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A STUDY OF ENERGY-ENERGY CORRELATIONS
BETWEEN 12 AXD 46.8 GeV c.m. ENERGIES

TASSO coltaboration

ABSTRACT

We present data on energy-energy correlations ( EEC} and their related asymmetry (AEEC)
in €7 ¢~ annihilation in the centre of mass energy range 12 < W < 46,8 GeV. The energy and
angular dependence of the EEC in the central region is well described by O(ag) QCD plus
a frapmentation term proportional to 1/4s, Bare O[a:;’) QCD reproduces our data for the
large angle region of the AEEC. Non-perturbative effects for the latier are estimated with
the help of fragmentation models. From various analyses using different approximations, we
find thas values for Az in the range 0.1-0.3 Gel’ give a gaod description of the data. We
also compare analvtical calculations in QCD for the EEC in the back-to-back region 1o our
data. The rtheoretical predictions describe well both the angular and energy dependence of

the data in the back-to-back region.
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1. INTRODUCTION

The cuergv-energy correlation (EEC) is a u]cnﬁurnmem of the cuergy flow into 1wo
calorimeter cells subtending solid angles d1 and 46, of particular interest is the aver-
age EEC [1] obtained by integrating over their orientations but keeping the angle \ between
them fixed i.e.

1 dE°
- = ST pizideid y
a deosy; a'—* da:,drjarasy(rx] ity (1)

where the sum runs over all possible pairs of particles in a given final state and «; = E;/ Ve
is the fractional energy carried away by the iR pariicle. Because of the weighting procedure in
{1}, the energy-energy correlation is infra-red finite outside the region y = 0, 7. Measurement
of d&/dy does not involve any ad hoc jet definition or isolation of specific event topologies
which are difficult to inicorporate into the theoretical description,

QCD prediets that at sufficiently high energies the correlation around 90° is dominated by
single hard gluon bremsstrahlung and is therefore proportional to the quark-gluon coupling
constant a; [1]. The effects of gluon emission are enhanced, and those of fragmentation are
minimized in the forward-backward asymmetry (AEEC)

det 42 -x) dZ(x)

= (2}
deosx -deosy - dcosy
In the lowest non-trivial order, the perturbative calculation yields :1}
1 d4%°
il = 2 Fx) {3.a}
g deosy, w
LJS"‘ 4QSA( )—OS'F ) Fivy : 3.b
opdeosy  w X)=m e By (3:)

F(x) being a function containing the angular dependence. while the energy dependence
is implicit in the variation-of the strong coupling constant.

" Second order corrections have been calculated by two groups independently i2.3;. Their
results can be summarized as follows

1 dE*°

as L ag )
- = s pryyin o 2 .

7 deosy, - (x)1 - Reorrln ), {4.a}
1454 a a )

= = A}t + = Rasylx )i (4.b)
a decosy - T

The values for Reopr and Rysy measure the importance of second vrder corrections. Note
that Reorr{x) ~ 10, Rasy ~ 3 12,3] so that the perturbative expansion converges for the
asymmetry faster than for any other jet measure investigated by us so far.

2

v aaft padiation, rather than integrating

. i e
I:J eritgc B olen Iaanho o000
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This pesulis in o chanze of Foy var g Lr enerev resobitioy parameter ¢ given by

2 1 1,5~ 28 1

Fiyoer o Ty - Jeem v o ot me—m——en [z o] = cos) ) (5)
3818 6 1= & 2

The term propartionzl 10 ¢ 13 svmmetric wuder the exchange x — 7 — 2 (Or equivalently

£ = 1= &) Therefore the correspondmg function for the asymmetry has the following

dependeuce on ¢

Alv.oer = Aly) - ()((2} (6)

Power corrections of a perturbative nature affecting the AEEC are quadratic and not
linear in the energy resolution parameter €. These results are only slightly changed if Ola?)
effects arc inclnded 31, Because of the infra-red stability exhibited by the AEEC, we expect
ir in addition to be weekly seusitive to fragmentation effects.

The above praperties of the EEC and AEEC in the central angle region (30° & x 1500}
make them hetrer suited to test low order perturbative QCD than any other known jet
measure. Several experimental studies have been published '€, 10. 11: making both qualitative
and quantitative tests of QCD by using the EEC and its asymmetry. In recent vears. PETRA
has provided lwminosity in an cnergy range jarger than that used in previous published
analyses, An experimental study of the behaviour of the EEC and AEEC in the total energy
range now availeble and a study of fragmentation effects in the highest energy reached so far
in ¢ "¢~ annihilations. seem to us of great interest as a further test of the validity of QCD.

Up to now we have discussed the EEC and AEEC 1 the ceutral angular region as a
mezns for testing low order perturbative QCD. The region: near y = € and y = . where

soft multiple ~luen radiation i= important. can aizo be nsed 1o test QCD 10 all orders.

It has beeu shown thet the EEC also offers, tu principle. the passibility of testing higher
in the leading logarithmie

lation

order QCD effects. by lncking at angbes y 3 0 where cal

approximation {LLAY were perforeed © a2

11~ were obtained 70 based

on the donble Togarithanic approxinnas

The expetinental work done in this feld by the PLUTO sed CELLO collaborations s’
wisons between data and

has shown that at energies presently available guantitative o
v use af renormalization

theory are difficnlt. New calculations = and Seprran

e pesnlts 2t all orders in perturbation theory (9. have

group 1eehnigies to oblain approxi

renewed iuterest w the EEC for thie back-to-back contign = 71 We have therefore

analvzed our data accordingly.
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I1. THE DATA

The experiment was performed with the TASSQ detecior at PETRA. Details of the
detector can be found eisewhere [12,. The data used for this analysis were taken in the period
1980-1986 at & c.an. encrgies in the range 12 % /s < 46.8 GeV (see Table I}. The bulk of the
data is centred at /% = 14, 22, 34.8 and 43.5 GeV c.n. energies. Hadronic final states from
c+e~ anmihilation were selected using the information on charged particle momenta measured
in the central detector. The selection criteria for charged particles and for multihadron
events are described in {13). Basically, a charged track has to have a momentum component
transverse to the beam of pzy > 0.1 GeV and a cosine of the polar angle of jcosf; < 0.87.
The r.m.s. momentum resolntion including muitiple scattering is op/p = 0.016(1 + )2,
with p in GeV. The main criterion for multihadron events is based on the momentum sumn of
the accepted charged particles, 3. p; = 0.265({2Ep0m)-

Only charged particies were used in the anaiysis. The EEC was determined using the
following formula:

1 z:l;,'zjé(cosx,-j — cosy) (7)

?\Y
g nis e
eve evenls i3

where z; = E;/ Z;’ Ej and Ej has been calculated assuming the particle to be a pion.

The data were corrected for initial state radiarion, selection criteria, neutrals and detector
effects using standard”Nitere Carlo techniques {13:. In the central angular region, the cor-
rection factors for the EEC are close to unity for the lower energy data samples, decreasing
o around 0.9 for that at 43.5 GeV. The back-to-back region is more aflected by initial state
radiation and detector effects than the central region. The correction facior is large {around
1.8} near x = 180° falling off sharply as x decreases {around 1.1 at } = 155°).

We have studied the influence of the correction procedure on the final results. In particular
we have investigated how the corrected data is affected by:
- cuts applied on"the taw data,
- differences irr the fragmentation models used for caleulating the correction factors,

- differences in the values of the parameters (including A} used in the fragmentation

models,

We estimate the uncertainties on the measurement of the EEC and the AEEC to be below
10 %.

s i g e e, e = e, TR e e — L e e =

II. RESULTS

IIl.a The EEC in the central region

We show in fig. 1 the corrected EEC distributions at 14, 22, 34.8 and 43.5 GeV. The
numerical values are given in Table II {in intervals of cosy) and Table III {in intervals of x).
The drop with energy of the central plateau. in contrast to the slow logarithmic behaviour
expected in perturbation theory (3,4). indicates a substantial fragmentation contribution to
the EEC. To take it into account we use the following parametrisation [1] derived in the
context of a parton model with energy independent average transverse momentum < pr >
and an energy dependence of the average multiplicity of the form < n >= B + C In( ND)

dE¢ C<pr >
{deosy P19 = ~Jrsinin
deosy Vssindy

(8)

This parametrisation is in agreement with Monte Carlo calculations for the energy and
angular dependence of the two-jet contributions in the central angle region {5]. In fig. 1 we
see that a linear sum of the O{aZ) QCD term given by Eq. (4.a) and the simple fragmentation
term {8) is enough io describe the energy and angular dependence of our data, provided we
stay away from the regions near y = 0,, limiting ourselves to icosy: < 0.7. The values of
the two parameters obtained from the fit are .'\m: 0.325 £ 0.025 GeV and C < pyr >=0.86
+ 0.05 GeV. Near y = 0,7 muliiple soft gluon radiation becomes important and a different
treatment is necessary. Assuming the parametrisation in (8) to be realistic, the fact that the
perturbative expansion for 1he EEC does not converge fast enough because it still could get
appreciable contribution from higher orders. would tmply that the value for Avrs obtained
above can be considered an npper limit for the true value of Agre-

To display the drop of the central plateau of the EEC with the energy; we have plotted in
fig. 2 the EEC data integrated over the region 60° < 3 -~ 120° as a function of energy. The
solid line represents the prediction of Ofa2} QCD plus fragmentation term (8) which deseribes
the datz well. The broken line indicates the contribution of QCD alone. The curves approach
vach other as the energy increases. We are aware of the fact that the approach adopted is naive
and limited in seope. 1 serves however to get an estimate of the fragmentation contribution
to the EEC. Tt also illustrates that in order to deseribe the central angle behaviour of our EEC

data. iu addition 1o the pertnrbative results only a two-jet fraginentation term is needed.

In fig. 3 we present ihie AEEC as a function of cosy for 4 different energies. In contrast
to the hehavionr exhibited by the EEC, the asvminetry varies very slowly with cm. energy.
Iu fact the solid liue was chtained by a simultancous fit of the O(uf) QCD predictions (4b)
1o all 4 distributions in the region cosy < 0.75. For the only {ree parameter in this fit we

obtain A== 1.125 +0.022 GeV', The fact that the QCD prediction does not describe the

M= X
data at ecosy near 1 s expected since this is the region dowdinated by mmltiple soft glion

bremsstraliiung effects.

We liave plotted in fig. 4 ihe AEEC data integrated over the region cosy - 0.75. The

jutegrated asyinmetyy exhibits o vavdation with can. energy consistent with the loparithmic



behuviour of Qel) QCD (salid line ).

To gain further insight into the dependence with can. energy of the AEEC. we plot our
data in various regions of cosy, see fig. 3. There is practically no energy dependence for
cosy ~ 0.9, For small asimmetry angles, however. we observe a strong variation with the
c.m. energy, indicating the dominance of two-jet fragmentation effects,

To estimate the importance of fragmentation effects in the AEEC for angles 30° £ x £
150°, we compare our data with fragmentation models. For this purpose, we concentrate
on the high energy data {384 GeV < W < 46.8 GeV). A similar analysis of TASSO data
at lower energies {33 GeV < W < 36.6 GeV) can be found in 11.. We consider both the
independent fragmentation scheme of Ali et al. {14 and the string model of the Lund group
'15). Second order corrections are included as discussed in 15, using (e ¢} cut-offs to separate
two- from three- and four- jet events. In fig. 6 both fragmentation models are compared with
the AEEC data at 43.5 GeV. Both fragmentation schemes reproduce well the data over the
whole angular range. Fits to the data in the region cosy < 0.9 yield Agz= 0.165 + 0.028
GeV for independent fragmentation and Agyg= 0.305 £ 0.045 GeV for the siring model.

In Table IV we show the values of Agr< and the corresponding values of o, at /s =

3.5 GeV obtained from the different approximations discussed so far. The systematic errors

include, in adition to those from the correction procedure, other uncertainties from the choice
of the (e, §) parameters (~ 4 %) and the angular regions used in the fits (~ 6 %).

The fact that using different approximations gives different vatues for Agrz deserves com-
ment. The uncertainties in the values of Ag7z are due to our poor knowledge of fraginentation
effects. At present they are not understood from first prineiples. All fragmentation models
giving good overall description of the gross features exhibited by muthparhcle final states
predict non-perturbative contributions to the AEEC 10 be negative [17]. Therefore the valne
for Agrz obtained {rom fitting the AEEC data to OIOS) predictions should be considerered
as a lo“ er limit. for the true value of Ayrs Those values obtained from a comparison of the
AEEC data to the two models considered provide us with an educated guess of the uncer-
tainties due to the detailed way in wich quarks and gluons fragment. In terms of the strong
coupling constant they are of order 15%. see table IV,

Measurements of AEEC at PETRA Lave been carried out by the CELLO. JADE. MARK
1. PLUTQ and TASSO collaborations. The values of Agrz obtained from the above analysis
can be compared with the results of the MARK J and PLUTO collaboratious {107, where a
similar treatment of O(a?) corrections was used. they are in agreement with the measurement
of this paper and also with our previous work at 34 GeV c.m. energy 111.. Our estimations
for Aqpz are also in agreement with those resulting from the analysis of the planar triple
encrgy correlation (PTC) done by the MARK J collaboration 18,

ITL.L The EEC in the back-to-back region

For very small and very large angles (y = 0,3 = 7). the EEC data can not be deseribed
by low order perturbative QCD. In this angular region not only hadron formation but alse
multiple soft gluon emission has to be taken into account. In this section we compare our

g

D e s LT e = = = o PO S V- S, %‘ R P SR B s B th i PSS R

itz ta the Lack-toeback rerion oy 75 with approxiinate QCD calendations 9 for which ali
rders i o, were nsed,

The formula for the enerev-enerpy correlation funetion we use (90 s an extension 1o all
relevant togarithni of the LLA result 7. 1t contams two terms. a QCD part and a partos
wodel correction desizned to accowm for the fragmentation effects due to low energy final
state particles [those with energy £ below a certain cutoff Ey). Following 16 weealld = 7-y
the acollinearity angle hetween two particles (# = 0 being the back-to-back configuration),
and € = /s the total centre-of-mass energy of the annihilation process. The formula reads:

1 4 [1.dS
i O'dCGSg

o deosh

Q¢D
£y £ Ef Eg 2

I, K 1 Py —U gnce) - 4 82 9
o T P\ e ™) I o) )

The constant A(0] is defined as the » — 0 limit fz = 2E/Q} of A(z) = 1 g 2dy70{z: Q%)
where d‘,,/a gives the probabiiity that a parton of type a will decay into a hadron of type 4
carrying a fraction ¢ of the parton’s momentum, and < P > is the mean squared hadron
transverse moinentum with 1mpect to the jet axis. We hd\( used 18,18] A{0) = 4, Eg = 04
GeVoand - P.j: »= 0.45 GeVE. The function f is given hy:

fg;)::*%/'y%c‘y dy (10}
)

The parton model correction is not impoitant when @ is Jarge or 8 is small end it does
not affeet our analvsis of the back to back configuration. The contribution of the low energy

particles for sinall # is accounted for by the QCD part.

The QCD terms is further divided into two parts

14y o7 N e T . ..
2 . S /u'-z.r**f"n b0 - YI0.Q) {11)
-rrt‘rum‘f LoD 167 4

witl by = Qsini# 2 8. The Fourier transfaaation in 1171 will allow the separation of
perturbative fand caleulal ey from uen-perturbative QUD eoutributions at small 8. The ficst
terns on the right-hand side comtains the soft bremssirahiung physics and gives the dominant
contribution ar small 8. The function ¥ provides a correction so that the usual perturbative
re-ult is obtatned for angles in the eentral region. To order a, ‘9 _ it is the function in Eq.

i2.a1 plus a tern: which cancels the divergences when # - 4.

The function Wk Q) cau be caleulated perturbatively, but the calculation is unreliable
for large values of the impact parameter b (b > bmar sav) Iu order to deel with these two

resions of b, 1V is written as the product of a perturbative factor and a non-perturbative ones

Wb Q1= Wik Qyprecap - InlQFQE1f b1 - farbi (1%)



where L. = b 11 — & b,,m, . The definition of b. iz such that b, - bpgs alwavs. aud
b — b when bis small. Then Wb, @ jprs can be reliably caleulated in perturbation theory.
provided that bpge is not too large. The value of byq» ¢ otherwise arbitrary, and a change
in bmas can be compensated by a change in the non-perturbative functions fy(4) and fafb).
From a physical point of view, the constant Qq. whick appears for dimensional reasons. is
completely arbitrary. However. it is recommended 9 1o take Qg = 27 GeV and bmer= 0.5

Ge1 ™1 for the purposes of calculation.

The non-perturbative {large b) behaviour of Wi {12). is handled by the functions fi{k)
and fo(b). It is not known how to compute these functions in QCD. They have to be obtained
by a fit to the data, with the constraint that they must vanish for b — 0. We use the following
parametrisation for f; and f; {18":

b.
fi(b) = A~ Ayb — Agoll - )
2 b,
folb) = Agb ~ Ageb® — Aszgfl - E) (13)

Note that these two functions are enerzy independent: once they are extracted from the
data at two different energies. they ean be used to make quantitative predictions for the EEC
in the back-to-back configuration at any other energy. Ideally one would like to divide up the
data into a low and a high centre-of-mass energy regime, fixing fy and fo in the former. while
attempting to measure the QCD scale parameter in the latter. Unfortunately the encrgy
spanned by TASSO does not allow us te perform this task.

Therefore we have fitted the non-perturbative funcrions (13) appearing in (10, 11} to anr
data at the four energies simultaneously. The data were grouped in 3.67 # intervals and only
the small angle region 0 < 8 < 21.6° (1 — cos# = 0.07). was used in the fits. The results
are shown in fig. 7. The theoretical predictions deseribe well both the angular and eunergy
dependence of the data, The fitted values of the parameters involved in fifb) and falh) are:

Ay = 0.60 = 017Gl Apg = 0432 0.05GeV A = —1.02 2020

Aoy = 094 = 0.11Gel:  dag = 0,36 = 003G T dap = 0,40 2 0.29

Note that Ay;z was kept constant in the fit at 0.156 GeV. The effert of chianging A is
to atter the predicted cross section at higher energies. We Lave checked that varving the
(CD scale parameter within the range disenssed in the previews sectionsresalted in fits of

comparable quality.

e e Y,

V. CONCLUSIONS

We have presented data ou energy-energy correlations { EEC) and their asymmetry {AEEC)
in e~ ¢~ annikilation in the centre of 1pass energy range 12 -~ W < 46.8 GeV'. We have seen
that the AEEC is a good guantity ta test low order pe .riurbative QCD. The central angular
region of the EEC is well deseribed by QCD plus a {ragmentation rerm proportional to 1;/5.
For the AEEC we observe & very mild energy dependence. The AEEC data in the large angle
region can be described by QCD slone. We performed fits to the AEEC at large angles using
perturbative predictions to Oia?t QCD and also using 0ia?) predictions and fragmentation
models and obtained values for A7z between 0.1 and 0.3 GeV. These uncertainties are due
1o our lack of understanding of non-perturbative effects. Analytical calculations to all orders
in QCD for the EEC for the back to back configuration have also been compared to our data.
The theoretical predictions deseribe well both the angular and energy dependence of the data
in the back-to-back region.
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TABLE CAPTIONS

Worange (Ge\') i W ={GeV) i no. of events .
16124 12 186
! !
Table L ‘ 12.4-14.4 14 ; 2704
Number of events and energy range of the data samples used in this analysis. i 21.93 27 ! 1913
Table 1 : 24-26 25 231
Corrected EEC at 14, 22, 34.8 and 43.5 GeV c.m. energies (in intervals of cosy). ﬁ
1 - -
Table III: | 29-32 30.5 867
Corrected EEC at 14, 22, 34.8 and 43.5 GeVe.m. energies (in intervals of x). 1 12.35.2 34.8 59118
!
7.
Table V: . I 352.384 375 3035
Values of Agrz and of a, at /3= 43.5 GeV obtained from the different approximations used I
in the study of the AEEC. The first error is statistical, the second systematic. ] 38.4-46.8 43.5 6434

Table 1.
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Method

Agre (GeV)

as at 44 GeV

! O(a?) QCD fitted to data
at 14, 22, 34.8 and 43.5 GeV’
0(aZ} QCD + Ali et al. fragmentation
fitted to data at 43.5 GeV
0{a?) QCD + Lund fragmentation

fitted to data at 43.5 GeV

0.125 = ¢.025

0.165 = 0.028

0.305 + 0.045

0.123 + 0.004 & 0.011

0.129 4 0.004 + 0.011

0.143 4 0.005 + 0.012

e

Table IV.
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FIGURE CAPTIONS

Fig. 1:
Corrected EEC at 14(x). 22(b}. 34.8(c) and 43.5(d) GeV cau. energies. The solid line
represents the result of & fit 1o the sum of the Ofa?} QCD prediction and a fragmentation
term,

Fig. 2:

Integrated EEC as o function of the energy. The solid line represents the result of a fit to
the sum of the O(ag) QCD prediction and a fragmentation term. The dashed curve is the
contribution of QCD alone.

Fig. 3:
The AEEC at 14(a), 22(b), 34.8(c), 43.5(d) GeV c.m. energies. The solid lines represent the
predictions of O(e?) QCR for Agpe= 0,125 GeV.

MS
Fig. 4:
Integrated AEEC as a function of the energy. The solid line is the prediction of O(a?) QCD
for Agpg= 0125 GeV.
Fig. 5:

Energy dependence of the AEEC integrated over different ranges of cosy.

Fig. 6:
The AEEC at 43.3 GeV c.m. energy. The solid line represents the expectations from O(&E]
QCD and the Ali et al. {a) and Lund {b) fragmentation models.

Fig. ¥
The EEC data in the backward hemidsphere at 14faj. 22(b), 34.8(c) and 43.5(d) GeV c.m.
energies. Solid curves represent the results of a fit 1o caleulations by Collins and Soper.
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