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ABSTRACT 

. T&k have determined the strong coupling Q* from measurements of jet rates in 

hadronic decays of 2’ bosons collected by the SLD experiment at SLAC. We compared 

our data with the predictions of QCD calculated up to second order in perturbation 

theory, and also with resummed calculations. We find cyI(M$) = 0.118fO.O02(stat.) 

fO.O03(syst.) fO.OlO(theory), h w ere the dominant uncertainty is from uncalculated 

higher-order contributions. 

Submitted to Physical Review Letters. 

3 



+Work supported in part by Department of Energy contracts: DE-FG02-91ER40676 
(BU), DE-FG03-92ER40701 (CIT), DE-FG03-91ER40618 (UCSB), DE-FG02-91ER40672 
(Colorado), DE-FG02-91ER40677 (Illinois), DE-FG02-91ER40661 (Indiana), DE- 
AC03-76SF00098 (LBL), DE-FG02-92ER40715 (M assachusetts), DE-AC02-76ER03069 
(MIT), DE-FG0685ER40224 (Oregon), DE-AC03-76SF00515 (SLAC), DE-FG05- 
91ER40627 (Tennessee), DE-AC02-76ER00881 (W isconsin), DE-FG02-92ER40704 
(Yale); National Science Foundation grants: PHY-91-13428 (UCSC), PHY-89-21320 
(Columbia), PHY-92-04239 (C incinnati), PHY-88-17930 (Rutgers), PHY-88-19316 
(Vanderbilt), PHY-92-03212 (Washington); and by the Istituto Nazionale di Fisica 
Nucleare of Italy (Bologna, Ferrara, Frascati, Pisa, Padova, and Perugia); the Japan- 
US Cooperative Research Project on High Energy Physics (KEK, Nagoya, and To- 
hoku); the Natural Sciences and Engineering Research Council of Canada (British 
Columbia, Victoria, and TRIUMF); and the Science and Engineering Research 
Council of the United Kingdom (Brunel and RAL). 

4 



The Standard Model of elementary particles comprises the theory of electroweak 

interactions, and quantum chromodynamics (QCD), the theory of strong interactions. 

While the former has been tested to high precision [l], accurate tests of QCD have 

proved more difficult [2], largely due to the complexity of calculating observables to 

high order in perturbation theory and in the non-perturbative regime. One of the 

most important tests of QCD has been the measurement of the strong coupling cy, in 

different hard processes and at different scales, Q2. Here we present a measurement of 

a,(Mz) from the rate of production of multijet final states in hadronic decays of 2’ 

‘bosons produced in e+e- annihilations. We study the uncertainties arising from finite 

order perturbative QCD calculations, and we also compare our data with recently- 

performed all-orders calculations in the next-to-leading logarithm approximation. 

The SLAC Linear Collider (SLC) produces electron-positron annihilation events 
. ._. .-_ - 

at the 2’ resonance which are recorded by the SLC Large Detector (SLD), described 

elsewhere [3]. The triggers and selection used for hadronic events are described in 

[4]. The analysis presented here used charged tracks measured in the central drift 

chamber and in the vertex detector. Well-measured tracks were required to have: 

(i) a closest approach transverse to the beam axis within 5 cm, and within 10 cm 

along the axis from the measured interaction point; (ii) a polar angle 6’ with respect 

to the beam axis with ]cosf3] < 0.80, and ( iii a minimum momentum transverse to ) 

this axis of pl > 150 MeV/c. Events well contained in the detector were selected by 

requiring a minimum of five such tracks, a thrust axis [5] direction with respect to 

the beam axis, $T, within ]cos&] < 0.71, and a charged visible energy greater than 

20 GeV. From our 1992 data sample 6476 events survived these cuts. The efficiency 

for selecting hadronic events satisfying the ] cos 0~1 cut was estimated to be above 96% 

and the background to be 0.3 f O.l%, dominated by 2’ -+ T+T- events. Resulting 
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dist r ibut ions o f s ing le  par t ic le a n d  e v e n t topo logy  measu res  we re  fo u n d  to  b e  wel l  

desc r ibed  by  M o n te  Car lo  m o d e l s  o f had ron i c  2 ’ b o s o n  decays  [6 ,7 ] c o m b i n e d  wi th a  

s imula t ion  o f th e  S L D . 

In  o rde r  to  d e fin e  jets w e  app l i ed  severa l  iterat ive c luster ing a lgor i thms in  wh ich  

a  m e a s u r e  yij, such  as  invar iant  mass-squared/s ,  is ca lcu la ted  fo r  a l l  pa i rs  o f par t ic les 

i a n d  j, a n d  th e  pa i r  wi th th e  smal les t  yi j  is c o m b i n e d  into a  s ing le  ‘part ic le’. Th is  

p rocess  is r e p e a te d  u n til a l l  pa i rs  h a v e  yi j  e xceed ing  a  va lue  yc, a n d  th e  jet m u l tipl ici ty 

o f th e  e v e n t is d e fin e d  as  th e  n u m b e r  o f par t ic les rema in ing .  Va r i ous  r ecomb ina tio n  

schemes  a n d  d e fin i t ions o f yi j  h a v e  b e e n  s u g g e s te d  [8 ]. W e  h a v e  app l i ed  th e  ‘E ’, 

‘E O ’, ‘P ’ a n d  ‘P O ’ var ia t ions o f th e  J A D E  a lgor i thm [9 ] as  wel l  as  th e  m o r e  recent ly  

p r o p o s e d  ‘D u r h a m ’ (‘D ’) a n d  ‘G e n e v a ’ (‘G ’) a lgor i thms [8 ], a l l  o f wh ich  a re  co l l inear  

a n d  in f ra- red safe. T h e  n- jet  ra te & (yc) is d e fin e d  as  th e  f ract ion o f e v e n ts c lassi f ied 
. .-. .-_ - 

as  n-jet, a n d  th e  di f ferent ia l  2- jet  ra te [lo ] as  &(YJ  =  (& (Y~ )  - M Y ,- Ayc))/Ayc. 

In  c o n trast to  & , the re  a re  n o  po in t-to -po in t  cor re la t ions in  D 2 . 

T h e  m e a s u r e d  jet rates we re  cor rec ted fo r  th e  e ffects o f d e tector  accep ta n c e , in-  

e ff ic iency a n d  resolut ion,  par t ic le in teract ions a n d  decays  wi th in th e  d e tector,  a n d  

b ias  f rom th e  ana lys is  cuts us ing  th e  S L D  M o n te  Car lo  s imulat ion,  a n d  a  b in -by-b in  

m e th o d  [ll]. A  hadron isa t ion  cor rect ion was  a lso  app l ied ,  es t imated us ing  JET-  

S E T  6 .3  [6 ]. 

- T h e  cor rec ted D 2  dist r ibut ions we re  de r i ved  f rom th e  fu l ly  cor rec ted jet rates 

a n d  c o m p a r e d  wi th Q C D  ca lcu la t ions emp loy i ng  th e  s a m e  jet a lgor i thms,  pe r fo rmed  

u p  to  s e c o n d  o rde r  in  per tu rbat ion  theory ,  wh ich  h a v e  th e  gene ra l  fo r m : Rs( y,-) 

=  A ( Y & & )  +  B (y,,fb % ), a n d  R & d  =  C a m , w h e r e  as  =  c~ (hli;i l~ ~  P ) 
[ 1 2 1 , A m  is th e  fu n d a m e n ta l  sca le  o f s t rong interact ions,  a n d  p  is th e  renormal iza t ion  

scale,  o fte n  exp ressed  in  te rms  o f th e  factor  f =  p 2 /s. He re  w e  h a v e  a s s u m e d  th e  

6  
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definition of Am for five active quark flavors. The explicit dependence of the next- 

to-leading coefficient B on f is an artifact of the truncation of the perturbation series 

at finite order. Therefore, if Am is extracted by fitting these calculations to the data, 

the variation of f must be taken into account as a contribution to the uncertainty 

in Am. We used parametrizations [8,13] of the coefficients A(y,), B(yc, f), C(y,) to 

derive R2 = 1 - R3 -Rd. For each algorithm, D2(yc) was calculated and fitted [14] to 

the fully corrected measured distributions by varying Am and minimising x2. The 

fits were restricted to the range of yc (Table 1) for which the measured R4 < 1%’ 

since in the second’order calculation R4 was evaluated only at leading order, and 

R n>4 were not considered. The upper yc fit boundary was chosen to be the kinematic 

limit for (massless) 3-jet production, yc = 0.33. 

The fitted Am values were translated [12] into cts(M$). The results are sum- 
. .-. .-_ - 

marized in Fig. 1, where cr, and x&f are shown as functions of f in the range 

10-5 5 f 5 10 ‘. Several features are common to each algorithm: 1) Q, depends 

strongly on f; 2) at high f the fit quality is good and x$~ changes slowly; 3) at low f 

the fits are poor, ~2~ changes rapidly, and neither Q, nor its error can be interpreted 

meaningfully. The boundary between good and poor fits is algorithm-dependent. We 

note also that good fits can be obtained for f >> 1, although such values are beyond 

the physical scale accessible in ese- annihilation. 

- Figure 1 contains all of the information from the QCD fits to the data. In order 

_ to quote a single value of a, for each algorithm we adopt the following arbitrary 

procedure. We consider the range 0.002 5 f 5 4. The exact interpretation of ,u 

is renormalisation scheme-dependent; however, the lower bound corresponds approx- 

imately to p 2 mb, and restricts p to the region in which five active quark flavors 

contribute to Am, in addition to ensuring that the perturbation series for R3 remains 



reasonably convergent for all algorithms. This excludes some small scales for which 

the fit quality is good, but includes the cy, minima for all algorithms except E. The 

upper bound restricts p to a reasonable physical region, /-L 5 2&. Within this range 

the fit quality is good (Fig. l(b)), the data show no strong preference for a particular 

scale, and we take the extrema of the Q~ values as the uncertainty from the depen- 

dence on f . Table 1 summarizes the measured as, defined as the midpoint between 

the extrema, the scale uncertainties and the statistical errors. The large and differ- 

ent scale uncertainties may be interpreted as arising from uncalculated higher order 

contributions which are different for each algorithm. However, allowing for the scale 

uncertainties the six cr, values are in agreement, which is a significant consistency 

check-of QCD.- 

Experimental systematic errors were investigated [15] by varying the cuts applied 
. .-. .-_ - 

to the data and changing parameters in the simulation of the detector over large 

ranges. In each case, the detector correction factors were reevaluated and the cor- 

rection and fitting procedures repeated. In addition, the fit ranges were varied by 

deleting bins at the ends of the yc regions. None of these effects changed the value of 

os by more than the statistical error. We conservatively estimate the systematic error 

to be ho.003 for each algorithm. Hadronization uncertainties (Table 1) were studied 

by recalculating the hadronization correction factors using JETSET with values of 

the parton virtuality cutoff Qu [6] in the range 0.5 to 2.0 GeV, and by using HERWIG 

[7], which contains a different hadronization model. 

In order to quote a single result we calculated the mean and r.m.s. deviation of 

the six Q, values for each f in the range 0.002 5 f 5 4. We then took the central value 

of the means in that range as our central result, the r.m.s. at the central value as the 

algorithm uncertainty, and the difference between the central value and the extrema 

8 



as the scale uncertainty. This procedure corresponds to the conservative assumption 

that all six oS at each f are completely correlated statistically, and yields: 

c@-f,g, = 0.118 f O.O02(stat.) f O.O03(syst.) f O.OlO(theory), 

where the theory uncertainty is the sum in quadrature of contributions from hadro- 

nisation (f0.003), scale (f0.009) and algorithm (f0.003) uncertainties. This result 

is in good agreement with other measurements of a,( AI;) [2]. Our theoretical uncer- 

tainty is slightly larger than that quoted by&some of the LEP experiments because 

we considered a wider range of scales and added an additional algorithm uncertainty, 

-which-is not normally considered. The scale and algorithm uncertainties are corre- 

lated, but we consider the resulting estimate of uncalculated higher order effects to 

be-reahstic. 

We have shown that when fitted in the region of yc where R4 < 1% the data 

show no strong preference for particular scales. A preference for low scales has been 

reported by other experiments [16], resulting from simultaneous fits of both f and 

b3 in ranges of yc extending to low values around which R5 N 1%. For purposes of 

comparison we have performed similar fits. With the exception of the G algorithm, 

for which the preferred f > 10, we found a slight preference for scales << 1. However, 

-it should be noted that at low yc R4 is large, and the perturbation series for R3 

does not converge rapidly if f << 1. Thus it is not self-consistent to use perturbative 

formulae with small scales in this domain. 

Progress has recently been made in the form of ‘resummed’ QCD calculations 

for event shape distributions in e+e- annihilation [ 171. For the D algorithm these 

techniques have been used [18] to calculate jet rates at leading and next-to-leading 

order in ln(l/y,), up to all orders in oS. The resulting all-orders calculation, valid in 

9 



the region where cu,ln( l/y,J 5 1, may be combined with the fixed second order result 

[19] to yield improved predictions for multi-jet rates at low yC. Several matching 

schemes have been proposed for this combination [20,21], including ‘R-matching’, 

‘ln( R)-matching’ and ‘modified ln( R)-matching’. For each scheme, 02 was derived 

from the recalculated [22] R2 and fitted to the data in the range yC 2 0.01. The 

resulting ag(Mi) and ~2~ values are shown in Fig. 2, labelled ‘ALEPH scheme’, as 

a function of f. Results from both In(R) matching schemes are similar, so we show 

only the modified scheme. The behavior is qualitatively similar to the second order 

result (Fig. l), although f 2 0.1 is needed to fit the data, and in this range the fitted 

cy, varies slowly with f, in agreement with other results [20,21]. In contrast with 

Ref. 2-l we found the fit quality to be good. 

We found, however, that the resummed calculations yield R2 > 1 in some re- 
. ._. .-_ - 

gions of phase space. This unphysical behavior gives rise to the peak at f - 0.1 in 

Fig. 2(a). For yC 5 0.04 the resummed R2 remains below unity for f 2 0.2, so we 

adopted a new procedure, using the matched calculation for 0.01 5 yC 5 0.04 and 

the O((-ui) calculation for 0.05 5 yC 5 0.33, giving Q~ and x:,~ labelled ‘SLD scheme’ 

in Fig. 2. With this procedure we quote a single value of cy, by taking the mean 

in the range l/4 5 f 5 4, and the difference between the R- and In(R)-matching 

schemes as the matching uncertainty. This range excludes the unphysical R2 > 1 

region but includes the full measured variation of Q, up to f = 4; it is the same as 

that considered in Ref. 21 but larger than Ref. 20. We found: 

~s(~.2 = 0.126 f O.O02(stat.) f O.O03(syst.) f O.OOG(theory), 

where the theory uncertainty is the sum in quadrature of contributions from hadroni- 

sation (f0.003); scale (f0.003) and matching (f0.005) uncertainties. This is in good 

10 
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a g r e e m e n t wi th th e  O (oz)  resul t  fo r  th e  D  a lgor i thm (Tab le  1); th e  sca le  uncer ta in ty  

is cons ide rab ly  smal ler ,  b u t the re  is ext ra uncer ta in ty  f rom th e  m a tching.  T h e  latter 

c a n  b e  a tt r ibuted to  par t ly -ca lcu la ted n e x t-to - lead ing ,  a n d  unca lcu la ted  sub- lead ing ,  

logar i thmic  te rms  [2 3 ]. Never the less,  fo r  th e  D  a lgor i thm th e  to ta l  th e o r e tical uncer -  

ta inty is smal le r  us ing  th e  r e s u m m e d  ca lcu la t ion th a n  th e  O (c$)  ca lcu lat ion.  Fur ther  

i m p r o v e m e n t in  th e  accuracy  o f cy, d e te rm ina tio n s  f rom jet rates m u s t awai t  b e tte r  

unde rs ta n d i n g  o f th e  rema in ing  h ighe r  o rde r  c o n tr ibut ions. 

In  conc lus ion,  w e  h a v e  m e a s u r e d  a ,(& $  f rom jet rates in  e + e -  ann ih i la t ion  us ing  

six par t ic le c luster ing a lgor i thms.  T h e  va lue  o f cy, is h igh ly  cor re la ted wi th th e  cho ice  

o f & C D  renormal iza t ion  scale,  b u t th e  d a ta  s h o w  n o  p re fe rence  fo r  par t icu lar  sca les  

wi th in w ide  r anges , un less  th e  fits i nc lude  reg ions  o f p h a s e  space  w h e r e  four- je t  p ro -  

d u c tio n  is s igni f icant  a n d  th e  per tu rbat ion  ser ies  fo r  th e  three- je t  ra te d o e s  n o t s h o w  

g o o d  conve rgence . R e c e n t r e s u m m e d  ca lcu la t ions fo r  th e  D u r h a m  a lgor i thm we re  

- found  to  fit th e  d a ta  d o w n  to  yC  =  0 .0 1  fo r  renormal iza t ion  sca les  f >  0 .1 , a n d  to  

y ie ld  less var ia t ion o f Q , in  th is  r a n g e . Di f ferences b e tween  th e  schemes  u s e d  to  com-  

b i ne  th e  f ixed o rde r  a n d  r e s u m m e d  ca lcu la t ions a d d e d  ext ra uncerta inty,  imp ly ing  

th a t h ighe r  o rde r  cor rect ions a re  still n o t u n d e r  c o n trol, b u t th e  to ta l  uncer ta in ty  was  

smal le r  th a n  in  th e  s e c o n d  o rde r  case.  S ince  th e  r e s u m m e d  ca lcu la t ions h a v e  b e e n  

pe r fo rmed  on ly  fo r  th e  D u r h a m  a lgor i thm,  a n d  y ie ld  a , in  g o o d  a g r e e m e n t wi th th e  

f ixed o rde r  result ,  w e  q u o te  th e  f ixed o rde r  va lue  b a s e d  o n  al l  s ix a lgor i thms as  ou r  

fina l  result :  cu, (A4;)  =  0 .1 1 8  f O .O 0 2 ( s ta t.) f O .O03(syst . )  f O .O lO (theory),  in  g o o d  

a g r e e m e n t wi th o the r  m e a s u r e m e n ts [2 ]. Th is  co r responds  to  A m  II 2 3 0 f 1 3 0  M e V . 

T h e  prec is ion  is lim ite d  by  lack o f k n o w l e d g e  o f h ighe r  o rde r  c o n tr ibut ions. 

1 1  
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Figure Captions 

FIG. 1. (a) aS(Mi) and (b) J&,~ from O(c$) QCD fits (see text). The band indicates 

the size of statistical errors. The vertical lines indicate the range used in the average. 

FIG. 2. (a) crS(Mi) and (b) J&,~ from fits using resummed calculations for the D 

algorithm. The band shows the range of uncertainty from higher order effects (see 

text). The vertical lines indicate the range used in the average. 
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Table 1: a,(M$ and errors from O(c$) QCD fits. 
The experimental systematic error was f0.003 for 
each algorithm. 

Algorithm Fit range 

Yc 2 

Errors 

stat. had. scale 

D 

E 

EO 

P 

PO 

G 

0.03 

0.08 

0.06 

0.05 

0.05 

1 0.16 

0.125 0.002 0.003 0.010 

0.128 0.002 0.002 0.021 

0.118 0.002 0.003 0.012 

0.116 0.002 0.003 0.008 

0.114 0.002 0.003 0.007 

0.108 0.005 0.005 0.005 
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