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Towards the assignment for the 4'S, meson nonet
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The strong decays of the (2070), 1(2010), 1(2100), 5(2190), and 7(2225) as the 4!S, quark-
antiquark states are investigated in the framework of the 3P0 meson decay model. It is found that the
(2070), (2100), and 1(2225) appear to be the convincing 4'S,, ¢4 states, while the assignment of the
1(2010) and 7(2190) as the 4'S, isoscalar states is not favored by their widths. In the presence of the
m(2070), 7(2100), and 7(2225) being the members of the 4! S, meson nonet, the mass of the 4! S, kaon is
phenomenologically determined to be about 2153 MeV. The width of this unobserved kaon is expected to

be about 197 MeV in the 3P0 decay model.
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L. INTRODUCTION

From PDG2006 [1], the llSO meson nonet (77, 1, ', and
K) as well as the 2'S, members [7(1300), 1(1295), and
1(1475)] have been well established. In Ref. [2], we
suggested that the 7(1800), K(1830), together with the
X(1835) and 7(1760) observed by the BES Collaboration
[3,4], constitute the 31S0 meson nonet. More recently, we
argued that the 1(2225) with a mass of (2240730%39) MeV
and a width of (190 + 30743) MeV observed by the BES
Collaboration [5] could be the 41S0 s§ in Ref. [6], where
the other members of the 4'S, meson nonet were not
discussed. In the present work, we shall address the pos-
sible assignment for the 4'S, meson nonet.

With the assignment of the 17(2225) as the s5 member of
the 4'S, meson nonet, one can expect that both the iso-
vector and other isoscalar members of the 41S0 meson
nonet should be lighter than the 7(2225). Experimentally,
in the mass region 2000-2225 MeV, the pseudoscalar states
m(2070) (mass: 2070 = 35 MeV; width: 310715 MeV),
7(2010) (mass: 2010735 MeV; width: 270 = 60 MeV),
7(2100) (mass: 2103 * 50 MeV; width: 187 = 75 MeV),
and 7(2190) (mass: 2190 = 50 MeV; width: 850 *
100 MeV) are reported [1]. Theoretically, some predicted
values for the 7(4!S,) mass are 2.15 GeV by QCD sum
rules [7,8], 2.009 GeV by the spectrum integral equation
[9],2.193 GeV by a covariant quark model [10], 2.039 GeV
by a relativistic independent quark model [11], and
2.07 GeV by Regge phenomenology [12]. In addition, the
mass of the third radial excitation of the 7 is predicted to be
about 2.267 GeV by a covariant quark model [10] or
2.1 GeV by Regge phenomenology [12]. The #(2070)
mass is similar to the predicted 7(4'S,,) mass, and all the
masses of the 17(2010), n(2100), and 1(2190) are close to
the predicted mass range of the third radial excitation of the
7. Only the mass information of these states is insufficient
to classify them. The main purpose of this work is to
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discuss whether these reported pseudoscalar states can be
assigned as the members of the 4! S, meson nonet or not by
investigating their decay properties in the 3PO meson decay
model.

The organization of this paper is as follows. In Sec. II,
we give a brief review of the 3P, decay model (for a
detailed review, see e.g. Refs. [13—16].) In Secs. III and
IV, the decay widths of the 7(2070), n(2010), 1(2100),
1(2190), and 7(2225) as the 4'S,, gg state are presented.
The decay widths of the 4!, kaon are predicted in Sec. V,
and the summary and conclusion are given in Sec. VL.

II. THE P, MESON DECAY MODEL

The *P, decay model, also known as the quark-pair
creation model, was originally introduced by Micu [17]
and further developed by Le Yaouanc et al. [13]. The P,
decay model, which (in several variants) is the standard
model for strong decays, at least for mesons in the initial
state, has been widely used to evaluate the strong decays of
hadrons [18-27], since it gives a good description of many
of the observed decay amplitudes and partial widths of the
hadrons. The main assumption of the 3P, decay model is
that strong decays take place via the creation of a 3P,
quark-antiquark pair from the vacuum. The newly pro-
duced quark-antiquark pair, together with the gg within
the initial meson, regroups into two outgoing mesons in all
possible quark rearrangements, which corresponds to the
two decay diagrams shown in Fig. 1 for the meson decay
process A— B + C.
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FIG. 1. The two possible diagrams contributingto A — B + C

in the 3P, model.
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The transition operator 7 of the decay A — BC in the
3P, model is given by

T = =33 (im1 = ml00) [ #5555 + 5o

V(B P ool ol ()

where 7y is a dimensionless parameter representing the
probability of the quark-antiquark pair g;g, with JP¢€ =
|

|A(n2SA+lLAJAMJA)(ﬁA)> = V2E,4 Z

My, .Ms,

X ( ™__p
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0" " creation from the vacuum, and p; and p, are the

momenta of the created quark gz and antiquark g4, respec-
tively. ¢3*, w3?, and X . are the flavor, color, and spin
wave functions of the q3q4, respectively. The solid har-
monic polynomial Y7'(p) = |p|'Y(6,, ¢,) reflects the
momentum-space distribution of the ¢3g,.

For the meson wave function, we adopt the mock meson
JA(Z* " Lag,u, )(Py)) defined by [28]

<LAMLASAMSA|JAMJA>fd PA%ALAMLA (PA)XSAMS Pol?

m > >
—2 P, - pA)>, )
m1 + m2

where m, and m, are the masses of the quark ¢, with a momentum of p; and the anthuark q2 with a momentum of p,,

respectively. ny is the radial quantum number of the meson A composed of g g,. S A =5
is the spin of ¢; (g,), and L 4 18 the relative orbital angular momentum between ¢, and g,.

Jo=Ly+S45 54, (S3,)

mypy=mip;
m|+m2 :

q1, 112’

P, = py +P2,PA—
12

(LaM, SyMs |JoM, ) is a Clebsch-Gordan coefficient, and E, is the total energy of the meson A. X5 Mg > DA w}?, and
A

Un, L, My, (p4) are the spin, flavor, color, and space wave functions of the meson A, respectively. The mock meson satisfies

the normalization condition

The S matrix of the process A — BC is defined by

(BC|S|AY = I — 2mid(E, —

with

(BCIT|AY = 83(P, —

A Ly, YBDIAMG T Lag g, J(PL)) = 2E583(Py = P, 3)
Eg — EcXBCIT|A), “4)

_ ﬁc)mMJAM,BM,C’ (5)

MiMic can be

where MMiaMiMic g the helicity amplitude of A — BC. In the center-of-mass frame of meson A, MM

written as

MM/AMJBMJC(f)) = yBE EzE. Z

(LaMy SyMg |JaM; XLgM; SpMs, |JpM,; )

My, Mg My Mgy My ,Ms.,m
X <LCMLCSCMSC|JCMJC><1””1 - mlOO)(XSBMg XScMs |XSAMy /\/1 m>[f1 (P my, My, ms)

+ (_1)]+SA+SB+SCf21(_P1 my, my, mS)]) (6)

with f = (5o |d)

respectively, and

3ty and f, =(dF o)
> N I <
1(P, my, my, mj3) [d P¢nBLBMLB<m -

Whereﬁ:ﬁB:_ﬁc,ﬁ:

PB + p)¢"CLCMLC(

), corresponding to the contributions from Figs. 1(a) and 1(b),

mTPB + P)‘ﬂnALAML (Ps+ PV, ()

D3, and my is the mass of the created quark g;.

The spin overlap in terms of Wigner’s 97 symbol can be given by

<XSBM5 XScMs |XSAM5 X1t = > (SpMg, ScMs ISMgXSaMs, 1 — m|SMg)(—1)5c+!

S,Mg
72 Sa

X 43028, + D@Sz+ DESc+ Dy I 1 1t (8)
Sy Se S
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In order to compare with the experiment conventionally,
MMixMigMie (P) can be converted into the partial ampli-
tude by a recoupling calculation [29],

MBF) = ¥

My, .My Ms,M,;

(LM SMslJaM;,)

X (JpM T M, |SM )

x f dQY;,, MMMuMic(B). (9)

If we consider the relativistic phase space, the decay width
I'(A — BC) in terms of the partial wave amplitudes is

I'(A— BC) = | MES|2, (10)
4MA LS
2 2 2
Here P = |B| = NI (MB+MC) M2 — (M~ Mc)]’ and M,

Mg, and Mo are the masses qu mesons A, B, and C,
respectively.

The decay width can be derived analytically if the
simple harmonic oscillator (SHO) approximation for the
meson space wave functions is used. In momentum space,
the SHO wave function is

‘r//nLML(ﬁ) = Rigo(p)YLMI(Qp): (11)

where the radial wave function is given by

(—D" (="
B3/2

2n! <p) ~(p?/282 )LL+<1/2>< )
2
I'h+ L+ 2) B

12)

RSHO —

Here B is the SHO wave function scale parameter, and

LET0/ 2)(l’;—z) is an associated Laguerre polynomial.

The SHO wave functions cannot be regarded as realistic;
however, they are a de facto standard for many nonrelativ-
istic quark model calculations. Moreover, the more realis-
tic space wave functions, such as those obtained from
Coulomb, plus the linear potential model, do not always
result in systematic improvements due to the inherent
uncertainties of the 3P0 decay model itself [19,20,22].
The SHO wave function approximation is commonly em-
ployed in the 3P, decay model in the literature. In the
present work, the SHO wave function approximation for
the meson space wave functions is taken.

Under the SHO wave function approximation, the pa-
rameters used in the 3P, decay model involve the ¢g pair
production strength parameter y, the SHO wave function
scale parameter 3, and the masses of the constituent
quarks. In the present work, we take y = 8.77 and 8, =
Bp = Bc = B = 0.4 GeV, the values recently obtained
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TABLE I. Decays of the (2070) as the 4! S, isovector state in
the 3P, model.

Mode I' MeV) Mode I'; MeV)
pw 3.1 p 5.9
7(1300)p 52.0 p(1700)7 3.6
p(1450)7 1125 f2(1270)7 48.0
fo(1370)7 0.3 a,(1320)7n 8.8
ay(1450)n 5.1 KK* 8.5
K*K* 14.9 K;(1430)K 10.3
K3(1430)K 4.6

Ly = 277.6 MeV, Ty = 310710 MeV

by fitting 32 experimentally well-determined decay rates
with the 3P, decay model', and m, = m, = 0.33 GeV,
mg = 0.55 GeV [26]. The meson masses used to determine
the phase space and final state momenta are’> M, =
138 MeV, My =496 MeV, M, =548 MeV, M, =
958 MeV, M, =776 MeV, Mg =894 MeV, M, =
783 MeV, My = 1019 MeV, M, 30 = 1318 MeV,

MK;(1430) = 1429 MeV, Mf2(1270) =1275 MeV, Mf£(1525) =
1525 MeV, M7T(l300) = 1240 MGV, Mtlo(1450) =
1474 MeV,  Mgp0) = 1414 MeV, M 379 =
1370 MGV, Mp(1450) = 1459 MeV, Ma,(1420) =
1420 MeV, MK*(ISSO) = 1580 MeV, Mp(1700) =
1720 MeV, Mg+ 1630y = 1717 MeV, and My 1780) =
1776 MeV.

III. DECAYS OF THE 7(2070)

From (10), the numerical values of the partial decay
widths of the 7(2070) as the 4 isovector state are listed
in Table I. The initial state mass is set to 2070 MeV.

Table I indicates that the total width of the 77(2070) as
the 4'S,, isovector state predicted by the P, decay model
is about 278 MeV, consistent with the observation
(310710°) MeV within errors, and the dominant decay
modes are expected to be 7(1300)p, p(1450)7, and
f2(1270)7r. Also, in order to check the dependence of the
theoretical result on the initial state mass, the predicted
total width of the 7(2070) is shown in Fig. 2 as a function
of the initial state mass. Figure 2 shows that when the
initial state mass varies from 2035 to 2105 MeV, the total
width of the 41S,, isovector state varies from about 230 to

LOur value of y is higher than that used by Ref. [26] (0.505) by
a factor of /967, due to different field conventions, constant
factors in 7T, etc. The calculated results of the widths are, of
course, unaffected.

*The assignment of the K*(1410) as the 23S, kaon is problem-
atic [25,30]. The quark model [31] and other phenomenological
approaches [32] consistently suggest that the 2°S, kaon has a
mass of about 1580 MeV; here we take 1580 MeV as the mass of
the 23S, kaon [K*(1580)]. Also, we assume that the a,(1450),
K;(1430), and f((1370) are the ground scalar mesons as in
Refs. [23-25].
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FIG. 2. The predicted total width of the 7(2070) as the 415,
isovector versus the initial state mass.

320 MeV, generally in accord with the width range of the
7(2070). Both the mass and width of the 7(2070) are
consistent with the predicted 4'S0 isovector state, which
therefore suggests that the assignment of the 7(2070) as
the 415, isovector state seems plausible.

IV. DECAYS OF THE 2(2010), 5(2100), (2190),
AND 7(2225)

In the presence of the 1(2225), we shall discuss the
possibility of the 7(2010), 1(2100), or 1(2190) being
another isoscalar member. It is well known that in a meson
nonet, the two physical isoscalar states can mix. The mix-
ing of the two isoscalar states can be parametrized as

1n(x) = cos¢nii — singss,

(13)
1n(2225) = singpnii + cosess, (14)

where nii = (uii + dd)/~/2 and s5 are the pure 4'S,, non-

>
Q
=
g
%
9}
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strange and strange states, respectively, and 7(x) denotes
the 7(2010), 5(2100), or 17(2190).

According to (10), the partial widths of 7(x) and
1(2225) become, with mixing,

TP
ar ZI cosp MES_ .

n(x) LS

I'(n(x) = BC) =

— sinp MLS |2, (15)
TP . LS
['(n(2225) — BC) = WZl singg MLS_ .
1(2225) LS
+ cosp MES |2, (16)

Based on (15) and (16), the predicted total widths of the
7(2010), 5(2100), 1(2190), and 7(2225) are shown in
Fig. 3 as functions of the initial state mass and the mixing
angle ¢. From Fig. 3, one can see that, with the variations
of the initial state mass and ¢, only the measured widths of
the 7(2100) and 7(2225) can possibly be reasonably re-
produced in the 3P, model. We therefore suggest that the
assignment of the 7(2010) and 7(2190)) as the 4'S,, iso-
scalar states seems unfavorable. We shall focus on the
possibility of the 7(2100) being the partner of the
7](2225) Taklng M7](2100) = 2103 MeV and MT](2225) =
2240 MeV, we list the numerical values of the partial
decay widths of the 7(2100) and 7(2225) in Table IL
The variation of the theoretical total widths of the
7(2100) and 7(2225) with the mixing angle ¢ is shown
in Fig. 4.

From Fig. 4, we find that if the 7(2100)-7(2225) mixing
angle ¢ lies in the range from about —0.6 to +0.7 radians,
both the measured widths of the 7(2100) and 7(2225) can
be reasonably reproduced. In order to check whether the

Gamma MeV

Gamma MeV

FIG. 3 (color online). The predicted total widths of the 7(2010), 7(2190), 7(2100), and 7(2225) as the 4'S, isoscalar states versus

the initial state mass and the mixing angle ¢.
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TABLE II. Decays of the (2100) and 7(2225) as the 4'S,, isoscalar states in the *P, model. ¢ = cos¢, s = sin¢.

7(2100) 7n(2225)
Mode I'; MeV) I'; MeV)
pp 2.1¢? 1.4s2
Ww 0.9¢2 0.3s?
X0} 9.7s? 20.1¢?
a,(1320)7r 143.7¢% 158.852
ay(1450) 7 0.1¢2 4.552
KK* 7.4¢* — 15.0cs + 7.65> 14.4¢* + 12.7cs + 2.852
K*K* 15.4¢* — 13.4¢s + 2.952 0.8¢% — 6.6¢s + 13.652
KK;(1430) 8.8¢2 — 7.9¢s + 1.852 2.5¢2 —4.7¢s + 2.25%
KK;(1430) 7.7¢% — 31.1cs + 31.352 69.4¢% + 91.9¢s + 30.45%
KK*(1580) 5.4c¢* + 17.2¢s + 13.652 90.7¢> — 158.1cs + 68.952
KK*(1680) 1.6¢% — L4cs + 0.3s?
iy = 191.5¢% — 50.2¢s + 66.952 Ly = 199.4¢% — 66.2¢s + 283.252
Fexpe = 187 =775 Lexpe = 190 = 3058

possibility of —0.6 = ¢ = +0.7 radians exists or not,  be related to the matrix M? by the unitary matrix
below we shall estimate the 7(2100)-71(2225) mixing
angle phenomenologically. cos¢p —sing
In the n#n and 55 bases, the mass-squared matrix describ- U= ( sing  cose )
ing the 1n(2100) and 7(2225) mixing can be written as

(33,34]
M2 0
ae — [(Ma 24, V2A,X a7 umrut =< ’78‘(’0) " ) (18)
V24,X MY+ AXE) n(2225)

nit is the orthogonal partner of the 7(41S,), the isovector
state of the 4150 meson nonet, and one can expect that nn
degenerates with 7(41S,) in effective quark masses; here

where M,; and M ; are the masses of the states ni and s5§,
respectively, A,, denotes the total annihilation strength of
the gg pair for the light flavors u and d, and X describes the we take M, = Mw(4'so) — M 070 With the help of the

SU(3)-breaking ratio of the nonstrange and strange quark s 5
masses via the constituent quark mass ratio m,/m;. The Gell-Mann-Okubo mass formula M(; = 2MK(4‘SO) — M

masses of the two physical states 17(2100) and 1(2225) can  [35], the following relations can be derived from (18),
|

2 2 2 2 — 2 2 2 2 2
8X M5 ~ Miorg)” = WM = 2 = XM q0) = (25 XM 510
— Y2 2 2 2 _ 2
X [(2 = XM gy + (2 + XM ) = 4M% ] (19)

Gamma MeV

300
eta2225

250
FIG. 4 (color online). The predicted total widths of the 17(2100)
and 7(2225) as the 45, isoscalar states versus the mixing angle
®.
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100 eta2100

15 -1 -0.5 05 1 1.5 PhiRadian

054013-5



DE-MIN LI AND SHAN ZHOU

PHYSICAL REVIEW D 78, 054013 (2008)

2 _ 2 2 2 _ 2 2
A = (MU(2225) 2]‘41((415[]) + M7T(2070))(M‘r](2100) 2M]((41S0) + M7T(207())) 20)
m ) — 5) 5) .
2M 5g70) — Mg so)) X

If the SU(3)-breaking effect is not considered, i.e., X = 1,
relation (19) can be reduced to Schwinger’s original nonet
mass formula [36]. Taking X = m,/m; = 0.33/0.55 =
0.6, from (19) and (20) we have

Myus,) = 2153 GeV, A, =007 GeVZ (21

Based on the values of the above parameters involved in
(17), the unitary matrix U can be given by

_(cos¢p —sing) _ (+0.995 —0.104
U_(sin¢ cos¢) <+0.1o4 +0.995>’ (22)

which gives ¢ = +0.1 radians, just lying in the range from
about —0.6 to +0.7 radians. From Table II, this estimated
mixing angle leads to Iy, (7(2100)) = 185.2 MeV and
[y (1(2225)) = 193.7 MeV, both in good agreement
with the experimental results. The 17(2100) and 7(2225),
together with the 7(2070), therefore appear to be the
convincing 4'S, states.

V. DECAYS OF THE 4!S, KAON

The above two sections show that in the presence of the
m(2070), 1(2100), and 7(2225) belonging to the 415,
meson nonet, the total widths of these three states can be
naturally accounted for in the 3P, decay model, and the
415, kaon is expected to have a mass of about 2153 MeV
by the mass formula (19). Below, the K(2150) denotes the
41S, kaon. We note that the K, K(1460),> K(1830), and
K(2150) approximately populate a common trajectory, as
shown in Fig. 5. The quasilinear trajectories at the (n,
mass-squared) plots are able to describe the light mesons
with a good accuracy [12]. Figure 5 therefore indicates that
the K(1460), K(1830), and K(2150) could be good candi-
dates for the 2'S,, 3'S,, and 4'S,, kaons, respectively.

The K(2150) is not related to any current experimental
candidate. The predicted decay widths of the K(2150) are
listed in Table III. The initial state mass is set to 2153 MeV.
The total width of the K(2150) is predicted to be about
197 MeV, and the dominant decay modes of the K(2150)
are expected to be K3(1430)7, K*(1580) 7, p(1450)K, and
a,(1320)K. These results could be of use in looking for the
candidate for the 4'S,, kaon experimentally.

VI. SUMMARY AND CONCLUSION

With the assignment of the 77(2225) recently observed
by the BES Collaboration as the s5 member of the 4!S,
meson nonet, the possibility of the 77(2070), 7(2010),

*The K(1460) mass is taken to be 1400 MeV, as reported by
[37].

|

1(2100), and 7(2190) being the 4'S, ¢g states is dis-
cussed. With respect to the 7(2070), its assignment to
the 415, isovector state is favored not only by its mass,
but also by its width. The assignment of the 17(2010) and
1(2190) as the 45 isoscalar states is not favored by their
widths. Both the widths of the n(2100) and 1(2225) can be
reasonably reproduced with the mixing angle lying in the
range from about —0.6 to +0.7 radians. The assignment of
the 7(2070), n(2100), and 75(2225) as the members of the
41S, meson nonet not only leads to the 1(2100)-1(2225)
mixing angle being about +0.1 radians, which naturally
accounts for the widths of the 7(2100) and 1(2225), but
also shows that the 4'S, kaon has a mass of about
2153 MeV. The K, K(1460), K(1830), and K(2150) ap-
proximately populate a common (2, mass-squared) trajec-
tory. We tend to conclude that the observed pseudoscalar
states 77(2070), 1(2100), 1(2225), together with the un-
observed K(2150), appear to be good candidates for the

GeVv? Mass?
6 L

5,

n
/ 2 3 4 5
K496

FIG. 5. The (n, mass-squared) trajectory for the K.

TABLE III. Decays of the K(2150) as the 4'S, isodoublet in
the 3P, model.

Mode I'; MeV) Mode I' MeV)
pK 3.9 wK 1.3
dK 1.3 pK* 0.08
wK* 0.04 dK* 12.0
7K* 4.5 nK* 1.5
n'K* 0.09 K5 (1430)7r 1.6

K;(1430)7 29.7 K*(1580)7 34.5
K*(1680) 7 2.5 K;(1780) 7 1.0
7 (1300)K* 6.3 p(1450)K 42.8
w(1420)K 14.6 a,(1320)K 26.7
f»(1270)K 9.9 f51525) K 2.9

Ty = 197.2 MeV
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members of the 4!S; meson nonet. The K(2150) width is
predicted to be about 197 MeV, and the dominant decay
modes of the K(2150) are expected to be K;(1430)m,
K*(1580)7, p(1450)K, and a,(1320)K. These results
could be of use in looking for the candidate for the 4'S,
kaon experimentally.
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