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B Why moduli?
Superstring theory:

Unified theory including quantum gravity.

If the world we observe (4D) is described
by superstring theory (10D), the theory will be

compactified on R13 x Mg

M : A six dimensional compact space
e.g. Calabi-Yau (CY) 3-fold, 6-dim. torus.



Closed string moduli = dynamical volumes and shapes.

4-cycle size: t
(Kahler moduli)

3-cycle size: U (Complex
structure moduli)

+ String Dilaton: S



® Moduli coupling to our sector (gauge field)
localized on the D(3+n)-brane wrappingon s, ,
where 3, is an n-cycle in Mg

L= - d"y\/g(Fu)? = Vol(Zn) (Fuw)? = gig(Fw)z-

SUSY

ﬁgaugino = FA%\q = (Dmoduliw))\a/\cx == Ml/z)\a)\a.

The moduli vevs = physical parameters!



B Moduli stabilization: global (bulk)
Issues

°Scales, couplings: GUT scale, gauge/Yukawas , VR mass, H...

Kaplunovsky et al; Conlon et al; Strominger; Font et al; Cremades et al...

°Cosmology: Cosmological constant, inflation, CMP...

Kachru et al.; Conlon et al.; Cicoli et al. ...

*SUSY breaking: moduli mediation, i.e. m3/2 = 1TeV,
for new physics (plus other mediations)

Kaplunovsky et al; Brignole et al.;
Choi et al.; Endo et al.; Falskowski et al; Conlon et al....

Without the stabilization, a fifth force would be found ...



B Moduli stabilization: global (bulk)
Issues

'Scales, coupt *Stabilizing hierarchy problem
*Gauge coupling unification (GUT)

oC | *Dark matter candidate with R-parity
OSMOIOg} *Discovery at the LHC?

ar., conlon et al.; Cicoli et al. ...

*SUSY breaking: moduli mediation, i.e. m3/2 = 1TeV,
for new physics (plus other mediations)

Kaplunovsky et al; Brignole et al.;
Choi et al.; Endo et al.; Falskowski et al; Conlon et al....

Without the stabilization, a fifth force would be found ...



B |ssue of the stabilization?

SUSY moduli posses perturbative Peccei-Quinn
symmetries:

b — b 4 ¢ - const.
P = Vol 4+ 2a : moduli complex scalar.

"."Axions {a} come from tensor fields with gauge sym.

Crypopp = Cuypopp T Oy Npugeoo ]



B |ssue of the stabilization?

SUSY moduli posses perturbative Peccei-Quinn

symmetries:
P — P+ 1 - const.

P = Vol 4+ 2a : moduli complex scalar.

"."Axions {a} come from tensor fields with gauge sym.

Crypopp = Cuypopp T Oy Npugeoo ]

Moduli multipets = axion ones.

Re(®): moduli = saxion that determines its decay const.

Universe with many light axions = string axiverse.

Arvanitaki et al.



B How are they stabilized?
® Background closed string flux:

i . Typically ignored in
Wflux — ﬁ_] (D (D] + T low energy

— Heavier moduli: mg < Mgyr.

® Gaugino condensations (GCs), instantons:

SUSY is important for analyzing strong dynamics.

—1/g% —Vol(brane — P
Winst./cc ~ € /97~ e Vol e ®,

- Heavy moduli: mg = mg ;.

® SUSY breaking; me < mg ;.



Moduli stabilization before KKLT:

*Relevant interactions of moduli: 1/Mstring ~ 1/Mp.
( )

*Mass scales of moduli mass, soft SUSY mass: ~ mg 5.
( )

Potential

Flux compactification?
Are all moduli fixed?, De Sitter/Minkowski?;

Realistic world?

>  Moduli




Moduli stabilization after KKLT: o cioss, unce, e
*Stronger interaction than the gravitational force.

Conlon and Quevedo

*moduli mass much larger thanmgz/>,
and soft mass much smaller thanmg, .

Potential Choi, Falkowski, Nilles, Olechowski

Moduli

Supersymmetric AdS vacuum with stabilized moduli
via flux or GC/instanton.




Moduli stabilization after KKLT: o cioss, unce, e
*Stronger interaction than the gravitational force.

Conlon and Quevedo

*moduli mass much larger thanmgz/>,
and soft mass much smaller thanmg, .

Poteptlal Choi, Falkowski, Nilles, Olechowski

Moduli + SUSY breaking

Uplifting by the SUSY breaking sector
(Technically controllable fine-tuning)

Supersymmetric AdS vacuum with stabilized moduli
via flux or GC/instanton.




Semi-realistic models can be gained

—> Explicit computations are motivated!



Two comments...



B Remark: Model dependent problems

e CMP (moduli-dominated universe)
Coughlan et al; Banks et al; Carlos et al.

° GraVItInO OverprOdUCtlon Endo et al; Nakamura et al; Kawasaki et al.; Asaka et al.
* Overshooting or destabilization by Temp or inflation

Brustein et al; Buchmiiller et al; Kallosh et al.
Low Hinf (< mmoduli), very heavy moduli, late time entropy production
(nB/s), low cutt-off, change DM, high H for stabilization,
low Hinf (< m3/2), moduli inflation, low or very high temperature,

negative exponent, no SUSY...

Dine et al; Fan et al; Lyth et al; Kawasaki et al; Nagai et al; Choi et al; Conlon et al;
Nakamura et al; Kaloper et al; Brustein et al; Conlon et al; Lalak et al; Abe, TH, Kobayashi+Seto...

* Open string moduli stabilization

Branes on the rigid cycle e.g. dP, flux, non-perturbative effect...

Camara et al; Baumann et al...



B Local model building: local (brane) issue

*Realization of the SM:

7

..’

*SUSY breaking:

Often moduli stabilization is
ignored since it will demand
hidden, e.g. strong coupling,

sectors. Our talk will be
another aspects (or limit

against) in local model building.

Aldazabal et al.; Heckman et al.; Donagi et al.; Watari et al.
Marsano et al. and many authors.

smaller ms/,

String compactified on

R31 « Mg

\ BULK
BLOW-UP

U@)

AT
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B Local model building: local (brane) issue

Aldazabal et al.; Heckman et al.; Donagi et al.; Watari et al.
Marsano et al. and many authors.

We must not forget

besides the tadpole condition
(global issue).

another aspects (or limit o
against) in local model building. .

o U@d) u()




Plan of Talk

1. Introduction

2. Kachru-Kallosh-Linde-Trivedi model
3. Almost SUSY stabilization

4. SUSY breaking field and moduli

5. Non-QCD axion mass



2.Kachru-Kallosh-Linde-Trivedi (KKLT)
model



B KKLT vacuum

Kachru, Kallosh, Linde, Trivedi
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. K K I_T vacuum Kachru, Kallosh, Linde, Trivedi
Flux: fixing many moduli, e.g. shape moduli.
NSNS,
/RR Flux_
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[/ ", Thevisible sector

1] \ \ \'.
[ / sl Y
.-.'" |

| AR BLOW-UP

Kachru et al; Giryavets et al; Conlon et al; Grana; Douglas et al and many authors

Lo\ y \ 4 U(2)
II \\ \__..-"" } / __/."\ ) = _I_
I| \\\ \\‘--.._ | ; 3 Q L e]_-

L UR) v |

\ O | Y4 ’ - u@)
\ \:f _!l \ ! - .

The Standard Model sector



. K K LT Va C u u m Kachru, Kallosh, Linde, Trivedi

Flux: fixing many moduli, e.g. shape moduli.
NSNS,

Kachru et al; Giryavets et al; Conlon et al; Grana; Douglas et al and many authors
/ RR Flux_
/ \ : fixing the remaining (volume) moduli.
f/ \\ . The visible sector and SUSY breaking effects.
|I \\x ‘ \"'_‘
| JaR,S) BLOW-UP
| \‘ . I:I // .__| 1\\"! ,II R e
I!- -."‘QL e]._;;.]
L UB) u(l) |
,r QR e
U(1)

The Standard Model sector



. K K LT Va C u u m Kachru, Kallosh, Linde, Trivedi

Flux: fixing many moduli, e.g. shape moduli.

NSNS,
/RR Flux_
/ \ : fixing the remaining (volume) moduli.
/S f/ .\ The visible sector and SUSY breaking effects.

Kachru et al; Giryavets et al; Conlon et al; Grana; Douglas et al and many authors

f\ \ \‘
| N p—
| V. BLOW-UP
.__| x\\',! -II TS e
oY o
- U®3) u(1) .
f QR Sp
U(1)

The Standard Model sector



® Effective 4d N=1 supergravity:

V =l [DW - DW — 3WW],
— €G[8Gm—3] €G/25’m3/2-

DW = e K9 eEW), G =K+ log(WW), F ~ &/20G.




® Effective 4d N=1 supergravity:

KIDW - DW — 3WW]

V

DW = e K9 eEW), G =K+ log(WW), F ~ &/20G.
Type IIB CY orientifold models with SUSY breakmg

K = —2log[V] + Ksugy + - |

’
. etc.
W = Wejux + Z e~ + W§JJ—S’(

(
ovol(CY) : T
pvr = Re(®*), J=tw,

Y = Vol(CY),




KKLT model with one modulus T (up to SUSY sector)
K=-3log(T+T), W=Wy+ Ae .



KKLT model with one modulus T (up to SUSY sector)
K=-3log(T+T), W=Wy+ Ae .

V = [A (1 4 (130) e 9 4+ Wy cos(aa)| 4 Dsp

O'n
n=2: sequestered SUSY breaking, n=3: non-sequestered SUSY breaking.

8'2
Wo~10"13 A~1, a:%:ouo), T = o + ia.

for low scale SUSY breaking phenomenology.



B Properties of KKLT vacuum &g i oo

Endo, Yoshioka, Yasmaguchi

® Supersymmetric stabilization of moduli
D:W ~0
- a <T > ~—log(Wy) ~ log(Mp;/m3,,) ~ 4m*.
® Mass hierarchy between mr, ms,, and my, 7
mr ~ 4m°ms, ~ (47%) Mgy £y
l.e. Mg, = 1T€V, m3 = 30TeV, mr =1000TeV.

mszy2

Note that anomaly mediated SUSY breaking m s~ p=
contributes to mg,r¢; we could obtain degenerate masses.

LSP = bino (+ higgsino).



Why is (was) KKLT viable?



B Standard procedure of modern moduli stabilization

* |IB moduli stabilization on CY (KKLT, KL on SUSY vac.)

All moduli can be fixed via 3-form flux +
GCs/instantons on 4-cycles

W= [GsAQ+ 3 At Xanal”

= U? 4 SU 4+ T?(a%e )y 4+ ... .

(+ D-term stabilization via <Fij> or SUSY breaking)

Uplifting (SUSY breaking) is necessary in many cases.

But... <Wflux>=0(1) + o’ corrections
Westphal et al.

-> de Sitter vacuum without uplifting?



B Standard procedure of modern moduli stabilization

* |[IA moduli stabilization on (non-)CY
All moduli can be fixed via flux compactifications.

(There are both even and odd-form fluxes. CY; 3 axions, AdS as KKLT)
Uplifting will not be necessary.

W=/eJC/\F+/(H3—I—dJc)/\QC

3
=T+ TS+TU+ -, F = Fy,
p=0
» Gaugino condensation would be viable
Weae ~ e 2~ Y 4 uplifting
in addition to D-term stabilization and SUSY breaking.



B Standard procedure of modern moduli stabilization

e Heterotic moduli stabilization on (non-)CY?

Extra dimension is mathematically complicated with
3_form flux COmpaCtIflcationS, Strominger; Becker et al.; Yau et al...

Instead, 2-from flux and GCs/world sheet instanton
on CY Space Vlable? Anderson, Gray, Lukas, Ovrut

W:/(Hg,—l—dJc)/\Q

W = / 'V'(F) A QU) +ZA —ai(n'S—p4TH)

(+ D-term stabilization and SUSY breaking)



3. Other variant models
based on supersymmetric stabilization



Recent SUSY pheno. models via moduli
stabilization

BKKLT + string theoretic axion
B Minimal LARGE volume scenario
BG2 MSSM + string theoretic axions (no flux)

Mass hierarchy: mmoquii > m3z/2 > msoft.
e.g.

- m
T'moduli ~ 3/2 ~ Iog(Mp|/m3/2) ~ Ar2.

msz3/2 Msoft




B KKLT model + axion Conlon; Cho, Jeong

3 — 3 _
K=-3 log(Ty +T7) — 5 09(Ta + To), W =Wy + AeUT1+T2),

T1-T2 is absent from W, the direction becomes light axion.



B KKLT model + axion Conlon; Choi, Jeong
K = —g log(T1 + T7) — g 09(To +T2), W = Wy + Ae”1+T2),
T1-T2 is absent from W, the direction becomes light axion.
This model can be rewritten as
K = _g l0g(Re(® + u)) — glog(Re(CD —w), W =W+ Aeo®.

®=T1+1T2, u=1T1—1>.



B KKLT model + axion Conlon; Cho, Jeong
K =—>10g(T1 +T1) 2 log(Ty +Tp), W = Wo + Ac~ (1472,
T1-T2 is absent from W, the direction becomes light axion.
This model can be rewritten as
K = _g 0g(Re(® + 1)) — glog(Re(CD — W), W= W+ Ae %,

b =T +1Tp, u=T11-1>.

DepW, OyK ~0 — &d ~ KKLT sol., u~ 0.

me ~ KKLT, my >~ 2mgn, F® ~

c2K/3

Sequestered anti D3-brane: V|jir = € — My = \/§m3/2.



e . . alasubramanian, Berglund,
B Minimal LARGE volume scenario (LVS) corion aseredo;

Conlon, Quevedo, Suruliz

K = —2log(V + &), V:(T_|_T)3/2_(q)_|_&,)3/2

W = Wy + Ae %, Wo = O(1).
Ve 2v/2\/§a”A%e=29  4¢paAe YW n 3WEE
B 3V V2 2)3

Re(T) =71, Re(®d)=¢.



o . . alasubramanian, Berglund,
B Minimal LARGE volume scenario (LVS) corion aseredo;

Conlon, Quevedo, Suruliz

K=-2loglV+£), V= (T_|_T)3/2_ (CD—I—CTD)3/2

W = Wy + Ae *®, Wo = O(1).
Vo~ 2V2\/¢a?A2e299  AgaAe” W n 3WEE
B 3V V2 23

Re(T) =71, Re(®d)=¢.

V132 e 1013, ¢~ E2/3 = 0(1),

m3/o2
Mp,

mz/o~ VKL, my~mg o )2, me ~ agmg),

~ Mgoft

LSP = bino



« . . alasubramanian, Berglund,
B Minimal LARGE volume scenario (LVS) corion avewedo:

Conlon, Quevedo, Suruliz

K= -2log(V+8&), V=(T+T)32 - (o4 &)3?

W = Wy + Ae *®, Wo = O(1).
o 2V2VGa2A%e 200 Agade Wy n 3WZE
- 3V V2 2V3

Re(T) =71, Re(®d)=0¢.

Mstring ~ 1011 Gev

V32 0 e 1013, ¢~ E2/3 = 0(1),

msz3/2
Mp;

Mg~ VK1, mr ~mg o )2, me ~ agmg o,

m
T ® 3/2
F" ~mgpo, BT ~mgp—

~ Mgoft

LSP = bino



B G2 MSSM (M-theory on G2 space without flux)

K =—3logVg, + XX, W= Ae ¥ X~¢+ Be ",
f=Y.z;N', Nt integer,

7 with one meson X

Ve, = TliRe(z)%, =ZX;d;.

ADS superpotential




B G2 MSSM (M-theory on G2 space without flux)

K =—3logVg, + XX, W= Ae ¥ X~¢+ Be ",
f=Y.z;N', Nt integer,

7 with one meson X

Ve, = [l; Re(z)%, 5= 2idi

ADS superpotential

DfW ~ 0 :racetrack sol., K,~0, X < 0(1),

Mme = My ~ 1037’”3/2; mx ~Mmz= 2m3/2

My, ~ F/2 + myysp ~ 107%2mg,, ,mo~ Ag ~ FX ~m3 ),

Non-

sequestered

LSP = Wino.



3. Almost SUSY moduli stabilization:
Generic result



Main points of recent models:Vsucgra = Vi

*No-scale moduli Kahler potential

at the tree level (common property);
Calabl-Yau’ torus’ For instance, Grimm et al.

(would-be) T-dual of Calabi-Yau or torus with flux.
T . N
KK Klj = —(¢" + ¢")KC; = const.

¢ = (u®, &)

{D}: heavy moduli, {u}: saxion-axion multiplets



* Almost relevant moduli are stabilized
near the supersymmetric location via
instantons or gaugino condensations

(GCs) in the Minkowski vacuum.

E.g. KKLT proposal. @

(B]OOW 4+ 0pW ~ 0,  9uK ~ O.

—> M gyi > m3/2. 0;0; WV — ]Cz‘j Mgi .
W m3/2

FX ~ —\/§m3/2.
{X}: SUSY breaking and uplifting to the de Sitter/Minkowski vacuum.



m
3/2 fa Cto rS) Choi, Jeong

me

*SUSY breaking F-term vevs (up to 1/2Re[D]):
F® ~ — K,5(Kz) 'F% ~ 3my p —2L2.

mq)i

One finds ... (up to

F* ~ max. [F‘Di]

*\VVev shifts from SUSY solution:

>
m3/2) <1

SPL ~ Su® ~ (



eSaxion masses (degenerate): “<V>=0" is important.

Msax =~ 2m3/2 or ~ \/§m3/2

For Viift oc Exp[K] or Viift oc Exp[2K/3].

No decay into gravitino pair from these saxions.

*AXxino masses (degenerate):

mg ~ m3/2.



SUSY breaking axion multiplet: R
Let us consider a simple case of small mixing
K=KX, X))+ KR+R)+K(P+DP;ut+u), W=W(X)+WP).

We will parameterize the metric as

- 1+ AR+ R)] A < O(1)
Krp =n — . .
(R+R)? gs, o’-correction or
choice of linear comb. etc.



One finds in the Minkowski vacuum...

*SUSY breaking F-term vevs except for {®,u}:

FR
FY ~ —\/(3 —n)+ O(A)’Tn-g/g, R+ R = msz/2

eSaxion (r) mass:

2 2
m; ~ Amg .

*Axino mass for n#3 (for n=3 goldstino):

(Ma)RR ~msz/p [~1+ % +0(A)] .



4. SUSY breaking field and Moduli



GC/instanton for particle physics
other than moduli stabilization:

Winst.jgc = Oe™® or e~ H109(0),

Aharony et al; Camara et al;

*SUSY breaking model, e.g. Polonyi Achar etalAbe, T, kobayashi

Choi et al....

*Gauge theory-like ones, i.e. ADS superpotential.

Akerbolm et al....

*Majorana neutrino masses

Blumenhagen et al; Ibanez et al...

‘YU kawa CO U p | | ngS Blumenhagen et al; Marchesano et al...

( C.f. brane inflation.)

*u-term (Higgsino mass)

Casas el al; Choi et al.; Ibanez et al...



In string theories, SUSY breaking parameter also
should be moduli, e.g. it should be promoted as

W(X) = 12X — W(X,d)=e % PxX.
Therefore we should consider a model like

(k)
W =W(X,®) +ZAW > by

If a* ~a;, one would fmd in the minimum
k
(a; isthe most effective (smallest) one to the mass in a,g ) )

FCDX X m3/2 Abe, TH, Kobayashi;
™~ a’ m3/2 . Acharya, Bobokov, Kane, Kumar, Shao.
™m CDi
X

X )
F¥ ~ max.[F®", F®] via mixing.



Assuming @Ox has a KKLT-type mass, one obtains
Px Mg > pKKLT 5

This will mean KKLT stabilization of ®x in the SUSY breaking
Minkowski vacuum is unstable.
The vacuum runs away to AdS vacuum consequently.

(XX)?

K=XX— A2 —3log(®Px + Px),

% 10-30

W = e 9PXX + Wy

2.0

Dudas, Mambrini, Pokorski, Romagnoni (Two papers)+ Trapletti;
Krippendorf, Quevedo

Dx



Hence moduli ®x should be stabilized to be

*Possibilities in string theories:
"Racetrack: mg, = (aq)X)2m3/2

* (non-geometric) closed string flux:

Mo, < Mgyr It Mgyr < Mgtring-

mox from
Kahler

potential

FCDX ~ 6G8m3/2~10_2m3/2' Heckman, Vafa;

Choi, Jeong, Okumura, Yamaguchi

- Kahler potential coupling to X?: mg, > Mggir e



6. Non-QCD axion mass



Consider a deformation of W by W breaking PQ
W =W(®") + W (P, u) (W) > (W)
Then light axion mass will be given by

K 2 2 ra—1
2y e W Waa N\ 0o o (M3
(M5 )aa = 3 K Re ( Tl Sfc% ms Ao

Acharya, Bobokov, Kumar

mz3/2
Mp

ra—1
Waa = b2(6W)a, (W)a=W ( ) . Koo = 2.

Kahler potential correction:

Only ﬂ dependence

besides {D} mg ~ 3

—0K 5+ Re(5Kyp)] -




Example:

SU(N+M) X SU(M) gaugino condensations

72 872
W=Wy+e ®®pettd - "7 =" N>M
oTe T “TNTM Vi >
)’ ﬁ
m M
9 ‘ 9 3/2 ) N
m., ~ 3—=m — . ra—1=—.
3/2
R ( Mp) M
T 3 5) 7 9
mgq tor mg,p =1TeV 107%eV [ 1077 eV | 107%* eV | 107V eV
Mg for my,y =10 TeV | 1072 eV [ 10710 eV | 107 eV | 1074 eV
mgq for mg» = 100 TeV 1 eV 107 eV | 10720 eV | 10710 eV

Table 1: Axion masses up to b2/ f2.

String theoretic R-axion mass would be on the order of 1IMeV — 1GeV: §WW ~ W2 (r=2)




A lot of axions with mass range

me > Hg ~ 10733 eV

mY

will affect observations of CMB fluc. by e.g. their

isocurvature fluctuation generated during inflation.
— Constraint on Moduli stabilization models?

sl TemsorModes
: Isocurvature Fluctuations
= |
12 . @ 10+
Hins S 3 x 107 GeV by the isocurvature S |
constraint in the axiverse. (overshooting?) 5 |
Naxion = O(10) for a right picture. = ososew
Acharya, Bobokov, Kumar I o
Naxion = 1: string theoretic QCD axion with f= MauT |
Hinf § 1013 GeV. Fox, Pierce, Thomas S S S



Conclusion

Moduli are always present in string vacua and responsible
for physical parameters.

In special, supersymmetric moduli stabilization via gaugino
condensatons in flux vacua is viable and interesting for
particle physics models because of the SUSY breaking effect.

Mass of moduli coupling to the SUSY breaking sector should
be heavier than mass from KKLT stabilization.

String axiverse will be possible in the string vacua.

Controllable stabilization = choosing a fine (local) geometry?






3. Other variant models
based on supersymmetric stabilization



B KKLT model + axion Conlon; Cho, Jeong

3 — 3 _
K=-3 log(Ty +T7) — 5 09(Ta + To), W =Wy + AeUT1+T2),

T1-T2 is absent from W, the direction becomes light axion.



B KKLT model + axion Conlon; Choi, Jeong
K = —g log(T1 + T7) — g 09(To +T2), W = Wy + Ae”1+T2),
T1-T2 is absent from W, the direction becomes light axion.
This model can be rewritten as
K = _g l0g(Re(® + u)) — glog(Re(CD —w), W =W+ Aeo®.

®=T1+1T2, u=1T1—1>.



B KKLT model + axion Conlon; Cho, Jeong
K =—>10g(T1 +T1) 2 log(Ty +Tp), W = Wo + Ac~ (1472,
T1-T2 is absent from W, the direction becomes light axion.
This model can be rewritten as
K = _g 0g(Re(® + 1)) — glog(Re(CD — W), W= W+ Ae %,

b =T +1Tp, u=T11-1>.

DepW, OyK ~0 — &d ~ KKLT sol., u~ 0.

me ~ KKLT, my >~ 2mgn, F® ~

c2K/3

Sequestered anti D3-brane: V|jir = € — My = \/§m3/2.



e . . alasubramanian, Berglund,
B Minimal LARGE volume scenario (LVS) corion aseredo;

Conlon, Quevedo, Suruliz

K = —2log(V + &), V:(T_|_T)3/2_(q)_|_&,)3/2

W = Wy + Ae %, Wo = O(1).
Ve 2v/2\/§a”A%e=29  4¢paAe YW n 3WEE
B 3V V2 2)3

Re(T) =71, Re(®d)=¢.



o . . alasubramanian, Berglund,
B Minimal LARGE volume scenario (LVS) corion aseredo;

Conlon, Quevedo, Suruliz

K=-2loglV+£), V= (T_|_T)3/2_ (CD—I—CTD)3/2

W = Wy + Ae *®, Wo = O(1).
Vo~ 2V2\/¢a?A2e299  AgaAe” W n 3WEE
B 3V V2 23

Re(T) =71, Re(®d)=¢.

V132 e 1013, ¢~ E2/3 = 0(1),

m3/o2
Mp,

mz/o~ VKL, my~mg o )2, me ~ agmg),

~ Mgoft

LSP = bino



« . . alasubramanian, Berglund,
B Minimal LARGE volume scenario (LVS) corion avewedo:

Conlon, Quevedo, Suruliz

K= -2log(V+8&), V=(T+T)32 - (o4 &)3?

W = Wy + Ae *®, Wo = O(1).
o 2V2VGa2A%e 200 Agade Wy n 3WZE
- 3V V2 2V3

Re(T) =71, Re(®d)=0¢.

Mstring ~ 1011 Gev

V32 0 e 1013, ¢~ E2/3 = 0(1),

msz3/2
Mp;

Mg~ VK1, mr ~mg o )2, me ~ agmg o,

m
T ® 3/2
F" ~mgpo, BT ~mgp—

~ Mgoft

LSP = bino



B Racetrack mod

K = —-3log(T +T),

el

Krasnikov; Dixon; Taylor; Carlos,
Casas, Munoz; Kallosh, Linde;
Denef, Douglas, Florea.

W =Wy + Ae~ % 4 Be T,

mTwa,bcr mg/p > myp

DrW ~ 0 = (o) ~

KKLT FT

?

a—>b

1 o (aA)
J bB




Krasnikov; Dixon; Taylor; Carlos,
. Ra CEt raCk mOd el Casas, Munoz; Kallosh, Linde;

Denef, Douglas, Florea.

K =-3log(T+T), W =Wy+ Ae " 4 Be "

1 aA
DpW ~ 0 — (o) Na_blog (bB)

m3z/2
mop ~ a,bcr m3/2 >> 'I'?'I’;I".il"(l_-l—,F FT ~ m3/2 /

With a fine-tuning of Wo, we get further larger modulus mass.

\F

A 30 35 10 5 30 Elllﬂ' AMSB iS dominant:

ms/;
Mgoft™~ MapmsB ™~ 4772




B G2 MSSM (M-theory on G2 space without flux)

K =—3logVg, + XX, W= Ae ¥ X~¢+ Be ",
f=Y.z;N', Nt integer,

7 with one meson X

Ve, = TliRe(z)%, =ZX;d;.

ADS superpotential




B G2 MSSM (M-theory on G2 space without flux)

K =—3logVg, + XX, W= Ae ¥ X~¢+ Be ",
f=Y.z;N', Nt integer,

7 with one meson X

Ve, = [l; Re(z)%, 5= 2idi

ADS superpotential

DfW ~ 0 :racetrack sol., K,~0, X < 0(1),

Mme = My ~ 1037’”3/2; mx ~Mmz= 2m3/2

My, ~ F/2 + myysp ~ 107%2mg,, ,mo~ Ag ~ FX ~m3 ),

Non-

sequestered

LSP = Wino.



Conclusion

e We formulated no-scale and almost
supersymmetric moduli stabilization in the non-
SUSY Minkowski vacuum:

msz/2

F® ~ — Ko 5(Kz) 'F® ~ 3ms), for me: > my);.

mq),;

FU ~ max.[F®']
Msagx =~ 2m3/2 or ~ \/§m3/2, mg = m3/2.

F’R

2 2 2

Explicit models were not used!



*Moduli {®x} which are coupled to the SUSY breaking
sector should be heavier than KKLT-type mass.

Moy > mMLT = (aPx)mz/o.

They should be stabilized via racetrack, flux, D-term
etc.

mgz/2

1 _
FCDX ~ a?‘?(m?’/z or ~ 10 2?‘3’13/2 for mcbX > MKKLT-

M 4yi
CDX
FY ~ max,[FcDX, FCDZ] D-term stabilization

*String theoretic axion masses have been given.



Open questions and future directions: Model building

* Model dependent issues: is LVS OK? (flux-stabilized
moduli?, a lot of axions in LVS?)
FS -2
S+ 3
* D-term potential: moduli have PQ U(1) shift charges.

Is a concrete example necessary? (X also can be charged)

* Coupling to the (local model) visible sector:

Choi, Jeong; Acharya, Bobokov, Kane, Kumar, Shao + Watson.

String theoretic QCD axion in {u}? (6W=0 or lightest axion)
Advantages for dilution of harmful particles by {u}?

Lssm = [ dP0f(®, W)W Wo  ygeo Noco

* Axiverse phenomenology? Etc.



Remark 1:
There would be cosmological problems.
*CMP: moduli-dominated universe

(or axion dominated universe) -> BBN?, Omatter?...
*Gravitino overproduction from moduli
gravitino decay -> BBN?, Qmatter ?...

*Overshooting or destabilization

by initial condition, inflaton potential or temperature.

Solutions: late time entropy production (ns/s?),
very heavy moduli, change DM, high H, low Hinf (< ms3/2),
low temperature, no SUSY...



Remark 2:

D-brane’s position and Wilson line modes
(adj. rep.) often prevent GC, instanton or
realistic models (= no strong coupling);
they will get heavy via the feature of

the in Mg .
E.g. Consider type |IB CY orientifold. J
For D7-brane wrapping on the 4-cycle (ample divisor),

hoe £ 0
h0’1(24) — h0’2(24) = 0. would be OK.

No D3-brane or (fractional) D3-branes on the dP
singularity, e.g.@?’/Zg . (If not, D3 position enters in G.C.)




Other constraints for small Hinf ?

Black Hole Super-radiance ated
A% Awa}? a
A% =

1

10733 4 % 10728 q x 1078

10%

2 x 107° 3 x 107

Axion Mass in eV QCD axion
Figure 1: Map of the Axiverse: The signatures of axions as a function of their mass, assuming
fa = Megyr and Hiypp ~ 10% eV. We also show the regions for which the axion initial angles are
anthropically constrained not to over-close the Universe, and axions diluted away by inflation.
For the same value of f, we give the QCD axion mass. The beginning of the anthropic mass
region (2 x 1072" eV) as well as that of the region probed by density perturbations (4 x 1072
eV) are blurred as they depend on the details of the axion cosmological evolution (see Section
2.3). 3 x 107 eV is the ultimate reach of density perturbation measurements with 21 cm line
observations. The lower reach from black hole super-radiance 1s also blurred as 1t depends on
the details of the axion instability evolution (see Section 2.5). The region marked as “Decays”,
outhines very roughly the mass range within which we expect bounds or signatures from axions
decaying to photons, if they couple to E-B. We will discuss axion decays in detail in a companion

paper.

Please check it since | will study them.



CMB rotation by light axion: A3 E-B
AB =+N1073<3.5x1072.
By PLANCK: AR > 1073 (expectation)
By CMBPol (Boomerang experiment): AR > 10~° (expectation)

And so on from power spectrum and B.H.



B Recent moduli stabilizations

and proposal with
GCs/instantons, techniques have been developed.
Kachru, Kallosh, Linde, Trivedi
*all moduli can be fixed definitely.
*de Sitter or Minkowski vacua with SUSY breaking are
obtained in string vacua.

They are technically under control.

— semi-realistic models can be gained!
— explicit computations are motivated!



B Soft mass at TeV scale

My 1) - Msy(2) - Msu(3) = (1 + 0.660) : (2 + 0.2a) : (6 - 1.80)

\

For 1st and 2" generation with “*n,; = O,

(6.0 — 3.6ac 4+ 0.5107) : (5.5 — 3.3a. 4+ 0.520.7)
: (1.49 — 0.23a — 0.015a°) : (1.15 — 0.046c — 0.016a°)

m3/2>0‘/2 _ mgzy

Msoft unifies at pmirage = M, — .
Hmirage GUT Mpy « 47T2M1/2(T)

a depends on also the vev of heavy string dilaton S and world
volume flux on the visible/hidden sector brane; @/}_2
(T) |

Abe, TH, Kobayashi



ms/2
4H2 M—] !:‘2 (T)

® Gaugino masses at TeV scale for given a: « =

7n3/2)a/2
Pl

Choi, Jeong, Okumura

msoft unifies at HUm = MGUT(

M

12NTNAON
ASNY
~ MODULYS |

g i
Mgysy = 1 TeV
| | | 1 | | | 1 |
0 0.5 1
tan~(a/4)/m

My 1y : Msy2) * Msu(3) = (1 +0.66a) : (2 +0.20) : (6 - 1.80)

a depends on also the vev of heavy string dilaton S and world volume flux;

<S> J‘ Fz
<T> ' Abe, TH, Kobayashi



® Sfermion masses at TeV scale for given a:

16 T T T T | T T T N 6 T T T T T T°7T ! T L T 1 1 1 1 i T 1 1 1 T T T I:
5 fowane =0
= 3 = =0 :
- | 3 8- 4 Dy, u, =
C ~ ]

© 7?_0 o= Mgysy = 1 TeV ;
;\10 B 3 tanf= 10 =
3 L .
+ = ]
E 5 % _ ;
~ 7| = ST = |
n 1 E :

) r
= ‘H““ﬁﬁknkii
YR S\ ]
0 : :
| | | | | | | | _1 EI | I N A T N N | 1 11 E
0 0.5 1 0 1 2 3

tan~(a/4)/m o
For 1t and 2"d generation with Vni =0,

m2 2 2 2

O:"Mp _ (6.0-3.6a+0.51a%) : (5.5 —3.3a + 0.52a")

: m% : m% : (1.49 — 0.23c — 0.0150°) : (1.15 — 0.046a — 0.016a7)



Let {{D} be heavy moduli, {u} saxion-axion multiplets,
and {X} SUSY breaking, uplifting to Minkowski vacuum.

-

K=K(X.X)+K@®+D,u+m), W=W(X)+WD).

aus

Assumption of the potential: Let ¢* = (u%®, ®?) .
* No scale: }C;Z}CUIC? = —(¢' + ¢")K; = const.

*Non-pert. W: W =Wo+ 3 4;exp(~ Y a{M ok),
? k

. . o Xx)?

E.g., Xis Polonyi: K = XX — ( /\2) . W = p2X.  polony

Combination against moduli stabilizaion: Endo, Hamaguchi, Takahashi; Lebedev, Nilles, Ratz; Dine, Kitano, Morisse, Shirman;
Dudas, Papineau, Pokorski; Abe, TH, Kobayashi, Omura; Kalllosh, Linde




Assumption: {®, u} are stabilized supersymmetrically,
{X} are the main source of SUSY breaking

Endo, Hamaguchi, Takahashi

(BJCO)W + 0pW ~ 0, 8y K ~ O.

QoW
3/2

Then 0 - mb( ~3 > 0dG- mkp,u.

This means

Y ~ —\/§m3/2- E.g., Vi = GKIJ4 = 3€}C|<W>|2°

The stationary condition for X: VxGx ~ -—1. o




