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Abstract

We present measurements of spectral moments extracted from the invariant
mass distributions of the final states of hadronic T decay products recorded in
the CLEO detector. From a fit of theoretical predictions to the measurements
of spectral moments and the total hadronic decay width of the 7, we determine
the strong coupling constant and a set of non-perturbative QCD parameters.
The strong coupling constant is measured to be a,(m,)=0.30610.024, which
when extrapolated to the Z mass, yields a,(Mz) = 0.11410.003.

*Permanent address: University of Hawaii at Manoa
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I. INTRODUCTION

The tau lepton, T, which is the only known lepton heavy enough to decay into hadrons,
presents a clean environment to study the hadronic weak currents. The total 7 hadronic
width has been calculated {1,2] using analyticity and the Operator Product Expansion
(OPE). This is one of the very few quantities calculated to O(al), and the non-perturbative
corrections have been shown to be largely suppressed. Thus inclusive hadronic decays of the
tau are expected to provide a unique opportunity to make a precision measurement of a,.

The invariant mass distributions of the final states in the hadronic decay channels of
the 7 can provide further insight, but they have not yet been calculated within the existing
framework of QCD. However, the spectral moments, built from the weighted integrals of
these distributions, have been calculated {2,3] using OPE. In this case, the non-perturbative
QCD contributions to the spectral moments may not necessarily be suppressed and this
may increase the uncertainty of the theoretical predictions. Indeed, choosing the appropriate
weight functions, one can make non-perturbative effects dominate the final results. However,
this feature of spectral moments only makes them more interesting, as it can be used to
measure the parameters characterizing the non-perturbative dynamics and hence improve
our understanding of QCD at long distances [3].

Many methods have been used to determine a,. For most of these methods [4], theoretical
uncertainties dominate over experimental errors, mainly due to the missing higher order
corrections in the theory. The ALEPH collaboration [5} used the 7 spectral moments to
determine the value of a, from hadronic decays and found that in their case the experimental
errors were larger than the theoretical uncertainties. Thus, it becomes of great interest to
use the large data sample and the excellent 79 reconstruction capabilities of CLEO in order
to improve the experimental precision on this measurement.

In this article, we report results on the determination of a,(m,) from: a) the total
hadronic decay width, b) the spectral moments, and c) a combined fit to the hadronic width
and spectral moments. In the combined fit, we also determine the values for some of the
non-perturbative QCD parameters. The final resulis are obtained from the combined fit.
The other fits mentioned above provide a consistency check of the procedure.

II. DEFINITION OF SPECTRAL MOMENTS

In an analogy to the ratio R of the hadronic to leptonic production rate in e* e~ collisions,
one may define the ratio of hadronic to leptonic T decay widths as:
(r— — v hadrons 1-B,.—- B 1
( - —— )= “:‘_fe—fu (1)
T(r- — vl ve) B, B,
where B, and B, are the branching fractions of 7 decays to e and p respectively, and f.=1
and £,=0.9726 are phase space factors. Theoretically, R, may be written as
1 m} dr),
= ds—2 2
B=r /o > ds @
where s is the invariant mass-squared of the hadronic final state. Within existing theoretical
skills, it is not possible to calculate dT's/ds directly. However, it is possible to calculate R¥,
the weighted integrals of dT,/ds, written as

R, =

Mo 1 mi -ik ) lgl‘h

One should note that R, is the special case of R¥ when k=0 and 1=0. The spectral
moments, DX are defined as:

RY
R (4)

T

K
D =

The expressions for the R* have been derived using OPE, and can be written in the form
R¥(u,d) = |Via|” Sewrn [1 +An, + 4, + Anp] (5)

where V,4=0.975310.0004 {6] is a CKM matrix element, Sgw = 1.0194 is an electroweak
correction factor [8], ry are the terms predicted at parton level, A, are the quark mass
corrections, A, are the perturbative terms in powers of a,, and A,,; are the non-perturbative
corrections. A more detailed discussion of this expression is provided in the Appendix.

The measured values of R, and the spectral moments, D*', are used to perform a global
fit in order to determine the value of a,(m,) and three non-perturbative parameters labelled
as < GG >, O(6) and O(8) following the notation of Ref. [3] (see Appendix).

III. MEASUREMENT OF SPECTRAL MOMENTS

In order to evaluate the spectral moments, we have measured the invariant mass squared
distributions of the final state charged hadrons in all of the significant hadronic decay chan-
nels of the 7. The final state hadrons observed in the detector were considered to be pions,
and no attempt was made to separate kaons from pions. However, the kaon contribution
was considered to be a background. After subtracting the background from this and other
sources, the mass distribution for each decay channel was corrected for detector resolution
effects and for the mass dependence of the selection efficiency. All the individual mass dis-
tributions thus corrected, weighted by the branching ratios compiled by the Particle Data
Group [6], were combined into a single histogram. It is this histogram from which the
spectral moments were computed.

To perform this analysis we used data from the reaction ete” — 7¥77, collected with
the CLEO-II detector [7] at CESR at about 10 GeV center of mass energy. The data sample
corresponded to an integrated luminosity of about 3 fb~!. We identified 7 pair events in
which one of the taus decayed leptonically i.e. = — I~v,v, (where 1 is e or p) to study
the hadronic decay of the other r. ( The inclusion of charge conjugate modes is implied
throughout the paper). Hadronic T decays were required to have either one or three charged
tracks corresponding to a 1-1 or 1-3 charged track topology for the event.

The opening angle between the two charged tracks in 1-1 topology and the minimum
angle between the lepton and any of the other three charged tracks in 1.3 topology were
required to exceed 90°. Only events with zero total charge and 2 (for 1-1 topology) or 4 (for
1-3 topology) “good” charged tracks were considered. A good charged track was defined as
having a radial impact parameter less than 0.01 m, momentum less than 85% of the beam
momentum, and an angle made with the beam direction greater than 37°.
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The total visible energy of the event was required to exceed 0.15 E., to suppress two-
photon background. To reject the background from electromagnetic processes, it was re-
quired that the net transverse momentum of the tracks be greater than 200 MeV and the
ratio of the vector to scalar sum of charged track momenta be greater than 0.05. Events
with energy greater than 200 MeV deposited in the endcap were rejected.

Electromagnetic clusters which had energy > 60 MeV, were more than 20° away from the
lepton track, were not associated with any charged tracks, and were contained in the barrel
calorimeter were used to reconstruct 7°’s. In the reconstruction of a #°, it was required
that the angle between two clusters should not exceed 135° and that at least one cluster
should have a minimum energy of 80 MeV. The reconstructed x° was required to lie within
90" of the = direction (for the 1-1 topology) and the average direction of 3 pions (for the
1-3 topology). For each nx” case, all possible combinations of clusters forming a 0 were
considered and the one with minimum overall x* = 1 37, (m; — m,)?/ol, was selected,
where m, is the invariant mass of the two clusters forming the i'th #° candidate, and o,,,
is the uncertainty on m; calculated from the measured angular and energy resolution of the
calorimeter.

Out of a total number of 2.7x 10 tau pairs produced, the number of events which passed
our selection criteria are listed in Table 1 for each considered channel, along with the back-
ground fraction fg. The invariant mass distributions of the hadronic final states were com-
puted from the selected events, separately for electron and muon tagged events. The con-
tributions from the higher multiplicity decay channels were considered negligible, within
the experimental accuracy of this analysis, and were ignored. From these distributions, the
background estimated from the following sources was subtracted: cross channel contamina-
tion from other 7 decay channels; contamination from 7 decay channels containing kaons;
fake 7’s constructed from unrelated photons; and contamination from hadronic events.

Mode [Events|Background(%)
fr

xn, | 90864 10.0

»27%, | 18202 9.2

3x%, | 1384 224

r4x%y, 104 229

3y, | 53488 168 |

3xxly, | 11179 18.5

3x2x%,| 685 22.2

Table 1: Number of selected events and the background fractions for various

decay channels.

After subtracting the background, the distributions were corrected for detector effects as
described below:

1. A Monte Carlo (MC) sample using KORALB {10] was generated and processed
through the detector simulation program subject to to the same reconstruction
procedure and event selection criteria as the experimental data. From this MC
sample, we constructed the probability matrix P‘(; — k) for each decay channel

5

i. The matrix element P}, represent the probability that an event generated in
decay channel i in bin j of the mass-squared distribution will be observed in bin
k in the same decay channel i. After background subtraction, this matrix is used
to correct the measured mass-squared distribution for bin migration within each

decay channel.

2. The mass-squared distribution corrected for bin migration as above and normal-
ized to unity is then corrected for selection efficiency. This is done for each decay
channel separately.

For each of the the muon and electron tagged data samples, the corrected distributions,
normalized to unit area, weighted by the branching ratios taken from Particle Data Group [6],
were combined into a single distribution presented in Fig. 1. Figure 1 demonstrates excellent
agreement between the combined mass histograms from electron tagged and muon tagged
data samples. The x~ mass from x~v, decay channel enters these distributions as a delta
function (not shown in the figure). From these combined distributions, the spectral moments
were computed using Equation 3. Moments with k > 1 were not used to avoid the low mass
region where the validity of the method may be questionable. The values of the spectral
moments computed separately from muon and electron tagged data samples were found to
be consistent within statistical errors. The two distributions were combined to compute the
final values of the spectral moments presented in Table 2, where the experimental errors
were obtained by adding in quadrature the statistical errors and the systematic errors. The
last column in Table 2 contains the values of the spectral moments computed from the raw
data before making any background subtractions or detector corrections. A comparison of
the first and the last column in Table 2 demonstrates that the corrections to the data do
not have a significant effect on these measurements.

Moment|Value |o(stat)|o(sys)|o(exp) Value
(raw)

Do 0.7283 0.0014 |0.0034|0.0037(0.7277+0.0014

DL1 0.1553 0.0004 [0.0012{0.0013{0.1544+0.0004

D!? 0.0559( 0.0002 [0.0007{0.00076.055510.0002

Dl? 0.0249( 0.0001 | 0.00040.0004[0.0247+0.0001

Table 2: The measured spectral moments from the corrected mass distributions.

IV. DETERMINATION OF aq,

In the determination of a, we also use R, in addition to the spectral moments. The
value of R, is determined using equation 1 where B, is determined by the following three
methods: 1) B, = B./f. = 0.1801 £ 0.0018, 2) B, = (:4")(35)“ = 0.1811 4 0.0019, 3)



B, = ’}f = 0.1816 + 0.0024; where the values for leptonic branching ratios, 7 lifetime, and
7 mass have all been taken from Ref. [6]. These three measurements yield the weighted
average of B; = 0.1810 4 0.0012 which yields R, = 3.559 + 0.035.

In Table 2, only the experimental errors on spectral moments are listed. However, in
the fits we also use the theoretical errors which mainly arise from the uncertainties due
to the missing higher order corrections, the renormalization scale, and non-perturbative
contributions (see the Appendix for detail). The spectral moments are correlated with one
another. The correlation coefficients, listed in Table 7, are also used in the fits.

The fits of the theoretical predictions to the experimental measurements were made for
various combinations of the spectral moments and the results are listed in Table 3.

[Observables used in fit | a.(m,) [< 266G > | 0(6) [ 0(8) | X H
R., D1 pL' D42 D13/0.30610.024]0.03940.012-0.0053 4.0.0013|0.0053+0.0013 1.00/1
R, 0.32740.025 0.025 0.0022 0 —
Do, pii pl2 P13 |0.37540.051  0.025 0.0022 0 3.25/3
pLo pii pl2 pla  10.305+0.028| 0.039 -0.0053 0.0053  (0.99/3

Table 8: Values of a,(m,) determined from the fits of the theory to the measured spectral
moments. For the non-perturbative parameters, no error indicates that the parameter was
kept fixed in the fit.

The simultaneous global fit to the measured values of R, and Dl" is a four-parameter fit
where the values of a, and non-perturbative parameters (NPP) < 2:GG >, O(6) and O(8)
are determined together. This yields

a,(m.,) = 0.306 + 0.017 + 0.017, (6)

where the first error is experimental and the second theoretical. These results are listed in
the first row of Table 3. The other rows of Table 3 contain the values of a,(m,) determined
when the NPP are kept fixed at various sets of values. Row 2 is obtained when only the
measured value of R, is compared with the theory for fixed values of NPP taken from Ref. [2].
Row 3 uses the measured values of D} from Table 2 and the NPP values from Ref. [2]. Row
4 uses the same set of values for D! but the NPP values from the global fit in row 1. The
results for a,(m.,) from R, alone and D!+ alone are consistent with each other. This checks
the consistency of the method.

In the global fit, as the NPP are determined from the fit, the uncertainties on their values
do not contribute to the theoretical ertors on the spectral moments. In the fits to D! alone,
the uncertainties on the values of the NPP become the dominant source of theoretical errors
{Table 6 in the Appendix). This results in the larger errors on the values of a,(m.) listed
in row 3. For row 4, we recompute the theoretical errors on the moments going into the fit
according to the errors on the non-perturbative parameters determined from the global fit.

The correlation coefficients for a,(m,) and the NPP obtained from the global fit are
presented in Table 4. The large correlations among the NPP reflect the high correlations
among spectral moments.

[Observable[a,(m.)[< % GG >[0(6)][O(8)]

a,(m,) 1 -0.58 [0.56[-0.47
< 4GG >| -0.58 1 -0.86{ 0.80
0(6) 0.56 | -0.86 1 |-0.96
0(8) 047 | 080 |-096 1

Table 4: Correlation coefficients for a,(m,), < 2 GG >, 0(8) and O(8) obtained from the
global fit.

V. SYSTEMATIC ERRORS
In this analysis, systematic experimental errors may arise from the following sources:
1. Uncertainties in the branching ratios of the hadronic decay modes of the 7 in-
cluded in the analysis.
. Uncertainty in the mass scale.
. Uncertainty on the background evaluation.

. Uncertainty on x° reconstruction.

. The limited MC statistics to correct the data.

S ot W

. Uncertainty in the unfolding procedure.

The effect of the mass scale uncertainty of £0.25% was estimated by multiplying the
mass-squared scale (X-axis) of Fig. 1 by a factor of 1.0004:0.005, and taking the resulting
shifts in the moments as the corresponding errors. The errors due to the uncertainties
in the branching ratios were estimated in a conservative way: spectral moments were re-
calculated by using the central values of all the branching ratios except one, which was first
increased and then decreased by its uncertainty. The larger of the resulting shifts in the
central value of a given moment was taken as a symmetric error on the moment due to
the uncertainties in that branching fraction. This process was repeated for ail branching
ratios. The resulting errors for a given moment were added in quadrature to yield the total
systematic error due to the uncertainties in the branching fractions. The errors due to the
limited MC statistics used to correct the data are also included in the systematic errors.
For example, the systematic error of +0.0034 on D! contains contributions of +0.0009
from mass scale uncertainty, +0.0012 from MC statistics, and 1:0.0031 from branching ratio
uncertainties. The errors due to other sources listed above are largely included in the errors
on the branching fractions, to the extent that these sources do not affect the mass shape.
However, we made the following checks on the effects of those uncertainties on our final
results:

1. The analysis was repeated without making any corrections to or background
subtractions from the data. The final results agreed within the statistical errors.

2. The analysis was repeated without making any bin migration corrections to the
data. The final results agreed within the statistical errors.



3. We repeated our analysis with no kaon subtraction from the data, and the final
result on a,(m.) shifted by 0.4%, ie 7% of the overall experimental error.

4. The cut on the x? per degree of freedom of 7° reconstruction was varied between
4 and 14 for the x2x° channel. The variations in the moments were less than
0.04 % and there was a negligible effect on a,(m,).

5. The cut on the x? of " reconstruction in the xx° channel was varied between 9
and 16. The variations in the moments were less than 0.06 % and there was a
negligible effect on a,(m,).

6. The effect of finite bin widths in evaluating the spectral moments was investigated
and found to be negligible.

VI. SUMMARY AND DISCUSSION

In summary, we have determined a,(m,) from hadronic decays of the 7 recorded by the
CLEO 11 detector. By comparing the calculations performed within the OPE framework
to the data, we have determined a,(m,)=0.306+0.017+ 0.017, where the first error is ex-
perimental and the second is due to theoretical uncertainties. Our result agrees with the
ALEPH measurement [5] of a,(m.) = 0.330+ 0.046.

The agreement between the values of a, obtained from R, alone and from spectral
moments D! points towards the applicability of perturbative QCD calculations in this low
energy regime [3]. The values of the non-perturbative parameters obtained from the fits of
the theory to the data do not agree very well with those previously obtained from the fits
of largely non 7 data [2].

Using the formulae of Ref. [13], the value of a,(m,)=0.306+0.0174+0.017, extrapolated
to 10.53 GeV, yields:

a,(10.53GeV) = 0.166 + 0.004 + 0.004 (N

which is in good agreement with a,(10.53) = 0.164+0.015 determined from jet production
rates at CLEO [14]. Extrapolated to Mz, our result yields:

a,(Mz) = 0.114 % 0.002 + 0.002 (8)

Adding an error of +0.001 from the uncertainties in the extrapolation procedure arising
from the crossings of ¢ and b production thresholds, this result becomes a,(Mz) = 0.114 +
0.003. It is in excellent agreement with the values of a,(Mz) determined from other low
energy processes (6] such as 0.11240.004 from deep-inelastic scattering, and 0.1104-0.006
from bound quark states using lattice QCD. Our value is consistent with the world average [6]
of a(My) = 0.117 + 0.005.

The analysis presented here is sensitive to the r-decay branching ratios. The reported
results are obtained by using the branching ratios taken from Particle Data Table [6]. The
analysis was repeated by replacing the hadronic branching ratios with those from a more
recent compilation {11]. The central value of a,(m,) shifted from 0.306 to 0.304 which is
within the accuracy of the measurement. However if we replace both the hadronic and
leptonic branching ratios of the tau with those from this recent compilation [11], the central

9

value of a,(m.) changes from 0.306 to 0.339. This is mainly due to the change in B; which
changes R, in inverse proportion (see Equation 1).

Another word of caution is necessary. The theoretical error of 0.002 in equation (10)
above has been determined following the procedure suggested in Ref. [2,3]. However, this
procedure may underestimate the theoretical errors due to the absence of non perturbative
terms in the leading order of tau mass squared. An additional theoretical error of +0.007
has been suggested [15].
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Appendix: Theoretical Predictions and Uncertainties

In this section, we present some theoretical formulae, taken from Ref. {3], and a discussion
of theoretical uncertainties in this analysis. The R* have been predicted using OPE in which
they can be written as

R (u,d) = [Vaa|* Sewrn |1+ By (k1) + A(k, D)+ Y- AM(ml, D) ; (9)
D=24,..
where V,4=0.9753+0.0004 [6] is a CKM matrix element, Sgw = 1.0194 an electroweak cor-
rection (8], ry the terms predicted at parton level, and A, are the quark mass corrections.
The zero’th dimension (ie D=0) term, A,(k,{), is the perturbative contribution and is known
to third power in a,. The higher dimension terms, A¥(m2, D), are the non-perturbative
contributions which may be expressed as:

a4(m?, 0) = 25D o). (10)

The terms C—D"%'{,ﬂ, computed from Ref (3], are listed in Table 5. The terms O(D) are
known as condensates and can, in principle, be obtained from the matrix element in the
vacuum of QCD operators [12]. The term (2) is considered absent because one cannot
build an operator in this dimension from the QCD Lagrangian. The term ((4) is expressed
in terms of quark masses and gluon condensate, < 2GG >.

D cp (ki)
R, |R°| RY | R2| RV |
4] 0 [565]-2367 0 | 0

6 {-3.75|-5.36( -7.49 [20.16] 0
8 |-0.79(-2.83| 7.11 | 6.38 |-13.64

Table 5: Numerical values of ‘—‘:"(%ﬂ computed from Reference (3].

The theoretical predictions were computed using a FORTRAN program supplied by one
of the authors of Ref. [3], F. Le Diberder. The spectral moments are highly correlated
quantities. The correlations were taken into account and the x? of the fit was defined as:

X2 = Y [Dileep.) - Dy(th)] V" [Di(eap.) — Di(th.)]; (1)

where D! are R, and D¥; and V]! are the elements of the inverse of the covariance
matrix. The following sources of theoretical uncertainties were considered:

1. The uncertainties on the constant quantities, non-perturbative electroweak and
mass corrections, used in the equation 9.

2. The uncertainties due to the missing higher order corrections in the perturbative
part of the moments. This uncertainty is evaluated by taking the unknown fourth
otder coefficients in terms of known second and third order coefficients, namely

K, = 2|K3(K3/K;)| and B, = 2|83(B1/B:)|, and computing the variation in the
predicted values of the moments.

1

3. The contribution of renormalization uncertainty to the moments was evaluated
by varying the renormalization scale p from 1.0 to 2.5 GeV and also by varying
the scheme dependent coefficient 33 from zero to twice its value in M'S scheme
used in these calculations.

The theoretical errors on the moments and the correlation coefficients thus computed
using Ref. [2] are listed in Table 6 and Table 7. These errors are used in the fits and enter
into the results quoted in Table 3.

Error type Error

R, | DX | DN | DU | DY |
Len 0.043/0.0133(0.0134/0.00320.0019|
O 0.033]0.0035|0.0028| 0.0004|0.0002

Table 8: The theoretical errors on spectral moments computed from Refer-
ence [3].

|__| & [D°] D[ D] D7 |
R, | 1 [0.11]-0.13[-0.09]-0.06
DI[0.11] 1 [-0.34[-0.59]-0.49
DIT[-0.13]:0.34] 1 |0.40[0.29
D!?/-0.09|-0.59(0.40] 1 |0.90
D![-0.06|-0.490.29|0.90] 1

Table 7: The matrix of correlation coefficients of spectral moments.

The errors on the non-perturbative constants were conservatively taken to be twice the
values quoted in the Ref. [2]. The errors, L., in the first row of Table 6 contain the
contribution from uncertainties in non-perturbative parameters, and are used when the fixed
values of non-perturbative parameters are used in the fits. The errors, o¢, in the second row
of Table 6 do not contain the contribution from uncertainties in non-perturbative parameters
and are used in the global fit when the non-perturbative parameters are kept free.

12



REFERENCES

[1] K. Schilcher and M.D. Tran; Phys. Rev. D29 (1984) 570.
(2] E. Braaten, S. Narison and A. Pich, Nucl. Phys. B373 (1992) 581.
[3] F. Le. Diberder and A. Pich, Phys. Lett. 286B (1992)147.
[4] S. Bethke and J. E. Pilcher, Ann. Rev. of Nucl. and Part. Sci., 42 (1992) 251.
(5] B. Bloch-Devaux et al., ALEPH Collaboration, CERN-PPE/93-41 (1993);
D. Buskulic et al., ALEPH Collaboration, Phys. Lett. B307 (1993) 209.
[6] L. Montanet et al., Particle Data Group, Phys. Rev. D50, (1994) 1173.
[7] Y. Kubota et al., Nucl. Inst. Methods A 320, (1992) 66.
(8] W. J. Marciano and A. Sirlin, Phys. Rev. Lett. 56 (1986) 22; 61 (1988) 1815.
{9] T. Sjostrand, Comp. Phys. Comm. 43 (1987) 367.
[10] M. Jezabek, Z. Was, S. Jadach, and J. H. Kuhn, Comp. Phys. Comm. 70, (1992) 69.
(11] B. K. Heltsley, Proc. of Third Workshop on Tau Lepton Physics, Montreux, 19-22
September, 1994.
[12) M.A. Shifman, A.L. Vainshtein and V.I. Zakharov, Nucl. Phys. B147 (1979)
385,448,519.
[13] W. Bernreuther and W. Wetzel, Nucl. Phys. B197 (1982) 228.
W. J. Marciano, Phys. Rev. D29 (1984) 580.
[14] S. Sanghera, Proc. of International Symposium on Radiative Corrections, Gatlinburg,
27 June - 1 July 1994, World Scientific; SMU HEP 94-16 (1994).
[15] G. Altarelli, Third Workshop on Tau Lepton Physics, Montreux, 19-22 September, 1994.

13

3350395-007

0.12 T

| . A Electron Tag
0_10'_ ® Muon Tag

| ‘ -

0.08 |- 1

5 & 1

g | ‘

Z 006} ﬂ

3 . '

i A ;

0.04- 4

| é, .
0.02 “6‘ ]

.‘ 4
| S TP PPN EPUSUPEEN PR

0 0.5 10 15 20 25 30 35
m? (GeV2/c?)

Figure 1: Distributions of mass squared for electron tagged and muon tagged events. The distributions
from the individual channels have been combined, weighted by their branching fractions. The contribution
of T~ — x~ v, to this histogram is taken as a delta function and is not shown here. The corrections for

backgrounds, bin migration and selection efficiency have been applied to the individual decay modes.
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