CLNS 95/1332

CLEO 95/6

June 15, 1995

Measuremen t of α

s from τ Deca ys

T. Coan,

1

J. Dominic k,

1

V. F adey ev,

1

I. Korolk o v,

1

M. Lam brec h t,

1

S. Sanghera,

1

V. Shelk o v,

1

T. Skw arnic ki,

1

R. Stro yno wski,

1

I. V olob ouev,

1

G. W ei,

1

M. Artuso,

2

M. Gao,

2

M. Goldb erg,

2

D. He,

2

N. Horwitz,

2

G.C. Moneti,

2

R. Moun tain,

2

F. Muheim,

2

Y. Mukhin,

2

S. Pla yfer,

2

Y. Rozen,

2

S. Stone,

2

X. Xing,

2

G. Zh u,

2

J. Bartelt,

3

S.E. Csorna,

3

Z. Egy ed,

3

V. Jain,

3

D. Gibaut,

4

K. Kinoshita,

4

P . P omiano wski,

4

B. Barish,

5

M. Chadha,

5

S. Chan,

5

D.F. Co w en,

5

G. Eigen,

5

J.S. Miller,

5

C. O’Grady ,

5

J. Urheim,

5

A.J. W einstein,

5

F. W ürth w ein,

5

D.M. Asner,

6

M. A thanas,

6

D.W. Bliss,

6

W.S. Bro w er,

6

G. Masek,

6

H.P . P aar,

6

M. Siv ertz,

6

J. Gron b erg,

7

C.M. Korte,

7

R. Kutsc hk e,

7

S. Menary ,

7

R.J. Morrison,

7

S. Nak anishi,

7

H.N. Nelson,

7

T.K. Nelson,

7

C. Qiao,

7

J.D. Ric hman,

7

D. Rob erts,

7

A. Ryd,

7

H. T a jima,

7

M.S. Witherell,

7

R. Balest,

8

K. Cho,

8

W.T. F ord,

8

M. Lohner,

8

H. P ark,

8

P . Rankin,

8

J.G. Smith,

8

J.P . Alexander,

9

C. Beb ek,

9

B.E. Berger,

9

K. Berk elman,

9

K. Blo om,

9

T.E. Bro wder,

9 ∗

D.G. Cassel,

9

H.A. Cho,

9

D.M. Coffman,

9

D.S. Cro w croft,

9

M. Dic kson,

9

P .S. Drell,

9

D.J. Dumas,

9

R. Ehrlic h,

9

R. Elia,

9

P . Gaidarev,

9

R.S. Galik,

9

M. Garcia-Sciv eres,

9

B. Gittelman,

9

S.W. Gra y ,

9

D.L. Hartill,

9

B.K. Heltsley ,

9

S. Henderson,

9

C.D. Jones,

9

S.L. Jones,

9

J. Kandasw am y ,

9

N. Kata y ama,

9

P .C. Kim,

9

D.L. Kreinic k,

9

Y. Liu,

9

G.S. Ludwig,

9

J. Masui,

9

J. Mevissen,

9

N.B. Mistry ,

9

C.R. Ng,

9

E. Nordb erg,

9

J.R. P atterson,

9

D. P eterson,

9

D. Riley ,

9

A. Soffer,

9

P . Av ery ,

10

A. F reyb erger,

10

K. Lingel,

10

J. Ro driguez,

10

S. Y ang,

10

J. Y elton,

10

G. Branden burg,

11

D. Cinabro,

11

T. Liu,

11

M. Saulnier,

11

R. Wilson,

11

H. Y amamoto,

11

T. Bergfeld,

12

B.I. Eisenstein,

12

J. Ernst,

12

G.E. Gladding,

12

G.D. Gollin,

12

M. P almer,

12

M. Selen,

12

J.

J. Thaler,

12

K.W. Edw ards,

13

K.W. McLean,

13

M. Ogg,

13

A. Belleriv e,

14

D.I. Britton,

14

E.R.F. Hy att,

14

R. Janicek,

14

D.B. MacF arlane,

14

P .M. P atel,

14

B. Spaan,

14

A.J. Sadoff,

15

R. Ammar,

16

P . Baringer,

16

A. Bean,

16

D. Besson,

16

D. Coppage,

16

N. Copt y ,

16

R. Da vis,

16

N. Hanco c k,

16

M. Kelly ,

16

S. Koto v,

16

I. Kra v c henk o,

16

N. Kw ak,

16

H. Lam,

16

Y. Kub ota,

17

M. Lattery ,

17

M. Moma y ezi,

17

J.K. Nelson,

17

S. P atton,

17

R. P oling,

17

V. Sa vino v,

17

S. Sc hrenk,

17

R. W ang,

17

M.S. Alam,

18

I.J. Kim,

18

Z. Ling,

18

A.H. Mahmo o d,

18

J.J. O’Neill,

18

H. Sev erini,

18

C.R. Sun,

18

F. W appler,

18

G. Cra wford,

19

R. F ulton,

19

D. F ujino,

19

K.K. Gan,

19

K. Honsc heid,

19

H. Kagan,

19

R. Kass,

19

J. Lee,

19

M. Sung,

19

C. White,

19

A. W olf,

19

M.M. Zo eller,

19

X. F u,

20

B. Nemati,

20

W.R. Ross,

20

P . Skubic,

20

M. W o o d,

20

M. Bishai,

21

J. F ast,

21

E. Gerndt,

21

J.W. Hinson,

21

R.L. McIlw ain,

21

T. Miao,

21

D.H. Miller,

21

M. Mo desitt,

21

D. P a yne,

21

E.I. Shibata,

21

I.P .J. Shipsey ,

21

P .N. W ang,

21

L. Gibb ons,

22

Y. Kw on,

22

S. Rob erts,

22

and E.H. Thorndik e

22

(CLEO Collab oration)

1

Southern Metho dist University, Dal las, T exas 75275

2

Syr acuse University, Syr acuse, New Y ork 13244

3

V anderbilt University, Nashvil le, T ennesse e 37235

4

Vir ginia Polyte chnic Institute and State University, Blacksbur g, Vir ginia, 24061

5

California Institute of T e chnolo gy, Pasadena, California 91125

6

University of California, San Die go, L a Jol la, California 92093

7

University of California, Santa Barb ar a, California 93106

8

University of Color ado, Boulder, Color ado 80309-0390

9

Cornel l University, Ithac a, New Y ork 14853

10

University of Florida, Gainesvil le, Florida 32611

11

Harvar d University, Cambridge, Massachusetts 02138

12

University of Il linois, Champ aign-Urb ana, Il linois, 61801

13

Carleton University, Ottawa, Ontario K1S 5B6 and the Institute of Particle Physics, Canada

14

McGil l University, Montr éal, Qu ´ eb e c H3A 2T8 and the Institute of Particle Physics, Canada

15

Ithac a Col le ge, Ithac a, New Y ork 14850

16

University of Kansas, L awr enc e, Kansas 66045

17

University of Minnesota, Minne ap olis, Minnesota 55455

18

State University of New Y ork at A lb any, A lb any, New Y ork 12222

19

Ohio State University, Columbus, Ohio, 43210

20

University of Oklahoma, Norman, Oklahoma 73019

21

Pur due University, West L afayette, Indiana 47907

22

University of R o chester, R o chester, New Y ork 14627

Abstract

W e presen t measuremen ts of sp ectral momen ts extracted from the in v arian t

mass distributions of the final states of hadronic τ deca y pro ducts recorded in

the CLEO detector. F rom a fit of theoretical predictions to the measuremen ts

of sp ectral momen ts and the total hadronic deca y width of the τ , w e determine

the strong coupling constan t and a set of non-p erturbativ e QCD parameters.

The strong coupling constan t is measured to b e α

s

( m

τ

)=0.306 ± 0.024, whic h

when extrap olated to the Z mass, yields α

s

( M

Z

) = 0.114 ± 0.003.

∗

P ermanen t address: Univ ersit y of Ha w aii at Manoa

I. INTR ODUCTION

The tau lepton, τ , whic h is the only kno wn lepton hea vy enough to deca y in to hadrons,

presen ts a clean en vironmen t to study the hadronic w eak curren ts. The total τ hadronic

width has b een calculated [1,2] using analyticit y and the Op erator Pro duct Expansion

(OPE). This is one of the v ery few quan tities calculated to O ( α

3

s

), and the non-p erturbativ e

corrections ha v e b een sho wn to b e largely suppressed. Th us inclusiv e hadronic deca ys of the

tau are exp ected to pro vide a unique opp ortunit y to mak e a precision measuremen t of α

s

.

The in v arian t mass distributions of the final states in the hadronic deca y c hannels of

the τ can pro vide further insigh t, but they ha v e not y et b een calculated within the existing

framew ork of QCD. Ho w ev er, the sp ectral momen ts, built from the w eigh ted in tegrals of

these distributions, ha v e b een calculated [2,3] using OPE. In this case, the non-p erturbativ e

QCD con tributions to the sp ectral momen ts ma y not necessarily b e suppressed and this

ma y increase the uncertain t y of the theoretical predictions. Indeed, c ho osing the appropriate

w eigh t functions, one can mak e non-p erturbativ e effects dominate the final results. Ho w ev er,

this feature of sp ectral momen ts only mak es them more in teresting, as it can b e used to

measure the parameters c haracterizing the non-p erturbativ e dynamics and hence impro v e

our understanding of QCD at long distances [3].

Man y metho ds ha v e b een used to determine α

s

. F or most of these metho ds [4], theoretical

uncertain ties dominate o v er exp erimen tal errors, mainly due to the missing higher order

corrections in the theory . The ALEPH collab oration [5] used the τ sp ectral momen ts to

determine the v alue of α

s from hadronic deca ys and found that in their case the exp erimen tal

errors w ere larger than the theoretical uncertain ties. Th us, it b ecomes of great in terest to

use the large data sample and the excellen t π

0

reconstruction capabilities of CLEO in order

to impro v e the exp erimen tal precision on this measuremen t.

In this article, w e rep ort results on the determination of α

s

( m

τ

) from: a) the total

hadronic deca y width, b) the sp ectral momen ts, and c) a com bined fit to the hadronic width

and sp ectral momen ts. In the com bined fit, w e also determine the v alues for some of the

non-p erturbativ e QCD parameters. The final results are obtained from the com bined fit.

The other fits men tioned ab o v e pro vide a consistency c hec k of the pro cedure.

I I. DEFINITION OF SPECTRAL MOMENTS

In an analogy to the ratio R of the hadronic to leptonic pro duction rate in e

+

e

−

collisions,

one ma y define the ratio of hadronic to leptonic τ deca y widths as:

R

τ

≡

Γ( τ

−

→ ν

τ hadr ons )

Γ( τ

−

→ ν

τ l

−

¯ ν

e

)

=

1 − B

e

− B

μ

B

l

=

1

B

l

− f

e

− f

μ

(1)

where B

e and B

μ are the branc hing fractions of τ deca ys to e and μ resp ectiv ely , and f

e

=1

and f

μ

=0.9726 are phase space factors. Theoretically , R

τ ma y b e written as

R

τ

=

1

Γ

l

∫

m

2

τ

0 ds d Γ

h

ds

(2)

where s is the in v arian t mass-squared of the hadronic final state. Within existing theoretical

skills, it is not p ossible to calculate d Γ

h

/ds directly . Ho w ev er, it is p ossible to calculate R k l

τ

,

the w eigh ted in tegrals of d Γ

h

/ds , written as

R k l

τ

=

1

Γ

l

∫

m

2

τ

0 ds

(

1 − s

m

2

τ

)

k

(

s

m

2

τ

)

l

d Γ

h

ds

. (3)

One should note that R

τ is the sp ecial case of R k l

τ when k=0 and l=0. The sp ectral

momen ts, D k l

τ

, are defined as:

D k l

τ

=

R k l

τ

R

00

τ

. (4)

The expressions for the R k l

τ ha v e b een deriv ed using OPE, and can b e written in the form

R k l

τ

( u, d ) = | V

ud

|

2

S

E W r

k l

[

1 + Δ

m

q

+ Δ

p

+ Δ

np

]

(5)

where V

ud

=0.9753 ± 0.0004 [6] is a CKM matrix elemen t, S

E W

= 1.0194 is an electro w eak

correction factor [8], r

k l are the terms predicted at parton lev el, Δ

m

q are the quark mass

corrections, Δ

p are the p erturbativ e terms in p o w ers of α

s

, and Δ

np are the non-p erturbativ e

corrections. A more detailed discussion of this expression is pro vided in the App endix.

The measured v alues of R

τ and the sp ectral momen ts, D k l

τ

, are used to p erform a global

fit in order to determine the v alue of α

s

( m

τ

) and three non-p erturbativ e parameters lab elled

as < α

s

π

GG > , O (6) and O (8) follo wing the notation of Ref. [3] (see App endix).

I I I. MEASUREMENT OF SPECTRAL MOMENTS

In order to ev aluate the sp ectral momen ts, w e ha v e measured the in v arian t mass squared

distributions of the final state c harged hadrons in all of the significan t hadronic deca y c han-

nels of the τ . The final state hadrons observ ed in the detector w ere considered to b e pions,

and no attempt w as made to separate k aons from pions. Ho w ev er, the k aon con tribution

w as considered to b e a bac kground. After subtracting the bac kground from this and other

sources, the mass distribution for eac h deca y c hannel w as corrected for detector resolution

effects and for the mass dep endence of the selection efficiency . All the individual mass dis-

tributions th us corrected, w eigh ted b y the branc hing ratios compiled b y the P article Data

Group [6], w ere com bined in to a single histogram. It is this histogram from whic h the

sp ectral momen ts w ere computed.

T o p erform this analysis w e used data from the reaction e

+

e

−

→ τ

+

τ

−

, collected with

the CLEO-I I detector [7] at CESR at ab out 10 GeV cen ter of mass energy . The data sample

corresp onded to an in tegrated luminosit y of ab out 3 f b

− 1

. W e iden tified τ pair ev en ts in

whic h one of the taus deca y ed leptonically i.e. τ

−

→ l

−

¯ ν

μ ν

τ

(where l is e or μ ) to study

the hadronic deca y of the other τ . ( The inclusion of c harge conjugate mo des is implied

throughout the pap er). Hadronic τ deca ys w ere required to ha v e either one or three c harged

trac ks corresp onding to a 1-1 or 1-3 c harged trac k top ology for the ev en t.

The op ening angle b et w een the t w o c harged trac ks in 1-1 top ology and the minim um

angle b et w een the lepton and an y of the other three c harged trac ks in 1-3 top ology w ere

required to exceed 90

0

. Only ev en ts with zero total c harge and 2 (for 1-1 top ology) or 4 (for

1-3 top ology) “go o d” c harged trac ks w ere considered. A go o d c harged trac k w as defined as

ha ving a radial impact parameter less than 0.01 m, momen tum less than 85% of the b eam

momen tum, and an angle made with the b eam direction greater than 37

0

.

The total visible energy of the ev en t w as required to exceed 0.15 E

cm to suppress t w o-

photon bac kground. T o reject the bac kground from electromagnetic pro cesses, it w as re-

quired that the net transv erse momen tum of the trac ks b e greater than 200 MeV and the

ratio of the v ector to scalar sum of c harged trac k momen ta b e greater than 0.05. Ev en ts

with energy greater than 200 MeV dep osited in the endcap w ere rejected.

Electromagnetic clusters whic h had energy ≥ 60 MeV, w ere more than 20

0

a w a y from the

lepton trac k, w ere not asso ciated with an y c harged trac ks, and w ere con tained in the barrel

calorimeter w ere used to reconstruct π

0

’s. In the reconstruction of a π

0

, it w as required

that the angle b et w een t w o clusters should not exceed 135

0

and that at least one cluster

should ha v e a minim um energy of 80 MeV. The reconstructed π

0

w as required to lie within

90

0

of the π direction (for the 1-1 top ology) and the a v erage direction of 3 pions (for the

1-3 top ology). F or eac h nπ

0

case, all p ossible com binations of clusters forming a π

0

w ere

considered and the one with minim um o v erall χ

2

=

1

n

∑

n

i =1

( m

i

− m

π

)

2

/σ

2

m

i w as selected,

where m

i is the in v arian t mass of the t w o clusters forming the i’th π

0

candidate, and σ

m

i

is the uncertain t y on m

i calculated from the measured angular and energy resolution of the

calorimeter.

Out of a total n um b er of 2.7 × 10

6

tau pairs pro duced, the n um b er of ev en ts whic h passed

our selection criteria are listed in T able 1 for eac h considered c hannel, along with the bac k-

ground fraction f

B

. The in v arian t mass distributions of the hadronic final states w ere com-

puted from the selected ev en ts, separately for electron and m uon tagged ev en ts. The con-

tributions from the higher m ultiplicit y deca y c hannels w ere considered negligible, within

the exp erimen tal accuracy of this analysis, and w ere ignored. F rom these distributions, the

bac kground estimated from the follo wing sources w as subtracted: cross c hannel con tamina-

tion from other τ deca y c hannels; con tamination from τ deca y c hannels con taining k aons;

fak e π

0

’s constructed from unrelated photons; and con tamination from hadronic ev en ts.

Mo de

Ev en ts Bac kground(%)

f

B

π π

0

ν

τ

90864 10.0

π 2 π

0

ν

τ

18202 9.2

π 3 π

0

ν

τ

1384 22.4

π 4 π

0

ν

τ

104 22.9

3 π ν

τ

53488 16.8

3 π π

0

ν

τ

11179 18.5

3 π 2 π

0

ν

τ

685 22.2

.

T able 1: Num b er of selected ev en ts and the bac kground fractions for v arious

deca y c hannels.

After subtracting the bac kground, the distributions w ere corrected for detector effects as

describ ed b elo w:

1. A Mon te Carlo (MC) sample using K ORALB [10] w as generated and pro cessed

through the detector sim ulation program sub ject to to the same reconstruction

pro cedure and ev en t selection criteria as the exp erimen tal data. F rom this MC

sample, w e constructed the probabilit y matrix P i

( j → k ) for eac h deca y c hannel i. The matrix elemen t P

j k represen t the probabilit y that an ev en t generated in

deca y c hannel i in bin j of the mass-squared distribution will b e observ ed in bin

k in the same deca y c hannel i. After bac kground subtraction, this matrix is used

to correct the measured mass-squared distribution for bin migration within eac h

deca y c hannel.

2. The mass-squared distribution corrected for bin migration as ab o v e and normal-

ized to unit y is then corrected for selection efficiency . This is done for eac h deca y

c hannel separately .

F or eac h of the the m uon and electron tagged data samples, the corrected distributions,

normalized to unit area, w eigh ted b y the branc hing ratios tak en from P article Data Group [6],

w ere com bined in to a single distribution presen ted in Fig. 1. Figure 1 demonstrates excellen t

agreemen t b et w een the com bined mass histograms from electron tagged and m uon tagged

data samples. The π

−

mass from π

−

ν

τ deca y c hannel en ters these distributions as a delta

function (not sho wn in the figure). F rom these com bined distributions, the sp ectral momen ts

w ere computed using Equation 3. Momen ts with k > 1 w ere not used to a v oid the lo w mass

region where the v alidit y of the metho d ma y b e questionable. The v alues of the sp ectral

momen ts computed separately from m uon and electron tagged data samples w ere found to

b e consisten t within statistical errors. The t w o distributions w ere com bined to compute the

final v alues of the sp ectral momen ts presen ted in T able 2, where the exp erimen tal errors

w ere obtained b y adding in quadrature the statistical errors and the systematic errors. The

last column in T able 2 con tains the v alues of the sp ectral momen ts computed from the ra w

data b efore making an y bac kground subtractions or detector corrections. A comparison of

the first and the last column in T able 2 demonstrates that the corrections to the data do

not ha v e a significan t effect on these measuremen ts.

Momen t

V alue σ ( stat ) σ ( sy s ) σ ( exp ) V alue

(ra w)

D

1 , 0

τ

0.7283 0.0014 0.0034 0.0037 0.7277 ± 0.0014

D

1 , 1

τ

0.1553 0.0004 0.0012 0.0013 0.1544 ± 0.0004

D

1 , 2

τ

0.0559 0.0002 0.0007 0.0007 0.0555 ± 0.0002

D

1 , 3

τ

0.0249 0.0001 0.0004 0.0004 0.0247 ± 0.0001

.

T able 2: The measured sp ectral momen ts from the corrected mass distributions.

IV. DETERMINA TION OF α

s

In the determination of α

s w e also use R

τ

, in addition to the sp ectral momen ts. The

v alue of R

τ is determined using equation 1 where B

l is determined b y the follo wing three

metho ds: 1) B

l

= B

e

/f

e

= 0 . 1801 ± 0 . 0018, 2) B

l

= ( τ

τ

τ

μ

)( m

τ

m

μ

)

5

= 0 . 1811 ± 0 . 0019, 3)

B

l

=

B

μ

f

μ

= 0 . 1816 ± 0 . 0024; where the v alues for leptonic branc hing ratios, τ lifetime, and

τ mass ha v e all b een tak en from Ref. [6]. These three measuremen ts yield the w eigh ted

a v erage of B

l

= 0 . 1810 ± 0 . 0012 whic h yields R

τ

= 3 . 559 ± 0 . 035.

In T able 2, only the exp erimen tal errors on sp ectral momen ts are listed. Ho w ev er, in

the fits w e also use the theoretical errors whic h mainly arise from the uncertain ties due

to the missing higher order corrections, the renormalization scale, and non-p erturbativ e

con tributions (see the App endix for detail). The sp ectral momen ts are correlated with one

another. The correlation co efficien ts, listed in T able 7, are also used in the fits.

The fits of the theoretical predictions to the exp erimen tal measuremen ts w ere made for

v arious com binations of the sp ectral momen ts and the results are listed in T able 3.

Observ ables used in fit α

s

( m

τ

) < α

s

π

GG > O(6) O(8) χ

2

R

τ

, D

1 , 0

τ

, D

1 , 1

τ

, D

1 , 2

τ

, D

1 , 3

τ

0.306 ± 0.024 0.039 ± 0.012 -0.0053 ± 0.0013 0.0053 ± 0.0013 1.00/1

R

τ

0.327 ± 0.025 0.025 0.0022 0 —

D

1 , 0

τ

, D

1 , 1

τ

, D

1 , 2

τ

, D

1 , 3

τ

0.375 ± 0.051 0.025 0.0022 0 3.25/3

D

1 , 0

τ

, D

1 , 1

τ

, D

1 , 2

τ

, D

1 , 3

τ

0.305 ± 0.029 0.039 -0.0053 0.0053 0.99/3

.

T able 3: V alues of α

s

( m

τ

) determined from the fits of the theory to the measured sp ectral

momen ts. F or the non-p erturbativ e parameters, no error indicates that the parameter w as

k ept fixed in the fit.

The sim ultaneous global fit to the measured v alues of R

τ and D

1 ,l

τ is a four-parameter fit

where the v alues of α

s and non-p erturbativ e parameters (NPP) < α

s

π

GG > , O (6) and O (8)

are determined together. This yields

α

s

( m

τ

) = 0 . 306 ± 0 . 017 ± 0 . 017 , (6)

where the first error is exp erimen tal and the second theoretical. These results are listed in

the first ro w of T able 3. The other ro ws of T able 3 con tain the v alues of α

s

( m

τ

) determined

when the NPP are k ept fixed at v arious sets of v alues. Ro w 2 is obtained when only the

measured v alue of R

τ is compared with the theory for fixed v alues of NPP tak en from Ref. [2].

Ro w 3 uses the measured v alues of D

1 ,l

τ from T able 2 and the NPP v alues from Ref. [2]. Ro w

4 uses the same set of v alues for D

1 ,l

τ but the NPP v alues from the global fit in ro w 1. The

results for α

s

( m

τ

) from R

τ alone and D

1 ,l

τ alone are consisten t with eac h other. This c hec ks

the consistency of the metho d.

In the global fit, as the NPP are determined from the fit, the uncertain ties on their v alues

do not con tribute to the theoretical errors on the sp ectral momen ts. In the fits to D

1 ,l

τ alone,

the uncertain ties on the v alues of the NPP b ecome the dominan t source of theoretical errors

(T able 6 in the App endix). This results in the larger errors on the v alues of α

s

( m

τ

) listed

in ro w 3. F or ro w 4, w e recompute the theoretical errors on the momen ts going in to the fit

according to the errors on the non-p erturbativ e parameters determined from the global fit.

The correlation co efficien ts for α

s

( m

τ

) and the NPP obtained from the global fit are

presen ted in T able 4. The large correlations among the NPP reflect the high correlations

among sp ectral momen ts.

Observ able α

s

( m

τ

) < α

s

π

GG > O(6) O(8)

α

s

( m

τ

) 1 -0.58 0.56 -0.47

< α

s

π

GG > -0.58 1 -0.86 0.80

O(6)

0.56 -0.86 1 -0.96

O(8)

-0.47 0.80 -0.96 1

.

T able 4: Correlation co efficien ts for α

s

( m

τ

) , < α

s

π

GG > , O(6) and O(8) obtained from the

global fit.

V. SYSTEMA TIC ERR ORS

In this analysis, systematic exp erimen tal errors ma y arise from the follo wing sources:

1. Uncertain ties in the branc hing ratios of the hadronic deca y mo des of the τ in-

cluded in the analysis.

2. Uncertain t y in the mass scale.

3. Uncertain t y on the bac kground ev aluation.

4. Uncertain t y on π

0

reconstruction.

5. The limited MC statistics to correct the data.

6. Uncertain t y in the unfolding pro cedure.

The effect of the mass scale uncertain t y of ± 0.25% w as estimated b y m ultiplying the

mass-squared scale (X-axis) of Fig. 1 b y a factor of 1.000 ± 0.005, and taking the resulting

shifts in the momen ts as the corresp onding errors. The errors due to the uncertain ties

in the branc hing ratios w ere estimated in a conserv ativ e w a y: sp ectral momen ts w ere re-

calculated b y using the cen tral v alues of all the branc hing ratios except one, whic h w as first

increased and then decreased b y its uncertain t y . The larger of the resulting shifts in the

cen tral v alue of a giv en momen t w as tak en as a symmetric error on the momen t due to

the uncertain ties in that branc hing fraction. This pro cess w as rep eated for all branc hing

ratios. The resulting errors for a giv en momen t w ere added in quadrature to yield the total

systematic error due to the uncertain ties in the branc hing fractions. The errors due to the

limited MC statistics used to correct the data are also included in the systematic errors.

F or example, the systematic error of ± 0.0034 on D

1 , 0

τ con tains con tributions of ± 0.0009

from mass scale uncertain t y , ± 0.0012 from MC statistics, and ± 0.0031 from branc hing ratio

uncertain ties. The errors due to other sources listed ab o v e are largely included in the errors

on the branc hing fractions, to the exten t that these sources do not affect the mass shap e.

Ho w ev er, w e made the follo wing c hec ks on the effects of those uncertain ties on our final

results:

1. The analysis w as rep eated without making an y corrections to or bac kground

subtractions from the data. The final results agreed within the statistical errors.

2. The analysis w as rep eated without making an y bin migration corrections to the

data. The final results agreed within the statistical errors.

3. W e rep eated our analysis with no k aon subtraction from the data, and the final

result on α

s

( m

τ

) shifted b y 0.4%, ie 7% of the o v erall exp erimen tal error.

4. The cut on the χ

2

p er degree of freedom of π

0

reconstruction w as v aried b et w een

4 and 14 for the π 2 π

0

c hannel. The v ariations in the momen ts w ere less than

0.04 % and there w as a negligible effect on α

s

( m

τ

).

5. The cut on the χ

2

of π

0

reconstruction in the π π

0

c hannel w as v aried b et w een 9

and 16. The v ariations in the momen ts w ere less than 0.06 % and there w as a

negligible effect on α

s

( m

τ

).

6. The effect of finite bin widths in ev aluating the sp ectral momen ts w as in v estigated

and found to b e negligible.

VI. SUMMAR Y AND DISCUSSION

In summary , w e ha v e determined α

s

( m

τ

) from hadronic deca ys of the τ recorded b y the

CLEO I I detector. By comparing the calculations p erformed within the OPE framew ork

to the data, w e ha v e determined α

s

( m

τ

)=0.306 ± 0.017 ± 0.017, where the first error is ex-

p erimen tal and the second is due to theoretical uncertain ties. Our result agrees with the

ALEPH measuremen t [5] of α

s

( m

τ

) = 0 . 330 ± 0.046.

The agreemen t b et w een the v alues of α

s obtained from R

τ alone and from sp ectral

momen ts D

1 l

τ p oin ts to w ards the applicabilit y of p erturbativ e QCD calculations in this lo w

energy regime [3]. The v alues of the non-p erturbativ e parameters obtained from the fits of

the theory to the data do not agree v ery w ell with those previously obtained from the fits

of largely non τ data [2].

Using the form ulae of Ref. [13], the v alue of α

s

( m

τ

)=0.306 ± 0.017 ± 0.017, extrap olated

to 10.53 GeV, yields:

α

s

(10 . 53 GeV ) = 0 . 166 ± 0 . 004 ± 0 . 004 (7)

whic h is in go o d agreemen t with α

s

(10.53) = 0.164 ± 0.015 determined from jet pro duction

rates at CLEO [14]. Extrap olated to M

Z

, our result yields:

α

s

( M

Z

) = 0 . 114 ± 0 . 002 ± 0 . 002 (8)

Adding an error of ± 0 . 001 from the uncertain ties in the extrap olation pro cedure arising

from the crossings of c and b pro duction thresholds, this result b ecomes α

s

( M

Z

) = 0 . 114 ±

0 . 003. It is in excellen t agreemen t with the v alues of α

s

( M

Z

) determined from other lo w

energy pro cesses [6] suc h as 0.112 ± 0.004 from deep-inelastic scattering, and 0.110 ± 0.006

from b ound quark states using lattice QCD. Our v alue is consisten t with the w orld a v erage [6]

of α

s

( M

Z

) = 0 . 117 ± 0 . 005.

The analysis presen ted here is sensitiv e to the τ -deca y branc hing ratios. The rep orted

results are obtained b y using the branc hing ratios tak en from P article Data T able [6]. The

analysis w as rep eated b y replacing the hadronic branc hing ratios with those from a more

recen t compilation [11]. The cen tral v alue of α

s

( m

τ

) shifted from 0.306 to 0.304 whic h is

within the accuracy of the measuremen t. Ho w ev er if w e replace b oth the hadronic and

leptonic branc hing ratios of the tau with those from this recen t compilation [11], the cen tral v alue of α

s

( m

τ

) c hanges from 0.306 to 0.339. This is mainly due to the c hange in B

l whic h

c hanges R

τ in in v erse prop ortion (see Equation 1).

Another w ord of caution is necessary . The theoretical error of 0.002 in equation (10)

ab o v e has b een determined follo wing the pro cedure suggested in Ref. [2,3]. Ho w ev er, this

pro cedure ma y underestimate the theoretical errors due to the absence of non p erturbativ e

terms in the leading order of tau mass squared. An additional theoretical error of ± 0.007

has b een suggested [15].

VI I. A CKNO WLEDGEMENTS

W e gratefully ac kno wledge the effort of the CESR staff in pro viding us with excellen t

luminosit y and running conditions. J.P .A., J.R.P ., and I.P .J.S. thank the NYI program of the

NSF, G.E. thanks the Heisen b erg F oundation, I.P .J.S. and T.S. thank the TNRLC, K.K.G.,

M.S., H.N.N., T.S., and H.Y. thank the OJI program of DOE, J.R.P thanks the A.P . Sloan

F oundation, and A.W. thanks the Alexander v on Hum b oldt Stiftung for supp ort. This w ork

w as supp orted b y the National Science F oundation, the U.S. Departmen t of Energy and the

Natural Sciences and Engineering Researc h Council of Canada. W e esp ecially thank F. Le

Dib erder of Orsa y for v ery helpful comm unications and for pro viding the computer program

used to compute the theoretical predictions.

App endix: Theoretical Predictions and Uncertain ties

In this section, w e presen t some theoretical form ulae, tak en from Ref. [3], and a discussion

of theoretical uncertain ties in this analysis. The R k l

τ ha v e b een predicted using OPE in whic h

they can b e written as

R k l

τ

( u, d ) = | V

ud

|

2

S

E W r

k l

1 + Δ

m

q

( k , l ) + Δ

p

( k , l ) +

∑

D =2 , 4 ,...

Δ k l

( m

2

τ

, D ) ; (9)

where V

ud

=0.9753 ± 0.0004 [6] is a CKM matrix elemen t, S

E W

= 1.0194 an electro w eak cor-

rection [8], r

k l the terms predicted at parton lev el, and Δ

m

q are the quark mass corrections.

The zero’th dimension (ie D=0) term, Δ

p

( k , l ), is the p erturbativ e con tribution and is kno wn

to third p o w er in α

s

. The higher dimension terms, Δ k l

( m

2

τ

, D ), are the non-p erturbativ e

con tributions whic h ma y b e expressed as:

Δ k l

( m

2

τ

, D ) = c

D

( k , l )

m

D

τ

O ( D ) . (10)

The terms c

D

( k ,l )

m

D

τ

, computed from Ref [3], are listed in T able 5. The terms O (D) are

kno wn as condensates and can, in principle, b e obtained from the matrix elemen t in the

v acuum of QCD op erators [12]. The term O (2) is considered absen t b ecause one cannot

build an op erator in this dimension from the QCD Lagrangian. The term O (4) is expressed

in terms of quark masses and gluon condensate, < α

s

π

GG > .

D c

D

( k ,l )

m

D

τ

R

τ

R

10

τ

R

11

τ

R

12

τ

R

13

τ

4 0 5.65 -23.67 0 0

6 -3.75 -5.36 -7.49 20.16 0

8 -0.79 -2.83 7.11 6.38 -13.64

.

T able 5: Numerical v alues of c

D

( k ,l )

m

D

τ computed from Reference [3].

The theoretical predictions w ere computed using a F OR TRAN program supplied b y one

of the authors of Ref. [3], F. Le Dib erder. The sp ectral momen ts are highly correlated

quan tities. The correlations w ere tak en in to accoun t and the χ

2

of the fit w as defined as:

χ

2

=

∑

ij

[

D i

τ

( exp. ) − D i

τ

( th. )

]

V

− 1

ij

[

D j

τ

( exp. ) − D j

τ

( th. )

]

; (11)

where D i

τ are R

τ and D k l

τ

; and V

− 1

ij are the elemen ts of the in v erse of the co v ariance

matrix. The follo wing sources of theoretical uncertain ties w ere considered:

1. The uncertain ties on the constan t quan tities, non-p erturbativ e electro w eak and

mass corrections, used in the equation 9.

2. The uncertain ties due to the missing higher order corrections in the p erturbativ e

part of the momen ts. This uncertain t y is ev aluated b y taking the unkno wn fourth

order co efficien ts in terms of kno wn second and third order co efficien ts, namely

K

4

= 2 | K

3

( K

3

/K

2

) | and β

4

= 2 | β

3

( β

3

/β

2

) | , and computing the v ariation in the

predicted v alues of the momen ts.

3. The con tribution of renormalization uncertain t y to the momen ts w as ev aluated

b y v arying the renormalization scale μ from 1.0 to 2.5 GeV and also b y v arying

the sc heme dep enden t co efficien t β

3 from zero to t wice its v alue in M S sc heme

used in these calculations.

The theoretical errors on the momen ts and the correlation co efficien ts th us computed

using Ref. [2] are listed in T able 6 and T able 7. These errors are used in the fits and en ter

in to the results quoted in T able 3.

Error t yp e

Error

R

τ

D

10

τ

D

11

τ

D

12

τ

D

13

τ

Σ

th

0.043 0.0133 0.0134 0.0032 0.0019

σ

th

0.033 0.0035 0.0028 0.0004 0.0002

.

T able 6: The theoretical errors on sp ectral momen ts computed from Refer-

ence [3].

R

τ

D

10

τ

D

11

τ

D

12

τ

D

13

τ

R

τ

1 0.11 -0.13 -0.09 -0.06

D

10

τ

0.11 1 -0.34 -0.59 -0.49

D

11

τ

-0.13 -0.34 1 0.40 0.29

D

12

τ

-0.09 -0.59 0.40 1 0.90

D

13

τ

-0.06 -0.49 0.29 0.90 1

.

T able 7: The matrix of correlation co efficien ts of sp ectral momen ts.

The errors on the non-p erturbativ e constan ts w ere conserv ativ ely tak en to b e t wice the

v alues quoted in the Ref. [2]. The errors, Σ

th

, in the first ro w of T able 6 con tain the

con tribution from uncertain ties in non-p erturbativ e parameters, and are used when the fixed

v alues of non-p erturbativ e parameters are used in the fits. The errors, σ

th

, in the second ro w

of T able 6 do not con tain the con tribution from uncertain ties in non-p erturbativ e parameters

and are used in the global fit when the non-p erturbativ e parameters are k ept free.

REFERENCES

[1] K. Sc hilc her and M.D. T ran; Ph ys. Rev. D29 (1984) 570.

[2] E. Braaten, S. Narison and A. Pic h, Nucl. Ph ys. B373 (1992) 581.

[3] F. Le. Dib erder and A. Pic h, Ph ys. Lett. 286B (1992)147.

[4] S. Bethk e and J. E. Pilc her, Ann. Rev. of Nucl. and P art. Sci., 42 (1992) 251.

[5] B. Blo c h-Dev aux et al., ALEPH Collab oration, CERN-PPE/93-41 (1993);

D. Buskulic et al., ALEPH Collab oration, Ph ys. Lett. B307 (1993) 209.

[6] L. Mon tanet et al., P article Data Group, Ph ys. Rev. D50 , (1994) 1173.

[7] Y. Kub ota et al., Nucl. Inst. Metho ds A320 , (1992) 66.

[8] W. J. Marciano and A. Sirlin, Ph ys. Rev. Lett. 56 (1986) 22; 61 (1988) 1815.

[9] T. Sj ö strand, Comp. Ph ys. Comm. 43 (1987) 367.

[10] M. Jezab ek, Z. W as, S. Jadac h, and J. H. Kuhn, Comp. Ph ys. Comm. 70 , (1992) 69.

[11] B. K. Heltsley , Pro c. of Thir d Workshop on T au L epton Physics , Mon treux, 19-22

Septem b er, 1994.

[12] M.A. Shifman, A.L. V ainsh tein and V.I. Zakharo v, Nucl. Ph ys. B147 (1979)

385,448,519.

[13] W. Bernreuther and W. W etzel, Nucl. Ph ys. B197 (1982) 228.

W. J. Marciano, Ph ys. Rev. D29 (1984) 580.

[14] S. Sanghera, Pro c. of International Symp osium on R adiative Corr e ctions , Gatlin burg,

27 June - 1 July 1994, W orld Scien tific; SMU HEP 94-16 (1994).

[15] G. Altarelli, Thir d Workshop on T au L epton Physics , Mon treux, 19-22 Septem b er, 1994.

Figure 1: Distributions of mass squared for electron tagged and m uon tagged ev en ts. The distributionsfrom the individual c hannels ha v e b een com bined, w eigh ted b y their branc hing fractions. The con tributionof τ−→ π−ντto this histogram is tak en as a delta function and is not sho wn here. The corrections forbac kgrounds, bin migration and selection efficiency ha v e b een applied to the individual deca y mo des.14