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ABSTRACT

General conditions for reconstructing physical null radiation
zones in single photon tree amplitudes are given. The systematic
analysis has been carried out using invariant quantities. For
arbitrary values of masses and charges these zones are always smaller
than in the massless and equal charges case. As an application the
radiative W boson decay into heavy quarks is studied. This process
turns out to be a rather sensitive test of the current quark masses
mq(Mé), as well as of the an, qqy and W+W_y vertices, This is due
to the presence of a null line in the photon phase space with a loca-

tion which strongly depends on m_. A recently proposed radiation

q
representation for single photon tree amplitudes is analyzed. Explicit

examples are given for a number of cases including fermion and vector

boson lines.
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1. Introduction

Recently Brodsky and Brown [1] generalizing previous results [2]
have shown that in a large class of field theories including gauge
theories, any tree amplitude for single photon emission vanishes iden-
tically in certain kinematical domains, In a systematic investigation
of scattering and decay transitions which allow a null zone, a scheme
must be developed to find when these null zones lie inside the physical
region.

This analysis can be conveniently carried out in terms of invariant
quantities., Within this framework we study the conditions for a null

zone [1]

= const. i=1, ..., n)

where e.»P; label the charges and four-momenta in a tréé graph with n
external lines, k being the photon four-momentum.,

When all the incoming and outgoing particles are massless and have
identical charges, the null zone is always physical as already pointed
out in ref. [1]. Turning on masses and different charges put constraints
on the null zone, since certain combinations of external momenta must
be spacelike. 1In terms of invariants used to describe the process,
this is equivalent to the condition that each subenergy must be greater
than some threshold while each momentum transfer must be sﬁaller than
some other threshold if we want a physical and nontrivial null zone.

In the massless case these tresholds are zero and for the general

case the null zone is always smaller.



Following this analysis we found that the most promising process
for detecting null zones is perhaps the radiative decay W > qqy [3] where
we have discovered a screening of the decay into light quarks for certain
kinematical regions. Indeed there is a line of zeros in the photon phase
space unique to each quark gengration, and for suitable values of the
heavy quark masses, the light quark null line will cross the physical
region for the W decay into a pair of heavy quarks. Thus the decay into
c¢s and perhaps tB, if the top mass is not too heavy, is dominant in the
whole range of values of the photon vapiables where the zeros occur.

QCD effects have been neglected in these calculations since they
are of order aS(M;).

__VWhen the t mass is very large, there are no physical values for the
photon energy and angle where the production of light quark pairs is
filtered., Nevertheless, the angular distribution for &+ - tEY is ex-
tremely peculiar, due to the presence of zeros for all values of the

photon energy. These zeros are strongly dependent on m especially for

£
hard photons. This process may therefore represent a direct test of the
e. m. properties of charged vector bosons and quarks together with the
value of the current quark masses mq(Mé).

Independently from the existence of physical null zones, any tree
amplitude for single photon emission can be written in the so-called
radiation representation [1] where the vanishing is manifést.

Using the techniques of ref. [6] we introduce in this context

explicit polarization vectors for the photon which allow us to extend

the previous examples of radiation representations for spinless particles



to the more complex situation where spin as well as contact terms are
present, including the case of internal charged vector bosons.

In all the cases analyzed, the final expreséions are very simple,
in accord with the general strategy outlined in ref. [6], and the
vanishing on the null zone is automatically guaranteed.

The outline of the paper is as follows. In sect. 2 we describe
the conditions for a physical null zone. In sect. 3 the radiative
W decay into quarks is analyzed. In sect. 4 the radiation representa-
tion is explicitly given for a number of cases including internal line
radiation. 1In the appendix we present the expression for the doubly
differential decay rate for W+ ~ tby.

2, Physical Null Zones

We consider the process 1+2 -+ 3+ ,.,.,+n+vy. The following nota-
tions and conventions are used (see fig. 1). All the momenta are in-
coming and the metric is such that a timelike momentum squared is nega-

tive. Charge and momentum conservation imply

n+1 n
:E: P; < 0 }E: e, = 0o .
i=1 i=1

To describe the process 1+2 > 3+ ...+ n+vy, we introduce the invariants

2 2. 2 .
= - -— . 3 = oo +
543 (pi+ pj) rni+mj 2p; P (i, = 1, , n+1)

Moy = O (2.1)

The null zone for this process is given by the equations



e,
= { == - —1 1 3
Pyy° k =0 with Pij P4 e, P, (G # 1,0
or (2.2)
S = m2 - e mz
€3%i,n41 T %i%j,n+1 eymy ij

A nontrivial (di.e., ko # 0) physical null zone exists provided that all
the momenta are in the physical region and all the Pij are spacelike.

The second condition can be cast in the form

e,
S,., = s?, for -+ >0
ij ij e.
J
o ei
sij < Sij for . <0 (2.3)
]
with
o e. e
s, =(1+=L)mt+ (1 +2) 0% .
o 1] i ej J

It follows that all the incoming and outgoing charges must have the
same sign for a physical null zone. Indeed for i = 1, j = 2 the

physical region is bounded by

But

-1 L \2
s12 - sth=-(x 2ml + xzmz) <0 for X ==-p >0 K

Thus el/e2 > 0. For i,j > 2 we may go to the c.m.s. of particles i and

j, deriving the condition ei/ej > 0. Thus charge conservation gives [1]

. . _ . in _ . .
sign e; = sign e, = - sign e, = sign e, (i=3, «..y n) .



Before giving the general prescription to construct the boundaries of
the physical null zone we consider as an example the case n = 3. First
we do not make any choice of independent variables and use the con-

straints as auxiliary conditions. We define

Working for simplicity in the equal mass case, we get a null zone

described by

_ 2 _ 2
eyu - elt (e2 el)m s e3u - es = (e3 el)m . (2.4)
Using s+ t +u = 3m2, we get
2 )
-— s+ (1 +p)t =1+ 20p)m o= - (2.5)
1

When the mass is neglected, the angular distribution for the process

has a zero independent from the energy. Equations (2.3) give

2
o _ (I+p° 2 o_ _p 2 o_ ___1 2
s 28 = p—m,tSt— m , u<s<u = p(1+p)m.

(2.6)

Momentum conservation implies that on the l-dimensional null zone
described by eq. (2.5) s 2 s® is the only independent constraint.

The physical region for the m = 3 process is constructed by requiring

{47
1 2 1 2 3
G, = G <0 3 G3 =G <0 (2.7)
1 2 1 2 3
where
1 ... 2
= . * D, i,j =1, .. L .
G det(p pJ) (i,j . )



2
The condition G2 < 0 simply gives s > 4m ; the region where G3 < 0 also

is shown in fig. 2. In view of the complexity for n > 3, we may restrict

our analysis to the null zone. In this case we oﬁly require

G <0 .
3Nz

If one of the particles is neutral, the same arguments apply.
When ey = 0 the null zone is always unphysical because e; = -e,. When

e, = 0 or e, = 0 we discover that an infinite energy is needed to create

2
a physical null zone.

For n arbitrary there are 3n - 7 independent invariants. The null
zone is a (2n - 5)-dimensional surface which is physical and nontrivial
wher-all the momenta are within the physical region and the constraints

leq. (2.3)] are imposed. If we do not make any- choice of independent

variables the null zone will be described by the equations

e
- 2 2 - i -
pisl,n+1 - Si,n+1 =pm - W Py e, (i =2, ..., n) . (2.8)
The constraints are now
G <0 c.| <o, ¢ <0
2 Nz ’ 3 NZ 4 NZ
12345 12346 1234586
G =G =G =...=0
12345 12346 123456
(2.9)
o
12 % 512
o o _
14 S sy oo Soy S sy (i=3, ..., n)
s.. > s5. (1,5 = 3, «v., D) .



For n = 4 we choose as independent variables S129 Sy4» SlS’ 534 and S45¢

The sij fulfill the identity

Esij=M2—3m]2._ M2=Zm§
i

j#i

The solution is

= M2 2 - -

S13 = M= 3mp - 815 — sy~ sy
2 2 2

= - +
Sp3 ~ M 3(‘“2 * m3> 16 7 %15 F 845

= -’ -5, -5, -
Spp, ~ M M4 T S14 7 S34 T Sy4s
S5 M-+ 3(“‘3 + m4> S12 7 S15 F 834

o _ 2 2 2) _ _
S35 ™M - 3(’“3 Tt Sy TSy, T S5,
Equations (2.8) become
- 2 2 -

PyS15 = 845 = pyM] - m; i=2,3,4

The most severe cuts on the null zone are for arbitrary charges
and masses but to illustrate this example we simply choose the equal

charge, equal mass case. Arbitrarily selecting i = 3,4 we get

- .2 _ 2
S;5 = m° - s_, S45 = m t+s_ (2.10)
where we have introduced Si = -% (s12 + 534). The constraints are
s, 2 [s_| ;4 S0 s, +s, 20 . (2.11)



Next we impose on the null zone

12 123 12405
G2 =G <0, G3 = G <0, G4 = G|-- <0 , (2.12)
124 1245

P3 being the momentum fixed by conservation. On the null zone
2 1 _ .2 1 21
PI*Pp = m '7(S++S-) > PPy T ® =% S14 0 P15T 7S

_1 - L
P2P4‘2(514+S+)’ Pys = TPy5 52 °2 ¢

NZ
G2 < 0 again gives S12 = 8, +s_ > 4m2. The remaining two conditions

are cubic equations in any $14°54 plane corresponding to a fixed value

of s_. In the massless limit, where we know that constraints (2.12)

are sufficient

Gy =7 swalog ) (o s_)
NZ _ 1 2

(]
I

_ 2 2
4 16 s_ (s_ + 4514 + 43148+) .

Thus the null zone, which is always physical and nontrivial, corresponds

to

If one or more particles are neutral, we may have a physical null zone
with all the invariants finite if m; = 0 for all the e, = 0. This is
equivalent to

si,n+1 = 0 if e, = o .

pi-k = 0 is unphysical for a timelike P;e
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For 1 + 2 + 3 + v where for example e, = 0 the null zone is given by

_ 2 2
€381, ~ €S9, T €Wy ~ ey
Soy = 0 k = P, .
Using S14 = 4, S34 = 8 Sy = t together with e + ey = 0, the two

equations reduce to t = 0 for my = 0 and no further constraint on s
arises.

The conditions s,

= (0, where i denotes any neutral particle
i,n+l

are a consequence of the theorem [1] which requires neutral particles
to be massless and propagating along the photon direction. For the

case n = 4 with e, =m, = 0 the null zone is described by
- = 2 2 i1 = 3 4 o
€315 7 €1%i5 T &M T &My P T R

plus the condition

We may go to the rest frame of particle 1 with the photon in the
z direction: the massless and neutral particle 2 must have zero

components in the x,y plane or

152 15 1 5\ 7 1/2
G =0, G = p,;'p, |~ G i
152 12 - \1s :

If these conditions are satisfied

(3
EH

Py <
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Moreover,
1524

G <0
1524

and Py is fixed by momentum conservation. In this way neutral particles

can be included as well by only requiring some determinants to be zero.

3. Example of Null Zone: W Radiative Decay
The first and most celebrated zero was discovered in the angular
distribution for ud -~ W + v [5]. Here we want to discuss a related
process, namely the radiative W decay [3]. Notations are given in
figure 3. Moreover, e_ - e, = +1.
_ _Three diagrams contribute to this process and a l-dimensional null
zone exists even for massive fermions, as we explicitly show in the

next section. Using the results of section 2 we find a null zone

described by the equation

2

esit=e_M‘zqim (3.1)

where

s = '(P++p-)2 . t=-fo-p, )7, - ~lo-e )", 0 s

The photon phase space is easily reconstructed if we go to the W rest

frame with p_ along the z axis. There

2
s+t-m _M—S (3.2)

——

+
=

Moreover, if we denote by 6 the photon polar angle, the curve cos26= 1

is given by
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w2 o)+ (st emnl)(oZ- o) (2 o) +22faZ-c)? = 0 L

The physical region is given in fig. 4. For m, =0 the boundaries are

given by s =t = 0and s+t = Mé. First we consider the decay

W - vy which is equivalent to e, =m, = 0. The null zone is now
2 2
t-s=m- M, k =Kp, , (e_ = -1)

where K is a given constant. However k = Kp, gives u = 0, which
combined with the first equation has a solution s = Mé and t = mz. As
a consequence the leptonic radiative decay of the W only possesses an
unphysical null zone. On the other hand W - an may have a physical
null zone and different quark families produce a zero in the amplitude
at &ikferent photon configurations.

In particular we may think of a situation Qhere the null line for
light quarks crosses the physical region of heavy quarks, making this
decay optimal for heavy quarks detection.

We consider the W+ decay where e_ = 2/3 and e, = -1/3. The u,d

null zone is given by

2s + 3t = 2M$J + 3mL21 ) (3.4)

If a pair of heavy quarks is produced with a photon in the same

configuration (i.e., EY and 6 are the same) then the line

2 2 2 2
2s + 3t = 2Mw + 3<mu - my + ms) (3.5)

. - . -+
in the c,s phase space corresonds to a suppression of W -+ udy. The

same happens in the t,b phase space along the line
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2s + 3t = 2M§ + 3(mi - mg + mi) . (3.6)

The range of values for 6 and EY where we may detect heavy quarks
with a camplete screening of light pairs is given by the intersection
of the previous lines with the relative physical region.

This analysis is affected by the fact that we observe jets and not
single quarks. A crucial point is the value of 6, the angle between
the photon and the charge 2/3 quark which must be large. Otherwise,
the uncertainty related to a measurement of the photon-~jet angle would
spoil the argument. QCD corrections to the subprocess ére of order
aS(Mé)/ﬂ and to this accuracy we still expect a/screening effect of
light quarks. We stress here that an experiment exists which is very
_ sensitive to mq(M%) and in some cases makes the production of light
quarks highly suppressed in comparison with heavy quarks.

For the case W+ + tbhy with mo=my o= 0, we may compute the inter-
sections of the null line [eq. (3.6)] with the boundary of the physical
region. Thus

Smin(mt) < s < Smax(mt) for t = %-(M% - s) + m% .

- 2 2
2( —s)+ B(m -m)
coseLt = A_l 1 - 2M§ sz 2 b t
Y <Mw- s) M+ s)
with
2.2
2 m My
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From this formula we compute the behaviour of coseit as a function
of the unknown t mass. The results are shown in Table 1 using

M, = 80 GeV and my =5 GeV. For m, 2 30 GeV there is no intersection

+ -
between the light quark null line and the physical region for W = tby.
L
As expected, coseYt is an increasing function of s with a slope which is
larger for large values of m_ where s - s ., goes to zero. Therefore
t max min
the events in the central region of eﬁt lie in an interval of s which is

a rapidly decreasing function of m, .

H
For table 1 we also report cosest, where eYt is the angle where

the decay rate for W+ + tby is zero. Notice that for m < 30 GeV the

H
values of 6$ and Byt at a given value of the photon energy are well

t

separated. As a consequence of this the screening is effective.

If m, > 30 GeV (we are especially interested in values of m, too

large for using an e+e— machine) we can fit the data foxi'.‘w+ > tEY to the
theoretical prediction and obtain a combined test for the W and quark
anomalous magnetic moment and the value of the current t mass. Indeed
the distribution dzP/dsdt is very sensitive to m, due to the presence

of an angular zero for any fixed photon energy. 1In table 2 we give the

values tO and cosest at which the zeros occur for different values of
Ey and m, . According to the results of section 2, the physical null

zone is further restricted by

3 2, .2 2 .2 2
52-2- mt 3mb ’ t53 Mw—Zmb

We are now in a position to compare the sequence of zeros for dif-

ferent values of m,. When EY is small we find that est(E ) and

t yo My

6 (EY,mE) are very close even for large Amt = mé - m. However, for

o
Yt

-
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EY large, when the two quarks tend to be collinear with the photon

in the backward direction, the same difference becomes appreciable.

This difference is perhaps within experimental feéasibility. Moreover,
the t quark momentum is still large in the region of the zero, typically
of 0(5-10 GeV) if m X 40-50 GeV, reducing the uncertainty connected
with the jet direction. For l;rge values of m the t=-jet direction
should be measured with good precision from the hadronic decay modes.

Finally we compute the doubly differential decay rate which is given by

a?r  Gpe F ~ 16 .2 [~ ~ ~2
dsdt 2 M, ° I = g h His ¢
where 32m W
m2
2 _ 't 2 212 2 _ [ 2 2 _ 22
h N2 (25 + 3t - 2Mw - 3mt) s N7 = (mt - S)(mt, t)u - mu

and the b quark mass has been neglected. H is a function of the scaled
variables s = s/mi, e« « The expression for H is very lengthy and will
be given in the‘appendix. In fig. 7, results are presented for
m = 40 GeV and s = 0.4 Mé, 0.5 Mé. Different values for mt can be
obtained by a simple rescaling in the function H.

The variable t is restricted by kinematical cuts once s is fixed.

. 2. .
For large t the u-channel starts to dominate and d"I' increases very

rapidly.

4, Examples of Radiation Representations
One of the important consequences of the theorem of ref. 1 is the
so-called radiation representation for the amplitude relative to a given

process with one external photon. This result is equivalent to the
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existence of a null zone, which however can be unphysical. In the

radiation representation the amplitude is expressed as a sum of terms,

each of which is automatically zero on the null Zone. According to

ref, 1, this representation for an arbitrary diagram can be reduced to

the special case of a vertex by means of a quasi-vertex expansion.
Then for an arbitrary vertex with n lines, the amplitude is

expressed as

n-1 . .
E K €1 ei Jn Ji

Py pl-k pi-k p_°k pi°k ?
i=2

ji being the product of the current for photon emission by the ith
leg and the remainder of the amplitude [1]. »

~ In the following we derive examples for the case where fermions
and vector bosons are present.

Null zones and radiation representations are independent from
photon polarization but in order to deal with particles with spin we
found it convenient to introduce explicit photon polarization vectors.
According to ref. [6] when a photon is radiated by a fermion line,

+
we use EU given by

u " %-[(p+-k)p_u - (p-.k)p+u] ’ et - é' éuan pi pf K (4.1)

where P oP_ and k denote the outgoing antiparticle, particle and photon

momenta. Fermion masses have been neglected.
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First we consider a n =

= 3 process, namely W decay. The three
diagrams of fig. 5 contribute.

The amplitude may be cast in the form

>
[l

(21r)41 £ Al
2V2 £=1.3

e

+ -—
1 —‘2'1-);—:1—{ (2€°p+JO + u/]KfY_,_ V)

(4.2)
e— = - -
Ay = 2p_*k (ze'p-Jo - unh k¢ Yo VT 2k'nu¢y+v - 2e*nu ky+v)
Ay == W 2¢-QJ_  + Zk‘nﬁéy v - 2€°nL_1KY v
3 2Q-k 0 + +
where
J. =

0 ur‘w_,_v s Yp=1+vs

and nu is the vector boson polarization.

Using the definition (4.1) and the relation

+ i _ _ . 5
é--zﬁN<1€¢_ﬁ+Yi 15_15+1(Y;+2P+P_KY)
we get ( )
_ 4 1 P+ p_ k P+" p_
A = -Gm oy g{ Y [%ﬂ:%ﬁ;ﬁ;j T
1-A[ S+ c_ A e &y
MR (p_,;k * p_-k> Pk [(p-°k)J0' p-'“Jl]'T\f (p+'p-)(k'n)<p_ ttox /1
e e N
- iVT ereq (E}E+ GW—k) JI} (A = £1) (4.3)
where

J; =u ¥ A\
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A()) is automatically zero on the null zone. We observe that the ¥ YS
term which appears in the expression for ii cannot be neglected in this
example. The cancellation is already manifest in eq. (4.2) where the
fermion masses have disappeared after some manipulations on the ¥
matrices; hence the null zone exists for any set of masses but its
location in the s,t plane is mass dependent.

Next we discuss the radiation representation for a generic four
fermion process, which may take place both in the s and t channels via
the exchange of a vector boson. Notations are given in fig. 6.
F(pi,ei) denotes a fermion with momentum 1] and charge e, flowing in
the Py direction. Six different processes are»simulated in fig. 6.

They are

1 F, (pz,ea) +fa(p1,ea)—» Fb(—p3,eb) +§b(~p4,eb)+ (k)

2) Fa(pz,ea)+Fb(pl,eb)-> FC( —p3,ec)+§d(—p4,ed)+y(k) e - e = e, - ey
3) T, (pgres) * Fy(Pyrey)” Fal-praey) + Fy-pyoep )+ v (0

4) Fa(pz,ea)+ fb(pyeb\» Fa(-pl,ea) + I?b(-pa,eb> + v (k)

5) Fo(ppsey) + Fy(pysey) FolPraec )+ Fa-pyreq) ¥(0 epme = ey

6) Fa(Pz’ea)““Fb(Pyeb)" Fc<'P1’ec)+Fd(‘P4’ed)+Y(k) eat e, = eptey

We introduce the spinors U, [6]
i+

1 _ 1 -
7 Y: Yse =054 i+ 2 Y%7 it
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where the Ui are arbitrary spinors. Thus

U, = u, for incoming particle

I+
I+

ci
]
=

for outgoing particle ,

I+
I+

U, = v_ for outgoing antiparticle ,

U, =v for incoming antiparticle ;

I+
+i

also

+ ~ + -
[rl =9,,rv,, , [r), = 0,, Ty, ,

where T is an arbitrary string of y matrices and the label i refers to
the momentum carried by the fermion.

Since we are dealing with processes where the photon can be

radiated by two different fermion lines (denoted by L and R), we have

+ +
- to introduce two sets of polarization vectors, €L and Ex* However,

the arguments given in ref. 6 show how they are connected.

+ 1o +
ep =e T ept Ak
. (4.4)
ig,
e = N N (ot BR)
where N is the usual normalization factor and
L,R
a = (pyok)(py k) (Pyops) + (P37K) (Pp k) (P1 )
(4.5)

= (p47k) {Pyk)( Py P3) - (P3k)(P1 ) (P2rPs)

B = € 0ay pz pg(pz-pl)“ K’ k-(p1+-p2) (4.6)
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i@i
This way of expressing e is particularly convenient because for all
the neutral channels k'(pl+-p2) = 0 is one of the null zone equations.
i —
There e P o NLNRa. For all the processes where Cint - 0, the amplitude

is split into

A = ot Xi %g+[yu]; + g [v]x ; 0,

N

€1 Lt(pl) Yu<g+Y+ tev)

) Yu(g+Y+ + g—Y—) Ri(pz) %Uz

and (4.7)

ig,

(2m* %i e 70, je, Li(p3) Yu(g+Y+ + g_Y_)

o

3

- e, Yu(g+'Y+ + g_Y_) Ri(pé) ;U4 %g+[Yu]Z/+ g_[Yujif

where
= 2 3 2 = 2pep,+ M
b = “P3°Py ’ br = 4P1°P
(4.8)
(Pl) S L Zpk (pz) S 2pyk Lt
The current-current terms will be denoted by Jlj
A R4 R A F A C I I (4.9

+ _+
for eint = 0 the ¥ YS term in éi can be dropped and the action of L™ ,R™
becomes particularly simple [6]. The final expression can.be further

simplified using [7],



(dr Pt
P [Pt

Finally we introduce

Kij(pz’pm) =T

It follows

AT,
-~ AT +,m)
NI
A (=,-)
A (i,3) is
A (+,+)
A (+,-)
A" (-,1)

A— (-s’)

From these formulas all the helicity amplitudes for the €int
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=4 or i

, j=Fori

for i =1

for i = 1
+

’ CR =

(4.10)

-]
-
(S8

"
~

°

(4.11)

. ij i —j i =<4 =
PQ P J o+ l-ﬁ*Q"IR [’Sm‘L (i,j=+- 3 2&,m 1, «vep 4) .

(ZW)4
(2ﬂ)4

(2m)®

2n*

(2m®
(2m*

(21r)4

. ++
4Y2 1g+(e C +e3 R) (92,p4)

4Y2 ig+g_<e
4Y7 i e,C te )k
848 4°r

47 ig_ ( 2 L+—e4C;) K-_(pl,pB) .

+
26,1 &3t

c ) K" (py5p,)

o

2 N
42 ig} (ech" e4CR) K (Pl’P3)

. -\ -
4v2 1g+g_(elCL+-e4CR) K (pz,p3)

4v2 ig+g_(

e2CL+-e3C

ﬁ) K™ (pyo7)

P,+P3) .

en)* 4F 18l (ey0 +esGy) K (opopy) -

can be reconstructed.

+ - + -
ee >uuy

(4.12)

(4.13)

= 0 process

+
[As an illustration, A (+,+) in the case of

denotes the amplitude for e+(-)+-e—(+)-+u+(—)+-u—(+)+-y(+).]
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Charge conservation for et = 0 implies e; = ey and ey = €. The

nt

null zone is described by the equations

-1 2
Pyrk = - pyek = - ppyek = pp, ek 3 p = = — . (4.14)
3 4
On the null zone we can easily prove that
. = . = —ll\]2
Py°Py = P3Py, » @& F o ML
(4.15a)
=1 -
NR_—Q-NL ’ B" O
Thus
igpi
AR = AL s € =-1 (4.15b)
and
* i, -
__ ;0 + es0p = 0or A (Gs2) =0 (i,3,% = +,-) . (4.16)

When eint # 0 there is an additional diagram
At rarteal
- AL AR int
The prime at AL g means that they differ from the previous ones for the
5 r
inclusion of Ky~ terms in ¢ .

For the neutral current exchange the cancellation takes place
between terms of the L fermion line and terms of the R one., Now the
situation is more complicated and the amplitude Aint must be
decomposed into two parts which cancel separately the contribution
from A, and Ay [1].

Using
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We get after some manipulation

1

AL 4i 2( pyce p2’5> o 2i 2( S| €2 )[’ u]+' ul+
—= = gfe, —— e, =T +3g — + — Y l_ikY_]
(2“)4 AL 1 Py k 2 p2k A plk p2k _ R L

2
L Py°k

by [e1] - CeTg

\

AR . pP,€ p, € . e e -

4i 2f P3 4N 4+ 2i 2( "3 4 uj+ u:]+
=8L i 2 _ o g+ 52 + ¥

amb By (3p3~k €4 p4-k) n, & (p3-k 134-1<)[:¢ Y_|R|:Y L
a1 2 4|

(4.17)

+ o + o oF
reld cedt - vt [¢JL}

=

2

Cine =£——g—es——[Y\)-]+ [Y“T‘e k -ek +6 e-(p +p )I
@em® AL k(P1tPy) L plwy v ey LR

2

. g'e
i I
bR '(p3 p4) R L

We have assumed that the charged vector boson couples to the fermions

€ kv - e k - Gﬁv e-(p3+-p4);.

with a l+-Y5 term. The strategy of the cancellation is already clear

+
in eq. (4.17) and we only use the properties of € to simplify the

expression,
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g e 2 B

P3'E P4'€ (P3+P4)‘;€‘

2 ++
+—g[e—.—‘e SR © .]J
AR 3 Py k 4 p,°k 5 (p3+p45 k

2i 2f €1 € nee T+ 21 2f €3 €4 u‘l+ ul+
+ALg(Pl'k+p2'k)[:Y R ¢1€Y]L+—A—};g ———p3_k+—p4.k a.’l(y-R [Y]L

a1 2 %2 5 + ot gt oyt
L ¢ 5 ) oy tef - rent o]
ti 2 [ S €5 ) T +

-8 + [¢1, [kl - [¥k1, [¢]
b © | P,k (p3+ p4)°kd |“F-r PR R -*-L

We find

x|+ iA +
¢ —— p,*p, [K]
[L-L aw, PEL

(1+2) k°p3[152]-£ + (1+12) pz-p4[1t]; - (1-23) pl‘P3[KJ;

- (-3 k'pa[ﬁl}g + xpl-pzm'l:} (A = 1)

Equivalent results hold for the R-type terms. Thus

:YU_I; :‘QKYU:]I (1+2) % 1’1'1‘{p2°(p1+P4)~"4—F - [ﬁzk [154:];:}

) ul+ U+ )
PO T e o 8T ooy - i [
R
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L
e = @[l lorma) + yomg) () = () (ryomy] 7

L

5 [ P i P i 1 [ 1F
+ /leL (1+2) (P3 k - Pz'p4> l_ﬁZ_lR l_ﬁA Lt /2 N (t=m pl.p3|}52.JR LQ_IL
- /EiNL (1+2) PZ'PAI}J; [ISJI ¥ /EiNL (I-A)(pl.% ] ?4.1{)‘}1:]; [?‘3];[ .
Finally, ( '
Q) 2 2 vzt

?mrfi ) NZLAZL = (1) l:el+e2_ E r(_’ﬁ)l ] "

. ke - P
N L Py 3) ++
+ v e g |p.°P e,t+e, +e + J
Np Ay ( 3 4) 3774075 ke(p, pﬂ

o5 2 e e, ++ ++
=2 g1+ + Ry Ppt(PrtRy) T - K
N A )(Pl'k Py ) FLTH P2 (e ) *
o5 10y o <e3 % ) B

(1+ 1) + =] pyrklp, Pyt py) I - K
Nplr P3rk  pyk )3 ) ( ? 3) -
e e

. _ a, J + b, K., +c- K

N &, [pzk (bl+pd k} L L 726 7 "L 713




1+ 1) (P3'k‘P2'P4) + (1-2) Pl’P3 .

(142) pyep, + (1=2)(pypg= k) -

The R coefficients are obtained by the exchange Py <> P3> Py *> P, .

As an example of the general formulas we give the radiation repre-

sentation for the process e p -

P, momentum

P, momentum

~p; momentum

-p;3 momentum

Moreover, e, = &, = —e and g, =

A
posed into & sum of terms A Y(Al,

polarization

e-,u_ and outgoing e_,u— polarizations.

A4 = ot
A (e yty= ) = 2m)°
A+(+,—,+,-) = (21r)4
A (-mmmy = (2m)*

Summing over lepton polarizations

+ 4 . 3 +\ [ 4+
A=0n*ifZe (CL+CR)'_K (pz,p4

of

of

of

of

e U_Y in massless QED. Now

incoming e
incoming u

outgoing e

outgoing n

g_ = —(i/2)e. The amplitude is decom-

Az, A3, AA) where AY is the photon

while Al’ Az, A3 and A4 denote respectively the incoming

Thus

)+ K+_(
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Similarly

A‘:(b04u6e3@L+CQH?H113)+K*X2ﬁ)+K'%1A)+K“YL4U

where

1] = —p - My g WM - - ol
K (PQ,Pm) Po'Pm 31 Y Yuy Y14 u2j+u3115£u4i Uy 4 ;Smuzj (i,j=+,~),

i(p+
. :

G T G e -
P3Py Np P1*Py N

+
The presence of the common factor ¢+ Ci guarantees the vanishing of

the amplitude on the null zone.
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Appendix
+ -
For W - tby we compute
aroy _ %7 2
dsdt .2, B H
1871 M

where X denotes the photon polarization. It follows

+ 2 + 2 2
= G I)m 618515y = GG Iyg + G5 Iy + GG Igy + Gg

fa o]
\

Is;

H = (G1+2G2)|:(Gl+2G2) I, = 26,1, -G 1;2 + G Tyy = 6,1, + 26, 14]

2 2 2
+ 4Gy Ig i+ By Igy + Golgy + 26305 Ty = 26365 Ty = GG Lgg
"+ 26,6, T+ GG, Ty, = €G, T5 = 4630, Ty ~ 265C; Igy + 264G, Igs
+6f1, - 20,6, 1, + 4621
419 = 2C487 f10 * 46 Iy

where, neglecting m

o
[}
N+~
~
—t

[}
r+
N’
-
()
i}
}
N
=3
-
~h
[}
N
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Moreover,

Il= 16 bc - 8a
~2
M

C
I,) = - 16d + 16 = (dc-fa+ eb)
M
= 16(dg,+ + 162 A(a? )
> (dgy + eg,) = (de - fa+eb) + 16A(d” + 2dea
I = 16 —f—(dc-fa+ eb)
23 <2
M
- - b
I,= 484, 1I,= 16 (d+~2)
M
(c2 ) (g123 2) f2
I, = 16(&-1)de, I.,=16|—+ 2n°)de, I.. = 16— de
51 72 5 2 53 2
I 32( + 25 ) d I 32( +——f°)d 1 32 83
= 8yt e, = 32\et;|de , ~ de
61 2752 62 2 63 =2
2
I, = 16(%2 fd+de) , I, = 32 -f-gl fd , I,5= 32 —f—2 d
M M M
£ 2
£ g3 £
I,, = 16(~—+e)d, Igp = 16 —5-d, Ig,= 16— d
81 2 82 2 83 2

£
I,0= 32de+16 ) (fa-be+cd)

2

f

I = 8§ —a

11 ~ ’
Mz



with

2a

2d

2b

2e
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2c

2f

= eb-dc
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Table 1
m, = 25 GeV m, =»$0 GeV

S, cosH cosH S coseL cosb
M"Zq Yt vt M‘% vt t
0.3 0.30 -0.44 0.4 0.51 -0.50
0.4 0.01 -0.51 0.5 0.13 -0.59
0.5 ~0.23 -0.59 0.6 -0.28 -0.71
0.6 -0.44 -0.69

0.7 -0.67 -0.80
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Table 2
m,_ = 40 GeV m,_ = 50 GeV
0 o
t o} t o]
EY(GeV) ;g coseYt Ey(GeV) M% coseYt

16 0.517 ~-0.45 12 0.591 -0.15
20 0.583 -0.63 16 0.658 ~0.91
24 0.650 -0.94
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Figure Captions

Fig. 1. The process 1+2 + 3 + ... +n+y

Fig. 2. The null zone for 1+2 - 3+,

Conventions are: s = =~ (p1+'p2)2 y Lt = - (Pl4'P3)2

Fig. 3. The W radiative decay.

Fig. 4. The y phase space for W(Q) > F(p_)*—f(p+)+-y(k).
The dashed line is the null zone. The physical region is
represented by the slashed area. Moreover s = - (p++-p_)

and t = - (p_+~k)2 .
Fig. 5. The diagrams contributing to W radiative decay.

Fig. 6. The process FF - FFy.

)2

Fig. 7. dzr/dsdt for W'~ tby. s = - (pt4-pb)2 s t=- (Pt'*'PY

°

Moreover m, = 40 GeV, My, = 80 GeV,
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