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THE DETERMINATION OF Gy IN e*e” ANNIHILATION*

Glinter Wolf

Deutsches Elektronen-Synchrotron, DESY
Hamburg, Germany

Abstract

The determination of o, from nonresonant hadron production in
ete” annihilation is discussed. The measurements of R = oyq¢/opy
yield ag = 0.19 = 0.06 in O(ag) near W = 34 GeV. The error is
dominated by experimental uncertainties. Studies of two- and
three-iet production using event shapes and cluster properties
in 0(&2) 1imit ag to the range 0.15-0.22 at W = 34 GeV. The re-
1ative?y Targe spread is caused by the lack of theoretical
understanding of hadronization of quarks and gluons.

1. Introduction

Electron-positron collisions offer several ways to measure the
strong coupling ag. The majority of the experiments have focussed on
ete~ annihilation into hadrons studying the total hadronic cross section,
three-jet production or energy-energy correlations. An alternative is
the compaigson of the direct and the photonic decay modes of heavy
quarkoniat/. Eventually, the photon structure function extE?cted from

two photon scattering may also provide a measurement of o

This review reports on the results from the first three methods.
The data discussed are those available at the time of the Lake Tahoe
meeting plus some additional information presented at the conferences
of the EPS in Brighton and of the Lepton-Photon Symposium in Cornell,

2. The total cross section

A precise measurement of the total cross section for e'e” anni-
hilation into hadrons, g4, ., offers a particularly clean test of QCD.
Separation of the one-pho%gn annihilation events from hadronic events
produced by two-photon scattering, which becomes increasingly important
as the energy increases, is straight forward. It is achieved by demand-
ing that the observed hadron energy exceed a certain fraction of the
total energy W. This cut eliminates also background from beam gas
scattering. Contamination from t-pair production is usually suppressed
by a multiplicity and an effective mass cut. The acceptance efficiency
of the high enerqy experiments is typically 70 - 80 % after all cuts
are made. The luminosity is determined from small angle (few degrees)

¥ Tak given at the XIV International Symposium on Multiparticle
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and/or large-angle Bhabha scattering, e*e™ ~ ete™. Sizeable corrections
have to be applied for radiative effects such as photon emission in the
initial state, vertex corrections, and vacuum polarization3).

The precision of most otot measurements is determined by systematic
uncertainties. Several groups measuring oipt at high energy have reported
precision data with syitemat1c errors near 3-5 %. At this level of accura-
cy the next order (0(a™}) QED radiative corrections become significant.
They have not yet been ca1cu1ated but are estimated at ~2 % of o¢y4.-

Fig. 1 shows the total cross section in units of the high energy
0(&2) cross section for u-pair production,

R = 0tot/ O (1)

o = 4102/3s (= —— 87 6 nb, s = w2 in GeVz)

By

where W is the total c.m. energy W. Included in Fig. 1 are the latest
data from the PETRA experiments which extend the R measurements up to

= 43 GeV. The high precision high enerqy data are summarized in
Table 1. For the determination of R the high energy region is of parti-
cular interest. As seen from Fig. 1 the data above W = 14 GeV are
consistent with a constant R ciose to 4.0.

The QCD expression for R in second order is given by4)

a ?
=3§e§{1+;{i+c2ﬁf—[)} (2)

where e, is the quark charge and C, = 1.99 - 0.12-N_. (N. = number of
quark f?avours) in the MS scheme. "The Towest order QCD diagrams are
depicted 1in Fig. 2. For og = 0.2 the higher order QCD corrections
present an increase of R by ~7 %._At the high energies now available,
the contribution from Z° exchange®’ has to be taken into_account. For
instance at W = 30 GeV it amounts to +1.2 % assuming sinzew = 0.23 and
the predictions of the standard theory for the weak couplings. Cgsre
tions for finite quark masses have been calculated for R and og

the region of interest they change R by 1ess than 1 % and reduce Og by
10 - 15 Taking this correction and the Z° contribution into account
the data ) yield the og values shown in the last column of Table 1.



riri

"SE/5PLp = 0 U0LIORS .
LPE9E $s042 Jled H 3yl 03 SUOJpeY 03Ul uoL}e|LyLuue _9,9 404 UDLIIDS SSO4O |RI0}TBUF 4O Y OL3ed YL 1°b14
(ARO) M
S7 07 SE oe Sz 0z S ot S 0,
UL | rf LENRE | LI T LA | L L 1 T T 1 v v 1T 11 LI B B | T v—T1 1T 1 170 T ,
| ¢
L]
{
~ .ﬁ‘ 1z
w*
l 4 4 ? *
| by / 4 " e,
- bbb Ry : ] i r K
} . + d _ « K |
f ¢
%
= 9
0SSVL v dSva o
i 0LNd & 187-9V TS x WHHQ © | .
£ MHYW + MSHIGISOAON o 0310 %
n . 3avr g ILVOSVHd m  [dSvae Ul Iy %ﬁm 8
01137 o AVSHO o VN3 a Ak & Y.

D WS Y T U ST VAN T SN WU0N VU NN NN U SN SN ST U N NN NN R T NN SN WU WY SN N S

Y

tirig /PEU,,



-4 -

Table 1: Summary of high energy R measurements7). Only R values averaged

over the W range indicated are given. Also given is «. deduced by

the author from the R values correcting for the Z° contribution
and for quark mass effects

: *
Experiment W (GeV) RiARStattARsyst agtbog 4o thog syst
TASSO 30-36.7 4.05:0.060.19% 0.2420.04:0.13
(average 34.4)
JADE 30-36.7 3.99:0.04:0.10 0.20£0.03x0.08
{average 34.4)
MARK J 30-36.7 3.95+0.05+0,22 0.18+0.0320.15
(average 34.4)
MARK II 29.0 3.90+0.0520.25 0.1740.0320.17
MAC 29.0 3.87+0.100.10 0.15+0.06+0.08

* The systematic error includes a 2 % uncertainty to account for the
unknown second order corrections.

The weighted average is
o (s = 1170 GeV?) = 0.19 + 0.06

where the error is dominated by the systematic uncertainties.

3. Three-jet production

At high energies (W 2 30 GeV) roughly 5-10 % of the hadronic events
in ete™ annihilation show a definite three-jet structure8). The predic-
tion of such events is one of the great successes of QCD which explains
them as a result of hard gluon bremsstrahlung?>10). In Towest order this
Teads to the process (see diagrams b, ¢ in Fig. 2)

4+ - -
ee +qqg .

Denoting by x, and x, the fractional energies of Sge quarks, x; = 2E;/M,
the cross sec%ion for gluon emission is given by1
2 2
do(qag) s _*1* %
dxldxz kil o (l_xl)(l_xz)

where og = 30, zeZ. The event structure at the parton level is comple-

tely defined Ey x,%and x2; e.g. the angles ©; between the three partons

(see Fig. 3) are “related to the x; by
2sin 0;

X. = — . i =q,9,9 (4)
i s1n@1 + s1n62 + s1n®3

(3)
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Fig.2 Quark parton diagram and lowest order QCD diagrams
for ete”™ - qq.

L1
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Fig.4 QCD diagrams for ete” » hadrons
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The cross section for qqg production is directly proportional to
ag. However, the QCD prediction is made at the parton level. In order
to compare it with the data one has to combine the QCD calculation with
a model that describes quark and gluon fragmentation into hadrons. Using
the QCD models of Hoyer et al.ll) or of the Lund groupl2) QCD was found
to reproduce the relevant data such as the distribution of the jet
energies xj or of the jet angles 0; and the W dependence of three-jet
production. It could also been shown that the data are consistent with
spin one for the gluon as predicted by QCD while they exclude scalar
gluonsi3),

Several models have been proposed which maintain that three-jet
events are not necessarily due to gluon bremsstrahlung but can be ex-
plained by a different mechanism, such as

i)  pure ete~ -~ gq production with an exponential or power tail for
the quark fragmentation into hadrons.

ii) pure efe” = qq_production with a Gaussian py distribution,
~exp(q?/202)dq%, but with different values of % for light and
heavy quarks.

iii) hard emission of a meson or meson system as described by the
constituent interchange modell4) (CIM).

A detailed comparison with experiment has shovn that none of these
models can explain all features of the datal®),

Geometrodynamics has been proposed as yet another alternative to
QCD16) . The model seems to reproduce the data. It treats hadron pro-
duction from the beginning at the hadron Tevel. A hard branching process
is introduced which Teads e.g. to the three-jet events. It has been
argued17) that such a branching process can only occur as the result
of the hard emission of a field quantum. In this case the branching
process might be a model of gluon emission described with physical states
(i.e. at the hadron Tevel).

3.1 Second order corrections

QCD predictions in second order ag for jet production have first
been presented by Ali et a1.18). These included the diagrams leading to
qqgg and_gqqq final states. Complete (apart from virtual corrections to
ete” + qq) second order calculations including the virt¥33 corre&é}ons to
to ete”™ + qqg (see Fig. 4) have been carried out by ERT!®), FKSS
and VGOZl), with conflicting results. In the case of ERT and VGO the
0(a§) corrections have been large whereas FKSS have found them small.

At the origin of the discrepancy is the use of different definitions
for when two partons i and j are called two separate jets. Denote yij
as the scaled invariant mass squared of partons i and j,

yij = M0 (5)
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then VGO have considered i and j as two separate jets if y;5 >y = 10'5

for W = 30 GeV (or M;; > 0.1 GeV). This is an extremely small cut-off
compared to the mass 8f a single quark jet which is typically several
GeV. Fig. 5 shows the 3- and 4-jet cross sections at the parton level
and their sum as a function of the cutoff y. For y < 0.014 the 3-jet
cross section is negative, for y < 0.004 even the sum of the 3- and
4-jet cross sections is negative. This indicates that at y values as
small as that higher order corrections (beyond O(ag)) become important.
For a detailed discussion see Ref. 23.

FKSS have used.a Sterman-Weinberg type jet definition: ftwo partons
are counted as two separate jets if either energy is bigger than eW/2
and the angle between them is bigger than §. A reasonable set of (e,6)
values is (0.2, 40°) which at W = 30 GeV corresponds roughly to a y cut
of 0.025 (0.013) for a 3- (4-) parton state. With this Ehoice of cutoff
parameters the 4-jet cross section is small and the 0(af) correction
to the 3-jet cross section is small as well. This is acgieved at the
cost of neglecting soft partons (with energy ]eﬁs than eW/2 emitted
outside of the cones of the energetic—partons24 . A further approximation
made by FKSS is the neglect of 0(¢,8) terms. It has been argued that for
(e,6) as large as (0.2, 40C) these terms are nonnegligible.

3.2 Fragmentation models
a) Independent jet fragmentation

The first determinations of o have used the models of Hg¥er et
al.11) (which includes only terms o} O(ag)) and of Ali et a1.18) (which
includes all second order 4-parton diagrams but not the virtual correc-
tions). In both models quarks and gluons fragment independently (see
Fig. 6). As a result the momentum vectors of the jets on average re-
produce faithfully the directions of the primary partons.

The fragmentagg?n of quarks and gluons into hadrons follows the
Field-Feynman scheme<¥/:

1) The fragmentation function f(z) for g ? q'-; h is taken to be
. 2 _ R*Ey
f(Z) = l-aF + 3aF(1"‘Z) ’ Z = W (6)

The fragmentation process is recursive and is repeated until the
energy of the remaining quark is zero.

2) The distribution of the trgnsverse momentum qr of the quarks in the
jet cascade is ~exp(-q$/20q)dq$

3) Only pseudoscalar (m,K,...} and vector mesons (p,Kf,...) are assumed
to be produced. The relative production rate in the primordial
cascade is described by the ratio P/{P+V).

.

4) The production ratio of strange to nonstrange qq pairs from the
vacuum is given by P(s)/P(u) = P(s)/P(d).
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Fig.5 Integrated 3 and 4 jet cross sections calculated
from QCD at the parton level. From Ref. 23.



b) String fragmentation

In the model of the LUND grouplz) the coloured partons are connec-
ted by colour field lines (strings) which break up to form hadrons. The
main difference to the independent jet models shows up in the fragmen-
tation of events containing one or more gluons. In the case of
ete™ - qqq the gluon generates a kink in the string stretched between
q and q. The string breaks, at the gluon corner, into two qq pairs
(9191)(gzq2) from which a leading hadron composed of qyqz_is formed
(Fig. 7a§. The two left-over string pieces (qqq) and quq) fragment
into hadrons in their own rest frames. In the total c.m. system the result-
ing jet momentum vectors in general do not reproduce the directions of the
primary partons (Fig. 7b ). Qualitatively speaking, the angle between
the gluon jet and the pearest quark jet is smaller than at the parton
level. As a result a qgqg event after fragmentation in the Lund model is
less three-jet Tike than in the independent jet model.

He shall refer to the Lund model as the string model.

3.3 Measures for three-jet production

The procedure followed to determine a_. has been either to study
event shagg; or to isolate genuine three-je% events with a cluster
algorithm<®/,

a) event shape analysis

A ?asic tool in the event shape analyses has been the momentum
tensor/ s

M =

aB P

1

pjanB /
1 J

: (a,8 = x,y,2) (7

n 122
n ~1=

J

Diagonalization yields the unit eigenvectors fij, fi,, fi3 and the corre-
sponding eigenvalues

Q = X(pj-nk)szpf . (8)
The Qk satisfy the relation
Q1+QZ+Q3=1 (9)

If they are ordered such that Q; < Q, < Q3 they measure the flatness
{Q1), the width (Q2) and the length {Q3) 0f an event. The plane spanned
by np and n3 is the event plane and fi3 is the jet axis (see Fig. 8).The
Qg can be expressed in terms of the momentum components out of and in
the event plane, p7 oyt = [3j-n1|, PT in = |pj-fzl:
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g Figs.6 A qqg event in the
independent jet
fragmentation model

q q
(11 q
a .qz
5.
‘q

(a)
Fig.7 A qqg event in the string model

7/

A

Fig.8 The coordinate system determined for a three-jet
event by the momentum tensor



- 11 -

i

2 2
Q= <PT gut/P >

(10}

1l

2
Q = BT 4 P>

where the average is taken over the particles of an event. The spheri-
city (S) and aplanarity (A) are given by

S =3/2(Q) + Q) = 3/2(1 - Q)
3/2 Q
The jet measures derived from the momentum tensor are weighted quadrati-

cally by the particle momenta. Linear weighting is provided by using
the thrust T, major and minor axes, defined as

n

11
A (11)

The major axis fi, is perpendicular to fi, and is the direction along
which the projec%ed momentum flow in the plane perpendicular to ﬁ3 is
& minimum

Major = Max (z|pj-n2|/2pj) (13)

Accordingly, ﬁl ﬁz x 33 and

lej'n:l[/sz (14)

The difference = = Major - Minor is called the oblateness.
It has been stressed by C1ave11128) that the effective masses of
jets are a sensitive measure of gluon emission. Each event is divided
into two hemispheres by a plane perpendicular to the jet axis ﬁ3. The
higher (lower) jet mass in the event is denoted by My (M ). The
variable used is the normalized difference

; M- M
We conclude with a remark on the correlation between fragmentation
effects and the value of ag. Three-jet events are characterized by
hadrons of large transverse momenta in the event plane (Fig. 8). Frag-
mentation and the decays of heavy quarks in genuine qq events contri-
bute also to large pr hadrons leading to a correlation between ag and
the fragmentation parameters. However, the large p, hadrons from qq
events are not restricted to lie in the event p1anz and therefore an
analysis of the py distribution in and out of the event plane allows
to separate fragmentation effects from Those of gluon bremsstrahlung.
In the same vein, qqg contributions affect the shape of the sphericity
distribution while that of the aplanarity distribution is hardly changed.

Minor
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b) cluster analysis

The cluster search of Daum et 31.26) has been used to find jets.
The search is performed in several steps:

1) Group particles into clusters with half-cone angle a.

2) Order the clusters according to their enmergies, E; > E, >...> Ee

3) Remove all m low energy clusters which satisfy
n

Ek < gW/2 .
k=n-m+1

4) Keep only jets with Ej > Eo.

Typical parameter values used in the search are o = 309,.¢ = 0.1 and
Eo, = 2 GeV. For the ag analysis events with three clusters are used.
A typical three jet event is shown in Fig. 9.

3.4 Determination of g

The first determinations of a. have been carried out in 1979/80
with typically a thousand hadronic &vents per experiment at c.m.
energies near W = 30 GeV. The results are listed in Table 2. A1l analy-
ses used the independent jet model.

is statisti-

Table 2: Early measurements of a.. The first error for og
cal, the second systema%ic.
Group distributions |fit par-{ QCD QCD e
fitted ameters |model |correction
MARK J| oblateness 00 |Ald inco%p]ete 0.23+0.02:0.04°
9 et al.} 0(af)

0.19:0.02:0.04°0

TASSO dN/dxp, <p%out>, 3ps0gs Hoyer | O(a.) 0.19:0.02+0.03

s, A p/P+V,ag| ot 21
Ali |incopplete 0.17:0.02+0.03%1
et al. O(as)
JADE ag  [Hoyer | O(x.) 0.18+0.03:0.03°¢
et al.
PLUTO |3-cluster events,| a  |Hoyer | O(a) 0.15:0.03:0.02%°

parton thrust x; s et al.
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TASSO

36332

Fig.9 A typical three jet event
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Table 2 yields as an average value

a, = 0.19 £ 0.02 £ 0.03 in O(ag)

= 0.17

I+

0.02

I+

0.03 in (incomp]etexxxg) .

Last year the CELLO group34) presented an analysis where ag has been

extracted from the data using the independent-jet (Hoyer et al.) as

well as the string fragmentation schemes (Lund model). The parton level
cross section was calculated in first order QCD. The analysis was based
on ~3000 hadronic events and a variety of shape measures as well as
cluster properties have been studied. Figs. 10-12 show comparisons of

the distributions of aplanarity, thrust, p1 jn. PT outs and cluster
thrust with the Monte Carlo predictions for both ¥ragmentation models.

Some of the CELLO results for ag are given in Table 3.

Table 3: Determination of o in,O(as) by the CELLO group34)
distributions fitted ag

| | independent jet string
fraction of events with 0.19 + 0.03 0.28 =+ 0.045
S > 0.25, A < 0.1 '
fraction of events with 0 > 0.2 { 0.19 < 0.02 0.26 + 0.04
3-cluster events 0.145 + 0.02 0.235 + 0.025
parton thrust xi | 0.155 * 0.015 0.235 + 0.025

The important conclusion from Table 3 is that the two fragmention
schemes lead to different values of ag, the string result being ~40 %
larger than og determined with independent jets.

The JADE group35) using 4800 events has presented a similar study
for cluster properties in first and second order QCD, the latter using
the complete second order corrections of FKSS. Fig. 13 shows the distri-
butions of parton thrust, x; and of xy, the fractional transverse mo-
mentum of parton 2, X7 = Xy sind3, where 04 is the angle between the
partons 1 and 2. The solid lines show the 8(&2) QCD prediction for
ag = 0.16, the dashed lines give the O{og) pradiction for the same
value of og. The difference between the %irst and second order calcu-
lations is ~20 % and hence small. The JADE group has concluded that
independent jet and string fragmentation models within errors yield the
same value for ag,

ag = 0.20

I+

0.015 + 0.03 in O(as)
= 0.16

I+

0.015+ 0.03  in 0(a?) .

Taken at face value the JADE conclusion is at variance with the find-
ings of CELLO. On the other hand, the upper end of og values allowed
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Fig.12 The measured thrust distribution (¢) compared with QCD models in
0(ag) using independent jet (HM) and string fragmentation (LM). From
CELLO, Ref. 3.
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by JADE aarees with the string result of CELLO while the lower end of
JADE's ag values agrees with the independent jet result of CELLO.

In their fits for og, neither CELLO nor JADE have optimized the
fragmentation parameters and one may wonder, e.qg. to what extent the
discrepancies observed in the CELLO analysis between independent-jet
model and data for thrust (Fig. 10) and pr ;, (Fig. 11) affect their
conclusion on the model dependence of q¢. This limitation has been
avoided in the recent TASSO analysis36) by fitting simultaneously ag
and the fragmentation parameters.

The TASSO analysis is based on 16 000 hadronic events. A Monte
Carlo event generator has been written to calculate the second order
QCD parton level cross sections according to FKSS. Fragmentation of
quarks and gluons has been calculated in the independent jet and the
string models. The measured inclusive cross sections on nt, 79, K*, K°,
p%, K¥, D**, p, A and =" production have been used in the determination
of the fragmentation parameters. Figs.14 and 15 show the type of agree-
ment reached between data and QCD model for inclusive KO,K0, A,A, =%, K&
and p,p production.

For the fragmentation function of u, d and s the following form
has been employed (in independent jet and string fragmentation):

4
f(z) = (1+a)(1 - 2) (16)

This forml2) has been found to give a better description of the charged
particle momentum spectrum than the original from (eq.(6)) suggested

by Field-Feynman. ¢ and b quark fragmentation has been described by
the form introduced by Peterson et al.37):

1

1 € 2
zl-z-172)
with € = 0.18 for c as determined from D = production38) and ¢ = 0.04
for b as measured from the lepton spectra39 . For the pseudoscalar/
vector EB§10 a value of P/(P+V) = 0.42 determined from 7% and p® pro-
duction™), has been used. The n*, K* 3 d KO, EU' data?l) yield
P(s)/P(u) = P(s)/P(d) = 0.4. The P, A%l) and = 2)data have been used
to adjust the amount ?f baryon production. The relative probability
for baryon emission43),

f(z) ~ (17)

_ P{q >~ q' + Baryon) (18)
P(g ~ q' + meson) + P(q - q' + Baryon)

Pbaryon

for the independent jet model has been set to 0.11. In a similar way
the baryon parameters in the string model have been chosen.

Fits have been performed to the total event sample. The corre-
lations between ag and fragmentation parameters has been taken into
account by simultaneously fitting a;, o, and A - The fits have been
done with several combinations of (corrécted) dvent shape distributions.
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Fig.14 The inclusive momentum spectra for 7t + 7,
K* + K~ and p + P compared with QCD using the
string model. From TASSQ, Ref. 36.
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Some of the fit results obtained for first and second order QCD with
independent jet and with string fragmentation are listed in Tables 4, 5
and Figs. 16-19. In the tables are also indicated the combinations of
distributions used in the fits. x, 1is the fractional momentum of a
charged particle, xp = 2p/W. The EorreSponding distribution fitted is
1/0qt do/dxp. For each of the combinations the first distribution is
particularly sensitive to a , the second to oq,and the perturbative
tail of the third to og.

Table 4a: Fit results g?r the independent jet model, 1St order QCD
~ {from TASS036).

Distribution a oq(GeV/c) o

xp Ql -02 0.722 + 017 |[0.358 + .003 {0.209 + .004

X5 PTout PTin 0.709 + .012 ]0.356 = .002 [0.181 = .003

xp L1 L2 0.722 + 015 |0.344 = .003 }0.185 = .004

X5 Q AM2 0.782 + .020 {0.357 + .003 ;0.181 + .006

Table 4b: Fit results for the string model, 15t order QCD {from

TASS036) ,
Distribution a, oq(GeV/c) o
X, Y Q, 0.484 + .017 |0.322 + .004 10.288 + .005
X, Plout  Prin 0.526 + .012 | 0.337 + .003 |0.247 + .004
X, L L, 0.431 + .016 | 0.319 = .004 |0.292 + .005
X 0 AM2 0.494 + .021 |0.325 + .004 |0.283 + .009

Note, the errors given in Tables 4, 5 do not include systematic un-
certainties. -
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nd

Table 5a: Fit results_for the independent jet model, 2 order QCD
(from TASS036),

Distribution a oq(GeV/c) o

X, O Q, 0.687 + .017 |0.362 + .003 |0.166 * .003

X, Proyt  Prin 0.639 + .014 |0.350 + .002 {0.155 + .002

X L L, 0.697 + .016 |0.346 + .003 {0.155 + .003

X, O AMZ 0.678 + .020 [0.355 + .003 |0.166 + .004

Table 5b;  Fit resylts for the string model, 2" order QCD (from
TASS036)

Distribution a oq(GeV/c) ag

% Q, 0.449 + .017 {0.326 + .004 ]0.216 + .003

X, Prout  Prin 0.473 + .012 {0.324 + .003 |0.201 + .003

Xy Ly L, 0.390 = .016 [0.323 + .004 |0.221 + .003

X, Q AMZ 0.437 + .020 |0.320 + .004 |0.219 + .004

a) first order fits

Within each model the different combinations give consistent re-
sults for the fragmentation parameters. The value of o, is slightly
smaller, 0q .~ 0.325 GeV/c in the string model, compared to
On ~ 0.3557°GeV/c in the independent jet model. The independent jet model
y$e1ds ag = 0.18 - 0.21 while the string model yields 1.4 - 1.6 times
larger values for ag (ag = 0.25 - 0.29). This is in accord with the
observations of the CELEO group. All distributions are well described
by both models except for the tails of the Q; and py ut distributions
where the string model predicts too few events. This 81screpancy is
removed in the second order fits (see Fig. 19).

b} second order fits

The fitted values for ag in second order are 10 - 25 % smaller
than in first order. The ag values in the string model are 1.3 to 1.4
times higher than in the independent jet model.
These conclusions remain unchanged when the cutoff parameters e,§ used
in the QCD calculation of FKSS are varied, or when the gluon fragmen-
tation scheme is changed. Furthermore, the cluster analysis performed
in first order QCD leads to the same result. The best values found for
ag, and for the QCD parameter A deduced from it (in the two loop
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approximation44) are:
independent jet model string model
a, 0.16 + 0.015 0.21 + 0.015
- 0.42 * 0-2_ Gev 1.3 2 0.3 GeV

The errors given include the statistical and systematic uncertainties.

3.% Some remarks on the determination of ag from event shape mesures

Using FKSS the O(az) contribution is small, It is not known whether
this conclusion changes when the terms of O(c,5) which have been neglected
by FKSS are included.

The conclusion first drawn by the CELLO group that independent jet
and string fragmentation yield different values for a. seems unavoidable.
The ag value obtained in the independent jet model wou?d probably be
found also in many other fragmentation models provided quarks and gluons
fragment independently and the model describes all relevant features of
the data.

The cause for the significantly Targer value of ac deduced with
the string model has been discussed in sect. 3.2: the directions of the
final hadron jets differ from thosg of the original partons in a syste-
matic way. The angle between the hadron jets of the gluon and the
nearest quark are smaller than between gluon and quark. Hence, the
string scheme makes qqg events to look more like two—jet events. As a
result, o, has to be increased in the string model in order to account
for the ogserved number of three-jet events.

The generalizing statement made before on independent jet models
can probably not be made for the string model. The Lund prescription for
breaking the string is not the only possible and it is conceivable that
another string model will yield significantly different fragmentation
distributions.

One may ask whether the data permit a choice between the two
fragmentation schemes. The JADE group?>) has made two observations
which give some preference to the string model. They have investigated
for planar events the particle distributions in the event plane. An
excess of the particle yield in the region between quark and gluon
Jets compared to that between the two quark jets has been observed.

A further clue comes from an analysis of the particle distribution
around the jet axes. The events have been analyzed as three-jet events
and each particle has been associated with one of the three-jets. The
jets have been ordered such that jet 1 (jet 3) is opposite to the
smallest (largest) angle. From QCD model calculations it is expected
that for about half of the events jet 3 is the gluon jet. For each
particle in a jet, py'N, the momentum component in the event plane
transverse to the jeI axis has been calculated, defining the sign of
pr'M as shown by the insert of Fig. 20. For each jet the average pyiM
has been determined as a function of the momentum component along the
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jet axis (Fig..20). For p,, 2 3 GeV/c <p7'"™> of jet 1 tends to be posi-
tive while <pT‘“> of jet H is negative. The string model (solid curves)
reproduces that trend while the independent jet model (dashed curves)
fails to describe the data. In the string model the low energy particles
from the q and q jets are pulled by the Lorentz transformations towards
the gluon jet while the fast particles are only little affected.

Since the particle momenta on average increase with increasing
c.m. energy, at high energies the effects of the Lorentztransformations
should be less important and the determination of ag should become less
dependent on the fragmentation scheme.

4. Energy-energy correlations

Energy-energy correlations have been proposed by Dokshitzer et
a1.46) and Basham et al1.47) as a means to gain information on the
parton angular distribution and in particular on the emission of hard
as well as soft gluons. Consider two particles a and b emitted in the
reaction

efe” > a+ b+ x
with fractional energies x, and x, (x = 2E/W) and angle X between

them (see Fig. 21). The energy weighted two-particle differential cross
section reads

3
dz 1 ) f dx_ dx. X x d’o
= d dcos
acosy Iotot a b a ‘'b7a’b axa Xt X

where ¢ is the total cross section. The summation is performed over
all two-particle combinations incliuding a = b (note: ab and ba are
counted as two pairs). The normalization is such that [(dZ/dcosx)dcosx=1.
The theoretical premise has been that the cross section I determined
with hadrons is equal to I evaluated with the partons (Fig. 22). In
some calculations the soft gluon contribution is summed to all orders
in the peaking approximation (i.e. all soft gluons are taken to be
collinear) and interference terms - which might be important - are
neglected. The hard noncollinear gluon emission is added by hand.

It is assumed, that the transition from partons to hadrons occurs so
Tate that the hadrons have approximately the same kinematics as the
partons and that dZ/dcosx is the same for hadrons and partons.

It is instructive to_study dZ/dcosx for some simple cases. In
Fig. 23a the case e*e™ » qq is shown which would yield two ¢ functions
at cosX = z1; finite resolution in A\, A = A(cosx), leads to _
dr/dcosx = (28)-1at 1 > cosx > 1 - A and -1 < cosX < -1 + A, This result
remains unchanged if the fragmentation process produces only collinear
hadrons (o4 = 0, Fig.23b). As Tong as the transverse momenta of the
produced hadrons can be ignored the longitudinal momentum distribution
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does not affect dr/dcosX (e.g. whether 10 particles with x = 0.1 or

50 with x = 0.02 emerge has no effect). This is the virtue of the linear
weighting with the energies x. The inclusion of transverse momenta
produces a smearing of the forward and backward peaks (Fig. 23c).

Next we look at ete™ + qqg with the gluon being emitted at a
fixed angle and with fixed energy. The parton level distribution is
shown in Fig. 24a. Outside the cosX = 1 regions there are three peaks
corresponding to the three angles between the partons g, q and g. The
hadron level distribution for collinear hadron emission is idential
to it (Fig. 24b). The inclusion of transverse momentum produces the
smeared distribution of Fig. 24c. :

We have seen that fragmentation, in particular the transverse
momentum distribution of hadrons, leads to significant differences for
dr/dcosX between the partonic and hadronic_levels. The effect of
fragmentation, almost cancels for ete™ - qq if, instead of dI/dcosX
the difference of the "parallel” minui the "antiparallel" cross section,
called the asymmetry, is considered?):

M) = B (1 - %) - Py O (19)

The asymmetry enhances the contribution from hard noncollinear gluon
bremsstrahlung relative to the qq contribution and thereby increases
the sensitivity to og. However, the asymmeiry depends still on the
fragmentation of gluons into hadrons. The parameters for giuon fragmen-
tation cannot be determined from I or A but have to be found in some
other way, e.g. from the shape analysis described in sect. 3.

The first analyses of I have been performed by the PLUTO group50)
for W's between 7 and 32 GeV. It has been found difficult to distinguish
soft g1uon contributions from fragmentation effects. The MARK Il
group 1) has analysed T as well as A at W = 29 GeV in an attempt to
determine ag {in first order QCD)}. Fig. 25 compares the measured asymme-
try (corrected for detector and radiative effects, not corrected for accep-
tance) with the QCD prediction at the parton level (dashed curve) and the
QCD plus fragmentation model result. With ag = 0.19 a good description of
the data has been obtained but fragmentation effects 1imit the precision of
the og measurement. The CELLO group®2) has analysed A(x){Fig.25b) in first
order QCD and found a sizeable difference in the values of a determined
with independent jet fragmentation, mg = 0.15 0,02 and with string
fragmentation, ag = 0.25 + 0.04 . Note, these results are in
accorg3yith the event shape results of the same group. The MARK J
grogp has used the scheme of Ref. 54 to extract o from A{X). The
0{af) prediction has been calculated-according to Re?. 54 where c,8-
type cuts have been imposed on the ERT cross section formulael9). The
(uncorrected) data are shown in Fig. 26 together with the QCD mode]
prediction which includes fragmentation and detector effects.

The values obtained for ag are 0.12 + 0.01 (independent jet) and
0.14 + 0.01 (string). This result is puzzling. It seems to be at
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variance with the og values obtained by the same group from shape
analyses (see Tgb]e 2). It is also in disagreement with the ag values
obtained in O(ag) by TASSO from event shapes, viz. ag (independent jet)
= 0.16 + 0.015 and ag (string) = 0.21 ¢ 0.015.

The solution to this puzzle is unknown. Barring any experimental
problems it could indicate an inconsistency of QCD in the sense, that
the energy-energy correlations and event shapes, which test different
configurations in phase space require different ag values to fit the
datg. Hovever, preliminary data from the TASSO group indicate that in
0(af)} the o value determined from event shapes f;ts also A(X). The
different procedures used to calculate QCD in 0(af) could also be at
the origin of Ehe discrepancy. It has been pointea out by Ref. 54 that
terms of 0(yl/2) and 0(c,8) which have been omitted in the FKSS calcu-
lation might not be negligible. On the other hand, it seems unclear
whether the procedure used by Ref. 54 does or does not inc]gde contri-
butions from kinematic areas where higher order (beyond O(af) terms)
are important.

In summary, it appears premature to deduce a precise value of Qg
from energy-energy correlation studies.

5. Conclusion

The extraction of ag from hadron production by e'e- annihilation
appears to encounter a new uncertainty principle which requires the
product of experimental precision and theoretical uncertainty to be
large. Where the theory is well defined such as for R = Otot/Oyys the
experiments have difficulties to achieve the desired accuracy. *he
value of Og deduced near W = 34 GeV in 0(a§) is ag = 0.19 + 0.06. The
error is dominated by experimental uncertainties. Accurate data are
available for two- and three-jet production. Here the precision of g
is Timited by the lack of a theorg for fragmentation. The range of o
values allowed by the data in O(af) near W = 34 GeV is ag = 0.15-0.23.
To do better presumably requires a theoretical understanéing of
hadronization and/or data at higher c.m. energies.
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