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ABSTRACT: We study softly broken N = 1 supersymmetric QCD and its dual. Their vacuum struc-

tures have been investigated. Infrared behavior of soft parameters have also been calculated.

1. Introduction

Recently, nonperturbative aspects of N = 1 su-
persymmetric (SUSY) QCD have been under-
stood @:, r@'] It is very important to extend such
analyses to non-SUSY QCD and study its non-
perturbative aspects, confinement and chiral sym-
metry breaking. To this end, it is an interesting
trial to study softly broken N = 1 SUSY QCD.
Actually in refs.[8]-[6] N = 1 SUSY QCD with
soft scalar masses as well as gaugino masses has
been discussed and interesting results have been
obtained.

In particular, the vacuum structure of N = 1
SUSY QCD broken by adding soft masses has
been clarified for the theory with SU(N,) gauge
group and Ny flavors of quark pairs in ref. [_-_'3] For
Ny < Ng, there is a nontrivial stable vacuum,
while there is no vacuum in the SUSY limit [:]:]
For Ny = N, we can have two nontrivial vacua
and there is no trivial vacuum as in the SUSY
limit. In one vacuum, only the meson fields T’
develop their expectation values (VEVs) and in
the other only the baryon fields B and B develop
their VEVs. Which vacuum is realized depends
on the soft mass ratio between T and B (B). In
both vacua chiral symmetry is broken and this
situation is the same as the SUSY limit, where
we have chiral symmetry breaking as well as con-
finement. On the other hand, for Ny = N, + 1
we have only the trivial vacuum and chiral sym-
metry is not broken, while in the SUSY limit
we have confinement without chiral symmetry

breaking, i.e. s-confinement. For Ny > N, + 1,
we have only the trivial vacuum and the presence
of the Seiberg duality is suggested even in SUSY
QCD broken by soft mass terms.

Here we study these vacuum structures adding
all the allowed soft SUSY breaking terms. Also,
we investigate infrared (IR) behavior of these soft
SUSY breaking terms in the case with a IR fixed
point and its dual.

2. Vacuum structure

2.1 Ny > N.+1

At first we study softly broken N = 1 supersym-
metric QCD for Ny > N.+1 [r_d] We concentrate
to the case with N, > 3. We consider the N =1
supersymmetric QCD with the gauge symmetry
SU(N.) and Ny flavors of quark supermultiplets,

Qi and Q;. This theory has the flavor symmetry
SU(Ny)q x SU(Ny)g and no superpotential. In
the case with Ny > N, + 1, the dual theory is
described by the N = 1 SUSY theory with the
gauge group SU(Ny — N.), Ny flavors of dual
quark pairs g; and EZ, and Ny x Ny singlet me-
son supermultiplets f; The dual theory has the
same flavor symmetry as the electric theory and
the dual theory has the superpotential,
W =gTi7. (2.1)

In the dual theory, all the symmetries ex-
cept R-symmetry allow the following soft SUSY
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breaking terms,

Lsp = fmgtr|q|2 - mgtr|§|2 — mAtr|T|?
+ (haiTiq + h.c.), (2.2)

where ¢;, §° and T]?' denote scalar components of

4, q
terms are added. For the kinetic term, we assume
the canonical form with normalization factors k,
and k7 for ¢, ¢ and T'. Then we write the follow-

ing scalar potential:

" and f’ji, respectively. Also the gaugino mass

_ 1 ) 1 )
V(g,q,T) = E(|Q|2|Q|2) + k—(IqTI2 +1qT'%)
q

~2

g = o _
+ S (q't%q — @"q")? + m2lq]* + mZ|ql?

2

+ m3| T — (hg;T}q@ + h.c.), (2.3)

where the third term is the D-term and g denotes
the gauge coupling constant of the dual theory.
The trilinear coupling terms hqT'q play a crucial
role in determining the minimum of the poten-
tial. We assume h is real.

The minimum of potential can be obtained
along the following diagonal direction ,

q= diag(Q(1), q4i2), "> Q(Nc))7 (2.4)
q= diag((ju), 4@y, s ‘7(1\70))7 (2.5)
T = diag(Tay, Ty, T . ) (2.6)

where all the entries, q(;), q(;) and T{;), can be
made real. Along the D-flat direction, q;) =
q(iy = Xi, the potential is written as

2

c

V(X,T) =

2

+ k—T(’j)Xf — 2hT (X7 (2.7)
q

1
[EXf + (mg +m2) X7 +m3TE

N |
_

This potential always has the nontrivial vac-
uum with X; # 0 and T(;) # 0 if

2 2
mq+ma

h
> o

(2.8)
In addition, we have the nontrivial vacuum with
X; # 0 and T(;) # 0 for a certain region of inter-
mediate values of h, if m2./kr is sufficiently large
compared with (m? + m%) /2k, [§]. Otherwise, in
particular for a sufficiently small value of h we
have the trivial vacuum with T'= 0 and ¢ = 0.

Now we compare between softly broken N =
1 supersymmetric QCD and its dual. In the orig-
inal theory the soft scalar mass terms as well as
gaugino mass terms are all we can add as soft
SUSY breaking terms, i.e.

Lsg = —my|Q[* —m|QI%. (2.9)

Let us discuss the unbroken phase ¢ = ¢ =
T = 0. In this case the structure of massless
fermions and global symmetries except gauginos
and R-symmetry is not changed compared with
the SUSY limit. Thus, this case leads to the same
anomaly structure for the unbroken global sym-
metry SU(N¢)gx SU(Ny¢)gxU(1)p as the SUSY
limit. On the other hand, we have the unbroken
phaseQzQzOfoerQ >Oandm% > 0.
In this case no local or global symmetry is bro-
ken except the R-symmetry, which is broken by
gaugino mass terms. Moreover, all the quarks
remain massless. Thus the anomaly structure is
the same as for the SUSY limit, e.g. SU(Ny)?
and SU(Nf)?U(1)g. Therefore, this dual pair
has the same anomaly structure in the unbroken
phase even in the presence of soft SUSY break-
ing terms. That seems to imply the presence of
Seiberg’s duality in this phase even after SUSY
breaking with the A-terms. This observation has
been already made in ref. [d], although the A-
terms were not included in the discussions.

Let us extend the above consideration to the
broken phase and notice that large symmetry
breaking takes place in the broken phase. Here
we simplify the issue and consider the following
When adding the soft SUSY breaking
terms, we break the flavor symmetry SU(Nc)q X
SU(N,)q into SU(N,. — 1), x U(1), x SU(N, —
Dg x U(1)g.
has soft scalar masses, mg1 and mg;, different
from the others, m, and mg L'EL:] Recall that
the i-th flavor is decoupled from the other fla-

model.

Then we assume the first flavor

vors in all the conditions and equations to re-
alize the broken phase. Here we assume that
only the soft scalar masses of the first flavor,
mgq1 and mg1, satisfy the breaking conditions. In
this case only the vacuum expectation values X3
and T(;) are developed. That leads to the gauge
symmetry breaking, SU(N.;) — SU(N. —1) (=
SU(Ny —1— N,)). Furthermore, (Ny — 1) fla-
vors of dual quarks and (Ny — 1) x (Ny — 1) sin-
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glet fermions xr remain massless. These mass-
less fermions have the global symmetry SU(Ny—
1)¢xSU(N;—1)gxU(1) g:. Massless dual quarks,
14 and 1, and singlet fermions x7 transform as
(va O’Nc/(Nc —1)), (07Nf7 *Nc/(Nc —1)) and
(N¢, N¢,0) under this global symmetry, respec-
tively. All the scalar fields become massive. This
structure of massless fermions obviously corre-
sponds to the SUSY model with SU(Ny — 1 —
N.) gauge group and (Ny — 1) flavors of quarks.
This SUSY model is dual to SUSY QCD theory
with SU(N,) gauge group and (Njy — 1) flavors
of quarks.

Let us consider now the corresponding orig-
inal theory. If at the SUSY breaking scale, the
flavor symmetry is broken in the same way as the
one of the dual theory, SU(N; — 1), x SU(Ny —
1), nothing would prevent the appearance of the
following superpotential:

W = M,Q' Q.

Note that in this case the B-term, —M2Q'Q1,
can also appear as the soft terms in the lagrangian
Lsp. Thus, the (mass)? matrix of the first flavor
of squarks, M?, is written as

(2.10)

2 2 2
s [ Mot M; —Mg
M = ( - % mél 2 (2.11)

If det(M3) > 0, the potential minimum corre-
sponds to @' = @Q; = 0 and the gauge sym-
metry SU(N.) remains unbroken. In this case
(N; — 1) flavors of quarks remain massless and
these massless fermions have the global symme-
try SU(Ny —1)g x SU(Ny — 1)z x U(1)p. All
scalar fields become massive. This model has the
same anomaly structure as the softly broken dual
theory in the broken phase, e.g. for SU(Ns—1)3
and SU(Ny — 1)?U(1) g, where U(1)p should be
replaced by U(1l)p: in the dual theory. That
seems to suggest the presence of Seiberg’s duality
after SUSY breaking even in the broken phase.

Similarly the case with det(M?) < 0 and
mg, + m%l + 2M% > 2|M3| corresponds to the
dual theory for the unbounded-from-below direc-
tion.

We have considered the case where only one
flavor of squarks develop their vacuum expecta-
tion values. We can easily extend the above dis-
cussion to the case when more flavors of squarks

develop their vacuum expectation values. Then
we can obtain similar relations between softly
broken original and dual theories in the broken
phase.

2.2 Ny = N, +1

For Ny = N. + 1, the N = 1 supersymmetric
QCD is described in terms of (N, +1) x (N, +1)
meson fields Tj and (N.+1) baryon fields B; and

~1
B . They have the superpotential,

1 =j

W= m(R-:F;‘B —detT). (2.12)

The flavor symmetry allows the SUSY break-
ing trilinear coupling

/ iRJ
WB,T/B’. (2.13)

Thus we consider here the following SUSY break-
ing terms,
Lsp = —m%tr|B> — m%tr|§|2 — mAtr|T|?

+ (WBTB +h.c). (2.14)

The trilinear SUSY breaking term h' BiT}FJ cor-
responds to hg;T;q’ in the dual theory with Ny >
N.+1.

The minimum of the potential can be ob-
tained along the diagonal direction. Here we con-
sider the following direction,

B;B’ — ddet T/0T? = 0. (2.15)
For simplicity, we consider the case where

B;=B' =B, Ty =T, forallis, (2.16)

and B and T are real. In this case we have the
potential,

= 2\LTNet2 _gp/TNet1

N.+1
+ (m% + m%)TNC +m3T?,(2.17)

where \g = 1/(kgA?Ne~1). Here the direction
@ : 1:5) means T' > 0. The flavor symmetry allows
the possibility of the further SUSY breaking term
h!.det T, corresponding to the nonperturbative
superpotential. If we add the SUSY breaking
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term h/.detT corresponding to the nonpertur-
bative superpotential, we have the extra term
h'TTN ¢+l That corresponds to only the shift,

h — b+ R, (2.18)
in the scalar potential (2.17).

We have the nontrivial vacuum with nonva-
nishing B, B and T, i.e. the flavor symmetry
breaking, if A’ is sufficiently large compared with
the soft scalar masses. Thus, the trilinear cou-
pling term A'BTB plays an important role in
the chiral symmetry breaking for the case with
Ny = N.+1 like the term hqT'q for the case with
Ny > N.+1. In both cases with Ny = N.+1 and
Ny > N, + 1, the same trilinear term appears to
be important.

2.3 Ny < N,

In ref.[_m the Ny = N, and Ny < N, super-
symmetric QCD are broken softly by adding soft
scalar masses. It has been shown that in both
cases with Ny = N, and Ny < N, we have only
the nontrivial vacua leading to the chiral symme-
try breaking.

The Ny = N, supersymmetric QCD can be
described in terms of the baryon pair B and B
and N, x N, meson fields ij . We have the quan-
tum constraint [, 2],

BB —det T = A*Ne, (2.19)
The flavor symmetry allows the SUSY breaking
term hgBB. Thus we can add hg BB as well as
soft mass terms. However, the vacuum structure
is same as the case where we do not add it. We
always have two nontrivial vacua.

For Ny < N, the N = 1 supersymmetric
QCD has the nonperturbative superpotential,

. (2.20)

ABNe—Ny\ 1/ (Ne=Ny)
detT )

W= )

This potential has no stable point for a finite
value of T. However, if we add the soft SUSY

breaking scalar mass term,
Lsp = —matr|T|?, (2.21)

we have a stable vacuum for a finite value of T'
as already shown in ref.[d]. The soft mass terms

are all the SUSY breaking terms allowed by the
symmetries.

Thus, in the case with Ny = N, and Ny <
N. we always have the nontrivial vacua, i.e. T #
Oor B #0for Ny = N.and T # 0 for Ny < N..
Because the vacuum with Ny < N, corresponds
to nontrivial vacuum of the theory with Ny =
N.+1.

3. Infrared behavior of soft parame-
ters

Here we investigate IR behavior of soft param-
eters in the conformal window. There is a con-
jecture that supersymmetric QCD has nontrivial
IR fixed point

Bg =0 for g #0, (3.1)

for (3/2)N. < Ny < 3N..
Recently, all-order g-functions soft parame-
ters have been obtained in terms of S-functions

and anomalous dimensions 'yji» of the rigid SUSY
theory (10, {1,

Bar = 20 <%) , (3:2)
]iljk _ ,yilhljk +,lehilk +,yklhijl

_ 2,yi'lyljk‘ _ 2,)/{ly7,lk

— 29 Y9t (3.3)
)iy = |2+ X5 |4 (3.0
0= <Mgzaig2 — pimn Wi)mn) (3.5)
A = 200* + 2|M|zg28%2
+ Ylmn% +yimn ay(?mn ,(3.6)

where Y% is the Yukawa coupling, M is the
gaugino mass, (Vl)ij - Ofyijv Yimn = (Ylmn)*a
and
Y/ijk _ (m2)ilyljk +(m2)jlyilk
+ (m?)k Yyt (3.7)
If the following equations,
dy**(g) _ ik
dg
= Y*(g)[vi(g) +73(9) + ()] -
(3.8)

By
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ijk _ ijkN — injk(g)
RIF = —M(YUR) = —MTng , (3.9)
mi = [MPP{(1+ X(9))(9/B,)(7:(9))

+ 5llo/Barulo)) ) (310)

are satisfied, then the differential operators O
and A can be written as

M d
O = 5 g (3.11)
0 1 d2
At X gy = ML 5 dhge
d

where gX(g) = X/|M|? and X is a function of g,
Y (), Y*(a), h(M, ), h*(M. g) and m2(|M[”,g).

It has been further shown in ref. [:_1]_4'] that
the unknown term X has to have the form

X = L(n(,/0)) - (3.13)

in order that the expression (:3: 1:(]) is RG invari-
ant. Therefore, eq.(8.1(f) becomes [11],

m? = SIMP(e/B)(nl)) - (314)

In ref. [ig], with the use of the Novikov-Shifman-
Vainstein-Zakharov (NSVZ) S-function [{3] for
the gauge coupling

[ze T(Ry)(1 — 2v¢) — 3C(G)
C(G)/8n2 ’
(3.15)

gNSvVZ _ g9
1672

it has been shown that the sum rule

dInY'iik
dlng

2 _ 2 1
2 mi = M = e e

l=t,5,k
1d*InYik
+ -
2 d(lng)?

miT(Ry) dlnYik
.1
+ZC G)—8n2/¢g%2 dlng (3.16)

is RG invariant, if the X on the subspace defined
by Y = Y(g) and eq. (3.9) takes the form [12]

—|MPC(G) + 3, miT(Ry)

X = C(G) — 8n2/g?

. (3.17)

Eq. (8.17) is consistent with (8.13). For SQCD
(without Yukawa couplings), the 5,2 in the NSVZ
scheme becomes [i12)]

ﬁNSVZ _ |M |2 d’YNSVZ
—¢2C(G)/(872) dlng
N |M|2 dQ’Y%\TSVZ

2 d(lng)?

N Z meT RZ d"}/NSVZ
C(G) —8n2%/g? dlng

.(3.18)

Seiberg [-1.'] has conjectured on the existence
of an IR fixed point in the g-function of SQCD.
To recall his proposal, consider the NSVZ (-
function (8.15) for SQCD:

9® 3N.— Nj+2Nsv(g%)

Alg) = 1672 1— N.g?/8n?
2 Ar2
g NZ—-1
W9*) = —fgz—F— Ol (319)

There is a non-trivial zero of the (-function for
Ny = (3 —€)N;, Ny, N. >> 1. In this regime,
the B-function becomes

g% Nce—g?N.Ny/8n>
1672 1 — N.g?/8w?

Blg) = - (3.20)
Therefore, at order e the fixed point g2 is given
by

872

Ncgf = —e¢.

3 (3.21)

In fact it was argued in [1] that such a fixed point
exists in the range %NC < Ny < 3N, in SQCD.
Also such a behavior was already conjectured to
hold in ordinary QCD [i4].

We will show that the RG invariant relations
(3.9) and (8:14) are IR attractive, and they play
a crucial role in investigating the behavior of the
soft SUSY breaking parameters near an IR fixed
point. The sum rule (8.16) will be used in the
dual theory to derive from the behavior of the
soft scalar masses near the fixed point (which
is obtained by linearizing the problem) a con-
dition which should be satisfied away from the
fixed point in order to restore supersymmetry at
the fixed point. We will discuss the IR stabil-
ity of the RG invariant relations (3.9) and (3.14)
in the conformal window for which an IR stable
fixed point in the space of the gauge coupling for
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SQCD, and in the space of the gauge and Yukawa
couplings for the dual theory is supposed to ex-
ist. Our analysis does not relay on the explicit
form of the g-functions for the soft SUSY break-
ing parameters. However, we assume that the
perturbative relations (3.2)-(8.4) among the RG
functions of the soft SUSY breaking parameters
and those of the corresponding supersymmetric
theory can be used to discuss IR physics.

To begin with, using the formulae B 2 g le
and the RG invariant solutions (3.9) and (3.14),
we show that there always exists at least a tra-
jectory in the space of the soft SUSY breaking
parameters that approach the origin if the gauge
and Yukawa couplings approach a non-trivial fixed
poin. )

is satisfied, then the differential operator O be-

To this end, we note that if eq.

comes a total derivative operator as we see from
eq. (811). Then eq. (3.2) becomes nothing but
the Hisano-Shifman relation [15]

M = My(B,/9) ,

where My is a RG invariant quantity. Since 3, —
0 as g = g« # 0 by assumption, we find that

(3.22)

M — 0 as g — g.. Similarly, egs. (3.9) and
(8.14) imply that

8 = —Mo(By/9)(Y*) — 0, (3.23)

= (1/2)|Mo[*(By/9) (i) — 0,  (3.24)

as g — g.. In what follows, we will investigate
carefully whether the origin of the soft SUSY
breaking parameters is a stable IR fixed point.
First we consider softly broken SQCD and
examine the IR behavior of the gaugino mass M
and soft scalar squared masses mQQ, mZ. Since
there is no Yukawa coupling in SQCD, the differ-
ential operator (3.§) becomes a total derivative

operator, and we have

Bar = Mgdigwg/g) — M(B,/g)' -

The conjecture that g, is a stable IR fixed point
for SQCD implies that

d
ﬁg |* >
dg

(3.25)

Ty = 0, (3.26)

where |, means an evaluation at the fixed point.
We may assume that

8, and [ <00, (320)

for the range of g we are considering. Eq. (.'3_3:2:5)
implies the Hisano-Shifman relation [{5], and so
if My in the r.h. side of (5:2:2) is a non-vanishing
constant, then the gaugino mass M has to vanish
at the fixed point, as we have seen above. More-
over, one sees from eqs. (3.25) and (B.26) that
the fixed point M, = 0 is a stable one, because

M~ ™ 50 as t - —00, (3.28)

where in the lowest order approximation in the €
expansion we have I'y; = €2/3.

To discuss the IR behavior of m?
same level as M, we have to go the NSV% scheme,
and use the S-function (8.18). First we would like
to show that the RG invariant relation (8.14) is
IR attractive. To this end, we note that for the
,BESVZ given in eq. (B:QE):), the conditions @:2:6)
and (8.27) are satisfied if

on the

1d
_ 4 l« <0 (3.29)
N.—87%/¢*> < 0 (3.30)

are satisfied, where we have used v = Yo+ Then
we consider the behavior of m2Q and m% near the
RG invariant relation (:8:121:),

2 —_—
2 = |M| NSVZy /. NSVZ
Meg = 5 @/8 g ") (3:32)

Linearizing the evolution equation near the RG
invariant relation (8.14), we find that

d
—_ 2 ~~ —_
i’ = dtém@
~ §szQ (6m3, +5m%) , (3.33)
.N;T
r,. = 2 (3.34)

"a T N —8m?/g2

Since [z Is positive (sce eq. (8.29)), we find

(5m2Q — (5m2§ = const. ,
T ot
5m% + 5mza ~e "o

—0, (3.35)

ast — —oo. In the lowest order approximation in
the € expansion we have Fm% = ¢2/3. Therefore,
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if the difference 5m?Q — 5m% is non-zero at some

point, then we obtain

smg = 7577%, (3.36)

in the IR limit. Since, however, m? vanish

(0,Q,Q
at the fixed point, which can be concluded from
eqs. (8:22) (B.28), we see that

mg = mQ, (3.37)
should be satisfied in order not to break the color
symmetry in the IR limit. Then from eq. (8.35)

we may conclude that

' ot
mé:m%NemQ — 0,

as t — —oo. To conclude, we have shown that
superconformal symmetry revives at the IR fixed
point if mQ = ma Otherwise, the SU(N,) gauge
symmetry and supersymmetry is broken.

Note that to show the stability of the IR fixed
point (M, = mq. = mg, = 0), we have used
only the sign of I'p; and I'y, which changes de-
pending on whether the fixed point is UV or IR
stable.
M, = mq. = mg, = 0 is a stable fixed point if
m2Q = mZ is satisfied.

The basic idea for treating the IR behavior
of the soft SUSY breaking parameters of the dual
theory is the same as the case of SQCD, where we

(3.38)

Therefore, in both type of fixed points,

assume that the kinetic term in the dual theory
takes the canonical form. A slight difference is
that in this case there is a Yukawa coupling Y
in the theory, and hence a trilinear coupling h in
the softly broken case.

Following Seiberg, we assume that there ex-
ists an IR fixed point in the space of § and Y,
the gauge coupling for the dual theory is denoted
by §, and the gaugino mass by M. The non-
triviality of the fixed point of By implies

(Yg +rg+7)l« = 0. (3.39)

Further, the stability of the IR fixed point re-
quires, among other things, that

Iy = d59| >0. (3.40)
We in addition assume that
oy = L. = ooV (g + 77+ 1)
VD gt >0 (341

As in the case of SQCD, we assume that 35, By
together with their derivatives with respect to g
and Y in the space of § and Y we are interested
in exist. For the NSVZ scheme, eq. (8.4() means
that

d
—(vg + 79l <0, (3.42)

dg

where N, —872/§% < 0 is assumed as in the case
of SQCD (8.3()).

Now we consider the RG invariant relation

(3.9) and show that it is IR attractive. Defining

h = ho + h ,

dy

hg = —MY' = fMgT, (3.43)

and linearizing the evolution equations, we find

aM -

DL o 1(8/5) 26028 /3) . (3.44)
) 0

ON o (1 +2Y D) + 77 + 7] 5k (3.45)

Near the fixed point, dh behaves like

6h ~ et 0 as t — —oco. (3.46)

Consequently, the gaugino mass behaves like

M ~ Cyelut 4 Cyelnt 0,  (3.47)

as t — —oo, where C; and (5 are integration
constants. Therefore, we find that

M, = h, =0, (3.48)

is a stable fixed point. In the lowest order ap-
proximation in the € expansion we have I' >, =
€/3 and T'j, = &/3, where ¢ = 3 — N;/N.,.

Next we consider m2 7.7 Since near the IR
fixed point the RG 1nvar1ant relation (8.9) (or ho
given in eq. (§_4§)) is attractive, we may use h =
ho in the linearization procedure. We then go to
the NSVZ scheme, consider a deviation from the
RG invariant relation (8.14), and define

2

m; = m%o)i +om7

1y
m%o)i = §|M|2(9/BgNSVZ)(%NSVZ)I , (3.49)

where @ = q,q,T. We find

~ ~ _ 2 2
%&nq dtéma ~ 2sz (6mg + omg) ,
d 1
Z0mT = 5Ty (Gmg +0mg) | (3.50)



Corfu Summer Institute on Elementary Particle Physics, 1998

Tatsuo Kobayashi

where
T _ g*NfF'Yq
m2 = = <. <
“  N.—8n?/g?
i.T
Fm? = g T

T N,—8r2/g2’

r (dygir 2/dg)ls

(3.51)

Ya,T

NSVZ
q

easily find, there are two zero eigenvalues and one
positive one (= Fm?z) in the linearized problem
(8.5(). One of the two zero eigenvalues corre-
sponds to the solution that the difference 5m3 —

and we have used v = 'y}I—\TSVZ. As one can

5m§ is constant independent of t. Thus, as in the
case of SQCD, we see that the dual color sym-
metry is broken unless

2 9
my = mg,

(3.52)

is satisfied. The other zero eigenvalue expresses
the fact that m% may contain a piece which is
constant independent of ¢ in the IR limit. The
presence of the constant part breaks supersym-
metry at the IR fixed point. If the relation (3.37)
in the softly broken SQCD is satisfied (so that su-
persymmetry is recovered at the IR fixed point),
we have to demand the dual theory, too, to be
supersymmetric at the IR fixed point. There-
fore, we have the unique solution to (3.50) which
preserve supersymmetry at the fixed point:

5m3 = (5m§ , OmE ~ et 0, (3.53)

as t —» —oo, with

2 T,.2
(qu ~ my P'Yq

= : (3.54)

om2 T,

where I'’s are defined in eq. (8.51), and I'yp2 >0
because I'y, < 0 if 74, = 7 (see eq. (8.42)). In
the lowest order approximation in the € expan-
sion we have I';;,2 = €/3.

Eq. (3.54) being constant independent of ¢
suggests the existence of a RG invariant relation.
In fact eq. (8.54) is the consequence of the RG
invariant sum rule (8.16). To see this, we insert

m?2 (i = q,g,T) (3.4Y) with m2 = m% into the

sum rule (3.16), and find that the sum rule re-

duces to
26m3 + om?.
_ g(QNf,y(II\ISVZ + 711\15\/2)5”13
BYSVE(C(G) — 8712/3?)

. (3.55)

In the IR limit, the quantity on the r.h. side
contains an expression 0/0. To obtain the correct
limit, we compute

(d/dg)(2NySVE 4+ ~78VE)
(d/dg)(BF5V%/g) '

at the fixed point. We find that the expression
(3.56) at the fixed point can be written as

(3.56)

(C(G) —8n2 /%) (24 2 )|

T (3.57)

implying that the sum rule (:-3:5:5) exactly be-
comes (B.54). Therefore, the soft scalar masses
away from the IR fixed point have to satisfy the

sum rule
2+ m2 & m2 | M dlny
T T 1-32C(G)/(8n2) dIng
|M|?> d?InY
2 d(lng)?

(Ny/2)(m} +m2) dlnY
C(G) — 8n2/g?

dlng) ,(3.58)
and also (8.52) so that all the soft scalar masses
asymptotically vanish in the IR limit. As a re-
sult, superconformal symmetry in the dual the-
ory, too, revives at the IR fixed point. If eq.
(3.37%) for SQCD, and eqs. (8.52) and (3.58) for
the dual theory are not satisfied, there will be
marginal operators that break supersymmetry as
well as the local gauge symmetries in the IR limit.

4. Conclusions

We have studied vacuum structure of softly bro-
ken supersymmetric QCD. For Ny > N,, we have
trial and nontrivial vacua. The trilinear SUSY
breaking terms are important to determine the
potential minima. For Ny < N, we always have
nontrivial vacua. We have a suggestion of duality
in several phases even after SUSY breaking.

We have also investigated infrared behavior
of soft SUSY breaking terms in the case with
a nontrivial infrared fixed point. In this case
the gaugino masses and the A-terms vanish in
the infrared region of both sides of duals. Soft
scalar masses also vanish if they are symmetric.
Thus, in this case supersymmetry revives in the
infrared region.
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