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What we have shown :

e Kahler moduli: T; =17; + ia;

moduli axion

* Moduli decays into very light axion :

il e Qaj

e Joo much axionic dark radiation
in light of PLANCK




Brief review of
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Moduli Problem

[ Coughlan et al. (1983), Ellis et al. (1986),
Banks et al. (1993), de Carlos et al. (1993) ]

® Moduli = Light scalar field in compactification of
extra dimensions in String theory
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Moduli Problem

® Moduli abundance

0 1 2\ 2 T'r 2\ 2
iR i 5 i

— = T ~ 10°GeV

S 8 <MP> ¥ (106(}6\/) <MP)

Tr: reheat temperature

z; : moduli initial amplitude
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Moduli Problem

® Moduli abundance

1 2 2
— ~ 10°GeV
Sl <Mp> ¥
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\/\L .. temperature

IC \ (€ . moduli initial amplitude
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Heavy moduli ?

® Moduli decay before BBN (mr > O(10) TeV)
® Heavy SUSY moduli (e.g,KKLT)  mp > mss
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Heavy moduli !

® Moduli decay before BBN (mr > O(10) TeV)

® Heavy SUSY moduli (eg,KKLT)  mp > ms),
Moduli decay into gravitino

== Moduli-induced gravitino problem
- [Endo, Hamaguchi, Takahashi (2006), Nakamura,Yamaguchi (2006) ]
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Heavy moduli !

® Moduli decay before BBN (mr > O(10) TeV)

* Heavy SUSY moduli (e.g.KKLT)  mz > ms,,
Moduli decay into gravitino

== Moduli-induced gravitino problem
[Endo, Hamaguchi, Takahashi (2006), Nakamura,Yamaguchi (2006) ]

* Heavy non-SUSY moduli mr < ma)s
Moduli decay into its axionic partner

=P Moduli-induced axion problem

[ Cicoli, Conlon, Quevedo (2012), Higaki, Takahashi (2012),
Higaki, KN, Takahashi (201 3) ]
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Heavy moduli !

® Moduli decay before BBN (mr > O(10) TeV)

* Heavy SUSY moduli (e.g.KKLT)  mz > ms,,
Moduli decay into gravitino

== Moduli-induced gravitino problem
[Endo, Hamaguchi, Takahashi (2006), Nakamura,Yamaguchi (2006) ]

* Heavy non-SUSY moduli mr < mas
Moduli decay into its axionic partner

== Moduli-induced axion problem

[ Cicoli, Conlon, Quevedo (2012), Higaki, Takahashi (2012),
Higaki, KN, Takahashi (201 3) ]
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Moduli-induced
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Moduli in typellB string

o Kahler moduli: T
Shift symmetry : T — T + i«

cf) 10d gauge symmetry C4 — C4+ dA

e Kahler potential : K = K(T +1T")

G Y\ axion

T—<T> s o
- V2Kt

- J

® Suppose that moduli stabilization does not
give axion mass
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General analysis on moduli decay
T.Higaki, KN, F. Takahashi, 1304.7987
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General analysis on moduli decay
T.Higaki, KN, F. Takahashi, 1304.7987
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Planck constraint on Neff

° o - 7
® Radiation energy density rra = |1+ cNea (11

e CMB constraint; [Neﬂ? == 22800 B8 @ 95%CL 3

Planck+WMAP pol+ high | 1

[Ade et al. 1303.5076] R Q,_m- .
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=—» Constraint on modull stabilization mode
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|. Large Volume Scenario

2. KKLT String axion model
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Ex |) Large Volume Scenario

[ Balasubramanian et al. (2005), Conlon, Quevedo, Suruliz (2005) ]

® Swiss-Cheeze CY: V = V) — Vhole

The simplest :  y, = (T3, + 7,)?/2
Vhole = (Ts = T;L)S/Q

e Kahler and Superpotential

e Dl 2 )
Tzl A a T
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Ex |) Large Volume Scenario

[ Balasubramanian et al. (2005), Conlon, Quevedo, Suruliz (2005) ]

® Swiss-Cheeze CY: V = V) — Vhole

The simplest :  y, = (T3, + 7,)?/2
Vhole = (Ts = T;L)S/Q

e Kahler and Superpotential

e Dl 2 )
VA S B B G

Stabilized a la KKLT
M. ~ Mg

S
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Ex |) Large Volume Scenario

[ Balasubramanian et al. (2005), Conlon, Quevedo, Suruliz (2005) ]

® Swiss-Cheeze CY: V = V) — Vhole

The simplest :  y, = (T3, + 7,)?/2
Vhole = (Ts = T;L)S/Q

e Kahler and Superpotential

K = —2In\: &)
Stabilized by alpha’

W =Wy + Ase_QWTS correction.

Volume axion (Im 7}, = ay)

Stabilized a la KKLT .
remains massless

My, ~ Mg,

S
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Large Volume Scenario (LVYS)

e Kahler and Superpotentlal
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e Mass scales

e Gravitino mass

®¢ Moduli masses

: Lightest modulus
: Axion

1
: "'J--Oﬁ N =

RS
v 1/«
UL 9P e A e

o Soft mass (sequestered scenario)

.
LS e
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e Moduli decay rate  [Cicoli, Conlon, Quevedo (2012), Higaki, Takahashi (2012)
Angus, Conlon, Haisch, Powell (2013)]

3
I m7,

T 487 M2

2 3

® TwoHiggs: 7, = 2H lm~= 24m M2

e Twoaxion: 7, — 2a T,

(

— Branching ratio into axion:

LI 'ﬁ“..‘.-.,;'..- N ey . — O Cas - glog . ', -7 e AL & - .
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® MOdUIl deca)l rate [Cicoli, Conlon, Quevedo (2012), Higaki, Takahashi (2012)
Angus, Conlon, Haisch, Powell (2013)]

3

: I m7
® Twoaxion: Tp =24 Ty= Mé
2’2 m3
® TwoHiggs: 7, —2H I'm=5— MZQZ
-~ o)
1
— Branching ratio into axion: Doz b 0a2
\ J

Independent of moduli mass

z 2> 2

Constraint: B, < 0.2 — {

Many Higgs doublets
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Ex 2) QCD axion in KKLT

[ J.Conlon (2006), K.Choi, K.S.Jeong (2006) ]

e String theoretic QCD axion model
K=-2nVy

V= (To+T3)*? — k1(T1 + T1)¥/? — ko (Ta + T )2

Wiis=ideme Lo PopBilicnTs) W

[ K.Choi, K.S.Jeong (2006) ]
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Ex 2) QCD axion in KKLT

[ J.Conlon (2006), K.Choi, K.S.Jeong (2006) ]

e String theoretic QCD axion model
[ K.Choi, K.S.Jeong (2006) ]
K=-2nVy

V= (To+T3)*? — k1(T1 + T1)¥/? — ko (Ta + T )2

W = Ae—o®0 Be /) + v,
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Ex 2) QCD axion in KKLT

[ ].Conlon (2006), K.Choi, K.S.Jeong (2006) ]

e String theoretic QCD axion model
K=-2nVy

== (T() —|—TJ)3/2 = lil(Tl —|—T1T)3/2 i I{Q(TQ —|—T2Jr)3/2

W = Ae W + Be P CEES) W

[ K.Choi, K.SJeong (2006) ]

Stabilized a la
KKLT

----- o

A = nTy —1T5 is stabilized after uplifting, -,

while ImA = ¢ remains massless.
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® SM brane wraps cycle T2

T
SM gauge kinetic function : fyis = 4_2
-

A=nTy — 15 =s+1a

£ e /dzeriSWaWa _I_ h.C. ~J iGZVGMVa _I_ EGZVGIUJV&
el

D 2
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® SM brane wraps cycle T2

T
SM gauge kinetic function : fyis = 4_2
-

A=nTy — 15 =s+1a

L= / POL A A g O G2 _|_‘GZVC~;MVCL
2

T2

o QCD axion ta
- solve strong CP problem
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® SM brane wraps cycle T2

T
SM gauge kinetic function : fyis = 4_2
-

AEnTl—TQES—Fia

L / d?0 fuis W W + h.c. N‘;a,,awa +‘Gayéﬂwa
D < 2 Ll

- Lightest modul H Q«CLE axion to
(saxion ‘solve strong CP problem

4
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3.2 2
® Moduli (Saxion) decay rate MP = — (W Hlj@) ﬁmi

ﬁ N>k
2.2 _ 2\2 773
® Jwoaxion: T, ~ (n”ri = K3)" M, ms ~ O(10°) TeV
7687ks M3
A %)) M3
o : ~ s
Gauge boson : Fa = 8w M3 : Not loop suppressed

Decay into gluon is
sizable in contrast to
(usual) saxion decay
in SUSY axion model.

[ T.Higaki, KN, F. Takahashi,
1304.7987 ]

2013F8H24H L EH



Detecting/constraining
axionic dark radiation

® The presence of axionic dark radiation seems
to be ubiquitous in string theory AN 2 0(0.1)

e Can we probe it!

® Axion conversion into X-ray photon in galaxy cluster
[ ].Conlon, M.C.D.Marsh, 1305.3603]

® Axion-photon conversion in the early Universe under
primordial magnetic field [THigaki, KN, FTakahashi, 1306.6518]

® Any other idea?
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L@ Can we probe |t7
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Summary

e Light axions often appear after moduli stabilization

® Moduli branch into axion is generically O(1)

—— Planck constraint : B, < 0.2

® The branch does not depend on moduli mass

The problem exists even for heavy moduli
(m7 > O(10) TeV)

“Moduli-induced axion problem”
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Possible Solutions to
moduli problem

® |.Thermal inflation for diluting moduli
[ Lyth, Stewart (1996) ]

== Dilution of baryon asymmetry
Domain wall problem

® 2. Adiabatic suppression mechanism [ALinde (1996) ]

A “‘-' ' , ELe et Sge g P 4% y ' v Va5 N i i i = ALY -
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Moduli abundance

V(T) = cH*T?* + m5(T — z9)* (c~ O(1))

[ For ¢ > 1 , see KN, Takahashi,Yanagida, | 109.2073 ]

® Hinf > mo . ATZ ~ 20

: H;
® Hing <myp ! AT~ 52 —

A\ (a6 —1 ) wil s B - d ks »‘~"»/"'>_ 4
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General analysis on moduli decay

T.Higaki, KN, F Takahashi, 1304.7987

® Moduli T K=K(T+T"

® Canonically normalized moduli & axion 7 — (1) = \;24[—{7,@
1T

® Moduli decay into axion pair

Ll %TT
64 K %T

i 4 \ S U S SR M el S IR B b s /e E e

o= a ['(r — 2a) =
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General analysis on moduli decay

T.Higaki, KN, F Takahashi, 1304.7987

® Coupling to MSSM sector

® Gauge kinetic function f,is(7)

® Moduli decay into gauge boson pair

1 .
[ = — Re(Or fois FaVF,ul/a — Im(Op fie FayF,w/a
4 /QKTT(RerIS) ( e( Tf )T ¥’ m( Tf )T M )
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General analysis on moduli decay

T.Higaki, KN, F-Takahashi, 1304.7987
® Coupling to MSSM sector

K O ZyHu|*+ Z4|Hg|* + ¢(T +T") (H,Hy + h.c.)

® Moduli decay into Higgs boson pair

L~ \/szzz — (0%7)(H, Hy + h.c.)

Other terms are

T e
. e A R AP A AR LI

L
.‘- v l.LA\___‘ r
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Moduli-MSSM matter coupling

[ Conlon, Cremades, Quevedo (2006) ]

® SM on singularity
D, + (:HyHg + h.c.)
(Ts + T))°

g
oK /2 T /

il b s yphys — \/ZZZJZky e Tb_ga/Qy

* Physical Yukawa should not depend onV

o Kahler potential : Kysqn =

— | a=1 | No-saale form
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® Soft mass in the no-scale model

1
K = —-3In [T+ TT — §{|(I)|2 + 2(HyHa + h'C‘)}]

|®|? + z(H,Hy + h.c.)
T+ TT

GTGr =3 —— T dominantly breaks SUSY

~ —3In(T + T") -

mi — e¥ {vqsGkV(EGk e RcbcETTGTGT e K¢$] ¢ oIT

PRI 2 TT S </5</5 OGO o
e \ - c.‘ 0 0 —\, K .I. ,v. : s o -[g‘ 0 l[i K 0 0 ) ,'O - ,..7:',"3, o9 ." e
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® SM D7 wrapping on 4-cycle T2

Ty + TPMIQi + 2(HuHy + hoc.))
V2/3

€

N R

e Kahler potential : x = (

K/2 —3)\/2
~Y 7‘2 y

—>  Yphys —

* Yukawa dependence on T2
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dix4d
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Moduli-MSSM Gauge coupling

® DBI action gauge field on Dp brane

SDBI = —Up / dp+1$€_¢\/— det (G —+ B — 27TOZ/F)
p+1

Dp brane worldvolume Dp brane tension

O/_(P‘I'l)/2

o/ —(P—3)/2 il 3 o
/dp T/ =g R e Hipess (27

™)
4gs(2m)P—2

~N
; O/(S—p)/Z
 4d gauge coupling: | = 22 Vo |

®

2013%FE8H24H 1 EH



