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We study supersymmetry breaking by hidden-sector gaugino condensation=ith, D=4 supergravity
models with multiple dilaton-like moduli fields. Our work is motivated by type | 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 fie]§0556-282(99)06818-4

PACS numbeps): 04.65+e, 11.25.Mj, 14.80.Ly

[. INTRODUCTION hidden sector to be composed of gaugino condensate fields,
one on each set of branes. The condensate fields are also
Before the recent string duality revolution, most stringcoupled to gravity and to their associated dilatds; con-
phenomenology centered on perturbative=1, D=4 het-  struction, this theory describes the low-energy limit of a type
erotic string theories. The discovery of string duality andl string theory, where each super Yang-Mills theory resides
D-branes, however, opened a variety of new approaches ten its own set of D-branes. Of course, our analysis also ap-
string phenomenology based on type | and type Il stringolies to other string or M theory vacua with multiple dilaton-
theories. For example, much recent work has focused on tHike fields.
intriguing possibility that our four-dimensional world lies at ~ VariousA’=1, D=4 type | models have been proposed
the intersection of a set @p-branes (3=p=9) embedded in the literaturd 7—19|. Particularly simple examples can be
in (9+1)-dimensional spacetinte. constructed from type | models with D9-branes and D5-
A well-known problem with the usual perturbative het- branes compactified oh>x T?X T2, whereR,; is the radius
erotic string phenomenology is that hidden-sector gauginof the ith two-torus,i=1,2,3. (D5-branes that wrap on the
condensation4] gives rise to visible-sector gaugino massesith two-torus are denoted as Pranes. These models have
that are much smaller than the scale of supersymmetrgpne dilaton fieldS, three untwisted moduli field§; (i
breaking[5,6]. This is a consequence of the fact that a single=1,2,3) and additional twisted moduli fields from the closed
dilaton couples to all gauge and matter fields. Gaugino constring sector. Other D-brane configurations can be obtained
densation induces a smadl term for the dilaton field, and from these by T duality.
the dilaton couplings then give small masses to the gauginos. One such example is a type | model with two sectors,
In type | models, however, the situation can be very dif-built from D9-branes and D5branes. The gauge bosons
ferent. In these models, the hidden and visible sectors caarise from open strings ending on the D9- and, bfanes.
reside on different D-branes. Each sector has its own dilatorifhe low-energy effective Lagrangian is as follévj4,15]:
like fields [2]. The hidden-sector dilatons receive small
terms from gaugino condensation. However, thEsterms 1 E 1 E_ '
are not responsible for the visible-sector gaugino masses, and L= —J d*0=S(WW,)pe+ —f d40—TS(W,'1Wa)D9
therefore the gaugino masses are not forced to be $mall. 8 R 8 R
Inspired by this possibility, in this paper we study the 1 E
question of supersymmetry breaking by hidden-sector + —J =T, (W W,)ps
gaugino condensation iNV=1, D=4 supergravity models 8 R !
with multiple dilatonlike fields. We compute the visible- 1 E
sector gaugino masses and find that they can indeed be of the + _J d49—?1(WdWi’)D5 +... (1.1
order of the supersymmetry breaking scale. We see that type 8 R' !
I models offer an appealing solution to the gaugino mass

problem associated with heterotic string theories. where
We approach this problem in the spirit of effective field
theory. We take our visible sector to be composed of mul- 3 o
tiple pure N=1 super Yang-Mills theories, each coupled to K=—In(S+ S)—E In(T;+T;)+--- (1.2
i=1

gravity, and each to its own dilatonlike field. We take our

*Email address: bagger@jhu.edu 3To simplify our presentation, we ignore all charged chiral super-
TEmail address: yywu@eta.pha.jhu.edu fields; this restriction does not affect the results of our analysis.
1See[l,2,3] for recent reviews. 4For convenience, we use the liar superspace formulation
2This possibility was also observed fifh]. throughout this pap€r0].
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is the Kehler function. The ellipsis denotes possible contri-the real superfield which contains tigh dilaton-like field

butions from other neutral chiral superfields, and [21]. The fieldVz obeys the constraint
o 2m2p2 Rz
(S+S=—"2, (T+T)= =123 ~(D?-8R)Va=Wila. 2.2
TN 3! T\ a'
(1.3y  This constraint couples the dilatons to the super Yang-Mills
fields.
In these expressions, is the string couplinga’ =M, 2, In Kahler superspacf20], the supergravity kinetic terms

and M, is the string scale. The field strengthe/(9,)ps  are given by a Lagrangiad and a Kaler functionK. For
and (W“W,)ps, contain gauge fields residing on D9- and the visible-sector fields, we take them to be

D5;-branes, respectively. Note that the mod8|i T, are -
dilaton-like fields, whileT,, T are not N
A second example contains D9-branes as well as CZJ d*0Ey —3+N+ X TaVa) (.
D5;-branes compactified on all three toii<1,2,3). It has A=1
four sectors, and four dilaton-like fields, T,, T,, T3, as - (2.2
defined in Eq.(1.3). These fields couple to the gauge fields N
on the D9- and D5branes and give rise to the effective K= {InVi+ga(Va),
Lagrangian A=1
1 E 1 E_ ‘ where
=—f d*0=SWW,)pe+ —J d*0—SOW, W*)pg
8 R 8 RT A9 dF-
s, - Vi =Fa-Vi—. 2.3
t2 3 f Ao TiIOV Wa)os, & Wa
In these expressions, the leading terms describe the tree-level
E__ : couplings of the gauge and dilaton-like fields; the functions
+> o d*O=T,(W NV pg +---. 1.4 = 5o R . :
“~ 8 RT i ga(Va) and fz(Va) contain corrections beyond tree level.
The condition(2.3) guarantees that the Einstein gravity term
The plan of this paper is as follows. In Sec. Il, we defineis canonically normalizedFor simplicity, we do not include
our N=1, D=4 supergravity model with multiple dilaton- mixings between the differen?;’s. Such mixings arise at
like fields. In Sec. I, we argue that the extra dilaton-like the loop level, but they do not change our conclusfns.
fields allow gaugino masses to be as large as the gravitino In the hidden sector, the effective Lagrangian is different
mass. We also present an explicit example of this scenariobecause the super Yang-Mills fields are in a strongly coupled
In Appendix A, we exhibit the linear-chiral duality for condensation phase. This leads us to replace the Yang-Mills
N=1, D=4 supergravity models with multiple linear super- fields by chiral condensate superfieldg [22]. These fields
multiplets. In Appendix B we extract the relevant pieces ofare contained within the real superfieNg [23,24], where
the component supergravity Lagrangian. Finally, in Appen-
dix C we check our results by comparing with the chiral _(BZ_SR)VA:UA- (2.9
supermultiplet formulation.
The hidden-sector dilaton-like fields are also contained in the
Il. SUPERGRAVITY WITH MULTIPLE DILATON-LIKE fields V.
FIELDS The effective Lagrangian for this sector contains kinetic

_ . i _ and superpotential terms. The kinetic terms are as above,
In this section we define thd/=1,D=4 supergravity

model that we will study. We start by considering a system -N
with N different types of D-branes. Of these, we takéo be L= f d“HE‘ 3+N-=N+ E fA(Va) [,
Dpa-branes A=1,... N) with weakly coupled visible-
sector fields on their world volumes. We take the remaining N (29
N-N to be -branes A=1,...N—N) with strong| -

DA 8 ) 9Y K= > {InVa+ga(Va)l,

coupled hidden-sector fields in the condensation phase. T &
Let us first construct the effective theory of the visible

sector. For each value &, let Wi denote the super Yang-

Mills field strength on theAth set of branes, and lat; be 5Type | models typically contain chiral superfields charged under
the Dpz and Dpi, gauge groupsR#K’). These superfields mix
the different dilaton-like fields. Our study ignores charged chiral

Sour definition of theS and T; moduli agrees with20], but dif- superfields, so it is consistent to ignore mixings between different
fers from[1]. V3i's.
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where

df A

dga
VA dvA .

VAm:fA_

The leading terms describe the tree-level couplings, while

PHYSICAL REVIEW D60 084010
The full supergravity Lagrangian contains contributions
from both of these sectors. It can be written as folldws:
(2.6 N N-N
£=f d40E[ —3+N+ > Ta(Va) + > fa(Va)
A=1 A=1

ga(Va) and fA(V,) contain corrections beyond the tree

level. N-N B

The superpotential terms are generated by nonperturbative + A21 f d*0EbAVAIN(e K UAU ), (2.9
effects associated with gaugino condensation. In what fol- -
lows, we take the superpotential to be given by where the Kaler function is given by

E1l
£A=J d*e 5 gPaUaln(e” K2y, +H.c. N N—N
K= E {INVa+0a(Va)l+ E {INVa+ga(Va)}
_ A=1
=f d*9Eb VA In(e KU AU ,), (2.7 _ _
+G(Pq,Dq,....P,,P,) (2.10

whereb,=2b,/3, andb, is the one-loop3-function coeffi- and
cient of Dp,-sector. The form of this term is dictated by the
anomalies of the underlying super Yang-Mills theory
[4,22,25,26,2. - dgx -~ o dfa - -

In rigid supersymmetry, the superpotential is fixed by the Va—=fa—-Va—, =1,...N,
chiral and conformal anomalig®2]. In local supersymme- dva dVva
try, the Kéhler anomaly also comes into pld28,29. In
particular, it fixes the expliciK dependence of the superpo- dga df o
tential. Under an arbitrary Kder transformation,K—K VAdV =f,— VAdV A=1,...N—N
+F+F, the fieldsVa—V, andUa—U,e(F P2 The su- (2.19)

perpotential then transforms as follows:

EAE f d40E bAVA In(e_ KUAUA)

. E1l PR3
*)EA_ d R8bAUAF d eﬁgbAUAF

This is precisely the right transformation to match thélk€a
Yang-Mills theory

anomaly of the underlying super
[4,25,26,21.

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

Ill. GAUGINO MASSES

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

From Eq.(B4) we find that the scalar potential takes the
following form:

(2.9

N-N

1 _ (1+fA—I fA) NN
=1162 16| | & I B=1
~3+> GG G . ,
1 Y
+E N ~ _ N-=N Z bala 3.1
+ 2 (AHFA-TAF D+ 3 (1A=L)
A=1 A=1

"Note also that these expressions contain contributions from extra modulidields=1,...

twisted or nondilaton-like untwisted moduli fields.

n. In the context of type | models, thk; are

084010-3
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In this expression| 3=Vl y_7—0 andlx=Va| 450 are the
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Let us compare this to a model in which the visible and

dilaton-like scalar fields which couple to the visible and hid-hidden sectors couple to different dilaton-like fields. The sca-

den sectors, respectively. Moreover,=U|,—5—¢o is the

gaugino condensate field on each of thp,Ebranes; it de-
pends on 4 according to Eq(B7). Other notation is as fol-
lows:

a_99a(Va) ~_dga(Va)
9 :d— s yE— )
Va  To-5-0 dVa |0
A df a(Va) ~f~R_ dfa(Va)
I o 1= ~
Va 1pi0 dva |, 70
(3.2
G dG
i ' Fi— ,
" Pily=p-0 IP;i |, 50
G
(9(I)i(9¢)j 9=9=0

The gaugino mass has its origin in the expli€itdepen-
dence of the hidden-sector superpotential. We find(B§)

- [ 1+TA-Tif

1+FA-TAF 4 _
= == mg, A=1,...N (3.3
1+fA
The gravitino mass is simply
N-N 1
A=1

lar potential of Eq.(3.1) receives contributions from both
sectors, proportional tQ1+~fA—~Iﬁ$) and (1+fA— 1),
However, to leading order, onk+fA—TF ©) contributes

to the gaugino masses. As above, minimizing the potential
forces(1+fA—1,f1*) to beO(b3), but it does not constrain

(1+T7*—T;?f\>. This suggests that the gaugino masses can

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

two types of D-branesN=1 andN=2). Each has its own
dilaton-like field, Tz andl,. The scalar potential follows
from Eq.(3.1), with no summation over the indicésandA:

1

V_ R
165

{(1+FA=1,FM(1+ bl )2+ D214
><[(1+?Z\—T;?§N‘)—3]}U,\uA. (3.7

The conditions for a nontrivial vacuum with vanishing cos-
mological constant are

<%(1+T7*—T;\?%\)> =0,
i

J A
<m(1+fA—|AfI )>

— 2b2(1 )3~ (1+TA-TFD) ]+ O(bd), (3.9

(L4 FA=15f Ry =bRARDIB3—(L+ TA-TAIT) 1+ OB,

where aIIO(b,:’;) terms are suppressed. These equations have
a consistent solution if (1+fA=1,fMN=0(b3) and
(1+7A—T;?$) is O(1). Since this latter term fixes the

visible-sector gaugino mass, we expmﬁ to be of order

To understand these formulas, let us first examine theng .

gaugino mass in a theory with just one dilaf@30,31. In
this case the gaugino mass is as folld\§

14l LI
™=\ b 1+f /MG

(3.5

To actually compute the gaugino mass, we need to specify

the functionsf” andf”. [The functionsy, andgj are deter-
mined via Eq.(2.11)]. We choose them to stabilize the run-
away vacuum typically associated with dilaton-like fiefds.
The general procedure is described 39,34]. For now, we
consider the following simple choick:

All scalar fields are evaluated at the minimum of the poten-

tial,

_ 1 2 21200
V= E{(1+f—lf|)(1+bl) —-3b2%uu. (3.6

fa=P-e s Ti=P.e A P0P0>0. (39
Substituting Eqgs(3.9) into Egs.(3.8), we find that the po-

tential has an extremum, located at

From this we see that any vacuum with zero cosmological

constant satisfies (1+ f—If,)=3b%(12)+ O(b%. Since
(1+f) and(l) are numbers of order 1, E3.5 implies that
m, is smaller tharmg by a factor ofb.

83ee[32,33 for recent reviews.
This choice is motivated by the type | string theory discussed in
[35].
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We studied a scenario in which different dilaton-like
fields couple to the hidden and visible sectors. We assumed
that supersymmetry is broken by gaugino condensation in
the hidden sector. We found that the visible-sector gaugino

dilaton-like fields. Our results stand in contrast to the usual
heterotic string phenomenology, where the gaugino masses
are typically much smaller.

Scalar Potential

0
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FIG. 1. The scalar potential), plotted versud, for fixed Tx

=(Ta).

~ . 9
< A>_ 2’ APPENDIX A: LINEAR-CHIRAL DUALITY
0 ) In this appendix we prove that a supergravity model with
(Ia)= §+O(bA), (3.10 N linear supermultiplets is dual to another supergravity
model with N chiral supermultipletd® We will show that
P=e?+0( bf\) both models can be obtained from the following Lagrangian:

N
for any value ofP. It is, in fact, a global minimum of the £:f d*OE! F(Vq,... V) + D (SatSa)(Qa—V,a)
A=1

potential with vanishing cosmological constant, as illustrated

in Figs. 1 and 2. (A1)
Let us now evaluate the gaugino mass in this vacuum. We .
find with
K:K(Vl,...,VN) (AZ)
) =
5 e—P and
my = LY (3.1
e‘+pP N N
K JF
-3+ Va——=F~— Va—. A3
where Agl AoV, Azl AoV, (A3)

0.2mg< m’;f< 0.8mg for 4.9>7>0.8. (3.12 In these expressions, thé,’s are unconstrainedeal super-
fields and theS,’'s are ordinary chiral supermultiplets, for
We see that, for reasonable valuesiifthe gaugino mass is A=1.....N. The field, is a Chern-Simons superform; it
of the order of the gravitino mass. obeys

_(TP2_ _
IV. CONCLUSION (D*=8R)Qp=WaWa, (A4)

The presence of multiple dilaton-like moduli fields is a for A=1,...N.
very important feature aN=1,D =4 type | string models. Let us first integrate out th8,’s in £. Their equations of
The extra dilaton-like fields can change the resulting phemotion are as follows:
nomenology in many ways. In this paper we examined their _
effect on supersymmetry breaking by hidden-sector gaugino —(D*~8R)VaA=WaWj. (AS)

condensation. _ . . .
This equation can be used to eliminate the second term in

Eqg. (A1), reducingL to a model withN linear supermulti-
plets. Note that the Einstein gravity term is canonically nor-
malized because of EGA3).

Let us now return toZ and integrate out th¥,’s. Their
equations of motion are as follows:

Scalar Potential

oF 1 oK N

SAJ“SA:aTA_ﬁa_vA F—le Ve(Sg+Sg) (. (A6)

0

FIG. 2. The scalar potential, plotted versudz for fixed |,
=(ln). 1%This duality was briefly discussed [86].
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If we multiply Eq. (A6) by V, and sum oveA=1,... N, we

find™ In these expressions, thg are dilaton-like scalar fields, and

the Bﬁ are axionic degrees of freedom in the same supermul-
tiplets. The fieldsi, are the gaugino condensate fields of the
N _ hidden sector.
F(Vlv---’VN)_AEl Va(Sp+Sa)=—3. (A7) The visible-sector fields are defined in a similar Way:

It is now trivial to use Eq(A7) to rewrite Eq.(A6) in a very 7
simple form:

i A4 .
S, = IK+F) (A8) 20'21-18'?”— §| Aozdba-i- 2 Tr()\ﬁf’»:)

+Sp= .
SatSa N
Using these relations, we find =[De, Do ]V p=g=0, — TIANA)

=—(D*-8R)Vz|y- 90,

N
1 E
z:=—3J d40E+[A§=:l gf d'0 5 SAW Wo)atHef, ) ) o )
8i T(MAG™D M) +4 TIOMNAM +2 T Fh,

(A9)
with +i €MMPATH(Fp Fhg) —4 Tr(DAD)
K=K(S;+S;,...,.5y+Sy). (A10) =—DXD?-8RVap_s-0.
(B2)
This completes the proof of linear-chiral duality.
where
APPENDIX B: COMPONENT-FIELD LAGRANGIAN
In this appendix, we compute the necessary elements of % 5 — A
the component-field Lagrangian corresponding to the super=iNg=Wilo=g-0, INg=Wlo—s-0.
field Lagrangian(2.10—(2.11). We use the chiral density
method[30,37].
We start by enumerating the definitions of bosonic com- ,FA_ paypAl — _p.yps —
ponent fields. In the hidden sector, we have al0=1=0=DilVg=1-0.
[a=Valo=o=0, . -
a=Valo=9=0 ~m1mnp 1 . 2i _ _ \A
87*:56 dgbpnt gTr a[qapan]—ga[qapan]
(B3)

4
205, Bn— 31707 0a=[Do DIV 50,

In these expressions, thg are dilaton-like scalar fields. The
Ua=Unlg=4-0 B}, are dual field strengths of the antisymmetric tendif)s
= — (D>~ 8R)Valy_7-0, The 71, are the Yang-Mills field strengths, while tiag, are
the corresponding gauge fields. The fieMsM, andb, are
o the auxiliary fields of the supergravity multiplg88]. The

—4F ,=—D?(D*-8R)Vy|p—7-0- bosonic components of thé; are ¢;=®|,—5—o and
(Bl)  —4F=D?®|y—y_0.
Using these definitions, we find the following bosonic
component-field Lagrangian:

HEquation(A7) is obtained by assumingN_,V, (dK/dV,) #3,
as is true for the models considered in this paper. 2We include the gaugino fields for the reader’s convenience.

084010-6



GAUGINO CONDENSATION INN=1 SUPERGRAVITY ...

PHYSICAL REVIEW D60 084010

1 1 N S N N o~ N
Lo=—"R= 3 —U+TRgOV TV Tat 3 —(14Tag)BIBA- 3 — TH(FL"Fho
/_g 4 A, 812 A-1 815 A=1 16l3%
N-N N-N N—N i U
= 2 ANV At 2 (1+1glBRBy 2 4 PABRVmIn s GV V mb)
1812 1812 ua/ 2 7]
1 N _N-N N 1+F; N-N
——|N-3+> T;\&f‘+2 A9 | b2 +2 ST DADA + - 2 GFiF— - 2 bata | > GiF;
18 A=1 A=l A=1 8l 2 A= i
N-N 1 N _ON-N
+ 2 —{1+fa+balaIn(e K UUL) +2DAl )b Fp+ — 1 N=3+ > (FA-TATD) + E (FA=1AF8 t MM
A=1 8l, 18 . A=
N-N N-N N Y
- E BT{1+fA+bAIAIn(e uAuA)}uAM—— E bt | { N+ X (FA-TxFH) + E (FA=IAfN I M
A B= A1 Am
" . " N (1A 1AT
—2 —— (L+ A= 1, upua— —| > bgug 2 ————up[ +Hec. (B4)
-1 3zA 16 \ B=1 A= la

We also find the following kinetic and mass terms for theThe modulus has the correct dependence on the gauge group

gauginos and gravitino:

and gauge coupling, as expected from the usual renormaliza-

tion group argumentgs,31].

SIS

Tr(l)\A my )\A)

V_g a1 4T3
(NN
+—| b
16\ A A8
N TATRES) L
Xy > — Tr(N\A) [ +H.c.
A=1 Ia
Ll s P E‘,N et
9 m _Ee YO n p‘r//q = m{ A

KUAUA) FUA(Pm0 ™) + H.c.
(BS)
To extract the potential3.1), we must eliminate the aux-
iliary fields. We will not do that here, except to note that the
equations of motion for the auxiliary field§g+F,) are

+balaln(e”

1+fa+balaIn(e Kupup) +2bal 4= 0. (B6)

This fixes the modulus of the condensate fiejdto be

+fa

_ 1
uAuA=ex;{(K—2)—(m (B7)

08401

APPENDIX C: GAUGINO MASSES IN THE CHIRAL
SUPERMULTIPLET FORMULATION

In this appendix we compute the gaugino masses using
the chiral supermultiplet formulation. By linear-chiral dual-
ity, the result must be identical to the one obtained in Sec.
Il

Following Appendix A, it is straightforward to write
down the chiral supermultiplet formulation of the model de-

fined by Eqs(2.10—(2.11). The real superfield¥; andV

dualize to chiral superfield$S; and S,. The linear-chiral
duality relations include EqA5) and

- = 1+faVv )
SAtSp=——71—— (Cy
Va
This gives rise to the following identities:
~ . 1+fx
S'A+SZ\=~—, (CZ)
I

B3t can be shown that the linear-chiral duality established in Ap-
pendix A also applies to the effective theory description of Ven-
eziano and Yankielowic22]. In particular, the linear-chiral duality
relations remain the same.

0-7
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My | L+TFA-TAFS

3 T

(F&)=

A

The first is thed=6=0 component of Eq(C1). The second

is obtained by acting on both sides of BE&1) with the

PHYSICAL REVIEW D 60 084010

(Fs)

o

(C3)

wheresa=S;] 4= 5-0 andFg; = — 1 D?S;] 4= 5—0. Using Eq.

operator52, and then taking the vacuum expectation value(C2) and(M)=3mg, we find a final result for the gaugino

of the lowest component.
The expression for the gaugino masses is standard,

masses that is identical to E@.3), obtained from the linear
supermultiplet formalism.
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