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Abstract

We study properties of moduli stabilization in the four dimensional N' = 1 su-
pergravity theory with heavy moduli and would-be saxion-axion multiplets including
light string-theoretic axions. We give general formulation for the scenario that heavy
moduli and saxions are stabilized while axions remain light, assuming that moduli are
stabilized near the supersymmetric solution. One can find stable vacuum, i.e. non-
tachyonic saxions, in the non-supersymmetric Minkowski vacua. We also discuss the
cases, where the moduli are coupled to the supersymmetry breaking sector and/or
moduli have contributions to supersymmetry breaking. Futhermore we study the
models with axions originating from matter-like fields. Our analysis on moduli
stabilization is applicable even if there are not light axion multiplets.
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1 Introduction

Moduli stabilization in superstring theories compactified on the internal space is necessary to
determine physical parameters such as gauge couplings [[[J, Yukawa couplings [B, f] and soft
supersymmetry (SUSY) breaking parameters [[]] in the visible sector, and to evade the moduli
problem [fJ] and undesirable new forces [[J]. As a consequence, it also can give several interesting
implications to particle physics [, B, 0, [J, [T, [, through the KKLT proposal [[3] or the
racetrack model [[[4].

The complex moduli fields in four dimension typically consist of scalars {¢} originating from
geometry of compactification space (e.g. its volume) and pseudo-scalars {a} coming from NSNS
or RR tensor fields. Even though all the scalars {¢} are stabilized, some of their partners
{a} can still remain light due to the shift symmetries: a — a + const. Therefore the latter
pseudo-scalars are often called string-theoretic axions [[Y, [§, [q] and can include the QCD
axion to solve the strong CP problem [[§, [J, BQIf] The number of these axions are originally
determined by the topological property of compactified space, e.g. the Hodge numbers of Calabi-
Yau (CY) three-fold [I]. (See also for effective field theories [P, RJ].) Because the numbers
can be much larger than of order unity, one can find many light string-theoretic axions through
the moduli stabilization, that is, the string axiverse [B4]. The axions can have large axion
decay constants beyond the axion window [RH|f] and can give influences on the cosmological
observations [24]. For instance, their misalignment angles and Hubble scale during inflationary
epoch are constrained and future observations of tensor modes and isocurvature perturbations
could suggest the evidence of the (non-)axiverse [R]. Of course, the relic abundance of the
axions should not exceed the observed matter density [27]. This will give interesting constraint
not only on the observations but also on the string models in terms of moduli stabilization.
Therefore our purpose is to study general framework of moduli stabilization leading to light

axions based on the N' = 1 supergravity (SUGRA).

Besides string-theoretic axions, one often obtains light field-theoretic axions at low energy,

too. Thus, in general, the number of axions is estimated as [Rg]

(the number of axions) = (the number of fields)

+1 — (the number of terms in the W).

L If we are to identify one of the axions with the QCD axion, the quality of the PQ symmetry needs to be
checked for solving the strong CP problem: dm2 < 1071 (mQCP)2. Here axion mass dm? is a contribution from
non-QCD effects, mE°P ~ AQQCD/fa is the QCD axion mass just from the instanton, f, is the decay constant of
the QCD axion and Aqcp = O(100) MeV is the QCD scale.

2 In the LARGE volume scenario [ff], one can find Myying =~ 10** GeV < Mpy = 2.4 x 10*® GeV [id].



Here W is the superpotential. This is because the Peccei-Quinn (PQ) shift symmetries of
fields and the R-symmetry produce candidates of the axions whereas independent terms in the
superpotential kill them, assuming the Kahler potential K preserves these symmetries. Even
if the R-symmetry is broken explicitly, this estimate is consistent when the constant in the
superpotential is involved in the term ”the number of terms in the W7”. Although we have
neglected vector multiplets which can become massive, they can also reduce the number of
axion candidates by absorbing them. When this counting becomes negative or zero, we do not
have any light axions. If there are very small terms violating PQ symmetries in W or K, they

give very light masses to the axions.

In this paper, we study the moduli stabilization scenario leading to light axions. We discuss
conditions to give heavy masses to all of real parts of moduli and leave some of imaginary parts
massless. One of important conditions is SUSY breaking, and the typical mass scale is the
gravitino mass mg/p. All of the real parts of moduli must have masses, which are larger than
the gravitino mass and/or comparable to the gravitino mass. On the other hand, light axions

masses are smaller and could be of (’)(7)@’:;}"21 /M) with r = O(1) or a few tens.

In Section 2, we will study the properties of non-supersymmetric vacua with light string-
theoretic axions. We will also give comments on closed string moduli which are directly coupled
to the SUSY breaking sector. In Section 3, we will study the string-theoretic R-axion and the
saxion-axion multiplet breaking SUSY. In Section 4, we will discuss corrections to the light
axion masses from small breaking terms of PQ symmetries in the superpotential and the Kahler
potential. In Section 5, we will give comments on simple models of field-theoretic axions in terms
of effective field theories. In Section 6, we will conclude this paper. Our analysis on moduli
stabilization is applicable even if there are not light axion multiplets. In Appendix, several types
of moduli stabilization models are briefly reviewed. We will give a brief comment on the LARGE
volume scenario based on the recent work of the neutral instanton effect including odd parity

moduli under orientifold parity.

2 Light string-theoretic axions

In the following sections, we will consider moduli stabilization at low energy with the assumption
that irrelevant moduli are heavy by closed string fluxes [29]. The remaining moduli of our interest

can be stabilized via gaugino condensation [B{] or (stringy) instanton effects [BI)]. Thus we study



the superpotential below:
W o= W) =W+ Apexp(— Y alVd?). (2.1)
k i

Here Wy is a constant from the fluxes, {®'} are heavy closed string moduli fields which are
stabilized by this superpotential and we use the unit Mp; = 2.4 x 10'® GeV = 1. We study the
possibility that we can have massless axions at this stage. The scalar potential is written by the

superpotential W and the Kahler potential K,
V = Vg
= e0[G;G,;G" -3 (2.2)
= K KT (Dw)(DW) - 3P
where
G =K +log|W|?, DW= (0;K)W + o;W. (2.3)

Here, K'7 = GI7 denotes the inverse of the Kihler metric K;; = 0;0;K. F-terms and the

gravitino mass ms/o are given as
Fl = —eG2GT = —eG/ZGU_Gj, mzy = eG/2, (2.4)

We will focus just on Vg for simplicity.

2.1 Light string-theoretic axions and saxion masses in the SUSY vacuum

In this subsection, we briefly review [[]]. We study saxion masses in the SUSY vacuum with

light axions.

For instance, let us consider the superpotential with two moduli (7}, T5):
W =Wy + Ae *M+12) = Wy + Ae %, (2.5)

One can find u = T} — T is absent from the superpotential, that is, we have just one phase of ®:
OuW = 0. Then the imaginary part Im(u) is a massless axion whereas Re(u) may be stabilized

via the Kihler potential K = K (T; + Tj).

One can generalize this argument to the case with many axions. Chiral superfields are
classified into two classes. One class of fields u®(= 7*+1ib®) do not appear in the superpotential,
i.e.

ow _

= 2.
aua ? ( 6)



while the fields ®* in the other class appear. Then, the imaginary parts of u®, ie. b® are
string-theoretic axions, which have flat directions in the scalar potential for the form of Kahler
potential, K (u + u). We evaluate masses of the real parts of u®, i.e. saxions 7%. In the SUSY

vacuum with stabilized moduli one finds

v i
D:W =0 for " 1= (9" u"). (2.7)
For the fields u®, this leads to
K
%:0 or W =0. (2.8)

In this case, we find

(D700 Virhsusy = 4eX W[ [2KT K K = = 3K 5| = —4eX W 2K .5 < 0. (2.9)

)j

That is, every massless string-theoretic axion has undesirable massless saxion for W = 0 or
tachyonic saxion in the SUSY AdS vacuum for W # 0. This is because K5 is the positive
definite matrix. Note that the term 4e®|W|? . (-3K o) comes from the vacuum energy. We

have used the property of perturbative moduli Kiahler potential,

Ora K(® + ®;u+ ) = 20,0 K(® + ®;u + ) = 2050 K (® + ®;u + ). (2.10)

The tachyonic instability might not be problematic in the AdS vacuum because of the
Breitenlohner-Freedman bound [BJ]. At any rate, one should consider the SUSY breaking
Minkowski vacuum to realize the realistic vacuum, although one may need fine-tuning to uplift
the SUSY AdS vacuum to the Minkowski one. Hence, in the following sections, we will consider
the SUSY breaking effects and then one can see that the saxions become stable for vanishing

vacuum energy [J.

2.2 Light string-theoretic axions and the saxion mass in the SUSY breaking
Minkowski vacuum

Here, we study saxion stabilizaton in the SUSY breaking Minkowski vacuum with light axions.
As a SUSY breaking source, we consider a single chiral field X. We assume that moduli F'-terms

G (i =i, «) are smaller than G¥ and the cosmological constant is vanishing, (V) = 0, that is,

GXGy ~3, GYGx > Ga, (2.11)

3 One can also consider a non-perturbative effect on the Kihler potential or D-term moduli stabilization which
means a gauge multiplet eats an axion multiplet to lift saxion direction.



where G# = GABGB.

Here, we study the model, where the SUSY breaking sector X and moduli are decoupled in
the Kahler potential K and the superpotential W. That is, we consider the following form of
the Kahler potential and the superpotential

K=KX,X)+K@®+®u+1), W=W(X)+W®). (2.12)

Hereafter we will set Ky ¢ = 1 at the leading order of X X. Note that 9,/W = 0 and G =
K. =0. When there is a large mass splitting between moduli ® and X, Ky; # 0 would
be possible, but Kyx; < 1 would be necessary for the stable vacuum; Kyx; = 0 would be
an appropriate approximation. A simple example of the SUSY breaking models has W = p2X
B4, B3, BA, BAA. At any rate, here we consider generic form of the SUSY breaking superpotential
w.

From the above assumption, one expects moduli ® and u® are stabilized near the SUSY

solution,
KiW+W, ~0, K,~0, (2.13)

such that one obtains heavier moduli masses than the gravitino mass m3/, = ¢G/2. In the SUSY

breaking vacuum with a vanishing cosmological constant, one finds the stationary condition:
Ve = GiVp+e%[Gr+GEVGg] =0, (2.14)
which leads to
Ga1GpGAP + G — G GPo;G 45 = 0. (2.15)

Here I denotes X, i, @ and V is a covariant derivative with respect to the Kahler metric. Since

G x; = 0, the above equation becomes

VB(Gxx +1) + GGG — GXGFoxGyg =0 for I=X,
V3G y; + GGG + G, - GIG %G =0 for I=i. (2.16)

Here, we have used

Gx =Gx =3, (2.17)

* There are also models including SUSY breaking moduli [@]7 but we will not consider such models since
subtle fine-tuning would be necessary.



because Ky = 1 and eq. (B-I1)). Using Gx, = 0, one finds in the vacuum
]_ 4 A
Ga = Ko = 5G'G .G (2.18)

This means F-term of u® is suppressed unless there is mixing between (X, ®') and u®. For X

and @, one can typically neglect sub-leading terms

NeRed
GGGY <1,

G; — GIGRO,G.; < VBGxi + GGG, (2.19)
and one obtains

VxGx ~ —1, G

1R

—V3(G Y Gy (2.20)

Here (G 1) (i,j # «) is an inverse matrix of G;; = Kiz +Wij|[W — W;W;/W?. Thus one can
expect the shifts from the SUSY solution of G* = 0 and K, = 0 are given by

60" ~ Kpy(G Y@ WG, u® ~ KPGGT9;G; — KPK 560", (2.21)

Kas K78 ~ 8.

One will see these shifts can be suppressed by the heavy moduli masses squared as mg /2 / méi.

; _ _1kj J
Here we have used typical results Eoheavy moduti KK ~ d; and Z"yjlight moduli

2.2.1 Masses for sGoldstino X and heavy moduli ®’

We evaluate masses of X and ®'. By differentiating eq.(P.14), we obtain in the vacuum

(Vig) = €9lGr; + VIGKV ;G = Ry je  GRGM + (Gry — G1G )V,
<V]J> = eG[2VJG1 + GKVJV[GK] + (VJG] — G]GJ)VF, (2.22)

where
Rrjrr = Krjrr — KIKAKABKJEB' (2.23)

Since we assumed that heavy moduli ® are stabilized near the SUSY solution, one can neglect

G' term to calculate heavy moduli masses mg: at the leading order of SUSY breaking effect.

For example, one expects
Mai ~ a;®'ms 9, (2.24)
for the KKLT-like stabilization [[[3] and
mei 2 (a'iq)i)2m3/2a (2.25)

7



for the racetrack model [[4], which is viable even for Wy = 0. (See also Appendices [A.9 and
A4 for the KKLT-like stabilization and the racetrack model, respectively.) Here a; denotes the
most effective (or smallest) one in {agk)} appearing in the eq.(R.D]) to the moduli mass mgi. One

could obtain heavier moduli masses than the gravitino mass by fine-tuning the constant Wy in
the racetrack model [Bg].

In general, one expects mgi > mg3/p and mass squared matrix elements of the moduli ¢ are

written as

Vz§ ~ eG[GikGﬁGkZ] = Kzﬁm?{)” Vij ~ 26GGZ']‘ = 2/Cijm3/2m¢i, (2.26)

that is,
Vi > Vi (2.27)

for mgi > mg/p. Note that the mass | /V;5/K;; =~ mg: is the supersymmetric mass of modulus

®'. In the above, we have used the following approximation,

Gij = K+ V;}I;j - infy;}j ~ Kig — Kikj + V;I;j = V;}I; = ’Cﬁ%,
Gxi = —W;VVZX ~ —(V3 - Kx)Ki ~ K; < Gjj,
Gin ~ Ww;k - WWJ/VZVk ~ ak;cz.j%‘l;; + ickicij% ~ apk; ;”3‘1;2
Gxij ~ —W%VZ/X ~— ZJ% (2.28)

We took the diagonal mass matrix G;; for simplifying the discussion here. Also one finds

. . ~ . m I — .m
G~ (3= VBRx)KIIG—L ~ (& + 1) (3 — V3K x) —L2. (2.29)

Mepi Mepi
For G* with ;o # 0 for any ¢, their values are estimated as G“ ~ ICOJC;’; ~ G'. Here we
KK; ~ —(®' + ®i) up to would-be small

perturbative corrections, though there is the small ©®* dependencies K, ~ 0. Note that the

have used no-scale like structure Ebheavy moduli
contribution of eq.(2.2§) to V;; can be comparable to supersymmetric case, but one still has
Vi; > Vij. Thus, one can obtain the (perturbatively) stable minimum for proper values of the
moduli masses, mgi. That is, by making Vj; larger than Vj;, one can realize positive definite
mass eigenvalues for all of moduli around the SUSY solution G* = 0. Indeed, by using the above

result, it is found the shift §®* in (B.21)) is suppressed by the factor, m% /2 / mgbi.

Next, we evaluate the mass of sGoldstino X. The sGoldstino acquires not the mass from

W but only SUSY breaking mass from the Kahler potential because of massless Goldstino in



the rigid limit. There is the necessary condition (not sufficient) for the stable SUSY breaking

vacuum, i.e. non-tachyonic non-holomorphic sGoldstino mass B, fi(:

m? = Virf'f7 =B+ = 29]m3 ), >0, (2.30)
where
Vi L _2 I¢J K ¢L I G’
= —, 6=—-—Ryrerf 705, ff= —. 2.31
Y 3m§/2 3 IJKL GRGE ( )

For v = 0 one expects

m? = 3&m§/2,
= 3 Rysxx = 3 +KyxsK " " Kggx — Kxgxx- (2.32)

For instance, let us consider the Kihler potential with a heavy scale A < Mp) = 1 [[], B,

. (Xx)?

K=XX - e 2.
e + (2.33)
Then one obtains
1 XX 2
U:F+F+§>O. (2.34)

Here (X)) would be of O(A?) for the Polonyi model. For off-diagonal component Vx x, so long as
Gxxx and GXF§X are of order unity in the Planck unit, one can find Vxx = O(m§/2) < m2.
Thus, there would be the stable minimum. For string theories, A would correspond to the mass
scale of heavy field which is coupled to X, such as anomalous U(1) gauge multiplet mass [[H]
which is comparable to the string scale, when X has the U(1) charge.

2.2.2 Masses for saxion 7¢

Here, we evaluate masses of saxion 7. One finds positive mass squared:
(0re 0,5 Vi) = 4% [2Go5 = 0:Go5G" = BGo5G' + GiG50005G | =8¢G5> 0.(2.35)

Here we have neglected the last three terms in the bracket, since when one obtains mg,, =

eG/? < mg: one can find

ms/2
me

G'0.G 5 ~ Gop- (2.36)

Again we have used no-scale like structure IC;ICij K; = const. Then the last three terms in

eq.(R.39) are suppressed by ms/,/me and (WL3/2/mq>)2 respectively, compared to the first term.

9



2K/3

Instead of X, with the sequestered explicit SUSY breaking term Vg = €e where € =

3(eX/3|W|?), one finds the similar results [[q], (9ra0,5Vr) =~ 4eGGa5 and G* ~ (G YK, ~
(@ + @i)m3/2/m¢i, le. mg >~ \/§m3/2. Here we have neglected the term which is proportional
to Ko Kp in (0r«0,5VF). Note also that mass spectra of heavy moduli for such a case are similar

to ones discussed above.

2.2.3 Matrix elements

Here, we summarize the mass matrix. Including other matrix elements, one can find typically
Vi~ O [GuGh+ GixGix| ~ eCGuGE = Kym3,,

Vij ~ €9[2Gy + Gijx] ~ 2¢°Gyj ~ 2K;5mgimy s,
Vig ~ e [GijGX + Gl)(] ~e GijG)—( ~ ’Cimqﬂm?,/%

DO (@ 4 §I)KC5 ~ Ko,

Viv ~ CGGyi; ~ m§/2m¢j
Vig ~ —e“Rygxx|GY =~ 3&7”%/2’ (2.37)
Vix ~ €% [l—i—VXVXGX+Gi(GXXi+F§XGXi)] ~ M3,

Vire  ~ e9GiGIG*™ Kojm ~ m3/2 Mg (@74 @I)Kija ~ Kiams o,

Vxra ~ 6GGiijGim’Cajm ~ ((I)Z + @Z)Kidmgﬂ 3/2’

Mmei

VTO‘Tﬂ

12

8m§/2/Ca5,

where we have used

WiW;, WxxW; WxiWx  Wxxi
A WV Wl Waw e, 239)

Gxxi~2

as well as 0% W < W. In general, Vxx and Vg could cause the vacuum instability even if

Mmgi > m3/o and & > 0. Based on these matrix elements one expects the conditions

Vij < Viji Vxx <Vxx,

Vix, Vix < /VijVxx:  Vire </VijVags  Vxre </ VxxViars (2.39)
should be satisfied for the (meta)stability. For this case, so long as & > 1 one would obtain the

stable minimum. Then, the mass spectrum is summarized as

m?~mi; > mie ~ 3&m§/2, m2a o~ 4m§/2. (2.40)

At this stage, the axions b* are massless. Note that all of saxions 7® corresponding to massless

axions have almost the same mass m;e = 2my 5.

10



Here, after the Goldstino is absorbed into the gravitino, the unnormalized axino masses are

given by
1
(ma)ag = eG/2 VaGg-i-gGaGg
~ PG 5. (2.41)

We have neglected G, and G; because they are of O(mg/s/mg:) corrections.

2.2.4 F-term

In the above case, one can find

F! Fe

X o - _ msje
F* o~ \/?_)mg/g, oi n a = \/?_)(\/g Kx)m3/2 Mg we t e (242)
Here we used the result
G' ~ G”G;, G ~ GO‘JGj, (1,7 # ), (2.43)

which leads to G® ~ G*. Even if any u® are stabilized via D-terms, K, ~ 0, we gain F-term
of the u® through the off-diagonal Kahler metric [, 4, 5. Note that if G = 0, one finds
F® = 0 since G, = 0 for such a case [id]. For string-theoretic axion(s) breaking SUSY, see the

Section B.2.

2.3 Note on mixing between X and moduli and D-terms

For simplicity, we have discussed so far the case that the SUSY breaking field X does not couple
to moduli ® for a simplicity. However, in string theories, it is natural that moduli are coupled to
the SUSY breaking sector via non-perturbative effects, so that one obtains much smaller scale
than the string scale. Now, let us consider the mixing between X and heavy moduli by replacing
W (X) in (B19) as follows,

W(X,®) = f(X)exp[— Y _ a; P]. (2.44)
i
Here f(X) depends only on X. For instance one can consider the case that f(X) ~ X [B6], B7]
or f(X) ~ X! [[0]. Then, we consider the moduli stabilization with the superpotential,
W= W(X,8) + 3 Age~Zie ¥ (2.45)
k
We assume

aX ~ aj, (2.46)

11



(%)

in the above superpotential, where a; is the most effective one to the moduli mass in a,

@fX. Then one can find

for

Wxi ~ —a;Wx ~ —a;(vV/3 — Kx)W. (2.47)
Also, one obtains for @g(
Wx; W;Wx
Gyi = Wl _W: —(V3 - Kx)(a +K)) < Gy,
Wxii  WiWx Mepi
WiW;, WxxW; WxiWx  Wxx; be
Gxxi ~ 2 wE e -2 W2 + W ~Ki+a;,
and also we estimate
. _.m
G~ (GG ~ KX T2 (@ 4 3)2 32
mqﬂ mae
G* ~ KYG;~ G (2.49)

For metastability, one expects the conditions (R.39) should be satisfied.
Here, with the assumption that Gxxx = O(1), one finds for ®%

Vi; ~ € [GikG’—? + GiXGjX} ~ Kigmy: + aXaXmg/Q,

Mei
Vij ~ e [2G” +Gijx +G Gljk} ~ Kijzmgims/s + a; afmg/Q +af(ajm§/2m—§,
Pi
V;X ~ G [GZ]G + GZX] ~ aqu;.zm?)/Q +a/ m3/2,
m3/2
Vix ~ % [G’XXZ (1+T%y)Gxi + G GX”] ~ a; IC]kaXak mg/2 / +a; mg/Q,

' X, 2
Vig ~ GixG% —e“Rygyg|GY)? :303m3/2+l€z aX aj m3 s,

Vxx ~ e[+ VxVxGx + G (Gxxi+T5xGxi)] ~ m§/2 (1 + KiaXaX 3/2> ,

J Mei

‘/;'Ta ~ [Gza + G]mG]ka’Ca]m] ~ ’C ’CZJOéa‘k m3/2 + ’Clam?)/?

~ ’C ’Cijaak m3/2+}(:idm3/2,
o ms/2
Ve ~ 7Gx GG ™ Kajm ~ KTaX I ) K 7o — 2
{)]

X giT3/2 2
Viars ~ Ka5m3/2(8 +ar d'—= . ) ~ Kogms3, (2.50)
where 6 denotes only Ry 5y contribution in 6.

However, if the linear combination of ai* @fx were stabilized via a KKLT-like model, i.e.

DW |gkrr ~ 0 and m; ~ (aiq)fx)m?,/% one would obtain

GXGx ~ GGy, (2.51)

12



in addition to Vix ~ Vigx ~ \/Vi;Vxx for 6r < a¥ @, Vi3 ~ Vij and Vira ~ |/Vi3V,a 6. This
means the assumption that GX is the main source of the SUSY breaking is violated; KKLT
stabilization of aZX '1)3( and realization of the Minkowski vacuum can not be realized successfully

and the vacuum would be destabilized to the SUSY AdS one [B6, {7, Eg]. Even if the assumption

that a; ~ alX is violated, the uplifting to the Minkowski vacuum with KKLT stabilization of
a;-x @g( would fail since there would be the runaway direction, e.g., for small X. Thus, the linear
combination of moduli aZX '1)3(, which are coupled to the SUSY breaking sector X, should be
stabilized via racetrack model [[[0, Bd, BT[], fluxes, or D-terms [[9], ], so that they gain much
heavier masses than the KKLT-type mass, m; 2, (aifbfx)ng/g > (aifbfx)m3/2 > mga. (See also
[B§] for models in which there is the coupling between the SUSY breaking sector and the saxion-
axion multiplet. In the model, one finds also the saxion mass much larger than the gravitino

mass via the Kéhler stabilization.)

For D-term stabilization 0g:/KC = 0, the moduli charged under anomalous U(1) symmetries
can become massive by U(1) symmetry breaking and the massive vector multiplet’s eating them,

even though 0g:W = 0 if matter vevs become consequently irrelevant to the vector mass My :
méx = ME ~ anq)an)Xqu)X@. (2.52)

Here n®X is the variation of ®y under the anomalous U(1) and My from ® x can be comparable
to the string scale. Thus for such a case, one can find SUSY breaking Minkowski vacuum, i.e.
via F-term [B0] or D-term conditions [, i), the superpotential W ~ Ag(¥)e%®" 4 ¢4 ®x X
can be replaced by

W~ Ag((T))e %% 4 e @ (Px)x = e ® 42X (2.53)

in the low energy limit. Here {U} are open string modes. In the paper [iJ], when one obtains

the tiny Fayet-Iliopoulos term

M4
TV ~ Epr (2.54)

so that @ x is absorbed into vector multiplet, one can find Minkowski vacuum due to the Polonyi
model in the low energy limit. Here &gy = n®X 0, K is the Fayet-Iliopoulos term from moduli
® . For such a case, F®X ~ n®x mgg ~ 10*2m3/2 is obtained with D-term stabilization. (Note

that one may find M% < &gy if 93 _K ~ 95, K and n®* < 1.)

% For racetrack stabilization of ®, the condition that V;x < /V;;Vxx would be subtle for 6z < ai ®.
However, one can find the stable vacuum in the concrete models.

13



3 Approximate R-symmetry, R-axion and SUSY breaking mod-
uli

In this section, we study the model, which has an approximate R-symmetry and R-axion. We
also study the model, where SUSY is also breaking by moduli fields. Indeed, we show that both

models are investigated in the same way.

3.1 R-axion and SUSY breaking moduli

In general, a global U(1) R-symmetry is broken explicitly because string theory describes the
quantum gravity. Indeed, string models with the exact and global U(1) R symmetry have not
been found. For instance the constant Wy in the superpotential is easily obtained via flux
compactifications, but the value depends on the choice of the flux vacua [fI]]. Therefore at
a certain scale there may be an approximate R-symmetry accidentally in the SUSY breaking

sector and the moduli stabilization sector when one obtains Wy = 0 in the superpotential [5J).

For example, the following superpotential,
W = Ae 92, (3.1)

has the R-symmetry, where the field ® transforms as ® — ® — i%a under the R-transformation
with a transformation parameter . Similarly, the racetrack model has the R-symmetry [53, B4,
b4, [q] if one has more than two fields in the superpotential without Wy. Thus, when Re(®) is
stabilized by the Kahler potential for example, we obtain the so-called light R-axion.

Here, we consider the R-symmetric superpotential. Then one can rewrite the superpotential

including SUSY breaking sector X,
W = e R*W(X, ), (3.2)

where Ogr W = 0. Since R can include not only X but also moduli in the linear combination,
we call it string-theoretic R-axion. Only R transforms as R — R + 12« under the R-symmetry,
while the others do not transform. Note that by the Kahler transformation with holomorphic

function G,
K — K+G+G, W —exp[-GlW, G- G, (3.3)

physics is invariant since the action is written by only the total Kihler potential G = K +

log [W|2. Thus one can consider the following Kihler potential K and the superpotential W,

K=K9 _(R+R), W=w. (3.4)
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Here K is the original Kihler potential obtained from the dimensional reduction. Then one
finds

w
Gr=Kr =K —1, G1:K1+WI for I # R. (3.5)
Hence unless G = 0, the R-axion is a source of the SUSY breaking. By Nelson and Seiberg
argument [55, f4], the existence of the R-axion means the SUSY breaking, provided the model
is generic and calculable. Hence we will also consider the SUSY breaking moduli with the

vanishing cosmological constant: Gz # 0 and (V) = 0.

Because the differences between string-theoretic R-axion and string-theoretic axions u are
just that the Kahler potential and their first derivatives as we saw, the following results are
applicable not only to the string-theoretic R-axion, but also to usual string-theoretic axions w,

which have non-trivial contributions to SUSY breaking.

3.2 SUSY breaking string-theoretic (R-)axions

Let us consider the Kahler potential
K=K(X,X)+K(R+R)+K(®+3), (3.6)

with Gr # 0. For simplicity we will study the case that the Kahler potential is separable
and focus only on the SUSY breaking string-theoretic (R-)axion neglecting dynamics of heavy
moduli ®. Note that the discussion in this section is applicable to an usual string-theoretic axion

u, which have non-trivial contributions to SUSY breaking.

One obtains the stationary condition with the vanishing cosmological constant:

VxGx =~ -1,
Gr 1 K
GR = == ~2 ~2—RR_ (VpGr=—Grz) (3.7)
Krr TRz OrKgg R

For the second derivatives 0705 Vr, we obtain

VX)‘( = GG(2 - RX)‘(X)‘(|GX|2)a Vir = 46G(2k7€7i - RRﬁRﬁ|GR|2)a

Vxx ~ €% Vix=0. (3.8)

Here we have denoted R = 7 4 is. When one sets K as (£-33), one obtains

1
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With respect to the SUSY breaking (R-)axion, let us take the Kéhler potential below

K = —nlog(R+R)+dR+R) - (R+R), (3.10)
and we write
- :n[1+A(R+ﬁ)]
Kpp = RIRP (3.11)

Then, one can find

— 1 _
GR ~ —(R+R)<1+§(R+R)-A’>,
1 1 D\2 AN
—Rrrrr = TR L+A+5(R+R)*A"), (3.12)
/ ) "
| /S —4n(2A + (R jL_R)A )eG ~ AKpze©.
(R+7R)

Here we used eq.(B.7) and A would come from the construction effect of R from the original

moduli or the quantum effects of order g5 and of order o’ and would be expected as

ASO). (3.13)

This result is applicable to many scenarios including the SUSY breaking light (R-)axion
multiplet [{, [0, F3, fq]. For the above case, fine-tuning of the vanishing cosmological constant

leads to
Gx[?+ GrGR ~ |Gx[? +n+O(A) = 3. (3.14)
Then one should set

Gy ~3—n+O0(), (3.15)

where n > 0. Thus we obtain

FX ~ —/(3—n)+ O(A)mg)s, Rﬁfﬁ ~ 1y, @ilj:@ ~ My Tn?’: (3.16)
For n = 3, the sGoldstino is almost the SUSY breaking (R-)saxion.
Here non-holomorphic sGoldstino mass is given by
m? = 3&m§/2,
G = ; - % (Rygxx|G™|* + RrrrrlG™[") (3.17)
~ 24 onB-n? - 2 o)
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Then so long as V., > 0, we would obtain positive definite mass matrix for n # 3

2
m3/2 2 1 Vrr 2
Mmy+ , mp=-—=——~Amj,. (3.18)
A? " 2Kgg /
For n = 3, one finds
A
Mmy+ ~ m§/2 (1 + F) , mi~ Amg/Z. (3.19)

Here, after the Goldstino is absorbed into the gravitino, the unnormalized axino masses are

given by

1
(m&)RR = eG/2 [VQGR + gGRGR]

1
~ G2 [—Gm + gGRRGRGR] (3.20)
~ eGrp -1+ % +0(a)].

For n = 3, SUSY breaking (R-)axino becomes the Goldstino, which is absorbed into the

gravitino.

We give a comment on the small mixing Gg; = Gr; # 0 here. In many cases, there is
the off-diagonal Kéhler metric Gr; = Gg; # 0 and the main source of the SUSY breaking
could be the overall (volume) modulus (n = 3) and it affects F-term of heavy moduli ®* if any:
G' ~ (G HIGRV,;Gr ~ (P + a)m3/2/m¢i. Here we have used the explicit Kahler potential
for the LARGE volume case in Appendix. However, as a consequence, the qualitative features
in this section include such scenarios. Thus the result in this section would be applicable to such

cases.

4 Corrections to axion masses

Axions b* are exactly massless at the previous stage. Here, let us consider small corrections
to the axion masses. These can be computed also in the SUSY vacuum, if the SUSY breaking
sector does not violate any continuous PQ symmetry of u®. Recall that only heavy moduli
should be coupled to the SUSY braking sector except the R-axion. For the small corrections,

shifts of the saxion masses are negligible.
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4.1 Superpotential correction

Here, we consider the correction term dW (®*,u) to the previous superpotential (B.1]). That is,

we study the following superpotential:
W = W(®) + 6W (D, u), (4.1)
where

W) = Wg-i—ZAkexp(—Zagk)@i),

k i
W@ u) = Y Brexp(- Y biYe). (4.2)
k i

Recall that ® denote all of the moduli including ® and u®. Hence, the term W(®?) includes only
heavy moduli ®¢, but not light axion multiplets «®, while §W (®%, ) includes u®. We assume
B ~ Ap = O(1). We would like to consider the situation that (W) > (§W). If any terms
By exp(=_; bék)iﬁ) in 0W (®,u) do not satisfy the condition, (W) > By exp(—)_: bgk)(éz)), we
have to take into account such terms from the previous stage of moduli stabilization in sections
2 and 3 and include them in W(®). Then, some of 4 become heavy reducing the number of light

axions. Therefore heavy moduli should be coupled to saxion-axion multiplets in §W.

Then one finds the axion mass m, as [[Lf, R6]

L = —K,z0,b"0"b" — (m2)aph®b’,

oW,
(s = eI PRe (22 ) (4.3)

where §W,5/W > §W,dW3/W? can be obtained in such vacua.
(k)

ical term, say, A;jexp(—_, al(j)q)i) in W, which represents the value of (W), i.e. Ajexp(—>_; agj)('i)i» ~

W. Then, we use the following parameters,

Now we parametrize W /W, in particular, b ((Iﬁ> In(W). For that purpose, we choose a typ-

b (i)
rE = ZZ# (4.4)
>ia; (9
The parameters would satisfy 7, > 1, because (W) > (6W). It is expected that 7y is of O(1) or
could be a few tens. Using these parameters, we write By exp(— ) : bgk)iﬁ) in W as

. rp—1
Brexp(— Y bg’“)@Z) ~W (%) : (4.5)
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Thus, the axion masses with the canonical normalization are given by

K 2 5 b2 ra—1
(12 ~ 3 Re( Ww) ~378m?, (m?’/?) , (46)

Kaa w : Mp)

[0}

if and only if the axion mass is positive definite. Here we have defined through the diagonalization

Weaa = 20W, Kaq = f2 (4.7)

(2]
where fo = O(Mjiring/Mp1) are diagonalized decay constants.

Once a small value of the gravitino mass mj3 is realized such as m3,, < Mpj, the hierarchical
axion masses with exponential suppression could appear. Some examples of mass scales are
shown in Table [ for mgz/, = 1, 10 and 100 TeV up to b%/fa.

| Ta | 3 | 5 [ 7 [ 9 |
me for mgpp =1TeV [ 1072 eV [ 1077 eV [ 103 eV [ 10770 eV
mg for mzj, =10 TeV | 1072 eV | 10716 eV [ 10730 eV | 107% eV
mg for mg/s =100 TeV | 1eV | 107 eV | 10726 eV | 10710 eV

Table 1: Axion masses up to b2 /f2.

We show several illustrating examples to lead to light axion masses in what follows.

e Example 0: R-axion mass

The small constant term in the superpotential induces the R-axion massf],
W =We ® 4+ W,. (4.8)

For Wy < We ™R ~ Ae™*® one finds

m2 eK WURQ(S_RW) < K’R

+ 0(1))

¢ Krz Krz
2
Re | — +0(1) ). (4.9)
Kr= e "W ) \Krz

This result also coincides with the result of field-theoretic R-axion with e™® = ¢ and
K = ¢¢ even for larger Wy ~ We™ . On the other hand, for Wy > We ™=, one finds the
heavy R-axion like KKLT which is stabilized near the SUSY solution
2 2 R R
my ~m — ) | =—+ O(l)) . (4.10)
i <’CRR Krzr
Here one finds We™R ~ KrW, for the KKLT stabilization.

6 There will be also higer order terms from non-perturbative effects breaking the R-symmetry, such like we ™>™
in the §W where (w) ~ (W?). But the discussion is similar to the case that Wy ~ (we™?%).
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e Example 1: SU(N + M) x SU(M) gaugino condensations or with an instanton (M = 1)

Let us consider the KKLT type superpotential [, 7]:

W = Wy + e 9® 4 ¢ bu+®) oo ST T N>M (4.11)
2 N—,—M, M? 7

where ® is the heavy modulus and u is the light saxion-axion multiplet. In this case,

assuming (u) < (@), one obtains r ~ N/M + 1 and the axion mass is estimated as

~

N
b msz/o\ M
m2 ~ ?,ng/2 ( Vo : (4.12)

A similar result can be obtained in the racetrack model [2f],

W = Wy+e 2% — g 2% 4 o~but®) (4.13)
872 872

— - p=_" N;y~N,. N M 4.14

9.2 Nio+ M’ A e N > (4.14)

when we do not fine-tune Wy as a special value.

e Example 2: Many gaugino condensations or instantons wrapping on multiple cycles (in

intersecting D-brane system)

Consider the superpotential with n 4+ 3 moduli; one is heavy modulus ® and the remaining

n + 2 multiplets include light axions uj

n+2 n+2

W o= Wote *®+) exp[-b(>_ur)— b, (4.15)
i=1 T#i
a~b for"i, n>1. (4.16)

In this case, if (u;) ~ (®) for ¥ i , one finds r ~ n + 1 and the axion mass is estimated as

b? m3/a\ "
mZN?)ng/Q(MPl) : (4.17)

However, if (u;) < (®) for ¥ i , one cannot obtain small axion masses; one needs a < b as

the previous example.

e Example 3: Including gaugino condensation on the magnetized brane

One may obtain the superpotential on the magnetized D7-branes or E3-branes wrapping

on the divisor D in type IIB orientifold:

W = Wo+e 4 Be t+®) B = Bexp[-bM(S)]. (4.18)
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Here the constant M denotes M = # I F? € Z up to curvature term [5g], F is the
world volume flux and (S) is the vev of the complex dilaton, which is fixed by three form
flux. In this case, if b(S) ~ b(u) ~ a(®P), one can find r ~ M + 1 and the axion mass is

estimated as
b? m3/2>M
2 2
m- ~ 3—=m — . 4.19
a f2 3/2 ( Z‘[Pl ( )

A value of M is weakly constrained via the tadpole condition of D3-branes in the F-theory

limit of the orientifold compactification [Fd]:

1 x(Ya)
N, —N, = .
D3+ 9 ﬂux(M) 2

(4.20)

Here Yy is an elliptically fibred Calabi-Yau four-fold. On the other hand, it would be
natural and more plausible that u > M.S on the D7-brane, i.e. M = O(1). However, with
the T-dual description, the present case would also be plausible since M corresponds to a

winding number.

Thus, many models could lead to the hierarchical axion masses with suppression, r = O(1)

or a few tens.

4.2 Kahler potential correction

Here, we comment on corrections to axion masses from the Kahler potential. Suppose that

K=K(®+®)+ 0K(®,d), (4.21)

where 0K (®, ®) is a correction term and %‘Z(If # 0. Then one finds the axion masses [[Ld]

(m)ap = 3e5|W)? [—0K o5+ Re(6Kap)] - (4.22)

Here we have neglected O((§K)?) term in the vacuum. It is plausible that § K (®, ®) would also

appear from non-perturbative effects such as
OK(®,8) =" Bpexp(— Y 6P e%) + hc. (4.23)
k i

In this case, the hierarchical axion masses with exponential suppression would be obtained

similarly to the superpotential corrections.
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5 Comment on axions from matter-like fields

Here, we (briefly) study the superpotential including matter-like fields below:
W = W+ oW, (5.1)

where
W=Wo+ Y Ap(T)exp(— ) oM ),
k i
oW =Y Bi(0)exp(— > b a0). (5.2)
k )

Here we omitted SUSY breaking sector and {¥'} means matter fields (or open string moduli)
originating from the open string. We assume that the matter fields stabilized near the SUSY
solution KyW ~ Wy. Let us focus on the light matter-like fields whose axionic parts are
massless while saxions are stabilized e.g. via F-term, D-term conditions or quantum radiative

corrections. At low energy they are written by
vto= (et
An(w) =TT e, Bir(w) = [THE")lemsv" (5.3)
P J

Here some Ay or By can be constants. Consider linear combinations of 1/;1” =Y, Pv,bp , L.e.
Yt = Zp(c_l)lzﬂ/;p [], such that one can find

MW _,, OA) _ ) o Yk, p. (5.4)
PG dpp

We use the Kahler potential at the tree level as

K = Y Zp(®+@)vPu’”. (5.5)
P
Then one finds at low energy [Pq]
K = Y Zp(@+)[(wh)Pe "7
P
~ - A ~ = A - ~ =
= X7 +97) + LA +4P) (7 + 97) + O((4 +9)°), (5.6)
where

D G AL 28 LR W S e LA LA 0 2T (5.7)
P

P

" One can consider a linear combination including closed string moduli when matter-like fields are coupled to
light moduli via a non-perturbative effect. For simplicity we will not consider such a case.
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For simplicity, we set A\,, Ap, = const. in the vacuum, i.e. Zp = const. and would depend on
much heavier moduli vevs. If Zp depends on the moduli or there are mixings between ¢ and ®

in 1/;, Ap and Ay, also have the dependence on the closed string moduli.

Then for axion multiplets one findsf]
Gp =K, = \p. (5.8)
Thus even if G, = A, = 0 for axion multiplets 1&” , because of )\, # 0 one finds
FP = 92 KPIG; = eCH(NTHPIN, ~ mg), (5.9)
which leads to FY /¥ ~ mgq /2- This result is consistent with the stationary condition 9,V = 0:
Gy + G9V,G, = 0, which leads to G = O(1).
Then the saxion masses can be found
(0pp0pa Vi) = 4€% [2Gpg — 0,GpqG" — 0:GpgG™ + GrG50,0;G™] ~ €% Gpq,  (5.10)

where 9)? = @P + i9?. Whether (Opr0paVE) > 0 or < 0 depends on the model, but typical order
of the saxion masses are of O(mj3/2) even though the masses can also receive the contribution
from D-terms of anomalous U(1) symmetries [i]. When there is the vanishing saxion mass at
the tree level, quantum radiative correction induces the mass smaller than mg3/o 64, b1, E3).

Note that from the assumption that Zp = const., one finds Viopx = Vi = Ve = 0.

The axion masses induced by W depend on the model, i.e. vevs of closed string moduli,
those of matter like fields or the power of polynomial of matter-like fields in the superpotential.

After the Goldstino is absorbed into the gravitino, the unnormalized axino masses are given by

1
(m&)pq = /2 [Vqu + ngGq]

~ 912G, (5.11)

6 Conclusion and discussion

We have studied properties of low energy moduli stabilization in the N' = 1 effective SUGRA,
which have heavy moduli and would-be saxion-axion multiplets. We have given general formu-

lation for the scenario, where heavy moduli and saxions are stabilized and axions remain light.

® For light non-axion multiplets which have of O(ms/>) masses, they can be stabilized through the
superpotential (9,V # 0) and have the similar properties to those of axion multiplets [@] For instance one
can obtain G4 = K4 + % ~ Aq. Here W, ~ K,W. Therefore ¢s can include such light non-axion modes.
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SUSY breaking effects are important. In the non-supersymmetric Minkowski vacuum, the stable
vacuum can be obtained even though there are light string-theoretic axions. In such a vacuum,
heavy moduli and saxions can be stabilized supersymmetrically. In particular, saxions can be
stabilized at the point K, ~ 0, while axions in the same multiplets remain lighter than the
gravitino mass mg/y. This scenario predicts the same number of saxions with the mass 2m3
as the number of light axions. Note that our analysis on moduli stabilization is applicable even

if there are not light axions in the vacuum.

When there are some moduli mixing the SUSY breaking source in the superpotential, such
moduli would also destabilize the vacuum. In order to avoid such a situation, we need quite
heavy masses for moduli. The moduli masses, which are generated in the KKLT-like model,
are not enough, but one needs heavier masses, which would be generated through the racetrack

model, D-term or closed string fluxes.

Alternatively, some moduli may contribute to SUSY breaking, e.g. the R-axion multiplet.

In this case, the saxion mass can be lighter than the gravitino.

We have studied the effective SUGRA theory to lead to the axiverse. Following our realiza-
tion, it is important to study further cosmological and particle phenomenological implications.
In addition, our scenario predicts the same number of saxions with the mass 2m3/; as the
number of light axions. These saxions would also have important implications depending on
their masses, 2m3/,. For example, when m3/, is around O(1) — O(100) TeV, the late time
entropy production by the vast number (~ 100) of saxion decays into radiations much before
the BBN epoch can dilute harmful gravitino abundance [[[(]] produced by decays of scalar fields
such as heavy moduli [6J]. (See B3, 3, p4] for discussions of the dilution by the SUSY breaking
field X, which does not decay into gravitinos, based on the KKLT stabilization and see also
65, 6] for the relevant discussions.) Tt is interesting to study other aspects of axions and/or

saxions following our realization of the axiverse.

We have discussed general aspects of low-energy effective SUGRA theory without fixing
explicit string models. It is important to study explicit string model building leading to our
scenario with moduli stabilization and light axions. We would study explicitly such string models

elsewhere.
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A Moduli stabilization models

Here we review several moduli stabilization models in type IIB Calabi-Yau O3/O7 orientifold

models.

A.1 D-term stabilization

We show the relevant part of the model of the D-term stabilization. This is the model with the
anomalous U(1) gauge symmetry and e.g. the blowing-up mode [[7]

K = 2 (M+TT+V), onW =0, (A1)
2VE

where V' is the anomalous U(1) vector multiplet and Vg is the compactification volume in the
Einstein frame: 6Vg = [ J A J A J, where J is the Kihler form in the Einstein frame on the
Calabi-Yau three-fold. One can ignore matter-like fields, depending on the charge signature of
matter. Then one finds the minimum via SUSY condition DyyW = D = Ky = (M+M)/Vg =0
and obtains the massive vector multiplet V = (M + M + V), where M is eaten by the gauge
multiplet. The mass of the vector multiplet is now given by gVEl/ 2, where ¢ is the gauge

coupling.

A.2 KKLT

We show the so-called KKLT model [[3, [[f]] with

1,1
h+

K=-2log(Vg), W=Wy+) Ae T, (A.2)

where Wy < 1. Here, hi’l (h"") denotes the Hodge number of even (odd) parity moduli. To
realize the SUSY breaking Minkowski vacuum, we add the uplifting potential,

o WP

€
Vit —, e~3 )
Vil Vi)

(A.3)
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In this case, one finds

-1 1 M,
T; ~ — log(Wo) ~ —10g< Pl) :
a; a; ms32
T;
r _ o~ T2 3/ , (A.4)
T, + T, a;T; log (Mpl/m3/2)
where 7; = Re(T;). The gravitino mass and moduli masses are obtained as
W
ms e =~ V—]g’ m; =~ 2a;T;m3)3. (A.5)
For one bulk volume modulus, we have
K = —3log(T+T), W=Wy+e T,
€ |Wo |2
Vi = ——=, €~ 3———. A6
" (T +T)> (T+T)) (4.6)

In this model, anomaly mediation is comparable to F” /(T + T). See also for generalization of

this scenario [6§].

A.3 LARGE volume scenario

This is the model [E] with bulk moduli and blowing-up modes, whose Kahler potential is written

as
K = —log(S +S) —2log <VE + g) , (A.7)
with
hlt—1
Vi = (2m)%% = Y (27,,)%2. (A.8)

i
Here, for simplicity we have neglected moduli redefinitions at 1-loop level. The superpotential

is written by

hlt—1
W=Wo+ Y Ae T, (A.9)

where W = O(1), and the uplifting potential is added as,

2
Wity = %, € Lm- (A.10)
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Note that 1/(2mgs) = Re(S). We can consider vanishing Standard Model (SM) cycle moduli
or odd parity moduli with D-term stabilization: K = ﬁ(T + T)2. One can consider the K3

. ) . . .
fibration model: Vi = Tb,lTbl é2 — ZZ + Tj 42 together with loop corrections to fix bulk moduli.

Let us consider the simplest case, 'l = hﬁr’l = 2. In this case, we have

3/2 a 3/2 £
Vg =~ Tb/ ~ et 7'8/ ~ ¢,
Fh FTs ms /o

— m3 /9, — . (A.11)
Ty, + Ty, VETAT,  log (Mpy/ms0)

Here, one finds

1 mayz\ /2
mg/2 = V_EO’ my ~ Mg/ <Z\;1£12> ) Mg ~ log(VE)m?)/Qa (A12)

with Vg > 1. Note as7s ~ log(Vg) ~ log (MP]/mg/Z) and T}, is the SUSY breaking saxion
similar to the case [bd], whereas the axion is not couple to the visible sector. T} is an almost
no-scale model modulus, while T is a KKLT like modulus. In this model, anomaly mediation

could be suppressed compared to F7 /(T +T) by V", where r is a fractional number.

A.3.1 Modified original LARGE volume scenario

Note that one can consider the model such like the original scenario with an additional odd
parity moduli instead of vanishing the SM cycle on the D7-branes, i.e. hi’l =2and h"' =1 and
we will discuss the neutral stringy instanton or gaugino condensation under the anomalous U (1)
symmetries on the brane with world volume flux [69]. This is the case in contrast to the paper
[70] and is similar to the heterotic case [[1]]. Then, the Kihler potential and the superpotential

are written by

K = —log(S +S) — 2log (VE + g) , W = Wy + Ae~UT++aG+hS) (A.13)
where
a+a@?\*"*
VE' = (2’7’5)3/2 — <2’T+ + ﬁ) (A]_4:)

Here G is the odd parity Kéhler moduli and note that in general odd parity moduli {G}
necessarily follow even parity moduli {T'} in the world volume of the brane. Then we took
only the leading term of summation of instanton configuration for simplicity. In addition, the

gauge kinetic function of the SM sector is written by
fsm = Ty +qsmG+ hsuS. (A.15)
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Again we neglect moduli redefinitions at 1-loop level. Here we assume that non-perturbative
superpotential comes from the E3-brane instanton wrapping on the divisor Dg with the flux.
h, q, hsyr and gsps depend on the flux on E3-brane and the visible sector D7-branes wrapping on
Dgys holding not only the SM gauge group but also the anomalous U (1) symmetry respectively.
Dg and Dgpr map to Dgr and Dg,pr respectively under orientifold action; Dg and Dgjs include
both even and odd elements, e.g. [DESM] = [Dg,sm] + [Dpr smr] and [Dg g1/] = [De,sm] —
[Dgr smr], where [D] is the Poincare dual of D. Here we take triple intersection dyy, = dy 4 =
dy__ = 1 for simplicity. Now the presence of G means there can be an anomalous U(1)

symmetry; both T and G should be charged under the anomalous U (1) symmetry:

. . N . N
(SG == 'LQG == ILW’ (5T+ == 'LQT = _ZS?(FDSM

Here N is the number of the D7-branes and F' = F,  w_ +FB’SMw+ is the internal world volume

+F ) (A.16)

flux relevant to the anomalous U(1) on the visible sector D7-branes, where 7 = b* + FT and
bt =0or 1/2 and w_ € H"'(CY), w, € Hi’l(CY) are (pull-back on the SM cycle of) the
harmonic two-cycle basis on the CY spaceﬂ. Here we took all the wrapping number of the D7-

brane and E3-brane against the even or odd cycle unity: CE =Cg = ch = Cpg,, = 1 in the

Dsm
notation of the paper [f9]. Therefore, the following condition,

sm’
should be satisfied for the neutral superpotential in this simple case[J]. The D-term potential is
given by

1 N
- QRe(f)DE" Da = QrorK + QaicK = ¢ (~qdrK +06K), (A.18)

up to matter-like fields. If all the gauge couplings including the U(1) symmetry are gauge

Vb

invariant as the above simple case, the U(1) can become non-anomalous; one should include
matter. Otherwise, the U(1) is in general anomalous; one would be able to neglect matter. For
such a case, this model would have string theoretic axion, which is absorbed into the U (1) vector
multiplet. Define ® =T, 4+ ¢G and u = qT'y — G. As a consequence ® and u are stabilized near
SUSY solution without matter field vevs, DeW ~ 0 and Dy «x K, ~ 0; one obtains the scalar
potential after integrating out u and Im(®):

5 22/ a2 A2e20Re(®)  4hq Ae—aRe(®) Y, 3W02€

|4
Vg Vi, 2V},

(A.19)

? pT = 1/2 would be necessary because of the Freed-Witten anomaly [@] on the D7-branes wrapping on the
Dsys and the E3-brane.

10 Here fsar could be also gauge invariant under the U(1) since we could have ¢ = gsar; the U(1) could be
non-anomalous. However, for instance, when there is a relation that CBSM # O}, or are fluxes depending on
the SM gauge group and the U(1), fsas is not necessarily invariant under the U(1): ¢ # gsn and the U(1) is
generally anomalous.
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where A = Ae=%S. Here we have defined ¢ = Re(®) — ¢?/8. Thus one would find M3 /o ~ o

Ve
and
(V) ~ (%)~ et (@) ~ ¥ + % Fil, (Re(w)) ~ a{Re(®)) - 1(¢" +0),
my o~ M3/ (7;5) / ,  mae ~ apmssy ~ log(Ve)msje, my = My ~ Qy%,
Tbibﬁ ~ g, 1;_; N q—ls_; ~ m3/27jsf N 107;(3);2)’ Dy ~0. (A.20)

Thus we find F” ~ F® and F“ ~ 0. Here we have used D ~ (815J-D)FIF"7/M‘2/ 73, 74, B0, ]
and assumed that the anomalous U(1) gauge coupling and vev of the S are of O(1). One finds
in the vacuum G* ~ ¢G®, 8Tb(§(§Ku ~ —anb(%Ku and 0905 K, ~ —2q0s0;K,. Note also that
or, (%b K, and 0,0; K, are irrelevant[] since one can obtain K, ~ 0 in the vacuum; there is be
a cancellation in the D-term at of O(VEQ) at least. Detailed study of this model is beyond the

scope of this paper and we will leave it future work.

A.4 Racetrack model

This is the model [[[4] with bulk moduli and double gaugino condensations. The Kéhler potential

and the superpotential are obtained

1,1
hy

K =-2log(Vg), W =Wo+Y Aie T — Bie T, (A.21)

where Wy < 1. Here, we add the uplifting potential,

%74 2
Viigs %/3 €~ 3%. (A.22)

Vi Vi)

Then one finds via SUSY condition D;W ~ ;W ~ 0
1 aiAi
T, ~ 1 ;
a; — bi o8 <b1BZ>
FTi m3 /2 m%/? V2,2

T+ T ~ R ~ — mr; = abi(T; + T;)"m3 5. (A.23)

If one tunes Wy to obtain (W) ~ 0, moduli masses become much heavier than the gravitino
mass [BY.

"' Suppose that Da ~ Ky < V};(H_l) < V,'. Then one can see 8Tb5TbKu ~ Ku/Vé/?’ < VEW/?’H) and
0.0:K, ~ K, < Vg(lﬂ) and they are negligible.
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