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Motivation
• Big theoretical/cosmological/phenomenological puzzles

• A dream (or a goal)

- The origin of dimensionful parameters (  & )

- Inflation ( )
- Matter-antimatter asymmetry ( )
- Dark matter ( )
-  tension ( )
- Cosmological constant ( )

- Hierarchy problem ( )
- Neutrino mass ( )
- Strong CP-problem ( )

- … (?)

mP = 1/ G μh = mh / 2

ns ≃ 1 − 0.03, rT < 0.063
YB ≈ 10−10

ΩDM ∼ 0.27
H0 (HSN

0 − HCMB
0 )/HCMB

0 ∼ 0.1 ( ≳ 4σ dev.)
ρobs

Λ /ρth
Λ ≲ ρobs

Λ /Λ4
QCD ∼ 10−43

(mew/MP)2 = 𝒪(10−34)
mν /mew = 𝒪(10−13)

θCP < 𝒪(10−10)

- A simple unified BSM framework for all(or most) of them?
(The philosophy: nature works in the most efficient way if possible!)
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• Simple guiding principles for the goal (?)

  (i) Scale symmetry ⇒ Dynamical generation of scales w/o add-hoc mass parameters.
 (ii)  symmetry (at least in the matter sector) ⇒ Axion-solution
(iii) Minimality ⇒ Unification of PQ & seesaw sectors ( ⇒ “Axi-Majoron”) 

U(1)PQ

< Minimal DFSZ vs minimal KSVZ >

DFSZ:  
One extra Higgs-doublet (w/ the danger of the domain-wall problem) 

KSVZ:  
A pair of extra quark-triplets (w/o the domain-wall problem) 

✓
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Noether current & its conservation:

Transformation:

Scale invariant action (  operators w/o dimensionful parameters):d = 4

 global Weyl scale-invariant!

<latexit sha1_base64="2eF8X4sf2gZo0FPQ8CAaxN3hJ7s="></latexit>

Kµ ⌘
X

i

i'i@µ'i (i ⌘ 1 + 6⇠i)

DµK
µ = 4V �

X

i

'i
@V

@'i
= 0

Global Weyl scaling

<latexit sha1_base64="xs8KXApAEX+7doWIJncyz444CkQ="></latexit>
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SM = Matter-action without mass-parameters

: vielbein
: Ricci scalar

<latexit sha1_base64="b8KJd5vkZUIcRy+k+B8AHVC5Vqk=">AAAEfHichVNNbxMxEN2kAcry1cKRi0WpVNQ2yaZV4YJUwYUbpaIfUpxGs17vxqq9u7W9FZHlE1f4gfwRjghvdpMmTQWWLI1n3pt547HDnDOlu91fjeZK6979B6sP/UePnzx9trb+/FRlhST0hGQ8k+chKMpZSk8005ye55KCCDk9Cy8/lvGzayoVy9KvepzTgYAkZTEjoJ1ruN74jUOa </latexit>
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>>>:
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h
R̃� 3

2 (@ ln⌦)
2 + 3r̃2 ln⌦

i

[Weyl, 1921]

Nonminimal gravitational int.
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Quantum scale-symmetry

- Trace anomaly: Due to a fixed input scale  for RG-running.μ0

- Restoration of scale-sym.: Replacing  to a Weyl co-variant field such as . μ0 χ

⇒  Scale-invariant even though βλ ≠ 0

Shaposhnikov & Zenhousern, PLB671 (2009) 162
Ferreira, Hill & Ross, PRD95 (2017) 043507

⇒ Scale-invariant only if βλ = 0

<latexit sha1_base64="aUzxJZLVuIqMeaISC48wQ9SXI20="></latexit>
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The Weyl-current, a kernel & its asymptote

Dynamic scale-generation!
Potential causes a field-dynamics, but with K = const.

[Ferreira, Hill & Ross, PRD95, 043507 (2017)]

<latexit sha1_base64="wo+EHC6/N45h4/VqLY/18o8bSDU="></latexit>
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!

D
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) K = c1 + c2

Z
dt

a3(t)
t!1���! c1 (a const.!)

Scale generation

A scale appears!
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A simple two-field picture (with ):ξχ ⋘ 1

⇒ A large-field inflation can be realized in the same manner as the SM Higgs inflation.

<latexit sha1_base64="lEQGratiNgqoAK+v/Lv+ClSmdfA="></latexit>
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ξ1/2
ϕ ϕ⋘ξ1/2

χ χ
ξχ χ2 ≃ M2

P,0

<latexit sha1_base64="/h/RABeGEz/Z0rBj/Z3bbd9mBZE="></latexit>

p
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⌧
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⇢
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M2
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ini � M2
P,0 : ⇠ the SM Higgs inflation

χ

(χ0, ϕ0)

A trajectory in the field space

MP = const!

K = const!

<latexit sha1_base64="8Tt8WjiSmMQoKctetPrzW9Cv/+g="></latexit>
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[Ferreira, Hill & Ross, PRD95, 043507 (2017)]
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The MCSM
(The Minimal Cosmological Standard Model)

[Barenboim, Ko & Park, 2403.05390; 2403.08675]

● Minimal field contents & charges

{

● Underlying symmetries 

- Scale-invariance
-  (but broken in the gravity sector)U(1)PQ

<latexit sha1_base64="pqgfCE3DfZHXHrZ3JHA0WuFJw4U="></latexit>

� = A real scalar : h�i ! MP

� = the Peccei-Quinn field(a complex scalar) : h�i ! U(1)PQ-breaking

H2 = an additional Higgs doublet : DFSZ-axion model

⌫Ri = three right-handed neutrino fields : Seesaw mechanism + reheating
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● The model (Axi-majoron + non-minimal grav.-coupling)

Key terms of our scenario!

- Dynamically relevant three fields with :⟨H⟩ ∼ 0
<latexit sha1_base64="oAR51DImxmyuYV+k8SdduN8m8BU="></latexit>
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i
+ G.B.

F = ⇠H1 |H1|2 + ⇠H2 |H2|2 + ⇠
H

+

⇣
H

†
1H2 + c.c.

⌘
� i⇠

H

�

⇣
H

†
1H2 � c.c.

⌘

Lm � Lss � ṼS

(⇒ “Axi-majoron” model)ℒss

Simplified version with only one Higgs doublet: 
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● Axion quality problem(?)

Gauss-Bonnet term may retain the corrections negligible. 
[Kallosh, Linde, Linde & Suskind, PRD 52 (1995) 912]

Impact of the dangerous graviton exchanges caused by the sym.-breaking terms: 

(q2)2

q2
→ q2

i /q2

a a

ϕ

A cure

[Hill and Ross, PRD102, 125014(2020)]

<latexit sha1_base64="86fdn3ywFdD4gf+6SLhilVj1wdM="></latexit>
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<latexit sha1_base64="bWYtBq9+rnfwfmBdjL2tzJ3Wyv0="></latexit>

⇠a ! ⇠a = ⇠a,0e
�ca�/|'a|

⇢
ca� ⌧ |'| : during inflation
ca� � |'0| : after inflation

Grav. non-pert. effect:

Perturbative effect:
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• The origin of scales

1.  is responsible for all of mass scales (except the dimensional transmutation).
2. C.C. appears after the spontaneous breaking of the scale-sym. at least due to -term.
3. C.C. problem is now of the choice of .

χ
λ′￼χ

λ′￼χ /ξ2
χ

(see however PLB671 (2009) 162; 187 (unimodular gravity) & T. Kugo’s talk at SI2009)  
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 is nearly fixed, once the kernel is fixed χ
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● Axi-Majoron Hybrid Inflation
<latexit sha1_base64="7f+KRTJ04ADyoHlleXOb/KrUpX0="></latexit>

�� = 6⇥ 10�10

⇠� = 1

due to the mixing 
between  and ϕr ϕi

Cosmology
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Iso-curvature perturbations:

- Evolution of   causes a suppression (  increases toward the end of inflation):ϕ ·ϕ

<latexit sha1_base64="0PcI4T3eXcdQSUUpQfMgyFejqJ4="></latexit>
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𝒮
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● Reheating after inflation

Relevant interactions:

(i)  decays dominantly to s(axi-majorons) via the kinetic term.

(ii) It should be able to decay to RHNs ( ⇒  ), too.

(iii) There would be effects of preheating by axi-majoron-dynamics (under investigation!)
(iv) Recovering the SM thermal bath requires a period of MD era due to long-lived RHNs. 

ϕ aϕ

yNi
< λϕ

<latexit sha1_base64="fQLEpBH5Et9cOT4tyumdmKtwZds="></latexit>
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<latexit sha1_base64="karSj9ZuFtnbZd/EPLMkL/oVZ9k="></latexit>!
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● Symmetry non-restoration of U(1)PQ

(ii) The effective mass-squared at the origin when :ϕ ∼ ϕ* ≳ ϕ×

 It is possible to have the symmetry not restored.
⇒ We can avoid the domain-wall problem of the minimal DFSZ axion model!
∴

ϕ×

V(ϕ)

< 0

Preheating:

(i) To -quanta (due to -term): 
(ii) To s:  
⇒ Energy transfer to  via preheating is inefficient!

ϕ λϕ Δρϕ = 𝒪(10−3)ρϕ
νR ΔρN = 𝒪(0.1) × b5/4

N λϕρϕ ⋘ ρϕ
νR

[Greene et al, PRD56 (1997) 6175; Greene & Kofman, PLB448 (1999) 6]

Thermal trapping?:
(i) Scatterings of  to s are inefficient. ϕ νR

<latexit sha1_base64="ClRENYqN2sTBpVds0PIhrj6ipok="></latexit>

! s ! y4
N T ! ! 2

! T
H (T) " T2/M P

!
" ! s/H (T) ! ! 2

! M P /T (at least for T " " 0)
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MD era

● Matter-antimatter asymmetry

Affleck-Dine PQ-# generation ( = non-zero angular momentum)

<latexit sha1_base64="v5WOJktFDxhJz8Gnrb+R5g48KNg="></latexit>
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10! 2

"
" ini

<latexit sha1_base64="jLg3uYdSetJKfMCubVTqBAWZG9s="></latexit>

! ini = 10M P
<latexit sha1_base64="XaEnsyaDSfLQPWdPYh3wuZdFtWo="></latexit>

! ini = 20M P
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Transferring PQ-number to the SM sector

<latexit sha1_base64="cuf0iBF7k8juc7ICIo666iwZZSg="></latexit>
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<latexit sha1_base64="xxhmrfTuSCnnhPWuDZGXKtzYVaI=">AAACT3icbZBLS8NAEMc39dXWV6tHL4ul4KGERKR6LOrBYwX7gDSUzXbSLm4e7G6KpfRjeNXP5NFP4k3cxAj2MTDwY/4zzMzfizmTyrI+jcLW9s7uXrFU3j84PDquVE+6MkoEhQ6NeCT6HpHAWQgdxRSHfiyABB6Hnvd8l+q9KQjJovBJzWJwAzIOmc8oUbrkDO6BK4IH7QkbVmqWaWWB18HOoYbyaA+rhjkYRTQJIFSUEykd24qVOydCMcphUa5vkBuJhJAEIBujKYtlhu7c0xeDSCe0HBP6TMbgbOzMPl7guhZH2I+EzlDhrFr+NzwngZSzwNOdAVETuaqlxU2akyj/xp2zME4UhPR3kZ9wrCKc2odHTABVfKaBUMH0p5hOiCBUaZOXtrz8nZpembF22F71cx26l6bdNJuPV7XWbe51EZ2hc3SBbHSNWugBtVEHURShV/SG3o0P48v4LuStBSOHU7QUhdIPs3qztQ==</latexit>

!"

AD-mechanim 
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! N
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! !

Helicity asym. 

Non-thermal decay

Non-thermal decay

Δℓ = βN × ΔN (at N decays)

Wash-in thermal processes
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Non-thermal decay of RHNs (transfer of helicity asym.): ΔΦ → ΔN → Δℓ

<latexit sha1_base64="roe1MIIa+zid73w10/0gIteVB7I="></latexit>
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! ! = 200

" 0 = 1012GeV

YPQ ,e = 10! 6 }

Parametric dependence of the baryon # asymmetry
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MD era

● Dark matter & dark radiation

Dark matter

Cold axi-majorons from the misalignment only ⇒ ϕ0 = 𝒪(1012) GeV

Dark radiation
Hot axi-majorons from the decay of the inflaton:

<latexit sha1_base64="AfVuXvkmzUd27MNRwOPBFpf/SAQ=">AAACiXichVHJagJBEG0nm9EsmhxzGSJCDiIzIRjJSeIlRwNxARXp6Sm1k56F7hqJDP5Drsmf5W/SoxOIC+RBw6NeVfWrKicUXKFlfWeMvf2Dw6PscS5/cnp2XihedFQQSQZtFohA9hyqQHAf2shRQC+UQD1HQNd5ayZ6dwZS8cB/wXkIQ49OfD7mjKIOdQY4BaSjQsmqWkuY28ROSYmkaI2KGW/gBizywEcmqFJ92wpxGFOJnAlY5Mo75EqkwKceqIo746Fa0mHsaLMgkwoth5S90Qn0d2Yuh12YZS265jiQ+vloLqO5P8Ux9ZSae47O9ChO1aaWBHdp/QjH9WHM/TBC8Nnqo3EkTAzMZHOmyyUwFHNNKJNcT2qyKZWUod7vmv/4/ddrYnPbodI7mYK7yP07c9pIH8jePMc26dxW7Vq19nxXajymp8qSK3JNbohN7kmDPJEWaRNGXskH+SRfRt6wjbrxsEo1MmnNJVmD0fwBXqXJnA==</latexit>
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(It helps improve the Hubble tension!)
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* Hubble tension

[S. Vagnozzi, Phys.Rev.D 102 (2020) 2, 023518][Class. Quantum Grav. 38, 153001 (2021)]

4  ~ 6
 discr

epancy! 

σ
σ

 vs NΛCDM ΛCDM

(but  is 
strongly 
favored)

ΛCDM + Neff
ΛCDM

< Impact of  >ΔNeff
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Signatures
● Distortion of inflationary GWs

<latexit sha1_base64="qZMdiIULApH3TqZnoNqlqbfG8l0="></latexit>
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● Shift of  (  Shift of )ns(Ne) ⇐ Ne
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● Presence of axi-Majoron DR

⇒  Duration of MD-era
⇒  Change of the total inflationary -folds( )e Ne
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● Implication(s) on neutrinos physics

The masses of two heavy states are nearly fixed (since )mν1
⋘ mν ≡ 0.05eV
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Summary
• We constructed the simplest minimal BSM model under the scale-sym. and -sym.

• -breaking terms may exist only in the gravity sector.

• The model dubbed as the MCSM can address simultaneously following big puzzles:

• The MCSM provides the simplest unified framework for the history of the universe from 
inflation to the present universe (thanks to the father( ) and the mother( ) of the 
universe) 

U(1)PQ

U(1)PQ

Φ χ

!"#$% '()*

- the origin of scales
- the primordial inflation
- the matter-antimatter asymmetry
- dark matter and its relic density
- dark radiation
- the strong CP-problem
- the origin of the tiny neutrino-mass
- the C.C. problem(modulo tuning of )λχ

- Iso-curvature perturbations suppressed
- No domain-wall problem
- No axion-quality problem
- No fifth force constraints
- No hierarchy problem


