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Abstract. We study the pattern of soft parton
radiation in the hard annihilation processes ete™ —
qqv and e*e” —>qgg by explicit evaluation of the
cross sections for e*e” —»qgyg and et e” —qdgg +
qgqq taken care of correct normalization. We find
the coherence effects as observed experimentally and
discuss why these effects are not present in the usual
models based on O(«2) perturbation theory with
subsequent independent fragmentation.

1 Introduction

It is generally agreed upon that experimental
data in high energy e* e~ annihilation into hadrons
are very well described by the production of up to
four partons, either quarks, antiquarks or gluons as
predicted by QCD perturbation theory with subse-
quent fragmentation of the produced partons into
final state hadrons [1]. This fragmentation or
hadronization can be described only by pheno-
menological models, in which the hadrons are created
with limited transverse momenta. This automatically
leads to jet production at high energies. The first
fragmentation model used in this connection was the
so-called independent fragmentation model (IF). In
this model the original description of Field and
Feynman [2] for single quark fragmentation is
extended to each parton individually. The gluon is
treated either as a quark [3] or split into a quark-
antiquark pair [4]. With both of these two models the
bulk of the experimental data can be accounted for.
But there is at least one observation which cannot be
described in independent fragmentation models, the
so-called string effect, first detécted by the JADE
collaboration [5] and later confirmed by several other
experiments [6]. The string effect is as follows:
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Selecting the hardest jet in 3-jet events the particle
density with respect to the direction of this jet is higher
in the region between the most energetic jet and the
least energetic jet as compared to the particle density
in the region between the two most energetic jets. The
least energetic jet is most probably the gluon jet in
the 3-jet sample. With other words the particle density
between quark and antiquark jet is depleted as
compared to the regions between gluon and quark or
antiquark jet, respectively. The gross features of the
particle (or energy) flow between the jets come out
correctly also in IF models. Nevertheless it is usually
concluded that due to the insufficient depletion of
particles between the two most energetic jets IF models
should be discarded. The Lund or string fragmentation
(SF) model [7], on the other hand, describes the
observed string effect very well. Actually it was pre-
dicted in this model before it was experimentally found.
In this model the gluon is part of a string stretched
between quark and antiquark. If the gluon is soft its
main effect is to give some small transverse momentum
to the string and the events remain 2-jet like. If the
gluon has large energy and is emitted at a large angle
with respect to the quark and antiquark it will give a
large transverse momentum to the string and generate
3-jets. However, since the gluon is connected via the
string to the quark and antiquark it will drag both
string pieces in the direction of the gluon and thus
depleting the particle density in the opposite region
between quark and antiquark.

Some time ago Azimov et al. advanced a novel
explanation of the string effect already on the parton
level [8]. Although the phenomenon of the string effect
occurs experimentally in the angular flow of hadrons
between jets they argued that there is a close corres-
pondence between the angular distribution of soft
parton and hadron flows, and therefore the string effect
should be visible already in the angular distribution
of soft partons emitted from three hard parton jets.
They demonstrated this effect by calculating the
coherent gluon radiation of colour antenna consisting
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of three emitters, namely quark, antiquark and gluon
whose directions were fixed as in the experimental
situation. In addition they showed that for e*e™ -
qdy the emission of an additional gluon projected into
the ggy plane does not produce the interference effect
in the region between g and § jet. The distribution on
the side where the hard photon is emitted is approxi-
mately equal to the distribution on the opposite side.
These predictions have been confirmed by the TPC
[9], MARK II [10] and JADE [11] collaborations.
By considering the ratio of the angular dependence of
hadrons emitted between g and 4 for gdg and g4y
cvents the coherence effect could be demonstrated
without relying on model calculations. This ratio
would be one if no coherence effects were present, since
the gluon and photon energies were chosen such that
the kinematic configuration of both event types were
approximately equal. In the ggg events the ¢4 region
is defined as the region between the two most energetic
jets.

The string effect occurs aiso in parton shower
fragmentation models [12]. In these models the
depietion of particle emission in the g4 region origi-
nates from the angular ordering of soft gluon emission
in the parton cascades. This angular ordering intro-
duces interference effects in an originally incoherent
emission process [13].

It is well known that the cross section for gluon
emission in the limit of one of the gluons being soft
{k—0) factorizes into the cross section for the hard
process (i.e. the process without the extra soft gluon)
and an eikonal factor for each hard parton from which
a soft gluon can be emitted [14]. If three partons ¢4g
(qgv) are held fixed into a 3-jet (2-jet) configuration
and if the second (ﬁrst) gluon becomes soft then the
cross section for ete” —qggg (qdyg) results in
the formulas of Azimov et al. [8], from which the
coherence of gluon emission was deduced.

In all models based on O(«2) QCD perturbation
theory [15] the contributions of e”e™ —qggg+
qdqq are fully taken into account. Then we might
expect that the coherence effect in the form proposed
by Azimov et al. [8] should be present and the string
effect built in to the Lund fragmentation would be
unnecessary.

In this paper we want to study under which circum-
stances the coherence pattern already present in
second order QCD perturbation theory can be built
into models based on QCD matrix elements. For this
purpose, we collect the formulas for e*e™ —=gggyg
taking only the most singluar terms and compare them
with the results in [8]. This is done in Sect. 2. With
these formulas we calculate the angular distribution
of an additional soft gluon emitted ine* e~ — gy and
ete” —qgg with fixed 2- (gq) or 3-jet (ggg) kine-
matics as a function of the energy and the polar
angle of the soft gluon. These results are compared to
those obtained with the complete cross sectione* e™ —
qdgg +qdqq. ie. without the approximation of

taking only the most singular terms. We study for
comparison also the case of an abelian gluon theory.
The actual realizations of O(x?) models require the
introduction of resolution cuts [15]. Therefore it is
important to investigate how the soft gluon distri-
bution behaves as a function of these cut values.
Section 3 contains a summary and some concluding
remarks.

2 Soft gluon emission cross section

The distribution of one single soft gluon with
momentum p; is calculated from the O(«?) four-
parton cross section for e*e” —q(p,)+ q(p,) +
g(ps) + g(p4) which we write in the form

=cos 7 q H (2n)32E

(2my*e® (q - Z pi)(— g H,) 21
i=1
were the hadron tensor H,, has been written as
Ny -
H,=N._Y e¢*H,, (2.2)
i=1

so that the quark charges ¢; and the factor N, are
absorbed in the lowest order cross section o. Follow-
ing [16] the phase space is expressed by the scaled
energies x; =2E;/ \/55 (i=1,2,3,4), the angle ,,, ie.
the angle between the two gluon momenta 75 and 7,
and the azimuth angle ¢ which is the angle of 7,
projected into the plane perpendicular to P; + .

q’ X4(x4 + x3)(x4 + x5 €08 034)
Jo 57,2 2132
128(2n)° (x4° + 2x3x, €08 85, + x5°)

“dx, dx, X3 dxyd cos 03,d(— g H ). (2.3)

The first part of the phase space in (2.3) is exactly the
three-jet phase space with jet energies x;,x, and
2—xy —x,~x, (for x5 small) while the remainder
represents the relative parton distribution inside a
three-jet event.

As in [8] we define new angles 65 and ¢,. 8, is the
polar angle of 7; with respect to the axis in the
direction B, x 7, and ¢4 is the aximuthal angle of 7,
in the 7, P,-plane with ¢; =0 when P, is in the
direction of 7,. We have

dcosOy,d¢ =dcosb;do, (24)

so that the correctly normalized soft-gluon distri-
bution is calculated from

. X4(X4 + X3)(X4 + X508 054)
0 128(27)° (4% + 2X5X, €08 U4 + x52)372
dx;dx,X3dx5d cos O5dds(— g VH,w). 2.5)

The transition matrix elements for the processes
e*e” —>qGgg and e*e” —ggqq have been given in
[17,18]. We decompose them into the colour factors

do =

2

do




Ci?, CyN, and C;Ty. First we consider the most
singular contributions to (2.5), which are calculated in
the limit that gluon 3 is soft and/or collinear with the
quark or antiquark (y,;—0):

2 2C(Cr—N,/2
do =g, o B(x,,x,) r(Cr /Y12
2n ! Y13Y23

+CF2I:L Va3 +i Y13 :|}
V13 V12 T Y23 Yaz Y1z T Vi3

X3 40, 90
4+ 0
The extra kinematical factor in (2.5) which depends

on x,,x; and cosf,, has been replaced by 1, ie. its
limit for x;—0. In (2.6)

dcosO3dx, dx,. (2.6)

x12 + x22
(I —x1)(1 —x,)
is the Born term for e"e™ —ggg. In terms of four-
parton variables we have x; =1 — y, 0, x, =1 — y;34,
X4 =2—%; —X; =1y, with y;,¢° = (p; + p)* and
viud® =(pi+p;+p)* as usual. These relations
between four-parton momenta and three-jet momenta
are correct only in the limit y,; —0.

For N,=0 and (Cpa)*—e>Cpogo in (2.6) this
formula gives us the cross section for e*e™ —qqgy,
where the soft gluon has momentum p; and the hard
photon, which produces the “third jet,” has momentum
p4. The coupling depends on the quark charge e;.
Formula (2.6) agrees up to normalization with the
corresponding formula for e’e™ —gggy in Azimov
et al. [8] if we neglect the single pole terms in (2.6).
This corresponds to the most singular term in the limit
¥13 and y,5—0, which is the soft gluon limit x, — 0.
Then the cross section factorizes into the cross section
for e*e™ — qgy and the eikonal factor which is equal
to 2y1,/¥15¥23. Our cross section has the correct
normalization with the replacement of couplings
above. Of course, if several flavours are produced we
must take the sum over flavours f. Equation (2.6) gives
the four-parton cross section in the limit y,; — 0 only.
If the momentum x; of the soft gluon is chosen very
small we expect (2.6) to be a very good approximation
to the complete cross section. We have calculated the
distributions also for the complete cross section
formula in order to test the singular approximation
(2.6). However, outside the limiting region y,; — 0 the
relations between 4-parton variables and the 3-jet
variables x,,x, and x, are ambiguous [18]. The
relation between the 4-parton energies x;(i =1,...,4)
and the invariants y,; is as follows x; =1—y,q,,
Xp=1—=y13,X3=1—y1p4, X4 =1—p1p3. Forx3=0
we have as three-jet energies x; =1 — y,4, X, =1 — y14,
Xg=1—Yy1s with Xz3=1—=yi2=Via—Y2s=
2—x; — x, — x4 =0 following from energy conserva-
tion for three jets. Since x; # 0 we make a choice for
the 3-jet energies x;, x;, x;;; as follows:

Xy = X4 +X3

B(x1,x;) = 2.7)
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Xpp =Xz
Xprp = Xg- (2.8)

Before we proceed to the additional C,N, contribu-
tions we evaluate (2.6) and the corresponding complete
C} expression as a function of ¢, for fixed x;, x;; and
Xip=2—%;—x;, following the experimental
selection of the jet events. x5 is chosen small compared
to x;, x;; and x;;; and 65 is integrated over 0 < 8, < 7.
In (2.8) it is arbitrary in which form x, is attributed
to x,, x, or x,. For 8; = n/2 all four partons including
the soft gluon are emitted in a plane. The invariants
yi; written in terms of x;, x; and the angle 0;; are:

XX
where i, j=1,2; 1,3; 1,4; 2,3; 2,4 and 3,4. The angles

05, 0,4 and 0,, are fixed by the three-jet kinematics,
Le.

cosf,=1— (x;+x;,—1) (2.10)

XrXrr

and similarly for 8, , and 0,,. The angles 6, 5, 0,, and
034 vary with ¢5 according to [8]:

cos 8,5 = cos ¢4 sin 6,
cos 0,3 =cos(f,, — ¢;)sinf,
cos 03, =cos (0, — ¢3)sin ;. (2.11)

It is clear that all these relations are correct only for
x5 — 0. For exact 4-parton kinematics, x5 #0, 6,, and
05, are related to the other angles by

c08 03, = (x3 4+ x2 + 2x,x, €08 0, , — X2 — Xx3)/2x 3%,
008 0,4 = (X} + X% + 2x,x3 €08 0,3 — X3 — x2)/2X, X,
2.12)

which is compatible with (2.10) and (2.11) if x5 —0.

The results for e*e™ —gqgy follow directly from
(2.6) with (2.8), (2.10) and (2.11). We plot them as
calculated from (2.6) with N, =0, C, =1 without the
additional factor e} for easier comparison with
results for e*e” —qgdgg. So, to obtain correctly
normalized ggv(g) cross sections we must multiply our
curves with aX e */o.X > = 350/99¢ if we include
up to five flavours. We have chosen ¢, =0.15 and the
normalized jet energies similar to the jet energies in
the experiments [9,10,11]: x,=0.876, x;;=0.703,
Xy =0.421. The corresponding jet angles are 6,, =
151.70°,0,, = 232.42° and 6,, = 80.72°. For x, we take
the values x, =0.05, 0.1 and 0.2. The last value is
presumably outside the range where (2.6) is a good
approximation. We have selected it in order to see the
deviations of (2.6) from exact 4-parton matrix elements.
Remember that (2.6) is correct only in the limit y,; — 0.
For y,; large many more term are present.

In Fig. 1 we show the comparison between the
approximate cross section as given by (2.6) without
the single pole terms in y;; and y,; and the exact
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Fig. 1. The soft gluon angular distribution o(¢;)/0, between ¢ and
G in qgy events (integrated over 8; and for x5 =0.2) for complete
matrix elements (full) and for the most singular approximation
(approximative) as a function of ¢,

expression where all Cg? terms are included. But we
Ieft out the kinematic factor in (2.5) which goes to 1
for x,—0. To neglect the nonleading terms in x; in
the kinematical factor but to retain them in the cross
section matrix elements is somewhat inconsequent. If
we want to retain the full kinematic factor we cannot
factorize the cross section into the cross section for
e*e” — gy and a kinematical factor as we have done
it. Then the complete cross section for e*e™ —qdyg
would make a more complicated analysis necessary.
We also emphasize that the reduction of 4-parton
kinematics to 3-jet kinematics and an independent
second gluon is only valid in the limit x; — 0. In Fig. 1
and in all following figures we plot o{d;)/o,=
(d*0/dx,dx,dxd¢,/2m)/c,. The photon is emitted in
the interval of ¢, between ¢ =0,, and ¢ =2n. We
have integrated over §; in 0<6; <=

As expected the cross section has two maxima at
¢,=0 and ¢;=06,, where y;; and y,; vanish.
Through interference of the y;; pole with the y,; pole
in (2.6) the minimum between ¢3 =0,, and ¢; =2
is deeper than the minimum between ¢;=0 and
¢; =0,,. This qualitative feature is also seen in the
experimental data. In Fig. 1 we took x; =0.2. We see
that the approximate formula (2.6) is quite good even
for x5 =0.2. The deviation is of order of 20% at the
minima. Thus the ratio r of the minimum between
¢ =0and ¢; = 0,, to the minimum between ¢5 =0, ,
and ¢, = 2n changes only from r ~2.3 to r ~ 1.7 if the
exact matrix elements are used.

The dependence of the ¢, distribution on x; is
shown in Fig. 2 where we have plotted results for
x; =0.05, 0.1 and 0.2. It is clear that the cross section
increases if x5 is lowered. The ratio r increases with
decreasing x5. The ratio r = a(d3/d12)/0(Pa/P,1) as
a function of ¢5/¢,,, where ¢, =0, and ¢,, =
2% — ¢, is shown in Fig. 3. We see that r in the
minima changes from r=1.68 at x;=0.2 to r=1.98
at x5 = 0.05. r > 1 occurs also in the experimental soft
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Fig. 2. o(¢;)/0, between g and 4 for ggy events for x; =0.05, 0.1
and 0.2 (complete matrix elements) as a function of ¢,
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Fig. 3. The ratio r of soft gluon densities in g4y events as a function
of the normalized angle ¢, /¢, for x; =0.05, 0.1 and 0.2

particle distributions for 2-jet-one photon events: r ~2
to 3 for the TPC [19], MARK 11 [10] and JADE [11]
distributions.

Now we come to the remaining Cp N, contributions
which together with the terms already contained in
(2.6) give all the CyN, terms. Actually the contribution
of (2.6) to the full QCD cross section is not very
important since Cp~ N,/2, so that the contribution
of (2.6) is diminished. The dominant CpN_ terms in
the singular approximation ys;4—0 is

o \2
do‘=00<~’) B(x,,x,)CgN,

27
{ Yia + Yaq
Y13Yaa  V23Vsa

1 Va3 Vaa }

+
2Y34 Y23+ Y24 Y23+ V24
X3 4. 493
dx, I

; (2.14)

dcos0;dx,dx,,
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Fig. 4. The soft parton angular distribution o(¢,)/c, between g, §
and g in gg4g events (integrated over 8, and for x; = 0.2) for complete
matrix elements (full) and for the most singular approximation
(approximative) as a function of ¢,

The three-jet energies are now x; =x; =1 — y,;, and
Xpp=X,=1—y3, and x;;;,=x5+ x,. In (2.14) the
first and second term with double poles in y;, and
y13 and in y,, and y, 5, respectively, are the important
terms. They produce the characteristic interference
pattern for the soft gluon emission between the three
jets. They correspond to the eikonal approximation
and are obtained in the soft limit x; — 0. First we have
studied the difference between the approximate
formula (2.14) (without the single y, , pole terms) which
agrees with the formulas in [8], up to normalization,
and the complete matrix clement with all non-singular
contributions included. This is shown in Fig. 4 with
x; =0.2. In Fig. 4 we see the three-jet structure. The
first maximum at ¢; = 6, , is the g-jet (g is at ¢, =0, 2n)
and the maximum at ¢, =0,, is the hard gluon jet.
The first minimum, between ¢ and ¢ jet is deepened
through the interference in the double pole 1/y;334
in (2.14), whereas the second minimum between g and
g jet is pushed upwards caused by the constructive
interference in 1/y,3y54. The third minimum is also
pushed upwards as compared to the qgy case through
constructive interference coming from the 1/y,3y14
double pole. The difference between the exact formula
and the most singular approximation is largest at the
minima, of the order of 309, The curve for the singular
approximation lies always above the exact curve (this
was not the case for ggy, see Fig. 1). The x5 dependence
of the ¢, distribution is shown in Fig. 5. For decreasing
x5 the cross section increases like 1/x5. The curves are
for x;=0.05, 0.1 and 0.2. The cross section in the
minima are approximately in the relation 1:7:3,
roughly independent of x;. In the experimental data
for the soft hadron distribution this relation is approxi-
mately 1:6:2 [11] which agrees quite nicely with the
theoretical ratio.

Comparing the minimum in the gq section in Fig. 2
(ggy) with the minimum in Fig. 5 (¢44g) we see that the
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Fig. 5. o(¢;)/0, between ¢, § and g in gdg events for x; = 0.05,
0.1 and 0.2 (complete matrix elements) as a function of ¢,
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Fig. 6. The ratio p of soft parton densities in qdg and g4y events
in the region between q and ¢ jets, as a function of the normalized
angle ¢3/¢,, compared to data of JADE [113, MARK I [10] and
TPC-2y [9] collaborations

minimum for the ggg case is much deeper than for
the g4y case [8]. The normalization of the curves is
such, that they coincide for very small angles (¢, <20°).
Of course, the deepening of the minimum for ggyg
originates from the destructive interference in the

double pole 1/y;3y;, in (2.14). In Fig. 6
we compare the ratio
0(¢3/¢12)qqg (2.15)

P = 0(hs/d12)s,

with experimental data coming from the TPC [9],
MARK II [10] and JADE [11] collaborations. These
data show the corresponding ratio of the particle
density in the ¢4 region for qgg and ggy events, where
the g4 region is defined as the region between the two
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most energetic jets. This ratio should be 1 if no
coherence effects were present, since the gluon and
photon energies were chosen in such a way that the
kinematical configurations of both event types are
similar. Furthermore the relative normalization of the
experimental particle distributions agrees with the
relative normalization adopted for our theoretical
curves. We see the depletion effect is independent of
X5. The smallest value of p is p ~0.5. This is smaller
than the experimental value p ~0.7. This difference
can be easily accounted for. In the experimental data
the third jet is the least energetic jet which is not always
the gluon jet. The probability that the gluon is the
third jet is only 65%,. One then expects a depletion of
about 359 from our theoretical curves which is in
good agreement with the data.

So the model agrees nicely with the data on soft
hadron distributions. The relative amount of produced
hadrons as a function of ¢; between the jets is
predicted qualitatively correctly for the gy and the
qqg process. A more quantitative comparison is
difficult since our results are for soft gluons between
the jets whereas the experimental data are for soft
hadrons emitted betwen the jets. The qualitative
agreement between our results and the data is consis-
tent with the parton-hadron duality hypothesis.

In the theoretical model the characteristic features
originate from the splitting of the gluon jet into two
gluons which causes the interference effects with the
terms coming from g —qg and q§— gg. But the gluon
can also split into gg. This contribution has only a
single pole in y;, with a rather small coefficient.
Therefore it contributes only a small term to the third
peak in Fig. 5. On the other hand in the case of an
abelian gluon this would be the only term responsible
for the emission of a soft parton from the gluon jet.
This case has been calculated in Fig. 7. Here T = 3N,
where N is the number of flavours, N, =0 and Cp = 1.
The extra factor 3 in Ty accounts for the factor 3
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Fig. 7. a(¢3)/0, for qdg (QCD), ggy (QED) and for gqg events

in an abelian gluon theory (abelian QCD) as a function of ¢4 for
x3=02

missing in ¢, if only N flavours are considered [19].
Therefore the single pole contribution coming from
g—qq is enhanced by the factor 6 as compared to
QCD. This single pole in y,, produces a third maxi-
mum, as is secen in Fig. 7. But the relative depth of the
three minima does not agree with the experimental
data. The first and the third minimum are roughly
equal and the second minimum lics only slightly higher
than the first minimum. From this we conclude that
in the QCD model the relative depth of the three
minima is directly related to the colour structure of
QCD, in particular to the nonabelian nature of QCD.

As we have seen the perturbative QCD matrix
elements explain quite nicely the characteristic features
of soft hadron emission between jets. In this sense the
local parton—hadron duality as introduced in [&]
works rather well, which means that the distribution
of hadrons follows that of the QCD partons rather
closely. Unfortunately this explanation of the “string”
effect through parton coherence has an essential draw-
back. This is the absolute value of the predicted cross
sections. In order to compare with the experimental
cross section we must integrate our cross section over
x3. In the experimental distributions only particles
with momenta exceeding 150 MeV were used (for
example in the JADE experiment [11]). This corres-
ponds to a lower limit in x5 of roughly 0.01 (if all
particles are assumed to be pions). The ¢;-distri-
butions plotted in Fig. 5 behave as a function of x4
approximately as 1/x; which determines the depen-
dence of the theoretical cross sections on the lower x5
cut. Then comparing with the JADE cross sections
based on 6.10* multi-hadronic and 8619 3-jet events,
which were used for the experimental distributions
[11], we come to the conclusion that our cross sections
are too large by a factor of about 20 (this applies also to
the qgy cross section), if we renormalize the experi-
mental distributions to the total number of hadronic
events and divide by the mean particle multiplicity of
the selected events. This factor of about 20 equals
approximately this mean particle multiplicity. Then to
get agreement we argue, that the hadrons between the
jets always have the direction of the soft gluon g;—
this is essentially the assumption of parton—hadron
duality—and the non-perturbative fragmentation,
which transforms the gluon (or additional soft
gluons) into hadrons has no other effect as to produce
the correct normalization of the hadronic amplitude
in relation to the partonic amplitude. If this is so,
one would like to see how this happens in a model
which incorporates hadronization of quarks and
gluons and the coherence effect in the partonic ampli-
tudes. Of course, there is the possibility that the string
comes from the fragmentation, this is the approach of
the Lund model [7], and has nothing to do with
the properties of the partonic amplitudes (see
[9], [10] and [11], where it is shown that the
hadron distributions between the jets in ggg and qqy
events are very well accounted for in the Lund model).
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matrix elements supplied with an invariant mass cut y with y = 0.02,
0.01, 0.005 and 0.001 as a function of ¢,

In order that the coherence does not originate from
the hadronization, but truely reflects the partonic
nature, we must take one of the independent frag-
mentation models [3,4]. In the model 3 (including
virtual 0(«,?) corrections) and 4 partons are generated
according to perturbative QCD which then fragment
into hadrons according to [3,4]. Since such a model
contains 4-parton production on the basis of ampli-
tudes also used in this work, one might naively
expect that the parton coherence effect is also built
in. But this is not the case. The reason is that in
all these models [15] the 4-parton terms are present
only for the production of hard partons. The ampli-
tudes for the production, where one of the four partons
is soft, are combined with the virtual corrections
to 3 parton (ggg) production to cancel infrared and
collinear singularities [ 19]. In this sense the soft parton
contributions are already absorbed in the hard
jets. How far this absorption takes place depends on
the resolution cut which defines the separation of 3
and 4 jets. If we define as usual this separation with
invariant mass cuts (p; + p;)*/q* = y,;(i,j = 1,2, 3,4), so
that y;;= y defines the genuine 4-jet production, we
can study how such an invariant mass cut influences
the cross section for the production of the soft gluon
g3. The result is seen in Fig. 8, in which the ¢,
distribution for ¢4g production is plotted for four cut
values (y;3 =y) y=0.001, 0.005, 0.01 and 0.02. For
fixed x3(x; =0.2) the constraint y,; = y is essentially
a constraint on ¢,. Therefore the regions where the
¢ distribution peaks are reduced very much (only
non-singular terms remain) and the regions between
the jets is also cut out depending on the chosen y
value. Experimentally the jet separation is possible if
yz0.02 [20]. For smaller y values the 4-jet cross
section becomes so large that it exceeds the unitarity
limit (i.e. 4-jet rate > 1). For y = 0.02 the jet peaks in
Fig. 8 have disappeared and between the jet peaks (for
y =0} the cross section has the original value as for
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y =0 in some limited ¢, range. If y is decreased the
¢, ranges between the peaks increase and the peaks
gradually are built up again for y = 1073, Even in this
case the ¢, distribution differs apprecially from the
one with y=0.

In the perturbative model with IF fragmentation
and y~0.01 the peaks are restored through the
addition of 3-jet production with subsequent hadron-
ization of the 3-jets. This leads to soft hadron distri-
butions for which the first minimum and the third
minimum are in the ratio 1:1.5 instead of 1:3 as in
Fig. 5, but with the correct normalization if compared
to the experimental data (see e.g. [11]). It is conceivable
that if y is chosen small enough, ie. y <5.1073, the
pattern of minima, obtained for soft gluon emission,
is still present after hadronization and the correct
normalization is obtained and thus would explain the
coherence effect observed experimentally. In order this
to happen the artificial maxima near ¢, = 90°, 180°
and 300° in Fig. 8 must be levelled to the correct
normalization without changing the relative normaliz-
ation in the three ¢ regions through fragmentation
of the soft gluon. How this might happen will be
studied in future work.

3 Summary and concluding remarks

We have calculated the cross section for soft gluon
emission in e*e” —ggyg and eTe” —gqggg by
evaluating the complete 4-parton matrix elements. We
find the coherence pattern as predicted by Azimov
et al. [8] for the angular distribution of the soft gluon.
Our results differ from the approximate eikonal
formulas (for gluon momentum going to zero) by less
than 30%. It is pointed out that the coherence of soft
gluon radiation agrees with the observed distribution
for hadron emission between the hard jets in e*e™ —
g3y and e*e” —qgg. The observed interference
pattern is characteristic for the non-abelean nature of
QCD and does not come out in an abelean gluon
theory.

Due to the infrared singular behaviour the cross
section for soft gluon emission is a factor of 20
too large. Therefore the parton—hadron duality [8] is
only qualitatively in agreement with experimental
results and it is to be shown how the hadronization
of the soft gluon and the hard jets can change the
normalization. The infrared singular behaviour is
also responsible for the fact that the coherence effects
contained in the 4-parton production cross section are
not present in the models for high energy hadron
production based on 0(c,®) perturbation theory and
subsequent independent fragmentation. In these
models the infrared part of e*e™ — gggg is part of
the production of three hard, although dressed, jets.
Then the information contained in e*e™ —gggg is
lost and no predictions about details of soft gluon
emission inside jets are possible. It would be desirable
to rescue the coherence of soft gluon emission in
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e*e” > qqdgg for the model building for hadron pro-
duction in e* e~ annihilation.
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