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Abstract. Supersymmetry with breaking of R-parity provides an attractive way to
generate neutrino masses and lepton mixing angles in accordance to present neutrino
data. We review the main theoretical features of the bilinear R-parity breaking (BRpV)
model, and stress that it is the simplest extension of the minimal supersymmetric
standard model (MSSM) which includes lepton number violation. We describe how
it leads to a successful phenomenological model with hierarchical neutrino masses.
In contrast to seesaw models, the BRpV model can be probed at future collider
experiments, like the Large Hadron Collider or the Next Linear Collider, since the
decay pattern of the lightest supersymmetric particle provides a direct connection
with the lepton mixing angles determined by neutrino experiments.
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1. Introduction

A combination of solar, atmospheric, reactor and accelerator neutrino experiments [1,
2, 3] have now firmly established the existence of neutrino masses and therefore the
incompleteness of the standard model of electroweak interactions. The determination of
neutrino oscillation parameters presented in Ref. [4] uses the most recent data and state-
of-the-art solar and atmospheric neutrino fluxes. For previous reviews and references
see [4,16, @, §]. We have now learned that the atmospheric oscillations involving v, < v,
are characterized by a nearly maximal mixing, while the solar neutrino mixing angle is
large, but significantly non-maximal. With the recent standard solar model fluxes there
is a unique range for the solar mass splitting Am2,,, determined from the data to be
about 30 times smaller than the atmospheric mass splitting Am? .

The discovery of neutrino mass constitutes the only solid hint we currently have
of physics beyond the standard model. There are theoretical arguments based on the
stability of the gauge hierarchy which suggest the existence of physics at the TeV scale.
Supersymmetry [9, [L0] provides an answer to both these issues which fits well with
unification and string theory ideas [L1].

Prompted by these data there has been a rush of theoretical and phenomenological
papers on models of neutrino masses and mixings. The most popular idea is to ascribe
neutrino masses to physics at a large mass scale in order to implement some variant
of the see-saw mechanism [12, [13, 114, [15]. Broken R-parity supersymmetry provides
a theoretically interesting and phenomenologically viable alternative to the origin of
neutrino mass and mixing [16, 17, 18, 19, 20, 21, 22]. Here we focus on the case of
supersymmetry with bilinear R-parity breaking [23]. This is the simplest of all R parity
violating models. It also provides the simplest extension of the MSSM [23] to include
the violation of lepton number, as well as a calculable framework for neutrino masses
and mixing angles in agreement with the experimental data |24, 25, 26, 27]. In this
model the atmospheric neutrino mass scale is generated at the tree-level, through the
mixing of the three neutrinos with the neutralinos, in an effective ‘low-scale” variant
of the seesaw mechanism [17]. In contrast, the solar mass and mixings are generated
radiatively [26]. BRpV can be considered either as a minimal extension of the MSSM
[28, 129, 130, B1] (with no new particles) valid up to some very high unification energy
scale, or as the effective description of a more fundamental theory in which the breaking
of R-parity occurs in a spontaneous way by minimizing the scalar potential [32, 33, 34].

This short review is mainly devoted to the generation of neutrino masses and lepton
mixing, both the tree-level atmospheric neutrino mass scale as well as a description of
the main features of the full one-loop calculation of the neutrino-neutralino mass matrix
and its various analytic approximations which, in some cases, can be rather simple. For
definiteness we will stick to the case of explicit BRpV only.

However, in contrast to the seesaw mechanism, in broken R-parity supersymmetry
neutrino masses are generated at the electro-weak scale [24, 26, 27]. Such low-scale
schemes for neutrino masses have the advantage of being testable also outside the
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realm of neutrino experiments. Although neutrino properties can not be predicted
from first principles, their fit to the data allows for unambiguous tests of the theory at
accelerator experiments [27, 135, 136, 37, 38, 139, 40, 41, 42, 43]. Indeed, the measured
lepton mixing angles lead to well defined predictions of the decay properties of the
lightest supersymmetric particle (LSP). This is a very general and robust feature of
these theories, which holds irrespective of the nature of the LSP. Here we will illustrate
possible phenomenological scenarios by discussing some examples of measurements of
decay properties of different LSP candidates.

This paper is organized as follows. In Sec. Pl we introduce the main features of the
model, discuss the soft supersymmetry breaking terms, as well as the relevant fermion
mass matrices and the main features of the corresponding diagonalizing matrices. In
Sec. Bl we discuss the generation of the atmospheric neutrino mass scale at the tree—level,
while in Sec. @l we analyse the main features of the one-loop—induced solar neutrino mass
scale, including a discussion of the relevant Feynman graph topologies. We also give
simplified approximation formula for the solar mixing angle. We then turn briefly to
collider phenomenology and how the model under discussion could be tested in LSP
decays in Sec. Bl before we conclude and summarize our results in Sec. [@l

2. Formalism

In this section we introduce the main features of the model and the relevant mass
matrices. The superpotential of the model and the soft SUSY breaking terms are given,
approximate solutions to the tadpole equations discussed.

2.1. The Superpotential and the Soft Breaking Terms

The minimal BRpV model we are working with is characterized by the presence of three
extra bilinear terms in the superpotential analogous to the p term present in the MSSM.
Using the conventions of ref. [31] it may be given as
W = e |hEQUH? + W3Q D HS + WAL R;HS — pHIH? + ;LA HY | (1)
where the first three terms are the usual MSSM Yukawa terms, p is the Higgsino mass
term of the MSSM, and ¢; are the three new terms which violate lepton number in
addition to R—Parity. The couplings hy, hp and hg are 3 x 3 Yukawa matrices and p and
¢; are parameters with units of mass. The smallness of the bilinear term ¢; in eq. () may
arise from a suitable symmetry. In fact any solution to the u problem [44] potentially
explains also the “e-problem” [45]. A common origin for the ¢; terms that account
for the neutrino oscillation data, and the p term responsible for electroweak symmetry
breaking can be ascribed to a horizontal family symmetry of the type suggested in
Ref. [46].
The smallness of ¢ could also arise dynamically in models with spontaneous
breaking of R parity [32, 133, 34|, where it is given as the product of a Yukawa coupling
times a singlet sneutrino vacuum expectation value.
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Supersymmetry breaking is parameterized with a set of soft supersymmetry
breaking terms. In the MSSM these are given by

LUIIM = MFPQ Q4 + MPPU;U; + MDD} + MP? Ly LY + Mi°RiR;
+my H Hy + miy, HE HY — [AMAN + SMA + LM NN + ho€2)
+ew |AUQUUHY + AVQYD, HS + AVIYR,HE — B,quHﬂ .

In addition to the MSSM soft SUSY breaking terms in Ei‘g}?f M the BRpV model contains
the following extra terms

Vfﬁpv —Bieica LY H? (3)

S

where the B; have units of mass. In what follows, we neglect intergenerational mixing
in the soft terms in eq. ().

The electroweak symmetry is broken when the two Higgs doublets H; and H,, and
the neutral component of the slepton doublets E,l acquire non—zero vacuum expectation
values (vevs). These are calculated via the minimization of the effective potential or, in
the diagrammatic method, via the tadpole equations. The full scalar potential at tree
level is

total § ‘ 8 .
i

where z; is any one of the scalar fields in the superpotential in eq. (), Vp are the
D-terms, and ijtp is given in eq. (B]).

+ Vp + Vs vy (4)

The tree level scalar potential contains the following linear terms
‘/lznear dad + tOO.O + to _'_ tgﬂ2R + t0V3 ) (5)
where the different t° are the tadpoles at tree level. They are given by
tg = (mzd + ,u2>vd + 4D — u(Bvu + viei)
tg = — Buvg + <quu + u2> Vy — Vu D + v; Bi€; + v, €
t) =v D+ €1< — pvg + v, By + vm) + %(UiMEil + Mflivi) (6)
19 = vy D + e2< — g + v, By + vm) + %(vngm + Mg%w)
tg =wv3D + Eg( — pvg + v, Bs + vm) + %(viMfi?, + Mf?ﬂ-vi)
where we have introduced the notation
H)Y Hf ~ LY
Hy = ¢ H, = " ) L= - ) 7
ORI @
and shifted the neutral fields with non-zero vevs as
H =

[o9+vatig)), HS=—=[o04v,+igd], LY = —=[pf+v+ii].(8)

Sl
[\]
[\

7
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The five vacuum expectation values can be expressed in spherical coordinates as

vg = v sin @1 sin 0, sin 05 cos 3

v, = v sin #; sin 6, sin O3 sin 3

v3 = v sin #; sin 6 cos O3 9)
V9 = v sin 6 cos Oy

v; = vcos by

which preserves the MSSM definition tan = v, /vy with the W boson mass given as
my = 197 (vi+va+vi+v3+v3). We have also defined D = £(¢°+¢") (vi+v5+vi+vi—v?)
and €2 = e?+€2+¢€2. A repeated index i in eq. () implies summation over i = 1,2, 3. The
five tree level tadpoles 0 are equal to zero at the minimum of the tree level potential,

and from there one can determine the tree level vacuum expectation values.

2.2. Radiative Breaking of the Electroweak Symmetry

A reliable description of electroweak symmetry breaking and Higgs boson physics in
supersymmetry requires the inclusion of radiative corrections. In the BRpV model the
full scalar potential at one—loop level, called effective potential, is

Viotal = V;tgtal + Vre (10)

where V2, is given in Eq. @) and Ve include the quantum corrections. Following
Refs. [24, 26] we use the diagrammatic method, incorporating the radiative corrections
through the one—loop corrected tadpole equations. The one loop tadpoles are

to =19 — 6tPF £ T,(Q) = 1% + TPR(Q) (11)

where a = d,u, 1,2,3 and TC?_R(Q) = —5t5¥_3 + T, (Q) are the finite one loop tadpoles.
At the minimum of the potential we have t, = 0, and the vevs calculated from these
equations are the renormalized vevs.

Neglecting intergenerational mixing in the soft masses, the five tadpole equations
can be conveniently written in matrix form as
]T

(80,49, 49,49, 43] = MZ,q [Vu, V4, 1, V2, v3] (12)

where the matrix M2, is given in [26] and depends on the vevs only through the D
term defined above.

In the MSSM limit, where ¢; = v; = 0, the angles 6; are equal to /2. In addition
to the above MSSM parameters, our model contains nine new parameters, €;, v; and
B;. Considering we have three tadpole equations one can take either the 3 B; as input
and derive the 3 sneutrino vevs or vice versa, such that we have in total just six new
parameters (compared to the MSSM).

In order to have approximate solutions for the tree level vevs, consider the following
rotation among the Hy; and lepton superfields:

M/fad = :I':{’lv'[t?ad:R’_1 (13)
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where the rotation R can be split as

(5 000 —=s3| [ 00 —s5 0] [
0100 0 010 0 0
R=|0010 0 |[x|0O01 0 0]x
0001 0 s 00 ¢ O
53000 ¢ | LOOO 0 1] |

where the three angles are defined as

K €1 / 2 | 2
Cl:_/a 81:_/9 no= /J“_l_ela
1 1
/
I €2 " 2
02__,,9 52__,,9 no= /J“,2+€2a
1 1
,u// €3
_ _ "o __ "2 2
C3 = —1, S3 = —, =T A €3
1 1

cgc 0 —s; 0 O
01 0 0O
s 0 ¢ 00
00 0 10
00 0 01

(15)

It is clear that this rotation R leaves the D term invariant. The rotated vevs are given

by

A A A A VA T
[Uu7vd7U17U27U3] :R[Uu,vd,vl,UQ,Ug] s

(16)

and under the assumption that v}, v),vf < v, these three small vevs have the

approximate solution

i g [Py BB
]\4111 +D I ,u/,um M/
Ué o ,u/€2 'm}?[d — Mgz Uél i Bg — B/U/:| |
Mfz + D I Iu// ,u/// Iu// u
p'es (i, — M By — B"
gy [P, BB
]\4L3 +D I ,u///z Iu///

where we have defined the following rotated soft terms:

2 2 2 2 22 2 2
o MK —|—ML1€1 v VLM —|—ML2€2 mr

Hy — 2 ) Hy — "2 ) Hy —
I I
B/ _ B:u2 + Bl‘E% B// _ B/ILL/2 + BQE% B/// —
- M/2 ) - M"Q ’ -
2 2 2 2 22 2 2,2
M/2 _ de€1 + MLl'u M/2 _ de€2 + MLZ'U M/2 o
Ly — ) Lo — ) Ly —
1 ,u/2 2 ,u//2 3

As can be seen from eq. (17) the approximation v}, v}, v < v is
a) ¢ < p and/or b) (mj, — M;)/p? < 1 and (B; — B)/p < 1.

B//,u//2 —l—BgE?;,

(17)

n2 ., n2 2 2
mi, 1" + Mj €3

"2
v

Y

,u///2 ’ ( 18)

m/}({ZdEg + M[2,3M//2
M///Z

justified if either

The latter holds

automatically (to some extent) in many models of supersymmetry breaking, as for

example in minimal supergravity Ref. [23].

As in the MSSM, the electroweak symmetry is broken because the large value of the
top quark mass drives the Higgs mass parameter m%{U to negative values at the weak

(14)
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"2

scale via its RGE [47]. In the rotated basis, the parameter p’* is determined at one

loop by

1 ~

"2 2 2 <m/1/{/§ T TLZ*R) B <m§{“ * TLQ*R) tg
pE=—g|mz - Azz(mz)} +

2
71

(19)

where t; = v, /v} is defined in the rotated basis and is analogous to tan 3 in eq. ()

defined in the original basis. The finite DR Z-boson self energy is gzz(mzz), and the

one—loop tadpoles T UZR and T UQTR are obtained by applying to the original tadpoles in

eq. () the rotation R defined in eq. ([[d). The radiative breaking of the electroweak

symmetry is valid in the BRpV model in the usual way: the large value of the top quark
. . 2 . .

Yukawa coupling drives the parameter m3; to negative values, breaking the symmetry

of the scalar potential.

2.3. Neutral fermion mass matriz

Here we consider the tree level structure of the fermion mass matrices in this model.
For a more complete discussion of different mass matrices in BRpV see the Appendix
of Ref. [26]. In the basis °7 = (=X, —i\*, H}, HZ, v, v, v;) the neutral fermion mass

matrix My is given by

Mo m”
My = O (20)
m
where
M, 0  —3gva 39
1 1
M 0= 0 M2 §gvd _§gvu (21)
=39 3904 0 —p
%g’vu —%gvu — 1 0

is the standard MSSM neutralino mass matrix (M, and M; are the SU(2) and U(1)
gaugino soft masses) and

—39'v1 391 0 &
m=| — %g’vg %gvg 0 e (22)
—39'vs 39vs 0 €
characterizes the breaking of R-parity. The full 7 x 7 neutrino/neutralino mass matrix
My is diagonalized as

N*MyN ! = diag(myo, m,,) (23)
where (i = 1,---,4) for the neutralinos, and (j = 1,- -, 3) for the neutrinos.
N MpoN = MG (24)

and the eigenvectors are given by

F = Nij; (25)
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using the basis ¢ = (—iX, —i\3, H}, H2 v, Vyu, V). As discussed in more detail below,
to a very good approximation, the rotation matrix can be written as

N*  Nx¢t

Here, N is the rotation matrix that diagonalizes the 4 x4 MSSM neutralino mass matrix,
V, is the rotation matrix that diagonalizes the tree level neutrino 3 x 3 mass matrix, and
&ij < 1 are the relevant small expansion parameters which characterize the violation of
R—parity and whose form will be given in Sec.

2.4. Charged fermion mass matrizc

The chargino/lepton mass matrix is given by

M, %gvu 0 0 0
%gvd H _% (hp)yy 01 _\% (hi)gy v _% (hE)ss s
M, —
¢ %gvl —€ % (hEg)q; va 0 0
%gw —€ 0 % (h)as va 0
i \%QU:& —€3 0 0 % (hi)ss va

We note that the chargino sector decouples from the lepton sector in the limit ¢; = v; = 0.
As in the MSSM, the chargino mass matrix is diagonalized by two rotation matrices U
and V defined by

U Mps V' = MG (28)
with the eigenvectors satisfying
Fro =V, Fp=Ug; (29)

in the basis )™ = (—i\™, H}, eh i, Tr ) and Y7 = (—i\7, H2 e7,puy, 7 ), and with the
Dirac fermions being

F;
Fvi-i- — (30)
Fr
To first order in the R-Parity violating parameters we have
Vv U ue
V ~ £ % lﬁ ’ Ur % éf (31)
~Vi&, Vi V& Vi
where V/* and V}} diagonalize the charged lepton mass matrix according to Vf*l\/IZVIéT =

Mﬁmg. For most purposes it is sufficient to take £ = 0943, since it is smaller than &,
typically by a factor of m;/msysy. Note, that we can choose V/* = V}? = 15,3. We

then have

21 = alLAi ) ZL2 = agAi + be; (32)



Supersymmetric Origin of Neutrino Mass 8

and

2
L 9 L G Uy
a; = s Ao = — 33
LT A, 2~ TA, (33)
where A, is the determinant of the 2 x 2 chargino mass matrix and

A = pv; + vg€; x v (34)

are the alignment parameters.

3. Tree—level neutrino mass: the atmospheric scale

The tree-level contribution to neutrino masses from broken R parity supersymmetry has
a long history [48]. Thanks to the Super-K findings [1] we will be interested only in the
case where the neutrino mass which is determined at the tree level is small, in order
to account for the atmospheric neutrino data. The above form for My is especially
convenient in this case in order to provide an approximate analytical discussion valid in
the limit of small Jg, violation parameters. Indeed in this case we perform a perturbative
diagonalization of the neutral mass matrix, defining

E=m-My, (35)
Since the effective RpV parameters are smaller than the weak scale, we can work in a
perturbative expansion defined by £ < 1, where £ denotes a 3 x 4 matrix given as [49]

g' Map
1= s N\
it 2det(M o)
g, — — I
2d6t(MX0) ,
&  (9°Mi+ g My)v,
i3 = — — A
S = T T et M)
(g? M, + g"*My)vg
4= - A
S Adet(M,p) (36)

From Eq. (Bd) and Eq. (B4)) one can see that £ = 0 in the MSSM limit where ¢; = 0,
v = 0.
If the elements of this matrix satisfy

V& <1 (37)
then one can use it as expansion parameter in order to find an approximate solution for

the mixing matrix A/
In leading order in £ the mixing matrix N is given by,

(N0 Y [1-defe
N‘(o VE)( ¢ 1—%&6*) (3

The second matrix above block-diagonalizes the mass matrix My approximately to the
form diag(M o, mesy), where

Megy = —m- Mgm®
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A2 AN, A,
_ Mlg2 +Mzg/2 e ) iz
e W VY A W (39)
4d€t(./\/lxo) AeAT AuAT A2

The sub-matrices NV and V,, diagonalize M,o0 and m.ys
N*M,wNT = diag(m,p), (40)
V.'mesV, = diag(0,0,m,), (41)

where

Myg? + Mg &
matt e N (42)

4 det(./\/lxo)

The special form of the neutralino/neutrino mass matrix implies that the effective
neutrino mass matrix m. s generated after diagonalizing out the heavy neutralinos has a
projective form, a feature common to many spontaneous R—parity violating models [4§].
This implies that only one neutrino acquires a tree level mass, the other two remaining
massless [48]. As a result at the tree approximation one can rotate away one of the

m, = Tr(meff) =

three angles in the matrix V,,, leading to

1 0 0 cosfi3 0 —sinfq3
V,=1 0 coslyy —sinfes | X 0 1 0 , (43)
0 sinflyz  cosbys sinfi3 0 cosbis

where the mixing angles can be expressed in terms of the alignment vector X as follows:

tan 913 = —Ll, (44)
(AZ +A2)>
tan 923 = —% (45)

The non-zero tree-level eigenvalue of the neutrino mass matrix is identified with the
atmospheric mass scale. The calculated Am?, = can be expressed as a function of the

Am?,,,. eV
Amy, [eV?]

0.05 008 01 012 1 2 3 5
4] [Gev?] 10°(K]/(vBop)

Figure 1. Am?2,  versus the BRpV alignment parameters

alignment parameter A (left in Fig. [), or as function of |A|/(v/Map) (right in Fig. ),
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all of these expressed in GeV. The figure shows that Eq. ([@2) can be used to fix the
relative size of R-parity breaking parameters to obtain the correct Am?2, . On the other
hand, as shown in Fig Bthe atmospheric angle can be expressed in terms of A, /A;. Its

maximality is obtained for A, ~ A; if A, is smaller than the other two. Let us stress

100

sin?(20 41,

10—2 I | L
1071 10° 10t
|/ A

Figure 2. The atmospheric angle versus the ratio of BRpV parameters |A,,/A;|

once again that there is no solar mass splitting in the tree approximation so that, as a
result, the “solar angle” is not defined, as it can be rotated away by redefining the two

degenerate neutrinos [14].

4. One—loop—induced neutrino mass: the solar scale

As we just saw in the BRpV model the atmospheric mass scale and mixing arises at
the tree-level. We now discuss the determination of solar neutrino masses and mixings,
which are both generated radiatively. One-loop corrections to the neutrino masses can
be calculated numerically [26] or analytically [24]. While the numerical approach can
give “exact” results (exact in the sense of being correct up to higher order effects), the
analytic approach, while being less accurate, gives a better understanding about which
parameters control the loops and thus the solar neutrino mass and angles in our model.
The discussion will therefore mainly concentrate on the analytical calculations.

In principle, in order to find the correct neutrino mixing angles one has to
diagonalize the one-loop corrected neutralino/neutrino mass matrix. We define

ole DR
M = M3™(Q) + AM; (46)

where MZ-?_R(Q) is the tree-level pole mass and DR indicates the dimensional reduction
scheme we used in the numerical calculation. One-loop corrections are

AMy; = § [T (m?) + T m2)] = & [myo S m?) +myShmd)] - (47)

where the symmetrization is necessary to achieve gauge invariance and consistency with
the Pauli principle. Here II' and XV are the renormalized self-energies. They contain
products of couplings and the usual Passarino-Veltman functions [50].
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Diagonalizing the tree-level neutrino mass matrix first and adding then the one-loop
corrections before re-diagonalization one finds that the resulting neutrino/neutralino
mass matrix has non-zero entries in the neutrino/neutrino, the neutrino/neutralino and
in the neutralino/neutralino sectors. We have found [24] that the most important part
of the one-loop neutrino masses derives from the neutrino/neutrino sector and that the
one-loop induced neutrino/neutralino mixing is usually negligible.

The relevant topologies for the one loop calculation of neutrino masses are then
illustrated in FigBl Here our conventions are as follows: open circles with a cross

Figure 3. Topologies for neutrino self-energies in the BRpV supersymmetric model

inside indicate genuine mass insertions which flip chirality. On the other hand open
circles without a cross correspond to small R-Parity violating projections, indicating
how much of an Rp-even/odd mass eigenstate is present in a given Rp-odd/even weak
eigenstate. In the actual numerical calculation these projections really belong to the
coupling matrices attached to the vertices. However, given the smallness of Rp-violating
effects, the pre-diagonalization “insertion-method” proves to be a rather useful tool to
develop an analytical perturbative expansion and to acquire a simple understanding of
the results.

These topologies have then to be “filled” with all relevant combinations of
particles/sparticles. ~ Here we will concentrate on discussing the loop involving
bottom/sbottom quarks, since a) it is in large parts of parameter space the numerically
most important one. And b) other loops can be calculated in a very similar way [24],
although they are more complicated.

The relevant Feynman rules for the bottom-sbottom loops are, in the case of left
sbottoms:

b; (1- 1
j bnb (1=7s5) bnb (147s5)
[OLZJ ORZ] 2 }
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with
O%f;’ = — R?lhb Rb \/_ tan Oy,
O%"j; Rb f (N2 — 2 tan Oy Ny ) — Rb,hoN (48)

After approximating the rotation matrix A we find that expressions with the
replacement N' — N are valid when the neutral fermion is a neutralino. When the
neutral fermion I is a neutrino, the following expressions hold

2 —
J tan HWa1|A|5,-/3

3v2
tan Oya; — &2) |A|5 3+ Rbghb (a3|K|5i’3 + bgz’/) (49)

Ot ~ R;?lhb (sl B16ws + ) + Ry

ot~ Fy - (4
where i = i—4 label one of the neutrinos. Rg’-k are the rotation matrices connecting weak
and mass eigenstate basis for the scalar bottom quarks. In case of no intergenerational
mixing in the squark sector Rg’-k can be parameterized by just one diagonalizing angle
0;.

Putting these couplings together one finds the simplest contribution to the
radiatively induced neutrino mass from loops involving bottom quarks and squarks [26]

T NC mn n nb nb

[15(0) = =555 > (OO + OOk ) myBo(0, mif, m?) (50)
where By(0, m?, m?) is a Passarino-Veltman function [5(] can be written as follows

- N,

IL;; = 16mzb2sbcbh2ABb1b2 (51)

G (€055 + &013) |A] + <a2 + %) 5i50:5| A
(ILLQ J ] 3 hb J )

This expression is proportional to the difference of two By functions,

ABY® = By(0,m,m2 ) — Bo(0,mg, m2) (52)

Parameters A; have been defined above. The ¢ parameters are defined as €; = (VVT)U €j
and are given by

€o(A2 4+ A2) — (Mg, + Arer)

R/ =y v/
Are, — Ayer
VA +AZ
N A-¢
€3 =

AR A2

On the other hand ar r are defined as

g (1 g 2
ap = ﬁ (gtwch — a2) ; arp = E gtWal (54)

The different terms in eq. (B&Il) can be understood as coming from the graphs
corresponding to the first topology of Fig. Bl They have been depicted in more detail in
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B Sb.,(_)l\.(fEN . G /l_)l_\SI;N
. b by L . I N
TR T e T
a3|A|5J3 + bgj b 0’3|A|5i3 + be; (a2, CL1)|K|5J3 b a1|K|5i3

Figure 4. Bottom—Sbottom diagrams for solar neutrino mass in the BRpV model

Fig. @l where we have adopted the following conventions: a) as before, open circles
correspond to small R-parity violating projections, indicating how much of a weak
eigenstate is present in a given mass eigenstate, (b) full circles correspond to R-parity
conserving projections and (c) open circles with a cross inside indicate genuine mass
insertions which flip chirality.

The open and full circles should really appear at the vertices since the particles
propagating in the loop are the mass eigenstates. We have however separated them to
better identify the origin of the various terms. There is another set of graphs analogous
to the previous ones which corresponds to the heavy sbottom. They are obtained from
the previous graphs making the replacement by — b2, s; — ¢; and ¢ — —s;. Note
that for all contributions to the 2 x 2 sub-matrix corresponding to the light neutrinos
the divergence from By (0, m2, mgl) is canceled by the divergence from By(0,m2, mgz),
making finite the contribution from bottom-sbottom loops to this sub-matrix, as it
should be, since the mass is fully “calculable”.

The second most important contribution to the radiatively induced neutrino
mass usually comes from charged-scalar/charged-fermion loops [26]. Since all possible
topologies of Fig. (3) contribute to this loop the structure of the contribution from
charged Higgs/slepton loops is more complex than that of the bottom-sbottom loop
considered above. However, the same topology as for the sbottom/bottom loop also
contributes to the charged scalar loop. It leads to a final expression similar to eq.
(B1D), with appropriate replacements, which is good enough for an order-of-magnitude
estimate of the charged scalar loop.

4.1. Results for the solar mass scale

We give a discussion of the analytical versus numerical results of the solar mass scale
first. In Fig. (H) we show a comparison of approximate and exact calculation for two
different numerical data sets. In both figures we show the ratio of the approximate-over-

exact solar neutrino mass parameter mApp’" / mex‘wt versus Am?2,, in eV?2, where mj‘f’” is

SOL
the approximate loop calculation 1nv01v1ng the bottom-sbottom and the charged scalar
loop, while m{** is the exact numerical computation taking into account all loops. The
set to the left called “Ntrl” contains neutralinos being the LSP, while the set to the right

(Stau) has the charged scalar tau as LSP.

exact
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Figure 5. (miPP"/m&*ect) versus Am2, [eV?] for the set Ntrl (left) and the set
Stau (right). mfzppr is the sum of the bottom-sbottom and charged scalar loops, while

m,ej;”‘m is the numerical result for all loops. In case of LMA the approximation works

always better than 10 %.

We have found numerically that the terms proportional to €; x €; in the self energies
in Eq. (&) give the most important contribution to m,, in the bottom-sbottom loop
calculation in most points of our sets. If these terms are dominant one can find a very
simple approximation for the bottom-sbottom loop contribution to m,,. It is given by

(22
My, = % sin (265 )my A BY" (61%62) (55)
Eq. (B3) works surprisingly well for almost all points in our data sets.

The more complicated structure of the charged scalar loop makes it difficult to give
a simple equation for m,, similar to Eq. (B3) for the bottom-sbottom loop. However,
we note that Eq. (BH), with appropriate replacements, allows us to estimate the typical
contributions to the charged scalar loop within a factor of ~ 3. However, such an

estimate will be biased toward too small or too large m,, depending mainly on which
SUSY particle is the LSP ﬂﬂ]

4.2. Analytical approximation for the solar mixing angle

In the basis where the tree-level neutrino mass matrix is diagonal the mass matrix at
one—loop level can be written as
CIE1€1  C1€16 C1€1€3
~ 0)T 0 ~~ ~~ ~~
m, = VOTm, VO = | /& 6 C1€2€3 +-- (56)
Clgggl Clgggg Co|A|2 + Clgggg
where the € were defined before in Eq. (B3)). Coefficients ¢y and ¢; contain couplings

and supersymmetric masses. Since they cancel in the final expression for the angle their
exact definition is not necessary in the following. Dots stand for other terms which
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we will assume to be less important in the following. This matrix can be diagonalized
approximately taking in account that

=12
e (57)
col AJ?
Then
€161 €169 €1€3
T ——= — r——"
€[> le? €]
o €967 €9€: €9€:
M=l | v = 2= == (58)
€[> le? €]
€3€1 €3€9 14 63_53

rXr— T —
€[> fe? €]
The rotation matrix that diagonalizes m,, in Eq. (B8) can be written as
VIm,V, = diag(my, ma, ms) (59)
where

€11 €12 €13
T
V,, = €21 €22 €23 (60)

€31 €32 €33

The lepton mixing matrix is then given by

~N\T
U:Qﬁﬁ) (61)
The expression for the solar mixing angle can be obtained from:
U2
tan? fyo, = —2 (62)
SOL Ue21

From the above equations we obtain the very simple expression for the solar mixing
angle,

taIl2 GSOL - (63)

NUNAY

This formula is a very good approximation if the one-loop matrix has the structure
€; X €;, as is the case of the bottom-sbottom loop if m,, > m,,, as illustrated in Fig. @

In the left panel we show a calculation comparing for all points the approximate
to the exact solar angle in the set with neutralino LSP, while the right panel shows a
subset of points with the cut sin(26;)AB;*™ > 0.02. Note that this cut is designed so
as to favor points in which there is a sizeable bottom-sbottom loop contribution to the
full one-loop neutrino mass. One sees from the right panel that for this case the true
solar angle is well approximated by our analytical formula. Note finally that eq. (G3)
will fail completely, if A, = A, and €, = ¢, since then €5 = 0, see Eq. (B3). This is the
origin of the “sign condition” discussed in [26].
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Figure 6. (tan? GSOLA /tan? HSOLEMCt) versus tan? sor, . On the left panel the
darker region contains over 90% of the points in our sample. In the right panel the
points in the region shown satisfy the cut sin(26;)AB;*™ > 0.02 .

5. Testing neutrino properties at high energy accelerators

Since R-parity is broken in our model, the lightest supersymmetric particle is unstable
and decays. This leads to the exciting possiblity to test the bilinear model at future
colliders, such as the LHC or a possible Linear Collider.

The principle idea of such a collider test [39, 41|, 43] is easily understood: Bilinear R~
parity breaking leads to mixing between particles and sparticles with the same quantum
numbers, as discussed above extensively for the case of neutrinos/neutralinos. This
mixing, however, is not arbitrarily different for each particle/sparticle species. In fact,
the bilinear model has just six new parameters, which we choose to be ¢ and A;,
compared to the MSSM. Essentially five of these six can be fixed from neutrino physics.

Thus, if the MSSM parameters were known, all mixing effects could be calculated
and thus all decay properties of the LSP would be fixed - apart from the effects of the
last unknown parameter. In reality, however, the MSSM soft SUSY breaking parameters
are completely unknown. The approach taken in [39, 41|, 43] therefore is to calculate
ratios of branching ratios of different decays. By taking ratios one essentially scales
out the unknown MSSM parameters approximately and obtains observables which are
proportional to either A;/A; or €;/€; (or some weird combination thereof). Which ratio
one measures depends of course on the final state and the LSP under consideration.
Since ratios of A;’s (or ¢;’s) are correlated with the neutrino angles, as discussed above,
fixing neutrino angles from experimental data therefore gives definite predictions for
some ratios of branching ratios.

One example is shown in Fig. [, where ratio of branching ratios of neutralino LSP
decays are plotted. Note that Br(uqq')/Br(7qq’) is directly proportional to tan®(fam),
i.e. should be near ~ 1 according to current neutrino data. The spread in the points
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Figure 7. Ratio of branching ratios of neutralino LSP decays. To the left:
Br(uqq')/Br(rqq’) as a function of tan?(04m). To the right: Br(eqq’)/Br(rqq’) as
a function of UZ. Whether bilinear R-parity breaking SUSY is responsible for
atmospheric neutrino oscillations can be checked by such a measurement. Note that
the spread of the points is entirely due to the unknown MSSM parameters. Even a
moderately accurate input of MSSM parameters will lead to much sharper predictions
for these decays.

is due to the unknown MSSM parameters. Of course, once SUSY is discovered these
unknowns will be measured allowing for much sharper tests of the model than indicated
in Fig. [@

A second example is shown in Fig. B where we show Br(7, — Y ve)/ Br(7y —
S~ vu) as a function of (€;/e5)? (left) and as a function of tan?(6,) (right). Obviously
this ratio is strongly correlated with the solar angle and thus, if scalar taus turn out to
be the LSP, such a measurement would provide an excellent check of the bilinear model
as the origin of the solar neutrino mass scale.

With the LSP unstable, in principle any sparticle can be the LSP. In [43] the
remaining candidates have been discussed: Charginos, scalar quarks, gluinos and scalar
neutrinos. The main conclusion of [43] is that whichever SUSY particle is the LSP,
measurements of branching ratios at future accelerators will provide a definite test of
bilinear R-parity breaking as the model of neutrino mass. We just mention that chargino
LSPs would be more sensitive to atmospheric neutrino physics (as are neutralinos) while
the other LSP candidates mentioned above show more dependence on the solar neutrino
angle.

6. Discussion and conclusions

We have presented a brief review of the idea that supersymmetry with explicit bilinear
breaking of R-parity is the origin of neutrino masses and lepton mixing. The bilinear R-
parity breaking (BRpV) model is the simplest extension of the minimal supersymmetric
standard model (MSSM) which includes lepton number violation. We have seen how
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Figure 8. Ratio of branching ratios of scalar tau LSP decays. To the left:
Br(7 — Y- ve) /Br(71 — > vpu) as a function of (e1/e2)?. To the right: as a function
of tan? (). Whether bilinear R-parity breaking SUSY is responsible for solar neutrino
oscillations can be checked by such a measurement if scalar taus are the LSP.

it leads to a successful phenomenological model for neutrino oscillations, in accordance
to present neutrino data. The pattern of neutrino masses is hierarchical, with the
atmospheric mass scale arising at the tree level whereas the solar scale is induced from
calculable loop corrections. We saw how, in contrast to seesaw models, the BRpV model
can be probed at future collider experiments, like the LHC or the NLC. Indeed we have
discussed how, irrespective of the supersymmetric particle which is the lightest, its decay
pattern will be directly related with the lepton mixing angles determined in low energy
neutrino experiments.
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