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ABSTRACT : Energy-Energy corre lat ions are presented as an a l ternative method to 
determi ne the strong coupl i ng constant a . The data are compared to QCD pre­
di ctions i n  the forward , backward and ce�tral reg ion .  The analys i s  of the back­
ward and central regi on l eads to val ues of a and A cons i stent w ith those 
obta i ned from d i fferent experiments . s 
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1 .  I ntroduction 

For experimental i nvesti gati ons of Quantum Chroma Dynami cs it is i mportant to 
apply di fferent methods of analys i s ,  and check whether they arri ve at the same 
answer. W i th i n  the popu lar theory of strong interactions , QCD ,  the only unknown 
parameter wh i ch has to be determi ned is the strong coupl ing constant as . Such 
methods shou l d  be as ' orthogonal ' as poss i b l e  on each other. I n  e+e-ann i h i l ations 
as can be determi ned from the total cross section l ) , from three-jet studi es by 
applying three-jet analyses 2) or jet mul t ip l i ci ti es determi ned by cl uster 
methods 3) ,  from the i nvesti gation of energy-energy correl ations 4 ) and other 
channe l s .  Wi th i ncreas ing stati st ics to be col l ected at PETRA-energ i es one can 
hope that fi nal ly the resu l ts for as converge . I n  fact one al ready fi nds fa i r  
agreement 2 • 3 l . At present, however, there i s  sti l l  a l ack of preci se theoreti cal 
i nterpretation of these resul ts ,  ma in ly due to effects of hi gher order i n  as . 
Such correcti ons have di fferent behavi our i n  di fferent channel s ,  whi ch i s  a ma i n  
moti vation to apply 'orthogona l '  methods . Of  course ,  the fi nal convergence of the 
res u l ts rests on a s uffi c i ent understandi ng of these h i gher order modi fi cations . 

The analys i s  of energy-energy correl ati ons was fi rst proposed to the PLUTO-
col l aboration 5 ) by Doks h i tzer and D ' yakonov 6 ) . Such correl ations do not rely on 
topo l ogi cal analyses . Cal cul ati ons are avai l ab l e  for the forward (same s i de ) ,  and 
for the backward ( oppos i te s i de )  correl ations 7 l . These predi ctions are obta i ned 
by s umming the soft gl uon cascade to i nfi ni te order perturbation i n  the l eadi ng 
l ogari thm approximation ( L LA ) . Thus we expect them to hold in pl aces where 
fragmentati on i s  negl i gi b l e ,  whi ch i s  true for h i gh center-of-mass energies W .  
Si nce the predi cti ons are derived on the parton l evel they i nvol ve only as ' or 
due to the runn i ng nature of the strong coupl i n g constant ,  the cutoff parameter A 
di rectly . as i s  parametri zed for th i s  and the fol l owi ng di scussi ons by the 
formul a  

( I )  
1 2 1f 

( 33 - 2 Nf) l n  (W2/Az) 
' W =: IS  

The number of flavors Nf i s  set to 4 for W ::;  10 GeV and to 5 above . Energy-energy 
correlati ons were al so cal cul ated 8) to fi rst order perturbati on for the central 
reg i on around 90° . We are thus abl e to compare experimental data with predi ctions 
in the compl ete angular range of two-parti c l e  angl es , O � 0 � 180° . The para­
metri zati on of these predi cti ons by A al one a l l ows as to be checked over a wide 
range i n  the energy sca l e .  From the PLUTO-experiments at DORIS and PETRA th i s  
sea ·1 e ranges from W = 7 .  7 to 30 GeV .  Moreover, s i nee the pre d i ctions for the 



forward and backward correlati ons depend on as 
( q2 !. )  wi th q!. = 2 Wsin  0/2 ,  the 

effective range of the argument is extended down to about 1 GeV . 

2 .  Data taki ng and defi n i ti on of correl ati ons 

For deta i l s  of the PLUTO-detector the reader is referred to references 9) ( DORIS 

vers i on )  and lO ) ( at PETRA ) . Charged tracks are measured i n  the central detector 

wi thi n a sol i d  angl e of 92% of 4n . Their  momenta are analysed i n  the homogenous 

magneti c fie ld  of 1 . 65 Tesl a .  For the attri buted parti cl e energy al l parti cl es 

are treated as pi ons . Neutral energy i s  detected by shower counters over 97% of 

4n . Both charged and neutral part ic le  correlations have been studi ed and found 

to agree wel l ,  but only the charged correl ati ons fi nal ly entered i nto the 

analys i s  because of better angu l ar preci s i on .  The techni que of the data analys i s  

i s  gi ven i n  deta i l  i n  the references 4 l . The correl ation functi on , f (0 ) ,  i s  de­

fi ned by the fol l ow ing formul a  

( 2 )  f ( 0 )  
dl: 

de 

where za , b  = E a , b/W are the fractional energi es of part i cl es "a "  and "b"  of an 

event.  The sum is extended over al l N parti c l es of an event , l i ke the one shown 

in Fi g .  la . 

PLUTO a) EVENT 155 
Ru. 21442 
eo.1 no 

5944 
22296 

31,t 

Fig . 1 ( a )  A typ i cal  2-jet event i s  shown i n  a projection transverse to the 
beams . The curved ful l  l i nes are charged, the dotted strai ght l i nes are 
neutral tracks . ( b )  Shows a typ i cal three jet,  one of which is i nter­
preted as gl uon jet.  
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Experimenta l l y ,  the functi on i s  eval uated by comb i n i ng 
partic l e "a " with al l other parti c l es "b" , i ncl uding 
b = a, by pl otti ng the product of the i r  normal i zed 
energy ,  za • zb ' at the i r  relat ive angle i n  space , 8ab '  
and s ummi ng over b = l , N  as wel l  as a = l ,N :  

( 3 ) f (8 ) = 2 l l z · z  • 6 (8ab - 8 )  
a b a b 

The doub l e  sum i ncl udes sel f-corre l at ion and permut­
ations and equal s  un i ty i f  i ntegrated over 8 .  For 
hi stori cal reasons we norma l i ze i t  to 2 . The re­
sul ti ng di stri bution f (8 )  represents the probabi l i ty 
for spacing 8 ,  wei ghted with the energy fl ows . 
Theoreti ca l ly ,  the spac ing i n  the two-parti c l e  angl es 
is attributed to mul ti p l e  emi s s i on of soft gl uons 
( sma l l  angl es ) or to the emi s s i on of a hard gl uon 
( l a rge angles ) .  

The 2-jet event shown i n  F i g .  la therefore tends to 
popu l ate the regi ons near o0 and 120° . The 3-j et event 
of Fi g .  lb on the other hand wi l l  a l so contri bute to 
the central regi on around 90° . The correl ation data 
are di spl ayed for 8 energi es from 7 . 7  GeV to 31 . 6  GeV 
in Fi g .  2 .  Al ready at the l owest energy we observe 
two broad peaks wh i ch mark the onset of j et formation 
as observed 6 years before at SPEAR and DORIS by 
analys i ng spheri c i ty .  Wi th i ncreas i ng energy W the 
central val l ey deepens and the peaks become more pro­
nounced and move towards smal l angl es . Thi s  behav i our 
refl ects the domi nance of 2-jet formati on , a l though -
accordi ng to the defi n i t i on of corre l ations - the two 
jets are not separated i n  the peaks . The s harp forward 
peak is of techn i ca l  nature , i t  resul ts from self 
correl ati on . An i mportant observati on i s ,  that the 
functi on i s  not symmetri c wi th respect to 90° . Thi s  

F i g .  2 .  Correlation function f ( 8 )  vs . 8 for 8 d i ff­
erent center of mass energi es i n  ri s i ng order .  The 
data 'are compared w i th Monte Carl o predi ctions u s i ng A =  0 . 2  GeV { ful l l i ne ) . 
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effect i s  due at l ow energ i es to statist ical  

fl uctuati ons whi ch d ie  away wi th l/W2 , and at h igh 

energ i es to the emi s s ion of s i ng l e  hard gl uons . 

The data are wel l  described by the F ie ld  Feynman 

Monte Carl o l l ) , modified for hard gl uon bremsstrah­

l ung by Hoyer et al . 1 2 )  for W > 10  GeV ( fu l l  curve) , 

usi ng A = 0 . 2  GeV . Thi s val ue corresponds to as = 

0 . 164 at W = 30 GeV , whi ch i s  wi th i n  the range of 

present PETRA resu l ts 2 • 3 ) . 

3 .  Central regi on , 60° $ e $ 120° 

Basham et al . ( BBEL}  8) have cal cul ated energy-energy 

correl ations i n  fi rst  order perturbati on , the result  

of which  can be gi ven in  the fol l owi ng form : 

( 4 )  --
as ( W2 ) • C 2 f(e , W )  g ( e )  + 2 + O( l/W ) 

TI W · s i n e 

The express i on i s  accurate up to order ( l/W2 ) ,  as in­

di cated.  The fi rst  term is pure QCD , and represents a 

three parti cl e ( parton)  di s tribution . Fi g . 3 { fu l l  

curve) shows howeve·r , that fragmentati on cannot be 

negl ected in the central reg ion .  To account for thi s 

effect, the authors have cal cul ated the second term, 

whi ch uses two phenomenol ogi cal parameters : 

C = b • <p 1> , where b i s  the coeffi c ient for the 

l ogari thmi c ri se of the total mul ti pl i c i ty wi th 

energy ( <ntoe - a +  b • l n W ) ,  and <p1> i s  the average 

transverse momentum i n  e+e- - events . Roughly,  the 

val ue for C i s  expected to be 3 . 3  x 0 . 35 � 1 . 2  GeV . 

Actua l l y ,  one can obta i n  the constants C and A from a 

fi t by exploi ti ng the fact that the two terms of the 

express i on ( 4 )  have di fferent energy dependence 

Fi g .  3 Same data as i n  F i g .  2. The ful l l i ne is the 
QCD-term al one as cal cul ated i n  ref . 8) for the val id  
central reg i on .  The  dashed l i nes extrapol ate the 
pred iction i nto the forward and backward regions . 
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{ l/ l n  W and 1/W) . The 8-dependence i s  el imi nated by i ntegrati ng the expression 
over the regi on of val i d i ty ( 60° : e :  120° ) . The resul ti ng i ntegrated corre l ­
ation data are shown i n  Fi g .  4 as functi on of Ecm = W .  The s o l  i d  1 i ne presents the 
fi tted functi o n ,  the dotted l i ne i ndi cates the fi rst term onl y .  The resul ts of 
the fi t are C = 1 . 0  ± 0 . 2  i n  good agreement wi th the previous estimate and 
A =  0 . 5  ± 0 . 2  GeV (a.s = 0 . 20 ± 0 . 02 at 30 GeV ) a resu l t  wh i ch i s  not only in good 
agreement wi th the other PETRA-val ues for a.s ' but a l so has the same stati sti cal 
accuracy . 

Basham et a1 . ? )  have al so proposed to study the asymmetry , whi ch we have 
al ready observed to be present i n  the data . Thi s  carri es us one important step 
further , al though we l oose accuracy i n  the data . Because of the s i n2e - dependence , 
the fragmentati on term drops out , when we take the di fference 

( 5 )  

The asymmetry i n  energy-energy corre lations therefore tests pure QCD u p  to order 
( 1/W2 ) .  The data are s hown i n  Fi g .  5 for a combi ned set of l ow and h i gh energies . 
The ful l curve represents the predict ion 7 ) for A =  0 . 2  GeV wh i ch agrees reasonably 

12�f(8)d8 60 
0.6 

+ 
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Fi g .  4 Shows the correlation function i ntegrated over e as function of the 
center of mass energy . The sol i d  l i ne represents the fi t of the ful l 
predi cti on taken from ref. 8) , the dashed l i ne i s  the QCD part ( fi rst 
term of Equ .  ( 4 ) , the di fference is the contri bution from fragmentation 
to the cross section ( s econd term of Equ . ( 4 )  ) in the central regi on . 
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wel l  wi th the data . The present samp l e ,  based on -3000 nb- 1 , is not suffi ci ent 
for an accurate measurement ( a fi t y ie l ds A = 0 . 5  �6 : � GeV , as = 0 . 2 ± 0 . 1  at 30 GeV) , 
but i t  i s  easy to see that the recent i ncrease of l uminos i ty at PETRA by a 
factor 8 wi l l  soon al l ow for preci se res u l ts . We have checked , that the i nherent 
asymmetry present at l ow energ i es , vani shes l i ke 1;w2 wi th ri s i ng energy by 
applyi ng the F ie l d-Feynman Monte Carl o a l so to W = 30 GeV . A l so thi s correction 
( from fragmentation )  can be studied w ith more accuracy i f more stati s ti cs are 
ava i l ab l e .  

4 .  Forward regi on ( same s i de corre l ation) 

The data are aga i n  shown in F i g .  6 .  We compare them w ith a cal cul ation by 
Kon i s h i  et a l . ?a )  ( jet ca l cul us ) ,  us ing the i r  formul a  ( 1 5 )  for quark jets . The 
sol i d  l i ne ,  e < 60° , gi ves the prediction for J\ = 0 . 2  GeV . I t  cl early disagrees 
w ith the data even at the h i ghest energ i es . The predi ct ion wou l d  requ i re J\ .,,, 2 GeV 
to represent the measurements , but th i s  val ue i s  not i n  agreement wi th the 
postul ate, that di fferent channe l s  shoul d yi el d s i mi l ar res u l ts .  Agreement 
between data and theory i s  much better i n  the backward regio n :  

t ln-9) - t  I S )  

0.001 00 

PLUTO 
7.7 + 9.l. G eV 27.6- 31. 6 G<N 

�3Srfc--'--__L-:':6rf;;--'----'�90'�l.ODlcfL-��Jc<:rf;;-"----'---c'6cf;:;;--�'-;::9(f• 
8 8 

Fi g .  5 The correl ati on asymmetry i n  the central region . i s . g i v�l for . a set of 
l ow and high energies , and compared to the pred1 ct1on , usi ng 
J\ = 0 . 2  GeV . 
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5 .  Backward regi on (oppos i te s i de correl ation) 

The sol i d  l i ne in Fi g .  6 for e >  120° compares the 
data wi th the predi ction from Pari si , Petronzi o  lb) 

for A =  0 . 2  GeV . It i s  typi cal for a l l  the predi cti ons 
on the parton l eve l , that the i r  variation w ith energy 
i s  smal l ( - 1/ l n  W) , whereas the data vary strongly 
( - 1/W ) as a consequence of subsequent hadroni zati on ,  
wh ich acts as a smearing effect. Thi s behav i o ur i s  
best d isp layed i n  the backward region . The mi smatch of 
the predi cti on at l ow energies turns i nto a cl ose 
agreement w ith the data for energ i es above 20 GeV, 
where fragmentation becomes negl i gi b l e .  Other authors 
have fi tted thei r theory to the PLUTO data 4 l , l i ke 
Hal zen and Scott 13) or Marquardt and Stei ner 14 l , 
both of wh i ch find A =  0 . 5  or as = 0 . 20 at 30 GeV . 
The concept of mu l ti p l e  soft gl uon emi ss ion i n  the 
backward reg ion takes a l so care of the divergence i n  
s i ngl e gl uon emi s s i on , when e approaches TI ( see Fi g . 3 ,  
dashed l i ne ) .  The suppress i on o f  the corre lat ion cross 
secti on for sma l l  acol l i neari ty angl es was fi rst 
poi nted out by Dokshi tzer et a l . 6 l . We have combi ned 
the h i gh energy data from 27 . 6  to 31 . 6  GeV and pl otted 
dE/dcose vs . cos e i n  Fi g .  7 ,  in order to be free from 
the tri vi a l  ki nematical zero due to phase space . The 
data show that indeed the cross section stays constant 
for cose + 1 ,  as does the predi cti on 7b ) { fu l l  l i ne) . 
The d ivergent cross section for s ingl e gl uon emis s i on 
i s  al so i ndi cated ( dashed l i ne ) . Thi s res u l t  i s  
another experimental veri fi cation for the basi c  i dea 
that a cascade of soft gl uon bremsstrahl ung dominates 
the smal l angl e regi ons . 



F i g .  7 
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Shows the corre l a  ti on cross section dE/ dcose vs cos e near e = rr. The 
ful l  · curve i s  the predi cti on of Ref . ?b ) , the dashed curve d i sp l ays 
the di vergent behaviour of s i ngl e gl uon emi s s i on in the backward reg i on , 
Ref. 8) . 

6 .  Summary 

What can we l earn from energy-energy correl ations i n  e+e--co l l i s i ons? F i rs t  we 
can state that the predi ctions , which are val i d  on the parton l evel , i n  fact 
approach the data wi th i ncreas i ng energy .  The approach i s  very rapi d in the back­
ward di recti on ,  s uch that the cutoff constant A can be extracted di rectly from 
the compari son at 30 GeV . I n  the central regi o n ,  the contribution of the frag­
mentation i s  sti l l  too l arge to be negl ected at 30 GeV , but can be separated 
thl"ough. i ts strong energy dependence .  In thi s  way, the analys i s  both of the back­
ward and the centra1 reg i on l eads to a strong coupl i n g constant whi c h agree wi th 
each other, and w i th the resu l t s of 1l�e 3-jet analys i s  as wel l .  The predi ctfon 
i n  the forward reg i on does not fi t wel l  i nto thi s  p i cture . I n  the central reg i on ,  
fragmentation effects cancel i n  the correl ati on asymmetry up to order 1;w2 • Thi s 
quanti ty therefore provi des a c l ean test of QCD, but i t  needs much more 
stati sti cs than i s  presently ava i l abl e .  The correl ati on cross section approaches 
a constant val ue for smal l acol l i neari ty angl es , whi ch i s  an i mportant proof for 
the concept of mul ti pl e soft gl uon emi s s i on at sma l l angl es . 
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