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1 Introduction

In the minimal supersymmetric Standard Model (MSSM) [1, 2] it is possible to write down
renormalisable and gauge-invariant terms in the superpotential W which violate baryon
(B) and lepton (L) number [3],

1 1

where 4, j, k are generation indices. Here, the L and @) chiral superfields contain the Stan-
dard Model (SM) lepton and quark SU(2)r doublets and their scalar (slepton and squark)
partners. The E¢ U€¢ and D¢ superfields respectively contain the SM charged lepton,
up and down quark SU(2), singlets and their scalar partners. Finally, the superfield H,
contains the Higgs and Higgsino SU(2);, doublets.

The trilinear terms with coefficients A;;;, and )\;jk violate lepton number by one unit
(AL = 1), while the trilinear term with A/’ violates baryon number by one unit (AB = 1).
It can be shown that, at a given energy scale, the AL = 1 bilinear term x;L;H, can be
rotated away for complex-valued x; upon a suitable redefinition of the lepton and Higgs
superfields [4-6]. However, in presence of the trilinear terms, non-zero values of x; can
always be generated at other scales via renormalisation group running [7-9]. On the other
hand, the bilinear coefficients are typically required to be small due to the < eV neutrino
masses [10-12]. The phenomenology of trilinear interactions is therefore not affected by the
presence of bilinear terms, except for specific phenomena such as neutrino oscillations. The
trilinear coefficients are nevertheless subject to stringent limits from the non-observation



of lepton and baryon number violating processes such as neutrinoless double beta (0vf3f)
decay, (A,Z) — (A, Z + 2) + 2e~, and proton decay, p — 7’e™, K*v, respectively [13]. If
a symmetry does not forbid such terms in the MSSM superpotential, this would imply a

"
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fine-tuning of the coefficients A;jp, )\gjk and \

It is therefore commonly assumed that the MSSM superpotential is invariant under
R-parity [14], defined as R, = (—1)38+£+25 where S is the particle spin. The SM fields
and their superpartners thus have R, = 1 and R, = —1 respectively. As a result, the terms
in eq. (1.1) are forbidden and the lightest supersymmetric particle (LSP) cannot decay
to SM particles, and can thus be a dark matter candidate. However, there is no rigorous
theoretical argument for R-parity conservation, and in fact, it has been argued that it might
be more natural to include the R-parity violating (RPV) couplings rather than imposing
R-parity by hand [15]. One can instead impose the Z3 baryon triality; this forbids the
baryon number violating term but permits those that violate lepton number [16, 17]. These
lepton number violating terms have gained recent phenomenological interest in view of their
ability to address current flavor anomalies in the muon anomalous magnetic moment and in
semileptonic B-meson decays [18-30]. In this paper we will focus on the Ov3/ constraints
on and future prospects of the trilinear )\;jk interactions.

The contributions of the RPV terms with coefficients )\;jk and k; to OvBs decay have
been studied before in the literature [10, 31-37]; see refs. [38, 39] for a review. As shown
in figure 1, O3 decay can proceed via the A|;; interaction at each vertex and the ex-
change of either a neutralino X? or gluino §. The bilinear coefficient #; instead induces a
mixing between the light neutrinos and neutralinos, and mass eigenstate neutralinos can
be exchanged via SM charged current interactions. All previous studies have for simplicity
considered the neutralinos and gluinos to be much heavier than the average momentum
exchange of OvS33 decay, mgo 3> pr o~ 100 MeV. However, as shown in ref. [40], in the
general MSSM with non-universal gaugino masses there exists no model-independent labo-
ratory bound on the mass of the lightest neutralino and an essentially massless neutralino is
allowed by the experimental and observational data (see also refs. [41-44]).! Then, similar
to the exchange of sterile neutrinos [51-54], neutralino exchange in Ov3/ decay can either
display long-range (if mgo K pr) or short-range (mitl) > pr) behaviour. Examining this
scaling behaviour and the resulting constraints on the RPV coupling \j;; for an arbitrary
mass neutralino exchange is the main focus of this paper.

It is well-known that neutralinos also contribute at one-loop to the anomalous magnetic
moment of the muon, a, = (g —2),/2 [55-58]. The persistence of the discrepancy between
the theoretical and observed muon anomalous magnetic moment, first measured at BNL [59]
and recently by the Muon g-2 experiment at Fermilab [60], has led a number of papers
to examine the implications for the MSSM parameter space [61-67]. Assuming that the
selectron and smuon masses are degenerate, this work will compare the favoured region from
the (g — 2),, discrepancy to the corresponding excluded regions from the non-observation
of Ov 5 decay.

In some versions of MSSM such as cMSSM, pMSSM and NMSSM, there does exist a lower bound on
the lightest neutralino mass for it to be a good thermal dark matter candidate [45-50].



The rest of the paper is organised as follows: in section 2 we will first review our
conventions for the neutralino mass matrix and highlight the limit in which the lightest
neutralino is (almost) massless. We also define the (RPV) MSSM couplings relevant for
0vBB decay and (g — 2),. In section 3, we outline the existing experimental constraints
on the MSSM parameters relevant to OvS3 decay. These are the RPV coupling \j;;, the
lightest neutralino mass mgo, the selectron and up/down squark masses me, , mq,, m dn
and gluino mass mg. In section 4 we review the contribution of neutralino and gluino
exchange to the Ov5S decay rate and the corresponding half-life TIO/”Q. Making use of an
interpolating formula, we generalise to the case where the neutralino can be either lighter
or heavier than the average momentum exchange of Ov33 decay. In section 5, we derive
constraints on the RPV coupling \j;; as a function of the neutralino mass Mo, requiring
that all collider limits on the other sparticle masses apply. We also plot the excluded regions
in the (me, , mi?) and (\]11,me, ) planes. In these parameter spaces we compare the Ovsfs
decay excluded regions to existing experiments limits and naive bounds derived from big
bang nucleosynthesis (BBN). We also contrast these excluded regions to the favoured region
from the (g — 2),, discrepancy. We finally conclude in section 6. The analytic expressions
for the neutralino partial and total decay widths are given in appendix A, and the relevant

details for the (g — 2),, calculation are relegated to appendix B.

2 MSSM conventions

In the MSSM, the 4 x 4 mass matrix for the four neutral gauginos (the bino B, neutral
wino W and two Higgsinos HY, HY) is written as [68-70]

M, 0 —MmzSwecg MzSwSg
0 M. —
M, = . 9 mZBWQa micW85 ’ (2.1)
ZSwCﬁ chch v
Mmzswsg —MzCwsg —u 0

with ey = cosbw, sw = sinfy, cg = cosf and sg = sin 5. Here, Oy is the SM weak
mixing angle, myz the Z boson mass, M; and M; are the bino and neutral wino masses, u
is the Higgsino mass parameter and tan 8 = v, /vy is the ratio of the vacuum expectation
values of the two Higgs fields H, and Hy.

The mass matrix My can be diagonalised by a unitary matrix as N TMXN , giving
four mass eigenstate neutralinos,

) = NjyB + NoW° + Ni3HY + Ny HY . (2.2)

It is commonly assumed that the experimental lower bound on the lightest chargino mass,
mex > 94 GeV [71], sets a lower bound on the parameters Ma, |p| 2 100 GeV [72]. Using

the relation M; = %‘can2 Ow Mo from grand unified theories, this can then be used to set a

lower bound on M; and hence the lightest neutralino mass mgo. The experimental lower

bound mgo > 46 GeV set by DELPHI furthermore assumes My < 1TeV, ln| < 2TeV,

tan f > 5 and that xj is the LSP [71].



If My, M5 and p are instead chosen to be free parameters, it is in fact possible for the
lightest neutralino to be essentially massless [40]. To see this, one can set the determinant
of the mass matrix My to zero and rearrange for My,

m2ZM2812/V525 N 2m22312/v
uMs — mQZc%Vsm ptg

det (M;() =0 = M = (2.3)
where sog = sin 23 and tg = tan 3. The approximate relation neglects the second term in
the denominator and uses sgg = 2tg/(1 + t%) ~ 2/tg for tg 2 3. For fixed values of My,
p and tg, My can always take values such that the lightest neutralino XY is massless. In
this limit, the lightest neutralino is predominantly bino-like and couples to fermions and
sfermions via the weak hypercharge, Y = Qf — I;{ , where Qf and I 3{ are the electric charge
and the third component of the weak isospin of the fermion and sfermion, respectively.
In general, the neutralino-fermion-sfermion interaction is given by [69]

Ef(ff D \/igf] [(foig)]mPR + (Vflfi?)]RPL} )Z?f:i + h.c. s (24)
where g is the SU(2)[, coupling constant, Prr = (1 F 7°)/2 are the chirality projection
operators, and the indices i, j and k indicate the neutralino mass eigenstate, fermion
generation and sfermion mass eigenstate respectively. The left and right-handed couplings
are given, respectively, by

(Vfggo)w = Vf?féo (UJ%)];{ + fogo(Uf)]H , (2.5)
(Vio)in = Vigo (U + Vi (U ) s (2.6)
where
Vfl;)%? = —(Qf — I?{)tWNzl — T3N;o , Vf?}% — thWNil ,
v, oyt o N yir oy M 27)
uyf(? - U])Z? - 2mW85 ) dj)Z? djf(? Qmwcﬁ ,

with u; indicating up-type quarks and neutrinos and d; down-type quarks and charged
leptons. However, in the following we will assume for simplicity a completely bino-like
lightest neutralino, so Ni; = 1 and Ni2 = Nij3 = Niy = 0. In egs. (2.5) and (2.6),
U f@ and U }R are 3 X 6 matrices rotating the left- and right-handed sfermions to six mass
eigenstate sfermions. If no mixing is present between generations, the non-zero elements
of the matrices are

(UF)jj =cosbz . (UF)j4a) = —sinfy
(U?)jj = Sinﬁfj , (U]?)j(j+3) = cos Hfj ) (2.8)

where 6 7 is the left-right mixing angle for the sfermion f]
The RPYV interactions of relevance to Ov33 decay can be found by expanding the chiral
superfields in the )\;jk term in eq. (1.1) as L;Q; D5, = (eabLng-) Dy, (where a, b are SU(2),



indices and €g, is the antisymmetric tensor) in standard four-component Dirac notation:
Lrop D )‘éjk [éiiﬂLdek + ﬂzjéLide + drrturjeq;
— ﬂziJLdek — CZ*LjDLide — ded_le/%Z} + h.c. s (2.9)

where the indices i, j and k indicate the (s)fermion generation, and the superscript ¢
denotes charge conjugation, e.g. v%; = (vf)p is the charge conjugate of vr;. We will see
that the first three terms in eq. (2.9) along with the interactions in eq. (2.4) contribute to
Ovp3p decay at tree-level. The combination of these interactions also allows neutralinos to
decay via channels such as X9 — v7%, e~ vy [73, 74]. We give the decay rates for these
processes in appendix A.

3 Experimental constraints

To date, no experimental evidence of supersymmetry has been established [75]. Null results
therefore translate to excluded regions in the MSSM parameter space. The most general
MSSM superpotential, however, depends on 124 free parameters (19 SM parameters and
105 additional parameters), making a phenomenological analysis impractical. The number
of free parameters is usually reduced by assuming a particular supersymmetry-breaking
scheme [76], such as gravity- or gauge-mediated mechanisms. The gravity-mediated case
can be simplified down even further to the so-called constrained MSSM (cMSSM), with
only 5 additional free parameters [77]. The null results from ATLAS and CMS have now
excluded the cMSSM for TeV-scale superpartner masses at 90% CL [78].

A less predictive, and necessarily more poorly constrained model, is the phenomeno-
logical MSSM (pMSSM), with 19 additional free parameters [79]. It requires that super-
symmetry is not a source of C'P violation and flavor-changing neutral currents, and that
the first two generations of sfermions are degenerate. ATLAS and CMS have interpreted
data from Run 1 of the LHC in the pMSSM, determining the fraction of models that are
excluded in a given region of the parameter space [80, 81]. We show to the left of table 1 the
rough values of the relevant selectron, up and down squark and gluino masses (me, , mq, ,
mg. and mgy) below which 90% of models are excluded. We take these to be approximate
lower bounds on these sparticle masses, independent of the lightest neutralino mass mgo.

ATLAS and CMS have also conducted searches for slepton, squark and gluino pro-
duction and subsequent decays to SM particles (either leptonic or jet final states) and
neutralinos, which are undetected and contribute to missing transverse energy. Derived
lower bounds on the masses me¢,, ma,, mg, and my depend on the neutralino mass 1m0
in the region mgo < mg (where the decay process is kinematically allowed).

To the right of table 1 we give the lower bounds on me, , mg,, m i and mg for a mass-
less neutralino and the indicated decay process. The branching ratios for these decays are
assumed to be 100%, requiring the lightest neutralino and chargino to be purely bino and
wino, respectively. Generically, this can be achieved for large values of ;1 and M. Of course,
in the presence of the RPV coupling \};;, additional decay modes are open for the sleptons.
We make the assumption that the decays é;, — X9, § — ¢X) and § — qg¥} still dominate



- m g Lower Bound [GeV]

pMSSM [80] myo =0 Experiment
érL ~ 90 700 (700)  ér — ex?, ATLAS [94] (CMS [95])
i, dg  ~ 600 1900 (1750) G — gx3, ATLAS [96] (CMS [97])
g ~ 1200 2350 (2000) § — qgx\), ATLAS [96] (CMS [98])
¥ 1.35 x 1014 ete™ — )y, L3 [99]

Table 1. Lower limits on the masses of the superpartners relevant to Ov35 decay when an RPV
coupling A{;; is present, approximately in the pMSSM by excluding 90% of models, and from
searches for superpartners decaying to a massless (purely bino) neutralino with 100% branching
ratio at ATLAS and CMS. Also shown is the lower bound on the gravitino ¢) mass from L3.

even for \j;; # 0, which is justified if A}, is small. The bounds weaken considerably for
larger mgo, and often a different decay mode provides a more stringent lower bound.

For selectrons, the ALEPH experiment imposes a lower bound of mg, > 107 GeV for
any value of the neutralino mass below me, [82]. It should be noted that these analyses
rely on the assumption that the neutralino does not decay within the detector. If a large
RPV coupling \};; exists, we will see that a LSP or NLSP (next-to-lightest supersymmetric
particle) neutralino can decay. For these limits to apply, A\j;; must be small enough for
the neutralino to be long-lived. However, a long-lived neutralino can itself provide distinct
displaced vertex signatures at future beam-dump experiments and downstream detectors
at collider experiments [83-91]. Limits on \|;; (assuming non-zero \|;5) have recently been
found by considering long-lived neutralinos, produced in cosmic ray air showers, decaying
inside the Super-Kamiokande detector [92]. The OPAL experiment in contrast searched
for direct RPV decays, setting a lower bound of ms, > 87 GeV for mgo > Mey, [93].

The presence of the RPV coupling \|;; and a down squark (dg) also leads to additional
semileptonic quark decays at tree-level, changing the experimentally measured CKM matrix
element |Vqlexp to

‘Vud’2 - ‘Vud’2

exp

1+

: (3.1)

where |V,4| is the value in the SM [100]. Taking the current best-fit value |Vud’pr =

0.97420 + 0.00021 [75], we set |Vyq|%. to the maximally allowed value and |Vg|? to the

exp
best-fit value to obtain an upper limit on

Ny | < 0.012 (%R) . (3.2)
= 100 GeV

A non-zero \|;; and down squark also contribute at tree-level to pion decays, affecting the
ratio of decays to the first and second generation as

(m) _ I(n” —e ) R™ 1 miy Ml (3.3)
e/mexp T (7= — WD) e/u 2Ty msz Vud '



We insert into this expression the theoretical prediction [101, 102] and measured value [103]
of this ratio,

RU) = (1.2352 £ 0.0001) x 107, (3.4)
R0 . = (1.2344 £ 0.0023 £ 0.0019) x 107, (3.5)

respectively. Rearranging for \j;; in eq. (3.3) thus gives an upper bound

Ny | < 0.014 (de) (3.6)
= 100GeV )

which is slightly weaker than that obtained from V,4 in eq. (3.2).

As explored in ref. [74], a neutralino that can decay via RPV interactions can also
impact the formation of light elements during BBN. To avoid such interference, we naively
require the neutralino lifetime TR = I‘ ! be shorter than 1 second, as has been considered
before in the context of sterile neutrlnos for instance [104-107]. The rates of RPV neu-
tralino decay modes are tabulated in appendix A and are summed to compute the total
neutralino decay width I' R0 The condition 75 0 < 1s then translates to an excluded region
in the space of MSSM parameters entering 7y 0 For example, for fixed mg,, mj dn and myg,
we obtain an excluded region in the (Alll,meL) parameter space. We will see that this
constraint heavily depends on the mass of the gravitino mg. A lower bound on the grav-
itino mass, m; > 1.35 x 1071 GeV, has been set by the L3 experiment [99]. The gravitino
can therefore be the LSP and the lightest neutralino the NLSP for the BBN constraint
to apply. As mentioned previously, a gravitino or neutralino LSP could be a promising
dark matter candidate [108-115]. As we consider a wide range of possible masses for the
gravitino, lightest neutralino and other SUSY partners in this work, for simplicity we do
not attempt to incorporate a viable component of dark matter.

4 R-parity violating contributions to Ov33 decay

Previous studies have considered the contribution of the RPV couplings \j;; and %1 to
Ovp3p decay for large superpartner masses, i.e. above the average momentum exchange of
the process (mg > pp ~ 100MeV) [10, 31-37]. In this limit the process can be taken to
be a short-range OvBS3 decay mechanism, as opposed to a long-range mechanism, like the
exchange of light Majorana neutrinos.

The contribution of the trilinear RPV coupling A\j;; to 0vB33 decay is depicted in
figure 1. The neutralino-mediated diagram can proceed by the exchange of a selectron, up
or down squark at the effective interaction vertices, shown in figure 2, while the gluino-
mediated diagram can only take place for the exchange of color-charged up or down squarks.
This effective approach is justified because selectrons, up and down squarks with masses
less than pp ~ 100 MeV are excluded, as seen in table 1. If the neutralinos and gluinos are
also heavier than pp ~ 100 MeV, the process can be described by the dimension-9 effective
Lagrangian (using the notation of ref. [116])

G% cos? O

Lg=—"F—F (Ei%RLJRJR + €§RLJEVJRHV> Jr +h.c., (4.1)

2my,



uy, dgr ur,

dgr ur,
er €L
)
= + 7
€L
er, o er,
dgr ur,
ur, dr UL,

Figure 1. Short-range Ov58 decay mechanism induced by the RPV coupling \};;. The process can
proceed via the exchange of a neutralino Y? or gluino §. The effective interactions indicated by blue
and red blobs are induced by the exchange of a selectron, up or down squark (shown in figure 2). If
the neutralino is lighter than the relevant momentum exchange, this mechanism becomes long-range.

/
M1 Al

dR ur, dr ——F——— uL dr ————— €L uL
o ~ !
e, er| wr, |
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ur,

+ dr -2~ A
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g €L

Figure 2. Top: diagrams contributing towards the effective interactions at the vertices of the
neutralino exchange diagrams in figure 1. Bottom: similar diagrams contributing towards the
gluino exchange effective interactions.

where j,, Jp and J5” are the scalar leptonic, scalar and tensor quark currents
jL:é(l—’_’yf))eca JR:{L(]-—’_’YEJ)CZ? J}%V:aoﬁuy(l_’_’)%)da (42)

respectively, with o, = %[’yu, ], GF being the Fermi constant, ¢ the Cabibbo mixing an-
gle and m,, the proton mass. To get the Lagrangian in this form one must first perform the
appropriate Fierz rearrangements of the squark exchange diagrams in figure 2. The quark
currents must also be color singlets, extracted from the product of two color-triplet and
color-antitriplet quark fields [36]. After these necessary steps, the scalar and tensor coeffi-

cients el and e£*F normalised to the Fermi constant squared G%, can be decomposed as
1
L L
et =g g g ke taggs et == (05 +ng) (4.3)
where the terms,
mas NG my |1 n 1 1
g = 2 - | m2 T 92 m2 |
6 G5 mg |mg, mg QmULde (4.4)
o = 2mas NG my 1
g 3 G% mg m%Lm?ZR ’



NMEs PSFs [117] T [yr]

Isotope Light [118] Heavy [119] )
G yr1 Current Future
My MEX M x| e b
6Ge |—6.64 133 —11.8] 5300 —347| 2.360x10~1° [1.8x10%6 [120]|1.3x102%® [121
82Ge |—5.46 104 —9.56| 4030 —287| 1.019x10~1* |3.5%x102%* [122]|1.0%x 1026 [123

136Xe |—3.60 74.6 —6.21] 3210 —192| 1.456x101% [1.1x10%6

[120] [121]
[122] [123]
100Mo [—5.27 214 —10.7]12400 —377 | 1.591x 107 |1.5x 10%* [124]]1.0 x 10?7 [125]
[126] [127]

Table 2. Values of the light and heavy NMEs calculated in the IBM-2 model for four different Ov33
decay isotopes. For neutralino exchange we require light and heavy scalar and tensor NMEs MXX
and M5 (assuming equal quark current chiralities, XX = RR) respectively, while for active
neutrino exchange we require the light NMEs M,,. We also show the relevant phase space factor
Gg(ﬂ_ (identical for short and long-range mechanisms) and the current and future lower bounds on
the Ov35 decay half-life T°*P for each isotope.

describe the gluino-mediated diagrams in figure 1 and

LL\2 RRx\2 LLY/RRx*
2 Vv Vi ViRV
77~ o ey’ )\111 Z mp [( UX'L) ( XmO ) . “Xz Xm ‘|
X = 2 4 2 2 )
2 Gj mg, ms mg,ms
)\/2 4 VLLvRR* VLLVLL VLLvRR*
_ 111 myp dx?  ex) ux] dxy (4.5)
Ngj = T2~ 2 2 2 2 2 2 ) :
Gﬁ im1 Mxo | Mg, my e, Map, me, Mg
R R
LL\2
2 4 <
Nee = 2mQx AT11 mp ( ex?)
Xe 2 4 ’
Gﬂ i=1 mg O me,

the neutralino-mediated diagrams. Here, Gz = Ggcosfq, as = ¢g?/4m and o5 = g2/4m,
where g is the SU(3), coupling constant. For the factors in eq. (4.5) we have neglected the
mixing between left- and right-handed first generation sfermions and thus only the factors
Ve?g%’ VUL>~< and VRO appear.

In order to compute the total rate and half-life of the short-range Ov33 decay process,
the quark currents in eq. (4.1) must be matched onto non-relativistic nucleon currents,
detailed in ref. [128]. To go the nuclear level, a number of approximations simplify the
calculation. These are to assume a 0T — 0T transition, the closure and impulse approx-
imations and s-wave final state electrons. The resulting heavy nuclear matrix elements
(NMEs) have been computed for the scalar and tensor current combinations in eq. (4.1) in
the interacting boson model (IBM-2) [119]. We list the values of these heavy NMEs, M7X
(scalar) and MZX (tensor), for four different isotopes in table 2. One must also integrate
over the energy and angle of one of the outgoing s-wave electrons. The final expression for
the Ov35 decay half-life is then

2
ev My, + FREpMER o JIRLAABRI (4.6)

(Tl/z) = Gﬂr



where Gg(& is the Phase-Space Integral (PSF)

Gim? Qpg+me

e A — - dE\E\E © A7

11+ 327T5R124 n2 e 141 2plp?fll-i— ’ ( )

and fl((l)zr is the following combination of radial electron wave functions evaluated at the
nuclear surface r = R4,

IO = 191 (E)g-1 (B2 + lg-1(E1) fr(Ez)
+ | f1(E)g-1(E2) > + | fi(E1) f1(E2)* . (4.8)

The values of the PSFs for the four isotopes in table 2 were computed in ref. [117] using
numerical methods.

In eq. (4.6) we also account for the exchange of light neutrinos by including the term
ey M, where €, = mgg/m. and M, is the standard light neutrino exchange NME. The
mass mgg is the standard effective neutrino mass probed in Ov33 decay. For simplicity,
we consider only the exchange of a single neutrino, such that mgg = m. This mass gets a

tree

contribution at tree-level m{™®, but the presence of \|;; also induces a contribution to my
at one-loop [4, 129]. We therefore write

, 3 A% — /i tan
mgp & My + @)\/12117”?1# ; (4.9)
dr

where we have assumed degenerate mass for the left- and right-handed down squarks. A

general Majorana phase multiplies the tree-level mass, while the loop contribution has
RRL RRL on \i;; (and so any phase contained in \j;; is

the same dependence as € and €

common between these terms). The M and MEZE NMEs are positive and negative
respectively for the isotopes of interest in table 2. However, there is a negative sign within
eSBL and so these contributions add constructively in eq. (4.6). The M, NMEs are also
negative; for ¢; = 0 (7), the tree-level light neutrino exchange contribution therefore
adds destructively (constructively) with the ef*X and ef** contributions. We find that
the one-loop contribution in eq. (4.9) is suppressed with respect to the ef**L and eltFL
coefficients by the ratio of down quark to right-handed down squark masses squared (for
Mg, ~ 2TeV). Thus, the main constructive or destructive interference arises from the
tree-level mass, which can be at most m{™ ~ 0.1eV from the cosmological limit on the
sum of neutrino masses Y m, [130]. For simplicity, we omit the light neutrino exchange
mechanism when deriving limits on Aj;; in the next section. Possible interference effects
have been studied in refs. [131, 132]. Here, we also neglect the possible contribution of the
bilinear RPV interaction to Ov38 decay, which has been studied for heavy neutralinos in
refs. [10, 35].

As shown in refs. [133-141], it is also important to consider the leading-order QCD
corrections to eq. (4.1). These are one-loop diagrams where gluons connect the incoming
and outgoing quarks in figure 1. These induce an RGE running of the coefficients e/t

RRL
2

and € from the scale of new physics, Axp, to the lower limit of perturbative QCD,
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Aqcp ~ 1 GeV. For example, running from the scale Axp ~ 1 TeV modifies eq. (4.6) to the
QCD-improved result

v\— 0 2
(T9) ! = GO [ My + e FEBIR + fREBER| (4.10)

where a mixing between the NMEs now takes place:

( {%R> B (2.39 —3.83> <M{{R> (4.11)
fR)\0.02 035 ) \MER)” '
However, the Ov53 decay process takes place at the Fermi scale, pr ~ 100 MeV, where the
QCD running of short-range operators is no longer reliable. Ref. [139] investigated naively
extrapolating the perturbative results to the sub-GeV regime by assuming the ‘freezing’ of
the QCD coupling constant «s. The extrapolation to low energies was not found to modify
the perturbative results appreciably, therefore eq. (4.10) will be used in what follows.

In egs. (4.4) and (4.5) we have only considered the lightest neutralino with mass
mgo > PF- As explained in section 2 however, it is always possible to choose (experi-
mentally allowed) values of the MSSM parameters such that the lightest neutralino is very
light or massless. In the case mgo < PF, the exchange of the lightest neutralino con-
tributes towards a long-range Ov53 decay mechanism. To take this into account, we make
the following replacement in eq. (4.5),

m_o

X1 2 2
Lo my s e S (P12 (4.12)
myo (PN tmZ, |- m2s (p), '
X9 1,2 X9 m o %0 P /12

1

where the average momentum squared <p2)1 is used for the terms 7y, nys and N5 f in the
coefficient eff*L (associated with the scalar NME M$#) and (p?), is used for the term
N5 in the coefficient ef**X (associated with the tensor NME MZ¥). This function inter-
polates between the long-range behaviour Mo / <p2>1,2 for m?z? < <p2)1’2 and short-range

behaviour 1 /m;(? for mfzo > (p?); 5. The average momentum squared of the exchanged
1 k)

neutralino for scalar and tensor interactions, <p2>1 and (p2)2, respectively, are given by the
following ratio of heavy and light NMEs,

(M),
(MFE),

)

<P2>1 9 = MpMe ) (4.13)

)

where the h and [ subscripts indicate the heavy and light NMEs, respectively. Here, the
light NMEs for scalar and tensor interactions are taken from ref. [118], calculated in the
IBM-2 formalism with a long-range neutrino potential (but also applicable for an exchanged
neutralino). The values of the light NMEs M:X and M X (assuming equal quark current
chiralities, X X = RR) are given in table 2 for the four isotopes of interest in this work. In

table 3 we subsequently compute the values of \/ (p?); and \/ (p?), for these isotopes. It

can be seen that, as expected, ,/(p?); 5 ~ pr ~ 100 MeV. However, the average momentum
transfers associated with the scalar interaction are slightly larger than those for the tensor
interaction, and variation can be seen between the different isotopes.

- 11 -



Isotope \/@ [MeV] \/@ [MeV]
6Ge 138 119
82Ge 136 120
100Mo 167 130
136Xe 144 122

Table 3. Root mean squares of the neutralino momentum exchange found by inserting the light
and heavy scalar and tensor NMEs in table 2 into the formula in eq. (4.13). We show the values
for the four relevant isotopes used in this work.

In order to make a more accurate prediction for the change between long- and short-
range behaviour, one should a priori use the chiral effective field theory formalism of
refs. [137, 138, 142], which not only examined the mass dependence of the NMEs as in
eq. (4.12) (due to the propagator of the exchanged particle) but also the chiral low energy
0 in the range
100 MeV to 1 GeV, where, as mentioned previously, the perturbative QCD corrections to

constants (LECs). This is particularly important for neutralino masses m

short-range operators are no longer applicable and a more precise calculation is possible
beyond the interpolating formula in eq. (4.12) [142, 143]. As detailed in ref. [144], one
must also include leading-order short-range contributions for any long-range Ov35 decay
mechanism (whether it be active neutrino or light neutralino exchange). However, as this
work considers a wider neutralino mass range of 10keV to 10 TeV, for simplicity we take the

RRL and 6RRL

replacement eq. (4.12) in €] in eq. (4.10) as a good approximation of the long-
and short-range limits. Since we use results from the IBM-2 nuclear structure framework,
we neglect any theoretical uncertainties in the NMEs. These are expected to change NMEs
by a factor of two or more, AM /M ~ 2-3, as the dominant source of uncertainty. Because
the Ov(3 decay rate scales as |A\jq;|*, this results in an uncertainty of \/AM /M on the
limits on \j;; we derive below.

A few points are in order before deriving constraints on the parameter space of the

RPV coupling \|;; and the relevant MSSM masses mo, me, , ma, , m dr, and mg. Previous

X )
analyses have noted the so-called gluino dominance for a region of the MSSM parameter
space [33]. This is the observation that the gluino exchange terms in eq. (4.4) are larger

than neutralino exchange terms in eq. (4.5), i.e

77§7 77_/@ >>77)Z7 77}257 77;()’57 (414)

if, for example, ms, ~ my, ~ mg., and mg 0 2 0.05mg. This is shown explicitly in
figure 3, which plots the contribution of each n term (and also the total contribution)
to the OvBS decay half-life as a function of mgo, for ms, = mg, = mg. = 2TeV and
mg = 2.5TeV, and taking 6Ge isotope for illustration. We can see that the neutralino
contributions 7y, 7nze, N5 7 to the OvB5 decay rate indeed become smaller than the gluino
contributions 7;, 7]3 above mgo ~ 0.05mg, defining a region of gluino dominance. Below

Mmgo ~ 0.05my is instead a region of neutralino dominance, which was so far overlooked in
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Figure 3. The contributions of the RPV terms 7y, Ngf>Mxés Mg and 17;7 to the OvB3 decay half-life
of ™Ge as a function of the lightest neutralino mass mgo. The values \j; = 1073, me, = mg, =
mg, = 27TeV and mz = 2.5TeV are chosen for the other MSSM parameters. We compare the
half-life to the current reach of GERDA [120] and future sensitivity of LEGEND [121], shown by
the horizontal dotted lines.

the literature. Due to the interpolating formula in eq. (4.12), the neutralino contributions
reach a maximum at Mo ~ V(p?) 12 and then start to decrease, eventually falling below
the gluino contributions and giving gluino dominance for mgo <5x1078 mg.

However, it should be stated that the dominating 7 term heavily depends on the choice
of superpartner masses. In figure 3, it can be seen that for meg, =mg, =m;, =2TeV and
mg=2.5TeV, the contribution from 7 is always larger than 7y and N5 f- Furthermore,
for large myo the collider constraints on the selectron mass are relaxed. For me, =90 GeV,
M, =Mg, =2TeV and mgz=2.5TeV, the contribution from ng is increased consider-
ably, dominating over nz and 77;7 up to mgo ~ 10° TeV. This therefore demonstrates that,
while useful in simplified analyses, the assumption of gluino dominance is by no means
guaranteed.

5 Excluded regions in RPV parameter space

We will now examine the constraints on the RPV MSSM parameter space relevant to 0v 3
decay: (M7, Mg, Mey s My, M CZR,mg). For simplicity, we will consider only the lightest
neutralino with a mass above or below the Fermi scale pr. All other neutralinos are assumed
to be much heavier and their contribution neglected.

If an experiment sets a lower bound T’ 1675’ on the Ovp33 decay half-life (as shown in
table 2), this can be related to the expression in eq. (4.10) with the interpolating formula

of eq. (4.12) for the lightest neutralino. The resulting inequality can then be rearranged

~13 -



!/
111

/
U

10755 : : : : : : : : :
1074 1072 1 102 10*

Figure 4. Randomly generated points in the (A1;;, myo) plane excluded by colliders and the non-
observation of Ov3f decay in "®Ge by GERDA, T f}‘; >T, 10/”2. The colours indicate the 1 term that

dominates in eq. (4.4) or (4.5). The two dashed lines indicate the values of (A}, myo) saturating

the current experimental lower limit on TIO/”Q.

for the RPV coupling A}, i.e.
Tle;(; <Tf/”2 = N < F(mi(l),mgumgumJR,mg,Tle;(;) ) (5.1)

In other words, the non-observation of 0v33 decay sets an upper limit on \j;; as a function
of T f};p and the superpartner masses. On the other hand, as discussed in section 3, large
swathes of this parameter space are already excluded by collider experiments.

To get an idea of the region of parameter space that is also excluded by Ov 35 decay, we
perform a scan over the region of parameter space that is still currently allowed by collider
experiments. To do this, we randomly select sets of parameters in the ranges \j;; €
(1072, 1], My s May, M, MG € [1, 10°] GeV. A given set is discarded if a combination of
any two of the superpartner masses is forbidden by ATLAS or CMS. We also discard any
set containing a superpartner mass below the approximate pMSSM lower bound in table 1.

With each randomly selected \j;; in an ‘allowed’ set, we now make the comparison
!/ €
111 > F (m)“((l)amé[,umﬂLvaZR7m§7T17§) . (52)

If this is condition is met we retain the set as the Ov53 decay-excluded point and if not we
discard it. With the finally selected sets that are excluded by Ov33 decay, we also evaluate
the contribution of each of the 7 terms in eqgs. (4.4) and (4.5) to the half-life. In figure 4,
we plot the excluded combinations of the parameters in the (A, m;((l)) plane, using the
current lower limit on the "°Ge Ov3f decay half-life from GERDA-II [120]. We also colour
each point according to the 1 term that dominates, i.e. ny (purple), Ny f (blue), nge (green),
ng (orange) and n; (red).
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Figure 5. Upper limits on \;;; from the current lower limits on the Ov33 decay half-life of "®Ge
(GERDA), 82Se (CUPID), %Mo (CUPID) and !36Xe (KamLAND-Zen) for the benchmark super-
partner masses mg, = 700 GeV, mg, = mg, = 1900 GeV and mg = 2350 GeV. The corresponding
limits from the future projections are also shown by the dashed lines.

It can be seen that the excluded points extend down to two dashed lines, which show
the values of (N1, m)??) that saturate the current experimental lower bound on Tlo/VQ. Fur-
thermore, the nys term (i.e. selectron exchange) dominates for the smallest excluded values
of Aj;; over the whole range of mgo. The dashed line to the left of the plot corresponds
to the case where the selectron, up and down squark and gluino masses take the minimum
values allowed by ATLAS and CMS for small neutralino masses. These are ms, = 700 GeV,
ma, = mg, = 1900 GeV and mg = 2350 GeV, respectively. The second dashed lines ap-
pears at higher values of mgo, where the selectron can evade the ATLAS and CMS limits
and the approximate limit from the pMSSM applies. This dashed line then corresponds
to meg;, = 90GeV, my, = mg, = 1900GeV and mz = 2350 GeV, but is only valid down to
Mo ~ 15 GeV, where ATLAS begins to exclude mg, = 90 GeV. As the chosen parameters
for the first dashed line provide the best limits over a wide range of mgo, we choose these
as benchmark parameters in the following discussion.

In figure 5 we show the excluded regions in the (|, mi?) plane derived from the cur-
rent and future experimental lower limits on the O35 decay half-life, using the benchmark
choices me; = 700 GeV, my, = mg = 1900GeV and mg = 2350 GeV. We use the lower
limits on the half life for the "®Ge experiments GERDA [120] (current, solid grey) and
LEGEND [121] (future, dashed grey), 32Se experiments CUPID [122] (current, solid red)
and SuperNEMO [123] (future, dashed red), %Mo experiment CUPID [124, 125] (current,
solid purple; future, dashed purple), and 36Xe experiments KamLAND-Zen [126] (current,
solid blue) and nEXO [127] (future, dashed blue). Even though the lower bound on Tlo/”2
is expected to be less stringent for '%Mo compared to ®Ge in future, the light and heavy
scalar NMEs (M), and (MEF);, for 1Mo are larger and result in a more stringent
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Figure 6. Excluded regions in the (Aj;;, mgo) plane. The green regions are excluded from the
current lower limit on the °Ge 0v 3 decay half-life for mgz, = m in = 1900 GeV and mg = 2350 GeV
and three different values of the selectron mass; mg, = 700 GeV (solid), ms, = 90 GeV (dashed)
and mg, = 2TeV (dotted). The red and purple regions are excluded from measurements of V4
and R, respectively. The orange region is excluded by the non-observation of ¥y decays in Super-
Kamiokande, assuming Xj15 = Aj11, me, = 700 GeV and mg, = m;, = 1900 GeV. The regions to
the left of the solid and dashed grey lines are excluded by BBN, i.e. requiring the y{ lifetime to
be less than 1 second. The solid vertical grey line and shaded region applies for a gravitino mass
m,, at the lower bound from L3, whereas the solid, dashed and dotted grey lines correspond to the
same three values of mz, (and benchmark values of mg, , mg,. and mg) as the OvBf3 decay limits,
with mj; > me, .

future limit on \j;;. Overall, the 13Xe limits give the most stringent constraint on \{;;.
It should be noted that for mgo > 700 GeV (to the right of the plot) the selectron becomes
the LSP. However, the selectron can still decay via the RPV decay é;, — ud and is not
long-lived.

We will now combine the various limits in the (A, mi(f) plane to gauge the ability of
Ov 3 decay experiments to constrain the parameter space. In figure 6, we show in green the
constraints from the non-observation of *Ge 0v33 decay in GERDA for different values
of the selectron mass; ms, = 700 GeV (solid), ms, = 90 GeV (dashed) and me, = 2TeV
(dotted), for benchmark values of the other superpartner masses. Similarly, we plot in
grey the constraints from the condition that the lightest neutralino lifetime is no longer
than 1 second in order to not interfere with BBN; the regions to the left of these lines
are excluded. Again, the solid, dashed and dotted lines correspond to the same values of
the selectron other superpartner masses as those for Ov53 decay. For these lines we have
assumed a gravitino mass much larger than the selectron mass my > My, If we instead set
the gravitino mass to be at the lower limit from the L3 experiment, shown in table 1, then
the bound shifts to the left and is indicated by the grey shaded region. Finally, in red and
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Figure 7. Excluded regions in the (me, , mgo) plane (left) and (A};,, me, ) plane (right). The green
regions are excluded by 0v33 decay ("Ge) for three different values of \j;; and myo respectively.
The blue, dashed purple, magenta and dark blue regions are excluded by collider constraints. The
solid red and purple regions are excluded by measurements of V,; and R, respectively, while
the orange region is excluded by the non-observation of ¥ decays in Super-Kamiokande, with
M1 = Mz = 107% and mg, = mg_ = 1900 GeV. The regions to the left and below the grey lines
are excluded by BBN, respectively.

purple we show the upper limits on A};; from measurements of Voxwm [cf. eq. (3.2)] and R,
[cf. eq. (3.6)], respectively, and in orange the upper limit imposed by the non-observation of
displaced atmospheric neutralino decays in Super-Kamiokande [92], assuming \j;; = A1
and the benchmark values me, = 700 GeV, mg, = m;_ = 1900 GeV.

It can be seen that the current collider limits of ATLAS and CMS allow Ovf35 decay
to probe a significant portion of the parameter space (smaller values of \|;;) compared to
Vokm and R, measurements. However, the bounds from OvS8 decay become weaker as
the mass of the selectron (and the other superpartner masses) are increased. The naive
limit from BBN (for a large gravitino mass) excludes values of Mo below roughly the pion
mass, which happens to be where the change from short-range to long-range behaviour in
Ovp3p decay takes place. Furthermore, as one increases the superpartner masses, the naive
BBN bounds become more stringent. The Ov35 decay bound nevertheless depends on one
less parameter than the BBN bound, and therefore provide more robust limits for small
neutralino masses.

To see the dependence of the O35 limits on the selectron mass, we plot in the left panel
of figure 7 the excluded regions in the (mg,, mﬁ)) plane. The green regions are excluded
by OvB3 decay ("Ge) for three different values of the \;;;. The regions below the blue,
purple, magenta and dark blue lines are excluded by ATLAS, CMS, ALEPH and OPAL,
respectively [82, 93-95]. The orange region is again excluded by the non-observation of
atmospheric neutralino decays in Super-Kamiokande with \j;; = \j;5 = 1073 [92]. The
regions to the left of the grey lines are again excluded by BBN, with solid or dashed line
depending on the gravitino mass. To the right of figure 7 we show the excluded regions
in the (A;;, me, ) parameter space, with green regions again excluded by Ovg33 decay
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Figure 8. The constraints from Ovpf3 decay and ATLAS and CMS in the ({1, mgo) plane
compared to the favoured regions suggested by the (¢ — 2), anomaly for different values of the
MSSM parameter combination ptan .

("Ge) for three different values of mgo. The red and purple regions are excluded from
measurements of V4 and R, respectively, while the blue region is excluded by ATLAS
and CMS for mgo = 0 GeV. The region to the left of the dashed yellow line is excluded by
ALEPH for mgo < Mgy The region below the dashed grey line is excluded by BBN for a
large gravitino mass.

Finally, we examine the persistence of the discrepancy between the theoretical and
observed muon anomalous magnetic moment a,, first measured at BNL [59] and recently by
the Muon g-2 experiment at Fermilab [60]. A neutralino, left-handed smuon (/iz) and right-
handed smuon (fig) will contribute to a, at the one-loop level. The size of this contribution
is well-known and is summarised in appendix B. Given the observed discrepancy between
the theoretical [145] and experimental [60] results, Aa, = (2.51 & 0.59) x 107, we can
equate this value with the contribution from the lightest neutralino and smuons, azg, to
draw a favoured region in the (mj,, mi&)) plane. We will also assume the left-handed
selectron and smuon to be degenerate, mg, = my,, one of the conditions of the pMSSM.
In figure 8, we therefore show the favoured region from (g—2), in the (me,, mﬁ) plane; the
upper and lower red lines are derived by using the discrepancy plus or minus the associated
1o uncertainty. The location of the favoured region is controlled by the product of MSSM
parameters p and tan  defined in section 2. The (g — 2), favoured region is plotted for
three values of y1tan 5. The plot allows us to compare the (g —2), favoured region with the
collider and OvS decay constraints. It can be seen that ATLAS and CMS [94, 95] exclude
the favoured region from (g — 2),, for Mo < 100 GeV. The 0vS33 decay bound depends on
MNi11, but as the (g — 2), favoured region falls off very quickly for Mo 2 100 GeV, 0vpp
decay excludes this section of parameter space even for relatively small values of \}{;.
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6 Conclusions

The non-observation of signs of supersymmetry at the LHC (and other searches) puts
stringent constraints on this theoretical framework. It generally excludes supersymmetric
particles with masses lighter than the electroweak to TeV scale. In the context of R-
parity violating supersymmetry this also puts limits on the amount of observable lepton
number violation in low energy experiments such as Ov3fS decay. This process can be
induced in R-parity violating supersymmetry by the exchange of a neutralino, which, in
this context, is generally taken to be heavy. Neutralinos, on the other hand, are relatively
weakly constrained if model-specific assumptions are removed, and specifically the lightest
neutralino can be essentially massless within the full MSSM parameter space.

We have performed a detailed analysis of the contribution of the R-parity violating
parameter \j;; to OvBS decay; in particular, extending the possible mass of the lightest
neutralino ¥ to below the Fermi momentum scale py relevant to Ov33 decay, thus changing
the process from short-range to long-range behaviour. In this context, we examined the
current experimental constraints on the superpartners relevant to Ov 53 decay; the lightest
neutralino X!, the selectron é7,, up squark @z, down squark dg and gluino §. Depending on
the value of the neutralino mass, collider experiments ATLAS and CMS set lower bounds
on Mgy, May, M, and mg. However, for mgo > mg, the ATLAS and CMS constraints
vanish. While the OPAL experiment sets lower bounds in this region from a search for direct
R-parity violating decays, we instead use the approximate lower limits on the superpartner
masses from the pMSSM analysis of ATLAS. Direct constraints on \j;; can be set from
measurements of the V4 element of the CKM matrix and tests of lepton universality in
pion decays. Especially relevant for our analysis, we discuss the bound on M0 and N4
from the R-parity violating decays of the lightest neutralino and its impact on big bang
nucleosynthesis. This requires the total lifetime to be T < 1s.

Using recent Ov33 decay nuclear matrix elements, we reassess current limits and future
sensitivity on the R-parity violating coupling \j;; from contributions to the Ov33 decay
half-life induced by the exchange of neutralinos and gluinos. Here we specifically focus on
scenarios where the neutralino can be light, i.e. close to or even below the relevant Fermi
scale pp ~ 100 MeV of Ovf3/ decay. We find that current limits can exclude \j;; down
to Njyp < 1073 for mgo & 100 MeV with other sparticle masses satisfying current collider
constraints, and future Ov33 decays searches can improve this to Aj;; < 1074, While light
%) masses, mgo < 0.1-1 GeV, are disfavoured in R-parity violating supersymmetry due to
the impact of X! decays on BBN, there is a sizeable dependence on other MSSM parameters.

This demonstrates that Ov35 decay does provide important constraints on R-parity vi-
olating supersymmetry for lightest neutralino masses mgo 2 10 MeV where novel long-range
contributions are induced. We note that such a scenario may have interesting consequences
for the anomalous magnetic moment of the muon, namely the observed anomaly can be
related to an observable Ov33 decay rate that is detectable in future searches.
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A Neutralino decay channels and total width

In this appendix we list the partial decay rates for the massive neutralinos Y} assuming a
non-zero RPV coupling X, k- As we are considering in this work the impact of A1 on Ovjp
decay, we limit the list to the decay channels induced by \j;; (and thus involving electron
neutrinos, electrons, up quarks and down quarks). For non-zero A}, X? can decay by first
coupling to a first generation fermion and its superpartner via the interactions in eq. (2.4).
If the superpartner is heavy and therefore virtual, it will decay via a A};; interaction in
eq. (2.9) to two additional first generation fermions. As there will always be two quarks in
the final state, these will combine to form a meson if the neutralino mass mo is greater
than the meson mass. l

To calculate the total neutralino decay rate I'go for a given neutralino mass mgo, we

X
use the channel-by-channel approach for neutralino masses mgo < 800 MeV by summing
the partial rates of the semi-leptonic decays Y9 — ¢(v)H. For masses mgo 2 800 MeV,

we take into account all additional semi-leptonic decay modes by using theZ inclusive ap-
proach, suggested in ref. [146]. This approximates the sum over all the semi-leptonic decay
channels to be equal to the quark-level process ¥V — £(v)q1g2. While this leading-order
approximation neglects perturbative and non-perturbative QCD corrections, it is expected
to be accurate for mgo > 200 MeV [147].

The partial rates for the semi-leptonic decays, normalised to the Fermi constant
squared G%, are given (neglecting sfermion mixing) by

G2n, 401 _ 422
D - ) = G, gy v (L) (A1)
™ v (ZJu‘f‘ZJd)
Giier yhAT (12, y3) (L + 42 — y3)

T ~Q_> -pt) = F 3 r29P erIpP e P A9
(39 VONG%UVV 3 02 (1 _ 22 — o2.(1 2 A3
(G = vV7) = == mgo fu (L= yv) [2 =y (L + 7)) (A.3)
-0 -1+ G%WV 3 24202 2 212 2 2 2

PG = e V) & = = mio fy A2 (e yv) 200 = 90)” =y (L+wz + o)), (A4)

where yx = mx/mgo and P° = {n%n}, PT = {z"}, V' = {p,w} and VT = {pT} are
the relevant light scalar and vector mesons respectively. Here, fx are the meson decay
constants, the kinematic function A(z,y) = (1 — 2 — y)? — 42y, and the dimensionless
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parameters 7,p and nyy are given by

8man| 11 || Vex? ux? dg?
Thep = G2 m2 2m2 2m2 ) (A5)
F eér, ay, JR
VLL RR* o
_ mag| My | ux Vd~ A6
Nev = 2G2 mg - m2~ ( : )
F i, dr

The parameters 7, p and 7,y are found by replacing me, — my,, ma, — mg dy V — V
and VL0 — VLO in nyp and npy respectively. The rates for the processes Xi —) Z/PO,
0 — e*P , = V0 and 1 — eV~ are also given by eqs. (A.1) to (A.4) respectively.

Note that we have only included mesons with masses up to m, = 782.65GeV in
egs. (A.1) to (A.4). Above this mass the uncertainty on the appropriate decay constants
increases considerably and we instead compute the total (semi-leptonic) neutralino decay
rate above the scale pg ~ 1 GeV using the inclusive approach. The three-body decays to a
lepton and two quarks are found to be

P(0 > vdd) = CEMedd, 5 (A.T)

Xi = 102478 R0 '

(20 = e ud) = CElud 5 A8
(Xz —eu ) 1024ﬂ_3m ?7 ( : )

where 1y,q4 is given by

2 2 2
rag Ny 2 [HVERT 241VER] 241V
Neud = G2 m4 + m4 =+ m%
F ur, dr
4Re[V VLL*] 4Re[V VRR] AT8 Re[V VRR]
2 2 2 2 2 2 (A.Q)
meLmuL me, My, M, My

The parameter 7,44 is again found by replacing me, — my,, ma, — mg, V;{L — VLL

and V g — VL in 7gyq. The total (semi-leptonic) decay width is therefore

F(X? — e (V)H) = O(po — myo) SN = vPY) +T(%) — e P
+I(X = V) + (] = e V)]
+ ©(mgo — o) D) — vdd) + T() — e ud)], (A.10)

where the sum is over pseudoscalar and vector mesons lighter than m,,.

For neutralino masses below the neutral pion mass, mgo < Meo, the decays above are
no longer kinematically accessible. Instead, light neutralinos may decay radiatively to a
photon and neutrino via a loop containing a down quark and a left- or right-handed down
squark. The rate for this process is approximately

VLL? 2 |V IR 2 2
) aGr agMy* 5 | daxy mg daxy mg
PG =)~ gm0 | T oz ) o Pl

F dr, dy, dn dr

. (A1)
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with F(z) = (In(z) + 3/2)? [4, 148]. Finally, light neutralinos can also decay to a gravitino
v and photon if my < m%, giving the partial decay rate

2
<0 7 ‘w 1 2 2\3(,,2 2
PG =¥ = a8, ml,m? (Mo —my)" (mo +3my), (A.12)
X
where mp = 1.22 x 10?2 GeV is the Planck mass [110].
The total neutralino decay rate is thus given by

Lo = T(X) = ¥y) +20(X] = v7) + 20(X] — ¢~ (V)H), (A.13)

where we have multiplied the partial decay rates for ¥? — vy and 9 — e~ (v)H by a factor

of two to account for decays to charge conjugate final states. We use eq. (A.13) to exclude

regions of the parameter space by enforcing the naive bound from BBN, T = F;OI <l1s.
1

~

B Muon anomalous magnetic moment

The one-loop contribution of the neutralinos and smuons to the muon anomalous magnetic
moment is well-known and is given by

2

2 m2~0 mco m ~0
)20 e % H iA~ _ F X3 X3 B,_ ~ F X; B 1
a,LL Z 27T TrL2 [12 X(Z')KN 1 m% + 6m“ X(i)gm 2 m% ) ( . )

1,k K K

where the indices i and & label the neutralino and slepton mass eigenstates respectively [55,
56, 149-151]. The loop functions are given by

Fi(z) = (1_293)4 [(1—2)(1 — 5z — 22%) — 62°Inz], (B.2)
Fy(z) = (1—39:)3[(1 — )1+ 2)+22Ina], (B.3)

while the factors A;(? ;. and B)Z? 7. are

Aoz, = |(Vioawl” + 1V e0)2sl

(B.4)
_ (/L R \x R L \x

Bx?fﬂ = (VH)Z?)2N(V#)~(?)2” + (V#X?)%(VWZ?)% )
where the left- and right-handed neutralino couplings are given in egs. (2.5) and (2.6).

In this work we neglect for simplicity the generational mixing of charged sleptons. For
the exchange of the lightest neutralino in the one-loop diagram, we therefore need the
coefficients ‘Af(? X ‘A>2(f 7s B)Z‘f 7, and ch(f 7s where f5 = fi1 and ls = fio are the smuon mass
eigenstates. In the left- and right-handed basis for the smuons, the 2 x 2 mass matrix
squared is

M2, . M?
MZ _ (M;éLL MgRL) 7 (B.5)
ALk MiRR
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where,

1
MgLL:m%—i—mZ—i—mQZ (—24—312,1/) €28 5 (B.6)
M[%RR = m2E + mi - m2ZSI2/VC2B , (B.7)
2 *
M;%RL = MﬂER = Agveg —mupts . (B.8)

Here, mj, mp are the standard left- and right-handed smuon masses, Az is the smuon
A-term, and the other parameters are defined in the main text. The matrix in eq. (B.5)
can be diagonalised by a 2 x 2 unitary matrix to give the following squared masses for the
mass eigenstate smuons fi; and fio,

m/211,2 = % {TI“M% T \/(TrM%)Q — 4detM/2~J . (B.9)

The mixing matrix contains the mixing angle 6, given by

2|Apveg — myutg]
2 2 ,
iz — My

(B.10)

sin 20; =
m

where we have assumed the parameters Az and p to be real. Considering the exchange
of the lightest neutralino (with N;; = 1 and Nj3 = N3 = Ny = 0) and the two mass
eigenstate smuons, the coefficients in eq. (B.4) are

t?
07 = (14 3sin”6)

‘Af( fin 4
thy 2
A = =y (L +3cos™0z), (B.11)
thy
B)Z(l)ﬂl — _Bjétl)ﬂ2 — _7 Sln29ﬂ .

It is now common in the literature to take the limit of degenerate smuon mass eigenstates,
M, = Mp,. However, in this work we are interested in a wider range of parameter space
(such as large values of ptan 3) where this limit is no longer applicable. To calculate the
anomalous magnetic moment, we therefore rearrange eq. (B.10) for mj, and insert into
eq. (B.1), setting 6z = 7.
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