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Spectrum of softly broken N51 supersymmetric Yang-Mills theory
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We study the spectrum of the lowest-spin bound states of the softly brokenN51 SUSY Yang-Mills theory
in a certain approximation. Two dual formulations of the effective action for the model are given. The spurion
method is used for the soft SUSY breaking. Masses of the bound states are calculated approximately and
mixing patterns between the states with different parity and spin-orbital quantum numbers are discussed. Mass
splittings of pure gluonic states are consistent with predictions of conventional Yang-Mills theory. The results
can be tested or used in lattice simulations of the SUSY Yang-Mills model.@S0556-2821~99!02615-6#

PACS number~s!: 11.30.Pb, 11.15.Tk, 12.60.Jv
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I. INTRODUCTION

Some time ago great progress was made in understan
the ground state structure of many supersymmetric~SUSY!
gauge theories@1,2#. There is a possibility that these mode
can be simulated on the lattice. Some preliminary work
ward this complicated task has already been performed~see
Refs.@3,4#!.

The lattice regularization violates supersymmetry@5#.
Thus, some special fine-tuning is required to recover
SUSY limit on the lattice. Away from the SUSY point, th
continuum limit of the lattice theory is described by a mod
with explicit SUSY breaking terms. In some cases tho
terms may trigger only soft SUSY breaking@6#, although this
is not guaranteed in general.

Softly broken SUSY models can be studied using the s
rion technique@7#. Some ‘‘exact’’ results were obtaine
within this approach@8–10#. In this paper we consider softl
broken supersymmetric Yang-Mills theory, the model whi
is relevant for lattice simulations. At the classical level s
persymmetric Yang-Mills~SYM! is a theory with only one
parameter, the gauge coupling constant. The low
dimensional renormalizable SUSY breaking term allowed
gauge invariance is the gaugino mass term. Therefore,
consider SYM with a gaugino mass term as a theory desc
ing the continuum limit of the lattice regularized action.

In analogy with QCD, one expects that the spectrum
this model consists of colorless bound states of gluinos
gluons. Among those are pure gluonic bound states~glue-
balls!, gluino-gluino mesons and gluon-gluino composit
These states fall into the lowest-spin representations of
N51 SUSY algebra written in the basis of parity eigensta
@11#. The masses and interactions of these bound states
be given within the effective Lagrangian approach. The
fective action forN51 SYM was proposed by Venezian
and Yankielowicz~VY ! @12#.

Since there is a mass gap in the theory, there are no m
less physical states for which one could write down a W
sonian effective action and study vacuum properties a
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N51 SUSY QCD@1#. In that respect, it is not clear why th
effective action in this case can be truncated so that it
cludes the lowest-mass states only. Thus, strictly speak
the VY action cannot be used for precise calculations of
mass spectrum of the model. However, we would like
argue that the VY action~and any of its counterparts! can
nevertheless describe certain crucial qualitative feature
the low-energy spectrum of the theory. While present
these arguments we will specify the approximations
which this approach is based. Indeed, one can regard the
action as a generating functional for one-particle-irreduci
~1PI! Green’s functions. That is to say, one can read
corresponding zero-momentum Green’s functions from
expansion of the respective 1PI effective action in powers
fields and derivatives~for details see discussions in@13#!.
Thus, in the quadratic approximation in physical fields a
derivatives one finds the value of the corresponding ze
momentum two-point Green’s function, in the cubic appro
mation, the zero-momentum three-point Green’s functi
and so on. Given the value of the zero-momentum two-po
function of some composite operator one can try to extr
the value of the corresponding lowest-mass state with
quantum numbers of the operator present in the correla
function. This is not an exact correspondence since there
a number of higher excited states which also contribute
the same two-point function. However, the effects of high
spin states are suppressed compared with the leading low
spin state by small couplings which emerge as one acts
lowest-spin interpolating composite operator~present in the
correlator! on a corresponding higher radial excitation.
conventional QCD these type of couplings are generica
suppressed by a factor of 10 or so, at least in the cas
mesons. Since these suppressions have nothing to do
SUSY, but are rather related to internal spin structure
hadrons, we expect the same to be happening in SYM too
addition, these couplings are suppressed by extra powe
1/Nc if one thinks of the largeNc expansion in the theory
Given these arguments, we expect that the accuracy of
termination of the masses in this case is not as precise as
would like to see, however the results could be considere
reasonable estimates. Thus, usage of any results obtaine
this method would crucially depend on how much qualitat
information is stored in those results. In SUSY theor
physical states form degenerate SUSY multiplets. Thus, w
©1999 The American Physical Society02-1
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G. R. FARRAR, G. GABADADZE, AND M. SCHWETZ PHYSICAL REVIEW D60 035002
would matter in our case is not an exact value for the mas
~which cannot be obtained analytically anyway!, but rather
some ratios of masses of different SUSY multiplets and m
splittings of the states with different parity and spin-orbi
quantum numbers in the case when SUSY is softly brok
We aim to study these features in what follows.

As we mentioned above, the VY action@12# involves
fields for gluino-gluino and gluino-gluon bound states. Ho
ever, it does not include dynamical degrees of freed
which would correspond to pure gluonic composites~glue-
balls!.

We argued in Ref.@11# that there are no physical reaso
to expect glueballs to be heavier and decoupled from glu
gluino and gluino-gluon bound states inN51 SUSY YM
theory. Moreover, there are SQCD sum rule based argum
indicating that the low-energy spectrum of SYM theory
not exhausted by the gluino containing bound states o
@14#; glueball degrees of freedom should also be taken
account.

The generalization of the VY effective action that i
cludes pure gluonic degrees of freedom was given in R
@11#. The generalized VY effective Lagrangian of Ref.@11#
describes mixed states of glueballs, gluino-gluino a
gluino-gluon bound states. The fundamental superfield u
which that construction of the generalized VY action
based@11# is a constrained tensor superfield@15#. The set of
components of that superfield includes as a subset the
chiral supermultiplet.

The aim of the present paper is twofold. First we propo
a new representation of the generalized VY effective act
of Ref. @11#. This action is equivalent to the previously pr
posed one@11#, but it uses two different chiral supermult
plets instead of the tensor supermultiplet approach ado
in @11#.

Then we introduce soft SUSY breaking terms in the g
eralized VY Lagrangian and study mass splittings and m
ing patterns in the softly broken theory. These results can
directly tested in lattice calculations. Predictions for t
masses of the gluino-gluino and gluon-gluino bound sta
and their splittings in the broken theory were made in R
@17# using the original VY effective action@12# and the spu-
rion technique. We will see that the presence of the glue
degrees of freedom changes the vacuum state of the br
theory. As a result, the mass splittings are also modified

The paper is organized as follows. In Sec. II we brie
review the generalized VY effective Lagrangian and rec
some results obtained in Ref.@11#. In Sec. III we explain
how one can reformulate the generalized VY Lagrangian
terms of two independent chiral superfields using the chi
tensor superfield duality@15,16#. In Sec. IV we show how
the effective action is modified when the gaugino mass te
is introduced in SYM through the spurion method. Section
reports the masses and mixings for physical eigenstate
the broken theory.

II. THE GENERALIZED VY EFFECTIVE ACTION

The on-shell Lagrangian of SYM for anSU(Nc) gauge
group is
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L5
1

g2 F2
1

4
Gmn

a Gmn
a 1 ilȧ

†
D ȧblbG .

In terms of superfields the expression above can be writ

L5E d2u
1

8p
Im tWaWa1H.c., ~1!

where the gauge coupling is defined to bet5(4p i /g2)
1(u0/2p). For the purposes of this paper we set the th
term to be equal to zero,u050.

The classical action ofN51 SYM theory is invariant un-
derU(1)R , scale and superconformal transformations. In
quantum theory these symmetries are broken by the ch
scale and superconformal anomalies respectively. Compo
operators that appear in the expressions for the anom
can be thought of as component fields of a chiral superm
tiplet S @18#:

S[
b~g!

2g
WaWa[A~y!1A2uC~y!1u2F~y!,

whereb(g) is the SYM beta function for which the exac
expression is known@19#. The lowest component of theS
superfield is bilinear in gluino fields and has the quant
numbers of the scalar and pseudoscalar gluino bound st
The fermionic component inS describes the gluino-gluon
composite and theF component of the chiral superfield in
cludes operators corresponding to both the scalar and p
doscalar glueballs (Gmn

2 andGmnG̃mn respectively! @12#.
Assuming that the effective action~more precisely, the

generating functional for one-particle-irreducible~1PI!
Green’s functions@20#! of the model can be written in term
of the single superfieldS, and requiring also that the effectiv
action respects all the global continuous symmetries and
produces the anomalies of the SYM theory, one derives
Veneziano-Yankielowicz effective action@12#. Let us men-
tion that the actual variables, in terms of which the gene
ing functional for the 1PI Green’s functions~or effective
action in our conventions! is written, are the vacuum expec
tation value~VEV’s! of composite operators calculated
nonzero values of external sources@21#. In this paper, as well
as in Ref.@11#, we use a simpified notation where the VEV
are denoted by the corresponding composite operators.

It was noticed in Ref.@22# that the VY action does no
respect the discreteZ2Nc

symmetry—the nonanomalous rem

nant of anomalousU(1)R transformations. The VY action
was amended by an appropriate term which makes the ac
invariant under the discreteZ2Nc

group @22#.1

However, as we mentioned above, the VY action does
include all possible lowest-spin bound states of SYM theo
Glueballs are missing in that description because they
only present in the auxilliary component of theS superfield

1The vacua with the broken chiral symmetry are labeled by
integern50, . . . ,Nc21. In this work we study the spectrum of th
model about then50 ground state.
2-2
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SPECTRUM OF SOFTLY BROKENN51 . . . PHYSICAL REVIEW D 60 035002
and can be integrated out. In Ref.@11#, in order to account
for glueball degrees of freedom, we proposed to formul
the effective action in terms of a more general superfield,
real tensor superfieldU @15#. The superfieldU can be written
in component form as follows:

U5B1 iux2 i ū x̄1
1

16
u2A* 1

1

16
ū2A

1
1

48
usmū«mnabCnab1

1

2
u2ūSA2

8
C̄1s̄m]mx D

1
1

2
ū2uSA2

8
C2sm]mx̄ D 1

1

4
u2ū2S 1

4
S2]2BD . ~2!

It is straightforward to show that the real superfieldU satis-
fies the relation2

S524D̄2U,

where theF term of the chiral supermultipletS is related to
the fieldsS andCmna in the following way:3

F5S1 i
1

6
«mnab]mCnab,

andA andC are respectively the scalar and fermion comp
nents of the superfieldS.

We argued@11# that the effective Lagrangian for th
lowest-spin multiplets of theN51 SYM theory can be writ-
ten in terms of theU field only. That Lagrangian takes th
following form @11#:

L5
1

a
~S1S!1/3uD1gF S S log

S

m3 2SD U
F

1H.c.G
1

1

d S 2
U2

~S1S!1/3D
D

, ~3!

where a and d are arbitrary positive constants andg5
2„Ncg/16p2b(g)….0. TheF terms in this Lagrangian ar
fixed exactly by the anomalies@12#. However, theD terms
cannot be determined explicitly by any symmetry consid

2Despite a seeming similarity, the tensor multipletU should not be
interpreted as a usual vector multiplet. The vector field which mi
be introduced in this approach as a Hodge dual of the three-f
potentialCmna would give mass terms with the wrong sign in o
approach~see Ref.@11#!, thus, the actual physical variable is th
three-form potentialCmna rather than its dual vector field~the
Chern-Simons current!.

3In this notationS is proportional toGmn
2 and «mnab]mCnab is

proportional toGmnG̃mn @11#.
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ations. Thus, generically, there are an infinite number
fields in this effective Lagrangian. The contribution whic
we keep here is the only quadraticD term in physical fields
which is consistent with theU(1)R , superconformal, and
trace anomalies of the model. Thus, within the approxim
tions discussed in the Introduction, this Lagrangian sho
define the qualitative properties of the spectrum of
lowest-spin states. Notice that the superfieldS is not an in-
dependent variable in this Lagrangian. It is rather related
the U superfield through the formula

S2^S&524D̄2U.

In the above equation we took into account that theS super-
field has a nonzero VEV in the phase where chiral symme
is broken,̂ S&[m3. Thus, the only independent superfield
the Lagrangian~3! is theU field.

In this approach the following fields become dynamic
@11#:

The B field propagates and it represents one massive
scalar degree of freedom~identified with the scalar glueball!.

The three-form potentialCmna describes one massiv
physical degree of freedom~identified with the pseudoscala
glueball!.

The complex fieldA, being decomposed into parity eigen
states, describes the massive gluino-gluino scalar and p
doscalar mesons.

x and C describe the massive gluino-gluon fermion
bound states.

Studying the potential of the model, we found that t
physical eigenstates fall into two different mass ‘‘mul
plets’’ ~see Ref.@11# for details!. Neither of them contain
pure gluino-gluino, gluino-gluon or gluon-gluon boun
states. Instead, the physical excitations are mixed state
these composites. The heavier set of states contains

A pseudoscalar meson, which without mixing reduces
the 021 gluino-gluino bound state~the analog of the QCD
h8 meson!.

A scalar meson that without mixing is a 011 ( l 51)
gluino-gluino excitation.

A fermionic gluino-gluon bound state.
These heavier states form the chiral supermultiplet

scribed by the VY action. That action is recovered in thed
→` limit. The new states which appear as a result of o
generalization form the lighter multiplet:

A scalar meson, which without mixing is a 011 ( l 50)
glueball.

A pseudoscalar state, which for zero mixing is identifi
as a 021 ( l 51) glueball.

A fermionic gluino-gluon bound state.
Notice, that although the physical states fall into mul

plets whoseJP quantum numbers correspond to two chir
supermultiplets, the action was written in terms of the o
real tensor supermultipletU. In particular, the pseudoscala
glueball in this approach is described by the only physi
component of the massive three-form potentialCmna . The
field strength of that potential couples to the pseudosc

t
m

2-3
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G. R. FARRAR, G. GABADADZE, AND M. SCHWETZ PHYSICAL REVIEW D60 035002
gluino-gluino bound state as it would couple to theh8 meson
in QCD @23#.4

Since the physical spectrum of the mixed states fall i
multiplets whose spin-parity quantum numbers correspon
two chiral supermultiplets, one might be wondering abo
the possibility of rewriting the whole action in terms of tw
different chiral superfields. If that is possible it would b
crucial to study what peculiarities of the two-chiral-multipl
action allow it to be written in terms of only a real supe
multiplet U, as was done in Ref.@11#. In the next section we
address these questions.

III. THE TWO CHIRAL SUPERMULTIPLET ACTION

The relation between a real tensor and chiral superm
plets ~the so called chiral-linear duality! was established in
Ref. @15#. For SYM theory the chiral-linear duality was use
in Ref. @25# ~see also discussions in Ref.@26#!. Applied to
our problem the results of Refs.@15,25,26# can be stated a
follows. One introduces into the effective Lagrangian a n
chiral superfield, let us denote it byx:

x~y,u![fx~y!1A2uCx~y!1u2Fx~y!. ~4!

One can find an effective Lagrangian written in terms of t
chiral superfields,Sandx, which is equivalent to the expres
sion given in Eq.~3!. In our case

L5
1

a
~S1S!1/3uD1

d

4
~S1S!1/3~x1x1!2uD

1FgS S log
S

m3 2SD U
F

1
1

16
x~S2m3!U

F

1H.c.G . ~5!

Comparing this expression to the VY Lagrangian one noti
that both the Ka¨hler potential and the superpotential a
modified by new terms. The multipletsSandx are indepen-
dent.

We would like to relate this expression to the Lagrang
of the theory written in terms of theU field ~3!. If the U field
is postulated as a fundamental degree of freedom, then tS
field is a derivative superfield

S5m324D̄2U. ~6!

Using this relation the Lagrangian~5! can be rewritten as

L5
1

a
~S1S!1/3uD1

d

4
~S1S!1/3~x1x1!2uD

1FgS S log
S

m3 2SD U
F

1H.c.G1U~x1x1!uD . ~7!

This expression depends on two superfieldsU and x @S is
expressed throughU in accordance with Eq.~6!#. However,

4The three-form potential proved to be useful for the descript
of the pseudoscalar glueball in conventional Yang-Mills theo
@24#.
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the dependence on the chiral superfieldx is trivial, the com-
bination x1x1 can be integrated out from the Lagrangia
~7!. As a result one derives

x1x152
2U

d~S1S!1/3
. ~8!

Substituting this expression back into the Lagrangian~7! one
arrives at the original expression~3! where theS field is a
derivative field satisfying the relation~6!.

Let us stress again that the descriptions in terms of
Lagrangian~3! and ~5! are equivalent on the mass-shell.
the Lagrangian~3! the dynamical degrees of freedom a
assigned to the only superfieldU, while in the Lagrangian~5!
the physical degrees of freedom are found as componen
two chiral supermultipletsS and x. The peculiarity of the
expression~7! is that the chiral superfieldx enters only
through the real combinationx1x1. That is why it was
possible to formulate the action in terms of only the re
superfieldU. It is essential from a physical point of view
since the component glueball field must be real.

Using the Lagrangian~5! one calculates the potential o
the supersymmetric model. Integrating out the auxilia
fields of both chiral multiplets one finds

V05
2

d~16!2

uf32m3u2

ufu2
1

9aufu4

12
a

d

B2

ufu4

•Ufx

16
13g log

f

m

1
B~f32m3!

24dufu2f3U2

, ~9!

where the following notations are adopted:

fx5
1

A2
~s1 ip!, s[2

A2B

dufu2
.

The minimum of this potential is located at the point in fie
space wherêf&5m, ^B&5^fx&50. The potential~9! is
positive definite for field configurations satisfyingaB2

,dufu4. Since the VEV of thef field is nonzero and the
VEV of the B field is zero the positivity condition is satisfie
for small oscillations about the SUSY minimum specifi
above. Notice that all SUSY field configurations are confin
within a valley with infinite potential walls encountered
aB25dufu4. Thus, the potential~9! and the Lagrangian~5!
themselves describe only small oscillations about the SU
minimum. In general, some higher order polynomials in t
x ~or U) field could be present in the effective Lagrangia
In this work we are interested only in the mass spectrum
the model, so the approximation we used above is g
enough for our goals.

In the next section we introduce soft SUSY breaki
terms in the effective Lagrangian and study minima and
spectrum of the corresponding potential.

n

2-4
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SPECTRUM OF SOFTLY BROKENN51 . . . PHYSICAL REVIEW D 60 035002
IV. SOFT SUSY BREAKING

The gaugino mass term can be introduced in the Lagra
ian ~1! by means of the parametert. One regardst as a
chiral superfield@7#. A nonzero VEV of theF component of
t yields a SUSY breaking gaugino mass term in Eq.~1!.
Thus, one performs the following substitution in express
~1!:

t→t1Ftuu.

As a result, the following new term appears in the Lagra
ian of SYM:

2
1

8p
Im@Ftll#1H.c.

To make the gaugino mass canonically normalized one
Ft5 i 8p ml /g2. In the low-energy theory thet parameter
enters through the dynamically generated scale of the th
m5m0 exp@28p2/b0g2(m0)#5m0 exp(i2pt/b0). After the
t parameter is claimed to be a chiral superfield one sho
regard them parameter as a chiral superfield too. Thus, o
also makes the following substitution in the low-energy
fective Lagrangian of the model:

m→m expS 2
16p2ml

g2b0
uu D ,

whereb0 stands for the first coefficient of the beta functio
Performing this redefinition of them parameter in the La-
grangian~5! one finds the following additional term in th
scalar potential of the model:

DV52m̃lReS m3

16
fx1g f3D , ~10!

wherem̃l[32p2/g2Nc ml .
The expression~10! is the only correction to the effectiv

potential to leading order inml . All higher order corrections
are suppressed by powers ofml /m. Those corrections are
neglected in this work.

V. THE MASS SPECTRUM

Having derived the potential of the broken theory o
turns to the calculation of the mass spectrum. The poten
consists of two parts,V0 defined in Eq.~9! and the SUSY
breaking term~10!,

V5V01DV. ~11!

One calculates minima of the full scalar potentialV. Explicit
though tedious calculations yield the following results. T
VEV of the f field does not get shifted when the soft SUS
breaking terms are introduced. Thus, even in the bro
theory^f&5m. However, thefx ~andB) fields acquire non-
zero VEV’s in the broken case

^fx&5
8

9am
m̃l and ^B&52

8d

9a
m̃lm. ~12!
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The shift of the vacuum energy causes the spectrum of
model to be also rearranged. Explicit calculations of t
masses of all lowest-spin states yield the following result

Mscalar 6
2 5M 6

2 2
3

4
agmm̃l~16A11x!S 26

1

A11x
D ,

~13!

M f ermion6
2 5M 6

2 2
3

4
agmm̃l~16A11x!S 36

1

A11x
D ,

~14!

M p2scalar 6
2 5M 6

2 2
3

4
agmm̃l~16A11x!S 46

1

A11x
D ,

~15!

where M 6
2 denote the masses in the theory with unbrok

SUSY @11#:

M 6
2 5

18

~16!2

a

d
m21

81

2
~ag!2m2@16A11x# and

x[
1

288

a

d

1

~ag!2 . ~16!

In these expressions the plus sign refers to the heavier su
multiplet and the minus sign to the lighter set of states.5 One
can verify that these values satisfy the mass sum rule
leading order inO(ml):

(
j

~21!2 j 11~2 j 11!M j
250,

where the summation goes over the spinj of particles in the
supermultiplet.

Let us discuss the mass shifts given in Eqs.~13!–~15!.
Consider the light supermultiplet. In accordance with E
~13!–~15!, the masses in the light multiplet are increased
the broken theory. The biggest mass shift is found in
pseudoscalar channel. The smallest shift is observed in
scalar channel. The fermion mass falls in between these
meson states. Thus, the lightest state in the spectrum o
model is the particle which without mixing would have be
the scalar glueball. There is a fermion state above that sc
Finally, the pseudoscalar glueball is heavier than those
states.

5In Ref. @11# we used slightly different notation. Masses in th
heavy supermultiplet were denoted bymH and in the light super-
multiplet by mL , so M 6

2 [mH,L
2 . Note, that in thed→` limit the

spectrum of our effective Lagrangian reduces to the VY spectr
Naively, this seems not to be the case if one takes into considera
only Eqs.~13!–~15!. However, one should recall that these mas
are deduced for the fields rescaled by a factord @see Eq.~14! in @11#
and the second expression in Eq.~12!#. A careful treatment of the
limit d→` shows that all the glueballs are decoupled and one
left with the VY model@12#.
2-5
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Let us now turn to the heavy supermultiplet. In the brok
theory the masses in that multiplet get pulled down. Ho
ever, all states of the heavy multiplet are still heavier th
any state of the light multiplet in the domain of validity o
our approximations. The ordering of the states in the he
supermultiplet is just the opposite as in the light superm
tiplet: the lightest state is the pseudoscalar meson, the he
est is the scalar, and the fermion, as required, falls betw
them. The qualitative features of the spectrum are show
Fig. 1.

It is not surprising that the lowest mass state obtained
Eqs.~13!–~15! is a scalar particle. This is in agreement wi
the result of Ref.@27# where it was shown that the mass
the lightest state which couples to the operatorGmn

2 is less

than the mass of the lightest state that couples toGG̃, in pure
Yang-Mills theory. As a result, the lightest glueball turns o
to be the scalar glueball@27#. One can apply the method o
Ref. @27# to the SYM theory as well. Due to the positivity o
the gluino determinant~see Ref.@28#! one also deduces tha
the lightest state in softly broken SYM spectrum should b
scalar particle. The pseudoscalar of that multiplet is there
heavier.

Our result that the multiplet containing glueballs is split
such a way that the scalar is lighter than the pseudosc
and vice versa for the multiplet containing gluino-gluin
bound states, is consistent with expectations from qua
model lore. In ordinary mesons thel 51 states are heavie
than their l 50 counterparts and thel 50 gluino-gluino
bound state is a pseudoscalar, while anl 50 gluon-gluon
bound state is a scalar. It is interesting that in SYM w
massless gluinos thel 50 andl 51 bound states are dege
erate, but when the gluino masses are turned on one reco
the expected ordering seen inqq̄ states.

In the d→` limit one recovers the VY effective action
The spectrum of the softly broken VY Lagrangian was stu
ied in @17#. In that limit only the heavy multiplet of the
spectrum survives. It is interesting that in the limitd→`, the
ratio of the mass-shifts of the surviving states in Eqs.~13!–
~15! is 5:4:3, which differs from the prediction of Ref.@17#.

FIG. 1. Qualitative behavior of mass spectrum when pass
from SYM to a softly broken model.
03500
n
-
n

y
l-
vi-
en
in

in

t

a
re

ar,

k-

ers

-

The seeming discrepancy is resolved because in the limd
→` the vacuum expectation value of the glueball fieldB
tends to infinity. Thus, perturbing states about that vacuum
not a well defined procedure. The right way to obtain thed
→` limit would be to decouple the ‘‘glueball’’ modes first
and then minimize the potential. This leads to a shift of t
VEV of the f field in the broken theory~as in Ref.@17#!. As
a result, the mass shifts calculated within this new vacu
state are in agreement with the values reported in the sec
work of Ref. @17#. We stress, however, that on physic
grounds we do not expect SYM to realize thed→` limit of
the general effective Lagrangian~5!.

VI. SUMMARY AND DISCUSSION

In this paper we studied certain interesting features of
spectrum of the lowest-spin states ofN51 SUSY YM model
applying an effective Lagrangian approach. Though this
proach does not provide exact mass relations, neverthele
can be used to learn very important qualitative properties
the spectrum, such as the mass degeneracies in different
tiplets in the exact SUSY limit and the corresponding ma
splittings of states with different parity and spin-orbit
quantum numbers for the broken SUSY case. These pro
ties are crucial for recent lattice studies of the model@3#.

In fact, we have shown that the generalized VY effecti
action can be written in two different ways. In one case
fundamental superfield upon which the action is construc
is the real tensor superfieldU. In another approach all de
grees of freedom of the model are described by two ch
superfieldsx and S. In both cases the spectrum consists
two multiplets which are not degenerate in masses e
when SUSY is unbroken. The spin-parity quantum numb
of these multiplets are identical to those of certain chi
supermultiplets.

The physical mass eigenstates are not pure gluon-glu
gluon-gluino or gluino-gluino composites; rather, the phy
cal particles are mixtures of them. The multiplet which wit
out mixing would have been the glueball multiplet is lighte
As a result, those states cannot be decoupled from the e
tive Lagrangian. This means that comparisons of lattice
sults to analytic predictions based on the original VY acti
are not justified.

We introduced a soft SUSY breaking term in the L
grangian of theN51 SUSY Yang-Mills model. The spurion
method was used to calculate the corresponding soft SU
breaking terms in the generalized VY Lagrangian. These
breaking terms cause a shift of the vacuum energy of
model. The physical eigenstates, which are degenerate in
SUSY limit, are split when SUSY breaking is introduce
We studied these mass splittings in detail. We have c
firmed that the spectrum of the broken theory is in agreem
with some low-energy theorems@27#, namely the scalar glue
ball turns out to be lighter than the pseudoscalar one.
results of the present paper can be directly tested in lat
studies ofN51 supersymmetric Yang-Mills theory~@3#!.
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