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Strange axial-vector mesons
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The strange axial-vector mesons K& (1270) and K& (1400) are reanalyzed in the light of the updated ex-
perimental information and compared with the recent result on the E~m production in ~ decay. The
mixing angle between the strange mesons of I'& and 'I'& is determined by the partial decay rates, and, in-

dependently, by the masses. They lead to 0& =33' or 57. The observed K& (1400) production domi-
nance in the ~ decay favors Hz =33'. Flavor-SU(3) breaking of 20% or so in the production amplitudes
can explain quantitatively the observed production ratio.

PACS number(s): 14.40.Ev, 13.25.+m, 13.35.+s, 13.60.Le

I. INTRODUCTION

The TPC/Two-Gamma Collaboration [1] recently ob-
served that K~m production in ~ decay is dominated by
the K&(1400) meson with little evidence for K&(1270). It
has been known [2,3] that, qualitatively speaking, they
decay as

K i (1270) +Kp-
~K'~

K, (1400)—+K 'm

~Kp .

This decay pattern immediately suggests that K, (1270)
and K&(1400) are approximately the 50—50 mixtures of
the strange members of two axial-vector SU(3) octets P&
and 'P, . Carnegie et al. [4] actually obtained the mixing
angle Oz =(41+4)' as the optimum fit to the data as of
1977. Theoretically, if the I =

—,
' members of the two oc-

tets are degenerate before mixing, SU(3)-symmetry break-
ing always leads to the maximal mixing Ox =45' [5,6].
However, the recent Knur data of the TPC/Two-Gamma
Collaboration appears to contradict this simple picture:
If the mixture were 50—50, production of K&(1270) and
K&(1400) would be one to one up to the kinematical
corrections since in the SU(3) limit only the linear com-
bination [K&(1270)+K&(1400)]/&2 would have the right
quantum number to be produced in the w decay. After
the phase-space correction, K&(1270) production would
even be favored over K&(1400) production by nearly a
factor of 2.

The purpose of this report is to redetermine the mixing
angle Oz from the latest experimental information on the
masses and the partial decay rates and then to compare
the result with the recently observed K& production in ~
decay. The K

&
masses and decay branchings point

to Oz =33' or 57 . However, the observed
K

&
(1270)/K

&
(1400) production ratio favors gz —33',

though some SU(3)-symmetry breaking effect is needed to
obtain a good quantitative agreement between theory and
experiment. In fact, contamination by SU(3) breaking as

much as 20% in the K& production amplitudes can ex-
plain the observed K, (1400) dominance.

II. MIXING ANGLE

There are two ground-state axial-vector nonets (1+8)
in the quark model. One is the P& state and the other is
the 'P, state of the quark-antiquark pair. If the meson
states are represented in the 3 X 3 matrix or tensor, they
transform under charge conjugation as

M, ( P, )~Mb( P, ),
M, ('P& )~—Mt', ('P& ) (a, b =1,2, 3) .

(2.1)

Since the weak axial-vector current transforms as
(Js„),~(Js„)b under charge conjugation, only the P,
states can be produced through the weak axial-vector
current in the SU(3) symmetry limit.

An interesting feature of the axial-vector mesons is
that their strange members of P, and 'P, can mix with
each other through SU(3) breaking of I = Y=O. This
mixing can be large if P, and 'P] are nearly degenerate
in the symmetry limit. The magnitude of mixing can be
determined from two sources; the partial decay rates of
the K& mesons and the masses of the axial-vector nonets.

A. Branching ratios

K&(1470)~K* rt(94+6)0002 (p, =401 MeV)

~Kp (3.0+3.0)0002 (p, =300 MeV)

I „,=(174+13) MeV .

Hereafter we will denote the E& of P, by K, and the K&

The result from the most recent compilation of the
data [7] is listed below:

K&(1270)~Kp (42+6)0002 (p, =71 MeV)

~K*vr (16+5)0002 (p, =299 MeV)

I „,=(90+2) MeV .
(2.2)
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of 'P, by Kb, meaning that K, and Kb are the strange
partners of a, (1260) and b, (1235), respectively. By C in-

variance, the couplings of K, and Kb to the 1 octet and
the 0 octet are obtained by antisymmetrizing and sym-
metrizing the two octets, respectively:

HI„=(f, /2)(Kp mK—'+Kgs g—sK*)K, , (2.3)
T

2

II(b)
int b (Kp+mK*)

2 5

2 5
(K$8+risK*) Kb .

The mixing between K, and Kb is parametrized as

(2.4)

X

FIG. 1. Four sets of solutions for x and 0~.

K, (1400)=K, cosO» Kb sin—O»,

K, (1270)=K, sinO»+Kb cosO»,
(2.5)

The d-to-s-wave decay ratio is 0.04+0.01 for the decay
K, (1400)~K "m. and l.0+0.7 for the decay
K, (1270) +K *m. — The d-to-s-wave ratio for
K, (1270)~K'n appears to be large, but uncertainty is
also large. We are sure that at least the decay
K, (1270)~Kp must occur in the s wave because of its
tiny phase space. For K, (1270)~K "m., the branching ra-
tio of Eq. (2.2) sets an upper bound on its s-wave decay
contribution. By making the s-wave phase-space correc-
tion, we can impose constraints on the coupling ratio
fb/f, and the mixing angle 8». From the ratio of the
phase-space-corrected branching ratios B(K, ~K 'm )

and B(K&~Kp), we obtain

—x tanO&
v'5

3
+x tanO~ 0 21+0.08

(2.6)
3xtanO»—

5

3x
tanO» +

5
=0 21+ '

There are eight sets of solutions for x and 8» (see Fig. 1):

(a) 8» =(33+2)',

(b) 8» =(45+6)',

(c) 8» =(57+,')',

(d) 8» =(45, ),

0 75+0.18

14+0.13

=0.74+0.08

0 48+0.08

(2.7)

and four more sets of solutions (a')—(d') where the signs of
both x and 8» are fiipped in (a)—(d). The solutions
(a')—(d') are physically indistinguishable from the solu-
tions (a)—(d). Therefore, hereafter we keep only the solu-
tions (a)—(d) by choosing the convention 0 &8» &90'.
Since the world averages of data from the Particle Data
Group compilation [3] have been used here, in estimating

I

uncertainties in Eq. (2.7) we have treated the errors quot-
ed for the branching ratios as uncorrelated.

B. Mass formulas

Both the P, and 'P, states form an octet and a singlet.
For the vector mesons ( S, ) and the tensor mesons ( P2 ),
the singlet and the I = Y=-0 component of the octet
mix with each other approximately by
8& s=arctan(1/&2)=35' and lead to the ideaily mixed
mass eigenstates ( uu +dd ) /&2 and —ss. Then one of
the I= Y=O meson decays into nonstrange mesons while
the other decays into final states containing KK. The
ideal mixing seems to occur for the P1 and 'P, nonets as
well: The h, (1170) state with J =1+ and I=O decays
predominantly into pm, while h &(1380) with same quan-
tum numbers decays into KK and KK *. For
P„f,(1282) decays predominantly into 4m and rime. ,

while there are two candidates for the —ss state, f, (1415)
and f, (1510), both of which decay into resonant and/or
nonresonant KK~. When a singlet and an I = Y=O
member of octet mix ideally, they obey the mass formulas

m (I = 1)+m (I =0; —ss)=2m (I = —,'),
m (I=1)=m (I =0;(uu+dd)/&2) .

(2.8)

These formulas assume a little more than group theory of
SU(3) alone; for instance, SU(6) of spin-fiavor symmetry
[8,9] or equivalently the static quark model. Both rela-
tions are satisfied with a good accuracy for the vector and
tensor nonets. In the case of the axial-vector mesons, the
proximity of a, (1260) and f, (1282), and, to a lesser de-
gree, that of b&(1232) and h &(1170) are consistent with
the second mass formulas of Eq. (2.8). By using the first
mass formulas of Eq. (2.8), we are able to determine the
masses of the I =—,

' members in the absence of 3P&-'P&

mixing, i.e., the masses of K, and Kb ..

m (K, )=[(1260 +1415 )/2]'~ =1340 MeV with f&(1415)

=[(1260 +1512 )/2]'~ =1392 MeV with f&(1510),

m (Kb ) = [(1232 + 1380 )/2]'~ =1308 MeV .
(2.9)
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After mixing occurs between K, and K&, the two mass eigenstates to be identified with K, (1270) and K, (1400) must
obey the center of-grauity relation

m (K, (1270)}+m (K, (1400))=m (K, )+m (K&), (2.10)

which follows from diagonalization of the 2X2 mass matrix of K, —Kb. By substituting m (Kb)=1308 MeV from Eq.
(2.9), we find with Eq. (2.10) m (K, ) =1365 MeV, which does not agree with either the predicted K, mass 1340 MeV
from f, (1415) nor with 1392 MeV from f, (1510). It is halfway between them. This probably suggests that these two

f, states are linear combinations of the quark-antiquark state —ss and some extra or exotic state such as a four-quark
state or a glueball. We take this interpretation and proceed in our analysis, though this interpretation is not really
needed for our numerical analysis that fo11ows.

Diagonalization of the E, —E& mass matrix gives us the relation between the mixing angle Oz and the mass
differences:

tan 28»= [[m (Ki(1400))—m (Ki(1270))]/[m (K, )
—m (Kb)]] —1 . (2.11)

This gives 8» =32' or 58'. It should be remarked that 8» =45' would require m (K, )=m(K& ) by Eq. (2.11). Among
the four sets of solutions from the partial decay rates, the two solutions are selected by the masses:

(a) 8» =(32+ )' x =0 75+ ''

(c) 8»=(57+ )' x =0 74+
(2.12)

We can estimate the ratio of the rates for the main decay modes: K, (1400)~K*m. and Ki (1270)~Kp. We find, for all
four sets of solutions,

I (K, ( 1400)~K *
ri ) /I (K, ( 1270 )~Kp ) =5.6 (2.13)

with a typical error of about +1.0, as compared with the experimental value 4.3+1.2. Since the total decay widths
vary fairly widely from one experiment to another, we have not included this information in fitting Oz. Unfortunately
we cannot resolve with this ratio the twofold ambiguity of the values for x and Oz, We will see below, however, that
the K, (1270)/K, (1400) production ratio in the r decay can resolve it.

III. PRODUCTION RATIO OF K, (1400) AND K, (1270)

If the K, production amplitudes are perfectly SU(3) syminetric, only K, is produced. Making the kinematical correc-
tions by use of the decay-rate formula

I (r~vK& )=(GP V„, ~ f»i/16')(m „+2m»i )(m, —m»i) /m, m»i,
we find

I (r~ vK, (1270))
=tan 8» X(phase space and kinematical factors)I r~vK, 1400

0 76+o ii fol 8»=(33+2)

4 3+ for 8 =(57+ )

(3.1)

(3.2)

For Oz =45, this ratio would be 1.8. This clearly shows
how important accurate determination of Oz is for com-
paring experiment with theory. The preliminary data
from TPC/Two-Gamma Collaboration show a signal of
K i (1400) production but little evidence for

K i (1270) pro-
duction. In light of this experiment the solution Oz =33'
is definitely favored over the solution 6jz =57. To ex-
plain the Ki(1400) production dominance, however, it is
necessary to take account of SU(3) breaking in the pro-
duction amplitudes. The first-order SU(3)-symmetry
breaking can flip the SU(3) charge conjugation property
of the strange weak current. The simplest way to
parametrize such a breaking effect phenomenologically is
to postulate that instead of just E„ the linear combina-
tion

(3.3)

is produced in the ~ decay. The parameter 5 is a complex
number in general, but similarity of the P, and 'P,
states in the static quark model makes it more likely that
6 is a real number or close to it. Then the production ra-
tio of Eq. (3.2) is modified into

I (r~vK, (1270)} sin8» —5cos8»= 1.8 . , (3.4)I (r~ vK, (1400)) cos8»+5 sin8»

where the numerical factor 1.8 in front of the right-hand
side is the phase space and other kinematical corrections
based on Eq. (3.1). The production ratio is now very sen-
sitive to the value of 5. Since there is no reason to expect
that SU(3) breaking is abnormally enhanced in the axial-
vector meson production, the magnitude of
~5~ =O((m, —m„)/(m, +m„)}=0.25 is considered as
normal. In the static limit of the quark model, the pa-
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10— with the nonet ansatz of Okubo [10], this coupling can be
related to fb. If we use this relation, we find

I (Kt(1400)~K')/I (Kt(1400)~Kp)

x tanO&
5 —x tanO~

2

/3

-0.3 -0.2 -0.1 0.1 0.2

1.3 for O+ =33
2. 8 for O~=57' . (4.1)

5
FIG. 2. The K&(1270)/K&{1400) production ratio plotted

against 6 for 0& =33' and 57 .

rameter 5 is actually calculable and takes a very simple
form

~5~ =(m, —m„)/&2(m, +m„) .

With this value of
~
5

~
and Ox. =33,

I (r vK, (1270))/I (r vK, (1400))

0.32 for 6=0.18,
1.6 for 5= —0. 18 .

(3.5)

(3.6)

IV. CONCLUDING REMARKS

When the mixing angle Oz and the coupling ratio
fb/f, ( =x) are determined from the decay branching ra-
tios in Eq. (2.7), generous errors have been attached.
However, we have quoted no errors when Oz is deter-
mined from the mass formulas. It is because the mass
formulas of Eq. (2.8) involve, in addition to the relatively
small experimental uncertainty in the axial-vector meson
masses, theoretical uncertainties which are not easy to es-
timate. We have used the mass formulas for the purpose
of selecting right solutions out of those which are allowed
by the branching ratios alone.

The decay mode K, —+%co has been observed for both
K, (1400) and K, (1270). The 'P, octet has an SU(3)-
allowed coupling to the vector singlet and the pseudosca-
lar octet. Most generally, this coupling constant is in-
dependent of fb. However, in the naiue quark model or

Therefore, if the SU(3) symmetric and breaking ampli-
tudes interfere destructively for K, (1270), the experimen-
tal data on the K, production [I] are fully consistent with
the theoretical expectation. The ratio of Eq. (3.4) has
been plotted against 6 for Oz =33 and 57' in Fig. 2.

The experimental data are 8 (K& (1400)~Kryo)
=(1.0+1.0)% and 8(K (1400)~Kp)=(3.0+3.0)%. It
might appear that Eq. (4.1) slightly favors 8=33' over
O=57, but the experimental uncertainties are too large
to draw any conclusion. For KI(1270), the decay rates
are very sensitive to the shape of the resonance because
the Q value is virtually zero or even negative if one sub-
stitutes the peak values of resonances. In terms of the de-
cay couplings, the prediction is

f(K I ( 1270)~K ca ) /f (K I ( 1270)—+Kp )

v'S
x + tanO~

3

0.61 for O~ -33',
0.40 for O~ =57 (4.2)

while 8(K, (1270)—+Kco)=(11+2)% and 8(K, (1270)
~Kp) = (42+6)% have been observed. For
K, (1270)~K', the coupling ratio of 0.40 for Ox =57'
seems to give too small a branching ratio:
8(K&(1270) +Kto)/8(KI(1270—)—&Kp) (0.05. This
may be regarded as another evidence in favor of the solu-
tion (a) over (c) and actually over all other solutions.

ACKNOWLEDGMENTS

I thank Michael T. Ronan for bringing the TPC/Two-
Gamma Collaboration data to my attention. This work
was supported in part by National Science Foundation
under Grant No. PHY90-21139 and in part by the Direc-
tor, Office of Energy Research, Offi of High Energy and
Nuclear Physics, Division of High Energy Physics of the
U.S. Department of Energy under Contract No. DE-
AC03-76SF00098.

[1]TPC/Two-CJamma Collaboration, LBL Report No. LBL-
32377, 1992 (unpublished) ~

[2] G. W. Brandenburg et al. , Phys. Rev. Lett. 36, 703 (1976).
[3] R. K. Carnegie et a!., Nucl. Phys. B127, 509 (1977).
[4] R. K. Carnegie et al. , Phys. Lett. 68B, 289 (1977).
[5] E. W. Colglazier and J. L. Rosner, Nucl. Phys. B27, 349

(1971).

[6] H. J. Lipkin, Phys. Lett. 72B, 249 (1977).
[7] Particle Data Group, K. Hikasa et al. , Phys. Rev. D 45,

S1 (1992).
[8] F. Cxursey and L. A. Radicati, Phys. Rev. Lett. 13, 173

(1964).
[9] B. Sakita, Phys. Rev. 136, B1756 (1964).

[10] S. Okubo, Phys. Lett. 5, 165 (1963).


