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Abstract

We study CP odd asymmetries in chargino productiba~ — )chzj and the subsequent two-body decay of one chargino
into a sneutrino. We show that in the Minimal Supersymmetric Standard Model with complex pararttetersymmetries can
reach 30%. We discuss the feasibility of measuring these asymmetries at a linear collidgr w800 GeV and longitudinally

polarized beams.
0 2004 Elsevier B.VOpen access under CC BY license,

1. Introduction

In the chargino sector of the Minimal Supersym-
metric Standard Model (MSSM1] the higgsino mass
parametenx can be compleX2]. It has been shown
that in the production of two different charginos,
ete”™ — )Zf)zj a CP violating phase,, of 1 causes
a non-vanishing chargino polarization perpendicular
to the production plang,4]. This polarization leads
attree level to triple product asymmetr[&s-7], which
might be large and will allow us to constrajp at a fu-
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tureete linear collider{8]. Usually it is claimed that
this phase has to be small for a light supersymmetric
(SUSY) particle spectrum due to the experimental up-
per bounds of the electric dipole moments (ED8J)
However, these restrictions are model depenflEijt
If cancellations among different contributions occur
and, for example, if lepton flavor violating phases are
present, the EDM restrictions ap, may disappear
[11].

We study chargino production

@

with longitudinally polarized beams and the subse-
guent two-body decay of one of the charginos into a
sneutrino

e++e——>)zi++)zj—, i,j=12,

)~<l+_)e++‘7fs E:e,ﬂ,‘[. (2)
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We define the triple product

T = (Pe- X Py) - Pe 3)
and the T odd asymmetry
T_U('ZZ>O)—U('ZZ<O) @)

T 6 (Ti>0)+0(Ty <0)’
of the cross sectios for chargino productioifl) and
decay(2). The asymmetryAlT is not only sensitive
to the phasep,,, but also to absorptive contributions,
which could enter via-channel resonances or final-
state interactions. In ord¢o eliminate the contribu-
tions from the absorptive parts, which do not signal
CP violation, we will study the CP asymmetry

1 _
Ae=35(A7 - A7), ()

where A] is the asymmetry for the CP conjugated
processe” — 7 i i — £~ Dy. In this context

it is interesting to note that in chargino productionitis
not possible to construct a triple product and a corre-
sponding asymmetry by using transversely polarized
et ande~ beamg3,12], therefore, one has to rely on
the transverse polarization of the produced chargino.

In Section2 we give our definitions and formal-

ism used, and the analytical formulae for the chargino
production and decay cross sections. In SecBave

77

with the couplings

L¢ =Tz — egSif Oy, Ry =—eysirtéy.  (10)
1 :

O/ = ViV — 5 ViV + i Sirf Oy, (11)
1 :

Ojf = ~UiUj1 = 3UUj2+ 8 sirf . (12)

with i, j = 1,2. HereP, g = 3(1F y5), g = e/ Sinfy

is the weak coupling constant, ard and 73, de-
note the charge and the third component of the weak
isospin of the leptor¢. The t-Yukawa coupling is
given byY, =m./(~/2my cosp) with tang = v /v1,
wherewvy > are the vacuum expectation values of the
two neutral Higgs fields. The chargino mass eigen-

Viaw ™ + Vigh™

andy; = Ujiw™ + Uj2h~ with w* andh* the two-
component spinor fields of the Wino and the charged
higgsinos, respectively. The complex unitary 2 ma-
tricesU,,,, andV,,,, diagonalize the chargino mass ma-
triX Xop, Uy Xap Vi =M+ Smn, With m .+ > 0.

mo

s
statesy;” = (7") are defined by;*

2.2. Cross section

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

discuss some general properties of the CP asymme-P,- = E»(1, —sind, 0, cost),

tries. In Sectiort we present numerical results faly
and the cross sections. Sectl®gives a summary and
conclusions.

2. Definitionsand formalism

2.1. Lagrangiansand couplings

The MSSM interaction Lagngians relevant for
our study are (in our notation and conventions we fol-

low closely[1,13]):
L,0,7=———2Z,0y"[L¢P. + R¢Pr1t, 6
70¢p COS@W /Ly[€L+ ZR] ()
_ =t ou
Lyogrsr = oy ZuXi v
L R -+
x [OfF PL+ O Pr]X} (7)
=+C -
Emﬁz—gvi*le Prév;+hec, C=eun, (8)
~+C ~
£r9r)€+ =—8X; ( i"iPL — YTUigPR)tv;‘ +h.c, (9)

p!. = Ep(1,sing, 0, — cosd), (13)
p;ﬁ_ = (E)’Zi+’ 07 O’ _q)v

H = ~—
pi; - (EXj vov 07 CI)’ (14)

with the beam energ¥, = /s /2, the scattering angle
6.L(p.-., p;-) and the azimuthy is chosen zero. For
J

the description of the polarization of chargipip“ we
choose three spin vectors in the laboratory system

s;jf —=(0,-1,0,0), s?f —=(0,0,1,0),
3 = ——(q.0,0,—E ). (15)
Xi mi+ i

Together Withpxlfﬂ_/migr they form an orthonormal

set.

For the calculation of the cross section for the com-
bined process of chargino producti¢k) and the sub-
sequent two-body decay o"(fl.+ (2), we use the spin-
density matrix formalism as if13,14] The amplitude
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squared,

IT1>=]A(%")

2> or(%)

A,

(Xl ))‘z/')‘i ’ (16)

is composed of the (unnormalized) spin-density pro-
duction matrix pp (%;"), the decay matrixop(x;"),
with the helicity indices.; andx of the chargino and
the propagaton (3;") = l/[p + —m? wt im g+ Ty+].

The production matnxoP(Xf) can be expanded in
terms of the Pauli matrices?, a =1,2,3

pp (X;r)kix; = 2<5MA,’- P+ Zafi;\l’. E?’)'

With our choice of the spin vectonsﬁ+ (15), 2

17

is the longitudinal polarization onJr in the labora-
tory system,El/P is the transverse polarization in
the production plane and:f,/P is the polarization
perpendicular to the production plane. The analytical
formulae for the expansion coefficiensand X%, are
given in[13]. The coefficientzf, is non-zero only for
production of an unequal pair of charginese~ —
%1%, and obtains contributions fror-exchange
andZ—v interference only13]:

T2 =32(272) + Z%(ZV), (18)
with
2 g4 2
Y2(27)=2 ey |AZ)|(cF” — cF7)
w
< Im{O/FO[f*} Efm ;g sino,  (19)
h J
4
27~ 8 b -
Y5(Z0) = T 7 Im{VAVj10/f A(Z) A(D)*}
x Egm g sing. (20)
J
The propagators are defined by
i
A(Z) = .
p% — mZZ +imzIly
AD) = 5. (21)
Y

and the longitudinal electron and positron beam polar-
izations,P,- andP,+, respectively, are included in the
coefficients

=121 - P )L+ Por),

Z = R2(1+ P-)(1— P.+), (22)
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cL =L,(1—P, )1+ P,+). (23)
The contribution(19) from Z-exchange is non-zero
only for ¢, # 0,7, whereas theZ—v interference
term(20), obtains also absorptive contributions due to
the finite Z-width which do not signal CP violation.
These, however, will be eliminated in the asymme-
try A¢ (5).

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

pD(Xi+)A;A,- =8 D+ ZO)?A Zr
a

For the chargino decaf?) into an electron or muon
sneutrino the coefficients are

(24)

_—|Vzl| ( ~+—mg)

foré=e, i,
(25)
where the sign in parenthesis holds for the conjugated

processy; — £~y For the decay into the tau sneu-
trino the coefficients are given by

a __ 12 _ [
ED‘<+>g [Vidl“mys (3 - pe).

2
D= %(|Vil|2 + YTZIUi2|2)(m)2;.+ ).

Th= o &2Vl = Y2 Uizl (s5 - po). (26)
where the sign in parenthesis holds for the conjugated
processy;, — T Vr.

Inserting the density matric€47) and(24)in (16)
leads to

(27)

IT? =4|A()Zi+)|2<PD + ZE;‘JE%).
a

The cross section and distributions in the laboratory
system are then obtained by integratifig? over the
Lorentz invariant phase space element,

1 .
do = —|T|?d Lips, (28)
2s
where we use the narrow width approximation for the

chargino propagator.
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3. CP asymmetries

Inserting the cross sectid@8) in the definition of
the asymmetry4) we obtain:

[ Sign 71| T |?d Lips

T_
A= [IT|2d Lips

_ /'SignT1x% x3 dLips
- [ PDdlLips

(29)

In the numerator only the CP sensitive contribution
»2 2 from chargino polarization perpendicular to
the production plane remains, since only this term con-
tains the triple product; = (p.- x Py+) - Pe (3). In

the denominator only the terlAD rerﬁains, since all
spin correlationsy, ¥4 X{, vanish due to the inte-
gration over the complete phase space. For chargino
decay into a tau sneutring;,;" — t+9,, the asym-
metry Al oc (|Vi1|* — YZ|U;21%)/(1Vir? + YZ|Uial?)

is reduced, which follows from the expressions for
and X2, given in(26).

The relative statistical error of the asymmety
isSA] = AAT/|A]I = 1/(JATIV/N), whereN is the
number of events. For the CP asymmetty, defined
in (5), we haveA A, = AA] /+/2. The statistical sig-
nificance, with which a CP asymmetry can be mea-
sured, is then given by, = |.4¢|~/2N. Note that in
order to measurgl, in the reactior(1) the momentum
of )Zl.+, i.e., the production plane, has to be determined.
This can be done if the corresponding information
from the decay of the other chargiffg on the oppo-
site side is also available. This is the case if, for exam-
ple, thex; decays likex; — %1 Z°, X;— oW
or x; — %1 HY and Z, w, H? decay hadronically,
2% g3, W~ — qq’', H? — bb. Ifthe masses of the
charginos and, as well as the masses Hfo and )21
are known, then the momentqm) can be klnematl-

cally reconstructed. Thisis also pOSSIble if the leptonic
decaysz® — ¢+¢=, HY — v+~ or 3 — £ are
used. In order to predlct the expected accuracy of mea-
suring Ay, it is clear that also detailed Monte Carlo
studies taking into account background and detector
simulations are necessary. However, this is beyond the
scope of the present work.
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4. Numerical results

We present numerical results for the asymmetries
A¢ (5), for £ = e, u and the cross sections =
opleTe™ — 71 %) x BR(X{ — €79;). We study
the dependence of the asymmetries and cross sections
on the MSSM parametefs= |u|e! ¥+, M> and targ.

We choose a center of mass energy,/6f= 800 GeV
and longitudinally polarized beams with beam polar-
izations(P,-, P,+) = (—0.8, +0.6), which enhancé,
exchange in the production process. This results in
larger cross sections and asymmetries.

We study the decays of the lighter chargim‘i.

For the calculation of the chargino Widtiﬂ%; and the

branching ratios BE&I“ — £7;) we include the fol-
lowing two-body decays,

S+ S0+ ~ S
X]_ g W+Xn’ e+Uev I"L+VIL7 T+UT? eLUev
(30)

and neglect three-body decays. The Higgs parame-
ter is chosenny = 1 TeV and thus the decays into
the charged Higgs bosor)iq‘E — Hi)z,? are forbid-
den in our scenarios. In order to reduce the num-
ber of parameters, we assume the relatidpfy| =
5/3Motarf 6y. For all scenarios we fix the sneu-
trino and slepton masses;, =185GeV,{=e, u,t

m; = 200 GeV, ¢ = e, u. These values are ob-
tained from the renormalization group equatigts],

m? = mG+ 0.79M5 + m% cos P(~1/2 + sin? )
andm? = m§ + 0.79M5 + m%/2cos B, for Mz =

200 GeV mo = 80 GeV and tap = 5. In the stau
sector[16] we fix the trilinear salar coupling para-
meter toA,; = 250 GeV. The stau masses are fixed to
mz =129 GeV andn;, = 202 GeV.

In Fig. 1(a) we show the contour lines of the
cross section for chargino production and decay
oplete™ = %1 %5) xBR(X{ — €700) x BR(}, —

%1 or 7 + had) in the My—p, plane for |u| =
400 GeV and tapg = 5. We calculate thg, branch-
ing ratio as BRy, — %1 or ¥ +had) = BR()ZZ‘ —

X1 Z9BR(Z° — q§) + BR({; — xPW7) x

BR(W™ — ¢¢") + BR(Z; — #; HY)BR(H? —

bb) with BR(Z® — ¢g) ~ BRWW' — ¢g') ~ 0.7,
BR(H — bb) ~ 0.85, which gives a lower bound on
the total hadronig, branching ratio. The production
cross sectiorvp(ete™ — )?f)?{) can attain values

s+, =t
Kp Vs Ty 2Ve



80
P[] o in fb
3
0.5
o ®
15
-0.5
10
5 5
4 0112 2 o
100 200 300 400 500
Mg[GeV]

@

Fig. 1. Contour lines ob = op(eTe
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= % 7% x BRGX; — €70 x BR(X; — %, or ¥ + had), summed over = e, 1 (a), and

the asymmetryA, for £ = e or pu (b), in the My—p,, plane for|u| = 400 GeV, tarB = 5, m;, = 185 GeV, /s =800 GeV and

(P,—,P,+)=(-0.8,0.6). The gray area is excluded bryii < 104 GeV. The area A is kinematically forbidden by;z + M0 >ms .
1 1

The area B is kinematically forbidden Iayﬁ tmgs > Js.
1 2

from 10 fb to 150 fb and BRy;” — ¢79,), summed
over{ = e, u, can be as large as 50%. The branch-
ing ratio of 3, decays BR%, — %, or x + had)
is of the order of 60% (25%) foM, ~ 200 GeV
(350 GeV). The cross sectian plotted in Fig. 1(a)
is in fact a conservative lower bound on that cross
section which effectively enters in the determination
of A,. It may be higher if also the leptonic decays
X, — {7V, etc. are taken into account. Note that the
cross section is very sensitive ¢g,, which has been
exploited in[3,4] to constrain co&,,).

The M>—p,, dependence of the CP asymmety
for £ = e or u is shown inFig. 1(b). The asym-

X1

strictions are very model dependent, e.g., if also lepton
flavor violating terms are includefl1], the restric-
tions may disappear. In order to show the full phase
dependence of the asymmetries, we have relaxed the
EDM restrictions for this purpose.

For M> = 200 GeV, we show the tgp, de-
pendence ot and A4, in Figs. 4a), (b). The asym-
metry can reach values up to 30% and shows a
strong tarB dependence and decreases with increas-
ing tanB. The feasibility of measuring the asymmetry
depends also on the cross sectior= op(eTe™ —

F %5 x BR({ — €190) x BR(%; — %1 or x0 +
had), Fig. 2(a), which attains values up to 15 fb and

metry can be as large as 10% and it does, however,BR(x, — x; or )Zf+ had) ~ 55-65%.

not attain maximal values fag,, = 0.5, which one
would naively expect. The reason is thét is propor-
tional to a product of a CP odd&(lz,) and a CP even
factor (Eg), see(29). The CP odd (CP even) factor
has as sine-like (cosine-like) dependencepnThus
the maximum ofA, is shifted towardsp, = £+ in

Fig. 1(b). Phases close to the CP conserving points,

¢, = 0,+£m, are favored by the experimental upper
limits on the EDMs. For example, in the constrained
MSSM, we havelg, | < 7/10 [9]. However, the re-

For the phase,, = 0.9 = and targ = 5, we study
the beam polarization dependence4f, which can
be strong as shown ifig. 3(a). An electron beam
polarization P,- > 0 and a positron beam polar-
ization P,+ < 0 enhance the channels wiil ex-
change in the chargino production process. For, e.g.,
(P,-, P,+) = (—0.8,0.6) the asymmetry can attain
—7%,Fig. 3(a), withop(ete™ — 7, X, ) ~ 10 fb and
BR(%, — €¢*7;) ~50%, summed ovef = e, j1. The
cross sectiow = op(ete” — ¥ %5) x BR(¥%; —
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Fig. 2. Contour lines ofr = op(ete™ — %1 #5) x BR(Z; — €9) x BR(Z, — 71 or z + had), summed ovet = e, ., (a), and
the asymmetryA, for £ = e or n (b), in the tarB—p,, plane for M, = 200 GeV,|u| = 400 GeV,mj, =185 GeV, /s = 800 GeV and

(P,—,P,+)=(—0.8,0.6). The area A is kinematically forbidden lzvy,;l + M0 > Mo
1 1

P+ A in % P Se = |AV2L -0

P

(@) (b)

Fig. 3. Contour lines of the asymmetrfl, for £ = ¢ or u (a), and the significances, (b), for eTe™ — ifiz_;if — (T
Xy = X1 or;?{J + had., in the f,——P,+)-plane forg, = 0.9 7, taking || = 400 GeV, M, = 200 GeV, targ =5, m;, =185 GeV,
/5 =800 GeV andZ =500 fb 1,
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£+9) x BR(X; — %1 or ¥ + had) with BR(%, —
X, Or )Zf + had) = 60% ranges between 1.4 fb for
(P,-,P,+) = (0,00 and 4.1 fb for (P,—, P,+) =
(—=1,1). The statistical significanc® = | A¢|v2L - o

is shown inFig. 3b) for £ =500 fo~t. We have
S¢~4 for (P,-, P,+) = (—0.8,0.6), and thus.A,
could be accessible at a linear collider, evenggr=
0.9 r, by using polarized beams.

5. Summary and conclusions

We have studied CP violation in chargino produc-
tion with longitudinally polarized beamgte™ —
)?,-Jr)?,-_, and subsequent two-body decay of one char-

gino into the sneutringg.” — ¢+7,. We have defined
the T odd asymmetried, of the triple productp,- x
P4+)-Pe. The CP odd asymmetriey = 3(A] — A)),
whereA] denote the CP conjugated 4ff, are sensi-
tive to the phase,, of the higgsino mass paramejer

At tree level, the asymmetries have large CP sensi-

tive contributions from spin correlation effects in the
production of an unequal pair of charginos. In a nu-
merical discussion farte™ — )?f)?{ production, we
have found thatd, for £ = ¢ or u can attain values
up to 30%. By analyzing the statistical errors, we have
shown that, even for, e.gg, ~ 0.9 7, the asymme-
tries could be accessible in futuede™ collider ex-
periments in the 800 GeV range with high luminosity
and longitudinally polarized beams.
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