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隠れたカイラル対称性の破れとスケール生成

青木真由美 (金沢大)

MA, J. Kubo, and J. Yang, JCAP01 (2022)
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Hierarchy problem 
      :             

Neutrino mass
Dark matter
Baryon asymmetry
Inflation
Dark energy
      :

❖ Open Questions : Standard Model

VSM = m
2
H
H

†
H + �H(H†

H)2
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✤ Scale invariant theory + dimensional transmutation

❖ Classical scale invariance 

×VSM = m
2
H
H

†
H + �H(H†

H)2

✤ Coleman-Wienberg mechanism

Bardeen, FERMILAB-CONF-95-391 (1995) ✤ Boundary condition @ Planck scale

✤ The RG equation of Higgs mass 
dm2

H

dlogµ
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✤ In                             , the mass does not run.m2
H
(⇤pl) = 0
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✤ Dynamical chiral symmetry breaking  

Introduction
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DD Correlations as a Sensitive Probe for Thermalization in High Energy Nuclear Collisions
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We propose to measure azimuthal correlations of heavy-flavor hadrons to address the status of thermalization
at the partonic stage of light quarks and gluons in high-energy nuclear collisions. In particular, we show that
hadronic interactions at the late stage cannot significantly disturb the initial back-to-back azimuthal correlations
of DD pairs. Thus, a decrease or the complete absence of these initial correlations does indicate frequent
interactions of heavy-flavor quarks and also light partons in the partonic stage, which are essential for the early
thermalization of light partons.

PACS numbers: 25.75.-q

Introduction
Lattice QCD calculations, at vanishing or finite net-baryon

density, predict a cross-over transition from the decon-
fined thermalized partonic matter (the Quark Gluon Plasma,
QGP) to hadronic matter at a critical temperature Tc ≈ 150–
180 MeV [1].

Measurements of hadron yields in the intermediate and high
transverse momentum (pT) region indicate that dense matter
is produced in Au+Au collisions at RHIC [2, 3]. The ex-
perimentally observed large amount of elliptic flow of multi-
strange hadrons [4], such as the φ meson and the Ω baryon,
suggest that collective motion develops in the early partonic
stage of the matter produced in these collisions. A crucial is-
sue to be addressed next is the thermalization status of this
partonic matter.

Heavy-flavor (c, b) quarks are particularly excellent
tools [5, 6, 7] to study the thermalization of the initially cre-
ated matter. As shown in Fig. 1, their large masses are almost
exclusively generated through their coupling to the Higgs field
in the electro-weak sector, while masses of light quarks (u,
d, s) are dominated by spontaneous breaking of chiral sym-
metry in QCD. This means that in a QGP, where chiral sym-
metry might be restored, light quarks are left with their bare
current masses while heavy-flavor quarks remain heavy. Due
to their large masses (" ΛQCD), the heavy quarks can only
be pair-created in early stage pQCD processes. Furthermore,
their production cross sections in nuclear collisions are found
to scale with the number of binary nucleon-nucleon colli-
sions [8, 9]. In the subsequent evolution of the medium,
the number of heavy quarks is conserved because the typical
temperature of the medium is much smaller than the heavy
quark (c, b) masses, resulting in negligible secondary pair
production. In addition, the heavy quarks live much longer
than the lifetime of the formed high-density medium, de-
caying well outside. These heavy quarks (c, b) can partic-
ipate in collective motion or even kinetically equilibrate if,
and only if, interactions at the partonic level occur at high

frequency. The idea of statistical hadronization of kineti-
cally equilibrated charm quarks [10] even predicted signifi-
cant changes in hidden charm hadron production [11]. Hence,
heavy-flavor quarks are an ideal probe to study early dynamics
in high-energy nuclear collisions.
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FIG. 1: (Color online) Quark masses in the QCD vacuum and the
Higgs vacuum. A large fraction of the light quark masses is due to
the chiral symmetry breaking in the QCD vacuum. The numerical
values were taken from Ref. [12].

.

Recent STAR and PHENIX results on elliptic flow and
nuclear modification factors of non-photonic electrons indi-
cate that charm quarks might indeed participate in the col-
lective motion of the matter produced in Au+Au collisions at
RHIC. To explain the data, a large drag diffusion coefficient
in the Langevin equation, describing the propagation of charm
quarks in the medium, is found to be necessary [13]. Two- and
three-body interactions [14, 15] of heavy-quarks and resonant

EWSB

DχSB
hhi

hq̄qi

QCD Dynamical chiral symmetry 
breaking (DχSB)Higgs EWSB 2%   +  98%

❖ Ordinary Matter
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HiddenVisible
QCD-likeSM with mH2=0 

DM : Dark meson

✓  Higgs mass parameter  
✓  DM mass

❖ Model I
h S
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Hur, Jung, Ko, Lee, PLB106 (2011)
Holthausen et al,  JHEP1312 (2013)

Ametani, MA, Goto, Kubo, PRD91 (2015) 
MA, Goto, Kubo, PRD96 (2017) 
MA, Kubo, JCAP04 (2020)

h S

S

HiddenVisible
QCD-like

N
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Neutrino Option

SM with mH2=0 

❖ Model II

MA, Brdar, Kubo, PRD102 (2020)
MA, Kubo, Yang, JCAP01 (2022)



   Mayumi Aoki       　　     　                          PPP2022                                       Aug. 30, 2022 6

❖ Neutrino option : 

m⌫ ' y2⌫v
2

mN
⇠< 0.1 eV
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νL νL

v          v

Brivio, Trott, PRL119 (2017)

L ◆ �1

2
mN N̄RNR �

⇣
y⌫N̄RH̃

†`L + h.c.
⌘
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Neutrino Option

✤ Neutrino masses (Type-I seesaw)  
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Neutrino Option
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H H
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H H

NR HH

νL
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32⇡2
|y⌫ |4

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

µ2
H

' �µ2
H
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mN ⇠ 107�8 GeV with y⌫ ⇠< 10�4
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❖ Neutrino option : Brivio, Trott, PRL119 (2017)
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Introduce a new scalar to generate right-handed neutrino masses by Yukawa coupling.

Brdar et al, PRD99 (2019)

❖ Neutrino option based on Classical Scale invariance:

Neutrino Option

mN = yM hSi
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✓  Planck mass
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MPL '
p
� hSi

✤ Require classical scale invariant for gravitational degree of freedom.
MA, Kubo, Yang, JCAP01 (2022)

 MA, Brdar, Kubo, PRD102 (2020)

✓  Higgs mass parameter 
✓  DM mass 
✓  Right-handed neutrino masses 
✓  Left-handed neutrino masses 

Dynamical chiral symmetry breaking   
in a QCD-like hidden sector

❖ Model II :
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❖ Introduction 

❖ Model I  / Hidden QCD sector 

❖ Model II 
✤  Inflation 
✤  Dark matter 

❖ Summary

Contents
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❖ Gauge Symmetry : GSM ⇥ SU(3)H
<latexit sha1_base64="l8fyrxKyx/1M9A3p0HXAfGLMfIo="></latexit><latexit sha1_base64="l8fyrxKyx/1M9A3p0HXAfGLMfIo="></latexit><latexit sha1_base64="l8fyrxKyx/1M9A3p0HXAfGLMfIo="></latexit>

S real singlet scalar
 i hidden vector-like fermions (i=1-3)

❖  Hidden sector : 

VSM+S = �H(H†
H)2 �

1

2
�HSS

2(H†
H) +

1

4
�SS

4❖ Scalar potential for vis. sector:

Hidden 
QCD 
scale ⇤H

EW

Explicit χSB
Dynamical χSB

EWSB

⌦
 ̄ 

↵
6= 0

hSi 6= 0

hhi 6= 0

yS
⌦
 ̄ 

↵
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❖ The DχSB in the hidden sector triggers the EW symmetry breaking.

SU(3)L ⇥ SU(3)R ! SU(3)V
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h S
HiddenVisible
QCD-likeSM with mH2=0 

 i
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2
Tr F 2 +Tr  ̄ (if@ + g> fG� yS) 
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(�)ij =  ̄i(1� �5) j

LH =
1

2
Tr F 2 +Tr  ̄ (i/@ + gH /G� yS) 

current mass              4-Fermi　　 6-Fermi

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

✤ G and GD are dimensional parameters.

LNJL = Tr  ̄(i/@ + g0Q /B � yS) + 2GTr �†�+GD(det �+ h.c)
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Classical Scale Invariant Model I

h�i = �
1

4G

�
diag.(�,�,�) + i(�a)T�a

�

CP-even :
Chiral condensate

CP-odd :

/LMFA = Tr  ̄(i@µ �M) � iTr  ̄�5� � 1

8G

 
3�2 + 2

8X

a=1

�a�a

!

+
GD

8G2

 
�Tr  ̄�2 +

8X

a=1

�a�aTr  ̄ + i�Tr  ̄�5� +
�3

2G
+

�

2G

8X

a=1

(�a)
2

!
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❖ Mean-field approximation:

✤ Lagrangian:
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(a = 1, · · · , 8)SU(3)V limit :

Dark matter candidates
Hidden mesons (Massive NG bosons)
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: determined by scaling-up the values for the real hadrons. ✤ G and GD

→ G1/2⇤H = 1.82, (�GD)1/5⇤H = 2.29
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QCD1/2⇤

QCD
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D )1/5⇤QCD = 2.29
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chosen to satisfy

VSM+S = �H(H†
H)2 �

1

2
�HSS

2(H†
H) +

1

4
�SS

4

✤ Free parameters :

❖ One-loop effective potential from MFA:

�HS, �S, y
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, �H , ⇤H
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mh = 126 GeV, v = 246 GeV

25

Parameter (2G
QCD)�1/2 (�G

QCD

D
)�1/5 ⇤QCD

mu ms

Value (MeV) 361 406 930 5.95 163

Table II. Values of the QCD NJL parameters obtained by fitting the pion and kaon decay constants

and the meson masses, where we have assumed the SU(2)V flavor symmetry.
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p
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�
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where the integrals IA
�2(p2,ma,mb) and IB

�2(m) are defined in appendix (C2), and

m1 = mu + �1 � GD

8G2
�1�3 , m3 = ms + �3 � GD

8G2
�1

2 . (B6)

The pion and kaon masses are the zeros of the inverse propagators, i.e.

�⇡±(p2 = m⇡
2) = 0 , �K±(p2 = mK

2) = 0 , (B7)

while the ⌘ and ⌘0 meson masses are obtained from the zero eigenvalues of the real part of

the ⌘8 � ⌘0 mixing matrix. The wave function renormalization constants can be obtained

from

Z⇡

�1 =
d�⇡±(p2)

dp2

����
p2=m⇡

2

, ZK

�1 =
d�K±(p2)

dp2

����
p2=mK

2

, (B8)

and the pion and kaon decay constants are defined as

< 0|Tr ̄�µ�5

1

2
(�1 + i�2) |⇡+(p) > = i

p
2f⇡pµ , (B9)

< 0|Tr ̄�µ�5

1

2
(�4 + i�5) |K+(p) > = i

p
2fKpµ . (B10)

We use m⇡,mK ,m⌘,m⌘0 , f⇡ and fK to determine the QCD NJL parameters. The best fit

values of the parameters are given in Table II. In Table III we compare the meson masses

and decay constants calculated in the NJL theory with the experimental values. As we see

from Table III, the NJL ⌘ mass is about 16% smaller than the experimental value. This

seems to be a general feature of the NJL theory [58] (see also [86]).

Ve↵ = VSM+S + VNJL
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❖ Potential :
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VNJL(�, S;⇤H) =
3

8G
�2 �

GD

16G3
�3 � 9I0(M ;⇤H)

M = � + yS �
GD

8G2
�2✤ Constituent fermion mass : 

Classical Scale Invariant Model I
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λS = 0.001,  λHS = 0 ,  y = 0.00172

vS / T

v
σ
 / T

T/⇤H
<latexit sha1_base64="RNDQ/1Jtxjh/zp/t3ojM0doGCTo="></latexit><latexit sha1_base64="57tD+muQKNhXgmiDDcDxFchvkJ4="></latexit><latexit sha1_base64="57tD+muQKNhXgmiDDcDxFchvkJ4="></latexit>

vσ / T

vS / T

vS / vσ / 

T/⇤H
<latexit sha1_base64="RNDQ/1Jtxjh/zp/t3ojM0doGCTo="></latexit><latexit sha1_base64="57tD+muQKNhXgmiDDcDxFchvkJ4="></latexit><latexit sha1_base64="57tD+muQKNhXgmiDDcDxFchvkJ4="></latexit>
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λS = 0.001,  λHS = 0 ,  y = 0.0045
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v
σ
 / Tvσ / T

vS / T

<latexit sha1_base64="qLXlJlxgHLPmmGXpbzrZEV1vU1I="></latexit>

�S = 0.001, �HS = 0, y = 0.00172
<latexit sha1_base64="zBL1g5HJmnmtQojaZXCgBBb3Mus="></latexit>

�S = 0.001, �HS = 0, y = 0.0045

MA, Kubo, JCAP04 (2021)

✤ The chiral PT in the hidden sector becomes first order  
for

<latexit sha1_base64="CWPH8ZDgP+n0oZmQVJimECkyeIM="></latexit>

y ⇠
<O(10�3) .

❖ Hidden Chiral Phase Transition

Classical Scale Invariant Model I

✤ QCD PT

Ding et al. arXiv: 1111.0185

(Nf = 2+1) 

cross over

SM

mu,d

ms

1

1

1st-order PT

Nf = 3

Pure SU(3)

           Chiral limit 
(Classical scale invariance)
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y = 0.001� 0.00172
<latexit sha1_base64="G0fLGDnQno8oHjH9r7N4Y5wLaII="></latexit><latexit sha1_base64="mXxvS5Dd5+6B+gZjVm3qdXgciPg="></latexit><latexit sha1_base64="mXxvS5Dd5+6B+gZjVm3qdXgciPg="></latexit>

�S = 0.001
<latexit sha1_base64="tWwKvuBAm9aYqJuGxicHBYpztPE="></latexit><latexit sha1_base64="bKQHTSldj+1AT2NHLdYD6vBFxRM="></latexit><latexit sha1_base64="bKQHTSldj+1AT2NHLdYD6vBFxRM="></latexit>

❖ Mass spectrum

Classical Scale Invariant Model I

BP1:

BP2 :

<latexit sha1_base64="jYvJpFa/UQ3zmv2lWQLy4hOBXGs=">AAACD3icbVDLSgMxFM3UVx1foy7dBIvFjcOMFtRFoejCLlxU6As6ZchkMm1o5kGSEcpQv0HwXwQ3IrrSP/BvTB+btl4IHM45Se45XsKokJb1q+VWVtfWN/Kb+tb2zu6esX/QFHHKMWngmMW87SFBGI1IQ1LJSDvhBIUeIy1vcDvWW4+ECxpHdTlMSDdEvYgGFCOpKNc4C11RLF9bMHN4+HRHmiPH0Z179YCP3CoslkvmxVSrK801CpZpTQYuA3sGCmA2Ndf4cfwYpyGJJGZIiI5tJbKbIS4pZmSkO6kgCcID1CPZJMwInijKh0HM1YkknLBzPhQKMQw95QyR7ItFbUz+p3VSGVx1MxolqSQRnn4UpAzKGI6bgT7lBEs2hAhjtW+KpNoD9xFHWKoGdRXeXoy6DFrnpl0ybfuhVKjczHrIgyNwDE6BDS5BBVRBDTQABi/gDXyCL+1Ze9XetY+pNafN7hyCudG+/wBVGJoO</latexit>

ms = 90 GeV

⇤H = 4.3 TeV

<latexit sha1_base64="OAG5hFPYJitJxvaEM/8CZ1qdzvE=">AAACEHicbVDLSgMxFM3UVx1foy7dBIvF1TAjtbopFF3YhYsKfUGnDJlMpg3NPEgyQhnqPwj+i+BGRFf9A//G9LFp64XA4ZyT5J7jJYwKaVm/Wm5jc2t7J7+r7+0fHB4ZxyctEacckyaOWcw7HhKE0Yg0JZWMdBJOUOgx0vaG91O9/Uy4oHHUkKOE9ELUj2hAMZKKcg0zdEWxYl9bMHN4+PJAWmPH0Z1H9YKP3BosVspmea41lOYaBcu0ZgPXgb0ABbCYumtMHD/GaUgiiRkSomtbiexliEuKGRnrTipIgvAQ9Uk2SzOGF4ryYRBzdSIJZ+ySD4VCjEJPOUMkB2JVm5L/ad1UBre9jEZJKkmE5x8FKYMyhtNqoE85wZKNIMJY7ZsiqfbAA8QRlqpCXYW3V6Oug/aVaZdM234qFap3ix7y4Aycg0tggxtQBTVQB02AwRv4AN/gR3vV3rVP7WtuzWmLO6dgabTJH826mko=</latexit>

ms = 150 GeV

⇤H = 6.6 TeV

mh !
<latexit sha1_base64="Fz9yEhYHN7YrOLJ7FvpE8xDdVSU="></latexit><latexit sha1_base64="qH8IQccRiOM6w3NzQI8zskfHDW0="></latexit><latexit sha1_base64="qH8IQccRiOM6w3NzQI8zskfHDW0="></latexit>

m
S
[T

eV
],

m
D
M

[T
eV

]
<latexit sha1_base64="pl51E4fax4KYHVTIRqJCIjeqdss="></latexit><latexit sha1_base64="Kn/XN85BLWMaPG+M/Y8cIqZNs4U="></latexit><latexit sha1_base64="Kn/XN85BLWMaPG+M/Y8cIqZNs4U="></latexit>

�HS
<latexit sha1_base64="ihUVKnqC4rV//ypUUc/s0/RntXQ="></latexit><latexit sha1_base64="HqZUdOvytYHpiNRkqSnINGD/VUw="></latexit><latexit sha1_base64="HqZUdOvytYHpiNRkqSnINGD/VUw="></latexit>

mDM

mS

x
x BP1

BP2

Excluded by LHC  
    h→SS

h
S
�

h
S
�
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h'i 6= 0

h'i = 0

❖ First order phase transition :

Tunneling

<latexit sha1_base64="GHmI2Ggb3bjVQdZpBmClnSnFDt0="></latexit>

Ve↵

<latexit sha1_base64="//EE/5DfYbeGttgPTrk+os6fXZ8="></latexit>

'

<latexit sha1_base64="jVAkHu2Z2Lt34bXN6PMGk1eLLPc="></latexit>

T > Tc
<latexit sha1_base64="FBbjZlcYrcX52/+vh6ybBb5qo2Y="></latexit>

T = Tc
<latexit sha1_base64="AnVKyXZ7I6JihvzoyVApwdTuZII="></latexit>

T < Tc

GW Spectrum
❖  The nucleation of bubbles of the broken phase.

0.001 0.01 0.1 1 10 100 1000
f [Hz]

10-20

10-19

10-18

10-17

10-16

10-15

10-14

10-13

10-12

10-11

Ω
G

W
 h

2

BBO

DECIGO

BP1
BP2

w/o reduction

SNRBBO (BP1) = 11.8 (880)
SNRBBO (BP2) = 5.7 (450)
SNRDECIGO (BP1) = 1.1 (82)
SNRDECIGO (BP2) = 0.5 (36)

SNRthr (5 yrs) = 5

MA, Kubo, JCAP04 (2021)

✤ DECIGO 2030s (?)
✤ LISA 2035 launch 

• scalar field contribution

• sound waves 

• magnetohydrodynamic turbulence

✤ Sources of GWs :
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h S

S

HiddenVisible
QCD-like

N
<latexit sha1_base64="pgNIIgPqvNMawYswnX/vMBkwmKs="></latexit><latexit sha1_base64="pgNIIgPqvNMawYswnX/vMBkwmKs="></latexit><latexit sha1_base64="pgNIIgPqvNMawYswnX/vMBkwmKs="></latexit><latexit sha1_base64="7Dfkb9Darq+jVtMSeqJ2akicHpI="></latexit>

Classical Scale Invariant Model II
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<latexit sha1_base64="FcsPHIaSbrPj7Mdeq4HAC6t1nz0="></latexit>

LSM+Sp
�g

= LSM|
µH=0 +

1

2
g
µ⌫
@µS@⌫S � 1

4
�HSS

2
H

†
H � 1

4
�SS

4

<latexit sha1_base64="MPdmUr8SyJCnZ4E0rGlDtSAVLwM="></latexit>

LNp
�g

=
i

2
N̄Rf@NR � 1

2
yMSN

T
RCNR �

✓
y⌫L̄H̃

1 + �5

2
NR + ?X+X

◆

<latexit sha1_base64="DWnPVlOsb5oLIX3hvH7ZEJ9Sl8c="></latexit>

LHp
�g

= �1

2
h` F 2 + h`  ̄(i fD � yS) 

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

‣Hidden QCD :

‣ SM interactions :

‣Heavy right-handed neutrinos :

<latexit sha1_base64="x29P8I+wUlN+s2rlIvsG9b0IUjI="></latexit>

L:p
�g

= ��

2
S2 R+ �R2 + Wµ⌫↵�W

µ⌫↵�

‣Gravity :
R : Ricci curvature scalar 

: Weyl tensor
<latexit sha1_base64="0maH9BJvjqWxn0iksOm5IjgXveM="></latexit>

Wµ⌫↵�
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<latexit sha1_base64="WPcXoUspE8k1h2XOXijWJV+J9/k="></latexit>

US(S,R) =
1

4
�SS

4 +
1

64⇡2

�
m̃4

s ln[m̃
2
s/µ

2]
� <latexit sha1_base64="VTg7wXfvhqZ+WUPcPy5DjVBmLNw="></latexit>

m̃2
s = 3�SS

2 + �R

<latexit sha1_base64="RCgFSSyK9qoLG+UYlS5a4GU3Pec="></latexit>

Ue↵(S,�, R) = VLCG(S,�) + US(S,R)� U0

✤ One-loop effective potential :

❖ Effective potential :

✤ U0 is the zero-point energy density.
<latexit sha1_base64="RzgG0q3flqz0OLrGKf7jlSSPkVg="></latexit>

Ue↵(S = vS ,� = v�, R = 0) = 0

Classical Scale Invariant Model II

<latexit sha1_base64="6StpiWWHfoLa4RhtMitY9f3oZT8="></latexit>

�R < 3�SS
2

<latexit sha1_base64="9DlTSEzdcTfuecAeaNd6HYX+5nc="></latexit>

US(S,R) = UCW(S) + U(1)(S)R+ U(2)(S)R
2 +O(R3)

✤ Expansion in powers of βR :

✤ We assume that                            .

,
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<latexit sha1_base64="BagStytKGOrP28bcuxI1mOCmXNg="></latexit>

MPl = vS

✓
� +

2U(1)(vS)

v2S

◆1/2

=
p
� vS

✓
1 +

3�S

16⇡2
ln[3�S ]

◆1/2

❖ Planck mass :

❖ Right-handed Neutrino mass :

<latexit sha1_base64="xLVaoK/X6No4JbddCLqFTh67768="></latexit>

mN = yMvS ⇠ 107
✤ For the neutrino option to work, 

<latexit sha1_base64="QHoclDMGEksfq2pT4DH+N5vzhrE="></latexit>

yM ⇠
p
� 10�11

✤ The small yM is not unnatural, because in its absence the lepton 
number is conserved. 

→

Reduced Planck mass
<latexit sha1_base64="Mmhaa/zvjenTgkeiGYkoyQc6ris="></latexit>

MPl = 1/
p
8⇡G

Classical Scale Invariant Model II

✤ β ~ O(103) for a successful inflation.  
      → vs is few orders of magnitude smaller than MPl. 
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Inflation
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<latexit sha1_base64="dneR9nzaRqGI1zvt8h/FiPZfa/w="></latexit>

Le↵p
�gJ

= �1

2
M2

PlB(S)RJ +G(S)R2
J +

1

2
gµ⌫J

�
@µS@⌫S + Z�1

� (S,�)@µ�@⌫�
�
� U(S,�)

<latexit sha1_base64="wnCHx1c5vK/PX0q7AgYQoYKzDxQ="></latexit>

B(S) =
� S2

M2
SH

✓
1 +

3�S

16⇡2
ln[3�SS

2/v2S ]

◆
,

G(S) =� � �2

64⇡2

�
1 + ln[3�SS

2/v2S ]
�
,

U(S,�) =VLCG(S,�) +
�S

4
S4 +

9�2
SS

4

64⇡2

✓
�1

2
+ ln[3�SS

2/v2S ]

◆
� U0

❖ Effective Lagrangian for inflation

<latexit sha1_base64="BgbQszmJvuBTnAtBHhuYtM9o82g="></latexit>

⌦2(S,�) = B(S)� 4G(S)�

M2
Pl

✤ Weyl rescaling of the metric :
<latexit sha1_base64="GzQ+LeFCJ6VKKjQMPIXch4h3iS8="></latexit>

gµ⌫ = ⌦2 gJµ⌫

✤ Auxiliary field : χ <latexit sha1_base64="eZnEpOFZXzr76FiGA0EyQyA7Lpo="></latexit>

G(S)R2
J ! 2G(S)RJ��G(S)�2

❖ Jordan frame 
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<latexit sha1_base64="dKIVVC3927GQvnO69caZfEDrMq4="></latexit>

' =

r
3

2
MPl ln

��⌦2
��

❖ Einstein frame :

✤ scalaron : 
<latexit sha1_base64="Ged8wmX8CHyf0RhxYW7Q5sW7IAg="></latexit>

V (S,�,') = e�2�(')


U(S,�) +

M4
Pl

16G(S)

⇣
B(S)� e�(')

⌘2
�

 Three-field system :

<latexit sha1_base64="mwCXpGiNEb9TQrEkvzbXcyr2cQQ="></latexit>

LE
e↵p
�g

=� 1

2
M2

Pl R+
1

2
gµ⌫ @µ'@⌫'+

1

2
e��(') gµ⌫

�
@µS @⌫S + Z�1

� (S,�)@µ� @⌫�
�
� V (S,�,')

❖ Potential : 

<latexit sha1_base64="srcKHYTa1ByaQ8woDV6aoAMXznY="></latexit>

S, �, '

<latexit sha1_base64="FVIvofTehmxTaTFY2U+FOblb+aE="></latexit>

@V (S,�,')

@'

����
'='p

= 0

❖ The valley approximation :

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

✤ Double-field system potential :
<latexit sha1_base64="o95tb66i6NzZosPl/uaGR8a6Cu0="></latexit>

Ṽ (S,�) = V (S,�,'v) =
U(S,�)M4

SH
16G(S)U(S,�) +B2(S)M4

SH

,
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<latexit sha1_base64="UYLY4G2B258Q3JJCIR/Em4zlLls="></latexit>

y = 4.00⇥ 10�3 , �S = 1.14⇥ 10�2 , � = 6.31⇥ 103 , � = 1.26⇥ 108 .

<latexit sha1_base64="1Bm0Xe7c9eUPOOQFZNngk1uNiWo="></latexit>

Ṽ (S,�) = V (S,�,'p)

<latexit sha1_base64="cgJFyAM4+JXxoelExtjpoQc+2mY="></latexit>

v� = 8.86⇥ 10�3MSH , vS = 1.26⇥ 10�2MSH , U0 = �7.02⇥ 10�10M4
SH , ⇤H = 5.33⇥ 10�2MSH .

Benchmark :

<latexit sha1_base64="Pk8Y6YCtn7OANvRMB6XlQFtW09g="></latexit>

y, �S , �, �

<latexit sha1_base64="u94IyW2nos18/Fr4tZJgq+DjGSw="></latexit>

� ! �p(S), ' ! 'p(S)
<latexit sha1_base64="EjU5KJqpgMVufz5KIM6xryAGu14="></latexit>

Vinf(S) = V (S,�p(S),'p(S))

❖  The single-field inflaton system :
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<latexit sha1_base64="7Ie/KDvGbFT1o7GmAVst+N83v9Q="></latexit>

Ne =

Z S⇤

Send

dS
F 2(S)

M2
Pl

Vinf(S)

V 0
inf(S)

❖ Slow roll parameters : 

❖ Number of e-folds : 

<latexit sha1_base64="khB3Uuhs2GJ9j9DJPnbMQf0kRB0="></latexit>

"(S = Send) = 1

<latexit sha1_base64="LxMMzXXhNcmDtmtJTcXeCPcQsGw="></latexit>

S⇤
<latexit sha1_base64="T9i21KwsArf0/H937cnV8QDFeMw="></latexit>

Send : the end of inflation

<latexit sha1_base64="wdfITSdlXCt0IiKc8mUJnwmVIH4="></latexit>

e��('p(S)) gµ⌫
⇥
@µ S@⌫ S + Z�1

� (S,�p)@µ�p(S) @⌫ �p(S)
⇤
+ gµ⌫@µ 'p(S)@⌫ 'p(S) = F (S)2gµ⌫@µ S@⌫ S

:  the value of S at the time of CMB horizon exit 

<latexit sha1_base64="eRtvYG1GXXYeBhGnZqSNlVQbKIA="></latexit>

"(S) =
M2

Pl

2F 2(S)

✓
V 0
inf(S)

Vinf(S)

◆2

, ⌘(S) =
M2

Pl

F 2(S)

✓
V 00
inf(S)

Vinf(S)
� F 0(S)

F (S)

V 0
inf(S)

Vinf(S)

◆

❖ Amplitude of the scalar perturbation :
<latexit sha1_base64="RmDdFfowqeMfpbUxQt81pb1CoCs="></latexit>

As =
Vinf ⇤

24⇡2 "⇤ M4
Pl

✤ We constrain the parameter space scanned by 

<latexit sha1_base64="ikvgxzTFtVKMAuX0WB8TPCrMUCg="></latexit>

ln(1010As) ' 3.044, 50 ⇠<Ne ⇠< 60

<latexit sha1_base64="Pk8Y6YCtn7OANvRMB6XlQFtW09g="></latexit>

y, �S , �, �

such that are satisfied. 

Inflation
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✤ Benchmark :

<latexit sha1_base64="4WZjC1i1RLpMCNAgbEPbGBZwDcw="></latexit>

ln(1010As) = 3.04 , Ne = 55.5 ! ns = 0.964 , r = 2.00⇥ 10�3 .

<latexit sha1_base64="UYLY4G2B258Q3JJCIR/Em4zlLls="></latexit>

y = 4.00⇥ 10�3 , �S = 1.14⇥ 10�2 , � = 6.31⇥ 103 , � = 1.26⇥ 108 .

❖  Scalar spectral index : 
<latexit sha1_base64="+DVV+3KrSy/rg5ZtELxLf1qMP7g="></latexit>

ns = 1 + 2 ⌘⇤ � 6 "⇤

<latexit sha1_base64="mEm6vPst88V/rSRFIApCJsqDrcQ="></latexit>

r = 16 "⇤

❖  Tensor-to-scalar ratio :
<latexit sha1_base64="2w0JvqZKADtD5Pa83eDuDEfNUPI="></latexit>

r

<latexit sha1_base64="+UnYI6F7VlugtW+zqDYdXShj0Wo="></latexit>

nS
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<latexit sha1_base64="DQpysJZDMm+o3FQ0kDAqC5m8sxI="></latexit>

�S = 1.20⇥ 10�2

x : benchmark point 

1σ   2σ
<latexit sha1_base64="rCTcteNTREu3gUcy+WrPNthSAg0="></latexit>

ln(1010As) = 3.044

<latexit sha1_base64="P7sGyfR/UfdHDwrdinXS2uvfJlc="></latexit>

y = 4⇥ 10�3 (solid), 4⇥ 10�4 (dashed)



   Mayumi Aoki       　　     　                          PPP2022                                       Aug. 30, 2022 

Inflation

27

<latexit sha1_base64="rCTcteNTREu3gUcy+WrPNthSAg0="></latexit>

ln(1010As) = 3.044

<latexit sha1_base64="P7sGyfR/UfdHDwrdinXS2uvfJlc="></latexit>

y = 4⇥ 10�3 (solid), 4⇥ 10�4 (dashed)
<latexit sha1_base64="MFLvX6rvetg3SczhOQMq0TGF1yA="></latexit>

�S = 1.20⇥ 10�6
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<latexit sha1_base64="rCTcteNTREu3gUcy+WrPNthSAg0="></latexit>

ln(1010As) = 3.044

<latexit sha1_base64="P7sGyfR/UfdHDwrdinXS2uvfJlc="></latexit>

y = 4⇥ 10�3 (solid), 4⇥ 10�4 (dashed)
<latexit sha1_base64="+NSgN3Xo5yfbhXfYRwIfueGEvRk="></latexit>

�S = 1.2
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✤ N annihilation :

<latexit sha1_base64="97asbDnI2N5ReD3OoZKczE13BtY="></latexit>
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2

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

❖ DM production:

<latexit sha1_base64="gP37NtghnhzlGiWVXIOxXfk9GVU="></latexit>

G⇡̃⇡̃S/⇤H ' �0.012 y1 7Q` y1 ⇠< 5⇥ 10�4X

✤ S decay :
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✤ CP-even scalar bosons :

is satisfied.
<latexit sha1_base64="6bN8nZaSpDbhRj2+egw43v/fT/w="></latexit>

m� > m̃S✤ Data points :

m1/ΛH m2/ΛH

x

0.09


0.05


0.01

0.56


0.48


0.39

x

mass eigenstates

<latexit sha1_base64="fpx9c+EGiwZoktkGHRiTNmoAbok="></latexit>

(S, �) ! (S1, S2)

✤ CP-odd scalar (dark meson) :
<latexit sha1_base64="msi3yl7rN0B/SKs76KCy87mB2XY="></latexit>

�a

✤ Benchmark point : 

❖ Mass spectrum

<latexit sha1_base64="lw0tgo7X5txNcHkoBE2LZ6At6CE="></latexit>

m�/⇤H ' 0.06 > m̃S/⇤H

<latexit sha1_base64="R7UhiEGKOhHiiCv4xcy1ht424og="></latexit>

(m̃S ⌘ m1)
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<latexit sha1_base64="bheHr6zOPMt82HsxwxibwX1St64="></latexit>

SU(3)V ! SU(2)V ⇥ U(1)
<latexit sha1_base64="cBO+YlOjI0mKz5b3GWz+234KmGY="></latexit>

y = /B�;X (y1 , y1 , y3 ) rBi? y1 = y2 < y3

❖ Flavor symmetry :

⇡̃

⌘̃

K̃

heavy
✤ y1 = y2 < y3

<latexit sha1_base64="RZEal91auOIlRKj6ySvShIHZ9yE="></latexit>

L ◆ � ̄yS 

❖ We assume that the      Yukawa couplings       and        are so chosen that 
the mass hierarchy                                                              is satisfied. 

<latexit sha1_base64="awCMRH5KVij9xenPpeYrCmhOd3E="></latexit>

2m⇡̃ < m̃S < mK̃ < m⌘̃

<latexit sha1_base64="ZLD60WPlRLtUMhsKMPkmZ/SV9UU="></latexit>

⇡̃
<latexit sha1_base64="LKwHC4TZS0IvtxYktaFU7UsK0kk="></latexit>

y1
<latexit sha1_base64="rHMKFuWSo5rIiUeBPoJYNBX7jkw="></latexit>

y3
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<latexit sha1_base64="ZbpGndiysbdftoPzmSCcmCauScI="></latexit>

dnS

dt
= �3HnS � �S nS ,

dn⇡̃

dt
= �3Hn⇡̃ + �⇡̃ nS

<latexit sha1_base64="DtbcKrnySt5PItWrBaEGp7fvt+E="></latexit>

nS(a) =
⇢end
m̃S

haend
a

i3
e��S (t�tend)

❖ Coupled Boltzmann equations : 

→

<latexit sha1_base64="8dHM5KCEzklfYkA8GQ7UWGFuRaY="></latexit>

�⇡̃ =
3G2

⇡̃⇡̃S

16⇡m̃S

s

1� 4m2
⇡̃

m̃2
S

✤  

❖ DM relic abundance :

✤ ΓS : total decay width of S

<latexit sha1_base64="5qfPXLagCMUzNrNzdFVblfmoHG0="></latexit>

a0 = 1- H0 = h 2.1332⇥ 10�42 :2o- h ' 0.674

<latexit sha1_base64="KuAW0uyh8SjT1a1gHT5LtlhmfEU="></latexit>

B⇡̃ = �⇡̃/�S

<latexit sha1_base64="ToKVDBIo2WMxb+6eRH+Zgqb10VY="></latexit>

1/�S

<latexit sha1_base64="vpf/cWiZOv0SL/IuPlXbxJMnR94="></latexit>

1/H(aRH) =
�
3M2

Pl
/⇢RH

�1/2
→

{ <latexit sha1_base64="oOHaJen+7Ebj2vamMG5kqaBluvc="></latexit>

n⇡̃(a) = B⇡̃
⇢end
m̃S

haend
a

i3 ⇣
1� e��S (t�tend)

⌘
→

<latexit sha1_base64="AOLv8d+LgGT4uF1JqBZmdcj0uVA="></latexit>

⌦⇡̃h
2 =

m⇡̃n⇡̃h
2

⇢(a0)
= m⇡̃ B⇡̃

⇢end

m̃S


aend

a0

�3 1

3M2

Pl
(H0/h)2

' 2.04⇥ 108 B⇡̃

✓
m⇡̃

m̃S

◆
TRH

1:2o

✤ Branching ratio :
assumption : 

→

<latexit sha1_base64="4eiSr6TgljHhdhswoYFrasxtFKo="></latexit>

S ! ⇡̃⇡̃

✤  at tend, 
<latexit sha1_base64="t3mPyWb2T+e1EN/E6NCAqLSiKWE="></latexit>

⇢end = m̃SnS(aend)
<latexit sha1_base64="JFDK2vTsejIMtq+tZtIruS7JRow="></latexit>

n⇡̃(aend) = 0,

is the time scale at the end of the reheating phase.
<latexit sha1_base64="ToKVDBIo2WMxb+6eRH+Zgqb10VY="></latexit>

1/�S

Allahverdi, Drees, PRL89 (2002)
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<latexit sha1_base64="BMyQ8UuK9LnbkdNF17KuEPhqccg="></latexit>

Vend = Vinf(Send) , Vinf ⇤ = Vinf(S⇤)- "end = "(Send)- �M/ "⇤ = "(S⇤)X

✤ It is possible to constrain the reheating phase and hence TRH for a given 
inflation model without specifying reheating mechanism. 

✤ Number of e-folds 
<latexit sha1_base64="c/1JnkrL0F3f7Y0VFCkSkvKNbAc="></latexit>

Ne = ln

✓
aend

a⇤

◆

= 66.80� ln

✓
k⇤

a0H0

◆
+

1

4
ln

✓
V

2
inf ⇤

M
4
Pl ⇢end

◆
� 1

12
ln

✓
Vend(3� "⇤)

(3� "end)M4
SH

◆
+

1

3
ln

✓
T_>
MSH

◆

Martin, Ringeval, PRD82 (2010)❖ TRH and Ne

Dark Matter
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y3 = 4.00⇥ 10�3, � = 6.31⇥ 103, �S = 1.2⇥ 10�2

<latexit sha1_base64="LbKb+EZPa20YrAPIdoVlEFD2IUI="></latexit>

⌦⇡h
2 = 0.1198± 0.0024 (2�)

Scan :  y1 and γ. 

<latexit sha1_base64="6+jqVPNsY+aWdEBLZfTfwrCr9Go="></latexit>

y1 ' 10�13
✤ The DM relic abundance can become comparable with the observed value for          .
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Summary

❖ Dark matter : NG bosons

❖  We have studied a classical scale invariant model.  
     Scalegenesis :   
     The dynamical symmetry breaking by strong dynamics in hidden QCD sector.

❖ Inflation :
✤ The prediction of the CMB obs. is similar to that of the Higgs inflation or 

R2 inflation. ( small r )

✤ 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 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.

❖ Neutrino option + gravity (Model II) :

❖ The reheating temperature is constrained.


