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ABSTRACT: The B — L MSSM is the MSSM with three right-handed neutrino chiral mul-
tiplets and gauged B — L symmetry. The B — L symmetry is broken by the third family
right-handed sneutrino acquiring a VEV, thus spontaneously breaking R-parity. Within
a natural range of soft supersymmetry breaking parameters, it is shown that a large and
uncorrelated number of initial values satisfy all present phenomenological constraints; in-
cluding the correct masses for the W=, Z% bosons, having all sparticles exceeding their
present lower bounds and giving the experimentally measured value for the Higgs boson.
For this “valid” set of initial values, there are a number of different LSPs, each occurring a
calculable number of times. We plot this statistically and determine that among the most
prevalent LSPs are chargino and neutralino mass eigenstates. In this paper, the R-parity
violating decay channels of charginos and neutralinos to standard model particles are de-
termined, and the interaction vertices and decay rates computed analytically. These results
are valid for any chargino and neutralino, regardless of whether or not they are the LSP.
For chargino and neutralino LSPs, we will — in a subsequent series of papers — present
a numerical study of their RPV decays evaluated statistically over the range of associated
valid initial points.
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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+, Z° and
photon vector bosons corresponding to the standard model gauge group SU(3)¢ x SU(2) 1, X
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);, x U(1)y electroweak symmetry to the U(1)gas 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 Eg x Eg 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 ezactly
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 x SU(2)z x U(1)y; significantly, multiplied by an additional gauged
Abelian group U(1)p_r, 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



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 Eg x Eg
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 Eg x FEg 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
SU3)c x SU(2)r, x U(1)y x U(1)p—r. Because of the existence of the additional U(1)p_p,
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-

3(B-L)+2s where s is the

metry group called R-parity. This acts on component fields as (—1)
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) gp_z 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)p_1, 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 Zg_; has, so far, not been observed.
As discussed in the text, U(1)p_1 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



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)p_1 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)p_r, 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)p—r 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.



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—L MSSM. In particular, the spontaneous
breaking of gauged U(1)p_ 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 x 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 x 3 left-handed neutrino Majorana submatix
m?D 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 m,. 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+, Z9 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-



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)p_r. 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
RPYV 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.



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 xsr and xp_r, associated with the diagonal T3r generator of SU(2)g
and the generator Ts_, of U(1)p_y, 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, M,,, and M, , ,, with three possible relations
between them; 1) M, , , > M,,,, 2) My,, > My, , and 3) My, = M,, .
in [42], the masses in the first two relations can be adjusted so as to enforce exact unification

As discussed

at one loop of all gauge couplings at the SO(10) unification scale My, 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 My, , = My. The lower scale M,,,,
adjusted so as to obtain exact gauge coupling unification. We emphasize, however, that

which we henceforth denote by Mj, is

the low energy results predicted for the LHC are almost unchanged even if M7 is chosen
to yield only “approximate” gauge unification — with moderate sized gauge “thresholds”.
Conventionally, the scale of supersymmetry breaking is defined to be

Msysy = \/mz,mg, , (2.1)

where mj and mg, 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
My is found to be O(3 x 0or®GeV). Over the same range of supersymmetry breaking,
however, the intermediate scale M; changes from O(€ x cor®GeV) to O(3 x cor™V GeV)
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 My and M, the gauge group is broken from SO(10) to SU(3)¢xSU(2)1, xSU(2) g x
U(1) gz 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 My, the second Wilson line breaks this “left-right”
model down to the exact B—L MSSM. This theory has the SU(3)c xSU(2) 1, x Uy (1) gauge



SO(10)

My = My, |
XB-L

SUB)c ®SU2)L ® SUR)r®@U(1)p—1,

L =(1,21,-1)
Le=(1,1,2,1)

16 — x9

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

| Q¢ =(3,1,2,-1/3)

(4 = (1,2,2,0) b oxe
10 4 Ho = (3,1,1,2/3)

;HC = (37 1,1, _2/3)

l X3R

SUB)c ®SU(2)L, ® U(1)3r @ U(1)p_1,

Mr = My;p

[L=(1,20-1)
e =(1,1,1/2,1)
ve=(1,1,-1/2,1) MSSM
167 0= (3,2,0,1/3) x3 n
u® = (3,1,-1/2,-1/3) 3 right-handed neutrino
dc=(3,1,1/2,—-1/3) supermultiplets
[ H., =(1,2,1/2,0)
10 | Ha=(1,2,-1/2,0)

Figure 1. The particle spectra in the scaling regimes of the sequential Wilson line breaking pattern
of SO(10) in which M. =My > M,,, = M;.

XB—-L

group of the standard model augmented by an additional U(1) p_1, Abelian symmetry. As
mentioned above, it is convenient — and equivalent — to use the Abelian group U(1)3r
with the generator

B-L

T3r =Y — 5

(2.2)

in the RGE’s since the associated gauge kinetic term cannot mix with the gauge kinetic
energy of U(1)p_r. That is, the B — L MSSM gauge group is chosen, for computational
convenience, to be

SUB)c®@SU12), @ U(1l)sr @ U(1)p—1, - (2.3)

The associated gauge couplings will be denoted by g3, g2, gr and ggr. The spectrum, as
shown in figure 1, is exactly that of the MSSM with three right-handed neutrino chiral



multiplets, one per family; that is, three generations of matter superfields

fu 1 ut ~ (3,1,-1/2,-3)
Q_ (d) (3727033) ch 3’1’1/2’_%) )

(
(v ve~(1,1,-1/2,1)
L = (6) ~(1,2,0,-1) e (1,1,1/2,1) (2.4)

along with two Higgs supermultiplets

o (M) w2200 H= [ ) ~ 1,2, -1/2,0) (2.5)
u = HS y &y ; ) d = HJ y &y ) . .

The superpotential of the B — L MSSM is given by
W =Y, QHu® — Y;QHud® — Y. LHqe® + Y, LH,v° + nH,Hy, (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 Y,;3, 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 p-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 Fg x Fg 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 M, we will begin
our analysis by presenting the most general soft supersymmetry breaking interactions at
that scale. That is, at scale My, the soft supersymmetry breaking Lagrangian is given by

1 1 ~ 1 ~ 1 ~ 9
— Loty = (2M3g2 + §M2W2 + iMRWIQ% + iMBLB/
+ auQHuﬂC — adQHdJc — aeinéC + al,f/Huﬁc +bH, Hy + h.C.) (27)

+mB QP + mie|a? + mZ |d°? +m3 | LI + me |07 +m|ef?

+myy, |Hul? +m | Hal? .



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 T3g and B — L charges, spontaneous
breaks the B — L symmetry by developing a non-vanishing VEV

(55) = —up . (2.8)

This VEV spontaneously breaks U(1)sg ® U(1)p—r, down to the hypercharge gauge group
U(1)y. We denote the associated gauge parameter by ¢’. However, since sneutrinos are
singlets under the SU(3)¢c ® SU(2) ® 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

(1) = \}iv“, (H)) = \}ivu, (HY) = %vd, (2.9)

where ¢ = 1,2, 3 is the generation index. The neutral gauge boson that becomes massive
due to B — L symmetry breaking, Zg, has a mass at leading order, in the relevant limit
that vg > v, of
2
MZR -

2 2 2 9?% v?
9%+ ghL) v <1+> : (2.10)
( f BL) i 9%%"‘9?% ”%«2

=

where

v? = vk 402, (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 Y, ;; and vr; parameters. It follows that ¥,;; < 1
and vr; < vy4,vR. In this phenomenologically relevant limit, the minimization conditions
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of the potential are simple, leading to the VEV’s

82, + g3 (07— 02)

2
v = , (2.12)
f 9% + 9B
L\/}%(Yl::suvd - aiwv“)
VL= (2.13)
L G ) B T
2 2 2
1 my; tan® f —my
—M32, = — pi? v d 2.14
p e T T T s (214)
2b =2u% +my +m¥ (2.15)
sin 28 u d
where
tanf = -2 . (2.16)
Vg

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 mpg,,
and my, shift their values significantly compared to the MSSM. Eq. (2.12) can be used to
re-express the Zr mass as

2 2 9r v
" Y\ Rt IBL VR
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 v?/ v]%L
is insignificant in comparison and, henceforth, neglected in our calculations.
Recall that R-parity is defined as

R = (—1)3B-1)+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

1
W Dee HI — —=Yo v Hy ef, 2.19
\/§ L d ( )
where

1
EYVi?)UR (2.20)

and Y; 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 vr; and vg in the super-covariant derivatives. These are

1 ~ ~ -
LD - §UL: [gg (\/ieﬂ/V+ + I/LiWO> — gBLuLiB’]

1 ~ -
— 51}3 [—gRugT/VR + gBLugB’} + 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,
supersymimetric 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 ¢;, i = 1,2,3 and vr,, 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 ¢; and vy, 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 v;, ¢ = 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 €; = Y,,,vr/v/2 and vy, 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
RPYV 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 Y,.., which couple the left-handed neutrinos to the

13
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, Y,,,
and Y,,,, 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 Y,,, and Y,,, 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 Y,,1 and Y,,2 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 (WR, wo, ﬁg, ﬁg, B, Vs, Vi> with ¢ = 1,2,3, the neutralino mass

matrix is of the form
M-o mp
Moo = X , 3.1
X <m1T7 03><3> (3:1)

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

Mp 0 ~29rva 3 9Rvu 0 —1grvr
0 Mz 592v4 —3 92%u 0 0
1 1
Z\[~ _ —59RVd 3 92Vd 0 —p 0 0 )
X0 T | LYorve —Lg2ve  —u 0 0 0 ) (3.2
0 0 0 0 MpL 5 9BLVR
*%QRUR 0 0 0 %QBL vR 0
and mp is a six-by-three matrix
O1x3
$92vL]
O1x3
mp = (3.3)
—%9pLvLj
ﬁyui?,'“u

of order an MeV. This allows the mass matrix to be diagonalized perturbatively. Note
that we have suppressed all terms of the form vp,Y,;; in Myo since both vy, 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 v§ 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 Myo in (3.1) can be diagonalized to

MZy = N*MpNT (3.4)

N 0O3x3 Texe —&o
N = , 3.5
(03><3 VpTMNs) ( €(T) 13><3> ( )

with
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where N is the matrix that diagonalizes Mso given in eq. (3.2). Requiring that ./\/lgo be
diagonal yields

€0 = Mg'mp. (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 x 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

D

my ;= (ijlzms my VPMNS)ij . (3.7)
The 3 x 3 matrix m, is given by [38]
my; = Avpfopf + B (vijej + €or}) + Ceie; (3.8)
where
]\4~
A= e (3.9)
2 Myvyvg — 4Mo My
5 Miva <2M§R + Q%Rvﬁ) — 293,95, M2Mp pLoy 510)
B 4M%R(M§qud — 2M}7M2,u) )
C = (Qg%RMZMBLMR ,LL21)3
~ 0% Mprp (63 9%, Mav? + ghMa (AMZ, + g%,0%)) vava )
3.11
/(4M§RM (2My My pu — Myvquy) ) (3.11)
M:YUS
2u (2M)~,M2 w— M:Yvdvu)
and
9%, = 9bL T 9% - (3.12)

As will be discussed in detail below, the soft mass parameters are all initialized statistically
at the scale M;, 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 tang will be
chosen statistically within a physically relevant interval and, for a given value of tang, the
parameters v, and vy are the measured Higgs VEVs. Finally, for any given set of statistical
initial data, we fine-tune the value of the parameter y using equation (2.14), so as to obtain
the experimental value of the electroweak gauge boson Z° and, hence, the measured values

for W+ as well. The 3 x 3 Pontecorvo-Maki-Nakagawa-Sakata matrix is
C12C13 512€13 s13e” %
Venns = | —S12023 — C12523813¢™ 12003 — S12523513¢”° 13503
S12823 — C12C23513€™0  —C12823 — S12023513€% C13¢03

xdiag(1,e™/2 1), (3.13)
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with cap(Sap) = cosap(sinbyp). The mixing angles and phases are determined by neutrino
experiments. For the mixing angles, we use the values and uncertainties from [71]. They are

sin? 015 = 0.307 £ 0.013,  sin®6f13 = (2.124+0.08) x 1072 (3.14)

for both the normal and inverted neutrino mass hierarchies. For 653, however, the best-fit
values depend on the hierarchy, and the data admits multiple best-fit values. In the normal
hierarchy, one finds

sin? O3 = 0.417 T9055  or  0.597 0025 (3.15)

while in the inverted hierarchy
sin 03 = 0.421 19538 or  0.529 T00% (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, d, we use the recent results in [71] that in
the normal hierarchy

§ =231.6° T3, (3.17)

while in the inverted hierarchy
§ =273.6° 11300 (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
D
vij

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

matrix m,,. can be constructed from the A,B,C components of m,,;; given in (3.9), (3.10)

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 ¢;,
v, © = 1,2,3. Respectively, the experimental values of the mass eigenvalues of the normal
and inverted hierarchies are [70]

e Normal Hierarchy:

my =0, my=(8.68%0.10) x 1073 eV, m3 = (50.84 % 0.50) x 1073 eV (3.19)

e Inverted Hierarchy:

my = (49.84 £ 0.40) x 107° eV, my = (50.01 £0.40) x 102 eV, ms3 = 0. (3.20)

In each case, all three v;, parameters as well as two of the ¢ parameters can be deter-
mined in terms of a third e 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 ¢; is
inputted is undetermined. Thus, we will statistically decide which of the three dimension
one ¢; parameters is selected. Furthermore, we choose its value by randomly throwing it
to be in the interval [107%,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 107* 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 € parameters in the above range, the other two € parameters are
determined by the computer code and are not necessarily bounded by this interval. For
example, at least one of the remaining two € 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 © — e~y leads to the constraint on €; and e that

U2 <95 x 1073 b - (3.21)
P2~ 100 GeV ) ‘

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

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

is such that all gauge parameters unify at My, that all quark and charged

section 3, only the Y,;3 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:

e Scattering Range of the Dimensionful Soft SUSY Breaking Parameters:

M
[ — Mf ] where M =15TeV,f=6.7. (4.1)

f
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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].

e Random Sign of the Soft SUSY Breaking Parameters u, M and a:
[ +] . (4.2)
The sign of p and the various soft parameters of the form M and a are chosen randomly
to have either a + or - sign.

e Randomly Scattered Choice of tang:

tanfg € [1.2, 65] . (4.3)

The upper and lower bounds for tanf 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]

My, =4.1 TeV . (4.4)

Secondly, electroweak (EW) symmetry must be spontaneously broken so that the Z° and
W+ masses have the measured values of [70]

Mo = 91.1876 + 0.0021 GeV, M+ = 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 30 allowed range from ATLAS combined
run 1 and run 2 results [73]. This is found to be

Mo = 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 tan and pu. 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

Spr = Tr (Qmé~ —m2. — mfzc - Qm% +m2e +m) (4.7)
3 3 1 1
S3p = m%[u - m%[d + Tr <—2m§c + §m38 - §m§C + 2m§c> , (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 Spr: — S3r space, rather than in the
full 24-dimensional space of all parameters. At the electroweak scale, we randomly set the
value of tanf. Furthermore, and importantly, we do not run the parameter u. Rather,
after running all other parameters down to the electroweak scale, we fine-tune u 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 Zp
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 Mzo and M+ 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 welll 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 u. For example, a typical value of the
fine-tuning of p 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 M; . 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 ﬁc, is found to be an R-parity conserving linear combination of the charged
Wino, W=, and the charged Higgsino, H*, 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 My < |u| the lightest chargino is given by

)ﬁc = cos oW + sinpL HT | (4.9)

whereas for |pu| < |Ma|
X = —singsW* + cospL H . (4.10)

The angles ¢ are exactly determined for any given black point. It follows that for some
black points the mass eigenstate )Zf 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 )Zﬁ, and )Zfl, and refer to them as “Wino charginos”
and “Higgsino charginos” respectively. That is, instead of labelling a chargino LSP simply
as Xf, 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, )Z?/EV and )Zi 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 )Z?/—LV Wino chargino as their LSP. Similarly, out of all the
valid black point initial conditions, 4,869 have a )Z?,V Wino neutralino as their LSP. And
so on. Notice that the cases in which the chargino LSP is dominantly a charged Higgsino
— that is, X}i{ — 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
|Ms| < |p|, and dominantly Higgsino if |u| < |Mz|. The little hierarchy problem tells us
that p is generally large, of the order of a few TeV. However, the Ms parameter generally
takes smaller values in our simulation. For this reason, the instances in which || < |Ma]
— 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 M, gaugino mass term,
which gives the dominant contribution for both the Wino chargino and Wino neutralino
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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 ¢;,i = 1,2,3 in the interval [107%,1.0] GeV, 2) choose the neutrino mass
hierarchy to be either normal or inverted and, having done so, choose the associated value
of 63, 3) then, using (3.8), determine the remaining two epsilon parameters and the three
vy, parameters using the computer code. Let us denote the maximum one of the three €
parameters by emax. By running over all 4,858 black points subject to a fixed choice of
the neutrino hierarchy and 623, one can create a histogram of the number of valid points
associated with a given value for ep,«. For example, the results of, first, choosing a normal
neutrino hierarchy and 623 such that sinf3 = 0.597 and, second, choosing an inverted
neutrino hierarchy and 63 with sin 63 = 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 ¢; parmeters in the range [107%,1.0] GeV and, for this graph, choose 1) a normal
neutrino hierarchy and sinfs3 = 0.597 — indicated in red — and 2) an inverted hierarchy with
sin A3 = 0.529 — indicated in blue. We then solve for the other two € 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 €y,,y, the largest of the three epsilon parameters. We find that most values
of €max 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
V68 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

X% Mostly a neutral Bino.
)Z?/V Mostly a neutral Wino.
)Zgga \ Mostly third generation right-handed neutrino.
)Z?q’ Mostly a neutral Higgsino.
)2%, Mostly a charged Wino.
)fo[ Mostly a charged Higgsino.
g Gluino.
tad Left- and right-handed stop admixture.
Ly Mostly right-handed stop (over 99%).
q° Right-handed 1st and 2nd generation squarks.
b Mostly left-handed sbottom.
be Mostly right-handed sbottom.
V12 1st and 2nd generation left-handed sneutrinos.
LSPs evenly split among two generations.
U3 Third generation left-handed sneutrino.
Uy o 1st and 2nd generation right-handed sneutrinos.
T Third generation left-handed stau.
ec, n° 1st and 2nd generation right-handed sleptons.
LSPs evenly split among two generations.
7€ 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 V68 GeV. If €rax = €3,
then constraint (3.22) is immediately satisfied. Even if this parameter is, say, €2, it remains
statistically extremely likely that constraint (3.22) remains satisfied. It follows that, for
the choice of a normal neutrino hierarchy and sinf23 = 0.597 and an inverted hierarchy
with sin 93 = 0.529, lepton number violation via u — e is statistically highly suppressed
in our theory. We find similar results for each of the other two choices of 633. 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

—g2
V2

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

LD W W™ H +vWTH;| — Ma|W — pHIHy + hec. (5.1)

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 ¢ = (W*, H}) and ¢~ = (W, H}), we can write the previous terms in
the form
1 0 MT w
LD —=(ypty~ X h. 5.2
where M= is the 2 x 2 matrix given by
My, “Lgow
Mii _ ) 2 \/592 u (5 3)
/2920 p

The mass eigenstates X* = Vo' and x~ = Uy~ diagonalize M= to

vyt =P = (M 0 5.4

with Mili and M;& positive. One can solve analytically for the eigenvalues and obtain

1
2 2 4 2 2 2
Mo M. = 2[]M2| + [+ 2ME, .

= (M2 4 uf? 4+ 2ME.L)° — 4luby — M, sin2B] . (5.5)

where Mii and M Qi 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, X1 — corresponds to the lighter mass eigenstate. That is, with this convention
M;&c < ng[ The expressions for the mass eigenvalues can be simplified by noting that
the lower bounds on sparticle masses are well above My +. It follows that M‘?Vi < M2, p?

Therefore, the mass eigenvalues depend primarily on the parameters My and p. When
|Ms| < ||, we find that

M2, (Ms + isin28)

Ms ~ [Mp] — R : (5.6)
sgn(p) My (u + My sin 25)
Mys = || + T (5.7)
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whereas for |u| < |Ms|, the expressions for the mass eigenvalues are simply exchanged;
that is,

sgn () M7+ (1 + My sin 23)

M)Zf ~ |u| + 12— 2 , (5.8)
M2, (Ms + psin23)
-~ . W= 2 H
Mz = | My T : (5.9)

The mixing matrices U and V', defined by

o W ot wt
oo (), (M) =v(EL ). (5.10)
X2 Hy X2 Hy

also are dependent on the relative sizes of My and u. For |Ms] < |p| they are found to be

O+, det Mxi >0

(5.11)
O'30+, det M)z:t <0,

U=0._, V:{

where

Oy — < COS P+ sin¢i> . (5.12)

—sin ¢+ cos ¢+

The Pauli matrix o3 is inserted so that the diagonal entries of M are always positive.
The angles ¢+ are given by

pueos B+ Mysin 8

p? — Mz — 2M7, . cos2f3
wsin B + My cos 8

p? — Mz + 2M;,, cos2f3

tan 2¢_ = 2v2My+

(5.13)

tan 264 = 2v2Myy+ (5.14)

respectively. On the other hand, when |u| < [Ms], we find that (5.11) remains the same,
as do the expressions (5.13) and (5.14) for the angles ¢+. However, the matrix O+ now

Oy = <—Sin¢:|: CoS ¢4 ) . (5.15)

becomes

— COS o4 — sin ¢

It is important to note that the |u| < |Ma| results for the U, V matrices can be obtained
from the |Ms| < |u| expressions (5.11), (5.12), (5.13) and (5.14) simply by replacing

b — Q1 + g (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 |[Ms| < |ul|, it follows from (5.12) that the lightest
chargino eigenstate is

X = cos g W™ +sinpL H . (5.17)
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Since M7,. < M3, p?, we see from (5.13) and (5.14) that tan 2¢+ < 1 and, hence,
| cos p4| > |sin¢|. It follows that

XE e WE . (5.18)

We say that ﬁc is “predominantly” a charged Wino and, regardless of the exact value of
¢+, denote it by X35, On the other hand, when |u| < [Ma] it follows from (5.15) that

X = —singsW* + cospL H . (5.19)
Expressions (5.13) and (5.14) again tell us that |sin¢4| < | cos ¢+ | and, hence
T~ HE . (5.20)

That is, )2%[ is “predominantly” a charged Higgsino and, regardless of the exact value of
¢+, we denote it by )Zfl. 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 |Ms| < |u|, the leading term in (5.6) is |Ms], the
soft mass associated with the charged Wino — indicating that ﬁc ~ W*. Similarly, for
lp| S [Msl, the leading term in (5.8) is |u|, the parameter associated with the charged
Higgsino — indicating that )Zf ~ H*, as above. As stated previously, we will refer to the
mass eigenstates fﬁ/ and )le; simply as a Wino chargino and Higgsino chargino respectively,
even though they are only “predominantly” the pure states of W* and HT 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 ™ = (W, Hi,e%) and v~ =
(W-, ﬁ;, ei), the mixing matrix can again be written in the form of eq. (5.2),

1 0 MT\ [yt
LD —= vty X h.c. 5.21
2(¢¢)<M2i 0 )<¢ + h.c (5.21)
now, however, where
M, %ggl}u 0 0 0
%gﬂjd H _UULTlme _%mu _%mT
M = %ggvm* —€ Me 0 0 (5.22)
%QQULQ* —€9 0 mu 0
%gzvm* —€3 0 0 mr

and m., m,, and m, 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

Mgz = (M*i I ) (5.23)

T
G* mg,

us write
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where

1 %92%1* —€1
My 5920u 0 0 0 T 4 .
Mge =1\ = vL1 vL2 VL3 , G = Va92lLe T
@gzvd H oy Me T My — >, Mr ks .
/292013 —€3
(5.24)
and m, is the 3 x 3 matrix with diagonal entries (m., m,, m.). The G, I', and m,, matrices
have entries that are much smaller than the entries of the Mg+ matrix and, therefore, can
be used to perturbatively diagonalize the M+ matrix. The mass eigenstates are related
to the gauge eigenstates by unitary matrices V and U defined by

X1 w- Xi w

X2 Hy X3 Hf

B l|l=Ulea |, wl=Vv| ¢ |. (5.25)
X4 €2 Xi €5

X5 e3 X3 €5

They are chosen so that

Mili 0 0 0 0
0 + 0 0 0
X
U*Miivil = M?i - 0 0 M”ét 0 0 ’ (526)
0 0 0 M.+ O
Xa
0 0 0 0 M.+
X5

where all eigenvalues are positive. The first two eigenstates, M + »are mostly charged Wino
and charged Higgsino. The RPV couplings are small enough that their masses are still given
by egs. (5.6) and (5.7) or (5.8) and (5.9), depending on the values of the parameters My
and p. Similarly, the masses of the leptons are basically unchanged; that is, M + , are the
standard model charged lepton masses, m,, where ey 23 = e, , 7. The phenomenologlcally
important effect of the RPV mixing is the RPV decays of the charginos. The matrices U
and V can be written schematically as

1 —&_ 1 —
U — U 0O2x3 2TX2 § V= V' 0O2x3 2TX2 §+ ' (5.27)
O3x2 13x3 §L 13x3 O3x2 13x3 & lsxs

Next, requiring that U* M+ Y~ is diagonal allows one to compute the £, and &_ matrices.

To first order, they are given by

¢ =— (M) 'G, &= —(Me)'T . (5.28)

The values of all the & 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 ﬁc. We
find that the positive eigenvector )ZT is

>~<ir =V Wt +y 2ﬁj + Vi 2465, (5.29)

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

Vi1 =cosps, Vig =sing, (5.30)
and tan
g2 tall DM, . Me;
Viogyi = —COSpL———0y. +Sin L —vy,. . 5.31
12+ o+ Vo - o+ gL (5.31)

The result for |u| < [Ma] is found by replacing ¢ — ¢4 + 5 in these expressions, as
discussed above. Similarly, the negative eigenvector x; is found to be

Xy =Uni W™ + U o Hy +Usogies, (5.32)

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

U1 =cosp_, Ui =sin¢p_ (5.33)
and .
govd . . . €

Uio1;=—cosp_———¢, +sing_—* . 5.34

i V2Mop " % (5:34)

The result for |u| < [Ma] is found by replacing ¢ — ¢_ + 5 in these expressions. Note
that the first two terms of ﬁc are independent of RPV and are identical to the expressions
given in (5.17) and (5.19) for |Ms| < |u| and |p| < |Ma| 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 )Zli
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 wviolating terms proportional to €; and v, the neutral Higgsinos
and gauginos of the theory mix with the third generation right handed neutrino. In the
gauge eigenstate basis 10 = (WR, Wo, f[g, ﬁg, B, Vg),

1
£33 ()" Meo® + c.c (5.35)
where
Mg 0  —39RrV4 39RVu 0  —39RUR
0 My  igova —igov, O 0
Moo — —29RV4 59204 0 —p 0 0 (5.36)
%gRUu _%927)11 —H 0 0 0
0 0 0 0  MgpL 3gsLvg
—39rvr 0 0 0 igprvr 0
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The mass eigenstates are related to the gauge states by the unitary matrix N where " =
Ny°. N is chosen so that

Mg 0 0 0 0 0

0 My 0 0 0 0

2

0 0 Mo 0O 0 0
N*M.oNT = ME = X3 5.37
X0 X0 0 0 0 My 0 0 |’ (5:37)

0 0 0 0 Mp 0

5
0 0 0 0 0 My
6

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)p_, and U(1)3r respectively. Nevertheless, the theory does
effectively contain a Bino. To see this, consider the limit Mg[/iu M%o < M}%, MQQ, M% L
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

Mrp 0 0 0 0 —iggug
0 My, 0 O 0 0
Mo = 0 000 0 (5.38)
0 0 —u 0 0 0
0 0 0 0 Mpg %gBLvR
—39rvr 0 0 0 3gprug O

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 <V§, Wr, B ), the mixing matrix is

0 —cosOrMz, sinOrMz,
—costprMz, Mg 0 ,  where cosfp = IR

sin O My, 0 Mgy VIR + 9B

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

(5.39)

relevant due to the lower bound on Mz, 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

B = Wgsinfp + B cosfp, (5.40)

V5, = —=(v° — WrcosOg + B sinfg), (5.41)

HSH
[\

Ve = — (1% + Wgcosfp — B'sinf 5.42
5 \/i( 3 Rrcosfr R) (5.42)

with masses, calculated to first order, given by

My =sin?0pMp + cos> OpMpr, Myey, = Mz, Myey, = Mz, . (5.43)
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respectively. The state B with mass M, is effectively a Bino. We can rotate from the
old basis, (WR,WO,Hg,HS,B’,V63>, to the new one, (B,WO,Hg,HS,Vga,V§b>, using a
rotation matrix, which at zeroth order has the form:

sinfg 000 cosfp
0 100 0
0 010 0
0 001 0

—%COSQR 000 %sin@R

(5.44)

Srsko o oo

\%COSHR 000 —%sin@R

We then get a new neutralino mass matrix, which is in agreement with the MSSM model
after B-L breaking. It is given by

Ml 0 —%g'vd %g’vu 0 0
10, 1M2 %gzvd _%QQUM 0 0
g, L 0 = 0 0
Mp = |~ v27 % st K (5.45)
Y90 — 5920 —h 0 0
0 0 0 0 e, O
0 0 0 0 0 Myey,

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

M2, sin? Oy (M7 + psin 23)

- iz
Mgy = [My] e , (5.46)
M2, (M + psin2p)
~ w= 2 M
Mg = [u] + Mzo(sgn(p) x 1 —sin28)(u + M cos? Oy + Masin? Oyy) ’ (5.48)
E 2(p + My)(p + M)
M ,o(sgn X 1+sin2 — M cos? Oy — My sin? 6
i 2(p — My)(p — M2)
ng ~ My, , (5.50)
Mig ~ MZR (5.51)

where Oy 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

W~B, =W, B=~1), N~H, XP~us,, WX~vs . (5.52)
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As with the charginos, we henceforth denote these mass eigenstates by )2%, )2%,, X%d, )Z(I]{u,
)Zgga, ngb 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 €; and vr,,. 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 <WR, Wo, f]g, ﬁg, B, Vs, V1, V2, 1/3). The extended mass matrix
is given by

Mg 0  —39RV4 39RVu 0 —39rvR  O1x3
0 M, 39200 —3920u 0 0 %ngi
—19Rva  592va 0 —H 0 0 O1x3
Mo = | 39RVw —5920u  —p 0 0 0 € (5.53)
0 0 0 0 Mpr SYBLUR —39BLV],
—39rvr O 0 0 19BLUR 0 %Yuifivu
03x1 %gzv}:j 03x1 €; —%QBLUE]» %Yujﬂ}u 03x3

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, Myo can be expressed as

Mo = (M*‘) mD) (5.54)

T
mp 03x3

where M,, and m” 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

M = N*MpNT . (5.55)

N can be written in the perturbative form

N 0 1 -
N = s 0 €o 7 (5.56)
03><3 VPMNS {0 13><3
where N is the unitary matrix introduced below eq. (5.36). It is a 6 x 6 matrix, analogous

to the 2 x 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 ¢, 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 £° = M X_Olmp is obtained by requiring that Mgo be diagonal. We de-
note the mass eigenstates as x° = N?. The entries of A/ 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 x‘é 4; 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-LL MSSM Lagrangian

The general B — L MSSM Lagrangian, written in terms of chiral multiplet component
fields, (¢, 9i), and vector multiplet components, (Af,, A*), has the generic form

L=—0,0"0"p; +i1'c"0,10;  (kinetic terms) (6.1)
—igT* A" 0" d; + c.c + e (T“AZ)(TZ’AZ’“)@(;S” + ngﬁ"TaAZl/)i ( covariant derivative)
—V2g(¢* TN — V29X (T T¢) 4 g(¢*T*¢)D? (covariant derivative supersymmterization)

1
+ 2iA%o PPN +2igfabc)\aa“AZ)\Tc - 5F“‘“’F“W+ %EWPJFSVFGW (gauge field self-interactions)

1. 1 o o
- iwaiwj - §M;;-z/;“1p“ + M, M $*'¢; (superpotential mass terms)
1 ... 1 S
— iY” kqbiijk — iYij-qu*lw“ ¢ (superpotential scalar-fermion-fermion Yukawa coupling)

1. ) 1 . ) 1. ..
+ §Mm T ®i®™ o + iMiZYJk"gb*’qﬁjqbk + EY””Yk’?nqﬁigbjgﬁ*kgzﬁ*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:

e 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).

e 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
XE S WHy | X0 Wiﬁf
X+ - 2% | X0— 2%,
X+ - vofii —
X+t = n0f | X0 hOy

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

e 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 ¢ and vg,,
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 x=° when referring to
chargino and neutralino 2-component Weyl fermions and X+ when referring to chargino
and neutralino 4-component Dirac fermions. Furthermore, we use e;, ¢ = 1,2,3 for the
three families of charged leptons Weyl fermions, and ¢;, 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 Y& = ()Z{E, )Zét, f@jf, )fo, )Z?f) are related to the gauge
eigenstates o = (W*, HF, e, €5, e§) and ¢~ = (W~ HJ, e1, ea, e3) via the unitary
matrices U and V defined in section 5 and given in appendix B.1. That is,

Xo=upT,  XT=vyt. (6.2)

There are two things worth pointing out here. First, only the mass eigenstates )ﬁc and
)th 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
th ~ eq, ef, )2} ~ e, €5, )Z?)E ~ e3, e 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 &/ and V matrices are defined so that the chargino
states )Zli are lighter than the chargino states f(g[; that is, M o < Mﬁ The state ﬁ[ can
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be dominantly charged Wino or charged Higgsino, but it will be always be less massive
than )Z%t.

In terms of the chargino mass eigenstates, the gauge eigenstate can be expressed as
Y~ =UTY" and ¥ = VIxYT. We then have the following mass eigenstate decomposition:

e; =Ui 91X TUsoiXg T U304 X5 +UTo Xy +US 2 X5 (6.3)
¢f = Vio Xl +Vo01iXs + ViapiXs + ViapiXd +VioriXa

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

W™ =UT (X7 +U3 Xy +U X5 +UT X, +Us X5 (6.5)
WH =V +V5%s +ViXd + Vil + Ve (6.6)
Hy = Ufp%7 +Us %5 +UsoXs +UiaXs +UsaXs (6.7)
Hf =VisXi +ViaXs +ViaXd + ViaXa + ViaXs (6.8)

The neutralino mass eigenstates Y° = ()2(1), 5(3, )22, 5(2, )2%, )Zg, )29, )Zg, )28) are related
to the gauge eigenstates " = (Wg, Wo, Hg, HY B, V§, Ve, Vy, V7) Via the unitary matrix
N, defined in section 5 and given in appendix B.2. That is,

=Nyl . (6.9)

Just as for the chargino states, it is important to remember that only the first six states
X1,2,3,4,5,6 are considered actual MSSM neutralinos, since their dominant contributions are
from sparticles. The states X759 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 Mﬁc < M)a:, where both )ﬁc and

)th could be dominantly charged Wino or charged Higgsino. As discussed above, usually
|Ms| < |u|, in which case X would be dominantly charged Wino, while Y3 would be
dominantly charged Higgsino. In the rare case when |u| < |Ma|, ﬁ: would be dominantly
charged Higgsino, while )Zét would be dominantly charged Wino. For the neutralino mass
eigenstates, however, we always have X} mostly Bino, ¥ mostly Wino, )Zg’ 4 mostly Higgsino,
)22’6 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 x 6 neutralino mixing matrix Mg — neglecting RPV couplings —
an operation significantly more complicated than the diagonalization of the 2 x 2 chargino
mass matrix, Mg+, in the absence of RPV couplings.
In terms of the neutralino mass eigesntates, the gauge eigenstates are given by

Y0 =NV (6.10)
For the three neutrino gauge eigenstates ve, vy, v, = v, i =1,2,3
~0 ~0 ~0 ~0
vi =NTeriXa + NogriXa + NieriXs + NiepiXa
* ~0 * ~0 * ~0 * ~0 * ~0
+ N564iX5 + NeeriXe + N7oriXr + NgoriXs + NoeriXo (6.11)
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while for the rest of the mass eigenstates, we have

T 170 170 170 D/ ~c _ Arx ~0 * ~0 * ~0
Wg, W%, Hg, H,,B', 5 =N{193456X1 + No123456X2 + N3123456X3+ (6.12)
* =0 * ~0 * ~0
+Ni123456X1 T N5123456X5 T Ne123456X6T

* ~0 * ~0 * ~0
+N7123456X7 T NS123456X8 T N9123456X9 -

The Higgs scalar fields in the MSSM consist of two complex SU(2) doublets; that is,
eight degrees of freedom. When electroweak symmetry is broken, three of them become
the Goldstone bosons G°, G, where G~ = G**. The rest will be Higgs scalar mass
eigenstates; that is, CP-even neutral scalars R’ and H?, a CP-odd neutral scalar I'? and a
charged H* and a conjugate H~ = H™". They are defined by [51].

HO\  fu, 1 ho i G°
(1) = ()~ (o) =G () o
HP\ G+

where R, Rg,, Rg, are rotation matrices. Specifically, the matrix in front of the Standard

Model Higgs Boson h is
Ry = < cos sina) ’ (6.15)

—sina cos o

while, to lowest order, the other matrices are

Rsy — R, — (_Sg; . g) , (6.16)
where tan = v, /vg. The mixing angle « is, at tree level:
tan2a  MZ, + M2, sin 2 M2, + Mp,
tan28 M2, — M2, sin28  MZ,— M (6.17)
where the masses of the Higgs eigenstates are
Mo = 2b/sin28 = 2|u|* + m¥;, + mi;, , (6.18)
Mo o = % (MI%O + M2 F \/ (M2, — M2y)% + 4M2, M2, sin2(26)> (6.19)
and
Mz = M7+ M. . (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—L MSSM 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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. gz/JiTﬁ“T“Aszu from the covariant derivative of the fermionic matter fields

o —2g(¢™*T%P;) A and —v 29\ (T T%¢;), from the supercovariant derivatives
e 2ig f“bc)\aU“AZ)\CT, from the gauge self-interaction

o —1Yiikppiapy and —%Yijkgbi*@bﬁw“, 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 (Z°-boson,
W*-boson or photon %) and a lepton; that is

10 — 20 4% W+ — lepton (6.21)
and 2) those responsible for the decays into a Higgs boson and a lepton; that is
159 = hY — 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 ™0 = 70 40 W-lepton
The part of the Lagrangian responsible for the gauge boson-lepton decay channels is
L3040 10 Wt _lepton O GG T Al + 2ig foN o ALY (6.23)

where this expression represents the sum over SU(2)z and U(1)y. The ¢ = 1,2, 3 represents
the three lepton families. Expressed in terms of the MSSM component fields this becomes

E)Zi’ 0520 A0 W+ _lepton = 92 (L}&“TQLZ‘ + ﬁlé’“r‘lﬁu + Hga'“TaHd) W/il
1 -
+4d (—era“ei +eclatet; + §Hi5“Hu - 2H§U“Hd> By
+ 2ig2fabCWao'“WbT Wﬁ? (6.24)

where we sum over the ¢ index, W, a = 1,2,3 are the three vector bosons of the SU(2).
group and B, the vector boson of the hypercharge U(1)y group. Here, g2 and ¢’ are the
SU(2)r and Uy (1) couplings. In addition, L; represents the i-th SU(2), left chiral lepton
doublet defined in (2.4). We now make the replacements

0 . 0 /
¥ cos Oy sin Oy B T 1 1 9 g
(Z(]) (— sin Oy cos Hw> (W 0) ’ \/5( )7 anw g2 ' ( )

where y is the Weinberg angle, and rearrange the previous expression to obtain

g2 _ _ . .
L54,0 5 70 0 W+ lepton 2 —2(J”Wu+ + MW+ TEW, + J}?Wu )+ e(ilons + Flonm) Ve

75

g2 0 s - . . o - .
m (J# + JﬁH) Zﬂ + 292(W W T_ W= o*fW T)(COS GWZ# + sin GWVu)
+202(=WOHWH 4 Wo'WOWE + 205 (WO W — WHotWwohw . (6.26)

— 36 —



J#, Jl and jh,, are the usual weak charged, neutral and electromagnetic currents from
the standard model theory of EW breaking, while J%, J*, and jk,,, are the equivalent
currents of the Higgsino fermionic fields. Also note that e is the electromagnetic coupling

/
e=—929 (6.27)

In 2-component Weyl notation these currents are:

e Weak charged currents, coupling to W* bosons
JE=vlote;,  Jt=He"H + HY 6" H; (6.28)
e Electromagnetic currents, coupling to the photon ~°
oy = +estoret —elate,, i = HF GFEY — H; oM, (6.29)

e Neutral currents, coupling to the Z° boson

JH = VJ&“W — (1 — 2sin? GW)ejé“ei — 2sin? Oy esTares (6.30)
Jhy = (1 —2sin® 0y ) H 6" H — (1+ 2sin 6y ) HY o+ H°
+ (1+2sin® Oy ) HY 6" HY — (1 — 2sin® 0y ) H; 6" H; (6.31)

where in J#, jf,f;M and J} we sum over i = 1,2,3. Plugging these currents into eq. (6.26),
and arranging the couplings in terms of W+, Z0 and ~° respectively, we get

ﬁxi,oﬁzoﬁo’wi,lepmn D %W’u_[ 15'“1/2' + fnga'“f{j + ﬁ;TO_‘“ﬁg + 2\/i(VVOO‘MVV—]L
O]+ 0 et B o B4 B iy VA0 )

+ QgchZg [WJ’U“WH—W_J“W_T] + 2?—;/22 {1/36“1/1' — (1—28124/)63&“67; — 252 e5Tates

(1—282 ) H T — (14252 B G4 HO + (14252 HY 61 HY — (1_23%)1@;*5@;}
+ 2925W72 [W+O'#W+T — W_J“VNV_T} +672 {ef%’“ef — eza“ei+ﬁJT5“ﬁjfﬁ;f6“ﬁJ} ,
(6.32)

where we have used the notation sy = sin 0y, ¢y = cos Oy and summed over ¢ = 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 )ﬁc, )22, e;, v; fori =1,2,3,
and their hermitian conjugates. Notice that we keep only 5&: to simplify our results, since
ﬁt are always lighter than )ch 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 ¥ states
forn=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 ! = )Z%, n = 2 means a mostly
Wino neutralino Xy = )2%/, n = 3,4 means a mostly Higgsino neutralino 5(%74 = )Z%{ and
n = 5,6 means a mostly third generation right-handed neutrino neutralino 5(%6 = )Zgg.

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

—_ (e e vi\ g () g (X)) g0 [

;= =10, = . X = , X = , XV = .

’ (ef*) 1 (*) : (*) 1 <f<i *) 1 (fcf VAR
(6.33

In our model, E?E, X 13: are Dirac fermions, while v;, X are Majorana fermions. Note that,
for simplicity, we use the same symbol, v;, for both a Weyl and Majorana neutrino. The
Lagrangian (6.32) then becomes

ﬁ)’(iv 0520 ~0 W+ —lepton )

= 1 1 N 1 1 . N
gQngl ’Y'u |:<$ (5 — S%/) UQ+j 1u2+j 244 — J (5 — S%/{/) Z/{1 2U2+i2 —+ 26WU2+7; 11/{1 1>PL

1 . 1 1 . « _
+ <75%/VV2+1’ 24 Vioy; — — (* - 5‘2/‘/) Vati2Via + 2cw Vi 1 Vot 1>PR} ¢,
cw cw \ 2

= 1 . 1 1 . .
— g Zy X" { <(§ - S%V) Ui oy iUoyiogy — p (5 - ng) U1 sUoyi 2 + 2ewlays 1Uy 1) Pr

1 . 1 /1 * "
+ (75%41V2+i 24 V124 — — (* - 3%[/) VoiriaVi2 + 2cwVi1Vay, 1) PL] KZL
Ccw cw 2

+%Wu_§1—7u [(Ul 2NG i s —Un 245 NG 64— 2V2NG ol 1) PL— (Nogi aVi 5 —2V2V] 1 Noss Q)PR] vi

— %WJ&TW” [(ufg./\/’6+i 3—Uy 24 jNetj 64i—2V2No 1 oUT 1) Pr—(NgyiaVi2 —2v/2V, ING Q)PL] Vi
+ %W;:):(S’Y“ [(Nn Vi 1i0—2V2V5 1Ny 2) P — (Usgi 245N 64 FU2i 2N 3 —2V2N Ut I)PR] of
~ TS [N aVari2 = 2VBVai i) P U 2Ny + U5 2N o =2V BN a0 P | £
D <o I S V- Y g _ (Ll e * ,
924, An7Y n 6+5/V6+j 6+i T +sw JNnaNgria | P +sw | NusNgiisPr|vi
2ew cw \ 2 cw \ 2
= 1 " 1 1 " 1 1 "
+ gzZSX?n“ — Ny iNerjeri+— | = + sty NG uNogia |Pr—— = + s3 | N sNoyisPr | vi
2cw cw \ 2 cw \ 2

+ ’Vﬂfff’y” |:(6u2+j WUsiopj—elhalls i + 2gaswlls i Ui 1) Pr 4 (—€VayiogjViopj—€VariaVio
+2g2sw Vi1 Vo 1)PR} & — Xt {(dfﬁlj WUsyiogj — et sloyio + 2g2swlhayi 1UT 1) Pr
+ (= eVayioiiVior; — eVopioVia + 2gaswVi1 Vi 1)PL} of (6.34)

where we sum over all neutralino states n = 1,2, 3,4, 5,6, all lepton families ¢ = 1, 2,3 and

7 =1,2,3. P;, and Pg are the projection operators # and # respectively.
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6.4 x™° — hO-lepton

The part of the Lagrangian responsible for the Higgs boson-lepton decay channels is

Lt om0 ioton D —VIg(F T YN VAT WIT00) — LY P guasgun — SV 5000y,

(6.35)
where this expression represents the sum over SU(2); 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(ngief + Hg*edez) +Y, (ng/,-uci + Hg*VCIVZT). (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 h?. Other terms responsible for this
decay channel arise from the supercovariant derivatives of the Higgs fields of the type

— V2g(ET ;) A" + h.c. (6.37)

in Lagrangian (6.35). For the B — L MSSM, these produce the terms

1 * = 1 * =~ _ 1 * X ]. _x ~__
- 592(1{3 HS)W+ - EQZ(HS HJ)W - ﬁ%(Hg d )W+ - ﬁgz(Hd Hg)W
1 1 .~ ~ 1

* o~ ~ 1 * o~ ~ * o~ ~
— —=g2(H H)W® + —=ga(Hy Hy)W® + —=ga(Hy Hy )W° — —=go(Hg Hg)W*

V2 VoIt e V2 V2
1 | B 7 | . o
- EQI(HJ HNB - EQI(HS HS)B + 729,(H Hy)B + EQI(HC? Hg)B + h.c.

(6.38)

It follows that the part of the Lagrangian responsible for the ¥+ 9 — h% — 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 )ﬁc, X0, e, v; form = 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

1 . = _
’Cii’ 0_4hO_lepton —7}/61. Sin ahOXl [Vf2+jL{§+i 2+jPL + V2+i 2+jZ/{1 2+jPR] €j

V2

1 . > % *
+ 72}/:31 sin ahOXf'_ {VQ-H' 2+ju1 2+]‘PL + V1 2+jZ/{2+i 2+jPR gj_

%

+ %QhOXf [(— cos aVy oUs ;1 —sinaldy ;o Vi) Pr + (—cosaVay ol 1 — sinaldy 2Vay 1)PR} o
+ ggho):(fr [(cos aV3 iUty 4 sinald] y Vs i 1) Pr + (cosaVy slhati1 + sin olhoyi 2V 1)PR} or

+ %2):(2}10 KCOS (N aNG i o + Ne i N o) +sina(Ny s Ngyo + Ny 3N$2))PL

- (COS (N alNoria + NogiaNp 2) 4 sin (N sNe i 2 + Ny 3Nn2))PR:| Vi

gl o . * * * * * * * *
- EXghO [(COS@ (sinOr (NG JNG i1+ Nii aNo 1) 4 cos Or(Ny NG i s + N aNors))
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+sino (sin QR(N;:sNgH 1 +Ng+i 3N,y 1) + cos 6R(N;3Nék+i5 +Ng+i SN;E))) )PL

— (cosa (sin Op (Vg nN16as + NagriNn1) + cos Or(Ny aN61is + Nori aNns))

+ sina (sin g (N, 3Noi1 + Noyi 3Ny 1) + cos 0r(Ny sNevi 5 + Noti sNns)) )PR} v;

+ %Yufh’ Cos CVXghO K - N;6+iNg+j6 +Ng+j 6+iN;6>PL

+ ( = Na6+iNotj6 + NovjorilNn G)PR} vj (6.39)

where the angle « 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 X; — Z%¢; . Then it
follows from (6.34) that the vertex coupling is

95— p00- = Grg— g0~ Po+ Grg— 7o~ Pr, (6.40)
where
GLX —z00; = 927 <Cl <; - 5%{/) Us- 1u5+j 2+i
‘1}[/ < — SW) Uy oUs ;o + 2ewls ;UL 1> (6.41)
and
GRi: g0~ = 927" <C‘1/VSIZ/VV2+1' 2+ V1 o4j — C‘I/V (; - 512/V> VoyioVia + QCWVT1V2+H) .
(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 X, — Wty

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— w+
6;[ )~(1+
V; v;
(al) (b1)
ot — 85U 21 i NGy 6V PL
W W- w+ wt
i i X X
HY H}O Vi Vi
(a2) (a3) (b2) (b3)
o2 i o2 0 BU NG P =BV Ny aY" P
W-— W— W+ W+
it W X X7
WO WO.‘. Vi V;
(ad) (a5) (b4) (b5)
—2got 2ga —2g2U1 ING oV P 292V Nevi oV Pr
(a) (b)

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 (al), (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 X, is the lightest chargino and is either dominantly charged
Higgsino or charged Wino. The “red” matrix elements are proportional to €;/Msog, while “blue”
matrix elements are of order unity with small RPV corrections 1 — €;/Mgog;. At first order, the
decay amplitudes are proportional to (1 — €;/Msoft) X €;/Msott == €;/Msoft-

6.5.2 X — 2%

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 (al), (a2) and (a3) arise
from the covariant derivatives of the lepton and Higgsino matter fields, respectively. Vertices (a4)
and (ab) 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 X is the lightest chargino and is either
dominantly charged Higgsino or charged Wino. The “red” matrix elements have small values and
are proportional to €;/Mgog, while “blue” matrix elements are of order unity with small RPV
corrections of the form 1 — €;/Mgo. At first order, the decay amplitudes are proportional to
(1 - 6i/j\4soft) X 6i/Z\4soft =~ 6i/Z\4soft-

6.5.3 X — 1%

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 (al), (a2) and (a3) arise
from the covariant derivatives of the lepton and Higgsino matter fields, respectively. Vertices (a4)
and (ab) 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 X is the lightest chargino and is either
dominantly charged Higgsino or charged Wino. The “red” matrix elements have small values and
are proportional to €;/Msog, while “blue” matrix elements are of order unity with small RPV
corrections of the form 1 — €;/Mgog. At first order, the decay amplitudes are proportional to
(1 - €i/Msoft) X 6i/Z\fsof‘n = Gi/Msoft-

6.5.4 X — ho¢f

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 (al), (a2) and (a3) arise
from the covariant derivatives of the lepton and Higgsino matter fields, respectively. Vertices (a4)
and (ab) 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 X; is the lightest chargino and is either
dominantly charged Higgsino or charged Wino. The “red” matrix elements have small values and
are proportional to €;/Msog, while “blue” matrix elements are of order unity with small RPV
corrections of the form 1 — ¢;/Mgo. At first order, the decay amplitudes are proportional to
(1 - Ei/Msoft) X Ei/J\4s0ft = 6i/j\4soft-

6.6 Neutralino decay diagrams
6.6.1 X0 7%,

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. (al), (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 YO 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 €; /Mot
while with “blue” matrix elements that have small RPV corrections 1 — €;/Mgog. At first order,
the decay amplitudes are proportional to (1 — €;/Msoft) X €;/Mgogr == €; /Mot

6.6.2 X0 - WteF
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 X0 — vy,

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. (al), (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 X! 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 €; /Mgog while with
“blue” matrix elements that have small RPV corrections 1 — €;/Mgog. At first order, the decay
amplitudes are proportional to (1 — €;/Msott) X €;/Msott =~ €;/ Mot

7 Decay rates

In the previous discussion, we presented all relevant RPV decay channels of charginos )ﬁc
and neutralinos Y2, 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 €; and vg, 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. (al) comes from the Yukawa couplings of the leptons to the Higgs field
in the superpotential, whereas (a2), (a3), (a4), (ab) 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 X 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 €; /Mg, while “blue” matrix elements
are of order unity with small RPV corrections of the form 1 — €;/Mgog. At first order, the decay
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or the neutralinos are the LSPs. However, only the lightest sparticles decay exclusively via
RPYV 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
RPYV 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 )ﬁc charginos only, which are defined to be lighter than the )Zéc
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.

° Xli — W:tVi

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

95w, = V'Grzr sw, PL V' Gry s Ly, PR
92 *
= ﬁv" (—Ur 24 NGy oi + U 2NGyi 5 — 2V2NG ol 1) Pr

+ (—/\/‘6+i4Vf2 + 2\/§Vf 1N6+i 2)Pr (7.1)
and

957wy, = VGrx—w, PL+ 7" Grg—w-,, PR
2 * * *
= - %V” (U 5 iNotj 6+ + UT 9o Noti s — 2V2Ne1 2Us ) Pr

+ (NG aVia + 2V2V1ING ) Pr (7.2)

Next, using the expressions for the matrix elements of &/, V and N given in appen-
dices B.1 and B.2, we get

92 9294 . €
Grgtswen, =~ GRXrow-u, = 75 [ <_ cos ¢ ¢j +sin (b_,lj) (7.3)

V2 V2Mapu

: 1 «
+sing_ @ (M@v%—ivu(vdej —r,) — AMop( My, + g%MBng)eO

—2v2cos ¢ 21

9
8dg,

(2912%M3Lvdv36j + My vf (vaej + m%))] [Vemns]j;

48 —



and

Griswn, =~ OLiT sw-u = (74)

92

/2 — sin ¢+@[M’7U12’%Uu(vd6j + HULj) - 49%%MM2MBLUdUu€j]

+2v/2cos ¢ 297 MpLvaviej+Myvg(vae; +pvr, )]] [VF]’LMNS]

8

g2/
d;co ij
The decay width I' 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

2 2 3 2
(O O] M (85 (a2

1, = — 142
XE Wy, 647 M2, M)?d[ M%AL
(7.5)
Note that |GL|‘2)~(%_>W@Z_ and ]GR|‘2)~(%_>W@Z_ are proportional to the RPV couplings

€; and vy, at first order. Therefore, the decay of the chargino into the SM particles
W¥ boson and neutrino would vanish in the absence of RPV.

XE o g0

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

Ix+—zorr =V GLxt Lz PL+ 7GRt g0+ PR (7.6)
i 1 1 2 * 1 1 2 * *
= g27 — |z Sw u2+j 1u2+i2+j — | 3 Sw U12U2+Z~2—|—2CWU2+Z~1U11 PL
cew \ 2 cew \ 2
1 2 * 1 1 2 * *
+ 7SWv2+j 2+iV1 24 — |5 — Sw V2+i 2V1 2+20WV1 1V2+i 1 PR
CwW cw \ 2
and
9% —z00 = 'YMGLX;—WOE; P+ ZuGRX;—)ZOKZ Pr (7.7)
v 1 2 * 1 1 2 * *
=927 ) =Sy | Uy 2+ju2+i 245 — J By — sy | Uy QU yio + 2ewlhoy iUy | Pr

1 1 /1 .
+ (S%A/V;Jrj 24iV124i — —— < - S%V) Vo ioVia + 2ewVi1Vs 1> PL} :
cw cw \ 2

Using the expressions for the matrix elements of &/ and V from the appendix B.1,
we get

GLXT%ZOK;" = _GR}f—)ZOEZ = 2920W< (vg€; + ;wzi)> cos p_+ (7.8)

g
V2Mop

g2 (1 2 > ( 9204 . Ei) 92 <1 2 ) (61) .
+— | =-3s — COS @_ € +sing_— | ——|=—s — | sing_
cw (2 v ¢ V2Mop ¢ 7 ew \2 V) \pu i
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and
. 1
GRXILHZOZj == GL)Zl—_g%— = 2gacw cos 4| — \/57 ; rwgz tan fme,vr, |— (7.9)

g2 o < go tan Bme, . Me, )
+ —s — COS 4 ——=—vr, +sin¢ VL,
cw W * V2Mop T g

%2 1752 sin ¢ Mei

where there is no sum over the ¢ in vg,,m,.

The decay width I' 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
7" 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

2 2 3 ?
(|GL’X?:_>20€?: + |GR|X$->ZO£?) Mﬁ (1 _ Mg‘)) 14+ 2M§0

et + =
X200 647 M2,

i

(7.10)
Note that both G ¢+, ,0,+ coefficients are proportional to the RPV couplings ¢; and
vy, at first order. Therefore, there would be no decay of the chargino into the SM
ZY boson and charged leptons if the RPV effects were non-existent.

XE 0

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

9%+ moer = V'Grzt qort PL+ 7GRy 00t Pr
=" { (€u2+j WUs oy — Ui ol ;o + 2925wy i1l 1) Py,
+ (—eVay 24V 90i — VariaVie + 2005w Vi1 Vayin) PR} (7.11)
and
9% o0ty = ’Y'MGLXf_),yOg;PL + VNGRX;_WOZ;PR
=" { (el s j1Unyiagj — el Uario + 2g25wlayinly 1) Pr
+ (—eVipjor Vit — Vi oaVi2 + 2g2swVi1Vs 1) PL] . (712

Using U and V in appendix B.1, we find that

GLXf—wOej =- GRXfﬁvo@ = 2925w (m(vdfi + /LULZ-)> Cos ¢

+ ego < — CcoS P \/g;]\i;,uei + sin (;S_Z) —ego <Z> sing_  (7.13)
2
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and

. 1
GRXf—wOZ; =— GLX{—WOEj = 2go Sy COS ¢ < — mgg tan ﬂmeivLi> (7.14)

go tan Sme,
V2Map

Me, Me,
—ego (— coSs ¢4 v, + sin ¢+elei> —egasin ¢ ( = ULZ) .
Mg Ud b
The decay width I' 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

2 2
r (168 Ber g + G )
X0 = 64 X

(7.15)

Note that G g+, J0p is proportional to the RPV couplings ¢; and vy, at first order.
Therefore, there would be no decay of the chargino into the SM photon and charged
leptons if there was no RPV.

° f(li — hoﬁ?:

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

9%+ snoer = Grgo poe- PL+GRrg - pop- PR
1 .
=— ﬁYei sina [Vf o+ iUsyi o4 i PL + Vatiog Ui 245 P, R}

2 * * : * *
+ % [(_ COS OéVl 21/{2+Z' 1 — Sin O[Z/l2+i 2V1 I)PL

+ (— COS OZV2+Z' 22/[1 1 — sin aZ/ﬁ 2V2+Z' 1)PR:| (7.16)
and
957 —noe- = GLgr o PL+ GRir Lpogt PR
1 . * *
=—7=Y, sina |:V2+j o4ilhy 245 P + Vi 24ilha 2+iPR]

V2

+ % [(COS aVyyioUpy +sinaldy Vs 1) Pr

+ (cos aVy alhati1 + sin adayi o Vi 1)PR} ) (7.17)
Next, using the expressions for the matrix elements of i/ and V from the appendix B.1,
we get
GLxfnog; =~ CRxf Spog

1 tan Sme,
=——Y,, sina( — cos¢+927ﬁel

V2 V2Map
1 . €; 1 . g2 * )
—_ = S111 & COS — —_ = COS (¢ S1In ———(vgq€; + vy .
592 ¢+(l~t> 592 ¢+<\/§M2M( d€i + py,)
(7.18)

. Me,
vy, +singy mvi) +
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and

1 : 92vd . €
GRX;—HLOK; = GL};FH}LDE;F = —ﬁYei sma( — cos ¢— NG € + sin ¢_ﬁz

1. . 1 ) Me,
+ —gasinasing_ | — cos ¢ ————go tan Sme, v, —sin 1 — vy,
592 o < o NG M2M92 B (oxe vy >

1 ,
— — (2 COS AL COS P_ (mel vLi>, (7.19)
2 Uk

where we do not sum over the 7 in either of these expressions. The decay width I is
proportional to the square of the amplitude of this process, and is found to be

2 2 2
. B (‘Gﬂx;%oe; + |GR‘xlahoe;)M~ M (7.20)
XEpogt = 64 Xi M2, | ‘

Again, note that G g+ _,,0,+ are proportional to the RPV couplings ¢; and vy, 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:
XY =Xy, X)=Xy, X§=Xp, X{=Xj, X0=X)

V3q?

X0 =x0 . (7.21)

V3p*®

For a general neutralino state n, we found expressions for the parameters of the decay to
two standard model particles.

° Xg — ZOVZ‘

To begin with, it follows from eq. (6.34) and the vertices in figure 10 that

~ — AM - 1 -
9070, = V'GLg0_ 50, + 7" GR%0_, 50,

1 § 1 /1 §
= go" K — 57— Nu6+iNetj6ri — P (2 + 3%4/) Nn4N6+i4> P,

2CW
1 1
+ < <2 +Sw> Nn3N6+7,3>PR:|
( 1
SW

1
Nn 6+]N6+] 6+i — J (2

— g2 [ + 8%/[/) N;4N6+i4) Pg

1 1
< <2 + > n3N6+13> PL] (7.22)
where we can read

GLgo0_ 70, = 92

1 /1 .
Nn 6+5No4j 641 — —— (2 + 5124/> N 4N6+z’4>
cw

2
1 /1 .

+ g2 ( (2 + Sw) N, 3N6+i3> (7.23)
cw
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and

1 1 .
GRXgazoui =92 (7 (2 + 5124/) Na 3N6+i3)

w

1, 1 /1 .
— g2\ — 7./\/;1 6+jN6+j 6+: — — | 5 + 3%/[/ Nn 4N6+1'4 . (724)
2CW Cw 2

Using these results, one can compute the associated decay rate. It is found to be

2 2 2
Ie B (‘GL‘XQHZOW t ‘GR’X,QHZOW) Mgg 1— M%o 14 2M%0
X020 — 647 M%o M%o M%o )
(7.25)

o XJ— WHF
Similarly, it follows from eq. (6.34) and the vertices in figure 11 that
90w+ = V'Grgow- PL+ V' GRrgo -+ PR
= %’Y“ (Nn 4V§+z‘ 2~ 2\/§V§+z‘ 1N 2)Pr
+ (—Uspios Ny gy — UaioaNy 5 + 2V2N o 1)PR} (7.26)

and its conjugate

95pwre; =V Crggowe P " Grgg e Pr
=92 [(N,’{4V2+i2 — 2V2V54 1N} 5) P
V2
+ (~Usyi 04N o4s — UsyiaNos + 2V2N500Us 1)PL} - (@20)

where we can read

92 * *
GLXQL—H/V*&* = _GRXS—)W+£; = ﬁ |:Nn 4V2+i2 - 2\/§V2+’L 1Nn 2] (728)

and

2 " . .
GRX%—}Wffj' :_GLX'S_)WJFZ; = gi |:—u2+l 2+an 6+ —UZ+7; ZNn3 +2\/§Nn 2u2+i 1i| .

V2
(7.29)
Using these results, one can compute the decay rate
(O ) W (VY
N L= _ 7
XpoWFE 64 M2, MZ, MZ,
(7.30)

° Xg — hOVZ'

— 53 —



Finally, from eq. (6.34) and the vertices in figure 11 we find

9%05nou;, = GL30 440y, PL + GR0_,p0,, PR
92 * % * * . * * * *
= +§ [(COS (N iNG i + Ngyi Ny o) +sin (N s NGy 0 + NGy 3Nn2)>PL
— (COS (N aNgri2 + Nori aNn 2) + sin a(Ny, sNo1i2 + Novi sNa 2))PR}

/

_ % [(cosa (SineR(/\/;4./\/’g+i 1+ NG Ny 1) + cos Or(Ny 4y N i 5 + N 4./\/’;5))
+ sin o (SinaR(/\/’;z)’Ng_’_i 1 +Ng+13./\/:;1) 4+ cos 9R(N;3N6*+i5 +N6*+Z 3_/\/::5)) )PL
- (Cosa (sin Op (N aN1 640 + NoyiaNp 1) + cos Or(Ny aNeyis + NotiaNy5))

+ sin o (sin Og (N, 3N i1 + NoyisNn 1) + cos Or(Ny 3Nevis + NotizsNns)) )PR]

1 * * * *
+ —=Y,izcosa [(Nn 6+ N6+ 6 T Nowi 6+an6)PL

V2
+ (Nn 64+ N6+i6 + Noyi 6+an6>PR} ; (7.31)
where
92 * * * * . * * * *
GLo oy, = 5<COS (N NG i o + Nepi Ny o) +sin (N s NG o + Ngy 3Nn2>>

/
g : * * * *
— §<COSO[ (SlneR(Nn4N6+i 1 +N6>|<+14N;1) 4+ cos GR(N;4N6>|<+1'5 +N6+i 4Nn5))
+sina (sin Or (N sNGy 1+ Neps 5Ny 1) + cos Or(N sNG L5 + Ngiy sNG ) )
1 * * * *
+ EYW‘S COSfJé(Nn 6+jN6+i6 + Nei 6-+7 n6> (7.32)

and

GRgo_poy, = %(COS Ny aNovi2 + NoviaNp 2) + sin (N 3Ne i 2 + No i 3Nn2)>

/

+ % (COS o (Sin QR(Nn WM 6+i + N6+i NG, 1) + cos HR(Nn 4N6+i 5+ N6+Z' 4N, 5))
+ sina (sin O (N 3Ne4i1 + Noti sNn 1) + cos Op(Np sNovis + Noti sNn5)) )

1
+ (Nn 64+ N6+i6 + EYWB cos & (Nfi-i-i 6+ Nn 6) (7.33)
The decay rate is given by
r <‘GL’A2’~(3HhOW i ’GR@??,ﬁhovj Mo | 1 Mo 2 7.34
X9—hOy; — 647 X5 - M)%o : ( : )

Note that in the above neutralino expressions, we sum over 57 = 1,2,3. Using the
matrix elements of &, 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 €; and vy, at first order. Hence,
RPYV 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
e Bosons
vector gauge bosons

SU(2)r, — Wl} ,Wi ,Wg ,  coupling parameter go

U(l)p-— Bj,, coupling parameter gp,
U(1)sk = WRgr,,  coupling parameter gg
U(l)y — By, coupling parameter ¢’

U) gy — 72 ,  coupling parameter e

B-L Breaking: U(1)3g ® U(1)p—r — U(1)y, massive boson Zg,, coupling gz,
EW Breaking: SU(2)r, ® U(1)y — U(1)gar, massive bosons Zg, Wf
Higgs scalars
Hy) Hf Hy  Hy
e Weyl Spinors
gauginos
SU@2),— WO, W%, Ul)p_r— B, UQ)sg—Wgr, UQl)y—B, UL)gm—3°
Higgsinos
A HF YA
leptons
left chiral e;, v;, i =1,2,3 where e;=e, ea=pu, e3 =7

c
79

vi, 1=1,2,3 where ef=¢% e§=pne§=r1

right chiral e

sleptons

left chiral é;, 7;, 1 =1,2,3 where € =¢€,éy=[, €3=7T

right chiral &, 7¢, i =1,2,3 where & =é°, & = i, & =7
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A.2 Mass eigenstates
e Weyl Spinors

leptons
e, Vi, 1=1,2,3 where e; =e,ea=pu,es=r71

charginos and neutralinos
Xio Xz» Xy n=1,2,3,456
e 4-component Spinors

leptons

- (e L (e (v .

charginos and neutralinos

A3 VEV’s

e sneutrino VEV’s

<I;§> = %UR € = %YVZBUR <771> = %"ULZ'7 1=1,2,3

e Higgs VEV’s
(HY) = %vu, (HY) = %Ud, tan 8 = vy /vg

B Mass matrix elements

B.1 Chargino mass matrix

The matrices ¢ and V can be written schematically as

U — U O3 12TX2 =& L ov= V' Oaxs 12TX2 =&y (B.1)
O3x2 13x3 §L 13x3 O3x2 13x3 &4 lsxs

Assuming that the lighter chargino is )N(ic, and since we are interested in its decays, it follows
that we will need the elements U 24; and V;924; and their conjugates when replacing a
lepton state with the lightest chargino mass eigenstate. It follows from the above that

*

g?”d * . €;
Ui+ = —cosp_ € +sing_—+, (B.2)
o V2Mop 1%
go tan Sm, . Me,
V124i = —COS o4 ——=——vr, +sin ‘g, - B.3
1244 b+ NI o+ g (B.3)

When replacing a charged Wino gaugino with the lightest chargino mass eigenstate,
we need the elements U/, 1 and V)1 given by

U1 =coso_, Vi1 = cos ¢ (B.4)
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and their conjugates. Similarly for replacing a charged Higgsino, one needs Uj 2 and V) 9,
which we find to be

U9 =sing_, V12 = sin ¢4 (B.5)
and their conjugates.

We also need the elements Us;;1 and Voi;1 and their complex conjugates when re-
placing a charged Wino state with a charged lepton, where

* 1
Usyi1 = \/ﬁw(vdq + pvr,) Voyil = _\/§M2Mg2 tan fme,vr,; - (B.6)

The elements Us ;2 and Vo, 9 and their complex conjugates when required when replacing
a charged Higgsino state with a charged lepton,

.

€ Me.
Uz yio =+, Voyio = —up, . (B.7)
7 vatt

The angles ¢+ 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 ¢;
and v,

)211 = cos p+ W +singy H (B.8)

and
)22i = —singpL W+ + cos g HE. (B.9)

Hence, for ¢* = 0, we have purely Wino chargino states ﬁt and purely Higgsino
chargino states ﬁ. Conversely, for ¢* = 7/2, we have purely Higgsino chargino states ﬁc
and purely Wino chargino states )Zét.

B.2 Neutralino mass matrix

The N matrix can be written schematically as

N 0 1 —
N T3x3 6>J[<6 o ' (B.10)
03><3 VPMNS go 13><3

The rows of & are the gaugino gauge eigenstates, whereas the columns correspond to the
neutrino gauge eigenstates. These are explicitly labeled and presented below. They are

Oy, = gg:) 2Mprou(g3vave — 2Mop)e; — g1 MavF (vaei + por, )], (B.11)

é-OWZ”Li = 89;50 [Zg%%MBLvdviei + Mf,v%(vdei + ;wzi)] , (B.12)

603, = @[Mw%vu@dei — o) — AMop(Myvh + giMpro2)e],  (B.13)

goffﬂ%i = 16;)20[M:Yv}%vu(vdei + pvr,) — 4912%,uM2MBLvdvuei] , (B.14)
1

2 2 *
503,% =73 do l9BLgRM2p1vR (vaei + pvT,)

+ 29110y (95 Ma + g5 MR)vgv, — 2MrMopu)e;]
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1% *

fo,;g,,Li = m[(MWUJQgUdUu - 29129LMRM2MU12%)ULi
+ 2MpL(Ma(ghvhvg — AMppwy) + 2(g%Ma + g3 MR)vav2)ei] (B.15)

where
= a2 — a2 B

dgo = M2 1 VR — 3 S UVRVVy 5 (B.16)
My = g4Mpr + g%, Mg, (B.17)
M, = gBr95M + 9595 MpL + 9595, Mr . (B.18)

We can now express the matrix elements of

N 033 Lexe —&o N —N¢&o
e P S (P (B.19)
3x3 Vpuns & 1sxs Prnséo Veuns

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 v, and vy, then, at zeroth
order, we have
sinfg 000 cosfp
0 100 0
0 001 0
N = 0 010 0
—%COSGROOO %sin&R

%COSQR 000 —%sinﬁg

However, in the regimes with small chargino and neutralino masses that we analyze, this

(B.20)

Sheko o oo

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 NH, NQQ, ]\/Y347 ]\[437 N15, N51, N(jl, ]\[557 N65, N56 and N66 are of order 0(1),
while the remaining matrix elements are of order O(Mpgw /Msott) < 1.

Elements form the top-right block N§&p have the form

Nusti = =Nargog,, —Nn2bog,, — N 38050,, ~Nnaogg, —Nnslos, —Nnelos,,
+ Np3 12#] — Npa ZJM]\?]\ZL/P(WQ + pr,) — Wq]
— Nps %ijfz% (va€i + povy,) — WQ]
— Ny g -_i}%#vzi + mmg%Mgv%vd — 4MR,uvu)el} (B.21)
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forn = 1,2,3,4,5,6 and ¢ = 1,2,3. Elements of the bottom left block V;MNS&]; are
computed in a similar fashion. One can then determine Ngy;, as

Ne+in = [V;MNS]G—H' 645 [§$]6+j n (B.22)
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