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%e examine the possibility of placing limits on the composite structure of the W boson by looking
for form-factor effects as well as a W'anomalous magnetic moment (p, w) in the processes W~evy,
ye~8'v, and ve~8'y. %'e find the most sensitive reaction to variation in the magnetic-moment
parameter ~~ is ye~8'v, which should be accessible at the Stanford Linear Collider and CERN
LEP. %e find that all three processes are quite sensitive to form-factor effects for a compositeness
scale in the range 100g A & 350 GeV. From these reactions future experiments should be able to ob-

serve 8' compositeness from the effects of a nonstandard ~&, form factors, or both. If such effects
are not observed, stringent limits on 8' compositeness can be obtained from these reactions.

I. INTRODUCTION

The discovery' of the W and Z bosons at CERN gives
strong experimental confirmation of the standard elec-
troweak model. However, it is quite possible that the
standard model (SM) is not a fundamental theory but sim-

ply a low-energy effective theory. Therefore, to determine
if the observed 8' or Z is a fundamental gauge particle,
rather than a composite object, a detailed study of its in-
teractions must be carried out. If the W or Z is compos-
ite, we might expect (as in the case of hadrons composed
of quarks) that the first indication of compositeness will
be form-factor corrections to the propagator and/or cou-
plings of the gauge bosons. Also, a composite W would
very likely have an anomalous-magnetic-moment parame-
ter (sw) which is significantly different from the gauge-
theory value (apart from radiative corrections) of unity.

First we will consider form-factor corrections to the W'

propagator and to the gauge-boson trilinear ( 8'Wy) cou-
pling. To modify the W propagator we will multiply it by
a function Fp(q, A}, which depends on the momentum
transfer (qs) of the virtual W and on the composite scale
(A). It was argued in an earlier work that the simplest
form for Fz(q, A) is the function

F(q2, A)=(1+kg /A ) (1)

where A, =+ I so that Aq & 0. We see that as A -+ oo that
F~ 1 and we obtain the SM. As mentioned above we also
consider a correction to the trilinear coupling of the gauge
bosons. We assume, as for the propagator case, that the
vertex correction I'~ is obtained by simply multiplying the
SM coupling by the function given in (1). In our calcula-
tions we will consider all possible modifications to the
cross section/decay rate: Fp ——1, Fv+1; Fp&1, Fv 1;——
I'&&1, I'z~l. Although in any realistic theory the true
modifications due to compositeness may be more complex
we treat this simple case here to get a feeling for the mag-
nitude of such effects.

For current low-energy experimental data if the com-
posite scale is in the range 0.1 ~A ~0.5 TeV (the range
which we will study in this paper), the form-factor contri-

bution would be negligible. However, as we will see, for
q of order A, decay rates and cross sections may deviate
substantially from their SM predictions. In the near fu-
ture, accelerators will have center-of-mass energies which
may be comparable to A, so that form-factor effects
might become observable.

Each of the interactions considered in this paper in-
volves the couphng of a 8' boson to a photon. We find
that deviations in the trilinear gauge-boson coupling
(WWy} produces cross section/decay rates which differ
substantially from the SM results. In general a charged
spin-one boson would have an anomalous magnetic ()uw)
and electric quadrupole moment (Qw) given by

e e
P w = (I+~w+ ~w» Qw = — «w —~w),2M M

where a.w is the magnetic-moment parameter and A, w is
the quadrupole-moment parameter. The general 8'8'y
coupling including ~w and A, w has been determined and
is quite complicated. Since our main purpose in this pa-
per is to obtain the magnitude of composite-boson effects
(therefore determining in which interactions composite-
ness effects may first be seen} we will make the simphfy-
ing assumption that A, w is given by its SM value (A, w

——0).
This also reduces the number of independent parameters
to only two: A and s w.

A fundamental property of true gauge particles is that
their anomalous magnetic moments (a w) are equal to uni-
ty (apart from radiative corrections). Therefore, it is cru-
cial that the particles observed at CERN meet this impor-
tant criteria. On the other hand, a composite gauge boson
would not be required to have x~ ——1 unless imposed by
some additional symmetry. Since we are considering the
possibility of a composite boson, we leave a.w as a free pa-
rameter. We wi11 see that the process ye~8'v is quite
sensitive to deviations in ~~ while the reactions 8'chevy
and ver@'y are not.

In composite models of quarks, leptons, and gauge bo-
sons there exists the possibility of new thresholds which,
in principle, could compete with form-factor effects. If,
however, we assume, as we do here, that the fermion com-
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posite scale is much larger than that for gauge bosons

then we expect form factor effects to donunate.
For further discussion of the topics considered in this

paper the reader is referred to the literature.

y(K)

II. $V~e vy

The decay rate for the process 8'chevy can be calcu-
lated from the Feynman diagrams shown in Fig. 1. The
matrix element can be written in the form

M = ~ Q(pi )s~yU(pz)~er,2v'2

where d~ (e„") is the W-boson (photon) polarization vector
and g is the electroweak coupling constant. S„„is given

y

FIG. 1. Feynman diagrams for the process 8'~cry.

the saine form (1) we will drop the subscripts and label all
corrections as E; matrix element contributions will there-
fore be of three types F2, E', or 1. We note that F
corrections arise from the products Fp+p, FyFi, or &pEi
which are indistinguishable experimentally. For this case
Eis given by

S~„——(2pi k) 'y„(pi+A)yq(1 —ys)

+(2p k) 'y (1 ys)I'o—I.P~ (3)
(1—x3)Ms

1+
A

I'~„=
I g„(2p— k)„+—g „[p (1+a—iv)k)„

+g„„(p+ask ) IFi

and Ep (Ei ) is the form-factor modification of the propa-
gator (vertex). Since the modifications Fp and Ei are of

Following the usual procedure we obtain the differen-
tial decay rate for this processes:

a Mis 6, (4)
dx i dxi 5121txg

where

6=16 + + 3 [A(2ysy6 y4Mi4 —)+2Byiyz+2C(yiy6+yiys y3y4) 2Dy4Ms ]F
P'4 2 2 2 2

~w

1+ 32y4ys+ 16ysyi —16y4yi —32y6y i + 16y3y4 16a s y iy2
71+3'3

[(1+&+)(y2ys+ysy4+yiy6) —y4Mw —2ysy6) E
Mw2

A= —1 —2a'hays/Mp, B= 2 2as +as— —2

C=2+4cp ~(1+as +a's )y3/Ms, D=4—4y3/Mp —[(1+ais )y3/Mii ]

and the y; are given by

y, =pi k =—(1—x2)Ms1 2

yi=—pi.k =—,(1—xi)Mg1 2

y3=—p k= —,'x3Mw

2

3 5=Pi P Txl~iV
1 2

76=—P2'P= &&2~w

The x, are the conventional scaling variables defined by

2EI-"'=
Mw

where the E; are the energies of the final state particles in
the $V rest frame.

This differential decay distribution is infrared divergent
upon integration over x1 and x2. To eliminate this diver-
gence we cut off the photon energy by giving the photon a
small mass m„(mr ——5m+ ). In Table I the ratio
I ( W~evy)/I (~W~ev) is tabulated for various values of
5. We list values for SM W's as well as for composite
lVs. To obtain values for the width I ( lV~evy) we per-
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]cg ——+1 E
F
F2
F2

1

100
350
100
350

0.019
0.026
0.014
0.025
0.027

0.011
0.015
0.009
0.014
0.015

0.008
0.010
0.006
0.009
0.010

F
E
F
F2
I

100
350
100
350

0.020
0.027
0.015
0.026
0.028

0.013
0.016
0.009
0,016
0.017

0.008
0.011
0.007
0.011
0.011

form an integration of (4) over the variables xi and x2.

s2 2 —28—z& d2p
riw .~i f, =d*, I
the results of this numerical integration can be seen in

Fig. 2.
We will first examine the case where we fix aii to be

the SM value (~y ——1), while allowing for form-factor
corrections. Form-factor corrections are of two types F'
and F . The single power corrections F' include modifi-
cation of the gauge-boson trilinear coupling or the boson
propagator but not both; the F corrections allow for
modification of both the vertex and propagator. We see
that for F', A=100 GeV the decay rate deviates from the
SM prediction by roughly 25%%uo. As A increases, deviation
from the SM rapidly decreases so that for A=250 GeV
the ratio I /I sM ——0.95, only a 5% effect. For F correc-
tions the deviation from the SM is much more pro-
nounced. We see that for the case F, A=100 GeV the
decay rate deviates from the SM by approximately 45%;
this is a much larger deviation than the case with only a
single power of F. However, as A increases the rate at
which the ratio I /I sM approaches unity is more rapid in

TABLE I. The ratio I (8'~eve)/I (8'~ev) for various

values of 5. Both cases F' and F (at A=100,350 GeV) are
shown as vrell as the SM result. Two different values of ~~ are
sholvQ& Kyy = + 1 and Ky =—3.

A (GeV) a=0.025 6=0.050 a=0.075

the F2 case then the F' case. So, even though for small A
the deviation from the SM is great, we cannot easily dis-
tinguish the possibihty of large A from the SM. For ex-
ample, for A=350 GeV we need roughly a 5% measure-
ment to differentiate the two possibilities. Therefore, a
measurement of the decay rate 1(W~evy) provides a
good test for determining the compositeness scale if A is
less than 350 GeV. However, for A much greater than
350 GeV form-factor effects become almost negligible un-

less very precise measurements are made.
We have also examined the effect on the decay rate if

we let )ca vary. We see that the decay rate is not very
sensitive to deviations in ~~. The general shape, as well
as the magnitude, of the curve remains about the same.
As shown in Fig. 2 the case ~a =3—gives roughly a S%%uo

deviation from the SM value. Thus, we see that this pro-
cess is quite insensitive to deviations in za, therefore, it
does not provide a good test for determining the magnetic
moment of the W. We will see in the next section that the
process ye-+ Wv is much more sensitive to deviations in
&w.

III. ye-+8'v

Measuring the cross section for the process ye~Wv
will provide an important test of the properties of the 8";
this reaction should be pmsible at planned e+e accelera-
tors. As we will see, this reaction is not only sensitive to
form-factor corrections but it is also quite sensitive to de-
viations in the anomalous-magnetic-moment couplings.

We evaluate the differential cross section' for this re-
action using the Feynman diagrams shown in Fig. 3. The
matrix element can be written in the same form as in (2}:

M = ti(p2)S„„u(pi )d~e"„,
l 8g

2 2

where S&„is given by

Sq„——(2pi k) 'y„(1—ys)(pi+i)~)y„

—(2p'k) y (1 ys}I n—p+~

and I „„isthe same as in (3). The form factor F is given
by

(Mg —2xs )
2

' —1

A

with xs defined below.
Calculating the differential cross section in the usual

way we obtain

p, 80

w-(p)

IOO ZOO 300 400 500
h {Gev)

FIG. 2. The decay rate I (8'chevy)/I {8'~evy)sM as a
function of the compositeness scale A; the cases E', F, and
v~ ——1,—3 are shown. The energy cutoff is taken to be
5=0.025.

e (p, ) i e(pa)

FIG. 3. Feynman diagrams for the process ye ~8'v.
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FIG. 4. The differential cross section der/d cos8(ye~Wv)
at ~s =100 GeV and Itir ——1. Both cases FI and E' (at A = 100
GeV) are shown as well as the SM result. The angle 8 is taken
to be the angle between the incoming e and the outgoing 8' bo-
son in the center-of-mass frame.

ye» W ve

/S =lOOGeV

I I I 1 1

-0 9 -07 -0.5 -0.3 -O.l O. I 0.3 0.0.5 07 0.9
cos 8

FIG. 5. The ratio R, given in Eq. (12), as a function of cos8.
Both F' and F2 corrections are considered for the tv' scales
A=100 GeV and A=200 GeV.

(ye~Wv)= {1—Ma /s)H,
d cos8 64xa s

X2 X4
[ (2x x —x M )+2Bx Ix+t2C( xix+6xzx—s xix4 — 4 INx 2Dx MIt t]F2-

(2x +M )4 W

(10)

32x4 5+ 16X2xs —16xix4 —32X Ixs+ 16xix4 — It~x IX'
XI(2X4+Ma )

2+, [ 2x$xs+—(I+itI4)(X2xs+xix4+xlx, ) x4Ma, ,—E,2

where A, B, C, and D are given in (5) with the replace-
ment yq»xq. The xI are given by

S
XI ~PI 'k =

10

ye Wvjs' = 100 Gev

1x2=p2 k= —,'(s —Mrr ){1 cos8)=———,u,

xi —=p k= —,{s +Ma)(t1 P+c os)8= —,
' Mt t, —

1
x4 —

pi p2 ———,
'

(s —Ma 2)(1+cos8)= , t, ——

=—'Mxq pi p= —,(s+M~ )(1—pcos8)= —, M —u

CL

III
O
O

b

1X6=p2'p= {s—Mw —) IO
I

where P=(s —Mz )/(s+Ma ) and s, t, and u are the
usga& kinematic variables satisfying s+t+ u =M .

The results of our calculation can be seint in Figs.s. 4—8.
. 4 we see that allowing for form-factor effectsIn Fig. 4 are see a

8 0.5 the generaleim1 minates the zero at cos8= 1. For cos ~ . e ge
~ ~ ~

unction of thes ape 0 eh f th differential cross sectton as a unctio
r the8 d not appreciably change; however,

'tudecurves with form factors are scaled down in magni u e

2
I

- l.0 -0.6 -0.2 0 0.2 0.6 I.O
cos 8

FIG. 6. dn/d cos8(ye ~8'v) for various values of ~~.
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cos &
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FIG. 7. do/d cose(ye~8'v) for a~ values near unity.

zero in the SM result. Since the total cross section for
ye~ 8'v is approximately 1 or 2 pb (Fig. 4) we would ex-
pect =500 or so events of this kind per year at a luminosi-
ty of 10 ' cm sec ' and so we would expect to be able to
do a 10% determination of d o /d cos8 reasonably quickly.

The ye~ Wv process is also very sensitive to deviations
of ~a away from unity. In Fig. 6 we see that a~~ 1 not
only is the magnitude of the do/d cos8 curve significant-
ly changed but also the shape of the curve. For example,
at cos8=0 the a & ——2 prediction is three times as large as
the SM prediction. It is also important to note that by al-
lowing aa to vary eliminates the zero at cos8=1 allowing
a clear signal for variance from the SM. In Fig. 7 we see
that a measurement at the 20%%uo level would allow us to
limit ~~ to the range 0.9~a~&1.1, which is a very
stringent limit. In Fig. 8 we allow for the possibility of
both a form-factor contribution and a nonstandard aii
value; the situation then becomes quite confused. The ef-
fect of the form factors is to decrease the amplitude for
most cos8, while the ~ii variation depends markedly on
the angle. Since the a~ variance is largest it plays the
role of the dominant factor. Thus, we have seen that the
ye channel is very sensitive to both x~ and form-factor
alterations of the SM; hence, this process provides a good
test for compositeness of W bosons.

from the SM prediction. The magnitude of this scaling is
best illustrated in Fig. 5 where we see that for A =100,200
GeV the ratio

do/d cos8
(do/d cos8)sM

(12)

I 1

7e~wve
v S =IOOGev

~~-3

significantly deviates from unity. The deviation is
greatest near cos8=0 where for the extreme case (F,
A=100 GeV} it is roughly 50go. In contrast with the
above case we see that to distinguish the case I', A=200
GeV from the SM we need a 10%%uo measurement. The
curves with both corrections (F ) are more suppressed
than the E' case, as we would naively expect. The diver-
gence of the graph for small angles is simply due to the

M = u(pi)S»u(pi )ebs e"„,
2V2

where S» is given by

(13)

S„„=(2pi k) 'y„(1—y5)(pi —g)y„

+(2p k) 'y (1—y, )r~~
where I ~&„ is obtained from (3} by letting k~ —k. The
form factor F is now given by

IV. ve~$Vy

To create a W via the process" ve~Wy requires
very-high-energy neutrinos, such neutrinos can only be
found in cosmic rays; at a large neutrino detector such as
DUMAND'z such reactions should be observable.

By crossing symmetry we can obtain the diagrams for
the process ve~ Wy (Fig. 9) from the diagrams of Fig. 3.
The matrix element can be written in the form

b IA
O

F
I& e

-i.O
I

-06 —0.2 (b)

FIG. 8. The same as in Fig. 4 with x~———3. FIG. 9. Feynman diagrams for the process ve ~8'y.
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TABLE II. The differential cross section do. /d cos8 (pb) for
the process ve ~8'y. Tabulated are various values of cos8, x ~,
and V s. The angle 8 is defined as the angle between the incom-

ing electron and the outgoing W boson in the center-of-mass
frame. I.Q

—3 306
1 291
3 290

—3 387
1 18.1
3 20.0

85.2
74.2
74.9
18,8
3,83
6.27

cos8
0

40.1

31.6
33.7
13.8
1.52
4.58

0.4

20.7
13.6
16.3
13.2
0.70
4.38

0.8

10.4
3.60
5.90

15.9
0.22
4.50

0.75—

0.5

The differential cross section for this process is

dtr (ve~~y)= (1 M—fy /s)H,
'FA 2

d cos8 xws

where H is the same as the ye~ Wv case and the x; are
those in (11) with the interchange of s and t due to cross-
ing symmetry.

In Table II we have tabulated der/d cos8 for various
cases. We see that as cos8 approaches unity that
(do/d cos8)sM approaches zero. As in the ye case modi-
fication of the gauge couplings via either a.~ or form-
factor corrections eliminates this zero. We see in Table II
that this process is not very sensitive to deviations in a.a
for v s = 100 GeV. However, as v s increases do /d cos8
begins to diverge from the SM (the trade off is that the
magnitude of do/d cos8 decreases substantially). In Figs.
10 and 11 we see that form-factor effects are quite sub-
stantial. For 8, &90' the deviation is roughly 50'%//.

For small 8 the deviation is very large (due to the SM zero

0.25--

ue ~Wy
Js = ~00 GeV

+ (

{ ,
'I '

I

-0.9 -0 7 -0.5 -0.5 -O. I O. j 0.3 0.5 07
cosg

FIG. 11. der/d cos8(ve~ 8'y) normalized to the SM value.
Both cases F' and F are shown for various values of A.

at cos8=1) but do/d cos8 is small. In Fig. 12 we have
allowed for both a form-factor contribution and a non-
standard ~w. The result is nearly the same as in Fig. 10
with deviations being slightly greater due to the extra
suppression from ~ii effects. Thus, we have seen that this
process is fairly sensitive to form-factor effects but not
very sensitive to ~ii effects. However, the difficulty in
observing this process experimentally discounts it from
being a good test for boson compositeness.

[ 05

&e Wy
Js = (00 GeV

ve Wy
+s = (00 GeV

IO

cfog0
V

(Q I

-08 -0.6 -0.4 -0.2
@os 8

0.4

FIG. 10. The differential cross section der/d cos8(ve ~8'y)
at v s =100 GeV and ~~ l. Both cases ——F' and F' {at A = 100
GeV) are shown as we11 as the SM result. The angle L9 is the
same as in Fig. 4.

{0 -0.8 -0.6 -O.A -0.2
{;os8

0.2 0.4

FIG. 12. The same as in Fig 10 with g ~= —3
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V. CONCLUSIONS

In this paper we have examined both form-factor and
effects in the processes W~evy, ye~Wv, and

ve~ Wy. In general we have found that a composite W
will have a lower decay rate/cross section than a SM W;
the deviation is greatest when both propagator and vertex
corrections are taken into account. We found that all
three processes give a clear signal for compositeness if
A & 350 GeV. For A & 350 GeV it becomes quite difficult
to distinguish a composite W from the SM boson, hence a
study of these processes would not be very useful in con-
straining A to values much greater than 350 GeV unless

very sensitive measurements were possible.

We have found that the reactions W~e vy and
ve ~Wy are quite insensitive to deviations in a.&. On the
other hand, the reaction ye~Wv is very sensitive to a~
deviations; a precise measurement of do/d cos8 for this
reaction can constrain trn to values within 5%%uo of its SM
value.

In examining combined form-factor and ten effects we
find that we have mixed results. In the ye ~Wv case the
trn effect is dominant while in the other two cases form-
factor effects are most pronounced.

It is quite possible that future experiments will uncover
another substructure of matter. We have found that the
WWy vertex is very sensitive to form-factor and trit ef-
fects; hence, processes containing this vertex will provide
an early signal for physics beyond the SM.
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