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Anomalous U„1… D-term contribution in type I string models
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We study the D-term contribution for anomalousU(1) symmetries in type I string models and derive a
general formula for the D-term contribution, assuming that the dominant source of supersymmetry breaking is
given by theF terms of the dilaton,~overall! moduli, or twisted moduli fields. On the basis of the formula, we
also point out that there are several features different from the case of heterotic string models. The differences
originate from the different forms of the Ka¨hler potential between twisted moduli fields in type I string models
and the dilaton field in heterotic string models.
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I. INTRODUCTION

Superstring theory is a promising candidate for a unifi
theory including gravity. One of the important features is th
four-dimensional~4D! string models have several modu
fields including the dilaton field. Their vacuum expectati
values ~VEVs! determine the couplings of 4D effectiv
theory, e.g., gauge couplings, Yukawa couplings, and Fa
Iliopoulos ~FI! coefficients. These moduli fields have pertu
batively a flat potential. Nonperturbative effects are expec
to stabilize these moduli. Such nonperturbative effects m
also break supersymmetry~SUSY! at the same time. If
SUSY is broken, SUSY breaking terms, e.g., gaugino mas
and soft scalar masses, are induced. The pattern of S
breaking terms depends on couplings of gauge and m
fields to moduli fields. These spectra of superpartners sh
be measured in the near future. Thus, it is very importan
study SUSY breaking terms in 4D string models.

Actually, such analyses have been done extensively b
in heterotic models@1,2# and in type I models@3#. For ex-
ample, the dilaton-dominant SUSY breaking in 4D hetero
models has high predictability, when we consider the sc
potential due only toF terms. That leads to the univers
relations M1/2

a 52AIJK5A3m3/2 and mI
25um3/2u2, where

m3/2 is the gravitino mass,M1/2
a is the gaugino mass,AIJK is

the A term, andmI is the soft scalar mass, while SUS
breaking due to other sources leads to nonuniversal relati
The universal spectrum of sfermion masses is favorable f
the viewpoint of flavor changing neutral current~FCNC!
constraints. On the other hand, the high predictability m
face problems. For example, this pattern of SUSY break
terms easily leads to color and/or charge breaking~CCB! or
the direction unbounded from below~UFB! @4#.1 Similarly,

*Email address: tetsu@gauge.scphys.kyoto-u.ac.jp
†Email address: haru@azusa.shinshu-u.ac.jp
‡Email address: kobayash@gauge.scphys.kyoto-u.ac.jp
§Email address: nakano@muse.sc.niigata-u.ac.jp
1This problem is not serious, if the age of the Universe is not lo

enough to reach the CCB minimum.
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SUSY breaking terms have been studied in type I mod
when we consider the scalar potential only due toF terms
@3,5#.

Most 4D string models for both heterotic models and ty
I models have anomalousU(1) symmetries@6–8#. Many 4D
type I models have been built, e.g., through the type
orientifold construction. The anomaly is cancelled by t
Green-Schwarz mechanism, where certain fields transf
nonlinearly. This role is played by the dilaton field in he
erotic models and twisted moduli fields in type I mode
respectively. Then these fields generate FI terms, wh
magnitudes are determined by VEVs of the dilaton field a
twisted moduli fields. Other chiral matter fields develop th
VEVs along the almost D-flat direction~the D-flat direction
in the SUSY limit! and U(1) symmetries are broken. As
phenomenological application of anomalousU(1) symme-
try, it can be used as a flavor symmetry for the Frogga
Nielsen mechanism@9,10#. If one can assignU(1) charges
suitably to quarks and leptons, realistic Yukawa matrices
be derived.

In general, there appears an additional contribution to s
SUSY breaking scalar masses called the ‘‘D-term contri
tion’’ after gauge symmetries are broken down@11–13#. This
contribution has a linear dependence on the VEV of the
component and it is proportional to the charge of the brok
symmetry. These features are different from those in the c
tribution from the F component, which has the quadrat
form of the VEVs of theF component and it does not depen
explicitly on the charge of the broken symmetry. The ma
nitude of the D-term condensation has been studied in gr
unified theories@12,14#.

Since most 4D string models have an anomalousU(1)
symmetry, its breaking, in general, induces a D-term con
bution to the scalar masses. For 4D heterotic models,
D-term contribution has been examined@15–18#. In particu-
lar, in Ref. @16# it is taken into account that the FI term
dilaton dependent. As a result, even in dilaton-domin
SUSY breaking the D-term contribution induces nonuniv
sal scalar masses, and the additional terms are proporti
to theU(1) charges. That has phenomenologically import
implications. For example, the CCB and UFB constraints c
be relaxed@19#. As another aspect, these D-term contrib

g
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tions have an important implication for the Froggatt-Niels
mechanism. In order to derive realistically hierarchic
Yukawa matrices, one has to assign differentU(1) charges
for different families. In this case, the D-term contributio
proportional to theU(1) charges leads to nonuniversal sfe
mion masses, which are dangerous from the viewpoin
FCNC constraints.

Thus, it is important to study the magnitude of the D-te
condensation for each model. In this paper, we study
D-term contribution for anomalousU(1) symmetries in 4D
type I models and point out that there are several differ
features from the case of heterotic models. Such differe
comes from the fact that in type I models the twisted mod
fields play a role in the Green-Schwarz~GS! anomaly can-
cellation mechanism, that is, the FI term depends on
twisted moduli fields. TheirF components can contribute t
SUSY breaking.2 Their Kähler potential is expected to b
different from that of the dilaton field. Furthermore, unlik
the dilaton VEV in heterotic models, the VEVs of twiste
moduli fields can be taken freely.

This paper is organized as follows. In the next section,
explain the D-term contribution to the soft SUSY breaki
scalar masses and the general formula for the VEV of th
auxiliary fields. After reviewing the D-term contribution fo
the anomalousU(1) symmetry based on heterotic models
Sec. III, we study the D-term contribution for anomalo
U(1) symmetries in the framework of type I models in Se
IV. In Sec. V, we discuss phenomenological implications
the D-term contributions. Section VI is devoted to the co
clusions.

II. D-TERM CONTRIBUTION

We explain the D-term contribution to soft SUSY brea
ing scalar masses based on supergravity~SUGRA! theory
@14#. The matter sector in SUGRA is specified by two fun
tions, the total Ka¨hler potentialG(f I ,f̄ Ī ) and the gauge ki-
netic functionf ab(f I) with a,b being indices of the adjoin
representations of the gauge groups. The former is a su
the Kähler potentialK(f I ,f̄ Ī ) and the logarithm of the su
perpotentialW(f I)

G~f I ,f̄ Ī !5K~f I ,f̄ Ī !1M2ln
uW~f I !u2

M6
, ~1!

where M is the gravitational scale defined by use of t
Planck massM Pl such asM[M Pl /A8p. We have denoted
scalar fields in the chiral multiplets byf I and their complex
conjugates byf̄ Ī . The real part of the gauge kinetic functio
Ref ab is related to the gauge coupling constantsga as fol-
lows:

2See Refs.@20–22# for the scenario of SUSY breaking by theF
term of the twisted moduli fields.
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^Ref ab&5
1

ga
2

dab . ~2!

The scalar potential is given by

V5M2eG/M2
@GI~G21! I J̄GJ̄23M2#

1
1

2
~Ref 21!abGI~Taf! IGJ~Tbf!J, ~3!

where GI5]G/]f I , GĪ 5]G/]f̄ Ī , etc., (Ref 21)ab and
(G21) I J̄ are the inverse matrices of Ref ab andGIJ̄ , respec-
tively, and (Taf) I are gauge variations up to infinitesim
parameters. TheF auxiliary fields and the D auxiliary fields
are given by

FI5MeG/2M2
~G21! I J̄GJ̄ , Da5~Ref 21!abGI~Tbf! I ,

~4!

respectively. In terms ofFI and Da, the scalar potential take
the form

V5VF1VD[~ F̄ J̄KJ̄IF
I23M4eG/M2

!1
1

2
Ref abDaDb.

~5!

By taking the flat limit of V, we obtain the soft SUSY
breaking terms for scalar fields. Here we are interested in
scalar mass terms

Vsoft5~mF
2 ! I J̄f If̄ J̄1~mD

2 ! I J̄f If̄ J̄1•••, ~6!

~mF
2 ! I J̄[S um3/2u21

^VF&

M2 D ^KIJ̄&1^FI 8&^F̄ J̄8&

3^] I 8KIJ̄9~K21! J̄9I 9] J̄8KI 9J̄2] I 8] J̄8KIJ̄&,~7!

~mD
2 ! I J̄[^Da&K ]

]f If̄ J̄
@GI 8~Taf! I 8#L , ~8!

wherem3/25^eK/2M2
W/M2& is the gravitino mass. The mag

nitude of m3/2 is expected to beO(1) TeV on phenomeno-
logical grounds. The first term in Eq.~6! originates from the
F-term scalar potentialVF and so we will refer to it as the
F-term scalar mass. On the other hand, the second term
~8!, is the D-term contribution to the scalar masses@11,12#. It
is proportional to the charge of the broken symmetry a
appears when the rank of the gauge group is lowered on
breakdown of the gauge symmetry.

By taking the VEV of (]V/]f I)(Taf) I and using the
stationary condition, we derive the useful formula for^Da&,
4-2
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F ~MV
2 !ab1S ^VF&

M2
12um3/2u2D ^Ref ab&G ^Db&

5^FI&^F̄ J̄&K ]

]f If̄ J̄
@GI 8~Taf! I 8#L

1
1

2 K ]

]f I
Ref bgL ^~Taf! I&^Db&^Dg&, ~9!

where (MV
2)ab5^(f̄Tb) J̄KIJ̄(Taf) I& is the mass matrix of

the gauge bosons, up to a normalization factor including
gauge coupling constants.

We require that the SUSY is broken down by nonvani
ing F-component VEVs ofO(m3/2M ) and its effect is medi-
ated through the gravitational interaction. When the ex
gauge boson mass is much larger thanm3/2, the last term is
negligibly small compared with other terms in Eq.~9!. Then
the formula is simplified as

^Db&5^FI&^F̄ J̄&K ]

]f If̄ J̄
@~GI 8~Taf!! I 8#L ~MV

22!ab,

~10!

where (MV
22)ab is the inverse matrix of (MV

2)ab. The for-
mula ~10! is the master equation in our analysis; when
apply this formula to an anomalousU(1), a certain field
transforms nonlinearly and its gauge transformation (Taf) I

becomes a field-independent constant.
For later convenience, we write down the formula for t

gaugino massesM1/2
a :

M1/2
a dab5

1

2^Ref ab&
^FI&K ]

]f I
f abL . ~11!

III. ANOMALOUS U„1… D-TERM IN HETEROTIC STRING
MODELS

Effective SUGRA is derived from 4D string models b
taking the field theory limit@2#. In this section, we review the
D-term contribution for the anomalousU(1) symmetry
@U(1)A# in 4D heterotic string models@16#. The Kähler po-
tentialK(f I ,f̄ Ī ) and the gauge kinetic functionf ab(f I) are
given by

K~f I ,f̄ Ī !52 ln~S1S̄22dGS
A VA!2(

a
ln~Ta1T̄a!

1(
k

)
a

~Ta1T̄a!nk
a
f̄ k̄e2qk

AVAfk1•••,

~12!

f ab~f I !5kaSdab1«a
aTadab , ~13!

whereS is the dilaton field,Ta are the moduli fields,fk are
matter fields with modular weightsnk

a and U(1)A charges
08600
e

-

a

qk
A , and VA is the U(1)A vector superfield.3 Also, in the

above,ka is a Kac-Moody level~hereafter we setka51, for
simplicity!, «a

a is a model-dependent parameter coming fro
the one-loop correction, anddGS

A is the GS coefficient of
U(1)A given by

dGS
A 5

1

192p2 (
k

qk
A . ~14!

The U(1)A D component is given by

DA5~Ref 21!AS dGS
A

S1S̄
1(

k
)

a
~Ta1T̄a!nk

a
qk

Aufku2D ,

~15!

where we neglect terms from higher order terms
K(f I ,f̄ Ī ). Following the custom in 4D SUGRA derive
from string models, we take theM51 unit if no confusion is
expected.

The U(1)A and its mixed anomalies due to matter fiel
are cancelled by the contribution from the dilaton field whi
transforms nonlinearly asS→S85S1 idGS

A u(x) under
U(1)A . Then the formula~10! for ^DA& reads

^DA&5
1

~MV
2 !A S 2dGS

A u^FS&u2

^S1S̄&3

1K (
k

)
a

~Ta1T̄a!nk
a
qk

AuFku2L 1••• D . ~16!

Here (MV
2)A is given by

~MV
2 !A5

~dGS
A !2

^S1S̄&2
1K (

k
)

a
~Ta1T̄a!nk

a
~qk

A!2ufku2L ,

~17!

which can be rewritten with the help of the almost D-flatne
condition ofU(1)A into

~MV
2 !A5

dGS
A

^S1S̄& S dGS
A

^S1S̄&

2

K (
k

)
a

~Ta1T̄a!nk
a
~qk

A!2ufku2L
K (

k
)

a
~Ta1T̄a!nk

a
qk

Aufku2L D . ~18!

3In Eqs. ~12! and ~13!, all fields stand for superfields with th
same notation for chiral superfields and antichiral superfields as
the scalar components.
4-3
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In explicit models, we find thatdGS
A 5O(1021) –O(1022).

Hence we will neglect terms with a higher order ofdGS
A .

With this assumption, the second term is dominant in
~17!.

For simplicity, we treat the case with the overall modu
i.e., T5T15T25T3. In this case,̂ DA& is given by

^DA&5
1

~MV
2 !A S 2dGS

A u^FS&u2

^S1S̄&3
1K (

k
~T1T̄!nkqk

AuFku2L
1

u^FT&u2

^T1T̄&2 K (k
~T1T̄!nknk~nk21!qk

Aufku2L
1

^F̄ T̄&

^T1T̄&
K (

k
~T1T̄!nknkqk

AFkf̄k̄L 1H.c.D .

~19!

Here we consider the case that the dilaton and the ove
moduli fields are dominant sources for the SUSY breaki
e.g., ^FS&,^FT&5O(m3/2M ). This situation is realized if
^fk&!O(M ) and^]W/]fk&!O(m3/2M ). In this case, from
the expression~4! for ^FI&, we find that theF terms^FS& of
the chiral matter fields are induced as

^Fk&5S m3/22nk

^FT&

^T1T̄&
D ^fk&. ~20!

Since the induced̂Fk& is much smaller than̂FS& and^FT&,
the VEV ^VF& is simplified to

^VF&5
u^FS&u2

^S1S̄&2
13

u^FT&u2

^T1T̄&2
23um3/2u2. ~21!

In Eq. ~19!, however, the terms includinĝFk& are compa-
rable with the other terms, and we obtain

^DA&5
1

~MV
2 !A F dGS

A

S1S̄
S 2

u^FS&u2

^S1S̄&2
2um3/2u2D

2
u^FT&u2

^T1T̄&2 K (k
~T1T̄!nknkqk

Aufku2L G . ~22!

Note that the D-term condensation depends on^FT& as well
as ^FS&.

The gaugino massesM1/2
a are calculated by use of Eq.~11!

to be

M1/2
a 5

1

2^Ref a&
~^FS&1«a^FT&!. ~23!

To obtain gaugino masses ofO(m3/2), we need a dilaton-
dominant SUSY breaking scenario in the weakly coup
08600
.

all
,

d

region. In the strongly coupled region, the moduliF compo-
nent can also lead to gaugino masses ofO(m3/2) @23#. In any
case, aU(1)A D-term contribution to the scalar masses a
pears, (mD

2 ) I5qI
A^DA&, and its magnitude is rather large a

^DA&5O(m3/2
2 ). If U(1)A charges are different between th

first and second families, the nonuniversality among s
mion masses would be dangerous from the viewpoint
FCNC constraints. On the other hand, with aU(1)A D-term
contribution we can relax the CCB and UFB bounds@19#.

In a particular case@24#, the F components of matte
fields can also contribute to the breakdown of SUSY.4 For
instance, ^Fk& contributes to the SUSY breaking
^]W/]fk&5O(m3/2M ). Then the dominant part of the DA

condensation comes from the second term in the right-h
side ~RHS! of Eq. ~19!,

^DA&5

K (
k

~T1T̄!nkqk
AuFku2L

K (
k

~T1T̄!nk~qk
A!2ufku2L . ~24!

The magnitude is estimated@18# as ^DA&5O(m3/2
2 /dGS

A ).

IV. ANOMALOUS U„1… D-TERMS IN TYPE I MODELS

Next we turn to the type I case. In general, a 4D typ
model has more than one anomalousU(1) symmetry, i.e.,
) iU(1)i . We denote theU(1)i vector multiplet byVi . The
Kähler potentialK(f I ,f̄ Ī ) is given by5

K~f I ,f̄ Ī !5K̂S M ,1M̄ ,22(
i

~dGS! i
,Vi D 2 ln~S1S̄!

2(
a

ln~Ta1T̄a!1(
k

)
a

~S1S̄!nk
s

3~Ta1T̄a!nk
a
f̄ k̄e2qk

i Vifk1•••, ~25!

where the chiral matter fieldsfk have the ‘‘modular
weights’’ nk

s andnk
a with respect toSandTa, and (dGS) i

, are
model-dependent GS coefficients. Here,M , is a twisted
moduli field associated with the,th fixed point. For simplic-
ity, we use the notationm, defined by m,[M ,1M̄ ,

22( i(dGS) i
,Vi hereafter. The complete form ofK̂ is un-

known, but in the orbifold limitM ,→0, it takes the tree
level form @26#

K̂~m,!5
1

2
m,

2 . ~26!

The M , dependence of the Ka¨hler metric offk is also un-
clear. In the orbifold limit, the Ka¨hler metricKkk̄ does not

4See also Ref.@25#.
5For models with effective low-energy Lagrangians of type I, s

Ref. @3# and references therein.
4-4
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depend on the twisted moduliM , as in Eq.~25!. For a large
value of M , , however, it would receive a correctio
DKkk̄(M ,M̄ ).

The gauge kinetic functionf ab(f I) is given by

f ab~f I !5 f̂ ~S,Ta!dab1(
,

s,
aM ,dab , ~27!

where s,
a is a model-dependent constant. The first term

D-brane dependent, e.g.,f̂ (S,Ta)5S for gauge groups from
D9-branes and f̂ (S,Ta)5Ta for gauge groups from
D5a-branes. TheU(1)i and mixed anomalies due to matt
fields are cancelled by the contribution from the twist
moduli fields, which transform as M ,→M ,85M ,

1 i (dGS) i
,u(x) underU(1)i .

The U(1)i D components are given by

Di5~Ref 21! iS 2~dGS! i
,

]K̂

]m,

1(
k

)
a

~S1S̄!nk
s
~Ta1T̄a!nk

a
qk

i ufku2D , ~28!

where we assume thatU(1) kinetic mixing is absent for
simplicity. According to the formula~10! for D-term conden-
sation, we obtain

^Di&5
1

~MV
2 ! i S 2~dGS! i

,K ]3K̂

]m,]m,8]m,9

FM,8F̄ M̄ ,̄9L
1K (

k
)

a
~S1S̄!nk

s
~Ta1T̄a!nk

a
qk

i uFku2L 1••• D .

~29!
Y
he

08600
s

Here (MV
2) i is ~essentially! the U(1)i gauge boson mas

given by

~MV
2 ! i[~dGS! i

,~dGS! i
,8K ]2K̂

]m,]m,8
L

1K (
k

)
a

~S1S̄!nk
s
~Ta1T̄a!nk

a
~qk

i !2ufku2L
5~dGS! i

,~dGS! i
,8K ]2K̂

]m,]m,8
L 1~dGS! i

,K ]K̂

]m,
L

3

K (
k

)
a

~S1S̄!nk
s
~Ta1T̄a!nk

a
~qk

i !2ufku2L
K (

k
)

a
~S1S̄!nk

s
~Ta1T̄a!nk

a
qk

i ufku2L ,

~30!

where we have used the almost D-flatness conditions
U(1)i . In the case with the canonical Ka¨hler potential~26!,
(MV

2) i is reduced to

~MV
2 ! i[@~dGS! i

,#21~dGS! i
,^m,&

3

K (
k

)
a

~S1S̄!nk
s
~Ta1T̄a!nk

a
~qk

i !2ufku2L
K (

k
)

a
~S1S̄!nk

s
~Ta1T̄a!nk

a
qk

i ufku2L .

~31!

If ^m,&!O(dGS), the first term is dominant in Eq.~31!,
unlike the heterotic case~17!.

Again we treat the case with the overall moduli, i.e.,T
5T15T25T3, and denotenk5(ank

a . Then thê Di& in Eq.
~29! can be written down explicitly as
^Di&5
1

~MV
2 ! i S 2~dGS! i

,K ]3K̂

]m,]m,8]m,9

FM,8F̄ M̄ ,̄9L 1K (
k

~S1S̄!nk
s
~T1T̄!nkqk

i uFku2L
1

u^FS&u2

^S1S̄&2 K (k
~S1S̄!nk

s
~T1T̄!nknk

s~nk
s21!qk

i ufku2L 1
u^FT&u2

^T1T̄&2 K (k
~S1S̄!nk

s
~T1T̄!nknk~nk21!qk

i ufku2L
1

u^FS&u

^S1S̄&

u^F̄ T̄&u

^T1T̄&
K (

k
~S1S̄!nk

s
~T1T̄!nknk

snkqk
i ufku2L 1H.c.1

^F̄S̄&

^S1S̄&
K (

k
~S1S̄!nk

s
~T1T̄!nknk

sqk
i Fkf̄k̄L

1H.c.1
^F̄ T̄&

^T1T̄&
K (

k
~S1S̄!nk

s
~T1T̄!nknkqk

i Fkf̄k̄L 1H.c.D . ~32!
In the following, we mainly consider the case that SUS
is broken by the dilaton, the overall moduli, and/or t
twisted moduli fieldŝ FS&, ^FT&, ^FM,&5O(m3/2M ). This
situation is realized if ^fk&!O(M ) and ^]W/]fk&
!O(m3/2M ). In this case, sincêFk&5O(m3/2̂ fk&), the
VEV ^VF& is simplified as
4-5
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^VF&5
u^FS&u2

^S1S̄&2
13

u^FT&u2

^T1T̄&2

1 (
,,,8

K ]2K̂

]m,]m,8

FM,F̄ M̄ ,̄8L 23um3/2u2. ~33!

To calculate thê Di&, however, it is important to note tha
^Fk& is induced as

^Fk&5S m3/22nk
s ^FS&

^S1S̄&
2nk

^FT&

^T1T̄&
D ^fk&. ~34!

Then a careful calculation leads to

^Di&5
1

~MV
2 ! i S 2~dGS! i

,K ]3K̂

]m,]m,8]m,9

FM,8F̄ M̄ ,̄9L
1um3/2u2K (

k
~S1S̄!nk

s
~T1T̄!nkqk

i ufku2L
2

u^FS&u2

^S1S̄&2 K (k
~S1S̄!nk

s
~T1T̄!nknk

sqk
i ufku2L

2
u^FT&u2

^T1T̄&2 K (k
~S1S̄!nk

s
~T1T̄!nknkqk

i ufku2L D .

~35!

The expressions~32! and ~35! are our main results for the
D-term condensation in type I models. Note that^Di& be-
comes independent of̂FM,& if the third derivative of K̂
vanishes:̂ ]3K̂/]m,]m,8]m,9&!O„(dGS) i

,
….

The soft terms can be calculated by using the param
zation

^FS&

^S1S̄&
[A3Cum3/2ueiaSsinu,

^FT&

^T1T̄&
[Cum3/2ueiaTcosu sinf,

^FM,&[A3Cum3/2ueia,F,cosu cosf,

(
,

F,
251, ~36!

whereC is a constant so that^VF&53(C221)um3/2u2, andu,
f, andF, are parameters called the ‘‘goldstino angles.’’ W
08600
ri-

have assumed for simplicity that the Ka¨hler metric of the
twisted moduli is diagonal. Then the^Di& becomes

^Di&5
um3/2u2

~MV
2 ! i S 23C2~dGS! i

,K ]3K̂

]m,]m,8]m,9
L

3F,8F,9cos2u cos2f1~dGS! i
,K ]K̂

]m,
L

23C2sin2uK (
k

~S1S̄!nk
s
~T1T̄!nknk

sqk
i ufku2L

2C2cos2u sin2f

3K (
k

~S1S̄!nk
s
~T1T̄!nknkqk

i ufku2L D . ~37!

By using this expression, we shall discuss the D-term con
bution to the soft scalar masses, (mD

2 ) I5qI
i ^Di&, in the next

section.
The gaugino massesM1/2

a are calculated by use of Eqs
~11! and ~27!,

M1/2
a 5

1

2^Ref a& S ^FS&1(
,

s,
a^FM,& D for D9-branes,

M1/2
a 5

1

2^Ref a& S ^FT&1(
,

s,
a^FM,& D for D5a-branes.

~38!

To obtain sizable gaugino masses ofO(m3/2), we need the
dilaton and/or twisted moduli dominant SUSY breaking sc
nario on D9-branes, and the overall moduli and/or twis
moduli dominant SUSY breaking scenario on D5a-branes. If
the dilaton and/or an overall moduli dominant SUSY brea
ing occur, the magnitude of theU(1)i D-term can be sizable
as^Di&5O(m3/2

2 ). On the other hand, the magnitude of^Di&
can be small if the twisted moduli fields dominate the SUS
breaking; in this case,^Di& is negligibly small if

^]3K̂/]m,]m,8]m,9&!O„(dGS) i
,
… and ^m,&!O„(dGS) i

,
….

Up to here, we have assumed that SUSY is broken by
F terms ofS, T, or M , . Alternatively we can suppose, as
the heterotic case, that there exists a dynamical superpo
tial W of the chiral matter fieldsfk so that ^]W/]fk&
5O„m3/2M …. In this case, the dominant part of the Di con-
densation comes from the second term in the R
of Eq. ~32!,

^Di&5

K (
k

~S1S̄!nk
s
~T1T̄!nkqk

i uFku2L
~MV

2 ! i
. ~39!

The magnitude is estimated as^Di&5O„m3/2
2 M2/(MV

2) i
….

V. PHENOMENOLOGICAL IMPLICATIONS

In this section, we discuss the phenomenological impli
tions of the D-term contributions. An important point is th
4-6
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the FI terms depend on the twisted moduli fields in typ
models, while this role is played by the dilaton field in he
erotic models. Here let us compare our result~35! in type I
models with the D term~22! in heterotic models.

The first term of the D-term condensation~35! is negligi-
bly small, when the canonical term is dominant
K̂(M , ,M̄ ,). As a result, the D-term condensation does
depend onFM, explicitly. Recall that the D-term condensa
tion ~22! in heterotic models depends explicitly onFS. The
difference originates from the different forms of Ka¨hler po-
tential betweenM , and S. If K̂(M , ,M̄ ,) has a logarithmic
form like S, this difference will disappear.

For the remaining terms in Eq.~35!, we can estimate the
order of magnitudes by using the fact that the D term~28!
almost vanishes. The second term is proportional to the
terms as in the heterotic case. The last two terms can
estimated as

K (
k

~S1S̄!nk
s
~T1T̄!nknk

sqk
i ufku2L 5OS ~dGS! i

,K ]K̂

]m,
L D ,

~40!

K (
k

~S1S̄!nk
s
~T1T̄!nknkqk

i ufku2L 5OS ~dGS! i
,K ]K̂

]m,
L D .

~41!

Therefore, we have

^Di&5m3/2
2 3OS 1

~MV
2 ! i

~dGS! i
,K ]K̂

]m,
L D , ~42!

and its magnitude depends on^m,&/(dGS) i
, as is seen from

Eq. ~31!. Notice that, unlike the dilaton VEV in the heterot
case, the VEVs of twisted moduli fieldsm, can be taken as
arbitrary values, depending on the stabilization mechan
@20–22#.

If O(^m,&/(dGS) i
,)>1, D-term condensations are sizab

and their order isO(m3/2
2 ). They significantly affect spectra

of superpartners. This situation is the same as that in
heterotic case. For example, the CCB and UFB directi
have been studied for type I models in Ref.@27# with the
string scale varied. Hence, the D-term contributions have
portant effects as in the heterotic case if their magnitudes
O(m3/2

2 ).
On the other hand, it is possible that the VEVs of twist

moduli fieldsm, are suppressed, i.e.,O(^m,&/(dGS) i
,)!1.

In this case, the D-term contribution can be suppressed.
is in sharp contrast to the heterotic case where the D-t
contribution cannot be suppressed without fine-tuning.

To be concrete, let us first discuss the dilaton-domin
SUSY breaking witĥ VF&50 in type I models. For compari
son with the heterotic models, we consider the case that
gauge multiplets originate from D9-branes and chiral ma
fields originate from open strings, one end of which is on
D9-branes. In this case, the gaugino mass is obtained a

M1/25A3m3/2, ~43!
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where we have takenus,
a^m,&u!ReS. Since nk

s50, the
F-term scalar masses are universal, i.e.,

~mF
2 ! I5um3/2u2. ~44!

This spectrum is the same as for the dilaton-dominant SU
breaking in heterotic models. In addition, we have to add
D-term contribution (mD

2 ) I5qI
i ^Di& with ^Di& given by Eq.

~37!. When u^m,&/(dGS) i
,u!1, the D-term contribution be-

comes simplified to

~mD
2 ! I5qI

i um3/2u2 ^m,&

~dGS! i
,

. ~45!

Thus, if u^m,&/(dGS) i
,u!1, the D-term contribution is small

and the total soft scalar masses become almost unive
This has important implications for FCNC constraints
well as CCB and UFB bounds. For instance, if thisU(1)
symmetry is relevant to the flavor symmetry,6 the suppressed
D-term contribution is favorable to avoid FCNC constrain
For this purpose, we need only a suppression l
u^m,&/(dGS) i

,u<O(1022) for m3/25O(100) GeV. Thus the
FCNC can be parametrically suppressed in type I mod
~Of course, it is necessary to find a proper mechanism
stabilizing the twisted moduli VEVs, but that is beyond th
scope of the present paper.!

Next let us consider the case that the single twis
moduli fieldM , is a dominant source of the SUSY breakin
In this case, the gaugino mass is written as

M1/2
a 5

A3

2
s,

aga
2m3/2. ~46!

It is interesting to note that ifs,
a are proportional to the

coefficients of one-loop beta functions of the gauge c
plings, as in the case of ‘‘mirage gauge coupling unificatio
in Ref. @29#, this spectrum of gaugino masses resembles
in the anomaly mediation scenario@30#. Since the Ka¨hler
potential of the matter fields does not depend onM , for
small ^M ,&, theF-term scalar masses are universal, i.e.,

~mF
2 ! I5um3/2u2. ~47!

When u^m,&/(dGS) i
,u!1, the D-term contribution becomes

~mD
2 ! I5qI

i um3/2u2S 2
3C2

~dGS! i
,

3K ]3K̂

]m,]m,8]m,9
L F,8F,91

^m,&

~dGS! i
,D . ~48!

6See, e.g., Ref.@28#, where this flavorU(1) symmetry is dis-
cussed in a type I inspired model.
4-7
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Thus, if ^]3K̂/]m,]m,8]m,9&!O„(dGS) i
,
…, the D-term con-

tribution is small and the total soft scalar masses beco
almost universal.

Finally, we note that even if flavor-dependent D-term co
tributions can be suppressed, it is important to take acco
of radiative corrections due to the gaugino of flavorU(1)A
symmetry@31#. To focus on it, let us assume that at the cut
scaleL ~of order of the Planck scale!, the soft terms are
given by the universal values~43!, ~44!, and that the D-term
contributions are absent. According to Eq.~45!, the latter
requirement is satisfied if̂m,&50 in the type I models we
are considering. Recall that the absence of D-term contr
tions generally requires fine-tuning or complicated mo
building in the heterotic models.

Let MA be the breaking scale of an anomalousU(1)A
flavor symmetry. Above this scale, theU(1)A gaugino gives
a radiative correctiondAmI

2 to the sfermion mass square
The radiative correction is proportional to the square of
soft mass parameter of theU(1)A gaugino; explicitly it is
found to be

dAmI
25qI

2 2

bA
S 12

aA
2~MA!

aA
2~L!

D M1/2
2 ~L![qI

2DA , ~49!

where bA is the one-loop beta function coefficient of th
anomalousU(1)A .

In addition, we have flavor-blind radiative corrections d
to the remaining gauginos. For example, the radiative cor
tions from theSU(3)3SU(2)3U(1) gauginos between th
gauge unification scaleMX and the weak scale are evaluat
as

dmd̃
2
56.63M1/2

2 ~MX!, ~50!

dm,̃
2
50.513M1/2

2 ~MX!, ~51!

dmẽ
2
50.153M1/2

2 ~MX! ~52!

for the right-handed squark, left-handed slepton, and rig
handed slepton masses, respectively. Typically, these co
tions dominate, for each type of sfermionf̃ , over those from
the U(1)A gaugino. Accordingly, we introduce the ratio

df̃[
DA

m0
21dmf̃

2 , ~53!

where m05m3/2 is the initial value of the sfermion mass
Nondegeneracy of the sfermion mass squared may be
mated by this factor times the difference of theU(1) charges
squaredqI

2 .
Figure 1 shows the degeneracy factorsdd̃,,̃,ẽ againstbX

for aA(L)ln(L/MX)50.06, whereas Fig. 2 showsdd̃,,̃,ẽ
againsta5aA(L)ln(L/MX) in the case ofbA550. In each
figure, the lower, middle, and upper curves correspond todd̃ ,
d,̃ , anddẽ , respectively. For the flavor-blind radiative co
rections dmf̃

2 , we have kept only those from theSU(3)
3SU(2)3U(1) gauginos. For the initial condition on th
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gaugino masses, we usedM1/2(MX)'M1/2(L)5A3m3/2.
We see that theU(1) gaugino of a gauged flavor symmet
can affect sfermion mass degeneracy and that this effe
important especially for sleptons. These radiative effects m
be detected if the D-term contributions are suppressed.

VI. CONCLUSION

We have studied the D-term contribution for anomalo
U(1) symmetries in type I models. Specifically, we derived
general formula for the D-term contribution, assuming th
the dominant source of SUSY breaking is given by theF
terms of the dilaton,~overall! moduli, or twisted moduli
fields.

We also observed that there are several differences in
D-term contributions between the heterotic and type I m
els. One of the important differences is that the D-term c
tribution in type I models depends on the VEVs of twist
moduli fields, while that in heterotic models depends on
dilaton VEV. The former VEVs can be taken as arbitra
values, while the value of the dilaton VEV is known ph
nomenologically. Since the size of the D-term contributi

FIG. 1. The degeneracy of the sfermion masses againstbA for
aA(L)ln(L/MX)50.06.

FIG. 2. The degeneracy of sfermion masses againsa
5aA(L)ln(L/MX) for bA550.
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depends on the twisted moduli VEVs, it is important to fi
a proper mechanism for stabilizing their VEVs.

The observed differences originate mainly from the f
that the Kähler potentialK̂ of twisted moduli fieldsM , can
take different forms from the dilaton Ka¨hler potential. For
instance, if K̂ takes the tree level form~26!, the
M ,-dependent FI term vanishes in the limit^M ,&→0, and
consequently the anomalousU(1) D-term contribution also
vanishes in that limit. Our results, e.g., Eq.~45!, are consis-
tent with this property. Another remark concerns the sign
the FI term; The FI term in type I models can take either s
depending on the sign of the twisted moduli VEVs. Aga
this property is in sharp contrast to the heterotic case. Fur
phenomenological impacts of these properties will be d
cussed elsewhere.
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