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CP-violating ZZh coupling at ete™ linear colliders
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We study the general Higgs—weak-boson coupling v@tR violation via the procesg*e’aff_h. We
categorize the signal channels by the subprocess@&h gfroduction andZZ fusion and construct fou€ P
asymmetries by exploiting polarizex e~ beams. We find complementarity among the subprocesses and the
asymmetries to probe the real and imaginary parts ofXReviolating 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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. INTRODUCTION variant dimension-6 operatof$], and theb term can be

) _ ) ~_ constructed similarly withCP-odd operators involving the
Searching for a Higgs boson has been a major motivatiogya| field tensors. Dimensional analysis implies that the pa-

for many current and future collider experiments, since -~ 2
Higgs bosons encode the underlying physics of mass genen[:lé}meters.b andb may natgrally be of Fhe order OTU(A)
tion. In the minimal standard modéBM), there is only one whereA is the scale at which the physics responsible for the

CP-even scalar. In the two-Higgs-doublet model or the sufléctroweak symmetry breaking sets in, presumably
persymmetric extension of the SM, there are {@B-even <4mv. The CP-odd coefficientb is of course very much
states and on€ P-odd state, plus a pair of charged Higgs model dependent.

bosons. The couplings of Higgs bosons to electroweak gauge Possible CP-violation effects via Higgs—gauge-boson
bosons are particularly important since they faithfully repre-couplings have recently drawn a lot of attention in the litera-
sent the nature of the electroweak gauge symmetry breakingure. In Ref.[1], CP-odd observables in decays—ZZ,
Determining the detailed properties of the Higgs boson couy+\w~ and tt were constructed. It was discussed exten-

plings will pe of fundamental importance to fully construct sively how to explore the Higgs properties via the process
the theoretical framework of the electroweak sector. e"e"—zh [2,3] at future linear colliders. The polarized

The most general interaction vertex for a generic Higg h L
| . oton-photon collisions foryy—h [6] and the electron-
boson(h) and a pair ofZ bosonsZ*(ky) Z’(k;) h, can be S2Iectronp scattering processrzg‘ae‘e‘h [7] were also

expressed by the following Lorentz structure: considered to extract th€ P-violating couplings. There has
) also been considerable amount of work for investigation of
v _: 2 uv BV e e iV CP-violating Higgs boson interactions with fermions at fu-
[k ko) Iv hiaMzg™+b (kikp—ki-kog™) tureet e colliders[8].
In this paper, we study th€ P-violating coupling ofZZh
at futuree*e” linear colliders. In Sec. I, we set out the
general consideration, identifying tizeh production andZZ
wherev=(1/2Gg) 2 is the vacuum expectation value of fusion signals and exploring the genefid-odd variables
the Higgs field, and th& boson four-momenta are both in- by exploiting the polarized beams. Given specific kinematics
coming, as depicted in Fig. 1. Treandb terms areCP  of the signal processes under investigation, we construct four
even and thé term isCP odd. Thus, the simultaneous ex- CP asymmetries in Sec. Ill. We find important complemen-
istence of terms (or b) andb would indicateCP violation ~ tarity among the sub-processes and the asymmetries in prob-
for the ZZh coupling[1-3]. We note that, in the SM at the ing different aspects of th€P-odd coupling, namely the
tree level,a=1 andb=b=0. In supersymmetric theories real (dispersivg and imaginary(absorptive parts ofb. We
with CP-violating soft supersymmetryfSUSY) breaking also examine to what extent this coupling can be experimen-
terms[4], theseC P-violating interactions may be generated tally probed via measurements of tBé> asymmetries, with
by loop diagrams. More generally, the parameters can be
momentum-dependent form factors and of complex values to Z"(ky)
account for the dispersivieRe(d)] and absorptivé Im(b)]
effects from radiative corrections. Alternatively, in terms of
an effective Lagrangian, the term can be from gaugein- = &~~~ °° h

+B Eﬂypo.klpk&r]i (1)

Z¥(ka)
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and without beam polarization. We present some general L L L L B L L L LN
discussions of our analyses and summarize our results in - , o - .
Sec. IV. - it ceeeh ]
04— " Vs =500 GeV  —]
L 1 - -
Il. GENERAL CONSIDERATION & - ;': ™y = 120 GeV .
<] [ 1! _
We concentrate on the scenario with a light Higgs boson = 0ar h ]
below the W-pair threshold. The Higgs—weak-boson cou- L [ 'Y g, ]
pling will be studied mainly via Higgs boson production, g o2 o -
rather than its decay. We focus on the Higgs boson produc- E [ ' H ]
tion associated with a fermion pair in the final state C ' ]
0.1 P —
— Y, B ! ! T
e (p1) " (p2)—f(ay) f(d2) h(qa). 2 - ' %:
\

. . . ™ . [ ’ — L1 11 b1 N

The H|ggs boson S|_gnal may be best identified by examining 0-00 . 200 300 400

the recoil mass variable M (GeV)
Miec= (P1+P2— 01— 0z)?=S+mf— 2Vs(E¢+Ep), (3) FIG. 2. Normalized mass distributions fer e —ee h at

o Js=500 GeV withm,=120 GeV. The dashed curve is for the
wheremy; is the ff invariant mass and; (E;) is the fer-  recoil mass in Eq(3), and the solid is for the invariant masg,.
mion (anti-fermion energy in the c.m. frame. This recoil
mass variable will yield a peak for the signal at the HiggsEquation(8) yields light fermion states of all flavors fro
boson mass,, independent of the Higgs boson decay. Thisdecay, while Eq(9) always has are*e™ pair in the final
provides a model-independent identification for the Higgsstate. These two sub-processes can be effectively distin-
signal. For this purpose, we will accept only guished by identifying the final state fermions. Even for the
final state ofe*e™, one can separate them by examining the
mass spectrumm,,. This is illustrated in Fig. 2 for the*e™~

N ) final state by the solid curve. The sharp peaklatindicates
to assure good energy determination for the final state lep; y pp @

- T : ”
tons and light quark jets. Whenever appropriate, we ado;:%he contribution from the decag—e“e", while the con

energy smearing according to a Gaussian distribution as Inuum spectrum at higher mass values is froma@efusion
gy 9 9 sub-process. In our analysis, we have included both contri-

f=e”, -~ andu, d, s 4

AE 12% butions coherently. However, when necessary, we separate
——_ ®1% for leptons (5)  outtheZZ fusion contribution by requiring
£ E
mee>100 GeV. (10)
45%
- E ©2% for quarks. (6) The Zh associated production is the leading channel for

Higgs boson searches at e~ colliders.ZZ fusion, on the
In realistic experimentation, the charged tracking infor-Other hand, is often thought to be much smaller due to the

mation may also be used to help improve the momentungmallZee vector coupling and low radiation rate Afbosons
determination. off e= beams. However, the rate of the fusion process in-

As an illustration, the recoil mass spectrum forelre~  creases with c.m. energy logarithmically liké(siM2), and
final state is shown in Fig. 2 by the dashed curve. The widtlit is also more important for higher Higgs boson masses. The
of the peak inm,. spectrum is determined by the energy ZZ fusion process naturally leads to a pair of electrons in the
resolution of the detector as simulated with E5). We have final state, which is desirable when the charge information of
also required the final state fermions to be within the detectoihe final state is needed. Moreover, as a result of the helicity

coverage, assumed to be conservation at high energies, tlé production has only
helicity combinations for the initiae™e™ of (+—) and
|cosé;| <cos 10° (7)  (—+), while theZZ fusion has ¢ —) and (+ +) in addi-

tion, where— (+) refers to the leftright) handed helicity.
These additional helicity amplitudes may provide further in-
formation regarding th€ P test, as we will see in the later

with respect to the beam hole.

A. Zh production versus ZZ fusion analysis.
The signal channel Eq2) can be approximately divided 'i'gﬁ”e 3 presents the total cross sections ére”
into two sub-processes —e" e hto demonstrate the comparison betweenZheand
ZZ fusion processes. Figurdad gives cross sections versus
e"e"—Zh (Zh production, (8) Js for m,=110-200 GeV, and Fig.(B) versusmy, for /s
=350-800 GeV. The solid curves are for the total SM rate
Z*Z* —h (ZZ fusion). (9 including all contributions coherently, and the dashed curves
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O T AN T T T ]
- (a) ete »e*eh 1F (b) 1
15— — = 800 GeV —
- my = 110 Ge 1F E X
A FIG. 3. Total cross sections foe*e~
:'.9“ F P h 1 —e*e"h in fb (a) versusy/s for representative
~ 100 ] -] values ofm,,, and(b) versusm,, for representa-
5 L\ 1 . tive values of+/s. The dashed curves are for
- " ] ] e"e"—Zh—e*e h only. No kinematical cuts
sl [/~ | SN ~] are imposed.
[ e )| S 500, _ ]
"‘:5'2%&..____': i 800 T TTTTm-- ]
0 NP IR it | Wirivird Wufwieks insufurs iririafe i
200 400 600 800 120 140 160 180 200
Vs (GeV) m; (GeV)
are with a realZ decay forzh—e*e~h. We see that at/s e r B 1 do 0 do
=500 GeV andm,=120 GeV,0(ZZ—h)~10 fo>20(zh A= —07= | fro  pdcos— f_ld cosg ! cost,
—ete™h, uTu"h). At s=800 GeV andm,=120 GeV, (14

the fusion cross section becomes about an order of magni-

tude higher than that h—e"e"h, u"u"h. Clearly, ata  jth respect to & P-odd angular variabl@. This argument
linear collider above th&h threshold, th& Z fusion process s applicable for unpolarized or transversely polarized beams
is increasingly more important in studying the Higgs proper-zs well.
ties [9]. CP-conjugate processM__ and M, , are CP conju-

gate to each other. In this case, instead of a kinematical vari-

B. CP property able, the appropriate means to exam@P violation is to

directly compare the rates of the conjugate processes. We
can thus define anoth€@P asymmetry intotal cross section
ratesbetween the two conjugate processes of opposite helici-
ties, called the “left-right” asymmetry:

To unambiguously identify the effect d€P violation,
one needs to construct &CP-odd variable,” whose expec-
tation value vanishes € P is conserved10]. We begin our
analysis by examining th€ P-transformation property. First
of aII,. we note thgt the initial state of E(P.) can pe made a Ar=0__—0,,. (15)
CP eigenstate, given th€ P-transformation relation

B - - _ - n The longitudinally polarized cross section for arbitrary
e (op,p)e’(op,—p)=e (—oz,p)e (_Ull_p),(ll) beam polarizations can be calculated by the helicity ampli-
tudes

where o; is the fermion helicity. Now consider a helicity 1
matrix elementM, , (d;,q,) whereo; (o) denotes the do(P_P.)=7[(1+P_)(1+P,)do  +(1+P_)
helicity of the initial state electrofipositror), which coin-

cides with the longitudinal beam polarizatiog; (g,) de-
notes the momentum of the final state fermiganti- +(1-P_)(1-P.)do__], (16)
fermion). It is easy to show that, und€&P transformation,

X(1—P,)do, _+(1—P_)(1+P )do_,

whereP_ (P_.) is the electror{positron longitudinal polar-

M_(G1,02)=M_ (=0, — ), (12 ization, withP.=—1 (+1) for purely left(right) handed.
Whenever appropriate in our later studies, we will assume
the realistic beam polarization as |P([,|P.]|)

M- _(d1,92)= M (=02, —dy), (13  =(80%,60%)[11].

and M. _, M., transform similarly. IfCP is conserved in ;. cP-ODD VARIABLES AND THE CP-ODD COUPLING
the reaction, relationél2) and(13) take equal signs. These
relations precisely categorize two typical classe€ & test: In this section, we construcE P-odd variables for the

CP eigen-procesdJnderCP, M_ ., (or M, _) is invari- Higgs signal in Eq.(2) in order to study theC P-violating
ant if CP is conserved. One can thus constr@d®-odd ki-  interactions in Eq(1). Different CP asymmetries appear to
nematical variableso test theCP property of the theory. be complementary in exploring different aspects of the
We can construct a “forward-backward” asymmetry CP-odd couplingb.
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S AN RRAAR RARAN RN 4 L | ]
r (a) Zh ] 1a— (v) 22 == odd -
20 - : J/ ™ ]
i 1 2 ! SM+odd 5 - FIG. 4. Normalized polar angle distributions
o 15[ SM+odd 1 s F SRR for o_, at\s=500 GeV withmy, =120 GeV for
> F A 1 1ok . (@ ete —zh with Z—ff, and (b) e'e”
L - ; odd | o 10 4
N T ARt ~ 1 @ ¢t ] —e*e"h via ZZ fusion. The solid curves are for
S 10 / A S oa: ) M [ the SM interaction §=1), the dashed for the
oo ", 1 81— ! N ~ .
Fo N ro VT CP-odd[Im(b)=1], and the dotted fo€P vio-
05-_:}" m; = 120 GeV "-‘,}_- - Vo lation with a=Im(b)=1. Here 100% longitudi-
MY Vs = 500 GeV 3 o8- V] nal polarization ofe_ e} has been used.
u A o v g
- < F oy v 4
PN P PR I IS P PO S I U P P
0.0 0.2 0.4 0.8 0.8 1.0 0.0 0.2 0.4 0.8 0.8 1.0
6, a_
A. Simple polar angles and In(b) The above calculation can in principle be carried through

for theZZ fusion process. However, as a result of the unique
kinematics in this process, it appears that we can define an
alternative polar angle

It has been argued that tizeh process will test the spin-
parity property[2] of the coupling by simply measuring the
polar angle distribution of the outgoingboson. The distri-
bution can be written in the form

2

8 s BV (Bxd
B2sir? 9,+ —= scalarh, cosg. — PrXd-)- (41X o)

do . 5 1P1Xq-||q1Xd,|
d coséb,

(18

1
1- ESin2 67 pseude-scalarh.
where (i,=5|1—ﬁ2, which yields a larger asymmetry and
thus being more sensitive to the coefficient bn(It is easy
to verify that this variable i$ odd andC even under trans-

formation for the final state. Figureld) shows the angular
distributions forete™—e*e h via ZZ fusion with 100%

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

P1-G. longitudinal polarization o& e . The legend is the same as
Ccosl;=———=—, a7 in Fig. 4(a). We see from the dotted curve that an asymmetry
Paf G+ exists with respect to this angle.

Replacingd by 6, in Eq. (14), we can define a forward-
> > N FB .
whereq, =q;+ 0, is the vector sum of the outgoing fermion b_ac-kward asymmetry bz WlthFrE;espect to the anglé; and
momenta, it is easy to see that itRsodd andC even under ~similarly another asymmetryl ;= with respect to the angle

transformation for the final state. One could thus expect t®_. These two asymmetries are calculated for, and
test theCP property of the interactions by examining the shown in Fig. 5 at/s=500 GeV withm,=120 GeV versus

polar angl_e distrib_ution. '_I'he e>_<perimental study is _made Parim(b). Figures %a) and §b) are the asymmetry in fb and the
ticularly simple since this variable does not require Chargefaercentage asymmetry respectively, with respec#oin

identification for the final state fermions. Because of this, he fTh. Similarly. Fi d 5d) show th i
one expects to increase the statistical accuracy by including' "' """ imilarly, Figs. %c) an 5 ) s low the asymmetry
nd percent asymmetry fatZ fusion with respect to_ .

some well-measured hadronic decay modeZ,odis we ac- Lo o
cept the light quark jets of Eq4). However, after the azi- Tfje dashed curves are for 100% longitudinal polarization

muthal angle integration the dispersive part of the form facfL eq . the solid are for a realistic polarizatiore(,e)

. ~ . - . =(80%,60%), and the dotted are for unpolarized beams. We
tor proportional to Ref) vanishes and the surviving term is o i

] ] ~ ~ 7 see that the beam polarization here substantially enhances
the absorptive part proportional to Iis). The angular distri-  the asymmetries, and the realistic polarization maintains the
butions are shown in Fig.(d) for ys=500 GeV withm,  asymmetries to a large extent. Some degree of asymmetry
=120 GeV. The solid curve is for the SM interaction only |l exists even for unpolarized beams. The percentage
(a=1), the dashed curve is for the P-odd only [Im(b) asymmetry for thezh process can be as large as 30% for
=1], and the dotted is foE P violation with a=Im(b)=1. Im(b)~0.2, and is typically of a few percent f&Z fusion.
We see from the dotted curve that there is indeed an asym- We wish to address to what extent an asymmetry can be
metry with respect to the forwardn{2< 6,<0) and back- determined by experiments. For this purpose, we estimate
ward (7=< 6,< 7/2) regions. We have assumed 100% longi-the statistical uncertainties for the asymmetry measurements.
tudinal polarization ok, ey for illustration here. We determine the Gaussian statistical error {iyr+Ng

096007-4



CP-VIOLATING ZZh COUPLING ATe*e™ LINEAR... PHYSICAL REVIEW D 63 096007

L (A AN AR AN RN R Ral AL AN AR AN IS R
[ (a) Zh I [ (b) Zh 2=
[ V=500 GeV 0] C
100 my=120 GeV - = 0.2
O gt = oof
1 . FIG. 5. Forward-backward asymmetries for
~ _100k = oz o_, versus Imp) at \s=500 GeV with m,
2 [ - 1+ ] =120 GeV for(a) Zh—ffh: asymmetry in fb,
+ - 1= =7 ] (b) Zh—ffh: percentage asymmetr{g) ZZ fu-
. Aoyl | [P I A I r AP P I : . j
N e I RCE ™S 0.06n sion: asymmetry in fb, andd) ZZ fusion: per-
|, os0f (c) zz A rnb' g centage asymmetry. The dashed curves are for
.,.b' ] 1 ooaf 100% longitudinal polarizatiore, e , the solid
0.25 - = b for a realistc  polarization € ,eR)
[ p © o0z =(80%,60%), and the dotted for unpolarized
ooobe e B 0.00F beams. The error bars are statistical uncertainties
B SRS . T obtained with a luminosity of 1000 ft.
: 1  -o.0ef
-0.26 — ] E
Pl {1 -o0af
-0.50 ’ — iy
AP AN U P I I R - LA IR I I O
-04 -02 09 02 04 "7 -04 -02 08 02 04
Im(b) Im(b)

whereNg (Ng) is the number of forwargbackward events. same as in Fig. 5. The error bars are for a total integrated
The statistical significance for the asymmetry measurementiminosity of 1000 fb'* (500 fb~ ! each foro__ ando ).
is obtained by The percentage asymmetry in Figbpcan be at a 10% level

for Im(b)~0.2. It is interesting to note that the solid curves

[NF—Ng| (19) yield a non-zero value fob=0. This is due to the intrinsic
INE+Ng LR asymmetry of theZ coupling to electrons. This shift ap-
pears wheP_|#|P,| and is proportional tar_, —o, _ .
The error bars in the plots are calculted with an assumett can be well predicted in the SM for a given beam polar-
integrated luminosity of 1000 fit. Because of the larger ization.

asymmetry as well as a larger cross sectionzo ffh, the _ CFQSS section _asymmetries vers{sare shown in Fig. 7
Zh production would provide a much better determination ofin units of fb with m,=120 GeV (a) forward-backward
Im(b). asymmetry foro_ , in Zh production with respect t@; for

As we discussed earlier, tH&Z fusion process can pro- Im(b)=0.1, (b) forward-backward asymmetry far_, in
vide another type of asymmetry betwe@® conjugate pro- ZZ fusion with respect tod_ for Im(5)=0.5, and(c) LR
cesses, in particular between _ ando, , as definedin Eq.  asymmetry betweenr__ and o, , for Im(b)=0.1. The
(15), which is absent iZh production. This is presented in gashed curves are for 100% longitudinal polarization, and
Fig. 6 for A g, at\'s=500 GeV withm,=120 GeV Versus the solid are for a realistic polarizatione{,e")
Im(b). Figure Ga) is the asymmetry in fb. The legend is the =(80%,60%). The error bars are for the statistical uncer-

ol i O A RN RARRE R R R R R
[ () 22 ] [ (b) B3
F V=500 GeV > s _
2| m,=120 GeV . 01— / ] . .
N {1 1 j FIG. 6. Polarized cross section asymmetry at
& 1 ] "?. 1 Js=500 GeV withm,=120 GeV versus Intf)
+ I 1 ¢ 1 for (a) the asymmetry in fb, antb) the percent-
s °f ] Y 00 7] age asymmetry. The dashed curves are for 100%
': 1 - beam polarization, the solid for a realistic polar-
b , 1 ] ization (e~,e*)=(80%,60%). The error bars are
-2 7 4 5 ok , ] statistical uncertainties obtained with a luminos-
i 5 S 1 ity of 1000 fb 2.
/ -
DY P PP P I O B N A P P
-04 -0.2 0.0 0.2 04 -04 -0.2 0.0 0.2 0.4
1m(b) Im(B)
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Gl S I IR BLELELELE ILAL L ELRLL (solid) is even bigger than the ideal cagiashedl is due to
F @ Zh o ®)=01  m,=120 GeV ] the non-zero contribution from tH@P-conserving_R asym-
60 / \\\ ] metry of theZ coupling as discussed in the last paragraph.
. o] 3 - 3
é El/ \\\\\ ] B. Lepton momentum orientation and Reb)
N 20 o T =l We showed in the last section that the simple polar angles
mb' P U I I I B S ] can probeCP violation for a Higgs—gauge-boson coupling,
| 15_'('b') IZ'ZI AN BN BN BN BN but only for the absorptive part of the form factor I)( In
+ r . 1 " . . ~
o ! r Im(b)=0.5 JPtide ] order to be sensitive to the dispersive partiRe@ne needs
© ol ol = to construct more sophisticated variables, involving the azi-
et k muthal angle information for the final state fermions. We
o5 e E find that a simple variable to serve this purp@$2] can be
B - ] defined as
SO i PR D P T .
0.0 (01X d3)
1‘5 -_I LELEL | L I T 7T | T 1T U 7T I T 1T 1 | L I_- Cosal — p} q_)l q_)z , (20)
s F (922 1n@)=01 ] Ip1l a1 Qg
+ 10 F __ whereﬁlx ciz defines the orientation of the plane for the final
b . I Aeeemmmommommmees - state fermion pair. This variable B even andC odd under
o5 =" ] final state transformation. However, we would need to un-
b ambiguously identify the fermion from the anti-fermion, and
1Y) S AN AN S I S to accurately determine their momenta. This is naturally

200 300 400 500 600 700 800

VE (GeV) achievable for th& Z fusion process, while we will have to

limit ourself tof=e™,u"~ for thezh—ffh process. Explicit
FIG. 7. Cross section asymmetries in fb VefSlE with  calculations show that this variable is only sensitive tobije(
m, =120 GeV for(a) forward-backward asymmetry with respect to and insensitive to Inf().

6, for Im(b)fo.l, (b) forward-backward asymmetry with respect We evaluate the angular distribution for apsat \/g
to 6 for Im(b)=0.5,(c) LR asymmetry between__ ando_..  —500 GeV withm,=120 GeV. Shown in Fig. 8 are the
for Im(E):O.l. The dashed curves are for 100% longitudinal po-normalized distributions for(a) ete —Zh with Z
larization, and the solid for a realistic polarizatiore (e™) —e e, u ut and(b) e"e”—eteh via ZZ fusion. The
=(80%,60%). The error ba[s are statistical uncertainties obtainedg|id curves are for the SM interactiom< 1), the dashed
with & luminosity of 1000 fb™. curves are for theCP-odd [Re(d)=1], and the dotted are

for CP violation witha=Re(b) = 1. Here 100% longitudinal

. . . . l .
tainty with a luminosity of 1000 fb*. We see again the )polarization ofe e} has been used as for_, . The CP
a

possibly good accuracy for determining the asymmetry b symmetries are manifest as seen from the dotted curves. We
the Zh process. Furthermore, these two processes a

I . EB - .
complementary: at lower energies near thresholdzthgro- Gefine a CP as}’mme“’f‘ g N the same way as in EL4).
duction is far more important, while at higher energies thel e asymmetries for these two processes are calculated for

ZZ fusion becomes increasingly significant, as has been seef-+, and shown in Fig. 9 at/s=500 GeV withm,=120
in Fig. 3. In Fig. 1c), the reason that the realistic asymmetry GeV versus Rd{). The parameters and legend are the same

ol@wzm | |mm

Vs =500 GeV
my=120 GeV

FIG. 8. Normalized angular distributions for
o_ ., at\s=500 GeV withm, =120 GeV for(a)
efe"—Zh with Z—e e",u ut and (b)
ete”—e*e h via ZZ fusion. The solid curves
are for the SM interactiona=1), the dashed for
the CP-odd [Re(b)=1], and the dotted fo€ P
violation witha=Re(0)=1. Here 100% longitu-
dinal polarization ofe e has been used.

do/dcos, /o

P PP PP P B N A I I D
-1.0 -0.5 0.0 0.5 -1.0 -0.5 0.0 0.5 1.0

cosf, cosf,
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A R S RARRSRasas LA R N S AIRARRIRassny
— (a) Zh = r (b) Zh Py

- V=500 GeV R 01
m,=120 GeV r

o

FIG. 9. Forward-backward asymmetry for
o_, versus Relf) at s=500 GeV with my
=120 GeV for(a) Zh—ffh: asymmetry in fb,

LT (b) Zh—ffh: percentage asymmetryg) ZZ fu-
R RS R A RA sion: asymmetry in fb, andd) ZZ fusion: per-
[ (d) 2z 1 centage asymmetry. The dashed curves are for

o' _,—a"_, (tb)
UF-+_°'B—+/°'F—++°'B—+

she (o) 22 ] 05 ] A AR )
N ] 100% longitudinal polarizatior_eg , the solid
5 . for a realistic polarization € ,ep)
i 7 =(80%,60%), and the dotted for unpolarized
ol ] 0.0 beams. The error bars are statistical uncertainties
i ] L obtained with a luminosity of 1000 fi.
-5 S 05
N I S I I B IR T A T
-04 -02 00 02 04 -04 -02 00 02 04
Re(b) Re(b)

as in Fig. 5. We see that the percentage asymmetry for theensitivity inZZ fusion is enhanced by about a factor of 2
Zh process is about 10% percent and Z& fusion it can be  due to the larger cross section and larger asymmetry at
as large as 30% for RBJ~0.2. The error bars in the plots higher energies.
are estimated with an integrated luminosity of 1000%bAs
a result of the large asymmetries, b@h production andz Z
fusion processes could provide a good probe to the coupling
Re(0). A particularly important result as indicated in Figs.  Before summarizing our results, a few remarks are in or-
9(c) and 9d) is that the asymmetry for th&Z fusion is  der. First, in previous studies of tizeh procesg2,3]|, a com-
rather insensitive to the beam polarization. mon variable is defined as

Forward-backward cross section asymmetries dor,
with respect tod, areshownversus/éin Fig. 10 with m, NS LA L LN UL BN
=120 GeV and Réd{)=0.1. Figure 1(g) is the asymmetry o[ (@70 Re(b)=0.1 m,=120 GeV ]
for Zh production, and Fig. 1®) is for ZZ fusion. We see =~ [  ..-777777° ]
again good sensitivity for measuring the asymmetry espe-
cially by theZZ fusion process and at higher energies, which a1 /
appears to have very little dependence on the beam polarize:=
tion. L

To further assess the linear collider sensitivityﬁpwe o 0 PSR S S A S
compare all theCP asymmetries and present in Table | the ? 3-'('b') AR R DA A AR
95% confidence level (@) sensitivity limits withm,=120 M Re(§)=0.1 s
GeV for two collider energies/s=500, 800 GeV and two ™y 2|
choices of integrated luminositg=500, 1000 fb . Realis- B ]

IV. DISCUSSIONS AND CONCLUSIONS

IIIIIIII
AY
i

I

-+

tic polarizations 0f{80%, 60% are used unless specified for

no beam polarization by “unpolarized.” We see that at a 500

GeV linear collider with a total luminosity of 1000 T8, the

CP-odd coupling form factor may be sensitively probed to a 0 o iFEFP EPI EPPR EP S
~ ~ 300 400 500 600 700 800

value of about Imi)~0.0022 and Ré{)~0.017 at a 95% V5 (GeV)

C.L. The coupling may even be probed without a beam po-

larization to a level of about Inb()~0.013 and Réf) FIG. 10. Forward-backward cross section asymmetriesrfor

~0.018. The beam polarization improves the sensitivity towith respect tog, in fb versus/s with m,=120 GeV and Ré{)

Im(b) by about a factor of 56 vial gf(z h), but does littte  =0.1 for (& Zh production andb) ZZ fusion. The dashed curves

~ FB B . are for 100% longitudinal polarization and the solid for a realistic
to Re() through.A,"(22). At \5=800 GeV, the sensitiv- polarization €~,e*)=(80%,60%). The error bars are statistical

ity in Zh process is slightly degraded. On the other hand, thencertainties obtained with a luminosity of 1000 fo
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TABLE I. 95% C.L. limits onb from the CP asymmetries
defined in the text at/s=500, 800 GeV withm,=120 GeV, for
two representative luminositiegg=500, 1000 fb *. Realistic polar-
izations of(80%, 60% are used unless specified as “unpolarized.”

Js (GeV) 500 500 800 800

L(fb™h 500 1000 500 1000
APB(zh)[-+] 0.0028 0.0022 0.0043 0.0032

Im(b) A';f(Zh) [unpol] ©0.019 0.013 0.025 0.019

Af®(zzy[-+] 021 016 019 013

Ar(Z2) 0.071 0.045 0.065 0.041

ARP(Zzh) [-+] 0023 0018 0019 0014

Re) Aj(Z2)[-+] 0021 0017 0.014 0.009

AG%(Z2) [unpol] 0.024 0018 0.016 0.010

(P1Xq)- (41X qp)
cos6, = P1x4+)-(d1X0z 21)

|51><d+| |(i1><(i2| '

Whereﬁ+=§1+62=|5z. This variable seems quite suitable

for the Zh production since it is the azimuthal angle formed

between thezh production plane and the decay planeZof

—ff if the Z momentum is chosen to define the rotationa

axis. However, this variable B even andC even under final

PHYSICAL REVIEW D63 096007

clude those coupling in our analyses for the sake of simplic-
ity. However, in terms of ouiZZ fusion study, since the
photon-induced processey— h,yZ—h would mainly give
collinear electrons along the beams, our kinematical require-
ment to tage" e~ final state at a large angle will effectively
single out theZZh contribution.

To summarize our analyses of possikl® violation for
the interaction vertex Zh, we classified the signal channel

into two categories agZh production withZz—ff and zz
fusion. We proposed four simpléP-asymmetric variables

ARB: for zh production,
z

AP for ZZ fusion,

A r: for ZZ fusion only,

AP for both Zh, ZZ.

We found them complementary in probing t8é>-odd cou-
pling form factorb. The first three are sensitive to Ib)
while the last one sensitive to el Here A;,® yields the

largest asymmetry for Inf) (see Fig. 5, while A;B is the

|Iargest for Reb) (see Fig. 9, both reaching about 30% for

[b|~0.2. The ultimate sensitivity tb depends on both the

state transformation and thus cannot provide an unambigwpize of asymmetry and the signal production rate. As illus-
ous measure foC P violation alone. One would have to trated in Table |, at a 500 GeV linear collider with a total

analyze other angular distributions to extract @B prop-
erty of the interaction.

luminosity of 1000 fb %, the CP-odd coupling may be sen-
sitively probed to a value of about Ii)~0.0022 and

As a second remark, one may consider our analysis foRe(p)~0.017 at a 95% C.L. with the beam polarization

theZZ fusion similar to that ire”e™ collisions[7], since the
only tree-level Higgs boson production ete™ colliders is
via theZZ fusion mechanisml3]. However, are” e~ initial
state cannot be made @P eigenstate as evident from the
discussion of Eq(11). The explicitCP asymmetry ine"e™

collisions would have to be constructed in comparison with

the conjugatee® e’ reactions.
Finally, although theZZh coupling under current investi-

(80%, 60%. The coupling may even be probed without
beam polarization to a level of about [b)=0.013 and

Re()~0.018. At a higher energy collider wit/s=800
GeV, the sensitivity inZh process is slightly degraded but
that in ZZ fusion is enhanced by about a factor of 2.
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