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Abstract
The contributions from the gluonic wavefunctions to the

amplitudes of meson production in e’e” annihilation, quarkoni-

um decays and two-photon processes are calculated.

In recent years, the hard exclusive processes in QCD have
been actively analysed (see the reviews[},?]and the literature
cited there). In particular, it has been discovered that in
case of the processes involving flavor singlet mesons together
with the quark-antiquark component the two-gluon component of
the wavefunction may be significant as well. The evolution and
mixing of the quark and gluonic wavefunctions have been studi-
ed in considerable detail {Refa.[i-é}. Besgides this, a great
deal of calculations for the amplitudes of concrete exclusive.
processes has been made with the gluonic wavefunctions taken
into account. However, a considerable part of the relevant
papers either has the errors, or has no indications at which
quantum numbers the result is applicable. In the present pa-
per, the gluonic contributions to the amplitudes of a number
of exclusive processes are calculated. In the literature avai-
lable, there are no larger part of the results here obtained,
and some of the previously erroneous results are corrected.

We would like to remind that in the processes unsuppres-
sed with respect to 1/Q, the mesons can be produced with the
following quantum numbers (see Ref. 1; spin and parity: Sp;
helicity: A ): the type s, (0%, 2%, 4% ..., A = 0),

S (104 355 5 saneen, A =0), B (07,,2, 4 sosvnA, =0),

B B = ) S et gt e
VU, 27037, eanep A omt1) ande® (35, 37, 45, ..., A =£2).
In the case of absolutely neutral mesons, the subscript of
the meson's type indicates its C-parity. The flavor singlet
megons of the types S, eand P, have both tha.quark and glu-
onic wavefunctions. The T -type mesons must be be flavor sin-

glet and have only a gluonic wavefunction. The remaining me-



sons have only a quark wavefunction .

The wavefunction f:: (x) has a qualitative meaning of
the probability amplitude fto find, in the meson M, exactly two
partons, namely, the parton p carrying the fraction x of the
meson's momentum and another parton carrying the fraction
x'= 1 - x of the momentum. One of the quantitative definiti-
ong is based on the connection of their moments to the matrix

elements of the twist 2 aperaturs :'
<ol Og Im> = B B T j; (X)X dXx

e (1)
<ol G in>=Fh . e ij XXX X

e Ly
where XE 2x -1 ,Pis the momentum of the meson, = ”T.‘;"_ ’

N = 3 is the number of the colors, and the operators OO for

various types of wavefunctions are defined as follows:
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The formulae (2)-imply the symmetrization end subtraction of
the traces with respect to. the indices y ,ju',"f,,"; 3; -

- ;
(-’:"_@FJ/" and @ are helicity unit vectors for helicities )| =
= 21 (in the V and T types). The wavefunctions of absclutely
neutral mesons satisfy the symmetry property {Raf.fﬂ]:

a‘: (x)= -Pf,:(x} : f: (x')= 'Pf:(z) (3)

where P is the parity of the meson M.

The decay of a heavy photon is one of simplest exclusive
procesges, h’*-’* ,-'*1,."‘11. The mesons can be of the type §S , or
PP . The matrix element - is possible to write in the form

i
E{Pf-PI}JH FH;M’. {Q J where FM;H
form factor. If the mesons are absolutely neutral, they may be

is the meson-mesgon

assigned to the S§ and PP types. The quark contribution to the
form factor (Fig. 1a) has been known for a long time (see Refs.
E,@. The gluonie contribution (Fig. 1b,c) has been found in

Ret. [8]:

(@)= CF ‘f”“‘fz .

For 2 0

: (¢ 4ds

Fes Bil= 5 a5 LA )1' (4)

where Gq is the charge of the quark q, and for any parton p
: ‘;’( \d P |
P rdx 9 P

]_‘H = _( Rf-x : {7” = J,:FH (x)dx (5)

o 0

It is seen that for EP the gluonic contribution vanishes.

It is very interesting the situation dealing with the
vector-quarkonium decays, %a(ﬂ (Fig. 2). In these decays
the mesons of the S,» P, and T types can be producted. In
the Born approximation (Fig. 2a), only the matrix element of
S, =tiype meson preduction does not vanish, while for the Py
and T, type mesons the main asymptotic mechanism of the process
is determined by the one-loop diagrams in Fig. 2b,c. This has
been revealed in Ref. [7], a year later in Ref.[‘ﬂand over
again a year later in Rar.ﬁq?. For the S_type mesons the cont-
ribution of the diagram in Fig. 2a for the matrix element M

and branching B is the following (Ref. [8]):
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m ims the mass nf the quarkonium ?f , and PH and ,Oa_ are the

By

momenta of a meson and photon. This result has been rederived

in Refs. [9.112?.

If the formula (6) is applied to the Y—=>¥f  decay, we
then obtain r: ~ (60480) MeV from the experimental value of
By. This coitld evidence a substantial admixture of the two-
-gluon state in the f-meson. However, one should bear in mind
that in the asymptotic mechanism, described by formulae (6),
only the f-mesons with helicity A. = O are produced (if Ai
is the production amplitude of the f with helicity A , then
only A: is nan—-vanishingj,But, ag follows from the experi-
ment (Refs. [11,12), x*-—i.ﬂ*/Af] = 0.96%0.12 and
yf= (af/A%] = 0.06%0.13, so that alongside with the me-
sons with A = 0, with a comparable amplitude the f mesons
with A = f! are produced as well. In addition, there are the
experimental data on radiative ¥ decays with the formation
of tensor mesons : y>¥ £ (1515) and y>& ¥ (1720) (Rar.f{_z]}.
Application of formula (6) to these decays gives

f?, = (40-60) MeV, f: ~ 60 MeV. However,
the polarization analysis here gives rise to Iff- (0.63%0.10),
‘ffr- (0.17%0.20) and I" = 1.0720. 20, ,# = 1.09%0.25, =0
that in these decays the mesona also are produced with the
helicity A # O. Thus it is seen that at 3.1 GeV the asympto-

6

tic mechanism is not j.rat dominant’.
The contribution of the quark wavefunction to the asymp-
totic matrix element “f"q"‘rP«r (Fig.' 28) is equal to {Hef.pg )

1
2
M=4CQ eds ¢, i ﬁﬂj{;j[&lr'*%‘ + F(f—i‘xj—F(zr—fJ]
0

(7)
+(x¢r’)} ")'_' le{:r.}afx

wnere €= ¢*Pppd pp, | F(z)= j Lfg
ig the Spence function. Thig result was ahtalned a year later
in Ref. EM:!- The gluonic contributions to the asymptotic ma-
trix elements 'ﬁ!—: ¥ P. and 4{,}-a-ar’?; (Fig. 2c) are not calculated
yet. It is worth noting, however, that the main asymptotic
decay mechanism fo7 fy>¥F. (Eq. (7)) is suppressed as dsl' :
and the power-correction contribution associated with the
twist-4 operator GE (Ref. flf'}_]] is enhanced as f/d;' , 80
that their ratio, containing the factor {mﬂ /hds]?, is not
small even for the family G e

The decays of the C- even quarkonium stateas 'z (5 ]
xfa Xﬁ‘f and X?I ( PM Pf , ] into two mesnns are
described by the diagrams in Fig. 3. The quark contribution
has been analysed in a variety of papers (see Refs. L-‘I-EJ},
and the quark-gluonic contribution (Fig. 3b) has been calcu-
lated in Ref. [8]. The purely gluonic contribution (Fig.
3c-1i) has been calculated also in Ref, EB], but the result

-

*) Note that this circumstance is the main problem in apply-
ing asymptotic exclusive calculatlions to the decays of char-
monium states.




obtained is wrong. This contribution has been considered later
in Ref, EIDJ without the indication of the quantum numbers of
the mesons. The result presented in Ref. Er{}j is not consistent
with those derived in the present paper for any quantum numbers
of the mesons. Note that there are no diagrams of the type pre-
sented in Fig. 31 in the Figure in Ref. Eo].
The selection rules (see Ref. [1]] permit the decays t
'11 ;XqﬁsﬂTT: 1}#,_:[;“{:.,”]_1 535, PP,TT and xﬂ{hqzj_wvv,'rs,ﬂ’ 1
(m is the momentum projection onto the decay axis). For the
absolutely neutral mesons, the matrix element M and the bran-

ching B are written down as follows:

y SRR A
M= %i’m a K, Ef’“n% e kS (&)
e 1
where Q=V¥, and ( = 2 for !Lr , and d:-iﬁ_"f', and g- ”;;dsl'

for x‘,” (where h; , the number of the quarks lighter than ¢ s
and L=bam/p , #  is the virtuality of the quarks in 1’.,, :
determine the total width of X,, 1in logarithmic approximati-
| Iorlﬁ : a:#g% and f-‘-%_ for

X?! (m = 0), and a=4y, and €=2 for Iﬂ(m = 22). The

- y i It t{al!"
quantity y, is defined in formula (6), Yt = yy =

(4]

i = g
on); a-ﬁ.ﬁ and f.-?-

The quark contribution to the matrix element is

Ky= ff ¢ (21,%) fu, () S, () dT1 72 (9)
0 p

T %x (14X Xy)
where (see Refs. [1,’{]} for !11451?: C =1-x,-%,; for qu"SP :
C= t‘-II H for X?p-}ss,.pp : C= 1+A H for X71(h=c}-jss, PP: i
c= %«-A (here A = (1-x-2,)%/(1+X,X})); end for xr1(h=_fg}-bW= II
|
c = 1, i

The quark-gluonic contribution Kﬁ (Ref. [Ej) is
kﬁ: AtA, for q?’xff-g SP ; kﬂ,z—%ﬁhf#ﬂ for X?da 55§ :
. .

Kag = §(As+ Ay) tor Jgy > SS
Kap> PP 3 Kgg= § (Arhs) for You» PP

and k?:IFJ Ay
2o
for x‘j‘i"‘TS#TP (here A ., IMH:] 2R ) o

The gluonic contribution to the matrix element can be re-

; k?::—-‘g(ﬂ,-*.ﬂg} for

presented as follows:
11 q g g
Kg:y”' (9,+ ,T;%)J(H. (1) du, (221 o2y (10)
o0

the functions 94 and ds in the above expression are gi-
ven in the Table. These are expressed vis ;m:xtz using
the following notations: ‘ﬁu:f/(f- 3,’1) and f,= 1/(1-3,3,) .
Of special interest are the decays into mesons of T type
because these decays are determined by the gluonic wavefuncti-
ons of mesons. The same zero-helicity mesons are referred to
the S type in the case of an even spin and to the P type in
the case of an odd spin. For the time being we refer to them
as the mesons of Tg , or T, type. The decays r[q *IT‘I* ik
and Ifﬂ,IthTsTp’f‘?Trthan differ from the decays HesXgq™ SP
and 'I?,,l’.’l-?SS,PF only by the polarization of the final
mesons (i.e. for their separation the angular distributions
of decay products need to be studied). The decays NesKer> BT,
ToTp and xquxﬂ*’ 7}7} cannot occur with zero-helicity of
the mesons being produced and are completely due to their
gluonic wavefunctions (for example, (Y P ff ). The decays
xﬂ—;TSS and T, P differ from the decays If,""SS;PP by
the polarization of the final mesons and, in the case of an
alighned Xo, , by the angular distribution (Ref. [8]). The
decays xqt-:TPS » ;P cannot take place with the zero heli-
city of the T type meson being produced end are completely
due to its gluonic wavefunction (for example, :(ﬂ-;j’,?f B



The decays of this type are especially convenient for experi-
mental research of the gluonic wavefunctions.

Let us estimate the branching B of some decays which are
due to the gluonic wavefunctions. If one assumes that the glu-
onic wavefunctions are wide and ‘r,l".wd{# 1 dominate in the
integral (10), then

? 3
. f-,qu,} i L el j-'
Blysffl~ et (ma;) B(¥i>+4) 64 L, ma,?)

e (y2s) (_3(_4{}_1 iﬁ Bl ﬂf i (11)
B (%> 41') 3 [q;‘ e “’{ql' )J
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Putting ;gn‘tﬂﬂ l[av"ﬁ:gﬁ'fj and a~0.1, we have Bf*[g_"ff]"s‘fa,

B(X,>5f)~ 5-107% and B (X, F4’) ~ 1070,

The h’l’*ﬂfﬁareactiﬂn is described by the diagrams in
Pig. 4. For ¥¥=>SS,PpP,VV , the quark contribution (Fig.
4a~-d) has been discussed in Ref. flﬁ] and for Y¥—= SP in
Ref. [1]. For the Yr— PP reactiﬁn the gluonic contribution
has been conmsidered in Ref. [17]. The comparison of Ret./17]
with the present paper is complicated because in-Ref. [1'[7
there is no definition of the used wavefunction; if this de-
finition is the same as in Ref. [10], then the denominator in
Ref, EIT] has an extra factor I; I,’ . |

Let the total energy be equal to Q in the centre-of-mass
frame of ¥¥ . We put 2=44"8/2 and 2‘=1-2 instead of the
scattering angle ¥ (the angle between the lines of photon
cnllilsinn and meson emission). The contribution of the diag-

rams in Fig. 4 ¢,d and f,h contains the denaminatnr-—Q"c ;y OT

._-Q’-c" , where € = 2 X7, +2'%/ 2/ and ¢'=c(2 2). Tis gives

rise to a considerable dependence of the angular distribution

on the shape of the wavefunctions. For absolutely neutral me-

I0

gong, the helicity a,mplitudes are of the fnrm

M= ez @SSL AGonl ¥ (x4 (2,

v @Q* q X2 I,x

Byg (24,22} , & i Ba1(%/ %) 3 { (12)
-+ “;x:z:%i £y, (1) ,CMI (%) + = f‘&fz,}fﬂ.fz,ﬂa'zgz!

The non~zero quark contributions are (Refs. ﬁﬁr‘ﬂh

(2122 +3, % (2, 2,/ +2, /)

i : % ————
AV ¥*>$S,PP) = = ;
+ A {r:ta,';* sP) =- (2=1) (22 ) (2, T2~ If*jf_f'

cef ST
ARSIV = A (Prs yTyE 3<e)
_ 422221 {zfﬁ_-zt’*g’lz

ec! .
The non-zero gluonic contributiona are:

7T L En(hed),
i%(é’ii‘j—l'ﬁl’]: — 2 (?:Lf+3[) ’
Bu.(riﬁ-aSS) == Brxigzy eai-da
:f

e y

SR )= T A e iy Al
14

[

+ -z | iz
(i’l’ PP) ._c-;i+ Xz 2

. ‘ i
= 'Bufl""i""-a'SPJ % i i-:L s EL’ :

In the presented work, for performing complex calculati-
ons the authors have used the computer algebra systems REDUCE

(Ref. [18) and DIRAC (Ret. [19).
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Table.

Functions g, and g, in Equation (10).
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