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- Introduction

The standard model (SM) of particle phySICS has been
tested by numerous experiments with great accuracy.
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Is this the end of the story?




Is this the end of the story?




Known unknowns in Cosmology

Success of the ACDM model relies on the two unknown

degrees of freedom:

-Dark matter

Cold, neutral,
and long-lived.

. Inflaton

Very flat potential
for slow-roll inflation.

Direct evidence for the physics beyond the SM!



Then, where should we look for ?




Niels Bohr

“We are all agreed that your
theory is crazy. The question
that divides us is whether it is
crazy enough to have a chance
of being correct.”

(Said to Pauli after his presentation.)



“We are all agreed that your
theory is crazy. The question
that divides us is whether it is
crazy enough to have a chance
of being correct.”

(Said to Pauli after his presentation.)

Niels Bohr

- "...My advice is to try crazy ideas
g = 7 and innovative experiments.
o | Something will come up.”

\ (In answer to “Do you have any advice to
offer the next generation?”)

Steven Weinberg

https://physics.aps.org/articles/v11/134




“The whole history of physics

proves that a new discovery is
quite likely lurking at the next

decimal place.”

F. K. Richtmyer






S0, let us try a crazy idea, which might
be lurking at the next decimal place.



S0, let us try a crazy idea, which might
be lurking at the next decimal place.

| want the inflaton (+DM)
that can be probed by
ground-based experiments.



2.What is the inflaton?



Inflation

Guth 81, Sato 80, Starobinsky 80, Kazanas 80, Brout, Englert, Gunzig, 79
Linde 82, Albrecht and Steinhardt 82
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Inflation

Guth 81, Sato "80, Starobinsky "80, Kazanas "80, Brout, Englert, Gunzig, " 79
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Inflation and density perturbations

Inflaton

0

The quantum fluctuations
lead to slightly different
evolution at different points.

Fluctuation in time

= Fluctuation in volume
Density perturbations




Scalar mode perturbations
Amplitude:

3/2
5_’0 ~ 4 ~ 10~ ° :CMB normalization
10 V/M% The potential must be flatter

for lower inflation scale.

Spectral index: 7 = 0.965 = 0.004 Pianck 2018
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| Suppose that the inflaton is so light that it is
i kinematically accessible for experiments.
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' Suppose that the inflaton is so light that it is
i kinematically accessible for experiments.
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1) For successful reheating, the light inflaton
should have sizable couplings to the SM.



Suppose that the inflaton is so light that it is
kinematically accessible for experiments.
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1) For successful reheating, the light inflaton
should have sizable couplings to the SM.

Reheating

Production

The inflaton may be produced at experiments
or astrophysical environment (e.g. inside stars)



Suppose that the inflaton is so light that it is
i kinematically accessible for experiments.
2) The inflaton potential is extremely flat, in spite
of large couplings to the SM.
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Suppose that the inflaton is so light that it is
ff kinematically accessible for experiments.

2) The inflaton potential is extremely flat, in spite
of large couplings to the SM.

V

~ 1077
p VM

<> 0

The flathess of the inflaton potential can be
ensured by shift symmetry, if it is an NG boson.



Suppose that the inflaton is so light that it is
kKinematically accessible for experiments.

The inflaton is likely an axion/ALP with
sizable couplings to the SM.

Do we have any testable predictions?

See talks by Kawasaki, Ringwald, and Tokiyasu for axions.



Let us suppose that the inflaton is an ALP which
enjoys a (discrete) shift symmetry,

O — ¢+ 2mnf neZ

suppressing dangerous radiative correction. Then,
the inflaton potential is periodic, I.e.,

Vig) =V(p+2rf)

and can be expressed as Fourier series, Ap=2nf

V(g) =)  cne™

necZ
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¢ Natu ral inflation Freese, Frieman, Olinto 90

0
V=A*[1=cos| Z
Jf

Only large-field inflation is possible——
with a single cosine term.

. Super-Planckian decay constant -

required:
fZ5Mp

ensc-to-scalar ratic (i

- Predicted (ns,r) are not favored
by CMB obs. (3)

0.94 £.05 0.98 1.00
Frimercial tilt (i)

Planck 2015



Czerny, FT 1401.5212,

- - - - C . Higaki, FT 1403.0410, 1403.5883
® AXlon hllltop Inflatlon e lCroon and Sanz, 1411.7809

FT, Yin, 1903.00462

| ow-scale axion inflation can be realized with at least two
cosine terms: “Multi-natural inflation”

Vine (@) = A* (COS (? + «9> — % COS (nfgb)) + const.
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CMB normalization: Vo
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independent of Vo



Czerny, FT 1401.56212,

- - - - C . Higaki, FT 1403.0410, 1403.5883
® AXlon hllltop Inflatlon e lCroon and Sanz, 1411.7809

FT, Yin, 1903.00462

| ow-scale axion inflation can be realized with at least two
cosine terms: “Multi-natural inflation”

Vine (@) = A* (COS (? + «9> — % COS (anb)) + const.

The inflaton mass at the minimum, me ., depends on n.

V(g)/A* -ven n V()AL Odd n

/1.55.




The potential is flat only around the
potential maximum.

A2
m¢~—
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Czerny, Higaki, FT 1403.0410, FT and Yin, 1903.00462




The potential is flat only around the
potential maximum.

A2
Mg ~ —
f
A 4
\ ~ (?) ~ 10713 : CMB norm

»  f~10°m,

Czerny, Higaki, FT 1403.0410, FT and Yin, 1903.00462

The potential is flat both around the

maximum and minimum.
2

V72 m
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Daido, FT, Yin, 17/02.03284, 1710.11107
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cf. f~ 10" GeV(m,/6ueV)~' for QCD axion
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In the case of the ALP coupled to photons
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In the case of the ALP coupled to photons

-2

Vacuum

—4 Birefringence /

¢
P

-0

' O T T T

-8
: Solar v
Helioscope
—10 Te'lescopes HB
-2 wp cooling hint )
ol
— v ” I Y_.-ﬂle
_1uL 2 £ B ADMX-HF
B =2 = ADMX
= /A
1 ‘ w\\.f."” L. | PN R
— 16 & non—Thermal DM a
i & E
— “H /./ :
— &:..-/ ;:,
- 18 -
oy Lol Lo b boba b ba b bo b belbolly by

4 6 8 Y10
Log)o marp [eV] Figure taken from 1205.2671

-12 -10 -8 -6 -4 =2 0 2



Log,o 8ay [GeV™!]

_ALP mass and decay constant

In the case of the ALP coupled to photons
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3. Inflaton hunt by ground-
based experiments



The case of even n

V(g)/A®




We consider the following ALP inflaton couplings to the SM:

(1 ) Coupling to photons (or weak gauge bosons at high T)

a @ 1

L= A fF“”FMU = 49¢W7¢FMVFMV7

(2) Couplings to the SM fermions

L= Z Ckmkwk%%



(1) Coupling to photons (or weak gauge bosons at high T)

L= F, 1 =

— Cy Ar f gcb’y%bFWFW C

_ G
9oy = o f

where the anomaly coefficient is related to charges of
the extra fermions W, as

\g eiﬁqq;%/Q\p.
_ E )2 i 7
¢ = 24k b — ¢+ Bf

EM charge
charge

The precise value of Cr IS model-dependent, and It can
be of order 102 - 102 without invoking a contrived set-up.



Prametr regions prictd by P infltion (it even n)
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For c, 2 10, the predicted region overlaps with the SHiP sensitivity.



The ALP inflaton decays into photons, ¢ — 77y, and also
dissipate through scattering, e.g., ¢ + 7 — et +e
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The ALP inflaton decays into photons, ¢ — 77y, and also
dissipate through scattering, e.g., ¢ + 7 — et +e
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(2) Couplings to the SM fermions

L = Z Ckmk ¢&k75wk7

Such couplings arise If we introduce two Higgs doublets
as in the DFSZ axion model. After integrating out the

heavy degrees of freedom, we obtain
PQ charge

oy
H{ = H cos Bexp iQHl?
Hs = H sin B exp _ZQHQ?

SM Higgs

~
=
~—

tan 0 =

S

—
-}

~——

_ (.,e. PQ charge of the Higgs
o QHl Or QHQ that it is coupled to.)



In the case that the inflaton has (universal) Yukawa-like
interactions, i.e., ¢; = c¢

ms[GeV] FT and Yin, 1903.00462



The ALP inflaton decays into the SM fermions (+Higgs if kinematically

allowed), and dissipate through thermalscattering.

108}
107_ .o‘.

r—106_ ',... o..‘

3 1051 4!

~ 10%. =0, e e
103- .....0.. o. ..o.
107 el T
18-14 10712 10710 1078 107"

crf ' [GeV']

FT and Yin, 1903.00462



The ALP inflaton decays into the SM fermions (+Higgs if kinematically

allowed), and dissipate through thermalscattering.
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The case of odd n

V(g)/A®




-Inflaton (ALP) mass and coupling to photons
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-Inflaton (ALP) mass and coupling to photons

C~r

L= g“Z”ngw,FW Jor = 1 f cegwf
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~Reheating and ALP DM

Photons

, SM particles |

Inflaton (ALP)

| ALP Dark Matter |

P + PR after reheating

As we shall see, ¢ = 0(0.01) is required to explain DM.
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1079

Inflaton = DM = ALP

' 10710
|> 1011
g
Mg = O(0.01 —1)eV ? —
_ - |
Jovyy = O(107"") GeV : S |
< p 10718 |
within the reach of future A
axion helioscopes and laser 10% 10° 10* 107 10° 10 10° 10°
experiments. Mg leVl
“An ALP miracle”

*Plus, there Is a preference for extra cooling of
Gory = (0.29 £0.18) x 10710 GeV !

B stars

Ayala, Dominguez, Giannotti, Mirizzi and Straniero, 1406.6053, DESY- PROC-2015-02



- Inflaton may be searched for at experiments, If the
iInflaton 1s an NG boson with sizable couplings to SM.

- The predicted relations between the mass and decay
constant are

Even n Odd n
0 3
f~10°my f ~10°\/myM,
- SHIP (beam dump exp. at CERN) - [AXO/TASTE (Solar axion search)
me = 0(0.1 — 1) GeV me = 0(0.01 — 1) eV
- The decay of the axion is same . The remnant inflaton can be DM.
as the reheating! “ALP miracle”

“Big Bang on Earth” - Dark radiation with AN.g ~ 0.03



