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This paper studies the utility of the processgg— yy, yZ, andZZ in searching for sources dP
violation arising from energy scales beyond the production thresholds of planned future colliders. In the
context of an effective Lagrangian approach we consider the most general €& ofld SU(2)<U(1)
operators that give rise to genuinely quartic gauge boson couplings which can be probe® iscattering
processes at gy collider. We study each process in detail, emphasizing the complementary information that
is obtained by varying the initial beam polarizations. Finally, we compare our results to other constraints in the
literature onC P odd gauge boson interactions and quartic gauge boson couplings; the search reaches obtained
here are typically stronger and nicely complement previous studies which have focused primé&yilyoson,
top quark, or Higgs boson production.
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I. INTRODUCTION were first computed in Ref9]. Recently, they have been
reexamined 10-13, and shown to exhibit several interest-
Future e"e™ colliders will likely have the option of ing features that motivate our analysis. The SM amplitudes
operating inyy or ey collision modes[1]. These modes vanish at tree level, and may therefore be quite sensitive to
are reached by Compton scattering laser light off onehe effects of new physics. At one loop they acquire large
or more of the incoming fermion beams, and then collidingimaginary parts, completely dominated at high energies by
the resulting high energy photons with the remaining fermiorthe helicity amplitudes\+ .+, Mi+.+, andM. ;- .,
beam or with each other. There is a large potentialégr where = denotes the direction of transverse polarization
and yy collisions to elucidate possible physics beyond therelative to the beam direction. Such amplitudes can interfere
standard model; previous investigations have focused ostrongly with CP violating contributions from new sources,
anomalous couplingg?], searches for extra dimensiof®, yielding greatly enhanced sensitivity to these new effects. In
properties of supersymmetfy#], and a broad host of other addition, the ability to polarize both the initial laser light and
topics. fermion beams allows the construction of observables which
One subject that deserves further studyCiB-violating  are sensitive only to these interference effects. These proper-
gauge boson self-coupling€.P violation is one of the most ties, together with the experimental cleanliness pj
poorly understood aspects of the standard ma@&¥). — vy, yZ, andZZ scattering, suggest that these processes
Present data merely fix the value of t84° violating phase might provide powerful tools in searches for new physics.
in the Cabibbo-Kobayashi-Maskaw@CKM) matrix, and In this paper we will show thagy— yy, yZ, andZZ at
cannot test if this phase constitutes the only sourceCfBr  a photon collider can provide sensitive testsCd® violation
violation. In fact, studies of baryogenesis within the SM sug-in the gauge boson sector. We limit our study to genuinely
gest that additionaC P violating terms are required in order quartic gauge boson operators, as contributions to the two
to generate the observed baryon asymmetry in the univergeint functions are strongly excluded by current data and the
[5]. Most discussions of£P violation at photon colliders three point functions are likely better tested elsewhere. We
work within the context of models such as supersymmetryconsider SU(2X U(1) invariant operators constructed from
and focus upon either Higgs boson or top quark productionhe appropriate field strength tensors, making no assumptions
[6]. However, since almost every extension of the SM conas to the origin of electroweak symmetry breaking. As a
tains newCP violating phases, it is desirable to eliminate result, our operators are of dimension 8. Throughout the pa-
any possible theoretical bias by studyi@ violation within ~ per we will identify features of our analysis that might be
the generic context of an effective Lagrangian approachuseful for other new physics searches using these processes.
without assuming any underlying mechanisms. A handful of The paper is organized as follows. We first present the
such works have been performed in the das8], concen- density matrix formalism for photon-photon collisions in
trating onyy—H, yy—W W™, or top quark production. some detail, both for completeness and to motivate the ex-
Here we extend these studies by examining possiltiterio- pression for the ensemble average of the scattering amplitude
lating quartic gauge boson couplinggy colliders are par- which will be used throughout our analysis. We then briefly
ticularly suited to studying such couplings; they can bediscuss the construction of the anomal@B violating op-
probed in 2-2 scattering processes, unlikeedte™ collid-  erators we have studied. Our results for the three processes
ers. considered are presented next, including discussions of the
The SM contributions to the processesy— yvy, yy  various initial laser and fermion beam polarizations. Finally,
—vyZ, and yy—ZZ, including electroweak contributions, we present our conclusions, including a comparison of
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our resulting sensitivity to these effects with others in the 5
literature. |M|ens:% <¢’final|M|)\j><)\k|M|¢fina|>P]kv (4)

Il. yy COLLISIONS
where we have introduced the density matrix for the incom-

In this section we present the density matrix formallsming photons in the basis defined hy:

for photon-photon collisions. Our discussion is similar to that

found in the literature(see, for example, Ref8]), but is

included here to provide motivation for E¢9), which is _ _ _

used throughout our analysis. pik= 2 WA din ) dinlNio)- 5
Consider a photon moving along tkeaxis; its polariza- '

tion vectors for positive and negative helicities are given by

Let us compute the density matrix for the laser photon of Eq.
o1 . (2); introducing the notatiof .= cos(2x) andP,=sin(2«),
6*=E(0,1 1,-i,0). (1) we have

_ _ _ 1/ 1+P, —Pge*?
We will denote the photons corresponding to states with p=5 i .
these polarizations by+). The most general photon state —Pe 1-Pc

can be written in this basis as

(6)

P. and P; measure the amounts of circular and linear polar-
__ ) ; —ig|_ ization, respectively. This is consistent with the polarizations
|a.¢) coga)e?| +)+sin(a)e™| =), @ for the valuesa=7/2 and a= w/4 noted above. After the
. . ) Compton scattering process, the degrees of linear and circu-
where O<a=<m/2 and —m<d¢=m. Writing this state in |5 polarization are described by distributions which are de-
4-vector form demonstrates that the choicesO anda  pendent upon the fraction of the fermion beam energy the
= /2 lead to circularly polarized states, while= /4 leads  |5ger photons acquire. Denoting this fraction oyand the

to alinearly polarized state. The angtedescribes the direc-  helicity distribution functions by, (x), the density matrix
tion of linear polarization in the-y plane. becomes

The experimental setup iryy colliders has been de-

scribed in detail elsewhefd]; briefly, one Compton scatters 1) 1+&(%) — g(x)e%

laser photons off fermion beams, and then collides the back- p== , . )
scattered photons. When observing the scattering process 2\ —g(x)e7 P 1-£(x)

yy—X, the energies or helicities of the incoming photons

are not known; they will be statistically distributed, with the The eigenvalues of this matrix are

specific distribution being determined by the details of the

Compton scattering process. When measuring the differential _ 2 2.

Cross section, one no longer determines e =1ENVEHES ®)
[{ $tinatl M| binitiar )|, but rather the ensemble average of

M: we no longer have a pure state unlgds- £2=1.

As the processes considered in this paper involve two
> ; i Compton scattered photons, the complete density matrix will
|M|ens—2 W![{ brinall M| binitian)* ) be the tensor product of the density matrix for each photon.
Also, since one of the initial laser photons will be moving
where the sum over sums over all possible initial states along the—z axis, we must takep— — ¢ in its density ma-
weighted byw', the probability of their occurrence. We can trix. Referring back to Egs(4) and (7), we can write the
write this in the form ensemble average for the procegg— X as

1
[ Mlgns=Z M [P IM P M [P M P £ M [P M M 2= M 2]+ £(x2)

XM P= M P My P M PT+ Ex) Ec()[[M g 4 [P+ M P= M [P= M ]2
+2&(x) E(X)REM - M* (018D M, M* (P17 9D —2¢ (x ) REM, , M* 21

M ME PN =28 (X)) REM,  ME €% %2+ M M*  e2192] 4+ 2£,(x)) (X)) REM . M* _eP 41
— My ME @M+ 28(X0) E(X)REM _M* e P2— M, M e? 2]}, 9)
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where, for exampleM , _ denotes the helicity amplitude for bosons, which become strongly interacting in the case of a

incoming photons with helicities- 1 and— 1. We have sup- realization of SU(2)X U(1) without a Higgs boson.

pressed the final stadé depending upon the process consid- A brief comment on the completeness of these operators

ered the observable final state might require a sum over varis in order.CP violating operators containing threetensors

ous helicities. This expression will be used to constructare reducible to those containing only one such tensor, as the

observables for all the processes considered in this paper. product of twoe tensors can be written as a determinant of
The physical cross section involves a convolution of thismetric tensors. Operators such @VPUAWBZCP'BDZ,

scattering amplitude with the photon number density funcwhere thee tensor contracts an index on each field strength

tion of each photon. The explicit form of this function, as tensor, are reducible to those where théensor fully con-

well as the forms for the linear and circular helicity distribu- tracts one of the field strength tensors through use of the

tion functions, can be found in the Appendix. Schouten identitysee the first reference in Refd4,15),
IIl. CONSTRUCTING CP VIOLATING OPERATORS gaBEMVpU+ ga;LEVpo'BJF gavepaﬁu+ gapEO'B,uV+ gaO'E,B,qu
=0, (12

Here we construct the most general set of operators that

contribute to neutral gauge boson self-interactions, subject @ ich states that no tensor antisymmetric in five indices ex-
the following constraints. We consider only SUW(1)  ists in four dimensions. Similarly, the operators
invariant operators, and further restrict these G&-odd

terms. As the effects o P-odd trilinear operators have been " poR
; . , B~'B,,B""B

extensively studied14], we consider only those terms that

lead to quartic or higher gauge boson interactions. We also v o= , o

make no assumption as to the mechanism of electroweak W5 "We,,BP7B,,,  B*"B,,W;"Wa,,

symmetry breaking. These restrictions lead us to the follow- ) )

ing set of seven dimension eight operators constructed frori@n be reduced to those listed in E0) through use of the

the W andB field strength tensors: identity

"% PO\
op Wa WanWb Wbo’,u ’

(13

=(B,,B*")(B”B,,), vapfy_ L a
O(BB)(BB) ( v )( pa’) f,uaByF FBY:ZggéaﬁyﬁF BEYS. (14)

— v [2ea
Ot nwy = (Way, Wa ™) (WE"Wop). This is true for F#¥ antisymmetric in four-dimensional
spaces(an analog holds in arbitrary dimensiofis6]). Fi-
nally, since the processes considered here only inWI&,
the operators

Oeyww = (B,,B*") (W' W,,,),

Oww es)=(Wa,, WE")(B*B,,,),
(10) (Wa, WE) (WO Wy,0),  WE W, WE Wy, (15)

Oewew = (B, Wa") (BP"Way,), become equivalent to the second operator in(EQ). through
B use of the above identity, while the operators
OWBWB: WgVBVprUB(r,u, ’ - -
_ Eabc(WanWgV)(BpUWCpa)a €and B,LVWQV)(W’SJWCW),
OBWBW: BMVWanBp(rWaO',u, . - -
€apb WA "Wy, W2IB, .,  €apcB""Wa,, WL W,
HereW<." is the SU?2) field strength tensor arB*” the U(1) abetla Mo Te Don abe avptb Trean (16)
field strength tensor. We have introduced the notation
only contribute to processes involviMy™. We thus see that
=~ 1 po the seven operators delineated in EQ) form a complete
Buv=75 €urpsB™, (1D and independent set.

Each of these operators will give rise to a number of
and our convention for the tensor iseg;,5= 1. Although the  different yyyy, yyyZ, and yyZZ operators, as well as
operators considered here are of dimension 8, there existsagher quartic operators involving three or m@®osons and
set of dimension six operators involving either a Higgs fieldterms containing more than four gauge bosons. In this paper
or the pions of a realization of the SU(2)J(1) symmetry we will concentrate on those quartic operators relevant for
without a Higgs boson that contributes to the process the scattering processesy— yy, yZ, andZZ; the other
—ZZ. We have ignored such terms because we are nderms cannot be probed in-22 scattering, and the resulting
studying electroweak symmetry breaking; their effects carconstraints obtainable on the operators of &) would be
be separated from those considered by either reconstructingeakened. Denoting the operators to be studied by
the Higgs peak in the invariant mass distribution of the final0?”, O7*, and O##, each SU(2XU(1) operator will
state Z bosons, or by distinguishing the longitudindl  have an expansion of the form
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OSUA VM =gl OY7+bL OV +c O+ -+, (17)

wherea, b, andc are functions of the weak mixing angle,
and the ellipsis denotes the neglected terms. To determine th

independentyy, yZ, andZZ structures, we set

B#¥=cog O\y) F*"—sin( 6\y) Z*",
(18
W5"=sin( 6,y) F*"+ cog Oy) Z*”,

where

Fo=0,A,—d,A,,
(19
Z,,=3,2,—d,Z,.

Doing so, and making use of the identity in Ed4), leads to
the following forms for the®*:

O17:(F L F#) (FPF ),

PHYSICAL REVIEW D64 095017

but we will ignore this possibility. To preview what we will
observe, it will turn out that in certai® 32> the struc-
tures of Eq.(20) will interfere destructively, while in others
ey will combine constructively, leading to widely varying
sensitivity to the® SU2)*V)

V. yy—vyy

In this section we consider the procesgk,)+ y(k,)
—v(p1) + v(p2). We also present and motivate the various
parameterizations and approximations used throughout the
paper. A detailed presentation of the standard model ampli-
tudes can be found in Refisl0,11]; here we focus only upon
those features relevant to our analysis.

Let us first discuss the properties of tiiP violating
amplitudes we are considering. The detailed expressions for
these amplitudes, and those for the other processes consid-
ered in this paper, can be found in the Appendix. Bose sym-
metry implies the relation

MSE (stu)=M$E (s,u,t)=MSE (st,u), (21)

wheres, t, andu are the usual Mandelstam invarianss:

=(ky+ky)2, t=(ky—p1)? andu=(k;— p,)?. We have de-
noted theCP violating amplitudes with the superscrigtP.

O123:(F L F*)(FP7Z,,),  (F,,Z"")(FFF,,), The operators considered in this paper are odd undermoth
andT, which implies
FYF,,FPZ,,,
P # 20 MSP (stu)y=—MCP__ _(stu)=—MSE (stu).
(22
Of55:(FMVF“”)(ZP”2p(,), (ZMVZ“V)(FP”ﬁp”), In addition, the standard crossing symmetries hold. These
relations immediately imply
(F“VZ#V)(FPUZP”)’ Mgiu:/\/@i:::/\/tiz:::o- (23)
p e v e The only nonvanishing amplitudes anrel $%, - _ . The stan-
(=0 Zupr Za;u ZH FVpr FU#' y g p P

dard model amplitudes are dominated at high energies by the
amplitudesm SM ., MM, andMSM . . These am-
plitudes are primarily imaginary, although the real parts are
We will organize our study as follows. A section will be non-negligible; features of alyy— yy amplitudes are dis-
devoted to each of the processes— yy, yy—vZ, and cussed in Ref[10]. All of the CP odd asymmetries that can
yy—ZZ. In each section we will discuss the properties ofbe constructed involve the interference bt S", _ . with a
the reIevantOiX, focusing on the observable asymmetriesstandard model amplitude; to increase our sensitivity to the
associated with each operator and the role of varying thenomalous interaction we should attempt to define an ob-
initial polarization states. We will then discuss the measureservable with interference betweewt %, . and one of the
ment of the variou@ﬁu(z)xu(l), and estimate the sensitivity dominant standard model terms. Unfortunately, no observ-
to these operators that can be obtained at a photon collideable exists which contains such an interference with one of
We will obtain search reaches for these operators indeperthe large imaginary SM amplitudes. We can, however, con-
dently; each is multiplied by an arbitrary coefficient that struct the following observable which contains an interfer-

could cause contributions from different operators to cancelence with one of the real pieces of the SM amplitudes:

We will present the coefficient, b, andc when we discuss
the relevant process.

do

2w (2w do
[ d@d@[(d—ﬂ)5<¢1—¢2—w/4)—(d9)5<¢1—¢2+w/4>}

VY (2m (2w (da’) (da) ' (24)
fo . do,do, FTo) o p1— pp—ml4)+ aq O p1— ot ml4)
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where ¢, and ¢, denote the angles of linear polarization Throughout this paper, we take tlefe™ center of mass
introduced in our discussion of the density matrix formalism.energy to be\s=1000 GeV when obtaining our search
The experimental determination of this asymmetry requireseaches. In this case, at the endpoints of this region, where
several measurements, as indicated in @4) by the inte- Xl:XZZ\/O__4 and cosf)=0.866, we havem\z,\,/|t|~0.24;
gration over linear polarization directions. The delta func-this value becomes much smaller as we approach the center
tions in A, denote the need to maintain a fixed angle be-of the parameter region, thus validating our approximation.
tween the linear polarization directions of the initial beamS.A|th0ugh a more detailed analysis taking into account detec-
This observable has been considered previously in Refsor properties and experimental cuts would need to use the
[7,8]. Referring to Eq(9), and implementing the relations in complete SM expressions, our study captures the salient
Egs.(21) and (22), we can show that the numerator of this points.
asymmetry contains the term We show the total cross section and asymmetry veysus
SM cp for this operator in Fig. 1 for a “typical” value of\ , for

Ayy*&i(Xe) E(x) RAM T )IM(MZT ). (29 purposes of demonstration. In presenting these results we
. . L _ have assumed a@m'e™ integrated luminosit =500 fbo 2,
As shown in the Appendix, th€P violating amplitudes are \hich is the quoted yearly integrated luminosity for planned
purely imaginary, leading to a nonvanishing result. As th'slinear colliders[17]. However, a determination ok, re-
o_bservablg is sensitive onl_y to the dgg_rge of linear pOIarizaquires several separate meas',urements, and it is cyeyrtainly not
tion, we will use the following set of initial parameters: oy hected that colliders will operate primarily with purely lin-
early polarized beams, or even primarily in a photon colli-
sion mode. These numbers should be interpreted as results
coming from several years of operation and are intended for
purposes of illustration. To provide a more conservative out-
gok, our quoted sensitivity will be given as a function of
Iintegrated luminosity, beginning at the modest value
=50 fb~ 1. We have also assumed the value 1/137.036 in

Pc1=Pe=0, Pu=Pp=1; (26)

we note that with no circular polarization the fermion beam
polarizations do not enter any expression. We can simult
neously measure another independent quantity, the deno

nator ofA,,. This is the unpolarized cross section

d ounpol 1 this and all other numerical results presented.
== (IMo P+ IM__|? At the luminosityL=500 fb !, the asymmetry is much
dcog#) 256ms smaller than the associated errors, and only a change in the
My _|PHIM_L]?), (27)  total counting rate is statistically observable. Such an effect
can arise from a variety of sources, and the identification of
the form of which can also be obtained from E®). CP violation requires higher luminosities to observe a non-
We will now consider the operator relevant oy final ~ vanishing asymmetry.
states in Eq(20). We write it in the form The transcription of these results into statements about the
SU(2)xXU(1) operators is simplified by there being only one
g2, €? B v7y operator. The coefficienméu(z)xu(l) are
01’= N 7 (Fu P (FPIR ), (28) . . . ,
(A) aee)BB) = Cwr  Awwyww) = Sw
whereA ; is the energy scale of the physics leading to these o _al _al _ 22
operators, and¢; the associated coupling constant. We will (BBY(WW) ™ S(WW)(BB) — “(BW)(BW) — ~W>W
hereafter setge;s=1, effectively absorbing this coupling 1 . 1,, (30
constant into the definition of\ ;. Although we will quote aswew~ Awswe™ 7 CwSw:

our sensitivity in terms of the energy scale that can be

probed, the reader should realize that this is not exactly th _ . )
scale associated with the new physics leading to thes%?g roefcévcis(vl\’o)?[gig\?gésflgg\”)' The SU(2)<U(1) opera
anomalous couplings. We have also ignored a possitile '

appearing in front; the unpolarized cross section is unaf- 5
fected by this sign, and,, only acquires an overall sign - 8a€ (F, F*")(FP°E, ). (31)
change. At P

In our analysis, we have used the approximate SM ampli-
tudes found in Ref[11], valid for m3/{s,t,u}<1, which  To estimate the value of, that can be probed at gy
holds for the collider energies considered here. We will useollider we have performed a combined least-squares fit to
similar approximate expressions when considesng—yZ  the total cross section and asymmetry. We have assumed
and yy—ZZ. The features of the SM amplitudes noted ear-standard statistical errors and an additional 1% luminosity
lier occur when the energy of the process becomes greaterror in the integrated cross section. The fit was performed
than several hundred GeV. In accordance with this approxiwith \'s=1000 GeV; approximate results for other energies

mation we employ the cuts can be obtained by scaling these numbers. As can be seen
from Eq. (30) there are only four different results for this
|cog 6)|<0.866, 0.4<X;<Xmax- (29)  process; these are presented in Fig. 2.
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FIG. 1. Total cross section
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Vs A;=2 TeV and L=500 fo .
The bars correspond to the statis-
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0.0100 |— —
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Although this asymmetry is not particularly sensitive to  As in yy— vy, the yZ amplitudes satisfy certain rela-
CP violation as parametrized by the operators we considettjons dictated by Bose symmetry; the anomalous couplings
we note that it is a good test of a@/P violating amplitude considered satisfy additional relations because of their trans-
for which any of the real amplitudes1<" ., MSP._,  formations undeP. Let\,=0,=1 denote either longitudinal
or MSP _, are nonvanishing. In these cases terms of theér transverse polarizations. Bose symmetry implies
form CP DN CP

Mame(S,t,U):(_l) zZM bwz(s,u,t), (33
&(x1) E(x2) IM(M SM)Re( M ©F) (32)
and oddness undét requires

appear in the fifth line of Eq(9), leading to a larg&\ ., .
" 49, eading o Mo (StW=(-1MME o (stu). (34)
V-ry—vz Since the initial and final states are different in this process,
In this section we study the effects of anomaldd®  the transformation properties undedo not imply any rela-
violating operators iny(k,) + y(ks) — v(p1) +Z(p,). A de-  tions between the amplitudes. The explicit computation of
tailed study of the SM amplitudes for this process can bdhe amplitudes is presented in the Appendix. Unlikeyim
found in Ref.[12]. — v, there are several surviving amplitudes.
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Frrr T o e denominator of the asymmetry. Referring to the ensemble
2000 - Aeeee| average in Eq(9) and using the relations in Eq&33) and
C ] (34), we see that this denominator is just twice the polarized
1750 = - cross section:
5 ™F e %00 L g (M P4 M )
] APPE 1 dcogf) 128rs cisen2 o o
& SUETESEE ]
< 1m0 7] +(1= Ec(x0) € (M [P+ M L [D)].
- — Agmom ] (36)
L - Agypy
10007 7] The operators relevant tpZ final states can be found in
bl ] Eq. (20); we will write them as follows:

60 70 100 200 300 500 700 1000

Lum (fb7}) e2
o O = ——(F, ,F*")(FFZ,,), (37)
FIG. 2. Sensitivity toA , for each SU(2XU(1) operator as a (A1)4
function of integrated luminosity at the 95% C.L.
2
The structure of the SM amplitudes fery— yZ is simi- 0= € (F, ZM")(FPE )
lar to that foryy— yy, and even more pronounced. At high 2 (At M o
energies the process is dominated by the imaginary parts of
the amplitudesmM ™, ., MM, and MSY_.; all o
other amplitudes are completely negligifte2]. As before, @svzz EMVE EPOZ
. . 4 vp oM
we must construct an observable that contains an interference (As)

of a CP odd amplitude with one of the dominant SM terms.

The asymmetry considered in Sec. IV contains only interfer-Our philosophy in parametrizing these operators is identical
ence with the real parts of the SM amplitudes, and is thereto that discussed foyy— yy; there is again a coupling con-
fore unacceptable. For interference effects between imagstant g.¢; associated with each operator that we have set
nary CP odd andCP even amplitudes, we must consider theequal to 1, and a possible factor ¢fl appearing in each
following asymmetry which is measurable with circularly operator that we have ignored. The detailed amplitudes are

polarized beams: presented in the Appendix; here we will discuss several prop-
erties relevant to our analysis. The first is that the amplitudes
(d_ff) _(d_tf) for longitudinally polarizedZ states are suppressed relative
dQ/), \dQ/_ to those with transverse states by a factor ah,/+/s. This
Az= do do (39  means that we will not explore the effect of selecting final
(_> + (_) state polarizations in our analysis.
dqa/ ~1dQ) Before presenting our results, let us examig in more

) ) ) ) detail. Our discussion will illustrate the complementary in-
This asymmetry has been considered previously in Réf.  formation that can be obtained from examining all of the

The subscriptst denote the initial polarization states of the possible initial polarizations. Concentrating on the numerator
laser and fermion beams, which we will now discuss. Settingyf Az, we see that

P.1=P>=0, we are left with four parameters describing the

initial state polarizationPe;, Pep, Pyp, and Py, We will Ao (E(x) 4 ECONTIM. L P= M |2
set|P.|=0.9 and|P,|=1.0, consistent with the expected ca- 2 (€l + EO M| .
pabilities of future faciliied17], and label our initial states (X)) = EN M [P~ M_,|?], (39

(Pe1,P1,Pe2,P12). In the SM, there are six independent

states @G+++), (+++-), (++——), (+—+-), where a sum over final state helicities is implied. The first
(=++-), and (+——-), where, for example, term is symmetric under the interchange of the two initial
(+—+—) means P¢=0.9, P;=-1.0, P,,=0.9, and photons, which implies symmetry under the transformation
P,,=—1.0. States obtained by an overall sign flip are iden-cos(f)<— —cos(#) and under the interchange of the initial
tical in the SM; for example,£ —+ —) and (—+—+) lead  polarization states,Re1,P|1) < (Pe2,P)2). The second term

to the same observables. This is not true wlidhviolating  is antisymmetric under both of these exchanges. By selecting
interactions are present. The asymmetry of %), where an appropriate initial polarization state, we can isolate each
the subscript+ refers to a given initial state and to the term. For example, the choice-(+ + +) is symmetric under
state obtained by flipping the signs of the polarizations, willthe interchange of the two initial polarizations; with this
vanish in the SM and be nonzero in the presence of thehoice only the first term oh,, will contribute, whereas the
anomalous couplings. In addition to this asymmetry we carchoice (— + + —) is antisymmetric under interchange of the
simultaneously measure another independent quantity, thevo initial polarizations, and with this selection only the sec-
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ond term contributes. A choice such as  ——) is of  ered the operato©}; the distributions for the other two
mixed symmetry, and is sensitive to both term#\jy . Such  gperators differ only in relative sign and overall magnitude at

a variation of the initial states allows us to isolate the varioushigh energies. The asymmetries for polarization states (
anomalous amplitudes which contributeAg; is sensitive; 7, —) and (- ++ —) for all three operators are shown in

W"Epsymmet.”c |_n|t|al _polarlzau_ons I s _sen§|t_|ve to Fig. 5; those forO ZZ andOgZ are of similar magnitude but
MZ5 ., while with antisymmetric polarizations it is sen-

L TEEE T op d M CP opposite sign. This can be understood in a simple way. At
sitve to M %, - and M35, . high energies, a transversely polarizédeffectively looks

3 Theffourllargefst asymmetlrie§ fmﬁ are presented in Fig.. like a photon. When computing the amplitudes for the vari-
as a function of cos{), employing the same cuts as use N ous operators in Eq37), we must include all possible per-

— _1 —_ “ H ”
yy—yy-AtL=500 fb " andA,=2 TeV, the "symmetric mutations of the three photons, as they are identical

asymmetries are statistically significant throughout the entire _ . . .
; . W - . particles[for example, denoting the field strength tensors of
angular region, while the “antisymmetric” asymmetries are

significant in the outer regions. In Fig. 4 we present the totafhe fchree photons by ylz’ 2, and 3, the six permutations
cross section versugs for each initial polarization state, and required to computeO i become (12)(3), (21)(32),

the integrated asymmetry versys for the four symmetric  (13)(22), (31)(2), (23)(12), andz (32)(Z)]. The per-
initial states. Although a deviation in the cross section is noffutations required fo© 1" and O3" are identical to the
seen in any polarization state until high energies, the intePermutations necessary to compute the amplitudes for the
grated asymmetry becomes quite large at low energies, sufPur photon operator of Eq28); we can verify using the
gesting that it provides a sensitive test of the anomalou€xplicit forms of the amplitudes in the Appendix that the sum
couplings under consideration. So far we have only considef MZZ()\l,)\z;)\3,)\4) and Mgz()\l,)\z;)\g,M) gives

095017-8



INDIRECT SIGNATURES OFCP VIOLATION IN THE ... PHYSICAL REVIEW D 64 095017

0l T T T | T T T T | T T T T | T ]
10000 — E
= * ot T3
7000 - -5
£ e i
5000 = —* e S = -
£ i E
o ) —x - 7
— - e o é - - oy e — X - —
= - -3 . a
3 E x TR T —t+—
Z 3000 —
\t =
N _-x"--i’-x"—'x‘i-~§_ ]
=T ¥ - 5 oz .
R000F—,, . Xf_% M
4 _
;/X/X/‘X—X\-X\X\E\W\KI e
1000)—I L | I T T | | T T | I T ] | I | | I N | | 1 E FIG 4 TOtal (p0|arlzed Countlng rate(top)
600 800 1000 1200 1400 1600 and integrated asymmettipotton) versusy/s for
Vs O7%, with A;=2 TeV andL=500 fo *. The
0.30 bars indicate the corresponding statistical error,
S N R N R IEI ' +_'+: as well as a 1% luminosity uncertainty in the
L - event rate. The curves represent the SM event
0.25 — ] rates.
- % { +++—
0.20— } % +++'+:
C X ]
w s = ]
g f ]
N 0.15— —
~ L T i
< B X ]
.10 % I -
o-oogl 1 i 1 l%l 1 § 1 1 1 1 1 1 1 1 i [ 1 1 1 1 l 11 1 - l 1 J_
600 800 1000 1200 1400 1600
Vs
M77(A1,\2;N3,14), Up to an overall constant. Sindevio- ~ Polarization states are similar. The results are presented

lation leads to vanishing of the amplitudesin Fig. 6. Here we have included only five of the
MEP MSF%: ' andMSF;:+ in yy— v, the asym- SU(2)xU(1) operators;Oggywwy and Onww s differ
g Ny o only in the sign of their asymmetries, as @,y and

- 2 Owswas, and hence they have identical discovery regions.
SU(2)x U(1) operators whose coefficiertt andbf, are of Remembering that our operators are of dimension 8, and that

the same sign will see destructive interference betwéh the anomalous amplitudes therefore scalg\és s2/A*, we

and® %, while those whose coefficients have opposite SigNSee that the procesgy— yZ is quite sensitive to th€ P
will see constructive interference. We will see similar behav-

ior when investigatingyy—ZZ. _
Table | presents the coefficierit, relating © $Y2)* V(1)

metries forO IZ andogz must therefore be of opposite sign.

TABLE I. Coefficientsb', relating 0 $Y2*YM) 1o 0 7%

to O]z. The yZ operators will interfere destructively in b, 07 3% or
O(BB)(BB)! O(WV\I)(WV\O1 and O(BV\/)(BVV) and CO”StrUCtiVEly

in Oeyww and Owwee) - To estimate the value ok,  OwEs)es) —2syCy —2syCiy 0
that can be probed at @y collider we have performed a Owwww) 2cuSy 2cwSiy 0
combined least-squares fit to the normalized binned cros€e&s)ww) 2syCy —2CySiy 0
section, binned asymmetry, and total cross section, with  Ouwwes) —2CuwSy 2syCy 0
=1000 GeV for the two polarization states - +—) and  Opwew  CwSw(Cy—Sq) cwsw(Cq—S%) 0
(—++—). These two choices are chosen to illustrate theOgygw 0 F(swcd—2cys3) Swey
sensitivities obtainable from both symmetric and asymmetri@®,gys 0 —F(cwsSy—2snCl)  —cwsy

initial polarizations; the search reaches from the remaining
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i i ies i - CcP _ A=\ CP
\/_lolatlng operators whose asymmetrles _|nterfere construc Mabxlxz(sytau)_(_l) 172\ baxlxz(syuyt)
tively. The attractiveness of this process is enhanced by the
ease with which it can be experimentally reconstructed. =M acg\ L(su,t), (39
2™

In summary, we find that this process is a sensitive probe
of CP violation in the gauge boson sector. The asymmetry, hile oddness unde? implies
considered here would be useful for any anomalous ampli-
cP cp cP ; ; L
FUdeS.M Teas, MIT.g, and MI% o, which contain M aCbF;\l)\z(S,t,u) =(—DM 27 Ipm Ez_b_)\l_xz(s,t,u).
imaginary parts. (40)

These relations lead to the vanishing of the amplitudes
MEP . _and M7 _ . . However, unlike inyy— yy, the
In this section we will discuss the measurementcd®  amplitude M S, . . is nonzero. Explicit formulas for these
violation in y(k;)+ y(ky)—Z(p1) +Z(p,). A detailed de- amplitudes are given in the Appendix.
scription of the SM process is given in R¢L3]. The SM amplitudes for this process are similar to those
We first briefly review the constraints imposed upon thefor yy— yy and yy— yZ in that they are completely domi-
ZZ amplitudes by Bose symmetry and parity violation. Letnated at high energies by the imaginary parts of

\;=0,+1 denote th& polarizations. Bose symmetry implies M3S™ .., M3Y . _ andM3S™_ . . However, they differ

VI. yy—2ZZ
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in one important aspect. At one loop they receive contribu- The structure of both the SM and the anomalous ampli-

tions from the Higgs sector through the one Idopy vertex,  tudes are similar to those ipy— yZ; in particular, the rel-

and are therefore not independent of the mechanism of eleevant asymmetry that contains interference between the large
troweak symmetry breaking, as mentioned in the discussiofimaginary SM amplitudes and the anomalous amplitudes is
regarding the construction of the considered operators. Thggain given by

contributions to this process from a neutral Higgs boson,

such as the one present in the SM, have been given in Ref. d d

[13]; for a Higgs massn,<2m, (which includes the value 291 _ (_‘T

m,=115 GeV suggested by LEPthis contribution is sig- dQ/, _

nificantly smaller than that of the continuum production. For Azz= do do\| (42)
larger values of the Higgs mass, the t@dosons will re- (E + E)

construct tomy, for this contribution, making it separable +

from continuumZZ production. In the case of a realization

of SU(2)XU(1) symmetry without a Higgs boson, the lon- Varying the initial polarization state Rgq,P)1,Pe2,Pi2)
gitudinalZ bosons become strongly interacting near the scalgields less information than i y— yZ, however, for rea-

of electroweak symmetry breaking. The operators consideresons discussed below. The numerator of the asymmetry again
here lead to longitudinal amplitudes suppressed by the factaakes the form

m, /+/s, and thus their effects are distinguishable from those

of a strongly interacting sector. We therefore neglect any Ay (€o(Xq) + E(Xa)[ [ Moy 42— M _|?]
effects coming from electroweak symmetry breaking in our 2zm et ¢ o o
analysis. +(€e(Xp) = £ ML _[P=IM_,]?], (42
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but the vanishing of\1 $7 ., - and M SP _ . implies thatthe  (+———) asymmetry displays a peculiar peaked shape. The

second term in Eq(42) is equal to zero. We will only ob- integrated asymmetries and total cross sections for the same
serve the “symmetric” asymmetries, and the “antisymmet-initial polarization states are shown in Fig. 8. Again, the
ric’ asymmetries for the initial states {++—) and integrated asymmetry becomes large at low energies for all
(++——) will vanish. We can again simultaneously mea- initial polarization states, suggesting that this asymmetry is a

sure the polarized differential cross section: sensitive test of these anomalous operators. The asymmetries
. for © %% are of similar magnitude as those 65, but have
Tpol 1 opposite signs. Similarly, the asymmetries @£~ and 0 &*
= e[ £ £ M, L2+ M_ [y OPPOSie sig Y, the asy £ andOg

dcog ) 256ws
+ (L= €e(XD) E(X)) (M [P+ | M_.[9)].

possess opposite signs, and are somewhat smaller in magni-

tude than those fap 4. SU(2)x U(1) operators whose co-

efficientsc: andc? have the same sign will exhibit destruc-
(43)  tive interference betwee®{* and ©%%, while those with
coefficients of opposite signs will see constructive interfer-

The anomalous structures relevant for the interaction ence; the same interference pattern exists for the coefficients

—ZZ can be found in Eq(20). We will write them in the

now familiar forms Ci and Ci' . .
To convert these results into statements regarding the sen-
2 sitivity of this process to the various SU(2)J(1) operators
77 € v o> 101 i 1 1
01f= 2 (FuFe(Z°7Z,,), (44)  we need the coefficients, presented in Table II. Unlike the
(A1) situation inyy— yZ, we see that all of the interference ef-

fects are destructive, given the relative signs of d:f;efor

s € e poE each operator. However, sinad,~0.59 andsy,~0.053, a
037=—(Z,,Z"")(FPF ), :
(A4 " P complete cancellation does not occur except for the three
OperatorSO(BB)(BB) ' O(WVV)(W\M , and O(BVV)(BV\/) . We have.
o2 performed a combined least-squares fit to the normalized
0%= Z(FL,ZM)(FPZ,,), binned cross section, binned asymmetry, and total cross
(As section, with \s=1000 GeV, for the polarization state
(+— + —) to estimate the value of , that can be probed in
027 e? Fuvy Epo3 this process at a photon collider. The search reaches obtain-
4 _(A4)4 vp o able from the other symmetric polarization states are similar.
The results are presented in Fig. 9. We only display results
2 ~ for the Operator#?('BB)(BB), O(BV\/)(BV\/)! O(BB)(WV\/) " and
ng: Z"F,,Z2"F,,. Ogwew: the sensitivity toOgg)gg) and Opwwww IS iden-
(As)? tical at high energies. Similarly)ggyww and Oww(es)

. ) ) differ only in the sign of their asymmetries, as dgwew

We have again s@er=1, whereges is the coupling con-  anq 0, swe. and hence yield identical search reaches. We
stant assomateq with each op_erator._ The detailed amplltud@ée that overall, this process is not quite as sensitive to the
are presented in the Appendix. As y— yZ, those with  gnomalous operators asy— yZ due to the destructive in-
one longitudinal are suppressed by a factormf/\'s, and  terference arising from the SU(2)U(1) embedding of the
we will not attempt to reconstruct them. Amplitudes with 77 vertex structures. However, those operators for which
two longitudinal Zs areO(m3/s), and hence negligible in the asymmetry does not vanish can still be constrained quite
our approximation, which again entails the use of thestringently. In conclusion, the sensitivity éf,, to interfer-
asymptotic SM expressions presented in Re8]. The am-  ence with the large SM amplitudet. . . . renders this pro-
plitudes M EF . . vanish forO %%, and therefore this opera- cess a sensitive probe GIP violation appearing in gauge
tor does not contribute t8,. boson self-couplings.

The experimental reconstruction of this process is more
difficult than for yy— yvy or yy— yZ, as there is no higpy
photon to tag. Event reconstruction will likely require de-

manding a leptoni& decay or possibly @ —bb decay for In this paper we have examined the possibility of using
one of theZ bosons, resulting in a detection efficiency of the processegy— yy, yZ, andZZ to search for sources of
roughly 40—-45%. However, it is beyond the scope of thiSCP violation that manifest themselves at energy scales
paper to present a detail@X reconstruction analysis; such a above those of future colliders. We have parametrized these
study should also make use of the complete SM amplitudesffects by an effective Lagrangian containing the complete
and detector efficiencies. An appropriate scaling of the inteand independent set of P-odd, SU(2)<U(1) invariant
grated luminosity when observing the quoted sensitivities igjuartic gauge boson operators relevant to these interactions.
sufficient to estimate the effects of imperfect reconstructionThe considered processes vanish at tree level in the SM, and
The binned asymmetries for the symmetric initial polar-at one loop are completely dominated by the imaginary parts
izations ofofZ are shown in Fig. 7. They are typically larger of the amplitudesM . +++, Mi-.-,andM_.-+.. The
than those foryy— yZ. Note that the central value of the fact that they might be powerful tools in indirect searches for

VII. CONCLUSION
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new physics was pointed out in Refd0-13, where their on CP-conservingW"W~yy, W*W~Zy, andZZyy ver-
sensitivity to supersymmetric loop effects was discussedtices. The operators considered in this paper are of the form
Our results show that they are also of utility in searches foe? A*)O (with ges=1), and therefore our search reach for
sources ofC P violation that contribute to self-interactions of 1/A* are to be contrasted with their bounds @fl6A2. As
gauge bosons. expected, our sensitivity at a higher energy and higher lumi-
To demonstrate that these processes are indeed sensitivesity collider are very significantly better. We next compare
probes of the gauge boson sector, we compare our resultir results with those of a study of these same operators at a
with four others found in the literature. We first note that500-GeV e*e™ collider with an integrated luminosity of
while our operators are of dimension 8, those with which we500 fo~! [19]. In this study the operators are parametrized in
compare are of dimension 6. Although our comparisons aréghe  form (Ke4)/(4s\2,\,c\2,\,A2)(9, and bounds of
for the search reaches for the new physics sdalthe reader  («e?)/(4s3,.c5,A%)<0.13<10"°> Ge\? obtained on vertices
should be aware that a given limit ok translates into a such as thezZyy vertex. Settingk=1, this results inA
greater sensitivity to a dimension 8 operator, which scales as 800~900 GeV, at the & level. The sensitivities obtained
s?/A*, than a dimension 6 operator, which scaless@%?,  in this paper, normalized to the appropriate luminosity and
for \/s<A. We also note that the constraints on the anomaenergy are\ >800~1700 GeV, where the better constraints
lous SU(2)< U(1) operators obtained in this paper are stron-are for those operators contributing to one of the considered
ger than those implied by unitarity. We first contrast ourasymmetries. The search reaches obtained her&,cafter
search reaches with the direct bounds on quartic gauge bosauljusting the statistical significances, are still stronger, even
couplings given recently by the CER&"e™ collider LEP  though the operators we consider are of dimension eight. The
experiments[18]. They consider operators of the form sensitivity of future hadron colliders such as the CERN
(e%a;/16A%) 0, and obtain bounds ad/16A°<10 * GeV®  Large Hadron Collider LHC to these anomaloG#®-even
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vyZZ and yyW"W~ has been studied in Ref20]. This  have improved their results by a factor of 2.5 to simulate the
paper obtains search reaches/of800~1100 at the 95% search reach assuming 50 fb of integrated luminosity.
C.L., which are again somewhat weaker than those we havehese translate into limits oA >500~4100 GeV in our
presented. Finally, the authors of RE] considerecCP-odd  notation, at the & level. The relevant limits in this paper to
dimension 6 operators contributing to the procegy  compare to are those assuming 50 fof integrated lumi-
—W*W™ at\s=1 TeV assuming 20 fb* of integrated lu-  nosity, which range from\ >800 GeV toA >2500 GeV at
minosity. They cast their operators in the forf/(3)O,  the 95% C.L. Our constraints on the new physics sdatere
and obtain bounds of<2x1073~4x10"°. Note that we  not quite as strong, which is not too surprising considering
the large cross section fopy—W*W~™ and the fact that
their operators are of dimension 6 while ours are of dimen-
sion 8, although the differences are lessened after accounting

TABLE II. Coefficientsc!, relating© $Y@*Y®) o 022,

Ca o3 03 i 0y 0¥ for the greater statistical significance of our results. How-
O(sB)(88) sa,c3, sa.ca, 4s3c3, 0 0 ever, the processes considered are complementary; they
Owwyww) sa,c3, saca, 4s3.c3, 0 0 study the charged gauge boson production procesgs
Oeyww) cly Sw —4s3,c3, 0 0 —W?*W~ while we examine the neutral gauge boson pro-
O(WV\O(BB) ch Ccv _4SSVC\2N 0 0 cessesyy— vy, ’}/Z, andZZ.

Ow)Ew) —ciss,  —cish,  (ci—si)? 0 0 In summary, the processegy— yy, yZ, and ZZ are
Oswew —1c2s2, —ic2s?, 0 ch s sensitive 'p'rc')t.)es o@R violation in the gauge boson sector.
Owsws —1c2s2, —icisy 0 sk ch The sensitivities obtained here to the anomalGisodd op-

erators affecting these interactions compare favorably with
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similar limits on anomalous gauge boson couplings found irergy andE, the laser energy. Varying changes the maxi-
the literature. In addition, the examination of these processes,ym value of the backscattered photon beam engfgy,
nicely complements previous studies that have focused prizhere x =7/(1+7). We will set z=2(1+2), which

. . . max . Ll
marily on W boson, top quark, or Higgs boson production. aimizesx . while preventing interactions between the
Their utility in other indirect physics searches at future pho-y5ckscattered photons and laser beam. In terms of these
ton colliders should certainly be studied in more detail.  f,nctions and variables the photon number and helicity dis-

tributions take the form
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APPENDIX 1
-P(2r=1)|1-x+——|;, (A3
We collect here formulas describing the various photon I )( 1—x)} (A3)
distribution functions; derivations are given in REL]. We
first define the auxiliary functions or2p
t

T Cx)

1 &(X,Pe,Py,P;2)
C(x)zm+(1—x)—4r(1—r)— PcPirz(2r—1)(2—x),
(A1) fisthe photon number density function, whig and &; are
respectively the circular and linear helicity distribution func-

wherer =x/[2(1-x)], and tions. We can now write the observable differential cross

el ) 4 8 I 1+8 1 section as
oc= —=——=]In(z =t
< mZ z 7 2z 2(z+1)?
do 1 dex dy, CDTX2) e g
2mwa’? 2 5 dQ  6442n! 72 xixps ens:
+ PP, > 1+=|In(z+1)— =
oz z 2
1 1 wheres= 4E§ andn! accounts for any final state Bose sym-

_ (A2) metries.
Here we present the kinematics and amplitudes used for
the processes in this paper. The generic interaction consid-
Herezis a variable describing the laser photon energy, and igred is F(kq,€e1)+Fu(Ks,€2)—Vi(P1,V1) +Va(p2,Va),
given byz=4E.E,/m?, whereE, is the electron beam en- whereF; andF, are the incoming photons an¢, andV,

zt1l 2(z+1)?
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are the outgoing gauge bosons. The momenta and polariza- 0282
tion vectors take the following form in the c.m.s. frame: M IZ()\11)\2;7\3,)\4)=W[4(7\3+ Aa)(L+NN))
1
\/g E +2()\4+)\l)\2)\3)_()\1+)\2)

ki,= (1,003, k, (1,0,0-1), (A5)

)
X(1+NgNhg)+2(No—Ny)
= X(1=N3N4)Cot (2N 4+ N 12N 3)

S
P1.= 5 (1,85,0,8¢)), —(\HA)(L+Aghg)CE],  (AT)

\/:
p2u=g (L~ B340~ Bc), NPT LN
3

My N2ih3,0 -
17 (M1, A 238 3,0)= 2(A“/Z)40 2)
1 1 + (2= Ns(A g+ 1))yl
== (0MI0, =000, (@ hshatAz))e]
2 2
ie?s?

\/: MFA(N1 N 2ihg,hg) =

= [—5(A 1+ A2)(1+\shy)
V’ff=%(—ﬁ,sg,o,cg),

(A'yZ4

+2(Ng+NAohg) —2(N2—Ny)

. %(ﬂ oc) X (1= N3hg)Cp+ (2(N3+N1NoNg)
2L = 7 57 (F5:SeUCs),
2m — (AN (1+N3hg))Ch],
1 .
V’ﬁ:ﬁ(o,—)\gCa,l,)\gSy), /\/{’/( N mzs \/>[
)\’ lA' 7 7
1,A2;A3 2(Ayz)4 So As3(
1 + (2N A= N3(N{+N5))Cy],
VlZL_I’SZT(O,_)MCa,_i’)MSg), ( 1N2 3( 1 2)) 0]
2
in2a2
~ A A .
with s,=siné, c,=cosf, By=V1—4mi/s, and s=(k; MY ()\1,7\2,7\3'>\4)=W[3()\1+?\2)(1+7\3>\4)
3

+Kk,)?=(p;+p,)?. Given these expressions, it is straightfor-
ward to compute the amplitudes for the operators of(EQ). +12(A 4+ N1\ o\ 3)
As mentioned in the text we neglect terms of

O(mé,/s,m3/s), as the SM amplitudes we use also omit B3+t AiAoha) +6(A— M)

terms of this order. We find that this approximation is nu- X (1=X3hg)Cp+ (2(Ng+N1No\3)
merically valid for the energies considered here. The ampli-

tude for the anomalousyy operator of Eq.(20) takes the —(N1+N2) (14 N3hg)+(Ng—N3)
form

X (1=N1\p))cs],
(0222
MITY(N1 N2 N3, hg)= A3+ Ag)(L+N N
PO daita ha) =5 o lat A (1) ; ey
, ME (N1, 25 03,0)= A’Z)“ Sp [ a(h—
—(N T A2)(1+ N3Ny ](3+Ch).

(AB) +(4—=2N 1N 5—N3(N1+N5))Cy].

This amplitude is exact, as, and my, appear only in the

SM amplitudes. Note that this amplitude is odd under theagain neglecting terms oo(mg/g), the ZZ amplitudes be-
interchange X1,\»)<(\3,\y); this is a consequence df  come

violation, and the fact that the two final state particles are the

same as the initial states. The anomalous amplitudes for the i02a2
process yy—yZ (with V,=27) are, neglecting terms of 22\, \,:\g,\,)= e ———— A3+ X (1+N1hp),  (A8)
O(mzls) 1

095017-16
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ie?s?
W(Mﬂ\z)(lﬂxﬁw),
2

MEANL N2 N5 hg) = —

s 202
MEHNL N g A ) = [(Ag+ N (1 AN ) — (A4
8(A59)
+X2) (N3 g)](1+C),
2z _ ie?m,s \F
M3(7\1v7\2')\3-0):2(A—§z)450 >
X[(1+N1Ap) —Ag(Ap+Ap)]cy,

in2a2

MEEN 1 A2k, g) = ICERIEES Y

+2(N 3+ Ag)(1+N10p)
+2(— (A1 F A (1+Ag\y)
+ A3+ N (1+N1N5))E2],

PHYSICAL REVIEW D 64 095017

M ()\ Ao A O)——I : S :
’ ; 1

X[(1+N1N2) —Ag(Np+Ao)cy],
M§Z<M,x2;x3,x4>=ii4[—6<A3+x4)

32AA5?)

X(1+NNo)—2(N1+Ny)

X(14+Nghg) +F2((N3+Ny)

X(L+NAo)—(N1+N>p)

X (1+XNghg))ch],

ie?m,s s

MZZ A ,)\ ,)\ ,0 =———3g —
5 ( 172,13 ) ( 52)4 4 2
X[(l )\1)\2) ;‘3(;‘1 }‘2)00]'

Amplitudes with two longitudinaZ bosons are 0©(m2/s),
and hence are negligible in our approximation.
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