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Regarding the enigmas ofP-wave meson spectroscopy

L. Burakovsky* and T. Goldman†
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The mass spectrum ofP-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(a0)>m(a2), m(K0* )>m(K2* ), and do not exclude the possibility of a similar degeneracy of the
same states of the axial-vector and pseudovector nonets. Current experimental hadronic andt-decay data
suggest, however, a different scenario leading to thea1 meson mass.1190 MeV and theK1A-K1B mixing

angle.(3763)°. Possibles s̄ states of the four nonets are also discussed.@S0556-2821~98!00307-5#

PACS number~s!: 12.39.Jh, 12.39.Pn, 12.40.Yx, 14.40.Cs
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I. INTRODUCTION

The existence of a gluon self-coupling in QCD sugge
that, in addition to the conventionalq q̄ states, there may b
non-q q̄ mesons: bound states including gluons~gluonia and
glueballs, andq q̄g hybrids! and multiquark states@1#. Since
the theoretical guidance on the properties of unusual stat
often contradictory, models that agree in theq q̄ sector differ
in their predictions about new states. Among the naively
pected signatures for gluonium are~i! no place inq q̄ nonet,
~ii ! flavor-singlet coupling,~iii ! enhanced production in
gluon-rich channels such asJ/c(1S) decay,~iv! reducedgg
coupling, and~v! exotic quantum numbers not allowed fo
q q̄ ~in some cases!. Points~iii ! and ~iv! can be summarized
by the ChanowitzS parameter@2#

S5
G„J/c~1S!→gX…

SP„J/c~1S!→gX…

SP~X→gg!

G~X→gg!
,
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whereSP stands for phase space.S is expected to be large

for gluonium than forq q̄ states. Of course, mixing effect
and other dynamical effects such as form factors can obs
these simple signatures. Even if the mixing is large, ho
ever, simply counting the number of observed states rem

a clear signal for non-exotic non-q q̄ states. Exotic quantum
number states (022,012,121,212, . . . ) would be the best

signatures for non-q q̄ states. It should be also emphasiz
that no state has yet unambiguously been identified as g
nium, or as a multiquark state, or as a hybrid.

In this paper we shall discussP-wave meson states, th
interpretation of which as members of conventional qu

model q q̄ nonets encounters difficulties. We shall be co
cerned with the scalar, axial-vector, pseudovector, and te

meson nonets which have the followingq q̄ quark model
assignments, according to the most recent Particle D
Group book@3#:
s

~1! 11P1 pseudovector meson nonet,JPC5112, b1(1235),h1(1170),h18(1380),K1B
1

~2! 13P0 scalar meson nonet,JPC5011, a0(?),f 0(?),f 08(?),K0* (1430)
~3! 13P1 axial-vector meson nonet,JPC5111, a1(1260),f 1(1285),f 18(1510),K1A

1

~4! 13P2 tensor meson nonet,JPC5211, a2(1320),f 2(1270),f 28(1525),K2* (1430), and briefly mention the problem
associated with these four nonets.
or-

un-

tor
1. Scalar meson nonet

The spectrum of the scalar meson nonet is a long-stan
problem of light meson spectroscopy, since the numbe
resonances found in the region of 1–2 GeV exceeds
number of states that conventional quark models can acc
modate, in both the isoscalar and isovector channels@3#.

While extra states could be interpreted alternatively asKK̄

*Email address: BURAKOV@PION.LANL.GOV
†Email address: GOLDMAN@T5.LANL.GOV
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molecules, glueballs, multi-quark states or hybrids, the c

rect q q̄ assignment for the scalar nonet yet remains
known.

2. Axial-vector meson nonet

~1! One of the uncertainties related to the axial-vec
nonet is the still undefined properties of itsI 51 member, the
a1(1260) meson. This meson has a huge width of;400

1The K1A and K1B are nearly 45o mixed states of theK1(1270)
andK1(1400) @3#, their masses is therefore.1340 MeV.
2879 © 1998 The American Physical Society
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MeV, due to strong coupling to a dominant decay chan
a1→rp, which makes the determination of its mass rath
difficult. The value currently adopted by the Particle Da
Group ~PDG! is m(a1)51230640 MeV @3#.

~2! Theqq̄ model predicts a nonet that includes two is
calar 1 3P1 states with masses below; 1.6 GeV, but three
‘‘good’’ 1 11 objects are known, thef 1(1285),f 1(1420),
and f 1(1510), one more than expected, and therefore, on
the three must be a non-qq̄ meson.

3. Pseudovector meson nonet

Experimental information on theh1 and h18 mesons is
rather restricted, and while theh1(1170) may be considere
as firmly established, theh18(1380) still needs confirmation
@3#.

4. Tensor meson nonet

Here, as in case of the scalar nonet, the number of st
in the isoscalar channel exceeds that allowed by conv
tional quark model, although the two 13P2 qq̄ states are
likely the well-known f 2(1270) and f 28(1525) currently
adopted by the PDG.

5. Let us also discuss theI 51/2 1 3P1 and 11P1 mesons,
K1(1270) andK1(1400), with masses 127367 MeV and
140267 MeV, respectively@3#. It has been known that thei
decay satisfies a dynamical selection rule:

G„K1~1270!→Kr…@G„K1~1270!→K* p…,

G„K1~1400!→K* p…@G„K1~1400!→Kr…,

which prompted experimentalists to suspect large mix
~with a mixing angle close to 45°) between theI 51/2 mem-
bers of the axial-vector and pseudovector nonets,K1A and
K1B , respectively, leading to the physicalK1 andK18 states
@4#. Numerical values for theK1A-K1B mixing angle indi-
cated in the literature lie in the range;33° –45° @5–10#,
consistent with 33.6° –56.4° that we obtained in Ref.@11#.

Since the experimentally established isodoublet state
the scalar and tensor meson nonets,K0* and K2* , are mass
degenerate, 142966 MeV and 1429 MeV, respectively@3#,
and different models~like those considered in Refs.@12–14#!
lead to theqq̄ assignment for the scalar nonet which includ
both the a0(1320) and f 0(1525) mesons which are mas
degenerate with the corresponding tensor mesonsa2(1320)
and f 28(1525), the question naturally suggests itself as
whether the scalar and tensor nonets are intrinsically m
degenerate2 @15#. Similar questions may be asked regardi
the mass degeneracy of the axial-vector and pseudove
nonets in theI 51 andI 51/2 channels. If this mass dege
eracy of two pairs of nonets, (3P023P2) and (3P121P1), is

2In the scenario suggested in Refs.@12,13#, due to instanton ef-
fects, the mass of thef 08 meson is shifted down to;1 GeV, as
compared to the mass'1275 MeV of its tensor ‘‘partner’’f 2 .
l
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actually the case, it should be reproduced in a simple p
nomenological model of QCD, e.g., in a nonrelativistic co
stituent quark model. The purpose of this work is to app
the latter model forP-wave meson spectroscopy in order
establish whether mass degeneracy of the two pairs of no
discussed above actually occurs.

The following remarks are due here. The most wide
used potential models are the relativized model of Godf

and Isgur@8# for theqq̄ mesons, and Capstick and Isgur@16#
for the qqq baryons. But first, these models differ from th
nonrelativistic quark potential model only in relatively mino
ways, such as the use ofHkin5Am1

21p1
21Am2

21p2
2 in place

of that given in Eq.~1! below, the retention of them/E
factors in the matrix elements, and the introduction of co
dinate smearing in the singular terms such asd(r ), which
makes them more difficult to deal with than the nonrelat
istic models. Second, the nonrelativistic models themse
are very successful in the description of, at least, me
spectroscopy, even for the lightestS-wave states, as we dem
onstrate explicitly below, where they might seem not to wo
at all. Physical reasons for this success of the nonrelativi
models are analyzed by Luchaet al. in Ref. @17#. Finally,
more recent analysis by the same authors@18# reveals that
‘‘contrary to one’s physical intuition, a relativistic treatme
of bound states in a potential model providesno improve-
ment at all compared to the corresponding nonrelativis
description.’’ Thus, all of the above completely justifies o
choice of the nonrelativistic constituent quark model.

II. NONRELATIVISTIC CONSTITUENT QUARK MODEL

In the constituent quark model conventional mesons
bound states of a spin 1/2 quark and spin 1/2 antiqu
bound by a phenomenological potential which has some
sis in QCD@17#. The quark and antiquark spins combine
give a total spin 0 or 1, which is coupled to the orbital a
gular momentumL. This leads to meson parity and charg
conjugation given byP5(21)L11 and C5(21)L1S, re-
spectively. One typically assumes that theqq̄ wave function
is a solution of a nonrelativistic Schro¨dinger equation with
the generalized Breit-Fermi Hamiltonian,HBF ,

HBFcn~r ![@Hkin1V~p,r !#cn~r !5Encn~r !, ~1!

where Hkin5m11m21p2/2m2(1/m1
311/m2

3!p4/8, m
5m1m2/(m11m2), m1 and m2 are the constituent quar
masses, and to first order in (v/c)25p2c2/E2.p2/m2c2,
V(p,r ) reduces to the standard nonrelativistic result,

V~p,r !.V~r !1VSS1VLS1VT , ~2!

with V(r )5VV(r )1VS(r ) being the confining potentia
which consists of a vector and a scalar contribution, a
VSS,VLS , andVT the spin-spin, spin-orbit, and tensor term
respectively, given by@17#
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VSS5
2

3m1m2
s1•s2nVV~r !, ~3!

VLS5
1

4m1
2m2

2

1

r S $@~m11m2!212m1m2#L•S11~m2
22m1

2!L•S2%
dVV~r !

dr
2@~m1

21m2
2!L•S11~m2

22m1
2!L•S2#

dVS~r !

dr D ,

~4!

VT5
1

12m1m2
S 1

r

dVV~r !

dr
2

d2VV~r !

dr2 D S12. ~5!

HereS1[s11s2 , S2[s12s2 , and

S12[3S ~s1•r !~s2•r !

r 2
2

1

3
s1•s2D . ~6!

For constituents with spins15s251/2, S12 may be rewritten in the form

S1252S 3
~S•r !2

r 2
2S2D , S5S1[s11s2 . ~7!

Since (m11m2)212m1m256m1m21(m22m1)2, m1
21m2

252m1m21(m22m1)2, the expression forVLS , Eq. ~4!, may be
rewritten as follows:

VLS5
1

2m1m2

1

r F S 3
dVV~r !

dr
2

dVS~r !

dr D1
~m22m1!2

2m1m2
S dVV~r !

dr
2

dVS~r !

dr D GL•S11
m2

22m1
2

4m1
2m2

2

1

r S dVV~r !

dr
2

dVS~r !

dr DL•S2

[VLS
1 1VLS

2 . ~8!

Since two terms corresponding to the derivatives of the potentials with respect tor are of the same order of magnitude, th
above expression forVLS

1 may be rewritten as

VLS
1 5

1

2m1m2

1

r S 3
dVV~r !

dr
2

dVS~r !

dr DL•SF11
~m22m1!2

2m1m2
O~1!G . ~9!
e

e

s

e-
the

sses
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A. S-wave spectroscopy

Let us first apply the Breit-Fermi Hamiltonian to th
S-wave which consists of the two,1S0 JPC5021 pseudo-
scalar and3S1 122 vector, meson nonets. We shall consid

only the I 51 and I 51/2 mesons which are purenn̄ and

(n s̄ ,sn̄) states, respectively. Since the expectation value
the spin-orbit and tensor terms vanish forL50 or S50
states@17#, the mass of aqq̄ state withL50 is given by
r

of

M5m11m21E1L
s1•s2

m1m2
, ~10!

whereE is the nonrelativistic binding energy. As shown b
low, the sum of just the constituent quark masses and
quark-quark hyperfine interaction term describes the ma
of the S-wave mesons extremely well. Moreover, Eq.~10!
with no E is consistent with the empirical mass squared sp
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ting nM2[M2(3S1)2M2(1S0)'const for all the corre-
sponding mesons composed by then,s, andc quarks, aside
from charmonia. Physically, these observations mean thaE
is small compared tom1 andm2 or approximately constan
over all of these states, and so may be absorbed in the
nition of the latter. For the higherL nonets,E decreases with
the increasing quark masses, according to the Feynm
Hellmann theorem; it therefore may be absorbed into
constituent quark mass defined for everyL. We shall dwell
on this point in more detail in the following section.

Sinces1•s2523/4 for spin-0 mesons and11/4 for spin-1
mesons, one has the four relations@in the following,p stands
for the mass of thep meson, etc., andn ands for the masses
of the non-strange and strange quarks, respectively, un
otherwise specified, and we assume SU~2! flavor symmetry,
mu5md5n#,

p52n2
3

4

L

n2
, ~11!

r52n1
1

4

L

n2
, ~12!

K5n1s2
3

4

L

ns
, ~13!

K* 5n1s1
1

4

L

ns
. ~14!

It then follows from these relations that

n5
p13r

8
, ~15!

s5
2K16K* 2p23r

8
, ~16!

L

n2
5

r2p

2
, ~17!

L

ns
5

K* 2K

2
. ~18!

By expressing the ration/s in two different ways, directly
from Eqs.~15!,~16! and dividing Eqs.~18! by ~17!, one ob-
tains the relation
fi-

n-
e

ss

n

s
5

p13r

2K16K* 2p23r
5

K* 2K

r2p
. ~19!

For the physical values ofp,r,K, and K* ~in MeV!, 138,
769, 495, and 892, respectively, the above relation re
0.62950.627, i.e., the result is consistent within the accura
provided by the assumption of exact SU~2! flavor symmetry.
The values ofn,s, and K provided by ~15!–~18! are n
5306 MeV, s5487 MeV, L50.0592 GeV3

5(390 MeV)3. The values of the meson masses, as ca
lated from ~11!–~14!, are ~in MeV! p5137.8, r5770.0,
K5495.0,K* 5892.3. The relation~10! may also be applied
successfully to the3S1 I 50 mesons too, assuming that the
are purenn̄ ands s̄ states. In this case, as follows from E
~12!, v5r5770 MeV, andf52s1L/(4s2)51036 MeV.
Both numbers are within 1.5% of the physical values 7
and 1019 MeV, respectively.

Let us note that, although Eq.~11! contains no informa-
tion on chiral symmetry, one may deal with the chiral lim
p50 by the introduction of the so called ‘‘dynamical
quark mass@19#, mdyn , defined as the solution of 2mdyn

23L/(4mdyn
2 )50. Although this does not restore chira

symmetry, it does incorporate the masslessness of the p
in accord with common understanding of the latter as
Nambu-Goldstone boson of broken chiral symmetry, as w
as calculating the chiral limit values ofr andK* , in agree-
ment with other models@20#.

III. P-WAVE SPECTROSCOPY

We now wish to apply the Breit-Fermi Hamiltonian to th
P-wave mesons. By calculating the expectation values
different terms of the Hamiltonian defined in Eqs.~3!,~7!,~8!,
taking into account the corresponding matrix elements^L•S&
andS12 @17#, one obtains the relations@10#

M ~3P0!5M01
1

4
^VSS&22^VLS

1 &1^VT&,

M ~3P2!5M01
1

4
^VSS&1^VLS

1 &1
1

10
^VT&,

M ~a1!5M01
1

4
^VSS&2^VLS

1 &2
1

2
^VT&,

M ~b1!5M02
3

4
^VSS&,
S M ~K1!

M ~K18!
D 5S M01 1

4 ^VSS&2^VLS
1 &2 1

2 ^VT& A2^VLS
2 &

A2^VLS
2 & M02 3

4 ^VSS&
D S K1A

K1B
D ,
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whereM0 stands for the sum of the constituent quark mas
in either case. TheVLS

2 term acts only on theI 51/2 singlet
and triplet states giving rise to the spin-orbit mixing betwe
these states,3 and is responsible for the physical masses
the K1 andK18 . Let us assume, for simplicity, that

A2^VLS
2 &~K1B!.2A2^VLS

2 &~K1A![D.

The masses of theK1A , K1B are then determined by rela
tions similar to those for thea1 ,b1 above, andK1.K1A

1D, K18.K1B2D, or4

D.K12K1A.K1B2K18 . ~20!

We consider, therefore, the following formulas for th
masses of all eightI 51,1/2 P-wave mesons,b1 ,a0 ,a1 ,a2 ,
K1B ,K0* ,K1A ,K2* :

M ~1P1!5m11m22
3

4

a

m1m2
, ~21!

M ~3P0!5m11m21
1

4

a

m1m2
2

2b

m1m2

1
c

m1m2
, ~22!

M ~3P1!5m11m21
1

4

a

m1m2
2

b

m1m2

2
c

2m1m2
, ~23!

M ~3P2!5m11m21
1

4

a

m1m2
1

b

m1m2

1
c

10m1m2
, ~24!

wherea,b, andc are related to the matrix elements ofVSS,
VLS , and VT @see Eqs.~3!,~5!,~9!#, and assumed to be th
same for all of theP-wave states. In the above expressio
the nonrelativistic binding energies are absorbed in the c
stituent quark masses, as discussed above. The same
stituent quark masses appear also in the denominators o
hyperfine interaction terms in Eqs.~5!–~8! above, similar to
S-wave spectroscopy considered in a previous section. S

3The spin-orbit3P1-1P1 mixing is a property of the model we ar
considering; the possibility that another mechanism is respons
for this mixing, such as mixing via common decay channels@7#
should not be ruled out, but is not included here.

4Actually, as follows from Eq.~38! below,

K12K1A

K1B2K18
5

K181K1B

K11K1A
.

2K1B

2K1A
.1,

since the deviationsK12K1A , K1B2K18 are small compared to
K1A , K1B , and the mixing angle is;45°.
s

n
f

s
n-
on-

the

ce

this is usually done only for the lowestS-wave states, we
briefly review the precedent and argument for the genera
of these forms.

It was shown in@21# that a pure scalar potential contrib
utes to the effective constituent quark mass. Bag models
gest that the kinetic energy also contributes to the effec
constituent quark mass in the case of no potential@22#. These
results were generalized further by Cohen and Lipkin@23#
who have shown that both the kinetic and potential ene
are included in the effective mass parameter which app
also in the denominators of the hyperfine interaction term
the case of a scalar confining potential. The analyses of
perimental data suggest that the non-strange and str
quarks are mainly subject to scalar part of the confining
tential ~whereas charmed and bottom quarks are more do
nantly affected by Coulomb-like vector part! @17#. Moreover,
the generality of the arguments by Cohen and Lipkin@23#
allows one to apply them to any partial wave. Therefore,
constituent quark masses can be defined for any partial w
through relations of the form~21!–~24!; in this case they
vary with the energies of the corresponding mass lev
Such an energy dependence of the constituent quark ma
was considered in Refs.@24,25#. Also, a QCD-based mecha
nism which generates dynamical quark mass growing witL
in a Regge-like manner was considered by Simonov@26#.

The correction toVLS
1 in formula~9!, due to the difference

in the masses of then ands quarks, is ignored. Indeed, thes
masses, as calculated from Eqs.~21!–~24!, are

n5
3b11a013a115a2

24
, ~25!

s5
6K1B12K0* 16K1A110K2* 23b12a023a125a2

24
.

~26!

With the physical values of the meson masses~in GeV!, a1

.b1>1.23, a0.a2>1.32, K1A.K1B>1.34, K0* .K2*
>1.43, the above relations give

n.640 MeV, s.740 MeV, ~27!

so that the above-mentioned correction, according to~9!, is
;1002/(236403740).1%, i.e., comparable to isospi
breaking on the scale considered here, and so comple
negligible. It follows from Eqs.~21!–~24! that

9a

m1m2
5M ~3P0!13M ~3P1!15M ~3P2!29M ~1P1!,

~28!

12b

m1m2
55M ~3P2!23M ~3P1!22M ~3P0!, ~29!

18c

5m1m2
52M ~3P0!1M ~3P2!23M ~3P1!. ~30!

By expressing the ration/s in four different ways, viz., di-
rectly from Eqs.~25!,~26! and dividing the expressions~28!–
~30! for the I 51/2 andI 51 mesons by each other, similarl
to the case of theS-wave mesons considered above, o
obtains the following three relations:

le
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3a113b11a015a2

6K1A16K1B12K0* 110K2* 23a123b12a025a2

5
K0* 13K1A15K2* 29K1B

a013a115a229b1
, ~31!

K0* 13K1A15K2* 29K1B

a013a115a229b1
5

5K2* 23K1A22K0*

5a223a122a0
, ~32!

5K2* 23K1A22K0*

5a223a122a0
5

2K0* 1K2* 23K1A

2a01a223a1
. ~33!
e

u

eson

s
the
res-

ing
First consider Eq.~33! which may be rewritten, by a simpl
algebra, as

~K2* 2K0* !~a22a1!5~K2* 2K1A!~a22a0!. ~34!

SinceK2* >K0* '1430 MeV, it then follows from Eq.~34!
that eitherK2* >K0* >K1A , or a0>a2 . The first possibility
should be discarded as unphysical, since it leads, thro
relations ~29!,~30! applied to theI 51/2 mesons, tob5c
50, which would in turn, from the same relations for theI
51 mesons, implya0>a1>a2 , in apparent contradiction
with experimental data on the masses of thea1 anda2 me-
sons. The physical case corresponds, therefore, to
he

y

rin

ta
gh

a0>a2 , ~35!

i.e., the mass degeneracy of the scalar and tensor m
nonets in theI 51/2 channel,K0* >K2* , implies a similar
degeneracy also in theI 51 channel. Note that this relation i
a general feature of the nonrelativistic quark model for
P-wave mesons we are considering here. Even in the p
ence of an extra term in~21!–~24! corresponding to the
quark binding energy which we have ignored by absorb
into the constituent masses, Eqs.~29! and ~30! will remain
the same and again lead, through Eq.~33!, to the relation
~35!.

With K0* 5K2* and a05a2 , Eqs. ~31! and ~32! may be
rewritten as
~a02a11K0* 2K1A!~a11b112a0!52~K0* 2K1A!~K1A1K1B12K0* !, ~36!

~K1A2K1B!~a02a1!5~K0* 2K1A!~a12b1!. ~37!
ith

1

ia-
One now has to determine the values ofa1 , K1A andK1B .
The remaining equation is obtained from the mixing of t
K1A andK1B states which results in the physicalK1 andK18
mesons; independent of the mixing angle,

K1A
2 1K1B

2 5K1
21K18

2 . ~38!

One sees that, as follows from Eq.~37!, the mass degenerac
of the 3P1 and 1P1 nonets in theI 51/2 channel,K1A
5K1B , implies a similar degeneracy in theI 51 channel too,
a15b1 , and vice versa, so that the model we are conside
provides the consistent possibility:

a15b1 , K1A5K1B . ~39!

We now check how this possibility agrees with experimen
data on the meson masses. It follows from Eq.~38! andK1

5127367 MeV, K185140267 MeV that in this case

K1A5K1B5133967 MeV. ~40!

With a15b1 , K1A5K1B , Eq. ~36! now reduces to

a0
22a1

21~a01a1!~K0* 2K1A!52~K0*
22K1A

2 !, ~41!
g

l

which for a05a251318 MeV, K0* 51429 MeV, andK1A ,
K1B given in Eq.~40! has the solution

a15b15121168 MeV, ~42!

which is only a two-standard-deviation inconsistency w
the experimentally establishedb1 meson mass 1231610
MeV. We also consider another solution of Eqs.~36!–~38!
determined by adjustingb1 to the experimental value 123
MeV. It then follows that in this case the solution to~36!–
~38! is

a151191 MeV, K1A51322 MeV, K1B51356 MeV,
~43!

with small deviations from these values for possible dev
tions in the input parameters; e.g., with~in MeV! b151231
610, the actual solution isa151191710, K1A5132279,
K1B5135669, or with K15127367, K185140267, the so-
lution is a151191617, K1A51322614, andK1B remains
the same. For the solution~43!, we observe the sum rule

K1A
2 2a1

250.329 GeV2.K1B
2 2b1

250.323 GeV2,
~44!
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which is accurate to 2% and also holds for deviations fr
Eq. ~43! due to uncertainties in the input parameters. Re
tions of the type~44! may be anticipated on the basis of th
formulas

K* 22r25K22p2, K2*
22a2

25K22p2, etc.,

provided by either the algebraic approach to QCD@27# or
phenomenological formulas

m1
252Bn1C, m1/2

2 5B~n1s!1C

~where B is related to the quark condensate, andC is a
constant within a given meson nonet! motivated by the linear
mass spectrum of a nonet and the collinearity of Regge
jectories of the correspondingI 51 andI 51/2 states, as dis
cussed in Ref.@28#.

Thus, the nonrelativistic constituent quark model we
considering provides two possibilities for the mass spectr
the axial-vector and pseudovector meson nonets:

~1! a15b1.1210 MeV, K1A5K1B.1340 MeV,
~2! a1Þb1 , K1AÞK1B , K1A

2 2a1
2. K1B

2 2b1
2 .

The second case is obviously favored by current experim
tal data onKpp production int decay, which do not suppor
uK'45° and, therefore, mass degeneracy of theK1A and
K1B , as discussed above in the text. In this case, assume
the K1(1270) belongs to the axial-vector nonet, while t
K1(1400) belongs to the pseudovector nonet, in accord w
the recent suggestion by Suzuki@29#, on the basis of the
analysis of thet-decay modet→ntK1 , for the values@in
MeV, as follows from the discussion below Eq.~43!# K1

5127367, K185140267, K1A51322614,K1B51356. One
then obtains, with the help of the formula@9#

tan2~2uK!5S K1
2~1400!2K1

2~1270!

K1B
2 2K1A

2 D 2

21,

uK5~37.363.2!°, ~45!

in good qualitative agreement with the values'33° sug-
gested by Suzuki@9#, and.34° found by Godfrey and Isgu
@8# in a relativized quark model.

The parameters of the spin-spin, spin-orbit, and ten
interaction in our model may be calculated from Eqs.~28!–
~30! with the meson mass values obtained above. In the
doublet channel, e.g., one obtains

^VSS&5
a

ns
.37 MeV, ~46!

^VLS
1 &5

b

ns
.27 MeV, ~47!

^VT&5
c

ns
.89 MeV. ~48!

The expectation valuêVLS
2 & may be obtained from Eqs

~20!,~43!:
-

a-

e
of

n-

hat

th

r

o-

A2^VLS
2 &.K1~1270!2K1A5~127321322! MeV

.K1B2K1~1400!5~135621402! MeV

.247.5 MeV,

and therefore

^VLS
2 &.233.5 MeV, ~49!

so that botĥ VLS
1 & and ^VLS

2 & are of very similar magnitude
~but opposite in sign!.

Using the obtained values of^VLS
1 & and^VLS

2 &, along with
the values ofn ands given in Eq.~27!, in Eqs.~8!,~9!, one
may establish the following relation among the expectat
values of the derivatives of the potentials:

K 1

r

dVS~r !

dr L .2.8K 1

r

dVV~r !

dr L . ~50!

In the case of the QCD-motivated Cornell potential@30#

V~r !52
4

3

as

r
1ar, ~51!

with a spin structureV5VV1Vs , VV52 4
3 (as /r ), VS5ar,

the relation~50! reduces to

a^r 21&.3.7as^r
23&. ~52!

Consider now the ratio@17#

r5
M ~3P2!2M ~3P1!

M ~3P1!2M ~3P0!
. ~53!

Since the measured masses of theK2* and K0* coincide~as
also do those of thea2 anda0 , as established in Sec. III!, the
value of this ratio is

r521. ~54!

By equating this value ofr with that given in@17# for the
Cornell case,

r5
1

5

8as^r
23&2 5

2 a^r 21&

2as^r
23&2 1

4 a^r 21&
, ~55!

we obtain

a^r 21&54.8as^r
23&. ~56!

Comparison of the relation~56! with ~52! shows that the
nonrelativistic constituent quark model considered in this
per is completely consistent, at the 25% level, with the C
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nell potential with the spin structure of a vector-scalar m
ing type. We consider this to be a completely satisfact
agreement, since the expectation values andas are all purely
determined in this region for light quark systems.5

One may now estimate the masses of the isoscalar me
of the four nonets assuming that they are pures s̄ states, by
the application of Eqs.~21!–~24! with m15m25s; it then
follows that

h18. f 18>1435 MeV, f 08. f 28>1525 MeV. ~57!

Hence, the model we are considering suggests that 111 s s̄
state is thef 1(1420) ~with mass 142762 MeV @3#! rather
than f 1(1510) (151264 MeV @3#! meson, in accord with the
arguments of Aiharaet al. @31# and Close and Kirk@32#. The
value 1435 given by Eq.~57! is within 4% of theh18 meson
mass, 1380620 @3#. Also, the value 1525 given by Eq.~57!
agrees with the experimentally established mass of thef 28
meson, 152565 MeV @3#.

At this point we call that the nonrelativistic quark mod
predictions on the masses of the isoscalar states are rel
for all P-wave nonets except the scalar nonet. Indeed
shown by ’t Hooft in his study on theUA(1) problem@33#,
an expansion of the~euclidian! action around the one
instanton solutions of the gauge fields assuming domina
of the zero modes of the fermion fields leads to an effec
2Nf-fermion interaction (Nf being the number of fermion
flavors! not covered by perturbative gluon exchange, wh
gives an additional contribution to the ordinary confini
quark-antiquark interaction. As shown in Ref.@34#, due to its
point-like nature and specific spin structure, the instant
induced interaction in the formulation of ’t Hooft acts on th
states with spin zero only. The masses of the other mes
with non-vanishing spin are therefore dominantly determin
by the confining interaction, leading to the convention
splitting and an ideal mixing of theqq̄ nonets which are wel
reproduced by constituent quark models. The only two n
ets whose mass spectra turn out to be affected by
instanton-induced interaction are spin zero pseudoscalar
scalar nonets. Quantitatively, an instanton-induced inte
tion for the scalar mesons is of the same magnitude but
posite in sign to that for the pseudoscalars@12#. It, therefore,
lowers the mass of the scalar isoscalar singlet state, in
trast to the case of the pseudoscalar isoscalar singleth0)
state the mass of which is pushed up by the instan

5For a51/(2pa8).0.18 GeV2, where a8.0.9 GeV22 is the
universal Regge slope, it follows from the relation@17#

DM2[M2~3S1!2M2~1S0!.
32
9 asa'0.56 GeV2

that as.0.9. With these values ofa and as , and in the approxi-
mation

^r23&;
^r21&

^r&2
,

it then follows from~52! that ^r &.0.9 fm.
-
y

ns

ble
s

ce
e

h

-

ns
d
l

-
n
nd
c-
p-

n-

n-

induced interaction before it mixes with the pseudosca
isoscalar octet (h8) state to form the physicalh and h8
states.

Thus, the only nonrelativistic quark model prediction
the masses of the isoscalar states of the scalar nonet w
may be trustworthy is that on the mass of the mostly isos
lar octet state~which has a dominantlys s̄ component!:
f 0.1525 MeV, as given in Eq.~57!, in good agreement with
the measured mass of thef 0(1500). The second isoscala
state of the scalar nonet should be mostlynn̄ but also contain
a non-negligibles s̄ component. Its mass may be determin
from the sum rule established in Refs.@13# and @14#:

m2~ f 0!1m2~ f 08!1m2~h!1m2~h8!52„m2~K !1m2~K0* !…,

with f 051503611 MeV @3#:

f 0851048716 MeV. ~58!

Hence, one of the two,f 0(980) @3# or f 0(1000) @35#, may
be associated with the remaining isoscalar, which is diffic
to decide~that is, on the basis of the constituent quark mo
we are discussing!. However, two observations support th
interpretation of thef 0(980) as aqq̄ state. First, thet depen-
dence of thef 0(980) and the broad background produced
p2p→p0p0n differ substantially@37#. The f 0(1000) is pro-
duced in peripheral collisions only, while thef 0(980) shows
a strongt dependence, as expected for aqq̄ state. Second, a
remarked above, although the isoscalar mostly SU~3! singlet
state should have a dominantnn̄ component, itss s̄ compo-
nent should be appreciable. Thef 0(980) is seen strongly in
J/C→f f 0(980), but at most weakly inJ/C→v f 0(980).
On the basis of quark diagrams, one must conclude that
f 0(980) has a very larges s̄ component; its decay intopp
with the corresponding branching ratio 78%@3# underlines
an appreciablenn̄ component.

Thus, the constituent quark model discussed in this pa
supports theqq̄ assignment for the scalar meson nonet

a0~1320!, K0* ~1430!, f 0~1525!, f 08~980!, ~59!

found by one of the authors in Ref.@14#, which is also con-
sistent with theqq̄ assignments for this nonet suggested
Refs. @12,13,36#. For this assignment, thef 0-f 08 mixing
angle, as calculated with the help of the Gell-Mann–Oku
mass formula

tan2uS5
4K0*

22a0
223 f 0

2

3 f 08
21a0

224K0*
2

, ~60!

for f 05152565 MeV @41# and f 085980610 MeV @3#, is

uS5~21.461.0!°,



b

e

r
s
a
o
t
ly
s-

e

o
th
et
a

ne
a

-

0

en
e
n
at
y

u

a,
e-

at
so

ch

ic
l f

os
he
e
n
-

s
f

e
e
an

is

a
me-

he

and
d
ta.

d

is

57 2887REGARDING THE ENIGMAS OFP-WAVE MESON . . .
in reasonbly good agreement with the value predicted
Ritter et al. @38#, uS'25°, for which the partial widths of the
f 0(1500) calculated in their paper are in excellent agreem
with those observed experimentally@39#.

IV. CONCLUDING REMARKS

As we have shown, a nonrelativistic constituent qua
model confirms a simultaneous mass degeneracy of the
lar and tensor nonets in the isovector and isodoublet ch
nels, and suggests a nearly mass degeneracy of the c
sponding isoscalar mostly octet states. The mass of
remaining 011 isoscalar mostly singlet state is probab
shifted down to;1 GeV due to instanton effects, as di
cussed in Refs.@12,13#, thus leaving two, thef 0(980) and
f 0(1000), mesons as candidates for this state. Out of th
two, preference should be given to thef 0(980), as discussed
above in the text. Let us note that, if one ignores instanton
any other effects which may cause a shift in the mass of
f 08 , one would arrive at aqq̄ assignment for the scalar non
which would be nearly mass degenerate in all isospin ch
nels@e.g., f 0(1300) in~59! in place off 0(980), as compared
to f 2(1270)]. In this case, one would have the scalar no
almost ideally mixed, just like the tensor one is. Then,
shown by To¨rnqvist @40#, flavor symmetry~which should be
good in the case of such an ideally mixed nonet! would
predict the total width of thea0(1320) ~using the experimen
tal K0* width as normalization! G.400 MeV, and a similar
;400 MeV width of the f 0(1525), much larger than 13
MeV found by GAMS for thea0(1320) @42# and'90 MeV
found by LASS for thef 0(1525) @41#. Therefore, this case
should be considered as unphysical.

Although the possibility of a simultaneous mass deg
eracy of the axial-vector and pseudovector nonets in thI
51 and I 51/2 channels is not excluded in the model co
sidered here, it is disfavored by current experimental d
By adjusting the mass of theb1 meson to the experimentall
established value, the masses of thea1 , K1A, andK1B me-
sons were calculated, leading to the predictionsm(a1)
.1190 MeV, anduK.(3763)°. While the former number
naturally interpolates between various predictions and c
rent experimental data~e.g., it is at the upper limit of the
range (1150640) MeV established in@43# from QCD sum
rules, and at the lower limit of that provided by dat
(1230640) MeV @3#!, the latter one is in quantitative agre
ment with the predictionsuK.34o by Godfrey and Isgur@8#
and'33° by Suzuki@9#. The results of the work suggest th
the mostlys s̄ state of the axial-vector nonet should be as
ciated with thef 1(1420) rather thanf 1(1510) meson, which
supports conclusions of Aiharaet al. @31# and Close and
Kirk @32#. We did not calculate the decay widths and bran
ing ratios for this case, since that was done in Ref.@31#. We
wish to give yet another argument in support of this pred
tion. As remarked above, instanton effects are essentia
spin-0 mesons only, and for any otherqq̄ nonet with non-
vakishing spin, the confining interaction leads to an alm
ideal mixing. Thus, we would expect the mixing angle of t
axial-vector nonet to be in close proximity to the ideal on
u id'35.3°, just as it is the case for the vector, tensor a
322 mesons@3#. The value of this mixing angle, as calcu
y

nt

k
ca-
n-
rre-
he

se

r
e

n-

t
s

-

-
a.

r-

-

-

-
or

t

,
d

lated from Eq.~60! for a1 , K1A given in Eq. ~43!, with
deviations due to the input parametersK, K8, and f 1
51427 MeV, is

uA5~42.465.3!°,

consistent with 35.3°, while forf 151512 MeV and the same
a1 andK1A , Eq. ~60! gives

uA5~54.863.4!°,

which is somehow farther fromu id than a previous value.
The values of thea1 and K1A masses calculated in thi

work fix the mass of theK1B to be 1356 MeV. The mass o
the isoscalar octet state of the 11P1 nonet is then determined
by the Gell-Mann–Okubo formula

h8
25

4K1B
2 2b1

2

3
,

h85139573 MeV ~for b151231610 MeV!. Since for the
pseudovector nonet Eq.~60! may be rewritten as

tan2u5
h8

22h18
2

h1
22h8

2
,

it is clear thath1 andh18 cannot both be less thanh8 ~since it
would otherwise lead to a complex mixing angle!. Therefore,
h18 should be greater thanh8 , and with the PDG valueh18
51380620 MeV, one is left withh18'1400 MeV. In this
case, since theh18 lies slightly above theh8 , the pseudovec-
tor nonet has a small positive mixing angle~just opposite to
the case of the pseudoscalar nonet for which theh lies
slightly below theh85566 MeV leading to a small negativ
mixing angle!. The above conclusion would change if on
~or both! of theh1 , h18 appeared to have a mass higher th
the value currently adopted by PDG.

We close with a short summary of the findings of th
work.

~1! The nonrelativistic constituent quark model shows
simultaneous mass degeneracy of the scalar and tensor
son nonets in theI 51,1/2, and nearly mass degeneracy in t
I 50, s s̄ channels.

~2! Simultaneous mass degeneracy of the axial-vector
pseudovector nonets in theI 51,1/2 channels is not exclude
in this model, but is disfavored by current experimental da

~3! The qq̄ assignments for theP-wave nonets obtaine
on the basis of the results of the work, are

1 1P1 JPC5112, b1(1235), h1(1170), h1(1400), K1B

1 3P0 JPC5011,a0(1320),f 0(980),f 0(1500),K0* (1430)
1 3P1 JPC5111, a1(1190),f 1(1285),f 1(1420),K1A

1 3P2 JPC5211,a2(1320),f 2(1270),f 28(1525)K2* (1430)
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