
PHYSICAL REVIEW D 67, 095009 ~2003!
Study of the CP property of the Higgs boson at a photon collider usinggg\t t̄\ lX
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We study the possible effects ofCP violation in the Higgs sector ont t̄ production at agg collider. These
studies are performed in a model-independent way in terms of six form factors
$R(Sg),I(Sg),R(Pg),I(Pg),St ,Pt% which parametrize theCP mixing in the Higgs sector, and a strategy for

their determination is developed. We observe that the angular distribution of the decay lepton fromt/ t̄ pro-
duced in this process is independent of anyCP violation in thetbW vertex and hence best suited for studying
CP mixing in the Higgs sector. Analytical expressions are obtained for the angular distribution of leptons in the
c.m. frame of the two colliding photons for a general polarization state of the incoming photons. We construct
combined asymmetries in the initial state lepton~photon! polarization and the final state lepton charge. They
involve CP even (x’s! and odd (y’s! combinations of the mixing parameters. We study limits up to which the
values ofx andy, with only two of them allowed to vary at a time, can be probed by measurements of these
asymmetries, using circularly polarized photons. We use the numerical values of the asymmetries predicted by
various models to discriminate among them. We show that this method can be sensitive to the loop-induced
CP violation in the Higgs sector in the minimal supersymmetric standard model.
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I. INTRODUCTION

The standard model~SM! has been tested to an extreme
high degree of accuracy, reaching its high point in the pre
sion measurements at the CERNe1e2 collider LEP. How-
ever, the Bosonic sector of the SM in not yet complete,
Higgs boson is yet to be found. A direct experimental de
onstration of the Higgs mechanism of the fermion mass g
eration still does not exist. Also lacking is a first principl
understanding ofCP violation in the SM. In this paper we
look at the possibilities of probing potentialCP violation in
the Higgs sector at the proposedgg colliders @1#.

Such a study necessarily means that we are lookin
models with an extended Higgs sector.CP violation in the
Higgs sector can be either explicit, one of the first formu
tions of such aCP violation being the Weinberg model@2#,
or can be spontaneous@3#, where the vacuum becomesCP
noninvariant. The mechanism for creating aCP violation in
the Higgs sector could be different in different models but
such mechanisms will result inCP mixing and then the mas
eigenstate scalar will have no definiteCP transformation
property. In specific models with an extended Higgs sec

*On leave of absence from the Center for Theoretical Stud
IISc, Bangalore, India. Electronic address: rohini.godbole@cern

†Permanent address: Physical Research Laboratory, Navrang
Ahmedabad 380 009, India. Electronic address: saurab
prl.ernet.in

‡Electronic address: ritesh@cts.iisc.ernet.in
0556-2821/2003/67~9!/095009~15!/$20.00 67 0950
i-

e
-
n-

at

-

ll

r,

such as the minimal supersymmetric standard mo
~MSSM!, for example, the lightest Higgs boson remai
more or less aCP eigenstate and the two heavier statesH,A,
which would beCP even andCP odd, respectively, in the
absence ofCP violation and are close in mass to each oth
mix. The expected mixing can actually be calculated a
function of the various parameters of the model@4–6#. In our
study, however, we do not stick to a particular model ofCP
violation and adopt a model-independent approach to st
the effects of thisCP violation on t t̄ production ingg col-
lisions. Such an approach has been adopted in earlier stu
@7#.

We studygg→t t̄ through the diagrams shown in Fig. 1
It has been observed earlier@7# that there exists a polariza
tion asymmetry of thet t̄ produced in the final state if the
scalarf exchanged in thes channel is not aCP eigenstate.
We parametrize theVggf ,Vt t̄f vertices in a model-
independent way in terms of six form factors to include t
CP mixing, following Ref. @7#. We investigate in this study
the effect of such aCP mixing on the angular and charg
asymmetries for the decay leptons coming from thet/ t̄

s,
h
ra,

@

FIG. 1. Feynman diagrams contributing togg→t t̄ production.
©2003 The American Physical Society09-1
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which reflect the top polarization asymmetries. It is know
@8# that gg colliders can provide crucial information on th
CP property of the scalar produced in thes channel, due to
the very striking dependence of the process on the polar
tion of theg ’s. These colliders will also offer the possibilit
of measuring the two-photon width of the SM Higgs bos
very accurately@9,10#. The gg production of a scalar fol-
lowed by its decay into aZ pair is shown to provide the
crucial information required for a model independent con
mation of its spin and parity@11#. The possibilities of study-

ing the MSSM Higgs bosons ingg collisions in thebb̄ and
neutralino-pair final states are shown@12# to give access to
regions of the supersymmetric parameter space not ac
sible at other colliders. Thus in general thegg colliders will
provide a very good laboratory for studying the scalar sec
Here we concentrate on the polarization asymmetries of

final statet and t̄ caused by suchCP violation @7#. The large
mass oft implies that it decays before hadronization. As
result it acts as a heavy lepton and the spin information g
translated to distribution of the decay leptons. Thus we
use these angular distributions as a probe for possibleCP
violation. We use only the decay lepton angular distributio

and construct asymmetries that reflect thet/ t̄ polarization
asymmetries caused by theCP violation in the Higgs cou-
plings. We observe that these are independent of
CP-violating contribution in thetbW vertex. The same is
not true of the energy distribution of the decay lepton. Hen
we restrict our analysis to the angular distributions and k

the tbW vertex completely general, choosing thet t̄g vertex
to be standard. The latter of course is relevant only for
continuum background.

We develop a strategy to study theCP property of the
Higgs boson by looking at angular distributions of lepto
and antileptons, for different polarizations of the collidin
photons. Towards this end we obtain analytical express
for the lepton angular distribution, with a fixed value of th
photon energy and general polarization. We then fold t
expression with the photon luminosity function and the p
larization profile for the ideal backscattered laser spectr
@13#; we obtain numerical results for the different mixed p
larization and charge asymmetries which we construct.
choice of the ideal case for the backscattered laser spec
is for demonstration purposes. Further results using the
cently available spectra, including the detector simulation
the DESY TeV Superconducting Linear Accelerat
~TESLA! @14,15#, will be presented elsewhere@16#. We then
use the above-mentioned asymmetries to assess the sen
ity of this process to the size of various form factors involv
in the parametrization ofVggf ,Vt t̄f . At times we have used
specific predictions for the form factors in the MSSM@7# as
a guide and for purposes of illustration, in our analysis.
show that this process is capable of probing the MSSM lo
effects using these asymmetries.

The plan of the paper is as follows. In Sec. II we give t
general form forCP-violating vertices involving the Higgs
the t quark, and the photons, as well as thetbW decay vertex
09500
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for the t quark. Thet t̄ production andt-decay helicity am-
plitudes obtained with these vertices are then presented
Sec. III we obtain an analytic expression for the angu
distribution of the decay lepton int/ t̄ decay. We discuss the
insensitivity of the decay-lepton angular distribution to t
anomalous coupling in thetbW vertex. Section IV deals with
the ideal photon collider@13#. Numerical results are pre
sented in Sec. V, discussed in Sec. VI and we conclude
Sec. VII.

II. INTERACTION VERTICES
AND HELICITY AMPLITUDES

The interaction vertex oft with a scalarf, which may or
may not be aCP eigenstate, may be written in a mode
independent way as

Vt t̄f52 ie
mt

MW
~St1 ig5Pt!. ~1!

The general expression for the loop-inducedggf vertex can
be parametrized as

Vggf5
2 iAsa

4p FSg~s!S e1•e22
2

s
~e1•k2!~e2•k1! D

2Pg~s!
2

s
emnabe1

me2
nk1

ak2
bG , ~2!

wherek1 andk2 are the four-momenta of colliding photon
and e1,2 are corresponding polarization vectors. We ta
Sg ,Pg to be complex whereasSt ,Pt are taken to be real
This choice means that we assume only theCP mixing com-
ing from the loop-induced effects in the Higgs potential. W
allow these form factors to be slowly varying functions
the gg c.m. energy since in any model the loop-induc
couplings will have such a dependence. Simultaneous n
zero values forP andS form factors signalCP violation. We
will construct various asymmetries which can give inform
tion on these form factors.

We allow thetbW vertex to be completely general an
write it as

G tbW
m 52

g

A2
VtbFgm~ f 1LPL1 f 1RPR!

2
i

MW
smn~pt2pb!n~ f 2LPL1 f 2RPR!G , ~3!

Ḡ t̄ b̄W
m

52
g

A2
Vtb* Fgm~ f̄ 1LPL1 f̄ 1RPR!

2
i

MW
smn~pt̄2pb̄!n~ f̄ 2LPL1 f̄ 2RPR!G , ~4!

whereVtb is the Cabibbo-Kobayashi-Maskawa~CKM! ma-
trix element andg is the SU~2! coupling. We work in the
approximation of vanishingb mass. Hencef 1R , f̄ 1R , f 2L ,
9-2
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and f̄ 2R do not contribute. We choose SM values forf 1L ,
and f̄ 1L , viz. f 1L5 f̄ 1L51. The only nonstandard part of th
tbW vertex which gives nonzero contribution then corr
sponds to the terms withf 2R and f̄ 2L . We will sometimes
also use the notationf 1 and f 2 for f 2R and f̄ 2L , respec-
tively. One expects these unknownf ’s to be small and we
retain only linear terms in them while calculating the amp
tudes. Below we give the helicity amplitudes for the produ
tion of t t̄ followed by the decays of thet/ t̄ in terms of these
general couplings.

A. Production helicity amplitude

The production processgg→t t̄ receives thet/u channel
SM contribution from the first two diagrams of Fig. 1, whic
is CP conserving whereas thes channelf exchange contri-
bution may be potentiallyCP violating. The helicity ampli-
tudes for thes and thet/u channel diagrams are given b
Eqs.~5! and ~6! respectively:

Mf~l1 ,l2 ;l t ,l t̄ !

5
2 ieamt

4pMW

s

s2mf
2 1 imfGf

3@Sg~s!1 il1Pg~s!#

3@l tbSt2 iPt#dl1 ,l2
dl t ,l t̄

, ~5!

MSM~l1 ,l2 ;l t ,l t̄ !

5
2 i4paQ2

12b2 cos2u t
F4mt

As
~l11l tb!dl1 ,l2

dl t ,l t̄

2
4mt

As
l tb sin2u tdl1 ,2l2

dl t ,l t̄

22b~cosu t1l1l t!sinu tdl1 ,2l2
dl t ,2l t̄G .

~6!

Hereb, Q, andu t are velocity, electric charge, and scatteri
angle of thet quark, respectively;Gf andmf denote the total
decay width and mass of the scalarf; l1,2 stand for helici-
ties of two photons while the otherl ’s stand for helicities of
particles indicated by the subscript. For photons, helici
are written in units of\ while for spin-1/2 fermions they are
in units of \/2.

From the expressions in Eqs.~5! and~6! it is clear that the
f exchange diagram contributes only when both collid
photons have the same helicities, whereas the SM contr
tion is small for this combination as we move away from t
t t̄ threshold. Thus a choice of equal helicities for both c
liding photons can maximize polarization asymmetries
09500
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the producedt t̄ pair, better reflecting theCP-violating na-
ture of thes-channel contribution. It should be mentione
here that these statements are true only in the leading o
~LO!. Radiative corrections togg→qq̄ can be large@17,18#.
That is also the reason we have restricted our analysi
asymmetries, which involve ratios. As a result the analysi
quite robust even if we use only the LO result for the S
contribution. Note also that the SM contribution for equ
photon helicities is peaked in the forward and backward
rections, whereas the scalar-exchange contribution is in
pendent of the production angleu t . This also suggests tha
one can optimize the asymmetries by angular cuts to red
the SM contributions to the integrated cross section,
course taking care that the total event rate is not reduced
much. We will make use of this feature in our studies.

B. Decay helicity amplitudes

We assume that thet quark decays only via thetbW ver-
tex followed by the decay ofW into lepton and correspond
ing neutrino. The helicity amplitudesMG(l t ,lb ,l l 1,ln)
and M̄G(l t̄ ,l b̄ ,l l 2,ln̄), for the decay oft and t̄ are given
below:

MG~1,2,1,2 !

52 i2A2g2Amtpb
0pn

0pl 1
0 DW~pW

2 !H S 11
f 2R

Ar
D

3cos
u l 1

2 Fcos
un

2
sin

ub

2
eifb2sin

un

2
cos

ub

2
eifnG

2
f 2R

Ar
sin

ub

2
eifbFsin

un

2
sin

u l 1

2
ei (fn2f l 1)

1cos
un

2
cos

u l 1

2 G J , ~7!

MG~2,2,1,2 !

52 i2A2g2Amtpb
0pn

0pl 1
0 DW~pW

2 !H S 11
f 2R

Ar
D

3sin
u l 1

2
e2 if l 1Fcos

un

2
sin

ub

2
eifb

2sin
un

2
cos

ub

2
eifnG

1
f 2R

Ar
cos

ub

2 Fsin
un

2
sin

u l 1

2
ei (fn2f l 1)

1cos
un

2
cos

u l 1

2 G J , ~8!
9-3
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M̄G~1,1,2,1 !

52 i2A2g2Amtpb̄
0
pn̄

0
pl 2

0 DW~pW
2 !H S 11

f̄ 2L

Ar
D

3cos
u l 2

2 Fcos
un̄

2
sin

u b̄

2
e2 if b̄2sin

un̄

2
cos

u b̄

2
e2 ifn̄G

2
f̄ 2L

Ar
sin

u b̄

2
e2 if b̄Fsin

un̄

2
sin

u l 2

2
e2 i (fn̄2f l 2)

1cos
un̄

2
cos

u l 2

2 G J , ~9!

M̄G~2,1,2,1 !

52 i2A2g2Amtpb̄
0
pn̄

0
pl 2

0 DW~pW
2 !H S 11

f̄ 2L

Ar
D

3sin
u l 2

2
eif l 2Fcos

un̄

2
sin

u b̄

2
e2 if b̄

2sin
un̄

2
cos

u b̄

2
e2 ifn̄G1

f̄ 2L

Ar
cos

u b̄

2

3Fsin
un̄

2
sin

u l 2

2
e2 i (fn̄2f l 2)1cos

un̄

2
cos

u l 2

2 G J ,

~10!

where

DW~pW
2 !5

1

pW
2 2MW

2 1 iM WGW

, r 5
MW

2

mt
2

.

For simplicity, the above expressions for the decay am
tudes have been calculated in the rest frame oft( t̄ ) with the
z axis pointing in the direction of its momentum in thegg
c.m. frame. We treat the decay leptonl and theb quark as
massless and list only the non-zero amplitudes.

III. ANGULAR DISTRIBUTION OF LEPTONS

Using the narrow-width approximation for thet quark and
the W boson, the differential cross section forgg→t t̄

→ l 1bn l t̄ can be written in terms of the density matrices

~11!

HereEl 1
0 is the energy ofl 1 in the rest frame of thet quark;

the production and decay density matrices are given by
09500
i-

s

r1~l,l8!5e4r81~l,l8!5( r1~l1 ,l18!r2~l2 ,l28!

3M~l1 ,l2 ,l,l t̄ !M* ~l18 ,l28 ,l8,l t̄ !

and

G~l,l8!5g4uD~pW
2 !u2G8~l,l8!5

1

2pE da

3( MG~l,lb ,l l 1,ln!MG* ~l8,lb ,l l 1,ln!.

Herea is the azimuthal angle of theb quark in the rest frame
of the t quark with thez axis pointing in the direction of the
momentum of the lepton. All repeated indices of matrix e
ments and density matrices are summed over;r1(2) are the
photon density matrices; written, in terms of the Stokes
rametersh i ,j i :

r1~l1 ,l18!5
1

2 F 11h2 2h31 ih1

2h32 ih1 12h2
G , ~12!

r2~l2 ,l28!5
1

2 F 11j2 2j31 i j1

2j32 i j1 12j2
G . ~13!

Here,h2 is the degree of circular polarization whileh1 and
h3 are degrees of linear polarizations in two transverse
rections of one photon;j i are similarly the degrees of polar
ization for the second photon. The explicit expressions
the production density matrixr(l t ,l t8) depend upon the po
larization of initial photons. The decay density matrix el
ments are independent of any initial condition and in therest

frameof t( t̄ ) they are given by

G~6,6 !5g4mtEl 1
0 uDW~pW

2 !u2~mt
222pt •pl 1!

3~16cosu l 1!S 11
R~ f 2R!

Ar

MW
2

pt•pl 1
D , ~14!

G~6,7 !5g4mtEl 1
0 uDW~pW

2 !u2~mt
222pt •pl 1!

3sinu l 1e6 if l 1S 11
R~ f 2R!

Ar

MW
2

pt•pl 1
D , ~15!

Ḡ~6,6 !5g4mtEl 2
0 uDW~pW

2 !u2~mt
222pt̄•pl 2!

3~16cosu l 2!S 11
R~ f̄ 2L!

Ar

MW
2

pt̄ •pl 2
D ,

~16!

Ḡ~6,7 !5g4mtEl 2
0 uDW~pW

2 !u2~mt
222pt̄•pl 2!

3sinu l 2e7 if l 2S 11
R~ f̄ 2L!

Ar

MW
2

pt̄•pl 2
D . ~17!
9-4
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We have kept only the linear terms in the form factorsf 2R

and f̄ 2L , as we assume them to be small. These express
written in terms of the rest frame variables can also be w
ten in terms of the variables in thegg c.m. frame. The rela-
tions between the angles in the rest frame and thegg c.m.
frame can be easily derived and are given by

16cosu l 15
~17b!~16cosu t l 1

c.m.
!

12b cosu t l 1
c.m. , ~18!

16cosu l 25
~16b!~17cosu t̄ l 2

c.m.
!

12b cosu t̄ l 2
c.m. , ~19!

sinu l 1eif l 15
A12b2

12b cosu t l 1
c.m.

3~sinu l 1
c.m.cosu t

c.m.cosf l 1
c.m.

2cosu l 1
c.m.sinu t

c.m.1 i sinu l 1
c.m.sinf l 1

c.m.
!,

~20!

sinu l 2eif l 25
A12b2

12b cosu t̄ l 2
c.m.

3~2sinu l 2
c.m.cosu t̄

c.m.cosf l 2
c.m.

1cosu l 2
c.m.sinu t̄

c.m.
1 i sinu l 2

c.m.sinf l 2
c.m.

!.

~21!

Using the above relations and dropping the superscripts
from the angles, we can rewrite Eq.~11! as

ds

d cosu td cosu l 6dEl 6df l 6

5
3a4b

16xw
2As

El 6

G tGWMW

1

8g t
S 1

12b cosu t l
2

4El 6

As~12b2!
D

3S 11
R~ f 6!

Ar

2MW
2

El 6As~12b cosu t l !
D

3@A6~12b cosu t l !6B6~cosu t l2b!

6C6A12b2 sinu l 6~cosu t cosf l 62sinu t cotu l 6!

6D6A12b2 sinu l 6sinf l 6#, ~22!

whereg t51/A12b2, xw5sin2uW, uW being the Weinberg
angle and

A65r86~1,1 !1r86~2,2 !, ~23!

B65r86~1,1 !2r86~2,2 !, ~24!

C652 R@r86~1,2 !#, ~25!

D6522I@r86~1,2 !#. ~26!
09500
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In Eq. ~22! and what follows, the lepton variables are defin
in the gg c.m. frame. Further,u t l stands foru t l 1 for the l 1

distribution and hence the upper sign in the equati
whereas it stands foru t̄ l 2 for the lower sign and hence thel 2

distribution. To get the angular distribution of leptons we s
have to integrate Eq.~22! overEl , cosut andf l . The limits
on El integration are

MW
2

As

1

12b cosu t l
<El<

mt
2

As

1

12b cosu t l
.

After the El integration, we get

ds

d cosu td cosu l 6df l 6

5
3a4b

16xw
2As

1

G tGWMW

1

8g t

3
mt

4

6s

@112r 26 R~ f 6!Ar #~12r !2

~12b cosu t l !
3

3@A6~12b cosu t l !6B6~cosu t l2b!

6C6A12b2 sinu l 6~cosu t cosf l 62sinu t cotu l 6!

6D6A12b2 sinu l 6sinf l 6#. ~27!

Here we have used the notationf 1 and f 2 for f 2R and f̄ 2L ,
respectively. From the above equation it is clear that
angular distribution of leptons after energy integration
modified due to the anomaloustbW coupling only up to an
overall factor 112r 26 R( f 6)Ar , which is independent of
any kinematical variable. In fact, the same factor appear
the total width of thet quark calculated up to linear order i
f 6:

G t( t̄ )5
a2

192xw
2

mt
3

GWMW
~12r !2@112r 26 R~ f 6!Ar #

~28!

and thus exactly cancels the one in Eq.~27!. Thus we see tha
the angular distribution of the decay lepton is unaltered,
the linear approximation of anomaloustbW couplings. In
fact this is quite a general result, which is attained un
certain assumptions and approximations we have made
elaborate on this point below.

An inspection of Eqs.~14!–~17! shows that the presenc
of any anomalous part in thetbW coupling changes the de
cay density matrix only by an overall energy-dependent f
tor independentof angle. The quantitypt•pl does have an
apparent dependence on the angular variables of the lep
However, in fact it depends only on the lepton energy. To
this clearly, let us go to the rest frame of thet quark. Now the
three lepton variables are$El

rest,u l
rest,f l

rest% and the anoma-
lous term depends only onEl

rest. This means that the angula
distribution of leptons in the rest frame of thet quark is
unaltered by the presence of an anomalous term intbW cou-
pling, apart from an overall scaling. The angular distributi
in any other frame can be obtained from that in the rest fra
by a Lorentz boost. Thus the angular distribution of lepto
9-5
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GODBOLE, RINDANI, AND SINGH PHYSICAL REVIEW D67, 095009 ~2003!
in an arbitrary frame will be the same as that in the abse
of the anomalous term, up to some overall factor that
pends upon energy and the boost parameters and no an
variables. Of course, it is not very obvious by looking at E
~21! that this will indeed happen. But, with a change of va
able,

El→El
rest5g tEl~12b cosu t l !,

the additional overall factor becomes

11
R~ f 6!

Ar

MW
2

mtEl
rest

,

which is clearly independent of angular variables. After
tegration overEl

rest, in the limit MW
2 /2mt<El

rest<mt/2 we get
back Eq.~27!. Since we need to integrate over the lept
energy in arriving at the above result, it would be legitima
to ask about the validity of the same in real experimen
where one has to put cuts on the lepton energy. Fortuna
the lowest energy of the secondary lepton that is kinem
cally allowed in thee1e2 center-of-mass frame, say fo
Asgg

max5500 GeV, is about 7.5 GeV. Thus our results a
valid as long as the cut on the lepton energy is smaller t
this.

The important point is that in proving the result we d
not make any reference to the production density matrix
hence the result is very general and applicable to any 2→2
process fort t̄ pair production provided the following cond
tions are satisfied: we use the narrow-width approximat
for t andW; b,l ,n are taken to be massless; the only dec
mode oft is t→bW→bln, and the anomaloustbW coupling
is small enough that one can work to linear approximation
it.

For the case ofe1e2→t t̄ followed by subsequentt/ t̄
decay, this was observed earlier@19,20#. It was proved re-
cently by two groups independently; for a two-photon init
state by Ohkuma@21#, for an arbitrary two-body initial state
in Ref. @22#, and further keepingmb nonzero in Ref.@23#.
These derivations use the method developed by Tsai and
laborators@24# for incorporating the production and decay
a massive spin-half particle. Our derivation makes use
helicity amplitudes and provides an independent verificat
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of these results. The result is very crucial for our pres
work as we now have an observable where the only sourc
the CP-violating asymmetry will be the production proces

Thus we can analyze the HiggsCP property easily, as
long as the anomalous part of thetbW couplings,f 6 is small
and the quadratic term can be neglected. Iff 6 is not small
then we have to keep the quadratic terms in Eqs.~14! and
~15! and the decay density matrices to this order are t
given by @27#

G~6,6 !5g4mtEl 1
0 uDW~pW

2 !u2~mt
222pt•pl 1!

3F ~16cosu l 1!S 11
R~ f 1!

Ar

MW
2

pt•pl 1
D

2u f 1u2~17cosu l 1!S 12
mt

21MW
2

2pt•pl 1
D

1u f 1u2
MW

4

2r ~pt•pl 1!2
cosu l 1G , ~29!

G~6,7 !5g4mtEl 1
0 uDW~pW

2 !u2~mt
222pt•pl 1!

3sinu l 1e6 if l 1F11
R~ f 1!

Ar

MW
2

pt•pl 1

1u f 1u2S 12
mt

21MW
2

2pt•pl 1

1
MW

4

2r ~pt•pl 1!2D G .

~30!

Ḡ(l,l8) will be given by similar expressions. Thus iff 6 are
not small they can modify the angular dependence of
decay density matrix in the rest frame of thet quark and
hence in any other frame. In that case it will not be trivial
use angular distributions to study theCP property of the
production process. In this work we will assumef 6 to be
small and will neglect the quadratic terms in Eqs.~29! and
~30!.

Making the above-mentioned four assumptions, which
very reasonable indeed, we now go on to calculate the fi
angular distribution by integrating Eq.~27! over cosut and
f l . We obtain for the angular distribution
ds

d cosu l 6

5
3pa2b

8sg t
2 F2A00

6 ~ I 3002byI301!12A01
6 ~ I 3102byI311!12A02

6 ~ I 3202byI321!12A22
6 ~ I 3222byI323!12A42

6 ~ I 324

2byI325!6
B01

6

b H 22~ I 3102byI311!1~12b2!(
i 50

2

XiI 51iJ 6
B02

6

b H 22~ I 3202byI321!1~12b2!(
i 50

2

XiI 52iJ
6

B12
6

b H 22~ I 3212byI322!1~12b2!(
i 51

3

XiI 52iJ 6
B32

6

b H 22~ I 3232byI324!1~12b2!(
i 53

5

XiI 52iJ
6C0(

j 50

6

YjI 52j G , ~31!
9-6
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where

I i jk5E
21

1 d cosu t cosku t

@a1~y2b cosu t!
2# i /2~12b2 cos2u t!

j
,

a5~12b2!sin2u l 6,

y5cosu l 6.

We have obtained explicit analytical expressions for allI i jk
appearing in Eq.~31!, which are not listed here.Ai j andBi j
are coefficients in expansions of the following type:

A65(
i , j

Ai j
6 cosiu t

~12b2 cos2u t!
j

, etc.

Expressions forAi j ’s and Bi j ’s for circular polarization of
photons and expressions forXi ’s, Yj ’s, andC0 are given in
the Appendix. Equation~31! is the angular distribution o
leptons for a given gg center-of-mass energy. In
gg-collider constructed using the backscattered laser b
one will not have monoenergetic photons in the inital sta
further, the degree of circular polarization of the photons w
depend on its energy. Thus the final observable cross se
is to be obtained by folding Eq.~31! with the luminosity
function after accounting for the energy dependence of
circular polarization of the photons.

IV. PHOTON COLLIDER

In a gg collider, high-energy photons are produced
Compton back-scattering of a laser from high energye2 or
e1 beam via

e2~le2!g~l l 1
!→e2g~l1!,

e1~le1!g~l l 2
!→e1g~l2!.

In this paper we will be using the ideal photon spectrum d
to Ginzburget al. for x<4.8. The ideal luminosity~for zero
conversion distance! is given by

1

Le2e1

dLgg

dy1dy2
5 f ~y1! f ~y2!, ~32!

where

f ~y!5
2pa2

scxme
2 F 1

12y
112y24r ~12r !

2lel l rx~2r 21!~22y!G , ~33!

x5
4Ebv0

me
2

515.3S Eb

TeVD S v0

eVD , ~34!

r 5
y

x~12y!
<1, ~35!
09500
m
;
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e

e

y5
v

Eb
, v<

xEb

11x
, ~36!

sc5sc
np1lel ls1 , ~37!

sc
np5

2pa2

xme
2 F S 12

4

x
2

8

x2D log~11x!

1
1

2
1

8

x
2

1

2~11x!2G , ~38!

s15
2pa2

xme
2 F S 11

2

xD log~11x!

2
5

2
1

1

11x
2

1

2~11x!2G , ~39!

le andl l are the initial electron~positron! and laser helici-
ties, respectively, andv0 is the energy of the laser. In Eq
~32!, if we change variables fromy1 andy2 to z5Ay1y2 and
y2 and integrate overy2, we will get an expression for the
photon spectrum as a function of thegg invariant massW
52zEb , where Eb is the energy of thee6 beam and is
plotted in Fig. 2 forx54.8. The spectrum is peaked in th
hard photon region forlel l521.

The mean helicity of high energy photons depends up
their energy in the lab frame. In an idealgg collider the
energy dependence of the mean helicity is given by

FIG. 2. Luminosity distribution plotted againstz @which is re-
lated to thegg invariant massW52Av1v2 by z5W/(2Eb)] for
x54.8. Solid line corresponds tolel l521, small dashed line is
for lel l51 and large dashed line is forlel l50. Conversion dis-
tance is taken to be zero.
9-7
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GODBOLE, RINDANI, AND SINGH PHYSICAL REVIEW D67, 095009 ~2003!
h2~y!5
2pa2

scxme
2f ~y!

$l l~122r !@12y11/~12y!#

1lerx@11~12y!~122r !2#% ~40!

and is plotted in Fig. 3 forx54.8. Forlel l521 the back-
scattered photon has the same helicity as the electron~posi-
tron!. Also, the spectrum is peaked at high energy, and yie
a high degree of polarization of the photon beam. Hence
dominant photon polarization in this case is decided by
electron~positron! helicity. Now, as suggested by Eq.~5!, the
helicities of two colliding photons should be equal in ord
to have Higgs contribution. Thus we chooselel l521 to
get a hard photon spectrum, and setle25le1 to maximize
the Higgs contribution, and hence the sensitivity to poss
CP-violating interactions. For our numerical analysis, w
have chosenlel l521; the initial state can thus be com
pletely described by the helicities of the initial electron a
positron. We denote the total cross section in the lab fra
by s(le2,6), where the second argument denotes
charge of the final-state lepton.

The total cross section with an angular cut in the
frame can be obtained by folding Eq.~31! with the photon
spectrum:

s~le2,6 !5E dLgg

dy1dy2
dy1dy2

3E
f (u0 ,y1 ,y2)

g(u0 ,y1 ,y2)

d cosu l 6

ds

d cosu l 6

, ~41!

wheref (u0 ,y1 ,y2) andg(u0 ,y1 ,y2) are the~boosted! limits
on integration in thegg c.m. frame. We end this section wit
a few remarks. We have presented the specific case wher

FIG. 3. Mean helicity of scattered high-energy photon plot
against reduced energy of photony5v/Eb . Solid lines are for
lel l521 and the dashed lines correspond tolel l51. The lines
are marked with the values of (le ,l l).
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gg collider is based on a parente1e2 collider and we also
assume 100% polarization for thee2/e1. The analysis is
completely valid for the case of a parente2e2 collider, for
which achieving a high degree of polarization for initial le
tons might be technologically simpler.

V. NUMERICAL RESULTS

To determine theCP properties of the Higgs boson, w
need to know all the four form factors appearing in Eqs.~1!
and~2!. Assuming the mass and decay width of Higgs bos
to be known, we then have the following six unknowns:

St , Pt , R~Sg!, I~Sg!, R~Pg!, I~Pg!.

They appear in eight combinations in the expression for
production density matrix, which we denote byxi and yi( i
51, . . .,4), and arelisted in Table I, together with theirCP
properties. Only five of these combinations are independ
because they satisfy the following relations:

y1•y35x1•x3 , y2•y45x2•x4 ,

y1•x45y2•x3 , y4•x15y3•x2 .

Any three relations of the four listed above are independ
relations while the fourth one is derived. Expressions
asymmetries can by written in terms ofx’s andy’s and can
be used to put limits on sizes on these combinations.

In what follows we will define various asymmetries in
volving the polarization of the initiale and charge of the fina
decay lepton, some of which areCP violating and use them
to put limits on the size of various combinations of the for
factors. There is no forward-backward asymmetry beca
two photons with the same helicities are indistinguishable
their c.m. frame. That is, no favored direction exists and
forward direction is indistinguishable from the backwar
This is to be contrasted with the situation studied in R
@25#, where forward-backward asymmetry could be used
put limits on CP violation arising from the top electric di
pole moment or aCP-odd ggZ coupling. The effects of the
s-channel Higgs-exchange diagram appear only in cha
and polarization asymmetries along with pure
CP-violating asymmetries. For our numerical studies w
take the values of the form factors calculated in the MSS
for certain values of its parameters. The specific valu

TABLE I. The eight combinations of parameters appearing
the production density matrix.

Combinations Aliases CP property

St R(Sg) x1 even
St I(Sg) x2 even
St R(Pg) y1 odd
St I(Pg) y2 odd
Pt R(Sg) y3 odd
PtI(Sg) y4 odd

Pt R(Pg) x3 even
Pt I(Pg) x4 even
9-8
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STUDY OF THECP PROPERTY OF THE HIGGS BOSON . . . PHYSICAL REVIEW D67, 095009 ~2003!
which we use for demonstration purposes are taken f
Ref. @7#. These are for tanb53, with all sparticles heavy
and maximal phase:

mf5500 GeV, Gf51.9 GeV,

St50.33, Pt50.15,

Sg521.321.2i , Pg520.5111.1i . ~42!

For the SM,S’s and P’s are identically zero. By SM we
mean contribution only fromt and u channels. The light
CP-even Higgs contribution at thet t̄ threshold and beyond
is small and hence is neglected.

A. Polarized cross sections and asymmetries

There are two possibilities for the initial-state polariz
tion, le25le1511 and21. In the final state we can loo
for either l 1 or l 2. This makes four possible polarized cro
sections listed as

s~1,1 !, s~1,2 !, s~2,1 !, s~2,2 !.

These are plotted in Fig. 4 as a function of the electron be
energyEb for the angular cut of 60° in the lab frame. For th
SM, s(1,1) ands(2,2) are exactly equal as they areCP
conjugates of each other. In the MSSM, because ofCP vio-
lation, they can differ. A similar statement can be made ab
the pairs(2,1),s(1,2). The flat behavior with energy o
curves 3 and 4 is due to the destructive interference of
Higgs-mediated amplitude with the continuum. Recall h

FIG. 4. All four integrated cross sections are plotted against
beam electron energyEb , for the SM as well as for MSSM with ou
choice of parameters. The angular cut used in this figure is 60
the lab frame. Line 1 is fors(1,1), line 2 fors(1,2), line 3 for
s(2,2), and line 4 fors(2,1) in the MSSM. Line 5 is fors
(1,1) ands(2,2) and line 6 fors(1,2) ands(2,1) in the
SM.
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again that second index in the expressions of the cross
tions is the sign of the charge of the lepton. A comparison
curves 1, 3, and 5 then shows clearly the change in the
of interference effects as the sign of polarizations of
two photons is changed from1 to 2. The jump in
s(1,1) and s(1,2) at around 310 GeV corresponds
matching of the Higgs resonance peak with the peak of
hard photon spectrum. This suggested to us the choic
Eb5310 GeV for the analysis, as the deviation from the S
is then very large for the chosen value of parameters.

We choose two polarized cross sections at a time, ou
the four available, and define six asymmetries as

A15
s~1,1 !2s~2,2 !

s~1,1 !1s~2,2 !
, ~43!

A25
s~1,2 !2s~2,1 !

s~1,2 !1s~2,1 !
, ~44!

A35
s~1,1 !2s~2,1 !

s~1,1 !1s~2,1 !
, ~45!

A45
s~1,2 !2s~2,2 !

s~1,2 !1s~2,2 !
, ~46!

A55
s~1,1 !2s~1,2 !

s~1,1 !1s~1,2 !
, ~47!

A65
s~2,1 !2s~2,2 !

s~2,1 !1s~2,2 !
. ~48!

Of the above six,A1 and A2 are purelyCP violating, A3
and A4 are polarization asymmetries for a given charge
the lepton, andA5 and A6 are charge asymmetries for
given polarization. All these asymmetries are plotted aga
the beam energyEb for SM and MSSM in Fig. 5. From thes
plots it is clear thatEb5310 GeV is a good choice for put
ting limits on the size of the form factor, for our choice of th
mass of the scalarmf .

B. Sensitivity and limits

After choosing a suitable beam energy for the analy
the next thing to look for is a suitable angular cut in the l
frame, which will maximize the sensitivity of the measur
ment. For asymmetries to be observable, the numbe
events corresponding to the asymmetry must be larger
the statistical fluctuation in the measurement of the to
number of events. IfN is the total number of events then th
number of events corresponding to the asymmetry must b
least fAN, where f 51.96 for 95% C.L. The number o
eventsN5sL, whereL is the luminosity. Asymmetries are
defined as

A5
s12s2

s11s2
5

Ds

s
.

Thus the number of events corresponding to the asymm
is LDs. For the asymmetry to be measurable at all we m

e

in
9-9
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FIG. 5. All six asymmetries are plotted as a function of beam energyEb for the SM~dashed line! and the MSSM~solid line! at an angular
cut of u0560° in the lab frame. AtEb5310 GeV, owing to resonance in thes channel, the MSSM values of asymmetries are maxima
different from that of the SM.
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have at leastLDs. fALs, with f denoting the degree o
significance with which we could assert the existence of
asymmetry. Thus the ratio (LDs)/( fALs)5(AL/ f )
3(Ds/As) will be a measure of the sensitivity. One can
more precise in defining this by noting that the fluctuation
the asymmetry is given by

dA5
f

AsL
A11A 2'

f

AsL ,

for A!1. The larger the asymmetry with respect to the flu
tuations, the larger will be the sensitivity with which it ca
be measured. We definesensitivityas

S5
A

dA}
Ds

As
.

Ds/As, which is proportional to the sensitivity, is plotte
for all asymmetries in Fig. 6 against the angular cut in the
frame,u0. SinceA1 and A2 are purelyCP violating, they
have no contribution from SM for any angular cut. Hence
them, the sensitivity is large when the angular cut is sm
because of better statistics. For the other four there is an
contribution that varies with the cut. Though the exact po
tion of the peak in Fig. 6 depends upon the relative sizes
signs of the form factors,u0560° seems to be a good choic
for the angular cut to maximize the sensitivity of four of th
asymmetries.
09500
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The process under consideration violatesCP in general.
But when the cutu0 is 0, the partial cross sections forl 1 and
l 2 production become the corresponding total cross secti
and are therefore equal, because of charge conserva
Hence foru0→0, A5 and A6 approach zero. In that limit
the polarization asymmetriesA3 andA4 are purelyCP vio-
lating. Thus for A3 and A4, apart from the choiceu0
560°, where the sensitivity peaks,u050° would also be a
good choice for isolatingCP-violating parameters. But, to
be away from the beam pipe, we choose the lowest cut to
20° in the lab frame. We have used all six asymmetries
angular cuts of 20° and 60° to put limits on the combinatio
xi andyi . If for certain values of the form factors the asym
metries lie within the fluctuation from their SM values, the
that particular point in the parameter space cannot be dis
guished from SM at a given luminosity. That point will b
said to fall in the blind region of the parameter space. Th
the set of parameters$xi ,yi% will be inside the blind region
at a given luminosity if

uA~$xi ,yi%!2ASMu<dASM5
f

AsSML
A11ASM

2 . ~49!

For simplicity we have taken only two of the eight combin
tions to be nonzero at a time and have constrained them i
different planes, shown in Fig. 7, satisfying their inte
relations. The limits obtained on each of the combinations
taking a union of the blind regions in the 16 plots are list
in Table II. Also shown in the last column of the table are t
9-10
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FIG. 6. Ds/As, which is proportional to thesensitivityS, is plotted against the angular cutu0 for all six asymmetries. Solid line is for
the MSSM and dashed line for the SM. ForA1 andA2, the smaller angular cut is favorable while for othersu0560° is a good choice.
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values ofxi ,yj for the MSSM point we have chosen for Fig
5 and 6.Gf is one parameter on which the sensitivity w
depend quite crucially. In our analysis we have usedGf
51.9 GeV, the value expected in the MSSM for the cho
of parameters. It is clear that even in the MSSM the wid
Gf can be up to few tens of GeV and in the SM a Hig
boson with this mass will have much higher width,;50–60
GeV. The sensitivity depends upon the peak deviation of
asymmetry from the prediction of the pure QED contrib
tion. Since this decreases with the width, for example,A1
goes from;0.035 to;0.02 asGf goes from 2 to 14 GeV,
the sensitivity will decrease with increasingGf . As a matter
of fact, investigations are under way to study the sensitiv
of this method over different regions of the MSSM para
eter space and results will be presented elsewhere.

Next we do a small exercise to see whether these as
metries have the potential to distinguish between the SM
MSSM. It is clear that we can repeat the analysis of find
blind regions in the (xi ,yj ) planes around a particular poin
predicted by the MSSM. The values ofxi ,yj , corresponding
to our choice of the MSSM point given by Eq.~42! are listed
in last column of Table I. The blind regions around the
values will be defined by an equation similar to Eq.~49!,
whereASM will be replaced byAMSSM. In A(xk ,yl) all in-
dependentxk ,yl other than the pairxi ,yj being considered
are set to their MSSM value, and the pairxi ,yj is then var-
ied. We show in Fig. 8 the results of such an exercise for
parameter pair (x3 ,y3) along with the corresponding one fo
the SM. This shows that these studies can be sensitive to
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CP mixing produced by loop effects. Of course one needs
study this over the supersymmetric parameter space. Bu
example shown here clearly shows the promise of
method.

VI. DISCUSSION

The four cross sections depending on the polarization
the initial lepton and the charge of the final-state lepton t
we use to construct asymmetries, can in general be writte

s~le ,Ql !5s001s01Ql1s10le1s11Qlle . ~50!

This says that we have four independents i j , which consti-
tute four polarized cross sections. Out of these four,s00 is
the largest and others are of the order of a few percen
s00. Thus we can safely approximate denominators of
Ai ’s to s52s00. This makesAi ’s proportional to their nu-
merators, which consists of only three ofs i j . Thus out of six
asymmetries constructed in Sec. V only three are indep
dent and we cannot determine all six form factors simu
neously using these asymmetries. This is a reflection of
fact that there are only threeCP-violating asymmetries@26#

at the production level of thet t̄ pair; one is for the unpolar-
ized case, and the other two are polarization asymmet
The Ai ’s defined here are combinations of these three.

In Fig. 7 we took only two combinations as nonzero a
varied them to find the blind region in that plane. We fou
strong limits ony’s and almost no limits onx’s in each of the
9-11
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FIG. 7. The boundaries of blind regions in the parameter space are plotted for various pairs of parameters, for luminosities
1000 fb21 at beam energyEb5310 GeV. Both angular cuts,u0520° and 60°, are used to put limits at C.L. of 95%. The larger reg
corresponds to 500 fb21, while the smaller corresponds to 1000 fb21.
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planes. When we allowed three of the combinations to v
simultaneously there were almost no limits on any of
combinations. This can be understood by looking at Eq.~50!.
The charge asymmetries are very small and approach ze
we reduce the angular cut, which implies thats01 and s11
are very small and tend to zero asu0→0. Thus two of the

TABLE II. List of 95% C.L. limits on all the combinations a
500 and 1000 fb21 at Eb5310 GeV. These limits are obtaine
from data plotted in Fig. 7.

Min. Max. Min. Max. MSSM
(500 fb21) (500 fb21) (1000 fb21) (1000 fb21) value

x1 23.775 3.594 22.990 2.869 20.429
x2 23.413 3.896 22.748 3.111 20.396
x3 22.386 2.873 21.842 2.386 20.077
x4 22.837 2.465 22.375 1.930 10.165
y1 22.786 2.786 22.148 2.148 20.168
y2 23.095 3.095 22.433 2.433 10.363
y3 22.155 2.155 21.687 1.687 20.195
y4 22.346 2.346 21.867 1.867 20.180
09500
y
e

as

FIG. 8. The boundaries of blind regions in the parameter sp
are plotted inx32y3 plane, for a luminosity of 1000 fb21 at beam
energy Eb5310 GeV. Both angular cuts,u0520° and 60°, are
used to put limits at C.L. of 95%. For this MSSM point,x3

520.077,y3520.195.
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STUDY OF THECP PROPERTY OF THE HIGGS BOSON . . . PHYSICAL REVIEW D67, 095009 ~2003!
four independent components of the polarized cross sec
are very small~typically by a factor of 100–500!; neglecting
them, we are left with only two independent componen
implying that only one of the six asymmetries is indepe
dent. Thus, though we have four independent componen
hand, two being small, we are effectively left with only tw
almost identical strong constraints, and thus essentially o
one. These asymmetries thus constrain onlyy’s and leavex’s
mostly unconstrained. The fact thatx’s are constrained at al
is because the equation of the boundary of a blind reg
arising from any one asymmetry, for two variables, is
equation of a pair of conic sections. The blind regions sho
in Fig. 7 are intersections of blind regions obtained from
six asymmetries with two different angular cuts.

A. Strategy

All the cross sections and asymmetries are expressib
terms ofx’s andy’s alone and, of these, only five are ind
pendent. Thus any number of asymmetries for any gen
polarization can never determine all six form factors as o
five independent combinations appear in the expressions
St and Pt we have to rely on partial decay width measu
ments of the scalarf to t t̄ pair. Thus, if we have a few mor
independent and strong constraints, we will be able to
simultaneous limits on all six form factors. But with circula
polarization we have only the four observables used h
already. One possibility would be to use the dependenc
the angular distribution of the decay leptons on the ini
state photon polarization. But to do that one would nee
large statistics, which will not be available even with
integrated luminosity of 103 fb21. The other option is to
look for linearly polarized initial photons. Here, by choosin
different angles between the planes of polarizations one
alter the relative contribution fromCP-even andCP-odd
Higgs bosons. This, along with the asymmetries conside
and the partial decay width off, can then be used to pu
limits on all six form factors simultaneously or alternative
to determine them. Some discussions of these for thet t̄ pro-
duction exist already@7#.

In view of above analysis we can propose a strategy
characterizing the heavy scalarf. The first step would be to
determine its massmf , its total decay widthGf , and the
partial decay width to at t̄ pair. The last will tell us about
St

21Pt
2 . Then the second step will be to look for asymm

tries A1 andA2 to see if there is anyCP violation. Step 3
depends upon the outcome of step 2. In case of nonobse
tion of CP violation, one will have to look for linearly po-
larized asymmetries to see whether the Higgs isCP even or
CP odd. If CP violation is observed, then all the asymm
tries, for circular and linear polarizations, can be used
determine the form factors.

B. Discriminating models

As we have seen, it is not possible to determine all
combinationsxi ,yj using the asymmetries we have co
structed. However, as discussed below, we can surely us
model predictions for these to discriminate against a part
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lar model when data are available or test the possibilities
being able to distinguish between different models at a gi
luminosity.

The blind region around any model point in the fiv
dimensional parameter space is a nonconvex structure
extends far out from the model point in some of the dire
tions. Thus projection on any plane may result in a la
blind region, which can be misleading. Thus it is not possi
to restrict to less than the full set of five parameters
testing models. Below we develop a method for distingui
ing between models and checking whether they are ruled
by experiment.

The simplest way to compare two models is to ask if t
first model point lies within the blind region of the secon
and vice versa. If not, we say that the model predictions
distinguishable from each other at the luminosity and co
dence level considered. As an example, we chose
models—SM and MSSM. The MSSM is same as given
the last column of Table I. The model points in the fiv
dimensional parameter space are connected by a line pa
etrized by t with t50 corresponding to one model andt
51 to the other. We have calculated the blind region arou
each of the models along the connecting line. These
shown in Fig. 9 and it can be seen that each model sits w
outside the blind region of the other at an integrated lum
nosity of 500 fb21. Furthermore, their blind regions do no
overlap along these lines. Thus we can say that our met
can distinguish candidate models at a certain lumino
(500 fb21 in this case!. A more accurate way will be to
search the whole of the five-dimensional parameter space
the overlap of the blind regions corresponding to two can
date models and not just along the line joining them. If
such overlap is found then we can say for sure that the m
els can be distinguished. This search could be quite com
cated. Alternatively we can use the numerical values of in
vidual asymmetries and fluctuations directly as discus
below.

It is clear that we can determine the blind region aroun
given model prediction in any parameter space given
numerical value of the model predictions for asymmetr
and the statistical fluctuations expected in it at a given lu
nosity. Any change in these numerical values will yield
different blind region in the five-dimensional paramet
space. One will then test asymmetry predictions for a p
ticular model against an experimental measurement or c
pare the predictions of two models against each othe

FIG. 9. Blind regions along the line joining two model point
SM and MSSM, in the five-dimensional parameter space aL
5500, 750, and 1000 fb21. All six asymmetries with both angula
cuts,u0520° and 60°, are used.
9-13
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draw conclusions about their distinguishability at a giv
luminosity and confidence level. If the values of asymmetr
expected at the particular level of confidence, correspond
to ~say! two models, have no overlap, then the two mod
are distinguishable at that confidence level. There is sti
nonzero probability that the models can be confused w
each other in an experiment. To determine the probability
such a confusion we take any one asymmetry at a time
calculate the limits up to which the predicted asymme
values can fluctuate at a certain level of confidence in
models under consideration. Then we generate normally
tributed random numbers centered at the asymmetry co
sponding to the first model, say SM, with standard deviat
same as the 1s fluctuation of the SM asymmetry. We coun
the number of points for which the asymmetry value l
within the 95% confidence interval of the other model, s
MSSM. The number of such points divided by the total nu
ber of points taken is the probabilityP of confusing SM with
MSSM at 95% confidence level. As Table III indicates,P is
of the order of 1027 for a luminosity of 500 fb21, and we
can safely say that SM is distinguishable from MSSM
500 fb21. In a similar way we can replace SM by the expe
mental asymmetries and MSSM by a candidate model. N
even if for one of the asymmetriesP is very small
@O(1023)# we can simply reject the model as in words
translates to:the probability of the experimental results bein
statistical fluctuation of the candidate model at 95% C.L.
very small.In fact, the method described above is nothi
but step 2 of our strategy discussed in previous sectio
when one talks about asymmetriesA1 andA2.

VII. CONCLUSION

We have demonstrated how the Higgs-mediatedCP vio-
lation in the processgg→t t̄ can be studied by looking at th
integrated cross section ofl 1/ l 2 coming from the decay o
t/ t̄ . We demonstrated that the decay lepton angular distr
tion is insensitive to any anomalous part of thetbW cou-
pling, f 6, to first order. We constructed combined asymm
tries involving the initial lepton~and hence the photon!
polarization and the decay lepton charge. We showed
using only circularly polarized photons will be inadequate
determine or constrain the sizes of all form factors simu
neously, but can put strong limits onCP-violating combina-

TABLE III. The probability P of confusing SM with MSSM at
95% C.L. for different asymmetries and luminosities.

Asymmetries P at 500 fb21 P at 750 fb21 P at 1000 fb21

A1(u0560°) 5.531024 4.831026 631028

A2(u0560°) 7.831024 8.031026 731028

A3(u0560°) 3.431024 2.031026 131028

A4(u0560°) 1.431023 2.131026 2.831027

A1(u0520°) 1.631027 ,1028 ,1028

A2(u0520°) 2.331027 ,1028 ,1028

A3(u0520°) 2.331027 ,1028 ,1028

A4(u0520°) 2.231027 ,1028 ,1028
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tions,y’s, when only two combinations are varied at a tim
We show, by taking an example of a particular choice
MSSM parameters, that the analysis is sensitive to theCP
mixing at a level that is generated by loop effects. We a
further sketch a possible strategy to characterize the scalf
using linear polarization.
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APPENDIX: EXPRESSIONS FOR Aij , Bij , ETC.

For circularly polarized photons the form factorsAi j and
Bi j are given below;h2 and j2 are the degrees of circula
polarization of two colliding photons:

A00
6 52uAfu2~b2St

21Pt
2!F ~ uSgu21uPgu2!

3S 11h2j2

2 D12 I~SgPg* !S h21j2

2 D G ,
A01

6 54AcF @b2St R~AfSg!1Pt R~AfPg!#S 11h2j2

2 D
1@Pt I~AfSg!2b2St I~AfPg!#S h21j2

2 D G ,
A02

6 52Ac
2F ~11b2!S 11h2j2

2 D
1

b2~22b2!

12b2 S 12h2j2

2 D G ,

A22
6 524Ac

2b2S 12h2j2

2 D ,

A42
6 52

2Ac
2b4

12b2 S 12h2j2

2 D ,

B01
6 54bAcF @St R~AfSg!1Pt R~AfPg!#S h21j2

2 D
1@Pt I~AfSg!2St I~AfPg!#S 11h2j2

2 D G ,
B02

6 54bAc
2S h21j2

2 D ,

B12
6 5

4Ac
2b2

12b2 S h22j2

2 D5B12,

B32
6 52B12

6 52B12,
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C054b2Ac
2S h22j2

2 D ,

D650,

Ac5
4Qt

2mt

As
52Qt

2A12b2,

Af5
e

16p2

mt

mW

s

s2mf
2 1 imfGf

,

X0521b2 sin2u l ,

X1524b cosu l ,
.
,
g

r,
.

b

, B

e

e

h

,

,

V.

l-

09500
X25b2~3 cos2u l21!,

Y052cosu l~21b2 sin2u l !,

Y15b~31cos2u l !,

Y252 cosu l~22b2 cos2u l !,

Y3522b~31cos2u l !,

Y45cosu l~2213b21b2 cos2u l !,

Y55b~31cos2u l !,

Y6522b2 cosu l .
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