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Abstract

The decays̃νe → e−χ̃+
1 , ν̃∗

e → e+χ̃−
1 , when kinematically allowed, constitute a source of 10

polarised charginos. We study the processe+e− → ν̃∗
e ν̃e → e+χ̃−

1 e−χ̃+
1 , with subsequent chargin

decaysχ̃−
1 → ν̄µµ−χ̃0

1, χ̃+
1 → qq̄ ′χ̃0

1 or their charge conjugatẽχ−
1 → q̄q ′χ̃0

1, χ̃+
1 → νµµ+χ̃0

1.
The kinematics of this process allows the reconstruction of the sneutrino and chargino rest
and thus a clean analysis of the angular distributions of the visible final state products in the
erence systems. Furthermore, a triple product CP asymmetry can be built inχ̃±

1 hadronic decays
involving the chargino spins and the momenta of the quark and antiquark. With a goodc tagging
efficiency, this CP asymmetry is quite sensitive to the phase of the bino mass termM1 and can tes
CP violation in the neutralino sector.
 2005 Elsevier B.V. All rights reserved.

PACS: 12.60.Jv; 14.80.Ly; 11.30.Er

1. Introduction

An international lineare+e− collider (ILC) offers an ideal environment for the study
supersymmetry (SUSY)[1,2], if this theory is realised in nature. With adequate choices
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the centre of mass (CM) energy and beam polarisations, the various production pro
simultaneously present ine+e− annihilation can be disentangled. It is then possible
measure sparticle masses, couplings and mixings[3], allowing for the determination o
the Lagrangian parameters. The quantum numbers of the new particles must be
gated as well, in order to confirm that they are the superpartners of the Standard
(SM) fields. In particular, it is crucial to determine the spins of the SUSY particles. S
dependent effects serve not only to deduce the particle spins but may also be used t
the predictions of the theory, using the input from other experiments. It is also conce
that spin distributions and asymmetries, if precisely measured, can be used to impr
measurement of some of the mixing parameters of the Lagrangian.

The existence of purely supersymmetric CP violation sources is other of the a
that require a thorough investigation. At present, all CP violation observed inK andB

oscillations and decay (with the possible exception of the time-dependent CP asym
in B0

d → φKS , whose experimental situation is still unclear) can be explained by a s
CP-violating phase in the Cabibbo–Kobayashi–Maskawa mixing matrix. However, th
breaking induced by this phase cannot account for the observed baryon asymmetr
universe. The most general Lagrangian of the minimal supersymmetric Standard
(MSSM) contains a large number of CP violation sources, which can potentially
observable effects at low and high energies. Within the neutralino sector, CP-vio
phases can appear in the bino and Higgsino mass terms,M1 andµ, respectively. At low
energies the phasesφ1, φµ of these two parameters generally lead to unacceptably
SUSY contributions to electric dipole moments (EDMs), if they are different from 0,π .
Present constraints from EDMs place strong restrictions on the values ofφ1 andφµ, but
do not necessarily require thatM1 andµ are real, and cancellations among the differ
SUSY contributions can occur[4–6]. This possibility, and the need for further CP violati
sources beyond the SM, makes the investigation of CP breaking in the neutralino s
compelling task to be carried out at a linear collider.

In this paper we focus on the determination of the spin and spin-related proper
sneutrinos and charginos, including CP-violating spin asymmetries in chargino d
We study sneutrino pair production ine+e− annihilation at a CM energy of 800 GeV,
proposed for an ILC upgrade. We concentrate in the channels

e+e− → ν̃∗
e ν̃e → e+χ̃−

1 e−χ̃+
1 → e+ν̄µµ−χ̃0

1e−qq̄ ′χ̃0
1 ,

(1)e+e− → ν̃∗
e ν̃e → e+χ̃−

1 e−χ̃+
1 → e+q̄q ′χ̃0

1e−νµµ+χ̃0
1 ,

with q = u, c, q ′ = d, s. This process has three advantages for our purposes: (
charginos produced are 100% polarised, having positive helicity in the decayν̃∗

e → e+χ̃−
1

and negative helicity iñνe → e−χ̃+
1 ; (ii) the kinematics allows the determination of t

sneutrino and chargino rest frames, and then the study of angular distributions in the
erence systems; (iii) its cross section is large, and backgrounds with 5 energetic fin
particles plus large missing energy and momentum are small. Muon sneutrinos are
source of polarised charginos, but the cross section forν̃∗

µν̃µ production is much smalle
Beam polarisationsPe− = −0.8, Pe+ = 0.6 can be used to increase the signal cross
tions but they do not affect the angular distributions and CP asymmetries studied.

For definiteness, we consider a SUSY scenario like SPS1a in Ref.[7] but with a heavier

slepton spectrum (and nonzero phasesφ1, φµ), so that sneutrino decays to charginos are
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kinematically allowed. The analysis ofe−, e+ angular distributions in thẽνe, ν̃∗
e rest frames

provides a strong indication that sneutrinos are scalar particles and charginos ha
1/2. The angular distributions of thẽχ−

1 (χ̃+
1 ) decay productsµ−, q̄, q ′ (µ+, q, q̄ ′) with

respect to thẽχ−
1 (χ̃+

1 ) spin can be precisely measured as well. Furthermore, sum
χ̃−

1 andχ̃+
1 hadronic decays, a CP asymmetry based on the triple product�s± · ( �pq̄1 × �pq2)

can be built, where�s± is the spin direction of thẽχ−
1 or χ̃+

1 , and �pq̄1, �pq2 are the three
momenta of the antiquark and quark resulting from its decay, respectively, in theχ̃±

1 rest
frame. A goodc tagging efficiency, as expected for a future linear collider, is essentia
the determination of quark angular distributions and the CP asymmetry. For the latt
necessary to distinguish between the quark and antiquark produced in the decay. T
be done combiningc tagging and the knowledge of the final state muon charge.

We note that in chargino pair productione+e− → χ̃+
1 χ̃−

1 the charginos are polarise
as well[8], allowing for the measurement of decay angular distributions and CP-viol
asymmetries. However, in this process the momenta of the decaying charginos ca
determined with kinematical constraints, and thus the analysis of angular distributi
less clean. Moreover, the backgrounds forχ̃+

1 χ̃−
1 in the semileptonic decay channel a

huge, beinge+e− → W+W− → �±νjj , � = e,µ the most troublesome, with a cro
section (including ISR and beamstrahlung corrections) of approximately 3.5 pb a
energies of 500 and 800 GeV, forPe+ = 0.6, Pe− = −0.8. At any rate, in SUSY scena
ios where sneutrino decays to charginos are not kinematically allowed,χ̃+

1 χ̃−
1 production

seems the best place for the study of chargino spin properties and CP asymme
chargino decays.

This paper is organised as follows. In Section2 we discuss sneutrino production a
decay, focusing on the features most relevant for our work, and fix the SUSY sce
used. The procedure for the Monte Carlo calculation of the processes and reconst
of the signals is outlined in Section3. In Section4 we introduce the different distribution
analysed and present our numerical results. In Section5 we compare with results obtaine
from other processes and draw our conclusions.

2. Production and decay of sneutrino pairs

Sneutrino pairs are produced ine+e− collisions through the Feynman diagrams d
picted inFig. 1. Their two-body decays̃νe → e−χ̃+

1 , ν̃∗
e → e+χ̃−

1 are mediated by th
ν̃eeχ̃

−
1 vertex which, neglecting the electron Yukawa coupling, is given by

(2)Lν̃eeχ̃
−
1

= −gV11ēPRχ̃−
1 ν̃e − gV ∗

11χ̃
−
1 PLeν̃∗

e ,

with V † the 2× 2 unitary matrix diagonalising the chargino mass matrix by the r
(the interactions and notation used can be found in Refs.[9,10], and follow the conven
tions of Ref.[11]). By inspection of the Lagrangian it is easily seen that in the de
ν̃e → e−χ̃+

1 , mediated by the first term in Eq.(2), the produced electron has negat
chirality (and thus negative helicity, neglecting the electron mass) and the chargin
positive chirality. Since sneutrinos are spinless particles, angular momentum conse

in the ν̃e rest frame implies that thẽχ+

1 must have negative helicity as well, as depicted
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Fig. 1. Feynman diagrams forν̃∗
e ν̃e production ine+e− annihilation.

(a) (b)

Fig. 2. Helicity of the charginos produced inν̃e andν̃∗
e decays.

(a) (b) (b)

Fig. 3. Feynman diagrams for the decayχ̃−
1 → f̄ f ′χ̃0

1 , for light fermionsf̄ f ′ = ν̄ee
−, ν̄µµ−, ūd, c̄s and negli-

gible f̃ ′
L

− f̃ ′
R

, f̃L − f̃R mixing. Forf = ν�, in diagram (c)f̃ ∗
L

= ν̃∗
�

is exchanged.

schematically inFig. 2(a). For ν̃∗
e → e+χ̃−

1 , the positron has negative chirality, and th
positive helicity; therefore, thẽχ−

1 has positive helicity in thẽν∗
e rest frame, as shown i

Fig. 2(b).
The decay ofχ̃−

1 to light fermionsf̄ , f ′ and a neutralinõχ0
1 is mediated by the dia

grams inFig. 3, with similar diagrams forχ̃+
1 decay. We study final states in which o

of the charginos decays leptonically and the other hadronically. In leptonic decays
strict ourselves tof̄ f ′ = ν̄µµ− (f f̄ ′ = νµµ+). The reason is that in decays toe± and a
neutrino, the presence of an additionale+e− pair from sneutrino decays difficulties the r
construction of the final state, while in decays toτ± the momentum of the charged lept
cannot be directly measured. We sum all hadronic decaysf̄ f ′ = ūd, c̄s (f f̄ ′ = ud̄, cs̄).

We choose a SUSY scenario similar to SPS1a but with a heavier sfermion spe
and complex phasesφ1, φµ. The low-energy parameters most important for our anal
are collected inTable 1. For vanishingφ1, φµ, they approximately correspond tom1/2 =
250 GeV,m

Ẽ
= m

L̃
= mHi

= 200 GeV,AE = −200 GeV at the unification scale, an
tanβ = 10. We useSPheno [12] to calculate sparticle masses, mixings and some d

widths. Neutralino and chargino masses slightly depend onφ1, φµ; for φ1 = φµ = 0 they
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Table 1
Low-energy parameters (at the scaleMZ ) for the SUSY scenario used. The dimensionful
parameters are in GeV

Parameter Value

M1 102.0eiφ1

M2 192.0
µ 377.5eiφµ

tanβ 10
mν̃e

252.4
mµ̃L

264.5
mũL

,mc̃L
571.5

m
d̃L

,ms̃L
577.0

are mχ̃0
1

= 99 GeV,mχ̃−
1

= 178 GeV,mχ̃−
2

= 401 GeV. The relevant branching rati

(takingφ1 = φµ = 0) are Br(ν̃e → e−χ̃+
1 ) = 0.52, Br(χ̃−

1 → ν̄µµ−χ̃0
1) = 0.10, Br(χ̃−

1 →
q̄q ′χ̃0

1) = 0.34, with the same rates for the charge-conjugate processes.
In the scenario selected the three-body decaysχ̃−

1 → f f̄ ′χ̃0
1 are mediated by off-she

intermediate particles. Still, they are dominated byW exchange, diagram (a) inFig. 3,
due to the large sfermion masses. Inχ̃−

1 → ν̄µµ−χ̃0
1 the second diagram in importan

is sneutrino exchange inFig. 3, diagram (c), but its contribution to the partial width is
times smaller than the one fromW exchange. For hadronic decays, diagrams involv
squarks are even more suppressed, and their contribution has a relative magnitude×
10−4 with respect to theW diagram. Therefore, many characteristics of this scenario
shared with scenarios with a heavier chargino spectrum, in which the two-body
χ̃−

1 → W−χ̃0
1 is possible and diagrams (b) and (c) are negligible both for leptonic

hadronic final states.
For values ofφ1, φµ different from 0,π , CP is violated in the neutralino and chargi

sectors, leading to large SUSY contributions to EDMs. If the squark spectrum (w
does not play any role in our analysis, as seen from the previous discussion) is
enough, experimental limits on the neutron and Mercury EDMs can be satisfie
the other hand, for the selectron and sneutrino masses under consideration, the
imental bound on the electron EDMde severely constrains the allowed region in t
(φ1, φµ) plane. Using the expressions forde in Ref. [13] it is found that, for eachφ1

between 0 and 2π , in this scenario there exist two narrow intervals forφµ, one with
valuesφµ ∼ 0 and the other with valuesφµ ∼ π , in which the neutralino and chargin
contributions tode partially cancel, resulting in a value compatible with the experim
tal limit d

exp
e = (0.079± 0.074) × 10−26 e cm [14]. For instance, forφ1 = π/2 the phase

φµ can beφµ � −0.12 or φµ � 3.21. Several representative examples of these pai
phases allowed by EDM constraints are collected inTable 2. We can see that in prin
ciple it is possible to have any phaseφ1, though with a strong correlation withφµ. If
φ1 andφµ are experimentally found to be nonvanishing, a satisfactory explanation
be necessary for this correlation, which apparently would be a “fine tuning” of their

ues[15].
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Table 2
Examples of approximate phasesφ1, φµ for which the pairs(φ1, φµ), (−φ1,−φµ) are
allowed by EDM constraints

φ1 φµ φ1 φµ

0 0 π 0
π/8 −0.0476 7π/8 −0.0454
π/4 −0.0876 3π/4 −0.0845
3π/8 −0.1136 5π/8 −0.1114
π/2 −0.1218

3. Generation and reconstruction of the signals

The matrix element of the resonant processes in Eq.(1) are calculated usingHELAS
[16], including all spin correlations and finite width effects. The relevant terms of the
grangian can be found in Refs.[9,10]. We assume a CM energy of 800 GeV, with elect
polarisationPe− = −0.8 and positron polarisationPe+ = 0.6. Beam polarisation has n
effect on the angular distributions and asymmetries studied but increases the signa
section. The luminosity is taken as 534 fb−1 per year[17]. In our calculations we take int
account the effects of initial state radiation (ISR)[18] and beamstrahlung[19,20]. For the
design luminosity at 800 GeV we use the parametersΥ = 0.09,N = 1.51 [17]. The actual
expressions for ISR and beamstrahlung used in our calculation are collected in R[9].
We also include a beam energy spread of 1%.

We simulate the calorimeter and tracking resolution of the detector by perform
Gaussian smearing of the energies of electrons (e), muons (µ) and jets (j ), using the spec
ifications in Ref.[21],

(3)
	Ee

Ee
= 10%√

Ee
⊕ 1%,

	Eµ

Eµ
= 0.02%Eµ,

	Ej

Ej
= 50%√

Ej
⊕ 4%,

where the two terms are added in quadrature and the energies are in GeV. We app
matical cuts on transverse momenta,pT � 10 GeV, and pseudorapidities|η| � 2.5, the
latter corresponding to polar angles 10◦ � θ � 170◦. We also reject events in which the le
tons or jets are not isolated, requiring a “lego-plot” separation	R = √

	η2 + 	φ2 � 0.4.
For the Monte Carlo integration in 10-body phase space we useRAMBO [22].

For the precise measurement of angular distributions it is crucial to reconstruct
rately the final state. This is more difficult when several particles escape detection
happens in our case. Since we are not interested in the mass distributions we us
put all the sparticle masses involved, which we assume measured in other proces[3].
Let us label the electron and positron 4-momenta aspe− , pe+ , respectively, and the mo
menta of the “visible” chargino decay products (theµ± for the leptonic decay and th
quark–antiquark pair in the hadronic decay) aspV + , pV − . The unknown momenta of th
“invisible” chargino decay products (theνχ̃0

1 pair in leptonic decays and the neutralino
hadronic decays) arepI+ , pI− (8 unknowns). From four-momentum conservation and

kinematics of the process we have the relations
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EI+ + EI− = ECM − Ee− − Ee+ − EV + − EV − ,

�pI− + �pI+ = �/p,

(pV + + pI+)2 = m2
χ̃−

1
,

(pV − + pI−)2 = m2
χ̃−

1
,

(pe− + pV + + pI+)2 = m2
ν̃e

,

(4)(pe+ + pV − + pI−)2 = m2
ν̃e

,

whereECM is the CM energy and�/p the missing momentum. These 8 equations are at m
quadratic in the unknown momentapI+ , pI− . With a little algebra, they can be written
the form of 7 linear plus one quadratic equation, which can be solved yielding 2 po
solutions for the unknown momenta (note that in leptonic decays only the sum o
neutrino and neutralino momenta can be determined). In order to select the corre
we use the additional constraint that eitherp2

I+ = m2
χ̃0

1
or p2

I− = m2
χ̃0

1
depending on which

chargino decays hadronically (this is decided event by event depending on the ch
the muon). WithpI+ , pI− obtained from the reconstruction process, the momenta o
two charginos and the two sneutrinos can be determined, as well as their respect
frames.

We note that ISR, beamstrahlung, particle width effects and detector resolution d
the determination ofpI+ , pI− , being ISR and beamstrahlung the most troublesome.
tector resolution affects the measurement of charged lepton and jet momenta, wh
and beamstrahlung modify the beam energies and thus reduce the CM energy, caus
that the CM and laboratory frames do not coincide. Moreover, the last four of Eqs.(4) only
hold for strictly on-shell sneutrinos and charginos. Due to these effects, Eqs.(4) some-
times do not have a real solution, i.e., the discriminant of the quadratic equation men
above is negative. In such case, we force the system to have a real solution by set
discriminant to zero, what has the consequence that the solutions do not fulfil Eqs.(4) for
the input valuesmχ̃−

1
, mν̃e

used but rather for other (sometimes very different) ones.
The determination of the unknown momenta is done as follows. In order to partially

into account the decrease in the CM energy we replaceECM in Eqs.(4) by an “effective”
CM energyEeff

CM. We try the reconstruction of the unknown momenta for different ener
Eeff

CM � ECM in decreasing order, choosing the one which gives reconstructed sneu
chargino and neutralino masses closest to their true values. In case that different e
energies yield equal results for the reconstructed masses, we choose the largest on
event does not reasonably fit into the kinematics assumed for the process, it is disca

For the analysis of some observables we take advantage of the goodc tagging capability
that it is expected at a future linear collider. We use ac tagging efficiency of 50% and
mistake rate of 0.2%[23]. The identification ofc againstc̄, when needed, can be indirect
done looking at the charge of the muon produced. In final states withµ−, the chargino
decaying hadronically is̃χ+

1 , thus the tagged jet corresponds to ac quark and the other on
to as antiquark. By the same argument, forµ+ final states the tagged jet corresponds

c antiquark and the other one to as quark.
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The backgrounds to the processes in Eq.(1) are rather small. Other SUSY partic
production processes leading to a final state ofe+e−µ±jj plus large missing energy an
momentum are for instancee+e− → χ̃±

1 χ̃∓
2 → χ̃±

1 Zχ̃∓
1 , e+e− → χ̃±

1 χ̃∓
2 → χ̃±

1 W∓χ̃0
2 ,

e+e− → χ̃0
2 χ̃0

3,4 → χ̃0
2 χ̃±

1 W̃∓, with subsequent decaysZ → e+e−, χ̃0
2 → e+e−χ̃0

1 and

hadronic or leptonic̃χ±
1 , W± decays giving a muon, two jets, a neutrino and a neutra

The total cross section of the three processes amounts to 0.1 fb. More important
SM backgrounde+e− → e+e−µ−ν̄qq̄ ′ (which includes on-shellZW+W− production)
plus its charge conjugate, with a cross section around 4 fb[24]. All these backgrounds ar
expected to be considerably reduced by the signal reconstruction process, which r
that the kinematics of the events is compatible with sneutrino pair production. Six fe
production may be further suppressed with a kinematical cut requiring that the inv
mass of thee+e− pair is not consistent withMZ .

4. Results

We present our numerical results takingφ1 = φµ = 0 everywhere except for the stud
of CP asymmetries. We collect inTable 3the total cross section for the processes in Eq(1)
(including ISR, beamstrahlung and beam spread corrections), the cross section af
tector” cuts, its value including also reconstruction cuts, and finally requiring onec tag as
well. In the latter case, only chargino decays toq̄q ′ = c̄s (qq̄ ′ = cs̄) contribute in practice.

We give our theoretical predictions for angular distributions (calculated with sufficie
high Monte Carlo statistics) together with a possible experimental result for one y
running (with an integrated luminosity of 534 fb−1). The latter is generated as follows: f
each bini we calculate the expected number of events in one yearµi , then the “observed
number of eventsni in each bin is randomly obtained according to a Poisson dist
tion with meanµi . This procedure is done independently for each kinematical distribu
studied. In order to be not too optimistic in our results, we present samples of po
experimental measurements in which the total number of events is approximately 1σ away
from the theoretical expectation.

4.1. Electron angular distributions

Sneutrino decays are predicted to be isotropic in their rest frame, as corresponds
less particles. This fact can be experimentally tested in the processes discussed he

Table 3
Total cross section (in fb) of the processes in Eq.(1) before and after detector and recon-
struction cuts, and including alsoc tagging

Cross section

Total 17.56
Detector 11.05
Reconstruction 9.99
c tagging 2.50
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Fig. 4. Angular distribution of thee− with respect to an axis orthogonal to the beam direction, in theν̃e rest
frame.

the examination of thee− (e+) angular distribution in thẽνe (ν̃∗
e ) rest frame. We concen

trate on the first case, definingβe− , as the angle between thee− momentum (inν̃e rest
frame) and an axis orthogonal to the beam direction arbitrarily chosen. InFig. 4we show
the dependence of the cross section on this angle. The full line corresponds to the t
ical prediction, which slightly deviates from a flat line due to detector and reconstru
cuts. The points represent a possible experimental result. Despite the small statistic
tuations, it is clear that the result corresponds to a flat distribution. Performing the an
for three orthogonal axes shows that theν̃e decay is isotropic, what provides a strong in
cation that sneutrinos are scalars and thus that charginos have half-integer spin (as
by total angular momentum conservation).

4.2. Angular distributions of χ̃−
1 decay products

The reconstruction of the chargino and sneutrino momenta allows for the determi
of the chargino spin directions, which are�s− = �Pχ̃−

1
, �s+ = − �Pχ̃+

1
for χ̃−

1 , χ̃+
1 , respectively,

with �Pχ̃−
1

, �Pχ̃+
1

the chargino three-momenta in theν̃e, ν̃∗
e rest frames. The knowledge

the chargino spin directions then makes it possible a precise study of its polarised
ential decay widths. The analytical expressions for these quantities are rather length[25];
however, the angular distribution of a single decay product in theχ̃−

1 rest frame can be ca
in a compact form. Let us defineθf̄ , θf ′ , θ0 as the angles between the three-moment

f̄ = ν̄, ū, c̄, f ′ = µ−, d, s andχ̃0
1 in the χ̃−

1 rest frame, respectively, and theχ̃−
1 spin (see
Fig. 5). Analogous definitions hold for thẽχ+
1 decay products. Integrating all variables
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Fig. 5. Definition of the polar anglesθf̄ , θf ′ andθ0 in the decay ofχ̃−
1 .

exceptθf̄ , θf ′ or θ0, the angular decay distributions read

1

Γ (−)

dΓ (−)

d cosθf̄

= 1+ hf̄ cosθf̄

2
,

1

Γ (−)

dΓ (−)

d cosθf ′
= 1+ hf ′ cosθf ′

2
,

(5)
1

Γ (−)

dΓ (−)

d cosθ0
= 1+ h

(−)
0 cosθ0

2
,

with Γ (−) ≡ Γ (χ̃−
1 → f̄ f ′χ̃0

1). The h factors are called “spin analysing power” of t
corresponding fermionf̄ , f ′, χ̃0

1 , and are constants between−1 and 1 which depen
on the type of fermion and the supersymmetric scenario considered. Forχ̃+

1 decays the
angular distributionsdΓ (+)/d cosθf,f̄ ′,0 are given by similar expressions with consta

hf , hf̄ ′ , h
(+)
0 , which satisfyhf = −hf̄ , hf̄ ′ = −hf ′ , h

(+)
0 = −h

(−)
0 if CP is conserved.

The angular distribution of the muon resulting from̃χ−
1 decay is shown inFig. 6. For

cosφµ− � −1 the muon is produced opposite to theχ̃−
1 momentum, then approximate

parallel to thee+ momentum (up to a Lorentz boost). Then, these events are suppr
by the requirement of lego-plot separation	R � 0.4. With an accurate modelling of th
real detector, all the cosθµ− range could be eventually included in a fit to experimen
data. In our study we restrict ourselves to the ranges where kinematical cuts do n
the distributions. The fit to the data points (discarding the first three bins) giveshµ− =
−0.270± 0.016, in good agreement with the theoretical valuehµ− = −0.252.

The study of quark angular distributions requiresc tagging to distinguish between th
two quark jets. This reduces the signal by a factor of four, and thus decreases the
cal accuracy of the measurements. The angular distribution of thes quark is presented i
Fig. 7. The suppression around cosθs � −1 is again caused by the requirement of lego-p
separation. The fit to the data points giveshs = −0.151± 0.020, to be compared with th
real valuehs = −0.149. The distribution of thēc antiquark is presented inFig. 8. In ad-
dition to the suppression at cosθc̄ � −1, we notice a decrease around cosθc̄ ∼ 1, which is
indirectly caused by the depression at cosθs � −1. We thus discard the last seven bins

the fit to the distribution and obtainhc̄ = 0.387± 0.044, being the real valuehc̄ = 0.339.
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from
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Fig. 6. Angular distribution of theµ− with respect to thẽχ−
1 spin, in theχ̃−

1 rest frame.

Fig. 7. Angular distribution of thes quark with respect to thẽχ−
1 spin, in theχ̃−

1 rest frame.

As shown by these examples, the “spin analysing power” constants governing t
gular distributions of̃χ−

1 are expected to be measured with an accuracy which ranges
6% forhµ− to 13% forhs . We note that the samples of “experimental measurements”
erated have been chosen so that the total number of observed events is around 1σ away
from the expected number, thus the difference between the measured and true va

the h constants is due to statistics. The analysis ofχ̃+

1 decays can be carried out analo-
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Fig. 8. Angular distribution of thēc antiquark with respect to thẽχ−
1 spin, in theχ̃−

1 rest frame.

gously. However, it is interesting to point out that in CP-conserving scenarios the d
χ̃−

1 → f̄ f ′χ̃0
1 , χ̃+

1 → f f̄ ′χ̃0
1 can be summed, substituting cosθµ+,c,s̄ → −cosθµ−,c̄,s ,

improving the statistics by a factor∼ √
2. Even in CP-violating scenarios this is likely

be a good approximation, becausehµ− + hµ+ , hc + hc̄, hs + hs̄ are negligible at the tre
level, as will be shown in the next subsection, and get nonzero values only through
order corrections.

4.3. CP violation in chargino decays

The construction of CP-violating observables involves the comparison ofχ̃−
1 and χ̃+

1
decays. Under CP, the vectors inFig. 5transform to

(6)�s− → �s+, �pf̄ → − �pf , �pf ′ → − �pf̄ ′ , �pχ̃0
1

→ − �pχ̃0
1
,

defined for theχ+
1 decay. Then, if we sum̃χ−

1 andχ̃+
1 decays the products

Qµ = �s± · �pµ± ,

Qc = �s± · �pc(c̄),

(7)Qs = �s± · �ps̄(s)

are CP-odd. In hadronic decays an additional product�s± · �pχ̃0
1

can be measured but
equals−(Qc +Qs). Since these products are even under naive T-reversal, the CP-vio
asymmetries

(8)AX = N(QX > 0) − N(QX < 0)
,

N(QX > 0) + N(QX < 0)
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with X = µ,c, s andN standing for the number of events, are also T-even. Hence,
need the presence of absorptive CP-conserving phases in the amplitudes in orde
nonvanishing. In the processes under consideration these phases are generated a
level by intermediate particle widths, but they are extremely small, giving asymm
AX ∼ 10−3. At one loop level, these asymmetries can result from the interference be
a dominant tree-level and a subleading one-loop diagram with a CP-conserving pha
are expected to be very small as well.

Neglecting for the moment all particle widths (which are kept in all our nume
computations), the asymmetriesAX vanish at the tree level. Using the fact that in this
proximation the tree-level partial ratesΓ (χ̃−

1 → f̄ f ′χ̃0
1) andΓ (χ̃+

1 → f f̄ ′χ̃0
1) are equal

(because partial rate CP asymmetries are also T-even), these asymmetries are

(9)AX = hX + hX̄

4
.

Thus,hµ− + hµ+ , hc + hc̄, hs + hs̄ vanish at the tree level if particle widths are neglect
and take valuesO(10−3) (much smaller than the precision of the measurement of
individual constants) when particle widths are included.

A CP-odd, T-odd asymmetry can be built from the product

(10)Q12 = �s± · ( �pq̄1 × �pq2),

where �pq̄1 and �pq2 are the momenta of the antiquark and quark resulting from the had
χ̃±

1 decay, respectively. (A triple product�s± ·( �pX1 × �pX2), with X1 = c, c̄, X2 = s̄, s distin-
guished by quark flavour instead of baryon number, is CP-even.) The quark and an
are distinguished usingc tagging and looking at the charge of the muon, as explaine
Section3. The CP asymmetry

(11)A12 = N(Q12 > 0) − N(Q12 < 0)

N(Q12 > 0) + N(Q12 < 0)

can be sizeable already at the tree level, and without the need of interference b
different Feynman diagrams. As discussed in Section2, in the SUSY scenario selecte
the χ̃−

1 decays are strongly dominated by diagram (a) inFig. 3. A large triple-product
CP asymmetry is possible because the polarised decay width forχ̃−

1 → W−χ̃0
1 → f̄ f ′χ̃0

1
contains a term proportional toεµνρσ s

µ
−P ν

χ̄−
1
P

ρ

f̄
P σ

f ′mχ̃0
1

ImO11
R O11∗

L , whereO11
L,R denote

the left- and right-handed parts of the (complex)Wχ̃0
1 χ̃−

1 coupling, respectively, and th
momenta follow obvious notation. In thẽχ−

1 rest frame we havePχ̄−
1

= (mχ̃−
1
, �0), �Pf̄ =

�pf̄ , �Pf ′ = �pf ′ and this term reduces to a triple product.
The theoretical value ofA12 as a function ofφ1, takingφµ = 0, is shown inFig. 9(a),

where we observe that the asymmetry can reach valuesO(0.1) for large phasesφ1 � 2. For
largeφµ values the asymmetry could be large too, as can be seen inFig. 9(b). However,
for the range|φµ| � 0.12 (moduloπ ) allowed by EDM constraints the variation ofA12 is
only between±0.01.

We present inFig. 10the value of the asymmetry after signal reconstruction, includ

the corrections from ISR, beamstrahlung, etc. discussed in Section3. The shaded region
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Fig. 9. Theoretical value ofA12 as a function ofφ1, for φµ = 0 (a) and as a function ofφµ, for φ1 = 0 (b).

represents the statistical error for one year of running with an integrated luminos
534 fb−1. The variation of the cross section withφ1 is not relevant. In this plot we hav
chosen pairs of phases(φ1, φµ) allowed by EDM constraints: for eachφ1, we take aφµ

value, with|φµ| � 0.12, for which the neutralino and chargino contributions to the elec
EDM cancel. Then, we calculate the asymmetry for this(φ1, φµ) pair. (Several represen
tative examples of these allowed pairs of phases are collected inTable 2.) The maximum
differences in the asymmetry between takingφµ = 0 and taking theφµ values required by

EDM constraints are of 10%, found forφ1 ∼ 0,π .
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Fig. 10. AsymmetryA12 as a function of the phaseφ1, for φµ values fulfilling EDM constraints, as explained
the text. The shaded region represents the statistical error for one year of running.

5. Conclusions

In this paper we have shown that, in SUSY scenarios where the decaysν̃e → e−χ̃+
1 ,

ν̃∗
e → e+χ̃−

1 are kinematically allowed, sneutrino pair production provides a cop
source of 100% polarised charginos, in which the kinematics of the process allows
construct their four-momenta. The large cross section for the full processe+e− → ν̃∗

e ν̃e →
e+χ̃−

1 e−χ̃+
1 → e+ν̄µµ−χ̃0

1e−qq̄ ′χ̃0
1 (plus its charge conjugate) and the low backgrou

allow precise measurements of spin-related quantities like angular distributions and
product CP-violating asymmetries.

The e− distribution in theν̃e rest frame shows that thẽνe decay is isotropic, what i
a strong indication that sneutrinos are scalars. Since the spin of electrons is 1/2, total
angular momentum conservation implies that the charginos have half-integer spin,
1/2 the most obvious possibility. Angular distributions inχ̃−

1 rest frame allow to measur
the values of the “spin analysing power” constantshµ− , hc̄, hs controlling the angula
distributions of its decay products, with a precision between 6 and 13% for only one
of running. Since the sumshµ− +hµ+ , hc +hc̄, hs +hs̄ are zero if CP is conserved, and a
expected to be small in CP-violating scenarios (even including radiative correction
data fromχ̃+

1 decays could eventually be included in the analyses, improving the stat
precision.

Despite the fact that CP-violating phases could be detected in CP-conserving qua
[26], the direct observation of supersymmetric CP violation is extremely important
have shown that iñχ±

1 hadronic decays the CP-violating asymmetry in the product�s± ·
( �pq̄1 × �pq2) is very sensitive to the phase ofM1, and can have values up toA12 = 0.07 for
φ1 � 2. Such asymmetry could be observed with 2.6σ statistical significance in one ye

of running. It is worth comparing this sensitivity with the ones obtained in other processes
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Fig. 11. Triple product CP-violating asymmetries defined in (a) selectron cascade decays[27]; (b) χ̃0
1 χ̃0

2 produc-
tion [10], in the same SUSY scenario studied here. The shaded regions represent the statistical error for
of running.

within the same SUSY scenario. In selectron cascade decaysẽL → eχ̃0
2 → eχ̃0

1µ+µ−, a
CP asymmetry in the triple product�s · ( �pµ− × �pµ+) can be built, with�s the χ̃0

2 spin[27].
In χ̃0

1 χ̃0
2 productione+e− → χ̃0

1 χ̃0
2 → χ̃0

1 χ̃0
1�+�−, � = e,µ, an analogous asymmetry

the product�pe+ · ( �p�− × �p�+) can be defined[10,28]. The values of these asymmetries a
function ofφ1 (including ISR, beamstrahlung, beam spread and detector effects, as w
backgrounds) are shown inFig. 11(adapted from Refs.[10,27], where two years of runnin
are considered instead of one). ComparingFigs. 10, 11it is apparent that the observatio
of CP violating effects is much easier in sneutrino cascade decays. For large phasesφ1 � 2

the statistical significance of the CP asymmetryA12 is a factor of two larger than for
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erefore,
much
ction

ential
FCT

FRH/

8, hep-
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article
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ollider
the asymmetries in selectron cascade decays and neutralino pair production. Th
provided a goodc tagging efficiency is achieved, sneutrino cascade decays provide a
more sensitive tool to test CP violation in the neutralino sector than neutralino produ
and decay processes.
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