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Abstract

We study the general effects of anomalous U(1)4 gauge symmetry on soft supersymmetry
(SUSY) breaking terms in large volume scenario, where the MSSM sector is localized on a
small cycle whose volume is stabilized by the D-term potential of the U(1)4. Since it obtains
SUSY breaking mass regardless of the detailed form of Kéhler potential, the U(1)4 vector
superfield acts as a messenger mediating the SUSY breaking in the moduli sector to the MSSM
sector. Then, through the loops of U(1)4 vector superfield, there arise soft masses of the
order of m3 ,/87? for scalar mass squares, mz/»/(87°)* for gaugino masses, and mg/,/87° for
A-paramteres. In addition, the massive U(1)4 vector superfield can have non-zero F' and D-
components through the moduli mixing in the Kahler potential, and this can result in larger
soft masses depending upon the details of the moduli mixing. For instance, in the presence
of one-loop induced moduli mixing between the visible sector modulus and the large volume
modulus, the U(1)4 D-term provides soft scalar mass squares of the order of mj3 Jo- However,
if the visible sector modulus is mixed only with small cycle moduli, its effect on soft terms

depends on how to stabilize the small cycle moduli.
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I. INTRODUCTION

Moduli stabilization is one of the key steps to understand low energy phenomenology of string
theory. So far, several scenarios are suggested and their phenomenological and cosmological
consequences are studied extensively. In particular, within the Type IIB theory, fluxes and non-
perturbative corrections to the superpotential are considered as crucial ingredients for fixing
moduli [1, 2]. Based on this idea, two types of scenario are particularly well-studied. The first
is the KKLT type scenario 3] in which the Kéhler moduli are stabilized at a supersymmetric
AdS minimum by non-perturbative correction to the superpotential and the vacuum is uplifted
to de-Sitter spacetime by additional SUSY breaking effect such as an anti-brane. On the other
hand, if the overall volume modulus is taken to have a large vacuum value, the non-perturbative
superpotential of the large volume modulus will be negligible. Still the large volume modulus
can be stabilized at SUSY breaking minimum if there exists a small cycle modulus which admits
non-perturbative superpotential and has a correct sign of o’ correction to its Kahler potential.
This is the so-called Large Volume Scenario (LVS) [4] which we will focus on in this paper.

For both the KKLT and LVS scenarios, in realistic situation, the number of independent
and sizable non-perturbative terms in the superpotential might not be enough to stabilize all
Kahler moduli. As pointed out in [5], when the non-perturbative superpotential of the visible
sector Kahler modulus 7, is generated by E3 instantons, it must be equipped with the standard
model (SM) charged matter superfields. Because the vacuum values of the SM charged matter
fields should be zero or at most weak scale, the effect of such non-perturbative superpotential
on fixing the visible sector modulus must be negligible. One natural solution for fixing 7, in
such case is D-term stabilization. If there exists an anomalous U(1) symmetry under which
T, transforms nonlinearly, the corresponding D-term contains the moduli dependent Fl-term
which is proportional to dr, K. If the moduli space of the underlying string compactification
admits a solution with vanishing FI-term, which is indeed the case for many of the Type I1B
string compactifications, the D-term scalar potential fixes T, near the point with vanishing
Fl-term.

Stabilizing moduli in the absence of proper non-perturbative superpotential is not just an
issue of moduli stabilization, but directly related to the pattern of soft SUSY breaking param-
eters in the visible sector. For the KKLT type scenario, the soft terms in case with anomalous

U(1) have been studied in [6, [7]. Combining with the SUSY breaking effects of the original



KKLT type models [8-11], it has been noticed that various patterns of soft terms can be real-
ized. On the other hand, for the LVS, the soft terms generated by D-term stabilization have
been discussed recently in [12-14].

In [14], the structure of soft terms has been examined for a class of LVS in the presence
of one-loop induced moduli mixing between the visible sector modulus and the large volume
modulus [13]. It was shown that such moduli mixing induces a U(1)4 D-term of the order of
m3 /2 which would provide soft scalar masses of the order of the gravitino mass ms/,, while the
resulting gaugino masses and A-parameters are of the order of ms/,/87*. Therefore, in such set
up, the gravitino mass cannot be much larger than the (multi) TeV scale to realize weak scale
SUSY. However, it is also noticed that the specific form of moduli mixing plays the crucial role
to determine the size of soft masses. Such mixing-dependent soft terms can be classified as
model-dependent contribution of the U(1) 4 mediation. Then, it is natural to ask if there exists
any model-independent contribution of the U(1)4 mediation, not depending on the detailed
form of the moduli Kahler potential. If such contribution exists, it would provide the lower
bound of the soft masses in generic LVS with anomalous U(1)4.

The aim of this paper is to extend the previous analysis [14] to more general class of LVS. We
first divide the soft terms into the model-independent and the model-dependent parts on the
basis of how much they depend on the detailed form of moduli mixing in the Ké&hler potential.
It is shown that the U(1) 4 vector supermultiplet gains SUSY-breaking mass splitting regardless
of the moduli mixing, so the model-independent soft masses are generated as a result of the loop
threshold of the massive U(1)4 vector supermultiplet. The resulting soft scalar masses are of
the order of mgs /47, while gaugino masses are of the order of mgy/»/(87%)* and A-terms are of
the order of mg/y/ 872, For the model-dependent contributions, as in [14], D-term contribution
can appear due to the moduli mixing in the Kahler potential. In addition to the case studied in
[14], we study the case that the visible sector Kahler modulus is mixed with other small cycle
Kahler moduli at tree-level, and find that its contribution can dominate the soft terms or not,
depending on how to stabilize the small cycle Kahler moduli. In any case, we find that the
U(1) 4 mediated soft terms play an essential role to determine the spectrum of the MSSM soft
terms for models with D-term stabilization in LVS.

This paper is organized as follows. In section (III), we review the work of [14], especially focus
on the U(1)4 contribution to soft scalar mass. In section([IIl), we show that there are other
types of soft terms induced by U(1)4, not only those discussed in [14]. Section ([V]) is devoted



to construct the effective action of the light degrees of freedom by integrating out the heavy
U(1) 4 vector superfield, and calculate the MSSM soft terms discussed in ([II)) more concretely.
Section ([V]) is the conclusion. Throughout the paper, we will limit ourselves to 4D effective

SUGRA.

II. REVIEW OF D-TERM STABILIZATION WITH MODULI MIXING

Before moving to the central part of our argument, it is worth reviewing the previous work
[14], in which we studied sparticle spectrum of large volume compactification with loop-induced
moduli mixing.

In the large volume scenario (LVS), there are at least two types of Kéher moduli super-
fields. One type is a large volume modulus 7, which determines the overall size of a com-
pactification volume. Another type, T, describes the volume of a small 4-cycle which admits
non-perturbative effects to the superpotential. Then, ReT}, can be stabilized at a large vacuum
value due to the competition between o’ corrections suppressed by the inverse compactification
volume and the non-perturbative corrections which are exponentially suppressed. In the large
volume limit, (ReTy) > 1, the model is given by*

(8 — &)

£/

W = W+ Ae~" (1)

K = —3Int, + + O(t;?),

fort; =T +T7 (I =b,s). { represents the leading order o correction, Wy is the flux induced
constant superpotential, A and a are constants involved in the non-perturbative correction to

the superpotential. In this model, the vacuum values of ¢, and ¢, are fixed as

M, 1
at, =2In —— + O(1), % =¢, (1+O(—)>, (2)
|m3/2\ ats
where the gravitino mass, mg/, = e/?W = Wotb_?’/z(l + O(tb_?’/z)). It is straightforward to find
FT * —3/2

* In most of discussion, detailed dynamics of the string dilaton and complex structure moduli is not important,
so we assume that they are stabilized at a supersymmetric solution by fluxes and regarded as fixed values
[4,[12]. The effect of backreaction due to the Kéahler moduli stabilization is also negligible. In the following,
unless specified, we set the 4D Planck scale (in the Einstein frame) Mp; = 1.
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where the F-component of a generic chiral superfield ®7 is defined by F! = —eX/2KT7 (D, W)*.

An interesting feature of the LVS is a large hierarchy among the mass scales such as

M _34 Mxxk —1 Mying —1/2  Mg3)2
~Y ~Y Y _— Y

2 Wlt /2, 4
A Vo [Wolt, (4)

where My is the string scale, Mgy is the bulk KK scale, and My;,q is the winding scale.

In order to construct a phenomenologically viable model, we need to specify the visible
sector. It is noticed in 3], however, that the MSSM cycle Kéhler modulus 7}, can not have a
non-perturbative superpotential like T due to the chiral nature of MSSM matter. Besides, T,
cannot be identified as T}, since the MSSM gauge couplings at high energy scale are inversely
proportional to the vacuum value of the modulus. Therefore in the LVS, the visible sector
modulus is not fixed by non-perturbative and ' corrections. In such a situation, D-term
stabilization can be used to fix T;,. Elaborating further on the issue in the framework of
4D effective SUGRA, we introduce the anomalous U(1)4 gauge symmetry and suitable gauge

transformations as followings.
U(l)A : VA — VA + AA + A*A’ Tv — Tv + 25(}5/\,4, CD, — 6_2inA®i, (5)

where V4 is the vector superfield which contains the U(1) 4 gauge boson, A 4 is a chiral superfield
parameterizing the U(1) 4 transformation on N = 1 superspace, T, is the visible sector K&hler
modulus chiral superfield which transforms nonlinearly under the U(1)4, dgs denotes the con-
stant associated with Green-Schwarz (GS) anomaly cancelation [15], and finally ®; stands for
generic chiral matter superfields localized on the visible sector 4-cycle with U(1)4 charge g;.
Since dgg is determined by GS anomaly cancellation condition which is evaluated at one-loop

level, generically
Jas = O(L) (6)

82

Once taking into account the above symmetry, we can write down the gauge invariant Kéhler

potential and superpotential, including the visible sector fields, proposed by

ty — o, Inty)?? — &y ta —aqlnt,)?
K = 3+ 170 ?3/? Sy o) 4 g‘tf;“ L 7@ Vad, + O,
b b
W = Wy + Ae " + 0(9?), (7)



where t; =T + 17 (I = b,s,v), and t4 = t, — 20gsV2a is the gauge invariant combination of
the visible sector modulus, p is the modular weight which determines the U(1)4 gauge boson
mass scale (§), and a4 (ay) is the moduli mixing parameter between ¢, (t5) and t,. Several
assumptions were made regarding the U(1) 4 sector. First, the Kéhler potential allows the limit
of vanishing FI-term, dr, K = 0. Second, there are radiative corrections to the Kahler potential
at one-loop level, which induce the moduli mixing between the visible sector modulus and the
large volume modulus, i.e. 4 — t4 — a4 Int,. Then the mixing parameter, ay = O(1/87%).
The first assumption plays a key role in achieving the D-term stabilization of T),. The idea
behind the D-term stabilization is that 7, becomes a part of the massive U(1) 4 vector superfield
[14]. The imaginary part of the scalar component of T, is eaten by the U(1)4 gauge boson,
gaining a mass through the Stiickelberg mechanism. The real part obtains the same mass from
the D-term potential. The U(1)4 gaugino and the fermionic component of T, constitute a
Dirac spinor with the same mass as the bosons. In the supersymmetric limit, the mass squared

of the U(1)4 vector supermultiplet is given by

2 92 2 2 2
o _[9aOKN [ o 0K\ /2930Gs
My = < 2 an> = <29A5GS o0/~ \ & /) (8)

where g4 is the U(1)4 gauge coupling. As [12], if p is 3/2,

MANMSt/87T2>>m3/2- (9>

Therefore we expect that the U(1)4 vector supermultiplet is much heavier than the remaining
Kéhler moduli and matters, which indicates that the massive U(1)4 vector superfield is fixed
mostly by following superfield equations of motion,

0K
m ~ —2(5(;38TUK ~ (. (10)

We can find the solution of (I0)) provided by the first assumption. Then, T, is stabilized near
the point with vanishing FI-term.

The second assumption turns out to be important in determining the pattern of soft terms.
In order to account for the effect on the soft terms, consider the soft scalar mass squared of ®;

given by

2 . _
mf ~ 3 (Vi + o Vipiite) — FT’FTfﬁTjﬁr»]« Ine 537, — qigleA (I =0,s,0) (11)

at tree-level of 4D effective SUGRA. Vp = e (KIJD[W(DJW)* — 3|W?) is the F-term scalar
potential determined by (), and Vypug is an additional uplifting potential needed to achieve
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a phenomenologically viable de-Sitter vacuum Vi ~ (Vi + Vipir) = 0. g4 D, is the auxiliary
D-component of the U(1)4 gauge superfield V4. The constant ¢ depends on the origin of
the uplifting potential. If Vipug originates from an anti-brane (or any SUSY breaking branes)
stabilized at the tip of warped throat, then o = 1. As a result, the vacuum energy contributions
are almost cancelled and the remaining contributions are much suppressed compared to (V).
On the other hand, if V4 is made by F-term uplifting, o is 3/2. In such cases, the first term
in the RHS of () is of the order

Lo —mg/Qt”_g/Q (12)
3V In(Mpi/ms)2) |

To evaluate the second term (modulus-mediated contribution) and third term (D-term contri-
bution) in the RHS of (I1J), additional terms should be specified. The matter Kahler metric Z;

is given by

7, = 2l _th Int,)) (1 + o(t;3/2)) . (13)

Here Y;((ta — falnt,)) is assumed to be expanded about (t4 — f41nt,) = 0 in positive powers

of (ta — Balnt,) to allow the vanishing limit of (t4 — S4lnt,) as [12]
Vil(ta = Balnty)) = Yi(0) + YV (0)(ta — Balnty)" + YV 0)(0a — Balnty)™ 4+ (14)

where n is the positive integer, and Y;(0), J/i(n) (0), Y+D(0),- - - are constants of order one.
Since the matter fields in visible sector are localized on the small 4-cycle, t,-dependence of
Z; can be understood by the argument that the physical Yukawa couplings should not have
power-dependence on the bulk compactification volume. Logarithmic dependence, however, is
allowed at the one-loop level. Hence the moduli mixing parameter 54 is also of the order of
1/872. The auxiliary components, F7» and g% D4, are determined dominantly by the superfield

equations of motion (I0),

87“ K ~ (tv — 25(}3VA) — Oy lntb -

' z 0. (15)

In the Wess-Zumino gauge, the component fields are given by

t, ~ aaslnt, (0 component),
FT
FTr ~ oy = Qamy), (F component),
b
FTo|? o
gaDs ~ aa = —A\m3/2|2 (D component). (16)
das | T dcs




As stated above, both dgs and a4 are generated at the one-loop level, and hence

1
2

bos ~an=0(55) = FT=0(52), gADa = O(mi). (17)

872
It is straightforward to estimate the order of the scalar masses using the auxiliary components
provided by ([3), (If) and (I7). We identify that the modulus-mediated contribution is much
smaller than m3 , :

FTo|?

Ly

)-o(i%) o

As a result, the soft scalar mass is dominated by the D-term contribution as

~ FTFT05,00 e 52| < 0((84 - o)

;A
m? ~ —6—Gsm§/2 = O(m%m), (19)

and this is one of the main result of our previous work [14].

We can interpret the result (I9) from the view of effective theory constructed by integrating
out T, and V4. In the effective theory, the U(1)4 gauge symmetry does not exist anymore,
hence no D-term contribution as well. The effect of D-term, however, is transformed to that
of modulus mediation, which originates from the effective Kéahler metric of light matter fields

(i)i — tiTo/dcs ®,,

Zieﬁ‘ _ Vi((aa — fa)Inty) <1 I O(tb—3/2)> ' (20)

I+qiaa/dcs
ty
The soft scalar mass squared is obtained as

qiC A
— m,. (21)

* —
m? ~ —FTpls Or,0r: Ine KJ3 zeft

GS

IIT. GENERIC FEATURES OF U(1)4 MEDIATION
A. Model-independent contribtuion

To make brief summary on the previous section, when the visible sector Kéhler modulus
is stabilized near the point with vanishing Fl-term, the SUSY breaking of the large volume
modulus can be transmitted to the MSSM sector by the one-loop induced moduli mixing. Its
effect appears as the D-term contribution, dominating soft scalar masses. The vanishing limit
of Fl-term is generic in string compactification [12, [16-18], but the form of moduli mixing

among the visible sector modulus and other Kéhler moduli is rather model dependent. That
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is to say that we need to figure out a model independent, i.e. moduli mixing independent,
soft term contribution of the U(1)4. In order to do so, let us suppose that there is no moduli
mixing, aq = f4 = 0. At first sight, the scalar mass squared seems to be much suppressed

compared to the gravitino mass squared, since from (20])
mf ~ —FTIFT; 87“[87“; In 6_K/32§H
— —F"FTi 97,0 In i(0) (1 +ot Y 2)) < O<m§ /Qt;?’/Q), (22)

where I = (b, s)". We claim that, however, there is model-independent one-loop corrections to

the effective Kéahler metric of light matter fields to yield

28" = 28l (1= eailnty) (23)

where Zf(ffme) is the tree-level effective Kahler metric, given by (20), and e4; is the constant of

O(1/87%). Accordingly, the soft scalar mass is not dominated by (22) but modified as follows.

m? ~ —FTIFT;8T18T; lne_K/?’ZfH

~

12

2
* m
—FTbFTb 8Tb8Tb* In <1 — €45 lntb) ~ —eAimg/Q = O( 87?1"/22> . (24)

Note that the values of aq, 84 are given by string-loop corrections, so they are not calculable
in 4D effective SUGRA. On the other hand, e4; can be computed from the U(1)4 vector
supermultiplet threshold at the level of effective field theory. As mentioned in section ([I)) the
massive U(1)4 vector superfield, referred to Vj, obtains the mass of (§) in the SUSY limit.
In reality, Vy touchs on the SUSY breaking superfield 7;, by means of mass interaction in the
Kahler potential, so there is small mass splitting among component fields of V. Then, Vi plays
the role of a messenger superfield in the visible sector. The MSSM sparticles are communicated
to the large volume modulus 7}, through the loops of V, and have soft masses as ([24]).

To be more specific, let us fix the modular weight p. In fact the D-term mediated soft scalar
masses are not affected by p, and that’s why we did not care much about that in the previous
work [14]. However, the mass spectrum of the U(1)4 vector supermultiplet is highly dependent
on the value of p, hence €,4; and induced soft terms are also influenced by p. If the visible sector

4-cycle is stabilized at a geometric regime, it is natural to fix p at 3/2 such like the Ké&hler

T In this case, we must add soft term contributions from the string dilaton and uplifting potential, but it turned

out that their corrections are less than or similar to the value given by (22)) [12].



potential of Ty in (Il). In a singular cycle regime, we might lose the analogy to T, but it is

quite plausible that the analogy is still valid even in that case. So, we set

p=3/2. (25)
As we will see in next section, the corresponding soft scalar mass squared (24]) is given by

9Aq;
1672

AM.I.m? = - \m3/2|2. (26)

There are also such contributions for gaugino masses and A-parameters. We call these soft
term contributions “model-independent contributions” of the U(1) 4, in the sense that they are
independent of the specific form of the moduli Kahler potential.

Implication of the model-independent contributions is that (26]) provides the lower bound
of soft scalar masses, |m;| 2 mg//4m, (unless the model-independent contribution is canceled
by the additional model-dependent string-loop correction), so that the gravitino mass should
not exceed more that the scale of (multi) TeV if the weak scale SUSY is realized in nature.
Further, since the mass squared of (20]) is negative for any nonzero U(1)4 charge assignment,

(28) should not dominantly contribute to the MSSM squark and slepton masses.

B. Model-dependent contribution

As being noted above, the model-independent soft terms of the U(1) 4 are potentially prob-
lematic. However, in [14], we have already argue that the D-term contribution induced by
moduli mixing can dominate over the model-independent contributions. Such a non-trivial D-
term is originated from the non-trivial Kahler potential of T,,. Based on the viewpoint of moduli
mixing between the visible sector modulus and the other SUSY breaking moduli, the visible
sector modulus can be mixed not only with the large volume modulus at the one-loop level, but
also with small Kahler moduli at the tree-level. Such model-dependence can be accommodated

by generalizing the model () as follows.

(ts —aslntb)s/z —§a/ i (tA —aAlntb)2 5 AK(tsl,"'tsns,tA,OéAlntb) —fa/

£ 2t/ £/ ’
Wy + Ae s Wy + Z Aje_ajTSj, (27)
j=1
where t,; = To; +T5; (j =1, -+, n,), n, is the number of small Kihler moduli, and n,, moduli

of them have non-perturbative terms in the superpotential. Even though a number of Kahler
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moduli are allowed in (27]), all the U(1)4 neutral Kahler moduli would be stabilized by the
SUSY breaking effect so their masses will be around ms/, which is much smaller than the mass
of V. Therefore we still make use of the superfield equation (I0) to evaluate F-term of T, and
D-term of V4 as functions of the light moduli F-terms. Then,

Ffo = —eK/2KIj(DJW)* ~ Z _ (W) FTr

I:b7817"'8nw aT'U 8T; AK
1 aT aT*aT AK .
2D, — —2nl K, ~ _(IJ—U)FTIFTJ7 ’s
galla gan K I,J:b,;,..-snw,v das \ On,0r:AK (28)

where n! = {dgs, —¢:®;} for {T,,®;}, n* = 0 for Ty, Ts1,*+,Tsn,- The modulus and D-
term mediated soft scalar masses are determined by (1) and (28)) after stabilizing the light
moduli. Depending on what types of moduli are mixed, the order of each contribution will
be different and can be compared with the model-independent contribution.! Notice that for
the D-term contribution, there is the enhancement factor 1/dgs of O(87%), so there might be
interesting contributions to the soft terms. We have attempted to estimate (28)), and its effect

on the soft scalar masses for generic moduli mixing by assuming that AK ~ ty; ~ ¢, = O(1),

O, AK ~ AK/tr for I = {sl,---,sny, v}, and Or, AK ~ asAK/t,. Then,

FT  FTy
te gy
Tb 2 Tb T*. TS- 2
9 ay | F g FHo Frsi kj | Fsi
PADy ~ -2 T (&b-—— +h.c.) L : 29
A das |t Toas ty g das | tsj (29)

where ky;, k; are order one. If we take that )V, = e K/37, is also the generic function of tsiy o,

and oy Inty,

2 2

, (30)

T Tsj

sj

FT FTs

+ )\bjOéA (—

— FIF7 0,05 e 5372 ~ Ny
ty s

+ hC) + >\j

b
where Ay, Ap;, and A; are order one. In this naive estimation, soft scalar masses seem to be
dominated by the D-term contribution whether a4 = 0 or not. However, this is not always
true, since AK is not a generic function of small moduli. Let us consider a simple example

suggested in [5]

AK = <t1 — 5GSVA> i + \/5<t2 + 5GSVA) 3/2>

W = Wy + Ae~oli+12), (31)

! Tt is noticed that the absolute SUSY breaking scale determined by || F||? ~ |K;;F'F"" | should be distin-
guished from the soft SUSY breaking mass scale determined by || Aym? || ~ |FLFT 8;0;7 In(e~5/3Z;)).
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where t; = T; + T} (I = 1,2) are small cycle moduli, charged under the U(1)4. We change the
basis of small moduli into the U(1)4 neutral modulus Ty = T} + T», and the so-called visible
sector modulus T,, = T} — T». In this basis, [31]) is rewritten as

AK = 21%(16 n tA>3/2 n %(t _ tA>3/2,

W = Wy+ Ae %, (32)

It is noticed that in the K&hler potential of ([B2), there is no moduli mixing between T, and Ty,

but nontrivial mixing between T, and Ty exists at the tree-level. From (I0) and (28], we have

FTv  F1s ms3 /o ms3 /o
t, ~ 2t./3, —:—:O(—):O( ) 2Dy = 0. 33
/ t ts In [ Mpy /i) 872 Jaa (33)

The value of F™=/t, is given by [3). The U(1)4 D-term, induced by moduli mixing, is rather

suppressed. Consequently, the model-dependent soft scalar mass squared (Il is estimated as

m2
Anipm? ~ —| 207, 07 In Vi(ts) = O (\FTv /tvf) - o( ( 87:’2/;). (34)

Proceeding from what has been said above, it should be concluded that the model-independent
contributions (26)) still dominate soft scalar masses, even though the non-trivial moduli mixing
exists. In (IVB)), it is shown that the patter of ([B4]) is generic in case that all small moduli
are stabilized by non-perturbative superpotential (n; = n,,), and there is no one-loop induced
moduli mixing between T, and T}, (esx = B4 = 0). Thus it points out that there should be
additional soft term contribution from the matter sector (e.g. gauge mediation which is not

covered in this paper), dominating soft scalar masses.

IV. SOFT SUSY BREAKING TERMS IN D-TERM STABILIZATION

Up to now, we have discussed possible types of soft SUSY breaking terms through the
U(1)a mediation. In what follows, we will provide more concrete formulae of the soft terms
discussed in section ([II]). Because the stabilization procedure of light fields, and induced soft
term contributions are rather clearly described by effective theory, we will construct the effective
action by integrating out the massive U(1)4 vector supermultiplet. After that, the soft terms
will be analyzed in details.

Begining from the generalized action discussed in ([IIB]), there are n, + 2 Kahler moduli.

Among them, one modulus 7}, has the large vacuum value, and the rest of n, + 1 moduli remain
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small. The small moduli are classified into one visible sector modulus 7, charged under the
U(1) 4, ny moduli Ty, - - -, Ty, which have non-perturbative superpotential, and ns—n,, moduli
Tony+1, s Lsp, which do not have non-perturbative terms in the superpotential. The visible
sector matter fields ®; are localized on a small 4-cycle whose volume is described by 7T,. The
holomorphic gauge kinetic functions of the U(1)4 and the MSSM gauge groups are referred to
fa and f, respectively. Then, the Kahler potential, superpotential and gauge kinetic functions
are given by

AK(t,,ta, aqlnty) — o

£/

K = —3Int, + +O(t,?) + Z;01*1VAd; + O(D),

N 1 .
W = W(] + Z Aje_ajTSj + gkz]k(Tsybzq)jq)k + O((I);l)u

j=1
fA = kATv + fYA(,—fs)u fa = kaTv + Va(i) (35>
where
tr = T+ 17 for I =0b,s1,---,sng4v,

g: g1, 5 Gns for g:t&Tsu
Vi(ts,ta, Balnty)
Ly

Zi - Zi(t_;atAatb) = <1 + O(tb_g/2)) ’ (36)

and k4, k, are fixed by GS anomaly cancellation conditions,
1
472

1
3 _ E : 2 —
Ei q; = kadas, A2 2- ¢i'Tr(T, (®:)) = kadas, (37)

where dgg is encoded in the gauge invariant combination t4 = t, — 20gsVa. We follow the
normalization convention of [14], so that the orders of each constant are given by

1

82

ar, s an, = OB, & =0(1), kaa=0(1), das ~ s~ Ba = O( ) (38)

Because we are taking bottom-up approach, we can not determine the moduli dependent func-
tions %(fs), )\ijk(fs), and Y, (t,,ta, Balnt,) whose explicit forms are given by underlying string
theory. Although their specific expressions are required to calculate the soft SUSY breaking
terms, the order of their contributions can be estimated under the assumption that the func-
tions depend on T, in two ways. One way is that the visible sector cycle is sequestered from the
cycles whose volumes are described by fs, that ¥4, Aijx, and ); are independent of fs Another
way is that those cycles are not sequestered from each other, so v,, Aijr and Y are of the same

order of T,; multiplied by the derivative of them with respect to T§;.
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A. Effective theory

Firstly, let us decompose the U(1) 4 vector superfield as V4 = Vy+ Vi, where Vy is the heavy
vector superfield, and V{ is the background superfield defined by a solution of the superfield

equation of motion,

oK _
— = O(D*D*V}). (39)
OValy,—v,
Ignoring the part of the supercovariant derivatives, the Kéahler potential is written as
1 0°K
K=Kly,v, *5 57 Vi +O(Vip). (40)
A VA=V

By integrating out Vy in a supersymmetric way, we get the tree-level Kahler potential, where

Vj is substituted, as well as the Coleman-Weinberg type Kéhler potential at the one-loop level
[19,120]. Thus the effective Kéhler potential is given by
M3 M3

K = K|VA:V0 + 167T2Trln My

where e = 2.718... is Euler’s number, M? is the mass squared superfield for the U(1)4 vector

+ (two-loops), (41)

superfield
2 Ga0’K
2=

(42)

and M2, is the cut-off superfield which will be specified later. To proceed further, let us define

several superfields as functions of Vi,

5GSAK/(£;, tA, A lntb)

gFI(VA) - t3/2 ) M?natD(VA) :inAi¢z<62quA¢ia
b
SR AK" (T, t4, aqlnt = e o
Mi(Va) = =68 (ts/{‘ ) A (V) = 22V, (43)
b

where ¢;Z; = i Z; — 6asZi, and 2 Z; = @2 Z; — 206sq; Zi' + 044 Z;". Here, the primed notation
denotes the partial derivative with respect to ta, i.e. f' = 0f/0ta, f" = 0*f/0t%. The subscript
‘matp’ of M2, stands for matter fields contribution to the D-term. For the model of (35,

matp

up to leading order in the volume expansion, ([B9)) is equivalent to

&ri(Vo) — M2y, (Vo) = O(D*D?Vy). (44)

matp

And the mass squared superfield (2] is given by
M3 = 263 (MBs(Vo) + M2, (V). (45)

14



Comparing with (&), the expression (45) includes the contribution from the charged matter
fields. In order to realize the D-term stabilization of T, such matter contribution should be

small and treated perturbatively. Therefore we focus on the region :

Mg > My, (46)

at»

where Mgy = (Mgg) and M2, = (M2

mat mat

). (46) implies that the Stiickelberg mechanism domi-
nantly determines the U(1) 4 gauge boson mass, i.e. M3 = (M?) ~ 2¢% M2®. If there happens
to be no cancellation among various terms inside M2, . the orders of (M2, ), (M2,,;) and

M2, will be the same. In this case, we can solve (4] perturbatively by decomposing Vj into

Vo + €, where vy is the zeroth order vector superfield which is determined by the moduli sector :

&rr(vo) = 0, (47)
and e is the small expansion parameter determined by vy as follows

Er1(vo) — M, (v0)
e=Vy—vy = % <Mé3(vo) +M?nat(vo)) (1 + O(< 6))

() (1o (52)
= —— 1+0 - . (48)
2\ Mgs Mis
where we have omitted vy dependence in the last line for the simplicity. Then, up to the order
of M2,/ MZq, the background superfield Vj can be expanded by

mat
‘/E) _ 1 (tv - t(1)4 . M?natp) (49)
2 6GS M2GS ’

where % = t%(ﬂ, asInty) is the solution of
AK'(t,,1%, aslnty) = 0. (50)

We assume that the solution actually exists inside or on the boundary of Kahler cone. After
integrating out Vy, the light degrees of freedom can be described in the U(1)4 gauge invariant
field basis. With the matter field redefinition ®; — e~%7+/%es®,  the one-loop effective Kihler
potential (41]) is given by

AKeg — Eo

K = —3Int, + T +O(1/t))
b
,Zeffqﬁq),y % M2
70, — WEE V)T () o (Ta Mo o4, 51
vz - W (10 (4, 20 ) ) vo@. G

§ Of course, we have to show that the matter fields are really stabilized far below Mgs. However, this is
rather model-dependent question involving details of the matter sector. Since we concentrate on the soft

term contributions from the moduli sector, matter field stabilization will not be covered in this paper.
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The one-loop correction gives

. 252 N 2 2M2
AK.g = AK(tS,t%,aAlntb)+g§—§SAK//(tS’t?4’aAlntb) m%,
. 22 7k, 1%, 1) . 203 M2
78 = emuth/ocs | 7 (i 4O 1) 4 JAL T e PA ) ) 2IATGs 52
7 € ( ) VA b) 87T2 M%\/ ) ( )
where
QZZZCH == e_qit%/(scs (qZZZ(t_;7t?47tb) - 5GSZi,(t_;7 t0A7 tb))?
G2t 0 1) = @7 ZiEe 1% 1) — 206802 (B, 1%, 1) + 08 Zi" (Fay 15, ). (53)

The effective superpotential and gauge kinetic functions are

Ny 1 .
WCH = W() + Z Aje_ajTSj + §>\Uk(Ts>(I)Z(I)j(I)k + O((I);l)v

=1

FE = 4, (T)), (54)

where £ is obtained by adding the anomalous pieces generated from the matter fields redefi-
nition.
Let us illustrate the form of Z& in more detail in order to clarify the model-independent

contribution. We consider the model of (7). AK and Z; are given by
AK(t_;,tA, A hltb) = (ts — Qg lntb)3/2 + (tA — p lntb)2/2,
1 n
Zitsstaty) = — (D4(0) + YV (0)(ta — aalnt)” + O((ta —aalnty) 1)), (55)
b
where n is the positive integer. In this example, we set ay = B4 which implies that Int-

dependence of the matter Kéhler metric comes only from moduli redefinition. (43) and (50)

yield Mg = 624t */* and 19 = a4 Int,, respectively. As a result,

: 0 2 2 2 252
L { /)5 1 A0y, S9a%Cs ) (56)
tb qixA /OGS 87‘(‘ M%th

The effect of moduli redefinition is encoded in the prefactor of the RHS of (56]).

Now, we should specify the cut-off superfield M3, in order to determine the model-
independent contribution. We might choose M3y so that (Myy) ~ Mgying. However, the
cut-off scale as a “superfield” is rather subtle from the 4D effective field theory point of view.

/2

There is no reason to take My, ~ tb_3 . By performing component calculation in appendix

([A), we find that M?,, ~ t; ! is correct choice regardless of moduli redefinition. In (&), it is
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identified that the tree-level mass splitting of the U(1) 4 vector supermultiplet is given by (A4]),
(A3)). Through the vector supermultiplet loops, the matter sector soft terms are generated. In
the superfield approach, this is equivalently related to the mismatch between Mzq and M%,;,
so that at the one-loop level the matter Kahler metric depends on the large volume modulus

Ty as follows

off 9@ | Mg 944;
Zi Zz(tree) (1 + ]2 In M2 ) Zz(tree) (1 - 1672 1 tb) (57)

eff
where Z; (tree)

= Vi(0)t; "T4/%53) ig given by ([@3) and (B6). Induced soft terms are the same
as those evaluated in the component Lagrangian.

We might infer the UV scale (Myy) = Myy from a running gauge coupling constant. The
Kaplunovsky-Louis formula for the physical gauge coupling [22] is given by

1 by | efBME Tr(T?(®)))

Tr(77(G))
Re(fa) + 1672 n 2 82

—K/3
Ine /%00+——§§——m9 (1),

(58)

where b, = > Tr(T2(®;)) — Tr(T,(G)). The combination of e=%/3Z;(11) ~ Y; is nearly indepen-
dent of t, at leading order. Thus in the large volume limit, the effective UV scale at which the
gauge couplings start to run is neither the string scale My ~ Mpltb_g/ % nor the Planck scale, but
rather the winding scale K/ Mpy ~ Mp]t_l/ 2 [23]. If the holomorphic gauge kinetic functions
fa are universal as a consequence of GUT, the phyiscal gauge couplings seem to be unified at
this scale. On the one hand, when the Planck scale is introduced in the superpotential as the
natural suppression scale of higher dimensional operators, the physical suppression scale is not
the Planck scale, but scales to e®/%Mp, due to the canonical normalization of the matter fields.
With these considerations, we naturally expect the “effective” cut-off of the visible sector is

Myy = e"X/0Mp, ~ tb_l/ 2, and the corresponding cut-off superfield,
M2y = eKBM2 =t ( Lo, 3/2)) . (59)

Again, we should address that the moduli-superfields dependence of M3, is not explicitly
determined by the real cut-off scale of the effective SUGRA given by underlying string theory.
In the language of component calculations, the scalar mass contribution from loops of the
U(1)4 vector supermultiplet is the threshold correction generated at the scale of the U(1)4
vector boson mass. Therefore, the real cut-off of the theory does not play the crucial role to

determine the value of model-independent scalar masses as long as the cut-off scale is sufficiently
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bigger than the scale of the U(1) 4 vector boson massY. Such UV-insensitivity of the correction
is the same with that of gauge mediation, where the soft masses are generated at the scale
of messenger mass and the UV cut-off scale of the theory is not important. However, we also
notice that depending on the cut-off scale of the effective theory, there might be additional
string-loop correction which cancels the model-independent contribution obtained by (&1). If
cancellation is exact at leading order, the soft scalar masses can be further suppressed compared
to the gravitino mass. Therefore evaluating such string contributions is very important. Since
the calculation is beyond the scope of this paper, we just mention its importance.

It is straightforward to stabilize light scalar fields by minimizing the effective SUGRA po-
tential constructed from (&1I) and (B4)),

VE = efen (KgfijIWoﬁDj off — 3‘WCH|2> ' o

The light Kahler moduli will be stabilized in the same manner as usual LVS models. The one-

loop correction to AK®E | is actually three-loop suppressed, since dgs = O(1/872), so negligible

mod
for moduli stabilization. The moduli F-components are mostly determined by vacuum values

of the scalar moduli, where the F-term is defined as
Pl = —eRea 2T D W (61)

Those F-terms play the role of the SUSY breaking sources for the MSSM sector.

B. Soft SUSY breaking terms

We are now ready to calculate the MSSM soft terms induced by moduli stabilization with
the U(1)4. For the action described by (51) and (54]), the MSSM soft terms take the form
1 aya 1 2 2 1
Loty = _§Ma)\ A" — 5 |pil” — gAijkyiijSigijSk + h.c., (62)
where )\, and ¢; are canonically normalized gauginos and scalar components of ®; respectively,
Yijr denote the canonically normalized Yukawa couplings,
Nigi (T5)

, (63)
N

Yijk =

¥ As we can see in ([A]), the additional quartic term which depends on the cut-off scale can emerge at one-loop

level, but this term does not contribute to the scalar mass.
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and the soft SUSY breaking parameters at a scale just below M4 are given by [24-2§]

Ma 1 I off —Ko/3 rreff Aanom.]\4a
g—g = §F affa ZTI‘ F& ln( o/ ZZ )+T,
2 .
mi = Vi = FIFT 9,051 (7P Z") + Avwom?,
Aiju(Ts)
. I igk\Ls
Aijk — _F 8] ln <€_K0Z5HZ;HZ§H> + Aaunom.félijka (64>

where Ky = Keg|o,—0 and I = Ty, 7:5 The additional contribution to the soft parameters,
denoted as Aunom. Ma, Aanom.m7 and Agpom. Aijk, represents the anomaly mediation [28] in which

the induced parameters are proportional to

1 )
gKIFI‘ < O(mg/th 3/2> (65)

‘m;n +
multiplied by additional loop suppression factors. Those contributions are strongly suppressed
with respect to the prior contributions in the large volume limit due to the no-scale property
of the leading order scalar potential, so we neglect its effect from now on. By substituting (52])

to (64), and expanding in powers of 1/t,, g%/87%, and dgs, the leading order contributions are

obtained as follows.

Ma gAqa * 1 ' 0
1=T,,T
1 9 qz
- @ZTr(Tf(CDi)) > Flo (1 Vi + A In 2AK”) :
i I=Ty,Ts
2 931@1-2 2 4 1T 931‘1'2 2
~ 1 _ L 7 "
mi = = lmaplt+ Y FIF00; ( sgta Y- 35 IngyAK ) (66)
1,J=T,Ts
20,2 2 2 2,2 2 2
gA(qi +q;+ qk) I ( )\ijk gA(Qi +4q; + Qk> 2 //)
A Min g — F'o; { In — Ing7AK" ).
Ik 1672 3/2 I:%):f ! ViV Vi 82 94
where

ZQ2TT ), Yo="a(Ts),  Aigr = Aig(T3), 9 = t54(E, aulnty),
YV, = e‘KO/gZi(ts, % ty) = Vi(ts, 1%, Balnty), AK" = AK"(ty,t%, aslnty). (67)

For each soft parameters in (6]), first terms of the RHS are the model-independent contributions

induced by the U(1)4 threshold correction. These contributions are estimated as

Saath = O((). s =0('52), swn=0(2). s
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On the other hand, the remaining contributions are determined after specifying the forms of

Yay Nijis Vi, AK” and t%. The soft terms which depend on t are easily understood from (49 :

M2
Ffv= Y Flo (t%+5es M“;)
GS

I=Ty,,T;
2
7 qi Mma
—qgaDa = Y F'F00; (@t% + Gi M2tD) : (69)
I,J=T,Ts GS

In the perspective of UV theory, they are identified as the modulus and D-term mediated soft
masses induced by moduli mixing. In (66]), the contributions from the SUSY breaking of matter
fields are not included, because we focus on the soft terms generated from the moduli sector at a
energy scale just below M 4. In the effective theory, matter contributions come from the higher
dimensional operator of (&Il), and can be included consistently. Their contributions should be
critical in the case that the effect of moduli mixing is suppressed.

In order to estimate model-dependent contributions, let us look at the following cases. First,
consider the case when there is no moduli mixing and the visible sector is sequestered from the

other moduli sector. Then, v,, Aijk, Vi, AK” and t% are independent of T}, T.. As a result,
Ao Mo = O(mayaty, ™), Ay m? < O(minty ™), Ay Aije = O(mayat, ™). (70)

The model-independent contribution dominates overall soft terms. The second case is that the
visible sector is still sequestered from the small moduli sector, but the one-loop induced moduli
mixing between the visible sector modulus and the large volume modulus [13, [14] gives rise to
t% ~aslnty, Vi ~ Vi((aq — Ba)Inty). Then, gaugino and sfermion masses are dominated by

the model-dependent contribution :

2 2 T 2
2 ga gakaoa 70 gakeora
Aﬁ)D mf ~ &FTbFTfﬁTbﬁT*t% ~ —qiaA|m3/2|2, (71)
- das b das

whereas the model-dependent contribution to A-terms might be comparable with the model-

independent contribution :

o
AP A ~ —FT0, In 294
M. Sk VY
~ — 3 In V()Y (t t . 2
(04 = Bams (A VY, (000)) (72)
The resulting model-dependent contributions are estimated as

msz/2 msz/2

AR M = 0(55), Afpm? = 0mdn), AR, Ay = O(T5). (73)
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The third case is that there is no one-loop induced moduli mixing with the large volume modulus
(vqa = Ba = 0), but the visible sector is not sequestered from the small moduli sector. Hence
{Va, Nije} and {Y;, AK”, t%} are generic functions of T, and £, respectively. Most controllable
situation is that ngy = n,, i.e. the number of small moduli is equal to the number of non-
perturbatively generated terms in the superpotential. In appendix (Bl), we show that due to
the no-scale property of the Kéhler potential, the leading order F7% /t; are universal as

Fsi Mgy (3 1 ) m3/2 ,
= —+0(—) :o( ) for j =1, -, n = ny. (74
ty  In|Mp/msp| \4 In | M1/ ) 82 J (74)

At first sight, the model-dependent (D-term) contribution to the soft scalar mass seems to be

comparable with the model-independent contribution by following estimation.
2
M3/2
) :O<87T/2>’ (75)

where 1/0as = O(872), t,jts0y,, 0, t% ~ t% = O(1) according to our normalization convention.

A 2
N PRI 00,5(F) = O(i m

5GS
I,J=T;

AMDm

5GS

s

However, this is not easily achieved. The no-scale property of the tree-level Kahler potential
imply that AK(M;, Ma) =~ N/2AK(t,,t4). So, the solution of (B0) (AK'(t,t%) = 0) also
scales as t9(\,) = A% (f,). Then, the leading order contributions of (75 cancel out :

Ts |2

> FIF19,0:9(t,) ~ ‘i s > (tsjtskat (%sktA) =0 (76)

1,J=T; tsjstsk

thanks to the universality of F'/t, and the scaling behavior of t% at leading order. Conse-
quently, the D-term contribution is at most of the same order as the model-dependent modulus

mediated soft term. Thus,

AP M, = 0<M) AD 2 = o(gni) AL Ay = 0<m3/2). (77)

872 8m2)2 82
For gaugino masses and A-terms, the model-dependent contributions are of the same order as

those of the second case,

AD M, ~ QAZFTS@T (3a(T8) + Kt (2))

FTsa'aTsj (%(Ts) + kJ%@)) FTa o m3/2
=0 (i)

- _; 2Re(Va(T5)) + kat (£ tsj Mpy/mss)
Aid FTSj ms/o
AD A~ =S FTiop In =20k o 2(9(#)’ 78
M.D. Sk EJ: T YViViV ls; In(Mp1/msg)2) (78)
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where we assume that v, (T5), Vi(f,, 1%(%.)), )xijk(fs) are generic functions of 75, in the sense
that o0, (1a(T)) + kath(E) ~ (a(Th) + katS(E))s tudr, ViBot4(E)) ~ Vil t4(E).
tsjaTsj)\ijk(ﬁ) ~ )\Uk(ﬁ) Look at the final case when ng > n,, so that some of small moduli
do not admit non-perturbative superpotential. In such a case, the moduli might be stabilized
via several corrections to the Kéhler potential which break no-scale structure |29, 30]. Even
though the situation is less controllable, we generally expect that if the moduli are stabilized
by the Kahler potential, the corresponding F-terms will be of order of ms/,. Unlike the third
case, there is no scaling property or symmetry to suppress the D-term contribution, and 1/dgs
enhancement effect with respect to the ordinary modulus mediation will be realized. Therefore,

we expect
Alp M, = O(msp),  Apm? = 0@87*mi,), Ay Ak = O(msy), (79)

and these contributions dominate overall soft terms.

V. CONCLUSION

To conclude, the central to this paper has been the study of soft term structure of the
LVS models in which the visible sector Kahler modulus is dominantly stabilized by the D-
term potential of the anomalous U(1) 4 gauge symmetry. This analysis has led to the following
observations : Regardless of the detailed form of the Kéhler potential, there are unavoidable soft
term contributions coming from the U(1)4 vector supermultiplet threshold correction. These
model-independent contributions are of the order of mg,, /4m for soft scalar masses, ms/»/(872)?
for gaugino masses, and mg/,/87* for A-parameters. However, the corresponding soft scalar
mass squares are negative for any non-zero U(1)4 charge assignment. In order to prevent
charge and color breaking of the MSSM sector, the additional model-dependent contributions
must be needed. We get such contributions from the moduli sector. As studied in [14], the
moduli mixing between the visible sector modulus and the large volume modulus in the Kahler
potential provides sfermion masses of the order of ms/,,. But, if the visible sector modulus is
mixed only with small moduli stabilized by non-perturbative corrections to the superpotential,
the corresponding model dependent contribution is of the order of mg/,/ 872. In this case,
we still need an additional contribution from the matter sector to compensate for the model-

independent sfermion mass squared.

22



An inevitable consequence of our paper is that due to the model-independent contribution,
in order to obtain TeV-scale gaugino mass, the gravitino mass ms,, ~ |W0|tb_3/ ? is bounded
from the above by the scale of the order of 10GeV. This means that if the effective UV scale of
the visible sector Myy ~ .Mpltb_l/2 is identified as the GUT scale Mgyt ~ 2 x 10'5GeV, the flux
induced superpotential W, should be much smaller than the value of O(1). In other words, if
Wy is given by O(1) so that mgs ~ 10" GeV for Myy ~ Mgy, we need to fine-tune the visible
sector model parameters to get correct orders of soft terms. So there is still a tension between
the natural large volume scenario and the idea of grand unification. Of course, this conclusion
can be wrong, if there are additional (model-dependent) string-loop corrections which cancel
the above model-independent contributions. Since the detailed calculation should be performed
in string theory, we leave it as a further work.

In this paper, we did not discuss stabilization of D-flat directions. As a remnant of the U(1) 4,
there is anomalous global U(1)pq symmetry for the D-flat directional light matter fields. Since
the U(1)pq should be spontaneously broken above 10°GeV by astrophysical considerations [31],
in [14], we introduced the PQ sector which consists of the U(1)4 charged but the SM singlet
matter fields. They dominantly break the U(1)pq and the QCD axion [32-34] is generated.
Similar approach can be made here. After that, we can estimate the soft SUSY breaking
terms coming from the PQ sector. They might be keystones when the moduli mixing effect is

suppressed and the model-independent contribution dominates soft scalar masses.
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Appendix A: Model-independent soft scalar masses

Starting from the Ké&hler potential and superpotential given by (33]), let us try deriving the

scalar mass squared (26) at a component level. In order to see the effect of the U(1)4 threshold
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correction clearly, we only consider a single small modulus and matter superfield, and take AK,
Z; and W as simple as possible. However, we allow the loop-induced moduli redefinition of the

visible sector modulus as a probe for model-dependence. Then,

( 3/2 — fa/) + (tA — iy In tb)2/2 _ (I)IQQQiVA(I)i
K = —3lnt, + t3/2 +O(1/tb3)+T,
b
W = Wy + Ae %, (A1)

The large volume modulus 7;, and the small cycle modulus 7} are stabilized in the usual manner.
In this background, we can extract the effective tree-level Lagrangian for component fields
of T, ®;, V4. Since the background spacetime is nearly flat due to the no-scale structure of
large volume stabilization, the leading order Lagrangian can be derived in flat spacetime limit.

In other words, we neglect any soft terms of the order of Am; ~ m3 /215;3/ 2

and possible
gravitational effect.
The tree-level Lagrangian for the canonically normalized component fields is written as

follows.

1 - _ _
‘Ctree = 5 <tthv + QPUDQOU) + gerQSz + i(@/‘vbva-uau"vbv + 5u¢i5”¢z’ + au)\Aa-M)\A)

1 1
- ZFWFMV 3 (2931(M(2;S + qz‘2|¢i|2)>AuAu +J4 A

2
~ ((VBgaMas)buha + (VBgiida + b ) = 2 (VaMast, — alof?)

1 1 «
- —m3/2¢5 +he | + —mg/gt?, + —Am§/2 V2Mest,, (A2)
4 4 das

where {t,+1i¢,, 1, } is the visible sector modulus supermultiplet, ¢, and ¢, are the real part and
the imaginary part of the scalar modulus respectively, 1, is the fermion component, {¢;, ¥;} is
the chiral matter field supermultiplet, ¢; is the complex scalar, v; is the fermion component,
{A,, A4} is the U(1) 4 gauge supermultiplet in the WZ gauge, A, is the gauge field and A4 is
the gaugino, the U(1)4 current J = (qi@i(r“@bi + iq;(pF 0" ¢y — PO F) + \/§MGS0“Q0U>, and
finally Mggs is the square root of the vacuum value of MZq in [@3) : Mgs = 5GStb_3/ *

The first three lines of (A2]) represent a supersymmetric part of the Lagrangian, while the last
line is induced by the SUSY breaking of the large volume modulus 73. Note that the modulus
t, has a soft mass squared of the order m3 /2 whereas the matter field ¢; does not have such
term. This difference can be easily understood as follows. Since the matter field is localized on
the MSSM 4-cycle, the Kahler metric of ®; is suppressed by tb_l as in [A2). Thus, the SUSY

breaking of T}, is not transmitted to ®; and no soft terms are generated at the tree-level. On
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the other hand, the Kahler metric of T, is suppressed by a inverse power of the Calabi-Yau

/2. In this case, due to the additional suppression factor tb_l/ 2

volume tb_3 , sequestering does
not work. The resulting SUSY breaking mass squared is of the order of |[F"»/ty|* ~ m3,. The
SUSY breaking Majorana mass term of i, also comes from the Kahler potential for the same
reason. The linear term of ¢, which is proportional to a4 originates from the moduli mixing
term, (t4 — aqlnty) in the Kéhler potential.

The mass squared of the U(1)4 gauge boson A, is given by the supersymmetric contribution,
294 (Mg + ¢?|¢i*). We want to consider the case that the gauge boson gets its mass mostly
from the Stiickelberg mechanism, i.e. M&q > ¢?|¢;|?. In this limit, one-loop correction to the
scalar potential is generated as follows.

4 2

1 M3
- 1l trM? + ——StrM? (In o — 2 A
Togm L ¥ G S M St <HA2 2)’ (A3)

A‘/I—IOOP((bi) =

where A is the cut-off scale which is independent of ¢;, and M? = M?(|¢;|?) is the ¢; dependent
tree-level mass squared matrix for A,, t,, ¢;, ¥,, A4, and ;. Since the visible sector is
localized on the vanishing cycle, the natural cut-off scale of the 4D effective field theory is
the string scale, A ~ Mging ~ tb_?’/ * The mass of the U (1)a gauge boson is of the order of
Mag ~ 5Gstb_3/ RN string/ 872 which is quite below the cut-off scale, so we can safely calculate
the one-loop correction of ([A3)) including all fields discussed above. In [35], it was argued that
in the case of D3 branes at orbifold singularities, the cut-off scale is given by the winding scale
AN ~ Myinga ~ tb_l/ % which is much bigger than the mass of the U(1)4 gauge boson. For all
cases, the U(1)4 vector superfield can be included in the effective field theory. In order to see
the cut-off dependence of the soft terms explicitly, we do not fix A as a specific value during
calculation. After calculation, we will discuss its effect on the soft terms.

If we ignore the SUSY breaking terms specified in the last line of ([A2]), the vacuum will be
described by D-flat condition, v/2Mgst, = ¢;|#5|?>. Then, a complex scalar field which spans the
D-flat direction, and a linear combination of v, and 1; which does not appear in the third line
of (A2)) remain massless. Masses of the other fields are all the same as 2¢% (Mg + ¢?|¢:]?), and
hence (A3)) is vanishing. Now let us correctly count the SUSY breaking terms. By diagonalizing
%,

M?(]¢;]?) and expanding the mass eigenvalues in powers of ¢?|¢;|*, we get the following mass

squared spectrum at the leading order. For bosons,

Ay M3 =263 (MEs + q?loi?),

25



L qlel?
tv . ME _MA 3/2 (_— y

2 QMCQ;S

2 2
. M2 = —m? KiaZ M A4
¢ @i ULEYD) ( Sas + 2M(2}S ) ( )

and for fermions,

AL ME = M2 I, M 1 qz'2|¢z'|2
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o 9 M 0| @il
2 Mj, =0 <7Més , (A5)

where A\, \% are the mass eigenstates of the heavy fermions. In this mass spectrum, the SUSY
breaking effect induced by the last line of (A2)) is reflected on the terms proportional to msg/s.
Although (A4)) and (AZD) are evaluated directly from (A2), one can calculate M7 from the
tree-level effective scalar potential of ¢; in which ¢, is integrated out along the D-flat direction,
V2Mgst, = ¢;|é5)?. Then, the effective scalar potential Vig(¢;) = —(giea/das)m3 ol ¢l* —
(M3 ),/8MEs)a?|¢sl* and M3, = 0y,04: Ve (¢i) = —m3 )y (Giva/das + a7 |¢s]? /2MEg) is obtained.

It is straightforward to calculate AV)_j,0p by substituting (A4)), (AZ) to (A3]). There is no
soft mass contribution from A?StrM?/647%. However, the last term of the RHS of (A3),

M2
6 In—7% 3/2A2
1 M3 L M LM M3,
= o3 <3MA1 e A2+M In s = 2My, In s —2M} 0
1 4 Miz 4 Miz
6472 (M@ A2 iln A2 ) (A6)

should be carefully treated. Notice that the masses of heavy fields (A,, ¢,, and )\f) are
independent of a4, i.e. independent of moduli mixing. Thus soft SUSY breaking terms induced
by the second line of the RHS of ([Af) can be called model-independent contribution. We find
that the induced soft mass for ¢; is also cut-off independent at the one-loop level. This is quite
reasonable, since it corresponds to the U(1)4 threshold correction. Suppose a4 = 0, then there
is no soft scalar mass contribution from the third line. Even if a4 is nonzero, its contribution

is suppressed by (m3 /2 /MZs) compared to the model-independent contribution. Accordingly,

2 52 0N210il " Mol dit cam ol dil?

QAQZ 2, mg 9 i 3/21Pi ANz 9| Pi
A‘/—00 i) — tant — i ’ ) ) AT
1-1 p((b) constan 1672 3/2|¢| < 87T2Més 87T2Més 5G887T2Mg;s ( )
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where “constant” implies that the value is independent of ¢;, the scalar mass squared,

A 2 __ _gglqiz 2 (A8)
M= T g2 Y

comes from the second line of the RHS of (A6]). The scalar mass contribution from the last term
of (A7) can be ignored. The term which depends on the cut-off scale is the quartic potential of
|¢il, so its effect on the scalar mass is negligible regardless of taking A as Mging OF Myina. The
value ([AS) is identical with the model-independent contribution of (GGl obtained by setting
My =t

Appendix B: Small moduli F-components in the LVS

In this appendix, we will exhibit the result of (74]) explicitly. We begin from the effective
Kéhler potential (5Il) and superpotential (54 constructed by integrating out the U(1)4 vector
superfield. The model consists of a single large volume modulus T3, and n, small moduli 75;.
For each Tj;, there exists non-perturbative correction to the superpotential (ny, = n,,). Also
there is no one-loop induced moduli mixing between Ty; and T}, (ay = 0). The matter sector
does not have an important role for evaluating moduli F-terms, so we can ignore it. Then, the

Kahler potential and superpotential for the moduli sector are given by

K t_; - Qo
Keff = _Blntb_l' % +O(tb_3)>
b
W= Wo+ > A ™, (B1)

J

where

- - - 208 - -
K(E) = AK(E 5 (5) + P2 AK"(E, ()] -

= AK(fo, 1(F.)) (1 + (9((8;—2)3)) . (B2)

20402 AK" (5,19 (L,))
n 172
b

Since the U(1) 4 threshold correction is three-loop suppressed, we set the argument of K just t,
as AK. Due to the no-scaler structure of the tree-level Kihler potential, K has the following

scaling behavior

K (M) = APK () (B3)
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up to (string) loop corrections. The corresponding scalar potential is given by

Vi = e (K DWDw* = 3w )

! (i * 1 1 T x,—3/2
- tLZT (KJ(aT“W)(aT:gW ) o §<K]KJ(8T51W)(W ly ) + hC)

1/~ n A N _a/9]2
e (KwK,.Kj _ 3K+ 350/) ‘Wtb 3/2) ) + Ot (B4)

where K; = 8,,K(f,), K;j = 6,,,0,, K, K" = (K;;)~". In leading order of 1/t, expansion, the

stationary condition 0r, Vp = O, Vi = 0 gives

Or V=0 : (f(ij(aT;j W) — %f(@'jkj(w*t;?’/?)) (aTskaTm.W)
b (R W) — (KPR, + 5) (7)) (00,7) + e

2

V)i o .
+ 3 (RPRR, - 1) |we, 2] =0,

O Ve =0 : K90y, W)(0r- W*) — 2( KYVK; (0, W)(W*t; %) + h.c.
b 57 J b

3

A A A ~ 2
+ 3 (KRR - 3K + 3¢ ) W, 2| <o, (B5)

In our field basis, 07, Or,W = —(a;ts;)0r:0r,,W. We would like to find the solution in the
large volume limit. Such limit corresponds to a;t,; > O(1), and [t,;07, W| > |0, W|. Then
the solution can be evaluated perturbatively as follows.

1 A _
O W = —a;Ae™ " = 5(1 — &) Ki(Wt, 3/2)7

Kk, ! KRR,
ROR) 1 (y RIRRY (o)
Z( t; )6] aitsi< ]Z]; 2K; +0le)

)

. e
K (1 + Z (72[(9?[(]) € + O(é)) : (B6)

ij

ga’

Notice that there is no sum for an index i. We assume that A; and the vacuum value of K; are
of order one. However, the gravitino mass my/, = e/2W = (Wotb_g/Q)(l + O(tb_gﬂ)) would be

around TeV so that it is hierarchically much smaller than one. From the first equation of (B6l),

CLitsi = 2In

M, K;(1—¢ M,
n_ g Bilma) oy Me o(1). (BT)
\m3/2| 2|aiAi| |m3/2\

a;ts; are universal at the leading order. On the one hand, due to the scaling behavior of K

given by (B3), it is easily identified that }_,; K/K,K; = Kj. Then, the F-terms of the small
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moduli can be obtained as

Fi 1 K/2 1-TsiJ * K”K * *,—3/2
tSi — _t_Sie /K si DJW :; tSi J €]<W tb )
m;,/g 3 1 f(loop
= " | -4+0 , —— , B8
In [ Mpy/ms /o] (4 <IH|MPl/m3/2| K (B8)

where Kloop stands for the perturbative correction to K which breaks the no-scale form of

Kahler potential.
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