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Abstract

We study CP odd asymmetries in chargino productione+e− → χ̃±
1 χ̃∓

2 and the subsequent two-body decay of one charg
into a sneutrino. We show that in the Minimal Supersymmetric Standard Model with complex parameterµ the asymmetries ca
reach 30%. We discuss the feasibility of measuring these asymmetries at a linear collider with

√
s = 800 GeV and longitudinally

polarized beams.
 2004 Elsevier B.V.Open access under CC BY license.
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1. Introduction

In the chargino sector of the Minimal Supersy
metric Standard Model (MSSM)[1] the higgsino mas
parameterµ can be complex[2]. It has been shown
that in the production of two different chargino
e+e− → χ̃±

1 χ̃∓
2 , a CP violating phaseϕµ of µ causes

a non-vanishing chargino polarization perpendicu
to the production plane[3,4]. This polarization lead
at tree level to triple product asymmetries[5–7], which
might be large and will allow us to constrainϕµ at a fu-
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turee+e− linear collider[8]. Usually it is claimed tha
this phase has to be small for a light supersymme
(SUSY) particle spectrum due to the experimental
per bounds of the electric dipole moments (EDMs)[9].
However, these restrictions are model dependent[10].
If cancellations among different contributions occ
and, for example, if lepton flavor violating phases
present, the EDM restrictions onϕµ may disappea
[11].

We study chargino production

(1)e+ + e− → χ̃+
i + χ̃−

j , i, j = 1,2,

with longitudinally polarized beams and the sub
quent two-body decay of one of the charginos int
sneutrino

(2)χ̃+
i → �+ + ν̃�, � = e,µ, τ.
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We define the triple product

(3)T� = (pe− × pχ̃+
i
) · p�

and the T odd asymmetry

(4)AT
� = σ(T� > 0) − σ(T� < 0)

σ (T� > 0) + σ(T� < 0)
,

of the cross sectionσ for chargino production(1) and
decay(2). The asymmetryAT

� is not only sensitive
to the phaseϕµ, but also to absorptive contribution
which could enter vias-channel resonances or fina
state interactions. In orderto eliminate the contribu
tions from the absorptive parts, which do not sig
CP violation, we will study the CP asymmetry

(5)A� = 1

2

(
AT

� − ĀT
�

)
,

where ĀT
� is the asymmetry for the CP conjugat

processe+e− → χ̃−
i χ̃+

j ; χ̃−
i → �− ¯̃ν�. In this context

it is interesting to note that in chargino production it
not possible to construct a triple product and a co
sponding asymmetry by using transversely polari
e+ ande− beams[3,12], therefore, one has to rely o
the transverse polarization of the produced chargin

In Section2 we give our definitions and forma
ism used, and the analytical formulae for the charg
production and decay cross sections. In Section3 we
discuss some general properties of the CP asym
tries. In Section4 we present numerical results forA�

and the cross sections. Section5 gives a summary an
conclusions.

2. Definitions and formalism

2.1. Lagrangians and couplings

The MSSM interaction Lagrangians relevant fo
our study are (in our notation and conventions we
low closely[1,13]):

(6)LZ0��̄ = − g

cosθW
Zµ�̄γ µ[L�PL + R�PR]�,

(7)

LZ0χ̃+
j χ̃−

i
= g

cosθW

Zµ
¯̃χ+

i γ µ

× [
O ′L

ij PL + O ′R
ij PR

]
χ̃+

j ,

(8)L�ν̃�χ̃
+
i

= −gV ∗
i1

¯̃χ+C

i PL�ν̃∗
� + h.c., � = e,µ,

(9)Lτ ν̃ χ̃+ = −g ¯̃χ+C

i

(
V ∗

i1PL − Yτ Ui2PR

)
τ ν̃∗

τ + h.c.,

τ i
with the couplings

(10)L� = T3� − e� sin2 θW, R� = −e� sin2 θW ,

(11)O ′L
ij = −Vi1V

∗
j1 − 1

2
Vi2V

∗
j2 + δij sin2 θW ,

(12)O ′R
ij = −U∗

i1Uj1 − 1

2
U∗

i2Uj2 + δij sin2 θW ,

with i, j = 1,2. HerePL,R = 1
2(1∓γ5), g = e/sinθW

is the weak coupling constant, ande� and T3� de-
note the charge and the third component of the w
isospin of the lepton�. The τ -Yukawa coupling is
given byYτ = mτ/(

√
2mW cosβ) with tanβ = v2/v1,

wherev1,2 are the vacuum expectation values of
two neutral Higgs fields. The chargino mass eig

statesχ̃+
i = (χ+

i

χ̄−
i

)
are defined byχ+

i = Vi1w
+ +Vi2h

+

andχ−
j = Uj1w

− + Uj2h
− with w± andh± the two-

component spinor fields of the Wino and the charg
higgsinos, respectively. The complex unitary 2×2 ma-
tricesUmn andVmn diagonalize the chargino mass m
trix Xαβ , U∗

mαXαβV −1
βn = mχ̃+

n
δmn, with mχ̃+

n
> 0.

2.2. Cross section

We choose a coordinate frame such that in the
oratory system the four-momenta are

p
µ

e− = Eb(1,−sinθ,0,cosθ),

(13)p
µ

e+ = Eb(1,sinθ,0,−cosθ),

p
µ

χ̃+
i

= (Eχ̃+
i
,0,0,−q),

(14)p
µ

χ̃−
j

= (Eχ̃−
j
,0,0, q),

with the beam energyEb = √
s/2, the scattering angl

θ � (pe−,pχ̃−
j
) and the azimuthφ is chosen zero. Fo

the description of the polarization of charginoχ̃+
i we

choose three spin vectors in the laboratory system

s
1,µ

χ̃+
i

= (0,−1,0,0), s
2,µ

χ̃+
i

= (0,0,1,0),

(15)s
3,µ

χ̃+
i

= 1

mχ̃+
i

(q,0,0,−Eχ̃+
i
).

Together withp
µ

χ̃+
i

/mχ̃+
i

they form an orthonorma

set.
For the calculation of the cross section for the co

bined process of chargino production(1) and the sub-
sequent two-body decay of̃χ+

i (2), we use the spin
density matrix formalism as in[13,14]. The amplitude
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squared,

(16)|T |2 = ∣∣∆(
χ̃+

i

)∣∣2 ∑
λi,λ

′
i

ρP

(
χ̃+

i

)λiλ
′
i ρD

(
χ̃+

i

)
λ′

iλi
,

is composed of the (unnormalized) spin-density p
duction matrixρP (χ̃+

i ), the decay matrixρD(χ̃+
i ),

with the helicity indicesλi andλ′
i of the chargino and

the propagator∆(χ̃+
i ) = i/[p2

χ̃+
i

− m2
χ̃+

i

+ imχ̃+
i
Γχ̃+

i
].

The production matrixρP (χ̃+
i ) can be expanded i

terms of the Pauli matricesσa , a = 1,2,3

(17)ρP

(
χ̃+

i

)λiλ
′
i = 2

(
δλiλ

′
i
P +

∑
a

σ a
λiλ

′
i
Σa

P

)
.

With our choice of the spin vectorssa

χ̃+
i

(15), Σ3
P /P

is the longitudinal polarization of̃χ+
i in the labora-

tory system,Σ1
P /P is the transverse polarization

the production plane andΣ2
P /P is the polarization

perpendicular to the production plane. The analyt
formulae for the expansion coefficientsP andΣa

P are
given in[13]. The coefficientΣ2

P is non-zero only for
production of an unequal pair of charginos,e+e− →
χ̃±

1 χ̃∓
2 , and obtains contributions fromZ-exchange

andZ–ν̃ interference only[13]:

(18)Σ2
P = Σ2

P (ZZ) + Σ2
P (Zν̃),

with

(19)

Σ2
P (ZZ) = 2

g4

cos4 θW

∣∣∆(Z)
∣∣2(cZZ

R − cZZ
L

)

× Im
{
O ′L

ij O ′R∗
ij

}
E2

bmχ̃−
j
q sinθ,

(20)

Σ2
P (Zν̃) = g4

cos2 θW

cZν̃
L Im

{
V ∗

i1Vj1O
′R
ij ∆(Z)∆(ν̃)∗

}

× E2
bmχ̃−

j
q sinθ.

The propagators are defined by

∆(Z) = i

p2
Z − m2

Z + imZΓZ

,

(21)∆(ν̃) = i

p2
ν̃
− m2

ν̃

,

and the longitudinal electron and positron beam po
izations,Pe− andPe+ , respectively, are included in th
coefficients

cZZ
L = L2

e(1− Pe−)(1+ Pe+),

(22)cZZ
R = R2

e (1+ Pe−)(1− Pe+),
(23)cZν̃
L = Le(1− Pe−)(1+ Pe+).

The contribution(19) from Z-exchange is non-zer
only for ϕµ �= 0,π , whereas theZ–ν̃ interference
term(20), obtains also absorptive contributions due
the finiteZ-width which do not signal CP violation
These, however, will be eliminated in the asymm
try A� (5).

Analogously to the production matrix, the chargi
decay matrix can be written as

(24)ρD

(
χ̃+

i

)
λ′

iλi
= δλ′

iλi
D +

∑
a

σ a
λ′

iλi
Σa

D.

For the chargino decay(2) into an electron or muon
sneutrino the coefficients are

D = g2

2
|Vi1|2

(
m2

χ̃+
i

− m2
ν̃�

)
,

(25)

Σa
D = −

(+)
g2|Vi1|2mχ̃+

i

(
sa

χ̃+
i

· p�

)
, for � = e,µ,

where the sign in parenthesis holds for the conjuga
processχ̃−

i → �− ¯̃ν�. For the decay into the tau sne
trino the coefficients are given by

D = g2

2

(|Vi1|2 + Y 2
τ |Ui2|2

)(
m2

χ̃+
i

− m2
ν̃τ

)
,

(26)Σa
D = −

(+)
g2(|Vi1|2 − Y 2

τ |Ui2|2
)
mχ̃+

i

(
sa

χ̃+
i

· pτ

)
,

where the sign in parenthesis holds for the conjuga
processχ̃−

i → τ− ¯̃ντ .
Inserting the density matrices(17)and(24) in (16)

leads to

(27)|T |2 = 4
∣∣∆(

χ̃+
i

)∣∣2(PD +
∑
a

Σa
P Σa

D

)
.

The cross section and distributions in the laborat
system are then obtained by integrating|T |2 over the
Lorentz invariant phase space element,

(28)dσ = 1

2s
|T |2 d Lips,

where we use the narrow width approximation for
chargino propagator.
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3. CP asymmetries

Inserting the cross section(28) in the definition of
the asymmetry(4) we obtain:

AT
� =

∫
Sign[T�]|T |2 d Lips∫ |T |2 d Lips

(29)=
∫

Sign[T�]Σ2
P Σ2

D d Lips∫
PD d Lips

.

In the numerator only the CP sensitive contribut
Σ2

P Σ2
D from chargino polarization perpendicular

the production plane remains, since only this term c
tains the triple productT� = (pe− × pχ̃+

i
) · p� (3). In

the denominator only the termPD remains, since al
spin correlations

∑
a Σa

P Σa
D vanish due to the inte

gration over the complete phase space. For char
decay into a tau sneutrino,̃χ+

i → τ+ν̃τ , the asym-
metry AT

τ ∝ (|Vi1|2 − Y 2
τ |Ui2|2)/(|Vi1|2 + Y 2

τ |Ui2|2)
is reduced, which follows from the expressions forD

andΣ2
D , given in(26).

The relative statistical error of the asymmetryAT
�

is δAT
� = �AT

� /|AT
� | = 1/(|AT

� |√N), whereN is the
number of events. For the CP asymmetryA�, defined
in (5), we have�A� = �AT

� /
√

2. The statistical sig
nificance, with which a CP asymmetry can be m
sured, is then given byS� = |A�|

√
2N . Note that in

order to measureA� in the reaction(1) the momentum
of χ̃+

i , i.e., the production plane, has to be determin
This can be done if the corresponding informat
from the decay of the other charginoχ̃−

j on the oppo-
site side is also available. This is the case if, for exa
ple, theχ̃−

j decays likeχ̃−
j → χ̃−

1 Z0, χ̃−
j → χ̃0

1W−

or χ̃−
j → χ̃−

1 H 0
1 and Z,W,H 0

1 decay hadronically

Z0 → q q̄, W− → q q̄ ′, H 0
1 → b b̄. If the masses of the

charginos and̃ν� as well as the masses ofH 0
1 andχ̃0

1
are known, then the momentumpχ−

j
can be kinemati-

cally reconstructed. This is also possible if the lepto
decaysZ0 → �+�−, H 0

1 → τ+τ− or χ̃−
j → �−ν̃� are

used. In order to predict the expected accuracy of m
suringA�, it is clear that also detailed Monte Car
studies taking into account background and dete
simulations are necessary. However, this is beyond
scope of the present work.
4. Numerical results

We present numerical results for the asymmet
A� (5), for � = e,µ and the cross sectionsσ =
σP (e+e− → χ̃+

1 χ̃−
2 ) × BR(χ̃+

1 → �+ν̃�). We study
the dependence of the asymmetries and cross sec
on the MSSM parametersµ = |µ|ei ϕµ , M2 and tanβ .
We choose a center of mass energy of

√
s = 800 GeV

and longitudinally polarized beams with beam pol
izations(Pe− ,Pe+) = (−0.8,+0.6), which enhancẽνe

exchange in the production process. This result
larger cross sections and asymmetries.

We study the decays of the lighter charginoχ̃+
1 .

For the calculation of the chargino widthsΓχ̃+
1

and the

branching ratios BR(χ̃+
1 → �+ν̃�) we include the fol-

lowing two-body decays,

χ̃+
1 → W+χ̃0

n , e+ν̃e, µ+ν̃µ, τ+ν̃τ , ẽ+
Lνe,

(30)µ̃+
Lνµ, τ̃+

1,2ντ ,

and neglect three-body decays. The Higgs para
ter is chosenmA = 1 TeV and thus the decays in
the charged Higgs bosons̃χ±

i → H±χ̃0
n are forbid-

den in our scenarios. In order to reduce the nu
ber of parameters, we assume the relation|M1| =
5/3M2 tan2 θW . For all scenarios we fix the sne
trino and slepton masses,mν̃�

= 185 GeV,� = e,µ, τ ,
m�̃L

= 200 GeV, � = e,µ. These values are ob
tained from the renormalization group equations[15],
m2

�̃L
= m2

0 + 0.79M2
2 + m2

Z cos2β(−1/2 + sin2 θW )

and m2
ν̃�

= m2
0 + 0.79M2

2 + m2
Z/2 cos2β , for M2 =

200 GeV,m0 = 80 GeV and tanβ = 5. In the stau
sector[16] we fix the trilinear scalar coupling para
meter toAτ = 250 GeV. The stau masses are fixed
mτ̃1 = 129 GeV andmτ̃2 = 202 GeV.

In Fig. 1(a) we show the contour lines of th
cross section for chargino production and decayσ =
σP (e+e− → χ̃+

1 χ̃−
2 )×BR(χ̃+

1 → �+ν̃�)×BR(χ̃−
2 →

χ̃−
1 or χ̃0

1 + had.) in the M2–ϕµ plane for |µ| =
400 GeV and tanβ = 5. We calculate thẽχ−

2 branch-
ing ratio as BR(χ̃−

2 → χ̃−
1 or χ̃0

1 +had.) = BR(χ̃−
2 →

χ̃−
1 Z0)BR(Z0 → qq̄) + BR(χ̃−

2 → χ̃0
1W−) ×

BR(W− → qq̄ ′) + BR(χ̃−
2 → χ̃−

1 H 0
1 )BR(H0

1 →
bb̄) with BR(Z0 → qq̄) ≈ BR(W+ → qq̄ ′) ≈ 0.7,
BR(H 0

1 → bb̄) ≈ 0.85, which gives a lower bound o
the total hadronic̃χ−

2 branching ratio. The productio
cross sectionσP (e+e− → χ̃+

1 χ̃−
2 ) can attain values
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(a) (b)

Fig. 1. Contour lines ofσ = σP (e+e− → χ̃+
1 χ̃−

2 ) × BR(χ̃+
1 → �+ν̃�) × BR(χ̃−

2 → χ̃−
1 or χ̃0

1 + had.), summed over� = e,µ (a), and
the asymmetryA� for � = e or µ (b), in the M2–ϕµ plane for |µ| = 400 GeV, tanβ = 5, mν̃�

= 185 GeV,
√

s = 800 GeV and
(Pe− ,Pe+ ) = (−0.8,0.6). The gray area is excluded bym

χ̃±
1

< 104 GeV. The area A is kinematically forbidden bymν̃�
+ m

χ̃0
1

> m
χ̃+

1
.

The area B is kinematically forbidden bym
χ̃+ + m

χ̃− >
√

s.

1 2

ch-

ss
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r

nts,
er
ed

ton

ase
the

-
s a
as-

try

d

r-

.g.,
n

from 10 fb to 150 fb and BR(χ̃+
1 → �+ν̃�), summed

over � = e,µ, can be as large as 50%. The bran
ing ratio of χ̃−

2 decays BR(χ̃−
2 → χ̃−

1 or χ̃0
1 + had.)

is of the order of 60% (25%) forM2 ≈ 200 GeV
(350 GeV). The cross sectionσ plotted in Fig. 1(a)
is in fact a conservative lower bound on that cro
section which effectively enters in the determinat
of A�. It may be higher if also the leptonic deca
χ̃−

2 → �−ν̃� etc. are taken into account. Note that t
cross section is very sensitive toϕµ, which has been
exploited in[3,4] to constrain cos(ϕµ).

TheM2–ϕµ dependence of the CP asymmetryA�

for � = e or µ is shown in Fig. 1(b). The asym-
metry can be as large as 10% and it does, howe
not attain maximal values forϕµ = 0.5 π , which one
would naively expect. The reason is thatA� is propor-
tional to a product of a CP odd (Σ2

P ) and a CP even
factor (Σ2

D), see(29). The CP odd (CP even) facto
has as sine-like (cosine-like) dependence onϕµ. Thus
the maximum ofA� is shifted towardsϕµ = ±π in
Fig. 1(b). Phases close to the CP conserving poi
ϕµ = 0,±π , are favored by the experimental upp
limits on the EDMs. For example, in the constrain
MSSM, we have|ϕµ| � π/10 [9]. However, the re-
strictions are very model dependent, e.g., if also lep
flavor violating terms are included[11], the restric-
tions may disappear. In order to show the full ph
dependence of the asymmetries, we have relaxed
EDM restrictions for this purpose.

For M2 = 200 GeV, we show the tanβ–ϕµ de-
pendence ofσ andA� in Figs. 2(a), (b). The asym
metry can reach values up to 30% and show
strong tanβ dependence and decreases with incre
ing tanβ . The feasibility of measuring the asymme
depends also on the cross sectionσ = σP (e+e− →
χ̃+

1 χ̃−
2 ) × BR(χ̃+

1 → �+ν̃�) × BR(χ̃−
2 → χ̃−

1 or χ̃0
1 +

had.), Fig. 2(a), which attains values up to 15 fb an
BR(χ̃−

2 → χ̃−
1 or χ̃0

1 + had.) ≈ 55–65%.
For the phaseϕµ = 0.9 π and tanβ = 5, we study

the beam polarization dependence ofA�, which can
be strong as shown inFig. 3(a). An electron beam
polarization Pe− > 0 and a positron beam pola
ization Pe+ < 0 enhance the channels with̃νe ex-
change in the chargino production process. For, e
(Pe− ,Pe+) = (−0.8,0.6) the asymmetry can attai
−7%,Fig. 3(a), withσP (e+e− → χ̃+

1 χ̃−
2 ) ≈ 10 fb and

BR(χ̃+
1 → �+ν̃�) ≈ 50%, summed over� = e,µ. The

cross sectionσ = σP (e+e− → χ̃+
1 χ̃−

2 ) × BR(χ̃+
1 →
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(a) (b)

Fig. 2. Contour lines ofσ = σP (e+e− → χ̃+
1 χ̃−

2 ) × BR(χ̃+
1 → �+ν̃�) × BR(χ̃−

2 → χ̃−
1 or χ̃0

1 + had.), summed over� = e,µ, (a), and
the asymmetryA� for � = e or µ (b), in the tanβ–ϕµ plane forM2 = 200 GeV,|µ| = 400 GeV,mν̃�

= 185 GeV,
√

s = 800 GeV and
(Pe− ,Pe+ ) = (−0.8,0.6). The area A is kinematically forbidden bymν̃�

+ m
χ̃0

1
> m

χ̃+
1

.

(a) (b)

Fig. 3. Contour lines of the asymmetryA� for � = e or µ (a), and the significanceS� (b), for e+e− → χ̃+
1 χ̃−

2 ; χ̃+
1 → �+ ν̃�;

χ̃−
2 → χ̃−

1 or χ̃0
1 + had., in the (Pe− –Pe+ )-plane forϕµ = 0.9 π , taking |µ| = 400 GeV,M2 = 200 GeV, tanβ = 5, mν̃�

= 185 GeV,√
s = 800 GeV andL = 500 fb−1.
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�+ν̃�) × BR(χ̃−
2 → χ̃−

1 or χ̃0
1 + had.) with BR(χ̃−

2 →
χ̃−

1 or χ̃0
1 + had.) = 60% ranges between 1.4 fb fo

(Pe− ,Pe+) = (0,0) and 4.1 fb for (Pe− ,Pe+) =
(−1,1). The statistical significanceS� = |A�|

√
2L · σ

is shown inFig. 3(b) for L = 500 fb−1. We have
S� ≈ 4 for (Pe− ,Pe+) = (−0.8,0.6), and thusA�

could be accessible at a linear collider, even forϕµ =
0.9 π , by using polarized beams.

5. Summary and conclusions

We have studied CP violation in chargino produ
tion with longitudinally polarized beams,e+e− →
χ̃+

i χ̃−
j , and subsequent two-body decay of one ch

gino into the sneutrinõχ+
i → �+ν̃�. We have defined

the T odd asymmetriesAT
� of the triple product(pe− ×

pχ̃+
i
) ·p�. The CP odd asymmetriesA� = 1

2(AT
� −ĀT

� ),

whereĀT
� denote the CP conjugated ofAT

� , are sensi-
tive to the phaseϕµ of the higgsino mass parameterµ.
At tree level, the asymmetries have large CP se
tive contributions from spin correlation effects in t
production of an unequal pair of charginos. In a n
merical discussion fore+e− → χ̃+

1 χ̃−
2 production, we

have found thatA� for � = e or µ can attain values
up to 30%. By analyzing the statistical errors, we h
shown that, even for, e.g.,ϕµ ≈ 0.9 π , the asymme-
tries could be accessible in futuree+e− collider ex-
periments in the 800 GeV range with high luminos
and longitudinally polarized beams.
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