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Probing CP violation in gg˜W1W2 with polarized photon beams
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~Received 22 May 1996!

We demonstrate in a general framework that polarized photons by backscattered laser beams of adjustable
frequencies at a TeV lineare1e2 collider provide us with a very efficient mechanism to probeCP violation
in two-photon collisions.CP violation in the processgg→W1W2 is investigated in detail with linearly
polarized photon beams. There are two usefulCP-odd asymmetries that do not require detailed information on
W decay products. The sensitivity to theCP-odd form factors are studied quantitatively by assuming a perfect
e-g conversion and the 20 fb21 e1e2 integrated luminosity at thee1e2 c.m. energiesAs50.5 and 1.0 TeV.
The sensitivity is so high that such experiments will allow us to probe newCP violation effects beyond the
limits from some specific models with reasonable physics assumptions. We find that a counting experiment of
W1W2 events in the two-photon mode with adjustable laser frequencies can have much stronger sensitivity to
theCP-odd g(g)WW form factors than can aW1W2 decay-correlation experiment with a perfect detector
achieve in thee1e2 mode.@S0556-2821~96!05121-1#

PACS number~s!: 14.70.Bh, 13.88.1e, 14.70.Hp
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I. INTRODUCTION

Even though the standard model~SM! has been successfu
in explaining all the experimental data up to date, it is b
lieved that the SM is merely an effective theory valid at an
below the weak scale and that new physics beyond the S
should appear at higher energies. We may expect to find n
physics beyond the SM at high precision experiments
quantities, whose SM values are suppressed. An interes
class of quantities, where the SM contributions are strong
suppressed, are those withCP violation. In the SM,CP
violation stems from the complex phase of the Kobayas
Maskawa ~KM ! quark-mixing matrix @1# and the size of
CP violation is often extremely small. In contrast, variou
new physics scenarios onCP violation lead to comparatively
largeCP violation @2#. Any observableCP-odd violations
should, hence, be a good direct means to look for new ph
ics effects.

The next generation ofe1e2 colliders @3# will offer in-
teresting possibilities for studying physics of the heavyH,
t-quark, and theW bosons either in thee1e2 mode or in the
gg mode. Linear collider physics in thee1e2 mode has
been studied intensively for the past decade. Recently, it
become clear that thegg mode~as well as theeg mode! @4#
can provide a good complement to experiments in t
e1e2 mode. For instance, it has been shown that thegg
mode has a unique advantage in the determination of
Higgs-two-photon coupling@5# and itsCP properties@6#.
Pair production of the top-quark@7# and theW boson@8,9# in
thegg mode also has been studied as probes ofCP violation
in physics beyond the SM. Most works@7,8# have concen-
trated on the use of the spin correlations of the pair-produc
top-quarks and theW bosons, which require detailed study o
their decay products. Recently, it has been pointed out@10#
that the ~linearly! polarized photon beams can provide u
with very powerful tests of the top-quark electric dipole mo
540556-2821/96/54~11!/6703~14!/$10.00
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ment ~EDM! without any information on thet t̄ decay pat-
terns. Use of thegg mode with linearly polarized photon
beams for studying CP violations in the process
gg→W1W2 also has been considered by Be´langer and
Couture@9#.

In the present work, we demonstrate in a rather gene
framework that polarized photons by backscattered las
beams of adjustable frequencies provide us with a very e
cient mechanism to probeCP violation in the two-photon
mode. We then give an extensive investigation of the pos
bility of probingCP violation with ~linearly! polarized pho-
ton beams in the processgg→W1W2. We extend in a sys-
tematic way the previous work@9# so as to cover an arbitrary
angle between polarization directions of two photon beam
and an arbitrary laser beam frequency. We find, in particul
that adjusting the laser beam frequency is essential to o
mizing the sensitivity toCP violation phenomena. Further-
more, we study effects of all the possible dimension-s
CP-odd operators composed of the Higgs doublet and t
electroweak gauge bosons.

The W1W2 production in thegg mode has several
unique features in contrast to that in thee1e2 mode,
e1e2→W1W2. In the e1e2 mode, a pair ofW’s are pro-
duced via an annihilation of the collidinge2 ande1, where
the electronic chirality should be preserved along the ele
tron line @11# due to the very small electron mass in the SM
This forces the positron helicity to be opposite to the electr
helicity such that the initiale1e2 configuration is always
CP even. On the contrary, there exists no apparent helic
selection mechanism in thegg production ofW1W2. This
feature makes anyCP-odd gg configuration in the initial
state a good probe ofCP violation in the two-photon mode.

The processgg→W1W2, which is characterized by the
angle between theW1 momentum and theg momentum in
the c.m. frame, and the helicities of the particles, isC, P, and
6703 © 1996 The American Physical Society
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CP self-conjugate, when the particle helicities are averag
over. For this reason, the helicities~but not all of them! need
to be determined or analyzed statistically to observe vio
tions of these discrete symmetries. One can take two
proaches in analyzing the processgg→W1W2. One ap-
proach makes use of the spin correlations of the tw
decayingW bosons that can be measured by studying cor
lations in theW1W2 decay-product system, (qq̄8)( l n̄) or
( l̄n)( l n̄). The other method is to employ polarized photo
beams to measure various polarization asymmetries of
initial states. Note that in thee1e2 mode, only the former
method, the spin correlations of final decay products,
available. The two-photon mode allows us to combine t
two methods. The use of the former technique in the tw
photon collisions is essentially the same as that ine1e2

collisions@12–14# with one crucial difference; ine1e2 col-
lisions the spin of theW1W2 system is restricted toJ>1,
while in gg collisions,J50 is allowed. For a specific final
state such asW1W2 and t t̄, the two-photon cross section is
larger than the correspondinge1e2 cross section. Espe-
cially, theW pair cross section in the two-photon mode
much larger than that in thee1e2 mode because thegg
mode has contributions from theJ50 channel near threshold
and at-channelW boson exchange. Moreover, it is easy t
produce ~linearly! polarized photon beams through th
Compton backscattering of polarized laser-light off the initi
electron or positron beams. Hence, thegg mode of future
linear colliders provides some unique opportunities to pro
CP violation.

In Sec. II we describe in a general framework how th
photon polarization in the two-photon mode can be em
ployed to studyCP and CPT̃ invariances. HereT̃ is the
so-called naive-time-reversal operation which reverses
signs of the three momenta and spin of all particles, but do
not reverse the direction of the flow of time. The notation
introduced in Ref.@12#. Assuming that two-photon beams
are purely linearly polarized in the collidinggg c.m. frame,
we construct twoCP-odd and CPT̃-even asymmetries
which allow us to probeCP violation without any direct
information on the momenta and polarization of the fina
state particles. All that we have to do is to count the numb
of signal events for a specific polarization configuration
the initial two photons. In Sec. III we give a short review o
a mechanism of producing highly energetic photons, t
Compton backscattering of laser photons off the electron
positron beam@15#, and we introduce two functions tha
measure the partial transfers of the linear polarization fro
the laser beams to the Compton backscattered photon bea
We then investigate in detail which parameters are crucial
optimize the observation ofCP violation with linearly po-
larized laser beams.

In Sec. IV we study consequences ofCP-violating new
interactions in the bosonic sector of the SM, by adopting
model-independent approach, where we allow all s
dimension-six operators of the electroweak gauge boso
and the Higgs doublet that areCP odd @16#. We identify all
the vertices and present the Feynman rules relevant for
processgg→W1W2. In Sec. V, including all the new con-
tributions, we present the helicity amplitudes of th
gg→W1W2 reaction. Folding with the effective two-
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photon energy spectrum, we then estimate the size of the tw
CP-odd asymmetries for a set ofCP-odd operator coeffi-
cients. In Sec. VI we present the 1-s sensitivities to the
CP-odd parameters by assuming a perfecte-g conversion in
the Compton backscattering mechanism for ane1e2 inte-
grated luminosity of 20 fb21. We then compare the sensi-
tivities in the two-photon mode with those in thee1e2 mode
under the same luminosity and c.m. energy, by restricting
ourselves to theW EDM and theW magnetic quadrapole
moment~MQD!. Finally, in Sec. VII we summarize our find-
ings and give conclusions.

II. PHOTON POLARIZATION

In this section we fix our notation to describe in a genera
framework how photon polarization can provide us with an
efficient mechanism to probeCP andCPT̃ invariances in
the two-photon mode. With purely linearly polarized photon
beams, we classify all the distributions according to their
CP andCPT̃ properties. Then, we show explicitly how lin-
early polarized photon beams allow us to construct two
CP-odd andCPT̃-even asymmetries, which do not require
detailed information on the momenta and polarization of the
final-state particles.

A. Formalism

A photon should be polarized transversely. For the photo
momentum in the positivez direction, the helicity-61 polar-
ization vectors are given by

u6&57
1

A2
~0,1,6 i ,0!. ~2.1!

Generally, a purely polarized photon beam state is a linea
combination of two helicity states and the photon polariza
tion vector can be expressed in terms of two anglesa and
f in a given coordinate system as

ua,f&52cos~a!e2 ifu1&1sin~a!eifu2&, ~2.2!

where 0<a<p/2 and 0<f<2p. Then, the 232 photon
density matrixr @15,17# in the helicity basis$u1&,u2&% is
given by

r[ua,f&^a,fu5
1

2 S 11cos~2a! 2sin~2a!e2if

2sin~2a!e22if 12cos~2a!
D .
~2.3!

It is easy to read from Eq.~2.3! that the degrees of circular
and linear polarization are, respectively,

j5cos~2a!, h5sin~2a!, ~2.4!

and the direction of maximal linear polarization is denoted
by the azimuthal anglef in the given coordinate system.
Note thatj21h251 as expected for a purely polarized pho-
ton. For a partially polarized photon beam, it is necessary t
rescalej andh by its degree of polarizationP (0<P<1) as

j5Pcos~2a!, h5Psin~2a!, ~2.5!
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such thatj21h25P2.
Let us now consider the two-photon system in the cent

of-mass frame, where one photon momentum is along
positivez direction. The state vector of the two photons is

ua1 ,f1 ;a2 ,f2&5ua1 ,f1&ua2 ,2f2&

5cos~a1!cos~a2!e
2 i ~f12f2!u11&

2cos~a1!sin~a2!e
2 i ~f11f2!u12&

2sin~a1!cos~a2!e
i ~f11f2!u21&

1sin~a1!sin~a2!e
i ~f12f2!u22&,

~2.6!

FIG. 1. The coordinate system in the collidinggg c.m. frame.
The scattering angleu and the azimuthal anglesf1 andf2 for the
linear polarization directions measured from the scattering plane
given.
er-
the

and then the transition amplitude from the polarized two-
photon state to a final stateX in the two-photon c.m. frame is
simply given by

^XuM ua1 ,f1 ;a2 ,f2&. ~2.7!

The azimuthal anglesf1 andf2 are the directions of maxi-
mal linear polarization of the two photons, respectively, in a
common coordinate system~see Fig. 1!. In the process
gg→W1W2, the scattering plane is taken to be thex-z
plane in the actual calculation of the helicity amplitudes. The
maximal linear polarization angles are then chosen as fol-
lows. The anglef1 (f2) is the azimuthal angle of the maxi-
mal linear polarization of the photon beam, whose momen-
tum is in the positive~negative! z direction, with respect to
the direction of theW1 momentum. Note that we have used
ua2 ,2f2& in Eq. ~2.6! for the photon whose momentum is
along the negativez direction in order to employ a common
coordinate system for the two-photon system.

For later convenience, we introduce the abbreviation

Ml1l2
5^XuM ul1l2&, ~2.8!

and two angular variables:

x5f12f2 , f5f11f2 , ~2.9!

where22p<x<2p and 0<f<4p for a fixedx. It should
be noted that~i! the azimuthal angle differencex is indepen-
dent of the final state, while the azimuthal angle sumf de-
pends on the scattering plane, and~ii ! both angles are invari-
ant with respect to the Lorentz boost along the two-photon
beam direction.

It is now straightforward to obtain the angular dependence
of thegg→X cross section on the initial beam polarizations

are
wo
S~j,j̄;h,h̄;x,f![(
X

u^XuM uj,j̄;h,h̄;x,f&u25
1

4(X ~ uM11u21uM12u21uM21u21uM22u2!

1
j

4(X ~ uM11u21uM12u22uM21u22uM22u2!1
j̄

4(X ~ uM11u22uM12u21uM21u22uM22u2!

1
jj̄

4 (
X

~ uM11u22uM12u22uM21u21uM22u2!2
h

2
ReFe2 i ~x1f!(

X
~M11M21* 1M12M22* !G

2
h̄

2
ReFe2 i ~x2f!(

X
~M11M12* 1M21M22* !G2

hj̄

2
ReFe2 i ~x1f!(

X
~M11M21* 2M12M22* !G

2
h̄j

2
ReFe2 i ~x2f!(

X
~M11M12* 2M21M22* !G1

hh̄

2
ReFe22if(

X
~M12M21* !1e22ix

3(
X

~M11M22* !G , ~2.10!

where the summation overX is for the polarizations of the final states, and (j,j̄) denote the degrees of circular polarization
and (h,h̄) denote those of linear polarization of the two initial photon beams, respectively. They are expressed in terms of t
parametersa1 anda2 by

j5Pcos~2a1!, j̄5 P̄cos~2a2!,

h5Psin~2a1!, h̄5 P̄sin~2a2!, ~2.11!
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whereP and P̄ (0<P,P̄<1) are the polarization degrees of the two colliding photons.
It is easy to check that there are sixteen independent terms, which are all measurable in polarized two-photon collision

find that purely linearly polarized photon beams allow us to determine nine terms among all the sixteen terms, while p
circularly polarized photon beams allow us to determine only four terms. The first term in Eq.~2.10!, which corresponds to the
unpolarized cross section, is determined in both cases. However, both circular and linear polarizations are needed to det
the remaining four terms.

Even though we obtain more information with both circularly and linearly polarized beams, we study in this paper ma
the case, where two photons are linearly polarized, but not circularly polarized. The expression of the angular dependenc
simplifies greatly to

D~h,h̄;x,f!5Sunpol2
1
2Re@~he2 if1h̄eif!e2 ixS02#1 1

2Re@~he2 if2h̄eif!e2 ixD02#1hh̄Re@e22ifS221e22ixS00#,
~2.12a!

5Sunpol2
1
2 @hcos~f1x!1h̄cos~f2x!#R~S02!1 1

2 @hsin~f1x!2h̄sin~f2x!#I~S02!2 1
2 @hcos~f1x!

2h̄cos~f2x!#R~D02!1 1
2 @hsin~f1x!1h̄sin~f2x!#I~D02!1hh̄cos~2f!R~S22!1hh̄sin~2f!I~S22!

1hh̄cos~2x!R~S00!1hh̄sin~2x!I~S00!, ~2.12b!
whereR andI are for real and imaginary parts, respectivel
and the invariant functions are defined as

Sunpol5
1

4(X ~ uM11u21uM12u21uM21u21uM22u2!,

S025
1

2(X @M11~M12* 1M21* !1~M121M21!M22* #,

D025
1

2(X @M11~M12* 2M21* !2~M122M21!M22* #,

S225
1

2(X ~M12M21* !, S005
1

2(X ~M11M22* !,

~2.13!

with the subscripts 0 and 2 representing the magnitude of
sum of the helicities of the initial two-photon system.

B. Symmetry properties

It is useful to classify the invariant functions according
their transformation properties under the discrete symm
tries,CP andCPT̃ @12#. We find thatCP invariance leads to
the relations

(
X

~Ml1l2
M

l
18l

28
* !5(

X
~M2l2 ,2l1

M
2l

28 ,2l
18

* !,

~2.14a!

ds~f,x;h,h̄ !5ds~f,2x;h̄,h!, ~2.14b!

and, if there are no absorptive parts in the amplitud
CPT̃ invariance leads to the relations

(
X

~Ml1l2
M

l
18l

28
* !5(

X
~M2l2 ,2l1

* M2l
28 ,2l

18
!,

~2.15a!

ds~f,x;h,h̄ !5ds~2f,x;h̄,h!. ~2.15b!
y,

the

to
e-

es,

The nine invariant functions in Eq.~2.12b! then can be
divided into four categories underCP andCPT̃: even-even,
even-odd, odd-even, and odd-odd terms as in Table I.
CP-odd coefficients measure directlyCP violation and
CPT̃-odd terms indicate rescattering effects~absorptive parts
in the scattering amplitudes!. Table I shows that there exist
threeCP-odd functions;I(S02), I(S00), andR(D02). Here,
R andI are for real and imaginary parts, respectively. While
the first two terms areCPT̃ even, the last termR(D02) is
CPT̃ odd. Since theCPT̃-odd termR(D02) requires the
absorptive part in the amplitude, it is generally expected to
be smaller in magnitude than theCPT̃-even terms. We,
therefore, study the twoCP-odd andCPT̃-even distribu-
tions,I(S02) andI(S00) @18#.

We can define twoCP-odd asymmetries from the two
distributions, I(S02) and I(S00). First, we note that the
S00 term does not depend on the azimuthal anglef, whereas
theS02 does. In order to improve the observability, we may
integrate theI(S02) term over the azimuthal anglef with an
appropriate weight function. Without any loss of generality,
we can takeh5h̄. Then, the quantityI(S00) in Eq. ~2.12b!
can be separated by taking the difference of the distributions
at x56p/4 and theI(S02) by taking the difference of the
distributions atx56p/2. As a result, we obtain two inte-
gratedCP-odd asymmetries,

TABLE I. CP andCPT̃ properties of the invariant functions
and the angular distributions.

CP CPT̃ Invariant functions Angular dependences

even even Sunpol

R(S02) hcos(f1x)1h̄cos(f2x)
R(S22) hh̄cos(2f)
R(S00) hh̄cos(2x)

even odd I(D02) hsin(f1x)1h̄sin(f2x)
I(S22) hh̄sin(2f)

odd even I(S02) hsin(f1x)2h̄sin(f2x)
I(S00) hh̄sin(2x)

odd odd R(D02) hcos(f1x)2h̄cos(f2x)
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Â025S 2p DI~S02!

Sunpol
, Â005

I~S00!

Sunpol
, ~2.16!

where the factor (2/p) in the Â02 stems from taking the
average over the azimuthal anglef with the weight function
sgn(cosf):

Â025

E
0

4p

df@sgn~cosf!#F S ds

df D
x5p/2

2S ds

df D
x52p/2

G
E
0

4p

dfF S ds

df D
x5p/2

1S ds

df D
x52p/2

G ,

~2.17a!

Â005

E
0

4p

dfF S ds

df D
x5p/4

2S ds

df D
x52p/4

G
E
0

4p

dfF S ds

df D
x5p/4

1S ds

df D
x52p/4

G .
~2.17b!

In pair production processes such asgg→W1W2, all the
distributions,S i , can be integrated over the scattering ang
u with a CP-even angular cut so as to testCP violation.

III. PHOTON LINEAR COLLIDER

In this section we give a short review of the powerfu
mechanism of providing an energetic, highly polarized ph
ton beam; the Compton laser backscattering@15# off ener-
getic electron or positron beams. After the review, we intr
duce two functions to describe partial linear polarizatio
transfer from the laser beams to the backscattered pho
beams for the photon-photon collisions.

We assume that the electron or positron beams are un
larized and the laser beams are purely linearly polarize
Even in that case, the backscattered photon beam is
purely linearly polarized, but only part of the laser linea
polarization is transferred to the backscattered energe
high-energy photon beam.

A. Photon spectrum

We consider the situation where a purely linearly pola
ized laser beam of frequencyv0 is focused upon an unpo-
larized electron or positron beam of energyE. In the colli-
sion of a laser photon beam and a linear electron beam
high energy photon beam of energyv, which is partially
linearly polarized, is emitted at a very small angle, alon
with the scattered electron beam of energyE85E2v. The
kinematics of the Compton backscattering process is th
characterized by the dimensionless parametersx andy:

x5
4Ev0

me
2 '15.3S E

TeVD S v0

eVD , y5
v

E
. ~3.1!

In general, the backscattered photon energies increase w
x; the maximum photon energy fraction is given b
ym5x/(11x). Operation below the threshold@15# for
e1e2 pair production in collisions between the laser bea
and the Compton-backscattered photon beam requ
le

l
o-

o-
n
ton

po-
d.
not
r
tic

r-

, a

g

en

ith
y

m
ires

x<2(11A2)'4.83; the lower bound onx depends on the
lowest available laser frequency and the production threshold
of a given final state.

The backscattered photon energy spectrum is given by the
function

f0~y!5
1

12y
112y24r ~12r !, ~3.2!

wherer5y/@x(12y)#. Figure 2~a! shows the photon energy
spectrum for various values ofx. Clearly, large values ofx
are favored to produce highly energetic photons. On the
other hand, the degree of linear polarization of the backscat-
tered photon beam is given by@15#

h~y!5
2r 2

f0~y!
. ~3.3!

The maximum linear polarization is reached fory5ym @see
Fig. 2~b!#,

hmax5h~ym!5
2~11x!

11~11x!2
, ~3.4!

and approaches unity for small values ofx. In order to retain
large linear polarization, we should keep thex value as small
as possible.

B. Linear polarization transfers

In the two-photon collision case, only part of each laser
linear polarization is transferred to the high-energy photon
beam. We introduce two functions,Ah andAhh , to denote
the degrees of linear polarization transfer@19# as

Ah~t!5
^f0f3&t

^f0f0&t
, Ahh~t!5

^f3f3&t

^f0f0&t
, ~3.5!

wheref3(y)52r 2 andt is the ratio of thegg c.m. energy
squaredŝ to thee1e2 collider energy squareds. The func-
tion Ah is for the collision of an unpolarized photon beam
and a linearly polarized photon beam and the functionAhh is
for the collision of two linearly polarized photon beams. The
convolution integralŝf if j&t ( i , j50,3) for a fixed value of
t are defined as

^f if j&t5
1

N2~x!
E

t/ym

ym dy

y
f i~y!f j~t/y!, ~3.6!

FIG. 2. ~a! The photon energy spectrum and~b! the degree of
linear polarization of the Compton backscattered photon beam for
x54Ev0 /me

250.5, 1, and 4.83.
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where the normalization factorN(x) is given by the integral
of the photon energy spectrumf0 over y as

N~x!5E
0

ym
f0~y!dy

5 ln~11x!F12
4

x
2

8

x2G1
1

2
1
8

x
2

1

2~11x!2
. ~3.7!

The event rates of thegg→X reaction with polarized
photons can be obtained by folding a photon luminosi
spectral function with thegg→X production cross section as
~for h5h̄)

dNgg→X5dLggdŝ~gg→X!, ~3.8!

where the photon luminosity spectral functiondLgg and the
differential cross sectiondŝ(gg→X) are given from Eq.
~2.12b! by

dLgg5k2Leê f0f0&tdt, ~3.9a!

dŝ~gg→X!5
1

2ŝ
dFX@Sunpol2hAhcosfRe~e

2 ixS02!

1hAhsinfIm~e2 ixD02!

1h2AhhRe~e
22ifS221e22ixS00!#, ~3.9b!

respectively. Here,k is thee-g conversion coefficient in the
Compton backscattering anddFX is the phase space facto
of the final state, which is given forX5W1W2 by

dFW1W25
b̂

32p2dcosûdf, ~3.10!

whereb̂5A124mW
2 / ŝ. The distribution~3.9b! of event rates

enables us to construct twoCP-odd asymmetries:

A025S 2p D N02

Nunpol
, A005

N00

Nunpol
, ~3.11!

where withtmax5ym
2 andtmin5MX

2/s, we have for the event
distributions

S Nupl

N02

N00

D 5k2Lee
1

2sEtmin

tmaxdt

t E dFX^f0f0&t

3S Sunpol

hAhI~S02!

h2AhhI~S00!
D . ~3.12!

The asymmetries depend crucially on the two-photon sp
trum and the two linear polarization transfers.

We first investigate theAt dependence of the two-photon
spectrum and the two linear polarization transfersAh and
Ahh by varying the value of the dimensionless parameterx.
Three values ofx are chosen;x50.5, 1, and 4.83. Two fig-
ures in Fig. 3 show clearly that the energy of two photon
reaches higher ends for largerx values, but the maximum
ty

r

ec-

s

linear polarization transfers are larger for smallerx values.
We also note thatAh ~solid lines! is larger thanAhh ~dashed
lines! in the whole range ofAt. We should keep the param-
eterx as large as possible to reach higher energies. Howeve
largerCP-odd asymmetries can be obtained for smallerx
values. Therefore, there should exist a compromised value o
x for the optimal observation ofCP violation. The energy
dependence of the subprocess cross section and that of th
CP-odd asymmetries are both essential to find the optima
x value.

IV. CP-ODD WEAK-BOSON COUPLINGS

In this section we describe howCP violation from new
interactions among electroweak vector bosons can be probe
in a model-independent way in theW pair production in
two-photon collisions. We adopt the effective Lagrangian
with most generalCP-odd interactions among electroweak
gauge bosons. The basic assumptions are that the operato
with lowest energy dimension~6! dominate theCP-odd am-
plitudes and that they respect the electroweak gauge invari
ance which is broken spontaneously by an effective SU~2!-
doublet scalar. The effective Lagrangian then determines th
energy dependence of the scattering amplitudes at energie
below the new physics scale.

A. Effective Lagrangian with CP-odd operators

The effects of new physics are parametrized by using an
effective Lagrangian in a model and process independen
way. As for the electroweak gauge symmetry breaking pa-
rameter, we adopt the effective SU~2!-doublet scalar field
F, which is more convenient when a physical Higgs boson
appears at low energies. In addition to the Higgs doublet
field F, the building blocks of the gauge-invariant operators
are the covariant derivatives of the Higgs field,DmF, and
the non-Abelian-field strength tensorsWmn

I (I51,2,3) and
Bmn of the SU~2! L and U~1!Y gauge fields, respectively.
ConsideringCP-odd interactions of dimension six, we can
construct six independent operators that are relevant for th
processgg→W1W2:

OBB̃5g82~F†F!BmnB̃
mn, ~4.1a!

OBW̃5gg8~F†s IF!BmnW̃
Imn, ~4.1b!

OWW̃5g2~F†F!Wmn
I W̃Imn, ~4.1c!

FIG. 3. ~a! The gg luminosity spectrum and~b! the two linear
polarization transfers,Ah ~solid lines! andAhh ~dashed lines!, for
x54Ev0 /me

250.5, 1 and 4.83.
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OB̃5 ig8@~DmF!†~DnF!#B̃mn, ~4.1d!

OW̃5 ig@~DmF!†s I~DnF!#W̃Imn, ~4.1e!

OWWW̃5g3e IJKW̃ImnWn
JrWrm

K , ~4.1f!

where W̃Imn5 1
2e

mnabWab
I , B̃mn5 1

2e
mnabB̃ab , s I are the

Pauli matrices, and the SU~2! L3U~1!Y covariant derivative
is given by

Dm5]m1 ig
s I

2
Wm

I 1 ig8YBm , ~4.2!

with the isospin indicesI ,J, andK (51,2,3) and the SU~2!
and U~1! couplings,g and g8, respectively. The effective
Lagrangian is written as

L5LSM1
1

L2 @ f BB̃OBB̃1 f BW̃OBW̃1 fWW̃OWW̃

1 f B̃OB̃1 f W̃OW̃1 fWWW̃OWWW̃#, ~4.3!

where the dimension-six termsOi are scaled by the common
dimensional parameterL with dimensionless coefficients
f i . The fieldsW

3 andB are related in terms of the Weinberg
angleuW to theZ and photon fields,Z andA as

SW3

B D 5S cosuW sinuW

2sinuW cosuW
D S ZAD . ~4.4!

Incidentally, as we are interested in the photon-induced pr
cessgg→W1W2, we can neglect the terms involving the
Z field. Then all the terms for the processgg→W1W2 can
be derived by the following effective replacements

Wmn
2 →~]m2 ieAm!Wn

22~]n2 ieAn!Wm
2 , ~4.5a!

Wmn
1 →~]m1 ieAm!Wn

12~]n1 ieAn!Wm
1 , ~4.5b!

Wmn
3 →sinuWFmn1

ie

sinuW
~Wm

1Wn
22Wn

1Wm
2!, ~4.5c!

Bmn→cosuWFmn , ~4.5d!

whereFmn5]mAn2]nAm . We take the unitary gauge, where
the scalar doubletF with hyperchargeY5 1

2 takes the form

F5
1

A2
~v1H !F01G . ~4.6!

H denotes the Higgs boson in the SM. It is now straightfo
ward to obtain the newCP-odd vertices among terms of the
component fields,W6, A, andH in the unitary gauge.

B. CP-odd vertices

In this section we give the Feynman rules for thegWW,
ggH, HWW, and ggWW vertices, relevant for the
gg→W1W2 reaction. Table II shows which vertices exis
already in the SM at tree level and which new vertices a
pear from the new dimension-sixCP-odd operators. Firstly,
the three operators,OBB̃ , OBW̃ , andOWW̃ contribute to the
o-

r-

t
p-

ggH vertex. Secondly, we find that the operatorOWWW̃

gives a newCP-odd gWW vertex and a new CP-odd
ggWW vertex, which are related by U~1! electromagnetic
gauge invariance. In addition, the three operators,OBW̃ ,
OW̃ , andOB̃ contribute to thegWWvertex as well. Thirdly,
we find thatOWW̃ andOW̃ contribute to theHWW vertex.

For convenience, we define four new dimensionless form
factors,Yi ( i51 to 4), which are related with the coeffi-
cients, f i ’s ( i5BB̃,BW̃,WW̃,B̃,W̃,WWW̃) as

Y15SmW

L D 2F f BW̃1
1

4
f B̃1 f W̃G , Y25SmW

L D 2g24 fWWW̃,

Y35SmW

L D 2F fWW̃1
1

4
f W̃G ,

Y45SmW

L D 2@ f BB̃2 f BW̃2 fWW̃#. ~4.7!

If all the coefficients,f i , are of the similar size, thenY2
would be about ten times smaller than the other form factors
in size because of the factorg2/4;0.1. We denote the Feyn-
man rule of a vertex V in the form;ieGV . It is then straight-
forward to derive the explicit form of two simpleggH and
HWW vertices:

GggH
mn ~k1 ,k2!5

8Y4

mW
sinuWemnrsk1rk2s , ~4.8!

GHWW
ab ~q1 ,q2!5

mW

sinuW
gab1

8Y3

mWsinuW
eabrsq1rq2s , ~4.9!

wherek1(m) andk2(n) are four-momenta~Lorentz indices!
of two incoming photons andq1(a) and q2(b) are four-
momenta~Lorentz indices! for the outgoingW1 andW2,
respectively. In the SM theggH vertex appears in the one-
loop level, we do not study its consequences in this paper.
The triplegWW vertex is

GgWW
mab ~k,q1 ,q2!

5~q12q2!
mgab2~q11k!bgma1~k1q2!

agmb

24Y1e
mabrkr112

Y2

mW
2 @2~q1•q2!e

mabr

2q2
aembrs~q12q2!s2q1

bemars~q12q2!s#kr ,

~4.10!

TABLE II. Vertices relevant for the processgg→W1W2 in the
SM with dimension-sixCP-odd terms.

Vertex gWW ggWW HWW ggH

SM s s s X
OBB̃ X X X s

OBW̃ s X X s

OWW̃ X X s s

OB̃ s X X X
OW̃ s X s X
OWWW̃ s s X X
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wherek5q11q2, and the quarticggWW vertex is

GggWW
mnab ~k1 ,k2 ,q1 ,q2!522gmngab1gmagnb1gmbgna18

Y2

mW
2 @2gabemnrsk1rk2s12gmneabrsq1rq2s2gmaenbrsq2rk2s

2gmbenarsq1rk2s2gnaembrsq2rk1s2gnbemarsq1rk1s1~k12k2!~q12q2!e
mnab1k2

menabr~q1

2q2!r1k1
nemabr~q12q2!r1q2

aemnbr~k12k2!r1q1
bemnar~k12k2!r1~q12q2!

menabr~k11k2!r

1~q12q2!
nemabr~k11k2!r1~k12k2!

aemnbr~q11q2!r1~k12k2!
bemnar~q11q2!r#. ~4.11!
t

e

V. HELICITY AMPLITUDES FOR gg˜W1W2

In this section we present the complete calculation of p
larization amplitudes for the process

g~k1 ,l1!1g~k2 ,l2!→W1~q1 ,l3!1W2~q2 ,l4!,
~5.1!

with the effective Lagrangian~4.3! in Sec. IV. The four-
momentum and the helicity of each particle are shown in
parentheses. The helicities of theW are given in thegg c.m.
frame. Helicity amplitudes contain full information of th
process. The relative phases of the amplitudes are esse
because the interference of different photon andW helicity
states gives a nontrivial azimuthal-angle dependence.

By taking the two photon momenta along thez axis and
by taking theW1 momentum in thex-z plane~see Fig. 1!,
the four-momenta are parametrized as

k1
m5

Aŝ
2

~1,0,0,1!, k2
m5

Aŝ
2

~1,0,0,21!,

q1
m5

Aŝ
2

~1,b̂sinu,0,b̂cosu!,

q2
m5

Aŝ
2

~1,2b̂sinu,0,2b̂cosu!. ~5.2!

The incoming photon polarization vectors are

e1
m~6 !57

1

A2
~0,1,6 i ,0!, e2

m~6 !57
1

A2
~0,1,7 i ,0!,

~5.3!

and the transverse~helicity-61) and longitudinal~helicity-
0) polarization vectors of theW6 bosons are

e3*
m~6 !57

1

A2
~0,cosu,7 i ,2sinu!,

e4*
m~6 !57

1

A2
~0,2cosu,7 i ,sinu!,

e3*
m~0!5

Aŝ
2mW

~ b̂,sinu,0,cosu!,
o-

he

ntial

e4*
m~0!5

Aŝ
2mW

~ b̂,2sinu,0,2cosu!, ~5.4!

respectively.
The helicity amplitudes then can be parametrized as

M̃l1l2 ;l3l4
~u!5e2M̃l1l2 ;l3l4

~u!dDl12 ,Dl34

J0 , ~5.5!

where Dl125l12l2, Dl345l32l4, J0
5max(uDl12u,uDl34u), anddDl12 ,Dl34

J0 is thed function. The

explicit form of thed functions needed here is listed in Table
III.

We separate the amplitude into the SM contribution and
the newCP-odd contributions with the factori extracted

M̃5M̃SM1 iM̃N , ~5.6!

where the new contribution can be decomposed in the form

M̃N5Y1M̃Y11Y2M̃Y21Y3M̃Y31Y4M̃Y4. ~5.7!

Here we retain only those terms with one insertion of
CP-odd operators.

A. The standard model amplitudes

The processgg→W1W2 is P- andCP-preserving in the
SM at the tree level. This leads to the following relations

P: M̃l1l2 ;l3l4
5M̃2l1 ,2l2 ;2l3 ,2l4

,

CP: M̃l1l2 ;l3l4
5M̃2l2 ,2l1 ;2l4 ,2l3

. ~5.8!

The Bose symmetry leads to the relation

M̃l1l2 ;l3l4
5M̃l2l1 ;l3l4

~cosu→2cosu!. ~5.9!

TABLE III. Explicit form of the d functions needed.

d2,2
2 (u)5d22,22

2 (u)5 1
4(11cosu)2

d2,22
2 (u)5d22,2

2 (u)5 1
4(12cosu)2

d2,1
2 (u)52d22,21

2 (u)52
1
2(11cosu)sinu

d2,21
2 (u)52d22,1

2 (u)5 1
2(12cosu)sinu

d2,0
2 (u)5d22,0

2 (u)5d0,2
2 (u)5d0,22

2 (u)5A3
8sin

2u

d0,1
1 (u)5d0,21

1 (u)5A1
2sinu

d0,0
0 (u)51
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Let us rewrite the amplitude in the form

M̃SM5
ÑSM

12b̂2cos2u
, ~5.10!

by extracting thet- andu-channelW boson propagator fac-
tor. It is clear that the coefficientsÑ’s satisfy the sameP,
CP-, and Bose-symmetry relations asM̃SM. We find for the
positive photon helicity (l151),

Ñ11;11
SM 52~11b̂ !2, Ñ11;10

SM 5Ñ11;12
SM 5Ñ11;01

SM 50,

Ñ11;00
SM 52

8

r̂
, Ñ11;02

SM 5Ñ11;21
SM 5Ñ11;20

SM 50,

Ñ11;22
SM 52~12b̂ !2, Ñ12;11

SM 5
32

A6r̂
, Ñ12;12

SM 58,

Ñ12;10
SM 5Ñ12;01

SM 5
8

A2r̂
, Ñ12;00

SM 54A2

3
~22b̂2!,

~5.11!

wherer̂5 ŝ/mW
2 The other remaining coefficients can be ob

tained by using theP andCP relations~5.8! and the Bose
symmetry. We note the following three features of the S
amplitudes.

The amplitudes for producing twoW’s with the nonvan-
ishing total spin component along theW boson momentum
direction (Dl34) vanish when the initial state has
Jz5Dl1250.

The amplitude for producing two longitudinalW’s from a
Jz50 initial state is suppressed by a factor of 1/r̂ in the SM.
The same behavior should appear in the production of t
charged scalars such asgg→p1p2.

The amplitudes for producing two right-~left-!handed
W’s from two left-~right-!handed photons is suppressed by
factor of 1/r̂ 2. The results are consistent with those by Ye
hudai @4# and by Bélangeret al. @9#.

B. CP-odd amplitudes

Every CP-odd amplitude and its CP-conjugate amplitu
satisfy the following relation

M̃l1l2 ;l3l4

Yi 52M̃
2l2 ,2l1 ;2l4 ,2l3

Yi ~ i51,2,3,4!,

~5.12!

since the factor ofi is extracted in the full helicity amplitude
~5.6!. It then follows that anyCP self-conjugate amplitude
has a vanishing contribution from theCP-odd terms:

M̃Yi~67;67 !5M̃Yi~67;76 !5M̃Yi~67;00!50

~ i51,2,3,4!. ~5.13!

The Y1 andY2 terms contribute to thet andu channels
andY2 contributes to the contactggWW diagram as well.
By using the notation
-

M

wo

a
-

de

M̃Yi5
ÑYi

12b̂2cos2u
~ i51,2!, ~5.14!

we find that the nonvanishingY1 contributions are

Ñ
11;11

Y1 52Ñ
22;22

Y1 58@21b̂~11cos2u!#,

Ñ
11;10
Y1 52Ñ

22;02

Y1 5Ñ
11;01

Y1 52Ñ
22;20
Y1

54Ar̂ b̂~11b̂ !,

Ñ
11;00
Y1 52Ñ

22;00
Y1 524r̂ ~12b̂2cos2u!,

Ñ
11;02

Y1 52Ñ
22;10
Y1 5Ñ

11;20
Y1 52Ñ

22;01

Y1

524Ar̂ b̂~12b̂ !,

Ñ
11;22

Y1 52Ñ
22;11

Y1 58@22b̂~11cos2u!#,

Ñ
12;11

Y1 52Ñ
12;22

Y1 5Ñ
21;11

Y1 52Ñ
21;22

Y1 52
32

A6
b̂,

Ñ
12;10
Y1 52Ñ

12;02

Y1 5Ñ
12;01

Y1 52Ñ
12;20
Y1 5Ñ

21;10
Y1

52Ñ
21;02

Y1 5Ñ
21;01

Y1 52Ñ
21;20
Y1 524A2r̂ b̂,

~5.15!

and the nonvanishingY2 contributions are

Ñ
11;11

Y2 52Ñ
22;22

Y2 5212r̂ @123b̂1b̂21b̂3

1~11b̂23b̂21b̂3!cos2u#,

Ñ
11;10
Y2 52Ñ

22;02

Y2 5Ñ
11;01

Y2 52Ñ
22;20
Y2

5224Ar̂ ~ b̂11!~ b̂22!cosu,

Ñ
11;12

Y2 52Ñ
22;12

Y2 5Ñ
11;21

Y2 52Ñ
22;21

Y2

52
48

A6
r̂ ~11b̂2!,

Ñ
11;00
Y2 52Ñ

22;00
Y2 596sin2u,

Ñ
11;02

Y2 52Ñ
22;10
Y2 5Ñ

11;20
Y2 52Ñ

22;01

Y2

524Ar̂ ~ b̂21!~ b̂12!cosu,

Ñ
11;22

Y2 52Ñ
22;11

Y2 5212r̂ @113b̂1b̂22b̂3

1~12b̂23b̂22b̂3!cos2u#,

Ñ
12;11

Y2 52Ñ
12;22

Y2 5Ñ
21;11

Y2 52Ñ
21;22

Y2

5
48

A6
r̂ ~11b̂2!,
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Ñ
12;10
Y2 52Ñ

12;02

Y2 5Ñ
12;01

Y2 52Ñ
12;20
Y2

5Ñ
1`;`

Y 42Ñ
21;02

Y2 5Ñ
21;01

Y2 52Ñ
21;20
Y2

524A2r̂ b̂. ~5.16!

The two contributions behave differently at high energie
TheY1 contributions are dominant in the amplitudes for pr
ducing two longitudinalW’s from the JZ50 initial photon
state

Ñ
66;00
Y1 →74r̂sin2u, ~5.17!

while theY2 contributions are dominant in the amplitude
for producing two transverseW’s except for the
(66;66) modes

Ñ
66;77

Y2 →748r̂sin2u,

Ñ
66;12

Y2 5Ñ
66;21

Y2 →716A6r̂ ,

Ñ
12;66

Y2 5Ñ
21;66

Y2 →616A6r̂ . ~5.18!

The high-energy behavior of two sets of amplitudes~5.15!
and~5.16! are in sharp contrast to that of the SM amplitud
whose dominant contributions are in the (66;66),
(67;67), and (67;00) modes. Because of this, interfe
ence between different helicity amplitudes are essential
observing significantCP-violation effects. Use of the lin-
early polarized photon beams allow us to study interferen
between the leadingCP-even~SM! amplitudes and the lead
ing CP-odd amplitudes. In our approximation of neglectin
the one-loopggH vertex of the SM, there is no contribution
from theY3 term;

M̃Y350. ~5.19!

On the other hand,Y4 contributes to thes-channel scalar
exchange diagram in the helicity amplitudes wi
Dl125Dl3450. An explicit calculation shows that the non
vanishing amplitudes,M̃Y4

, are as follows:

M̃
11;11

Y4 52M̃
22;22

Y4 54xH~ ŝ!,

M̃
11;00
Y4 52M̃

22;00
Y4 52 r̂ ~11b̂2!xH~ ŝ!,

M̃
11;22

Y4 52M̃
22;11

Y4 54xH~ ŝ!, ~5.20!

wherexH is the Higgs propagator factor

xH~ ŝ!5
ŝ

ŝ2mH
2 1 imHGH

. ~5.21!

In the subsequent numerical studies, we examine the c
with mH5100 GeV, where the widthGH is safely neglected.
We will study themH>2mW case elsewhere, since ther
both the tree- and one-loop SM amplitudes are relevant.
s.
-

s

s

-
for

ce

g

h
-
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e

VI. DIFFERENTIAL CROSS SECTION

In counting experiments where the finalW polarizations
are not analyzed, we measure only the following combina-
tions:

(
X

Ml1l2
M

l
18l

28
* 5e4(

l3
(
l4

M̃l1l2 ;l3l4
M̃

l
18l

28 ;l3l4
* .

~6.1!

We then findSunpol, S02, D02, S22, and S00 from Eqs.
~2.13!. The differential cross section for a fixed anglex is

d2s

dcosudf
~x!5

a2

8ŝ~12b̂2cos2u!2
H Ŝunpol2

1

2
Re@~he2 i ~x1f!

1h̄e2 i ~x2f!!Ŝ02#1
1

2
Re@~he2 i ~x1f!

2h̄e2 i ~x2f!!D̂02#1hh̄Re~e22ifŜ22

1e22ixŜ00!J , ~6.2!

S i5
e2Ŝi

~12b̂2cos2u!2
, D025

e2D̂02

~12b̂2cos2u!2
, ~6.3!

for i5unpol, 02, 22, and 00.
We first note that all the real parts of the distributions

~6.1! are independent of the anomalousCP-odd form factors
Yi up to linear order

Ŝunpol53824b̂2~328cos2u!16b̂4~11sin4u!,

R~Ŝ02!5
96

r̂
b̂2sin2u, R~D̂00!50,

R~Ŝ22!56b̂4sin4u, R~Ŝ00!5
96

r̂ 2
. ~6.4!

On the other hand, twoCP-odd distributions,I(Ŝ02) and
I(Ŝ00), have contributions from theY1, Y2, andY4 terms

I~Ŝ02!524r̂ b̂2@4~12b̂2cos2u!R~Y1!

148~31b̂2cos2u!R~Y2!1~523b̂2!

3~12b̂2cos2u!R~Y4xH!#sin2u, ~6.5!

I~Ŝ00!524@4R~Y1!24r̂ ~113b̂2!R~Y2!

1~11b̂2!R~Y4xH!#~12b̂2cos2u!. ~6.6!

A few comments on theCP-odd distributions are in or-
der.

~i! I(Ŝ02) hasb̂2 as an overall factor such that the con-
tribution vanishes at the threshold, whereasI(Ŝ00) does not.

~ii ! Both CP-odd distributions have the angular terms
(sin2u and 12b̂2cos2u) which become largest at the scatter-
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ing angleu5p/2, where the SM contributions are generall
small. We, therefore, expect largeCP-odd asymmetries at
u'p/2.

~iii ! Each term inI(S02) has a different angular depen
dence which allows us to disentangle them. On the oth
hand, we note that all the terms in theI(S00) mode have the
same angular dependence. The only way to distinguish th
is to study its energy dependence. We show that this can
done efficiently by adjusting the laser beam frequency in t
Compton backscattering mode.

~iv! At high energies (r̂@1),R(Y1), andR(Y4) are mea-
sured fromI(S02), whereasR(Y2) affects bothI(S00) and
I(S02).

VII. OBSERVABLE CONSEQUENCES
OF CP-ODD COUPLINGS

Let us estimate the various experimental branching fra
tions of W decays. Consider the decay of eachW into a
fermion-antifermion pair~quark-antiquarkq1q̄2 or charged
lepton-neutrinoln l) at the tree level. The branching ratio fo
W2→ l n̄ l ( l5e,m, or t) is about 10% each@20#. We thus
expect the following final state combinations:

~qq̄!~qq̄!⇒4jets 49%,

~qq̄!~ ln!⇒dijet1 l61p” 42%, ~7.1!

~ l n̄ !~ l̄n!⇒ l1l21p” 9%,

where p” stands for the momentum of the escaping neut
no~s!. The dijet1 l6 mode is most amenable forW-spin
analysis. In our analysis, no spin analysis for the decayi
W’s is required. In case ofI(S00), not even the scattering
plane needs to be identified. Even if one excludes t
t1t21p” modes of 1%, the remaining 99% of the events ca
be used to measureI(S00). On the other hand, the scattering
plane should be identified to measureI(S02). It is worth
noting that the charge of the decayingW is not needed to
extract I(S02). Therefore, all the modes except for th
l1l21p” modes~9%! can be used forI(S02).

Certainly, a realistic experimental analysis should includ
all the possible background processes and consider all
available experimental cuts in order to reduce those ba
grounds. The heavy fermion-pair production processes su
as gg→t t̄, gg→bb̄, and gg→t t̄ can spoil the
gg→W1W2 process. However, we note that th
gg→W1W2 reaction has a much larger cross section th
those heavy fermion-pair production processes. Furthermo
the total cross section increases to a constant value at h
c.m. energies. AtAŝ5500 GeV the total cross section is
about 80 pb, while the heavy fermion-pair production cro
section is of the order of 1 pb. So we expect that there do n
exist very serious background problems. In the present wo
we simply use all theW pair events. It would be rather
straightforward to include the effects from any experiment
cuts and efficiencies in addition to the branching factors d
cussed above.
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We present our numerical analysis at the following set o
collider parameters:

As50.5 and 1.0 TeV, k2Lee520 fb21. ~7.2!

The dimensionless parameterx, which is dependent on the
laser frequencyv0, is treated as an adjustable parameter. W
note thatk51 is the maximally allowed value for thee-g
conversion coefficientk and it may be as small ask50.1 if
the collider is optimized for thee1e2 mode @15#. All one
should note is that the significance of the signal scales a
(ek2Lee), wheree denotes the overall detection efficiency
that is different forA00 andA02.

A. Statistical significance of possible signals

The twoCP-odd integrated asymmetries,A00 and A02,
depend linearly on the form factors,R(Y1), R(Y2), and
R(Y4) in the approximation that only the terms linear in the
form factors are retained. We present the sensitivities to ea
form factor, assuming that the other form factors are zero
The analyses are cataloged into two parts: theg(g)WWpart
and theggH part.

Folding the photon luminosity spectrum and integrating
the distributions over the polar angleu, we obtain thex
dependence of available event rates:

S Nunpol

N02

N00

D 5k2Lee
pa2

2s E
tmin

tmaxdt

t E21

1

dcosu

3
b̂^f0f0&t

~12b̂2cos2u!2 S Ŝunpol

AhI~Ŝ02!

AhhI~Ŝ00!
D , ~7.3!

wheretmax5@x/(11x)#2 andtmin54mW
2 /s. One measure of the

significance of aCP-odd asymmetry is the standard devia-
tion ÑSD

a by which the asymmetry exceeds the expected sta
tistical fluctuation of the background distribution; fora502
and 00

ÑSD
a 5

uAau

A2/eNunpol

. ~7.4!

Here e is for the sum ofW branching fractions available,
which is taken to be

«5H 100% for N00,

91% for N02.
~7.5!

Separating the asymmetryAa into three independent parts as

Aa5R~Y1!Aa
Y11R~Y2!Aa

Y21R~Y4!Aa
Y4 , ~7.6!

and considering each form factor separately, we obtain th
1-s allowed upper bounds of the form factors (i51,2,4)
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Max~ uR~Yi !ua!5
A2

uAa
YiAeNunpolu

, ~7.7!

if no asymmetry is found. TheNSD-s upper bound is deter-
mined simply by multiplying Max(uR(Yi)ua) and
Max(uI (Y4)ua) by NSD .

B. The gWW and ggWW vertices: Y1 and Y2

The parity-violating form factorsY1 and Y2 respect
charge conjugation invariance and they are related to theW
electric dipole moment~EDM! dW and theWmagnetic quad-
rupole moment~MQD! Q̃W of W1 by

dW5
2e

mW
~Y116Y2!, Q̃W52

4e

mW
2 ~Y126Y2!. ~7.8!

There are strong indirect phenomenological constraints
the above couplings arising from the EDM of the electr
and neutron@21#. However, we should note that there is
possibility of cancellation among different contribution
which renders these indirect constraints ineffective. Dir
studies ofW-pair production at high energies are qui
complementary to the precision experiments at low energ
Although the interplay between high- and low-energy expe
mental constraints is important, the latter constraints can
replace the role of high-energy experiments.

Figures 4~a! and 4~b! show thex dependence of the sen
sitivities to R(Y1), which are obtained fromA02 andA00,

FIG. 4. The x dependence of theR(Y1) upper bound,
Max(uR(Y1)u), at As50.5 and 1.0 TeV, from~a! the asymmetry
A02 and~b! the asymmetryA00, respectively. The solid lines are fo
As50.5 TeV and the long-dashed lines forAs51.0 TeV.

FIG. 5. The x dependence of theR(Y2) upper bound,
Max(uR(Y2)u) at As50.5 and 1.0 TeV, from~a! the asymmetry
A02 and~b! the asymmetryA00, respectively. The solid lines are fo
As50.5 TeV and the long-dashed lines forAs51.0 TeV.
on
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a
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respectively, forAs50.5 TeV andAs51 TeV. Thex depen-
dence of the sensitivities toR(Y2) are shown in Figs. 5~a!
and 5~b!. In both figures, the solid lines are forAs50.5 TeV
and the long-dashed lines forAs51.0 TeV. Let us make a
few comments on the results shown in the two figures~Figs.
4 and 5! and Table IV.

~i! The sensitivities, especially from the asymmetryA00
mode, depend strongly on the value ofx. Smallerx values
are favored forA00, while relatively largex values are fa-
vored forA02. This property can be understood clearly by
noting thatÂ00 gets suppressed as thegg c.m. energy in-
creases, whileÂ02 does not.

~ii ! The optimal sensitivities onR(Y2) are very much im-
proved as thee1e2 c.m. energy increases from 0.5 TeV to 1
TeV while those ofR(Y1) are a little improved. The optimal
x values are reduced as the c.m. energy increases.

~iii ! At the two As values, the asymmetriesA00
Y1 give

stronger sensitivities thanA02
Y1 to R(Y1), while the two sym-

metries A02
Y2 and A00

Y2 give rather similar sensitivities to
R(Y2). These properties can be understood from theŝ de-
pendence of the correspondingCP-odd distributions~6.6!.

The above results underlie the importance of having ad-
justable laser frequencies, which allows us to select the re-
gime where each contribution becomes dominant. We find
that the two-photon mode allows us to reach the limit that
R(Y1) is of the order of 1023 andR(Y2) is of the order of
1024 or less.

C. The ggH vertex: Y4

The ggH vertex Y4 can be studied in the process
gg→H @5#, where the interference between the one-loop SM
amplitudes and the newCP-odd amplitudes lead to observ-
ableCP-odd asymmetries. In this paper, we study the sensi-
tivity of the processgg→W1W2 to theCP-oddggH cou-
pling Y4, wheremH is below theW-pair threshold. For an

r

r

TABLE IV. The best 1-s bounds of theCP-odd form factors
R(Y1) andR(Y2) and their correspondingx values forAs50.5 and
1 TeV.

A02 A00

As ~TeV! 0.5 1.0 0.5 1.0
x 1.83 0.96 0.75 0.31
Max(uR(Y1)u) 1.131022 5.031023 3.231023 2.231023

x 2.09 1.23 1.11 0.59
Max(uR(Y2)u) 2.431024 9.031025 2.631024 1.131024

TABLE V. The 1-s sensitivities to theCP-odd form factor
R(Y4) and their correspondingx values forAs50.5 and 1 TeV.
Here,mH5100 GeV.

A02 A00

As ~TeV! 0.5 1.0 0.5 1.0
x 1.43 0.69 0.76 0.31
Max(uR(Y4)u) 1.131022 6.431023 7.531023 5.031023
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actual numerical analysis, we setmH5100 GeV and assume
that its width is negligible. Our results are insensitive t
mH as long asmH,2mW .

The best sensitivities toR(Y4) from the asymmetries
A02 and A00 and their correspondingx values forAs50.5
and 1.0 TeV are listed in Table V. Two asymmetries give th
approximately same sensitivities at the samex value. The
doubling of thee1e2 c.m. energy improves the sensitivity so
much and renders the optimalx values smaller than those a
As50.5 TeV. Figure 6 shows the very strongx dependence
of the R(Y4) 1-s sensitivities. Quantitatively, we find that
the constraints onR(Y4) are of the order of 1023 for
mH5100 GeV atAs50.5 and 1.0 TeV.

D. Model expectations

In order to assess the usefulness of the two-photon mo
with polarized photons, it is useful to estimate the expect
size of theCP-odd form factors in a few specific models
with reasonable physics assumptions. Several works@2# have
estimated the size of theW EDM in various models beyond
the SM. They have shown that theW EDM can be of the
order 10220 ~e cm! in the multi-Higgs-doublet model and the
supersymmetric SM, corresponding toY1 andY2 of the or-
der of 1024. It is predicted of about 10222 and less than
10238 ~e cm! in the left-right model and the SM, respec
tively,

In more general, if these vertices appear in the one-lo
level @22# the coefficients f i may contain a factor of
1/16p2. By setting all f i ’s to be 1/16p2 and setting
L5v5246 GeV, we find

uY1u;uY3u;uY4u;1023, uY2u;1024. ~7.9!

The above order of magnitude estimates~7.9! of the form
factors are consistent with the values expected in some s
cific models.

It is worth remarking that the two-photon experimen
may allow us to probe theCP-odd effects of the expected
size ~7.9!. The two-photon collider with polarized photons
and adjustable laser frequency can play a crucial role
probingCP violation in the bosonic sector.

FIG. 6. The x dependence of theR(Y4) upper bound,
Max(uR(Y4)u) at As50.5 and 1.0 TeV, from~a! the asymmetry
A02 and~b! the asymmetryA00, respectively. Here, the Higgs mass
is mH5100 GeV. The solid lines are forAs50.5 TeV and the
long-dashed lines forAs51.0 TeV.
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E. Comparison of thegg mode and thee1e2 mode

The initial e1e2 state of thee1e2→W1W2 process is
~almost! CP-even due to the very small electron mass. It is
then clear that the initial electron beam polarizations are no
so useful to construct largeCP-odd asymmetries.
CP-violating W interactions can be probed only via spin/
angular correlations of the decayingW’s. For Lee520 fb21

andk51, we compare the constraints from the two-photon
mode with those from thee1e2 mode by studying theW6

decay correlations atAs50.5 TeV.
The processe1e2→W1W2 @12,14# has been investi-

gated in detail. For the present comparison, let us refer to th
work by Kalyniak, et al. @14#, where they have assumed
Lee550 fb21 and a perfect detector. Readjusting thee1e2

integrated luminosity to 20 fb21, we can summarize their
findings; the total cross section with the pure leptonic deca
modes of theW’s gives the constraintuR(Y1)u<531022. It
is clear from Table IV that the two-photon mode is much
more promising than thee1e2 mode in probingCP viola-
tion in theW pair production, ifk;1 eg conversion rate is
technically achieved.

VIII. SUMMARY AND CONCLUSIONS

In this paper we have made a systematic study of observ
able asymmetries related with two polarized-photon colli-
sions via the Compton backscattered laser beam at futu
linear colliders, which could serve as tests of possible
CP-violating effects. We have described in a general frame
work how photon polarization is employed to studyCP in-
variance in the initial two-photon state. We have considere
the most general dimension-sixCP-odd operators in the sca-
lar and vector boson sector, preserving all the SM gaug
symmetries in the linear realization of the electroweak sym
metry breaking.

Limiting ourselves to purely linearly polarized photon
beams, we have constructed twoCP-odd asymmetries in the
processgg→W1W2. TheCP-odd asymmetries can be ex-
tracted by simply adjusting the angle between the polariza
tion vectors of two laser beams. We have found that the
sensitivities of theCP-odd asymmetries to theCP-odd form
factors depend strongly on thee1e2 c.m. energy and the
laser beam frequency.

In Tables IV and V the maximal sensitivities of the
CP-odd form factors and the correspondingx values have
been shown forAs50.5 and 1 TeV withk2Lee520 fb21.
The sensitivities are high enough to probeCP-odd new in-
teractions beyond the limits from some specific models with
reasonable physics assumptions.

We have found that, fork;1, a counting experiment in
the two-photon mode with adjustable laser frequency ca
give much stronger constraints on theW EDM and magnetic
quadratic moment~MQD! than the e1e2 mode can do
through theW6 decay correlations ine1e2 collisions using
a perfect detector.

To conclude,~linearly! polarized photons by backscat-
tered laser beams of adjustable frequencies at a TeV sca
e1e2 linear e1e2 collider provide us with a very efficient
mechanism to probeCP violation in two-photon collisions.
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ibid. 43, 2223~1991!; A. De Rüjula, M. Gavela, O. Pe´ne, and
F. Vegas, Nucl. Phys.B357, 311 ~1991!; see also S. Barr and
W. Marciano,CP Violation, edited by C. Jarlskog~World Sci-
entific, Singapore, 1989!.

@22# C. Arzt, M.B. Einhorn, and J. Wudka, Nucl. Phys.B433, 41
~1995!, and references therein.


