MEASUREMENT OF HADR ONIC SPECTRAL MOMENTS IN τ

DECA YS AND A DETERMINA TION OF α

s

Sukhpal Sanghera

∗

Physics Dep artment, Southern Metho dist University,

Dal las, T exas 75275-0175, USA

(Represen ting the CLEO Collab oration)

ABSTRA CT

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 ys recorded in the

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

of sp ectral momen ts and the total hadronic deca y width of 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

)=0.309 ± 0.024 whic h,

extrap olated to the Z

0

mass, yields α

s

( M

Z

0 ) = 0.114 ± 0.003; where the error

includes con tributions from exp erimen tal and theoretical uncertain ties.

1. In tro duction

The 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 and the sp ectral momen ts (defined in next section) ha v e b een calculated

1,2

using

analyticit y and the Op erator Pro duct Expansion (OPE). This is one of v ery few pro-

cesses calculated to O ( α

3

s

). Hence, the missing higher order corrections are exp ected

to b e small. Th us, this pro cess has b een adv ertized as the b est metho d to determine

the most precise v alue of α

s

. The ALEPH collab oration

3

has used the ab o v e pro ce-

dure to determine the v alue of α

s from τ hadronic deca ys and has demonstrated that

the exp erimen tal uncertain ties are dominan t o v er the theoretical uncertain ties in this

pro cedure. 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

4

in order to impro v e the exp erimen tal

precision on this measuremen t.

2. Exp erimen tal and Theoretical Definitions of Sp ectral Momen ts

Analogous to the hadronic to leptonic deca y width ratio in e

+

e

−

collisions, one

ma y define the ratio of total hadronic deca y width of τ as:

∗

mailing address: Wilson Lab oratory of Nuclear Studies, Cornell Univ ersit y , Ithaca, NY 14853-5001,

USA. email: SUKHP AL@LNS62.LNS.CORNELL.EDU

R

τ

≡

Γ( τ

−

→ ν

τ hadr ons )

Γ( τ

−

→ ν

τ e

−

¯ 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 the phase space factors. Theoretically , R

τ ma y b e written as

R

τ

=

1

Γ

l

∫

s

0

0 ds d Γ

h

ds

(2)

where s is the in v arian t mass-squared of the hadronic final state and s

0

= m

2

τ

. Within

the 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 the w eigh ted in tegrals of d Γ

h

/ds , R k l

τ

, written as

R k l

τ

=

1

Γ

l

∫

s

0

0 ds

(

1 − s

s

0

)

k

(

s

s

0

)

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

normalized sp ectral momen ts, D k l

τ

, are defined as: D k l

τ

=

R k l

τ

R

00

τ

. The R k l

τ ha v e b een

predicted

5

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

]

(4)

where V

ud

=0.9753 ± 0.0004

6

is a CKM matrix elemen t, S

E W

= 1.0194 an electro w eak

correction,

8

r

k l the terms predicted at parton lev el, Δ

m

q the quark mass corrections, Δ

p

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

s

, and Δ

np are the non-p erturbativ e corrections.

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 reference.

5

3. Measuremen t of R

τ and 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 . 1817 ±

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 reference.

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 . 552 ± 0 . 035.

The in v arian t mass distributions of the hadronic final states w ere computed from

the selected ev en ts for the follo wing deca y c hannels: τ

−

→ π

−

π

0

ν

τ

, τ

−

→ π

−

π

0

π

0

ν

τ

,

τ

−

→ π

−

π

0

π

0

π

0

ν

τ

, τ

−

→ π

−

π

0

π

0

π

0

π

0

ν

τ

, τ

−

→ π

+

π

−

π

−

ν

τ

, τ

−

→ π

+

π

−

π

−

π

0

ν

τ

, and

τ

−

→ π

+

π

−

π

−

π

0

π

0

ν

τ

. W e tagged the τ ev en ts with the deca y c hannel τ

−

→ μ

−

¯ ν

μ ν

τ

and studied the hadronic deca y of the other τ ( the inclusion of c harge conjugate mo des

is implied throughout the pap er). The ev en t selection and cuts are the same as those

describ ed in reference.

7

The n um b er of ev en ts whic h passed our selection criteria are

listed in T able 1 for eac h c hannel. F rom these distributions, the bac kground from the

follo wing sources w as subtracted: 1) Cross c hannel con tamination from other τ deca y

c hannels including Cabibb o suppressed c hannels, f

τ

; 2) F ak e π

0

’s constructed from

unrelated photons, f

π

0 ; and 3) Con tamination from hadronic ev en ts, f

h

. T o estimate the hadronic bac kground, 582,500 m ultihadron ev en ts, generated b y JETSET MC

9

and

smeared through the detector effects, w ere put through our analysis c hain. In an y deca y

c hannel, not more than t w o out of 582,500 ev en ts could sneak through our analysis

pro cedure. Bac kground from other τ deca y c hannels including the Cabibb o suppressed

c hannels, f

τ

, w as determined from K ORALB MC.

10

These bac kground fractions are

also listed in T able 1.

Mo de

Ev en ts Bac kground(%)

f

τ f

π

0 f

h

π π

0

ν

τ

38388 4.71 ± 0.10 2.07 ± 0.07 0.0

π 2 π

0

ν

τ

7892 4.99 ± 0.24 2.59 ± 0.17 0.0

π 3 π

0

ν

τ

623 8.49 ± 1.00 7.31 ± 0.93 0.0

π 4 π

0

ν

τ

32 13.51 ± 6.04 5.40 ± 3.82 0.0

3 π ν

τ

22810 11.20 ± 0.22 — 0.0

3 π π

0

ν

τ

4906 4.52 ± 0.26 6.95 ± 0.32 0.0

3 π 2 π

0

ν

τ

285 20 ± 4 7.5 ± 1.7 0.0

.

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

deca y c hannels. F or details see text.

T o correct the measured mass distributions for the bin migration due to the finite

resolution of the detector, a probabilit y matrix with elemen ts P

n → m w as constructed

using K ORALB MC for eac h deca y mo de; where P

n → m is the probabilit y that an ev en t

with a giv en deca y mo de generated in bin n will app ear in bin m of the mass-squared

distribution. The mass-squared distributions corrected b y using these matrices w ere

then corrected for the selection efficiency . The corrected distributions, normalized to

unit area, w eigh ted b y the branc hing ratios tak en from ref.,

6

w ere com bined in to a

single distribution presen ted in Fig. 1. The π

−

mass from π

−

ν

τ deca y c hannel en ters

this distribution as a delta function (not sho wn in the figure). It is this distribution from

whic h the sp ectral momen ts are computed using equation 3. The differen tial sp ectral

momen ts are presen ted in Fig. 2. Their in tegral v alues are listed in T able 2 where the

exp erimen tal errors are 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.

Momen t

V alue σ ( stat ) σ ( sy s ) σ ( exp ) σ (%) V alue (ra w)

D

1 , 0

τ

0.7287 0.0021 0.0052 0.0056 0.77 0.7265 ± 0.0021

D

1 , 1

τ

0.1553 0.0007 0.0007 0.0010 0.64 0.1542 ± 0.0007

D

1 , 2

τ

0.0559 0.0003 0.0007 0.0008 1.43 0.0554 ± 0.0003

D

1 , 3

τ

0.0250 0.0002 0.0005 0.0005 2.00 0.0246 ± 0.0002

.

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

The theoretical errors on the momen ts computed using ref.

2

are listed in T able 3.

These error estimates are v ery similar to those in ref.

3

estimated b y the similar metho d.

The errors listed in the first ro w of T able 3 con tain con tributions from uncertain ties

in non-p erturbativ e corrections, electro w eak and mass corrections, missing higher or-

der p erturbativ e corrections, and the renormalization scale. The second ro w con tains

con tributions from all these sources except the non-p erturbativ e corrections.

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 3: The theoretical errors on sp ectral momen ts computed from Reference.

2

4. Determination of α

s

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 4. In these fits, the correlations among differen t momen ts w ere tak en in to accoun t.

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 < α

s

π

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

are determined together.This yields

α

s

( M

τ

) = 0 . 309 ± 0 . 018 ± 0 . 016 , (5)

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

in the first ro w of T able 4. The other ro ws of T able 4 con tain the v alues of α

s

( M

τ

) determined when the non-p erturbativ e parameters (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 reference.

2

Ro w 3 uses the measured v alues

of D

1 ,l

τ from T able 2 and the NPP v alues from reference.

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 last ro w is the

same fit but with mo dified theoretical errors on momen ts according to the errors on

NPP determined from the global fit. 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.

Observ able 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

0.309 ± 0.024 0.024 ± 0.010 -0.0036 ± 0.0010 0.0035 ± 0.0008 2.1/1

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

0.327 ± 0.037 0.025 0.0022 0 10.81/3

D

1 , 0

τ

, D

1 , 1

τ

, D

1 , 2

τ

, D

1 , 3

τ

0.377 ± 0.046 0.024 -0.0036 0.0035 0.31/3

D

1 , 0

τ

, D

1 , 1

τ

, D

1 , 2

τ

, D

1 , 3

τ

0.349 ± 0.030 0.024 -0.0036 0.0035 1.98/3

.

T able 4: V alues of α

s

( M

τ

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

momen ts. In case of non-p erturbativ e parameters, no error means the parameter w as k ept

fixed in the fit.

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 of D

1 ,l

τ alone, the uncertain ties on the v alues of NPP b ecome the dominan t source

of theoretical errors (T able 3). This results in the larger errors on the v alues of α

s

( M

τ

)

listed in ro ws 3 and 4. F or ro w 5, w e recompute the theoretical errors on the momen ts

going in to the fit according to the errors on the NPP parameters determined from the

global fit.

5. Systematic Errors

In this analysis, systematic errors ma y arise from the uncertain ties in the mass

scale, the bac kground ev aluation, the π

0

reconstruction, the unfolding pro cedure, and

from the limited MC statistics used to correct the data. The error due to 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 ± 1.005 and taking the resulting shifts in the momen ts as the

errors due to the mass scale uncertain t y . The errors due to the uncertain ties in the

branc hing ratios w ere estimated in a rather conserv ativ e w a y: Sp ectral momen ts w ere

calculated b y using all the branc hing ratios sim ultaneously 1)increased b y their error,

and 2) decreased b y their errors. The larger resulting shift in the cen tral v alue of a giv en

momen t is quoted as a symmetric error on the momen t 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 ± 0.0052

on D

1 , 0

τ con tains con tributions of ± 0.0009 from mass scale uncertain t y , ± 0.0025 from

MC statistics, and ± 0.0044 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 v arious

qualitativ e c hec ks on the effect of those uncertain ties on our final results and the resulting deviations in the final results w ere found of insignifican t size. More accurate

and detailed studies of the systematics are in progress.

6. Conclusions

Using the hadronic sp ectral momen ts in τ deca ys measured b y CLEO and the

total hadronic deca y width of τ R

τ

, w e ha v e determined α

s

( M

τ

)=0.309 ± 0.018 ± 0.016,

where the first error is exp erimen tal and the second theoretical. Our result agrees with

the ALEPH measuremen t

3

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.

5

The

v alues of the non-p erturbativ e parameters obtained from the fits of the theory to the

data agree w ell with those previously obtained from the fits of largely non τ data.

2

Using the form ulae of ref.,

12

the v alue of α

s

( M

τ

)=0.309 ± 0.018 ± 0.016, extrap olated

to 10.53 GeV, yields: α

s

(10 . 53) = 0 . 167 ± 0 . 005 ± 0 . 004 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.

13

Extrap olated to M

Z

, our result yields: α

s

( M

Z

0 ) = 0 . 114 ± 0 . 002 ± 0 . 002. Adding an

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

crossings of c and b thresholds, this result b ecomes α

s

( M

Z

0 ) = 0 . 114 ± 0 . 003, whic h is

consisten t within errors with α

s

( M

Z

0 )=0.120 ± 0.006 determined from LEP data

14

on

jet rates and ev en t shap es.

7. Ac kno wledgemen ts

W e are highly thankful to F. Le Dib erder of Orsa y for v ery helpful email con-

v ersations and for pro viding the F OR TRAN program used to compute the theoretical

predictions.

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. B. Blo c h-Dev aux et al., ALEPH Collab oration, CERN-PPE/93-41, 4 Marc h 1993

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

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

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

6. L. Mon tanet et al., Ph ys. Rev. D50, (1994)1173.

7. M. Pro cario et al., CLEO Collab oration, Ph ys. Rev Lett. 70 (1993)1207

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

9. T. S

˙

j ostrand, Comp. Ph ys. Comm. 43 (1987) 367.

10. M. Jezak ek, Z. W as, S. Jadac h, and J. H. Kuhn, ibid. 70 , 69 (1992).

11. M.A. Shifman, A.L. V ainsh tein and V.I. Zakharo v, Nucl. Ph ys.

B147(1979)385,448,519.

12. W. Bernreuther and W. W etzel, Nucl. Ph ys. B197(1982) 228.

W. J. Marciano, Ph ys. Rev. D 29(1984)580.

13. S. Sanghera, Pro cee. of In ternational Symp osium on Radiativ e Corrections, Gatlin-

burg, 27 June - 1 July 1994, to b e published b y W orld Scien tific.

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