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ABSTRACT: The urSSM has been proposed to solve simultaneously the p-problem of the
MSSM and explain current neutrino data. The model breaks lepton number as well as
R-parity. In this paper we study the phenomenology of this proposal concentrating on
neutrino masses and the decay of the lightest supersymmetric particle (LSP). At first we
investigate in detail the purSSM with one generation of singlets, which can explain all
neutrino data, once 1-loop corrections are taken into account. Then we study variations of
the model with more singlets, which can generate all neutrino masses and mixings at tree-
level. We calculate the decay properties of the lightest supersymmetric particle, assumed
to be the lightest neutralino, taking into account all possible final states. The parameter
regions where the LSP decays within the LHC detectors but with a length large enough to
show a displaced vertex are identified. Decay branching ratios of certain final states show
characteristic correlations with the measured neutrino angles, allowing to test the model at
the LHC. Finally we briefly discuss possible signatures, which allow to distinguish between
different R-parity breaking models.
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1 Introduction

The Minimal Supersymmetric extension of the Standard Model (MSSM) [1] assumes that
R-parity is conserved. R-parity (R,) [2], defined as R, = (—1)*B+£+25 was originally

introduced to guarantee the stability of the proton in supersymmetric models [3, 4]. It has



two immediate consequences: First, the lightest supersymmetric particle (LSP) is stable.
For cosmological reasons a stable LSP has to be electrically neutral, thus leading to the
“standard” missing momentum signature of SUSY. Second, the MSSM with R, for the
same reasons as the SM, predicts zero neutrino masses.

Neutrino oscillation experiments have demonstrated that at least two neutrinos have
non-zero mass [5-7]. Especially remarkable is that data from both atmospheric neutrino [8]
and from reactor neutrino measurements [9] now show the characteristic L/FE dependence
expected from oscillations, ruling out or seriously disfavouring other explanations of the
observed neutrino deficits. It is fair to say that with the most recent data by the Kam-
LAND [9], Super-K [10] and MINOS collaborations [11] neutrino physics has finally entered
the precision era. (For the latest evaluation of allowed neutrino parameter regions, see for
example the updated fits in [12].)

Non-zero neutrino masses can be easily included into the standard model by simply
adding right-handed neutrinos, postulating the existence of a (AL = 2) dimension-5 opera-
tor [13] of unspecified origin or by introducing the seesaw mechanism with either fermionic
singlets [14-16], a scalar triplet [17, 18] or fermionic triplets [19]. Neutrino masses could
be induced also at 1-loop-level [20] or even at 2-loop order [18, 21, 22].

While all of the neutrino mass models mentioned above can be easily supersym-
metrized, there is also an entirely supersymmetric possibility to generate Majorana neutrino
masses: R-parity violation [23-25]. Different models of (lepton number violating) R-parity
violation have been discussed in the literature. Within the MSSM particle content R-parity
can be broken explicitly either by bilinear or by trilinear terms [24]. The huge number of
free parameters in the trilinear model, however, makes such a general ansatz rather arbi-
trary. Attempts to reduce the number of free parameters based on discrete symmetries
have been discussed in the literature [26-29]. One could also postulate that lepton number
is conserved at the superpotential level, broken only by the vacuum expectation value (vev)

L Bilinear

of some singlet field [30]. This is called spontaneous R-parity violation (s-I, ).
R, (b-RR, ) can be understood as the low-energy limit of some s-R, model, where the new
singlet fields are all decoupled. Such a bilinear model has only six new R, parameters and is
thus more predictive than the general case with all possible bilinear and trilinear couplings.?

The phenomenology of R, SUSY has been studied extensively in the past, for reviews
see [33, 34]. Neutrino masses have been calculated with trilinear couplings [24] and for
pure bilinear models [35-37]. Neutrino angles are not predicted in either schemes, but
can be easily fitted to experimental data. In bilinear schemes the requirement to correctly
explain neutrino data fixes all )£, couplings in sufficiently small intervals such that in some
specific final states of the decays of the LSP correlations with neutrino angles appear. This
has been shown for a (bino-dominated) neutralino LSP in [38], for charged scalar LSPs

!The first model to propose s-It, [23] used the left-sneutrinos to break R,. This leads to a doublet
Majoron, now ruled out by LEP data [31].

?In [32] it has been proposed that the trilinear parameters follow the hierarchies of the standard model
Yukawa couplings. This is very similar to the pure bilinear model, which in the mass eigenstate basis
has effective trilinear parameters given by products of bilinear parameters and down quark/charged lepton
Yukawa couplings.



in [39] and for sneutrino, chargino, gluino and squark LSPs in [40]. Such a tight connection
between neutrino physics and LSP decays is lost, however, in the general trilinear-plus-
bilinear case. (For some recent work on collider phenomenology in trilinear R, , see for
example [41-44] and references in [33].)

The superpotential of the MSSM contains a mass term for the Higgs superfields,
Mﬁdﬁu- For phenomenological reasons this parameter p must be of the order of the
electro-weak scale. However, if there is a larger scale in the theory, like the grand unifica-
tion scale, the natural value of u lies at this large scale. This is, in short, the u-problem
of the MSSM [45]. The Next-to-Minimal SSM (NMSSM) provides a solution to this prob-
lem [46, 47], at the cost of introducing a new singlet field. The vev of the singlet produces
the p term, once electro-weak symmetry is broken. (For some recent papers on the phe-
nomenology of the NMSSM, see for example [48-50] and references therein.)

The prSSM [51] proposes to use the same singlet superfield(s) which generate the p
term to also generate Dirac mass terms for the observed left-handed neutrinos. Lepton
number in this approach is broken explicitly by cubic terms coupling only singlets. R, is
broken also and Majorana neutrino masses are generated once electro-weak symmetry is
broken. Two recent papers have studied the prSSM in more detail. In [52] the authors
analyze the parameter space of the urSSM, putting special emphasis on constraints arising
from correct electro-weak symmetry breaking, avoiding tachyonic states and Landau poles
in the parameters. The phenomenology of the urSSM has been studied also in [53]. In this
paper formulas for tree-level neutrino masses are given and decays of a neutralino LSP to
two-body (W-lepton) final states have been calculated [53].

We note that similar proposals have been discussed in the literature. [54] studied a
model in which the NMSSM singlet is coupled to (right-handed) singlet neutrino superfields.
Effectively this leads to a model which is very similar to the NMSSM with explicit bilinear
terms, as studied for example also in [55]. In [56] the authors propose a model similar to
the prSSM, but with only one singlet.

In the present paper, we study the phenomenology of the urSSM, extending previous
work [51-53]. We consider two different variations of the model. In its simplest form
the pvSSM contains only one new singlet. This version produces one neutrino mass at
tree-level, while the remaining two neutrinos receive mass at the loop-level. This feature
is very similar to bilinear R-parity breaking, although as discussed below, the relative
importance of the various loops is different for the explicit bilinear model and the purSSM.
As in the explicit bilinear model neutrino angles restrict the allowed range of I, parameters
and correlations between certain ratios of decay branching ratios of the LSP and neutrino
angles appear. In the second version we allow for n singlets. Neutrino masses can then
be fitted with tree-level physics only. However, many of the features of the one generation
model remain at least qualitatively also in the n singlet variants. LSP decays (for a bino or
a singlino LSP) can be correlated with either the solar or atmospheric angle, thus allowing
to construct explicit tests of the model for the LHC. In contrast to [53] we consider all
kinematically allowed final states. This does not only cover scenarios where two-body
decays are important, but also those where three-body decays are dominant. In addition
we show that even in the scenarios where two-body decay modes in singlet Higgs bosons
dominante, the lifetime can be such that the LSP decays outside the detector.



This paper is organized as follows. In the next section we outline the model, give the
soft breaking terms, discuss the mass matrices and calculate approximate formulas for neu-
trino masses. We will not use the approximate formulas in our numerical analysis, but give
them explicitly because they allow to understand in an easy way our numerical results qual-
itatively. In section III we discuss existing constraints on the model space, apart from neu-
trino physics, and outline the properties of the “standard” points, which we will use in our
numerical analysis. We then turn to the collider phenomenology of the model. In section IV
we study the one generation variant of the urSSM. Decays of scalars are briefly discussed,
before calculating decay properties of the neutralino LSP. Section V gives a discussion of
the LSP phenomenology for the n generation variant, although we will mainly focus on two
generations. Similarities and differences to the one generation model are discussed. In sec-
tion VI we then give a short, mostly qualitative discussion of possible signals which might
give some hints which R-parity breaking model is indeed realized in nature, before closing
with a short summary. Mass matrices and couplings are given in various appendices.

2 Model basics

In this section we introduce the model, work out its most important properties related to
phenomenology and neutrino masses and mixings. As explained in the introduction, we
will consider the n generations case in this section. Approximate formulas are then given
for scalar masses for the one (1) #°-model and for neutrino masses for the 1 and 2 7°-model.

2.1 Superpotential

The model contains n generations of right-handed neutrino singlets. The superpotential
can be written as

W = h;} Aiﬁjﬁu + h%@lﬁjﬁd + h%zlﬁjﬁd
+hzuszll/)§ﬁu - )‘sﬁgﬁdﬁu + S RstulVs Vi Vy - (2.1)

The last three terms include the right-handed neutrino superfields, which additionally play
the role of the ® superfield in the NMSSM [46], a gauge singlet with respect to the SM
gauge group. The model does not contain any terms with dimensions of mass, providing
a natural solution to the p-problem of the MSSM. Please note, that as the number of
right-handed neutrino superfields can be different from 3 we use the letters s, t and u as
generation indices for the 7¢ superfields and reserve the letter 7, j and k as generation
indices for the usual MSSM matter fields.

The last two terms in (2.1) explicitly break lepton number and thus R-parity giving rise
to neutrino masses. Note that kg, is completely symmetric in all its indices. In contrast to
other models with R-parity violation, this model does not need the presence of unnaturally
small parameters with dimensions of mass, like in bilinear R-parity breaking models [34],
and there is no Goldstone boson associated with the breaking of lepton number [23, 57, 58],
since breaking of R, is done explicitly.



For practical purposes, it is useful to write the superpotential in the basis where the
right-handed neutrinos have a diagonal mass matrix. Since their masses are induced by the
k term in (2.1), this is equivalent to writing this term including only diagonal couplings:

A Nk (2.2)

2.2 Soft terms
The soft SUSY breaking terms of the model are

MSSM—-B in;
Viort = Viogy "+ Ve (2.3)
Vsﬁ/f[{q SM—By contains all the usual soft terms of the MSSM but the B,-term
Vs%tSSMiB“ = i’ QG*Q] + my 20, U; + m?) D; D} + mlL] LEFLY + mg E;E}

+m¥y HY HY +mi HY HY — 3 [leﬁ’OBO + MWW + M3g%g% + h.c.]
tean [THQIUIHY + T QDI HG + TJLYETHG + h.c.) (2.4)

and Vsmglets includes the new terms with singlets:

Vssoiff;glets — mf/tc%@tc* + € [ T3 LeDfH? — TS 0CHYH? + h.c]+ 3'T:tuljcytcyc Y hel| (2.5)
In these expressions the notation for the soft trilinear couplings introduced in [59, 60]
is used. Note that the rotation made in the superpotential does not necessarily diag-
onalize the soft trilinear terms T5'" implying in general additional mixing between the
right-handed sneutrinos.

2.3 Scalar potential and its minimization

Summing up the different contributions, the scalar potential considering only neutral
fields reads
V=Vp+Vp+ Vot (2.6)

with

Vo = £(6* +67) (!HO — |HYP Zm) 27)

Vi = |hiSi0¢ — NGCHI? + | A0S HO? +Z|hzs 02

+3

. 1 2
hisp HY — \,HOHY + 5@(5;)2

where summation over repeated indices is implied.



This scalar potential determines the structure of the vacuum, inducing vevs:

_ v _ % pey — VBs S .

In particular, the vevs for the right-handed sneutrinos generate effective bilinear couplings:

U

NN ~ o~ L~ URs = VRs =~ =~ ~ ~ ~
WSLivCH, — NoCH H, = WL ﬁHu - )\STSHdHu = ¢;L;H, — pH.H, (2.10)

Since by electroweak symmetry breaking an effective p term is generated, it is at the
electroweak scale. Minimizing the scalar potential gives the following tadpole equations at

tree-level
2—1‘; = é(g2 + g'z)u%d + m%{dvd + %vd)\s)\:vRszt + %vdvi)\s)\:
Ly * Lo st Lo o ywpis
—ngSvu(ns)\S + h.c.) — Zvi()‘ShV VRsVRt + h.c.) — Zvuvi()‘shu + h.c.)
_ﬁvuvRs(Tf +he) =0 (2.11)
g—:; = —é(g2 + g, + mfguvu + %UUASAIvRszt + %vﬁvu)\s)\;‘ - %vfﬁvd(ns)\;‘ + h.c.)
+évi1}%{s(l€:h? + h.c.) — %vdvuvi()\:hf}’ +h.c)+ %quz‘vjhff(h{f)*
%vuhf(hﬁ)*%m - %ﬁvdvRs(Tf +he) + %vivRs(Tﬁi Fhe)=0 (2.12)
g_vvi = %(92 + ¢*)utv; + %(m%ij + m%ji)vj — ivdvi()\:hf,s + h.c.)
—i—%v%svu(n:hf + h.c.) — ivd(A:vRsvmhff + h.c.) + ivj(vRszthis(h{;t)* + h.c.)
—i—iviw(hff(h{f)* + h.c.) + %UUJ?)RS(T;S + h.c.) =0 (2.13)
8(2)‘1; = m?,csszS — ivdvuvRS(/ﬁs)\: + h.c.) + iﬁsn:v%s
—i—ivuvRsvj(n;‘h{f + h.c.) + i(vi + 02) (A AfvRs + hoc.) + %vi[his(h{,t)*vm + h.c.
—i—ivmvn[(hgw)*hﬁtvm + h.c.] — ivdvj(AZ‘h{;SvRt -+ )\:vRth{f + h.c.)
_ﬁvdvu(Tf + h.c.) + %ﬂvuvj(T}{j + h.c.) + ﬁivRth“ (T + h.e) =0
(2.14)
with
u? = v —v2 40} + 02 4 03 (2.15)

and there is no sum over the index s in Equation (2.14).
As usual in R-parity breaking models with right-handed neutrinos, see for example
the model proposed in [30], it is possible to explain the smallness of the v; in terms of the



smallness of the Yukawa couplings h,, that generate Dirac masses for the neutrinos. This
can be easily seen from Equation (2.13), where both quantities are proportional. Moreover,
as shown in [51], taking the limit h,, — 0 and, consequently, v; — 0, one recovers the tadpole
equations of the NMSSM, ensuring the existence of solutions to this set of equations.

2.4 Masses of the neutral scalars and pseudoscalars

In this subsection we work out the main features of the neutral scalar sector mainly focusing
on singlets. The complete mass matrices are given in appendix A. We start with the one
generation case which closely resembles the NMSSM, considered, for example, in [61, 62].
This already implies an upper bound on the lightest doublet Higgs mass m(h"), where we
will focus on at the end of this subsection. A correct description of neutrino physics implies
small values for the vevs v; of the left sneutrinos and small Yukawa couplings h, as we will
see later. Neglecting mixing terms proportional to these quantities, the (6 x 6) mass matrix
of the pseudoscalars in the basis T m(Hg, H?. ¢, ;) given in appendix A, Equation (A.20),
can be decomposed in two (3 x 3) blocks. By using the tadpole equations we obtain

My Mg 0

Mo = | (Mfs)" Mg 0 (2.16)
2
0 0 Mii
with
Q4+ Q)2 Q40 20 + Q)
M}Z{H: (1 + 2)Ud 1+ 42 , M[Q{S: ( 1+ Q)gR
Q+Q (U +Q) (=2 + Qo) £
. 1 1 1
Mg = (403 + Qp) 20 30, (m2) =5(m2) +5 (m2) +y [—(92+9/2)u2]
R ij 2 ij 2 ji 8

where u? is defined in Equation (2.15). The parameters €2; are defined as:

1 1
—  (T\+T})vg, Q3=—(T.+Tvr (218
2\/§(A 3) VR 3 4\/5( Jur (2.18)

The upper (3 x 3) block contains the mass terms for I'm(Hy), Im(H,) and Im(r°) and we
get analytic expressions for the eigenvalues:

1
Q) = 3 (K" 4+ NR) v, Q=

m?(PY) =0
1 . .\ 3
m2(PY) = (Ql+92)<%+v—+vd;’>—§as—\/f

Vy Vg vp

u 3
mQ(P??):i(Ql+QQ)<Zj +U__|_Udv>__93+\/—
) 2
with F=< (1 + Q2) (—d+— du)——Qs)

2 2
+3(Q1 + Q) Q3 ( —> — 90,05 <v—§ - Z—’j) (2.19)
u d U




The first eigenvalue corresponds to the Goldstone boson due to spontaneous symmetry

breaking. To get only positive eigenvalues for the physical states, the condition

has to be fulfilled, implying that T, has in general the opposite sign of vg. Additional
constraints on the parameters are obtained from the positiveness of the squared masses of
the neutral scalars. Taking the scalar mass matrix from appendix A, Equation (A.11), in

the basis Re(HY, H),7°, ;) in the same limit as above we obtain
Vi Mg 0
2
Mgo = | (Mpg)" Mgg 0 (2.21)
0 0 M%Z

with

M2 ( + Qo) 34 + Qe — — Qo — Q6 + Uy
HIE =01 = 0y — Q6+ Qu (1 + Q) 2+ Qg )7

Mg = ({20 D)
(—291 — QQ) U_}i + Q4£
vq0.
Mg = Q-5" + Q5 + Qs
VR

1
(g2 + g/2) vv; + = <m2~> -+
2 L iJ

/‘i\
o
[l
N—
<
|
]

using the additional parameters

(P +9?) vavy >0 . (2.23)

o |

1
Q4 = A\ vqv, > 0, Q5 = 5/@/{*1}% >0, Qe =

An analytic determination of the eigenvalues is possible but not very illuminating. However,
one can use the following theorem: A symmetric matrix is positive definite, if all eigenvalues
are positive and this is equal to the positiveness of all principal minors (Sylvester criterion).
This results in the following three conditions

0 < (Q + Q) % 4 Q62
Vd (¥

u

2 2
0 < (9 + Q) (Qﬁ (—g ; —2> 20+ 294> 20,00 - 02
u d
0<Q3— fa(2) (2.24)



where f5(€Q2) is given by:

5
fa(Q) ==L with
)

D1 = (1 + Q) Q5 (-2 + 206) + (QF — 2Q4Q) s

2.2 Vd Uy, 2 1 ’Ug ?}2
+ (1 + Q) Qv (U—g + 5) + (497 + 3Q2:0) QG% (E + o

U d
v | v 2 VR
—(Ql+Qg)Q596 —2—|-—2 +2(Ql+QQ—Q4+296)Q4
v w3 Vgl

— 220 + Q) (201 + 20 — Q + 206) U (% N Z_>
U d

+ [1607 + 8 (405 — Q4 + Q6) QF + 1021 Q5 (20 — Qy + Q)

Vly
+Q5 (292 — Q4) (292 — Q4+ 296)] 3—2
R
’U2 'U2
Yo = (Ql + Qg) Qg <U—C2l + v—g> +2 (Ql + Q2) (Q4 - 96)
U d
+ 20406 — O3 (2.25)

The first two conditions are in general fulfilled, but for special values of tan 3 or A\. Putting

all the above together we get the following conditions:

f2(Q2) < Q3 < f1(Q2) (2.26)

It turns out that by taking a negative value of Q3 (o< T,) near f2(£22) one obtains a very
light singlet scalar, whereas for a value of Q3 near fi(€2) one gets a very light singlet
pseudoscalar. In between one finds a value of 23, where both particles have the same
mass. This discussion is comparable to formula (37) in [62] for the NMSSM. Moreover, a
small mass of the singlet scalar and/or pseudoscalar comes always together with a small
mass of the singlet fermion.

In the n generation case similar result holds as long as 7T, and m%c do not have off-
diagonal entries compared to k. Inspecting Equations (A.15) and (A.24) it is possible
to show that the singlet scalars and pseudoscalars can be heavy by appropriately chosen
values for the off-diagonal entries of T); while keeping at the same time the singlet fermions
relatively light, as will be discussed later. As pointed out in [52], the NMSSM upper bound
on the lightest doublet Higgs mass of about ~ 150 GeV, which also applies in the purSSM,
can be relaxed to O(300) GeV, if one does not require perturbativity up to the GUT scale.

2.5 Neutrino masses

In the basis
()" = (B, Wy, HY, HY, v%,v;) (2.27)

urVsr

the mass matrix of the neutral fermions, see appendix A.4, has the structure

M, = <M¥ m) . (2.28)

m- 0



Here My is the submatrix including the heavy states, which consists of the usual four neu-

tralinos of the MSSM and n generations of right-handed neutrinos. The matrix m mixes the

heavy states with the left-handed neutrinos and contains the R-parity breaking parameters.
The matrix M, can be diagonalized in the standard way:

My = N* M, N (2.29)

As it is well known, the smallness of neutrino masses allows to find the effective neutrino
mass matrix in a seesaw approximation

m,ej;ff =—m’ Mg 'm=—-¢-m |, (2.30)

where the matrix £ contains the small expansion parameters which characterize the mixing
between the neutrino sector and the heavy states.

Since the superpotential explicitly breaks lepton number, at least one mass for the left-
handed neutrinos is generated at tree-level. In the case of the 1 7°-model the other neutrino
masses are generated at loop-level. With more than one generation of right-handed neutri-
nos additional neutrino masses are generated at tree-level, resulting in different possibilities
to fit the neutrino oscillation data, see the discussion below.

2.5.1 One generation of right-handed neutrinos

With only one generation of right-handed neutrinos the matrix ¢ is given by

i 1
&ij = KjNi — ;6%5]‘3 ) (2.31)
where the ¢; and A; parameters are defined as
1 .
€ = —htv 2.32
1 \/5 1 R ( )
A = pv; + €vg (2.33)
and Kf\ as
24g' M.
K/lx _ 2y Map
My
2g .M
K12\ _ _cgiip
My
m
A 78uDet(MH)( vgv” + 2MRpvy)
m
Ky = ———"——(\v,0* + 2M
A 8,uDet(MH)( Vut” RIvd)
Am,
KR = —————(v) — v} 2.34
A 4\/§D6t(MH)( u d) ( )
with
1
my, = g>My + g'* My, v? =3 + 02, Mp = o (2.35)
My 2
= N+ M 2.36
a 4MD€t(MH) (Ud’l)u + Rlu') ( )

,10,



Figure 1. Example of one 1-loop correction to the effective neutrino mass matrix involving the
singlet scalar/pseudoscalar.

and Det(Mp) is the determinant of the (5 x 5) mass matrix of the heavy states
1
Det(My) = gmy()\2v4 + AMppvguy) — My Mop(vgu > + Mpp) . (2.37)

Using these expressions the tree-level effective neutrino mass matrix takes the form

(miﬁ)l’j = CLAZ‘AJ‘ . (238)
The projective form of this mass matrix implies that only one neutrino gets a tree-level
mass, while the other two remain massless. Therefore, as in models with bilinear R-
parity violation [36, 37, 63] 1-loop corrections are needed in order to correctly explain the
oscillation data, which require at least one additional massive neutrino. The absolute scale
of neutrino mass constrains the A and ¢ parameters, which have to be small. For typical
SUSY masses order O(100 GeV), one finds |A]/pu? ~ 1077-1076 and |&]/p ~ 1072104
This implies a ratio of |&]2/|A| ~ 1073-10"1.

General formulas for the 1-loop contributions can be found in [36] and adjusted to the
urSSM with appropriate changes in the index ranges for neutralinos and scalars. Important
contributions to the neutrino mass matrix are due to b—b and 7 — 7 loops as in the models
with b-R,, [37]. In addition there are two new important contributions: (i) loops containing
the singlet scalar and singlet pseudoscalar shown in figure 1. As shown in [64-66], the sum
of both contributions is proportional to the squared mass difference A1y = m%—m% o mzv%
between the singlet scalar and pseudoscalar mass eigenstates. Note that this splitting can
be much larger than the corresponding ones for the left sneutrinos. Thus the sum of both
loops can be more important than b — band 7 — 7 loops in the current model. (ii) At
loop-level a direct mixing between the right-handed neutrinos and the gauginos is possible
which is zero at tree-level, see figure 2.

2.5.2 n generations of right-handed neutrinos

In this class of models with n > 1 one can explain the neutrino data using the tree-level
neutrino mass matrix only. In general one finds that the loop corrections are small if the
conditions at the end of this section are fulfilled.
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Figure 2. 1-loop mixing between gauginos and the right-handed neutrinos.

For the sake of simplicity, let us consider two generations of right-handed neutrinos
which contains all relevant features. The matrix ¢ in Equation (2.30) takes the form

gij = K/]\AZ + Kg;ai — %5j3 (2.39)
with
1 is
Ei e Ehy ’URS (240)
A; = pv; + €0 (2.41)
i = vu(Ahtt — \R2) . (2.42)

The Kp and K, coefficients are:

2 ,M 2 /M
K} =2, K1 = 29 Moy
my My
2g M 2gM
K2:_9 1#@7 ng_g Lub
My m.,
m
K3 = ———7—— [0qv®(Mp1 N} + MpaA3) + 2v, Mgy M
A 8uDet(My) [vdv (MR1A3 + MRaA) + 20, Mpa RQIU]
b
K} = ————(mv*v, — 4M; M.
(g o) v A
m
K= ———0—— [0,0* (M2} + MpaA?) + 204Mp M
AT 8uDet(My) (2w (Mpad + Mpa ) + 2vaMin Mgz
b
K} = ———(myv?vg — AM M
(g gy v M)
MpoAim 4Detgv
5 R2NA1TT~ 2 2 5 0VR1
= —=————(v, —vg), K> = —\2)\ge — —210
A 4\/§Det(MH)( w = vd) “ ? pmey (v2 — v3)
MpiXom 4Detgv
6 R1A21Tl 2 2 6 0VR2
= —=————(v, —vg), KS =V2M\e— ——272 2.43
A 4\/§Det(MH)( w = vd) ¢ ! pme (v2 — v3) (243)
The effective neutrino mass matrix reads as
(M) = alihj + b(Ajoy + Ajoy) + coa (2.44)
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m
a = WM(MRlA%UuUd + MRQ)\%UuUd + MRlMRQ,Ua) (245)
m
b = v ,U2 _ (02 Mo No — Mnrovno\ 9 48
SﬂuDet(MH)( w — Va) (MR1vRi A2 R2VR2A1) (2.46)
1

c = —m [MQ(m,ﬂ)‘l _ 8M1M2/M)u1)d) + 4D€t0(MR1?}12%1 + MR21)12%2)] (247)
using Mps = %ﬁszs and the determinant of the (6 x 6) mass matrix of the heavy states is

1
Det(My) = 3 [(MpaA? + Mpi)3)(mav* — 8My Mopv,vg) + 8Mpi MpaDetg]  (2.48)
with Dety being the determinant of the usual MSSM neutralino mass matrix
1 2
Dety = My VdVu = My Mop* . (2.49)

The mass matrix in Equation (2.44) has two nonzero eigenvalues and therefore the loop
corrections are not needed to explain the experimental data. Two different options arise:

e A generates the atmospheric mass scale, @ the solar mass scale

e & generates the atmospheric mass scale, A the solar mass scale

In both cases one obtains in general a hierarchical spectrum. A strong fine-tuning
would be necessary to generate an inverted hierarchy which is not stable against small varia-
tions of the parameters or radiative corretions. Moreover the absolute scale of neutrino mass
requires both |A|/u2 and |&|/p to be small. For typical SUSY masses order O(100 GeV)
we find in the first case |A|/p? ~ 1077-1076 and |@|/u ~ 1079-1078. In the second case
we find |A|/p2 ~ 1078-107 and |@|/p ~ 1078-107. The ratios including € or & are much
smaller than those in the 1 7¢ case. We find that 1-loop corrections to (2.44) are negligible if

|2
Al

are fulfilled. Note that the mixing of the neutrinos with the higgsinos, given by the third

Qy

2
<1073 and @ <1073 (2.50)

]

column in the matrix ¢ in Equation (2.39), depends not only on «; but also on ¢;. This
leads to 1-loop corrections to the neutrino mass matrix with pieces proportional to the
€; parameters, as it also happens in the 1 7°model. Therefore, both conditions in Equa-
tion (2.50) need to be fulfilled. Finally, in models with more generations of right-handed
neutrinos there will be more freedom due to additional contributions to the neutrino mass
matrix. For example, the case of three generations is discussed in [53], where the additional
freedom is also used to generate an inverted hierarchy for the neutrino masses.

3 Choice of the parameters and experimental constraints

In the subsequent sections we work out collider signatures for various scenarios. To facili-
tate the comparison with existing studies we adopt the following strategy: We take existing
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study points and augment them with the additional model parameters breaking R-parity.
These points are SPSla’ [67], SPS3, SPS4, SPS9 [68] and the ATLAS SU4 point [69].
SPS1a’ contains a relative light spectrum so that at LHC a high statistic can be achieved,
SPS3 has a somewhat heavier spectrum and in addition the lightest neutralino and the
lighter stau are close in mass which affects also the R-parity violating decays of the lightest
neutralino. SPS4 is chosen because of the large tan 3 value and SPS9 is an AMSB scenario
where not only the lightest neutralino but also the lighter chargino has dominant R-parity
violating decay modes. In all these points the lightest neutralino is so heavy that it can
decay via two-body modes, as long as it’s not a light »°. In contrast for the SU4 point
all two-body decay modes (at tree-level) are kinematically forbidden. As the parameters
of these points are given at different scales we use the program SPheno [70] to evaluate
them at Q = myz where we add the additional model parameters. Note that we allow p
to depart from their standard SPS values to be consistent with the LEP bounds on Higgs
masses, discussed below.

The additional model parameters are subject to theoretical and experimental con-
straints. In [52] the question of color and charge breaking minimas, perturbativity up
to the GUT scale as well as the question of tachyonic states for the neutral scalar and
pseudoscalars have been investigated . The last issue has already been addressed in sec-
tion 2.4 where we derived conditions on the parameters. By choosing the coupling constants
A,k < 0.6 in the 1 P°model and Ag, ks < 0.5 in the 2 °model, perturbativity up to the
GUT scale is guaranteed [52]. Note, that choosing somewhat larger values for A and/or &
up to 1 does not change any of the results presented below. We also address the question
of color and charge breaking minimas by choosing Ay > 0, ks > 0, T5 > 0, T3 < 0,
whereas the Yukawa couplings k% can either be positive or negative, but those values are
small < O(107%) due to constraints from neutrino physics. Our T/f, are negative, so the
condition (2.8) of [52] is easy to fulfill.

Concerning experimental data we take the following constraints into account:

e We check that the neutrino data are fulfilled within the 2-0 range given in table 1
taken from ref. [12] if not stated otherwise. These data can easily be fitted using the
effective neutrino mass matrices given in section 2.5.

e Breaking lepton number implies that flavour violating decays of the leptons like
i — ey are possible, where strong experimental bounds exist [31]. However, in
the model under study it turns out that these bounds are automatically fulfilled once
the constraints from neutrino physics are taken into account similar to the case of
models with bilinear R-parity breaking [71].

e Bounds on the masses of the Higgs bosons [31, 72]. For this purpose we have added
the dominant 1-loop correction to the (2,2) entry of the scalar mass matrix in ap-
pendix A.2. Moreover, we have checked in the 1 P°-model with the help of the program
NMHDECAY [49] that in the NMSSM limit the experimental constraints are fulfilled.

e Constraints on the chargino and charged slepton masses given by the PDG [31].
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parameter best fit 20
Am3,[107%eV?] 7.65“8:38 7.25 —8.11

|Am3,[[1073eV?] | 2.401517 | 2.18 — 2.64

sin? 015 0.30470:0%2 | 0.27 — 0.35
sin? fa3 0.505:07 1 0.39 — 0.63
sin® 03 0.0179:019 | < 0.040

Table 1. Best-fit values with 1-o errors and 2-o intervals (1 d.o.f.) taken from [12]. In the following
we will refer to these angles as 015 = 0s01, 023 = Oatm and 013 = 0.

e The bounds on squark and gluino masses from TEVATRON [31] are automatically
fulfilled by our choices of the study points.

The smallness of the 8, parameters guarantees that the direct production cross sections
for the SUSY particles are very similar to the corresponding MSSM/NMSSM values. Note
that for low values of A the singlet states are decoupled from the rest of the particles,
leading to low production rates.

4 Phenomenology of the 1 v°-model

In this section we discuss the phenomenology of the 1 7°-model, including mass hierarchies,
mixings in the scalar and fermionic sectors, decays of the scalar and fermionic states and
the correlations between certain branching ratios and the neutrino mixing angles.

In the following discussion we call a neutralino x! a bino (singlino) if |Nj31/|*> > 0.5
(|MVit35)% > 0.5). As discussed below, light scalar S, or pseudoscalar states PS, appear,
especially in case of the singlino being the lightest neutralino. In the following we discuss
possible mass hierarchies and mixings in more detail.

The diagonal entry of the singlet right-handed neutrino in the mass matrix of the
1
V2
obtained by choosing small values for x and/or vg. Since the masses of the four MSSM

neutral fermions is Mp = KUR, see appendix A.4. A singlino as lightest neutralino is
neutralinos are mainly fixed by the chosen SPS point, we can either generate a bino-like or
a singlino-like lightest neutralino by varying x and/or vg, where the latter case means a
variation of A due to a fixed p-parameter. A light singlet scalar and/or pseudoscalar can be
obtained by appropriate choices of T and T,. An example spectrum is shown in figure 3.
The MSSM parameters have been chosen according to SPS1a’ except for = 150 GeV. The
scalar state S9 = h° can easily get too light to be consistent with current experimental
data, although the production rate ee~ — ZS9 is lowered, since a mixing with the lighter
singlet scalar SY = ¢ reduces its mass. By reducing u the mixing can be lowered (see mass
matrices) and this problem can be solved.

Another example spectrum for neutral fermions is shown in figure 4. Again SPSla’
parameters have been chosen, except p = 170 GeV. As the figure demonstrates for this
reduced value of p the states are usually quite mixed, which is important for their decay
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Figure 3. Masses of the lightest neutralinos y? and the lightest scalar S{ = Re(°)/pseudoscalar
PP = Im(7§) as a function of A,, = T}, /k for A = 0.24, k = 0.12, p = 150GeV and T\ = 360GeV
for SPS1a’. The different colors refer to the singlino 9 (blue), the bino X3 (red), the singlet scalar
SY? (black) and the singlet pseudoscalar Py (green).

properties, as discussed below. Note that the abrupt change in composition in xJ is due
to the level crossing in the mass eigenstates.

The decay properties of the lightest scalars/pseudoscalars are in general quite similar
to those found in the NMSSM [50, 62]. The lightest doublet Higgs boson similar to the h°
decays mainly like in the MSSM, apart from the possible final state 2x!, if kinematically
possible. An example is shown in figure 5, which display the branching ratios of S9 = h°
versus m(x}). X¥ in this plot is mainly a singlino (see figure 4), variation of  varies its
mass, since vp is kept fixed here. In contrast to the NMSSM this does not lead to an
invisible Higgs, since the neutralinos themselves decay. For the range of parameters where
the decay to 2x{ is large, X! decays mainly to vbb, leading to the final state 4 b-jets plus
missing energy. Note that the SY which is mainly singlet here decays dominantly to bb final
states, followed by 77 final states.

4.1 Decays of a gaugino-like lightest neutralino

We first consider the case of a bino as lightest neutralino. Although m(x{) > my in the
SPS points we have chosen, two-body decay modes are not necessarily dominant. The three-
body decay X} — I ;v dominated by a virtual 7 also can have a sizeable branching ratio, see
table 2 and figure 7. The importance of this final state can be understood from the Feynman
graph shown in figure 6, giving the dominant contribution due to H -I;-mixing (I; = e, f1).

In the case [; = 7 there’s an additional contribution due to ﬂ'g—y—mixing. As figure 7
shows there exist parameter combinations in the A-x-plane, where the decay mode )2(1) —
l;l;v is more important than ) — WI. The strong variation in the branching ratios for
SPSla’ is mainly due to the strong dependence of the partial decay width of {J — lilv,
where the decays with ¢ = j and ¢ # j both play a role. Other important final states
are X — Zv and in case of a light scalar with m(x?) > m(h°) the decay x? — h'v, as
demonstrated in table 2.
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Figure 4. Masses and particle characters of the lightest neutralinos ¥ as a function of s for
A =024, p =170GeV, Ty = 360GeV and T, = —« - 50GeV for SPS1a’. The different colors refer
to singlino purity |[Aj435/? (blue), bino purity |[N43.1]? (red), wino purity |[Ni432|? (black) and
higgsino purity [NVi13.3]% + [Ni+3.4]* (green).

Br(xY) SPS1a’ SPS3 SPS4
Wi 23-80 | 12—55 | 68— 72
Liljv 11-75 | 2-31 |26-39
Zv 22-89| 5—-28 | 25—28
hOv - 15-53 | <20
Decay length [mm] | 1.6 = 7.0 | 0.1 —0.5 | 1.4 —1.6

Table 2. Branching ratios (in %) and total decay length in mm of the decay of the lightest bino-like
neutralino for different values of A € [0.02,0.5] and € [0.1,0.6] with a dependence of allowed x(\)
similar to [52] and to figure 7 and T = A - 1.5TeV and T,, = —x - 100GeV.

In the prSSM one finds correlation between the decays of the lightest neutralino and
the neutrino mixing angles, because neutralino couplings depend on the same R, parameters
as the neutrino masses. Figure 8 shows the correlation between the branching ratios of
the decay Y} — W1 as a function of the atmospheric angle. Although a clear correlation
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Figure 5. Branching ratios Br(S9 = h°) as a function of m(x}) for the parameter set of figure 4
(variation of ). The colors indicate the different final states: %9 (red), bb (blue), 7+7~ (green),
cc (orange) and Wqq (brown).

Figure 6. Dominant Feynman graph for the decay ¥\ — l;7v with I; = e, p.

is visible it is not as pronounced as in the n generation case, see below and [53], due to
inclusion of 1-loop effects in the neutrino masses and mixing angles.

Also the three-body decay Xy — [;l;v exemplifies a correlation with neutrino physics.
However, this decay is connected to the solar angle, see figure 9. There are two main
contributions to this final state: Y? — Wi — [;l;v and X§ — 7*1 — [;l;v. While the former
is mainly sensitive to A;, the latter is dominated by €;-type couplings (see figure 6), causing
the connection to solar neutrino angle. In case the W is on-shell as in the SPS1a’ point,
one could in principle devise kinematical cuts reducing this contribution. Such a cut can
significantly improve the quality of the correlation.

The SU4 scenario of the ATLAS collaboration [69] has a very light SUSY spectrum
close to the Tevatron bound with a bino-like neutralino m(x}) ~ 60 GeV. Thus, for SU4
the lightest neutralino has only three-body decay modes. Most important branching ratios
are shown in figure 10. The lightness of the bino-like neutralino XY in this scenario implies
a larger average decay length of (8 — 90) cm, depending on the parameter point in the A-
r-plane. Note that the decay length becomes smaller for smaller values of A, k. In general
the decay length scales as L oc m~4(x?) for m(x}) < my . Also for this point a correla-
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Figure 8. Ratio % versus tan? @, for different SPS scenarios (SPSla’ (black), SPS3
1

(red), SPS4 (green)) and for different values of A € [0.02,0.5] and x € [0.1,0.6] with a dependence
of allowed k() similar to [52] and to figure 7 and T) = A - 1.5TeV and T,, = —« - 100GeV.

tion between the branching ratios and the neutrino mixing angles is found as illustrated
in figure 11.

In addition to the SUGRA scenarios discussed up to now we have also studied SPS9,
which is a typical AMSB point. The most important difference between this point and the
previously discussed cases is the near degeneracy between lightest neutralino and lightest
chargino. This near degeneracy is the reason that the chargino decay is dominated by
R, final states. Varying X\ and k as before we find a total decay length of (0.12 — 0.16)mm
with Br(x¥ — Wv) = (42—57)%, Br(x¥ — ZI) = (20—26)% and Br(xi — h°l) = (17—
40)%. This is especially interesting since, similar to W1 in case of the gaugino-like lightest
neutralino, the decay to Z1[ of the chargino is linked to the atmospheric angle, see figure 12.
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Figure 10. Decay branching ratios for bino-like lightest neutralino as a function of s for A €
[0.02,0.5], Ty = A-1.5TeV, T, = —k - 100 GeV and for MSSM parameters defined by the study
point SU4 of the ATLAS collaboration [69]. The colors indicate the different final states: [;l;v
(red), 1g:g; (black), vqq (blue) and 3v (orange).

4.2 Decays of a singlino-like lightest neutralino

We now turn to the case of a singlino-like LSP. As already explained, this scenario is
connected to a light singlet scalar and pseudoscalar. Recall, that the particles in the
fermionic sector are mixed for A\, x = O(107!) due to the reduced p-parameter as can be
seen in figure 4. We will first discuss the average decay length of the lightest neutralino
X). Figure 13 shows the average decay length in meter for different SPS scenarios as a
function of the mass of the lightest neutralino m(x{). Composition of the neutralino is
indicated by colour code, as given in the caption. A, k, T); and p are varied in this plot.
Note that by variation of T, the parameter points in figure 13 are chosen in such a way,
that all scalar and pseudoscalar states are heavier than the lightest neutralino. Singlino

purity in this plot increases with decreasing mass and for pure singlinos the decay length
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of A €[0.02,0.5], k € [0.1,0.6], Tx, = A- 1.5TeV and T}, = —« - 100 GeV.

is mainly determined by its mass and the experimentally determined neutrino masses. For
neutralino masses below about 50 GeV decay lengths become larger than 1 meter, implying
that a large fraction of neutralinos will decay outside typical collider detectors. Note that if
one allows for lighter scalar states so that at least one of the decays Y0 — SY(P{)v appears,
the average decay length can be easily reduced by several orders of magnitude.

Again typical decays are W1, lq;q;, Zv, vqq, l;l;v and the invisible decay to 3v. For
the region of m(x}) below the W threshold see figure 14. The dominance of vbb for smaller
values of m(x?) is due to the decay chain ! — SYv — vbb, whereas for larger values of
m(x?) we find m(S?) > m(xY). Final state ratios show correlations with neutrino physics
also in this case. As an example we show [;/; branching ratios versus the solar neutrino
mixing angle in figure 15. Singlino purity for this plot |[Ays]? € [0.75,0.83] and mass
m(x?) € [22,53] GeV. The absolute values for the branching ratios are comparable to those
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Figure 14. Singlino decay branching ratios as a function of its mass, for the same parameter
choices as in figure 5. The colors indicate the different final states: vbb (blue), Lil;v (red), lqiq;
(black), 3v (orange) and vqq (¢ # b, green).

of the described SU4 scenario with a bino-like lightest neutralino. We note that for the
parameters in figure 15 the light Higgs S = h® decays to X! with a branching ratio of
Br(SY = h" — %)) = (21 — 91)%.

Up to now we have considered values of A\ and & larger than 1072. For very small
values of these couplings, the singlet sector, although very light, effectively decouples. This
implies that R-parity conserving decays of X3, e.g. decays to final states like Y059, ¥) PP,
Wt~ or XVqq, are strongly suppressed and the R,decay modes dominate, implying decays
with correlations as in the case of the explicit b-R, .
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5 Phenomenology of the n v°-model

In the previous section the phenomenology for the one generation case of the model has
been worked out in detail. Most of the signals discussed so far are independent of the
number of right-handed neutrinos. However, the n generation variants also offer some
additional phenomenology, which we discuss here for the simplified case of n = 2.

In a model with one right-handed neutrino superfield a light singlino will always im-
ply a light scalar/pseudoscalar. This connection between the neutral fermion sector and
scalar/pseudoscalar sector is a well-known property of the NMSSM (see again [61, 62]).
In models with more than one generation of singlets, the off-diagonal T}, terms in Equa-
tion (2.5) induce mixing between the different generations of singlet scalars and pseu-
doscalars. This opens up the possibility, not considered in previous publications [51-53],
to have the singlet scalars considerably heavier than the singlet fermions.

Let us illustrate this feature with a simple example. Imagine a light singlino v{, and
a heavy singlino v§, in a model with non-zero trilinear couplings 7112, In that case, the
contributions to the mass of the r{, scalar or pseudoscalar, coming from the large value
of vgy are proportional to T2, Without these contributions the mass of 7§ would only
depend on the small vg;, thus making it light like the singlino of the same generation. With
non-zero T2 the mass of both ¢ are dominated by the larger of the vgs. This feature is
demonstrated in figure 16. In the two plots the lightest neutralino is mostly v{, with a mass
of ~ 50 GeV. These plots show the dependence of the masses of the singlet scalar states
Re(7§) and Re(75) and the corresponding pseudoscalar states Im(v§) and I'm(0§) with vge
for different values of T2 = 7122, The masses of the light Higgs boson h° and the lightest
left-handed sneutrino Im(#;) are also shown for reference. Note that for T2 = T)}22 = 0
the mass of the state Re(7§) does not depend on vgy, whereas for T2 = T122 = —2GeV
the lightest singlet scalar becomes heavier for larger values of vgs. The same feature is

present in the pseudoscalar sector, where the effect is even more pronounced.
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Figure 16. Masses of the scalar states Re(7§) (green), Re(7S) (red) and h° (blue) and the pseu-
doscalar states Im(7§) (dashed green), Im(v5) (dashed red) and I'm(7;) (dashed blue) as a function
of vgs for different values of T2 = T'122. To the left (a) T}'? = T1?2 = 0 whereas to the right (b)
TH2 = T122 = —2GeV. The MSSM parameters have been taken such that the standard SPSla’
point is reproduced. The light singlet parameters xk; = 0.16 and vr; = 500 GeV ensure that in all
points the lightest neutralino is mostly v{, with a mass of 47 — 48 GeV. In addition, T} = 300 GeV
and T3 € [10,200] GeV.

5.1 Correlations with neutrino mixing angles in the n r°-model

The connection between decays and neutrino angles is not a particular property of the 1
v¢-model and is also present in a general n v°-model. However, since the structure of the
approximate couplings 5((1) —W* - l;F is different, see appendix B, we encounter additional
features for n = 2.

As explained in section 2.5.2, we have now two possibilities to fit neutrino data. If
the dominant contribution to the neutrino mass matrix comes from the A;A; term in
Equation (2.44) one can link it to the atmospheric mass scale, using the a;a; term to
fit the solar mass scale. This case will be called option fitl. On the other hand, if the
dominant contribution is given by the oo term one has the opposite situation, where
the atmospheric scale is fitted by the «; parameters and the solar scale is fitted by the A;
parameters. This case will be called option fit2.

For the case of a bino-like lightest neutralino one can show that the coupling is pro-
portional to A; whereas for the case of a singlino-like lightest neutralino the dependence
is on a4, as shown in appendix B. Figure 17 shows the ratio Br(x} — Wu)/Br(x{ —
W) versus tan?(fagm) (left) and Br(x) — We)/\/Br(x) — Wp)2 + Br(x§ — Wr)2 ver-
sus sin?(fr) (right) for a bino LSP and option fitl. The correlation with the atmo-
spheric angle and the upper bound on Br(x{ — We)/\/Br(x} — Wu)2 + Br(x) — Wr)?2
from sin?(fr) is more pronounced than in the 1 #°-model, because we fit neutrino data
with tree-level physics only. Recall that this implies that the ratio |é2/|A| is much

smaller than in the plots shown in the previous section. A correlation between Br(x) —
We)/\/Br(X) — Wu)2 + Br(x? — Wr)? and tan?(6,,) is found instead, if neutrino data
is fitted with option fit2, as figure 18 shows.

— 24 —



. 10'F 4
- F £ 10°F
= i I# g o
1 &f TS
= . T2l . e Ly
2t y’/ ’Oglo LN ‘--’-\§.~:
Ping . = > o . : "-if
N i ST oy
= 3 ° A .‘_:I?l{ *
:I—< H - = ;1 -3 ‘. : . ':-.-....‘
= . =107k . ..:'.h. .
~ ol Q [ s
Q 10‘1j : ~ g ) ot
r}-‘r\\\u\ Lol Lol [u1 ° ¢ | Ll
10" 10° 10" 10° 107 10"
tan?(Gatm) sin’(0p)
Figure 17. To the left (a) ratio % versus tan?(faem) and to the right (b) ratio
1

Br(x{—We)
V/Br(X—=Wu)2+Br(x} —Wr)2
data is fitted using option fit1.

versus sin®(fr) for a bino LSP. Bino purity [Ny |?> > 0.9. Neutrino

10'F A
i T
~ r .-.‘ ’.O . .
= oi .n-’-(‘. “
= f "
S -
T 5 -
oHE | o
Sl "
oW
> fa'p
@.\ | | |
10! 10° 10"
tan?(0.01)
Br(x{—We) 2 . . . 9
versus tan®(6s1) for a bino LSP. Bino purity [Ny [? >

Figure 18. Ratio B W B (T

0.9. Neutrino data is fitted using option fit2.

For the case of a singlino LSP the correlations and types of fit to neutrino data are
swapped with respect to the gaugino case. Since the couplings )2(1] —W* - [ are mainly
proportional to «;, instead of A;, a scenario with a singlino LSP and option fit1 (fit2) will
be similar to bino LSP and option fit2 (fitl). This similarity is demonstrated in figures 19
and 20. To decide which case is realized in nature, one would need to determine the particle
character of the lightest neutralino. This might be difficult at the LHC, but could be deter-
mined by a cross section measurement at the ILC. We want to note, that in the 2 °-model
we cannot reproduce all correlations for a singlino LSP presented for the 3 v°-model in [53].

The results shown so far in this section were all calculated for the SPS1a’ scenario. We
have checked explicitly that for all the other standard points results remain unchanged. We
have also checked that for a LSP with a mass below my the three-body decays Y — lg;q;,
mediated by virtual W bosons, show the same correlations.
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versus sin®(A) for a singlino LSP. Singlino purity [NVi5|? > 0.9. Neu-

A final comment is in order. In a n v°-model with n > 2, the effective neutrino mass
matrix will have additional terms with respect to (2.44), due to the contributions coming
from the new right-handed neutrinos. For this richer structure there is one additional
contribution to mleﬂff, which could be sub-dominant. Therefore, one can imagine a scenario
in which a third generation of singlets produces a negligible contribution to neutrino masses
while the corresponding singlino, v, is the LSP. In such a scenario the correlations between
the v§ LSP decays and the neutrino mixing angles will be lost.

5.2 %! decay length and type of fit

As already discussed we have two different possiblities to fit neutrino data: A generates the
atmospheric mass scale and @ the solar mass scale (case fitl), or vice versa (case fit2). It
turns out that the decay length of the lightest neutralino is sensitive to the type of fit, due
to the proportionality between its couplings with gauge bosons and the If, parameters (see
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Figure 21. Decay length of the lightest neutralino and its dependence on the type of fit to neutrino
data. To the left (a) the decay length of the lightest neutralino versus m(x?) for the case fit1 (red)
and the case fit2 (blue). To the right (b) the ratio L(fitl)/L(fit2) versus m(x?). The MSSM
parameters have been taken such that the standard SPS1a’ point is reproduced. The light singlet
parameter x is varied in the range x € [0.01,0.1]. In all the points the lightest neutralino has a
singlino purity higher than 0.99.

appendix B for exact and approximated formulas of the couplings ¥} — W+ — [ and their
simplified expressions in particular limits). For example, a singlino-like neutralino couples
to the gauge bosons proportionally to the «; parameters. This implies that its decay length
will follow L o 1/|@|? and obeys the approximate relation

L(thl) Matm

L) ~ p_— ~6 . (5.1)

In figure 21 the decay length of the lightest neutralino and its dependence on the type of
fit to neutrino data is shown. Once mass and length are known this dependence can be
used to determine which parameters generate which mass scale. Note that this feature is
essentially independent of the MSSM parameters. However, this property is lost if either
the lightest neutralino has a sizeable gaugino/higgsino component or if there are singlet
scalars/pseudoscalars lighter than the singlino.

5.3 Several light singlets

In scenarios with two (or more) light singlets, the phenomenology has additional features.
The light Higgs boson k" can decay with measurable branching ratios to pairs of right-
handed neutrinos of different generations. Similarly, the bino can decay to the different
light right-handed neutrinos.

In the following, the case of two light singlinos and two light scalars/pseudoscalars will
be considered. For the neutral fermion sector this implies that the mass eigenstates ¥ and
%9 will always be the singlets v/ and v§ and the bino will be the )Zg. In the scalar sector
one has two very light mostly singlet states S and S9, which are consistent with the LEP
bounds. Finally, the state Sg will be the light doublet Higgs boson h°. One can also have
light singlet pseudoscalars.
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Figure 22. Branching ratios Br(xJ = B° — x9{) (red) and Br(x3 = B° — X9) (blue) as a
function of the mass of the lightest neutralino for the scenario considered in section 5.3. The
MSSM parameters have been taken such that the standard SPS1a’ point is reproduced, whereas the
singlet parameters are chosen randomly in the ranges vg1, vga € [400,600] GeV, A1, A2 € [0.0,0.4],
TH = 1222 ¢ [-15,-1]GeV, T}? = T!?? € [-1.5,-0.005]GeV and T},T7 € [0,600] GeV.
k1 = ko = 0.16 is fixed to ensure the lightness of the two singlinos.

The decays of a bino-like X3 can be very important to distinguish between the one
generation model and models with more than one generation of singlets. In principle, the
most important decay channels strongly depend on the couplings of the bino to the two
generations of singlinos and the configuration of masses of singlinos and scalars. Therefore,
a general list of signals cannot be given. Nevertheless, there are some features which are
always present:

When kinematically allowed, the decays )Zg — 32(1)72 SY(P?) dominate, with the sum of
the branching ratios typically larger than 50 %. The relative importance of the different
channels is mainly dictated by kinematics. This feature is illustrated in figure 22, where
these two quantities are shown as a function of the mass of the lighest neutralino. The
MSSM parameters are fixed to the standard point SPSla’, with light singlet parameters
taken randomly. One can see that the relative importance of each singlino cannot be pre-
dicted in general, but both branching ratios are at least of order 1073 —10~*, given enough
statistics. For very light singlinos two-body decays including scalars and pseudoscalars are
open, and thus both Br({] — x9{) and Br(x$ — x9) are close to 50%, as expected if the
values of the singlet parameters are of the same order for the two light generations. On the
other hand, if the mass of the lightest neutralino is increased some of the two-body decays
are kinematically forbidden, specially those of the Y9, which has to be produced through
three-body decays, leading to a suppresion in Br(x3 — X3). Note that it is also possible to
find points where the decay mode Y3 — )2(1)72 SY(PY) has a branching ratio about 10%-20%,
giving additional information.

The other possible signals are the usual bino decays of the NMSSM. Final states with
standard model particles, like X?,Qlﬂ_ or X?,Qqq, become very important when the decays
to scalars and pseudoscalars are kinematically forbidden.

In addition, the decays of the light Higgs boson k" can also play a very important role
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Figure 23. Higgs boson decays as a function of the mass of the lightest neutralino for the scenario
considered in section 5.3. To the left (a) the standard decay channel h° — bb, whereas to the right
(b) the exotic decays to pairs of singlinos h® — Y{x? (red), h® — x{x9 (blue) and h® — ¥9x9
(black). The parameters are chosen as in figure 22.

in the study of the different generations, provided it can decay to final states including !
or Xy. In this case typically the standard Higgs boson decays are reduced to less than 40%,
completely changing the usual search strategies.

In figure 23 the branching ratios of standard and exotic Higgs boson decay channels
are shown. The left plot shows the suppressed branching ratio of the standard bb channel.
The main decay channel is Y x!, but there is a sizeable branching ratio to ¥} x3. Note that
X9 decays dominantly to Y plus two SM fermions. This feature allows us to distinguish
between the 1 7°-model and models with more than one generation of singlets. Finally,
the branching ratio to ¥ X3 is small due to kinematics, but leads to interesting final states
with up to eight b-jets plus missing energy.

A final comment is in order. In these kind of scenarios with many light singlets !
decays to vbb can be dominant. This will reduce the available statistics in the interesting
liljv and lg;q; channels. Moreover, the correlations are less pronounced due to mixing

effects in the singlet sector.

6 Discussion and conclusions

We have studied the phenomenology of the urSSM. This proposal solves at the same time
the p-problem of the MSSM and generates small neutrino masses, consistent with data
from neutrino oscillation experiments. Neutrino data put very stringent constraints on
the parameter space of the model. Both the left-sneutrino vacuum expectation values and
the effective bilinear parameters have to be small compared to MSSM soft SUSY breaking
parameters. As a result all SUSY production cross sections and all decay chains are very
similar to the NMSSM, the only, but phenomenologically very important, exceptions being
the decay of the LSP and NLSP (the latter only in some parts of the parameter space)
plus the decays of the lightest Higgses.
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We have discussed in some details two variants of the model. In the simplest version
with only one generation of singlets 1-loop corrections to the neutralino-neutrino mass
matrix need to be carefully calculated in order to explain neutrino data correctly. The
advantage of this minimal scheme is that effectively it contains only six new (combinations
of) IR, parameters, which can be fixed to a large extend by the requirement that oscillation
data is correctly explained. This feature of the model is very similar to explicit bilinear
R-parity breaking, although, as we have discussed, the relative importance of the different
1-loop contributions is different in the prSSM and in bilinear R, . Certain ratios of
decay branching ratios depend on the same parameter combinations as neutrino angles and
are therefore predicted from neutrino physics, to a large extend independent of NMSSM
parameters. We have also calculated the decay length of the LSP, which depends mostly on
the LSP mass and the (experimentally determined) neutrino masses. Lengths sufficiently
large to observe displaced vertices are predicted over most parts of the parameter space.
However, for neutralinos lighter than approximately 30 GeV, decay lengths become larger
than 10 meter, making the observation of R, difficult for LHC experiments. However, if
there is a singlet scalar or pseudoscalar with a mass smaller than the lightest neutralino,
) — S2(P?)v is the dominant decay mode and the corresponding decay lengths become
much smaller, such that the displaced vertex signature of R, might even be lost in some
points of this part of parameter space. On the other hand, in case the mass of the lightest
scalar is larger than twice the singlino mass, the decay S9, — 2x{ becomes important, both
for SY ~ ¢ and SY, ~ hO. If this kinematical situation is realized also the Higgs search at
the LHC will definitely be affected.

The more involved n generation variants of the urSSM can explain all neutrino data
at tree-level and therefore are calculationally simpler. Depending on the nature of the neu-
tralino, neutralino LSP decays show different correlations with either solar or atmospheric
neutrino angles. This is guaranteed in the two generation version of the model and likely,
but not always true, for n generations. If the NMSSM coupling A is sufficiently small also
the NLSP has decays to R,final states with potentially measurable branching ratios. In this
part of parameter space it seems possible, in principle, to test both solar and atmospheric
neutrino angles. If only the singlino(s) are light, i.e. the singlet scalars are heavier than,
say, the A", the decay length of the singlino is very sharply predicted as a function of its
mass and either the solar or atmospheric neutrino mass scale. If both, singlinos and singlet
scalars (or pseudoscalars) are light, bino NLSP and h° will decay not only to the lightest
singlinos/singlets but also to next-to-lightest states. This leads to enhanced multiplicities
in the final states and the possibility to observe multiple displaced vertices.

We now briefly discuss possible differences in collider phenomenology of the purSSM
and other R-parity breaking schemes. Different models of R-parity breaking appear clearly
distinct at the Lagrangian level. However, at accelerator experiments it can be very hard
to distinguish the different proposals. This can be easily understood from the fact that for
a heavy singlet sector all I, models approach necessarily the MSSM with explicit R-parity
breaking terms. It is therefore an interesting question to ask, what - if any - kind of signals
could exist, which at least might hint at which model is the correct description of R, .
Given the large variety of possibilities and the very limited predictive power of the most
general cases, any discussion before the discovery of SUSY must be rather qualitative.
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First one should mention that not all ®, models explaining neutrino data show cor-
relations between LSP decay branching ratios and neutrino angles. Especially the large
number of free parameters in trilinear models exclude the possibility to make any definite
predictions. I, models which do show such correlations, on the other hand, lead usually
to very similar predictions for the corresponding LSP decays. For example, fitting the
atmospheric data with tree-level I8, terms, a bino LSP in explicit bilinear models and in
the uvSSM decay with the same ratio of branching ratios into W1 (or lg;q;) final states.
Thus, to distinguish the different proposals other signals are needed.

We will briefly discuss the main differences in collider phenomenology between the
following three proposals: (i) MSSM with explicit bilinear terms (b-R, ); (ii) Spontaneous
R, (s-RR, ) model and (iii) pSSM. Table 3 shows a brief summary of this comparison. Dif-
ferences occur in (a) the observability of a displaced vertex of the lightest neutralino decay;
(b) the upper limit on the branching ratio of the lightest neutralino decaying completely
invisible and (c) standard versus non-standard lightest Higgs decays.

The decay length of the lightest neutralino is fixed in both, the b-R, model and the
uvSSM, essentially by the mass of the lightest neutralino and the experimentally deter-
mined neutrino masses. For m(x}) larger than the W-mass decay lengths are typically of
the order of O(mm) and proportional to m~*(x?). For lighter neutralinos, larger decay
lengths are expected, see figures 13 and 21, which scale like m~4(x?). Shorter decay lengths
are not possible in b-R, and possible in the pSSM only if at least one (singlet) scalar or
pseudoscalar is lighter than ¥, when ¥ — S9 (P?)v dominates. Since in the urSSM the
singlet scalars decay with a short decay length to bb, one expects that in the pSSM short
%Y decay lengths correlate with the dominance of bb + missing energy final states. In the
s-IR, , on the other hand, the %) decay length can be shorter than in the b-R,, , due to the
new final state ¥{ — J + v, where J is the Majoron. Therefore, different from the urSSM,
the neutralino decay length in the s-I8, model anti-correlates with the branching ratio for
the invisible neutralino decay.

Finally, in the b-R, one expects that the decay properties of the lightest Higgs (h°)
are equal to the MSSM expectations, the only exception being the case when h? — 2% is
possible kinematically, in which the x! decays themselves can then lead to a non-standard
signal in the Higgs sector. This is different in s-I8, , where for a low-scale of spontaneous
R-parity breaking, the h® can decay to two Majorons, i.e. large branching ratios of Higgs
to invisible particles are possible. In the purSSM the h° decays can be non-standard, if the
lightest singlino is lighter than m(h%)/2. However, since the singlinos decay, this will not
lead to an invisible Higgs, unless the mass of the singlino is so small, that the decays occur
outside the detector.

To summarize this brief discussion, b-R, , s-R, and pvSSM can, in principle, be
distinguished experimentally if the singlets are light enough to be observed in case of s-
R, and prSSM. We note in passing that we have not found any striking differences in
collider phenomenology of the urSSM and the NMSSM with explicit bilinear terms.

In conclusion, the prSSM offers a very rich phenomenology. Especially scenarios with
light singlets deserve further, much more detailed studies.

,31,



Displaced vertex Comment Br(invisible) | Higgs decays
b-R,, Yes Visible <10 % standard

anti-correlates non-standard
any

s-Ry Yes/No

with invisible (invisible)

anti-correlates
SSM Yes/N <10 -standard
s es/No with non-standard Higgs <10% nonmstandar

Table 3. Comparison of displaced vertex signal, completely invisible final state branching ratios for
LSP decays and lightest Higgs decays for three different R-parity violating models. For a discussion
see text.
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A Mass matrices

In the scalar mass matrices shown below the tadpole equations have not yet been used to
reduce the number of free parameters.

A.1 Charged scalars

In the basis

NT —\* ~k o~k o~k o~~~
(S+) = ((H ) 7H’J_76L7ML7TL76R7MR7TR)

-"NT - * 5 Y ~ sk o~k ~x
(S ,) = (H ’(sz—) ’eL?:U‘L’TL,eR,,UfRaTR) (Al)
the scalar potential includes the term
Vo (s M2st (A.2)

where Mgi is the (8 x 8) mass matrix of the charged scalars. In the £ = 0 gauge it can be

2 2 \T
MZ. = (Mng (MHZZ) ) : (A.3)
My My

written as
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The (2 x 2) M?%; matrix is given by:

1
(Mfrir)yy, = mi, + 50" + g%)vi + (6 — ™) (vg — v = 05 —v3)]

1 . 1
+§)\3)\thsz15 + §vi (hEhE)ijvj
2 1 2 1 * 1 *, 2 1 1S\ * 1 S
(MHH)12 = 19 Vuvd — EAS)\svuvd + Z)\SKS’URS + §vuvi)\s(h,/) + EURST)\
2 2 \*
(MHH)21 = (MHH)12

1
(Mfrir)gy = mi, + 5l(6" + g%)vs + (97 = g) (WG + v + 03 + v3)]

1 1 . .
—{—5)\3)\;{0332}}% + §vRsztths(h£t)* (A4)

The (6 x 2) matrix that mixes the charged Higgs bosons with the charged sleptons is

M2
M?. = AL (A.5)
Hi (zsz
with:
1 1., 1

(MIQJL)il - ZQQUdUz‘ - 5)‘shi/thszt - §Ud(hEh;rE)ijvj

2 12 1*2is 1 %718 1 1S (1, ]S \* 1 1S
(MHL)Z‘Q = Z‘q Uy U — Zﬁszshu + §vuvd)‘sh1/ - §qujhu (h7)" — %’URST y

(Mg),, = —5VuVrs(hp)jihn” — Evj(TE)ji

1 * 1 * |S
(MiiR); = —§AszsUj(hE)jz‘ — 5valhp)jily vRs (A.6)

Finally, the (6 x 6) mass matrix of the charged sleptons can be written as

M2 = MéL MéR (A7)
. MRL MRR

with:
2v/..2 2 2 2 2 1,
— g7 )(vg — vy + vy +v3 +v3)di; + 19 Vi
1 o
+505 (hEhE)ij + sursUR (B))

2 2
M? ——1)\*2} vy h —i—ivT
LR — 2sRsuE \/idE

Mp;, = (MfR)T

1
(MIZ%R)@']' = (m%)w + Zglz(vi - Us — 0} — 05 — U%)(Sij
1 1
+§vc2l (hEhE)ij + o VkUm (hTE)@k (hE)mj (A.8)
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A.2 Neutral scalars

In the basis
()" = Re(HY, HY, 7, 5;)

ur”sr ¥

the scalar potential includes the term
Vo (5) MZS”
and the ((5+n) x (5 +n)) neutral scalar mass matrix can be written as

[ Mi M
Mgo = (MI%IS)T MgST MES
(M7)" (MEg)™ ME;

The matrix elements are given as follows:

1
(MIQ{H)H - m%{d + 5(92 + 9,2)(31)3 - Uzri + U% + U% + U?Q,)
1 1
+§)\SA§vRszt + 52}3)\3)\:
1 1 .
(MI%IH)IQ = —1(92 + ¢ vquy + AsAivgv, — gv%{s()\s/@s + h.c.)

1 ; 1
— =00 (Ashy} + h.c.) — —=vRs(T5 + h.c.)

2 22
2 2
(MHH)21 - (MHH)12
1
(Mrir)gy = M, — 5(9" +9™)(vg = 3vg + v + 03 +03)
_{_1)\ Nvpav _|_1 2)\ )\*_{_1 hw(h“f)*_{_1 . '(his)*hjs
5 s RsVURt 2vd s\g 2vRszt v Iy, 2”@”] v v
1 4
—§vdvi()\:hfjs + h.c.)
1 * 1 *
(MI%TS)M = —ZvuvRs(Asms + h.c.) + §vdvRt()\s)\t + h.c.)
1 1 ) )
—ﬁvu(Tf + h.c.) — Zvivm(}\:hf + A hy + h.c.)

1 * 1 *
(MI%TS)QS = —ZvdvRs(Asns + h.c.) + §quRt()\s)\t + h.c.)

1 1 1 .
———vg(T} + h.c.) + —=v(T}° + h.c.) + ZvRsvi(n;‘hfIS + h.c.)

2v2 22
1 Lo
+§quRt [R5 (RY)* + h.c.]
1 Lo 1 L
(M?5),, = Z(gz + 9% )vqvi — Z”Z(Ash? + h.c.) — ZvRszt(Ashg + h.c.)
1 1 4 1 ‘
(MIQJZ)22 - _1(92 + 9/2)1}“2}7; + gvlzlzs(”:h,zf + hC) — ivuvd()\:hfjs + hc)
1 e 1 '
5uu0i W () + heed & S=uns (T + hic.)
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(A.11)

(A.12)

(A.13)

(A.14)



(MBs), = 310m3e)ue + (mde)es] + TN +he) (0] +02) — oava(Nims + D)
+Z“8“:U%sést + ivuvi(m:hff + h.c.)ost + ivi[(hiys)*hf + h.c]
+ivivj[(hff)*h{;t + h.c] — ivdvi[)\:hf,t + M (REY + hoc))
—+§i;§vRU(IE“1+-h41) (A.15)

(M%S)si = ivuvRs(/{:hff + h.c.) — ivdvRt(A:hff + AJRE 4 h.c.)
+2—\1/§vu(T,ﬁ + h.c.) + ivjvm [WIE(hES)* + RIS (h)* + h.c.] (A.16)

(MZ;),; = %[(m%)ij + (m7)ji) + %(92 +g%) (0] — v + vF + V5 + v3)5;

—1—%(92 + g?*)viv; + ivi[his(h{f)* + h.c] + %URSURt[hiS(hit)* + h.c] (A7)

A.3 Pseudoscalars

In the basis
(P = Im(HY, HS, 5, 5;) (A.18)

wrvsyr v

the scalar potential includes the term
v > (P”) M2, P (A.19)
and the ((5+n) x (5 +n)) pseudoscalar mass matrix can be written as

2 Mi — Mis My
Mpo = (M,%,S)T MgsT M2, . (A.20)
(Myp)™ (MEg)™ Mg

The matrix elements are given as follows:

1
(Mirg),, = mig, + 5(92 +9%) (G — vi + v} + V5 +v3)

1 1
+§)\SA§URSUR,5 + 5@5)\5)\:

1 1
(MI%IH)12 = —v%s()\sn: + h.c.) + —=vgs (T + h.c.)

8 22
(M%H)Ql = (MlziH) 12

1
(M]2-IH)22 = m%{u - g(gz + 9/2)(7}2 - UZ + U% + U% + U%)
1 * L 2 * 1 05 (70t \* 1 is\%7.7s
+§)\3)\t VRsURt + §vd)‘3>\s + §/URSURthV (hu) + §vivj(hu ) hu

—%vdvi(xzhij +he) (A.21)
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1 * 1 *71 * 718
(MEs),, = —J0uVRs (iR + hc) + 5 > v (ALhY = A + hec.)

t#s
1 S
+——vy, (T3 + h.c.)

2v/2

1 1 .
(MIQ‘IS)QS = —ZvdvRS(A:ns + h.c.) + ZURsUi(HZh,Z,S + h.c.)

1 1 A
+——vg4(TY + h.c.) — —=v; (T}’ + h.c. A.22
2\/5 d( A ) 2\/5 ( hy ) ( )
1 * 718 1 *71
(M?5),, = —Zvi()\shy + h.c.) — ZvRSvRt()\ShJ + h.c.)
1 , 1 .
2 _ 2 * 118 1S
(M:;)y = —ngS(/{ShV + h.c.) — ﬁvRs(T * 4+ h.c.) (A.23)
1 1 1
(Mg’S)st = 5[(mgc)st + (ml%c)ts] + Z(AS)\: + h'c‘)(v(% + Ui) + Zvdvu(A:’{s + h.C-)(Sst
1 1 , 1 ‘ .
+Zﬁsm:v%sést - Zvuvi(m:hfjs + h.c.)dst + —v2[(RE)* R + h.c]
1 4 . 1 . .
—|—Zvivj[(hff)*h{f + h.c.] — 7 Vdvi ISR A (BE)* + h.c]
1
—ﬁvRu(T:tu + hC) (A24)
1 * 118 1 * 118 *710
(M), = JUuRs(KSh + hee) + > wavri(AfhY — Xhif 4 hec.)
t#£s
1 o oo 1 .
+=3 wugg[hIF (R — hIH(AE)* 4 hec] — —=vu (T} + h.c. A.25
4;am[() ()" +hel = S—muu(Th + he)  (A25)
1 1
(M), = 3lmb)is + (m3)iil + 56 + ™) — v +oF + 03 +03)dy
1 o 1 o
+ng[hf,s(h,{s)* + h.c] + JVRsUR (R (hIY)* + h.c.] (A.26)
A.4 Neutral Fermions
In the basis
()" = (B®, WS, Ay, A, v, i) (A.27)
the lagrangian of the model includes the term
Lo o\T 0
LD —5(1/1 ) Mutp? + hec. (A.28)

with the ((7+4n) x (7 +n)) mass matrix of the neutral fermions, which can be written as:

M)ZO mf(()yc m;(o,,

M, = | mk,. Mr mp (A.29)
ngoy mlT) 0

,36,



M>~<0 is the usual mass matrix of the neutralinos in the MSSM

M, 0 —39'va 39'vu
0 My 3gvq —3gv.

Moo =
—319'va 39va 0 —H
%g/vu _%gvu —H 0
with
1
n = EAS/URS

The mixing between the neutralinos and the singlet v¢ is given by

T - L __L A pis
(mfgouc)s = (0 0 \/i)‘svu \/i)\svd + \/iv’lhy >

mgo,, is the neutralino-neutrino mixing part
1.7 1
—5901 3901 0 €
T 1,1
mio, = | —59v2 539v2 0 €
1.7 1
—59'v3 59v3 0 €3
with

1 & ,
e-:—E vpshY?
VT R

The neutrino Dirac term is 1

(mD)is = Ehiysvu
and finally Mg is
1
(MR)st = E’iszs(;st

A.5 Charged Fermions

In the basis

()" = (W Hyen7)
(¢+)T _ <W+’I~{;r’ec’uc’7_c) ’

the (5 x 5) mass matrix of the charged fermions is given by

M, %gvu 0 0 0

%gvd 7 —%hgvi —%hlEzvi —%hlgvi
M. = %91}1 —€1 %h}glvd 0 0
%gvg —€9 0 %h?vd 0

%903 —€3 0 0 %h%”vd
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(A.30)

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

(A.38)



B Coupling x? — W+ — [

Approximate formulas for the coupling ¥{ — W — I can be obtained from the general
)Z? - Wt - )Zj interaction lagrangian

LD X, (05 P+ O PR)IW, + 09" (015 P + OFY PR)X; W,E . (B.1)

where

cnw
OLil =4

3

* 1 * *

—uﬂj\/’u — E (ui2N13 + Zui,Q-l-kNl,S—i—k)]
k=1

* 1 *
Ol <_ aNi2 + — i2N14>

ofy = (O831)°
Oiy = (OFN)" - (52)

The matrix N diagonalizes the neutral fermion mass matrix (see appendix (A.4)) while
the matrices U and V diagonalize the charged fermion mass matrix (see appendix (A.5)).

As was already mentioned for the case of neutral fermions in section 2.5, it is possible
to diagonalize the mass matrices in very good approximation due to the fact that the
R,parameters are small. Defining the matrices &, {1, and {g, that will be taken as expansion

parameters, one gets the leading order expressions

[ N NeT (U U£T [ Ve V&g
N— <—VT§ VT> ) U= <—§L 1.3 ) 5 V= <—§R 1_3 s (B?))

where I3 is the (3 x 3) identity matrix. The expansion matrices £;, and i are

g
(SL)il_\/iDet_F
& gPuul;

(L) = _; - 2uDet
(€R)y = guah |veer | (207 + g°vp) Ay
L 9Det, | p 2uDet
(€n)y = _\/ivdh% Moe; n g% (vap + Mavy) A; (B.4)
Rle2 2Det ;. i 2uDet ;. ’ ’
where Det = —%g%dvu + Msp is the determinant of the MSSM chargino mass matrix,

w= %)\S’L}Rs and ¢; = %vRshff. The expressions for the matrix ¢ depend on the number

of singlet generations in the model. Particular cases can be found in (2.31) and (2.39).
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Using the previous equations and assuming that all parameters are real , one gets the
approximate formulas

g | 9N12; & gPuud\ -
omy = L (L I N = ST NG
Lil \/— D6t+ <'u + 2,&D6t+ 13 ; 1]652]4}
1 v VyN19 — Mo N 202+ 202 N1y — g% (vgu + Movy, )N
omy = Loy, bd |9tz = My 14€Z_+9( 1+ g7 vy) N1z — g° (vap + Movy) 1),
29 Det o 2uDet
O = (07
OFt = (ORY)" (B.5)

It is important to emphasize that all previous formulas, and the following simplified ver-
sions, are tree-level results. More simplified formulas are possible if the lightest neutralino
has a large component in one of the gauge eigenstates. These particular limits are of great
interest to understand the phenomenology:

Bino-like x9. This limit is caracterized by N = 1 and Ny, = 0 for m # 1. One gets

Of = — 5
oy =0 . (B.6)

For the 1 D°-model this implies that a bino-like X} couples to W1; proportionally to A;, see
Equation (2.31), without any dependence on the €; parameters.

On the other hand, for the 2 7°-model, the more complicated structure of the £ matrix,
see Equations (2.39) and (2.43), implies a coupling of a bino-like ¥} with W1; dependent
on two pieces, one proportional to A; and one proportional to ay:

2g' Moy

fil = (aAi + bai) (B.?)

gl

However, a simple estimate of the relative importance of these two terms is possible.
By assuming that all masses are at the same scale mgusy, the couplings x and X\ are of
order 0.1, and the R, terms h! and v; are of order h g, and msusyhp, respectively, one can
show that aA; ~ 200ba;. Therefore, one gets a coupling which is proportional, in very good
approximation, to A;, as confirmed by the exact numerical results shown in the main part
of the paper. Similar arguments apply for models with more generations of right-handed
neutrinos.

In conclusion, for a bino-like neutralino the coupling X — W* — [f is proportional to

(2
A; to a good approximation.

Higgsino-like x%. This limit is caracterized by N+ N7, = 1 and Ny, = 0 for m # 3, 4.
cnw

If the coupling OF;Y is neglected due to the supression given by the charged lepton Yukawa
couplings, one gets

g gPvudi
omy — L (& 5 ) Nig + €N

ORil ~0 (B.8)

12
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Equations (2.31) and (2.39) show that the ¢; terms cancel out in the coupling (B.8), and
therefore one gets dependence only on A; in the 1 v%model, and (A;, ;) in the 2 v°-
model. However, this cancellation is not perfect in O%} and thus one still has some

dependence on ;.

Singlino-like )2(1’. The limit in which the right-handed neutrino v is the lightest neu-
tralino is caracterized by N2, = 1 for m > 5 and Ny; = 0 for [ # m. One gets

W g
Oy = _Efim
o — o (B.9)

For the 1 v°model this expression implies that a pure singlino-like x{ couples to W1;
proportional to A;, see Equation (2.31), without any dependence on the ¢; parameters.
This proportionality to A; is different to what is found in spontaneous R-parity violation,
where the different structure of the corresponding { matrix [73] implies that the singlino
couples to W, proportionally to ¢;.

For the n 7%-model one finds that the coupling X?—Wi—lf for a singlino-like neutralino
has little dependence on A;. For example, in the 2 7°-model one finds that the element &;5,
corresponding to the right-handed neutrino v{, is given by

M 4D
_ My 2y, - (\@AQH _ADctovm b) i
4v/2Det(Mjr) pme (v2 — v3)

The coupling has two pieces, one proportional to A; and one proportional to «;. However,

&is (B.10)

the «; piece gives the dominant contribution, as can be shown using an estimate completely
analogous to the one done for a bino-like ¥{. In this case, the ratio between the two terms
in Equation (B.10) is «;-piece ~ 8 A;-piece, sufficient to ensure a very good proportionality
to the «; parameters. This estimate has been corroborated numerically.
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