
PHYSICAL REVIEW D, VOLUME 64, 095017
Indirect signatures of CP violation in the processesgg\gg, gZ, and ZZ
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This paper studies the utility of the processesgg→gg, gZ, and ZZ in searching for sources ofCP
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 set ofCP odd SU(2)3U(1)
operators that give rise to genuinely quartic gauge boson couplings which can be probed in 2→2 scattering
processes at agg 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 onCP 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 primarily onW boson,
top quark, or Higgs boson production.

DOI: 10.1103/PhysRevD.64.095017 PACS number~s!: 12.60.Cn, 11.30.Er
n
ng
io

th
o

r

t

g
r
er

tr
tio
on
te

c
l o

.

be

,

n
t-
es

e to
rge
by

on
ere
,

. In
d
ich
per-

ses
.

ely
two
the
We
m
ions
a

pa-
e

sses.
the
in
ex-
tude
fly

sses
the

lly,
of
I. INTRODUCTION

Future e1e2 colliders will likely have the option of
operating ingg or eg collision modes@1#. These modes
are reached by Compton scattering laser light off o
or more of the incoming fermion beams, and then collidi
the resulting high energy photons with the remaining ferm
beam or with each other. There is a large potential foreg
and gg collisions to elucidate possible physics beyond
standard model; previous investigations have focused
anomalous couplings@2#, searches for extra dimensions@3#,
properties of supersymmetry@4#, and a broad host of othe
topics.

One subject that deserves further study isCP-violating
gauge boson self-couplings.CP violation is one of the mos
poorly understood aspects of the standard model~SM!.
Present data merely fix the value of theCP violating phase
in the Cabibbo-Kobayashi-Maskawa~CKM! matrix, and
cannot test if this phase constitutes the only source forCP
violation. In fact, studies of baryogenesis within the SM su
gest that additionalCP violating terms are required in orde
to generate the observed baryon asymmetry in the univ
@5#. Most discussions ofCP violation at photon colliders
work within the context of models such as supersymme
and focus upon either Higgs boson or top quark produc
@6#. However, since almost every extension of the SM c
tains newCP violating phases, it is desirable to elimina
any possible theoretical bias by studyingCP violation within
the generic context of an effective Lagrangian approa
without assuming any underlying mechanisms. A handfu
such works have been performed in the past@7,8#, concen-
trating ongg→H, gg→W1W2, or top quark production
Here we extend these studies by examining possibleCP vio-
lating quartic gauge boson couplings.gg colliders are par-
ticularly suited to studying such couplings; they can
probed in 2→2 scattering processes, unlike ate1e2 collid-
ers.

The SM contributions to the processesgg→gg, gg
→gZ, and gg→ZZ, including electroweak contributions
0556-2821/2001/64~9!/095017~18!/$20.00 64 0950
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were first computed in Ref.@9#. Recently, they have bee
reexamined@10–13#, and shown to exhibit several interes
ing features that motivate our analysis. The SM amplitud
vanish at tree level, and may therefore be quite sensitiv
the effects of new physics. At one loop they acquire la
imaginary parts, completely dominated at high energies
the helicity amplitudesM6666 , M6767 , andM6776 ,
where 6 denotes the direction of transverse polarizati
relative to the beam direction. Such amplitudes can interf
strongly withCP violating contributions from new sources
yielding greatly enhanced sensitivity to these new effects
addition, the ability to polarize both the initial laser light an
fermion beams allows the construction of observables wh
are sensitive only to these interference effects. These pro
ties, together with the experimental cleanliness ofgg
→gg, gZ, andZZ scattering, suggest that these proces
might provide powerful tools in searches for new physics

In this paper we will show thatgg→gg, gZ, andZZ at
a photon collider can provide sensitive tests ofCP violation
in the gauge boson sector. We limit our study to genuin
quartic gauge boson operators, as contributions to the
point functions are strongly excluded by current data and
three point functions are likely better tested elsewhere.
consider SU(2)3U(1) invariant operators constructed fro
the appropriate field strength tensors, making no assumpt
as to the origin of electroweak symmetry breaking. As
result, our operators are of dimension 8. Throughout the
per we will identify features of our analysis that might b
useful for other new physics searches using these proce

The paper is organized as follows. We first present
density matrix formalism for photon-photon collisions
some detail, both for completeness and to motivate the
pression for the ensemble average of the scattering ampli
which will be used throughout our analysis. We then brie
discuss the construction of the anomalousCP violating op-
erators we have studied. Our results for the three proce
considered are presented next, including discussions of
various initial laser and fermion beam polarizations. Fina
we present our conclusions, including a comparison
©2001 The American Physical Society17-1
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our resulting sensitivity to these effects with others in t
literature.

II. gg COLLISIONS

In this section we present the density matrix formalis
for photon-photon collisions. Our discussion is similar to th
found in the literature~see, for example, Ref.@8#!, but is
included here to provide motivation for Eq.~9!, which is
used throughout our analysis.

Consider a photon moving along thez axis; its polariza-
tion vectors for positive and negative helicities are given

e65
1

A2
~0,71,2 i ,0!. ~1!

We will denote the photons corresponding to states w
these polarizations byu6&. The most general photon sta
can be written in this basis as

ua,f&52cos~a!eifu1&1sin~a!e2 ifu2&, ~2!

where 0<a<p/2 and 2p<f<p. Writing this state in
4-vector form demonstrates that the choicesa50 and a
5p/2 lead to circularly polarized states, whilea5p/4 leads
to a linearly polarized state. The anglef describes the direc
tion of linear polarization in thex-y plane.

The experimental setup ingg colliders has been de
scribed in detail elsewhere@1#; briefly, one Compton scatter
laser photons off fermion beams, and then collides the ba
scattered photons. When observing the scattering pro
gg→X, the energies or helicities of the incoming photo
are not known; they will be statistically distributed, with th
specific distribution being determined by the details of
Compton scattering process. When measuring the differe
cross section, one no longer determin
u^f f inaluMuf init ial &u2, but rather the ensemble average
M:

uMuens
2 5(

i
wi u^f f inaluMuf init ial

i &u2, ~3!

where the sum overi sums over all possible initial state
weighted bywi , the probability of their occurrence. We ca
write this in the form
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uMuens
2 5(

j ,k
^f f inaluMul j&^lkuMuf f inal&r jk , ~4!

where we have introduced the density matrix for the inco
ing photons in the basis defined byl j :

r jk5(
i

wi^l j uf in
i &^f in

i ulk&. ~5!

Let us compute the density matrix for the laser photon of E
~2!; introducing the notationPc5cos(2a) andPt5sin(2a),
we have

r5
1

2 S 11Pc 2Pte
2if

2Pte
22if 12Pc

D . ~6!

Pc andPt measure the amounts of circular and linear pol
ization, respectively. This is consistent with the polarizatio
for the valuesa5p/2 and a5p/4 noted above. After the
Compton scattering process, the degrees of linear and c
lar polarization are described by distributions which are
pendent upon the fraction of the fermion beam energy
laser photons acquire. Denoting this fraction byx, and the
helicity distribution functions byjc,t(x), the density matrix
becomes

r5
1

2 S 11jc~x! 2j t~x!e2if

2j t~x!e22if 12jc~x!
D . ~7!

The eigenvalues of this matrix are

m6516Aj t
21jc

2; ~8!

we no longer have a pure state unlessj t
21jc

251.
As the processes considered in this paper involve

Compton scattered photons, the complete density matrix
be the tensor product of the density matrix for each phot
Also, since one of the initial laser photons will be movin
along the2z axis, we must takef→2f in its density ma-
trix. Referring back to Eqs.~4! and ~7!, we can write the
ensemble average for the processgg→X as
uMuens
2 5

1

4
$uM11u21uM22u21uM12u21uM21u21jc~x1!@ uM11u22uM22u21uM12u22uM21u2#1jc~x2!

3@ uM11u22uM22u22uM12u21uM21u2#1jc~x1!jc~x2!@ uM11u21uM22u22uM12u22uM21u2#

12j t~x1!j t~x2!Re@M12M21* e2i (f11f2)1M11M22* e2i (f12f2)#22j t~x1!Re@M11M21* e2if1

1M12M22* e2if1#22j t~x2!Re@M12M11* e2if21M22M21* e2if2#12j t~x1!jc~x2!Re@M12M22* e2if1

2M11M21* e2if1#12jc~x1!j t~x2!Re@M22M21* e2if22M12M11* e2if2#%, ~9!
7-2



r

id
a

uc
r.

hi
nc
s

u-

th
t

n
at
ls
e
w

ro

st
ld

n
a

cti
na

f a

tors

the
of

gth

the

ex-

l

t

of

per
for

g

by

INDIRECT SIGNATURES OFCP VIOLATION IN THE . . . PHYSICAL REVIEW D 64 095017
where, for example,M12 denotes the helicity amplitude fo
incoming photons with helicities11 and21. We have sup-
pressed the final stateX; depending upon the process cons
ered the observable final state might require a sum over v
ous helicities. This expression will be used to constr
observables for all the processes considered in this pape

The physical cross section involves a convolution of t
scattering amplitude with the photon number density fu
tion of each photon. The explicit form of this function, a
well as the forms for the linear and circular helicity distrib
tion functions, can be found in the Appendix.

III. CONSTRUCTING CP VIOLATING OPERATORS

Here we construct the most general set of operators
contribute to neutral gauge boson self-interactions, subjec
the following constraints. We consider only SU(2)3U(1)
invariant operators, and further restrict these toCP-odd
terms. As the effects ofCP-odd trilinear operators have bee
extensively studied@14#, we consider only those terms th
lead to quartic or higher gauge boson interactions. We a
make no assumption as to the mechanism of electrow
symmetry breaking. These restrictions lead us to the follo
ing set of seven dimension eight operators constructed f
the W andB field strength tensors:

O(BB)(BB)5~BmnBmn!~BrsB̃rs!,

O(WW)(WW)5~WamnWa
mn!~Wb

rsW̃brs!,

O(BB)(WW)5~BmnBmn!~Wa
rsW̃ars!,

O(WW)(BB)5~WamnWa
mn!~BrsB̃rs!,

~10!

O(BW)(BW)5~BmnWa
mn!~BrsW̃ars!,

OWBWB5Wa
mnBnrWa

rsB̃sm ,

OBWBW5BmnWanrBrsW̃asm .

HereWa
mn is the SU~2! field strength tensor andBmn the U~1!

field strength tensor. We have introduced the notation

B̃mn5
1

2
emnrsBrs, ~11!

and our convention for thee tensor ise012351. Although the
operators considered here are of dimension 8, there exi
set of dimension six operators involving either a Higgs fie
or the pions of a realization of the SU(2)3U(1) symmetry
without a Higgs boson that contributes to the processgg
→ZZ. We have ignored such terms because we are
studying electroweak symmetry breaking; their effects c
be separated from those considered by either reconstru
the Higgs peak in the invariant mass distribution of the fi
state Z bosons, or by distinguishing the longitudinalZ
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bosons, which become strongly interacting in the case o
realization of SU(2)3U(1) without a Higgs boson.

A brief comment on the completeness of these opera
is in order.CP violating operators containing threee tensors
are reducible to those containing only one such tensor, as
product of twoe tensors can be written as a determinant
metric tensors. Operators such asemnrsAmaBa

n CrbDb
s ,

where thee tensor contracts an index on each field stren
tensor, are reducible to those where thee tensor fully con-
tracts one of the field strength tensors through use of
Schouten identity~see the first reference in Refs.@14,15#!,

gabemnrs1gamenrsb1ganersbm1garesbmn1gasebmnr

50, ~12!

which states that no tensor antisymmetric in five indices
ists in four dimensions. Similarly, the operators

BmnBnrBrsB̃sm , Wa
mnWanrWb

rsW̃bsm ,
~13!

Wa
mnWanrBrsB̃sm , BmnBnrWa

rsW̃asm

can be reduced to those listed in Eq.~10! through use of the
identity

emabgFnaFbg5
1

4
gn

meabgdFabFgd. ~14!

This is true for Fmn antisymmetric in four-dimensiona
spaces~an analog holds in arbitrary dimensions@16#!. Fi-
nally, since the processes considered here only involveW3

mn ,
the operators

~WamnWb
mn!~Wa

rsW̃brs!, Wa
mnWbnrWa

rsW̃bsm ~15!

become equivalent to the second operator in Eq.~10! through
use of the above identity, while the operators

eabc~WamnWb
mn!~BrsW̃crs!, eabc~BmnWa

mn!~Wb
rsW̃crs!,

eabcWa
mnWbnrWc

rsB̃sm , eabcB
mnWanrWb

rsW̃csm
~16!

only contribute to processes involvingW6. We thus see tha
the seven operators delineated in Eq.~10! form a complete
and independent set.

Each of these operators will give rise to a number
different gggg, gggZ, and ggZZ operators, as well as
other quartic operators involving three or moreZ bosons and
terms containing more than four gauge bosons. In this pa
we will concentrate on those quartic operators relevant
the scattering processesgg→gg, gZ, and ZZ; the other
terms cannot be probed in 2→2 scattering, and the resultin
constraints obtainable on the operators of Eq.~10! would be
weakened. Denoting the operators to be studied
O i

gg , O i
gZ , and O i

ZZ , each SU(2)3U(1) operator will
have an expansion of the form
7-3
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O a
SU(2)3U(1)5aa

i O i
gg1ba

i O i
gZ1ca

i O i
ZZ1•••, ~17!

wherea, b, andc are functions of the weak mixing angle
and the ellipsis denotes the neglected terms. To determin
independentgg, gZ, andZZ structures, we set

Bmn5cos~uW! Fmn2sin~uW!Zmn,
~18!

W3
mn5sin~uW!Fmn1cos~uW!Zmn,

where

Fmn5]mAn2]nAm ,
~19!

Zmn5]mZn2]nZm .

Doing so, and making use of the identity in Eq.~14!, leads to
the following forms for theO i

X :

O 1
gg :~FmnFmn!~FrsF̃rs!,

O123
gZ :~FmnFmn!~FrsZ̃rs!, ~FmnZmn!~FrsF̃rs!,

FmnFnrFrsZ̃sm ,
~20!

O125
ZZ :~FmnFmn!~ZrsZ̃rs!, ~ZmnZmn!~FrsF̃rs!,

~FmnZmn!~FrsZ̃rs!,

FmnZnrFrsZ̃sm , ZmnFnrZrsF̃sm .

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

We will organize our study as follows. A section will b
devoted to each of the processesgg→gg, gg→gZ, and
gg→ZZ. In each section we will discuss the properties
the relevantO i

X , focusing on the observable asymmetri
associated with each operator and the role of varying
initial polarization states. We will then discuss the measu
ment of the variousO a

SU(2)3U(1) , and estimate the sensitivit
to these operators that can be obtained at a photon coll
We will obtain search reaches for these operators indep
dently; each is multiplied by an arbitrary coefficient th
could cause contributions from different operators to can
09501
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but we will ignore this possibility. To preview what we wil
observe, it will turn out that in certainO a

SU(2)3U(1) the struc-
tures of Eq.~20! will interfere destructively, while in others
they will combine constructively, leading to widely varyin
sensitivity to theO a

SU(2)3U(1) .

IV. gg\gg

In this section we consider the processg(k1)1g(k2)
→g(p1)1g(p2). We also present and motivate the vario
parameterizations and approximations used throughout
paper. A detailed presentation of the standard model am
tudes can be found in Refs.@10,11#; here we focus only upon
those features relevant to our analysis.

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

M abcd
CP ~s,t,u!5M bacd

CP ~s,u,t !5M badc
CP ~s,t,u!, ~21!

where s, t, and u are the usual Mandelstam invariants:s
5(k11k2)2, t5(k12p1)2, andu5(k12p2)2. We have de-
noted theCP violating amplitudes with the superscriptCP.
The operators considered in this paper are odd under boP
andT, which implies

M abcd
CP ~s,t,u!52M 2a2b2c2d

CP ~s,t,u!52M cdab
CP ~s,t,u!.

~22!

In addition, the standard crossing symmetries hold. Th
relations immediately imply

M 6666
CP 5M 6767

CP 5M 6776
CP 50. ~23!

The only nonvanishing amplitudes areM 6677
CP . The stan-

dard model amplitudes are dominated at high energies by
amplitudesM 6666

SM , M 6767
SM , andM 6776

SM . These am-
plitudes are primarily imaginary, although the real parts
non-negligible; features of allgg→gg amplitudes are dis-
cussed in Ref.@10#. All of the CP odd asymmetries that ca
be constructed involve the interference ofM 6677

CP with a
standard model amplitude; to increase our sensitivity to
anomalous interaction we should attempt to define an
servable with interference betweenM 6677

CP and one of the
dominant standard model terms. Unfortunately, no obse
able exists which contains such an interference with one
the large imaginary SM amplitudes. We can, however, c
struct the following observable which contains an interf
ence with one of the real pieces of the SM amplitudes:
Agg5

E
0

2pE
0

2p

df1 df2F S ds

dV D d~f12f22p/4!2S ds

dV D d~f12f21p/4!G
E

0

2pE
0

2p

df1 df2F S ds

dV D d~f12f22p/4!1S ds

dV D d~f12f21p/4!G , ~24!
7-4
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INDIRECT SIGNATURES OFCP VIOLATION IN THE . . . PHYSICAL REVIEW D 64 095017
where f1 and f2 denote the angles of linear polarizatio
introduced in our discussion of the density matrix formalis
The experimental determination of this asymmetry requ
several measurements, as indicated in Eq.~24! by the inte-
gration over linear polarization directions. The delta fun
tions in Agg denote the need to maintain a fixed angle b
tween the linear polarization directions of the initial beam
This observable has been considered previously in R
@7,8#. Referring to Eq.~9!, and implementing the relations i
Eqs. ~21! and ~22!, we can show that the numerator of th
asymmetry contains the term

Agg}j t~x1!j t~x2!Re~M 1111
SM !Im~M 2211

CP !. ~25!

As shown in the Appendix, theCP violating amplitudes are
purely imaginary, leading to a nonvanishing result. As t
observable is sensitive only to the degree of linear polar
tion, we will use the following set of initial parameters:

Pc15Pc250, Pt15Pt251; ~26!

we note that with no circular polarization the fermion bea
polarizations do not enter any expression. We can simu
neously measure another independent quantity, the den
nator ofAgg . This is the unpolarized cross section

d sunpol

d cos~u!
5

1

256ps
~ uM11u21uM22u2

1uM12u21uM21u2!, ~27!

the form of which can also be obtained from Eq.~9!.
We will now consider the operator relevant togg final

states in Eq.~20!. We write it in the form

O 1
gg5

ge f f
2 e2

~L1!4
~FmnFmn!~FrsF̃rs!, ~28!

whereL1 is the energy scale of the physics leading to th
operators, andge f f the associated coupling constant. We w
hereafter setge f f51, effectively absorbing this coupling
constant into the definition ofL1. Although we will quote
our sensitivity in terms of the energy scale that can
probed, the reader should realize that this is not exactly
scale associated with the new physics leading to th
anomalous couplings. We have also ignored a possible61
appearing in front; the unpolarized cross section is un
fected by this sign, andAgg only acquires an overall sign
change.

In our analysis, we have used the approximate SM am
tudes found in Ref.@11#, valid for mW

2 /$s,t,u%,1, which
holds for the collider energies considered here. We will u
similar approximate expressions when consideringgg→gZ
andgg→ZZ. The features of the SM amplitudes noted e
lier occur when the energy of the process becomes gre
than several hundred GeV. In accordance with this appr
mation we employ the cuts

ucos~u!u<0.866, A0.4,xi,xmax. ~29!
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Throughout this paper, we take thee1e2 center of mass
energy to beAs51000 GeV when obtaining our searc
reaches. In this case, at the endpoints of this region, wh
x15x25A0.4 and cos(u)50.866, we havemW

2 /utu;0.24;
this value becomes much smaller as we approach the ce
of the parameter region, thus validating our approximati
Although a more detailed analysis taking into account det
tor properties and experimental cuts would need to use
complete SM expressions, our study captures the sa
points.

We show the total cross section and asymmetry versusAs
for this operator in Fig. 1 for a ‘‘typical’’ value ofLa for
purposes of demonstration. In presenting these results
have assumed ane1e2 integrated luminosityL5500 fb21,
which is the quoted yearly integrated luminosity for plann
linear colliders@17#. However, a determination ofAgg re-
quires several separate measurements, and it is certainly
expected that colliders will operate primarily with purely lin
early polarized beams, or even primarily in a photon co
sion mode. These numbers should be interpreted as re
coming from several years of operation and are intended
purposes of illustration. To provide a more conservative o
look, our quoted sensitivity will be given as a function
integrated luminosity, beginning at the modest valueL
550 fb21. We have also assumed the valuea51/137.036 in
this and all other numerical results presented.

At the luminosityL5500 fb21, the asymmetry is much
smaller than the associated errors, and only a change in
total counting rate is statistically observable. Such an eff
can arise from a variety of sources, and the identification
CP violation requires higher luminosities to observe a no
vanishing asymmetry.

The transcription of these results into statements about
SU(2)3U(1) operators is simplified by there being only on
gg operator. The coefficientsaSU(2)3U(1)

1 are

a(BB)(BB)
1 5cW

4 , a(WW)(WW)
1 5sW

4 ,

a(BB)(WW)
1 5a(WW)(BB)

1 5a(BW)(BW)
1 5cW

2 sW
2 ,

~30!
aBWBW

1 5aWBWB
1 5

1

4
cW

2 sW
2 ,

wherecW ,sW5cos(uW),sin(uW). The SU(2)3U(1) opera-
tors of Eq.~10! take the form

Oa5
aae2

~La!4
~FmnFmn!~FrsF̃rs!. ~31!

To estimate the value ofLa that can be probed at agg
collider we have performed a combined least-squares fi
the total cross section and asymmetry. We have assu
standard statistical errors and an additional 1% lumino
error in the integrated cross section. The fit was perform
with As51000 GeV; approximate results for other energ
can be obtained by scaling these numbers. As can be
from Eq. ~30! there are only four different results for thi
process; these are presented in Fig. 2.
7-5
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FIG. 1. Total cross section
~top! and asymmetry~bottom! for
the anomalousgg operator, with
L152 TeV and L5500 fb21.
The bars correspond to the stati
tical error plus a 1% luminosity
uncertainty in the event rate; th
solid line represents the SM even
rate.
to
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Although this asymmetry is not particularly sensitive
CP violation as parametrized by the operators we consi
we note that it is a good test of anyCP violating amplitude
for which any of the real amplitudesM 6677

CP , M 6767
CP ,

or M 6776
CP are nonvanishing. In these cases terms of

form

j t~x1!j t~x2!Im~M SM!Re~M CP! ~32!

appear in the fifth line of Eq.~9!, leading to a largeAgg .

V. gg\gZ

In this section we study the effects of anomalousCP
violating operators ing(k1)1g(k2)→g(p1)1Z(p2). A de-
tailed study of the SM amplitudes for this process can
found in Ref.@12#.
09501
r,

e

e

As in gg→gg, the gZ amplitudes satisfy certain rela
tions dictated by Bose symmetry; the anomalous coupli
considered satisfy additional relations because of their tra
formations underP. Let lZ50,61 denote either longitudina
or transverseZ polarizations. Bose symmetry implies

M abclZ

CP ~s,t,u!5~21!12lZM baclZ

CP ~s,u,t !, ~33!

and oddness underP requires

M abclZ

CP ~s,t,u!5~21!lZM 2a2b2c2lZ

CP ~s,t,u!. ~34!

Since the initial and final states are different in this proce
the transformation properties underT do not imply any rela-
tions between the amplitudes. The explicit computation
the amplitudes is presented in the Appendix. Unlike ingg
→gg, there are several surviving amplitudes.
7-6
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INDIRECT SIGNATURES OFCP VIOLATION IN THE . . . PHYSICAL REVIEW D 64 095017
The structure of the SM amplitudes forgg→gZ is simi-
lar to that forgg→gg, and even more pronounced. At hig
energies the process is dominated by the imaginary par
the amplitudesM 6666

SM , M 6767
SM , and M 6776

SM ; all
other amplitudes are completely negligible@12#. As before,
we must construct an observable that contains an interfer
of a CP odd amplitude with one of the dominant SM term
The asymmetry considered in Sec. IV contains only inter
ence with the real parts of the SM amplitudes, and is the
fore unacceptable. For interference effects between im
naryCP odd andCP even amplitudes, we must consider t
following asymmetry which is measurable with circular
polarized beams:

AgZ5

S ds

dV D
1

2S ds

dV D
2

S ds

dV D
1

1S ds

dV D
2

. ~35!

This asymmetry has been considered previously in Ref.@7#.
The subscripts6 denote the initial polarization states of th
laser and fermion beams, which we will now discuss. Sett
Pt15Pt250, we are left with four parameters describing t
initial state polarization:Pe1 , Pe2 , Pl1, and Pl2. We will
setuPeu50.9 anduPl u51.0, consistent with the expected c
pabilities of future facilities@17#, and label our initial states
(Pe1 ,Pl1 ,Pe2 ,Pl2). In the SM, there are six independe
states (1111), (1112), (1122), (1212),
(2112), and (1222), where, for example,
(1212) means Pe150.9, Pl1521.0, Pe250.9, and
Pl2521.0. States obtained by an overall sign flip are ide
tical in the SM; for example, (1212) and (2121) lead
to the same observables. This is not true whenCP violating
interactions are present. The asymmetry of Eq.~35!, where
the subscript1 refers to a given initial state and2 to the
state obtained by flipping the signs of the polarizations, w
vanish in the SM and be nonzero in the presence of
anomalous couplings. In addition to this asymmetry we c
simultaneously measure another independent quantity,

FIG. 2. Sensitivity toLa for each SU(2)3U(1) operator as a
function of integrated luminosity at the 95% C.L.
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denominator of the asymmetry. Referring to the ensem
average in Eq.~9! and using the relations in Eqs.~33! and
~34!, we see that this denominator is just twice the polariz
cross section:

dspol

d cos~u!
5

1

128ps
@„11jc~x1!jc~x2!…~ uM11u21uM22u2!

1„12jc~x1!jc~x2!…~ uM12u21uM21u2!#.

~36!

The operators relevant togZ final states can be found in
Eq. ~20!; we will write them as follows:

O 1
gZ5

e2

~L1!4
~FmnFmn!~FrsZ̃rs!, ~37!

O 2
gZ5

e2

~L2!4
~FmnZmn!~FrsF̃rs!,

O 3
gZ5

e2

~L3!4
FmnFnrFrsZ̃sm .

Our philosophy in parametrizing these operators is ident
to that discussed forgg→gg; there is again a coupling con
stant ge f f associated with each operator that we have
equal to 1, and a possible factor of61 appearing in each
operator that we have ignored. The detailed amplitudes
presented in the Appendix; here we will discuss several pr
erties relevant to our analysis. The first is that the amplitu
for longitudinally polarizedZ states are suppressed relati
to those with transverseZ states by a factor ofmZ /As. This
means that we will not explore the effect of selecting fin
state polarizations in our analysis.

Before presenting our results, let us examineAgZ in more
detail. Our discussion will illustrate the complementary i
formation that can be obtained from examining all of t
possible initial polarizations. Concentrating on the numera
of AgZ , we see that

AgZ}„jc~x1!1jc~x2!…@ uM11u22uM22u2#

1„jc~x1!2jc~x2!…@ uM12u22uM21u2#, ~38!

where a sum over final state helicities is implied. The fi
term is symmetric under the interchange of the two init
photons, which implies symmetry under the transformat
cos(u)↔2cos(u) and under the interchange of the initi
polarization states, (Pe1 ,Pl1)↔(Pe2 ,Pl2). The second term
is antisymmetric under both of these exchanges. By selec
an appropriate initial polarization state, we can isolate e
term. For example, the choice (1111) is symmetric under
the interchange of the two initial polarizations; with th
choice only the first term ofAgZ will contribute, whereas the
choice (2112) is antisymmetric under interchange of th
two initial polarizations, and with this selection only the se
7-7
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FIG. 3. ‘‘Primarily symmetric’’ asymmetries
~top! and ‘‘primarily antisymmetric’’ asymmetries
~bottom! for O 1

gZ , with L152 TeV, L5500
fb21, andAs51000 GeV. The bars indicate th
corresponding statistical error.
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ond term contributes. A choice such as (1222) is of
mixed symmetry, and is sensitive to both terms inAgZ . Such
a variation of the initial states allows us to isolate the vario
anomalous amplitudes which contribute toAgZ is sensitive;
with symmetric initial polarizations it is sensitive t
M 6666

CP , while with antisymmetric polarizations it is sen
sitive to M 6767

CP andM 6776
CP .

The four largest asymmetries forO1 are presented in Fig
3 as a function of cos(u), employing the same cuts as used
gg→gg. At L5500 fb21 andL152 TeV, the ‘‘symmetric’’
asymmetries are statistically significant throughout the en
angular region, while the ‘‘antisymmetric’’ asymmetries a
significant in the outer regions. In Fig. 4 we present the to
cross section versusAs for each initial polarization state, an
the integrated asymmetry versusAs for the four symmetric
initial states. Although a deviation in the cross section is
seen in any polarization state until high energies, the in
grated asymmetry becomes quite large at low energies,
gesting that it provides a sensitive test of the anomal
couplings under consideration. So far we have only con
09501
s

e

l

t
-
g-
s
-

ered the operatorO 1
gZ ; the distributions for the other two

operators differ only in relative sign and overall magnitude
high energies. The asymmetries for polarization states1
212) and (2112) for all three operators are shown i
Fig. 5; those forO 1

gZ andO 2
gZ are of similar magnitude bu

opposite sign. This can be understood in a simple way.
high energies, a transversely polarizedZ effectively looks
like a photon. When computing the amplitudes for the va
ous operators in Eq.~37!, we must include all possible per
mutations of the three photons, as they are ident
particles@for example, denoting the field strength tensors
the three photons by 1, 2, and 3, the six permutatio
required to computeO 1

gZ become (12)(3Z), (21)(3Z),
(13)(2Z), (31)(2Z), (23)(1Z), and (32)(1Z)#. The per-
mutations required forO 1

gZ and O 2
gZ are identical to the

permutations necessary to compute the amplitudes for
four photon operator of Eq.~28!; we can verify using the
explicit forms of the amplitudes in the Appendix that the su
of M 1

gZ(l1 ,l2 ;l3 ,l4) and M 2
gZ(l1 ,l2 ;l3 ,l4) gives
7-8
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FIG. 4. Total ~polarized! counting rate~top!
and integrated asymmetry~bottom! versusAs for
O 1

gZ , with L152 TeV and L5500 fb21. The
bars indicate the corresponding statistical err
as well as a 1% luminosity uncertainty in th
event rate. The curves represent the SM ev
rates.
s

n.

n
v

ro

th
tr
in

ted
e

ns.
that
M 1
gg(l1 ,l2 ;l3 ,l4), up to an overall constant. SinceT vio-

lation leads to vanishing of the amplitude
M 6666

CP , M 6767
CP , andM 6776

CP in gg→gg, the asym-

metries forO 1
gZ andO 2

gZ must therefore be of opposite sig
SU(2)3U(1) operators whose coefficientsba

1 andba
2 are of

the same sign will see destructive interference betweenO 1
gZ

andO 2
gZ , while those whose coefficients have opposite sig

will see constructive interference. We will see similar beha
ior when investigatinggg→ZZ.

Table I presents the coefficientsba
i relatingO a

SU(2)3U(1)

to O i
gZ . The gZ operators will interfere destructively in

O(BB)(BB) , O(WW)(WW) , and O(BW)(BW) and constructively
in O(BB)(WW) and O(WW)(BB) . To estimate the value ofLa
that can be probed at agg collider we have performed a
combined least-squares fit to the normalized binned c
section, binned asymmetry, and total cross section, withAs
51000 GeV for the two polarization states (1212) and
(2112). These two choices are chosen to illustrate
sensitivities obtainable from both symmetric and asymme
initial polarizations; the search reaches from the remain
09501
s
-

ss

e
ic
g

polarization states are similar. The results are presen
in Fig. 6. Here we have included only five of th
SU(2)3U(1) operators;O(BB)(WW) and O(WW)(BB) differ
only in the sign of their asymmetries, as doOBWBW and
OWBWB, and hence they have identical discovery regio
Remembering that our operators are of dimension 8, and
the anomalous amplitudes therefore scale asM;s2/L4, we
see that the processgg→gZ is quite sensitive to theCP

TABLE I. Coefficientsba
i relatingO a

SU(2)3U(1) to O i
gZ .

ba
i O 1

gZ O 2
gZ O 3

gZ

O(BB)(BB) 22sWcW
3 22sWcW

3 0
O(WW)(WW) 2cWsW

3 2cWsW
3 0

O(BB)(WW) 2sWcW
3 22cWsW

3 0
O(WW)(BB) 22cWsW

3 2sWcW
3 0

O(BW)(BW) cWsW(cW
2 2sW

2 ) cWsW(cW
2 2sW

2 ) 0
OBWBW 0 1

4 (sWcW
3 22cWsW

3 ) sWcW
3

OWBWB 0 2
1
4 (cWsW

3 22sWcW
3 ) 2cWsW

3

7-9
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FIG. 5. Comparison ofAgZ for
the polarization states (1212)
~top! and (2112) ~bottom!,
with L i52 TeV and L
5500 fb21. Here the statistical
error bars have been suppressed
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violating operators whose asymmetries interfere const
tively. The attractiveness of this process is enhanced by
ease with which it can be experimentally reconstructed.

In summary, we find that this process is a sensitive pr
of CP violation in the gauge boson sector. The asymme
considered here would be useful for any anomalous am
tudes M 6666

CP , M 6767
CP , and M 6776

CP which contain
imaginary parts.

VI. gg\ZZ

In this section we will discuss the measurement ofCP
violation in g(k1)1g(k2)→Z(p1)1Z(p2). A detailed de-
scription of the SM process is given in Ref.@13#.

We first briefly review the constraints imposed upon t
ZZ amplitudes by Bose symmetry and parity violation. L
l i50,61 denote theZ polarizations. Bose symmetry implie
09501
c-
he

e
y
li-

t

M abl1l2

CP ~s,t,u!5~21!l12l2M bal1l2

CP ~s,u,t !

5M abl2l1

CP ~s,u,t !, ~39!

while oddness underP implies

M abl1l2

CP ~s,t,u!5~21!l12l221M 2a2b2l12l2

CP ~s,t,u!.

~40!

These relations lead to the vanishing of the amplitud
M 6767

CP and M 6776
CP . However, unlike ingg→gg, the

amplitudeM 6666
CP is nonzero. Explicit formulas for thes

amplitudes are given in the Appendix.
The SM amplitudes for this process are similar to tho

for gg→gg andgg→gZ in that they are completely domi
nated at high energies by the imaginary parts
M 6666

SM , M 6767
SM , andM 6776

SM . However, they differ
7-10
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FIG. 6. Search reach forLa
gZ for polarization

states (1212) ~top! and (2112) ~bottom!.
All of the quoted sensitivities are at 95% C.L.
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in one important aspect. At one loop they receive contri
tions from the Higgs sector through the one loophgg vertex,
and are therefore not independent of the mechanism of e
troweak symmetry breaking, as mentioned in the discuss
regarding the construction of the considered operators.
contributions to this process from a neutral Higgs bos
such as the one present in the SM, have been given in
@13#; for a Higgs massmh,2mZ ~which includes the value
mh>115 GeV suggested by LEP!, this contribution is sig-
nificantly smaller than that of the continuum production. F
larger values of the Higgs mass, the twoZ bosons will re-
construct tomh for this contribution, making it separabl
from continuumZZ production. In the case of a realizatio
of SU(2)3U(1) symmetry without a Higgs boson, the lon
gitudinalZ bosons become strongly interacting near the sc
of electroweak symmetry breaking. The operators conside
here lead to longitudinal amplitudes suppressed by the fa
mZ /As, and thus their effects are distinguishable from tho
of a strongly interacting sector. We therefore neglect a
effects coming from electroweak symmetry breaking in o
analysis.
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The structure of both the SM and the anomalous am
tudes are similar to those ingg→gZ; in particular, the rel-
evant asymmetry that contains interference between the l
imaginary SM amplitudes and the anomalous amplitude
again given by

AZZ5

S ds

dV D
1

2S ds

dV D
2

S ds

dV D
1

1S ds

dV D
2

. ~41!

Varying the initial polarization state (Pe1 ,Pl1 ,Pe2 ,Pl2)
yields less information than ingg→gZ, however, for rea-
sons discussed below. The numerator of the asymmetry a
takes the form

AZZ}„jc~x1!1jc~x2!…@ uM11u22uM22u2#

1„jc~x1!2jc~x2!…@ uM12u22uM21u2#, ~42!
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but the vanishing ofM 6767
CP andM 6776

CP implies that the
second term in Eq.~42! is equal to zero. We will only ob-
serve the ‘‘symmetric’’ asymmetries, and the ‘‘antisymme
ric’’ asymmetries for the initial states (2112) and
(1122) will vanish. We can again simultaneously me
sure the polarized differential cross section:

dspol

d cos~u!
5

1

256ps
@„11jc~x1!jc~x2!…„uM11u21uM22u2

…

1„12jc~x1!jc~x2!…~ uM12u21uM21u2!#.

~43!

The anomalous structures relevant for the interactiongg
→ZZ can be found in Eq.~20!. We will write them in the
now familiar forms

O 1
ZZ5

e2

~L1!4
~FmnFmn!~ZrsZ̃rs!, ~44!

O 2
ZZ5

e2

~L2!4
~ZmnZmn!~FrsF̃rs!,

O 3
ZZ5

e2

~L3!4
~FmnZmn!~FrsZ̃rs!,

O 4
ZZ5

e2

~L4!4
FmnZnrFrsZ̃sm ,

O 5
ZZ5

e2

~L5!4
ZmnFnrZrsF̃sm .

We have again setge f f51, wherege f f is the coupling con-
stant associated with each operator. The detailed amplitu
are presented in the Appendix. As ingg→gZ, those with
one longitudinalZ are suppressed by a factor ofmZ /As, and
we will not attempt to reconstruct them. Amplitudes wi
two longitudinal Zs areO(mZ

2/s), and hence negligible in
our approximation, which again entails the use of t
asymptotic SM expressions presented in Ref.@13#. The am-
plitudesM 6666

CP vanish forO 3
ZZ , and therefore this opera

tor does not contribute toAZZ .
The experimental reconstruction of this process is m

difficult than forgg→gg or gg→gZ, as there is no highpT
photon to tag. Event reconstruction will likely require d
manding a leptonicZ decay or possibly aZ→bb̄ decay for
one of theZ bosons, resulting in a detection efficiency
roughly 40–45 %. However, it is beyond the scope of t
paper to present a detailedZZ reconstruction analysis; such
study should also make use of the complete SM amplitu
and detector efficiencies. An appropriate scaling of the in
grated luminosity when observing the quoted sensitivitie
sufficient to estimate the effects of imperfect reconstructi

The binned asymmetries for the symmetric initial pola
izations ofO 1

ZZ are shown in Fig. 7. They are typically large
than those forgg→gZ. Note that the central value of the
09501
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(1222) asymmetry displays a peculiar peaked shape. T
integrated asymmetries and total cross sections for the s
initial polarization states are shown in Fig. 8. Again, t
integrated asymmetry becomes large at low energies fo
initial polarization states, suggesting that this asymmetry
sensitive test of these anomalous operators. The asymme
for O 2

ZZ are of similar magnitude as those forO 1
ZZ , but have

opposite signs. Similarly, the asymmetries forO 4
ZZ andO 5

ZZ

possess opposite signs, and are somewhat smaller in m
tude than those forO 1

ZZ . SU(2)3U(1) operators whose co
efficientsca

1 andca
2 have the same sign will exhibit destruc

tive interference betweenO 1
ZZ and O 2

ZZ , while those with
coefficients of opposite signs will see constructive interf
ence; the same interference pattern exists for the coeffici
ca

4 andca
5 .

To convert these results into statements regarding the
sitivity of this process to the various SU(2)3U(1) operators
we need the coefficientsca

i presented in Table II. Unlike the
situation ingg→gZ, we see that all of the interference e
fects are destructive, given the relative signs of theca

i for
each operator. However, sincecW

4 ;0.59 andsW
4 ;0.053, a

complete cancellation does not occur except for the th
operatorsO(BB)(BB) , O(WW)(WW) , andO(BW)(BW) . We have
performed a combined least-squares fit to the normali
binned cross section, binned asymmetry, and total cr
section, with As51000 GeV, for the polarization stat
(1212) to estimate the value ofLa that can be probed in
this process at a photon collider. The search reaches ob
able from the other symmetric polarization states are sim
The results are presented in Fig. 9. We only display res
for the operatorsO(BB)(BB) , O(BW)(BW) , O(BB)(WW) , and
OBWBW; the sensitivity toO(BB)(BB) andO(WW)(WW) is iden-
tical at high energies. Similarly,O(BB)(WW) and O(WW)(BB)
differ only in the sign of their asymmetries, as doOBWBW
and OWBWB, and hence yield identical search reaches.
see that overall, this process is not quite as sensitive to
anomalous operators asgg→gZ due to the destructive in
terference arising from the SU(2)3U(1) embedding of the
ggZZ vertex structures. However, those operators for wh
the asymmetry does not vanish can still be constrained q
stringently. In conclusion, the sensitivity ofAZZ to interfer-
ence with the large SM amplitudeM6666 renders this pro-
cess a sensitive probe ofCP violation appearing in gauge
boson self-couplings.

VII. CONCLUSION

In this paper we have examined the possibility of usi
the processesgg→gg, gZ, andZZ to search for sources o
CP violation that manifest themselves at energy sca
above those of future colliders. We have parametrized th
effects by an effective Lagrangian containing the compl
and independent set ofCP-odd, SU(2)3U(1) invariant
quartic gauge boson operators relevant to these interact
The considered processes vanish at tree level in the SM,
at one loop are completely dominated by the imaginary p
of the amplitudesM6666 , M6767 , andM6776 . The
fact that they might be powerful tools in indirect searches
7-12



ic

er-

INDIRECT SIGNATURES OFCP VIOLATION IN THE . . . PHYSICAL REVIEW D 64 095017
FIG. 7. Binned asymmetries for symmetr
initial polarizations for O 1

ZZ , with L1

52 TeV, L5500 fb21, and As51000 GeV.
The bars indicate the corresponding statistical
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new physics was pointed out in Refs.@10–13#, where their
sensitivity to supersymmetric loop effects was discuss
Our results show that they are also of utility in searches
sources ofCP violation that contribute to self-interactions o
gauge bosons.

To demonstrate that these processes are indeed sen
probes of the gauge boson sector, we compare our re
with four others found in the literature. We first note th
while our operators are of dimension 8, those with which
compare are of dimension 6. Although our comparisons
for the search reaches for the new physics scaleL, the reader
should be aware that a given limit onL translates into a
greater sensitivity to a dimension 8 operator, which scale
s2/L4, than a dimension 6 operator, which scales ass/L2,
for As,L. We also note that the constraints on the anom
lous SU(2)3U(1) operators obtained in this paper are stro
ger than those implied by unitarity. We first contrast o
search reaches with the direct bounds on quartic gauge b
couplings given recently by the CERNe1e2 collider LEP
experiments @18#. They consider operators of the form
(e2ai /16L2)O, and obtain bounds ofai /16L2,1023 GeV2
09501
d.
r

tive
lts

t
e
re

as

-
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r
on

on CP-conservingW1W2gg, W1W2Zg, andZZgg ver-
tices. The operators considered in this paper are of the f
(e2/L4)O ~with ge f f51), and therefore our search reach f
1/L4 are to be contrasted with their bounds onai /16L2. As
expected, our sensitivity at a higher energy and higher lu
nosity collider are very significantly better. We next compa
our results with those of a study of these same operators
500-GeV e1e2 collider with an integrated luminosity o
500 fb21 @19#. In this study the operators are parametrized
the form (ke4)/(4sW

2 cW
2 L2)O, and bounds of

(ke2)/(4sW
2 cW

2 L2),0.1331025 GeV2 obtained on vertices
such as theZZgg vertex. Settingk51, this results inL
.800;900 GeV, at the 3s level. The sensitivities obtained
in this paper, normalized to the appropriate luminosity a
energy areL.800;1700 GeV, where the better constrain
are for those operators contributing to one of the conside
asymmetries. The search reaches obtained here onL, after
adjusting the statistical significances, are still stronger, e
though the operators we consider are of dimension eight.
sensitivity of future hadron colliders such as the CER
Large Hadron Collider LHC to these anomalousCP-even
7-13
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FIG. 8. Total ~polarized! counting rate~top!
and integrated asymmetry~bottom! vs As for
O 1

ZZ , with L152 TeV and L5500 fb21. The
bars indicate the corresponding statistical err
as well as a 1% luminosity uncertainty in th
event rate. The curves represent the SM ev
rates.
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ggZZ and ggW1W2 has been studied in Ref.@20#. This
paper obtains search reaches ofL.800;1100 at the 95%
C.L., which are again somewhat weaker than those we h
presented. Finally, the authors of Ref.@8# consideredCP-odd
dimension 6 operators contributing to the processgg
→W1W2 at As51 TeV assuming 20 fb21 of integrated lu-
minosity. They cast their operators in the form (Y/mW

2 )O,
and obtain bounds ofY,231023;431025. Note that we

TABLE II. Coefficientsca
i relatingO a

SU(2)3U(1) to O i
ZZ .

ca
i O 1

ZZ O 2
ZZ O 3

ZZ O 4
ZZ O 5

ZZ

O(BB)(BB) sW
2 cW

2 sW
2 cW

2 4sW
2 cW

2 0 0
O(WW)(WW) sW

2 cW
2 sW

2 cW
2 4sW

2 cW
2 0 0

O(BB)(WW) cW
4 sW

4 24sW
2 cW

2 0 0
O(WW)(BB) sW

4 cW
4 24sW

2 cW
2 0 0

O(BW)(BW) 2cW
2 sW

2 2cW
2 sW

2 (cW
2 2sW

2 )2 0 0
OBWBW 2

1
2 cW

2 sW
2 2

1
2 cW

2 sW
2 0 cW

4 sW
4

OWBWB 2
1
2 cW

2 sW
2 2

1
2 cW

2 sW
2 0 sW

4 cW
4

09501
ve

have improved their results by a factor of 2.5 to simulate
search reach assuming 50 fb21 of integrated luminosity.
These translate into limits ofL.500;4100 GeV in our
notation, at the 1s level. The relevant limits in this paper t
compare to are those assuming 50 fb21 of integrated lumi-
nosity, which range fromL.800 GeV toL.2500 GeV at
the 95% C.L. Our constraints on the new physics scaleL are
not quite as strong, which is not too surprising consider
the large cross section forgg→W1W2 and the fact that
their operators are of dimension 6 while ours are of dim
sion 8, although the differences are lessened after accoun
for the greater statistical significance of our results. Ho
ever, the processes considered are complementary;
study the charged gauge boson production processgg
→W1W2 while we examine the neutral gauge boson p
cessesgg→gg, gZ, andZZ.

In summary, the processesgg→gg, gZ, and ZZ are
sensitive probes ofCP violation in the gauge boson secto
The sensitivities obtained here to the anomalousCP-odd op-
erators affecting these interactions compare favorably w
7-14
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FIG. 9. Sensitivity toLa for the polarization
state (1212), at the 95% C.L.
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similar limits on anomalous gauge boson couplings found
the literature. In addition, the examination of these proces
nicely complements previous studies that have focused
marily on W boson, top quark, or Higgs boson productio
Their utility in other indirect physics searches at future ph
ton colliders should certainly be studied in more detail.
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APPENDIX

We collect here formulas describing the various pho
distribution functions; derivations are given in Ref.@1#. We
first define the auxiliary functions

C~x![
1

12x
1~12x!24r ~12r !2PePlrz~2r 21!~22x!,

~A1!

wherer 5x/@z(12x)#, and

sC5S 2pa2

me
2z

D F S 12
4

z
2

8

z2D ln~z11!1
1

2
1

8

z
2

1

2~z11!2G
1PePlS 2pa2

me
2z

D F S 11
2

zD ln~z11!2
5

2

1
1

z11
2

1

2~z11!2G . ~A2!

Herez is a variable describing the laser photon energy, an
given byz54EeEl /me

2 , whereEe is the electron beam en
09501
n
es
ri-
.
-

l
is
.
o-
-

n

is

ergy andEl the laser energy. Varyingz changes the maxi-
mum value of the backscattered photon beam energyxmax,
where xmax5z/(11z). We will set z52(11A2), which
maximizesxmax while preventing interactions between th
backscattered photons and laser beam. In terms of th
functions and variables the photon number and helicity d
tributions take the form

f ~x,Pe ,Pl ;z!5S 2pa2

me
2zs

C

D C~x!,

jc~x,Pe ,Pl ;z!5
1

C~x! H PeF x

12x
1x~2r 21!2G

2Pl~2r 21!S 12x1
1

12xD J , ~A3!

j t~x,Pe ,Pl ,Pt ;z!5
2r 2Pt

C~x!
.

f is the photon number density function, whilejc andj t are
respectively the circular and linear helicity distribution fun
tions. We can now write the observable differential cro
section as

ds

dV
5

1

64p2n!
E E dx1dx2

f ~x1! f ~x2!

x1x2s
uMuens

2 , ~A4!

wheres54Ee
2 andn! accounts for any final state Bose sym

metries.
Here we present the kinematics and amplitudes used

the processes in this paper. The generic interaction con
ered is F1(k1 ,e1)1F2(k2 ,e2)→V1(p1 ,V1)1V2(p2 ,V2),
whereF1 and F2 are the incoming photons andV1 and V2
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are the outgoing gauge bosons. The momenta and pola
tion vectors take the following form in the c.m.s. frame:

k1m5
Aŝ

2
~1,0,0,1!, k2m5

Aŝ

2
~1,0,0,21!, ~A5!

p1m5
Aŝ

2
~1,bsu,0,bcu!,

p2m5
Aŝ

2
~1,2bsu,0,2bcu!,

e1
m52

1

A2
~0,l1 ,i ,0!, e2

m5
1

A2
~0,2l2 ,i ,0!,

V1L
m* 5

Aŝ

2m
~2b,su,0,cu!,

V2L
m* 52

Aŝ

2m
~b,su,0,cu!,

V1T
m* 5

1

A2
~0,2l3cu ,i ,l3su!,

V2T
m* 5

1

A2
~0,2l4cu ,2 i ,l4su!,

with su5sinu, cu5cosu, bV5A124mV
2/ ŝ, and ŝ5(k1

1k2)25(p11p2)2. Given these expressions, it is straightfo
ward to compute the amplitudes for the operators of Eq.~20!.
As mentioned in the text we neglect terms
O(mW

2 / ŝ,mZ
2/ ŝ), as the SM amplitudes we use also om

terms of this order. We find that this approximation is n
merically valid for the energies considered here. The am
tude for the anomalousgg operator of Eq.~20! takes the
form

M 1
gg~l1 ,l2 ;l3 ,l4!5

ie2ŝ2

2~L1
gg!4

@~l31l4!~11l1l2!

2~l11l2!~11l3l4!#~31cu
2!.

~A6!

This amplitude is exact, asmZ and mW appear only in the
SM amplitudes. Note that this amplitude is odd under
interchange (l1 ,l2)↔(l3 ,l4); this is a consequence ofT
violation, and the fact that the two final state particles are
same as the initial states. The anomalous amplitudes for
processgg→gZ ~with V25Z) are, neglecting terms o
O(mZ

2/ ŝ),
09501
a-

t
-
i-

e

e
he

M 1
gZ~l1 ,l2 ;l3 ,l4!5

ie2ŝ2

8~L1
gZ!4

@4~l31l4!~11l1l2!

12~l41l1l2l3!2~l11l2!

3~11l3l4!12~l22l1!

3~12l3l4!cu1„2~l41l1l2l3!

2~l11l2!~11l3l4!…cu
2#, ~A7!

M 1
gZ~l1 ,l2 ;l3,0!5

ie2mZŝ

2~L1
gZ!4

suAŝ

2
@l3~l12l2!

1„22l3~l11l2!…cu#,

M 2
gZ~l1 ,l2 ;l3 ,l4!5

ie2ŝ2

8~L2
gZ!4

@25~l11l2!~11l3l4!

12~l31l1l2l4!22~l22l1!

3~12l3l4!cu1„2~l31l1l2l4!

2~l11l2!~11l3l4!…cu
2#,

M 2
gZ~l1 ,l2 ;l3,0!5

ie2mZŝ

2~L2
gZ!4

suAŝ

2
@l3~l22l1!

1„2l1l22l3~l11l2!…cu#,

M 3
gZ~l1 ,l2 ;l3 ,l4!5

ie2ŝ2

32~L3
gZ!4

@3~l11l2!~11l3l4!

112~l41l1l2l3!

16~l31l1l2l4!16~l22l1!

3~12l3l4!cu1„2~l41l1l2l3!

2~l11l2!~11l3l4!1~l42l3!

3~12l1l2!…cu
2#,

M 3
gZ~l1 ,l2 ;l3,0!5

ie2mZŝ

8~L3
gZ!4

suAŝ

2
@l3~l12l2!

1„422l1l22l3~l11l2!…cu#.

Again neglecting terms ofO(mZ
2/ ŝ), the ZZ amplitudes be-

come

M 1
ZZ~l1 ,l2 ;l3 ,l4!5

ie2ŝ2

~L1
ZZ!4

~l31l4!~11l1l2!, ~A8!
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M 2
ZZ~l1 ,l2 ;l3 ,l4!52

ie2ŝ2

~L2
ZZ!4

~l11l2!~11l3l4!,

M 3
ZZ~l1 ,l2 ;l3 ,l4!5

ie2ŝ2

8~L3
ZZ!4

@~l31l4!~11l1l2!2~l1

1l2!~11l3l4!#~11cu
2!,

M 3
ZZ~l1 ,l2 ;l3,0!5

ie2mZŝ

2~L3
ZZ!4

suAŝ

2

3@~11l1l2!2l3~l11l2!#cu ,

M 4
ZZ~l1 ,l2 ;l3 ,l4!5

ie2ŝ2

32~L4
ZZ!4

@6~l11l2!~11l3l4!

12~l31l4!~11l1l2!

12„2~l11l2!~11l3l4!

1~l31l4!~11l1l2!…cu
2#,
,

I.

, Z
.

v.

. D

.

09501
M 4
ZZ~l1 ,l2 ;l3,0!5

ie2mZŝ

4~L4
ZZ!4

suAŝ

2

3@~11l1l2!2l3~l11l2!cu#,

M 5
ZZ~l1 ,l2 ;l3 ,l4!5

ie2ŝ2

32~L5
ZZ!4

@26~l31l4!

3~11l1l2!22~l11l2!

3~11l3l4!12„~l31l4!

3~11l1l2!2~l11l2!

3~11l3l4!…cu
2#,

M 5
ZZ~l1 ,l2 ;l3,0!5

ie2mZŝ

4~L5
ZZ!4

suAŝ

2

3@~11l1l2!2l3~l11l2!cu#.

Amplitudes with two longitudinalZ bosons are ofO(mZ
2/ ŝ),

and hence are negligible in our approximation.
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