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The Higgs Potential

• We have discovered the Higgs boson and measured its 
properties with precisions. 
• However, we know very little about the Higgs potential.
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The Higgs Potential at Finite Temperature 
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§ First order phase transition or cross over?
§ Baryogenesis requires the phase transition to be 

strongly first order 
§ At the temperature of the electroweak phase 

transition, we need a barrier in the potential. 

Implications for Cosmology 

A. Long  /  July 28, 2016  /  KITPC Workshop 

Dynamics of the Phase Transition 
… At high temperature, the system is in the symmetric phase v(T)=0 
... Bubbles of Higgs phase v(T) start to form (nucleate) 
... There is a pressure gradient and they expand, eventually filling space 
 
Origin of the Matter / Anti-Matter Asymmetry (baryogenesis) 
... SM processes called EW sphalerons violate B-number outside of the bubbles 
... To avoid washout these processes must be suppressed inside the bubbles 
 
 
 
Cosmological Relics 
... When the bubbles collide some of their energy is tranferred to gravitational radiation  
... Persists today as stochastic GW background  
… Could be detected by space-based GW interferometer, like eLISA 
 

v(Tc)/Tc & 1.3 (“strongly first order”)



Generating a barrier

• Scalars
• Integrating out 
• Thermal effect (high T expansion) cubic term

• Fermions
• Low T, scalars and fermions contribute equally

Consider the possibility of generating 
a barrier through fermions in this talk
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to the thermal potential is exactly the same for both fermions and bosons and is proportional
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where � is the Higgs field, m(�) is the mass of the fermion or boson and K2 a modified

Bessel function. So in cases in which the critical temperature is smaller than the masses

of the fermions contributing to the e↵ective potential, fermionic models may be equally as

e↵ective as scalar models in inducing a barrier radiatively1. From (1), we see that the key

element is the the relation between the mass of the fermion and the Higgs condensate, so

the problem reduces to identifying what type of mass relation leads to the formation of a

barrier in the e↵ective potential.

In the Standard Model, at temperatures right above the critical temperature for the phase

transition, the Higgs e↵ective potential around the origin of Higgs field space monotonically

increases with the Higgs field, so there is no energy barrier leading to a strong first order phase

transition [19]. Introducing new chiral fermions at the electroweak scale which obtain their

masses only from the Higgs condensate delays the phase transition [8], but does not modify

the picture around the origin of field space (even though at large field excursions new fermions

lead to instabilities in the Higgs potential due to their zero temperature contributions). The

reason is that the masses of chiral fermions and therefore their thermal potential (1) are

monotonically increasing with the Higgs field, so the full Higgs e↵ective potential retains

the same qualitative behavior of the Standard Model e↵ective potential around the origin of

Higgs field space.

The picture changes when we introduce new fermions that have both vector-like masses

and masses obtained from mixing with other fermions in the electroweak broken vacuum. In

this case, the masses of the fermions depend on the Higgs in a qualitatively di↵erent manner,

since the condensate may induce level splitting, which reduces the mass of the lightest

eigenstate of the mass matrix and increases the mass of the heavier ones. Schematically

and around the origin of Higgs field space, the mass of the lightest new fermion is m ⇠

M �y
2
�
2
/M , where y is a renormalizable coupling between the new fermions and the Higgs,

M a vector like mass term and the second term represents level splitting. In this case,

the mass of the lightest fermion decreases with increasing values of the Higgs condensate

�, leading to a reduction in the thermal e↵ective potential. There is then a competition

between the Standard Model terms (plus all polynomial counterterms), which tend to restore

electroweak symmetry, and the new fermionic terms which have the opposite e↵ect. In this

1
Note however that the zero-temperature radiative e↵ects are still di↵erent for fermions and scalars
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Outline

• Consider a Vector-Like Lepton (VLL) model.
• A non-trivial thermal history of the universe.

• Signatures
• Gravitational Wave signatures
• Collider signatures



A Minimal Vector-Like Lepton (VLL) Model

• Fermion models for strong first order phase transitions?
• Strong couplings to the Higgs!

• To avoid large mixing between the VLLs and SM leptons, and large 
contributions to the T parameter, we add

The simplest VLL model would correspond to adding a single VLL multiplet to the
SM. In such a case, the only possible non-SM Yukawa terms would couple a SM lepton
and the VLL multiplet to the Higgs doublet. However, such a term would mix the VLL
and the SM lepton (which we assume to be the ⌧ lepton, to avoid stronger constraints
from electrons and muons). As explained in the previous paragraph, the new Yukawa
coupling has to be large, which would result in a strong mixing between the VLL and ⌧
and hence a significant departure from the SM prediction of the ⌧ couplings. This forces
us to discard such a scenario, as the ⌧ couplings are tightly constrained to be SM-like by
experimental measurements such as Z ! ⌧⌧ decays at LEP [42] or h ! ⌧⌧ decays at
LHC [43, 44]. Therefore, throughout this section, we neglect the mixing between VLLs
and the SM fermions 3, as the corresponding Yukawa couplings would have an insignificant
e↵ect on the phase structure of the Universe.

The next logical choice would be to augment the SM with one VLL doublet and one
VLL singlet, since this configuration would allow for a Yukawa term coupling the two
VLL multiplets to the Higgs doublet. However, such a model with strong Yukawas would
badly violate custodial symmetry, giving rise to unacceptable contributions to the T pa-
rameter [45–47]. As we have checked, one cannot accommodate SFOPTs in this scenario
without dramatically exceeding the experimental bounds on the T parameter.

Therefore, the minimal solution is to add one VLL doublet and two VLL singlets, since
such a configuration can accommodate an (approximate) custodial symmetry, which allows
for large Yukawas while avoiding significant contributions to the T parameter. We choose
the new leptons to have similar SU(3)c ⇥ SU(2)L ⇥ U(1)Y quantum numbers as their SM
counterparts:

LL,R =

✓
N
E

◆

L,R

⇠ (1, 2)�1/2, N 0
L,R

⇠ (1, 1)0, E 0
L,R

⇠ (1, 1)�1, (1)

where L,R stand for the VLL chiralities. The new fermions N (0)
L,R

and E(0)
L,R

have zero and
�1 electric charge, respectively, so we shall refer to them as neutral VLLs or VL neutrinos
and charged VLLs or VL electrons. For denoting the multiplets in the equation above, we
use the standard (SU(3)c, SU(2)L)Y notation, where the hypercharge Y is given by the
di↵erence between the electric charge and the third isospin componen, i.e. Y = Q� T3.

As stated previously, we neglect for the time being the mixing between the SM lep-
tons and the VLLs. Therefore, the most general renormalizable VLL Yukawa Lagrangian,
consistent with SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge symmetry, reads

�LV LL = yNRLLH̃N 0
R
+ yNLN
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L
H̃†LR + yERLLHE 0

R
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+mLLLLR +mNN
0
L
N 0

R
+mEE

0
L
E 0

R
+ h.c. , (2)

where H represents the SM Higgs doublet and H̃ its SU(2) conjugate, y’s the dimensionless
Yukawa couplings, and m’s the vector-like masses. Upon Electroweak Symmetry Breaking
(EWSB), one can write the neutral and charged mass matrices, respectively, as

MN =

✓
mL vh yNL

vh yNR mN

◆
, ME =

✓
mL vh yEL

vh yER mE

◆
, (3)

3We will come back to this point in Sec. 3
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• The most general Lagrangian is,
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Model and Approach Approach

Approach

Calculate the 1–loop finite T e↵ective potential (on-shell
renormalization scheme, V (0,T ) ⌘ 0):

V (�,T ) = V
SM
tree(�) + V

SM
1�loop(�,T )

+ V
VLL
1�loop(�,T ) + VDaisy(�,T );

Many parameters ) scan approach:

mL,mN ,mE 2 [500, 1500] GeV,

yNL,R
, yEL,R 2

h
2,

p

4⇡
i
;

Impose 0.71  µ�� < 1.29 (1802.04146), ��2 (S ,T )  6.18;

Strong EWPT? Select points with (1512.05611):

|V (v , 0)| < 8.5⇥ 107 GeV
4;

Calculate PT strength for each point �! ⇠ ⌘ �c/Tc .
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A Minimal Vector-Like Lepton (VLL) Model

• 2 neutral and 2 charged VLLs
• Ranges of the parameters considered, 

The simplest VLL model would correspond to adding a single VLL multiplet to the
SM. In such a case, the only possible non-SM Yukawa terms would couple a SM lepton
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contribution for !i(�) & T 2. Moreover, because the strong phase transitions in our model
occur at temperatures well below the VLL masses, we neglect the VLL contribution to the
⇧i’s in Eqs. (19)–(22).

Adding all the pieces together, the e↵ective potential we use for calculating the strength
of the phase transition is given by

V (�, T ) = V0(�) +�V 0
1,SM(�) +�V 0

1,VLL(�) +�V T

1 (�, T ) +�VD(�, T ), (23)

with all the contributions detailed in Eqs. (7), (10), (11), (16), and (18). Finally, since
only potential di↵erences have a physical impact in our analysis, we shift the potential by
a constant such that V (� = 0, T ) = 0 for every T .

Scan for the PT strength calculation

We now calculate the strength of the phase transition in our model. We scan over the
following range of parameter values:

mL,mN ,mE 2 [500, 1500] GeV, yNL,R , yEL,R 2 [2,
p
4⇡]. (24)

In our initial scans, we allowed for wider ranges, and found out that parameter values
inside the ranges shown above are more likely to lead to strong phase transitions. Also, as
noted in Ref. [38], having yNRyNL > 0 and yERyEL > 0 favors SFOPTs, which is why we
chose all the Yukawas to be positive.

After each point in parameter space is generated, we check whether the said point is in
agreement with experimental constraints. Firstly, as the VLLs under consideration have
SU(2)L quantum numbers, they a↵ect the electroweak gauge boson self-energies, so one
constraint is the contribution to the oblique parameters S and T [45,46], for which we use
the 2� values quoted in Ref. [54]. Secondly, the charged VLLs change the loop-induced
h�� coupling with respect to its SM value. This coupling is probed at the LHC through
the diphoton Higgs signal strength, µ�� ⌘ �(h ! ��)/�(h ! ��)SM. As the experimental
bound for this observable, we use the 2� interval quoted by the ATLAS collaboration,
0.71 < µ�� < 1.29 [55]. 5 Thirdly, we impose a lower bound on the masses of the lighter
eigenstates, mE1 > 100 GeV and mN1 > 90 GeV [42].

From the theoretical point of view, we also impose a lower limit on the depth of the
EW minimum at the lower minimum, |V (� = v, T = 0)| (we remind the reader that, by
convention, V (0, T ) = 0). As illustrated in Ref. [57], the lower the depth of the present
day EW minimum, the more delayed and thus the stronger the phase transition is. For
our analysis, we choose |V (� = v, T = 0)| < 8.5⇥ 107 GeV4, a value for which we checked
explicitly that most of the surviving points exhibit SFOPTs.

For the points surviving the constraints listed above, we calculate the phase transition
strength (or order parameter), which is defined as ⇠ ⌘ �c/Tc, where �c and Tc are the
critical field value and critical temperature, respectively. Tc is defined as the temperature
at which the values of the potential at the minima located at � = 0 (“symmetric minimum”)

5A subsequent CMS measurement shows a slightly higher value for the h ! �� signal strength, µ�� =
1.18+0.17

�0.12 at 1� [56].
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• Constraints:
• S & T parameters
• Diphoton signal strength,
• Masses of the lighter states,  
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contribution for !i(�) & T 2. Moreover, because the strong phase transitions in our model
occur at temperatures well below the VLL masses, we neglect the VLL contribution to the
⇧i’s in Eqs. (19)–(22).
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with all the contributions detailed in Eqs. (7), (10), (11), (16), and (18). Finally, since
only potential di↵erences have a physical impact in our analysis, we shift the potential by
a constant such that V (� = 0, T ) = 0 for every T .

Scan for the PT strength calculation

We now calculate the strength of the phase transition in our model. We scan over the
following range of parameter values:

mL,mN ,mE 2 [500, 1500] GeV, yNL,R , yEL,R 2 [2,
p
4⇡]. (24)

In our initial scans, we allowed for wider ranges, and found out that parameter values
inside the ranges shown above are more likely to lead to strong phase transitions. Also, as
noted in Ref. [38], having yNRyNL > 0 and yERyEL > 0 favors SFOPTs, which is why we
chose all the Yukawas to be positive.

After each point in parameter space is generated, we check whether the said point is in
agreement with experimental constraints. Firstly, as the VLLs under consideration have
SU(2)L quantum numbers, they a↵ect the electroweak gauge boson self-energies, so one
constraint is the contribution to the oblique parameters S and T [45,46], for which we use
the 2� values quoted in Ref. [54]. Secondly, the charged VLLs change the loop-induced
h�� coupling with respect to its SM value. This coupling is probed at the LHC through
the diphoton Higgs signal strength, µ�� ⌘ �(h ! ��)/�(h ! ��)SM. As the experimental
bound for this observable, we use the 2� interval quoted by the ATLAS collaboration,
0.71 < µ�� < 1.29 [55]. 5 Thirdly, we impose a lower bound on the masses of the lighter
eigenstates, mE1 > 100 GeV and mN1 > 90 GeV [42].

From the theoretical point of view, we also impose a lower limit on the depth of the
EW minimum at the lower minimum, |V (� = v, T = 0)| (we remind the reader that, by
convention, V (0, T ) = 0). As illustrated in Ref. [57], the lower the depth of the present
day EW minimum, the more delayed and thus the stronger the phase transition is. For
our analysis, we choose |V (� = v, T = 0)| < 8.5⇥ 107 GeV4, a value for which we checked
explicitly that most of the surviving points exhibit SFOPTs.

For the points surviving the constraints listed above, we calculate the phase transition
strength (or order parameter), which is defined as ⇠ ⌘ �c/Tc, where �c and Tc are the
critical field value and critical temperature, respectively. Tc is defined as the temperature
at which the values of the potential at the minima located at � = 0 (“symmetric minimum”)

5A subsequent CMS measurement shows a slightly higher value for the h ! �� signal strength, µ�� =
1.18+0.17

�0.12 at 1� [56].
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Model and Approach Approach

Approach

Calculate the 1–loop finite T e↵ective potential (on-shell
renormalization scheme, V (0,T ) ⌘ 0):

V (�,T ) = V
SM
tree(�) + V

SM
1�loop(�,T )

+ V
VLL
1�loop(�,T ) + VDaisy(�,T );

Many parameters ) scan approach:

mL,mN ,mE 2 [500, 1500] GeV,

yNL,R
, yEL,R 2

h
2,

p

4⇡
i
;

Impose 0.71  µ�� < 1.29 (1802.04146), ��2 (S ,T )  6.18;

Strong EWPT? Select points with (1512.05611):

|V (v , 0)| < 8.5⇥ 107 GeV
4;

Calculate PT strength for each point �! ⇠ ⌘ �c/Tc .

A. Angelescu Multistep SFOPTs from New Fermions July 26th, 2018 5 / 14



Model and Approach Approach

Approach

Calculate the 1–loop finite T e↵ective potential (on-shell
renormalization scheme, V (0,T ) ⌘ 0):

V (�,T ) = V
SM
tree(�) + V

SM
1�loop(�,T )

+ V
VLL
1�loop(�,T ) + VDaisy(�,T );

Many parameters ) scan approach:

mL,mN ,mE 2 [500, 1500] GeV,

yNL,R
, yEL,R 2

h
2,

p

4⇡
i
;

Impose 0.71  µ�� < 1.29 (1802.04146), ��2 (S ,T )  6.18;

Calculate PT strength for each point �! ⇠ ⌘ �c/Tc .
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Thermal Evolution of the Effective Potential
• For each surviving point, calculate the phase transition strength,

Veff =
1

2
(m2

0 + c0T
2)�2

h +
�eff

4
�4
h +

c6
8⇤2

eff

�6
h (1)

�eff < 0 (2)

c6 > 0 (3)

�Zh ⇡ 2a2hsv
2

m4
s

(4)

�Zh . 0.14 (5)

h h

⇠ = �c/Tc (6)

1

Veff =
1

2
(m2

0 + c0T
2)�2

h +
�eff

4
�4
h +

c6
8⇤2

eff

�6
h (1)

�eff < 0 (2)

c6 > 0 (3)

�Zh ⇡ 2a2hsv
2

m4
s

(4)

�Zh . 0.14 (5)

h h

⇠ = �c/Tc (6)

V (�, T ) = V SM
tree (�) + V SM

1�loop(�, T ) + V V LL
1�loop(�, T ) + VDaisy(�, T ) (7)

1

• Benchmark A,

Veff =
1

2
(m2

0 + c0T
2)�2

h +
�eff

4
�4
h +

c6
8⇤2

eff

�6
h (1)

�eff < 0 (2)

c6 > 0 (3)

�Zh ⇡ 2a2hsv
2

m4
s

(4)

�Zh . 0.14 (5)

h h

yNL ' 3.40, yNR ' 3.49, yEL ' 3.34, yER ' 3.46, (6)

mL ' 1.06 TeV, mN ' 0.94 TeV, mE ' 1.34 TeV. (7)

µ�� = 1.28, ��2(S, T ) = 1.33, mN1 = 400 GeV, mE1 = 592 GeV. (8)

⇠ = �c/Tc (9)

V (�, T ) = V SM
tree (�) + V SM

1�loop(�, T ) + V V LL
1�loop(�, T ) + VDaisy(�, T ) (10)

1

+ + + + · · ·

Figure 2: Some generic examples of ring diagrams where each solid line may represent either
a scalar, a fermion or a gauge field. The small loops correspond to thermal loops in the IR
limit. They are all separately IR divergent, but their sum is IR finite.

so-called ring (or daisy) diagrams shown in Fig. (2). They are N -loop diagrams where N �1
of them are “ring attached” to a main one. Since this “loop-dilution” is a finite temperature
e↵ect, the ring diagrams only need to be resummed in the IR-limit of vanishing momenta
running in their petals [7]. It is also well-known that they can be taken into account by
using propagators resummed in the IR [14]. By solving a Dyson-like equation, this turns out
to simply shift the bosonic masses by a T -dependent constant as m2

b(�) ! m2
b(�) + ⇧b(T ),

where ⇧b(T ) is the self-energy of the (bosonic) field b in the IR limit, ! = ~p = 0, known as
a Debye mass (⇧b(T ) is labeled as ⇧b(0) in [14]).

The higher-loop ring diagrams are needed due to IR divergences (i.e., m <
⇠ T ). On the

other hand, the one-loop result is trustworthy for massive (i.e., m & T ) particles, because
the long-range fluctuations arising at finite temperature will never hit an IR mass-pole in
such cases. Hence the ring diagrams will only contribute significantly at high-temperature
(T/m!1) where the particles can be approximated as nearly massless. Also, this allows us
to understand why only the bosonic degrees of freedom feel the breakdown of the perturbative
expansion3. The reason is that only bosonic fields have a vanishing Matsubara frequency,
recalling that !n equals 2⇡nT for bosons and (2n + 1)⇡T for fermions. Only this particular
(zero-)mode will behave as a massless degree of freedom and generate IR-divergences at
high-temperature, while the other (non zero-)modes !n act as a mass of order T and thus
lead to negligible contributions. Therefore the fermionic propagators need not be resummed,
because fermions do not have pole-mass in the IR.

Applying the techniques of [14] to our theory, we compute the finite temperature mass
shifts (Debye masses) that are needed in the ring diagram resummation:

⇧h,�(T ) =
T 2

4v2
0

�
m2

h + 2m2
W + m2

Z + 2m2
t

�
�

3T 2

4

v2
0

f 2
(27)

⇧W (T ) =
22

3

m2
W

v2
0

T 2 (28)

⇧Z(T ) =
22

3

(m2
Z �m2

W )

v2
0

T 2
�m2

W (�) (29)

⇧�(T ) = m2
W (�) +

22

3

m2
W

v2
0

T 2. (30)

3In the gauge sector, only the longitudinal polarizations demonstrate this same breakdown of perturbation
theory [14].
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Side Note, Large Yukawas

• Vacuum stability
• For the benchmark point we consider,  the effective potential becomes 

negative at around 3 TeV.
• Solution : add dim-6 operators.

• Landau pole
• For the benchmark point we consider,  the Landau pole is around 10 TeV.

• Unitarity
• Unitarity implies y2 < 4 𝜋

Can only be viewed as a low energy effective description 



Thermal Evolution of the Effective Potential

Cross over

Early universe, symmetric EWSB



Thermal Evolution of the Effective Potential

• The broken minimum becomes less and less deep
• A potential barrier starts developing between the 

symmetric phase and the broken phase
• At Tc2 , a strong first order phase transition
• The universe tunnels back to the symmetric phase

EW symmetry restored 



Thermal Evolution of the Effective Potential

EWSB again 
through a strongly 
first order phase 
transition, at Tc1



Thermal Evolution of the Effective Potential

Responsible for the BAU



Outline

• Consider a Vector-Like Lepton (VLL) model.

• A non-trivial thermal history of the universe. 

• Signatures
• Gravitational wave signatures
• Collider signatures

The simplest VLL model would correspond to adding a single VLL multiplet to the
SM. In such a case, the only possible non-SM Yukawa terms would couple a SM lepton
and the VLL multiplet to the Higgs doublet. However, such a term would mix the VLL
and the SM lepton (which we assume to be the ⌧ lepton, to avoid stronger constraints
from electrons and muons). As explained in the previous paragraph, the new Yukawa
coupling has to be large, which would result in a strong mixing between the VLL and ⌧
and hence a significant departure from the SM prediction of the ⌧ couplings. This forces
us to discard such a scenario, as the ⌧ couplings are tightly constrained to be SM-like by
experimental measurements such as Z ! ⌧⌧ decays at LEP [42] or h ! ⌧⌧ decays at
LHC [43, 44]. Therefore, throughout this section, we neglect the mixing between VLLs
and the SM fermions 3, as the corresponding Yukawa couplings would have an insignificant
e↵ect on the phase structure of the Universe.

The next logical choice would be to augment the SM with one VLL doublet and one
VLL singlet, since this configuration would allow for a Yukawa term coupling the two
VLL multiplets to the Higgs doublet. However, such a model with strong Yukawas would
badly violate custodial symmetry, giving rise to unacceptable contributions to the T pa-
rameter [45–47]. As we have checked, one cannot accommodate SFOPTs in this scenario
without dramatically exceeding the experimental bounds on the T parameter.

Therefore, the minimal solution is to add one VLL doublet and two VLL singlets, since
such a configuration can accommodate an (approximate) custodial symmetry, which allows
for large Yukawas while avoiding significant contributions to the T parameter. We choose
the new leptons to have similar SU(3)c ⇥ SU(2)L ⇥ U(1)Y quantum numbers as their SM
counterparts:

LL,R =

✓
N
E

◆

L,R

⇠ (1, 2)�1/2, N 0
L,R

⇠ (1, 1)0, E 0
L,R

⇠ (1, 1)�1, (1)

where L,R stand for the VLL chiralities. The new fermions N (0)
L,R

and E(0)
L,R

have zero and
�1 electric charge, respectively, so we shall refer to them as neutral VLLs or VL neutrinos
and charged VLLs or VL electrons. For denoting the multiplets in the equation above, we
use the standard (SU(3)c, SU(2)L)Y notation, where the hypercharge Y is given by the
di↵erence between the electric charge and the third isospin componen, i.e. Y = Q� T3.

As stated previously, we neglect for the time being the mixing between the SM lep-
tons and the VLLs. Therefore, the most general renormalizable VLL Yukawa Lagrangian,
consistent with SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge symmetry, reads

�LV LL = yNRLLH̃N 0
R
+ yNLN

0
L
H̃†LR + yERLLHE 0

R
+ yELE

0
L
H†LR

+mLLLLR +mNN
0
L
N 0

R
+mEE

0
L
E 0

R
+ h.c. , (2)

where H represents the SM Higgs doublet and H̃ its SU(2) conjugate, y’s the dimensionless
Yukawa couplings, and m’s the vector-like masses. Upon Electroweak Symmetry Breaking
(EWSB), one can write the neutral and charged mass matrices, respectively, as

MN =

✓
mL vh yNL

vh yNR mN

◆
, ME =

✓
mL vh yEL

vh yER mE

◆
, (3)

3We will come back to this point in Sec. 3
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Signatures – Gravitational Waves

• Multi-peak gravitational waves from a single scalar field!
• GW spectrum is (mostly) determined by two parameters, 

Veff =
1

2
(m2

0 + c0T
2)φ2

h +
λeff

4
φ4
h +

c6
8Λ2

eff

φ6
h (1)

λeff < 0 (2)

c6 > 0 (3)

δZh ≈ 2a2hsv
2

m4
s

(4)

δZh ≲ 0.14 (5)

h h

yNL
≃ 3.40, yNR

≃ 3.49, yEL
≃ 3.34, yER

≃ 3.46, (6)

mL ≃ 1.06 TeV, mN ≃ 0.94 TeV, mE ≃ 1.34 TeV. (7)

µγγ = 1.28, ∆χ2(S, T ) = 1.33, mN1 = 400 GeV, mE1 = 592 GeV. (8)

ξ = φc/Tc (9)

V (φ, T ) = V SM
tree (φ) + V SM

1−loop(φ, T ) + V V LL
1−loop(φ, T ) + VDaisy(φ, T ) (10)

α =
latent heat

radiation energy
(11)

1

Larger 𝛼, stronger signal
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yNL ' 3.40, yNR ' 3.49, yEL ' 3.34, yER ' 3.46, (6)

mL ' 1.06 TeV, mN ' 0.94 TeV, mE ' 1.34 TeV. (7)

µ�� = 1.28, ��2(S, T ) = 1.33, mN1 = 400 GeV, mE1 = 592 GeV. (8)

⇠ = �c/Tc (9)

V (�, T ) = V SM
tree (�) + V SM

1�loop(�, T ) + V V LL
1�loop(�, T ) + VDaisy(�, T ) (10)

↵ =
latent heat

radiation energy

(11)

� = inverse PT duration (12)

1

Larger 𝛽, weaker signal, higher frequencies

• Typically, for the later phase transition,  

BM1 BM2 BM3

yNL 3.40 3.47 3.47

yNR 3.49 3.45 3.36

yEL 3.34 3.33 2.55

yER 3.46 3.41 3.28

mL (TeV) 1.06 1.42 1.43

mN (TeV) 0.94 0.75 0.83

mE (TeV) 1.34 1.25 0.72

⇠1 2.34 2 1.56

⇠2 1.54 1.35 1.38

µ�� 1.28 1.20 1.28

��2(S, T ) 1.33 3.60 4.57

mN1 (GeV) 400 401 466

mE1 (GeV) 592 740 460

Table 1: Benchmark Points.

at which the GW peaks. A higher value of � implies a weaker GW signal and a shift-
ing towards higher values of the peak frequency of the signal. For details regarding our
computation of the GW spectrum we refer the reader to the Appendix.

For the points of our scan that accommodate a strong enough first–order later PT, the
typical values of these parameters are

↵ ⇠ 0.01� 0.1, �/HPT ⇠ 103 � 104. (26)

By comparison, the more popular singlet scalar models feature higher values of ↵ and
lower values of � [66, 67], which is why our VLL model predicts weaker GW signals than
the singlet extension of the SM. Moreover, due to the high values of �/HPT, the typical
GW signal of our VLL model peaks at frequencies in the 0.01 � 1 Hz range. This can be
understood immediately from Eq. (A.10), which states that the peak frequency depends
linearly on �/HPT. An interesting prediction of the VLL model under study is the multi–
peaked GW signature [68–70], which is generated by the two SFOPTs featured for the
points selected by our scans. We find that the GW signature coming from the earlier
SFOPT is weaker and peaks at higher frequencies than the one resulting from the later
SFOPT. These features are a consequence of having ↵2 < ↵1 and (�/HPT)2 > (�/HPT)1.

The parameters relevant to the GW spectrum are listed in Table. 2. We show in Fig. 5
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Singlet model, 𝛼 ~ 0.1 -1,  𝛽/HPT ~ 10 - 100
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mE1 (GeV) 592 740 460

Table 1: Benchmark Points.

at which the GW peaks. A higher value of � implies a weaker GW signal and a shift-
ing towards higher values of the peak frequency of the signal. For details regarding our
computation of the GW spectrum we refer the reader to the Appendix.

For the points of our scan that accommodate a strong enough first–order later PT, the
typical values of these parameters are

↵ ⇠ 0.01� 0.1, �/HPT ⇠ 103 � 104. (26)

By comparison, the more popular singlet scalar models feature higher values of ↵ and
lower values of � [66, 67], which is why our VLL model predicts weaker GW signals than
the singlet extension of the SM. Moreover, due to the high values of �/HPT, the typical
GW signal of our VLL model peaks at frequencies in the 0.01 � 1 Hz range. This can be
understood immediately from Eq. (A.10), which states that the peak frequency depends
linearly on �/HPT. An interesting prediction of the VLL model under study is the multi–
peaked GW signature [68–70], which is generated by the two SFOPTs featured for the
points selected by our scans. We find that the GW signature coming from the earlier
SFOPT is weaker and peaks at higher frequencies than the one resulting from the later
SFOPT. These features are a consequence of having ↵2 < ↵1 and (�/HPT)2 > (�/HPT)1.

The parameters relevant to the GW spectrum are listed in Table. 2. We show in Fig. 5
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• For the earlier one,  



Signatures – Gravitational Waves

• Peak frequency beyond Lisa ( f~ 0.01 -1 Hz is typical for VLL models)
• DECIGO and BBO are sensitive to the later phase transition
• The earlier one is too weak.



Signatures – Colliders, Direct Production

• N1 can not be dark matter candidate – some mixing required.

h⇤ =
�
1.65⇥ 10�5 Hz

�✓ TPT

100GeV

◆⇣ ge↵
100

⌘1/6

. (A.12)

The question of choosing the e�ciency factors col,sw,turb and the bubble wall velocity
vw is model-dependent and involves certain calculations and assumptions regarding the
dynamics of the bubble walls. Therefore, such a task is beyond the scope of the current
work. Instead, we resort to a much simpler approach. Using the results from Ref. [75], in
which the authors numerically express v as a function of vw 7 for di↵erent values of ↵,
we choose the bubble wall velocity vw such that it corresponds to the maximum value of
v for a given value of ↵. In our model, the strongest PTs typically have ↵ . 0.1, and
we choose vw = 0.6, from which it follows that v ' 0.4 [75]. Concerning the turbulence
e�ciency factor, it is given by turb = ✏v, with the choice ✏ = 0.05 [66]. Finally, we take
for definiteness col = 0.5, but nevertheless mention that the choice for col plays little
role in our analysis, as the sound wave contribution is the one dominating by far the GW
spectrum predicted by our scenario.

B SM–VLL Mixing for Collider Phenomenology

In absence of mixing with the SM fermions, the lightest VLL of our model would be stable.
For the range of N1 and E1 masses predicted by our scenario, this would not be a viable
option. On the one hand, if mE1 > mN1 , then a stable N1 would not be a suitable Dark
Matter (DM) candidate: the large Yukawas necessary for a SFOPT would induce a strong
SU(2)L–doublet component in N1. This would imply a sizeable ZN1N1 coupling, which
would be in conflict with null results from DM direct detection experiments [76]. On the
other hand, for mN1 > mE1 , E1 would be a stable charged particle, but we choose to not
pursue this possibility. Therefore, in order to avoid stable VLLs, our model has to feature
a mixing between the VLL sector and the SM fermions.

We thus choose to introduce a small ⌧ lepton–VLL mixing in our model, which is
achieved by adding the following Yukawa terms to the Lagrangian in Eq. (2):

�Lmix = y1 LLH⌧R + y2 L
3
L
HE 0

R
+ h.c. , (B.1)

where L3
L
is the third generation SM lepton doublet. For simplicity, we suppose that the

SM neutrinos do not mix with the neutral VLLs. When presenting our collider predictions
for the benchmarks in Sec. 3, we choose y1 = y2 = 0.05. We have explicitly checked
that these values for y1,2 predict deviations from the SM values in the W ⌧⌫ and Z⌧⌧
couplings which are below the sensitivity achieved at the LEP experiment [42] or in ⌧
lifetime measurements [48]. More precisely, the precision in the measurement of the Z⌧⌧
axial coupling and the W ⌧⌫ couplings (from ⌧ lifetime 8 measurements) is at the permille
level, while the precision for the Z⌧⌧ vectorial coupling measurement is at the percent level
(see e.g. PDG [48]). Meanwhile, in our model, we checked that ⌧–VLL mixing amounts

7In Ref. [75], v is denoted simply as  and vw as ⇠w.
8Since all the (tree level) ⌧ decays are proportional to the W ⌧⌫ coupling squared, a rescaling of the

latter would change the ⌧ lepton lifetime accordingly.

21

• From W𝜏𝜈 and Z𝜏𝜏 measurements, take
• The SM fermion + VLL production is suppressed by the mixing
• The dominant production mode is the pair production of VLLs, the 

typical production cross section is around 0.1 to 0.4 fb. 
• Direct searches at the LHC very challenging.

h⇤ =
�
1.65⇥ 10�5 Hz

�✓ TPT

100GeV
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100

⌘1/6

. (A.12)

The question of choosing the e�ciency factors col,sw,turb and the bubble wall velocity
vw is model-dependent and involves certain calculations and assumptions regarding the
dynamics of the bubble walls. Therefore, such a task is beyond the scope of the current
work. Instead, we resort to a much simpler approach. Using the results from Ref. [75], in
which the authors numerically express v as a function of vw 7 for di↵erent values of ↵,
we choose the bubble wall velocity vw such that it corresponds to the maximum value of
v for a given value of ↵. In our model, the strongest PTs typically have ↵ . 0.1, and
we choose vw = 0.6, from which it follows that v ' 0.4 [75]. Concerning the turbulence
e�ciency factor, it is given by turb = ✏v, with the choice ✏ = 0.05 [66]. Finally, we take
for definiteness col = 0.5, but nevertheless mention that the choice for col plays little
role in our analysis, as the sound wave contribution is the one dominating by far the GW
spectrum predicted by our scenario.

B SM–VLL Mixing for Collider Phenomenology

In absence of mixing with the SM fermions, the lightest VLL of our model would be stable.
For the range of N1 and E1 masses predicted by our scenario, this would not be a viable
option. On the one hand, if mE1 > mN1 , then a stable N1 would not be a suitable Dark
Matter (DM) candidate: the large Yukawas necessary for a SFOPT would induce a strong
SU(2)L–doublet component in N1. This would imply a sizeable ZN1N1 coupling, which
would be in conflict with null results from DM direct detection experiments [76]. On the
other hand, for mN1 > mE1 , E1 would be a stable charged particle, but we choose to not
pursue this possibility. Therefore, in order to avoid stable VLLs, our model has to feature
a mixing between the VLL sector and the SM fermions.

We thus choose to introduce a small ⌧ lepton–VLL mixing in our model, which is
achieved by adding the following Yukawa terms to the Lagrangian in Eq. (2):

�Lmix = y1 LLH⌧R + y2 L
3
L
HE 0

R
+ h.c. , (B.1)

where L3
L
is the third generation SM lepton doublet. For simplicity, we suppose that the

SM neutrinos do not mix with the neutral VLLs. When presenting our collider predictions
for the benchmarks in Sec. 3, we choose y1 = y2 = 0.05. We have explicitly checked
that these values for y1,2 predict deviations from the SM values in the W ⌧⌫ and Z⌧⌧
couplings which are below the sensitivity achieved at the LEP experiment [42] or in ⌧
lifetime measurements [48]. More precisely, the precision in the measurement of the Z⌧⌧
axial coupling and the W ⌧⌫ couplings (from ⌧ lifetime 8 measurements) is at the permille
level, while the precision for the Z⌧⌧ vectorial coupling measurement is at the percent level
(see e.g. PDG [48]). Meanwhile, in our model, we checked that ⌧–VLL mixing amounts

7In Ref. [75], v is denoted simply as  and vw as ⇠w.
8Since all the (tree level) ⌧ decays are proportional to the W ⌧⌫ coupling squared, a rescaling of the

latter would change the ⌧ lepton lifetime accordingly.

21



Signatures – Colliders, Indirect Searches

• At least 15% 
enhancement for the  
diphoton signal.

• Wil be fully tested at 
the HL-LHC.



Conclusion

• VLLs can give rise to a non-trivial thermal history of the universe.

The simplest VLL model would correspond to adding a single VLL multiplet to the
SM. In such a case, the only possible non-SM Yukawa terms would couple a SM lepton
and the VLL multiplet to the Higgs doublet. However, such a term would mix the VLL
and the SM lepton (which we assume to be the ⌧ lepton, to avoid stronger constraints
from electrons and muons). As explained in the previous paragraph, the new Yukawa
coupling has to be large, which would result in a strong mixing between the VLL and ⌧
and hence a significant departure from the SM prediction of the ⌧ couplings. This forces
us to discard such a scenario, as the ⌧ couplings are tightly constrained to be SM-like by
experimental measurements such as Z ! ⌧⌧ decays at LEP [42] or h ! ⌧⌧ decays at
LHC [43, 44]. Therefore, throughout this section, we neglect the mixing between VLLs
and the SM fermions 3, as the corresponding Yukawa couplings would have an insignificant
e↵ect on the phase structure of the Universe.

The next logical choice would be to augment the SM with one VLL doublet and one
VLL singlet, since this configuration would allow for a Yukawa term coupling the two
VLL multiplets to the Higgs doublet. However, such a model with strong Yukawas would
badly violate custodial symmetry, giving rise to unacceptable contributions to the T pa-
rameter [45–47]. As we have checked, one cannot accommodate SFOPTs in this scenario
without dramatically exceeding the experimental bounds on the T parameter.

Therefore, the minimal solution is to add one VLL doublet and two VLL singlets, since
such a configuration can accommodate an (approximate) custodial symmetry, which allows
for large Yukawas while avoiding significant contributions to the T parameter. We choose
the new leptons to have similar SU(3)c ⇥ SU(2)L ⇥ U(1)Y quantum numbers as their SM
counterparts:

LL,R =

✓
N
E

◆

L,R

⇠ (1, 2)�1/2, N 0
L,R

⇠ (1, 1)0, E 0
L,R

⇠ (1, 1)�1, (1)

where L,R stand for the VLL chiralities. The new fermions N (0)
L,R

and E(0)
L,R

have zero and
�1 electric charge, respectively, so we shall refer to them as neutral VLLs or VL neutrinos
and charged VLLs or VL electrons. For denoting the multiplets in the equation above, we
use the standard (SU(3)c, SU(2)L)Y notation, where the hypercharge Y is given by the
di↵erence between the electric charge and the third isospin componen, i.e. Y = Q� T3.

As stated previously, we neglect for the time being the mixing between the SM lep-
tons and the VLLs. Therefore, the most general renormalizable VLL Yukawa Lagrangian,
consistent with SU(3)c ⇥ SU(2)L ⇥ U(1)Y gauge symmetry, reads

�LV LL = yNRLLH̃N 0
R
+ yNLN

0
L
H̃†LR + yERLLHE 0

R
+ yELE

0
L
H†LR

+mLLLLR +mNN
0
L
N 0

R
+mEE

0
L
E 0

R
+ h.c. , (2)

where H represents the SM Higgs doublet and H̃ its SU(2) conjugate, y’s the dimensionless
Yukawa couplings, and m’s the vector-like masses. Upon Electroweak Symmetry Breaking
(EWSB), one can write the neutral and charged mass matrices, respectively, as

MN =

✓
mL vh yNL

vh yNR mN

◆
, ME =

✓
mL vh yEL

vh yER mE

◆
, (3)

3We will come back to this point in Sec. 3
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• VLLs can give rise to a non-trivial thermal history of the universe.
• Multi-step phase transitions with a single scalar field!

• The later of the phase transition can be probed by BBO and DECIGO.



Conclusion

• VLLs can give rise to a non-trivial thermal history of the universe.
• Multi-step phase transitions with a single scalar field!

• The later of the phase transition can be probed by BBO and DECIGO.
• At least 15% enhancement in the diphoton signal is expected, so the 

model will be fully tested by the HL-LHC.


