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Electron and neutron electric dipole moments in the focus point scenario of the supergravity model
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We estimate the electron and neutron electric dipole moments in the focus point scenario of the minimal
SUGRA model corresponding to large sfermion masses and moderate to IgBgd lane is a viable region of
moderate fine-tuning in the parameter space, aroung-=t&n where the experimental limits on these electric
dipole moments can be satisfied without assuming unnaturally small phase angles. But the fine-tuning con-
straints become more severe for gan10.
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INTRODUCTION EDMs in the focus point scenario to see if they can be rec-
onciled with the corresponding experimental limits without
It has been long recognized that the experimental limitassuming unnaturally small phase angles. The large mass of
on the electron and neutron electric dipole mom¢aRMs) the first generation sfermions in this model helps to suppress
imply stringent constraints on the minimal supersymmetricthe electron and neutron EDMs. Moreover, a large value of
standard modeMSSM) and in particular the minimal super- the trilinear coupling parametek, helps to suppress them
gravity (SUGRA model[1]. In order to satisfy these limits further via a more effective cancellation between the differ-
one has to assume either unnaturally small phase angl@t SUSY contributions. But this is partly offset by the in-
(<1072 in the model or multi-TeV superparticle massescrease of these EDMs with tgn Thus for tas>10, one
[2]. More recently it has been shown by the authors of Refcannot satisfy the experimental limits without assuming un-
[3] that the problem is alleviated to a large extent by internanaturally small phase angles. However, there is a viable re-
cancellation between different supersymmetB8tSY) con-  gion of the parameter space at around@ard, where the
tributions to these EDMs. Consequently, one can satisfy théxperimental limits can be satisfied with moderate values of
experimental constraints on the EDMs with moderate phasée phase angles.
ang]es and moderate superpartic]e masses in the uncon-In the fO”OWing section we brlefly discuss the focus point
strained version of the MSSW,S] However, one still re- scenario of the minimal SUGRA model and estimate the
quires |arge Superpartic]e masses in the minimal SUGRAine-tuning parameter over the region of interest to the EDM
model[3,6,7], which is undesirable for three reasons. It im- calculation. In the next section we discuss the EDM calcula-
plies (i) a large fine-tuning parameter for radiative breakingtion and identify the region of parameter space, where the
of electroweak symmetnyji) a less viable SUSY signal at EDMs can be reconciled with the experimental limits for
the forthcoming colliders, andii) a very large dark matter Moderate phase angles. We shall conclude with a brief sum-
density of the universg7]. mary of our results.
Recently, Feng, Matchev and Mor@] have pointed out
that the radiative electroweak symmetry breaking condition
and hence the resulting fine-tuning are practically indepen- FOCUS POINT AND FINE-TUNING

dent of the universal soft scalar mass parametgrin the The basic parameters of the minimal SUGRA model are
minimal SUGRA model for moderate to large values Ofmo, My, A, B and u—i.e. soft supersymmetry breaking

tan3(=5). This is also the range favored by the CERNgcajar and gaugino masses, trilinear and bilinear couplings,
e e collider LEP datg9]. This has been referred to as the gjong with the supersymmetric Higgs boson mass parameter
focus point phenomenon. It implies that one can havg,a [13]. The last two can be determined in terms of the two
and hence sfermion masses of the first two generations in ﬂ]‘?iggs vacuum expectation valuas, andv,, using the two

multi-TeV region without affecting the fine-tuning parameter yinimization conditions. The first condition determirsn
of electroweak symmetry breaking. In addition, one expect§grms of the ratir, /v,=tang and the sum

in this case an inverted hierarchy of squark masses, resulting
in a distinctive SUSY signal at the CERN Large Hadron
Collider (LHC) from gluino productiorj10,11]. Moreover, it v2=v2+0v5=2m2/(g°+g'?)=175 GeV. (1)
has been shown to predict a dark matter density of the uni-
verse, which is in fact in the desired rande?].
In this paper we have calculated the electron and neutroifthe second condition gives
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1 m?, —m?_tart3 value m3. This is the so called focus point phenomenon,
—m§=; —|pl?+Ag, (2)  which implies thatn, can be made-1 TeV without affect-
2 tarfB3— 1 ing the naturalness criterion. The corresponding squark and

o ) slepton masses of the first two generations remain large at
where the last term comes from the radiative correction tQne electroweak scale,

the Higgs potential. This equation determines the modulus of

w mgjzngr O(M2,)>1 TeV, (8)

Thus for any tag, the naturalness of the electroweak
symmetry breaking scale requireg;, and|u|® to be of the  since their RGEs are not affected by the top quark Yukawa
order of m%, so that there is no large cancellation betweencoupling. Interestingly, the focus point condition ensures that
these quantitieg14]. Since mﬁz is linearly related to |u|? at the electroweak scale is practically the same as its

m3, M3, and|A|? via its renormalization group equation GUT scale value, sinckl6]

(RGE), one usually assumes the naturalness criterion to im- 2.4 201 — vy~ 2 9
ply each of these parameters to4d TeV. Indeed, most of [l Bpol (1Y) [0l ©
the phenomenological studies within the minimal SUGRA 1, sensitivity of the electroweak scale to the SUSY pa-

model are based on this assumption. However, as pointed Ol eters is determined from E€@) in terms of the partial
by Fenget al. [8], for physical values of the top quark mass yerivatives

and the gauge couplingmﬁ2 at the electroweak scale be-

comes practically independent of its grand unified theory a ﬂm%
(GUT) scale valuemj for tan3=5. One can see this result Ca= m_§ Ja
from the approximate analytic solution of the one-loop RGE

for mﬁz [15,16. For tarB not too large, one gets, while wherea denotesmy, Mj,, mo andA,. The fine-tuning is
neglecting theb Yukawa coupling contribution, defined by the largest of these quantitjéd]

(10

M, =B SYME (M iz Ag,y), @3 €= maXCrg o Cuy Cnol Y
This parameter is a plausible though not unique measure of
Heref is a quadratic function of the soft parametdts, and  fine-tuning. It is based on the sensitivity of the electroweak
Ao, andy represents the top quark Yukawa coupling squaredcale to the SUSY parameters, but not other quantities like
relative to its fixed point value, i.e. m; [8].
2 For estimating the fine-tuning parameter we have taken
_ hy _ 1+ltarfB 4) the radiative electroweak symmetry breaking code of Ref.
y h7f 1+1/tarfB;’ [17], which uses two-loop RGEs along with a two-loop QCD
correction to the top quark mass of E®), and added the
The top quark Yukawa coupling is related to its runningone-loop SUSY correction to the latter following REL8].
mass, The radiative correction to the Higgs potential in EB) is
. evaluated using the complete one-loop refid.
he=m(My)/vsing, ©) We have computed the fine-tuning parame@zin the
(mg-Ap) planes of Figs. (a)—1(d) for fixed values ofM .
Figures 1a) and 1b) show the contour plots of for My,
M=my(M)[1+ Agep+ Asysyl- (6) =300 and 500 GeV at t@#=5, while Figs. Ic). and ](d)'
show analogous plots at t8s10. The phases in these fig-
The QCD and SUSY radiative corrections add about 6% andres correspond t¢, =0 and ¢a,=0 andm, for the upper

4% respectively to the running mass to arrive at the physicaing the lower half regions of the contours respectively. In
top quark pole mas#;=175£5 GeV[9]. Itis wellknown  general,C is very weakly sensitive to the phage, as long
now that a physical top quark mass of 175 GeV correspondgs ¢ is in a range which satisfies the EDM constraints in a
to the fixed point value, tg#y=1.5 at the electroweak scale pyoaqd region of parameter space. On the other hand, it is
[16], which defines the minimal value of tgrin this model. modestly sensitive to the phag, as can be seen by com-

Such a low value of tgh is of course ruled out by the recent . _ - _
LEP limit on the lightest Higgs boson makg], suggesting P2 "9 thegs,=0 andm parts of the contours in Figs(d

tan3>2(4) for maximal (small) top squark mixing. Substi- 1(d.

which is related in turn to the physical top quark mass via

tuting the above value of t#h in Eq. (4) gives We see that for moderate values|@f| (<2000 GeV)
the fine-tuning parameter increases appreciably With,,
y=2/3 for tarB=5. (7)  butitis effectively independent afiy at fixed My, and A.

Figures 1a) and Xb) indicate that, for contours withbA0
Thus over a large range of t@nwhich is also favored by the  _ gne can go up froMy=my=0 to my=2000 GeV and

: 2
above-mentioned LEP datany of Eq. (3) at the elec- A ~1500 GeV without paying any appreciable price in
troweak scale is practically independent of its GUT scaleterms of fine-tuning. Finally, these figures also show that
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(© (d)

there is only a marginal improvement of the fine-tuning pa-
rameter in increasing tghfrom 5 to 10.

EDMs OF ELECTRON AND NEUTRON

The EDM of an elementary fermiof@lectron or quarkis
the coefficientd" of the effective Lagrangian

d'=>

i
——Im
K (477)2m§

i
Le=— "o, ysUF", (12
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FIG. 1. Lines of constant fine-
tuning C in the (my-Ap) plane for
different values of ta@ andM 4.
Here ¢, =0, and for each contour
ba, corresponds to 0 and for
the upper and the lower parts re-
spectively. The shaded areas in
the right represent the excluded
regions due to the chargino mass
limit and the electroweak radiative
breaking constraint. The shaded
areas in the left are excluded by
the top squark mass bounds.

—cim=§ Gi(KiPL+LiPR) Y+ H.Cc., (13

the one-loop EDM is given bj3]

whereP| g=(1% vys)/2 and

which has the nonrelativistic limitl; o E¢a, ¢4 being

the large component of the Dirac field. Figure 2 shows the

one-loop contributions to the effective Lagrangian of Eg.

(12) in the MSSM, coming from chargino and neutralino

exchanges, along with gluino exchange in the case of quark. _
. o . : B(r)=

Denoting the generic interaction Lagrangian by
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The gluino exchange contribution to the quark EDM is

given by
v
2e 2 m; me
2- q_ _ 259 9 pay 9 4pgl 9
T do=-3, 2 Im(D§DY) > Q| 2|, (16
,’1 k \\\ qk qk
," “. whereDY is theL-R mixing matrix for the squarikj, which
L 1 . . . 2
S %59 n diagonalizes the correspondiiy; [3],
@) Im(D$,DY;) = — Im(DL,D ;)
T (|Adsing+ |ulsing, Ry)
- = sin sin ,
Fi MZ —mZ AT TR
PR .. a1 a2
// \\\ (17)
/ \ where
' ]
fi X X fr R,=cotB, Ry=tans, (18)
v

and ¢ is the phase oA at the electroweak scale. For the
first generation of fermions, the magnitudes and phases of
the A parameters at the electroweak scale are close to those
() of Ay at largeA,, since[6]

FIG. 2. One loop diagrams contributing to the electric dipole
moments of quarks and leptons.

Au:(l_ OSy)AO_ 2&\/' 1/2

AdZAO_ 36’\/' 1/2

Here Q denotes electric charge. Tig andQ, terms in Eq.
(14) correspond to the diagrams with photon coupling to the

charginoy;”~ and the sfermiorf, respectively. The chargino exchange contributions to the EDMs are
The presence ofCP violating phases in the minimal given by

SUGRA model is responsible for a nonzero imaginary part

for the product; L, in Eq. (14). If one neglects sfermion —eam 2 m,

flavor mixing to avoid large flavor changing neutral current d'. = = 2 m(V,U")—

effects, then there are two independent physilviolating Y 42amysirtoysing = Mdl

phases in this moddl20]. They can be chosen to be the

phases ofx andA,, namelyé,, andgbAo, while M 4, andB u mif 1 [ M

are chosen to be ref8,6,7]. The reality ofBu ensures that X| A —2' - §B — | |, (20

the Higgs vacuum expectation values and the resulting tan Mﬁl

are real. Following the renormalization group equatioruof

one may note that the phase @fis scale independent. _ 2 m.+
The form of the effective Lagrangian of E(L.2) requires d - eaMq 2 ImM(USV? )l

different chiralities of the initial and the final state fermions, X' a\2mmysir? 6ycoB 1= Ve

as indicated in Fig. 2 and E@l4). For the gluino exchange

contribution, this comes from the chirality flip of the sfer- m>

mion via theL-R mixing term in its mass squared matrix. w| —al 2] L Zgl AL 21)

. . . .. . 2 2 ’

For the chargino exchange contribution, this is accomplished 5

via gaugino-Higgsino mixing in the™ mass matrix, while

the sfermion preserves its chirality. The neutralino exchange

receives contribution from both of these sources. Since both e eamg Y i

the L-R mixing sfermion mass squared term and the d+= 4\2my,sir? 6,,c088 Z m(UiZVil)M_2

Higgsino-sfermion-fermion coupling are proportionalng, W W

all the contributions are proportional to the external fermion 2

mass. Another consequence of the chirality flip is the explicit X;

proportionality of the contributions to the exchanged fermion XA 2 | (22)

massm; in Eq. (14). Ve

AeZAO_O.N 1/2- (19)

N

mX_+

e
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whereu; ,d, refer to the dominantly left-handed squark masswhere
eigenstates. In our numerical analysis we have also includedf - -
the small contributions from the terms with,d,. Here,U 7= = V2{tamiy(Qs = Tar) Ny + TarN2i} D1y~ kiNpiD2]
andV are the gaugino-Higgsino mixing matrices, which di- ~f _ nf
agonalize the chargino mass matrix. Explicit expression for X (2189 Q1D KiNoiD 1), 29
the U andV matrices are given in Ref3] in terms ofM 45, with

tans, |u| and ¢, . We shall simply note here that each of

the coefficients Imy;,V};) and Im(j,U,) is proportional my My e 26)
- K==, Kde=———— 26
to |u|sing,, . Consequently, v amusing de J2mucoss
u,d,e, .
dyr x| ulsing, 23 andb=4(3) foru(d,e). TheD' are theL-R mixing matri-
The neutralino exchange contributions to the EDMs can bees for the sfermiorf, which occurred earlier in Eq16).
collectively expressed as Explicit expressions for its matrix elements are given in Ref.
5 [3] in terms of |A¢|, |u|, ¢¢ and ¢, . Finally, N is the 4
ea 2 4 m, 0 m, o X 4 unitary matrix, diagonalizing the neutralino mass matrix,
f f i i . . .
dX0= -y 2 E Im( 7 )—QiB| — |, which is evaluated numerically.
4 Wk=1i=1 M3, Mz, The main contributions to the EDM of quarks come from

(29 chargino and gluino exchanges, while neutralino exchange
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contribution is relatively small. They are related to the neu-
tron EDM via the nonrelativistic quark model relatip2i]

n 1 d u
d"=z[4d"=d"]7e, (27)

where »g=1.53 is a QCD correction factor for evolving
down the quark EDMs from the electroweak to the hadronic
scale[3,272).

There are two other contributions to the neutron EDM,
arising from the quark chromoelectric dipole moment and
the gluonic dimension-6 operator, which are defined by the
effective Lagrangians

-
£p=—dqo,, 7T (28

and

‘Cllé deach,uvaG G (29)

whereT? are theSU(3) generatorsf ;. the Gell-Mann co-
efficients ands#"? the gluonic field tensor23]. Their con-
tributions to the neutron EDM were earlier supposed to be
small with respect to the quark EDM contribution of Eg7)
[22]. But as demonstrated in Ré8], the large internal can-
cellation between the chargino and the gluino contributions
to thed" can make the net quark EDM contribution compa-
rable to those from the quark chromoelectric and the gluonic
dimension-6 operators over certain regions of paramete
space. In the present analysis we have included each of thes
three contributions to the neutron EDM following RE3).

We have investigated the ranges of the phase angjes
and ba, Over which the predicted electron and neutron

EDMs can be reconciled with the corresponding experimen-

tal limits [9]:
d®<4.3x10 %" ecm, d"<6.3x10 %® ecm. (30

It may be noted here that the above neutron EDM limit is a

factor of 2 smaller than that considered in most of the pre-

vious analyse$3,5—7]. Although it is still an order of mag-

in our analysis.
Figures 3a) and 3b) show the range o, at tarB=5,

>
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FIG. 4. (a) Lines of constant fine-tunin@ in the (my-A) plane

for tand=3 andM,,=300 GeV. Here¢,=0, and for each con-
tour ¢, corresponds to 0 and for the upper and the lower parts
respecnvely The shaded areas in the left are excluded by the top

squark mass boundgb) Lines of constan{Ay| in the plane of

| ¢ ™]-mg for tanB=3 andM,=300 GeV. Here the maximum

. I f fi - lik
nitude larger than the electron EDM, both of these prowde':{:1 ue o |¢“| 's obtained by varyingj,, from — to . Unlike

comparable constraints over the parameter space of mteretsf’S 32)-3(d), hereC strongly varies along the constdy| con-

an opposite sign correlation between the phases. The rela-

over which the predicted electron and neutron EDMs can bévely smaller range ofp,, at moderatgAq| (<2000 GeV)

reconciled with the experimental limi{80), by allowing a
variation of ¢ over the range of- to 7. It should be

mentioned here that the chargino contributiondtbor d®

moderate values of¢,| (~0.1-0.2 rad) shown in Figs.

sin¢A0

overshoots the corresponding experimental limits for thg17), (19).

is due to a larger coefficient of i, in the chargino contri-
bution of Eqg.(23) in comparison with the coefficient of
in the gluino contribution coming from EQq$16),

It is seen that only for very largdAy|

(=6000 GeV) do the two coefficients become comparable,

3(a) and 3b). What helps to satisfy the experimental limits is and one can satisfy the experimental limits for any value of

a canceling contribution from gluino exchange fit (and

P

. But one has to pay a high price in terms of the fine-

neutralino exchange fat®). Consequently, there is a strong tuning parameter amounting 16>1000. In addition, the
correlation between the two phase angles, as noted in earlipurely gluonic dimension-6 operators play an effective role

analyses. In particular the maximal allowed valug¢f| for
a givenmg and|A,| corresponds tdp, |~ 7/2, and there is

in the cancellation mechanism in this region.

It should be added here that in plotting Fig&)3-3(d) we

013004-6
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have scanned then, space in 50 GeV bins. Decreasing the the fine-tuning paramet& steadily increases witing unlike
size of this bin further leads to occasional spikes in the maxiwhat one finds in the focus point scenario. H&és same as
mum value of|¢M|. This is indeed an important effect re- Cuy and a contour of constart, is a part of an ellipse

flecting further suppression of the neutron EDM due to in-[17]. Figure 4b) shows the variation of maximatp,,| with

ternal cancellation among the electric dipole, c:hromoelectriqfn0 for various|A,| values. Unlike Figs. @—3(d), C in-

dipole and the gluonic operator contributions. As alreadyreases here rapidly along the contours of constAgt.

noted in Ref[3], such a drastic suppression of the EDM canconsequently, d¢™ of 0.1 rad would correspond to a
1 /‘L .

occur over narrow ranges of the SUGRA parameters due tﬂne-tuning measur€=200, which is larger than the value
these cancellations. But in the present analysis we shall Corﬂéquired at tag=5 [Fig. 3a)].

centrate only on those results which hold over wide range of
SUGRA parameters, granting a possible correlation between

the two phases.
In Figs. 3a) and 3b) we have indicated the fine-tuning
parametelC at some specific points on the fixé8,| con-

SUMMARY

We have analyzed the electron and neutron EDMs in the
focus point scenario of the minimal SUGRA model along

tours. Essentially, the point marked on each contour correyjith the fine-tuning parameter. In this scenario the soft scalar

sponds to the region of the right tip of the fix&€contours

massmg can go up to 2 TeV without affecting the fine-

for ¢, =0 of Figs. 1a) and Xb). Comparing the two figures  tyning parameter. Similarly, the trilinear coupling parameter
one can easily see th& hardly varies up to the marked can be increased from 0 to 1.5 TeV without any appreciable
point on eachA,| contour. Thus one can accommodate atincrease in fine-tuning. The large, values correspond to
least moderate values ¢f)~{=0.1-0.2 rad forC=100 large masses for the 1st generation of sfermions which helps
— 200, i.e., without paying any price in terms of fine-tuning. to suppress the one-loop SUSY contributions to the EDMs.
Figures 3c) and 3d) show the analogous ranges #f, at ~ Moreover, the largeA,| corresponds to larger gluinmeu-
tan8=10. We see that for given values |#,|, correspond- tralino) contribution to quark(electrony EDM, which can

ing to similar values oC, the ¢, range is less than half the cancel the chargino contribution more effectively. Therefore,
size of that of Figs. @& or 3(b). The underlying reason of one can satisfy the experimental limits of the electron and
course is the comparatively larger coefficients of thethe neutron EDMs without assuming unnaturally small

chargino contributions fod® of Eq. (21) andd® of Eq. (22)
at large tap. Thus the EDM limits disfavor large values of
tang (=10).

Finally, we also analyze the case of g3 and M,
=300 GeV, as displayed in Figs(a} and 4b). Figure 4a)
shows the contours for constant fine-tunfdgvhich are very
different from what we found in Fig.(&). Such a low value
of tanB falls outside the focus point scenafi®]. Besides, it
is disfavored by the LEP limit on the lightest Higgs boson

phasesp, and¢, for mg and|A,| values of~2 TeV each.

But this is possible only for a moderate value of gan5.

The chargino contributions to the EDMs increase withan

so that the experimental limits cannot be satisfied without
assuming small¢,| or a large fine-tuning parameter for
tanB>10. Since the completion of this work, a general phe-
nomenological analysis in the focus point scenario including
the EDMs has appeared recently in Rgf4]. However the
present work contains a more detailed treatment of this issue.

mass[9]. Nonetheless, most of the previous EDM analyses

have concentrated on this low farregion[3,6,7], since it

ACKNOWLEDGMENTS

corresponds to smaller coefficients of the chargino contribu-

tions of Egs.(21) and(22). However, in this region of tgh

U.C. and D.P.R. thank Probir Roy for helpful discussions.

[1] For a review and reference to earlier works, see S. M. Barr and

W. J. Marciano, inCP-violation edited by C. JarlskogWorld
Scientific, Singapore, 1989W. Bernreuther and M. Suzuki,
Rev. Mod. Phys63, 313(1991).

[2] P. Nath, Phys. Rev. Let66, 2565(1991); Y. Kizukuri and N.
Oshimo, Phys. Rev. @5, 1806(1992; 46, 3025(1992.

[3] T. Ibrahim and P. Nath, Phys. Lett. 818 98 (1998; Phys.
Rev. D57, 478(1998.

[4] T. Ibrahim and P. Nath, Phys. Rev. 38, 111301(1998; 61,
093004(2000.

[5] M. Brhlik, G. J. Good, and G. L. Kane, Phys. Rev. 9,
115004(1999.

[6] A. Bartl, T. Gajdosik, W. Porod, P. Stockinger, and H. Strem-
nitzer, Phys. Rev. 50, 073003(1999.

[7] T. Falk and K. A. Olive, Phys. Lett. B39 71 (1998.

[8] J. L. Feng, K. T. Matchev, and T. Moroi, Phys. Rev.aD,

075005(2000; Phys. Rev. Lett84, 2322(2000.
[9] Particle Data Group, D. Grooret al, Eur. Phys. J. C15, 1
(2000.

[10] U. Chattopadhyay, A. Datta, A. Datta, A. Datta, and D. P. Roy,
Phys. Lett. B493 127 (2000.

[11] B. C. Allanach, J. P. J. Hetherington, M. A. Parker, and B. R.
Webber, J. High Energy Phy88, 017 (2000.

[12] J. L. Feng, K. T. Matchev, and F. Wilczek, Phys. Lett482
388 (2000.

[13] P. Nath, R. Arnowitt, and A. H. Chamseddinngpplied N
=1 Supergravity(World Scientific, Singapore, 1984H. P.
Niles, Phys. Rep110 1 (1984; H. E. Haber and G. L. Kane,
ibid. 117, 195(1985.

[14] R. Barbieri and G. F. Giudice, Nucl. PhyB306, 63(1988; G.

W. Anderson and D. J. Castano, Phys. Re\a2)1693(1995;

53, 2403 (1996; P. Ciafaloni and A. Strumia, Nucl. Phys.

013004-7



UTPAL CHATTOPADHYAY, TAREK IBRAHIM, AND D. P. ROY PHYSICAL REVIEW D 64 013004

B494, 41 (1997. (1989; R. Garisto and J. D. Wells, Phys. Rev. 35, 1611
[15] M. Carena, M. Olechowski, S. Pokorski, and C. E. M. Wagner, (1997.

Nucl. Phys.B419 213(1994). [21] A. Manohar and H. Georgi, Nucl. PhyB234, 189(1984).
[16] J. A. Casas, J. R. Espinosa, and H. E. Haber, Nucl. Phyq.22] R. Arnowitt, J. Lopez, and D. V. Nanopoulos, Phys. Rev. D

B526, 3 (1998. 42, 2423(1990; R. Arnowitt, M. Duff, and K. Stellejbid. 43,
[17] K. L. Chan, U. Chattopadhyay, and P. Nath, Phys. Re%8D 3085(1991).

096004(1998. [23] S. Weinberg, Phys. Rev. Le3, 2333(1989; E. Braaten, C.
[18] J. Bagger, K. Matchev, D. Pierce, and R. Zhang, Nucl. Phys. S. Li, and T. C. Yuanjbid. 64, 1709(1990; J. Dai, H. Dyk-

B491, 3 (1997. stra, R. G. Leigh, S. Paban, and D. A. Dicus, Phys. Lett. B
[19] R. Arnowitt and P. Nath, Phys. Rev. &6, 3981 (1992; V. 237, 216 (1990.

Barger, M. S. Berger, and P. Ohmariid. 49, 4908(1994. [24] J. L. Feng and K. T. Matchev, Phys. Rev. &8, 095003
[20] M. Dugan, B. Grinstein, and L. Hall, Nucl. PhyB255 413 (2001).

013004-8



