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Abstract

The color structure of an arbitrary QCD diagram is studied. A basis for the color
form factors of a generic amplitude is suggested, in which all the coherence effects are
automatically and simply accounted for to the leading order in N.. Some applications of
this formalism are given for tree level amplitudes describing processes with one or two
pairs of fermions and radiation of gluons and photons. The different coherence properties
of the abelian and non-abelian radiation are exhibited with some analytic and explicit
examples, leading to the appearance of string-effect-like correlations for hAerd non-abelian
radiation,
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1 Introduction

Processes with many hard partons in the final state play a key role in high energy collisions.
They allow for tests of perturbative QCD and they provide large backgrounds for more exotic
phenomena [1]. The capability of performing precise predictions for these processes is severely
limited by the complexity of the calculations involved: the large number of Feynman diagrams
contributing to the amplitudes and the complex algebraic structure of the vertices call for ad-
hoc techniques to treat the problem [2-10}. In particular, the organization of the helicity and
the color structure of the amplitudes turns out to be fundamental.

Recently a criterion was proposed to organize the color structure of amplitudes with many
gluons [6,7] and with gluons and a quark-antiquark pair [5,9]. In this paper I describe a
general way to efficiently organize the color structure of a generic QCD amplitude, containing
an arbitrary number of quarks and gluons plus possibly arbitrary color singlet sources. As a by-
product I will get exact expressions for some sets of partonic amplitudes relevant in hadronic
collisions, e*e” interactions and deep inelastic scattering. These expressions will explicitly
exhibit interesting phenomena of color coherence, generalizing results known in the case of soft
radiation.

This paper is organized as follows. In Section 2 I describe the construction of the color
structures in which to expand an arbitrary QCD amplitude. I will first treat the tree-level
case and then the case with loops, proving in an algebraical way the gauge invariance of the
decomposition in terms of color-form-factors. In Section 3 I apply these results to the case of
quark-gluon scattering, using a set of exact helicity-amplitudes to exhibit the properties of color
coherence of the non-abelian radiation in relation to the case of abelian radiation. A non-trivial
example of antenna-type patterns of emission for non-abelian radiation is given in Section 4,
where processes with gluons and two quark pairs are described. Once again the relation with
the emission of photons is established. As an example of the versatility of the technique, in
Section 5 I will extend these results to processes with color-singlet sources, as e*e™ scattering
and Deep Inelastic Scattering (DIS). Throughout the paper all the particle’s momenta are taken
as outgoing. This fact must be taken into account when using the given amplitudes in physical

processes.

2 The Color Form Factors

In this Section I explicitly construct a set of color-form-factors which can be used to decompose
any QCD amplitude in a gauge-invariant manner. The construction is very much in the spirit
of 't Hooft’s 1/N expansion [L1].



To start with, let me consider the color structure of an amplitude with quarks only, at tree
level. I will take all the particles as outgoing, and will assign indices iy,...,1p, to the quarks
and indices 7i,...,Jm to the antiquarks. [t is understood that the quark i is continuously
connected through a fermionic line to the antiquark ji, for each 1 < k < m. Helicity will be
conserved along this quark line, as well as flavor. We can furthermore assume all quarks to be
different, the case with identical quarks being similar but more confusing. It is easy to verify
that the color functions accompanying each diagram contributing to this scattering process can

be decomposed in terms of the following color structures:

1
D({a}) = I{f; 61'101 b-l'zaz e 61'me (2.1)

where {a} = (ai1,...,am) is a permutation of (J1,...,Jm) and p is the number of antiquark
indices that are kept fixed in the permutation. In other words, pis the number of §;,;, appearing
in the product, with the caveat that when ail of the delta functions connect quarks that belong
to the same fermionic line then p = m — 1. Each color structure D{{a}) defines the color flow
pattern inside the diagram. Whenever the color flows continuously along a quark line, from
the beginning to the end, this configuration is suppressed by a factor N~!. In figure 1 the case

m = 2 is shown, with the possible color factors given by:

1
6": 7 6":.1'1 1 }'v_ai: 511 6‘:5: (2‘2)

These two color factors arise from the following decomposition of the color function multiplying

the diagram:

N 1
S (an(Aaq = iinbnn — Bt Biaia (2.3)
a=1

where [ have chosen the following normalization of the A matrices:
A%, A8 = 4v/2f%% N r(A%A%) = &% (2.4)

If the gauge group were U(N) instead of SU(V) only the first color structure in Figure 1 would
appear. The second structure corresponds to the subtraction of the trace of the U(N) gauge
field. I will call this trace the ‘U(N)-photon’. In Figure 1 the propagation of the U/(/V)-photon
is represented by the slim closed ellipse between the two quark lines, and one can interpret
the negative power of N appearing in equation {2.1) as being the number of U({N)-photons
propagating in the color-flow pattern determined by D({a}).

Given a helicity configuration for the external states the matrix eiement for m quark-pair

scatlering can then be expressed as:

Am = {Z} D{{a}) Aga)(p, h): (2.5)



where the sum is over the permutations of (j1y---,Jm) and j{a}(p, k) are m! functions of the
2m momenta and helicities. We will call these functions sub-amplitudes. To the leading order
in N only the terms in the sum with ap # j; will contribute, and the sum over colors of the
amplitude squared will be the sum of the squares of the functions fi{a}, the interferences being

suppressed by negative powers of IV:

YA = N“flfi{a}(?,h)lz- (2.6)
col {a}

The hat on the sum sign constrains the sum to extend over permutations (ay,...,am) with
ay # jx for all k’s.

This construction admits a straightforward generalization to the case when gluons are radi-
ated. Suppose we have a process with m quark pairs and n gluons as external states. Then it
is easy to check that the color structure of each Feynman diagram can be decomposed in terms

of the following color functions, in all the possible permutations of the gluon color indices:
e (A X g (L Yy (AT A (2.1

The power p is determined as before, and a product of zero A matrices has to be interpreted as
a Kroneker delta.
To give an example, in the case of two quark pairs and two gluons the possible color struc-

Ltures are the following:

(’\a’\b)flj: 51':.1'1 ) (Aa)"li:l(’\b)i:h ' 6‘153(’\6’\b)=‘z.i11 (2-8)
A s F(A%uA(Wasn » Fua (A°A)as, (2.9)

where a and b represent the color indices of the two gluons, and the six additional color structures
with @ and b interchanged have been omitted. A graphical representation of these color factors
is given in Figure 2. As another example, in the case of one quark-pair and n gluons the color

factors are the n! permutations of the following expression:

(Aa; A% AT )ij' (2.10)

The structure of processes with only gluons was studied in detail in reference [6,7].

The color structure in equation (2.7) has a very simple physical interpretation. In fact
it corresponds to the emission of the giuons off the color-flow lines defined by the functions
D({a}). Each function D({a}) defines a net of color flows, as shown in figure 1 for the case
m = 2. FEach of these color-flow lines, specified by a pair of indices (ix,ji), acts as a sort
of antenna, that radiates gluons with an associated color factor {(A...A), ;, (see Figure 2).

This color factor is the one appearing in the QED-type diagrams, i.e. diagrams in which all



the gauge bosons are emitted from the fermionic line and no three- or four-vector vertices are
present. Equation (2.7) shows that even graphs with non-abelian vertices can be decomposed
as sums of QED-like diagrams. The full amplitude is then given by:

= 3 Al{n}, {a}) Amipga(p B)- (2.11)

A({n:}, {a}) are the color factors appearing in equation (2.7): they depend upon the partition
and permutation {n;} of the gluon indices and upon the antenna pattern determined by the
permutation of indices {a}. If some of the external states are in a given color configuration, for
example in a color singlet, the amplitude can be easily obtained by contracting equation (2.11)
with the proper projector. The sub-amplitudes fi(p, h) multiplying a given color factor are
functions of the momenta and helicities of the external particles. These sub-amplitudes are
obtained by summing contributions from various different Feynman diagrams.

The color-form-factors given in equations (2.1} and (2.7) will also describe loop amplitudes,
as can be seen by applying repeatedly to each diagram the Lie-Algebra identity fo*¢A¢ =
—i/v/2{A%, A*] and the identity (2.3). In this case, though, for each partition {n;} and permuta-
tion {a} there exist different possible powers of N multiplying the form-factor. This is because
additional powers of NV are introduced by the traces over the colors of the particles entering the

loops. We can then introduce the following color structures:

AT ({nh, {a}) = N (AL A e (A™FE L AM ) (A ) L (2.12)

Now the power ¢ can be also a positive integer. The decomposition of each diagram in terms
of these color structures can be performed studying the possible color-flow patterns inside the
given diagram. Every loop amplitude can then be uniquely written in the following form:
Ampn = Z Z A*({ni}, {a}) ({:),} {a}(Ps h). (2.13)
¢ {ni}{a}
The sum is over the integers ¢ giving rise to a non-zero contribution.

Each sub-amplitude Aiﬂ}'{a}(p,h) is invariant under gauge transformations of the gluon
polarizations €, — €, + 3p,. To prove this one does not need Ward identities, being sufficient
the orthogonality, to the leading order in N, of the color factors. I will now prove this fact.

Let § A({ﬂ‘} (a}{Ps 1) be the gauge variation of a given sub-amplitude . Suppose 7 is the lazgest
g for which some non-zero sub-amplitude exists, and let {#;},{a} be a given partition and a

given permutation of quark and gluon indices. Then the following identity follows:
0= § AR,y (P B)6Amn = NP 6 A0 (5,) + O(1/N?). (2.14)

This shows that all the sub-amplitudes labelled by § are gauge-invariant, since gauge-invariance

does not depend on N and variations of @(1/N?)} cannot cancel the leading piece. One can



then proceed to the next non-trivial ¢ and repeat the analysis, continuing until all the values
of ¢ have been considered.

This gauge invariance is particularly useful for the calculation of the sub-amplitudes, since
different gauges can be chosen for different sub-sets of gauge invariant diagrams'. This property
was key in the calculation of the amplitudes for the six-parton processes carried out in [6,7].

From now on I will give results only for the tree-level case. As in the case of the amplitude
with only quarks, to the leading order in N the sum over colors of the square of the amplitude

with quarks and gluons is given by the sum of the squares of the sub-amplitudes :

e —

Z |A'rﬂ,n|2 = gz(n+m-1)Nm+n Z I“i{m}.{a}(Pah)P- (2.15)
col {ni}Ha}
Once again the ‘hat’ restricts the sum to the permutations {a} with ai # ji for all k’s. This
remarkable property is unique to this color decomposition. Linear combinations of the color
factors A, for example, would still give rise to gauge-invariant sub-amplitudes , but would
not enjoy the property (2.15). Therefore we can think of the prescription described in this
note as of a systematic and simple procedure to isolate the leading-N contribution to a given
process. All of the coherence effects are exactly accounted for, to the leading order in N, by
equation (2.15): color coherence, azimuthal correlations, interference between final-state and
initial-state radiation, etc. In particular, no distinction is actually made between final- and

initial-state radiation, both being treated on the same ground.

3 Color Coherence in ¢gg Scattering

Color coherence effects were first observed in e*e™ collisions [13], where the soft radiation emit-
ted from a final state containing a hard ¢-§ pair and a hard gluon is suppressed in the region
between the two quark-jets. This effect is known as the siring effect, and has been described
by the Lund string-model [14] and by Marchesini and Webber {15], in the context of Monte-
Carlo simulations, and by the authors of reference [16] in the context of perturbative QCD. The
possibility of observing color-coherence effects in hadronic collisions would be of fundamental
importance, because it would provide a way to separate quark and gluon jets* and would signifi-
cantly reduce the background to important processes [18]. An analysis of color coherence effects
in hadronic collisions was recently carried out in reference [19,20]. The actual detectability of

these effects has still to be thoroughly investigated, but available results [21] seem to suggest

! After compieting this work, the paper in reference [12] was brought to my attention. There the issue of
finding a gauge-invariant decomposition of a QCD amplitude in terms of color-form-factors was also analysed.
The choice of QED-type form-factors was discussed and recipies for the decomposition of higher loop diagrams
were given.

?For a review of the properties of soft QCD radiation in jet physics see reference [17].



that, at least at current energies, the phenomenon is washed out by the fluctuations. One
important issue that will have to be answered in the future is if the coherence effects become
strong enough with higher energies to overcome the smearing operated by the fluctuations.

For processes with purely hadronic final states the preferred channel to look for color co-
herence is gg — qg plus gluons (¢ represents either a quark or an anti-quark). This process
was studied in the case of single gluon emission in [19,20,21]. Using our formalism we can gain
additional insight on the way the coherence effect arises and we can gain some analytic control
on the multi-gluon emission case.

Using results contained in [9] we can explicitly write the matrix elements of the most helicity
violating (and non-vanishing) amplitudes, i.e. those with all but one of the gluons carrying the

same helicity:

Al,n(hthy) — ig" {pg.}ll{p!g} Z (/\al .. .Aa.)

1
'} o Y{pHiz} .. {np}

(3.1)

Here the index g represents the gluon with helicity different from all the others; p and p’ are
the momenta of the quarks, p representing the quark with the same helicity as g. The symbol
{i7}, with ¢ and j being the momenta of the external particles carrying the respective indices,
satisfies®:

GG =G +5)y =245 (3.2)
The phase of {ij} depends upon the polarization of the gluon g. In the notation of reference [3]:

Gibnger = () = FOHZWE) + Liibhgen = ] = Gi' (33)

¥(p) is a spinor satisfying the massless Dirac equation with momentum p: p -~ ¥(p) = 0. For
n = 2,3 the amplitude represented in equation (3.1) is the only independent amplitude necessary
to completely describe the process. For n > 4 there are contributions from different helicity
configurations where at least two gluons have the same polarization for each polarization. The
matrix elements for these helicity amplitudes will be very complicated but, in analogy with
what shown by Maxwell [22] in the case of the Parke and Taylor formula [23] for amplitudes
with gluons only, their overall contribution can be approximated quite well in most of the
phase space once we know (3.1). I will then use the amplitude described by (3.1) to model the
behaviour of the full amplitude, summed over all the helicity configurations.

The first important observation to make is the following: if we put the color factors
(A% ... A% );; equal to &; for each permutation of 1 through n, then equation (3.1) gives rise

to the QED result for the amplitude with one quark-pair and n photons. This can be easily

3Since I have taken all the particles as outgoing, in case the energy components of the iwo momenta i and b
had a different sign an extra minus sign should be introduced in the following relation.



proved diagrammatically by observing that diagrams with non-abelian gluon vertices entering
the graph expansion for the sub-amplitudes cancel in pairs when we perform the sum over per-
mutations. In this way the only diagrams left are the QED-type diagrams, with the common
color structure given by §;;. This result is independent of the helicity configuration, and for the
helicities considered above we then obtain:

, _ ; eng. {0} 1
Alnlherho) =40 2 GIHZ - (] 34)

Now -y is the momentum of the photon with helicity different from the others. The second

observation is that the following remarkable identity holds:

{er'} _ 1y i}
{1,§m} {p1}{12}...{np’} o {pi}{ir'}’ (3.5)

Equation (3.5) can be proved by iteratively using the Fierz identity:

{rr'Haq'} = {pd'Har'} + {pa}H{r'¢}. (3.6)
Equation (3.5) can be thought of as a sort of ‘square root’ of the eikonal identity. It allows us
to put equation (3.4) into the eikonalized form:
n 3 - 74
A hrte) = sr8 O T
Equations (3.1), (3.4) and (3.7) offer a nice example of the difference between the properties of
the non-abelian radiation as opposed to the abelian radiation. Let us take, in fact, the square of

these three expressions, summed over the colors of the quarks and of the gluons (when present):

(3.7)

g |An(ha, ho)|* = QQ"N"H(—I’-‘(’-E%}_;:Q {hg;‘ﬂ} (pl)(12)1- (7 + %(interf.),(&ﬁ)
v 2 gin (77)3(2'7) 1 inter

g lAl,n(hwh‘f)l - N (PP’) {LE'“} (Pl)(lz) . ('ﬂp’) + ( t f)1 (3'9)

Z IAI,n(hmh'r)I: = e:nN(m)S(‘P’?) f[ (zr') (3.10)

o (er')* o (P)GP)

Here (ij) = 2 i-j. Equations (3.9) and (3.10) are identical, thanks to the eikonal identity,
but I wrote them in the two different ways to establish a connection with the expression for
the gluon emission. Equation(3.10) shaws that the photon emission is incoherent: the photons
only know about their source, i.e. the quark line, but they do not know about each other. Up
to the overall factor in front, the probability for the emission of 7 photons is just the product
of the probabilities for the independent emission of each of them. *

*This result, which is exact for this specific helicity configuration, also holds for any other helicity configura-
tion in the limit of soft-photon emission. The reason why it cannot hold for an arbitzary helicity configuration

is that in general the amplitude will have poles of the kind 1/(p + & + &')?, k and k' being arbitrary photon
momenta.



On the contrary, if we now look at equation (3.8) we see that the gluon emission is not
incoherent: gluons know of each other’s presence, and the full probability is not a product
of probabilities. The interference terms coming from the product of different permutations
are suppressed by a factor of 1/N3; this suppression originates from the interferences of the
color factors. For the photon emission, vice versa, we can see from equation (3.9) that the
interferences among different permutations are not suppressed and they comspire to cancel
the coherence apparent into the sum of squares, giving rise to the factorized expression given
in (3.10). The difference between equation (3.8) and equation (3.10) is the essence of the

string-effect.

4 qgqgd plus gluons

In general the factorization of the color structure exhibited in equation (2.7} does not imply
a similar factorization of the kinematical part of the amplitude. In other words, the sub-
amplitude that multiplies a given color factor does not factorize into products of terms that
only depend upon the kinematical variables (helicities and momenta) of the particles belonging
to the same antenna. One remarkable non-trivial exception to this general feature is given by
the amplitude for a process with two quark pairs and an arbitrary number of like-helicity gluons
(all the particles are outgoing). Up to an overall factor that only depends upon the helicity
configuration each sub-amplitude factorizes into the product of two terms only depending upon

the momenta of the giuons emiited by one or the other of the two antennas:

A(hm he hg) = i9n+’A0(hpahq:hn) .

{pg} {gp} o yen). (b b
2 {P“l}{ﬂlﬂz}"'{thi}{qbl}{blbz}-"{brﬁ}('\ A% )iy 7y (A% - A%

1 {pp} {ad} (
N {pe:}{a1as2}-- - {awp} {gb1}{b:rbs} - - - {bwq}

241

A% Y (AR by,

i2fa*

(4.1)

This equation can be proved in the spirit of reference [9]: the helicity structure of the ampli-
tude uniquely determines the pole structure and the residues of these poles, through unitarity.
Equation(4.1) is the only Lorentz invariant amplitude that gives rise to the right poles and
the right residues. Alternatively, one can use recursive relations that were given recently {10},
connecting amplitudes with n + 1 gluons to amplitudes with n gluons.

The symbols {ij} have the same meaning as before. The indices p and ¢ (7 and §) refer to

the quarks (antiquarks) and the indices aq,bs refer to the gluons. The arguments % represent



(hps hqs hg) ao(hpy Rgs hg)

(+,+,+) || (p9)*[pPllgd]
(+,+,=) | [pal*(pP){9d)
(+,—:+) || (Pe)*(pPlledl
(+:=-) || [pa)*(pP){(q3)

Table 1: The universal functions ag(hp,hqyh;). The meaning of angle- and square-brakets is
-given in equation (3.3).

the helicities of the two quarks and of the gluons; the helicities of the anti-quarks are fixed by
helicity conservation along the fermion lines. The sum is over all the partitions of the n gluons
(k+ k' =n,k=0,1,...,n) and over the permutations of the gluon indices. When k = (0,n)
the product of zero A matrices becomes a Kroneker delta and one of the two kinematical factors

is equal to one. The overall factor 4y can be written as follows:

_ _oo(hy, ey By)
Ao(hp,hq,h,) - (P+P’)2(q+q')° (4.2)

The functions aq are given in Table 1, where helicity configurations obtained by permuting the
quark helicities have been omittied. The functions a¢ are universal, in the sense that they only
depend upon the spin-1/2 nature of the quarks. As we will see later, they also enter in processes

like deep inelastic scattering or ete~ annihilation.

To the leading order in NV, the amplitude squared summed over colors is furthermore given
by:

Do 1A(Bpy hoyho)|P = g™ AN Ao(hy, hyy by
col

(pd) (¢7)
(pa1)(@ra2) - - - (ar@) (gb1)(babda) -+ (bwip)

If the quarks are identical we must add the contribution from the crossed channel p & gq.

(4.3)
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As in the case with one quark pair, we can here compare the properties of photon radiation
with those of gluon radiation. A reasoning similar to the one used in the previous section allows

us to write the amplitude for the emission of n like-helicity photons off two quark-pairs:

A(hpyhgyhy) = 2 gze"AD(hpv hq, ha)

{”’} ) B Py
Z {pai}{a1a3}--- {axp} {gb }{b1d3} - -- {bk,q}(s‘”? biriy N5!1:15|:|13 )- (4.4)

Only the contribution from gluon exchange is shown. The effect of photon exchange between
the two quark-pairs can be easily added. A repeated use of the Fierz identity, equation (3.6),
leads then to the following form of equation (4.4):

A(hwhqrhy) = igze“Ao(hp,hq, hv)

n {pp} {ed} 1

{P‘}{"f’} + {Qt}{lq} )(6‘.1516‘.11'1 - Naﬁilﬁl':j:)' (4.5)

This expression shows that photons are emitted independently. Once again we expect this
result to hold for an arbitrary helicity configuration in the soft-photon limit.

If we substitute the color factor in equation(4.5) with the Abelian one, & 6;,;, and if
we pui g=e, then we obtain the amplitude for the process e*eu*u~ photons, as given in
reference [24].

An incisive study of soft gluon emission in ¢§ — g¢ processes was recently given in refer-
ence {25].

5 efte” and DIS

It is easy to derive expressions analogous to (4.1) and (4.3) for the process llgg gluons, where
Il is a lepton-antilepton pair (for example ete™ or e~ 7). Again the gluons have all the same
helicity:

1

Ak ko hy) = 1g” AL (hy by b PN L , (5.1

(ohohs) = ig" 2, Avlbohaty) 3 i Gy ey Y
1

| Al (hyy hgy )P = g N AL (i, ks Bg)? : 5.2

% e V=;z,w vl has ) {I,E,,.}(ql)(lz)...(an) (5.2)

11



g and ¢’ are the quark momenta and 1 through n are the gluon momenta. The contributions

from photon,W and Z exchange are explicitly exhibited. The functions Al,(hy, hg, k) are given
by:

_ _Qv(k)Qv(hy)
AV(hhhtnhy) = (q+ q,),(s — ME;) O(hhhthg) (5.3)

Qv(ht) (Qv(hy))is the charge corresponding to the interaction of a lepton (quark) of helicity A
(hq) with the vector V. Furthermore s = (p+p')?, with p and p' being the leptor momenta, and
M} is the mass squared of the vector boson V. The universal functions aq(ki, ky,h,) coincide
with those given in Table 1. Equation (5.2) was also obtained independently in reference [10].

For ete™ scattering the effect of photon radiation (both from the initial and the final state)
can be easily incorporated into equation (5.1) by using equation (4.5). Here I will display
directly the result for the square of the amplitude with n gluons and m photons, to the leading

order in NV:

AT (kg k) = €GN 3D A (b hoy )
col V=+,2

m {P}-’} {qq} 1 1
S TR P SN Ty R R

The k;’s are the momenta of the photons. Once again this result is only exact if all the gluons
and the photons have the same helicity, but this is the behaviour of all the other helicity config-
urations in the case of soft emission. The difference between equation (5.2) and equation (5.4)

is the source of the string effect in ete~ collisions.

6 Conclusions

In this paper I analyzed the color structure of general QCD processes, with and without color-
singlet sources. A general procedure to decompose any amplitude in terms of color-form-factors
led to the identification of gauge-invariant sub-amplitudes in terms of which the amplitude can
be written. This procedure applies to tree-level processes as well as to loop amplitudes.

This prescription also enables to isolate the leading-N contribution to a given process and
explicitly exhibits the coherence properties of the radiation of colored particles. I showed this in
a few examples, where use of exact tree-level matrix elements was made. These results suggest
that string-effect-type correlations can be found not just by looking at the soft radiation, but
for hard radiation as well.

Throughout the paper I only studied cases with massless external states. The decomposition

in terms of color-form-factors is independent of this assumption and certainly goes through for

12



amplitudes with massive quarks or massive color-singlet vectors. In this case, alas, simple
analytic expressions are not known for any class of amplitudes. On general grounds, though,
the qualitative properties of color coherence are still present [21}. Further developments in this
area will hopefully lead to the ability of tagging jets.

Finally, it would be very important to be able to introduce into the explicit formulas given
in this paper the effects of the virtual corrections. This is necessary to eliminate the divergen-
cies associated with the soft emission and would allow to make more quantitative predictions
of the coherence effects, offering an alternative to Monte-Carlo simulations based on branching

processes.

It is a pleasure to thank S. Parke for many discussions and E. Eichten, K. Ellis, M. Mintchev

and G. Paffuti for their comments and for drawing to my attention reference {12].
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Figure 1: The color factors for two quark pair scattering.
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Figure 2: The color structures for the scattering of two quark pairs and two gluons.



