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We undertake a systematic investigation of,(WU) symmetry-breaking, C-, P-, T-, and
SU, (Nf) X SUr(N¢)-invariant effective fermion operators and their consequences for pseudoscalar and scalar
mesons. We construct four types of such operators that exist for any number of figwefs two of which
can be identified with 't Hooft's interaction and the quark self-interaction leading to the Veneziano-Witten
meson-interaction term. We isolate the(ll) symmetry-breaking effect from the quark mass- and electro-
magnetic interaction induced chiral symmetry-breaking effects and quantify it as the deviation from zero of
fomi =12,m?, +f2m2 — 2 (mg . + mgo) + f2(m2. —mZ,), wherem,,f, are the pseudoscalap meson
mass and Weak decay constant, respectively. Then we use Dashen’s general formula to evaluate the masses and
the mixing angle of isoscalar pseudoscalar mesons in the presence of the current quark masses and each one of
these four types of l{1) symmetry-breaking interactions. We find that both the 't Hooft and the Veneziano-
Witten interaction push the sum of thg and » masses squared upward and the mixing angle to negative
values, in accord with empirical evidence. The other two types f4fL)) symmetry-breaking operators do not
influence the pseudoscalar meson spectrum to leading ordeg jnso long as no new higher-order quark
condensates are assumed. In an attempt to determine which linear combination of the 't Hooft and the
Veneziano-Witten operators is responsible for the obserygd JUsymmetry breaking, we calculate the scalar
meson masses in the three-flavor Nambu—Jona-Lasino model in the presence of either of these two interac-
tions. Presently available data do not allow a definitive answer to that question, though they can be interpreted
as favoring the 't Hooft interactio S0556-282(97)04113-1

PACS numbses): 12.40.Yx, 11.30.Rd, 14.46n

I. INTRODUCTION tive interaction[6,7], with the exception of several calcula-
tions of the ' mass in effective quark model8—11].
The Uy(1) problem[1,2] can be roughly stated as the Moreover, there are even fewer studies of an alternative
lack of agreement between the left- and right hand side in théVeneziano-Witten”) effective mechanism of A(1) sym-

U (3)XUg(3) symmetry mass relatlomn +m 2mK metry breakingd12—-14, but without indication as to if and
Presently an almost universally accepted "solution postulatdow this dilemma can be resolved. This absence of any sys-
an explicit breaking of the ){1) symmetry, believed to be tematic study of W(1) symmetry-breaking operators and
induced by instantons in QCD, which raises the mass of théheir physical consequences stands in sharp contrast to the
SU(3) flavor singlet and thus provides for the difference detailed studies of the chiral ${B)X SUr(3) symmetry-
m2 +mf]—2m§:(855 MeV)2. breaking mechanisms conducted in the late sixties and early

There is one significant exception to this universal faith:sevennes. Several symmetry-breaking models, going under

Lee has suggested that a perturbative calculation based ¢ names of (3,8(3,3), or the Gell-Mann, Oakes, and
the anomalous triangle graphs also solves tii#) groblem  Renner (GMOR) model [15], the (8,)&(8.1), (6,6)
[3]. This is a perfectly sound suggestion, but one that runss (6,6) models, etc., have been examined and the GMOR
into certain technical difficultiesi) the diagram in question model, equivalent in this regard to QCD, was found to best
vanishes in the chiral limitfor implications of this fact, see fit the data[16—-18.
below); (ii) the same diagram is logarithmically divergent, In this paper we report our first steps in the direction of a
thus requiring an infinite renormalization with countertermssystematic analysis of A{1) symmetry-breaking effects
that are not a part of the QCD Lagrangian. These two obamong mesons. For pseudoscal) (nesons this analysis is
stacles lead to a loss of predictive power. Therefore we shaltased on Dashen’s current-algebraic formula relating the
not concern ourselves with this option in the rest of this(would be Goldstone meson mass to the vacuuanterm in
paper. the theory{ 16]. The latter is just the negative vacuum expec-
Although there have been many studies of instantons’ intation value of the double commutator of the relevant axial
fluence on the mass spectrum, the mixing angle, and decaharge and the chiral symmetry-breaking Hamiltonian den-
constant§4], possibleCP violation, etc.[5] in the pseudo- sity. We show that thep,»’ masses obtained in this way
scalar nonet based directly on the divergence of the nevrom the 't Hooft interaction coincide with those found in the
anomalous axial baryon number current that includes thé&lambu—Jona-LasinigNJL) model calculationd10]. It so
“topological current” in QCD, there are, to this author's happens, however, that another independént P-, and
knowledge, no attempts in the literature at evaluating thél-conserving (1) symmetry-breaking operator exists,
Ua(1) symmetry-breaking effects starting from the 't Hooft— which also raises the sum af,»’ masses squared and leads
Kobayashi—Kondo—Maskaw@d't Hooft,” for short) effec- to the same negative mixing angle. Some indications have
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been given by Alkofer, Nowak, Verbaarschot, and ZahedHere o,,=i/2[v,,v,], and we use Ref.19] conventions
the first paper in Ref{14], of how such an operator might for the space-time metric and Dirac matrices.

arise from the instanton liquid approximation to QCD. One The first two of Egs(1a), (1b) are the 't Hooft- and the
would like to know exactly to what extent is either of these Veneziano-Witten effective interactions, respectively, the
two interactions responsible for the observed 1) symme-  third (1c) and the fourth oné¢ld) have not been discussed in
try breaking in Nature. Manifestly, no study of the pseudo-the literature heretofore, to our best knowledge. That leaves
scalarp,n’ mesons’ masses alone can resolve that issue. Wiheir derivation from QCD as an open question, except in the
offer a new test discriminating between the two interactionspecial cas®&l;=2 when they are related to the 't Hooft and
in effective chiral quark models. Differences arise inglea-  Veneziano-Witten interactions by a Fierz tranformation. One
lar mesons spectra between models with the 't Hooft- andnust emphasize, however, that there is a relatidBur-

the Alkofer-Nowak-Verbaarschot-Zahed-Veneziano-Wittengoyne identity”[10]) between Eqs.1a) and(1b) of the form
(ANVZVW) Ux(1) symmetry-breaking interaction: As
shown in Refs[10,11], the former interaction leads to a N Kﬁ,f N
mass shift within the scalar nonet that is identical in size, bu[.CiH 02— —~ ,Ci,wf)

opposite in sign to that found in pseudoscalars, whereas the

latter does not shift the scalar meson masses at all, as we

shall show below. One can find flavor-singlet scalar states in = U, (N¢) X Ur(Ns)-invariant operator, ©)]

the Particle Data Grou@PDG) tables that fit either model,

though some of the states’ properties are not presentlwhere the exact form of the operator on the right-hand side
known. On the basis of this limited evidence one could argu®f Eq. (3) depends on the value df; . An analogous relation

KNf

that there is some preference for the 't Hooft model. between the “tensor” operators in Eqd.c) and(1d) holds,
as well. Moreover, folN;=4 there are new tensor interac-
IIl. U o(1) SYMMETRY-BREAKING EFFECTIVE tions Wh.O.SG mathematical properties have not been gxplored
OPERATORS or classified, as yet. We shall treat the two interactions in
o ) each pair[(1a),(1b)],[(10),(1d)] as independent since the
A. Classification of Up(1) symmetry-breaking operators square root of an operator is ill-defined and 't Hooft actually
There are at least fourC-, P-, T-, and derived thefirst power ofﬁfﬁ”') from QCD[6].
SU (Nf) X SUg(Ny) invariant, Uy(1) symmetry-breaking ef- Our normalization of the coupling constay, was cho-
fective fermion(quark interactions for anyN;=2: sen so as to facilitate comparison with earlier papers on the
« subject, in particular with Ref.20] where contact with the
LEH f):<_Nf){detf[¢(l+ o) ]+ det[ Y (1— y5) o]}, mstar_ltgn calculus res,ults Was,establlshed, sge('qu.The
2 remaining constantscy,,un,py, are normalized analo-

(1a gously. Since these coupling constants have dime(sion

a mass to negative integer powers it would seem natural to
detl w(1+ —detl¥(1— 2 introduce a single energy scaleM such that
){ Q[d/( 7,5)1//] tf[lr//( 75)11,]} [KNf]:[MNf]:M(4_3Nf), [K,,\‘f]:[M’,\‘f]:M(4_6Nf)’ where
(1D [a]=dim a. We shall show in this paper that the scMeis

just the cube root of the negative quark condensate, i.e.,

K/
£@ND_ Ny
VW 22Nt

MN — — .
’CEfo): Z_fo){detfwaw(ﬁ vs) ] M_3= —.(qq>0, at least forN;=3 't Hooft and Vene2|ano-.
Witten interactions. In such a case a more natural normaliza-
— _ tion of the coupling constants would omit the additional
+det[yo,,(1-¥s) ¥}, (10 powers of 2t from the definitiong1a)—(1d). Yet, that would
o not ensure such “renormalized” dimensionless couplings’
(4Ng) _ Ny - being of order 1 for higher values &f;, because the deter-
L "=\ 5ox|{de 1+ g ) ; f
2 2 Nf){ Lo (1t ys) ] minant structure of the interaction may yet change the over-

_ all coefficient with changind\;. Perhaps less importantly,
_detf[‘/"’uv(l_ys)l/f]}zy (1d  the oddN; 't Hooft interaction coupling constants, as de-

_ . fined above, are negative—that could be changed as well. At

where, for example, dgtyo,,(1+ys)¢], with Ny=3,  any rate, it seems too early to pronounce general naturalness

stands for criteria for these interactions at this point.

_ All of the aforementioned interactions are current quark
det[ Yo, (1% y5)¢] mass independent, i.e., they do not change in the chiral limit.
_ _ _ One can construct whole new families of(1) symmetry-

uo,(1=ys)u uo,(1*ysd uo,(1*yg)s breaking operators that vanish in the chiral limit, i.e., which

- — — break both SYU(N;) X SUxz(Ns) and 1) symmetries. For
=|dov(lxys)u do,(1xys)d  do,(1%ys)s|. ) 4 gerivation ol‘fJ(a sfzet of sﬁ(chf?nterac%éng frgm QCD, see Ref.
Qg(li ys)u Eg(li ys)d Qg(li ¥s)s [21]; for a phenomenological application see Ref]. We

shall not investigate such operators in this paper since their
and similarly for flavor determinants of the other two matri- effect seems equivalent, at least in second-order perturbation
ces, where there are no Lorentz indices to be contractedheory, to the combined action of the above quoted
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SU, (N§) X SUr(N;¢) chiral invariants and the current quark detf[ﬂ1+ Vs) ¢]+detf[W1— v5) ]
masses in the free fermion Lagrangian. It is important, how-

ever, not to forget that this assumption has been made, and — — —
explore the consequences of its relaxation at some later time. 6 Dij (WMPLINP) (PN )

—3(yi ysNi ) (i s )]

B. Pseudoscalar meson mass shift due

to Up(1) symmetry breaking 3 8 9 = 2
In this subsection we apply model-independent methods +§\/€( W‘Olﬂ); L(giyshi)"=(yNig)7]
to the evaluation of pseudoscalar mesons’ mass matrix. Here 8
the only, albeit crucial, assumption is that of spontaneously — — —
broken chiral symmetry. This analysis is based on a single +36(yi 7’5)\0'70)21 (yshi) (i) 1, (8)
model-independent current-algebraic formula derived from a
chiral Ward identity by Dashefil6] (for a straightforward where the summation from 0 to 8 over repeated indices is
derivation of this formula see, e.§22]), implied andD; are the symmetric Gell-Mann $B) struc-

ture constants defined by
(fm?f)ap=famZpfn=—(0I[QZ.[ Q5 H,se(0)1][0).
4 {N A} =2Dj A, 9

o . and extendeldto U(3), i.e., the ninth generatog,= y2/31 is
Herea,b are the flavor indices of the axial charges corre-included,

sponding to the appropriate mesoris). Formula (4) de-
scribes the lowest order correction to thanishing pseu-

. dii i,j,ke(1,2,3,...,8
doscalar meson mass squared as a consequence of chiral J
- i [ iltoni - Dix= 2 . . 10
zﬁ;nmetry breaking term#(, sg(0) in the Hamiltonian den ik \[551«, i=0, jke(0.1,2.. .. 8. (10
1. The 't Hooft interaction as
A straightforward calculation using the identit
9 ation tising The IEeny B tH) 1= 6(0| £{5(0)[0)
o o = —12K(0|(qq)®|0)+ O(1/N¢)
[Q3, det[ (1% ys) ]]=F V2N; Szodet[ (1= ys) Y] —
: ) ) = —12K(qg)3+O(INc), (11)

where we assumed that the vacuum expectation (MEY/)
leads to the following mass shift of the flavor-singlet mesonf the operator product is saturated by the product of the
individual operator VEV's, and good parity and &)Y sym-
metry of the vacuum, i.e., (YA3)o=(PAgih)
KN =<¢_)\_iiy5¢>0=0, for alli=1,...,8.Various formal and
mgo(tH)fS=<0|[Q8.[Qg,ﬁi,iNf)(O)]“m:ZNf(z_fo) explicit arguments about the size of corrections to the
vacuum saturation hypothesis have been put forward; it is
— — fair to say that all we know for sure is their order of magni-
X(0|det[ (1+ ys) ]+ dek[ (11— ys)]|0) tude as compared with the vacuum saturation contribution:
_ (2Ny) they are suppressed by a factoNg/ whereN-=3 is the
2N(0] Ly, (0|0, © number of colors. The symbdD(1/N¢:) on the right-hand
side of Eq.(11) serves to remind us that we have neglected
all 1/N¢ suppressed terms, not just the corrections to the
vacuum saturation hypothesis. As an example of the nonva-
cuum saturation N corrections may serve the set of
chirally invariant 1N¢ corrections to théN;=2 NJL model
that was calculated in Reff23].
Equation(11) implies an upward mass shift of the flavor-
]Nf @) singletP meson, as long as tHeegative quark condensate

where k3= —8K in the Ny=3 case, see Refl0], is an
integral over the instanton densiB(p)(>0) (for three col-
or9

does not vanisi ¢Aoh)o=2/3( k)= 6(qQq)e#0 and
the coupling constarK is positive. As we shall show in Sec.

dp —47? 3 1
KNfIJFD(p) Ng pexp2a >

wherep is the instanton size, ané(3) =0.1458 in the dilute
instanton gas approximation, sg20]. The right-hand side  Our definition of Dijx Eq. (10) agrees with that ofl; in Eq.
(RHY of Eq. (6) can be evaluated using the identity (12.a.9 of Lee[22].
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1, the negativeP mixing angle is explained by this feature,
as well. This result tells us something about the proposed
“natural” mass scaleM governingxs via sy =M@=,

as well. We see that there is not one, but three dimensional
guantities in the new “definition” ofk3 Eq. (11). This pre-
vents one from a positive identification df before further
analysis reveals a connection between the left-hand side
(LHS) of Eq. (11) and observables. Last, but not least, the
equivalent of Eq(11) has been derived in an explicit chiral
qguark model calculation employing 't Hooft's interaction

<0|£<V1WZ>|0>=(%é)wl{deu[mws) vl
—det[ y(1- 75)¥1}%0)
=(%)<0|de»m+ ¥s) W] - det[ (1

—v5)#]]0)*+ O(1/N¢)
=0+ O(1/Np), (15)

[10], as we shall show in Sec. IV A.

2. The Veneziano-Witten interaction
In the ANVZVW model we find

!

K' N _
m%o<vvv>f3:4Nf(22—Nl)<0|{derfw<1+ ys)¥]

_ K'N
—det[ ¢(1— 75)1}°|0) + 4N ZW)

X (O|{det[ $(1+ ys) ]
+det[ ¢ (1— vs5)¥1}2(0), (12)

which, for N;= 3, turns into

K,3
=
X (O|{det[ ¢(1+ ys) ]

+det[ (11— vs) ¥1}2|0). (13

ma(VW) f2=12(0|£{}2|0)+ 12

Now use the identity

det[ ¢(1+ ys) ] —det[ ¢(1— ys) ]

i _
=5 Diji( i yshtp)
X[3(PN) (UN) — (i yshith) (i yshj )]

3 8 _
+5V8(Wiyshow) 2 [( yshih) = (YA )]
JR— 8 JR— —
—36( wxow; (41 YsNi ) (YN ) (14)

to show that

where we used the vacuum saturation hypothesis once again
and the same comments aboulNd/corrections hold as for

the 't Hooft interaction result. Now use this result and Bj.

to derive

K’3

1 . - o 2
mpo( VW) 5=3 y)<oEDMka¢><wxi¢><wxjw>‘0>

3 _
+O(INc)=7x5(qa)o+ O(INe).  (16)

We see that, once again, the flavor-singlet pseudoscalar mass
has been moved up, subject only to the now standard as-
sumption that qq)o#0. So long as the unknown coupling
constantk’ is sufficiently large, the 1) problem will be
solved in this model. In Sec. IV we shall show that in the
NJL chiral quark model of Ref.[10], but with the
Veneziano-Witten interaction replacing 't Hooft's one, the
same result for the flavor-singlet mass, ELp), is obtained.
Once again the proposed “natural” mass sdsllegoverning

K3 via iy =M@=N turns out to be related to three differ-
ent quantities. And once again we shall relegate the resolu-
tion of this question to Sec. Ill C.

3. The “tensor” interactions

Because of the identities
[Q3.det[ Yo, (1= ys) ¢/

=T 2N 80det] o, (1% ¥5) ], (17)
the double commutators of the determinants of the “tensor”
left- and right-hand chirality matrices are formally identical

to those of determinants of the “scalar” left- and right-hand
matrices(6), (12). For N;=3 this turns into

ma(TDf3=(0|[Q5.[Q5. L1 (0)]1/0)

=e(§)<0|{derf[%w<1+ ¥s) ]
+ detf[%,”(l— ¥s) ¥1}0)

=2N¢(0[£Z""(0)|0). (19)
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Now use the identity det[ Yo, (1+ ys) /] — det[ o, (1— ys) ¥/]

det[ ¢a,,,(1+ ys) ]+ det[ ya,,(1— ys) ]

i _ _ _
=5 Dij(#io, yshh) (o Nih) (potNj )

o B B — (PioSyshigh) (i atiyshii)]
=5 Dijk (o ML (Yoo Nih) (Pl Njih) 3 s -
_ _ +5\8(di oy yshot) 2, (Y0l yshith) (it yshidh)
—3(gioyyshi) (Jiokyship)] o o

s s - ~ (PN (PoiNp)]
+5V8(hohot) 2, (ol yshi) (Yio yshiyh) B s B

- - —3VB(yai Nt 2, (i yshi) (Joihi) (. (22
— (Yo ) (o]

8
— — — In the special case of two flavors, one can define the Fierz
+3V6(yi “u75)‘0¢)§1 (Hioy yshih) (oo i) 1, transformation of the quartic tensor self-interaction, which is
1/N¢ suppressed. That “new” interaction is nothing but the

(19 't Hooft interaction forN;=2. It is not clear how to extend

the Fierz transformation to Nk-point fermion self-
interactions wherN;=3.

to evaluate the right-hand side in E48). It is clear that we
cannot use the vacuum saturation hypothesis here since Lor-

entz invariance demands thl| (¢o,\%1)|0)=0, for arbi- Ill. PSEUDOSCALAR MESON MASSES

trary flavor matrix\@. Heretofore no one has considered con- AND MIXING ANGLE

densates such af|(yo, ) (poy, ) (paky)|0) in print; A. Preliminaries

moreover, such condensates certainly do not exist in the

leading order in the N approximate solution to the chiral In this section we incorporate our results form Sec. Il into

guark model employed in Sec. IV of this paper. Hence we ddhe Gell-Mann—Oakes-RennéGMOR) relations [15] for

not expect a shift of the flavor-singlet mass to leading ordetthe flavor-singlet® meson and the off-diagonal elements of
in 1/N¢, i.e., the mass matrix. That allows us to express the unknown

coupling constant of the A\{1) symmetry-breaking effective
interaction in terms of observables, which, in turn, leads to a
formula for theP mixing angledy expressed as a function of

ma(T1)f3=0+O(1/Nc), (200  well-known masses of th® meson and of their less well-
known weak decay constants. We discuss the role of the
uncertainties in our knowledge &f decay constants in the
determination of thd® mixing angle.

in all models with this kind of (1) symmetry-breaking Formula(4) describes the lowest order correction to the
interaction. The same holds for otherwise vanishing pseudoscalar meson mass squared as a

consequence of chiral symmetry-breaking tefifigg(0) in
the Hamiltonian density. There are three known sources of
chiral U, (3) X Ug(3) symmetry breaking in QCLi) current

mao(T2)f5=(0I[Q5.[Q5.£57(0)]]|0) quark masses(ii) electroweak interactions(iii) Ua(1)
, symmetry-breaking effective interaction. The first two have
:12( %;)(0|{detf[¢ow(1+ vs) ] been dealt with long agfi6], and the third was the subject
of our Sec. Il. When one inserts the current quark mass

— ) Hamiltonian into Eq.(4), one finds the celebrated GMOR
—det[ g0, (1— vs)¥11°[0) relations

+12

m's —
?) (Ol{derl o1+ 75)¥] m2(mechf2=—[m%uu)o+mi(dd),], (233

+det[ yo,.,(1- y5)¢1}?0)
—0+0(1Ne), ) M - (meeh =~ [mi(uuo+ mi(ss)l. (230

2 2 _ 0/ 4 A 0/ e
which follows from the tensor analogue of E3.4): mMio(mech fie=—[mg(dd)o+mg(ss)o] (230
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between the “mechanical” pseudoscalar masg(mech) 2 o o .

and the decay constafy, on one hand and the current quark magfofg= —?[mg( uuyo+mi(dd)o—2m2(ss),],
massmg and the respective quark condenseate), on the (26b)
other. Here (qq)o=(0|q(x)q(x)|0) is the interacting

vacuum expectation value of thkcal product of two - 1, — 0= 0, —
Heisenberg fermion fields. This object is related to the trace ~ Mggfg=— g[M (U)ot my(dd)o+4mg(ss)o],

of the exact quark propagator via (0|qq|0) (260
=—ilimy_ o+ TrSe(y), which is a function of the constituent

quark mass: A nonzero value of the condensate is a sign of @hich can be written in terms of knowB meson masses

nonvanishing effectivg*‘constituent”) quark mass. Equa- . : 0/ _
tions (239—-(230 are easily solved for using the solutlonan(qq>0 to Bgs.(239—(239 as

m(uu), m(dd)o, andmd(ss),, thus allowing the deter-

1
mination of the current quark mass ratios. That, however, maof 5= Mgy ) + g{mﬁwcl‘(w)ffr
requires the knowledge of the “mechanicaffiec{ ), or
equivalently of the electromagnetiEM) partmgy(¢) of the + [ernecr(K:) + mﬁ]ed{Ko)]fi}, (279
observedP meson mass(¢), since
2_ 2 2 \/5
mi,=mg(mech +mj,(EM). mngOfSZ?{Zmﬁ]ecf{ﬂ-)fEr

This is where Dashen’s theorem enters. 2 N 5 N
Dashen applied his mass formul® to the EM interac- ~[Minecd K7+ Mieed K IFi}, (27D
tion as a source of chiral symmetry breaking to derive his
celebrated theorelfil6 1
el M= 5 M )12 22K )+ KO 21,
mio(EM)zmio(EM)zmf](EM)zmi,(EM)zo, (270
(243
which can be further rewritten in terms of observed meson
mii(EM)zmii(EMFO(a), a=1/137. (24b masses and decay constants using Dashen’s the@4ah
and(24b). The masses of the twB mesons that contain an
It is important to remember that these results were derived amdmixture of the flavor-singletninth) P state are further
a small correction to the chiral limit, and that, strictly speak-shifted by the (1) symmetry-breaking interaction.
ing, they are not valid in a situation where the chiral sym- The mass matriX25) is diagonalized by the rotatiofin
metry is broken, e.g., by the current quark masses to begithe (0—8 flavor pland matrix
with. This is true in particular when the “initial” chiral sym-

metry breaking is not small, such as in the ¢asahen the co¥9p —sindp
strange quark is present. Then 1B¢mPa) cross terms be- RZ(sina o ) (28
come non-negligible. Corrections of this “mixed” kind to P P
Dashen’s theorem for the neutral k&gnare a subject of
lively investigation, see references|idd], precisely because where
they are model dependent. They have been calculated in the ) )
NJL model[25], but only with two flavors, i.e., for charged (an20n— (24/2/3)A3 3 (2\2/3)A3 29
pions. The approximations made in that calculation are not P_fgmég—fémgo_(l/?,)Al%—fgmﬁ(l)
readily extendable to kaons due to the much larger kaon
mass. Henceforth we shall disregard them. and
B. Ua(1) symmetry breaking AZ= fﬁ(mio—k mi+)—fi(mio+ mi+), (303
Next we turn to the calculation of the principals{1)
symmetry-breaking effects using the 't Hooft interaction. £2m?2 =f2,m2,+f2m2—f2(m2++m20)
This leads to the followingmassf)? (submatrix OV Ty T KA K
+f2(m2, —m>), (30b

m?,of% mgsf of 8) 25

fm?f) 4=
( Ja (mgafofs m%sfé

where we have also taken into account the minuscule EM
correction for the sake of completeness. We disregarded the
[the GMOR relations(238—(23¢) for the pions and kaons O(mCa) cross terms, however. The quanti§m, ,, defined
are unchanged to leading ordler in Eq. (30b) is also known in the literature as the topological
susceptibility[12].

This completes our formal manipulations—all objects of
interest are expressed in terms of observables. We are now
(2639 ready to evaluate several key ingredients of the present mod-

2 J— _ _
Maof 5= fémfm)— §[m8< uuyo+my(ddyo+md(ss),l,
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el(s) and compare them with theoretical predictions, whergnformation into Kky=(4.2 GeV ) The empirically ex-
available. In the process we shall also make two selfigcted value isc}=(4+1 GeV 1) where thehuge “er-

consistency checks. ror” band is again dominated by the uncertainty in the quark
condensate. A better way of estimating the “quality” of the
theoretical prediction is the comparison of the calculated
value of the U(1) symmetry-breaking mass

The Ux(1) symmeiry-breaking masay ;) was evaluated my(1y=1077 MeV versus its “empirical” value of 855
as 855 MeV in Ref[10], where it was calletny,, assuming eV, The reader is once again advised to recall the spread
equality of all pseudoscalar decay constants, which is a faif, 4,ced in the latter number by the uncertainties in Ehe
approximation to the model used there, but not nearly a%eson decay constants.

good in Nature: The two well-knowR decay constants are It is manifest from Eq(29) that the explicit breaking of

f,=93 MeV,fy=113 MeV. Theyn, ' decay constants are : :
substantially more uncertain: Older estimates placed them é[tt[]e U(1) symmetry is essential to the exact value of the

: -1’ mixing angle. Choosing one or the other parameter set
f,=f,=110+10 MeV leading tomy;,=830+60 MeV, 7 g ang 9 P

whereas the Particle Data Grou®DG96 [26] quotes for my( +ando the 7.7’ dicay Oconstants,. one fmds
f,=93+9 MeV,f, =83+7 MeV leading to 0p= —(25+=10)°, or 0p=.(5_37) 3 respgcnvely. This
My =600+ 135 MeV, wheref,=88+=5 MeV was used. ought to be compared wlth?p=—18 obtalr?ed.from Eq.
The former set of numbers is based on an older analysis ¢f9 under the assumption of $8) symmetric, i.e., equal
experimental datf27] and various theoretical calculations of P decay constants. There are, of course, other independent
f, and f,,, whereas the latter set is based on two recenfneasures obp, e.g., from theP— 2y decays, which yield
“direct” measurements, see p. 320[i86]. The two experi- —20°, see p. 100 in Ref26]. We see that in all of the cases
ments are in agreement with each other, and their results fgliscussed our extracted values are consistent with the
the ratiosfy/f, and fg/f_ are consistent with older esti- P—2vy number. The final word on the subject Bf mixing
mates. But, their absolute values are roughly 10% smalleangle will have to wait until they and ' decay constants
than the standard estimates. For example the overall scale ase better known. This was our first consistency check.

set by the neutral pion decay constant which is evaluated as Note that so far we have considered only one, the trace, of
f ,0=84+3 MeV, which is more than two standard devia- two independent invariants of the mass ma(é%) under the
tions (20) away from the conventional value. For this reasonrotation Eq.(28). The second invariant is the mass matrix
one might, perhaps, consider the second set as a tentatideterminant, which leads to the so-called Schwinger sum

one. _ _ ~ rule[29]
Both the 't Hooft and the Veneziano-Witten model predict

a nonvanishing value of3m3,,, given by Egs.(11) and
(16), respectively, as long al;( t)heir respective coupling Con(mi,+mfi)(4m§—mf,)—3mf},mf7=8m§(mﬁ—mf,)+3mf,.
stants are nonzero. The said coupling constants can then be (31)
adjusted so as to fit the right-hand side of E80b). This

procedure amounts to little more than a phenomenological

description of experience, although 't Hooft's model actually!f one evaluates the left- and the right-hand sides of(B),
predicts the (very) wide range of values One finds 0.344 GeY¥vs 0.447 GeV, i.e., a discrepancy of

(1.4 GeV Y)5<|ks|<(6.8 GeV 1)5 for the (negativé cou- 23%. If we evaluate the determinant. of thelzlf mgtrix Eq.
pling constantc;= — K/8 in the dilute instanton gas approxi- (25, Schwinger’s sum rul¢31) turns into theidentity

mation [20]. The whole range of the phenomenologically

extracted k;=—(4+2 GeV 1)°, easily fits within the

bounds of the above prediction. Roughly one half of the 1

uncertainty in the “empirical” value ofx; is due to the _(4f§m§_f§7mi) fgm6(1)+_(2fﬁm§+fimi)
uncertainty in the quark condensate which was taken to be 3 3

(qQ)o=—(250=50 MeV)®. Hence we may say that the y 8

mass scal& determiningx; via[ k3]=M*"3Nt is given by =f7’,mn,ff]mf]+§(fﬁmﬁ— f2m2)2. (32
M3=—(qQq),. This is perhaps somewhat fortuitous since it

depends on fimg, faling within the range

(250=50 MeV)* which it does:  This is our second consistency check.

f3m6(1)2(260t40 MeV)*. We suspect that a calculation of ~ These two examplesself-consistency checksllustrate

k3 can be extended to the instanton liquid approximatiorthe range of variation in two observables of interest due to
[28], although we are not aware of anyone having carried ithe inclusion of theP meson decay constants into mass for-
out as of the time of writing. What has been done instead, bynulas based on Dashen’s equatigh In the following we
Alkofer and co-workerq14], also under the name of the make an extended comment on the effects of3dymme-
instanton liquid approximation, is a calculation of the try breaking in theP decay constants on the current quark
Veneziano-Witten effective interaction. Though they do notmass ratios.

present their results in terms of a coupling constant equiva- Weinberg included both the quark mass terf@éa—
lent to x5, but rather in terms oP meson masses and the (26¢) and the EM corrections, while neglecting the SU
quark condensate, we can nevertheless translate the lateymmetry breaking in th® decay constants, in the pseudo-

C. Results and discussion
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scalar mass GMOR relatiofi80] which led him to the now md  f2(m2(K*)+m3(K%)—f2m?(7™)
widely accepted current quark mass ratios = = — =27.9.
y accep a mg FZm2(a) — F2(mA(K™) — m2(KP))
(34b

mg_ mz(wi)_mZ(Ki)+m2(K0) -
m_8_2m2(,n-0)_m2(77i)+mZ(Ki)_mz(KO) =1.80,

These numbers ought to be also compared with the “canoni-
(333 cal” values shown in Eqs(33a), (33b): The differences are
striking. To be sure, there is little surprise in the change of
mg m?(K*) +m2(K®) —m?(7™") the s/d ratio, since the relevant quark condensates are cer-
m_gzmz(wr)_mz(Kerz(Ko) =20.1 (33D tainly not equal and the uncertainties are expected to be
large. In theu/d case, however, two essentially identical
ondensates cancel in the ratio, causing the surprisingly large
hift from 1.80 to 2.28. This ought to be compared with the
latest re-evaluation of the current quark mass ratios including
the state-of-the-art corrections leadsm@/m°=1.82+0.14,
9/m3=18.9+0.8 [24]: The discrepancy is greater than

and, with additional assumptions, to the absolute values oi
current quark masses. The justification for setting-f« is
that the difference would lead to higher-ordar the current
guark masse@scorrections, which can be neglected in the
leading-order approximation. This statement makes anoth ~ : _
tacit assumption, however: that the expansioffi off is an  U1'e€ standard deviations ¢3 in the supposedly reliable
analytic one. This assumption has been proven incorrect if@S€ 0fu/d ratios and even bigger for tr&#d ratio. When
the meantime in chiral perturbation theoretic calculationsdu°ting the current quark mass ratios, it is clear that one
Then the following question arises: is it “better” to calculate 2Ught not only specify the estimated uncertainties, but all of
these symmetry-breaking corrections, or to take them fronPne’s assumptions as weII._ Moreover, the said uncertainties
experiment? The same comments hold for the quark condefi2ve to be assigned more liberally. We would guess the the-
sates, which are not observable, however. oretical uncertainty in tha/d ratio as the difference between
Note that it appears as inconsistent to quote these nunil€ central values in this and Leutwyler's analysis, for ex-
bers to three significant figures, as is commonly done, be@MPle, and perhaps even larger for #id ratio.
cause terms oD(mJa) and higher, were neglected in this Returning now to the main line of argument, we have
analysis, and they are likely to contribute at the 1% levelSNOWN that the (1) symmetry-breaking term leads to a

Such “mixed” term corrections are enhanced in the ratio: aé:)artlcularlyb Iarlg(].e (on the siale of P mehs_opl Im%ssaes
an illustration of this point remember that the inclusion of SYMMetry-breaking massi,;)=855 MeV which leads us

the model-independent lowest-order EM corrections change bélf\/?\f th%t Its cros_shtterrlns ‘l’)‘”th 'E[rr‘]e clurrentvr\’?asi ahnd/ct)r
the m3/mC ratio by about 15%see the first footnote on p. "¢ amiitonian might aiso be ratner large. e shali no

: . . attempt an evaluation of these cross terms, which would be
igai‘ggfgsznmdag g;(iqc%[gl(]c)v,)substantlally higher than the model dependent, in the present paper, but rather point out

The SU3) symmetry-breaking differences between thetheir existence, which has hitherto been neglected, to the best

kaon and pion decay constants need not be a source of 48f our knowledge. This leads us to conclude that the current

certainty, for they are observable and have been measured \?Vt%'aarﬁ m&SZtr?nug:tisvnob(te)u(jte::cr):glrl‘ile;illn:n:ncigecl)_:édgipiri}(ij—em
at least two, and arguably to three significant figures as y up ' y only 9

cant figure.
f,=93 MeV, fy=113 MeV [26].2> Quark condensates, on
the other hand, are not observable, so one needs theory 1o We have seen that the two types ofllsymmetry break-

. . . iy = . ing are indistiguishable as far as the pseudoscalar meson
divine their ratios. Whereaiu)o=(dd), certainly seems a gpectrum is concerned. Hence we are forced to look for other

reasonable assumptioduu)o=(ss), and (dd),=(ss),  observables which might discriminate between them. One
are very likely subject to significant corrections. It ought tosuch set of observables was identified in R¢f€,11]: the

be clear that for this reason the secoséid] current quark isoscalar scalar meson mass spectrum, but only the 't Hooft
mass ratio is far less reliable than the firdt) one. Inclu- interaction case was examined there. In the following we

sion of theP decay constants leads to shall examine the scalar meson spectrum with the
Veneziano-Witten interactions in the hope that it will distin-
mj f2m2(7*) — f2(MA(K*) —m?(K®)) guish between the two models.
my  f22m2(70) —m?(w ™))+ R (M?(KF) —m?(K?))

IV. EFFECTIVE THREE-FLAVOR CHIRAL QUARK

=2.28, (349 MODELS

In the following we shall use an effective chiral field
2lt is perhaps interesting to note that Nambu obtained these ratiodieory of quarks and spinless mesons with a nontrivial
a few years earlief32], but not knowing Dashen’s theoreff6] ground state characterized by a finite quark condensate and

neglected the EM effects which led him to somewhat differentvarious effective |J(1) symmetry-breaking interactions, fol-
results—see below. lowing Nambu and Jona-Lasini®NJL) [34]. This model has
SEven the precise value of the charged pion decay constant is airned out to be a reliable laboratory for testing the lightest
subject of controversy: Holstefi33] claims 92.4 MeV after sepa- spinless meson mass relations induced hylly symmetry
ration of EM radiative corrections, whereas PDG96 claims 93.3breaking, as is best seen from the comparison between the
MeV. NJL model result§10] and a confining potential model's
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predictions[11]. The close agreement of the spectra is thescalara, presently placed at 1450 MeV—up from 1320

best, albeitex post factqustification of the NJL model.

A. 't Hooft interaction

The following is to serve as a proof of the claim made in
Sec. Il B 1 that explicit calculation in the NJL model agrees
with the general result Eq11), as well as reminder of re-
sults pertaining to the scalar meson sector. The flavor-sing|

MeV—by the 96 Particle Data GroU26] and of the scalar
kaon Kg (1430) is completely independent of any,()
symmetry breaking and/or mixing with other states due to
their nonvanishing isospin and strangeness, respectively. The
ordering of these two states is governed by the strange- up/
down quark mass difference in accord with tfemplesj

guark model. In that light it is clear that the new mass as-

meson mass shift due to the 't Hooft interaction in the NJLSignment fora, places it outside of thejq octet. On the

model has been established in Rdf0] as

392G
m6<1>(Nf=3)=(g%gz +O(1/N(2;). (35
Now use the definitions
G;=2G, (36)
1 — _
Go=— 3 K(¢h)o=—K(aa)o, (37)

and the gap equation
My =my—4G(qd)o+2K(qa);
=—4G(qq)o+O(1/Ng). (39

This leads to the result

12G,
My (Ng=3)= g%]qq( ?) +O(1Ng)

? (—_ 12¢(q9)0 +O(1N2)

~Ynqq G2

—12K(qa)}
:giqq(T +O(1/N2)

=—12K<aq>gf;2+ O(1/N2), (39

which is in agreement with the general resqitl), as
anounced earlier.
Next we remind the reader that the sum rule
2 2 2 2 2 2 5 2
mn+mn,—mK+—mKo—mK3++mK30 mi mf(,J
(40)

other hand, the old assignment fits perfectly.

Assuming that the well-establishég(1500) is one of the
two isoscalar scalar states, the sum r(#6) predicts the
mass of the other. That second scalar state mass is 1000 MeV
to an accuracy of about 5% if the left-hand siti&lS) of the
sum rule is taken to be 83060 MeV, or 200-300 MeV
higher with the LHS at 608 135 MeV. Since there ar@vo
isosinglet scalar statdsg in the Particle Data Group’s tables
[26] with their masées very close to 1 GeV, thd;(980)
and(“Pennington’s”) f;(¢(1000)), one is presented with an
unexpected choice. Penningtoriig(e (1000) was chosen in
Ref.[10] on account of its large width as demanded by the
model used there, arfg(980) was chosen in Refl1] so as
to conform with the predictions of that model. It ought to be
kept in mind that neither of these two models were unitary as
of the time of writing, and new kinds of phenomena, such as
images, or reflections of poles on unphysical sheets of the

coupled channel scattering amplitudes neartKethreshold
have been claimed to arise as a consequence of a proper

unitarization[36,37,24. This means that one “bare’qq

state can appear as two observed resonances. It is not clear,
however, if that situation applies to the two states at 1 GeV.
Manifestly, much more work will have to be done before one
can claim understanding of this problem. The case of
fo(1500) is in much better agreement with theory: Ritter and
co-workers[11] have recently explained the puzzling ab-

sence oKK pairs from thefy(1500) two-body decay prod-
ucts as a consequence of the 't Hooft interacfidrhis ex-
planation depends crucially on the scalar mixing angie
being small angositive where

(4V2/3)(my, —md )

MG+ (2/3) (Mg =G )

tan265= (42

i ) It is hence clear that the said condition is met only when the
relating theP and scalar meson masses has been derived i, oct quark model ordering of the,, KX states takes

Ref. [10], and equivalent results were found in a different | : h > In vi fth fact d of th
model in Ref.[11], as a primary effect of the 't Hooft place, 1., WheMs = M, N VIEW OTthese facts and ot the

Ua(1) symmetry-breaking interaction. The same result wadliscussion earlier in this subsection, one is lead to the con-
also found by Burakovsky[35] on apparently different clusion thatay(1450) cannot be a member of the scalay
grounds. The derivation of Eq40) shown in Ref.[10] is  octet in this model.

based on a calculation of scalar and pseudoscgdastates’

masses using the Bethe-Salpeter equation and the three; _ )

flavor NJL Lagrangian including the 't Hooft interaction. In this regard | would like to correct Eq$46a), (46 in Ref.
The sum rule(40) shifts the masses of the physical iso- [10]., where the conFributions oIche 't Hooft interaction to the ef-

singlet scalar state$,,f; from their simple quark model fetﬁ“ve S-P-P couplings, e.g.g¥), = —sinfymg,(26f,) " and

positions. The masses of other members ofRhand scalar gféﬁ,,:COSHSWfH(Ngf =)', were omitted and the quark-loop con-

octets are unchanged. In particular, the ordering of the mesaribution ought to be divided by 4. The numerical results remain

masses in the octet, specifically the ordering of the isovectalinchanged, however.
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B. Veneziano-Witten interaction

We shall start from amMN;=3 NJL Lagrangian

\\ \\
_ 5 _ ~J v
LR =9l = ml+ G2, [(UA)*+ (i yshith)?] e RS

+K'{def ¢(1+ ys) ] — def ¢(1— y5) ¥1}2, (42)

(

=]

) (b)

consisting of the free quark Lagrangian and the

U(3), X U(3)r symmetric quartic self-interaction ternithe FIG. 1. () An “elementary” 't Hooft six-point vertex and an

first line), the same as in Eq23) of Ref. [10], and the effective four-point interaction produced fro@ by closing a

U(1), symmetry-breaking Veneziano-WittésW) determi- quark and an antiquark external line into a lo@dp. In order to

nant interaction term(second ling which is now of 12th complete the effective quartic interaction Lagrangian one must in-

order in the quark fields. There are at present no readil lude all of such “closures.” The construction of an effective La-

available non erturbative. methods in the literature. to th rangian for the Veneziano-Witten interaction proceeds analo-
p, . ’ ously, the main difference being that there are 12 external lines

p“?se”t aUthor_S knowledge, for a direct approach to the 1 or N;=3) to begin with so that it takes four closed loops to reduce

point operator in Eq(42). Therefgre we proceeq to construct j; 15 a quartic interactiorisee text

an “effective mean-field quartic self-interaction Lagrang-

ian” Ef;,lf) from Eg. (12) following the procedure employed 1 38 __ o 2

on theN;=3 't Hooft interaction in Refs[8,10,38. We shall ——\ﬁE (i ysNp) (N (/1)] |0)+O(1/Ng).
closely follow the method used in R¢fL0]. That procedure 2 V25

leads to consistent chiral dynamics in the sense that the (43

Goldstone theorem and other chiral Ward-Takahashi identi- = | . i _
ties pertaining to th® octet remain intact in the chiral limit. SImplify this further using Eq(10):

The procedure that turns the 12th-order interaction into a K’

4th-order one can be characterized in several apparently dif- 4 _ _ = [ 2l G Divel
ferent ways:(a) By “averaging” of the interaction over the eff VW 6 (PRoh)7) (¥ R¥) (1 Y5ho)
ground statg*“vacuum”) of the system, analogous to mak-

8 2
ing the mean-field approximation in statistical mechanics, — —

reduces the number of Fermi fields left in the interaction by _221 (i yshigh) (YN ) > +O(1/Nc)
two and multiplies the appropriate coupling constant by one 0

power of the quark condensate at a time. Only the leading 2K — o —

terms in the I expansion are kept, and of those only the == 57 ()o(ivshoy) + O(1Nc) (44)

vacuum expectation values of scalar, flavor-matrix-diagonal

operators are nonzero, all others vanish. One must be carefahd then insert the result E(4) into Eq. (42) to find
to properly count the allowed possibilities when the original L

interaction term is a higher power of a single Dirac bilinear. E(N“J),_z Ylio—mly

Four repetitions of this step reduce the 12-point Lagrangian
to a 4-point one. This procedure is the same as the so-called
“linearization of the equations of motion” method used in
guantum many-body physics, see in particular Sec. 3.2 in

+

8
Ka-mowgl Kf“(%vd\uﬂ)z}

Hatsuda and Kunihir38]. (b) Mathematically the above is e 5 8 ()~ 2
completely equivalent to taking a quark and an antiquark +| Ko (¢ yshoyh) +i21 Ki (¢Nig)=|, (49
external line and closing them into a loop using Feynman -

rules for the Lagrangiaf4?) in all possible ways while tak- \yhere

ing into account the proper symmetry number of the dia-

gram, e.g., see Fig. 1. After closing up 8 of 12 external lines K '=K*=G, i=1,....8; (469
one ends up with a four-Fermi interaction. Thus we find in

the SU3)-symmetric limit, i.e., with KE)“=G—6K’<E1>3, (46b)
(PNo)o=2I3(1h)o#0; (YAgih)o=(Agih)o=0, the .

following effective four-point interaction Lagrangian: where the quark condensates are defined as

d*p M
(2m)* p2—m§+is '

(90)o= —iNctrSE(x,x) = —4iN¢

— 1 — —

(4) — _4K/ 2] 7 i
L3 (O] (¥Noip) 2\/6(9“\0@(1#' Yshoth) q=u,d,s, (473

13 o T L en
+mi’j2:1 D,lo(ljfhﬂ//)((//l’)@hjlﬂ) <¢¢>0 <UU>O+<dd>0+<SS>O |thrS|:(X,X).(47b)
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Equation(45) is just the “effective quartic Lagrangian” in pseudoscalar nor scalameson masses are affected by it, to
the exact S(B), for the VW interaction(42). The SU3) gap  leading order in M. Thus we confirm in explicit model

equations now read calculations the general results pertaining to these two inter-
o _ actions based on Dashen’s double commutator reldfec.
mg= mq_4G<QQ>o- (48 I B 3). The scalar meson sector is unaffected by these inter-

, actions and hence raises doubts about the proper identifica-
The meson masses are read off from the poles of their propgpp of the a, meson. Nontrivial consequences of these two
gators, which in turn are constrained by the gap B®).  gperators are yet to be found. They are to be sought among
The reader will easily convince himself that the effectivenq properties of antisymmetric tensor mesons—an entirely
Lagrangian Eq(45) preserves the Goldstone theorem for the nexpored field, at least within the realm of NJL-like mod-
pseudoscalar meson octet in the chiral limit. We use(&8).  ¢|s. Of course there is a connection between antisymmetric
to derive thes’ meson mass, where, to leading order iNtensor fields and spinlesélein-Gordon ones, as first
Nc, we find the following relations between the meson nointed out by Kalb and Ramori@9], though this connec-
masses. tion is very difficult to see from the point of view of explicit
model calculations, such as the present one. The said con-
nection can be gleaned in the special case of two-flavors
where the Fierz rearrangement of the 't Hooft interaction

2
mf,(l)(Nf=3)=m”,

K"\ —
=—1293,qq(w)<q(1>8+0(1/'\‘<2:) “ 1o 1
0 ﬂEtH(NfZZ)]:EﬁtH(Nf:2)+2£t1 (N¢=2), (50
=48f, 2. K'(qa)g+O(1/Ng) (49)
in agreeme_nt_ with the general resul'g, EQG). Upon intro-  \yhere we have sety, _,= juy.—,. This equals a linear com-
ducing explicit chiral symmetry breaking in the form of non- bination of the 't ;-looft— rimd the(linean tensor U1)
zelrot.curr2e6nt quark :panmi, v:e8f|nd the"St?Edard GMOR symmetry-breaking interactions. Since the “fierzing” of an
relation ( a) correction to Eq( . ), as well. The remaining interaction in the NJL model corresponds to the addition of
GMOR relat!ons(26b), (260 are mde_pende_nt of 1) sym- the Fock self-energy, which is anN¢ correction to the
metry breaking and are well established in the NJL model. . oq self-energy, we conclude that the Kalb-Ramond re-
) NEXt. we seek sg:alar states in the PDG96 .tabm@ that lation is to be sought among theNl{/ corrections to the
fit predictions of this model. It turns out that, in the absence resent tensor interaction mot&l The 1N, corrections to

C

of flavor singlet-octet mass splitting in the scalar sector, th JL-type of modelg23] form a topic far beyond the scope

flavor-singlet s_calarzmeson_s mix ideally, as can _be seen frorBf this paper; therefore we stop the discussion at this point.
Eqg. (41), but with M1y omitted from the denominator, and

one finds one nonstrange and one purely strange state, split
roughly by two strange-nonstrange quark mass differences,
i.e., normally by about 300 MeV. This ideal mixing is inde-
pendent of thea,— K§ ordering and predicts that the lower  In summary, we have investigated the scalar and pseudo-
(nonstrangg state be degenerate with the isovector scalascalar meson mass spectra for four differen(1)
mesons. That means that it ought to be at 1320 MeV acsymmetry-breaking interactions using the model-
cording to this model, or at 1450 MeV according to independent DasheR mass formula and explicit calcula-
PDG96. Curiously, there is afp state at 1370 MeV. Then tions in the three-flavor version of the appropriately extended
the heavy scalar meson ought to be near 1600 MeV. Th8lJL model. We have found perfect agreement, to leading
only candidate state in the vicinity is the familig§(1500), order in 1N, between the general and the specific model
at least 100 MeV below the prediction and with a puzzlingcalculation results for th@ masses, which leads us to be-

absence, for als?state, of theKK_decay mode which has lieve that the NJL model used here is a reliable one in these
already prompted suggestions that it is not an ordimawT kinds of calculations. Then we used our model calculations

octet member, as the Veneziano-Witten model predicts. Thill! Search of other observables sensitive (1) symmetry-
evidence and the apparent success of the 't Hooft model &r€aking interactions. The flavor-singlescalar meson
explaining thef o(1500) decay patterf.1] seem to rule out Masses were identified in Refd.0,11 as one such observ-

the Veneziano-Witten model, though it would certainly notable sensitive to the_presence of th_e t Hooft interaction.
harm if the decays of thé,(1370) and the mass of the, Scala}r meson §tates in agreement with the masses prgdmted
were better established before the definitive verdict. It musPY thiS model interaction have been found. Their definitive

be stated that, independently of other details of the ywidentification will have to await a better decay analysis, how-

model, it doeshot allow an isovector state scalar other than€Ver- _ , ,
around 1300 MeV. An analogous analysis of the Veneziano-Wittep(L)

symmetry-breaking interaction led to no change in the scalar
meson sector. Scalar states can be found in the latest Particle
Data Group table§26] that are in agreement with the pre-

A straightforward application of the “tensor” operators dictions of this model. Their decay properties have not been
(10), (1d) in conjunction with the Y(3) X Ug(3) symmetric measured as yet, so we cannot make a definitive statement
NJL Lagrangian readily leads to the conclusion theither  about their viability in this instance either.

V. CONCLUSIONS

C. Tensor interactions
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Perhaps the most surprising result of this work is that two One prediction all four of these models share is that

of the four interactions examined aot shift either the pseu-  a,(1450) cannot be gq state. In conclusion, it is clear that
doscalar or the scalar flavor-singlet meson masses, to leadim@ir study has opened more questions than it has answered.

order in 1N¢, despite their (1) symmetry-breaking na-

ture. This leaves the following scenario open: The “true”

Ua(1l) symmetry-breaking force in Nature i-=3 times

larger than previously thought, but it manifests itself only in

More work is called for.
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