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Abstract. We study the pattern of soft parton 
radiation in the hard annihilation processes e + e - ~  
q@ and e + e - - - * q g t g  by explicit evaluation of the 
cross sections for e+ e - ~ q c l T g  and e+ e - ~ q g l g g  + 
qglqgl 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(c~ 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 detected 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 Lurid 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 gtuon 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--- ,  
qq7 the emission of an additional gluon projected into 
the qqY plane does not produce the interference effect 
in the region between q and q 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 [1(3] and JADE 1-11] collaborations. 
By considering the ratio of the angular dependence of 
hadrons emitted between q and q for qq9 and q@ 
events 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 qc]g events the qq region 
is defined as the region between the two most energetic 
jets. 

The string effect occurs also in patton shower 
fragmentation models [12]. In these models the 
depletion of particle emission in the qc] 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 qgl9 
(qqT) are held fixedint0 a 3-jet (2-jet) configuration 
and if the second (first) gluon becomes soft then the 
cross section for e + e - ~ q O g g  (qc]79) 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 ~ q q g 9 +  
qqqq 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 - ~ q i l g 9  
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 in e +e-  ~ qq~ and 
e+e-~qF19 with fixed 2- (qq) or 3-jet (qqg) 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 section e + e- 
qqgY+qqqq ,  i.e. 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(a 2) 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 P3 is calculated from the O(G 2) four- 
patton cross section for e+e---*q(pl)+q(p2)+ 
9(P3) + 9(P4) which we write in the form 

da = a o ~zz~ 4~ d3pi ,[l (2 e, 

were the hadron tensor H.~ has been written as 
Ny 

i=1 

so that the quark charges ei and the factor Nc are 
absorbed in the lowest order cross section a0. Follow- 
ing [16] the phase space is expressed by the scaled 
energies x i = 2 E i / x / ~ ( i  = 1,2, 3,4), the angle 034 , i.e. 
the angle between the two gluon momenta P'3 and P'4, 
and the azimuth angle 05 which is the angle of P3 
projected into the plane perpendicular to P3 + P4: 

q2 X4(X 4 -'I- X3)(X 4 "I- X 3 COS 034 ) 
da = a o 128(2n)5 (x42 + 2x3x4cos 034 q-X32)3/2 

"dxldx2x3dx3dcosO34dO(-gUVP~u~). (2.3) 

The first part of the phase space in (2,3) is exactly the 
three-jet phase space with jet energies x l , x  2 and 
2 -  x 1 - x  z - x  4 (for x 3 small) while the remainder 
represents the relative parton distribution inside a 
three-jet event. 

As in [8] we define new angles 0 3 and 053.0 3 is the 
polar angle of P3 with respect to the axis in the 
direction ~'1 x P'2 and 053 is the aximuthal angle of if3 
in the Pl ,  P'2-P lane with 053 = 0 when P'3 is in the 
direction of Pl .  We have 

d cos 03~d05 = d c o s  03d05 3 (2.4) 

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

q2 X4(X 4 q- X3)(X 4 dV X 3 COS 034 ) 
da = a o 128 (2~) 5 (x4 z + 2x3x 4 cos 034 + x32) 3/2 

�9 d x t d x 2 x 3 d x 3 d c o s  03d053(-  gUVHuv ). (2.5) 

The transition matrix elements for the processes 
e + e - ~ q q g g  and e+e---*qqqq have been given in 
[17,18]. We decompose them into the colour factors 



Cp 2, CFN c and C,eTR. First we consider the most  
singular contr ibut ions to (2.5), which are calculated in 
the limit that  gluon 3 is soft and /or  collinear with the 
quark  or ant iquark  (Y~3-+0): 

do = ao (  G "] 2B(xI,x2)f 2Cv(CF Z Nd2)Y12 
\ 2 7 r ]  [ YI3Y23 

LY13 Y12 + Y23 Y23 Y12 + Y13 

�9 ~ d x 3 d ~ d e o s O 3 d x l d x 2  . (2.6) 

The extra kinematical  factor  in (2.5) which depends 
on x4, x3 and cos 034 has been replaced by  1, i.e. its 
limit for x3 ~ 0. In (2.6) 

X12 ~-- X22 
B(x> x2) = (1 - x l )  - xz) (2.7) 

is the Born te rm for e+e ---+qqg. In terms of four- 
pa r ton  variables we have xl  = 1 -Y24,  x2 = 1 - - Y 1 3 4 ,  

x 4 = 2 -- x 1 -- x 2 = 1 -- Y123 with Yljq 2 = (Pl + pj)2 and 
Yokq 2 =(P i+  P~+Pk) 2 as usual. These relations 
between four-par ton  m o m e n t a  and three-jet m o m e n t a  
are correct only in the limit Y13 ~ 0 .  

For  N ~ = 0  and (CFG)2~er  in (2.6) this 
formula  gives us the cross section for e+e - ~ q @ 7 ,  
where the soft gluon has m o m e n t u m  P3 and the hard  
photon,  which produces the "third jet," has m o m e n t u m  
P4. The coupling depends on the quark  charge er 
Fo rmula  (2.6) agrees up to normal iza t ion  with the 
corresponding formula  for e+e - ~q?lg7 in Azimov 
et al. [8] if we neglect the single pole terms in (2.6). 
This corresponds  to the mos t  singular term in the limit 
Y13 and y 2 3 ~ 0 ,  which is the soft gluon limit x 3 ~ 0 .  
Then the cross section factorizes into the cross section 
for e + e - ~  q@ and the eikonal factor  which is equal 
to 2ylz/Ya3Y23. Our  cross section has the correct 
normal iza t ion  with the replacement  of couplings 
above. Of  course, if several f lavours are produced we 
must  take the sum over  flavours f .  Equa t ion  (2.6) gives 
the four -par ton  cross section in the limit Y13 ~ 0 only. 
If  the m o m e n t u m  x3 of the soft gluon is chosen very 
small we expect (2.6) to be a very good  approx imat ion  
to the complete  cross section. We have calculated the 
distr ibutions also for the complete  cross section 
formula  in order  to test the singular approx ima t ion  
(2.6). However ,  outside the limiting region Yl3 ~ 0  the 
relations between 4-par ton  variables and the 3-jet 
variables x l , x  2 and x4 are ambiguous  [18]. The 
relation between the 4-par ton  energies x~(i = 1 . . . . .  4) 
and the invariants  Y~jk is as follows Xa = 1 -Y234 ,  
X 2 ~--- 1 --Y134, x3 = 1 --Y124, x4 = 1 -Y123.  For  x 3 = 0 
we have as three-jet energies xl  = 1 - Y24, x2 = 1 - Y~4, 
x4 = 1 - y 1 2  with x 3 = 1 - y 1 2 - y 1 4 - Y 2 4  = 
2 - x~ - x 2 - x 4 = 0 following f rom energy conserva-  
tion for three jets. Since x3 r 0 we make  a choice for 
the 3-jet energies x,, x u ,  x m as follows: 

X l  = X 1 -]- X 3 
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X I I  = X 2 

x m  = x4. (2.8) 

Before we proceed to the addit ional  CFNc contr ibu-  
tions we evaluate (2.6) and the corresponding complete  
C~ expression as a function of ~3 for fixed xt,  xii  and 
Xli I = 2 - x I - x u,  following the exper imental  
selection of the jet events, x 3 is chosen small compared  
to xi, x u  and x m  and 03 is integrated over 0 < 03 < ~z. 
In (2.8) it is arbi t rary  in which form x3 is a t t r ibuted 
to xl ,  x2 or x 4. For  03 = 7r/2 all four par tons  including 
the soft gluon are emitted in a plane. The invariants  
y~j written in terms of x~, xj and the angle 0~j are: 

= ~ (1 - cos 0i;) (2.9) 

where i , j =  1,2; 1,3; 1,4; 2,3; 2,4 and 3,4. The angles 
012,014 and 024 are fixed by the three-jet kinematics,  
i.e. 

2 
COS 012 = 1 -- (x~ + xrr -- 1) (2.10) 

X I X I I  

and similarly for 014 and 024. The angles 013,023 and 
034 vary with q53 according to I-8]: 

COS 013 = COS (/)3 sin 03 

cos 023 = cos (012 - 03) sin 03 

cos 034 = cos (014 - q53) sin 03. (2.11) 

It is clear that  all these relations are correct only for 
x3 --* 0. For  exact 4-par ton kinematics,  x3 r 0, 024 and 
034 are related to the other angles by 

c o s  034 = + + 2XlX2 c o s  012 - x l  - 

COS 024 = (X 2 + X32 -+- 2XlX 3 COS 013 - -  X 2 - -  xZ)/2XzX, 

(2.12) 

which is compat ib le  with (2.10) and (2.11) if x 3 --+0. 
The results for e+e - --+qclg~? follow directly f rom 

(2.6) with (2.8), (2.10) and (2.11). We plot  them as 
calculated f rom (2.6) with Nr = 0, C e = 1 wi thout  the 
addit ional  factor e}a for easier compar i son  with 
results for e+e---+qqg~7. So, to obtain correctly 
normal ized qq2(9) cross sections we must  mult iply our  
curves with o:Zyey4/~s,Syef2= 35~/99 G if we include 
up to five flavours. We have chosen as = 0.15 and the 
normalized jet energies similar to the jet energies in 
the experiments  [-9,10,11]: x~ = 0.876, xH = 0.703, 
x m  = 0.421. The corresponding jet angles are 012 = 
151.70 ~ 014 = 232.42 ~ and 024 = 80.72 ~ For  x 3 we take 
the values x3 =0.05,  0.1 and 0.2. The last value is 
p resumably  outside the range where (2.6) is a good  
approximat ion .  We have selected it in order  to see the 
deviations of(2.6) f rom exact 4-par ton  matr ix  elements. 
Remember  that  (2.6) is correct only in the limit Yl 3 ~ 0. 
For  Y13 large m a n y  more  term are present. 

In Fig. 1 we show the compar i son  between the 
approx imate  cross section as given by (2.6) without  
the single pole terms in Y13 and Y23 and the exact 
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Fig. 1. The soft gluon angular distribution a(dp3)/a o between q and 
in q~? events (integrated over 03 and for x3 = 0.2) for complete 

matrix elements (full) and for the most singular approximation 
(approximative) as a function of ~b 3 

expression where all CF 2 terms are included. But we 
left out the kinematic factor in (2.5) which goes to 1 
for x3 ~ 0 .  To neglect the nonleading terms in x 3 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 -  ~ q~y and a kinematical factor as we have done 
it. Then the complete cross section for e+e - ~q?1~9 
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 3 ~ 0. In Fig. 1 
and in all following figures we plot a(~p3)/a o = 
(d4a/dxldx2dx3dr~a/270/cro . The photon is emitted in 
the interval of q53 between q~3 = 0~2 and q~3 = 2~. We 
have integrated over 03 in 0 < 03 < re. 

As expected the cross section has two maxima at 
~b3=0 and r  where Yla and Y23 vanish. 
Through interference of the Y~3 pole with the Y2a pole 
in (2.6) the minimum between r  = 012 and r  = 2rr 
is deeper than the minimum between ~b3 = 0 and 
q53 = 0~2. This qualitative feature is also seen in the 
experimental data. In Fig. 1 we took x3 = 0.2. We see 
that the approximate formula (2.6) is quite good even 
for x3 = 0.2. The deviation is of order of 20% at the 
minima. Thus the ratio r of the minimum between 
q~3 = 0 and r = 012 to the minimum between ~b 3 = 0~2 
and ~b3 = 2r~ changes only from r -~ 2.3 to r - 1.7 if the 
exact matrix elements are used. 

The dependence of the q~3 distribution on xa is 
shown in Fig. 2 where we have plotted results for 
x3 = 0.05, 0.1 and 0.2. It  is clear that the cross section 
increases if x3 is lowered. The ratio r increases with 
decreasing x 3. The ratio r =  a(dpa/q~2)/a(q~/r as 
a function of (P3/r where r = 0~2 and ~2~ = 
27~-~12 is shown in Fig. 3. We see that r in the 
minima changes from r = 1.68 at x3 = 0.2 to r = 1.98 
at x 3 = 0.05. r > 1 occurs also in the experimental soft 

�9 , i . , i . . i , . i . , i , i . . L �9 t , , i �9 , i , , t , , 
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~3 

Fig. 2. ~r(~a)/a o between q and ~ for q~? events for x 3 = 0.05, 0.1 
and 0.2 (complete matrix elements) as a function of ~b 3 

r 

2.0 
,,."" xs=O.05 ""-,,, 

, , /  
/," 

/ / /  ..,. ............ x~=O. 1 ................... 
1 p~ 

/ ...y' "%... 
/ . /  ... 

/ i"" 

1.6 

1 . 4  ~ ~ I t 

0.O 0.2 0_4 0.6 0,8 1.0 

F i g .  3. The ratio r of soft ghmn densities in q~? events as a function 
of the normalized angle r for x 3 = 0.05, 0.1 and 0.2 

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

Now we come to the remaining CrNc contributions 
which together with the terms already contained in 
(2.5) give all the CpNc terms. Actually the contribution 
of (2.6) to the full QCD cross section is not very 
important  since C F ~-Nc/2, so that the contribution 
of (2.5) is diminished. The dominant CrNc terms in 
the singular approximation Y34--*0 is 

da=tro(~)2B(xl,x2)CFNc 

.~ Y14 .~_ Y2~ 
i 

(Y13Y34 Y23Y34 

1 Y2a Y24 

+ 2y34 Y23 -'[- Y24 Y23 + Y24. J 

dx3 dr d c o s  0 3 d x  1 dx2, (2. 14) 
4 - 2 ~  
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Fig. 5. o(~b3)/% between q, c~ and  g in qclg events for x 3 = 0.05, 
0.1 and 0.2 (complete matrix elements) as a function of ~b 3 

The three-jet energies are now x I = x~ = 1 - Y234 and 
Xll = X  2 = 1 - - Y 1 3 4  a n d  x i I i = X 3 - I - x  4. In (2.14) the 
first and second term with double poles in Y34 and 
Y13 and in Y34 and Y23, 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 x3 ~ 0. First we have 
studied the difference between the approximate 
formula (2.14) (without the single Y34 pole terms) which 
agrees with the formulas in [8], up to normalization, 
and the complete matrix element with all non-singular 
contributions included. This is shown in Fig. 4 with 
x a = 0.2. In Fig. 4 we see the three-jet structure. The 
first maximum at ~b 3 = 012 is the cj-jet (q is at q~3 = 0, 2re) 
and the maximum at ~b3 = 0~4 is the hard gluon jet. 
The first minimum, between q and ~ jet is deepened 
through the interference in the double pole 1/YlaY34 
in (2.14), whereas the second minimum between c~ and 
g jet is pushed upwards caused by the constructive 
interference in 1/yz3Y34. The third minimum is also 
pushed upwards as compared to the q@ case through 
constructive interference coming from the 1/ya3Y34 
double pole. The difference between the exact formula 
and the most singular approximation is largest at the 
minima, of the order of 30%. The curve for the singular 
approximation lies always above the exact curve (this 
was not the case for q@, see Fig. 1). The x 3 dependence 
of the ~b 3 distribution is shown in Fig. 5. For  decreasing 
x3 the cross section increases like 1Ix3. The curves are 
for x3 = 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 3. 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 qc~ section in Fig. 2 
(q@) with the minimum in Fig. 5 (qcig) we see that the 

P 
1.4 

1.E ~ Jade MARK II TPC 27 

0.8 %%. .  

i i i i 

0.2 0.4 0.6 0.8 1.0 

~3/r 

Fig. 6. The  ratio p of soft pa r ton  densities m q(lg and  q @  events  
in the region between q and ~ jets, as a function of the normalized 
angle q53/~b~2 compared to data of JADE [11], MARK II [103 and 
TPC-27 [9] collaborations 

0.6 

0.4 
0.0 

minimum for the q~19 case is much deeper than for 
the q~? case [8]. The normalization of the curves is 
such, that they coincide for very small angles (q53 < 20~ 
Of course, the deepening of the minimum for q@ 
originates from the destructive interference in the 
double pole 1/y13Ya, in (2.14). In Fig. 6 
we compare the ratio 

~(4'3/4h 2)qq~ 
o - ~(~3/~12)q~, (2.15) 

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 qc] region for q{tg and q@ events, where 
the qc~ 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 
x3. 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 35% 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 q53 between the jets is 
predicted qualitatively correctly for the q@ and the 
qglg 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 q ~ qg and c] ~ c~g. But the gluon 
can also split into qc]. This contribution has only a 
single pole in Y34 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 TR = 3NI, 
where N 7 is the number offlavours, Nc = 0 and Cv = 1. 
The extra factor 3 in TR accounts for the factor 3 
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Fig. 7. a(4)3)/ao for qctg (QCD), qq7 (QED) and for qcig events 
in an abelian gluon theory (abelian QCD) as a function of q5 3 for 
X3 =0.2  

missing in a o, if only N$ flavours are considered [19]. 
Therefore the single pole contribution coming from 
g ~ q ~  is enhanced by the factor 6 as compared to 
QCD. This single pole in Y34 produces a third maxi- 
mum, as is seen 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 lies 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 [8] 
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 150MeV were used (for 
example in the JADE experiment [11]). This corres- 
ponds to a lower limit in x 3 of roughly 0.01 (if all 
particles are assumed to be pions). The q53-distri- 
butions plotted in Fig. 5 behave as a function of x 3 
approximately as 1Ix 3 which determines the depen- 
dence of the theoretical cross sections on the lower x 3 
cut. Then comparing with the JADE cross sections 
based on 6.104 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 q@ 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 g3--  
this is essentially the assumption of parton-hadron 
duali ty--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 q~g and qq7 
events are very well accounted for in the Lund model). 
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Fig. 8. a(q~3)/a o for qcl9 events calculated from qglgg+q~lqgl 
matrix elements supplied with an invariant mass cut y with y = 0.02, 
0.01, 0.005 and 0.001 as a function of ~b 3 

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(c~ 2) 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 (q@) 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 (Pl + pj)Z/q2 = ylj(i,j = 1, 2, 3, 4), so 
that Y~i > 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 
93. The result is seen in Fig. 8, in which the q53 
distribution for q779 production is plotted for four cut 
values (Yi3 > Y) Y = 0.001, 0.005, 0.01 and 0.02. For 
fixed x3(x3 = 0.2) the constraint Y~3 > Y is essentially 
a constraint on q53. Therefore the regions where the 
q53 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 
y > 0.02 [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 

y = 0 in some limited ~b 3 range. If y is decreased the 
q~3 ranges between the peaks increase and the peaks 
gradually are built up again for y = 10-3. Even in this 
case the ~b 3 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, i .e .y < 5.10 -3, 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 ~b 3 = 90 ~ 180 ~ 
and 300 ~ in Fig. 8 must be levelled to the correct 
normalization without changing the relative normaliz- 
ation in the three q53 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-~qg179 and e + e - ~ q @ 9  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- 
q@ and e+e-~q~19. 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-patton production cross section are 
not present in the models for high energy hadron 
production based on 0(es 2) perturbation theory and 
subsequent independent fragmentation. In these 
models the infrared part of e+e - -~ qg199 is part of 
the production of three hard, although dressed, jets. 
Then the information contained in e+e - --*qglg9 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-~qqgg for  the  m o d e l  bu i ld ing  for  h a d r o n  p ro -  
d u c t i o n  in e + e -  ann ih i l a t ion .  
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