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1. Introduction & Motivation




Problems in the Standard Model

The Standard Model (SM) is the best theory in describing the
nature of elementary particle physics, which is in excellent
agreement with almost of all current experimental results
(including LHC Run-2 results) as of TODAY

However,

New Physics beyond SM is strongly suggested by both

experimental & theoretical points of view
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My apologies:
Although SUSY is a primary candidate of New Physics
beyond the SM, my talk today is not on SUSY

Because SUSY has been sick for a while after LHC and
Covid-19 pandemic

While she is recovering, let me discuss Non-SUSY things

We have many supporting messages to SUSY in the plenary
and parallel sessions!



Five Questions that the Standard Model cannot answer




Five Questions that the Standard Model cannot answer

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



Neutrino Mass problem

Neutrino Oscillation Phenomena

Particle Data Group

‘B\_,;@ o0 FR T e ot

<

Amj; = (1534 018) x 107 V2 <

Am3) = (2.44 £ 0.06) x 1073 eV? s10°

sin®(2015) = 0.846 + 0.021

. _ +0.001 -

sin®(2613) = (9.3 £ 0.8) x 1072 -

Neutrinos are massless ¥ A — .

in the Standard Model 10 10 tan2910 10
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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?
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Dark Matter Problem

Existence of Dark Matter has been established!
Atoms 4.9%

Energy budget of the
Universe is precisely
determined by recent CMB
anisotropy observations
(WMAP & Planck)

Dark energy
68.3%

Dark Matter particle: non-baryonic
electric charge neutral

(quasi) stable Tpjr >ty
No suitable DM candidate in the Standard Model
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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. What drives Cosmic Inflation before Big Bang?
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Cosmic Infaltion

The problems of Big-Bang Cosmology

v

Flatness problem
Horizon problem
Need to dilute unwanted topological defects
Origin of the primordial density fluctuations

v

v

v

LE FIGARO fr

Solution: Cosmic Inflation before Big-Bang cosmology,
driven by a scalar field (inflaton) which has a very flat potential

No suitable inflaton candidate in the SM
14



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. What drives Cosmic Inflation before Big Bang?

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

the Universe?
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What is the origin of Matter-Antimatter Asymmetry?

Observations: (1) Big asymmetry @B > nl?)

(2) Small ratio to entropy

@znlg_né ~ 10710 « 1
S S

What is the origin?

*Baryogenesis in the SM context: Electroweak Baryogenesis
Unfortunately, it doesn’t work with the 125 GeV Higgs mass

16



Five Questions that the Standard Model cannot answer

A W NN -

. Why are Neutrino Masses are non-zero and so tiny?
. What is the nature of Dark Matter?
. What drives Cosmic Inflation before Big Bang?

. What is the origin of Matter-Antimatter asymmetry in

the Universe?

. Why is CP-violation in QCD so negligible?

17



Strong CP problem

The SM gauge symmetry allows us to add a CP violating
term:

8
Lsy D6 Z e’ G,, G, Gluon Field Strength: G/,
a=1

KI'his term generates Neutron EDM at quantum Ievel,\
d,| ~ 0] x 107" ecm

while the experimental upper bound is

\_ d,| < 107*° ecm )

Why is @ turned to be extremely small?
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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

Cab
35 —- — fafbHH
A

H H

% £,

a

After the electroweak (EW) symmetry breaking,

0
, L5 —> — mﬁbVaVb

7 b

(H) =

b VEwW

Majorana mass: 171,” = €, Vg X A < vy, forvey < Alcy,
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For Ultraviolet (UV) completion, the dim-5 operators from
integrating out heavy states (at tree-level/loop-levels)

H H

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

H H

£

Ultraviolet (UV)
completion

H
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2. WIMP scenario for Dark Matter Problem

DM candidate: Weakly Interacting Massive Particle (WIMP)
with Oy =0and 7y > 7

101

Decoupling from
the SM thermal plasma:

10—5 [

Boltzmann equation

10—9 [

dny
dt

2 10—13,
- - <0 X Vre > <7l2 _ <nEQ) >
XXTrell\ 7X X Freeze-Out

10-17 |

Yom(X)

.

0.1 05 1 5 10 50 100
x:mD|\/|/T
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The DM relic density: | O, h% = mXSOY(OO))
pe/h?

where sy5 = 2890 cm ™

pe/h? =1.05 x 107° GeV/cm?

This should reproduce the observed DM density measured
by Planck 2018

[ Qpah? = 0.12 ]
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“WIMP DM Miracle”

With a given annihilation cross section, the Boltzmann equation
is easily solved, and we can find a good proximation formula to
derive the observed DM density:

Q1 ~ 0.1 is obtained if (6v,,;) ~ 1 pb
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“WIMP DM Miracle”

With a given annihilation cross section, the Boltzmann equation
is easily solved, and we can find a good proximation formula to
derive the observed DM density:

Q1 ~ 0.1 is obtained if (6v,,;) ~ 1 pb

T m2

> 1
. 82
We may parametrize <0Vrel> = —4 —
4

For the SU(2) gauge coupling, we find

m, ~ 1TeV leads to (oV

» Yy ~ 1pb

rel

The mass (physics) scale of WIMP to be around
1 TeV is suggested by the observation!
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3. Slow-roll inflation to drive the cosmic inflation

1.5

Slow-roll: E ~ V

End of Inflation:

1.0}

K~V

cnxV(Q)MA
<>
+
%)
<

00l Oscillation -> decay -> reheating.

0 5 10
$/Mp

e Inflation takes place during slow-roll: a(f) « el

e Quantum fluctuation 6¢ is magnified to a macroscopic scale
—> primordial density fluctuation
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Constraints on inflation scenario from CMB observations

r0.002

0.25

0.20

0.15

0.10
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0.00

BICEP/Keck 2018

PRL 127 (2021) 151301

Planck TT,TE,EE+lowE+lensing
+BK18+BAO
%
G
2,
NG
O’?c Q:
Q
3
0.95 0.96 0.97 0.98 0.99 1.00
Ns

Power spectrum of scalar
perturbation:

(Py(ky) =2.099x 107
ko = 0.05 Mpc™!

Spectral index:

dIn Py
no=1+ ~ (0.965
dlnk

Tensor-to-scalar ratio:

PT
T~ <0.036 (95%)
PS
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Inflationary predictions of a slow-roll inflation

1
L = 1 ONO) -

Defining the slow-roll parameters (in Planck units Mp = 1)
1 (V'\? v’
€=3 (7) =

the spectral index & tensor-to-scalar ratio:

ne=1—6e+2n, r=106¢

1 V3
The power spectrum of scalar perturbation: P =
P P P ST o2 RBE

4'70 V
The number of e-folds: N, = J d(/)V

e

Here, ¢ = ¢, at the horizon exit & the end of inflation e(¢,) = 1



Inflationary predictions of a slow-roll inflation

The power spectrum of scalar perturbation:
1 v

P. = 2.099 x 10~
STy

bo V
The number of e-folds: NV, = [ dqﬁv — Fix (say, 50-60)

e

> n.&r

\)

predictions
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Ex) A successful inflation scenario: non-minimal A¢* inflation

See, for example,

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

1

[sJ = [ @tev=g |- HOR + 539 0,0) 0.0) - w«mﬂ

e Non-minimal gravitational coupling

[f(qb) = (1+ €¢2)]With a real parameter £ > 0,

e Quartic coupling dominates during inflation

{VJ(cb) — iw}
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Inflationary Predictions VS Planck+BK18+BAO results

fod N
c =V

0.1r

0.03

r 0.01f

0.0037 B BK18+Planck+BAO

77 Stage 3

0.001F
/ " LiteBIRD
|
321041 ‘ CMB-S4
0.94 0.95 0.96 0.97 0.98 0.99
S

e Once N, is fixed, only 1 free parameter () determines the predictions
e Predicted GWs are » = (0.003

Future experiments (CMB-S4, LiteBIRD) will cover the region!
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Non-minimal A¢* inflation

e Simple 1-field inflation with the introduction of £ | ¢ I°R

e Consistent with Planck + others with a suitable choice of
quartic coupling 4| ¢ |4

e Potentially, any scalar can play the role of inflaton

33



4. Affleck-Dine (AD) Baryogenesis (Affleck-Dine, 1985)

e A complex scalar field carries B/L number

cI)—L(gb + i)
\/5 1 2
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e A complex scalar field carries B/L number

cI)—L(gb + i)
\/5 1 2

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

F50,0'HD -V with V=V (@Tcp)+(v (cb,qﬁ)+h.c.)

Ssym asym
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e A complex scalar field carries B/L number

cI)—L(gb + i)
\/5 1 2

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

F50,0'HD -V with V=V (@Tcp)+(v (cb,qﬁ)+h.c.)

Ssym asym

e A suitable initial condition of the AD field away from the
potential minimum
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4. Affleck-Dine (AD) Baryogenesis (Affleck-Dine, 1985)

e A complex scalar field carries B/L number

d)—i(gb + i)
\/5 1 2

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

F50,0'HD -V with V=V (qﬂcp)+(v (CI),(DT)+h.c.)

Ssym asym

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

e During the evolution of the AD field, the B/L number is
generated - -
np(t) = Qo (P12 — Pahy)

oV
' 3Hng = 2Q¢Im | —— @7
ng +3Hng =20 m((?qﬂ >
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Sample: AD field evolution & baryon number generation

1x1010 L
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nB(R/IRg)3

lllustration purpose (not a realistic value)

1041

1037
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1029

1025

Comoving frame BAU

mt = 1
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-15

-10

-5

z=log[m {]
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Sample: AD field evolution & baryon number generation

Im[¢]

lllustration purpose (not a realistic value)

1x1010 F 1 1041

1037

5x109

nB(R/IRg)3

1029

1025

0 5.0x10° 1.0x1010 15x1010
Re[¢]

mt = 1

Comoving frame BAU

-20

-15 -10 -5 0 5 10
z=log[m {]

e Generated B/L asymmetry is transferred the SM thermal
plasma by the AD field decay with B/L conserving

Interactions: gim ~ (I)@SM or (I)@BSM

39



It is interesting to ask the following questions:
Can AD field play another important role in particle physics?
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It is interesting to ask the following questions:
Can AD field play another important role in particle physics?

AD field = Inflaton?
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It is interesting to ask the following questions:
Can AD field play another important role in particle physics?

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)

42



A simple idea: Introduce non-minimal gravitational coupling to
the AD field:

S = /d4x\/—g [—%M%fR +0,07T"D — V(D)
oD

Mp

where f=1+2¢
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A simple idea: Introduce non-minimal gravitational coupling to
the AD field:

1
S = /d4x\/—g [_EM%fR +0,07T"D — V(D)
M)

Mp

where f=1+2¢

|dentify the AD field with the inflaton in the non-minimal /1¢4
inflation scenario

e During the inflation, the inflation potential is dominated
by V ~ dg(DTD)?
e The AD baryogengesis takes place after inflation

44



We follow a simple AD=Inflaton scenario by Lloyd-Stubbs &
McDonald (2021): AD=Inflaton carries B/L number

V(D) = mg®Td +@m§,(c1>2 + c1>@+ N(DTD)?

Explicit B/L violatingterm: 0 < ¢ < 1
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We follow a simple AD=Inflaton scenario by Lloyd-Stubbs &
McDonald (2021): AD=Inflaton carries B/L number

V(D) = mg®Td +@m§)(q>2 + O+ L(DTD)?

Explicit B/L violating term: 0 < ¢ < 1

EOM after inflation: ® = — (¢, + i¢,)

1
NG
"G+ 3HG, = —mihy — AP + ¢y,
Léb.z + 3H§52 = —m3¢, — A3 + Cb%)ﬁbzu

where ml2 = (1—2€)m§) , and m22 = (1+2€)m§)

GB(t) = Qo(d 192 — 6524518
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AD=Inflaton field evolution in the early Universe
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AD=Inflaton field evolution in the early Universe

Step 1: non-minimal V(®) ~ A(®'®)? inflation
¢ = Gy cOS O & ¢y = Py psin 6
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AD=Inflaton field evolution in the early Universe

Step 1: non-minimal V(®) ~ A(®'®)? inflation
¢ = Gy cOS O & ¢y = Py psin 6

Step 2: End of inflation & oscillation with V(®) ~ A(®'®)?

¢, x ——, 0(t) ~ const

a(t)
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AD=Inflaton field evolution in the early Universe

Step 1: non-minimal V(®) ~ A(®'®)? inflation
¢ = Gy cOS O & ¢y = Py psin 6

Step 2: End of inflation & oscillation with V(®) ~ A(®'®)?

¢, x ——, 0(t) ~ const

a(?)
Step 3: Damped harmonic oscillation for @i < mq)/\/@ with

V(D) ~ mi(D'®)+emg (D + ©2)
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AD=Inflaton field evolution in the early Universe

Step 1: non-minimal V(®) ~ A(®'®)? inflation
¢ = Gy cOS O & ¢y = Py psin 6

Step 2: End of inflation & oscillation with V(®) ~ A(®'®)?

¢, x ——, 0(t) ~ const

a(?)
Step 3: Damped harmonic oscillation for Qbi < mq)/\/@ with

V(D) ~ mi(D'®)+emg (D + ©2)

Asymmetric oscillations:@i x a(f)—"? cos(m (1 — t*)j

—> Generation of B/L asymmetry
51



Step 4: Created B/L asymmetry is transferred to the SM sector
by the inflaton/AD field decay at the reheating

Simple expression for the resultant B/L asymmetry:

r B
ngp 3 7'('2 Qq) T}% .
=~ ) 26

s 8V 90”7 e mZ Mp sin(20)

- J

forI'p/mep K e K 1

Suitable choice of the model parameters, the successful
inflation and the observed baryon asymmetry can be achieved!
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5. QCD axion model for solving the strong CP problem

A solution proposed by Peccei & Quinn (1977)

e Extend the SM to incorporate a global PQ symmetry and
a complex scalar, which is spontaneously broken at f,

e Nambu-Goldstone boson (axion “"a”) arises and has a
coupling: ~

3 )

GC aleald
327:2 7 2 G

c=1 _

v

e The CP-violating parameter @ is replaced by the field axion
e (a) = Ois realized at the axion potential minimum
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3. A unified Model
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Particle content (only relevant fields)

U(l), :lepton number

Field

U(1)r | SM quantum number | Z}
Fermion
g +1 (2,-1) +
es —1 (1,+2) +
D; 0 (2,-1) —
D; 0 (2,41) _
Xi 0 (1,0) —
Scalar

H 0 (2, +1) +
o —1 (1,0) —

a,i=1,23.

New fermions

AD=Inflaton

* Z, is guaranteed by the lepton number (not by hand)
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Lagrangian of the model

3_351\/[ — ginf_l_gAD_'_gY_l_gfm
e Non-minimal gravitational coupling for inflation
1 2 2
ginf=—§(]‘4p‘|‘25|q)| )R

e Suitable potential for the AD/Inflation field

L ap = (0,0)(0D) — <m§, 1@+ 24| ®|* + em2(® + cb’ﬂ))
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Lagrangian of the model

3_351\/[ — ginf_l_gAD_'_gY_l_gfm
e Non-minimal gravitational coupling for inflation
1 2 2
ZLing = _E(MP+2€|(D| )R
e Suitable potential for the AD/Inflation field

L ap = (0,0)(0D) — <m§, 1@+ 24| ®|* + em2(® + cb’ﬂ))

e Yukawa couplings with ® and H

Ly ==Yyl D@ — (Yp);DiyH — (Yp);DiyH+h.c.

ar” a1
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Lagrangian of the model

Sf_gSM:ginf_l_gAD_'_gY_l_gfm

e Non-minimal gravitational coupling for inflation
1 2 2
ZLing = _E(MP+2€|(D| )R

e Suitable potential for the AD/Inflation field

L ap = (0,0)(0D) — <m§, 1@+ 24| ®|* + em2(® + cb’ﬂ))

e Yukawa couplings with ® and H

Ly ==Yyl D@ — (Yp);DiyH — (Yp);DiyH+h.c.

ar” a1

e New fermion mass terms
L = — W Xidi — (mp);D:D; + h.c.

r—r-1i
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1. Neutrino Mass Generation

e With the particle contents, no tree-level neutrino mass
e Neutrino mass at 1-loop level (radiative seesaw)

]

H H
fa Lﬂb
H
X IM X
Yp
D
d d
----------- R < ¢
2 Yo

qu) 59



Radiative seesaw mechanism

H H
X //t X
Y, Yp
D D
) )
14 Lo  LRCRLECPTEUPTTSTEPRFEPRPELS -eneenees < /¢
O 2 Yq)
emq)
(m ) p = % (Y@YT) bY2
voa 1672me ¢ Jab =D

o For simplicity, y;; = mg0;; and (Yp);; = Ypo,;

o em(% insertion is crucial, which is also crucial for the

AD mechanism
60



One Benchmark parameter set

parameter value
€ 107°
mMe 106 GeV
T 10° GeV
mMp, 103 GeV
mMp, 3 3 X ].06 GeV
(Yo)a1 (a=1,2,3) ~ 10792
(Vo) (a=1,2,3;i# 1) ~ 1079°

For our benchmarks, we find the light neutrino mass eigenvalues:

ml << msz3 NOl eV

The neutrino oscillation data can be reproduced.
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2. WIMP DM

 The lightest Z)-odd particle is stable
e |n our benchmarks, a mixture of fermions is the DM
candidate (singlet-doublet fermion DM scenario)

0 le YDvwk D(l)
M= (DYDY x)| mp, 0 Ypuu || Df
Ypvwk YDUwE — p X

For our benchmarks,

y
WDM—_DO+_DO —== )()

Vil

The DM particle is a Majorana fermion from mostly the
SU(2) doublet components: similar to Higgsino-like DM in

the MSSM: m1,,, ~ 1 TeV for Q,,,h? = 0.12
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3 & 4. AD/Inflaton

2L —=ZLsm D ZLint+ ZLap

e Non-minimal gravitational coupling for inflation

__ L 2
<. ——WMz+E| PR

inf — E
e AD/Inflation field

L ap = (0,0)(0"®) — <m§) 1@+ 2| D" + emd (@ + cbﬁ))

For our benchmark,

3
g ML I 1010
~ — a
S s emgMp
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4. Summary
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We have proposed a unified framework for solving
four major puzzles of the Standard Model
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oscillation after inflation D ----- o----- D
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We have proposed a unified framework for solving
four major puzzles of the Standard Model

1. Inflation driven by Inflaton/AD field Hd -----—---
2. Lepton asymmetry generation during em(%
oscillation after inflation D ----- o----- D

. Z’ﬁa
3. Reheating & Lepton asymmetry
transmission to the SM sector by O ----m-

inflaton/AD decay D,
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We have proposed a unified framework for solving
four major puzzles of the Standard Model

1. Inflation driven by Inflaton/AD field

2. Lepton asymmetry generation during
oscillation after inflation

3. Reheating & Lepton asymmetry
transmission to the SM sector by

inflaton/AD decay

4. Doublet-singlet fermion DM

(I) ________
em(%
D@ D

Z’ﬂa
D -een <
D




5. Combining all diagrams

Radiative seesaw mechanism

(H) (H)
X //t X
Y, Yy
D D
P P
l P e [ EELTLEEEEEEED Pmmmmmnnnnnan I < /¢
Yd) 2 Yq)
emg,
)y =~ < (V¥ T), VR
va 167‘(‘2mq> & Jab =D
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New paper in preparation (Mohapatra & NO)

Towards a solution to the Strong CP problem
A way to implement Axion model

e AD/Inflation field
L ap = (0,0 (9"D) - <m§, @+ | D[ +em (@2 + clﬂz))

e Identification of U(1), with U(1),,
. equ5 = M{¢p)

e A complex scalar ¢ in the invisible axion models
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Back up slides
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Reheating after inflation and AD mechanism

e Yukawa coupling from the radiative seesaw formula

(YCID)CLZ' — \/% (U* m)aia

where X = YD, and D, = diag(my, mo, ms).

162

e Reheating by the AD/Inflaton decay

mae meo

o =D Tase,p, = (YgYo)u ~ = om

TR ~ chp = \/F@Mp

——— my(eV) ~ 1079 x YAie K*

Thus, the lightest neutrino mass should be very small,
m,(eV) < 107° 74



Phenomenological viability/consistency checks

e ngls ~107%and m, ~ 0.1eV are closely related, and
the perturbativity of the Yukawa couplings leads to

Iy
K=—2>0.046
Mg

e No washout: the following washing-out process must be

out-of-equilibrium

., EMg . 10_862
' m
b ~
47K

P
D D

Combining with ng/s ~ 10719 e <47z x 1072

Our benchmarks salsify all conditions
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