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The hypothesis is scrutinized that the weak interaction of hadronic systems at low energies is dominated by
the coupling of the pseudoscalar, vector, and axial-vector mesons to the weak gauge bosons. The strength of
the weak coupling of thg(770) meson is uniquely determined by vector-meson dominance in electromagnetic
interactions; flavor and chiral symmetry-breaking effects modify the coupling of other vector mesons and
axial-vector mesons. Many decay rates are calculated and compared to experimental data and partly to predic-
tions of other models. A parameter-free description of the décay> 7/ /"~ is obtained. Predictions for
several not yet observed decay rates and reaction cross sections are presented. The relation between the
conserved vector current hypothesis and meson dominance is clarified. Phenomenological success of the meson
dominance suggests that in some calculations based on the standard model the weak quark-antiquark annihi-
lation and creation diagrams may be more important than anticipated so far. The processes are identified where
the meson dominance fails, implying that they are governed, on the quark level, by some other standard model
diagrams[S0556-282(97)01709-§

PACS numbdps): 12.15.Ji, 12.40.Vv

I. INTRODUCTION tor, and axial-vector mesons to the gauge bosafs and
Z°. We will refer to this hypothesis as meson dominance

The idea of vector-meson dominan@évD), which was  (MD).
proposed a long time add], has proven to be very fruitful ~ Qualitative support for MD in weak interactions comes at
in describing the electromagnetic interactions of hadrons aeast from two sourcegd) Individual pseudoscalar, vector,
low energies. It is routinely used even today when the stanand axial-vector mesons are copiously produced in the decay
dard theory{2,3] provides a unified picture of all interactions of the = lepton; (2) MD naturally explains why the ratios
among leptons and quarks. The reason for the present-daynong various charge configurations of hadronic final states
popularity of effective theories is the difficulty encounteredin weak decays often follow the rules implied by isospin
when building a bridge between the world of quarks andinvariance, which is otherwise violated in weak interactions.
gluons and that of hadrons. The MD hypothesis has two components. First, the as-

According to the VMD hypothesis the electromagnetic sumption that the weak interaction of hadronic systems is
interactions of hadrons are mediated by neutral vector medominated by the coupling of individual mesons to the weak
sons p°, w, ¢, and to a lesser extent also their higher recur-gauge bosons means, on the quark level, restriction to a cer-
rence$ which couple to the electromagnetic figdg accord-  tain class of perturbative expansion diagrams. This class

ing to the Lagrangian does not include, e.g., the penguin and box diagrams. Sec-
ond, in order to make the MD a quantitative concept we have
2 1 2 to establish the effective Lagrangian of the interaction be-
Lyvp = —eg—p V;fo+ §ij— ?V{; a,, (1.2 tween mesons and gauge bosons. This will be done in Sec.
p Il.

The question arises whether we really need a simple and
whereV'’s are vector-meson field operators. The presence oipproximate phenomenological approach to the electroweak
the ratio of thep mass squared to therr coupling constant interaction since we believe that the fundamental theory ex-
g, (g§=36.56t 0.29) is required by the normalization con- ists, which allows one to calculate everything from first prin-
dition F ,(0)=1 for the pion form factor. The other factors ciples. We think that the reasons for exploring MD are two-
follow from invariance under th&-spin SU2) subgroup of  fold.
the (flavor) SU(3) group and the assumption that the physical It is true that the basic electroweak diagrams of most de-
® meson does not contagmquarks. cay modes are relatively simple. But, as a matter of fact, the

The idea of the universality of the vector current led veryQCD effects play an important role. The calculation of QCD
soon to the application of VMD in weak interactions. The corrections to the basic electroweak diagrams is the most
early development was reviewed [4,5]. But, unlike in difficult and involved par{6]. In contrary, the MD approach
QED, the transition amplitudes between the weak gaugéakes advantage of the fact that the mother nature made some
bosons and mesons are nonvanishing also for pseudoscalCD calculations for us, even nonperturbatively, when she
and axial-vector mesons. It is, therefore, natural to generalizbuilt hadrons. It is not true in general. The results of some
the VMD and assume that the weak interaction of hadroni®QCD calculationge.g., QCD penguin diagrams, QCD cor-
systems is dominated by the coupling of pseudoscalar, veeections to the weak and electromagnetic penguins diagrams
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and to the box diagramare not accessible so easily and MD hadronic and radiative decay widths. Appendix B shows the
cannot be explored in such cases. Anyhow, an approximatelgecay rate ofP,—P,+/v, for arbitrary form factors,
correct description of some process by the MD may havevhich was used in Sec. VI.
heuristic value for the more fundamental approaches by
showing which quark diagrams may be most important. We Il. DEFINING MESON DOMINANCE
will try to illustrate this point in Sec. V. IN WEAK INTERACTIONS

Another reason for our considering the MD approach is In thi . i lausibl ts based
the relations between theory and experiment. The fundamen; n this section we witl use plausibie arguments based on
tal theories or models more sophisticated than MD do no%he standard model Lagrangian and the VMD in electromag-

often provide simple formulas for various distributions thatnetic sector in order to find the effective Lagrangian that
P P describes the coupling of vector and axial-vector mesons to

would be suitable for use by experimentalists to fit their data,[he weak gauge bosons, both charged and neutral. In a search
As a consequence, formulas lacking dynamic motivation ok, it \ve first discuss the dynamical content of the VMD in

sometimes even violating the basic principles of quantumyieciromagnetic interactions from the quark model point of
mechanics are used. The MD approach may be able to offgfiey. Then, we will apply the same procedure to the weak
formulas, even if approximate, that are simple and reflect, ateractions.

least in a crude way, the underlying dynamics.

We will try to keep this paper self-contained and prO\_/Ide A. Vector-meson dominance in electromagnetic interactions
all the formulas and numbers we use. The values of input

parametersmasses, hadronic widths, lifetimeseeded in The electromagnetic part of the standard model Lagrang-
our calculations were taken frofiY]. Unless stated other- 1an
wise, so were the experimental values of branching fractions Len(¥)=—j#(x)a,(x) 2.1)

to which we compare our results. The quoted errors of our

results reflect only those of input parameters. No attempt hagontains the electromagnetic field operaagrand the quark
been made to assess the systematic uncertainties of the mgectromagnetic current

son dominance approach. Not to expand the scope of the

paper too much, we do not compare, with a few exceptions, ) 312 1—

our results to those of existing models. The references to the JM(X):eiZl §Ui(X) YHUI(X) — §di(x) ydi(x) |,

latter can be traced back from the most topical of&8$],

some of them are mentioned in this paper later on. whereu; (d;) denotes the field operator of the Ggown)
Throughout the papeP, S, V, and A will be used as quark from theith generation. The matrix element of an

generic labels for pseudoscalar, scalar, vector, and axiaklectromagnetic process with @ in the initial state will
vector mesons, respectively. In Lagrangians, the field operasontain the factor

tors will always be those of individual members of isospin

multiplets. The isospin symmetry of hadronic Lagrangians (g|j«(0)|p,\),0= 2 e(0[u(0)y“u(0)|p,\),0

will be ensured through the relations among the coupling P P

constants for different charge combinations of participating — %e<0|d_(0)y“d(0)|p,)\>po, (2.2
mesons.

In the next section, we write effective Lagrangians de-wherep and\ are the four-momentum and polarization of
scribing the coupling of vector and axial-vector mesons 10,0, respectively. Only quarks of the first generation matter.
charged and neutral weak gauge bosttS and Z° and  The matrix elements must transform like four-vectors. The
define the parameters of our approach. Section Ill deals witgnly two four-vectors we have at our disposal are the four-
the decays of the lepton, some used as a source of infor-momentum p# of the p° and its polarization vector
mation about the MD parameters. In Sec. IV, we investigatex«(p \). Because we are interested in low energy interac-

vector current processes in which the core of hadronic partions, we will neglect the term proportional to the four-
the PPV vertex, with vector mesol converting into the  momentum. We thus write

charged gauge boson. They include the following types of

decays: P,—P,+/v,, P;—P,+P;, P;—P,+V, and (0[u(0)y*u(0)|p,\),0=F ,e(p,\), 2.3
P,—P,+A. We calculate also the cross sections of the

antineutrino-electron and meson-electron binary reactions/hereF, is a constant. Isospin invariance together with the
that are related to the semileptonic decay shown above bigovector character of the implies that

crossing symmetry. In Sec. V we show that MD leads to a _

parameter-free formula for the rate of the decay  (0[d(0)y*d(0)|p,\),0=—(0[u(0)y*u(0)|p,\),o.
K*—m"e"e” that agrees with the experimental value. Pre-

dictions for the dimuon mode and for the transitionsDof ~ Putting it into Eq.(2.2) and using Eq(2.3), we get
andDg4 mesons into the same final state are also made. Sec- )

tion VI is devoted to the relation between the conserved vec- (0[j*(0)|p,\) o=€F,e*(p,\). (2.9
tor current(CVC) and MD hypotheses. We summarize our .

main points and add a few comments in Sec. VIl. Some™n the other hand, we have the relation

related issues are deffered to the appendices. In Appendix A u

we extract some hadronic coupling constants from data on <O|Vp0(0)|p')‘>p°:NEM(p”‘)- (2.9
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Both F, and the constant/ depend on the normalization of chargedp mesons to the charged weak gauge bodafis

one-particle states, but their ratio does not. Comparing Eqd/Ve start again from the standard model Lagrangian, this
(2.4) and(2.5), we see that the Lagrangian obtained from Eq.time from the part that exhibits the charged current weak

(2.1) by the substitution interaction of theu andd quarks:
F L,g=—W_ j4+H.c.,
00— e-LVh() o e
. g T
gives the same low energy matrix element as the original Jﬁdzﬁvudd'yﬂ(l_'ﬁ)ua (2.9

Lagrangian(2.1). In order the get correctly the first term in
Eq. (1.1, which is fixed by the normalization of the pion

- . whereg=e/siné, is the electroweak coupling constant and
form factor, the following relation must be held g B Ping

V.4 is the relevant element of the Cabibbo-Kobayashi-

E m2 Maskawa(CKM) matrix [10,11]. The matrix element for a
p P . + o o e . .
o g_ (2.6) process with ™ in the initial state is proportional to
p

0]j£4(0)|p,A
Repeating all the steps for the isoscalaand ¢ mesons, and (Oli 0Py
using SU3) invariance relations g

= ﬁvud<o|d—(0)y“(l— Y5)U(0)[p,\ ), .

_ 1
(0]u(0) y*u(0)|p,\),=—=(0[s(0) y*s(0)[p,\)
\/5 ¢ The axial-vector part does not contribute, and for the vector

=<O|U_(O) y“u(0)|p,)\>p0, (27) part we can write

together with Eq.(2.6), we obtain the other terms of Eq. <O|d(0)y"u(0)|p,)\>p+—\/§<O|u(0)y“u(0)|p,}\)po
%ls)ia\:\éle assumed that th¢ meson transforms like a pure = \/§Fpe"“(p,)\). (2.9

We consider it important to stress thggtin Eq.(1.1) and, ~ Writing an equation analogous to E(.5), and using the
as a consequence, also in the weak Lagrangians we are goinglue of F,/\ as implied by the VMD for electromagnetic
to introduce in what follows, is the coupling constant of theinteractions, see Eq2.6), we come to the conclusion that
parar interaction, determined from the— 77 decay width.  the effective Lagrangian for the low energy weak interaction
This is strictly required by the conditioR ,(0)=1 on the of the charge¢h mesons is
electromagnetic form factor of ther* meson calculated
from Eq.(1.1). In some papers this important constraint was
ignored and thg, was determined from the electronic decay
width of thep® meson. It is true that if one calculates the rate _ _ .
of the p°—e*e™ decay from the Lagrangiafi.1) with 9, Now, let us investigate the coupling of tie* * to W*.
determined fromp— 7, the result is obtained which is The corresponding piece of the standard model Lagrangian is
smaller by a factor of 1.450.07 than the experimental _ o
value. But this is, as we will show elsewhere, the effect of Lys= =Wy JustH.C.,
higher p resonances. It is improper to mimic this effect by
violating the normalization condition of the form factor.

Also, if higher mesons from thg family are added into
Eq.(1.1), the coupling ofp(770) to the electromagnetic field
may be modified. The normalization condition for the pionIn analogy with(Eq. 2.9 we define the constaffit« by the
form factor implies a definite relation amongy coupling  relation
constants. The safest way of accounting for the influence of
higher p resonances is to replace the properly normalized (0[s(0) y*u(0)|p.\)ys + = V2F s €*(p,\).  (2.11)
form factor induced by (770) with a properly normalized
form factor containing all considered resonances. Preferen
is for the experimentally determined ones, if available.

gm

2
L ==— ”vudw;vg++H.c.
P

P 29

. g —
]ﬁs:ﬁvuss')"u(l_ ¥s)U. (2.10

Equation(2.5) is valid also fork* ™ with the same value of
$he normalization constan. Using Eq.(2.6) and defining

2

P
—_ (2.12
Fp mye

Fg= M

B. Meson dominance in weak interactions Wy =
Now, we are going to apply the same procedure to the
weak interactions. First, we will fix the coupling of the we arrive at the conclusion that the Lagrangian
gMgs -+
29

‘CK*i: - WK*VUSW;V';*Jr"'H.C.

IRelations(2.7) and others of this kind stem from the transforma-
tion properties of the wave functions and field operators, and do not
mean that we ignore the gluon or sea quark content of the mesogives the same values of all observables in low energy pro-
wave functions. cesses with &* = in the initial or final state as the standard

p
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TABLE I. Parametersry andY,, defined by Eq(2.16) and characterizing the coupling of vector and
axial-vector mesons to the charged gauge bosons, their sources, and values of parareetersted from

them.
V,A Yy, Ya Wy, Wy Source
p* 0.9479+0.0019 1 [Vidl?
K*+ (4.20+0.09)x 1072 0.929+0.013 KT—mlet vy, K* =K
D¥* 0.7+0.5 0.83-0.33 B°-D D"
af 0.6134+0.0032 0.80440.0023 T —a v,
Ky (3.4£1.7)x10°2 0.84+0.21 =Ky,
model Lagrangiai2.10 after the constanivi« is properly g 5
adjusted. If the SW(3) symmetry was exact we would have Lec=— EW” 2 myVywy, V#
Wi =1. P V=pt K**, ...
The case of the axial-vector mesan can be handled in
the same way. We define the constént by the relation — +E+ m,z_\VAWAA“ +H.c. (2.19
A=a; K, ...

(0[u(0) y*¥5u(0)|p.\)a0=Fa, e*(P.N).  (2.13 _ N
Here,V# andA* are the field operators of positively charged

vector (p*, K**, D**, D", B*") and axial-vector me-
sons[a; , K;(1400)", Dy, Dg], respectively. Unlisted
= 2 states either do not exist or have not yet been discovered.
Wy = — —&. (2.14 Vy andV, are the elements of the CKM matrix that corre-
1k, My, spond to the valence quark composition of the particular vec-
tor or axial-vector meson. To make E@.15 compact we
The Lagrangian have introducedv,+=1. In the case of exact S{6) sym-
metry also the othew,, would be equal to 1 and ailv,
gmﬁ would be equal t(wal+. The actual values may be different.

Lalrz—lwalvudW’A“++H.c. Anyhow, thew, should not differ too much from the
wy of the vector mesons with the same flavor, because the

. ... corresponding vector and axial-vector mesons form a chiral
the_n Iead; t_q the same matrix element_s for processes with tr%?/mmetry doublet. The relative sign of the vector and axial-
a, in the initial or final state as the original standard model

. . . vector parts of Eq(2.15 is important for pr to which
Lagrangian(2.8). In that sense it represents an effective La- ector parts of Eq(2.19 is important for processes to whic

ian for th Ki on af h they both contribute.
grangian for the weak interaction @ mesons. The con- The parametera,, andw, enter formulas for observable

stantw,, is a phenomenological parameter of the MD ap-qyangities in combinations with other paramet@&M ma-

proach and should be determined from data. In the chirafrix elements, strong interaction coupling constarits some

limit m,=my=0, thep anda,; mesons constitute a parity cases it makes their extraction from the data impossible. This

degenerate doublet and tiig would be unity. does not diminish appreciably the predictive power of the
The a; meson belongs to théP; octet of axial-vector MD because the same product of parameters determines the

mesons. There has not been any experimental indication th&ates or cross sections of several processes. We can thus fix

its counterpart from the'P; octet, namely, théb, axial- the normalization using one piece of data and other quanti-

vector meson, also couples to the weak gauge bosons. Fties are then predicted by the MD. This approach will be

instance, it has not been identified among the decay productised extensively in Sec. IV.

of the 7 lepton. One possible explanation follows. The va- In the cases when the vector or axial-vector meson that

lence quark and antiquark in thg form a singlet spin state. couples to the gauge boson appears as one of the final-state

Their helicities in the meson rest frame thus tend to be equaparticles it is useful to define the quantities

what leads to a small matrix element of the weak quark cur-

rent. But the coupling of thb, to the gauge bosons, in other Yy =|wWyVul?, (2.16

words, the existence of a second-class axial-vector current

[12], is not ruled out absolutely by the quark model ap-where M stands for any of the charged vector and axial-

proach. There is no obvious reason for the matrix element ofector mesonsVy, is the element of the CKM matrix perti-

the type(2.13 written for theb; meson to vanish identically. nent to the valence quark and antiquark of the particular
To complete our considerations of the MD in the chargedmeson, andw,, is the parameter in the effective charged

current weak interactions, let us recall that quarks fromcurrent MD Lagrangian2.15 that appears in thé1 "W+

higher generations enter the standard model Lagrangian junction. TheY,,’s that will be fixed by data later on are

the same way as the andd’ quarks from the first genera- shown in Table I.

tion. This suggests that the most general form of the charged A few more words are needed about the strange axial-

current MD is vector mesons that exist in two sort&(1270) and

With Eq. (2.6) in mind, we further define



55 SOME IMPLICATIONS OF MESON DOMINANCE IN ... 5389

K;(1400). Analysis of the branching fractions of the lep- TABLE Il. Parameter<Z, characterizing the coupling of pseu-
ton suggests that the coupling &f;(1400) to the weak doscalar mesons to the charged gauge boson and their sources. For

gauge bosons is stronger than thakg{1270). First of all,  definition, see Eq(2.20.
the 7~ branching fraction td<;(1400)  is (8+4)x10 3, to

K,(1270)", (4=4)x10°3. Next, the branching ratios of P Zp (GeV?) Source

T toK 7w, Ko7~ #° andK™ 7%7° systems are com- +  (1.6419+0.0010)x 10 2 Tt o vt v,y
patible with 4:4:1 ratio, which is typical for decay of an g+ (1.247+=0.004)x 103 K —utv,+pu v,y
I=1/2 resonance K;) to those systems through the p+ (2.2+0.5)x 103 fo+ from [15], | V.4 from [7]
(K*7r)~ intermediate state. It again pointsKq(1400) with D! (1.1+0.5)x 10" Di—utw,

its branching fraction t&K* 7w of (94+6)% rather than to

K1(1270) [(16x5)%]. Finally, if the axial strange mesons
that couple to th&V gauge boson were thtP, stateK,, or  rent Lagrangian(2.15), €.9.,W,o=W,=W,+=1, Wa0=W,t.
the 1P, stateK,g, nearly equal mixes of th,(1270) and  _nder exact SW(3) symmetry we would also hawe,=1.

K1(1400), then the<,(1270) and its decay products would  The weak interaction of pseudoscalar mesons is routinely
be more visible inr decays. Also, in the recent wofl3]  described by the Lagrangian

current algebra was applied in the three-pseudoscalar-meson

decays of ther lepton. TheK  p°v. mode[the dominant g

strong decay mode d€;(1270)] was shown to be consistent ~ Lp=—i —=W, >, fpVpdtpp+H.c, (2.18
with zero. 22 Mp=rfKr,

The higher vector and axial-vector recurrences are n
explicitly shown in Eq(2.15. Generally, their influence will
be difficult to take into account due to insufficient knowledge
of their couplings to other hadrons. In some ca@estainly
in the phenomenologically most important case of ghae-
son family), they (_:an_be taken i|_1to account by_ replacing a (0|d_(0) Y*ysu(0)|p) 5+ =if .+ p* (2.19
simple pole contribution, stemming from the virtual meson
propagator, by an empirically determined electromagneti@nd analogously for other mesons. Observalidesay rates,
form factor. When appropriate, we will use that[d#]. cross sectionsof the processes with the pseudoscalar meson

When using the same procedure to determine the coupling either in the initial or final state will be proportional to the
of the vector and axial-vector mesons to thgauge boson, quantity
we find that only the truly neutrdall additive quantum num-
bers vanishing mesons can couple. The coupling of those Zp=|fpVp|% (2.20
consisting of a down quark and a down antiquark from dif- )
ferent generations is proportional to the off-diagonal ele-The values of these parameters for Q|fferent _pseudosc_alar
ments of the produd?'V and is, therefore, forbidden by the Mesons can be determined from their leptonic branching
unitarity of the CKM matrixV. The neutral mesons formed fractlgnsP—{v and are shown in Table Il. In the case of
of valence up quark and antiquark from different generationgh€ 7~ andK™ leptonic decays the radiative corrections are
are excluded by the form of the neutral weak current itselfimportant. We used the prgscrlptlon defined in Suzuki’s ar-
The effective Lagrangian describing the interaction of trulyticle in[7], p. 319. For théd™ meson only an upper limit on

neutral vector and axial-vector mesons with #eoson has the leptonic branching fraction .is known gxperimentally.
the form Here, we used the recent lattice calculatiptb] result

fp+=(208+35+12) MeV and |V 4 =0.224+0.016 from
[7]. We summed the errors quadratically.

Bhere Vp is the element of the CKM matrix pertinent to
valence quark and antiquark of the meddrand fp is the
pseudoscalar-meson decay constant defined forrthene-
son by

Lae=— g 7 2 MG VA From the MD point of view the coupling of scalar mesons
2g,c099y, * vepbm v to weak gauge bosons is not excluded. Howgver, the success
w of the conserved vector curref@VC) hypothesis shows that
this coupling, which represents a second-class vector current
— X mAGaA#|, (217 [12], must be negligible. Nevertheless, let us define the
A=a) fy. ... scalar-meson decay constant of #e meson analogously to

Eqg. (2.19 by means of the matrix element of the vector part

where  Go—w,o(1-2sifa,),  G,=—2/3w,siq,, O e weakcurrent

GJ/¢=.\/§WJ/¢(1/2—4/3Sin?0W), . and GV: \/EWV(_]./Z <0|d_(0)7M0U(0)|p>a+:|fa+pM, (221)
+2/3sirf4,) for V=¢,Y. For axial-vector mesons we have 0 0

GCad=Wa0, Ga= ~Wa/\2 for the pure dd states znq similarly for other charged scalar mesfinsfact, appar-
[A=f,(1510) xp1], Ga=W,/\2 for the pureuu states ently only one existsy(1430)]. The effective Lagrangian is
(xc1), and G,=0 for f,(1285), the isoscalar axial-vector given as

counterpart of thew(782). Most of the constanta,, and

W, represent new parameters, with values expected notto be

far from unity. Isospin symmetry enables one to relate some ?In this paper we will not be faced with the necessity to consider
of them to the corresponding parameters of the charged cuthe interference of several diagrams.
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.9 v,
Lo=i—=W, > foVgdhpstH.c. (2.22
o2 M T TR
0 ' 0 T-
In the next section we will show on the basis of experimental ~  —— = VWWWW»— — = — — —
data that the decay constant of thg meson is at least 20 w- P-(V-,A-)

times smaller than that of the™.

In this paper we will not consider processes in which a
truly neutral spin zero meson couples to the neutral weala0
gauge bosoiZ. We, therefore, do not write the correspond-
ing Lagrangians here. The Feynman diagram that corresponds to the decay of

What we have done in this section can only be considereﬂ,] y g P y

7 e 7 lepton to ap meson and a neutrino is shown in Fig. 1.
as a more or less educated guess, not derivation, of what tl?.‘?sing the MD Lagrangia2.15 it is easy to write down the
effective Lagrangians for the weak interaction of vector :

) - 'corresponding matrix element. The resulting formula for the
axial-vector, pseudoscalar, and scalar vectors may look I|kepartial decay width, first derived by Tsg1], is
Moreover, we have so far considered only réatoming or ’ '

FIG. 1. Matrix element of the™ decay to neutrino and a pseu-
scalar, vector, or axial-vector meson.

outgoing mesons. Going off mass shell may, in principle, Ge|Vud |2 m2
convert the Lagrangian parameters, w,, fp, andfginto r.., p_=( Fl Tud ) — 5 (M2—m2)2(mZ+2m?).
arbitrary functions of meson virtualitigs?. To proceed fur- i 9% 8mm;

ther we will neglect this possibility and postulate the validity 3.2

of Lagrangians as given in Eq&.15, (2.17), (2.18, and . . . . o
(2.22 for both real and virtual mesons. This postulate, tO_NumerlcaIIy, Eq.(3.2) yields a branching fraction of 19.0%.

gether with the restriction to a certain class of quark dia-t rzg_;géregzzc: t_hi :E":fgyw"lti?; VY/?aWI‘”iﬁoirr:f(Ia?r?qre(th-e

grams, discussed in Sec. |, constitute the main ingredients OIF y ¥ - going viap . .

the meson dominance in weak interactions ate state, see Fig. 2. Let us recall first that if the decaying
' particle possesses spin zero or if we average over its spin

states, then the usual formula for the three-body decay
Ill. MESON DOMINANCE AND DECAY MODES a—1+2+3 (see, e.g.[7], p. 176 simplifies to

OF THE = LEPTON

The decays of the lepton have intensively been studied dr= ﬁmjmpl”p; |dMpdQ%, (3.3
both experimentally and theoretically. Theoretical methods 8(2m)"my
range from VMD to chiral perturbation theory, see, e.g.,
[16—20 and references therein. The main aim of this sectiofvherep; is the momentum of particle 1 in the rest frame of
is to extract some MD parameters that will be used in Secshe decaying particlep; is the momentum of particle 2 in
IV and V in the calculations of decay rates of pseudoscalathe rest frame of 2 and 3Q3 is the corresponding solid
mesons and cross sections of reactions involving them. Newangle element, ant¥l ,; is the mass of the 2—3 subsystem.
ertheless, in order to assess the possibilities and limitationShe bar over the matrix element squared signifies the sum
of the MD approach, we consider it useful to show its pre-over the final and average over the initial states.
dictions for ther lepton decay modes, even if many of them  The interaction among a vector field and two pseudoscalar
have already been obtained by other authors. In some casgelds is described by the Lagrangian
the MD works well, even for such a complex decay mode as
1'7—>7777TO771/T. A

Some formulas presented here were derived by 28 Lyp,p,=i9vp,p,V 10", +H.C. (3.4
for decays of heavy leptons before théepton was actually
discovered22]. His theoretical input included lepton univer- If the decayV— P;+ P, is kinematically allowed then its
sality, conserved vector currefCVC) hypothesis[23], rate comes out from Ed3.4) as
VMD in electromagnetic interactions, and the Weinbf24]
and Das-Mathur-Okubf25] sum rules. g\z,PlF,2

The formula for the partial decay width ef into a pseu- FV_)p1+p2:
doscalar meson and neutrigee Fig. 1is well known and
can be found, e.g., i21,26,27. For the reader’'s conve-

3/2 2 2 2
487rm\5,)\ (mv,mpl,mpz), (3.5

nience and later reference it is shown also here: where
=22t 22— _ _ )
G,Z:mf,zp m% 2 N(X,Y,2)=X"+Yy +2°—2Xy—2xz2—2yz (3.6
T py = 1= — X IN . .
T 167 m_- is the so-called triangle function. In ther# case the cou-

pling constants for all three charge combinations have the
Using the values oEZp parameters as given in Table Il and same absolute valug, .
the mean lifetime of the™ we get the branching fractions of Using Lagrangian$2.15 and(3.4), the three-body decay
the #~ and K~ mode shown in Table Il together with re- formula (3.3) and neglecting the difference between the
sults of the evaluation of other~ decay modes described and=® masses, we arrive at the partial width per unit interval
below. in the 7~ #° system mass
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TABLE llI. Branching fractions of ther lepton calculated in the MD approach and comparison with

experimental data. Column C shows the meson coupled to the weak gauge boson.

Final state C Meson dominance result Data Notes
TV, w (10.91+0.06)% (11.3%0.15)%

K v, K~ (7.13+0.04)x 1073 (7.1x0.5)x 103

a7, p~ (24.4-0.4)% (25.24-0.16)% @
K™K, o~ (1.55+0.28)x 1072 (b)
T v, p- (1.22+0.56)% (1.84-0.05£0.14)% (c,d
T v, p~ (1.20+0.48)x 1075 <3.5x10* (©
pw” v, p- (1.79+0.33)x 103 (1.71+0.28)x 10" 3 (@
K*(892) v, K*~ (1.06+0.03)% (1.280.08)% (e
ajv, a; (18.11+0.37)% (d.e)
K,(1400) v, Ky (8+4)x 1073 (e,9
nm v, ag <1.4x10°* (h)

&The normalization is determined by the VMD in QED.

bUsed to fix X,-k-k0=0.64+0.12, which differs from what one would get from the §4) coupling
constant ratio by about 20%.

‘Calculation by Lpez Castro and ez Falca [31].

dExperimental value taken frof82].

®MD calculation in the narrow width approximation.

"Used to fixY, .

9Used to fixYy,.

Coupling of thew ™ # system tomr—, p~, or a; is forbidden by the strong interaction and spin-parity
conservation laws. This mode put a limit on thg(980) decay constarftaa<7 MeV.

Tsai [21] assumed that the second Weinberg sum rule
[24] is saturated by narrow-width anda; mesons and got
the prediction for ther™ —a; + v, decay rate. In our nota-
tion this situation would correspond W, =1. Here, we

treatw, asa phenomenological parameter and determine its

value from the experimental branching fraction. The result is
4 W,, =0.8044+0.0023. The corresponding value of the pa-

rameteryYy, defined by Eq(2.16) is shown in Table I.
In the case o~ — K v, we proceed similarly and obtain

Let us note thag, coming from the Lagrangiaf2.15 can- Wk, =0.84=0.21.

celed with that from thep™ 7~ #° vertex. To account for The value Wg«|V,d)?=(4.20+0.09)x 10 2 will be de-
contributions from highelp resonances, in actual calcula- termined in Sec. IV A from the experimental branching frac-
tions we replaced Eq3.8) by the « form factor taken from  tion of K* — 7% v, and the full width ofK* *. The corre-
[14]. The final result after the integration over the allowedsponding 7~ —K* v, branching fraction, which can be
range of M and translation into the branching fraction is considered a prediction of the MD approach, is shown in
(24.4+0.4)%. Our value is a little bigger than that of ku  Table III.

and Santamarif28], who used the same formula but a dif-
ferent form factor, but still smaller than the experimental
value of (25.24-0.16)%.

After consulting Fig. 2 we can see that the differential
partial width of the decayr—K K%, can be obtained
from Eq. (3.7) by substitutingm,.—my and multiplying by
(gprfKo/gp)z. The latter quantity could only be obtained
from the analysis of the kaon electromagnetic form factor.
Here, we determine its product with/,4/? from the experi-

dl7 — 7 a0, (GelVid)?
dMm 1927°m’s

(m2—s)2(m?+2s)

X (s—4am2)*?F(s)|?, (3.7)

wheres=M? and

2_ P
|F(s)| _W. (3.8

- (K-)

mental branching fraction. This product, denoted as A N
Xkok-p+,» Will be used as an input parameter in Sec. IV.
To get formulas for the-™ decay rates int&K* ~, a; , or w0 (K?)

K1 mesons in narrow width approximation, we only need to
change the masses in E@3.20 and replace|V,q by
Wicx V], Wa [Vugl, or wi [V, respectively.

FIG. 2. Matrix element of the decays —w w°

=K K%, .

v, and
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w(e) 0

FIG. 5. Matrix element of the decay — 7~ 7 v, .

FIG. 3. Matrix element of the decay” —w(¢)mv.. determined in a more direct way, namely, by exploring the

experimental branching fraction ef— p# as shown in Ap-
pendix A. Instead of performing our own analysis we again

When dealing with decay™ —w# v., see Fig. 3, we quote the result of [jpez Castro and lmez Fal¢a, assumed
have to exploit also the Lagrangian of interaction among twaqhat the form factor is the same as in ther— case.

A. Decays of the typer"—=V+P+v,

vector fields and a pseudoscalar one The calculation of the branching fraction of the decay
7~ —K*%K " v_is complicated by the fact that two Feynman
= “\/Y 9P\J T . T, o . .
L,v,p = O,V P €purpod* V19" Vo @p (3.9 diagrams, one witlp ™, the other witha; in the intermediate

state, see Fig. 4, contribute to the transition amplitude. The
contribution of the former is proportional to the K*°K ™~
coupling constant, the value of which can be determined by
analyzing thek*© andK* * radiative decays by means of the
VMD in electromagnetic interactions. This analysis offers
two solutions for gpr*oKf/gp)2 that are compatible with
) o 3nr2 2 2 912 experimental data on th&* radiative decays, namely,
X(MZ+2MANTAM2mE , mD)[F(M?)[% (222+0.18) GeV 2 and (9.2:5.8)x 102 GeV 2.
(3.10 If we forget for a moment about the axial-vector current
diagram and calculate the branching fraction only from the
Thep~ wm~ coupling constant can be fixed using the VMD diagram withp~ in the intermediate state, we find that it
and experimental branching fraction of the radiative decayplays a negligible role. Even for the larger solution shown
w—y7°, as discussed in Appendix A. It was shown by above, the resulting branching fraction is very small,
Decker[29] that a simple form factor such as E@.8) did  (6.0+0.5)x107°, far below the experimental value of
not lead to a proper description of ther~ mass spectrum (ZOi OG)X 103, It shows that the dominant contribution is
[30] and that a highep pole had to be included. He used provided by the diagram with; in the intermediate stafe.
what was known at that time gg(1600). Later, it became Unfortunately, we do not have any possibility to fix the
clear that the 1600 MeV region actually contains twoaj K*°K~ coupling constant. So, instead of an honest calcu-
p-like resonances. lgez Castro and lmez Falca [31], lation let us make a crude estimate of what the experimental
showed that a better description of the same da@ is  information on ther” —K*°K~»_ and v~ —a; v, would
provided by combiningp(770) with p(1450) rather than imply if the former mode were a subprocess of the latter.
with p(1700). Having fixed the admixture parameter, theyDividing  their  branching fractions leads to
obtained the branching fraction that we included in our TableB(a; —K*°K~)~1%. This value does not seem to be ex-
Il together with the recently published experimental valuecluded by the “possibly seen” status of this mode[ .
[32]. Another example of the™ decay modes with one pseu-
Formula (3.10 gives, after obvious madifications, also doscalar and one vector meson in final state is
the differential decay width of not yet observed decay moder~ — p~ »v,. This mode was considered a possible test of
7 —¢m v,. Here, thep” ¢7~ coupling constant can be the Wess-Zumino termi33] for chiral anomalie§34]. The
expected branching fraction lay in the interval
(3.4,3.9)x 1074 [35]. In the MD approach we describe it by
s K- means of the hadronic vertex connecting tg/s with the
7, see Fig. 5. The proper interaction Lagrangian is again that
introduced in Eq(3.9). Because the narrow width approxi-
mation is not as justified as well as it was in the case of the
o and ¢ mesons, we complete the diagram with two pions
originating from thep and evaluate ther” — 7 77nv.
branching fraction. Everything greatly simplifies if we as-
K sume that the mass difference between and 7° can be

The differential decay width in masses of ther~ system
comes out as

dFT*wa’VT:(GF|Vud|)2 gp*wﬂrr’ Zi(mZ_MZ)Z
dM 6(4mm)*\ g, | M7

FIG. 4. Two diagrams that contribute to decay
7 —K*%% v, one withp~, the other witha; in the intermediate 3We must say that this conclusion disagrees with that reached in
state. Ref.[20].
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l+

Yy

FIG. 6. Matrix element of the decay” — 7. FIG. 7. Generic Feynman diagram Bf — P,/ * v, decays.

neglected. The Feynman diagram depicted in Fig. 5 thefhe pseudoscalar decay constant of the meson is about

leads to 131 MeV.
2 _
T o :M TV IV. PROCESSES CONTAINING THE P—P—V* VERTEX
"7 9(4m)Pmim, Jom, WITH V* COUPLED TO W+
X (M3—4m?2)%2F(M3)|? In this section we will consider charged weak current de-

cays of pseudoscalar mesoi,; ) into a pseudoscalar meson
" J'm, dﬁMsi(mf—Mf)z(miJFZME))\s/z (P,) and an additional system, which may be An pair,

My+m, M3 another pseudoscalar meson, a vector meson, or an axial-
55 o 212 vector meson. According to the MD hypothesis the processes
X(M,M3,m7)[F(MD)]%. (31D of this kind proceed by coupling the pseudoscalar-meson

air to a charged vector mesoX)(, which in turn couples to

One yet unknown parameter is the coupling constant in the .narged gauge boson. The latter finally converts into one of

ppn vertex. As shown in Appendix A, the branching fraction the systems mentioned above. TRe— P,+V transition is

A -
of p —y can be ut|2I|z_ed and the value g, emed by the Lagrangia8.4). It is useful to introduce
(9ppn!9,)°=(15.1=2.8) GeV © is obtained. Using the quantity

form factor[14] and integrating Eq(3.11) numerically, we

end up with the branching fraction (1.79.33)x10 3, 9vp,P, 2
which agrees perfectly with the experimental value of Xplpz\/:YV( ) , 4.1
(1.71+0.28)x 102, 9
which will enter all our formulas for decay rates in this sec-
B. Decayr — @~ nv, tion. Parametelyy is defined by Eq(2.16), gypp, is the

The experimental upper limit for the branching fraction of coupling constant in the Lagrangi&B.4). N
the 7~ — o nv. mode (1.4<10~%) indicates that this mode Our general strategy will be. to determine the quantities
is suppressed relative to —p~ 7, which we considered (4.1)' from some of th_e experimentally known branching
above, by at least one order of magnitude in spite of théractlons' of semileptonic decays and then use them for m'ak—
larger phase space available. This can easily be understod®f Predictions for other decay modes. A notable exception
within the MD approach. In fact, if the spin-parity conserva-iS the decayr* — e " ve, which proceeds via the™ me-
tion laws are strictly enforced in conjunction with those SOn. Here, the quantity under consideration is simply given
based on isospin invariance, then there is no pseudoscald the ud element of the CKM matrixX+ ,0,+=|Vydl?,
vector, or axial-vector meson that can couple to they ~ and is thus well known.
system. The only possibility to realize the transition from
W™ to this system is via tha, scalar meson, see Fig. 6. It
gives us a chance to gain some information about the The generic Feynman diagram for the weak decay of a
strength of thea; W™ interaction, as shown in the following. pseudoscalar-mesof?; into another pseudoscalar-meson

The dominant decay mode of th@, meson is P, andan/"v, pairis shown in Fig. 7. The corresponding
ap, —m 7. It allows us to replace the decay — o~ nv,in matrix element can easily be written on the basis of the lep-
our considerations by a simpler one, namety—a, v,.*  ton part of the standard model Lagrangian and EBsl9
The coupling of scalar mesons to the gauge bosons is similgnd (3.4):
to that of pseudoscalar mesons, as shown by a comparison of

A. Decays of the typeP,—P,+/*v,

2 2
Egs.(2.18 and (2.22. We can, therefore, use E(B.1) to M=Gew V. Gve,p, M (D14 Py)— Mp, ~Mp,
find an upper bound on the scalar-meson decay constant of FVIV g, mi-t P17 P2 mZ
the a, meson. The result i5a5<7 MeV. For comparison,
X(pl_pz)ﬂ}ryﬂ(l—?’s)% 4.2

“This decay was proposed as a clear test for the existence of
second-class vector current by Leroy and Pest[@8]i soon after  wherep; (p,) is the four-momentum of the incomingut-
the discovery of ther lepton[22]. going meson and=(p,—p,)? is the square of the four-
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TABLE IV. Parameters<p p v, defined by Eq(4.1): Numerical values and their sources.

P, P, \% Xp p,v Source Notes
at a0 p* (0.9479+0.0020) [Vydl?

K* 0 K*+ (1.206+0.015)x 102 K*— %"

K° w K*+ (2.412+0.030)x 102 2X X+ p0pcx +

D* 0 D** (8.9+3.4)x10°3 DY—x0/%y

DO w” D** (1.8+0.7)x10°3 2X Xp+ ,0ps +

D* KO DX " 0.263+0.015 =Xpok-py *

DO K- DX 0.263+0.015 DO—K u"v

DS 7 D" 0.139+0.039 Di—n/ v

DS 7' D" 0.18+0.07 Di—7n'/

B* 0 B** (4.3+1.4)x10° 7 =Xg+ g« +/2

BO m B*+ (8.5x2.8)x 107 B m /T,

B* DO B+ (3.5+0.9)x 10~ 4 B—D /*v (@
B D~ BX* (3.5£0.9)x10°* =Xg+p-pr * (@
BY s B:* (1.3:0.4)x10°® BY~D,/ v @
KO K~ p* (0.64+0.12) =K K%,

%Existence ofB* © with a mass of 6.34 Ge¢f assumed.

momentum transfer fror®; to P,. Obviously,t is also equal  with resulting values shown in Table IV. Others, shown in

to the mass squared of thé*v, system. The evaluation Table V, provide the check of the soundness of the MD

based on Eqg3.3) and(4.2) gives, after the integration over results.

the lepton momentum direction in thé" v, rest frame, the For example, the branching fraction of the decay

following formula for the differential partial width: K*— 7% v, is used to fix the value ofKy+,ocx+ at

ar ) , (1.206+0.015)<10°%  those  of K'—mu¥y,,
Pi—Py/ Y v, GEXp,p,v t_m/)\l’z(m,% m2_t) KP— e ve(ve), and KEHWt/.L-PV”(V,u) then come as

1’ 2!

dt B 3(47Tmpl)3 t3 predictions of the MD. The result for electron modekdf is
somewhat higher than the experimental value. It may signal
2 \2 . . L
X[ @1(t) = @n(D)] my 4.3 the presence of isospin symmetry-violating effef@g,38.
#1 #2 m\z,—t ' ' After taking the experimental value §¥ ¢ and determining

the coupling constant ratigﬁ*+K+W0/g§=0.287&0.0051
from the p and K** decay widths we isolate
Wi+ +=0.929+0.013. The deviation of the latter from unity
is what one would expect for an S{B)-breaking effect.
—2)]t?+27[(x—y) 2+ z(x+y) Jt— 423 (x—y)?, For other decay modes such a detailed analysis cannot be
performed because the hadronic coupling constants of
tz vector-meson resonances are either inaccessible for funda-
Pa() =~z (2r —t)(t=2)(x—y)?. (4.4 mental reasonée.g., hadronic decay is not kinematically al-
lowed or because the decay widths are poorly known. We
We used the notationr=m?, X:m%I, y:mgz, and are thus left with theXp p v values shown in Table IV,

7= mi- Integrating Eq.(4.3) in case of ther™ — %" v, without the possibility to extract they, parameters. But it

decay(usually referred to as .3), we get a branching frac- does not hamper our ability to predict the branching fractions
tion of (1.0041-0.0021)x 10 8. The error comes from the Of related processe®;—P,+P3 andP;—P,+V(A).
mean=* lifetime we used to convert the decay rate into the A Very interesting situation is in the semileptonic decays
branching ratio and from th¥, 4 element of the CKM ma- ©Of B_mesons. Frequent decay mod&—D /",
trix. The agreement between our result and the experiment®*—D% " v,, and Bg—> D,/ v, cannot be explained
value of (1.025:0.034)x 108 is perfect. within the MD framework without assuming the existence of
As has already been mentioned, thg; decay is excep- a vector meson with both charm and beaB{y" . But such
tional because the coupling constant in the hadronic vertey meson has not yet been discovered experimentally. In order
just cancels with they, coming from the MD Lagrangian to proceed further we simply assume that it does exist and
(2.15 and thew,+ parameter is exactly one, as it follows choose its mass at 6.34 Ge¥/ as determined by Godfrey
from the normalization of the pion electromagnetic form fac-gng Isgur{39] in a relativized quark model with chromody-
tor. In other semileptonic decays the formulas for branchinthamics. This value agrees with results of other potential
fractions contain badly known or unknown parametersmodels[40]. We will return to this question, which is of vital
Xp,p,v defined in Eq.(4.1). Some experimental branching importance for the MD hypothesis, in Sec. VII.
fractions have been explored to determine those parameters, In Table V we also show the predictions for semileptonic

where

1(t)=2t4— (4x+4y+ )3+ [2(x—y) 2+ z(2x+ 2y
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TABLE V. Branching fractions of semileptonie;— P, transitions calculated in the MD approach and
comparison with experimental data. Column C shows the meson coupled to the weak gauge boson.

Decay mode C MD result Data Notes
m" et v, p* (1.0041+0.0021)x 108 (1.025+0.034)x 1078 (@
KO K*e ve(ve) p* (3.4+0.6)x10°° (b,c,0
K*—m%" v, K** (4.82+0.06)% (e
Kt —=mutv, K** (3.10+0.04)% (3.18-0.08)%

KO- e ve(ve) K*= (40.7+0.5)% (38.78:0.27)% (0
K= uv,(v,) K** (26.18+0.33)% (27.1%0.25)% (©
Ke— = e ™ ve(ve) K** (7.03£0.12)x 1074 (6.70+0.07)x 1074 (c.h
Ke— 7 n v,(v,) K* (4.52+0.08)x 10~ * (4.69+0.06)x 10~ 4 (c,f
DY*—#% v, D** (5.7£2.2)x 1073 (e,9
Do /"v, D** (4.4+1.7)x10°3 (3.8'19%x10°3 )
D°—K u*v, DX (3.23:0.19)% )
D°—K e'v, D" (3.33:0.20)% (3.64£0.20)%
D*—K%*w, DX (8.3+0.5)% (7.0739%

D" —K%"y, D" (8.6=0.5)% (6.6-0.9)%

DIi—n/"v, D" (2.520.7)% (e,9
D=9 /v, D" (8.7+3.4)x 1073 (e,9
Bt— 7% v, B** (9.4+3.1)x10°° <2.2x10°8

Bt—ml7tw, B** (4.9+1.6)x107° (b)
B 7w /Tv, B** (1.8+0.6)x10°* (g,h
B'—m 7tw, B** (9.4+3.1)x 1075 (b)
B°~D /v, B:* (1.9+0.5)% (e,g.)
B°—D v, B ™ (4.7+1.2)x10°3 (b,i)
B* D% "y, BX* (2.0=0.5)% (1.6-0.7)% (9.)
B* D% v, BX* (4.9+1.3)x10°3 (b,i)
B —D./ v, BX* (7.6£2.4)% (e,9.)
BJ—D 7 v, B " (1.9-0.6)% (b,i)

3Using |V, 4| =0.9736+0.0010.

PNot measured yet.

“The sum of the charge states indicated.

YHadronic coupling constant fixed by —K K%, .

€Used to fix normalization.

fExperimental value was calculated frdﬁﬁ semileptonic rate and thég lifetime assumingAS=AQ [7].
9Average of thee* andu* branching fractions.

hUsed to determinXgo, - g« +. The experimental value is (148).4+ 0.3+ 0.2)x 10~* [57], where errors are
statistical, systematic, and estimated model dependence. We took the liberty of summing the errors quadrati-
cally.

'The existence oB? © assumed with a mass of 6.34 Ge¥/

decay modes with the lepton® It is natural to ask to what GeVie

extent the branching ratio of theand light lepton modes can M= T”[f+(t)(pl+ po)*+f_()(p1—p2)¥]
discriminate among various models. Let us mention that for 2

theB* — 7~ semileptonic decays our ratio is 0.52, while the X/_’y (1= yg)v (4.5

recent estimate by Khodjamirian and &ii[41] is 0.7-0.8.

The branching fractions are not the only outcome of thepitferential decay rate for arbitrary form factors is shown in
MD approach that can be compared with experimental dataappendix B. If we now compare E@4.2) with the definition
Any experimentally observable quantity can be calculated¢4.5) of f, (t), we see that in the MD approach thelepen-
Let us consider, as an example, the form factiorét) and  dence of the latter is given by

f_(t) of theKJ; decay, which are defined by ,

Myex +
=10 — —. 46
K* +

5The issue of applicability of the MD approach to decays of heavyThe comparison with the linear parametrization used by ex-
mesons will be addressed in Sec. IV D. perimentalists is shown in Fig. 8. A faster than linear rise of
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1‘2_l...l....,....,....,....,....ly/.._ . P,
o 2 /
- . s/
i / 4 ] Py 7
ts e 77 AW — — —
3 i /// . v+ w+ P,
L 1 R4 .
= i // 1 FIG. 9. Generic Feynman diagram Bf — P,+ P; decays.
1.05 - / i D*9, which cannot couple to any of the weak gauge bosons.
- // ] The partial decay width comes out from the Feynman
[ 7 ] diagram in Fig. 9 as
LA T T N P P SO G2
0 1 2 3 4 5 8 7 _ F 2 22
t/ms e p,+p,= 16WmiXP1P2VZP3(mP1 mpz)

XNYAm2 ,m3_,m3). 4.8
FIG. 8. K, form factorf , (t): Meson dominancésolid), linear ( Py Py Ps) (4.8

parametrization used by experimentalists to fit data with limits com-, .
ing from the experimental error of the slope paramétiashegl ParameterXp, p v, defined by Eq(4.1), have already been

assigned numerical values using experimental information
the MD form factor may explain why the experimentally On some semileptonic decay modes, as shown in Table IV.
determined slope parameters in te; decays are higher Similarly, the parameterZp_ are defined by Eq(2.20.

than those irKg;. Their values were determined from the leptonic branching

Furthermore, from Eq4.2) we are getting the form factor fractions of pseudoscalar mesons and are shown in Table II.
ratio The results obtained from E¢4.8) for various input and

) ) output mesons were converted to branching fractions by

f_(t) My+—M o means of experimental lifetimes. They can be divided into

f.(0) = mi” =—0.283670.00016, (4.7  three groups. In Table VI we present calculated branching

fractions that agree with experimental data. Their less lucky

which should be compared to the experimental value ofompanions are listed in Table VII. We defer the discussion
—0.35+0.15. Equationg4.6) and(4.7) were first derived by about possible meaning of discrepancies between our results

Dennery and Primakoff42], who saturated the dispersion @nd empirical values to Sec. VII. The last group, shown in
relations for the form factors by * pole® Table VIII, comprises the branching fractions that have not

been measured yet. When the experimental information be-
comes more complete some of the modes listed there may

fall into the first category, some into the second one.
The generic Feynman diagram of the processes we are

going to consider now is shown in Fig. 9. The parent pseu- C. Decays of the typeP;— P,+V(A)

doscalar mesof; undergoes the strong interaction conver- . )

sion intoP,, one of the outgoing pseudoscalar mesons, and a <€€Ping in mind our convention about charges of the par-
charged(virtual) vector-mesorV/. The latter couples accord- enF pseudoscalar mesons, the fIavqr-changmg decays we are
ing to Eq.(2.19 to the W boson, which in turn converts to going to analyze now can procee_d in the lOWGSt o_rder_ of the
the second outgoing pseudoscalar meBgnTo simplify the MD approach only through th-e diagram depicted in Fig. 10.
discussion we will consider only positively chargéds, Because the vectoM) and aX|e}I-vectorA) mesons couple
which means neutral or positively chargBd’s and, corre- to the charged gauge bosons in the same way, we can study

spondingly, negatively charged or neutRsl's. This conven- th_?htwo moctjes_, one vy|t|h antoutgomg vector r;:eson, tTe o\;\f/wer
tion clearly shows which of the two final-state pseudoscala}’v! an outgoing axial-vector meson, simultanéously. YWe
ill label either of those two mesons &, freeing the index

mesons is coupled to the gauge boson. Of course, we aut " for the int diat ‘ that ts the had
matically handle also the charge conjugate modes. or the intermediate vector meson that connects the had-

The mechanism considered here does not operate in NI Vertex withw". The partial decay width summed over
P,—P,+ P, transitions. It cannot explain any of the decays "€ SPIN projections oM reads

B. Decays of the typeP;—P,+P3

into two neutral mesons. Also, some charged modes cannot G2m2 X v
o 0yt FMyAp p,vTm
run in this way. Let us take as an exammie —K"K™. Tp pipy=———5—
There does not exist any vector meson that would appear v 8mg,Mp,
together withK® as a result of the strong conversion of 2 \2
DJ . And what accompanie&™ in such a conversion is v A3(m2 m2_,m2)
m\z,—mf,, CIRALL L VPR

4.9
8In fact, they considered two vector resonances. One of them, “9
K*(730), was abandoned later on. The branching fractions calculated from E4.9) and mean
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TABLE VI. Branching fractions of thé>;— P,+ P5 decay modes in the tree level of MD and comparison
with experimental data. Column C shows the meson coupled taMtheboson. Only results that do not
contradict existing data are listed.

Decay mode C Meson dominance result Data Notes
Dt —al7* D** (4.0=1.6)x 103 (2.5+0.7)x 1072

D=7 K" D** (2.2-0.9)x10°*4 (2.9+1.4)x10™4 @
Dt KoK+ DX * (6.8+0.4)x 103 (7.2+1.2)x10°3

DK 7t D¥* (3.8+0.2)% (3.83:0.12)%

Di—ym® D¥* (2.6£0.7)% (2.0:0.6)%

BT—mOn* B** (6.8+2.3)x10°° <1.7x10°°

Bt —a’k* B* " (5.11.7)x10° 7 <1.4x107° (@
B*—#°DJ B** (3.8£2.1)x10°5 <2.0x10™*

B— 7w mt B** (1.3£0.4)x10°5 <2.0x10°°

B'— 7w K* B** (9.9+3.3)x10°7 <1.7x10°° (@
B'—#D; B** (7.4+4.1)x10°° <2.8x10°*

B*—DOD; BX* (1.9+1.0)% (1.7:0.6)% (b)
B°—D #" BX* (3.60.9)x 102 (3.0:0.4)x 1072 (b)
B>-~D DS B+ (18+10)x 1073 (7x4)x10°3 (b)
BY—D_ 7" B (1.4£0.5)% <12% (b)

@Doubly Cabibbo-suppressed mode.
PExistence ofB* * with a mass of 6.34 Ge/ assumed.

lifetimes of the parent meson®(, D°, DS, B*, andB%  Sec. Il, because the energies in the parent rest frame of the
are shown in Tables IX and X together with experimentaloutgoing particles are large. But, as we will argue, the use of
values. The former table lists the decay modes for which thé/1D for calculating the branching ratios of different light
MD results do not contradict the experiment. As most of themeson modes is well justified.

empirical values are given only as upper bounds at present, In fact, what matters is the virtualitffour-momentum
some modes may move in future to Table X, which containsquared flowing through the junction where a meson and the

the MD results that disagree with the data. weak gauge boson meet. Let us speak, for definiteness, about
the decay oB® into D~ and a light mesot ™ (where now
D. Meson dominance and decays of heavy mesons M can beP, V, or A), which is supposedly dominated by the

The decays rates of heavy mesons containing a heak: = (see Figs. 9 and J0Because the mesdvl * is on the
quark and a light antiquark, or vice versa, are usually calcumass shell, the virtuality in th&/"M ™ junction is equal to
lated using the heavy quark effective thepdg]. The careful ~the mass oM squared, i.e., it is same as in the definitions of
reader has probably noticed when inspecting Tables V—xhe weak effective Lagrangians in Sec. Il. The story at the
that we used the MD formulas to calculate also the decappposite end of thev™ line, in the B "W junction, is
fractions of the heavy mesom, Dy, B, andBs. It seemsto different. Here, the virtuality is far from th&} " mass
go against the spirit of the MD, as it has been declared irsquared, and the coupling parameter may be different from

TABLE VII. Branching fractions of thé®;— P,+ P5; decay modes in the tree level of MD and compari-
son with experimental data. Column C shows the meson coupled ¥theoson. Only results that contra-
dict data are listed.

Decay mode C Meson dominance result Data Notes
Kt —alnt K** (86.3-1.1)% (21.16:0.14)%

K o a ot K** (2.52+0.03)% (68.610.28)%

K- 7070 None 0 (31.39:0.28)%

D= ot D** (3.1+1.2)x10°3 (1.52+0.11)x 103

D%— 7070 None 0 (8.4:2.2)x 104

DKo+ Df* (9.8+0.6)% (2.74-0.29)%

DO K070 None 0 (2.1#0.21)%

DO—K K* D" (2.66+0.16)x 103 (4.33+0.27)x10°3

D%—K°K® None 0 (1.3:0.4)x 1078

Di—qy'mt D¥* (1.9+0.8)% (4.9:1.8)%

Bt*—DO%* B+ (3.7£1.0)x10°3 (5.3x0.5)x 103 (@

xistence of8* * with a mass of 6.34 Ge¢/ assumed.
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TABLE VIII. Branching fractions in the tree level of MD of the;— P,+ P5; decay modes that have not
yet been observed. Only the modes with branching fractions greateixth@n® listed. Column C shows the
meson coupled to thé&/* boson.

Decay mode C Tree diagram of MD Notes
D*—#mK* D** (2.9+1.1)x10°4 (@
Df—gpK* D** (5.2£1.7)x10°*4 (@
Df—g'K* D** <5.7x10™* (ab
DS - K" DX (1.8+0.5)x 1073

DS —7'K* D¥* (1.3+0.5)x 103

D —KOK* D** <5.6x10°* (a,c,d
B* DK™ B:* (2.8+0.7)x10"* (@9
B*—DD* BX* (4.0=1.4)x10™* (aed
B°—D K" B:* (2.7+0.7)x10°* (a,e
B°~D D" BX* (3.8+1.3)x10°*4 (a,eh
BY-D K" BX* (1.1+0.4)x 103 @
B—~D_D" Bx* (1.5+0.6)x 1073 (ae,
B —D_D; BX* (7.4+4.0)% (e)

@Doubly Cabibbo suppressed mode.

bUsingB(D* — 5’ w*)<9x 10 2.

®UsingB(DS —K%7*)<8x 1073 .

4This mode is experimentally indistinguishable fravd —K°K™* and represents a negligible background to
it.

®Existence of8* * with a mass of 6.34 Ge¢/ assumed.

'D* decay constant taken frofd5].

the wgx+, which is defined for the on-sheB} *. Similar  the laboratory kinetic energy thresholds for the remaining
: two are 223.1 GeV and 3.381 GeV, respectively. As a con-

sequence of the special kinemat{etectron as a targgtthe

eactions remain in the low center-of-mass energy range

changes may occur in the stro®fD B** vertex, where
again the dependence on the virtualities of participating me
sons cannot be ruled out. The absolute predictions of th

2 B .
decay rates may thus be unreliable. But we cannot make t ’|t_|<1 Ge\_/ ) even for the highest meson begm_ energies
absolute predictions anyhow because we know neithe vailable. With a view toward successful description of the
Wpgs + NOT Ggop-g++, Which combine intoXgop-gs +, See semileptonic decays of pion and kaons, we believe that the

BC B D‘BC ’ B D‘BC ’

. MD approach is suitable also for calculating the cross sec-
Egs. (2.19 and (4.1). We can only calculate the ratios of tjgng of the low energy reactions that are related to those
decay rates for different mesolt™. When these mesons are gecays by crossing symmetry. The corresponding Feynman

light, the differences among the virtualities in tMé"B; *  diagram is depicted in Fig. 11. To make the differential cross
2 . . . . : . : o
junction will be small in comparison with the mass of the gection formula concise, we introduced= m3,, y=m2,

B © meson. The virtuality modified coefficien¥gop - g+ +
C

will have approximately the same value and will simply can-
cel out when a ratio of the decay rates is calculated. The dop e p, ngplpzv(hc)z( , )2

z=mp_, andr=m{,. The formula then reads

same happens when a light meson mode is compared to the

/"v, one. dt 87N (S, X,Y)
To push things to the edge we calculated the branching

ratios of various decay modes of tlBg meson, containing

both heavy valence quark and antiquark. This meson has not

been discovered yet, but reliable calculations of its mass and

other properties exist in the literature, see, ¢39,4Q. Also, )

the prospects of its impending discovery are bright,[¢e¢ ~ With

and references therein. Following Godfrey and 1G9, we

used in our calculations thB, mass of 6.27 Ge\?. The

results of the MD approach are compared to the predictions s P,

of some existing more fundamental models in Table XI. 7

r—t

X

X—z
$i(s,)+ r—2¢>2(5,t) , (410

E. Meson-electron-induced binary reactions D AN— Y V.Y V.Y VY. W —
Let us consider the following weak interaction binary re- \'Al w+ M
actions of projectile mesons incident on target electrons:
mte” =%, Kre —nlv,, wTe —K%,, and FIG. 10. Generic Feynman diagram 8;—P,+M decays.
K*e~—KO%,. First two of them are exoenergetic, whereasM stands for the outgoing vector or axial-vector meson.
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TABLE IX. Branching fractions of thé®;—P,+V(A) decay modes in the tree level of MD and com-
parison with experimental data. Column C shows the meson coupled W thgoson. Only results that do
not contradict data are listed.

Decay mode C Meson dominance result Data Notes
Di—n'p* D:* (11.9+4.6)% (12:4)%

Bt—7%" B** (1.2+0.4)x10°° <7.7x107°

Bt — m0K** B** (7.4x25)x10°7 <9.9x10°° (@
B*—aD:* B** (6£5)x10°° <3.3x10°4 (b)
B™—xa; B** (2.0+0.7)x10°° <1.7x10°3

B—m p* B** (2.4+0.8)x10° % <8.8x10°° (©
BO—m K** B** (1.4+0.5)x10°© <7.2x10°° @
B'— 7 Df* B** (1.1x1.0)x10°* <5x10°* (b)
B'—m a; B** (3.8£1.3)x10°° <4.9x10°4 (d)
BT —yDX* B** (7£6)x10* <8x10* (b)
B*—DOD** BX* (2.0=1.7)% (1.2:1.0)% (b,e
B*—DO%; BX* (9.8+2.6)x 103 (5+4)x10°3 (e)
B—~D p" B+ (6.3=1.7)x10°° (7.8+1.4)x10°° (e
B’—D"a; B:* (9.4+25)x 103 (6.0=3.3)x10° 3 (e

@Doubly Cabibbo-suppressed mode.

bUsing (WD:|VCS|)2=39t 31, as determined froB(B°—~D D) =(2.0+1.5)%.
°Experimental value includes also the p~ mode.

dExperimental value includes also the"a; mode.

®Existence ofB* © with a mass of 6.34 Ge¢f assumed.

K~ 0 (387 Ge\}, Ko7 (398 GeVj, andK “K° (962 GeV.
Also, the fact that the electron antineutrinos are less copious
than the muon ones by a factor of 1Din the high energy

Total cross section as a function of the kinetic energy of2ntineutrino beams, produced by thg, decays, makes the

incident meson for the four meson-electron reactions men(_axperimental observation of this kind of reaction tricky. On

tioned above were obtained by numerical integration and arg]e qther hand, as the cms energy of the two-meson system
shown in Fig. 12. remains small, the transverse momenta of outgoing mesons

will also be small. The reaction products will thus be con-
centrated in a very narrow cone in the laboratory system
polar angle with relatively small energy spread. This, and

The electron-antineutrino energies required for mesonalso the negative total charge, may help to identify this kind
pair production off target electrons are very high. We showof reaction. The evaluation of the total cross section that
four most favorable final states with the threshold an-corresponds to the Feynman diagram in Fig. 13, gives the
tineutrino energies in parentheses: 7° (73.8 GeV, result

d1(S,t) =4S(S—X—y—2) +4XZ+y?+ (45— y)t, (S, 1)
=2ry(2s+t—y—22)+y(x—2)(y—1t).

F. Antineutrino-electron-induced mesonic reactions

TABLE X. Branching fractions of thé>;— P,+V(A) decay modes in the tree level of MD and com-
parison with experimental data. Column C shows the meson coupled t/thboson. Only results that
contradict existing data are listed.

Decay mode C Meson dominance result Data Notes
D*—K%* D+ (11.7£0.7)% (6.652.5)%

DO KO%p° None 0 (1.26:0.17)%

DO—K p* D¥* (4.57+0.27)% (10.81.0)%

Dt —KOoK** D:* (0.6=0.4)% (3.0:1.4)%

DO K-K** DX (2.20-0.14)x 1073 (3.5+0.8)x 1073

D*—KO%; D (3.77£0.22)% (8.11.7)%

D°—K™a; D¥* (1.5£0.1)% (7.3:1.1)%

D—np* DX (3.3:0.9)% (10.3:3.2)%

Bt*—D%" BX* (0.7£0.2)% (1.34-0.18)% (@

xistence of8* * with a mass of 6.34 Ge¢/ assumed.
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TABLE XI. SelectedB? decays: MD predictions for branching ratios and their comparison with those of
various models. PQCD: using perturbative QCD framework proposggilinBS: Bethe-Salpeter description
of the meson wave functions and the hadronic matrix elements; ISGW: model of Isgur, Scora, Grinstein, and
Wise[62]; BSW: model of Wirbel, Stech, and Bauj3].

Branching ratio MD  PQCO9] BS[58] ISGWI[59] BSWI[59] BSW][60]
Bl —ne + /v lmt 5.0 4.3 4.0 41
e 11
K/ m* 0.075 0.068 0.078 0.074 0.078
ptla* 2.3 3.0 2.6 24 2.6
K**/a* 0.10 0.09 0.14 0.12 0.14
ajlmt 2.6
Kilm* 0.18
B —Bst+/ v, Imt 0.38 0.36 0.26 0.25 0.27
K/t 0.064 0.072 0.075 0.070 0.073
ptla* 0.45 0.77 0.46 0.40 0.60
Gﬁ(ﬁc)zxplpzv o K*—@"/%/~, which was investigated theoretically al-
Opte P +P,= m|F(s)| NY4(s,X,2) ready before its dlscovery_ln 19736]. References to this
early period can be found i#5]. Later works includd¢47—
X[2r2s3\(s,x,2) + 2r2y?(2y — 3s) 49] and references therein. Present theoretical understanding
of this decay in the framework of chiral perturbation theory
X (X—2)%+r?sy(3s*~y?)(2x+22~5) has recently been summarized [i50,51. The theoretical

prediction based of47] contains one unknown parameter.
When extracting it from the experimental branching fraction
of the dielectron mode, a two-fold ambiguity remained. It
was resolved by choosing the solution that fits #ee™

+3sy(x—2)%(s—y)3(s—2r)], (4.1

wherex=mg , y=mg, z=mj_, r=mg, and

mé mass spectrunj52] better. Then, the prediction for the
IF(s)|2= 7. (412  w*u” mode can be made.
(s—my) +myl'y In the MD approach we will describe the decay

, _ K*—a"/"/~ by the diagram sketched in Fig. 15, forget-
For channels with the resonance in the channel we re- iy for a while about other possible diagrams. In order to
placed function(4.12) by the form factor taken from Ref. o\ 51yate the corresponding decay rate we assume that the

o . Eaiadtii
[14], in which the experimental data @ie” — 7" 7~ were  jqteraction among tha,, p, and 7 mesons is governed by
fit with a formula exhibiting the correct analytic behavior. In 4 Lagrangian density

this way, we have accounted for a possible contribution from

higherp recurrences. For reactions withmd< system in the ] toaa TAB

final state, which go through th¢* resonance in the chan- ‘Calpﬂzlgalpﬂ'_zk Ciij kVjapd“ ekAT (5.9
nel, we do not have such a possibility. The single-pole for- b

mula(4.12 with energy-dependent* width was used. The \ith

dependence of the total cross section on the incident an-

tineutrino energy for all four final states is shown in Fig. 14.

V. MESON DOMINANCE AND NEUTRAL
FLAVOR-CHANGING DECAY MODES

The processes we are going to deal with now are usually
classified 7] as flavor-changingAS=1, AC=1) weak neu-
tral current decay modes. This label is a little misleading for
some of them, eg.K*—#"/"/". In the calculations
based on the standard model, the latter is described in terms
of diagrams that almost all contajd5] the charged gauge
bosonW-=, i.e., the charged weak current. Also in the MD
approach we will calculate branching fractions of this and
similar decay modes using the diagrams where charged me-
sons are attached to the charged weak gauge bosons. Only in
a part of this class of processes(— 7+ vv, for example,
the genuine weak neutral current operates in conjunction
with the charged one, which can only change the flavor.

We start with considering the decay mode FIG. 11. Matrix element of the reactid®, + e~ —P,+ v,.
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FIG. 12. Total cross section in attobarfisab= 10" *?> cm?) of FIG. 14. Total cross section in femtobars fbo = 107 3°
the reactions of positive pions and kaons with target electrons as @n?) of two-meson production in reactions of the electron an-
function of the laboratory kinetic energy. tineutrino with target electrons as a function of antineutrino energy.

2
Viag=3aVip= 95V,q (5.2 Al i+~ (GFlaypna) o
= 43 Ya+ZK+)\
dM 487g,m 1
being the vector field strength tensor. Symbajs V;, and 2 2 o T
¢ denote the field operators far,, p, and = mesons, re- XM+ M, M%) YM“—4my,
spectively. ltalic indices label various charge states of a par- 22 m2 |2
ticular meson anc;,; , is the SU2) Clebsch-Gordan coef- x| 1+ —2/) (ﬁ) . (5.9
ficient. Thea;— p7 decay width comes from Ed@5.1) as M m,—M
) In addition t00a oo there are two other nontrivial param-
I Yapm AV2(x.y.2) eters entering formuléb.4), Yal+ andZg+. Their values can
a,—p+ I . 3 .
T 96mmy, be found in Tables | and II, respectively. When we integrate

y Eq. (5.4 over the full range of dielectron masses and use the
v A2 Dy 2 experimental value of th& * lifetime, we get the branching
X|(x7y=2) +2X(X y*t27, (63 fraction B(K*—m"eTe )~3.1x10 . The experimental
value is (2.74:0.23)x 10" ’. The uncertainty of our result

2 2 2 _ . comes from thea;p 7 coupling constant, which is given by
wherex=mj , y=mj, andz=mz. Substituting the experi- the noorly known(and understoodwidth of thea, meson.
mental value of['; ~400 MeV into Eg. (5.3, we get But this uncertainty disappears when we calculate the
~260 GeV 2. branching ratio of theu* ©~ ande*e™ modes, which is a
function only of the masses of participating particles. In
Table XII We show, therefore, the branching fraction of the

2
galp’iT
A straightforward evaluation of the diagram depicted in
Fig. 15 leads to the following formula for the differential

width in the/*/~ massM: .,u ©~ mode normalized by the experimental value
of the dielectron one.

v

e+

e-

o FIG. 15. Matrix element of the decag¢™ —m*e*e™ in the
FIG. 13. Matrix element of the reaction,+e~—P,+P,. meson dominance approach.



5402 PETER LICHARD 55

TABLE XIll. Branching fractions of the flavor-changing “weak neutral current” modes
P,—P,+/*/" calculated in the MD approach assuming the dominant role ofithresonance. Column C
shows the mesons coupled\té*.

Decay mode C MD result Other predictions Data
Kt—ntete” K*al ~3.1x1077 (a) (2.74+0.23)x 1077
Kr—atutu” K*a;  (6.2x05)x108 () (6.209)x1078[51] <2.3x10°7
Df—mtete” D*,a;y (3.9:0.9)x 1077 (¢) <1078 [53] <6.6x10°°
DYt—atutu” D*,a; (3.9+0.9)x 1077 (c) <10 8[53] <1.8x107°
DY —mtutu” Dl,a;  (1.0£0.5)x10 ° (d) <4.3x10°*

8Using thea,p coupling constant determined froﬁh1~400 MeV.

®Normalized by theK* — e e~ experimental branching fraction.

€Using thea, pr coupling constant determined froki™ — 7" e e~ and the lattice calculatiofl5] result for
theD™* decay constant.

dUsing thea,pm coupling constant determined frok"™ — 7 e*e™ and theD_ decay constant from the
experimental branching fraction di)‘;—m*]/”.

As we have already indicated, there are other MD dia-sons. The result is proportional to the difference between
grams that can contribute to the amplitude ofkaon and pion electromagnetic radii squared.
K*—=a*/*/~ decay mode. First of all, it might be a dia-  The last two diagrams conceivable in the lowest order of
gram obtained from that in Fig. 15 by substitutions MD are illustrated in Fig. 17. The matrix element with the
a; —p* andp®— w,¢. But it vanishes identically as a con- K** in the intermediate state vanishes identically. The con-
sequence of the presence of the totally antisymmetric Levitribution from K; is nonvanishing but small. This can be
Civita tensor in the hadronic vertex together with the pionseen from the following: When we consider this part of the
momentum in théV* 7" junction. transition amplitude separately, ignoring the contribution
Then, we have diagrams that contain only pseudoscaldrom thea; diagram(Fig. 15, the resulting branching frac-
mesons. They are generated by taking the basic diagram iion of K" — 7" e*e™ can be expressed in terms of the de-
which K™ converts tor™ via W* and attaching a virtual cay width of K —K*y. To get the correct experimental
photon alternatively to all possible lines. It can be shown thahumber for the former, the latter had to be unrealistically
the sum of those diagrams is vanishing. To simplify the dis-igh, about 40%.
cussion we will show it here in the limit of an infinitely To complete our discussion about the"— 7 ete”
heavyW boson. In this limit we can introduce the following mode let us stress that in the MD approach we have gotten a
effective Lagrangian for the weak interaction between pionparameter-free description of its decay rate, dominated by
and kaons: the a; diagram in Fig. 15. Other meson diagrams give
smaller contributions. Nevertheless, they will have to be
Ge taken into account when a more detailed comparison with the
_Efw next generation of more precise data is made. Our result
suggests that in any approach based on the standard model it
After switching on the electromagnetic interaction by thelS important to consider the diagram depicted in Figalgt
minimal substitution principle, we are getting not only the répresents a seed for the class of diagrams, such as the one
usual terms describing the emission of a photon from théhown in Fig. 1&), into which it develops after QCD cor-
pion and kaon lines, but also contact terms generated froffctions are included. This class corresponds to the most im-

Eq. (5.5). The one-photon part of the electromagnetic inter-Portant meson diagram, Fig. 15. o
action Lagrangian thus reads Finally, it has to be stressed that the successful description

of the decayk " — 7*e*e™ was possible because the short-
Ge distance part of the amplitude, which contains contributions
ol o+ ok o — —=f VyafVus @10 ok from the electromagnetic penguin diagram>d+ y*, the
V2 Z° penguin diagrans— d-+Z°%*, and theW box diagram, is
about three orders of magnitude smaller than the long-
, (5.6 distance parf6].
To get an estimate of the branching fraction of the transi-

o _tion of charmed pseudoscalar mes@is andDy to a dilep-
wherea,, denotes the electromagnetic field operator. Now, it

is easy to check that the matrix element for the photon pro-

L= ViafkVusd @ 0,05 +H.c. (5.5

L,=iea,

+okd" @)

duction (both real or virtua), calculated as the sum of the § ﬁﬁw gﬁ
emission from kaon line, emission from pion line, and the =~ ----s-_. * - e T
contact term, see Fig. 16, is identically zero. It is a conse- K* K+ =t K* =@t K+

guence of our treating pions and kaons as elementary quanta.
In [45] this kind of contribution was calculated assuming FIG. 16. Three contributions to the matrix element of the decay
nontrivial electromagnetic structure of the participating me-K* — o y(y*) related to Lagrangian&.5) and (5.6).
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K+ m+

K+Kf W+ v

FIG. 19. Long-distance part of the matrix element of the

FIG. 17. Other two possible MD Feynman diagrams for CP-conserving decafk ™ — =" vv.

Kt—=mete .

To check the applicability of the MD approach to neutral
current processes mediated by the neutral gauge hbsee
calculated the long-distance contribution to the
CP-conserving decaK*— 7" vv. In the MD approach it
proceeds mainly according to diagram displayed in Fig. 19.
Its differential partial width is given by

ton and a pion we will again use E@5.4) with obvious
modifications. The results shown in Table XII should really
be considered as an order-of-magnitude estimate be¢guse
the a; in Fig. 15 is very far from its mass shell and its
coupling toW may differ from that assumed in EQ.15);

(i) also higher charged pseudoscaléfor example,
(1300)] or tensof a,(1320)] resonances that couple to the 4 2

pT, w, OF ¢par System can appear in the intermediate state. dTk+ - _ GFgaleaIZw 1— 2irR o) 212) 32

But it is highly improbable that the observed branching frac- dt B 3g;‘(87-,mK+)3 ( I )t

tions will be dramatically lower than those shown in Table ) s

XIl as a result of destructive interference. In fact, the matrix 2 2 A

element now is not a mere number, but a function of the ><(mK+,mw+,t)(m2_t) ' (5.7
dilepton mass and the angle between the dilepton and pion. P

A substantial cancellation would require the same functionalyheret=(p,—p.)? is the four-momentum transfer squared

dependence of different contributions. or, equivalently, the mass of thev system. The integrated
In spite of all the crudeness of our estimates, we can salfranching fraction (7.2 0.6)x 10 18 does not have any ob-
that the MD approach predicts the branching fraction Ofgeryational value. From the theoretical point of view it is

+ o+ - : ; ; ‘ € € )
D" —m"/"/" thatis at least by an order of magnitude interesting and perhaps surprising that our value is practi-
higher than the prediction of a standard model calculatloQ:a”y equal to the recent estimate 7:¥10 8 (error not

[53]. But even the MD prediction is about two orders of giyen) [54] obtained from the finite part of the one-loop am-
magnitude below the present-day experimental limit. Theyjityde in the chiral perturbation theory.

same is true for the MD prediction in the,—x*/*/~
case.

VI. RELATION BETWEEN THE CONSERVED VECTOR
CURRENT AND MESON DOMINANCE HYPOTHESES

The conserved vector curre(@VC) hypothesis is a use-
. ful concept in the weak interaction phenomenology. From a
W d(u) ¥ pragmatic point of view it enables the decay rate of some
flavor-conserving weak processes to be related to the data on
hadron production irr™e™ annihilation[26,21,55,56 It is,
(a) therefore, natural to ask what is the relation between MD and
CVC, which of the two approaches is more general, and
which has more predictive power.

It is evident that MD can be applied also to processes
during which the flavor of the hadronic system changes,
whereas the CVC cannot be applied. Let us, therefore, con-
sider only the flavor-conserving processes with the weak
vector current. At first sight it seems that MD in weak inter-
actions is a straightforward consequence of CVC hypothesis
andp® dominance in electromagnetic interactions. If it were
true, the two concepts would lead to the same results in the

(b) region where their domains of validity overlap.
A typical process of this type is ther.,; decay

FIG. 18. Selected quark diagrams of tié —7*e*e” decay 7 — 7 €  v.. We have shown that one can get good agree-
mode. (a) Two (differing by u<d) of possible electroweak dia- Ment with the data by calculating its branching fraction from
grams;(b) After the strong interactions are switched on, the previ-the MD Lagrangian2.15 without any further assumption. It
ous diagrams develop into those that provide the most importarfias also been claimed for a long tirfsee, e.9.,26,27) that
contributions, such as the one shown here. Unlabeled wavy curvdfie agreement of the CVC result with experiment is perfect
represent gluons. and lends strongest support to the CVC hypothesis. To ex-

e+

wl
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amine this assertion let us sketch briefly the central point of VIl. CONCLUSIONS AND COMMENTS
the CVC derivation.

From general principles it follows that the matrix element
for the 7.3 decay has the forr#.5). The continuity equation
for the conserved weak vector current requires

The hypothesis that the weak interaction of hadronic sys-
tems at low energies is dominated by the coupling of the
vector, axial-vector, and pseudoscalar mesons to the gauge
bosons has been scrutinized. The strength of the weak cou-
pling of thep(770) meson is uniquely determined by vector-

(P1=P2) [ (P1F P2)#f 4 (1) + (p1—p2)*f_(1)]=0 meson dominance in electromagnetic interactions; flavor and

6. chiral symmetry-breaking effects modify the coupling of
other vector mesons and axial-vector mesons. Corresponding
which leads to the relation strength parameters and their products withostly un-
known) strong interaction coupling constants constitute the
2, —m, free parameters of our approach. They are fixed by experi-
f_(t)=—— Tf.(1). (6.2  mental data on the branching fractions of the selected decay

t modes of ther lepton and semileptonic decay modes of

pseudoscalar mesons. Some hadronic coupling constants
Becauset is the mass squared of thév system, it cannot were determined from the widths of strong and radiative de-
vanish. In the limit of exact isospin symmetry we have cays.

m,+=m, and, therefore, After fixing the parameters, many decay rates of the
lepton and pseudoscalar mesons K, D, D, B, andBj,)
f_(t)=0 6.3 have been calculated and compared to experimental data.

They fall into three categories.

(1) Decay modes where the calculated result is in good
The usual CVC result for therez branching fraction is ob-  agreement with observation. One can expect that these
tained by assuming that the identit§.3 holds also when modes, when calculated in the framework of the standard
isospin symmetry is broken. The other assumptions state thgfodel, are dominated by the weak quark-antiquark annihila-
the functionf , (t) can be replaced by a constant in the smalltion and creation diagrams. The nicest example in this cat-
t range allowed kinematica"y in thﬁ'e3 decay and that the egory is the Sem"eptonic decay+_>770e+ V. The calcu-
relations among different components of the electrowealzted branching fraction is (1.00410.0021)< 10~ 8, while
isovector-vector current remain same as in the case of exagkperiment says (1.0250.034)< 10 8. Many nonleptonic

isospin symmetry. The final formula can be found in Ref.qdecays are also well described. For examplé,— 7%,
[27]." Although different from the MD formula, after nu- -+ "o

; PRI . > o " D ", B"—DD., B%~D p*. Also the branchin
merical evaluation, it gives practically identical value, which s 7T - N - P g

. . . X fraction of a quite complex mode™ — 7~ 7°v, agrees
agrees with the experimental branching ratio very wetle nicely with the experimental figure. So does that of the

Table V). . . + g
. neutral current flavor-changing” modk™ — 7" e e™.
l.mBUt let uf’ Iocl)k Z_T_ththe cvC ;t).roci(]jutre ??(?gr%;)?d a?(cj)ve a (2) Decay modes where the calculation disagrees with ex-
allls?) Tvﬁ;enciggs 3:n S ?narszgrm‘i)slz?okgnr\?iglatés tlﬁga;élatio erimental data. Here, the standard model diagrams that do
pin Sy y ot have an analogy in the meson dominance approdth (

(6.1).msir?’ ttk;]e usunal ﬁ/vg :]eSl;IE[h'S’\'/n ftac;t, o:tharl]r;eg rt10rt &yemission or absorption from a quark line, penguin diagrams,
assuming the conservation of the vector current, but rathgl diagrams, etg.are expected to dominate. The two-pion
assuming a special type of its nonconservation, namely, suc

that results in Eq(6.3 ecays of th&k mesons are a typical example.
: qlo.9). . (3) Decay modes that have not been measured yet. Some
If we strictly enforce the conservation of the vector cur-

; o . 0 ¥
rent by honoring Eq(6.2), which follows from it, we obtaif meson dom'”"ﬂce poredICE'oTS'B[KL_)K € Ve(VE)5]
the me branching fraction of (0.88720.0019)<10°8,  (3:4+£0.6)x107%, B(B'—m 7 v,)=(9.4£3.1)x10 >,
e3 0 + _ - 0 + Ity —
which disagrees with the contemporary experimental vaIU(,B(BSHDS_T3 VT)_£1'9—+0'6+) %, B(Ds —7'K _)8_(1'3
To conclude: We found a process for which the CVC An upper limit on the presence of thg second—pla}ss vector
hypothesis and MD give different results. Meson dominanc&Urrent was obtained using the experimental limit on the
in the flavor-conserving vector current sector thus represents — 7 777- branching fraction. In terms of the scalar decay
a dynamic assumption that is different from what would beconstant of thea, meson it read$, <7 MeV. The upper
obtained by merging the CVC hypothesis with the VMD in bound is about 20 times smaller than that of the decay con-
electromagnetic interactions. The case of thg decay sug- stant of ther™ meson.
gests that MD is better suited for description of the processes What comes as a surprise is the ability of the MD ap-
in which the isospin invariance is broken. proach to provide a parameter-free description of the flavor-
changingAQ=0 process,K*—x*te"e™. Also, the MD
tree diagram calculation of the long-distance part of the
"In Ref. [26] additional approximations were made, which low- flavor-changing neutral current decy — 7" vv gives the
ered the result by 24 Equation(7.15 in [27] contains an obvious Same result as a one-loop evaluation in the chiral perturba-
misprint: 77° should be read as*. tion theory with certain prescription for handling the diver-
8For the differential decay rate formula see Appendix B. gent part.
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The cross sections of several not yet observed reactions dfriangle function\ is defined by Eq(3.6). The experimen-
pions, kaons, and electron-antineutrinos with target electrontally given branching fraction of— p# includes three dif-
come as predictions of the meson dominance approaclierent final states, which would be equally probable if the
These include, e.g.7r e —7lv,, KTe =70, vee~ isospin symmetry was exact. If we assume that the latter is
— 7 70, L violated only through mass differences, we obtain

The transitiond8—D andB;— D, where the final state gipr:(l.l?i 0.07) GeV 2.
meson is accompanied by af" v, system, or a positively To get the expression for the rate of radiative decay
charged pseudoscalar, vector, or axial-vector meson canndt — y+ P, we only need to replac¥, by v.
be explained within the MD approach without assuming the
existence of the as yet unobserved vector meBbh . The g\z,lyp
results of MD calculations depend on its mass. We used the Ly, yrp= 967
value obtained from the potential mod¢89,40. The ques- Vi
tion arises whether it would be possible to determine the _ o )
B* * mass from the experimental branching ratios of variousVMD in electro_magnenc interactions enables one tolexpress
decay modes using the MD formulas. In order to answer thi¢"€ 9v,,p coupling constant by means of the hadronic ones.
question we increased t * mass by 0.5 GeV and recal- For radiative decay— y7°, the situation is simple because
culated the branching fractions. The biggest decrease wanly p° can couple to thesw® system. Using Eq(1.1), we
experienced by semileptonic decay modes. But even here @an write
was only by 3.3%. It makes any effort to predict tB&*

(mg, —mg)°, (A2)

mass using the MD approach unrealistic. Prospects of pro- gz _ Ama gz
ducing theB? * mesons were assessed already in early pa- wym gf, wpOn?

pers, e.g9.[39,40. The present state of art can be found in
[44] and in references therein. There is a hope that an okand calculate
servable number d8. andB? events can be produced at the

CERNe*e™ collider LEP and Fermilab Tevatron. 90p0r0 2 24mf, B 5
On the theoretical side, the relation between the meso _a(mz_mzo)srwaywo_(5-40io-32) Gev =
dominance and the conserved vector current hypothesis has e oo (A3)

been clarified.

The radiative decay®— 5y can proceed only via the strong
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3

gp,,p)z_ 24m? o 2
g, _a(mg_mg})srp%ny—(15.1_2_s) GeVv-

(A4)

“has the same value for all charge stategp .of

The case oK* radiative decays is most complicated be-
ause the resulting amplitude is given as a coherent sum of
hree amplitudes withy coupled top, w, and¢. In spite of
this complication, we can determine th€*Kp coupling
constants because thaw and ¢ contributions to
K** K"y are equal to those t&*°—Ky, whereas the
p° contribution changes sign. We are thus getting the set of

96. .
equations
APPENDIX A: DETERMINING THE VVP COUPLING (x+y)’=a,, (—x+y)’=a,.
CONSTANTS FROM DATA ON STRONG
AND RADIATIVE DECAYS where Xx=gg++x+,0/d,, Y stands for the expression that

. . contains only isoscalar coupling constants, and
If the decayV;—V,+P is energetically allowed, the y ping

V1V,P coupling constant can be determined from its empiri- 24m3
cal decay rate. Using Lagrangi#B.9) we easily derive the a.= K*e Tuse we
formula ¢ a(mi,e—mi)d Y
9\2/1V2P for c=+,0. Using the reIationgiHKof=Zgi*+K+po,
Ty v,ep= o= )\3’2(m§,1,m\2,2,m§,). (A1)  which follows from isospin invariance, we eventually get
LA two values of Gy +ko,+ /gp)2 that are compatible with ex-
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perimental data on radiativeK* decays, namely dlp _p o+ |2 t—m?2
2.21+0.14 GeV 2 and (9.2-2.9)xX10 2 GeV 2. Ly CNY2(m2 ,m2 t)
dt 3(4mmp )° 3 Py Py
APPENDIX B: DECAY P;—P,+/ v, : {1 ()| f, (1)]2+6zt(x—y)

GENERAL FORM FACTORS
X (t=2z)Rg FL(Df_(1)]

The general form of the matrix element is
+3zt2(t—2)|f_(t)|?}. (B1)

M=C[f, (t)(p+ I02)’“rf—(t)(pl—pz)”]7yﬂ(1— Ys)V, Functiong,(t) is defined in Eq(4.4). Also, the meaning of
other symbols is same as in Sec. IV R=mg , y=mg ,

wherep; (p,) is the four-momentum of the incomingut- z:mi.

going pseudoscalar meson arek (p;—p,)? is the mass To get the total rate ofr ' — 7%e ™ v, that follows from
squared of the lepton system. Using E8.3) and integrating the requirement of exact conservation of the vector current,
over the solid angle in the"" v, rest frame, we get the see Sec. VI, we need to integrate E@B1) with
following expression for the differential decay rate: C=GgVyq, fo(t)=1, andf_(t)=—(x—y)/t.
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