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S. Y. Choi and K. Hagiwara
Theory Group, KEK, Tsukuba, Ibaraki 305, Japan

M. S. Baek
Department of Physics and Center for Theoretical Physics, Seoul National University, Seoul 151-742, Korea

(Received 22 May 1996

We demonstrate in a general framework that polarized photons by backscattered laser beams of adjustable
frequencies at a TeV linea” e~ collider provide us with a very efficient mechanism to pr&bB violation
in two-photon collisionsCP violation in the processyy—W*W~ is investigated in detail with linearly
polarized photon beams. There are two us€fBltodd asymmetries that do not require detailed information on
W decay products. The sensitivity to t@&P-odd form factors are studied quantitatively by assuming a perfect
e-y conversion and the 20 fo' e* e~ integrated luminosity at the*e™ c.m. energies/s=0.5 and 1.0 TeV.
The sensitivity is so high that such experiments will allow us to probe @&wiolation effects beyond the
limits from some specific models with reasonable physics assumptions. We find that a counting experiment of
W*W~ events in the two-photon mode with adjustable laser frequencies can have much stronger sensitivity to
the CP-odd y(y)WW form factors than can ®&*W~ decay-correlation experiment with a perfect detector
achieve in theete™ mode.[S0556-282(96)05121-1]

PACS numbes): 14.70.Bh, 13.88te, 14.70.Hp

I. INTRODUCTION ment (EDM) without any information on thét decay pat-
terns. Use of theyy mode with linearly polarized photon
Even though the standard mod&M) has been successful beams for studying CP violations in the process
in explaining all the experimental data up to date, it is be-y,—W"W~ also has been considered by |&®er and
lieved that the SM is merely an effective theory valid at andCouture[9].
below the weak scale and that new physics beyond the SM | the present work, we demonstrate in a rather general
should appear at higher energies. We may expect to find neyamework that polarized photons by backscattered laser
physics beyond the SM at high precision experiments Ofheams of adjustable frequencies provide us with a very effi-
quantities, whose SM values are suppressed. An interestinga+ mechanism to prob€P violation in the two-photon
class of quantities, where the SM contributions are strongl)fmde. We then give an extensive investigation of the possi-

suppressed, are those wi@P violation. In the SM,CP . . o o . i
violation stems from the complex phase of the Kobayashiglr:%g;rg:giﬂnt%g Prglé);atlon VV\CBhVE/“*ne\?\;:gy)e?(?;?]r(;zi?’]dapgos_
Maskawa (KM) gquark-mixing matrix[1] and the size of P = ' Y

CP violation is often extremely small. In contrast, varioustem?t'%"\{ay the pr?av[ou? wogg] S? as to fc?ver ahn ?rbntr)ary
new physics scenarios @P violation lead to comparatively angie between polarization directions of two photon beams
large CP violation [2]. Any observableCP-odd violations and an arbitrary laser beam frequency. We find, in particular,

should, hence, be a good direct means to look for new phyg_hat adjusting the laser beam frequency is essential to opti-
ics effects. mizing the sensitivity toaCP violation phenomena. Further-

The next generation aé* e~ colliders[3] will offer in- ~ More, we study effects of all the possible dimension-six

teresting possibilities for studying physics of the heavy =~ CP-odd operators composed of the Higgs doublet and the
t-quark, and th&V bosons either in the®e™ mode or in the ~ €lectroweak gauge bosons.

yy mode. Linear collider physics in the"e™ mode has The W"W™ production in theyy mode has several
been studied intensively for the past decade. Recently, it hagnique features in contrast to that in the'e” mode,
become clear that they mode(as well as they mode [4] e"e"—W'W~. In thee"e™ mode, a pair of\'s are pro-
can provide a good complement to experiments in theluced via an annihilation of the colliding™ ande™, where
e"e” mode. For instance, it has been shown that he the electronic chirality should be preserved along the elec-
mode has a unique advantage in the determination of th#on line[11] due to the very small electron mass in the SM.
Higgs-two-photon couplind5] and its CP properties[6].  This forces the positron helicity to be opposite to the electron
Pair production of the top-quafk] and thew boson[8,9]in  helicity such that the initiae™e™ configuration is always
the yy mode also has been studied as probes Biviolation ~ CP even. On the contrary, there exists no apparent helicity
in physics beyond the SM. Most workg,8] have concen- selection mechanism in they production of W*W~. This
trated on the use of the spin correlations of the pair-produceteature makes ang P-odd yy configuration in the initial
top-quarks and th&/ bosons, which require detailed study of state a good probe @ P violation in the two-photon mode.
their decay products. Recently, it has been pointed b0k The processyy—W*W™, which is characterized by the
that the (linearly) polarized photon beams can provide usangle between th&/* momentum and thes momentum in
with very powerful tests of the top-quark electric dipole mo-the c.m. frame, and the helicities of the particle€Cj$, and
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CP self-conjugate, when the particle helicities are averageghhoton energy spectrum, we then estimate the size of the two
over. For this reason, the helicitiélsut not all of themmneed CP-odd asymmetries for a set @P-odd operator coeffi-

to be determined or analyzed statistically to observe violacients. In Sec. VI we present the d -sensitivities to the
tions of these discrete symmetries. One can take two ag=P-odd parameters by assuming a perect conversion in
proaches in analyzing the process—W*'"W~. One ap- the Compton backscattering mechanism foredre™ inte-
proach makes use of the spin correlations of the twdrated luminosity of 20 fo'. We then compare the sensi-
decayingW bosons that can be measured by studying corretivities in the two-photon mode with those in teée™ mode
lations in theW*W~ decay-product systemg@’)(Iv) or under the same luminosity and c.m. energy, by restricting

(Iv)(Iv). The other method is to employ polarized photonourselves to tha¥/ EDM and theW magnetic quadrapole

: o . moment(MQD). Finally, in Sec. VIl we summarize our find-
beams to measure various polarization asymmetries of the

initial states. Note that in the*e~ mode, only the former Ings and give conclusions.
method, the spin correlations of final decay products, is
available. The two-photon mode allows us to combine the
two methods. The use of the former technique in the two- |n this section we fix our notation to describe in a general
photon collisions is essentially the same as thaeie™  framework how photon polarization can provide us with an
collisions[12—-14 with one crucial difference; ie"e~ col-  efficient mechanism to prob€P and CPT invariances in
lisions the spin of th&V*W~ system is restricted td=1,  the two-photon mode. With purely linearly polarized photon
while in yy collisions,J=0 is allowed. For a specific final peams, we classify all the distributions according to their
state such a®/"W~ andtt, the two-photon cross section is cp andCPT properties. Then, we show explicitly how lin-
larger than the corresponding’e™ cross section. Espe- early polarized photon beams allow us to construct two
cially, the W pair cross section in the two-photon mode is ~p_qqq andCPT-even asymmetries, which do not require

. o
much larger than that in the"e” mode because th¢y  geaijled information on the momenta and polarization of the
mode has contributions from tlle= 0 channel near threshold final-state particles.

and at-channelW boson exchange. Moreover, it is easy to
produce (linearly) polarized photon beams through the
Compton backscattering of polarized laser-light off the initial

IIl. PHOTON POLARIZATION

A. Formalism

electron or positron beams. Hence, the mode of future A photon should be polarized transversely. For the photon
linear colliders provides some unique opportunities to probenomentum in the positive direction, the helicity= 1 polar-
CP violation. ization vectors are given by

In Sec. Il we describe in a general framework how the
photon polarization in the two-photon mode can be em- |+>—_i(0 1+i.0) 2.
ployed to studyCP and CPT invariances. Herel is the - _+\/§ e '
so-called naive-time-reversal operation which reverses the
signs of the three momenta and spin of all particles, but doeGenerally, a purely polarized photon beam state is a linear
not reverse the direction of the flow of time. The notation iscombination of two helicity states and the photon polariza-
introduced in Ref[12]. Assuming that two-photon beams tion vector can be expressed in terms of two angteand
are purely linearly polarized in the collidingy c.m. frame, ¢ in a given coordinate system as
we construct twoCP-odd and CPT-even asymmetries _ ) _
which allow us to probeCP violation without any direct |a,¢)=—coga)e” | +)+sin(a)e’|-), (2.2
information on the momenta and polarization of the final-
state particles. All that we have to do is to count the numbetVhereé 0=a<m/2 and 0<¢<2m. Then, the 22 photon
of signal events for a specific polarization configuration ofdensity matrixp [15,17) in the helicity basis{|+),| )} is
the initial two photons. In Sec. Il we give a short review of 91Ven by
a mechanism of producing highly energetic photons, the
Compton backscattering of laser photons off the electron or
positron beam[15], and we introduce two functions that PE|O"¢><0"¢|=§ . aig :
measure the partial transfers of the linear polarization from —sin2a)e 1-coq2a) 53
the laser beams to the Compton backscattered photon beams. 23
We then investigate in detail which parameters are crucial tg; easy to read from Eq2.3) that the degrees of circular
optimize the observation o P violation with linearly po- 54 jinear polarization are, respectively,
larized laser beams.

In Sec. IV we study consequences ©P-violating new £=coq2a), n=sin2a), (2.4
interactions in the bosonic sector of the SM, by adopting a
model-independent approach, where we allow all sixand the direction of maximal linear polarization is denoted
dimension-six operators of the electroweak gauge bosonsy the azimuthal anglep in the given coordinate system.
and the Higgs doublet that at@P odd[16]. We identify all ~ Note thaté?+ 5»?=1 as expected for a purely polarized pho-
the vertices and present the Feynman rules relevant for th@n. For a partially polarized photon beam, it is necessary to

processyy—W"W™. In Sec. V, including all the new con- rescale¢ and 7 by its degree of polarizatioR (0<P<1) as
tributions, we present the helicity amplitudes of the
vy—W"W~ reaction. Folding with the effective two- ¢£=Pcoq2a), n=Psin2a), (2.5

1+cog2a) —sin(2a)e?'?
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and then the transition amplitude from the polarized two-
photon state to a final stak¥in the two-photon c.m. frame is
simply given by

(x-z plane)

(XIM|ay,¢1;00,¢)). 2.7

The azimuthal angleg; and ¢, are the directions of maxi-
mal linear polarization of the two photons, respectively, in a
common coordinate systersee Fig. 1 In the process
vyy—W"W~, the scattering plane is taken to be the
plane in the actual calculation of the helicity amplitudes. The
maximal linear polarization angles are then chosen as fol-
lows. The anglep, (¢,) is the azimuthal angle of the maxi-
mal linear polarization of the photon beam, whose momen-
tum is in the positivelnegative z direction, with respect to
FIG. 1. The coordinate system in the collidings c.m. frame.  the direction of thaV* momentum. Note that we have used
The scattering anglé and the azimuthal angles, and ¢, for the |a2,— ¢») in Eq. (2.6) for the photon whose momentum is
linear polarization directions measured from the scattering plane arglong the negative direction in order to employ a common
given. coordinate system for the two-photon system.
For later convenience, we introduce the abbreviation

o
~

such thaté?+ 7= P2,

Let us now consider the two-photon system in the center- My
of-mass frame, where one photon momentum is along the i
positivez direction. The state vector of the two photons is @nd two angular variables:

lay, a0, ¢2)=|ar, d1)|az, — ¢2) X=1= b2, =1t P2, 2.9

where—27< y<2x and 0< ¢=<41 for a fixedy. It should
be noted thati) the azimuthal angle differenggis indepen-

1Mo

=cog a;)cog ay)e (P17 92| 4 +)

—coq a;)sin(ay)e (P1t 92| 4+ —) dent of the final state, while the azimuthal angle s¢inde-

] (1t o) pends on the scattering plane, did both angles are invari-
—sin(a;)cod ay)e' P17 2| — +) ant with respect to the Lorentz boost along the two-photon
+Sin y)Sin(ap)el (12| — ), beam direction.

It is now straightforward to obtain the angular dependence
(2.6 of the yy— X cross section on the initial beam polarizations

_ — 1
S(EEnmx$)=2 [(XIMIEE R TxA)P= 73 (Mo P HM 2 M 24 M)

¢ Fa
+Z; <|M++|2+|M+_|2—|M_+|2—|M__|2>+Z; (M P= ML P+ IM_L 2= M__]?)

S <|M++|2—|M+_|2—|M_+|2+|M__|2>—gRe{ei<x+¢>2 <M++M*++M+_M*>}
X X

- ER{e“X@EX: (M++M1+M+M*)}—?Re{e“““”}x‘, (M++M*+—M+M*)}

N

—%gRe{ei(X‘/’); (M, M* —M_,M* ) +%Re{e2i“’; (M, _M*,)+e X

x; (M, M* )], (2.10

where the summation ovet is for the polarizations of the final states, an_*,dg denote the degrees of circular polarization
and (r, ) denote those of linear polarization of the two initial photon beams, respectively. They are expressed in terms of two
parametersy, and a, by

£=Pcog2a;), £=Pcod2ay),

n=Psin2ay), 7=Psin2a,), 2.19)
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whereP andP (0<P,P=<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 collisions. We
find that purely linearly polarized photon beams allow us to determine nine terms among all the sixteen terms, while purely
circularly polarized photon beams allow us to determine only four terms. The first term {@.E6), which corresponds to the
unpolarized cross section, is determined in both cases. However, both circular and linear polarizations are needed to determine
the remaining four terms.

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

D(7, 17X ) =S unpor— 3R (7€' ?+ 7€' ?)e XS o] + 3R (e ¥ —ne'?)e YA g+ pyRe e 23 5t e XS o],
(2.123

=3 inpor— 5[ 7O b+ x) + 7C0L p— x) IR(Z o) + 5[ 7SIN( b+ x) — BSIN(p— X) 1Z(Z 0p) — 3[ nCOL b+ x)
— 708 ¢— Xx) IR(App) + 5[ 7SiN( b+ x) + 7SIN(d— X) IZ(Agp) + 77COL2) R(Z 20) + 7SN 2) Z(2 20)
+ 7o 2x)R(Z o) + 7 7SIN(2x) (2 0), (2.12p

whereR andZ are for real and imaginary parts, respectively, The nine invariant functions in Eq2.12h then can be
and the invariant functions are defined as divided into four categories und€&P andCPT: even-even,
even-odd, odd-even, and odd-odd terms as in Table I.
CP-odd coefficients measure directiZP violation and
CPT-odd terms indicate rescattering effe@dsorptive parts
in the scattering amplitudgsTable | shows that there exist
1 threeCP-odd functionsZ(Z o), Z(X¢g), andR(Agy). Here,
202=§Z My (M* _+M* )+(Mi_+M_)M*_], R andZ are for real and imaginary parts, respectively. While
X the first two terms ar&€PT even, the last terfR(Ayy) is
1 CPT odd. Since theCPT-odd termR(Ayy) requires the
AOZZEEX: M (M*_—=M* )—=(M,_—M_,)M* _], absorptive p.art in thg amplitude, it is generally expected to
be smaller in magnitude than th€@PT-even terms. We,
1 1 therefozez,-, 25);tud3(/]l tk(l; Z\)N([ﬁ: P]-odd andCPT-even distribu-
S * — * tions, Z(2,) andZ(% o) [18].
2 2§x: (M -MZ2) 200 2§x: (M M=), We can define twaCP-odd asymmetries from the two
(213  distributions, Z(2,) and Z(Sqy). First, we note that the
2 oo term does not depend on the azimuthal anglevhereas
fﬁeEoz does. In order to improve the observability, we may
integrate theZ(2,) term over the azimuthal anglg with an
_ appropriate weight function. Without any loss of generality,
B. Symmetry properties we can taken= 7. Then, the quantity(Z o) in Eq.(2.12b
It is useful to classify the invariant functions according to can be separated by taking the difference of the distributions
their transformation properties under the discrete symmeat x=* /4 and theZ(2q,) by taking the difference of the
tries,CP andCPT[12]. We find thatC P invariance leads to  distributions aty=* /2. As a result, we obtain two inte-

1
Eunpolzzg (|M++|2+|M+—|2+|M—+|2+|M——|2)’

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

the relations gratedC P-odd asymmetries,
TABLE I. CP andCPT properties of the invariant functions
* * iatribti
Ex: (My M kiké): Ex: (M_y, -\ M 7%’7)\1), and the angular distributions.
(2.14a cp CPT Invariant functions Angular dependences
do(,x:m.n)=do(d,— x:7,7), (2.14h even even 2 unpol o
_ _ , _ R(Z02) 7COS(p-+x) + ncos(p—x)
and, if there are no absorptive parts in the amplitudes, R(S ) 77C0S(2p)
CPT invariance leads to the relations R(Z00) 77c0S(2)
even odd I(Agy) psin(g+ x)+ 7sin(¢— x)
I(22) 7 7Sin(24)
M M_ _ M_ r_\), 2. AN
E (M M " 12 )= z (M5, Ao )‘1) odd even (202 7sin(¢+x)— 75iN(d—x)
odd odd R(Ag) 7COS(d+ x) — nCOS(p— x)

do(d,x; . m)=da(— ¢, x;7,7). (2.15h
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R 2 I( 2 02) R I( 2 00) Photon Spectrum Linear Polarization
=| ==, =01, (2.16
0z (77) 2unpol 2unpol 100 ' 10 05
where the factor (2f) in the Aoz stems from taking the 1ol | 05 L !
average over the azimuthal angbewith the weight function 05| 1| um 488
sgn(cog):
0.1 0.0 .
e d o d o 0.0 0).,5 1.0 0.0 0&5 1.0
) fo d¢[59ﬂC03¢)]{(£) /2— (%) /j @ ()
X= T X=—1
Aoz 4 | [do do ] ' FIG. 2. (a) The photon energy spectrum afly the degree of
f do¢ 4o + 4o linear polarization of the Compton backscattered photon beam for
0 |\ dé x=ml2 ¢ J—y x=4Ew,/m?=0.5, 1, and 4.83.
(2.17a
) ) x<2(1+2)~4.83; the lower bound ox depends on the
4’Td¢ d_U B d_U lowest available laser frequency and the production threshold
A of a given final state.
Ago= _ X=ml4 x=-mlh_ The backscattered photon energy spectrum is given by the
4”d¢ d_" " d_" function
d¢
o x=ml4 x=—ml4- 1
(2179 oly) ==, +1-y—4r(1-n), (32

In pair production processes such ag—W*'W~, all the _
distributions,3,;, can be integrated over the scattering anglevherer =y/[x(1—y)]. Figure 2a) shows the photon energy

6 with a CP-even angular cut so as to te3P violation. spectrum for various values of Clearly, large values of
are favored to produce highly energetic photons. On the
Ill. PHOTON LINEAR COLLIDER other hand, the degree of linear polarization of the backscat-

tered photon beam is given h§5]

In this section we give a short review of the powerful
mechanism of providing an energetic, highly polarized pho- o Zr
ton beam; the Compton laser backscattefih§] off ener- 7(y)= do(y)”
getic electron or positron beams. After the review, we intro-
duce two functions to describe partial linear polarizationThe maximum linear polarization is reached fory, [see
transfer from the laser beams to the backscattered photdrig. 2(b)],
beams for the photon-photon collisions.

We assume that the electron or positron beams are unpo- = () = 2(1+x) (3.4)
larized and the laser beams are purely linearly polarized. Tmax= 77Ym 1+(1+x)2’ '
Even in that case, the backscattered photon beam is not
purely linearly polarized, but only part of the laser linear @and approaches unity for small valuesxofin order to retain
polarization is transferred to the backscattered energeti@rge linear polarization, we should keep thealue as small
high-energy photon beam. as possible.

2

(3.3

A. Photon spectrum B. Linear polarization transfers

We consider the situation where a purely linearly polar- N the two-photon collision case, only part of each laser
ized laser beam of frequenay, is focused upon an unpo- linear polarization is transferred to the high-energy photon
larized electron or positron beam of enery|n the colli- ~Peam. We introduce two functions|, and A,,, to denote
sion of a laser photon beam and a linear electron beam, € degrees of linear polarization transfé®] as
high energy photon beam of energy, which is partially
linearly polarized, is emitted at a very small angle, along A (1)= <¢°¢3>7, A (7)= <¢3¢3>7,
with the scattered electron beam of enefy=E— w. The 7 (dodo) - 7 (dodo) -
kinematics of the Compton backscattering process is the\r/]vhere¢3(y)=2r2 and 7 is the ratio of theyy c.m. energy
squareds to thee*e™ collider energy squares. The func-

characterized by the dimensionless parameteasdy:
4Ew, E wo ® tion A, is for the collision of an unpolarized photon beam
=2 = '%TeV) (e_\/) - YT E: @1 anda Iinegrly polarized_ photon bear_n and the funciigy is
€ for the collision of two linearly polarized photon beams. The

In general, the backscattered photon energies increase wifiPnvelution integralg¢; ;). (i,j=0,3) for a fixed value of
x; the maximum photon energy fraction is given by 7 &€ defined as

ym=X/(1+x). Operation below the thresholil5] for 1 Y dy

e’e” pair production in collisions between the laser bea_m (i ¢i>T=Aﬁ—f " —di(Y) pi(ly), (3.6)
and the Compton-backscattered photon beam requires ) Sty ¥

(3.5
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where the normalization factgv(x) is given by the integral Two-Photon Spectrum Linear Polarization Transfer
of the photon energy spectrugh, overy as 10°
Ym 4.83
NX)= | do(y)dy 10 | : 1
0 05 1
In(1+x)| 1 il P ! 3 o° '
= + Sl =4 - —. . 10" 10" 0.0 05 1.0
1+ 22t Xz G7 e e
(@ (b)

The event rates of the/y— X reaction with polarized
photons can be obtained by folding a photon luminosity FIG. 3. (8 The yy luminosity spectrum anb) the two linear

spectral function with the/y— X production cross section as Ppolarization transfersi,, (solid lines andA,,, (dashed lines for
(for n=17) X=4Ewy/m2=0.5, 1 and 4.83.

dN,,_x=dL,,do(yy—X), (3.8)  linear polarization transfers are larger for smabkevalues.

We also note thah, (solid lines is larger tham,, (dashed
where the photon luminosity spectral functidh.,, and the lines) in the whole range of/7. We should keep the param-
differential cross sectiomla(yy—X) are glven “from Ed-  eterx as large as possible to reach higher energies. However,
(2.12h by larger CP-odd asymmetries can be obtained for smaker
values. Therefore, there should exist a compromised value of

— .2
dL,,=k"Led dodo)-dT, 393 or the optimal observation of P violation. The energy
1 dependence of the subprocess cross section and that of the
d&(VY‘)X)Z_Ad(DX[EunpoI_ nA, cospRe(e X3 ,) CP-odd asymmetries are both essential to find the optimal

X value.

+ nA,singlm(e” XA o)

2 -2i -2i
t 7P AR it e )], (3.9 In this section we describe ho@P violation from new
respectively. Herex is thee-y conversion coefficient in the  intéractions among electroweak vector bosons can be probed
Compton backscattering arttiby is the phase space factor in @ model-independent way in thé/ pair production in
of the final state, which is given fok=W*W~ by two-photon collisions. We adopt the effective Lagrangian
with most generalCP-odd interactions among electroweak
B . gauge bosons. The basic assumptions are that the operators
d®y+w-= 35z dcostd, (3.10  with lowest energy dimensiof6) dominate theC P-odd am-
plitudes and that they respect the electroweak gauge invari-
where,f%= \/mvz\,/_é The distribution(3.90) of event rates 2N which is broken quntaneously.by an effective{?SU
enables us to construct twWdP-odd asymmetries: doublet scalar. The effective Lagra_nglan the_n determines the
energy dependence of the scattering amplitudes at energies
below the new physics scale.

IV. CP-ODD WEAK-BOSON COUPLINGS

2 N02 NOO
Ap=|—|—, Agp= , 3.1
0 ( ™ Nunpol 00 Nunpol (

A. Effective Lagrangian with CP-odd operators

where with7a= Y7, and 7= M3/s, we have for the event g effects of new physics are parametrized by using an
distributions effective Lagrangian in a model and process independent
way. As for the electroweak gauge symmetry breaking pa-

Nop Tmaxd 7 rameter, we adopt the effective 8)-doublet scalar field
No2 =K2LQEZSJ J d®y{ Podo) @, which is more convenient when a physical Higgs boson
Noo Tmin appears at low energies. In addition to the Higgs doublet
field @, the building blocks of the gauge-invariant operators
2 unpol are the covariant derivatives of the nggs field, ®, and
x| 74,730 |. (3.12 the non-Abelian-field strength tensoW , (I1=1, 2 3) and
5 B,, of the SU2), and Ul)y gauge flelds respectively.
7" Ay (200 ConsideringC P-odd interactions of dimension six, we can
The asymmetries depend crucially on the two-photon SpeC_onstruct six independent operators that are relevant for the
processyy—W*W™:

trum and the two linear polarization transfers.
We first investigate th_e/?- dependgnc_e of the two-photon Ogg= g/z(q)‘rq,)BWgw, (4.13

spectrum and the two linear polarization transférs and

A, , by varying the value of the dimensionless paramgter

Three values ok are chosenx=0.5, 1, and 4.83. Two fig-

ures in Fig. 3 show clearly that the energy of two photons ot Lo

reaches higher ends for largervalues, but the maximum Oww=9g7 (P 'd)W, W, (4.10

Ogi=9g' (®1o'®)B,,, W', (4.1b
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O§=ig’[(DM(I>)T(D,,(I>)]§“”, (4.10 TA'BLE.II. Ve.rtices. relevant for the procegsy—W*W~ in the
SM with dimension-sixC P-odd terms.
~ Tl W v
O5=19L(D,.P) 0" (D,®) IWH, (418 Vertex YWW  yyWW HWW  yoH
Owwiv= g W WIrwWK | (4.1 sm o) o) @ X
- . L= ~ | Ogs X X X O
where W'#”= 3t PW, ., BHY= ze“”“ﬁBaB., o are the (o5 o X X o
Pauli matrices, and the $2), X U(1)y covariant derivative o, - X X O O
is given by O3 @) X X X
| O o) X O X
. g | . ’ —
D,=0,+ig—W,+ig'YB,, (4.2 Owww o o X X

with the isospin indice$,J, andK (=1,2,3) and the S&) 4 vertex. Secondly, we find that the operat¥ww
and U1) couplings,g and g', respectively. The effective gives a newCP-odd yWW vertex and a new CP-odd

Lagrangian is written as vyWW vertex, which are related by () electromagnetic
gauge invariance. In addition, the three operat@gy,

1
L=Lgyt p[fBEOBEJF fenOsw+ fwnOww Oy, andOg contribute to theyWW vertex as well. Thirdly,
we find thatO and Oy contribute to theH WW vertex.
+ 505+ FROR+ Fwwi@wwind (4.3 For convenience, we define four new dimensionless form

factors,Y; (i=1 to 4), which are related with the coeffi-

where the dimension-six ternd3 are scaled by the common cients,f;’s (i=BB,BW,WW,B,W,WWW as
dimensional parameteA with dimensionless coefficients

f;. The fieldsw® andB are related in terms of the Weinberg v — | Mw 2 ¢ ~+£f~+f~ Vo= My 2g_2f B
angle 6, to theZ and photon fieldsZ andA as "V A BWT 4B IWl 1271 A ] 4 TWWW

w3 coshy  sinby(Z my 2 1

. : (4.9 Yao={ =2 | fwit >fol,

B sinfy, coYy/ \ A A 4
Incidentally, as we are interested in the photon-induced pro- My 2
cessyy—W' W™, we can neglect the terms involving the Y“:(T) [fes—few—fwwl. (4.7
Z field. Then all the terms for the procesy—W*W™ can
be derived by the following effective replacements If all the coefficients,f;, are of the similar size, thel,

would be about ten times smaller than the other form factors
in size because of the factgf/4~0.1. We denote the Feyn-
man rule of a vertex V in the formel'y, . It is then straight-
forward to derive the explicit form of two simpleyH and

W,,—(d,—ieA, )W, —(d,—ieA)W,, (453

W, ,—(d,+ieA,)W, —(J,+ieA,)W,, (4.5H

ie HWW vertices:
3 - A/~ \N/F\A—
W, —sindyF ,,+ _sinGW(W”W" W, W), (4.50 . 8Y, .
FyyH(kka):m_WS'n'ngﬂ P klpk20'! (48)
B, — COSHWF ., (4.50
whereF ,,=d,A,—d,A,, . We take the unitary gauge, where ', )= MW as 4 &e“ﬁ‘” 4.9
puv— OuNy 2T y gauge, HW 01,42 Sinewg mWSiHGW qlquO" .

the scalar double® with hyperchargey = 3 takes the form

wherek;(x) andk,(v) are four-momentélorentz indice$
CDzi(v+H) 0} (4.6) of two incoming photons andj;(«) and g,(B) are four-

V2 1] ' momenta(Lorentz indice$ for the outgoingW* and W,

respectively. In the SM theyH vertex appears in the one-
H denotes the Higgs boson in the SM. It is now straightfor-loop level, we do not study its consequences in this paper.
ward to obtain the newZ P-odd vertices among terms of the The triple yWW vertex is
component fieldsw=*, A, andH in the unitary gauge.
F‘ﬁv’%’/\/(kv%v%)

B. CP-odd vertices =(q1—qz)“g“'g— (gy+ k)'Bg/"'a—‘,- (k+ qz)agﬂﬁ
In this section we give the Feynman rules for thé&/W, v
yyH, IjWYV anq vyyYWW vertices, re_levant _for th_e —4Y, et PPk + 12_5[2(q1,q2)€wﬁp
yy—W"W"™ reaction. Table Il shows which vertices exist My

already in the SM at tree level and which new vertices ap- o uBpo ey Bopapoiq
pear from the new dimension-s&P-odd operators. Firstly, dz¢€ (A1~ 02)o— A€ (A1~ G2) 1K,
the three operator€)gs, Ogy, and Oy contribute to the (4.10
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wherek=q,+q,, and the quarticyyWW vertex is

’;Jé'v%kl,kz,ql,qz)——29“”g“ﬁ+g““g”ﬁ+g"ﬁg”“+8m [29%P 77Ky Koo+ 2077 €PP70 1,000 — G# PP 0 Ko,
W

—gHPE I Koy 0" 4P g Ky~ 7P P K+ (K ko) (01— O) €+ KE €7 PP a)

— ), + ki€ (01— ), + a5 € PP (ky— ko) , + QTP (ky—Kp) , + (01— G2) € PP (Ky +Kp)

+(q1— ) "€“*PP(ky+ k), + (K1 — ko) *€“"PP (01 + ) , + (ks — ko) P P (01 +02) , . (4.11)
|
V. HELICITY AMPLITUDES FOR yy—W*W~ \/g ~
* - —qj —
In this section we present the complete calculation of po- "0 2mW(B’ $in,0,~ cosd), 5.4

larization amplitudes for the process _
respectively.

'y(kl,)\l)-f-7(k2,)\2)—>W+(q1,)\3)+W_(q2,)\4),( ) The helicity amplitudes then can be parametrized as
5.1

with the effective Lagrangiani4.3) in Sec. IV. The four-

momentum and the helicity of each particle are shown in thgyhere AN1;=N1— Xy, ANgg=A3— N\, Jo
parentheses. The helicities of théare given in theyy c.m. =max(AXg,|ANsg) andd>® is thed function. The
frame. Helicity amplitudes contain full information of the . ' | AMpiAdg, o _
process. The relative phases of the amplitudes are essentfgfPlicit form of thed functions needed here is listed in Table

because the interference of different photon &vdelicity ) ) I
states gives a nontrivial azimuthal-angle dependence. We separate the amplitude into the SM contribution and
By taking the two photon momenta along thexis and the newC P-odd contributions with the factdrextracted

by taking theW"™ momentum in thex-z plane(see Fig. 1,
the four-momenta are parametrized as

Mypoinan =My 00, (OIS 4, . (65

1h2ikzhy A3y

M= Mgy +iMy, (5.6)

J5 5 where the new contribution can be decomposed in the form

S
:_ M — —~ —~ —~ ~ —~
(1,0,0.9, Kk 2 (1,0,0-1), My=Y M1+ Y oMY 2 4+ Y MY3+Y , MY4 (B.7)

\/r Here we retain only those terms with one insertion of
’1‘2 (1 ﬁsma 0 ﬂcosﬁ) CP-odd operators.
\/— A. The standard model amplitudes
527 (1,— ﬂsma 0,— Bcosﬁ) (5.2 The procesyy—W W~ is P- andC P-preserving in the

SM at the tree level. This leads to the following relations

The incoming photon polarization vectors are v
gp P P My, g =Mon, oayongioage
B(+) —1(01+'0) B(+) —1(01—'0) CP: M =M (5.8
e (*x)=+—=(0,1,%1,0), &(x)=+—(0,1,+1,0), : P P S e T PR VI W .
1 /_2 2 \/E 17422434 2 1 4 3

(5.3 The Bose symmetry leads to the relation

and the transverséhelicity-=1) and longitudinal(helicity- M)\

=M o (COSH— —co). (5.9
0) polarization vectors of th&/= bosons are Mahiitaha

1h2ihghy

TABLE lll. Explicit form of the d functions needed.

1
e3"(*+)=%—=(0,co¥,*i,—sinb),

V2

d5 A 0)=d%, _,(6)=3(1+cosh)®
d?_»(6)=d2, A0) = 3(1— cost)®
d3(6)=—d?, ,(6)=—3(1+cos)sing
—cosh, ¥i,sing), d3_1(8)=—d2,,(6)=3(1— cos)sing
A3 6) =02, o ) =3 (6) =3 _,(6)=[3sirPe
d3(6)=d5_,(6)=/1sing
(,8 sing,0,co9), dg(0)=1

e (E)=7F

%ﬁl

e51(0)= —2
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Let us rewrite the amplitude in the form _ i
M= ——— (i=1,2), (5.19
~ 2
_ el 1—B%coso
MSM: -~ 2 1 (510 i ) ) ) )
— B%cog6 we find that the nonvanishing, contributions are
by extracting the- and u-channelW boson propagator fac- N =Nt =8[2+B(1+co0)],
tor. It is clear that the coefficientss satisfy the same, T o
CP-, and Bose-symmetry relations Adg,,. We find for the N - _ _Ml - _'/\f(l
positive photon helicity X;= +), 0 50+ -0
L - - =4WB(1+ B).
+M+ 4 2(1+p)?, +MF;+O: +’\1-+—: +'\1;0+:O:
N, go= — N o= — 47 (1— BPco),
—~ 8 ~ —~ ’
M —— NSM . _SM YL " . B B B
++;00 ~ ++;0— +4 =+ ++;-0 ) XY _ Y Y _
r N+1+;o—__ —1—;+0_ +l+;—o__N>£l—;o+
=—a\fp(1-p
~em e 32~y JFB(1-B),
-/\/‘«sr+;——:2(l_ﬁ) ) -/\E—;++:Ev -/\E—;+—_81 . ~¥
N, =—N", =8[2-B(1+codH)],
NSM N SM :i ASM :4\/2(2_'é2) . ~ ~ ~¥, 32 .
+—:;+0 +—,0+ \/E, +—:00 3 , MF— T +,;,,:N,+;++:_/\d+;,,:_%ﬂ.
(5.11
NP . . X/‘Yl __ M A1 :_]\?(1 Vi
wherer =s/my, The other remaining coefficients can be ob- “¥+-;+0 +-;0- +-;0+ +—-0" V=440
tained by using thé®> and CP relations(5.8) and the Bose v O SR v _4\/—
symmetry. We note the following three features of the SM —+;0- —+;0+ -+ 2rB,
amplitudes. (5.19

The amplitudes for producing twdé/'s with the nonvan-
ishing total spin component along th# boson momentum and the nonvanishiny, contributions are
direction (AN3,) vanish when the initial state has

J,=AN;,=0. N, ==N"7 __ =-12[1-3B+ 2+
The amplitude for producing two longitudingé’s from a ..

J,=0 initial state is suppressed by a factor af i the SM. +(1+B—3p%+ % cosd],

The same behavior should appear in the production of two _ _ _

charged scalars such ag— 7" 7. Nz, o= N =NP =N
The amplitudes for producing two riglieft-)handed . o ’

W's from two left{right-)handed photons is suppressed by a =— 24\/F(,8+ 1)(B—2)cos,

factor of 1f2. The results are consistent with those by Ye-

i 3 Y Y ry Y
hudai[4] and by Béangeret al. [9]. N2, _=- 727:+7:/\f12+;7+:_ I
B. CP-odd amplitudes _ 4_8?(“_2;2)’

Every CP-odd amplitude and its CP-conjugate amplitude V6
satisfy the following relation _ _
~ ~ N2 =—N"?  =96sif
Yi — Yi P ++;00 ——;00 '
Nhpigh, _M*)‘zr*)\lf)\m*’\s(l =1234,
51 Y Y. 4 v Y.
(612 N+2+;0— 2. ;40 'Aﬁizﬂ—o__ —2—;0+
since the factor of is extracted in the full helicity amplitude _ 24\/?(,8— 1)(,8+2)Cos9,

(5.6). It then follows that anyCP self-conjugate amplitude
has a vanishing contribution from ti@P-odd terms:

NP ==N".  =—12[1+3p+p?~ B
M= 7;27)= MYi(£7;7 %)= MYi(+ 7,00 =0 +(1- B—3pB% B3 co0)],
(i=1,2,34. (5.13 I v ;\"/x Yz+ -

The Y, andY, terms contribute to thé andu channels 48
and Y, contributes to the contactyWW diagram as well. ———F(1+ ),

By using the notation V6
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X/'Yz — _ N2 — N2 = _]\'/Yz VI. DIFFERENTIAL CROSS SECTION
+—;+0 +—;0— +—;0+ +—;-0

—Ny2 /\ﬂz

— 440 00— +0+

_ e In counting experiments where the finAl polarizations
—+;-0 are not analyzed, we measure only the following combina-

=24\/E,8. (5.16 tions:

The two contributions behave differently at high energies. 2 M, : = 2 2 Mm
TheY, contributions are dominant in the amplitudes for pro- X Aa M
ducing two longitudinaMW’s from the J,=0 initial photon
state

./’\;l*

Iyt .
S U AAE NS V) S W

(6.9

We then findX ynpor, So02, Aoz, S22, and Xqo from Egs.
(2.13. The differential cross section for a fixed anglas

N2, g T APsinte, (5.17)
2 o? A 1 . |
while the Y, contributions are dominant in the amplitudes (X)=—= Sunpo— SRE(pe” ¢
for producing two transverseW's except for the dcosgd¢ 85(1— B*cos6)? 2

(£=*;x %) modes

- A 1 .
—, + e XT3 ]+ ER{(nef'O”‘/’)

o II—>I48IA’Sin29,
_ _ — e "X Ag ]+ pyRe(e” ¥ 92y,
N\:iz:;+—:/\ﬁ-(:2:;—+_):16\/6f'
- e‘ZiXEOO)] : (6.2
N2 =N —=16/6F. (5.18

. . . e2ii EZAOZ
The high-energy behavior of two sets of amplitudbsl) e A,
and(5.16) are in sharp contrast to that of the SM amplitudes (1— B?cog)? (1— B%cog )2
whose dominant contributions are in thetf;+=*), _
(£¥;=7), and (= ¥;00) modes. Because of this, interfer- for i =unpol, 02, 22, and 00. S
ence between different helicity amplitudes are essential for We first note that all the real parts of the distributions
observing significanC P-violation effects. Use of the lin- (6.1) are independent of the anomaldd®-odd form factors
early polarized photon beams allow us to study interferenc&’; up to linear order
between the leadin@ P-even(SM) amplitudes and the lead- . R R .
ing CP-odd amplitudes. In our approximation of neglecting 3 npo= 38— 45%(3—8c0s 0) + 63%(1+sin'6),
the one-loopyyH vertex of the SM, there is no contribution

from theY; term; - 96 - -
R(Zo) = —B%sin*, R(Ag)=0,
r

(6.3

MY3=0. (5.19

On the other handy, contributes to thes-channel scalar S i S 96
exchange diagramOY4in the helicity amplitudes with R(350) =65%in'0, R(20 == (6.9)
AN1o=AN34=0. An explicit calculation shows that the non-
vanishing amplitudesMy,, are as follows: On the other hand, tw& P-odd distributions,I(ioz) and
I(2q0), have contributions from th¥,, Y,, andY, terms

MI-A-*— R M __=4xu(9), A it o
I(Sgp) = — 41 B 4(1— B?coSO)R(Y,)
M, o= _MI{;OO: —F(1+B%)xu(9), +48(3+ B2coLO)R(Y,) + (5—352)
A v\C ) (5.20 X (1— B2co20)R(Y 1 xn)ISiN?6, (6.5

S \— - 02
where yy is the Higgs propagator factor (20 =24 4R(Y1) — 41 (1+3B9)R(Y)

+(14 BHR(Yaxn)1(1— B2cod). (6.6

S

XH(9)= 2 s—mi+imyly’ (5.2 ] A few comments on th&€ P-odd distributions are in or-
er.

In the subsequent numerical studies, we examine the case (1) (3 hasfs? as an overall factor such that the con-
with my; =100 GeV, where the widtk', is safely neglected. tribution vanishes at the threshold, wherd§Zo0) does not.

We will study them,=2m,, case elsewhere, since there (i) Both CP-odd distributions have the angular terms
both the tree- and one-loop SM amplitudes are relevant. (sir?d and 1— 3%co$6) which become largest at the scatter-
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ing angled= /2, where the SM contributions are generally ~ We present our numerical analysis at the following set of
small. We, therefore, expect larggP-odd asymmetries at collider parameters:
0~ l2.

(iii) Each term inZ(Xo,) has a different angular depen- Js=0.5 and 1.0 TeV, k2L,=20 fo'l. (7.2
dence which allows us to disentangle them. On the other
hand, we note that all the terms in thigZ o) mode have the  The dimensionless parameter which is dependent on the
same angular dependence. The only way to distinguish themser frequencyy, is treated as an adjustable parameter. We
is to study its energy dependence. We show that this can bggte thatk=1 is the maximally allowed value for the-y
done efficiently by adjusting the laser beam frequency in the,gnversion coefficienk and it may be as small as=0.1 if
Compton backscattering mode. the collider is optimized for the™ e~ mode[15]. All one

(iv) At high energiesi(>1), R(Y;), andR(Y,) are mea-  ghould note is that the significance of the signal scales as
sured fromZ(2.qp), whereasR(Y,) affects bothZ(2q9) and (.2 _ ), wheree denotes the overall detection efficiency
I(302)- that is different forAgg andAg,.

VIl. OBSERVABLE CONSEQUENCES A. Statistical significance of possible signals

OF CP-ODD COUPLINGS The two CP-odd integrated asymmetrief,g and Ay,,

Let us estimate the various experimental branching fracdepend linearly on the form factor&(Y,), R(Y,), and
tions of W decays. Consider the decay of eaghinto a R(Y,) in the approximation that only the terms linear in the
fermion-antifermion pairquark-antiquarkg,q, or charged form factors are retained. We present the sensitivities to each
lepton-neutrind »;) at the tree level. The branching ratio for form factor, assuming that the other form factors are zero.
W~ —ly (I=e,u, or 7) is about 10% each20]. We thus  The analyses are cataloged into two parts:the) WW part
expect the following final state combinations: and theyyH part.

Folding the photon luminosity spectrum and integrating
the distributions over the polar angle we obtain thex

1) (qq)=4jets 49%, :
(qa)(qa)=4jets ° dependence of available event rates:

(qo)(lv)=dijet+1=+p 42%, (7. Nunpol 2 4
ma TmaxQ T
R N2 | = K2Lee—25 f 7f dcosd
(I (v)=1"1"+p 9%, Nogo Trmin -1
where p stands for the momentum of the escaping neutri- - Zunpol
no(s). The dijet-I= mode is most amenable fdN-spin XM A,,Z(ioz) , (7.3
analysis. In our analysis, no spin analysis for the decaying (1— B%cog6)? .
W's is required. In case af(2 ), not even the scattering Ay (Z00)

plane needs to be identified. Even if one excludes the

7" 7+ p modes of 1%, the remaining 99% of the events carwherer,=[X/(1+x)]? and 7, =4m/s. One measure of the
be used to measut&>. o). On the other hand, the scattering significance of aCP-odd asymmetry is the standard devia-
plane should be identified to measuf€Xy,). It is worth  tion A&, by which the asymmetry exceeds the expected sta-
noting that the charge of the decayillg is not needed to tistical fluctuation of the background distribution; far=02
extract Z(2q,). Therefore, all the modes except for the and 00

"1~ + p modes(9%) can be used foZ(Z ).

Certainly, a realistic experimental analysis should include _ 1A
all the possible background processes and consider all the A@D:—a, (7.4
available experimental cuts in order to reduce those back- V2/€N ynpol

grounds. The heavy fermion-pair production processes such

as yy—tt, yy—bb, and yy—tt can spoil the Heree is for the sum ofW branching fractions available,
yy—W?'W~  process. However, we note that the Which is taken to be

vy—W"W~ reaction has a much larger cross section than

those heavy fermion-pair production processes. Furthermore, 100%  for Ngo,

the total cross section increases to a constant value at high 71 91% for Ng,. (7.9
c.m. energies. At/S=500 GeV the total cross section is
about 80 pb, while the heavy fermion-pair production Crossg
section is of the order of 1 pb. So we expect that there do not
exist very serious background problems. In the present work
we simply use all theW pair events. It would be rather
straightforward to include the effects from any experimental
cuts and efficiencies in addition to the branching factors disand considering each form factor separately, we obtain the
cussed above. 1-0 allowed upper bounds of the form factoris<(1,2,4)

eparating the asymmetdy, into three independent parts as

A=R(YDAL+R(Y)AZ+R(Y)AY4, (7.6
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R(Y,) TABLE IV. The best 1e bounds of theCP-odd form factors
R(Y,) andR(Y,) and their correspondingvalues forys=0.5 and
107 g —— 10" 1 TeV.
]
' (a)
|| A02 AOO
10° by T 4 102 |
NS ' Js (Tev) 0.5 1.0 0.5 1.0
Aa Vv X 1.83 0.96 0.75 0.31
10° PR 10° PR —— Max(|R(Y)]) 1.1x10°2 5.0x10°% 3.2x10°% 2.2x10°°
0 1 2 3 4 5 0 1 2 3 4 5
x X X 2.09 1.23 1.11 0.59

Max(|R(Y,)|) 2.4x10°% 9.0x107° 26x10°% 1.1x10°*

FIG. 4. The x dependence of theR(Y,) upper bound,
Max(|R(Y1)|), at s=0.5 and 1.0 TeV, from(a) the asymmetry

Ay, and(b) the asymmetrA,, respectively. The solid lines are for .
ﬁ: 0.5 TeV and the |0ng_°3ashed lines fgs=1.0 TeV. respectively, for/s=0.5 TeV andy/s=1 TeV. Thex depen-
dence of the sensitivities tB(Y,) are shown in Figs. &)

and 8b). In both figures, the solid lines are fgs=0.5 TeV

2 and the long-dashed lines fafs=1.0 TeV. Let us make a
Max(|R(Y))|a) = —~v—F——, (7.77  few comments on the results shown in the two figufégs.
|AL V€N unpol 4 and 5 and Table IV.

(i) The sensitivities, especially from the asymme#fy
mode, depend strongly on the valuexofSmallerx values
are favored forAqg, while relatively largex values are fa-
vored forAg,. This property can be understood clearly by
noting thatAqq gets suppressed as they c.m. energy in-
creases, whilé\y, does not.

(i) The optimal sensitivities oR(Y,) are very much im-

The parity-violating form factorsY; and Y, respect proved as the*e™ c.m. energy increases from 0.5 TeV to 1
charge conjugation invariance and they are related tothe TeV while those oRR(Y;) are a little improved. The optimal
electric dipole momentEDM) dyy and theW magnetic quad-  x values are reduced as the c.m. energy increases.
rupole momer(MQD) Qyy of W* by (i) At the two +/s values, the asymmetrieA(\)(g give

26 _ e stronger sensitivities thaAhgz1 to R(Y), while the two sym-
dwzm(YﬁGYz), Qw==17(Y1=6Y2). (7.8  metries Aj? and Aj2 give rather similar sensitivities to
W R(Y,). These properties can be understood from hae-

There are strong indirect phenomenological constraints opendence of the correspondi@-odd distributiong6.6).
the above couplings arising from the EDM of the electron The above results underlie the importance of having ad-
and neutron21]. However, we should note that there is ajustable laser frequencies, which allows us to select the re-
possibility of cancellation among different contributions gime where each contribution becomes dominant. We find
which renders these indirect constraints ineffective. Directhat the two-photon mode allows us to reach the limit that
studies of W-pair production at high energies are quite R(Y,) is of the order of 10 andR(Y,) is of the order of
complementary to the precision experiments at low energied0 * or less.
Although the interplay between high- and low-energy experi-
mental constraints is important, the latter constraints cannot
replace the role of high-energy experiments. C. The yyH vertex: Y,

Figures 4a) and 4b) show thex dependence of the sen-
sitivities to R(Y4), which are obtained from\y, and Agg,

if no asymmetry is found. Thélgp-o upper bound is deter-
mined simply by multiplying MaxR(Y;)|s) and
Max(|1(Y4)|a) by Nsp.

B. The yWW and yyWW vertices: Y, and Y,

The yyH vertex Y, can be studied in the process
vy—H [5], where the interference between the one-loop SM
amplitudes and the ne® P-odd amplitudes lead to observ-
ableCP-odd asymmetries. In this paper, we study the sensi-
tivity of the processyy—W*W~ to the CP-odd yyH cou-
pling Y,, wheremy is below theW-pair threshold. For an

R(Y,)

TABLE V. The 1 sensitivities to theCP-odd form factor
R(Y,) and their corresponding values for\s=0.5 and 1 TeV.

-
(=]
£
T T
e ——

Ay Here,m,=100 GeV.
L S S
X Aoz Ago
FIG. 5. The x dependence of theR(Y,) upper bound, /s (TeV) 0.5 1.0 0.5 1.0
Max(|R(Y,)|) at ys=0.5 and 1.0 TeV, froma) the asymmetry  x 1.43 0.69 0.76 0.31

Ag, and(b) the asymmetryAqg, respectively. The solid lines are for Max(|R(Y,)|) 1.1x102 6.4x10°°% 7.5x10°° 5.0<x10°°
Js=0.5 TeV and the long-dashed lines fgs=1.0 TeV.




54 PROBINGCP VIOLATION IN yy—W*'W~ WITH ... 6715

R(Y)) E. Comparison of the ¥y mode and thee*e™ mode

10 —————— The initial e* e~ state of thee*e™—W"W~ process is
® = (almos) CP-even due to the very small electron mass. It is
10" F -~ 1 then clear that the initial electron beam polarizations are not
s so useful to construct largeCP-odd asymmetries.
/ 3 CP-violating W .interactions can pe probed only via fpin/
LT " LT angular correlations of the decayiMg's. For Lo.=20 fb™!
o 1 2 3 4 5 o1 2,3 4 5 and k=1, we compare the constraints from the two-photon
mode with those from the®e™ mode by studying th&v=
FIG. 6. The x dependence of theR(Y,) upper bound, decay correlations afs=0.5 TeV.
Max(|R(Y,4)|) at Vs=0.5 and 1.0 TeV, froma) the asymmetry The processee” —=W*W~ [12,14 has been investi-
Ao and(b) the asymmetnAqg, respectively. Here, the Higgs mass gated in detail. For the present comparison, let us refer to the
is my=100 GeV. The solid lines are fO(/§:0.5 TeV and the work by Ka|yniak, et al. [14], where they have assumed
long-dashed lines for/s=1.0 TeV. L.e=50 fb~! and a perfect detector. Readjusting tiee™
integrated luminosity to 20 fb', we can summarize their
findings; the total cross section with the pure leptonic decay
actual numerical analysis, we sat, =100 GeV and assume modes of tha\’s gives the constrainiR(Y;)|<5x 1072, It
that its width is negligible. Our results are insensitive tois clear from Table IV that the two-photon mode is much
my as long aany<2myy . more promising than the*e™ mode in probingCP viola-
The best sensitivities tdR(Y,) from the asymmetries tion in the W pair production, if«~1 ey conversion rate is
Ao, and Ay and their corresponding values forys=0.5  technically achieved.
and 1.0 TeV are listed in Table V. Two asymmetries give the
approximately same sensitivities at the samegalue. The
doubling of thee® e~ c.m. energy improves the sensitivity so VIIl. SUMMARY AND CONCLUSIONS

much and renders the optimalvalues smaller than those at |, this paper we have made a systematic study of observ-
Vs=0.5 TeV. Figure 6 shows the very strorgiependence gpje asymmetries related with two polarized-photon colli-
of the R(Y,) 1-o sensitivities. Quantitatively, we find that sjons via the Compton backscattered laser beam at future
the constraints orR(Y,) are of the order of 10° for  jinear colliders, which could serve as tests of possible
my=100 GeV atys=0.5 and 1.0 TeV. CP-violating effects. We have described in a general frame-
work how photon polarization is employed to stu@y in-
variance in the initial two-photon state. We have considered
D. Model expectations the most general dimension-sBP-odd operators in the sca-

In order to assess the usefulness of the two-photon mod@ and vector boson sector, preserving all the SM gauge
with polarized photons, it is useful to estimate the expectegymmetries in the linear realization of the electroweak sym-
size of theCP-odd form factors in a few specific models Metry breaking. _ _
with reasonable physics assumptions. Several wi@kisave Limiting ourselves to purely linearly polarized photon
estimated the size of th&/ EDM in various models beyond Dbeams, we have constructed t@-odd asymmetries in the
the SM. They have shown that th& EDM can be of the Processyy—W"W". The CP-odd asymmetries can be ex-
order 102° (e cm) in the multi-Higgs-doublet model and the tracted by simply adjusting the angle between the polariza-

supersymmetric SM, corresponding Yq andY,, of the or- tion vectors of two laser beams. We have found that the
der of 10°% It is predicted of about 132 and less than Sensitivities of th&CP-odd asymmetries to th@ P-odd form

10738 (e cm) in the left-right model and the SM, respec- factors depend strongly on the" e~ c.m. energy and the
tively, laser beam frequency.

In more general, if these vertices appear in the one-loop !N Tables IV and V the maximal sensitivities of the
level [22] the coefficientsf; may contain a factor of CP-odd form factors and the correspondmgvalues have
1/167%. By setting all fs to be 1/16:2 and setting been shown for/s=0.5 and 1 TeV withx’Lee=20 fb™™.
A=v=246 GeV, we find The sensitivities are high enough to proB®-odd new in-

teractions beyond the limits from some specific models with
[Y1|~|Y3|~|Y4~1073, |Y,|~10"4. (7.9  reasonable physics assumptions.
We have found that, fok~1, a counting experiment in
the two-photon mode with adjustable laser frequency can
The above order of magnitude estimat#s9) of the form  give much stronger constraints on heEDM and magnetic
factors are consistent with the values expected in some spguadratic moment{MQD) than thee®e~ mode can do
cific models. through thew* decay correlations ie™ e~ collisions using

It is worth remarking that the two-photon experimentsa perfect detector.
may allow us to probe th€ P-odd effects of the expected To conclude,(linearly) polarized photons by backscat-
size (7.9). The two-photon collider with polarized photons tered laser beams of adjustable frequencies at a TeV scale
and adjustable laser frequency can play a crucial role ie" e~ lineare*e™ collider provide us with a very efficient
probing CP violation in the bosonic sector. mechanism to prob€ P violation in two-photon collisions.
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