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Abstract. Within a perturbative approach we investigate decays of charmonium states into baryon-
antibaryon pairs. Using a recently proposed wave function for the nucleon and suitable generalizations
of it to the hyperons and decouplet baryons, we obtain the decay widths for the BB channels in reason-
able agreement with data. An important difference to previous work is the use of the c-quark mass in the
perturbative calculation instead of the charmonium mass. As a consequence of this feature our approach
possesses the property that the J/1 and the 1’ decay widths do not scale with a high power of the ratio

of their masses.

1 Introduction

The decay J/¢ — pp has been investigated within per-
turbative QCD by Brodsky and Lepage first [1]. Later
on this analysis has been repeated several times, e.g. [2,
3], and even extended to the AA decay channel. It has
been argued that the dominant dynamical mechanism is
c¢ annihilation into three gluons and subsequent creation
of light quark-antiquark pairs forming in turn the final
state baryons. Three is the minimal number of gluons al-
lowed in J/1 decays; ¢¢ annihilations through one or two
gluons are forbidden by colour and C-parity, respectively.
Contributions from annihilations through more than three
gluons constitute higher order corrections. The dominance
of annihilation through gluons is most strikingly reflected
in the narrow width for hadronic channels in a mass region
where strong decays have typically widths of hundreds of
MeV [4]. The dynamical suppression at work here is per-
turbative QCD of higher orders (the total hadronic J/v
decay, for instance, is an O(a?) process) and is custom-
arily regarded as evidence for the Zweig rule. Since the
c and the ¢ quarks only annihilate if they are separated
by distances less than about 1/m. and since the average
virtuality of the gluons is about 1 GeV? one may expect
perturbative QCD to be at work although corrections are
presumably substantial. Indeed as the previous perturba-
tive analyses, performed in the standard hard scattering
approach, i.e. in collinear approximation, showed the J/1)
decay into pp seems to be fairly well described. This is
in marked contrast to the case of the nucleon form fac-
tor where soft physics seems to dominate in the experi-
mentally accessible region of momentum transfer [5-7]. A
point to criticize in these studies of the J/¢ decays is the
treatment of the strong coupling constant «,. Since, as we
mentioned, the average virtuality of the gluons is about

& Supported by Deutsche Forschungsgemeinschaft

1 GeV? one would expect o, to be of the order of 0.4 to
0.5 rather than 0.2 to 0.3 as is customarily chosen [2,3].
Since a, enters to the sixth power into the expression for
the width a variation of «y from, say, 0.2 to 0.3 would
lead to a change by a factor of 11 for the width. Thus, a
large factor of uncertainty is hidden in these calculations
preventing any severe test of the wave function utilized.
In constrast to previous works [1-3] we will not use
the collinear approximation but rather the modified per-
turbative approach of Sterman et al. [8] in which trans-
verse degrees of freedom are retained and Sudakov sup-
pressions, comprising those gluonic radiative corrections
not included in the evolution of the wave function, are
taken into account. An important advantage of the modi-
fied perturbative approach is that the strong coupling con-
stant can be used with a renormalization scale depending
on the momentum fractions the quarks carry und thus
large logs from higher orders of perturbative QCD are
avoided. This choice of the renormalizaton scale entails
singularities of ag which are, however, compensated by
the Sudakov factor. Hence, there is no uncertainty in the
use of as. This is to be contrasted with the standard per-
turbative approach where either o is evaluated at a renor-
malization scale that is a constant fraction of be, or at
a momentum fraction dependent scale in which case ay is
to be “frozen” at a certain value (typically 0.5) in order
to avoid uncompensated «; singularities in the end-point
regions. The modified perturbative approach possesses an-
other interesting feature: the soft end-point regions are
strongly suppressed. Therefore, the bulk of the perturba-
tive contribution comes from regions where the internal
quarks and gluons are far off-shell. In contrast to the nu-
cleon form factor, the J/¢ — BB amplitude is not end-
point sensitive. The suppression of the end-point regions
does not, therefore, lead to a substantial reduction of the
J/v¥ — BB amplitude. For the same reason, the size of
that amplitude does not exhibit an extreme sensitivity to
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the baryon wave function utilized in the calculation as is,
for instance, the case for the baryon form factor.

In the calculation of the decay widths we will make
use of a (valence Fock state) wave function for the nu-
cleon that we proposed recently [6]. That wave function
was constructed in the following way: In accordance with
the findings reported in [5] where it was shown that a re-
liably calculated perturbative contribution to the nucleon
form factor is very small, the nucleon wave function is de-
manded to describe the form factor via the Drell-Yan over-
lap contribution for momentum transfers around 10 GeV?
and to be compatible with the available valence quark dis-
tribution functions of the nucleon. As a third constraint
on the nucleon wave function the decay J/¢ — pp was
employed. The nucleon wave function proposed in [6] will
be suitably generalized to the case of hyperons and decu-
plet baryons. The modified perturbative approach is then
used to calculate the widths for the J/v decays into pairs
of octet, Bg, and decuplet, Big, baryons. We are also go-
ing to calculate the baryonic decays of the v’ for which
recently the first, still preliminary, experimental results
for channels other than pp have been reported [9].

The paper is organized as follows: In Sect. 2 we intro-
duce the octet baryon wave functions used in the analysis
described in detail in a subsequent section and briefly re-
capitulate a few properties of light-cone wave functions.
In Sect. 3 we present the wave functions for the decuplet
baryons. Section 4 is devoted to the calculation of the
J/1¥ — BgBg decay widths. This analysis is extended to
the decays into decuplet baryons (Sect. 5) and to decays
of other quarkonia into BB pairs (Sect. 6). Finally, Sect. 7
contains our conclusions.

2 The wave functions of the octet baryons

Generalizing the ansatz made for the nucleon in [5,6,10],
we write the valence Fock states of the lowest lying octet
baryons as (the plane waves are omitted for convenience)

| By ) = “gz

Vil
(W | FpFi g5 ) + O | A3 052 )
— (vl + w) L))
3
A ,+ — ajazas
4,4 =g
{Wihs |ul d 5% ) — Wiy [u® d %)

+ (T, — wghy) Jul dP s)} (2.1b)

[dz][d?k ]

(2.1a)

[d][d?k ]

where (2.1a) holds for all octet baryons except the A and
the X°. Obviously, for the proton and the X*, f; repre-
sents an u quark and fs either a d or a s quark, respec-
tively. For the =~ f; represents a s quark and f; a d one.
The states of the neutron, X~ and Z° are obtained from
those of the proton, XT and £~ states, by exchanging
u <> d, respectively. The baryon is assumed to be moving

J. Bolz, P. Kroll: Exclusive J/v and v’ decays into baryon-antibaryon pairs

rapidly in the 3-direction. Hence the ratio of transverse,
k, ;, to longitudinal momenta, x;p, of the quarks is small
and one may still use a spinor basis on the light cone. The
integration measures are defined by

3
[dz] = Hdmié(l - le)
i=1 i

3
1
T ) LRIl )
=1 [

The quark f; is characterized by the momentum fraction
x;, by the transverse momentum k, as well as by its
helicity A; and colour a;. A three-quark state is then given
by

(2.2)

@k,

a a a 1 a
|fin for, f33,) = Were | fits 2, kig, An) (2.3)

x| f3? w2, k10, Ao) | f5°5 23, k13, A3).

The single-quark states are normalized as

(£ kL F ke, M) = (24)

Qxl(2’”)35(1;(115]‘1’]15/\;)\16(%; — 1’1)5(2) (klz — kJ_,L)

Since the 3-component of the orbital angular momentum,
Lg, is assumed to be zero the quark helicities sum up to
the baryon’s helicity. (2.1a) is the most general ansatz for
the Ls = 0 projection of the three-quark nucleon wave
function [11]. From the permutation symmetry between
the two u quarks and from the requirement that the three
quarks have to be coupled in an isospin 1/2 state it follows
that there is only one independent scalar wave function.
If the L3 # 0 projections are included the entire nucleon
state is described by three independent functions [11]. In
general there are more than one scalar wave function for
the other octet baryons if SU(3)p-symmetry breaking is
taken into account. As already expressed in (2.1) we nev-
ertheless assume that each octet baryon is described by
a single scalar wave function which, for convenience, we
write as

%32%(3”>kl) = (NF)¢%3($,ﬂF) Q(8) (v, k).

1
sval T
(2.5)

We assume that SU(3)p symmetry is only broken by a
quark mass dependence of ¢ (see below). f(s), being
related to the wave function at the origin of the configu-
ration space, is identified with the nucleon parameter fy
whose value was determined in [6] to amount to 6.64-1073
GeV? at the scale of reference pg = 1 GeV.

The transverse momentum dependence of the baryon
wave function is parameterized by a simple symmetric
Gaussian

Cl4 3
8
Q) (2, k1) = (16W2)2w1a§2)x3 exp [“(28) > ,kiz/iﬂz}
=1

(2.6)
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Table 1. Eigenfunctions and reduced anomalous dimensions
for helicity 1/2 baryons

n Ps(a) In
1z —a3 20/9
2 =24 3(z1 + x3) 8/3
3 2—T(z1 +xz3)+8(2} +23) +4w123 32/9
4 (z1—x3)(1 —4/3(z1 + x3) 40/9
5 2—7(x1+x3) +14/3(2 + 23) + 1darzs  14/3

and the transverse size parameter a(g) is assumed to be
the same for all octet baryons. A value of 0.75 GeV~! is
used for that parameter (see [6]).

The last item to be specified in (2.5) is the distribution
amplitude, ¢5?€($,ILLF) = ¢Bs (x4, 2, 21, pur), of an octet
baryon Bg, which is conventionally normalized to unity

[ldalof o) = 1. (27)
The distribution amplitude representing the wave func-
tion integrated over transverse momenta up to the factor-
ization scale, up, can be expanded upon the eigenfunc-
tions of the evolution kernel being linear combinations of
Appell polynomials (see [12,13])

o155 (@, 1ir) = das(x)

1+ Z BES (1r) ~71L23($)] (2.8)

where ¢pag(x) = 120 1 xox3 is the asymptotic distribution
amplitude [12]. Evolution is incorporated by the factor-
ization scale dependences of f(g) and the expansion coef-
ficients B,, :

n( o 2/3Bo
fiey(ur) = fis)(ro) (W) 7

n Fn/Bo
B ur) = B ) (el ) T (2)

where §yp = 11—2/3ny. The exponents 4, are the reduced
anomalous dimensions. Because they are positive frac-
tional numbers increasing with n [12], higher order terms
in (2.8) are gradually suppressed. The reduced anomalous
dimensions and the eigenfunctions &?23 are listed in Ta-
ble 1 where the notation of [14] is adopted.

In [6] the nucleon distribution amplitude was found to
have the simple form

3 1-
O193(w, o) = das(z) |1+ Zﬁb%zs(@ + Zﬁb%z:a(x)

The nucleon wave function is fully specified now and, be-
fore turning to the discussion of the hyperon distribution
amplitudes, we note in passing that the probability of the
nucleon’s valence Fock state is 0.17.
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A suitable hyperon distribution amplitude is con-
structed by taking (2.10) and, in order to incorporate the
empirically known breaking of SU(3)r symmetry, multi-
plying it with a factor

( WO )
exp
T

whenever the quark j is a strange one. That factor bears
resemblance to the BHL exponential [15]. a(g) is the trans-
verse size parameter already introduced in (2.6) and m is
a still to be adjusted parameter related to the strange
quark mass. Explicitly our hyperon distribution ampli-
tudes read

(2.11)

612 mz
d1as(, 10) = Nx ¢1hs(x) exp <—®> (2.12a)

€3
13 (, p10) (2.12b)
- 300 (Gt + 2680 (-
PTos(, o)
= Nz ¢1os(z) exp (—aﬁg)mi [;1 - ;D . (2.12¢)

The constants N, ensure the correct normalizations (see
(2.7)) of the hyperon distribution amplitudes (Ng, = 1 for
ms = 0). The particular combination of ¢x’s appearing
in the A case (2.12b) is required by SU(3)r symmetry.

In order to take into account evolution properly we
expand the distribution amplitudes (2.12a)-(2.12c) upon
the eigenfunctions of the evolution kernel (see (2.8)) up
to terms of order n = 5. In Table 2 we quote four sets
of expansion coefficients B,, corresponding to the follow-
ing scenarios: Set 1 is obtained from mg = 0, set 2 from
ms = 150 MeV (current strange quark mass) and set 4
from m, = 480 MeV (constituent strange quark mass).
The intermediate set 3 corresponds to m, = 350 MeV =~
(4802 — 330%)1/2 MeV (difference between the squares of
strange and light constituent quark masses). This value
appears if (2.11) is interpreted as the ratio of the BHL
exponentials for a hyperon and the nucleon distribution
amplitude.

In Fig. 1 we show contour plots of the four octet baryon
distribution amplitudes for m; = 480 MeV in order to il-
lustrate the effect of the mass exponential (2.11). It can
be seen that, compared to the nucleon case, the maxima
of the X and A distribution amplitudes are shifted to the
right, i.e. to larger x3 values, whereas that of the = dis-
tribution amplitude is shifted to the left. On the average,
s quarks carry larger momentum fractions than d quarks
if mg > 0.

Distribution amplitudes for the octet baryons are also
discussed in [16]. As compared to our ones these QCD sum
rule based distribution amplitudes are strongly concen-
trated in the end-point regions and exhibit a more signifi-
cant breaking of SU(3)r symmetry. Moreover, they reveal
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Fig. 1. Contour plots of octet baryon
1 distribution amplitudes for m, = 480

MeV and at a scale of 1 GeV

Table 2. Expansion coefficients B, (1) of octet baryon distribution amplitudes for various values

of the parameter my

Set 1 (ms=0) Set 3 (ms = 350 MeV)

By Bs B3 By Bs By By B3 By Bs
Y0750 0.250 0.000 0.000  0.000 0.216  0.394 -0.293 -0.914 0.241
A -0.250 0.250 0.000  0.000  0.000 -0.721 0.389 -0.150 -0.574  0.093
5 0750 0.250 0.000 0.000 0.000 1.106  0.050 -0.282  1.717 -0.498

Set 2 (ms = 150 MeV) Set 4 (ms = 480 MeV)

B By B3 By Bs B, B> Bs By Bs
2 0.623 0.284 -0.085 -0.285  0.065 -0.118  0.484 -0.404 -1.173  0.358
A -0.360 0.282 -0.048 -0.195 0.027 -1.022  0.47v8 -0.182 -0.650  0.127
= 0.831 0.201 -0.083 0.389 -0.129 1.338 -0.068 -0.384  2.943 -0.775

three pronounced maxima near the end-points. In sum-
mary, the distribution amplitudes proposed in [16] are very
different from ours and also from the asymptotic distribu-
tion amplitude at experimentally accessible scales. As our
distribution amplitudes but to a much greater extend,
they possess the property that, on the average, a u (s)
quark in the proton or the X (£, A) with the same
helicity as its parent baryon carries the largest fraction of
the baryon momentum.

3 The wave functions of the decuplet baryons

In analogy to (2.1) we write the valence Fock states of the
decuplet baryons A and X* with helicity Ag,, = 1/2 as’

! We omit the discussion of the decuplet states = (1530) and
2~ since the perturbative approach is not applicable to the

decays J/v — Z(1530)=(1530) due to almost zero momen-
tum transfer. The decay J/t¢ — 27027 is even kinematically

9
A++ + — ajazas
AT ) = S
Ealazag

Val
U ST S ) A O L) ) (3.D)

(] [d2Kk ) WA, |u® u u® )(3.1a)

| By, +) = [dolfa®k ] {3y | A2 £33 )

For the At (X*7) fi represents an u (d) quark and f>
a d (s) one. Again, the states of the A’ A= and X**
are obtained from those of the AT, AT+ and X*~ by
exchanging u < d, respectively. The generalization to the
other helicity states is trivial. There is obviously only one
independent scalar wave function in the case of the A
and we assume that the same shall apply to the X*. The
scalar wave functions %32%30 of the decuplet baryons Big (=
A, X*) are parameterized in a fashion similar to the octet
baryon case:

forbidden. The decay into X* is the borderline case for the
application of the perturbative approach
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fao) (1) 10
(24)\[ 158 (2, pr) 2010y (2, k1) -

f(10) is assumed to be equal for all members of the baryon
decuplet. We again adopt the form (2.6) for the transverse
momentum dependent part of the wave function, {2,
with the transverse size parameter ag) replaced by a(1)-

Decuplet baryons in helicity 1/2 states have the same
eigenfunctions of the evolution kernel and the same anoma-
lous dimensions as the octet baryons (see Table 1). Evo-
lution of the helicity 3/2 baryons is, on the other hand,
different [12]. We refrain from giving details on that case
here since we do not consider such baryons.

In the particular case of the A it is tempting to use a
completely permutation symmetric distribution amplitude
since the A is composed of three light quarks in symmetric
spin and flavour states. Noting that the permutation sym-
metric part of the nucleon distribution amplitude (2.10)
is just equal to the asymptotic distribution amplitude, we
take ¢f5(z) = ¢as(z) and construct ¢> (z) analogously

to ¢* ()
“%10)7”3
xIs '

The evolution of the X* distribution amplitude is treated
as in the case of the octet baryons by expanding (3.3)
upon the eigenfunctions ¢ps(2) up to n = 5. In distinc-
tion from the octet baryon case, the QCD sum rule based
distribution amplitudes for the decuplet baryons [13,17]
are not very different from the ones we are proposing.

o (2. k1) = (3.2)

$133(z) = N+ das(z) exp <— (3.3)

4 Decays of the J /1 into octet baryons

Now, with the model wave functions at hand, we can
calculate the decay width of J/v into octet baryon-anti-
baryon pairs within the modified perturbative approach.
The helicity amplitudes of these processes may be decom-
posed covariantly to read

M}q)\zk (4'1)

(pl —pQ)M

u M) | BPs 4 CP
Upg (P15, A1) Y+ 2ms,

vBs (P2, A2) €*(N)

where mp, is the mass of an octet baryon. p; (p2) and Ay
(A2) denote the momentum and the helicity of an octet
baryon (antibaryon), respectively. up, and vp, are their
spinors (normalized as Up,up, = 2mp,) and e is the polar-
ization vector of the J/v. In a leading twist perturbative
approach the helicity amplitudes are determined by the
invariant BPs (CPs = 0). Implicitly this ensures hadronic
helicity conservation. The .J /1) — BgBg decay width reads
A1A2A

PEY
(4.2)

in the J/9 rest frame (M, is the J/¢ mass). If the J/¢
is produced in ete™ annihilations it is transversely polar-
ized with respect to the beam direction and the angular

) = Pp.s.(Mpg/My)

I'(J/1 — BsBs 8711,
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distribution of the baryons emitted in the J/v rest frame
then exhibits a 1+ cos? # dependence (up to corrections of
O(mp, /M) characteristic of perturbative QCD [1]. The

function pp . in (4.2) is the usual phase space factor

=+v1—-422.

As we said in the introduction we are going to calcu-
late the invariant B¢ within the modified perturbative
approach proposed in [8], thus generalizing our analysis
of the J/1 decay into nucleon-antinucleon pairs [6]. As in
previous perturbative calculations [1-3] the J/1) meson is
treated as a non-relativistic c¢ system and O (v?/c?) cor-
rections are neglected. In contrast to the decays of P-wave
charmonium [18] the c¢ég Fock state is suppressed in ex-
clusive decays by inverse powers of the large scale which
is provided by the c-quark mass m,. [19,20], relative to the
cc¢ Fock state and is, therefore, neglected in our analysis.
We will comment on this approximation in Sect. 7. The
use of my, strictly speaking 2m,.., as the large scale rather
than the charmonium mass is consistent with the neglect
of relativistic corrections. It is also well in the spirit of a
perturbative approach since in the internal c-quark propa-
gators the c-quark mass appears. The J/v state is written
in a covariant fashion

A) =

pp.s.(z) (43)

| /s q, (4 + My)¢(n)  (44)

( fy ) 1
% (5) 7
where a and b are colour indices and fy is the J/v¢ decay
constant being related to the J/v¢ wave function at the
origin of the configuration space. Merely that part of the
wave function is, to a reasonable approximation, required
in the calculation of B since, as we already mentioned in
the introduction, the ¢ and the ¢ quark only annihilate if
their mutual distance is less than about 1/m. [4] which
is smaller than the J/¢ radius [21]. My is replaced by
2m. in the calculation of B:?; and the baryon masses are
neglected. Only the phase space factor in (4.2) is evaluated
with the physical masses, My and mp,.

The invariant B8 receives its dominant contribution
from the graphs with three intermediate gluons, see Fig. 2.
Within the modified perturbative approach the three-gluon
contribution Bf_}f to the J/1 decay into BgBg is of the

form
Bs _ Ju , d’b; d°bs - ,
5 = 0 10610 | G (Tt

x exp[—S(z,2’, b, 2m,)] [@g% (z, )3 (', b)
1,. . . .
5 (P35, b) + 955 (2, 0)) (U135 (+', b) + Y55 (o, b))
(4.5)
for Bs = N, X, =. This contribution is the same for all
octet baryons belonging to the same isospin multiplet.

Since the form of the A Fock state (2.1b) is slightly differ-
ent, the three-gluon contribution reads

Bl = /3% [laslia) [

d?b; d?bs .
(471')12 2 TH(J?,Jf/,b)
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@)

x exp[—S(z, 2, b,2m,)] [@1/123(33, b)@lA%(x', b)
1

3

(jllAQB; (.T, b) - yil?gl('% b))(g}1A23 (IIJ/, b) - @5121(.%‘/, b))]
(4.6)

in the case of the A. The representation of Bs, as a con-
volution of wave functions and a hard scattering ampli-
tude T can formally be derived by using the methods
described in detail by Botts and Sterman [8]. The by,
canonically conjugated to the transverse momenta k| ,,
are the quark separations in the transverse configuration
space. by and bz correspond to the locations of quarks
1 and 3 in the transverse plane relative to quark 2 and

by = by — bs. Wg & represents the Fourier transform of the
wave function !1752 (see Sect. 2).

Ty is the Fourier transform of the usual momentum
space hard scattering amplitude to be calculated from the
Feynman graphs shown in Fig. 2a. Up to corrections of
order of, m%_/(4m2) and b*/(4m?2) the hard scattering
amplitude in b space reads

. 25 (r125 + z32))
TH(m,m’,b):—\/>212mi e
39 [aF + 37133 + G3]

~ - v .

LT - -
x {QHél)(g3|b3 + bo|) — Ko(ds|bs + b0|)} . (4.7)
The quantities
G =2[x; (1 —af) + (1 — z;) af} m?
G7 = dw,xl m? (4.8)

represent the virtualities of the internal quarks and glu-
ons at zero transverse momenta. Since, as shown in [6],
the hard scattering amplitude only depends on the sum
of transverse momenta, k| ; + k' |;, the transverse sepa-
ration of any two quarks inside the baryon is the same
as that of the corresponding antiquarks inside the an-
tibaryon (b; = b’;). Physically, this property of the hard

(b)
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Fig. 2. Feynman graphs for the J/v¢ decay into
baryon-antibaryon. a Three-gluon contribution
(graphs with permutated gluon lines are not
shown), b electromagnetic contribution

scattering amplitude means that baryon and antibaryon
are created with identical transverse configurations of the
quarks and antiquarks, respectively. The auxiliary vari-
able by in (4.7) serves as a Lagrange multiplier to the
constraint »_ k; + k’; = 0. Since the virtualities of the
gluons are timelike, Tw includes complex-valued Hankel
functions Hél) that are related to the usual modified Bessel
functions Ky, appearing for space-like propagators, by an-
alytic continuation.

The Sudakov factor exp[—S] entering (4.5) and (4.6)
takes into account those gluonic radiative corrections not
accounted for in the QCD evolution of the wave function
as well as the renormalization group transformation from
the factorization scale pup to the renormalization scales
t; at which the hard amplitude TH is evaluated. The Su-
dakov factor, originally derived by Botts and Sterman [8]
and later on slightly improved, can be found for instance
n [22]. The renormalization scales ¢; are defined in anal-
ogy to the case of electromagnetic form factors [8] as the
maximum scale of either the longitudinal momentum or
the inverse transverse separation associated with each of
the gluons

tl - maX(lea gh 1/b3) 3
tQ = max(gg, l/bz) s
t3 = max((jg, gg, ]./bl) . (49)
Infrared cut-off parameters b; appear in the Sudakov
factor which are naturally related to, but not uniquely
determined by the mutual separations of the three quarks
[23]. Following [5] we chose b; = b = max{by, ba, b3}. With
this “MAX” prescription the three-gluon contribution Bﬁf
is unencumbered by ag singularities in the soft end-point
regions. As a consequence of the regularizing power of the
“MAX” prescription, the perturbative contribution satu-
rates in the sense that the results become insensitive to
the inclusion of the soft regions. A saturation as strong
as possible is a prerequisite for the self-consistency of the
perturbative approach. The infrared cut-off b marks the
interface betweeen the non-perturbative soft gluons, which
are implicitly accounted for in the baryon wave function,
and the contributions from soft gluons, incorporated in
a perturbative way in the Sudakov factor. Obviously, the
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Fig. 3. Percental accumulation of the three-gluon contribu-
tion to the width of the NN channel from regions of internal
momenta where Hle as(ti) < (ag)?

gliding factorization scale to be used in the evolution of
the wave function, has to be chosen as pyp = 1/5

As an inspection of (4.5), (4.6) and (4.7) reveals, a nine
dimensional numerical integration has to be performed.?
Although this is a rather involved technical task it can
be carried through with sufficient accuracy if some care is
put into it. The numerical results are obtained from the
wave functions discussed in Sect. 2 and for the following
values of the J/v¢ decay constant and the c-quark mass:
fy =409 MeV, m, = 1.5 GeV. We evaluate a; in the one-
loop approximation with ny = 4 and Agep = 210 MeV
[24].

Before turning to the detailed discussion of the numer-
ical results for the decay widths, we want to focus on an
important feature of the modified perturbative approach.
As mentioned in the introduction, one of the motivations
for including the transverse hadronic structure and the
Sudakov factor in the analysis is to achieve a theoreti-
cally self-consistent calculation in the sense that the bulk
of the perturbative contribution is accumulated in regions
where the strong coupling constant « is sufficiently small.
A method to check whether or not this is the case is to
set the integrand in (4.5) or (4.6) equal to zero in those
regions where H?Zl as(t;) > (a)3 and to evaluate the
three-gluon contribution to the decay width as a function
of aft. In Fig. 3 we show the accumulation profile for
the nucleon case; it is typical of all baryons. Consulting
Fig. 3, one sees that almost the entire result is accumu-
lated in the comparatively narrow region of ag between
0.4 and 0.6. The regions with [[°_, ay(t;) < 0.469° pro-
vide 50% of the total result. Hence, our calculation of the
J/v¢ decay widths into octet baryon-antibaryon pairs is
theoretically self-consistent.

In Table 3 we present our results for the J/¢ — BgBg
decay widths using the distribution amplitudes discussed
in Sect. 2. For the sake of comparison we also expose the

2 Taking into account relativistic corrections to the J /¢ wave
function, i.e. its transverse momentum dependence, one would
have to perform a 14 dimensional numerical integration which
seems impossible with present day computers to a sufficient
degree of accuracy
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Table 3. Results for the decay widths of J/v¢ into octet
baryon-antibaryon pairs for the four sets of distribution am-
plitudes defined by the expansion coefficients B,, quoted in
Table 2 (fy = 409 MeV, m. = 1.5 GeV). For comparison we
also quote the experimental results and, in the column labelled
¢as, predictions evaluated with distribution amplitudes con-
structed from the asymptotic distribution amplitude instead
from (2.10) (with ms = 350 MeV)

I3y [eV] Data [24]
Channel Set 1 Set 2 Set 3 Set 4 ¢as Iexp [€V]
%3 174 174 174 174 140 186+ 14
Xo¥% 136 128 113 108 97.8 110+15
AA 140 133 117 107 99.7 117+14
ETET 107 928 625 47.4 46.9 78 +18

0 100 200 300 400
m{MeV]
Fig. 4. The three-gluon contribution Bfgg vs. the mass param-
eter ms for the decay channels XX (solid), = (dashed) and

AA (dotted)

available experimental data [24]3. As can be seen from the
results obtained with the distribution amplitudes termed
set 1 the phase space factor p,.. is an important but not
sufficient element for the suppression of the hyperon chan-
nels. Since mg; = 0 for these distribution amplitudes the
differences in the predictions for the widths, except for the
AA case, are only due to Pp.s.. For mg > 0 the additional
suppression of the end-point regions leads to smaller decay
widths for the hyperon channels. In order to demonstrate
the strength of that reduction we display the invariant B:ﬁf
versus my in Fig. 4. The number of strange quarks embod-
ied in a given baryon is reflected in differently strong mg
dependences of Bfgs. As inspection of Table 3 brings to
view, the phase space corrected three-gluon contributions
nicely reproduce the experimental pattern of the decay
widths provided they are computed with the distribution
amplitudes of set 3. The value of 350 MeV for the pa-
rameter m, used in the construction of these distribution
amplitudes appears reasonable, considering the interpre-
tation of the mass factor (2.11) as the BHL exponential
[15]. Note that, as a consequence of the use of the c-quark
mass in the calculation of BE®, the result for the decay
width of the pp channel given in Table 3 differs from that
one reported in [6].

3 We use PDG averages throughout. The original data are
from [25-28]
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The distribution amplitudes defined by (2.10-2.12c)
exhibit a little asymmetry with respect to permutations of
the x;. In order to study the importance of this asymmetry
we also show in Table 3 results computed with the asymp-
totic distribution amplitude for the nucleon and with mod-
ifications of it for the hyperons that are constructed analo-
gously to the distribution amplitudes described in Sect. 2.
The asymmetry in the distribution amplitudes is seen to
increase the magnitudes of the decay widths by about 30%
for the £Z channel and about 20% for the other channels
while the pattern of the predictions remains unchanged.

Let us now assess the uncertainties of our predictions.
The value of the J/v¢ decay constant used by us is deter-
mined from the leptonic J/1 decay width. Since the J/
decay constant, or more generally, the decay constant, f,,
of a n3S; quarkonium state is defined by

<O‘jgm|n3sl> = fnMpe", (410)
the leptonic decay width of a n3S; state reads
47 e2a? 2
I'(nS —ete™) = il Qif (4.11)

3 M,

where eg is the charge of the heavy quark the charmo-
nium state consists of. Re-expressing (4.11) in terms of
the non-relativistic wave function at the origin of the con-
figuration space, one arrives at the famous van Royen-
Weisskopf width [29]. The use of the decay constant in-
stead of the wave function at the origin implies that we
relate the J/¢» — BB (or the n®S; — BB) widths to
the leptonic width. By that means the uncertainties in
the determination of the wave function at the origin via
the usual van Royen-Weisskopf width cancel to a large ex-
tend. These uncertainties arise from relativistic and QCD
corrections which seem to be large [30] but are not well
known [21,31].

The next uncertainty to be mentioned arises from the
choice of the c-quark mass value. In accordance with calcu-
lations of the charmonium spectrum within non-relativistic
potential approaches [21] and with a global fit of charmo-
nium parameters [32] we take 1.5 GeV as the favoured
value. That value has, for instance, also been used in a
recent analysis of P-wave charmonium decays into two pi-
ons [18]. In spite of this, little changes of the m. value
cannot be excluded and lead to an approximate rescaling
of the decay widths by the factor (1.5 GeV /m.)3.

The value of Agcp is also subject to uncertainties. A
change of that value by, say, 20 MeV which roughly rep-
resents the inaccuracy of our present knowledge of Agcp
[24], would alter the theoretical decay widths by about
+25%. We stress that for any changes of the m. and Agcp
values the ratios of any two decay widths calculated by us
remain approximately unchanged. This assertion does not
only refer to the J/v» — BgBg decay widths but it also
applies to the still to be discussed J/¢ — Bi1oB1o and
Y — BB widths.

In addition to the three-gluon contribution Bﬁf there
is a subdominant, although in some cases perhaps size-
able, isospin-violating electromagnetic one, BZs [33], aris-
ing from the graph shown in Fig. 2b. This contribution is
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proportional to the time-like magnetic form factor of the
baryon. For the proton BZ, amounts to about 15% (in
absolute value) of the total BV as is estimated from the
recent measurement of the proton magnetic form factor
in the time-like region [34]. Since the relative phase be-
tween BY , and BE, is unknown we cannot simply add the

two contributions 4. Therefore, we merely can state that,
depending on the value of the relative phase, the elec-
tromagnetic contribution (including the interference term
between it and Bj,) to the J/¢ — pp decay width can be
as large as 30% or only 2% . The comparison of our result
with data indicates a relative phase close to £7/2 in the
pp case.

At this point a remark concerning the nm decay chan-
nel is in order. Since, as said repeatedly, the three-gluon
contribution respects isospin symmetry any difference be-
tween the pp and nn decay widths must be due to the elec-
tromagnetic contribution. From experiment it is known
that the widths for J/¢ — pp and J/v — nm decays agree
within the experimental errors [28] and that the time-like
form factors of the proton and the neutron are approxi-
mately equal in modulus at least at s = 5.4 GeV? [35].
Thus, one may conclude that the relative phases between
the three-gluon and the electromagnetic contributions are
the same (up to a possible sign) for the proton and the
neutron channel.

The size of the electromagnetic contribution to the hy-
peron channels may be estimated from a recent analysis of
the octet baryon form factors within a diquark model [36].
With the help of a few rather well determined parameters
that model is able to describe a large number of exclusive
observables. In particular relevant for the present work
is the prediction that, in the space-like region, the mag-
netic form factors of the X7 and X~ have opposite signs
and are comparable in magnitude to that of the proton.
The form factors of the A and X°, on the other hand,
turn out to be very small. Predictions for the =~ form
factor are not reported in [36] but that form factor is pre-
sumably smaller in absolute value than the proton form
factor. Assuming similar relative magnitudes of the form
factors in the time-like region, we expect that, in the case
of the hyperon channels listed in Table 3, the three-gluon
contributions should match with the experimental data.
This may not be the case for the ¥~ X% channel; while
the three-gluon contribution is the same as for the X9X°
channel, the electromagnetic contribution may be large.

There is also a small contribution to the invariant B5s
from c¢ annihilations mediated by two gluons and a pho-
ton. The ggvy contribution to B¢ being proportional to
the ggg contribution [33], amounts to less than about 1%
of the latter and is therefore neglected.

Finally, from the measurement of the angular distribu-
tion of BgBg pairs produced in eTe™ — J/1¢» — BgBg [26]
one observes small violations of the helicity sum rule: The
fraction of pp and AA pairs with equal helicities amounts

4 The time-like nucleon form factor is likely not under the
regime of perturbative QCD in the energy region of interest;
it is about a factor of 3 larger in absolute value than the form
factor in the space-like region at Q* = M
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to about 10% of the total number of pairs with, in par-
ticular in the A case, large errors. For the other hyperon
channels the errors are so large that no conclusion can
be drawn. The small amount of equal helicity pairs is
what is to be expected if the process is dominated by
perturbative QCD: Each of the virtual gluons creates a
quark and an antiquark with opposite helicities. Since our
baryon wave functions do not embody any non-zero or-
bital angular momentum component the quark helicities
sum up to the baryon helicity. Hence, baryon and an-
tibaryon are produced with opposite helicities. The small
amount of BgBg pairs with the wrong helicity combina-
tion observed experimentally, while indicating the pres-
ence of some soft contributions, can be considered as a hint
that perturbative QCD is the dominant dynamical mech-
anism in the .J/1) — BgBg decays. One should, however,
be aware of these contributions when theoretical results
for the J/v — BgBs decays are compared with experi-
ment. The production of BgBg pairs with equal helicities
can perhaps be explained as an constituent quark mass
and/or baryon mass effect [33,37].

5 J /1 decays into decuplet baryons

We are now going to apply the modified perturbative ap-
proach to the J/v¢ decays into the decuplet baryon-anti-
baryon channels ATt A=~ and 2*~X** in the same man-
ner as for the octet baryon case. As we said above, within
a perturbative approach and with wave functions of zero
orbital angular momentum components in the direction of
the baryon momentum, Big and Big are produced with
opposite helicities. For the same reason only helicities 4-1/2
are possible. Thus, as for the octet baryon case, the only
non-zero helicity amplitudes are the ./\/lii’ \- They are fed
by only one invariant B510 (or, depending on the defini-
tions of the covariants, only one linear combination of the
invariants) out of the five the general covariant decom-
position of the J/¢ — BygBio helicity amplitudes com-
prises. Within the modified perturbative approach, the
three-gluon contribution to the invariant B51 reads
—= Ty(x,2',b)

st =35 o) | G e

x exp[—S(z, 2, 2mc)]¢132§° (, b)@gg’ (', b),
(5.1)

d?b; d%bs .

for Byg = A, X*. The three-gluon contribution is evalu-
ated with the decuplet wave functions introduced in Sect. 3
and with the hard scattering amplitude (4.7). Insertion of
Bg;m into (4.2) provides the wanted decay widths. It still
remains to choose plausible values of the parameters a;¢)
and f(10)- The fact that we assume the same form for the
k. dependence of the A and the nucleon wave functions,
and that we use ¢ag for the A distribution amplitude
which does not differ from the actual nucleon distribu-
tion amplitude (2.10) greatly, suggests, as a first attempt,
the ansatz a(10) = a(s) (= 0.75 GeV™!) and P?ﬁ = P?fg.

553

Thereby, it is perhaps plausible to evaluate the valence
quark probability of the nucleon from ¢ag instead from
(2.10). Doing so we find P4y (AS) = 0.163 and the require-
ment Pgy = Py (AS) leads to f10) = 0.0163 GeV? which
is larger than f(gy by a factor of V6, i.e., the SU(6) result.
The results for the J/v¢ decay widths into BigBig pairs
are presented in Table 4. As can be seen our result for the
27*3* channel is too large as compared to the data while
agreement is achieved for the AA case.

Bearing in mind that the A is in completely symmet-
ric flavour and spin states and that the Pauli principle ef-
fectively induces an additional repulsive interquark force,
one may expect a larger radius, and hence a larger value
of a(ypy, for the A than for the nucleon. Therefore, we also
try values for a(q) slightly larger than that for ap, and
fix in each case f(1¢y from the requirement P?fl = 0.163 as
before. In Table 4 we list results obtained with the val-
ues 0.80 and 0.85 GeV~! for a(10y- For both these values
of a(y0) satisfactory agreement with experiment is found.
The uncertainties of the theoretical results are the same
as for the octet baryons. In particular, one has to consider

the possibility of large electromagnetic contributions (see
Fig. 2b).

6 Decays of the 1’ and other quarkonia

The extension of our approach to baryonic decays of the
Y (= ¥(2351)) is now a simple matter. It is however
important to realize that, in contrast to other authors
[1], we evaluate the three-gluon contribution with the c-
quark mass and not with the charmonium mass. This is, as
we said, legitimate in a non-relativistic treatment of the
charmonia. Hence, in order to get the ¢’ widths in our
approach we have not to rescale the corresponding J/
widths by (My/M,)® but rather by

’ =\ Pp-s.(mB/Mib/) I'(y — e+e*)
P = BB) = na/My) TG cve)
«I'(J/v) — BB)

(6.1)

which holds for both, octet and decuplet baryons. The
charmonium decay constants are replaced by the leptonic
decay widths by means of formula (4.11).

As an immediate examination of our approach one may
apply the scaling relation (6.1) directly to the experimen-
tal data (see Tables 3, 4, 5). Considering the uncertainties
due to the electromagnetic contributions, which in one or
the other case may be large, (6.1) works quite well in par-
ticular for the octet baryons. For the decuplet baryons,
on the other hand, it seems that the suppression of the v’
decay widths is a slightly underestimated, although the
large experimental errors prevent any definite conclusion
at present. One may suspect the neglect of the decuplet
baryon masses to be responsible for that possible imper-
fection. In any case, an additional strong suppression, as
provided by (M /My)® [1], is in clear conflict with the
data [9]. This observation supports our attempt of using
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Table 4. f(10), the expansion coefficients B,
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for the X* distribution amplitude and results

for the three-gluon contribution to the J/v — AYT A~ *~ X*T decay widths for various
values of the transverse size parameter a1y (ms = 350 MeV). f(10) is fixed by the requirement

P53 =0.163
a(10) fao) _ _
[GeVT']  [GeV?] B Bs Bs B Bs i [ev) Is > eV
0.75 0.0163  -0.494 0.165 -0.203 -1.013 0.058 105 66.1
0.80 0.0143  -0.547 0.182 -0.216 -1.081 0.062 82.6 51.8
0.85 0.0127  -0.601 0.200 -0.229 -1.142 0.065 65.1 40.8
Texp [€V] [24] 96 + 26 45+ 6

Table 5. The three-gluon contribution to the 1’ — BB decay widths (in
[eV]) computed through (6.1) from the set 3 J/1) widths (see Table 3). a0y =

0.85 GeV~!
channel pp o350 AA ETEt  AttA—— proyrt
I3, 76.8 55.0 54.6 33.9 32.1 24 .4
Top [9]  T6£14 26414 58412 23+£9 25+ 8 16+ 8
[24] 53+15

the c-quark mass in the calculation of the decay ampli-
tudes rather than the mass of the charmonium state in
question.

Results for baryonic decay widths of the 1), evaluated
through (6.1) from the set 3 J/¢ widths, are listed in
Table 5 where also recent experimental results of the BES
collaboration [9] are quoted. The data are still preliminary.
The agreement between theoretical results (with a0

0.85 GeV ™! in the decuplet baryon case) and experiment
is generally good although our results seem to be a bit too
large for the XX and X*X* channels. For a discussion of
uncertainties we refer to Sect. 3.

Computation of the 1(33S;) decay widths are diffi-
cult within our approach. The relativistic corrections are
presumably larger since the v(32S5;) mass is above the
threshold for open charm production. The BB decay
widths are likely to be very small and it is hardly con-
ceivable that they will be measured. Therefore, we refrain
from estimating these decay widths.

Results for bottonium decays, on the other hand, can
safely be calculated within our approach. The hard scale,
provided by the b-quark mass, is larger than in the char-
monium case and relativistic corrections are smaller. But,
as it turns out, the predicted decay widths for the baryonic
channels are also very small. Approximately, i.e. ignoring
the fact that the &k, -dependent suppression of the three-
gluon contribution is a little bit different in the two cases,
we find the following rescaling formula

.y pp.s.(mp/My) I'(T —eter)
Pp.s.(mp/My) IT'(J/Yp — ete)

x (O‘S(mb)>6 ( )SF(J/z/J — BB)

I(r - BB) (6.2)

Me

as(me) mp

Using myp = 4.5 GeV we obtain, for instance, a value of
0.02 eV for the T — pp decay width which value corre-
sponds to a branching ratio of 0.3 x 10~7 well below the
experimental upper bound [24]. The decay widths for the
other BB channels are even smaller.

7 Summary

In this investigation, we applied the modified perturba-
tive approach to the decays of J/v and ¢’ into baryon-
antibaryon pairs. We demonstrated that, on the basis of
plausible baryon wave functions for which SU(3)p sym-
metry is only mildly broken by quark mass effects and for
which even SU(6) symmetry, in sharp contrast to the QCD
sum rule based wave functions, approximately holds, the
experimental data for octet and decuplet baryon channels
are quite well reproduced by the phase space corrected
three-gluon contributions. The perturbative contributions
to the decay widths are calculated self-consistently in the
sense that the bulk of a perturbative contribution is accu-
mulated in regions of reasonably small values of «;. Be-
sides the form of the wave functions used by us our anal-
ysis differs from previous ones in the following points:

i) The use of the modified perturbative approach allows to
take into account the running « and the evolution of the
wave functions properly, in contrast to the usual leading
twist analysis. The virtualities of the internal ¢ quarks
and gluons can be chosen as the arguments of as. Hence,
a, reflects the characteristic scale of the process under
question. The running coupling constant is therefore not
a quasi-free parameter that can, within a certain range, be
chosen arbitrarily. Since the decay widths are proportional
to af, a large factor of uncertainty is therefore hidden in

Rl

the standard perturbative analysis.
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ii) The hard scattering amplitude is computed with the
c-quark mass instead of the charmonium mass. The use
of the c-quark mass is consistent with the non-relativistic
treatment of the charmonium state and with the pertur-
bative approach. Hence the v’ - J/v scaling relation (6.1)
holds in our approach. That scaling relation is nicely con-
firmed by the data in contrast to the usual (M, /My )®
scaling.

Although our results for the decay widths agree with
the data, we are aware of a number of uncertainties in our
calculation. Above all, we mention as a source of uncer-
tainty the value of the c-quark mass. The value we have
chosen (1.5 GeV) is consistent with other constraints on
that mass. Another uncertainty arises from the electro-
magnetic contribution which, at least in the pp case, can
be large. In virtue of the unknown relative phase between
the electromagnetic and the three-gluon contribution, the
first cannot be taken into account properly. We emphasize
that most of the uncertainties cancel in ratios of widths
to a large extent.

At this point a comment on higher Fock state contri-
butions is in order. The fact that, with plausible values of
the parameters, the valence Fock states alone suffice to de-
scribe the data on the baryonic J/¢ and ¢’ decay widths,
can be regarded as a hint at fairly small contributions
from higher Fock states, in particular from the ccg states
of the charmonia, the so-called colour-octet contributions.
This is in marked contrast to P-wave charmonium decays
into pairs of pseudoscalar mesons where the colour-octet
contributions have been found to be large [18]. Both these
findings are nevertheless in agreement with our theoretical
understanding of charmonium decays. In the case of the
P-wave charmonia the colour-octet contributions are not
suppressed by powers of either v, the typical velocity of the
charm quark in the heavy meson®, or 1/m, as compared to
the contributions from the valence Fock states [18]. Hence,
the colour-octet contributions have to be included for a
consistent analysis of P-wave charmonium decays. The
situation is different for the S-wave charmonium decays
into baryon-antibaryon pairs: Higher Fock state contribu-
tions are suppressed by powers of 1/m,. and first start at
O(v*). Moreover, there is no obvious enhancement of the
corresponding hard parts of the decay processes in the
HSA, they appear with at least the same power of ay as
the valence Fock state contributions. Thus, despite of the
fact that m, is not very large and v not small (v? ~ 0.3),
it seems reasonable to expect small higher Fock state con-
tributions to the decay processes considered in this work.
Or, turning the argument around, the BB channels are
not suitable for an investigation of higher Fock state con-
tributions to exclusive J/¢ and 1’ decays. The process
J/v¥ — 7, for instance, seems to be more appropriate for
this aim. That decay is customarily assumed to be domi-
nated by the cc annihilation into a photon and subsequent
creation of a light ¢q pair; the strong process with three in-

5 As recent developments in the theory of heavy quarkonia
have shown [20], corrections to the quark-potential model de-
scription of the charmonia can be organized in a systematic
expansion in powers of the velocity v
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termediate gluons cancels to zero if the light quark masses
are assumed to be zero. Thus, in this case, higher Fock
state contributions, although still suppressed by powers
of velocity and inverse c-quark masses, are enhanced by a
large factor af /a2, and may, therefore, be large [18].
An interesting class of .J /¢ decays are the BgB1( chan-

nels. While the three-gluon contributions to the pA  and
X*0A channels are strictly zero [38] they are non-zero -
although small - for other BgBi channels, since our wave
functions exhibit only a mild breaking of SU(3)p sym-
metry. Experimentally, only upper bounds are known for
the first two channels [24] saying that these decays are
indeed suppressed by at least an order of magnitude as
compared to, say, the pp or the AA channels. The exper-
imental widths for the other BgBiy channels are surpris-
ingly large [24]. Thus, in accordance with [38], we expect
as the dominant SU(3)r breaking mechanism for these re-
actions a sizeable electromagnetic contribution.

Finally, we have to mention that there are a few exclu-
sive charmonium decays which cannot be described within
the standard or the modified perturbative approach (in
valence quark approximation). Thus, the relatively large
branching ratio of the process J/1) — pm observed experi-
mentally, for instance, indicates a substantial violation of
hadronic helicity conservation while only mild violations
are observed in the baryonic J/v decays (see the discus-
sion in Sect. 3). For a discussion of this puzzle and a pos-
sible solution of it by means of intrinsic charm of the p
meson see [39].
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