
PHYSICAL REVIEW D, VOLUME 60, 084010
Gaugino condensation inN 51 supergravity models with multiple dilaton-like fields

Jonathan Bagger* and Yi-Yen Wu†

Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218
~Received 27 May 1999; published 17 September 1999!

We study supersymmetry breaking by hidden-sector gaugino condensation inN 51, D54 supergravity
models with multiple dilaton-like moduli fields. Our work is motivated by type I string theory, in which the
low-energy effective Lagrangian can have different dilaton-like fields coupling to different sectors of the
theory. We construct the effective Lagrangian for gaugino condensation and use it to compute the visible-
sector gaugino masses. We find that the gaugino masses can be of order the gravitino mass, in stark contrast to
heterotic string models with a single dilaton field.@S0556-2821~99!06818-6#

PACS number~s!: 04.65.1e, 11.25.Mj, 14.80.Ly
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I. INTRODUCTION

Before the recent string duality revolution, most stri
phenomenology centered on perturbativeN51, D54 het-
erotic string theories. The discovery of string duality a
D-branes, however, opened a variety of new approache
string phenomenology based on type I and type II str
theories. For example, much recent work has focused on
intriguing possibility that our four-dimensional world lies
the intersection of a set ofDp-branes (3<p<9) embedded
in (911)-dimensional spacetime.1

A well-known problem with the usual perturbative he
erotic string phenomenology is that hidden-sector gaug
condensation@4# gives rise to visible-sector gaugino mass
that are much smaller than the scale of supersymm
breaking@5,6#. This is a consequence of the fact that a sin
dilaton couples to all gauge and matter fields. Gaugino c
densation induces a smallF term for the dilaton field, and
the dilaton couplings then give small masses to the gaugi

In type I models, however, the situation can be very d
ferent. In these models, the hidden and visible sectors
reside on different D-branes. Each sector has its own dila
like fields @2#. The hidden-sector dilatons receive smallF
terms from gaugino condensation. However, theseF terms
are not responsible for the visible-sector gaugino masses
therefore the gaugino masses are not forced to be small2

Inspired by this possibility, in this paper we study th
question of supersymmetry breaking by hidden-sec
gaugino condensation inN51, D54 supergravity models
with multiple dilatonlike fields. We compute the visible
sector gaugino masses and find that they can indeed be o
order of the supersymmetry breaking scale. We see that
I models offer an appealing solution to the gaugino m
problem associated with heterotic string theories.

We approach this problem in the spirit of effective fie
theory. We take our visible sector to be composed of m
tiple pureN51 super Yang-Mills theories, each coupled
gravity, and each to its own dilatonlike field. We take o

*Email address: bagger@jhu.edu
†Email address: yywu@eta.pha.jhu.edu
1See@1,2,3# for recent reviews.
2This possibility was also observed in@1#.
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hidden sector to be composed of gaugino condensate fie
one on each set of branes. The condensate fields are
coupled to gravity and to their associated dilatons.3 By con-
struction, this theory describes the low-energy limit of a ty
I string theory, where each super Yang-Mills theory resid
on its own set of D-branes. Of course, our analysis also
plies to other string or M theory vacua with multiple dilato
like fields.

VariousN51, D54 type I models have been propose
in the literature@7–19#. Particularly simple examples can b
constructed from type I models with D9-branes and D
branes compactified onT23T23T2, whereRi is the radius
of the i th two-torus,i 51,2,3. ~D5-branes that wrap on th
i th two-torus are denoted as D5i-branes.! These models have
one dilaton fieldS, three untwisted moduli fieldsTi ( i
51,2,3) and additional twisted moduli fields from the clos
string sector. Other D-brane configurations can be obtai
from these by T duality.

One such example is a type I model with two secto
built from D9-branes and D51-branes. The gauge boson
arise from open strings ending on the D9- and D51-branes.
The low-energy effective Lagrangian is as follows4 @1,15#:

L5
1

8E d4u
E

R
S~W aWa!D91

1

8E d4u
E

R†
S̄~WȧW ȧ!D9

1
1

8E d4u
E

R
T1~W aWa!D51

1
1

8E d4u
E

R†
T̄1~WȧW ȧ!D51

1••• ~1.1!

where

K52 ln~S1S̄!2(
i 51

3

ln~Ti1T̄i !1••• ~1.2!

3To simplify our presentation, we ignore all charged chiral sup
fields; this restriction does not affect the results of our analysis

4For convenience, we use the Ka¨hler superspace formulation
throughout this paper@20#.
©1999 The American Physical Society10-1
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JONATHAN BAGGER AND YI-YEN WU PHYSICAL REVIEW D 60 084010
is the Kähler function. The ellipsis denotes possible cont
butions from other neutral chiral superfields, and

^S1S̄&5
R1

2R2
2R3

2

pl Ia83
, ^Ti1T̄i&5

Ri
2

pl Ia8
, i 51,2,3.

~1.3!

In these expressions,l I is the string coupling,a85MI
22 ,

and MI is the string scale. The field strengths (W aWa)D9
and (W aWa)D51

contain gauge fields residing on D9- an

D51-branes, respectively. Note that the moduliS, T1 are
dilaton-like fields, whileT2 , T3 are not.5

A second example contains D9-branes as well
D5i-branes compactified on all three tori (i 51,2,3). It has
four sectors, and four dilaton-like fields,S, T1 , T2 , T3 , as
defined in Eq.~1.3!. These fields couple to the gauge fiel
on the D9- and D5i-branes and give rise to the effectiv
Lagrangian

L5
1

8E d4u
E

R
S~W aWa!D91

1

8E d4u
E

R†
S̄~WȧW ȧ!D9

1(
i 51

3
1

8E d4u
E

R
Ti~W aWa!D5i

1(
i 51

3
1

8E d4u
E

R†
T̄i~WȧW ȧ!D5i

1•••. ~1.4!

The plan of this paper is as follows. In Sec. II, we defi
our N51, D54 supergravity model with multiple dilaton
like fields. In Sec. III, we argue that the extra dilaton-lik
fields allow gaugino masses to be as large as the grav
mass. We also present an explicit example of this scena

In Appendix A, we exhibit the linear-chiral duality fo
N51, D54 supergravity models with multiple linear supe
multiplets. In Appendix B we extract the relevant pieces
the component supergravity Lagrangian. Finally, in Appe
dix C we check our results by comparing with the chi
supermultiplet formulation.

II. SUPERGRAVITY WITH MULTIPLE DILATON-LIKE
FIELDS

In this section we define theN51, D54 supergravity
model that we will study. We start by considering a syst
with N different types of D-branes. Of these, we takeÑ to be
DpÃ-branes (Ã51, . . . ,Ñ) with weakly coupled visible-
sector fields on their world volumes. We take the remain
N2Ñ to be DpA-branes (A51,...,N2Ñ) with strongly
coupled hidden-sector fields in the condensation phase.

Let us first construct the effective theory of the visib
sector. For each value ofÃ, let WÃ denote the super Yang
Mills field strength on theÃth set of branes, and letṼÃ be

5Our definition of theS andTi moduli agrees with@20#, but dif-
fers from @1#.
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the real superfield which contains theÃth dilaton-like field
@21#. The fieldṼÃ obeys the constraint

2~D̄228R!ṼÃ5WÃWÃ . ~2.1!

This constraint couples the dilatons to the super Yang-M
fields.

In Kähler superspace@20#, the supergravity kinetic terms
are given by a LagrangianL and a Kähler functionK. For
the visible-sector fields, we take them to be

L5E d4uEH 231Ñ1 (
Ã51

Ñ

f̃ Ã~ṼÃ!J ,

~2.2!

K5 (
Ã51

Ñ

$ ln ṼÃ1g̃Ã~ṼÃ!%,

where

ṼÃ

dg̃Ã

dṼÃ

5 f̃ Ã2ṼÃ

df̃ Ã

dṼÃ

. ~2.3!

In these expressions, the leading terms describe the tree-
couplings of the gauge and dilaton-like fields; the functio
g̃Ã(ṼÃ) and f̃ Ã(ṼÃ) contain corrections beyond tree leve
The condition~2.3! guarantees that the Einstein gravity ter
is canonically normalized.~For simplicity, we do not include
mixings between the differentṼÃ’s. Such mixings arise a
the loop level, but they do not change our conclusions.6!

In the hidden sector, the effective Lagrangian is differe
because the super Yang-Mills fields are in a strongly coup
condensation phase. This leads us to replace the Yang-M
fields by chiral condensate superfieldsUA @22#. These fields
are contained within the real superfieldsVA @23,24#, where

2~D̄228R!VA5UA . ~2.4!

The hidden-sector dilaton-like fields are also contained in
fields VA .

The effective Lagrangian for this sector contains kine
and superpotential terms. The kinetic terms are as above

L5E d4uEH 231N2Ñ1 (
A51

N2Ñ

f A~VA!J ,

~2.5!

K5 (
A51

N2Ñ

$ ln VA1gA~VA!%,

6Type I models typically contain chiral superfields charged un

the DpÃ and DpÃ8 gauge groups (ÃÞÃ8). These superfields mix
the different dilaton-like fields. Our study ignores charged chi
superfields, so it is consistent to ignore mixings between differ

ṼÃ’s.
0-2
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GAUGINO CONDENSATION INN51 SUPERGRAVITY . . . PHYSICAL REVIEW D60 084010
where

VA

dgA

dVA
5 f A2VA

df A

dVA
. ~2.6!

The leading terms describe the tree-level couplings, w
gA(VA) and f A(VA) contain corrections beyond the tre
level.

The superpotential terms are generated by nonperturba
effects associated with gaugino condensation. In what
lows, we take the superpotential to be given by

LA5E d4u
E

R

1

8
bAUA ln~e2K/2UA!1H.c.

5E d4uEbAVA ln~e2KŪAUA!, ~2.7!

wherebA52bA8 /3, andbA8 is the one-loopb-function coeffi-
cient of DpA-sector. The form of this term is dictated by th
anomalies of the underlying super Yang-Mills theo
@4,22,25,26,27#.

In rigid supersymmetry, the superpotential is fixed by t
chiral and conformal anomalies@22#. In local supersymme-
try, the Kähler anomaly also comes into play@28,29#. In
particular, it fixes the explicitK dependence of the superp
tential. Under an arbitrary Ka¨hler transformation,K→K

1F1F̄, the fieldsVA→VA and UA→UAe(F̄2F)/2. The su-
perpotential then transforms as follows:

L A[E d4uEbAVA ln~e2KŪAUA!

→LA2E d4u
E

R

1

8
bAUAF2E d4u

E

R†

1

8
bAŪAF̄.

~2.8!

This is precisely the right transformation to match the Ka¨hler
anomaly of the underlying super Yang-Mills theo
@4,25,26,27#.
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The full supergravity Lagrangian contains contributio
from both of these sectors. It can be written as follows:7

L5E d4uEH 231N1 (
Ã51

Ñ

f̃ Ã~ṼÃ!1 (
A51

N2Ñ

f A~VA!J
1 (

A51

N2Ñ E d4uEbAVA ln~e2KŪAUA!, ~2.9!

where the Ka¨hler function is given by

K5 (
Ã51

Ñ

$ ln ṼÃ1g̃Ã~ṼÃ!%1 (
A51

N2Ñ

$ ln VA1gA~VA!%

1G~F1 ,F̄1 ,...,Fn ,F̄n! ~2.10!

and

ṼÃ

dg̃Ã

dṼÃ

5 f̃ Ã2ṼÃ

df̃ Ã

dṼÃ

, Ã51,...,Ñ,

VA

dgA

dVA
5 f A2VA

df A

dVA
, A51,...,N2Ñ.

~2.11!

The hidden-sector superpotential couples all sectors thro
its explicit K dependence; it gives rise to gaugino masses
the visible sector.

III. GAUGINO MASSES

To find the gaugino masses, we need certain terms f
the component-field Lagrangian. These terms are comp
in Appendix B.

From Eq.~B4! we find that the scalar potential takes th
following form:
V5 (
A51

N2Ñ
1

16l A
2 ~11 f A2 l Af l

A!ūAuA1
1

16H S (
A51

N2Ñ
~11 f A2 l Af l

A!

l A
uAD S (

B51

N2Ñ

bBūBD 1H.c.J
1

1

165
231(

i , j
Gf̄Gj̄ i

21
Gi

1 (
Ã51

Ñ

~11 f̃ Ã2 l̃ Ã f̃
l̃

Ã
!1 (

A51

N2Ñ

~11 f A2 l Af l
A!6 U (

A51

N2Ñ

bAūAU2

. ~3.1!

7Note also that these expressions contain contributions from extra moduli fieldsF i , i 51,...,n. In the context of type I models, theF i are
twisted or nondilaton-like untwisted moduli fields.
0-3
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JONATHAN BAGGER AND YI-YEN WU PHYSICAL REVIEW D 60 084010
In this expression,l̃ Ã5ṼÃuu5 ū50 and l A5VAuu5 ū50 are the
dilaton-like scalar fields which couple to the visible and h
den sectors, respectively. Moreover,uA5UAuu5 ū50 is the
gaugino condensate field on each of the DpA-branes; it de-
pends onl A according to Eq.~B7!. Other notation is as fol-
lows:

gl
A5

dgA~VA!

dVA
U

u5 ū50

, g̃
l̃

Ã
5

dg̃Ã~ṼÃ!

dṼÃ

U
u5 ū50

,

f l
A5

df A~VA!

dVA
U

u5 ū50

, f̃
l̃

Ã
5

df̃ Ã~ṼÃ!

dṼÃ

U
u5 ū50

.

~3.2!

Gi5
]G

]F i
U

u5 ū50

, Gj̄ 5
]G

]F̄ j

U
u5 ū50

,

Gi j̄ 5
]2G

]F i]F̄ j
U

u5 ū50

.

The gaugino mass has its origin in the explicitK depen-
dence of the hidden-sector superpotential. We find Eq.~B5!

ml
Ã5K 11 f̃ Ã2 l̃ Ã f̃

l̃

Ã

11 f̃ Ã
• (

A51

N2Ñ
1

4
bAuAL ,

5K 11 f̃ Ã2 l̃ Ã f̃
l̃

Ã

11 f̃ Ã
L mG̃ , Ã51,...,Ñ. ~3.3!

The gravitino mass is simply

mG̃5K (
A51

N2Ñ
1

4
bAuAL . ~3.4!

To understand these formulas, let us first examine
gaugino mass in a theory with just one dilaton@6,30,31#. In
this case the gaugino mass is as follows@6#:

ml5 K 11bl

bl L K 11 f 2 l f l

11 f L mG̃ . ~3.5!

All scalar fields are evaluated at the minimum of the pot
tial,

V5
1

16l 2
$~11 f 2 l f l !~11bl !223b2l 2%ūu. ~3.6!

From this we see that any vacuum with zero cosmolog
constant satisfies ^11 f 2 l f l&53b2^ l 2&1O(b3). Since
^11 f & and^ l & are numbers of order 1, Eq.~3.5! implies that
ml is smaller thanmG̃ by a factor ofb.
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Let us compare this to a model in which the visible a
hidden sectors couple to different dilaton-like fields. The s
lar potential of Eq.~3.1! receives contributions from both

sectors, proportional tô11 f̃ Ã2 l̃ Ã f̃
l̃

Ã
& and ^11 f A2 l Af l

A&.

However, to leading order, onlŷ11 f̃ Ã2 l̃ Ã f̃
l̃

Ã
& contributes

to the gaugino masses. As above, minimizing the poten
forces^11 f A2 l Af l

A& to beO(bA
2), but it does not constrain

^11 f̃ Ã2 l̃ Ã f̃
l̃

Ã
&. This suggests that the gaugino masses

indeed be as large as the gravitino mass.
To see this explicitly, let us consider an example with ju

two types of D-branes (Ñ51 andN52). Each has its own
dilaton-like field, l̃ Ã and l A . The scalar potential follows
from Eq.~3.1!, with no summation over the indicesA andÃ:

V5
1

16l A
2 $~11 f A2 l Af l

A!~11bAl A!21bA
2 l A

2

3@~11 f̃ Ã2 l̃ Ã f̃
l̃

Ã
!23#%ūAuA . ~3.7!

The conditions for a nontrivial vacuum with vanishing co
mological constant are

K ]

] l̃ Ã

~11 f̃ Ã2 l̃ Ã f̃
l̃

Ã
!L 50,

K ]

] l A
~11 f A2 l Af l

A!L
52bA

2^ l A&@32^11 f̃ Ã2 l̃ Ã f̃ l̃
Ã
&#1O~bA

3 !, ~3.8!

^11 f A2 l Af l
A&5bA

2^ l A
2&@32^11 f̃ Ã2 l̃ Ã f̃

l̃

Ã
&#1O~bA

3 !,

where allO(bA
3) terms are suppressed. These equations h

a consistent solution if ^11 f A2 l Af l
A&5O(bA

2) and

^11 f̃ Ã2 l̃ Ã f̃
l̃

Ã
& is O(1). Since this latter term fixes the

visible-sector gaugino mass, we expectml
Ã to be of order

mG̃ .
To actually compute the gaugino mass, we need to spe

the functionsf A and f̃ Ã. @The functionsgA andg̃Ã are deter-
mined via Eq.~2.11!#. We choose them to stabilize the run
away vacuum typically associated with dilaton-like fields8

The general procedure is described in@30,34#. For now, we
consider the following simple choice:9

f A5P•e2Q/ l A, f̃ Ã5P̃•e2Q̃/ l̃ Ã, P,Q,P̃,Q̃.0. ~3.9!

Substituting Eqs.~3.9! into Eqs.~3.8!, we find that the po-
tential has an extremum, located at

8See@32,33# for recent reviews.
9This choice is motivated by the type I string theory discussed

@35#.
0-4
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^ l̃ Ã&5
Q̃
2

,

^ l A&5
Q
2

1O~bA
2 !, ~3.10!

P5e21O~bA
2 !,

for any value ofP̃. It is, in fact, a global minimum of the
potential with vanishing cosmological constant, as illustra
in Figs. 1 and 2.

Let us now evaluate the gaugino mass in this vacuum.
find

ml
Ã5

e22P̃
e21P̃

mG̃ , ~3.11!

where

0.2mG̃,ml
Ã,0.8mG̃ for 4.9.P̃.0.8. ~3.12!

We see that, for reasonable values ofP̃, the gaugino mass is
of the order of the gravitino mass.

IV. CONCLUSION

The presence of multiple dilaton-like moduli fields is
very important feature ofN51, D54 type I string models.
The extra dilaton-like fields can change the resulting p
nomenology in many ways. In this paper we examined th
effect on supersymmetry breaking by hidden-sector gaug
condensation.

FIG. 1. The scalar potential,V, plotted versusl A for fixed l̃ Ã

5^ l̃ Ã&.

FIG. 2. The scalar potential,V, plotted versusl̃ Ã for fixed l A

5^ l A&.
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We studied a scenario in which different dilaton-lik
fields couple to the hidden and visible sectors. We assum
that supersymmetry is broken by gaugino condensation
the hidden sector. We found that the visible-sector gaug
masses can be as large as gravitino mass because of the
dilaton-like fields. Our results stand in contrast to the us
heterotic string phenomenology, where the gaugino mas
are typically much smaller.
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APPENDIX A: LINEAR-CHIRAL DUALITY

In this appendix we prove that a supergravity model w
N linear supermultiplets is dual to another supergrav
model with N chiral supermultiplets.10 We will show that
both models can be obtained from the following Lagrangi

L5E d4uEH F~V1 ,...,VN!1 (
A51

N

~SA1S̄A!~VA2VA!J
~A1!

with

K5K~V1 ,...,VN! ~A2!

and

231 (
A51

N

VA

]K

]VA
5F2 (

A51

N

VA

]F

]VA
. ~A3!

In these expressions, theVA’s areunconstrainedreal super-
fields and theSA’s are ordinary chiral supermultiplets, fo
A51,...,N. The field VA is a Chern-Simons superform;
obeys

2~D̄228R!VA5WAWA , ~A4!

for A51,...,N.
Let us first integrate out theSA’s in L. Their equations of

motion are as follows:

2~D̄228R!VA5WAWA . ~A5!

This equation can be used to eliminate the second term
Eq. ~A1!, reducingL to a model withN linear supermulti-
plets. Note that the Einstein gravity term is canonically n
malized because of Eq.~A3!.

Let us now return toL and integrate out theVA’s. Their
equations of motion are as follows:

SA1S̄A5
]F

]VA
2

1

3

]K

]VA
H F2 (

B51

N

VB~SB1S̄B!J . ~A6!

10This duality was briefly discussed in@36#.
0-5
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If we multiply Eq. ~A6! by VA and sum overA51,...,N, we
find11

F~V1 ,...,VN!2 (
A51

N

VA~SA1S̄A!523. ~A7!

It is now trivial to use Eq.~A7! to rewrite Eq.~A6! in a very
simple form:

SA1S̄A5
]~K1F !

]VA
. ~A8!

Using these relations, we find

L523E d4uE1H (
A51

N
1

8E d4u
E

R
SA~W aWa!A1H.c.J ,

~A9!

with

K5K~S11S̄1 ,...,SN1S̄N!. ~A10!

This completes the proof of linear-chiral duality.

APPENDIX B: COMPONENT-FIELD LAGRANGIAN

In this appendix, we compute the necessary element
the component-field Lagrangian corresponding to the su
field Lagrangian~2.10!–~2.11!. We use the chiral density
method@30,37#.

We start by enumerating the definitions of bosonic co
ponent fields. In the hidden sector, we have

l A5VAuu5 ū50 ,

2saȧ
m Bm

A2
4

3
l As

aȧ

a
ba5@Da ,Dȧ#VAuu5 ū50 ,

uA5UAuu5 ū50

[2~D̄228R!VAuu5 ū50 ,

24FA52D 2~D̄228R!VAuu5 ū50 .
~B1!

11Equation~A7! is obtained by assuming(A51
N VA (]K/]VA)Þ3,

as is true for the models considered in this paper.
08401
of
r-

-

In these expressions, thel A are dilaton-like scalar fields, an
theBm

A are axionic degrees of freedom in the same superm
tiplets. The fieldsuA are the gaugino condensate fields of t
hidden sector.

The visible-sector fields are defined in a similar way:12

l̃ Ã5ṼÃuu5 ū50 ,

2saȧ
m B̃m

Ã2
4

3
l̃ Ãsaȧ

a ba12 Tr~la
Ãl̄ ȧ

Ã!

5@Da ,Dȧ#ṼÃuu5 ū50 ,2Tr~l Ãl Ã!

52~D̄228R!ṼÃuu5 ū50 ,

8i Tr~l ÃsmD ml̄ Ã!14 Tr~l Ãl Ã!M̄12 Tr~F̃
Ã

mnF̃ mn
Ã !

1 i emnpqTr~F̃ mn
Ã F̃ pq

Ã !24 Tr~D̃ÃD̃Ã!

52D 2~D̄228R!ṼÃu5 ū50 ,
~B2!

where

2 ila
Ã5W a

Ãuu5 ū50 , i l̄ ȧ
Ã5W ȧ

Ãuu5 ū50 ,

22D̃Ã5D aW a
Ãuu5 ū505DȧW

Ã

ȧ
u5 ū50 ,

B̃
Ã

m
5

1

2
emnpqH ]qb̃pn

Ã 1
1

6
TrS ã[q]pãn]2

2i

3
ã[qãpãn] D ÃJ .

~B3!

In these expressions, thel̃ Ã are dilaton-like scalar fields. The

B̃m
Ã are dual field strengths of the antisymmetric tensorsb̃pq

Ã .

TheF̃ mn
Ã are the Yang-Mills field strengths, while theãm

Ã are

the corresponding gauge fields. The fieldsM , M̄ , andba are
the auxiliary fields of the supergravity multiplet@38#. The
bosonic components of theF i are f i5F i uu5 ū50 and
24Fi5D 2F i uu5 ū50 .

Using these definitions, we find the following boson
component-field Lagrangian:

12We include the gaugino fields for the reader’s convenience.
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1

A2g
LB52

1

4
R2 (

Ã51

Ñ 1

8 l̃
Ã

2
~11 l̃ Ãg̃

l̃

Ã
!¹ml̃ Ã¹ml̃ Ã1 (

Ã51

Ñ 1

8 l̃
Ã

2
~11 l̃ Ãg̃

l̃

Ã
!B̃

Ã

m
B̃m

Ã2 (
Ã51

Ñ 11 f̃ Ã

16l̃ Ã

Tr~F̃
Ã

mnF̃ mn
Ã !

2 (
A51

N2Ñ 1

8l A
2

~11 l Agl
A!¹ml A¹ml A1 (

A51

N2Ñ 1

8l A
2

~11 l Agl
A!BA

mBm
A1 (

A51

N2Ñ i

4
bABA

m¹m lnS ūA

uA

D 2
1

2
(
i , j

Gi j̄ ¹
mf i¹mf̄ j

2
1

18
S N231 (

Ã51

Ñ

l̃ Ãg̃
l̃

Ã
1 (

A51

N2Ñ

l Agl
AD baba1 (

Ã51

Ñ 11 f̃ Ã

8 l̃ Ã

Tr~D̃ÃD̃Ã!1
1

2
(
i , j

Gi ̄FiF̄ j2
1

4
S (

A51

N2Ñ

bAuAD(
i

GiFi

1 (
A51

N2Ñ 1

8l A

$11 f A1bAl A ln~e2KūAuA!12bAl A%FA1
1

18
H N231 (

Ã51

Ñ

~ f̃ Ã2 l̃ Ã f̃
l̃

Ã
!1 (

A51

N2Ñ

~ f A2 l Af l
A!J M̄M

2 (
A51

N2Ñ 1

8l A

$11 f A1bAl A ln~e2KūAuA!%uAM̄2
1

12
S (

B51

N2Ñ

bBūBD H N1 (
Ã51

Ñ

~ f̃ Ã2 l̃ Ã f̃
l̃

Ã
!1 (

A51

N2Ñ

~ f A2 l Af l
A!J M

2 (
A51

N2N

˜

1

32l A
2

~11 f A2 l Af l
A!ūAuA2

1

16
S (

B51

N2N

˜

bBūB
D H (

A51

N2N

˜

~11 f A2 l Af l
A!

l A

uAJ 1H.c. ~B4!
he

-
he

roup
liza-

ing
l-
ec.

e-

p-
n-
We also find the following kinetic and mass terms for t
gauginos and gravitino:

1

A2g
Lml

52 (
Ã51

Ñ 11 f̃ Ã

4 l̃ Ã

Tr~ il Ãsm¹ml̄ Ã!

1
1

16
S (

A51

N2Ñ

bAūAD
3H (

Ã51

Ñ ~11 f̃ Ã2 l̃ Ã f̃
l̃

Ã
!

l̃ Ã

Tr~l Ãl Ã!J 1H.c.

1

A2g
LmG̃

5
1

2
emnpqc̄ms̄n¹pcq2 (

A51

N2Ñ
1

8l A
$11 f A

1bAl A ln~e2KūAuA!%ūA~cmsmncn!1H.c.

~B5!

To extract the potential~3.1!, we must eliminate the aux
iliary fields. We will not do that here, except to note that t
equations of motion for the auxiliary fields (FA1F̄A) are

11 f A1bAl A ln~e2KūAuA!12bAl A50. ~B6!

This fixes the modulus of the condensate fielduA to be

uAūĀ5expF ~K22!2S 11 f A

bAl A
D G . ~B7!
08401
The modulus has the correct dependence on the gauge g
and gauge coupling, as expected from the usual renorma
tion group arguments@6,31#.

APPENDIX C: GAUGINO MASSES IN THE CHIRAL
SUPERMULTIPLET FORMULATION

In this appendix we compute the gaugino masses us
the chiral supermultiplet formulation. By linear-chiral dua
ity, the result must be identical to the one obtained in S
III.

Following Appendix A, it is straightforward to write
down the chiral supermultiplet formulation of the model d
fined by Eqs.~2.10!–~2.11!. The real superfieldsṼÃ andVA

dualize to chiral superfields13 S̃Ã and SA . The linear-chiral
duality relations include Eq.~A5! and

S̃Ã1SD Ã5
11 f̃ Ã~ṼÃ!

ṼÃ

. ~C1!

This gives rise to the following identities:

s̃Ã1sD Ã5
11 f̃ Ã

l̃ Ã

, ~C2!

13It can be shown that the linear-chiral duality established in A
pendix A also applies to the effective theory description of Ve
eziano and Yankielowicz@22#. In particular, the linear-chiral duality
relations remain the same.
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^F̄SD Ã
&52

^M &

3
K 11 f̃ Ã2 l̃ Ã f̃

l̃

Ã

l̃ Ã

L .

The first is theu5ū50 component of Eq.~C1!. The second
is obtained by acting on both sides of Eq.~C1! with the
operatorD̄2, and then taking the vacuum expectation va
of the lowest component.

The expression for the gaugino masses is standard,
tt

.
-

S

08401
e

ml
Ã52

^F̄SD Ã
&

^s̃Ã1sD Ã&
, ~C3!

wheres̃Ã5S̃Ãuu5 ū50 andFS̃Ã
52 1

4 D 2S̃Ãuu5 ū50 . Using Eq.

~C2! and ^M &53mG̃ , we find a final result for the gaugino
masses that is identical to Eq.~3.3!, obtained from the linear
supermultiplet formalism.
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gnole, L. E. Iba´ñez, and C. Mun˜oz, Nucl. Phys.B422, 125
~1994!; B346, 747~E! ~1995!.

@6# P. Binétruy, M. K. Gaillard, and Y.-Y. Wu, Phys. Lett. B412,
288 ~1997!.

@7# M. Berkooz and R. G. Leigh, Nucl. Phys.B483, 187 ~1997!.
@8# C. Angelantonj, M. Bianchi, G. Pradisi, A. Sagnotti, and Ya.

Stanev, Phys. Lett. B385, 96 ~1996!.
@9# Z. Kakushadze, Nucl. Phys.B512, 221 ~1998!.

@10# Z. Kakushadze and G. Shiu, Phys. Rev. D56, 3686~1997!.
@11# Z. Kakushadze and G. Shiu, Nucl. Phys.B520, 75 ~1998!.
@12# G. Zwart, Nucl. Phys.B526, 378 ~1998!.
@13# D. O’Driscoll, hep-th/9801114.
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