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We study chargino production at a muon collider with longitudinally polarized beams and center of
mass energies around the heavy neutral Higgs boson resonances. We show that the interference of the CP
even and CP odd Higgs bosons can be analyzed using the energy distributions of the lepton or W boson
from the chargino two-body decays ~��j ! ‘�~�‘ or ~��j ! W� ~�0

1, respectively. The energy distributions
depend on the longitudinal polarization of the decaying chargino, which are correlated to the muon beam
polarizations. We define asymmetries in these energy distributions which allow a determination of the H
and A couplings to the charginos and, in particular, of their relative phase. We analyze the asymmetries,
cross sections and branching ratios in CP conserving Minimal Supersymmetric Standard Model scenarios.
For nearly degenerate Higgs bosons we find maximal asymmetries which can be measured with high
statistical significance.
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I. INTRODUCTION

The CP conserving Minimal Supersymmetric Standard
Model (MSSM) contains three neutral Higgs bosons, a
light scalar h, a heavier scalar H, and a pseudoscalar A
[1–3]. A muon collider is an excellent tool to study the
properties of these neutral Higgs bosons, since they are
resonantly produced in s-channels [3–6]. A scan of the
production line shape around the resonance region allows
the determination of e.g. theH and Amasses and widths, if
the overlap of the two resonances is not too large [6].
Moreover, if the polarizations of the muon beams and the
final particles are taken into account, interference effects of
the H and A channels give valuable information on the CP
properties of the Higgs bosons [7]. The H–A interference
has been studied recently in [8], where the interactions of
the Higgs bosons with neutralinos, the supersymmetric
partners of the neutral Higgs and gauge bosons, have
been analyzed.

In this paper we study the production of charginos, the
supersymmetric partners of the charged Higgs and gauge
bosons, which allows precision measurements of the
Higgs-chargino couplings [9]. We show that the longitudi-
nal chargino polarizations are sensitive to the interference
of the H and A channels, which is sizable if the two Higgs
bosons are nearly degenerate, i.e. if their mass difference is
of the order of their decay widths. In order to probe the
longitudinal chargino polarizations, we define asymme-
tries in the energy distribution of the lepton ‘ from the
chargino decay ~��j ! ‘�~����‘ , and the W boson from the
chargino decay ~��j ! W� ~�0

k: A measurement of these
asymmetries and the cross sections allows a determination
of the Higgs-chargino couplings. In particular the asym-
metries provide the relative phase between the CP even
and CP odd Higgs boson couplings, which would be a
unique test of their CP properties.
05=72(9)=095004(12)$23.00 095004
In Sec. II we give our definitions and formalism, and
define the energy distribution asymmetries. In Sec. III we
study the dependence of these asymmetries on the Higgs-
chargino couplings. In Sec. IV we present numerical re-
sults and give a summary and conclusions in Sec. V.

II. DEFINITIONS AND FORMALISM

We study pair production of charginos with momentum
p and helicity �

�� ��� ! ~��i �p��i ; �i� � ~��j �p��j ; �j� (1)

with longitudinally polarized muon beams, and the subse-
quent leptonic two-body decay of one of the charginos into
a lepton and a sneutrino

~��j ! ‘� � ~����‘ : (2)

In the following we focus on the case ‘ � e;�. However,
the results we obtain can be extended for ‘ � � and for the
chargino decay into a W boson and a neutralino,

~��j ! W� � ~�0
k; (3)

for which we give relevant formulas in AppendixB.

A. Lagrangians and couplings

The MSSM interaction Lagrangians for chargino pro-
duction (1) via Higgs exchange are (in our notation we
follow closely [1,2,8])

L ����� � g ���c�����PL � c
����PR���; (4)

L ~�� ~��� � g �~��i �c
���
LijPL � c

���
RijPR�~�

�
j �; (5)

with PR;L �
1
2 �1� �

5�, g the weak coupling constant and
� � H;A; h. The muon and chargino couplings toH and A
are [2]:
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c�H�� � �
m�

2mW

cos�
cos	

; (6)

c�A�� � i
m�

2mW
tan	; (7)

c�H�Lij � �Q
�
ij cos�� S�ij sin�; (8)

c�A�Lij � i�Q�ij sin	� S�ij cos	�; (9)

c���Rij � c����Lji ; � � H;A; (10)

Qij �
1���
2
p Ui2Vj1; (11)

Sij �
1���
2
p Ui1Vj2; (12)

where � is the Higgs mixing angle, tan	 � v2=v1 is the
ratio of the vacuum expectation values of the two neutral
Higgs fields, 
W is the weak mixing angle and U, V are the
2	 2 matrices which diagonalize the chargino mass ma-
trix X with U�m�X�	V

�1
	n � m��m�mn [1]. The muon and

chargino couplings to the lighter Higgs boson h are ob-
tained by substituting � with �� �=2 in (6) and (8).

The Lagrangian for chargino decay into a lepton and a
sneutrino (2) is

L ‘~�‘ ~�� � �gVj1 �‘PR ~��Cj ~�‘ � h:c:; ‘ � e;�: (13)

The Lagrangians for ‘ � � and for the chargino decay into
a W boson and a neutralino (3) are given in Appendix B.

B. Amplitudes and spin density matrix formalism

For the calculation of the cross section for the combined
process of chargino production (1) and decay, (2) or (3),
which includes the chargino ~��j helicities �j, we use the
spin density matrix formalism of [10], as e.g. used for
chargino production in e�e� annihilation in [11]. The
unnormalized spin density matrices 
P of ~��i ~��j produc-
tion and 
D of ~��j decay are given by


P�j�0j
�
X
�i

TP�i�jT
P�
�i�0j

; (14)


D�0j�j
� TD��0j

TD�j ; (15)

where TP�i�j and TD�j are the helicity amplitudes for produc-

tion and decay, respectively. The amplitude squared for
production and decay is then

jTj2 � j��~��j �j
2
X
�j�0j


P�j�0j

D�0j�j

; (16)

with the propagator ��~��j � � i=
p2
��j
�m2

��j
� im��j

���j �,
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where p��j ,m��j
and ���j denote the four-momentum, mass

and width of the chargino, respectively.
Introducing a set of chargino spin vectors sa��j

, given in

Appendix A, the spin density matrices (14) and (15) can be
expanded in terms of the Pauli matrices �a


P�j�0j
� ��j�0jP�

X3

a�1

�a�j�0j
�a
P; (17)


D�0j�j
� ��0j�jD�

X3

a�1

�a�0j�j
�a
D: (18)

With our choice of the spin vectors, �3
P=P is the longitu-

dinal polarization of ~��j , �1
P=P is the transverse polariza-

tion in the production plane and �2
P=P is the polarization

perpendicular to the production plane. Inserting the density
matrices (17) and (18) into (16) gives

jTj2 � 2j��~��j �j
2

�
PD�

X3

a�1

�a
P�a

D

�
: (19)

The first term in (19) is independent of the chargino
polarization whereas the second term describes the spin
correlations between production and decay. Cross sections
and distributions are now obtained by integrating jTj2 over
the Lorentz invariant phase space element dLips

d� �
1

2s
jTj2dLips; (20)

where we use the narrow width approximation for the
propagator of the decaying chargino. Explicit formulas of
the phase space for chargino production (1) and decay, (2)
or (3), can be found e.g. in [12].

1. Contributions from H and A exchange

The expansion coefficients of the chargino production
matrix (17) subdivide into contributions from the Higgs
resonances and the continuum, respectively,

P � Pr � Pcont; �a
P � �a

r � �a
cont: (21)

The continuum contributions Pcont, �a
cont are those from the

nonresonant �, Z and ~�� exchange channels and can be
found in [11]. The resonant contributions are those from s-
channel exchange of the Higgs bosons H and A

Pr �
X

��H;A

P����r � P�HA�r ; (22)

�3
r �

X
��H;A

�3����
r � �3�HA�

r ; (23)

which read for ���� ! ~��i ~��j
-2
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P����r �
g4

4
�1� P�P��j����j

2jc����j2
�jc���L j
2 � jc���R j

2�

	 �s�m2
��i
�m2

��j
�

� 4Refc���L c����R gm��i
m��j
�s; (24)

P�HA�r � �
g4

2
�P� � P��Ref��H���A��gImfc�H��c�A��

�
g

	 
Imfc�H�L c�A��L � c�H�R c�A��R g�s�m2
��i
�m2

��j
�

� 2Imfc�H�L c�A��R � c�H�R c�A��L gm��i
m��j
�s; (25)

�3����
r �

g4

4
�1� P�P��j����j2jc����j2

	 �jc���L j
2 � jc���R j

2�s
������
�ij

q
; (26)

�3�HA�
r � �

g4

2
Ref��H���A��g�P� � P��Imfc

�H�
L c�A��L

� c�H�R c�A��R gImfc�H��c�A���gs
������
�ij

q
: (27)

The resonant contributions �1
r and �2

r to the transverse
polarizations of the chargino vanish, since the s-channel
exchange is due to scalar Higgs bosons. In the above
formulas the chargino indices of the couplings c���R �

c���Rij and c���L � c���Lij have been suppressed, the longitudinal
beam polarizations are denoted by P�, P�, and

���� � i
�s�m2
�� � im����

�1; � � H;A; (28)

�ij � ��s;m2
��i
; m2

��j
�; (29)

with ��x; y; z� � x2 � y2 � z2 � 2�xy� xz� yz�. Note
that both P�HA�r and �3����

r vanish for production of equal
charginos i � j since then the Higgs-chargino couplings
are parity conserving, with c���Lii � c����Rii . These two terms
are only present for ~��1 ~��2 production since c���Lij � c����Rij

for i � j in general. We neglect interferences of the chi-
rality violating Higgs exchange amplitudes with the chi-
rality conserving continuum amplitudes, which are of
order m�=

���
s
p

. Further we neglect contributions from h
exchange far from its resonance.

In order to find observables which are sensitive to the
H–A interference, we analyze the properties of the coef-
ficients P and �3

P (21) under parity and charge conjugation.
For the production of the charge conjugated pair of char-
ginos ���� ! ~��i ~��j they transform into

�3
cont ! ��3

cont; (30)

P�HA�r ! �P�HA�r ; (31)
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�3����
r ! ��3����

r ; (32)

while Pcont [11], P����r and �3�HA�
r do not change. For equal

beam polarizations P� � P� � P the resonant contribu-
tions transform under P ! �P into

P�HA�r ! �P�HA�r ; (33)

�3�HA�
r ! ��3�HA�

r ; (34)

while the terms P����r , �3����
r and the continuum contribu-

tions Pcont and �3
cont [11], are invariant. Note that the H–A

interference terms P�HA�r (25) and �3�HA�
r (27) are parity odd

and thus vanish for zero beam polarizations P� � P� �
0.
2. Chargino decay into electrons and muons

The expansion coefficients of the chargino decay matrix
(18) for the chargino decay ~��j ! ‘�~�‘, with ‘ � e;�, are

D �
g2

2
jVj1j

2�m2
��j
�m2

~�‘
�; (35)

�a
D � �g

2jVj1j2m��j
�sa��j


 p‘�: (36)

The coefficient �a
D for the charge conjugated process,

~��j ! ‘�~��‘, is obtained by inverting the sign of (36).
The coefficients for ‘ � � and for chargino decay into a
W boson and a neutralino are given in Appendix B.

C. Energy distribution

In the center of mass system (CMS), the kinematical
limits of the energy of the decay particle � � e;�; �;W
from the chargino decays (2) and (3) are

Emax�min�
� � �E� ���; (37)

which read for the leptonic (� � ‘) chargino decays

�E ‘ �
Emax
‘ � Emin

‘

2
�
m2
��j
�m2

~�‘

2m2
��j

E��j ; (38)

�‘ �
Emax
‘ � Emin

‘

2
�
m2
��j
�m2

~�‘

2m2
��j

j ~p��j j; ‘ � e;�; �:

(39)

With these definitions we can rewrite the factor �3
D (36),

that multiplies the longitudinal chargino polarization �3
P in

(19),

�3
D � ���

D
��
�E� � �E��; � � e;�; �;W; (40)

where we have used
-3
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FIG. 1 (color online). Normalized energy distributions of the
lepton for the process ���� ! ~��1 ~��1 and decay ~��1 ! ‘�~�‘
(dot-dashed) or ~��1 ! ‘�~��‘ (dashed), for ‘ � e;�, with���
s
p
� 500 GeV and longitudinal beam polarizations P� �

P� � �0:3. The MSSM parameters are given in Table I. The
shown distributions have asymmetries A‘� � 0:2 and A‘� �
�0:26, see (44).
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m��j
�s3
��j

 p�� � �

m2
��j

j ~p��j j
�E� � �E��: (41)

The factor ��� is a measure of parity violation, which is
maximal �‘� � �1 for the decay ~��j ! ‘�~����‘ , for ‘ �
e;�, since the sneutrino couples purely left handed. For
‘ � � or for chargino decays into aW and a neutralino, the
factors ��� (B11) and �W� (B12), respectively, are gen-
erally smaller, thus reducing �3

D.
The energy distribution of the decay particle �� is now

given by

d���

dE�
�

��
2��

�
1� ���

��3
P
�P

�E� � �E��
��

�
; (42)

where we have defined averages over the chargino produc-
tion angles in the CMS by

�P �
1

4�

Z
Pd��� ; ��3

P �
1

4�

Z
�3
Pd��� : (43)

Two examples of energy distributions of the decay parti-
cles ‘� and ‘�, for ‘ � e;�, are shown in Fig. 1. One can
see the linear dependence of the distributions on the lepton
energy. The slope of the curves is proportional to the
longitudinal chargino polarization. Note that the energy
distribution might be difficult to measure for a small
chargino-sneutrino mass difference, since the energy span
of the observed lepton is proportional to the difference of
their squared masses, see (39).

D. Asymmetries of the energy distribution

For the cross section ��� of chargino production (1)
with subsequent two-body decay of one chargino into a
lepton and a sneutrino (2) or into a W boson and a neu-
tralino (3), we define the asymmetries A�� and A�� for
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the charge conjugated processes

A�� �
����E� > �E�� � ����E� < �E��

����E� > �E�� � ����E� < �E��
;

� � e;�; �;W:

(44)

Using the formula for the energy distribution of the decay
particle �� (42), we find that the asymmetries are propor-
tional to the averaged longitudinal chargino polarization

A �� �
1

2
���

��3
P

�P
: (45)

In order to separate the resonant contributions of the Higgs
exchange channels to ��3

P from those of the continuum
contributions, see (21) and (43), we use their different
dependence on the chargino charge and on the beam polar-
izations. Therefore it is useful to discuss the production of
equal and unequal charginos separately.

1. Production of equal charginos

If equal charginos are produced, ���� ! ~��j ~��j , the

resonant contributions �3�HA�
r are independent of the char-

gino charge. The continuum contributions �3
cont, however,

differ by a sign for charginos with positive or negative
charge, see (30), and are thus eliminated in the numerator
of the charge asymmetries

A C
� �

1

2

A�� �A��� (46)

�
1

2
���

�3�HA�
r

�P
; � � e;�; �;W; (47)

with ��3�HA�
r � �3�HA�

r , see (43). The resonant contributions
can also be isolated from the continuum contributions by
taking into account their different dependence on the beam
polarizations for P � P� � P�, given in (33) and (34).
Then the invariant continuum contributions are eliminated
in the polarization asymmetries

A pol
�� �

1

2

A���P � �A����P �� (48)

�
1

2
���

�3�HA�
r �P �

�P
: (49)

Since �3�HA�
r (27) describes the interference of the H and A

exchange amplitudes, nonvanishing asymmetries AC
� and

Apol
�� are a clear indication of nearly degenerate scalar

resonances with opposite CP quantum numbers in the
production of equal charginos.

2. Production of ~��1 ~��2

The asymmetries AC
� (47) and Apol

�� (49) have to be
generalized for the production of unequal charginos,
-4
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~��1 ~��2 , since the coefficient P�HA�r (25) does not vanish. For
either the decay of ~��1 or the decay of ~��2 we define the
generalized charge asymmetry

~A C
� �

�>�� � �
<
�� � �

>
�� � �

<
��

�>�� � �
<
�� � �

>
�� � �

<
��
; � � e;�; �;W;

(50)

with the short hand notation �>�� � ����E� > �E�� and
�<�� � ����E� < �E��. Using the definition of the energy
distribution (42) and the chargino charge transformation
properties of the coefficients P and �3

P, (30)–(32), the
resonant contributions can be separated, in analogy to (47),

~A C
� �

1

2
���

�3�HA�
r

�Pcont � P
�HH�
r � P�AA�r

; (51)

with �P����r � P����r . Analogously we define the general-
ized polarization asymmetry

~A
pol
�� �

�>���P � � �
<
���P � � �

>
����P � � �

<
����P �

�>���P � � �
<
���P � � �

>
����P � � �

<
����P �

(52)

�
1

2
���

�3�HA�
r �P �

�Pcont � P
�HH�
r � P�AA�r

; � � e;�; �;W;

(53)

for equal beam polarizations P . For the production of
equal charginos these asymmetries reduce to their equiv-
alents AC

� and Apol
�� , defined in (47) and (49), respectively.

Moreover we define the production asymmetry of the
chargino cross sections

A C
prod �

��~��1 ~��2 � � ��~�
�
2 ~��1 �

��~��1 ~��2 � � ��~�
�
2 ~��1 �

�
P�HA�r

�Pcont � P
�HH�
r � P�AA�r

; (54)

which is sensitive to the interference of the H and A
channels due to the parity violating Higgs-chargino
couplings.

3. Statistical significances

We define the statistical significance of the asymmetries
A�� by

S �� � jA��j
�������������������������������������������������������������������������������������
������! ~��i ~��j �BR�~��j !�� ~N��Leff

q
;

(55)

with � � ‘ or W and ~N� the associated sneutrino or
neutralino, respectively. Further the effective integrated
luminosity Leff � ��L depends on the detection effi-
ciency �� of leptons or W bosons in the processes ~��j !
095004
‘�~����‘ or ~��j ! W� ~�0
k, respectively. The statistical sig-

nificance for the charge asymmetry AC
� is given by

S C
��jA

C
� j

���������������������������������������������������������������������������������������
2������! ~��i ~��j �BR�~��j !�� ~N��Leff

q
;

(56)

which follows from (46). Assuming that A���P � and
A����P � are both obtained with the same integrated
luminosity L, we define the statistical significance for
the polarization asymmetry Apol

�� by

Spol
�� � jA

pol
��j

���������������������������������������������������������������������������������������
2������! ~��i ~��j �BR�~��j !�� ~N��Leff

q
;

(57)

which follows from (48). For the production asymmetry
AC

prod (54) we define the significance

S C
prod � jA

C
prodj

�������������������������������������������������������������

��~��1 ~��2 � � ��~�

�
2 ~��1 ��L

prod
eff

q
; (58)

with Lprod
eff the effective integrated luminosity for chargino

production.
III. DETERMINATION OF THE HIGGS-
CHARGINO COUPLINGS

In the previous section we have shown that the coeffi-
cient �3

r (27) of the longitudinal chargino polarization is
sensitive to the interference of the H and A Higgs bosons.
Their interference determines the sign � of the product of
couplings

� � Imfc�H��c�A���gImfc�H�R c�A��R g � �jc�H��c�A��c�H�R c�A�R j;

(59)

which appears in

�3�HA�
r � 2g4PRef��H���A��gImfc�H��c�A���g

	 Imfc�H�R c�A��R gs
�������
�11

p
; (60)

where we focus on the production of the lightest pair of
charginos ���� ! ~��1 ~��1 with equal muon beam polar-
izations P� � P� � P . Since we assume CP conserva-
tion, � can take the value �1 for interfering amplitudes of
opposite CP eigenvalues, and vanishes for interfering am-
plitudes with same CP eigenvalues. A measurement of �
would thus be a unique test of the CP properties of the
Higgs sector in the underlying supersymmetric model.

The coefficient �3�HA�
r can be obtained from the char-

gino production cross section

������ ! ~��1 ~��1 � �

�������
�11

p

8�s2
�P; (61)

and the charge asymmetry AC
� (47)
-5
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�3�HA�
r �

16�s2

���
�������
�11

p ������ ! ~��1 ~��1 �A
C
� : (62)

Now the product of couplings � can be determined by a
comparison of (62) with (60). Alternatively, using the
polarization asymmetry Apol

�� (49), we find

�3�HA�
r �

16�s2

���
�������
�11

p ������ ! ~��1 ~��1 �A
pol
�� : (63)

In addition, a measurement of the asymmetries AC
� (47)

or Apol
�� (49) allows the determination of the ratio

�3
r

Pr
�
������ ! ~��1 �

�
1 �

�r����� ! ~��1 �
�
1 �

2

���
AC

� (64)

�
������ ! ~��1 �

�
1 �

�r��
��� ! ~��1 �

�
1 �

2

���
Apol

�� ; (65)

using the charge or polarization asymmetry, respectively.
The resonant contributions

�r����� ! ~��1 ~��1 � �

�������
�11

p

8�s2 Pr; with Pr � �Pr;

(66)

to the cross section can be obtained by subtracting the
continuum contributions. The latter can be estimated by
extrapolating the production line shape below and above
the resonance region [9]. Uncertainties due to detection
efficiencies of the chargino decay products cancel out in
the ratio

�r��
��� ! ~��1 �

�
1 �

������ ! ~��1 �
�
1 �
�
Pr
�P
: (67)

After inserting the expressions of �3�HA�
r (60) and Pr (24)

we obtain

�3
r

Pr
�

2P

1� P 2

2�Ref��H����A�g
��������
s�s
p

rj��H�j2s� � r�1j��A�j2s
; (68)

with

s� � s� 4m2
��1
�
�11

s
; (69)

r �
jc�H��c�H�R j

jc�A��c�A�R j
: (70)

It is now possible to solve (68) for r as well as for �.
For our analysis we have assumed that the masses and

widths of the Higgs resonances H and A can be measured.
The resonance parameters of nearly degenerate Higgs
bosons with different CP quantum numbers may e.g. be
determined by using transverse beam polarizations, which
enhances or suppresses the Higgs exchange channels de-
pending on their CP quantum numbers [13].
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Note that � (59) can only be determined by measuring
the charge or polarization asymmetries AC

� and Apol
�� ,

which are sensitive to the H–A interference channels. A
determination of � from a measurement of the cross sec-
tion ������ ! ~��1 ~��1 � is not possible, since it contains
contributions from pure H or A exchange only.

IV. NUMERICAL RESULTS

We analyze numerically the charge asymmetry AC
‘ (46)

of the lepton energy distribution for the production of equal
charginos ���� ! ~��1 ~��1 in Sec. IVA, and the cross
section asymmetry AC

prod (54) for the production of differ-
ent charginos in Sec. IV B. The feasibility of measuring the
asymmetries depends also on the corresponding production
cross sections which we discuss in our scenarios. For the
calculation of the Higgs masses and widths we use the
program HDECAY [14]. For the calculation of the branch-
ing ratios and widths of the decaying charginos we include
the two-body decays

~��1 ! e�~�e;��~��; ��~��; ~e�L �e; ~��L ��; ~�
�
1;2��;W

� ~�0
n;

(71)

and neglect three-body decays. In order to reduce the
number of parameters, we assume GUT relations for the
gaugino mass parameters, related by M1 � 5=3M2tan2
W ,
and for the slepton masses, related to the scalar mass
parameter m0 at the GUT scale by the approximate renor-
malization group equations [15]

m2
~‘R
� m2

0 � 0:23M2
2 �m

2
Z cos2	sin2
W; (72)

m2
~‘L
� m2

0 � 0:79M2
2 �m

2
Z cos2	

�
�

1

2
� sin2
W

�
; (73)

m2
~�‘
� m2

0 � 0:79M2
2 �

1

2
m2
Z cos2	: (74)

In the stau sector we fix the trilinear scalar coupling
parameter A� � 250 GeV.

A. Production of ~��1 ~��1
In the following subsections we study the dependence of

the asymmetries and cross sections on the MSSM parame-
ters �, M2, tan	 and mA, as well as on the center of mass
energy

���
s
p

.

1. � and M2 dependence

In Fig. 2(a) we show the contour lines of the chargino
production cross section ������ ! ~��1 ~��1 � in the�–M2

plane for
���
s
p
� mA and beam polarizations P� � P� �

�0:3, with mA � 500 GeV, tan	 � 10 and m0 � 70 GeV.
At

���
s
p
� mA � mH the production cross section is close to

its peak value, since the two Higgs resonances are nearly
degenerate. The main contributions to the cross section,
-6
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FIG. 2 (color online). ���� ! ~��1 ~��1 , ~��1 ! e�~�e. Contour lines of the cross section ������ ! ~��1 ~��1 � (a), the branching ratio
BR�~��1 ! e�~�e� (b), the charge asymmetry AC

e (c) and the significance SCe for Leff � 1 fb�1 (d) in the �–M2 plane for
mA � 500 GeV, tan	 � 10, m0 � 70 GeV,

���
s
p
� 500 GeV and longitudinal beam polarizations P� � P� � �0:3. The dashed

line indicates the kinematical limit 2m��1
�

���
s
p

. The area A (B) is kinematically forbidden by 2m��1
>

���
s
p
�m~�e > m��1

�. The shaded
area is excluded by m��1

< 103 GeV.
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which reaches up to 2 pb, are from the resonant ones. For
increasing values of j�j the couplings of both H and A to
the charginos decrease, leading to smaller resonant contri-
butions. The continuum contributions from �, Z and ~��
exchange reach 0:5 pb at most.

We show contour lines of the chargino branching ratio
BR�~��1 ! e�~�e� in the �–M2 plane in Fig. 2(b), where
also the allowed region for the chargino two-body decay
~��1 ! e�~�e is indicated. The sneutrinos are rather light for
m0 � 70 GeV, such that this chargino decay mode is open
for j�j * 200 GeV and reaches values of up to 20%.

For the chargino decay into an electron ~��1 ! e�~����e ,
we show in Fig. 2(c) contour lines of the charge asymmetry
AC

e (46) which reaches values of up to 24%. The asym-
metry depends only weakly on the character of chargino
mixing, since AC

e is proportional to a ratio of the cou-
plings, see (64) and (68). In the ideal case of maximal H-A
interference and vanishing continuum contributions, the
asymmetry could reach its maximum absolute value of
jP� � P�j=�1� P�P��=2 � 28%, as follows from
095004
(47) for P� � P� � �0:3. Thus the shown values of
AC

e in Fig. 2(c) are large, since the amplitudes of the
interfering H and A Higgs bosons are roughly of the
same magnitude in the resonance region

���
s
p
� mA. Near

the production threshold
���
s
p
� 2m��1

the asymmetry de-
creases due to the p-wave suppression of the CP even
scalar exchange amplitude.

In Fig. 2(d) we show the contour lines of the significance
SCe (56) for an integrated effective luminosity Leff �
1 fb�1. Because of the large asymmetry AC

e and cross
section ������! ~��1 ~��1 �	BR�~��1 !e�~�e� for char-
gino production and subsequent decay, AC

e can be mea-
sured with a significance SCe > 1 for a luminosity Leff�
O�fb�1�. The same values of the significance are obtained
for the muonic chargino decay mode ~��1 !��~��.

2.
���
s
p

dependence

In order to study the dependence of the asymmetries and
the chargino production cross sections on the center of
-7



TABLE I. Scenario A for ���� ! ~��1 ~��1 .

tan	 � 10 mA � 500 GeV m��1
� 197 GeV BR�~��1 ! e�~�e� � 19%

� � �500 GeV �A � 1:41 GeV m��2
� 514 GeV BR�~��1 ! ��~��� � 19%

M2 � 200 GeV mH � 500:07 GeV m�0
1
� 100 GeV BR�~��1 ! ��~��� � 19%

m0 � 70 GeV �H � 1:20 GeV m~�e � 180 GeV BR�~��1 ! ~��1 ��� � 43%
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mass energy, we choose a representative point in the�–M2

plane with � � �500 GeV and M2 � 200 GeV. The pa-
rameters and resulting Higgs masses and widths for this
point, called scenario A, are given in Table I. For the
calculation of the branching ratios we include mixing in
the stau sector, see e.g. [1,16]. Note that BR�~��1 !
W� ~�0

1�< 0:3% due to the small ~��1 -W�-~�0
1 coupling in

the gaugino scenario A, and BR�~��1 ! ~e�L �e�< 0:01%
due to kinematical reasons since m��1

� m~eL .
In Fig. 3(a) we show the energy distribution asymmetry

Ae� (44) for the decay ~��1 ! e�~�e, and the asymmetry
Ae� for the charge conjugated process, with longitudinal
beam polarizations P� � P� � �0:3. In addition we
show the charge asymmetry AC

e � �Ae� �Ae��=2,
see (46), which reaches its maximal value of 23% at���
s
p
� mA � 500 GeV. Since the continuum contributions

from �, Z and ~�� exchange cancel out, AC
e asymptotically

vanishes far from the resonance region. The
���
s
p

depen-
dence of the chargino production cross section is shown in
Fig. 3(b). We show the corresponding statistical signifi-
cance SCe , defined in (56), for an effective integrated lumi-
nosity Leff � 1 fb�1 in Fig. 3(c).

3. mA and tan� dependence

In Fig. 4(a) we compare the charge asymmetries AC
e

(46) for scenarios B7, B7’ and B7’’, that differ only in
mA � f350; 400; 500g GeV, as a function of

���
s
p
�mA. We

show the corresponding cross sections for ���� !
~��1 ~��1 in Fig. 4(b). For increasing Higgs masses their
widths increase, and thus the interference of the H and A
(a)

C
e

e+

e−

√
s[GeV] (b)

Asymmetries A in % ( + − → ˜

FIG. 3 (color online). ���� ! ~��1 ~��1 , ~��1 ! e�~����e . Asymmetri
Leff � 1 fb�1 (c), with longitudinal beam polarizations P� � P�
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exchange amplitudes. However, the maxima of the asym-
metries are reduced by larger continuum contributions to
the cross section. For smaller Higgs masses, here
mA � 350 GeV, the threshold effects are stronger. Since
a Dirac fermion-antifermion pair has negative intrinsic
parity, and thus the CP even H resonance is p-wave sup-
pressed, the peak cross section is found at

���
s
p
� mA, where

the asymmetry nearly vanishes. The asymmetry changes
sign between the two resonances, whose mass difference is
larger than their widths, due to the complex phases of the
propagators. Its maximum is found at center of mass en-
ergies slightly above mH where the phases of the propa-
gators are roughly equal and the amplitudes of similar
magnitude. In Fig. 4(c) we show the statistical significance
SCe for an integrated effective luminosity Leff � 1 fb�1.
We find statistical significances of SCe > 3, albeit not in the
entire resonance region for scenarios B7 and B7’ with
smaller mA.

The asymmetries are also sensitive to a variation of
tan	. In the Higgs sector, increasing tan	 results in larger
H and A widths and smaller mass differences between H
and A. This leads to a larger overlap of the two resonances,
and thus to larger asymmetries AC

e in the resonance
region. In addition, since the couplings of the muons to
the Higgs bosons (6) and (7) are proportional to tan	 in the
Higgs decoupling limit [17], larger values of tan	 imply
smaller relative continuum contributions that enhance the
asymmetries. On the contrary, for small tan	 & 5 and
mH;A < 2mt, with mt the top quark mass, the resonances
practically do not overlap, see e.g. [9], and the asymmetries
cannot be measured. FormH;A > 2mt, the resulting largeH
(c)
√

s[GeV]
√

s[GeV]

+
1 ˜−

1 ) in pb Significance SC
e

es (a), chargino production cross section (b) and significance for
� �0:3 for Scenario A, given in Table I.
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FIG. 4 (color online). ���� ! ~��1 ~��1 , ~��1 ! e�~����e . Asymmetry AC
e (a), cross section ������ ! ~��1 ~��1 � (b) and significance

SCe for Leff � 1fb�1 (c) for scenarios B7 (solid), B7’ (dashed) and B7’’ (dot-dashed) of Tables II and III withmA � 350 GeV, 400 GeV
and 500 GeV, respectively, and longitudinal beam polarizations P� � P� � �0:3.
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and A widths may lead to an overlap of the resonances.
However, the combined effect of smaller Higgs-muon
couplings and the suppression of the cross section due to
the large widths imply a small resonant contribution with
respect to the continuum and consequently only small
asymmetries and statistical significances are obtained.

4. Chargino decay into a W boson

If the sleptons are heavier than the charginos, the char-
gino decay into a W boson, ~��1 ! W� ~�0

1, might be the
only allowed two-body decay channel. In this case only the
asymmetries of the energy distribution of the W boson,
AC

W (46) and Apol
W� (48) are accessible. These asymme-

tries are reduced by a factor �W� (B12) with respect to the
asymmetries for leptonic chargino decay modes. In
Fig. 2(c) we have shown the contour lines of the leptonic
charge asymmetry AC

e (46) in the�–M2 plane for tan	 �
10. The values of AC

e have to be multiplied by �W� �
��W� , which we show in Fig. 5, to obtain the asymmetry
TABLE II. Scenario B7 for ���� ! ~��1 ~��1 , chargino and
slepton parameters.

tan	 � 7 m��1
� 158 GeV BR�~��1 ! e�~�e� � 22%

� � �400 GeV m��2
� 417 GeV BR�~��1 ! ��~��� � 22%

M2 � 160 GeV m�0
1
� 81 GeV BR�~��1 ! ��~��� � 22%

m0 � 70 GeV m~�e � 145 GeV BR�~��1 ! ~��1 ��� � 33%

TABLE III. Scenarios B7, B7’ and B7’’, Higgs sector parame-
ters.

B7 B7’ B7’’

mA
GeV� 350 400 500
mH
GeV� 350:7 400:6 500:4
�A
GeV� 0:56 1:00 1:4
�H
GeV� 0:43 0:65 1:1
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AC
W � �W� 	AC

e . Although the asymmetries are sup-
pressed by j�W�j � 0:2� 0:4, and uncertainties in the
energy measurement of theW boson lead to lower effective
integrated luminosities, statistics will be gained from large
branching ratios, BR�~��1 ! W� ~�0

1� � 1.

B. Production of ~��1 ~��2
In Fig. 6(a) we show the cross sections for ���� !

~��1 ~��2 production and for the charge conjugated process
���� ! ~��1 ~��2 for scenario P1, given in Table IV. The
-600 - 400 -200 0 200 400 600

0

100

200

FIG. 5 (color online). Contour lines of �W� (B12) for the
decay ~��1 ! W� ~�0

1 in the �–M2 plane for tan	 � 10. The
dashed line indicates the kinematical limit for
2m��1

�
���
s
p
� 500 GeV. The dark shaded area is kinematically

forbidden by m�� <mW �m�0
1
. The light shaded area is experi-

mentally excluded by m��1
< 103 GeV.
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TABLE IV. Scenarios P1 and P2 for ���� ! ~��1 ~��2 :

P1 P2 P1 P2

tan	 10 10 m��1

GeV� 138 106

�
GeV� �250 �110 m��2

GeV� 281 322

M2
GeV� 150 300 m�0
1

GeV� 74 89

m0
GeV� 200 200 m~�� 
GeV� 232 327
mA
GeV� 500 500 �A
GeV� 3:7 3:4
mH
GeV� 500:3 500:4 �H
GeV� 3:6 3:3

( + − → ˜±1 ˜∓2 )

(a)

σ[pb]

√
s[GeV]

( + − → ˜±1 ˜∓2 )

(b)

σ[pb]

√
s[GeV]

FIG. 6 (color online). ���� ! ~��1 ~��2 : Cross sections ������ ! ~��1 ~��2 � (dashed) and ������ ! ~��1 ~��2 � (dash-dotted) for
longitudinal beam polarizations P� � P� � P � �0:3, and ������ ! ~��1 ~��2 � (solid) for P � 0, for scenario P1 (a) and scenario
P2 (b), given in Table IV.
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two cross sections are equal for unpolarized beams and
differ for polarized beams P� � P� � �0:3. In this case
the H–A interference (25) enhances the ~��1 ~��2 cross sec-
tion and suppresses that for the conjugated process. The
corresponding asymmetry AC

prod (54) of the two cross
sections is AC

prod � �48% at
���
s
p
� 500 GeV. The asym-

metry almost reaches its maximum absolute value of
jP� � P�j=�1� P�P�� � 55%, here for P� � P� �
�0:3, which would be obtained in the ideal case of vanish-
ing continuum contributions. For scenario P2, shown in
Fig. 6(b), the ~��1 ~��2 production is instead suppressed by
the H–A interference and the ~��1 ~��2 production is en-
hanced, such that AC

prod � 45% changes sign. In scenario
P1 (P2) the lightest chargino has mainly gaugino (higg-
sino) character, i.e., the gaugino (higgsino) components are
larger. Since Higgs bosons couple to a gaugino-higgsino
pair, the corresponding couplings (8)–(10) transform as
c���L;Rij $ c���L;Rji under M2 $ j�j. This transformation re-
lates the resonant amplitudes of ~��1 ~��2 and ~��1 ~��2 produc-
tion for scenarios P1 and P2, which explains the different
signs of AC

prod. Consequently for M2 � j�j the asymme-
tries vanish, even for polarized beams.

V. SUMMARY AND CONCLUSIONS

In the CP conserving MSSM we have studied the s-
channel interference of the CP even and CP odd neutral
095004
Higgs bosons H and A in chargino production ���� !
~��i ~��j with longitudinally polarized beams. We have
shown that the interference of H and A can be analyzed
for ~��1 ~��1 production using asymmetries in the energy
distribution of the lepton orW boson from the decay ~��1 !
‘�~�‘, ‘ � e;�; �, or ~��1 ! W� ~�0

1, respectively. The
asymmetries of the energy distributions are correlated to
the longitudinal chargino polarizations. For the production
of two different charginos, the H–A interference can be
analyzed using asymmetries of the ~��1 ~��2 cross section and
its charge conjugate. The asymmetries depend on the muon
beam polarizations and thus vanish for unpolarized beams.
Since the asymmetries probe the H–A interference, their
measurement allows a determination of chargino couplings
to the H and A bosons as well as a determination of the
relative phase of the couplings. In a numerical study we
have analyzed the production of ~��1 ~��1 and ~��1 ~��2 for
different MSSM scenarios and found asymmetries which
are maximal for nearly degenerate H and A bosons. In the
numerical analysis of the chargino cross sections and
branching ratios, we have shown that the asymmetries
are accessible at a future muon collider with polarized
beams.
APPENDIX A: CHARGINO POLARIZATION
VECTORS

We choose a coordinate frame in the center of mass
system (CMS) such that the momentum of the chargino
~��j is given by

p���j
� �E��j ; 0; 0; j ~p��j j�; (A1)

with

E��j �
s�m2

��j
�m2

��i

2
���
s
p ; j ~p��j j �

�1=2�s;m2
��i
; m2

��j
�

2
���
s
p :

(A2)
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The spin vectors of the chargino are then defined by

s1;�
��j
� �0; 1; 0; 0�; s2;�

��j
� �0; 0; 1; 0�;

s3;�
��j
�

1

m��j

�j ~p��j j; 0; 0; E��j �:
(A3)
APPENDIX B: CHARGINO DECAY INTO � AND W
BOSON

The interaction Lagrangians for chargino decay into a �,
~��j ! ��~����� , and W boson, ~��j ! W� ~�0

k, are, respec-
tively [1]

L �~�� ~�� � �g ���Vj1PR � Y�U
�
j2PL�~�

�C
j ~�� � h:c:; (B1)

LW� ~�� ~�0 � gW�� �~�0
k�

��OL
kjPL �O

R
kjPR�~�

�
j ~�‘ � h:c:;

(B2)

with the couplings

OL
kj � �

1���
2
p Nk4V�j2 � �sin
WNk1 � cos
WNk2�V�j1;

(B3)

OR
kj � �

1���
2
p N�k3Uj2 � �sin
WN�k1 � cos
WN�k2�Uj1;

(B4)

and Y� � m�=�
���
2
p
mW cos	�. The 4	 4 unitary matrix N

diagonalizes the neutralino mass matrix Y in the basis
f~�; ~Z; ~h1; ~h2g with N�ilYlmN

y
mj � �ijm�0

j
[1].

The expansion coefficients of the chargino decay matrix
(18) for ~��j ! ��~�� are

D �
g2

2
�jVj1j2 � Y2

� jUj2j
2��m2

��j
�m2

~��
�; (B5)

�a
D � �g

2�jVj1j
2 � Y2

� jUj2j
2�m��j

�sa��j

 p��; (B6)

and those for ~��j ! W� ~�0
k are

D �
g2

2
�jOL

kjj
2 � jOR

kjj
2�

�
m2
��j
�m2

�0
k
� 2m2

W

�
�m2

��j
�m2

�0
k
�2

m2
W

�
� 6g2Re�OL

kjO
R�
kj �m��j

m�0
k
; (B7)
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�a
D � �g

2�jOL
kjj

2 � jOR
kjj

2�

	
�m2

��j
�m2

�0
k
� 2m2

W�

m2
W

m��j
�sa��j


 pW�: (B8)

The coefficients �a
D for the charge conjugated processes,

~��j ! ��~��� and ~��j ! W� ~�0
k, are obtained by inverting

the signs of (B6) and (B8), respectively.
For the chargino decay ~��j ! W� ~�0

k the energy limits

of the W boson are Emax�min�
W � �EW ��W , see (37), with

�EW �
Emax
W � Emin

W

2
�
m2
��j
�m2

W �m
2
�0
k

2m2
��j

E��j ; (B9)
�W �
Emax
W � Emin

W

2
�

�����������������������������������
��m2

��j
; m2

W;m
2
�0
k
�

q
2m2

��j

j ~p��j j: (B10)

The factor ��� (40) for the decay ~��j ! ��~����� is given by

��� � �
jVj1j2 � Y2

� jUj2j
2

jVj1j2 � Y2
� jUj2j

2 : (B11)

For the decay ~��j ! W� ~�0
k we find

�W� � �
�jOL

kjj
2 � jOR

kjj
2�f1

�jOL
kjj

2 � jOR
kjj

2�f2 � RefOL
kjO

R�
kj gf3

; (B12)

with

f1 � �m2
��j
�m2

�0
k
� 2m2

W�
�����������������������������������
��m2

��j
; m2

W;m
2
�0
k
�

r
;

f2 � �m
2
��j
�m2

�0
k
� 2m2

W�m
2
W � �m

2
��j
�m2

�0
k
�2;

f3 � �12m��j
m�0

k
m2
W:

The coefficients ��� and �W� depend on the � and W
couplings to the charginos, as well as on the chargino and
neutralino masses, which could be measured at the interna-
tional linear collider (ILC) with high precision [18,19].
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