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Abstract

We study the decays of the lightest top squark in supergravity models with and
without R-parity. Using the simplest model with an effective explicit bilinear break-
ing of R-parity and radiative electroweak symmetry breaking we show that, below
the threshold for decays into charginos t̃1 → b χ̃+

1 , the lightest stop decays mainly
into third generation fermions, t̃1 → b τ instead of the R-parity conserving mode
t̃1 → c χ̃0

1, even for tiny tau–neutrino mass values. Moreover we show that, even
above the threshold for decays into charginos, the decay t̃1 → b τ may be dominant.
We study the role played by the universality of the boundary conditions on the
soft supersymmetry breaking terms. This new decay mode t̃1 → b τ as well as the
cascades originated by the conventional t̃1 → c χ̃0

1 decay followed by the R-parity
violating neutralino decays can provide new signatures for stop production at LEP
and the Tevatron.
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1 Introduction

The Minimal Supersymmetric Standard Model (MSSM) [1] or its minimal supergravity
(SUGRA) version [2] are by far the most well studied realizations of supersymmetry.
However, neither gauge invariance nor supersymmetry requires the conservation of R-
parity. Indeed, there is considerable theoretical and phenomenological interest in studying
possible implications of alternative scenarios [3] in which R-parity is broken [4, 5, 6, 7].
This is especially so considering the fact that it provides an appealing joint explanation
of the solar and atmospheric neutrino anomalies which has, in addition, the virtue of
being testable at future accelerators like the LHC [8]. The violation of R-parity could
arise explicitly [9] as a residual effect of some larger unified theory [5], or spontaneously,
through nonzero vacuum expectation values (vev’s) for scalar neutrinos [4, 6, 7]. In
realistic spontaneous R-parity breaking models there is an SU(2)⊗U(1) singlet sneutrino
vev characterizing the scale of R-parity violation [10, 11, 12, 13] which is set by the
supersymmetry breaking scale.

There are two generic cases of spontaneous R-parity breaking models to consider. In
the absence of any additional gauge symmetry, these models lead to the existence of a
physical massless Nambu-Goldstone boson, called majoron (J) which is the lightest SUSY
particle, massless and therefore stable. It plays an important role in making these models
fully consistent with astrophysics and cosmology [3] if one wishes to contemplate the case
of large breaking scales and heavy tau neutrino. If the majoron acquires a small mass due
to explicit breaking effects at the Planck scale then it may decay into electron and muon
neutrinos or photons, on very large time scales of cosmological interest, playing a possible
role as unstable dark matter [14]. Alternatively, if lepton number is part of the gauge
symmetry and R-parity is spontaneously broken then there is an additional gauge boson
which gets mass via the Higgs mechanism, and there is no physical Goldstone boson [13].
As in the standard case in R-parity breaking models the lightest SUSY particle (LSP)
is in general a neutralino. However, it now decays mostly into visible states, therefore
diluting the missing momentum signal and bringing in increased multiplicity events which
arise mainly from three-body decays such as

χ̃0
1 → f f̄ν, (1)

where f denotes a charged fermion. The neutralino also has the invisible decay mode

χ̃0
1 → 3ν. (2)

as well as
χ̃0

1 → ν J, (3)

in the case the breaking of R-parity is spontaneous [10, 11]. This last decay conserves
R-parity since the majoron has a large R-odd singlet sneutrino component.

If R–parity is broken then supersymmetric (SUSY) particles need not be produced
only in pairs, and the lightest of them could decay. The effects of R-parity violation can
be large enough to be experimentally observable.

In this paper we focus on the decay modes of the lightest top squark in supergrav-
ity models where supersymmetry is realized with R-parity violation. In such models the
lightest stop could even be the lightest supersymmetric particle and be produced at LEP.
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Neither e+e− collider data [15] nor pp̄ data from the Tevatron [16] preclude this possi-
bility. In contrast with Ref. [17] here we focus on an effective model where the breaking
of R-parity is introduced through an explicit bilinear term in the superpotential. This is
substantially simpler than the full majoron version of the model considered previously.
In fact, this bilinear model is not only especially simple theoretically, also its phenomeno-
logical implications in collider physics can be studied in a very systematic way. The
bilinear model constitutes the simplest R-parity breaking model [27] consistent with ra-
diative electroweak symmetry breaking, very much the same way as the minimal R-parity
conserving supergravity models with universal soft SUSY breaking terms [18], MSUGRA,
for short. As mentioned it also provides an attractive joint explanation of the present
neutrino anomalies [8].

In order to discuss stop decays we also refine the work presented in Ref. [19, 20, 21, 22]
by giving, for the first time, an exact numerical calculation for the FCNC process t̃→ c χ̃0

1.
We also compare the results obtained this way with those one gets by adopting the usual
one–step or leading logarithm approximation in the RGE’s. In contrast with the R-parity
conserving model such an approximation would be rather poor for our purposes, since
we will be interested in comparing FCNC with R-parity violating stop decay modes (see
section 5). Moreover, in contrast to ref. [17], where the magnitude of the stop – charm
– neutralino coupling was a phenomenological parameter, here we assume a minimal
supergravity scheme with universality of soft terms at the unification scale in which this
coupling is induced radiatively. As we will see this has important phenomenological
implications as for the behaviour of the R-parity violating stop decays with respect to
tan β. We calculate its magnitude using a set of RGE’s in which the running of the
Yukawa couplings and soft breaking terms is taken into account. Here we also provide
the analysis of the relationship of the R-parity violating stop decays with the magnitude
of the tau neutrino mass. Motivated by the simplest oscillation interpretation of the
Super-Kamiokande atmospheric neutrino data, we also generalize the treatment of the
R-parity violating decays by explicitly considering the case of light tau–neutrino masses,
not previously discussed.

For definiteness and simplicity we focus on supersymmetric models where the breaking
of R-parity is parametrized explicitly through a bilinear superpotential term of the type
ℓHu [23]. The stop can have new decay modes such as

t̃1 → b τ (4)

due to mixing between charged leptons and charginos. We show that this decay may be
dominant or at least comparable to the ordinary R-parity conserving mode

t̃1 → c χ̃0
1, (5)

where χ̃0
1 denotes the lightest neutralino.

The paper is organized as follows. The model and an analytical analysis of the tree–
level tau–neutrino in terms of SUGRA parameters is described in section 2. The mass
matrices are given in section 3 while in section 4 we present the top squark decay widths in
the minimal supergravity model with universal soft SUSY breaking terms [18], MSUGRA,
for short. The relevant Feynman rules and the squark decay widths and branching ratios
are calculated in appendix A. They are studied numerically in section 5 and we present
our conclusions in section 6.
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2 The Model

The supersymmetric Lagrangian is specified by the superpotential W given by

W = εab

[
hij

U Q̂
a
i ÛjĤ

b
2 + hij

DQ̂
b
iD̂jĤ

a
1 + hij

EL̂
b
iR̂jĤ

a
1 − µĤa

1 Ĥ
b
2

]
+ εabǫiL̂

a
i Ĥ

b
2 , (6)

where i, j = 1, 2, 3 are generation indices, a, b = 1, 2 are SU(2) indices, and ε is a com-
pletely antisymmetric 2 × 2 matrix, with ε12 = 1. The symbol “hat” over each letter
indicates a superfield, with Q̂i, L̂i, Ĥ1, and Ĥ2 being SU(2) doublets with hypercharges
1

3
, −1, −1, and 1 respectively, and Û , D̂, and R̂ being SU(2) singlets with hypercharges

−4

3
, 2

3
, and 2 respectively. The couplings hU , hD and hE are 3 × 3 Yukawa matrices, and

µ and ǫi are parameters with units of mass.
Supersymmetry breaking is parametrized by the standard set of soft supersymmetry

breaking terms

Vsoft = M ij2
Q Q̃a∗

i Q̃
a
j +M ij2

U Ũ∗
i Ũj +M ij2

D D̃∗
i D̃j +M ij2

L L̃a∗
i L̃

a
j +M ij2

R R̃∗
i R̃j

+m2
H1
Ha∗

1 H
a
1 +m2

H2
Ha∗

2 H
a
2

−
[

1

2
M3λ3λ3 + 1

2
Mλ2λ2 + 1

2
M ′λ1λ1 + h.c.

]

+εab

[
Aij

Uh
ij
U Q̃

a
i ŨjH

b
2 + Aij

Dh
ij
DQ̃

b
iD̃jH

a
1 + Aij

Eh
ij
EL̃

b
iR̃jH

a
1

−BµHa
1H

b
2 +BiǫiL̃

a
iH

b
2

]
, (7)

For definiteness and simplicity we assume only R-parity Violation (RPV) in the third
generation, neglecting the effects of RPV on the two first families, adopting the superpo-
tential [24, 25, 26]

W = htQ̂3Û3Ĥ2 + hbQ̂3D̂3Ĥ1 + hτ L̂3R̂3Ĥ1 − µĤ1Ĥ2 + ǫ3L̂3Ĥ2 (8)

to describe the R–Parity violating violating decay mode t̃1 → b τ . In this case we will
omit the labels i, j in the soft breaking terms given above. Note that the bilinear term ǫ3
can not be rotated away, since the rotation that eliminates it reintroduces an R–Parity
violating trilinear term, as well as a sneutrino vacuum expectation value. Notice that, in
contrast with ref. [8] where the doublet sneutrino vev in the bilinear model is much more
loosely constrained, in this case it is not subject to constraints from astrophysics.

Note, in contrast, that in order to describe Flavour Changing Neutral Current (FCNC)
effects such as the R–Parity conserving process t̃1 → c χ̃0

1 we need the three generations
of quarks.

The above model can be described in various equivalent bases, for example

1. one in which bilinear term and sneutrino vev are non-zero, ǫI3 6= 0 and vI
3 6= 0 [27, 3]

2. one in which trilinear term 1 and sneutrino vev are non-zero, λII
3 6= 0 and vII

3 6= 0 [28]

3. the vev-less basis in which ǫIII
3 and λIII

3 are non-zero but vIII
3 = 0 [29, 30]

1In the one generation case there is only one trilinear RPV term in the superpotential written in our
notation as λ3Q̂3D̂3L̂3
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where the R-parity violating parameters can be expressed in terms of dimension-less basis-
independent alignment parameters sin ξ, sin ξ′ and sin ξ′′ [26, 31] (X = I, II or III) as
follows:

sin ξ =
ǫX3 v

X
d + µXvX

3

µ′v′d
=
vII
3

v′d
=
ǫIII
3

µ′ (9)

sin ξ′ =
µXλX

3 + ǫX3 h
X
b

µ′h′b
=
λII

3

h′b
=
ǫI3
µ′ (10)

sin ξ′′ =
−vX

d λ
X
3 + vX

3 h
X
b

v′dh
′
b

=
vI
3

v′d
= −λ

III
3

h′b
(11)

where

h′b =
√
hX

b
2
+ λX

3

2
µ′ =

√
µX2 + ǫX3

2
v′d =

√
vX

d
2
+ vX

3

2
, X = I, II, or III

(12)
Note that, in the notation of eqs. (9)–(11), the parameters ǫ3 and µ appearing in

eq. (8) should bear the superscript I.
Of these parameters only two are independent because they satisfy

sin ξ′′ = cos ξ′ sin ξ − sin ξ′ cos ξ (13)

In the limit when the R-parity violating parameters vanish one recovers the MSSM.
From now on we will work in the λI

3 = 0–basis, unless otherwise stated. As a result we will
omit the label I in all the parameters associated with this basis. We also will drop out the
prime in hb. One of the advantages in working in this basis is that the RGE’s evolution
does not induce the trilinear R-parity violating terms neither in the superpotential nor in
the scalar potential if at the beginning we impose universality [26].

It is convenient to introduce the following notation in spherical coordinates for the
vacuum expectation values (vev):

vd = v sin θ cosβ
vu = v sin θ sin β
v3 = v cos θ (14)

which preserves the standard MSSM definition tanβ = vu/vd. In the MSSM limit, where
ǫ3 = v3 = 0, the angle θ is equal to π/2. This makes sense in the λI

3 = 0–basis where the
usual MSSM relation

mb =
1√
2
hbvd (15)

holds.
In this model the presence of RPV induces a mass for the tau–neutrino at the tree

level [6, 7], as well as radiative masses to the the νe and νµ . As already mentioned it is
sufficient for our present discussion of stop decays to keep only the tau–neutrino.

In order to study the ντ mass it is convenient to have an analytical expression for
mντ

in this limit. The tree level tau–neutrino mass may be expressed as [9, 5, 26] – [32]

mντ
≈ − (g2M ′ + g′2M)µ′2

4MM ′µ′2 − 2(g2M ′ + g′2M)µ′vuv
′
d cos ξ

v′d
2
sin2 ξ (16)
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in terms of basis-independent parameters µ′, v′d and sin ξ defined in Eqs (12) and (9).
The second term in the denominator may be neglected if M,µ >∼ mZ , as often happens in
minimal supergravity models with universal soft SUSY breaking terms [18]. Thus one may
obtain an estimate of the neutrino mass by keeping only the first term in the denominator.

mντ
≈ g2

2M
v′d

2
sin2 ξ (17)

where we have used M ′ = Mg′2/g2. For sin ξ ≈ 1 one can easily check that mντ
could be

as large as the experimental upper bound of 18 Mev [33]. However in MSUGRA models
one may obtain naturally small sin ξ values, calculable from the RGE evolution from the
unification scale down to the weak scale. Indeed, using the minimization equations sin ξ
can be written in terms ∆m2 = m2

H1
−m2

L3
and ∆B = B3 − B [34] as

sin ξ = − cos ξ′ sin ξ′
(

cos ξ
∆m2

m′2
ν̃0

τ

+
v2

v′d

µ′∆B

m′2
ν̃0

τ

)
(18)

One may give a simplified approximate analytical expression for the tau–neutrino mass in
this model by solving the renormalization group equations for the soft mass parameters
m2

H1
, m2

L3
, B, and B3 in the one–step approximation. This gives [34]

sin ξ |∆m2 ≈ − cos ξ′ sin ξ′ cos ξh2
b

[
m2

H1
+M2

Q +M2
D + A2

D

m′2
ν̃0

τ

] (
3

8π2
ln
MU

mt

)

∼ − cos ξ′ sin ξ′ cos ξh2
b

(
3

8π2
ln
MU

mt

)
(19)

and

sin ξ |∆B ≈ cos ξ′ sin ξ′ tan β ′h2
b

[
µ′AD

m′2
ν̃0

τ

] (
3

8π2
ln
MU

mt

)
(20)

where we have denoted by the symbols sin ξ|∆m2 and sin ξ|∆B the two terms contributing
to sin ξ in eq. (18). Using these expressions and assuming no strong cancellation between
these terms one finds that the minimum neutrino mass is controlled by the sin ξ|∆m2. As
a result one finds,

mντ
|min ∼ g2m2

b

M

(
sin2 ξ′h2

b

) ( 3

8π2
ln
MU

mt

)2

(21)

The above approximate analytical form of the tau-neutrino mass is useful, as we will
see later (e.g. eq. (42)) in order to display explicitly the degree of correlation between
the R-parity violating decays, such as t̃1 → bτ , with the tau-neutrino mass.

The minimum value for sin ξ′hb is determined by the value sin ξ′ and that of tan β.
For sin ξ′ ∼ 1 and relatively small tanβ so that ht is perturbative, one has

mντ
>∼ 10KeV (22)

forM ∼ 1 TeV. In order to get smaller ντ masses one needs to suppress sin2 ξ′ additionally,
for example to reach one electron-volt the required R-parity violating parameters are
given in Table 1. These order-of-magnitude estimates are given in terms of the basis–
independent angles ξ and ξ′, and in the relevant parameters for the three bases defined
before.
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basis–independent Basis I: λI
3 = 0 Basis II: ǫII

3 = 0 Basis III: vIII
3 = 0

sin ξ sin ξ′ ǫ3(GeV) v3(GeV) λII
3 vII

3 (GeV) λIII
3 ǫIII

3 (GeV)

10−5 10−4 10−2 10−4 1 10−2 1 10−3 10−4 10−3 10−4 10−3 10−2

Table 1: Estimated magnitude of R-parity violating parameters required for a tau–neutrino
mass in the eV range, without requiring cancellation in sin ξ in the three bases defined before.

Note that whenever the parameter has two values, the first correspond to tan β = 2
(the lower perturbativity limit) and the second to tanβ = 35. In Table 1, sin ξ was
estimated from eq. (17) and sin ξ′ from eq. (21).

Note that the RGE-induced suppression depends basically in the h2
b factor in eq. (19)

which is ∼ 10−3 (∼ 1) for small (large) tanβ. As a result the bigger the value of tanβ,
the smaller sin ξ′ will have to be for a fixed tau neutrino mass. The RPV parameters in
the several bases were estimated from Eqs. (9–11) and (13).

In eq. (21) we have neglected ∆B contribution with respect to the one coming from
∆m2. It is possible, however, that the ∆B term may be sizeable. In the large ∆B case
then it may cancel the ∆m2 contribution in sin ξ, leading to an additionally suppressed
neutrino mass. As we will see, however, in SUGRA models with universal soft terms at
the unification scale (ǫSUGRA for short) we do not need any substantial cancellation in
order to obtain ντ masses below the electron-volt scale.

3 Squark Mass Matrices

The up and down-type squark mass matrices of our model have already been given previ-
ously in Ref. [27]. Here we generalize those to the three-generation case. The mass matrix
of the up squark sector follows from the quadratic terms in the scalar potential

Vquadratic =
[

ũ
†
L ũ

†
R

]
M̃2

U


 ũL

ũR


+ · · · (23)

given by

M̃2
U =




M2
Q + 1

2
v2

uhUhU
† + ∆UL

1√
2
vuA

h
U − 1√

2
(µvd − ǫ3v3)hU

1√
2
vuA

h
U
† − 1√

2
(µvd − ǫ3v3)hU

† M2
U + 1

2
v2

uhU
†hU + ∆UR


 (24)

where ∆UL = 1

8
(g2 − 1

3
g′2)(v2

d − v2
u + v2

3)1 and ∆UR = 1

6
g′2(v2

d − v2
u + v2

3)1 are the splitting
in the squark mass spectrum produced by electro-weak symmetry breaking, and Ah

U ij ≡
Aij

Uh
ij
U . The eigenvalues of M̃2

U are

diag {mũ1
, mũ2

, . . . , mũ6
} =

[
ΓUL ΓUR

]
M̃2

U


 Γ†

UL

Γ†
UR


 (25)

This way the six weak-eigenstate fields ũiL and ũiR (i = 1, 2, 3) combine into six up-type
mass eigenstate squarks ũk as follows: ũiL = Γ†ik

ULũk = Γ∗ki
ULũk, ũiR = Γ†ik

URũk = Γ∗ki
URũk.
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For completeness, we also give the mass matrix of the down squark sector. The
quadratic scalar potential includes

Vquadratic =
[

d̃
∗
L d̃

∗
R

]
M̃2

D


 d̃L

d̃R


+ · · · (26)

given by

M̃2
D =



M2

Q + 1

2
v2

dhDhD
† + ∆DL

1√
2
vdA

h
D − 1√

2
µvuhD

1√
2
vdA

h
D
† − 1√

2
µvuhD

† M2
D + 1

2
v2

dhD
†hD + ∆DR


 (27)

where ∆DL = −1

8
(g2+ 1

3
g′2)(v2

d−v2
u+v2

3)1, ∆DR = − 1

12
g′2(v2

d−v2
u+v2

3)1, and Ah
Dij ≡ Aij

Dh
ij
D.

The eigenvalues of M̃2
D are

diag {md̃1
, md̃2

, . . . , md6
} =

[
ΓDL ΓDR

]
M̃2

D


 Γ†

DL

Γ†
DR


 (28)

One is left with six mass-eigenstate down squarks fields d̃k related to d̃iL and d̃iR fields as
follows: d̃iL = Γ†ik

DLd̃k = Γ∗ki
DLd̃k, d̃iR = Γ†ik

DRd̃k = Γ∗ki
URd̃k.

For the Higgs-slepton part of the quadratic scalar potential in the one generation case
of the Bilinear R-parity Violating (BRpV) model, see refs. [35] and [23].

Of particular interest to us is the chargino/tau mass matrix. For our present purposes
it is sufficient to have the form of this matrix for one generation, which is given by

MC =




M 1√
2
gv2 0

1√
2
gvd µ − 1√

2
hτv3

1√
2
gv3 −ǫ3 1√

2
hτvd


 (29)

This form is common to all models with spontaneous breaking of R-parity, as well as in
the simplest truncation of these models provided by the BRpV model considered here.
We note that the chargino sector decouples from the tau sector in the limit ǫ3 = v3 = 0.
As in the MSSM, the chargino mass matrix is diagonalized by two rotation matrices U
and V

U∗MCV
−1 =



mχ̃±

1
0 0

0 mχ̃±

2
0

0 0 mτ


 . (30)

The lightest eigenstate of this mass matrix must be the tau lepton (τ±) and so the mass
is constrained to be 1.77705+0.29

−0.26 GeV. To obtain this the tau Yukawa coupling becomes
a function of the parameters in the mass matrix, and the full expression is given in [35].
The composition of the tau is given by

τ+
R = V3jψ

+
j , τ−L = U3jψ

−
j (31)

where ψ+T = (−iλ+, H̃1
2 , τ

0+
R ) and ψ−T = (−iλ−, H̃2

1 , τ
0−
L ). The two-component Weyl

spinors τ 0−
R and τ 0+

L are weak eigenstates, while τ+
R and τ−L are the mass eigenstates. It

follows easily from eq. (30) that the matrix MCM
T
C is diagonalized by U and the matrix

MT
CMC is diagonalized by V .

7



The soft SUSY breaking parameters at the electroweak scale needed for the evalu-
ation of the mass matrices and couplings are calculated by solving the renormalization
group equations (RGE’s) of the MSSM and imposing the radiative electroweak symmetry
breaking condition. From the measured quark masses, CKM matrix elements and tan β
we first solve one-loop RGE’s for the gauge and Yukawa couplings to calculate their cor-
responding values at the unification scale. Assuming now universal soft supersymmetry
breaking boundary conditions, we evolve downwards the RGE’s for all MSSM parame-
ters, including full three-generation mixing in the RGE’s for Yukawa coupling constants,
as well as soft SUSY breaking parameters. Next, we evaluate the Higgs potential at the
mt scale including the one-loop corrections induced by the Yukawa coupling constants of
the third generation. The radiative electroweak symmetry breaking requirement fixes the
magnitude of the SUSY Higgs mass parameter µ and the soft SUSY breaking parameters
B and B3. Notice that due to the third minimization condition one can solve for v3 as
a function of ǫ3. At this point, all RPV parameters at the electroweak scale are deter-
mined as functions of the input parameters (tanβ, m0, A0, m1/2, sign(µ), ǫ3). Iteration is
required because µ and ǫ3 are inputs to evaluate the loop-corrected minimum. Having
determined all parameters at the electroweak scale, we obtain the masses and the mixings
of all the SUSY particles by diagonalizing the corresponding mass matrices. At this stage
we also choose ǫ3 in order to get a sufficiently light tau–neutrino.

We scan the soft SUSY breaking parameter space in the range

m0 ≤ 700 GeV

100 GeV < m1/2 ≤ 400 GeV

|A0| ≤ 1000 GeV, (32)

|ǫ3| < 200 GeV

1.8 < tan β < 60

the previous range on tanβ guarantee that both ht and hb will be perturbative. For
the CKM matrix, we use the Particle Data Group convention [36], taking Vus = 0.2205,
Vcb = 0.041, |Vub/Vcb| = 0.08 and neglecting CP violation, i.e. δ = 0. Notice that here we
scan over a much larger range for epsilon than used in ref. [17].

The resulting region of lightest stop and chargino masses is displayed in Fig. 1. Ne-
glecting the three-body decays, we find that in Region I of the mt̃1–mχ̃+

1
plane, BR(t̃1 →

c χ̃0
1) + BR(t̃1 → b τ) ≈ 1. In Region II BR(t̃1 → b τ) + BR(t̃1 → b χ̃+

i ) ≈ 1 (i=1,2). In
Region III BR(t̃1 → b τ)+BR(t̃1 → b+ χ̃+

i )+BR(t̃1 → t ντ ) ≈ 1 (i=1,2), while in region
IV BR(t̃1 → b τ) + BR(t̃1 → b χ̃+

i ) + BR(t̃1 → t ντ ) + BR(t̃1 → t χ̃0
j) ≈ 1 (j = 1, . . . , 4).

Note that in each region the exact equality to 1 is reached when the FCNC processes are
fully included.

In Appendix A we give the Feynman rules for all vertices involving squarks, quarks,
charginos and neutralinos, as well as the two–body squark decay-widths, for squarks of all
three generations. These equations reduce to the expressions found in Ref. [37] provided
one identifies Γ33

UL = cos θt̃ and Γ33
UR = sin θt̃. They also generalize the results for the

BRpV model to the three-generation case.
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Figure 1: Kinematical regions in the mt̃1
–mχ̃+

1

plane. From left to right: Region I mt̃1
<

mχ̃+

1

+ mb; Region II mχ̃+

1

+ mb < mt̃1
< mt; Region III mt < mt̃1

< mχ̃0
1
+ mt; and region IV

mt̃1
> mχ̃0

1
+ mt

4 Lightest Stop Two-Body Decays in MSUGRA

In an R–parity conserving supergravity theory the main t̃1 decay channel expected in
region I of Fig. 1 is the loop–induced and flavour–changing t̃1 → c χ̃0

1 [19, 20, 21].
As is well-known, the FCNC processes in the MSSM in general involve a very large
number of input parameters. For this reason, following common practice, we prefer to
perform the phenomenological study of flavour changing processes in the framework of a
supergravity theory with universal supersymmetry breaking. The simplest description of
FCNC processes in R-parity conserving minimal SUGRA models uses the so-called one-
step approximation. Here we start by reproducing the standard calculation for t̃1 → c χ̃0

1

as in [19]. To do this consider only the effect of the third generation Yukawa coupling.
From our general eq. (A.10) we have for t̃1 = ũl

Γ(t̃1 → c χ̃0
1) ≈

g2

8π
(ΓUL13)

2

[
2

3
sin θWN

′
11 +

(
1

2
− 2

3
sin2 θW

) N ′
12

cos θW

]2

mt̃1


1 −

m2

χ̃0
1

m2

t̃1




2

(33)
with

ΓUL13 =
∆L cos θt̃ − ∆R sin θt̃

m2
c̃L

−m2

t̃L

(34)

In the one–step approximation ∆L,∆R are given by

∆L = (M̃2
U)23 ≈ (M2

Q)23 ≈ − tU
16π2

KcbKtbh
2
b(M

2
Q +M2

D +m2
H1

+ A2
b) (35)

∆R = (M̃2
U)26 ≈ (Ah

U)23 ≈ − tU
16π2

KcbKtbh
2
bmt(Ab +

1

2
At) (36)

with tU = ln(MG/mt). So, in the one–step approximation we have

Γ(t̃1 → c χ̃0
1) ≈ Fh4

b(δm2
0
cos θt̃ − δA sin θt̃)

2

[√
2

6
(tan θW N11 + 3N12)

]2

mt̃1


1 −

m2

χ̃0
1

m2

t̃1




2

(37)
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where the pre–factor F = g2

16π

(
tU

16π2 KcbKtb

)2

∼ 6 × 10−7 and the parameter δm2
0

is given by

δm2
0

=
M2

Q + M2
D + m2

H1
+ A2

b

m2
c̃L

− m2

t̃L

∼ 1 (38)

is basically independent of the initial conditions due to the m0 dependence both in the numerator
as in the denominator and

δA =
mt(Ab + 1

2
At)

m2
c̃L

− m2

t̃L

(39)

Note however, that the one-step approximation includes only the third generation Yukawa
couplings and neglects the running of the soft breaking terms [19, 20, 21, 22]. Such an approxi-
mation is rather poor for our purposes, since we will be interested in comparing with R-parity
violating decay modes (see the next section). In order to have an accurate calculation of the
respective branching ratios we need to go beyond the one-step approximation. We therefore
use a exact numerical calculation for the FCNC process t̃ → c χ̃0

1 in which the running of the
Yukawa couplings and soft breaking terms is taken into account. First we have checked that
indeed the effect of the Yukawas from the two first generations is negligible. However the same
is not true for the running of the soft breaking terms. As can be seen from Figure 2 the range
of variation that we obtain from the numerical solution is

Γ(t̃1 → c χ̃0
1) ∼ (10−16 – 10−6)GeV (40)

depending on the assumed value of m1/2 and tan β. In this figure we have compared the decay
width obtained from eq. (A.10) with the approximate formulae in eq. (33) for two fixed values
of m1/2, tan β and taking A0 = 0. The approximate formulae only reproduce well the numerical
result for the academic case of no SUSY breaking gaugino mass, m1/2 = 0. For the more realistic
case m1/2 > 100GeV, the exact solution is usually one decade smaller than the approximate one.
In the one-step approximation Γ(t̃1 → c χ̃0

1) can be arbitrarily small if the two terms δm2
0
cos θt̃

and δA sin θt̃ in eq. (37) cancel. This behaviour can be illustrated in Figure 2 by the dashed line
labelled 358, which corresponds to m0 = 358 GeV. One sees clearly that while the approximate
solution goes to zero, the numerical one reaches a minimum value around 10−11 GeV. The wrong
behaviour of the approximate solution indicates that the δA depends strongly on the scale. For
example, the RGE for Ab is very sensitive on m1/2 and tan β and in the one-step approximation
there is no explicit dependence on m1/2, which is crucial. Both solutions increase with tan β, as
expected by the bottom Yukawa dependence explicit in eq. (37) and remain practically constant
for large m1/2 values.

5 Two-Body Decays of the Lightest Stop: the R-

parity violating case

In contrast to the case of an R–parity conserving supergravity theory, in our broken R–parity
model one can have a competing R-parity violating stop decay mode in region I of Fig. 1. From
eq. (A.11) with τ = F+

3 one can easily compute the R-parity violating stop decay width t̃1 → b τ ,

Γ(t̃1 → b τ) =
g2λ1/2(m2

t̃1
,m2

b ,m
2
τ )

16πm3

t̃1

{−4U∗
32ĥbcθt̃

(V ∗
32ĥtsθt̃

− V ∗
31cθt̃

)mbmτ

+[(V ∗
32ĥtsθt̃

− V ∗
31cθt̃

)2 + U∗2
32 ĥ2

bc
2
θt̃

](m2

t̃1
− m2

b − m2
τ )} (41)
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Figure 2: Comparison between the exact numerical calculation (ordinate) and the one–step
approximation (abscissa) for the t̃1 → c χ̃0

1 decay width for various values of tan β and m1/2

with A0 = 0 and m0 varying in the indicated range. The dotted left diagonal line would signify
the equality between the estimates, while the right diagonal line would indicate one order of
magnitude difference. Results of both estimates indicated in the lower right legend. More
details are found in the text.

which coincides with the result found in Ref. [17]. In [38] it was shown that, except for U32

which determines the SU(2)-conserving mixing of the Higgsino with the left-handed τ , all other
mixing matrix elements V3i and U3i are proportional to vII

3 and therefore to the tau–neutrino
mass. Neglecting these terms we have from eq. (41)

Γ(t̃1 → b τ) ≈
g2λ1/2(m2

t̃1
,m2

b ,m
2
τ )

16πm3

t̃1

sin2 ξ′ĥ2
bc

2
θt̃

(m2

t̃1
− m2

b − m2
τ ) (42)

noting that, to a good approximation,

|U32| ≈
∣∣∣∣
ǫ3

µ′

∣∣∣∣ = | sin ξ′| (43)

where ǫ3 corresponds to the bilinear mass parameter in basis I. The lesson here is that the R-
Parity violating decay rate Γ(t̃1 → b τ) is proportional to ǫ3 or, equivalently, to sin2 ξ′, instead of
sin2 ξ, and thus not necessarily small, since it is not directly controlled by the neutrino mass. In
other words, there can be cancellations in the latter but not in the R-parity violating branching
ratio.

The meaning of the factor sin2 ξ′h2
b may also be seen in basis II, where ǫII

3 = 0. In this case
vII
3 is proportional to the tau–neutrino mass so that, as already mentioned, in this basis all the

elements U3i and V3i are small [26]. Neglecting these terms, Γ(t̃1 → b τ) may be written directly
from the interaction term t̃LbRτL, which is induced by the trilinear term in the ǫII

3 = 0–basis
given in eq. (10) as

λII
3 =

(
ǫ3/µ

′)hb = hb sin ξ′ (44)

which is the factor in eq. (42). Note, however, that in our numerical calculation to be described
in the next section we have used for Γ(t̃1 → b τ) the full expression given in eq. (A.10) of the
appendix.
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In the next section we will determine the conditions under which the R-parity violating
decay width Γ(t̃1 → b τ) can be dominant over the R-parity conserving ones, Γ(t̃1 → c χ̃0

1) and
Γ(t̃1 → b χ̃+

1 ).

5.1 Region I

Using the one-step approximation for Γ(t̃1 → c χ̃0
1) one finds

Γ(t̃1 → c χ̃0
1) ∼ 10−6h4

bmt̃1


1 −

m2

χ̃0
1

m2

t̃1




2

(45)

Using the eq. (42) and neglecting charm, tau and bottom masses we get

Γ(t̃1 → c χ̃0
1)

Γ(t̃1 → b τ)
∼ 10−5 h2

b

sin2 ξ′


1 −

m2

χ̃0
1

m2

t̃1




2

(46)

Therefore Γ(t̃1 → c χ̃0
1) will start to compete with Γ(t̃1 → b τ) from sin ξ′ <∼ 5 × 10−3 (10−4) for

tan β large (small). In Fig. 3 we compare BR(t̃1 → c χ̃0
1) [calculated numerically from their

exact formula in (A.10)] with BR(t̃1 → b τ) within the restricted region of the mt̃1
–mχ̃0

1
plane

where only those two decay modes are open. We consider different mντ values (these correspond
to relatively small values of the R-parity parameters |ǫ3|, |v3| <∼ 1 GeV). We vary the MSSM
parameters randomly obeying the condition mt̃1

< mχ̃±

1

+ mb and depict the corresponding

region in light grey. The upper–left triangular region is defined by kinematics and corresponds
to mt̃1

< mχ̃0
1

+ mc, so that BR(t̃1 → b τ) = 100 %. The lower–right grey corresponds to

mt̃1
> mχ̃0

1
+ mc when the sampling is done over the region defined by eq. (32). One notices

from Fig. 3 that in the central region the dominant stop decay mode is t̃1 → b τ with branching
ratio BR(t̃1 → b τ) > 0.9. The dotted lines in the light grey region indicate maximum ντ mass
values obtained in the scan. In the calculation of the ντ mass, we have allowed only up to one
order of magnitude of cancellation between the two terms which contribute to sin ξ. Therefore
if the lightest stop only decays into the two modes considered here, the processes t̃1 → b τ , will
be important even for the case of very light tau–neutrino masses.

We note however that we can use the limits obtained from leptoquark searches [39] in order to
derive limits on the top-squark for our R-parity violating case. In particular, if BR(t̃1 → bτ) = 1
stop masses less than 99 GeV are excluded at 95% of CL., under the assumption that the three–
body decays of the stops are negligible. Therefore, the dark region in Fig. 3 would be ruled out.
In ref. [40] we have determined the corresponding restrictions on the SUGRA parameter space.

The dependence on the tau neutrino mass may be seen in Fig. 4 where the role played by
tan β is manifest. In this figure we have shown BR(t̃1 → b τ) as function of the lighter stop mass
for tau–neutrino mass in the sub–eV range, indicated by the simplest oscillation interpretation
of the Super-Kamiokande atmospheric neutrino data. We have obtained such tau–neutrino
mass values numerically, allowing only one decade of cancellation between the two terms that
contribute to sin ξ in eq. (18). The degree of suppression for ǫ3/µ obtained numerically agrees
very well with the expectations from the approximate formula for the minimal tau–neutrino
mass in eq. (21). In contrast with Ref. [17], in our case BR(t̃1 → bτ) decreases with tan β. The
reason for this difference is that here we take into account the fact that the mixing parameter
ΓUL13 obtained from the RGE depends on h2

b in eq. (33), while in ref. [17] was simply regarded
as a phenomenological input parameter (called δ there).

The message from this subsection is that in our SUGRA R-parity violating model the R-
Parity violating decay mode t̃1 → b τ can very easily dominate the R-Parity conserving decay
mode t̃1 → c χ̃0

1, even for very small neutrino masses.
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Figure 3: Regions where the t̃1 → b τ decay branching ratio exceeds 90% in the mt̃1
–mχ̃0

1

plane for different mντ values. The MSSM parameters are randomly varied as indicated in the
text under the restriction mt̃1

< mχ̃±

1

+ mb. The upper–left triangular region corresponds to

mt̃1
< mχ̃0

1
+ mc so that only the t̃1 → b τ decay channel is open. The lower–right unshaded

region corresponds to mt̃1
> mχ̃+

1

+ mb.

Figure 4: BR(t̃1 → b τ) as function of the lighter stop mass for tau–neutrino mass in the sub–eV
range and two different values of tan β and ǫ3/µ. This prediction is natural in the sense that
we have allowed only up to one order of magnitude of cancellation between the two terms that
contribute to sin ξ.
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Figure 5: Contours of BR(t̃1 → b τ) > BR(t̃1 → bχ̃+
1 ) in the mt̃1

–mχ̃+

1

plane for |v3| < 10 GeV.

Three different maximum values for |ǫ3| are considered: |ǫ3| < 40 GeV (dot-dash), |ǫ3| < 60
GeV (dots), and |ǫ3| < 80 GeV (dashes). The region where mt̃1

< mb + mχ̃+

1

corresponds to the

previously studied Region I.

5.2 Region II

In region II the R–Parity conserving decay mode t̃1 → bχ̃+
1 is open (but not t̃1 → tν), and

competes with the R–Parity violating mode t̃1 → b τ . Replacing the subindex 3 by 1 on the
diagonalization matrices U and V in eq. (41) we get the corresponding expression for Γ(t̃1 →
b χ̃+

1 ). In order to get an approximate expression for the ratio of the two main decay rates in
this region, we note that in MSUGRA the lightest chargino is usually gaugino-like, implying
that V 2

11 ∼ 1. In addition, the lightest stop is usually right-handed, hence sin2 θt̃
>∼ cos2 θt̃. This

way we find

Γ(τ)

Γ(χ̃+
1 )

≡ Γ(t̃1 → b τ)

Γ(t̃1 → b χ̃+
1 )

≈ sin2 ξ′ĥ2
b cos2 θt̃[

(V ∗
11 cos θt̃ − V ∗

12ĥt sin θt̃)
2 + U∗2

12 ĥ2
b cos2 θt̃

] K (47)

where K is a kinematical factor depending on the lightest stop and chargino masses, and here
we have defined ĥt,b ≡ ht,b/g. The presence of the bottom quark Yukawa coupling indicates
that large values of tan β are necessary to have large R–Parity violating branching ratios in this
region. In fact, we have checked numerically with the exact expressions that in Region II (RII)
Γ(τ)/Γ(χ̃+

1 ) >∼ 1 only for large tan β as we will see in the next figures.
In Fig. 5 we show the regions in the mχ±

1

− mt̃1
plane where BR(t̃1 → b τ) dominates

over BR(t̃1 → bχ̃+
1 ). In the upper–left region the decay mode t̃1 → bχ̃+

1 is not allowed and
corresponds to Region I. Below and to the right of this zone, and above and to the left of three
rising lines, lies region RII where Γ(τ)/Γ(χ̃+

1 ) > 1. The three lines correspond to |ǫ3| < 80 GeV
(dashed), |ǫ3| < 60 GeV (dotted), and |ǫ3| < 40 GeV (dot–dashed), respectively. The proximity
to the upper-left zone indicates that the RPV decay dominates only close to the threshold where
there is a high kinematical suppression of the R–parity-conserving one, through the factor K.
Unlike the case of region I this requires large values of the RPV parameters. Note, moreover,
that if the stops have a small mixing (cos θt̃ ≈ 0), then Γ(τ)/Γ(χ̃+

1 ) ≪ 1 in RII.
A simpler expression for the ratio of decay rates in eq. (47) is obtained if we take V11 ≈ 1
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Figure 6: Regions for Γ(t̃1 → b τ)/Γ(t̃1 → b χ̃+
1 ) as a function of the tau–neutrino mass with the

universality condition B = B3 at the unification scale imposed at the 0.1% level as indicated. Its
effect is to alter the maximum attainable tau–neutrino mass. The dot-dashed line corresponds
to the case where ∆B = 0 at the weak scale.

and assume no kinematical suppression in eq. (47) through the factor K:

Γ(τ)

Γ(χ̃+
1 )

∼ sin2 ξ′ĥ2
b . (48)

Note that the presence of the parameter sin ξ′ = ǫ3/µ
′ indicates that the R–Parity violating

decay mode is not strictly proportional to the neutrino mass, but proportional to the BRpV
parameter ǫ2

3.
However generically we expect some correlation with the ντ mass, especially in the case where

the boundary conditions in the RGE are universal and there are no strong cancellations between
two terms that contribute to sin ξ as shown in Fig. 6. In this figure we plot the ratio Γ(τ)/Γ(χ̃+

1 )
in RII as a function of the tau–neutrino mass. Both decay rates have been calculated numerically
from the exact formulas. In this figure we have imposed both m2

H1
= M2

L and B = B3 within
0.1% at the GUT scale. Cancellation between the ∆m2 and ∆B terms in the neutrino mass
formula of eq. (18) are accepted only within 1 decade. As a reference we have drawn the line
corresponding to ∆B = 0 and ∆m2 = ∆m2

min (∆m2 is negative and its magnitude is bounded
from below by ∆m2

min) at the weak scale, which gives an idea of the value of the neutrino mass
when there is no cancellation between the ∆B and ∆m2 terms.

We have imposed an upper bound on mντ at the collider experimental limit of the tau–
neutrino mass, and have chosen fixed values of ǫ3/µ = 1, 0.1, and 0.01. The allowed region
for ǫ3/µ = 1 is above the dashed line. In the case of ǫ3/µ = 0.1 (0.01) the allowed region lies
enclosed between the solid (dotted) lines. The effect of tan β is to increase the ratio Γ(τ)/Γ(χ̃+

1 ):
the minimum value of the ratio is obtained for tan β ≈ 2 and the maximum corresponds to
tan β ≈ 60. The extreme values of tan β are dictated by perturbativity.

A number of statistically less significant points appear outside the drawn regions in Fig. 6
and are not depicted. They correspond to points with mt̃1

−mb −mχ̃±

1

< 10 GeV which appear

above the diagonal line, and points with cos θt̃ < 0.1 which appear below the horizontal line
corresponding to the lowest values of tan β. In the last case, our approximation in eq. (48) does
not work any more. On the other hand, eq. (48) predicts very well the behavior of Γ(τ)/Γ(χ̃+

1 )
if cos θt̃ > 0.1. For example for ǫ3/µ = 1, or equivalently sin ξ′ = 1/

√
2, we expect from eq. (48)
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Figure 7: Regions for Γ(t̃1 → b τ)/Γ(t̃1 → b χ̃+
1 ) as a function of the tau–neutrino mass for

different levels of cancellation between the two terms that contribute to the neutrino mass.
We impose the universality condition m2

H1
= M2

L at the unification scale, but B and B3 are
not universal. We take |ǫ3/µ| = 1 (inside the dashed lines), |ǫ3/µ| = 0.1 (solid lines), and
|ǫ3/µ| = 0.01 (dotted lines).

a maximum value of order 1 for large tan β (hb ≈ 1) and a minimum value of order 10−3 for
small tan β (h2

b ≈ 10−3), and this is confirmed by Fig. 6. High values of the R–parity violating
branching ratio for large ǫ3 values are highly restricted for large tan β. This can be understood
as follows. In the case of ǫ3/µ = 1 and tan β = 60 acceptable neutrino masses are obtained
only if sin ξ ∼ 1. On the other hand, in this regime we find from eq. (18) that the ∆B term is
large because of the high value of tan β, and that the ∆m2 term is large because m2

H1
becomes

negative and ∆m2 = m2
H1

− M2
L grows in magnitude. This way, acceptable neutrino masses

are achieved only with cancellation within more than one decade. In any case, we think that
Fig. 6 is very conservative considering that in MSSM–SUGRA with unification of top-bottom-
tau Yukawa couplings, the large value of tan β implies that a cancellation of four decades among
vev’s is needed.

The width of the band in Fig. 6 reflects the degree of correlation between the ratio Γ(t̃1 →
b τ)/Γ(t̃1 → b χ̃+

1 ) and the neutrino mass under the mentioned conditions. Note that one would
have an indirect measurement of the neutrino mass if this ratio were determined independently.
The band will open to the left if one allows a stronger cancellation between the terms in ∆B
and ∆m2. On the other hand it will open to the right if the universality between B and B3

is relaxed. This is shown in Fig. 7 where we plot the ratio Γ(τ)/Γ(χ̃+
1 ) in RII as a function

of the tau–neutrino mass, but without imposing universality between B3 and B. If we accept
cancellation within one decade between the ∆B and ∆m2 terms , then the allowed region is at
the right and below the corresponding dashed tilted line. If a larger degree of cancellation is
accepted, the left boundary of the allowed region moves to the left as indicated in the figure,
enhancing the R-parity violating channel. In addition if we accept only a decade of cancellation
between the two terms that contribute to the tau–neutrino mass, then our approximate formula
which predicts the minimum tau–neutrino mass in eq. (21) works very well.

In summary, in this subsection we have shown that even in region II, where the R-Parity
conserving decay mode t̃1 → b χ̃+

1 is also open, the R-Parity violating decay mode t̃1 → b τ
can be comparable to t̃1 → b χ̃+

1 for large tan β and ǫ3, and relatively close to the chargino
production threshold. In general, this implies a large neutrino mass unless a cancellation is
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Figure 8: Universality condition B = B3 at the unification scale as a function of A0. As tan β
increases, the allowed values of A0 are more constrained.

accepted between the two terms contributing to the tree level neutrino mass. In addition, the
non-universality of the B and B3 terms at the GUT scale does not increase appreciably the
allowed parameter space, except at large tan β. The main consequence of this non-universality
is to restrict the allowed values of A0 at large tan β. In the next subsection we study the effects
introduced by the non-universality of m2

H1
and m2

L3
.

5.3 Effects of non–Universality

We now study the effect of possible non-universality of soft-breaking SUSY parameters on our
previous results. In particular, the non-universality between m2

H1
and m2

L3
at the GUT scale.

The Minimal SUGRA model, while highly predictive, rests upon a number of simplifying as-
sumptions which do not necessarily hold in specific models due to the possible evolution of the
physical parameters in the range from MP lanck to MGUT . Specifically, there are several models
in the literature with non-universal soft SUSY breaking mass parameters at high scales. A recent
survey can be found in [41], where several models such as based on string theory, M-theory, and
anomaly mediated supersymmetry are analyzed. For this reason we find interesting to explore
here the effects of non-universal soft terms.

The SUGRA spectra are typically found for given values of m1/2, m0, A0, tan β and Sgn(µ).
In our case we have in addition sin ξ′ (or equivalently, ǫ3). The value of v3 is determined by the
previous parameters through the minimization conditions. In addition, a relation between A0

and the ratio B3/B at the GUT scale (which indicates the degree of universality) emerges. This
relation can be seen in Fig. 8 for ǫ3/µ = 1 and the values tan β = 3, 40, and 60, for m2

H1
= M2

L.
The relation becomes more restrictive as tan β is increased, starting from −1000 < A0 < 1000
GeV allowed for tan β = 3, to a single A0 value compatible with unification for tanβ = 60.

Another way to enhance the R-parity violating channel, enlarging the band towards the left
in Fig. 6, is by relaxing the universality between m2

H1
and M2

L at the GUT scale. In Fig. 9 we
plot the ratio m2

H1
/M2

L at the weak scale as a function of the same ratio at the unification scale
MGUT for tan β = 3. The shaded region is allowed, implying a maximum value for the ratio
m2

H1
/M2

L at the weak scale for a given value of the ratio at the GUT scale. We see from Fig. 9
that a relaxation of universality of 0.5% or more is enough to make (m2

H1
/M2

L)weak = 1 possible,
meaning that smaller neutrino masses are attainable without having to rely on a cancellation
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Figure 9: Comparison between the ratio m2
H1

/M2
L at the weak and the unification scales for

tan β = 3. Universality at the unification scale, m2
H1

/M2
L = 1, implies a maximum value for this

ratio at the weak scale.

between the ∆m2 and ∆B terms or small values of Γ(t̃1 → bτ). However as we increase tan β
the maximum value of m2

H1
/M2

L decreases, and thus, the required non-universality between mH1

and ML at unification scale grows drastically. In Fig. 10 we show the ratio m2
H1

/M2
L at the

weak scale as a function of tan β. We appreciate clearly the growing of |∆m2|min with tan β.
We remind the reader that this kind of non–universality in the soft terms is not uncommon in
string models [42], or GUT models based on SU(5) [43] or SO(10) [44] for example. There are
in fact some SO(10) models for non-universality of the GUT scale scalar masses which naturally
favour light neutrino mass [44].

The effect of non–universality it is also explored in Fig. 11 where it is shown the relation
between the neutrino mass and the parameter sin ξ for ǫ3/µ = 1. Two different bands are
shown: one for tan β = 3 and Γ(τ)/Γ(χ̃+

1 ) = 2 × 10−3, and a second one for tan β = 46 and
Γ(τ)/Γ(χ̃+

1 ) = 0.4±0.2. The required degree of universality at the GUT scale is indicated inside
the bands. For example, in order to have neutrino masses of the order of eV for tan β = 3, m2

H1

needs to be at least 0.2% larger than M2
L. Similarly, for tan β = 46 we need a m2

H1
twice as

large as M2
L at the GUT scale in order to have neutrino masses of 1 eV. We stress the fact that

for Fig. 11 we have conservatively accepted cancellation at the level of one order-of-magnitude
only.

In summary, the lesson to learn here is that non-universal soft SUSY breaking terms at the
GUT scale have the potential of making it easier to reconcile sizeable R-Parity violating effects
in the stop sector with very small neutrino masses, without resorting to cancellations.

6 Conclusions

We have studied the decays of the lightest top squark in SUGRA models with and without
R-parity. We have improved the calculation for the decay t̃1 → c χ̃0 by numerically solving
the renormalization group equations (RGE’s) of the MSSM including full generation mixing
in the RGE’s for Yukawa couplings as well as soft SUSY breaking parameters. The decay-
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Figure 10: (m2
H1

/M2
L) evaluated at the weak scale as a function of tan β. This ratio is always

less than one and decreases with tan β.

≈

Figure 11: Minimum value of the tau–neutrino mass as a function of sin ξ for different values
of mH1

/ML at the GUT scale and two values of tan β. The ratio ǫ3/µ is fixed to the indicated
value, leading to a nearly constant value for Γ(t̃1 → b τ)/Γ(t̃1 → b χ̃+

1 ). Here we assume that
the two terms contributing to the tau–neutrino mass cancel to within an order of magnitude.
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width is in general one order of magnitude smaller than the one obtained in the usual one–step
approximation. This result will therefore enlarge the regions of parameter space where the
four–body decays of lightest stop dominate over the decay into a charm quark and the lightest
neutralino. As a result it will affect the present experimental lower bound on the t̃1 mass even
in the R-parity conserving case [22]. If R–parity breaks of course new decay modes appear
and, as we have shown, they can be sizeable. In fact we have shown that the lightest stop
can be the LSP, decaying with 100% rate into a bottom quark and a tau lepton. We have
shown that the decay mode t̃1 → b τ dominates over t̃1 → c χ̃0 even for neutrino masses in the
range suggested by the simplest oscillation interpretation of the Super-Kamiokande atmospheric
neutrino data. This result would have a strong impact on the top squark search strategies at
LEP [45] and TEVATRON [46], where it is usually assumed that the t̃1 → c χ̃0 decay mode
is the main channel. In addition to the signal of two jets and two taus present when the two
produced stops decays through the R-parity violating channel, one expects a plethora of exotic
high–multiplicity fermion events arising from neutralino decay, since such decay can happen
inside the detector even for the small neutrino masses in the range suggested by the νµ to ντ

oscillation interpretation of the atmospheric neutrino anomaly [8]. We have also compared the
decay t̃1 → b τ with the R-parity and flavor conserving mode t̃1 → b χ̃+ and shown that the
rate of the former can be comparable or even bigger than the latter if the tau–neutrino mass
and tan β are large. However one may have a sizeable branching of t̃1 → b τ in the case of
suppressed tree level neutrino mass as a result of strong cancellations between the two terms
that contribute to sin ξ, or in some regions of parameter space of non-universal SUGRA models
with (m2

H1
/m2

L3
)GUT 6= 1. A detailed analysis of the detectability prospects of such related

signatures at present and future accelerators lies outside of the scope of the present paper and
it will be taken up elsewhere.
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A Feynman Rules

In this Appendix we derive the Feynman rules F 0
j qiq̃k (involving a neutralino/tau-neutrino, a

quark, and a squark) and F±
j qiq̃

′
k (involving a chargino/tau, a quark, and a squark of different

electric charge) in the case of three generations and RPV in the third generation. This is a
generalization of the Feynman rules contained in [47], which are done for the R–Parity conserving
MSSM and for one generation of quarks and squarks.

Following [48] we work in a quark interaction basis where dL,R = d0
L,R, uL = Ku0

L, and

uR = u0
R (we denote q and q0 the mass and current eigenstates respectively), as opposed to

Ref. [49] where a more general basis is used. In addition, we implement the notation q̃L,R ≡ q̃0
L,R

for the interaction basis.
The starting point is the following piece of the Lagrangian

LuũF 0 = −gū0
i

{√
2

[
sin θW eUN ′

J1 +
1

cos θW
(1
2
− eU sin2 θW )N ′

J2

]
ũiL
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+
m0U

ij√
2mW sinβ sin θ

N ′
J4ũjR

}
PRF 0

J

+gū0
i

{√
2

[
sin θW eUN ′∗

J1 +
1

cos θW
(−eU sin2 θW )N ′∗

J2

]
ũiR

−
m0U†

ij√
2mW sinβ sin θ

N ′∗
J4ũjL

}
PLF 0

J + h.c. (A.1)

written in the quark interaction basis. The 5×5 matrix N ′ diagonalizes the neutralino/neutrino
mass matrix in the (γ̃, Z̃, H̃0

1 , H̃0
2 , ντ ) basis as defined in [35], with the index J = 1...5. The 3×3

up–type quark mass matrix m0U is not diagonal, with the indexes i, j = 1, 2, 3.
In order to write the above Lagrangian with mass eigenstates we use the basic relations

mentioned before, in particular, u0
iL = (K†)ijujL, which implies that ū0

iL = ūjLKji. We need
the following relations:

ū0
iLũiL = ūiL

(
Γ∗

UL(K†)
∗)ki

ũk

ū0
iLm0U

ij ũjR = ūiL(Γ∗
URmU )kiũk

ūiRũiR = ūiRΓ∗ki
URũk (A.2)

ūiRm0U
ij ũjL = ūiR(Γ∗

ULK∗mU )kiũk

where i, j = 1, 2, 3 label the quark flavours, k = 1...6 labels the squarks, and mU ≡ diag {mu,mc,mt}
is the diagonal up–type quark mass matrix. In this way, the Lagrangian in eq. (A.1) can be
written as

LuũF 0 = −gūi[(
√

2G∗jki
0UL + H∗jki

0UR)PR − (
√

2G∗jki
0UR − H∗jki

0UL)PL]F 0
j ũk + h.c. (A.3)

where the different couplings are

Gjki
0UL =

[
sin θW eUN ′∗

j1 +
1

cos θW
(1
2
− eU sin2 θW )N ′∗

j2

] (
ΓULK†

)ki

Gjki
0UR =

[
sin θW eUN ′

j1 +
1

cos θW
(−eU sin2 θW )N ′

j2

]
Γki

UR (A.4)

Hjki
0UL = N ′

j4(ΓULK†ĥU )ki

Hjki
0UR = N ′∗

j4(ΓURĥU )ki

and ĥU ≡diag (mu,mc,mt)/(
√

2mW sin β sin θ). Graphically, the F 0
j uiũk Feynman rules are

given by

F 0
j

ui

ũk

−ig[(
√

2Gjki
0UL + Hjki

0UR)PL − (
√

2Gjki
0UR − Hjki

0UL)PR]

F 0
j

ui

ũk

−ig[(
√

2G∗jki
0UL + H∗jki

0UR)PR − (
√

2G∗jki
0UR − H∗jki

0UL)PL]

The analogous Feynman rules in the MSSM are obtained by replacing F 0
i → χ̃0

i , by interpreting
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the matrix N as the usual 4×4 neutralino mixing matrix, and by setting θ = π/2 in the formula
for the Yukawa couplings.

Similarly, replacing all u(ũ) by d(d̃) in eq. (A.1) and starting from

Lqq̃′F+ = gd̄i


 m0U†

ij√
2mW sin β sin θ

VJ2ũjR − VJ1ũiL


PRF c

J

+gd̄i

mD
ij√

2mW cos β sin θ
U∗

J2ũjLPLF c
J

+gū0
i


 mD†

ij√
2mW cos β sin θ

UJ2d̃jR − UJ1d̃iL


PRF+

J

+gū0
i

m0U
ij√

2mW cos β sin θ
V ∗

J2b̃jLPLF+
J + h.c (A.5)

we can obtain the complete Feynman rules for the neutralino/tau–neutrino and chargino/tau
with quarks and squarks. The results, that complements the obtained in [48], are

Neutralino–(d)quark–(d)squark

F 0
j

di

d̃k

−ig[(
√

2Gjki
0DL + Hjki

0DR)PL − (
√

2Gjki
0DR − Hjki

0DL)PR]

F 0
j

di

d̃k

−ig[(
√

2G∗jki
0DL + H∗jki

0DR)PR − (
√

2G∗jki
0DR − H∗jki

0DL)PL]

The mixing matrices G0D and H0D are defined as

Gjki
0DL =

[
sin θW eDN ′∗

j1 +
1

cos θW
(T3D − eD sin2 θW )N ′∗

j2

]
Γki

DL

Gjki
0DR =

[
sin θW eDN ′

j1 +
1

cos θW
(−eD sin2 θW )N ′

j2

]
Γki

DR

Hjki
0DL = N ′

j3(ΓDLĥD)ki

H∗jki
0DR = N ′∗

j3(ΓDRĥD)ki (A.6)

Chargino/tau–(d)quark–(u)squark
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F+
j

di

ũk

−ig(−C−1)[(Gjki
UL − Hjki

UR)PL − Hjki
ULPR]

F+
j

di

ũk

−ig[(G∗jki
UL − H∗jki

UR )PR − H∗jki
UL PL]C

where C is the charge conjugation matrix (in spinor space) and the mixing matrices GU and
HU are defined as

Gjki
UL ≡ V ∗

j1Γ
ki
UL, Hjki

UL ≡ U∗
j2(ΓULĥD)ki,

Hjki
UR ≡ V ∗

j2(ΓURĥUK)ki, (A.7)

Chargino/tau–(u)quark–(d)squark

F+
j

ui

d̃k

−ig(−C−1)[(Gjki
DL − Hjki

DR)PL − Hjki
DLPR]

F+
j

ui

d̃k

−ig[(G∗jki
DL − H∗jki

DR )PR − H∗jki
DL PL]C

where the mixing matrices GD and HD are defined as

Gjki
DL ≡ U∗

j1(ΓDLK†)ki, Hjki
DL ≡ V ∗

j2(ΓDLK†ĥU )ki,

Hjki
DR ≡ U∗

j2(ΓDRĥDK†)ki, (A.8)

In order to derive the decays widths we write, for example eq. (A.3) as

LuũF 0 = gū0
i (f

∗jki
U PR + h∗jki

U PL)F 0
j ũk + h.c (A.9)

The result is

Γ(q̃k → qi + F 0
j ) =

g2λ1/2(m2
q̃k

,m2
qi

,m2

F 0
j

)

16πm3
q̃k

[
− 4hjki

Q f jki
Q mqi

mF 0
j

+

(
(hjki

Q )2 + (f jki
Q )2

)(
m2

q̃k
− m2

qi
− m2

F 0
j

)]
(A.10)
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Γ(q̃k → q′i + F±
j ) =

g2λ1/2(m2
q̃k

,m2
q′
i
,m2

F±

j

)

16πm3
q̃k

[
− 4ljki

Q Hjki
QLmq′

i
mF±

j

+

(
(ljki

Q )2 + (Hjki
QL)2

)(
m2

q̃k
− m2

q′
i
− m2

F±

j

)]
(A.11)

where Q = U,D refers to q̃ and

f jki
Q = −(

√
2Gjki

0QL + Hjki
0QR) (A.12)

hjki
Q =

√
2Gjki

0QR − Hjki
0QL (A.13)

ljki
Q = Hjki

QR − Gjki
QL (A.14)

with the G and H couplings defined earlier in this appendix.
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