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Energy-energy correlations in hadronic final states from Z ° decays 
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We have studied the energy-energy angular correlations in hadronic final states from Z ° decay using the DELPHI detector at 
LEP. From a comparison with Monte Carlo calculations based on the exact second order QCD matrix element and string frag- 

A(5)--  1 4 +25 t t +2s +30 r mentation we find that " 'MS--0  _2o(Sa.)_2o(syst.)_oo(theo .) MeV, which corresponds to a~(91 GeV)=0.106+ 
q- + 0 003 0.003 (stat.) _ 0.003 (syst.) -o:ooo (theor.). The theoretical error stems from different choices for the renormalization scale of c~ s. 

In the Monte Carlo simulation the scale ofa~ as well as the fragmentation parameters have been optimized to described reasonably 
well all aspects of multihadron production. 

1.  I n t r o d u c t i o n  

T h e  a s y m m e t r y  in  t he  e n e r g y - e n e r g y  c o r r e l a t i o n  

( A E E C )  was i n t r o d u c e d  by  B a s h a m ,  Brown,  Ellis a n d  

L o v e  [ 1 ] as " g o o d "  o b s e r v a b l e  to  d e t e r m i n e  t he  

s t r o n g  c o u p l i n g  c o n s t a n t  as ,  s ince  i t  is r e l a t ive ly  in-  

s e n s i t i v e  to  f r a g m e n t a t i o n  effects,  w h i c h  m a i n l y  con-  

t r i b u t e  s y m m e t r i c a l l y  to  t he  e n e r g y - e n e r g y  cor re la -  

t i o n s  ( E E C ) .  S u b s e q u e n t l y  t he  s e c o n d  o r d e r  

c o r r e c t i o n s  h a v e  b e e n  c a l c u l a t e d  [ 2 - 5  ], a n d  f o u n d  
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to be reasonably small at the parton level. Many ex- 
periments have studied the EEC and determined ors 
[6]. Most of the previous studies have been per- 
formed with Monte Carlo simulations based on the 
second order QCD matrix element using x/~ as scale 
of ors. However, it is known that this scale does not 
describe the four-jet contribution correctly [ 7,8 ]. The 
purpose of this paper is threefold: (a) to study the 
AEEC with an optimized scale, thus providing a cor- 
rect contribution from the four-jet multiplicities; (b) 
to study the AEEC at higher energies, where fragmen- 
tation effects should be less important; (c) to deter- 
mine the strong coupling constant from the AEEC at 
v/~= 91 GeV. 

2. The detector and data selection 

The sample of  events used in the analysis was col- 
lected by the DELPHI detector at the LEP e+e - col- 
lider. Features of  the apparatus relevant for the anal- 
ysis of multihadronic final states (with emphasis on 
the detection of charged particles) are outlined in ref. 
[9 ]. The present analysis relies on the information 
provided by the charged particle detectors operating 
in a 1.2 T magnetic field. 

Only charged particles fulfilling the following cri- 
teria were used: 

(a) Impact parameter below 5 cm in radius r from 
the beam axis and below 10 cm along the beam axis 
(z). 

(b) Momentum p larger than 0.1 GeV/c. 
(c) Measured track length above 50 cm. 
(d) Polar angle 0 between 25 ° and 1550. 
Hadronic events were then selected requiring that 
(a)  each of the two hemispheres co s 0< 0  and 

cos 0> 0 contained a total charged energy Ech= ZEi 
larger than 3 GeV, where E~ are the particle energies 
(assuming n+- mass for the particles). 

(f I) the total charged energy seen in both hemi- 
spheres exceeded 15 GeV. 

(~,) at least five charged particles were detected with 
momenta above 0.2 GeV/c. 

(8) the polar angle 0 of  the sphericity axis was in 
the range 40 ° < 0 <  140 ° (this cut ensures that the 
events are well contained inside the TPC).  

(e) the missing momentum I Z P~ I did not exceed 
20 GeV. 

A total of 4158 events satisfied these cuts. Events 
due to beam-gas scattering and to ~r/interactions have 
been estimated to be less than 0.1% of the sample; 
background from z+x - events was calculated to be 
less than 0.2%. 

3. Fragmentation models 

The transformation of quarks and gluons into had- 
ronic final states - called fragmentation - cannot be 
calculated perturbatively, because of the large value 
of the strong coupling constant. Therefore, the per- 
turbative QCD calculations at the parton level have 
to be supplemented with phenomenological frag- 
mentation models. 

Several fragmentation models are available [ 5 ]. We 
have chosen the JETSET Monte Carlo [ 10]. This 
Monte Carlo has several options for the choice of  the 
underlying QCD calculations and the subsequent 
fragmentation. For the parton generation we have 
used the exact second order QCD matrix element 
(ME ~1 ) option as well as the parton shower option 
(PS ~2) based on a combination of the first order ME 
and the leading log approximation (LLA). This lat- 
ter approximation is not valid for hard large angle 
gluon radiation; therefore the first gluon radiated in 
the Monte Carlo is generated with the first order ma- 
trix element. For the second order ME we have used 
the default value for the "optimized" scale to evalu- 
ate the coupling constant, i.e. ots(Q 2) is evaluated at 
Q2=0.002s with s as the centre of  mass energy 
squared. Such a small scale (Q of the order of a few 
GeV) and a correspondingly large value of ors are 
needed to get a proper description of the jet multi- 
plicities [ 7,8], especially the four-jet rate. The scale 
of  Ors for the LLA option is roughly the transverse 
momentum of the branching, which is typically of the 
order of a few GeV too, and which describes the jet 
multiplicities equally well at lower energies. 

For the transformation of the partons into hadrons 
we have used the string fragmentation model as im- 
plemented in the JETSET 7.2 Monte Carlo [ 10]. In 
this model the hadrons are formed along a string 
stretched between the outgoing patrons. The string 

~ Version JETSET 7.2. 
#2 Version JETSET 6.3. 
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tension represents the strength of the colour field 
(growing linearly with distance) and as soon as the 
tension becomes large enough, the energy is con- 
verted into mass by the formation of qCl pairs at the 
breakpoints of the string. 

4. Energy-energy correlations 

Experimentally the energy-energy correlation 
(EEC) can be defined as a histogram of all angles be- 
tween all pairs of particles, weighted with their 
energies: 

EEC(z}= ~ E 2 
e v e n t s  i " E v i s  

x \AXx_~z/2 ~(Z' -Z,j) 

where Ei is the energy of particle i, Zij is the angle be- 
tween particles i and j, Z is the opening angle for which 
one studies the correlation, AZ is the bin width, N is 
the number of events, Npar is the number of particles 
in the event, and the weights are normalized to the 
visible energy Evis=Y~ par E,. The integral of the ~- 
function is 1 for combinations in the bin plotted and 
zero otherwise. 

Such a histogram shows two peaks: the peak below 
30 ° corresponds to the angles between pairs of par- 
ticles inside a jet, while the peak near 180 ° corre- 
sponds to angle between particles in opposite jets. 
Gluon radiation causes an asymmetry around 90 °. 
This can be seen easily at the parton level, where two 
large angles and one small angle in a q~lg event give 
more entries at large angles than at small angles. 

The asymmetry is defined as 

AEEC (Z) = EEC ( 180 ° - Z )  - EEC (Z), 

0 ° <Z~< 90 ° . 

On average, the two-jet contribution to the EEC can- 
cels in the asymmetry. This is a unique feature of the 
asymmetry: it is very insensitive to the tuning of the 
fragmentation parameters, which only change the 
EEC in a symmetric way. The weighting of the angles 
with the energy makes the EEC infrared stable, i.e. 
the contribution of soft gluons goes to zero as their 
energy goes to zero. The second order corrections are 

about 30% for the EEC and 15% for the AEEC [2- 
5]. 

The coupling constant 2s is defined as [ 11 ] 
2 

1 [ l  fit l n t + o ( ( ~ - ~ ) ) 1 '  (1) 
as(Q2) = ~oL f12o T 

with 

2 (5) 2 
L = I n ( Q / A  T ) ,  

flo = (33-2nf) /12re ,  

fll = ( 1 5 3 -  19nr)/24rt 2 . 

Here A(5) is the QCD scale parameter in the MS re- ~'MS 

normalization scheme [ 12 ] for nf= 5 quark flavours. 
For a choice of Q below the b-mass nf= 4. In this case 
one should use either 2-~s ~ or apply a correction to as 
[ 13 ]. For the small scale discussed below we have 

(4) used A~-g, but our final results are given as (5) A~--~. The 
A ( 5 )  simple relation between ,-MsA(4) and ,.~-~ can be found 

in ref. [ 13 ]. 

5. Choice of the scale of the coupling constant 

The energy-energy correlation has been calculated 
using as argument of as the scale Q2=s. It is known 
that this choice of scale does not correctly describe 
the four-jet rate [7,8 ]. A different choice of scale 

0 2 =j~ 

leads to a different coupling constant and different 
higher order contributions. Observables are indepen- 
dent of the choice of scale, if the calculations are done 
to all orders. However, in finite order there can be a 
dependence. Several "educated" guesses for the scale 
have been proposed [ 14-16 ]. 

Instead of studying such a specific scale, we de- 
cided to study the scale dependence for a large range 
of scales. We have generated the AEEC as function of 
the scale with the JETSET 7.2 Monte Carlo and found 
that the integral between 28.8 ° and 90 ° is rather sta- 
ble. The observed variation corresponds to an in- 
crease in A-~s ~ of 30 MeV, if the scale factorfis varied 
from 0.002 to 1. With the lower scale factor of 
f=0 .002 the contributions from the four-jet events 
are correctly taken into account [ 7,10 ]. Therefore we 
used this default value from JETSET 7.2 in our 
analysis. 
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As a second check we have calculated the scale de- 
pendence analytically at the par ton level. The AEEC 
between 26 o and 90 ° can be paramet r ized  for a given 
scale Q2 as 

AEEC = C~ as  + C a  2 . (2)  

I f  one chooses a different scale Q,2 =fQ2, one obtains  
from the renormal iza t ion  group equat ion [or  from 
its solution, eq. ( 1 ) ]  a change das  in the coupling 
constant:  

d a ~ =  - f l o a E  ln f + O (  a 3) . (3 )  

To keep the observable AEEC the same, one has to 
absorb the change in as  in different  coefficients C'~ 
and C~, i.e. 

d AEEC=ot~ dC1 +C~ d a ~ + a  2 dC2 + O ( a s  3) 

=0, (4) 

which yields C~ = Cl and C~ = C2 + flo Cl In f ,  i f  as is 
nonzero. For  a given AEEC and scale one can solve 
eq. (2)  for ot~ and calculate the corresponding A-~s~; 
the result is shown in fig. 1 for x =  x/-fbetween 0.04 
and 1. This dependence  is shown for two different 
parameters  of  the S te rman-Weinberg  recombina t ion  
scheme [ 17 ]. The value of  the coefficients for x =  l ,  
as obta ined  from ref. [2] ,  have been indica ted  too. 
For  comparison,  we show also the scale dependence  
in the A(5~ values calculated from the three-jet  rate ~ M S  

R 3 for two recombina t ion  schemes, namely the E and 
E0 scheme. The coefficients for these schemes have 
been obta ined  from ref. [ 5 ] and  the reference je t  rate 
at f =  1 has been es t imated from Monte  Carlo. One 
observes a stronger scale dependence  for the je t  rates, 
corresponding to the larger second order  corrections.  
Note that  these curves only indicate the scale depen- 
dence at the pa t ton  level. At the hadron  level, where 
a large part  of  the higher order  correct ions are ab- 
sorbed in the hadronizat ion,  the dependence  may be 
different, especially i f  for each scale the fragmenta-  
t ion parameters  are adjusted to the da ta  in order  to 
compensate  for the different higher order  correct ions 
at the par ton level corresponding to the different  
scales. 
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(5 )  Fig. 1. Scale dependence of A~-g derived for the AEEC and the 
three-jet rate R3. Rf ° and Rf are the three-jet rates for the E0 
and E recombination schemes. The upper index of the AEEC in- 
dicates the energy cut in the Sternman-Weinberg recombination 
scheme. Note that these curves only indicate the scale depen- 
dence at the parton level. At the hadron level, where a large part 
of the higher order corrections are absorbed in the hadroniza- 
tion, the dependence may be different, especially if for each scale 
the fragmentation parameters are adjusted to the data in order to 
compensate for the different higher order corrections at the par- 
ton level. 

6. Data correction 

In order  to correct for detector  effects the mea-  
sured dis t r ibut ion of  the EEC was corrected by mul- 
t iplying each bin o f  the his togram by a correct ion fac- 
tor. The correct ion factor is constructed to contain  
all detector-specific characterist ics and  QED type ra- 
dia t ive  corrections, which contr ibute  to the measure-  
ment  process start ing from the hadron level of  the 
physical  event up to the level of  reconstructed tracks, 
energies and momen ta  including all appl ied  kinemat-  
ical cuts and selection cri teria of  the analysis. These 
correct ions are obta ined  by compar ing the distr ibu-  
t ion at the hadron  level before detector  s imulat ion 
and radia t ive  correct ions with the outcome after a 
deta i led s imulat ion o f  the D E L P H I  detector  includ- 
ing all steps of  the analysis. 

For  each bin in the his togram we calculated 

A/- ( i )  
c ( i )  - " ' g e n  ( 5 )  

N( i )  ' 
s i r e  
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where N (i) is the content  of  the ith h is togram bin 
ei ther  on the generator  level (i.e. charged hadrons)  
or after the deta i led detector  s imulat ion.  The cor- 
rected da ta  d is t r ibut ion  is s imply 

N (i) _ c ( i )  N ~ia)a . (6)  
c o r r  - -  

The corrections are small as can be seen in fig. 2. They 
deviate  by less than 20% from uni ty  over  the whole 
angular  range. The corrected da ta  are compared  in 
fig. 3 to the PS model  with default  values and the ME 
Monte  Carlo with op t imized  parameters  to be dis- 
cussed below. The PS model  has too large an asym- 
metry,  which implies  too large a value o f  the default  
Q C D  scale pa ramete r  in the PS model  ~3 

7. Determination of aq 

There are several ways to extract  the strong cou- 
pling constant  from the corrected AEEC dis t r ibu-  
tion. We shall consider  only the large angle part,  since 
the small  angle region is domina ted  by angles within 
a jet ,  which are more  sensit ive to f ragmenta t ion  ef- 
fects. The simplest  way to extract as  is to de te rmine  
the integral of  the AEEC in the Monte  Carlo as a 

- - - ( 5 )  
function o f  A~-g and to compare  the resulting curve 
with the integral of  the AEEC in the data. We have 
used the version JETSET 7.2 with the exact second 
order  ERT matr ix  e lement  [ 18 ] fol lowed by string 

#3 There is no difference between the default JETSET 6.3 and 
7.2 version. 
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1 
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correction factor 
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xc legrees 

Fig. 2. Correction factor for detector and QED radiative effects 
to the observed EEC as calculated from a detailed Monte Carlo 
simulation using the parton shower option in JETSET 6.3 with 
default parameters. 
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Fig. 3. The corrected EEC and AEEC compared with PS [ (a) 
and (b) ], and ME [ (c) and (d) ] models. The disagreement seen 
in (b) implies a too large value of the QCD scale parameter in 
the PS model (default value ). The first two bins of the AEEC are 
negative for the PS model and the data and therefore not shown. 

fragmentat ion,  an ors scale of  0.002s ( the default  in 
JETSET 7.2),  and the f ragmenta t ion parameters  
tuned to x/~ = 91 GeV, as descr ibed in ref. [ 19 ]. This 
set o f  f ragmenta t ion  parameters  describes all aspects 
o f  mul t ihadron  product ion,  so that  one is able to 
compare  data  and theory (i.e. QCD-mat r ix  e lement  
plus string f ragmenta t ion) .  Such a compar ison  is 
shown in fig. 4. The dashed horizontal  line corre- 
sponds to the data: 

9 0  ° 

f 
2 8 . 8  ° 

AEEC (X) d z =  0.0246 + 0.0023 ( s t a t . ) .  

F rom the crossing with the Monte  Carlo curve we find 
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Fig. 4. The AEEC for charged particles integrated between 28.8 ° 
- O )  and 90 ° as function of A~--g, as calculated from the exact QCD 

matrix element model with an a, scale of 0.002s. The dashed hor- 
izontal line corresponds to the data, which interests the Monte 

d ( 5 )  Carlo curve at ,.~-~= 108 MeV. The shaded area indicates the 
errors. 

( 5 )  + 2 5  A~--g= 108 + 30 (stat.)_2o (syst.) M e V ,  

which corresponds for f =  0.002 to 

a s ( Q = 4 . 1  GeV) 

=0.185 +0.013(s ta t . )  + 0.010(syst.)  

and for f =  1 to 

ors(Q=91 GeV) 

= 0.106 + 0.004 (stat.) + 0.003 (syst . ) .  

The first error is the statistical error, which was de- 
rived from the variance o f  the as values determined 
from nine independent subsamples in the data. The 
second error is the systematic error as determined 
from the variation of  several fragmentation parame- 
ters, especially the parameters determining the trans- 
verse and longitudinal momentum spectra, since these 
parameters change the angles and momenta  o f  the 
particles and therefore change the EEC. However, 
these changes contribute mainly symmetrically to the 
EEC; therefore the asymmetry and A-~s ) are rather in- 
sensitive to such parameter changes. The maximum 

allowable variation of  the fragmentation parameters 
has been estimated from a fit to the rapidity and 
aplanarity distributions. 

The given systematic uncertainties are the experi- 
mental systematic uncertainties for the as determi- 
nation using string fragmentation. In addition, we 
have investigated what happens if one replaces the 
string fragmentation (SF) by independent fragmen- 
tation (IF) .  It is well known that at lower energies 
this can lead to appreciably different results [20].  
Even at our energies we find differences between these 
fragmentation models: IF models as implemented as 
options in JETSET 7.2 yield A~5) values, which can ~ I M S  

be as much as 60 MeV lower than the SF model. 
However, it turns out to be difficult to tune the pa- 
rameters in these IF models to get good agreement 
with the data, especially the rapidity distribution, 
which nearly always show a large excess at small rap- 
idities. The reason is that in these IF models the soft 
and large angle gluons lead to more particles at large 
angles with respect to the thrust axis than in SF, since 
in SF particles follow the boost o f  the string, which 
especially affects the soft and large angle particles and 
tends to align them along the direction of  the thrust 
axis, thus making the event more two-jet like. There- 
fore, SF always needs a larger A-~s ~ value than IF in 
order to get the same kind of  "three-jettiness" in the 
data. Since the IF models we used did not describe 
the data at all, we did not increase the systematic er- 
ror for this additional model dependence. 

In the previous method we have not taken into ac- 
count any information on the shape of  the AEEC. This 
can be done by fitting the complete distribution from 
the Monte Carlo to the corrected data: we generate 
for each iteration of  the fit 20 000 Monte Carlo events 
with the fast JETSET 7.2 generator and minimize the 
Z 2 between the generated AEEC and the data by vary- 
ing AMS in the generator. By this method we com- 
pare data and theory (i.e. QCD matrix element plus 
string fragmentation model)  both at the hadron level 
and can easily repeat the fit for any value of  the other 
fragmentation parameters or the choice of  Q2 in the 
definition o f  the coupling constant. 

The result of  the fit in the range o f z  between 28.8 ° 
and 90 ° is 

+ 2 5  Ats)_104_2o(stat . )+z5 +30 h r _2o(syst.)_oo(t eo .) MeV s ~ M S  - -  

which corresponds for f =  0.002 to 

156 



Volume 252, number 1 PHYSICS LETTERS B 6 December 1990 

ors(Q=4.1 GeV) = 0.184 + 0.010(stat .)  

"F + 0 0 1 2  _ 0.010 (syst.)_oiooo (theor.) 

and for f =  1 to 

ors(Q= 91 GeV) 

=0.106 + 0.003(star. +0.003 r ) - o.ooo (theo . ) . 

The first two errors have the same meaning as dis- 
cussed above. The last error corresponds to the esti- 
mated error from the choice o f  scale for ors. The scale 
o f  0.002s was chosen in order to get a correct param- 
etrization o f  the four-jet events in the Monte Carlo. 
Varying the scale fac torfbetween 0.004 and 1 change 
A(5) oy about 30 MeV as estimated from the parton 
level calculation (see section 5 and fig. 1 ). In addi- 
tion we fitted the AEEC distribution between 28.8 ° 
to 90 ° with a full Monte Carlo at the hadron level for 
three different scale factors f. The results are shown 
in table 1 and are qualitatively in agreement with the 
results at the parton level (see fig. 1 ), although the 
rise at small scales is not observed at the hadron level, 
indicating a more stable behaviour at the hadron level, 
especially if for each scale the fragmentation param- 
eters are adjusted for the different higher orders at 
the parton level ~4 

A(5) f rom the shape fit is in good The result on ,IMS 
agreement with the one from the integral, as expected 
since the Monte Carlo describes well the shape o f  the 
AEEC in the angular range fitted (see fig. 3d). 

From our analysis of  jet production r~ites [ 20 ] we 
found 

Ors(Q=91 GeV) =0 .114+0 .003 ( s t a t . )  

+ 0.004 (syst.) + 0.012 (theor.) 

in good agreement with the value give above. The 
larger theoretical error originates from the renormal- 

We adjusted slightly the longitudinal and transverse fragmen- 
tation parameters to the aplanarity and rapidity distribution. 

T a b l e  1 
(5) A~g and as for three different choices ofQ2=J~EcM=91 GeV. 

A ( 5 )  f -Ms [MeV] as(Z °) 

1 133 0.109 
0.0625 113 0.107 
0.002 104 0.106 

ization scale dependence for some of  the recombina- 
tion schemes (see section 5 ). 

8. Conclus ions  

We have presented the first analysis o f  the energy 
weighted angular correlation in multihadronic events 
f rom Z ° decays. A comparison with the exact second 
order QCD matrix element yields 

(5) +25 +25 x+3Ot,ho~ r A~-g= 104_2o(stat. ) _2o(syst. ) MeV 1 _ 0 0 ~  ~ ~ u .  

which corresponds to 

t~s (Q = 91 GeV) = 0.106 + 0.003 (stat.) 

+ 0.003 (syst.) +0.003 - - o.ooo (theor.) . 

For this determination -""  (5) otn~--g, we have used the scale 
o f  the coupling constant which gives a good descrip- 
tion of  the jet multiplicities so the contribution from 
four-jet events is estimated correctly. Choosing Q2= s 
as scale increases A-~s ~ by 30 MeV as indicated by the 
theoretical error (see table 1 ). 

The value ~ -  (5) or.a~-g agrees well with our determina- 
tion of  as from the jet multiplicities [ 8 ]. The fact that 
these methods with completely different contribu- 
tions from fragmentation effects yield the same value 
o f  O~s gives confidence in our understanding of  the 
event structure originating from perturbative QCD. 
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