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Pirat few noments, <;;‘£""> = }(ﬂ'f %’{}/f'ﬂﬁjﬂr'ﬂ{,%-s
of the /5~ =-meson wave function /7 (}) (which determine
the distribution of quark longitudinal momentum inside the
7 -meson, = XB R = (1A, FX-(1-N) 2L, B+ =]
are calculated,using the sum rules like those of /6/.

Based on these results,we discuss gqualitative behaviour
of the wave function ¥ (Z/ and propose the model wave
function which gives good description of the 7 -meson de=-
cay modes of charmed particles,as shown in our next pa-

Ders JFT:S)"'-



L In'roduciion.

During lasi few rpars Lhe significant progress nas been
reached in undersianding of asympiotic behaviour ol exclu-
give processes in ¢CD framecwori. This erea includes the asym-
ptotic behaviour of: a) meson and baryon forn faciors:

b) lavge angle elasiic geatlering: ¢) cxcluzive electiopro-
duciion: d) threshold behaviour of ihe deep=ineiugiic slruc-
turc functions: e) heavy nicson decays,elc, fiufﬂ

The main objicet with the help of which all the above pro-
ceases are described is the meson (baryon) wave function.
Defined in an appropriate way (see bellow) the meson wave
funciion yﬁpt./wff has the meaning of the amplitude for
the meson to decay’'(in the A *= o= reference frame) to
the quark-aniiquark pair with the fractions of the longitu-
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dinal momentum "X" and Y1-X" and with virtualness up to_ A&~
At large enough /ﬂ: (an,fwatfﬂzt [:Em%#@PVz } the
funciion 5F/?;jﬁf§f can be found with the help of the re-
normalization group,if the function yﬁﬁﬂ !ﬁgif is known.
The function y?ﬁtzﬂéij depends mainly on the large dis-
tance interaction and can not be found within the periurba-
tion theory.

The main goal of the present paper is to obtain the infor-
mation about the properties of the wave function Qﬂﬂgjﬂfy
for which we use the sum rule method developed in papers/6/.
Using the sum rules for the corresponding correlators,we find

the values of the Tirst few moments of the # -meson wave

function

f
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where 74 = {44 - (£-3) P ={2L-L) Fy is the quark-
antiquark relative longitudinal momentum, The corresponding
sum rules are obitained in Sect,II and the values of the wave
function moments are found there as well. Using these results,
in Sect.TIT we discuss the cHarecteristic qualitative preper-
ties of the 7 -meson wave function and propose the model
wave function which fulfil the sum rules.

e use then this model wave function to describe the strong
decays of the heavy mesons and the # =meson form factor
o (34-,-:3“}* f‘f"_ i (;f:‘ﬁj-a-r}: ya/gfm’/,-y"f; eZo ) /7/,and
weak decays of charmed mesons (0°~ KT -ﬂ"'*ﬂ_:’-?'-*-":' eZe, Y/8/.
We show that the selfconsistent description of all the above
processes is possible. This means that the model wave functi-
on proposed in this paper gimultaneously fulfils sum rules
and gives good description of the heavy mesons strong,elect-
romagnetic and weak decays.

1I. Calculation of the /7 -meson wave function moments.

The 7 -meson wave function connected with lowes® twist

operators is defined as follows:

<o/ G f&//fﬂ’f‘ G ) UD[TTP S =

(2;

$Z <A db5 T Y e i Bag e,
Z=0.

Here: :2}): =d _}, ;-; 454 - is the covariant

derivative, a’/ / a.nd af/gf} are quark field operators,

o o~ - 3 i = " - % - -
J_/w ig the normalization point of the operatorsz in (:). The

funetion ;%f?-/uﬁf defined by

-~ s 4 < a :
59/3/ /Vj‘/ : [ﬂ?e'f 4 y%,lﬁ%f

(3)

has the meuning of decay emplitude inte quark-anticuark pair

withh the fractions of longitudinal momentum X and (1=},

? = 2A=F and with 2 viriuality aup to . & The wave

S i v s 2 %y .

funciion ¥/7 /ﬂ‘zf’ enver the expressions for an naymptotie
7 " 1 " - - a " 9 i

behaviour of all exclusive reuactions in which Lhe Fi ~meson

takes place. Therefore, one needs to know the wave funciion

e o X . 5 - . P .

P?Evf(f in order ito do guantitative ealculaticons.

L
: z
The dependence of §fj}ﬂfh§f on ./W ai jM 'fﬂ iz de-

termined by the renormalization group ( _/’% .5 the charac=
teristic scale beginning with which the perturbation iheory

is appliecable) /1=5/: '

9’/?/«%4/!-}72”{6 /}7/“;&/7‘”‘(/ y-id W@
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where fﬁ} ﬁ// is the sysiem of the Gegenbauer polino=-

mials normalized by

f‘ %
3 %, %
SO ) 5 | )1
Ji. ~are the corresponding anomlcﬁus dimensions.

Therefore,for determination of 5;»‘(;} "7,-’-'/ it is suffici~-

ent Lo know ﬁ/}/«/ The wave function 5"7/}';/1(4/ is de=-

termined mainly by large distance interactions and can not be



directly calculated at present. The experimental infornati-
on ebout 5’?!"} /“f" available now is exhausted by the
s T &
imowledge of the matrix element {;?/f?’/ﬁ/dﬁﬁ: 2 '7;7 e S
L4
o P
=;z;%‘__ : Jf; ./{? V/ﬁ/(y=f53ﬂry from J"—r-/v? decay. In the

following we use the dimensionless wave funciion ﬂff/"ﬂ

ap r :i"
i P72 4 S8, <E>= [ pdL.
Qur goal is to calculate approximately & number of wave

funciion moments

. (6)
{;.e?f 5-/4a;xmf§}/q§/} 720433
(In the limit of the isotopic symmetry: gt?/g/u'y =?{-;Jf(7 Je
As one will see bellow,the knowledge of few first moments of
the wave function gives stringent enough restrictions on its
possible form and allows to undersiand the qualitative beha-
viour of 55’/};/0‘7
To calculate approximately the values of moments (6) we
use the sum rule method developed in the papers /6/. This
method allows to 5bt&in the information about spectral denci-
ties of two point functions, In number of cases the sum rules
appear to be sensitive to separate resonance contribution
and allow,therefore,to determine the value of the matrix ele=
ment <& O/ fes > ,where (), =is the correspon-
ding local operator, /Féf,) ~is the one particle state.
As one can see from (2),the moments (6) are determined by

the matrix elements of operators:

{afgﬁ/lgéfpﬁ?‘;/ﬁﬁ{a}/gwf# :‘1,;’;(2.;7##{;?;4 J 2.21: - (7)
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In crder to find these matrixz elements we consider the cor-=

relatcrs

Ton (7ioy = e cor 70, G, popfos wy) "™ 5 ®)

)

o = e i —
8, =i vfgf/f;,._%; DR P S
The spectral dengity in (8) has the form:
(9)

;%plf,ﬁ ,W‘-‘ 4.#(}/;’//;‘3 < ;’&/}4 ?f/j.‘{m,f/“,,,,

The asymptotic behaviour cof J;.ﬁ, /73 at large (.;};:%’/f has

s
" = 4 4.3 i el
Zoa (97 /%3 / dre CL7Y T F) T <l 760

- 32 o

ol =, /5\E
e =3 /0N - o
/'f- ¥ g # /gd‘ fi Aj‘;‘f‘if/ﬁ,ﬁiﬁf/r—;//‘_ (10)

b4, <ol 8% A vy
5—;—3" ‘?//:ﬁ/ﬁéjg/ﬂ;/’ﬁfﬁ/f*;/-Sf’i}'i’f'br”'f,{/;[""._,

= <

3 o : J - >
Sy 974 g;//j//ﬁg;’xzﬁty fé(y/f}ﬂé’&'e/p};# fﬁ: &

£

Tl e = . - £

P 3’},‘; KA Gufost - ;Tf ;?«"f;’:; ol Vo Znfes (L 74/, R
Pour terms in (10) correspond to the contributions of four
types of diagram,Figs.l1=4. After rofation into the Fuclidean

space and "borelezation" /6/,sum rules take the form:



47 - i : i 1
ﬁ_g/,,{gg It Ly, [S) “"'/ﬂ%/—/* (11)

f?.:f

L 5
L <2670 ¢ L pdL o/ susos (ﬁy/{//?*:f;;’?/f?-'?,/

273 _{3"

We use the following values for the matrix elements ente-
ring into (11) (see /6/):

(12)
& ﬁf/ﬁ;’gr,{xsfm“féﬁ?# = ol ,:‘T:' &% o> ’-*Xz-f&'"zﬁf’ﬁ”.

’

Then the sum rules for the correlators /, 7. and T,

take the form:

jv_if‘/:d’:s'e-x/ﬁ’ f 1{,.;"’5»!‘"./“ o2 e:?#/ *(’_ {'-iﬁ:if_‘"7j

#-!:

o 7l ‘ 'g'f f"’{x d
2y, // AM/;?/ (59 e yazoseryt {f’.féf/ Z by
F A7 A/ Ar* 5

=3 2 2,3
8 [yl = [ B (15

The sum rule for the _/,, correlator has been cbtained
and treated in /6/, The value for f; obtained in this way
agrees well with the experimental one. It is important to no=
te that the intermediate states in the correlators /se and

Lon are the same. Thercfore,we iake the same model for
the Jpp, -8pectral densities as that was used in /6/ for /us

Exactly,we put

D Zon (5) = L2 Srs)e -

=i i ! ]
?f(r’ﬂ#f/ﬁﬁd} 94"/.-5‘*51?(-‘/ (14)

=E
Fa
where the parameters S7e determine the duality intervals

in corresponding correlators, From (13),(14) one has:
2 by

(754

f?ﬂf‘gf (’f}*/‘fz&? Svafur "'ﬂfm/.;( p,fﬁﬁfy J/;f/,gﬁy//
(g

!éf”f”{fg@ o prsT a/ﬁr”,_ﬂ/!*/ﬂﬁﬁw/ /,r.p;H //

[fff'
The treatment of (15) has been made in the following way.

In each of sum rules (15) the value of A° has been vari-
ed in spuch limits that power corrections at r.h,s., in {15)
were between 5-10% and 30-35%. Then the perameters PR
and Spro were choosen so that to obtain the beat fit to
the theoretical curve at r.h.s. in each of sum rules (15).

As 8 result:

* At smeller values , #*° the neglected terms with higher

powers , #°”  become significant,at larger values /7  the

A

sum rules (15) lose their sensitivity to the # -meson con-

tribution,



<?*?— e T S:En * fE8 I._g_;y't
M:m‘wr* ‘
e s =2 < (16)
< —_— - - .ﬁ:l. - - = =iz ;d‘ 5'!‘1"-
F ’::‘,};1"3 ,:z;zé‘,y-- .3.59 " ol
< 3‘)_ ~(. 16 | Sso * 2 76e*
ME xFgov® ;

[-1:3
It is worth noting thai proceeding in the same wvay we obtain

£y 28 v (the experimental value is 7 = s33mel )
srom the Jee -sum rule and the value f_, « sepael (the expe-
rimental value is ‘5"" = 200 meV” ) from an analogous sSum
rule for the igovector=vector currenk. ile expect,therefore,
that the above found values 2% o < §'> B Tne
rect within  15-20% uncertainty. (The accurccy of the pre-
dictions decreases as /2 increases).
Becauge in sum rules we have not iniroduced explicitly

the logarithmic correciions due to anomalous dimensions,the
velues of < ?"‘ obtained above correspond to normaiize~

tions at su:n.ta.ble intermediate pointg: /"ﬁ‘ =£s H’V*, ‘%a

e
2.2Ge -'/‘" M;a ~ 32 gev~ ,respe ctively.

—

+ Hote that the inolusion of the A, =meson in addition to
# -meson do not change nearly the values of .+ }""' >,

¥ As the values Naa are large enough, & (A"y varies

already slowly in this region and so the precise knowledge
of M, ig not needed. More punctusl treatment of the

anomalous dimension effects gives esgentielly the same results.
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As will be shovm in /7/,the characteristic virtuality of
the pion wave function in charmonium decays is: ﬁ" *:{:&'a'c"f‘f*""?/ 5
.ie,therefore,renormalize the above found values < e
this peoint. The renormalization is performed with the help

of formulae (4):
£ 3? -
“{.?,}‘vf MJ[%_z// (;4_.-) rafﬂ:'.r')

M‘-s"

/"‘ /#'f/ (?{'}f.r:*,i‘%;;;fi #

.e;"-x* “7
/

e [ et 13

{17)

}? -ﬂf/%a

264

o

s /f)/ 454 f 4 2 ,x:_. = 845
Lm@/ ot AL G, ar;: ‘855
CFE-Es o088 LS

; j?ﬁ 2

We use:

“'{.&M- J f/'"/ P 4‘.{* 5: A lfﬂﬁﬁ!’b"}.. (18)

Prom (15),(17),(18) we have:

<f ::f:}‘ﬂ#m;.f.! = J4f (19)

¥
<$ :;%'lcffaa#ﬁ:’/‘" = 0,87

<?‘7ﬁz={wa.wn‘3 ;*'_"""w .

11



The expressios (19) present the main result of this psaper.
In the nexi Chapter we use them tc construet the model wave
function of the pion.

We do not consider here the next ( # .24 ) moments of
the wave function. The reasons are as follows,

1) As one can see from (11),the coefficients at operators
of larger dimensions grow more quickly with 2, ( 2 ). The-
refore,at larger , 72" one generally needs to take into ac-
count the operators with higher dimensions in.th_e oporaior
expansion.

2) Because the contribution of the diasgram in Fig.1 decrea-
ses with "n" (see (11)),the relative importance of power
terms in sum rules increases (gee point "1"), This leads to
increase of the characteristiic values of A7 at which the
power corrections are,say,~.£0 % of the perturbation theory
contribution, At larger values of .f'.“"z the background con-
tribution play more important role in l.h.s. of sum rules
{11),while the role of the T -meson contribution decreases,
Therefore,as "n" increases the sum rules become less sensiti-
ve to the pion contribution.

We do not use the sum rules for the correlators }_EE){?;; >
The metter is that in the correlator _/,, intermediate
states with the spina ¢ <8 < #ss contribute as well
(while in the correlator e the intermediate states ha-
ve S-=f only,except for the pion being the Goldstone
particle), That is why in the sum rules f.:::r Tree 8B compa=-
red to that of _Zmo :a)} the background (i.e. sll other con-
tributions except for the pion) can play much more important

role,and its form cen vary noticeably with "n"; b)the role

12
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of the pion contribution and sensitivity of sum rules to it
is smaller. If we ignore the presence of additional contribu-—
tions with spins csS < nnsl to the correlator JZas (ab-
sent in Zre ),and choose the same form for the speciral den-
sities Jw Zrn and  Jor dno (see (14)),then naturally we
obtain on this way larger values for < §¥7>. The reason is
that we force the pion by itself to fill & duality interval.
Indeed, the value ¢ ;'“)Mwobtainad in this way from the

sum rule 7, is: & ?"‘%ﬂpﬁf:q;«; ,and this value
does not conrtradicts (o (1§) yet. However,the value of (}‘*)
obtained on this way from /, already exceeds the value
(16) considerably, .

78 o " Discussion,

In this Section using the above found < f”} values we
describe qualitatively the behaviour of the pion wave func-
tion and propose the model for it.

Strickly speaking,the knowledge of few first moments is
clearly unsufficient for reconstruction of the wave function.
If however,we use additionel physical considerations,it is not
difficult to reconstruct the qualitative behaviour of the
wave function.

A8 a slarting point we choose the exactly known wave fune-
ction ¥ (z/ .-yfr';’};/w-zf_,_nf&%é]/f-;y yFig.5a,This wave function
corresponds clearly to the contribution of diagram shown in
Pig.1,because at /w‘-*—.:- o> due to the asymptotic freedom
one can neglect power and logarithmic corrections., The wave
function g (7) give too small ;i"aluea for the moments
(}”} as compared to (19):

(;£,>=.d =alo,

(20)

CPPs _=volse  <p%S__rdou

13



Thia is natural,as the power correctiiona (PFigo.2-4) add to the
loop contribution (Fig.1) in (15) and therefore increase the
values of (E'”)
3 change

Wow,in what way one should the wave function ¥Ye=(?/ in or-
der to increase the noment wvalues {;.'"'}’ 7=2,49 8 and to
keep the normalization ¢ ;-“) = intact? Of course,there are
many posaibilities. However,we put some limitations based on
physical conasiderations., Namely,we expect that Wfi_f‘f"&&t /;’/;-f
(the point ff;"n{ corresponds to the case when the whole
pion momentum is carried by one quark,while another one is
"wee" ). Besides,it is reasonable to expect that the ground
state (pion) wave function is positive, ???L/wiifdi}aﬁ*. Then,
among functions with such properties the simplest way to in-

crease the wvalues bf the momenta {';’1>_aa compared to (20),

is to take the function ¥ (z/ such that ¥ (z/c ¥ _, (3] et

small /7/ and ¥ (3/> ¥, (3) 8t»sa¥, /f/>a4 In such e

way we come to the qualitative behaviour of the wave function
& (}"/ depicted at Fig.5a,

Most characteristic (and unexpected) property of the wave
function ¥ (Z/ ,Pig,5b,is the existence of maximum at {?T%U
and minimum at ;’zc? . (Let us remind in connection with
thie that for the nonrelativistic quarks the wave function ia:

ff/}/ 33{/;/ si.e. each quark caerries one half of the whole

momentum). This means that as a rule greater part of the pion

momentum is carried by one quark,

* This property is due to analogy to the nonrelativistic

quantum mechanics,though the node theorem is absent,of course,

in QCD.
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Based on these considerations,we propose the following mo=-

del wave funciion for the pion:
(21)

5F(?;“/?£&TH?FA*ﬁ#?IE fffiz?-;fVL

The corresponding values of ihe moments of this function are

equal to
o : & - (22)
<;"} of RI>=dt3 <7's =037, <z°>=010
and agree well with the values (19) found above, The function
(21) has the maximum at é}/::ﬂlf ,and at this point ~ 85% of
the pion momentum is carried by one quark,and the rest ~ 15%
by another one.

Of course,the considerations described above can not be
congidered as a derivation of the wave funetion (21). We expect
however,that the model wave function (21) reproduces correctly
all charecteristic features of the true pion wave function.

As will be shown in subsequent papers /7.,8/,the use of the wa=-
ve function (21) for description of pionic decay modes of hea-
vy mesons gives the results which agree with experiment.

We are indebted to A,I.Vainshtein,E.V,.Shuryak end 0,V.Zhi-

rov for useful discussions.
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FIGURE CAPTICNS

Fig.5a Asymptotic form of the T'.,’ -meson wave function
: 5 :
Ralg) = 3, pr)

Pig.5b The qualitative behaviour of the W -meson wave

function W ‘\;l Ti) : Yt “:.(5“\]@}"-1\4'\.1-
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