupling with
⇠ 30% precision. With an upgrade to

p
s =500 GeV and

1 ab�1 of luminosity, a 50% direct determination may be

possible at TLEP [34] using di-Higgs production. Projec-
tions for the HL-LHC (again using di-Higgs production)
range from 50% for the bb̄�� channel [31] to 30%, as-
suming other channels such as bb̄W+W� and bḡ⌧+⌧�

can be measured with similar precision (see [34] and ref-
erences therein). At the ILC, a combination using the
e�e+ ! Zhh and e�e+ ! ⌫⌫̄hh channels may allow for
a 13% determination [32]. The most promising scenarios
are for a 100 TeV pp collider, for which projections fall
in the 5-8% range [31, 34].
In the xSM, the self coupling of the SM-like Higgs bo-

son is given by the quantity

g111 = �v0 cos
3 ✓ +

1

4
(a1 + 2a2x0) cos

2 ✓ sin ✓ (31)

+
1

2
a2v0 cos ✓ sin

2 ✓ +
b3
3
sin3 ✓ + b4x0 sin

3 ✓ .

Given the small values of ✓ preferred by the present phe-
nomenological constraints, the tendency toward negative
values of (a1 + 2a2x0) as indicated by the top row of
Fig. 3, and the concentration of points for � < �

SM

as
given in Fig. 2(h), we expect g111 to accommodate values
significantly below its SM value �

SM

v0 ⇡ 33 GeV.
In Fig. 4, we show the correlation between g111 and the

critical temperature. As expected, we observe that (a)
this correlation largely parallels the correlation between
� and T

c

; (b) a substantial fraction of the SFOEWPT
parameter choices allow for a reduction in g111 from its
SM value; and (c) decreasing g111 implies decreasing T

c

.
An increase in g111 over the SM value by as much as a
factor of two or more may also be possible. Thus, a pre-
cise determination of g111 would provide a powerful probe
of the SFOEWPT-viable parameter space. To illustrate
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2

where a, b are real parameters and ⇤ is a new physics
scale. During the EWPT, the top quark mass gets a
spatially-varying complex phase along the bubble wall
profile, which provides the source of CP violation needed
to generate the baryon asymmetry. Precision tests, es-
pecially the electric dipole moment (EDM) searches, can
probe directly CP violation relevant to EWBG. Using the
polar molecule thorium monoxide (ThO), the ACME col-
laboration reported an upper limit on the electron EDM
(eEDM) recently [16], at 90% confidence level, an order
of magnitude stronger than the previous best limit,

|d
e

| < 8.7 ⇥ 10�29ecm . (3)

This limit severely constrains the allowed magnitude of
CP-phases in the Higgs couplings [27–30] via Barr-Zee
diagrams. We would like to mention that, one must take
into account the tension between the CP-phase being re-
quired to successfully implement EWBG and constraints
from the eEDM. The preliminary results of the work are
listed as follows:

• The EWPT have been explored in two parameter
spaces: triple couplings (c

2

, �
1

) and quartic cou-
plings (d

2

, �
2

), as well as cubic and quartic cou-
plings (�

2

, c
2

). The behaviors of the strength of
EWPT (v

c

/T
c

) and the energy gap �V ( the en-
ergy di↵erence between the Electroweak vacuum
and the vacuum of the complex singlet) are found
to be opposite: a smaller �V corresponds to a
bigger v

c

/T
c

. Two types of phase transition, i.e.,
one- and two-step are studied, and the two-step
phase transition always gives rise to a bigger v

c

/T
c

,
which is found to the same as the real singlet case
as explored in [23]. The dynamics of the phase
transition could be characterized by �V to some
extent.

• The BAU during the EWPT in the model has been
explored. The behaviors of BAU as functions of
triple couplings and quartic couplings match well
with that of EWPT. The magnitude of BAU is
proportional to the strength of the strong first or-
der electroweak phase transition (SFOEWPT) for
the one-step EWPT, and could be a little higher
in the two-step EWPT case with the sign-flip be-
havior appears at some larger v

c

/T
c

.

• The imaginary part of the complex singlet serves
as the DM candidate. The smaller dark matter
mass ( m

A

) region is severely constrained by the
direct detection experiment LUX. A larger m

A

can
give rise to a relatively higher magnitude of the
relic density. The EWPT in the higher magnitude
of the dark matter mass region could be indepen-
dent of m

A

. A benchmark scenario which accom-
modates DM and EWBG is presented. In the sce-
nario, the magnitude of the BAU could fall into
the observed range of PLANCK [4] in the two-step

SFOEWPT situation, and the CP violation phase
needed for the EWBG is allowed by the constraints
of ACME.

II. THE MODEL

With the notation as in [22], the tree-level potential
of the model is given by,

V (H, S) =
1

2
m2H†H +

�

4

�
H†H

�
2

+
�
2

2
H†H |S|2

+
⇣�

1

ei��1

4
H†HS + c.c.

⌘
+

b
2

2
|S|2 +

d
2

4
|S|4

+
⇣1

4
b
1

ei�b1S2 +
c
2

ei�c2

6
S |S|2 + c.c.

⌘
, (4)

where H and S are the SU(2) doublet and complex sin-
glet fields. For simplicity, phases are chosen as: �

b1 = 0
(⇡), �

�1 = 0 (⇡), and �
c2 = 0 (⇡). To get the min-

imization conditions of the potential, it is convenient
to represent the SU(2) doublet and complex singlet as
H = (0, h/

p
2) and S = (S + iA)/

p
2. Thus Eq. (4)

recasts the form of,

V
0

(h, S,A) =
m2

4
h2 +

�

16
h4 +

p
2

8
�
1

h2S +
�
2

8
h2

�
S2 + A2

�

+
1

4
(b

2

+ b
1

)A2 +
1

4
(b

2

� b
1

)S2 +

p
2

12
c
2

S

⇥
�
S2 + A2

�
+

d
2

8
S2A2 +

d
2

16

�
S4 + A4

�
, (5)

in which �
1

and c
2

can be both positive or negative. As
could be seen from Eq. (5), the breaking of the global
U(1) induces one Z

2

symmetry for the imaginary part of
S, i.e. A, thus makes a feasible DM candidate. Mean-
while, the cubic and quartic interactions that are analo-
gous to [23] are both kept for the EWPT study.

The three minimization conditions of the potential,

(@V
0

/@h)|
h=v,S=x,A=0

= 0,

(@V
0

/@S)|
h=v,S=x,A=0

= 0,

(@V
0

/@A)|
h=v,S=x,A=0

= 0, (6)

with v = 246.2 GeV and x being the vacuum expectation
values (VEVs) of the h and S, imply that,

m2 = �
p

2�
1

2
x� �

2

2
x2 � �

2
v2 ,

b
2

= b
1

�
p

2�
1

4
v2/x�

p
2c

2

2
x� d

2

2
x2 � �

2

2
v2 .

(7)

At the minima, the mass matrix of h and S is,

M =

"
1

2

�v2 1

2

�
2

xv +
p
2

4

v�
1

1

2

�
2

xv +
p
2

4

v�
1

1

2

d
2

x2 +
p
2

4

c
2

x�
p
2�1v

2

8x

#
,

(8)
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FIG. 2: The contours of V0 (in units of GeV4) in h � S (
in units of GeV ) plane. With parameters being fixed as:
x = 200 GeV, �1=-300 GeV, d2=1.4, �2=0.2, �=1.0, and
c2 = �10 (100) GeV for the top (bottom) panel.

one-step transition case. 2 Since the potential at this
additional minimum (in the direction of S) can be very
close to that of the electroweak vacuum, the second step
can happen at a very low temperature, therefore a strong
first order phase transition could be realized easily. Of
course, the phase transition could also be the one-step
case, as long as the energy gap between the minima in
the direction of S and h is too large to be overcome by
the T dependent thermal correction at high temperature.
For the similar analysis in a triplet scenario and Next-to-
Minimal Supersymmetric Standard Model (NMSSM) we

2 It is also feasible to study fermion dark matter together with
strong first order phase transition [19].

refer to [41] and [42–44].
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FIG. 3: EWPT with parameters being fixed as: x =
200 GeV, mA = 300 GeV, �2 = 0.2, d2 = 1.4, and � be-
ing solved from mh1 = 125 GeV as shown in Fig. 1. The blue
shade is the regions where mh1 = 125 GeV couldn’t be ob-
tained. The grey region depicts that the electroweak vacuum
is a local but not global minimum. The light orange and red
regions are parameters space where one-step and two-step first
order phase transitions take place. The second order phase
transition happens in the light blue region. Top: The green
line is to divide the parameter spaces into the regions where
the minimum in the direction of S exists (above) and disap-
pears (below). The black contours in the region above the
green line are the contours of �V = VS � Vh in units of 108

GeV4; Bottom: The contours of vc/Tc, cos�, and mh2 are
shown with orange(and red), pink and brown lines. The re-
gion excluded by cos� < 0.8, which characterizes the mixing
between h and S, is covered by light grey shade.

We take advantage of the CosmoTransitions pack-
age [45] to investigate the phase transition numerically.
Fig. 3 shows the result in the c

2

� �
1

plane. In the top
panel, the contour lines of V

0

are plotted to help under-
stand this pattern qualitatively: for parameter regions
bellow the green line, the electroweak vacuum is the only
minimum of V

0

, thus only one-step phase transition could
happen. The contour �V = 0.6⇥108 GeV4 separates the
one-step from the two-step type phase transition. When
the di↵erence between the two minima is bigger than
that value, the T dependent thermal corrections could

5

-0.5 -0.5

0.8
5

5

-400 -200 0 200 400
-400

-200

0

200

400

h

S

10-8V0

-2 -2
-0.5 -0.5

-0.5
0.8

0.8

5

5

-400 -200 0 200 400
-400

-200

0

200

400

h

S

10-8V0

FIG. 2: The contours of V0 (in units of GeV4) in h � S (
in units of GeV ) plane. With parameters being fixed as:
x = 200 GeV, �1=-300 GeV, d2=1.4, �2=0.2, �=1.0, and
c2 = �10 (100) GeV for the top (bottom) panel.

one-step transition case. 2 Since the potential at this
additional minimum (in the direction of S) can be very
close to that of the electroweak vacuum, the second step
can happen at a very low temperature, therefore a strong
first order phase transition could be realized easily. Of
course, the phase transition could also be the one-step
case, as long as the energy gap between the minima in
the direction of S and h is too large to be overcome by
the T dependent thermal correction at high temperature.
For the similar analysis in a triplet scenario and Next-to-
Minimal Supersymmetric Standard Model (NMSSM) we

2 It is also feasible to study fermion dark matter together with
strong first order phase transition [19].
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With the assistance of a complex singlet, and an e↵ective operator involving CP violations, the
dark matter relic abundance and baryon asymmetry of the universe have been addressed simul-
taneously. We studied the electroweak baryogenesis mechanism systematically. The electroweak
phase transition analysis indicates that the strong first order phase transition takes place by one-
step or two-step type due to the dynamics of the energy gap between the electroweak vacuum and
the vacuum of the complex singlet. The relation between the magnitude of baryon asymmetry of
the universe and the phase transition type and strength has been explored in the framework of
electroweak baryogenesis.

I. INTRODUCTION

The Standard Model (SM) has passed most experi-
mental tests during the last 40 years. And the discovery
of a 125 GeV SM-like Higgs particle by the ATLAS [1]
and CMS [2] collaborations at the LHC seems to provide
the last missing piece of the SM. However, it has long
been known that the SM has two obvious shortcomings,
i.e., the explanations of the observed dark matter abun-
dance and matter-anti-matter asymmetry of the universe.

Firstly, the observed dark matter abundance is one
issue that couldn’t be addressed in the SM. The exis-
tence of dark matter (DM) has already been established
by the observations of galaxy rotation curves and analy-
sis of cosmic microwave background (CMB) etc. And the
PLANCK [4] and WMAP [3] predict that DM constitutes
about 26.5% of our Universe. Secondly, the matter-anti-
matter asymmetry of the universe, i.e., baryon asymme-
try in the Universe (BAU) as a baryon to entropy ra-
tio [4, 5]

n
b

s
⇡ (0.7 � 0.9) ⇥ 10�10 , (1)

couldn’t be addressed and predicted in the framework
of the SM. The dynamical generation of BAU requires
three necessary ingredients [6]: (1) violation of baryon
number; (2) violation of both C- and CP-symmetry; and
(3) departure from equilibrium dynamics or CPT vio-
lation. Though the SM contains all these requirements,
and the electroweak phase transition (EWPT) provides a
natural mechanism for baryogenesis [6], the SM is unable
to solve the problem for the reasons being listed below:
Although the baryon number violation is provided in the
SM by weak sphalerons [7–9], the departure from ther-
mal equilibrium, provided by a strong first order phase
transition, proceeding by bubble nucleation which makes
electroweak symmetry breaking (EWSB), does not oc-
cur in the SM [10]. In the SM, no first order phase

transition occurs for Higgs mass larger than about 80
GeV [11–13], which is far below the experimental bound
of m

h

> 114 GeV from LEP [14] and m
h

⇡125 GeV
from the LHC [1, 2]. In addition, the CP violation in the
CKM matrix is too small to produce a su�ciently large
baryon number. New CP violations beyond the SM are
required [15].

This work is aimed at accommodating the observed
DM relic density and the BAU simultaneously. The ob-
served DM relic density reported by CMB anisotropy
probes suggests weakly interacting massive particle
(WIMP) [20, 21] and a feasible candidate for DM requires
the extension of the SM. Based on CxSM [22], we con-
sider one simple extension of the SM with a complex sin-
glet (S) being supplemented. The singlet transforms triv-
ially under the SM gauge groups and the imaginary part
takes the responsibility of being DM. One very attrac-
tive mechanism, i.e., electroweak baryogenesis (EWBG),
wherein baryon number generation is driven by the CP
asymmetry at the time of the EWPT1, is adopt. We
take advantage of the complex singlet S to obtain the
CP-violation required by EWBG through introducing a
dimension-6 operator. Ref. [48] considered the analogous
dimension-5 operator involving S/⇤, and Ref. [49] use
S2/⇤2 because of the Z

2

symmetry S ! �S needed to
prevent decay of S, as befits a dark matter candidate. In
our case, we consider the complex scalar S, thus we have
SS†/⇤2, which ensures that the dark matter candidate
preserves Z

2

symmetry and the CP violation source sur-
vives after symmetry breaking. The relevant Lagrangian
takes the form of

y
t

Q̄
L

H

✓
1 +

(a + ib)

⇤2

SS†
◆
t
R

+ h.c. (2)

1 Which should be the strong first-order EWPT to protect the
generated baryon asymmetry from washout and suppress the
sphaleron after the process is ended.
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To get a first glimpse of the behavior of the baryon
asymmetry with respect to the parameters of EWPT (
i.e., the critical temperature T

c

and the field expectation
values v

c

,x
c

,x
h

...), we perform the calculation of BAU
with these parameters being input directly. We need to
note that the values of v

c

and T
c

used here are not phys-
ical parameters we get during EWPT as explored in the
previous section. The top panel in Fig. 6 illustrates how
the expectation values of S a↵ect the magnitude of BAU,
with x

c

and x
h

denoting the VEV of S at electroweak
symmetry broken phase and symmetric phase. It depicts
that ⌘

B

gets larger with x
h

getting smaller for x
c

> 0,
and the situation changes to be opposite when x

c

< 0.
⌘
B

changes its sign near x
h

= x
c

. In compare with that
of x

h

, ⌘
B

relies on x
c

more, especially when |x
c

| is small.
The middle panel indicates how ⌘

B

depends on v
c

and
T
c

. The dependence of ⌘
B

on v
c

is simple and obvious: a
larger value of ⌘

B

corresponds to a larger v
c

as expected,
since the source of CP violation depends partly upon the
amount of variation of |m

t

|(⇠ v
c

) inside the bubble wall.
The dependence of ⌘

B

on T
c

is more complicated. ⌘
B

have a almost linear correlation with T
c

for larger T
c

,
and the sign of ⌘

B

flips for smaller T
c

. The bottom panel
gives the magnitude of BAU as a function of v

c

/T
c

, which
indicates that some value of v

c

might induce unphysical
results, i.e., ⌘

B

 0. Thus, a larger v
c

/T
c

may not leads
to a bigger ⌘

B

.

Then, we use the results obtained in the section. III A
as the input parameters and calculate the magnitude of
the BAU being generated during SFOEWPT. The results
are shown in Fig. 7, which depicts that for the one-step
case the behaviors of ⌘

B

are very regular and indicates
one good correspondence with the behavior of v

c

/T
c

, i.e.,
a simple linear correlation. While, a more complicated
correlation for the two-step case exists. The sign of ⌘

B

flips and flips again with the increase of v
c

/T
c

in the
two-step case, which depicts a similar behavior as that of
Fig. 6.

As could be observed in the two panels of Fig. 7, a
larger baryon asymmetry can be generated during the
two-step type phase transition process. And, 7⇥10�11 <
⌘
B

< 9 ⇥ 10�11 turns out to live in the two-step type
EWPT favored region for the parameters set. Last but
no least, we would like to go more deeper to the inner
mechanism of the sign flip of ⌘

B

and relevant behaviors
with respect to v

c

/T
c

as shown in Fig. 7. The BAU mag-
nitude is highly related with that of µ

BL (see Eq. 29),
which is supposed to be dominated by the behavior of
the source term S

t

4 . To illustrate the physical picture
more clear, we take some typical benchmark points be-
ing used in Fig. 7, and plot the magnitude of µ

BL and
the dominated source term S

t

with respect to the spa-

4 Which is the same as that of the S✓ in [40], here we denote it as
St to depict that it is the top source term.
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FIG. 7: The BAU magnitude ⌘B as a function of vc/Tc, with
orange(red) points depicting the one-step(two-step) phase
transition cases. Parameters are set as: x = 200 GeV, mA =
300 GeV, �2 = 0.2 ( �1 = �350 GeV) and d2 = 1.4
(c2 = 100 GeV) for top (bottom) panel. .

cial coordinate z, see Fig. 8. The oscillation amplitude of
µ
BL and S

t

are found to be increasing with the increase
of v

c

/T
c

. With the increase of the oscillation amplitude
of µ

BL and S
t

, ⌘
B

increases at first and decreases lat-
ter. And the volatility of the oscillation of µ

BL and S
t

give rise to unphysical BAU magnitude, i.e., the negative
value of ⌘

B

appears (see the red line in Fig. 8).

C. EDM

In this section, we use the eEDM search to constrain
the CP violation phase. The eEDM contribution is dom-
inated by the Barr-Zee diagram [50], as illustrated in
Fig. 9. Where, the two scalar mass eigenstates(h

1,2

) give

Bian, Jiang, Huang, Shu’18
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0
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0.6 0.7 0.8 0.9 1 1.1

Figure 2. Wall velocities for the xSM parameter space described in the text. The solid (dashed)
curves depict the results neglecting (including) the SU(2)L gauge boson contributions to the finite
temperature effective potential and friction. No subsonic solutions are found with �h(Tn)/Tn & 1

(& 1.1) for the points in Set 1 neglecting (including) the gauge bosons. The curves corresponding
to Set 2 would extend beyond �h(Tn)/Tn = 1.1, however the perturbative fluid approximation
begins to break down significantly for stronger transitions, and so we restrict our results to the
region shown. The red dotted line shows the speed of sound in the plasma, above which non-
local electroweak baryogenesis is not possible. Note that we have searched exclusively for subsonic
solutions to the equations of motion.

smaller pressure difference between the phases. The friction on the bubble wall also tends
to be enhanced for larger thermal masses.

Interestingly, for strong first-order phase transitions, we find that subsonic solutions
to the equations of motion may not exist. This is because as v

w

! c
s

, the background
temperature contribution begins to dominate in the Higgs and singlet field EOMs (it is
proportional to 1/(c2

s

� v2
w

)). As pointed out in Ref. [54], the background terms typically
enter with a relative sign to those from the heavy species, thus reducing the total friction
for subsonic deflagrations. This behavior is seen for Set 1 in Fig. 2: no subsonic solution
exists for the gauge-invariant case with �

h

(T
n

)/T
n

& 1. Including the gauge-dependent
terms, subsonic solutions can extend up to �

h

(T
n

)/T
n

⇠ 1.1, but not higher. We conclude
that viable non-local electroweak baryogenesis in singlet-driven models is incompatible with
very strong first-order phase transitions, at least in some cases. This can be at odds with
sphaleron suppression inside the bubble, as seen for Set 1.

Even if a subsonic solution exists, the bubbles tend to expand rather quickly from
the standpoint of successful EWB. For example, previous studies of CP -violating sources
in the MSSM [27–29] suggest that electroweak baryogenesis tends to be most efficient for
v
w

⇠ 0.01, while Fig. 2 indicates that v
w

> 0.2 for most points featuring a strongly first-
order phase transition. Viable bayogenesis in singlet-driven scenarios may thus require
substantially more CP -violation than in models with slow walls (such as the MSSM with
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Wall velocities tend to be larger 
than standard assumptions (0.01–0.05),
demanding larger CP violating sources

Proper values appear naturally, by serendipity
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Figure 13: Type II, H1 = h: The mass of the heavier versus the lighter non-SM-like Higgs boson. Left: CP-
conserving and CP-violating points, right: only CP-violating points. Grey: points passing all the constraints;
color: points with additionally ⇠c � 1. The color code indicates the value of ⇠c.

9.2 Implications for LHC phenomenology

Figure 13 shows the mass values of the neutral non-SM-like Higgs bosons compatible with all

constraints (grey) that are additionally compatible with a strong PT (color), taking all points of

the CP-conserving and CP-violating scenarios (left) and restricting to purely CP-violating scenarios

(right). The results of Fig. 13 (left) basically agree with the results found in [51], taking into account

the fact that the lower bound on mH± has moved up to 580 GeV. Furthermore, we do not find

valid points with m# < 250 GeV, which would come along with large mass gap of the heavier Higgs

boson masses to m#. Overall, grey points with mass gaps between H# and H" above 332 GeV

are not allowed any more. This exclusion results from the unitarity check with the NLO Higgs

self-couplings. The plot confirms that for the CP-conserving parameter points with ⇠max
c = 6.5

larger ⇠c values can be obtained than in the CP-violating case where ⇠max
c = 1.3. The right plot

shows that the inclusion of CP violation implies mass spectra where overall the non-SM-like Higgs

masses move closer, cf. also Fig. 14. In particular most of the points with a strong PT feature H#
and H" which are close in mass, and the largest ⇠c values are found for the lightest possible values

that they can have within the given constraints. Again this can easily be understood by reminding

that due to CP violation all Higgs bosons mix and have a non-negligible VEV and that additionally

in type II with H1 ⌘ h the non-SM-like neutral Higgs bosons are rather heavy. In order not to

weaken the PT too much, in case of H" having a large portion of the VEV, it should be as light as

possible and hence be mass degenerate with H#, or in case it is not mass degenerate, the lighter of

the two should acquire most of the VEV.

The implications for LHC phenomenology can be read o↵ Fig. 14, showing the mass di↵erences

of H" and H± versus the ones of H# and H±. The colour code shows the relative frequency for

all points passing the constraints (left), with additionally a strong PT and only CP-conserving

points (middle) and for only CP-violating points with ⇠c � 1 (right). While the application of the

constraints favours scenarios with degenerate neutral non-SM-like Higgs masses, the requirement

of a strong PT favours a mass hierarchy between m" ⇡ mH± and m# with a mass gap of about
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stage PT [77, 78]. Our analysis reveals a strong link between the demand for a strong first order

PT and testable implications at the collider experiments.

The outline of the paper is as follows: In section 2 we set our notation and present the loop-

corrected e↵ective potential of the C2HDM at finite temperature. Our renormalisation procedure

is described in section 3. Section 4 is dedicated to the description of the numerical analysis. It

includes the outline of the minimisation procedure of the e↵ective potential and the details of

the scan in the C2HDM parameter space as well as of the applied theoretical and experimental

constraints. Sections 5-10 contain our results. In Section 6 we analyse the type I C2HDM with the

lightest Higgs boson being the SM-like Higgs state. We first investigate the spontaneous generation

of a CP-violating phase and its relation to explicit CP violation in the tree-level potential. We then

present the parameter regions compatible with the applied constraints and a strong first order PT

and analyse the implications for collider phenomenology. In Section 7 we discuss in detail the role

of the trilinear Higgs self-couplings in the EWPT, the impact of the next-to-leading order (NLO)

corrections derived from the e↵ective potential and the implications of the requirement of a strong

phase transition on the Higgs self-couplings and their corrections. In Section 8 we briefly summarise

the results for the type I C2HDM with the next-to-lightest Higgs boson representing the SM-like

Higgs scalar. Sections 9 and 10 are dedicated to the type II C2HDM with the lightest Higgs boson

being SM-like, and we present our results in analogy to the type I case. Section 11 contains our

conclusions.

2 The e↵ective potential in the C2HDM

In this section we provide the loop-corrected e↵ective potential at finite temperature for the CP-

violating 2HDM. We start by setting our notation.

2.1 The CP-violating 2-Higgs-Doublet Model

The tree-level potential of the C2HDM for the two SU(2)L scalar doublets

�1 =

 
�+
1

�0
1

!
and �1 =

 
�+
2

�0
2

!
, (1)

reads

Vtree = m2
11�

†
1�1 + m2

22�
†
2�2 �

h
m2

12�
†
1�2 + h.c.

i
+

1

2
�1(�

†
1�1)

2 +
1

2
�2(�

†
2�2)

2

+ �3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1) +


1

2
�5(�

†
1�2)

2 + h.c.

�
.

(2)

It incorporates a softly broken Z2 symmetry, under which the doublets transform as �1 ! �1, �2 !
��2. This ensures the absence of tree-level Flavor Changing Neutral Currents (FCNC). The

hermiticity of the potential Vtree forces all parameters to be real apart from the soft Z2 breaking

mass parameter m2
12 and the quartic coupling �5. For arg(m2

12) = arg(�5) the complex phases of

these two parameters can be absorbed by a basis transformation. If furthermore the VEVs of the

two doublets are assumed to be real, we are in the real or CP-conserving 2HDM. Otherwise, we

3
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with the tree-level potential given in Eq. (2) after replacing the doublets �1,2 with their classical

constant field configuration

�c
1 =

 
0
!
1p
2

!
and �c

2 =

 
!
CBp
2

!
2

+i!
CPp

2

!
. (22)

In the MS scheme the Coleman-Weinberg potential for a particle i reads [71]

VCW({!}) =
X

i

ni

64⇡2
(�1)2si m4

i ({!})


log

✓
m2

i ({!})

µ2

◆
� ci

�
. (23)

The sum extends over the Higgs and Goldstone bosons, the massive gauge bosons, the longitudinal

photon and the fermions f , with the exception of the neutrinos, which we assume to be massless, i =

h, H, A, H±, G0, G±, W±, Z, �L, f . Here, m2
i denotes the respective eigenvalue for the particle i of

the mass matrix squared expressed through the tree-level relations in terms of !i (i = 1, 2, CP, CB).

The sum also extends over the Goldstone bosons and the photon. Although in the Landau gauge

applied here the Goldstone bosons are massless at T = 0, they can become massive for field

configurations di↵erent from the tree-level VEVs at T = 0, which are required in the minimisation

procedure. This is also the case for the photon, as we allow for non-physical vacuum configurations

with a non-zero charge breaking VEV. Furthermore, the Goldstone bosons and the longitudinal

photon can become massive due to the temperature corrections discussed below. Because of the

Landau gauge we need not consider any ghost contributions. The spin of the particle is denoted by

si and the number of degrees of freedom by ni. For the scalars � = Hi, G
0, H+, H�, G+, G�, the

charged leptons5 l+ and l�, the quarks and antiquarks q and q̄, the longitudinal and transversal

gauge bosons VL = ZL, W+
L , W�

L , �L and VT = ZT , W+
T , W�

T , �T , they are

n� = 1 , nl+ = 2 , nl� = 2 ,

nq = 6 , nq̄ = 6 , nVT
= 2 , nVL

= 1 .
(24)

In the MS scheme employed here the constants ci read

ci =

(
5
6 , i = W±, Z, �
3
2 , otherwise .

(25)

The renormalisation scale µ is fixed to µ = v = 246.22 GeV.

The thermal corrections VT comprise the daisy resummation [72] of the n = 0 Matsubara modes

of the longitudinal components of the gauge bosons W+
L , W�

L , ZL, �L and the bosons �, so that their

masses receive Debye corrections at non-zero temperature. The potential VT can be cast into the

form [70,71]

V T =
X

k

nk
T 4

2⇡2
J
(k)
± , (26)

with k = W+
L , W�

L , ZL, �L, W+
T , W�

T , ZT , �T , �, l+, l�, q, q̄. Since the Goldstone bosons and the

photon acquire a mass at finite temperature, they have to be included in the sum. Denoting the

5Because of the CB-breaking VEV we have to take into account di↵erent masses for the charge conjugated particles.
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Large quartic couplings tend to induce large 
mixings and non-standard phenomenology
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Figure 15: Type II, H1 = h: µV /µF versus µ�� . Grey: all points passing the applied constraints, colour: all
points with additionally ⇠c � 1; left: all 2HDM points, right: only C2HDM points. The red triangle marks
the SM result.

Figure 16: Type II, H1 = h: µV /µF versus µ�� . Grey: all points passing the applied constraints, colour: all
points with additionally ⇠c � 1; left: all 2HDM points, right: only C2HDM points. The red triangle marks
the SM result.

10 Analysis of the trilinear Higgs self-couplings and Higgs pair production in
the C2HDM Type II

We conclude our investigation with the discussion of the interplay between the requirement of a

strong PT and the trilinear Higgs self-coupling among the SM-like Higgs bosons. Figure 17 (left)

depicts the values of the NLO trilinear Higgs coupling between three SM-like Higgs bosons h of the

C2HDM normalized to the SM value, each at NLO, as function of the fraction of the VEV squared

carried by h, for all points passing the constraints (grey) and for only those with a strong PT

(colour). As in the C2HDM type I, we observe that the C2HDM self-couplings can be enhanced

38

Higgs Precision Measurements is already constraining
a large region of parameter space where this scenario is viable.

Resonant Higgs production may be relevant in certain regions of 
parameter space.  Parameter space somewhat surprising.

Basler, Mühlleitner and Wittbrodt’17 

CP conservation
and CP violation

CP violation

the range allowed by the theoretical and experimental constraints as follows,

�NLO
hhh /�NLO,SM

hhh 2 [�1.92, 1.99]
SFOEWPT�������! [�1.92,�1.52] [ [1.58, 1.98] . (5.94)

As already mentioned in the discussion of the N2HDM T1, the interplay of the requirement of
large quartic couplings and small to medium Higgs boson masses, pushes the trilinear couplings
to enhanced values, but their upper limit remains under the allowed possibilities concerning
theoretical and experimental constraints. In contrast to the N2HDM T1, in the N2HDM T2
trilinear couplings of at least 1.52 times the SM value are required for an SFOEWPT, the SM
size is not su�cient.

5.3 Comparison of the C2HDM and the N2HDM Di-Higgs Rates

So far we discussed both models independently with respect to their phenomenology of the mass
spectra and the trilinear Higgs self-couplings. In the following we will compare the two models
with respect to their expected signal rates in the di-Higgs final states. Both models feature three
neutral Higgs bosons (h,H#, H") and one charged Higgs boson. Recent di-Higgs searches in the
final states 4b [86, 87], (2b)(2⌧) [88, 89] and (2b)(2�) [90] put strict constraints on the viable
parameter space of both models so that we want to investigate to which extend future studies
of this kind might help to tighten the viable parameter space of the N2HDM and C2HDM. All
rates given in the following have been computed for

p
s = 13 TeV.

5.3.1 C2HDM and N2HDM T1
�
bb
� �

bb
�
Final State

We start the comparison for the (4b) final state of the T1 models. In Fig. 12 we show the signal
rates for the process pp ! H" ! �

H# ! bb
� �

H# ! bb
�
versus the mass of the heaviest neutral
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Figure 12: T1: Production rate of H" with subsequent decay into H#H# in the 4b final state versus mH" for the
C2HDM (left) and the N2HDM (right). The color code is the same as in Fig. 3. The color bar indicates the
strength of the phase transition for ⇠c � 1. The di-Higgs search constraints are included.
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Supersymmetric Models of Electroweak Baryogengesis

• They are characterized by the appearance of a barrier between the rival and 
physical minima at either zero or finite temperature. 

• Generation of barriers at finite temperature need the presence of light particles 
strongly coupled to the Higgs and are therefore constrained by the LHC. One 
example is the light stop scenario, which is currently ruled out

• There are models also with heavy fermions.

• Models with barriers at zero temperature have the advantage that need only 
weakly coupled particles, but a possible problem is that the barrier prevents the 
transition, even if the physical minimum is the deeper one. 

Carena, Quiros, C.W.’96, Delepine et al’96, Cline et al’99, Huber and Schmidt’00,
Carena, Quiros, Nardini, C.W.’09,  Cirigliano et al’09, Cohen et al’12, Curtin et al’12

Pietroni’93, Davies et al’96, Huber et al’00,
Menon et al’04, Carena et al’12, 
Profumo et al’14, Kosaczuk et al’15,
Athorn et al’19, Baum et al, to appear

Megevand et al’04, Fok et al’07,Katz et al’14



Naturalness and Alignment in the NMSSM

• It is well known that in the NMSSM there are new contributions to the lightest CP-
even Higgs mass,

• It is perhaps less known that it leads to sizable corrections to the mixing between the 
MSSM like CP-even states. In the Higgs basis,  ( correction to     )

• The last term is the one appearing in the MSSM, that are small for moderate mixing and 
small values of 

• The values of      end up in a very narrow range, between 0.65 and 0.7 for all values of 
tan(beta), that are the values that lead to naturalness with perturbativity up to the GUT 
scale

W = �SHuHd +


3
S3

m2
h ' �2 v

2

2

sin

2
2� +M2

Z cos

2
2� +�t̃

�2
=

m2
h �M2

Z cos 2�

v2 sin2 �

Carena, Haber, Low, Shah, C.W.’15 
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h �M2
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�

see also Kang, Li, Li,Liu, Shu’13,   Agashe,Cui,Franceschini’13
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FIG. 8: Blue shaded region denotes current LHC limits. The ratio of the Higgs coupling to down-

type quarks to the SM limit is shown by the red dashed contours for various values of �.
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It is clear from these plots that
the NMSSM does an amazing job 

in aligning the  MSSM-like CP-
even sector, provided          is  

about 0.65

Carena, Low, Shah, C.W.’13
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Aligning the CP-even Singlets

• The previous formulae assumed implicitly that the singlets are either decoupled, 
or not significantly mixed with the MSSM CP-even states

• The mixing mass matrix element between the singlets and the SM-like Higgs is 
approximately given by

• If one assumes alignment, the expression inside the bracket must cancel

• If one assumes                and lambda of order 0.65, and in addition one asks for 
kappa in the perturbative regime, one immediately conclude that in order to get 
small mixing in the Higgs sector,  the CP-odd Higgs is correlated in mass with the 
parameter    

• Since both of them small is a measure of naturalness, we see again that alignment 
and naturalness come together in a beautiful way in the NMSSM

• Moreover, this ensures also that all parameters are small and the CP-even and 
CP-odd singlets (and singlino) become self consistently light

M2
S(1, 3) ' 2�vµ

✓
1� m2

A sin2 2�

4µ2
�  sin 2�

2�

◆

tan� < 3

Carena, Haber, Low, Shah, C.W.’15
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Phase Transition in the NMSSM close to Alignment

• The tree-level potential reads

• The parameter are related to physical parameters by                          and 

• It is useful to go to the Higgs basis and decouple the heavy degrees of freedom

like CP-even Higgs bosons, are helpful in strengthening the first order phase transition
and in avoiding possible instabilities.

2 Neutral Scalar Potential

We concentrate on the standard NMSSM framework, with a Higgs super-potential

W = �SHuHd +
1

3
S3. (2.1)

The neutral Higgs low-energy e↵ective potential contains the following dominant compo-
nents

VH = m2
u|Hu|2+m2

d|Hd|2+�2|HuHd|2+ (g21 + g22)

8

�
H2

u �H2
d

�2
. (2.2)

The singlet dependent scalar potential terms are given by

VS = m2
s|S|2+�2|S|2�|Hu|2+|Hd|2

�
+ 2|S|4

+

✓
�S2H⇤

uH
⇤
d � �A�HuHdS +

1

3
AS

3 + h.c

◆
. (2.3)

Here Hd, Hu and S denote the neutral Higgs bosons corresponding to Hd, Hu and S
respectively. In the case of CP conservation, we obtain the following potential for the
neutral components of the Higgs fields

V (Hu, Hd, S) = �2�SA�HdHu +
2

3
S3A +

1

8

�
g21 + g22

� �
H2

u �H2
d

�
2 +

�
kS2 � �HdHu

�
2

+ H2
dm

2
d + �2S2

�
H2

d +H2
u

�
+H2

um
2
u +m2

2S
2 (2.4)

We will rewrite this expression in the Higgs basis, namely

� = Hu sin(�) +Hd cos(�)

H = Hd sin(�)�Hu cos(�) (2.5)

where in the physical vacuum < � >= v, < H >= 0 and < S >= u, with v ' 174 GeV.
Using the tree-level relations

m2
u = M2

A cos2(�) +M2
Z cos(2�)/2� �2v2 cos2(�)� �2u2

m2
d = M2

A sin2(�)�M2
Z cos(2�)/2� �2v2 sin2(�)� �2u2 (2.6)

and

sin(2�) =
2�u(A� + u)

M2
A

(2.7)

where �u = µ, we get

2

1 Neutral Scalar Potential

The terms in the scale invariant NMSSM superpotential involving the Higgs fields only
are given by

W = �bS bHu · bHd +
1

3
bS3. (1.1)

The scalar potential for the neutral components of the Higgs fields is

V = m2
u |Hu|2 +m2

d |Hd|2 +m2
S |S|

2 + �2 |S|2
�
|Hu|2 + |Hd|2

�
+
��S2 � �HuHd

��2 +

+
g21 + g22

8

�
|Hu|2 � |Hd|2

�2
+
⇣
3
AS

3 � �A�SHuHd + h.c.
⌘
.

(1.2)

We are interested in minima of the potentials. We can choose the vevs of Hu, Hd, S to be
real and to lie along the neutral components. For those components, we can rewrite the
potential as

V (Hu, Hd, S) = muH
2
u +m2

dH
2
d +m2

SS
2 + �2S2

�
H2

u +H2
d

�
+
�
S2 � �HuHd

�2
+

+
g21 + g22

8

�
H2

u �H2
d

�2
+

2

3
AS

3 � 2�A�SHuHd,
(1.3)

where the Hu, Hd, S now mean the real components, only. These are related the the usual
convention via Hu ⌘

p
2HR

u and analogously for the other fields. We can rotate to the
Higgs basis defined by

� = Hu sin � +Hd cos �, (1.4)

H = Hd sin � �Hu cos �, (1.5)

to obtain the potential in terms of V (�, H, S). We can replace the parameters m2
u,m

2
d,m

2
S

with the vevs h�i = v, hHi = 0, hSi = µ/� using the minimization conditions

@V

@�

���� �=v
H=0

S=µ/�

=
@V

@H

���� �=v
H=0

S=µ/�

=
@V

@S

���� �=v
H=0

S=µ/�

= 0. (1.6)

With

M2
Z =

g21 + g22
2

v2 (1.7)

M2
A =

2µ (A� + µ/�)

sin(2�)
, (1.8)

1

� < S >= µ

Baum, Carena, Shah, C.W.’17

e.g.1:  {N}MSSM

• {N}MSSM = MSSM + singlet (S):

• Singlet VEV:

• The singlet can induce a strongly first-order EWPT
 driven partly by tree-level effects with:

•                     .

• Higgs rate corrections consistent with data.

• Viable Bino-Singlino dark matter.

• Higgs rate corrections are still expected.

µeff = �hSi

mh ' 125GeV

[Pietroni ’92;  Davies et al. ’96;  Huber+Schmidt ’00;  Menon et al. ’04; ...]

[Huang et al. ’14;  Kozaczuk et al. ’14]

W � �SHu ·Hd + . . .

Carena, Shah,C.W’12, Huang et al ’14, Shu et al’15, Kozaczuk et al ’15… 

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

removing one of the NMSSM’s free parameters.

Enforcing the minimization conditions at the physical minimum is a necessary, not a

su�cient, condition for the NMSSM to have a (meta-)stable physical minimum. It is also

necessary to require the Hessian, the matrix of second derivatives of the scalar potential

with respect to the scalar fields, to be positive semi-definite. This is equivalent to require

all physical masses to be non-tachyonic at the physical minimum.

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 rotate the Higgs fields from the

SUSY basis {Hd, Hu, S} to the extended Higgs basis [54–60]3

Hd =

 

1p
2

�

c�H
SM � s�H

NSM

�

+ ip
2

��c�G
0 + s�A

NSM

�

�c�G
� + s�H

�

!

, (2.7)

Hu =

 

s�G
+ + c�H

+

1p
2

�

s�H
SM + c�H

NSM

�

+ ip
2

�

s�G
0 + c�A

NSM

�

!

, (2.8)

S =
1p
2

�

HS + iAS

�

. (2.9)

HSM, HNSM, and HS are the three neutral CP-even interaction states of the Higgs basis,

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

charged Goldstone modes are denoted by G0 and G±, respectively, and we used a short

hand notation

s� ⌘ sin� , c� ⌘ cos� . (2.10)

In this basis, the couplings of the states 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

HSM(down, up ,VV) = (g
SM

, g
SM

, g
SM

) , (2.11)

HNSM(down, up ,VV) = (�g
SM

tan�, g
SM

/ tan�, 0) , (2.12)

HS(down, up ,VV) = (0, 0, 0) , (2.13)

where g
SM

is the 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. Furthermore, HSM is

the only Higgs boson which couples to pairs of vector bosons. HNSM has tan� enhanced

(suppressed) couplings to pairs of down-type (up-type) SM fermions, and HS does not

couple to pairs of SM particles. Note that at the physical minimum, only hHSMi =
p
2v

and hHSi = p
2vS take non-trivial vevs, in particular, hHNSMi = 0.

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

states as {h
125

, h,H}, where h
125

is identified with the 125GeV state observed at the LHC,

and h and H are the two remaining eigenstates which we order according to their masses,

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

sign of HNSM and ANSM.
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Effective Potential

For  > 0, this condition is satisfied for µA . v2. For  < 0, this condition is somewhat

more restrictive, demanding µA & v2. In particular, this disfavors sgn(µA) = �1 for

 < 0.

2.1 Radiative Corrections

The scalar potential receives sizable radiative corrections from large couplings between

the Higgs bosons themselves as well as from their large couplings to the electroweak gauge

bosons and the (s)fermions, in particular the (s)tops, see, for example, refs. [12, 66–68]. We

are not interested in precision calculations in this work, hence, we take only the dominant

one loop corrections into account. The null-results from SUSY searches at the LHC suggest

that all squarks as well as the gluinos have masses & 1TeV. LHC constraints on new states

neutral under QCD are less stringent. Furthermore, in order to yield a scalar potential

su�ciently di↵erent from that of the SM to allow for a SFOEWPT, the Higgs bosons’

masses should not be much larger than the electroweak scale. These considerations motivate

studying a scenario in which all sfermions4 and the gluinos are heavy and can be integrated

out, yielding an e↵ective theory where the remaining dynamic degrees of freedom are the

SM particles as well as the new Higgs bosons {h,H, a,A,H±}, the five neutralinos e�0

i , and

the two charginos e�±
i ; see refs. [25, 30, 32] for similar approaches. The parameters of this

e↵ective theory are obtained by matching onto the full theory (containing all the NMSSM’s

degrees of freedom) at an intermediate scale. The leading operator one obtains from this

procedure is

�L = ���
2

2
|Hu|4 , (2.25)

arising from stop loops. The coe�cient ��
2

is related to the parameters of the stop sector

via [69, 70] [Carlos: add references]

��
2

=
3

8⇡2

h4t
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t

12M2

S
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, (2.26)

where ht is the top Yukawa coupling determined from the running top quark mass mt =

htv sin�, MS is the geometric mean of the stop masses, and At is the soft trilinear stop

coupling. We note that for small or moderate values of tan� the top quark superfield

has a sizable coupling only to Hu in the superpotential. After the singlet acquires a non-

trivial vev vS ⌘ hSi 6= 0, an e↵ective µ-term is generated and additional e↵ective quartic

couplings, which involve not only Hu but also Hd, arise via stop loops. However, these

contributions are suppressed by powers of µ/MS . We shall work in a region of parameters in

which |µ| ⌧ MS and hence, at one-loop, the dominant contribution induced by decoupling

the stop sector is given by eq. (2.25).

The scalar potential of this e↵ective theory is then given by

V e↵

0

= V
0

+
��

2

2
|Hu|4 . (2.27)

4For simplicity we also take the sleptons to be heavier here. Because the couplings of sleptons to the

scalar sector are much smaller than the gauge couplings and the top Yukawa, lighter sleptons would not

lead to large radiative corrections to the scalar sector.
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which |µ| ⌧ MS and hence, at one-loop, the dominant contribution induced by decoupling
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This new contribution gives sizable contributions to the Higgs mass matrix. In particular,

the mass of the SM-like Higgs state is given by

m2

h125
' M2

S,11 = m2

Z cos2(2�) + �2v2 sin2(2�) + 2��
2

v2 sin4 � . (2.28)

Note that the alignment conditions in eqs. (2.19) and (2.20) are not modified by ��
2

.

While the value of ��
2

is in principle controlled by the soft parameters in the stop

sector, see eq. (2.26), in the remainder of this work we use eq. (2.28) to set��
2

to reproduce

the observed mass of the SM-like Higgs boson, mh125 = 125GeV.

The radiative corrections to the e↵ective scalar potential from the degrees of freedom

remaining in this e↵ective theory are given by the Coleman Weinberg potential

V CW

1�loop

=
1

64⇡2

X

i=B,F

(�1)Fini bm
4

i



log

✓

bm2

i

m2

t

◆

� ci

�

, (2.29)

where Fi = 0 for bosons and Fi = 1 for fermions. The constant ci takes values ci = 3/2 for

scalars, longitudinally polarized vector bosons, and fermions, while for transversal vector

bosons ci = 1/2. We denote the field dependent masses computed from V e↵

0

by

bm2

i = bm2

i (H
SM, HNSM, HS) , (2.30)

and work in the Landau gauge; explicit expressions for the bm2

i are collected in appendix A.

The bosonic fields entering eq. (2.29) are B = {hi, ai, H±, G0, G±, Z,W±} with nB =

{1, 1, 2, 1, 2, 3, 6} degrees of freedom. Here, hi and ai denote the three neutral CP-even and

two CP-odd Higgs bosons, H± the charged Higgs, G0 and G± the neutral and charged

Goldstone modes, and Z and W± the electroweak gauge bosons. The fermionic field

entering the Coleman Weinberg potential are5 F = {e�0

i , e�
±
i , t} with nF = {2, 4, 12}, where

e�0

i and e�±
i denote the five neutralinos and two charginos, respectively, and t is the top

quark. Note that since their masses vanish at the physical minimum, the contributions of

the Goldstone modes to the Coleman Weinberg potential lead to divergent contributions

to physical masses and coupling coe�cients computed from derivatives of the e↵ective

potential. This divergence is an artefact of the perturbative calculation [71, 72] and can be

tamed by shifting the masses of the Goldstone modes by an infrared regulator, bm2

G ! bm2

G+

µ2

IR

. In our numerical calculations, we use a value of µ2

IR

= 1GeV2; note, however, that in

numerical calculations numerical errors on bm2

G typically su�ce to tame the logarithmically

divergent contribution from em2

G ! 0 even before including such an infrared regulator.

Including the Coleman Weinberg contribution, the (e↵ective) scalar potential at zero

temperature is given by

V
1

(T = 0) = V e↵

0

+ V CW

1�loop

. (2.31)

The Coleman Weinberg corrections alter the location of the minima as well as the physical

masses. We include counterterms

�L = ��m2
Hd

|Hd|2 � �m2
Hu

|Hu|2 � �m2
S

|S|2 � ��A�
(SHu · Hd + h.c.) � ��2

2
|Hu|4 , (2.32)

5We neglect the (small) radiative corrections from the SM fermions other than the top quark.
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In the alignment limit, the potential in the singlet direction simplifies to
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and has possible extrema at

HS =

(

0 ,

p
2µ

�
, �

p
2

✓

µ

�
+

A

2

◆

)

. (2.38)

The first of these field values corresponds to the trivial minimum of the scalar potential

HSM = HNSM = HS = 0, and the second value coincides with the vev of HS at the physical

minimum vS = µ/� Yikun: due to alignment conditions. The third field value indicates a

new special location in HS space, which we refer to as

v0S ⌘ �
✓

µ

�
+

A

2

◆

, (2.39)

in the following. In the alignment limit (or, more specifically, as long as the second align-

ment condition, eq. (2.16), is satisfied), all first-order derivatives of V e↵

3

vanish at

�
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. (2.40)

If additional stationary points are present, they will be located at points in field space

where more than one of the fields {HSM, HNSM, HS} takes non-zero values; we will return

to the possibility of such minima below.

In order to constrain the allowed parameter space, we consider the value of the potential

at these locations and demand the physical minimum to be the global minimum. As we

will see, the µ vs. v0S/vS plane will turn out to be a useful projection of the parameter

space. At the physical minimum, the potential takes the value

V e↵

3

(
p
2v, 0,

p
2µ

�
) = �m2

Zc
2

2� + �2v2s2
2� + 2��
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v2s4�
4
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(2.41)
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In the alignment limit, the potential in the singlet direction simplifies to
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The first of these field values corresponds to the trivial minimum of the scalar potential

HSM = HNSM = HS = 0, and the second value coincides with the vev of HS at the physical

minimum vS = µ/� Yikun: due to alignment conditions. The third field value indicates a

new special location in HS space, which we refer to as
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If additional stationary points are present, they will be located at points in field space

where more than one of the fields {HSM, HNSM, HS} takes non-zero values; we will return

to the possibility of such minima below.

In order to constrain the allowed parameter space, we consider the value of the potential

at these locations and demand the physical minimum to be the global minimum. As we

will see, the µ vs. v0S/vS plane will turn out to be a useful projection of the parameter

space. At the physical minimum, the potential takes the value

V e↵

3

(
p
2v, 0,

p
2µ

�
) = �m2

Zc
2

2� + �2v2s2
2� + 2��

2

v2s4�
4

v2 � 2µ3

�3

✓

µ

�
+

A

3

◆

� µ2v2
✓

1 � 

2�
s
2� � M2

A

4µ2

s2
2�

◆

.

(2.41)

– 14 –

We decouple the stops and include their associated radiative corrections,
necessary to get the right Higgs mass. At one loop they are given by

All other light particle one loop corrections included

At tree-level, the singlet potential and  minima at alignment are given by

S. Baum, M. Carena,  N. Shah,  Y. Wang, C.W., to appear



Allowed Region of Parameter Space
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Figure 1. The white region indicates the region of NMSSM parameter space with feasible vacuum
structure in the alignment limit. The colored regions of parameter space are disfavored by a number
of reasons discussed in section 2.2. In the region labeled as m2

a < 0, the singlet-like CP-even state
becomes tachyonic, see eq. (2.46). In the region labeled as HNSM 6= 0, minima where HNSM 6= 0
that are deeper than the physical minimum are present; as discussed in the text we can only
identify this region by numerically finding the minima of the potential. In the region labeled as
{0, 0,p2v0S}, the potential has a minimum at {HSM, HNSM, HS} = {0, 0,p2v0S} deeper than the
physical minimum, see eq. (2.45). Similarly, in the region labeled {0, 0, 0}, the trivial minimum
is deeper than the physical minimum, see eq. (2.42). Note that the regions are plotted on top of
each other in the order we described them in this caption; the dashed lines of the respective colors
indicate the continuation of the edges of the respective regions where overplotted. We truncate the
x-axis at |µ| & 100GeV, smaller values of |µ| are disfavored by null results of chargino searches at
LEP. Since we imposed alignment (without decoupling), the scalar potential is uniquely specified
by v0S/vS (see eq. (2.39)), µ, tan�, and /�. In this figure, we chose tan� = 3 for all panels and
/� = {�0.1, 0.1, 0.3} for the left, middle, and right panel, respectively. Note that the vacuum
structure is insensitive to the sign of µ.

Figure 2. Same as figure 1 but for tan� = 1.5.

singlet-like neutral CP odd state to become tachyonic. In terms of v0S/vS , the constraint
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After alignment is imposed, relevant parameters are

to the potential. We use the �m2

i to keep the location of the physical minimum at

{HSM, HNSM, HS} =
p
2{v, 0, µ/�}. The counterterm ��2 is used to preserve mh125 =

125GeV, and �A�
to ensure M2

S,13 ! 0, preserving alignment. Note that these countert-

erms correspond to a redefinition of the soft SUSY breaking terms6. Besides allowing for

better control of the properties of the scalar potential, such counterterms also improve the

convergence of the perturbative expansion as discussed in ref. [27]; see also refs. [26, 28]

for similar approaches. We list equations for the fixing of the counterterms in appendix B.

The input parameters for our model are thus

tan� , µ ,  , A . (2.33)

All other parameters are fixed by the various conditions we impose on the model. In

particular, � and M2

A are determined by alignment, and ��
2

by mh125 = 125GeV.

2.2 Zero Temperature Vacuum structure

While the scalar potential is subject to radiative as well as thermal corrections (see the

discussion in secs. 2.1 and 2.3), one can already learn much about the possibility of a

SFOEWPT from considering V e↵

0

, i.e. from the potential before including the Coleman

Weinberg and thermal corrections. As we will see, in the NMSSM a suitable form of the

potential can already be realized at this level; its shape is then only subject to relatively

small radiative corrections. In models with less freedom, e.g. the MSSM, such a situation

is much more di�cult to achieve, instead, the corrections to the potential are crucial to

allow for a SFOEWPT, e.g. via thermal barriers.

In this subsection, we derive the most interesting regions of NMSSM parameter space

for realizing a SFOEWPT from the potential of the e↵ective theory V e↵

0

we obtained after

integrating out all sfermions and the gluions. Recall that in order to study the vacuum

structure of the NMSSM, it su�ces to consider the three dimensional field space spanned

by the neutral CP-even fields {HSM, HNSM, HS}, i.e.

V e↵

3

(HSM, HNSM, HS) ⌘ V e↵

0

�

�

�ANSM
=0

AS
=0

H±
=0

, (2.34)

where V e↵

0

is the potential given in eq. (2.27).

As discussed above, the singlet plays a special role for realizing a SFOEWPT phase

transition. Its coupling to the Higgs doublets, �, and to itself, , are free parameters, while

e.g. the quartic couplings between the Higgs doublets are governed by ��
2

and the gauge

couplings. Furthermore, as a consequence of U(1)Y symmetry, V e↵

3

is invariant under the

transformation HSM ! �HSM, HNSM ! �HNSM, HS ! HS. This residual Z
2

symmetry

ensures that any extremum in the pure singlet direction only, i.e. where HSM = HNSM = 0,

is also an extremum (or saddle point) of V e↵

3

. The scalar potential in this direction is given

6The counterterm ��2 corresponds to a soft SUSY breaking term in the sense that it can be understood

as a counterterm shifting the soft parameters in the stop sector and in turn the threshold correction ��2

we obtain from integrating out the stops.
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We replace A/µ by v0S/vS = �(1 +A�/(2µ))

Baum, Carena,  Shah, Wang, C.W., to appear



Nucleation Results differ in a 
significant way from critical temperature ones
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Figure 3. Phase transition patterns observed in our numerical scans over the NMSSM parameter
space as indicated in the legend; see section 2.4 for the notation of transition patterns. The di↵erent
columns are for the di↵erent slices of parameter space as shown in figure 1: /� = {�0.1, 0.1, 0.3}
from left to right, and tan� = 3 for all panels. In the top row, the classification of the points is
based on the transition patterns suggested by the analysis of the temperature-dependent vacuum
structure via the critical temperatures only. In the bottom row, the same points are instead classified
according to the phase transition patterns obtained by calculating the nucleation conditions via the
bounce action. Note that we plot the points in the |µ| vs v0S,CW/vS plane, where v0S,CW is the
location of an extremum in the single-only direction as discussed in the text, and vS = µ/� is the
vacuum expectation value of the singlet interaction state HS at the physical minimum. The lines
indicate the bounds on the parameter space from the zero temperature vacuum structure shown in
figure 1. These bounds are discussed in section 2.2 and are obtained from tree-level relations, hence,
for these bounds the y-axis is v0S/vS , where v0S = � (µ/�+A/2) is the location of an extremum
of V e↵

0 in the singlet-only direction.

Figure 4. Same as figure 3, but for the slices of parameter space shown in figure 2: /� =
{�0.1, 0.1, 0.3} from left to right, and tan� = 1.5 for all panels.

and depth of these minima are subject to large radiative corrections as discussed in the

paragraph above. Hence, we shall first focus on direct one-step transitions from the trivial

to the physical phase and 2(I) patterns (two-step transitions where the intermediate phase

is in the singlet-only direction).

Recall that in section 2.2 we found that for most values of |µ|, the upper bound on

– 26 –

Displacement of  allowed regions 
due to radiative corrections

Transition occurs mostly for 
small  values of vs’/vs,  for which 
barriers are small.

�V :

Not a good way of judging 
the phase transition
pattern and strength
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At this values of tanβ, Higgs singlets tend to be light, but heavier than  mh/2 
and heavy Higgs bosons tend to be heavier than a few hundred GeV

Ηiggs Mass Spectrum
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Figure 5. Points collected from our parameter scans for which the calculation of critical tempera-
tures from the vacuum structures (top row) or the nucleation conditions (bottom row) indicates a
SFOEWPT. In the left panels, we plot the points in the same plane as in figures 3 and 4, while in
the right plane we show parameter points in the plane of the masses of the non-SM-like CP-even
Higgs mass eigenstates.

pattern according to the analysis of the temperature-dependent vacuum structure via the

critical temperatures only in the top row, while in the bottom row we present result based

on the transition patterns obtained from the full nucleation calculation, i.e. including the

calculation of the tunneling rates. In the left panels, we show results in the v0S,CW

/vS
plane we also used in figures 3 and 4. Comparing the transition patterns suggested by the

analysis of only the vacuum structure with those one obtains when calculating the nucle-

ation probabilities, we again find the distinct shift in the region of parameter space where

a SFOEWPT can take place, providing favorable conditions for electroweak baryogenesis.

– 29 –
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Results seem to differ from recent study                
of NMSSM via vacuum structure  
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Figure 4: The parameters (µe�, tan —) for samples for which the strongest FOPT ends in
the SM vacuum. The points are colored by the “EW of the strongest FOPT.

sensitive to our models. Samples with µe� < 0 were extremely rare in the Type-H-and-S
and Type-Only-S(maintain) scenarios, and not present in the Type-Only-H samples.

We see, furthermore, in Fig. 5, that quartic couplings of around ⁄ ¥ 0.6 and Ÿ ¥ 0.2
could result in an SFOPT in all our scenarios, though a broad range of couplings result in
SFOPTs in Type-Only-S(flip) scenario, including couplings with values far above the
limits that would be set if we required perturbativity up to the GUT scale. The constraints
strongly prefer that ⁄Ÿ > 0, a combination that is invariant under the field redefinition
S æ ≠S. Since we worked in a ⁄ > 0 convention, the inequality ⁄Ÿ > 0 is equivalent to
Ÿ > 0. In the Type-Only-S(maintain) scenarios, however, we find a few solutions for
which Ÿ < 0.

Fig. 6 shows the trilinear couplings (A⁄, AŸ) with the quartic coupling Ÿ shown
by the color bar. The trilinears play an important role. As di�erent types of sample
require di�erent sign of singlet VEV at low temperatures, the parameter space of each
type shows distinguishable tendency. The samples in Type-H-and-S, Type-Only-H and
Type-Only-S(maintain) scenarios are concentrated at negative AŸ with positive Ÿ or
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Figure 5: The quartics (⁄, Ÿ) for samples for which the strongest FOPT ends in the SM
vacuum. The points are colored by the “EW of the strongest FOPT.

positive AŸ with negative Ÿ, as well as a horizontal slice of points at AŸ ¥ 10 GeV for
Type-H-and-S and Type-Only-S(maintain). On the other hand, A⁄ is typically positive
but . 500 GeV. The one point with negative A⁄ in Type-H-and-S and the two points
with negative A⁄ in Type-Only-S(maintain) correspond the point of negative µe� in
Fig. 4. The distinction between Type-H-and-S and Type-Only-S(maintain) is that
Type-Only-S(maintain) favors smaller AŸ and A⁄. Finally, Type-Only-S(flip) shows
two approximately symmetric regions that were previously identified in Fig. 4 by the sign
of µe�. The region of positive (negative) A⁄ and AŸ corresponds to positive (negative) µe�.

We emphasize again that the parameter spaces shown in Fig. 4, Fig. 5 and Fig. 6 can
only ensure the existence of a SFOPT with “EW & 1. Establishing whether this SFOPT is
definitely part of the cosmological history requires further investigation, which we only
present for our benchmark points.
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Figure 13: Masses of the non-SM-like Higgs bosons in our four scenarios, for points for
which the strongest FOPT ends in the SM vacuum (left block of four plots) and does not end
in the SM vacuum (right block of four plots). We show points satisfying µ > 100 GeV and
“EW > 1 (gray), further allowed by Lilith-1.1.4_DB-17.05 [109] constraints on the SM-
like Higgs (blue), and by HiggsBounds-5.3.2beta [113–117] constraints on non-SM-like
Higgses (green). The vertical red line indicates mh = 125 GeV in each panel.

approach to calculate the finite temperature e�ective potential by matching the NMSSM
to the THDMS. By tracing the change in the minima of the e�ective potential with
temperature, we mapped out the phase structure and computed the strengths of any
EWPTs, “EW. By scanning the parameter space of the NMSSM, we obtained millions of
samples that featured an SFOPT with “EW > 1 and satisfied the constraints from LHC
Higgs measurements and LEP bounds on charginos.

We classified them into three categories, Type-H-and-S, Type-Only-H and Type-
Only-S, based on the nature of the first PT in their cosmological histories. The Type-
Only-S samples were further divided into Type-Only-S(maintain) and Type-Only-S
(flip) according to whether the singlet VEV changed sign during the strongest EWPT.
In the Type-H-and-S samples, the first PT in the cosmological history breaks EW symme-
try and gives the singlet a VEV at the same time. This transition is usually the strongest
one.

The Type-Only-H samples, on the other hand, go through a series of PTs that break,
restore and break again EW symmetry. The first one is a crossover transition during
which only the hd field obtains a non-vanishing VEV, and the last one is the strongest EW
FOPT. This scenario was by far the rarest in our scan. For the Type-Only-S(maintain)
samples, during the first transition EW symmetry remains unbroken, but the singlet field
obtains a non-vanishing VEV. Then EW symmetry breaks through a subsequent FOPT.
Both of the transitions can be SFOPTs, which could give interesting gravitational wave
signatures [123] as well as triggering an EW baryogenesis mechanism. The first PT of
the Type-Only-S(flip) samples is usually a FOPT with very small “, and the following
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μ
λ Lightest non-SM Higgs

Discrepancy may be related to statistics, due to our
imposition of alignment, and our choice of tanβ.

We are now studying lower values of tanβ. Differences
are intriguing. Difference due to nucleation will remain 
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Choice of CP-violating Phases

We assume phases in the (universal) gaugino mass parameters.  

This choice leads to signatures in electric dipole moments similar to those 
ones present in the MSSM, and hence suppressed by the large values of the 
CP-odd Higgs mass. 

 Choosing the phase in the Higgs sector, however, may lead to a    realistic 
scenario. It is an open question if this can be tested. 

                                        Huber, Konstantin, Prokopec, Schmidt’06
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In general we will relate particle number changing, or fermion number violating, rates
ΓX with the corresponding rates per unit volume γX , as,

ΓX =
6 γX

T 3
. (4.2)

The involved weak and strong sphaleron rates are:

Γws = 6 κws α5
wT, Γss = 6 κss

8

3
α4

sT , (4.3)

respectively, where κws = 20 ± 2 [44] and κss = O(1). The particle number changing
rates that will be considered both in the symmetric and in the broken phase are: ΓY2

,
corresponding to all supersymmetric and soft breaking trilinear interactions arising from
the htH2QT term in the superpotential, ΓY1

, which corresponds to the supersymmetric
trilinear scalar interaction in the Lagrangian involving the third generation squarks and
the Higgs H1, and Γµ, which corresponds to the µcH̃1H̃2 term in the Lagrangian. There are
also the Higgs number violating and axial top number violation processes, induced by the
Higgs self interactions and by top quark mass effects, with rates Γh and Γm, respectively,
that are only active in the broken phase.

We will write now a set of diffusion equations involving nQ, nT , nH1
(the density of

H1 ≡ (h1, h̃1)) and nH2
(the density of H̄2 ≡ (h̄2,

˜̄h2)), and the particle number changing
rates and CP-violating source terms discussed above. In the bubble wall frame, and
ignoring the curvature of the bubble wall, all quantities become functions of z ≡ r + vωt,
where vω is the bubble wall velocity. The diffusion equations are:

vωn′
Q =Dqn

′′
Q − ΓY

[
nQ

kQ
−

nT

kT
−

nH + ρ nh

kH

]
− Γm

[
nQ

kQ
−

nT

kT

]

−6Γss

[
2

nQ

kQ
−

nT

kT
+ 9

nQ + nT

kB

]
+ γ̃Q (4.4)

vωn′
T =Dqn

′′
T + ΓY

[
nQ

kQ
−

nT

kT
−

nH + ρ nh

kH

]
+ Γm

[
nQ

kQ
−

nT

kT

]

+3Γss

[
2

nQ

kQ
−

nT

kT
+ 9

nQ + nT

kB

]
− γ̃Q (4.5)

vωn′
H =Dhn

′′
H + ΓY

[
nQ

kQ
−

nT

kT
−

nH + ρ nh

kH

]
− Γh

nH

kH
+ γ̃H̃+

(4.6)

vωn′
h =Dhn

′′
h + ρΓY

[
nQ

kQ
−

nT

kT
−

nH + nh/ρ

kH

]
− (Γh + 4Γµ)

nh

kH
+ γ̃H̃−

(4.7)

where all derivatives are with respect to z, Dq ∼ 6/T and Dh ∼ 110/T are the cor-
responding diffusion constants in the quark and Higgs sectors [46], nH ≡ nH2

+ nH1
,

nh ≡ nH2
− nH1

, kH ≡ kH1
+ kH2

, ΓY ≡ ΓY2
+ ΓY1

and ρΓY ≡ ΓY2
− ΓY1

. The parameter
ρ is in the range 0 ≤ ρ ≤ 1. In previous analyses [30, 31, 40] the limit Γµ → ∞ was
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The diffusion equations for the evaluation of the baryon
density takes into account the interaction rates and sources

Here the ki’s are statistical factors relating the densities to chemical 
potentials and the Gammas are rates per unit volume. In particular,

No Baryon number
violation:
Chiral charges generated
from CP-violating sources
(gamma’s)

Huet and Nelson’93



with

Aλ =
2√

v2
ω + 4Γ1Dh +

√
v2

ω + 4Γ2Dh

∫ ∞

0

dζ γ̃H̃−
(ζ) e−ζλ+

A0 =
1

Dλ+

∫ ∞

0

dζ f+(z) e−ζλ+ (4.28)

and

λ± =
1

2D

{
vω ±

√
v2

ω + 4Γ D

}
. (4.29)

Since we assume the sphalerons are inactive inside the bubbles, the baryon density is
constant in the broken phase and satisfies, in the symmetric phase, an equation where nL

acts as a source [30] and there is an explicit sphaleron-induced relaxation term [45, 42]

vωn′
B(z) = −θ(−z) [nFΓwsnL(z) + RnB(z)] (4.30)

where nF = 3 is the number of families and R is the relaxation coefficient [45],

R =
5

4
nF Γws . (4.31)

Eq. (4.30) can be solved analytically and gives, in the broken phase z ≥ 0, a constant
baryon asymmetry,

nB = −
nFΓws

vω

∫ 0

−∞

dz nL(z) ezR/vω . (4.32)

Using now the explicit solutions for nH and nh given in Eqs. (4.25) and (4.22), we can
cast the explicit solution for the baryon asymmetry as,

nB = nF Γws
5kQkB + 8kT kB − 9kQkT

kH (kB + 9kQ + 9kT )

{
AH + Ah

R + vωα+

+
DBH

DR + v2
ω

}
(4.33)

where all symbols used in Eq. (4.33) have been previously defined.
The validity of our analytical approximation is guaranteed by the dominance of nH

over nh, which in turn is related to the tanβ suppression of γ̃H̃−
and the presence of

Γµ. In fact were we working in the limit Γµ → ∞ we would find that the density nh is
negligible. On the other hand, in the limit Γµ → 0 and tan β ≃ 1 we would really expect
nh > nH , due to the dominance of γ̃H̃−

over γ̃H̃+
, at least for large values of mA where the

∆β suppression of γ̃H̃+
is more severe. However small values of tanβ, as we noticed earlier

in this paper, are strongly disfavored in our scenario by recent LEP bounds on the Higgs
mass. Hence, we have found that the analytical approximation is accurate with an error
which depends on the chosen values of the supersymmetric parameters, but it is always
much smaller than the other uncertainties involved in the final calculation. In section 5
we will provide explicit comparison with the numerical result, while all plots will be done
using the numerical solution of system (4.12).
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Once the chiral charge is obtained, we can compute
the baryon number generation via sphaleron effects

Here R is the relaxation coefficient

The solution to this equation gives the final baryon                          
number density in the broken phase, namely

z

Broken 
Phase

Symmetric
Phase



implicitly considered, leading to the solution nh → 0. However, as we will see, for finite
values of Γµ we obtain non-vanishing values of the density nh.

For the sources γ̃Q,H̃±
in Eqs. (4.4)-(4.7) we will follow the formalism of Refs. [30, 34]

where γ̃X ≃ j0
X/τX , τX being the corresponding typical thermalization time. Thus we will

use as sources of our diffusion equations,

γ̃Q ≃− vω h2
t Γt̃ Im(Atµc) H2(z) β ′(z) {FB(z) + GB(z)}

γ̃H̃+
≃− 2 vω g2 ΓH̃ Im(M2µc)

{
H2(z) β ′(z) [FF (z) + GF (z)]

+ g2 H2(z) cos 2β(z)
[
H(z)H ′(z) sin 2β(z) + H2(z) cos 2β(z)β ′(z)

]
HF (z)

}

γ̃H̃−
≃ 2 vω g2 ΓH̃ Im(M2µc)

[
H(z)H ′(z) sin 2β(z) + H2(z) cos 2β(z)β ′(z)

]
{
KF (z) + 2

(
∆ + ∆̄

)
HF (z)

}
. (4.8)

Notice that our sources, Eq. (4.8), are proportional to the wall velocity vω, and so die
when the latter goes to zero, which is a physical requirement.

We can find an approximate solution for nQ and nT by assuming that ΓY and Γss are
fast so that nQ/kQ −nT /kT − (nH + ρ nh)/kH = O(1/ΓY ) and 2 nQ/kQ −nT /kT +9 (nQ +
nT )/kB = O(1/Γss). In this case we can write

nQ =
kQ (9kT − kB)

kH (kB + 9kQ + 9kT )
(nH + ρ nh) + O

(
1

Γss
,

1

ΓY

)

nT = −
kT (9kQ + 2kB)

kH (kB + 9kQ + 9kT )
(nH + ρ nh) + O

(
1

Γss
,

1

ΓY

)
. (4.9)

If the left-handed third generation squarks were light (mQ ∼ T ) we could expect that all
supersymmetric and supersymmetry breaking interactions arising from the ht H2 Q T term
in the superpotential are in thermal equilibrium and similar in size, so that ΓY1

≃ ΓY2
, or

ρ ≪ 1. In such case, which was considered in Ref. [42], the influence of nh in the quark
densities nQ and nT , through Eqs. (4.9), is ρ-suppressed although this suppression can
be arguably mild depending on the particularly chosen value of ρ. However, in the case
where left-handed squarks are heavy (mQ ≫ T ), as preferred to get a good agreement
of the MSSM with electroweak precision measurements, their corresponding interactions
decouple, ΓY1

≃ 0 and ρ ≃ 1. This is the case we will consider from here on.
We now take (for ρ = 1) the linear combinations of Eqs. (4.4), (4.5), (4.6) and (4.7)

which are independent of ΓY and Γss. They are given by,

vω

[
n′

Q + 2 n′
T − n′

H

]
=Dq

[
n′′

Q + 2 n′′
T

]
− Dh n′′

H + Γm

[
nQ

kQ
−

nT

kT

]

+Γh
nH

kH
−

(
γ̃Q + γ̃H̃+

)
(4.10)

vω

[
n′

Q + 2 n′
T − n′

h

]
=Dq

[
n′′

Q + 2 n′′
T

]
− Dh n′′

h + Γm

[
nQ

kQ
−

nT

kT

]

+ [Γh + 4Γµ]
nh

kH
−

(
γ̃Q + γ̃H̃−

)
. (4.11)

When nQ and nT are replaced by the explicit solutions of Eqs. (4.9), as functions of nH
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Computation of sources
The sources can be computed from the corresponding currents 
in the varying Higgs background.  They take the form

Observe the dependence on the CP violating parameters in the gaugino and 
stop sectors. Relevant bino contribution also exists

The dependence on the Higgs background reveals a dependence on 
the variation of the parameter beta, which vanishes at large values of  the 
CP-odd mass, plus contribution that survives at large values of the non-
standard masses

Carena, Moreno, Quiros, Seco, C.W. ’01--02
Riotto’95, Carena, Quiros, Riotto, C.W.’97, Kainulainen et al’01,Cline et al’01,



New CP Violating Phases

• One natural consequence of these phases are Electric Dipole Moments.

• Electric dipole moments violate P and CP symmetries.

• The intrinsic electric dipole moment  d for elementary particles is 
defined with respect to its reaction to an electric field (spin 1/2) :

• d is zero in QED.     They are induced by weak interactions

d~S µ~S ~E ~B d~S ~E µ~S ~B
P +1 +1 -1 +1 -1 +1
T -1 -1 +1 -1 -1 +1
C -1 -1 -1 -1 +1 +1

CPT +1 +1 +1 +1 +1 +1

H = �µ

✓
2

~
~S

◆
~B � d

✓
2

~
~S

◆
~E µ

2

~ =
q

2m
g



Experimental Bounds
• No electric dipole moment of the electron or the neutron has 

been observed.

• Determination of d relies on clever ways of measuring the 
variation of the precession frequency in the presence of 
electric fields

• Hence,

• Current Bounds

d =
~�!

4E

! =
2

~ (µB ± dE)

de < 1.1⇥ 10�29 e cm

DeMille, Doyle, Gabrielse’18
Uses polar molecules, like Thorium 
Monoxide, to increase electric fields



Electric Dipole Moments

• What is remarkable is that the SM one, two and three 
loop contributions cancel,

• And the first non-trivial contribution appears at four 
loops, and are proportional to the quark Jarlskog invariant

• This is much lower than the current limits.  Another SM 
triumph. 

e eνeνeνeνe

(a)

γγγγ

WW
ui

dj

e eνeνeνeνe

(b)

γγγγ

WW
ui

dj

uk

dℓ
W

FIG. 1: (a) Two-loop diagram for de. (b) Three-loop contribution. For both (a), (b), the detached photon

line symbolizes attaching the photon to each charged particle and summing over all such contributions.

We must proceed to the three-loop contributions, an example of which appears in Fig. 1(b).

Pospelov and Khriplovich [5] found that the electron electric dipole moment remains zero, but the

effect is more subtle than for two loops. Although there are individual contributions which vanish

(as in the two-loop case), others are found to be nonzero. However, the sum over all such nonzero

components vanishes by cancellation, although no explanation is given in Ref. [5] for this behavior.

One can learn more by exploiting the association between the electric dipole moments of the

electron and W -boson, d(SM)
e and d(SM)

W . For example, detaching the two W s in Fig. 1(a) from the

electron yields the one-loop amplitude for the W electric dipole moment d(SM)
W . More generally,

an (n + 1)-loop expression for d(SM)
e is related to an n-loop expression for d(SM)

W (e.g. the two-

loop vanishing of d(SM)
e implies the one-loop vanishing of d(SM)

W ). In a two-loop analysis of d(SM)
W ,

Booth [6] found that d(SM)
W vanishes and also provided the following explanation for this result.

First recall the description of Standard Model CP-violation (cf DGH2 Eqs. (II–4.29),(II–4.30)) in

terms of a Jarlskog invariant J [7],

Φkℓ
ij ≡ Im

[

VijV
∗

kjVkℓV
∗

iℓ

]

≡ J
∑

m,n

ϵikmϵjℓn , (10)

where the current evaluation [2] gives J =
(

2.96+0.20
−0.16

)

× 10−5. It follows directly from Eq. (10)

that Φ is antisymmetric in the the up-type quark labels i, k and also in those of the labels j, ℓ for

down-type quarks,

Φiℓ
kj = −Φkℓ

ij , Φkj
iℓ = −Φkℓ

ij . (11)

Now, the full amplitude for d(SM)
W at two loops will be the product of the CP-violating quantity

Φkℓ
ij and a dynamical function Ajℓ

ik(m
2
i ,m

2
j ,m

2
k,m

2
ℓ ) to be summed over all quark configurations in

3
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γγγγ

WW

ui

dj

W
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FIG. 2: Example of one-gluon four-loop diagram.

for an example). Several comparable order-of-magnitude estimates for this exist in the literature,

e.g. Ref. [10] has

d(SM)
e [one − gluon] ∼

αS

4π
·
eGFmeJα2

256π4
≃ 3 × 10−37 e cm (mνi

= 0 assumed) , (14)

upon taking αs ≃ 0.4. This estimate for d(SM)
e is seen to remain tiny.

C. Massive Dirac neutrinos, no QCD

Neutrino masses are known to be very small, e.g. the sum over neutrino mass eigenstates is

bounded by astrophysical data to be no more than
∑

i mi < 0.3 eV (see DGH2 Eqs. (I-1.3a,b))

As such, if we were to continue taking into account, as above, only CP-violation arising from the

quark sector, then only minor corrections would expected to the estimates discussed above from

effects of neutrino mass.

There is, however, a new class of contributions. CP-violation can now arise purely from the

leptonic sector via the charged weak current (cf. Eq. (VI–2.1)), Jµ
ch(lept) = 2

∑

i,j ν̄L,iV
(ν)
ij ℓL,j,

where V(ν) is the Dirac leptonic mixing matrix of Eqs. (VI–2.2),(VI–2.11). This case was studied,

among others, by Donoghue in Ref. [11]. His main finding was that d(SM)
e vanishes through two-loop

level but is expected to be nonzero at three-loops.7 An order-of-magnitude expression relevant to

Standard Model expectations is

d(SM)
e [Lepton] ∼

eGFmeJα2

π4M4
W

G(m2
ν/M2

W, . . .) , (15)

7 This parallels the behavior found for the electric dipole moments of quarks [12].
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New Physics for Baryogengesis

•  The list of possible new physics contributions is very large.                            
Nice review by Pospelov’05.

• There are one and two loop contributions that may cancel, but predictions 
typically close to experiments bounds. 

• I encountered this problem by working on Baryogengesis scenarios and 
CP violation in the Higgs sector,  and also last year, while trying to explain 
the galactic center excess from Dark Matter annihilation via the Higgs 

M. Carena, J. Osborne, N. Shah, C.W.’19

Typical diagrams for FCNC and CP violation in MSSM

• The typical 1-loop diagrams lead to FCNC and EDM and K- mixing.

eL

ẽL ẽR
χ0

γ

R L eR

d̃ s̃

s̃ d̃

g̃ g̃

d

s

s

d

We-Fu Chang, NTHU – p. 14/36

EDM in SSUSY
• Here are the two most important diagrams in SSUSY

dW

ff ′

χ0
i

γ

W±W±

dh

f

γ

γh0

ω±
i ω±

j

• The EDM can be calculated to be:

dh0

f

e
=

Qfα2me

4
√

2π2M2
Hs2

W

2
∑

i=1

ImO′
i
mωi

MW
F

(

m2
ωi

M2
H

)

∝ Im(µM2)

dW
f

e
= ±

α2mf

8π2s4
W M2

W

4
∑

i=1

2
∑

j=1

mχimωj

M2
W

Im(OL
ijOR∗

ij )G
(

r0
i , r±j , rf ′

)

The plus(minus) sign in front the RHS corresponds to the fermion f with weak
isospin +(−)1/2 and Qf is the charge of fermion f .

We-Fu Chang, NTHU – p. 23/36

Chang, Keung, Pilaftsis’98-00,  Ibrahim, Nath’00
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Comparing bino- and wino-driven EWB

• Electron EDM:

Ref. point: GeV300 10, tan200GeV,|| GeV,190 GeV,95 021 !!!!!
A
mMM "#

YL, S. Profumo, M. Ramsey-Musolf, arXiv:0811.1987

Cirigliano, Profumo, Ramsey-Musolf’06

Heavy Scalars, no cancellations

EXCLUDED
STILL ALLOWED

Sources have resonant behavior for μ equal to gaugino masses
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Collider Searches of Dark Matter sector at the LHC : 
Combination of Different Channels in Higgsino-Bino Scenario
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Allows to probe potential
DM particle in a large range of masses
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FIG. 5. Constraints on the Bino-Higgsino scenario projected to 300 and 3000 fb�1 at 95% confidence

level in the top panel, 139 fb�1 at 95% confidence level and 3000 fb�1 at 5 � in the lower panel. We

choose tan� = 5, but the results depend very weakly on this choice for the range of parameters that

we explore. The 0`bb (gray) [9] and 1`bb (magenta, cyan) [10] come from the �0

2,3�
±

1

! hW + 2�0

1

channel, with h ! b̄b and W decay to hadronic or leptonic final states. The 3` (dark yellow) [12]

and 3`/2`+ j (orange) [8] come from the �0

2,3�
±

1

! ZW +2�0

1

channel, with Z ! 2`. For the gray

and orange shaded region, there are dotted lines cutting o↵ the high mass region because �
limit

is

not provided from HEP-Data.
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Dark CPV: a New mechanism for EW Baryogenesis 
MC,	Quiros	and	Yue	Zhnag.19	

Electron	EDM	and	ACME	II	 

Electron	EDM	and	ACME	II

20

ƚ
<latexit sha1_base64="tbqCjQMVg1CYwzSUv7MNCXggBEw="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

ɶ, �
<latexit sha1_base64="CDIawGLDXxXGIbBpalas5eqiKc0="></latexit>

ɶ
<latexit sha1_base64="8FtGZ1VpIkPzc+G7kxsAzd3hG0c="></latexit>

Ś
<latexit sha1_base64="XhGdt+cSAdMI0mr0R+7JrzBrDpQ="></latexit>

Barr,	Zee,	1990

Weak	scale	CP	viola3on,	a	back-of-envelop	es3mate

ĚĞ � Ğ'& ŵĞ

(ϭϲʋϮ)Ϯ
ɽ�Ws � ϭϬ�Ϯϲ ɽ�Ws Ğ Đŵ

<latexit sha1_base64="tvu60s0F32koPV5ObdzpvLQQ5Hs="></latexit>

Latest	electron	EDM	measurement ĚĞ < ϭ.ϭ � ϭϬ�Ϯϵ Ğ Đŵ
<latexit sha1_base64="copKZLZtfzTg8ymee0iEeVuu/0o="></latexit>

ACME	collabora3on	2018

>> Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Weak scale CPV  

Latest	electron	EDM	measurement	ACME	2018 

Electron	EDM	and	ACME	II

20

ƚ
<latexit sha1_base64="tbqCjQMVg1CYwzSUv7MNCXggBEw="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

ɶ, �
<latexit sha1_base64="CDIawGLDXxXGIbBpalas5eqiKc0="></latexit>

ɶ
<latexit sha1_base64="8FtGZ1VpIkPzc+G7kxsAzd3hG0c="></latexit>

Ś
<latexit sha1_base64="XhGdt+cSAdMI0mr0R+7JrzBrDpQ="></latexit>

Barr,	Zee,	1990

Weak	scale	CP	viola3on,	a	back-of-envelop	es3mate

ĚĞ � Ğ'& ŵĞ

(ϭϲʋϮ)Ϯ
ɽ�Ws � ϭϬ�Ϯϲ ɽ�Ws Ğ Đŵ

<latexit sha1_base64="tvu60s0F32koPV5ObdzpvLQQ5Hs="></latexit>

Latest	electron	EDM	measurement ĚĞ < ϭ.ϭ � ϭϬ�Ϯϵ Ğ Đŵ
<latexit sha1_base64="copKZLZtfzTg8ymee0iEeVuu/0o="></latexit>

ACME	collabora3on	2018

>> Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Most New Physics models of EWBG require sinθCPV ≥ 10-2 

Electron	EDM	and	ACME	II

20

ƚ
<latexit sha1_base64="tbqCjQMVg1CYwzSUv7MNCXggBEw="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

ɶ, �
<latexit sha1_base64="CDIawGLDXxXGIbBpalas5eqiKc0="></latexit>

ɶ
<latexit sha1_base64="8FtGZ1VpIkPzc+G7kxsAzd3hG0c="></latexit>

Ś
<latexit sha1_base64="XhGdt+cSAdMI0mr0R+7JrzBrDpQ="></latexit>

Barr,	Zee,	1990

Weak	scale	CP	viola3on,	a	back-of-envelop	es3mate

ĚĞ � Ğ'& ŵĞ

(ϭϲʋϮ)Ϯ
ɽ�Ws � ϭϬ�Ϯϲ ɽ�Ws Ğ Đŵ

<latexit sha1_base64="tvu60s0F32koPV5ObdzpvLQQ5Hs="></latexit>

Latest	electron	EDM	measurement ĚĞ < ϭ.ϭ � ϭϬ�Ϯϵ Ğ Đŵ
<latexit sha1_base64="copKZLZtfzTg8ymee0iEeVuu/0o="></latexit>

ACME	collabora3on	2018

>> Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

NP 

•  Higgs	portal	(sourcing	CP	violaDon	&	phase	transiDon)		
•  Z’	portal	(for	transfer	of	CP	violaDon)		
	
																															è	leading	EDM	arises	at	higher	loops	

• Higgs	portal	(sourcing	CP	viola3on	&	phase	transi3on)	

• Z’	portal	(for	transfer	CP	viola3on)

Simple	Overcome	for	EDM

22

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

Ğ
<latexit sha1_base64="DmyoI1WBaF66DCGffAgEU4RwyLI="></latexit>

ɶ
<latexit sha1_base64="8FtGZ1VpIkPzc+G7kxsAzd3hG0c="></latexit>

Electron	EDM	can	be	suppressed	if	the	CP	viola3ng	fermion	is	a	
SM	gauge	singlet	(does	not	couple	to	photon).

How	to	transfer	CP	viola3on	in	the	early	universe?	I	will	discuss	
a	new	mechanism	with	two	ingredients:

In	this	case,	the	leading	EDM	
contribu3on	has	to	arise	with	
extra	loop	factors.	

ʖ
<latexit sha1_base64="/3cn9CXuLu8LY7+fbTR1mzxYaDA="></latexit>

Ś
<latexit sha1_base64="XhGdt+cSAdMI0mr0R+7JrzBrDpQ="></latexit>��

<latexit sha1_base64="5+MYWIQQIuqvJADRQXRuF0LOKKU="></latexit>

��
<latexit sha1_base64="5+MYWIQQIuqvJADRQXRuF0LOKKU="></latexit>

Carena,	Quiros,	YZ,	1811.09719

Carena, Zhang, Quiros’19



Electroweak Baryogengesis

Demands a strongly first order phase transition and CP violation, establishing a 
link between cosmology and physics at the weak scale

Transition via thermal effects induced by colored scalars strongly constrained

Additional Higgs bosons may lead to a strongly first order phase transition

Relevant constraints :  Higgs precision measurements and searches for new Higgs 
bosons at the LHC.  

Modification of Higgs trilinear couplings is an interesting signature, but will 
probably demand going beyond the LHC and should be part of a global fit.

It is very relevant to study the nucleation patterns, and not just the critical 
temperature. Relevant differences may be present.

CP-violating sources remain as the least explored chapter and tend to be in 
tension with electric dipole moment bounds.


