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1 Introduction

The discovery of the Higgs particle at the Large Hadron Collider (LHC) [1, 2] completed

the experimental search for the spectrum of the “standard model” of particle physics.

The three chiral families of quarks and leptons, as well as the gluons, the W±, Z0 and

photon vector bosons corresponding to the standard model gauge group SU(3)C×SU(2)L×
U(1)Y , had long since been known. However, the discovery of the Higgs scalar boson had

special significance, since its vacuum expectation value (VEV) is required to spontaneously

break the SU(2)L ×U(1)Y electroweak symmetry to the U(1)EM of electromagnetism and

to give masses to the matter fields and the electroweak vector bosons. This completion

of the standard model confirms that the “low energy” world we observe is made up of

precisely this spectrum, the particles of which interact with each other via strong, weak

and electromagnetic gauge interactions.

However, as it presently stands, the standard model has several very significant short-

comings. To begin with, there is no theoretical explanation for either the particle content

or the explicit gauge group of the interactions. Furthermore, the standard model contains

a large number of undetermined parameters. These include 1) the Yukawa couplings that

give rise, after spontaneous electroweak breaking, to the masses of the quarks/leptons, 2)

the gauge coupling parameters of the strong, weak and electromagnetic interactions as well

as 3) the mass and coupling parameters of the pure Higgs boson Lagrangian. At the present

state of our knowledge, these parameters are simply input at a fixed scale so as to lead to

the experimentally determined values of the particle masses and the observed strength of

the gauge interactions. Finally, the standard model makes no attempt to couple its spec-

trum to gravitation, let alone to explain the origin of this fundamental force. It seems clear,

therefore, that despite the remarkable successes of the standard model, there must exist

“beyond the standard model” physics which addresses and solves all of the shortcomings

discussed above.

At the present time, the only fundamental theory that would appear to have the

potential to do this is superstring/M-theory — although at the price of introducing spon-

taneously broken N = 1 supersymmetry (SUSY) as a major component of “beyond the

standard model” physics. In this paper, we will consider a specific subset of such theo-

ries; namely, the E8 × E8 heterotic string [3] and its possible origin as a vacuum state

of M-theory, called heterotic M-theory [4–8]. We do this for several important reasons.

First of all, it is known using a series of papers [9–12] that heterotic M-theory, when com-

pactified on a specific Calabi-Yau threefold [13], exhibits an observable sector with exactly

the quark/lepton and Higgs spectrum of the so-called Minimal Supersymmetric Standard

Model (MSSM); that is, three families of quark and lepton chiral superfields, each family

with a right-handed neutrino chiral multiplet, and two doublets of Higgs chiral supermulti-

plets. Furthermore, the observable sector of this heterotic M-theory vacuum “contains” the

gauge group SU(3)C × SU(2)L × U(1)Y ; significantly, multiplied by an additional gauged

Abelian group U(1)B−L, where B and L are baryon number and lepton number respec-

tively. Below the scale of both spontaneous B−L and SUSY breaking, the observable sector

of this theory contains precisely the particle spectrum and gauge group of the standard
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model. It has also been demonstrated that the potential energy functions of the geometric,

vector bundle and five-brane moduli can, in principle, be calculated and the vacuum for

these moduli stabilized; see, for example [14–17].

Secondly, it has been shown in a number of contexts [18–21] that the Yukawa couplings

are, in principle, directly computable as integrals over the products of the harmonic rep-

resentatives of the associated sheaf cohomology classes [22]. Similarly, gauge couplings are

potentially calculable from the threshold corrections at the string unification scale [23–32].

Finally, making N = 1 SUSY a local symmetry produces gravitation as the associated

gauge field, although in the form of a gravity supermultiplet containing the gravitino as

well as the graviton. That is, the existence of N = 1 supersymmetry puts gravity on

par with the strong, weak and electromagnetic gauge interactions. This property enables

fundamental theories of early universe cosmology to occur; both within the context of infla-

tion [33–35] or “bouncing universe” [36, 37] scenarios. For all of these reasons, the E8×E8

heterotic string and its possible origin as a vacuum state of heterotic M-theory appears to

be a strong candidate for the theory of “beyond the standard model” physics.

With this in mind, we will confine ourselves in this paper to “beyond the standard

model” physics arising in the observable sector of the E8 × E8 heterotic M-theory vac-

uum discussed above. At energies below the Calabi-Yau scale, the observable sector is

precisely the MSSM with three right-handed neutrino chiral multiplets and gauge group

SU(3)C × SU(2)L×U(1)Y ×U(1)B−L. Because of the existence of the additional U(1)B−L
gauge factor, we call this theory the B−L MSSM. The additional gauged B−L symmetry

plays a fundamental role in our analysis. Recall that to prevent unacceptably rapid nucleon

decay in the conventional MSSM, it is necessary to postulate the existence of a finite sym-

metry group called R-parity. This acts on component fields as (−1)3(B−L)+2s, where s is the

associated spin. While this finite symmetry indeed accomplishes its purpose, R-parity is,

from a theoretical viewpoint, completely ad hoc — without any fundamental justification.

However, continuous U(1)B−L symmetry arises naturally as a consequence of the compact-

ification of heterotic M-theory and, indeed, has long been known in a non-supersymmetric

context to be the minimal extra gauging of the standard model that remains quantum

mechanically anomaly free. That is, the gauged U(1)B−L that arises in our context gives

a “natural way” to suppress unwanted baryon and lepton number violating decays. Of

course, the symmetry must be spontaneously broken at a scale sufficiently high to account

for the fact that its associated massive vector boson ZB−L has, so far, not been observed.

As discussed in the text, U(1)B−L symmetry is spontaneously broken by the right-handed

sneutrino acquiring an non-vanishing VEV. This breaks lepton number L and, hence, B−L
symmetry. However, baryon number B remains unbroken and, therefore, proton decay con-

tinues to be suppressed below its present experimental bounds. However, the parameters

of the B −L MSSM must be chosen so as to adequately suppress lepton number violating

processes. This will indeed be the case, as originally discussed in [38] and elaborated on in

the text below.

We conclude that the B −L MSSM is the simplest possible phenomenologically realis-

tic low energy theory of heterotic superstring/M-theory; being the exact MSSM with right-

handed neutrinos and spontaneously broken R-parity This theory was originally presented
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in the series of papers [13, 39–44]. It is interesting to point out that the B−L MSSM was

also constructed from a “bottom-up” point of view, completely unrelated to superstring

theory [45–50]. This simply postulated that the standard model should be extended to

N = 1 supersymmetry with three right-handed neutrino chiral multiplets — that is, the

MSSM — with the problem of motivating R-parity solved by postulating spontaneously

broken gauged U(1)B−L symmetry. That is, the B−L MSSM as the simplest “beyond the

standard model” theory is obtained from both a “top-down” superstring analysis as well

as a “bottom-up” phenomenological approach. It follows that the B−L MSSM represents

a strongly motivated “beyond the standard model” paradigm. Decay channels and decay

rates for various sparticles of arbitrary mass have been identified and computed within the

context of the R-parity conserving MSSM. Some of these have been searched for experi-

mentally; so far without success. In the B − L MSSM, these same decay channels remain.

In addition, there are new R-parity violating (RPV) decay modes that now occur. These

are, however, generically much weaker and, hence, harder to search for experimentally.

There is, however, an important exception to this!

As is well-known, see for example [51], the original R-parity invariant MSSM must

contain a lightest supersymmetric particle (LSP) that is completely stable and cannot

further decay to standard model particles. The mass of this LSP depends on the scale

of spontaneous SUSY breaking introduced into the model. For different choices of input

parameters, the LSP sparticle will vary but, in all cases, is stable and cannot further

decay. However, this fundamentally changes in the B − L MSSM. In the B − L MSSM,

prior to the spontaneous breaking of U(1)B−L, there will, as in the MSSM, be an LSP

whose species again depends on the input initial conditions. As in the MSSM, this LSP

cannot decay via R-parity preserving processes. However, the spontaneous breaking of

U(1)B−L in this theory now leads to specific, and completely calculable, R-parity violating

decays of this LSP into standard model particles. Not only are the decay modes of the

LSP explicitly determined, but the associated vertex coefficients and, hence, the decay

rates and branching ratios are exactly calculable. It follows that these R-parity violating

decays should be amenable to direct detection at the ATLAS and CMS detectors at the

LHC. Detection of these processes would not only be an explicit indication of “beyond the

standard model” physics, but would also strongly hint at the existence of N = 1 SUSY

with spontaneously broken R-parity.

The first calculation of such an R-parity decay was presented in [38, 52]. In this

example, the initial conditions of the B − L MSSM were chosen so that the LSP was

the lightest real scalar superpartner of the top quark; the so-called admixture stop. Its

R-parity violating decay modes and branching ratios were determined theoretically. We

refer the reader to [38, 52] for details. In recent work, an ATLAS group analyzed the

relevant LHC data looking for these experimental signatures [53]. None were found, but a

new experimental lower bound on the stop mass was determined. We emphasize that the

lightest stop LSP was chosen as a “test case” since it is exotic, carrying both color and

electric charge, and also has a large production cross section. Therefore, the stop could

never have been chosen as the LSP in the ordinary MSSM, since it would be stable and

contribute to at least a portion of dark matter, which must be neutral in all interactions.
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As shown in [43, 44] however, the stop sparticle occurs as the LSP for only a relatively

small fraction of possible initial conditions in the B−L MSSM. As discussed in [43, 44], and

analyzed in more detail in this paper, almost all other sparticles are much more likely to be

the LSP in the B − L MSSM. In particular, due both to their frequent appearance as the

LSP and because their experimental signatures are easily detected by the LHC experimental

groups, the R-parity violating decays of both charginos and neutralinos are very interesting

to analyze. Therefore, in this paper, we determine the R-parity violating decay modes for

both charginos and neutralinos, compute the explicit interaction coefficients for each such

mode and calculate the explicit decay rates. We emphasize that the results of this paper

are applicable to RPV decays of any chargino or neutralino. However, they are most easily

experimentally observed when applied to the LSP of the B −L MSSM. Specifically, we do

the following.

In section 2, we give a brief summary of the B−LMSSM. In particular, the spontaneous

breaking of gauged U(1)B−L symmetry by a non-vanishing VEV of the third family right-

handed sneutrino is discussed. The associated R-parity violating interactions induced in

the Lagrangian are presented in detail. The VEV of the right-handed sneutrino produces

a mixing of the third family right-hand neutrino and the three left-handed neutrinos with

all fermionic superpartners of the neutral gauge bosons and the up and down neutral

Higgsinos. This is presented in section 3. The general form of this 9 × 9 mass matrix is

given, as well as the explicit form of the unitary matrix required to diagonalize it. However,

in that section, we focus on the diagonal 3 × 3 left-handed neutrino Majorana submatix

mD
ν only. The mass eigenvalues of this matrix can be determined from the explicit form of

the PMNS mixing matrix as well as the off-diagonal left-handed neutrino matrix mν . This

latter matrix is a function of the R-parity violating parameters as well as three additional

quantities. The result is compared with the experimentally determined mass eigenvalues of

both the “normal” and the “inverted” neutrino mass hierarchies. In section 4, we list all of

the presently known experimental data that must be satisfied in any phenomenologically

acceptable vacuum. These include the masses of the W±,Z0 electroweak vector bosons,

the Higgs mass, the present lower bounds on the SUSY sparticles and so on. Having done

this, we present the mass interval in which we will statistically throw all dimensionful

parameters of the soft SUSY breaking terms. The reason for choosing the specific median

value and width of this interval is discussed in detail. Having presented this interval,

we do a statistical analysis involving 100 million independent throws. A plot of the the

“valid” points, that is, all parameters solving all required phenomenological bounds, is given

and analyzed. A histogram of the LSPs associated with these valid points is presented.

Section 5 is devoted to analyzing the mass matrices, including the terms induced by both

spontaneous electroweak and R-parity violation, for both the charginos and, independently,

for the neutralinos of the B−L MSSM. Important technical details of these calculations are

discussed in the appendix. The mass eigenvalues and eigenstates are explicitly calculated

for both charginos and neutralinos. In section 6 we present the relevant portions of the

complete B − L MSSM Lagrangian, including the effect of both electroweak symmetry

breaking and R-parity violation. Rewriting the original fields in terms of the chargino and

neutralino mass eigenstates calculated in the previous section, we determine the three-
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point interaction vertices involving either a chargino or a neutralino eigenstate decaying

into two standard model particles. The Feynman diagrams associated with these decays

are presented pictorially and, for each decay process, the exact expression for the vertex

coefficient is given. Finally, in section 7 we summarize the possible R-parity violating

decays with their associated vertex parameters. These are then used to compute the decay

rate for each of these processes. We emphasize that the results we present are valid for any

chargino and neutralino, regardless of whether or not they are the LSP.

Before continuing to our analysis of the R-parity violating B−L MSSM chargino and

neutralino LSP decays, it is useful to point out that the subject of RPV in the MSSM

and related N = 1 supersymmetric particle physics models has a long history in the liter-

ature. Papers in this context, up to and including most of 2005, are cited and discussed

in the comprehensive review in [54]. Relevant to the content of our present paper, this

review discussed both explicit and, more briefly, spontaneous RPV due to both left- and

right-chiral sneutrinos developing VEVs, the associated massless “Majoron”, and possibly

gauging lepton number global symmetry to make the Majoron heavy. The review also

discussed the RGEs in some RPV theories, the RPV decays of some of the LSPs in various

models and their impact on theories of dark matter. More recently, the subject was re-

viewed in 2015 [55]. This discussed explicit RPV in the MSSM but, in particular, focussed

on spontaneous breaking of R-parity in theories where the standard model symmetry is ex-

tended by a gauged U(1)B−L. This review post-dates the papers in [13, 39–44] and [45–50]

and cites some of them. In particular, this review highlights what it refers to as “Minimal

models with automatic R-parity breaking”; that is, the B − L MSSM. It then introduces,

and devotes the remainder of the work, to models with two pairs of Higgs doublets. More

recently, there was a comprehensive paper [56] on these subjects within the context of

the RPV-CMSSM; that is, the MSSM with an additional RPV trilinear coupling at the

unification scale. Within this context, that paper discussed the RGEs, taking into account

the then recently discovered Higgs mass, and the associated LSPs. It goes on to discuss

the RPV decay of some of the LSPs; specifically the Bino neutralino and the stau sparti-

cle. It is not the intention of our paper to review this vast RPV literature. We refer the

readers to the references in the mentioned papers. We do wish to point out that, although

some of the broad topics that occur in our present paper are mentioned and discussed in

previous RPV literature, such as RG evolution, the associated LSP calculations and their

RPV decays, relationship to neutrino masses and so on, these previous discussions all occur

in contexts considerably different than the heterotic M-theory B − L MSSM. The present

paper works strictly within this context and presents specific results for both chargino and

neutralino decays not previously discussed. Finally, we note that there has been significant

experimental studies of chargino and neutralino decays in R-parity conserving theories —

see M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018). The

main purpose of the present paper is to analyze RPV chargino and neutralino decays in

the spontaneously broken RPV MSSM. Some of the present authors have already applied

this formalism to RPV decays of admixture stop LSPs in [38, 52] and to Wino chargino

and Wino neutralino decays in [57] — analyzing potential LHC signatures. Other LSP

RPV decays, and the predictions for LHC signatures in this context, will be presented in

future publications.
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2 The B-L MSSM

In this section, we briefly review the contents of the B − L MSSM theory relevant to a

phenomenological discussion of its R-parity violating decay processes and their potential

signatures at the LHC.

The low energy manifestation of the “heterotic standard model”, that is, the B − L
MSSM, arises from the breaking of an SO(10) GUT theory via two independent Wilson

lines, denoted by χ3R and χB−L, associated with the diagonal T3R generator of SU(2)R
and the generator TB−L of U(1)B−L respectively. These specific generators are chosen since

it can be shown that there is no kinetic mixing of their respective Abelian gauge kinetic

terms at any energy scale — thus simplifying the RG calculations [42]. However, identical

physical results will be obtained for any linear combination of these generators. Associated

with these Wilson lines are two mass scales, Mχ3R and MχB−L , with three possible relations

between them; 1) MχB−L > Mχ3R , 2) Mχ3R > MχB−L and 3) Mχ3R = MχB−L . As discussed

in [42], the masses in the first two relations can be adjusted so as to enforce exact unification

at one loop of all gauge couplings at the SO(10) unification scale MU , whereas gauge

unification cannot occur for the third mass relationship without accounting for threshold

effects at the unification scale or the SUSY scale [23, 42, 58]. For this reason, we will

not consider the third option in this paper. The gauge coupling RG equations associated

with each of the first two mass relations were discussed in detail in [42] and, as far as

low energy LHC phenomenology is concerned, give almost identical results. For specificity,

therefore, in this paper we will focus on the first relationship and, without loss of accuracy,

choose MχB−L = MU . The lower scale Mχ3R , which we henceforth denote by MI , is

adjusted so as to obtain exact gauge coupling unification. We emphasize, however, that

the low energy results predicted for the LHC are almost unchanged even if MI is chosen

to yield only “approximate” gauge unification — with moderate sized gauge “thresholds”.

Conventionally, the scale of supersymmetry breaking is defined to be

MSUSY =
√
mt̃1

mt̃2
, (2.1)

where mt̃1
and mt̃2

are the lightest and heaviest stop masses respectively; see ,for exam-

ple, [44]. Suffice it here to say that for supersymmetry breaking to occur between the

electroweak scale and 10 TeV, which will be the case in this paper, the unification scale

MU is found to be O(3 × ∞′∞6GeV). Over the same range of supersymmetry breaking,

however, the intermediate scale MI changes from O(∈×∞′∞6GeV) to O(3×∞′∞5GeV)

respectively [23].

The details of the symmetry breaking and the respective mass spectra for this choice

of Wilson line hierarchy were given in [42]. Here, we simply note that in the mass regime

between MU andMI , the gauge group is broken from SO(10) to SU(3)C×SU(2)L×SU(2)R×
U(1)B−L with the spectrum shown in figure 1. This theory is referred to as the “left-right”

model [59, 60]. As discussed above, for the supersymmetry breaking scales of interest in this

paper, this mass regime will on average be considerably smaller than one order of magnitude

in GeV. At the “intermediate” scale MI , the second Wilson line breaks this “left-right”

model down to the exact B−L MSSM. This theory has the SU(3)C×SU(2)L×UY (1) gauge

– 7 –
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SO(10)

MU = MχB−L

?

χB−L

SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗U(1)B−L

L = (1,2,1,−1)

Lc = (1,1,2, 1)

Q = (3,2,1, 1/3)

Qc = (3̄,1,2,−1/3)

H = (1,2,2, 0)

HC = (3,1,1, 2/3)

H̄C = (3̄,1,1,−2/3)

16

�
��
�
×9

10

���� ×2

MI = Mχ3R

?

χ3R

SU(3)C ⊗ SU(2)L ⊗U(1)3R ⊗U(1)B−L

L = (1,2, 0,−1)

ec = (1,1, 1/2, 1)

νc = (1,1,−1/2, 1)

Q = (3̄,2, 0, 1/3)

uc = (3,1,−1/2,−1/3)

dc = (3,1, 1/2,−1/3)

Hu = (1,2, 1/2, 0)

Hd = (1,2,−1/2, 0)

16

�
��
�
×3

10

MSSM

+

3 right-handed neutrino

supermultiplets

Figure 1. The particle spectra in the scaling regimes of the sequential Wilson line breaking pattern

of SO(10) in which MχB−L = MU > Mχ3R
= MI .

group of the standard model augmented by an additional U(1)B−L Abelian symmetry. As

mentioned above, it is convenient — and equivalent — to use the Abelian group U(1)3R

with the generator

T3R = Y − B − L
2

(2.2)

in the RGE’s since the associated gauge kinetic term cannot mix with the gauge kinetic

energy of U(1)B−L. That is, the B − L MSSM gauge group is chosen, for computational

convenience, to be

SU(3)C ⊗ SU(2)L ⊗U(1)3R ⊗U(1)B−L . (2.3)

The associated gauge couplings will be denoted by g3, g2, gR and gBL. The spectrum, as

shown in figure 1, is exactly that of the MSSM with three right-handed neutrino chiral
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multiplets, one per family; that is, three generations of matter superfields

Q =

(
u

d

)
∼
(
3,2, 0,

1

3

)
uc ∼

(
3̄,1,−1/2,−1

3

)
dc ∼

(
3̄,1, 1/2,−1

3

) ,

L =

(
ν

e

)
∼ (1,2, 0,−1)

νc ∼ (1,1,−1/2, 1)

ec ∼ (1,1, 1/2, 1)
, (2.4)

along with two Higgs supermultiplets

Hu =

(
H+
u

H0
u

)
∼ (1,2, 1/2, 0) , Hd =

(
H0
d

H−d

)
∼ (1,2,−1/2, 0) . (2.5)

The superpotential of the B − L MSSM is given by

W = YuQHuu
c − YdQHdd

c − YeLHde
c + YνLHuν

c + µHuHd , (2.6)

where flavor and gauge indices have been suppressed and the Yukawa couplings are three-

by-three matrices in flavor space. In principle, the Yukawa matrices are arbitrary complex

matrices. However, the observed smallness of the three CKM mixing angles and the CP-

violating phase dictate that the quark Yukawa matrices be taken to be nearly diagonal

and real. The charged lepton Yukawa coupling matrix can also be chosen to be diagonal

and real. This is accomplished by moving the rotation angles and phases into the neu-

trino Yukawa couplings which, henceforth, must be complex matrices. Furthermore, the

smallness of the first and second family fermion masses implies that all components of the

up, down quark and charged lepton Yukawa couplings — with the exception of the (3,3)

components — can be neglected for the purposes of the RG running. Similarly, the very

light neutrino masses imply that the neutrino Yukawa couplings are sufficiently small so

as to be neglected for the purposes of RG running. However, the Yνi3, i = 1, 2, 3 neutrino

Yukawa couplings cannot be neglected for the calculations of the neutralino, neutrino and

chargino mass matrices, as well as in decay rates/branching ratios. The µ-parameter can

be chosen to be real, but not necessarily positive, without loss of generality. We implement

these constraints in the remainder of our analysis.

Spontaneous supersymmetry breaking is assumed to occur in a hidden sector — a

natural feature of both strongly and weakly coupled E8×E8 heterotic string theory — and

be transmitted through gravitational mediation to the observable sector and, hence, to the

B − L MSSM. Since the B − L MSSM first manifests itself at the scale MI , we will begin

our analysis by presenting the most general soft supersymmetry breaking interactions at

that scale. That is, at scale MI , the soft supersymmetry breaking Lagrangian is given by

−Lsoft =

(
1

2
M3g̃

2 +
1

2
M2W̃

2 +
1

2
MRW̃

2
R +

1

2
MBLB̃′

2

+ auQ̃Huũ
c − adQ̃Hdd̃

c − aeL̃Hdẽ
c + aνL̃Huν̃

c + bHuHd + h.c.

)
+m2

Q̃
|Q̃|2 +m2

ũc |ũc|2 +m2
d̃c
|d̃c|2 +m2

L̃
|L̃|2 +m2

ν̃c |ν̃c|2 +m2
ẽc |ẽc|2

+m2
Hu |Hu|2 +m2

Hd
|Hd|2 .

(2.7)
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The b parameter can be chosen to be real and positive without loss of generality. The

gaugino soft masses can, in principle, be complex. This, however, could lead to CP-violating

effects that are not observed. Therefore, we proceed by assuming they all are real. The

a-parameters and scalar soft mass can, in general, be Hermitian matrices in family space.

Again, however, this could lead to unobserved flavor and CP violation. Therefore, we

will assume they all are diagonal and real. Furthermore, we assume that only the (3,3)

components of the up, down quark and charged lepton a-parameters are significant and

that the neutrino a parameters are negligible for the RG running and all other purposes.

For more explanation of these assumptions, see [44].

As discussed in [44], without loss of generality one can assume that the third generation

right-handed sneutrino, since it carries the appropriate T3R and B−L charges, spontaneous

breaks the B − L symmetry by developing a non-vanishing VEV

〈ν̃c3〉 ≡
1√
2
vR . (2.8)

This VEV spontaneously breaks U(1)3R ⊗U(1)B−L down to the hypercharge gauge group

U(1)Y . We denote the associated gauge parameter by g′. However, since sneutrinos are

singlets under the SU(3)C ⊗SU(2)L⊗U(1)Y gauge group, it does not break any of the SM

symmetries. At a lower mass scale, electroweak symmetry is spontaneously broken by the

neutral components of both the up and down Higgs multiplets acquiring non-zero VEV’s.

In combination with the right-handed sneutrino VEV, this also induces a VEV in each of

the three generations of left-handed sneutrinos. The notation for the relevant VEVs is

〈ν̃i〉 ≡
1√
2
vLi,

〈
H0
u

〉
≡ 1√

2
vu,

〈
H0
d

〉
≡ 1√

2
vd, (2.9)

where i = 1, 2, 3 is the generation index. The neutral gauge boson that becomes massive

due to B − L symmetry breaking, ZR, has a mass at leading order, in the relevant limit

that vR � v, of

M2
ZR

=
1

4

(
g2
R + g2

BL

)
v2
R

(
1 +

g4
R

g2
R + g2

BL

v2

v2
R

)
, (2.10)

where

v2 ≡ v2
d + v2

u . (2.11)

The second term in the parenthesis is a small effect due to mixing in the neutral gauge

boson sector.

A discussion of the neutrino masses is presented in the next section, where they are

shown to be roughly proportional to the Yνij and vLi parameters. It follows that Yνij � 1

and vLi � vu,d, vR. In this phenomenologically relevant limit, the minimization conditions
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of the potential are simple, leading to the VEV’s

v2
R =
−8m2

ν̃c3
+ g2

R

(
v2
u − v2

d

)
g2
R + g2

BL

, (2.12)

vLi =

vR√
2
(Y ∗νi3µvd − a∗νi3vu)

m2
L̃i
− g22

8 (v2
u − v2

d)−
g2BL

8 v2
R

, (2.13)

1

2
M2
Z0 =− µ2 +

m2
Hu

tan2 β −m2
Hd

1− tan2 β
, (2.14)

2b

sin 2β
= 2µ2 +m2

Hu +m2
Hd

(2.15)

where

tanβ =
vu
vd

. (2.16)

Here, the first two equations correspond to the sneutrino VEVs. The third and fourth

equations are of the same form as in the MSSM, but new B−L scale contributions to mHu

and mHd shift their values significantly compared to the MSSM. Eq. (2.12) can be used to

re-express the ZR mass as

M2
ZR

= −2m2
ν̃c3

(
1 +

g4
R

g2
R + g2

BL

v2

v2
R

)
. (2.17)

This makes it clear that, to leading order, the ZR mass is determined by the soft SUSY

breaking mass of the third family right-handed sneutrino. The term proportional to v2/v2
R

is insignificant in comparison and, henceforth, neglected in our calculations.

Recall that R-parity is defined as

R = (−1)3(B−L)+2s. (2.18)

It follows that a direct consequence of generating a VEV for the third family sneutrino is

the spontaneous breaking of B−L symmetry and, hence, R-parity. The R-parity violating

operators induced in the superpotential are given by

W ⊃ εi eiH+
u −

1√
2
Yei vLiH

−
d e

c
i , (2.19)

where

εi ≡
1√
2
Yνi3vR (2.20)

and Yei is the ith component of the diagonal lepton Yukawa coupling. This general pattern

of R-parity violation is referred to as bilinear R-parity breaking and has been discussed

in many different contexts [61–64]. In addition, the Lagrangian contains bilinear terms

generated by vLi and vR in the super-covariant derivatives. These are

L ⊃− 1

2
vL
∗
i

[
g2

(√
2 eiW̃

+ + νLiW̃
0
)
− gBLνLiB̃′

]
− 1

2
vR

[
−gRνc3W̃R + gBLν

c
3B̃
′
]

+ h.c.

(2.21)
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The consequences of spontaneous R-parity violation are quite interesting, and have

been discussed in a number of papers [45–50, 65–67]. In this paper, we will present the decay

channels for arbitrary mass charginos and neutralinos, and analytically determine their

decay rates. However, in a series of following works, we will explore the phenomenological

consequences of the R-parity violating (RPV) decays of the lightest, and next-to-lightest,

supersymmetric particles; referred to as the LSP and NLSP respectively. These decays

are potentially observable at the ATLAS detector of the LHC. Hence, if detected, these

explicit decays could verify the existence of low energy N = 1 supersymmetry, shed light

on the structure of the precise supersymmetric model — such as the B−L MSSM — and,

as will become apparent, even constrain whether the neutrino mass hierarchy is “normal”

or “inverted”. However, as is clear from expressions (2.19) and (2.21), these results will

depend explicitly on the values of the parameters εi, i = 1, 2, 3 and vLi , i = 1, 2, 3 defined

in (2.20) and (2.13) respectively. In turn, these parameters are dependent on the present

experimental values of the neutrino masses. These reduce the number of independent RPV

parameters from six to one and potentially restrict the value of the remaining independent

coefficient. For that reason, we will discuss the neutrino masses and their direct relationship

to the εi and vLi parameters in the next section.

3 Neutrino masses and the RPV parameters

As discussed in [38, 43, 44, 52, 66], it follows from the above Lagrangian that the third

family right-handed neutrino and the three left-chiral neutrinos νi, i = 1, 2, 3 mix with the

fermionic superpartners of the neutral gauge bosons and with the up- and down- neutral

Higgsinos. In other words, the neutralinos now mix with the neutral fermions of the

standard model. The mixing with the third-family right-handed sneutrino, through terms

proportional to εi = Yνi3vR/
√

2 and vLi , allows the third-family right-handed sneutrino

to act as a seesaw field giving rise to Majorana neutrino masses. This is reviewed in this

section.

First, we note that this paper is focused on the consequences of RPV decays at the

LHC. There is the possibility that the RPV parameters are so small that the LSP decay

length is too long for it to decay within the detector. Then the LSP would be effectively

stable within the detector. For certain cases, such effectively stable sparticles have been

searched for in [68]. If the LSP decay length is small enough to decay within the detector,

but greater than about 1 mm, this would lead to “displaced” vertices, such as those searched

for in, for example, [69]. In the present paper, we will choose parameters so that the decay

length of the LSP, whatever sparticle that may be, is less than about 1 mm. We refer to

such decays as “prompt” decays. Therefore, even though the analysis in this work is valid

for any mass chargino and neutralino, should we choose the initial conditions so that they

are the LSP, then their RPV decays will be prompt.

As was shown in the case of stops and sbottoms in [38, 52], prompt decays require the

RPV parameters to be large enough to allow for significant Majorana neutrino masses. We

expect the same to hold true for a variety of LSPs. Therefore, in this paper we focus on

the case of significant Majorana neutrino masses. Note that, in addition to these Majorana
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neutrino masses, there can be pure Dirac mass contributions coming from the neutrino

Yukawa coupling. The components Yνi3 , which couple the left-handed neutrinos to the

third-family right-handed neutrino, allow the third-family right-handed neutrino to act as

a seesaw field and give rise to Majorana neutrino masses. The other components, Yνi1
and Yνi2 , couple the left-handed neutrinos to the first- and second-family right-handed

neutrinos. Note that in this model, the heavy third-family right-handed neutrino acts as

a seesaw field, while the first- and second-family right-handed neutrinos remain as light

sterile neutrinos. This means that the Dirac mass terms related to Yνi1 and Yνi2 can give

rise to active-sterile oscillations in the neutrino sector. There have been some experimental

hints of such oscillations, see [70] for review. However, it is not yet clear that these results

are due to true active-sterile oscillations. Hence, we proceed under the assumption that

no such oscillations exist and that the Yνi1 and Yνi2 components of the neutrino Yukawa

coupling must, therefore, be negligible, so they do not appear in the neutralino mass matrix

below. It may be interesting to revisit the question of active-sterile neutrino oscillations in

the B − L MSSM in the future, perhaps after there is more experimental data.

In the basis
(
W̃R, W̃

0, H̃0
d , H̃

0
u, B̃

′, νc3, νi

)
with i = 1, 2, 3, the neutralino mass

matrix is of the form

Mχ̃0 =

(
Mχ̃0 mD

mT
D 03×3

)
, (3.1)

where Mχ̃0 is a six-by-six matrix of order a TeV given by

Mχ̃0 =


MR 0 − 1

2
gR vd

1
2
gR vu 0 − 1

2
gRvR

0 M2
1
2
g2 vd − 1

2
g2 vu 0 0

− 1
2
gR vd

1
2
g2 vd 0 −µ 0 0

1
2
gR vu − 1

2
g2 vu −µ 0 0 0

0 0 0 0 MBL
1
2
gBL vR

− 1
2
gRvR 0 0 0 1

2
gBL vR 0

 , (3.2)

and mD is a six-by-three matrix

mD =


01×3

1
2
g2 vL

∗
i

01×3

εi
− 1

2
gBL vL

∗
i

1√
2
Yνi3 vu

 (3.3)

of order an MeV. This allows the mass matrix to be diagonalized perturbatively. Note

that we have suppressed all terms of the form vLiYνij in Mχ̃0 since both vLi and the

neutrino Yukawa parameters are small. In addition, we emphasize that since only the

third family right-handed sneutrino gets a non-vanishing VEV, only νc3 couples to the

gauginos/Higgsinos. It follows that only the Dirac mass of the third-family neutrino enters

the above mass matrix, whereas the the first and second family Dirac neutrino masses are

excluded.

The entire mass matrix Mχ̃0 in (3.1) can be diagonalized to

MD
χ̃0 = N ∗Mχ̃0N † (3.4)

with

N =

(
N 03×3

03×3 V
†
PMNS

)(
16×6 −ξ0

ξ†0 13×3

)
, (3.5)
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where N is the matrix that diagonalizes Mχ̃0 given in eq. (3.2). Requiring that MD
χ̃0 be

diagonal yields

ξ0 = M−1
χ̃0 mD. (3.6)

The second matrix on the right-hand side of N rotates away the neutralino/left-handed

neutrino mixing, whereas the first matrix diagonalizes the six neutralino/third family right-

handed neutrino states as well as the three left-chiral neutrino states. In this section, we

will consider the diagonal 3×3 left-handed neutrino Majorana mass matrix only, returning

to the diagonal neutralino mass matrix later in the paper.

The diagonal left-chiral neutrino Majorana mass matrix is found to be

mD
ν ij =

(
V T

PMNSmν VPMNS

)
ij
. (3.7)

The 3× 3 matrix mν is given by [38]

mνij = AvL
∗
i vL
∗
j +B

(
vL
∗
i εj + εivL

∗
j

)
+ Cεiεj , (3.8)

where

A =
µMγ̃

2Mγ̃vuvd − 4M2MỸ µ
(3.9)

B =
Mγ̃vd

(
2M2

ZR
+ g2

ZR
v2
u

)
− 2g2

ZR
g2
BLM2MR µ vu

4M2
ZR

(Mγ̃vuvd − 2MỸM2µ)
(3.10)

C =
(

2g4
ZR
M2MBLMR µ

2v2
u

− g2
ZR
MBLµ

(
g2

2 g
2
ZR
MRv

2
u + g2

RM2

(
4M2

ZR
+ g2

ZR
v2
u

))
vdvu

)
/
(

4M4
ZR
µ
(
2MỸM2 µ−Mγ̃vdvu

) )
− Mγ̃v

2
d

2µ
(
2MỸM2 µ−Mγ̃vdvu

)
(3.11)

and

g2
ZR
≡ g2

BL + g2
R . (3.12)

As will be discussed in detail below, the soft mass parameters are all initialized statistically

at the scale MI , whereas the measured values of the gauge couplings are introduced at

the electroweak scale. All of these parameters are then run to the appropriate energy

scale using the RGEs discussed in detail in [44]. Additionally, the value of tanβ will be

chosen statistically within a physically relevant interval and, for a given value of tanβ, the

parameters vu and vd are the measured Higgs VEVs. Finally, for any given set of statistical

initial data, we fine-tune the value of the parameter µ using equation (2.14), so as to obtain

the experimental value of the electroweak gauge boson Z0 and, hence, the measured values

for W± as well. The 3× 3 Pontecorvo-Maki-Nakagawa-Sakata matrix is

VPMNS =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ c13s23

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c13c23


×diag(1, eiA/2, 1) , (3.13)
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with cab(sab) = cos θab(sin θab). The mixing angles and phases are determined by neutrino

experiments. For the mixing angles, we use the values and uncertainties from [71]. They are

sin2 θ12 = 0.307± 0.013 , sin2 θ13 = (2.12± 0.08)× 10−2 (3.14)

for both the normal and inverted neutrino mass hierarchies. For θ23, however, the best-fit

values depend on the hierarchy, and the data admits multiple best-fit values. In the normal

hierarchy, one finds

sin2 θ23 = 0.417 +0.025
−0.028 or 0.597 +0.024

−0.030 , (3.15)

while in the inverted hierarchy

sin2 θ23 = 0.421 +0.033
−0.025 or 0.529 +0.023

−0.030 . (3.16)

In this paper, we will do a complete study of all four of the cases in equations (3.15)

and (3.16). Regarding the CP-violating phase, δ, we use the recent results in [71] that in

the normal hierarchy

δ = 231.6◦ +41.4◦

−30.6◦ , (3.17)

while in the inverted hierarchy

δ = 273.6◦ +18.7◦

−27.0◦ . (3.18)

In addition, note that there is only one “Majorana” phase, that is, parameter A, since in

both the normal and the inverted hierarchy one of the neutrinos is massless and, therefore,

does not have a Majorana mass. The value of A is unknown and, hence, in this paper we

will simply throw it statistically in the interval [0◦, 360◦].

The mathematical expressions for the mass eigenvalues of the Majorana neutrino mass

matrix mD
νij can be constructed from the A,B,C components of mνij given in (3.9), (3.10)

and (3.11) respectively, as well as from the PMNS matrix given in (3.13). This has been

done in detail in [38], to which we refer the reader for details. Given values for all the rele-

vant parameters discussed above, and the measured values for the neutrino mass eigenvalues

for the normal and inverted hierarchies, this allows one to solve for the RPV parameters εi,

vLi i = 1, 2, 3. Respectively, the experimental values of the mass eigenvalues of the normal

and inverted hierarchies are [70]

• Normal Hierarchy:

m1 = 0, m2 = (8.68± 0.10)× 10−3 eV, m3 = (50.84± 0.50)× 10−3 eV (3.19)

• Inverted Hierarchy:

m1 = (49.84± 0.40)× 10−3 eV, m2 = (50.01± 0.40)× 10−3 eV, m3 = 0. (3.20)

In each case, all three vL parameters as well as two of the ε parameters can be deter-

mined in terms of a third ε parameter. The explicit expressions, of course, differ in the

normal and inverted hierarchy cases, and are presented in detail in [38]. These are encoded
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into the computer program by which we determine all decay rates and branching ratios

and won’t be presented here. Suffice it to say that, in each case, which parameter εi is

inputted is undetermined. Thus, we will statistically decide which of the three dimension

one εi parameters is selected. Furthermore, we choose its value by randomly throwing it

to be in the interval [10−4, 1.0] GeV with a log-uniform distribution. We limit the upper

bound to 1.0 GeV to avoid excessive fine-tuning in the neutrino masses. Furthermore, we

cut off the lower bound at 10−4 GeV — although this could be taken to 0 — to enhance

the readability of our branching ratio plots. It is important to note that, having statisti-

cally chosen one of the ε parameters in the above range, the other two ε parameters are

determined by the computer code and are not necessarily bounded by this interval. For

example, at least one of the remaining two ε parameters could, in principle, be considerably

larger than 1.0 GeV. If so, this could have important consequences for for the suppression

of lepton number violating interactions. The reason is the following.

It was shown in [54], and discussed in [38], that the experimental bound on the decay

of µ −→ eγ leads to the constraint on ε1 and ε2 that

∣∣ε1ε2
µ2

∣∣ . 2.5× 10−3

(
mν̃c3

100 GeV

)−2

. (3.21)

Scanning the initial parameters in the B − L MSSM, using (2.10), (2.17) and the values

for the gauge parameters discussed in [42], we find that this becomes

ε1ε2 . 68 GeV2 . (3.22)

Therefore, to adequately suppress lepton number violating decays, it is essential to show

that this bound is satisfied for any physically interesting set of initial data in this analysis.

At the end of section 4, we will demonstrate that for the LSPs of interest in this and in the

follow-up papers, that is, for charginos and neutralinos, constraint (3.22) is easily satisfied.

4 Physically acceptable vacua

Having stated the structure of the B − L MSSM, and defined all of the associated param-

eters, we now use the computer code specified in detail in [44] to find the initial values

of the parameters leading to completely acceptable physical vacua. The choice of initial

parameters will be subject to all the constraints listed previously in sections 2 and 3. For

example, as discussed in section 2, we will assume that the ratio of the Wilson line masses

MχB−L and Mχ3R is such that all gauge parameters unify at MU , that all quark and charged

lepton Yukawa couplings can be taken to be nearly diagonal and real and, as discussed in

section 3, only the Yνi3 components of the neutrino Yukawa couplings are non-negligible.

In addition, we solve for the physically acceptable initial conditions subject to several new,

and important, constraints. These are the following:

• Scattering Range of the Dimensionful Soft SUSY Breaking Parameters:[
M

f
,Mf

]
where M = 1.5 TeV , f = 6.7 . (4.1)
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SUSY Particle Lower Bound

Left-handed sneutrinos 45.6 GeV

Charginos, sleptons 100 GeV

Squarks, except stop or bottom LSP 1000 GeV

Stop LSP (admixture) 550 GeV

Stop LSP (right-handed) 400 GeV

Sbottom LSP 500 GeV

Gluino 1300 GeV

Table 1. Current lower bounds on the SUSY particle masses.

The median supersymmetry breaking mass M and the parameter f are chosen so that the

range of dimensionful soft masses can have random values from just above the electroweak

scale to a scale approaching the upper bound of what will be observable at the LHC. That

is, range (4.1) is approximately [200 GeV , 10 TeV].

• Random Sign of the Soft SUSY Breaking Parameters µ, M and a:[
−,+

]
. (4.2)

The sign of µ and the various soft parameters of the form M and a are chosen randomly

to have either a + or - sign.

• Randomly Scattered Choice of tanβ:

tanβ ∈ [1.2 , 65] . (4.3)

The upper and lower bounds for tanβ are taken from [51] and are consistent with present

bounds that ensure perturbative Yukawa couplings.

In addition to being subject to the above constraints, physically acceptable initial

conditions are those which lead to the following phenomenological results. First, B − L
gauge symmetry must be spontaneously broken at a sufficiently high scale. Presently, the

measured lower bound on the ZR mass is given by [72]

MZR = 4.1 TeV . (4.4)

Secondly, electroweak (EW) symmetry must be spontaneously broken so that the Z0 and

W± masses have the measured values of [70]

MZ0 = 91.1876± 0.0021 GeV, MW± = 80.379± 0.012 GeV . (4.5)

Third, the remaining sparticles must be above their measured lower bounds [44] given in

table 1.

Finally, the Higgs mass must be within the 3σ allowed range from ATLAS combined

run 1 and run 2 results [73]. This is found to be

Mh0 = 124.97± 0.72 GeV . (4.6)
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We now want to search for physically acceptable initial data, subject to all of the

constraints and phenomenological conditions introduced above. Before applying any of

these constraints, the number of parameters appearing in the B−L MSSM greatly exceeds

100. However, subject to the constraints discussed above, this number is significantly

reduced — down to only 24 soft SUSY breaking parameters, as well as tanβ and µ. The

RG code [44] that we use in this analysis involves all 24 SUSY breaking parameters. It is,

however, helpful to point out that many of the RGE’s are dominated by two specific sums

of these parameters given by

SBL′ = Tr (2m2
Q̃
−m2

ũc −m2
d̃c
− 2m2

L̃
+m2

ν̃c +m2
ẽc) (4.7)

S3R = m2
Hu −m2

Hd
+ Tr

(
−3

2
m2
ũc +

3

2
m2
d̃c
− 1

2
m2
ν̃c +

1

2
m2
ẽc

)
, (4.8)

where the traces are over generational indices. This is helpful in that one can now rea-

sonably plot initial data points in two-dimensional SBL′ − S3R space, rather than in the

full 24-dimensional space of all parameters. At the electroweak scale, we randomly set the

value of tanβ. Furthermore, and importantly, we do not run the parameter µ. Rather,

after running all other parameters down to the electroweak scale, we fine-tune µ to give

the measured values for the electroweak gauge bosons, as discussed above.

Searching for physically acceptable initial data, subject to all of the constraints and

phenomenological conditions above, we find the following. For 100 million sets of randomly

scattered initial conditions, it is found that 4,351,809 break B − L symmetry with the ZR
mass above the lower bound in equation (4.4). These are plotted as the green points

in figure 2. Running the RG down to the EW scale, one finds that of these 4,351,809

appropriate B − L initial points, only 3,142,657 break electroweak symmetry with the

experimentally measured values for MZ0 and MW± given in equation (4.5). These are

shown as the purple points in the figure. Now applying the constraints that all sparticle

masses be at or above their currently measured lower bounds presented in table 1, we find

that of these 3,142,657 initial points, only 342,236 are acceptable. These are indicated by

cyan colored points in the figure. Finally, it turns out that of these 342,236 points, only

67,576 also lead to the currently measured Higgs mass given in equation (4.6). That is,

of the 100 million sets of randomly scattered initial conditions, 67,576 satisfy all present

phenomenological requirements. In figure 2, we represent these “valid” points in black.

That is, of the 100 million randomly scattered initial points, approximately .067% satisfy

all present experimental conditions. Although this might — at first sight — appear to be a

small percentage, it is worth noting that these initial points not only break B−L symmetry

appropriately and have all sparticle masses above their present experimental lower bounds,

but also give the measured experimental values for the mass of the EW gauge bosons and,

remarkably, the Higgs boson mass as well! From this point of view, this percentage of valid

black points seems remarkably high. The electroweak gauge boson masses were obtained,

as discussed above, by fine-tuning the parameter µ. For example, a typical value of the

fine-tuning of µ is of the order of 1 in 1000 [43]. However, one might also be concerned

that getting the Higgs mass correct might require some other fine-tuning of the 24 initial

parameters that may not be apparent. However, in previous work [44] it was shown that
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Figure 2. Plot of the 100 million initial data points for the RG analysis evaluated at MI . The

4,351,809 green points lead to appropriate breaking of the B−L symmetry. Of these, the 3,142,657

purple points also break the EW symmetry with the correct vector boson masses. The cyan points

correspond to 342,236 initial points that, in addition to appropriate B − L and EW breaking, also

satisfy all lower bounds on the sparticle masses. Finally, as a subset of these 342,236 initial points,

there are 67,576 valid black points which lead to the experimentally measured value of the Higgs

boson mass.

the 24 parameters associated with any given black point are generically widely disparate

with no apparent other fine-tuning.

We conclude that the B − L MSSM, in addition to arising as a vacuum of heterotic

M-theory and having exactly the mass spectrum of the MSSM, satisfies all present experi-

mental low-energy physical bounds for a remarkably large number of disparate initial data

points. Given this, it becomes of real interest to determine whether the RPV decays of

the B − L MSSM can be directly observed at the LHC at CERN. These decays are most

easily observed in the lightest sparticles in the mass spectrum; that is, the LSP has the

best prospects for RPV detection in general. There are, however, cases in which the next

lightest supersymmetric particle (NLSP) is highly degenerate in mass with the LSP — see

examples presented in [44] — and, hence, their RPV decay channels become relevant as

well. Hence, in the sections to follow, we compute the decays of charginos and neutralinos

without making any assumptions regarding their masses. As discussed in detail in [44],

the particle spectrum of each of the 67,576 valid black points is exactly determined by

the computer code. It follows that we can compute the LSP associated with each valid

black point. It turns out that there are many possible different LSPs. Before enumerating

these, however, we must be more specific about the definition and structure of any LSP.

Although the original fields entering the B−L MSSM Lagrangian are “gauge” eigenstates,

the LSP associated with a given valid black point is, by definition, a “mass” eigenstate —

generically a linear combination of the original fields. For example, as will be discussed
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in detail in subsection 5.1, the lightest mass eigenstate chargino of either charge, which

we denote by χ̃±1 , is found to be an R-parity conserving linear combination of the charged

Wino, W̃±, and the charged Higgsino, H̃±, added to RPV terms proportional to the left

and right chiral charged leptons. As discussed in subsection 5.1, the RPV coefficients are

very small and, hence, can be ignored in the discussion of the masses of the charginos.

Therefore, in this section, since we are analyzing the possible LSPs, we will consider the

R-parity conserving part of the chargino states only. It then follows from the discussion in

subsection 5.1 that when M2 < |µ| the lightest chargino is given by

χ̃±1 = cosφ±W̃
± + sinφ±H̃

± , (4.9)

whereas for |µ| < |M2|
χ̃±1 = − sinφ±W̃

± + cosφ±H̃
± . (4.10)

The angles φ± are exactly determined for any given black point. It follows that for some

black points the mass eigenstate χ̃±1 is predominantly a charged Wino, whereas for other

black points it is mainly a charged Higgsino. We will, henceforth, denote the first and

second type of mass eigenstates by χ̃±W and χ̃±H , and refer to them as “Wino charginos”

and “Higgsino charginos” respectively. That is, instead of labelling a chargino LSP simply

as χ±1 , and counting the number of valid black points associated with it, we can be more

specific — breaking the chargino LSP into two different types of states, χ̃±W and χ̃±H re-

spectively, and counting the number of black points associated with each type individually.

This gives additional information about the structure of the LSPs.

With this in mind, we have calculated the LSP associated with each of the 67,576

valid black points and plotted the results as a histogram in figure 3. The notation for the

various possible LSPs is specified in table 2. For example, out of the 67,576 valid black

points, there are 4,858 that have a χ̃±W Wino chargino as their LSP. Similarly, out of all the

valid black point initial conditions, 4,869 have a χ̃0
W Wino neutralino as their LSP. And

so on. Notice that the cases in which the chargino LSP is dominantly a charged Higgsino

— that is, χ̃±H — are rare. In fact, in figure 3 there is precisely one such black point. As

discussed above and shown in section 5, the lighter chargino state is dominantly Wino if

|M2| < |µ|, and dominantly Higgsino if |µ| < |M2|. The little hierarchy problem tells us

that µ is generally large, of the order of a few TeV. However, the M2 parameter generally

takes smaller values in our simulation. For this reason, the instances in which |µ| < |M2|
— required for the Higgsino chargino to be the LSP — are scarce.

For any given choice of LSP, we can plot the number of such points as a function of their

masses in GeV. As an example, figures 4(a) and (b) present such a mass distribution for

Wino chargino and Wino neutralino LSPs respectively. We obtain viable supersymmetric

spectra with Wino chargino and Wino neutralino LSP masses ranging from about 200 GeV

to 1700 GeV. A striking feature of the Wino chargino and Wino neutralino LSP mass

distributions in figure 4 is the peak towards the low mass values. Higher LSP masses

are exponentially less probable. The reason is that we sample all soft mass terms log-

uniformly in the interval [200 GeV, 10 TeV]. This includes the M2 gaugino mass term,

which gives the dominant contribution for both the Wino chargino and Wino neutralino

– 20 –



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

χ̃
0B

χ̃
0W

χ̃
0ν
c3

χ̃
0H

χ̃
±W

χ̃
±H

g̃ t̃
a
d

t̃
c

ũ
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Figure 3. A histogram of the LSPs associated with a random scan of 100 million initial data points,

showing the percentage of valid black points with a given LSP. Sparticles which did not appear as

LSPs are omitted. The y-axis has a log scale. The notation and discussion of the sparticle symbols

on the x-axis is presented in table 2.

masses, see (5.6) and (5.47) respectively. If we would plot all the Wino chargino or Wino

neutralino masses for all the viable points in our simulation, we would obtain an almost

uniform mass distribution. However, for the Wino charginos or Wino neutralinos to be the

LSPs, their masses must be lower than all the other random soft masses in our simulation.

Conversely, it demands that all the other random soft mass terms be larger than a Wino

chargino or Wino neutralino mass value for each viable point. This is exponentially less

likely as this mass value increases, following a Boltzmann distribution. We point out that

this discussion is a simplification of what actually happens, since it omits the running of

the soft mass terms, as well as their mixing in the final mass eigenstates. These details,

however, do not effect the essence of the above argument, since the mass runnings and the

mass mixing couplings are generically very small.

Associated with a given choice of LSP, there are a fixed number of valid initial points.

For example, as mentioned above, a Wino chargino LSP arises from 4,858 black points. As

discussed at the end of section 3, for each such black point, we 1) statistically throw one

of the parameters εi, i = 1, 2, 3 in the interval [10−4, 1.0] GeV, 2) choose the neutrino mass

hierarchy to be either normal or inverted and, having done so, choose the associated value

of θ23, 3) then, using (3.8), determine the remaining two epsilon parameters and the three

vL parameters using the computer code. Let us denote the maximum one of the three ε

parameters by εmax. By running over all 4,858 black points subject to a fixed choice of

the neutrino hierarchy and θ23, one can create a histogram of the number of valid points

associated with a given value for εmax. For example, the results of, first, choosing a normal

neutrino hierarchy and θ23 such that sin θ23 = 0.597 and, second, choosing an inverted

neutrino hierarchy and θ23 with sin θ23 = 0.529 are graphically depicted in figure 5. We

find only a statistically insignificant number of points, in the case of the normal hierarchy 1
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Figure 4. (a) Mass distribution of the Wino chargino LSPs. The masses range is from 194 GeV to

1710 GeV, peaking towards the low mass end. (b) Mass distribution of the Wino neutralino LSPs.

The masses range is from 192 GeV to 1630 GeV, peaking towards the low mass end.
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Figure 5. For each of the 4,858 black points with a Wino chargino LSP, we statistically sample

one of the three εi parmeters in the range [10−4, 1.0] GeV and, for this graph, choose 1) a normal

neutrino hierarchy and sin θ23 = 0.597 — indicated in red — and 2) an inverted hierarchy with

sin θ23 = 0.529 — indicated in blue. We then solve for the other two ε values numerically. For each

case, we plot a histogram of the number of valid black points associated with a Wino chargino LSP

against the value of εmax, the largest of the three epsilon parameters. We find that most values

of εmax are smaller than 1 GeV. For larger values, the viable points become much less numerous,

since such values would require more fine-tuning to match the existent neutrino data. The bound√
68 GeV — see the end of section 3 — beyond which unphysical lepton number violation is possible,

is indicated by the dashed line. We find only 1 and 4 points beyond this line for the normal

and inverted hierarchy cases respectively. Hence, lepton number violation, if it occurs at all, is

statistically insignificant in our simulation.
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Symbol Description

χ̃0
B Mostly a neutral Bino.

χ̃0
W Mostly a neutral Wino.

χ̃0
νc3a,b

Mostly third generation right-handed neutrino.

χ̃0
H Mostly a neutral Higgsino.

χ̃±W Mostly a charged Wino.

χ̃±H Mostly a charged Higgsino.

g̃ Gluino.

t̃ad Left- and right-handed stop admixture.

t̃r Mostly right-handed stop (over 99%).

q̃c Right-handed 1st and 2nd generation squarks.

b̃ Mostly left-handed sbottom.

b̃c Mostly right-handed sbottom.

ν̃1,2 1st and 2nd generation left-handed sneutrinos.

LSPs evenly split among two generations.

ν̃3 Third generation left-handed sneutrino.

ν̃c1,2 1st and 2nd generation right-handed sneutrinos.

τ̃ Third generation left-handed stau.

ẽc, µ̃c 1st and 2nd generation right-handed sleptons.

LSPs evenly split among two generations.

τ̃ c Third generation right-handed stau.

Table 2. The notation used for the LSP states on the x-axis of figure 3.

point and in the case of the inverted hierarchy 4 points, that exceed
√

68 GeV. If εmax = ε3,

then constraint (3.22) is immediately satisfied. Even if this parameter is, say, ε2, it remains

statistically extremely likely that constraint (3.22) remains satisfied. It follows that, for

the choice of a normal neutrino hierarchy and sin θ23 = 0.597 and an inverted hierarchy

with sin θ23 = 0.529, lepton number violation via µ→ eγ is statistically highly suppressed

in our theory. We find similar results for each of the other two choices of θ23. The

identical conclusion can be drawn for the Wino neutralino. We conclude that lepton number

violation is highly suppressed in the B − L MSSM — at least when the LSP is a Wino

chargino or a Wino neutralino.

In previous papers [38, 52], we have analyzed in detail the RPV decays of the “admix-

ture” stop. Stops have a very high production cross section from proton-proton collisions.

Furthermore, their decay products are relatively easy to observe at the LHC detectors. For

these reasons, the ATLAS group at the LHC did a detailed study of the RPV decays of

the admixture stop LSPs [73–76]. However, it is clear from figure 3 that neutralinos and

charginos are much more prevalent as LSPs of the B−L MSSM. Therefore, in the present

paper, we begin a study of the RPV decays of neutralinos and charginos. Their RPV decay

channels will be analyzed in detail.
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5 Chargino and neutralino states

5.1 Chargino mass eigenstates

After EW breaking, the Higgs fields acquire a VEV which induces off-diagonal couplings

between the charged gauginos of the theory. The terms that enter the chargino mass

matrix, in the absence of RPV effects, are

L ⊃ −g2√
2

[vuW̃
−H̃+

u + vdW̃
+H−d ]−M2|W̃ |2 − µH̃+

u H̃
−
d + h.c. (5.1)

The first terms come from the supercovariant derivative of the Higgs chiral fields, the

Wino mass term originates in the soft SUSY breaking Lagrangian, while the last term is

introduced in the superpotential W . Combining the charged Higgsinos and the charged

Winos into ψ+ = (W̃+, H̃+
u ) and ψ− = (W̃−, H−d ), we can write the previous terms in

the form

L ⊃ −1

2

(
ψ+ ψ−

)( 0 Mχ̃±
T

Mχ̃± 0

)(
ψ+

ψ−

)
+ h.c. (5.2)

where Mχ̃± is the 2× 2 matrix given by

Mχ̃± =

(
M2

1√
2
g2vu

1√
2
g2vd µ

)
. (5.3)

The mass eigenstates χ̃+ = V ψ+ and χ̃− = Uψ− diagonalize Mχ̃± to

U∗Mχ̃±V
−1 = MD =

(
Mχ̃±1

0

0 Mχ̃±2

)
(5.4)

with Mχ̃±1
and Mχ̃±2

positive. One can solve analytically for the eigenvalues and obtain

M2
χ̃±1
,M2

χ̃±2
=

1

2

[
|M2|2 + |µ|2 + 2M2

W±

∓
√(
|M2|2 + |µ|2 + 2M2

W±

)2 − 4|µM2 −M2
W± sin 2β|2

]
, (5.5)

where M2
χ̃±1

and M2
χ̃±2

correspond to the − and + sign in front of the square root respectively.

We will always choose the square root to be positive, so that the “minus” sign — and,

hence, χ̃±1 — corresponds to the lighter mass eigenstate. That is, with this convention

Mχ̃±1
< Mχ̃±2

. The expressions for the mass eigenvalues can be simplified by noting that

the lower bounds on sparticle masses are well above MW± . It follows that M2
W± �M2

2 , µ
2.

Therefore, the mass eigenvalues depend primarily on the parameters M2 and µ. When

|M2| . |µ|, we find that

Mχ̃±1
' |M2| −

M2
W±(M2 + µ sin 2β)

µ2 −M2
2

, (5.6)

Mχ̃±2
' |µ|+ sgn(µ)M2

W±(µ+M2 sin 2β)

µ2 −M2
2

(5.7)
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whereas for |µ| . |M2|, the expressions for the mass eigenvalues are simply exchanged;

that is,

Mχ̃±1
' |µ|+ sgn(µ)M2

W±(µ+M2 sin 2β)

µ2 −M2
2

, (5.8)

Mχ̃±2
' |M2| −

M2
W±(M2 + µ sin 2β)

µ2 −M2
2

. (5.9)

The mixing matrices U and V , defined by(
χ̃−1
χ̃−2

)
= U

(
W̃−

H̃−d

)
,

(
χ̃+

1

χ̃+
2

)
= V

(
W̃+

H̃+
u

)
, (5.10)

also are dependent on the relative sizes of M2 and µ. For |M2| . |µ| they are found to be

U = O− , V =

{
O+, detMχ̃± > 0

σ3O+, detMχ̃± < 0 ,
(5.11)

where

O± =

(
cosφ± sinφ±
− sinφ± cosφ±

)
. (5.12)

The Pauli matrix σ3 is inserted so that the diagonal entries of MD are always positive.

The angles φ± are given by

tan 2φ− = 2
√

2MW±
µ cosβ +M2 sinβ

µ2 −M2
2 − 2M2

W± cos 2β
(5.13)

tan 2φ+ = 2
√

2MW±
µ sinβ +M2 cosβ

µ2 −M2
2 + 2M2

W± cos 2β
(5.14)

respectively. On the other hand, when |µ| . |M2|, we find that (5.11) remains the same,

as do the expressions (5.13) and (5.14) for the angles φ±. However, the matrix O± now

becomes

O± =

(
− sinφ± cosφ±
− cosφ± − sinφ±

)
. (5.15)

It is important to note that the |µ| . |M2| results for the U , V matrices can be obtained

from the |M2| . |µ| expressions (5.11), (5.12), (5.13) and (5.14) simply by replacing

φ± −→ φ± +
π

2
(5.16)

in all expressions. We will use this replacement, when required, in the main numerical

analysis to follow.

It is useful to note that when |M2| . |µ|, it follows from (5.12) that the lightest

chargino eigenstate is

χ̃±1 = cosφ±W̃
± + sinφ±H̃

± . (5.17)
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Since M2
W± � M2

2 , µ
2, we see from (5.13) and (5.14) that tan 2φ± � 1 and, hence,

| cosφ±| > | sinφ±|. It follows that

χ̃±1 ' W̃± . (5.18)

We say that χ̃±1 is “predominantly” a charged Wino and, regardless of the exact value of

φ±, denote it by χ̃±W . On the other hand, when |µ| . |M2| it follows from (5.15) that

χ̃±1 = − sinφ±W̃
± + cosφ±H̃

± . (5.19)

Expressions (5.13) and (5.14) again tell us that | sinφ±| < | cosφ±| and, hence

χ̃±1 ' H̃± . (5.20)

That is, χ̃±1 is “predominantly” a charged Higgsino and, regardless of the exact value of

φ±, we denote it by χ̃±H . Having made this analysis, we note that the results could have

been read off directly from the leading term in the expressions for the mass eigenvalues

given in (5.6) and (5.8). Specifically, for |M2| . |µ|, the leading term in (5.6) is |M2|, the

soft mass associated with the charged Wino — indicating that χ̃±1 ' W̃±. Similarly, for

|µ| . |M2|, the leading term in (5.8) is |µ|, the parameter associated with the charged

Higgsino — indicating that χ̃±1 ' H̃±, as above. As stated previously, we will refer to the

mass eigenstates χ̃±W and χ̃±H simply as a Wino chargino and Higgsino chargino respectively,

even though they are only “predominantly” the pure states of W± and H± respectively.

Let us now include the R-parity violation terms in the Lagrangian. These will not

significantly affect the chargino masses, but they do introduce mixing between the charginos

and the standard model charged leptons. These mixings are central to our study because

they allow RPV chargino decays. In the extended bases ψ+ = (W̃+, H̃+
u , e

c
i) and ψ− =

(W̃−, H̃−d , ei), the mixing matrix can again be written in the form of eq. (5.2),

L ⊃ −1

2

(
ψ+ ψ−

)( 0 Mχ̃±
T

Mχ̃± 0

)(
ψ+

ψ−

)
+ h.c. (5.21)

now, however, where

Mχ̃± =



M2
1√
2
g2vu 0 0 0

1√
2
g2vd µ −vL1

vd
me −vL2

vd
mµ −vL3

vd
mτ

1√
2
g2vL1

∗ −ε1 me 0 0
1√
2
g2vL2

∗ −ε2 0 mµ 0
1√
2
g2vL3

∗ −ε3 0 0 mτ

 (5.22)

and me, mµ, and mτ denote the Dirac masses of the standard model charged leptons. This

matrix can be expressed in a schematic form that will be useful in diagonalizing it. Let

us write

Mχ̃± =

(
Mχ̃± Γ

GT mei

)
(5.23)
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where

Mχ̃± =

(
M2

1√
2
g2vu

1√
2
g2vd µ

)
, Γ =

(
0 0 0

−vL1
vd
me −vL2

vd
mµ −vL3

vd
mτ

)
, GT =


1√
2
g2vL1

∗ −ε1
1√
2
g2vL2

∗ −ε2
1√
2
g2vL3

∗ −ε3


(5.24)

and mei is the 3×3 matrix with diagonal entries (me,mµ,mτ ). The G, Γ, and mei matrices

have entries that are much smaller than the entries of the Mχ̃± matrix and, therefore, can

be used to perturbatively diagonalize the Mχ̃± matrix. The mass eigenstates are related

to the gauge eigenstates by unitary matrices V and U defined by
χ̃−1
χ̃−2
χ̃−3
χ̃−4
χ̃−5

 = U


W̃−

H̃−d
e1

e2

e3

 ,


χ̃+

1

χ̃+
2

χ̃+
3

χ̃+
4

χ̃+
5

 = V


W̃+

H̃+
u

ec1
ec2
ec3

 . (5.25)

They are chosen so that

U∗Mχ̃±V−1 =MD
χ̃± =



Mχ̃±1
0 0 0 0

0 Mχ̃±2
0 0 0

0 0 Mχ̃±3
0 0

0 0 0 Mχ̃±4
0

0 0 0 0 Mχ̃±5

 , (5.26)

where all eigenvalues are positive. The first two eigenstates, Mχ±1,2
, are mostly charged Wino

and charged Higgsino. The RPV couplings are small enough that their masses are still given

by eqs. (5.6) and (5.7) or (5.8) and (5.9), depending on the values of the parameters M2

and µ. Similarly, the masses of the leptons are basically unchanged; that is, Mχ±2+i
are the

standard model charged lepton masses, mei , where e1,2,3 ≡ e, µ, τ . The phenomenologically

important effect of the RPV mixing is the RPV decays of the charginos. The matrices U
and V can be written schematically as

U =

(
U 02×3

03×2 13×3

)(
12×2 −ξ−
ξ†− 13×3

)
, V =

(
V 02×3

03×2 13×3

)(
12×2 −ξ+

ξ†+ 13×3

)
. (5.27)

Next, requiring that U∗Mχ̃±V−1 is diagonal allows one to compute the ξ+ and ξ− matrices.

To first order, they are given by

ξ− = −
(
Mχ̃±

T
)−1

G , ξ+ = −(Mχ̃±)−1Γ . (5.28)

The values of all the U and V matrix elements are presented in the appendix B.1. These

matrices will be crucial in calculating the decay rates of the charginos via RPV processes.

In general, the exact expressions for the five charged mass eigenstates are complicated, and

will be dealt with numerically in our calculations. However, it of interest to present the
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complete analytic expressions, including the RPV terms, for the mass eigenstates χ̃±1 . We

find that the positive eigenvector χ̃+
1 is

χ̃+
1 = V1 1W̃

+ + V1 2H̃
+
u + V1 2+ie

c
i , (5.29)

where one sums over i = 1, 2, 3. When |M2| < |µ|, the V coefficients are given by

V1 1 = cosφ+ , V1 2 = sinφ+ (5.30)

and

V1 2+i = − cosφ+
g2 tanβmei√

2M2µ
vLi + sinφ+

mei

µvd
vLi . (5.31)

The result for |µ| < |M2| is found by replacing φ+ → φ+ + π
2 in these expressions, as

discussed above. Similarly, the negative eigenvector χ̃−1 is found to be

χ̃−1 = U1 1W̃
− + U1 2H̃

−
d + U1 2+iei , (5.32)

where one sums over i = 1, 2, 3. When |M2| < |µ|, the U coefficients are given by

U1 1 = cosφ− , U1 2 = sinφ− (5.33)

and

U1 2+i = − cosφ−
g2vd√
2M2µ

ε∗i + sinφ−
ε∗i
µ
. (5.34)

The result for |µ| < |M2| is found by replacing φ− → φ− + π
2 in these expressions. Note

that the first two terms of χ̃±1 are independent of RPV and are identical to the expressions

given in (5.17) and (5.19) for |M2| < |µ| and |µ| < |M2| respectively. Also, note that

these terms dominate over the RPV terms and, hence, are the main contributors to the

mass eigenvalues. However, although they are numerically smaller, the RPV terms in χ̃±1
play a crucial role in the R-parity violating decays of chargino LSPs and, hence, cannot be

ignored.

5.2 Neutralino mass eigenstates

In the absence of the RPV violating terms proportional to εi and vLi , the neutral Higgsinos

and gauginos of the theory mix with the third generation right handed neutrino. In the

gauge eigenstate basis ψ0 =
(
W̃R, W̃0, H̃

0
d , H̃

0
u, B̃

′, νc3

)
,

L ⊃ −1

2

(
ψ0
)T
Mχ̃0ψ0 + c.c (5.35)

where

Mχ̃0 =



MR 0 −1
2gRvd

1
2gRvu 0 −1

2gRvR
0 M2

1
2g2vd −1

2g2vu 0 0

−1
2gRvd

1
2g2vd 0 −µ 0 0

1
2gRvu −1

2g2vu −µ 0 0 0

0 0 0 0 MBL
1
2gBLvR

−1
2gRvR 0 0 0 1

2gBLvR 0


. (5.36)
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The mass eigenstates are related to the gauge states by the unitary matrix N where χ̃0 =

Nψ0. N is chosen so that

N∗Mχ̃0N † = MD
χ̃0 =



Mχ̃0
1

0 0 0 0 0

0 Mχ̃0
2

0 0 0 0

0 0 Mχ̃0
3

0 0 0

0 0 0 Mχ̃0
4

0 0

0 0 0 0 Mχ̃0
5

0

0 0 0 0 0 Mχ̃0
6


, (5.37)

where all eigenvalues are positive. The B − L MSSM does not explicitly contain a Bino,

associated with the hypercharge group U(1)Y . Instead, it contains a Blino and a Rino, the

gauginos associated with U(1)B−L and U(1)3R respectively. Nevertheless, the theory does

effectively contain a Bino. To see this, consider the limit M2
W± , M

2
Z0 �M2

R, M
2
2 , M

2
BL —

that is, when the EW scale is much lower than the soft breaking scale so that the Higgs

VEV’s are negligible. In this limit, the mass matrix in eq. (5.36) becomes

Mχ̃0 =



MR 0 0 0 0 −1
2gRvR

0 M2 0 0 0 0

0 0 0 −µ 0 0

0 0 −µ 0 0 0

0 0 0 0 MBL
1
2gBLvR

−1
2gRvR 0 0 0 1

2gBLvR 0


(5.38)

The first, fifth, and sixth columns, corresponding to the Blino, the Rino and the third

generation right-handed neutrino, are now decoupled from the others and mix only with

each other. In the reduced basis
(
νc3, W̃R, B̃

′
)

, the mixing matrix is 0 − cos θRMZR sin θRMZR

− cos θRMZR MR 0

sin θRMZR 0 MBL

 , where cos θR =
gR√

g2
R + g2

BL

. (5.39)

The limit in which the gaugino masses are much smaller than MZR is phenomenologically

relevant due to the lower bound on MZR being much higher than typical gaugino mass

lower bounds. This limit is also motivated theoretically because RG running makes the

gauginos masses lighter. In this limit, the mass eigenstates can be found as an expansion

in the gaugino masses. At zeroth order, they are

B̃ = W̃R sin θR + B̃′ cos θR , (5.40)

νc3a =
1√
2

(νc3 − W̃R cos θR + B̃′ sin θR) , (5.41)

νc3b =
1√
2

(νc3 + W̃R cos θR − B̃′ sin θR) (5.42)

with masses, calculated to first order, given by

M1 = sin2 θRMR + cos2 θRMBL, mνc3a = MZR , mνc3b = MZR . (5.43)

– 29 –



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

respectively. The state B̃ with mass M1 is effectively a Bino. We can rotate from the

old basis,
(
W̃R, W̃0, H̃

0
d , H̃

0
u, B̃

′, νc3

)
, to the new one,

(
B̃, W̃0, H̃

0
d , H̃

0
u, ν

c
3a, ν

c
3b

)
, using a

rotation matrix, which at zeroth order has the form:

sin θR 0 0 0 cos θR 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

− 1√
2

cos θR 0 0 0 1√
2

sin θR
1√
2

1√
2

cos θR 0 0 0 − 1√
2

sin θR
1√
2


. (5.44)

We then get a new neutralino mass matrix, which is in agreement with the MSSM model

after B-L breaking. It is given by

Mχ̃0 =



M1 0 − 1√
2
g′vd

1√
2
g′vu 0 0

0 M2
1√
2
g2vd − 1√

2
g2vu 0 0

− 1√
2
g′vd

1√
2
g2vd 0 −µ 0 0

1√
2
g′vu − 1√

2
g2vu −µ 0 0 0

0 0 0 0 mνc3a 0

0 0 0 0 0 mνc3b


(5.45)

Since the EW scale is generally much lower than the gaugino mass scale, the off-diagonal

terms are small,

Mχ̃0
1
' |M1| −

M2
Z0 sin2 θW (M1 + µ sin 2β)

µ2 −M2
1

, (5.46)

Mχ̃0
2
' |M2| −

M2
W±(M2 + µ sin 2β)

µ2 −M2
2

, (5.47)

Mχ̃0
3
' |µ|+ MZ0(sgn(µ)× 1− sin 2β)(µ+M1 cos2 θW +M2 sin2 θW )

2(µ+M1)(µ+M2)
, (5.48)

Mχ̃0
4
' |µ|+ MZ0(sgn(µ)× 1 + sin 2β)(µ−M1 cos2 θW −M2 sin2 θW )

2(µ−M1)(µ−M2)
, (5.49)

Mχ̃0
5
'MZR , (5.50)

Mχ̃0
6
'MZR (5.51)

where θW is the Weinberg angle. Unlike for charginos discussed previously, our labels do

not imply any mass ordering. The exact eigenstates are more difficult to compute than in

the chargino case. They are, generically, linear combinations of the six gauge neutralino

states. However, as was discussed in detail for charginos, the dominant gauge neutralino

in an eigenstate can be read off directly from the leading term in the associated mass

eigenvalue. Using this, as well as explicit numerical computation, we find that

χ̃0
1 ' B̃0 , χ̃0

2 ' W̃ 0 , χ̃0
3 ' H̃0

d , χ̃0
4 ' H̃0

u , χ̃0
5 ' νc3a , χ̃0

6 ' νc3b . (5.52)
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As with the charginos, we henceforth denote these mass eigenstates by χ̃0
B, χ̃0

W , χ̃0
Hd

, χ̃0
Hu

,

χ̃0
νc3a

, χ̃0
νc3b

respectively; and refer to them as a Bino neutralino, a Wino neutralino and so

on, even though they are only “predominantly” the pure neutral state.

Let us now add the RPV couplings εi and vLi . This introduces mixing between the neu-

tralinos and the neutral fermions of the standard model — the neutrinos. As discussed at

the beginning of section 3, mixing with the first- and second-family right-handed neutrino

would lead to active-sterile neutrino oscillations. Unless and until there is more exper-

imental evidence of such oscillations, we will continue to assume that they do not exist

and, therefore, that the mixing with the first- and second-family right-handed neutrinos

is negligible. Therefore, the neutrino mass matrix given below includes only mixing with

the three families of left-handed neutrinos — the seventh column — and the third-family

right-handed neutrino — the sixth column. As in the case of the charginos, the effect of

adding these RPV couplings is important because it will allow RPV decays of the neutrali-

nos. It’s effect on the physical masses of the neutralinos, however, is negligible. The new

basis is then extended to
(
W̃R, W̃0, H̃

0
d , H̃

0
u, B̃

′, νc3, ν1, ν2, ν3

)
. The extended mass matrix

is given by

Mχ̃0 =



MR 0 −1
2gRvd

1
2gRvu 0 −1

2gRvR 01×3

0 M2
1
2g2vd −1

2g2vu 0 0 1
2g2v

∗
Li

−1
2gRvd

1
2g2vd 0 −µ 0 0 01×3

1
2gRvu −1

2g2vu −µ 0 0 0 εi
0 0 0 0 MBL

1
2gBLvR −1

2gBLv
∗
Li

−1
2gRvR 0 0 0 1

2gBLvR 0 1√
2
Yνi3vu

03×1
1√
2
g2v
∗
Lj

03×1 εj − 1√
2
gBLv

∗
Lj

1√
2
Yνj3vu 03×3


(5.53)

This is the matrix that was introduced in eq. (3.1). Just as for charginos, we can write the

neutralino matrix in a schematic form that will help us diagonalize it perturbatively. As

discussed in detail in section 3, Mχ̃0 can be expressed as

Mχ̃0 =

(
Mχ̃0 mD

mT
D 03×3

)
(5.54)

where Mχ0 and mD are given in (3.2) and (3.3) respectively. The mass eigenstates are

related to the gauge eigenstates by the unitary matrix N , which diagonalizes the neutralino

mixing matrix

MD
χ̃0 = N ∗Mχ̃0N † . (5.55)

N can be written in the perturbative form

N =

(
N 03×3

03×3 V
†
PMNS

)(
16×6 −ξ0

ξ†0 13×3

)
, (5.56)

where N is the unitary matrix introduced below eq. (5.36). It is a 6× 6 matrix, analogous

to the 2× 2 matrices U and V in section 5.1. However, while eq. (5.11), (5.12) and (5.15)

provide simple analytic expressions for U and V in terms of the rotation angles φ±, it is
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much harder to solve for N without approximations. In this paper, we will compute N

numerically, using the the relevant soft mass terms and couplings as input.

The equation ξ0 = M−1
χ̃0 mD is obtained by requiring that MD

χ̃0 be diagonal. We de-

note the mass eigenstates as χ̃0 = Nψ0. The entries of N are central in calculating the

neutralino decay rates and are all presented in appendix B. However, exactly as in the

case of the charginos discussed above, the physical masses of the “proper” neutralinos are

not significantly changed by introducing the RPV couplings, so eqs. (5.46)–(5.51) remain

valid. The states χ0
6+i for i = 1, 2, 3 are the three left-handed neutrinos which now receive

Majorana masses. This process has been discussed in detail in section 3. As in the case

of charginos, it is important to note that, although small compared to the R-parity preserv-

ing coefficients, the RPV terms make important contributions to the RPV decays of the

neutralino LSPs and, hence, cannot be ignored.

6 Chargino and neutralino decay channels

6.1 General B-L MSSM Lagrangian

The general B − L MSSM Lagrangian, written in terms of chiral multiplet component

fields, (φi, ψi), and vector multiplet components, (Aaµ, λ
a), has the generic form

L = −∂µφ∗i∂µφi + iψ†iσ̄µ∂µψi (kinetic terms) (6.1)

− igT aAaµφ∗∂µφi + c.c+ g2(T aAaµ)(T bAbµ)φiφ
∗i + gψ†σ̄µT aAaµψi ( covariant derivative)

−
√

2g(φ∗T aψ)λa −
√

2gλa†(ψ†T aφ) + g(φ∗T aφ)Da (covariant derivative supersymmterization)

+ 2iλaσµ∂µλ
†a+2igfabcλaσµAbµλ

†c − 1

2
F aµνF aµν+

i

4
εµνρσF aµνF

a
ρσ (gauge field self-interactions)

− 1

2
M ijψiψj −

1

2
M∗ijψ

†iψ†j +M∗ikM
kjφ∗iφj (superpotential mass terms)

− 1

2
Y ijkφiψjψk −

1

2
Y ∗ijkφ

∗iψ†jψ†k (superpotential scalar-fermion-fermion Yukawa coupling)

+
1

2
M inY ∗jknφiφ

∗jφ∗k +
1

2
M∗inY

jknφ∗iφjφk +
1

4
Y ijnY ∗klnφiφjφ

∗kφ∗l (3 and 4-scalar interactions).

The interaction vertices that allow the charginos and neutralinos to decay into standard

model particles are encoded in its complicated interactions. In order to read these RPV

vertices from this Lagrangian, one needs to follow a series of steps:

• First, one writes this general Lagrangian in terms of the component fields of the

theory. The B − L MSSM matter content is give in (2.4) and (2.5), whereas the

gauge fields and gauginos are those associated with gauge group (2.3).

• In the first step, the component fields are pure gauge states. After B − L and

electroweak symmetry breaking, these states mix to form massive states. In section 5,

we discussed how massive chargino and neutralino states are constructed. The second

step then, is to write all gauge eigenstates in the Lagrangian in terms of their mass

eigenstate expansion.
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Charginos Neutralinos

X̃± →W±νi X̃0 →W±`±i
X̃± → Z0`±i X̃0 → Z0νi

X̃± → γ0`±i ——–

X̃± → h0`±i X̃0 → h0νi

Table 3. Chargino and Neutralino RPV decay channels, expressed in terms of 4-component spinors.

• After the second step is completed, one can identify the RPV vertices that couple

a single chargino or a single neutralino to two standard model particles, typically

a boson and a lepton. However, so far the theory has been written in terms of 2-

component Weyl spinors, while the physical fermions are described by 4-component

spinors. The final step, then, is to write the identified RPV vertices in 4-component

spinor notation.

In the following sections, we will identify the RPV decay amplitudes for the charginos

and neutralinos displayed in table 3, using the three steps described above. We find that

such sparticle decays are due entirely to the RPV couplings proportional to εi and vLi ,

i = 1, 2, 3 that mix the three generations of leptons and the gauginos of the MSSM inside

the chargino and neutralino mass matrices. That is, the mass eigenstate charginos and

neutralinos can decay into SM particles precisely because they have lepton components.

Only after we express the B − L MSSM Lagrangian in terms of the mass eigenstates, will

the decay processes in table 3 become apparent. Henceforth, we use χ±,0 when referring to

chargino and neutralino 2-component Weyl fermions and X±,0 when referring to chargino

and neutralino 4-component Dirac fermions. Furthermore, we use ei, i = 1, 2, 3 for the

three families of charged leptons Weyl fermions, and `i, i = 1, 2, 3 for the three families

expressed as Dirac fermions. The Dirac fermion states are defined in eq. (6.33).

6.2 Mass eigenstate expansion

The chargino mass eigenstates χ̃± = (χ̃±1 , χ̃
±
2 , χ̃

±
3 , χ̃

±
4 , χ̃

±
5 ) are related to the gauge

eigenstates ψ+ = (W̃+, H̃+
u , e

c
1, e

c
2, e

c
3) and ψ− = (W̃− H̃−d , e1, e2, e3) via the unitary

matrices U and V defined in section 5 and given in appendix B.1. That is,

χ̃− = Uψ− , χ̃+ = Vψ+ . (6.2)

There are two things worth pointing out here. First, only the mass eigenstates χ̃±1 and

χ̃±2 are considered to be the actual charginos. They have dominant contributions from the

MSSM gauginos and only small SM lepton components. Moreover, the mass eigenstates

χ̃±3 ' e1, e
c
1, χ̃±4 ' e2, e

c
2, χ̃±5 ' e3, e

c
3 are considered to be the three generations of

charged leptons (to be more precise, the left-handed Weyl spinors of the negatively and

positively charged leptons). Second, the U and V matrices are defined so that the chargino

states χ̃±1 are lighter than the chargino states χ̃±2 ; that is, Mχ̃±1
< Mχ̃±2

. The state χ̃±1 can
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be dominantly charged Wino or charged Higgsino, but it will be always be less massive

than χ̃±2 .

In terms of the chargino mass eigenstates, the gauge eigenstate can be expressed as

ψ− = U†χ̃− and ψ+ = V†χ̃+. We then have the following mass eigenstate decomposition:

ei = U∗1 2+iχ̃
−
1 + U∗2 2+iχ̃

−
2 + U∗3 2+iχ̃

−
3 + U∗4 2+iχ̃

−
4 + U∗5 2+iχ̃

−
5 (6.3)

eci = V∗1 2+iχ̃
+
1 + V∗2 2+iχ̃

+
2 + V∗3 2+iχ̃

+
3 + V∗4 2+iχ̃

+
4 + V∗5 2+iχ̃

+
5 (6.4)

Similarly, the Wino and Higgsino gauge eigenstate can be expressed as:

W̃− = U∗1 1χ̃
−
1 + U∗2 1χ̃

−
2 + U∗3 1χ̃

−
3 + U∗4 1χ̃

−
4 + U∗5 1χ̃

−
5 (6.5)

W̃+ = V∗1 1χ̃
+
1 + V∗2 1χ̃

+
2 + V∗3 1χ̃

+
3 + V∗4 1χ̃

+
4 + V∗5 1χ̃

+
5 (6.6)

H̃−d = U∗1 2χ̃
−
1 + U∗2 2χ̃

−
2 + U∗3 2χ̃

−
3 + U∗4 2χ̃

−
4 + U∗5 2χ̃

−
5 (6.7)

H̃+
u = V∗1 2χ̃

+
1 + V∗2 2χ̃

+
2 + V∗3 2χ̃

+
3 + V∗4 2χ̃

+
4 + V∗5 2χ̃

+
5 (6.8)

The neutralino mass eigenstates χ̃0 = (χ̃0
1, χ̃

0
2, χ̃

0
3, χ̃

0
4, χ̃

0
5, χ̃

0
6, χ̃

0
7, χ̃

0
8, χ̃

0
9) are related

to the gauge eigenstates ψ0 = (W̃R, W̃0, H̃
0
d , H̃

0
u, B̃

′, νc3, νe, νµ, ντ ) via the unitary matrix

N , defined in section 5 and given in appendix B.2. That is,

χ̃0 = Nψ0 . (6.9)

Just as for the chargino states, it is important to remember that only the first six states

χ̃1,2,3,4,5,6 are considered actual MSSM neutralinos, since their dominant contributions are

from sparticles. The states χ̃7,8,9 are the three generations of left handed neutrinos, which

obtain Majorana masses after the neutralino matrix diagonalization. However, the notation

of the six neutralino mass eigenstates differs from that of the chargino mass eigenstates.

In the case of charginos, the states are defined such that Mχ̃±1
< Mχ̃±2

, where both χ̃±1 and

χ̃±2 could be dominantly charged Wino or charged Higgsino. As discussed above, usually

|M2| < |µ|, in which case χ̃±1 would be dominantly charged Wino, while χ̃±2 would be

dominantly charged Higgsino. In the rare case when |µ| < |M2|, χ̃±1 would be dominantly

charged Higgsino, while χ̃±2 would be dominantly charged Wino. For the neutralino mass

eigenstates, however, we always have χ̃0
1 mostly Bino, χ̃0

2 mostly Wino, χ̃0
3,4 mostly Higgsino,

χ̃0
5,6 mostly right-handed third generation neutrino. We don’t know, a priori, which state

is the lightest, nor how to order them in terms of mass. Their masses are computed after

we diagonalize the 6 × 6 neutralino mixing matrix Mχ̃0 — neglecting RPV couplings —

an operation significantly more complicated than the diagonalization of the 2× 2 chargino

mass matrix, Mχ̃± , in the absence of RPV couplings.

In terms of the neutralino mass eigesntates, the gauge eigenstates are given by

ψ0 = N †χ̃0 . (6.10)

For the three neutrino gauge eigenstates νe, νµ, ντ = νi, i = 1, 2, 3

νi =N ∗1 6+iχ̃
0
1 +N ∗2 6+iχ̃

0
2 +N ∗3 6+iχ̃

0
3 +N ∗4 6+iχ̃

0
4

+N ∗5 6+iχ̃
0
5 +N ∗6 6+iχ̃

0
6 +N ∗7 6+iχ̃

0
7 +N ∗8 6+iχ̃

0
8 +N ∗9 6+iχ̃

0
9 , (6.11)
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while for the rest of the mass eigenstates, we have

W̃R, W̃
0, H̃0

d , H̃
0
u, B̃

′, ν̃c3 =N ∗1 1,2,3,4,5,6χ̃
0
1 +N ∗2 1,2,3,4,5,6χ̃

0
2 +N ∗3 1,2,3,4,5,6χ̃

0
3+ (6.12)

+N ∗4 1,2,3,4,5,6χ̃
0
4 +N ∗5 1,2,3,4,5,6χ̃

0
5 +N ∗6 1,2,3,4,5,6χ̃

0
6+

+N ∗7 1,2,3,4,5,6χ̃
0
7 +N ∗8 1,2,3,4,5,6χ̃

0
8 +N ∗9 1,2,3,4,5,6χ̃

0
9 .

The Higgs scalar fields in the MSSM consist of two complex SU(2)L doublets; that is,

eight degrees of freedom. When electroweak symmetry is broken, three of them become

the Goldstone bosons G0, G±, where G− = G+∗. The rest will be Higgs scalar mass

eigenstates; that is, CP-even neutral scalars h0 and H0, a CP-odd neutral scalar Γ0 and a

charged H+ and a conjugate H− = H+∗. They are defined by [51].(
H0
u

H0
d

)
=

(
vu
vd

)
+

1√
2
Rα

(
h0

H0

)
+

i√
2
Rβ0

(
G0

Γ0

)
, (6.13)(

H+
u

H−∗d

)
= Rβ±

(
G+

H+

)
(6.14)

where Rα, Rβ0 , Rβ± are rotation matrices. Specifically, the matrix in front of the Standard

Model Higgs Boson h0 is

Rα =

(
cosα sinα

− sinα cosα

)
, (6.15)

while, to lowest order, the other matrices are

Rβ0 = Rβ± =

(
sinβ cosβ

− cosβ sinβ

)
, (6.16)

where tan β = vu/vd. The mixing angle α is, at tree level:

tan 2α

tan 2β
=
M2

Γ0 +M2
Z0

M2
Γ0 −M2

Z0

,
sin 2α

sin 2β
= −M

2
H0 +M2

h0

M2
H0 −M2

h0
(6.17)

where the masses of the Higgs eigenstates are

M2
Γ0 = 2b/ sin 2β = 2|µ|2 +m2

Hu +m2
Hd
, (6.18)

M2
h0, H0 =

1

2

(
M2

Γ0 +M2
Z0 ∓

√
(M2

Γ0 −M2
Z0)2 + 4M2

Z0M
2
Γ0 sin2(2β)

)
(6.19)

and

M2
H± = M2

Γ0 +M2
W± . (6.20)

6.3 Interaction vertices

We now express Lagrangian (6.1) in terms of all the matter and gauge fields in our B − L
MSSM theory, and then replace all gauge eigenstates with their mass eigenstate expansion.

However, the full B−LMSSM Lagrangian is complicated when expressed in its most general

form. We proceed, therefore, by looking only for the terms that can lead to chargino or

neutralino decays into standard model particles. We identify the following tri-couplings:
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• gψi†σ̄µT aAaµψi, from the covariant derivative of the fermionic matter fields

• −
√

2g(φi∗T aψi)λ
a and −

√
2gλ†(ψi†T aφi), from the supercovariant derivatives

• 2igfabcλaσµAbµλ
c†, from the gauge self-interaction

• −1
2Y

ijkφiψjψk and −1
2Y
∗
ijkφ

i∗ψj†ψk†, from the superpotential Yukawa couplings

We now want to write these interactions in terms of the B − L MSSM component fields.

The procedure is non-trivial. Hence, we split these interactions terms into two categories:

1) those responsible for the neutralino or chargino decays into a gauge boson (Z0-boson,

W±-boson or photon γ0) and a lepton; that is

χ̃±,0 → Z0, γ0,W± − lepton (6.21)

and 2) those responsible for the decays into a Higgs boson and a lepton; that is

χ̃±,0 → h0 − lepton. (6.22)

The terms with Yukawa couplings and those from the supercovariant derivatives are rele-

vant only for the Higgs boson-lepton decay channel, as we will show.

6.3.1 χ̃±,0 → Z0, γ0,W±-lepton

The part of the Lagrangian responsible for the gauge boson-lepton decay channels is

Lχ̃±, 0→Z0,γ0,W±−lepton ⊃ gψi†σ̄µT aAaµψi + 2igfabcλaσµAbµλ
c†, (6.23)

where this expression represents the sum over SU(2)L and U(1)Y . The i = 1, 2, 3 represents

the three lepton families. Expressed in terms of the MSSM component fields this becomes

Lχ̃±, 0→Z0,γ0,W±−lepton ⊃ g2

(
L†i σ̄

µτaLi + H̃†uσ̄
µτaH̃u + H̃†dσ̄

µτaH̃d

)
W a
µ

+ g′
(
−1

2
e†i σ̄

µei + ec†i σ̄
µeci +

1

2
H̃†uσ̄

µH̃u −
1

2
H̃†dσ̄

µH̃d

)
Bµ

+ 2ig2f
abcW̃ aσµW̃ b†W c

µ, (6.24)

where we sum over the i index, W a
µ , a = 1, 2, 3 are the three vector bosons of the SU(2)L

group and Bµ the vector boson of the hypercharge U(1)Y group. Here, g2 and g′ are the

SU(2)L and UY (1) couplings. In addition, Li represents the i-th SU(2)L left chiral lepton

doublet defined in (2.4). We now make the replacements(
γ0

Z0

)
=

(
cos θW sin θW
− sin θW cos θW

)(
B0

W 0

)
, W± =

1√
2

(W 1 ±W 2), tan θW =
g′

g2
, (6.25)

where θW is the Weinberg angle, and rearrange the previous expression to obtain

Lχ̃±, 0→Z0,γ0,W±−lepton ⊃
g2√

2
(JµW+

µ + Jµ†W−µ + JµHW
+
µ + Jµ†H W−µ ) + e(jµEM + jµEMH)γ0

µ

+
g2

2 cos θW

(
Jµn + JµnH

)
Z0
µ + 2g2(W̃+σµW̃+† − W̃−σµW̃−†)(cos θWZ

0
µ + sin θWγ

0
µ)

+ 2g2(−W̃ 0σµW̃+† + W̃−σµW̃ 0†)W+
µ + 2g2(W̃ 0σµW̃−† − W̃+σµW̃ 0†)W−µ . (6.26)
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Jµ, Jµn and jµEM are the usual weak charged, neutral and electromagnetic currents from

the standard model theory of EW breaking, while JµH , JµnH and jµEMH are the equivalent

currents of the Higgsino fermionic fields. Also note that e is the electromagnetic coupling

e =
g2g
′√

g2
2 + g′2

. (6.27)

In 2-component Weyl notation these currents are:

• Weak charged currents, coupling to W± bosons

Jµ = ν†i σ̄
µei , JµH = H̃+†

u σ̄µH̃0
u + H̃0†

d σ̄
µH̃−d (6.28)

• Electromagnetic currents, coupling to the photon γ0

jµEM = +eci
†σ̄µeci − e†i σ̄µei , jµEMH = H̃+†

u σ̄µH̃+
u − H̃−

†

d σ̄µH̃−d (6.29)

• Neutral currents, coupling to the Z0 boson

Jµn = ν†i σ̄
µνi − (1− 2 sin2 θW )e†i σ̄

µei − 2 sin2 θW e
c
i
†σ̄µeci , (6.30)

JµnH = (1− 2 sin2 θW )H̃+†
u σ̄µH̃+

u − (1 + 2 sin2 θW )H̃0†
u σ̄

µH̃0
u

+ (1 + 2 sin2 θW )H̃0†
d σ̄

µH̃0
d − (1− 2 sin2 θW )H̃−

†

d σ̄µH̃−d (6.31)

where in Jµ, jµEM and Jµn we sum over i = 1, 2, 3. Plugging these currents into eq. (6.26),

and arranging the couplings in terms of W±, Z0 and γ0 respectively, we get

Lχ̃±, 0→Z0,γ0,W±−lepton ⊃
g2√

2
W−µ

[
e†i σ̄

µνi + H̃0†
u σ̄

µH̃+
u + H̃−†d σ̄µH̃0

d + 2
√

2(W̃ 0σµW̃−†

− W̃+σµW̃ 0†)
]
+
g2√

2
W+
µ

[
ν†i σ̄

µei+H̃
+†
u σ̄µH̃0

u+H̃0†
d σ̄

µH̃−d +2
√

2(W̃−σµW̃ 0†−W̃ 0σµW̃+†)
]

+ 2g2cWZ
0
µ

[
W̃+σµW̃+†−W̃−σµW̃−†

]
+

g2

2cW
Z0
µ

[
ν†i σ̄

µνi − (1−2s2
W )e†i σ̄

µei − 2s2
W e

c
i
†σ̄µeci

+ (1−2s2
W )H̃+†

u σ̄µH̃+
u − (1+2s2

W )H̃0†
u σ̄

µH̃0
u + (1+2s2

W )H̃0†
d σ̄

µH̃0
d − (1−2s2

W )H̃−
†

d σ̄µH̃−d

]
+ 2g2sWγ

0
µ

[
W̃+σµW̃+† − W̃−σµW̃−†

]
+eγ0

µ

[
ec†i σ̄

µeci − e†iσµei+H̃+†
u σ̄µH̃+

u −H̃−
†

d σ̄µH̃−d

]
,

(6.32)

where we have used the notation sW = sin θW , cW = cos θW and summed over i = 1, 2, 3.

Finally, we are in a position to expand all gauge eigenstates in terms of the mass

eigenstates, as in equations (6.3)–(6.8) and (6.11)–(6.12). After this procedure, the La-

grangian (6.32) is expressed in terms of the mass eigenstates χ̃±1 , χ̃0
n, ei, νi for i = 1, 2, 3,

and their hermitian conjugates. Notice that we keep only χ̃±1 to simplify our results, since

χ̃±1 are always lighter than χ̃±2 and, hence, have better prospects to be detected. Their

charged Wino and charged Higgsino content are determined from the rotation matrices U

and V in eq. (5.11). At the same time, we study the vertices of general neutralino χ̃0
n states

for n = 1, 2, 3, 4, 5, 6, since we have no a priori mass ordering for these states. We remind
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the reader that n = 1 means a mostly Bino neutralino χ̃0
1 = χ̃0

B, n = 2 means a mostly

Wino neutralino χ̃0
2 = χ̃0

W , n = 3, 4 means a mostly Higgsino neutralino χ̃0
3,4 = χ̃0

H and

n = 5, 6 means a mostly third generation right-handed neutrino neutralino χ̃0
5,6 = χ̃0

νc3
.

Until now, we have used 2-component Weyl spinor notation for all of our matter fields.

Since we are interested in the decays of physical particles, we will henceforth introduce and

use 4-component spinor notation for the initial and final states of the interacting particles.

The 4-component spinors are defined in terms of the 2-component Weyl spinors as

`−i =

(
ei
eci
†

)
, `+i =

(
eci
e†i

)
, νi =

(
νi

ν†i

)
, X̃−1 =

(
χ̃−1
χ̃+†

1

)
, X̃+

1 =

(
χ̃+

1

χ̃−†1

)
, X̃0

n =

(
χ̃0
n

χ̃0†
n

)
.

(6.33)

In our model, `±i , X
±
1 are Dirac fermions, while νi, X

0
n are Majorana fermions. Note that,

for simplicity, we use the same symbol, νi, for both a Weyl and Majorana neutrino. The

Lagrangian (6.32) then becomes

Lχ̃±, 0→Z0,γ0,W±−lepton ⊃

g2Z
0
µ

¯̃X−1 γ
µ

[(
1

cW

(
1

2
− s2W

)
U2+j 1U∗2+j 2+i −

1

cW

(
1

2
− s2W

)
U1 2U∗2+i 2 + 2cWU∗2+i 1U1 1

)
PL

+

(
1

cW
s2WV2+i 2+jV∗1 2+j −

1

cW

(
1

2
− s2W

)
V2+i 2V∗1 2 + 2cWV∗1 1V2+i 1

)
PR

]
`−i

− g2Z0
µ

¯̃X+
1 γ

µ

[((
1

2
− s2W

)
U∗1 2+jU2+i 2+j −

1

cW

(
1

2
− s2W

)
U∗1 2U2+i 2 + 2cWU2+i 1U∗1 1

)
PR

+

(
1

cW
s2WV∗2+i 2+jV1 2+j −

1

cW

(
1

2
− s2W

)
V∗2+i 2V1 2 + 2cWV1 1V∗2+i 1

)
PL

]
`+i

+
g2√

2
W−µ

¯̃X−1 γ
µ
[
(U1 2N ∗6+i 3−U1 2+jN ∗6+j 6+i−2

√
2N ∗6+i 2U1 1)PL−(N6+i 4V∗1 2−2

√
2V∗1 1N6+i 2)PR

]
νi

− g2√
2
W+
µ

¯̃X+
1 γ

µ
[
(U∗1 2N6+i 3−U∗1 2+jN6+j 6+i−2

√
2N6+i 2U∗1 1)PR−(N ∗6+i 4V1 2−2

√
2V1 1N ∗6+i 2)PL

]
νi

+
g2√

2
W−µ

¯̃X0
nγ

µ
[
(Nn 4V∗2+i 2−2

√
2V∗2+i 1Nn 2)PL−(U2+i 2+jN ∗n 6+j+U2+i 2N ∗n 3−2

√
2N ∗n 2U2+i 1)PR

]
`+i

− g2√
2
W+
µ

¯̃X0
nγ

µ
[
(N ∗n 4V2+i 2−2

√
2V2+i 1N ∗n 2)PR−(U∗2+i 2+jNn 6+j+U∗2+i 2Nn 3−2

√
2Nn 2U∗2+i 1)PL

]
`−i

−g2Z0
µ

¯̃X0
nγ

µ

[(
1

2cW
Nn 6+jN ∗6+j 6+i+

1

cW

(
1

2
+s2W

)
Nn 4N ∗6+i 4

)
PL−

1

cW

(
1

2
+s2W

)
Nn 3N ∗6+i 3PR

]
νi

+ g2Z
0
µ

¯̃X0
nγ

µ

[(
1

2cW
N ∗n 6+jN6+j 6+i+

1

cW

(
1

2
+ s2W

)
N ∗n 4N6+i 4

)
PR−

1

cW

(
1

2
+ s2W

)
N ∗n 3N6+i 3PL

]
νi

+ γ0
µ

¯̃X−1 γ
µ

[(
eU2+j 1U∗2+i 2+j−eU1 2U∗2+i 2 + 2g2sWU∗2+i 1U1 1

)
PL +

(
−eV2+i 2+jV∗1 2+j−eV2+i 2V∗1 2

+ 2g2sWV∗1 1V2+i 1
)
PR

]
`−i − γ

0
µ

¯̃X+
1 γ

µ

[(
eU∗2+j 1U2+i 2+j − eU∗1 2U2+i 2 + 2g2sWU2+i 1U∗1 1

)
PR

+
(
− eV∗2+i 2+jV1 2+j − eV∗2+i 2V1 2 + 2g2sWV1 1V∗2+i 1

)
PL

]
`+i (6.34)

where we sum over all neutralino states n = 1, 2, 3, 4, 5, 6, all lepton families i = 1, 2, 3 and

j = 1, 2, 3. PL and PR are the projection operators 1−γ5
2 and 1+γ5

2 respectively.
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6.4 χ̃±,0 → h0-lepton

The part of the Lagrangian responsible for the Higgs boson-lepton decay channels is

Lχ̃±, 0→h0−lepton ⊃ −
√

2g(φi∗T aψi)λ
a−
√

2gλa†(ψi†T aφi)−
1

2
Y ijkφiψjψk−

1

2
Y ∗ijkφ

i∗ψj†ψk†,

(6.35)

where this expression represents the sum over SU(2)L and U(1)Y . The index i = 1, 2, 3

sums over the three lepton families. The terms with Yukawa couplings arising from the

B − L MSSM superpotential enter the Lagrangian as

− Yei(H0
deie

c
i +H0

d
∗
eci
†e†i ) + Yνi(H

0
uνiν

c
i +H0

u
∗
νc†iν

†
i ). (6.36)

Notice that we have kept only the terms with neutral Higgs scalar components, since only

those have a Higgs boson mass eigenstate component h0. Other terms responsible for this

decay channel arise from the supercovariant derivatives of the Higgs fields of the type

−
√

2g(φ∗iT
aψi)λ

a + h.c. (6.37)

in Lagrangian (6.35). For the B − L MSSM, these produce the terms

− 1√
2
g2(H+∗

u H̃0
u)W̃+ − 1√

2
g2(H0∗

u H̃
+
u )W̃− − 1√

2
g2(H0∗

d H̃
−
d )W̃+ − 1√

2
g2(H−

∗

d H̃0
d)W̃−

− 1√
2
g2(H+∗

u H̃+
u )W̃ 0 +

1√
2
g2(H0∗

u H̃
0
u)W̃ 0 +

1√
2
g2(H−

∗

d H̃−d )W̃ 0 − 1√
2
g2(H0∗

d H̃
0
d)W̃ 0

− 1√
2
g′(H+∗

u H̃+
u )B̃ − 1√

2
g′(H0∗

u H̃
0
u)B̃ +

1√
2
g′(H−

∗

d H̃−d )B̃ +
1√
2
g′(H0∗

d H̃
0
d)B̃ + h.c.

(6.38)

It follows that the part of the Lagrangian responsible for the χ̃±, 0 → h0 − lepton decays

is the sum of the equations (6.36) and (6.38). Note that these expressions are written in

terms of the gauge eigenstates. As in the previous section, we expand the gauge eigenstates

in terms of the mass eigenstates χ̃±1 , χ̃0
n, ei, νi for n = 1, 2, 3, 4, 5, 6, i = 1, 2, 3 and their

hermitian conjugates. Once this step is completed, we group the terms into 4-component

spinors to get

Lχ̃±, 0→h0−lepton ⊃ −
1√
2
Yei sinαh0 ¯̃X−1

[
V∗1 2+jU∗2+i 2+jPL + V2+i 2+jU1 2+jPR

]
`−j

+
1√
2
Yei sinαh0 ¯̃X+

1

[
V∗2+i 2+jU∗1 2+jPL + V1 2+jU2+i 2+jPR

]
`+j

+
g2
2
h0 ¯̃X−1

[
(− cosαV∗1 2U∗2+i 1 − sinαU∗2+i 2V∗1 1)PL + (− cosαV2+i 2U1 1 − sinαU1 2V2+i 1)PR

]
`−i

+
g2
2
h0 ¯̃X+

1

[
(cosαV∗2+i 2U∗1 1 + sinαU∗1 2V∗2+i 1)PL + (cosαV1 2U2+i 1 + sinαU2+i 2V1 1)PR

]
`+i

+
g2
2

¯̃X0
nh

0
[(

cosα(N ∗n 4N ∗6+i 2 +N ∗6+i 4N ∗n 2) + sinα(N ∗n 3N ∗6+i 2 +N ∗6+i 3N ∗n 2)
)
PL

−
(

cosα(Nn 4N6+i 2 +N6+i 4Nn 2) + sinα(Nn 3N6+i 2 +N6+i 3Nn 2)
)
PR

]
νi

− g′

2
¯̃X0
nh

0
[(

cosα
(
sin θR(N ∗n 4N ∗6+i 1 +N ∗6+i 4N ∗n 1) + cos θR(N ∗n 4N ∗6+i 5 +N ∗6+i 4N ∗n 5)

)
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+ sinα
(
sin θR(N ∗n 3N ∗6+i 1 +N ∗6+i 3N ∗n 1) + cos θR(N ∗n 3N ∗6+i 5 +N ∗6+i 3N ∗n 5)

) )
PL

−
(

cosα (sin θR(N4 nN1 6+i +N4 6+iNn 1) + cos θR(Nn 4N6+i 5 +N6+i 4Nn 5))

+ sinα (sin θR(Nn 3N6+i 1 +N6+i 3Nn 1) + cos θR(Nn 3N6+i 5 +N6+i 3Nn 5))
)
PR

]
νi

+
1√
2
Yν3i cosαX̃0

nh
0
[(
−N ∗n 6+iN ∗6+j 6 +N ∗6+j 6+iN ∗n 6

)
PL

+
(
−Nn 6+iN6+j 6 +N6+j 6+iNn 6

)
PR

]
νj (6.39)

where the angle α is defined in equation (6.17) and we sum over all lepton families

i, j = 1, 2, 3.

One now has the information required to compute the amplitude for each of the pro-

cesses listed in table 3. To do this, we need the exact expression for the vertex coeffi-

cient associated with each such process. These can be read off from the Lagrangians in

eqs. (6.34) and (6.39). For example, consider the the decay channel X̃−1 → Z0`−i . Then it

follows from (6.34) that the vertex coupling is

gX̃−1 →Z0`−i
= GLX̃−1 →Z0`−i

PL +GRX̃−1 →Z0`−i
PR , (6.40)

where

GLX̃−1 →Z0`−i
= g2γ

µ

(
1

cW

(
1

2
− s2

W

)
U2+j 1U∗2+j 2+i

− 1

cW

(
1

2
− s2

W

)
U1 2U∗2+i 2 + 2cWU∗2+i 1U1 1

)
(6.41)

and

GRX̃−1 →Z0`−i
= g2γ

µ

(
1

cW
s2
WV2+i 2+jV∗1 2+j −

1

cW

(
1

2
− s2

W

)
V2+i 2V∗1 2 + 2cWV∗1 1V2+i 1

)
.

(6.42)

However, their form and derivations are somewhat cumbersome. With this in mind,we

provide a series of diagrams to pictorially express the origin of the interaction terms in the

Lagrangian.

6.5 Chargino decay diagrams

6.5.1 X̃+
1 →W+νi

The vertices associated with positively charged chargino decays are shown in figures 6a

and 6b. The vertices associated with the negatively charged chargino decays are the her-

mitian conjugates of those. The diagrams in figure 6a are expressed in terms of gauge

eigenstates written as 2-component Weyl spinors. The diagrams in figure 6b are the Feyn-

man diagrams of the same vertices, in terms of 4-component mass eigenstates.
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W−

νi

e†i

(a1)
g2√
2
σ̄µ

W−

H̃0
d

H̃−†
d

(a2)
g2√
2
σ̄µ

W−

H̃†0
u

H̃+
u

(a3)
g2√
2
σ̄µ

W−

W̃ 0

W̃−†

(a4)

−2g2σ̄
µ

W−

W̃ 0†

W̃+

(a5)

2g2σ̄
µ

(a)

W+

νi
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Figure 6. a) We show the vertices as they appear in the MSSM Lagrangian in terms of the gauge

eigenstates, expressed as 2-component Weyl fermions. Vertices (a1), (a2) and (a3) arise from the

covariant derivatives of the lepton and Higgsino matter fields, respectively. Vertices (a4) and (a5)

come from the covariant derivative of the non-Abelian gaugino fields. b) We express the interactions

in terms of the mass eigenstates relevant for the chargino decay into SM particles, expressed as 4-

component Dirac fermions. We assume X̃1 is the lightest chargino and is either dominantly charged

Higgsino or charged Wino. The “red” matrix elements are proportional to εi/Msoft, while “blue”

matrix elements are of order unity with small RPV corrections 1 − εi/Msoft. At first order, the

decay amplitudes are proportional to (1 − εi/Msoft)× εi/Msoft ' εi/Msoft.

6.5.2 X̃+
1 → Z0`+i

The vertices associated with positively charged chargino decays are shown in figures 7a

and 7b. The vertices associated with the negatively charged chargino decays are the her-

mitian conjugates of those. The diagrams in figure 7a are expressed in terms of gauge

eigenstates written as 2-component Weyl spinors. The diagrams in figure 7b are the Feyn-

man diagrams of the same vertices, in terms of 4-component mass eigenstates.
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Figure 7. a) We show the vertices as they appear in the MSSM Lagrangian in terms of the

gauge eigenstates, expressed as 2-component Weyl fermions. Vertices (a1), (a2) and (a3) arise

from the covariant derivatives of the lepton and Higgsino matter fields, respectively. Vertices (a4)

and (a5) come from the covariant derivative of the non-Abelian gaugino fields. b) We express the

interactions in terms of the mass eigenstates relevant for the chargino decay into SM particles,

expressed as 4-component Dirac fermions. We assume X̃1 is the lightest chargino and is either

dominantly charged Higgsino or charged Wino. The “red” matrix elements have small values and

are proportional to εi/Msoft, while “blue” matrix elements are of order unity with small RPV

corrections of the form 1 − εi/Msoft. At first order, the decay amplitudes are proportional to

(1− εi/Msoft)× εi/Msoft ' εi/Msoft.

6.5.3 X̃+
1 → γ0`+i

The vertices associated with positively charged chargino decays are shown in figures 8a

and 8b. The vertices associated with the negatively charged chargino decays are the her-

mitian conjugates of those. The diagrams in figure 8a are expressed in terms of gauge

eigenstates written as 2-component Weyl spinors. The diagrams in figure 8b are the Feyn-

man diagrams of the same vertices, written in terms of 4-component mass eigenstates.
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Figure 8. a) We show the vertices as they appear in the MSSM Lagrangian in terms of the

gauge eigenstates, expressed as 2-component Weyl fermions. Vertices (a1), (a2) and (a3) arise

from the covariant derivatives of the lepton and Higgsino matter fields, respectively. Vertices (a4)

and (a5) come from the covariant derivative of the non-Abelian gaugino fields. b) We express the

interactions in terms of the mass eigenstates relevant for the chargino decay into SM particles,

expressed as 4-component Dirac fermions. We assume X̃1 is the lightest chargino and is either

dominantly charged Higgsino or charged Wino. The “red” matrix elements have small values and

are proportional to εi/Msoft, while “blue” matrix elements are of order unity with small RPV

corrections of the form 1 − εi/Msoft. At first order, the decay amplitudes are proportional to

(1− εi/Msoft)× εi/Msoft ' εi/Msoft.

6.5.4 X̃+
1 → h0`+i

The vertices associated with positively charged chargino decays are shown in figures 9a

and 9b. The vertices associated with the negatively charged chargino decays are the her-

mitian conjugates of those. The diagrams in figure 9a are expressed in terms of gauge

eigenstates written as 2-component Weyl spinors. The diagrams in figure 9b are the Feyn-

man diagrams of the same vertices, written in terms of 4-component mass eigenstates.
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Figure 9. a) We show the vertices as they appear in the MSSM Lagrangian in terms of the

gauge eigenstates, expressed as 2-component Weyl fermions. Vertices (a1), (a2) and (a3) arise

from the covariant derivatives of the lepton and Higgsino matter fields, respectively. Vertices (a4)

and (a5) come from the covariant derivative of the non-Abelian gaugino fields. b) We express the

interactions in terms of the mass eigenstates relevant for the chargino decay into SM particles,

expressed as 4-component Dirac fermions. We assume X̃1 is the lightest chargino and is either

dominantly charged Higgsino or charged Wino. The “red” matrix elements have small values and

are proportional to εi/Msoft, while “blue” matrix elements are of order unity with small RPV

corrections of the form 1 − εi/Msoft. At first order, the decay amplitudes are proportional to

(1− εi/Msoft)× εi/Msoft ' εi/Msoft.

6.6 Neutralino decay diagrams

6.6.1 X̃0
n → Z0νi

The vertices associated with neutralino decays are shown in figures 10a and 10b. The

diagrams in figure 10a are expressed in terms gauge eigenstates written as 2-component

Weyl spinors. The diagrams in figure 10b are the same vertices in terms of mass eigenstates,

expressed as 4-component spinors.
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Figure 10. a) We show the MSSM vertices, in terms of the gauge eigenstates, expressed as 2-

component Weyl fermions. (a1), (a2) and (a3) come from the covariant derivatives of the lepton

and Higgsino matter fields, respectively. Unlike for chargino, the lightest neutralino can be any

state χ̃0
n with n = 1 Bino dominant, n = 2 for neutral Wino dominant, n = 3, 4 for neutral Higgsino

dominant, and n = 5, 6 for right handed sterile neutrino dominant. b) We express the interactions

in terms of the mass eigenstates relevant for neutralino decay into SM particles, expressed as 4-

component fermions. The “red” matrix elements have small values and are proportional to εi/Msoft

while with “blue” matrix elements that have small RPV corrections 1 − εi/Msoft. At first order,

the decay amplitudes are proportional to (1 − εi/Msoft)× εi/Msoft ' εi/Msoft.

6.6.2 X̃0
n →W±`∓i

The vertices associated with neutralino decays are shown in figures 11a and 11b. The

diagrams in figure 11a are expressed in terms gauge eigenstates written as 2-component

Weyl spinors. The diagrams in figure 11b are the same vertices in terms of mass eigenstates,

expressed as 4-component spinors.

6.6.3 X̃0
n → h0νLi

The vertices associated with neutralino decays are shown in figures 12a and 12b. The

diagrams in figure 12a are expressed in terms gauge eigenstates written as 2-component

Weyl spinors. The diagrams in figure 12b are the same vertices in terms of mass eigenstates,

expressed as 4-component spinors.
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Figure 11. a) We show the MSSM vertices, in terms of the gauge eigenstates, expressed as 2-

component Weyl fermions. (a1), (a2) and (a3) come from the covariant derivatives of the lepton

and Higgsino matter fields, respectively. (a4) and (a5) come from the covariant derivatives of the

non-Abelian gauge fileds. Unlike for chargino, the lightest neutralino can be any state χ̃0
n with

n = 1 Bino dominant, n = 2 for neutral Wino dominant, n = 3, 4 for neutral Higgsino dominant,

and n = 5, 6 for right handed sterile neutrino dominant. b) We express the interactions in terms of

the mass eigenstates relevant for the neutralino decay into SM particles, expressed as 4-component

fermions. The “red” matrix elements have small values and are proportional to εi/Msoft while with

“blue” matrix elements that have small RPV corrections 1 − εi/Msoft. At first order, the decay

amplitudes are proportional to (1 − εi/Msoft)× εi/Msoft ' εi/Msoft.

7 Decay rates

In the previous discussion, we presented all relevant RPV decay channels of charginos χ̃±1
and neutralinos χ̃0

n, n = 1, 2, 3, 4, 5, 6 into standard model particles and gave the associated

Lagrangian interactions. In this section, we will use these results to calculate the decay rates

associated with each such process. The calculations are carried out using the dominant

linear terms in the RPV couplings εi and vLi only, since higher order terms are highly

suppressed. The analysis is completely general, regardless of whether or not the charginos
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Figure 12. a) We show the MSSM vertices in terms of the gauge eigenstates, expressed as 2-

component Weyl fermions. (a1) comes from the Yukawa couplings of the leptons to the Higgs field

in the superpotential, whereas (a2), (a3), (a4), (a5) come from the supercovariant derivative terms.

b) We express these interactions in terms of the mass eigenstates relevant for the neutralino decay

into SM particles, expressed as 4-component fermions. Unlike for chargino, the lightest neutralino

can be any state χ̃0
n with n = 1 Bino dominant, n = 2 for neutral Wino dominant, n = 3, 4 for

neutral Higgsino dominant, and n = 5, 6 for right handed sterile neutrino dominant. The “red”

matrix elements have small values and are proportional to εi/Msoft, while “blue” matrix elements

are of order unity with small RPV corrections of the form 1 − εi/Msoft. At first order, the decay

amplitudes are proportional to (1 − εi/Msoft)× εi/Msoft ' εi/Msoft.
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or the neutralinos are the LSPs. However, only the lightest sparticles decay exclusively via

RPV processes into SM particles. Furthermore, they have best prospects for detection at

the LHC. Therefore, in subsequent publications, we will use these results to compute the

RPV branching ratios of chargino and neutralinos LSPs and NLSPs.

7.1 Wino/Higgsino chargino

We are ultimately interested in LSP and NSLP decays via RPV channels. Thus, we calcu-

late the decay rates of the χ̃±1 charginos only, which are defined to be lighter than the χ̃±2
charginos. As discussed in detail at the end of subsection 5.1, a chargino mass eigenstate

is a superposition of a charged Wino, a charged Higgsino and an RPV sum over left-chiral

and right-chiral charged leptons gauge eigenstates. In the present analysis, we will con-

sider the decays of a generic chargino with arbitrary mixed charged Wino, charged Higgsino

and RPV charged lepton content. More specialized decays involving predominantly Wino

chargino or Higgsino chargino mass eigenstates, will be considered in future publications.

• X̃±1 →W±νi

The terms in the Lagrangian associated with these decay channels have been calcu-

lated in eq. (6.34) and illustrated in figure 6. Summing all the vertices, one finds

gX̃+
1 →W−νi

= γµGLX̃+
1 →W+νi

PL + γµGRX̃+
1 →W+νi

PR

=
g2√

2
γµ
[
(−U1 2+jN ∗6+j 6+i + U1 2N ∗6+i 3 − 2

√
2N ∗6+i 2U1 1)PL

+ (−N6+i 4V∗1 2 + 2
√

2V∗1 1N6+i 2)PR

]
(7.1)

and

gX̃−1 →W+νi
= γµGLX̃−1 →W−νi

PL + γµGRX̃−1 →W−νi
PR

=− g2√
2
γµ
[
(−U∗1 2+iN6+j 6+i + U∗1 2N6+i 3 − 2

√
2N6+i 2U∗1 1)PR

+ (−N ∗6+i 4V1 2 + 2
√

2V1 1N ∗6+i 2)PL

]
(7.2)

Next, using the expressions for the matrix elements of U , V and N given in appen-

dices B.1 and B.2, we get

GLX̃+
1 →W+νi

=−G∗RX̃−1 →W−νi =
g2√

2

[(
− cosφ−

g2vd√
2M2µ

ε∗j + sinφ−
ε∗j
µ

)
(7.3)

+ sinφ−
1

16dχ̃0

(
Mγ̃v

2
Rvu(vdεj−µv∗Lj )− 4M2µ(MỸ v

2
R + g2

RMBLv
2
u)εj

)
− 2
√

2 cosφ−
g2µ

8dχ̃0

(
2g2
RMBLvdv

2
uεj +MỸ v

2
R(vdεj + µv∗Lj )

)]
[VPMNS]ji
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and

GRX̃+
1 →W+νi

=−G∗LX̃−1 →W−νi = (7.4)

g2√
2

[
− sinφ+

1

16dχ̃0

[Mγ̃v
2
Rvu(vdε

∗
j + µvLj )− 4g2

RµM2MBLvdvuε
∗
j ]

+ 2
√

2 cosφ+
g2µ

8dχ̃0

[2g2
RMBLvdv

2
uεj+MỸ v

2
R(vdε

∗
j+µvLj )]

][
V †PMNS

]
ij
.

The decay width Γ is proportional to the square of the amplitude of this process.

Note that we account for the longitudinal degrees of freedom of the resultant W±

gauge bosons (Goldostone equivalence theorem) in calculating this decay width. This

results in an amplification of this channel, which becomes more significant as the mass

of the decaying chargino increases. The result is

ΓX̃±1 →W±νi
=

(
|GL|2X̃±1 →W±νi + |GR|2X̃±1 →W±νi

)
64π

M3
χ̃±1

M2
W±

(
1− M2

W±

M2
χ̃±1

)2(
1+ 2

M2
W±

M2
χ̃±1

)
.

(7.5)

Note that |GL|2X̃±1 →W±νi and |GR|2X̃±1 →W±νi are proportional to the RPV couplings

εi and vLi at first order. Therefore, the decay of the chargino into the SM particles

W± boson and neutrino would vanish in the absence of RPV.

• X̃±1 → Z0`±i

The terms in the Lagrangian associated with these decay channels have been calcu-

lated in eq. (6.34) and illustrated in figure 7. Summing all the vertices, one finds

gX̃+
1 →Z0`+i

= γµGLX̃+
1 →Z0`+i

PL + γµGRX̃+
1 →Z0`+i

PR (7.6)

= g2γ
µ

[(
1

cW

(
1

2
−s2

W

)
U2+j 1U∗2+i 2+j −

1

cW

(
1

2
−s2

W

)
U1 2U∗2+i 2+2cWU∗2+i 1U1 1

)
PL

+

(
1

cW
s2
WV2+j 2+iV∗1 2+i −

1

cW

(
1

2
− s2

W

)
V2+i 2V∗1 2+2cWV∗1 1V2+i 1

)
PR

]
and

gX̃−1 →Z0`−i
= γµGLX̃−1 →γ0`

−
i
PL + ZµGRX̃−1 →Z0`−i

PR (7.7)

=−g2γ
µ

[((
1

2
−s2

W

)
U∗1 2+jU2+i 2+j −

1

cW

(
1

2
−s2

W

)
U∗1 2U2+i 2 + 2cWU2+i 1U∗1 1

)
PR

+

(
1

cW
s2
WV∗2+j 2+iV1 2+i −

1

cW

(
1

2
− s2

W

)
V∗2+i 2V1 2 + 2cWV1 1V∗2+i 1

)
PL

]
.

Using the expressions for the matrix elements of U and V from the appendix B.1,

we get

GLX̃+
1 →Z0`+i

= −GR∗X̃−1 →Z0`−i
= 2g2cW

(
g2√

2M2µ
(vdεi + µv∗Li)

)
cosφ−+ (7.8)

+
g2

cW

(
1

2
− s2

W

)(
− cosφ−

g2vd√
2M2µ

εi + sinφ−
εi
µ

)
− g2

cW

(
1

2
− s2

W

)(
εi
µ

)
sinφ−
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and

GRX̃+
1 →Z0`+i

=−GL∗X̃−1 →Z0`−i
= 2g2cW cosφ+

(
− 1√

2M2µ
g2 tanβmeivLi

)
− (7.9)

+
g2

cW
s2
W

(
− cosφ+

g2 tanβmei√
2M2µ

vLi + sinφ+
mei

µvd
vLi

)
− g2

cW

(
1

2
− s2

W

)
sinφ+

(
mei

vdµ
vLi

)
,

where there is no sum over the i in vLimei .

The decay width Γ is proportional to the square of the amplitude of this process. We

note that we have accounted for the longitudinal degrees of freedom of the resultant

Z0 gauge bosons (Goldstone equivalence theorem) in calculating this decay width.

This results in an amplification of this channel which becomes more significant as the

mass of the decaying chargino increases. We find that

ΓX̃±1 →Z0`±i
=

(
|GL|2X̃±1 →Z0`±i

+ |GR|2X̃±1 →Z0`±i

)
64π

M3
χ̃±1

M2
Z0

(
1− M2

Z0

M2
χ̃1

)2
1 + 2

M2
Z0

M2
χ̃±1

 .

(7.10)

Note that both GX̃±→Z0`±i
coefficients are proportional to the RPV couplings εi and

vLi at first order. Therefore, there would be no decay of the chargino into the SM

Z0 boson and charged leptons if the RPV effects were non-existent.

• X̃±1 → γ0`±i

The terms in the Lagrangian associated with these decay channels have been calcu-

lated in eq. (6.34) and illustrated in figure 8. Summing all the vertices, one finds

gX̃+
1 →γ0`

+
i

= γµGLX̃+
1 →γ0`

+
i
PL + γµGRX̃+

1 →γ0`
+
i
PR

= γµ
[ (
eU2+j 1U∗2+i 2+j − eU1 2U∗2+i 2 + 2g2sWU∗2+i 1U1 1

)
PL

+
(
−eV2+j 2+iV∗1 2+i − eV2+i 2V∗1 2 + 2g2sWV∗1 1V2+i 1

)
PR

]
(7.11)

and

gX̃−1 →γ0`
−
i

= γµGLX̃−1 →γ0`
−
i
PL + γµGRX̃−1 →γ0`

−
i
PR

= γµ
[ (
eU∗2+j 1U2+i 2+j − eU∗1 2U2+i 2 + 2g2sWU2+i 1U∗1 1

)
PR

+
(
−eV∗2+j 2+iV1 2+i − eV∗2+i 2V1 2 + 2g2sWV1 1V∗2+i 1

)
PL

]
. (7.12)

Using U and V in appendix B.1, we find that

GLX̃+
1 →γ0`

+
i

=−GR∗X̃−1 →γ0`+i = 2g2sW

(
g2√

2M2µ
(vdεi + µv∗Li)

)
cosφ−

+ eg2

(
− cosφ−

g2vd√
2M2µ

εi + sinφ−
εi
µ

)
− eg2

(
εi
µ

)
sinφ− (7.13)
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and

GRX̃+
1 →γ0`

−
i

=−GL∗X̃−1 →γ0`+i = 2g2sW cosφ+

(
− 1√

2M2µ
g2 tanβmeivLi

)
(7.14)

− eg2

(
− cosφ+

g2 tanβmei√
2M2µ

vLi+ sinφ+
mei

µvd
vLi

)
− eg2 sinφ−

(
mei

vdµ
vLi

)
.

The decay width Γ is proportional to the square of the amplitude of this process. The

Goldstone equivalence theorem does not apply in this case, as the photon is massless.

The result is

ΓX̃±1 →γ0`
±
i

=

(
|GL|2X̃±1 →γ0`±i + |GR|2X̃±1 →γ0`±i

)
64π

Mχ̃±1
. (7.15)

Note that GX̃±→γ0`±i
is proportional to the RPV couplings εi and vLi at first order.

Therefore, there would be no decay of the chargino into the SM photon and charged

leptons if there was no RPV.

• X̃±1 → h0`±i

The terms in the Lagrangian associated with these decay channels have been calcu-

lated in eq. (6.39) and illustrated in figure 9. Summing all the vertices, one finds

gX̃+
1 →h0`

+
i

=GLX̃−1 →h0`
−
i
PL +GRX̃−1 →h0`

−
i
PR

=− 1√
2
Yei sinα

[
V∗1 2+jU∗2+i 2+jPL + V2+i 2+jU1 2+jPR

]
+
g2

2

[
(− cosαV∗1 2U∗2+i 1 − sinαU∗2+i 2V∗1 1)PL

+ (− cosαV2+i 2U1 1 − sinαU1 2V2+i 1)PR

]
(7.16)

and

gX̃−1 →h0`
−
i

=GLX̃+
1 →h0`

+
i
PL +GRX̃+

1 →h0`
+
i
PR

=
1√
2
Yei sinα

[
V∗2+j 2+iU∗1 2+jPL + V1 2+iU2+j 2+iPR

]
+
g2

2

[
(cosαV∗2+i 2U∗1 1 + sinαU∗1 2V∗2+i 1)PL

+ (cosαV1 2U2+i 1 + sinαU2+i 2V1 1)PR

]
. (7.17)

Next, using the expressions for the matrix elements of U and V from the appendix B.1,

we get

GLX̃+
1 →h0`

−
i

=−GR∗X̃+
1 →h0`

+
i

=− 1√
2
Yei sinα

(
− cosφ+

g2 tanβmei√
2M2µ

v∗Li + sinφ+
mei

µvd
v∗Li

)
+

− 1

2
g2 sinα cosφ+

(
εi
µ

)
− 1

2
g2 cosα sinφ+

(
g2√

2M2µ
(vdεi + µv∗Li)

)
(7.18)
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and

GRX̃−1 →h0`
−
i

=−GL∗X̃+
1 →h0`

+
i

= − 1√
2
Yei sinα

(
− cosφ−

g2vd√
2M2µ

ε∗i + sinφ−
ε∗i
µ

)
+

1

2
g2 sinα sinφ−

(
− cosφ+

1√
2M2µ

g2 tanβmeivLi−sinφ+
mei

µvd
vLi

)
− 1

2
g2 cosα cosφ−

(
mei

vdµ
vLi

)
, (7.19)

where we do not sum over the i in either of these expressions. The decay width Γ is

proportional to the square of the amplitude of this process, and is found to be

ΓX̃±1 →h0`
±
i

=

(
|GL|2X̃±1 →h0`±i + |GR|2X̃±1 →h0`±i

)
64π

MX̃±1

1− M2
h0

M2
X̃±1

2

. (7.20)

Again, note that GX̃±→h0`±i
are proportional to the RPV couplings εi and vLi at first

order. Hence, there would be no decay of the chargino into the SM Higgs boson and

charged leptons if there would be no RPV effects.

7.2 Neutralinos

Recall that the index n indicates the neutralino species as follows:

X̃0
1 = X̃0

B, X̃0
2 = X̃0

W , X̃0
3 = X̃0

Hd
, X̃0

4 = X̃0
Hu , X̃0

5 = X̃0
ν3a , X̃0

6 = X̃0
ν3b
. (7.21)

For a general neutralino state n, we found expressions for the parameters of the decay to

two standard model particles.

• X̃0
n → Z0νi

To begin with, it follows from eq. (6.34) and the vertices in figure 10 that

gX̃0
n→Z0νi

= γµGLX̃0
n→Z0νi

+ γµGRX̃0
n→Z0νi

= g2γ
µ

[(
− 1

2cW
Nn 6+jN ∗6+j 6+i −

1

cW

(
1

2
+ s2

W

)
Nn 4N ∗6+i 4

)
PL

+

(
1

cW

(
1

2
+ s2

W

)
Nn 3N ∗6+i 3

)
PR

]
− g2γ

µ

[(
− 1

2cW
N ∗n 6+jN6+j 6+i −

1

cW

(
1

2
+ s2

W

)
N ∗n 4N6+i 4

)
PR

+

(
1

cW

(
1

2
+ s2

W

)
N ∗n 3N6+i 3

)
PL

]
(7.22)

where we can read

GLX̃0
n→Z0νi

= g2

(
− 1

2cW
Nn 6+jN ∗6+j 6+i −

1

cW

(
1

2
+ s2

W

)
Nn 4N ∗6+i 4

)
+ g2

(
1

cW

(
1

2
+ s2

W

)
N ∗n 3N6+i 3

)
(7.23)
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and

GRX̃0
n→Z0νi

= g2

( 1

cW

(
1

2
+ s2

W

)
Nn 3N ∗6+i 3

)
− g2

(
− 1

2cW
N ∗n 6+jN6+j 6+i −

1

cW

(
1

2
+ s2

W

)
N ∗n 4N6+i 4

)
. (7.24)

Using these results, one can compute the associated decay rate. It is found to be

ΓX̃0
n→Z0νi

=

(
|GL|2X̃0

n→Z0νi
+ |GR|2X̃0

n→Z0νi

)
64π

M3
χ̃0
n

M2
Z0

(
1− M2

Z0

M2
χ̃0
n

)2(
1 + 2

M2
Z0

M2
χ̃0
n

)
,

(7.25)

• X̃0
n →W±`∓i

Similarly, it follows from eq. (6.34) and the vertices in figure 11 that

gX̃0
n→W−`

+
i

= γµGLX̃0
n→W−`

+
i
PL + γµGRX̃0

n→W−`
+
i
PR

=
g2√

2
γµ
[
(Nn 4V∗2+i 2 − 2

√
2V∗2+i 1Nn 2)PL

+ (−U2+i 2+jN ∗n 6+j − U2+i 2N ∗n 3 + 2
√

2N ∗n 2U2+i 1)PR

]
(7.26)

and its conjugate

gX̃0
n→W+`−i

= γµGLX̃0
n→W+`−i

PL + γµGRX̃0
n→W+`−i

PR

= − g2√
2
γµ
[
(N ∗n 4V2+i 2 − 2

√
2V2+i 1N ∗n 2)PR

+ (−U∗2+i 2+jNn 6+j − U∗2+i 2Nn 3 + 2
√

2Nn 2U∗2+i 1)PL

]
, (7.27)

where we can read

GLX̃0
n→W−`

+
i

= −GRX̃0
n→W+`−i

=
g2√

2

[
Nn 4V∗2+i 2 − 2

√
2V∗2+i 1Nn 2

]
(7.28)

and

GRX̃0
n→W−`

+
i

=−GLX̃0
n→W+`−i

=
g2√

2

[
−U2+i 2+jN ∗n 6+j−U2+i 2N ∗n 3 +2

√
2N ∗n 2U2+i 1

]
.

(7.29)

Using these results, one can compute the decay rate

ΓX̃0
n→W∓`

±
i

=

(
|GL|2X̃0

n→W±`
∓
i

+ |GR|2X̃0
n→W±`

∓
i

)
64π

M3
χ̃±1

M2
W±

(
1−M

2
W±

M2
χ̃0
n

)2(
1+2

M2
W±

M2
χ̃0
n

)
,

(7.30)

• X̃0
n → h0νi
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Finally, from eq. (6.34) and the vertices in figure 11 we find

gX̃0
n→h0νi

= GLX̃0
n→h0νi

PL +GRX̃0
n→h0νi

PR

= +
g2

2

[(
cosα(N ∗n 4N ∗6+i 2 +N ∗6+i 4N ∗n 2) + sinα(N ∗n 3N ∗6+i 2 +N ∗6+i 3N ∗n 2)

)
PL

−
(

cosα(Nn 4N6+i 2 +N6+i 4Nn 2) + sinα(Nn 3N6+i 2 +N6+i 3Nn 2)
)
PR

]
− g′

2

[(
cosα

(
sin θR(N ∗n 4N ∗6+i 1 +N ∗6+i 4N ∗n 1) + cos θR(N ∗n 4N ∗6+i 5 +N ∗6+i 4N ∗n 5)

)
+ sinα

(
sin θR(N ∗n 3N ∗6+i 1 +N ∗6+i 3N ∗n 1) + cos θR(N ∗n 3N ∗6+i 5 +N ∗6+i 3N ∗n 5)

) )
PL

−
(

cosα (sin θR(Nn 4N1 6+i +N6+i 4Nn 1) + cos θR(Nn 4N6+i 5 +N6+i 4Nn 5))

+ sinα (sin θR(Nn 3N6+i 1 +N6+i 3Nn 1) + cos θR(Nn 3N6+i 5 +N6+i 3Nn 5))
)
PR

]
+

1√
2
Yνi3 cosα

[(
N ∗n 6+jN ∗6+i 6 +N ∗6+i 6+jN ∗n 6

)
PL

+
(
Nn 6+jN6+i 6 +N6+i 6+jNn 6

)
PR

]
, (7.31)

where

GLX̃0
n→h0νi

=
g2

2

(
cosα(N ∗n 4N ∗6+i 2 +N ∗6+i 4N ∗n 2) + sinα(N ∗n 3N ∗6+i 2 +N ∗6+i 3N ∗n 2)

)
− g′

2

(
cosα

(
sin θR(N ∗n 4N ∗6+i 1 +N ∗6+i 4N ∗n 1) + cos θR(N ∗n 4N ∗6+i 5 +N ∗6+i 4N ∗n 5)

)
+ sinα

(
sin θR(N ∗n 3N ∗6+i 1 +N ∗6+i 3N ∗n 1) + cos θR(N ∗n 3N ∗6+i 5 +N ∗6+i 3N ∗n 5)

) )
+

1√
2
Yνi3 cosα

(
N ∗n 6+jN ∗6+i 6 +N ∗6+i 6+jN ∗n 6

)
(7.32)

and

GRX̃0
n→h0νi

=
g2

2

(
cosα(Nn 4N6+i 2 +N6+i 4Nn 2) + sinα(Nn 3N6+i 2 +N6+i 3Nn 2)

)
+
g′

2

(
cosα (sin θR(Nn 4N1 6+i +N6+i 4Nn 1) + cos θR(Nn 4N6+i 5 +N6+i 4Nn 5))

+ sinα (sin θR(Nn 3N6+i 1 +N6+i 3Nn 1) + cos θR(Nn 3N6+i 5 +N6+i 3Nn 5))
)

+
(
Nn 6+jN6+i 6 +

1√
2
Yνi3 cosα

(
N6+i 6+jNn 6

)
(7.33)

The decay rate is given by

ΓX̃0
n→h0νi

=

(
|GL|2X̃0

n→h0νi
+ |GR|2X̃0

n→h0νi

)
64π

Mχ̃0
n

(
1− M2

h0

M2
χ̃0
n

)2

. (7.34)

Note that in the above neutralino expressions, we sum over j = 1, 2, 3. Using the

matrix elements of U , V and N given in appendices B.1 and B.2, one can can calculate

the values of the decay rates numerically. Just as for charginos, it can be shown that the

decay amplitudes are proportional to the RPV couplings εi and vLi at first order. Hence,

RPV is directly responsible for the neutralino decays into SM particles.
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A Notation

In this appendix, we present for clarity all the notation used throughout the paper.

A.1 Gauge eigenstates

• Bosons

vector gauge bosons

SU(2)L − W 1
µ ,W

2
µ ,W

3
µ , coupling parameter g2

U(1)B−L − B′µ , coupling parameter gBL

U(1)3R − WRµ , coupling parameter gR

U(1)Y − Bµ , coupling parameter g′

U(1)EM − γ0
µ , coupling parameter e

B-L Breaking: U(1)3R ⊗U(1)B−L → U(1)Y , massive boson ZRµ, coupling gZR

EW Breaking: SU(2)L ⊗U(1)Y → U(1)EM , massive bosons Z0
µ, W

±
µ

Higgs scalars

H0
u , H

+
u , H0

d , H
−
d

• Weyl Spinors

gauginos

SU(2)L− W̃ 0 , W̃±, U(1)B−L− B̃′, U(1)3R− W̃R , U(1)Y − B̃, U(1)EM− γ̃0

Higgsinos

H̃0
u , H̃

+
u , H̃0

d , H̃
−
d

leptons

left chiral ei, νi, i = 1, 2, 3 where e1 = e, e2 = µ, e3 = τ

right chiral eci , ν
c
i , i = 1, 2, 3 where ec1 = ec, ec2 = µc, ec3 = τ c

sleptons

left chiral ẽi, ν̃i, i = 1, 2, 3 where ẽ1 = ẽ, ẽ2 = µ̃, ẽ3 = τ̃

right chiral ẽci , ν̃
c
i , i = 1, 2, 3 where ẽc1 = ẽc, ẽc2 = µ̃c, ẽc3 = τ̃ c
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A.2 Mass eigenstates

• Weyl Spinors

leptons

ei, νi, i = 1, 2, 3 where e1 = e, e2 = µ, e3 = τ

charginos and neutralinos

χ̃±1 , χ̃±2 , χ̃0
n, n = 1, 2, 3, 4, 5, 6

• 4-component Spinors

leptons

`−i =

(
ei
eci
†

)
, `+i =

(
eci
e†i

)
, νi =

(
νi
νi
†

)
i = 1, 2, 3

charginos and neutralinos

X̃−1 =

(
χ̃−1
χ̃+†

1

)
, X̃+

1 =

(
χ̃+

1

χ̃−†1

)
, X̃0

n =

(
χ̃0
n

χ̃0†
n

)

A.3 VEV’s

• sneutrino VEV’s

〈ν̃c3〉 ≡ 1√
2
vR εi = 1

2Yνi3vR 〈ν̃i〉 ≡ 1√
2
vLi, i = 1, 2, 3

• Higgs VEV’s〈
H0
u

〉
≡ 1√

2
vu,

〈
H0
d

〉
≡ 1√

2
vd, tanβ = vu/vd

B Mass matrix elements

B.1 Chargino mass matrix

The matrices U and V can be written schematically as

U =

(
U 02×3

03×2 13×3

)(
12×2 −ξ−
ξ†− 13×3

)
, V =

(
V 02×3

03×2 13×3

)(
12×2 −ξ+

ξ†+ 13×3

)
(B.1)

Assuming that the lighter chargino is χ̃±1 , and since we are interested in its decays, it follows

that we will need the elements U1 2+i and V1 2+i and their conjugates when replacing a

lepton state with the lightest chargino mass eigenstate. It follows from the above that

U1 2+i = − cosφ−
g2vd√
2M2µ

ε∗i + sinφ−
ε∗i
µ
, (B.2)

V1 2+i = − cosφ+
g2 tanβmei√

2M2µ
vLi + sinφ+

mei

µvd
vLi . (B.3)

When replacing a charged Wino gaugino with the lightest chargino mass eigenstate,

we need the elements U1 1 and V1 1 given by

U1 1 = cosφ− , V1 1 = cosφ+ (B.4)
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and their conjugates. Similarly for replacing a charged Higgsino, one needs U1 2 and V1 2,

which we find to be

U1 2 = sinφ− , V1 2 = sinφ+ (B.5)

and their conjugates.

We also need the elements U2+i 1 and V2+i 1 and their complex conjugates when re-

placing a charged Wino state with a charged lepton, where

U2+i 1 =
g2√

2M2µ
(vdε

∗
i + µvLi) , V2+i 1 = − 1√

2M2µ
g2 tanβmeivLi . (B.6)

The elements U2+i 2 and V2+i 2 and their complex conjugates when required when replacing

a charged Higgsino state with a charged lepton,

U2+i 2 =
ε∗i
µ
, V2+i 2 =

mei

vdµ
vLi . (B.7)

The angles φ± are defined in section 5.1. They express the charged Wino and charged

Higgsino content of the chargino mass eigenstates, in the absence of the RPV couplings εi
and vLi

χ̃±1 = cosφ±W̃
± + sinφ±H̃

± (B.8)

and

χ̃±2 = − sinφ±W̃
± + cosφ±H̃

±. (B.9)

Hence, for φ± = 0, we have purely Wino chargino states χ̃±1 and purely Higgsino

chargino states χ̃±2 . Conversely, for φ± = π/2, we have purely Higgsino chargino states χ̃±1
and purely Wino chargino states χ̃±2 .

B.2 Neutralino mass matrix

The N matrix can be written schematically as

N =

(
N 03×3

03×3 V
†
PMNS

)(
16×6 −ξ0

ξ†0 13×3

)
. (B.10)

The rows of ξ0 are the gaugino gauge eigenstates, whereas the columns correspond to the

neutrino gauge eigenstates. These are explicitly labeled and presented below. They are

ξ0W̃RνLi
=
gRµ

8dχ̃0

[2MBLvu(g2
2vdvu − 2M2µ)εi − g2

BLM2v
2
R(vdεi + µv∗Li)] , (B.11)

ξ0W̃2νLi

=
g2µ

8dχ̃0

[2g2
RMBLvdv

2
uεi +MỸ v

2
R(vdεi + µv∗Li)] , (B.12)

ξ0
H̃0
d
νLi

=
1

16dχ̃0

[Mγ̃v
2
Rvu(vdεi − µv∗Li)− 4M2µ(MỸ v

2
R + g2

RMBLv
2
u)εi] , (B.13)

ξ0
H̃0
uνLi

=
1

16dχ̃0

[Mγ̃v
2
Rvu(vdεi + µv∗Li)− 4g2

RµM2MBLvdvuεi] , (B.14)

ξ0B̃′νLi
= − 1

8dχ̃0

[gBLg
2
RM2µv

2
R(vdεi + µv∗Li)

+ 2gBLµvu((g2
RM2 + g2

2MR)vdvu − 2MRM2µ)εi] ,
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ξ0ν̃c3νLi
=

µ

8vRdχ̃0

[(Mγ̃v
2
Rvdvu − 2g2

BLMRM2µv
2
R)v∗Li

+ 2MBL(M2(g2
Rv

2
Rvd − 4MRµvu) + 2(g2

RM2 + g2
2MR)vdv

2
u)εi] (B.15)

where

dχ̃0 =
1

4
M2M1µ

2v2
R −

1

8
Mγ̃µv

2
Rvdvu , (B.16)

MY = g2
RMBL + g2

BLMR , (B.17)

Mγ = g2
BLg

2
RM + g2

2g
2
RMBL + g2

2g
2
BLMR . (B.18)

We can now express the matrix elements of

N =

(
N 03×3

03×3 V
†
PMNS

)(
16×6 −ξ0

ξ†0 13×3

)
=

(
N −Nξ0

V †PMNSξ
†
0 V

†
PMNS

)
(B.19)

N is the matrix that diagonalizes the neutralino mass matrix in the absence of RPV

couplings to the three families of left-handed neutrinos. If the soft masses in the neutralino

mass matrix, eq. (B.19), are much larger than the Higgs VEV’s vu and vd, then, at zeroth

order, we have

N =



sin θR 0 0 0 cos θR 0

0 1 0 0 0 0

0 0 0 1 0 0

0 0 1 0 0 0

− 1√
2

cos θR 0 0 0 1√
2

sin θR
1√
2

1√
2

cos θR 0 0 0 − 1√
2

sin θR
1√
2


. (B.20)

However, in the regimes with small chargino and neutralino masses that we analyze, this

approximation is no longer valid. The elements of N will, in general, have complicated

expressions and we choose to evaluate them numerically. We use as input the numerical

values of the neutralino mass matrix. We expect, however, based on the zeroth order form

of N , that N11, N22, N34, N43, N15, N51, N61, N55, N65, N56 and N66 are of order O(1),

while the remaining matrix elements are of order O(MEW /Msoft)� 1.

Elements form the top-right block Nξ0 have the form

Nn 6+i =−Nn 1ξ0W̃RνLi
−Nn 2ξ0W̃2νLi

−Nn 3ξ0
H̃0
d
νLi

−Nn 4ξ0
H̃0
uνLi

−Nn 5ξ0B̃′νLi
−Nn 6ξ0ν̃c3νLi

' Nn 1

[
2gRMBLvu
M1v2

R

εi +
gRg

2
BL

2M1
v∗Li

]
−Nn 2

[
g2vd

2M2µ
εi +

g2

2M2
v∗Li

]

+Nn 3

[
εi

16µ

]
−Nn 4

[
M̃γvu

4M2M1µ2
(vdεi + µvLi)−

g2
RMBLvuvd
M1v2

Rµ
εi

]

−Nn 5

[
gBLg

2
R

2M1µ
(vdεi + µv∗Li)−

2gBLMRvu
M1v2

R

εi

]

−Nn 6

[−g2
BLMR

vRM1
v∗Li +

MBL

v3
RM2M1

µ(g2
RM2v

2
Rvd − 4MRµvu)εi

]
(B.21)
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for n = 1, 2, 3, 4, 5, 6 and i = 1, 2, 3. Elements of the bottom left block V †PMNSξ
†
0 are

computed in a similar fashion. One can then determine N6+i n as

N6+i n = [V †PMNS ]6+i 6+j [ξ
†
0]6+j n (B.22)
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