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ABSTRACT: We study the pair-production of charginos in the CP-violating Minimal Su-
persymmetric Standard Model at center-of-mass energies around the heavy neutral Higgs
boson resonances. If these resonances are nearly degenerate, as it can happen in the Higgs
decoupling limit, radiatively induced scalar-pseudoscalar transitions can be strongly en-
hanced. The resulting mixing in the Higgs sector leads to large CP-violating effects, and a
change of their mass spectrum. For longitudinally polarized muon beams, we analyze CP
asymmetries which are sensitive to the interference of the two heavy neutral Higgs bosons.
We present a detailed numerical analysis of the cross sections, chargino branching ratios,
and the CP observables. We obtain sizable CP asymmetries, which would be accessible in
future measurements at a muon collider. Especially for intermediate values of the parameter
tan 0, where the largest branching ratios of Higgs bosons into charginos are expected, this
process allows to analyze the Higgs sector properties and its interaction to supersymmetric
fermions.
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1. Introduction

The CP-conserving Minimal Supersymmetric Standard Model (MSSM) contains three neu-
tral Higgs bosons [[]-f], the lighter and heavier CP-even scalars h and H, respectively, and
the CP-odd pseudoscalar A. In the presence of CP phases, the MSSM Higgs sector is still
CP-conserving at Born level. However loop effects, dominantly mediated by third gener-
ation squarks, can generate significant CP-violating scalar-pseudoscalar transitions. Thus
the neutral CP-odd and CP-even Higgs states mix and form the mass eigenstates Hy, Ha,
Hj, with no definite CP parities [f—[[4]. A detailed knowledge of their mixing pattern will
be crucial for the understanding of the MSSM Higgs sector in the presence of CP-violating
phases. The fundamental properties of the Higgs bosons have to be investigated in detail
to reveal the mechanism of electroweak symmetry breaking.

The general theoretical formalism for Higgs mixing with CP phases is well devel-
oped [[Q-[3, [J. The results have been implemented in sophisticated public computer
programmes [l [L§], that allow for numerical higher order calculations of the Higgs masses,
widths and couplings. It was shown that CP-violating phases can lead to a lightest Higgs
boson with mass of order My, = 45 GeV [[L9], which cannot be excluded by measurements
at LEP [R(]. CP phases can also change the predictions for the Higgs decay widths dras-
tically, see e.g. ref. [R1] for recent calculations for Hy — HyH; at higher order. In general,
angular distributions of Higgs decay products will be crucial to probe their CP parities at
colliders, for recent studies see, e.g., ref. 7).

A particularly important feature of the CP-violating Higgs sector is a possible reso-
nance enhanced mixing of the states H and A. It is well known that states with equal
conserved quantum numbers can strongly mix if they are nearly degenerate, i.e., if their
mass difference is of the order of their widths [}, [l3]. This degeneracy occurs naturally
in the Higgs decoupling limit of the MSSM, where the lightest Higgs boson has Standard
Model-like couplings and decouples from the significantly heavier Higgs bosons 3. In the
decoupling limit, a resonance enhanced mixing of the states H and A can occur, which may
result in nearly maximal CP-violating effects [, B, [[J]. Such effects can only be analyzed
thoroughly in processes in which the heavy neutral Higgs bosons can interfere as nearby
lying, intermediate resonances [P4]. The relative phase information of the two Higgs states
would be lost if only their masses, widths and branching ratios are calculated, e.g., by
assuming that they are produced as single, on-shell resonances at colliders.

In previous studies of the CP-conserving [2§-BJ] and CP-violating Higgs sector [B4—
(3], it was shown that the interferences of the heavy neutral Higgs bosons can be ideally
tested in ut ™ collisions. Since the Higgs bosons are resonantly produced in the s-channel,
the muon collider is known to be the ideal machine for measuring the neutral Higgs masses,
widths, and couplings with high precision [[§—-[5. For a systematic classification of CP
observables which test the Higgs interference, a preparation of initial muon polarizations
and the analysis of final fermion polarizations will be crucial. The CP-even and CP-odd
contributions of the interfering Higgs resonances to observables can be ideally studied if
the beam polarizations are properly adjusted [29-BY]. For example, for final SM fermions
ff, with f = 7,b,t, polarization observables have been classified according to their CP



transformation properties [B4]. For non-diagonal chargino pair production, the C-odd ob-
servables are obtained by antisymmetrizing in the chargino indices of the cross sections,
and complete the necessary set of observables [[i, B3, i, ). Finally, the well control-
lable beam energy of the muon collider then allows to study the center-of-mass energy
dependence of the observables around the Higgs resonances. This is an advantage over the
photon collider, where direct line-shape scans are not possible [[ig].

In this work, we extend the study of chargino production at the muon collider [BJ] to
the CP-violating case. First results for chargino production in the MSSM with explicit CP
violation in the Higgs sector have been reported in ref. [[i]. We classify all CP-even and
CP-odd observables for chargino production utu~ — x; f(;r, using longitudinally polarized
muon beams. We analyze the longitudinal chargino polarizations by their subsequent
leptonic two-body decays )Z;r — 0Ty, with £ = e, i, 7, and the charge conjugated process
X; — ¢~y . Asymmetries in the energy distributions of the decay leptons allow us to
classify all CP-even and a CP-odd observables for chargino decay, which probe the chargino
polarization. Similar asymmetries can be defined for the energy distributions of W bosons,
stemming from the decays )Z;t — Wiig. We find that the muon collider provides the ideal
testing ground for phenomenological studies of the Higgs interferences, although it might
only be built in the far future. Our analysis gives a deeper understanding of the Higgs
mixings, and allows us to test the public codes regarding the relative phase information of
the Higgs states in the presence of CP-violating phases.

In section fl, we give our formalism for chargino production and decay with longitu-
dinally polarized muon beams. In an effective Born-improved approach, we include the
leading self-energy corrections into the Higgs couplings. We give analytical formulas for
the production and decay cross sections and distributions. We show that also the energy
distributions of the chargino decay products depend sensitively on the Higgs interference.
In section f], we classify the asymmetries of the production cross section and of the energy
distributions according to their CP properties. For the production of unequal charginos
)chf(;, we also define a new set of C-odd asymmetries. In section |, we present a detailed
numerical study of the cross sections, chargino branching ratios, and the CP observables.
We analyze their dependence on /s, on the CP-violating phase ¢4 of the common trilinear
scalar coupling parameter A, and on the gaugino and higgsino mass parameters u and Ms.
We complete our analysis by comparing the results with the CP observables obtained in
neutralino production [BF, [l4]. We summarize and conclude in section f.

2. Chargino production and decay formalism
We study CP violation in the Higgs sector in pair production of charginos
AT =X X (2.1)

with longitudinally polarized muon beams. We analyze the production of charginos at
center-of-mass energies of the nearly mass degenerate heavy neutral Higgs bosons Hs and
Hs. They will be resonantly produced in the s-channel, see the Feynman diagrams in
figure [. The significantly lighter Higgs boson Hj is also exchanged in the s-channel,
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Figure 1: Resonant Higgs exchange in chargino pair production u™p~ — x; X; -
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Figure 2: Feynman diagrams for non-resonant chargino production ptu~ — x; f(j’

however is suppressed far from its resonance. Together with sneutrino exchange 7, in the
t-channel, and Z and ~ exchange in the s-channel, they are the non-resonant continuum
contributions to chargino production, see the Feynman diagrams in figure f.

To analyze the longitudinal chargino polarization, we consider the subsequent CP-
conserving but P-violating leptonic two-body decay of one of the charginos

X, =0+, (2.2)

and the charge conjugated process X; — ¢~ + ;. We will focus on the case £ = e, p.
However our results can be extended to ¢ = 7, and for the chargino decay into a W boson

;- WE+ R, (2.3)

for which we give the relevant formulas in appendix 0.

2.1 Higgs mixing

CP violation in the MSSM Higgs sector is induced by scalar-pseudoscalar transitions at
loop level. The mixing is given by the symmetric and complex Higgs mass matrix [[[q]

mj, =S (?)  ~Sar(p?) ~Sha(p?)
M(p?) = —Swn(P?)  my—Zgu(®)  —Xaa(p?) (2.4)
—Xpa(p?) —Ya(p?) m? — S aa(p?)

at momentum squared p? in the tree-level basis of the CP eigenstates h, H, A. Here I (p?),
with r,s = h, H, A, are the renormalized self energies of the Higgs bosons at one loop,



supplemented with higher-order contributions, see ref. [[6]. We neglect mixings with the
Goldstone boson GG and the Z boson. Their contribution to the mass matrix is a two-loop
effect, see discussion in ref. [[f]. Their effect on transition amplitudes, which enters already
at the one-loop level, is expected to be numerically small, see ref. [@]1

The Higgs propagator matrix

Ap?) = —ilp* - M@E*)] ™, (2.5)

has complex poles at p? = M%{k = Mék —iMpg,Tn,, k= 1,2,3, where My, and 'y, are
the mass and width of the Higgs boson mass eigenstate Hy, respectively, with convention
My, < My, < Mpy,.

At fixed p? = s, we may diagonalize the Higgs mass matrix M, and consequently the
propagator A, by a complex orthogonal matrix C' = C(s),

Mp(s) =C M(s)C™',  Ap(s)=CA(s)C. (2.6)

The diagonal elements of the propagator Ap are given in the Breit-Wigner form by

—1 —1
A — = =A(H 2.

which defines the s-dependent real parameters M }{k and F/Hk' In the limit s — M%{k, these
parameters are the on-shell mass and decay width of the Higgs boson Hj, M }{k — Mpy,
and F’Hk — I'g, , respectively. If the s-dependence of the mass matrix M is weak around
the resonance s = Mék of a Higgs boson Hy, the kk-element of the propagator can be
approximated by

—i
S — MI%IJC + iMHkPHk ’

A'(Hyp) =~ A(Hy) = (2.8)
The approximations My, ~ Mp, and Iy~ I'g, hold for instance, if no thresholds open
around the Higgs resonance.

In our numerical calculations, we evaluate the mass matrix M(p?) and the diagonaliza-
tion matrix C(p?) at fixed p? = ]\4121,2 R M%IS with the program FeynHiggs 2.5.1 [14, [L7.
We find that the momentum dependence of M(p?) is weak around the resonances, and
thus A'(Hy) ~ A(Hy) to a very good approximation. For the following discussions, we set
A'(Hy) = A(Hy) for simplicity, and drop the prime index of the propagator in our notation.

2.2 Effective Higgs couplings and transition amplitudes

The amplitude for chargino production in muon-antimuon annihilation via Higgs exchange
can be written in the general form

TP = TOOA (s)0 W (2.9)
=10CctCcA(s)c~t oW (2.10)
=TOCTAp(s)CTW = Fi)&)AD(S)Féu), (2.11)

LOur approach thus differs from ref. [@], where these self-energies have also been evaluated. Even if the
contributions from Higgs mixing with G and Z turned out to be as large as those from the non-resonant
h—H and h—A mixing contributions, this would not result in a significant change of our numerical results.



where ') and T are the one-particle irreducible (1PI) Higgs vertices to charginos and
muons, respectively. We have used the basis transformation of the Higgs propagator A(s)
at fixed center-of-mass energy s, eq. (B.6)), which leads to the definition of the effective 1PI
vertices Fgff) and I‘gc}). The Higgs mixing corrections are thus effectively included via the
diagonalization matrix C' into the 1PI vertices. While the diagonalization of the Higgs bo-
son propagator matrix in eqgs. ([2.9)—(R.11) is not strictly necessary, it yields the transition
amplitudes in a diagonalized form.? In addition of simplifying the technical evaluation, in
the new basis the Higgs boson states are approximately the pole-mass eigenstates, as dis-
cussed in the preceding section. We thus obtain compact analytic formulas for the squared
amplitudes of the Higgs exchange contributions, which we explicitely give in appendix [B.

If the Higgs bosons are nearly mass degenerate, the radiative corrections to the prop-
agator matrix are strongly enhanced by the Higgs mixing, and constitute the dominant
contributions to the transition amplitude 77 (R.11)). Thus we only include these radiative
corrections and neglect specific vertex corrections. The effective Higgs couplings to the

initial muons, cf’}g " and the final charginos, ka}%cm , are then obtained by transforming
the tree level couplings C}LLO‘E“ and C}Llagm , respectively, with the matrix C, see eq. (R.G),
H ha
it = Cpacyht, (2.12)
PN = Chady NN by = h,H, AL (2.13)

The tree level Higgs couplings are defined and discussed, e.g., in detail in refs. [B3, [
Note that the final state chargino couplings transform with C' = C 17 If the non-physical
phases of the Higgs bosons are chosen appropriately, the matrix C' can be made complex
orthogonal, which implies C' = C' [[id].

With the Born-improved effective couplings of eqs. (2.19) and (R.13), we can write the
Higgs exchange amplitude for chargino production

TP — A(Hy) [5(pu+) <cfk’mPL + Cgk’mPR) u(p;f)]

% |:’L_L(px+) <kaXinPL + CgkXinPR> ,U(px; )] (214)

J

in its Born-improved form. The amplitudes and Lagrangians for non-resonant v, Z and 7,
exchange are given in appendix [J, and the Lagrangians for the chargino decays, eqs. (R.9)

or (R.3), are given in appendix D
2.3 Squared amplitude

In order to calculate the squared amplitude for chargino production (P.J) and the subse-
quent decay of chargino )Z;r, egs. (B-9) or (B-3), with initial beam polarizations and complete

2Note, however, that there could be specific points in parameter space for which the propagator matrix
cannot be diagonalized with a similarity transformation [E], but for which it is still invertible. These points
correspond to the singular situation where both the pole-masses and the widths of two Higgs bosons are
equal. In such a case, the Higgs exchange amplitudes can still be retrieved in the general form of eq. (@),
as in, e.g., refs. [@, @], for similar studies of Standard Model fermion pair production.



spin correlations, we use the spin density matrix formalism [pd, f1]. Following the detailed
steps as given in appendix [A], the squared amplitude in this formalism can be written as

3
T2 = 2|A(Y)? <PD+ZE‘ISE%>, (2.15)
a=1

with the propagator A()Z;r) of the decaying chargino, see eq. (A.7]). Here P denotes the
unpolarized production of the charginos and D the unpolarized decay. The corresponding
polarized terms are X% and X%, and their product in eq. (B15) describes the chargino
spin correlations between production and decay. With our choice of the spin vectors, see
egs. (A§) and (A9), ¥3/P is the longitudinal polarization of )Z;r, ¥1/P is the transverse
polarization in the production plane, and E% /P is the polarization perpendicular to the
production plane. The terms D and X% for chargino decay are given in appendix D.

The expansion coefficients of the squared chargino production amplitude |72| (R.1§)
subdivide into contributions from the Higgs resonances (res), the continuum (cont), and
the resonance-continuum interference (int), respectively, with

P:Pres+Pcont7 ap = Yo + 2¢, +2?nt7 a = 1,2,3. (2.16)

res cont

The continuum contributions Peont, X6y, are those from the non-resonant v, Z and 7,

a
con
exchange channels, which we give in appendix [J. The contributions from H; exchange are

suppressed by mi /s.

3

3 on the longitudinal u* and

The dependence of the resonant contributions P,es and X
4~ beam polarizations P, and P_, respectively, is given by?

Pros = (1+PLP_)ag + (P4 +P-)as, (2.17)
28y = (L+PyP_)bo + (Py + P_)by. (2.18)

This expression is useful for analyzing the CP properties of P, and X3, The coefficients
a, and by, given explicitly in appendix [B, are functions of products of the Higgs couplings
to muons and charginos, egs. (2.19) and (R.13). The coefficients also include the product

of Higgs boson propagators, eq. (B-7), which strongly depend on the center-of-mass en-

ergy, as well as on the CP phases, which enter via the diagonalization matrix C, see the
transformation in eq. (R.6).

2.4 C and P properties of the Higgs exchange coefficients

We classify the Higgs exchange coefficients a,, and b, according to their charge (C) and
parity (P) properties. Our aim is then to define a complete set of CP-even and CP-odd
asymmetries in chargino production and decay, in order to determine the Higgs couplings.
The kinematical dependence of the asymmetries can be probed by line-shape scans. Since
a muon collider provides a good beam energy resolution, it will be the ideal tool to analyze
the strong /s dependence of the asymmetries.

3The resonant contributions L. and X2, to the transverse polarizations of the chargino vanish for scalar
Higgs bosons exchange in the s-channel. Note that there is no interference contribution to the coefficients
P and ¥%.



coefficient | C | P | CP | observables

ag + |+ | + criCj*P+
af + |- - AS*P’
ay -+ | - Ag’m
ay o . Y
bt - = | AL
b} | AT

0 |-+ | AL

R Bl I Ml AR

Table 1: Charge (C) and parity (P) properties of the coefficients aoi, af, boi, and bf, see eqs. )
and ), and the corresponding observables for their determination, as defined in section E The
four C-odd observables vanish for diagonal chargino production, i = j.

The factors ag and by are P-even, whereas a1 and by are P-odd. Note that the coef-
ficients a1 and by only contribute for polarized muon beams. For non-diagonal chargino
production, we separate these coefficients into their C-even and C-odd parts, respectively,
by symmetric and antisymmetric combinations in the chargino indices,

+
n

¢ Jan (35 % an (65 7)) (2.19)

b = 5 b X)) E (D], n=0,1 (2:20)

n

N =N =

The coefficients an(ij_ Y;) and bn(ij_ X; ) of chargino X; » for the production of the charge
conjugated pair of charginos, u*u~ — X; )Zf, are obtained by interchanging the indices ¢
and j in the formulas of the coefficients defined in eqgs. (B.])-(B.H), which are defined for
pwrpT — )Z;rf(i_. We summarize the C, P and CP properties of the coefficients, and thus of
our observables, in table [ Note that, for these observables, CP and CPT are equivalent,
since they are built using the longitudinal polarizations only. Here T is the naive time rever-
sal t — —t, which inverts momenta and spins without exchanging initial and final particles.

2.5 Energy distributions of the chargino decay products
The energy distribution of the lepton or W boson from the chargino decay, eqs. (R.9)

or (R.3), respectively, depends on the longitudinal chargino polarization. In the center-of-
mass system, the kinematical limits of the energy of the decay particle A = e, u, 7, W are

praxmin _ o4 A 92.21
A



which read for the leptonic (A = ¢) chargino decays

. 2 2
N Emax 4 pmin mX:_l: mg,
Ep =t E - = E 2.22
¢ 2 omZ, N (2:22)
X;
Eénax - énin mii - mlzjz
AZ = 9 = 5 D) |ﬁxi|7 (= € Uy T. (223)
m + J
X;
The energy limits Eg}ax(min) for the W boson are given in appendix 0.

Using the definition of amplitude squared, the cross section, egs. (), and the explicit
form of X%, (D-J), the energy distribution of the decay particle A\* is [BZ, B

dojjrt  oij i?i: (Ex — EA)
AT WA o T 2.24
dE, oA, | TR T A | (2.24)

The integrated cross section for chargino production and decay is denoted by o;; \+, e.g.
for the decay )2}' — (T, it is, using the narrow width approximation for the propagator
of the decaying chargino,

0ij0 = 0ij X BR(X] — (Tin), (2.25)

where 0;; is the cross section for x; )Z;r production. Explicit expressions for the cross sec-
tions o0;j, 0;j¢, and o0y, are given in appendix [ The factor ny+ is a measure of parity
violation in the chargino decay. It is maximal 7.+,7,+ = £1 for the decay into leptons of

iﬁg*), it is generally smaller |n,+| < 1.

the first two generations, while for the decay )Zj[ —T
In appendix D], we give explicit expressions of the factors 7.+, as well as ny -+ for the decay
X — WER.

Further, from eq. (2.24), we see that the energy distribution is proportional to the
chargino polarization 231’3 /P. The coefficients S?I’D and P are averaged over the chargino
production solid angle

3 1

_ 1 S B 2
Sh= / Vp A = Ve Soowr P =g [ Pz = Bres - Peom, - (226)

denoted by a bar in our notation. Note that the resonant contributions from Higgs exchange

res res’ Pres — 1Lres-
In figure [J, we show the energy distributions (R:24) of the leptons ¢* from the decays
)Zj — (*, and X; — "y, for £ = e or u. The cutoffs in the energy distributions
of the leptons ¢* and ¢~ correspond to their kinematical limits, as given in eq. (2.2]).
We see the linear dependence of the distributions on the lepton energy. Their slope is

are isotropic X3 = %3

proportional to the longitudinal chargino polarization i?j)/ P, see eq. (2.24). Note that
the energy distribution might be difficult to measure for a small chargino-sneutrino mass
difference, since the energy span of the observed lepton is proportional to the difference of

their squared masses, see eq. (R.29).
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Figure 3: Energy distributions of the leptons £* for chargino production putpu~ — f(f X1 and decay
X1 — {1y (solid, red), and x; — £~ 7y (dashed, blue) for £ = e or p, at /s = (Mg, + Mp,)/2 with
longitudinal beam polarizations P_ = Py = P = +0.3 and P = —0.3. The MSSM parameters are
given in tablesﬂ and E The shown distributions have asymmetries (for P = 0.3) Ayy 0+ = —11.3%

and A - = 11.45%, (for P = —0.3) Ay o+ = 2.9% and Ay o = —2.6%, see eq. (B.10).

3. Chargino production and decay observables

For chargino pair production pp~ — x; )Zj, we have expanded the resonant contributions
Pres (B17) and 22 (B-19) to the spin density matrix elements in terms of the longitudinal
muon beam polarizations P+. We have classified the coefficients a(jf, af, bS—L, and bf
according to their charge (C) and parity (P) transformation properties, see table [l In order
to determine the coefficients aac and af, we define one production cross section observable
and three asymmetries of the chargino production cross section in the following section.
To determine the coefficients b(j)E and bli of the chargino polarization, the chargino decays
have to be taken into account. We therefore define an additional set of four asymmetries
of the energy distributions of the decay particle. In table [l], we also list the observables
which we define in the following sections. Non-diagonal chargino production ¢ # j leads to
the four C-odd observables, which vanish trivially for diagonal chargino production ¢ = j.

3.1 Asymmetries of the chargino production cross section

In order to classify the CP observables in chargino production, we define in a first step the
symmetric and antisymmetric combinations

O'Z-(;-Jr = %(aij—i—aji), 0'5-7 = %(Uij_o'ji)y (31)
of the production cross section o;; (E.J). The combinations are relevant for non-diagonal
chargino production, with ¢ # j. The indices C; and C_ indicate the even and odd parity
under charge (C) conjugation, respectively. In a second step, we obtain observables which
have a definite parity (P) by symmetrizing and antisymmetrizing in the common muon
beam polarizations P = P_ =P.

— 10 —



The C- and P-even observable is obtained by symmetrizing JS* B) in P

o = % o (P) + oGt (-P)] (3.2)

Inserting the explicit form of o;; (E-J) and Pres (B-I7) the coefficient ad can be determined,

v/ Aij _
C4P )
Uij+ + = —871'82] [(1 + 7)2)&8_ + Pcont] ) (33)

if the continuum contributions Peone (R.16) can be subtracted, e.g, through a sideband

analysis, where the cross section is extrapolated around the resonances [R§], and/or by

chargino cross section measurements at the International Linear Collider (ILC) [54, ).
The two CP-odd asymmetries are obtained by [{5, ]

i (P) — ot (—P)

AC+P- _ ij , 3.4
VTP oP) .
and
cp, 0y (P)+og (-P)
At =2 J . (3.5)
ot (P)+ o, (—P)

The CP-even asymmetry is [[f]

C_ c_
4C-P- _ Oj (P) — 0y (—77). (3.6)

K i (P) + oyt (—P)

Using the definitions of the chargino production cross section o;; (E.J), and of the coefficient

P (R17), we obtain

2Pat
AP - T 3.7
g (1+P2)ag + Peont (3.7)

These asymmetries thus allow to determine af. The coefficient a; can be obtained from

1+ P?)ag
AP = ( . +)“0_ . (3.8)
(1 + P )CLO + Pcont
Note that the continuum contributions P.oys are P-even, Peont(P) = Peont(—P), and C-
even, Peont ()22_2;') = Cont(f(jf(j_), and thus cancel in the numerator of the P-odd and

C-odd asymmetries AZ-C;-"‘LP’ (B4) and AZ-C;-*P+ (B-), respectively.
The maximum absolute values of the P-odd asymmetries depends on the beam polar-

ization P

CiP_ 2P
ij (max) ~ 1 +P27 (39)

which follows from eq. (B.§) for vanishing continuum contributions Peopy = 0. The P-even

+

asymmetry Agﬁp can be as large as 100%.

— 11 —



The CP-odd asymmetries A%*Pf and Ag*]h vanish in the case of CP conservation,
and are sensitive to the CP phases of the Higgs boson couplings to the charginos and to
the muons. The CP-odd asymmetry AS*P* is CPT-odd, with T the naive time reversal
t — —t, which inverts momenta and spins without exchanging initial and final particles.
Thus the asymmetry is due to the interference of CP phases with absorptive phases from
the transition amplitudes. The absorptive phases are also called strong phases, and can
originate from intermediate particles in the Higgs self energies which go on-shell. The
asymmetry Ag*P’ is therefore sensitive to the CP phases of the Higgs boson couplings, as
well as to the phases of the Higgs propagators.

In the Higgs decoupling limit [RJ], the heavy neutral Higgs bosons are nearly mass-
degenerate. Thus a mixing of the CP-even and CP-odd Higgs states H and A can be
resonantly enhanced, and large CP-violating Higgs couplings can be obtained [fl, §. In
addition, if the Higgs bosons are nearly mass-degenerate, CP phases in the Higgs sector
lead to a larger splitting of the mass eigenstates Hs and Hs. This, in general, tends to
increase the phase between the Higgs propagators, giving rise to larger absorptive phases in
the transition amplitudes. On the contrary, the observables o+ (B-2) and AZ-Cj’P* B4),

ij
being CP-even, will be reduced in general in the presence of CP-violating phases.

3.2 Asymmetries of the lepton energy distribution

The longitudinal chargino polarization is also sensitive to the Higgs interference in the
production ptpu~ — Xf)%jc, and yields additional information on the Higgs couplings. The
chargino )2;5 polarization can be analyzed by the subsequent decays )Z;t — Eiﬂé*), with
{=e,pu,T,and )2;5 — W+ )22. In Subsection R.5, we have shown that the slope of the energy
distribution of the decay particle A = ¢, W, is proportional to the averaged longitudinal
chargino polarization ¥%/P, see eq. (2:24). The polarization can be determined by the
energy distribution asymmetry [B3
Ao+ >3
Apre = 25 = e
1 (L PLPo)bo A+ (Py 4+ Po)br + 82
2P )ag + Py + PL)ar + Peont”

5 (3.10)

with
AO’ij7>\i = O'Z'j)\i(E)\ > EA‘)\) — O'ij7)\i(E)\ < EA), (311)

and A = e, u, 7,W. Here we have used the explicit formula of the energy distribution of
the decay particle \* = (=, W+ (£.29).

An example of the energy distribution and the corresponding asymmetries A;; = for
the leptonic decay A = e, i, for equal muon beam polarizations P, = P_ = P, is given
in figure . The area under each graph equals the corresponding cross section of production
and decay, 01 g+ = 011 ><BR()~<§E — Eiﬂé*)), see eq. (2.29). Here o1 is larger for P > 0 than
for P < 0, since the P-odd asymmetry A?frp* (B4) is positive. The slope of the curves is
proportional to the averaged longitudinal chargino polarization ¥3,, and to the decay factor
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Ne+, with ny+ = —n,— = 1. Thus the slope of the energy distribution of /* has the opposite
sign than that of £~ each for P > 0 and P < 0 separately. However, the moduli of the slopes
are not the same for the two leptons for fixed P, which can be seen in the different absolute
values of the asymmetries, e.g., Ajq o+ = —11.3% and Ay - = 11.45% for P = +0.3. The
difference of the absolute values is due to the small continuum contributions, which change
sign, depending on the chargino charge, i.e. Econt(f(f) —Seont (X7 )-

The average chargino polarization depends on the continuum contributions ¥2_ ., and

cont’
is also proportional to by and by, see eq. (B.10). In order to separate these coefficients
into their C-even and -odd parts b, b, respectively, we define the four generalized decay

asymmetries of the energy distribution [],

Adij 3+ (P) = Ay xe (~P) F [Acyy - (P) = Adyj s (—P)]

A Tija+(P) + 0ija+ (=P) + 02~ (P) + 057~ (=P) (3.12)
b:l:
_ P (3.13)
(1 + 7)2)@0 + PCOIlt
cop. Acija+(P) + Aoyja+ (—=P) — [Aaij,A*(P) + AUij,,\*(—P)} (3.14)
O Tijat (P) + 0ijot (=P) + 0ij - (P) + 0452~ (=P) '
1 (1+Pbg
B _ 3.15
2 M P2)ag + Promt (8.15)
ACfP* _ Ao-ij7)\+ (P) + Ao-ij7)\+(_7)) + AO'ij’)\f (P) + AO'Z'j’)\f(—,P) (3 16)
.2 oijat(P) + 0ija+t (=P) + 0ijr-(P) + 0452~ (=P) '
1 (1+PHyy + 23
_ = con 3.17
2™ AT P)ag + Peomt (3.17)
for equal muon beam polarizations P =P_ =P. Note that the continuum contributions

33 ¢ of the chargino X polarization are C-odd, ¥3 (¥ X; ) = igom(;(;ij—), and P-

even, ¥3  (P) = Eg’om( P), and thus cancel (only) in the numerator of the C-even and/or

P-even asymmetries AU )\P (B13) and ASKP (B:19), respectively. The asymmetries for

the decay into a 7 or W boson, )Zj — Tiug ), and )Zj — Wif(%, respectively, are generally

smaller than those for the decays into an electron or muon, due to |n;«|, [y +| < [n.+| =

‘T]Mi‘ =1, see eqs. (D.16) and (D.13).
iJ,A

(B.19) is due to the correlation between the longitudi-
nal polarlzatlons of the initial muons and final charginos. Large values of A; ]&Pﬂ and also
of AZ ; )\

their amplitudes are of the same magnitude. However, a scalar-pseudoscalar mixing in the

The CP-even asymmetry A,

~ (B-16), can be obtained when both Higgs resonances are nearly degenerate, and if

presence of CP phases will in general increase the mass splitting of the Higgs bosons, and
C P

Z]+>\ i .
The CP-odd asymmetries ./4Z N )\ * (B.12) and ASKP (B.14) are sensitive to CP-violating

phases and thus vanish for CP-conserving Higgs couplings. Similarly to the CP-odd polar-
P_

zer)\

approximately maximal if the Higgs mixing is resonantly enhanced. As pointed out earlier,

the reduced overlap of the Higgs resonances also reduces the CP-even asymmetry A

ization asymmetry AZ-CJ*P’ (B4) for chargino production, the decay asymmetry A is

this can happen naturally in the Higgs decoupling limit.
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Finally we count the total number of observables which are available in chargino pro-
duction and decay with longitudinally polarized beams. There are two production and
two decay asymmetries/observables, each for )fo(l_ and 565(2_ production and decay. Note
that the C-odd observables vanish for diagonal chargino production. For )2%[ X3 production,
there are four production observables and four decay observables for the decay of chargino
)Zf, as well as additional four decay observables for the decay of )@t These 20 observables
can be used to determine the Higgs couplings in chargino production, see also table [l

4. Numerical results

We analyze numerically the CP-even and CP-odd asymmetries for chargino production,
ptp~ — XTxy, and ptp~ — XX, For the chargino decays, ng — Eiﬂé*), we study the
CP-even and CP-odd decay asymmetries of the leptonic energy distributions, which allow to
probe the longitudinal chargino polarizations. The feasibility of measuring the asymmetries
depends also on the chargino production cross section and decay branching ratios, which
we discuss in detail. We will identify regions of the parameter space where a resonant
enhanced mixing of the Higgs bosons will lead to nearly maximal CP-violating effects.

We induce CP violation in the Higgs sector by a non-vanishing phase ¢4 of the common
trilinear scalar coupling parameter A, = A, = A, = |A|exp(i¢4) for the third generation
fermions. This assignment is also compatible with the bounds on CP-violating phases
from experiments on electric dipole moments (EDMs) [B§-[F9]. For simplicity a we keep
the gaugino mass parameters M;, Ms, and the Higgs mass parameter p real. For the
calculation of the Higgs masses, widths and couplings, we use the program FeynHiggs
2.5.1 [[d, [[7], see also [iF]. We fix tan 3 = 10, since the Higgs boson decays into charginos
are most relevant for intermediate values of tan 3. Smaller values of tan 3 favor the ¢t decay
channel, while larger values enhance decays into bb and 77. For the branching ratios and
width of the decaying chargino, we include the two-body decays [p]

Xitg - W:t +>227 e:t +1767 M:t +D,u7 T:t +I;T7 Ve"i'é%v V/Jz_‘_l&’f? vr +7~—1:|7:27
o = 20+ Xt HY + % (4.1)

and neglect three-body decays. We parametrize the slepton masses by my and Mo, which
enter in the approximate solutions to the renormalization group equations, see appendix O}
For the numerical discussion, we fix mg = 70 GeV. Thus we obtain light sneutrino masses,
which enable the chargino decays )Zf — (*i,. We parametrize the diagonal entries of the
squark mass matrices by the common SUSY scale parameter Msysy = M, O3 = M s = M D
We fix Mgusy = 500 GeV to suppress Higgs decays into the heavier squarks. In order to
reduce the number of parameters, we assume the GUT relation for the gaugino mass pa-
rameters M; = 5/3 Mo tan? fy. Finally, we choose longitudinal muon beam polarizations
of P = P_ =P = 40.3, as well as a luminosity of £ =1 fb~!. These values should be
feasible at a muon collider running at /s ~ 0.5 TeV [[4].

We center our numerical discussion around scenario CPy, defined in table f]. Inspired
by the benchmark scenario CPX [[[J] for studying enhanced CP-violating Higgs-mixing
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M+ =500 GeV tan f =10 |A| =1 TeV oA =027
Mgusy = 500 GeV | p =400 GeV | My = 240 GeV | mg = 70 GeV

Table 2: SUSY parameters for the benchmark scenario CPy. The slepton masses are parametrized
by mg and M, the squark masses by Mgusy.

Mp, =126.0 GeV | myo =118 GeV | mg, = 141 GeV | BR(x{ — (tiy) = 11%
Mp, = 492.7 GeV | mg =223 GeV | mg, =230 GeV | BR(x] — W'XY) = 20%
My, = 493.5 GeV | m g =405 GeV | mz =138 GeV | BR(x{ — 7{'v;) = 48%

X
g, =1.43 GeV mx =223 GeV | mz, = 232 GeV N+ = 0.99
g, =1.30 GeV mE = 425 GeV | my = 215 GeV N+ = —0.30

Table 3: SUSY masses, widths, branching ratios, and decay factors n for the benchmark sce-
nario CPY, evaluated with FeynHiggs 2.5.1 [[id, [[7.

phenomena, we set |A| = 2Mgysy = 1 TeV, M3 = 800 GeV, and a non-vanishing phase
¢4 = 0.2r. We thus obtain large contributions from the trilinear coupling parameter A of
the third generation to the Higgs sector, both CP-conserving and CP-violating.

4.1 Conditions for resonant enhanced Higgs mixing

The CP-violating effects are maximized if the mixing of the Higgs states with different CP
parities is resonantly enhanced. This can happen naturally in the Higgs decoupling limit.
Resonant Higgs mixing occurs when the diagonal elements m?; — Shr(s) and m% — Saals)
of the Higgs mass matrix M, eq. (£:4), are similar in size, and thus their difference is of the
same order as the off-diagonal element $g4(s). When m3, —m% — Re[Suu(s) — $aa(s)]
changes sign, we interpret this condition as a level crossing of the CP eigenstates H and
A [J). The difference of the imaginary parts can be small, ImYyy(s) — ImEaa(s) = 0, if
the Higgs channels into heavy squarks are closed, as in our scenario CPyx. Thus we obtain
a large H—A mixing even for moderate values of the CP-violating scalar-pseudoscalar self-
energy transitions SH A(s). This also means that, in contrast to the benchmark scenario
CPX [Y], the Higgs mixing can be large even for small values of u. We thus choose
= 400 GeV and Ms = 240 GeV of similar size in order to enhance the branching
ratios of the Higgs bosons into lighter charginos, which are large only for mixed gaugino-
higgsino charginos. We give the masses of the Higgs bosons, charginos, sneutrinos, light
neutralinos, and the widths of the Higgs bosons for scenario CPy in table fJ, where we also
list the branching ratios for chargino Y7, and the decay factors n,+ (D.16) and ny+ (D-19).
For non-diagonal chargino production we consider smaller values of p and My than in
scenario CPy, in order for this process to be kinematically allowed, while keeping the same
remaining parameters.
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4.2 Production of )fo(l_
4.2.1 /s dependence

For the scenario CPy, we analyze the dependence of the asymmetries and the cross sec-
tions on the center-of-mass energy /s. The CP-even and CP-odd observables exhibit a
characteristic /s dependence, mainly given by the product of Higgs boson propagators
Ay, see eq. (B-§). A muon collider will have a precise beam energy resolution, and thus
enables detailed line-shape scans.

In figure [(a), we show the CP-odd production asymmetry A%*P’ (B4) for chargino
production ptpu~ — )fo(l_ as a function of /s around the heavy Higgs resonances Hy and
Hj. At the peak value, /s = (Mg, +Mp,)/2 ~ 493 GeV, the interference of the two nearly
degenerate Higgs bosons is maximal, leading to an asymmetry of up to Affpf = 30%. The
asymmetry measures the difference of the chargino production cross section o1 (P) for equal
positive and negative muon beam polarizations P = +0.3, see eq. (B4). In figure f(b),
we show the beam polarization averaged cross section affp+, see eq. (B.2), for ¢4 = 0.27
(solid), ¢4 = 0 (dotted), and ¢4 = 0.67 (dash-dotted). We can observe that the splitting
of the two resonances is increased in the presence of CP-violating phases in this scenario.
For ¢4 = 0.27 and ¢4 = 0.67 the two resonances are clearly visible in the line shape of
the polarization averaged cross section affP*, whereas it assumes the form of a single
resonance for ¢4 = 0, where the Higgs bosons are extremely degenerate, see figure fj(b).

The Higgs boson interference in chargino production also leads to CP-odd and CP-even
contributions to the average longitudinal chargino polarizations. In order to analyze the
)Zic polarization, one can measure the CP-odd asymmetry fl’f’ (B:14), and the CP-even

asymmetry Afff * (B.12), of the energy distributions of the decay particle A = ¢, W in the

chargino decay )Zf — Kiﬂé*) or )Zf — Wif((l), respectively. For simplicity, we discuss only

iﬂé*), i.e. A = e. With our choice of slepton

the decay into an electron sneutrino, Xf —e
sector parameters, i.e., approximate RGE relations for the masses, see egs. ([D.17)—(D.19),
and a vanishing trilinear coupling for the first two slepton generations, the same asymme-
tries are obtained for the decay into a muon sneutrino, A = u. The asymmetries for the
decay into a tau sneutrino, A = 7, or into a W boson, A = W, are obtained by taking into
account the decay factors 7, (D.16) and ny (D.18), respectively, see eqs. (B.13) and (B.17).

For the decay )Zic — eiﬂé*), we show the /s dependence of the CP- and CPT-odd
asymmetry A?lfep ~ in figure ff(c) for ¢4 = 0.27r. The CP- and CPT-even asymmetry A?lfep *
is shown in figure fi(d), both for ¢4 = 0 and ¢4 = 0.2r. The phase ¢4 tends to increase
the mass splitting of the Higgs resonances. Their overlap is now reduced, leading in general
to a suppression of the CP-even asymmetry Afff *, in particular at the mean energy of
the resonances /s = (Mg, + Mpu,)/2, see the solid line in figure fj(d). On the contrary,
the larger Higgs splitting increases the CP-odd asymmetries A?ff ~ and A%*P’.

All asymmetries for production and decay vanish asymptotically far from the resonance
region. The continuum contributions from smuon, photon and Z exchange to the difference
of the cross sections and to the average chargino polarization cancel in the numerator, but
contribute in the denominator of the corresponding asymmetries, see their definitions in

section fJ.
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Figure 4: /s dependence of (a) the CP-odd production asymmetry Alcl P eq. (@) and (b) the
beam polarization averaged cross section alcl P+ , €q. (@) for chargino production p* u — X1 X1
with common longitudinal beam polarization |P| = 0.3. For the subsequent decay X1 — et 1/<1
in (c) the CP-odd decay asymmetry A?ﬁf ~, eq. (B.14), and in (d) the CP-even decay asymmetry
A101+EP *, eq. (B:19). The phase of the trilinear coupling A is ¢4 = 0 (dotted, blue), ¢4 = 0.2 (solid,
red), and (;5 4 = 0.6m (dash-dotted, green). The other SUSY parameters are given in table [

In the following sections, we analyze the dependence of the production cross section and
the asymmetries on |A| and ¢4, and finally on M, and p, fixing all remaining parameters
to those of scenario CPyx. We fix the center-of-mass energy to v/s = (Mg, + Mp,)/2, where
we expect the largest CP-odd asymmetries A?fp’ and A?lfep ~, see figures [|(a) and (c),
respectively. For consistency, we also choose /s = (Mp, + Mp,)/2 for the discussion of
the CP-even decay asymmetry A?lfep * although it is generally suppressed at this value if
CP is violated.

4.2.2 |A| and ¢4 dependence

We analyze the dependence of the CP asymmetries on the phase ¢ 4 of the trilinear coupling
A, which is the only source of CP violation in our study. The CP-odd asymmetries,
AC+P’ and A?lfep ~ see figure fi(a), are approximately maximal, if the mixing of the Higgs
states is resonantly enhanced, as discussed in section [£1 The degeneracy in the neutral
Higgs bosons, however, is lifted by the H-A mixing, as can be observed from figure f(c)
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Figure 5: Phase dependence of (a) the CP-odd asymmetry A(ljf i (solid, red), eq. (B.4), for
chargino production utpu~ — XTX; at /s = (Mp, + Mp,)/2, and for the subsequent decay YT —
eiﬂé*) the CP-even asymmetry A?ﬁf * (dashed, green), eq. ), and the CP-odd asymmetry
A%ff’ (dotted, blue), eq. (B.14). In (b) the beam polarization averaged cross section aﬁ*P*,
eq. (B.2), with common longitudinal beam polarization |P| = 0.3. In (c) the Higgs masses Mp,
and (d) the Higgs widths T'g,, for i = 2 (solid, red), and ¢ = 3 (dotted, blue). The other SUSY
parameters are given in table E

A splitting of the order of the Higgs widths I'g, 4, shown in figure f(d), leads to large
absorptive phases, which are necessary for the presence of CPT-odd observables. The
increased Higgs mass splitting leads, however, also to lower peak cross sections, and thus
to a lower polarization averaged cross section 0'?1+P+, which we show in figure f(b) for
common muon beam polarizations |P| = 0.3.

The asymmetries and cross sections for negative ¢4 can be obtained from symmetry
considerations. Since the complex trilinear coupling A is the only source of CP violation
in our analysis, the CP-odd asymmetries .A?fpf and A?lfep ~ are odd with respect to the
transformation ¢4 — —¢@4, while the CP-even asymmetry Afff *, and the averaged cross

. CL P
section oy;" T, are even.

P+ and the asym-

In figure f], we show contour lines of the averaged cross section aﬁ*
metries in the ¢4—|A| plane. The largest CP-odd asymmetries A?fp’ and A?fep T are

obtained for |A| &~ 2Mgysy = 1TeV. For larger values of |A|, the lighter stops become
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Figure 6: Contour lines in the ¢4—|A| plane for chargino production u*u~ — ¥{ X, for (a) the
beam polarization averaged cross section Ulcl+P+, eq. (B.9), and (b) the CP-odd asymmetry A(ljf P
eq. (B4), at /s = (Mp, + Mpy,)/2 and common longitudinal beam polarization |P| = 0.3. For the

subsequent decay X — =58 in (c) the CP-even asymmetry Afﬁf*, eq. (B.19), and in (d) the
CP-odd asymmetry .Alclfep ~, eq. (B.14). The SUSY parameters are given in table .

kinematically accessible and Hs decays dominantly into fffl_ pairs. This leads to a sup-
pression of the chargino production cross section, and also to a suppression of the Higgs
mixing for small u. We therefore restrict our discussion to |A| < 1TeV.

As we have observed in figure [J(a), the CP-even asymmetry A?lfep * is in general larger
in the CP-conserving limit. This can be also seen in figure fJ(c), where the maximum of
the asymmetry is obtained for ¢4 = 0,7, and |A| ~ 800 GeV. However, this is rather
coincidental, and is due to the exact degeneracy of the Higgs bosons H and A.

4.2.3 1 and M, dependence

The couplings of the Higgs bosons to the charginos strongly depend on the gaugino-higgsino
composition of the charginos, which is mainly determined by the values of p and Ms.
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For chargino production pu*pu~ — )fo(l_, we show the CP-odd asymmetry A%*P’ (B4)
in the pu—M; plane in figure [j(a) with |P| = 0.3. The absolute maximal value of the
asymmetry is constrained by the degree of beam polarization. For |P| = 0.3 the maximum
would be Alcli(lr)n;x) ~ 55%, as follows from eq. (B.9). We observe in figure [(a) that
the asymmetry reaches more than 40% near the chargino production threshold, where
the coefficient ay (B.3) receives large spin-flip contributions. For smaller x and Ms, the
interplay between unitarity and CPT symmetry [§ suppresses A?fp’, see ref. [P for
a discussion on the related process bb — 777, In addition, the Higgs boson widths are
increased, since decay channels into light neutralinos and charginos open. The larger widths
result in a larger overlap of the Higgs resonances, which reduces the absorptive phases in

our scenario, and consequently suppresses the CPT-odd asymmetry Al C+P—

In figure [](c), we show the beam polarization averaged cross section aﬁ*P* (B.9) for
chargino production putpu~ — f(ff(l_, which reaches up to 0?1+P+ ~ 2 pb. In addition the
cross section shows no p-wave suppression at threshold, since Hy and Hj3 are mixed CP
eigenstates. The corresponding statistical significance, see eq. (F.J)), shown in figure [j(b)
for an integrated luminosity of £ = 1 fb™!, is largest near threshold. In figure fA(d), we
show the branching ratio for the chargino decay )Zf — €', which reaches more than 15%,
as the leptonic decay modes into 1 and 7. The main competing channels are the decay into
the W boson, and those into sleptons €y, fir,, and 712, see eq. (@I) The chargino decay
)Zf — 7~_1+ v, is dominating, see the branching ratios in table fl, and is the only two-body

decay channel for M+ < My, see the contour of the kinematical threshold in figure fi(d)

For the chargino decay >~<1 — eT1,, we show the CP-odd and CP-even decay asymme-

tries A?*Pf (B.14)), and A?fep * (), in figures §(a) and (b), respectively. As discussed

P+ is suppressed by CP-violating effects due to the

before, the CP-even asymmetry .A1
smaller overlap of the resonances at f (Mg, + Mp,)/2. Therefore we only find large
values of .,41 P+ for light neutralinos and charginos in the lower left corner of figure §(b)
where the larger Higgs widths counter the effect of the larger Higgs mass difference. On the
contrary, in that region the CP-odd asymmetry Affp’ is reduced due to smaller absorp-
tive phases. Finally, at threshold the longitudinal polarization of the chargino ¥3 (R.1§)
vanishes, and thus also both decay asymmetries, as follows from eqs. (B-4) and (B.F).
The statistical significances of the CP-odd and CP-even decay asymmetries A%’f -,
and .,41 P see eqs. (), (FA), reach at most Sﬁ*P’ ~ 2 and SC+ * & 3 respectively,
for an 1ntegrated luminosity of £ =1 fb~!. Thus their measurement will be challenging.
Nonetheless, only these asymmetries allow to disentangle the contributions bar and bf to
the longitudinal charglno polarlzatlon ¥3 . () However these asymmetries can also be
measured in the decays Xl — W* %Y, and X — T u$ ). Note that the corresponding decay
asymmetries are smaller due to the decay factors 7, which are of the order |ny +| ~ 0.2—0.4
and |n,+| ~ 1. A measurement of the asymmetries in these decay channels is more involved,

since the W and 7 reconstruction efficiencies have to be taken into account.

4.2.4 Comparison with asymmetries in neutralino production

The results obtained for diagonal chargino production pu™pu~ — f(ff(l_ in the previous
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Figure 7: (a)-(c) Chargino production ptu~ — ¥ X7 at /s = (Mg, + Mz,)/2 with common
muon beam polarization |P| = 0.3. Contour lines in the y—Ms plane for (a) the CP-odd asymmetry
A%*P’, eq. (B-4), (b) the corresponding significance Sﬁ*P’, eq. (F.1), with £ =1 fb™', and (c) the

beam polarization averaged cross section Uf1+P+, eq. (@), for the SUSY parameters as given in

table fl. The chargino branching ratio BR(Y; — e*7,) is given in (d). The shaded area is excluded
by my+ < 103 GeV.

section have similarities with the corresponding asymmetries for neutralino production,
see ref. [fi], and ref. [id] for a detailed review. For instance, we have obtained similar line-
shapes of the CP-odd production asymmetry, A%*P*, eq. (B-4), as well as of the CP-odd and
CP-even asymmetries for the chargino decays A?ff ~, eq. (B.14), and A?ff *eq. (B19),
respectively, compared with the analogous asymmetries for neutralino production. The
asymmetries also show a very similar dependence on the common complex trilinear coupling
parameter A, as well as on the parameters y and Ms. In both processes, the production
asymmetry is enhanced at threshold, whereas the decay asymmetries show a distinct p-
wave suppression. The similarities are due to similar kinematics, i.e., production of spin-half
charginos or neutralinos, as well as dynamics, i.e., Higgs interference in the production of
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Figure 8: Contour lines in the y—Mj> plane for (a) the CP-odd asymmetry A(ljlff’, eq. ), and
(b) the CP-even asymmetry A?lff *, eq. (B.19), for chargino production u*u~ — X7 ¥; and decay
X — et at /s = (Mpg, + Mp,)/2 with longitudinally muon beam polarization |P| = 0.3, for
the SUSY parameters as given in table Pl The corresponding chargino cross section and branching
ratio are shown in figure ﬁ The shaded area is excluded by myE < 103 GeV.

a C-even final state of massive gauginos and higgsinos.

Note that for neutralino or diagonal chargino production only C-even production asym-
metries can be defined, whereas after including the C-odd decay, only C-odd decay asym-
metries can be probed, see also the detailed discussions in section [ For non-diagonal
chargino production, in addition two C-odd production asymmetries, as well as two C-even
decay asymmetries, are accessible, which we discuss in the following section.

4.3 Production of )Zicf(;F

For non-diagonal chargino production, u*pu~ — Xf)@c, we study the pu—Ms dependence
of the cross section, and of the CP-odd and CP-even production asymmetries .A%*P’,
eq. (B4), and A%’P*, eq. (B.), respectively. The CP-odd asymmetry .A?Q*P’ is largest
at threshold, where it reaches up to —10%, see figure f(a). Since the beam polarization
averaged cross section reaches up to 400fb in that region, we obtain a significance of
8102+P’ < 3, for an integrated luminosity of £ = 1 fb~!, see figure [J(c). The CP-even
production asymmetry exhibits a characteristic p < My symmetry, see figure [fl(d). The

Higgs chargino couplings transform as cf’}%“xz o cf’}%‘”“ (B-13) under u < My, resulting

in a sign change of A%P* BJ. Consequently, for y = Mj the asymmetry vanishes, see
the zero contour in figure fj(d). On the other hand, the asymmetry is nearly maximal for
p > Ms or i < Ms, see the upper left and lower right corners of figure f|(d). The maximum

absolute value would be A?zi(];;x) ~ 55%, see eq. (B.9) with |P| = 0.3. We do not show the

CP-odd production asymmetry Af{P*, eq. (B-§), which is only of order 1% near threshold.
For the subsequent chargino decay )Zét — eiﬁé*), we show the CP-even decay asymme-

tries Afj’ep *eq. (B.19), and A%”ep =, eq. (B.14), in figure [0, Both asymmetries are large
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Figure 9: Chargino production u™u~ — XExF at /s = (Mpy,+ Mpy,)/2 with common muon beam
polarization |P| = 0.3. Contour lines in the pu—Ms plane for (a) the beam polarization averaged
cross section Uf2+P+, eq. (B.9), (b) the CP-odd asymmetry A% P= eq. B4, (c) the corresponding
significance 8102+P,7 eq. ([E.1)), with £=1 fb~ ', and (d) the CP-even asymmetry A%’P’, eq. (B.9).
The SUSY parameters are given in table E The shaded area is excluded by myE < 103 GeV.

in a wide region of the yu—M> parameter space. The asymmetry A%’: ~ also exhibits the
characteristic y < My symmetry, see figure [[(J(b), as discussed above for the production
asymmetry .A%*P*. The decay asymmetry however has also contributions from the contin-
uum polarization ¥3_, see eq. (B.17). Thus the zero contour in figure [Ll4(b) gets slightly
shifted from p = Ms. Since the continuum contributions are small compared to those from
the resonance, the u < My symmetry of A%ﬁf ~, however, still holds approximately.

The chargino )Zéc two-body decays are open in the entire u—Ms plane, with branching
ratios up to BR()Z; — et0.) = 10%. Other competing channels are )Z; — Wx) and )Z; —
7+, with branching ratios of also up to 10%. For these decay channels the asymmetries
A%‘tvl‘)/i and A%ff * are accessible. Here, the appropriate decay factors ny (D.1§) and

7 (D.16), respectively, have to be taken into account. The CP-odd decay asymmetries

Afj’f*, eq. (B-14), and A%’;*, eq. (B-12), do not exceed 0.2%.
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Figure 10: Chargino production utp~ — ¥ixJ at /s = (Mg, + Mg, )/2 with common muon
beam polarization |P| = 0.3, and subsequent chargino decay )ZQi — et ~§*). Contour lines in the

p—Ms> plane for the CP-even decay asymmetries (a) A%ff*, eq. (B:19), and (b) A%’)f’, eq. (B-14),

for the SUSY parameters as given in table E The corresponding chargino production cross section
is shown in figure E The shaded area is excluded by myE < 103 GeV.

5. Summary and conclusions

In the MSSM with CP violation in the Higgs sector, we have studied chargino production
at the muon collider around the resonances of the two heavy neutral Higgs bosons. For
nearly degenerate neutral Higgs bosons, as in the Higgs decoupling limit, the CP-violating
Higgs mixing can be resonantly enhanced, which allows for large CP-violating effects. We
have defined the complete set of CP observables to study the Higgs interference and their
radiatively induced Higgs mixings. The muon collider with a precisely tunable beam energy
is an ideal tool to study the strong /s dependence of the CP asymmetries.

Using longitudinally polarized muon beams, we have classified the set of CP-even and
CP-odd asymmetries for chargino production, as well as for the chargino decays into lep-
tons. Appropriate observables can be defined for the decays into W bosons. In contrast to
the production asymmetries, the asymmetries of the decay probe the longitudinal chargino
polarization. Due to spin correlations between production and decay, the chargino polar-
ization depends sensitively on the Higgs interference. Thus a different and independent
set of asymmetries sensitive to the Higgs couplings can be defined, that complement the
production asymmetries.

In a numerical study, we have parametrized CP violation in the Higgs sector by a
common phase ¢4 of the trilinear scalar coupling parameter. We have analyzed the depen-
dence of the asymmetries and cross sections on the complex parameter A, as well as on the
(real) gaugino parameters p and M. Large CP-violating asymmetries are obtained if the
H-A Higgs mixing is resonantly enhanced. We have discussed the conditions necessary for
such a resonant mixing. It occurs naturally in the Higgs decoupling limit, when the Higgs
mass difference is of the order of their widths. We have identified the appropriate class of
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scenarios which are adequate to study chargino production and decays.

For )Zf X7 production, the largest CP-odd production asymmetry can go up to 40% for
a degree of beam polarization of P = 0.3. The CP-odd decay asymmetry for the subsequent
chargino decay reaches up to 10%. By comparing the asymmetries to the results which are
known in the literature from non-diagonal neutralino production, we have observed striking
similarities. They are due to similar kinematics, i.e., production of spin-half charginos or
neutralinos, as well as to the dynamics, i.e., Higgs interference in the production of a C-
even final state of fermions. We have completed the numerical study with the discussion of
non-diagonal chargino production. Here, the C-odd and CP-even asymmetries are almost
maximal and reach more than 50% for a degree of beam polarization of P = 0.3.

We find that chargino and neutralino pair production at a muon collider is complemen-
tary to similar studies for the production of Standard Model fermions. While ¢¢ production
is favored for small values of tan 3, third generation fermion production is largest for large
tan 8. The strong effect of the CP phases on the Higgs mixing, and thus on their masses,
leads to a center-of-mass energy dependence of the observables which can be ideally studied
at the muon collider.

We conclude that chargino production at the muon collider is the ideal testing ground
to analyze and comprehend the phenomenology of MSSM Higgs mixing in the presence
of CP-violating phases. In particular, the crucial interference effects of the two nearly
degenerated heavy neutral Higgs resonances can well be analyzed and understood. The
proposed set of CP-sensitive observables allows for a systematic test of the CP nature of
the heavy neutral Higgs resonances, and their couplings to charginos.

Acknowledgments

We thank Sven Heinemeyer, Herbi Dreiner and Karina Williams for helpful comments
and discussions. OK was supported by the SFB Transregio 33: The Dark Universe. FP
has been partially supported by the European Community Marie-Curie Research Train-
ing Network under contract MRTN-CT-2006-035505 “Tools and Precision Calculations for
Physics Discoveries at Colliders”. FP thanks the Grid Infrastructure of the EUFORIA
project (FP7 Contract 211804). OK thanks the Instituto de Fisica de Cantabria (IFCA)
for kind hospitality, where part of this work was completed.

A. Density matrix formalism

We use the spin density matrix formalism [f0, p1, B3] for the calculation of the squared
amplitudes for chargino production, eq. (R.1), and decay channels, egs. (.9) and (P.]).
The amplitude for chargino production via resonant Higgs exchange, eq. (R.17), depends
on the helicities A+ of the muons p* and the helicities \;, Aj of the produced charginos,

fll — Q(H ) —( A ) Hkﬂﬂp HkMNP ( DY )
ANNALAL T k Upﬂ+’ + Cr L+CR R ’LLpu s

X [a(pr’ Aj) (ckainPL + cgkXinPR) v(pX;,)\i)} . (A1)
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We include the longitudinal beam polarizations of the muon-beams, P_ and Py, with
—1 <P+ < +1 in their density matrices

_ 1
prw =5 (B +P-x ) (A.2)

1
Phov, = 53 (O, +Paiy ) (A.3)

where 73 is the third Pauli matrix. The unnormalized spin density matrix of X; )Z;' pro-
duction and )Z;r decay are given by,

P + - P P
Pxx, = Z /’AM;/’A,X,TAMJ‘MLTA;;A;AL= (A4)
A A A AL
D _ mDxmpD
Py = T T (A.5)
The amplitude squared for production and decay is then
2 42 P D
TP = 1AGDHE Y o v o, (4.6)
AN,

with the chargino propagator

l
A(xF) = : A7
(X5) pi+ — mi+ +im +T + (A7)

J J N

The spin density matrices, egs. (A.4) and (A.5), can be expanded in terms of the Pauli
matrices 7¢

3
P _ a a
Prx, = Ogx P+ ZT,\j,\g.EPa (A.8)
a=1
3
D
Pxix; = Oxa D+ ZTXI;A]» D (A.9)
a=1
where we have defined a set of chargino spin vectors Si*' In the center-of-mass system,
j
they are
1
Ly _ 1 21 _ (. 1 p _ D 4| E Al
SXJ_+ (0;1,0,0), sz+ (0;0,1,0), SXJ_+ — (\pxjf\,0,0, xf) (A.10)
J

We have chosen a coordinate frame such that the momentum of the chargino )Z;r is
[ : =
px;r - (EX;HO,Ov |pX;F|)7 (All)
with
s+m2, —m?,
X i
X; 2y/s

and the triangle function

(A.12)

Aij = )\(S,mzf,ma), (A.13)

X X
with A(z,y,2) = 22 + 9% + 22 — 2(zy + 2z + yz). Inserting the density matrices, eqgs. ([A.§)
and (A.9), into eq. (A.G), gives the amplitude squared in the form of eq. (R.1§).

— 26 —



B. Higgs exchange contributions

We have expressed the resonant contributions to the spin-density matrix coefficients as
functions of the longitudinal x4+ and p~ beam polarizations, eqs. (B.17) and (P.1§),

Pres = (1 + P—|—7D—)a0 + (P+ + P—)ab
Ei’es = (1 + P+P_)bo + (P+ + P_)bl.

The coefficients a,, and b,, on the r.h.s. are

an = Z (2 — 5kl)alzl, b, = Z (2 — 5kl)bﬁl, n=20,1; (B.l)
1Lk<l 1Lk<l

with the sum over the contributions from the Higgs bosons Hjy, H; with k,1 = 1,2,3,
respectively, and [

afl = S8l {1151 fig cos(B +5F +da)
- |c:||c§L|mimj cos(d + 551“ + 5A)] - (B.2)
af! = S8l |leallef 1fi cos(Oy +8F + )
- |c;||c§L|mimj cos(d,, + 5§L + 5A)] - (B.3)
b = =718l llex |/ cos(0f + 057 + )| o (B.4)
Pl — _Z,A(kl)\ [\c;uc;\\/ﬁjcos(ég + 0y + M)] w0 (B.5)
We have defined the products of couplings, suppressing the chargino indices 7 and 7,
oty = R P = [l exp(idT)] L a=mx, (BO)
cﬁ(ljﬂl) = cgkxxcflxx* + ckaxcgzxx* = [lciL\ exp(i&i‘L)] - (B.7)
the product of the Higgs boson propagators (R.§),
Ay = AHOAH) = [|8]exp(ida)] | (B.8)

and the kinematical functions f;; = (s — mi_, — mfﬁ) /2, and \j;, see eq. (A.13). We
neglect interferences of the chirality violating Pfiggs excjhange amplitudes with the chirality
conserving continuum amplitudes, which are of order m,/+/s. The contributions from H;
exchange are small far from its resonance.

Note that the longitudinal chargino polarization, parametrized by the coefficients bg
and by of Y3, see eqs. (B.4) and (B.5), vanishes at threshold as \/)\_,J We have defined
by and by for the longitudinal polarization of the positively charged chargino )Z;r in the
reaction ptpT — X7 )Z;r. The coeflicients are the same for the other produced chargino

X; » due to angular momentum conservation.
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C. Continuum contributions

The non-resonant chargino production (R-1]) proceeds via v and Z boson exchange in the
s-channel, and muon-sneutrino 7, exchange in the ¢-channel, see the Feynman diagrams in
figure fl. The MSSM interaction Lagrangians are [fi, 51]:

9 -
A . Z0iv” (L, P, + R, Prlu, (C.1)
Loz = —eAXTVXT 0, >0, (C.2)
Larsrse = aon g ZuXi 110 P + O PRIX] (C3)
Lioer = —gVAx; PV +hee., (=e,p, (C.4)
with 4,7 = 1,2 and P g = (1 Fv5)/2. The couplings are [fl,
1

L,= —3 + sin? Oy, R, = sin? Oy, (C.5)

/ 1
O;f = —VaVj; — 5VieVis + 0 sin? Oy, (C.6)

/ 1
Ot = ~UjUj — SUiaUjz + 0i sin® yy, (C.7)

with the weak mixing angle Oy, and the weak coupling constant g = e/ sinfyy, e > 0. The
complex unitary 2 x 2 matrices Uy, and V,,, diagonalize the chargino mass matrix X,g,
UpaXapV, =m,,

The helicity amplitudes for v, Z and 7, exchange are

%5mn, with m x> 0.

T){Z)\j)uﬁ)\f (fY) = _62A(7)5Z] [@(pMJH )\+)’qu(p,r ) )‘—)]

< Jalp, s A nol, )] (C8)
T pr (2) = o M) [0 7 Py + By Pruly A
< [alp,r: A0 (O P+ OF Pryulp, - M) (C.9)
Ti,\j,\+,\,(’7) = —g" Vi ViA(®®) [77(Pp+7)\+)PRU(PXj+=)‘j)]
x (o= M) Prulp,- A0 (C.10)
with the propagators
Ay) = é A(Z) = @ A(v) = ﬁ (C.11)

and s = (p,+ +pu7)2, t=(pu+ — pXj+)2. We neglect the Z-width in the propagator A(Z)
for energies beyond the resonance. The Feynman diagrams are shown in figure fl. For eTe™
collisions, the amplitudes are given in ref. [f1], fJ].

The continuum contributions Popn¢ are those from the non-resonant v, Z and v, ex-
change channels. The coefficient P is independent of the chargino polarization. It can
be decomposed into contributions from the different continuum channels

Poont = P(7y) + P(yZ) + P(70) + P(ZZ) + P(ZP) + P(ip) (C.12)
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with

P(yy) = §i;4e* | A(Y)|* (L, + CR)EI?(EX;LEX; tmam, -+ q* cos? 0), (C.13)

e2g?
P(HZ) = ;422
(v2) " cos? Oy

—I—(LHcL+RHcR)(O;jL*+O;f*)(E +E —+m, £y —I—q cos 0)} (C.14)
] Xi

EgA(y)A(Z)*Re{(LucL — RuCR)(O;f* — O;]-L*)Zqu cos 6

P(y) = 25ije2ng§cLA(7)A(17)*Re{V{{Vﬂ}

x(E, +E +m +m - —2E,qcosd + ¢* cos?6), (C.15)
Xi j i
29 ’ /
P(22) = o | AP B |(Ler — Rien) (0T — O] *)2Epg cost

+(LicL —I—RicR)(|O;- + |O °)(E +EX; + ¢% cos® 6)

(L2CL—|—R2CR)2RG{O Lo, R*}m Mo } (C.16)
Pzo) = -2 I BEAZ)AG)R 0\
(20) = o gg—LucL BRA(Z)AD) Re{ ViV
%[O (B B, - ~2Eyq cos 9+q cos? §) —|—O;§%mx;rmx;]}, (C.17)
g4
P(ow) = er|ValP Vi P|A@)P Ef (B, + B, - — 2Epqcos 0 + ¢* cos” ), (C.18)
j i

with the scattering angle 6/(p),-, p)r). The longitudinal beam polarizations are included
in the weighting factors

cp=(1-P)1+Ps), cn=1+P)1-P,). (C.19)

For equal beam polarizations P, = P_ = P, we thus have Peont(P) = Peont(—P). For
eTe™ collisions, the terms for Pyt in the laboratory system are also given in refs. [52, b3,
however they differ by a factor of 2 in our notation (R.15). Note that the term Peoyt is
invariant under i < j exchange at tree level if CP is conserved.

The continuum contributions %3

Sont (-16) to the longitudinal )Z;r polarization for

chargino production ptu~ — x; X+ decompose into

Seont = Tp(17) + Bp(VZ) + Ep(19) + Ep(Z2Z) + Bp(Z20) + Sp(00), (C-20)
with
Y5(yy) = 6ijde|A(Y) 2 (er — cr)ER cos 0(q* + E +E +m,+m, ), (C.21)
X g i
e2g2
SH(17) = bid— L BAG)A2)
w
xRe{( uCL — RucR)(O;f* + O;ZL*)(q +E, +E + Myt My - ) cos 6
+(Lyer + RMCR)(O;.Jf* — sz' Ja(E, - + EXf cos 0)}, (C.22)
i J
53,(y) = —5ij262g2cLE5A(W)A(IJ)*Re{ j*lvﬂ}
2 2
X [qu{ —(¢“+ Exj*Ex{) cos 0 + quf cos” 0 — M+ M~ €08 0], (C.23)
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2g4

2h(22) = S INDPER|(Lier + Rien) (OGP ~ 05 P)alEy - + By cos®)
+(LicL — RicR)2Re{O;ZLO;§*}ij+mX; cos 6
+(LicL—RicR)(]O;-Z~L 2+\O;Ii% 2)(q2+Exj+Ex{)COS 9}, (C.24)
w3,(70) = % E2A(Z)A(P)'R { Vi [OR 0
P V) = C082 HW “CL b 14 € 1 Vi1V mx;ﬁmx; COS

~O B, — (@ + B B\ ) cos 0+ B, + cos?0)] |, (C.25)
4
Y3 (ow) = —%CL|V]‘1|2|V2‘1|2|A(7;)|2E5
X [qu{ — (¢ + EXjEX;) cos 0 + qEXj cos? 4. (C.26)

For ete™ collisions, the terms for X3 . for chargino )Z;r in the laboratory system are

also given in ref. 52, B3|, however they differ by a factor of 2 in our notation (P.I5). In
order to obtain the corresponding polarization terms for the other chargino x; , one has
to substitute EXJ_+ — Ex{ and Myt m, in egs. (C.21)—(C-26); in addition, one has to
change the overall sign [fJ]. Note that for the charge conjugated process utu~ — )22’)2;,
the averaged chargino )Z;-—L polarization of the continuum, see eq. (2.2¢), changes sign, i.e.,
¥3 ()Z:F)Z;) = 33 (X )Z;r) For equal beam polarizations Py = P_ = P, the terms
Obey Egon1:(_7)) = Egont (P)v see eq. ()

D. Chargino decay into leptons and W boson

The expansion coefficients of the chargino decay matrix (A.9) for the chargino decay )Z;r —
0Ty, with £ = e, 1, are

2
g
D = §|le|2(mi¢ —mz,), (D.1)
J
Xp = —92|Vj1|2mx;_t(8ijc * Pe)- (D.2)

The coefficient 3¢, for the charge conjugated process, X; — ¢~ vy, is obtained by inverting
the sign of eq. (D.3). With these definitions, we can rewrite the factor E?’D, that multiplies
the longitudinal chargino polarization ¥% in eq. (2-19),

D ~
oH = nex 5 (Ee = Eo), (D.3)
¢
where we have used
mi.i R
m, (54 - pe) = — = (B — E). (D.4)
TR 1]

Similar results can be obtained for the chargino decay into a T, )ZjE — Tiﬁg*), and W

boson, )Zj[ — W= B3). The corresponding interaction Lagrangians are [fl]
Ly i+ = —97 (Vi1 Pr — YUl PL)XT“ e + hoc, (D.5)
Lyy-srz0 = W, X" (Of; P + OFs PR)X 7 + hec., (D.6)
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respectively, with the couplings

1 * : *

O,fj = —ENMVJQ + (sin Oy Ny + cos HWng)le, (D.7)
1

off = +EN,§3UJ2 + (sin 0w Njy + cos O Nip) U1, (D.8)

and Y; = m, /(v/2my cos 3). The 4 x 4 unitary matrix N diagonalizes the neutralino mass
matrix Y in the basis {7, Z, h1, ho} with N;}YlmN;j = 52-ij? ]
The expansion coefficients of the chargino decay matrix (A.9) for )2}' — 71, are
g’ 2 2 2 2 2
D = (V" + Y7 |Up[) (m = —m3,), (D.9)
E% = _92(|VY]'1|2 - YT2|Uj2|2)mX;E (Si;‘: : pT)? (DlO)

and those for )Zj — WYY are

r (2, — 2y
_ L2 R |2 2 2 2 j k
—692Re(05j0ﬁ*)mﬁmx2, (D.11)
(mii — mio —2m3,)
j k
2% = —g*(|0g;1* — [Of ) — i m, +(ss - pw). (D.12)
mW J X]

The coefficients X7, for the charge conjugated processes, x; — 7777 and x; — W‘)Z%,
are obtained by inverting the signs of eqs. (D.1() and (D.19), respectively.

max(min)

For the chargino decay )Z;t — Wiig, the energy limits of the W boson are Ly, =
Ew + Ay, see eq. (R.21)), with

, 2 2 .2
By — Do BT Mg T mX%E D.13
W= ) - om2, X; (D-13)
X
g — e _ AT my)
Ay = ; _ T e (D.14)
X

The decay factor (2.29) is
(1051 = 105 1°) /1
|O]£j 2+ |O]}jj 2)f2 + Re{OﬁjO;@*}fs’

e = i( (D.15)

with

2 2 2
fi= (mxf —mo = 2mW)\/)\(m%,m%V,mig),
2

— (2 92 2 2 22
fo= (mxf +mio 2miy ) miy + (mxf mxg) ,
_ 2
fz=—12 Mk Moo Miy-
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For the chargino decay )Zj[ — Tiﬁg*), the decay factor (R.24) is obtained from eqgs. (D.9)
and (D.T0)

Val?2 — Y2 U |?
Uri_i‘ ]1‘ T‘ ]2’

- : D.16
[Virl? + YZ2|Ujal? (B.16)

The coefficients ny+, and also 1,+ (D.16), depend on the chargino couplings, as well as on
the chargino and neutralino masses, which could be measured at the international linear
collider (ILC) with high precision [54, Fj].

In order to reduce the free MSSM parameters, we parametrize the slepton masses with
their approximate renormalization group equations (RGE) [61]

m?;R = mi 4+ m? + 0.23M3 — m% cos 23sin? Oy, (D.17)
1
m%L = mi +m? +0.79M%Z + m% cos 23 <—§ + sin? 9W> , (D.18)
1
m,z;l = m2 4+ m? 4+ 0.79M3 + ngZ cos 203, (D.19)

with mg the common scalar mass parameter the GUT scale.

E. Cross sections

We obtain cross sections and distributions by integrating the amplitude squared |T'|* (-19)
over the Lorentz invariant phase space element dLips

1
do = 2—S\Ty2dLips. (E.1)

We use the narrow width approximation for the propagator of the decaying chargino. The
approximation is justified for Iy, /m,, <1, which holds in our case with Ty, < O(1GeV).
Note, however, that the naive O(I'/m)-expectation of the error can easily receive large
off-shell corrections of an order of magnitude and more, in particular at threshold or due
to interferences with other resonant or non-resonant processes. For a recent discussion of
these issues, see [63,

Explicit formulas of the phase space for chargino production (R.1) and decay (.2), can
be found, e.g., in ref. [f3]. The cross section for chargino production is

‘/)‘TJP (E.2)

T Qps2

with the triangle function );; (A.13), and P given in eq. (R.26). The integrated cross
section for chargino production (R.1)) and subsequent leptonic decay )2;' — (T, (R is

given by
2 2
1 )\Z_] (mx+ - ml]g) _ o 1
Tt = Gan? 52 m%’<+1“x.+ PD = oy x BR(Xj — €7). (E-3)
1 J
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The integrated cross section for chargino production and subsequent decay )Z;r —

wExp R3) is

\/_2 \/)‘ m +7m O7mW)
! PD =0y xBR(X, = W*R}).  (E4)

i W =
R 6472 52 i r Xt

F. Statistical significances

We define the statistical significances of the C-even cross section observable AC+P (B4)

by [l

Sg = yAC+P*\\/22— oot (F.1)

where £ denotes the integrated luminosity for chargino production, and ag-*P* is the
C and P symmetrized chargino production cross section, defined in eq. (B.2). There
is a factor 2 appearing in eq. @), since the asymmetries require two sets of equal
beam polarizations +P. There is a factor (2 — §;;), since two independent cross section
measurements are available for ¢ # j, but only one for ¢ = j. The significances for the
C-odd asymmetries Agfpi, eqs. (B.5), and (B.6), are defined by

C_P C_P C. P
Sy = A T do L (F.2)

Note that the C-odd production asymmetries .AC’PjE

i vanish trivially for i = j.
The significances for the CP-odd decay asymmetries A, Ji)\ ¥, eqs. (B.19) and (B.14),

are defined by [f

ST = JAT T /405 BR(T — A Na) Lo, (F.3)

and similarly for the CP-even asymmetries .AZ " )\ , eqs. (B.19) and (B.14),

C4P CiP CyP ~ 7

SO5FE = |ASE ) /405 BR(YT — A Na)Le, (F.4)
with A = £ or W, and N, the associated sneutrino or neutralino, respectively. The effective
integrated luminosity is Leg = €)L, with the detection efficiency ey of the leptons or W
(%)

bosons in the chargino decay )Z;t — Eiﬂz or )235 — Wif(g, respectively. There is a factor
4 appearing in the significances, eqs. (F.J) and ([F.4), since the asymmetries require two
sets of equal beam polarizations =P, as well as two decay modes, )Zj — ATN, and the
charge conjugated decay X; — AN )(\*).

For an ideal detector a significance of, e.g., S = 1 implies that the asymmetries can be
measured at the statistical 68% confidence level. In order to predict the absolute values of
confidence levels, clearly detailed Monte Carlo analysis including detector and background
simulations with particle identification and reconstruction efficiencies would be required,

which is however beyond the scope of the present work.
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