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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

= )(10−34)

mν /mew = )(10−13)

θCP < )(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!

Kµ ≡

∑

i

κiϕi∂µϕi (κi ≡ 1 + 6ξi)

DµK
µ = 4V −

∑

i

ϕi

∂V

∂ϕi

= 0

Global Weyl scaling

S = SG + SM ,

SG ≡ −
1

2

∫

d4x
√
−gRF(

{

ϕ2

i

}

) ; F ≡
∑

i

ξiϕ
2

i (ξi > 0)

SM = Matter-action without mass-parameters

: vielbein
: Ricci scalar

gµν ≡ Ω−1g̃µν ,
(

Ω ≡ e−2σ/f
)



















φ ≡ Ω1/2φ̃

ψ ≡ Ω3/4ψ̃

eµ
α
≡ Ω1/2ẽµ

α
(γµ = γαeµ

α
)

R = Ω

[

R̃−
3

2
(∂ lnΩ)2 + 3∇̃2 lnΩ

]

[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

V =
λ

4
ϕ4 +

βλ

4
ϕ4 ln

(

ϕ

µ0

)

⇒ DµK
µ = 4V − ϕ

∂V

∂ϕ
= −

βλ

4
ϕ4 #= 0

V =
λ

4
ϕ4 +

βλ

4
ϕ4 ln

(

ϕ

χ

)

⇒ DµK
µ = 4V − ϕ

∂V

∂ϕ
− χ

∂V

∂χ
= 0
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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)]

Kµ =
∑

i

κiϕi∂µϕi = ∂µK

(

K ≡

∑

i

κiϕ
2

i /2, κi ≡ 1 + 6ξi

)

DµKµ = 0 ⇒ K̈ + 3HK̇ = 0

⇒ K = c1 + c2

∫

dt

a3(t)
t→∞

−−−→ 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.

K = κχχ
2
+ κφφ

2
≃ χ2

(

1 +
κφφ

2

χ2

)

M
2

P = ξχχ
2

(

1 +
ξφφ

2

ξχχ2

)

→ const .

ξ1/2
ϕ ϕ⋘ξ1/2

χ χ
ξχ χ2

≃ M
2
P,0

√
κφ ≪

χini

φini

≪
√

ξφ/ξχ ⇒

{

K ≃ χ2
ini

: always
M2

P
≃ ξφφ

2
ini

≫ M2
P,0

: ∼ the SM Higgs inflation

χ

(χ0, ϕ0)

A trajectory in the field space

MP = const!

K = const!

2K/κχ

M2
P
/ξχ

≃ 1− δ

(

δ ≡

ξφφ
2
0

M2
P

≪ 1

)

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

ϕ
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! Decoupling of the dilaton

{

{

-  is massless!

- No derivative interactions (  scale-invariance ⇒ ). 

- It is completely decoupled (cancelled) from the matter sector potential.
    ⇒ No fifth force constraints!

σ

∵ K = f 2 = const .

[Ferreira, Hill & Ross, PRD95, 064038 (2017)]

For scalar fields as an example, 

A full scale-invariant theory can be consistent with low energy phenomenology!

gµν = e2σ/f g̃µν (σ = dilaton)

ϕi = e−σ/f ϕ̃i

f2
≡ K =

∑

i

κiϕ̃
2
i /2 = const! (f ≃ χ0 ≃ MP/ξχ ≫ MP)

SG = −
1

2

∫

√

−g̃F̃

[

R̃−
6

f2
(∂σ)2 −

6

f
∇̃

2σ

]

(

F̃({ϕ̃i,0}) = M2
P

)

Ss
M =

∫

√

−g̃

{

1

2

∑

i

[

(∂ϕ̃i)
2 +

ϕ̃2
i

f2
(∂σ)2 −

1

f
∂σ · ∂

(

ϕ̃2
i

)

]

− Ṽ ({ϕ̃i})

}

⇒ Stot =

∫

√

−g̃

{

· · ·+
K

f2
(∂σ)2 +

1

f
∂σ · ∂K + · · ·+ λLC({ϕ̃i})

}

(

C = K − f2
)
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The MCSM
(The Minimal Cosmological Standard Model)

[Barenboim, Ko & Park, 2403.05390; PRD11(2024)12,123521]

! Minimal field contents & charges

{

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

χ = A real scalar : 〈χ〉 → MP

Φ = the Peccei-Quinn field(a complex scalar) : 〈Φ〉 → U(1)PQ-breaking

H2 = an additional Higgs doublet : DFSZ-axion model

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

- Dynamically relevant three fields with :⟨H⟩ ∼ 0

ϕα = (χ, φr, φi)
(

for Φ ≡ (φr + iφi) /
√

2 = φeiaφ/⟨φ⟩/
√

2
)

(⇒ “Axi-majoron” model)ℒss

Simplified version with only one Higgs doublet: 

L = Lg + Lm

Lg = −
1

2
R̃
[

ξχχ
2 + ξΦ |Φ|2 + ξ+

(

Φ
2 + c.c.

)

− iξ
−

(

Φ
2
− c.c.

)

+ FH(H1, H2)
]

+ G.B.

FH = ξH1
|H1|

2 + ξH2
|H2|

2 + ξH+

(

H
†
1H2 + c.c.

)

− iξH
−

(

H
†
1H2 − c.c.

)

Lm ⊃ Lss − ṼS
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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)]

∆m2
a

m2
a,QCD

∼ αξ2φ

(

m4
φ

m2
a,QCDM

2
P

)

ln

(

χ2

m2
φ

)

∼ 1

mφ ≫
√

λφφ0 ! O(107)GeV

ξa → ξa = ξa,0e
−caχ/|ϕa|

{

caχ ≪ |ϕ| : during inflation
caχ ≫ |ϕ0| : after inflation

Grav. non-pert. effect:

Perturbative effect:

α = ξsym−breaking/ξsym
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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)  

(

ξχχ
2
→ M

2

P

)

 is nearly fixed, once the kernel is fixed χ

V (χ,φ, h) ≡
ṼS

Ω2
≈ V0 +

λ′

φ

4

(

φ2
− φ2

0,χ

)2
+

λh

4

(

h2 + ζhφφ
2
− h2

0,χ

)2

V0 =
λ′

χ

4ξ2χ
M4

P + 1-loop corrections
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! Axi-Majoron Hybrid Inflation
λφ = 6× 10

−10

ξφ = 1

due to the mixing 
between  and ϕr ϕi

Cosmology
(however effectively single-field inflation)
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Iso-curvature perturbations:

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

ϕ

S ≡
H

φ̇
(δφa)

⊥
& (δφa)

⊥
∼ const. ⇒

PI

PR

∝
ǫexit(k)

ǫend
∼ ǫexit(k) ∼ O(N−2

exit
(k))

ℛ

"

Nexit = 52

Nexit = 37
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! Reheating after inflation

Relevant interactions:

(i)  decays dominantly to s(axi-majorons) via the kinetic term.
(ii) There would be effects of preheating by axi-majoron-dynamics (under investigation!)
(iii) It should be able to decay to RHNs ( ⇒  ), too.

(iv) Recovering the SM thermal bath requires a period of MD era due to long-lived RHNs. 

ϕ aϕ

yNi
< λϕ

mφ =

{ √

3λφφ : φ ≫ φ0
√

2λφφ0 : |δφ ≡ φ− φ0| ≪ φ0

L ⊃

(

θ −
caaφ
φ0

)

g2s
32π2

GG̃− V

V ⊃
λφ

4

(

φ2
− φ2

0

)2
+

(

1

2
yNΦ

∗νc
R
νR + yνℓLH̃νR + h.c.

)

(

mν ≡ 0.05eV, φref ≡ 10
12
GeV

)
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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 = &(10−3)ρϕ

νR ΔρN = &(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

Γs ∼ y4
N
T ! λ2

φT
H(T ) " T 2/MP

}

⇒ Γs/H(T ) ! λ2
φMP/T (at least for T " φ0)

(Potential danger - sym,-breaking potential might cause very efficient preheating)
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MD era

! Matter-antimatter asymmetry

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

YPQ,e ∼ 2.5

( α

10−2

)

θini
φini = 10MP φini = 20MP
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Transferring PQ-number to the SM sector

V ⊃ yNΦ
∗
ν
c
R
νR + h.c.

∆Φ

AD-mechanim 

V ⊃ yνℓLH̃νR + h.c.

∆N

∆ℓ

Helicity asym. 

Non-thermal decay

Non-thermal decay

Δℓ = βN × ΔN (at N decays)

Wash-in thermal processes

νR, ν
c
R ↔ ℓL +H

∆ℓ

(due to the helicity mixing)

V ⊃ (∂µθ) j
µ
⇒ θ̇ = µext

Y fo
B−L ∼

1

g∗S(Tfo)

(

θ̇

T

)

fo

YB ∼ β1Y1,d
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Helicity asymmetry

N+(p1)

ℓ
−
(p2)

H(p3)

Helicity states are sol. to the Dirac eq. of free RHNs.

[Beno & Santos, PRD71 (2005) 096001]



YB
=
Y
ob

s

B

mN1
/Td = 10

20

50

ΔN eff
=

0.5

0.2

0.1

20

BAU through cascade decays: ΔΦ → ΔN → Δℓ

B2,3 = 0.1

ξφ = 200

φ0 = 10
12
GeV

YPQ,e = 10
−6 }
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! 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:

θ

V (θ)

 ⇒  partial alleviation of the Hubble tension∆Neff ≃ 0.47

(

10ΓN1

H1,eq

)2/3
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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

fN1,0 ≈ 1Hz

[

(

0.1

b1

)(

ξφ

100

)2 (

104mν1

mν

)(

φ0

1012GeV

)2
]1/2

feq,0 ≈ 35×

[

(

B1

0.1

)2 (
100

ξφ

)(

mν

104mν1

)

]2/3

fN1,0

Characteristic frequencies:

feq,0fN1,0

ΩGWh
2

MD-era∼ O(10−17)

Consistency check:

(c.f. Hd = (2/3)ΓN1
)

ΓN1
H1,eq
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! Shift of  (  Shift of )ns(Ne) ⇐ Ne

ΩGW

fN1,0

−−−→ ΓN1

∆Neff
−−−−→ H1,eq

MD era
−−−−−→

∆Ne

ns, rT

! Presence of axi-Majoron DR

⇒  Duration of MD-era
⇒  Change of the total inflationary -folds( )e Ne

ns ≃ 1− 2N−1
e , rT ≃ 12N−2

e

! Implication(s) on neutrinos physics

  ⇒  may have implications on observables of the neutrino pheno.m
ν1

⋘ m
ν

≡ 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(maybe anthropic?)

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


