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Abstract

Using data taken with the CLEO III detector at the Cornell Electron Storage Ring, we have
investigated the direct photon spectrum in the decays Y(1S) — vgg, T(2S) — vgg, T(3S) — vgg.
The latter two of these are first observations. Our measurement procedures differ from previous
ones in the following ways: a) background estimates (primarily from 7° decays) are based on isospin
symmetry rather than an explicit determination of the 70 spectrum, which permits measurement of
the YT (2S) and Y(3S) direct photon spectra without having to explicitly correct for 7 backgrounds
from, e.g., xp states, b) we estimate the branching fractions with a parametrized functional form
(exponential) used for the background, c) we use the high-statistics sample of T(2S)— 77w Y(1S) to
obtain a tagged-sample of T(1S)— v+ X events, for which there are no QED backgrounds. We de-
termine preliminary values for the ratio of the inclusive direct photon decay rate to that of the dom-
inant three-gluon decay T — ggg (R, = B(g97)/B(gg9g)) to be: R,(15)=2.80£0.0074+0.24+0.14,
R,(25)=3.454+0.034+0.58+0.18, and R,(35)=2.8940.03+0.38+0.03, where the errors shown are
statistical, systematic, and theoretical model-dependence, respectively. Given a value of Q?, one
can estimate a value for the strong coupling constant o (Q?) from R,.

*Submitted to the XXII International Symposium on Lepton and Photon Interactions at High Energies,
June 30-July 5, 2005, Uppsala, Sweden



Introduction

According to the Zweig rule, the preferred decay mode for an T meson would be through
the production of a BB meson pair. For resonances below the Y(4S) however, this is not
energetically possible. Thus the decay of the Y(1S) meson must proceed through Zweig-
suppressed channels. Since the charge conjugation of the T resonances is C=-1, the three
lowest order decay modes of the YT (1S) meson are the three-gluon (ggg), single photon
(vacuum polarization) QED decay T — ¢g, and two gluon plus single photon (ggy) modes.
For the Y(2S) and Y (3S) resonances, direct radiative transitions, both electromagnetic and
hadronic, compete with these annihilation modes. Since I'yyy o< @ and Ty, ¢ a2, the
ratio of the decay rates from these two processes|[1]:

N,

R, =990 = 99 38q2 Cem
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In this expression, the bottom quark charge ¢, = 1/3. Alternately, one can normalize to the
well-measured dimuon channel and cancel the electromagnetic vertex:
r

99 o o (2)
L ’

In either case, one must define the value of Q? appropriate for this process — although
the value Q> ~ M2 seems ‘natural’, the original prescription of Brodsky et al.[1] gave

Theory prescribes the differential spectrum d?N/dzd(cos®) (x = p,/Epeam, cosd is the
polar angle relative to the ete~ beam axis). The limited angular coverage of the high-
resolution photon detection, as well as the large backgrounds at low momentum, due to
decays of hadrons to photons, plus the large number of radiated final state ‘fragmentation’
photons in this regime limit our sensitivity to the region defined by |cosf,| <0.7 and z, >0.4.
We must therefore rely on models to efficiency-correct the observed spectrum and extrapolate
into lower-momentum and larger polar angle regions.

Originally, the decay of the ground-state vector bb bottomonium pair into three vectors
(both ¥ — ggg as well as T — ggy) was modeled in lowest-order QCD after similar QED
decays of orthopositronium into three photons, leading to the expectation that the single
photon spectrum should rise linearly with z to the kinematic limit (z — 1); phase space
considerations lead to a slight enhancement exactly at the kinematic limit[2]. Koller and
Walsh considered the angular spectrum in detail[5], demonstrating that as the momentum
of the most energetic primary (photon or gluon) in ¥ — ygg or T — ggg approaches the
beam energy, the event axis tends to increasingly align with the beam axis: z, — 1 cor-
responds to dN/d(cosf) — 1 + cos®d. Field[6] argued that z, = 1 is non-physical, since it
corresponds to a recoil gg system with zero invariant mass, while the recoil system must
have enough mass to produce on-shell final state hadrons. Using a parton shower Monte
Carlo technique which took into account the correlation of photon momentum with recoil
hadronization phase space, Field predicted a significant softening of the lowest-order QCD
predicted spectrum, with a resulting photon momentum distribution peaking at z, ~ 0.65
rather than z — 1. This result seemed in conflict with the extant CUSB[7] data, which
indicated a spectrum more similar to the lowest-order QCD prediction. A subsequent mea-
surement by CLEO-I[8], however, favored Field’s softened spectrum over lowest-order QCD,
as well as a subsequent modification to lowest-order QCD which calculated corrections at



the endpoint[9] by summing leading logs of the form In(1-z). Higher statistics measurements
by Crystal Ball[10] as well as ARGUS[11] corroborated this softened photon spectrum.! The
previous CLEO analysis (CLEO-II), based on ~1 M Y(1S) events provided a high-statistics
confirmation of a photon spectrum peaking at z, ~ 0.65, and were able to trace the direct
photon momentum spectrum down to z, ~0.4; at that momentum, the direct photon signal
becomes less than 10% relative to the background, whereas the systematic errors on the
background estimate in that momentum region are of order 10%, as well.2 Contemporary
with the CLEO-IT analysis, Catani and Hautmann argued that in addition to the usual
direct photon, fragmentation photons emitted from final-state light quarks down stream of
the initial heavy quarkonia decay [12] (essentially final state radiation) will also contribute
to the background-subtracted spectra for z., <0.4 and therefore (if not corrected for) lead
to an over-estimate of the Y(1S) — ggv branching fraction.?

Hoodbhoy and Yusuf[13] also performed a rigorous calculation of the expected Y(1S)—
ggv decay rate, by summing all the diagrams contributing to the direct photon final state
and treating hard and soft contributions separately. Rather than assuming that the decay
occurs via annihilation of two at-rest quarks, the authors smear the annihilation over a size
of order 1/m, with a corresponding non-zero velocity. Although their calculation results in
some softening of the photon spectrum relative to the lowest-order QCD prediction, it is
unable to entirely account for the softening observed in data, leading to the conclusion that
final-state gluon interactions (largely incalculable) are, indeed, important particularly near
the photon endpoint.

Fleming and Leibovich[14] considered the photon spectrum in three distinct momen-
tum regions - at low momentum z., < 0.3, final-state radiation effects[12] (sometimes re-
ferred to as ‘fragmentation photons’) dominate. In the intermediate momentum regime
(0.3< x4 <0.7), they applied the Operator Product Expansion (OPE) to the direct photon
spectrum of Y decay, with power-counting rules prescribed by non-relativistic QCD, and
retained only the lowest-order color singlet terms in v/c. In the highest-momentum regime
(z, > 0.7), a soft-collinear effective theory (SCET) for the light degrees of freedom com-
bined with non-relativistic QCD for the heavy degrees of freedom, was used to obtain a
prediction for the photon spectrum which qualitatively described the essential features of
the CLEO-II data, despite peaking at a higher value of z, than data. The same approach
was later applied by Fleming to decays of the type ete™ — +X, given the similarity to
efe” — T(1S) — v+X, but including the color-octet contributions to ¢ production[15].

Very recently, Garcia and Soto (GS[16]) have also produced a parameterization of the
expected photon momentum spectrum in the T system. Following Fleming and Leibovich,

L Tt is important to note here that all these measurements assumed that the Koller-Walsh angular distribu-
tion was still applicable to the phenomenological Field model.

2 We emphasize here that the previous CLEO-II analysis, in presenting their background-subtracted direct
photon spectrum, showed only statistical errors, whereas the systematic errors in the region z < 0.4 are
considerably larger than those statistical errors. This is a point that was not made strongly enough in the
past, encouraging various theoretical fragmentation models to be tested against our direct photon data

at low z,, values.
Therefore, to properly measure a,, one must account for these additional photons, both in the shape

of the spectrum, as well the QCD equations from which a; is extracted. Due to existing limitations
in perturbative QCD however, Catani and Hautmann do not specify how to actually calculate a; from
quarkonia decay, beyond the admonition to quote “generous” theoretical uncertainties.



they also remedy the inability of non-relativistic perturbative QCD (NRQCD) to model the
endpoint region by combining NRQCD with Soft Collinear-Effective Theory, which allows
calculation of the spectrum of the collinear gluons resulting as z, — 1. They make their own
calculation of the octet contributions (in both S- and P- partial waves) to the overall rate,
obtaining a spectral shape prediction similar to Fleming and Leibovich (claimed to be reliable
in the interval 0.7< z, <0.95), after adding color-octet, color-singlet, and fragmentation
contributions. We have compared our results with their parameterization, as well.

In this analysis, we primarily employ the models by Field and Garcia-Soto for integration
purposes. Although no predictions exist for direct photon decays of the Y(2S) and T (3S)
resonances, we nevertheless use these same models to determine total direct photon decay
rates in the case of these higher resonances.

Data Sets and Event Criteria

The CLEO III detector is a general purpose solenoidal magnet spectrometer and calorime-
ter. Elements of the detector, as well as performance characteristics, are described in detail
elsewhere [17-19]. For photons in the central “barrel” region of the Csl electromagnetic
calorimeter the energy resolution is given by

o 0.35
= (%) = 27 + 1.9 0.1F, (3)

where E is the shower energy in GeV. The tracking system, RICH particle identification
system, and calorimeter are all contained within a 1 Tesla superconducting coil.

The data used in this analysis were collected on the Y(1S) resonance, center-of-mass
energy E., = 9.46 GeV, the T(2S) resonance, center-of-mass energy E., = 10.02 GeV,
and the Y(3S) resonance, center-of-mass energy FE., = 10.36 GeV. In order to check our
background estimates, we used continuum (below the Y resonances) running. These data
were collected below the T(1S) resonance, center-of-mass energy 9.431 GeV < E,,,, < 9.4342
GeV, below the Y(2S) resonance, center-of-mass energy 9.9956 GeV < E,,, < 10.004 GeV,
below the Y(3S) resonance, center-of-mass energy 10.3286 GeV < E.,, < 10.3308 GeV and
below the Y (4S) resonance, center-of-mass energy 10.41 GeV < E.,, < 10.57.

To obtain a clean sample of hadronic events, we selected those events that had a minimum
of four good charged tracks (to suppress contamination from QED events), a total visible
energy greater than 15% of the total center-of-mass energy (to reduce contamination from
two-photon events and beam-gas interactions), and an event vertex position consistent with
the nominal eTe™ collision point to within £5 cm along the ete™ axis (z) and +2 c¢m in the
transverse (r — ¢) plane. We additionally veto events with a well-defined electron or muon,
or consistent with a 77 “1 vs. 3” topology. Our full data sample is summarized in Table I.

Event Selection

To obtain R,, we had to determine the number of direct photon events and the number
of three gluon events. Only photons from the barrel region (| cos,| < 0.7) were considered.
Photon candidates were required to be well separated from charged tracks and other photon
candidates. The lateral shower shape was required to be consistent with that expected from
a true photon. Photons produced in the decay of a highly energetic 7° would sometimes



DataSet |Resonance L HadEvts |62 (nb) |EvtSel (raw)

obs

1S-A | Y(IS) | 6.717 /pb | 128019 | 19.06 226746

1SB | T(1S) |675.496 /pb|12803279| 18.95 | 15720815
1S-C | T(1S) |453.852 /pb| 8742850 | 19.26 | 10553140
2S-A | T(2S) |472.311 /pb| 4165745 | 8.82 6561803
2S-B | T(2S) | 6.426 /pb | 55834 | 8.69 762086
2S-C | T(2S) [206.920 /pb| 1839390 | 8.89 2748240
2S-D | T(2S) [257.920 /pb| 2299910 | 8.92 2914640
2S-E | T(2S) |295.556 /pb| 2629250 | 8.90 3473320
3S-A | T(3S) [391.814 /pb| 2482170 | 6.34 3887570
3S-B | T(3S) [620.908 /pb| 3948690 | 6.36 5736980
35-C | T(3S) [187.889 /pb| 1168980 | 6.22 2108220
1S-CO-A| < Y(1S) |148.214 /pb| 485790 | 3.28 1619060
1S-CO-B| < Y(1S) |48.755 /pb | 159959 | 3.28 260599
25-CO-A| < T(2S) |159.062 /pb| 472071 | 2.97 6245050
25-CO-B| < T(2S) |110.070 /pb| 326371 | 2.97 465939
2S-CO-C| < T(25) | 33.433 /pb | 99377 | 2.97 138898
25-CO-D| < Y(2S) | 61.659 /pb | 183897 | 2.98 256185
2S-CO-E| < Y(2S) |46.195 /pb | 137083 | 2.97 191205
35-CO-A| < Y(3S) | 47.744 /pb | 135069 | 2.83 193749
35-CO-B| < Y(3S) | 80.591 /pb | 226700 | 2.81 321169
35-CO-C| < T(3S) |32.944 /pb | 91997 | 2.79 130021
4S-CO-A| < Y(4S) |219.159 /pb| 594662 | 2.71 847875
4S-CO-B| < T(4S) |569.869 /pb| 1536020 | 2.70 2189720
4S-CO-C| < T(4S) |276.755 /pb| 753418 | 2.72 1073410
4S-CO-D| < Y(4S) |670.165 /pb| 1815920 | 2.71 2587650
4S-CO-E| < T(4S) |243.370 /pb| 660883 | 2.72 941162
4S-CO-F| < Y(4S) |344.814 /pb| 938454 | 2.72 1337990

TABLE I: Summary of data used in analysis. Different running periods are designated by capital
roman letters. FEvtSel denotes events analyzed on tape, HadEvts denotes the total number of
events in each sample identified as hadronic by our event selection requirements, and o is the
corresponding observed hadronic crossection for each data sample.

produce overlapping showers in the calorimeter, creating a so-called ‘merged’ 7°. Two
cuts were imposed to remove this background. First, any two photons which both have
energies greater than 50 MeV and also have an opening angle 6,,,,, such that cosf,,,, >0.975
are removed from candidacy as direct photons. Second, an effective invariant mass was
determined from the energy distribution within a single electromagnetic shower. Showers
whose effective invariant masses were consistent with those from merged 7%’s were also
rejected. After all photon selection requirements, the momentum-dependent photon-finding
efficiency is shown in Figure 1.

The dominant backgrounds to the direct photon measurement are of two types: initial
state radiation (xz, > 0.65) and the overwhelming number of background photons primarily
from asymmetric 7° decays (z, <0.65), resulting in two, spatially well-separated daughter
photons.
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FIG. 1: Direct photon-finding efficiency for: a) T(1S)— 7ygg using our default photon selection
requirements and our default charged multiplicity requirement of >4 charged tracks observed in a
candidate event (black, solid), b) T(1S)— ygg showing the efficiency if the multiplicity requirement
was relaxed to >2 charged tracks (red, dashed), and c¢) the photon-finding efficiency for finding
an T (1S) direct-photon daughter, for YT(1S) produced in T(2S) dipion decays (blue, dashed, and
discussed later in this document). Efficiencies are derived from full GEANT-based detector simu-
lations.



If our Monte Carlo generator were sufficiently accurate, of course, we could use the Monte
Carlo simulation itself to generate the expected background to the direct photon signal,
including all background sources. We have compared the expected neutral spectrum with
data (based on the JETSET 7.4 event generator plus a GEANT-based CLEO-III detector
response simulation) for continuum events at ECM = 10.55 GeV. We observe fair, but not
excellent agreement between the two, motivating a data-driven estimate of the background
to the direct photon signal. To model the production of 7° daughter photons, we took
advantage of the similar kinematic distributions expected between charged and neutral pions,
as dictated by isospin symmetry. Although isospin conservation will break down in the low-
energy regime (where, e.g., the neutral vs. charged pion mass differences and contributions
from weak decays may become important), at the high-energy end of the spectrum, we
expect isospin to be reliable, so that there should be half as many neutral pions as charged
pions. We stress here that this is true for three-gluon decays, x, decays, continuum ¢g events,
etc. However, since: a) our charged 7* identification and tracking are slightly inefficient,
b) charged kaons and protons may fake charged pions, and ¢) for low multiplicity events, it
is more likely that an event with charged pions will pass our minimum charged-multiplicity
requirement than an event with neutral pions, this ratio deviates slightly from 0.5, as a
function of momentum. Figure 2 shows the Monte Carlo neutral to charged pion production
ratio for continuum events taking into account such selection biases; we observe agreement
with the 0.5 expectation to within 3%. In our analysis, we use this Monte Carlo simulation-
derived efficiency, rather than the simple isospin expectation, to generate pseudo-7%’s. The
deviation between this value and the simple isospin expectation is later incorporated into
the systematic error.

These 7’s are then subsequently decayed via phase space, and the resulting simulated
photon spectrum (including our Monte Carlo-derived photon efficiency, and including the
correlation between daughter photon momenta and the photon emission direction relative
to the 7° flight direction in the lab) is then plotted. In addition to 7%’s, we also simulate
n — vy, w — 7y, and ' — v(p,w, ) contributions, using previous measurements of these
backgrounds in T(1S) decays[20]. An estimate of the relative contribution of these various
backgrounds to the observed continuum spectrum is shown in Figure 3.

We also studied the relative contribution to the inclusive spectrum from neutrons, anti-
neutrons, and K?’s. According to Monte Carlo simulations, the expected numbers of par-
ticles per hadronic event with |cos(f)| < 0.7, and scaled momentum > 0.25 (i.e., parti-
cles which could populate our signal region) are quite small. Figure 4 gives the yield per
event, as a function of momentum, for K? and anti-neutrons to populate our signal region.
Contributions from K? and neutrons are therefore neglected in the remainder of the analysis.

The performance of our photon-background estimator can be calibrated from data itself.
Three cross-checks are presented below: a) the comparison between the absolutely normal-
ized angular distribution of our simulated, pseudo-photons (“PP”, or “dkpigg” for “decay of
7% into y”)* versus continuum data (including a Monte Carlo-determined contribution from
initial state radiation [“ISR”] (Figure 5)), b) a comparison of the absolute magnitude of the
pseudo-photon momentum spectrum with continuum data (Figure 6), and c) a comparison
of the reconstructed 7° mass peak (Figure 7) between our simulated photons and real data

4 Note that there are two simulations referred to in this document — “simulated” PP photons refer to the
pseudo-photons generated using identified charged pion tracks as inputs; “Monte Carlo” refers to the full
JETSET+GEANT CLEO-III event+detector simulation.
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FIG. 2: 79/(7T +7~) ratio, as a function of charged pion momentum, including tracking efficiency,
particle identification efficiency and event selection requirements (from Monte Carlo simulations).
The loss of efficiency at large p, is due to the bias introduced by the minimum charged-particle
multiplicity requirement.

photons. All these checks show good agreement between simulation and data.

Other systematic checks of our data (photon yield per data set, comparison between the
below-Y(1S), below-Y(2S), below-Y(3S) and below-Y(4S) continuum photon momentum
spectra) indicate good internal consistency of all data sets considered.



dN/dx Pseudo-Photons and Component Spectra
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FIG. 3: Estimate of the momentum-dependent contribution from various background sources to
the observed below-T(4S) inclusive photon spectrum. Initial state radiation contributions are not
included.

Signal Extraction

Three different methods were used to subtract pseudo-photons and obtain the Y(15) —
997, Y(2S) — ggy and Y(3S) — gg7v spectra. In the first, we generate pseudo-photons
for all events taken at that center-of-mass energy. This procedure will account for back-
ground photons both from the continuum, as well as resonance events taken at a given
center-of-mass energy, however it will not account for initial state radiation photons, which
are subtracted using Monte Carlo simulations of continuum ISR events, normalized to our
total event sample. Alternately, we explicitly subtract the measured photon spectrum from
continuum events, which implicitly includes both ISR as well as hadronic-decay photons,
and use the pseudo-photon spectrum to model only the resonant direct photon background
due to hadronic decays (“CO ISR”). We additionally used an exponential parametrization
of the background as a cross-check of our non-direct photon estimate.

Figure 8 shows the inclusive Y(1S) photon distribution with the different estimated

10
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FIG. 4: Estimate of the momentum dependent percentage of showers produced by n%’s, 7%’s and

K?’s that passed our shower selection, based on a sample of 1 million MC continuum events.

background contributions (non-resonant radiative photons, and non-resonant and resonant
hadronic decay photons) overlaid. After subtracting these sources, what remained of the
inclusive Y(1S) spectrum was identified as the direct photon spectrum, Y(1S) — ggv. Fig-
ures 9 and 10 show the corresponding plots for the T(2S) and Y (3S) data, and also indicate
the magnitude of the cascade subtraction due to transitions of the type Y(2S)— T(1S)X,
YT(1S)— vgg. We use currently tabulated values for T(2S)— Y(1S)X to determine the
magnitude of this correction; Monte Carlo simulations of the primary cascade processes,
including Y (2S)— 77 Y (1S) (using a Yan|21] distribution for the dipion mass distribution)
and Y (2S)— xu7; x» — 7YY (1S) are used to adjust the shape of our measured Y (1S)— vgg
direct photon spectrum to that expected for the cascade subtraction in order to account for
the shifted kinematic endpoint and Doppler smearing of the daughter Y(1S) direct photon
spectrum.

11
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FIG. 5: Angular distribution of the inclusive photons from continuum data compared with our
pseudo-photon estimate, based on isospin invariance, for showers with z, > 0.45, and including a
Monte Carlo-based estimate of the ISR background. Normalization is absolute.

Parametric estimate of background

Observing that the photon spectrum seems to describe an exponential outside the signal,
we attempted to check our derived branching fractions against the branching fraction ob-
tained when we simply fit the background to an exponential, in the momentum regime below
the signal (comparing the results obtained from fitting 0.2 < z, < 0.3 to those obtained
using 0.3 < z, < 0.4), and then extrapolate to the region 0.4 < z,. A third fit was done
in which the observed photon spectrum was freely fit to an exponential background plus
a direct-photon signal model (Field or GS), rather than normalizing over a pre-specified
z-interval. Figure 11 shows that this procedure satisfactorily reproduces continuum data
below the Y (4S) resonance, verifying that it can be used to generate a rough estimate of the
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FIG. 6: Comparison of scaled z, spectra with two estimates of photon background, obtained using
below-Y (4S) data.

backgrounds.

Model Fits

We estimate R, by extrapolating the observed photon spectrum down to z,=0. Since
we have finite resolution, and since the photon-finding efficiency is momentum-dependent,
two procedures may be used to compare with models. Either a migration-matrix can be
determined from Monte Carlo simulations to estimate the bin-to-bin smearing, with a
matrix-unfolding technique used to then compare with prediction, or the model can be
first efficiency-attenuated (as a function of momentum), then smeared by the experimental
resolution, to compare with the data. We have followed the latter procedure, floating only
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T invmass pseudo-photons vs. data
T ‘ T T T ‘ T T T ‘

600 — m

400 [ _

200

0.00 0.20 0.40 0.60

FIG. 7: The 7° and 7 yields between data (dashed) and pseudo-photon simulation (solid). The
yields agree on the 2%-3% level. Discrepancy for m., <50 MeV is due to photon overlap effects
in data under-corrected for in pseudo-photon simulation.

the normalization of the efficiency-attenuated, resolution-smeared model, in this analysis.
Thus, to determine the percentage of direct photons within our fiducial acceptance, we used a
Monte Carlo simulation of the direct photon events, incorporating measured photon-finding
efficiencies and the QCD predictions of Koller and Walsh for the photon and gluon energy
and angular distributions[5].

Figures 12, 13, and 14 show the fits to the Garcia-Soto model. We note, in some cases,
an excess of photons in data as x, — 1. Further examination of these events indicate that

14



Y(1S) Inclusive Spectrum

+ inclusive Y(1S)
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FIG. 8: Raw Y(1S) photon spectrum, with continuum contribution, and resonant non-direct
pseudo-photons resulting from hadron decays overlaid.

+ +

these events are dominated by: ete™ — yntn 777~ (resonance structure of these 4-pion
events has not yet been fully investigated).
Figures 15, 16, and 17 show fits obtained using a simple exponential parametrization of

the background, with no pseudo-photon generation.

T (2S)— 77~ Y (1S); T(1S)— vgg

Our large sample of T(2S) decays, and the substantial Y(2S)— #*7~Y(1S) branching
fraction (~0.19) afford an opportunity to measure a ‘tagged’ Y(1S) direct photon spectrum
which circumvents all continuum backgrounds. In a given event taken at the Y(2S) center-
of-mass energy, we calculate the mass recoiling against all oppositely-signed charged pion
pairs (Figure 18). In each bin of recoil mass, we plot the spectrum of all high-energy photons
in that event. A sideband subtraction around the Y(2S)— 77~ Y(1S) recoil mass signal,
at Myecosr ~ Y (1S) results in a tagged Y(1S) direct photon spectrum. Spectral shape and
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Y (2S) Inclusive Spectrum

inclusive Y(2S)

pseudo-photons
ggbar+isr

Y(1S) - ggy Cascade

0.20 0.45 0.70 0.95 1.20

FIG. 9: Raw Y(2S) photon spectrum, with continuum contribution, resonant non-direct pseudo-
photons, and the cascade contribution from Y(1S) decays overlaid.

R, values obtained this way are consistent with our other estimates.

Determination of Ny,

To determine the number of three gluon events Ny,, from the number of observed Y(1S)

hadronic events N,i(dls), we first subtracted the number of Y(1S) continuum events NCTOStS)

from the observed number of below Y (1S) continuum events NZCGM=943 GeV.

T(18) _ A7ECM=9.43 GeV Lr(15)Scont
Ncont - Ncont : Ei (4)
contS1S

Ly(15)

where the factor - arises from the number of events N = L-0, and s = ECM 2. From the

observed number of resonant hadronic events N;fa(dls), and knowing the branching fractions

and efficiencies for Y(1S) — ¢g, T(1S) — gg~, and T(1S) — ggg the number of T(1S)— ggg
events can be inferred. For T(1S) — ¢7, e.g., we use the Y(1S5) — p*u~ branching fraction

cont
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Y(3S) Inclusive Spectrum
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FIG. 10: Raw T(3S) photon spectrum, with continuum contribution, resonant non-direct pseudo-
photons resulting from hadron decays, and the cascade contribution from T(2S) and Y (1S) decays
overlaid.

B, = 0.0248 [22, 23], and Ry(15) = o(ete”™ — T(1S) — qq)/o(ete” = Y(1S) = ptp™) =
3.51 [24, 25]:

NTas)
Ny = Ry(is) - Buu€qz - hod 5
qq (1S) * Puptqg (1— 3Buu)€had (5)
with €, the average hadronic event reconstruction efficiency. Using

B(T(2S)— 7Y(15)X)=(32£2)%, B(Y(3S)— Y(25)X)=(10.64+0.8)%, and B(Y(3S)—
T(1S)X)=(12+1)%, a three-gluon decay fraction for the three resonances
Ja9a=82 £ 2%, 40 £ 4%, and 41 + 2%, respectively, as well as continuum-subtracted,
efficiency-corrected hadronic event yields Njp.q(1S)=19791348 + 56555 + 656528,
Npad(25)=8009386 + 58154 + 208873, and Npeq(3S)=4653678 + 10215 + 23372, we
obtained a value for R, for each of the resonances. More details on this subtraction are
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Continuum Agreement Exponential
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FIG. 11: Subtraction of backgrounds using an exponential (below-4S continuum data), with float-
ing normalization to estimate the non-direct photon spectrum. The exponential, plus initial state
radiation, gives a fair match to the observed spectrum, although the background is clearly under-
estimated in the intermediate region of the momentum spectrum.

presented in Table II and also in the accompanying appendix.
Table III presents our numerical results for the extracted branching fractions.

Sytematic errors

We identify and estimate systematic errors as follows:

1. For the Y(1S), the uncertainty in N4, is based on the CLEO estimated three-gluon
event-finding efficiency. For the T(2S) and Y (3S) decays, the uncertainty in N4, folds
in uncertainties in the tabulated radiative and hadronic transition decay rates from

18



Event Type €
T(1S) — ggg 0.953 + 0.003
T(18) — ggy 0.751 % 0.007
T(1S) = ¢q 0.871 + 0.005
1(2S) — ggg 0.956 + 0.003
T(2S) — ggv 0.776 + 0.007
T(2S) — ¢q 0.882 + 0.005
T(25) = T(18) + X — ggg 0.956 + 0.003
T(2S5) —» T(1S) + X — ggv 0.778 £+ 0.007
T(25) = T(1S) + X — ¢7 0.891 + 0.005
1(2S) = xm(1P) = g9 (n=10,1,2)| 0.933 £+ 0.004
T(3S) — ggg 0.955 + 0.003
T(35) — g9 0.765 + 0.007
T(35) = qq 0.881 + 0.005
T(35) = T(28) + X — ggg 0.958 + 0.003
T(3S) —» T(25) + X — ggv 0.765 + 0.007
T(3S) = T(28) + X — ¢q 0.877 + 0.005
T(35) — T(1S) + X — ggg 0.961 + 0.003
T(35) = T(18) + X — ggy 0.789 + 0.006
T(35) = T(1S) + X — ¢4 0.90 + 0.07
T(3S) = xn(1P) = g9 (n=10,1,2)| 0.819 £ 0.006
Y(35) = xpn(2P) — gg (n=0,1,2)|  0.929 + 0.004
T Resonance Niotar (T (nS)) (10°)
T(15) 214 + 0.7
1(25) 8.5 + 0.2
1(39) 5.01 + 0.03
Fraction f
F(T(1S) = gg9) 0.82 =+ 0.02
F(T(29) = gg9) 0.40 + 0.04
F(T(3S) — gg9) 0.41 £+ 0.02
F(T(25) = T(18) + X) 0.32 + 0.02
f(r(3S) —» T(25) + X) 0.11 + 0.01
f(r(3S) —» T(15) + X) 0.12 + 0.01

TABLE II: Efficiencies for the reconstruction in MC of the various types of events considered in
this analysis, the total number of Y(15), T(2S) and Y (3S5) events calculated from these efficiencies
using the procedure outlined in the appendix of this paper, and the fractions of these totals which
were used to obtain the T — ggg denominator in our measurements of R,, and to scale the direct
photon cascade spectra in our Y(2S) and Y(3S) subtractions. These fractions were obtained from
the PDG [22] and include recent CLEO x; measurements. The presented errors on the efficiencies
are statistical only.
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Y(1S) - ggy Soto/Garcia Fit (CO ISR, all 1S data)

4000 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

B + background subtracted data ]

I | . modified soto/garcia fit ]

3000 [~ —

_ { JW@L } _

5 ..-' 'H'-' i

Z 2000 —

= . I:ﬁ —

1000 " J‘h* —

5 ¥ ]

+
R -gd__ 4
" * i
*‘&

0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I M‘I‘l‘"‘"‘"‘l‘l‘“‘"‘l‘m

0.20 0.45 0.70 0.95 1.20

FIG. 12: Fit to background subtracted data (Y (1S) data), using explicit continuum data subtrac-
tion. Direct spectrum fit using Garcia-Soto model.

the parent resonances, which are necessary for determining Ny,, as well as the mag-
nitude of the cascade subtractions. The cascade subtraction errors include statistical
uncertainties in the branching fractions of Upsilon resonances into final states other
than 3-gluon and gg; these errors are assessed by shifting all relevant decay branching
fractions by +1o.

2. Background normalization and background shape uncertainty are evaluated redun-
dantly as follows:

We determine the branching fractions with and without an explicit 7° veto on the
background.

We measure the internal consistency of our results using different sub-samples of
our Y(1S), (2S) and (3S) samples.
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Y (2S) - ggy Soto/Garcia Fit (CO ISR, all 2S data)
1500 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

B + background subtracted data .

1000 |- k —

1 {% _-

FIG. 13: Fit to background subtracted data (Y (2S) data), using explicit continuum data subtrac-
tion and explicit subtraction of T(1S) cascade contributions. Direct spectrum fit using Garcia-Soto
model.

Bias in background subtraction can also be estimated using Monte Carlo simula-
tions. We treat the simulation as we do data, and generate pseudo-photons based on
the Monte Carlo identified charged pion tracks. After subtracting the pseudo-photon
spectrum from the full Monte Carlo photon spectrum, we can compare our pseudo-
photon and ISR-subtracted spectrum with the known spectrum that was generated as
input to the Monte Carlo detector simulation. For the Y(1S), Y(2S), and Y(3S), we
observe fractional deviations of —6.6%, —5.7%, and +6.1% between the input spectrum
and the pseudo-photon background-subtracted spectrum. To the extent that the ini-
tial state radiation estimate and the photon-finding efficiency are obtained from the
same Monte Carlo simulations, this procedure is mainly a check of our generation of
the pseudo-photon background and the correlation of 7° decay angle with efficiency.
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Y (3S) - ggy Garcia/Soto Fit (CO ISR, all 3S data)
1500 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

B + background subtracted data .

1000 |~

500 |~

FIG. 14: Fit to background subtracted data (Y (3S) data), using explicit continuum data subtrac-
tion and explicit subtraction of T(1S) and Y(2S) cascade contributions. Direct spectrum fit using
Garcia-Soto model.

We extract the direct photon branching fractions using a flat 7° : 77 isospin ratio
of 0.5, compared to the 7 : 7+ ratio based on Monte Carlo simulations, including all
our event selection and charged tracking and charged particle identification systematics
(~0.53, Figure 2)

We compare the branching fractions based on a direct continuum data subtraction
(including ISR) vs. a Monte Carlo simulated ISR spectrum subtraction, which relies
on the pseudo-photon generator to simulate the contribution from continuum decays
of 7%, n, ' and w. These are additionally compared with the R, values obtained using
an exponential parametrization of the background.

Our uncertainty in the magnitude of the continuum subtraction is due to our
uncertainty in the on-resonance vs. off-resonance luminosity scaling (<1%, absolute).
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Y (1S) Exponential Subtraction
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FIG. 15: Subtraction of backgrounds using an exponential (YT (1S) data), with floating normaliza-
tion to estimate the non-direct photon spectrum. Direct spectrum fit using Field.

3. Model dependence of the extracted total decay rate is estimated by: i) determin-
ing the consistency of our data to a given model (either Field or Garcia-Soto) by
fitting our data in two distinct photon momentum intervals (0.45 < z, < 0.65 vs.
0.65 < z, < 0.95), and also by ii) comparing the results obtained from fits to the
Field model with results obtained from the fits to the Garcia-Soto model over the full
fitted ., interval. (We currently assume the Koller-Walsh prescription for the angular
distribution is correct, and assign no systematic error for a possible corresponding
uncertainty.) The irreducible model-dependence error is presented as the last error in
our quoted branching fraction.

Note that variation of the fit region also probes the uncertainty due to event selection
requirements. Most important is the minimum charged track multiplicity requirement,
which is increasingly significant as 2, —1 and the available phase space for hadroniza-
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Y (2S) Exponential Subtraction
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FIG. 16: Subtraction of backgrounds using an exponential (Y (2S) data), with floating normaliza-
tion to estimate the non-direct photon spectrum. Direct spectrum fit using Field.

tion of the recoil gluons becomes vanishingly small. By constrast, the lower-z, region
is substantially less sensitive to such phase space effects. The consistency of the tagged
Y(1S) analysis (sensitive to Y(1S) charged multiplicities >2) and the direct analysis
also limits the magnitude of this systematic error.

Table IV summarizes the potential systematic errors studied in this analysis and their
estimated effect on R,.

Comparison with previous analyses

Table V compares the results of this analysis with those obtained by previous experi-
ments in which the observed number of Y(15) — gg7y events were determined using Field’s

24



Y (3S) Exponential Subtraction
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FIG. 17: Subtraction of backgrounds using an exponential (Y (3S) data), with floating normaliza-
tion to estimate the non-direct photon spectrum. Direct spectrum fit using Field.

theoretical model only.

Summary

We have re-measured the Y(1S)— vgg/Y(1S)— ggg branching fraction (R,), obtaining
agreement with previous results. We also have made first measurements of R,(2S) and
R,(3S). Our results are, within errors, consistent with the naive expectation that R, (1S)~
R,(2S)~ R,(3S), although that equality does not hold for the recent CLEO measurements of
B, for the three resonances[4]. Assuming an energy scale equal to the parent T resonance,
our values of R, for Y(1S)— ggv, T(2S)— ggy and Y(3S)— ggvy imply values of the strong
coupling constant (0.1093 4 0.0001 + 0.0048 £ 0.0029, 0.0978 £ 0.0005 + 0.0089 £ 0.0029 and
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FIG. 18: Mass recoiling against oppositely signed charged pion pairs, T(2S) data.

0.1088 + 0.0006 + 0.0075 + 0.0006, respectively) which are consistent with measurements
made at the Z-pole (Appendix II).
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X = gg9y; X= Background Field R, GS R,
Y(15) Exponential | (3.0 £ 0.3)% | (2.7 £ 0.3)%
T(19) PP (MC ISR)|(2.89 + 0.01)%|(2.61 % 0.01)%
T(19) PP (CO ISR)|(3.05 + 0.02)% | (2.76 % 0.01)%

T(15) (T(2S) — 77T (15)-tagged) | PP (no ISR) |(2.88 + 0.06)% | (2.60 % 0.06)%
1(25) Exponential | (4.0 +0.5)% | (3.7 4 0.3)%
T(29) PP (MC ISR)|(3.54 % 0.05)%| (3.20 + 0.05)%
1(29) PP (CO ISR)|(3.78 + 0.06)% | (3.41 + 0.05)%
T(39) Exponential | (3.5 +0.1)% [(3.35+ 0.09)%
1(39) PP (MC ISR)|(2.76 + 0.07)% | (2.49 + 0.06)%
T(39) PP (COISR)| (29+0.1)% | (2.6 £0.1)%

TABLE III: Summary of Measurements. “PP” denotes Pseudo-Photon background, “MC ISR”
implies that Monte Carlo simulations of initial state radiation were used to subtract the ISR
background. “CO ISR” implies that data ISR was subtracted directly using below-resonance
data. Values obtained using an exponential parametrization have had systematic errors (reflecting
sensitivity to region chosen for scale normalization of exponential outside the peak region; for this
estimate, branching fractions were compared using the regions 0.2 < z, < 0.3 or 0.3 < z, <
0.4 to set the scale of the exponential and extrapolate under the signal in the higher-x region)
added in quadrature with the statistical error. Note that T(2S) R, values have been corrected for
T(1S)— ggy contamination; Y (3S) R, values have been corrected for both T(2S)— ggvy, and also
T(1S)— ggy contamination.
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Appendix I) Calculation of 3-gluon events and cascade corrections

The procedure for determining the denominator in the R, measurement can be sum-
marized as follows: a) define hadronic event selection requirements, specifically excluding
leptonic decays, b) perform a continuum subtraction to isolate resonant decays into hadrons,
¢) divide the observed number of resonant decays into hadrons by the average hadronic event-
finding efficiency to determine the corrected number of true hadronic events d) correct by
the fraction of “unseen” decays (leptonic modes) to determine the total number of resonant
events, e) subtract off the number of non-ggg decays using tabulated values, leaving N4,
three-gluon events remaining.

Following this approach, we now outline the determination of the denominator (Nye.15),
assuming that we measure a total number N,fgfmoml(ECM = 9.46) events passing hadronic
event selection requirements at the T(1S) resonance. In what follows, Ng% ., is the number
of events passing hadronic event selection requirements on the continuum 30 MeV below
the peak, €g49.15/€nad,co is the efficiency for reconstructing either a hadronic Y (1S)— ggg
event or an ete” — ¢g event on the continuum, N4 15 designates the true number of total
hadronic Y(1S) events, £ is the luminosity, By, 15 is the branching fraction for Y(15) — uu,
and R = 3.51 £ 0.05 is the ratio of ete™ — gg/eTe” — p*p~ at our center-of-mass energy.

The total number of measured hadronic events, at the Y(1S) center-of-mass energy
(ECM=9.46 GeV) is:

Nt tota(ECM = 9.46) = Nyt~ 1561+ - 15 + Nygg,15€999,15 + Nygo,15€997,15 + Nogis€qg15 +
Nhad,CO(ECM = 9.46)6had,co(ECM = 946)

The minimum multiplicity requirement, (Nghargea > 4), as well as the explicit muon,
electron, and 1 vs. 3 topology veto removes virtually all contributions from dilepton events
and tau-pairs (3 vs. 3 tau pairs will still contribute, although such events correspond to less
than 2% of all dileptonic decays of the YT(1S) resonance); this contribution is set to zero
in what follows. Assuming that the backgrounds and efficiencies for continuum running at
ECM=9.46 GeV are the same as at ECM=9.43 GeV, we subtract the continuum directly
from Ngb% . (ECM = 9.46):

Nhad,C’O(ECM = 946) = Nhad,C’O(ECM = 943) X iggg%igigg X gizz,

leaving the observed hadronic decays from the resonance only (Ng% ). The qq vacuum
polarization contribution to the total number of observed hadronic events can be calculated
using R and B,,,(1S), expressed in terms of the total number of Y(1S) decays Nuy1s (=
Nhads/(1 — 3Bup)):

N5 g = Nayas X RBpy s)€qg,18,

or, in terms of N/?Zfz,155

N;qbis = (Nggfms/(ghad(l - 3Buu,15)) X RBuu,lsﬁqE,IS-

Similarly, the number of direct photon events contributing to the hadronic event sam-
ple (independent of whether a high-energy photon is observed in the event; the number
N, 49,4 corresponding to the hadronic events containing a high-energy photon is obtained
independently by the model-dependent fits to the background-subtracted photon spectra)

st;,had = nggz,ls/(ghad(l - 3Buu,15)) X ngg,156vgg,had-
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Using Monte-Carlo derived efficiencies for €45,15 and €44 nqq @s well as the average hadronic
event selection efficiency €mua (= fog9€909 + fogv€99y + fag€az, With fyeq, fogy and foz the
fraction of true hadronic decays of the Y(1S) into the ggg, ggy and ¢g final states, re-
spectively), Nau1s can be calculated, and the true number of resonant three-gluon events
Nyggis = Nau,1s(1 = Nyg/Nau1s — Nygg/Nau,s) then directly extracted. Note that, although
the procedure seems circular, in that we must assume a value of B, 4, at the outset, an error
of 25% in B,y corresponds to an error of only ~0.3% in Ny 1.

Calculation of R, in tagged T(2S)— 77 (1S), T(1S)— vgg events

Following similar notation as presented above, we define N,fff(l s) as the total (inclusive)
observed number of Y(2S)— 77~ T(1S) events passing our hadronic event selection criteria:
Nﬁ?f(w) = Nﬂﬂ(15—>l+l*)€;r7r(15—>l+l—) + Nm(1s_>qq)6;,r(15_,qa) + N7r7r(15_)997)6;r7r(15—>gg'7) +
N7"7T(15—>ggg)€;r7r(15—>ggg)7
where all of the efficiencies are the conditional efficiencies, given that the two transition
charged pions have been found. The explicit lepton veto suppresses contributions from
dileptonic decays of the Y(1S), and we again neglect these from further consideration.
The number of observed hadronic events into a particular channel X is N;frs(ls LX) =
Na”,25B25_>M15625_,M15B15_>Xdm(ls_)X), related to the number of true events for that pro-
cess by: Nrr(is—x) = NObS(IS%X)/egm(IS_)X). So, for X corresponding to all hadronic final

T
states, Nur(15-had) = Ne2usshad)/ (Ehaa) (1 = 3Buus). Explicit evaluation of €)1 00,
e;m(l S—999)? and e;m(l S—qq) and the average efficiency for an hadronic event to pass the event
selection €),, is performed with Monte Carlo simulations of those cascade processes. The
ratio: Nrr(15-ggy)/Nrr(15—had) 18 NoW calculated directly (the numerator here is the number
of efficiency-corrected dipion transition events which contain a high-energy photon) and the

ratio R, extracted.

Calculation of T(2S)— ggg and Cascade Subtraction

For Y(2S) decays, a subtraction of the T(1S)— ~gg spectrum must be performed to
isolate the Y(2S)— +vgg component. Note that the methodology of this subtraction is
checked, to some extent, by comparing our calculated, background-photon and cascade-
subtracted Monte Carlo spectrum with the known input spectrum, as described in the text.
The modification to the equations for the extraction of Ny, 15 (as above) is straightforward.
After subtracting the below-Y(2S) continuum contribution to the spectrum spectrum, we
have:

Nggfi,total (ECM = 10.02) = Nygq,25€999,25 + Ngy,25€997.25 T Nz 2s€qa,25 + Ny, (4=0)€x,(7=0) T+
Nyy(1=1)€xp(s=1) T Nyy(s=2)€xp(s=2) + Nggg,156ggg,1s + Nggv,lseggw,ls + Nqﬁ,lSﬁgq,ls +
Ni+i- 1564 195

with Nygoseqgos=Na%g, e.g. Note that €, includes only hadronic decays of the x; and
explicitly excludes radiative transitions to the Y(1S); the latter are considered to contribute
to the last three terms on the right-hand-side. We specify primed efficiencies (eg,, 15, €-8.)
again, as distinct (and generally higher, due to the slightly higher final state multiplicity
due to contributions from transition charged pions) from the unprimed efficiencies presented
previously. As before, knowing the fraction of inclusive resonant Y (2S) decays which decay
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into hadronic final states (summing over all cascades into hadronic final states), we can derive
the total number of Y(2S) decays via: Naos = Npvyos/ (€had2s(1 — 3Byu2s — B(T(2S)—
Y(1S)X)x3B,,.15)), again assuming that Y (2S)— [*]~ and Y(25)— Y(1S)X; Y(1S)— i~
are explicitly removed by our lepton rejection, and that €j44,25 sSums over all possible hadronic
final states (including cascades).

Given Ngj 25, all contributions with the exception of Nggg 25 and Nyg 25 are now explicitly
calculated using Monte-Carlo derived efficiencies and known branching fractions via:

obs _ _
® Nighs = NanasByuyups€qgs

Natr=0) = Nat2sBr(28)-x,(7=0) By, (1=2)99x7=0)

N;?ZfJ:l) = Naut,25B1(25)—x5(7=1) Bxy (7=1)>qag€xs (J=1)

NP0y = Nait,25 Br(25) -, (7=2) By (7=0) 99 €x, (7=2)

b _ n
Ngoa1s = Nauzser@s)»rs)x Br@s)-r1s)x Br(15)-g99€g90,15

b. _ 7
N;qfls = Nall,2S€T(2S)—>T(1S)XBT(2S)—>T(1S)XRBW,156@15
b _ n
o Ngoo1s = Nau2s€r(2s)-1(15)x Br(2s)-1(15)x Br(18)-799€gg715

Thus, the cascade subtraction (last line) is immediately calculable in magnitude. We use
the measured inclusive Y(1S) photon spectrum, simply normalized by luminosity, to sub-
tract both the cascade direct photon contribution, as well as the contribution from photons
from hadronic decays of particles produced in Y(2S)— Y(1S)+X events. The shape of the
measured Y(1S)— y+X spectrum is used as a basis for this subtraction, but modified to
include Lorentz-boost and Doppler smearing effects.

The T(3S) analysis proceeds similarly, with the addition of the Y(2S) cascade subtrac-
tion. Again, we separate decays of the type Y(3S)— x5(')X; xs(') —hadrons (direct) from
T(3S)— Y(2S/15)X; T(2S/1S)— gg~.

Appendix IT) Calculation of strong coupling constant

The decay width T — gg7y has been calculated by Lepage and Mackenzie [26] in terms
of the energy involved in the decay process (ie, as(FEen), or as(My)):

I(Y —ggy) _ 8(n*-09)
0(Y — ptu~)  9magep

o2(My) l1 + 3.7+ 0.4)%] . (6)

Sanghera [31] uses a straightforward method to rewrite this expression in terms of an arbi-
trary energy (eg, renormalization) scale y:

(T — gg7v) _ Av(QS(M))Z N Ay(ai(r'u))?’ [27rboln<,u—2) +(3.7+ 0,4)] (7)

LY — ptp) ™ M3
Where A, = %2;179)’ bo = (33—2ny) /127, and ny is the number of light quark flavors which

participate in the process (ny = 4 for T(1S) decays).
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Similarly, the decay width T — ggg has been calculated by Bardeen et al. [27] and
expressed by Lepage et al. [1, 28] as:

I'(T —ggg9) _ 10(n* —9) of(Mr)
D(Y —ptp~)  8lme}  odpp

[1 + @[2.770(7)& _14.0()] + - - ] (8)

Where y = 11 — (3)ny, and e, = —3, the charge of the b quark. Here again Sanghera [31]
uses the same algebraic technique to rewrite this in terms of the renormalization scale:

It (0)' () () - () 5]

Where A, = 0mm=9 _L_ B, — 2770+ 0.007, and B; = 16.47 + 0.58.

8l aZ,,’

Note that the scale d%pendent QCD equations (7) and (9) are finite order in ay. If these
equations were solved to all orders, then they could in principle be used to determine R,
independent of the renormalization scale. But since we are dealing with calculations that
are finite order, the question of an appropriate scale value must be addressed.

The renormalization scale may be defined in terms of the center of mass energy of the
process, u”> = f,E% , where f, is some positive fraction. But QCD does not tell us a priori
what f, should be. One possibility would be to define ;4 = E,,; that is f,=1. A number of
phenomenological prescriptions [1, 29-31] have been proposed in an attempt to “optimize”
the scale. However, each of these prescriptions yields scale values which, in general, vary
greatly with the experimental quantity being measured [31]. With little consensus for a
standard optimization procedure, we have chosen f, =1 to facilitate a calculation of o at
each of the Y resonance energies.

For the Y(15) analysis, using p = My(15y we find for o, (My(15))

o (Mry(is)) = 0.1681 % 0.0004 = 0.0115 = 0.0070; (10)

for the Y(2S) analysis, using p = Mry(2s) we find for o, (M (2s))
s (Mo (2s)) = 0.140 % 0.001 = 0.018 = 0.006; (11)

for the Y (3S) analysis, using 1 = Mry(3s) we find for a,(My(sg))
OJS(M’I‘(gs)) = 0.164 + 0.001 4+ 0.017 £ 0.001, (12)

The errors are due to the statistical, systematic and model dependence. These calcula-
tions were obtained by finding the zeroes of the ratio of equation 7 and equation 9 given
our measurement of R, for each T resonance, the relative rate of Ny, /Nyg,. The errors
were obtained by shifting our measurement of R, by +0 and extracting o, for each relevant
error-shifted central value.

These results can then be extrapolated to p = My using equation 13 [22] with py = My
for each resonance. For this calculation, only the first three terms of the g-function were
considered|3].

2

U as(p)  do
log o — / g 13
S12 " Jastuo) Bla) (13)
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This calculation for the Y(15), T(2S5) and Y(3S) resulted in the following measurements

of oMz T(nS),
oMz T(19) = (.1093 + 0.0001 = 0.0048 £ 0.0029, (14)
oMz T(25) = (,0978 + 0.0005 + 0.0089 + 0.0029, (15)
oMz Y39 — (.1088 =+ 0.0006 + 0.0075 & 0.0006, (16)

For the T(15), this result is in fair agreement with the average value of oMz = 0.119 +
0.006 obtained from many variables studied at all the LEP experiments [22]. This result is
also in good agreement with oz = 0.112 4 0.003 obtained from an analysis of structure
functions in deep inelastic scattering [33] and with the previous CLEO measurement of
aMzX(15) [20]. For the Y(25) and Y(3S) measurements, however, we stress caution in
interpreting these results, as it is not entirely clear what procedure should be used to define
the renormalization scale. The current PDG world average is oMz = 0.1187(20) + 0.017,
with which we are consistent for all resonances.

As an alternative to the extraction method outlined above, the strong coupling con-
stant o, can be written as a function of the QCD scale parameter Ajg, defined in the
modified minimal subtraction scheme (MMSS)[22]. Figure 19 presents the contour plot of
as(Ayrs, fu)- Similarly, the ratio of eqns. (2) and (4) above can be used to eliminate o
and provide a relationship between R, Ag;5, and f, (Figure 20).
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FIG. 19: Contour plot illustrating dependence of o on the QCD scale parameter Aq;z and the
momentum scale f,.
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FIG. 20: Contour plot illustrating relationship between R,, the QCD scale parameter Ay;z and

the momentum scale f,.
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