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Introduction

< Open Questions :

Neutrino mass
Dark matter
Baryon asymmetry
Inflation

Dark energy

Hierarchy problem

Hierarchy problem

Standard Model

matter particles guage particles
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mi < A?

Vam = m%4H'H + Ag(HTH)? - . ~ AgA? ~ 6m?

---’---

mi = m3; — dm3; ~ (10'° GeV)? — (10'° GeV)? = (125 GeV)?

fine tuning !!
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Introduction

*» Classical scale invariance
Vam = myH ' H + Ay (HVH)?
<+ Boundary condition @ Planck scale Bardeen, FERMILAB-CONF-95-391 (1995)

<+ The RG equation of Higgs mass

dm?, m2, 9 9
— 12Xp +6y7 — —9g7 — —g3 + -
dlogp ~ 1672 ( HHOU — 1091 — 592+ )

+ In m%;(Ap) = 0, the mass does not run.

<+ Scale invariant theory + dimensional transmutation
+ CGoleman-Wienberg mechanism

<+ Dynamical chiral symmetry breaking
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Introduction

< Ordinary Matter

: QCD Dynamical chiral symmetry
o o
Higgs EWSB + breaking (DxSB)

i Higgs Vacuum ; i
__ 10 5 :,,,,,Electrow,(aak,s,ymrﬁe,try,,br,eakjing ,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,, .
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) - | | | | | 1
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o s
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107 R B B ) E
.t {qq)
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L 10 Lo y d ,,,,,,,,,, I QCD Vacuum |
A X, Symmetry breaking -
y &

1 10 10°  10°  10°  10°

Total quark mass (MeV) X. Zhu et. al PLB647 (2007)
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Introduction

Hur, Jung, Ko, Lee, PLB106 (2011)
Holthausen et al, JHEP1312 (2013)

* Model | 2t

h S DM : Dark meson

Visible

v Higgs mass parameter
SM with my2=0

v' DM mass

Ametani, MA, Goto, Kubo, PRD91 (2015)
MA, Goto, Kubo, PRD96 (2017)
MA, Kubo, JCAPO04 (2020)

2 Model Il AT

Visible

MA, Brdar, Kubo, PRD102 (2020)
MA, Kubo, Yang, JCAPO1 (2022)

Neutrino Option
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Neutrino Option

“* Neutrino option : Brivio, Trott, PRL119 (2017)

1 ~ L
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Neutrino Option

“* Neutrino option : Brivio, Trott, PRL119 (2017)

The right-handed neutrinos can significantly contribute to the correction to
the Higgs mass term.

2
LD —%H(HTH) +A(HTH)?

0.130
Nr H\‘ Nz ",'H oz
L L £ o0.120}
5 0.115F
VI 'l s~ —~ _
H Re NR s‘H 0.110
0.105}
2 5
4 . 1 1 :
@ M (GeV)
Fl'ype-l seesaw and )
. wi o~ Ap?; my ~ 1077% GeV with g, <107* 5
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Neutrino Option

“* Neutrino option based on Classical Scale invariance:

Introduce a new scalar to generate right-handed neutrino masses by Yukawa coupling.

MmN = Ym < S > Brdar et al, PRD99 (2019)
< Model Il : T
Dynamical chiral symmetry breaking MA, Brdar, Kubo, PRD102 (2020)

in a QCD-like hidden sector

¥ Higgs mass parameter
v DM mass

<+ Require classical scale invariant for gravitational degree of freedom.

MA, Kubo, Yang, JCAPO1 (2022)

v Planck mass  Mpy, ~ 1/ (S)
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Classical Scale Invariant Model 1

< Gauge Symmetry : Ggsn X SU(3)y

h S S real singlet scalar

Visible

1; hidden vector-like fermions (i=1-3)
SM with mu2=0

1 1
< Scalar potential for vis. sector: Vants = Ag(HTH)? — EAHSSZ(HTH) + Z>x554

1 — .
< Hidden sector : Ly = —ETP F?+Tr ¢ (i@ + gu@ — yS) ¢

% The DxSB in the hidden sector triggers the EW symmetry breaking.
SU(3)L X SU(3)R — SU(S)V

Hidden
QCD
scale Ay| Dynamical xSB (¢) #0 () ~ Afy
Explicit xSB (S) #0 yS (1)
EW
EWSB (h) #0 Aus (S)” (H'H)
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Classical Scale Invariant Model 1

< Nambu—Jona-Lasinio Model (NJL) Lagrangian :

EH — Lny, =Tr 'QE(Z@ + g’QB _ yS)¢ 4+ 2G'Tr (I)T(I) + GD(det b I h.c)
(®):5 = s (1 — v5); current mass 4-Fermi 6-Fermi

<+ @G and Gp are dimensional parameters.

%< Mean-field approximatilon:
SU(3)v limit: (®) = 10 (diag.(o,0,0) +i(A%)" ¢?) (a=1,---,8)

o= —4G (Yy) CP-odd : ¢q = —2iG (Py5A"Y)
Chiral condensate Hidden mesons (Massive NG bosons)
Dark matter candidates

<+ Lagrangian:
8
Lyra = Tr (i@, — M) — iTr thys ) — % (302 +2) ¢a¢a>
a=1

8
Gp 3

3
e (Tr YO*P + ; PaaTr i) +ioTr Pysn) + ;’G + 22 Z(¢a)2>

a=1
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Classical Scale Invariant Model 1

< One-loop effective potential from MFA:

3 Gp
VoL (o, S5 Apr) = ¢’ " 1ecs® 9Io(M;Amr)
+ Constituent fermion mass : M=0c+4+yS — GGDZ o?
8

+ @G and Gp : determined by scaling-up the values for the real hadrons.

G7T12A%7 = 1.82, (—GYCP)/5AQCD = 2,29

— GY2Ayz =1.82, (—Gp)Y® Ay =2.29 Parameter |(2GQCP)~1/2|(—GRP)-1/5/AQCD

Value (MeV) 361 406 930

+» Potential : ' ;
Vam4s = A (HTH)? — 5>\1,U,SS2(HTH) + Z>\SS4

Ve = Vsm+s + VNaL

+ Free parameters : | Aas, As, ¥, A, An

chosen to satisfy my = 126 GeV, v = 246 GeV
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Classical Scale Invariant Model 1

. U . .
< Hidden Chiral Phase Transition MA, Kubo, JCAPO4 (2021)

Ag = 0.001, Ags =0, y = 0.00172  Ag = 0.001, Agys = 0, y = 0.0045

O, ' L e L ] OF . I . I - I E—

sE hg=0001, hy=0. y=000172 s A =0001, A, =0, y=00045

na E JE E
c o vs/ T ] - o E
>"’5§_ — >m5§— US/T E
K 4= vo'/ T = X 4 =
= G | sk .
>o35— ........... _E >o35 Uo'/ T ...... E

20 e E 2 e :

b ., E B e T 3

Of_ ! | L | L | ! | [ eeeposececsereccases | | _E Of_ . | L I---.. ----- I'---.'-..-I ----- i S

004 005 006 007 008 009 01 011 0.2 0.08 0.09 0.1 0.11 0.12 0.13 0.14

T/Ax T/An

+ The chiral PT in the hidden sector becomes first order L Pure SUGLY

for ¥ SO(1077). cross over '

* 7
QCD PT M
ms .
Ding et al. arXiv: 1111.0185

1
| |
% 1st-order PT
Chiral limit 2 >

(Classical scale invariance) mMauyu,d O
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Classical Scale Invariant Model 1

< Mass spectrum h _ _ h
S S
o o
Ag = 0.001 y = 0.001 — 0.00172
— 2 : I L | | I I | L I :
% 18 Ay =0.001,0.001<y<0.00172 = =
~ | Excluded by LHC]
[ § ~ h-SS ]
> 14 — -
Q 1 .
E L2 I — ms = 90 GeV
n [ — Ay ]
~ 1L +  MDM - Apg =43 TeV
S0 F | :
S o ) -
E-0.6:— F I -
P: .ms iy ogpo : ms = 150 GeV
&M ' My B E
: gy, ©! 1 A = 6.6 TeV
N | : ]
m —?*;_ e gy B
h 0]_1 I | 1 1 | L1 1 ll 1 | l L -l..l :'l-hl :
0.0001 0.001 ‘ 0.01
AHS
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GW Spectrum

“* First order phase transition :

7/

% The nucleation of bubbles of the broken phase.

T>T. T=T. T<T., —0
Vet (#) <« Sources of GWs :
« scalar field contribution
ST P N - sound waves
TS - magnetohydrodynamic turbulence
Tunneling
10_11 T T IIIIII| T T IIIIII| T I T TTTTI T T IIIIII|// T T T TTTTT T I T TTTTI
| 0-12 N SNRthr (Syrs)=5 // ]
AN ///
10_13 \_\\\\ //// ]
N /
14 N N DECIGO / BBO
10 s DN / 7/ |[SNR " (BP1)=11.8 (880) |
NN ‘ ol /| SNRPPO (BP2) = 5.7 (450) <+ LISA 2035 launch
Q\ 10'15 — N \\ . 7", /. DECIGO —
< BBO M ~_ . 7 .. |SNR (BP1) = 1.1 (82) <+ DECIGO 2030s (?)
% 10_16 B \\ Sl 7 , . SNRDECIGO (BP2) = 0.5 (36)|_| o | ’
O} R . e V\&\ W A% 4
10" ~
10-18 L w/o reduction
10" —
10_20_..I .f 11 II| | | IIIIII| | | IIIIII| | | I | | I‘ I‘IIIIII| | | IIII:
0.001 001 0.1 1 10 100 1000
f[Hz] MA, Kubo, JCAPO4 (2021)
) ) ] 15
"The Future is Illuminating" workshop June. 28, 2022



Classical Scale Invariant Model 11

h S

N'S .

Visible
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Classical Scale Invariant Model 11

% No part of the model should contain any dimensionful parameter at the classical level.

» Hidden QCD:
——— = —=Tr F*+Tr v(ilp) — yS)y
NEA i 2

» SM interactions :

1 1 1
ESMES il o + 20" 0,50,8 — SAygSPHH — Sags!

vV —3 2 4 4
» Heavy right-handed neutrinos :
Ln L L == 1475
= = _Np@Ngr — ~yuSNECNgr — |y, LH Ng + h.c.
N RONR 2?JM R R (y R T )
» Gravity :
La B ) vaf R : Ricci curvature scalar
—— =——S"R+~yR*+ W, agWH"™
Vg 2 ! prad W,uuozﬁ : Weyl tensor
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Classical Scale Invariant Model 11

% Effective potential :

Uett (S, 0, R) = VNir(S,0) + Us(5, R) — Uo

<+ One-loop effective potential :

1 1 ~
Us(S,R) = ZASS"‘ + o (milnfm?/p?)) M =3AgS® + SR

<+ Uog is the zero-point energy density.

UQH(S:US,U:UJ,R:O) =0

+ We assume that SR < 3)\¢S” .

<= Expansion in powers of BR:

Us(S,R) =Ucw(S) + U(l)(S) R+ U(g)(S)RQ + O(RB)
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Classical Scale Invariant Model 11

< Planck mass: Mp, = 1/vV87G  Reduced Planck mass

1/2 1/2
Mp) = vs (5 + ZU(;)Q(US)) = V/Bus (1 228 ln[3>\5]> ~ v/ Bug

< 1672

+ B ~ O(108) for a successful inflation.

— vs is few orders of magnitude smaller than Me..

% Right-handed Neutrino mass :
<+ For the neutrino option to work,

my = ymvs ~ 1070 o yy ~ /81071

<+ The small ym is not unnatural, because in its absence the lepton
number is conserved.
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Inflation
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Inflation

N/

** Effective Lagrangian for inflation

2 Jordan frame

€ 1 L v _
- —= = 5 MRB(S)Ry + G(S)R] + 59" (9450,8 + 27 (8,0)9,00,0) = U(S,0)
—YJ
B S? 3\
B(8) = (1+ gz s
2
G(S) =Y — 657'(2 (]. + IH[BASSQ/'U%']) )

2 4 1
U(S,0) =Vayr(S,0) + 28 g4 4 255 (—— ; ln[sxss%%]) U,

4 6472 2

+ Auxiliary field: X  G(S)R2 — 2G(S)R;x — G(S)x*

+ Weyl rescaling of the metric: gu, = 0’ g,iz/

02(S,x) = B(S) -

Mayumi Aoki PPP2022 Aug. 30, 2022
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Inflation

< Einstein frame :

LE 1 1 1
e_ffg == M3, R + 5 g 0,0 O + 5 e~ PP grv (0,80,S+ Z,'(S,0)0,00,0) —V(S,0,¢)

+ scalaron: ¥ =1\/5 Mpiln ’QQ‘

< Potential :
V(S,0,p) = e ®(¢) [U(S, o) + Mg, (B(S) — 6@(90))2] B(p) = \ﬁﬁ
16 G(S) ’ )= 3Mpl

Three-field system: S, o, ¢

% The valley approximation :

<+ We only have to deal with a single-field inflaton system.

oV (S,0,)
Dy

<~ Double-field system potential :

~ M4
V(S,0) =V(S,0,0,) = U(5, o) My,

16G(S) U(S, o) + B2(S) M},
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Inflation

Y, As, B, 7
Benchmark : ’ 7 7
y=4.00x10"°, Ag=114x10"%, B=6.31x10°, ~=1.26x 10°.

vy = 8.86 x 107 Mp;, wvg=1.26x10"*Mp;, Uy= —7.02x107Mp,, Ay =5.33 x 10" *Mp, .

~

V(S,0)=V(S,0,py)

T le T T

V | My x 1010
N

|

1 2 3 4 5 6
S /vs S/vs

% The single-field inflaton system :
o — O'V(S), © — QOV(S) Vznf(s) — V(Sa UV(S)aspv(S))
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Inflation

% Slow roll parameters :

() = g (WD) )= M (Vi) PO Yl

2 F2(S) \ Vine(S) F2(S) \ Vint(S)  F(S) Vint(S)

e~ P g 19,80, S + Z; (S, 04)0,04(S) D, 0y (S)] + g" 0, v (S), ¢, (S) = F(S)?¢g"*8,, SO, S

** Number of e-folds :

N / ) Vint (S) S« : the value of S at the time of CMB horizon exit
2
Send MPI Ving (5) Send : the end of inflation e(S = Sena) =1
< Amplitude of the scalar perturbation :
Vvin b
Ay = -
2472 e, M5,

<+ We constrain the parameter space scanned by

Y, )\Sa 57 Y

such that In(10'A,) ~ 3.044, 50 <N, <60 are satisfied.
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Inflation

% Scalar spectral index : G,

» Tensor-to-scalar ratio :

r=106¢,

<+ Benchmark :

y =4.00 x 1077,

— 0 e,

Ag =1.14 x 1072,

0.20

0.15

0.10

r

Tensor-to-scalar ratio (7.002)

0.05

0.00

0.94

B =6.31x10°,

Primordial tilt (ny)

ns

v =1.26 x 10%.

In(10'°A,) = 3.04, N, =55.5 — n,=0.964, r=2.00x 107",

0.98

TT,TE,EE+lowE+lensing

TT,TE,EE+lowE-+lensing
+BK14

TT,TE,EE+lowE-+lensing
+BK14+BAO

Natural inflation

L

Hilltop quartic model
a attractors
Power-law inflation
R? inflation

V x ¢?

V o ¢1/3

Vxo

V x ¢?/3

Low scale SB SUSY
N.=50

\ @ N.=60

-
|
'
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Inflation

Ag = 1.20 x 1072

In(10'°A,) = 3.044

y =4 x107° (solid), 4 x 10~* (dashed)

X : benchmark point

10 20
. -
6.x108 [ 60.0
5.x 108} 0.004| 58.0
s 4.x 108} . _ 56.0
3.x 108} 0.003} 54.0
| 52.0
2.x108} |
L 50.0
1.x10°% 0.002; _.
2000 4000 6000 8000 0.960 0.965 0.970 0.975 N,
B Mg
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Inflation

Ag =1.20 x 107°

In(10'°A,) = 3.044

y =4 x107° (solid), 4 x 10~* (dashed)

8 - :
7107 0.005} :
6.x10°f . : 60.0
5.x 108t 0_0()4:- 58.0
. 4.x 108} " | 56.0

3.x 108} 0.003} o >0

| 52.0
2.x 108} |

i ARSN 50.0
1.x 108} 0.002 N '.

0 0.960 0.965 0.970 0.975 Ne
nS
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Inflation

Ag = 1.2 y =4 x 1077 (solid), 4 x 10~* (dashed)

In(10'°A,) = 3.044

7.x 108 3 .

o 0.0050¢ !
6.x10°¢ ; ; 60.0
5 x 108+ 0.0045 :- 58.0
. 4.x 108 . 0.0040 | 56.0
3.x 108t 0.0035 54.0
2 %108} [ 52.0
1- 108 0.0030y i 50.0

. X i : .

| | , 0.0025} | . o -
10000 30000 50000 0.9600.9650.9700.9750.98 Ne
B Ny

Mayumi Aoki PPP2022 Aug. 30, 2022 28



Dark Matter
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Dark Matter

* DM production:

Dark mater can be produced during or after the reheating phase.

+ S decay :

\
=P
2

<+ N annihilation :

2 2 ;2 —18
Yne mN/US ~ 10
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Dark Matter

<% Mass spectrum + CP-even scalar bosons: (S, 0) — (51, S9)

mass eigenstates
+ CP-odd scalar (dark meson) : @,

m1/AH m2/\H
0.025 : - : 0.09 0,025 e E 0.56
0.020 .:--:e’: 0,020 __:
, S | ;
~ 0015 § . . 0.05 ~ 0.015] : 0.48
0.010 _J‘_‘»X : 0010] X '
35 0 '-;.5' 0 0.01 -;5 a0 25 20 - 0.39
logo (¥) m1 [ An logo (¥) ma [ An

+ Data points: mg > Mg is satisfied. (Mg =mq)

» Benchmark point: mg /Ay ~ 0.06 > mg/Ag
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Dark Matter

< Flavor symmetry : LD —hySi
SU@3)y — SU(2)y xU(1)
y = diag. (Y1, 1, y3) with y1 =y <ys

heavy
A

TY1L=Y2<)3

S

< We assume that the 77 Yukawa couplings Y1 and Y3 are so chosen that
the mass hierarchy 2mz < mg < mg < my s satisfied.
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Dark Matter

% Coupled Boltzmann equations :

dn d [@end _ _
—S — —BHnS — FS ns, — ns(a) — ,Of:n { el } I's (t—tena)
dt P mg a
dn s 3
—— = —3Hnz +vans -  nz(a) = B; Pend [aend} (1 — el (t_te“d))
dt " " ﬁLS a
_ Bz =vz/I's
“ ['s: total decay width of S
~~ 3G2. Am 2
R R [ VRt . S
16mmg myg
“ at tend, Pend — mSnS(aend) : Nz (afend) =0
2* DM relic abundance : Allahverdi, Drees, PRL89 (2002)
manxh? Pend | Qend 3 1 ms TRy
O-h2 = T . By Fend | Den ~ 2.04 x 10° Bz | ==
p(ap) i ms [ ag ] 3M3,(Hp/h)? 8 ﬁzs) 1 GeV

, _ ap =1, Hy = h2.1332 x 10*2 GeV, h ~ 0.674
<+ Branching ratio :

assumption : 1/I'g is the time scale at the end of the reheating phase.
1/2
1/Ts = 1/H(aru) = (3 M%/pru )
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Dark Matter

0:0 TRH and Ne Martin, Ringeval, PRD82 (2010)

< |t is possible to constrain the reheating phase and hence Trn for a given
inflation model without specifying reheating mechanism.

< Number of e-folds
Ne — In (Qend>
A 4
]-C* 1 V2 1 ‘/end(g — 8*) 1 TRH
— 66.80 — 1 ~1] inf B “ln [ 222
H<CLOHO> +4 H(Mf%lpend> 12 n((3_5end)Mf4>1> +3 n<]WP1

V2 Vona (3 — €5)
% SH* __ _inf x en *
\/— (3 — 5end)

Vend = Vvinf(Send) 9 Vint« = inf(S*)a Cend — 5(Send)7 and g, = S(S*)
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Dark Matter

ys = 4.00 x 1072, B=16.31 x 10°, Ag=1.2x 1072
Scan: y1 andy.
Q.h? =0.1198 + 0.0024 (20)

120———T——T T3
59.0
- | . 0.0023 590
> 115] . 58.0 58.0
(05 o’ 57.0 0.0022 570
: 11_0' 56.0 56.0
i 0.0021 )
S o 55.0 ~
S | . | : o 55.0
~— 10.5_ ] 54.0 0.002 54.0
= R
53.0 °
53.0
gl) ‘0.0 0.0019 *
’4 . 52.0 ® e 52.0
o . 1 . 51.0 0.0018 . o 51.0
8 10 12 14 16 0.961 0.962 0.963 0.964 0.965 0.966
Loglo (Tru / [GeV]) N. ng N.

+ The DM relic abundance can become comparable with the observed value for y1 =~ 107"
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Summary

** We have studied a classical scale invariant model.
Scalegenesis :

The dynamical symmetry breaking by strong dynamics in hidden QCD sector.

“* Neutrino option + gravity (Model ll) :

% The origin of the dimensionful parameters, i.e. the Planck mass and
the electroweak scale including the right-handed neutrino mass, is
chiral symmetry breaking in a hidden QCD sector.

2 Inflation :

<= The prediction of the CMB obs. is similar to that of the Higgs inflation or
RZ? inflation. ( small r)

*» Dark matter : NG bosons

+ Stable by the unbroken vector-like flavor symmetry.
<= The only viable scenario for a realistic DM in our model is the decay from S.

% The reheating temperature is constrained.
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