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1. Introduction

The theoretical connections between QCD and string thedrighwhave emerged in recent
years have provided a new framework for the study of low gnbeglron dynamics. While these
connections are, for the most part, only convincingly adgimethe limit of largeNc, it is of great in-
terest to test the predictions of string/gauge correspureteagainst real-world, = 3 QCD using
both phenomenology and lattice results. A particularlgiiesting correspondence in this regard is
the recently discovered orientifold planar equivalendsvben N =1 SUSY Yang-Mills theory and
ordinary nonsupersymmetric one-flavor QCD [1, 2, 3]. Altgbuhis is a direct field theory to field
theory equivalence, it has its roots in string/gauge dualib the extent that this equivalence is reli-
able atN; = 3, it provides a powerful new source of insight into low gyequark dynamics. What
is truly remarkable about this connection is that the quétk@daughter theory (one-flavor QCD)
is the orientifold projection of a gluino in the parent the@ = 1 SUSY YM). If this equivalence
is even gualitatively valid atl. = 3, it would expose a deep and surprising role of supersymymet
in low energy hadron physics. The prediction of orientifelguivalence for the size of the quark
condensate in one-flavor QCD has been compared with laggédts in [4]. In our work, we con-
sider another very interesting prediction of orientifolgue&valence which, if valid, would be an
unmistakable relic of the supersymmetry of the parent thedfe refer to the prediction that the
lowest-lying scalar and pseudoscalar mesons of one-flaG (hereafter referred to asandn’
respectively) should be degenerate. In the parent SUSYythdos degeneracy results from the
simple fact that andn’ belong to the same Wess-Zumino supermultiplet and tharsymenetry
is unbroken. This is conveniently described in terms of tigessymmetric chiral Lagrangian con-
structed by Veneziano and Yankielovich (VY) [5]. In this imalism, the scalar and pseudoscalar
mesons are associated with the real and imaginary parte @faimplex scalar Wess-Zumino field
representing gluino-antigluino bound states. Althoughgbalar-pseudoscalar meson degeneracy
is natural in the supersymmetric parent theory, it is muchenmoysterious from the point of view
of one-flavor QCD. In that theory, we are accustomed to thipkif the pseudoscalar mesghas a
would-be Goldstone boson which acquires a mass via theaxghaly. In lattice calculations, the
role of the anomaly in generating tié mass has been verified in detail by the study of the quark-
line-disconnected "hairpin diagram” contributions to piseudoscalar correlator. In contrast to the
would-be Goldstone boson interpretation of tjie the scalar mesoa is usually presumed to be
in most respects a typical P-wave quark-antiquark mesoandthenology and lattice calculations
suggest that the corresponding flavor nonsinglet mesonguatie heavy, in the 1300-1500 MeV
range. The flavor singlet correlator includes hairpin diagrams along with the vadeoarrelator
which results in a large negative mass shift of the flavorletrrglative to the nonsinglet. The scalar
hairpin correlator was calculated in quenched lattice QE€[B] as part of a study of the spin-parity
structure of the OZI rule. Within the quenched approxintatié] and [7] contain all of the Monte
Carlo results necessary for testing the orientifold pratic Although errors on the scalar hairpin
mass shift are sizable, we show that within these errorsgdingbination of the upward shift of
the pseudoscalar mass and the downward shift of the scata, mvhen evaluated in the one-flavor
theory, brings the two mesons into approximate degenetaayder to try to explore the mecha-
nism responsible for the degeneracy, we also present thiksres$ similar pseudoscalar and scalar
meson flavor singlet mass calculations in two-dimensi@#. In this model it is relatively easy
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to use the overlap operator in high-statistics calculatitnexplore the chiral limit. This permits
us to compare the scalar and pseudoscalar masses with mattersstatistical error.

2. Orientifold planar equivalence

The orientifold planar equivalence of SUSY Yang-Mills thedSYM) and one-flavor QCD
states that SYM is equivalent to one-flavor QCD to the extestN. = 3 can be considered large.
This equivalence can most easily be seen by proceeding isteps:

1. Define the orientifold-A projection of SYM and show thatstltheory is precisely equal to
one-flavor QCD for the special caseNf = 3.

2. Demonstrate that for lardé. the orientifold-A projection is equivalent to SUSY YangiMi

The orientifold-A projection can be understood by exangriime SYM Lagrangian.

1 i —a
Lsym= —@G‘szﬁv + @)\ yu(DyA)® (2.1)

a
HereA? = (#&1) is the gluino, the fermionic super-partner of the gluon tien as a four-
component Majorana spinor in the adjoint representatiod,(3,A? = d,A% + gfabCAE,)\C is the
adjoint covariant derivative. Note that the SYM Lagrang@mtains(N? — 1) Weyl fermionic
(gluino) degrees of freedom. The orientifold-A projectmmganizes these Weyl degrees of freedom

in Dirac spinors associated with tA€5—2) anti-symmetric generators of SU(N).

A= A%(t%), — gl = gyl = (Wr’b> (%" (2.2)

Where:

e dis anindex associated with tl%'\'z;l) anti-symmetric generators of SU(N)
e a,b are indices associated with {i¢? — 1) generators of SU(N)

e (t3)] are the anti-symmetric generators of SU(N)

The gauge field and couplings are unchanged.Nzar 3 there are three antisymmetric gener-
ators, and the antisymmetric representation is the giétri Thus, the orientifold-A projection is
identical to one-flavor QCD. Proof that the orientifold-Aojgction is equivalent to SYM for large
N is provided in [1, 2, 3].

3. The effect of hairpin diagrams

The propagator for a flavor singlet meson in full QCD inclu@esarbitrary number of an-
nihilation vertices. In the quenched approximation alhf@m lines must be attached to a cre-
ation/annihilation operator so only the valence and shagieihilation diagrams are present. If the
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coupling of fermion loops in the hairpin diagram is treatsdagpure mass insertioncz,, then by
geometric summation:

el QCD = Malence™ Mhairpin (3.1)

The sign of the mass insertionpssitivefor pseudoscalars because the opergigty is anti-
hermitian and thus the valence correlator has a negative dige sign of the mass insertion is
negativefor scalars sinc@( is hermitian.

4. QCD monte carlo results

We have tested the prediction of scalar-pseudoscalar degnin one-flavor QCD using one
of the lightest quark masses from the studies [6, 7], coomding to clover improved Wilson
fermions withCgy= 1.57 with hopping parameter = .1427. The calculation used 300 quenched
gauge configurations generated with the Wilson actigh&t5.7 on a 13 x 24 lattice. The modi-
fied quenched approximation (MQA) [8] was used to resolveptieblem of exceptional configura-
tions. Scalar and pseudoscalar hairpin diagrams werelatdduising the "allsource™ method [9].
In this technique the quark propagator is calculated frommna sf identical unit color-spin sources
located at all space-time points on the lattice. When thigp@gator is contracted over color in-
dices at a particular space-time point, the result is a gaugeiant term corresponding to a closed
guark loop originating at that point, plus a large numberaige-dependent terms corresponding
to open quark loops. The gauge-dependent terms tend tolaameserage due to their random
phases, permitting the calculation of closed quark loopklaop-loop correlators (hairpins). The
results of these studies far=.1427 are presented in Table 1. The most striking finding istiye
negative contribution of the hairpin to the mass of the saakson. Although the statistical errors
in the measurement of the scalar disconnected diagram rge ke size and sign of the scalar
mass shift make scalar-pseudoscalar mass degeneracpjdatifie analysis assumes the absence
of excited states in both the scalar and pseudoscalar hali@grams. This assumption has been
confirmed for the pseudoscalar in [7].

| JP¢ || valenceMass| Massshiff | TotalMasg |
0~ ||| +[3156)]> | +[407(11)]? | +[515+12— 137
0+ || +[141614)2 | —[135090)2 | +[427+ 249 7562

Table 1: One-flavor QCD results iMeV?

5. CPIN-1) monte carlo results

Although itis a 1+1 dimensional mod&PN-1) shares several characteristics with QCD that
make it an interesting testing ground for QCD concepts. titamh to confinement and asymptotic
freedom,CP(N-1) has a topological charge structure similar to QCD [10]. Aenapmputational
advantage is that we are able to use the overlap Dirac opdoatalculate fermion propagators
for light quarks with relative eas€€P(N-1) is a model of N complex scalar fields z subject to the
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Figure 1: Scalar and pseudoscalaas$ for one-flavor QCD

constraint z*z=1. The Lagrangian f&PN~1 can be written in a form that includes a U(1) gauge
field:

L=B(dy—iAL)Z (du+1AL)Z (5.1)

i o
AH = E(ﬁduzl - Zldui) (5.2)

This gauge field can be used to write a LagrangiarCieN-1 with fermions:
L =qa(iy"dy — VAL ? — m@ay?® = A>iy"Dy — m)y? (5.3)

Following the approach of the QCD studies, we treat the fensin the quenched approximation,
which is the proper venue for studying hairpin vertices.
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Figure 2: CP(N-D mesormasg vs quark mass

We calculated scalar and pseudoscalar correlators us@d@uge configurations on a 30
30 lattice with overlap fermions arfgi= 1.0. By using smeared operators we were able to demon-
strate that the hairpin diagrams did not contain excitestal he pseudoscalar behavior is similar
to QCD except that the mass measured from the valence dorrafgproaches a non-zero constant
in the chiral limit due to a quenched chiral loop effect. ASQED, fitting the quenched scalar
valence correlator is complicated by the presence af ‘armr intermediate state. Much of the sta-
tistical error in the scalar mass can be traced to the remwivthis quenched artifact. The scalar
is also heavier than the pseudoscalar, making it more diffiouextract the mass accurately. A
smeared operator analysis shows that the scalar hairpielatar lacks excited states but that the
vertex exhibitsp? dependence. Figure 2 is a plot of the quantitigs+ mg, andmg — g in the

rangeM, . = 0.03-0.10 along with a linear chiral extrapolation.

6. Discussion

Although the statistical and systematic errors in our QCI2uwations are significant, the
important qualitative result we have shown here is that tigo insertion diagram in the flavor
singlet channel corresponds to a positive mass shift fopsleedoscalar meson and a negative mass
shift for the scalar meson, and that the values obtained @tattice for these mass shifts are of
roughly the right magnitude to bring an otherwise light pkescalar and an otherwise heavy scalar
into approximate degeneracy in 1-flavor QCD. In the caseé®® our calculations also indicate
approximate scalar-pseudoscalar degeneracy in the dimtial The CP\® data presented here
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include statistical errors only. The chiral extrapolatadrthe full scalar mass is clearly sensitive to
the linear fit parameters. Further study is required to dfyasystematic errors in meson masses,
particularly in the intermediate state subtraction in tbela valence correlator.
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