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Abstract. The CP violating phases in soft SUSY breaking terms may induce indirect C'P violation in the
neutral Higgs boson sector through SUSY particle loops as well as direct C'P violation in the vy — H;
(i=1,2,3) through CP violating vertices. We present a complete analysis of the MSSM Higgs sector CP
violation at photon colliders including the chargino loop contributions in the regime tan 8 < 20, where the
C'P violating mixing in the neutral Higgs sector is very strongly influenced by the scalar top loop, more so
than the chargino and neutralino ones. However, the C'P violating phases of the higgsino and wino mass pa-
rameters may still generate direct C'P violation in vy — H;. In this process, the C'P violating phenomena
become very rich, and thus we study the production rates and polarization asymmetries in the Higgs pro-
duction in detail. Photon colliders with high luminosity and well controlled polarized initial photon beams

are indispensable in determining the C'P properties of neutral Higgs bosons.

PACS. 14.80.Cp; 12.60.Jv; 11.30.Er

1 Introduction

The discovery of Higgs bosons at the current/future col-
liders is one of the most important goals of high energy
particle physics experiments. Their (non-) discovery would
be crucial for testing our present understanding of the ori-
gin of electroweak symmetry breaking and the subsequent
generation of masses of electroweak gauge bosons and chi-
ral fermions in the standard model (SM). This would be
also true of the minimal supersymmetric standard model
(MSSM), which is the most popular candidate for new
physics beyond the SM.

The Higgs sector in the MSSM possesses three neutral
Higgs particles: two C'P even neutral scalars (h and H),
one C'P odd neutral scalar (A) in the C'P conserving limit,
and a pair of charged Higgs scalars (H*) [1]. The tree-level
MSSM Higgs potential does not allow spontaneous CP
violation unlike general two-Higgs doublet model. Even
if one would include the one-loop corrected effective po-
tential for the Higgs sector, spontaneous C'P violation [2]
cannot be realistic, because the resulting lightest neutral
Higgs boson should be far lighter than the current lower
limit on the Higgs boson mass [3—5]. Still, there are many
new explicitly C'P violating complex parameters in the soft
supersymmetry (SUSY) breaking sector of the MSSM La-
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grangian. Some complex parameters may have large phases
without any conflict with the electron/neutron electric
dipole moment (EDM) constraints. Then, these phases can
lead to some observable consequences in various C'P vio-
lating phenomena in K and B decays [6] and electroweak
baryogenesis [7T—10], etc. Especially, the complex phases of
the stop and sbottom trilinear couplings A; ; and the hig-
gsino mass parameter p may cause mixing between C'P
odd and CP even Higgs bosons in the neutral Higgs sector
via loop corrections in the MSSM, i.e., the Higgs sector C'P
violation [11-13].

In most phenomenological studies of the MSSM, the
large SUSY CP violating (CPV) phases were usually neg-
lected, since they may lead to too large EDMs of electron
and neutron, or €k, depending on whether they are flavor
preserving or flavor changing. The simplest way to evade
the EDM constraints is to assume that SUSY C' PV phases
are vanishingly small. Thus, the only source of C'P viola-
tion would be the single Kobayashi-Maskawa (KM) phase
in the CKM mixing matrix in the charged weak current of
down type quarks. In this case, the SUSY effects on K and
B phenomenology are minimal in the sense that deviations
from the SM predictions are quite small. However, one can
still consider large FP SUSY C PV phases, since the EDM
constraints can be avoided in various manners.

e Decoupling (effective SUSY model): the first/second
generation sfermions are heavy (and degenerate to some
extent) enough, so that the SUSY CP and ex prob-
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lems are evaded. Only the third generation sfermions
and gauginos have to be lighter than O(1) TeV in order
to solve the gauge hierarchy problem by SUSY [14-17].
In this case, the SUSY CPV phases need not be zero,
and they may lead to substantial deviations from the
SM cases, especially for the third generation. In this sce-
nario, B factories may be able to probe the SUSY CPV
phases from direct asymmetry in B — X and the lep-
ton forward—backward asymmetry in B — X, [T, etc.

e Cancellation: various contributions to electron/neutron
EDMs may cancel one another, leading to net results
that are consistent with experimental lower bounds [18—
21]. In this case, many of the SUSY CPV phases may
be O(1) as in the decoupling scenario. However, this sce-
nario is tightly constrained when the data on the mer-
cury (1°Hg) atom EDM are included [22, 23].

e Non-universal scenario: the absolute values |Ael, |4y,
|Aas| < 1073|u| evade e/n EDM constraints, but A p -
can have large C'P violating phases [24]. However, there
is a strong two-loop Barr—Zee type constraint for large
tan 3. Therefore, large C'PV phases can be allowed
in this scenario and the decoupling scenario only for
tan 8 < 20-30.

Assuming some SUSY C' PV phases of about O(1) with-
out any conflict with the EDM constraints, it can be imag-
ined that there could be C'P violation in the neutral Higgs
boson sector in the MSSM, which can be studied by ob-
serving the C'P properties of all the three Higgs particles
directly. Higgs bosons can be produced in 7y collisions via
one-loop diagrams in which all the possible charged par-
ticles participate. The s-channel resonance productions of
the neutral Higgs bosons in 7y collisions have been consid-
ered as crucial tools for studying the C'P properties of the
Higgs particles [25—28]. Because the polarizations of the
colliding photons can strongly govern both the v luminos-
ity spectrum and the cross sections, obtaining the highly
polarized photon beams is important for Higgs boson de-
tection. This can be realized by Compton backscattering of
laser photons off the linear collider electron and positron
beams, which can produce high luminosity vy collisions
with a wide spectrum of 7y center of mass energy [29—
32]. In the meanwhile, related researches for photon col-
lisions [33] are, for example, the effects of Higgs sector
CP violation on the ¢t pair production [34], and the CP
asymmetries [35] and fermion polarizations [36] in vari-
ous fermion pair productions. In addition, there are also
studies on the Higgs sector at various colliders such as the
tevatron, the LHC, and the linear colliders [37-42].

In particular, one can observe the C'P violating effects
through the s-channel resonance for the neutral Higgs par-
ticle production at the linear collider in the 7y mode. Due
to the mixing effect between the C'P odd and C'P even neu-
tral Higgs bosons, the additional loops of charged scalars
and vectors contribute to the production in the v+ collision
of the would-be C'P odd neutral Higgs Hy (correspond-
ing to the C'P odd neutral Higgs A in the C'P conserving
limit), resulting in an enhanced production cross section.
In [43,44], CP violation of the neutral Higgs sector at
a photon collider was studied using the s-channel reson-
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ance production cross sections and the polarization asym-
metries of the Higgs particles for 3 < tan3 < 10. In the
loop diagrams relevant to yy — H;—1 2,3, the neutral Higgs
bosons, chargino loop contributions were neglected by as-
suming that the charginos were heavy enough to be decou-
pled from the production of the Higgs bosons [43,44]. In
this work, we revisit the issue of C'P violation at a photon
collider including the chargino contributions, and study
the C'P properties of neutral Higgs bosons in the MSSM.
In the meanwhile, the inclusion of the chargino loops in
vy — H; may be important for the following reasons.

e Since all the charged particles interacting with the
neutral Higgs bosons will contribute to vy — H;, it is
mandatory to include the chargino effects in a study of
the neutral Higgs boson production at photon colliders.

e Especially, the charginos in the MSSM are not much
heavier than the lighter stop in many SUSY break-
ing scenarios. The current lower limit on the lighter
chargino mass from LEP II experiment is only M)Z_ >

103(83.6) GeV for mz> (<) 300 GeV in the minimal su-
pergravity scenario [45]. In the AMSB scenario, it is even
less stringent (i.e., M- >45 GeV). Thus, their effects

should not be excluded in any realistic analysis. In this
work, we have found that the chargino effects often dom-
inate the stop loop contributions even in the C'P con-
serving limit.

e If the chargino loops are included in the subject of CP
violation in the neutral Higgs sector, it is natural to
treat the M and p parameters in the chargino mass
matrix as complex numbers. Then, this will open up
a new possibility of direct C'P violation in vy — H;,
which is newly addressed in the present work. Although
the complex phases in Ms and p may also contribute
to the C'P violating mixing among neutral Higgs bosons
through chargino loops, such effects are not important
for tan 5 < 20. Since the C' PV phases are strongly con-
strained in the large tan 3 region, it might be plausible
to consider low or medium range of tan 3 up to 20. How-
ever, the LEP data of four collaborations [46] seem to
exclude the small values of tan 8 < O(3) in the CP vio-
lating MSSM, and thus we will stick to tan 8 = 10 in our
numerical analysis. So, introducing the C'P phases in the
chargino sector will not induce an appreciable C'P vio-
lation in the Higgs mixing. However, they can generate
direct C'P violation in the decay/production amplitudes
for vy — H;. This is an entirely new CP violating phe-
nomenon, which can occur by considering the chargino
loop contributions to yy — H;.

This paper is organized as follows. In Sect. 2, we review
briefly the loop-induced C'P violation and the mixing of
CP even and C'P odd Higgs bosons in the neutral Higgs
sector of the MSSM. In Sect. 3, we derive the cross sections
for Higgs production in 7 collisions and the polarization
asymmetries in terms of two form factors appearing in the
vy — H;—1,2,3 amplitudes. In Sect. 4, we present detailed
numerical analyses and discuss the potential importance of
chargino loop contributions to the C'P violation in the neu-
tral Higgs production. The formulae for the chargino and
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stop mass matrices, their eigenvalues and the correspond-
ing mixing matrices are given in Appendix A. In addition,
the interaction Lagrangian relevant to vy — H; is recapit-
ulated for both convenience and completeness.

2 The neutral Higgs sector in the MSSM

The MSSM Lagrangian possesses many new CP violat-
ing phases in the soft SUSY breaking terms in addition to
the KM phase in the CKM matrix element. In the MSSM,
the Higgs potential is C'P conserving at the tree level, and
only the soft terms (and the usual CKM mixing matrix)
can have C'P violating phases. We will work with the con-
vention that the Higgs bilinear soft parameter B is set
real by Peccei-Quinn U(1)pq. However, the CPV phases
in the soft terms can induce C'P violation in the effective
potential of the Higgs bosons through quantum corrections
involving squarks and other SUSY particles in the loops.
This phenomenon will lead to C'P violating mixing be-
tween the would-be C'P even (corresponding to h, H in the
CP conserving limit) and the would-be C'P odd (corres-
ponding to A) Higgs fields.

The effective potential of the Higgs fields at the one-
loop level can be written as

Vel oo = 130101 + p30L by + (m?,8]P5 + hoc.)

A (BID1)% 4+ Ao (BL D)% + N3 (B D1 ) () D,)

F A (BI D) (BLB1) + A5 (B B2)2 + NE (DL, )
+ X6 (D101 (BLB2) + N5 (] D1) (P1P1)
+ Ar(@1D2) (B] D) + Mo (@1 D2) (B3 1), (1)
where &1 = iry @ (13 is the Pauli matrix) is the scalar com-
ponent of the Higgs superfield H; giving masses to down
type fermions, and @, is the scalar component of Hs. At
the tree level, the dimension-2 parameters and the quartic
couplings are given by 2 = —m?2 —|u|? (a = 1, 2) with soft
Higgs masses m?2, A1 = X2 = —3(g° +97), A3 =—1(¢°—
g’?) and My = 3¢, respectively. Due to A, =0 (b=5,6,7)
at the tree level, there is no Higgs sector C'P violation in
the MSSM at the tree level. However, nonzero values of
Aa=5,6,7 can be generated at the one-loop level, and they
can be complex if soft SUSY breaking parameters like Ay, i
or M5 have C PV phases. The heuristic explanation of this
Higgs scalar—pseudoscalar mixing is given in the first paper
of [47,48] using a toy model. The analytic expressions in-
cluding the loop corrections are presented in the first and
third ones in [11-13].

Since the electroweak gauge symmetry is known to be

broken spontaneously into U(1)em in nature, the two Higgs
doublets can be written as

¢1= ((vl + ¢1¢-)E—iai)/\/§> !
P = e <(v2 + ¢>2¢fia2) /\/§> ’ ®
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where the VEVs v; are real. The relative phase &, which
is renormalization-scheme dependent (see the third paper
of [11-13]), is determined from the minimum energy condi-
tions of the Higgs potential [11-13], i.e., the vanishing tad-
pole conditions Ty = 8Vﬁ§fggs/8¢ =0 (¢ = ¢1,p2,a1,a2).
It turns out that ¢ is very small in the MS scheme, so
it will be ignored in the numerical analysis. Because the
electroweak symmetry is spontaneously broken to U(1)em,
three Goldstone bosons are eaten by the W+ and Z° gauge
bosons, and one ends up with two charged Higgs and three
neutral Higgs bosons. Due to the Goldstone theorem, the
4 x 4 (mass)? matrix of the neutral Higgs sector is block-
diagonalized, i.e., the Goldstone boson (G° = cosBa; +
sin fay with tan § = vy/v1) does not mix with the other
neutral bosons, so we have the nontrivial 3 x 3 (mass)?
matrix of the three neutral Higgs bosons (following the no-
tation of the third paper of [11-13])

M2 M2
2 S SP
My = (ﬂgg M%)’ ®)

where M3, //\/\lgp and M\% are the two-by-two, two-by-
one and one-by-one mass matrices of the scalar, scalar—
pseudoscalar, and pseudoscalar sectors, respectively. Since
there is no mixing between the scalar and pseudoscalar
sectors for the vanishing components of MSP, the matrix
MSP contains important parameters, which characterize
the Higgs mixing. For a small tan § region, in which the
stop contribution is dominant over those of sbottoms and
charginos [11-13,49], the typical sizes of the C P violating
off diagonal components are proportional to

L omg |ul A
1672 v2 MZisy

S d)tCP ’ (4)

where mt are the top quark mass, ¢& p = arg(A:p) +§ and
v? = v? +v3. The supersymmetry-breaking scale MSUSY =

(mt1 + m~2)/2 where m; and mg, are the lighter and
heavier stop masses in (A.18) [50]. The reason why the
C PV off diagonal components contain only the terms pro-
portional to the fourth power of m; in (4) is that the Higgs
bilinear soft term m?2, was eliminated by using the mini-
mum energy condition of the Higgs effective potential with
respect to the CP odd field a, i.e., T, = OVifl,,./0a =0
where a = — sin Ba; + cos (as. The various quantitative
and qualitative aspects of the dimension-2 parameter m?,
are discussed in [11-13,47,48, 51]. The mass matrix M% is
a real symmetric matrix, and thus can be diagonalized by
a 3 x 3 orthogonal matrix O:

OT MR O = diag (M7, , M7, M) , (5)

where My, < My, < Mp,. (We follow the notation of the
third paper of [11-13], whose order of the Higgs fields is
opposite to that in the first paper of [11-13].) The corres-
ponding mass eigenstates H; (i = 1,2, 3) are defined from
the weak eigenstates as

(¢1,¢2,0)" = O(H1,Ha, H3)" . (6)
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3 Neutral Higgs boson productions at photon
colliders

Within both the SM and the MSSM, the neutral Higgs
boson decays into two gluons (gg) or two photons ()
have been interesting subjects. The inverse of the former
process is the main production mechanism for the neutral
Higgs bosons at hadron colliders if the Higgs bosons have
intermediate masses. The latter is an important mode for
tagging the neutral Higgs bosons at hadron colliders. Its
inverse process is the mechanism for neutral Higgs produc-
tion in v+ collisions, which can be run at the international
linear collider (ILC).

The reactions gg — H; (i =1,2,3) are generated by
the (s)quark loops and have already been discussed by
two groups in the presence of MSSM Higgs sector C'P vi-
olation [52—54]. We have calculated these processes and
confirmed their results, although they are not reproduced
here. The case yy — H; is more complicated than the other
case gg — H;, since all the charged particle (W*, H* and
charginos) contributions must be included as well as the
(s)quark loop contributions. In particular, there could be
direct C'P violation in the decay/production amplitude
due to the complex parameters in the chargino mass ma-
trix. This C'P violation is independent of the C PV mixing
among neutral Higgs bosons and is considered anew in this
work. It is straightforward to perform the loop integra-
tions, taking into account the various mixing components
for the charginos and neutral Higgs bosons. We present
the explicit formulae for the chargino mass matrix M¢,
its mass eigenvalues M Ty and the two mixing matrices

U and V that diagonalize the chargino mass matrix via
U*McV—1 =diag(M_—, M - ) as in Appendix A.
1 2
The interaction Lagrangian between the charginos and
the three neutral Higgs bosons H;—1 2 3 is

L) = By [Re () +1v° I ()] % (7)
(j=1,2,3and k,l =1,2), where

Kiy = —% [t U1 Vi2(0s,; +1cos 8O3 ;)
+ Uk2Vi1 (01,5 +isin 803,5)] . (8)

(For completeness, the other relevant couplings are pre-
sented in Appendix B.) In this work, it is sufficient to
keep only the case of k], with k =, since we consider the
chargino loop contributions to vy — H;. Note that in the
couplings k7, there are three independent C'P violating
phases arg(A;), arg(p) and arg(Ms) (Ms is the wino mass)
in the basis where the By term is real in the soft SUSY
breaking Lagrangian. Also note that the H; — i;’ — X}, cou-
plings arise from the Higgs—gaugino—higgsino couplings in
the current basis. Thus, the chargino loop effects will be
maximized when the wino—higgsino mixing is large. This
requires |u| & |Ms|. In our study, however, we are inter-
ested in a large p parameter (which we fix to || = 1.2 TeV)
in order to have a large C'P mixing between the C'P even
and C'P odd Higgs bosons from the stop loop. For a smaller
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wino mass parameter |Ms| = 150 GeV, the wino—higgsino
mixing becomes smaller, but the lighter chargino mass also
becomes very light, and the loop function will be enhanced.
The net result shows that the light chargino loop effects
are important for the reaction vy — Hj, even if the lighter
chargino is dominantly a wino state (|Ma| < |u|).

The amplitudes for v(k1,e€1) +v(ka, €2) = Hi(q) (i =
1,2, 3) should satisfy gauge invariance, and can be defined
in terms of two form factors A;(s) and B;(s) in a model-
independent way as follows (closely keeping the convention
of [43, 44]):

M(’Y’y—)H) MHz4 {AZ(S) |:€1 c €9 — %(61 'k2)(62'k1):|
—Bi(s )2€uuaﬁe1€2kakﬁ} 9)

where s = (k1 +k2)? = M% . Including all the one-loop
contributions from charged partlcles the C'P even form
factors A; at s = M3 , are

Ais=Mz)=>al+ Y b
f=tb f':f1,2751,2
t
FATT AT LY AT (10
j=1,2
i VY & w
where the CP even functions A;, A7, A", and A;

are given in [43, 44]. We confirmed their results and repro-
duced them and the related form factor loop functions in
Tables 1 and 2 for completeness. Note that the chargino
loops contribute to the C' P even form factor via

=
X5 MH
A9 =2 iVTHip o L, 11
1 Re (K:JJ) Mi* f(T’Lij:) ( )
J

Table 1. The amplitudes AZX and B;X, where i labels three
neutral Higgs bosons, and X labels the species of charged
particles in the triangle loop with 7;x = M%Il /4m§( (see Ap-
pendix B and Table 2)

A’s and B’s Expressions
Af _2(\/§GF)1/2MH1-N06]%(%)st(ﬁ’f)
. B
ra MH,i Nce?g"~_ f.
Af gz Fo (7, )
5
+
Al (V2Gr)Y?Mpy, (c501 i + 5502,4) F1 (Tiw)
+ M, vC;
A{_I 2::;“ FO(TZH)
H*
5
A; 2Re (k} )M Fop(ryg )
—f i
B! 2(v2Gr) /2 My, Ncef( 09 )F,,f(rlf)
-+
XA
B’ —2Im (Hjj)M—i, pf(%zji)
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Table 2. Form factor loop functions F' in terms of the scaling
function f(7) defined in (12)

F Definitions

Fyp(T) T+ A= ()]
Fpp(T) ()

Fo(r) 147t ()]
Fy(7) 243r 143 12— YY)

where Tix = MIQJZ /AM?%. The form factor loop function
Fsp(r) =771+ (1 —77"1)f(7)] (and other loop functions
defined in Table 2) depends on the scaling function f(7) [1]:

fr) =3 | Lol —ary(1-y)

arcsin®(y/7) fort <1,
B _i[IOg(%)—iW]Q fort>1.
(12)

On the other hand, the CP odd form factors B; receive
contributions only from the fermion loops and not from the
boson loops:

B;(s=M3) (13)

ZBf+ZBJ,

f=tb j=1,2

where the SM fermion loop contributions (the Bf ) are
found in [43,44] (see Tables 1 and 2). The chargino contri-
butions are represented as

_+
X5 i\ Mmu,
B7 =2Im(k};) —+F,¢(T..+),

7 ( ”)M~_ Pf( lXj )

Xj

(14)

where F,,;(7) =771 (7). Thus, in the C'P conserving limit,
only the SM fermion loops (and not boson loops) con-
tribute to the production reaction vy — A of the CP
odd neutral Higgs boson A at photon colliders. Therefore,
the C'P violating effect from the chargino loops would be
prominent in the process vy — Has.

It is also convenient to use the two helicity amplitudes
M(jl and MY (] =1,2,3) from

| . |
M)y, = =M= {4 ()53, +1M B (5)0x,0, )

(15)
where A1 2 = & denote the photon helicities. Then, in the
narrow-width approximation, the partonic cross sections of
the s-channel Higgs production [43, 44] are

dw%m4M(W|“W@ﬂm%%M
=60(H, )(l—MIQJZ/s)

By using the amplitudes of vy — H; (i =1,2,3) at s =
M %Iw we can also obtain the unpolarized decay rates of the

(16)
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neutral Higgs bosons into two photons,
o2
I'(Hi —vv) = 5563 ez Mu;
x (J4i(s = ME,)|* + | Bis = ME,)|*) -
(17)

The Higgs sector C'P violation can be measured in
the following three polarization asymmetries A4, (a =
1,2,3) [27,28] defined in terms of two independent helicity
amplitudes A;(s) and B;(s):

A(H) = |M$L|2 - |Mf)_|2 _ 2Tm[A;(s)Bi(s)"]
IMP 2 Mm@ 2 Ai(s) P+ [Bi(s)]?

(18)
Aa(Hy) = 2Im(MY>jM$L) _ 2Re[Ai(s)Bi(s)"]
IMP 2 Mm@ 2 [Ai(s) P+ [Bi(s)]*

(19)
(D)% g 4(9) A2 B2
As(Hy) = 2Re(M-" My ):IAl(S)I2 IBz(S)I2
MO 2 | MD 2 [Ai(s)]? +[Bi(s)]

(20)

In the C'P conserving limit, one of the form factors A;
and B; must vanish, and thus A; = A, =0, and Az = +1
(—1) for a pure CP even (CP odd) Higgs scalar. From the
definition of the function f(7) in (12), we find that the
form factors A; and B; may be complex when the Higgs
masses My, are two times larger than the particle mass
in the loop. This will induce rich structures in the polar-
ization asymmetries A, as functions of Higgs masses and
other SUSY parameters in the presence of Higgs sector C' P
violation.

Finally, the number of events can be estimated by the
combination of the luminosity and the cross section for yy —
H;—1 2 3. Although the photon beam luminosity depends on
many parameters, if one considers only the high energy part
of the generated photons, the conversion factor (~ 0.3) and
the photon spot size comparable to that of electron beam,
the approximate luminosity of the v+ collider [56, 57] is

L7 7~ 0.3%LEE

geom

~0.1L5

geom ?

(21)
where £§§0m is the luminosity of the eTe™ collider. Tak-
ing 100 fb~! as a nominal integrated luminosity in the y7y
mode, we can expect 100 events per year if the production
Cross section is 1 fb.

4 Numerical analyses

There are three independent complex phases, arg(Ms),
arg(u) and arg(A;), that could be relevant to C'P violat-
ing Higgs mixing (called indirect C'P violation) and direct
C P violation in the production or the decay vy <> H;. The
C P violation in the neutral Higgs sector through the stop
loop contributions with the complex A; parameter always



606

Table 3. CP violations from three independent phases for
moderate tan 8 < 20

Phase Indirect mixing Direct CPV
arg(Az) Yes Yes
arg(Ma) Small Yes
arg(u) Yes Yes

appears in the combination of arg(A:u). For the complex
M, parameter, the chargino mass matrix will contain C' P
violation, and thereby there would be additional C'P violat-
ing effects in the chargino loop contributions to vy — H;.
However, this C' P violating effect is independent of C'P vi-
olation of the neutral Higgs sector resulting in the mixing
between the C'P even and the C'P odd Higgs bosons for
tan 8 < 20 [49]. Note that values of tan 8 < O(3) in the CP
violating MSSM are not favored by the data collected by the
four LEP collaborations [46]. In Table 3, we list the effects of
the C PV phases on both indirect and direct C'P violation.

In general, all the three phases can be nonzero simul-
taneously, generating C'P violations in the mixing as well
as in the decay (or production). In order to see the effect
of each phase, let us consider the following simplified cases
separately.

e Case I: the chargino loop in the C'P conserving limit.

e Case II: nonvanishing arg(A;). In this case, there are
CP violations both in the mixing and in the produc-
tion/decay from stop loops. The chargino loop contribu-
tions are C'P conserving in this case.

e Case ITI: nonvanishing arg(Ms). In this case, the C'P vio-
lating Higgs mixing due to the chargino loops is small for
tan 8 < 20, and only the direct C'P violation is import-
ant.

e Case IV: nonvanishing arg(u). In this case, there are
CP violations both in the mixing and in the produc-
tion/decay.

o Case V: fixed 1 and M, phases from eTe™ — Xj'xj_, and
the unknown A; phase. We set arg(u) = arg(Mz) = 45°,
and vary arg(A;).

tanB=10

\ \
600

| | |
800 1000
M, [ GeV ]

ol—
o
N
o

o

2
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For numerical analyses, we fix the parameters as fol-
lows. First, A; = Ay is assumed for simplicity, even if these
couplings are independent in general. Secondly, in order to
investigate the chargino contributions more clearly (see the
discussion following (8)) the chosen parameter set is com-
posed of

|At| = [As| = % =04TeV, |[Ms|=0.15TeV,
tan( =10, Mgysy =0.5TeV. (22)

Using this set of parameters, we will study in detail
Go(yy — H;) and A,(H;) as functions of each Higgs bo-
son mass My, and the C'P violating phases with/without
the chargino loop contributions. Because the A; phase is
strongly constrained by the two-loop Barr—Zee type con-
tributions to the EDMs of electron and neutron, we do not
consider the case of very large tan (.

4.1 Case I: chargino loop contributions in the CP
conserving limit

It turns out that the Higgs sector C'P violation is most
prominent in the would-be C'P odd Higgs boson Hs pro-
duction at photon colliders. Therefore, the production of
the would-be C'P odd Higgs scalar is first discussed. In
Fig. 1, we show the production cross sections for vy — Hs
and vy — Hs as the functions of real M5 in the C'P con-
serving limit (i.e., arg(A4:) = arg(Mz) = arg(p) = 0°). In
both cases, we assumed a real = 1.2 TeV, and set M+ =
300 GeV, so that My, =290 GeV for tan 8 = 10. The solid
(dash-dotted) curve represents the case with (without) the
chargino contributions. For vanishing A; and p phases,
H; will be the pure CP odd state (A) for our parameter
set (22). In this case, 6(yy — Hz) can receive contribu-
tions only from the fermion loops, since the couplings of
H; to the sfermion, charged Higgs boson and W-boson
pairs vanish in the C'P conserving limit. The cross sec-
tion for vy — Hs without the chargino loop contributions
is independent of My (thus there appear the horizontal
dash-dotted lines), and is quite small (< 0.1 b). The bot-

§ C
T r tanf=10
S
10-1‘\\\‘\\\‘\\\‘\\\
200 400 600 800 1000
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Fig. 1. In Case I, the cross sections for vy — Ha (left) and vy — Hs (right) with the chargino loop contributions (solid curve)
and without the chargino loop contributions (dash-dotted horizontal line) in units of fb as functions of Ms with tan 8 = 10. We
choose M+ = 300 GeV and arg(A¢) = arg(u) = arg(Ms) = 0° for the parameter set (22)
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tom quark contribution is negligible compared to the top
quark contribution for two reasons: (i) the small b quark
mass, and (ii) the smaller electric charge of b quark due to
the production amplitude 6(2:1. For our choice of parame-
ters, it turns out that the bottom quark contribution can be
safely neglected for tan 8 < 10. On the other hand, the cross
section for vy — Hs is enhanced almost by an order of mag-
nitude, when the chargino loop contributions are included.
The chargino loop contributions to vy — Hy cannot be ig-
nored at all, if charginos are not very heavy. This is true even
in the case of | Mz | < ||, where the wino—higgsino mixing is
not large. The lighter chargino is still light enough (| M| =
150 GeV for our parameter set) and the loop contribution
is important. In addition, due to the ﬁ suppression fac-
tor for the top loop, the chargino loop contributions become
more important for larger tan 8. Finally, as Ms increases,
the lighter chargino becomes heavier, and then the chargino
loop contributions decrease rather quickly due to the decou-
pling theorem. Since the chargino masses arise dominantly
from the SUSY breaking rather than from the electroweak
symmetry breaking, the decoupling mechanism is more ef-
fective for the chargino loop contributions than the top loop
one.

4.2 Case ll: nonvanishing arg(A:)

In the case that arg(A;) is the only C'P violating phase,
there are C'P violations both in the Higgs mixing and in
the production/decay from stop loops, but the chargino
loop contributions are C'P conserving. We want to analyze
this case in order to compare our results with the pre-
vious ones of [64], where the chargino loop contributions
were neglected by the decoupling mechanism of very heavy
charginos. On the other hand, purely direct C'P violating
effects from the chargino loops will be discussed in the fol-
lowing subsection for Case III.

In Fig. 2, we show the cross section for vy — Hs as
a function of arg(A;) for tan 3 = 10. The solid (dotted)
curves represents the case with (without) the chargino loop
contributions. For arg(A4;) = 0° (or 180°), the cross section
is strongly enhanced by the chargino loop contributions as
discussed in the previous subsection. As arg(A;) is turned
on, the cross section is significantly enhanced even without
the chargino loop contributions. The reason for this en-
hancement can be that all the charged particles including
bosons begin to contribute in the presence of C'P violation
in the Higgs sector. The dotted curve strongly depends on
arg(A;) for the following reasons.

First of all, the mixing angles sensitively depend on
arg(A;). Since the mixing between the CP even and
CP odd neutral Higgs bosons arises from the stop loops
(see (4)), the A; phase affects the C'P mixing through
Im(A¢p) in (4). In addition, once CP is broken in the
Higgs sector, all the charged particles including bosons as
well as fermions contribute to vy — Hy. Thus, the scalar
particles of stops can contribute to the Hs production
showing the dependence on arg(A;). The stop masses in
the triangle loop of vy — Hs can give a strong phase de-
pendence to the Higgs production cross section, since the
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Fig. 2. In Case II, the cross sections for vy — Hs with the
chargino loop contributions (solid curve) and without the
chargino loop contributions (dotted curve) in units of fb as a
function of arg(A¢) for My = 150 GeV. The phases of p and Ma
are set to zero

LR mixing term thR =my(Afe € — u/tan B) in (A.15)
of Appendix A depends sensitively on the A; phase espe-
cially for |A¢| ~ |/ tan G|. In the meantime, the dominant
contribution still comes from the chargino loops (see the
solid curves in Fig. 2). The net result depends on arg(A;)
rather mildly, mainly through the A; phase of the C'P odd
and C'P even Higgs mixing. In addition, note that the sen-
sitivity of the cross section ¢ (yy — Ha) to arg(A4:) may
increase as tan 3 decreases. This tendency can be under-
stood by the phase dependencies of the stop masses, since
stop loops contribute to the triangle-loop diagrams. The
stop mass eigenvalues are maximally sensitive to the C'P
phase arg(A;) when |A;| = |p|/ tan B due to the LR mixing
(i.e., tan B|m.s. = 3 for our parameter set |A;| = |u|/3), so
the stop masses are less sensitive to the C'P phase arg(A;)
for the larger tan 8 = 10. Therefore, the phase dependence
of the cross section is a decreasing function of tan(§ for
tan 8 2 O(3) in our choice of SUSY parameter set.

In Fig. 3, the cross sections 6¢(H;) (i =1,2,3) in
units of fb are presented for five different A; phases:
arg(A;) = 0° (thick solid curve), 40° (dash-dotted curve),
80° (dashed curve), 120° (dotted curve) and 160° (solid
curve) for tan 3 = 10. Since it was shown from Fig. 2 that
the chargino loop contributions are important for the pro-
duction cross sections, they are included in Fig. 3 with
Ms =150 GeV for Wthh M~_ = 148.2 GeV. The chargino

contributions to vy — Hi are negligible, since My, is far
below the chargino pair threshold QMT for our param-
1

eter set. On the other hand, two heavier Higgs productions
are affected by the chargino loops by significant amounts,
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Fig. 3. In Case II, the unpolarized cross sections for vy — H; (i = 1, 2, 3) with the chargino loop contributions for tan 3 = 10 and
Ms =150 GeV in units of fb as functions of each Higgs mass for five different values of the A; phase: arg(A¢) = 0° (thick solid
curve), 40° (dash-dotted curve), 80° (dashed curve), 120° (dotted curve) and 160° (solid curve). The phases of u and Ma are set

to zero

and we can observe rich structures in the production cross
sections due to the interference among the contributions
of all the charged particles. For example, if the chargino
loop contributions are not included, the production cross
section for vy — Hs will have only a single peak at the
point Mg, = 2m; for arg(A;) = 0°. However, due to the
chargino contributions, the production cross section shows
two comparable peaks at the points My, = 2M)2_ (lighter

chargino) and My, = 2m; in the C'P conserving limit. As
the C'P violating phase arg(A;) increases, the cross sec-
tion &¢(yy — Ha) starts to get extra contributions from
the charged boson loops (involving the sfermions, charged
Higgs boson and the W-boson pairs) due to the mixing
between the C'P odd and C'P even neutral Higgs bosons.

We can consider some tan 3 dependencies in terms of
three aspects: (i) the effect of bottom quark loop contri-
bution, (ii) the dominant chargino loop contributions, and
(iii) the interchange of the C'P properties of the neutral
Higgs bosons.

e Since the bottom quark Yukawa coupling (to the C'P
even Higgs boson) is proportional to 1/ cos 3, the bot-
tom quark contribution can be significant in the region
of large tan 8. For arg(A;) = 0°, the C'P odd Higgs bo-
son Hs has pseudoscalar couplings to the top and bot-
tom quarks, where the coupling of Hs to the top (bot-
tom) quark is proportional to cot S (tan ) (see (B.1)
and (B.2) of Appendix B). Furthermore, there are ad-
ditional differences from different electric charges of the
top and bottom quarks, since the vy — H; amplitudes
depend on e, which are (2/3)? versus (—1/3)? for the
(s)top and q)bo‘ctom respectively. On the other hand,
the loop functlons have weaker tan 8 dependencies. For
our parameter set, it turns out that the bottom quark
contribution begins to dominate the top quark contribu-
tion for tan 3 ~ 10.

e In the C'P conserving limit, the chargino contributions
to vy — A are dominant over the top quark contribu-
tion, since the latter is suppressed by ﬁ relative to
the former in spite of assuming the O(0.1) mixing an-
gles in the chargino sector. This may imply that the
top quark contribution decreases more quickly than the

lighter chargino contribution (i.e., there occurs a higher
peak at the chargino pair threshold) as tan § increases.
e The final point is the interchange of the C'P properties
of the heavier Higgs bosons Hs and Hj for large arg(A:)
and large tan § = 10. Since there are only fermion contri-
butions to the C'P odd Higgs production, i.e., two peaks
at My, = 2M-7 and 2m;, we can find from F1g 3 that

Hj for arg(At) = 160° has the same C'P odd property
as H for arg(A;) = 0°. This can be checked even more
easily by using the polarization asymmetry Ajg, which
is +1 (—1) for a CP even (CP odd) Higgs boson, as
discussed below in relation with the polarization asym-
metries (Figs. 4 and 5).

In the meantime, since the importance of the chargino loop
contributions for H3 production is also similar to the case
of Hs production as discussed above, we will not repeat it.

Assuming 100 fb~! as a nominal integrated luminosity
in the vy mode, we can infer from Fig. 3 that the max-
imum number of events for the CP odd Higgs boson is
approximately 1 per a year for tan 8 = 10, when the un-
polarized cross section does not contain the chargino loop
contributions. However, the chargino loop contributions
enhance the maximum number of events as approximately
71. Hence, the chargino loop contributions for the produc-
tion of the would-be C'P odd Higgs boson can be significant
at the v~ collider.

In Fig. 4, three polarization asymmetries of Hy are
shown as functions of arg(A;). We choose M+ = 300 GeV
as in Fig. 1 so that My, =290 GeV. The case with (with-
out) chargino loops is represented by solid (dash-dotted)
curves. The polarization asymmetries A, (®P) satisfy the
following relations:

Ay o(B) = — A1 5(360° — D), Ag(P) = +A3(360° — &),

(23)

where & = arg(Aip) + ¢ with £ ~ 0. Namely, A, o are CP
odd observables (antisymmetric about ¢ = 180°), and A3
is a C'P even observable (symmetric about ¢ = 180°). It is
noteworthy that the chargino loops not only enhance the
cross sections but also affect the polarization asymmetries
by significant amounts.
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Fig. 4. In Case II, the polarization asymmetries Aq (a = 1,2, 3) without (dash-dotted curve) and with (solid curve) the chargino
loop contributions as functions of arg(A:). We take M+ = 300 GeV and arg(u) = arg(Mz) = 0° for the parameter set (22)

In Fig.5, we present the polarization asymmetries
A (H;) (a,i=1,2,3) as functions of the neutral Higgs
masses for arg(A4;) = 0°, 40°, 80°, 120° and 160°, includ-
ing all the charged particles in the loops. The lightest Higgs
boson Hj behaves like a C'P even scalar for tan 5 = 10,
since —0.1% < A; <0,0< A3 <0.3%, and A3 ~ 1. Iftan 8
becomes larger, the top (stop) loop contribution is ac-
companied by the bottom (sbottom) contribution to the
polarization asymmetries of the heavier Higgs bosons Ho
and Hj. According to Fig. 5, it should be indicated that
as the C'P violating phase arg(A;) increases for the case
of large tan 3, the value of the asymmetry Az of Hy ap-
proaches that of Hj at arg(A;) = 0° and vice versa, i.e., the
C P properties of the heavier Higgs bosons Hy and Hs can
be interchanged.

From Fig. 5, the polarization asymmetry As(Hy) is the
most sensitive C'P observable in detecting the C'P viola-
tion of the lightest Higgs boson for rather large tan 3, when
the chargino contribution is included. This result is differ-
ent from [43], where charginos are neglected by assuming
that they are very heavy. Unfortunately, the asymmetry
itself is too small, so that it would not be easy to detect
nonzero Ay (H;). However, the asymmetries for the heav-
ier neutral Higgs bosons Hs and Hj can be sizable enough
to be used as probes of Higgs sector C'P violation, if they
are produced with high statistics at NLCs. Therefore, it
is necessary to prepare the colliding photon beams with
large linear polarizations as well as a high center of mass
energy /s, in order to produce the neutral Higgs bosons
and determine their C'P properties in a model independent
manner.

4.3 Case lll: purely direct C P violation from
nonvanishing arg(M>)

Until now, we have analyzed the cross sections and asym-
metries of the neutral Higgs mass eigenstates by varying
arg(A;) alone. Since there are other possible C'P violating
phases such as arg(p) and arg(Ms), further analyses with
those phases are to be performed. From the previous fig-
ures, we can easily expect that for the parameter set (22)
the contribution of charginos is dominant over those of the
others by comparing the cross sections and asymmetries
with the chargino contribution to those without it. There-

fore, we will always include the chargino loop contributions
and no longer discuss the situations without the chargino
loops from now on.

In Case III with arg(A;) = 0°, there is no considerable
C P violating mixing between the neutral Higgs bosons for
tan 3 < 20. However, the phase in M; can generate direct
CP violations in vy — H; through the chargino loop dia-
grams.

o The Hj—)Z;—S(f couplings have strong phase dependen-
cies on both arg(u) and arg(Ms), since the off diagonal
components of the chargino mixing matrices U and V
are sensitive to those phases.

e Meanwhile, from numerical work, we were able to ascer-
tain that the coupling constants x3, of the H;—X;—X;
vertices in (8) are insensitive to the A; phase for our
parameter set — this was expected from Fig. 2 to some
extent.

e Due to |Ms| < |p| for our parameter set, we can find
from (A.11) that the masses of the charginos are nearly
independent of the y and Ms phases. This implies that
the loop function part is almost the same for any varia-
tions of the C'P violating phases.

Since the mass of the lightest Higgs H; is smaller than
that of the lighter chargino for our parameter set (22), its
production amplitude receives little contribution from the
charginos, and thus we will consider only the heavier Higgs
bosons, Hs and Hs. In Fig. 6, we show the cross sections for
H; and Hs production with nonvanishing M; phase. It can
easily be noted that the cross sections are symmetric about
the C PV phase = 180° due to the C'P natures of the A and
B form factors, and that they have stronger dependencies
on the M> phase than on the A; phase for our parameter
set. It is observed that the cross section of Hs production
has a weaker dependence on the Ms phase than that of Ho
production for the parameter set.

In Fig. 7, the cross sections for vy — H;—1 2 3 are shown
as functions of the neutral Higgs boson masses My, for
different values of arg(Ms). Again we observe the thresh-
old behaviors when My, is equal to twice the value of the
masses of the charged particles in the loop. For the heav-
ier neutral Higgs bosons, the production cross section is
smaller than 1fb in most of the parameter space, and it
would be difficult to produce and study them directly at
photon colliders.
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Fig. 5. In Case II, the polarization asymmetries Aq (a = 1,2, 3) with the chargino loop contributions as functions of each Higgs
mass for five different values of the A; phase: arg(A:) = 0° (thick solid curve), 40° (dash-dotted curve), 80° (dashed curve), 120°
(dotted curve) and 160° (solid curve). We choose arg(u) = arg(Ms) = 0° for the parameter set (22)

In Fig. 8, including the chargino contributions, we
present the polarization asymmetries A4, (a =1,2,3)
of Hy and Hj as functions of arg(Msz). In this case,
any nonzero values of polarization asymmetries A, can
be taken as clear indications of direct C'P violations
in the vy — H;, since the CP violation in the mixing
from arg(Ms) is negligible for tan 8 < 20. From the an-
alysis of the chargino mixing angles in Appendix A,
it can easily be checked that for arg(A;) = arg(u) =
0°, the asymmetries Ay 2(Hz) and Az(Hz) are antisym-
metric (i.e., CP odd observables) and symmetric (i.e.,

a CP even observable) about arg(Ms) = 180°. A simi-
lar argument is applied to the figures for varying the pu
phase. Thus, in both cases, the asymmetries have strong
sensitivities to the C'P violating phases. However, be-
cause for tan 8 < 20 the M> phase participates only in
the triangle diagram of the vy — H; (i.e., Hy is nearly
the pure CP odd state A), there occur differences be-
tween Figs. 8 and 11, treated in the next subsection.
On the other hand, it seems that the asymmetries of

Hj are less sensitive to the M» and p phases than those
of H2.
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4.4 Case IV: nonvanishing arg(u)

Because the p phase is the only source of C'P violation,
there occur direct C'P violations in yy — H; from the
chargino loop contributions as in Case III of the C'P vi-
olating My phase. In addition, there must exist indirect

CP violating mixing in the neutral Higgs bosons from the
stop loop contributions in (4). Therefore, the structures
in the C'P violating observables will be richer than those
in Case II of the nonvanishing A; phase. The observations
made in Case III are still valid for nonzero y phase, and we
do not repeat them here.
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In Fig. 9, we show the production cross sections for Hy
and Hj at photon colliders as functions of the p phase. It
can easily be noted that the cross sections are symmet-
ric about the arg(u) = 180° due to the C'P natures of the
A and B form factors. The cross sections depend more
strongly on the p phase than on the A; phase for our pa-
rameter set. In Fig. 10, the cross sections for yy — H;—1 2.3
are presented as functions of Mg, for tan 3 = 10. The cross
section for H; is quite large and depends strongly on the
© phase. On the other hand, the cross sections for Ho
and Hjs are smaller than 1fb in most of the parameter
space, and it would not be easy to produce them at photon
colliders.

In Fig. 11, we present the polarization asymmetries A,
(a=1,2,3) of Hy and Hj as functions of arg(u). From
the analysis of the chargino mixing angles in Appendix A,
it can easily be checked that for arg(A;) = arg(Msz) = 0°,
the asymmetries A; o(H;) and A3(H;) are antisymmet-
ric (i.e., CP odd observables) and symmetric (i.e., a CP
even observable) about arg(u) = 180°, with £ neglected
as in the analysis of Fig. 4. The polarization asymmetries
have strong sensitivities to the p phase. Note that due
to tan 8 < 20, the p phase has effects on both the Higgs
scalar—pseudoscalar mixing and the chargino triangle loops
(i.e., Hy may be a mixed state of the CP even and CP odd
Higgs bosons), but the M phase influences the triangle di-

S. Bae et al.: MSSM Higgs sector C' P violation at photon colliders: Revisited

agram alone (i.e., Hy is almost the pure CP odd state A).
This may explain the differences between Figs. 8 and 11.

4.5 Case V: fixed o and M, phases, and the unknown
A; phase

The most general case will be that all the parameters p,
M> and A; are complex numbers. It would not be very illu-
minating to vary all the parameters simultaneously. Once
the ILC starts to run, one can determine p and My (both
the moduli and phases) and also tan 3 without ambiguities
from ete™ — ij;. Then the only unknown phase will
be contained in the A; parameter. Therefore, in this sub-
section, it is assumed that two complex parameters p and
M> are completely known from the ILC. Specifically, we fix
arg(p) = arg(My) = 45° and vary arg(A;) from 0° to 360°
for the parameter set (22).

In Fig. 12, the cross sections for yy — Hy 3 are pre-
sented as functions of arg(A;) for tan 8 = 10. In Fig. 13,
the cross sections for vy — H;—1 23 are shown as func-
tions of My, . In Fig. 14, we show the asymmetries A, (Hz)
(left) and A, (H3) (right) as functions of arg(A;). Note that
there is no more symmetry around arg(A;) = 180° for the
nonzero p and M, phases in Figs. 12 and 14. The structures
are richer and more complicated than the previous cases.
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Fig. 10. In Case IV, the unpolarized cross sections for vy — H; (i =1, 2, 3) for M2 = 150 GeV in units of fb as functions of each
Higgs mass for five different values of the p phase: arg(u) = 0° (thick solid curve), 40° (dash-dotted curve), 80° (dashed curve),
120° (dotted curve) and 160° (solid curve). The phases of Ma and A are set to zero
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Fig. 13. In Case V, the unpolarized cross sections for vy — H; (i = 1,2, 3) for My = 150 GeV in units of fb as functions of each
Higgs mass for five different values of the A; phase: arg(A¢) = 0° (thick solid curve), 40° (dash-dotted curve), 80° (dashed curve),
120° (dotted curve) and 160° (solid curve). The phases of My and A; are set to 45°

Since still the production cross sections for the heavier neu-
tral Higgs bosons are smaller than 1 fb in most parameter
space, it would not be easy to produce and study them at
photon colliders. However, the production cross section for
the lightest neutral Higgs boson H; is quite large, and it
also depends on the C'P phases to some extent — this im-

plies that the lightest neutral Higgs boson could be studied
in detail at photon colliders. Note that the determination
of the soft SUSY breaking sector involving the stop sector
is a phenomenologically important issue. It is not possible
to achieve this by utilizing the process eTe™ — fiff alone.
Whether Higgs sector C' P violation due to the nonzero Ay
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Fig. 14. In Case V, the polarization asymmetries A, (a =1,2,3) of Hy (thick dotted curve) and Hs (dotted curve) with the
chargino loop contributions as functions of arg(A:). We choose M+ = 300 GeV and arg(u) = arg(Mz) = 45° for the parameter

set (22)

phase could be helpful deserves a further careful study, and
will be discussed elsewhere.

5 Conclusions

In this work, we presented a comprehensive analysis of neu-
tral Higgs boson production at photon colliders through
vy — H;i—1,2,3 in the presence of the Higgs sector C'P vi-
olation of the MSSM. In particular, we have included the
chargino loop contributions, which were ignored in the pre-
vious studies. In many SUSY breaking scenarios in the
literature, charginos are not too heavy, so that their effects
are generically important. The production of the would-be
CP odd H; boson is enhanced by an order of magnitude
when chargino loop contributions are included even with-
out Higgs sector C'P violation. If the phases of the A;, My
and p parameters are turned on, the C'P violation in the
Higgs sector becomes very rich in structure due to the in-
direct and direct C'P violations. This is also true of the
case of the heaviest Higgs boson Hs. In addition, the po-
larization asymmetries are affected by the Higgs sector C' P
violation. When the parameters A;, My and p have large
CP violating phases, their effects can appear in various
physical observables: e.g., the Higgs sector C'P violation as
discussed in this work, and also the direct C'P violation in
B — X7 [58—-63]. Since the latter is an indirect signature,
it is important to probe SUSY C'P violation in a direct way.
Thus it is important to investigate C'P violation from the
soft SUSY breaking sector such as arg(A;), arg(Msz) and
arg(u) in the Higgs sector C' P violation by using -y collid-
ers as discussed in this work. In this regard, the v+ mode
at ILC with high /s, and luminosity and high quality
beam polarizations will be indispensable for this purpose
by measuring the cross sections of vy — H; (i =1, 2, 3) and
the three asymmetries A, (H;) (e =1,2,3) in the MSSM.
Since the production cross sections for the heavier neutral
Higgs bosons are smaller than 1 fb in most of the parame-
ter space, it would be difficult to produce them and study

their C'P properties at the current planned luminosity at
photon colliders. It would be most desirable to increase the
luminosity of the photon colliders.
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Appendix A: Charginos and scalar tops

The chargino mass matrix in the (W, H*) basis [55] is

M, V2e " ¥€myy cos 3
= Al
MC <\/§mW Sin,@ M ’ ( )
where M, and p are wino and higgsino masses, and e*'¢
is the phase of the up-type Higgs VEV [11-13]. Since the
mass matrix M is a general complex matrix, it is diago-
nalized by a biunitary transformation:

UMV t= diag(M—, M), (A.2)

with M_, > M_, > 0. In order for M__,

we deﬁne the umtary matrix U as a product of two unitary
matrices

to be positive,

U=HU'. (A.3)
The angles 6, and ¢ of the unitary matrix
01 +ig1 g3 9_1
cos e sin
U/ = . 2 A.4
<—e“¢1 sin%  cos % ) (84)
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are given by
tanf, = {QﬁmWHMﬂQ cos> B+ |M|QSin2,8
+ | M| |p|sin 28 cos(d,, + b2 +§)]1/2}/

{|M2|2—|u|2—2m12/vcos2,8}, (A.5)

—|Ma| sin 62 cos B+ || sin(d, + &) sin 8
| M| cos b2 cos B+ || cos(d, + &) sin B
(A.6)

tan ¢ =

where §, = arg(p) and d2 = arg(Ms). The unitary mixing

matrix V is
cos 922 e 1%2gin %2
v=| o2, b (A7)
—e %2 gin 5 cos

where
tan Oy = {Qﬁmw [|M2]? sin® B+ |u|? cos® B

+ |M2||,u|sin2ﬂcos(6u+52+£)]1/2}/

{|Ma|? = | + 2m3y cos 28} (A.8)
tan gy = | M| sin(d2 + &) sin 8 — || sind, cos B
27 My cos(65+€) sin B+ || cos b, cos B
(A.9)

By using the unitary matrix H = diag(e'?1,e'72), where
71,2 are the phases of the diagonal elements of U* MoV ~1,
we finally obtain

U*Mchl = diag(M)zl_ , M)Zg_) . (A.10)
And the mass eigenvalues of charginos are
1 1
2 _ 1 2 2 2 2 21,1212
ME = = S (ML +[ul* +2miy) F S[(1M2) = |uf)
+ 4myy, cos® 2B+ dmiy, (| Ma|* + ||
+2|My| || cos(6,, +62) sin23)] 2. (A1)

Note that the mass eigenvalues and the mixing angles de-
pend on the CP violating phases £, d,,, and d.
The stop (mass)® matrix M? [51] is written as

‘Cf‘r{l:gss = (tL tR)M2 <tL>
tr

2 2 g
(& &) (m mf;R) (t) (A12)

LR iR

where

1 2
m%L = MEQL +m24+m% cos2ﬁ<§ -3 sin? Oy

(A.13)

2
mth = M,?R +m?2+m% cos2f- 3 sin? Oy , (A.14)
mi g =me(Afe — pcot ). (A.15)

615

The stop mixing angle 6; is

1 2|m?2
0; = 3 arctan (%) .

—m

(A.16)
ma, iR

The relations between the mass and the weak eigenstates of
stops are given by

t1 =11, cos 0; + tre P sin 0z,

ty = —i1,e!P% sin O; + tg cos ; (A17)

where By = — arg(mtgLR). The mass eigenvalues of the
lighter and heavier stops are

L~ Mk +4| tLR|2) :
(AL18)

2 1 \/
mfl,EQ 2 <m + mtR +

Note that m- .
t1,t

arg(A;) and arg( ) due to m? .

is dependent on the C'P violating phases
in (A.15).

Appendix B: Relevant couplings

In this section, we list the couplings relevant to vy — H;
(i=1,2,3) that appear in Table 1.

e The Higgs—fermion—fermion couplings:

B Ui Rl 1
‘CHff:_%f[<R_f£)_i75< Rg )}me (B.1)

where

Rgzﬁgzsinﬁzsfg,
(B.2)

RgZREZCOSﬁECg,

U? = 0171' 5 U}J = 0271' , CL? = a}l = 0371' .
Here the matrix O diagonalizes the Higgs mass matrix
as in (5). In the presence of Higgs sector C'P violation,
the Higgs bosons couple with both C'P even and C'P odd
bilinears, f f and f~sf, simultaneously.

e The Higgs—W—-W couplings are determined by the gauge

couplings:

Low+w- = ng(cﬁaOu +850271)H¢W;W_” .

(B.3)
e The Higgs—sfermion-sfermion couplings:
Ly jj, =957, 0 e (B.4)
where
95 7, = Clipy Ouxi ()33 (U )k (B.5)

The matrix Uy diagonalizes the sfermion mass matrix

UTM2Uf = diag (m ,m2 )

3 (B.6)
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where mz <mj . The indices a and {3,7} label the
three neutral Higgs bosons (¢1, ¢2,a) and the sfermion
chiralities {L, R}, respectively. The explicit expressions
for éi;m can be found in [64].

The H;,~HT—H~ couplings are determined by the Higgs
potential. If we define

;CHZ,H—Q—H— :’UCfL‘HiH+H7 y (B?)
then the couplings C; are given by [43, 44]
Ci = Z Oa,ica ) (B8)

a=1,2,3
with

c1 = 28%%)\1 + C%)\?, — S%Cﬁ)\;; — 23%05 Re ()\5e2i£)
+5p(s5 —2¢3) Re (Xge'®) + sk Re (Areld)
Cy = 20%35)\2 + 8%/\3 — c%s/g/\4 — 26%85 Re ()\5e2i£)
+ 053% Re ()\6ei£) +cp (c% - 23%) Re ()\7€i£) ,
c3 = 2sgcg Im (/\5e2i5) — s% Im (Aﬁeif) — c% Im (/\7ei§) .
(B.9)
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