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1. SM




1. SM (1/3)

The Standard Model of particle physics

Based on quantum field theory (special relativity + quantum mech.)

* Gauge sector: SU(3),. SU(2), U(1)y — gauge bosons
* Matter sector el el

u e vt @ . H
- quarks and leptons el el
- 3 family: only mass difference o (o J{ e o

» Scalar sector: Higgs field e ) e
- determines the vacuum structure of the SM "2 - w .» ' W

L = (Kinetic terms) + (gauge int's) + (Yukawa int's)




1. SM (2/3)

Some features of the SM

* Accidental global symmetries at the renormalizable level
- U(1)g and U(1),
- Explains why protons are stable, and why neutrinos are light.

* Flavor violation only through charged-current weak int's
- Explains why FCNC effects are suppressed as experimentally
measured




1. SM (3/3)

SM: very successful at energy scales below TeV, BUT

* Naturalness problems
- Origin of EWSB: why <H>*+0, and why <H>~100 GeV <« My?
- Origin of flavor structure
- Strong CP problem
, Dark energy
Baryon asymmetry in the Universe
Neutrino masses
Why 3 gauge interactions? Grand unification?
Cosmic inflation
Quantum gravity, ...

—~ Requires new physics beyond the SM!




2. Axion solution to the strong CP problem




2. Strong CP problem (1/5)

CP violation in the SM

C: charge conjugation (q — -q)
P: parity conversion (x - -x)

 CP violation if the Lagrangian involves a complex coupling which
cannot be rotated away by any field redefinition.

e.g. Yukawa couplings in the SM




2. Strong CP problem (2/5)

CP violation in the SM

= CP violation in the EW sector
- CKM matrix: quark mixing matrix in association with weak int's
Unitary fr to obtain mass eigenstates from m, 4=y, 4<H>
One CP violating phase: d,y= 1.20+0.3

- PMNS matrix: lepton mixing matrix (massive neutrinos)
One CP phase: dcp — the value is not well-known yet

= CP violation in strong interactions

- One CP violating phase related with topological structure of
QCD, anomaly, and instantons.




2. Strong CP problem (3/5)

 CP violation in the electroweak and strong interactions

0 ~ :
Low = Y HTq + 8QC§ GG +--- Experimental bound on the neutron EDM
/A
_ y
CP violations .70 \,,f/j) e mm,
d, ~10 4 d e-cm
. // \ (m, +m,)m,
éjZKM ~arg(yq) ~1 n H‘ P \. N
0 = Oycp +argdet(y,)

‘5‘ <10 — Strong CP problem

« Strong CP problem: Why does QCD (almost) preserve CP?

Need some physical explanation!




2. Strong CP problem (4/5)

AXxion solution to the strong CP problem

Peccei and Quinn 1977

Introduce NG boson associated with spontaneously broken U(1)pq
symmetry which is anomalous under QCD

 the axion couples to gluons through

izi(;é
8z° f,

f,: axion decay constant ~ (PQ symmetry breaking scale)

« QCD instantons explicitly break PQ, generating axion potential
after QCD phase transition at Age, ~ 400 MeV.




2. Strong CP problem (5/5)

Axion solution to the strong CP problem

 Axion potential

7

a
V(a) f
classical \ / S a

QCD instantons explicitly break PQ, generating axion potential.

0 is dynamically cancelled, )
and thus QCD becomes CP conserving: 8 =




3. Axion dark matter




3. Axion DM (1/3)

AXxion properties

determined by f, ~ (PQ breaking scale)

A2 12
- axioh mass: m, ~ ?CD ~5x107° (mfﬂje\/

a a

- axion couplings o S . . .
axion couplings To SM To avoid the astrophysical constraints

axion-nucleon interaction (axion emission from neutron stars, and
102GeV supernovae),
-12
Jann ~10 [ f j ‘ fa > 4><108GGV

— The axion is stable on a cosmological

time scale, and so can explain the dark
12 5

0., ~1015£10 GeV]GeVl matter of the Universe.

axion-photon interaction

a




3. Axion DM (2/3)

Axion dark matter

» The axion necessarily contributes to cold dark matter if it
solves the strong CP problem.

- Axions are produced by coherent oscillations of misalignhed
axion field when H becomes comparable to the axion mass, and
behave like non-relativistic particles.

V(a) A é+3Ha+m:a:O
H<m(T)
S~ 7 0= a
0 T,
(axion direction)

O i / \1.19
" 1.7x62 L—u'a J
Qo 10 GeV

B+ initial misalignment angle of the axion




3. Axion DM (3/3)

PQ extension of the SM

PQ extension naturally explains why the strong interaction does
not break CP, and provides a good dark matter candidate.

« KSVZ models (hadronic axion model): PQ charged heavy quarks
« DFSZ models: PQ charged Higgs bilinear H H,




4. Cosmological constraints on axion dark matter




4. Constraints (1/2)

Possible scenarios depending on when PQ phase transition occurs

1. PQ symmetry breaking occurs after inflation

- Need Npy=1 (humber of degenerate vacua) to avoid overclosure
of the Universe
— Severe constraint on axion models

Many patches with different axion initial value: <62, >=12/3

Axions are produced mainly by collapsing string-wall system
(Npw=1) + from coherent oscillations.

domain-wall (disc-like object surrounded by string): unstable

Q =0, = f. =(2-4)x10°GeV

Numerical simulation
- Hiramatsu, Kawasaki, Saikawa, Sekiguchi, 2012




4. Constraints (2/3)

2. No PQ restoration during inflation and thereafter

There is no domain-wall problem.
Axion acquires guantum fluctuations 86 during inflation.

Axenides et al 1983, Turner et al 1985, ...

- They do not affect the total energy density during the
primordial inflation.
- They turn into isocurvature density perturbations at the

QCD phase transition.

10°, T =2.725K




4. Constraints (3/3)

2. No PQ restoration during inflation and thereafter

« Single-field inflation generates adiabatic perturbations:
no perturbations in relative number densities of different species

Or high enough reheating temperature

— cohsistent with the observations
e TIsocurvature constraint on the axion DM

ST

=
e Axion density: 6,,,(>>36) uniform throughout the whole observable Universe

4Q, 56
5Qpy, 0

mis

<3.8x10°°

iso

Qa

~1.7x6?

mis

f (t ) 1.19
—22— | <1 — largef, requires small 6,
10 GeV

DM




5. Axion dark matter in the scenario with no PQ restoration




5. Axion DM with no PQ restoration (1/4)

Questions

« What is the mechanism stabilizing the axion decay constant?

1.19
2 ~1.7><9§“S( E;(to) j
Qo 10 GeV
» Can we suppress axion isocurvature perturbations?
ST 4 Q. 66

? - g QDM gmis

<3.8x10°

iso

- Axion fluctuation:

H (tl) Planck results:

(tensor-to-scalar ratio) < 0.1
=> H(t7) < 1014 GeV

SO(t,) =

27 f (1)
=/t |a\|.|/




5. Axion DM with no PQ restoration (2/4)

Questions

» Can we suppress axion isocurvature perturbations?
- Evolution of the axion fluctuation from f1 to tgoep:

H(t)
271, (4)

86 = 60(tocp) = y00(t,) =y
where vy<l1.

- fa(TI) >> fa(TO) for‘ emis=()(1) and 86«1

Validity of an effective theory: f < M,
Weak gravity conjecture: gravitational interaction is
Arkani-Hamed, Motl, Nicolis, Vafa, 2007 The WeakeST for‘ce

aGG >O( 1 j aGG

Pl

- y<1 can be important. 87°f,




5. Axion DM with no PQ restoration (3/4)

Scenario realizing f(t7) > f, (to)

e Supersymmetric axion models generating axion scales through
competition between supersymmetric higher dim superpotential
term and SUSY breaking effects

fa (to) - \/msusv M PI
() ~ JHE)M,

- intermediate axion scale at present, while a Hubble-induced
large axion scale during inflation.

« This type of axion models can be successfully embedded into
string theory, where we can explain why is
well protected from quantum gravity effects.

K. Choi, KSJ, M. S. Seo, 2014




5. Axion DM with no PQ restoration (4/4)

Scenarios realizing f(t7) > f, (1)

 Isocurvature constraint

) -1 0.8 -1
) <a0%evs{ 1) (2 ) (LB (man
0.08 Qom 10 GeV 1TeV

* An observable tensor-to-scalar ratio (0.1-0.01) in CMB can be
compatible with the axion dark matter Q_=Q,,, if the axion
fluctuation experiences a mild suppression.




6. Diluting inflationary axion fluctuation by stronger QCD




6. Dilution mechanism (1/6)

We propose a simple way suppressing 86 through its cosmological
evolution.

» Axions scales fixed by competition between supersymmetric
higher dim superpotential and SUSY breaking effects

* mu-transition: Higgs mu-term generation through

2 J.E. Kim and H. P. Nilles, 1984

W ="—H_H,

PI
Thermal effects make PQ-charged X evolve as g
X(tgtﬂ)zoi X(t>t,u)~\/mSUSYMPI '/

= wu(t<t)=0, u(t>t,)~mgy, -~




6. Dilution mechanism (2/6)

« With the mu-transition, the weak scale can experience unusual
evolution because the H ,H, flat direction (¢) has mass

2 2 2 2
m; =c,H”+&mgq + 2\;4

- Before the mu-transition (u=0), negative ¢, and ¢, lead to

fa(t|)~¢(t|)~\/H (tI)MPI
fa(tl <1 <ty) ~¢(t| <1 <ty) ~\/mSUSYMPI

- After the mu-transition, y=mg,sy and mé >0
H, , (t,) = O(100GeV)

fa (to) ~ X (to) - \/mSUSYM PI




6. Dilution mechanism (3/6)

Stronger QCD

 Large weak-scale before the mu-transition results in stronger
QCD because the quarks become heavier:

105,
(gluino mass before mu-transition), (tfanp at present)

104 L

AQCD’/GeV

1000 -

O 2
100 - | | | | | | m . AQCD
102 10° 10 10t 10 108 10" a f

V' /GeV a

— The axion obtains a large mass for large Ag!



6. Dilution mechanism (4/6)

Suppression of &6
« The axion experiences a damped oscillation for m (1) > H(t).

Note: The axion mass is highly suppressed by thermal effects
for' T>» AQCD

e The axion fluctuation is diluted as

Ht)  (Mas | H()
27f (t) | A 27 f (t,)

00 =y

QCD

if the axion mass is larger than H before the mu-transition:

~ -1 ~ 2
A N
m9z0.4MeV(Mfa ) (QCD ) H(t,,)zO.ZMeV( 0
: | 10”GeV ) | 20TeV ) “ | 1TeVx10%GeV |

Vacuum energy density Vo ~ mgysy® fo(to)? drives thermal inflation.
Lyth and Stewart, 1995




6. Dilution mechanism (5/6)

Upper bound on the inflationary Hubble scale consistent with
the axion dark matter €=y

14| " 10.16
Stronger QCD
Dbefore the u-transition
12} lans6
S 10
@ g
= 10} fally) =  H({)/ mgysy falle)  {107°
o)
s
E B _ .10—13
fa{ff] = fa(f[i]
105 0 5 120 125 3.0
Log, [fa(fo)/GeV]

tensor-to-scalar ratio

FIG. 1: Upper bound on the inflationary Hubble scale con-
sistent with the axion dark matter, €2, = Qpn. Here we
have taken mz = 3 TeV, tan3 = 10, and T'({,) = 1 TeV.
The shaded region is excluded by the Planck results. The
black solid line is the constraint in the conventional scenario
with f,(t7) = fa(to). The magenta lines are for the scenario
with fa(tr)/fa(to) = \/H(tr)/msuvsy, but without a stronger
QCD. The blue lines are for our scheme which leads to a
further suppression of §8 by the stronger QCD. The SUSY
breaking mass has been taken msusy = 1 TeV for the solid
lines and 10 TeV for the dotted lines.




6. Dilution mechanism (6/6)

Axion relic abundance

« The minimum of the axion potential induced by the stronger
QCD is generally different from the minimum of the axion
potential at present.

emis _< a(tﬂ) >_<a(t0)> = O(l)
fa(tﬂ) fa(to)
Combined with an intermediate axion scale at present, it leads
to £0,=C)yp in a natural way.




7. Models implementing the suppression mechanism




7. Models (1/4)

Simple example

« Superpotential
W = (MSSM Yukawa) + AY ®D°

KZ

K K3

X*H H, +—2-XY°+

Pl PI My,
* PQ charged X and Y are responsible for mu-transition:

+ (H,Hy)(LH,)

- Y obtains a thermal mass from the A interaction, and is fixed
at the origin until T drops below about mgsy.

- X is also trapped at the origin during this period because it
has vanishing tadpole.

thermal inflation: diluting away unwanted relics (moduli, gravitino, ..)

number of e-foldings: N ~ %In(M o I Mgysy)




7. Models (2/4)

« Before the mu-transition, stabilizes the HH  and LH,
flat directions.

« After the mu-transition, the mu-term makes the flat directions
non-tachyonic, and consequently H, and H, are stabilized near the
weak scale while L is fixed at the origin.

X and Y are fixed by

« Axion misalignment angle is generally of O(1) because

- the minimum of the axion potential induced by stronger QCD
is determined by the phase of k;A;.
- the minimum at present is determined by the phase of Byp.

- Axion can naturally account for the observed DM abundance.




7. Models (3/4)

The model can successfully realize the desired cosmological
evolution of 3 relevant scales for mg,sy between 1-10 TeV: the
axion scale, the weak scale, and the QCD scale.

e AXion scale

(0= oD (), () = M

SUSY

e Weak scale

v(t<t,)~ f(t<t,), v(t,)=0(L00GeV)

« Stronger QCD before the mu-transition

7~ ~\ T

AQCD (t,u) = (. 0-3 )

eV, Agepl(ty) =400 MeV




7. Models (4/4)

Interesting issues (work in progress)

* To complete our scheme, we need a late-time baryogenesis.

- The simple model offers an elegant mechanism to generate
baryon asymmetry through the rolling flat direction LHu:

Affleck-Dine leptogenesis




8. Summary




= The QCD axion naturally solves the strong CP problem, and
contributes to dark matter of the Universe.

-~ Well-motivated dark matter candidatel

= We have examined how to suppress axion isocurvature
perturbations while producing the right amount of axion DM in
a hatural manner.
- Axion scales are induced by SUSY breaking.

- Intermediate phase transition to generate Higgs mu-term
leads to a stronger QCD, providing further suppression of
axion isocurvature perturbations.

Thank youl




Backup




Inflation

Inflation

 can explain the initial conditions required for the Universe to
evolve to its current state in the Big Bang theory.
 generates density perturbations that give rise to the cosmic

structures.

Slow-roll inflation

Important observables are the spectral index and
tensor-to-scalar ratio:

VoA VZ VA%
—>
Q n=1+2—-3| — | ,
S (Vj

Vv
inflaton V' 2
5 A Vv

b N J




No PQ restoration during inflation and thereafter

- Single-field inflation generates adiabatic perturbations:

no perturbations in the relative number densities of different
SpeCIQS Or high enough reheating temperature

\/\/\/\/\/\N £;(X)
\/\/\/\/\/\N p,(X)

— consistent with the observations

g ~10°, T =2.725K

Py




No PQ restoration during inflation and thereafter

- Axion fluctuations turn into isocurvature density perturbations
at QCD phase transition, and there appears non-Gaussianity.

\/\/\/\/\,W 2. (X)

p,(X)

oT
T

_ é;oa o 50

iso pDM

Axenides, Brandenberger, Turner, 1983;
Seckel, Turner 1985; Linde 1985; Fox, Pierce, Thomas 2004, ...

The axion is a DM candidate with isocurvature perturbations,
and so is constrained from the observed CMB spectrum.




