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1. Introduction

CP violation, initially observed [1] only in theK0–K̄0 system, is one feature of the Standard

Model (SM) that still defies clear theoretical understanding. The CKM picture, which

describes all the observed CP violation in terms of a single phase in the quark-mixing

matrix, has been vindicated by the recent measurements of B0–B̄0 mixing at BELLE

and BABAR [2]. CP violation is in fact one of the necessary ingredients for generating

the observed excess of baryons over antibaryons in the Universe [3, 4]. The amount of CP

violation present in the quark sector is, however, too small to generate a baryon asymmetry

of the observed level of NB/Nγ ' 6.1× 10−10 [5]. New sources of CP violation beyond the

SM are therefore a necessity [6].

Supersymmetry (SUSY) is arguably the most attractive extension of the SM, as it

solves, for instance, the problem of the instability of the electroweak symmetry-breaking

scale against radiative corrections. Already the Minimal Supersymmetric Standard Model

(MSSM) [7] provides possible new sources of CP violation through additional CP-violating

phases, which cannot be rotated away by simple field redefinitions. A large number of

these phases, particularly those involving sparticles of the first and to a large extent of

the second generation, are severely constrained by measurements of the electric dipole

moments (EDMs) of the electron, muon, neutron as well as 199Hg and 205Tl. However,

these constraints are model-dependent. It has been demonstrated [8]–[12] that cancella-

tions among different diagrams allow certain combinations of these phases to be large in

a general MSSM. Furthermore, if the sfermions of the first two generations are sufficiently
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heavy, above the 1TeV range, the EDM constraints on the phase of the higgsino mass

parameter µ = |µ|eiφµ , in general constrained to φµ . 10−2, get weaker; the sfermions of

the third generation can still be light. Non-vanishing phases of µ and/or the trilinear scalar

couplings At,b can induce explicit CP violation in the Higgs sector via loop corrections [13]–

[16]. Though these phases generate EDMs independently of the first two generations of

sfermions, the EDMs are suppressed by the mass scale of the two heavy Higgses [17, 18].

For a thorough discussion of the EDMs see [19] and references therein. The above men-

tioned phases can also have a significant influence on the Higgs production rates in the

gluon fusion mode at the Tevatron and the LHC [20, 21]. MSSM CP phases can hence

change the Higgs phenomenology at colliders quite substantially.

All this makes the MSSM with CP-violating phases a very attractive proposition. It has

therefore been the subject of many recent investigations, studying the implications of these

phases on neutralino/chargino production and decay [22]–[33], on the third generation of

sfermions [34]–[39], as well as the neutral [40]–[44] and charged [45] Higgs sector. Various

CP-even and CP-odd (T-odd) observables, which can give information on these phases,

have been identified. It is interesting to note that CP-even observables such as masses,

branching ratios, cross sections, etc., often afford more precise probes thanks to the larger

magnitude of the effects. For direct evidence of CP violation, however, CP-odd/T-odd

observables as discussed e.g. in [23, 29],[30]–[33],[37, 42] have to be measured.

The latest study of the t̃, b̃ sector in [39] demonstrates that it may be possible to

determine the real and imaginary parts of At to a precision of 2–3% from a fit of the

MSSM Lagrange parameters to masses, cross sections and branching ratios at a future

e+e− Linear Collider (LC). This requires that both the t̃1,2, b̃1,2 mass eigenstates can be

produced at the LC and the branching ratios measured with high precision. In the τ̃ /ν̃τ
sector [36, 35] the precision on Aτ is worse, around 10–20% for low tanβ and about 3–7%

for large tan β.

In this paper, we show that the longitudinal polarization of fermions produced in

sfermion decays, i.e. f̃ → fχ̃0 and f̃ → f ′χ̃± with f(f̃) a third generation (s)quark or

(s)lepton, can also be used as a probe of CP phases. The fermion polarization can give

complementary information to the decay branching ratios and will in particular be useful

if the branching ratios cannot be measured with high enough precision or if one decay

channel dominates.

The average polarization of fermions produced in sfermion decays carries information

on the f̃L–f̃R mixing as well as on the gaugino-higgsino mixing [46]. The polarizations

that can be measured are those of top and tau; both can be inferred from the decay

lepton distributions. It is its large mass that causes the t to decay before hadroniza-

tion and thus the decay products can carry information about its polarization. For taus,

also the energy distribution of the decay pions can be used. The polarization of the de-

cay fermions has been used for studies of MSSM parameter determination in the CP-

conserving case in [46]–[48]. For the CP-violating case, the phase dependence of the lon-

gitudinal fermion polarization has been mentioned in [36]. We extend these studies by

discussing in detail the sensitivity of the fermion polarization to CP-violating phases in the

MSSM.
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The paper is organized as follows: in section 2, we summarize our notation for the de-

scription of the sfermion, neutralino and chargino systems in the MSSM with CP violation.

In section 3, we discuss fermion polarization in sfermion decays to neutralinos, f̃ → f χ̃0

with f = t, τ . We present numerical results on the polarization as a function of different

MSSM parameters and discuss the sensitivity to CP-violating phases in the sfermion and

neutralino sectors. In section 4 we perform an analogous analysis for f̃ → f ′ χ̃± decays. In

section 5 we summarize the results and present our conclusions.

2. Notation and conventions

2.1 Sfermion system

Ignoring intergenerational mixing, the sfermion mass matrices can be written as a series of

2×2 matrices, each of which describes sfermions of a specific flavour:

M2
f̃
=

(

m2
f̃L

a∗fmf

afmf m2
f̃R

)

= (Rf̃ )†
(

m2
f̃1

0

0 m2
f̃2

)

Rf̃ (2.1)

with

m2
f̃L

= M2
L̃
+m2

Z cos 2β (If3L − ef sin2 θW ) +m2
f , (2.2)

m2
f̃R

= M2
R̃
+ ef m

2
Z cos 2β sin2 θW +m2

f , (2.3)

af = Af − µ∗ {cot β, tan β} = |af | e
iϕ
f̃ , (2.4)

for {up, down}-type sfermions; mf , ef and If3 are the mass, electric charge and the third

component of the weak isospin of the partner fermion, respectively; ML̃, MR̃ and Af are

soft SUSY-breaking parameters for each family, and µ is the higgsino mass parameter; Af

and µ can have complex phases: Af = |Af | eiφAf and µ = |µ| eiφµ .
According to eq. (2.1),M2

f̃
is diagonalized by a unitary rotation matrix Rf̃ . The weak

eigenstates f̃L and f̃R are thus related to their mass eigenstates f̃1 and f̃2 by

(

f̃1

f̃2

)

= Rf̃

(

f̃L
f̃R

)

, Rf̃ =

(

cos θ
f̃
e
iϕ
f̃ sin θ

f̃

− sin θ
f̃

cos θ
f̃
e
−iϕ

f̃

)

, (2.5)

with θ
f̃
and ϕ

f̃
= Arg(af ) the sfermion mixing angle and phase. Since the off-diagonal

element ofM2
f̃
is proportional to mf , this mixing is mostly relevant to the third generation,

f̃ = t̃, b̃, τ̃ , on which we concentrate in the following. The mass eigenvalues are given by

m2
f̃1,2

=
1

2

(

m2
f̃L

+m2
f̃R
∓
√

(m2
f̃L
−m2

f̃R
)2 + 4 |afmf |2

)

. (2.6)

By convention, we choose f̃1 to be the lighter mass eigenstate, m
f̃1
≤ m

f̃2
. Notice also

that m
f̃1
≤ m

f̃L,R
≤ m

f̃2
. For the mixing angle θ

f̃
we choose

cos θ
f̃
=

−|afmf |
√

(m2
f̃L
−m2

f̃1
)2 + |afmf |2

, sin θ
f̃
=

m2
f̃L
−m2

f̃1
√

(m2
f̃L
−m2

f̃1
)2 + |afmf |2

, (2.7)
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which places θ
f̃
in the 2nd quadrant of the unit circle. The f̃L–f̃R mixing is large if

|m2
f̃L
−m2

f̃R
| . |afmf |, with | cos θf̃ | > 1√

2
if m

f̃L
< m

f̃R
and | cos θ

f̃
| < 1√

2
if m

f̃R
< m

f̃L
.

Moreover, we see that the phase dependence ofm2
f̃1,2

and Rf̃ is determined by cos(φAf+φµ).

This dependence is strongest if |Af | ' |µ|{cot β, tan β}. This issue will be discussed in more

detail in the numerical analyses of sections 3 and 4.

2.2 Neutralino system

In the basis

Ψ0
j =

(

−iλ′,−iλ3, ψ0
H1
, ψ0

H2

)

(2.8)

the neutralino mass matrix is:

MN =











M1 0 −mZ sin θW cos β mZ sin θW sinβ

0 M2 mZ cos θW cos β −mZ cos θW sinβ

−mZ sin θW cos β mZ cos θW cos β 0 −µ
mZ sin θW sinβ −mZ cos θW sinβ −µ 0











.

(2.9)

The gaugino mass parametersM1,2 and the higgsino mass parameter µ can in principle

all be complex. The phase of M2 can be rotated away, which leaves us with two phases in

this sector: φ1, the phase of M1, and φµ, the phase of µ.

The matrix of eq. (2.9) is diagonalized by the unitary mixing matrix N :

N∗MNN
† = diag(mχ̃0

1
, mχ̃0

2
, mχ̃0

3
, mχ̃0

4
) , (2.10)

where mχ̃0
n
, n = 1, . . . , 4, are the (non-negative) masses of the physical neutralino states.

We choose the ordering mχ̃0
1
< · · · < mχ̃0

4
. A concise discussion of the neutralino sector

with complex phases can be found in [33].

2.3 Chargino system

The chargino mass matrix is:

MC =

(

M2

√
2mW sinβ√

2mW cos β µ

)

. (2.11)

It is diagonalized by the two unitary matrices U and V ,

U∗MCV
† = diag(mχ̃±1

, mχ̃±2
) , (2.12)

where mχ̃±1,2
are the masses of the physical chargino states with mχ̃±1

< mχ̃±2
.

3. Fermion polarization in f̃ → fχ̃0 decays

The sfermion interaction with neutralinos is (i = 1, 2; n = 1, . . . , 4)

L
ff̃ χ̃0 = g f̄ (f f̃LnPR + hf̃LnPL) χ̃

0
n f̃L + g f̄ (hf̃RnPR + f f̃RnPL) χ̃

0
n f̃R + h.c.

– 4 –



J
H
E
P
0
9
(
2
0
0
4
)
0
5
1

= g f̄ (a f̃inPR + b f̃inPL) χ̃
0
n f̃i + h.c. , (3.1)

where

a f̃in = f f̃LnR
f̃ ∗
i1 + hf̃Rn R

f̃ ∗
i2 , (3.2)

b f̃in = hf̃LnR
f̃ ∗
i1 + f f̃RnR

f̃ ∗
i2 . (3.3)

The f f̃L,R and hf̃L,R couplings are

f t̃Ln = − 1√
2
(Nn2 +

1

3
tan θWNn1) , f b̃Ln =

1√
2
(Nn2 −

1

3
tan θWNn1) ,

f t̃Rn =
2
√
2

3
tan θWN

∗
n1 , f b̃Rn = −

√
2

3
tan θWN

∗
n1 ,

ht̃Rn = −htNn4 = ht̃∗Ln , hb̃Rn = −hbNk3 = hb̃∗Ln (3.4)

for stops and sbottoms, and

f τ̃Ln = 1√
2
(tan θWNn1 +Nn2) , (3.5)

f τ̃Rn = −
√
2 tan θWN

∗
n1 , (3.6)

hτ̃Rn = −hτ Nn3 = hτ̃∗Ln (3.7)

for staus, with the Yukawa couplings hf given by

ht =
mt√

2mW sinβ
, hb,τ =

mb,τ√
2mW cos β

. (3.8)

The gaugino interaction conserves the helicity of the sfermion while the higgsino in-

teraction flips it. In the limit mf ¿ m
f̃i
, the average polarization of the fermion coming

from the f̃i → fχ̃0
n decay can therefore be calculated as [46]

Pf =
Br(f̃i → χ̃0

nfR)−Br(f̃i → χ̃0
nfL)

Br(f̃i → χ̃0
nfR) +Br(f̃i → χ̃0

nfL)
=
|bf̃in|2 − |a

f̃
in|2

|bf̃in|2 + |a
f̃
in|2

. (3.9)

Using eqs. (3.2), (3.3) and (2.5) as well as hLn = h∗Rn, we obtain, for the f̃1 → fχ̃0
n

decay (omitting the overall factor g2 and dropping the sfermion and neutralino indices for

simplicity):

|b1n|2 − |a1n|2 = |hL cos θ e−iϕ + fR sin θ|2 − |fL cos θ e−iϕ + h∗L sin θ|2

= (|hL|2 − |fL|2) cos2 θ − (|hL|2 − |fR|2) sin2 θ +

+ sin 2θ
[

Re(fR − fL) (RehL cosϕ+ ImhL sinϕ) +

+ Im(fR + fL) (ImhL cosϕ−RehL sinϕ)
]

. (3.10)

We see that the phase dependence of Pf is the largest for maximal sfermion mixing (θf̃ =

3π/4) and if the neutralino has both sizeable gaugino and higgsino components. It is,

moreover, enhanced if the Yukawa coupling hf is large. Furthermore, Pf is sensitive to CP

violation even if just one phase, in either the neutralino or the sfermion sector, is non-zero.

In particular, if only Af and thus only the sfermion mixing matrix has a non-zero phase,

– 5 –
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Figure 1: Average polarization of the tau lepton coming from τ̃1 → τχ̃0
1 decays for θτ̃ = 130◦ and

tanβ = 10: in a) as a function ofM2 for |µ| = 150GeV, in b) as a function of |µ| forM2 = 300GeV.

The full, dashed, dotted, dash-dotted, and dash-dot-dotted lines are for (φ1, ϕτ̃ ) = (0, 0), (0, π
2
),

(π
2
, 0), (π

2
, π

2
), and (π

2
, −π

2
), respectively. M2 and µ are taken to be real; for |M1| the GUT relation

|M1| = 5
3
tan2 θWM2 has been used.

the phase-dependent term becomes

|b1n|2 − |a1n|2
φ1=φµ=0∼ hL(fL − fR) sin 2θ cosϕ . (3.11)

If, on the other hand, only φ1 is non-zero we get

|b1n|2 − |a1n|2
φA=φµ=0∼ [RehLRe(fR − fL) + ImhL Im(fR + fL)] sin 2θ . (3.12)

The polarization Pf , eq. (3.9), depends only on couplings but not on masses. For the

numerical analysis we therefore use M1, M2, µ, tan β, θ
f̃
and ϕ

f̃
as input parameters,

assuming φµ ≈ 0 to satisfy EDM constraints more easily: assuming cancellations for the

1-loop contributions and the CP-odd Higgs mass parameter mA > 300GeV, 1-loop and

2-loop contributions to the electron EDM (eEDM), as well as their sum, stay below the

experimental limit. We use the formulae of [17] for the 2-loop contributions. In order not

to vary too many parameters, we use, moreover, the GUT relation |M1| = 5
3 tan

2 θWM2

and choose tanβ = 10 and θt̃ = θτ̃ = 130◦ (large but not maximal mixing) throughout this

section. The free parameters in our analysis are thus M2, |µ|, and the phases φ1, ϕf̃ .

Before we present the numerical results, a comment is in order: CP violation in the

neutralino sector is determined by the phases ofM1 and µ, while ϕ
f̃
originates from relative

phases of Af and µ. For stops the mixing is dominated by At, while for sbottoms and staus

it is dominated by µ tanβ; quite generally we have ϕt̃ ∼ φAt unless |µ| ∼ |At| tan β, and
ϕb̃,τ̃ ∼ −φµ unless |Ab,τ | ∼ |µ| tan β. More precisely,

tanϕ
f̃
=
xf sinφAf + sinφµ

xf cosφAf − cosφµ
with xt =

|At| tanβ
|µ| , xb,τ =

|Ab,τ |
|µ| tan β . (3.13)

– 6 –
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Figure 2: Average polarization of the top quark coming from t̃1 → tχ̃0
1 decays analogous to

figure 1. It is assumed that mt̃1
À mt.

For xf > 1, any ϕ
f̃
can be reached by an appropriate choice of φAf , independent of φµ.

For xf ≤ 1, however, ϕ
f̃
is restricted by φµ. In the special case of xf = 1 and φµ = 0,

ϕ
f̃
= (φAf + π)/2. In the stop sector this is not a problem since xt > 1 can in general be

easily achieved. For sbottoms and staus, choosing ϕ
b̃,τ̃

freely leads, however, to quite large

|Ab,τ | ∼ O(|µ| tan β), which may in some cases create problems with charge- or colour-

breaking minima.

Figure 1 shows the average tau polarization in τ̃1 → τχ̃0
1 decays as functions of M2

and |µ| for tanβ = 10, θτ̃ = 130◦ and various choices of φ1 and ϕτ̃ . The lower limits of

M2 and |µ| are given by the LEP2 constraint of m
χ̃±1

> 103GeV [49], which automatically

takes care of all other LEP constraints on the gaugino-higgsino sector. As can be seen,

Pτ is quite sensitive to CP phases for |µ| < M2, that is if the χ̃0
1 has a sizeable higgsino

component. Analogously, figure 2 shows the average top polarization in t̃1 → tχ̃0
1 decays.

We observe again a strong dependence on the CP phases if the neutralino has a sizeable

higgsino component. Unlike the case of Pτ , for Pt the dependence is still significant when

|µ| ∼ M2. We also note that some phase combinations lead to very similar polarizations,

e.g. Pt(φ1 = 0, ϕ
t̃
= 0) ∼ Pt(φ1 = π

2 , ϕt̃ =
π
2 ) and Pt(φ1 = 0, ϕ

t̃
= π

2 ) ' Pt(φ1 = π
2 , ϕt̃ = 0).

At a future e+e− linear collider (LC), one expects to be able to measure the tau polarization

to about 3–5% and the top polarization to about 10% [48]. We see from figures 1 and 2

that the effects of CP-violating phases may well be visible in Pt and/or Pτ , provided µ is

not too large.

We next choose specific values of M2 and |µ| to discuss the phase dependences in

more detail. Figure 3a shows Pτ as a function of φ1, for M2 = 380GeV, |µ| = 125GeV

and ϕτ̃ = 0, π
2 , −π

2 and π. Since for fixed M2 and |µ| the χ̃0
1 mass changes with φ1,

we show in addition in figure 3b Pτ as a function of ϕτ̃ for various values of φ1, with

|µ| = 125GeV and M2 adjusted such that mχ̃0
1
= 100GeV. Pτ varies over a large range

– 7 –
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Figure 3: Average polarization of the tau lepton coming from τ̃1 → τχ̃0
1 decays for θτ̃ = 130◦ and

tanβ = 10: in a) as a function of φ1 for M2 = 380GeV and |µ| = 125GeV; in b) as a function of

ϕτ̃ for |µ| = 125GeV and M2 adjusted such that mχ̃0

1
= 100GeV. The full, dashed, dotted, and

dash-dotted lines are for ϕτ̃ (φ1) = 0, π
2
,−π

2
, π in a (b). The error on Pτ indicated by the vertical

bar in b) has been estimated as described in the text.

depending on φ1 and ϕτ̃ ; if the neutralino mass parameters, tanβ and θτ̃ are known, Pτ
can hence be used as a sensitive probe of these phases (although additional information

will be necessary to resolve ambiguities and actually determine the various phases). At

a LC, the parameters of the neutralino/chargino sector and also sfermion masses and

mixing angles can be determined very precisely, exploiting tunable beam energy and beam

polarization [50]. The actual precision depends of course on the specific scenario. To

illustrate the influence of uncertainties in the knowledge of the model parameters, we

take the case of M2 = 380GeV, |µ| = 125GeV and vanishing phases as reference point

and assume that the following precisions can be achieved:1 δM1 = δM2 = δµ = 0.5%,

δ tan β = 1, δθτ̃ = 3.4◦, and δφ1 = δφµ = 0.1. Varying the parameters within this range

around the reference point leads to Pτ = 0.39+0.19
−0.27 at ϕτ̃ = 0, which is indicated as an

error bar in figure 3b. (The 3–5% uncertainty in the measurement of Pτ is comparatively

negligible). We conclude that in our particular scenario, if no phase has been observed in

the neutralino/chargino sector, a measurement of Pτ would be sensitive to |ϕτ̃ | & 0.3π. If

tan β can be measured to tan β = 10 ± 0.1, this improves to δPτ ' 0.1 and |ϕτ̃ | & 0.2π.

According to (3.13), a measurement of a non-zero ϕτ̃ +φµ implies a lower limit on |Aτ |; in
our example where φµ = 0, |Aτ | > 735GeV (1TeV) for |ϕτ̃ | > 0.2π (0.3π). Increasing the

precision in δM1, δM1 and δ|µ| from 0.5% to 0.1% barely improves these limits.

We perform a similar analysis for Pt, using M2 = 225GeV and µ = 200GeV as

reference point. The results are shown in figures 4a, b in analogy to figures 3a, b. Again

a high sensitivity to both φ1 and ϕ
t̃
is observed. For the case of vanishing phases, we

1We make a somewhat conservative estimate because a full simulation of such a scenario is not available.
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Figure 4: Average polarization of the top quark coming from t̃1 → tχ̃0
1 decays for θt̃ = 130◦, and

tanβ = 10: in a) as a function of φ1 for M2 = 225GeV and |µ| = 200GeV; in b) as a function of

ϕt̃ for |µ| = 200GeV and M2 adjusted such that mχ̃0

1
= 100GeV. The full, dashed, dotted, and

dash-dotted lines are for ϕ
t̃
(φ1) = 0, π

2
,−π

2
, π in a (b). The error on Pt indicated by the vertical

bar in b) has been estimated as described in the text.

get Pt = −0.48. A variation of the parameters around the reference point as above (with

δθt̃ = 3.5◦) leads to a parametric uncertainty of δPpart ' 0.2. Adding the experimental

resolution δPexpt ' 0.1 in quadrature gives Pt = −0.48 ± 0.22 at ϕ
t̃
= 0, indicated as an

error bar in figure 4b. We see that in this scenario Pt would be sensitive to |ϕ
t̃
| & 0.15π.

If θt̃ can be measured to ∼ 1◦ this improves to δPpart ' 0.1 (δPt ' 0.14) and |ϕ
t̃
| & 0.11π;

if M1, M2, |µ| can be measured to 0.1% and tan β to 0.1, δPpart becomes negligible with

respect to the experimental resolution of Pt. Since ϕ
t̃
' φAt , a measurement of Pt can be

used to derive information on At. In particular, if both mass eigenstates are known, At is

given by

At =
1

2mt
(m2

t̃2
−m2

t̃1
) | sin 2θt̃|eiϕt̃ + µ∗ cot β . (3.14)

An analogous relation with cot β → tan β holds for Aτ , although the precision on Aτ is in

general much worse than on At. In this context note that Pf can also be useful to resolve

the sign ambiguity in the cos θ
f̃
determination from cross section measurements [51] in

the CP-conserving case. This corresponds to distinguishing the cases ϕ
f̃
= 0 and ϕ

f̃
=

π.

Even though we have presented results of our analysis for φµ, chosen in order to satisfy

the EDM constraints without having to appeal to cancellations, we have also investigated

the case of a non-zero φµ. We found that a non-zero φµ shifts the curves in figures 1–4 but

does not cause a qualitative change of the results.

Last but not least we note that giving up the GUT relation between |M1| and M2

changes the picture completely, as the pattern of gaugino-higgsino mixing is strongly

affected [52]. This is illustrated in figure 5, where we plot Pτ and Pt as functions of
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Figure 5: Pτ (left) and Pt (right) as functions of r = |M1|/M2, for M2 = 300GeV and |µ| =
150GeV. The full, dashed, dotted, dash-dotted, and dash-dot-dotted lines are for (φ1, ϕτ̃ ,t̃) =

(0, 0), (0, π
2
), (π

2
, 0), (π

2
, π

2
) and (π

2
, −π

2
), respectively.

r = |M1|/M2 for M2 = 300GeV, |µ| = 150GeV and the other parameters as in figures 1

and 2. A detailed study of the implications of non-universal gaugino masses will be pre-

sented elsewhere.

To sum up, both Pt and Pτ can vary over a large range depending on φ1 and ϕt̃,τ̃
(and also φµ, though we did not discuss this case explicitly) and may thus be used as

sensitive probes of these phases. To this aim, however, the neutralino mass parameters,

tan β and the sfermion mixing angles need to be known. Given the complexity of the

problem, a combined fit of all available data seems to be the most convenient method for

the extraction of the MSSM parameters.

4. Fermion polarization in f̃ → f ′χ̃± decays

The sfermion interaction with charginos is (i, j = 1, 2)

L
f ′f̃ χ̃±

= g ū (l d̃ij PR + k d̃ij PL) χ̃
+
j d̃i + g d̄ (l ũij PR + k ũij PL) χ̃

+c
j ũi + h.c. , (4.1)

where u (ũ) stands for up-type (s)quark and (s)neutrinos, and d (d̃) stands for down-type

(s)quark and charged (s)leptons. The couplings l and k are

lt̃ij = −Vj1Rt̃ ∗
i1 + ht Vj2R

t̃ ∗
i2 , lb̃ij = −Uj1Rb̃ ∗

i1 + hb Uj2R
b̃ ∗
i2 , (4.2)

kt̃ij = hb U
∗
j2R

t̃ ∗
i1 , kb̃ij = ht V

∗
j2R

b̃ ∗
i1 , (4.3)

for stops and sbottoms and

lν̃j = −Vj1 , lτ̃ij = −Uj1Rτ̃ ∗
i1 + hτ Uj2R

τ̃ ∗
i2 , (4.4)

kν̃j = hτ U
∗
j2 , kτ̃ij = 0 (4.5)

for staus and sneutrinos.
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2
)−Pτ ′(ν̃τ → τχ̃+

2 , φµ = 0) in the

(tan β, |µ|) plane for M2 = 150GeV.

Analogous to the decay into a neutralino, eq. (3.9), the average polarization of the

fermion coming from the f̃i → f ′χ̃±j decay is given by

Pf ′ =
Br (f̃i → χ̃±j f

′
R)−Br (f̃i → χ̃±j f

′
L)

Br (f̃i → χ̃±j f
′
R) +Br (f̃i → χ̃±j f

′
L)

=
|kf̃ij |2 − |l

f̃
ij |2

|kf̃ij |2 + |l
f̃
ij |2

. (4.6)

Since only top and tau polarizations are measurable, we only discuss b̃ → tχ̃− and

ν̃τ → τχ̃+ decays. The latter case is especially simple because Pτ ′ depends only on the

parameters of the chargino sector:

(Pτ ′)j = Pτ ′(ν̃τ → τχ̃+
j ) =

|hτUj2|2 − |Vj1|2
|hτUj2|2 + |Vj1|2

. (4.7)

A measurement of Pτ ′ may hence be useful to supplement the chargino parameter deter-

mination. However, the dependence of Pτ ′(ν̃τ → τχ̃+
1 ) on φµ turns out to be very small,

the effects being in general well below 1% (i.e. ∆P < 0.01). Only for the decay into the

heavier chargino, the effect of a non-zero phase2 may be sizeable. As an example, figure 6

shows the differences in (Pτ ′)2 between φµ = 0 and φµ = π/2 in the (tan β, |µ|) plane for

M2 = 150GeV. ∆(Pτ ′)2 = Pτ ′(ν̃τ → τχ̃+
2 , φµ = π

2 ) − Pτ ′(ν̃τ → τχ̃+
2 , φµ = 0) can go up

to ∼ 0.25. However, it requires quite heavy sneutrinos for this decay to be kinematically

allowed. Moreover, the measurement of (Pτ ′)2 will be diluted by ν̃τ → τχ̃+
1 decays.

Let us now turn to top polarization in b̃→ tχ̃− decays. For b̃1 decays, we have

|kb̃1j |2 − |lb̃1j |2 = h2
t cos

2 θ |V ∗
j2 e

−iϕ|2 − |hbUj2 sin θ − Uj1 cos θ e−iϕ|2

2We remind the reader that unless huge cancellations are invoked, φµ is severely restricted by the non-

observation of the eEDM.
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= (h2
t |Vj2|2 − |Uj1|2) cos2 θ − h2

b |Uj2|2 sin2 θ +

+ hb sin 2θ (Re[Uj1U
∗
j2] cosϕ+ Im[Uj1U

∗
j2] sinϕ) . (4.8)

For b̃2 decays, the corresponding expression is given by the RHS of (4.8) with cos2 θ,

sin2 θ interchanged, and a change in sign of the term ∝ sin 2θ. We see that the phase

dependence of Pt′ is proportional to hb sin 2θb̃ and the amount of gaugino-higgsino mixing

of the charginos; it will therefore be largest for |M2| ∼ |µ|, θb̃ = 3π/4 and large tan β.

Again, there is a non-zero effect even if there is just one phase in either the sbottom or

chargino sector. Note, however, that the only CP phase in the chargino sector is φµ, which

also enters the sfermion mass matrices. Complex U and V hence imply ϕ
b̃
6= 0. More

precisely, ab = |ab|eiϕb̃ ∼ µ∗ tanβ = |µ| tan β e−iφµ for medium and large tan β, and thus

ϕ
b̃
= −φµ unless |Ab| & |µ| tan β; see eq. (3.13) and the related discussion. For the sake of

a general discussion of the phase dependence of Pt′ (and since Ab is still a free parameter),

we nevertheless use φµ and ϕ
b̃
as independent input parameters.

Figure 7 shows the average top polarization in b̃1 → tχ̃−1 decays as a function of |µ|
for M2 = 225GeV, tanβ = 10 and 30, and various combinations of φµ and ϕ

b̃
. Here we

have fixed θ
b̃
= 140◦, since from renormalization-group running one expects m

b̃L
< m

b̃R
.

As in the previous section, we find large effects from CP-violating phases if the χ̃± has a

sizeable higgsino component; as expected, these effects are enhanced for large tanβ. The

results stay the same if both φµ and ϕ
b̃
change their signs. Moreover, Pt′(φµ = 0, ϕb̃ =

π
2 ) ∼ Pt ′(φµ = π

2 , ϕb̃ = 0). If φµ and ϕ
b̃
have the same sign, the difference in Pt′ from the

case of vanishing phases is larger than if they have opposite signs. In particular, we find

Pt ′(φµ = −ϕ
b̃
) ∼ Pt′(φµ = ϕ

b̃
= 0) over large regions of the parameter space. With an

experimental resolution of the top polarization of about 10% this implies that in many cases

ϕb̃ ∼ −φµ cannot be distinguished from ϕb̃ = φµ = 0 by measurement of Pt′. Furthermore,

the value of Pt′ is quite sensitive to the running b quark mass, which enters the bottom

Yukawa coupling of eq. (3.8) and is subject to possibly large SUSY loop corrections. For

the lines in figure 7 we have used mb = 4.5GeV. The grey bands show the range of Pt′
when mb is varied between 2.5 and 4.5GeV. As can be seen, the uncertainty in mb — more

precisely in hb — tends to wash out small effects of CP-violating phases, specially in the

case of large tanβ.

In order to see what information can be extracted from a Pt′ measurement, we pick

two values of |µ| from figure 7a; namely |µ| = 200GeV and |µ| = 350GeV, and show the

phase dependences at these points in figure 8. Figure 8a shows Pt′ as a function of ϕ
b̃
,

for |µ| = 200GeV, tanβ = 10, θb̃ = 140◦, and various values of φµ. M2 is chosen such

that mχ̃±1
= 155GeV (i.e. M2 = 225GeV for φµ = 0). The range obtained by varying

mb within 2.5–4.5GeV is shown as grey bands for two of the curves, for φµ = 0 and

φµ = −ϕ
b̃
. We estimate the effect of an imperfect knowledge of the model parameters in

the same way as in the previous section. For M2 = 225 ± 1.125GeV, |µ| = 200 ± 1GeV,

tan β = 10 ± 1, θb̃ = 140 ± 3.4◦ and φµ = 0 ± 0.1, we get Pt′ = 0.89 ± 0.06 at ϕ
b̃
= 0.

Varying in addition mb = 2.5–4.5GeV gives Pt′ = 0.89+0.06
−0.16. Adding a 10% measurement

error on Pt′ in quadrature, we end up with δPt ′ = 0.12 (0.19) without (with) the mb

effect. These are shown as error bars in figure 8a. We see that the case of ϕ
b̃
= −φµ
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Figure 8: Average polarization of the top quark coming from b̃1 → tχ̃−1 decays as a function of ϕb̃,

for θb̃ = 140◦, tanβ = 10, |µ| = 200 and mχ̃
±

1

= 155GeV in a) and |µ| = 350 and mχ̃
±

1

= 204GeV

in b). The full, dashed and dotted lines are for φµ = 0, π
2
and −π

2
, respectively, while for the dash-

dotted lines φµ = −ϕb̃. The grey bands show the range of Pt′ due to varying mb within 2.5–4.5GeV

for the cases φµ = 0 and φµ = −ϕb̃. The error bars show the estimated errors on Pt′ as described
in the text.

cannot be distinguished from ϕ
b̃
= φµ = 0 in this scenario. However, Pt′ turns out to be

quite a sensitive probe of δφ = ϕ
b̃
+ φµ, i.e. the deviation from the ‘natural’ alignment
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ϕ
b̃
= −φµ. In the example of figure 8a, |δφ| & 0.24π (0.31π) can be resolved if hb is

(not) known precisely, quite independently of φµ. Observing such a δφ also implies a

bound on |Ab| of |Ab| > 1363 (1678)GeV. If the precision on M2 and |µ| is 0.1% and

tan β = 10 ± 0.1, we get (δPt ′)par = 0.03 at ϕ
b̃
= 0, so that the error is dominated by the

experimental uncertainty. However, the resultant improvement in the sensitivity is limited

to |δφ| & 0.22π and |Ab| > 1294GeV.

Figure 8b shows Pt′ as a function of ϕ
b̃
, for |µ| = 350GeV, mχ̃±1

= 204GeV, and the

other parameters as above (M2 = 225GeV at φµ = 0). The effect of an uncertainty in

hb is again shown as grey bands for φµ = 0 and φµ = −ϕ
b̃
. Estimating the parametric

uncertainty in the same way as above, but with |µ| = 350 ± 1.75GeV, we get Pt′ =

−0.43+0.06
−0.04 at ϕ

b̃
= 0. Varying in addition mb = 2.5–4.5GeV gives Pt′ = −0.43+0.06

−0.09.

Adding a 10% measurement error on Pt′ in quadrature, we end up with δPt ′ = 0.11 (0.14)

without (with) the effect of mb, shown as error bars in figure 8b. In a three-dimensional

plot, Pt′ has a bell-like shape in the φµ–ϕb̃ plane, with contours of constant Pt′ being ellipses
in this plane. If φµ is not known, a measurement of Pt′ may therefore be useful to put limits

on φµ and ϕ
b̃
, but not on δφ, which restricts |Ab|. In our case study, we have assumed that

φµ = 0 is known. In this case, a measurement of Pt ′ = −0.43, for instance, would restrict

|ϕ
b̃
| . 0.38π at 1σ, while a measurement of Pt′ = −0.56 would disfavour |ϕ

b̃
| & 0.9π as

well as |ϕ
b̃
| . 0.13π. The latter would also allow a constraint on δφ. As mentioned above,

a lower limit on δφ implies a lower limit on |Ab|. An upper limit on δφ can be used to set

an upper limit on |Ab| as a function of φAb : |Ab| < |
sin(ϕ

b̃
+φµ)

sin(ϕ
b̃
−φAb )

| × |µ| tan β. Note, however,

that this becomes unbounded for φAb → ϕ
b̃
.

We have also investigated the case of large tanβ (tan β = 30). It reveals a ϕ
b̃
depen-

dence similar to that of figure 8a, with almost no dependence on φµ and the δφ dependence

accordingly more pronounced. We encounter, however, a large parametric uncertainty,

which practically washes out the sensitivity to δφ.

To sum up, tau polarization in ν̃τ → τχ̃+ decays depends only little on φµ. Pτ ′ is hence
not a promising quantity to study CP phases, but may be useful for (consistency) tests of

the gaugino-higgsino mixing. Top polarization in b̃→ tχ̃− decays, on the other hand, can

be useful to probe φµ, ϕb̃ and/or δφ = φµ + ϕ
b̃
in some regions of the parameter space.

The measurement of Pt′, revealing phases or being consistent with vanishing phases, may

also constrain |Ab|.

5. Conclusions

We have discussed the influence of CP-violating phases on the fermion polarization in

sfermion decays to neutralinos or charginos, f̃i → f χ̃0
n and f̃i → f ′ χ̃±j (i, j = 1, 2;

n = 1, . . . , 4; f, f ′ = t, τ). This polarization is considered as a useful tool for the MSSM

parameter determination [46]–[48].

In decays into charginos, the polarization depends on the phase of µ. Since this de-

pendence is weak in the case of ν̃τ → τχ̃+, Pτ ′ does not provide a promising probe of CP

phases (on the other hand, exactly this feature can make Pτ ′ useful for consistency tests of

gaugino-higgsino mixing). In b̃ → tχ− decays, the dependence on φµ can be rather large;
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in addition, also the phase of the sbottom-mixing matrix plays a role. If |Ab| < |µ| tan β,
ϕ
b̃
' −φµ. We found that this case can be difficult to distinguish from the CP-conserving

case by measuring Pt ′. If, however, a deviation from ϕ
b̃
+ φµ = 0 is observed, these phases

can be constrained and also limits on Ab can be derived.

The decays t̃ → tχ̃0 and τ̃ → τχ̃0 provide a more effective probe of CP violation

because an additional phase, the phase of M1, contributes. We found that CP phases

can have a significant effect on the top and tau polarizations, especially if the involved

neutralino has a sizeable higgsino component. If the parameters of the neutralino sector

can be measured precisely, e.g. in e+e− annihilation with polarized beams, Pt and Pτ can

be useful for the determination of CP phases. In particular, since ϕ
t̃
' φAt unless |µ| is

very large, a measurement of Pt can give information on At.

In this respect it is important to note that (for fixed masses) the sfermion production

cross sections do not depend on CP phases. In the sfermion sector, these can be manifest

in branching ratios as discussed in [35, 36, 38, 39], polarization of the decay fermions as

discussed in this paper, and CP-odd asymmetries. Branching ratios are in general rather

difficult to measure with high precision. The information that can be gained from branching

ratios is also limited if one decay channel dominates, e.g. τ̃1 → τχ̃0
1 in case of a light stau.

This makes the polarization of the decay fermions a very interesting possibility to explore

CP phases. Last but not least we note that the computations in this paper, leading to

effects of a few percent, have been performed at tree level. The influence of radiative

corrections [53] can be of comparable size and will therefore have to be taken into account

for precision analyses.

A measurement of the CP phases in the sfermion/χ̃±, χ̃0 sector will also complement

CP studies of the Higgs sector [54], since in the MSSM Higgs-sector CP violation is gener-

ated through quantum corrections [13]–[16]. Last but not least we emphazise that, since the

effects can be large, the possibility of CP violation should be taken into account in precision

SUSY parameter analyses, especially in a general analysis project as envisaged in [55].
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A. Standard model constants

The SM constants used in the numerical analysis are:

mt = 175GeV

mb = 4.5GeV
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mτ = 1.77GeV

mZ = 91.2GeV

mW = 80.03GeV

sin2 θW = 0.23

α (mZ) =
1

129
. (A.1)
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