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CP-violating ZZh coupling at e¿eÀ linear colliders
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We study the general Higgs–weak-boson coupling withCP violation via the processe1e2→ f f̄ h. We
categorize the signal channels by the subprocesses ofZh production andZZ fusion and construct fourCP
asymmetries by exploiting polarizede1e2 beams. We find complementarity among the subprocesses and the
asymmetries to probe the real and imaginary parts of theCP-violating form factor. Certain asymmetries with
unpolarized beams can retain significant sensitivity to the coupling. We conclude that at a linear collider with
high luminosity, theCP-odd ZZh coupling may be sensitively probed via measurements of the asymmetries.
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I. INTRODUCTION

Searching for a Higgs boson has been a major motiva
for many current and future collider experiments, sin
Higgs bosons encode the underlying physics of mass gen
tion. In the minimal standard model~SM!, there is only one
CP-even scalar. In the two-Higgs-doublet model or the
persymmetric extension of the SM, there are twoCP-even
states and oneCP-odd state, plus a pair of charged Higg
bosons. The couplings of Higgs bosons to electroweak ga
bosons are particularly important since they faithfully rep
sent the nature of the electroweak gauge symmetry break
Determining the detailed properties of the Higgs boson c
plings will be of fundamental importance to fully constru
the theoretical framework of the electroweak sector.

The most general interaction vertex for a generic Hig
boson~h! and a pair ofZ bosons,Zm(k1) Zn(k2) h, can be
expressed by the following Lorentz structure:

Gmn~k1 ,k2!5 i
2

v
h @a MZ

2gmn1b ~k1
mk2

n2k1•k2gmn!

1b̃ emnrsk1rk2s#, ~1!

where v5(A2GF)21/2 is the vacuum expectation value o
the Higgs field, and theZ boson four-momenta are both in
coming, as depicted in Fig. 1. Thea and b terms areCP

even and theb̃ term isCP odd. Thus, the simultaneous e
istence of termsa ~or b) and b̃ would indicateCP violation
for the ZZh coupling @1–3#. We note that, in the SM at th
tree level,a51 and b5b̃50. In supersymmetric theorie
with CP-violating soft supersymmetry~SUSY! breaking
terms@4#, theseCP-violating interactions may be generate
by loop diagrams. More generally, the parameters can
momentum-dependent form factors and of complex value
account for the dispersive@Re(b̃)# and absorptive@ Im(b̃)#
effects from radiative corrections. Alternatively, in terms
an effective Lagrangian, theb term can be from gauge in
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variant dimension-6 operators@5#, and theb̃ term can be
constructed similarly withCP-odd operators involving the
dual field tensors. Dimensional analysis implies that the

rametersb and b̃ may naturally be of the order of (v/L)2

whereL is the scale at which the physics responsible for
electroweak symmetry breaking sets in, presumablyL

&4pv. The CP-odd coefficientb̃ is of course very much
model dependent.

Possible CP-violation effects via Higgs–gauge-boso
couplings have recently drawn a lot of attention in the lite
ture. In Ref. @1#, CP-odd observables in decaysh→ZZ,

W1W2 and t t̄ were constructed. It was discussed exte
sively how to explore the Higgs properties via the proce
e1e2→Zh @2,3# at future linear colliders. The polarize
photon-photon collisions forgg→h @6# and the electron-
electron scattering processe2e2→e2e2h @7# were also
considered to extract theCP-violating couplings. There has
also been considerable amount of work for investigation
CP-violating Higgs boson interactions with fermions at f
ture e1e2 colliders @8#.

In this paper, we study theCP-violating coupling ofZZh
at future e1e2 linear colliders. In Sec. II, we set out th
general consideration, identifying theZh production andZZ
fusion signals and exploring the genericCP-odd variables
by exploiting the polarized beams. Given specific kinemat
of the signal processes under investigation, we construct
CP asymmetries in Sec. III. We find important compleme
tarity among the sub-processes and the asymmetries in p
ing different aspects of theCP-odd coupling, namely the
real ~dispersive! and imaginary~absorptive! parts of b̃. We
also examine to what extent this coupling can be experim
tally probed via measurements of theCP asymmetries, with

FIG. 1. Vertex function forZZh coupling.
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and without beam polarization. We present some gen
discussions of our analyses and summarize our result
Sec. IV.

II. GENERAL CONSIDERATION

We concentrate on the scenario with a light Higgs bos
below the W-pair threshold. The Higgs–weak-boson co
pling will be studied mainly via Higgs boson productio
rather than its decay. We focus on the Higgs boson prod
tion associated with a fermion pair in the final state

e2~p1! e1~p2!→ f ~q1! f̄ ~q2! h~q3!. ~2!

The Higgs boson signal may be best identified by examin
the recoil mass variable

mrec
2 5~p11p22q12q2!25s1mf f

2 22As~Ef1Ef̄ !, ~3!

wheremf f is the f f̄ invariant mass andEf (Ef̄) is the fer-
mion ~anti-fermion! energy in the c.m. frame. This reco
mass variable will yield a peak for the signal at the Hig
boson massmh , independent of the Higgs boson decay. T
provides a model-independent identification for the Hig
signal. For this purpose, we will accept only

f 5e2, m2 and u, d, s ~4!

to assure good energy determination for the final state
tons and light quark jets. Whenever appropriate, we ad
energy smearing according to a Gaussian distribution as

DE

E
5

12%

AE
% 1% for leptons ~5!

5
45%

AE
% 2% for quarks. ~6!

In realistic experimentation, the charged tracking info
mation may also be used to help improve the momen
determination.

As an illustration, the recoil mass spectrum for ane1e2

final state is shown in Fig. 2 by the dashed curve. The wi
of the peak inmrec spectrum is determined by the ener
resolution of the detector as simulated with Eq.~5!. We have
also required the final state fermions to be within the dete
coverage, assumed to be

ucosu f u,cos 10° ~7!

with respect to the beam hole.

A. Zh production versus ZZ fusion

The signal channel Eq.~2! can be approximately divided
into two sub-processes

e1e2→Zh ~Zh production!, ~8!

Z* Z* →h ~ZZ fusion!. ~9!
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Equation~8! yields light fermion states of all flavors fromZ
decay, while Eq.~9! always has ane1e2 pair in the final
state. These two sub-processes can be effectively dis
guished by identifying the final state fermions. Even for t
final state ofe1e2, one can separate them by examining t
mass spectrummee. This is illustrated in Fig. 2 for thee1e2

final state by the solid curve. The sharp peak atMZ indicates
the contribution from the decayZ→e1e2, while the con-
tinuum spectrum at higher mass values is from theZZ fusion
sub-process. In our analysis, we have included both con
butions coherently. However, when necessary, we sepa
out theZZ fusion contribution by requiring

mee.100 GeV. ~10!

The Zh associated production is the leading channel
Higgs boson searches ate1e2 colliders.ZZ fusion, on the
other hand, is often thought to be much smaller due to
smallZēe vector coupling and low radiation rate ofZ bosons
off e6 beams. However, the rate of the fusion process
creases with c.m. energy logarithmically like ln2(s/MZ

2), and
it is also more important for higher Higgs boson masses. T
ZZ fusion process naturally leads to a pair of electrons in
final state, which is desirable when the charge information
the final state is needed. Moreover, as a result of the heli
conservation at high energies, theZh production has only
helicity combinations for the initiale1e2 of (12) and
(21), while theZZ fusion has (22) and (11) in addi-
tion, where2(1) refers to the left~right! handed helicity.
These additional helicity amplitudes may provide further
formation regarding theCP test, as we will see in the late
analysis.

Figure 3 presents the total cross sections fore1e2

→e1e2h to demonstrate the comparison between theZh and
ZZ fusion processes. Figure 3~a! gives cross sections versu
As for mh5110–200 GeV, and Fig. 3~b! versusmh for As
53502800 GeV. The solid curves are for the total SM ra
including all contributions coherently, and the dashed cur

FIG. 2. Normalized mass distributions fore1e2→e1e2h at
As5500 GeV with mh5120 GeV. The dashed curve is for th
recoil mass in Eq.~3!, and the solid is for the invariant massmee.
7-2
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FIG. 3. Total cross sections fore1e2

→e1e2h in fb ~a! versusAs for representative
values ofmh , and ~b! versusmh for representa-
tive values ofAs. The dashed curves are fo
e1e2→Zh→e1e2h only. No kinematical cuts
are imposed.
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are with a realZ decay forZh→e1e2h. We see that atAs
5500 GeV andmh5120 GeV,s(ZZ→h)'10 fb.2s(Zh
→e1e2h, m1m2h). At As5800 GeV andmh5120 GeV,
the fusion cross section becomes about an order of ma
tude higher than that ofZh→e1e2h, m1m2h. Clearly, at a
linear collider above theZh threshold, theZZ fusion process
is increasingly more important in studying the Higgs prop
ties @9#.

B. CP property

To unambiguously identify the effect ofCP violation,
one needs to construct a ‘‘CP-odd variable,’’ whose expec
tation value vanishes ifCP is conserved@10#. We begin our
analysis by examining theCP-transformation property. Firs
of all, we note that the initial state of Eq.~2! can be made a
CP eigenstate, given theCP-transformation relation

e2~s1 ,pW ! e1~s2 ,2pW !⇒e2~2s2 ,pW ! e1~2s1 ,2pW !,
~11!

where s i is the fermion helicity. Now consider a helicit
matrix elementMs1s2

(qW 1 ,qW 2) where s1 (s2) denotes the
helicity of the initial state electron~positron!, which coin-
cides with the longitudinal beam polarization;qW 1 (qW 2) de-
notes the momentum of the final state fermion~anti-
fermion!. It is easy to show that, underCP transformation,

M21~qW 1 ,qW 2!⇒M21~2qW 2 ,2qW 1!, ~12!

M22~qW 1 ,qW 2!⇒M11~2qW 2 ,2qW 1!, ~13!

andM12 , M11 transform similarly. IfCP is conserved in
the reaction, relations~12! and ~13! take equal signs. Thes
relations precisely categorize two typical classes ofCP test:

CP eigen-process. UnderCP, M21 ~or M12) is invari-
ant if CP is conserved. One can thus constructCP-odd ki-
nematical variablesto test theCP property of the theory.
We can construct a ‘‘forward-backward’’ asymmetry
09600
ni-

-

A FB5sF2sB5E
0

1 ds

d cosu
d cosu2E

21

0 ds

d cosu
d cosu,

~14!

with respect to aCP-odd angular variableu. This argument
is applicable for unpolarized or transversely polarized bea
as well.

CP-conjugate process.M22 and M11 are CP conju-
gate to each other. In this case, instead of a kinematical v
able, the appropriate means to examineCP violation is to
directly compare the rates of the conjugate processes.
can thus define anotherCP asymmetry intotal cross section
ratesbetween the two conjugate processes of opposite he
ties, called the ‘‘left-right’’ asymmetry:

ALR5s222s11 . ~15!

The longitudinally polarized cross section for arbitra
beam polarizations can be calculated by the helicity am
tudes

ds~P2P1!5
1

4
@~11P2!~11P1!ds111~11P2!

3~12P1!ds121~12P2!~11P1!ds21

1~12P2!~12P1!ds22#, ~16!

whereP2 (P1) is the electron~positron! longitudinal polar-
ization, with P6521 (11) for purely left ~right! handed.
Whenever appropriate in our later studies, we will assu
the realistic beam polarization as (uP2u,uP1u)
5(80%,60%)@11#.

III. CP-ODD VARIABLES AND THE CP-ODD COUPLING

In this section, we constructCP-odd variables for the
Higgs signal in Eq.~2! in order to study theCP-violating
interactions in Eq.~1!. Different CP asymmetries appear t
be complementary in exploring different aspects of t
CP-odd couplingb̃.
7-3
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FIG. 4. Normalized polar angle distribution
for s21 at As5500 GeV withmh5120 GeV for

~a! e1e2→Zh with Z→ f f̄ , and ~b! e1e2

→e1e2h via ZZ fusion. The solid curves are fo
the SM interaction (a51), the dashed for the

CP-odd @ Im(b̃)51#, and the dotted forCP vio-

lation with a5Im(b̃)51. Here 100% longitudi-
nal polarization ofeL

2eR
1 has been used.
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A. Simple polar angles and Im„b̃…

It has been argued that theZh process will test the spin
parity property@2# of the coupling by simply measuring th
polar angle distribution of the outgoingZ boson. The distri-
bution can be written in the form

ds

d cosuZ
}H b2 sin2 uZ1

8MZ
2

s
scalarh,

12
1

2
sin2 uZ pseudo2scalarh.

In fact, this simple polar angle may provideCP information
as well. If we rewrite this angle in terms of a dot product

cosuZ5
pW 1•qW 1

upW 1u uqW 1u
, ~17!

whereqW 15qW 11qW 2 is the vector sum of the outgoing fermio
momenta, it is easy to see that it isP odd andC even under
transformation for the final state. One could thus expec
test theCP property of the interactions by examining th
polar angle distribution. The experimental study is made p
ticularly simple since this variable does not require cha
identification for the final state fermions. Because of th
one expects to increase the statistical accuracy by inclu
some well-measured hadronic decay modes ofZ, as we ac-
cept the light quark jets of Eq.~4!. However, after the azi-
muthal angle integration the dispersive part of the form f
tor proportional to Re(b̃) vanishes and the surviving term
the absorptive part proportional to Im(b̃). The angular distri-
butions are shown in Fig. 4~a! for As5500 GeV with mh
5120 GeV. The solid curve is for the SM interaction on
(a51), the dashed curve is for theCP-odd only @ Im(b̃)
51#, and the dotted is forCP violation with a5Im(b̃)51.
We see from the dotted curve that there is indeed an as
metry with respect to the forward (p/2<uZ<0) and back-
ward (p<uZ<p/2) regions. We have assumed 100% lon
tudinal polarization ofeL

2eR
1 for illustration here.
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The above calculation can in principle be carried throu
for theZZ fusion process. However, as a result of the uniq
kinematics in this process, it appears that we can define
alternative polar angle

cosu25
~pW 13qW 2!•~qW 13qW 2!

upW 13qW 2u uqW 13qW 2u
, ~18!

where qW 25qW 12qW 2, which yields a larger asymmetry an
thus being more sensitive to the coefficient Im(b̃). It is easy
to verify that this variable isP odd andC even under trans-
formation for the final state. Figure 4~b! shows the angular
distributions fore1e2→e1e2h via ZZ fusion with 100%
longitudinal polarization ofeL

2eR
1 . The legend is the same a

in Fig. 4~a!. We see from the dotted curve that an asymme
exists with respect to this angle.

Replacingu by uZ in Eq. ~14!, we can define a forward
backward asymmetryA uZ

FB with respect to the angleuZ and

similarly another asymmetryA u2

FB with respect to the angle

u2 . These two asymmetries are calculated fors21 and
shown in Fig. 5 atAs5500 GeV withmh5120 GeV versus
Im(b̃). Figures 5~a! and 5~b! are the asymmetry in fb and th
percentage asymmetry respectively, with respect touZ in
Zh→ f f̄ h. Similarly, Figs. 5~c! and 5~d! show the asymmetry
and percent asymmetry forZZ fusion with respect tou2 .
The dashed curves are for 100% longitudinal polarizat
eL

2eR
1 , the solid are for a realistic polarization (eL

2 ,eR
1)

5(80%,60%), and the dotted are for unpolarized beams.
see that the beam polarization here substantially enha
the asymmetries, and the realistic polarization maintains
asymmetries to a large extent. Some degree of asymm
still exists even for unpolarized beams. The percent
asymmetry for theZh process can be as large as 30%
Im(b̃);0.2, and is typically of a few percent forZZ fusion.

We wish to address to what extent an asymmetry can
determined by experiments. For this purpose, we estim
the statistical uncertainties for the asymmetry measureme
We determine the Gaussian statistical error byANF1NB
7-4
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FIG. 5. Forward-backward asymmetries fo

s21 versus Im(b̃) at As5500 GeV with mh

5120 GeV for ~a! Zh→ f f̄ h: asymmetry in fb,

~b! Zh→ f f̄ h: percentage asymmetry,~c! ZZ fu-
sion: asymmetry in fb, and~d! ZZ fusion: per-
centage asymmetry. The dashed curves are
100% longitudinal polarizationeL

2eR
1 , the solid

for a realistic polarization (eL
2 ,eR

1)
5(80%,60%), and the dotted for unpolarize
beams. The error bars are statistical uncertain
obtained with a luminosity of 1000 fb21.
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whereNF (NB) is the number of forward~backward! events.
The statistical significance for the asymmetry measurem
is obtained by

uNF2NBu

ANF1NB

. ~19!

The error bars in the plots are calculted with an assum
integrated luminosity of 1000 fb21. Because of the large
asymmetry as well as a larger cross section forZh→ f f̄ h, the
Zh production would provide a much better determination
Im(b̃).

As we discussed earlier, theZZ fusion process can pro
vide another type of asymmetry betweenCP conjugate pro-
cesses, in particular betweens22 ands11 as defined in Eq.
~15!, which is absent inZh production. This is presented i
Fig. 6 for ALR , at As5500 GeV withmh5120 GeV versus
Im(b̃). Figure 6~a! is the asymmetry in fb. The legend is th
09600
nt

d

f

same as in Fig. 5. The error bars are for a total integra
luminosity of 1000 fb21 ~500 fb21 each fors22 ands11).
The percentage asymmetry in Fig. 6~b! can be at a 10% leve
for Im(b̃);0.2. It is interesting to note that the solid curv
yield a non-zero value forb̃50. This is due to the intrinsic
LR asymmetry of theZ coupling to electrons. This shift ap
pears whenuP2uÞuP1u and is proportional tos212s12 .
It can be well predicted in the SM for a given beam pola
ization.

Cross section asymmetries versusAs are shown in Fig. 7
in units of fb with mh5120 GeV ~a! forward-backward
asymmetry fors21 in Zh production with respect touZ for
Im(b̃)50.1, ~b! forward-backward asymmetry fors21 in
ZZ fusion with respect tou2 for Im(b̃)50.5, and~c! LR

asymmetry betweens22 and s11 for Im(b̃)50.1. The
dashed curves are for 100% longitudinal polarization, a
the solid are for a realistic polarization (e2,e1)
5(80%,60%). The error bars are for the statistical unc
at

0%
r-
e
s-
FIG. 6. Polarized cross section asymmetry
As5500 GeV withmh5120 GeV versus Im(b̃)
for ~a! the asymmetry in fb, and~b! the percent-
age asymmetry. The dashed curves are for 10
beam polarization, the solid for a realistic pola
ization (e2,e1)5(80%,60%). The error bars ar
statistical uncertainties obtained with a lumino
ity of 1000 fb21.
7-5
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tainty with a luminosity of 1000 fb21. We see again the
possibly good accuracy for determining the asymmetry
the Zh process. Furthermore, these two processes
complementary: at lower energies near threshold theZh pro-
duction is far more important, while at higher energies
ZZ fusion becomes increasingly significant, as has been s
in Fig. 3. In Fig. 7~c!, the reason that the realistic asymme

FIG. 7. Cross section asymmetries in fb versusAs with
mh5120 GeV for~a! forward-backward asymmetry with respect

uZ for Im(b̃)50.1, ~b! forward-backward asymmetry with respe

to u2 for Im(b̃)50.5, ~c! LR asymmetry betweens22 ands211

for Im(b̃)50.1. The dashed curves are for 100% longitudinal p
larization, and the solid for a realistic polarization (e2,e1)
5(80%,60%). The error bars are statistical uncertainties obta
with a luminosity of 1000 fb21.
09600
y
re

e
en

~solid! is even bigger than the ideal case~dashed! is due to
the non-zero contribution from theCP-conservingLR asym-
metry of theZ coupling as discussed in the last paragrap

B. Lepton momentum orientation and Re„b̃…

We showed in the last section that the simple polar ang
can probeCP violation for a Higgs–gauge-boson couplin
but only for the absorptive part of the form factor Im(b̃). In
order to be sensitive to the dispersive part Re(b̃), one needs
to construct more sophisticated variables, involving the a
muthal angle information for the final state fermions. W
find that a simple variable to serve this purpose@12# can be
defined as

cosu l5
pW 1•~qW 13qW 2!

upW 1u uqW 13qW 2u
, ~20!

whereqW 13qW 2 defines the orientation of the plane for the fin
state fermion pair. This variable isP even andC odd under
final state transformation. However, we would need to u
ambiguously identify the fermion from the anti-fermion, an
to accurately determine their momenta. This is natura
achievable for theZZ fusion process, while we will have to
limit ourself to f 5e2,m2 for theZh→ f f̄ h process. Explicit
calculations show that this variable is only sensitive to Re(b̃)
and insensitive to Im(b̃).

We evaluate the angular distribution for cosul at As
5500 GeV with mh5120 GeV. Shown in Fig. 8 are th
normalized distributions for ~a! e1e2→Zh with Z
→e2e1,m2m1 and ~b! e1e2→e1e2h via ZZ fusion. The
solid curves are for the SM interaction (a51), the dashed
curves are for theCP-odd @Re(b̃)51#, and the dotted are
for CP violation with a5Re(b̃)51. Here 100% longitudinal
polarization ofeL

2eR
1 has been used as fors21 . The CP

asymmetries are manifest as seen from the dotted curves
define a CP asymmetryA u l

FB in the same way as in Eq.~14!.

The asymmetries for these two processes are calculated
s21 , and shown in Fig. 9 atAs5500 GeV withmh5120
GeV versus Re(b̃). The parameters and legend are the sa

-

d

r
FIG. 8. Normalized angular distributions fo
s21 at As5500 GeV withmh5120 GeV for~a!
e1e2→Zh with Z→e2e1,m2m1 and ~b!
e1e2→e1e2h via ZZ fusion. The solid curves
are for the SM interaction (a51), the dashed for

the CP-odd @Re(b̃)51#, and the dotted forCP

violation with a5Re(b̃)51. Here 100% longitu-
dinal polarization ofeL

2eR
1 has been used.
7-6
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FIG. 9. Forward-backward asymmetry fo

s21 versus Re(b̃) at As5500 GeV with mh

5120 GeV for ~a! Zh→ f f̄ h: asymmetry in fb,

~b! Zh→ f f̄ h: percentage asymmetry,~c! ZZ fu-
sion: asymmetry in fb, and~d! ZZ fusion: per-
centage asymmetry. The dashed curves are
100% longitudinal polarizationeL

2eR
1 , the solid

for a realistic polarization (eL
2 ,eR

1)
5(80%,60%), and the dotted for unpolarize
beams. The error bars are statistical uncertain
obtained with a luminosity of 1000 fb21.
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as in Fig. 5. We see that the percentage asymmetry for
Zh process is about 10% percent and forZZ fusion it can be
as large as 30% for Re(b̃)'0.2. The error bars in the plot
are estimated with an integrated luminosity of 1000 fb21. As
a result of the large asymmetries, bothZh production andZZ
fusion processes could provide a good probe to the coup
Re(b̃). A particularly important result as indicated in Fig
9~c! and 9~d! is that the asymmetry for theZZ fusion is
rather insensitive to the beam polarization.

Forward-backward cross section asymmetries fors21

with respect tou l are shown versusAs in Fig. 10 with mh

5120 GeV and Re(b̃)50.1. Figure 10~a! is the asymmetry
for Zh production, and Fig. 10~b! is for ZZ fusion. We see
again good sensitivity for measuring the asymmetry es
cially by theZZ fusion process and at higher energies, wh
appears to have very little dependence on the beam pola
tion.

To further assess the linear collider sensitivity tob̃, we
compare all theCP asymmetries and present in Table I t
95% confidence level (2s) sensitivity limits with mh5120
GeV for two collider energiesAs5500, 800 GeV and two
choices of integrated luminosityL5500, 1000 fb21. Realis-
tic polarizations of~80%, 60%! are used unless specified fo
no beam polarization by ‘‘unpolarized.’’ We see that at a 5
GeV linear collider with a total luminosity of 1000 fb21, the
CP-odd coupling form factor may be sensitively probed to
value of about Im(b̃)'0.0022 and Re(b̃)'0.017 at a 95%
C.L. The coupling may even be probed without a beam
larization to a level of about Im(b̃)'0.013 and Re(b̃)
'0.018. The beam polarization improves the sensitivity
Im(b̃) by about a factor of 5–6 viaA uZ

FB(Zh), but does little

to Re(b̃) throughA u l

FB(ZZ). At As5800 GeV, the sensitiv-

ity in Zh process is slightly degraded. On the other hand,
09600
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e

sensitivity in ZZ fusion is enhanced by about a factor of
due to the larger cross section and larger asymmetry
higher energies.

IV. DISCUSSIONS AND CONCLUSIONS

Before summarizing our results, a few remarks are in
der. First, in previous studies of theZh process@2,3#, a com-
mon variable is defined as

FIG. 10. Forward-backward cross section asymmetries fors21

with respect tou l in fb versusAs with mh5120 GeV and Re(b̃)
50.1 for ~a! Zh production and~b! ZZ fusion. The dashed curve
are for 100% longitudinal polarization and the solid for a realis
polarization (e2,e1)5(80%,60%). The error bars are statistic
uncertainties obtained with a luminosity of 1000 fb21.
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cosu15
~pW 13qW 1!•~qW 13qW 2!

upW 13qW 1u uqW 13qW 2u
, ~21!

whereqW 15qW 11qW 25pW Z . This variable seems quite suitab
for the Zh production since it is the azimuthal angle form
between theZh production plane and the decay plane ofZ

→ f f̄ if the Z momentum is chosen to define the rotation
axis. However, this variable isP even andC even under final
state transformation and thus cannot provide an unamb
ous measure forCP violation alone. One would have t
analyze other angular distributions to extract theCP prop-
erty of the interaction.

As a second remark, one may consider our analysis
theZZ fusion similar to that ine2e2 collisions@7#, since the
only tree-level Higgs boson production ate2e2 colliders is
via theZZ fusion mechanism@13#. However, ane2e2 initial
state cannot be made aCP eigenstate as evident from th
discussion of Eq.~11!. The explicitCP asymmetry ine2e2

collisions would have to be constructed in comparison w
the conjugatee1e1 reactions.

Finally, although theZZh coupling under current investi
gation is arguably the most important interaction in the lig
of electroweak symmetry breaking, other interaction verti
such asZgh and ggh may be equally possible to conta
CP violation induced by loop effects. Although theCP
asymmetries constructed in this paper should be generic
applicable to the other cases as well, we choose not to

TABLE I. 95% C.L. limits on b̃ from the CP asymmetries
defined in the text atAs5500, 800 GeV withmh5120 GeV, for
two representative luminositiesL5500, 1000 fb21. Realistic polar-
izations of~80%, 60%! are used unless specified as ‘‘unpolarized

As ~GeV! 500 500 800 800
L(fb21) 500 1000 500 1000

A uZ

FB(Zh) @21# 0.0028 0.0022 0.0043 0.0032

Im(b̃) A uZ

FB(Zh) @unpol.# 0.019 0.013 0.025 0.019

A u2

FB(ZZ) @21# 0.21 0.16 0.19 0.13
ALR(ZZ) 0.071 0.045 0.065 0.041

A u l

FB(Zh) @21# 0.023 0.018 0.019 0.014

Re(b̃) A u l

FB(ZZ) @21# 0.021 0.017 0.014 0.009

A u l

FB(ZZ) @unpol.# 0.024 0.018 0.016 0.010
.

09600
l

u-

or

h

t
s

lly
n-

clude those coupling in our analyses for the sake of simp
ity. However, in terms of ourZZ fusion study, since the
photon-induced processesgg→h,gZ→h would mainly give
collinear electrons along the beams, our kinematical requ
ment to tage1e2 final state at a large angle will effectivel
single out theZZh contribution.

To summarize our analyses of possibleCP violation for
the interaction vertexZZh, we classified the signal channe
into two categories asZh production withZ→ f f̄ and ZZ
fusion. We proposed four simpleCP-asymmetric variables

A uZ

FB: for Zh production,

A u2

FB: for ZZ fusion,

ALR: for ZZ fusion only,

A u l

FB: for both Zh, ZZ.

We found them complementary in probing theCP-odd cou-
pling form factor b̃. The first three are sensitive to Im(b̃),
while the last one sensitive to Re(b̃). HereA uZ

FB yields the

largest asymmetry for Im(b̃) ~see Fig. 5!, while A u l

FB is the

largest for Re(b̃) ~see Fig. 9!, both reaching about 30% fo
ub̃u'0.2. The ultimate sensitivity tob̃ depends on both the
size of asymmetry and the signal production rate. As illu
trated in Table I, at a 500 GeV linear collider with a tot
luminosity of 1000 fb21, theCP-odd coupling may be sen
sitively probed to a value of about Im(b̃)'0.0022 and
Re(b̃)'0.017 at a 95% C.L. with the beam polarizatio
~80%, 60%!. The coupling may even be probed witho
beam polarization to a level of about Im(b̃)'0.013 and
Re(b̃)'0.018. At a higher energy collider withAs5800
GeV, the sensitivity inZh process is slightly degraded bu
that in ZZ fusion is enhanced by about a factor of 2.
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