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ABSTRACT

We present data on energy-energy correlations (EEC) and their related asymmetry (AEEC}
in ¢¥ ¢~ annihilation in the centre of mass energy range 12 < W < 46.8 GeV. The energy and
angular dependence of the EEC in the cemiral region is well described by O(ag) QCD plus
a fragmentation tern proportional to 1/4-s, Bare om_?) QCD reproduces our data for the
large angle region of the AEEC. Non-perturhative effects for the latier are estimated with
the help of fragmentation mnodels. From various analyses using different approximations, we
find that values for Az in the range 0.1-0.3 GeV give a gaod description of the data. We
also compare analytical calculations in QCD for the EEC in the back-to-back region 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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1. INTRODCCTION

The energy-energy correlation (EEC] is a measurciment of the cuergy flow inmo rwo
calorimeter cells subtending sclid angles d{l and . of particuler interest is the aver-
age EEC [1] obtained by integrating over their orientations but keeping the angle y Letween
them fixed i.e.

1 dTf
odeosy o — ,/ d&:,dr)dcm\

.‘.",’J‘jdl‘,‘dl‘j (1)

where the sum runs over all possible pairs of particlesin a given final state and =; = Ej/ N
is the fractional energy carried away by the ith particle. Because of the weighting procedure in
{1}, the energy-energy correlation is infra-red finite outside the region y = 0,7. Measurement
of dZ/dx does not involve any ad hoc jet definition or isolation of specific event topologies
which are difficult to incorporate into the theoretical description,

QCD predicts that at sufficiently high energies the correlation areund 90° is dominated by
single hard gluon bremsstrahling and is therefore proportional to the quark-gluon coupling
constant ey |11, The éeffects of gluon emission are enhanced, and those of fragmentation are
minimized in the forward-backward asymmetry (AEEC)

A2t dTr-x) dT(x)

= (2)
deosy; dcosy; decosy
In the lowest non-trivial erder, the perturbative calculation yields :1}
1 dEf a
il =2 P(x) (3.a}
g deosy, w
1 dzh as N
S 2y = LR - - P (3.)

og deosy =
F{3) 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 twe groups independently i2,3;. Their
results can be summarized as follows '

.1 dTF as L s -

;dccm\ = _]I_‘F().hl - ?Rcorr[.\.l_ {4.a)
1 dz4 a ] a .

- = Z2A(x)it + = Rasy(x {(4.b)
a deosy E 7 '

The vatues for Reorr 2nd Rasy measure the importance of second order corrections. Note
that Reorr(x) ~ 10, Rasy ~ 3 12,3] so that the perturbative expansion converges for the
asjnmetry faster than for any other jet measure investigated by us so far.

2

T ewiel T 1o is v ativire S he EEC v aoft sudiation. rathier than inteprating

nereeen L trpet: e available phace apnee 1o ey -0 10204

This pesubis s o Sanetion of the energy resolition pardieter ¢ given by

]

1
= ':)[]-- cosy} {5)

The termn propottions] 1o £ 15 syunneinic wuder the exchange x = 7 — 3 (Ore uivalently
prog e ]

¢ o 1~ €5 Therefore the corresponding function for the asymmetry has the following

b3

dependence on ¢

Aty = Ay — ()(52) (6)

Power corrections of a perturbative nature affecting the AEEC are quadratic and not
linenr in the energy resolution parameter €. These results are only slightly changed if 21053
effects are included (3}, Because of the infra-red stability exhibited by the AEEC, we expect

it in addition to be weekly seusitive to frugmentation cffects,

The above properties of the EEC and AEEC in the central angle region (30° & x g 150°)
make them hetrer snited to test low order perturbative QCD than any other kanown 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
lizs provided luminosity in an cnergy range farger than that used in previous published
analyses. An experimental study of the helaviour of the EEC and AEEC in the total energy
range now aviilable and a study of fragmentation effects in the hichest energy reached so far
in e ¢~ annihilations. seem to us of great interest as a furtlier test of the validity of QCD,

Up to now we have diseussed the EEC and AEEC i the ceutral angular region as a
neeans for testing low order perturbative QCD. The region: near y = 9 and y = #. where
soft rultiple #laon radiation s important. can mizo be nsed 1o tes: QCD to &ll orders.

It has beeu shown thet the EEC alsa offrrs, iu ;;:'iur;'pic-. the possibility of testing higher
arder QCD effects. by Iocking at anei sre ralenlations iu the leading logarithmic

appresimaiion (LLAY were perfornued

= where 1esuli~ were cbinined 70 based

on the deuble logarithmic approxnnation.

The expesimental work done in this Held by the PLUTG and CELLO rollaborations '8

sle guantitative cotupatizons between data and

hus shown that at euermies presently ava

theory are ditfienlt. New cadeulations by Collins wud Soprronaking nee of repornalization
wroup 1echuiges to obtain approximate results at all orders in pernubation theory 9 have
renewed iuterest i the EEC for thie baek-to-Lack contignration +1 = 75 We have therefore

analvzed our data accordingly.
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II. THE DATA

The experiment was performed with the TAS50 detecior at PETRA. Details of the
detector can be found elsewhere {12,. The data used for this analysis were taken in the period
1980-1986 at § c.m. energies in the range 12 % /5 = 46.8 GeV (see Table I}. The bulk of the
data is centred at /& = 14, 22, 34.8 and 43.5 GeV c.m. 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 jcos < 0.87.
The r.m.s. momentum resolution including multiple scattering is op/p = 0.016(1 + PP
with p in GeV. The main criterion for multihadron events is based on the momentum sum of
the accepted charged particles, 3-;p; > 0.268(2Ep qm)-

Only charged particles were used in the analysis. The EEC was determined using the
following formula:

1 Ez;:cjé(cosx,-j — cosx) (7)

7\?
4 nts T
eve events i}

where z; = E;/ Z,j Ej and E; has been calculated assuming the pariicle to be a pion.

The data were corrested. for initial state radiazion, selection criteria, neutrals and detector
effects using standard”Nigie Carlo techniques {13:. In the central angular region, the cor-
rection factors for the EEC are close to unity for the lower energy data saniples. decreasing
to around 0.9 for that at 43.5 GeV. The back-to-back region is more affected by initial state
radiation and detector effects than the central region. The correction factor is large (around
1.8) near y = 1807 falling off sharply as y decreases (around 1.1 at } = 1557).

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

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

maodels,

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

A e et Py et o At P L o e o A e e e A o s e e e s e e 7 = e e
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III. RESULTS

1Il.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
nunterical values are given in Table II (in intervals of cosy) and Table IIT (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 [1j derived in the
context of a parten model with energy independent average transverse momentum < pr >
and an energy dependence of the average multiplicity of the form < n >= 8B + C In{ ND)]

dxc _C<pr>

(dcos_x)fmg' C Jssindy (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{a2) QCD term given by Eq. (4.a) and the simple fragmentation
term (8] is enough to describe the energy and angular dependence of our data, provided we
stay away from the regions near x = 0,#, limiting ourselves to icosx: < 0.7. The values of
the two parameters obtained from the fit are Am: 0.325 £ 0.025 GeV and C < py >= 0.86
+ 0.05 GeV. Near y = 0,7 multiple soft gluon radiation becomes importan: and a different
treatment is necessary. Assuming the parametrisation in (8) to be realistic, the fact that the
perturbative expansion for the EEC does not converge fast enough because it still could get
appreciable contribution from higher orders. would imply that the value for Asrz obtained
above can be considered an npper limit for the true value of Ayrz

To display the drop of the central plateau of the EEC with the energy, we have plotted in
fiz. 2 the EEC data integrated over the region 60% < 3 -2 1209 as a function of energy. The
solid line represents the prediction of Ofa2) QCD plus fragmentation term (8} which deseribes
the data well. The broken line indicates the contribution of QCI alone. The curves approach
euch other as the energy increases. We are aware of the fact that the approach adopted is naive
and limited in scope. It serves however to pet an estimate of the fragmentation contribution
to the EEC. 1t alze illustrates that ix order to deseribe the central angle behaviour of our EEC

data. iz addition to the pertnrbative results only a two-jet frazinentation tern is needed.

In fig. 3 we present the AEEC as a function of cosy for 4 different energies. In contrast
to the behavionr exhibited by the EEC, the asyumetry varies very slowly with com. energy.
lu fact the solid Line was obtained by a simultareous fit of the O(uf) QCD predictions (4b)
to all 4 distribations in the region cosy - 0.75. For the only {ree parameter in this fit we
oblain .'\H_E:: 0.125 ~0.0°2 GeV, The faet that the QCD prediction does not deseribe the
data at cosy near 1 s expected since this is the region dominated hy multiple soft gluon

bremsstralilung effects.

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

integrated asvinmetry exhibits w variation with can. energy consistent with the Togarithmic



hehaviour of Ma?) QCD (solid line}.

To gaiu further insight intv the dependence with e energy of the AEEC. we plot our
data iu various regions of cosy, see ig. 5. 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 frapmentation 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 cnergy 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 &l {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 Agpz= 0,165 £ 0.028
GeV for independent fragmentation and Agyz= 0.305 £ 0.045 GeV for the string model.

In Tabie IV we show the values of Ag= and the corresponding values of oy at /s =
43.5 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 (¢, 6) parameters {~ 4 %) and the angular regions used in the fits (~ 6 %).

The fact that using different approximations gives different values for Az deserves com-
ment. The uncertainties in the values of Az are duc 1o our poor knowledge of fraginentation
effects. At present they are not understood from first principles. All fragmentation models
giving good overall description of the gross features exhibited by multiparticle final states
predict non-perturbative contributions to the AEEC to be negative [17]. Therefore the value
for Mgz obtained from- fitting the AEEC data to O(QE) predictions should be considerered
as a lower limit. for the true value of Agpe. Those values obtained from a comparison of the
AEEC data ta the two medels considered provide us with an educated guess of the uncer-
tainties due 1o the detailed way in wich quarks and gluons fragment. In terms of the strong
coupling constant they are of order 15%. see table I'V.

Measurements of AEEC at PETRA have been carried out by the CELLO. JADE, MARK
1. PLUTO and TASSO collaborations. The values of Ay obiained from the above analysis
can be compared with thie results of the MARK I'and PLUTO collaborations {10}, 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 Gel” c.m. energy {11.. Our estimations
for A——= are also in agreement with those resulting from the analysis of the planar triple

MS
energy correlation (PTG} done by the MARK J collaboration (19,

1.5 The EEC in the back-to-back region

For very small and very large angles {3 = 0,3 = =), the EEC data can not be described
by low order perturbative QCD. In this angular region not only hadron formation but also
multiple soft gluon emission has 1o be taken into account. In this section we compare our

G
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diti i e Lack-toebaek vevion oy o5 win e approximate QCD calenlatinns 9 for which wdf
greders i e, were need.

The formula for the enerer-enerpy rorrelation function we use (9% s an extension to alt
relevant logarithme of the LLA result 7. It contains two terms, a QCD part and & paros
model correction desizned 1o account for the fragiuentation effects due to low energy finad
state particles (those with energy E below a certain cutoff Ey). Following 9 weeall = 7-)
the acollinearity angle hetween two particles (# = 0 being the back-to-back configuration),
and ) = s the total centre-of-inass energy of the annihilation process. The formula reads:

14T [1 45
G’dCOngQ(-D

E?
29)_f(_,
< Ppo

The constant A(0] is defined as the r — 0 limit {1 = 2E/Q)of A(e) = % szfﬂ(:r;Qz)
where d‘,;/ﬂ gives the probabiiity that a parton of type a will decay into a hadron of type 4
carrying a frartion ¢ of the parton’s momentum, and < P.J?- > is the mean sguared hadron
traneverse moientum with respect to the jet axis. We have used 19,18] A(0) = 4, Eg = 0.4

GeVoand - P.J';J = 0.45 GeV?. The function f is given by:

; ;i(:a.sﬁ -

4sin2(9;’2)) (9)

f(:)-:_—*%/-y%c‘y dy (10)
0

The parton model correction is not impo:tant when @ is Jarge or § is small and it does
not affeet our analvsis of the back to back canfiguration. The contribution of the low energy

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

The QCD term is further divided into twao parts:

14T ok

= /d'-’a.r"'*‘f*'ﬁu,.c'_); - Yith f11)

(rdeost oeh T 167

with fy = Qsini#- 21 9. The Fourier transfirnation iz (111 will allow the separation of
perturbative tand ealenlabler from uon-perturbative QCD eoutributions at small #. The first
tern an the right-hand side contains the soft bremsstraliung physics and gives the dominant
contribution a1 small #. The function Y provides & correction so that the usual perturbative
re-ult 35 obtained for angles in the centeal region. To order a, 9 it 1s the function in Eq.
i2.a) plus a ternn which cancels the divergences when 8 — 0.

The function H0h, Q) can be caleulated perturbatively, but the caleulation is nnrelial:le

for large values of the impact parameter b, (b 5> bpge say). Iu order to deal with these two

regions of b, 1 is written as the product of a perturbative factor and & nop-perturbative ones

Wil Q1= Wihe Qprecap ~IniQ% QEIfy1by = falll 12}



where b, = b 11~} L0 7 The definition of b. iz suck that b buygs always. and
b — b when b is small. Theun Tib.. @ tpert can be reliably calculated in perturbation theory.
provided thal bmaz is not oo large. The value of bmqr is otherwise arbitrary. and & change
in Pmaz can be compensated by a change in the non-perturhative functions f1(b) and falb).
From a physical point of view, the constant Qq. whick appears for dimensional reasons. is
completely arbitrary. However. it is recommended 9 to take Qp = 27 GeV and bz = 0.5
GeT "1 for the purposes of calculation.

The non-perturbative (large b) behaviour of ¥ in {121 is handled by the functions fi{h)
and fo{b). It is not known how 1o compute these functions in QCD. They have to be obtained
by a fit to the data, with the constraint that they must vanish for & — 0. We use the following
parametrisation for fi and fy {18

b,
fl(b) = J‘i“b‘— .4]2b2 —_ AUU‘I - I)

b,
falb) = Azb - Anb? = Agell - ) (13)

Note that these two functions are energy independent: once they are extracted from the
data at two different energies, they can 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 fy in the former. while
attempting to measure the QCD scale parameter in the latter. Unfortunately the ensrgy
spanned by TASSO does not allow us to perform this task.

Therefore we have fitted the non-perturbative furcrions 113) appearing in 110, 11) to onr
data at the four energies simultaneously. The data were grouped in 3.67 # intervals and auly
the small angle Tegion 0 - & = 21.6° (1 — cos8 < 0.07). was used in the fits. The results
are shown in fig. 7. The theoretical predictions describe well both the angular and energy
dependence of the data. The fitted values of the parameters involved in fifb) and faid) are:

Ay = 0.60 = 0.17Gel s Apjp = 013 = 005GV Age = —1.02 20,20

Ao = 0.9 = 0.11Ge1: Aoy = 0,86 = 0.04Ge V% A = 0.40 2 019

Note that Aypz was kept constant in the fit at 0.150 GeV. The effert of chianging A is
1o alter the predicted cross section at higher energies. We Lave checked that varving the
QCD scale parameter within the range discussed in the previous sectionsresulted in firs of

comparable quality.

L s - o et e A e S e Y

V. COXNCLUSIONS

We have presented data ou energy-energy correlations { EEC) and their asymmetry {AEEC)
in ¢~ ¢~ anmikilation in the centre of nass energy range 12 = W < 46.8 GeV'. We have seen
that the AEEC is a good quantity 16 test low order perturbative QCD. The central angular
region of the EEC is well deseribed by QCD plus a fragmentation term proportional to 1//3.
For the AEEC we observe # very mild energy dependence. The AEEC data in the large angle
region can be described by QCD ulone. We performed fits to the AEEC at large angles using
perturbative predictions to Oialt QCD and also using Oia?) predictions and fragmentation
models and obiained values for Aqrz between 0.1 and 0.3 GeV. These uncertainties are due
10 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 describe well both the angular and energy dependence of the data
in the back-to-back region.
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TABLE CAPTIONS

Worange (GeV) i~ W =(GeV} : no. of events
116124 12 L 186
| !
Table §: : 12.4-11.4 i4 ; 2704
Number of events and energy range of the data samples used in this analysis. ! 21.93 2 ! 1613
Table I i 24-26 25 231
Corrected EEC at 14, 72, 34.8 and 43.5 GeV c.m. energies (in intervals of cosx). !
Ll - -
Table III: | 29.32 30.5 867
Corrected EEC at 14, 22, 34.8 and 43.5 GeVe.m. energies (in intervals of x). : 19.35.2 34.8 52118
|
7.
Table V¢ : L 352384 37.5 3035
Values of Agrz and of a, at /3= 43.5 GeV obtained from the different approximations used '
in the study of the AEEC. The first error is statistical, the second systematic. l 38.4-46.8 43.5 6434
Table 1.
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Method

Axre (GeV)

ags at 44 GeV

O{a?) QCD fitted to data
at 14. 22, 34.8 and 43.5 GeV’
0O(a) QCD + Ali et al. fragmentation
fitted to data at 43.5 GeV
O{2?) QCD + Lund fragmentation

fitted to data at 43.5 GeV

0.125 = 0.025

0.165 = 0.028

0.305 + 0.045

0.123 + 0.004 =

+

0.129 + 0.604 +

0.143 + 0.005 +

0.011

0.013

0.012

L

Table IV.
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FIGURE CAPTIOXNS

Fig. 1
Corrected EEC at 14(«). 22(h). 24.8(c) and 43.53(d) GeV ca. cnergies. The solid line
represents the result of @ fit to the sum of the O(a?) QCD prediction and a fragmentation
term.,

Fig. 2:

Integrated EEC as & function of the energy. The solid line represents the result of a fit to
the sum of the 0((43) 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), 48.5(d) GeV c.m. energies. The solid lines represent the
predictions of O(el) QCD for Agpz= 0.125 GeV.

M5
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. &:

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

Fig. 6:
The AEEC at 43.5 GeV c.n. energy. The solid line represents the expectations from O(a?)
QCD and the Ali et al. (a) and Lund {b) fragmentation models.

Fig. ©
The EEC data in the backward hemisphere at 14(aj. 22(b), 34.8(c} and 43.5(d) GeV c.m.
encrgics. Solid curves represent the results of a fit to calculations by Collins and Soper.
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