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Using the CLEO Il detector at CESR, we measure #feenergy spectra i (1S) decays that we compare
with models of then’g*g form factor. This form factor, especially at largg energies, may provide an
explanation of the large rate f@— X< »'. Our data do not support a large anomalous coupling at higher
and thus the large)’ rate remains a mystery, possibly requiring a non-standard-model explanation.
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I. INTRODUCTION 71, as thexn-»' mixing angle is between 16°20°, the

) - ) :
There are several interesting, unexplained phenomena %ﬁectlven g*g coupling can be written 3]

B decays. First of all, the total production of charm and char- ) LBy

monium seems about 10% |o], especially when coupled H(A%)eap,.,0"K e 12, @)
with a B semileptonic branching ratio of (10:0.3)% [2]. . _

Second, CLEO observed a very large ratezofin the mo- whereq= Pb—Ps iS the four-momentum of the virtual hard
mentum range from 2 to 2.7 GeWMith a branching frac- 9luon @*), kis the four-momentum of the soft “on-shell”
tion of (6.2+1.6+1.3"%9x 107 [3]. The BABAR experi- 9luon @), andH(a’) is theg*g»’ transition form factor,
ment has confirmed this large rd#. The production ofp’ Chen gnd Kagafg] have sbown that the region of thé
mesons is believed to occur dominantly via thessg relevant in the proceds—sg»’ can also be accessed in high

. . energyn’ production inY (1S) decay. Thus constraints can
mechanism, as strongly suggested by observation of the twg- 2 ; ;
body decayB— 7' K. One explanation of the large’ rate is e put on theH(q®) from the »" spectrum inY(1S)

decays.H(0) is found from the rate of/ !
that theb—sg rate is not 1% as expected in the standard;éggfs as- 1)/; G(e\)rlls unar v

model, but is enhanced by new physics to be at the 10% 14 ae choices for the form factor shaf¢q?) are shown
level. This would also explain the charm deficit problem. Fig. 2: (a) a slowly falling form factor from Hou and

An alternative explanation is that of an anomalously 2\ _ 1 2 2 5. :
. , Tseng[6], H(g")=2.1 GeV ~a¢(q°)/a(m’,); (b) a rapidly
strong coupling between thg’ and two gluong5-7]. The . ; n’ i
procesd— sg followed by the two gluon coupling to the’ Ifa:!mg f?_:m ;aitir;eg r?ielntg t;vezo_f pezrturtlat|2v>e 1Q gD\;éICU
is shown in Fig. 1. ations,H(q%)=1.7 Gev''m_ ,/(q"—m,) atq ev,

Experimentally, the hadronic mass associated with (¢ an intermediate example with H(q%)=1/(g?
sometimes is &K, ~10%, and even more rarely i&*,

~1%; in fact, most of the rate has the mass ofXesystem sob & T
larger than 1.8 GeV. Since th¢' is mostly the flavor singlet :
1.5F
d,u - d,u G f
_ W T 1.0
B ;I\N\/IE :
0.5F
b L ] i
I} ‘||.2|.||‘|“|‘—v——:——é é |1‘O
g M q (GeV)
9 FIG. 2. Three choices for the form factbi{g?) plotted against
Vg% (a) the slowly falling form factor,(b) a rapidly falling form
factor representative of perturbative QCD calculations, @adn
FIG. 1. Diagram forb—sgn’. intermediate examplédapted from Ref.8]).
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with Gaussian functions for signal
and second order polynomials for
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+2.2Ge\® [8]. In (b) and (c) the form factor atq?  loops[7]. With the choiceH(0)=1.7 GeV ' it compares

~m?, has been matched onto the value givefaipwhichis ~ Well with the perturbative QCD form factors obtained by
7

fixed by the QCD anomaly6]. The parametrization of the Other aut.hor$9,10]. _ o ,

form factor in(b) follows from a simple model in which the ~ We will compare the theoretical predictions fé(q°)

n' is coupled perturbatively to two gluons through quarkWith data taken on th& (1S) resonance with the CLEO I
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FIG. 4. Thepw* #~ invariant mass spectra in differeBtranges reconstructed froM(1S) data, fit with a Gaussian function for signal
and a second order polynomial for background.
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FIG. 5. Theyp#" #~ invariant mass spectra in differeftranges reconstructed from off-resonance data, fit with a Gaussian function for
signal and a second order polynomial for background.

detector at the CESR storage ring. Some information on thiy' (1S) events. We also use off-resonance continuum data
topic has been extracted by Kagan from ARGUS dafd.  collected below theY (4S) resonancg10.52 GeV with a
total integrated luminosity of 1193 pBb.

The theoretical predictions referred to in this paper are

In this study we use 80 p} of CLEO Il data recorded at Made forY (1S) decays into three gluoriggg. In order to
the Y(1S) resonance(9.46 Ge\}, containing 1.861(°  compare our measurement to them we have to correct for the

II. DATA SAMPLE AND ANALYSIS METHOD

" (b) T FIG. 6. (8) TheZ=E,; /Epeam

i distributions from Monte Carlo
simulation. The solid line is the
Z=E,; IEpeamspectrum for an en-
ergy of 9.46 GeV, the dashed line
is the spectrum for 10.52 GeV and
the open circles are the mapped
spectrum from 10.52 Ge\b) The
data points show the difference in
the Z values at 9.46 and 10.52
GeV as a function of th& value
at 10.52 GeV. The solid curve is a
i fit to a fourth order polynomial.
IS T S S PRI EFSUE R RS R The dotted line shows the map-
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To measure the energy spectrum we reconstiictan-
didates inZ intervals. We choose thg& steps as 0.1. The
invariant mass spectra are fit with the same functional form
as used for Fig. 3. Here we fix the mass of the to our
average value over all; the Monte Carlo simulation shows
that the mass measurement should be independent ef-
ergy. We extract the width of the signal Gaussian distribution
—utuT)is taken as (2.480.06)%[2]. from Monte Carlo simulation for each bin and perform a

Although several processes can contribute to inclugive smooth fit as a function . The smoothed values are used
production inY' (1S) decays, it is believed that the soft pro- in the fit as fixed parameters. Ther* =~ Z dependent mass
cesses including fragmentation populate only the tfwor  spectra are shown in Figs. 4 and 5 f¥(1S) and off-
equivalently the lowZ region, where resonance data, respectively.

In order to extract decay rates we need to correct our raw
event yields by efficiencies. These may not be equal for dif-

ferent intermediate states, i.e.q versusggg The hadronic
events afY (1S) energy arise from different sources: about 4

) ] ] nb is qafrom continuume®e™ collisions, about 2 nb from
The CLEO Il detector, described in detail elsewhgt8] (1S)— y* —qg, 18 nb fromggg and 0.5 nb fromygg

had a high resolution electromagnetic calorimeter comprise '
of 7800 Csl crystals surrounding a precision tracking system.rom theY (1S). The first two have same event topology and

We detect 7' mesons using the decay channel reconstruction efficiencies. We use g Monte Carlo gen-

— pata™ with a branching fraction of 44%, ang—yy  €ratorto simulate these events. Tygg events are similar to
with a branching fraction of 39%. We identify single photonsthat ofgggand have a relatively small cross section; thus we
based on their shower shape and the nonproximity of'€at them the same way amg events. We use thegg
charged tracks. Those photon pairs within the “good barre|’Monte Carlo generator to simulate this part.

Y(lS)Hy*ancontribution, whose size is given by

B(Y(1S)—vy*—qq)=R-B(Y(1S)—u*u")
=(8.8+0.3)%, 2)

where Rjg.95=3.56-0.07 [12] and the B(Y(1S)

Z=E, |Epean=2E, IM(Y(19)). 3)

Thus in the largeZ region significanty’ production would
indicate a largep’g* g coupling.

region of the detectolcos#|<0.707 (where @ is the angle

with respect to the beamthat have invariant masses consis-
tent with the » mass within 3 standard deviations are con-

strained to have the invariant mass of theFFor » mesons
coming from low energyy’ candidates 2<0.5) the back-

We rely on off-resonance continuum data to estimate the

TABLE I. Number of reconstructed;” from Y (1S) and off-
resonance data and the breakdown categoriés(&fS) data. Also

listed are for samples witd>0.7.

ground from=° decay is large, and thus the candidate pho

tons are also required not to be from a possibledecay. We Sample Allz Z>0.7
o . A
t/herin r:?\tdg1 two opposite sign pions and form the ™ 7~ in- Y(1S) data 1494 120 46.0-8.1
ana afs._ . . A off-resonance 4294130 257.1+17.3

The »7" 7~ invariant mass spectra are shown in Fig. 3

for Y(1S) and for off-resonance continuum data. The spec¥Y (1S)—ggg 972+ 120 13.9:8.1

tra are fit with a Gaussian function for signal and secondy (1) . qq 173+5 10.6-0.7

order polyn0m|,al function for background.. The ngmbers OfContinuuqu 349+ 11 215-1.4

reconstructedy’ are extracted from the fit. We find 1486

=137 ' from theY(1S) data, and 4062174 ' fromthe  y(1S)—ggg,qq 1145+ 120 24.5-8.1

off-resonance data.

052003-5
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TABLE II. Branching fractions ofY (1S) to »" mesons, for all decays, three gluon decays and quark-
antiquark decays for the entirg’ energy spectrum and faZ>0.7. The errors after the values give the
statistical and systematic uncertainties, respectively.

Mode Al Z Z>0.7
B(Y (1) — 7'X) (2.8+0.4+0.2)% (3.1-0.9+0.3)x 10
B(Y(1S)—ggg— ' X)/B(Y(1S)—ggg) (2.8£0.5+0.2)% (1.9-1.1+0.2)x 104
B(Y(1S)—qq— 7' X)/B(Y(1S)—qq) (4.2+0.2+0.4)% (16.8:1.1+1.7)x10™*

qq contribution inY (1S) data. However, the continuum data tainty due to this mapping could be large. To check this, we
were taken for continuum subtraction Y(4S) studies. The ~compared the measurét, /Epeamspectrum with the gener-
center of masgc.m) energy(10.52 GeV is close toY(4S)  ated spectrum. Fortunately, the spectra agree reasonably well
mass(10.58 GeV, but more than 1 GeV higher than(1S) a_nd the systematic uncertainty due to this source is negli-
mass(9.46 GeV. The difference of reconstruction efficiency 9ible. o _ o

due to this energy difference is not negligible. We thus use We now turn to estimating the detection efficiencies.

differentqq simulations for continuum data ant(1S) data. Sh(()jwln n ';I?j-'fz aretthe eff_lC|enC|es_tﬁst|rtnt?]tedOW|tr: d|ffedrent
The energy difference also affects tAespectrum ofz’ models and different energies @ without thew® veto an

from continuum Monte Carlo as shown in Fig(@é The (b,) with t_he 7° ve_to. In the real data_l we a_lpplied" ve_t(_) to
solid line is theE,, /Epeam distribution for theY (1S) data 7' candidates witt? <0.5. Comparing with the efficiency

(9.46 GeV and dashed line for the continuum dd0.52  from 9.46 GeVqq events, the efficiency frorggg events is
GeV). The low limits are 0.202 and 0.182, respectively. Theroughly 15% higher, and the efficiency from 10.52 Gey/
discrepancy is significant, especially at low energy. In ordeevents is roughly 7% lower. The main source of such differ-
to use our continuum data at 10.52 GeV we need to map it tence is the event shape. Thgg events are more spherical
9.46 GeV. To do so we rely on the continuum Monte Carlo.while the higher energgq events are more jetty.

We take the two Monte Carlg’ shape distributions at 10.52

and 9.46 GeV, denoted [, 5{2) andPq 44 z) and numeri-

cally integrate them to satisfy the relation lll. EXTRACTION OF THE »' SPECTRUM FROM Y (1S)
DECAYS
J 210-527310_52(2)(12: J 29-46739_ 2)dz, (4) The Y(1S) data sample can be broken down into three
0 0

parts as described in the previous section:

whereZ;, s, is fixed and a value foZg 44 is determined. The Nz N +N N B
data points on Fig. ®) show the difference iZg 46— Z1( 50 all™ Y (15)—~ggg™ Y (15)—qq ™" Nete  —qq-

!

as a function o1, 5, (or equivalentlyZ, in following func-
tion). We fit the points with a fourth order polynomial func- The first one has different reconstruction efficiencies from

tion to define the mapping analytically as the other two. For the contribution from continuura®@~

Z=-0.215<10 ?+1.2238 Z,—0.6879 Z3+0.8277 Z} TABLE Ill. The systematic uncertaintiedn %) from different
sources on the branching fraction measurements for the 3 gluon

sample forz>0.7, theqasample, and both the 3 gluon sample for
all Z and the totalY (1S) sample.

—0.3606 Zj. (5)

The simplest mapping would be a linear conversign

=0.025+0.975x Z,, shown as dotted line in Fig.(6). We Sources 999(Z>0.7) gq All others

use this alternative to estimate the systematic uncertainty due

to the mapping. Reconstruction efficiency of* 4.4 4.4 4.4
That this mapping works is demonstrated in Figa)p Reconstruction efficiency of 5 5 5

where the spectra shown as open circles is the mapped spe®umber of5’ from fit 2 2 2

trum according to Eq(5). It overlaps well with the Monte  Total number ofY (1S) 2.4 2.4 24

Carlo spectrum generated at 9.46 GeV. B(y' —mta 1) 3.4 3.4 3.4

The %’ production rate is smaller at 9.46 GeV because of

less available energy. From tiogj generator we found that ~ B(Y(1S)—da)® o 3.2

the production rate is 93.6% that of 10.52 GeV. This factor is Ratio of integrated luminositj/15] 2.9 1

also considered in estimation of thg production fromqq IY(18)—u*u” 3.6 4

events. Z mapping 6 3 3
The mapping for continuum data is derived from the g 1 10 8.6

model-dependent Monte Carlo spectrum. If the real data and —
the Monte Carlo are very different then the systematic uncerdWe useB(Y (1S)—(qq)) =(8.83+0.28)%.

052003-6
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FIG. 8. The differential
branching fractiondn/dZ as de-
fined in context for(a) Y(1S)
—g99—7'X, (b Y(1§—qq
—n'X, and(c) Y(1S)—7n'X.

dn/dZ

—qq) events, we multiply the number from off-resonanceerrors on branching ratios are10% for qq sample(inde-
events at 10.52 GeV, mapped using Ef), by a factor pendent of Z, =11% forgggsample aZ>0.7, and*+8.6%
fere-_.qq defined as for the rest.

We also measure the differential branching fractions as a
function of Z as shown in Fig. 8. In these plots only the
statistical error is shown, which dominates the total error.

We define three relevant differential branching ratio’s

N(7')ete-—qq(9.46 GeV
=N(7")ete-—qq(10.52 GeVXfere_qqs (6)

dn/dZ as
where
80.4 1/9.46 ,
fore qg= oranX ———— X 0.9356¢ €046 dn(ggg) _ dB[Y(1S)—ggg—7'X]
1193 171052 €1052 dz dZxB[Y(1S)—~ggg] '
€9.46
=0.078x , (7)
€10.52

dn(qq) _ dB[Y(1S)—qa— 7'X]
dz dZxB[Y(1S)—qq]

where the first factor is the relative luminosities, the second
the energy squared dependence of the cross section, the third
the relativen’ yield ande is theZ-dependent reconstruction

efficiency forqaevents as shown Fig. 7.
We also want to evaluate the yield froMi(1S)— y*

dn(1S) dB[Y(1S)— 7'X]

—qg. Since we know thatry ;). ,+,- =0.555-0.022 nb dz

dz

(€)

and og+e-_ ,+,-(9.46 GeV)=1.12 nb[14], we derive the
factor to be used in thbly(;g)_.4q €Stimation as

_ _Rovagutu-
fY(ls)qu_feW‘qu

R- OeteSutu~

€
=0.0387x —28 (8)

TABLE IV. Differential branching fractions ofyp’ (X 10 %).
The last two rows are total branching fractions. The branching frac-
tions in columns 2 and 3 are normalized to the total branching
fraction of Y(1S)—(ggg) andY (1S)—(qq), respectively, while
the last column is normalized to &\ (1S) decay. The errors are
statistical only, the systematic errors on the absolute normalization

€10.52

for columns 2 and 3, respectively.

for column 1 is 8.6% foZ< 0.7, 11% forZ>0.7, and 10 and 8.6%

In Table | we list the number of reconstructed over all

Z and in the highz region for variousy (1S) and continuum z Y(19)—(999  Y(1S)—(qq) All Y(1S)
yields (only statistical errors are shoyriNote that the total
numbers of signal fronY' (1S) data and off-resonance data 0-2-0-3 111644471 1320531253 105033740
in this table are the sum of afl bins derived bin per bin, as ~ 0-3-0.4 116241314 1125685 107161099
we need to us&-dependent efficiencies. 0.4-0.5 338+ 558 8898-416 3614-467
The measuredY (1S)— »’'X branching fractions are  0.5-0.6 1067300 5030@-272 1336-251
listed in Table 1l both foiz>0.7 and for allZ. In the largez 0.6-0.7 963181 2321+166 1011151
region for 3 gluon decays, we do not have a statistically 0.7-0.8 18492 1116102 252+ 77
significant signal and thus derive a 90% confidence level 0.8-0.9 5+ 50 415+59 41+ 42
upper limit of 4B[Y(lS)—>ggg—>77’X]Z>0.7/B[Y(18) 0.9-1.0 3122 153+ 36 40+19
Evagg]<3.4>< 10" *. We describe the systematic errors be- 07-1.0 1911 16811 3o
The sources of systematic uncertainties are listed in Tableym of all 2842-471 4239 153 2751 394

[Il along with estimates of their sizes. The total systematic

052003-7
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not reveal any narrow structures. A possible explanation is
that there is more than one process contributing to this dis-
tribution. We note also that thgq has much larger rates at
high Z thanggg

IV. COMPARISON WITH THEORY AND CONCLUSIONS

Figure 9 shows th& spectrum of they’ measured in this
paper compared with the spectra predicted by the three dif-
ferent models described above. The models are expected to
dominate " production only forZ>0.7, with other frag-
mentation based processes being important at I&varhe
measurement strongly favors a rapidly falliggdependence
of the g*g#n’ form factor predicted by perturbative QCD
(PQCD [9,10], and ruling out other models.

In conclusion, we have made the first measurement of the
7' energy spectrum frorY (1S) —ggg decays. Our data are
not consistent with an enhancedg* g coupling at largen’

—7'X compared with theoretical predictions. Shown in dots are€nergies. Thus, the large observgdyield near end point of
the measurement in this study. Shown in lines are different theorethe charmles®3 decay spectrum cannot be explained by a

ical predictionsia) a slowly falling form factor(b) a rapidly falling
form factor, andc) intermediate form factof8]. These predictions
are valid only in the regioZz>0.7.

large »'g*g form factor. Therefore, new physics has not
been ruled out and may indeed be present in badecays.
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