Phenomenological Aspects of
Polonyi/Moduli Problem
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® Cosmological Polonyi/Moduli Problem

® Solutions to the Polonyi/Moduli problem
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Hidden sector

® Hidden sector couples to SM sector only
(nearly) gravitationally. (Polonyi / Moduli, ...)

® |t may determine the structure of SM sector

o, "‘J & ‘\.'

cannot be produced by experiments
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Polonyi field

® SUSY breaking field in gravity-mediation Z

® Super/Kahler potential

W = Zu® + Wy K =1|Z|?

201158 A7HHEH



Polonyi potential

e Superpotential W = Zu®+ W,
Kahler potential K =|Z|?

ondlins . NG 2
V = eB/Mp | KY(D;W)(D;W) i
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Polonyi Problem

® During inflation, Polonyi is placed anywhere

my < H
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Polonyi Problem

® The situation is same if the Polonyi has Hubble mass

K ~ W\Z\ s o a Bl Zl e i e

[ ) [ ) [ ] [ ] [ ) [ ] .
- ® Polonyi begins oscillation at H~m with amplitude ~MP
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Polonyi Problem

 lifati [ Coughlan et al. (1983), Ellis et al. (1986),
e POIOnYI lifetime Goncharov et al. (1986) |

1TeV
) ~104sec( 7 )
4

® Polonyi abundance Tr :reheat temperature
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Constraint on energy injection from BBN

J
7=(6.1+0.3)x10-10
-~ —-- CMB constraint

[ Kawasaki, Kohri, Moroi (2005) ]
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Moduli Problem

® Light scalar field in compactification of
extra dimensions in String theory

e E.g. Kahler moduli in KKLT stabilization
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Moduli Problem

® Gravitational coupling

O,

COU“O’O;{!(&' Folonyi/Modull Froblernr
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Constraint on the modulus abundance

2
Q' (m,<T, )

Qh'm>T,) (TR=10MeV)

4

10°10710°10° 10107107 107" 10° 10" 10° 10° 10
m, [GeV]

[ Asaka, Kawasaki (1999) ]



Solutions

® |.Moduli is heavy enough to decay before BBN

® ).Thermal inflation for diluting moduli
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Heavy moduli

3
my

M},

R R S T P—— (

my > 100TeV —— 74 < 1sec :no BBN bound
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Setup of Mirage-mediation Modulus potential
V(T

T : moduli ®, : MSSM fields

i

K =-3In(T +T*) + &' ®,
Aij
W = wy — Ae T - g’“ O; D P,

The vacuum is AdS.

® Add extra uplifting term
(KKLT-type moduli stabilization)

D
Viser = *
b e

Positive vacuum energy can be obtained.

=P Source of SUSY breaking
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SUSY breaking
m Uplifting to break SUSY

m 7 # 0at dS minimum |
—> Modulus mediation ~ Anomaly mediation
- i & = 1 Ftotal
LS T YA
; sliis Row
e.g., Gaugino mass :  Ma =|Mo|+|775bags

Mixed-modulus-anomaly mediation
Choi et al (04), Endo et al (05), Choi, Jeong and Okumura (05)

m3 o ~ (8T “Ymsusy > 1TeV Heavy gravitino
my ~ (87%)mg/s ~ O(10°)TeV  Heavy moduli

== Heavy moduli significantly affect cosmology.
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Heavy moduli scenario

® T[he moduli reheats the Universe with ~ MeV

® |SP overproduction problem

3
myz

L{Z . ga) oLl Z. 0 g0) o M2 [MEndo, FTakahashi (2008) ]
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Heavy moduli scenario

® Moduli may be much heavier than gravitino

my ~ (87%)my,s ~ 10°TeV : mirage-mediation

e® Gravitino production

Y unstable
from moduli gravitino
B I'(Z — v3/2) >
Sy O
/ FZ E
~ O(O]_) 2 10° BBN bound fr(/)m/NL/SPflecey y

[ M.Endo, K.Hamaguchi,
F. Takahashi (2006),
S.Nakamura, M.Yamaguchi (2006) ]
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Baryon asymmetry

® (Create enough asymmetry which survives
dilution after moduli decay

® Affleck-Dine mechanism is perhaps the only way

¢ :AD field with baryon/lepton number
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® AD baryogenesis
through (udd) or (LLe) 1 = __(udd)?,
flat direction M

1

W (LL€)2

1016 ‘ 1017 1018 1019 1020 1021 1022
M(GeV)

[Kawasaki, KN (2006) ]



Summary of
heavy moduli

® Moduli heavier than 100TeV avoids BBN constraint.
® Anomaly- or Mirage-mediation predict heavy mass.

® | SP/Gravitino production from moduli decay is
problematic.

® R-parity violation may be needed.

® Baryon asymmetry is diluted. Affleck-Dine mechanism
may create enough asymmetry.
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2. Thermal inflation
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Thermal inflation

® |ate time inflation caused by “Flaton” field

® Moduli are diluted by thermal infaltion

V~ Vo + (T? —m?) | + | Thermal

inflation
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Suppressing moduli
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Suppressing moduli

201158 A7HHEH



Suppressing moduli
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Suppressing moduli

Flaton dominate
(Thermal inflation)
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Suppressing moduli

Flaton dominate
(Thermal inflation)
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Suppressing moduli

e Flaton domination (thermal inflation)
startsat T ~ V,/*

® [hermal inflationendsat 7T ~ m
e Duration of thermal inflation : eV ~ V)" /m
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Thermal inflation model

® The flaton superpotential (Z_n symmetry)

¢n
nMn—B

+ koQQ + W.

® The flaton scalar potential

e Heavy quark Q are massless at phi = 0 and
they are in thermal bath.
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Original Thermal Inflation Model (Case II)
n=1, b=1

IHHH‘ T IHHH‘ T IHHH‘ T T TTTTIT T IHHH‘ T IHHH‘ T IHHH‘ T 17T
Moduli abund "'

!

i:ObservationaI
- bound

R R ERTT R R B A R RTINS AR TIT E B R RTT] B
10°10710°10° 107 107 107 10
m, [GeV]

N .
A
HHH‘“'} i L1 HH” L1 HH” L1 i L L1l

110" 10" 10° 10° 10

4

[ Asaka, Kawasaki (1999) ]
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Problems with T1

® The flaton superpotential (Z_n symmetry)

¢n

W =
nMn—B

+ koQQ + W.

® / nsymmetry is spontaneously broken after Tl

== Domain walls appear after thermal inflation

® Thermal inflation also dilutes the baryon asymmetry.

== How to create baryon asym. after Tl ?
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Unstable DWW

® |[ntroduce explicit Z n breaking terms

W = ep®/M*3 — DWs becomes unstable

® Even without such a term, DVV is unstable because

J. ’ ‘.
= e e

N
14 -
o | o Tty 2 p=- A

Z_n symmetry is anomalous at the quantum level

4 r- 0100 5
. h L 4 -
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GWs from DWVs

1T, =100GeV

1T, =1TeV

T.Moroi and KN, 1105.6216
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Baryogenesis

® Baryogenesis through Affleck-Dine after Tl

2

® Flaton affects the Higgs dynamics W = %Hqu

1
® Higgs affects the slepton dynamics W = L LHy

e Angular motion of LHu direction
corresponds to lepton nhumber

® Baryogenesis through Affleck-Dine leptogenesis

[ Stewart, Kawasaki, Yanagida (1996), Kawasaki, KN (2006),
Felder et al. (2007), Kim, Park, Stewart (2008) ]
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Ao
W =y*QHyu + y*QHyd + y°LHge +

. AM
Very compllcaFed 2?” (LH, )(LHUHA_]WQHUH&
scalar dynamics

¢4

Vi = Ap®> 42X, dhyhal® + | A IR2 |

1
+ MudZha + M2k |2 + |>\M¢2hu|2}.

Vsp =Vo — m3|o|* +mi|l|° —my, [hu]® + mi, | hal?
{A¢)\¢¢ A,u)\,u A )\

&2l + h? 4 c.c. }

AM M 2M

[ Kawasaki, KN (2006) ]
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What’s flaton!?

® |t gives mu-term (Higgsino mass) through Kim-Nilles

e AP f Y
i STV A N I

® Peccei-Quinn scalar can take role of flaton
[ Chun, Comelli, Lyth (1999), Kim, Park, Stewart (2008) |

e U(l)pq forbids NR terms like ¢

e U(l)pg is anomalous under QCD
—— Axionic domain wall problem

e Needs models avoiding DW problem Npw =1
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Summary of
thermal inflation

® |t is possible to solve the moduli problem.

® Domain walls are necessarily formed. QCD
anomaly effect may solve DWV problem.

® Baryon asymmetry is also diluted.
Baryogenesis after thermal inflation may be
possible through modified Affleck-Dine.

® Both mechanisms are possible only for limited
parameter ranges. It is still unclear all of them
are consistent.
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Adiabatic suppression

e Linde (1996) proposed that moduli oscillation
amplitude is exponentially suppressed if it has
large Hubble mass term.

v /AP SO MOLLN L LN Ao c > O(10)

a r sa. v - L A Bt s S . ) S s e e, " X y o "
N ) re _— ': - A A l‘. - ‘.'\ > "\’ L ) »kq of K ‘v.r- . . e o s MRy - S G . 'L N " ) . =
-, (R A 2 r ! IR o W 8 P Y L) - 3 s e et N o " 4

201158 A7HHEH



Large Hubble mass!?

® |[s it natural to have large Hubble mass ?

® Planck-suppressed coupling — C ~ 1

K ~ W\Z\ m? Lo I lz 2ol inflatan
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® Moduli amplitude
is suppressed
for large c

® Suppression
factor :

3\/2p7TCM

2

4

solve moduli
problem without
entropy production

[ A.D.Linde (1996) ]
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Adiabaticity

—L =m%(Z — Zy)* + *H?Z* —— Zmpn=

® Adiabaticity is violated at

Zmin
2 apett
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® Moduli oscillation at H ~my/C

.~ C°H? , 3m% H
C2H? + m?

Zmin ZO ZO

m?%, + C2 H?

Moduli oscillation is exponentially
suppressed for large C
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® Moduli oscillation

C?H?
T C2H? + m?7,

Zmin ZO

inflation
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® The end of inflation involves non-adiabatic process

Moduli are necessarily produced at inflation end.

Moduli abundance (C=30)

1020 —
- R numer|
T . umerica

o4 analytic
10 analytic2

10720
10728
10730
10732 A
10'2;‘ Standard moduli
10
10738
10 10° 10° 10*
H/m  inflation scale

Even in the adiabatic solution, there is model

dependent lower bound on the moduli abundance
[ KN, FTakahashi, T.Yanagida, in prep. ]
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Thermal Moduli

®  Moduli are also produced scattering of
particles in thermal bath, similar to gravitino

z
YZ~Y3/2~2><10_12< = )

1010GeV
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Constraint on reheating temperature in
adiabatic suppression scenario

Polonyi: ¢, =30,c; =5, Gravitino LSP

Adiabaticity ——-—-
Gravitino

[ KN, FTakahashi, T.Yanagida, in prep. ]
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Summary of adiabatic
suppression

® |f moduli obtain large Hubble mass, the moduli
amplitude is significantly suppressed.

® However, moduli oscillation is induced at the end
of inflation. Only Single-field inflation is allowed.

® Moduli are also produced from thermal scatter.
® Still there is stringent upper bound on reheating.

® There is no need for entropy production.
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Summary

® Polonyi/Moduli controls the visible sector.

® Moduli cosmology : highly non-trivial and
- Important..
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