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Effective gluon mass and the determination of a; from J /¢ and Y branching ratios
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(Received 26 July 1993)

The phase space modification associated with a nonvanishing effective mass for the primary gluons,
M,=0.66+0.08 GeV for the J /¢ and M, =1.17£0.08 GeV for the Y, is shown to be crucial for a con-
sistent description of the photon spectrum from their radiative decays and for the determination of a;
from the recent, precise quarkonia decay branching ratios. In this approach, the role of the relativistic
corrections is marginal and, after applying the M, -dependent corrections, a good agreement is obtained
with the relative perturbative running, a,(m.)~0.30+0.02 and a,(m;)~0.21£0.01, and with the extra-
polation from deep inelastic scattering. On the other hand, for M, =0, the analysis of all experimental c¢
and bb quarkonia branching ratios is consistent with the same effective value of the strong interaction
coupling constant af~0.185+0.010. By assuming a “genuine,” i.e., process-independent, gluon mass
(~1.2 GeV or higher) to be dynamically generated one predicts a strong suppression of the gluon split-
ting process at the J /¢ and the hadronic final states should be mainly produced via gluon fusion into
light g7 pairs thus effectively reducing the fitted value of M, from the photon spectrum in J /¢—y +X.
The gluon fusion mechanism allows us to explain the structure of the hadronic final states observed in
J /Y decays and their close similarity to the continuum e *e ~—hadrons annihilation at comparable
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center of mass energies.

PACS number(s): 12.38.Bx, 13.20.Gd, 13.25.Gv, 14.40.Gx

I. INTRODUCTION

Quarkonia decay rates can provide, in principle, a
clean test of perturbative QCD. Indeed, very precise ex-
perimental data are now available for the J /¢ and Y de-
cay branching ratios. Also, inclusive quantities allow
reabsorption of all potentially large perturbative correc-
tions into the running coupling constant at the relevant
scale of the experiment (of the order of the heavy quark
mass) and relativistic corrections are expected to be small
for heavy QQ bound states [1]. Therefore, one expects
the simple expression [2,3] (V=J/1/J,Y;Q2=%,%;
ky~1.6,0.4,and I =e,u)

['(V —hadrons) _ 10(m*—9)a;
NV—I1tl")  817Q%*M,)

ag 2
X |14 22k, +39272 4 0(a2,q)
T S5a

+R, (1)

to be a good approximation where a;, =a (M, /2) and we
estimate from Ref. [4] a (M, )~ 133.7,
a”'(My)~132.1. In Eq. (1) R}, represents the contribu-
tion from (V—y—hadrons) annihilation and we esti-
mate [3,5] Ry =2.410.2 for J /¢y and R, =3.6+0.2 for
the Y system. The term 36Q2a/5a5 accounts for the
contribution of the ygg final state which is included in
V —hadrons. In this sense, a test of perturbative QCD
through Eq. (1) has the advantage of requiring only the
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experimental determination of the leptonic branching ra-
tios and of the fraction (¥ —y — hadrons).
The experimental data [5]

B(J/Yp—ete )=(6.27£0.20)X 1072
and
B(J/Y—putu)=(5.9740.25)x 1072
allow us to deduce the average value
B(J /$y—1717)=(6.15+0.15)X 102
and
B(J /¢—hadrons)=(87.76+0.45)X 1072 .
Also the corresponding quantities for Y decays [5]
B(Y—ete )=(2.52+0.17)X 1072,
B(Y—pu p™)=(2.4810.06)X 1072,
and
B(Y—7177)=(2.974+0.35) X102
give
B(Y—1%17)=(2.48+0.06) X 1072
and
B(Y—hadrons)=(92.03+0.58)X 1072 .

By using Eq. (1) we obtain (in the J /¢ case we have
taken into account the small correction due to the y7,
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decay mode)

M. CONSOLI AND J. H. FIELD

a (M /2)=0.18140.004 . 3)

a(My,,/2)=0.191£0.004 (2)  We can investigate the consistency of Egs. (2) and (3)
with the perturbative running of @, by using the exact
and two-loop relation
J
a(u)
a ()= a 5 , (4)
1
a(u) 1+ a,(ug)
1= 2%y ()~ ) T e
-t
6 oo H 2mb, Eeiia b,
ag(pg) [1+ 2wy a(p)

where t=In(u/uy), bo=33—2n;, and b, =153—19n,.
By demanding ¢t =In(M~y /M, ), n; =4, and

a,(My/2)=0.18110.004
from Eq. (3), we obtain from Eq. (4) the theoretical pre-
diction

ai (M, ,,/2)=0.258+0.008 ,
an 8¢ discrepancy with respect to Eq. (2). Analogously,

we can compare with deep inelastic scattering. In this
case, by using the relation of the modified minimal sub-

traction (MS) scheme [L =2 ln(,u/A;—Zé))],
()= 127 1
‘ boL 1+6b,InL /b3L

) (5)

which sums up the next-to-leading contributions, and the
estimate from deep inelastic scattering,

AGL=248+25 MeV , (6)

which represents the average of the six different experi-
mental values reported in Ref. [6], we obtain the theoreti-
cal predictions

a™(M,,,/2)=0.326+0.017 (7)

and

a™( M+ /2)=0.20910.006 , (8)

a 7o discrepancy in the J /¥ case with respect to Eq. (2),
and a 40 discrepancy for the Y as compared to Eq. (3).

Notice that uncalculated, perturbative higher-order
corrections to Eq. (1) may, very well, involve large
coefficients, for example, ~ 10-20, to

T

with mgy ~(My, /2) [to O(a; /m) the coefficients are of or-
der 1 for both J /¢ and Y if one uses the scale u=my].
However, to O(a, /), one finds (for both J /3 and Y)

as(mQ)

U

[a,(mgy)/m]*~4X107>

so that, even with large coefficients ~10-20, the final
effect on the determination of a; from Eq. (1), due to un-

calculated O(ai) perturbative effects, should be small (a
change of 10% in the correction, i.e., as large as the J /¢
O(a, /m) term, produces a change of only ~3% in the ex-
tracted value of a,. Truly enough, this is only valid in
the sense of an asymptotic expansion and the question of
the convergence of the perturbative series for expressions
as Eq. (1) is, usually, not even addressed in the literature.
Therefore, within the usual approach, an inclusive quan-
tity such as the branching ratio in Eq. (1) should
represent a very good candidate to test the running of the
strong interaction coupling constant up to the heavy
quark mass scale. One may, very well, consider the possi-
bility that a different choice of the scale (for example,
p=xmg with x ~ 1) can lead to an improved convergence
of the perturbation series with respect to x =1 as suggest-
ed by Grunberg [7], Brodsky, Lepage, and Mackenzie [8]
(BLM), and Stevenson [9]. However, as pointed out in
Ref. [8], this is not the case for the branching ratio of Eq.
(1), with ¥="7. Using the BLM [8] optimization ansatz,
a large negative coefficient (—14) of a, /7 is found for the
optimized scale x=0.314, requiring large positive
higher-order terms in order to fit the experiment. On the
other hand, due to the similar structure of the Born am-
plitudes, for the two decay channels in the branching ra-
tio,

rY—ygg)
NY—ggg) ’

the corresponding coefficient is small both for the opti-
mized scale (2.2) and for the physical scale x =1(—2.6).
The x dependence of a, as derived from this branching
ratio is then expected to be very weak, making it a partic-
ularly good candidate for the determination of a;. As
discussed below [see Eq. (17)], we obtain for x =1 the
perturbative estimate a (m,)=0.173733)3 in complete
agreement with Eq. (3). Thus, it is very hard to imagine
that any optimization procedure can explain the 7-8 o
discrepancy associated with the relative magnitude of a;
from J /¢ and Y extracted from the experimental branch-
ing ratios and Eq. (1) since (apart from electric charge of
the heavy quark) the same physical quantity is considered
in each case.

Just for this reason, the usual explanation for the
discrepancy has been searched for elsewhere, namely, in
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the presence of large relativistic corrections which,
changing asymmetrically the coefficient in front of a? in
Eq. (1), can lead to consistency with the expected pertur-
bative running. In fact, analogous results were obtained
in Ref. [3] (see their Table IV) a (m_)=0.175+0.008 and
a,(m,)=0.173+0.005 by using for the J /¢ branching
ratios the experimental results available at that time.
However, alternative values are reported in the abstract
of Ref. [3], namely, a;(m.)=0.29+£0.02 and
a,(m;,)=0.1891+0.008. They were obtained by assuming
the existence of relativistic corrections of the form
(1+Cv?/c?) to the ratio given in Eq. (1) (C being a con-
stant which is assigned the value C~ —3) and
v2/c*~0.24 for the J /¢ and v2/c%~0.08 for the Y sys-
tem. On the other hand, in a consistent calculation, the
coefficient C should be computed or derived independent-
ly by other means rather than being chosen simply so
that the values of a,(m_,) and a,(m,) are consistent with
the expected QCD perturbative evolution. However, by
admission of the same authors, “their estimate is at best a
qualitative one.”

Actually, in Ref. [10] a detailed comparison between
fully relativistic calculations and nonrelativistic approxi-
mations is presented in the framework of a constituent
quark-antiquark potential including spin-dependent
terms whose parameters are determined from a fit to the
heavy meson mass spectrum. By inspection of Table 4 of
Ref. [10], in the case of the J /1 leptonic width, one finds
only a 7% difference between the fully relativistic calcu-
lation

r(J /¢—1117)=5.33 keV

and its nonrelativistic approximation
rroneel( g s 1+17)=5.72 keV

(to compare with the experimental result (5]
T*PJ /p—e Te )=5.3610% keV) .

Note that for the Y the effect is only 1% smaller, namely,
(Y —I1*17)=124 keV ,
rrovrel (Y »7%17)=1.32 keV

(to compare with the experimental result [5]
TP(Y e te™)=1.3410.04 keV) .

Therefore, the assumption of Ref. [3], where strongly
asymmetric corrections to Eq. (1) of ~—72% and
~ —249% were respectively postulated, does not find any
justification in the light of actual calculations. Indeed,
since the relativistic corrections to I'(J /¢—I111") and
['(Y—I717) are modest and the same within 1% the ex-
planation presented in Ref. [3] requires that all the very
large relativistic corrections be contained in
I'(J/Y—ggg) and I'(Y-—>ggg). There is no obvious
reason why the relativistic effects should depend strongly
on the specific annihilation channel. Also, it would be
even more difficult to understand why the relativistic
corrections would be so close for the J /¢ and Y leptonic
widths and so different for their ggg final states. Finally,

the ratio

N"(V—ygg)
NV —ggg)

should be almost free of relativistic corrections [11].
However, as discussed in Sec. II, the experimental data
and the perturbative prediction lead to an even larger
discrepancy. Within the approach where the relativistic
effects are responsible for the failure of the perturbative
QCD predictions, one would be forced to introduce a
~60% relativistic correction for the J /¢, even in this
case.

Here we shall not insist on the relativistic effects any
further and adopt the conservative hypothesis that the
relativistic corrections to

r(V—ggg)
DV—I1%17)

may be as large as those calculated in Ref. [10] for
I(V—17%17) so that we expect a theoretical uncertainty
in ag;

Aa (m,)

Aa,(m,)
~ ~10.02,

rel

a(m,) |, a(my)

such as to modify Egs. (2) and (3) into
ay(M;,,/2)=0.191£0.004(expt)+0.004(rel) , 9)
a,(My /2)=0.181£0.004(expt)+0.004(rel) . (10)

The estimated uncertainty due to relativistic corrections
is therefore too small, by an order of magnitude, to ex-
plain the observed discrepancy.

II. EFFECTIVE GLUON MASS CORRECTIONS

In the following we shall propose a simple modification
of Eq. (1) based on the phase space suppression associated
with a nonvanishing effective gluon mass. In fact, we ar-
gue that the discrepancy in the inclusive quarkonia
branching ratios is closely related to similar effects
present in the photon spectrum of the radiative decays
V—v+X. As we shall see, by relating the two aspects of
the problem, a good agreement with the perturbative run-
ning of a; will be obtained without introducing any ad-
justable parameters other than the effective values of the
gluon mass M, for the J /4 and Y radiative decays.

The idea of a nonvanishing gluon mass to account for
the anomalously small value of a; extracted from the
J /4 leptonic branching ratio is not new and was original-
ly proposed in Ref. [12]. The introduction of a gluon
mass can be understood as a direct consequence of di-
mensional transmutation (see Ref. [13] for a gauge-
invariant truncation of the Schwinger-Dyson equations of
QCD and the natural introduction of a massive gluon
propagator at low-energy scales). Also, independent evi-
dence for a gluon mass in the range 1-2 GeV, from the
analysis of the strong interaction correction to
R(e e~ —hadrons), the Z hadronic width and several
low-energy processes, is discussed in Ref. [14]. In this ap-
proach, the strong interaction coupling constant is frozen
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at a typical “on shell” value at scales ~1-2 GeV and, to
detect in this region the perturbative running associated
with a QCD scale parameter ~100-200 MeV, one has to
modify nonperturbatively the theoretical predictions of
the type in Eq. (1) by taking into account explicitly the
phase space modification associated with the nonvanish-
ing, dynamically generated gluon mass. As a conse-
quence, the O(a;) correction in Eq. (1) associated with
the term ky, and evaluated at M, =0, becomes largely
redundant and from now on we shall set k,,=0 but treat
the value of the O(a;) correction at M, =0 as an estimate
of the theoretical error (in addition to that estimated
above from relativistic effects). Moreover, to take full ad-
vantage of the experimental data for the radiative process
V —vy+X, we shall separate the pure V' —ggg contribu-
tion, which provides the most stringent constraints, by
replacing Eq. (1) with

10(m*—9)a?

NV -—ggg)
817Q2%a* (M)

) (11)
NV—I17T17)

=Fs(7)

where n=2M, /M and
T(J /Y—ggg)IM,
T /% —ggg)l, =0

Fi(n)=

is the modification accounting for a massive three-gluon
final state which, a priori, can be identified with the func-
tion f5(7n) introduced in Ref. [12] (which includes the
effect of the longitudinal polarization states) or with the
pure phase space suppression factor f£5(7) (i.e., without
longitudinal degrees of freedom). The functions f; and
f%5 are shown in Fig. 1 as solid and dashed lines, respec-
tively.

In order to determine M, we have used the results of
Ref. [15] where an excellent fit of the photon spectrum in
the decays J /¢— ¥ + X as measured by the Mark II Col-
laboration [16] and Y—y+X as measured by the
ARGUS [17] and Crystal Ball [18] Collaborations has
been obtained by introducing explicitly a nonvanishing
gluon mass in the theoretical prediction for V—ygg.
Unlike in Ref. [12], however, for simplicity, only the
phase space modification was included and the possible
contribution of longitudinal polarization states was
neglected. For this reason, the analysis of the massive
gluon corrections in the ggg final state should be per-
formed consistently, i.e., by using the corresponding
function f3. However, to give an idea of the difference
in the two cases, we shall also quote in the end the nu-
merical results obtained with f;.

A gluon mass M, modifies the Dalitz plot of the ygg
final state (x;=2E;/My; i=1,2,; z=2E,/My; E; and
E., being, respectively, the gluon and photon energies) so
that

x1+x2+z=2 y
0<z=<1—9?%,

min < < 4 max
X} =Xp>Xx)

and

M. CONSOLI AND J. H. FIELD 49
, |12
xpr=1-2 11— [1- - ,
2 1—z
, |12
min — ___z_ __ﬂ_
xi 1 > 1+ ‘1 -2

The results of the fit to the photon spectrum are
J/y—y+X, M,=0.6610.08 GeV , (12)
Y—y+X, M,=1.17+0.08 GeV (13)

(a Gaussian energy smearing consistent with the energy
resolution of the various experiments has been introduced
in the fitting function). From the above experimental
data we also estimate the contribution of the J /¢ and Y
radiative decays which are needed to extract I'(V —ggg),
namely,

B(J /y—y+X)=(11.373])x107 %,
which leads to

B(J /¢—ggg)=(60.3731)x1072
and

rJ/¢—ygg) _ +7.9 -2

=(18.7253)X107 7,
[(J/¥—ggg) ( 53)
and

TY—veg) _ (5 9+0.2)x10°2 .
NY—ggg)

In the J /¢ case we have used the data of Ref. [16] for
z>0.4 and extrapolated down to z=0 with the corre-
sponding value of M, which provides a very good
description of the Mark II data (y*/Npp=2). In this
sense, our determination of the branching ratio
B(J /Y—y +X) does not come entirely from direct mea-
surements and there is some model dependence in our es-
timate (the error on the fitted value of Mg is, however, in-
cluded in our estimate of the total branching ratio). Ex-
trapolating down to z=0 with M, =0 is not a sensible
procedure since the perturbative curve does not describe
the data at all (see Fig. 9 of Ref. [16]). Note that, for
1~0.4, as in the J /i case, the integrated branching ratio
B(J /Y—y +X) obtains the main contribution from in-
termediate values of z, in agreement with the experimen-
tal result. On the other hand, for M, =0 the photon
spectrum is nearly linear in z and peaked at z=1 so that
one would predict

B(J /Y-y +X),s, ~(1=2)BU /Yp—y+X) .
Just for this reason, it must be stressed that the reported
[16] agreement for z > 0.6 between the experimental in-
tegrated branching ratio

B /Y—y+X)|,.06=(4.11£0.8)X 1072

and the perturbative QCD prediction

B(J /Yv—y+X)|,.06~0.05
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is totally accidental (see Fig. 9 of Ref. [16]) and based on
assuming a,(m_)~0.18, in contrast with the expected
value a (m,)~0.30.

As stated above, the branching ratio

I'V—ygg)
L(V—ggg) ’

in which the two decay processes differ only by the ex-
change of a gluon with a photon, should provide a mea-
sure of a, largely independent of relativistic corrections
[11]. However, on the basis of the perturbative relation
[3] and of our extrapolation down to z =0,

a(m)]

LU /¢p—yge) 160 |, _, %M
o

I'(J/¢Yy—ggg) Sa,(m,)

=(18.717%)x1072,

one obtains the value a;(m,)~0.11%3:3 so that a ~66%
effect would be needed to obtain consistency with the
deep inelastic scattering result in Eq. (7) in clear contrad-
iction with Ref. [11]. On the other hand, by adopting the
point of view of Ref. [11] and using the expected value
a,(m_.)~0.30 one would predict perturbatively
B(J/Y—y+X)~0.04 to be the result of integrating
over the whole range of z and not just for z > 0.6.

Equations (12) and (13) are in qualitative agreement
with the parton shower model of Ref. [19] where the
average invariant mass of the gluon jets, (Mg ), is found
~0.54 GeV for the J/¢ and ~1.5 GeV for the Y. In
Ref. [19] an effective gluon mass is generated through the
splitting of the massless gluons into gluons or quark pairs
which, by forcing the primary gluons to be off mass shell,
modifies the population of the Dalitz plot of the ygg (and
also ggg) final state and, therefore, the energy spectrum of
the photon. In this approach, the different values of
(Mg ) for J /¢ and Y can be understood due to the very
different phase space available in the two cases. Notice
that the results of Ref. [19] are in contradiction to the all
orders calculation of Ref. [20], where the logarithmic
terms that control the shape of the spectrum near z=1
are summed to all orders in a;. Indeed, Ref. [20] predicts
a very modest suppression of the photon spectrum near
z=1 relative to the lowest-order QCD result, whereas
Ref. [19] gives a spectrum which vanishes identically at
z=1 in agreement with the experimental result. This is a
consequence of the fact that the parton shower model
predicts (see Fig. 4 of Ref. [19]) an invariant mass distri-
bution for each of the initiating gluons which is sharply
peaked around (Mg Yand continuous down to
8=M, /M, =0. On the other hand, conventional pertur-
bative QCD, assuming massless gluons in the final states,
predicts an invariant mass distribution which increases
down to the infrared cutoff (0.45 GeV in Ref. [19]) thus
generating a photon spectrum which is a monotonically
increasing function of z. Therefore, in spite of this in-
compatibility, one might be tempted to interpret Egs. (12)
and (13) as consequences of the gluon cascade process
without introducing any nonperturbative gluon mass.
However, (a) as discussed in Ref. [15], Ref. [19] predicts a
too hard photon spectrum in J /¢ decays, (b) our values
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of M, in Egs. (12) and (13) do not seem to scale with the
mass of the heavy vector meson as in Ref. [19], and (c)
the gluon splitting correction to I'( ¥V —ggg ), correspond-
ing to the lowest order of the parton shower model of
Ref. [19], is already included through the coefficient &k, in
Eq. (1). This correction is negligibly small and, actually,
goes in the wrong direction; i.e., it tends to lower rather
than increase the fitted value of a;,. Therefore, by assum-
ing that the parton shower agrees with perturbative QCD
in the predictions of inclusive quantities, i.e., that the
coefficient k, correctly reproduces [up to negligible
O(a?) terms] the lowest-order gluon splitting process for
M, =0, no explanation is given of the discrepancy in the
observed values of @, (d) Finally, by accepting that a
“genuine” but rather large gluon mass (for example,
~1.2 GeV or higher) is dynamically generated one can
also understand the smaller value (~0.66 GeV) obtained
in J /¢ radiative decays. In fact, since the phase space is
severely limited in this case, the virtual, massive gluons
would mainly produce hadrons via their fusion into light
qq pairs, as in the diagram shown in Fig. 16 of Ref. [16],
their independent fragmentation being suppressed by one
additional massive gluon propagator. However, by fitting
the photon spectrum from an analytical expression in
which the two gluons are treated as external, on shell par-
ticles the fitted value of M, would be effectively reduced
with respect to the corresponding Y decays. As suggest-
ed in Ref. [16], the gluon fusion mechanism would ex-
plain why the multiplicity of charged particles measured
in the hadronic state X of the decay J/¢y—vy +X is the
same as in the continuum e *e ~ annihilation at the same
center of mass energy (in the case of the K, multiplicity,
however, no such simple diagrammatic interpretation
seems to be possible [16]). A similar annihilation of the
three-gluon system into light ¢g pairs would also allow to
understand the similarity of the inclusive hadronic final
state in e "e ~ annihilation on and just below the J /1 res-
onance [16]. Such effects should, however, be much
smaller in the Y radiative decay where gluons of mass 1.2
GeV are allowed up to z=0.94 as compared to J /¢ de-
cays where the corresponding number for M, =1.2 GeV
would only be z=0.43. Thus one may expect the
effective gluon mass in Y radiative decays to be nearer to
an “on-shell” value [13,14] than in J /4 decays.

In any case, in view of the similarity between the ygg
and ggg phase spaces, it is natural to assume [12] that the
mass parameter determined from the photon spectrum of
the radiative decays can also be used to describe the ggg
final state. By using Eqs. (12) and (13) for M, we obtain
f3(n)~0.4, f55(1)~0.25 for J/¢, and f;(9)~0.71,

¥S(1)~0.62 for the Y system. Therefore, the deter-
minations of a; (9) and (10) are modified as shown in
Tables I and II, depending on the choice adopted for the
function F;(7) in Eq. (11) [the corresponding quantities
for ¥(2S), Y(2S), and Y(3S) are also included]. As might
be expected, on the basis of our fitting procedure of M,

from the photon spectrum, the use of the function f5°
produces a better consistency in the relative running of
a, from the b- to the c-quark mass scale and, in the case
of Table II, the determinations of a; are in very good
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TABLE 1. The experimental results for the various branching ratios are shown together with the
different determinations of a,(mgp). The first column is evaluated at M, =0 while the second column
takes into account the effect of M, as given by Egs. (12) and (13). The first error in a,(my) is experi-
mental and the second reflects the theoretical uncertainty due to the relativistic effects. In the case
M, 70 we have added linearly to this theoretical error an estimate of the neglected O(a; ) corrections as

discussed in the text.

Expt.

ax(mQ) f3

as(mg)

rJ/¥—ggg)
D(J/Yp—1117)
I'($(25)—ggg)
D(Y(2S)—1%17)
I'(Y—ggg)
NY—I*]7)
I'(Y(2S)—ggg)
T(YQ2S)—1*17)

I(Y(35)—ggg)
T(Y(38)—1"17)

9.8+0.6

14.7+5.1

32.56+0.83

34.8+5.9

26.212.6

0.187+0.00410.004 0.4

0.213£0.027+0.004 0.5

0.181+0.0031+0.004 0.71

0.185+0.009+0.004 0.73

0.169+0.00610.004 0.74

0.261+0.0051+0.016

0.28+0.03+0.02

0.203+0.003+0.006

0.206+0.010%0.006

0.187+0.007+0.006

agreement with each other and with deep inelastic
scattering [see Egs. (7) and (8)]. Also, the role of the rela-
tivistic corrections is marginal, as expected.

A similar analysis can be applied to the ratio

L(n.—gg)
L(n,—yy)

By using the perturbative relation (3] for M, =0 and the
experimental data from Ref. [5],

[(n,—gg) 9ai(m,) (m,)
nc 88 - a mc 1+82a2 mc
L(n.—yy) 8a?
~(1.43+0.69) X 10° (14)

one obtains a,(m,)~0.21*33. On the other hand, by

taking into account the corresponding functions f,(7) in-
troduced in Ref. [12] (see Fig. 1) one obtains

[(n.—gg) 9a’

T8
F(Xe—7y)

we can use the experimental results
I'(x.,—gg)=1.731£0.18 MeV [5],

I'(x.,—vy)=1.28+0.28+0.26 keV [21-26] and the
perturbative relation [3]

[(x.,—gg) 9ai(m,) J(m,)
XCZ 88 — a mc +3.2a m
T(Xo—7vY) 8a® T
~(1.3540.39) X 10° (15)

to obtain the value a,(m,)~0.2173-3 or the relation

L(x.,—gg) Y9ailm,)
= 2 f2(77)
F(xe,—vy) 8t

to obtain a; ~0.29+0.05 for f, ~0.75.

T —77) 8 faln) Finally, in the case of the branching ratios
and, for f,(1)~0.7, a,~0.31£0.07. Also, in the case of I(V—ygg) ,
the branching ratio r(v—ggg)
TABLE II. The same as in Table I but for F;=f%5.
Expt. a(mg) s a,(mgy)
L/ V—geg) 9.8+0.6 0.1870.004-0.004 0.25 0.306-£0.006+0.016
LJ/p—1117)
LH2S)—geg) 14.745.1 0.213+0.027+0.004 0.38 0.30+0.03+0.02
T(Y(28)—171")
TY—ggg) 32.56+0.83 0.18140.003+0.004 0.62 0.214+0.0030.006
D(Y—1*1)
L(¥(2S5)—gee) 34.8+5.9 0.185+0.009-£0.004 0.65 0.215%0.010:£0.006
T(Y(2S) 1)
L(Y(35)—>geg) 26.242.6 0.169+0.006+0.004 0.67 0.194::0.0070.006

(Y(38)—I1%17)
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FIG. 1. The functions f;(n) and f,(n) of Ref. [12]. In the
case of f3 the pure phase space contribution f3 is also shown.

one can compute for M, =0.66 GeV the suppression fac-
tor

T(J /p—vgg)|M,

~0.46
I(J /$—ygg)IM, =0

£557 )=

so that from

rJ/y—ygg) [¥ 16a
L(J/y—geg)  f3° Sa

(16)

we obtain a, ~0.23%3-9, consistent (within its very large
s 0.07

error) with the expected value a;(m.)~0.30. Analo-
gously, for the Y one obtains from [3]

N(Y—oygg) __ 4a 1—2 6as(mb)
N(Y—ggg) Sa,(my) ’ T
=(2.940.2)X 1072 17

the value a,(m,)=0.173%3:%9 or, for M,=1.17 GeV, by
using the values f35~0.62 and f§" ~0.74 in the rela-
tion corresponding to Eq. (16), the determination
a,=0.240+0.017.

Summarizing, by taking into account the effective
gluon mass corrections, one can attempt an average of
the three experimental determinations of a,(m,) shown
in Table II (where f3° is consistently used as in the pho-
ton spectrum) with the value obtained above from the ra-
diative process Y— vy + X with the result

a,(m,)~0.21£0.01 , (18)

where the error is dominated by theoretical uncertainties.
Analogously, in the case of the ¢¢ branching ratios, by
averaging the two values in Table II with the results from
the 7., X., and the radiative decay J/¢¥—y +X, the
gluon mass corrections produce

a,(m,)~0.30+0.02 . (19)

In spite of the many approximations involved in our ap-
proach, Egs. (18) and (19) derive from a sample of statisti-
cally consistent determinations and are in good agree-
ment with each other and with the extrapolation from
deep inelastic scattering in Egs. (7) and (8).
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III. CONCLUSIONS AND OUTLOOK

We have shown in this paper that the phase space
modification associated with assuming a nonvanishing
effective mass for the primary gluons in J /¢ and Y de-
cays can play a very important role in the determination
of a, from the now very precise experimental quarkonia
branching ratios. Contrary to the presently accepted
point of view, we have produced many arguments that
the relativistic corrections cannot be responsible for the
very serious discrepancy with respect to the perturbative
calculation with massless gluons in Eq. (1) by using the
running coupling constant at the heavy quark mass scale.
The evidence for M, is indirect (since gluons are not
directly observed) but the use of the mass parameter ob-
tained from the radiative decays produces consistent re-
sults in the integrated branching ratios. The change of
the gluon mass from M, =0.66+0.08 GeV for the J /¢ to
the Y result M, =1.17£0.08 GeV effectively describes
the energy transfer from the primary gluons to the physi-
cal hadronic states available at the two center of mass en-
ergies. By interpreting the value M;~1.2 GeV (or
higher) as a “‘genuine,” process-independent gluon mass
one predicts a strong suppression of the gluon splitting
process at the J/i¢ so that the hadronic final states
should be mainly produced via gluon fusion into light gg
pairs, in agreement with the experimental result.

The “parton shower” interpretation of Egs. (12) and
(13) (that is, the identification of our M, with the (M, )
of Ref. [19]) is unable to explain the structure of the ha-
dronic final states at the J /¢ since, the gluon mass being
generated by the splitting process itself, there is no reason
to forbid the primary gluons to split into other gluons.
At the same time, by interpreting Eqgs. (12) and (13) as in
the model of Ref. [19] and replacing their values in Eq..
(11) one is forced to deduce an inner contradiction be-
tween conventional perturbative QCD and the parton
shower. In fact, the same average gluon mass (Mg ) gen-
erated for the primary gluons via the gluon cascade
would actually be needed to explain the relative ratio of
the integrated ggg to / T/~ decay rate so that no finite-
order truncation in perturbation theory would be possi-
ble, even for inclusive quantities, regardless of the ex-
istence of any dynamically generated gluon mass, and
whatever the magnitude of the heavy meson mass M,
[since (M, ) ~a (M, )M ].

Still, we feel that our interpretation of Eqgs. (12) and
(13) is not unique and for this reason one should investi-
gate other phenomenological consequences of a nonvan-
ishing gluon mass in quarkonia decays. For instance, the
X.1 state is forbidden by the Landau-Pomeranchuk-Yang
(LPY) [27] theorem to decay into two massless gluons. In
this case, all allowed decays of the x,, are O(a?). For
massive gluons, however, the O(a?) two gluon decay is
allowed. One may note that the ratio [28]

I“had(Xcl )

=0.37+0.08
Fhad(XCZ)

is substantial [the O(a?) two-gluon decay is allowed for
Xc2]- A recent analysis [29] of x decays where, on the
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basis of the factorization theorems, a QQg component
was introduced in the Y., wave function, should therefore
also take into account a possible O(a?) massive two-
gluon contribution to the width. A closely related effect
occurs in the radiative decays J/¢y—7y + axial-vector
meson. Such decays, mediated by two on shell massless
gluons, are also forbidden by the LPY theorem. Recent
measurements by the Mark III Collaboration [30] indi-
cate, however, a non-negligible (0.1%) branching ratio
into such states also, perhaps, indicative of a massive
gluon contribution.

Also, one may remark that, as first pointed out in Ref.
[12], gluons with a mass ~1 GeV provide a simple ex-
planation of several other puzzling features of low-energy
QCD phenomenology. More recently an effective cut off
at a distance ~(1 GeV)~! for the gluon exchange force
has been proposed [31] to explain the additive quark rule
[32] and Pomeron exchange within QCD.

Finally, a sizable violation of hadronic helicity conser-
vation (HHC) is observed [33] in the hadronic decays of
the J/¢. A simple argument based on Lorentz invari-
ance and helicity conservation at vertices where massless
gluons couple to quarks suggests that the processes

ete” »J/h—pm,

ete” »J/Y—K*K
should be forbidden. The experimental branching ratios
(5]

B(J /Y—pm)=(1.28+0.1)X107 %,

B(J /y—K*K)=(5.010.4)X 1073,

B(J /y—K K 7)=(2.3710.31)x10™*

(the last process, which is HHC allowed, is given for
comparison) show no evidence for suppression, but rather
a considerable enhancement. The contribution of longi-
tudinal helicity states of massive gluons, permitting ver-
tices with quark helicity flip, would be a natural explana-
tion of the failure of HHC, even though some other phys-
ical mechanism might be required to fully explain the ob-
served enhancement of the HHC suppressed processes.
In the ¥(2S) case, the experimental value [5]

B($(2S)—pr) <8.3X107°

at the 90% C.L. gives no positive evidence for suppres-
sion relative to the corresponding quantity for K"K ~
decay, namely

B($(28)—»>K K 7)=(1.0+0.7)X 10~ *
[equivalent to
B($(2S)—>K*TK )>1x10"°

at the 90% C.L.]. Since the phase space factors for pr
and K YK~ are very similar, the very different measured
values of the ratio,

B(V—»BW)
B(V—->K*tK™)

=5448 for J/¢ and <0.87%7 at the 90% C.L. for

>
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W(2S), indicate that the solution of the puzzle should be
sought not in a suppression for ¥(2S) decays but rather,
as in Ref. [34], in an enhancement for J /¢y decays. In
summary, although longitudinal helicity states may con-
tribute to the violation of HHC in J /¢ decays, it seems
some other mechanism must lie behind the factor *50”
enhancement seen relative to the HHC K"K~ channel.
For the #(28S), violation of HHC due to massive gluons
may be the dominant mechanism but a more precise mea-
surement of B(¢(2S)—pw) (rather than the present
upper limit) is needed to verify this. In any case, the pos-
sible contribution of the longitudinal helicity states asso-
ciated with massive gluons should be taken into account.
This has not been done in any published analysis to date.

To conclude, it may be interesting to note that the
values of a,(m_) and a,(m,) found in the analysis of the
data with M, =0 are all consistent (see Egs. (2) and (3),
the tables, the results of Egs. (14), (15), and (17) and also
Table IV of Ref. [3]) with the same effective value of the
strong interaction coupling constant, for example,
a®™~0.185+0.010, which is experimentally observed
since a long time [35]. Thus, one may be driven to the
conclusion that the running is already “frozen” at the b-
quark mass scale and restored by gluon mass corrections
which, however, have a much more dramatic effect at the
c-quark scale (~+60% as compared to +~13%) if
Mg2~m3 <<m}. This is, probably, an oversimplification
of the actual experimental situation in the full range of
scales below the Z mass. In fact, both deep inelastic data
[6] and our values after the M, corrections,
a,(m.)~0.30£0.02 and a,(m;)~0.2110.01, lie below
the downward evolution of the CERN e "e ™ collider
LEP value [36] a,(M,)=0.125+0.005, which would
rather predict a™(m,)~0.45*382 and
al™(m,)~0.24+0.02. This remark suggests that a, may
instead saturate at a value ~0.3, even accounting for
gluon mass corrections [14], and that the evidence for a
“freezing” of the strong interaction coupling constant
deserves further detailed study beyond our present
analysis. On the experimental side, we want to stress the
importance of more precise data on charmonium decays
where the sensitivity to the gluon mass effects is greatest.
Improved measurements of the photon spectrum in the
process J /— v +X, down to lower values of z, would be
essential to reduce the model dependence in the evalua-
tion of B(J /¢—y +X), as we have pointed out. On the
theoretical side, a set of calculations, similar to the
pioneering work of Parisi and Petronzio [12], explicitly
taking into account the massive gluon degrees of freedom
are needed. For instance, the resummed but perturbative
calculation of Ref. [20] should be generalized to include
the effect of massive gluon propagators in the gluon
fusion diagram shown in Fig. 16 of Ref. [16]. In this way
the simple model used here, where different “effective”
gluon masses are obtained from the J /3 and Y radiative
decays, would be replaced by a more refined calculation
with only one free parameter. The unified description ob-
tained in this way will enable more stringent test of the
massive gluon hypothesis [12—14] and a definitive exper-
imental confirmation would have far reaching conse-
quences for our understanding of QCD.
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