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CP sensitive observables in chargino production and decay into a W boson
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We study CP sensitive observables in chargino production in electron-positron collisions with
subsequent two-body decay of one chargino into a W boson. We identify the CP odd elements of the
W boson density matrix and propose CP sensitive triple-product asymmetries of the chargino decay
products. We calculate the density-matrix elements, the CP asymmetries, and the cross sections in the
minimal supersymmetric standard model with complex parameters w and M, for an e*e” linear
collider with /s = 800 GeV and longitudinally polarized beams. The asymmetries can reach 7% and
we discuss the feasibility of measuring these asymmetries.
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L. INTRODUCTION

In the minimal supersymmetric standard model
(MSSM) [1] several supersymmetric (SUSY) parameters
can be complex. In the chargino sector of the MSSM this
is the Higgsino mass parameter u = |u|e’®#, and in the
neutralino sector of the MSSM also the U(1) gaugino
mass parameter M, = |M,|e'*1 can have a physical
phase [2]. Usually it is claimed that these phases, in
particular ¢ o have to be small [3,4], due to the experi-
mental upper bounds of the electric dipole moments
(EDMs) of electron and neutron. For example, in the
constrained MSSM |¢,,| has to be smaller than /10
[4] for a SUSY particle spectrum of the order of a few
100 GeV. However, the EDM restrictions may be less
stringent if cancellations among the different SUSY con-
tributions occur [3]. The restrictions may disappear if
also lepton flavor violating terms are included [5]. Thus,
the restrictions on the phases are very model dependent
and independent measurements are desirable. The study
of chargino production at an e* e linear collider [6] will
play an important role. By measurements of the chargino
masses and cross sections, a method has been developed
in [7,8] to determine cos¢,,, in addition to the parameters
M,, ||, and tan3. However, also the sign of ¢, has to be
determined unambiguously by using CP sensitive observ-
ables. One such observable is the chargino polarization
perpendicular to the production plane [7,8]. At tree level,
this polarization leads to triple-product asymmetries [9—
12]. For chargino production and subsequent two-body
decay of one chargino into a sneutrino, such an asymme-
try can be as large as 30% [13] and it will allow us to
constrain ¢ . In the present work we will study chargino
production and decay into a W boson. We will show that,
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due to the spin correlations between the chargino and the
W boson, also an asymmetry is obtained which is sensi-
tive to @y, .

We study chargino production

et te — j/j(pﬁ, A+ j]f(pxj-, Aj) ()

with longitudinally polarized beams and the subsequent
two-body decay

X = Xapy da) + W (pw, o), )

where p and A denote momentum and helicity. We define
the triple product

T 1 =p. Py Xpw), 3)
and the T odd asymmetry

o(T;>0)— o(T,<0)
o(T;>0)+ o(T,<0)

Al = “)
with o the cross section of chargino production (1) and
decay (2). The asymmetry AT is sensitive to the CP
violating phase ¢,. In this context it is interesting to
note that asymmetries vanish if they correspond to a
triple product which contains a transverse polarization
vector of the e™ and e~ beams [7,14].

In order to probe also the phase ¢,,,, which enters in the
chargino decay process (2), we consider the subsequent
hadronic decay of the W boson

Wt —c+5. (5)

The correlations between the ¥;" polarization and the W
boson polarization lead to CP sensitive elements of the W
boson density matrix, which we will identify and discuss
in detail. With the triple product

T 1 =P (P X ps), (©6)

which includes the momenta of the W decay products and
thus probes the W polarization, we define a second T odd
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asymmetry

o(T ;>0 —o(T;<0)
o(T ;>0 + o(T;<0)

Al = (7)
Here, o is the cross section of production (1) and decay of
the chargino (2) followed by that of the W boson (5).
Owing to the spin correlations, AT, has CP sensitive
contributions from ¢, due to the chargino production
process (1) and contributions due to ¢, and @), from
the chargino decay process (2). We treat the decay (5) as a
standard model process.

The Todd asymmetries AT and A7, have also absorp-
tive contributions from s-channel resonances or final-
state interactions, which do not signal CP violation. In
order to eliminate these contributions, we study the two
CP odd asymmetries,

A =3AT-AD. Au=3(AL - Al ®
where jl,T,H are the CP conjugated asymmetries for the
processes ete” — ¥ ¥/ X — WX and e*
Xi XT3 Xi = W™ xn; W™ — &s, respectively. As we will
show, the asymmetry A, is very sensitive to ¢y, . Also
triple-product asymmetries in neutralino production
e*e” — ¥V %) and decay provide a handle on the deter-
mination of this phase [8,11,12,15].

In Sec. II we give our definitions and formalism used,
and obtain the analytical formulas for the differential
cross section and the W boson density matrix. In
Sec. III we discuss general properties of the asymmetries.
We present numerical results in Sec. I'V, and Sec. V gives a
summary and conclusions.

e —

IL. DEFINITIONS AND FORMALISM

We give the analytical formulas for the differential
cross section of chargino production (1) with longitudi-
nally polarized beams and the subsequent decay chain of
one of the charginos (2) followed by the decay of the W
boson

W — f'f, ©)

which may be leptonic, f' = vy, f = £ with€ = ¢, u, 7 or
hadronic, f' = q,, f = g, with ¢, = u,d and g, = ¢, s.
For a schematic picture of the chargino production and
decay process, see Fig. 1. In the following we will derive
the W boson spin-density matrix and relate it to the
asymmetries AT (4) and AT, (7).

A. Lagrangian and couplings
The MSSM interaction Lagrangians relevant for our
study are [1,16]

g -
L=~ MZMY”[LEPL + R¢Prle, (10)
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FIG. 1. Schematic picture of the chargino production and
decay process.

Loz = —eAuXi v X7 0y e>0. (D)
_ 8 =+ IL IR Tt
Lowix = cosay ki YHOFPL + O Prlyy, (12)
Lz = —gUMXT PLvl] — gVi X7 CPLET + He,

(13)

Ly-grpo = gW, Xiy*[OLP, + OR Prlyi + He.,

(14
with the couplings
L( = T3€ - €{/Sinzew, R€ = —€€Sin20W, (15)
OZ‘ == _ViIV;l - %V,»ZV;Z + 3ijsin29W, (16)
IR — _q7* _ Ly in2

Ol.j = —Uj U;; —3U0,Uj + 8,»js1n Ow, (17

Of; = = 1/¥2(cosBNyy — sinBN3) Vi
+ (sinfy Ny + cosOyNp) Vi, (18)

Ok = +1/V2(sinBN}, + cosBN)Ux,
+ (sinfy Ny, + cosbyN;,) Uy, (19)

with l,]: l,zandk: 1,...,4. Here PL,R :%(1 + ’)/5),
g is the weak coupling constant (g = e/ sinfy), and e,
and T3, denote the charge and the third component of the

weak isospin of the lepton €. Furthermore, tan8 = o

where v, are the vacuum expectation values of the two

neutral Higgs fields. The chargino-mass eigenstates y;” =
);;) are defined by x; = Vyw" + Vph' and yx; =
Upw™ + Uph™ with w* and h™ the two-component
spinor fields of the W-ino and the charged Higgsinos,

respectively. The complex unitary 2 X 2 matrices U,,,
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and V,, diagonalize the chargino-mass matrix X,g,
UpaXagV gy = My: 8ys With mg: >0. The complex
unitary 4 X4 matrix N;; diagonalizes the neutral
gaugino-Higgsino mass matrix Y,g, N?aYaBNgk:
mi?éik, with mi(?>0, in the
¥, Z, HY, HY.

neutralino basis

B. Helicity amplitudes

The helicity amplitudes TIAJ"A’ for the production pro-
cess are given in [16]. Those for the chargino decay (2)
are

T/\n k= lgu(pxo, A )YM[0111 + 05iPR]M(pX[+, Ai)gﬁk*

(20)

and those for the W decay (9) are

Aad; 8 ,
Tsz»)\fc = l%u(pf/, /\f/)y”PLv(pf-, /\f)sf‘[. (21)

The W polarization vectors sff, Ay =0, =1, are given in
Appendix A. The amplitude for the whole process (1), (2),
and (9) is

T = AGHAWH) S TN T (22)

Ai Ay

with the chargino propagator A(y;") =

imy+ ' ] and  the w
A(W*) i/[p} — m3, + imy Tyl

l/[p;+ - m;+ +

boson propagator

C. Cross section

For the calculation of the cross section for the com-
bined process of chargino production (1) and the subse-
quent two-body decays (2) and (9) of ¥;” we use the same
spin-density matrix formalism as in [16,17]. The (unnor-
malized) spin-density matrix of the W boson,

pp(WHMNe = AP pp(X) " pp, (i )“ :
AL AL

(23)

is composed of the spin-density production matrix
Y F i 24
pr(X; Z (24)

and the decay matrix of the chargino
k — Ay Ay

Pp, (X, ZTDI A TD ,\/ . (25)
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With the decay matrix for the W decay

A Az JAFE
pp,(W Z TDj; /\:TDf )Jf (26)
£ /\f

the amplitude squared for the complete process e e™ —
XX X5 — W W — f'f can now be written

ITI> = AW pp(WHMNpp (WH)yy. (27
Ak A’

The differential cross section is then given by

1 .
do = % |T|?dLips(s, Px;» Pxo Py Py (28)

where dLips(s, Py» Py Py pj) is the Lorentz invariant

phase-space element, see (Bl) of Appendix B. More de-
tails concerning kinematics and phase space can be found
in Appendices A and B.

For the polarization of the decaying chargino jy;” with
momentum p, -+, we introduce three spacelike spin vec-

tors s;+, = 1, 2, 3, which together with Py /m + form

an orthonormal set with s)ﬁs)(+ = —§9, 5 P = =0.

Then the (unnormalized) chargino density matrix can
be expanded in terms of the Pauli matrices o¢, a =
1,2, 3:

pp(XF)MN = 2(8,, aP+ag a), (29)

where we sum over a. With our choice of the spin vectors
54 o given in Appendix A, 33/P is the longitudinal

polarlzatlon of chargino ¥;", 3L/P is the transverse po-
larization in the production plane, and 3%/P is the po-
larization perpendicular to the production plane. We give
in Appendix D the analytical formulas for P and X4 in
the laboratory system. To describe the polarization states
of the W boson, we introduce a set of spin vectors t§,, c =
1, 2, 3, and choose polarization vectors s;\[, A =0, %1,
given in Appendix A. Then we obtain for the decay
matrices

Pp, (X;L),\/,\ (5)‘§,\in” + Uifx\izuD'L,w) ﬁk*s;\ (30)
and
po,(W ¥y, = Dielier”, a1)
with
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DI = (|0 + |05 P)[2p. p*, —

+ig? (1051 — 105 1) e P pyapwp

apv _ i82(|0§i|2

o |OL Py [5

Y = pw) + sy

+ |01r?i|2)m)(f G#WBS;;a(pX,*B

“pl);

TSP (€013 = 1),

and
Dy = g*(=2p% ph + pypi + PPy
— ymi &) ig € P pyapis  (34)
where here, and in the following, the lower signs hold for
the conjugated processes, here y; — W~ Pand W —

f'f, respectively. In (30) and (31) we use the expansion
(18]

S 1 ’ 1 /
8;\}81/1,( = g 8/\1‘)""1#,} - 2mw E,u,ypu'pﬁ/tc‘;[?(‘lc))\k)‘k
1 o
- Etgvﬂt‘{vy(] YAk, (35)

summed over ¢, d, and €pp3 = 1. J°, ¢ = 1,2, 3, are the
3 X 3 spin-1 matrices with [J¢, J¢] = i€;,J¢. The matri-
ces

Jed = Jegd + Jage

with J!1 + J22 + J33 = 0, are the components of a sym-
metric, traceless tensor. An explicit form of J¢ and J4 is
given in Appendix C. The completeness relation of the
polarization vectors

Zsj\[*s,))" — g+ 7an’wa” 37)
w

— %5“{, (36)

is guaranteed by

PwuPw
Ly, = —8uv +“72V.
my,

(38)

The second term of (35) describes the vector polarization
and the third term describes the tensor polarization of the
W boson. The decay matrices can be expanded in terms of
the spin matrices J¢ and J°¢. The first term of the decay
matrix pp, (30), which is independent of the chargino
polarization, then is

nys,ﬁk*flr)\/;( — D] SAkAIL + CDI(JC)/\/C/\L + cle(ch))uk)x’k’
(39)

summed over ¢, d, with

Py
— pWB) + 2ig2Re(0R*0L )ng e““”ﬁs;raprﬁ
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(p* whwtp +Pw) - (m + mx° — m¥)ghr] + 2g2Re(O§l-*0,Lli)mXi+mX2g“”

(32)

= i) + (55 pw)gt] — ig* (105
ni

— 2ig’Im(O}f; O )m o (s7E Y.

(33)

D, = —g2(|0R |> + |OL |2)[m + mXO —2m3,

(mX+ - m/z\,U)2
n 2"i| — Znge(OR*OL )mxv*m)(g’
mW l
(40)
Dy = (105 P = 0L PImytiyp,), (@41)

“Dy = =g (105> + 105 P15y p )ty p ) + 4m?
+m’y — miy)8] + g”Re(Of Oy )m om0 5
42)

As a consequence of the completeness relation (37), the
diagonal coefficients are linearly dependent

"D, +2D, + 3D, = -3D,. (43)

For large chargino momentum Py the W boson will
mamly be emitted in the direction of Py ie., px* =~
pW, with p = p/|p|. Therefore, for high energies we have
(ty Py+) = 0in (42), resulting in D, =2%D,.

For the second term of pp, (30), which depends on the
polarization of the decaying chargino, we obtain

« A ’ i
Sy e el = S 0K 4 g (M
4 cdzclz)l (ch))\,(/\’k’ (44)

summed over ¢, d, with

a —

D, g (O% > = 105 P)m (s +Pw)

2
3
m2+ - m20
x [—Xf i 1} (45)
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e
S5, = 5 (08P + 0L m X;[(zavpm<s;_+pw>
w ;
1
_(+C oa 2 02 2
+ 3 (tWSXf)(mxf? . + mW)i|

2g2 R+ L
— ——Re(OF*0L)m o[(twpx+)(s +Pw)
mw

+ = (th +)(m§(2 — mf(l_+ - m%v)}

2 X
+ m—l (O%:0L)m p€,,p0s ﬁp;’ﬁp”wt;{,’, (46)
W ’ 1
“d3g = +2gz(|0R > = 1051*)m, (s +PW)5Cd
— (tiyp - )t5ys ‘u)—(t WPy )ty syl (47)

A similar expansion for the W decay matrix (31) results
in

pDZ(WJr)AL,\k = D25Nk)"" +¢ Dz(jc)/\'k/\k 4-cd DZ(JCd)AL)‘k,

(48)
where we sum over ¢, d, with
D, = %gzm%v, (49)
‘D, =(+_) gsz(t;'fo), (50)
“D, = g[(ry - Pf)(f p7) —gm o] (51
The diagonal coefficients are linearly dependent
D, + 2D, + 3D, = —3D,. (52)

Inserting the density matrices (29) and (30) into (23)
leads to

pp(WHM% = 4|A(%])P[(PD; + 3$3%, )5)"‘ + (P°D,
+Ea cEa )(Jc)/\k +(PLdD
+ 3gersy (]
(53)

summed over q, ¢, d. Inserting then (31) and (53) into (27)
leads to the decomposition of the amplitude squared in its
scalar (first term), vector (second term) and tensor part
(third term):

71> = 4JAGRPIAW)IH3(PD, + 2525, )D;
+2(P°D, + 3434 )°D, + 4[(P“'D,
+ 36138 )9D, — (P D, + 243, )¥D,]},
(54)

summed over a, ¢, d.
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D. Density matrix of the W boson

The mean polarization of the W bosons in the labora-
tory system is given by the 3 X 3 density matrix {(p(W™)),
obtained by integrating (53) over the Lorentz invariant
phase-space element dLips(s, Pxir Py pw) [see (B1)] and

normalizing by the trace:
[ pp(W)MAdLips
r i tdLips
[ Trlpp(WH)MH}dLip
= SO VLI £ T,
(55)

summed over ¢, d. The vector and tensor coefficients V,
and T, are given by

_ JIAGEDP(PeD, + 3434 )dLips
¢ 3 [1A(¥;)I*PD,dLips ’

(p WYy =

(56)

_ JIAGRDIPF(PD, + 3% “!34, )dLips

T.,=T, =
cd de SfIA(/\/;r)lzPDldLlps

(57
with sum over a. The density matrix in the circular
polarization basis (A1l) is given by

(p(WT) ") =3—V3+ Ty, (58)
(p(WH)P0) = —2T3,, (59)
+)-0\ — 1 ; \/" ;
(pW*)™%) = —=(Vi +iV,) = V2(T\3 + iTx3), (60)
V2
(p(WT)™F) =Ty — Tp3 + 2iTy, (61)

(W% = L (V) + iVy) + VA(Tps + iToy), (62)

V2
where we have used Tll + T22 + T33 = _%
IIL. T ODD ASYMMETRIES

From (53) we obtain for asymmetry AT (4):

fSign[Tl]Tr{PP(W+)’\kAlk}dLips
J Tr{pp(W*)MA}dLips

_ JIAG)IPSign[T ]3335, dLips

[1A(Y;)I*PD,dLips

AT =

(63)

with dLips(s, Py Pr pw)ds,+ > +dLips(s+, pyo, Pip)s
given in (B1). In the numerator of (63), only the spin
correlations 2%2%1 perpendicular to the production plane

remain, since only this term contains the triple product
T,=p.(p v X Pw). In the denominator only the term

PD, remains, and all spin correlations vanish due to the
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integration over the complete phase space. Note that
AT = 35 = (IOF* — |0L1%) [see (45)] and thus AT

may be reduced for |OR| = |OL,|. Moreover, AT will
2

ni
I
be small for m)(+ My = 2myy.

For the asymmetry AT 11 (7), we obtain from (54)
[Sign[T ;;1IT|*dLips

A= [IT|*dLips
_ JIAGHPIAW)IPSign[ T (12243, <D, dLips
JIAGEHIPIA(WT)I?3PD, D,dLips
(64)
summed over a and c, with dLips =

dLips(s, Px;» Py Pfs pj7), defined in (Bl). In the numera-
tor only the vector part of |T|> remains because only the
vector part contains the triple product 7 ;;, = p,- (p. X
ps). In the denominator the vector and tensor parts of |T|?
vanish due to phase-space integration. Owing to the cor-
relations between the y;” and the W boson polarization,
3434 | there are contributions to the asymmetry A7
from the chargino production process (1), and/or from the
chargino decay process (2). The contribution from the
production is given by the term with a = 2 in (64) and it
is proportional to the transverse polarization of the char-
gino perpendicular to the production plane, 23 (29). For
ete” — ¥ xi, wehave 3% = 0. The contributions from
the decay, which are the terms with a = 1, 3 in (64), are
proportional to

€34 Dy D —2g*m »Im(OK OL)
X(t pf)el.LVpU's +p +thuTr (65)

which contains the € tensor [see the last term of (46)].
Thus, A7, can be enhanced (reduced) if the contributions
from production and decay have the same (opposite) sign.
Note that the contributions from the decay would vanish
for a two-body decay of the chargino into a scalar particle
instead of a W boson.

The relative statistical error of AT is §A] =
AAT/IATI = 1/(|ATI\N), where N = Lo is the
number of events for the integrated luminosity £ and
the cross section o = op(e"e™ — ¥/ x;) X BR(¥; —

W %%). For the CP asymmetry A, (8), we have A A, =
AﬂlT/ V2. The statistical significance, with which the
asymmetry can be measured, is then given by §; =
| A;|V2L - o. A similar result is obtained for the asym-
metry A, with §;; = |.54,,|\/2£ o and the cross sec-
tion o =ople’e” — ¥ ¥;) XBR(¥j - W" ) x
BR(W' — ¢5).

Note that in order to measure “A; the momentum of
X7, Le., the production plane, has to be kinematically
reconstructed. This could be accomplished by measuring
the decay of the other chargino y;, if the masses of the
charginos and the masses of their decay products are

PHYSICAL REVIEW D 70, 115005 (2004)

known. If the other chargino is a ¥; it can decay into
W~ i) or into €~ 7. If the W~ decays hadronically, the
event can be reconstructed after applying a suitable aco-
planarity cut. Possible combinatoric problems can in
principle be solved by charm tagging and applying
energy-momentum constraints. If the decay y; — €~ 7,
occurs and the mass of 7, is known, the reconstruction of
the whole event is possible. If the other chargino is a ¥,
even the decays into the Z boson g, — ¥; Z° and the
lightest neutral Higgs boson j; — ¥; HY can be used for
an event selection.

For the measurement of A ;;, the flavors of the quarks ¢
and § have to be distinguished, which will be possible by
flavor tagging of the ¢ quark [19,20]. The main tech-
niques for charm tagging are the reconstruction of the
secondary vertex from decaying charm hadrons and lep-
ton tagging. In [20] the decay W — c¢§ at LEP2 energies
has been studied. A charm tagging efficiency of about
18% has been obtained. In principle, for the decay W —
ud also an asymmetry similar to A ;; can be considered,
if it is possible to distinguish between the u and d jet, for
instance, by measuring the average charge. Also, it is
clear that detailed Monte Carlo studies taking into ac-
count background and detector simulations are necessary
to predict the expected accuracies. However, this is be-
yond the scope of the present work.

IV. NUMERICAL RESULTS

We study the dependence of A;, A, (8), and the
density matrix (p(W*)) (55), on the MSSM parameters
= |ule’¥«, M, = |M,|e'*", tanB, and the universal
scalar mass parameter my. We will allow ¢y €
[7r, —#r]; however, we take into account Igoﬂl < 0.17 in
some of the plots, as suggested from the EDM analyses
[3,4]. In order to show the full phase dependence of the
asymmetries, however, we will relax the EDM restric-
tions in some of the examples studied.

The feasibility of measuring the asymmetries depends
also on the cross sections o = op(eTe” — j/fj/j‘) X
BR(X, — W) X BR(WT — ¢5), which we will dis-
cuss in our scenarios. We choose a center of mass energy
of /s =800 GeV and longitudinally polarized beams
with (P,-, P,+) = (—0.8, +0.6). This choice enhances
sneutrino exchange in the chargino production process,
which results in larger cross sections and asymmetries.
For the calculation of the branching ratios BR(y;” —
W+ %?) and widths F , we include the two-body decays,

S+ + 50 5+ ~+ =+ + = + = + 5
Xi =W X0 € Ve, RV, TioVr € Doy W0, T 1,
(66)

and neglect three-body decays. For the W boson decay,
we take the experimental value BR(W' — ¢5) = 0.31
[21]. In order to reduce the number of parameters, we
assume the relation |M,| = 5/3M,tan*6y, and use the
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M; [GeV] Mj [GeV]
600 600

®
500 500

100[\‘\

200 300 400 500 600 700 800
(a) |1l [GeV]

400 10

300 s

200 125

100 Di—

200 300 400 500 600 700 800

(b) || [GeV]

FIG. 2. Contour lines of the asymmetry A;; (a) and o = gple™e™ — ¥ ¥7) X BR(¥]7 — W' ) X BRIW* — ¢3) (b), in the
|w]-M, plane for (¢y,, ¢,) = (0.57,0), tanB = 5, my = 300 GeV, /s = 800 GeV, and (P,-, P,+) = (—0.8,0.6). The area A is
kinematically forbidden by My +my- > /s, the area B by my + Mo = My The gray area is excluded by my= < 104 GeV.

approximate solutions of the renormalization group

equations for the slepton and sneutrino masses, m% =
L

mg + 0.79M3 + m7 cos2B(—1/2 + sin*6y) and m3 =
m} + 0.79M3 + m%/2cos28 [22]. In the stau sector
[23], we fix the trilinear scalar coupling parameter to

A, = 250 GeV.

A. Production of ¥7 ¥y
For the production e*e™ — ;" ¥; of a pair of chargi-
nos, the polarization perpendicular to the production
plane vanishes, and thus A; = 0. However, A;; need
not be zero and is sensitive to ¢, and ¢, , because this
asymmetry has contributions from the chargino decay
process. For (¢y,, ¢,,) = (0.5, 0), we show in Fig. 2(a)

o []
1

0.5

@ ulr]

the | w|-M, dependence of A ;;, which can reach values of
5%—1% for M, = 400 GeV. We also studied the ¢, de-
pendence of A ; in the |u|-M, plane. For ¢y, =0, ¢, =
0.177(0.577) and the other parameters as given in the
caption of Fig. 2, we find | A ;| < 2%(7%).

In Fig. 2(b), we show the contour lines of the
cross section o = oplete” — ¥ x7) X BR(}Y{ —
W) X BRW* — ¢5) in the |u|-M, plane for
(¢m,» ¢,) = (0.57,0). The production cross section
opleTe™ — x{ ¥7) reaches more than 400 fb. For our
choice of my =300 GeV, g; — W* ¢! is the only al-
lowed two-body decay channel.

In Fig. 3(a), we plot the contour lines of A ; for |u| =
350 GeV and M, =400 GeV in the ¢,-¢y, plane.

|SI[ = |AH|V2£ -0 |

N

o []

1

0.5

0 15
NN SN
-1 -05 0 0.5 1
(b) pulr]

FIG. 3. Contour lines of the asymmetry A ;; (a) and the statistical significance S;; (b) for ete™ — ¥y ¥ ¥ = W xhwt —
c5, in the @,,-¢y, plane for |u| = 350 GeV, M, = 400 GeV, tanB = 5, my = 300 GeV, /s = 800 GeV, (P,-, P,+) = (—0.8,0.6),
and £ = 500 fb~!. In the gray shaded area of (b) we have S;; < 5.
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FIG. 4. Contour lines of the asymmetry A;; (a) and o = op(e™e™ — ¥ ¥7) X BR(x{ — W )) X BR(W* — ¢3) (b), in the
tan3-m, plane for (¢y,, ¢,) = (0.77,0), M, = 400 GeV, |u| = 350 GeV, /s = 800 GeV, and (P,-, P,+) = (—0.8,0.6).

Figure 3(a) shows that A, is essentially depending on
the sum ¢, + ¢, . However, maximal phases of ¢, =
*+0.57 and ¢, = *0.57 do not lead to the highest values
of [ Ayl = 6%, which are reached for (¢, ¢,) =
(£0.877, =0.67). The reason for this is that the spin-
correlation terms 233§, D, in the numerator of A
(64) are products of CP odd and CP even factors. The CP
odd (CP even) factors have a sinelike (cosinelike) phase
dependence. Therefore, the maximum of the CP asym-
metry A ;; may be shifted to smaller or larger values of
the phases. In the ¢,-¢y, region shown in Fig. 3(a), the
cross section o = oplee” — ¥, x7) X BR(¥{ —
W %) X BRIWW* — ¢5), with BR(y| — W) =1,
does not depend on ¢, and ranges between 74 fb for
¢, = 0and 66 fb for ¢, = 7.

In Fig. 3(b), we show the contour lines of the signifi-
cance S;; = | A |V2L - o, defined in Sec. IIL. For £ =

|W matrix elements, pp, =7 |

500 fb~! and for, e.g., (¢y,, ¢,) = (m,0.17), we have
S;; = 8 and thus A ; could be measured even for small
go,lL'

In Figs. 4(a) and 4(b), we show the tanf-m, depen-
dence of A, and o for (¢y,, ¢,,) = (0.77, 0). The asym-
metry is rather insensitive to m, and shows strong
dependence on tanB and decreases with increasing
tanB = 2. The production cross section op(ete” —
Xi X7) increases with increasing m, and decreasing
tanf. For my < 200 GeV, the branching ratio BR(y{ —
W Y) < 1, since the decay channels of §; into sleptons
and/or sneutrinos open.

In Fig. 5(a), we show the ¢, dependence of the vector
(V) and tensor (T;;) elements of the density matrix
(p(WT)) for @y, = 7 [see (56) and (57)]. In Fig. 5(b),
we show their dependence on ¢y, for ¢, = 0. In both
figures, the element V, is CP odd, while T3, Ty, T», and

|W matrix elements, ¢, =0 |

0.15 0.15
01} 01 ¢
0.05
0.05
0
0 Ti2~Tz~0
TiorcTez =0 -0.05 | V2
005 Va
01t
T~ T
sl — 015 W—_
015 s s s 02 s . s
0 05 1 15 2 0 05 1 15 2
(a) Puln] (b) ey [7]

FIG. 5.

Dependence of vector (V;) and tensor (T;;) elements of the W* density-matrix (p(W*)) on ¢, (a) and on ¢, (b), for

ete” = XX XT — WA, for |l = 350 GeV, M, = 400 GeV, tanf = 5, my = 300 GeV, /s = 800 GeV, and (P,-, P,+) =

(—0.8,0.6).
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V1, V3 show a CP even behavior. As discussed in Sec. II C, the tensor elements 7';; and T,, are almost equal and have the
same order of magnitude as V, and V3, whereas the other elements T, |T,;] < 1073 are small. In the CP conserving
case (@u,, ¢,) = (0,0) and M, = 400 GeV, |u| = 350 GeV, tanf = 5, m; = 300 GeV, /s = 800 GeV, (P,-, P,+) =
(—0.8, 0.6) the density matrix reads

(™) (p7™% (p*) 0.200 —0.010 —0.001
W) =1 ") " (" =<—0.010 0.487  0.137 ) (67)
(p™) (p™0) (p**) —-0.001 0.137  0.313

In the CP violating case, e.g., for (¢y,, ¢,) = (0.7, 0) and the other parameters as above, the density matrix has

imaginary parts due to a nonvanishing V,:

0.219
(p(WH)) = ( —0.010 — 0.025i
0.002

Imaginary parts of the density matrix are thus an indi-
cation of CP violation.

B. Production of ¥; ¥,

For the production of an unequal pair of charginos,
ee” — X! X5, their polarization perpendicular to the
production plane is sensitive to the phase ¢, which leads
to a nonvanishing asymmetry ‘A ; (63). We will study the
decay of the lighter chargino ¥ — W* 0. For |M,| =
250 GeV and ¢, = 0, we show in Fig. 6(a) the |ul-¢,,
dependence of “A;, which attains values up to 4%. Note
that A, is not maximal for ¢, = 0.57, but is rather
sensitive for phases in the regions ¢, € [0.77, 7] and
¢, E [—0.7m7, —x]. As mentioned before, values of ¢,
close to the CP conserving points ¢, = 0, =7 are sug-
gested by EDM analyses. For ¢, =0.97 and |u| =
350 GeV, the statistical significance is §; =
|A|V2L - o = 1.5 with L =500 fb~!. Thus A, could

Pulr]
1
05
0
-0.5
-

100 200 300 400 500 600
(a) |ul [GeV]

FIG. 6. Contour lines of the asymmetry A; (a) and o = oplete” — ¥{ ¥;) X BR(¥{

—0.010 + 0.025i 0.002
0.405 0.171 + 0.0251') (68)
0.171 — 0.025i 0.376

|
be measured at a confidence level larger than 68%

(S;=1.

In Fig. 6(b), we show contour lines of the correspond-
ing cross section o = oplete”™ — ¥ ¥5) X BR(}y{ —
W* %)) in the |u|-¢, plane for the parameters as above.
The cross section shows a CP even behavior, which has
been used in [7,8,14] to constrain cosg,,. In our scenario
we have considered the decay of the lighter chargino
X7 — W %" since for our choice my =300 GeV we
have BR(¥ — W* &%) = 1. For the decay of i, one
would have to take into account also the decays into the
Z boson and the lightest neutral Higgs boson, which
would reduce BR(j; — W+ %) = 0.2.

The asymmetry A, is also sensitive to the phase ¢, .
We show the ¢ ,-¢), dependence of A, choosing the
parameters as above, in Fig. 7(a). In Fig. 7(b), we show
the contour lines of the significance S;; = | A |vV2L - o
for £ =500fb~'. For (¢y,, ¢,) = (m,0.17) we have

puln]

1
0.5

0 75150 (25|15 |5 @
0.5

1

100 200 300 400 500 600

(b) |ul [GeV]

— W*)) (b), in the |ul-¢,, plane for

@, =0, My =250 GeV, tanf = 5, my = 300 GeV, /s = 800 GeV, and (P,-, P,+) = (—0.8,0.6). The area A is kinematically
forbidden by m+ + m,- > /s, the area B by my + myo = . The gray area is excluded by m,- < 104 GeV.

115005-9



O. KITTEL, A. BARTL, H. FRAAS, AND W. MAJEROTTO

oy []
1

0.5

Puln]

PHYSICAL REVIEW D 70, 115005 (2004)
|SH = |An|v2L -0 |

NN
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o []
1

0.5

FIG. 7. Contour lines of the asymmetry A ; (a) and the statistical significance S;; (b) for eTe™ — ¥ ¥5: %7 = W LWt —
c5, in the @,-¢y, plane for |u| = 350 GeV, M, = 250 GeV, tanB = 5, my = 300 GeV, /s = 800 GeV, (P,-, P,+) = (—0.8,0.6),
and £ = 500 fb~!. In the gray shaded area of (b) we have S;; < 1.

S;; = 2.4 and thus ‘A ; could be accessible even for small
phases by using polarized beams.

V. SUMMARY AND CONCLUSIONS

We have proposed and analyzed CP sensitive observ-
ables in chargino production, ee” — ;" ¥;, with
subsequent two-body decay, g — W7 x!. We have de-
fined the CP asymmetry A; of the triple product
p.-(p v X Pw). In the MSSM with complex parameters

p and M, we have shown that A; can reach 4% and
that even for ¢, =~ 097 the asymmetry could be
accessible in the process e"e” — ¥ 5. Further we
have analyzed the CP sensitive density-matrix
elements of the W boson. The phase ¢, enters in the
decay ¥ — W' xY due to correlations of the chargino
and the W boson spins, which can be probed via the
hadronic decay W' — c¢5. Moreover, the triple product
pP.- (p. X p;) defines the CP asymmetry A ;;, which can
be as large as 7% for i ¥; or ¥{ ¥, production. By
analyzing the statistical errors of “A; and ‘A ;, we found
that the phases ¢, and ¢, could be strongly constrained
in future e* e~ collider experiments in the 800 GeV range
with high Iuminosity and longitudinally polarized
beams.
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APPENDIX A: COORDINATE FRAME
AND SPIN VECTORS

We choose a coordinate frame in the laboratory system
such that the momentum of the chargino ¥, points in the

z direction (in our definitions we follow closely [16]). The
scattering angle is 0/ (p,-, px,»’) and the azimuth ¢ can

be chosen zero. The momenta are

® = E,(1, —sinb, 0, 0),
p; - »( . sin cosf) (AD)
pli = Eu(1,sind, 0, — cosb),

pﬁf = (EX;U O) O) _Q), pﬁ/_ = (E/\/jf) 0) 0; CI), (Az)

with the beam energy E, = \/s/2 and

2 2 2

s+m2+—mX_— s~|—m)(——m+
E . = Xi j E - = j Xi
NI 25
AN2(s,m2 ., m%-)
4 X’ Xj
= ! s A3
q N (A3)

where A(x,y,2) = x> + y> + 22 — 2(xy + xz + yz). For
the description of the polarization of chargino y;, we
choose three spin vectors:

Ly _ _
s (0, —1,0,0),

i

2,1 _
S/\';:r (0’ 0) 1: 0)7

1 (A4)
w7 —FE..
Sx my+ (¢.0.0,~E;).

Together with pﬁ + /mX_+ they form an orthonormal set.

For the two-body decay ¥ — W' £ the decay angle
014(p,+, Pw) is constrained by sind?™ = ¢°/q for ¢ >
q°, where ¢° = )\'/z(mif, m?,, mio)/2mw is the chargino

momentum if the W boson is produced at rest. In this case

115005-10
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there are two solutions

(mX + m2, — m%,)qcosf + Exf\/)t(mif, m, m%,) — 4q2m3,(1 — cos?6,)
Ipiy| = —~ Xe T ML = . (A5)
2¢g*(1 — cos“6,) + ZmX_+
If ¢° > g, 6, is not constrained and there is only the physical solution [py;| left.
The momenta in the laboratory system are
pyw" = (Ey, —Ipiy| sind, cosg,, Ipiy| sind, singy, —|piy| cosd,), (A6)
p;f = (Ej, —Ipjlsinf, cose,, [p7l sind, sing,, —|p ;| cosb,), (A7)
“ m%,
E; = Ip7l = (A8)

2(Ey — Ipwl COSGDZ)’

|
with 6,/ (p X p;) and the decay angle 6,2 (pw,p;)  The polarization vectors g* for helicities A, = —1, 0, +1

given by of the W boson are defined by
cosflp, = cosf cost, + sinf; sind, cos(p, — ).
o (A1)

The spin vectors ¢5,, ¢ = 1,2, 3, of the W boson in the et = —— (L + i)

114 w)-
laboratory system are chosen as V2

Z X p3 - X
t:)i/'u _ (O, p;V p;/V >’ tév,u. _ <0, P. Pw >,
Ipiy X piy| lp.- X pwl

APPENDIX B: PHASE-SPACE

= ey <|PW| Ey |pW|> (A10) The Lorentz invariant phase-space element for the
chargino production (1) and the decay chain (2)—(9) can

The spin vectors and pj,/my form an orthonormal set.  be decomposed into the two-body phase-space elements:
\

. 1 . . - .
dLips(s, Py Pyt Pgs pp) = WdLlps(s, Py pXj—)dsX!f ZdLlps(sX;, Py Pip)dswdLips(sy, pp, p7), (B1)
dLips(s, pys, Py ) = %\/E sinfdé, (B2)
dLips(s s py p) = oy I (B3)
P 2(2m)* 2|Ejyg cost; — E .+ |pyyll
. 1 Ipsl?
dLips(sw, py, p7) = 207 m a’Qz, (B4)
with s, + = p . = p?, and dQ); = sinf;d6; dd), We use the narrow width approximation for the propagators:

flA()( )|2ds - = 7T/(m Iy, flA(W |2dsw
holds in our case with Ly < 'O(1 GeV).
APPENDIX C: SPIN MATRICES

. The approximation is justified for (I', +/m +)2 < 1, which

In the basis (A11) the spin matrices J¢ and the tensor components J¢¢ are [12]:
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1 i
O 75 0 o 5 0 -1 0 0
N=l5 0 5| PrP=|-% 0 5| FA=[0 00)] (C1)
1 — i
0 N/l 0 0 7 0 0 0 1
-1 0 1 -1 0 -1 2.0 0
JU=10 % (U J2=10 % 0 | JB =10 —‘3—‘ 01, (C2)
1 0 —% -1 0 —% 0 O %
i -1
0 0 i 0 -5 0 0 =5 0
M=o 00| JB=|5 0 H| JB=|-5 0 5 (C3)
—i — L 1
i 00 0 7% 0 0 7 0
\
P(ZZ) ec — Recp)(| O
APPENDIX D: CHARGINO PRODUCTION
MATRICES - |0§]L~|2)2qu cosd + (Lic, + Recp)(|OFI?
We give the analytical formulas for P, 2}, 32, 33 of + |OFP)E,-E, -+ g*cos?0) + (Lic,
the chargino production matrix pp(y )% = 2(8, v P +
i i 2 /L /R'i< n _
o ,2%) (29), in the laboratory system. Covariant expres- T Recp)2Re{ 05 0; }le_ e ) (D3)
sions for these functions can be found in [16]. 4
A. Chargino production W ,
IL _ 2
The coefficient P is independent of the chargino po- X [Oij (EXTEXJ 2E,q cosd + g°cos™0)
larization. It can be composed into the different contri- + O%m m,-T (D6)
butions from the production channels: VXX
4
P = P(yy) + P(yZ) + P(y¥) + P(ZZ) + P(ZD) P(p D) = %cLlVil PIViPIA@)PEL(E, E, -
+ PP (D1) — 2E,q cosf + g*cos’6). (D7)
) The propagators are defined by
which read . .
i i
AP =" A=,
P(yy) = 5ij264|A(')’)|2(CL + CR)Ei(EXfEX; Py ; Pz z 2z (D8)
+omyem, -+ g*cos?0), (D2) A) = p:—m2
The longitudinal beam polarizations are included in the
weighting factors
o202 —(1—p_ . = 1 =P+
P(yZ) = &, 2 e8 E2Re{A(y)A(Z) [(L,c; — R,c) cg =0 =P-)1+P,), cg=(1+P-)1—P,)
20y (D9)
X (O’R* — OF*)2E,qcosb + (L.c, + R,cg)
X (O/L* + OIR*)(E By Tmyemy -
N 20)] ! ' D3 B. Chargino polarization
q €08 ’ (D3) The coefficients 34, which describe the polarization of
the chargino ;", decompose into
25 = 25(yy) + 2p(v2) + 25(y9) + 24(22)
— 22 + P P P P P
P(yp) = Sue g°E CLRC{V,1 JlA(V)A(V) }(E E S4(ZD) + S4(p D). (D10)
+ My Mx; ~ 2E,q cos0 + g cos’6), (D4) The contributions to the transverse ¥; polarization in the
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production plane are
113(7’}’) = 5ij26‘4|A(7)|2(CR - CL)E% Sina(ijEX]f

+my-Eye), (D11)

22
(yZ)—62 °8

E2 sinfRe{A(y)A(2)* [~ (L.c;
+ R CR)(O’R* O )m,+qcosf + (R.cp
= Lecr)(OfF" + OfF)my By +my E\ ]

(D12)
pyD) = —8,;e2 g% c E5 sinfRe{V}, V;; A(y)A(9)*}
X [mx,-*(EX] — gcosf) + mx;EX?]’
(D13)

34h(22) =

5 sind[(L3c, + Ricg)(|0k|?

— 0B P)m - g cosf + (Ricg
- chL)zRe{O’LO’R*}mX;Exr + (R2cp
— Lec )10 + 10fP)myE -] (D14)

L(z5) = —Cof e (CLE2 sinfRe{V; Vi A(Z)A ()"

X[O m +(E — gcosf) + O’Rm E +]},
(D15)
¢
Sp(pD) = — ZCleil 2V PIA(P)E;, sinfm -+ (EX;

— g cosh). (D16)

The contributions to the transverse ;" polarization per-
pendicular to the production plane are

Si(yy) =23 P) =0, (D17)
2g2
PY2) = 82— (R cg = Lecr)Im{A(y)A(Z)"

X (O’R* OﬁjL-*)}El%ij—q siné,
(D18)
33(yp) = 6;;e*g%c Im{V}; leA(y)A(ﬁ)*}Elz,ij—qsin6’,
(D19)

»(22) = 27 |A(Z)|2(RZCR

- L2cL)Im{0'L0/R*}E,§ m-qsiné, (D20)

PHYSICAL REVIEW D 70, 115005 (2004)

4
$2(25) = —2—L,e, Im{V;,V;  ORA(Z)A (%)%}
cos Oy

X E}m,-qsine. (D21)

The contributions to the longitudinal %; polarization
are

E%(?”Y) = 5ij2€4|A(')’)|2(CL - CR)E12; cosf(g* + EX,,*EX;

tomymy- ), (D22)

2 2

33 (y2) = §; L EzRe{A(wA(Z) [(L.cp — R.cr)

X (0§R* + 0?4*)(q +EE, n + lemej—)

X cos® + (L,c; + R CR)(OIR* 0;5*)q(EX;

+E,- cos’0)]}, (D23)

33(yp) = —6,;e*g*c E;Re{ ;]leA(V)A(f/)*}[CIEX;

—(¢* + E,-E,-)cost + qE +cos*0

- cosd],

—m,m, (D24)

33(22)=

IA(Z)IzE [(Lecr + REcp)(OFI?

|0’L|2)q(E +E,+-cos’0) + (Lic,
- chR)ZRe{O’L O hm my cosf + (L2¢,
- R%CR)(|0§JL~|2 + |0§§~e 1)(¢* + Ey- EX/_—)COSQ],
(D25)

33z )— L LCLESRe(VEV A(Z)A(D)

X {Oijm my. cosf — O’L[qE - — (g

+EEy- )cost + gE, - cos? 0]}), (D26)

4
=~ & VaPIVAPIADIPEIGE,

—(¢* + EXrEXjf)COSH + qE +cos*0]
(D27)
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