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The CP-violating effects in the neutralino sector of the MSSM can
be observed in event-counting type experiments, i.e. without the need of
exploiting variables sensitive to beam or neutralino polarization. On the
other hand, such CP-odd effects in the chargino sector can be generated
only at the loop level. We contrast the two sectors and present results of full
one-loop analysis of the CP-odd asymmetry in the non-diagonal chargino
pair production in e*e™ collisions.

PACS numbers: 12.60.Jv, 14.80.Ly

1. Introduction

Supersymmetry (SUSY) [1], one of the most promising extensions of the
Standard Model (SM), introduces many new sources of CP violation that
may be needed to explain baryon asymmetry of the universe. Experimental
bounds on lepton, neutron and mercury electric dipole moments (EDM) |2]
restrict some of the CP phases to be vanishing or require internal cancela-
tions among various contributions [3|. In the absence of any reliable theory
of CP violation, however, scenarios with some of the phases large and ar-
ranged consistent with experimental EDM data have to be investigated. In
such CP-violating scenarios charginos and neutralinos (denoted generically
by x) might be light enough to be copiously produced at hadron and lepton
colliders, and thus provide information on CP phases.
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Many phenomena will be affected by non-vanishing CP phases: sparticle
masses, their decay rates and production cross sections, SUSY contribu-
tions to SM processes etc. However, most unambiguous way to detect the
presence of CP-violating phases would be to study CP-odd observables mea-
surable at future accelerators — the LHC and the ILC. To build a CP-odd
observable in a four-fermion process (e.g. ete™ — X;\; or X; — ff'X;) one
typically uses spin information of one of the particles involved. For example,
a measurement of the fermion polarization s transverse to the production
plane [4] allows one to build a CP-odd observable s - (p. x py). This requires
either transverse beam polarization and/or spin-analyzer of produced x’s
via angular distributions of their decay products [5]. Another possibility
is to look into triple products involving momenta of the decay products of
charginos /neutralinos [6,7].

However, direct CP sensitive observables can also be constructed from
simple event-counting type experiments if several processes are measured.
In the neutralino sector, due to their Majorana nature, such a direct CP
sensitive observable can be constructed already at tree level [8-11|, while in
the chargino sector it can be build at one-loop [12,13].

In this contribution we contrast these two sectors and present a CP-odd
observable constructed beyond tree level from chargino production cross sec-
tion without polarized e*e™ beams or measurement of chargino polarization.
The CP asymmetry can be induced by the complex higgsino mass parameter
4 or complex trilinear coupling in top squark sector A;. Since the asymme-
try can reach a few percent, it can be detected in simple event-counting
experiments at future colliders.

2. CP-violating effects in chargino and neutralino production
at tree level

In eTe™ collisions charginos are produced at tree-level via the s-channel
v, Z exchange and t-channel 7, exchange, while the neutralino production
receives contributions from the s-channel Z exchange and from both ¢- and
u-channel selectron exchanges.

Due to Poincaré invariance the unpolarized differential cross section may
depend only on masses m;, m; and on two independent scalar variables s
and t. As a result, the unpolarized differential cross-sections for equal-mass
fermions m; = m; in the final state are always CP-even. However, if the
fermion species in the final state are different, beyond tree level the CP-odd
asymmetry can be built from the unpolarized cross sections for non-diagonal
chargino pair production ~ o (Y] X5 ) — o(X3 X7 ) [12], as we will discuss it
in the next section. Although the Majorana nature prevents to construct
a corresponding CP-asymmetry for neutralinos, this same Majorana nature
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opens up a possibility of investigating the CP-violation already at tree level
by studying the energy behavior of the cross sections for non-diagonal neu-
tralino pair production near thresholds (8,9, 11].

In CP-invariant theories, the CP parity of a pair of Majorana fermions
)Z?)Z? produced through a vector or axial vector current with positive intrinsic
CP parity is given by

L=y (-1)" (1)

in the non-relativistic limit, where 7' is the CP parity of ¥ and L is the
angular momentum [14]. Therefore, in eTe™ collisions neutralinos with
the same CP parities (for example for ¢ = j) can be excited only in the
P-wave. The S-wave excitation, with the characteristic steep rise ~ 3 (where
[ is the neutralino c.m. velocity) of the cross section near threshold, can oc-
cur only for non-diagonal pairs with opposite CP parities of the produced
neutralinos [15].

If, however, CP is violated the angular momentum of the produced neu-
tralino pair is no longer restricted by Eq. (1) and all non-diagonal pairs are
excited in the S-wave [8,9]. This is illustrated in Fig.1, where the threshold
behavior of the neutralino pairs {12}, {13} and {23} for the CP-conserving
(left panel) case is contrasted to the CP-violating case (right panel). Even
for relatively small CP phase ¢; = 7/5, implying small impact on CP-even
quantities, the change in the energy dependence near threshold can be quite
dramatic. Thus, observing the {ij}, {ik} and {jk} pairs to be excited all in
S-wave would therefore signal CP violation.
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Fig. 1. The threshold behavior of the neutralino production cross-sections %} in
the CP-conserving (left panel) and the CP-violating (right panel) cases; {ij} as
indicated in the figure (from [9]).
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Similarly the CP violation can be studied by investigating the threshold
behavior of the invariant mass distribution of two fermions in the neutralino
decay )ZZQ — )Z? fTf [8]. In the CP-conserving case the decay amplitude
satisfies the relation

1=—n'n (-1)", (2)

in the non-relativistic limit of two neutralinos, where L is the orbital an-
gular momentum of the final state of )29 and fermion current. The relative
minus sign is a consequence of two wu-spinors for neutralino current in the
decay amplitude as compared to the u- and v-spinors in the production.
The immediate consequence of the selection rules (1) and (2) is that, in
CP-invariant theories, if the production of a pair of neutralinos with the
same (opposite) CP parity is excited slowly in P-wave (steeply in S-wave)
in eTe™ collisions, then the neutralino to neutralino decay is excited sharply
in S-wave (slowly in P-wave). Therefore, the CP violation can clearly be
signalled by the simultaneous S-wave excitations of the production of any
non-diagonal {ij} neutralino pair in e™e™ annihilation near threshold and
of the fermion invariant mass distribution of the corresponding neutralino
3-body decay near the end point. This is an interesting observation par-
ticularly if only the light neutralinos )2(1)72 among the four neutralino states
happen to be kinematically accessible in the initial phase of eTe™ linear
colliders. The combined analysis of the threshold excitation of the produc-
tion process, efe™ — {U%Y, and the fermion invariant mass distribution of
the decay, X3 — XU ff, near the end point, as seen in Fig. 2, can serve as
one of the most powerful probes of CP violation in the neutralino system
even in the initial phase of ete™ linear colliders. The lepton invariant mass
distribution near the end point in the neutralino decay alone can also be
measured at the LHC providing information on the relative CP parities of
the two lightest neutralinos.

3. CP-odd asymmetry in chargino production at one loop

As shown in [16], no CP-violation effects can be observed at the tree-
level for the non-diagonal )Zf)zj_ chargino pairs without the polarization
measurement of final charginos. However the situation is different if we go
beyond tree-level approximation.

Radiative corrections to the chargino pair production include the follow-
ing generic one-loop Feynman diagrams: the virtual vertex corrections, the
self-energy corrections to the ©, Z and - propagators, and the box diagrams
contributions. We also have to include corrections on external chargino legs.
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Fig. 2. (a) The threshold behavior of the neutralino production cross sections {12}
near the threshold and (b) the lepton invariant mass distribution of the decay
X9 — XV "1™ near the end point (from [10]).

The one-loop CP asymmetry for the non-diagonal chargino pair is de-
fined as

12 21

ag — 0
loop loop
A= —5 ——=7 > (3)
o +o
tree tree
here o2, o2 d ions f duction of ¥T¥; and ¥4 %7
where 0*“, o enote cross sections for production of xi X, and Xy X7,

respectively. The one-loop corrected matrix element squared is given by
’Mloop’2 - ’Mtree’2 + 2Re(M>tkreeMloop) . (4)

Since the asymmetry Ajs vanishes at tree-level it has to be UV finite. Be-
cause the structure of counter terms is the same as the tree level graphs,
using the same arguments as for the tree-level amplitude it can be shown
that renormalization procedure does not give rise to the asymmetry. Nev-
ertheless self-energy and vertex corrections are UV-divergent, and proper
treatment of divergences is needed.

Loop diagrams with internal photon line also introduce infrared singular-
ities. They can be removed by adding emission of soft photons from external
charged particles. The sum of both contributions is then IR finite, however
it depends on the soft photon cut. On the other hand soft photon emission
part has the form of tree-level amplitude multiplied by soft photon factor.
Therefore, the terms arising due to soft photon bremsstrahlung do not affect
the asymmetry A;s. Similar arguments apply for hard photon emission from
external fermions.
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The CP asymmetry Eq. (3) arises due to the interference between com-
plex couplings, which in our case appear in complex mixing matrices of
charginos or stops, and non-trivial imaginary part from Feynman diagrams
— the absorptive part. Such contributions appear when some of the in-
termediate state particles in loop diagrams go on-shell. Therefore we take
the following scenario: gaugino/higgsino mass parameters |M;| = 100 GeV,
My = 200 GeV, |u| = 400 GeV with tan 8 = 10. This gives the following
chargino masses: My = 186.7 GeV, My = 421.8 GeV. For the sfermion

sector we assume universal slepton mass M == Mg =150 GeV, while
for squarks mg = MQ1,2 = ]\40172 = Mp , =450 GeV and MQ = MQs =

My, = Mp, = 300 GeV and for the sfermion trilinear coupling; |A| =
—Ap=—A;, = A =400 GeV.

In our numerical analysis we consider the dependence of the asymme-
try (3) on the phase of the higgsino mass parameter p = |u|e®* and soft
trilinear top squark coupling A; = |A¢|e’®*. In Fig. 3 we show the CP
asymmetry as a function of the phase of u and Ay, left and middle panel, re-
spectively. Contributions due to box corrections, vertex corrections and self
energy corrections have been plotted in addition to the full result. In this sce-
nario the asymmetry can reach ~ 1% for the p parameter and ~ 6% for Ay,
respectively. We note that for the asymmetry due to the non-zero phase of
the higgsino mass parameter there are significant cancelations among vari-
ous contributions. In addition, we also show in the right panel of Fig. 3 the
dependence of the asymmetry due to A; as a function of tan (.

8 lvd
[%2} V5 =700 GV . VE=T00Gev] ¢ 5 = 700 GeV
L ’ k 4 5
ol /
W 4
5 3 Mo
4 2
’ -6 1t
B vy s AU ey S T R TS
b, , tan

Fig. 3. Asymmetry Aj2 as a function of the phase of 1 parameter (left), the phase of
Ay (middle), and as a function of tan 8 with ¢; = 7/3 (right). Different lines denote
full asymmetry (full line) and contributions from box (dashed), vertex (dotted) and
self energy (dash-dotted) diagrams (from [13]).

For the asymmetry generated by the p parameter all possible one-loop
diagrams containing absorptive part contribute. The situation is different
for the phase of the trilinear coupling A; — when chargino mixing matrices
remain real. In this case only vertex and self-energy diagrams containing
stop lines contribute to the asymmetry [13].
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4. Summary

It has been shown that the CP-odd observable can be constructed from
unpolarized chargino and neutralino production cross sections alone without
polarized beams nor the need of measuring chargino /neutralino polarizations
in the final state. While the Majorana nature of neutralinos allows to probe
the CP violation via the threshold behavior of the production/decay rate,
in the chargino sector the CP-odd asymmetry arises at one-loop and is gen-
erated by the interference between complex couplings and absorptive parts
of one-loop integrals. The effect is significant for the phases of the higgsino
mass parameter p and the trilinear coupling in the stop sector A;. At future
colliders it may give information about CP violation in chargino and stop
sectors.
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