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Motivation

® Big theoretical/cosmological/phenomenological puzzles

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

- Inflation ( n, ~ 1 —0.03, r; < 0.063) R\
- Matter-antimatter asymmetry (Y3 ~ 10~
- Dark matter (€2py ~ 0.27)
- H tension ((HSN — H(()jMB)/HgMB ~ 0 &6\\‘ dev.))
- Cosmological constant (p5*/p! < Q’bf( oD~ 10~%3)

c©
- Hierarchy problem (/7 \oe\(\cé—- O(1073%))
- Neutrino mass / \\‘ O(10713y)

oL ~10

- Strong CP-p| (00 Gep < 0(107))

- ()

® 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 (2)

(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:
( (/b — Q1/2$
L, =019, . ¢5Q3/4@Z | |
%6 — 6—207(% \ et = O1/2z0 (4 = Wae,r):welbem
B a_ - _a 3 2 s : Ricci scalar
\ R=Q|R—-35(0InQ)" +3V-InQ

Scale invariant action (d = 4 operators w/o dimensionful parameters):
G+5M7 .

S M= Matter aetlon Wlthout mass- parameters Nonm|n|mal grawtatlonal int.

Noether current & |ts conservatlow
Ku = Z/ﬂz% P (f<.;Z = 1 + 6&) '

ov

global Weyl scale-invariant!



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.

V:é¢4+& 41n(£>

4 4 Ho
v _
= DuK" =4V — o5 5/\47“)

= Scale-invariant only if §;, =

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

4 4 X
= D, K" =4V — gpav a—V:O
0y ox

= Scale-invariant even though S, # 0



Scale generation

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

K, = Z KipiOups = 0, K (K = Z /@;gpg/Q, k; =14+ 6&)

D'K, =0 = K+3HK =0

dt o0
= K:cl+02/a3(t) too, c1 (a const.!)

é A scale appears!

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




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

2 2 2 Ky
K =RryX"+ Ko 2 x| 1+ —5 > const.
X

5 ¢2 5413/2(15<<<§;/2)( ) )
e ok = Mg

M112> = fXXZ (1

Xini \/7 K ~ xi; : always
Ve K bini <&/ = { Mp ~ Egd2 . > M1:2,70 : ~ the SM Higgs inflation

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

¢

A A trajectory in the field space

M = const! .




The MCSM

(The Minimal Cosmological Standard Model)
[Barenboim, Ko & Park,2403.05390;2403.08675]

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)pq-breaking
Hs = an additional Higgs doublet : DFSZ-axion model

vgr, = three right-handed neutrino fields : Seesaw mechanism 4 reheating

Field
Qr | ur |dr | 4L | er | vr | H1 | Hy | @

ie) 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=Ls+ L

Lo = —%R [gxx2 +&p |®)F &4 (2 +coc) —iE_ (B2 —c.c.) + F(Hy, H2)] + G.B.

F =, | + €, | ol + €5 (H{Hy + c.c.) —ig! (H[Hy — c.c.)
L D Les — Vs

Simplified version with only one Higgs doublet:

~ A
Vs = fx‘* + ARH |+ 2|2/

__)‘x X2|H|2 - —f\x¢X2|<I>|2 /\hqsIHI ?| @2

yNCI) VRVR + yquHVR -I- h.c. .(ﬁ “Axi-majoron” model)

- Dynamically relevant three fields with (H) ~ O:

= (x. b ) (for ® = (&, +idy) V2= g’/ @) [2)



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:

/ \/— MR(g,w ;F(¢i)R(g;w)+L(¢i)>

AN
W\MN Ly o
A -------"3s=ata... a

_ 2 2 y 2
Sor = = [ d'a P @) F (4) A e () ()

2 2

\ 1 : M, QCD
-+ / d'z 5 A2 F(¢:) T (¢:) Mg ~ \/Agdo > O(107)GeV

A cure S —
_ —ax/|al coX < |p| : during inflation
Sa = &a = Lajo { CaX > |po| : after inflation

< - DL o L Py o 3 ~ e r e g P ~ = _ o
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® The origin of scales
x is nearly fixed, once the kernel is fixed

| | |

A Al 2 A
VsOuh @) = X+ 77 (62 = Caxx®) ™ + 5 (W + Chod” — Gex®)

) § JET

2

‘75 , )\h 2
V(x, ¢, h) = 02 ~ Vo + Igb ( ? — ¢(2),X) -+ e (h2 + Ch¢¢2 — hg)x)
)\/
Vo = éMf% + 1-loop corrections

|. 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 S12009)



Cosmology

e Axi-Majoron Hybrid Inflation
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Iso-curvature perturbations:

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

H P it(k
S = E (09%), & (09“), ~ const. = P—]I% X Ee::]i ) ~ €exit(k) ~ O (N (k)
107 3
107 :
% E ]
oJ s |
X
107°F
10—7 L | ) . : 1 . IS SRS S S ST SN SN S S TN TR TR S S S T S— — ——
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t[‘l/Href]
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e Reheating after inflation

Relevant interactions:

| n Caa.| gS n
L! GG" V
||0 32{__#2 }
i 1 __ _
V! % e "(2,$2+ éyN!!O/@%g+yu&H%g+h.c.
- i | 3| | T " | no

ﬂll 0 |#|| non # n O| $ n 0
(i) ¢ decays dominantly to a,s(axi-majorons) via the kinetic term.
(i) It should be able to decay to RHNs (= y, <, /4, ), 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 RHN.

| < 2x10 X ( 05 ) (10) (Ol) (¢ref)

m ! 005eV !ref! 10126eV
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e Symmetry non-restoration of U(l)p,

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

(i) To ¢-quanta (due to 4,-term): Ap, = @(10_3),%
(i) To vgs: Apy = 6(0.1) X by *Ayp, << py
= Energy transfer to v via preheating is inefficient!

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

L yg T e T,

! | 12 mon
H(T) " T2/M p ls/H(T)! I¥Mp/T (atleast for T 0)

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

5/2(9%

2 2
Mge(0) = Ao |—1+ cr)y 327 oo

. It is possible to have the symmetry not restored.
= We can avoid the domain-wall problem of the minimal DFSZ axion model!
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e Matter-antimatter asymmetry
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Affleck-Dine PQ-# generation ( = non-zero angular momentum) 7 o
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Transferring PQ-number to the SM sector

VI yyI H"r +h.c [I | ]
>
Non-thermal decay -

AD-mechanism AC = py X AN (at N decays)

Usual way in

v (due to the helicity mixing)
[I" J V| yN!-!g!R+h.c.>[| NJ Ye ! '1Y1g4
' Non-thermal decay '

AD-mechanim Helicity asym.

Spontaneous

leptogenesis

IR, !

r! "L+H
SRR
Wash-in thermal processes
V(MR U= Py
1




Parametric dependence of the baryon # asymmetry

Non-thermal decay of RHNs (transfer of helicity asym.): A® —» AN —» A/

82,3 =0.1
1, =200 £
T 10~4
"o =10 GeV S
YpQ1e — 10I 6
10—5_I | ] 1 1 1 1 .
102 10~1



e Dark matter & dark radiation

Dark matter

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

V()

N\~

Dark radiation

Hot axi-majorons from the decay of the inflaton:

: 1OIN1 2/ 3

l No ! 0.47
el H1eq

(It helps improve the Hubble tension!)



* 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), WMAPS+BAO: 68.361023
Hinshaw et al. (2013), WMAPO: 70.0 £ 3.2

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

[km s~ Mpc~1]

(\c,‘\
o C( QQ’A
ANV

Philcox et al. (2020), P)(k)+CMB lensing: 70.62}

| T T 1 T v v v |

Indirect

Cepheids — SNila

Riess et al. (2020), R20:
Breuval et al. (2020):
Riess et al. (2019), R19:
Camarena, Marra (2019):

73213
728+27
74.0+1.4

—
~

Burns et al. (2018):

Dhawan, Jha, Leibundgut (2017), NIR:
Follin, Knox (2017):

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

Cardona, Kunz, Pettorino (2016), HPs:
Freedman et al. (2012):

TRGB - SNla

Soltis, Casertano, Riess (2020): 72.1 £2.0
Freedman et al. (2020): 69.6 £1.9

Reid, Pesce, Riess (2019), SHOES: 71.1 +1.9
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

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: 73.3x 2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 £ 4.1

~ ~
AudoINES
WohNweRN®
o H
NN N
i gmau-w

——

Direct

SNII
de Jaeger et al. (2020): 75.8%53

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

Lensing related, mass model — dependent
Denzel et al. (2021): 71. 8’§§

Birrer et al. (2020), TDCOSMO+SLACS: 67.4*%1, TDCOSMO: 74.5*
Yang, Birrer, Hu (2020) Hy=73.65%13
Millon et al. (2020), TDCOSMO: 74.2 = 176
Baxter et al. (2020): 73.5+5.3
Qi et al. (2020): 73. 6‘1%
Liao et al. (2020): 72. 8’
Liao et al. (2019): 72.2 + 21
Shaiib et al. (2019), STRIDES: 74.2!2
Wong et al. (2019), HOLICOW 2019: 73.37H
Birrer et al. (2018), HOLICOW 2018: 72.57%
Bonvin et al. (2016), HOLICOW 2016: 71.9%2 4

Optimistic average
Di Valentino (2021): 72.94 0.75

Ultra - conservative, no Cee Iel s,(zsl;))l?;\;mgl
alentino 1 1

GW related

Gayathri et al. (2020), GW190521+GW170817: 73. 4*‘12}

Mukherjee et al. (2020), GW170817+ZTF: 67.6

Mukherjee et al. (2019), GW170817+VLBI: 68. 3*1§§

NN T 1 v v v |

Abbott et al. (2017), GW170817: 70.0%;

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

< Impact of AN

| -
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[S.Vagnozzi, Phys.Rev.D 102 (2020) 2, 023518]
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e Distortion of inflationary GWs
10°
107° |
Characteristic frequencies: £ 0%
o7 gk
! GW h 10712 |
4 |
1 0(10 ') { MD-era : ol
. : 101
E E >
#o" 100# # P2/ 3
m-
feqo! 35" —= = = f
°a0 0.1 ¥ 10°'m-, N0
#o' # #,P1/ 2
fu ot 1Hz 01 17 10'm o
N0 b 100 m- 1012GeV
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1078

16“ 1ol-4 16—2 16° 162 16‘ 16‘
Frequency / Hz
Consistency check:
1 1/3 10T 2/3
ANz ~ 0.48 x (i) ( 0 Nl)
g*(T’y,d) Hl,eq

(cf. Hg = (2/3)! n,)




e Presence of axi-Majoron DR

100 \'3 /100y \ %3
ANefsz.48><( ) ( )
g*(T'y,d) Hl,eq

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

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

ng! 1" 2N2*1', re ! 12N;“

e Implication(s) on neutrinos physics

The masses of two heavy states are nearly fixed (since m, << m, = 0.05eV)

22



Summary

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

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

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

- the matter-antimatter asymmetry - 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(d) and the mother(y) of the

SR
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