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Abstract 

Multihadron events produced by e+e_ annlhilatlon at a e.m. energy 

o f  3 H . 6  GeV have been used to  determine ° s '  The predictions of i s t  and 

2nd order QCD models with independent Je t  and string fragmentatlon have 

been compared t o  a large variety of kinematic variables such as event 

shapes. transverse momentum spectra. je t  masses. 3-cluster thrust and the 

asymmetry of  energy—energy correlations. The value of “ s  has been found t o  

depend on the variables used, on the fragmentation model and on the 

treatment of soft  gluons in the 2nd order QCD calculation. Hithin the 

models considered “3 has been found in complete 2nd order QCD to lie 

between 0 .12  and 0.23. 



l . -  Introduction 

The three-Jet events observed [ 1 ]  in  e+e_ annihilation in to  hadrons at  

high c . m .  energy (W = 30 GeV) have given d i rec t  evidence f o r  gluon 

bremsstrahlung as predicted by QCD [ 2 ] .  Since the ra te  of three-Jet events 

i s  directly proportional to the strong coupling constant U s ,  a measurement 

of the three-Jet  cross sect ion shduld pe rmi t  a r e l i ab le  measurement of ° s '  

However, the extract ion of us  f rom the da t a  i s  c o m p l i c a t e d  b y  the f a c t  that 

the QCD prediction i s  made at the parton leve l .  For  comparison wi th  the  

data one has to combine the QCD calculation with a model that describes in 
a phenomenological way the fragmentation of  quarks  and gluons i n t o  hadrons. 

In  an earlier publication [3] we have reported a measurement of  us 

using the models of R e f s .  " ,  5 where quarks and gluons fragment 

independently and where Field-Feynman [6] f ragmentat ion funct ions are  

employed. I n  this  model the value o f  us  has been found  t o  b e  i n sens i t ive  

t o  var ia t ions  of the fragmentat ion parameters w i t h i n  a broad range .  

Subscquently, the CELLO group [ 7 , 8 ]  has observed tha t  a considerably larger 

as  i s  obtained if  instead the Lund scheme [ 9 ]  i s  used where f ragmenta t ion 

proceeds along the color s t r ings  between quarks  and gluons.  However,  no or 

only l i t t le  fragmentation scheme dependence has been found  by the JADE [10] 

and MARK J [11]  collaborations. 

Besides fragmentation another po ten t i a l  source of unce r t a in ty  in the 

determination of u s  are  the higher order  c o r r e c t i o n s  t o  t h e  s ing le  gluon 

bremsstrahlung process. I n  our previous de te rmina t ion  o f  a s  the second 

order diagrams leading to  H-parton f i n a l  states E12]  were included in  

addi t ion  t o  the f i r s t  order diagrams.  S u b s e q u e n t l y ‚  s eve ra l  t heo re t i ca l  

groups [13-15] have computed the complete second order corrections which 

include the loop diagrams of the 3—parton f i n a l  s tates .  Using these 

calculations s ign i f i can t ly  smaller “s values compared t o  the  f i r s t  order 

results have been obtained by the JADE [10 ] ,  MARK J [ 1 1 ]  and CELLO [8] 

collaborations. _ 

I n  the present analysis we compared our data f r o m  e + e _  annihi la t ion 

into hadrons at an average c .m.  energy of  3H .6  GeV wi th  QCD plus 

f ragmenta t ion  models and extracted “ s '  A large variety of kinematic 

q u a n t i t i e s  was c o n s i d e r e d .  The independent je t  as well a s  the color s t r ing  

scheme were used to  descr ibe fragmentation.  For the 0 ( a ä )  corrections t o  

the 3—Jet cross—section we considered both a )  the FKSS [1h]  calculation t o  

which we added the M-parton terms with one soft or two collinear quarks 

(Extended FKSS) [ 2 2 ] .  and b )  the AB [16]  calculation based on the ERT [13]  

matr ix  elements. 

2 .  Event  Selection 

The e x p e r i m e n t  was  performed wi th  the TASSO detector at  PETRA. The 

data used f o r  t h i s  analysis  were taken a t  c . m .  energies i n  the range 

33 < W < 36 .6  GeV with the bulk of the data between 3H and 35 GeV. 

Hadronic f i n a l  s t a t e s  f r o m  e+e_  annihilation were selected us ing the 

information on  charged p a r t i c l e  momenta measured i n  the centra l  de tee tor .  

The se lec t ion  c r i t e r i a  f o r  charged par t ic les  and f o r  multihadron events 

were i den t i ca l  t o  those descr ibed  in R e f .  1 7 .  Basically, a charged track 

had t o  have a momentum component  transverse t o  the beam of pxy > 0 . 1  GeV/c 

and a cosine of the polar angle of  |cos9|  < 0 .87 .  The r . m . s .  momentum 

resolution including mul t ip le  scattering was up/p = 0.016 ( 1  + p2)1 /2 .  with 

p in G e V / c .  The m a i n  c r i t e r i o n  which the multihadron events had t o  sa t i s fy  

was tha t  the momentum sum of t he  accepted charged par t i c les  Epi  > 0 . 2 6 5  W. 

An addi t ional  cu t  was m a d e ' t o  remove events with ;pi/H > 2. A total of  

21315 events were a ccep t ed .  To ensure a large acceptance fo r  charged 

pa r t i c l e s  i n  J e t s  we  r e q u i r e d  [ c o s e j l  < 0 . 7  where 0J i s  the angle of t he  

j e t  ax i s  of the event  and the beam d i r ec t i on .  The  number of events 

sat isfying t h i s - c u t  was 16882 or 16219 depending on whether the T ( 1 )  

T ( 2 )  momentum tensor ( t o  b e  def ined in  Sect.  5 . 1 )  was used fo r  the axis 

or the 

de te rmina t ion .  We corrected our experimental  d i s t r ibu t ions  f o r  the  e f f e c t  

of acceptance and f o r  QED radiat ive effects. This will  be described in 

more de ta i l  i n  Sect .  5 .  



3 .  QCD calculation to  second order i n  “s 

QCD p r e d i c t i o n s  t o  second order  i n  a s  f o r  j e t  p roduc t ion  i n  e+e_  

ann ih i l a t i on  were presented f o r  the  f i r s t  t i m e  by A l i  e t  a l .  [ 1 2 ] .  These  

included only the diagrams leading to qfigg and qäq6 f ina l  states. Complete 
( a p a r t  f r o m  t h e  v i r t u a l  co r r ec t ions  t o  e+e-  * q ä )  second o rder  ca l cu l a t ions  

including the loop corrections to  e+e_ + qäg were carried out  b y  ERT [ 1 3 ] ,  

FKSS [ 1 H ]  and V00 [ 1 5 ] ,  wi th  conf l i c t ing  resu l t s .  I n  the case o f  ERT and  

VGO the 0(uä) corrections were large whereas FKSS found them t o  be s m a l l .  

The m a i n  reasons f o r  the  discrepancy are  the use o f  d i f f e r e n t  d e f i n i t i o n s  

f o r  when 2 par tons  1 and J a re  ca l l ed  2 separate  j e t s ,  the  use o f  

d i f f e ren t  variables [18 ‚  19]  and a d i f f e ren t  treatment of  so f t  g luons .  

FKSS [ 1 H ]  used a je t  d e f i n i t i o n  of the Sterman—Weinberg type: 2 partons 

a r e  counted  a s  2 separate j e t s  i f  both ene rg ie s  a r e  la rger  than eW/2 and 

the  angle  between them i s  larger than 6 .  According to the  expe r imen ta l  

r e su l t s  on  j e t s  a reasonable  s e t  o f  a ,  5 values i s  0 . 2 ,  " 0 °  w h i c h  

corresponds to a scaled invar ian t  mass squared y = Mij/W2 of about  

0 . 0 1  - 0 . 0 3 .  I n  con t ras t ,  VGO considered i and j as 2 separate j e t s  i f  

i j  > 0 . 1  GeV a t  W = 35 GeV. This  i s  a n  

extremely small cut-off compared t o  the mass of an  exper imental ly  observed 

y > 1 0 _ 5  corresponding t o  M 

q u a r k  j e t  which  i s  t y p i c a l l y  s e v e r a l  GeV.  

A s  has been pointed out i n  R e f s .  1 9 ,  2 0 ,  the BRT and VGO calculations 

used "bare" parton var iab les  l i k e  thrust  which  a r e  un ique ly  d e f i n e d ,  

whereas FKSS expressed their resul ts  i n  terms o f  "dressed" j e t  va r i ab l e s .  

However ,  i n  the l i m i t  o f  5 .  6 * 0 ( o r  y + 0 )  the discrepancy vanishes:  the 

sum of a l l  0 ( a ä )  terms as computed b y  FKSS approaches the corresponding 

resul t  of ERT and VGO [20].  The approach occurs from below. A t  nonzero 

values of  the resolut ion parameters,  the O ( a i )  calculation of the 3-jet 

cross-section as formulated i n  terms of  "dressed" j e t  energies  has 

problems:  

Different  ways of computing 3 "dressed" j e t  energies f r o m  " 

par tons  a re  conce ivab le .  I f  2 partons are  col l inear  w i t h i n  6 ,  

e i the r  t h e i r  e n e r g i e s  o r  t h e i r  3—momenta can b e  a d d e d  t o  g i v e  t h e  

energy of a s i ng le  mass—less pa r ton . ’  The d i f f e r e n c e  between the  

r e s u l t s  ob ta ined  w i t h  t h e s e  two  schemes was found  t o  b e  n e g l i g i b l e  

[ 2 1 ] .  A soft  large angle gluon which i s  not accepted as  a 

sepa ra te  j e t  because  o f  i t s  s m a l l  energy can b e  t r ea ted  i n  

either one of the following ways: a )  i t  can be combined w i t h  

another parton either randomly or such that the invar iant  mass 

i s  min imized  (minimum mass recombina t ion) ;  b )  i t  can be omi t t ed  

f r o m  the even t ;  t o  restore the to ta l  energy in t h i s  case the  

r e m a i n i n g  3 pa r ton  ene rg ie s  are  resca led .  The l a t t e r  i s  t h e  

scheme o f  S terman-Weinberg  and was adopted b y  FKSS. Based on  a 

s tudy  [22 ]  of the dressed thrust  d i s t r ibu t ion  i t  was e s t i m a t e d  

that  f o r  e . g .  “s  = 0.15 and c .  6 = 0 . 2 ,  HO", “ s  decreases b y  about  

151 i f ,  instead of the Sterman-Weinberg scheme,  the m i n i m u m  mass 

recombinat ion scheme i s  employed. 

Furthermore, terms of order a and 6 2  (or  y )  have been neglected i n  the 

FKSS calculation. A study [22]  of the dressed thrust distr ibution showed 

that for  e . g .  “s = 0.15 and a .  6 = 0 . 2 ,  " 0 ° ,  “ 5  decreases by about 111  i f  

a l l  the missing terms were included. o r  the 111. 51 arise f rom 

approximat ions  i n  the a n a l y t i c  ca lcu la t ion  of FKSS, 61 ar ise f r o m  q g  a n d  

q6q6 states where ei ther one quark is sof t  and a t  l a rge  angle  or  two quarks  

are  coll inear wi th in  the resolution criterion. These states were inserted 

in to  the event generator used fo r  the present analysis (Extended FKSS).  

N o t e ,  the g + qE diversency which arises when qä are col l inear  i s  a lready 

contained in  FKSS. 

For the  present analysis the Extended FKSS scheme was chosen; the 

csvalues were not corrected f o r  the est imated 51 error mentioned above.  

The 3-jet  cross section as given by the sum of t he  f i r s t  order  and the 

second o rder  FKSS expressions was used  t o  generate 3 partons which  were 

t reated as qäg i n  f r a g m e n t a t i o n .  The  ha rd  and noncol l inear  N-par ton  even t s  

( q ä g g  and q d qfi )  were generated according t o  A l i  e t  a l .  [ 1 2 ] .  The  extens ion 

o f  FKSS cons is t s  o f  3 — j e t - l i k e  H—par ton  con f igu ra t ions  where e i t h e r  o n e  

quark is so f t  and  a t  large angle or  2 q u a r k s  a r e  c o l l i n e a r .  As f a r  as  

f ragmenta t ion  i s  concerned these states were treated as N-parton s t a t e s .  

The s epa ra t ion  be tween 2—. 3— and h - j e t  events  i s  ach ieved  w i t h  energy-  

angle ( a ,  6 )  cu ts .  



I n  the case o f  energy-energy correlat ions t h e  analysis was also made 

with the second order corrections to the 3 - j e t  cross section as  c a l c u l a t e d  

by AB [ 1 6 ] .  This calcuiation involves the numerical  in tegrat ion of  the BRT 

m a t r i x  elements.  The use o f  Monte Carlo  t e c h n i q u e s  a l l o w e d  u s  t o  impose 

( e ,  6 )  cuts or any other resolution c r i t e r ion  by redef in ing  the available 

phase space.  I n  cont ras t  t o  the Sterman—Weinberg procedure used by  FKSS. 

soft  large angle partons which are not  accepted as  separate  j e t s  a re  

recombined with that partcn with which the smallest invariant  mass i s  

formed (minimum mass recombinat ion) .  The resul t ing equivalent three-parton 

s t a t e  was assigned to the three j e t  category i f  t he  corresponding e ,  6 cu t s  

were satisfied; else i t  was assigned to  the 2-jet  category. 

4 .  Frggmentation Models 

Starting from the identical QCD generator, two d i f f e r e n t  f ragmenta t ion  

schemes were considered t o  fragment the partons i n t o  hadron J e t s .  

4.1 Independent J e t  model [4 .5 ]  

I n  the Independent j e t  model  ( I J )  the pa r tons  a r e  assumed t o  f ragment  

independently from each other apart from the  overal l  energy—momentum and 

f l avor  conservation imposed a t  the end of the f ragmenta t ion  process.  The 

f ragmentat ion of quarks  follows the Fie ld—Feynman scheme  [ 6 ] :  

4 . 1 . 1  The primordial fragmentation function f h ( z )  o f  a quark into a 

hadron, q * q '  + h ,  is expressed in  terms of the  scaling variable 

z = (E  + pL)h/(E + p ) q  where pL i s  the  momentum component of the 

hadron h along the quark  d i r e c t i o n .  For l i g h t  qua rks  ( u ,  d ,  s )  we used 

the form [9] 

& 

fh(z) «: (1 - 2) L, aL > 0. (1) 

This  d i f f e r s  f rom the original proposal by Field and Feynman. 

f h ( z )  = 1 - aF + 3aF(1 — z ) 2 .  He found that equ.  ( 1 )  gives a better 

d e s c r i p t i o n  o f  the charged par t ic le  momentum spectrum. For the heavy 

q u a r k s  ( c ,  b )  the f ragmenta t ion  f u n c t i o n  suggested by  Peterson e t  a l .  

[23] was used 

t‚h(z) “ 1 

z ( 1  - %-— 

(2) i 2  
) 1 - 2 

We used sc - 0 . 1 8  for  c quarks  [24]  and eb - 0.04 for b quarks [25] .  

The preoise value of  5 is  not important fo r  the °s determination. 

4 . 1 . 2  The d i s t r i b u t i o n  of the squared transverse momentum qä of the quark 

q '  was assumed t o  be of the form 

do/dqä Je exp(-qä/Zoä) (3)  

w i t h  a f l a v o r  independent parameter a q .  The assumption o f  f l avo r  

independence  o f  °q i s  supported by our recent measurement [26]  of the 

t r ansverse  momentum d i s t r ibu t ion  of charmed D* mesons. 

4 . 1 . 3  For the fragmentat ion in to  mesons only pseudoscalar ( F )  and 

veotor (V) meson production was considered.  The production ra t io  

P/(P+V) in  the  primordial cascade was set to  0 . 4 2  as determined by 

u s  f rom p°  production [27] analyzed with the Hoyer et  a l .  [ 4 ]  Monte 

Carlo p rog ram.  We f i x e d  t h i s  r a t io  d e s p i t e  i t s  l a rge  error 

[ 0 . 4 2  1 0 .08  ( s t a t . )  * 0 . 1 5  ( s y s t . ) ]  since i t  is  strongly correlated 

wi th  the parameter a L .  

4.1.4 The production ratio of strenge to nonstrange qaipairs from the 
vacuum was s e t  to  

P(s )  P ( s )  
P E .  ' m y  ‚- 0.‘|4. ( I I )  

I n  t h i s  way reasonable agreement was obtained wi th  our measured 

average of  the K° and K+ cross sections [28‚ 29].  



u . 1 . 5  Fragmentation into baryons was descr ibed  w i t h  t h e  model by 

Meyer [ 3 0 ] .  Baryons are produced by assuming that besides qä pairs 

also diquark-antidiquark pairs  ( q q .  EE) are p i cked  up from the sea with 

a relative probability set to . 

P(gg) ‚ P(q)  0 . 1 1 .  ( 5 )  

Only the lowest lying octet  ( 0 )  and decuplet (D) baryons are formed 

with the ratio 0 / D  set equal to  P / V .  I n  th i s  way a reasonable 

description of our measured p ,  A and 5 yields was obtained [ 2 8 . 3 1 . 3 2 ] .  

H . 1 . 6 .  For the fragmentation of gluons two possibi l i t ies  were 

considered : 

- The simplest assumption i s  that a gluon fragments l i k e  a l ight 

quark [ H ] .  This i s  realized i n  the model by assuming that the'gluon 

converts into a qä pair of the u ,  d ,  er s type and imparts a l l  i t s  

momentum to one of the quarks. 

- The gluon converts into a qE pair such that the gluon momentum i s  

shared by the q and a in the proportion g i v e n  b y  the  Al tare l l i—Par i s i  

splitting function [33] 

2 _ 2 = f ( z )  z + ( 1  z )  , z Eq/Eg. ( 6 )  

The q and 5 which are given zero r e l a t i v e  transverse momenta are 

assumed t o  fragment independently. 

u . 1 . 7 .  Experimental information [SN] was used to simulate charmed particle 
decays. For the decays of b-flavored mesons the J e t  model of  R e f .  35 

was employed which includes week decay m a t r i x  elements.  The charged 

multiplicity generated by this model was found to agree with a recent 

measurement by the CLEO collaboration [36] .  

H . 1 . 8 .  Energy.  momentum and quantum number conservation: 

The fragmentation i s  treated as a successive repetition of the basic 

process q + q '  + h which i s  terminated when the remaining E + pL fa l l s  

below a c u t o f f  l e a v i n g  unpaired a quark or a diquark in each j e t .  For  

a qä 2-jet  system the quantum numbers of the last hadron generated in 

one of the J e t s  are changed to ensure overall quantum number 

conservation. The gluon i s  treated analogously since i t  i s  described 

as a q3 system. 

Energy-momentum conservation i s  achieved in our analysis by Lorentz 

boosting the event into  the rest system of the produced hadrons and 

rescaling a l l  momenta such that the total energy is  conserved. This i s  

the procedure used in the Monte Carlo model of R e f .  5 .  I t  has recently 

been pointed out [ B ,  37] that imposing energy-momentum conservation a 

poster ior i  a s  done here changes the kinematic structure of q events 

and a f f e c t s  the determination of “ s “  He shall study below the effect  

on “ 5  i f  energy-momentum conservation i s  not imposed. 

N . 2  The str ing model .  

The second model considered for  fragmentation was the string model 

developed by the Lund group [ 9 ] .  In this model-the colored partons are 

connected by color f i e l d  l ines ( s t r ings )  which break up to form hadrons. 

The m a i n  d i f f e r e n c e  t o  the I J  model shows up in the fragmentation of events 

containing one or more gluons.  In the case of e+e_ + qäg the gluon 

corresponds t o  a k ink  in the string stretohed between q and € .  The string 

breaks up near the gluon corner to  form a q161  pair on one side and a 

q2q2 pair on the other s ide  from which a leading hadron composed of q1q2 i s  

formed. The two left-over string pieces (qq1) and (q2q) fragment into 

hadrons i n  t h e i r  own r e s t  frames. Due to  the s tr ing  forces the hadronic 

f i n a l  state i s  systematical ly distorted towards a more 2-Jet  l i k e  

configuration. Consequently, to describe a given number of observed 3-Jet 

events, the string model requires a larger value of us compared to the I J  

model. 



An ambigui ty  occurs  i n  the case of h-parton events. For instance f o r  

an e+e_  + n1gz  event the string may be stretched in two ways f rom the  q 

v ia  the two gluons to  the q .  He verif ied that ei ther  choice does no t  
affect  the value of °s '  We chose the configuration which has the smaller 

sum of the parton-parton mass squared, M2(dg1) + M2(dg2). 

I n  the s t r i ng  model  the fragmentation funct ion of light quarks i s  

s imi la r  to e q u . ( 1 ) .  namely f h ( z )  « (1  — z ) 6 .  However, the exponent 
ß - aLY(mq) depends on the mass of  the fragmenting quark such that 

Y(mu) = Y(md) - 1 and Y(m3) = 0 .85 .  E q . ( 2 )  was used f o r  c and b quark 

fragmentation. The transverse momentum d i s t r ibu t ion ,  the P/(P+V) and  
P ( s ) / P ( u )  ratios were treated in the same way as in  the independent J e t  

model and the same oonstants were employed fo r  these two quan t i t i e s .  

For baryon production a d iqua rk  t o  quark r a t e  of 0 . 1 1  was used and the  

parameter 

which acts as an extra suppression of s-quarks i n  d iqua rk  p a i r s  was s e t  

equal to  0 . 3  leading to a good description of our p ,  A and E data [28 ,  3 1 ,  

32]. 

Note that i n  the str ing model.  energy-momentum and the charge, f l avor  

and baryon quantum numbers of the event are  automatically conserved.  

H . 3  Variable fragmentation parameters. 

The tragmentation parameters to  be determined in the “s f i t s  are, f o r  

both fragmentation schemes, aL and oq which control the longitudinal and 

transverse momentum distributions of the hadrons. 
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5 .  Event  Shape and Transverse Momentum Distr ibutions f o r  the Determination 

of a . s 

The strong coupling “s  can b e  d e t e r m i n e d .  i n  p r i n c i p l e ,  f r o m  the r a t e  of 

3- je t  (and H - J e t )  events re lat ive to  that of the dominant 2-Je t  events.  The 

3-jet  events produced by gluon bremsstrahlung a re  planar. They are 

therefore characterized by hadrons with large pT i n _ t h e  event plane (pT is  

measured r e l a t ive  t o  the J e t  ax i s  of the even t ) .  On the  other  h a n d ,  

f luctuat ions of the fragmentat ion process and the  decays o f  heavy hadrons i n  

genu ine  e+e_  + q ä  events occasional ly also con t r ibu te  t o  large pT hadrons 

and therefore can lead t o  a correlation between us  and the f ragmentat ion 

parameters .  However ,  t he  large  pT hadrons f rom q q  events are  not  r e s t r i c t ed  

t o  l i e  in t he  event plane (except i n  the case of hard i n i t i a l  s ta te  photon 

radiation) and therefore a simultaneous analysis of the pT behavior in and 

g g t _ o f  the event  plane allows t o  separate f ragmenta t ion e f f ec t s  f rom those 

of gluon bremsstrahlung.  The corre la t ions  a r e  taken i n t o  account b y  

o p t i m i z i n g  s imultaneously us  and the  f ragmenta t ion parameters o q  and a L .  

For t h i s  purpose the  total event sample i s  used. As a check, we a lso  

determined us by a f i t  to the tails of the event shape and pT d i s t r i bu t ions  

which are dominated by  hard gluon emiss ion .  We r e f e r  t o  t h i s  as  the  

pe r tu rba t ive  r eg ion .  I n  t h i s  procedure we k e p t  the f ragmenta t ion  parameters  

f i x e d .  

We used the following event shape measures as computed from the 

charged part icles:  

5 . 1  The momentum tensor.  

The generalized momentum tensor is  defined as 

N p .  p N Ti}? _— z “"—£,- / ): ]pj|Y (7) 
J IpJI J 

where a ,  ß r e f e r  to the x .  y ,  z momentum components of the J t h  part icle  and 

N i s  the number of particles in  an event. 
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(1) (2) He shall consider the tensors T and T . 

The tensor T ( 2 )  corresponds t o  the normalized momentum tensor in t roduced 

in  Ref .  38. Diagonalization yield: the unit eigenvectors fl1 , % ,  h and the 3 
corresponding eigenvalues 

" 2 2 2 2 2 QK . }(p j .fik )  /}lpjl - % i l  cos eJK’ g |p j |  (B) 

Here,  °j  i s  the angle between particle J and eigenvector k .  E q . ( 8 )  shows 

that cos e J k  i s  weighted by the square of t he  particle momentum. The  °K 

satisfy the relation 01 + Q2 + 03 - 1 .  I f  they are  ordered such that 

01 < 02  < Q3 they measure the flatness (01 ) ,  the width (02) and the length 

(QS) of  an event. The plane spanned by 712 and 113 i s  called the  event plane r.. 
and 53 the J e t  axis. The °K can also be expressed in  terms of  the 

transverse momentum components out of and _12 the event plane, 
(Q) _ * (Q) _ * . DT out j ' i'fi1l' DT in j ‘ i'fl2l ‘ 

2 01 - <pT out>l<p% (9) 
_ 2 oz — <p.r in  >/<p% 

where the averages are  taken over the par t ic les  o f  an  even t .  The sphe r i c i t y  

( S )  and aplanarity (A)  are given by 

S = 3/2 (Q1 "' 02) ' 3/2 ( 1  - 03) (10 )  
A - 3/2 Q1 

( 1 )  The use of the tensor T has been advocated in Refs.  1 3 .  3 9 .  
( 1 )  Diagonalization of T yields the eigenvectors fü1‚ m2, ma and 

corresponding eigenvalues 

" 3  _ ! 2|p | cosze. / 2|p.l (11) 
j J J JK J J 

!( i s  weighted l inear ly  by the pa r t i c l e  momentum. The L a r e  K 
ordered such that 1.1 < I.. < 1.3; their significance i s  similar t o  that of 

the °K'  

Thus, 00329J 

2 

5 . 2  J e t  Mass 

I t  has been stressed in  Ref.  [HO] that the effective masses of je ts  are  

a sensi t ive measure of gluon emission. He employed the following procedure; 

each event was d iv ided  in to  two hemispheres by  a plane perpendicular t o  t he  

J e t  axis (13. The effective mass H of the system of charged particles found  

i n  a hemisphere i s  called the  J e t  mass. The higher ( lower)  j e t  mass i n  a n  

event is  denoted by "H (HL).  The variable used is the d i f fe rence  of the 

scaled J e t  masses squared 

_ 2 

AM2 ' ‚% ‚ML: (12) “% 
where “V i s  the t o t a l  observed charged energy. 

5 . 3  Sets of distributiorß 

In order to determine °s’ o q  and a“ we made i n  turn a simultaneous f i t  

t o  each of the following four sets of normalised distributions : 

( 1 )  ”°tot dols‚ ”°tot do/do1. ”°tot do/dxp 

( 2 )  1l°tot do/dL2‚ 1’°tot do/di..„ 1’°tot do /dxp  

(3) 1/utot doldpé°in, 1/otot daldpé°äut. 1/atot do/dxp 

(h) 1/otot da/dnin‚ 1/otot do/dpéLgut‚ 1/otot do/dxp 

The ::I) distribution (xp - 2|p|/H is the scaled momentum of charged 
part icles)  was included in  each of the ll sets because i t  is  most sensitive 

t o  aL. Note that the integrals of the x p  and p.r d i s t r ibut ions  equal the 

me'an mul t ip l ic i ty  of charged particles. The p.r behavior out of and in  the 
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event plane strongly restr icts  the parameter o q .  T h e  tai ls  of the f i r s t  

distribution in each set are particularly sensit ive to  u s .  

As a s ide  remark we note that with t h e  h i g h  s t a t i s t i c s  data available 

here i t  was found that a g ,  o q  and aL 

distribution which can be any one of the distr ibutions l i s ted  above. 

can also b e  de termined using only one 

$ . !  Correotions to the experimental dis t r ibut ions 

The experimental distributions to be shown below were computed using the  

charged particles measured in the central detector f o r  the accepted events 

as  described in Sect .  2 .  To these d i s t r i b u t i o n s  co r r ec t ions  were  app l i ed  

fo r  the effects of QBD radiation i n  the i n i t i a l  s ta te  [H1] .  detector 

acceptance, mult iple  sca t te r ing ,  secondary in terac t ions ,  resolution and 

reconstruction efficiency (see also Ref. [ h 2 ] ) .  Let  Näääi(x) be the number 
of raw data events (or  charged partioles) in a b in  of some variable x .  The  

corrected number of events ( o r  charged par t i c les )  i s  g iven  by  

data data “corr<x> - C(x) . Nmeas (X) (13) 

The correction factors 

NMC MC 
C(x) '=‘ t rue(x)  / "meas(X) 

were calculated by Monte Carlo techniques using 1st order QCD and Field— 

Feynman fragmentation [H]. The "true" Monte Carlo d i s t r ibu t ion  of any 

variable was computed without QED radiat ion and without de tec tor  e f f e c t s  

from the primary charged par t ic les  or  f rom those produced in the decay of 

par t ic les  wi th  l i f e t i m e s  less than 3 . 1 0 _ 1 0 5 e c .  F o r  example ,  the  charged 

particles from K; and A decays were inc luded ,  i r respect ive of how f a r  away 

from the interaction point  the decay occurred,  while the charged particles 

f rom Ki decays were not  included. The eoordinate  s y s t e m s  ( e igenvec to r s  o f  

the momentum tensors) to which the shape variables and transverse momenta 

r e f e r ,  were computed w i t h  all charged and neutral  stable pa r t i e l e s .  I n  this 

case; the « ° ;  K; and A were considered as stable: I n  order to  obtain the 
”measured" Monte Carlo distribution of any va r iab le .  Monte Carlo even t s ,  
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which now inc lude  QED radiat ive effects, were generated and passed through a 

detai led detector  s imula t ion  and through the same event reconstruction and 

se lect ion programs as used f o r  real  data.  For the Monte Carlo events, the 

event  shape,  pT and x p  variables were computed from the accepted charged 

tracks, as f o r  the r ea l  data .  I t  was checked that the Monte Carlo events 

used f o r  calculat ing the corree t ion  functions describe the data reasonably 

well. 

We stress that the eorrection functions were found to  be independent of 

the s p e c i f i c  QCD model  u s e d .  They are  basically determined by  the 

geometrical acceptance and the effect  of in i t ia l  state QED radiation.  We 

checked that the determinat ion of °s d id  not depend on whether 1st or 2nd 

order  QCD was emp loyed  o r  which fragmentat ion model was used i n  the 

oalculation of the correction functions.  

5 . 5  F i t  p rocedure  

For a given model a la t t ice  of ” x H x n points in  the a ß ,  u q .  aL 

was considered.  For  each l a t t i c e  point  ”000 Monte Carlo events were 

space 

generated and the " t rue"  d i s t r ibu t ions  were calculated according to our 

defini t ion (Sect. S." ) .  The content of each bin of each distribution l isted 
i n  Sect.  5 . 3  was parametrized by a and order polynomial i n  a s ,  a q  and aL 

which  gave a good descr ip t ion  of t he  Monte Carlo data. The best values fo r  

a . 0 and a L  were  obta ined  by  a combined f i t  of these parameterizat ions t o  
3 q 

the corrected data using the computer code MINUIT [H3] .  

7 6 .  Results of  the Shape Analysis 

The f i t s  were  p e r f o r m e d  i n  1 s t  and 2nd order  QCD and f o r  b o t h ,  the 

independent and s t r ing fragmentation models .  considering f o r  each of the u 

possible cases the " combinations of distributions given in  Sect. 5.3.  

The QCD cut-off  parameters : ,  6 were s e t  to the values 0 . 2 ,  H O ° .  For 

the  I J  model the gluon was assumed to fragment l ike  a l ight quark and the 

values of t he  o q  and aL parameters of the gluon j e t  were assumed t o  b e  the  
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same as those of a quark Jet .  Energy-momentum conservation was imposed by 

the Lorentz boost method. The sensitivity of °s to a l l  o f  these assumptions 

i s  discussed in Sects. 6 . 3 .  6 . "  and 6 . 5  respectively. 

The results of the tits are given in Table 1 and Figs .  1 a ) - k )  for 1 s t  

order 001) and in Table 2 and Figs.  2a ) -k )  for 2nd order QCD. Considering 

the fact that many ad hoc assumptions enter the fragmentation models and 

that only 3 parameters were allowed to  vary. the general agreement between 

the data and the models i s  impressive. However, for-mally the x 2 / d . f .  i s  not 

good. The t i ts  were carried out considering only the s ta t i s t i ca l  errors 

which for most of the bins are at the percent l eve l .  We are therefore in a 

regim9 where either the systematie_errcrs or failures of the models dominate 
the value of x2/d.t .  For the xp distribution we estimated the systematic 

uncertainties [im]. They amount to 51 for 1:" < 0 . 0 5 ,  13 for 0 . 0 5  ( xp < 0 . 5  

and 1 1 1  for  0 . 5  < x„ < 0 . 3 .  I f  these errors are added quadratically to the 

statistical errors, the )( / d . f .  of the xp distribution i s  typically reduced 

from 11.8 to 1 . 8  for independent fragmentation and from 11.2 to 1 . 2  for  string 

fragmentation. 

The events which enter the t i t s  shown i n  Tables  1 ,  2 are dominantly two- 

J e t  events. We also f i t t e d  “s using only those kinematic regions of the 02, 

1.2, p‚r i n  and M2 variables where hard gluon bremsstrahlung dominates 

(perturbative region) .  About 201 of the accepted events ( 6 1  of the accepted 

tracks in the case of p‚r i n )  fa l l  into these regions as defined in Tables 

3,11. The parameters °q and al. were f ixed  at their average values obtained 

from the 11 sets of distributions shown in  Tables 1 ,  2 .  The resulting “s  

values are given in Tables 3,11. 

6 . 1  Discussion of the f irst  order CCD t i t s .  

Within each model, the 11 sets of distributions give consistent results - 

for the fragmentation parameters. The values of  °q and a are somevihat 
L 

smaller i n  the string model than i n  the I J  model. 

The f i t ted  values of “a using the IJ model range from 0 . 1 9  to 0 . 2 1 5  

depending on the set  of distributions. The string model yields a factor 

v . - 9 ‚ _ 7  .—‚.1—.—-.= 
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1 . 3  - 1 . 5  t imes higher “s  values; they are in  the range 0 . 2 5  to 0 . 2 9 .  The 

values of e s  es obtained from the perturbative regions agree with those from 

the overall t i t s  within s tat is t ical  errors. 

An interesting observation [115] i s  that the string model predicts too 

f e w  events in  the tei ls  of the 0 1 ,  [..1 and p‚r out distributions, see F i g .  1 .  

Such a discrepancy i s  not observed f o r  the I J  model i n  contrast to  R e f .  115. 

I t  i s  suggestive to attribute i t  to the fact that tragmentation of 

e+e_ -> qäg events in  the string picture occurs in  two Lorentz frames which 

are di f ferent  from the overall c . m .  system. As a resu l t ,  the events are 

more planar than i n  the I J  model. This discrepancy between the string model 
and the data i s  strongly reduced i f  0 ( afi )  terms (h-jet events) are included 
as wil l  be shown below. 

6 . 2  Discussion of the 2nd order QCD t its.  

The values of the fragmentation parameters changed only l i t t le  as 

compared to  the f i r s t  order t i t s .  Their values averaged over the ll sets of 

distributions are for the-LI model 

0q - 0.35 _ 0.01 GeV/c 
aL - 0.61 1; 0 .06 

+ 

and for the string model 

°q :- 0 . 3 2  1 0.01 GeV/c 

aL .. 0.111 d: 0 . 0 6  .. 

However, the values of qq and aL depend on the input value of PM? + v ) .  
In order to  estimate this dependence. two t i t s  were performed for the I J  

model where P / ( P  + 1!) was set to a )  0 . 2 5  and 0 )  0 . 6 0 .  These values mark the 

l imi t s  allowed by the measurement of P/(P + v )  of Ref.  27.  



_ 1 8 _ .  

The results are 

for P / (P  + V) - 0 . 2 5  : oq —ä 0 .37  GeV/c, aL - 0.H5 

for P/(P + V) - 0 . 6 0  : oq s .  0.32 GeV/c,  aL & 0.82.  

Although oq and aL are strongly correlated with P / ( P  + V ) .  the value of 

u s  changed by  less than 0 . 0 0 H .  

The f i t ted  values for us in the IJ model l i e  between 0 . 1 5  and 0 . 1 6  and 

are about 201 smaller than in 1 s t  order. For the string model, the us 

values range from 0 . 1 9  to 0 . 2 2  and are about 251 lower than i n  1 s t  order.  

Hence,  the model dependence of “a persists  a lso  i n  2nd order: the string 

model y ie lds  us values which are  a factor  1 . 2 5  to  1 . 5 0  t imes  higher than 

w i t h  independent fragmentation. Again ,  the “s  values from the perturbative 

regions shown in  the 2nd column of Tables 3 and H, agree with  those from 

the total event sample within statist ical  errors. In particular, the “3  

dependence on the fragmentation model i s  the same as for the overall f i t s .  

A comparison of the t i t s  in  1 s t  and 2nd order QCD shows that f o r  the I J  

model the overall x2 /d . f .  values do not improve in going from l s t  t o  2nd 

order, while for the string model the f i t  quality shows a marked improvement 

when the 2nd order contribution i s  inc luded.  This  i s  particularly true f o r  

the 0 1 ,  L 1  and pT out distributions.  However, in  the str ing model the 1 s t  

and 2nd order contributions are not suff ic ient  to completely explain the 

ta i ls  of these distributions. 

I t  i s  observed that the xp distribution and the pT in  distribution at 

large values of pT in  are slightly better reproduced with the string model .  

On the other hand, the quantities related to pT out are better described by 

the IJ model. As a consequence, the x 2 / d . f .  values o f  the overall f i t s  d o  

not allow us t o  prefer one of the two fragmentation models. 

6 . 3  Variation of a ,  6 .  

The Starman-Weinberg formalism i s  one way to avoid divergencies in  the 

QCD cross sections. The values of the parameters e ,  6 are in principle 
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arbitrary. However, in order to prevent the next higher order contributions 

from becoming important the e .  6 parameters cannot be  arbi trar i ly  small 

[20] .  In  going from the parton to the hadron level ,  fragmentation has to be  

included. This  suggests one should choose e ,  5 corresponding to  the  typical  

J e t  spread. 

We explored the dependence of “s on the e .  6 parameters for the values 

( 0 . 1 5 ,  3 H . 5 ° ) ‚  ( 0 . 2 0 ,  HO°) and (0.25, H 5 ° ) .  Here, 8 is ohosen to be 

proportional to 1—cosö [20] .  Note that within this range of a ,  & values the 

H-parton cross section changes by a factor of 5 ( e . g .  from 10!  to 21 of 

° tot  for “s = 0 . 1 7 ) .  The f i t s  (not shown) for the fragmentation parameters 

and a s  were repeated for the lower and higher e ,  & s e t s .  We found that the 

values of us  and of the fragmentation parameters depend s l ightly on the 

choice of a ,  6 .  He note that the lower e ,  6 values g ive  a poorer f i t  than 

the higher ones. Tables 3 and " show the results of the GS f i t s  to the 

perturbative regions where aL and o q  were f i x e d  t o  the values obtained in  

the overall f i t s  f or  the particular choice of a ,  6 .  For both fragmentation 

models,  u s  increases on average by 0 . 0 2  i f  e ,  5 are increased with in  the 

range considered. Such a dependence i s  theoretically expected [20]  and i s  a 

source of systematic uneertainty. 

6 . "  Gluon fragmentation 

I n  contrast to  the string mode l ,  the I J  model makes no pred ic t ion  f o r  

gluon fragmentation.  So f a r ,  we assumed that the gluon fragments into  

hadrons l i k e  a u .  d or s quark. Experimental results from the JADE group 

[NG] indicate that the fragmentation function of the gluon i s  softer and 

broader than that of a quark. He therefore repeated the f i t s  using the 

Altarel l i -Paris i  proposal [ 33 ]  for the gluon t o  s p l i t  into qä before 

fragmenting which generates a softer  hadron spectrum. The resulting d s ,  o q  

and aL parameters are given i n  Table 5 a .  The x 2 / d . f .  values are 

systematically higher by  —2 units than obtained before (Table 2 a ) .  This  may 

indicate that the fragmentation of two parallel quarks cannot be treated 

independently. The results of the “5 f i t s  to the perturbative regions are 

given i n  Table 5 b .  The values of us obtained under the assumption of gluon 
«. 
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splitting are systematically higher by  0 . 0 1 - 0 . 0 2  and are  thus oloser t o  t he  

values obtained w i t h  the s t r ing model .  

He also tried to f i t  us under the assumption that the gluon J e t  i s  

broader ( o q  - 0 . 5  GeV/o as suggested by R e f . fl 6 > .  This  had a negligible 

effect  on °s (Aas < 0 .00“ ) .  

6.5 Energy-momentum conservation; 

As discussed before,  the value of  u s  fo r  independent fragmentation may 

depend on whether o r  not  energy—momentum i s  exactly conserved i n  the model.  

For the f i t  results presented so f a r ,  energy-momentum oonservation was 

achieved by the Lorentz boost method (see S e c t .  H . 1 . 8 ) .  When this 

constraint  was omi t t ed  and the event  shape and pT analysis  i n  2nd order QCD 

was repeated. no s ignif icant  changes of “ 3  ( A u s  < 0 .003)  and of t he  

fragmentation parameters were observed. 

6 . 6  Dependence on event se lect ion cu t s .  

As a check on the s tabi l i ty  of the f i t  r e s u l t s ,  the event se lec t ion  c u t s  

were changed and the f i t s  were repea ted .  I n  t h e  f i r s t  f i t  t h e  ou t  on the  

angle  between the j e t  a x i s  and the beam d i r ec t i on  was changed ( | c o s e j |  < 0 . 8  

instead of 0 . 7 ) .  In  the second f i t  a out  was placed on the angle between 

the normal to the event plane and the beam di rec t ion  ( |cosenl  > 0.2) which 

suppresses 2 — j e t  events wi th  a hard col l inear  photon  r ad i a t ed  i n  the in i t i a l  

s ta te .  I n  both cases, the  values of u s  and of t he  f ragmentat ion parameters 

changed only within statistical errors. 

7 .  Cluster Analysis for  the Determination of u s  

The number of events which have 3 co l l imated  and wel l  separated clusters  

of energy allows i n  p r inc ip le  the  most  d i r e c t  de te rmina t ion  of u s .  

Fragmentation effects are expected t o  play a minor role  here [ H T ] .  For J e t  

f ind ing  we used the angular algorithm described i n  R e f .  H8.  Th is  algorithm 

collects part icles wi th  re lat ive angles smaller than a in to  preclusters and 

combines p r e c l u s t e r s  w i t h  re la t ive  angles smal ler  than 8 i n to  c lusters .  The 

N clusters  found  i n  an  event  are ordered in energy 31 < E2 ( . . .  < E“.  The 

n lowest energy c lus te rs  which s a t i s f y  the cond i t ion  2 E .  < a 1 1-1 
removed.  T h e  r e m a i n i n g  c lus t e r s  wi th  energies  greater  than 52 W / 2  are  

called J e t s .  The  parameters ( a ,  B ,  e1. e2) were ehosen as (30°,  “5°,  0 . 1 ,  

0 . 1 H 5 ) .  No te  that the parameters 51 and 8 of t he  cluster algorithm 

correspond t o  the Sterman-Heinberg e and 6 parameters  used i n  t h e  

H/2 are  

pe r tu rba t ive  QCD c a l c u l a t i o n .  S ince  our c lus ter  analysis  considered only 

charged pa r t i c l e s ,  the value o f  : ]  is half of that of a .  

For t h e  fo l lowing s t u d y  events  w i t h  only 3 j e t s  were se lected.  The J e t  

energies  were r e c o n s t r u c t e d  f rom the directions of the j e t s .  For t h i s  

purpose the measured J e t  momenta which are  given by the vector sum of the 

part icle  momenta. were projected onto the event plane (52 ,  fi3 ) ‚  which  was 

de te rmined  i n  t h e  e v e n t  shape analysis by  the T < 2 )  tensor .  Assuming mass-  

1ess j e t s ,  the angles e i k  (def ined as eik S ! )  between the projected J e t  

momenta were used t o  compute the scaled reconstructed J e t  energies 

= Z s m ® j k / ( s i n e 1 2  + s i n e  + s i n 6 2 3 ) ‚  i j k  c y c l i c .  ( 1H)  X 1 3  
1 

Events w i t h  momentum imbalance (912 + 913 + 623 < 21) were rejected. 

The cluster thrust i s  defined as tCL = max(x1‚  x 2 ‚  X 3 ) .  A two-jet l i k e  

configurat ion has tCL close to 1 and the configuration wi th  a l l  three angles 

equal to  120"  has tCL = 2/3 .  

A d e t e r m i n a t i o n  of us  in 2nd order  QCD was performed by f i t t i n g  the tCL 

d i s t r i b u t i o n  o f  t he  raw data  to the tCL dis t r ibut ion predicted by  the Monte  

Carlo m o d e l .  The model ealculations included QED radiative effects .  

detector  s imulat ion and event recons t ruc t ion ,  and  were done f o r  the I J  model 

w i t h  g = q a s  w e l l  a s  f o r  the  s t r i ng  m o d e l .  The f ragmentat ion parameters 

were s e t  t o  the  values g i v e n  i n  Sect.  6 . 2  and the 5 ,  6 parameters were taken 

as 0 . 2 ,  " 0 ° .  

The c lus te r  thrus t  d i s t r ibu t ion  of the data i s  shown i n  F ig .  3 .  The 

f i t s  were performed in  the region tCL < 0:9" for which the e*e_ * qä 



contribution is  expected to be small (<3$)- The 000 models are seen to give 
a good description of the data fo r  the t -region f i t t e d .  At  larger tc  CL 
values more events are  observed than p red ic ted  by  the models .  The  "s 

( 0 . 9 “ ,  < 0 . 9 0  and < 0 .85 .  

L 

' r e su l t s  are  given i n  Table 6 a  f o r  the  c u t s  t C L  

The values of us depend l i t t le  on the tCL cu t .  

The values of us obtained in  th i s  way,  v i z .  u s  - 0 . 1 "  (0 .18 )  for 

independent (s t r ing)  fragmentätion, a r e  sys temat ical ly  lower than those 

obtained by the shape analysis, v i z .  "s - 0.155 ( 0 . 2 1 ) .  The r a t io  of  

String/aäJ - 1 .29 .  Thus. in  contrast t o  the earl ier  hope [H7] and to  s 
results from JADE [ 1 0 ] ,  a s ignif icant  model dependence o f  a s  i s  also 

0 

observed with the eluster analysis [ 7 ] .  The values of °s were found to  b e  

stable against changes of the cluster def ining parameters ( e ,  s ,  51,  52) 

with in  a broad range.  

8 .  Determinat ion of us  w i th  the  Method of Generalized Spher ic i ty  

He also used the method of generalized spherici ty  [H9]  to  extract  3-jet  

events. In d is t inc t ion  t o  the c luster  method descr ibed  b e f o r e ,  t h i s  

algori thm i s  quadrat ic  i n  the pa r t i c l e  momenta and therefore  gives high 

momentum par t ic les  a larger weight.  The p a r t i c l e  momenta are  projected onto  

the event plane (na .  na )  obtained f rom the momentum teaser T ( 2 ) .  Three 

nonoverlapping se t s  of par t ic les  a re  found which s a t i s f y  the requirement 

that the sum of the J e t  spher ic i t ies  i s  a m i n i m u m .  T h e  J e t  d i r ec t ions  a re  

given by the individual J e t  spherici ty axes.  

An analysis s im i l a r  t o  the one described in the  p rev ious  sect ion was 

performed t o  determine the 3-jet thrust “GS'  The  d i s t r i b u t i o n  o f  tGS i s  

shown i s  F ig .  " for those events i n  wh ich  each J e t  has a v i s i b l e  energy o f  

more than 0 . 1 ü 5  Wl2. The d is t r ibut ion looks qui te  d i f f e ren t  f rom the 

cluster—thrust d is t r ibut ion.  This  i s  partly d u e  t o  t h e  f a c t  tha t  in  the 

method discussed here all events are treated as 3 — J e t  events  and that each 

particle i s  assigned to one of the three J e t s .  Consequently, the J e t s  on 

average have more energy and therefore a higher chance o f  passing the J e t  

energy c u t .  The two QCD models provide reasonable f i t s  t o  the data fo r  
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tGS < 0 . 9 " .  The u s  results in  2nd order 000 from f i t s  to  the tGS 

dis t r ibut ion f o r  t < 0 . 9 " ,  < 0 . 9 0  and < 0 . 8 5  are given i n  Table 6 b .  The  

values of “5 obtained with th i s  method are very similar to those obtained 

f rom the  c lus te r  ana lys i s ;  they are “a = 0 . 1 "  ( 0 . 1 9 )  for independent 

( s t r i n g )  f r a g m e n t a t i o n .  A g a i n ,  °s  depends on  the  f ragmenta t ion model : 

aß“"““/aä" - 1 .31 . 

9 .  Determinstion of “ s  f rom Energy-Energy Correlat ions.  

Energy-energy correlations have been proposed [SO, 51] to study 

e+e— + hadrons  and  t h e  underlying parton s t ruc ture .  The energy-weighted 

angular correlation (EWAC) is  defined as 

„ E .E 
?" d t  1 i k —-—-.— ‚ —  f ( c o s x )  ! — X 2 . G(cosx-cosx ) ( 1 5 )  

° to t  deosx  “ events i ‚ k  H2 i k  

where x i k  i s  the angle between particles 1 and k with  energies E i  and E k '  

The  summation i s  extended over all pairs i ,  k of particles i n  a n  event  

including the case 1 = k ,  and over a l l  N events .  The normalizat ion i s  

therefore ! f (cosx)dcosx  = 1 .  

The EWAC i s  a f f e c t e d  by fragmentation. The fragmentation e f fec t s  f rom 

e+e_ + qä are suppressed i f  instead of f ( c o s x )  the asymmetry is  considered: 

A(cosx) - f(cos(w-x)) — f ( c o s x ) .  (16) 

I n  the asymmetry the  contribution f r o m  hard noncollinear gluon emission 

r e l a t i v e ' t o  the qE contr ibut ion i s  enhanced and therefore the sens i t iv i ty  to 

as is  increased. However ,  the asymmetry s t i l l  depends on the fragmentation 

of e e + qqg events .  

He evaluated the EWAC using only the charged particles and replacing H 

by the v i s i b l e  energy  “v is  which i s  t he  sum of the charged par t ic le  energies 

in  an event assuming a l l  particles to  be pions.  Following Sect .  5 . " ;  the 

EWAC was corrected f o r  detect6r acceptance, event selection cuts and QED 
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initial state radia t ion ,  but  not f o r  neutral part icles .  From the corrected 

EHAC, the asymmetry A(cosx)  was obta ined  and i s  diSplayed i n  F i g .  5 .  

9 . 1  “s in f i r s t  order 000 

"s was determined from a f i t  to  the asymmetry in the large angle region 

| cosx |  < 0 . 7 .  Both fragmentation schemes were cons ide red .  The 

fragmentation parameters were taken from the shape analysis (Table 1 ) .  The 

results of the f i t s  for  the IJ model wi th  g - q and f o r  the s tr ing model are 

g i v e n  i n  Table 7 a  and shown by the histograms i n  F i g .  B e .  The va lue  of u s  

depends s t rongly  on the f ragmentat ion scheme as  shown b y  t h e  r a t io  
s t r ing IJ _ es / us — 1.52 .  

9 . 2  “s in second order QCD using Extended FKSS. 

The same t i t s  were‘fiepeated i n  2nd order  QCD using the Extended  FKSS 

calculation and the  fragmentation parameters g i v e n  i n  S e c t .  6 . 2 .  The  

resul ts  are  g iven  i n  Table 7 b  and shown i n  F i g .  5 b .  The  agreement with the 

data is reasonable. The “s values agree wi th  the corresponding values 

obtained i n  the shape and cluster analysis. The d i f f e r e n c e  between the two 

f ragmenta t ion  schemes pers i s t s  also i n  2nd o rde r :  f o r  ou r  standard choice 

of parameters u2tring / aäJ = 1 . 3 7 .  

The value of u s  was found t o  b e  i n s e n s i t i v e  t o  t h e  c h o i c e  of the : .  6 

parameters es shown in  Table 7 b .  An increase of a s  of approximately 101 was 

found in the IJ  model when, instead of g = q ,  t he  gluon was assumed t o  s p l i t  

(see  Table T h ) .  The value of u s  dropped b y  a cons iderab le  amount (201) i f  

energy-momentum conservat ion was no t  r equ i red  i n  the I J  mode l ,  i n  agreement 

with the observation of the CELLO group [8] and wi th  R e f .  37 .  F ina l ly .  we 

note that increasing the |cosx |  out ( e . g .  f rom 0 . 7  to  0 . 8 )  would result  i n  

smaller d s  values. 

9 . 3  us in second order QCD using AB 

The f i t s  t o  the asymmetry were a l so  per formed wi th  the  2nd order 

calculation by AB [16] .  Again, the fragmentat ion parameters of the I J  and 
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s t r i ng  models  were t aken  f rom the shape analysis of Sect .  6 . 2 .  The °s  

values are  given i n  Table 7 c .  Also i n  t h i s  approach d s  was found t o  depend 

on the f r a g m e n t a t i o n  s c h e m e ,  a z t r i ng  / aäJ = 1 . 3 6  i f  our standard 

g = q assumpt ion  i s  used f o r  independent fragmentation. The “3 values a re  

15-20! lower than the corresponding ones found with the Extended FKSS 

e a l c u l a t i o n .  T h i s  d i f f e r e n c e  i s  mainly a t t r i b u t e d  t o  the d i f f e r e n t  

t rea tment  of so f t  p a r t o n s ,  i . e .  minimum mass recombination (AB)  versus 

Sternen-Weinberg de f in i t i on  (FKSS).  

1 0 .  Energy Dependence of Event  Shages.r  

This  s e c t i o n  compares  the predic t ions  o f  the 2nd order  QCD models w i t h  

the data at d i f f e r en t  c . m .  energies. 

We assumed t h e  f ragmenta t ion  parameters  t o  b e  energy independent.  The 

values g iven  i n  S e c t . 6 . 2  were taken. For as we assumed the logar i thmic  W 

dependence as given by the 2nd order formula [52] where the QCD scale 

parameter A was f i x e d  using the f i t s  at  W = 34.6 GeV, i . e .  A'= 0.36 GeV 

( 1 . 2 0  GeV) f o r  independent  (string) fragmentation. At W 5 1 "  GeV only 1 s t  

order 000 was t aken .  

Data on  e v e n t  shape  measures a r e  available f rom t h i s  experiment covering 

the energy range f rom 1 2  to "3 GeV (see Ref.  HZ) .  The average values of  

s p h e r i c i t y .  1 - t h r u s t ,  (p? i n )  and <pä  ou t )  are displayed i n  F igs .  6a-c as a 

f u n c t i o n  of W. N o t e ,  i n  t h i s  case the spher ic i ty  and thrust  dis t r ibut ions  

have been corrected such that  they include also the neutral part icles.  The 

model predic t ions  a re  drawn as curves.  The trend of the data i s  reasonably 

well reproduced by  both  the independent and  the  s t r i n g  f ragmenta t ion models .  

The  e x p e r i m e n t a l  obse rva t i on  of a s low var ia t ion  of (S) and <1-T> a t  

energ ies  above =30 GeV i s  be t t e r  reproduced in 2nd order QCD than i n  I s t  

order QCD, (compare the corresponding F igs .  2 1 ,  22  of R e f .  H 2 ) .  

Some dev ia t ion  between the data and the model predictions occur near 

W - 1ü  GeV. This may indicate  a sl ight energy dependence of the 

fragmentation parameters as expected in e . g .  models of multigluon emission.  
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1 1 .  Discussion of the results 

We have determined “s f rom a da t a  sample of  1 6  500 mul t ihadron  events 

produced by e+e_ ann ih i la t ion  a t  a n  average c . m .  energy of  3 H . 6  GeV. The  “ s  

analysis employed the  1 s t  as well as the  2nd order QCD calculat ions and used 

both the independent J e t  ( I J )  model and the  Lund s t r i n g  mode l  t o  describe 

the hadronization.  

By taking into account the many measurements o f  i d e n t i f i e d  p a r t i c l e _  

spectra most of the parameters of the fragmentat ion models have been  f i x e d «  

We have treated as the only free parameters °q and aL which descr ibe  t h e  

transverse and long i tud ina l  momentum spect ra  o f  t h e  produced hadrons .  

Using a l l  e v e n t s .  ° s  was ob ta ined  s imul t aneous ly  w i t h  o q  and a L  by 

f i t t i n g  event  shape or  pT d i s t r ibu t ions  and the momentum d i s t r ibu t ion .  I n  a 

L were  f i x e d  t o  t h e  f i t t e d  v a l u e s  a n d  t h e  “ s  f i t s  were 

r epea ted  consider ing only the  p e r t u r b a t i v e  r e g i o n s ‚  w h i c h  a r e  d o m i n a t e d  by  

second s t e p ,  o q  and a 

gluon bremsstrahlung.  The  resu l t ing  ds  va lues  w e r e  f o u n d  t o  b e  t h e  same a s  

those f rom the overall t i t s ,  wi th in  errors. The per tu rba t ive  regions and 

the overall d is t r ibut ions  were found to b e  desc r ibed  equa l ly  Wel l  by  the  QCD 

models. This shows that we have obtained a cons is ten t  descr ipt ion of  the  

two- and three-jet regions. 

A l l  data cons ide red ,  i . e .  event  shapes,  j e t  masses ,  t ransverse  momenta, 

3-c lus ter  t h rus t  and t h e  asymmetry of t h e  energy—energy co r r e l a t i on ,  can b e  

described by the same value of as  to  wi th in  t 105 23913959 the  same QCD 
calculation and the same f ragmenta t ion  model i s  u s e d .  

The value of us obtained i n  2nd order QCD, ( e s  i s  a lways s m a l l e r  

/ a s ( 1 )  depends o n  the  QCD 

calculation, on the fragmentation model and on the d i s t r i b u t i o n  used.  

With the Extended FKSS scheme we have obtained:  

than the 1st  order result, ( a g l ) ) .  The r a t i o  us  

ui2gldgi> e‘ 0 . 7 "  to  0 . 8 "  f o r  independent f ragmenta t ion  and 

0.71 to  0 . 7 6  f o r  s t r i ng  f ragmenta t ion .  

(2) (1) With the AB s c h e m e ,  a l a r g e r  d i f f e r e n c e  be tween  u s  a n d  a s  was o b t a i n e d !  

a ; 2 ) / a g 1 )  _ 0 . 7 0  f o r  i n d e p e n d e n t  f r a g m e n t a t i o n  a n d  

0 . 6 3  f o r  s t r i ng  fragmentation. 

T h u s ,  the  way s o f t  g luons  a re  treated has a not iceable  influence on the  s i q e  

of t h e  2 n d  o r d e r  c o r r e e t i o n s .  The 2nd order  corrections are  large and i t  i s  

e o n c e i v a b l e  t h a t  t h e  n e x t  h igher  orders  are  not  n e g l i g i b l e .  

I n  t h e  ca se  o f  t h e  s t r i n g  mode l  t h e  i n c l u s i o n  of t h e  2nd  o r d e r  

con t r ibu t ions  has l e d  t o  a marked improvement  o f  t h e  f i t  q u a l i t y  f o r  t h e  Q 1 ‚  

i.1 and pT ou t  d i s t r i b u t i o n s .  This  i s  i n  agreement with t h e  JADE observat ion 

[ H S ] .  I n  case  o f  t h e  I J  m o d e l ,  1 s t  and 2nd o rder  QCD gave a b o u t  t h e  same 

f i t  q u a l i t y ,  i n  contrast to  R e f .  ”5. 

The  dependence o f  u s  on t h e  fragmentat ion scheme was s tud ied  by  

cons ide r ing  two  c o n c e p t u a l l y  d i f f e r e n t  f ragmantat ion models, namely the  

i ndependen t  J e t  a n d  the  color  s t r ing models.  All d is t r ibut ions  u s e d  l e d  t o  

a f r a g m e n t a t i o n  scheme  dependen t  °s va lue .  I n  1 s t  o rde r  QCD t h e  r e s u l t  i s  

s t r i n g / “ I J ‚ g = q  ‘ us  s = 1 . 3 2  to  1 .60 .  

This  mode l  dependence i s  s l i g h t l y  reduced  i n  2nd  order QCD (Extended FKSS 

and AB): 

s t r i n g  I J , g - q  . 08 / d s  3 1 . 2 2  to 1 .58  

depending o n  t h e  d i s t r i b u t i o n .  The smallest (largest) model dependence was 

seen w i th  t h e  pT i n  (AM2) d i s t r i bu t ion .  Our resul t s  on t h i s  model  

dependence a r e  i n  agreement with these publ ished b y  the CELLO group [ 7 , 8 ] .  



Compared to the case where gluons fragment like l igh t  quarks ( g  - 0 ) .  

the assumption of gluon splitt ing ( s  + 03) led t o  a smaller rat io:  

ui°”“°/uf'°"°° =.= 1.08 to 1.35. 

However, with gluon splitting the data dis t r ibut ions were in  general less 

well f i t t ed  than with the g - q assumption. 

“the following summarizes the “s values obta ined  i n  a n d  order QCD f o r  the 

d i f f e r e n t  fragmentation models. 

Using Extended FKSS: 

aä‘l'3‘q . 0.1l1 to 0.16 

u?""“ - 0.16 to 0.18 

ustr ing s ‚. 0 .18 to 0.23.  

A comparison between the Extended FKSS and the ERT + AB schanes has been 

made f o r  the case of the asymetry of t he  energy-energy correlat ion 

yielding the  following resul t s :  

Extended FKSS ERT + AB 

uf'8=q = 0.139 0.117 

uf'3*qa ; 0.157 0.127 

u2"'"ins —.° 0.190 0.159 

As mentioned in Sect. 3 the Extended FKSS calculation used f o r  the f i t s  

involves certain approximations which a f f e c t  the value of us . We estimate 

that without these approximations the 03  values given above and in Tables 

1 - 7 for Extended FKSS should be reduced by about 51. 

Our resul ts  can b e  compared with similar determination: of us  in f u l l  

2nd order from other experiments.  

The JADE group  E 1 0 ]  employing the unmodified FKSS calculation and 

assuming g -> qä in case of the IJ  model, obtained from a cluster analysis 

03 = 0.16 t 0.015 _+. 0.03 independent of the fragmentation scheme. Within 

the systematic errors quoted this i s  consistent with our corresponding 

values of  0.136 t 0.005 f o r  the I J  model and 0.17”  t 0.007 fo r  the s t r ing 

model obtained fo r  tCL < 0.85 (see Table 6 ) .  

The MARK-J group [ 1 1 ]  used the ERT + AB calculation and determined “s 

f r o m  the asymmetry of t h e  energy-energy correlat ion.  Their values . 

°s = 0.12 : 0.01 fo r  the I J ,  g + qE mdel and “s = 0.111 ;1: 0.01 for the 

string model should be compared with our values 0.127 t 0.010 and 

0 .159  t 0 . 0 1 2  respect ively,  as shown in Table 7 .  Our values ind ica te  a 

stronger dependence on the fragmentation model. 

The CELLO group [8] employed the unmodified FKSS calculation and f i t ted  

us to the d i s t r ibu t ions  of the asymetry and the 3—cluster thrust. Their 

values of °‘s = 0 . 1 8  — 0 . 1 9  fo r  string fragmentation and “s = 0 . 1 3  - 0 .15  f o r  

independent f ragmentat ion (wi th  g = q and the Lorentz boost method t o  

conserve energy-momentum) agree with our corresponding values of 0 . 1 8  - 0 .19  

and 0 . 1 " ,  respect ively ,  see Tables 6 .  7 .  

I n  conclusion, the uncertainty in the determination of as is 

rather large.  As shown above, this has several  causes: 

- Fits  to  d is t r ibut ions  of different kinematical variables lead t o  “ s  

values which d i f f e r  by up to 15 - 20 $ .  

— There i s  a complete lack of theoret ical  understanding of t he  

fragmentation process. The °s valua determined with the IJ  and the 

string model d i f fe r  by about 301. The quality of the f i t s  to the 

dis t r ibu t ions  considered here has not  permit ted a choice between the  

the two models. However, the JADE group [53] from a study of other 
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aspects  o f  3 - J e t  p roduc t ion ,  has  found some p r e f e r e n c e  fo r  the s t r ing  

picture.  

- In the independent fragmentation model energy-momentum conservat ion 

has to be put i n  b y  hand.  T h i s  can b e  done i n  var ious  ways and 

affects  the value of “s [ S .  3 7 ] .  We have used i n  our  analysis  the 

Lorentz boost method and have found that the d i f ference i n  “s 

between imposing and not  imposing E - p oonservation i s  negligible 

(Aug < 21) for  the event shape and p.r d is t r ibut ions whi le  the  

asymmetry is strongly affected (Au8 = 205) .  

- Variation of the resolution parameters e ,  & with in  a reasonable 

range yielded differences i n  as of the  order of  101. The asymmetry 

of the energy-energy correlation i s  l e s s  s e n s i t i v e .  

31 The comparison of Extended FKSS w i t h  ERT + AB has been  performed 

for the asymmetry of the energy-energy correlat ion and has shown that 

the dif ferent  treatments of sof t  gluons i n  the 2nd order QCD 

calculation of the 3—jet cross section leads t o  u s  values which 

d i f f e r  by 1 0  - 151. 
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Fit resd]ts for the independent jet model, 1St order QCD Table la: 

Di3inibutions (x2/d.f.) ' ov;ra11 “s 09 aL x /d.f. (GeV/c) 
02(1.2) . 01(2.9) - x(4.7) 3.6 0.215 1 0.005 0.354 1 0.003 0.642 1 0.015 
12(1.5) 11(3.0) x(5 5) 4.3 0.195 1 0.005 0.341 1 0.003 0.638 1 0.015 

p$?3(3. 7) $33t(3 2) x(5.8) 4.7 0.188 1 0.004 0.351 1 0 002 0.636 1 0.011 
p(L)(4. 0) p%äat(4. 3) x(6.2) 5.3 0.195 1 0.004 0.344 1 0.002 0.603 1 0.011 

Table 1b: Fi£ results for the Lund string model, 1St order 000. 
Distributions (X2/d.f.)  ovgrall as °q °L ; (d.f. (GeV/c) 

02(2.2) . 01(9.0) x(3.6) 4.5 0.283 1 0.005 0.323 1 0.004 0.471 1 0.018 
12(3.1) 11(23.0) x(4.1) 7.7’ 0.292 1 0.005 0.319 1 0 004 0.413 1 0.016 

p%?)(3. 9) p$23t(7. 9) x(3.8) 5.1 0.252 1 0.004 0.336 1 0.002 0.508 1 0.012 
p(L)(5. 9) p%äat(1o. 2) x(3. 8) 6.3' 0.248 1 0.005 0.332 1 0 002 0.500 1 0.012 



Table 23: Fi t  result for the independent jet model, 2nd order QCD. 

Distributions (x2 /d . f . )  OV;rall “s oq °L 
X / d . f .  (GeV/c) 

02(2.0) 01(2.9) x(4.8) 3.9 0.158 t 0.004 0.360 1 0.004 0.661 t 0.019 
L2(1.4) 1.1(3.3) x(5.5) 4.2 0.147 t 0.003 0.349 1 0.004 ‚ 0.648 1 0.017 

pT?)(3. 6) p.$23„(2 8) x(6.1) 4.8 ‚0.150 t 0.002 0.349 t 0.002 0.595 1 0.013 

p!,';3‚(4_. 0) p%3„(2. 2) x(6.8) 5.0" 0.156 t 0.002 0.341 1 0.002 0.551 1 0.012 

Table 2b: Fit  results for the Lund string model,2 2"d order QCD. " 
_ _ _ 2 overall & 

01stnbutmns (x /d.f. ) x2/d_.1‚_ ds (see/c) °._ 

02(_1.3) q1(3.0) x(-4.-2) 3.3 0.212 1 0.003 0.317 «_» 0.004 0.416 = 0.018 
1.2(2_.4) L1(11.9) x(4.l) 5.4 0.219 : 0.003 0.309 : 0.004 0.344 1 0.016 

(‘?)(2. 2) pg.33t(5.3) x(4.5) 4.2 0.192 : 0.003 0.327 : 0.003 0.452 _: 0.014 

1 p%„(4.2) PTou-t(7'8) x(4.3) 5.4 0.193 —t 0.003 0.320 1 0.003 0.432 :t 0.013 _ 

— — — — ‚ — — — = —  _ = — x _ — r d _ _ ‚ f _ d _  
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Tab1e 3: Vä'lues of a€i'0ith„ X2/d.f.  1'n brackets from fits t0t.he p0rfurbativé Fegions. ’The i‚nde_pendent‚fiét ”model? i s  Used 
;for fragmeh'tatiün. _ „ . _ 

' “ “ ' o(az) 
\ 0 ( a s )  ‘ - ' ' ‘1 . ‘ ' „ S 1 ' 

1 072 . ‚_ . f F2 1 015 ' 012% " ’ 
" " ' . -% - -1-. .—-- : 1 . ‚„. . . „ ‚ i_4 _ . .  „n-—...»... _ ’ _“.- 

- 8 40° ., 409 ' 34.5° „ (\ 45° ' 
oq 0.35 GeV/c 0.35 GeV/c . 0.34 GeV/c _ ( 1 0.355 GéV/c % 

distributiéfifi.-.r ‘ 0.53 11 151 111 n.‚0.51 .;3ÜEHI_„„éaäl1 0.49 ) g 0.58 

02 > 0.121 — 0.215 1 0.007 (9/5) ' 0.151 1 0.004 „(12/5) 0.155 1 0.004 '(7/5) j(0.174 1 0 004 (13/5) ' "  
L2 > 0.18 0.208 1 0.005 (1/5) 10.153 1 0 004 (3/5) 3 0.148 1 0.003 (3/5) ' 0.155 1 0.004 (2/5) 

1+ 

|+ |+
 

|+
 p$?ß > 1 GeV/c 0.187 .0.004 (55/10)30.153 0.002 (38/10) 0.157 0.003 ‚(51/103 

. „|‘ 

0.003 (37/10) 0.145 

(L) > 1 GeV/c 0.194 0.003 (40/10) 0.148 1 0 002 (29/10) 0.173 pTIN 1 0.004 (43/10) 0.157 1 1 0.003 (48/10) 

2 + 1 0.007 (2/5) ‘ 0.148 1 0.005 (5/5) 0.175 1 AM > 0.08 00195 1 0.010 (3/5) 0.155 0.007 (4/5) 



Tab1e 4: Va1ues of  05 with X2/d.f. i n  brackets from f i ts  to the perturbative regions. The Lund string mode] i s  used for 

fragmentation 

. 2 0(03) ‚ 7 _ _ * O(aä) 

e 0.2 0.2 0.15 0.25 
40 ‘ 40 34.5 45 

__ oq 0.33 GeV/c ? 0.32 GeV/c % 0.31 GeV/c ' 0.3350eV/c 
distribution' aL 0.47 „ 0.41 0.43 0.45 

02 > 0.12 0.293 i 0.008 (20/5)  ‘ 0.208 t 0.005 (12/5) 0.202 t 0.004 (14/5) 0.215 t 0.005 (13/5) ‘ 

L2 > 0.18 0.299 1 0.007 (6/5) 0.213 1 0.004 (2/5) ‘ 0.207 1 0.004 (5/5) 0.217 1 0.005 (1/5) 

p%?& > 1 GeV/c 1 0.262 1 0.005 (14/10) 0.194 _ 0.003 (7/10) 0.186 _ 0.003 (14/10) 0.209 + + 

H
'

 

0.003 (6/10) 

1 p%%& > 1 GeV/c ‘ 0.256 1 0.005 (32/10) 0.192 1 0.003 (26/10) 0.181 1 0.003 (30/10) 0.208 1 0.003 (14/10) 
2 + 1 AM > 0.08 0.313 1 0.011 (5/6) 0.230 _ 0.008 (6/6) 0.217 0 007 (6/6) 0.234 1 0.009 (8/6) 



Table 5a:- Fi t  resu1ts for the independent jet mode1 with 9 + qä‚ 2nd order QCD. 
. . . . 2 overaT] @ Distributions d . f .  q . 
_ (X / ) x2/d.f. as (GeV/C) aL ( , _ „ ‚ . ‚  ‚ , ‚ .  - „ ‚ .  ‚ „ .  

» 02(2.8) 01(6.8) x(6.6) 5.9 0.162 1 0.004 0.377 1 0.003 0.500 1 0.023 

L2(4.3) L1(3.3) x (6 .9)  7 .1  0.137 t 0.003 0.367 t 0.004 0.576 t 0.019 

p(Q)(2. 8) p(gat(3.0) x(9.7) 6.3 0.171 1 0.003 0.353 1 0.002 0.343 1 0.013 
p(L)(4. 0) p(äät(2.5) x(10.8)“ 7.1 0.173 1 0.003 0.346 1 0.002 ‘ 0.318 1 0.012 

Table 5b: Values of  us i n  2nd order QCD (with X2/d.f .  i n  brackets) from f i ts  to the perturbative regions. 
The independent 
0.20, 40°‚ 0.36 GeV/c, 0.43. 

(‘Distributions _ 7 

‘ 02 > 0.12 0.177 1 0 004 (14/5) 
12 > 0.18 0.165 1 0 004 (3/5) 

p(?% > 1 GeV/c ( 0.176 1 0.003 (27/10) „ 

p(5% > 1 GeV/c 0.178 1 0.003 (52/10) ‘ 

AM2 > 0.08 0.170 1 0.008 (4/6) 

jet mode] with 9 + qö i s  used. The parameters e , ‘ ö ,  oq, aL have been set to 



Table 6 :  Values for us i n  2nd order QCD from fits to a) the c1uster—thrust ( tCL) distribution of 3-jet 
events and b )  the 3-jet thrust (tGS) distribution computed by the method of  generalized sphericity. 
The x2/d.o.f. i s  given in  brackets. The second column gives the fraction of al l  16 219 events 
satisfying the tCL or tGS cuts indicated. 

distribution event fraction ‘ Independent jet model ‘ Lund string mode] 
% g = q ' = = o _ € = 0 . 2 0 ,  6 : 400 0.20,  6 40 

&) tCL < 0.94 6 .8  0.142 t 0.004 (6.0/3)  0.183 1 0.005 (4.8/3) 
< 0.90 4.0 1 0.137 1 0.005 (2.8/2)  . 0.177 t 0.006 (1.3/2) 
< 0 . 8 5 ,  2.0 0.136 t 0.005 (2.7/1) 0.174 t 0.007 (0.8/1) 

b )  tm < 0.94 10.7 0.147 t 0.003 (10.1/5) 0.192 1 0.004 (12.2/5) 
< 0.90 6 .4  0.143 t 0.004 (5.8/3) '0.188 t 0.004 (5.9/3) 
< 0.85 3 .3  1 0.141 t 0.005 (5.5/2)  0.183 t 0.006 (4 .6 /2)  



Table 7 :  Values of 05 from f i ts to the asymmetry of the ENAC i n  the 

region_|col < 0.7. 

model ' e 0 as (x2/d.f.) 

a )  1St order QCD: 
indep. jet. g = q 0.20 40° 0.166 e 0.010 (15/5) 
string 0.20 40° 0.253 1 0.018 (12/5) 

b) 2nd order QCD, Extended FKSS : 
' indep. jet, g = q 0.20 40° 0.139 1 0.009 (12/5) 

string 0.20 40° 0.190 1 0.009 (9/5) 

indep. jet, g = q 0.15 34.5° 0.142 e 0.011 (15/5) 
indep. jet, g = q 0.25 45° 0.142 1 0.008 (12/5) 
indep. jet, g = qq 0.20 40° 0.157 t 0.009 (17/5) 
indep.  je t ,  g = q 0 . 2 0  400 

no energy-momentum conservation 0.109 i 0.007 ( 5 / 5 )  

c )  2nd order QCD, ERT + AB ; 

indep- jet, 9 = q 0-20 40° 0.117 3 0.009 (9/5) 
indep- jet, 9 = 99 0-20 40° 0.127 3 0.010 (12/5) 
string 0.20 40° 0.159 t 0.012 (10/5) 
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F i g . 2  

F i g . 3  

F i g . "  

a ‚ b )  

c , d )  

e , f )  

s ‚h)  

LJ“) 

k) 

let order QCD f i t s .  

The normalized distr ibutions 1 / o t o t  do/dX where X is the 

quant i ty  indicated on the  ho r i zon ta l  scale, for  the corrected 

data (+) and for the best f i t  predictions of the independent 
j e t  model (———) and of the s t r i ng  model ( - - - ) .  

The scaled momentum d i s t r i bu t ion  xp = 2p/W. The histograms are 

from the f i t  to  set Nr. 1 (see  Sect .  5.3). The f i t s  were 

performed in  the region 0.02 < x p  < 0.7. The data fo r  x p  < 0.01 

are  not shown. 

( 2 )  tensor.  The histograms The eigenvalues Q2 and Q1 of the T 

are f rom the f i t  to  s e t .  N r .  1 .  

2 and L1 of  the  T 

are from the f i t  to se t  N r .  2 .  

The s ingle  p a r t i c l e  inc lus ive  pé°in and pT°äut d i s t r ibu t ion ;3  

The momentum components r e f e r  t o  the  eigenvectors of the T 

(1) The eigenvalues L tensor. The histograms 

tensor.  The h is tograms a r e  f rom the f i t  t o  s e t  N r .  3 .  

The single par t ic le  inclusive péLin and péLgut d i s t r ibu t ions .  

The momentum components r e f e r  t o  the eigenvectors of the T < 1 )  

tensor.  The h is tograms a r e  f r o m  t he  f i t  t o  se t  N r .  H .  

The d i f fe rence  AM2 between the higher and lower scaled j e t  mass 

squared.  The h is tograms a r e  f rom the  perturbative t i t s  (lowest 

row i n  Tables 3 ,  H ) .  

Same as F i g .  1 f o r  2nd order QCD f i t s  using Extended FKSS. 

The normalized d i s t r i bu t ion  1 /0 to t  do /d tCL  of 3-cluster thrust  

of the  uncorrected data ( + )  and the predictions of the indepen- 

dent je t  model (———0 and of  t he  s t r ing  model ( - - - )  in 2nd order 

QCD (Extended FKSS) as obtained f rom f i t s  to  the region 

tCL < 0 . 9 ” .  

The normalized d i s t r ibu t ion  1 / 0 t o t  do/d tGS of the 3-Je t  thrust  

computed wi th  the method of general ized spheric i ty .  Shawn are 

t he  uncorrected data  ( + )  and t he  predictions of the independent 
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Fig.6 

a )  
b) 
c )  

a )  
b) 
c )  

J e t  model 0———) and of the string model (-——) in 2nd order QCD 

(Extended FKSS) as obtained from f i t s  to  the region tGS < 019"; 

The asymmetric part of the energy-energy correlation function of 

the corrected data ( + )  and the predictions of the independent 

Jet  model (———) and the s tr ing model (---) as obtained from f i t s  

to the region |cosx|  < 0.7. 
1st  order QCD f i t s .  

2nd order QCD f i t s  (Extended FKSS). 

2nd order QCD f i t s  (BRT + AB). 

Average of several J e t  measures as a func t ion  of the  c . m .  energy 

W. The corrected data ( + )  a r e  f rom th i s  experiment as given i n  

R e f .  4 2 .  The predict ions of the  2nd order QCD independent J e t  

model 0———) and the s t r ing  model ( - - - )  are drawn as curves. 

average of spher ic i ty  S .  

average of 1 - t h r u s t .  
' 2 

T o u t >  of charged particles. average of <p$ i n >  and <p 
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