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Direct tests of CP-violating triple gauge boson couplings in photonic linear colliders
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Possible tests of the CP-violating triple gauge bosons couplings in yy~ WW and ey~ Wv are dis-
cussed. Using either circular or linear polarization of the initial photon laser beam, direct measurements
of CP-odd observables in yy~ W+W are possible. We obtain- limits on the coefficient of the CP-
violating coupling of R(f, ) &0.9X10 ' and g(f, ) &5.4X10 for v's = I TeV. These are then com-
pared with the limits obtained from the total cross section with or without polarized beams in yy and
with different asymmetries in ey.
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I. INTRODUCTION

The next generation of e+e colliders will offer in-

teresting possibilities for W-boson physics either with W
pair production in e+e or yy or with single W produc-
tion in ey collisions. That the W-pair production in
e+e is a good process for measuring the properties of
the W bosons such as its mass and couplings has been
emphasized for some time [1]. More recently, it became
clear that the yy and ey version of a linear collider offer
an interesting complement to this process [2]. Both the
W pair cross section in yy and single W production cross
section in ey are large. At energies between 0.5 and 1

TeV, the former is approximately 85 pb while the latter is

near 50 pb [2]. With design luminosities between 10 and

100 fb ', a large number of 8 s can be produced in these
processes making it possible to test the electromagnetic
properties of the W bosons. Most of the previous studies

dealing with the couplings of the W boson were con-
cerned with the CP-even part of these and how one could
measure possible deviations from the SM predictions.
The results of the different analyses indicate that these
couplings will be tested at best at the per mil level [2,3]
the level where some new physics could set in. The CP-
violating couplings have received less attention mainly
because of existing constraints and theoretical biases.
The present limits on CP-violating couplings coming
from their one-loop contribution to electric dipole mo-
ments (EDM's) are typically =10 from the electron
EDM or 10 —10 ' from the more model-dependent
neutron EDM [4]. With approximately the same level of
precision achievable for the CP-violating couplings at a
linear collider as for the CP-conserving ones, some im-

'On leave of absence from Laboratoire de Physique Nucleaire,
Universite de Montreal, C.P. 6128, Succursal A, Montreal,
Quebec, Canada H3C 3J7.

provement on the present limits are expected especially if
one ignores the more stringent bounds from neutron
EDM. In any case, we emphasize the importance of ob-
taining direct unambiguous limits on the CP-violating
couplings. The second point concerns theoretical bias
which is reflected in an estimation of the most likely
anomalous couplings, those of lowest dimension and
those which respect the approximate symmetry of the
standard model such as CP or custodial SU(2). If indeed
this is the case CP-conserving dimension-4 anomalous
couplings such as a. or tcz, 5g, (for the ZWW vertex)
should be discovered first while CP-violating ones should
be suppressed as well as the ones coming from higher-
dimension operators [5]. Here we ignore these biases and
rather adopt the point of view that CP violation is small
because it comes from a nonstandard source. Like all
anomalous couplings, the one violating CP are small
compared to standard couplings; in general, no additional
suppression should be expected.

Considering the importance of an eventual discovery of
CP violation outside the K system and the breakthrough
it would provide in the explanation of CP violation we
want to stress the necessity of searching for CP violation
in every possible way, including through anomalous cou-
plings. After all any indication of a CP violating cou-
pling in the y WW vertex would be a clear sign of physics
beyond the standard model since the standard contribu-
tion enters at most at the three-loop level and is expected
to be extremely small and unmeasurable in the near fu-
ture. This has been established by Khriplovich and Pos-
pelov when proving that the W EDM vanishes exactly at
the two-loop level implying also that the EDM of leptons
vanishes at the three-loop level [6]. In extensions of the
standard model however anomalous couplings can be
generated at the one-loop level and could possibly fa11 in
the interesting range for linear colliders [7,8]. In a partic-
ular model, the new particles that generate the anoma-
lous couplings could possibly be detected in other ways,
such effects will not be considered here as they cannot be
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polarized photon beam, this property will be used to sug-

gest direct measurements of anomalous CP-violating cou-

plings in yy. While similar measurements can be per-
formed in e+e colliders [11,12], the yy mode has the
advantage that it is possible to isolate the contribution of
the y WW vertex. However the disadvantage is that po-
larization of the photon beams is not directly measured
so will make it harder to control systematic errors. We
will also show that polarization can be useful in enhanc-

ing the signal of anomalous couplings in either

yy —+ W+ W or ey ~Wv even when not looking direct-

ly at a CP-odd observable. The paper is organized as fol-

lows. After discussing our observables (Sec. II) and the
spectrum of the photon beams (Sec. III), we present re-
sults for circularly polarized and transversely polarized
photon beams in yy collisions in Sec. IV. In Sec. V we

discuss the sensitivity of various observables to the anom-

alous couplings in ey collisions. Section VI will be for
discussion and comments of the results.

II. OBSERVABLES IN yy AND ey

The most general y WW vertex for on-shell W bosons
contains seven independent form factors [12] three of
which are C, P, and CP conserving (these are the usual g,
K, and A,), while three more violate CP (g4, f6, f~) and the
last (g5) conserves CP but violates both C and P. The

coupling g4 must vanish for real photons in order to
respect gauge invariance. The triple gauge boson vertex,
including only the standard and CP-violating couplings
for one real photon is then written as

discussed in the model-independent parametrization used
here.

In this paper we discuss ways to determine the size of
the CP violating part of the y WW coupling in both the
ey and yy colliders while never observing the polariza-
tion of the massive final particles. Several observables

may be used to constrain anomalous couplings: total
cross sections, energy and angular distributions for exam-
ple. These CP even observables receive contributions
from both CP- conserving and -violating anomalous cou-
plings and furthermore depend only weakly (like the
square) on the coefficient of the CP violating coupling.
This last point can be compensated by the fact that

.anomalous cross-sections grow quickly with energy so
that a precise measurement of the coupling is still possi-
ble especially with a TeV collider. In order to reach max-
imum sensitivity to CP violating couplings, and more im-
portantly to establish CP violation one must rely on ob-
servables that are explicitly CP odd and depend linearly
on the anomalous coupling. It is easy to check that a
sum over helicities of all particles will automatically lead
to a CP-even result, information on the helicity of either
the photon or the W must therefore be kept. Here we
choose to use that of the photon [9]. To have a CP odd-
observable we need to generate a phase so that an in-
terference with the standard amplitude can occur. This
can be done either with the imaginary part of the anoma-
lous coupling or with the azimuthal angle of the W.

In linear colliders, the high-energy photon beam is ob-
tained by backscattering a laser off a high-energy electron
beam [10]. It was shown that with a circularly (trans-
versely) polarized laser one could obtain a high energy

"(qi,q2, k)= ie (q—i —qZ)pg t+(q2 —k) g&ti+(k —
q ))ig "a+f ppaPpk + ( )p&appcrk

p ~2 qi q2

where all momenta are ingoing, q &, q2 are the momenta of
W, W+, and k corresponds to the photon. Here we
will consider only the effect of f6. This simplification is
justified by our exploratory approach: what observables
are sensitive to this CP-violating coupling? Furthermore,
the coupling f, which arises from a higher dimensional
term in the Lagrangian is expected to be suppressed, rela-
tive to f6, by a factor Mir /A where A is the scale of new
physics responsible for the interaction. '

'In the language of chiral Lagrangians describing a strongly
interacting Higgs sector, f6 is related to two dimension-four
operators,

e'
f6 = 6, 2 (L,3+L,4),16~sin 0

where the operators are written as [13]

L
gg'e""P B„Tr(TW„,),

LI4X,4= g e""P Tr(TW„, )Tr(TW ) .

The coupling f6 is also equivalent to the often-used K.

In a weakly coupled theory, f6 should be almost purely
real. Nevertheless it is worth taking into account the
possibility of an imaginary part that could arise from
final state interactions. Such efforts are expected to be
significant in a strongly interacting theory. This possibil-
ity cannot be excluded altogether since models with
strongly interacting 8"s are among the ones that gen-
erate anomalous couplings. One has to remember howev-
er that if the underlying new physics comes from such a
source, not only the vertex would be modified; in a com-
plete calculation all new effects should be taken into ac-
count. Within our phenomenological approach, which is
model independent, we cannot incorporate all of these.
Even though the observables we discuss will undoubtedly
be a sign of nonstandard physics, this new physics might
not be due exclusively to f6 We will show .that both the
real and imaginary part of anomalous couplings can be
measured using either circularly or linearly polarized
photons.

In yy collisions, CP invariance is specified by the con-
dition

(2)
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where it„kz(A3, A4) are the helicities of incoming (outgo-
ing) particles. CPT invariance, in the absence of absorp-
tive parts in the amplitude is given by

kited 4 AP A]
(3)

We will also use the notion of CPT which characterizes a
CPT invariant theory that contains some absorptive part
so that Eq. (3) above is not satisfied [11]. The difference
in the total cross sections when both photons have the
same helicities is a typical CPT odd observable; it is
defined as

~~ yy LL RR&
LR

~LL +~RR
(4)

A nonvanishing asymmetry will automatically be propor-
tional to the imaginary part of f6. To observe directly
CP violation in the absence of absorptive parts one must
generate a phase so that interference with the standard
model is possible. For this, linearly polarized laser beams
can be used. The CP-odd observable will depend on the
azimuthal angle of the outgoing 8'(P) relative to the
direction of the laser polarization. In a photon-photon
collider, the center-of-mass energy of the two photons is
not fixed, it is clearly advantageous then to choose a vari-
able such as the azimuthal angle that is a boost-invariant
quantity. The signal will correspond to a shift in the dis-
tribution dg /dP. Rather than using directly the distri-
bution, it is more convenient to define the asymmetries

In addition to these direct CP-violating signals, many
more observables are sensitive to anomalous couplings.
While observables that are not explicitly CP odd cannot
unambiguously establish CP violation, they are usually
more straightforward to measure and can serve as a com-
plement to the direct measurements. Total cross sections
with or without polarized beams will depend on the
coefficient

~ f6~ . Since the cross section for anomalous
couplings diverges at high energies, under such condi-
tions, this observable become very sensitive to the anoma-
lous couplings. The process e y ~ 8'v also offer
numerous possibilities to probe the y8'8' coupling. In
this case we use the fact that f6 corresponds to a parity-
violating operator and define P-odd observables. We con-
sider, for instance, the difference in the total cross section
with the photon helicities (=+1:

~ey ~L ~R
~LR

OL+OR

Since the standard model violates P maximally we expect
nonzero result even in the standard model, in that sense
we are not directly probing this particular anomalous
coupling. Still it will be seen that a precise measurement
can be performed. Other observables are possible if
linear polarization is available, in analogy with the yy
process we define an asymmetry computed from the dis-
tribution over the azimuthal angle of the 8' relative to
the electron beam,

8+ &

CT+ +0
(9)

where
with

3m/4 d g 7'/4 d g
g = dP +

~/4 dg S~/4 dP

(10)

and

S'1=2J dP
0

This asymmetry will measure the coefficient of cos2$.
We will see explicitly in Sec. V that this coefficient will
contain a standard part together with a term proportion-
al to S(f6) and ~f6~ .

the indices i,j denote the direction of the linear polariza-
tion of the photons. This asymmetry will measure the
sin2$ term in dg /dP. As will be seen explicitly in the
next section such a term is directly proportional to
%(f6). With this definition of D' and S' it is clear that
charge identification of the 8 s is not necessary since the
W and W+ will always scatter at angle P and P+~, re-
spectively. This way the statistics can be increased by us-
ing the full angular distribution.

III. PHOTON POLARIZATION

The ability to polarize the high-energy photons is cru-
cial to our discussion of CP-odd observables. The gen-
eral setup for realizing such a collider was first discussed
a decade ago by Ginzburg et al. [14]. The formulas
necessary for our discussion will be summarized here.
We first define the quantities

x{1—y)

~The carets denote quantities before the integration over the
energy spectrum of the photons is performed, i.e., for the sub-
processes y y ~ 8'+ 8' or e y ~Wv.

30ther CP-odd observables which do not require polarization
of the photon beams exist, they involve the measurement of the
8' polarization. A complete analysis will be presented else-

where.
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Coo(y) = + 1 —
y 4r(1 —r)—1

00

2X,P—,rx(2r —1)(2—y), (12)

where A,, is the average helicity of the initial electron and

P, is the degree of circular polarization of the initial laser
beam. This spectrum has to be properly normalized such

that f o Coody=1, where y =x/(x+1) is the max-

irnum value for y. With different choices for the polariza-
tions, the energy spectrum of the photons can be
modified; for example when polarizing both the electron
(A, ) and the laser (P, ), the photon spectrum will be either
fiat (2A,P, = 1 } or peaked towards high energies

(2AP, = —1). The back-scattered photons will retain a

where E is the energy of the initial electron (or positron),
coo is the energy of the initial laser photon, m, is the mass

of the electron, and y is the ratio of the back-scattered
photon's energy to the initial electron energy. For the

type of physics that is of concern to us here, one would
like to have y as large as possible since the anomalous
coupling contribution to the total cross section grows
rapidly with energy while the standard one is practically
constant for energies above 300 GeV. For observables
that are linear in the anomalous coupling, this rapid
growth does not occur. Nevertheless a large y is still use-
ful since a large fraction of the photon spectrum falls in
the kinematically allowed range, increasing the effective
luminosity of the photonic subprocess. The maximum
value of y that can be obtained is dictated by the variable
x characteristic of the laser chosen. In order to avoid
pair production, one must have x &4.85. In our numeri-
cal results, we used x =4.82, so that the back-scattered
photon beam can have up to 83% of the initial electron
energy. The energy spectrum of the photons is given by

and

C&o =0, C30 =2r P, ,

Cz 0=2k, rx, [1+(1—y)(2r —1) ]

(14)

1 +1—
yP, (2—r —1}

1 —y
(15)

where now P, is the degree of transverse polarization of
the laser photon beam. The mean helicity of the high en-
ergy photon is given by (g2) while its degree of trans-
verse polarization by ( f &

) and ( g3). We will choose the
transverse polarization of the laser to lie in the direction
of the third axis (called X) in order to avoid unnecessary
complications in the formulas.

It is then clear how to calculate the total cross section
for the two processes of interest:

do(ey —+Wv, )

=f g (g;)Coodo;(ey~Wv, )~s,dy, (16)
~ ~ i=03

where d o, are the cross sections corresponding to
different polarization states of the photon. Note that in-
stead of working with differential cross-sections, one
could also work with integrated rates.

In the case of yy collisions, things are slightly more
complicated because the photon spectrum enters twice:

certain amount of the polarization of the laser photon
beam. This polarization, which is energy dependent is
determined by the three Stokes parameters g,. :

Co
(g;) = '

with (g, ) =1 (13)
Coo

and where the functions C,o are written as

2

do(s) = f dr f g (g, g, ) C00(y)COO(r/y)do;, (yy~ W+W ),
4M / /& y 0 3

(17}

where s is the total energy of the electron collider, r=s /s
is the fraction of the initial energy for the subprocess

yy~ W+ W, o,j is the cross section for a given polar-
ization of the photons and is evaluated at 2 =ys. g, , f~ are
the Stokes parameters for photons 1 and 2. In the follow-

ing we will always assume the factorization

(g,.g~) =(g, )(g ), (g,. ) =C;o/Coo, and $0=1. The for-

mulas for unpolarized beams are easily recovered by put-
ting ( g;g~ ) =0 for i+0 and j+0. The choice of different

polarizations for initial beams and the consequences for
probing anomalous couplings will be discussed in the next
sections in connection with the two different processes.

IV. TESTING ANOMALOUS COUPLINGS IN

yy w+w—

For the process yy ~WW we want to determine how
polarization could be used to measure the CP-odd-asym-

metrics defined in Sec. II. The two cases of circular and
transverse polarization of the photons will be presented.

A. Transverse polarization

With a linearly polarized laser (P, =1, P, =0) and un-

polarized electrons, one obtains a transversely polarized
photon beam. Here we always define the direction of the
laser polarization such that only the Stokes parameter
( g3 ) differs from zero. The results for the helicity ampli-
tudes with both photons polarized in the same direction
(XX) or at right angle to each other (XY) are given in the
appendix. All the amplitudes are written in terms of 2P
where P is the azimuthal angle of the outgoing W rela-
tive to the direction of the polarization of one of the
lasers (say laser 1}. This direction will always be defined
as the X axis. The differential cross section for the two
sets of polarization chosen are then written, keeping only
the terms in f6, as
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and

XX 2

[64(1—2z+32z }—4p sin 0(8+24z cos2$ —3p sin 0 cos 2p) j
d cosH d(() 4s 1 —P2 cos20

(18}

daxY a2 1 32(1+cos 0}+12sin 2/sin 0—32z(4cos 0+3sin Hsin 2$)
d cosH d(t 4s 1 —P2 cos20

+192z sin 2gsin 0—4%(f6)sin Hsin2$

X —4(1 —2cos 0+4zcos 0) (19)

where p =1—4z and z =Mii, /s. As one would expect,
when both back-scattered photons are polarized in the
same direction and after summation over the polarization
of the 8', the interference term between the anomalous
contribution and the standard one vanishes, to measure a
CP-odd observable the photons must be linearly polarized
at some angle. Notice that cr only depends on the real
part of the CP-violating coupling. The coefficient of
2( f 6) disappears after summation over the polarizations
of the W(as it did for cr ) It is.straightforward to verify
that the asymmetry defined in the previous section picks
up the sin2$ term and that such a term appear only in

Dxx O (20)

8a P 2z 1+13c
M~2 I3 1 —

IHc
(21)

while the polarized cross sections are given by

I

do. . In fact the interference term in do. is directly
proportional to sin2$ so the asymmetry we have chosen
would give the maximum sensitivity to this parameter.
After integration over ~cosH~ (c and over the azimuthal

angle we obtain

2~a P

I

12 2

( 19—3c + 12c z+ 72z ) + (
—1+3z)ln (22)

SzY 277a P
s

12(19—3c +12c z+24z )+ (
—1+z}ln (23)

other hand, the cuts will not reduce much D since the
interference terms between the standard and the anoma-
lous contribution are proportional to sin 0, so that they
vanish in the forward and backward direction. Imposing
a cut on the angle 0 would therefore enhance the signal
from the anomalous coupling by reducing the "back-
ground" from standard events.

Since the polarization of the backscattered photon is
governed by Eq. (13) and can make an arbitrary angle rel-
ative to the direction of the laser polarization, the mea-
surement of %(f 6) can be done with the laser linearly po-
larized at any angle. We present results for two cases:
parallel or perpendicular. When integrating over the en-

ergy spectrum of the back scattered photons, the asym-
metry A ",, defined in Eq. (5) becomes, for both laser po-
larized along the X axis,

(24)

pendicular to each other is written as

where again only terms up to order f6 only are written

explicitly. Note that although cr depends on the anom-

alous couplings through a term in
~fs ~, such a term is in-

dependent of sin2$ so that the asymmetry D vanishes

even to that order. This can be obtained easily from the

complete expressions for the helicity amplitudes given in

the Appendix.
For energies s »M~, i.e., z &&1 the cross sections for

both sets of polarizations are practically equal and tend
to a constant as the energy increases. In this region the
numerator of the asymmetry (D ) is also mostly in-

dependent on the energy. So we expect both 3 and
to vary little with energy. This behavior would be

altered when imposing a cut on cosH (c ( 1). Since most
of the standard events near the beam, the polarized cross
section will be reduced significantly by the cuts. On the

fdr (C~Cm+CQQC3o+C3oCoo)D
g XX

fdr ( CQQCQQ +Cop C3Q + C3QCQQ )(S +S ) + 2C3QC3QS

The same asymmetry with the incoming laser having linear polarizations per

d w {Coo Coo +Coo C3O +C3o Coo +2C3O C3O )D3' XY

3'

f

dic

(CQQCQQ+CQQC3p+C3QCQQ)(S +S )+2C3QC3QS
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TABLE I. Asymmetry with transversely polarized photons beams and 3o upper bounds on R(f6).

Process

yy~ WW

&s
(TeV)

0.5
0.5

1

2

g XX

—0.080%(f6)—0.080%(f6)—0.116%1f6 l
—0.137%(f6}

—0.083%(f6)—0.083%(f6)—0.118%(f6}
—0.139%(f6}

Luminosity

20
100
100
100

Upper bound

&(f6}

2.3X 10-'
1.0X 10-'
0.6X 10
0.5X10 '

with the shorthand notation, C;o=C;o(y) and

C,o=C.,o(r/y. ). Both these quantities depend linearly on

R(f6) and are approximately the same since the contri-
bution from the term in C30C30 is not very significant and
S A at high energies.

In Table I we give the values for the two asymmetries
and the limit on A(fs) that can be derived from them.
The energy dependence is also presented. Although
slightly obscured by the fact that an integration over the
energy spectrum of the photons was performed, the ener-

gy behavior of the two asymmetries correspond to the
one of D, S, and S just discussed. As expected,
the asymmetries are almost constant when the energy is
increased and integration over the full angular distribu-
tion is performed. The limits on f& are all given at 3o
taking into account only the statistical error. Since the
precision that can be achieved depends mainly on the
ability to measure the standard contribution which does
not increase significantly with energy, there is only a
slight improvement when going at higher energies, on the
other hand a higher luminosity would improve the limits.
Concerning the efFect of an angular cut, we found that
the coefficient of%(f&) in the asymmetry A "increased,
at &s =0.5, 1, and 2 TeV, from —0.083, —0. 118,—0. 139 to —0. 159, —0.400, —0.962, respectively, with
a cut ~cos8~ (0.8. The enhancement is clearly all the
more effective for higher energy accelerators. In practice
this cut is not a straightforward one to impose since the
two photon beams are not monochromatic and the angle
8 is not easily defined in the laboratory frame. A cut on

PT, which is related to cos8 would have the same effect
but with a lower efficiency.

B. Circular polarization

Circularly polarized photons offer the opportunity to
measure S(fs ). As was shown by Ginzburg et al. , circu-
lar polarization can be obtained by polarizing either the
laser, the electron beam or both [14]. The energy spec-
trum of the backscattered photons is governed by Eq. (12)
and the circular polarization is specified by the Stokes pa-
rameter gz in Eq. (13). The shape of the different polar-
ization spectra are given in [10]. The first thing to notice
is that the Stokes parameter $2, $2 will each fiip sign if the
helicities of the initial beams and lasers are reversed

A, ,P, ~ —P, while —
A,P, is kept constant and simi-

larly for the lepton and laser beam on the other arm of
the collider. This will allow for the measurement of the
CP-odd asymmetry ALrar defined in Eq. (4). To incorpo-
rate the energy spectrum of the photons we define a new
asymmetry:

o (s, A, ,P„A,', P,') cr(s, ——A, , P„—A, ', P—,')—
A

o (s, A, ,P„A,', P,')+ o (s, —
A, , P„—A, ', P—,')—

(26)

Writing explicitly the integral over the energy spectrum
of the photons we find

f«f (C~C„+C2pCpp)(d8gg d8aa)
(27)

f

deaf

[C+(d&LI +disa)+C (d&La+d&aL )]
3'

where C+ =COOCoo+ C2oC20 and C =
COOCOO

—C20C2O. Clearly the numerator will vanish with CI' invariance, and it
must be directly proportional to 2(f6). This can be seen easily by making use of the helicity amplitudes for circularly
polarized photons given in the appendix to obtain the total cross section for specific photon helicities:

& +& = (1—)(1—3 ) 1+ 1
M~ (28)

For a generic asymmetry A =(a+ —a )/(a+ +a ) which vanish in the standard model, the precision to which it can be evaluated
is given by 6A =ha+ la+. If A =a6f6, the upper limit on the parameter f6 at no is given byf6

~ ( n la 6)(ha+ la+ ) = n l(a6')l 2N+ }where N'+ is the number of standard events.
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(29)

32rra P &(f ) 1 2 + z(3 —8z)
1

1+P
LL RR Mp 6 (30)

where terms in if&~ are not written explicitly but were
included in the calculations. A priori one would expect
the anomalous cross section to grow with energy; this is
indeed the case for the terms in

~ fs as will be discussed
in the next section. For the specific coupling we are con-
sidering however the interference term proportional to
2( f & ) has the same high-energy behavior as the standard
cross section; it tends to a constant. This can be verified
easily with the helicity amplitudes. The term proportion-
al to 1/z that should come from the amplitude for longi-
tudinal 8"s is absent because the standard amplitude and
the anomalous one contribute to different photon helicity
amplitudes. From this we deduce that although it is im-
portant to have high-energy photons so that a large frac-
tion of the back-scattered photon spectrum is in the
kinematically allowed region, there is no obvious advan-
tage in using polarization to maximize the number of
hard photons. Rather, it is the convolution of the polar-
ization and energy spectra that should be optimized. Al-
though many choices of polarizations are possible to be
able to have a sizable asymmetry, it is crucial to always
set-up the polarization of the beams on each arm of the
collider such that A,P, =A, 'P,'. We found that the largest
asymmetry was obtained with A,P, =

—,
' while A,P, = —

—,
'

gave a slightly smaller symmetry. Another interesting
possibility is to polarize only the lepton beams. Although
the photon polarization is not as good, gz is always posi-
tive so no cancellation can occur. For the two most
favorable choices of polarizations, the values for the
asymmetry and the limits on 2(f&) that can be derived
from them are given in Table II. The same method as for
the transversely polarized beams is used to derive the lim-
its. Again, only the statistical errors are included. The
limits are roughly an order of magnitude better than the
ones on R(f&) for the same energy. Note that in this
case there would be no interest in introducing cuts in

cos0 or pT since the anomalous and standard cross sec-
tions have similar angular distribution.

C. Total cross section

cr„,=o„(l+R,„,~f6' ), (31)

where R,„,=o.,„,/o„and o,„, is the coefftcient of if&~
in the total cross section. In Table III we give the limits
on

~ f6' obtained from a measurement of the total cross
section using either unpolarized photon beams or circu-
larly polarized ones, with the polarizations that give the
most favorable energy spectrum, AP, =k'P,' ,= —

—,'.
Again only statistical errors are taken into account. We
find that R,„, increases with energy and the use of polar-
ized beams. We see that at 2 TeV the results are within a
factor of 2 of the ones obtained on %(f6) directly but are
never competitive with the better limits on 2(fs). Com-
parisons between the different methods should however
be done with care until a complete analysis of errors, in-

cluding systematics, is performed. Note that the limit

We now compare the limits just obtained from CP-odd
observables with limits from total cross-section measure-
ments. One important caveat in this type of analysis is
that even if something is observed it will be hard to tell if
the nonstandard effect comes from fs or from some other
non-standard physics such as other CP conserving anom-
alous couplings for example. Certainly there could not be
any claim of observation of CP violation. Furthermore if
nothing is observed the limit on the parameter f6 could

always be ignored by appealing to some cancellation be-
tween various anomalous contributions. With these
warnings in mind, we proceed with the analysis of this

type of observables since it is useful to determine the
maximum sensitivity to the anomalous coupling on its
own.

With the total cross section, only the term in
~ f& ~

can
be measured since the helicity amplitudes with two longi-
tudinal W's grow with energy, it will clearly be advanta-
geous to use polarization to increase the average effective
energy of the yy subprocess. We write

TABLE II. Asymmetry with circularly polarized photons and 3o upper bounds on i™(f6).

Process

yy WW
A, =A, '=1/2, P, =P,'=1

yy~ WW
A, =A, '= —1/2, P, =P,' =0

v's

(TeV)

0.5
0.5

1

2
0.5
0.5

1

2

ALR

—2. 112(f, )
—2. 11J(f6)
—1.99J{f6)
—1.94Ãf, )

1.53Ã f6)
1.53Ã f6)
1.36J(f6)
1.25J'(f6)

Luminosity
(fb ')

20
100
100
100
20
100
100
100

Upper bound
2(f6)

1 ~ 2X 10
5.2X 10
4.0X 10
3.7X10
1.4 x 10--'

6.2x 10-'
5 ~ 6X 10
5.6X 10
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TABLE III. Total cross section and 3o upper bounds on If6 I
.

Process

yy~ WW
A. =A, '=O, P, =P,'=0

yy —+ WW
A, =A.'= —1/2, P, =P,'=1

&s
(TeV)

0.5
1

2
0.5

1

2

~ ano

1.8
3.8
10.7
2.1

6.3
16.5

Luminosity

20
100
100
20
100
100

Upper bound

If, I'

1.7x 10-'
0.3x10-'
0. 1X10
1.4x10-'
0.2X 10
0.09x 10-'

shown in Table III would improve with a cut on cos8
since such a cut reduces the standard cross section which
is very forward peaked while affecting much less the
anomalous one. At 500 GeV the effect of a cut is margin-
al while at TeV a cut cosOI (0.8 improves the limit on
Ifsl'by 25%.

doe= —(o»+o r) and do 3=—(o» o r)

where

(32)

the X axis corresponds to the polarization axis of the ini-
tial laser photons and

V. TESTING ANOMALOUS COUPLINGS IN ey ~ 8'v
and

o»=&(ey~Wv) with e =(0, 1,0, 0) (33)

We now turn to the ey~ Wv process. Again, we will
consider two polarizations of the photon: transverse and
circular.

A. Transverse polarization

We assume that the experimental setup is such that
only Coo and C30 are nonzero. In this transverse basis,

I

o „=o(ey~ Wv) with er =(0,0, 1,0) . (34)

Upon summation over the polarizations of the W bo-
son and integration over cos6}, we obtain the following ex-
pression for the angular distribution in P, the azimuthal
angle of the W relative to the direction of the electron
beam:

X

d(t

CE

32 sin es,5(1—5)
145 —385 +325 +(85 —245 +325)(1—5)ln(1 —5)

+cos2gs 45(1—5) [45+(4—25)ln(1 —5)]+ [35 —55 —45(1—5)ln(1 —5)
Ifsl'

4 1—
+4 cos2$ s (1—5)[25+(2—5)ln(1 —5) ]]+g(fs )[125 —245 + 165+(85 —165+ 16)(1—5)ln(1 —5)

+cos2$s (165 —285 +165+(85 —205+16)(1—5)ln(1 —5))] (35)

where 5= 1 —M11,/s. The substitution cos2$~ —cos2$ and 2(fs )~ 2(fs ) allow—s one to go from
do»/dP~do r/dP. It is a straightforward exercise to show that this unpolarized cross section [i.e., —,(o»+o r)]
agrees with the known result

2

o(ey~Wv, )=
3 2 [8z +2z +4z —14—(16z +8z —8)ln(z)],

8z M~ sin 0~
(36)

where, as before, z=Ms, /s=1 —5 and the other con-
stants are standard.

The main features of the process under consideration
are that upon summation over the polarizations of the
outgoing W-boson, the terms that depend on 8(fs) can-
cel exactly and that the radiation amplitude zero (the
vanishing of the standard amplitude in the forward direc-
tion) is spoiled by the

I fs I term, as can be seen from Eqs.
(B7)—(B9). If one were to measure the polarization of the
outgoing W boson, the dependence on A(fs) would be
retained. The radiation amplitude zero (RAZ) however is
more difBcult to exploit because it is the distribution of
the W boson in the center of mass frame that contains
this information and not its decay products. It has been

J(fs )[f+g cos2$ ]— (37)

and similarly for do r. Both Eqs. (16) and (32) can be
used to obtain the angular distribution after integrating
over the photon spectrum. Using Eqs. (9) and (10} the

shown previously, albeit in a slightly different context,
that such a RAZ is washed out when one considers the
complete decay chain and appropriate backgrounds [15].

Using these expressions, we can calculate the asym-
metry defined earlier that is sensitive to cos2$. To have a
more compact notation, Eq. (35) is first rewritten as

l&g
dP

= [a +b cos2$]+ If6 I [d +e cos2$]
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TABLE IV. Asymmetry with transversely polarized photons beams and 3o. upper bounds on J(f 6).

Process

ey~ 8'v

(TeV)

0.5
0.5
1.0
2.0

A+

0.322J(f, )

0.3222(f(, )

0.304J(f, )

0.295J(f, )

20
100
100
100

Upper bound

J(f6)

2.4X10 '
1.1X10-
1.0X10-
9.6X10- -'

asymmetry 3 + is easily computed:

1 J(f6)gpp+b3p+If6l e3p

«m+ f6I'doo —&(fs)fop
(38)

where we have included the 00 and 30 indices to explicit-
ly indicate that integration over the photon spectrum is
included. The main features of this asymmetry are that
the coefficients aoo, doo, and goo are much larger than the
coefficients b3p e3p and f3p In the standard model, this
asymmetry is unmeasurably small, —1. 1 X 10 at
&s =500 GeV with a statistical error of +5.8X10 at
100 fb '. These figures become —9.7 X 10 and
+5X10 at 1 TeV and 100 fb '. Even the addition of
the

l f6l =1 term increases the asymmetry by 50%,' still
unmeasurable. In setting a bound on 2(f6), we then feel
justified to drop the

l f6l term in the denominator and
write, approximately,

As we can see in Table V, a high energy beam is prefer-
able for this observable although the level of precision is
only =10 ' for %(f6). One could use the total cross-
section to set a bound on l f6l and then the asymmetry
(with the

lf6 term set to 0 in the denominator) to set a
bound on J(fs) independently Ad.mittedly, a complete
two-parameter analysis with y methods would be more
appropriate but we would expect that the bounds ob-
tained from such an analysis would be similar to the
bounds obtained in our one-parameter analysis; our re-
sults represent the best limits one could reach.

Considering Eqs. (B7)—(B9) one sees that the SM con-
tribution to this process peaks in the backward direction
(i.e., in the direction of the incoming photon). The left
and right anomalous contributions to the cross section
have similar angular distributions while the longitudinal
anomalous contribution has a constant term. It is clear
then, that imposing a cut on cos0 would increase the sen-
sitivity to the anomalous term. However, this angle is
not well defined in the laboratory frame since we are deal-
ing with a photon beam of broad spectrum.

1 J'(f6)goo

aoo
(39) B. Circular polarization

doo
rr,., =rr, t(1+A „ lf6 )=2ma~ 1+ lf6l

a
(40)

The bounds obtained on gf6) are listed in Table IV. We
see clearly that an intense beam is much more advanta-
geous than a beam at high energy at least with this kind
of analysis which includes only statistical errors.

We also considered the total cross-section in the limit
where J(f6)=0. This allows us to put constraints on

l f6 . As before, we define

do p= —,(~s +o I, ) and drri= —,(0 g (41)

where 0'~ (L) are the cross sections with right-
(left-)handed photons. As before, we sum over the polar-
ization of the 8'boson. After integration over cosO we
obtain the cross sections

Here we assume that the experimental set-up is such
that only Coo and C20 are nonzero. In this longitudinal
basis,

TABLE V. Total cross sections with transversely polarized beams and 3a. upper bounds on lf6 l
.

Process

ey~ 8'v

(Tev3

0.5
0.5
1.0
2.0

+ ano

3.8
3.8
18
73

jZdr
(fb '3

20
100
100
100

Upper bound

2. 1X 10-'
1.4X10- '

6.3 X10-'-
6.6X 10--
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2

[105 —385 +325—(32—245+45 )(1—5)ln(1 —5)
4s sin'e~ (1—5)

If61'
[5(2—5)+ln(1 —5)]+2(f6 )4[(35—25 )+(3—5)(1—5)ln(1 —5) ] ] (42)

and

~a 1 If6
I'

&R = 45[5+(1—5)ln(1 —5)][5—g f&)]+ [25+(2—45)ln(1 —5)]
csin 6)a 1

6 4
(43)

~R +~L ~R ~L
+LR

2
Coo+ C20

2

where C20 is defined with A,,=
—,', P, =0. The left-right

asymmetry is then defined as

rrR f dV(oL —&R )C20
AL]t =

VL+PR f dV(&L, +SR )Coo
(44)

It is clear that this asymmetry will not vanish in the SM,
since the cross section for left- and right-handed photons
differ.

In order to evaluate the bounds that can be derived for
both

If0 I and 2(f 6), we write a typical cross section as

cr L
=O'L +J(fs )rr L +

If$ I
CT L (45)

We assume that any deviation from the expectation
values of the SM is due to either f6I or g fs). It is
then straightforward to reach the following expression
for the upper limit of

If6 I:

The well-known result for unpolarized cross section

[—,'(o L+o R )] is easily recovered from these and was also

checked numerically. These results also agree with the
ones of Baur and Zeppenfeld [16] at the helicity ampli-
tude level.

Experimentally, one has control over the average heli-

city of the initial electron and the helicity of the initial
laser photon. To measure, for the full process, the asym-
metry defined in Eq. (8), two different polarizations setups
will be needed. For example, we consider A,, = —

—,
' and

P, =0 which gives ( gz ) + 0 over the whole energy range
of the photon and A,, =

—,
' and P, =0 which gives ( (2) + 0

also over the whole energy range of the photon. We call
these states o L and o R, respectively. Using Eq. (16) one
obtains

( ~LR ~LR —)Coo(+L++R ) (+L +R )C20Ifsl'=—
( ~LR +~LR ) 00(+L++R ) (+L +R ) 20

(46)

where b,LR is the error on ALR. A similar result holds
for S(f s ) with o L R ~o L R. When considering the cross
sections with a given laser photon polarization indepen-
dently, the limit on Ifs I

is given by

2b I
lfsl'

( V R +VL )Coo (V R
—V L )C20

(47)

or

26R

(o R+trL )Coo+(o R
—o L )C20

where bL~RI is the error on o L(PR ). Similar expressions
are obtained for 2(f6). The limits on f6 and S(fs) de-
rived with this method are given in Tables VI and VII.
Slightly better limits are obtained from the polarized
cross section than from the asymmetry. In an experimen-
tal situation, the asymmetry might still be better because
of lower systematics.

Again, considering Eqs. (B5) and (B6) one sees that a
cut on cos8 could improve the sensitivity to anomalous
couplings. Since our c.m. is not well defined, the sensi-

tivity in a concrete experiment would be degraded.

VI. DISCUSSION

The results of the previous sections show that when

taking into account only statistical errors, the sensitivity
of yy —+F+F and ey —+Fv to the CP-violating cou-
pling are typically 10 for S(f6) and 10 2 for %(fs).
The calculations clearly show that a precise knowledge of

TABLE VI. 3cr limits on
I f6I from cross sections and asymmetry with circularly polarized photons

in ey~ JYv, .

&s
(Tev)

0.5
0.5
1.0
2.0

20
100
100
100

from oz

4.6x10-'
3.0x10-'
2.8x 10-'
2.4X 10

from crL

5.2X 10
3.4x 10-'
3.0x 10-'
2.6X 10

fr om ALg

3.6X 10
2.4x10-'
2.4X 10
2.3 X 10
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TABLE VII. 3rr limits on I(f, ) from cross sections and asymmetry with circularly polarized pho-
tons in ey~ 8'v, .

(Tev)

0.5
0.5
1.0
2.0

fÃdr
(fb ')

20
100
100
100

3.4X 10
1.5x10 '
1.4X 10
1.3X10

I(f6)
from c7L

2.2x10 -'

9.4X 10
8. 8 X 10
8.4X 10

I(f6)
from ALz

2 3X10--2
1 OX10

—2

9.6x10--'
9.8X 10

the photon spectrum is very important in trying to assess
the sensitivity of a particular process to an anomalous
coupling. Both the cross section and the polarization
state of the back-scattered photon will depend on that
spectrum. A complete study with detector simulations
should therefore include all these variables. The results
given here represent the best limits that could be ob-
tained with both a precise knowledge of the spectrum and
the full identification of the final state. Other effects such
as beamstrahlung have not been taken into account be-
cause they are very much machine dependent and ac-
celerator physicists are seriously discussing the possibility
of getting rid completely of beamstrahlung.

For the two processes considered, high-energy beams
are preferable when measuring observables dependent on

~fs ~, due to the rapid growth of the anomalous cross sec-
tion with energy. This applies in particular to CP-even
observables such as the total cross section in yy col-
lisions and to the determination of the real part of f6 in

ey using transversely polarized beams (possible only by
measuring

~ fs ~
). On the other hand, it is advantageous

to achieve a high luminosity to determine 2(f6 ) in e y
colliders or to measure a CP-odd observable in yy. For
the latter, the precision on both R(f6 ) and 2(f6 ) in-

creases somewhat with the energy of the collider until 1

TeV, but the gain in precision is marginal compared to a
gain due to an increase in luminosity. However, one
should keep in mind that an increase in luminosity is very
useful inasmuch as only the statistical error is concerned.
Even with 20 fb ', the processes we have studied will be
statistics limited since the limits we have quoted corre-
spond to an error better than 1%. With a 2% systematic
error at 1 TeV, the best limit on 2(f 6) and R(f6) would

go up to 10 and 10 ', respectively, with no angular
cuts. Only the limit on %(f&) could improve with judi-
cious cuts on cos0 or pz of the W.

Throughout this discussion we have concentrated on a
gauge boson final state. Clearly, these gauge bosons will

decay well within the detector and one should consider a
full decay chain in order to have a complete picture. In
the case of ey~8 v„previous work where the non-
resonant backgrounds were taken into account has shown
that one could loose a factor of 2 —5 in sensitivity to an
anomalous coupling [1S]. Clearly, when dealing with the
hadronic decay mode of the W boson, an invariant mass
close to M~ greatly reduces the background. Consider-
ing the full decay chain also makes the cuts on cos6 1ess
eC'ective: the cuts are clearly effective when imposed in
the c.m. frame on the W boson. This would require very

good reconstruction of the jets in order to get to the 8'
boson but the missing neutrino means that we cannot get
to the c.m. frame; thereby degrading the effectiveness of
the cut.

In the case of yy~ WW, the hadronic decay channels
are a bit confusing because one has four jets to work
with. One could think of requiring two jets relatively
close to each other in one hemisphere (these would come
from a fast W) and no cut on the other two jets (these
could come from a fast or a slow W). Presumably, such
techniques could allow almost complete reconstruction of
the hadronic decay channels. One leptonic and one ha-
dronic decay channel is also a nice signal. A potential
background to these signals is pair production of heavy
quarks that then decay into hadrons and leptons. Likely,
requiring a large invariant mass on the jets would reduce
this background almost to zero. Two leptonic decay
channels can lead to some confusion when one considers
the v-pair production followed by its decay into lighter
leptons. There is a relatively simple way out of this back-
ground though. It has been shown [17] that requiring a
large invariant mass for the pair of charged leptons will
not reduce much the signal while it will completely des-
troy this type of background. We then expect that these
techniques will lead to a clear signal. In both modes, the
very clean environment of an e+e collider is a definite
advantage.

The bounds we have obtained using direct measure-
ments of the triple vector bosons vertex are comparable
to indirect ones from electron EDM. They are also corn-
parable to those that can be reached in some particular
extensions [g] of the SM. The physics potential of a high
energy and high luminosity e+e collider used in the ey
or yy mode is then very relevant to probe models beyond
the SM that try to accommodate the phenomenon of CI'
violation.
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APPENDIX A

The formulas for the helicity amplitudes for the pro-
cess y(k", , A. , )y(kz, l2)~8' (q, , A, )W+(qz, l4) are list-
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ed here. The spinor technique used is explained in a
number of publications [18]. The incoming photons are
taken to be along the z axis while 8 and P define the solid
angle for the 8'

k~)2= (1;0,0, +1}1,2

ef 2=(0, +1,0,0), ef 2=(0,0, 1,0} (A3)

for photons 1 and 2, respectively, and where the X axis is
defined by the polarization vector of photon 1. The heli-
city basis vectors are related to the above by

tors of the photons are chosen as follows in a Cartesian
basis:

and

q", 2
= (1;+Psin8cosg,

v's
1,2

e"
, i—e~

i L i

v'2 (A4)

+P sin8 sing, +P cos8), (A2)

where P=&1—4z and z=m~/s. The polarization vec-

where A, =+1 refers to the two helicity states of photon i.
For the gauge bosons the transverse polarization vectors
are defined as

—(0, —A. 3 cos8 cosp i sin—p, —
A, 3 cos8 sing+ i cosp, A, 3 sin8 ),W (A5)

&~+ = —(0,A4co.8sc os/ i si—np, A4 cos8 sing+ i cosp, —
A4 sin8),w (A6}

where A, A4=+1 denote the helicities of the transverse 8' and W, respectively. The longitudinal polarization vec-
tors are

1—(j8, +sin8 cosP, +sin8 sing, kcos8) .w, w 2 z

The helicity amplitudes are written as

e 2M'~J
Ar3 y Ar4

M~~~ =
4 1 Pz cos28

(A7)

(A8)

where i,j =x,y refers to the photon polarization vectors in the Cartesian basis. With these conventions, the helicity
amplitudes for both photons polarized in the same direction are given by

M»» =gz +2(1+4z)sin~8 cos2$ — [4z+sin 8[2—6z —(1+2z)cos2$]],f6
4z

(A9)

M»» = —4v'2z sin8(A, cos8cos2$+i sin2$)+ f6 sin8[ —A3sin2$+i cos8( —1+cos2$)]
A,3,0 3

2

+ sin8[2A, cos8[1—2z —(1+2z)cos2$] i (3 p— cos—8)sin2$], (A10)

M z =M»z»o(A3~A4, cos8~ —cos8, sin8~ —sin8),

M =2(1+A3A4)[1—2z(1+sin 8cos2$)]—(1—A3A4)(1+cos 8}cos2$
3 4

(A 1 1)

2

2i(A3 A4—)cos8sin—2$+if6P(A3+A4)(1+cos 8+sin Hcos2$)+ [
—(1+A3A4)g(z, 8)+4A3A4z sin 8

—[(1—A3A4)g(z, 8)+12A3A4z sin 8]cos2$—i(A3 —A4)g(z, 8)cos8sin2$] . (A12)

When both photon polarizations are orthogonal, the helicity amplitudes are simply given by

f62

Moo = —2 sinz8 (1+4z)sin2$+ (1+2z)sin2$ +f6 sin 8+41 —4z. 2

8z z
(A13)

f, sine
Mz o

= —4&2z sin8[ —
A3 cos8 sin2$+i cos2$] — —[A3 cos8(1 4z}+A3Pco—s2$+iP cos8 sin2$]

f6 sinO
[i [2P cos8+ (3—P cos 8)cos2$] —2A3(1+2z}cos8sin2$],

4&2z

M~& =M& 0(A3~A4, cos8~ —cos8, sin8~ —sin8),
4 3

(A14}

(A15}
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Mi i = —2& [(&3+&q)P+ (A3 —k~)cos8 cos2$]+ [(1—A3Az)(1+ cos 8)+4z(1+1i3A~)sin~6]sin2$

+f6[ —i(A, , +A~)Psin 6sin2$+2(1+A3A~)] — ( —[(1—XP~)g(z, 6)+12zA3A~ sin 6]sin2$
Z

+i [P(A3+A~)[1 —(1+4z)cos 8]—(A, ,—A~)g(z, 6)cos8cos2$] ), (A16)

where g (z, 8) =sin 8(1—4z)+12z. The helicity amplitudes for other photon polarizations are simply related to these:

M +=M (sin2$ —+ —sin2$, cos2$~ —cos2$),
Mrr= —Mzx(sin2$~ —sin2$, cos2$~ —cos2$) .

(A17)

(A18)

The amplitudes in the helicity basis can easily be obtained from the above using Eq. (A4) which relate the two se«of
polarization vectors in the limit $~0:

M 1' 2 1(g g Mxx+ig MxY+ig M Yx M YY) (A19)

which leads to the amplitudes (keeping terms in f6 only)

M~ '=(1+A, ,Ai)4z —(1—
A, ,iz)(1+4z)sin 8+i (sin 8+4zcos 8)(A, , +A~),

2z
(A20)

Mi'0' =2&2z sin8[(A, ,
—A z)+ A3(1 —

A, , i&)cos8] i ——[2P cos8 —4A3 cos8z(k, i+ A i)+ (A. ,
—Az)A3(P+ cos8) ],

3
i 2 3 i 2

(A21)

Moi =Mi o (A3~i~, cos8~ —cos8, sin8~ —sin8)
4 3

Mi'i' =(A3+Aq)P(A, , +A~)+(A3 —X~)cos8(A. ,
—A~)+(1+A, ,Ai)(1+A, ,A~)(1 —2z)

(A22)

+ —,'(1 —
A, ,Az)[(1 —A3A~)(1+cos 8)+4z sin 8(1+A3A~)]+if6[()L3+A&)P(cos 6+AiAz)+(A, , +A~)(1+A3A~)] .

(A23)

Using these formulas, and after summation over the polarizations of the W's and integration over the angle 0 we get the
different asymmetries and cross sections mentioned in the text.

APPENDIX B

We now give some details on the equations in the ey~ 8'v, process. These were also obtained using a spinor tech-
nique [18]. The four-momentum and polarization vectors of the W boson are defined as

Qs =(Es„Ps sin8cosP, Pa, sin8sinP, Pa, cos8)

and

and

e'~s =(Ps„Ea,sin8 cosP, E~ si 8nsim P, E csos8 )/M~ (B2)

eii, =(0, cos6 csoP i Aiv sing—, cos, 8 sing+ iA, ii, cosP, —sin8)/V2, (B3)

where k~ is the helicity of the Wboson.
In the process ey~ Wv„ the angle 0 is defined as the angle of the W boson with respect to the initial electron. In

this two-body process, the energy and momentum of the W boson are given by

s+M~
+W — W

2&s

&
—~w
2&s

(84)

In doing an experiment one might want to impose some cuts on the 0 distribution of the W boson; this might even
improve the bounds we obtained on the anomalous couplings. The equations we listed in the text do not allow this
since we integrated over 0 in order to have a boost-invariant expression for the cross section; this simplified the integra-
tion over the photon spectrum. We will now give our results before the integration over 0 is performed.

In the process ey~ Wv, we obtain
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«L. trtz 5 1 Y[5Y+2(1—5)]'+ [——,'5 Y +5'Y+4(1—5)]
4s sin 8 (2—5Y) 4(1—5)

+22(f6)Y[5Y+2(1—5)] (B5)

'45 Y—S(f )45Y+ [2(1—5)Y—'Y+2] ',
4s sin'8 (2—5Y)' ' 2(1—5)

(B6)

where Y= 1 —cos8. For transversely polarized photons we will give the three different polarization states of the 8'bo-
son in order to show how the J7(f6) term enters. The index attached to the matrix element refers to the polarization of

the 8'boson:

IMI' =' ' 1+
2 4

—$(f6) 'I3, (B7)

e2 25
IMI~= It[4—85+85 ]—Iz[4—85+45 ]+I3(1—5)z

2

+cos2$[I, (45 —85)—I2(45 —45) ]+ [I3 4I2+ 8I—
&
+cos2$(8I

&
4Iz )]—I fs I'

—S(fs ) I I3(1—5)+It(45 —8)+I
&
8(1—5)+cos2$[I2(45 —6)+I

&
8(1—5) ] ]

2% (fs )si—n2$( 2I
&

Iz
)— (B8)

IM I

= (4I2 —2I3)(1—5)+ [4Io—2It+ ( I/2)(2 —5) (2Iz I3)—
—cos2$(2 —5)(4I, —2I2) ] 2(fs )[(2——5)(2I2 I3 )

—cos2$—(4I, —
2I2 ) ]+2%(fs )sin2$(2I, Iz)—

(B9)

where I„=[Y"/(2 —5Y) ]. Recall that cosg~sing and a sign change in front of the real and imaginary parts of fs al-
lows one to go from the X polarization to the F polarization state of the photon. These equations now allow one to use
the angular distribution of the W.
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