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Outline

» The Strong CP problem & the axion solution.

» Astro and cosmological properties of the axion.

» BICEP2 implications on the axion CDM.

EJC, arXiv: 1404.4284
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Strong CP problem

» QCD 6 parameter allowed in SM violates CP:

L=62,G2,G" = 0E-B

32712

» And leads to EDM d,, ~ 2 x 10~ 0 ecm
» Current measurement requires § < 1010
» Note) weak CP: dcxm ~ 1
» Why is 6 so small?
» One of hierarchy problems in SM:

my, ~ m, ~ m, << My,

m,:m,:m,~ 10"'2:10¢: |
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Peccei-Quinn Mechanism

» Introduce a QCD-anomalous global U(1) symmetry
which is spontaneously broken = axion

95 YKV
L= Agy 355G, G

» QCD phase transition below | GeV develops an axion
potential dynamically settling down 6 _ to zero:

L = m2f2 [1 — cos F%J

= () =0 \/\./\
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Axion models

» Kim-Shifman-Vainshtein-Zakharov: (A3 = Ny)
Lrsvz = AQSQQ" + h.c.

1 0 -1
» Dine-Fischler-Srednicki-Zhitinitski: (A3 = 2N)

EDFSZ — yuqucHu T ydqdcﬂd + )\HSQHqu + h.c.
o1l -l o1l -l 2 -1 -l

» A3 = Domain Wall number:
Npow = | (6) for KSVZ (DFSZ)
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Axion physics

. o 1 12
» Axion mass: m, ~ me ~ 10 ( 0 FGeV) ueV

a

» Axion couplings:

W\./"’Y
12
Jary ~ 10710 (10 FGeV> GeV ! a - - <Zarrg
a
"\./'W"Y
my
gaff ™~ F—a J_l_“”_____ <

» Lower bound on F,
from stellar evolution: F, > 1097 1°GeV
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Axion Cold Dark Matter

» Being a Goldstone boson, axion <
has no potential after PQ =" ¢ oy
symmetry breaking at Vpq .

» As the axion potential develops

at the QCD phase transition, 0 a = |0,2rvpg)]
oscillates starting from its mis- e N T
aligned value 6, = a stable T e

oscillating scalar field forms cold

dark matter. /

» Distinct 0 vacua: 0, I, ..., Ny -1 ) — a/F; _ 0, 27]
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Domain Wall problem

4

If Now > 1, there exits Ny, -1 distinguishable vacua and
thus domain walls connecting them can be formed to
overclose the universe.

If the PQ symmetry is broken during inflation, this
problem can be evaded as domain walls are washed away
by inflation.

If the PQ symmetry is broken after inflation, N5, =1 is
required.
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Axion Cold Dark Matter

» Axion relic abundance:

2 1.19
2 o 2 2 a
Quh? ~ 0.18 [62 oy 4. + 66°) (1012 GeV)

Includes axions produced from

the axionic string and domain walls. at.d. ~1—100
Quantum fluctuation of the initial 50 = Hy
mis-alignment during inflation. - 2nF,

» PQ symmetry breaking during inflation:

0y = arbitrary ap g =1 00 = H; /2w F,
» PQ symmetry breaking after inflation:

02 = (07) ~ 212 /3 g ~1—100 56 =0
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Axion detection

ADMX Achieved and Projected Sensitivity
Cavity Frequency (GHz)

S
8
Rybka's Talk at F
Cosmic Frontier 2
2013 e
$
c
S

b in Korea

10 100 1000
Axion Mass (peV)
F,(GeV) ~ 1012 1011 1010
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BICEP2

» Measurement of B (curly) mode CMB polarization at low

multipole = primordial gravitational (tensor)
perturbation = determine the inflation scale.

PT 16H? | BICEP? | e
T E D 2 E||,r_|*-E|:F;I 3'3"5"""5r3f"i_l -T-T:_‘__ w'a_‘v'— ‘F'-
PS WPS Mp 10' L QUIET-Q  WMAP - "
F QUIET-W  CAPMAP  — 7 = "o ¥ erv
T - T T T T
T = 016, PS — 2.2 X ]_0_9 % 10° _;'f* A
14 & —— |
LI e e e PR
1 4 .ID-E:_ . —¢——1'——+— T
VM = 2% 10%Gev B gy
o - .
10 1[]2 _IDS
Multipole
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Implications on axion CDM
» Axion CDM limit:

F 1.19
QahZ ~ (.18 [98 Q..+ 592] (—a’)
1012GeV Marsh, et.al., 1403.4216
<0.12 Visinelli-Gondolo, 1403.4594
18 | | / | 10_12
10*® Fg,=0.0001 /
» Isocurvature perturbation s [5=o01 ,
- 10| oign Femaure § 1 10°
constraint; — 6,=001 /
2 104}
2 9 ) 6,=0.1 / 1106
3 H ¥ 1012} «
P,=4 5 5 o=1 AR 0> 0
QcpMm (27TF0,90) + HI o
!0 z 110-3
6,=3.1 2, 10
< 0047:)8 108L . White Dwarfs Cooling Time .
104 105 108 101 102 10M

H; [GeV]
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PQ symmetry breaking during inflation

» The axion scale during inflation may be different from the
one at present: I, vs. I, .

» Generalized constraints:

1.19
Qo h? ~ 0.18[02 + 667 e < 0.12
o T 1012GeV -

Q, \° H?
L, =4 a L .04
P (QCDM) (2WF[91)2+H? <00 733

i) F,0,<H,/27: ii) F, 6, > H,/ 27 :
Q, < 4.7 x107° Qcpum 0. \?
‘ Q/Qcpy = (0 52) F, i
Fr > 9 x 10" F25, GeV 1y
, Q(Lh’ 0.6
0; < 0.0018F, % Fr>1.7Mp ( 0.12 ) Fais GeV
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Two allowed axion windows

During J
. (e inflation
1 10! 1072 1¢3 mf‘r 10° 107
After i >
inflation ,f" Mp << F7y
S 1>>06;
K.Choi, et.al.,
1404.3880 =

1012 10 10 108 10

Ja(fp) (GeV)

10° 101 10!
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Dynamical generation of the axion scale

» Consider a supersymmetric extension of SM with the PQ

sector P2
Wpo = A
PQ M?

» Including soft SUSY breaking, the scalar potential may

have the form P2+

V= '\2 M2n o meIPV
P

» It leads to PQ symmetry breaking at the scale

mPM}g)l/?’L—!-wl

Fo~ (P~ (M5

» The resulting axion scale is
F, ~10'",10'*,10"°GeV for n = 1,2, 3
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Supersymmery breaking during inflation

» The inflaton field y has a generic Kahler term

1
0K ~ —x"x ¢

» If x dominates the energy density of the Universe
p=3H*M3 ~ < / d*0 XTX> Dine, Randall, Thomas, 1995

» Giving the effective mass to ¢: 0V ~ —H?¢'¢

» Thus, during inflation and inflaton oscillation period,
there’s an additional soft SUSY breaking by the Hubble
parameter H.
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Dynamical PQ symmetry breaking during
and after inflation

» Consider a representative PQ sector

A\ ¢n+3

Wor —
P 43 Mp

» Including the SUSY breaking effect by inflaton,

5 ‘cb‘Qn—I—é' )\(OAH 4 A) Q‘ﬁn+3

V=A
Mz + n+3 M2

+ h.c.| = (CrH? + m})|¢|?

» It leads to the time-dependent axion scale:

(H MY+ ~ Fy during inflation
() ~ < (Max[H, mg]M3)Y/*+1  after inflation
(meMP)Y" L ~ F,  after reheating
EJC, Dimopoulos, Lyth, 2004
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PQ symmetry non-restoration

» For the PQ symmetry to be kept broken, the Hubble

parameter at reheating should be smaller than m; :

7.‘.2

pr = 3HAM? = %Q*Tj}g

me
200GeV

1/2
Hp <mgy = TR<1010( ) GeV
» Independently of n, we have

O h?
0.12

b _ CmHi F; > 1.7TMp (

Fa me

» It requires O B2 1013 0.8
q Cm>3< ah)( mg )(O GGV)

1/2
) Fg;g GeV

0.12 100GeV F,
AN<107% for n=2

18 NBIA-APCTP Copenhagen 2014-08-22 EJChun@KIAS



Summary

4

If BICEP2 is right , interpreting it as a primordial tensor
perturbation determines the inflation scale H, = 10'* GeV.

It has a significant implication on the axion CDM.

In the conventional scenario, the axion CDM is ruled out due
to isocurvature perturvations if PQ symmetry is broken
during inflation. If PQ symmetry is broken after inflation,
required is F, ~ 3x10'° GeV (m, ~ meV) with Ny,=1.
However, the axion scale can be time-dependent as is generic
in supersymmetric models.

In this case, the axion CDM is consistent with PQ symmetry

breaking during inflation (allowing Ny, >1) for F, ~ 10'? GeV
and F, ~ M, .

19 NBIA-APCTP Copenhagen 2014-08-22 EJChun@KIAS



	Axion Cold Dark Matter �with High Scale Inflation
	Outline
	Strong CP problem
	Peccei-Quinn Mechanism
	Axion models
	Axion physics
	Axion Cold Dark Matter
	Domain Wall problem
	Axion Cold Dark Matter 
	Axion detection
	BICEP2
	Implications on axion CDM
	PQ symmetry breaking during inflation
	Two allowed axion windows 
	Dynamical generation of the axion scale
	Supersymmery breaking during inflation
	Dynamical PQ symmetry breaking during and after inflation
	PQ symmetry non-restoration
	Summary

