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There is a 
flying cow!!
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Yes!! Look! 
There is one!
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Are there any 
flying cows?



OK! Look! 
There is 

another one!!
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But it is not 5 𝞼 !



Some of Flying Cows We Were Excited About

CMS 2014

260 GeV

No decay through a higgs
< 260 + 125 , call it 340 GeV 

550 GeV, a signal 
strength  for 
ss2l~ 2.83

PH, A. Ismail, I. Low, C. Wagner, 2015

When you see a flying unicorn, you claim that is a flying cow….
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The Fun Doubles with Marcela

2

onance, in order to avoid tree-level decays of the neutral
(pseudo-)scalar into the loop particles. In this case, the
second peak would show up at an invariant mass that is
larger than the mass of the neutral spin-0 resonance.

The conditions for the presence of two peaks are there-
fore 1) loop-induced couplings of the neutral (pseudo-
)scalar with SM gauge bosons and 2) the loop-induced
couplings are mediated by particles which form bound
states. The first condition is satisfied for any neutral
(pseudo-)scalar coupling to massless gauge bosons. For
massive gauge bosons such as W and Z bosons, the cou-
plings to a pseudo-scalar boson are also loop-induced. To
fulfill the second condition, the loop particles should have
a decay width that is smaller than the QCD hadroniza-
tion scale. Our considerations apply to any model con-
taining a heavy neutral (pseudo-)scalar coupling to glu-
ons and electroweak gauge bosons via new colored and
charged particles in the loop. Therefore, the results
shown here may have implications for future searches of
new physics in diboson channels at the LHC.

The remainder of this paper is organized as follows:
in Sec. II, we concentrate on final states containing two
photons, and calculate the diphoton production cross sec-
tion associated with the bound state of the new colored
particles. The production cross section of other gauge
boson channels may be obtained from the diphoton one
by simple group theoretical factors associated with the
quantum numbers of the loop particles [9]. In Sec. III,
we discuss the phenomenology of the new colored parti-
cles. We reserve Sec. IV for a discussion of our scenario
and our conclusions.

II. THE BOUND STATE PEAK

We shall assume the existence of a neutral pseudo-
scalar A, which couples to gluons and electroweak gauge
bosons via loops of new vector-like quarks (VLQ)  ,
and that the width of A is dominated by the resulting
loop-induced decays. We also assume that the VLQs
hadronize before they decay, so that a J = 0 quarko-
nium state is formed. Let us denote the relevant Yukawa
coupling �,

L � �i�A ̄�5 . (1)

Furthermore, we will assume that there are N degenerate
copies of  , each with electric charge Q transforming in
a given color representation R of dimension DR.

Then, assuming m > mA/2 so that mixing e↵ects
between A and the bound states can be neglected, the
following properties hold:

�(A ! gg) / �
2
N

2
C

2
R↵

2
s , (2)

where CR is the quadratic Casimir of R. Similarly,

�(A ! ��) / �
2
N

2
D

2
RQ

4
↵
2
. (3)
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FIG. 1: Examples of a bound state peak accompanying a
1 TeV pseudoscalar resonance in the diphoton invariant mass
spectrum with 50 fb�1 of integrated luminosity at 13 TeV. An
800 GeV charge 5/3 VLQ is assumed, leading to a bound state
peak (blue) near m�� ⇠ 1.6 TeV. The signal strength of the
pseudoscalar resonance is fixed by its Yukawa coupling to the
VLQ, which is 0.3 (0.1) in the magenta solid (dashed) curve.
We assume a 1% resolution on each peak. The red curve
represents an estimate of the diphoton background, scaled
from LHC data [15].

The total width is naturally dominated by �(A ! gg)
and, therefore,

�total / �
2
N

2
C

2
R↵

2
s . (4)

Under the above conditions,

�(pp ! A ! ��) / �(A ! gg)
�(A ! ��)

�total
/ �

2
N

2
D

2
RQ

4
↵
2
, (5)

and the diphoton invariant mass spectrum exhibits a res-
onant peak at m�� ⇠ mA.
On the other hand, the second peak is induced by the

quarkonium bound state  ̄ and the strength is propor-
tional to [14]

�(pp !  ̄ ! ��) / N
2
C

3
RDRQ

4
↵
3
s↵

2
, (6)

which gives rise to a peak in the diphoton spectrum at
m�� ⇠ 2m > mA. We see then that the strength of the
peak at mA relative to the one at 2m is governed by
� and depends on the color representation of  , but is
independent of the electric charge or multiplicity of  2.
As an illustration of the above relations, in Fig. 1 we

present examples of two peaks in the diphoton invariant
mass spectrum assuming a luminosity of 50 fb�1, where

2
If the loop induced couplings are generated by more than one

colored particle, there may be multiple additional peaks and their

strengths will depend on the particular lifetimes, multiplicities

and quantum numbers of each of these particles.

Carena, PH, A. Ismail, I. Low, N. Shah, C. Wagner, 2015
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Incompetent 
people!!

Well, now 
they are gone…
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Of course! 
There must be 
flying cows!!

So, are there 
flying cows?



There Must Be Flying Cows!!!

Sakharov, 1964 Baryon Asymmetry of the Universe (BAU)

-- Baryon Number Violation
-- CP violation
-- Departure from thermal 
equilibrium – strong 1st 
order phase transitions



There Must Be Flying Cows!!

V(𝜙)

𝜙

T

3

Higgs Evolution Higgs Evolution 
in Early Universein Early Universe

Finite-Temperature Effective Potential

Tree-level 
potential

Loop 
corrections

Thermal 
corrections

➔➔

1st Order: 

〈h〉 = 0  〈h〉 = h(T) Discontinuous
2nd Order: 

〈h〉 = 0  〈h〉 = h(T) Continuous

           Nature of EWPT(Perturbative) 

h h

V(h)

SM : EWPT (non-perturbatively) is Smooth Cross-Over
K. Kajantie, M. Laine, K. Rummukainen, M. Shaposhnikov, Phys. Rev. Lett. 77 (1996) 2887

V(𝜙)

T

𝜙

Flying cows to generate a barrier

1ST order EWPTSM



Generating the Barrier

Add non-renormalizable operators to the effective 
potential

V(𝜙)

𝜙

SM

V(𝜙)

𝜙
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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, 60–62], 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 the measurement of the Higgs production rate and tend to be small,

which will be discussed later. 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 + a0T 2

2

�
�†�

�
+

�

4

�
�†�

�2
+

c6
8⇤2

�
�†�

�3
(5)

�3 =
3m2

h

v

✓
1 +

2c6v4

m2
h
⇤2

◆
(6)

This case has been studied in the literature in various contexts [6–13, 63, 64]. We point out

a few key things pertaining to this case in the present context.

We require c6 > 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)
c6
⇤2

. (7)

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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1ST order EWPT



Generating the Barrier
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Fig. 2 shows an example of the Higgs potentials, which is of order (�†�)5, and satisfies

the Higgs mass and the VEV constraints and also undergo the SFOEPT with large negative

enhancements of the triple Higgs coupling. The red curves correspond to the potential

at T = 0, while the blue curve depicts the potential at T = Tf that corresponds to the

curvature at � = 0 being 0. The green curves represent an intermediate temperature. The

purple curve shows the phase transition of the corresponding potential in the left panel at

T = Tc. Let us stress that negative enhancements of the triple Higgs couplings are only

consistent with a SFOEPT for small values of the cuto↵ and hence, the correlation between

negative enhancements and the absence of a SFOEPT remains generally valid.

III. MINIMAL EXTENSION WITH A SINGLET

Minimal extension of the SM with just one singlet and its impact on the electroweak

baryogenesis has been studied in the literature [8, 9, 11, 37–43]. Well motivated UV complete

scenarios such as NMSSM also have an additional singlet, which can mix with the SM

Higgs [6].

In the first subsection we calculate the maximum enhancement of the triple Higgs coupling

that can be allowed under the constraints of electroweak baryogenesis and the experimental

constraints coming from the LHC. In the second section we assume that the singlet is heavy

and integrate it out giving rise to an EFT. The resultant expressions for the triple Higgs

enhancement and bounds on SFOEPT region can be shown to be same as those generated

from the full Lagrangian in the small mixing angle limit. At the same time, this approach

demonstrates an example of the potentials discussed in the previous section and therefore

allows to discuss the validity and limitations of the e↵ective theory approach.

A. Enhancement in the full scalar Lagrangian of the singlet extension

Consider a general scalar potential, with one-loop thermal correction only in the mass

term, that can be written in a canonically normalized Lagrangian for the SM extended with

one singlet field �s

V (�h,�s, T ) =
m2

0 + a0T 2

2
�2
h
+

�h

4
�4
h
+ ahs�s�

2
h
+

�hs

2
�2
s
�2
h
+ ts�s +

m2
s

2
�2
s
+

as
3
�3
s
+

�s

4
�4
s

(24)

19

For momenta very small compared to the masses of the scalars, the equation of motion

for the singlet is given using Eq. (24)

@V

@S
= 0. (46)

Solving the EOM gives

S = �
ts + ahsh2

m2
s
+ �hsh2

. (47)

Substituting this into the original potential in Eq. (24) yields as shown in [6]

V (h, T ) =
m2

0 + a0T 2

2
h2 +

�h

4
h4

�
(ts + ahsh2)2

2 (m2
s
+ �hsh2)

. (48)

We need to substitute this EOM in the kinetic term for the doublet Higgs. This substitution

leads to a h dependant normalization factor. The kinetic term transforms as

(@µh)(@
µh) + (@µS)(@

µS) !

 
1 +


4h2(am2

s
� ts�hs)2

(ms2 + �hsh2)4

�2!
(@µh)(@

µh). (49)

Normalizing the kinetic term to get (@µH)(@µH) and retaining up to first order in small

parameter (am2
s�t�hs)2v2

m8
s

we get

H = h+
2(am2

s
� ts�hs)2h3

3m8
s

+O(h5). (50)

Inverting the expression gives

h = H �
2z

3 v2
H3 +O(H5), where z =

(am2
s
� ts�hs)2v2

m8
s

. (51)

Substituting this in the e↵ective potential from Eq. (48), we get an e↵ective potential up to

order H6

Veff (H, T ) =
m2

0 + a0T 2

2
H2 +

✓
�h

4
�

z

2y
�

2m2z

3v2

◆
H4 +

✓
8z2 � 4yz�h + 3yz�hs

6v2y

◆
H6.

(52)

Using this potential we apply the Higgs mass condition to write
✓
V 00
eff

�
V 0
eff

H

◆ ����
H=hHi

= m2
h
, where hHi = v +

2zv

3
. (53)

Solving this simultaneously with

V 0
eff

H

����
H=hHi

= 0, (54)

Integrate out the singlet,

Scalar Singlet,

V(𝜙)

𝜙
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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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Generates the Barrier

4.2 Fermions and Cosmological Phase Transitions
We now focus on applying the techniques from Sec. 3 to a more realistic model in which
VL leptons are added to the SM particle spectrum in order to produce a strongly first
order EW phase transition [?]. Besides the SM particle content, this model contains three
VL lepton 10 multiplets:

LL,R =

(
N
E

)

L,R

∼ (1, 2, Y ), N ′L,R ∼ (1, 1, Y +
1

2
), E ′L,R ∼ (1, 1, Y − 1

2
), (69)

where we use the notation (SU(3)C , SU(2)L, U(1)Y ) to denote the charges of the new
fermions under the SM gauge group SU(3)C × SU(2)L × U(1)Y . At the renormalizable
level, the most general gauge–invariant Lagrangian involving the new fermionic fields is
given by:

LV LL = L(iγµD
µ
L −mL)L+ E

′
(iγµD

µ
E −mE)E

′ +N
′
(iγµD

µ
N −mN)N

′

−
[
LH (yELPL + yERPR)E

′ + L H̃ (yNLPL + yNRPR)N
′ + h.c.

]
, (70)

where PL,R are chiral projectors. The covariant derivatives acting on the fermionic fields
read:

Dµ,L = ∂µ + i
(
g1Y Bµ +

g2
2
W a

µσ
a
)
,

Dµ,N = ∂µ + ig1

(
Y +

1

2

)
Bµ, Dµ,E = ∂µ + ig1

(
Y − 1

2

)
Bµ. (71)

Although not explicitly written, it is understood that the ∂µ and Bµ pieces in Dµ,L are
multiplied by the 2 × 2 identity matrix in SU(2)L space. In order to match the VLL
Lagrangian in Eq. (70) to the notation used in Eq. (1), we define:

yA ≡ yAL + yAR

2
, zA ≡ yAL − yAR

2
, (72)

with A = E,N . Working in the basis Ψ =
(
L E N

)T , where T means transposition
only in flavour space, the expressions of the S and P matrices read:

S =




02×2 yE H2×1 yN H̃2×1

y∗E H†
1×2 0 0

y∗N H̃†
1×2 0 0



 , P = i




02×2 zE H2×1 zN H̃2×1

−z∗E H†
1×2 0 0

−z∗N H̃†
1×2 0 0



 . (73)

In the equation above, the subscripts denote the dimension in SU(2)L space of each element
of the S and P matrices, while the entries that do not carry any SU(2)L indices have
no subscripts. However, from now on, we stop writing the dimensions of each SU(2)L

10In the original model presented in Ref. [?], the hypercharge of the SU(2)L doublet is − 1
2 , but here we

keep the discussion more general and denote the doublet hypercharge as Y .
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∼ (1, 2, Y ), N ′L,R ∼ (1, 1, Y +
1

2
), E ′L,R ∼ (1, 1, Y − 1

2
), (69)

where we use the notation (SU(3)C , SU(2)L, U(1)Y ) to denote the charges of the new
fermions under the SM gauge group SU(3)C × SU(2)L × U(1)Y . At the renormalizable
level, the most general gauge–invariant Lagrangian involving the new fermionic fields is
given by:

LV LL = L(iγµD
µ
L −mL)L+ E

′
(iγµD

µ
E −mE)E

′ +N
′
(iγµD

µ
N −mN)N

′

−
[
LH (yELPL + yERPR)E

′ + L H̃ (yNLPL + yNRPR)N
′ + h.c.

]
, (70)

where PL,R are chiral projectors. The covariant derivatives acting on the fermionic fields
read:

Dµ,L = ∂µ + i
(
g1Y Bµ +

g2
2
W a

µσ
a
)
,

Dµ,N = ∂µ + ig1

(
Y +

1

2

)
Bµ, Dµ,E = ∂µ + ig1

(
Y − 1

2

)
Bµ. (71)

Although not explicitly written, it is understood that the ∂µ and Bµ pieces in Dµ,L are
multiplied by the 2 × 2 identity matrix in SU(2)L space. In order to match the VLL
Lagrangian in Eq. (70) to the notation used in Eq. (1), we define:

yA ≡ yAL + yAR

2
, zA ≡ yAL − yAR

2
, (72)

with A = E,N . Working in the basis Ψ =
(
L E N

)T , where T means transposition
only in flavour space, the expressions of the S and P matrices read:

S =




02×2 yE H2×1 yN H̃2×1

y∗E H†
1×2 0 0

y∗N H̃†
1×2 0 0



 , P = i




02×2 zE H2×1 zN H̃2×1

−z∗E H†
1×2 0 0

−z∗N H̃†
1×2 0 0



 . (73)

In the equation above, the subscripts denote the dimension in SU(2)L space of each element
of the S and P matrices, while the entries that do not carry any SU(2)L indices have
no subscripts. However, from now on, we stop writing the dimensions of each SU(2)L

10In the original model presented in Ref. [?], the hypercharge of the SU(2)L doublet is − 1
2 , but here we

keep the discussion more general and denote the doublet hypercharge as Y .
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m2
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|yN |2 + |yE|2
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|DµH|2
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(
1 + 3 log

µ2

m2

)(
|yN |2 + |yE|2

)
m2 |H|2

+

(
16

3
+ 2 log

µ2

m2

)(
|yN |4 + |yE|4

)
|H|4 , (79)

and renormalizes the scalar and gauge kinetic terms, plus the scalar mass and quartic
terms. Using the SMEFT operator basis defined in App. B, the (CP–even) dimension–6
effective Lagrangian generated by integrating out at one–loop the VLLs in our model is
given by:

16π2LCP
H = −2 (|yN |6 + |yE|6)

15m2
O6 +

4(|yN |2 + |yE|2)2

5m2
OH − 4(|yN |2 − |yE|2)2

5m2
OT

− 2 (|yN |4 − 4|yN |2|yE|2 + |yE|4)
5m2

Of −
7 (|yN |2 + |yE|2)

120m2
OWW

− (7 + 40Y + 80Y 2) |yN |2 + (7− 40Y + 80Y 2) |yE|2

120m2
OBB

+
(3 + 20Y )|yN |2 + (3− 20Y )|yE|2

60m2
OWB +

|yN |2 + |yE|2

5m2
OK4

− 4 (|yN |2 + |yE|2)
15m2

OB − 4 (|yN |2 + |yE|2)
15m2

OW +
2 + 16Y 2

15m2
O2B

+
2

15m2
O2W +

1

30m2
O3W . (80)

There are several simple consistency checks that one can perform to assess the validity
of the results presented in Eq. (80). For example, the leading contribution to the T
parameter [?,?] is proportional to the Wilson coefficient of OT :

4πe2T " 2(|yN |2 − |yE|2)2v2

5m2
, (81)

and vanishes in the custodial limit yE = yN , as expected. In the above equation, e is
the electromagnetic coupling constant and v the Higgs VEV. Moreover, we have explicitly
checked that our expression for the T parameter from Eq. (81) matches the one obtained
in Ref. [?]. The Wilson coefficient of O6 can alternatively be computed from the Coleman–
Weinberg potential [?] corresponding to the fermionic Lagrangian in Eq. (70), and we have
explicitly checked that the two methods give the same result.

Yet another consistency check can be done by inspecting the physical Higgs boson’s
loop–induced coupling to photons. The leading O(m−2) VLL contribution to the hγγ
coupling can be derived from Eq. (80) as well as through low–energy Higgs theorems [?,?]
(see also Refs. [?, ?, ?] for VL fermion applications). Denoting the Wilson coefficient of a
given operator OX as CX , the VLL contribution to the hγγ coupling can be read from:

LCP
H ⊃ (CBB + CWW − CWB) e

2|H|2AµνA
µν ⊃ −e2Q2

E

24π2

v|yE|2

m2
hAµνA

µν , (82)
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3.5 Dimension–5 Terms
For the dimension–5 case, we organize the possible terms as follows:

Ln=5
H = LX5 + LX3D2 + LSD4 + LPD4 . (33)

We choose to treat the O(SD4) and O(PD4) terms separately, as they are different in
terms of their CP properties.

As pointed out previously, the dimension–5 and dimension–6 universal coefficients are
finite, allowing us to compute the corresponding loop integrals in 4 instead of d dimensions.
Therefore, γ5 retains its usual anticommuting properties and we no longer need to keep
the pieces proportional to ĝµν from Eqs. (17, 24) (or variations thereof) when computing
the universal coefficients for terms involving even powers of P . We stress once again that,
with the help of Eqs. (17, 24) and trace symmetry arguments, these coefficients follow
effortlessly from the coefficients of operators containing only insertions of S.

O(X5) terms. Similarly to the O(X3) and O(X4) contributions, the O(X5) Lagrangian
reads:

16π2LX5 = cf nD

[
1

5
gijklm7 trg (SijSjkSklSlmSmi) + gijkl(m)

7 trg (SijSjkSklPlmPmi)

− gijk(lm)
7 trg (SijSjkPklSlmPmi) + gij(k)l(m)

7 trg (SijPjkPklPlmPmi)
]
, (34)

with the universal coefficient given by:

gijklm7 =
1

nD

∫
[ddp] trs

(
/∆i /∆j /∆k /∆l /∆m

)

= (mi +mj +mk +ml +mm) I[p4]11111ijklm + [mimj(mk +ml +mm)

+ (mi +mj)mk(ml +mm) + (mi +mj +mk)mlmm] I[p2]11111ijklm

+mimjmkmlmm I[p0]11111ijklm. (35)

O(X3D2) terms. For the O(X3D2) terms, we follow the same procedure as for the case
of O(X2D2) terms. Focusing on the O(S3D2) contribution, the only independent gauge–
invariant combination is

16π2LS3D2 = cf nD gijk8 trg
(
Sij [Dµ, S]jk [D

µ, S]ki

)

= cf nD trg
[(

gijk8 + gjki8 − gkij8

)
(SijSjkD

µ
kSkiDµ,i)− gijk8

(
SijSjkD

2
kSki

)]
.

(36)

It is clear from this relation that the easiest way to find gijk8 is to compute the loop integral
multiplying trg (SijSjkD2

kSki) from the covariant derivative expansion in Eq. (6):

16π2LS3D2 ⊃ −cf

∫
[ddp] trs

(
/∆i /∆j /∆kγµ /∆kγν /∆k

)
trg (SijSjkD

µ
kD

ν
kSki) , (37)
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�⇤2

c6
. (8)

what implies that an additional condition to obtain a FOEPT is that the e↵ective quartic

coupling should be negative, namely � < 0.

The value of the Higgs mass imposes a relation between � and c6, namely

�+
3c6
2⇤2

v2 =
m2

h

2v2
(9)

Using Eq. (8) and Eq. (9) gives

c6
⇤2

=
m2

h

3v2
�
v2 � 2

3v
2
c

� (10)

From where all coe�cients m2, � and c6 may be written in terms of the mh, vc and v. Using

these relations one obtains

T 2
c
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3c6
4⇤2a0

�
v2 � v2

c

�✓
v2 �

v2
c

3

◆
. (11)

Demanding both c6 and T 2
c
to be positive, we get vc < v. This translates into an upper

bound on c6 using Eq. (10)

c6
⇤2

<
m2

h

v4
. (12)

Then from the Eq. (6), we conclude that the coupling can be enhanced by a factor of

three at most. Moreover, demanding v2
c
> 0, or equivalently � < 0, puts an additional

constraint on the obtention of a FOEPT, namely

c6
⇤2

>
m2

h

3v4
(13)

what implies a minimal enhancement of a factor two thirds.

This implies that a FOEPT may only be obtained if the following conditions are fulfilled.

2

3
 �  2. (14)

Moreover, for c6 = 1, Eq (12) and Eq (13) imply a bound on the e↵ective cuto↵ ⇤, namely

v2

mh

< ⇤ <

p
3v2

mh

, (15)
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c , c6 > 0 (4)

m2
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3v4
<

c6
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<
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h
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(5)
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�SM
3 < �3 < 3�SM
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Requiring first order phase transition

6

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, 60–62], 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 the measurement of the Higgs production rate and tend to be small,

which will be discussed later. 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 + a0T 2

2

�
�†�

�
+

�

4

�
�†�

�2
+

c6
8⇤2

�
�†�

�3
(5)

�3 =
3m2

h

v

✓
1 +

2c6v4

m2
h
⇤2

◆
(6)

This case has been studied in the literature in various contexts [6–13, 63, 64]. We point out

a few key things pertaining to this case in the present context.

We require c6 > 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)
c6
⇤2

. (7)

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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Figure 25: Expected significance of observing Higgs-boson-pair production for (left) the fits with only statistical
uncertainties and (right) the fits with all systematic uncertainties as nuisance parameters. The two horizontal dashed
lines show the 3� and 5� thresholds.
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The LHC has a very limited sensitivity 
in the region where the EWPT can 
be strongly-first-order.

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. [39–54]).

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, 55–59]. 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
(�†�)2 +

1X

n=1

c2n+4

2(n+2)⇤2n

�
�†�

�n+2
, (1)

�3
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h h
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◆
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T 2
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3v4
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c6
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m2

h

v4
(5)
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�SM
3 < �3 < 3�SM

3 (6)

�max
3 = 5�SM

3 (7)

�max
3 ⇠ 7�SM

3 (8)

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)

↵ =
latent heat

radiation energy

(11)

� = inverse PT duration (12)

(H†
H)3 (13)

(H†
H) (14)

(H†
H)2 (15)

v ' 246 GeV (16)

mh ' 125 GeV (17)

5

3
< � < 3 (18)

1

6

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, 60–62], 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 the measurement of the Higgs production rate and tend to be small,

which will be discussed later. 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 + a0T 2

2

�
�†�

�
+

�

4

�
�†�

�2
+

c6
8⇤2

�
�†�

�3
(5)

�3 =
3m2

h

v

✓
1 +

2c6v4

m2
h
⇤2

◆
(6)

This case has been studied in the literature in various contexts [6–13, 63, 64]. We point out

a few key things pertaining to this case in the present context.

We require c6 > 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)
c6
⇤2

. (7)

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.



Limited sensitivity with large λ3

• The destructive interference occurs between the 
real part of the triangle and the box diagrams

• Above the tt threshold, the amplitudes develop 
imaginary parts, the cancellation does not occur

• When λ3 increases, the amplitudes increases 
more below the tt threshold than above the 
threshold

• mhh shifts to smaller value for large λ3

2
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FIG. 2: Production cross section for gg ! hh at the LHC
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s = 8 TeV and 14 TeV.
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FIG. 3: Amplitude zero in gg ! hh fusion versus Mhh for
�hhh/�hhh

SM = 2.45. The SM value is �hhh
SM = 192 GeV.

small data sample at 7 TeV is similar to the 8 TeV sam-
ple), for comparison with Run-1 data, and 14 TeV, for
the upcoming high luminosity run. The destructive in-
terference occurs between the real parts of the triangle
and box contributions. For 1.1 . �hhh . 2.45, the can-
cellation of the real amplitude is exact at some value of
Mhh. The zero of the amplitude occurs at Mhh near to
2mt; it is exactly at 2mt for �hhh

⇡ 2.45�hhh
SM as shown

in Fig. 3. Above the tt̄ threshold, the amplitudes develop
imaginary parts for which the cancellation does not oc-
cur. Nonetheless, a local minimum in the Mhh distribu-
tion persists up to �hhh

⇡ 3.5�hhh
SM , and results in a rather

low Mhh dominated distribution, causing a large change
in signal acceptance as we will see shortly. The di↵eren-
tial cross section, which is presented in Fig. 4, shows the
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FIG. 4: The di↵erential cross section versus Mhh for
�hhh/�hhh

SM = 1,2,3.

persistence of the amplitude zero. A related suppression
is found to be present in the pT (h) distribution.
For the Higgs decays, we consider the ��, ⌧⌧ , and bb̄

modes, which are used in establishing the single higgs
production signal [1, 2]. Recently, there have been sev-
eral studies of Higgs pair production using the bb̄��, bb̄⌧⌧
and bb̄WW final states [10, 11, 23]. We do not study
the h to W+W� decay as it contributes with low sig-
nificance in hh detection [10]. The signal of hh ! bb̄��
is robust with manageable background, so it is our pri-
mary interest. The large backgrounds and combinatorics
of the hh ! bb̄bb̄ final state render it unviable. We also
find the bb̄⌧h⌧h channel to be swamped by the reducible
background of bb̄jj where both light flavored jets fake
a hadronic ⌧ . Although the jet to ⌧h fake rate is only
1 � 3%, the total cross section of bb̄jj is at the µb level.
This insurmountable background was not considered in
previous studies. For this reason, we concentrate on the
analysis of the bb̄�� channel and note that a more exten-
sive study for the viability ⌧h⌧` and ⌧`⌧` is needed.
Cut-based analysis for hh ! bb̄��.—We simulate the

pertinent backgrounds for the bb̄�� channel. The irre-
ducible backgrounds include the production modes

pp ! bb̄��, (1)

pp ! Z + h ! bb̄+ ��, (2)

while the reducible backgrounds include

pp ! tt̄+ h ! b`+⌫ b̄`�⌫̄ + �� (`± missed), (3)

pp ! bb̄+ jj ! bb̄+ �� (j ! �). (4)

We adopt a photon tagging rate of 85% and a jet to
photon fake rate of ✏j!� = 1.2 ⇥ 10�4 [24]. The addi-
tional reducible backgrounds from jj�� and cc̄�� to be
subdominant and hence are not included in our analysis.
For b jet tagging e�ciencies, we assume a b-tag rate of

Barger, Everett, Jackson, and Shaughnessy 
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�3 = � 2 �
SM
3 . The cancellation between the box and triangle diagram is exact at �3 =

2.45�SM
3 at 2mt threshold, that explains the dip. Note that the distribution shifts to smaller

values as �3 increases

.

new physics with a large �3

A. Double Higgs production in the bb̄�� channel

We perform a collider study for the hh ! bb̄�� channel. The signal with various values of

�3 is generated by MCFM [44] and passed to Pythia8 [45] for parton shower and hadroniza-

tion, and then passed to Delphes [46] for detector simulation. As stressed before, we apply

a NNLO K-factor of about 2.27 for the signal [41], The background processes are generated

with MadGraph [47] and then passed to Pythia and Delphes. We apply a NLO K-factor =

1.1 for tt̄h and a NNLO QCD, NLO EW K-factor = 1.33 for Zh [35]. There are no higher

order corrections known for the QCD backgrounds, and therefore, all the QCD processes

are normalized to LO. We take a b-tagging e�ciency of 70% and a mistag rate of 24% for

c-jets and 2% for light jets [48]. We adopt a photon tagging rate of 85% and a jet to photon

SM: peaked at large invariant mass. A cut of mhh > 2mtop or 
something equivalent was used in both experimental and 
phenomenology studies during that time. 
λ3 > 3λ3

SM, mhh distribution is much softer than the SM case
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fake rate ✏j!� = 1.2⇥ 10�4 [49]. We require the following cuts

pt(b) > 30 GeV, pt(�) > 30 GeV

112.5 GeV < mbb < 137.5 GeV, 120 GeV < m�� < 130 GeV. (36)

For the SM case, we further require

mhh > 350 GeV, (37)

while for �3 > 3 �
SM
3 , we require

250 GeV < mhh < 350 GeV. (38)

The results for LHC 14 TeV are displayed in Table I, and the significance reaches 5 � at

�3 ⇠ 6.5�SM
3 , and �3 ⇠ �0.2 at 14 TeV and 3000 fb �1, see Table II. One caveat of this

analysis is that we include a K-factor for the signal (and also for the ZH and tth background),

but the QCD background is only considered at LO. If we assume a K-factor of about 2 for

the QCD processes, the significance will drop by a factor of
p
2, which can be compensated

by the fact that there are two detectors.

Due to the relatively low sensitivity of the LHC in looking for double Higgs production,

it is interesting to considered similar signatures at future colliders, in particular a future

high energy pp collider. The sensitivity will depend on many factors, including the center

of mass energy and the detector performance. To be specific, we shall consider the case of

100 TeV pp collider, assuming that the detector performance stays the same as at the LHC,

performing similar cuts as the ones in the LHC analysis. We show the results in Table III

and Table IV. In our analysis, we considered only positive values of �3, since as shown above,

the LHC is sensitive to the negative values. It is then easy to extrapolate the same analysis

for higher energies. The results presented in Table III show that a 100 TeV collider should

be sensitive to triple Higgs boson couplings �3 ⇠ 5�SM
3 , where the same cuts proposed in

Eq (36) were used.

B. Double Higgs production in the bb̄⌧
+
⌧
� channel

Since the Higgs has many di↵erent significant decay channels, it is useful to think about

double Higgs production in channels di↵erent from the bb�� considered in this work. A

0 2 4 6 8
0

2
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λ3
λ3SM

si
gn
ifi
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mhh > 350  GeV

250 GeV < mhh <  350  GeV

Big Improvement for New Physics!

PH, A. Joglekar, B. Li, and C. Wagner. 2015 
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Yes, but phase 
transitions are 

fun!!

But it is still 
difficult… 



Leptogenesis, Two Birds with One Stone

• Type-I seesaw introduce right-handed neutrinos (mass M)

20

Minkowski, 1977



Leptogenesis

L

CP

Thermal Equilibrium

All three Sakharov conditions are satisfied

M. Fukugita, T. Yanagida, 1986
Luty 1992

RHN decays



Leptogenesis

1. The Right Handed Neutrinos, decay (CP violating) asymmetrically

2. Part of the generated asymmetry will be converted to a baryon 
asymmetry (about order one, detailed calculation gives 28/79)

Compared with the conventional thermal leptogenesis scenario, our FOPT leptogenesis

scenario has an enhanced RHN number density (T 3
p instead of (M1Tp)3/2e�M1/Tp) and does

not su↵er from thermal washout e↵ects (which in general suppress the BAU by a factor

of O(10�2)). Therefore, naively we expect the CP violating phase needed by the FOPT

scenario is much smaller than that in the conventional scenario, and hence the FOPT

scenario is able to explain the BAU at a lower M1 . 109 GeV assuming the Davidson-

Ibarra bound. However, the FOPT scenario su↵ers from the washout and dilution e↵ects

after the FOPT. This is because the ultra-relativistic wall requires a strong FOPT, which

releases a large amount of latent heat and then reheats the Universe to a high temperature

Trh > Tp. It is di�cult to satisfy M1/Trh � 1, which is the condition to suppress the

washout e↵ect after reheating. In addition, the generated BAU will be diluted by a factor

of (Tp/Trh)3.

In this article, we will provide a realization of the FOPT leptogenesis scenario in the

classically conformal B � L model with M1 & 1011 GeV, taking account of the reheating

washout and dilution e↵ects. While in the same parameter space, the conventional thermal

leptogenesis generates a BAU much smaller than the observed value. Therefore, our

research extends the parameter space for leptogenesis. This article is organized as follows.

Before moving to the concrete model building, we will first study the dynamics of the

FOPT leptogenesis in Section 2, keeping the discussions as general as we can. Then

Section 3 introduces a concrete extended B � L model and demonstrates the parameter

space realizing a FOPT leptogenesis scenario. The possible gravitational wave (GW) signals

are also studied. Finally, we conclude in Section 4.

2 Dynamics of the FOPT leptogenesis

2.1 Basic setup

In this section, we do not specify a concrete model. The discussions apply to any model

that contains the following two features. First, the RHNs ⌫
i

R
have the Majorana Yukawa

interaction

L � �

X

i,j

1

2

✓
�
ij

R
⌫̄
i,c

R
⌫
j

R

�
p
2
+ h.c.

◆
, (2.1)

where i, j are family indices, � is a real scalar field that experiences a FOPT from h�i = 0

to h�i = vp at temperature Tp. Therefore, the RHNs are massless in the old vacuum

but obtain masses M
ij

R
= �

ij

R
vp/

p
2 inside the new vacuum bubble. For simplicity we set

M
ij

R
= diag{M1,M2,M3} and let ⌫1

R
be the lightest RHN. The second feature is that the

RHNs should couple to the SM leptons and bosons via the Dirac Yukawa interaction

L � �

X

i,j

⇣
�
ij

D
¯̀i
LH̃⌫

j

R
+ h.c.

⌘
, (2.2)

where `
i

L
= (⌫i

L
, e

i

L
)T is the lepton doublet, and H̃ = i⌧

2
H

⇤ is the charge conjugation of

the Higgs doublet. Eq. (2.2) allows the RHNs to decay via ⌫
i

R
! `

j

L
H/¯̀j

L
H

⇤, and hence to

generate the lepton asymmetry.

– 3 –

Generate the Baryon asymmetry through the lepton asymmetry

22

M. Fukugita, T. Yanagida, 1986
Luty 1992



Difficulties in Leptogenesis
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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How to fix this? 
Only 1% of the generated asymmetry will survive
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3. Inverse decays and scattering wash out the generated asymmetry



Difficulties in Leptogenesis

• Naively, the strong washout effect is unavoidable
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the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy
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a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.

– 2 –

Competition T~M

• The RHN decouples from the thermal bath at T~M 
• Only if the cosmic temperature changes discontinuously, the RHN decays, 

generates the lepton asymmetry. Then the temperature falls T<<M, the 
washout effects are Boltzmann suppressed

24

See for example, Flanz et al, 1996, 
Pilaftsis, 1997, Dev et al, 2017 ….



Avoiding the Washout Effects With a Mass 
Jump
• The cosmic temperature can not change discontinuously, but the mass of 

the RHNs can --  first-order PT!
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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• The RHNs are massless 
in the old vacuum
• During the PT,  the RHN 

gains mass M1

• If M1 >> Tp , the washout 
effects are Boltzmann 
suppressed

PH, K. P. Xie 2022

Compared with the conventional thermal leptogenesis scenario, our FOPT leptogenesis

scenario has an enhanced RHN number density (T 3
p instead of (M1Tp)3/2e�M1/Tp) and does

not su↵er from thermal washout e↵ects (which in general suppress the BAU by a factor

of O(10�2)). Therefore, naively we expect the CP violating phase needed by the FOPT

scenario is much smaller than that in the conventional scenario, and hence the FOPT

scenario is able to explain the BAU at a lower M1 . 109 GeV assuming the Davidson-

Ibarra bound. However, the FOPT scenario su↵ers from the washout and dilution e↵ects

after the FOPT. This is because the ultra-relativistic wall requires a strong FOPT, which

releases a large amount of latent heat and then reheats the Universe to a high temperature

Trh > Tp. It is di�cult to satisfy M1/Trh � 1, which is the condition to suppress the

washout e↵ect after reheating. In addition, the generated BAU will be diluted by a factor

of (Tp/Trh)3.

In this article, we will provide a realization of the FOPT leptogenesis scenario in the

classically conformal B � L model with M1 & 1011 GeV, taking account of the reheating

washout and dilution e↵ects. While in the same parameter space, the conventional thermal

leptogenesis generates a BAU much smaller than the observed value. Therefore, our

research extends the parameter space for leptogenesis. This article is organized as follows.

Before moving to the concrete model building, we will first study the dynamics of the

FOPT leptogenesis in Section 2, keeping the discussions as general as we can. Then

Section 3 introduces a concrete extended B � L model and demonstrates the parameter

space realizing a FOPT leptogenesis scenario. The possible gravitational wave (GW) signals

are also studied. Finally, we conclude in Section 4.

2 Dynamics of the FOPT leptogenesis

2.1 Basic setup

In this section, we do not specify a concrete model. The discussions apply to any model

that contains the following two features. First, the RHNs ⌫
i

R
have the Majorana Yukawa

interaction

L � �

X

i,j

1

2

✓
�
ij
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⌫
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2
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where i, j are family indices, � is a real scalar field that experiences a FOPT from h�i = 0

to h�i = vp at temperature Tp. Therefore, the RHNs are massless in the old vacuum

but obtain masses M
ij

R
= �

ij

R
vp/

p
2 inside the new vacuum bubble. For simplicity we set

M
ij

R
= diag{M1,M2,M3} and let ⌫1

R
be the lightest RHN. The second feature is that the

RHNs should couple to the SM leptons and bosons via the Dirac Yukawa interaction

L � �

X

i,j

⇣
�
ij

D
¯̀i
LH̃⌫

j

R
+ h.c.
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, (2.2)

where `
i

L
= (⌫i

L
, e

i

L
)T is the lepton doublet, and H̃ = i⌧

2
H

⇤ is the charge conjugation of

the Higgs doublet. Eq. (2.2) allows the RHNs to decay via ⌫
i

R
! `

j

L
H/¯̀j

L
H

⇤, and hence to

generate the lepton asymmetry.
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Wait – M1 >> Tp , How Can That Happen?

• If the phase transition is 
very strong, the bubble wall 
can be relativistic
• Although in the plasma 

frame, RHNs are in 
thermal equilibrium, they 
have very high energy in 
the wall frame
• They can penetrate into 

the true vacuum, and 
decay immediately〈ϕ〉 = �
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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M1 >> Tp , how?

PH, K. P. Xie 2022
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Leptogenesis with a first-order PT

1. M1 >> Tp , easy
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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PH, K. P. Xie 2022 To suppress the wash-out 

Compared with the conventional thermal leptogenesis scenario, our FOPT leptogenesis

scenario has an enhanced RHN number density (T 3
p instead of (M1Tp)3/2e�M1/Tp) and does

not su↵er from thermal washout e↵ects (which in general suppress the BAU by a factor

of O(10�2)). Therefore, naively we expect the CP violating phase needed by the FOPT

scenario is much smaller than that in the conventional scenario, and hence the FOPT

scenario is able to explain the BAU at a lower M1 . 109 GeV assuming the Davidson-

Ibarra bound. However, the FOPT scenario su↵ers from the washout and dilution e↵ects

after the FOPT. This is because the ultra-relativistic wall requires a strong FOPT, which

releases a large amount of latent heat and then reheats the Universe to a high temperature

Trh > Tp. It is di�cult to satisfy M1/Trh � 1, which is the condition to suppress the

washout e↵ect after reheating. In addition, the generated BAU will be diluted by a factor

of (Tp/Trh)3.

In this article, we will provide a realization of the FOPT leptogenesis scenario in the

classically conformal B � L model with M1 & 1011 GeV, taking account of the reheating

washout and dilution e↵ects. While in the same parameter space, the conventional thermal

leptogenesis generates a BAU much smaller than the observed value. Therefore, our

research extends the parameter space for leptogenesis. This article is organized as follows.

Before moving to the concrete model building, we will first study the dynamics of the

FOPT leptogenesis in Section 2, keeping the discussions as general as we can. Then

Section 3 introduces a concrete extended B � L model and demonstrates the parameter

space realizing a FOPT leptogenesis scenario. The possible gravitational wave (GW) signals

are also studied. Finally, we conclude in Section 4.

2 Dynamics of the FOPT leptogenesis

2.1 Basic setup

In this section, we do not specify a concrete model. The discussions apply to any model

that contains the following two features. First, the RHNs ⌫
i

R
have the Majorana Yukawa

interaction
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where i, j are family indices, � is a real scalar field that experiences a FOPT from h�i = 0

to h�i = vp at temperature Tp. Therefore, the RHNs are massless in the old vacuum

but obtain masses M
ij

R
= �

ij

R
vp/

p
2 inside the new vacuum bubble. For simplicity we set

M
ij

R
= diag{M1,M2,M3} and let ⌫1

R
be the lightest RHN. The second feature is that the

RHNs should couple to the SM leptons and bosons via the Dirac Yukawa interaction
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where `
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L
)T is the lepton doublet, and H̃ = i⌧
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⇤ is the charge conjugation of

the Higgs doublet. Eq. (2.2) allows the RHNs to decay via ⌫
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j

L
H/¯̀j

L
H

⇤, and hence to

generate the lepton asymmetry.
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1

2. RHN can penetrate 
into the new vacuum -> 
relativistic walls 

2

Model building task: write down the scalar potential for 𝜙, that 
undergoes a strong first-order PT, and the bubble walls are relativistic.



Relativistic Walls

The wall velocity is determined by 

At LO, 
Bodeker and Moore, 2009

All order resummation, 

Terminal wall velocity, 
Hoeche et al, 2021Gouttenoire, Jinno and Sala,  2021 



Relativistic Walls

• Relativistic walls can be achieved if 

• This can be easily done in a classical conformal theory, 

Iso, Okada, and Orikasa, 2009

C-W potential, 



Relativistic Walls, CC B-L

Iso, Serpico, and Shimada, 2017 

Relativistic walls can be achieved 



Towards an Actual Model
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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Similar ideas in Baldes et al, 2021
Dasgupta, Dev, Ghoshal, Mazumdar 2022 31

• RHN in thermal 
equilibrium

ü𝜙 undergoes a 1st order 
PT, with relativistic bubble 
walls.

After penetration…
? Completing processes?
? Additional washouts from 

the decay products?
? Strong reheating?



After penetration

Competing processes

summing over all possible annihilation final states. The subscript “ga” of h�vi is to remind

us that this is an average performed in the gas frame. �ann scales as T 3
p /M

2
1 .

Another possible fate of the penetrated ⌫
1
R
’s is to scatter with the particles in the

plasma. The Dirac Yukawa interaction can mediate scattering channels such as ⌫
1
R
`L !

qLt̄R or ⌫
1
R
tR ! qL

¯̀
L and their charge conjugations and crossings. The corresponding

interaction rates are
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summing over all possible initial states a and final states X. In the gas frame, the plasma

species a is boosted by a Lorentz factor of �1, therefore the number density is enhanced by

�1 compared with n
pl
a ⇠ T

3
p in the plasma frame, and we have taken the relative velocity

between ⌫
1
R
and a to be approximately 1. The scattering cross section h�

⌫
1
Ra!X

iga scales

as 1/M2
1 , thus �sca ⇠ T

2
p /M1.

For the sake of leptogenesis, we want the ⌫
1
R
’s to decay rather than annihilate with

each other or scatter with the particles in the plasma, i.e.

�D > �ann, �D > �sca. (2.13)

Under this condition, the ⌫
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’s swept by the bubble wall decay immediately and generate

a BAU of
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where s = (2⇡2
/45)g⇤T 3 is the entropy density with g⇤ ⇡ 100 the number of relativistic

degrees of freedom, and cs = 28/79 is the conversion factor from the lepton asymmetry to

the BAU. As the upper limit of CP asymmetry ✏1 is constrained by Eq. (2.5), we see that

the maximal value of BAU is proportional to M1.

2.3 The boosted decay products of RHNs

In the plasma frame, the ⌫
1
R
’s in new vacuum are moving along the �z direction with

a typical energy E1 = �1M1 = M
2
1 /Tp. The decay products `LH/¯̀LH⇤ share the same

order of energy and hence are also boosted. These out-of-equilibrium SM particles interact

with other SM particles in the plasma, causing cascade scatterings, which might reduce

the BAU. Following Ref. [16], we model the energy of the particles that in the n-th step

cascade scattering as E1/2n. The washout e↵ect is mainly from the possibility that the

energetic particles fuse to an on-shell RHN, i.e. `LH ! ⌫
1
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! ¯̀
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⇤, and the corresponding

rate can be estimated as [16]

�on ⇡
�`LH�¯̀

LH
⇤

�D

M1Tp

E
2
1

exp

⇢
�

M
2
1

4E1Tp

�
⇡

22nT 3
p

4M3
1

�De
�2n/4

, (2.15)

where we have approximated �`LH ⇡ �¯̀
LH

⇤ ⇡ �D/2. We can see that the washout rate

decreases very quickly as n increases, so we only need to account for the first step of

scattering, i.e. n = 1.

Being charged under the SM gauge groups, the boosted `L/
¯̀
L and H/H

⇤ particles

also thermalize via the elastic EW scattering with the SM particles in the plasma. The
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No additional washouts 

summing over all possible annihilation final states. The subscript “ga” of h�vi is to remind

us that this is an average performed in the gas frame. �ann scales as T 3
p /M

2
1 .

Another possible fate of the penetrated ⌫
1
R
’s is to scatter with the particles in the

plasma. The Dirac Yukawa interaction can mediate scattering channels such as ⌫
1
R
`L !

qLt̄R or ⌫
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L and their charge conjugations and crossings. The corresponding

interaction rates are
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summing over all possible initial states a and final states X. In the gas frame, the plasma

species a is boosted by a Lorentz factor of �1, therefore the number density is enhanced by

�1 compared with n
pl
a ⇠ T

3
p in the plasma frame, and we have taken the relative velocity

between ⌫
1
R
and a to be approximately 1. The scattering cross section h�

⌫
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iga scales

as 1/M2
1 , thus �sca ⇠ T
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p /M1.

For the sake of leptogenesis, we want the ⌫
1
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’s to decay rather than annihilate with

each other or scatter with the particles in the plasma, i.e.

�D > �ann, �D > �sca. (2.13)

Under this condition, the ⌫
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’s swept by the bubble wall decay immediately and generate

a BAU of

Y
p

B
= �cs✏1

n
pl
s

s
= �cs✏1

135⇣3
4⇡4g⇤

, (2.14)

where s = (2⇡2
/45)g⇤T 3 is the entropy density with g⇤ ⇡ 100 the number of relativistic

degrees of freedom, and cs = 28/79 is the conversion factor from the lepton asymmetry to

the BAU. As the upper limit of CP asymmetry ✏1 is constrained by Eq. (2.5), we see that

the maximal value of BAU is proportional to M1.

2.3 The boosted decay products of RHNs

In the plasma frame, the ⌫
1
R
’s in new vacuum are moving along the �z direction with

a typical energy E1 = �1M1 = M
2
1 /Tp. The decay products `LH/¯̀LH⇤ share the same

order of energy and hence are also boosted. These out-of-equilibrium SM particles interact

with other SM particles in the plasma, causing cascade scatterings, which might reduce

the BAU. Following Ref. [16], we model the energy of the particles that in the n-th step

cascade scattering as E1/2n. The washout e↵ect is mainly from the possibility that the
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1
R
! ¯̀

LH
⇤, and the corresponding

rate can be estimated as [16]
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�`LH�¯̀

LH
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M1Tp

E
2
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exp
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�

M
2
1

4E1Tp
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⇡

22nT 3
p

4M3
1

�De
�2n/4

, (2.15)

where we have approximated �`LH ⇡ �¯̀
LH

⇤ ⇡ �D/2. We can see that the washout rate

decreases very quickly as n increases, so we only need to account for the first step of

scattering, i.e. n = 1.

Being charged under the SM gauge groups, the boosted `L/
¯̀
L and H/H

⇤ particles

also thermalize via the elastic EW scattering with the SM particles in the plasma. The
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Ensures thermalization is fast enough
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Considerations

The latent heat released from the PT will reheat the universe to 

Strong reheating?

thermalization rate can be estimated by calculating the energy loss of a boosted lepton

in an elastic scattering with another SM particle in the thermal bath. The two incoming

particles have momenta

p
µ

1 =

✓
E1

2n
, 0, 0,

E1

2n

◆
, p

µ

2 = (Tp, 0, 0,�Tp) , (2.16)

respectively, and they scatter through exchanging a t-channel W/Z boson. It is straight-

forward to show that the energy loss of the boosted lepton is �E1 ⇡ �t̂/(4Tp) in the plasma

frame, and the scattering cross section is

d�

dt̂
=

1

16⇡ŝ2
|iM|

2
⇡

1

16⇡ŝ2
g
4
2 ŝ

2

t̂2
=

⇡↵
2
W

t̂2
, (2.17)

where g2 is the gauge coupling of the SU(2)L group, and ŝ, t̂ are the Mandelstam variables.

Therefore, the thermalization rate can be estimated as [16]

�th =
n
pl
EW

E1/2n

Z �m
2
W

�ŝ

dt̂
d�

dt̂
�E1 =

⇣3gEW2n↵2
W
T
3
p

4⇡M2
1

ln
3M2

1

5⇡2n↵WT 2
p

, (2.18)

where n
pl
EW is the number density of the particles that participate in such EW elastic

scattering, and the corresponding number of degrees of freedom is gEW = 46 including the

SM fermions and gauge bosons as well as the Higgs doublet. The upper limit of integration

of t̂ is set to �m
2
W

to avoid infrared divergence, where m
2
W

= 20⇡↵WT
2
p /3 is the thermal

mass of the W boson [41]. We see that �th increases rapidly with n.

To avoid washout from the boosted decay products, we require

�th

��
n=1

> �on

��
n=1

, �th

��
n=1

> Hp, (2.19)

where Hp is the Hubble constant at the FOPT temperature. Note that Hp is not solely

determined by temperature, as the vacuum energy from the potential could dominate the

energy of the Universe in the case of a supercooling FOPT. Once these inequalities are

satisfied, the boosted decay products `LH/¯̀LH⇤ thermalize very quickly, and the washout

e↵ect is completely negligible.

2.4 Reheating after the FOPT completes

The latent heat released from a FOPT will reheat the Universe to a new temperature

Trh = (1 + ↵)1/4Tp, where ↵ is the ratio of latent heat to the radiation energy density

of the Universe, whose detailed definition will be given in Section 3.3. Since our scenario

needs a strong FOPT to provide fast moving bubble walls, typically ↵ � 1, the reheating

temperature could be very high, such that the B � L violating interactions are active

again, erasing the generated B�L asymmetry as the situation in the conventional thermal

leptogenesis.

The first type of dangerous processes is the thermally produced RHNs. For the inverse

decay, i.e. `LH/¯̀LH⇤
! ⌫

i

R
, the simplified Boltzmann equation gives

dY
⌫
i
R

dt
=

1

s

Z
d
3
p

(2⇡)32Ei

e
�Ei/TMi�D,i =

�D,iM
2
i
T

4⇡2s
K1

✓
Mi

T

◆
, (2.20)
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For the PT to provide ultra-relativistic bubble walls, typically 𝛼>>1
With a high reheating temperature, 

will become active

where Y
⌫
i
R
= n

⌫
i
R
/s is the yield of the i-th generation of RHN, Ei ⌘

q
|p|2 +M

2
i
is the

on-shell energy, �D,i is the decay width of ⌫i
R
, and K1 is the modified Bessel function of

the first kind. By this, the inverse decay rate can be estimated as

�i

ID =
�D,iM

2
i
Trh

4⇡2srh
K1

✓
Mi

Trh

◆
, (2.21)

where srh = s|Trh . We should have �i

ID < Hrh such that the RHNs are not thermally

produced after the FOPT, where the Hubble constant Hrh = 2⇡
p
⇡g⇤/45T 2

rh/MPl with

MPl = 1.22⇥ 1019 GeV, as the Universe is in a radiation era after the FOPT. The rate of

RHNs being produced in pair in the plasma can be estimated as

�i

pr =
X

X

n
eq
⌫
i
R

D
�
⌫
i
R⌫

i
R!X

E
=

X

X

2
M

2
i
Trh

2⇡2
K2

✓
Mi

Trh

◆D
�
⌫
i
R⌫

i
R!X

E
, (2.22)

where n
eq
⌫
i
R
is the equilibrium distribution of ⌫i

R
in the plasma whose concrete expression is

given in the second equality with K2 being the modified Bessel function of the second kind.

Depending on the model, the pair production channels could include ⌫
i

R
⌫
i

R
! Z

0⇤
! ff̄ ,

⌫
i

R
⌫
i

R
! Z

0
Z

0, ⌫i
R
⌫
i

R
! Z

0
�, ⌫i

R
⌫
i

R
! ��, etc.

We require

�i

ID < Hrh, �i

pr < Hrh, (2.23)

to avoid thermal bath washout after the FOPT reheating. Both �i

ID and �i
pr are suppressed

by the Bessel functions, which are Kj(z) ⇠ e
�z

p
⇡/(2z) for z � 1. Therefore, Mi/Trh � 1

could exponentially suppress those washout e↵ects. In other words, we need Trh = (1 +

↵)1/4Tp still small compared with the RHN masses; this is, however, in tension with the

requirement of a strong supercooling FOPT which generally leads to ↵ � 1.

Provided that Eqs. (2.13), (2.19) and (2.23) are satisfied, the FOPT leptogenesis

scenario is realized. Namely, the ⌫
1
R
’s that have entered the new vacuum bubble during

the FOPT will decay and generate the lepton asymmetry, which is not washed out by the

plasma. The BAU survives today would be

YB = �cs✏1
135⇣3
4⇡4g⇤

✓
Tp

Trh

◆3

, (2.24)

which is diluted by a factor of (Tp/Trh)3 compared to Eq. (2.14), due to the entropy

production of the FOPT reheating. For a successful FOPT leptogenesis, YB should reach

the observed BAU, i.e. Y obs
B

⇡ 0.9⇥ 10�10 [42].

In summary, in the FOPT leptogenesis scenario, the FOPT should be strong to provide

fast expanding bubbles, which sweep the RHN into the new vacuum. Therefore, the

abundant massless ⌫1
R
density in the old vacuum can be directly transferred into the new

vacuum, where the ⌫
1
R
’s are so massive that their out-of-equilibrium decay can generate

the BAU without the washout e↵ects. However, the reheating e↵ects from the strong

FOPT might cause additional washout and dilution e↵ects, and hence the application of

this mechanism requires a highly non-trivial tradeo↵ between strong FOPT and reheating.

A concrete model that succeeds to realize the FOPT leptogenesis scenario is given in the

next section.
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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Difficulties in the Minimal Model

• The minimal gauged U(1)B-L model

• The scalar potential

• In the  minimal gauged U(1)B-L

Wash-out unavoidable!!

>0, for stability



Extend the Minimal Model

• Wash-out unavoidable

• Add a new scalar

3 An extended classically conformal B � L model

3.1 The model and particle spectrum

The conventional (or say, minimal) B�L model [43–46] is defined by gauging the U(1)B�L

group and introducing three generation of RHNs (with B � L quantum number X = �1)

for gauge anomaly cancellation, and one complex scalar field � = (� + i⌘)/
p
2 charged

as X = 2 to break the U(1)B�L spontaneously. In this work, we extend the model with

one more complex scalar S which has the same quantum number with �. The relevant

Lagrangian can be written as

LB�L =
X

i

⌫̄
i

Ri /D⌫
i

R �
1

2

X

i,j

⇣
�
ij

R
⌫̄
i,c

R
�⌫j

R
+ h.c.

⌘
�

X

i,j

⇣
�
ij

D
¯̀i
LH̃⌫

j

R
+ h.c.

⌘

+Dµ�
†
D

µ�+DµS
†
D

µ
S � V (�, S)�

1

4
Z

0
µ⌫Z

0µ⌫
,

(3.1)

where Dµ = @µ � igB�LXZ
0
µ is the U(1)B�L gauge covariant derivative. For simplicity, we

take �
ij

R
= diag{�R,1,�R,2,�R,3}. Note that the SM fermions are also charged under the

U(1)B�L group, with the quarks having X = 1/3 and the leptons having X = �1. The

reason why we have to extend the minimal B � L model will be given in Section 3.3. In

principle, S can also couple to RHNs via ⌫̄
i,c

R
S⌫

j

R
; however, as we will see, S never gets a

VEV, thus it does not contribute to the RHN mass. On the other hand, S can provide

extra CP violating phase to N1 decay [47, 48]. We do not consider such CP asymmetry

enhancement e↵ects here, as they are irrelevant to the core of our FOPT leptogenesis

mechanism.

As for the scalar potential V (�, S), we adopt the classically conformal assumption [49–

51] as it is known that this kind of potential favors a strong supercooling FOPT [52–58].

At three level, the potential is

Vtree(�, S) = ��|�|
4 + �s|S|

4 + ��s|�|
2
|S|

2
, (3.2)

where only dimensionless quartic couplings are involved. The one-loop contributions from

Z
0 and ⌫

i

R
[49–51] and S [59–62] induce a Colman-Weinberg potential for �, which in the

unitary gauge can be written as

V (�) = V0 +
B

4
�
4

✓
ln

�

v�
�

1

4

◆
, (3.3)

where

B =
6

⇡2

 
�
2
�s

96
+ g

4
B�L �

X

i

�
4
R,i

96

!
, (3.4)

is a positive constant. This potential has the a minimum at h�i = v� 6= 0, which breaks

the U(1)B�L symmetry spontaneously and provides masses for the particles in Eq. (3.1)

as follows

MZ0 = 2gB�Lv�, Mi = �R,i

v�
p
2
, M� =

p

Bv�, MS =
1
p
2

p
��sv�. (3.5)

The vacuum energy is adopted as V0 = Bv
4
�
/16 to have V (v�) = 0.
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p

Bv�, MS =
1
p
2

p
��sv�. (3.5)

The vacuum energy is adopted as V0 = Bv
4
�
/16 to have V (v�) = 0.
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3 An extended classically conformal B � L model
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⇣
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⇣
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(3.1)
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0
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R
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as follows

MZ0 = 2gB�Lv�, Mi = �R,i
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Trh no longer correlated with MZ’ , wash-out avoidable



Parameter Space

Figure 2. The allowed parameter space of the FOPT leptogenesis scenario is shown in white region,
for M1 = 2.5⇥1011 GeV, �R,1 = 0.3 and �R,2 = �R,3 = 4�R,1. The blue and orange shaded regions
are excluded by thermal washout and dilution e↵ects after the FOPT reheating, respectively. The
M1/Tp and ↵ contours are shown in the left and right panels, respectively. The green star is the
benchmark adopted for GW calculation, see Fig. 3 for details.

V
1/4
0 ⇠ B

1/4
v� ⇠ gB�Lv� ⇠ MZ0 . To have M1/Trh � 1 after reheating, we must have

M1/MZ0 � 1, which is in contrast with the vacuum stability and FOPT conditions. We

confirm this qualitative argument by a detailed numerical scan. Therefore, we extend the

model with one extra scalar S, as we did in Eq. (3.1). In this new model, the contribution

to B can be dominated by the scalar portal coupling ��s, and the reheating temperature

is no longer directly related to MZ0 .

For our extended B�Lmodel, we start fromM1 = 109 GeV and gradually increase it to

seek for viable parameter space for the FOPT leptogenesis. The most stringent constraints

for the scenario come from the washout e↵ects after reheating, especially ⌫
i

R
⌫
i

R
! Z

0
� and

⌫
i

R
⌫
i

R
! Z

0⇤
! ff̄ . Even in case that the reheating washout e↵ects are suppressed, the

BAU is usually diluted by the large ↵ to be lower than the experimentally observed value.

Therefore, we have to increase M1 to M1 & 1011 GeV to generate a large BAU. An example

is shown in Fig. 2 with

M1 = 2.5⇥ 1011 GeV, �R,1 = 0.3, �R,2 = �R,3 = 4�R,1, (3.21)

fixed, and scanning over ��s and gB�L. The parameter space with successful FOPT

leptogenesis, i.e. can provide YB > Y
obs
B

for the ✏1 within the Davidson-Ibarra bound, is

plotted as the white region covered by the M1/Tp (left panel) and ↵ (right panel) contours.

We see ↵ � 1 for most of the parameter space, implying a strong FOPT with vacuum

energy dominance. The blue shaded region cannot realize FOPT leptogenesis because the

thermal washout processes are active after reheating, where the gB�L & 0.1 region is ruled

out by the ⌫
i

R
⌫
i

R
! Z

0⇤
! ff̄ annihilation, while the ��s & 3.9 region is excluded by

the ⌫
i

R
⌫
i

R
! Z

0
� annihilation. If ��s is too small, the FOPT strength is so strong that

the entropy production during reheating dilutes the BAU to an unacceptable low value,
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Gravitational Wave signal
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38

Well, you need a good 
team, and you need good 

mentoring skills. 

So, what is the most 

important thing when 

look for flying cows?



You think it is too 
difficult?



You think it is too 
difficult?

Not if you learned 
from the best!!



With only one 
short lecture…



This talk is based on true stories



If you see a flying cow, make sure to WOW!!!
Before that, just work hard now!

On this special day,
Carlos,  here are your flying cows !

  


