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Using date from e e annihilation into hadrons taken on the Y(1S) and continuum, we are able to

compare event properties of three-gluon (ggg) and quark-antiquark (qq) decays. By tagging radiative

decays of the Y(3S) to the yb states, we can make comparisons of the g'b event shapes with continuum
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and ggg decays of the Y(1S). Contrary to the notion that two-gluon (gg) events are globally very similar

to qq jets, we infer from a study of the yb (J=0 or 2) states that gg event shapes more closely resemble

ggg decays of the Y(1S),whereas qqg decays of the yb (J= 1) state more closely resemble qq continuum

events in their decay characteristics.

PACS number(s): 13.87.Fh, 13.25.+m, 13.65.+ i

INTRODUCTION

To date, there have been many studies of jet fragmen-
tation [1]. One of the salient issues in studying jet frag-
mentation is understanding the ways in which hadron
production from gluons compares with hadron produc-
tion from quarks. Previous studies of gluon production
in three-jet qqg events in e+e colliders at high energy
invariably rely on Monte Carlo techniques to identify the
gluon jet and thereby determine, e.g., the shape parame-
ters of that jet (usually the lowest-energy jet} and then ex-
trapolate in energy in order to determine differences with
a quark jet of equivalent energy.

We can avoid these difficulties at lower energy by ex-
amining the shape parameters of the yb triplet, the J=0
and J=2 states of which are predicted by Barbieri et al.
[2] to decay into gg, with the J= 1 state predicted to de-

cay into qqg. The gg decays therefore give us a source of
gluon jets which affords a direct comparison with qq jets
at the same energy.

At present, among the several experimental observa-
tions which indicate differences between gluon vs quark
fragmentation are the following.

(1) An enhancement in baryon production on the
Y(1S) [assumed to have an hadronic width nearly sa-
turated by Y(1S)~ggg ] relative to the continuum [3].

(2) Suppression of open charm production on the
Y(1S} [4]. This has a natural connection with the ob-
served baryon enhancement on the Y(1S) if the baryon
production rate in charm events is much smaller than the
rate for uu, dd, and ss events [5]. This is also expected
from the so-called "string model" where cc pairs can only
arise in ggg events by quark popping (highly suppressed
for higher-mass quark pairs).

(3) Evidence from KEK and CERN e+e colliders
TRISTAN and LEP that gluon jets are "fatter" than
quark jets [6].

(4) From lower-energy machines operating in the Y
mass region, it has been observed that ggg events are
more spherical than qq events. However, it has not been
demonstrated how much of this effect is due to having
three fragmenting partons compared with two fragment-
ing partons on the continuum and how much is due to
some intrinsic property of gluons.

(5) In addition to having a more spherical distribution
of energy low, ggg decays also tend to have a slightly
higher charged track multiplicity than qq continuum
events at 10 GeV. This latter effect is again not incon-
sistent with having three fragmenting partons and a loga-
rithmic dependence of multiplicity on the center-of-mass
energy [7]. However, color considerations alone [8] argue
that the multiplicity for jets from gluons relative to
quarks should be larger by a factor of —,', reflecting the ra-

tio of the color charge of the gluon to that of the quark.
Higher-order calculations reduce this value of —', by
—10% at %=34 GeV and —15% at %=10 GeV [9].
By selecting three-jet events (assumed to be qqg events)
which have equal opening angles between all three jets,
the High Resolution Spectrometer (HRS) Collaboration
[10] determined the ratio of gluon-jet multiplicity to
quark-jet multiplicity to be 1.29+04&+0.20, much more
consistent with unity than 2.

We have made new measurements of the shape distri-
butions of y'b decays, qq and Y(1S)~ggg events using

Y(3S), continuum, and Y(1S) data collected between Oc-
tober 1989 and June 1991 with the CLEO-II detector at
the Cornell Electron Storage Ring (CESR). The data
sample of e+e hadronic annihilations includes 193
pb

' of data taken on the continuum at 10.52 GeV
[below the Y(4S) resonance], and 13 pb ' of data taken
on the Y(1S) resonance at 9.46 GeV. We have used
Y(3S) data (121 pb ' of data taken at 10.35 GeV center-
of-mass energy) as a source of y'b decays produced in the
process Y(3S}~yy'i, . We identify such decays by the ob-

servations of the transition photon in the CLEO-II elec-
tromagnetic calorimeter. Multiplicity and shape distri-
butions of the yb states are studied and compared with
similar quantities from three-gluon decays of the Y(lS)
and qq events.

The CLEO-II detector is a general purpose solenoidal
magnet spectrometer and calorimeter. Elements of the
detector and performance characteristics are described
elsewhere [11]. Hadronic events are selected by requiring
at least five charged tracks (to suppress QED events as
well as events from yy collisions that produce low-
multiplicity final states} in the central detector and a total
neutral energy greater than 15% of the center-of-mass
energy. To further suppress beam-related backgrounds
(beam gas and beam wall), we remove events which have
large momentum imbalance. We also require the fitted
event vertex to be within +5 cm of the e+e intersection
point along the axis defined by the incident beams and k2
cm in the transverse plane.

DECAYS OF THE yb STATES
USING A PHOTON TAG

Measurements of two-gluon decays of quarkonia with
C=+1 (e.g., the yb or qb states for bottomonium) allow
us to compare more directly quark and gluon hadroniza-
tion without the complications introduced by having
three fragmenting partons in Y(1S)~ggg decays com-
pared with two in continuum qq events. Unfortunately,
since such C=+1 states do not couple directly to the
virtual photon produced in 10-GeV e+e collisions, they
must be produced either in two-photon collisions or as
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decay products from one of the J(PC)= 1( ——) Y reso-
nances. Although the first mechanism suff'ers from a
small rate at our energies, the second rate can be substan-
tial. For CESR running at the Y(3S) energy, the cross
section for X'b production is about 30%%uo of the total Y(3S)
enhancement above the continuum.

For the g'b triplet, the J=2 and 0 states, having
(PC) =(+ + ), can decay into two gluons. Their widths
are calculated [2] up to second order in a, to be

and

Sa,' l+'(0)l (1+a, /n)
5mb

6a,
; I

+'(0) l'(I+ 10.2a, /m. ) .
mb

32as
I (2P, )= l%'(0)l ln(m &r)),

9m 4m-
b

For both P states, the values of
l
4'(0)

l are the same and
we expect that the ratio of J=0:J=2 hadronic widths
would be 15:4. Since in Y(1S)~ggg most of the energy
is carried by the two most energetic gluons in the event
[12], Barbieri et al. [2] predicted that the event charac-
teristics of Xb ~gg may approach those of Y(1S)~ggg in

both multiplicity and shape. Experimentally, we
parametrize the event shape using the variable Rz [13),
defined as the ratio of the second to the zeroth Fox-
Wolfram moments calculated using all the charged tracks
and photons with energy in excess of 100 MeV.

As the decay of a spin-1 particle into two real massless
vectors (gluons or photons) is prohibited by angular
momentum conservation, it is expected that the J=l
state will preferentially decay into qqg, where the gluon is
emitted with very low energy [14]. The Gatto-Barbieri
prediction for this width is

MKASUREMKNT OF EVENT PARAMETERS

We measure both the observed charged multiplicity
and R2 distributions for the three J states by determining
the number of photon tag s corresponding to
Y(3S)~yXb(J =2), Y(3S)~yX'b(J =1), and
Y(3S}~yX'b(J=0) for a given event charged multiplici-
ty or R2 value. Thus, for each bin of, e.g., charged multi-
plicity, we plot the photon spectrum for all events in that
bin, then perform a fit to this photon spectrum, and ex-
tract the total number of gb events observed. We use the
same fit parameters described in our previous publication
[17]. In this way we can determine the spectrum of
dX(XI, )/dX, where X is the charged multiplicity of R2.

Figure 1 shows the observed charged multiplicity for
the three y'b states using the above technique. Although
we observe indications of a slightly larger value of aver-
age multiplicity for the J =0 and 2 states, we do not ob-
serve the enhancement of -2 in gluon-jet multiplicity
compared with quark-jet multiplicity, as expected by
color arguments [18]. We similarly measure the produc-
tion cross section for each state of the y'b for a given bin
In R2.

Figure 2 illustrates the photon momentum spectra we
fit. For this figure we have used events with low R2
values and compared them to events with high R2 values.
It is clear that the J=2 (J=1) peak, for example, is
much more pronounced in the top (bottom) plot.

We wish to compare the observed gb shape distribu-
tions with the shape distributions we observe for qq and

ggg events. Since we take Y(1S) data and continuum
data at different center-of-mass energies (9.46 and 10.55
GeV, respectively) than the center-of-mass energy for the

gb decays, corrections to the observed data are needed so
that shape dependences on energy are taken out. %'e first
must correct for the motion of the y'b state —since the y'b

has nonzero momentum, there is some net boost along
the yb direction of motion. We do so by calculating the

where (r ) is the rms value of the radius of the bb state.
In the limit where the soft gluon has zero momentum, we
expect (modulo possible differences in the relative uu, dd,
ss, and cc abundances owing to the presence of the gluon)

qqg decays to be very similar to qq events. The predic-
tions for the ratios of the hadronic widths from the for-
mulas above are consistent with measurements from the
CUSB-II [15] and CLEO Collaborations [16] of the elec-
tromagnetic branching ratios of these states (assuming
the total width is the sum of the hadronic and radiative
widths).

We can measure explicit properties of yb decays by
tagging the photon produced in radiative transitions from
the Y(3S). For the Y(3S}data sample, there are roughly
70000 total tags for the J =2, 1, and 0 states (30000,
30000, and 10000, respectively}. This is the same data
set used previously to measure the mass splittings be-
tween the three XI, states [17]. We improve the
significance of our three signals be vetoing photons which
pair with other photons of energy greater than 200 MeV
to give an invariant mass consistent with a ~ .
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value of R2 in the center-of-mass frame recoiling against
our photon tag [19]. Next, we must adjust the observed
Y(1$)~ggg Rz distribution for the difference in center-
of-mass energies from 9.46 to 10.2 GeV. We need simi-
larly to adjust the qq distribution from 10.55 to 10.2 GeV.
For these last two effects, we use a bin-by-bin shift ob-
tained from Monte Carlo data. The typical magnitude of
the shifts in the Rz values from these two effects are
+0.0038 and —0.0082, respectively, relative to the un-
corrected R z values.

Figure 3 shows the Rz distributions we obtain, where

0 ) I ) I ) ) ) I I I I I )

0.04 0.08 0.12 0.)6
PHOTON MOMENTUM (GeV/c)

FIG. 2. Inclusive photon momentum spectrum for events
with low R2 (0.0&R2&0.20, top) and events with high R2
(0.4&R2& 1.0). The difference in the relative populations of
the J=2 and 1 lines are evident from the plot.

we have included all of the above effects. We see from
the figure that the R2 distributions for the J=0 and 2
states are closer in shape to that for the direct decays of
the Y(1S)~ggg, whereas the J= 1 state is closer in shape
to the continuum. This is in contradiction with an as-
sumption used in a previous study [20], where the thrust
of continuum-subtracted Y(3S) events was fit to the sum
of a high-thrust component (presumed to originate from
decays of the y'b states) and a low-thrust Y(1S)-like com-
ponent [presumed to be a good model of Y(3S)~ggg
direct decays]. The high-thrust component (i.e., the y'b

piece) was assumed to have a thrust distribution which
was well modeled by continuum data. Our result indi-
cates that the shape distributions given by the J=0 and 2
decays are more consistent with Y(1S) decays than qq de-
cays in their event characteristics and that the net yb
shape is not far from the mean of the observed qq and
Y( 1S)~ggg shape distributions.

We wish to also compare our results with predictions
for the shapes of decays of the yb states from the JETSET
(version 7.3) event generator [21]. We therefore generate
Y(3S)~yyI, events, where the yb decays generically. It
is necessary to include the effect of cascade decays, e.g. ,
y'b~y Y(2S), Y(2S)~ggg, which will have the effect of
making our observed y'b( J=2 and 1) distributions more
three-gluon like. This effect softens the observed yI, (J=2
and 1) R z distributions typically by approximately
0.022+0.0005 units [22] of R2. There is virtually no
effect on the J=O state from cascades since the J=O
state has an almost negligible branching ratio for these
cascade decays. To make this correction, we use branch-
ing ratios for these cascades determined by the CUSB
[15]and CLEO Collaborations [16]as input to our Monte
Carlo event generator. In Fig. 4 we see fair agreement
between the LUND model prediction for g'b(J =2) [23] de-
cays and the distributions we obtain from data. In this
figure the data distribution is as observed in Fig. 3,
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FIG. 4. R& distributions for J=2 state with IUND predic-
tions overlaid.
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TABLE I. Mean event parameters.

Parent state

b direct, J=2
yb, direct, J =1
gb, direct, J=O

Observed charged
multiplicity

9.339+0.090+0.045
8.679+0.090+0.048
9.217+0.160+0.072

Corrected (Rz)

0.220+0.003+0.016
0.293+0.003+0.016
0.192+0.005+0.008

whereas the Monte Carlo distribution includes the previ-
ously mentioned cascade effects. Although the JETSET
model therefore gives a somewhat harder spectrum,
overall it seems to approximate the shape characteristics
of two-gluon decays. Qualitatively, the observed
difference between the data and Monte Carlo simulation
suggests that the two gluons may be fragmenting less in-
dependently than is assumed in the LUND Monte Carlo
simulation.

Table I gives the mean values of multiplicity and R2
for the three states, where the "corrected (R2 )" column
gives the R2 values including all our corrections. The
systematic errors are dominated by uncertainties in the fit
parameters appropriate for fitting the photon lines and,
for the corrected R2 values, include errors in the branch-
ing ratios for cascade events.

We have qualitatively verified the validity of our tech-
nique by tneasuring the R2 distribution for Y(1S) events
produced in the decay Y(3S)~Y(1S)tr+tr [for this
study we exclude the transition pions and again must
boost into the Y(1S) rest frame in our calculation of Rz]
as a function of dipion recoil invariant mass and compar-
ing this distribution with the R2 distribution we obtain
directly from Y(1S) data. We find that the agreement is
satisfactory.

The tag technique can be extended to other applica-
tions as well. In principle, it can be used to measure pro-
ton, kaon, and pion fractions, as well as inclusive A, D*,
K&, lepton, charged-particle, and photon yields. These
will be the subject of a forthcoming article.

CONCLUSIONS

We have measured the shape distributions of the yb
states. This analysis of global event parameters lends
credence to the Barbieri-Gatto model of their decays.
We have demonstrated in an unambiguous manner direct
differences between gg and qq events. Predictions for the
shapes of gg and qq decays are, in principle, calculable
given the Altarelli-Parisi splitting functions [24]. These
splitting functions must be folded in with the cross sec-
tions for these processes in order to determine the full
parton shower profile. However, we do not have the sta-
tistical power with this technique to observe three-jet
events and verify such predictions for hard QCD radia-
tion. We observe similar multiplicity distributions for the
J=O and 2 states as compared with the J=1 state, at
variance with the expectation based on color charge con-
siderations that the multiplicity of gluon jets should
exceed that of quark jets by a factor of -2.

It would be useful to see how these data compare with
results from cc. The photon spectrum for the decay
t)'j'~y,'y has been measured with better signal to noise
and better statistics [25] than in this measurement; it
would be interesting to see whether the bottomonium re-
sults extrapolate to the less perturbative regime of char-
moniurn.
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