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ABSTRACT

The method of calculation of the quarkonium decays
is described., The corresponding selection rules are ob-
tained, It is shown that using of the T -meson wave
function described in the previous pape:r." /4/ ellows
consistent with experimental date predictions for the
widths of the following decays: ;

\ o ( = Yy - Fo=
Yolais) ST T Wyl3555)21°%, a100)> 1Y, YOS,
The snalogous predictions for the Y -family are

presented.
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i Introduction.

The general method of finding the asymplotic behaviour
of exclusive processes in (CD has been presented in /1/.
The goal of this paper is to apply the methods cf papers
/1/ to the exclusive decays of the mesons containing the
heavy quarks. Two mcin types of processes belong to this
class: a) strong decays of the Sy-mesons,for instance
Yo = 77~ (where ¢ is o heavy guark): b) weak de-
cays of the ju-mesons,for instance L"/7§ €5/ k=77
(where q is a light quark).

The main idea of using WCD for the description of the
exclusive amplitudes with the large momentum transfer is
to separatc in the amplitude contributions of the inte-
ractions at small and large distances. The small distan-

" ce contributions can be exactly calculated in terms of
the perturbation theo;‘y. They determine the main depen-
dence of the emplitude on the asymptotic variables. The
large distance contributions can be expressed in terms
of the slowly varying hadronic wave functions anc enfer
as coefficients in the asymptotic amplitude.

It is important that the wave function of a given had-

ron enters into the asymptotic expressions and is the sa-
me for the different processes in which this hadron is
involved. Therefore,one can verify the possibility of de-
scription of various processes with 7~ -mesons with the
help of the same /7 -meson wave function.

In our previous paper /4/ using a method of sum rules
a number of first moments of the # -meson.wave functi-

on has been obtained. Using these results,we have descri-




bed qualitative behaviour of the #° -meson wave function and
proposed the model wave funciion y”/;}/‘,;y which fulfil the
sum rules.

In this'paper we show that using the model wave funciion
gives the 7 7 -decay widths of J, (3#4/5) Xy[3577), wiised
and V’/Jé'i’ﬂy vhich arree with the experimental data.

Tne same wave function also @llows to obtain the satisfac-
tory description of the charmed particle nonleptonic decays:
.Do_’[;rt: i_,—si:.; o 20 ye7" ete. These results will be des-
cribed in the next nuper /%5/.

in iect.,li the geneval prunerties of the heavy meson decay
amplitudes are described and ihe corresponding selection ru-
les are obtained. In Sect. ITI the decays of the charmonium
into pions are described. Some properties of the hadronic wave
functions are briefly presented in the Appendix (for more de-
tails see /2/).

Il. General properties and selection rules.

In this Section we describe the formal theory of the heavy
quarkonium (/'5;;' =) decays and derive the corresponding se-
lection rules.

The decay of the C-even quarkonium into two light mesons is
described by the Fig.1 diagrem /2,3/. (Dashed lines show glu-
ons,solid lines correspond to quarks), This diagram (and all
other analogous diagrams) must be understood in the following
way /1/. The internal quark and gluon lines having the large
virtuality ( ~ /%;z ) corréspond to the usual perturbation
theory propegators. The external guark and gluon lines having
small virtuality remain operators and the matrix element of

the- type of (’6/5‘;‘, )V{//ve;'pﬂ) (i.e. the hadron wave fun-

ction) should be taken for each pair of the quark operators.
(The definition and properties of the meson wave funciions
are given in ippendix). The wave function depenus on the quark
virtualily through the logarithmic corrections. So the wave
funciion should be taken at the characteristic virtuality po=-
int for a given process.

Let us consider as an example the ; 7777 decay mode of the

3/, quarkonium level. Using the properties of the wave
functions (see ippendix) we obtain:

j..e.
W[ -77) = (17s) 5 /”/4,—.;4

5*0//'7»5,% (1)
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Here l‘ff is a heavy quark mass, ,/ is the characteristic
mass scale for the light hadrons (/"(‘/? ), s and the
wave :[‘unctlon.e };/;/ are taken at the characteristic vir-
iuality points (for more details see Sect. III). The decay

probability is: s

W3 77« ey [H(38= 7 (2)

The total width is found from the diagram shown in Fig.2 and

has a form:

| /
W, (%) = (brss) /% 19 ‘;;.‘;;V i
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Therefore,the branching ratio is independent of Bl *:
g 5
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If the 7 -meson wave function is known,we can predict the
definite value of the branching ratio with the help of (4).

Similarly one can found the probabilities of other types
of the quarkonium decays: the decay of the C-odd quarkonium
either into two mesons (Fig.3) or into the baryon-antibaryon
pair (Fig.4);the decay of the C-even quarkonium either into
two gluonium states (Fig.5) or into the baryon-antibaryon
pair (Fig.6),etc.

One can see from (4) that the branching ratios for two me-
son decays decrease a8 -~ A;;-ﬁ if M, increases. Such a
behaviour is already evident from the dimensional considera-
tions, The two particle meson wave function hag the dimensicn
,,/901 so that the'branching ratio decreases as ~./‘f-,. The
three particle baryon waeve function has the dimensicn ”/«r"‘ =
and the brenching ratio for the BB-decay decreases as ~/7

7

Let us consider now the selection rules. The existence of

&

the selection rule in our case means that the definite decay
modes have additional suppression ( < _/"/ﬁ* ) in comparison
with the dimensional counting, It is convenient to use the

quantum number (naturalness) 6 t(—_f)‘."P , where S5 is the me-

The values of o¢ in expressions (1) and (3) can be
slightly different. That is why we have introduced in for-
mula (4) the effective coupling constant (see Sect.III).

son spin and P is its parity. The "natural particles" have
Sl /f, f; "S_’,} 5/‘?,, 5/3./ while for "unnatural particles"
G =-f /7,: ,{,",S’,.)jf}) ’,ﬂ}/, So we can formulate the main selec-
tion rule as follows: the naturalness in the hea uarkonium

decays into two light mesons is conaerved.* That means that
the initial state naturalness is equal to the product of the

final mesons naturalnesses. The decay amplitudes depend on

/Vf as Sjyf'fif the selection rule is violated. ( Let us

Fa
. note that in the decay 3@ #7 ¥ considered above the natural-

ness is conserved).

For explaining the origin of the selection rule it is use-
ful to remind some properties of the mee;on wave functions /1/.
If the quark pair constituting a giv;n meson has the nonzero
projection of the orbital momentum on the direction of the me-
gon momentum,so that 4‘2 #¢ ,then the contribution of such a

state into the decay amplitude ‘will have the addifional sup-
pression -/aﬁ:ff /4’ ,where A is the characteristic tran-
sverse quark momentum inside the meson. So the main contribu-
tion in decay amplitude comes from components of the meson
wave function with the meson helicity equal to the sum of the
querks helicities (i.,e. £;=¢ ). For a meson with helicity
122 the anguler momentum projection 4>/ end the corres-
ponding quarkonium decay amplitude is obviously suppreased.**
For the meson with / =¢  (antiparallel quark spins) the po-

For simplicity we restrict ourselves here to the S and
P-wave quarkonium levels,
**  Por the gluonium states 4:2 A 2% 493
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larization tensor has a form: R poeg 2l A 2
My g OV G - Gy
at P> o= Therefore,its wave function has the same pro-

pertics as that of a spinless meson (see ippendix). The main
contribution to the decay umplitude comes from the following
component of the meson wave function

- ; i 7 4=¢ ;

$OLPEY, #13Y) S48 p> 7 G (K G0 o2 205

] A=0 i (r'

)

* ﬂ /V/V /v E/"J’ 2’!{24 5

= 2 (69 G20 G 2] = . Gl

(for the particles with &=-s V’,ﬁ’,?vﬁ%é w/.

For a meson with M/ =/ (parallel quark spins) .the polari-

g ,
zation tensor has a fom:ﬂxjﬁ/;{’ // /{_‘M !/ﬁ j.a"r,-pez—,”f

go its wave function has the same propertics as that of a vec-
tor meson with Jd/=/ (see Appendix). The main contribution
to the corresponding decay amplitude give ihe following com-

ponent of ithe mescn wave function:
E:; A =2/ =2/
Y Y G VG424, T4 2> (s -ty Vo ©

(for the particles with & = fa?"' ,/'/
For the following considerations it is important that the
leading component of the wave functions of the mesons with
A=¢ and /Ad/:/ (5),(6) have opposite chiral parities
(i.e. the parities with respect to /,- ~transformation).
Now it is easy to show that the selection rule is just that
mentioned above, If the initial and final states naturalnesses

ha_.ve opposite signs the decay amplitude includes the unit an-

tisymmetric tensor Epvas . Vhat quantities can the tensor in-
dices be contracted with? We have two meson momenta f; and Pz,
two light meson polarization. tensors and one quarkonium pola=-
rization tensor. 1f mesons have zero helicities ( Ay=4=7 ),
their polarization tensors reduce to their momenta and the de-
cay amplitude equals zero. If A =0 and /lg/=/ the leading
contribution comes from the wave functions (5),(6) and decay
amplitude equals zero due to the chirality conservation (the
trace over the spinor indices equals zero in the diagrams
shown in Figs. 1,3 in the massless quark limit; the nonzero
light quark mass gives the correction ~ ’ﬂ/{'::? ).

Let us consider now the decay irto two mesons with the he-
licities , =4, /.
a) Netural C-even quarkonium,Fig.1 (3R " 31‘}, ). The corres=-
ponding decay amplitude has a form: A(U}” (é‘ é%é‘éj“%éf)*
where f/q‘, is the mpli‘mde of the quarkonium decay into
two virtual gluons, Since the meson momenta &, A, are ortho-
gomal to €, &, end &“-v A .,o,the parts of amplitude

J}m dﬁw{,, Jf:.wm,lfv“‘f,v

3
Therefore,the leading term in the decay amplitude of the ?‘,

Ay Bive zero contribution.

state is equal to zero. There is the additional term _[},,,; ~
/,, ~ﬂs‘[e;’¢éj '/ in the case of the 34 -state decay. Its
contribution is equal to zero as well,because the trace C..onr
is entisymmetric under the permutation ﬂ-—rl’
b) Unnatural C-even quarkonium,PFig.1 ( (Sa 2 3p ). The cor~
responding decay aemplitude has a form: Mv‘ﬁ.’d(/’éj/,;ﬁ'é /)
As the projection of the total angular momentum is conserved,
A=z =A-dr=0, The polarization vector of the quarko-
nium with /=0  is: Ej:'ﬂ-v (4= - So for the 7S, end
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34, states we have: fu, ~CEus 22T  The trace <. >
in this case is symmetric under permutation /w-»b’,' P
o (’5_{%'}.,. 5"5}*/ 2 So,the leading contribution to the decay
amplitude is equal to zero.
¢) Similer considerations give for the C-odd quarkonium
(35 , 72 ) tne result /=0 (see Fig.3).

only the 34, -state can decay into two mesons with 4,4=%5
The total amplitude has the form: /7~ fu <ﬁ / REBL >
The amplitude /w? has the form: _P/u- ~ f"' "-t'-' ,"-:y,, while
the trase <. , > is antiaymmetric in /vc—*" So, M=7,

We have shown,therefore,that t_];e_a—tmve stated selection rule
is fulfi-led for all S- and P-wave quarkonium decays.

It is surprising at first sight that the ZS, -state decay
emplitudes into two massless gluons (Fig.2) or two nearly
massless ¢ -mesons with /J,.;_g /=f (Fig.1) have different
properties. The last amplitude is suppressed while the first

is not, The reason is that the gluon wave function is é;;”-j

/d‘/ =f

’

while the expression [/.,, plays the role of the §..

meson wave function there.
We give below the examples of the allowed and suppressed

decays.

&) LS, p 44, 8(1335)8,.. S, =P8, 8580)7, Achs, ...
3 i

i S'f’[’f’/fl.(,sgf'- 3,5’1’”8/-?4‘!’}2.?)'

) 34 #mpp Th, Adi.. (P =78, Th, 84y, ...
3 i

QO P A= As, p8, As As... 38, —FT, PP, T, ...

&) 35, > T Ay P8 Rjz)

.3& _,,7-,7:.‘;})) F”“/
0 ‘A A58 Phy 48

'{P_{ —=7F, ‘64.‘./_ P#j, A

Additional selection rules can exist in each given case be-
sides the above stated one. For instance,the decay of 3/% sta=-
te (or 3@ -state with /=0 ) into two mesons with the same
naturainess and with /145/=[ is suppressed.

Now consider shortly the role of the resonances in the
3-particle quarkonium decays. The disgrems in Fig.7 describe
the contribution to the 3-particle decay of the kinematical,
region where (42 ﬂj z_l(’ J =423 ( 2 arc the light meson
momenta). This contrn.but:n.on 1o the decay amplitude is "D[ﬂ‘f"'/
and gives the branching ratio u//’//&(f/ Let us remind that
the two particle branching ratio is ~ K/“/ﬁ(f/ It is clear
now that the kinematical region where the mass of the ek /
pair is small will give the dominant contribution to the 3-
perticle decay amplitude at A;}‘-’ &= In other words,the 3-par-
ticle decay proceeds mainly in such a way,that at first stege

one final meson and one resenance are produced., Then this re-

sonance decays into two final mesons,Fig.8,.Evidently,these con:
siderations are applicable alsc to the decays into more than
three particles.

In conclusion of this Section we want to stress that all
the above results are exact at the formal limit ﬁg;* =< only.
However,the reel value of the C—quark mass is not very large.
Therefore,the values of other gquantities,in particuler the me-
son wave function width,can play a significant role, For exam-
ple,the contribution of the diagrem in Fig.3 into the ¥(3g)>
- p7 decay is suppressed at A=<= ,while there is no
suppression in the case Wizfoe)/ = B(#835) I decey. This suppres-
sion is not large veally (~ “2/e, ~ "F/a. ~ %4 in the amplitu-

de). Therefore,if the ¢ -meson wave function width is lar-

11
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ger than that of B-meson,then the integral analogous 7 is
larger for the @ -meson case and so the y¥» p7 decay rate
can exceed that of ¥ > 87 "

We expect,nevertheles,that the selection rules will alrea-
dy work wellr for the Y ~family (Mp >476ev. ).

III. Charmonium decays.

In this Section we apply the general method to the descrip-
tion of the charmonium decays., The main difficulty is of cour-
se due to & small C-quark mass (M >/F&2k ), It seems at
first sight that the charmonium mass is large enough ( Z%=/0
Gev?). However,the thing is that the large light mesor momen-
ta divide into the smaller quark momenta and it is the lattier
that determine the propagator virtualities at diagrams in
Figs.1,4;7,... For instance,the mean gluon virtuality in Fig.1
diagram is: /@z«_—fff./‘f" . Here M is the charmonium mass, X
and Y are the longitudinal momentum fractions carried by two
light quarks, If the probability to find the quark with small
momentum fraction ( X, }/-c‘c[

J'/'a_ If /Z‘ is too small,then the operator expansion is

) is not very small,then Z"‘«.

useless, The characteristic values of X,Y are determined by
the form of the meson wave function.
Our main assumption is that we can restrict ourselves to

the leading terms only and to neglect the power corrections

Besides,the diagram in Fig.9 corresponding to the 3-par-
ticle light meson wave function can play the role in the ‘{’(ﬁoa X
decays. Although the csptribution
diegram however,while the di-
to the loop (~ X = gs ).

this diagram includes

power suppression,it is thi

12

when applying the scheme ofASect.II to the description of the
charmonium decays into 7 {4/ -nescns, Within this assump-
tion we show that using the model /7 -meson wave function
from the paper /4/ leads to the good description of the char-
monium decays.

1.  The branching ratio for the decay JX,/34/%/ »7 i A P
ven by the formula (4),where now / =pf ~AFEEX Tor the case
of the X, [55'5'5j-> 777~ decay the a.n&logous formulae are:

W,r.grﬂ”/‘/ _249,7//3/[4/-",5/ 27 gﬂf 1"(/[/ ()

Wor (1) = ;é’; o Ging) >/l fey)/* (18)

Bu(y,=77] =/I'-:-r,., j{;;mf/ (7¢)

! f
[P (At //_ (3-3)"] ()
N W ey s ?ﬁs 1 %4

Everywhere below we use the following sirong coupling con-

stant:
&, =9 A = foov (9}
-S/ﬁ'/ g,//(-& y) { % ‘/

* (continued from page The” above formulated selection

rule is not applicable to tributions like those of the

diagram in Fig.9.

13



Let us point also thai the rormulae (1),(3),(4),(7) are writ-
ten dowvn in & somewhat ccnditional form because the arguments
of ¢ are not indicated there. (That is why we have intro-
duced the effective value of, in the formulae (4),(%0).
We take o at the point. oy = oy [ f“% > 36ev?/ 2a2fin the
expressions (3),(78) for the total widths. This point corres-
ponds to the case when each of two gluons in Fig.2 carries
one half of the total energy. In the formulae (1),(7a) we
take o at the point corresponding toc the gluon virtualiti-
es (Fig.1): oly [g{": Ef/ i;-fv. /y—y ”m/ds,/ﬁz: fi;?'f. g'};”%
Then we extract them from the integrals over ;'/ and ;-b re-
p;l.acing /&: by its characteristic values ’@:‘; sthe later
being determined by the wave function form.

In order to show to what extent the wave function form in-
fluences the values of the branching ratios Jg z‘*f" v 3 ,we
take the nﬂrrOw' wave function: ¢4 (;/ ~ S(f/ This wave fun=-
ction describe the case when each of two quarks carries one
half of the /7 -meson momentum, For this wave function:
<L (Fe N ek (5% VH)~ 029, T =089 ~ °04 the intee-
rals 7, in (1) end Z in (8) are equal: ;=7 =/ Ve ha-
ve now from the formulae (4),(7), ;; ~ 733 MeV

Bt (4,277 =25 m‘-’%) B2 (X, >7T) = 103
The experimental numbers are:
Bt (J,>5"7/= (2 203)% /s/

Byl =F 7] =[orsraey)], /6/
BY (=77 (021t 0m))i /7] .

(10)

14

Therefore, any narrow wave function,i.e. the wave function
which gives J, = 11 ~g/g) evidently contradicts to the
experimental data..*

We use now the model wave function proposed in the paper
/47

3 /z’ze/jw/myy = 2ryr-3Y

The function (11) has maxime at the points ; > *¢,7 . So the

(11)

characteristic gluon virtualities in Fig.1 are: ﬁizz /o‘&’c’mr/f
g‘zyé_e,: and correspondingly wy/7%/xd43 end Gy >
2080 | Sy = G43- Q2e fo2y =036,

As for the # -meson wave functions virtualities /14"" ,they
are determined mainly by the propagatbr with the smallest vir-
tuality in Fig.1: Zad x g2 # U Vo =

i.e. /”""’zﬁ'w/yelf/‘, So we can substitute into /, (1) and

73 (8) just the wave function (11). As a result we have
( M =d56eV, fo =B334V

52'(1.997’:?7:{/% P B (Yy» 777 ]~ Y4

(In this case: ]; 1-/4} -.7& L/ 4 ., ). These numbers agree with

(12)

the experimental date (10).
2. The ¥(3/09>T7; ¥ [3865)> 77 decay probabilities can be
expressed through the /7  -meson wave function as well. These

decays are forbidden in the exact isotopic symmetry limit and

The analogous calculation with the asymptotic wave functi-

on V/;/t("-rg—/_:f'ﬁ/ //. / gives:
BE (2, 2777 ) x - /F“/ Befl, =77/ =¥ /6’-"'/

15




are due to the electromagnetic interaction.* There is a num-
ber of contributions to the decays ¥/¥/ > 7”7 ,Pigs.10-13.
The diagram in Fig.11 includes a small factor ~ Fvar due
to the loop,as compared with that in Fig.10. The diagram in
Fig.13 takes into account the isotopic symmetry breaking in
the meson wave function,i,e, the appearance of the antisym-
metric in "§ " part of the wave function (see Appendix). It
is small also for the same reason. It is impossible at pre=-
sent to make a reliable estimate of the comtribution of the
diagram in Fig.12 which corresponds to the 3-particle compo-
nent of the pion wave function. We can note only that this
contribution includes a power suppression ~//"/45 /.z in the
amplitude,where /u is some characteristic mass for the
prarticle pion wave function, It may be also that the 3-par-
ticle pion wave function is narrow,while the 2-particle one
is wide (see (11)). Then the 3-particle wave function contri-
bution will have an additional suppression. In any case,accor=-
ding to our main assﬁmption,tha power corrections like those
of Fig.12 digram contribution would not play a significant ro-
led

Therefore,the decays % ¥ > P are determined mainly
by the Fig.10 diagram contribution and can be expressed in
terms of the pion electromagnetic form factor:

toAk g WS FT/ L2/ 02 o
Jte/p;w > 777 = Ohrasey t T //,1,,/

* The contribution due to #/-#% #£o into the decay ampli-
tudes is small in comparison with that of the diagram in
Fig.10.

1A

! oz
WL (Y Fry ’g"/j/-ﬁ) fzfz? %054 (14)

-/

The experimental deta agree with the @ -meson contribu-

tion: ”&,‘.Mz—qf:dd‘ﬁl’" and are

15)
/ 2 Y. e foor
ML (w55 60r= (07 2a3/5er? - Myif (M1 =16 V(o r2a4f6e
Substituting into (14) the wave function {0/;'/_-8‘(;/ one ob=
tains (in this case o =a(;/.12=;$:£-_.5”;/= d‘,/&z%y ,dz/[-_-_{.

(16)
M 5 () = 204 6er?

that contradicts to the experimental da.ta.*

The cheracteristic virtuality 2%  in Fig.10 for the
wave function (11) im: J= > /5ueae¥/* and so in (14)
oly =olg(seOMEY = 043 Using this value oy  and the
weve function (11) one has:

(7
MG Y > M fr) = .55 Ger

that agrees with (15), (In this case Z ~&3 ).

3, Let us consider shortly the properties of the K-meson

wave function and the role of SU(3)-symmetry breaking. The
K-meson wave function is even in "7 " and co:l.nci_des with the
7~ -meson one in the exact SU(3)-symmetry limit. For the

true K-meson wave function one has:

f;’ft/':/;f(‘y=,fcgﬁ4f7§'= 765 meV

* TUsing of the wave fumction Y’,.=,75//-—;‘7 gives:

(18)

"./r'z/:'r/%‘:/ >griog ser®



end besides SU(3)-symmetry breaking leads to the appearance
of the § -odd part in the wave function: v}{;/:y;?;/»y;‘(f/’
In a number of papers the tendency appears to choose the K-
meson wave function in the form: é/ﬁ:/’{'/:;/;:,’; /f/

One would have for such a function "

/‘3’:{1.;"*-’"’/ /{

B (Ko v %7

that contradicts to the experimental data /6/. The reason is
clear: the SU(3)-symmetry breaking changes not only the wave
function normelization (i.e. fr > fx ) but its shape as
well, So the integral J, in formula (1) has different va-
lues in the 7~ and K-meson case. = The equality of the 7
and K-meson widths (19) shows that the effect of £>J§- is
compensated by the change of the wave function form.

The experimental data for the ¥ # > = decays are:

Btly2kk) = (28208/10 Y BefvsmT /://,m.—,z:y/ﬂ (20)

Be(vopk] (320807 | prfv bt J-(oxz08)0d

* The even orders

an give contribution to tR

function }f«"/f/ only as
to the %72/,

#x The contribution of the function q:‘/;/ into the integral

en part of the K-meson wave

e odd ones contribute in

Z has the same effect as % >7- , The main change of the va-
lue 7, is due to a change of the shape of the wave function

%3/ G ing) .

18

Inspite of the fact that the experimental errors are large,
it seems that there is indication to the difference between
the 7 - and K-meson widths. We want to pocint out that this
difference can have the natural explanation,so that (19),(20)
do not contradict to each other, The reason is that
w’/%V’-»K?’/?*ﬁis due to the SU(3)-symmetry breaking while
wiy w',-,?'*/}'y,fo is due to the iso.topic symmetry breaking.
In the last case,as was pointed out above,the main contribu-
tion ccmes from the diagram in Fig,10. 1t may be not the case
for the decays ¥ # = £#7¢~  Let us give the rough estimate
of ths diegram in Fig.14 contribution in comparison with that

of the diagram in Fig.10:

Lﬁf/ e 2010 T x}]’ 7
(?,fﬂ/ (47 [(4ss] % 2re) 4L 2 Tl o vdiE

Here: o = %3); ds > 63 T ank 7”7 are the corresponding
integrals of the SU(3)=-even and the SU(3)-odd wave functions
i/;/ 1 / correspondingly. To obtain the better estimate
one needs to know the wave function 92_{;/ s
4. In conclusion of this Section we give the predictions
for the F77 - =decay widths of the T -family. Because
M = 10467 =225 S¢ ? al1 the characteristic scales increase
by a factor of = 10. The wave ﬁmctiox_x (1.1)8110“15 be replaced
by the following one:

*

The diagram in Fig.9 can be also significant. See the
foot-note on the page 7Z.

19




y pa&«ﬂf/ e A A
W(;)f(‘:_um."/ //f//(b /‘u"wy /f"—f/*;/ T @n
{15y acy

The effective coupling constant gz'; is now:

oLy =035 O1E [p,5 =081 .

As a result:

(22)

W(3R((g>TT7] _ / w(3eét)>77 <ahsn™]
Wi 3%3/’/%@&/ WIR()hed) ~
(For the wave function (21): [ >¢7 L, =8 ). Instead of

(/7 ) we have now:

“h (Y = 029 ser* (23)

Y_—)// 7~
~18:7078 a
T_—;e e_

It is seen from (22)-(24) that the two-particle widths

are very small,

Iv,. Conclusions.

We have described above the properties of the heavy meson
exclusive decays., In the previous paper /4/ the properties
of the /7 -meson wave function were elucidated,so here the
mein attention was put'on to 7 -meson decay modes,

The main result of this paper together with the paper /4/
is as follows. The 7 -meson wave function (11) satisfying
the sum rules /4/ gives at the same time good description
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of the charmonium decays. That shows that the whole approach
is selfconsistent.

The main characteristic property of the wave function (11)
is that it is "wide" /4/. Just this property of the wave fun-
ction leads to the good agreement of the theoretical calcula-
tions and the experimental deata, (The narrow wave function

/’_z/ s Q{;/ gives the results smaller then the-experimen-
tal results by a factor ~ 7€ <),

It will be shown in the next paper /5/ that as soon as we
take into account the property of the #° -meson wave function
described above the importence of the gluon effects in the
charmed meson deceys (ﬂ‘?ﬂ-/f:\a"-ai’{i’fc) becomes clear.

We are indebted to A.I.Vainshtein and E.V.Shuryak for
useful discussions.

Appendix,

Bellow the definition and some properties of the hadron
wave functions u]aed in the text are given.

a) K-meson.

The "two-particle” wave function is defined as follows:
3
%& Ep/=<d%l o). 7 [ 509) Ut > an
2

: o a7 _ i, el .
<o/ 2 L B5T) ud /KT
Here: o4 ﬁ are the spinor ::.ndices,s and U are the quark

- A
field operators, a?v is the gluon field operator, -f}q=9,-0/.,,

> > e

= 3~ . P8 the sur over the color indices
PR LY R TF
is implied in (A1). (In what follows we do not write out ex-

plicitly the gluonic exponent in the wave functions). It is
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convenient to represent ','3;54 in the form:
IPl2p) - Pli by -2 % - 4% 5 G b Al2"

<o el 2l >~ RG24 2 et e 7 ~
A2

<O/ S/t 2 [€ 1Y) =~ oo 2, :
<Y $16) Gusks: 43 /€ 17> {202 205 Bl22 2
<Y ) w2l e > =<0/ s‘/g/y/;, wl-z //(f/% 5

6“/wd £ ié/%. o / 3

The leading contribution is given by the function /2 2Ys
/ap (.’/ defined by the matrix element of the lowest
twist bilocal operator S’/,rjfu// 4(/2} at the light cone

7 ,because in all the cases consider=d in the text
%MA(; Ze ~ I/IY,ZTZ"' 'Zy-f 2P~/ M>>2 The other components
of the K-meson wave function give the power corrections
< G‘//I//y/ In the exact SU(3)-symnetry limit the wave fun-
ctions ﬁ are symmetric under the replacement (%/J/* -'/i'/}’,
When SU(3)-symmetry breaking effects are taken into account,
the wave functions @' acquire an ailtisymetric in
part. The function (}(}/ defined as

G0 [ <7731 2y

has a simple meaning, In the reference frame in which the K-
,two quarks have the longitudinal

is: -/ -
Therefore,the wave function ﬁ"‘(}/ desc-

meson momentum /2= o<
and [A¥//%
S/, ek,
ribes the longitudinal momentum distribution for the quarks.

momenta 14 The quantity ;

2

The wave function /?/ overall normalization is determi-
ned by the matrix element < 0/5(<)f /’Mv//ﬂ’)-:;.’,f; which
G120 <o) JUEG(g)= £,

(For the # -meson the analogous constant is # =/33mv), It

is known from the weak decay :C’—ﬁ/ut’

is not difficult to find cut the normalization of the wave

functions 5% 27/,

% ‘
%ﬁ’/’.ﬁ;’./ﬂ/tJ‘f[,,,vw,,‘/‘-’if—/ﬂat// (24)

Here /7, and /7 cre the current quark masses:

# (2p) using the QCD equations of motion:

Py = f5OmeV . sy, =y A = Pl
We use in the text the dimensionless wave function %/}/

s
% (2p -0/ :/"f& V,’/;}/z‘y =/ (45)

The # - and K-meson wave functions have the same gene-
ral properties,the only difference is that the #~ -meson wave
function g;/;/ is & symmetric function in the exact isoto-
pic symmetry limit.

b) f -—meson.

The two-particle wave function has the form:

<o) Tlelfy f [ 1> < 60 1 iy fg 7Y+ L (€2 fylef,
*SlbS 7y 5, b

(9/.;7/3///;‘4, Wl e/ > = @/'w./;r's*f"f-."{éﬂ',jﬁ,% (46)

<A TV w2 fp> = (e2) 7
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<ol i@/ﬁﬁw”/‘#ﬁ& —-4435.; -P.);«/f; g enzy -
b4 ‘/=}’~'-‘f ~% Gu/ 2 ket 2 - 4;«//63 Frr (46
<o/ 2/t wfz)/p> -

Here E/w is the f -meson polarization vector, 7 is its
mass. All functions ;? in (AC) are symmetric under the
replacement ,?/'o, -=p in the exact isotopic symmetry limit.
For the case of the g -meson helicity A=0 the main
contribution is given by the functions ¢, &8nd ¥ and
for the ﬂ/=/ cagse that of é}‘/.?ﬂ/ (Let us remind that
at poo= , 7 6T~ ll 0 AT 7y~ .
The consta.nt 71;9 which is a.ma.logous to ﬁ a.nd 7€e is
kmown from the g ‘s e “e” decay:

/y/?“’“7 /’,/é’ V/’y// =154 = 200KV @n

The wave function of any meson with the helicity /=0
is analogous to this of the K-meson and the wave function of
any meson with the helicity ///=/ is analogous to this
of the ¢ -meson., Teking into account the /22  two
quark wave function contributions gives the power corrections
only /1/.

¢) Heavy meson wave function.

The 3/?, -state wave function has the form:

(a8)

s 50/ <0/ S22l >
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(The summaiion over the color is implied). The expansion of
the expression (A8) into the power series in Z is at the same
time the expansion in powers of t(he relative momentum of
quarks. The relative momentum is small in the nonrelativistic
case: /,’.,,/ %/‘/sﬁ:,y sc one can restrict himself to the
first nonulv:.al o*de; in & in (:\8) In this approximation

the /Lr:- -wave funciion components have the form:
<’.i’/6_74-’/¢7/:£)/3./{, > = f‘?_g"»/-:) (49)
IR G2l > = L (22719 20 4y, 1)

O/C)Tw €12/ 30> = (foby -R6u) R 1.

Using the (CD equations of motion it is not difficult to con=-
nect four constants in (A9) with each other, As a result the

3/'2, -state wave function has the form:
CLplaleclelf Ry > = 3 i o 45 - o
B il & o2t L

Analogously one canfind the wave functions of other heavy

mesons.

The wave function moments < #7> are the coefficients
in the expansion of the formula (A8) into Z series and are
proportional to the matrix elements <0/§5',.___j;1” e/32>
Because the relative momentum is small,the heavy meson wave

function is narrow,its width is ~ Vi <</ So:

7 7
(;ﬂ) :_(j.({?iagg/;/ ”C’l’/’j}/ﬂ/;?jfé /;/ .

.



i) 3/_% -state:

(a11)

VGl B> = GYF G ptif A,

:f;’ 5 ?uv‘?y 3
where 6/.(, is the 3@ -meson polarization tensor.
ii)%{; -state:
<D 3 L[E 27 = e
/6}./;/@/.;// s, > f.;,/é-cﬂ; = Gw /«K’z/./jg e/,
where 5/4 is the 3.5} -meson polarization vector.
345D {5; -state:
(A13)

Gl @) 5> = (P yy G~ Mf[f”:‘"?
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