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Motivation

® Big theoretical/cosmological/phenomenological puzzles

- The origin of dimensionful parameters (mp = 1/\/5 & py, = mh/\/z)

- Inflation ( n, ~ 1 — 0.03, r; < 0.063) A

- Matter-antimatter asymmetry (Y =~ 10~ C\L\e

- Dark matter (Qpy ~ 0.27) Vg

- H, tension ((HgN — H(?MB)/H(():MB ~ 0 '&\\‘ dev.))

- Cosmological constant (p3*/pi? < Q’b,( 5CD ™ 10~%)
c©

- Hierarchy problem ({; \oe\(\%—‘ O(10734)

- Neutrino mass / 6\\ 0(10"13))

- Strong CP-p! (00 Jop < 0(10719))
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® A dream (or a goal)

- 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) U(1)pg symmetry (at least in the matter sector) = Axion-solution
(iii) Minimality = Unification of PQ & seesaw sectors ( = “Axi-Majoron”)

< Minimal DFSZ vs minimal KSVZ >

v'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)




Global Weyl scaling ...

Transformation:
(¢ = Ql/QgZ
G = VG = Q34
(Q=e29/7) < el = Q121 (y* = y%eH): vielbein
| R= ) [fg -3 (01nQ)* 4+ 3V2In Q] : Ricci scalar

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

d4:c\/_ RF( {goz

S M= Matter actlon Wlthout mass—parameters Nonminimal gravitational int.

Noether current & |ts conservatlon.

KM = Z/iz% 1P (/fz = 1 + 65@)

global Weyl scale-invariant!

)%
D, K" :4V—;cpia— =0
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Shaposhnikov & Zenhousern, PLB671 (2009) 162
Ferreira, Hill & Ross, PRD95 (2017) 043507

Quantum scale-symmetry

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

Ay, By ¥
- — —_— 1 R
|74 4gp—|—4g0 n(uo
D ,LL:4 — _— = — —
= D, K vV (’0690 490 £ 0

= Scale-invariant only if §; =0

- Restoration of scale-sym.: Replacing yi, to a Weyl co-variant field such as y.

4 4 X
oV oV

= D,KF'=4V —p— — x— =0
T Spago Fx

= Scale-invariant even though /3, # 0



Scale generation

The Weyl-current, a kernel & its asymptote [Ferreira, Hill & Ross, PRD95, 043507 (2017)]

K, = Z KipiO,pi = 0, K (K = Z migpf/2, ki =1+ 6&;)
D'K,=0 = K+3HK =0
dt t— o0

5 a const.!
a3 (t) 1 (a const.’

é A scale appears!

= K:C;[—I—Cg/

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




A simple two-field picture (with 5)( < 1)s [Ferreira, Hill & Ross, PRD95, 043507 (2017)]

K¢¢2
X2

K = kX + kgd® ~ x° (1 + ) — const .

2 6;/2¢<<<§ 1/2
Mp = &x° (1 + ?iz) St = M,
X

— _ Xini / K ~ x2, . always
Fo < Gini Cy&e/b = { M3 ~ 2 > M1:2>70 : ~ the SM Higgs inflation




e Decoupling of the dilaton [Ferreira, Hill & Ross, PRD95, 064038 (2017)]

For scalar fields as an example,

Gy = eza/fg,w (o0 = dilaton)
—O'/f ~

K = Z/ﬁ;i@z/Q = const! (f ~ xo =~ Mp /&, > Mp)
=5 [ VEIF [ gy 00 - 5% (F(igiah) = 182)
it = / V=g {5 Z [ 03" + 21 (00)" — L00 -0 (@?)] - V({@})}

i
f?

f? f

= Stot—/r{ +% 80) % : K+'“+>\LC({¢¢})} (C:F—ﬂ)

- o is massless!
- No derivative interactions ("." scale-invariance = K = f? = const.).

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

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

(The Minimal Cosmological Standard Model)
[Barenboim, Ko & Park, 2403.05390; PRD | 1(2024)12,123521]

e Underlying symmetries

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

e Minimal field contents & charges

X = A real scalar: (y) — Mp
¢ = the Peccei-Quinn field(a complex scalar) : (®) — U(1)pqg-breaking
H-> = an additional Higgs doublet : DFSZ-axion model

vR, = three right-handed neutrino fields : Seesaw mechanism + reheating

Field QL | ug | dr | 4 | er | vg | Hi | Hy | @

qrQ 3/2|1/2|1/23/2|1/2|1/2| 1 | -1 |1

Charge




e The model (Axi-majoron + non-minimal grav.-coupling)

Key terms of our scenario!
L="Ly+ Lo

Ly = —%R [€XX2 +&a |<I>|2 + &0 <<I>2 + c.c.) —i&_ (<I>2 — c.c.) —i—]-"H(Hl,Hg)} + G.B.

Fr =¢EH, |H1|2 +&m, |H2|2 + Sf <HIH2 + c.c.) — i (HIHQ — c.c.)
Lo D Lo — Vg

Simplified version with only one Higgs doublet:

A
Vs = I"x‘“rkhllrfl‘l+>\¢|<I>|4

__)\xhX |H|2 - —/\xqu |‘I’|2 )\h¢|H| ?|®|?

yN‘I) VRVR + yquHVR + h c. (= “Axi-majoron” model)

- Dynamically relevant three fields with (H) ~

= (x: ¢r, ¢) (for ® = (4, @.sbz)/f )



e Axion quality problem(?)

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

Perturbative effect: [Hill and Ross, PRD102, 125014(2020)]
Impact of the dangerous graviton exchanges caused by the sym.-breaking terms:

¢
-~ . i/q2 . '/' \“
. > o 22 \ '
WW @ 2) e N
. q a """"""""""" a
4 352 2 : 2 4
Ser = | d*x—5 ¢“0¢pO¢ i Amg 2 Mg
M3 : 2 ~ags | 7 | In
: ) m,.Qcb ma,QCDMP
/ ' f; (=804, + 4W($)) iy ~ \/Aado = O(107)GeV
P
. a = ésym—breaking/ fsym
A cure o ——
| e e, =g, geca/Iva caX < |p| ¢ during inflation |
§ @ ™ 5a,0 caX > |po| : after inflation |



® The origin of scales
x is nearly fixed, once the kernel is fixed

l l

- M\ Y 2 A 2
Vs(x, h,¢) = ZXX4 + f (6% — CoxX®)” + ch (h? + Chpd® — CrxX?)

4
L e - )
vV h_VSNV )‘ib 2 2 \2 )‘hh2 2 _ p2 2
(X?gba ):m’\“ O+Z( _¢0,X> +Z< +Ch¢¢ _ 0x)
/
Vo = —XQMEL + 1-loop corrections
45

|. yis 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 4 -term.

3. C.C.problem is now of the choice of /1)’(/(5)?.
(see however PLB671 (2009) 162; 187 (unimodular gravity) & T. Kugo’s talk at SI2009)



Cosmology

e Axi-Majoron Hybrid Inflation :

(however effectively single-field inflation)

=

031

—

to the mixing
veen ¢, and @,

1
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e
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Iso-curvature perturbations:

- Evolution of ¢ causes a suppression (gﬁ increases toward the end of inflation):

H .

S=—(09"), & (6¢*), ~ const. = i X Cexit (F) ~ €exit (k) ~ O(N_‘zt(k))
b Pr €end o
107 -
102 - =

% g ]
o L i
X
107
10—7 B o 0w v oy o u ow P U G N T SR (N T B N VRN VAL T S S (VLA
300 310 320 330 340 350
t[1 /Href]
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e Reheating after inflation

Relevant interactions:

caa¢ gs
9_
LD ( b0 )327T2GG Vv

A 1 _ _ -
_¢ (¢2 - ¢(2))2 + (in‘I)*V%I/R +y b Hvp + h.c.)

{ V3D 1 9> ¢y
V2600 |09 =@ — do| K @0

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

(i) There would be effects of preheating by axi-majoron-dynamics (under investigation!)
(iii) It should be able to decay to RHNs (= yy <4 /4, ), too.

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

¢ref

ANObS 3/2“ 7
Moy <2><10—4><( ngf) (€—¢

10

o 05eV gbref = 1012GeV)

1l
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e Symmetry non-restoration of U(1l)p,

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

(i) To ¢p-quanta (due to 4 -term): Ap, = @(10_3)p¢
(i) To vgs: Apy = 0(0.1) X b]f,/4/1¢p¢ K py
= Energy transfer to vy via preheating is inefficient!

Thermal trapping?:
(i) Scatterings of ¢ to vgs are inefficient.

Dy~ y&T S A3T

< )\ >
H(T) > T2 /M } = I's/H(T) S A\gMp/T (at least for T' 2 ¢o)

(i) The effective mass-squared at the origin when ¢ ~ ¢ 2 ¢

2 4
_ s/2 (9 Mp | |
el (o Y570 <o »

.". It is possible to have the symmetry not restored.
= WVe can avoid the domain-wall problem of the minimal DFSZ axion model!

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

m3.e(0) ~ Apd
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e Matter-antimatter asymmetry

Affleck-Dine PQ-# generation ( = non-zero angular momentum) . _
4r — : E
102 :
3— ] e : 3
' : B 400} |
é 5 : ] = ; : E
T 3 | Tk E
: : 102} : JU
17 : i : JU \/
of 5 ! 104 | o ‘ '

340 360 380 400

300 320 340 360

t[1 /Href] t[1/Href]

Oini = 20Mp

= 1072
>? s PUCE—— ¥ q=10"2 —4— @=10"3 —— q=107"*
| - @ & H—H\

/“'ﬁ ~#— @=10"% —e— =105

1074 = q=10"2 -4 =103 — a=10"*

—= @=10"% —— a=107°

SRR
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flrad] ffrad]
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Transferring PQ-number to the SM sector

---------------------------------------------------------------------------------------------------------------
- ~

VD y,,EFIVR + h.c.
>
Non-thermal decay

AD-mechanism AZ = Py X AN (at N decays)

Usual way in

(due to the helicity mixing)
" 7 /61 1,d
Non-thermal decay

“\AD-mechanim Helicity asym.

~ -
---------------------------------------------------------------------------------------------------------------

VR, Vp <l + H
, | Al
Wash-in thermal processes
V> (QLLH)]LL = 6 — MHext

1 0
on_ ~ - | Z
o g*S(TfO) <T>fo

Spontaneous

leptogenesis




Helicity asymmetry [Beno & Santos, PRD71 (2005) 096001]

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

One may observe that in contrast to lepton number, Projectors on components with definite energy and helicity:
helicity is not invariant under Lorentz transformations. . =
However, in an isotropic Universe the comoving thermal A (p) = (m + ;¢) <1 +7 ¢h> _ u™(p)uM(p) ,
bath frame is a privileged frame where isotropy enforces 2m 2 2m
the spin density matrix to be diagonal in the helicity basis. Ay = (M P\ (147 ) v (p)o® (p)
That means that each of the neutrino flavors N, can be - =\ Tom 2 - om ’
divided in two populations of opposite helicities and well _ o
defined distribution functions £ . The total lepton number = "ith the polarization four-vector
carried by each neutrino species is equal to p |p| E p - B

Sh— Sh__la 3h'p—0a
Pp m m gl
a
L,=V 2 )3 — fave €)
where v, is the neutrino speed and V the spatial volume. It '

£ _(py) oe Thl 2 P (4> W) w0 EE (1+p0)

M 2 P (0725 4e7) ¢ BBL(1 -8

N, (py)
i Bi- = 1 (e

. = AY&: (B,t--f BH).A}A»
, Byy = A ()= ’ . |
“H(ps) L




BAU through cascade decays: A® —» AN — A/

10“35‘ E
: ) 5
_le/Td—lO ) J&/A
By s = 0.1 i |
€5 = 200
¢0 = 1012G6V
Ypq.e = 107°
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e Dark matter & dark radiation

Dark matter

Cold axi-majorons from the misalignment only = ¢, = 0(10'%) GeV

V(0)

A

Dark radiation

Hot axi-majorons from the decay of the inflaton:

2/3
ANeg ~ 0.47 ( ) = partial alleviation of the Hubble tension

21



* Hubble tension

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.53
Pogosian et al. (2020), eBOSS+Planck Q,,H?: 69.6 + 1.8
Aghanim et al. (2020), Planck 2018: 67.27 = 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54
Ade et al. (2016), Planck 2015, Ho = 67.27 £ 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8+1.5

Aiola et al. (2020), ACT: 67.9+1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.3675:23
fiinshaw et al. (2013), WMAP9: 70.0 £ 2.3

No CMB, with BBN

D'Amico et al. (2020), BOSS DR12+BBN: 68.5 + 2.2
Colas et al. (2020), BOSS DR12+BBN: 68.7 + 1.5
Philcox et al. (2020), P;+BAO+BBN: 68.6 + 1.1
Ivanov et al. (2020), BOSS+BBN: 67.9 1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97

Pi(k) + CMB lensing
Philcox et al. (2020), P/(k)+CMB lensing: 70.6*37

Cepheids — SNla

Riess et al. (2020), R20: 73.2+1.3

Breuval et al. (2020):

Riess et al. (2019), R19:

Camarena, Marra (2019):

Burns et al. (2018): 73.

Dhawan, Jha, Leibundgut (2017), NIR: 72.;
Follin, Knox (2017): 73.

Feeney, Mortlock, Dalmasso (2017): 73.
Riess et al. (2016), R16: 73.2

Cardona, Kunz, Pettorino (2016), HPs: 73.8 + 2.
Freedman et al. (2012): 74.3+2.1

TRGB — SNla

Soltis, Casertano, Riess (2020): 72.1 2.0
Freedman et al. (2020): 69.

Reid, Pesce, Riess (2019), SHOES: 8 %

Freedman et al. (2019): 69.8 +1.9

Yuan et al. (2019): 72.4 £2.0

Jang, Lee (2017): 71.2£2.5

Miras — SNla
Huang et al. (2019): 73.3 £4.0

NwoNDC

B

PRRWN e

Masers
Pesce et al. (2020): 73.9 £ 3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 £ 2.6
Schombert, McGaugh, Lelli (2020): 75.1 +2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 4.1

SNII
de Jaeger et al. (2020): 75.8*3%

HIl galaxies
Fernandez Arenas et al. (2018): 71.0 + 3.5

Lensing related, mass model — dependent
Denzel et al. (2021): 71.8733
Birrer et al. (2020), TOCOSMO+SLACS: 67.4:4, TDCOSMO: 74.54%
Yang, Birrer, Hu (2020): Ho = 73.65*13
Millon et al. (2020), TDCOSMO: 74.2 % 1
Baxter et al. (2020): 73.5+5.3
Qietal. (2020): 73.6:1¢
Liao et al. (2020): 72.8%1
Liao et al. (2019): 72.2 £ 2.1
Shajib et al. (2019), STRIDES: 74.2:%7
Wong et al. (2019), HOLICOW 2019: 733314
Birrer et al. (2018), HOLICOW 2018: 72.5%’%
Bonvin et al. (2016), HOLICOW 2016: 71923

Optimistic average

) Di Valentino (2021): 72.94 £0.75

Ultra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7 +1.1

GW related
Gayathri et al. (2020), GW190521+GW170817: 73.4:50,
Mukherjee et al. (2020), GW170817+ZTF: 67.67
Mukherjee et al. (2019), GW170817+VLBI: 68.3 1!
Abbott et al. (2017), GW170817: 70.0*1%

e+
o

e
o

[km s~ Mpc™!]

Ho

Indirect

Direct

[Class. Quantum Grav. 38, 153001 (2021)] 22

10

=InB;

< Impact of AN >

3.9

3.6

Neff

3.3

3.0

: ; . 35
NACDM vs ACDM -
" Very strong preference for A\CDM -
| 2 o0 9 : ’g
8, L9420 *
. o c
.- o
i Strong preference for ACDM L {15
“ P ’ q)
|_
- Definite prefere j:0
. _Weak'p—re—fer ce for ACDM . 105
= Weak preference ‘ & extended model e 5
: 0.0

3:2 3.4

ACDM + N4
(but ACDM is
strongly
favored)

67|.5 70|.0 72|.5 310 313 316 319
HO Neff
[S.Vagnozzi, Phys.Rev.D 102 (2020) 2, 023518]



Signatures

. o o . 10°
e Distortion of inflationary GWs
10° EPTA é%%‘\
103 =10°® solm.m.ass ‘binar'e E?gg“
Characteristic frequencies: £ 10 s
10-¢ (Scom
2 Unresol lvable Supernovae
QGWh 10712 | galac narl
A 17 Pulsars
~010~"") ¢ MD-era : i , |
1 1 10710 1078 107° 1074 1072 10° 102 10° 10°
: : Frequency / Hz
s - e
s s -
] , 2/3 Consistency check:
B, 100 m,
~ 35 X —
Jeat (0-1> (§¢ ) <104mu >] 0 1/3 2/3
I ! 100 100y,
_ ANeg ~ 048 X | ———
2 27 1/2 (T.4) H
f 1, | (01N (8o 10%m,, o Ge\Lyd Leq
=~ Z -
N0 by ) \ 100 m, 1012GeV
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e Presence of axi-Majoron DR

100 \Y3 /100y, \ %3
ANos = 0.48 x ( ) ( )
g* (T’Y,d) Hl’eq

= Duration of MD-era
= Change of the total inflationary e-folds(V,)

e Shift of n(N,) (< Shift of N))

ne~1—2N1, rp~12N;?

e Implication(s) on neutrinos physics

m, << m, =0.05¢V = may have implications on observables of the neutrino pheno.
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Summary

e We constructed the simplest minimal BSM model under the scale-sym. and U(1)p,-sym.
o U(1)p-breaking terms may exist only in the gravity sector.

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

- the origin of scales : - Iso-curvature perturbations suppressed
- the primordial inflation : - No domain-wall problem

- the matter-antimatter asymmetry i - No axion-quality problem

- dark matter and its relic density : - No fifth force constraints

- dark radiation - No hierarchy problem

- the strong CP-problem
- the origin of the tiny neutrino-mass

® 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(y) of the
universe)

Thank \jou!
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