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Properties of the strange axial mesons in the relativized quark model
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We study properties of the strange axial mesons in the relativized quark model. We calculaiedibeny
constant in the quark model and show how it can be used to extrad(i#®;) — K,(*P;) mixing angle
(6k) from the weak decay—K;v,. The ratioB(r— v,K;(1270))/B(7— v,K1(1400)) is the most sensitive
measurement and also the most reliable since the largest of the theoretical uncertainties factor out. However,
the current bounds extracted from the TPC/Two-Gamma Collaboration measurements are rather weak: we
typically obtain —30°< 6,=<50° at 68% C.L. We also calculate the strong OZI-allowed decays in the pseu-
doscalar emission model and the flux-tube-breaking model and extf-4P; mixing angle of 6, =45°.
Our analysis also indicates that the heavy quark limit does not give a good description of the strange mesons.

PACS numbsgs): 13.25.Jx, 12.39.Jh, 12.39.Ki, 12.39.Pn

I. INTRODUCTION mate offy . In Sec. IV we study the strong decay properties
of these states using the pseudoscalar emission ri@dahd
The strange axial mesons offer interesting possibilities fothe flux-tube-breaking mod¢B] and use the results as an-
the study of QCD in the nonperturbative regime through theother way of measuring théP;-'P; mixing angle. When
mixing of the 3P, and P, states. In the S(3) limit these  appropriate, we examine the nonrelativistic and heavy quark
states do not mix, just as tkg andb, mesons do not mix. limits to gain insights into the underlying dynamics_. Various
For a strange quark mass greater than the up and down quafRPects of the phenomenology of the strange axial mesons
masses, S(3) is broken so that théP; and ‘P, states mix have alsq been studied by Suzuki in a series of recent papers
to give the physicalK, states. In the heavy quark limit, [9,10], using approaches complementary to ours.
where the strange quark becomes infinitely heavy, the light
quark’s spin couples with the orbital angular momentum re- Il. THE K; MASSES AND °P;—'P; MIXING
sulting in the light quark having total angular momentum

1= 5 in one state angi= zin the other state, each state hav- o|ativized quark model6,7]. The spin-orbit contributions,
ing distinct propertie1—3]. By studying the strange axial i, particular, will be important in understanding tHe,-
mesons and comparing them to the heavy quark limit, on&p. mixing. The model is not derived from first principles
might gain some insights about hadronic properties in thgyt is rather motivated by expected relativistic properties.
soft QCD regime. Although progress is being made using more rigorous ap-
Recently, the TPC/Two-Gamma Collaboration has preproaches, the relativized quark model describes the proper-
sented measurements for the decays-v,K; (1270) and ties of hadrons reasonably well and presents an approach
7~ — v, K] (1400) [4]. It is expected that the LEP, CLEO, which can give insights into the underlying dynamics that
and BES Collaborations, with their large samples’sf will ~ can be obscured in the more rigorous approaches.
be able to study these decays in further deftajl These The basic equation of the model is the rest frame
decays provide another means of studyii®y-'P, mixing  Schralinger-type equation. The effective potential,
of the strange axial mesons in addition to using their partiak/qa(ﬁ,F), is described by a Lorentz-vector one-gluon-
decay widths and masses. exchange interaction at short distances and a Lorentz-scalar
In this paper we study the properties of the strange axiafinear confining interactiorV,3(p,r) was found by equating
. C. qq\ M
mesons in the context of the relativized quark mdde¥].  the scattering amplitude of free quarks, using a scattering
We compare the experimental measurements to the predigane| with the desired Dirac structure, with the effects be-
tions of the model to extract théP,-'P; mixing angle  yyeen bound quarks inside a hadrftt]. Because of the
(6k). Comparing both the experimental measurements angh|ativistic effects, the potential is momentum dependent in
model results to various limits helps in understanding theyqgition to being coordinate dependent. The details of the
nature of QCD in thesoftregime. model can be found in Ref6]. To first order in ¢/c)?,

We begin in Sec. Il with a brief description of the relativ- ,, > - s
ized quark model and a description of tAE,- 1P, mixing. Vgq(p,r) reduces to the standard nonrelativistic result

By comparing the mass predictions of the quark model to the
observedK; masses we obtain our first estimate fiy. In

Sec. lll we calculate th&; decay constants using the mock-
meson approach and use the results to obtain a second edibere

In this section we give a very brief description of the

e >\ __ pyconf cont ten SO
qu(p,r)—>V(r)—an +an +an+an, (1)
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includes the spin-independent linear confinement andnent of theK; mass matrix as a free parameter. Diagonaliz-
Coulomb-like interaction, ing theK ;-K}, mass matrix gives the relation betwegnand

the mass differences:
8m ay(r) .

HE= — -§58%(r)Fq-Fg &) M(K4)— M(K
aq 3 mgmg @ a’’ta c0S2, — (Ka) —M(Ky) (10
M(K1(1402)—-M(K4(1273)
is the color contact interaction,
with correspondind<; masses
ry1(3SrS¢r - - |- -
- oo S| s, q}Fqu @ | Sir?26¢
MgMg ¥ r Mlow:MbC0§9K+MasmzeK_(Ma_Mb)M,
is the color tensor interaction, )
_ Shd
| SO_ |4SOACM) | |,SQTP) ®) Mhigh:Mb5|r‘20K+Ma00§6K+(Ma_Mb)m-
qa_ ''qq qq K (11)

is the spin-orbit interaction with . )
Solving givesfy==*=41°. Note that degenerat¢, and K,

alr)| § g §q & masses will always result in a mixing angle af45° [12].
Higc’\")z _ 53 ( ! —+ Cl —+ —+ = [[fq. [fa Thus, the value we obtain fafx is more a reflection of the
r- \MgMg MgMg my  mg near degeneracy of the model's prediction fdr_ and

6) Mg, than anything else and one should not read too much
its color magnetic piece arising from one-gluon exchangdnto the value we extract here.

and
Ill. WEAK COUPLINGS OF THE Kj's
conf/ & =
HSOATP _ _ i IHgq qu+ = L (7) We use the mock-meson approach to calculate the had-
a4 2r or \my mg ronic matrix element$6,13—17. The basic assumption of

the mock-meson approach is that physical hadronic ampli-
the Thomas precession term. In these formulastudes can be identified with the corresponding quark model
(ﬁq.ﬁa>: —4/3 for a meson ana(r) is the running cou- amplitudes in the weak binding limit of the valence quark
pling constant of QCD. approximation. This correspondence is exact only in the limit
For the case of a quark and antiquark of unequal mass, th@f zero binding and in the hadron rest frame. Away from this
3p, and 1P, states can mix via the spin-orbit interaction or limit, the amplitudes are not, in general, Lorentz invariant by
some other mechanism. Consequently, the physjeal terms of orderp?/mi. In this approach the mock meson,
states are linear combinations 8P; and *P; which we  which we denote b, is defined as a state of a free quark
describe by the mixing and antiquark with the wave function of the physical meson,
M:
K iow) = (*P1) "cost+ (3Py) *sind=K; cos9+ K ; sing,

M(K))=\2My | d3p ®y(p)xsstaq
Kﬂhigh)z—(1P1)+Sin9+(3P1)+C059 | ()> MJ p M(p)Xss¢qq¢color

=—K, sing+K; cos. (8) X|q[(mg/ 1)K+ p,slal(mg/w)K—p,S]),
The Hamiltonian problem was solved using the following (12
parameters: the slope of the linear confining potential is 0.1§ 1ore ¢

GeV?, my=my=0.22 GeV, andn,=0.419 GeV. The result-
ing masses of the unmixed states are

M(|5), Xss» Pqg, and ¢eoor are momentum, spin,
flavor, and color wave functions, respectively,=m,
+mg, K is the mock-meson momenturlly; is the mock-
M(K,)=1.37 GeV, M(K,)=1.35GeV. (99 ~ Meson mass, ang2My is included to normalize the mock-
meson wave function. To calculate the hadronic amplitude,
We expect these values to be reasonable estimates as fif physical matrix element is expressed in terms of Lorentz
model’s predictions for the C|ose|y re|ata(ij and bl masses covariants with Lorentz-scalar coefficiemds In the simple
are consistent with the experimental measurements. In thiggses when the mock-meson matrix element has the same
model spin-orbit mixing results iW,=—5° [3] but thek,;  form as the physical meson amplitude, we simply take
masses remain the same within the given numerical preciA.
sion. These mixed masses and the mixing angle are not con- In the case of interest, the axial meson decay constants are
sistent with the measured values. expressed as:
We can obtain a phenomenological estimat@by con- ]
sidering the 22 matrix relatingk, andK, to the physical — > ' z
Ky's. V\glJe do not make any asgur;ptionsbabout trrl)eyorigin of (0lay*(1=y5)aIM(K,1))= (277)372fK16M(K’7‘)'
the 3P;-1P; mixing and treat the off-diagonal matrix ele- (13
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wheree“(lz,)\) is the K, polarization vector andiKl is the 1m 2.6 . dp (. 3
appropriateK,; decay constant. To calculate the left-hand iy Pl)_+TVMK1f 2m' gx P (P)
side of Eq.(13), we first calculate o
Eq+mg| [ Eg+mg
Xp
_ oL . . 2E, 2E5
(0lay*(1—ys)alal(mg/u)K+p,slal(mg/w)K—p,s]),
(14) 1 1
X -], (15
Eqtmg  Egtmg

using free quark and antiquark wave functions and weighfyhere ¢, (p) is the radial part of the momentum space
the result with the meson’s momentum space wave function. !

There are a number of ambiguities in the mock-mesorfv@ve function E,= |p[?+mg andEq= |p|2+m§—. In the
approach and different prescriptions have appeared in theU(3) limit, only K, couples to the weak current.
literature. For example, there are several different definitions With the definition off. given by Eq.(13), the partial
for the mock-meson mas$A\,) appearing in Eq(12). To be  width for 7—— K, v, is given by
consistent with the mock-meson prescription, we should use

the mock-meson mass defined(&,) +(Eg). However, be- GE|Vud?fg m2 1 on
cause it is introduced to give the correct relativistic normal- F(r=Kyvy) = — e (1-m, /m)

ization of the meson’s wave function, the physical mass is Ky

another, perhaps more appropriate, definition. The second ><(1+2m§l/m§). (16)

ambiguity is the question of which component of the four-

vector in Eq.(13) we should use to obtaiﬁKl. In principle, o

it should not matter as both the left- and right-hand sides of A. The nonrelativistic limit

Eq. (13) are Lorentz four-vectors. This is true in the weak |t is useful to examine th&; decay constants in the non-
binding limit where binding effects are totally neglected, butrelativistic limit, where their qualitative properties are more

in practice, this is not the case. We follow R¢1L3] and transparent. In this limit, the axial-vector meson decay con-
extracthl using the spatial components of Ed.3) in the  stants become

limit K— 0. Finally, evaluating Eq(14) introduces factors of

~m; /E;. While some prescriptions take the expression de- ¢ (3p )= — [TV i+ 1| /3 dRe(r)
rived from Eq.(13) only as a guideline and introduce powers Kt T K1 5 87 or
of ~(m, /E;) € with € an arbitrary power, we chose to use the

expression exactly as derived from Ed.3). The different 1 1 3 9Re(r)
prescriptions are described in greater detail in RéB] fr.(*Py)=6Mg| — — — N —P ,
which calculated the pseudoscalar decay constdpis (We ! Mg Mg 8w or r=0

will follow the approach taken there and use the variations in a7

prescriptions as a measure of how seriously we should take ) . )
our results. In our results we, therefore, use the “exact” ex-WhereRp(r) is the radial part of the coordinate space wave

mass Mpyg. Variations in the mock-meson normalization ﬂ]('fe(i }El| ggetn sttates, th.e deé:ay constants for the mixed
result in variations in‘Kl of at most 20%. Results using the )= lus) states are given by

physical mass lie in the middle of the range so that we expect 1 1 1 1)\
uncertainties introduced by takindy=M p,,sto be no more ™ A (m__ m cod— 2 ot m sinf |,
than~10%. As in Ref[13], fx was most sensitive to the v v
wave function used. Here, we use the sets of wave functions 1 1)\ 1 1
that gave the best agreement with experimentffoin Ref. Knigh™ [(m__ H) sind + 2 m—+ . coY |,
[13]. We choose two possibilities, one which underestimated u s Y s (18)
fx and one which overestimated it. We would expect these
choices to likewise bound the actual value of ﬂp@. where we have defined
The expressions we obtain ftf)pg1 are given by
A= JoMz| A/= SRe(r) 19
VMR Ngr a0 @
Capy_ 43 dp [ [3 "~
K, (P =~ 3 VMg, (27)372 : ﬂd’Kl(p) In the SU3) limit, le(lPl) explicitly goes to zero and
E E-tme) 112 only the 3P, state couples to the weak current. Tiig cou-
Xp qt Mg qt M pling therefore goes like the $B) breaking (ng—my).
2E, 2Eq
% 1 + 1 , INote that the sign change going from Eg7) to Eq.(18) comes
Eqtmg  Egtmg from the phase in th&* flavor wave function.
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TABLE |. Axial-vector decay constants in the nonrelativistic The ratioR is plotted in Fig. 1a) as a function oy . Taking
limit using simple harmonic oscillator wave functions. Th{e1 for m,=0.33 GeV andn,=0.55 GeV and fitting Eq(24) to the

|K*)=—]|us) are given in units of Ge¥. rato of the TPC/Two-Gamma results, we obtain
—30°<6¢=50° at 68% C.L. where the large uncertainty is
Parameter set Mg, =1.273GeV M, =1.402 GeV directly attributed to the large errors in the branching ratios.
Set B fy, = —0.049 fy,= —0.050 Although the relative errors for the individual branching
fi = +0.269 f =+0.283 ratios are smaller than thosg of the ratio, gspema_llly for the
Set P fK:=—0.070 fK:=—0.073 sum to thg twoK; states, using the branching ratios intro- .
fo =+0.396 fo = 40415 duces additional uncertainties because of the errors associ-
a a ated with the meson wave function. In addition, the branch-

%From Ref.[18] with B=0.257 GeV,m,=my=0.33 GeV, and ing ratios turn out to be less sensitivedp than the ratio is.

ms=0.55 GeV. This is seen very clearly in Figs(d—-1(d) where we have
PFrom Ref.[17] with 3=0.3 andm,=m, andm as above. plotted the branching ratios for 7— v K(1270),
7—v,K,(1400) and the sum of the two, respectively. The
B. Extracting 6, using the nonrelativistic expressions values 7,=(295.6:3.1)x10 *® s and |V,J=0.2205

+0.0018 were used to obtain these cury2&]. The two

by comparing the quark model predictions to experiment. Adurves in each figure represent the two wave functions we

d have included the experimental value with its
stated above, the values of the decay constants were quk@e and we
sensitive to the choice of wave function. We calculated thef"or- In Fig. 1d) both the TPC/Two-Gamma and the CLEO

fi, for two sets of wave functions that gave the best agree2nd ALEPH values are shown. It is apparent from these fig-

. . ures that it is not particularly meaningful to extract a value
ment between a quark model calculation and experiment fi

%or 0 from these results and any value would be very model
the pseudoscalar decay cpnstah]ts]. We expect that.the dependent. Clearly, better data are needed. The ratio of the
actual values for thdaKl will lie between the values predicted

) ) rates into the individual final states will give the most model-
using these wave functions. The values for the two mesofhdependent constraints afy .

masses and two sets of wave functions are given in Table I.
There are four measurements that can be used to constrain

We can obtain an estimate of ti#®;-1P; mixing angle

0 . The TPC/Two-Gamma Collaboratidd] has made the C. Extracting 6y using the relativized expressions
measurements: . .
We next calculate the axial meson decay constants using
B(r— vK,(1270)=(0.41" 34 x 1072, (20)  the relativized formula of Eq(15). One might question the
' importance of including relativistic corrections. However, we
B(r— vK,(1400)=(0.7 —8"31% %1072, (21) need only consider the importance of another relativistic cor-
‘ rection: QCD hyperfine interactions which give rise to the
B(r— 1K) =(1.17" 24 x 1072, (22 P K*—K, ..., B*—=B splittings[22]. Although it is

difficult to gauge the importance of relativistic corrections to

and Alemany[19] combines CLEO and ALEPH daf&0] to the le, if nothing else their inclusion acts as one more
obtain: means of judging the reliability of the results.

As in the previous section, we give results for two wave

B(r—vK;)=(0.77£0.12 X 10 2, (23)  function sets that give reasonable agreement forf than a

o . ) similar calculation. The variouf, are given in Table II. We
which is smaller than, b_ut consistent with, the TPC_/TWO'expect that the actual values will lie between the two values
Gamma result. CLEO claims that thedecays preferentially ;e for each case. The predictions for the various branch-
to theK,(1270). ing fractions are shown in Fig. 2 as functions &f along

Using the ratioB(r— vK4(1270)/B(r— vK4(1400) has it the experimental values. The most reliable constraint
the advantage of factoring out the uncertainties assouateggain comes from the ratio of branching fractions which

with the K, wave function. The ratio is given By gives —35°s6¢<45° at 68% C.L. One could also extract
2 values usingB(7— vK(1400)) and B(7— vK(1270)) but
, (24)  asin the nonrelativistic case, these values are quite sensitive
to the magnitude ole which depends on the poorly known

K, wave functions.

We conclude that the decays— vK; offer a means of
measuring the’P;-1P; mixing angle but to do so will re-
quire more precise measurements than are currently avail-

) (25  able.

R sinfx — & coshy
B CoOty + 6 sinfy

where 1.83 is a phase space factor ahds an SU3)-
breaking factor given by

1 (ms—mu
V2 | mg+m,

3The x? of the fit actually has two local minima corresponding to
>The numbers from Table | give a slightly different value since theboth a negative and a positive solution. However, since the hump
differentK; masses in our expression fb¢, do not exactly factor  separating the two solutions is approximately equak jg=<1, the
out. entire range given fofy is consistent at 68% C.L.
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IV. STRONG DECAYS OF THE K;'s

It is well known that the strong decays of thkg mesons
provides a means of extracting th®,;-P; mixing angle
[23]. In particular, the B(K;(1270)—K* 7r)/B(K,(1400)
—K* ) and B(K;(1270)—Kp)/B(K;(1400)—Kp) ratios

have been especially useful. We examine the decays to the
final statesKp, Kw, andK* 77. Although other decays are
observed, they lie below threshold and proceed through the

andD. The decay amplitudes, using the conventions of Eq.
(8), are given by

AKPY—[K* m]g)=—S sin(6c— 6p),
AKY—[K* 7r]p)=+D cod fx— 6p),

AKYNS[K* 7]g)=—S cog 6 — 6p),

tails of the Breit-Wigner resonances making the calculations
less reliable. In this section we examine the stringlecays
using the pseudoscalar emission mof| the P, model
(also known as the quark-pair creation mgdeH], and the

flux-tube-breaking moddI8]. We concentrate on the decays

K;—K* 7 andK;— pK.

For the decay¥;— VP, whereV and P denote vector

and pseudoscalar mesons, respectively, the Okubo-Zweig-
lizuka (OZl)-rule-allowed decays can be described by two

independentS- and D-wave amplitudes which we lab&

TABLE Il. Axial-vector decay constants using the relativized
mock-meson matrix elements. Simple harmonic oscillator wave

functions are used with the parameters given below. ifefor
|[K*)=—|us)are given in units of Ge¥.

Parameter set

My =1.273 GeV
1

My =1.402 GeV
1

Set P fi,=—0.024
fi,=+0.220
Set 2 fi,=—0.040
fi,=+0.486

fi,=—0.025
fi,=+0.231
fi,=—0.042
fi,=+0.510

3 rom Ref.[17] with 8=0.3, m;=my=0.33 GeV, andm;=0.55

GeV.

bWe used effective oscillator parameters from Hél. They were

obtained by fitting simple harmonic oscillator wave functions to thetions, we conclude that experimental data favors the heavier
rms radii of the wave functions of Ref6] to obtain B¢ =0.45

GeV, my=my=0.22 GeV, andn,=0.419 GeV.

A(KY"—[K* 7]p) = —D sin( 6 — 6;),
A(K"—[pK]g) = +S sin( O+ bp),
A(KP"—[pK]p)=+D cog b+ ),
A(KY"[pK]s)=+S cod O+ bp),

A(KY"—[pK]p)=—D sin(fc+ o),

_ 1
AKY"—[wK]g)=+ \[gs cog O + 6),

AKY" [ wK]p)=— \/go Sin(Oc+6p),  (26)

where sirfy=1/1/3 and cos,=/2/3 and the subscrip8 and
D refer toS- andD-wave decays. In the heavy quark limit,
the j=1/2 state decays int&* 7 in an S wave and the
j =3/2 state decays intki* 77 in a D wave. Since the decay
K1(1400)—~K* 7 is dominantly S wave while the decay
K1(1270)—~K* 7 has comparabl&- and D-wave contribu-

JP=1" to be mainlyj=1/2 and the lighter one to be mainly
j=3/2.
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In the following subsections we give results for these am-creased significantly. The partial widths arfkl /Ag(K4
plitudes, the resulting decay widths, and the fitted values of-K* 7) ratios are given in Table IV for the fitted value of
0 for the various decay models. Ok .

A. Decays by the pseudoscalar-meson emission model B. Decays by the flux-tube breaking model

In this approach, meson decay proceeds through a single-
guark transition via the emission of a pseudoscalar mesop,
[6]. We assume that the pair creationwpfd, ands quarks is
approximately S(B) symmetric. We follow Ref[6] and use
the various approximations introduced there. The resultin
amplitudes are given by

The flux-tube-breaking model is a variation of tHe,
odel which more closely describes the actual decay pro-
cesses. In théP, model the elementary process is described
by the creation of & q pair with the quantum numbers of the
Q/acuum,JPC=O++. The greatest advantage of this approach
is that it requires only one overall normalization constant for

1 the pair creation process. In the flux-tube-breaking model,
D= S AGF(q?), (27)
TABLE IIl. Strong decay amplitudes for the strange axial me-
- . . 3
S= SF(qZ), (28) sons using the pseudoscalar emission model;Byedecay model

and the flux-tube-breaking model. Note that the amplitudes include

whereA=1.67, §=3.27,q is the momentum of each outgo- phase space and are all given in units of Mév

ing meson in the center-of-mas€M) frame, q=q/8,

3 .
e Pq Flux-tube breaking
p=0.4 GeV, and Amplitude Pseudoscalar Set1 Set F Set 2
\F q |2 v emission 6.25 104 12.8
2\ — I L Y 2
F(a%)= 2(277 eXp—aT(166%). (29 gyin, iy 8.02 881 850 11.0
D(K"— pK) 0.074 0.056  0.057 0.055
Numerical values for the amplitudes are given in Table Ill. g(k'ov_, k* 7) 15.5 155 14.8 20.5
The partial widths fQI’Kl—> K* 7 and K;—pK and th_e D(K'Y— K* ) 223 2.36 2.43 2.29
ratio of theD to S amplitudes fork;— K* 7 are plotted in S, pK) 15.4 15.5 14.8 20.1
Fig. 3 as f_unctions of)y for the _K1(127_O) anc_JK1(14OO). D(KI9N_. pK) 218 208 234 295
;I;]he fgxperlmin'_[al vlaluestharte t%lven Wlth theltr Ierro:s. Fr<f) KhSh_ k% 77) 173 15.1 14.2 20.7
e figures it is clear that the experimental values fory  nigh 4.45 461 474 4.44
K1(1270)—K* 7, K;(1400)— pK, and Ap /A4 K;(1400)] ( high ™) 15.1 15.4 14.7 20.0
correspond to minima in the quark model results withS(Kl- —Ko) X ' ' :
D(K"— K o) 1.96 2.04 2.10 2.02

6~ 45°. We performed a? fit to the data listed in Table IV

and obtainedd, =48°+5°. We also allowed thé&, A, and
B parameters to vary and obtained very similar results, then,=0.33 GeV, andn,=0.55 GeV.
main difference being that the? value at the minimum de- Wwave functions from Ref6].

aSimple harmonic oscillator wave functions witg=0.40 GeV,
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the flux-tube-like structure of the decaying meson and its S 200 pyrrrrr
implications for P, amplitudes are taken into account by (5 b _—
viewing a meson decay as occurring via the breaking of the g 150 [ -
flux tube with the simultaneous creation of a quark-antiquark ™ s
pair. To incorporate this into th&P, model, the pair creation 4 100 \
amplitudey is allowed to vary in space so that the pair is T = 3
produced within the confines of a flux-tube-like region sur- v 1 \ /
rounding the initial quark and antiquark. This model is de- = o bmm
scribed in detail in Ref[8]. The 2P, model corresponds to -90 -45
the limit in which y is constant. 0.
For the ®P, model using simple harmonic oscillator wave K (deg)
functions, theS andD amplitudes are given by = S R ———
2 2 ] 3
m +m 60 F \
3BeBc Q 40 k \ 3
& N\ / [
><[3/3§/3<2:—ﬁ2(m13/3§+mzsﬁ%)]}F(qz)A, 30 o 2k / N\
— . -7 ]
— 0 L .\./ | EPE A
My 482+ M,aB2 -90 -45 0 45 90
D= Z(W [3B5B%— BA(M1aB5+My3BE)] 6 (deg)
XF(q?)A, (31 ?2-0:-- B ELELELEL Y BLELE b § B
where EF 15 - -
~ 1.0F / \ E
F(q?)= ex;{ -q? ( B2[(My3—mya)Ba+miBE+ mggﬁé]) } g;)
6 BLBR ’ < o5 72N :
< 0.0 :_-Ahé
(32) 90 45 0 45 90
2i 5/2 2 3/2 |\7| |\7| 1/2
—_I_I'l?ll 1 ﬁ) ( £ ) gty —= C) ; (33 O (deg)
2777374\ Ba BeBc Ma

1 FIG. 3. Predictions of the pseudoscalar emission model as func-
—2_ T -2 —2, -2 tions of 6y for the K, partial widths(to K* = andpK), and ratio of
B 3(’BA +Bs B, (34 D to S amplitudes (to K*). The solid curves are for the
K1(1270) and the dashed curves are for kig1400). The hori-
zontal lines are the + o error bounds for the experimental mea-

m
m13=T1, (35 surementg21] with the same line labellingsolid, dashefas the
My Mg predictions[The experimental lower bound féf;(1400)— pK lies
on the axig]
my
M2s= o+ mg’ (36) We calculated thé,; strong decays using both the flux-

tube-breaking model, and thtP, model for several sets of

m, and m, are the quark and antiguark masses from thewvave functions. In all cases we fitted to 28 of the best-
original mesonm; is the mass of the created quark or anti- known meson decays by minimizing the? defined by
quark, theg; are the simple harmonic oscillator wave func- y?=X;(I'"°Y— "2/ 5T'2 where 6T'; is the experimental
tion parameters, and is the momentum of each outgoing error? The details of these fits are given in RE27]. We
meson in the CM frame. For these results we takeMhao  performed a second fit to th€¢; decays where we allowed
be equal to the calculated masses of the mesons in a spiheth 6 and y to vary. The value ofgy obtained in the
independent potentidB]. Numerical values for the relevant second approach did not change much from the first value,
amplitudes are given in Table III. the main difference being that the¢ in the second fit was

The decay amplitudes in th&P, model were computed reduced substantially. The values fprobtained in the sec-
symbolically usingMATHEMATICA [25]. In the flux-tube- ond set of fits are consistent, within errors, with those ob-
breaking model, two of the six integrals were done analyti-tained by the global fit of Ref.27]. In Fig. 4 we show the
cally; the remaining four were done numerically. The inte-
grands were prepared symbolically usmgrHEMATICA and
then integrated numerically using either adaptive Monte “For the calculations in the flux-tube-breaking model, a 1% error
Carlo (VEGAS [26]) or a combination of adaptive Gaussian due to the numerical integration was added in quadrature with the
guadrature routines. experimental error.
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TABLE IV. Partial decay widths and ratios @ to S amplitudes of the strange axial mesons for the pseudoscalar emission model, the
3p, decay model and the flux-tube-breaking model using the fitted valdg offhe widths are given in Me\Ap /Ag refers to the ratio of
D to S amplitudes. The errors ofi are 1-o.

Experiment Pseudoscalar 3P, Flux-tube breaking

Decay (Ref.[21]) emission Set Set P Set &
Ok 48°+5° 45°+4° 44°+4° 51°+3°
I'(K.(1270)— pK) 38+10 63 75 70 121
I'(Ky(1270)—K* ) 14.4+55 16 12 11 35
|Ap /As(K1(1270)— K* 77)| 1.0+0.7 0.64 0.89 1.02 0.40
I'(K;(1400)— pK) 5.2+5.2 7.9 12 13 6.7
I'(K1(1400)—K* 1) 164+ 16 286 221 197 400
I'(K(1400)— K w) 1.7+1.7 23 3.6 3.9 1.9
|Ap /Ag(K1(1400)—K* )| 0.04+0.01 0.058 0.052 0.051 0.062

Note that because the flux-tube-breaking calculation involves a numerical integral with a 1% error, the two v&les®f calculated

from theK(1270) andK,(1400) decay results may not agree exactly. In Table 11l an average value of the two results is given. Because the
S andD values in Table Ill are not exact, using them with E26) will not exactly reproduce the flux-tube-breaking results show in this
table, which are calculated directly from the numerical work.

bSimple harmonic oscillator wave functions wigh=0.40 GeV,m,=0.33 GeV, andn,=0.55 GeV.

“Wave functions from Ref6].

decay widths and ratios @ to S amplitudes as functions of

0k for the 3P, model. The results for the two variations of > 200 ﬁ LAY '/7 LUBANRAE:
the flux-tube-breaking model are very similar and are there- g 150 E A \
fore not shown. It is clear from these figures tidatwill be —_ 3
approximately equal to 45°. The fitted values &f for the «5 100 F X
various models, and the resulting widths, are given in Table ¥r \ / :
IV. ~ OF 3
¥ B= ==
= o B e
V. DISCUSSION % 40 v 90
0y (deg)
One of the motivations for this analysis is to relate hadron
properties to the underlying theory vifectiveinterquark N 80 AR Y.\
interactionq 28]. We begin our discussion of th€;, mesons § 60 3 :
by rewriting the nonrelativistic, spin-dependent potential in a : 1 \
more suitable form and interpreting it as effiectiveinterac- bé_ 40 F / \ / 3
tion [28]. We will later examine thd<; meson properties in T : 1—
the limit mg—. " 20F \ / \ / 3
The spin-orbit Hamiltonian can be rewritten as = o b RN/
-90 -45 0 45 90
2 eK (deg)
pooow 2/ L 1) g
qa _3 r m B . —_ 2.0 T T T T T T
qa My *l'l o ! ]
M 15F 3
2as(1 1)§ c - 1 :/ 3
tT3Elm T e r1oF 3
3r mq ma % E 1
< o5 / \ k
-1 o=
< 0.0 ;hm-.
cont -90 -45 0 45 90
ysare_ L Mag | (11 ) 0 (d
aq ar o [{md m2 g (deg)
FIG. 4. Predictions of théP, model as functions o#y for the
n i _ i g .r (39) K partial widths(to K* 77 andpK), and ratio ofD to S amplitudes
mé mé, - ’ (to K* 7). The line labeling is the same as in Fig. 3.
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whereS=S,+S;, S_=5,—S;. Takingq=Q, the various terms i ° can be rearranged as
HSO=H{S L+HgeS. - L=HLS, L+HSe L, (39

where the definitions dfl 5, Hgo, H%o, andHS, follow from Egs.(37) and(39). It is the Hg term which gives rise to the

spin-orbit mixing between the singlet and triplet states. With this Hamiltonian, we obtain the mass formulasHewgve
mesons

1 1 N
M( Pz)—Mo+ Z<Hcon>_ E<Hter>+<HSO>v

(M(3Pl)> MO+ %<Hcon>+%<Hten>_<H;O> \/§<H§O> ( 3P1)

M(*Py) Py

\/§<H§O> Mo— 2<Hcont>

1
M(Pg)=Mo+ 7 (Heond —(Hien = 2(H30), (40)

where the(H;) are the expectation values of the spatial partsng the confinement potential.
of the various termsV is the center of mass of the multip- ~ We next consider the heavy quark limit, wherg,— .
let, and we have adopted a phase convention correspondirg this limit the mass formulas simplify to
to the order of coupling- X S;x Sq,.
We can rewrite HS® using the substitutions M(P,)=My+(HZo,

m=3(my+mg) and A=(mg—m,) to obtain the approxi-

3 _ q 3
mate expression MCPY) _ Mo—(He9 V2(HLY\/[ %P,
M('Py) V2(Hiy Mo P
M(CPg)=My—2(Hy. (42
8 1 1 chclnf
HSo~ |2 @s g g
3m%® 2m?r or The two mixedK,; mass eigenstates df =1" appropriate

to the heavy quark limit are described by the total angular
momentaj of the light quark withj=1/2 andj=3/2 which

are degenerate with th=0" andJP=2" states, respec-
tively. In what follows, we will takg/H3.) positive but simi-

lar results are obtained fqHZ,) negative. FokHZ,) >0,
Written in this way, one sees that there is a factor of 2 dif-the mixing angle is given by S'HRZ—\/Z_/?) and
ference between the color magnetic term and the ThomasnsﬁK=\/m (0= —54.7°) with Mk, degenerate with the
precession term for thel g4 relative tngo. The observed 3p, (j=1/2) state andM ) degenerate with the’P,
spin-orbit splittings in hadrons indicate a delicate cancella-(j =3/2) state.
tion between the color magnetic and Thomas precession For thek, decay constants, in the limit thais becomes

spin-orbit terms. Given this cancellation_, the factor _of 2infinitely heavy, thef, become proportional to the inverse
could lead to a large effect or even a sign reversal in the . ! .
. N of the light quark mass and are given by
spin-orbit mixing.
In particular, the relativized quark model gives
6x=—5° [3]. This originates fronf{Hg) ~ —1 MeV. On the _ J3A _o 43
other hand, the various phenomenological measurements Kow™ m, * Knign (43)
give 6x~40° which implies a value ofHgy)~40 MeV.
Comparing these numbers {Hgo)~47 MeV, extracted  gq in the heavy quark limit, only thie=1/2 state couples to

from Ref. [3], one can see that by extracting a value forthe weak current. By comparing this result to the measured
(Hso from 6 and comparing it to the value f¢H <), one

can obtain information about the relative strengths of the————
Coulomb and confining pieces blf;%n . Given the sensitivity ~ SNevertheless, one cannot rule out the possibility that another

of the mixing angle to the delicate cancellation betweermmechanism is responsible f6P;-1P; mixing such as mixing via
terms,L-S mixing can therefore be a useful means of prob-common decay chann€lg9].

Ala 1 10H . .
{ s W“WIS L. (4

m|3m23 2m2r or

hig
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decays, one might learn how well the heavy quark limit de- VI. CONCLUSIONS

scribes the strange axial mesons. Using the valuéahat
gives thej=1/2 and j=3/2 eigenstategexpected in the
heavy quark limit and using a finite mass strange questill
taking (H)>0), the decay constants are given by

In this paper we studied the properties of the strange axial
mesons in the quark model. We extracted #ig(P,)-
K.(*P,) mixing using the mass predictions, by comparing a
quark model calculation of th&,; decay constants to the
decaysr— v, K, and by comparing strong decay widths cal-

my culated using the pseudoscalar emission model and the flux-
(1 ) tube-breaking model to experimental results. In all cases we
obtained a mixing angle consistent withy=45°. There are
two important conclusions we can draw from this result.
\/7— (44)  First, the relativized quark model predicts a much smaller
mixing angle of~ —5°. Either the quark model result is way
off, which is possible given the delicate cancellation taking
The value does not change very much for jlhel/2 state, place between the contributions to the spin-orbit term, or a
m./3ms=0.2, but thej=3/2 state decay constant is no different mechanism is responsible for tAB;-1P; mixing
longer zero; rather it is now similar in magnitude to that of[29]. The second observation we make on the basis of the
the j=1/2 state. guark model results is that the heavy quark limit does not

More importantly, thef we used in the above discussion appear to be applicable to the strange axial mesons. We come
was based on th#=1" mass matrix obtained for the heavy to this conclusion because the tensor interaction is still com-
quark limit which assumes that the contact and tensor corparable in size to the spin-orbit interactions and additionally,
tributions are negligible. However, values for these termghe mixing angle is not compatible with that expected in the
extracted from predictions of the relativized quark md@dl  heavy quark limit.
are: (Heonp=33 MeV, (Hn=56 MeV, and (Hip)=47
MeV. Clearly, the assumption that the contact and tensor
pieces are negligible is not supported by this model so that ACKNOWLEDGMENTS
the heavy quark limit is questionable for thequark.
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