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1. Five	Questions	that	the	Standard	Model	
cannot	answer	

(5	Major	Problems	of	the	SM)
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Five	Questions	that	the	Standard	Model	cannot	answer

1. Why	are	Neutrino	Masses	are	non-zero	and	so	tiny?	

2. What	is	the	nature	of	Dark	Matter?	

3. Why	is	CP-violation	in	QCD	so	negligible?	

4. What	drives	Cosmic	Inflation	before	Big	Bang?	

5. What	is	the	origin	of	Matter-Antimatter	asymmetry	in	

the	Universe?



2.	Possible	solution	to	each	problem
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1.	Effective	Theory	for	Neutrino	Mass	Generation

Dim.	5	operators	(Weinberg	operator)	consistent	with	the	SM	
gauge	symmetry

ℒ5 = −
cab

Λ
ℓaℓbHH

After	the	electroweak	(EW)	symmetry	breaking,		

,	⟨H⟩ =
1

2 [ 0
vEW] ℒ5 → − mab

ν νaνb

Majorana	mass:	 ,	for	mab
ν = cabvEW ×

vEW

Λ
≪ vEW vEW ≪ Λ /cab

ℓa ℓb

H H
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For	Ultraviolet	(UV)	completion,	the	dim-5	operators	from	
integrating	out	heavy	states	(at	tree-level/loop-levels)

Ultraviolet	(UV)	
completion

ℓa ℓb

H H

ℓa ℓb

H H
New	particles

Seesaw	mechanism	at	tree/loop	level	
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2.	Dark	Matter	as	a	new	particle

DM	candidate:	Massive	Particle/Oscillating	scalar	field

,	 	&	Presser-less	Equation	of	State	(w=0)QX = 0 τX ≫ τU

The	observed	DM	density	measured	by	Planck	2018:

This	must	be	reproduced	by	some	physics	processes
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3.	QCD	axion	model	for	solving	the	strong	CP	problem

A	solution	proposed	by	Peccei	&	Quinn	(1977)

• 	Extend	the	SM	to	incorporate	a	global	PQ	symmetry	and	
a	complex	scalar	to	spontaneously	break	at		 	

• 	Nambu-Goldstone	boson	(axion	`` ”)	arises	and	has	a	
coupling:

fa
a

ℒ ⊃
g2

s

32π2

a
fa

8

∑
c=1

Gc
μνG̃cμν

• The	CP-violating	parameter	 	is	replaced	by	the	field	axion	
• 	is	realized	at	the	axion	potential	minimum	
• Bonus:	axion	is	a	good	candidate	of	DM	for	 !

θ
⟨a⟩ = 0

fa ∼ 1012 GeV
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4.	Slow-roll	inflation	to	drive	the	cosmic	inflation
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P4
Slow-roll:	E ∼ VEnd	of	Inflation:		

									K ∼ V

Oscillation	->	decay	->	reheating

ϕ + δϕ

• Inflation	takes	place	during	slow-roll:	 	
• Quantum	fluctuation	 	is	magnified	to	a	macroscopic	scale					
—>	primordial	density	fluctuation

a(t) ∝ eHinf t

δϕ
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FIG. 5. Constraints in the r vs. ns plane for the Planck
2018 baseline analysis, and when also adding BICEP/Keck
data through the end of the 2018 season plus BAO data to
improve the constraint on ns. The constraint on r tightens
from r0.05 < 0.11 to r0.05 < 0.035. This figure is adapted from
Fig. 28 of Ref. [2] with the green contours being identical.
Some additional inflationary models are added from Fig. 8 of
Ref. [35] with the purple region being natural inflation.
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FIG. 6. Expectation values and noise uncertainties of the
` ⇠ 80 BB bandpower in the BICEP/Keck field. The solid
and dashed black lines show the expected signal power of
lensed-⇤CDM and r0.05 = 0.01. Since CMB units are used,
the levels corresponding to these are flat with frequency. The
blue bands show the 1 and 2� ranges of dust, and the red
shaded region shows the 95% upper limit on synchrotron in
the baseline analysis including the uncertainties in the am-
plitude and frequency spectral index parameters (Async,23,�s

and Ad,353,�d). The BICEP/Keck auto-spectrum noise un-
certainties are shown as large blue circles, and the noise un-
certainties of the used WMAP/Planck single-frequency spec-
tra evaluated in the BICEP/Keck field are shown in black.
The blue crosses show the noise uncertainty of selected cross-
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can be compared vertically with the dust and sync curves.
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Miville-Deschenes, et al., AIP Conf. Proc. 1141, 222
(2009), arXiv:0811.3915.

[33] S. K. Choi and L. A. Page, J. Cosmol. Astropart. Phys.
12, 020 (2015), arXiv:1509.05934.

[34] BICEP2 Collaboration III, Astrophys. J. 814, 110
(2015), arXiv:1502.00608.

BICEP/Keck	2018		
PRL	127	(2021)	151301

PT

PS
= r ≤ 0.036 (95%)

Constraints	on	inflation	scenario	from	CMB	observations

Tensor-to-scalar	ratio:

Power	spectrum	of	scalar	
perturbation:

PS(k0) = 2.099 × 10−9

k0 = 0.05 Mpc−1

Spectral	index:

ns = 1 +
d ln PS

d ln k
≃ 0.965
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A	successful	inflation	scenario:	non-minimal	 	inflationλϕ4

Action	in	the	Jordan	frame: See,	for	example,		
NO,	Rehman	&	Shafi,	PRD	82	(2010)	04352	

• Non-minimal	gravitational	coupling

• Quartic	coupling	dominates	during	inflation

		with	a	real	parameter	f(ϕ) = M2
P + ξϕ2 ξ > 0
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Inflationary	Predictions	VS	Planck+BK18+BAO	results		

• Once	 	is	fixed,	only	1	free	parameter	( )	determines	the	predictions	
• Predicted	GWs	are	

Ne ξ
r ≳ 0.003

Future	experiments	(CMB-S4,	LiteBIRD)	will	cover	the	region!

BK18+Planck+BAO
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Non-minimal	 	inflationλϕ4

• Simple	1-field	inflation	with	the	introduction	of	 	
• Consistent	with	Planck	+	others	with	a	suitable	choice	of	
quartic	coupling	 	

• Potentially,	any	scalar	can	play	the	role	of	inflaton	

ξ |ϕ |2 R

λ |ϕ |4
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5.	Affleck-Dine	(AD)	Baryogenesis	(Affleck-Dine,	1985)

• A	complex	scalar	field	carries	B/L	number	

• AD	field	potential	includes	B/L	violating	term(s)	

• A	suitable	initial	condition	of	the	AD	field	away	from	the	
potential	minimum	

• During	the	evolution	of	the	AD	field,	the	B/L	number	is	
generated

Φ =
1

2
(ϕ1 + iϕ2)

ℒ ⊃ ∂μΦ†∂μΦ − V with V = Vsym(Φ†Φ) + (Vasym(Φ, Φ†) + h . c . )

mined by the decay width of the AD field will be
denoted by TR and will determine the amount of
baryon asymmetry generated. The big bang cosmol-
ogy era begins after this.

To calculate the baryon asymmetry of the universe, one
can make the so-called threshold approximation as has
been done in [30] and then one can solve the time evolution
equations for the real and imaginary parts of the Φ field,
i.e., ϕ1;2=

ffiffiffi
2

p ≡ Re½Φ"; Im½Φ". We have solved these time
evolution equations numerically to calculate the baryon
asymmetry and we are in broad agreement with the
conclusions of Ref. [30]. We first summarize the basic
contents of the analytic solutions in the threshold approxi-
mation [30]. For ϕ1;2 ≳ ϕ# ≡mΦ=

ffiffiffi
λ

p
, the quartic term in

the potential dominates. When that happens, one can see as
follows that ϕ1;2 decrease with the expansion of the
universe as ϕ1;2 ∝ 1=a. To see this, note that

_ρþ 3Hðρþ pÞ ¼ 0 ð5Þ

where ρ ¼ _Φ† _Φþ V and p ¼ _Φ† _Φ − V are the energy
density and pressure of the universe at early times. It is
known that when the quartic term dominates the potential
during the inflaton oscillation, the equation of state behaves
like the radiation dominated era, p ¼ ρ=3, leading to

_ρþ 4Hρ ¼ 0 ð6Þ

and _Φ† _Φ ∼ 2V. This gives ρa4 ∼ 3Va4 ∼ 3λðΦ†ΦÞ2a4 ¼
constant, which implies jΦj ∝ 1=a. Since jΦj ∝ 1=a as the
universe expands, the jΦjvalue goes down and at some point
for

ffiffiffi
2

p
jΦj ¼ ϕ# ¼ mΦ=

ffiffiffi
λ

p
and the quadratic term starts

dominating the potential. The field amplitudes at a#, which
is the expansion rate when

ffiffiffi
2

p
jΦj ¼ ϕ#, are expressed as

ϕi;# ¼
"
aI
a#

#
ϕi;I ¼

"
ϕ#
ϕI

#
ϕi;I ; ð7Þ

where ϕi;I is the initial values of ϕi at a ¼ aI, and

ϕI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðϕ1;IÞ2 þ ðϕ2;IÞ2

q
. To follow the evolution of ϕ1;2

after this point ϕ#, we use the quadratic term to solve the
evolution equation as will be done in the next section.

IV. EVOLUTION OF AD FIELD AFTER STAGE 2
AND BARYOGENESIS

To study baryogenesis, we look at the time evolution of
the real and imaginary parts of the field Φ by using the
following equations of motion,

ϕ̈1 þ 3H _ϕ1 ¼ −m2
1ϕ1 − λðϕ2

1 þ ϕ2
2Þϕ1;

ϕ̈2 þ 3H _ϕ2 ¼ −m2
2ϕ2 − λðϕ2

1 þ ϕ2
2Þϕ2; ð8Þ

where m2
1 ¼ m2

Φ − 2A and m2
2 ¼ m2

Φ þ 2A. We also follow
this evolution numerically. To get an analytical solution, we
can neglect the quartic terms since as argued above at this
stage the contribution of the quartic term is very small
compared to the quadratic term. Then forH ≪ mΦ, one can
write approximate solutions for ϕ1;2 components of the
fields to be:

ϕiðtÞ ≃ ϕi;#

"
a#
a

#
3=2

cosðmiðt − t#ÞÞ

¼ ϕi;I

"
ϕI

ϕ#

#
1=2

"
aI
a

#
3=2

cosðmiðt − t#ÞÞ: ð9Þ

Note the difference between the evolution equations for the
real and imaginary parts of Φ. Because of this difference
(and the initial value of θ ¼ Oð1Þ ≠ π=2), nonzero baryon
number of the universe will be generated. In what follows,
we parameterize A ¼ ϵM2

Φ with 0 < ϵ ≪ 1. Baryon num-
ber asymmetry is given by nBðtÞ ¼ QΦð _ϕ1ϕ2 − _ϕ2ϕ1Þ. We
can then rewrite the time evolution of nBðtÞ using the above
equations of motion as

_nB þ 3HnB ¼ 2QΦIm
" ∂V
∂Φ†Φ

†
#

¼ 4QΦAϕ1ðtÞϕ2ðtÞ

≃ 4QΦAϕ1;Iϕ2;I

"
ϕI

ϕ#

#"
aI
aðtÞ

#
3

cosðm1ðt − t#ÞÞ cosðm2ðt − t#ÞÞ: ð10Þ

The baryon asymmetry is generated for t > t#. Defining the co-moving asymmetry NB ¼ ðaðtÞaI
Þ3nBðtÞ, we evaluate the

baryon asymmetry by

NBðtÞ ≃ 2QΦ

Z
t

t#
dt0

"
aðt0Þ
aI

#
3

Im
" ∂V
∂Φ†Φ

†
#
e−ΓΦðt0−t#Þ

≃ 4QΦAϕ1;Iϕ2;I

"
ϕI

ϕ#

# Z
t

t#
dt0 cosðm1ðt0 − t#ÞÞ cosðm2ðt0 − t#ÞÞe−ΓΦðt0−t#Þ; ð11Þ
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can make the so-called threshold approximation as has
been done in [30] and then one can solve the time evolution
equations for the real and imaginary parts of the Φ field,
i.e., ϕ1;2=

ffiffiffi
2

p ≡ Re½Φ"; Im½Φ". We have solved these time
evolution equations numerically to calculate the baryon
asymmetry and we are in broad agreement with the
conclusions of Ref. [30]. We first summarize the basic
contents of the analytic solutions in the threshold approxi-
mation [30]. For ϕ1;2 ≳ ϕ# ≡mΦ=

ffiffiffi
λ

p
, the quartic term in

the potential dominates. When that happens, one can see as
follows that ϕ1;2 decrease with the expansion of the
universe as ϕ1;2 ∝ 1=a. To see this, note that

_ρþ 3Hðρþ pÞ ¼ 0 ð5Þ

where ρ ¼ _Φ† _Φþ V and p ¼ _Φ† _Φ − V are the energy
density and pressure of the universe at early times. It is
known that when the quartic term dominates the potential
during the inflaton oscillation, the equation of state behaves
like the radiation dominated era, p ¼ ρ=3, leading to

_ρþ 4Hρ ¼ 0 ð6Þ

and _Φ† _Φ ∼ 2V. This gives ρa4 ∼ 3Va4 ∼ 3λðΦ†ΦÞ2a4 ¼
constant, which implies jΦj ∝ 1=a. Since jΦj ∝ 1=a as the
universe expands, the jΦjvalue goes down and at some point
for

ffiffiffi
2

p
jΦj ¼ ϕ# ¼ mΦ=

ffiffiffi
λ

p
and the quadratic term starts

dominating the potential. The field amplitudes at a#, which
is the expansion rate when

ffiffiffi
2

p
jΦj ¼ ϕ#, are expressed as

ϕi;# ¼
"
aI
a#

#
ϕi;I ¼

"
ϕ#
ϕI

#
ϕi;I ; ð7Þ

where ϕi;I is the initial values of ϕi at a ¼ aI, and

ϕI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðϕ1;IÞ2 þ ðϕ2;IÞ2

q
. To follow the evolution of ϕ1;2

after this point ϕ#, we use the quadratic term to solve the
evolution equation as will be done in the next section.

IV. EVOLUTION OF AD FIELD AFTER STAGE 2
AND BARYOGENESIS

To study baryogenesis, we look at the time evolution of
the real and imaginary parts of the field Φ by using the
following equations of motion,

ϕ̈1 þ 3H _ϕ1 ¼ −m2
1ϕ1 − λðϕ2

1 þ ϕ2
2Þϕ1;

ϕ̈2 þ 3H _ϕ2 ¼ −m2
2ϕ2 − λðϕ2

1 þ ϕ2
2Þϕ2; ð8Þ

where m2
1 ¼ m2

Φ − 2A and m2
2 ¼ m2

Φ þ 2A. We also follow
this evolution numerically. To get an analytical solution, we
can neglect the quartic terms since as argued above at this
stage the contribution of the quartic term is very small
compared to the quadratic term. Then forH ≪ mΦ, one can
write approximate solutions for ϕ1;2 components of the
fields to be:

ϕiðtÞ ≃ ϕi;#

"
a#
a

#
3=2

cosðmiðt − t#ÞÞ

¼ ϕi;I

"
ϕI

ϕ#

#
1=2

"
aI
a

#
3=2

cosðmiðt − t#ÞÞ: ð9Þ

Note the difference between the evolution equations for the
real and imaginary parts of Φ. Because of this difference
(and the initial value of θ ¼ Oð1Þ ≠ π=2), nonzero baryon
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• Generated	B/L	asymmetry	is	transferred	the	SM	thermal	
plasma	by	the	AD	field	decay	with	B/L	conserving	
interactions:	 ℒint ∼ Φ𝒪SM or Φ𝒪BSM

BAU	in	Co-moving	frame

Illustration	purpose		(not	a	realistic	value)
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It	would	be	interesting	to	ask	the	following	questions:

AD	field	=	Inflaton?

Recently,	the	models	in	which	the	AD	field	is	identified	with	
inflaton	have	been	proposed	several	groups:

Chang,	Lee,	Leung	&	Ng	(2009);	
Hertzberg	&	Karouby	(2014);	
Takeda	(2015);	
Babichev,	Gorbunov	&	Ramazanov	(2019);	
Cline,	Puel	&	Toma	(2020);		
Lloyd-Stubbs	&	McDonald	(2021);	
Kawasaki	&	Ueda	(2021);	
Barrie,	Han	&	Murayama	(2021)
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A	simple	idea:	Introduce	non-minimal	gravitational	coupling	to	
the	AD	field:	

provides the best opportunity for obtaining the adequate
baryogenesis as in the model of Ref. [19] which provides a
GUT-setting for our scenario and also discuss the viable
100 TeV scale scenario. We elaborate a bit more on the
So(10) model in Sec. VIII and Sec. IX is devoted to a new
ΔB ¼ 4 process induced in the AD scenario we pursue and
then we conclude our discussion in Sec. X.

II. THE MODEL

While there are different ways to implement AD bar-
yognesis, the model presented here is a generalization of
the work in [30] which uses scalar field Φ with the
appropriate B or L quantum number, both as the inflaton
and the AD field. We, non-minimally, couple the AD field
to gravity so that it is consistent with CMB observations.
Let us start by reviewing the results of Ref. [30]. The
starting Lagrangian for Φ in this case is given by:

S ¼
Z

d4x
ffiffiffiffiffiffi−gp

"
−
1

2
M2

PfRþ ∂μΦ†∂μΦ − VðΦÞ
#
; ð1Þ

whereMP ¼ 2.44 × 1018 GeV is the reduced Planck mass,
f ¼ 1þ 2ξ Φ†Φ

M2
P

with ξ being non-minimal coupling to

gravity.We choose VðΦÞ as in [30]

VðΦÞ ¼ m2
ΦΦ†Φ − AðΦ2 þΦ†2Þ þ λðΦ†ΦÞ2: ð2Þ

To discuss inflation in the model, we make transforma-
tion of the fields to go to the Einstein frame by gEμν ¼ gμν=f,
which then leads to the following action SE in the Einstein
frame,

SE ¼
Z

d4x
"
−
1

2
M2

PRE

þ
$
1

f
þ 12ξ2

f2
Φ†Φ
M2

P

%
∂μΦ†∂μΦ − VEðΦÞ

#
; ð3Þ

where

VEðΦÞ ¼ VðΦÞ
ð1þ 2ξ Φ†Φ

M2
P
Þ2
: ð4Þ

To study the inflation picture and the AD mechanism, we
switch to radial parametrization of Φ ¼ 1ffiffi

2
p jΦjeiθ. The jΦj

field is then the inflaton field. It is now clear that for large
values of the field jΦj≳MP=

ffiffiffi
ξ

p
in the early stage of the

universe, the potential flattens out and is a constant to a
good approximation driving the exponential expansion of
the universe—the inflationary phase. The inflation is
essentially controlled by one free parameter ξ. The fits
to observations such as the spectral index ns as well as the
tensor-to-scalar ratio r for a fixed number of e-folds Ne in
such a model have been carried out in [33,34]. The initial
value of the inflaton field jΦj is appropriately chosen to fit

observations. For example, one bench mark choice of
parameters that fits data is ξ ∼ 1600 and λ ∼ 10−3 so that
one gets ns ¼ 0.968 and r ¼ 0.003 for Ne ¼ 60, which
are fully consistent with observations [33]. The jΦjint ∼
0.23MP for inflaton value at horizon exit and jΦjend ∼
0.029MP at the end of inflation. We choose jΦjend as the
initial value for the inflaton field in AD baryogenesis. The
initial value of the phase of the Φ field can be chosen at
random and we choose it to be θ ¼ Oð1Þ ≠ π=2. Note the
large value of the ξ above. Clearly it raises the question of
unitarity violation above a certain mass scale. This question
has been analyzed for generic non-minimally coupled
inflaton in Refs. [35,36] and it has been noted that there
is no real issue: since during inflation the inflaton value is
around the Planck scale, we estimate the effective cutoff to
satisfy the unitarity by expanding the inflaton around its
background value, so that the effective cutoff is found to be
the Planck scale. The second point we want to emphasize is
that the presence of the A term breaks the global baryon
number symmetry carried by the rest of the Lagrangian and
plays a crucial role in the baryon asymmetry generation.
This is also required by Sakharov’s conditions for baryo-
genesis. It splits the masses of the real and imaginary parts
of the Φ field. We will see later (Eq. (10), (11) and below)
that indeed nB is proportional to A.

III. EVOLUTION OF THE UNIVERSE
IN OUR PICTURE

In this model, there are four stages of the evolution of the
early universe:
(1) For jΦj≳MP=

ffiffiffi
ξ

p
when the nonminimal coupling in

the Einstein frame leads to a constant VðΦÞ, it drives
inflation as just noted in the previous section.

(2) In the second phase, the value of jΦj is still large but
not large enough to make the nonminimal gravity
coupling dominate; instead the dominant term driv-
ing the evolution of the jΦj is the λjΦj4 term. Since
the field jΦj has rolled down the potential and its
value has become less than MP=

ffiffiffi
ξ

p
the effect of the

nonminimal coupling becomes unimportant and
inflation ends. At the beginning of this stage, the
real and imaginary parts of the field are already
different due to the CP-violating A term in the
potential. This asymmetry leads eventually to the
baryon asymmetry of the universe and is the key idea
in AD baryogenesis.

(3) The third stage is where the quadratic term in the
potential dominates over the quartic term leading to
an oscillatory behavior of jΦj (see below) and the
universe behaves like it is matter dominated. This
approximation of transition of the potential from
being quartic dominated to quadratic dominated is
called the threshold approximation in [30].

(4) The fourth stage is when the AD field decays and
reheat takes place. The reheat temperature deter-

AFFLECK-DINE BARYOGENESIS WITH OBSERVABLE NEUTRON- … PHYS. REV. D 104, 055030 (2021)
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where f = 1 + 2ξ
Φ†Φ
M2

P

Identify	the	AD	field	with	the	inflaton	in	the	non-minimal	 	
inflation	scenario

λϕ4

• During	the	inflation,	the	inflation	potential	is	dominated	
by																													 			

• The	AD	baryogengesis	takes	place	after	inflation
V ∼ λΦ(Φ†Φ)2
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We	follow	a	simple	AD=Inflaton	scenario	by	Lloyd-Stubbs	&	
McDonald	(2021):	AD=Inflaton	carries	B/L	number

V(Φ) = m2
ΦΦ†Φ + ϵm2

Φ(Φ2 + Φ†2) + λ(Φ†Φ)2

Explicit	B/L	violating	term:	0 < ϵ ≪ 1

Simple	expression	for	the	resultant	B/L	asymmetry:

	for	ΓΦ/mΦ ≪ ϵ ≪ 1

Suitable	choice	of	the	model	parameters,	the	successful	
inflation	and	the	observed	baryon	asymmetry	can	be	achieved!	

The baryon asymmetry is generated for t > t⇤. Defining the co-moving asymmetry NB =
⇣
a(t)
aI

⌘3
nB(t), we evaluate the baryon asymmetry by

NB(t) ' 2Q�

Z t

t⇤
dt

0
 
a(t0)

aI

!3

Im

 
@V

@�†�
†
!

e
���(t0�t⇤)

' 4Q� A�1,I �2,I

 
�I

�⇤

!Z t

t⇤
dt

0 cos(m1(t
0
� t⇤)) cos(m2(t

0
� t⇤)) e

���(t0�t⇤), (11)

where we have introduced the decay factor e
���(t0�t⇤) since the inflaton decays to the SM

particles with its decay width �� and its amplitude exponentially damps for t > 1/��. In

fact, we have a simple expression of the time-integral for t > 1/��
1:

I ⌘

Z t

t⇤
dt

0 cos(m1(t
0
� t⇤)) cos(m2(t

0
� t⇤)) e

���(t0�t⇤)

'
�

2m�

 
1

2 + �2 � 2
p
1� 4✏2

+
1

2 + �2 + 2
p
1� 4✏2

!

, (12)

where � ⌘ ��/m� ⌧ 1 for a narrow decay width. We can see that for 2✏ � � (or,

equivalently, 2A � ��m�), I '
�

8✏2m�
while I '

1
2�m�

for 2✏ ⌧ �. Since NB is proportional

to A = ✏m
2
� with ✏ ⌧ 1, we consider the case of 2✏ � � to obtain the resultant baryon

asymmetry as much as possible.

The total baryon asymmetry transferred to the SM thermal plasma at the time of re-

heating is given by

nB = NB

✓
aI

aR

◆3

= NB

✓
aI

a⇤

◆3 ✓ a⇤

aR

◆3

' NB

 
�⇤

�I

!3 ✓
HR

H⇤

◆2

, (13)

where we have used a / t
2/3

/ H
�2/3 for the inflaton oscillations of Eq. (9). Using the

Friedmann equation, we have H
2
R = ⇡2

90g⇤
T 4
R

M2
P

with g⇤ ' 100 is the relativistic degrees of

freedom of the SM thermal plasma and H
2
⇤ '

m2
��

2
⇤

6M2
P
. We now obtain the final expression for

nB/s with the entropy density of the SM thermal plasma, s = 2⇡2

45 g⇤T
3
R, to be

nB

s
'

3

8

s
⇡2

90
g⇤
Q�

✏

T
3
R

m
2
�MP

sin(2✓) ' 10�13 Q�

✏

✓
TR

1012 GeV

◆3
 
1015 GeV

m�

!2

. (14)

For ✏ = 10�3 and sin(2✓) ⇠ 12, this gives the right order of magnitude for nB/s ' 10�10. We

emphasize that we cannot make ✏ too small since in the limit of ✏ = 0, the baryon asymmetry

1 This analytic expression is our new finding, which allows us to evaluate the resultant baryon asymmetry

for any choice of ✏, � ⌧ 1.
2 A very small initial ✓ may generate iso-curvature fluctuation which is too large to be consistent with the

CMB observations [32].

9
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``Partially	unified’’	pictures

2.	Dark	Matter

3.	Strong	CP	problem	

4.	Inflation	

5.	Baryogenesis

Invisible	Axion	model	
		with	fa ∼ 1012 GeV

AD	field	=	Inflaton	
			with	ξ |ϕ |2 R
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?
1.	Origin	of		

neutrino	mass?

Unified	picture
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Particle	content
Field U(1)PQ SM quantum number L

Fermion

`a +1 (1,2,�1) +1

e
c
a �1 (1,1,+2) �1

q +1 (3,2,+1/3) 0

u
c

�1 (3⇤,1,�4/3) 0

d
c

�1 (3⇤,1,+2/3) 0

Q �1 (3,1,�2/3) +1/2

Q
c +2 (1,3⇤,1,+2/3) +1/2

�i 0 (1,1, 0) 0

Scalars

� �1 (1,2,+1) �1

H 0 (1,2,+1) 0

� +1 (1,1, 0) +1

� �1 (1,1, 0) �1

TABLE I. Particle content of the model responsible for one loop neutrino mass and dark matter and

PQ symmetry. �i are new fermionic fields, Q and Q
c are new heavy quarks that help implementing

the PQ mechanism. The subscript a goes over lepton flavors and i goes over � flavors with

a, i = 1, 2, 3. The PQ charge of the di↵erent fields are shown in the second column. The SM

SU(3)c ⇥ SU(2)L ⇥ U(1)Y quantum numbers are in the third column.

Here, � is the field whose imaginary part is the axion field. Linf denotes the non-minimal

� coupling to gravity of the form Linf = �
1
2(M

2
P
+ ⇠|�|2)R (see, for example, Refs. [42, 43])

and it plays a crucial role in implementing successful inflation, R is the Ricci scalar, and

MP = 2.4 ⇥ 1018 GeV is the reduced Planck mass. Note that the field � has a lepton

number (as does �) and � being a Majorana fermion has zero lepton number. Without loss

of generality, we can work in a basis where the � fields are mass eigenstates

We note using Table I that the Lagrangian has an exact global symmetry, U(1)PQ as well

as a lepton number symmetry U(1)L. The model also has an automatic Z2 symmetry even

after U(1)PQ breaking under which the fields �,�, � are odd and the rest of the fields are

5

Vector-like	exotic	quarks

3	new	singlet	fermions	 	RHNs≠

inert	Higgs	doublet	like	scalar	

AD	field	=	Inflaton
PQ	scalar	field
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A	unified	framework	for	solving	5	major	SM	puzzles

I. Inflation	driven	by	Inflaton/AD	field	 Φ

II.	PQ	sim.	breaking	by	⟨Δ⟩ = fa ∼ 1012 GeV

KSVZ-type	axion	model:	 	
Lepton	number	violating	term	generation:		
																																	 	

YQΔQQc → mQQQc

λ′ Δ2Φ2 → ϵm2
ΦΦ2

III.	Lepton	asymmetry	generation	
during	oscillation	after	inflation Φ Φ

ϵ m2
Φ

IV.	Reheating	&	Lepton	asymmetry	
transmission	to	the	SM	sector	by	
inflaton/AD	decay

Φ

H ℓ

χσ
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V.	Combining	all	diagrams

Radiative	seesaw	mechanism
H H

�a �b

�i �i

� �

(Y�)ai (Y�)bi

�m��m�
�m2�

�ii

��

FIG. 1. Feynman diagram responsible for one loop neutrino mass. Arrows indicate the flow of

the lepton number. The upper cross denotes the Majorana mass insertion of (µ)ii while the lower

cross is for the insertion of ✏m2
�.

Let us now evaluate the reheat temperature in terms of the parameters of the model. For

that, we need the decay width of the AD field � whose only decay mode is � ! `a+�1+H

and it is given by

�� '
�
2

32⇡3

m
5
�

m4
�

X

a

(Y�)
⇤
a1(Y�)a1. (11)

Now using the formula above for neutrino mass, we note that
P

a(Y�)⇤a1(Y�)a1 = X
2m⌫1
µ11

,

where we have used m⌫ = U
⇤
MNS

D⌫U
†
MNS

with D⌫ = diag(m⌫1 ,m⌫2 ,m⌫3) and the neutrino

mixing matrix UMNS. This leads to the important connection between TR and m⌫1 i.e.

TR '
�x

2

4⇡
p
2⇡

X

s
m⌫1

µ11
m�MP =

m
2
�

vwk

p
2⇡✏

 
m⌫1MP

µ11m�

!1/2

, (12)

where x = m�
m�

. Thus as claimed earlier, this TR is related to the experimentally undetermined

neutrino observable m⌫1 and can be adjusted to satisfy our constraint Tsph  TR < T⇤.

Turning this around, we predict m⌫1 for each benchmark choice of parameters to be close to

zero. For example, when ✏ ' 10�5 and m� ' 106 GeV and m� ' 106.5 GeV, we get TR ' 105

GeV for m⌫1/µ11 ⇠ 10�26 while satisfying nL/s ⇠ 10�10. With µ11 in the eV range (as we

argue below), m⌫1 is almost massless.

10

An important input into this estimate of nL/s is the reheat temperature TR = Km�,

which must be less than the AD field mass m�, i.e. K < 1 as already noted. This implies

the following relation between m�, ✏ and K i.e.

m� ' 10�10 ✏

K3
MP . (8)

5. NEUTRINO MASS, REHEAT TEMPERATURE AND WASHOUT DECOU-

PLING

In this section, we first look at the one loop neutrino mass generation in our model

and then its relation to the reheat temperature and the decoupling temperature T⇤ of the

dangerous L-violating washout process that could potentially erase the lepton asymmetry.

Our main goal will be to establish that in our model, we can satisfy the essential requirement

that Tsph  TR  T⇤. For this purpose, we will assume the following mass hierarchy among

the fields, as already stated above,

m�, µ22, µ33 > m� � µ11. (9)

We will see later on that the �1 mass µ11 actually has to be in the eV range or below if it

is not to over-close the universe.

Neutrino mass

The diagram for one loop neutrino mass is given in Fig. 1. We then estimate the light

neutrino mass as

m⌫ =
v
2
wk
�
2
✏m

2
�

16⇡2m4
�

Y�µY
T

�
⌘ X

�2
Y�µY

T

�
, (10)

where X
�2 =

v
2
wk�

2
✏m

2
�

16⇡2m4
�
, and µ = diag(µ11, µ22, µ33). For the second and third generation

neutrinos, this one loop result must give a value of O(10�10) GeV for m⌫ . It turns out that

for (Y�)2a,3a ⇠ 1, ✏ ⇠ 10�5, � ⇠ 1, m� ⇠ 106 GeV, and m� = µ22 = µ33 ⇠ 106.5 GeV, we

get the correct value for the neutrino masses of second and third generations. The resulting

neutrino masses will then fit the oscillation data. The situation for the lightest neutrino

mass m⌫1 is however much smaller as we discuss below. Anyway, the neutrino oscillation

fits do not determine the value of m⌫1 .

Reheat temperature and m⌫1

9



25

parameter value(set 1) value(set 2)

✏ 10�5 10�3

K 0.1 0.1

m� 106 GeV 108 GeV

m� 106.5 GeV 108.5 GeV

� ⇠ 1 ⇠ 1

m�1  1 eV  1 eV

m⌫1 ⇠ 0 eV ⇠ 0 eV

TABLE II. Two sets of benchmark parameters that satisfy all the constraints considered in the

model. They cover all points in between and thus represent a broad parameter space of the model.

6. PREDICTION OF �Ne↵ IN THE MODEL

We note from the benchmark parameters given in Table II that the mass of �1 fermion

is near zero. This is required because of the following reason: Below TR, the �1 is in

equilibrium with the SM plasma through �1 � ` coupling, and it decouples from the plasma

at TD ⇠ 1 TeV (100 TeV) for the choice of benchmark parameters m� ⇠ 106.5 GeV (108.5

GeV). Thus, the �1 field decouples from the thermal plasma when relativistic and as a

result the ratio n�1/n� remains fixed apart from small dilution due to entropy release when

other particles annihilate. This means that unless the mass of �1 is below an eV, it will

dominate the energy density (and hence the expansion rate) of the universe, making the

theory unacceptable. The �1 field therefore behaves like a hot dark matter with very small

contribution to the universe’s energy density ⌦. Clearly such a new sub-eV mass particle

will leave its imprint on the cosmic microwave background (CMB).

Using the entropy conservation for the SM plasma and the �1 system after the decoupling

TD, we evaluate the temperature T�1 of the �1 system at the BBN epoch:

(T�1)
3 =

g
SM

⇤ (TBBN)

gSM⇤ (TD)
T

3
BBN

, (14)

where TBBN is the temperature of the SM plasma at the BBN (TBBN ⇠ 1 MeV), and g
SM

⇤ (T )

is the e↵ective relativistic degrees of freedom of the SM plasma at temperature T . Since

g
SM

⇤ (T � 100GeV) = 106.75 and g
SM

⇤ (TBBN) = 10.75, we evaluate the extra neutrino species

12

TR /mΦ

Phenomenologically	viable	Benchmarks

mσ ∼ μ22,33
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2.	Dark	Matter

3.	Strong	CP	problem	

4.	Inflation	

5.	Baryogenesis

Invisible	Axion	model	
		with	fa ∼ 1012 GeV

AD	field	=Inflaton	
			with	ξ |ϕ |2 R

Radiative	
Seesaw

Unified	picture

We	have	proposed	a	unified	framework		
for	solving	5	major	puzzles	of	the	Standard	Model



28

Thank you

for your attention!


