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Supersymmetric extensions of the Standard Model provide new sources
of CP-violation. Here the CP properties of neutralinos are described and
possible experimental signatures of CP-violation in the neutralino produc-
tion processes at ete™ linear colliders are discussed.
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1. Introduction

The electroweak sector of the Standard Model (SM) contains only one
CP-violating phase which arises in the Cabibbo—Kobayashi-Maskawa (CKM)
quark mixing matrix. Adding right-handed neutrinos to account for non-
zero neutrino masses and their mixing opens up a possibility of new CP-
violating phases in the Maki-Nakagawa—Sakata (MNS) lepton mixing ma-
trix. In both cases unitarity imposes constraints on mixing matrices, which
can be represented graphically as unitarity triangles. After many years of
experimentation with the K and B mesons, the CKM unitarity triangle
VuaVyy, + VeaVy, + VigVyy = 0 is essentially reconstructed and the required
amount of CP-violation can be accommodated within the SM. (Reconstruct-
ing MNS triangles will be far more difficult.) The CP-violation in the SM
also induces electric dipole moments (EDM) of elementary particles. How-
ever, in the lepton sector! they are induced at a multiloop level and, as a
result, EDM’s generated by the CKM phase are extremely small [1] and be-
yond current and foreseeable future experiments. Therefore the observation
of a lepton EDM would be a clear signal of new physics beyond the Standard
Model.

! An additional CP-violation due to strong interactions of the form g—;QGG could
generate a very large neutron EDM, unless 6 is tuned to be very small.

(3441)
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While the CP properties of the K and B systems appear to be consistent
with the SM, another (indirect) piece of evidence of CP-violation, the baryon
asymmetry in the universe, requires a new source of CP-violation beyond
what is in the SM [2]. Thus new CP-violating phases must exist in nature.

Supersymmetric extensions of the SM based on soft supersymmetry
breaking mechanism introduce a plethora of CP-phases. This poses a SUSY
CP problem (assuming even that the strong CP is solved), since if the phases
are large O(1), SUSY contributions to the lepton EDM can be too large to
satisfy current experimental constraints [3]. Many models have been pro-
posed [4] to overcome this problem: fine tune phases to be small, push
sparticle spectra above a few TeV to suppress effects of large phases on
the EDM, constrain phases present in the first two generations to be small,
arrange for internal cancellations etc.

In the absence of any reliable theory that forces in a natural way the
phases to be vanishing or small, it is mandatory to consider scenarios with
some of the phases large and arranged consistent with experimental EDM
data. In such scenarios many phenomena will be affected: sparticle masses,
their decay rates and production cross sections, SUSY contributions to SM
processes etc. It is one of the main physics goals of future collider experi-
ments to find SUSY and verify its CP properties [5]. Detailed analyses of the
neutralino sector can prove particularly useful in this respect. In this note
we will discuss the CP properties of neutralinos strengthening an argument
of Ref. |6] that measurements of the neutralino production cross sections can
provide a qualitative, unambiguous evidence for non-trivial CP-phases.

2. Neutralino sector of the MSSM

In the minimal supersymmetric extension of the Standard Model (MSSM),
the mass matrix of the spin-1 /2 partners of the neutral gauge bosons, B and
W3, and of the neutral Higgs bosons, HY and HY, takes the form

M, 0 —MmzCgSw  MZSESW
0 Mo M7 CaCW —MyzSgCw
M= o ’ NG
—mzcgsw mzcgCw 0 — K
mzsgsSw —mzspCw — Y 0

Here M and M, are the fundamental supersymmetry breaking parameters:
the U(1) and SU(2) gaugino masses, and p is the higgsino mass parameter.
As a result of the electroweak symmetry breaking by the vacuum expectation
values of the two neutral Higgs fields v; and vy (sg = sinfl, cg = cosf8
where tan /3 = vg/v1), non-diagonal terms with sy = sinfy and cyy =
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cos Oy appear and gauginos and higgsinos mix to form the neutralino mass
eigenstates x¥ (i=1,2,3,4).

In general the mass parameters My, My and p in the mass matrix (1)
can be complex. By reparameterization of the fields, Ms can be taken
real and positive; the two remaining non-trivial phases, which are there-
fore reparameterization-invariant, may be attributed to M; and u:

My = M| e® and  p=|p| e (0 <Py, B, < 27). (2)

Since the existence of CP-violating phases in supersymmetric theories
in general induces electric dipole moments (EDM), current experimental
bounds can be exploited to derive indirect limits on the parameter space [3].
In fact the experimental limits on EDM’s of the electron, neutron and mer-
cury atom have been used to (partly) justify the assumption of real SUSY
parameters, and most phenomenological studies on supersymmetric particle
searches have been performed within the CP-conserving MSSM. However,
the EDM constraints can be avoided assuming masses of the first and second
generation sfermions large (above the TeV scale), or arranging cancellations
between the different SUSY contributions to the EDMs. As a result, the
complex phase of the higgsino mass parameter p is much less restricted
than previously assumed, while the complex phase of Mj is practically un-
constrained. The possibility of non-zero CP-phases should therefore be in-
cluded in phenomenological analyses.

The neutralino mass eigenvalues m; = myo (i = 1,2, 3,4) can be chosen
positive by a suitable definition of the unitaryl mixing matrix N. In general
this matrix involves 6 angles and 10 phases, and can be written as [6,7]

N = diag {&"™, "2, ¢'*, "™ } Raq Ros R14 Ros Riz Raa, (3)

where Rjj, are rotations in the [jk| plane characterized by a mixing angle
6, and a (Dirac) phase ;. For example,

C12 S){2 0 0
| —s12 c2 0 O
Rz=1 0" o 1 0 @)
0 0 0 1
with ¢, = cosbji, sj = sinby eBik. One of (Majorana) phases «; is

nonphysical and, for example, c; may be chosen to vanish. None of the
remaining 9 phases can be removed by rotating the fields since neutralinos
are Majorana fermions.

Neutralino sector is CP conserving if y and M7 are real, which is equiva-
lent to f;; = 0 (mod 7) and o; = 0 (mod 7/2). Majorana phases o; = £7/2
indicate only different CP-parities of the neutralino states [§].
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The matrix elements of N define the couplings of the mass eigenstates
XY to other particles. Like in the quark sector, it is useful [6,9] to represent
the unitarity constraints on the elements N;;

M;j = NuNj; + NipNjy + NigNj3 + NNy = 65, (5)

in terms of unitarity quadrangles. For i # j, the above equations define the
M- and D-type quadrangles in the complex plane. The M-type quadran-
gles are formed by the sides N; N ]*k connecting two rows 4 and j, and the
D-type by NkiN,jj connecting two columns ¢ and j of the mixing matrix. By
a proper ordering of sides the quadrangles are assumed to be convex with
areas given by

area[M;;] = (|72 + T35 + 15 + 15 (7)
area[Dy;] = (T + | 4] + [ T3]+ 174 1) (8)

where ijl are the Jarlskog-type CP-odd “plaquettes” [10]
Ji = SmN;, N, N;.N;; . (9)

Note that plaquettes, and therefore the areas of unitarity quadrangles, are
not sensitive to the Majorana phases «;.

Unlike in the quark or lepton sector, the orientation of all quadrangles is
physically meaningful, and determined by the CP-phases of the neutralino
mass matrix. In terms of quadrangles, CP is conserved if and only if all
quadrangles have null area (collapse to lines or points) and are oriented
along either real or imaginary axis.

3. Experimental signatures of CP-violation

In principle, the imaginary parts of the complex parameters involved
could most directly and unambiguously be determined by measuring suitable
CP-violating observables.

Neutralinos can copiously be produced at prospective eTe™ linear collid-
ers [5] via the s-channel Z exchange and ¢- and u-channel selectron exchange.
The polarized differential cross section for the )2? )22 production is given by [6]

dolid} a
dcosfd¢ 16

2
A2\ = PP Xy + (P, — Pr) 3
S

+PrPrcos(2¢ — n) Xt + PrPrsin(2¢ — 1) ¥n |, (10)
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where P=(Pr,0, P;,) [P=(Pr cosn, Prsinn, —P,)] is the electron [positron]
polarization vector; the electron-momentum direction defines the z-axis and
the electron transverse polarization-vector the z-axis; A = [1— (u; +p5)?][1 —
(i — p14)?] with p; = m;/+/s. The coefficients Xy, Xr,, X1 and Xy depend
only on the polar angle 6 and their explicit form is given in [6].

An interesting feature of neutralino production is encoded in the term
Y'n of Eq. (10). Unlike Xy, X1, and X, the X'y is a function of plaquettes

Iy =4xsin?0 |A (T3 — T — AQ (T3 — T + AT, (11
1] %] 1] %] %]

where tilde means that in calculating J the Njs should be replaced by N}, =
swNi1 + cw N;2. The combinations of propagator factors A; are

1
Ay = 4—4DZ(DtL — Dy1),
Cw

5%, —1/2
Ay = WTL{DZ(DtR—DuR),
165y ¢y

1
Az = 7(DtLDuR — DDy, (12)

8s 2
Swlw
with Dy, g = s/(t — m, R) Dyrr =s/(u— mgL,R) and the Z-boson propa-
gator Dz = s/(s —m?%) is taken real by neglecting the Z width in the limit
of high energies. Therefore X' is nonvanishing only in CP-noninvariant the-
ories and already the detailed measurement of the angular distribution of
produced neutralino pairs in collisions of transverse polarized beams could
indicate the presence of CP-phases.

However, since Yy depends on plaquettes, nonvanishing X'n requires
specific form of CP-violation: the area of some unitarity quadrangles has
to be non-zero, i.e. at least one of Dirac phases f; # 0. Moreover, the
effect might be qulte small due to cancellations between HY and H 9 higgsino
components of X! and X X] in Eq. (11), and between ¢- and u- Channel selectron
exchanges in Eq. (12).

If the initial beams are not polarized, the CP- phases could be inferred
from the Py component of the polarization of the Xz Xj pairs produced

in ete™ annihilation [6,11]. The polarization vector P = (P, Pr, Py) is
deﬁned in the rest frame of the particle )2?, with components parallel to the

ﬁight direction in the c.m. frame, in the production plane, and normal
to the production plane, respectlvely The normal component Py can only
be generated by complex production amplitudes in the non-diagonal Xz Xj
pair production process with ¢ # j. For example, the contribution to Py
from the ér exchange reads

8A/2 115 sin @

D, rDrS Ny N? 27, 1
Ry rD®Sm [ (Ni1Nj,)? | (13)

N =
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The normal polarization can be non-zero even if all the S-type CP-phases
vanish, i.e. it could signal the existence of non-trivial a-type CP-phases.

The non-zero values of CP-odd characteristics X' or Py would unam-
biguously indicate CP-violation in the neutralino sector. However, their
experimental measurements will be very difficult. On the other hand, one
can also try to identify the presence of CP-phases by studying their im-
pact on the CP-even quantities, like neutralino masses, branching ratios etc.
Since these quantities are non-zero in CP conserving case, the detection of
CP-odd phases will require a careful quantitative analysis of a number of
physical observables. In particular, for numerically small CP-odd phases,
their deviations from CP-even values will also be small. As an example,
in Fig. 1 the unitarity quadrangles for a particular point in the parameter
space (consistent with all experimental constraints) are shown. The phase
of p is set to zero, and $1 = «/5. In this case the quadrangles are almost
degenerate to lines parallel to either real or imaginary axis, and revealing
the phase of My will be quite difficult.

D M
0.5 0.5
0.25 - b 0.25 b
23
0r — 0r — B
23 12 34 P
|
-0.25 [ 1 025k ! ]
|
| 34
-05 I I I -0.5 I ! I
-0.5 -0.25 0 0.25 0.5 -0.5 -0.25 0 0.25 0.5

Fig.1. The D-type (left panel) and M-type (right panel) quadrangles in the com-
plex plane, illustrated for tan 8 = 10, |My| = 100.5 GeV, &, = ©/5, My = 190.8
GeV, |u| = 365.1 GeV and ¢, = 0; ij as indicated in the figure.

In this respect, as pointed out in Ref. [6], a clear indication of non-zero
CP-violating phases can be provided by studying the energy behavior of the
cross sections for non-diagonal neutralino pair production near thresholds.

In CP-invariant theories, the CP-parity of a pair of Majorana fermions
f(? )}? is given by

n=n'n(-1)", (14)

where 7’ is the CP-parity of x? and L is the angular momentum [12]. There-
fore neutralinos with the same CP-parities (for example for ¢ = j) can be
excited only in the P-wave via the s-channel v and Z production processes.
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The excitation in the S-wave, with the characteristic steep rise ~ A2 of
the cross section near threshold, can occur only for non-diagonal pairs with
opposite CP-parities of the produced neutralinos [8].

The power of the selection rule (14) can clearly be seen by inspecting
the expressions for the total cross section o1} (1 # j) near threshold

N 241/2 AT
) L 2{( mim; 2(|%mG§))|2+|%mG£O)|2)+O(>\)}7

(mi +mj) m; +mj)
(15)
where

o 1 1 .
CW 7
S —1/2 !y

Gg)) = ( N 2/ )DO(N N — Nig 34)+ 1.2 2 2 —— I j2>

25y iy 4syy iy

and the kinematic functions

Dy = (m; +m;)?*/((m; +mj)* —m%),
Fr = (m; +mj)2/(m§L,R + mimg) .

In the CP-invariant theory, the imaginary parts of N;; can only be generated
by Majorana phases a; = 0 and o = m/2 or vice versa, i.e. the S-wave
excitation is possible when the CP-parities of the produced neutralinos are
opposite, as dictated by the Eq. (14). This immediately implies that if the
{i7} and {ik} pairs are excited in the S-wave, the pair {jk} must be excited
in the P-wave characterized by the slow rise ~ \3/2 of the cross section,
Fig. 2, left panel.

If, however, CP is violated the angular momentum of the produced neu-
tralino pair is no longer restricted by the Eq. (14) and all non-diagonal
pairs can be excited in the S-wave. This is illustrated in Fig. 2, 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 states would therefore signal CP-violation.
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CP conserving: ®,=0, ®=0 CP violating: ®,=11/5, ®=0
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Fig.2. The threshold behavior of the neutralino production cross-sections ot}
for the CP-conserving (left panel) and the CP-violating (right panel) cases. Other
parameters as in Fig. 1.

4. Conclusions

The supersymmetric extension of the Standard Model can come with new
sources of CP-violation. In the absence of natural suppression of the SUSY
CP-phases, their non-zero values have to be considered in phenomenological
studies. In this paper we have discussed the CP properties of neutralinos,
which are quite peculiar due to their Majorana nature.

The CP-violation in the neutralino sector can reveal itself in many dif-
ferent ways. The most ambitious analysis would require the experimental
reconstruction of the unitarity quadrangles. Since all phases of the mixing
matrix N (at least at the tree level) are ultimately determined by the phases
of the fundamental parameters p and Mj, the reconstruction of the quad-
rangles would provide many consistency checks of the underlying theory.

On the other hand, the first qualitative indication of the CP-violation
can be provided by the energy dependence of the neutralino production cross
sections. The steep rise of cross sections for the production of at least three
different non-diagonal neutralino pairs can be interpreted as a first direct
signature of the presence of CP-violation in the neutralino sector.

Work supported in part by the Polish State Committee for Scientific
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