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Abstract

Using the Crystal Ball detector at the e*e™ storage ring DORIS I, we have
measured the energy spectrum of direet photons from T('IS) decays. According
to QCN, these photons result from the decays of the Y(1S) resonance into one
photon and two gluons, Y(IS) — vgg — y+hadrons. The shape of our spectrum
does not agree with that caleulated in lowest order QCI, but can be described
well by a prediction incorporating gluon sell-interaction. Using this fit, the ratio
Ry = T(Y = vg9)/T(Y — ggg) is determined to be (2.7 £0.2 £ 0.1)%. From
this ratio we deduce the strong coupling constant in the MS scheme at Q2 =
2.2 GeVZ and find a, = 0.25 £0.02 £ 0.01.
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Introduction

i @

According to the QCD theory of strong interactions, the Y(1S) decays predominantly
into hadrons via a three-gluion intermediate state [1). The decay into one photon and
two gluons is also allowed [2], but is suppressed by a factor (e, /ov,) compared to
the dominant decay, where v, and oy, are the electromagnetic and the strong coupling
constants, respectively.

A perturbative QCD calenlation in next-to-leading order in v, gives for the ratio
R, of the partial decay widths [3]

I(Y = vgg9)  36ce, [\ ] o,

n _ oI —_ g __) 1 ¢ /N 1N n\_‘?_ FRRY
1 T = gg0) 5 o \o ) [P+ (22£08)—]. (1)

where ¢, = —z2e is the clectric charge of the b-quark and the MS renormalization

scheme at 2 = (0.157 My)? = 2.2 GeV? is used. The large QCD corrections affecting
the vgg and ggg decay widths nearly cancel in this ratio, so that a measurement of
R, shounld allow a reliable determination of o,.

In addition, the shape of the direct photon spectrum contains information on the
non-abelian structure of QCD. In fact, the lowest order perturbative calenlation pre-
dicts [2] an almost linearly rising spectrum in z = E,/ B,y with a sharp decrease at
z = 1, in analogy to the decay of ortho-positronium [4]. A summation of leading log-
arithmic contributions to all orders in perturbation theory performed by Photiadis [5]
vields a slight softening of the spectrum compared to [2]. This spectrnn, however, is
still quite similar to that obtained by lowest order QCD and peaks close to z = 1.

A calenlation by Field [6] predicts a much softer spectrnm using a parton-shower
Monte Carlo approximation to perturbative QCD that estimates the effect of the
self-conpling of glnons. The two gluons recoiling against the direct photon acqnire
a non-zero invariant mass by radiating further bremsstrahlnng gluons. This leads to
a suppression of direct photons with encrgies close to the beam cnergy, yielding a
spectrium with a maximum at 2z =~ 0.7.

Data sample and detector

The data used for this analysis were collected with the Crystal Ball detector at the
e*e” storage ring DORIS 1I and represent an integrated huninosity of 17.1+£ 0.4 pb~"
taken on the Y(1S) resonance, corresponding to 153.5 x 10% observed YT(1S) decays,
and 19.2 +£ 0.5 pb~' taken in the continunm.

The Crystal Ball detector, described in detail clsewhere [7], is a nonmagnetic
calorimeter designed to measure precisely the energies and directions of electromag-
netically showering particles. Its main part (the Ball) is a spherical shell, consisting of
672 optically isolated NaI(Tl) crystals. The Ball covers 93% of the entire solid angle,
two holes being left for the beamn pipe. Each crystal has the shape of a truncated tri-
angular pyramid pointing to the e*e™ interaction region and projects a radial distance
of 16 radiation lengths (corresponding to about one nuclear interaction length).

Showers produced by high energy (> 1GeV) clectrons and photons in the Ball
deposit abont 94% of their cnergy in 13 adjacent crystals in an almost symmetric



pattern, resulting in an energy resolution o /E = (2.7 £ 0.2)%//E/GeV and an

angular resolution of about 2°. ,

Muons and charged hadrons that do not undergo a strong interaction deposit
energy by ionization only. Minimum-ionizing particles deposit typically 200 MeV in
one ot two crystals. If an energetic hadron interacts strongly while traversing the Ball,
the deposited (‘fl(‘rg_v is in general mmch larger than 200 MeV and the pattern of the
hadronic shower is quite irregular compared to that of an electromaguetic shower. The
directions of charged particles emerging from the c*e™ jnteraction region are measured
by a set of proportional wire chamnbers located inside the Ball. The chambers consist
of 800 aluminum tubes, assembled in 4 eylindrical donble-layers around the heam pipe.

Event and Photon Selection

The sclection of vgg events is designed to suppress hackground from QED processes,
cosmic rays, beam-gas and beanm-wall interactions. We require a total energy deposited
in the B:’]H En,,” > ().3E(;Mg, W}l(‘l‘(’, E(jMS = QEB,,M,, (: 9.46 GeV on the T(lS)
resonance). We also requirc a minimnm transverse energy Eyrnys = 2 Evsinf; >
(.25 Ecns, where we sum over all crystals; here E; is the encrgy deposited in the 7t
crystal and 4; is the angle betsveen the beam axis and the center of that crystal. These
cuts mainly reject heam-related background events, which deposit most of their energy
at small angles with respect to the beam axis.

Background events from the QED processes ete™ — e*e™(v) and cte™ — vv(7)
generally contain two high energy particles depositing almost their entire energy in
the Ball. In contrast, it is very unlikely in ygg cvents that a particle other than
the direct photon deposit a large amount of energy in the Ball, since the two glnons
fragment into several hadrons, most of which deposit only part of their energy. We
therefore require a multiplicity N0 > 3 and an energy deposited by the second
most energetic particle to be less than 0.65Ecns — 0.5 Ey,y. These cuts reject almost
all QED backgronnd events, while maintaining a high efficiency for ygg events up to
the highest v encrgies. The small QED backgronnd still left after this selection is
subtracted at a later stage of the analysis using continnum data.

Photon candidates are selected from energy clusters in the calorimeter by reqnir-
ing z = E,/Epwpm > 0.3, a direction within the geometrical acceptance of the tube
chambers ([ cos 8| < 0.80), no tube chamber track associated with the cluster direction,
and a lateral energy distribution consistent with that expected for a single electromag-
netically showering particle. The last cut is chosen rather loose as the lateral energy
distribution of the photon candidates will be nsed to discriminate the 7° background
in a later stage; it is, however, effective in removing interacting hadrons and most of
the overlapping showers. The resulting spectrum of photon candidates is shown in
Fig. 1 as the solid histogram.

The cfficiency of the event and plhoton selection is determined wusing ygg Monte
Carlo events produced with the Lund 6.3 generator [8]. The gencrated events are
passed through a complete detector simulation, which uses the EGS 3 program [9] for
clectrons and photons and the GHEISHA 6 program [10] for hadronic interactions.
The Monte Carlo events are then analyzed exactly like the real data. The efficiency,



shown in Fig. 2, is smooth and rather flat with values of at least 50% in the tange
0.35 <z < 1.

Background Subtraction

The background dne to continumn processes (e*e”™ — ¢§(y) and remaining QED
events) is determined from data taken in the nearby continnum, swhich are analy7zed
exactly like the on-resonaunce data. The continnnm data, scaled by the lnminosity ratio
and corrected for the energy dependence of the contimnn cross section, are shown in
Fig. 1 as the dotted histogram. This continnum spectrum is then subtracted from the
on-resonance spectrinm of photon candidates.

The background remaining after the continnum subtraction is mainly due to high
encrgy 7°’s where the two decay photons are so close to each other that the showers
overlap and appear as a single cnergy cluster in the caloriineter (Finerged’ 7°°s). Twao
methods are used to correct for this background, which dominates the spectrnm for
z < 0.5 (solid points in Fig. 1): a statistical analysis of the shower shape (method
1) and a Monte Carlo caleulation of the background (method 2). Note that previons
investigations [11, 12, 13] of the ditect photon spectrum have essentially followed the
second approach; thus our first method provides an independent check on the shape
of the photon spectrum.

Statistical Analysis of Shower Shape (Method 1)

This method [14] utilizes the different distributions of the squared angnlar width 0?2
of the lateral energy distribntion of photon and merged 7° showers [15]. In order
to caleulate the second moment O7) we first determine the center of gravity ¢ of the
shower from ¢ = (1/E) ¥; 7. E;, where the sum includes all crystals of the shower.
E denotes the total shower energy, E; is the cuergy in the " crystal and #; is the
unit vector pointing to its center. The value of ©2 is then calculated with ©2 =
(1/E)¥;(¢ = n;)?E;, where the smin again is over all crystals of the shower.

The lateral shower extension of a high energy #° is on average larger than the
cortesponding value for a single photon of the same energy. Since the two photons from
a 7° come closer with increasing 7° energy, the reliability of a statistical differentiation
between photons and 7°’s is energy dependent: while the average (0?) value for 7°7s
is about twice as large as that for photons at E = 2 GeV, the difference shrinks to
about 20% at E = 5 GeV. For ecach 2z bin (A2=0.05), the 02 distribution for on-
resonance data is caleulated, and the corresponding distribution for continnum data
is subtracted. Due to the sensitivity of this method to the absolute 7° energy, only
that part (7.9 ph™') of the coutinuum data, which was taken just below the Y(1S)
resonance, is used for this subtraction.

The resulting ©? distributions for Y(15) decays are then fitted with Monte Carlo
2 distributions for photons and merged pions. The expected distributions for direct
¥’s have been extracted using photons in Monte Carlo ygg cvents, whereas those
for 7°’s have been obtained by analyzing neutral shower depositions in Monte Carlo
three-glnon and g7 events. All Monte Catlo events have been passed through the
complete detector simulation described above. Note that the ©2 distributions for 7°’s



from Monte Carlo and data also contain small contributions from accidental overlap
of energy depositions and from single photons from well-separated 7° decays; the
latter contribute a tail towards small values of ©2. Thus separated 7° decays are also
inclided in this analysis.

The fit result for the ©? distribution of photon candidates with scaled energies be-
tween z = 0.60 and 0.65 is shown in Fig. 3. By repeating this fitting procednre for all
enetgy bins, we can split the continnum-subtracted spectram of photon candidates on
a statistical basis into a photon spectrum and a 7° background spectrnm. To minimize
the offect of statistical flnctuations, we fit the 7° spectrun with an exponential func-
tion, shown as the solid curve in Fig. 1, and subtract the fit result from the spectrum
of photon candidates to get the photon spectriun. Afier correcting for the efficiency,

we obtain the final photon spectrum shown in Fig. 4. This method is effective in the .

region z > 0.35; at lower energies the background of well-separated photons from 7°
decays prevents a good measuretnent of the nmnber of direct photons.

Monte Carlo Calculation (Method 2)

In this analysis [16] the backgronnd from other Y(1S) decays is estimated by modelling
the decays Y(1S5) — ggg — hadrons and Y(1S) — q7 — hadrons with the Lund
generator (8], and Y(1S) — 717~ decays with a QED generator [17]. Detector response
is again simnlated as for the Monte Carlo events discussed above. In this analysis
we use harder cuts on the lateral shape of the shower of photon candidates. This
suppresses the 7° backgronnd by about an order of magnitude, thus decreasing our
reliance on the Monte Carlo estimate, but also reducing our efficiency for direct photons
by about 40%.

The cnergy spectrum of photon candidates from Monte Carlo events is scaled to
the appropriate lnminosity and, together with the continnum spectrnin, is subtracted
from the on-resonance spectrum of photon candidates. The resulting direct photon
spectrum, corrected for efficiency, is shown in Fig. 5. This method is effective in the
region z > 0.50, where we are not very sensitive to the evalnation of the Monte Carlo
7" background.

Results and Conclusions

The two direct photon spectra obtained above agree well with cach other with a
confidence level (CL) of 58%. The spectra are compared to the predictions {from
lowest order QCD [2], Photiadis’ model [5] and Field’s modecl [6]. Fits with free overall
normalization yield the x? values given in Table 1. Both spectra are in gond agrecinent
with Ficld’s model with CLs of 61% and 91% for the spectra from Method 1 and 2,
respectively. The hard spectrum predicted by lowest order QCD is clearly ruled ot
(CL < 1.4 x 107" for both spectra), as can be scen in Figures 4 and 5. The fits to
Photiadis’ model yield CLs of 0.9% and 0.14%, respectively. We conclude that Field's
madel is strongly preferred over that of Photiadis.

We nse Field's prediction to extrapolate the spectra to z = 0 and obtain the
number of direct photons stated in Table 1, where the first error is statistical and
the second is systematic. The systematic error for the first method is estimated by

[¥1]



repeating the complete analysis with varied sclection ents, shifted Monte Carlo ©?
distributions, and altered fit ranges in ©? [1 4]. For the second method the dominant
systematic error results from the subtraction of the 7° background modelled by Monte
Carlo. We determined the error [16] by varying the photon selection euts and modifying
Monte Carlo parameters (c.g., the py of the gluon jets). For both methods smaller
contributions are included due to the omission of final state bremsstrahlung from the
process Y(1S) — yq7 — v+ hadrons {14, 18], and the uncertainty in the extrapolation
of the photon spectra to z = 0,

Table 1: Results of fits of the two photon spectra to theoretical models.

Fit Model 1o.QCD [2] Photiadis [3] Field [6] Ficld [6]

Fit Range x?/dof x?/dof x?/dof N, (10%)
Method 1 2 > 0.35 10/13 28/13 11/13 37+03%57
Method 2 z > 0.50 41/9 27/9 4/9 4340315}

We combine the results from both methods and obtain for the total nnmber of
photons N, = (4.0 4 0.3 £ 0.5) x 10%. Correcting the number of observed hadronic Y
decays for hadronic efficiencies and subtracting the contribution of ¥ — g4, 777, vgg
decays, we obtain for the number of ¥ — ggg decays [14] N,,, = (147 £1 £ 6) x 10
and therefore a ratio Ry, = N, /N, = (2.7 £ 0.2 £ 0.4)%. Inserting R, in (1) yvields
for the strong coupling constant in the MS renormalization scheme at Q2 = 2.2 GeV?
a value v, = 0.25 4+ 0.02 £ 0.04.

The results of this analysis are compared to those obtained by previons experiments
in Table 2. The shape of our spectrum is consistent with those of ARGUS [11] and
CLEO [12], but in disagreement with that measured by CUSB [13]. Our spectrnm
confirms with betier energy resolution ARGUS’ result that lowest order QCD does
not describe the experimental photon spectrum. Our valnes of R, and 0,(2.2 GeV?)
are also consistent with the results from the other experiments, Exclnding the CUSB
measurcment, we obtain an average of R, = (2.77 £ 0.15)% and 0,(2.2 GeV?) =
0.24 £ 0.02, where the errors include the statistical and systematic errors.

Table 2: Comparison with other experimnents. The encrgy resolutions of the respective
calotimeters are given for a photon energy of 4.5 GeV',

Experiment op/E Shape R, (%) @,(2.2 GeV'?)
CUSB [13] 3%  Hard [2, 5] 2.99+ 0.59 0.226100%;
CLEO [12] 10%  [6] assumed 2,544 018+ 0.14 0. 27+0.08+009
ARGUS [11] 8%  Soft[6]  3.00£0.13+0.18 0.225+ 0.01140.019
This measurement 2% Soft [6] 27+02+04 0.25+0.02 +0.04

In conclusion, a new analysis of the direct photon energy spectrum from T(18S)
decays by the Crystal Ball experiment rules out the hard spectra predicted by lowest
order QCD, bul is in good agreement with the softer specttnm predicted by Field,
who includes an estimate of the self-coupling of gluons. This snggests substantial
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contributions by higher order QCD corrections. Our value of R, = (2.7 £ 0.2 £ 0.4)%
results in ,(2.2 GeV?) = 0.25 + 0.02 4 0.04. This value of v, is consistent with the
results of other o, measurcments at higher @2 values [19, 20].

Acknowledgments

We wonld like to thank the DESY and SLAC directorates for their support. This
experiment would not have been possible without the dedication of the DORIS mnachine
group as well as the experimental snpport gronps at DESY. The visiting groups thank
the DESY laboratory for the hospitality extended to themn. Z.J., B.N., and G.N. thank
DESY for financial support. E.D.B., R.II., and K.S. have benefitted from financial
support from the Humboldt Foundation. K. Konigsmann acknowledges support from
the Heisenberg Foundation.



“— References

[1] T. Appelquist, H.D. Politzer, Phys. Rev. Lett, 34 (1975) 43 and Phys. Rev. D12
(1975) 1404, |

(2] S.J. Brodsky, T.A. DeGrand, R.R. Horgan and D.G. Coyue, Phys. Lett. B73
(1978) 203;
K. Koller, T. Walsh, Nucl. Phys. B140 (1978) 449.

(3] S.1. Brodsky, G.P. Lepage and P.B. Mackenzie, Phys. Rev. D28 (1983) 228.
[4] A. Ore and J.L. Powell, Phys. Rev. 75 (1949) 1696.
[5] D.M. Photiadis, Phys. Lett. B164 (1985) 160).
[6] R.D. Field, Phys. Lett. B 133 (1983) 248.
[7] Crystal Ball Collab., K. Wachs et al., Zeit. Phys. C42 (1989) 33;

Crystal Ball Collab., D.A. Williams ot al., Phys. Rev. D 38 (1988) 1365;
E.D. Bloom, C.\V. Pn(k, Ann. Rev. Nucl. Part. Sei. 33 (1983) 143.

(8] B. Andersson ct al., Phys. Rep. 97 (1983) 31;
T. Sjostrand, Comp. Phys. Comm. 39 (1986) 347.

=~ [9] R. Ford and W. Nelson, SLAC-210 (1978), unpublished.

[10] H. Fescfeld, PITHA 85/02, unpublished.

[11] ARGUS Collab., H. Albrecht et al., Phys. Lett. B199 (1987) 291.

[12] CLEO Collab., S.E. Csorna ct al., Phys. Rev. Lett. 56 (1986) 1222.
[13] CUSB Collab., R.D. Schaberger ot al., Phys. Lott. B138 (1984) 225,

[14] J. Schiitte, Ph.D. thesis, Universitiit Erlangen-Nitrnberg (1989),

DESY F31-89-03, nunpublished.
15} Crystal Ball Collab., P. Schmitt et al., Zeit. Phys. C40 (1986) 199.

16} A. Bizzeti, Ph.D. thesis, Universita di Firenze (1987), unpublished.

18] TASSO Collab., W. Braunschweig et al., Zeit. Phys. C41 (1988) 385.

[15]

[16]

[17] F.A. Berends, R. Kleiss, Nucl. Thys, B228 (1983) 537.

(18]

[19] D.W. Duke and R.G. Roberts, Phys. Rep. 120 (1985) 227.
] R

[20] R. Marshall, Proc. XXIV Int. Conf. on High Encrgy Physics (Munich, 1988), eds.

R Kotthaus and J.H. Kiihn (Springer-Verlag, Berlin, Heidelberg, 1988) p. 901.



I'igure Captions

Figure 1: The on-resonance energy spectrum of photon candidates (solid histogram),
together with the scaled continuum specirum (dotted histogram). The #° spectrum
is shown as solid points and is fitted with an exponential shape (solid curve), see the
section on Statistical Analysis of Shower Shape.

Figure 2: The total efficiency for the detection of direct photons from the decay
Y(1S) — vgg. This efficiency applics to the analysis according to method 1 (Statistical
Analysis); for method 2 this efficiency is reduced by about 40% due to harder cuts on
the lateral shape of photon showers. -

Figurc 3: An example of a simultancous fit of the ©? distribution of photons (dashed
linc) and 7°’s (dotted line) to the ©? distribution of the photon candidates with
0.6 < 2z < 0.65 (crosses). The solid line is the sum of the two fitted distributions.

Figure 4: The direct photon spectrum after efficiency correction obtained by subtract-
ing the on-resonance background using the ©? fitting procedure described in the text
(mnethod 1). The data are fitted to Ficld’s model [6] (solid line), to Photiadis” model [5]
(dotted line) and to the lowest order QCD prediction [2] (dashed line).

Figure 5: The direct photon spectrum after efficiency correction obtained by subtract-
ing the on-resonance background using a Monte Carlo simulation of the background
(method 2). The data are fitted to Field’s model [6] (solid line), to Photiadis’ model [5]
(dotted line) and to the lowest order QCD prediction [2] (dashed line).
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