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Single charged Higgs boson production in polarized photon collisions and the probe of new physic
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We study single charged Higgs boson production in photon-photon collisions as a probe of the new dynam-
ics of Higgs interactions. This is particularly important when the mass (MH6) of charged Higgs bosons (H6)
is relatively heavy and above the kinematic limit of the pair production (MH6.As/2). We analyze the cross

sections of single charged Higgs boson production from the photon-photon fusion processesgg→t2n̄H1 and

gg→bc̄H1, as motivated by the minimal supersymmetric standard model and the dynamical top-color model.
We find that the cross sections at such agg collider can be sufficiently large even forMH6.As/2, and is
typically one to two orders of magnitude higher than that at its parente2e1 collider. We further demonstrate
that the polarized photon beams can provide an important means to determine the chirality structure of Higgs
Yukawa interactions with the fermions.
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I. INTRODUCTION

The standard model~SM! of particle physics demands
single neutral physical Higgs scalar (h0) @1# to generate
masses for all observed weak gauge bosons, quarks and
tons, while leaving the mass of the Higgs boson and all
Yukawa couplings unpredicted. A charged Higgs bos
(H6) is an unambiguous signature of the new physics
yond the SM. Most extensions of the SM require an exten
electroweak symmetry breaking~EWSB! sector with charged
Higgs scalars as part of its physical spectrum at the w
scale. The electroweak gauge interactions ofH6 are univer-
sally determined by its electric charge and weak isosp
while the Yukawa couplings ofH6 are model dependent an
can initiate new production mechanisms forH6 at high en-
ergy colliders. Most of the underlying theories that descr
the EWSB mechanism can be categorized as either a ‘‘su
symmetric’’ ~with fundamental Higgs scalars! @2# or a ‘‘dy-
namical’’ ~with composite Higgs scalars! @3# model. The
minimal supersymmetric SM~MSSM! @4# and the dynamica
top-color model@5# are two typical examples. As we wil
show, the Yukawa couplings associated with the third fam
quarks and leptons can be large and distinguishable in t
models, so that measuring the single charged scalar pro
tion rate in the polarized photon collisions can discrimin
these models of flavor symmetry breaking.

If a charged Higgs boson could be sufficiently light, wi
a mass (MH6) below ;170 GeV, it may be produced from
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the top quark decayt→H1b @6# at the hadron colliders
including the Fermilab Tevatron and the CERN Large Ha
ron Collider ~LHC!. For MH6.mt2mb , H6 can be
searched at the Tevatron and the LHC from the produc

processesgb→H2t @7#, cs̄,cb̄→H1 @8–11#, and gg, qq̄
→H6W7 @12,13#, etc. The associate production ofH6t
from gb fusion is difficult to detect at the Tevatron becau
of its small rate~largely suppressed by the final state pha
space!, but it should be observable at the LHC forMH6

&1 TeV @7#. The singleH6 production fromcs or cb fu-
sions is kinematically advantageous so that it can yield
sizable signal rate, and can be detected at colliders as lon
the relevant Yukawa couplings are not too small@8,10#. The
gg→H6W7 process originates from loop corrections, and
generally small for producing a heavyH6 unless its rate is
enhanced bys-channel resonances, such asgg→HO(or A0)

→H6W7. Similarly, the rate ofqq̄→H6W7 is small in a
general two-Higgs-doublet model~THDM!. This is because
for light quarks in the initial state, this process can on
occur at loop level, and for heavy quarks in the initial sta
this process can take place at tree level via Yukawa coupl
but is suppressed by small parton luminosities of hea
quarks inside the proton~or anti-proton!. If H6 is in a triplet
representation, theZ-H6-W7 vertex can arise from a custo
dial breaking term in the tree level Lagrangian, but
strength has to be small due to the strong experimental c
straint on ther parameter. Hence, the production rate
qq̄→Z→H6W7 cannot be large either. At hadron collider
charged Higgs bosons can also be produced in pairs via
s-channelqq̄ fusion process through the gauge interactio
of g-H1-H2 andZ-H1-H2 and thes-channel gluon fusion
process @14#. However, the rate of the pair productio
©2003 The American Physical Society10-1
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generally is much smaller than that predicted by the sin
charged Higgs boson production mechanisms when the m
of the charged Higgs boson increases.

If MH6 is smaller than half of the center-of-mass ener
(As) of a Linear Collider~LC!, thenH6 may be copiously
produced in pairs via the scattering processese2e1

→H2H1 andgg→H2H1 @15,16#. The production rate of a
H2H1 pair is determined by the electroweak gauge inter
tions of H6, which depends only on the electric charge a
weak-isospin ofH6. WhenMH6.As/2, it is no longer pos-
sible to produce the charged Higgs bosons in pairs. In
case, the predominant production mechanism of the cha
Higgs boson is via the single charged Higgs boson prod
tion processes, such as the loop induced processe2e1

→H6W7 @17,18#, and the tree level processese2e1

→bc̄H1,t2n̄H1 and gg→bc̄H1,t2n̄H1 @19#. The pro-
duction rate of the above tree level processes depends o
Yukawa couplings of fermions withH6. This makes it pos-
sible to discriminate models of flavor symmetry breaking
measuring the production rate of the single charged Hi
boson at LC. However, as to be discussed below, ate1e2

colliders, the cross sections of the singleH6 production pro-
cesses induced by the Yukawa couplings of fermions w
H6 are generally small because singleH6 events are pro-
duced vias-channel processes~with a virtual photon orZ
propagator!. On the other hand, atgg colliders@20–22#, the
singleH6 cross sections are enhanced by the presence o
t-channel diagrams which contain collinear poles in high
ergy collisions.

It is well known that one of the main motivations for
high-energy polarized photon collider is to determine theCP
property of the neutral Higgs bosons@23–26#. In this work,
we provide another motivation for having a polarized pho
collider—to determine the chirality structure of the fermio
Yukawa couplings with the charged Higgs boson via sin
charged Higgs boson production so as to discriminate
dynamics of flavor symmetry breaking. Specifically, w
study single charged Higgs boson production associated

a fermion pair (f̄ 8 f ) at photon colliders, i.e.,gg→ f̄ 8 f H6

( f̄ 8 f 5bc or tn), based on our recent proposal in Ref.@19#.
Two general classes of models will be discussed to pre
the signal event rates—one is the weakly interacting mod
represented by the MSSM@4# and another is the dynamica
symmetry breaking models represented by the top-c
~TopC! model@5#. We show that the yield of a heavy charge
Higgs boson at agg collider is typically one to two orders o
magnitude larger than that at ane2e1 collider. Furthermore,
we demonstrate that a polarized photon collider can ei
enhance or suppress the single charged Higgs boson pro
tion, depending on the chirality structure of the correspo
ing Yukawa couplings.

To clarify the physics implication of a polarized photo
collider, we shall consider in this paper the center-of-m
~c.m.! energy of agg collider to be about 80% of ane2e1

collider, and leave a more realistic analysis, that takes
account the dependence of thegg luminosity and energy on
07501
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the polarization of the photon beam, to a future publicatio1

This approximation is motivated by the fact that the me
energy of a typical energy spectrum of high energy phot
generated by the Compton backscattering of a few MeV la
beam isEg.0.8Ee6, whereEe6 is the energy of thee2 or
e1 beam@28#. Though the detailed distributions of the lum
nosity and energy of the polarized photon beam are stron
model dependent, the gross feature of those distributions
be studied from a model proposed in Ref.@20#. We show that
after including the reduction factor for choosing a spec
polarization state of the photon beam, the above approxi
tion agrees within a factor of 2 with the calculation conv
luting the constituentgg cross section with the luminosity
distribution of the polarized photon beam, when the dom
nant polarization state of the photon beam is considered. T
observation is supported by a calculation presented in R
@29# in the context of considering ane2g process. The above
approximation was found to be in good agreement with t
obtained by folding the constituent cross section with
luminosity function of the initial state photon@30#. As to the
resolution power of the polarized photon collider, a conv
luted calculation gives a stronger resolution at the cost o
smaller cross section, which will also be illustrated in S
IV.

The rest of the paper is organized as follows. In Sec.
we discuss the relevant Yukawa interactions in the wea
interacting MSSM and the strongly interacting TopC mod
The production cross section of the single charged Hi
boson in a polarized collider is presented in Sec. III, wh
also contains discussions on how to discriminate MSS
from TopC using a polarized photon collider. Section IV co
tains discussions on the effect of including a model of
energy dependent luminosity of the polarized photon be
as well as our conclusions.

II. YUKAWA INTERACTIONS IN MSSM
AND TOP-COLOR MODEL

For generality, we define the charged Higgs Yukawa
teraction as

LY5 f̄ 8~YL
f 8 f PL1YR

f 8 f PR! f H21h.c., ~1!

where f and f 8 represent up-type and down-type fermion
respectively, andPL,R are the chirality projection operator
PL,R5(17g5)/2.

We first consider the Yukawa sector of the MSSM, whi
is similar to that of a type-II THDM. The correspondin
tree-level Yukawa couplings of fermions withH6 are given
by

1Currently, we are collaborating with the experimentalists, w
are interested in the photon collider option of the Linear Collid
Working Group@27#, to perform a study including detector simula
tion and effects due to the energy dependence of the luminosit
the polarized photons produced from Compton back-scattering
0-2
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YL(0)
f 8 f 5

A2mf 8
v

Vf f 8tanb, YR(0)
f 8 f 5

A2mf

v
Vf f 8cotb, ~2!

where mf (mf 8) is the mass of the fermionf ( f 8), tanb
5^Hu&/^Hd& is the ratio of the vacuum expectation valu
(^Hu& and ^Hd&) of the two Higgs doublets withv
5A^Hu&

21^Hd&
2.246 GeV, and Vf f 8 is the relevant

Cabibbo-Kobayashi-Maskawa~CKM! matrix element of the

fermions f and f 8. The coupling constantsYL(0)
f 8 f and YR(0)

f 8 f

vary as the input parameter tanb changes. For instance, fo
the t1-n-H2 coupling,YL(0)

t n increases as tanb grows, and
reaches about 0.20–0.51 for tanb520–50, whileYR(0)

t n is
zero because of the absence of right-handed Dirac neutr
in the MSSM. Without losing generality, we shall choose t
following typical inputs for our numerical analysis:

~YL(0)
tn ,YR(0)

tn !5~0.3,0! for tanb530. ~3!

The tree levelb̄-c-H2 coupling contains a CKM suppres
sion factor Vcb.0.04, so thatYL(0)

bc is around 0.03 for
tanb550, andYR(0)

bc is less than about 231024 for tanb
.2. However, supersymmetry~SUSY! radiative corrections
can significantly enhance the tree levelb̄-c-H2 coupling. It
was shown in Ref.@10# that the radiatively generate
b̄-c-H2 coupling from the stop-scharm (t̃ -c̃) mixings in the
SUSY soft-breaking sector can be quite sizable. For insta
in the minimal type-A SUSY models, the non-diagonal sca
trilinear A term for the up-type squarks can be written as@10#

Au5S 0 0 0

0 0 x

0 y 1
D A, ~4!

which generates a non-trivial 434 squark mass matrix
among (c̃L ,c̃R , t̃ L , t̃ R). In Au , the parameters (x,y) can be
naturally of order 1, representing larget̃ -c̃ mixings that are
consistent with all the known theoretical and experimen
constraints@31,32#. An exact diagonalization of this 434
mass matrix results in the following mass eigenvalues:

Mc̃1,2
2

5m̃0
27 1

2 uAv12Av2u,

M t̃1,2
2

5m̃0
27

1

2
uAv11Av2u, ~5!

with M t̃1,Mc̃1,Mc̃2,M t̃2. Here,m̃0 is a common scala
mass in the diagonal blocks of the squark mass matrix,v6

5Xt
21(xÂ6yÂ)2, Xt5Â2mmtcotb and Â5Av sinb/A2.

In the squark mass eigenbasis, theb̄-c-H2 coupling can be
radiatively induced from the vertex correction
@scharm~stop!-sbottom-gluino loop# and the self-energy cor
rections @scharm~stop!-gluino loop#. In the type-A models
with xÞ0 and y50, including the one-loop SUSY-QCD
corrections yields the pattern@10#

dYL
bcÞ0
07501
os

e,
r
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and

dYR
bc.0, ~6!

for a moderate to large tanb. ~As to be shown below, this
pattern is opposite to that predicted in the dynamical t
color model.! The couplingYL

bc is a function of the mixing
parameterx, the Higgs massMH6, the gluino massMg̃ and
the relevant squark masses. In Fig. 1, we showYL

bc as a
function of the parameterx for a typical set of SUSY inputs
(mg̃ ,m,m̃0)5(300,300,600) GeV, A52Ab51.75 TeV,
and tanb550. In this figure, we have also included the QC
running effects for the tree-level Yukawa couplings, cf. E
~2! @33#. We find that the magnitude of the total couplingYL

bc

can be naturally in the range of 0.03–0.07 for a moderate
large tanb. For a smaller value of tanb, the couplingYL

bc

decreases. For instance, for tanb520, the value ofYL
bc is

about half of that shown in Fig. 1.
In addition to the SUSY radiative corrections discuss

above, which are not suppressed by the small CKM ma
elementVcb , there are corrections proportional toVcb , simi-
lar to those present in the production off0bb̄ (f0

5h0,H0,A0) with large tanb @34,35#. This effect can be
formulated by the corresponding effective Lagrangian@36#

L5
A2Vcb

v
m̄b~mR!tanb

11Db
H1cL̄bR1h.c., ~7!

wheremR is the relevant renormalization scale at which w
evaluate the bottom quark running massm̄b(mR) including
the NLO QCD contributions in theMS scheme@33#. In the
on-shell scheme, the bare mass of the bottom quarkmbare is
equal tomb1dmb , wheremb is the pole mass anddmb is
the counter term. A straightforward calculation shows th
the threshold corrections toDb originating from the SUSY-
QCD and SUSY-electroweak~SUSY-EW! contributions are

0.04

0.06

0.08

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

 Parameter x

C
ou

pl
in

g 
Y Lbc

SUSY (Type-A) with tanβ = 50

Curves from top to bottom:

MH± = 0.1, 0.3, 0.5, 1.0 TeV

FIG. 1. The radiativeb̄-c-H2 coupling as a function of the
parameterx in the minimal type-A SUSY models withy50. Here,

we set (mg̃ ,m,m̃0)5(300,300,600) GeV, and A52Ab

51.75 TeV. This result also includes the QCD running effect
the Born level Yukawa coupling.
0-3
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equal to2dmb /mb . In general, the SUSY-EW correctio
comes from loop contributions induced by the Yukawa a
electroweak gauge interactions, where the latter contribu
is usually smaller than the former contribution.~Since in the
generic type-A model the trilinear termA needs not to be
much smaller thanm tanb, we will not make the approxi-
mation Ab2m tanb'2m tanb @35# in Db .) The SUSY
QCD correction is given by the finite contributions of th
sbottom-gluino loop due to the left-right mixings in th
squark-mass matrix@36#,

~Db!SUSY-QCD52
CFas~mR!

2p
mg̃MLR

b I~mb̃1
,mb̃2

,mg̃!,

~8!

where CF5 1
2 (Nc21/Nc)5 4

3 with Nc53, as.0.09 at the
scale ofmR5MH65O(100) GeV, andMLR

b 5Ab2m tanb.
The SUSY-Yukawa correction toDb arises from similar
loops involving the stop and charged HiggsinosH̃1,2, and

~Db!SUSY-Yukawa51
mt

2

8p2v2

m

tanb
MLR

t I~mt̃ 1
,mt̃ 2

,m!,

~9!

where MLR
t 5At2m cotb. In the above formula, we hav

defined

I~m1 ,m2 ,m3!52

m1
2m2

2ln
m1

2

m2
2

1m2
2m3

2ln
m2

2

m3
2

1m3
2m1

2ln
m3

2

m1
2

~m1
22m2

2!~m2
22m3

2!~m3
22m1

2!
,

~10!

which, in the special case ofm15m25m3[M , equals
1/2M2.

With the sample values of the SUSY parameters given
the caption of Fig. 1,Db is found to be about 0.17, amon
which, 0.20 comes from the SUSY-QCD contributio
0.00011 from SUSY-Yukawa contribution, and20.022 from
the electroweak gauge contribution.2 Hence,Db yields a fac-
tor of 1/(110.17).0.85 suppression in theb-c-H1 cou-
pling as compared to the QCD-improved Born level coupl
~which is about 0.03 for a 300 GeV charged Higgs boso!,
and the coupling ofH1-c̄L-bR in Eq. ~7! is about 0.026 for
this set of SUSY parameters. In other words, the thresh
correction due to the SUSY-QCD and SUSY-EW contrib
tions toYL

bc is (0.8521)30.03.20.0045, which is not sig-
nificant in the current case.@When the SUSY parameterm or
A flips sign while holding the other parameters fixed, t
threshold correction from 1/(11Db) becomes an enhance
ment rather than a suppression factor.# The additional contri-
bution to YL

bc arising from thet̃ -c̃ mixing can be read ou

2The electroweak gauge contribution depends also on other S
parameters@36#. Here,M2 is taken to be 300 GeV, but higher value
of M2 will make the electroweak gauge contribution even sma
due to the decoupling feature of the MSSM.
07501
d
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from Fig. 1 after subtracting the strength of the QC
improved Born level coupling. For instance, using the sa
set of SUSY parameters described above, the radiative
rection fromt̃ -c̃ mixings withx50.44 enhances theYL

bc cou-
pling by an amount of 0.02 (50.0520.03) for MH6

5300 GeV. Therefore, the coupling ofYL
bc , after including

the QCD-improved Born level coupling (0.03), the radiati
correction from t̃ -c̃ mixings (0.02), and the threshold co
rection due to the SUSY-QCD and SUSY-EW contributio
(20.0045), is about 0.046(.0.05) for the sample SUSY
parameters we have chosen. Hence, without losing gen
ity, in the following numerical analysis, we choose3

~YL
bc ,YR

bc!5~0.05,0! ~11!

as the sample couplings for the MSSM with naturalt̃ -c̃ mix-
ings, which correspond to the type-A SUSY models withx
5O(1) andy50 as defined in Ref.@10#. ~The total decay
width of H6 will be evaluated for tanb550.! It is worth
mentioning that the sample flavor-changingb-c-H6 cou-
pling ~11! is about a factor 6 smaller than the samplet-n-H6

tree-level coupling~3!.
We then consider the dynamical top-color model@5#,

which is strongly motivated by the experimental fact that t
observed large top quark mass (mt.v/A2.174 GeV) is
right at the weak scale, distinguishing the top quark from
other SM fermions. This scenario explains the top qu
mass from thê t̄ t& condensation via the strongSU(3)tc
TopC interaction at the TeV scale. The associated strong
ing U(1) force is attractive in thêt̄ t& channel and repulsive
in the ^b̄b& channel, so that the bottom quark mainly a
quires its mass from the TopC instanton contribution@5#.
This model predicts three relatively light physical top pio
(p t

0 ,p6). The Yukawa interactions of these top pions wi
the third family quarks are given by the Lagrangian

mttanb

v
@ iK UR

tt KUL
tt * t̄ LtRp t

01A2KUR
tt KDL

bb * b̄LtRp t
2

1 iK UR
tc KUL

tt * t̄ LcRp t
01A2KUR

tc KDL
bb * b̄LcRp t

21H.c.#,

~12!

where tanb5A(v/v t)
221 and the top-pion decay consta

v t.O(60–100) GeV.4 The rotation matricesKUL,R and
KDL,R are needed for diagonalizing the up- and down-qu
mass matricesMU and MD , i.e., KUL

† MUKUR5MU
dia and

KDL
† MDKDR5MD

dia, from which the CKM matrix is defined
as V5KUL

† KDL . As shown in Ref.@8#, to yield a realistic

Y

r

3This choice of couplings may also be realized for lower tanb
region with the proper choice of the parameterx accordingly, e.g.,
for tanb530, Eq.~11! corresponds tox'0.6.

4Note that this tanb does not have the same meaning as the tab
in the MSSM.
0-4
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form of the CKM matrixV ~such as the Wolfenstein param
etrization!, the TopC model generally has the following fe
tures:

KUR
tc &0.1120.33,

with

KUR
tt .0.9920.94, ~13!

and

KUL
tt .KDL

bb .1,

which suggests that thetR-cR transition can be naturally
around (10–30)%. Combining Eqs.~12! and ~13!, we can
deduce the Yukawa couplings of fermions with the charg
top pion ~also called charged Higgs boson throughout t
paper! as

YL
bt5YL

bc50,

YR
bt.

A2mt

v
tanb, YR

bc.YR
btKUR

tc . ~14!

Thus, taking a typical value of tanb to be 3 and a conser
vative input for thetR-cR mixing KUR

tc to be 0.1 in the TopC
model, we obtain

YR
bt.3,

and

~YL
bc ,YR

bc!5~0,0.3!, ~15!

which will be used as the sample TopC parameters for
numerical analysis. We note that in contrast to the radia
coupling of the charged Higgs boson predicted in the typ
SUSY model withy50 ~in which YL

bcÞ0 andYR
bc.0, i.e.,

mainly left handed!, the charged top pions only have a righ
handed coupling. This feature of the TopC is also opposit
the tree-levelt-n-H6 coupling~which is purely left handed!
predicted in the MSSM@cf. Eq. ~3!#. As we will demonstrate
below, this feature makes it possible to discriminate the
namical TopC model from the MSSM or a type-II THDM b
measuring the production rates of a single charged Hi
boson at polarized photon colliders. Finally, we note t
apart form the opposite chirality structures of theH6

Yukawa interactions, the magnitude of the sample top-co
b-c-H6 coupling chosen in Eq.~15! is the same as that o
the samplet-n-H6 coupling ~3!.

III. HÁ PRODUCTION IN gg COLLISION AS A PROBE
OF NEW PHYSICS

We calculate the cross section ofgg→ f̄ 8 f H1 using the
helicity amplitude method forf f̄ 85bc̄ or t2n̄. For thebc̄
channel, we will consider both the MSSM~with stop-scharm
mixings! and the TopC model using the sample parame
listed in Eqs.~11! and ~15!, respectively. For thet2n̄ chan-
07501
d
s

r
e
A

to
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s
t

r

rs

nel, we will consider the MSSM with the sample paramet
given in Eq.~3!. The cross sections for other values of co
plings, different from our sample inputs, can be estimated
a proper rescaling. In order to predict the event rate ofgg

→ f̄ 8 f H1, we need to specify the total decay widthGH1 for
H6, from which the decay branching ratio ofH6→ f 8 f can
be calculated. For simplicity, we shall only include the qua
and lepton decay modes ofH6 to evaluateGH1. Its bosonic
decay modes are not included because their contributions
generally small and strongly depend on the other parame
of the model. For example, in the MSSM, the partial dec
width of H6→W6h0 depends on the neutral Higgs boso
mixing anglea and the lightCP-even Higgs boson mas
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FIG. 2. The total decay widths ofH1 predicted by the models
discussed in the text.
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the models discussed in the text.
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FIG. 4. The complete set of Feynman di

grams fore2e1→bc̄H1.
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mh , but it is generally small, especially whenMH6 becomes
large which corresponds to the decoupling limit. We will al
neglect all the loop-induced decay modes such asH6

→W6Z @37#, and assume that the relevant sparticles are r
tively heavy so that the SUSY decay channels ofH6 are not
kinematically accessible. Finally, in the TopC model, on
the dominanttb and cb decay modes are included in th
calculation ofGH1. For the later analysis and discussion, w
show the predicted total decay widths and the relevant de
branching ratios ofH1 in Figs. 2 and 3 as the Higgs mas
MH6 varies.

In our numerical analysis, the dominant QCD correctio
are included in the Yukawa couplings by using the runn
quark masses. For instance, at the 100 GeV scale, the
ning masses of the bottom and charm quarks aremb
52.9 GeV andmc50.6 GeV, respectively.
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A. bcHÁ production

Using the default parameters of the models as descr
in Sec. II, we calculate the total cross sections ofe1e2

→bc̄H1 andgg→bc̄H1 as a function ofMH6. The com-
plete set of Feynman diagrams for the above processes
depicted in Figs. 4 and 5, respectively. The result for
TopC model is shown in Fig. 6, where, for comparison,
have taken the center-of-mass energy (As) of thegg collider
to be 0.8 times of that of thee2e1 collider. The result for the
MSSM with stop-scharm mixings can be easily obtain
from Fig. 6 by rescaling the cross sections by a fac
(0.05/0.3)251/36 when MH6.As/2. For MH6,As/2,
where the pair production mechanism dominates, the ac
rate also depends on the decay branching ratio Br(H2

→bc̄) and the total decay widthGH1 in the MSSM. For
a-
FIG. 5. The complete set of Feynman di

grams forgg→bc̄H1.
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completeness, we also show the result for the MSSM in F
7, which is qualitatively similar to Fig. 6 except near th
boundary of the available phase space for pair product
i.e. whenMH6;As/2. This is because the total decay wid
of H6 in the TopC model is much larger than that in t
type-A SUSY mode. For instance, theGH1 of the charged
Higgs boson with a mass 200 GeV~400 GeV! is about 7
GeV ~143 GeV! in the TopC model@cf. Eq. ~15!#, and 1.5
GeV ~13 GeV! in the type-A SUSY model@cf. Eq. ~11!#.
The branching ratios for the decay modeH1→cb̄ predicted
in these two models are 0.15(0.015) and 0.02(0.004
respectively.

A few discussions on the feature of the results shown
Fig. 6 are in order.~The same discussions also apply to F
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+

e
+
e →bcH

+

√sγγ=800GeV

√see=1000GeV

√sγγ=400GeV

√see=500GeV

Topcolor Model

FIG. 6. Cross sections ofgg→bc̄H1 ~solid curve! and e1e2

→bc̄H1 ~dashed curve! for the TopC model@cf. Eq. ~15!# with
unpolarized photon beams atAsgg5400 GeV and 800 GeV.
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FIG. 7. Same as Fig. 6, but for the MSSM with stop-scha
mixings, i.e. type-A SUSY model@cf. Eq. ~11!#.
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7.! For MH6,As/2, the charged Higgs pair production
kinematically allowed. In this case, the production cross s

tion of gg→bc̄H1 ~ande2e1→bc̄H1) is dominated by the
contribution from the pair production diagrams with the pr

ducedH2 decaying into abc̄ pair. Hence, its rate is propor

tional to the decay branching ratio Br(H2→bc̄). As shown
in the figure, there is akink structure whenMH6 is around

180 GeV. That is caused by the change in Br(H2→bc̄)

when the decay channelH2→b t̄ becomes available. We
also note that the cross section at a higher energy colli
either ane2e1 or gg collider, is larger for the production o
a heavyH1 because of the larger final state phase sp
volume. On the other hand, whenMH6!As/2, the cross sec-
tion approximately scales as 1/s, for the pair production pro-
cess dominates the production rate. In Fig. 7, the cross

tion of gg→bc̄H1 drops aroundMH15As/2, for the on-
shell H2H1 pair production mode is closed whenMH1

.As/2. Moreover, a careful examination reveals that t

cross section ofgg→bc̄H1 drops much more in Fig. 7 than
in Fig. 6. This is because in our calculation we have includ
the complete gauge invariant set of Feynman diagra
whose contribution also depends on the width of the char
Higgs boson. Since the total decay width ofH6 in the TopC
model is much larger than that in the type-A SUSY mod
~cf. Fig. 2!, the similar drop in Fig. 6 is much less noticeab

It is evident that the cross section ofgg→bc̄H1 is larger
than that ofe1e2→bc̄H1 in the wholeMH6 region. For
MH6,As/2, the cross section ingg collisions is typically a
factor of 3–5 larger than that ine2e1 collisions. This can be
explicitly checked by comparing the helicity amplitudes
gg→H1H2 and e2e1→H1H2. The helicity amplitudes
for theH1H2 pair production in polarized photon collision
are found to be5

M ~gl1
gl2

→H1H2!522e2l1l2

j2sin2Q

12j2cos2Q

1e2~11l1l2!, ~16!

where the degree of polarization of the initial state photo
l1 and l2, can take the value of either21 or 11, corre-
sponding to a left-handedly~L! and right-handedly~R! polar-
ized photon beam, respectively;Q is the scattering angle o
H1 in the center-of-mass frame; andj5A124MH6

2 /s. In
the massless limit, i.e., whenMH6→0, j→1 and the above
result reduces to M (gl1

gl2
→H1H2).e2(12l1l2),

which yields a flat angular distribution. The two non
vanishing helicity amplitudes ofe2e1→H1H2, for s
@me

2 , are

5We have checked that our unpolarized cross section agrees
that in Ref.@16#.
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M ~eL
2eR

1→H1H2!

52e2j sinQF11
~cw

2 2sw
2 !2

4cw
2 sw

2

s

s2MZ
21 iM ZGZ

G ,

M ~eR
2eL

1→H1H2!

52e2j sinQF12
cw

2 2sw
2

2cw
2

s

s2MZ
21 iM ZGZ

G , ~17!

where eL
2 (eR

2) denotes a left-handed~right-handed! elec-
tron; cw5cosuw andsw5sinuw with uw being the weak mix-
ing angle; andMZ andGZ are the mass and width of theZ
boson, respectively.

For MH6.As/2, where the pair production is not kine
matically allowed, the difference between the cross secti
of e2e1→bc̄H1 and gg→bc̄H1 becomes much large
~two to three orders of magnitude! for a largerMH6 value.
To understand the cause of this difference, we have to ex
ine the Feynman diagrams, cf. Figs. 4 and 5, that contrib
to the scattering processese2e1→bc̄H1 and gg→bc̄H1.
In the former process, all the Feynman diagrams contain
s-channel propagator which is either a virtual photon o
virtual Z boson. Therefore, whenMH6 increases for a fixed
As, the cross section decreases rapidly. On the contrar
the latter process, whenMH6.As/2, the dominant contribu-
tion arises from the fusion diagramgg→(cc̄)(bb̄)
→bc̄H1, whose contribution is enhanced by the two colli
ear poles~in a t-channel diagram! generated fromg→cc̄ and
g→bb̄ in high energy collisions. Since the collinear e
hancement takes the form of ln(MH6 /mq), with mq being the
bottom or charm quark mass, the cross section ofgg

→bc̄H1 does not vary much asMH6 increases until it is
close toAs.

From the above discussions we conclude that a pho
photon collider is superior to an electron-positron collider
detecting a heavy charged Higgs boson. Moreover, a po
ized photon collider can determine the chirality structure
the fermion Yukawa couplings with the charged Higgs bos
via single charged Higgs production. This point is illustrat
as follows. First, let us consider the case thatMH6.As/2.
As noted above, in this case, the production cross sectio
dominated by the fusion diagramgg→(cc̄)(bb̄)→bc̄H1.
In the TopC model, becauseYL

bc50 ~andYR
bcÞ0), it corre-

sponds to gg→(cRc̄R)(bLb̄L)→bLc̄RH1. On the other
hand, in the MSSM with stop-scharm mixings and lar
tanb, YR

bc;0 ~and YL
bcÞ0), it becomes gg

→(cLc̄L)(bRb̄R)→bRc̄LH1. Therefore, we expect that i
both photon beams are right-handedly polarized~i.e. gRgR),
then a TopC charged Higgs boson~i.e. top pion! can be co-
piously produced, while a MSSM charged Higgs boson~with
a large tanb) is highly suppressed. To detect a MSS
charged Higgs boson, both photon beams have to be
handedly polarized~i.e. gLgL). This is supported by an exac
calculation whose results are shown in Figs. 8 and 9 for
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TopC model at two different collider energies. A similar fe
ture also holds for the MSSM after interchanging the labe
RRandLL in those figures, which can be verified in Figs. 1
and 11.

In the following, we shall separately discuss the feature
the polarized photon cross sections forMH6 much less than
As/2 and forMH6 slightly aboveAs/2.

The feature of the polarized photon cross sections
MH6,As/2 can be understood from examining the produ
tion processgg→H1H2, whose helicity amplitudes can b
found in Eq.~16!. Let us denotesl1l2

pair as the cross section o
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Topcolor Model

√sγγ=800 GeV

RR

RL(LR)

LL

FIG. 8. Cross sections ofgl1
gl2

→bc̄H1 at Asgg5800 GeV in
polarized photon collisions for the TopC model@cf. Eq. ~15!#. Solid
curves are the results without any kinematical cut, and das
curves are the results with the kinematical cut specified in the
@cf. Eq. ~18!#.
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FIG. 9. Same as Fig. 8, but forAsgg5400 GeV.
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gl1
gl2

→H1H2. We find thatsLR
pair5sRL

pair, and they domi-

nate the total cross section whenMH6
2

!s, while sLL
pair and

sRR
pair are equal and approach zero asMH6→0. Since for

MH6,As/2 the bulk part of the cross section ofgg

→bc̄H1 comes froms(gg→H1H2)3Br(H2→bc̄), the
LL and RR cross sections are smaller than theLR(5RL)
cross sections asMH6 decreases, cf. Fig. 8.

As shown in Fig. 8, the polarized photon cross sect
sLL is not zero forMH6 slightly aboveAs/2, where the
on-shell H1H2 pair production channel is closed, desp

200 400 600 800
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+ (GeV)
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σ(
γ λ 1γ λ 2→

bc
H

+
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(f
b)

Type A1 SUSY (tanβ=50)

√sγγ=800 GeV

LL

RL(LR)

RR

FIG. 10. Cross sections ofgl1
gl2

→bc̄H1 at Asgg5800 GeV
in polarized photon collisions for the type-A SUSY model@cf. Eq.
~11!#. Solid curves are the results without any kinematical cut, a
dashed curves are the results with the kinematical cut specifie
the text@cf. Eq. ~18!#.
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FIG. 11. Same as Fig. 10, but forAs5400 GeV.
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that the left-handed couplingYL
bc vanishes, cf. Eq.~15!, in

the TopC model. This is due to the contribution from t
diagrams in which one of the charged Higgs boson is sligh
off-shell ~as compared to its decay width!, i.e. from gg

→H1H2* (→bc̄). The similar argument also applies to th
other models but with different polarized states of the pho
beams.

It is important to point out that the complete set of Fey
man diagrams have to be included to calculates(gg

→bc̄H1) even whenMH6,As/2 because of the require
ment of gauge invariance. To study the effect of the ad
tional Feynman diagrams, other than those contributing
the H1H2 pair production fromgg→H1H2(→bc̄), one
can examine thesinglecharged Higgs boson cross section
this regime with the requirement that the invariant mass
bc̄, denoted asMbc̄ , satisfies the following condition:6

uMbc̄2MH6u.DMbc̄ ,

with

DMbc̄5minF25 GeV,maxF1.18Mcb̄

2dm

m
,GH1G G ,

dm

m
5

0.5

AMbc̄/2
, ~18!

wheredm/m denotes the mass resolution of the detector
observing the final stateb and c̄ jets originated from the
decay ofH2.7 For instance, in Fig. 8 the set of dashed lin
are the polarized cross sections after imposing the above
nematical cut. With this cut, the total rate reduces by ab
one order of magnitude forMH6,As/2. ~However, this ki-
nematical cut hardly changes the event rate whenMH6

.As/2.! The effects of this kinematic cut on theRR andLL
rates are significantly different in the lowMH6 region. It
implies that theH1H2 pair production diagrams cannot b
the whole production mechanism, otherwise, we would
pect the rates ofRR and LL to be always equal due to th
parity invariance of the QED theory. Again, a similar featu
also holds for the MSSM after interchanging the labels ofLL
andRR.

Before closing this section, we remark that in the MSS
a heavy charged Higgs bosonH1 can also be produced as
sociated with ac̄s pair, whose production rate can be o
tained by rescaling the cross sections in Fig. 7 by the fac

~YL(0)
sc /YL

bc!251.3~ tanb!231024

6These sample conditions are chosen to define thesinglecharged
Higgs boson cross section, and they should be refined when a
tailed Monte Carlo simulation becomes available.

7Here, we assume that the hadronic energy resolution for a
with energyE ~in GeV unit! is 50%/AE. Moreover, the fullwidth at
half maximum of a Gaussian distribution is 1.1832s, wheres is
taken to beMbcdm/m.

d
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for MH6.As/2. Here,YL(0)
sc 5(A2ms /v)tanb, and the run-

ning mass of the strange quark at the scale of 100 Ge
taken to bems.0.1 GeV. Hence, for tanb530, the produc-
tion rate ofscH6 is down by a factor of 10, as compared
the bc̄H1 rate withYL

bc50.05, cf. Eq.~11!.

B. tnHÁ production

In the MSSM with a large tanb value, the cross section o
gg→t2n̄H1 can be quite sizable. For the sample para
eters chosen in Eq.~3!, its cross sections are shown in Fi
12 for various linear colliders with unpolarized collide
beams.~Our results are consistent with the calculation
Refs.@38,39#.! Recall that we have chosen the sample para
eters of the models so that the Yukawa coupling oft2-n-H1

in the MSSM and that ofb-c-H1 in the TopC model have
the same magnitude but opposite chiralities, as shown in
~3! and~15!. The gross feature of Fig. 12 is similar to Fig.
However, a close examination reveals that the cross sec
of gg→t2n̄H1 is smaller than that ofgg→bc̄H1 at a fixed
MH6 for MH6.As/2. For instance, for a 600 GeV charge
Higgs boson, with its couplings given in Eqs.~3! and ~15!,
s(gg→t2n̄H1);0.01 fb and s(gg→bc̄H1);0.3 fb,
when As5800 GeV. This difference can again be und
stood by examining the Feynman diagrams. In the scatte
gg→bc̄H1, the total cross section is dominated by the
sion diagramgg→(cc̄)(bb̄)→bc̄H1 for MH6.As/2. The
contribution of this diagram is enhanced by two colline
poles ~in a t-channel diagram! generated fromg→cc̄ and
g→bb̄ in high energy collisions. However, in the scatteri
gg→t2n̄H1, the dominant contribution in the large ma
region comes from the sub-diagramgt R̄→H1n L̄ , and con-
tains only one collinear pole~in a t-channel diagram! gener-
ated fromg→t2t1 in high energy collisions. This is be
cause photon does not couple to neutrinos. Hence,
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FIG. 12. Cross sections ofgg→t2n̄H1 ~solid curve! and

e1e2→t2n̄H1 ~dashed curve! for the MSSM @cf. Eq. ~3!# with
unpolarized beams atAsgg5400 GeV and 800 GeV.
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production rate oft2n̄H1 is not as large as that ofbc̄H1,
even when the relevant Yukawa couplings are of the sa
magnitude in both production channels. ForMH6,As/2
wheregg→H1H2 is kinematically allowed, the difference
between s(gg→t2n̄H1) and s(gg→bc̄H1) is caused
by the relative size of Br(H2→t2n̄) and Br(H2→bc̄), cf.
Fig. 3.

We also computed the production cross sect
s(gl1

gl2
→t2n̄H1) in the polarized photon-photon colli

sions, and the results are shown in Figs. 13 and 14. As
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FIG. 13. Cross sections ofgl1
gl2

→t2n̄H1 atAs5800 GeV in
polarized photon collisions for the MSSM@cf. Eq.~3!#. Solid curves
are the results without any kinematical cut, and dashed cu
are the results with the kinematical cut specified in the t
@cf. Eq. ~19!#.
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FIG. 14. Same as Fig. 13, but forAs5400 GeV.
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pected, theLL rate is the dominant one whenMH6.As/2,
because the Yukawa couplingsYR

tn50 and YL
tnÞ0.

The single charged Higgs boson production rate forMH6

,As/2 is also calculated by imposing the kinematical cu8

uM tn̄2MH6u.DM tn̄ ,

with

DM tn̄5minF25 GeV,maxF1.18M tn̄

2dm

m
,GH1G G,

dm

m
5

0.5

AM tn̄/2
, ~19!

and the result is shown in Figs. 13 and 14.~In reality, M tn̄

should be replaced by, for instance, the transverse mas
the t2n̄ pair.! For our choice of parameters in Eq.~3!, GH1

is about 0.54 GeV~4.7 GeV! for a Higgs mass 200 GeV~400
GeV!, and correspondingly, Br(H2→t2n̄) is about 0.69
(0.16).

IV. DISCUSSIONS AND CONCLUSIONS

In this work, we have studied the single charged sca
production at polarized photon colliders via the fusion p
cessesgg→bc̄H1 and gg→t2n̄H1. For thebc̄H1 pro-
duction, we consider the flavor mixing couplings ofb-c-H6

generated from the natural stop-scharm mixings in
MSSM, and from the generic mixings of the right-hand
top and charm quarks in the dynamical top-color model.
thet2n̄H1 production, we consider the MSSM with a mo
erate to large tanb. We find that the production rate ofH1 in
the gg collisions is much larger than that in thee2e1 colli-
sion. ~Needless to say that the production rate ofH2 is the
same asH1.! Some of the results are shown in Figs. 6,
and 12. ForMH1.As/2, the cross section ofgg→t2n̄H1

is smaller than that ofgg→bc̄H1 even when the corre
sponding Yukawa couplings are of the same size. This
because in high energy collisions there is only one collin
pole @gg→(t2t1)g→t2n̄H1# in the scattering gg

→t2n̄H1, but two collinear poles @gg→(cc̄)(bb̄)
→bc̄H1# in gg→bc̄H1. The same reason also explai
why in the largeMH1 region thee1e2 rate is smaller than
thegg rate by at least one to two orders of magnitude, sin
the e1e2 processes contain onlys-channel diagrams an
cannot generate any collinear enhancement factor to
single charged Higgs boson production rate. Furthermore
show that it is possible to measure the Yukawa coupli
YL and YR , separately, at photon-photon colliders by pro
erly choosing the polarization states of the incoming pho
beams. This unique feature of the photon colliders can
used to discriminate new dynamics of flavor symme
breaking.

8See footnotes 6 and 7, but for leptons.
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To convert the cross sections, as shown in the above
ures, to the actual event rates, one should take into acc
the corresponding collider luminosity. This is particular
important for calculating the event rates at a photon collid
for the gg luminosity depends on the energy of the phot
beam which is typically a distribution, in contrast to a fixe
value, and the degree of polarization of the initial state p
ton will depend on its energy@28,40#. Thus, the event rate a
a photon collider should be evaluated by convoluting
cross section with thegg luminosity after accounting for the
energy dependence of the luminosity of the polarized pho
beams.

To study the effect of the energy dependent luminosity
the polarized photon beam on the above analysis, we c
sider the model suggested in Ref.@20# for producing a polar-
ized photon beam from the Compton backscattering proc
(eg→eg). In this model, thegg collider is based on a par
ente2e1 ~or e2e2) collider, and the luminosity distribution
as a function of thegg c.m. energy is calculated by assum
ing zero conversion distance for thee2 ~or e1) beam. As an
example, let us consider the calculation that yields the re
in Fig. 9, but with convolutedgg luminosities. In the case
that the laser beam is left-handedly polarized and the e
tron ~or positron! beam is right-handedly polarized, the lu
minosity of the photon beams produced from Compton ba
scattering as a function of the c.m. energy for vario
polarization states of the two~recoiled! photon beams is de
picted in Fig. 15 based on the calculation in Ref.@20# with
x54.82, for a 500 GeVe2e1 collider. Here, for simplicity,
we have assumed a 100% polarizede2 ~or e1) beam. As
shown in the figure, the dominant~recoiled! photon polariza-
tion is the same as the electron~or positron! helicity, and the
photon luminosity distribution peaks at high energy. Wh

0 100 200 300 400 500
Eγγ  (GeV) 

0

1

2

3

pol of both lasers:  1
pol of both e:    +1

RRLR+RL

LL

SUM

Eee=500GeV

FIG. 15. The luminosity of the photon beamsgl1
gl2

produced
from Compton backscattering as a function of the c.m. energy
various polarization states of the two incoming photon beams
the case that the laser beam is left-handedly polarized and the
tron ~or positron! beam is right-handedly polarized, and the c.
energy of thee2e1 collider is 500 GeV.
0-11
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both the photon beams are right-handedly polarized~labeled
as ‘‘RR’’ !, the effective c.m. energy of the colliding photo
beams is around 400 GeV for a 500 GeVe2e1 collider. This
justifies the approximation we made so far in our study.~The
normalization of Fig. 15 is such that the area covered by
curve labeled as ‘‘SUM,’’ which is the result after summin
up all the polarization states, is equal to the c.m. energy
e2e1, i.e 500 in this example.! After convoluting the con-
stituent cross sections ofgl1

gl2
→bc̄H1, cf. Fig. 9, with the

energy dependentgl1
gl2

luminosity, cf. Fig. 15, we obtain
the result shown in Fig. 16. Because we have chosen
polarization of the laser~and electron! beam so that the lu
minosity of the gRgR state dominates in the high energ
region and the luminosity of thegLgL state is suppressed, th
difference between theRRand theLL rates shown in Fig. 16
increases for a largerMH1 as compared to Fig. 9. Howeve
the magnitude of the ‘‘RR’’ cross section becomes smalle
because only some fraction of the produced photon beam
in thegRgR state. For example, from Fig. 9, the cross sect
of gRgR→bc̄H1 for MH15100 GeV is 267 fb when the
c.m. energy ofgg is taken to be 400 GeV. For producing
100 GeV H1, the effective integratedgRgR luminosity is

100 200 300 400
MH

+ (GeV)

10
3

10
2

10
1

10
0

10
1

10
2

10
3

σ(
γ λ 1γ λ 2→

bc
H

+
) 

 (
fb

)

Topcolor Model

√see= 500GeV

 pol of laser = 1

pol of e =+1

RR

RL (LR)
LL

FIG. 16. Cross sections~without any kinematic cut! for the
TopC model after convoluting the constituent cross sections

gl1
gl2

→bc̄H1, cf. Fig. 9, with the energy dependentgl1
gl2

lu-
minosity, cf. Fig. 15.
ym
im

07501
e
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about 1/3 of the totalgg luminosity ~i.e., after summing up
all the polarization states ofgg), hence, the convoluted
cross section can be estimated to be 89 fb~5267 fb/3!. This
estimate agrees within a factor of 2 with the convoluted cr
section, exactly calculated in Fig. 16, which reads as 66
for photons produced from a 500 GeVe2e1 collider using
Compton backscattering process. Namely, the convoluted
cross section is about 1/4 of the non-convolutedRR cross
section. The similar reduction factor for producing a heav
H1 will be somewhat bigger because the effective integra
gRgR luminosity becomes smaller forgRgR→bc̄H1. For a
300 GeVH1, the convolutedRR cross section is about 1/
of the non-convolutedRR cross section.

If we define the resolution power (A) of the polarized
photon collider as

A[
sRR2sLL

sRR1sLL
, ~20!

then we conclude from the above discussion that a con
luted calculation predicts a stronger resolution power of
polarized photon collider at the cost of a smaller cro
section.9

According to the reports of the LC Working Groups
Refs. @41,22#, the integrated luminosity can reach abo
500 fb21 at a 500 GeV LC, and 1000 fb21 at an 1 TeV LC.
Hence, we conclude that a polarized photon-photon colli
is not only useful for determining theCP property of a neu-
tral Higgs boson, but also important for detecting a hea
charged Higgs boson and determining the chirality struct
of the corresponding fermion Yukawa interactions with t
charged Higgs boson.
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9A similar conclusion holds in the case that thegLgL luminosity
dominates, which can be generated by having the laser beam r
handedly polarized and the electron~or positron! beam left-
handedly polarized.
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