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We study the problem of pseudoscalar mixing in an(8¥SU(4)<XUA(1) breaking framework. In this
connection, we derive the condition of a vanishscomponent in they, 7' wave functions. We also obtain
new constraints obeyed by the mixed decay conslfafmys (q=u,s), which determine the octet-singlet mix-
ing angles. In theypn' 5. sector we find from a fit to the radiative decay rates of mesons that the presence of
acc admixture in%’ is small in disagreement with the point of view that the branching ratiB-efs'K is
enhanced byy’ 7. mixing. [S0556-282(199)01417-4

PACS numbgs): 12.38.Bx, 11.30.Rd, 13.25.Hw, 14.40.Aq

[. INTRODUCTION complete list of experimental data now available for the ra-
diative decay rates of 1~ and 0 * mesons including not

It is well known that chiral symmetry plays a pivotal role only theJ/ transitions which are a potential source for the

in low-energy particle physic§l]. The QCD Lagrangian charmonium production but also the recently observed

with massless quarks is invariant under SY@BU(3)x  ¢—7' v mode[13]. Indeed we shall demonstrate that these
and so incorporates chiral symmetry in a natural way. In thélecay widths point to evidence of a large’ mixing angle
physical world, however, chiral symmetry has to be broker(0of about~—22° when confronted with othew— Py or
in order to generate the observed (8Uspectra of hadrons P—V rates. _ _ _ S
and also low-lying mesons such asK, and » which satisfy However our model is consistent with an insignificait

approximate PCAC(particle conservation of axial vector !€akage in they” wave function in conformity with current
curreny conditions. The existence of an additionie0 expectationg11,12,14,1% Exploiting the anomaly relation

state, namely, they’, raises an important question concern—for the charm quark Yuan and Chao have recently npié

ing the determination of the»' mixing angle. The last few that the total mixed amplitude of trec component iny' is

years have witnessed several such efforts being made in thrigther mild and have conjectured that a relation,

direction with most of the calculationdased either on an o
estimation of one-loop corrections to the pseudoscalar mass 2m(0[cCi ysc| nn' )~ — —S(OlGMéM '), (1)
spectrum[2], or inclusion of SW3) breaking in the Gell- 4m
Mann—Okubo mass formu[&], or from simple phenomeno-
logical considerations ad/—(7,n')y decays[4,5]) sup-

porting an appreciably largg" mixing angle. This paper is organized as follows: In Sec. Il we show

Recently, following the CLEO observatiof6] of an : ) .
anomalously large branching ratio for the inclusive produc—that relation(1) can be derived in an SW)XSU4)XUx(1)

tion of 7' in the B meson deca— 5'K, the composition scheme and argue that if E(L) holds exactly then thec

ntent iny and %’ h vanishing. In thi ion w
of ' (and as a result the general problem of pseudoscal gontent iy and " ought to be vanishing. In this section we

! . . . Also write down new constraints satisfied by the mixed decay
mixing) has come under intense scrutiny. In this regard, a

number of models have been advan¢@e-12 which look cqn_stanta“j]’n, (q=u.s) ar,1d inquire about a two-parameter
into the possibility of light-heavy quarkonium mixing in ad- MiXing scheme ofy and 7" characterized by a set of octet-

dition to the usualy7’. In particular the mixing ofy and7’  Singlet mixing parameters. In Sec. Il we considen’ 7.

with the S, hyperfine partner of thd/, namely, thez, mixing, the Il-ght-heavy pseudoscalar mixing angleg being

state, has been proposed. estimated using— Py ar_ld P—Vy decay rates as input.
In this paper we are concerned with the phenomenologyV€ OPserve that a certain amount o4l breaking is re-

of 77’ 7. mixing [11,19 rather than attempt to solve the quired to get a good fit. Finally in Sec. IV we present a

B—7'K puzzle. Working within a broken S  Summary of our work.

XSU4)XUx(1) scheme we fit the mixing angles from the

(where the notations are self-explanajosfould hold well
to a reasonable degree of approximation.

II. U (4)xU(4) FORMALISM
*Email address: bbagchi@cucc.ernet.in A. The condition of vanishing charmonium in % and »
TPermanent address: Department of Physics, G.C. College, Sil- To start with let us assume that chiral @WxSU(4)
char 788 004, Assam, India. XUa(1) symmetry is solely broken due to the presence of
*Email address: tpjc@mahendra.iacs.res.in guark mass terms in the QCD Lagrangian. Following Gell-
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Mann, Oakes, and Renngt7] we can write the symmetry Such gluon matrix elements also contribute to the’ 7

breaking piece of the Lagrangian s3] mixing, albeit indirectly, when the divergence of the axial
. singlet current is taken between the vacuum and isoscalar
— LSB:ECiui , | 20,8,15, (2) states.
Yuan and Chauy16] have pointed out that for a typical
where thec;’s are related to the quark masses by hadronic mass scald, both » and %' decouple from the

heavy quarkonium systema for a sufficiently massive
quark. In particular, for the charm quark, one expects the
following bound to hold:

Cg=(my+my—2m)/V3,

Cy5= (M, +my—3m)/ 6,

mg A
Co=(My+mg+mg+m.)/v2, ©)] fcw(n’)$0<ﬁcfw=ﬁcfw)<fw (€)
and the scalar densities(=q(\'/2)q) along with the pseu- for A~1Gev. . _ .
doscalars/;(=qi ys(\'/2)q) belong to the (4 3+ (4,4) rep- In the context of Eq(9) if one writes down the diver-
resentation of (#)xU(4) symmetry group'=(u,d,s,c). gence condition foQvy,,ysQ from Eq.(5), namely,
A representative of the estimates of the quark mass ratios . .
shows[19] 9,(Q,75Q)=2mgQiysQ+a (10
mg and take it betweeK0| and|7(7')) states, the conditiofl)
mu+md:25-7i 2.6, seems to be justified. Based on Ef) the authors of Ref.

[16] have concluded against the possibility of a large mag-
m nitude color-singlet “intrinsic charm” ofy'.
Ue9+2. (4) We now proceed to establish that the conditithcan be
ms—my derived exactly within an S{4)xSU(4)xU(1) scheme pro-
vided thecc components iy and ' vanish. To this end let

The above result on the ratio of the light quark masses hags write down the divergence equations for the currénts
been obtained from the usual current algebra PCAC relations. g 15 o:

using various physical inputs like measured masses and cou-
pling constants. That for the-quark ratio has been deduced

— 2
using flavor SW4) assumption for they and ¢ wave func- 9,A® = — (m,+my) (Ui ysu+di ysd) — — mSi ysS,
tions. Fo2v3 V3
In the presence df 55 the expressions for the divergences (113

of the axial-vector currentAL(EEyMi vs(\'/2)q) within the

full structure of QCD read 1 _ —
Q 3,AL = —— (m,+mg) (Ui ysu+di ysd)

L . 2\6
) — ik k
d,A}) =d*clvk+ 5'°a, (5)
1 3
where the gluon anomalg is given in terms of the field + %ms& YsS— %mc(” YsC, (11b
strengthsG ()
As _ ~ ~, 1 (1)RA(1) J A(O)Zi(m +md)(Ui75u+ay5d)
= _ e M u
a=N; 4,66 GG= GG, 2v2
~ 1 1
Gi}ﬁf% c MUG&{T) , 6) + EmSSI v5S+ EmCCI vsC+a, (119
Ny denoting the number of quark flavors and0, ..., 15.  \yhere we have sdli;=4. We are then led to the following

Conventionally, the decay constants for the physical stategmarkable sum rule

is defined by(0|A, [P (k))=ifipk, , implying
i , 3,AY'=v39,A® +2v2mCi ysc+ a. (12)
(0]d,A,|P)="fipm3, (7)

An interesting feature of Eq12) is that it contains no ref-
P representing the pseudoscalagsy’, and . whose mix-  erence to the octet divergenagAiLS)_
ings we shall take into account. The topological charge con- We now easily see that if Eq12) is inserted between the
stants for these states are vacuum andz(7') states then the relations

(Ola|Py=Apm3, P=17, 7', and 7. (8) fo,m2=v3f15,m>2v2m(0[Ci ysc| )+ A,m2, (133
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fonrmi/=V3f15nrmf,/+21/?mc<0|a YeC| 7],>+A,’,m§], fg=(1.1x0.22f,, f,;=(1.35=0.27)f,.
(13b

follow. Invoking the condition(1) on Egs.(138 and (13b) | arriving at these estimates the effects of nonzero gluonic
implies that the following alignments of the ' decay con-  matrix elements fory and %’ were also considered. The error
stants, of uncertainties infg and f, are of the same order as one
normally expects from S(3) breaking effects.

fo,=v3fis;,  fo,=V3fis,, (14 The ):’ClbO\E)e value of) agrees We?l with other estimates
from various phenomenological fits to the meson decays
[2—-4]. Also fg is consistent with the findings of chiral per-
turbation theory and one-loop correction to the pseudoscalar
meson massdg®]. However the large errors in the estimate
of f, reflect that a smaller central value is not ruled out as

(20

are valid signaling thaty and ' are free from anycc con-
tamination. On the other hand if Eq14) holds (in other
words, if the stateg; and %' are devoid of any charmonium
admixture$, then Eq.(1) follows exactly from the relations
(1,3)XV € nowhtulgn to ”.}eﬂ?o”ds'?.g'_ft decafy cpns(;agts;afnd implied by the analysis of Gilman-Kauffmaf4] and
7 Sﬂe S auyssee ' the detinitions ot mixed decay €ON“\/enugopal-Holsteif21]. The latter authors have performed
stantsf; a.ndfn, are invoked as sugggsted by Ré@,zq an analysis fromz,7'—yy, and 7,7 —mwmy decays to
we get an interesting set of new consistency conditions.  gptain 6=—22°+3.3°, fg=(1.38+0.22)f ., and f;=(1.06
+0.03)f .. Notice here thaffg is beset with a large error
B. New relations for the mixed decay constants ofy and »’ uncertainty.
Fori=8,15 it follows from Eqgs(11a), (11b), and(7) that Given this background let us c_on3|d(_ar expl|c,|tly the quark
contents of the decay constants involvingnd 7’:
3 (my+mg)(O[ui ysul 7, 7")
B 1 , (O], ysaln. 7' (k) =if} k. (21)
=m(0[ciysc|n, ")+ —fg, ,ym,

2v3 Here one has to keep in mind that both the soft part due to
J6 5 guark masses and the hard part due to the gluon anomaly in
+ 3 fasy M s (15  the axial current divergences contribute to the' masses of
which the anomaly portion remains nonvanishing even in the
0[S yes| , chiral limit. It has been shown that if the anomaly effects are
m(O[si yss| 7,7") judiciously considered, the matrix element of pseudoscalar
=m¢(0[Ci ysc| 7, 7") densitysi yss undergoes modification in the manri&;22}:
—ifs m? 4+ —f m? (16) fS -1 I ST
non' gy g 3 159, 7" iy, 9 =1 __7 7 a2 =1 N _" 7
V3 (O[si yss| 7) T (O[siyss|7") “2m. M

where we assume SB) symmetry for the pseudoscalar den- (22

sities. In Ref.[5] chiral Ward identities in relation to the
U(1) problem were comprehensively solved to determine the Substituting Eq.(22) into Eg. (15 gives on subtraction
sizes of the various decay constants and gluonic couplings d¢he following equations:
pandy'.

Defining fg and f; to be decgy constants of the eight 2fU_fS=v3fy , 2fY,—f5,=v3f,,, . (23)
component of the octet and $8) singlet[not to be confused ”oon K 7 K
with the SU4) singlet, respectively, andd the usualznz’

mixing angle according to These are new relations for the mixed decay constantg for
and %' and may be looked upon as the direct consequences
| 7)=cos6|8)—sing|1), |n')=sing|8)+cosd|1), of the PCAC condition(5). In the exact S(B) symmetry
(17)  limit where mg=m,=my, fg,=f,, =f. and fg, =1,
=0, it at once follows from the second equation above that
where|[8) and 1) in terms of the quark basis are f, =315, as expected naivelj11]. It should be mentioned

that this relation is consistent with the definitioi2®) depict-
ing a correct chiral behavior in the presence of the anomaly.
Ali and Greub [8] have recently employed a two-
(18) parameter mixing scenarion’ = 7gSsinfg+ 7,C0S6,, 7
= 775 COSHg— 77 SiN By, where 03+ 0y, to conduct tests of
the results turned out to H&] factorization in charmless nonleptonB— %’ and B— 7
transitions. Such a mixing scheme induces the following ex-

— o o H u S .
0=—22°+4°, (19 pressions folif - andfw,.

1 _ 1 _
—|uu+dd—2ss), |1)=—|uu+dd+ss);
6| 9, 1) ﬁl )

/6

8)=
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fg fq

fY, =—sins+ —cosby,

/i \/6 8 ‘/g 0

£ 218 it coss (24)

77’ \/6 8 ‘/g 0>

fg fa fg fy

fUY=—cosfyg— —sinf,, f5=—2-—=cosls— —Sinb,.
7 \/6 8 3 0 7 \/6 8 V3 0

(29

It is interesting to note that if the above representations ar

substituted in our relation@3), we get
2‘/2f8 COSHB— fl Sin 00: 3f87] y

Z\Qfg Sineg_fl COSHOZstn/ . (26)
Using the estimate0) for fg andf; and the SUB) values
for the octet decay constants as mentioned eadigand 05
turn out to be

(27)

o= —(8.1°+1.6°), @g=—(25°+5°),

PHYSICAL REVIEW D 60 074002

7n' mixing angle. This point of view is also implicit in the
recent works of Ali and Greul8] and Cheng and Tseng
[11]. Since we are working within an @)X U(4) formalism

it is instructive to represent the $8) singlet|1) in terms of
the SU4) basis states:

V3 1
[1)=~5100+ 5115, (3D

where |0) stands for S(#) singlet. In this way, from Egs.
(29), (30), and(31), the 5, %', and . may be projected in
terms of the S(¥) basis vectorss), [15), and|0).

In our analysis we shall exploit the above mixing struc-
ture along with the mappin@1). It needs to be pointed out
that thecc is not a basis vector in the $4) space but can
only be expressed as a linear combinati(h0) —v3|15)).
This means that if Eq(31) is imposed upon the mixing
scheme Eqs(28)—(30), », %', and n. can be orthogenal
states up to first order ifi. only. It does turn out as we shall
presently see that Eq&7)—(29) are consistent with a small
value of ..

B. Radiative decays and 4) breakings

in impressive agreement with the determination of Fredman Radiative decay rates involving the conventional low-

et al.[10] from a phenomenological analysis, namefy=

lying pseudoscalars®, 7, and' and the vectorp®, o, ¢,

—9.2° anddg= —21.2°. It must however be pointed out that and J/ provide important clues towards our understanding

0o is somewhat sensitive to $8) breaking effects typified

by fg, .
have”been made taking into account the eff@gts] of U(1)

anomaly and the positivity constraint of the topological sus-

ceptibility. Taking say,fg, =—0.1f ., the results(26) and
(27) predict 6, to be ~—14° at the expense afg~ —31°.

Il. LIGHT-HEAVY QUARKONIUM MIXING IN
AND 7,

77,

A. The mixing scheme

The mixing scheme for %’ . may be generated as fol-
lows. We assume that botly and %’ contain a certain

of the mechanism of isoscalar mixings. Tkie=Py decay

In the literature various estimates for this quantity width is given by[24]

1 1|5v13}
I'VoPy)=cg——|— 2dQ,, (32
(V=Py) 32772m\,[ m, sp%s wraQy, (32
where the matrix element=g,p,€ ,,n,0" €@ €9, Gyp,

is the coupling constant , , € , are the polarization vectors,
and p, is the center of mass momentum. In terms of the
branching ratio Eq(32) gives

B(V—Py)=|Al?xpS, (33

amount ofcc leakage. This is brought about by a mixing whereA, the amplitude, is of the form=consixg,,,. The

between the S(B) octet and a superposition of the &Y

branching ratio of the related proceB§P— V) is a factor

singlet|1)=|1#323_,q;q;) and the charm-anticharm bound of 3 larger.

state|cc), which we call|1)’. Thus», %', and 5. can be
modeled as

| 7)=cosh|8)—sing|1), |n')=sin6|8)+cosH|1)’,

(28
where|1)’ is given by
|1)’ =|1)cosé.+|cc)sinb,, (29
having the orthogonal partnef.
| 7¢)=—]1)sin 6.+ |ccycosé,. . (30)

Since the superposed staf®’ consists of a very small
“charm” admixture characterized by the paramety, 6

We assume thal/ ¢, o, and ¢ are ideally mixed being a
purecc, a pure (Ju+dd)/v2, and a puress state, respec-
tively. In terms of the S(#) vectors these are

| —i|8 +i|15+i|0

=18+ 7119+ 510)
6)= — 2|8} ——[15+ = |0
AN A I

v 1
|J/¢>——7|15>+§|0>- (39

may be looked upon to a good approximation, as the usuallow using vector dominance, we can wrj25,26|
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A - eA 3 e_e_e_e_l_l_ V2 22 35
(pi—yy)= > 1, (di—Vvy), (35 (PR T P P R (36)
wherei=8, 15, 0 and¢; corresponds to some 0 state. Wwhere f,’s are defined according tol'(V—e*e™)
Since the vector meson-photon couplings are related by = 3a?m,(2/4,) 1 it at once follows from Eq(35) that[26]
|

%]
Alpg—p7y):A(pg—wy) Alpg— ¢,) Aldg— hy)=1: 3. T:O, (37a
A(p15—p7): Al P15 07): A( 15— py) A Prs— thy) =1:5:— 51— 2V2, (370

L, V2 2v2

Aldo=p7):Aldo— 07):A(do— dy):Aldo—y)=1i5:— 513 (379

In Eqg. (37), we have used the standard @Udescription for the electromagnetic current

1 2 V3
(em) _\/(3) . = \y®&) _  [Z\y(15_ 7,0

viem_ e Ve \[3VM +3 V- (39)

Denoting the W4) symmetry breaking parameters kyand 8, namely,
“" Albo—07) 3 P Aldo—py) | V3] 89

where the figure in the parenthesis corresponds to tdg-ékact value, the amplitude rati¢37) induce

Alwo—7°y)=3A(p°—=m°y), Al —py)=3A(7'-wy), (403
A 1 A(p°—n
(w—wzoy) _1 (;1 - 07) , (40D
Alo—7°y) 9 A(p°—7°y)
Al y—n"y)
———— "= —cot¥, 40¢
M=y (409
A(p—n"y) 4asing—cosd(v3 cosd.+sind.)—v2p cosd(cosd.—v3 sind.)
A(d+ 1Y) 4acosf+sinf(V3 cosh.+sinb,) +v2 B sinb(cosh,—V3 sinb,)
(400

While Egs.(409 and(40b) are the familiar vector dominance relations supported by experiment, the right-har{Rkifeof
(400—(40d) are nontrivial constraints for the corresponding decay ratios. Notice thai4gs.and (40b) do not involve the
mixing angles explicitly. That the mixing factors cancel out cleanly when the two ratios are compared ag40HEds a
consequence of the(W) symmetry assumption for the vector states inspired by the almost ideal structiites,ab, and ¢
mesons. It is useful to note that —p°y, which is one of the processes in which CLEO fij@3] a strong signal for the
B™— #’'K™, remains uninfluenced by anyy’ or 5’ 5. mixing effects when taken against the decgly~wy for an ideal
vector nonet.

Tied with Eq. (40) is another constraint coming from the branching ratio Jf/— 7.y. Experimentally B(J/y
—7.y):B(JI/y— n'y) is predicted to bé1.3+0.4):(0.43+0.31), whereas in the framework of Eq&7) and(39)

A p— ney) 3 — (V3 sinf.—cosb,) +3B(sin . +v3 cosb,)
AQIy—7"Y)  cosh(V3 cosb+sinb,) — 38 cosh(cosh,— V3 sinb,) |

(408
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where the right-hand side if @) is exact (3= 1/3) reduces
to the form (targ,cos6) ! in Ref. [8]. So we have three
equation§Eqgs.(400—-(40€] to be solved to determine, 3,
6, and 6. . With ¢—(n,7n')y rates directly yielding, it does
turn out that the experimental branching rat[d8,3] B(¢
—n'v):B(d— 177)29.5:?:%)( 102 and B(4—n'y):B(&
— 7v)=(0.43+0.03:(0.086-0.008 favor B close to its
U(4) value of 1#3 for small 6, provided « is allowed to
vary. Indeed we find that a consistent fit emerges for

9~—21.9°, a~0.96, B~0.57, 0,~0.01, (41)

where a is away from the 4)-exact value by a little over
15%. Interestingly, the mixing anglé obtained as above
proves to be very compatible with the decay ratesyefyy
and »'—vyy which predict[4,3,28 6=—(23°+3°). It needs
mention that the experimental group of Ref3] had utilized
the ratio of the branching fraction ofj—vyy and m°—yy to
arrive at the estimate oB(¢— 7' y)/B(¢— ny’) quoted
above.

One of the consequences of E@l) is that from the
expression of the two photon decay width of

4(Ama)?f? e
1=y L(ne—yy)= —g——=7.5713 keV,
c [ 817Tm7yc 1.4

implying f,,c=411 MeV, the charm content of the

emerges as

|1V~ |coso tand,f, |~4 MeV. (42)

nc|%

It suggests that the presence of theleakage iny’ is rather
small in agreement with recent calculatidi®s11,14,153. In-

deed from the form-factor data the upper limit bjf,, has
been predicted to be only 15 MeM4]. A nonrelativistic
quark model estimate also favof§, around 6 MeV[15].

Obviously these values, including the present one of Eg.

(41), falls far short of| f°,|~ 140 MeV needed t67] explain

n

the data orB=— 7' K= which is supposed to be triggered by

the transitionb—cc+s—#’+s. It is not our purpose to
give an answer to this discrepancy; we only note thai,

PHYSICAL REVIEW D 60 074002

The nature of our estimates for thé4) violating param-
etersa and B, although being determined in the context of
nn' . mixing for the first time, come hardly as a surprise.
Previous determination from th& ¢ decays into a vector
and a pseudoscalar have suggested that nonet symmetry vio-
lations can be largg29]. A study of the decays of the
charmed mesond,, andDy into two pseudoscalars has also
revealed moderate breakings in nonet symmé¢89]. In
keeping with these trends we find that4y symmetry is
broken too, with most of the breaking being borne by the
parametera. That the other paramete® stays close to its
U(4)-exact value is a consequence of an interplay between
the smallness o). and a much larger value for thgz'
mixing angle . These conspire to restrig close to 1¥3,
the experimental values for the decay widthsJofi— 7.y
and ¢— 7'y not allowing much room for deviation.

IV. SUMMARY

In this paper we have carried out an analysis;gf mix-
ing in particular andy %’ 7. in general within a broken (4)
XU(4) scheme. We have established that the vanishing of
the matrix element of a linear combination of pseudoscalar
density ciysc and gluonic strength c(S/41-r)G,wéW be-
tween(0| and|»,7'), states point to the absence of any
admixtures in these states. We have obtained new constraints
for the decay constanfé;‘?’”, (g=u,s) which are new and of
interest. These have been exploited to obtai3$0dctet and
singlet mixing angles. We have also shown that a simple
mixing scheme forp, 7', and 7. gives a complete descrip-
tion of V—»Py and P—Vy decay rategincluding the most
recently observeg— 7’ y) corresponding to &z’ mixing of
~—22°in agreement with its currently accepted value. How-
ever,cc leakage iny’' (and alsoz) has proved to be small
suggesting that;’ ». mixing is an unlikely explanation for
the anomaly oB— 7'K decay.
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