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The mass spectrum &f-wave mesons is considered in a nonrelativistic constituent quark model. The results
show the common mass degeneracy of the isovector and isodoublet states of the scalar and tensor meson
nonets,m(ap)=m(a,), Mm(K§)=m(K3), and do not exclude the possibility of a similar degeneracy of the
same states of the axial-vector and pseudovector nonets. Current experimental hadronideang data
suggest, however, a different scenario leading toaheneson mass=1190 MeV and theK;,-K;g mixing
angle=(37+3)°. Possibles s states of the four nonets are also discus§Ba556-282(198)00307-9

PACS numbds): 12.39.Jh, 12.39.Pn, 12.40.Yx, 14.40.Cs

I. INTRODUCTION whereSp stands for phase spac®g.is expected to be larger

The existence of a gluon self-coupling in QCD Suggestsfor gluonium thah forgq states. Of course, mixing effects

. " L and other dynamical effects such as form factors can obscure
that, in addition to the conventionglg states, there may be . . . S

— _ ) i ) these simple signatures. Even if the mixing is large, how-
nonqq mesons_.bounql states mclu_dlng glucfgtuonla_and ever, simply counting the number of observed states remains
glueballs, andjqg hybridg and multiquark statefil]. Since a clear signal for non-exotic namg states. Exotic quantum
the theoretical guidance on the properties of unusual states js .1 ci-tes (0-,0t~,1°*,2*~,...) would be the best
often contradictory, models that agree in the sector differ
in their predictions about new states. Among the nalvely exs
pected signatures for gluonium &(i¢ no place ing g nonet,
(i) flavor-singlet coupling,(iii) enhanced production in ) )
gluon-rich channels such déy(1S) decay,(iv) reducedyy In this paperfweh.suall dlscusi-wavefmeson s'tatels, the K
coupling, and(v) exotic quantum numbers not allowed for interpretation of which as members of conventional quar

qq (|n some casds Points(iii) and(iv) can be summarized modequ nonets encounters difficulties. We shall be con-
by the ChanowitsS parametef2] cerned with the scalar, axial-vector, pseudovector, and tensor
meson nonets which have the foIIowmgq quark model
_ TQI(19) = ¥X) Sp(X—7y7) assignments, according to the most recent Particle Data
Sp(I/h(1S)— yX) T'(X—yy) '’ Group book{3]:

signatures for notq q states. It should be also emphasized
that no state has yet unambiguously been identified as gluo-
nium, or as a multiquark state, or as a hybrid.

(1) 1'P, pseudovector meson nondfc=1"", b,(1235)h,(1170) h;(1380) K15 *

(2) 13P4 scalar meson nonedP©=0"", ay(?),fo(?),f5(?) K& (1430)

(3) 1%P, axial-vector meson noneilf¢=1"", a,(1260) ,f1(1285) F1(1510) Kqat

(4) 13P, tensor meson noneflP¢=2%" a,(1320)f,(1270)f,(1525) K% (1430), and briefly mention the problems
associated with these four nonets.

1. Scalar meson nonet molecules, glueballs, multi-quark states or hybrids, the cor-
rect qq assignment for the scalar nonet yet remains un-

The spectrum of the scalar meson nonet is a long-standin’oWn-
problem of light meson spectroscopy, since the number of

resonances found in the region of 1-2 GeV exceeds the 2. Axial-vector meson nonet
number of states that conventional quark models can accom-
modate, in both the isoscalar and isovector chanf@]s (1) One of the uncertainties related to the axial-vector

nonet is the still undefined properties of its 1 member, the

While extra states could be interpreted aIternativeI)KdaE ) X
a,(1260) meson. This meson has a huge width~c400

*Email address: BURAKOV@PION.LANL.GOV The K1, andK,g are nearly 4% mixed states of thé;(1270)
TEmail address: GOLDMAN@T5.LANL.GOV andK,(1400) [3], their masses is therefore1340 MeV.
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MeV, due to strong coupling to a dominant decay channehctually the case, it should be reproduced in a simple phe-

a;— pm, which makes the determination of its mass rathemomenological model of QCD, e.g., in a nonrelativistic con-

difficult. The value currently adopted by the Particle Datastituent quark model. The purpose of this work is to apply

Group (PDG) is m(a;) = 1230+ 40 MeV [3]. the latter model folP-wave meson spectroscopy in order to
(2) Theqg model predicts a nonet that includes two isos-establish whether mass degeneracy of the two pairs of nonets

calar 13P, states with masses below 1.6 GeV, but three discussed above actually occurs.

“good” 1** objects are known, thd,(1285)f,(1420), The following remarks are due here. The most widely
andf,(1510), one moreﬂan expected, and therefore, one aised potential models are the relativized model of Godfrey
the three must be a napg meson. and Isgui{8] for theqq mesons, and Capstick and Isqaif]
for the gqq baryons. But first, these models differ from the
3. Pseudovector meson nonet nonrelativistic quark potential model only in relatively minor

Experimental information on thé,; and h; mesons is ways, such as the use H;,= Vmi+pi+ ym5+p3 in place
rather restricted, and while thg (1170) may be considered of that given in Eq.(1) below, the retention of then/E
as firmly established, thk;(1380) still needs confirmation factors in the matrix elements, and the introduction of coor-
[3]. dinate smearing in the singular terms suchdés), which
makes them more difficult to deal with than the nonrelativ-
4. Tensor meson nonet istic models. Second, the nonrelativistic models themselves

Here, as in case of the scalar nonet, the number of statéd® Very successful in the_ description of, at least, meson
in the isoscalar channel exceeds that allowed by converﬁpeCtrOSCOpy’ even for the lighteStvave states, as we dem-

. — onstrate explicitly below, where they might seem not to work
tional quark model, although the two ¥, qq states are 4 o Physical reasons for this success of the nonrelativistic
likely the well-known f,(1270) and f;(1525) currently podels are analyzed by Luchet al. in Ref. [17]. Finally,
adopted by the PDG. . L more recent analysis by the same autHd8] reveals that

5. Let us also discuss the=1/2 1 °P; and 1°P, mesons,  “contrary to one’s physical intuition, a relativistic treatment
K1(1270) andK,(1400), with masses 12737 MeV and  of pound states in a potential model provides improve-
1402+ 7 MeV, respectivelf3]. It has been known that their ment at all compared to the corresponding nonrelativistic
decay satisfies a dynamical selection rule: description.” Thus, all of the above completely justifies our

choice of the nonrelativistic constituent quark model.

['(K1(1270—Kp)>T (K,(1270 —K* ),
Il. NONRELATIVISTIC CONSTITUENT QUARK MODEL

I'(K4(1400 —K* 7)>1"(K,(1400 — K p), In the constituent quark model conventional mesons are
bound states of a spin 1/2 quark and spin 1/2 antiquark
bound by a phenomenological potential which has some ba-

which prompted experimentalists to suspect large mixingsis in QCD[17]. The quark and antiquark spins combine to
(with a mixing angle close to 45°) between the1/2 mem- give a total spin 0 or 1, which is coupled to the orbital an-
bers of the axial-vector and pseudovector nonkts, and  gular momentuni. This leads to meson parity and charge
Kyg, respectively, leading to the physiddl andK; states conjugation given byP=(—1)-"! and C=(—1)""5, re-
[4]. Numerical values for thé1,-K;g mixing angle indi-  spectively. One typically assumes that thg wave function
cated in the literature lie in the range33°—45°[5-10], is a solution of a nonrelativistic Schiimger equation with
consistent with 33.6°—-56.4° that we obtained in Réf.]. the generalized Breit-Fermi HamiltoniaHg,

Since the experimentally established isodoublet states of
the scalar and tensor meson nonéts, and K%, are mass
degenerate, 14296 MeV and 1429 MeV, respectivel], Hgrtr () =[Hyin+V(p,r) 1¢n(r) =E (1), QD
and different modelglike those considered in Refdl2—14)

lead to theqq assignment for the scalar nonet which includes

both the ag(1320) andfy(1525) mesons which are mass where — Hyj,=m;+m,+p?2u—(Lmi+1m3)p*8, u
degenerate with the corresponding tensor mesg$320) =m;m,/(m;+m,), m; and m, are the constituent quark
and f;(1525), the question naturally suggests itself as tonasses, and to first order i /)%= p?c?/E2=p?/m?c?,
whether the scalar and tensor nonets are intrinsically masé(p,r) reduces to the standard nonrelativistic result,
degenerafe[15]. Similar questions may be asked regarding

the mass degeneracy of the axial-vector and pseudovector

nonets in thd =1 andl =1/2 channels. If this mass degen- V(p,r)=V(r)+VgstV, s+ V7, 2
eracy of two pairs of nonets®P,—3P,) and P,;—'P,), is

with V(r)=Vy(r)+Vg(r) being the confining potential
2In the scenario suggested in Ref$2,13, due to instanton ef- which consists of a vector and a scalar contribution, and
fects, the mass of thé, meson is shifted down te-1 GeV, as Vss,V| s, andVy the spin-spin, spin-orbit, and tensor terms,
compared to the mass 1275 MeV of its tensor “partner’f,. respectively, given by17]
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2
Vss=3m—lmzsrszAVv(r), (3

1 dVy(r
5= o (L )2+ 2mum,L S, + (mE-mAL S 1o [ (i -S, + (mE-mL-S ] S( ),
4mim3 T dr
4
1 [1dV(r) d?Vy(r)
VT_lZmlmz\F dr g2 Stz: ®
HereS,=s,+5s,, S_.=5,—5,, and
(s1:1)(s:r) 1
31253(—2—531'32 . (6)
r
For constituents with spis, =s,=1/2, S;, may be rewritten in the form
(sn?
S,=2|3 -S S=S,=s5+5,. (7)
r2

Since fn;+m,)2+2m;m,=6m;m,+ (m,—m;)?, m>+m3=_2m;m,+ (m,—m;)?, the expression fo¥, s, Eq. (4), may be
rewritten as follows:

1 1{(dev(r) dVs(r)|  (my—myg)?(dVy(r) dVS(r)” m5—m3 (dVV(r) dVS(r)>LS
+ r T

Vis= - -
2mymy r 4m1m§

dr ar | 2mm, | dr dr dr dr

=V/s+V s. (8)

Since two terms corresponding to the derivatives of the potentials with respearéoof the same order of magnitude, the
above expression fov,’s may be rewritten as

0(1)|. 9

1 1/ dVy(r) dVgr m,—m,)?
Vi 1, v(r) dvg(r) . +( 2—My)
2mim, r dr dr 2m;m,

A. S-wave spectroscopy S-S,
M=m1+m2+E+A y (10)
mpm;

Let us first apply the Breit-Fermi Hamiltonian to the
S-wave which consists of the twdS, J’=0"" pseudo-

scalar and®S; 1™~ vector, meson nonets. We shall consider _ L
— whereE is the nonrelativistic binding energy. As shown be-

only the I =1 and|=1/2 mesons which are puren and |, the sum of just the constituent quark masses and the
(ns,sn) states, respectively. Since the expectation values qhark quark hyperfine interaction term describes the masses
the spin-orbit and tensor terms vanish for=0 or S=0  of the S-wave mesons extremely well. Moreover, E40)
stateq17], the mass of @q state withL=0 is given by with no E is consistent with the empirical mass squared split-
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ting AM?=M?(3S,)—M?2(1Sp)~const for all the corre- n 7+ 3p K* K
sponding mesons composed by thes, andc quarks, aside —= " =—. (19
from charmonia. Physically, these observations meanEhat S 2K+6K*—7m—3p P77

is small compared ton; andm, or approximately constant

over all of these states, and so may be absorbed in the defi- ) )

nition of the latter. For the highdr nonets E decreases with For the physical values ofr,p,K, andK* (in MeV), 138,

the increasing quark masses, according to the Feynmar{89, 495, and 892, respectively, the above relation reads
Hellmann theorem; it therefore may be absorbed into thé)629: 0627, i.e., the I’eS.ult is consistent within the aCCUracy
constituent quark mass defined for evéryWe shall dwell ~ Provided by the assumption of exact @Uflavor symmetry.

on this point in more detail in the following section. The values ofn,s, and K provided by (15—(18) are n
Sinces; - s,= — 3/4 for spin-0 mesons an# 1/4 for spin-1 =306 Me\g, s=487 MeV, A=0.0592 GeV
mesons, one has the four relatigitsthe following, 7 stands ~ =(390 MeV)®. The values of the meson masses, as calcu-

for the mass of ther meson, etc., and ands for the masses  lated from (11)—(14), are (in MeV) 7 =137.8, p=770.0,
of the non-strange and strange quarks, respectively, unle&s=495.0,K* =892.3. The relatiori10) may also be applied
otherwise specified, and we assume(SUlavor symmetry, ~successfully to thé'S; =0 mesons too, assuming that they

m,=mg=n], are purenn andss states. In this case, as follows from Eq.
(12), o=p=770 MeV, and¢p=2s+ A/(4s?)=1036 MeV.
3 A Both numbers are within 1.5% of the physical values 782
T=2n—- —, (1) and 1019 MeV, respectively.
4 n? Let us note that, although E¢l1) contains no informa-

tion on chiral symmetry, one may deal with the chiral limit
7=0 by the introduction of the so called “dynamical”

p—2n+1£, (120  quark masq19], myy,, defined as the solution ofng;,,
4 n? —3A/(4m§yn)=0. Although this does not restore chiral
symmetry, it does incorporate the masslessness of the pion,
3 in accord with common understanding of the latter as the
K=n+s— ins (13)  Nambu-Goldstone boson of broken chiral symmetry, as well

as calculating the chiral limit values pf andK*, in agree-
ment with other model§20].

*:n+s+Zn—S. (14)
Il. P-WAVE SPECTROSCOPY
It then follows from these relations that We now wish to apply the B_reit—Fermi Hamilt_onian to the
P-wave mesons. By calculating the expectation values of
different terms of the Hamiltonian defined in E¢3),(7),(8),
n— m+3p (15) taking into account the corresponding matrix eleméhtsS)
8 ’ andS;, [17], one obtains the relatiorj40]
2K+6K* —7—3p
s= : (16) 3 1 +
8 M(®Po)=Mg+ Z(Vss>_2<VLs>+<VT>a
A p—m
?z T' 17 5 1 N 1
M(°P2)=Mqg+ Z<VSS> +(Vig+ E(VT>:
A _ K*—K 18
n_S_ 2 . ( )

1 1
M(a;)=Mo+ Z<Vss>_<vfs>_§<VT>,

By expressing the ratio/s in two different ways, directly
from Egs.(15),(16) and dividing Eqs(18) by (17), one ob-

3
tains the relation M(by)=Mo— Z<V55>'

Mo+ 3 (Vs9—(V/'s9)— 3(V7) V2(Vio)

(M(Kl)) ~
- V2(Vi9 Mo— (Vs

el
M(K3) Kig/'




57 REGARDING THE ENIGMAS OFP-WAVE MESON. . .. 2883

whereM, stands for the sum of the constituent quark massethis is usually done only for the lowe&wave states, we

in either case. Th& g term acts only on thé=1/2 singlet  briefly review the precedent and argument for the generality
and triplet states giving rise to the spin-orbit mixing betweenof these forms.

these state$and is responsible for the physical masses of It was shown in[21] that a pure scalar potential contrib-

the K, andKj. Let us assume, for simplicity, that utes to the effective constituent quark mass. Bag models sug-
gest that the kinetic energy also contributes to the effective
V2(V{ 9 (Kig)=— V2(V o) (K1) =A. constituent quark mass in the case of no potefi#ia). These

results were generalized further by Cohen and Lidkif]
who have shown that both the kinetic and potential energy
are included in the effective mass parameter which appears
also in the denominators of the hyperfine interaction terms in
the case of a scalar confining potential. The analyses of ex-
perimental data suggest that the non-strange and strange
quarks are mainly subject to scalar part of the confining po-
tential (whereas charmed and bottom quarks are more domi-
We consider, t.herefore, the following formulas for the nantly affected by Coulomb-like vector ppft.7]. Moreover,
masses of all eight=1,1/2 P-wave mesonsb;,ap,a;,82,  the generality of the arguments by Cohen and Lipl28]
Kig,Kg.Kia K3 allows one to apply them to any partial wave. Therefore, the
constituent quark masses can be defined for any partial wave,
through relations of the forni21)—(24); in this case they
vary with the energies of the corresponding mass levels.
Such an energy dependence of the constituent quark masses
1 a 2b was considered in Reff24,25. Also, a QCD-based mecha-
M(3Pg)=my+m,+ Zmm mom nism which generates dynamical quark mass growing ith
e TR in a Regge-like manner was considered by Simof8}.
, (22) The correction td/,'g in formula(9), due to the difference
m;m, in the masses of the ands quarks, is ignored. Indeed, these
masses, as calculated from E(@&1)—(24), are

The masses of th&,,, K are then determined by rela-
tions similar to those for the,,b; above, andK;=K,
+A, KizKlB_A, OlA

A:Kl_KlA:KlB_Ki' (20)

M(*P;)=m +m—gi (22)
1 12 4 mym,’

c

3 1 a b
M( P1)=m1+m2+ -

- 3b;+ag+3a;+5a
4 m;m, m;m, n= 1 0 54 1 2’ (25)
c

©2mym,’ 23 . 6K 15+ 2K% + 6K a+ 10K —3b; —a,—3a;—5a,

B 24 '
1 a b 26
M(3P2)2m1+m2+zm m +m m ( )
e v With the physical values of the meson maséasGeV), a;
+ c 24 zb:]_E 123, aozazE 132, K]_AZK:LBE 134, K* :Ks

10m;m,’ (24) =1.43, the above relations give

wherea,b, andc are related to the matrix elements\é§g, N=640 MeV, s=740 MeV, @7

Vis, andVy [see Egs(3),(5),(9)], and assumed to be the so that the above-mentioned correction, according@ipis
same for all of theP-wave states. In the above expressions— 100?/(2x 640x 740)=1%, i.e., comparable to isospin

the nonrelativistic binding energies are absorbed in the corpreaking on the scale considered here, and so completely
stituent quark masses, as discussed above. The same CoRyligible. It follows from Eqgs(21)—(24) that

stituent quark masses appear also in the denominators of the

hyperfine interaction terms in Eg&)—(8) above, similar to a 3 3 1

S-wave spectroscopy considered in a previous section. Since m;m, M(®Po) +3M(*P1) +5M(*P2) —OM("Py),

(28)
3The spin-orhit®P;- 1P, mixing is a property of the model we are 120 —5M (3P )—3M 3p )—2M 3p ) 29
considering; the possibility that another mechanism is responsible m;m, P2 (°P1 (*Po),
for this mixing, such as mixing via common decay chanr&ls
should not be ruled out, but is not included here. 3 3 3
“Actually, as follows from Eq(38) below, 5m1m2:2M( Po) +M(*P2) —3M(°Py). (30
Ki—Kia Ki+Kig _2Kyg By expressing the ratio/s in four different ways, viz., di-

L rectly from Eqs(25),(26) and dividing the expressiori28)—

(30) for thel =1/2 andl =1 mesons by each other, similarly
since the deviation&,—K,5, K;g—Kj are small compared to to the case of thés-wave mesons considered above, one
Kia, Kig, and the mixing angle is-45°. obtains the following three relations:

Kig—Kj CKitKa 2Kgs
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3a;+3b;+ag+5a, _ KG§ +3Kia+5K3 —9K; 31)
6K o+ 6K g+2KE +10K5 —3a,—3b,;—a,—5a, @ t3a;+t5a,—9b;
ap+3a;+5a,-9b;,  5a,—3a;,—2a, ’ (32
5K} —3Kia—2K§  2K§+K3 — 3Ky 33
5a,—3a;—2a,  2ap+a,—3a
|
First consider Eq(33) which may be rewritten, by a simple ap=a,, (35

algebra, as

i.e., the mass degeneracy of the scalar and tensor meson
nonets in thel =1/2 channel,K§=K3, implies a similar
degeneracy also in tHe=1 channel. Note that this relation is

a general feature of the nonrelativistic quark model for the
Since K3 =K§ ~1430 MeV, it then follows from Eq(34)  P-wave mesons we are considering here. Even in the pres-
that eitherK} =K} =K,,, or ap=a,. The first possibility ence of an extra term irf21)—(24) corresponding to the
should be discarded as unphysical, since it leads, throughuark binding energy which we have ignored by absorbing
relations (29),(30) applied to thel =1/2 mesons, td=c into the constituent masses, Eq29) and (30) will remain

=0, which would in turn, from the same relations for the the same and again lead, through E8@3), to the relation

=1 mesons, implyag=a,;=a,, in apparent contradiction (35).

(K3 —K§)(az—ay)=(K; —Kip)(az—ag). (34

with experimental data on the masses of éheanda, me- With K§ =K% anday=a,, Egs.(31) and (32) may be
sons. The physical case corresponds, therefore, to rewritten as
|
(ap—a; +Kg —Kya)(a;+ by +2a0) =2(Kg — Kya) (Kia+ Kig+2K5), (36)
(Kia—Kig)(@g—ay) = (K —Kya)(a;—by). (37

One now has to determine the valuesagf K;, andK;g. which for ag=a,= 1318 MeV,K§ =1429 MeV, andK 15,
The remaining equation is obtained from the mixing of theK 5 given in Eq.(40) has the solution

K1a andK,g states which results in the physidé] andK

mesons; independent of the mixing angle, a;=b;=1211+8 MeV, (42

K2 +K2g=K2+KJ2, (38)  which is only a two-standard-deviation inconsistency with
the experimentally establisheld; meson mass 123110
One sees that, as follows from E&7), the mass degeneracy MeV. We also consider another solution of E¢36)—(38)
of the 3P; and 'P; nonets in thel=1/2 channel,K;,  determined by adjusting, to the experimental value 1231
=K,g, implies a similar degeneracy in the=1 channel too, MeV. It then follows that in this case the solution (86)—
a;=by, and vice versa, so that the model we are considering38) is
provides the consistent possibility:
a;=1191 MeV, K;4=1322 MeV, K;p=1356 MeV,
a;=b;, Kia=Kig. (39 (43

We now check how this possibility agrees with experimentalwith small deviations from these values for possible devia-
data on the meson masses. It follows from Bf) andK,;  tions in the input parameters; e.g., wiih MeV) b, =1231

=1273+7 MeV, K;=1402+-7 MeV that in this case +10, the actual solution is;=1191% 10, K;,=1322+9,
K,g=1356+9, or with K, =1273+7, K| =1402+7, the so-
Kia=K1p=1333:7 MeV. (40)  lution is a;=1191+17, K,,=1322+14, andK ;5 remains

the same. For the solutid@3), we observe the sum rule
With a;=b;, K;a=K4g, EQ. (36) now reduces to
K2, —a2=0.329 GeV=K2;—b3=0.323 GeV,
ag—ai+(aptay)(K§ —Kia)=2(K§?~K3y), (4D (44)
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which is accurate to 2% and also holds for deviations from \/§<V[s>=K1(1270)— Kia=(1273-1322 MeV
Eq. (43) due to uncertainties in the input parameters. Rela-
tions of the type(44) may be anticipated on the basis of the ~Kq5—K4(1400 = (1356~ 1402 MeV
formulas
=—47.5 MeV,
K*2—p?=K?—72, Ki2—as=K?—72, etc,
and therefore
provided by either the algebraic approach to Q7] or

phenomenological formulas (Vi g)=—33.5 MeV, (49)

mZ=2Bn+C, mi,=B(n+s)+C . _ . _
so that both(V|'g) and(V g) are of very similar magnitude
(where B is related to the quark condensate, aDdis a (but opposite in S_'gh + _ _
constant within a given meson nopatotivated by the linear Using the obtained values o¥,'s) and(V ), along with

mass spectrum of a nonet and the collinearity of Regge trdh® values oh ands given in Eq.(27), in Egs.(8),(9), one
jectories of the correspondirig= 1 andl = 1/2 states, as dis- MY establish the following relation among the expectation

cussed in Ref[28]. values of the derivatives of the potentials:
Thus, the nonrelativistic constituent quark model we are
considering provides two possibilities for the mass spectra of 1 dVg(r) 1 dVy(r)
the axial-vector and pseudovector meson nonets: Y odr /79T Tar (50)

(1) a;=b;=1210 MeV, K;p=K;5=1340 MeV,

(2) ay#by, Kia#Kyg, Kiyi—a’= K2,—b3.
The second case is obviously favored by current experime
tal data orK 7r 7 production inT decay, which do not support
0x~45° and, therefore, mass degeneracy of ikhg and
K1g, as discussed above in the text. In this case, assume that
the K,(1270) belongs to the axial-vector nonet, while the
K1(1400) belongs to the pseudovector nonet, in accord with, . ; _ __ 4 _
the recent suggestion by Suzyk9], on the basis of the ?;l]léhrglastﬁ)grl]gg?;%rl?éesvt\grVs' Vv="3(asln), Vs=ar,
analysis of ther-decay moder— v.K,, for the valueqin
MeV, as follows from the discussion below E@3)] K, 4 3
—1273+7, K} =1402+ 7, K 4= 1322+ 14, K;5= 1356. One a(r=")=3.7axr). (52)
then obtains, with the help of the formdul€]

nI_n the case of the QCD-motivated Cornell potenfiz0]

4 o

V(n=-3 rs+ar, (51)

Consider now the ratipl7]
K2(1400 —K2(1270 \°
ar2o0=| =z e | L _MCP)-M(Py
p= 3 3 :
M(°P1) —M(°Pyp)

(53

0= (37.3:3.2°, (45)

Since the measured masses of Kig andK§ coincide (as

in good qualitative agreement with the values33° sug-  aiso do those of tha, anday, as established in Sec. Jjthe
gested by SuzuKi9], and=34° found by Godfrey and Isgur yga|ye of this ratio is

[8] in a relativized quark model.
The parameters of the spin-spin, spin-orbit, and tensor 1 (54)
interaction in our model may be calculated from E@8)— p=—=

(30) with the meson mass value_s obtained above. In the isoBy equating this value op with that given in[17] for the
doublet channel, e.g., one obtains

Cornell case,

a -3 5 -1

<VS§:n_S:37 MeV, (46) :E 8agr 3 —2a(r -
"5 2agr %) tagr Y

b
V/g)= —=27 MeV 4
(Vi9=1g eV “n we obtain

c “1y_ -3
(Vr)= —=89 MeV. (48) Ar ) =48ag(r ). (56)

Comparison of the relatioits6) with (52) shows that the
The expectation valug¢V, s may be obtained from Egs. nonrelativistic constituent quark model considered in this pa-
(20),(43): per is completely consistent, at the 25% level, with the Cor-
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nell potential with the spin structure of a vector-scalar mix-induced interaction before it mixes with the pseudoscalar

ing type. We consider this to be a completely satisfactoryisoscalar octet £g) state to form the physicaly and 7’

agreement, since the expectation valuesapdre all purely  states.

determined in this region for light quark systerns. Thus, the only nonrelativistic quark model prediction of
One may now estimate the masses of the isoscalar mesotiee masses of the isoscalar states of the scalar nonet which

of the four nonets assuming that they are psisestates, by May be trustworthy is that on the mass of the mostly isosca-

the application of Eqs(21)—(24) with m;=m,=s; it then lar octet state(which has a dominantlyss component

follows that fo=1525 MeV, as given in Eq57), in good agreement with
the measured mass of tHg(1500). The second isoscalar

state of the scalar nonet should be moatﬂ?but also contain

hj=f;=1435 MeV, fo=f;=1525 MeV. (57) 3 non-negligibless component. Its mass may be determined
from the sum rule established in Ref43] and[14]:

Hence, the model we are considering suggests that 4s
state is thef(1420) (with mass 142Z2 MeV [3]) rather
thanf;(1510) (15124 MeV [3]) meson, in accord with the
arguments of Aiharat al.[31] and Close and Kirk32]. The  with f,=1503+11 MeV [3]:
value 1435 given by Eq57) is within 4% of theh; meson
mass, 1386 20 [3]. Also, the value 1525 given by E¢7)
agrees with the experimentally established mass offthe
meson, 15255 MeV [3].

At this point we call that the nonrelativistic quark model  Hence, one of the twd,(980) [3] or f,(1000)[35], may
predictions on the masses of the isoscalar states are reliale associated with the remaining isoscalar, which is difficult
for all P-wave nonets except the scalar nonet. Indeed, ag decide(that is, on the basis of the constituent quark model
shown by 't Hooft in his study on th&J,(1) problem[33],  we are discussing However, two observations support the

an expansion of theeuclidian action around the one- i ierpretation of thd ,(980) as ajq state. First, the depen-

instanton solutions of the gauge fi_elds assuming domina_nc&ence of thef 4(980) and the broad background produced in
of the zero modes of the fermion fields leads to an effectwew— p— 7%7°n differ substantialh{37]. The fo(1000) is pro-

2N;-fermion interaction N; being the number of fermion

flavorg not covered by perturbative gluon exchange, which d q dqf S d
gives an additional contribution to the ordinary confiningaStrorlgt ependence, as expected iajq state. Second, as

quark-antiquark interaction. As shown in RE84], due to its 'emarked above, although the isoscalar mostly3psinglet

point-like nature and specific spin structure, the instantonstate should have a dominamh component, itss compo-
induced interaction in the formulation of 't Hooft acts on the nent should be appreciable. Thg(980) is seen strongly in
states with spin zero only. The masses of the other mesor¥¥ — ¢f,(980), but at most weakly id/¥— wf(980).

with non-vanishing spin are therefore dominantly determinedon the basis of quark diagrams, one must conclude that the
by the confining interaction, leading to the conventionalfy(980) has a very larges component; its decay intar

splitting and an ideal mixing of theq nonets which are well Wwith the corresponding branching ratio 78%] underlines
reproduced by constituent quark models. The only two nonan appreciablén component.

ets whose mass spectra turn out to be affected by an Thus, the constituent quark model discussed in this paper
instanton-induced interaction are spin zero pseudoscalar ar@pports theyq assignment for the scalar meson nonet
scalar nonets. Quantitatively, an instanton-induced interac-

tion for the scalar mesons is of the same magnitude but op-

posite in sign to that for the pseudoscalgig]. It, therefore, ao(1320, Kg(1430, fo(1525, f4(980), (59
lowers the mass of the scalar isoscalar singlet state, in con-

trast to the case of the pseudoscalar isoscalar singigt ( found by one of the authors in RefL4], which is also con-

state the mass of which is pushed up by the instanton-; . — ) )
sistent with theqq assignments for this nonet suggested in

Refs. [12,13,3§. For this assignment, thé,-f; mixing
SFor a=1/(2ma’)~0.18 Ge\?, where a’~0.9 GeV 2 is the angle, as calculated with the help of the Gell-Mann—Okubo
mass formula

m?(fo) +m*(fo) +m?( )+ m?(n") = 2(m*(K) + m*(K3)),

f{=1048+16 MeV. (59)

duced in peripheral collisions only, while ttig(980) shows

universal Regge slope, it follows from the relatidv]

AM?=M?(s) - MA('g)=¥aa~0.56 GeV
S ("S)=Taa o 4K§2—a§—3f(2)

tarfge=—o 2 ~ 0

that ag=0.9. With these values di and ag, and in the approxi- 3f2+as—4KE?

mation

(60)

-1
(r*3>~Q, for f;=15255 MeV [41] and f;=980+10 MeV [3], is
(r? i

it then follows from(52) that(r)=0.9 fm. 0s=(21.4£1.0)°,
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in reasonbly good agreement with the value predicted byated from Eq.(60) for a;, K;s given in Eg. (43), with
Ritter et al.[38], #5~25°, for which the partial widths of the deviations due to the input parametes K’, and f,
fo(1500) calculated in their paper are in excellent agreement 1427 MeV, is

with those observed experimenta[l$9].

0p=(42.4+5.3°,

IV. CONCLUDING REMARKS

o ) consistent with 35.3°, while foir; =1512 MeV and the same
As we have shown, a nonrelativistic constituent quarkal andK,, Eq. (60) gives

model confirms a simultaneous mass degeneracy of the sca-
lar and tensor nonets in the isovector and isodoublet chan-
nels, and suggests a nearly mass degeneracy of the corre-
sponding isoscalar mostly octet states. The mass of the
remaining 0" isoscalar mostly singlet state is probably which is somehow farther frori4 than a previous value.
shifted down to~1 GeV due to instanton effects, as dis- The values of thea; andK,, masses calculated in this
cussed in Refs[12,13, thus leaving two, theéf,(980) and  Wwork fix the mass of th&,z to be 1356 MeV. The mass of
fo(1000), mesons as candidates for this state. Out of thedbe isoscalar octet state of the'®, nonet is then determined
two, preference should be given to thg980), as discussed by the Gell-Mann—Okubo formula

above in the text. Let us note that, if one ignores instanton or

any other effects which may cause a shift in the mass of the ) 4K2,—b?

fy, one would arrive at gq assignment for the scalar nonet 8=~ 3

which would be nearly mass degenerate in all isospin chan-

nels[e.g.,f,(1300) in(59) in place off,(980), as compared hg=1395+3 MeV (for b;=1231+10 MeV). Since for the
to f,(1270)]. In this case, one would have the scalar nonepseudovector nonet E¢60) may be rewritten as

almost ideally mixed, just like the tensor one is. Then, as

shown by Tonqvist[40], flavor symmetry(which should be h3—h;?

good in the case of such an ideally mixed nonebuld ta”Za:W'

predict the total width of they(1320) (using the experimen- 1e

tal K5 width as normalizationl'>400 MeV, and a similar it js clear thath, andh; cannot both be less thdm (since it
~400 MeV width of thef(1525), much larger than 130 \yoy|d otherwise lead to a complex mixing angi&herefore,
MeV found by GAMS for theay(1320)[42] and~90 MeV 1 ghould be greater thang, and with the PDG valud
found by LASS for thef((1525) [41]. Therefore, this case 354+ 20 MeV, one is left withh;~1400 MeV. In this

should be considered as unphysical. . , . i
Although the possibility of a simultaneous mass degen—case’ since thb, lies slightly above théig, the pseudovec

eracy of the axial-vector and pseudovector nonets inlthe tor nonet has a small positive mixing angjast opposite to

=1 andl =1/2 channels is not excluded in the model con—the case of the pseudoscalar nonet for which fhdies

sidered here, it is disfavored by current experimental data?'IIghtIy below thezg =566 MeV leading to a small negative

A . mixing anglg. The above conclusion would change if one
By adjusting the mass of tHe, meson to the experimentally ) ]
established value, the masses of &he Kia, andK;g me- (or both of theh,, h} appeared to have a mass higher than

. o the value currently adopted by PDG.
sons were calculated, leading to the predictiangéa,) . - .
~1190 MeV, and~(37+3)°. While the former number We close with a short summary of the findings of this

. . L work.
naturally interpolates between various predictions and cur- R .
y P P (1) The nonrelativistic constituent quark model shows a

rent experimental dat¢e.g., it is at the upper limit of the simultaneous mass degeneracy of the scalar and tensor me-
range (115&40) MeV established if43] from QCD sum son nonets in the=1,1/2, and nearly mass degeneracy in the

rules, and at the lower limit of that provided by data, —
(1230+40) MeV [3]), the latter one is in quantitative agree- | =0, Ss channels. _
ment with the predictiong,=34° by Godfrey and Isguf8] (2) Simultaneous mass degeneracy of the axial-vector and

and~33° by Suzuki9]. The results of the work suggest that PSeudovector nonets in tte-1,1/2 channels is not excluded

the mostlyss state of the axial-vector nonet should be asso" this model, but is disfavored by current experimental data.

ciated with thef,(1420) rather tharfi,(1510) meson, which (3) The qq assignments for th®-wave nonets obtained
supports conclusions of Aiharet al. [31] and Close and ©n the basis of the results of the work, are

Kirk [32]. We did not calculate the decay widths and branch- 1 1p, JPC—1+~ |, (1235),h,(1170), h,(1400),K s

ing ratios for this case, since that was done in R&f]. We 1 3P, JPC=0"*,a,(1320) f o(980) f o(1500) K& (1430)
wish to give yet another argument in support of this predic- 4 3p, JPC=1"* a,(1190) f,(1285) f,(1420) KA

tlo_n. As remarked above, instanton effects are gssentlal for 4 3p, JPC=2+* a,(1320) f,(1270) f5(1525)K% (1430)
spin-0 mesons only, and for any othgq nonet with non-
vakishing spin, the confining interaction leads to an almost
ideal mixing. Thus, we would expect the mixing angle of the
axial-vector nonet to be in close proximity to the ideal one, Correspondence of one of the auth@ksB.) with L.P.
0,4~35.3°, just as it is the case for the vector, tensor andHorwitz and P. Page during the preparation of this work is
37~ mesong 3]. The value of this mixing angle, as calcu- greatly acknowledged.

0,=(54.8£3.9)°,
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