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Axial baryon number nonconserving antisymmetric tensor four-quark effective interaction
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We discuss the phenomenological consequences of theUA~1! symmetry-breaking two-flavor four-fermion
antisymmetric~AS! Lorentz tensor interaction Lagrangians. We use the recently developed methods that
respect the ‘‘duality’’ symmetry of this interaction. Starting from the Fierz transform of the two-flavor ’t Hooft
interaction~a four-fermion Lagrangian with AS tensor interaction terms augmented by a Nambu–Jona-Lasinio-
type Lorentz scalar interaction responsible for dynamical symmetry breaking and quark mass generation!, we
find the following. ~1! Four antisymmetric tensor and four antisymmetric pseudotensor bosons exist which
satisfy a mass relation previously derived for scalar and pseudoscalar mesons from the ’t Hooft interaction.~2!
Antisymmetric tensor bosons mix with vector bosons via one-fermion-loop effective couplings so that both
kinds of bosons have their masses shifted and the fermions~quarks! acquire anomalous magnetic moment form
factors that explicitly violate chiral symmetry.~3! The mixing of massive antisymmetric tensor fields with
vector fields leads to two sets of spin-one states. The second set of spin-one mesons is heavy and has not been
observed. Moreover at least one member of this second set is tachyonic, under standard assumptions about the
source and strength of the antisymmetric tensor interaction. The tachyonic state also shows up as a pole in the
spacelike region of the EM form factors.~4! The axial-vector fields’ mixing with antisymmetric tensor bosons
is proportional to the~small! isospin-breaking up-down quark mass difference, so the mixing-induced mass
shift of axial vector mesons is negligible.~5! The antisymmetric tensor version of the Veneziano-WittenUA~1!
symmetry-breaking interaction does not lead to tachyons, or any antisymmetric tensor field propagation to
leading order inNC .

PACS number~s!: 11.15.Ex, 11.10.St, 11.30.Qc
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I. INTRODUCTION

Axial baryon number nonconserving, also known
UA~1! symmetry-breaking, quark self-interactions were
troduced into modern physics as a solution to the ‘‘UA~1!
problem,’’ the fact that QCD naively predicts a ligh
(.135 MeV! pseudoscalar (P) flavor singlet state (h8). The
first connection with the underlying gauge theory was est
lished by ’t Hooft who derived one particular kind of such
interaction ~‘‘the ’t Hooft interaction’’! from color SU~2!
instantons@1#. This analysis was extended four years later
color SU~3!, i.e., to QCD, and three flavors@2# where new
kinds of effective interactions depending on Pauli’s antisy
metric tensorsmn5( i /2) @gm ,gn# appear~such interactions
are also a product of the Fierz rearrangement of the t
flavor ’t Hooft interaction!. Whereas the ’t Hooft interaction
as well as another scalar-P UA~1! symmetry-breaking quark
self-interaction due to Veneziano and Witten@3# have been
extensively examined@4,5# using methods introduced b
Nambu and Jona-Lasinio~NJL! @6#, the ‘‘antisymmetric ten-
sor’’ @AS T] and ‘‘mixed’’ interactions have not, except i
two special cases@7,8#. One reason for this is the technical
challenging nature of this interaction, which has an ad
tional ‘‘duality’’ symmetry which has only recently receive
a proper treatment@9#. There is also a widespread lack
familiarity with AS T field theories to contend with.

Another reason may have been some apparently parad
cal results that emerge from such an analysis. Klimtet al. @8#
have examined antisymmetric~AS! tensor self-interaction in
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the context of the mixing of the AST modes with the vector
ones. They found a smallv-r mass splitting and a constitu
ent quark anomalous magnetic moment that was discov
somewhat earlier by Blin, Hiller, and Schaden@7#. Unfortu-
nately neither of these papers reports details of the respe
calculations. The present calculation shows that the AST
interaction creates a second set~octet or nonet! of spin-one
states that mix with the ‘‘usual’’ vector states and thus sh
their masses. This does not mean that this ‘‘second’’ se
states disappears, quite the contrary, these states survive
lead to dramatic consequences especially in the EM fo
factors and more generally in the spin-one mass spec
Their masses are also shifted by the mixing. One peculia
of their spectra is the apparent inevitability of spaceli
~tachyonic! excitations. This feature can be directly related
the duality symmetry mentioned earlier that precludes
existence ofUA~1! symmetry-conserving AST quark self-
interactions. The problem can be dodged by pushing th
states to ever higher energies, though in that case one n
fine-tuning of the free parameters and one loses some o
apparent benefits, such as the explanation of thev-r mass
splitting. We shall not explore the group-theoretical ram
cation of these results here, but confine ourselves to the t
flavor case.

The AS T and PT states satisfy the same ’t Hooft inte
action mass sum rule derived for scalar and pseudosc
mesons in Ref.@4#. But the AST states of opposite paritie
do not couple to the rest of the world in a symmetrical wa
specifically the ASPT states decouple and do not mix wit
ordinary axial-vector states. So the observability of ASPT
states seems questionable.

The purpose of this paper is to explore the phenome
logical consequences of antisymmetric tensor quark s

1,
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V. DMITRAŠINOVIĆ PHYSICAL REVIEW D 62 096010
interaction terms in NJL-type models with dynamical sy
metry breaking. We use a formalism developed in Ref.@9#
that preserves the duality symmetry and show that the
grangian obtained from the two-flavor ’t Hooft interaction b
a Fierz rearrangement, leads to composite antisymmetric
sor and pseudotensor NG bosons. The AS tensor modes
with vector bosons coupled to this system, which leads t
mass shift of both and to observable effects in the EM fo
factors. We shall confine ourselves to two flavors so as
keep the treatment as simple as possible. The same is
arise with three flavors, but they are obscured by the m
complicated algebra.

II. PRELIMINARIES

It has long been known that four-fermion contact intera
tions of the Nambu and Jona-Lasinio~NJL-! type can lead to
dynamical symmetry breaking along with associated co
posite spinless Nambu-Goldstone~NG! bosons@6#. Such in-
teractions have been extended to include all but six of the
independent Dirac matrix bilinears. The six still unexplor
terms correspond to the antisymmetric~AS! tensor self-
interaction, which leads after bosonization to antisymme
tensor bosonic excitations@10#. We shall use the results an
notation of Ref.@9#, with minimal modifications.

We shall work with a chirally symmetric field theory de
scribed by

LENJL5c̄@ i]”2m0#c1GS@~ c̄c!21~ c̄ ig5tc!2#

2GT@~ c̄smnc!21~ c̄ ig5smntc!2#, ~1!

wherec is an isospin-doublet and a color-triplet Dirac field1

There are no color-dependent forces,m0 is the current quark
mass matrix, andt are the isospin Pauli matrices. The an
symmetric tensor self-interaction in the second line of E
~1! preserves theSUL(2)3SUR(2) chiral symmetry, but
violates the axial baryon numberUA(1) symmetry@5#. This
self-interaction is related to the two-flavor ’t Hooft intera
tion @1# by a Fierz transformation, which in this case must
performed in the color space as well.

The whole tensor term in the Lagrangian~1! vanishes
identically in the Abelian, i.e., single-flavor (Nf51) case,
due to another, hidden symmetry which we shall call
‘‘duality symmetry.’’ It follows from the identity, see Refs
@10,11#

g5smn5
i

2
«mnabsab5 ismn

! 5 i s̃mn ~2!

which allows the second line in the Lagrangian~1! to be
written as

1The sign of the tensor coupling constantGT has been change
from that in Ref.@9#, so as to conform with the sign of the vecto
coupling constantGT .
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GT@~11l!~c̄smnc!2

1l~c̄ ig5smntc!21l~c̄ ig5smnc!2

1~11l!~c̄smntc!2#, ~3!

wherel is an arbitrary~real! ‘‘duality-symmetry gauge fix-
ing parameter.’’ Of course, observable predictions of t
model must be independent ofl. The duality-symmetry has
several curious consequences, such as the structure o
effective propagators for the composite AST fields, see
Ref. @9#.

For any given Lagrangian one can write down the ex
SD equations which form an infinite set of coupled integ
equations for ~infinitely many! n-point Green functions.
They describe exactly the nonperturbative dynamics of
quantum fields, but are also intractable in their exact fo
For this reason they must be truncated in any practical ap
cation. In this model the truncation can be accomplished
ing NC ~number of colors! counting as the guiding principle
To leading order in 1/NC the truncation leads to two
Schwinger-Dyson@SD# equations:2 ~i! the gap equation and
~ii ! the Bethe-Salpeter~BS! equation. These two equation
have been solved in Ref.@9#.

There are four AST,PT states altogether: two isospi
channels, isoscalar and isovector, which differ only in t
overall sign of the tensor coupling constantGT and two pari-
ties. In Ref.@9# we found the poles in the BS propagator
which determine the masses of theT,PT states, while the
residues determine their coupling constants to the quark
follows:

gp
25S m

f p
D 2

5
2

3
gT

2F11S gp

2p D 2G5
2

3
gPT

2 F11S gp

2p D 2G , ~4!

where f p is the ‘‘bare’’ pion decay constant. A remarkab
pattern exists in the mass spectrum: the four poles are s
metrically placed about the origin with locations at

MT
(1) 2.6m21mT

2 , ~5a!

MT
(0) 2.6m22mT

2 , ~5b!

M PT
(1) 2.2~6m22mT

2!, ~5c!

M PT
(0) 2.2~6m21mT

2!, ~5d!

where the bracketed superscript indicates the isospin c
nel. Here the~gauge invariant! ‘‘tensor mass’’mT is

mT
25

3gp
2

4GT
. ~6!

Hence follows the two-flavor AS tensor version of th
’t Hooft interaction sum rule@4#

2For an extension beyond the leading order in 1/NC , see Ref.
@12#.
0-2
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MT
(1) 22MT

(0) 25M PT
(0) 22M PT

(1) 2 . ~7!

This sum rule says that the isoscalar-isovector mass s
tings in the pseudotensor and tensor channels are equ
size and opposite in sign.

It is clear that in the chiral limit one has an isovect
massless Nambu-Goldstone the antisymmetric~pseudo! ten-
sor state, atk250, provided that

mT
256m2, ~8!

holds, which is equivalent toGT
2158 f p

2522GS
21 . The re-

lations ~6!,~8! bear remarkable similarity to analogous re
tions for the vector mass and coupling constant in the
tended NJL~ENJL! model @16#. In other words, Eq.~8!
defines a critical point in the space of AST coupling con-
stants of this theory. Change ofGT or GS can lead to~phase!
transitions to other phases of the theory, and thence
tachyons.

III. BOSONIZATION OF THE MODEL

The bosonization procedure allows one to find a boso
‘‘effective Lagrangian’’ that describes the low-energy d
namics of the bound state mesons in the underlying fer
onic ENJL model. It amounts to finding the effective equ
tions of motion~EOM! for the bosonic bound states in th
fermionic model and the appropriate bosonic Lagrang
@10#. The corresponding EOM then leads to the ENJL pro
gator, Eq.~28! in Ref. @9#, which is rather unusual, as AST
propagators go. One can find two standard forms of AST
propagators in the literature, corresponding to the two s
dard forms of the kinetic energy:~1! the Kemmer-Proca form
@13# corresponding to the kinetic energy

Lboson5
1

2
~]mFmn!22

1

4
MT

2Fmn
2 , ~9!

and ~2! the Kalb-Ramond form@14#

Lboson52
1

12
~Fmnr!21

1

4
MT

2Fmn
2 , ~10!

which is related to Eq.~9! by the duality

F̃mn5
1

2
«mnabFab ,

Fmnr5]mFnr1]nFrm1]rFmn5«mnra]bF̃ab,

]mF̃mn5
1

6
«abgnFabg. ~11!

Consequently, the two kinds of AST propagator are~double!
duals of each other. This simple relationship seems to h
gone unnoticed thus far. The AST propagators of eithe
Kemmer-Proca or the dual kind are ill-defined as the m
goes to zero: they have a momentum-independent singul
~a pole! there. This is commonly thought of as a symptom
the Ogievetskii-Polubarinov spin-mass discontinuity@15#.
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Compare this with the smooth zero-mass limit of the EN
AS T propagator Eq.~28! in Ref. @9#, which follows, in the
long wavelength limit, from the effective kinetic Lagrangia

Lboson5
1

2
~]mFmn!22

1

12
~Fmnr!21

1

4
MT

2Fmn
2 . ~12!

This Lagrangian is an unusual beast, since normally in
theory of AST fields one finds one~Kemmer-Proca! or an-
other ~Kalb-Ramond! form of the kinetic term, but neve
both. The absence of a term can be construed as its b
identically zero. This assumption is rather important, ho
ever, since the vanishing of one of these two forms of kine
energy amounts to the assumption that the AST field is
closed, or co-closed. Closure is a mathematical term for
vanishing of Fmnr5]mFnr1]nFrm1]rFmn50, which is
equivalent to]aF̃ab50. Co-closure implies the same, b
for the dual field, i.e.,]mFmr50. Either of these two con-
straints reduces the number of independent component
Fmn from six to three. Closed, or co-closed AS tensors ca
be written in terms of a four-vector with one subsidiary co
dition, i.e., in terms of three independent field componen
as is well known from the example of the EM field streng
tensor. This corresponds to a massive spin-one field. An
constrained AST field describestwo such objects of opposite
parities. Kemmer was explicit about the closure assumpt
though he did not discuss it further in his paper@13# ~he was
specifically interested in AS theories describing vector p
ticles!, whereas other authors do not seem to have b
aware of the constrained nature of their Lagrangians in
first place.

The result of bosonization of the AST fields part of the
extended two-flavor NJL model Eq.~1! is the following
bosonic effective Lagrangian:

Lboson5
1

2
@~]mSmn!21~]mPmn!21~]mPmn!21~]mSmn!2#

1
1

8
~6m21mT

2!@Smn
2 2Pmn

2 #1
1

8
~6m22mT

2!

3@Smn
2 2Pmn

2 #1•••, ~13!

where the ellipsis stands for cubic and higher-order AST or
PT field interaction, as well as the scalar andp field terms.
All AS T or PT fields here ought to be thought of as close
co-closed. Several comments are in order now.

~i! Note that due to the duality relations

Smn5P̃mn5
1

2
«mnabPab ,

S̃mn52Pmn5
1

2
«mnabSab ,

Smnr5]mSnr1]nSrm1]rSmn ,

]mS̃mn5
1

6
«abgnSabg, ~14!
0-3
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V. DMITRAŠINOVIĆ PHYSICAL REVIEW D 62 096010
and similarly for the isovector fieldsSmn ,Pmn , this model
Lagrangian can be written using only a single~uncon-
strained! AS T field of either parity

Lboson5
1

2
@~]mSmn!21~]mSmn!2#2

1

12
@~Smnr!21~Smnr!2#

1
1

4
~6m21mT

2!@Smn
2 #1

1

4
~6m22mT

2!@Smn
2 #1•••

5
1

2
@~]mPmn!21~]mPmn!2#2

1

12
@~Pmnr!21~Pmnr!2#

2
1

4
~6m21mT

2!@Pmn
2 #2

1

4
~6m22mT

2!@Pmn
2 #1•••.

~15!

~ii ! These alternate forms of the effective Lagrangian m
give rise to questions about the number of independent
grees of freedom (NDF). In view of our previous remarks
about the closed and unconstrained AST fields, it ought to
be clear that the number of theNDF is always the same.

~iii ! In the limit mT
2→6m2 we find massless states, Gol

stone bosons, in the isovector channel and massive stat
the isoscalar one, in accord with the brokenUA(1) symme-
try. ~We do not expectmT

2→6m2 to hold in general.! The
fact that massless spinless fields~Goldstone bosons! can be
described by massless closed AST fields is well known@18#,
only the doubling of the Goldstone bosons in this case
surprise. This, however, can be explained by the fact that
massless AST field is not closed, but rather can be thoug
of as containing two such components with opposite parit

~iv! Note that there is always at least one tachyon in
spectrum: States of opposite parity have opposite sign
mass squared; one of these masses can be arranged to v
but the other cannot. Tachyons are usually signs of an
stable, i.e., badly chosen ‘‘ground state,’’ although there
also tachyonic states, such as the Landau ghosts, which
not associated with a bad choice of ground state. In our c
it is difficult to see how one could have chosen a ‘‘bette
ground state, as the gap Eq.~5! in Ref. @9#, which determines
the vacuum, does not depend on the AS tensor interactio
leading order in 1/NC . Nor is this tachyon related to th
Landau ghost. The reason for the tachyon~s! lies entirely
with the duality symmetry which forbids the existence of
UA(1) symmetric AST interaction at this level: the sam
problem appears with the original~scalar and pseudoscala!
’t Hooft interaction when left without anUA(1) symmetric
interaction.3 The source of the problem can be most eas
seen from the isospin form of the ’t Hooft interaction

@Smn
2 2Pmn

2 2Smn
2 1Pmn

2 #. ~16!

3This is precisely what was found in Ref@4#: ‘‘ . . . note that as
G1→0, i.e., with ’t Hooft interaction only, . . . at least one bound
state (h* ) necessarily becomes a tachyon, . . . the ’t Hooft interac-
tion is not consistent by itself, and must be accompanied by
UL(2)3UR(2) symmetric interaction.’’
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This term is proportional to the mass squared: now note
with either overall sign there are always two terms with no
positive curvature. As explained above, one of these
curvatures can be arranged to go to zero, but the second
cannot. In the case of the scalar ’t Hooft interaction, Ref.@4#,
this problem was solved by having a~stronger!
UA(1)-invariant interaction that stabilizes the total Ham
tonian @4#. In the AS tensor case such anUA(1)-invariant
interaction Hamiltonian vanishes identically due to dual
symmetry, Eq.~3!, and such a stabilization measure is im
possible.

Before drawing any conclusions let us see if the
tachyons are observable. In case they decouple, one mig
able to ignore them. In case they are observable, it will se
as an indictment against the ’t Hooft effective interaction
the source ofUA(1) symmetry breaking: the Veneziano
Witten effective interaction does not lead to tachyons
cause it isquartic in the AS T fields and hence does no
contribute to the AST propagator to leading order inNC .
Next we shall see that AST interactions/fields give anoma
lous magnetic moments to external vector currents and th
where we shall find observable effects of the aforementio
tachyons.

IV. INDUCED ANOMALOUS MAGNETIC MOMENT

The place to look for the tachyon is in the EM form fa
tors due to the mixing ofT states with the vector meson
Blin, Hiller, and Schaden@7# pointed out that the AST in-
teraction leads to anomalous magnetic moments of the c
stituent quarks via mixing with vector currents

LV5
1

2m
@k (1)~ c̄smntc!•Fmn1k (0)~ c̄smnc!Fmn#.

~17!

It then stands to reason that the~Pauli! magnetic form factor
will have a pole at the AST field mass.

To evaluate the anomalous magnetic moment all we n
is one-way conversionV to T, not the other way round. We
need the vector-pseudotensor (V-PT) transition matrix ele-
ment Pmna

V-PT , which is again given by a simple one-loo
graph. One finds

Pmna
V-PT~s!52NCE d4p

~2p!4
tr@g5smnS~p1q!gaS~p!#

52iemgp
22F~s!«mnabqb. ~18!

~The analogousA-T transition tensor is proportional to th
up-down quark difference, i.e., in the good isospin limit A
tensors donot couple to axial-vector currents@8#. This is a
sign of asymmetry between the two sectors with oppo
parities.! Attach an ASPT coupling at the end of this and
find the following addition to the vector current (s5q2):
n

0-4
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dVa522iGTg5smnPmna
V-PT~q!

54GTemgp
22F~s!«mnabqbg5smn

516GTf p
2F~s!

i

2m
sabqb ~19!

which yieldsk516GTf p
2 . Manifestly one ought to iterate th

PT interaction, which leads to thePT propagator. The Levi-
Civita symbol in Eq.~18! leads to the dual of thePT propa-
gator which equals theT one

dVd52 iD mn;ab
PT Pabd

V-PT~q!g5smn5F2~s!
i

2m
sdbqb,

F2~s!5
212m2F~s!

$~s26m2!F~s!12m2@F~s!21#1mT
2%

. ~20!

Therefore the anomalous magnetic Pauli form factorF2(s)
must have a pole at theT mass in the respective isosp
channel.

Now remember Eq.~5b!, from which it follows that theT
pole is tachyonic in the isoscalar channel. Since we kn
that the Pauli form factor acquires a pole at theT meson
mass we see that a tachyon pole will show up in the~deeply!
spacelike Euclidean region of the EM form factor~the iso-
scalar part!. Thus, the tachyon will be observable as a pole
elastic and inelastic electron scattering cross section w
the momentum transferq2 is spacelike. But this kinematic
region has been well examined in deeply inelastic scatte
~DIS! experiments and no deviations from the usual pho
propagator, i.e., from the Coulomb law have been observ
DIS has been measured upward ofQ252q25100 GeV2

with no indication of an enhancement in the Mott cross s
tion, not to mention a pole. We may safely conclude t
mT>60m from here. This value is substantially larger th
the Fierz value/prediction ofmT.9m, based on

GT5
1

4NC
GtH , ~21!

We know from Ref.@4# that the requirement that there be n
tachyons in the scalar-P meson sector leads to the inequal
2uGtHu<uGSu, which together with Eq.~19! in Ref. @9# and
Eq. ~21! above leads to

uGTu<
1

32NCf p
2 , ~22!

or equivalently to

mT
2>72m2. ~23!

In other words, the DIS result leads to an unusually smaT
coupling constant, i.e., one must fine-tune the constan
reach consistency with observation.

There is an apparent solution, however, viz.mT
2<6m2.

This solution has its problems, too: the tachyon moves to
AS PT mesons, which mix weakly with axial currents, via
09601
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II class current. Such currents are badly known, only an
per bound on the static value of the form factor exist at
moment, but it seems highly unlikely that a spacelike pole
the cross section would have been missed. Even if this w
the case, this choice merely shifts the problem to anot
sector, for in that case Eq.~21! implies a violation of the
2uGtHu<uGSu inequality and thus leads to tachyons in t
scalar-P meson sector@4#.

V. MIXING WITH VECTOR MESONS

We have shown the role AST excitations play in external
e.g., EM, vector currents. This suggests a possibility of m
ing with preexisting vector mesons, such as ther and thev.
Indeed this mixing has already been addressed in the lit
ture @8#, but several key aspects of the results have not b
mentioned, specifically that the number of vector meso
some of which are tachyonic, is doubled. Moreover, in t
meantime, the treatment of vector mesons in the EN
model has undergone a significant change@16#, which leads
us to believe that a new treatment has its merits.

A. Preliminaries

The extension to include the vector~V! and axial-vector
~A! NDF is straightforward: we add the following terms to th
Lagrangian~1!:

LV52GV
(1)@~ c̄gmtc!21~ c̄gmg5tc!2#

2@GV
(0)~ c̄gmc!21GA

(0)~ c̄gmg5c!2#. ~24!

In the isotriplet channel one must haveGV
(1)5GA

(1) in order
to preserve the chiral symmetry, whereas in the isosin
channel the two coupling constants need not coincideGV

(0)

ÞGA
(0) .

The mixing of theP and longitudinal axial-vector mode
implies a finite renormalization of the ‘‘bare’’ (GA50) P
meson decay constantf p to f p and of the constituent quar
axial couplinggA @16# according to

gA
(I )5~118GA

(I ) f p
2!215S f p

(I )

f p
D 2

5S gp

gp
(I )D 2

. ~25!

This leads to the relation

gA
(I )5128GA

(I ) f p
(I ) 2 ~26!

betweengA
(I ) and GA

(I ) and f p
(I ) , the last of which is kept

constant. Anf p
(I )-fixing procedure analogous to the one d

scribed in Sec. II now yields a separatem vs L curve for any
given value ofgA

(I ) , see Fig. 1 in Ref.@16#. An important
consequence of the relation~26! and of the second line o
Eq. ~25! is the inequality 0<gA

(I )<1. This imposes a new
upper bound onGA

(I ) :

GA
(I )<1/~8 f p

(I ) 2!, ~27!

apart from the trivial lower boundGA
(I )>0. GA

(I ) values ex-
ceeding the bound imply imaginary values ofgp and f p ,
0-5
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which in turn imply complex cutoffL and/or massm. A
physical interpretation of such complex objects is lacking

We see from Eq.~26! that GA
(I ) can be determined from

the value of the constituent quark axial coupling const
gA

(I ) , at constantf p
(I ) . One common prescription for estima

ing gA
(1) is based on the SU~6! symmetric nucleon wave func

tion and the impulse approximation result for the nucle
axial coupling in the quark model

gA,N
(1) 5

5

3
gA,Q

(1) 51.25uexpt, ~28!

which yieldsgA,Q
(1) 50.75 if we neglect the two-quark axia

current contributions to the nucleon isovector axial curr
matrix elementgA,2Q

(1) . Completely analogous results hold
the flavor-singlet channel where the SU~6! factor is 1 ~in-
stead of 5/3 in the isotriplet channel!:

gA,Q
(0) 5gA,Q

(0) 50.1260.23uexpt. ~29!

This is also subject to the axial MEC corrections, which a
not known in detail at the moment, except that they are
O(1/NC).30%, andmustbe included if chiral symmetry is
to be conserved.
y
r
o

e

09601
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B. Mixing formalism

All the objects in the BS equation are 232 matrices. The
solutions to the BS matrix Eq.~6! in Ref. @9# for the propa-
gator matrixD are

D52G~122P G!215~122GP!21~2G!. ~30!

The vector-pseudotensor (V-PT) transition matrix element
Pmna

V2PT , Eq. ~18! couples the vector states to thePT ones,
but the Levi-Civita symbol contained therein leads to t
dual of thePT propagator which is just theT one. Thus we
are led to the following coupled channel problem.

The matrix (122GP) has to be inverted. Its explici
structure is

122GP5S @112GVPV~s!# 2GVPV-T~s!

2GTPV-T~s! @112GTPT~s!#
D ,

~31!

where

PV-T~s!54mAsgp
22F~s!54

m

gA
Asgp

22F~s!. ~32!

This leads to the solution for the matrix propagatorD in the
form
2D5~122GP!21~2G!5D 21S 22GV@112GTPT~s!# 4GTGVPV-T~s!

4GTGVPV-T~s! 22GT@112GVPV~s!#
D , ~33!
c-

sor

el,
on

that

gen-
where

D5Det~122GP!5@112GVPV~s!#@112GTPT~s!#

24GTGVPV-T
2 ~s!. ~34!

The meson masses are determined by the poles, i.e., b
zeros of the determinantD. In order to get some feeling fo
the behavior of the masses as functions of the coupling c
stants we may take as a first approximation

1

2GT
1PT~s!.2

2

3
gp

22~s2MT
2!, ~35a!

1

2GV
1PV~s!.2

2

3
gp

22~s2mV
2 !, ~35b!

PV-T~s!.4mAsgp
22 , ~35c!

where

mV
2 5

3gp
2

4GV
, ~36!

andMT
2 is given in Eqs.~5a!,~5b!. Hence, the two poles ar

at
the

n-

s65
1

2
@mV

21MT
2136m26A~mV

21MT
2136m2!224mV

2MT
2#.

~37!

In the weak T coupling limit (GT→0), i.e., as MT
2

@36m2,mV
2 , which roughly corresponds to the Fierz predi

tion GS@GT , we may write

s15mV
21MT

2136m2.mT
2 ,

s25
mV

2MT
2

~mV
21MT

2136m2!
.mV

2F12S mV
2136m2

MT
2 D G

~38!

which shows that the vector mass is shifted by the ten
interaction, even in the weakT coupling limit. As the sign in
MT

256m26mT
2 alternates depending on the isospin chann

one finds two different values for the lighter meson soluti
(s2). This leads to ther-v mass splitting, though it isnot its
only possible source: chiral symmetry does not demand
the isovector and isoscalar vector~or axial vector! mesons
masses be identical in the first placeGV

(1)ÞGV
(0)ÞGA

(0) . If we
assume that, for some reasonGV

(1)5GV
(0) and therefore the

unperturbed isovector and isoscalar vector masses are de
eratemV

(1)5mV
(0).2m before turning on of the AST inter-
0-6
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action, then we may use the experimental mass splitting
determine theT couplingGT , or, what is the same, see E
~6!, theT mass asmT.45m. This is in qualitative agreemen
with our estimate from electron scattering and substanti
larger than the ‘‘Fierz value’’ ofmT.9m. Hence, in this
scenario one needs either a dynamical justification of
crossed-channel suppression, or a fine-tuning of coup
constants in the Lagrangian. Both solutions seemad hocat
the present time.

Finally we need to take a closer look at the second s
nario 6m2>mT

2 , and strong tensor ’t Hooft interaction cou
pling constantGT . The tachyon poles still show up in th
badly known isovector class II axial current, but can
pushed up in mass out of reach of extant experiments.
corresponding light tachyon in the isoscalar axial curren
unobservable, as the transition matrix element vanis
~isoscalar current turns a quark into itself, so with no u
down mass difference there is no transition matrix eleme!.
One can make this spectrum conform with the observed
using the freedom inGV

(0) . This comes at a high price, how
ever. The issue of scalar-P tachyons reappears at such stro
coupling GT , or again one faces the question of arbitra
Fierz suppression. Whereas this does not constitute a ‘‘
tertight’’ case against the ’t Hooft interaction, it does take
closer to the conclusion that the Veneziano-Witten inter
tion @3# ought to be preferred to the ’t Hooft one@5#.

C. Chiral symmetry breaking by the anomalous
magnetic moment

To our surprise, it turns out that the induced one-lo
interaction leads to the anomalous magnetic moment
grangian Eq.~17! which explicitly breaks chiral symmetry
Perhaps the easiest way to see this is to evaluate the d
gence of the axial current

]m~c̄gmg5c!52
i

m
@k (1)~ c̄smng5tc!•Fmn

1k (0)~ c̄smng5c!Fmn#,

]m~c̄gmg5tc!52
i

m
@k (1)~ c̄smng5c!Fmn

1k (0)~ c̄smng5tc!Fmn#. ~39!

These divergences can be rewritten using identity~2! in
terms of the dual field tensors

]m~c̄gmg5c!5
1

m
@k (1)~ c̄smntc!•F̃mn

1k (0)~ c̄smnc!F̃mn#,

]m~c̄gmg5tc!5
1

m
@k (1)~ c̄smnc!F̃mn

1k (0)~ c̄smntc!F̃mn#, ~40!
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very similar to the Adler-Bell-Jackiw~ABJ! axial anomaly.
Their physical consequences might also be similar to th
of the ABJ anomaly: In some applications this explicit chir
symmetry breaking appears to besoft, e.g., it doesnot lead to
violations of low-energy elasticpN scattering theorems
such as the Weinberg-Tomozawa one. In other applicatio
such as pion photoproduction and electroproduction, it
hard as it leads to observable differences betweenP andPV
LETs at the Born approximation level.

VI. DISCUSSION AND CONCLUSIONS

In conclusion, we have shown the following.~1! A model
with non-Abelian symmetry, dynamical symmetry breaki
of the NJL type and an antisymmetric tensor fermion se
interaction leads to a few massive and at least one tachy
composite antisymmetric tensor boson.~2! Vector gauge
bosons coupled to this system mix with the antisymme
tensor bosons so that both have their masses shifted. Th
tensor bosons couple to vector bosons via one-fermion-l
diagrams and the fermions~quarks! acquire anomalous mag
netic moments that explicitly violate chiral symmetry, ju
like the Adler-Bell-Jackiw axial anomaly.~3! Bosonization
procedure has been applied and a bosonic Lagrangian
volving AS T fields has been constructed. Massive AS ten
fields can be used to describe massive vector bosons, h
the mixing of massive AS tensor fields with vector fiel
leads to two sets of spin-1 excitations. The second spin-1
is usually much heavier than the first one and is not rea
identifiable with anything in the particle tables. The isovec
‘‘second’’ vector state is almost always tachyonic, howev
and shows up as a pole in the spacelike region of the
form factors. Alternative scenarios exist, but they exp
tachyons from the vector sector only at the cost of introd
ing them into the scalar mesons and/or poorly known clas
axial-vector current. Thus preponderance of evidence po
towards the Veneziano-Witten effective interaction as
more viable alternative to the ’t Hooft one.~4! Axial-vector
fields mixing with antisymmetric tensor bosons is propo
tional to the isospin-violating up-down quark mass diffe
ence, therefore contributes only to class II axial curren
which are not well known experimentally.~5! The number of
independent degrees of freedom and their spin-parity con
are another curiosity: One may say that there is one unc
strained field of either parity, and the duality symmetry r
lates it to another completely dependent field of oppos
parity. Or one can effectively view this situation as conta
ing two independent but constrained~closed or coclosed!
fields of each parity. In the massless limit the AST fields
turn into an effective description of spinless, rather th
spin-one states of both parities in accord with expectati
@17,18#.
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