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Abstract

We study the phenomenology associated with a light bino-like neutralino with
mass ă

„ mτ in the context of the R-parity violating Minimal Supersymmetric Standard
Model. This is a well-motivated example of scenarios producing potentially light and
long-lived exotic particles, which might be testable in far-detector experiments, such as
the FASER experiment at the Large Hadron Collider. A quantitative assessment of the
discovery potential or the extraction of limits run through a detailed understanding of
the interactions of the light exotic fermion with Standard Model matter, in particular, the
hadronic sector. Here, we propose a systematic analysis of the decays of such a particle
and proceed to a model-independent derivation of the low-energy effects, so that this
formalism may be transposed to other UV-completions or even stand as an independent
effective field theory. We then stress the diversity of the possible phenomenology and
more specifically discuss the features associated with the R-parity violating supersym-
metric framework, for example neutron-antineutron oscillations.
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1 Introduction

While baryon and lepton numbers are classical symmetries of the Standard Model (SM) of
particle physics, the observed baryon-antibaryon asymmetry of the Universe [1, 2] provides
clear evidence of their violation [3]. In fact, attempts to unify the interactions of Yang-Mills
type [4, 5] generically break such symmetries in an explicit fashion, suggesting that their ap-
parent conservation results from the accidental composition of the low-energy spectrum rather
than from deep conceptual roots. On the other hand, matter stability — see e.g. the reviews
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in Refs. [6–8]— strongly limits the magnitude that baryon- and lepton-number violation can
reach, pushing the corresponding dynamics to very high energy scales. This situation leaves
open the question of whether baryon- and / or lepton-number violation can be detected in
low-energy processes.

In supersymmetric (SUSY) extensions of the SM [9, 10], such as the Minimal SUSY SM
(MSSM), conservation of baryon- and lepton-number usually appears as a consequence of
the requirement of R-parity conservation [11]. Yet, this property does not extend to non-
renormalizable operators, as expected when taking the low-energy limit of e.g. a grand-unified
ultraviolet (UV) completion. (See instead the discrete symmetry proton hexality [12–14] to
cover also the non-renormalizable operators.) On the other hand, through the enforced sta-
bility of the lightest R-odd particle, R-parity has a deep impact on the phenomenology of the
model, both in view of cosmological (thermal relics of the stable exotic particle) and collider
observables (missing energy in SUSY decay chains). While this path has been copiously inves-
tigated in the course of the past forty years, its benefits with respect to matter stability may
not outweigh the rich alternative, that of R-parity violation (RpV) [15–18]. In this latter case,
explicit baryon- and / or lepton-number violating terms enter the superpotential, even though
matter stability might still be protected by either of these discrete symmetries. For complete-
ness, we remind here the form of the renormalizable RpV terms completing the superpotential
of the MSSM [19]:

WRpV “ µi Ĥu ¨ L̂i `
1
2
λi jk L̂i ¨ L̂ jpÊcqk `λ1

i jk L̂i ¨ Q̂ jαpD̂cqαk `
1
2
λ2

i jkϵαβγpÛ cqαi pD̂cq
β
j pD̂cq

γ

k , (1)

with Q̂, Û c , D̂c , L̂, Êc denoting the usual matter chiral superfields [20] and appearing in three
generations while Ĥd and Ĥu represent the Higgs supermultiplets. Latin subscripts refer to
flavor and Greek superscripts to color. The SUp2qL invariant product is indicated with ‘¨’.
Without loss of generality, λi jk is antisymmetric under exchange of its two first indices, and
λ2

i jk, under exchange of its two last.
A remarkable scenario of the RpV MSSM [20] involves a bino-dominated neutralino with

mass in or below the GeV range [21, 22]. Indeed, as long as the bino mass is not correlated
with other gaugino masses, such a light particle escapes constraints from laboratory experi-
ments [23], the main limit being set by the bound on the invisible Z-decay [21], to which the
bino would only contribute through subdominant higgsino components. At the LHC, searches
with a missing energy signature [24] are in general inapplicable to the RpV case [17,18,25].
Similarly, constraints from astrophysical [22, 26, 27] or cosmological [28–30] sources would
only apply to a stable particle (or long-lived on cosmological scales). Search proposals for a
light unstable or long-lived neutralino in heavy meson, Z or tau decays have been suggested
in e.g. Refs. [21,31–39]. Nevertheless, it is clear that a preliminary understanding of the phe-
nomenology of the light fermion, especially its interplay with hadronic matter, is needed in
any attempt at quantitatively interpreting the outcome of such searches. Common approxi-
mations, such as focusing on individual channels or trivializing mixing effects may be helpful
for a qualitative comprehension of the phenomena at stake, but remain insufficient for actual
tests and simulations.

In this paper, we specialize to the case of a light bino-dominated neutralino with mass be-
low that of the τ lepton and investigate its decays in an unprejudiced fashion: given the consid-
ered field content, we build the most general low-energy effective field theory (EFT) mediating
neutralino decays up to dimension 6 terms. While we explicitly fix the short-distance physics
through matching conditions with the RpV MSSM, the low-energy analysis should remain valid
for a wider range of models predicting a light unstable exotic fermion, such as a right-handed
neutrino, see for example Refs. [34,40,41]. We also resum QCD UV logarithms at leading or-
der through the renormalization group equations (RGEs). In order to derive the decay widths,
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in particular in the hadronic and semi-leptonic channels, we call upon available ‘dictionaries’
between partonic and hadronic physics. This systematic study definitely improves on earlier
estimates and we collect our predictions in a Mathematica package, which is available from
the authors upon request.

In the following section, we construct and analyze the low-energy EFT that mediates the
decays of the light neutralino, listing all possible operators of dimension 6, matching them to
the RpV MSSM and computing the associated RGEs. In section 3, we exploit conversion recipes
between the partonic and hadronic languages, in order to derive realistic decay widths of the
exotic fermion in terms of the Wilson coefficients of the EFT. Section 4 offers a brief discussion
of possible production modes. In section 5, we demonstrate a few numerical applications
before a short discussion and conclusion in Section 6. In eleven appendices we present some
technical details.

2 Low-energy Effective Field Theory for the Decays of a Light Neu-
tralino

We consider a neutralino state with mass ă
„ mτ. At such energies, the active partonic degrees

of freedom consist of the light quarks (in two-component left-handed spinor notation [44])
qi P tu, d, su and antiquarks qc

i P tuc , d c , scu, the light charged leptons ei P te,µu and an-
tileptons ec

i P tec ,µcu, the neutrinos νi P tνe,νµ,ντu, the photon Aµ, the gluons Ga
µ and the

light neutralino ψ. We assume that there exists no additional light ‘exotic’ degree of freedom
(e.g. axinos [42], gravitinos [43]). For a left-handed spinor f , we associate the right-handed
conjugate spinor f̄ . For compactness, we will also employ the four-component spinor nota-
tion, with generically F ” p f , f̄ cq, and Q i ” pqi , q̄c

i qT , and Ei ” pei , ēc
i qT representing the

Dirac spinors for the quarks and charged leptons, Ni ” pνi , ν̄iq
T and Ψ ” pψ, ψ̄qT represent-

ing the Majorana spinors for the neutrinos and light neutralino, while PL,R denote the chiral
projectors. The relevant symmetries are the gauged electromagnetism and chromodynamics
Up1qem ˆ SUp3qc . The light neutralino state is (by definition) a color singlet; limits on light
charged SUp2qL partners, as well as on invisible / exotic Z decays, additionally restrict realis-
tic choices to a dominantly electroweak singlet state. With the MSSM field content, ψ is thus
necessarily bino-like [21,23].

The most general renormalizable Lagrangian density at low energy reads:

Lren. “ ´
1
4

FµνFµν´
1
4

GaµνGa
µν`

ÿ

F“Q i ,Ei

F̄ ri {D ´ mF s F `
ÿ

F“Ni ,Ψ

1
2

F̄
“

i {B ´ m f
‰

F ´ mψνi
Ψ̄Ni , (2)

where Fµν and Ga
µν represent the field-strength tensors associated with the photon and gluon

fields, Dµ is the covariant derivative, and m f is the mass of the fermion species F . The mass
term mψνi

induces mixing between the neutralino and neutrino fields. It can be absorbed
within the definition of ψ, through diagonalization of the mass-matrix. The νi are hence no
longer electroweak gauge eigenstates, but light mass eigenstates of the neutralino-neutrino
sector. So we set mψνi

!
“ 0 [45, 46]. We also systematically neglect the neutrino masses

mνi
! mψ, me below. Without interactions at the renormalizable level, the light neutralino

cannot decay via this Lagrangian. The short-distance effects governing this phenomenon must
be introduced through operators of higher dimension.

2.1 Dimension 6 operators for neutralino decay

Given the field content and the symmetries, one can build the following dimension (5 and) 6
operators (together with their hermitian conjugates) involving one neutralino and thus pos-
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sibly mediating its decays. (We use here the more compact four-component notation. The
lengthier but for computations more convenient two-component expressions are given in Ap-
pendix A.)

• Electromagnetic dipoles (i “ 1, 2,3):

Ei ”
e

32π2
pΨ̄ΣµνPLNiqFµν . (3)

• Leptonic operators (the chirality indices J , K may take the values L, R; the indices i, j, k
correspond to the fermion generation):

rNi jk ” pΨ̄PLNiqpN̄ c
j PLNkq ,

pi, j, kq P tp1,2, 2q, p1, 3,3q, p1,2, 3q, p2, 1,1q, p2, 3,3q, p2,1, 3q, p3, 1,1q, p3,2, 2qu ,

Ni jk ” pΨ̄γµPLNiqpN̄ jγµPLNkq , pi ď kq , (4)

Sνe K
i jk ” pΨ̄PLNiqpĒ j PK Ekq , Vνe K

i jk ” pΨ̄γµPLNiqpĒ jγµPK Ekq ,

T νe
i jk ”

1
4

pΨ̄ΣµνPLNiqpĒ jΣµνPL Ekq .

• Semi-leptonic operators (q “ u, d separately for the operators involving a neutrino):

S eq JK
i jk ” pΨ̄PJ EiqpD̄j PK Ukq , Sνq K

i jk ” pΨ̄PLNiqpQ̄ j PKQkq ,

V eq JK
i jk ” pΨ̄γµPJ EiqpD̄jγµPK Ukq , Vνq K

i jk ” pΨ̄γµPLNiqpQ̄ jγµPKQkq , (5)

T eq J
i jk ”

1
4

pΨ̄ΣµνPJ EiqpD̄jΣµνPJ Ukq , T νq
i jk ”

1
4

pΨ̄ΣµνPLNiqpQ̄ jΣµνPLQkq .

• Hadronic operators (greek indices refer to color; F c is the charged-conjugate of the
fermion F in four-component notation):

HJK
i jk ” ϵαβγpΨ̄PJ U cα

i qpD̄ β
j PK Dc γ

k q , p j ă kq ,

rHJK
i jk ” ϵαβγpΨ̄PJ Dc β

j qpŪ α
i PK Dc γ

k q . (6)

The identity rHLL
i jk ´ rHLL

ik j ` HLL
i jk “ 0 (and similarly for LL Ñ RR) implies some re-

dundancy (which does not matter as long as the corresponding contributions are not
double-counted).

All other combinations of the light fields of dimension 6 can be written in terms of the previ-
ous ones, through the two-component spinor (Fierz) identities [44] applied to the expressions
in Appendix A, e.g.:

p f1 f2qp f3 f4q ` p f1 f3qp f2 f4q ` p f1 f4qp f2 f3q “ 0 ,

p f̄1σ̄
µ f2qp f̄3σ̄µ f4q “ 2p f̄1 f̄3qp f2 f4q , (7)

p f̄1σ̄
µ f2qp f3σµ f̄4q “ ´2p f̄1 f̄4qp f2 f3q ,

p f1σ
µν f2qp f3σµν f4q “ ´2p f1 f4qp f2 f3q ´ p f1 f2qp f3 f4q “ 2p f1 f3qp f2 f4q ` p f1 f2qp f3 f4q .

Forgetting about neutralino-neutrino mixing, the electromagnetic dipole, leptonic and
semi-leptonic operators violate lepton number, by three units for rN and one unit for the others.
The hadronic operators violate baryon number by one unit. We define the Wilson coefficients
CrΩs associated with any of these operators Ω and add the resulting terms to the Lagrangian
density of Eq. (2), hence obtaining our effective field theory with non-renormalizable opera-
tors:

LEFT
dim 6 “ Lren. `

ÿ

Ω

CrΩsΩ` h.c. (8)
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2.2 Matching to the RpV MSSM

For almost any model leading to the considered spectrum in the GeV range, the low-energy
dynamics associated with the decays of the light exotic fermion field ψ can be described at
leading order by the above EFT.1 In this paper, however, we choose to focus on a specific
type of UV completion, that associated with the RpV MSSM. Then, the short-distance effects
contributing to the non-renormalizable operators depend on their mediation by heavy SUSY
particles, typically sfermions, or electroweak gauge bosons. We denote the scale corresponding
to this UV dynamics as µ0 „ MSUSY and assume that it is not very far from the electroweak
scale, i.e. in the TeV range. This scale is the high-energy threshold at which the EFT should
be matched to the RpV MSSM through the identification of scattering amplitudes (although
further intermediate thresholds can be considered). Below, we restrict ourselves to a matching
at leading order.

Two types of topologies are involved in mediating the amplitudes that contribute to the
lepton- or baryon-number-violating operators leading to neutralino decay. The vector topology
employs the electroweak gauge bosons W and Z as mediators and relies exclusively on lepton-
electrowikino mixing to generate lepton-number violating amplitudes. On the other hand,
the scalar topology proceeds through the exchange of squarks or Higgs-slepton admixtures.
Mediators of Higgs-type would convey lepton-number violation through lepton-electrowikino
mixing, similarly to the vector topology, and / or through Higgs-slepton mixing. In the case of
mediators of sfermion-type, lepton- or baryon-number violation emerges through the trilinear
RpV couplings.

For commodity, we introduce the following notation for couplings between a vector Vµ or
a scalar S and two fermions Fi , F j:

LMSSM Q Vµ F̄i γ
µg

V f c
i f j

L,R PL,R F j ` S F̄i g
S f c

i f j

L,R PL,R F j . (9)

Employing the usual algebra, one can derive the following identities:

g
V f c

i f j

L,R “

ˆ

g
V ˚ f c

j fi

L,R

˙˚

“ ´g
V f j f c

i
R,L “ ´

ˆ

g
V ˚ fi f c

j

R,L

˙˚

, (10)

g
S f c

i f j

L,R “

ˆ

g
S˚ f c

j fi

R,L

˙˚

“ g
S f j f c

i
L,R “

ˆ

g
S˚ fi f c

j

R,L

˙˚

. (11)

These rules (for uncolored fields) suffer an exception in the case of non-trivial color products,
as those generated by the λ2 couplings, see also Ref. [47]. We list the relevant couplings in
Appendix B. Here, we stress [20] that the neutrinos νi and the light neutralino ψ are just
special (light) occurrences of the neutralino mass eigenstates χ0

k , while the charged leptons
ei and ec

i also correspond more generally to light chargino mass eigenstates χ¯

k . Similarly,
Higgs-slepton mixing leads to a collection of real neutral (pseudo-)scalars S0

p , built out of the
neutral Higgs and sneutrino components, as well as to charged Higgs-slepton admixtures S˘

p .

Squarks are denoted as Q̃p P tŨp, D̃pu and in general involve left-right as well as generation
mixing. The mixing among fields of the RpV MSSM is shortly described in Appendix C.

Let us first consider the decayψÑ ν̄iν jν̄k (i ď k): the amplitude in the EFT reads (where
Ω̆ represents the spinor structure resulting from the operator Ω):

AEFTrψÑ ν̄iν jν̄ks “ ip1 `δikq CrNi jkspµ0q N̆i jk . (12)

1The exception is if specific counting rules suppress the dimension 6 operators with respect to higher-order
ones.
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The corresponding amplitude in the RpV MSSM (neglecting Yukawa couplings) is mediated
either by a Z-boson or by a neutral scalar, and reads (with implicit summation):

AMSSMrψÑ ν̄iν jν̄ks “ i

$

&

%

1

2m2
S0

p

g
S0

pν
c
jψ

R g
S0

pνiνk

L ´
1

M2
Z

„

gZψνi
L g

Zνc
jνk

L ` gZψνk
L g

Zνc
jνi

L

ȷ

,

.

-

N̆i jk . (13)

Identifying both amplitudes, we deduce:

CrNi jkspµ0q
!

“
1

1 `δik

$

&

%

1

2m2
S0

p

g
S0

pν
c
jψ

R g
S0

pνiνk

L ´
1

M2
Z

„

gZψνi
L g

Zνc
jνk

L ` gZψνk
L g

Zνc
jνi

L

ȷ

,

.

-

. (14)

Performing the same operation for the decay ψ Ñ ν̄iν̄ jν̄k (for the same combinations of
flavor indices as those of the operators rNi jk in Eq. (4), and in particular i ‰ j, k, j ď k), we
can determine:

Cr rNi jkspµ0q
!

“
1

p1 `δ jkqm2
S0

p

„

g
S0

pψνi

L g
S0

pν jνk

L ´ g
S0

pψνk

L g
S0

pν jνi

L

ȷ

. (15)

Given that the corresponding operators violate lepton-number by three units, they require a
high degree of mixing and may thus be seen as typically suppressed.

Turning to the decay ψÑ ν̄ie j ēk, where both vector and scalar mediators contribute, we
can determine the remaining Wilson coefficients of leptonic type:

CrSνe L
i jk spµ0q

!
“

1
m2

S0
p

g
S0

pψνi

L g
S0

p ec
j ek

L ´
1

2m2

S˘
p

“

g
S`

p ψek

L g
S´

p ec
jνi

L ` g
S´

p ψec
j

L g
S`

p ekνi

L

‰

,

CrSνe R
i jk spµ0q

!
“

2
M2

W
gWψek

L g
Wec

jνi

L `
1

m2
S0

p

g
S0

pψνi

L g
S0

p ec
j ek

R ,

CrVνe L
i jk spµ0q

!
“ ´

1
M2

Z
gZψνi

L g
Zec

j ek

L ´
1

M2
W

gWψek
L g

Wec
jνi

L `
1

2m2

S˘
p

g
S´

p ψec
j

R g
S`

p ekνi

L ,

CrVνe R
i jk spµ0q

!
“ ´

1
M2

Z
gZψνi

L g
Zec

j ek

R ´
1

2m2

S˘
p

g
S`

p ψek

R g
S´

p ec
jνi

L , (16)

CrT νe
i jk spµ0q

!
“

1
2m2

S˘
p

”

g
S´

p ψec
j

L g
S`

p ekνi

L ´ g
S`

p ψek

L g
S´

p ec
jνi

L

ı

.

The decay amplitudes ψ Ñ ν̄iq j q̄k (q “ u, d) and ψ Ñ ēiu j d̄k allow the identification of
the Wilson coefficients of the semi-leptonic operators:

CrSνq L
i jk spµ0q

!
“

1
m2

S0
p

g
S0

pψνi

L g
S0

pqc
j qk

L ´
1

2m2
Q̃p

”

g
Q̃˚

pψqk

L g
Q̃pqc

jνi

L ` g
Q̃pψqc

j

L g
Q̃˚

p qkνi

L

ı

,

CrSνq R
i jk spµ0q

!
“

1
m2

S0
p

g
S0

pψνi

L g
S0

pqc
j qk

R ,

CrVνq L
i jk spµ0q

!
“ ´

1
M2

Z
gZψνi

L g
Zqc

j qk

L `
1

2m2
Q̃p

g
Q̃pψqc

j

R g
Q̃˚

p qkνi

L ,

CrVνq R
i jk spµ0q

!
“ ´

1
M2

Z
gZψνi

L g
Zqc

j qk

R ´
1

2m2
Q̃p

g
Q̃˚

pψqk

R g
Q̃pqc

jνi

L , (17)

CrT νq
i jk spµ0q

!
“

1
2m2

Q̃p

”

g
Q̃pψqc

j

L g
Q̃˚

p qkνi

L ´ g
Q̃˚

pψqk

L g
Q̃pqc

jνi

L

ı

,
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CrS eq LL
i jk spµ0q

!
“

1
m2

S˘
p

g
S`

p ψei

L g
S´

p d c
j uk

L ´
1

2m2
Ũp

g
Ũ˚

p ψuk

L g
Ũpd c

j ei

L ´
1

2m2
D̃p

g
D̃pψd c

j

L g
D̃˚

p ukei

L ,

CrS eq LR
i jk spµ0q

!
“

1
m2

S˘
p

g
S`

p ψei

L g
S´

p d c
j uk

R ,

CrV eq LL
i jk spµ0q

!
“ ´

1
M2

W
gWψei

L g
W d c

j uk

L `
1

2m2
D̃p

g
D̃pψd c

j

R g
D̃˚

p ukei

L ,

CrV eq LR
i jk spµ0q

!
“ ´

1
M2

W
gWψei

L g
W d c

j uk

R ´
1

2m2
Ũp

g
Ũ˚

p ψuk

R g
Ũpd c

j ei

L ,

CrT eq L
i jk spµ0q

!
“ ´

1
2m2

Ũp

g
Ũ˚

p ψuk

L g
Ũpd c

j ei

L `
1

2m2
D̃p

g
D̃pψd c

j

L g
D̃˚

p ukei

L ,

CrS eq RL
i jk spµ0q

!
“

1
m2

S˘
p

g
S`

p ψei

R g
S´

p d c
j uk

L ,

CrS eq RR
i jk spµ0q

!
“

1
m2

S˘
p

g
S`

p ψei

R g
S´

p d c
j uk

R ´
1

2m2
Ũp

g
Ũ˚

p ψuk

R g
Ũpd c

j ei

R ´
1

2m2
D̃p

g
D̃pψd c

j

R g
D̃˚

p ukei

R ,

CrV eq RL
i jk spµ0q

!
“ ´

1
M2

W
gWψei

R g
W d c

j uk

L ´
1

2m2
Ũp

g
Ũ˚

p ψuk

L g
Ũpd c

j ei

R ,

CrV eq RR
i jk spµ0q

!
“ ´

1
M2

W
gWψei

R g
W d c

j uk

R `
1

2m2
D̃p

g
D̃pψd c

j

L g
D̃˚

p ukei

R ,

CrT eq R
i jk spµ0q

!
“

1
2m2

D̃p

g
D̃pψd c

j

R g
D̃˚

p ukei

R ´
1

2m2
Ũp

g
Ũ˚

p ψuk

R g
Ũpd c

j ei

R .

We already derived the Wilson coefficients of the hadronic operators in Ref. [48]. For
completeness, with j ď k (by assumption):

CrHLL
i jkspµ0q

!
“

1
m2

Ũp

g
Ũpψuc

i
L g

Ũ˚
p d c

j d c
k

L , CrHRL
i jkspµ0q

!
“

1
m2

Ũp

g
Ũpψuc

i
R g

Ũ˚
p d c

j d c
k

L ,

Cr rHLL
i jkspµ0q

!
“

1
m2

D̃p

g
D̃pψd c

j

L g
D̃˚

p uc
i d c

k
L , Cr rHRL

i jkspµ0q
!

“
1

m2
D̃p

g
D̃pψd c

j

R g
D̃˚

p uc
i d c

k
L , (18)

Cr rHLL
ik jspµ0q

!
“

1
m2

D̃p

g
D̃pψd c

k
L g

D̃˚
p uc

i d c
j

L , Cr rHRL
ik jspµ0q

!
“

1
m2

D̃p

g
D̃pψd c

k
R g

D̃˚
p uc

i d c
j

L .

As a consequence of the redundancy rHLL
ik j “ rHLL

i jk`HLL
i jk that we mentioned earlier, Cr rHLL

ik jspµ0q

could be distributed onto the other Wilson coefficients. In addition, g
Ũ˚

p d c
j d c

k

R
!

“ 0 !
“ g

D̃˚
p uc

i d c
k

R
in the RpV MSSM implies that the remaining effective couplings vanish at tree-level order:
CrHLR

i jkspµ0q “ 0 “ CrHRR
i jkspµ0q “ Cr rHLR

i jkspµ0q “ Cr rHRR
i jkspµ0q.

The neutralino decay into antineutrino and photon, ψ Ñ γν̄i , is a one-loop process in
the RpV MSSM and it might be misleading to include it in this analysis while other channels
are considered at tree-level. Nevertheless, it was calculated under various approximations in
e.g. Refs. [45, 49, 50] and can also be viewed as a radiative neutralino decay [51]. Let us
parametrize the decay amplitude as follows:

AMSSMrψppψq Ñ γppγqν̄ippνi
qs ” ´

e
16π2

ppγqµϵ
˚ppγqν

`

v̄ψppψqΣµνPL vνi
ppνi

q
˘

CMSSMrEis . (19)

We compute CMSSMrEis, cf. Eq. (3), in the Feynman gauge. At one-loop order, it involves
vertex diagrams of W -bosons (or charged a Goldstone) and chargino/leptons (χ˘

j ), as well as
loops of scalar fields (S) with an associated fermion ( f ). The Z ´ γ mixing diagrams ensure
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UV-finiteness with the triangle diagrams. Combining all contributions,

CMSSMrEis “
1

M2
W

”

mψ
`

g
W `ψχ´

j

L g
W ´χ`

j ν

L ´ g
W ´ψχ`

j

L g
W `χ´

j ν

L

˘

IV
L

` m2
ψ

M2
W

,
m2

χ
˘
j

M2
W

˘

` mχ j

`

g
W `ψχ´

j

R g
W ´χ`

j ν

L ´ g
W ´ψχ`

j

R g
W `χ´

j ν

L

˘

IV
R

` m2
ψ

M2
W

,
m2

χ
˘
j

M2
W

˘

ı

(20)

`
Q f

m2
S

”

m f
`

gS˚ψ f
L gS f cν

L ´ gSψ f c

L gS˚ f ν
L

˘

IS
L

`m2
ψ

m2
S
,

m2
f

m2
S

˘

` mψ
`

gS˚ψ f
R gS f cν

L ´ gSψ f c

R gS˚ f ν
L

˘

IS
R

`m2
ψ

m2
S
,

m2
f

m2
S

˘

ı

.

The implicit sum over χ˘

j runs over the five corresponding mass eigenstates. For the scalar
diagrams, contained in the second set of brackets, the implicit sum runs over all pS, f ,Q f q’s
in the following list:

␣

pS´
m ,χ´

j , ´1q, pŨm, u, 2
3q, pD̃m, d, ´

1
3q
(

, including color factors for the

quark/squark contributions. The loop integrals IV,S
L,R are provided in Appendix D.

In the EFT, the amplitude corresponding to the ψÑ γν̄i transition receives contributions
from Ei at tree-level, but also (at competitive order) from one-loop diagrams involving the
operators T ν f pLq

i j j , f “ e, q, j “ 1, 2,3. In particular, it is necessary to decouple step by step
the heavy fermions (t, b) that are integrated out at low-energy but not at the scale µ0. The
amplitude reads:

AEFTrψppψq Ñ γppγqν̄ippνi
qs “ ´

e
16π2

ppγqµϵ
˚ppγqν

`

v̄ψppψqΣµνPL vνi
ppνi

q
˘

ˆ

#

CrEis `δCrEis `
ÿ

f j

2Q f j
N

f j
c m f j

CrT ν f pLq

i j j s

ˆ

1

2 ´
D
2

´ γE ` ln
4πµ2

0

m2
f j

˙

+

pµ0q , (21)

where D represents the dimension used for the regularization of the loop integrals, γE is the
Euler-Mascheroni constant, µ0 is the renormalization scale (as already implied), Q f j

is the

electric charge of the fermion species f j , N
f j

c “ 1 or 3 for color singlets and triplets, respectively.
δCrEis denotes the counterterm associated with Ei , which is needed for the renormalization
of the amplitude. Therefore, the matching condition connecting CrEispµ0q and CMSSMrEis is

not completely trivial, as the T ν f pLq

i j j continue to contribute below µ0: the renormalization
of the EFT will clarify the meaning of this decomposition for the bookkeeping of logarithmic
corrections.

Under the assumption of subdominant mixing and negligible Yukawa couplings, it is possi-
ble to cast the contributions to the Wilson coefficients in a much simpler form, where trilinear
RpV couplings dominate the phenomenology associated with the light bino-like neutralino: see
Appendix E. Comparison with Refs. [33, 39] for the contributions to semi-leptonic operators
revealed probable issues in these references with effects of tensor type.

2.3 Renormalization group evolution under QCD

While the short-distance effects that generate the contributions to the operators mediating the
neutralino decay are characterized by the high-energy scale µ0, the physical transition itself
(the neutralino decay) takes place at a low energy determined by mψ. As perturbative QCD
fails at low-energy scales, we will employ an infrared scale µą

„ mc . Given the large hierarchy
between µ0 and µ, large QCD logarithms of UV type are expected to develop and it thus
appears meaningful to resum them through the renormalization group evolution within the
EFT. To this end, we renormalize all the parameters of the EFT in the MS scheme (following
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the traditional procedure, described in e.g. Ref. [52] in the context of B decays), thus deriving
the Callan-Symanzik equations associated with the Wilson coefficients at leading logarithmic
order in QCD.

For commodity, we introduce the strong coupling constant αs ”
g2

s
4π , the coefficient of the

quadratic Casimir operator C2p3q ”
4
3 , the leading contribution to the QCD beta function

β0rn f s ”
11Nc´2n f

3 , with Nc ” 3 the number of colors, and n f the number of active quark
flavors. We also employ the following notation for the ratios of the αs ’s at various scales:
ηµ ”

αspµq

αspmbq
, ηb ”

αspmbq

αspmt q
, and ηt ”

αspmt q

αspµ0q
. The quark masses mt,b appearing in these equations

correspond to decoupling thresholds and should be understood as the MS masses mt,bpmt,bq.
The RGE’s associated with the hadronic operators were previously derived in Ref. [53] and
lead to the following evolution (for mc ă

„ µă mb):

CrHJK
i jkspµq “ η

2{β0r4s
µ η

2{β0r5s

b η
2{β0r6s

t CrHJK
i jkspµ0q , (22)

and similarly for the operators of rH-type. To appreciate the order of magnitude of this correc-
tion, the choice (µ !

“ 2 GeV, µ0
!

“ 1 TeV) returns an enhancement factor of about 1.4 at low
energy.

The semi-leptonic operators (ℓ“ ν, e) receive the following scaling with energy:

CrSℓq JK
i jk spµq “ η

3C2p3q{β0r4s
µ η

3C2p3q{β0r5s

b η
3C2p3q{β0r6s

t CrSℓq JK
i jk spµ0q ,

CrVℓq JK
i jk spµq “ CrVℓq JK

i jk spµ0q , (23)

CrT ℓq J
i jk spµq “ η

´C2p3q{β0r4s
µ η

´C2p3q{β0r5s

b η
´C2p3q{β0r6s

t CrT ℓq J
i jk spµ0q .

We here recover the usual scaling of scalar semi-leptonic operators, similar to a quark mass,
while the vector operators have a vanishing anomalous dimension. However, we remind the
reader that these simple scaling conditions narrowly depend on the choice of operator basis.

For instance, replacing Sℓq J
i jk and T ℓq J

i jk by Ŝℓq JK
i jk ” Sℓq JK

i jk and
rSℓq J

i jk ” pΨ̄PJQkqpQ̄ j PJ Eiq “ ´
1
2T

ℓq J
i jk ´

1
2S

ℓq JJ
i jk would lead to a hybrid running for CrŜℓq JJ

i jk s

(even though Ŝℓq JJ
i jk “ Sℓq JJ

i jk ). The choice (µ !
“ 2 GeV, µ0

!
“ 1 TeV) implies an enhancement

factor of about 1.9 in the case of scalar coefficients, while tensor coefficients are suppressed
by about 0.8, in this example.

The leptonic operators do not receive QCD corrections at leading order. In the case of the
electric dipole operator, the corrections from the T ν f

i j j operators — see Eq. (21) — require the
renormalization of Ei and imply running conditions for the Wilson coefficient:

CrEispµq “ CrEispµ0q ´
ÿ

e j

2Qe j
me j

CrT νe
i j j spµ0q ln

Maxrµ2, m2
e j

s

µ2
0

´
ÿ

q j

8πNcQq j

β0r6s ´ 2C2r3s

”

η
2C2p3q{β0r6s´1
t ´ 1

ı´mq j
αs

CrT νq L
i j j s

¯

pµ0q (24)

´
ÿ

q j‰t

8πNcQq j

β0r5s ´ 2C2r3s
η

2C2p3q{β0r6s´1
t

”

η
2C2p3q{β0r5s´1
b ´ 1

ı´mq j
αs

CrT νq L
i j j s

¯

pµ0q

´
ÿ

q j‰t,b

8πNcQq j

β0r4s ´ 2C2r3s
η

2C2p3q{β0r6s´1
t η

2C2p3q{β0r5s´1
b

”

η
2C2p3q{β0r4s´1
µ ´ 1

ı´mq j
αs

CrT νq L
i j j s

¯

pµ0q .
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The significance of these corrections is made more explicit after expressing CrEispµ0q in terms
of the corresponding coefficient in the RpV MSSM — see Eq. (21):

CrEispµq “ CMSSMrEis ´
ÿ

e j

2Qe j
me j

CrT νe
i j j spµ0q ln

Maxrµ2, m2
e j

s

m2
e j

´
ÿ

q j

8πNcQq j

„

η
2C2p3q{β0r6s´1
t ´1
β0r6s´2C2r3s

`
αspµ0q

4π ln
µ2

0

m2
t

ȷ

´mq j

αs
CrT νq L

i j j s

¯

pµ0q (25)

´
ÿ

q j‰t

8πNcQq j

”

η
2C2p3q{β0r6s´1
t

η
2C2p3q{β0r5s´1
b ´1
β0r5s´2C2r3s

`
αspµ0q

4π ln
m2

t

m2
b

ı´mq j

αs
CrT νq L

i j j s

¯

pµ0q

´
ÿ

q j‰t,b

8πNcQq j

”

η
2C2p3q{β0r6s´1
t η

2C2p3q{β0r5s´1
b

η
2C2p3q{β0r4s´1
µ ´1
β0r4s´2C2r3s

`
αspµ0q

4π ln
m2

b
m2

q j

ı´mq j

αs
CrT νq L

i j j s

¯

pµ0q .

It is thus evident that the scale evolution re-inserts in the Wilson coefficient those pieces that
were subtracted at the level of the matching for being captured by the semi-leptonic opera-
tors. However, quark loops are now included in a form resumming leading QCD logarithms
between µ0 and µ. Finally, we stress that the decay amplitude at the scale µ adds a further

factor 2N
f j

c Q f j

`

m f j
CrT ν f

i j j s
˘

pµq ln µ2

m2
f j

, for all active fermion fields f j at the scale µ, to the decay

amplitude at this scale.
This step completes the determination of the Wilson coefficients at low energy, hence the

definition of the EFT for phenomenological use.

3 Decay Widths of the Neutralino

After determining the Wilson coefficients at high-energy through matching, and running them
down to the infrared scale, we have obtained a working partonic theory describing the low-
energy phenomenology of the light neutralino. In order to make meaningful predictions of the
decay widths, it is then necessary to translate the partonic operators into interactions involving
the actual physical degrees of freedom at these scales, i.e. hadrons instead of quarks.

3.1 Radiative and leptonic decays

The decay widths in the radiative and leptonic channels can be derived in a straightforward
fashion. In this paper, we systematically neglect interaction effects between final states, which,
strictly speaking, is only valid in situations with enough kinetic energy.

The two-body radiative decay is kinematically open at neutralino masses above the neu-
trino masses, i.e. essentially in all the considered range for mψ. However, the choice µ !

“ mψ
for the renormalization scale would be problematic for mψ ă

„ mc , as the perturbative descrip-
tion of the strong coupling loses significance. Maintainingµą

„ mc means that the resummation
of QCD logarithms is not comprehensive for light quarks. Yet, given that the contributions of
light fermions to the decay amplitude is suppressed in proportion to their mass, light quark
contributions are non-essential. The decay width then reads (for µą

„ mc , i “ 1,2, 3):

Γ rψÑ γν̄is “
αm3

ψ

4096π4

ˇ

ˇ

ˇCrEispµq `
ÿ

f j‰t,b,...

2Q f j
N

f j
c m f j

ln µ2

m2
f j

CrT ν f
i j j spµq

ˇ

ˇ

ˇ

2
“ Γ rψÑ γνis . (26)

The decays into three neutrinos are also accessible down to very low mψ. As we restricted
ourselves to resumming QCD logarithms, the Wilson coefficients of leptonic operators do not
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run, and the choice of µ does not matter here. For the seven independent three-neutrino
channels νiν jνk (i ‰ j “ k and pi, j, kq “ p1,2, 3q):

Γ rψÑ ν̄iν̄ jν̄ js “
m5
ψ

3072π3

ˇ

ˇCr rNi j jspµq
ˇ

ˇ

2
“ Γ rψÑ νiν jνks , (27)

Γ rψÑ ν̄1ν̄2ν̄3s “
m5
ψ

6144π3

!

ˇ

ˇCr rN123spµq
ˇ

ˇ

2
`
ˇ

ˇCr rN213spµq
ˇ

ˇ

2
´ Re

“

Cr rN123spµq˚Cr rN213spµq
‰

)

“ Γ rψÑ ν1ν2ν3s .

Similarly, the neutralino decays into two antineutrinos (i ď k) and one neutrino ( j) read:

Γ rψÑ ν̄iν jν̄ks “
1 `δik

1536π3
m5
ψ

ˇ

ˇCrNi jkspµq
ˇ

ˇ

2
“ Γ rψÑ νiν̄ jνks , (28)

corresponding to 18 channels (+ CP-conjugates).
The decays into an antineutrino and a pair of charged leptons is computed to be:

Γ rψÑ ν̄ie j ēks “
m5
ψ

256π3

ÿ

Ω,Ω1

CrΩsCrΩ1s˚ IΩ,Ω1

“me j
mψ

,
mek
mψ

‰

“ Γ rψÑ νi ē jeks , (29)

where the sums over Ω and Ω1 run over the list of leptonic νe operators (see Eq. (4)) and the
kinematic integrals IΩ,Ω1 can be explicitly calculated: see Appendix F.

3.2 Hadronic decays

In the presence of baryon-number violation, the hadronic operators of Eq. (6) generate inter-
actions betweenψ and the baryons that are difficult to characterize on a quantitative basis. We
will restrict ourselves to the chiral picture to shed some light at the qualitative level, consid-
ering only the baryon and meson octets of lowest energy. We refer the reader to Refs. [54,55]
for a more detailed derivation of the formalism.

We introduce the light meson and baryon octets of the chiral approach in 3 ˆ 3̄ space of
the vectorial pu, d, sqT SUp3q symmetry:

M ”

»

—

—

—

–

π0
?

2
`

η0
8?
6

π` K`

π´ ´
π0
?

2
`

η0
8?
6

K0

K´ K̄0 ´

b

2
3η

0
8

fi

ffi

ffi

ffi

fl

„

»

–

uαūα uαd̄α uαs̄α

dαūα dαd̄α dαs̄α

sαūα sαd̄α sαs̄α

fi

fl , (30)

B ”

»

—

—

–

Σ0
?

2
`
Λ0
?

6
Σ` p`

Σ´ ´
Σ0
?

2
`
Λ0
?

6
n0

Ξ´ Ξ0 ´

b

2
3Λ

0

fi

ffi

ffi

fl

„ ϵαβγ

»

–

uαpdβ sγq uαpsβuγq uαpuβdγq
dαpdβ sγq dαpsβuγq dαpuβdγq
sαpdβ sγq sαpsβuγq sαpuβdγq

fi

fl .

The properties of the hadronic operators H and rH under the SUp3qL ˆ SUp3qR symmetry
(as well as parity) may then be exploited to convert them into effective terms of the chiral
Lagrangian depending on only two low-energy constants α̃ [for p3L , 3̄R) or (3̄L , 3Rq terms] and
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β̃ [for p8L , 1Rq or p1L , 8Rq terms]:

LχPT
ψ

Q´α̃ Ψ̄PRTr

"

´

CrHLR
112s˚E11´ Cr rHLR

111s˚E32` Cr rHLR
112s˚E22´ Cr rHLR

121s˚E33` Cr rHLR
122s˚E23

¯

ξ:Bξ:

*

´α̃ Ψ̄PLTr

"

´

CrHRL
112s˚E11´ Cr rHRL

111s˚E32` Cr rHRL
112s˚E22´ Cr rHRL

121s˚E33` Cr rHRL
122s˚E23

¯

ξBξ
*

´β̃ Ψ̄PRTr

"

´

CrHLL
112s˚E11´ Cr rHLL

111s˚E32` Cr rHLL
112s˚E22´ Cr rHLL

121s˚E33` Cr rHLL
122s˚E23

¯

ξ:Bξ
*

´β̃ Ψ̄PLTr

"

´

CrHRR
112s˚E11´ Cr rHRR

111s˚E32` Cr rHRR
112s˚E22´ Cr rHRR

121s˚E33` Cr rHRR
122s˚E23

¯

ξBξ:

*

` h.c. (31)

Here ξ ” exp
“ i

fχ
M
‰

, and fχ » 131 MeV is the chiral-symmetry breaking scale (pion decay
constant). The Ei j ’s represent the elements of the canonical basis of 3ˆ3 real matrices (i.e. the
entries of Ei j are 0 except for the one in the ith line and jth column, which is 1). The low-energy
constants α̃« ´0.0144 GeV3 and β̃ « 0.0144 GeV3 have been determined on the lattice [56],
but could also be identified from individual hadronic matrix elements of proton decays into
mesons, leading to a wider range of variation.

Eq. (31) highlights two physical phenomena. First, it generates mass-mixing terms be-
tween the light neutralino and the neutral baryons n0, Σ0, Λ0 and Ξ0. This effect is anal-
ogous to that appearing in the case of a light pseudoscalar mixing with the mesons — see
e.g. Refs. [57,58]. A sterile ψ close in mass to a neutral baryon could then decay into lighter
baryons via its subleading baryonic component, leading to a spectrum of resonances when
varying mψ. However, the hadronic decays of hyperons (Σ0, Λ0 and Ξ0; see e.g. Ref. [59]) are
highly suppressed, because they are mediated by the weak interaction and typically involve
an s Ñ d transition. As a result, the impact of the baryon-neutralino mixing on the neutralino
decays remains extremely narrow, as long as we focus on the lightest baryonic octet. That
we do not attempt to describe the interactions with heavier and broader baryons, such as the
nucleon states at „ 1.35 GeV, also restricts the validity of our analysis of baryon-number vi-
olating decays to mψ ă

„ 1.3 GeV. As a complementary feature, the mixing between neutralino
and hadrons implies baryon-antibaryon oscillations for the baryon-dominated states, which,
in view of the experimental limits on n0 ´ n̄0 oscillations, constrains the corresponding mixing
to comparatively weak values. We discuss this feature in Appendix G. Furthermore, if lepton-
number is violated, the subleadingψ component of the baryon-dominated state could mediate
baryon- (and lepton)-number violating decays, e.g. of the neutron.

The second effect in Eq. (31) is the explicit emergence ofψ-baryon-meson couplings, which
allow for neutralino decays into lighter baryon+meson pairs, even though the mixing effect
remains negligible. The tree level calculation is presented in Appendix H. Expressing the ef-
fective couplings between the neutralinoψ, the mesons Mi P tπ0,π`,π´, K0, K̄0, K`, K´,η0

8u

and the baryons B j P tΣ0,Σ`,Σ´, n0,Ξ0, p`,Ξ´,Λ0u as i g
ψMi B j

L,R MiΨ̄PL,RB j , we can derive the
decay width for the process ψÑ M̄i B̄ j , if kinematically open:

Γ rψÑ M̄i B̄ js “
mψ
32π

"

´

1 `
m2

Bj
´m2

Mi

m2
ψ

¯”

ˇ

ˇg
ψMi B j

L

ˇ

ˇ

2
`
ˇ

ˇg
ψMi B j

R

ˇ

ˇ

2
ı

` 4
mBj
mψ

Re
”

`

g
ψMi B j

L

˘˚
g
ψMi B j

R

ı

*

ˆ

´

1 ´ 2
m2

Bj
`m2

Mi

m2
ψ

`
pm2

Bj
´m2

Mi
q2

m4
ψ

¯1{2

“ Γ rψÑ MiB js . (32)

We stress that this description would need to be extended and include the impact of addi-
tional (and broad) baryonic states, such as the heavy nucleons at 1.35 GeV or even the ∆’s at
„ 1.2 GeV, as soon as these become kinematically accessible.
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Further decays, such as the radiative ψ Ñ γB j (for B j P tΣ0, n0,Ξ0,Λ0u) could also be
assessed in the chiral description. Finally, for mψ ă mp, hadronic decays of the neutralino are
kinematically forbidden, as no hadronic fermion can be reached below the proton mass: it is
then the baryons which may decay into ψ and a meson [48].

3.3 Semi-leptonic decays

The semi-leptonic operators produce a collection of neutralino decay channels into mesons
and a lepton. The simplest final states, already considered in e.g. Ref. [33], consist of two
bodies, one lepton (ℓi) and one meson M . The decay amplitude may be schematically written
as:

ArψÑ ℓ̄i Ms “ i CrSℓq JK
i jk s



MppM q| Q̄ j PKQk |0〉 v̄ψppψqPJ vℓi
ppℓi

q (33)

` i CrVℓq JK
i jk s



MppM q| Q̄ jγ
µPKQk |0〉 v̄ψppψqγµPJ vℓi

ppℓi
q

` i CrT ℓq J
i jk s



MppM q| Q̄ j
Σµν

2 PJQk |0〉 v̄ψppψq
Σµν

2 PJ vℓi
ppℓi

q ,

where the scalar, vector and tensor form factors of the meson M depend on its nature. At this
level, the interactions of the final-state lepton with the meson have been neglected.

Focusing first on the pseudoscalar mesons of Eq. (30), to which we may add the
η0

1 „
1?
3
puαūα ` dαd̄α ` sαs̄αq and account for η ´ η1 mixing, the pseudoscalar form fac-

tors in the chiral limit are all connected to the parameter B0 which relates meson masses to

quark mass parameters, e.g. B0 «
fχ

?
2ms

pm2
K˘ ` m2

K0 ´ m2
π0q „ 0.5 GeV2:




MppM q| Q̄ j PRQk |0〉“ ´
iB0

2
?

2
RM rq j q̄ks “ ´



MppM q| Q̄ j PLQk |0〉 . (34)

HereRM represents the overlap of the q j q̄k pair with the valence quarks of MppM q; for instance
Rπ0ruūs “

1?
2

“ ´Rπ0rdd̄s and all other Rπ0rq j q̄ks vanish. The axial form factors then relate
to the above through the Dirac equation:




MppM q| Q̄ jγ
µPRQk |0〉“ ´

i B0

2
?

2

mq j
` mqk

m2
M

RM rq j q̄ks pµM “ ´



MppM q| Q̄ jγ
µPLQk |0〉 . (35)

In turn, pmq j
` mqk

qB0 can be written in terms of fχ and meson masses. There is no antisym-

metric tensor associated with scalars so that



MppM q| Q̄ j
Σµν

2 PL,RQk |0〉“ 0. In order to account
for effects beyond the chiral approximation, it is possible to re-parametrize the pseudoscalar
and axial form-factors in terms of the decay constants of the meson f

q j q̄k

M , as already suggested

in Ref. [33]:



MppM q| Q̄ jγ
µγ5Qk |0〉“ ´i f

q j q̄k

M pµM . We finally arrive at the decay widths (with
implicit sum over the quark indices):

Γ rψÑ ℓ̄i Ms “
mψ
32π

!

`

1 `
m2
ℓi

´m2
M

m2
ψ

˘`

|gψM̄ℓi
L |2 ` |gψM̄ℓi

R |2
˘

` 4
mℓi
mψ

Re
“

pgψM̄ℓi
L q˚ gψM̄ℓi

R

‰

)

ˆ

”

1 ´ 2
m2

M `m2
ℓi

m2
ψ

`
pm2

M ´m2
ℓi

q2

m4
ψ

ı1{2
, (36)

gψM̄ℓi
L ”

f
q j q̄k
M
2

!

B0?
2 fχ

´

?
2 fχm2

M
B0pmq j

`mqk
q

¯

`

CrSℓq LR
i jk s ´ CrSℓq LL

i jk s
˘

´

”

mψ
`

CrVℓq LR
i jk s ´ CrVℓq LL

i jk s
˘

´ mℓi

`

CrVℓq RR
i jk s ´ CrVℓq LR

i jk s
˘

ı)

,

gψM̄ℓi
R ”

f
q j q̄k
M
2

!

B0?
2 fχ

´

?
2 fχm2

M
B0pmq j

`mqk
q

¯

`

CrSℓq RR
i jk s ´ CrSℓq RL

i jk s
˘

´

”

mψ
`

CrVℓq RR
i jk s ´ CrVℓq RL

i jk s
˘

´ mℓi

`

CrVℓq LR
i jk s ´ CrVℓq LL

i jk s
˘

ı)

.
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We consider the 19 such channels involving light leptons (plus their 19 CP-conjugate).
Turning to the light vector mesons M˚

µ „ pq̄ jγµqkq,

M˚
µ ”

»

—

—

—

–

ρ0
µ

?
2

`
φ0

8µ
?

6
`
φ0

1µ
?

3
ρ`
µ K˚ `

µ

ρ´
µ ´

ρ0
µ

?
2

`
φ0

8µ
?

6
`
φ0

1µ
?

3
K˚ 0
µ

K˚ ´
µ K̄˚ 0

µ ´

b

2
3φ

0
8µ `

φ0
1µ

?
3

fi

ffi

ffi

ffi

fl

, (37)

and after mixing φ0
8 and φ0

1 to account for the φ and ω, one can define the vector and tensor
form-factors:



M˚ppM q| Q̄ jγ
µQk |0〉“ f V

M˚ mM˚ RM˚rq j q̄ksε
˚µ
M˚ppM q , (38)




M˚ppM q| Q̄ jΣ
µνQk |0〉“ ´i f T

M˚ RM˚rq j q̄ks
“

pµMε
˚ν
M˚ppM q ´ pνMε

˚µ
M˚ppM q

‰

.

Then, we may parametrize the decay amplitude as:

ArψÑ M˚ℓ̄is “ i v̄ψppψq

!

gM˚ψℓi
V L,R {ϵ˚

M˚ppM˚qPL,R ` 2 pψ ¨ ϵ˚
M˚ppM˚q gM˚ψℓi

S L,R PL,R

)

vℓi
ppℓi

q ,

(39)

gM˚ψℓi
V J ”

1
2RM˚rq j q̄ks

!

mM˚ f V
M˚

`

CrVℓq J L
i jk s `CrVℓq JR

i jk s
˘

´ f T
M˚

`

mψCrT ℓq J
i jk s ` mℓi

CrT ℓq J`1
i jk s

˘

)

,

gM˚ψℓi
S J ” ´

f T
M˚

2 RM˚rq j q̄ksCrT ℓq J
i jk s ,

leading to the decay width:

Γ rψÑ M˚ℓ̄is “
m3
ψ

32πm2
M˚

”

1 ´ 2
m2

M˚ `m2
ℓi

m2
ψ

`
pm2

M˚ ´m2
ℓi

q2

m4
ψ

ı1{2
(40)

ˆ

#

´

|gM˚ψℓi
V L |2 ` |gM˚ψℓi

V R |2
¯”

1 `
m2

M˚ ´2m2
ℓi

m2
ψ

´
2m4

M˚ ´m2
ℓi

pm2
M˚ `m2

ℓi
q

m4
ψ

ı

´ 12
m2

M˚ mℓi

m3
ψ

Re
“

gM˚ψℓi ˚

V L gM˚ψℓi
V R

‰

` m2
ψ

”

1 ´ 2
m2

M˚ `m2
ℓi

m2
ψ

`
pm2

M˚ ´m2
ℓi

q2

m4
ψ

ı

ˆ

”

`

|gM˚ψℓi
S L |2 ` |gM˚ψℓi

S R |2
˘`

1 `
m2
ℓi

´m2
M˚

m2
ψ

˘

` 4
mℓi

mψ
Re
“

gM˚ψℓi ˚

S L gM˚ψℓi
S R

‰

ı

´ 2mψ
”

1 ´ 2
m2

M˚ `m2
ℓi

m2
ψ

`
pm2

M˚ ´m2
ℓi

q2

m4
ψ

ı

Re
“

gM˚ψℓi ˚

V L gM˚ψℓi
S L ` gM˚ψℓi ˚

V R gM˚ψℓi
S R

‰

´ 2mℓi

”

1 ´ 2
m2
ℓi

m2
ψ

`
pm2

M˚ ´m2
ℓi

q2

m4
ψ

ı

Re
“

gM˚ψℓi ˚

V L gM˚ψℓi
S R ` gM˚ψℓi ˚

V R gM˚ψℓi
S L

‰

+

.

However, the production of vector mesons can be seen as a partial contribution to the more
general final states with two (or three) pseudoscalar mesons, see for example Ref. [60] in
the R-parity violating context. For this reason, it is preferable to dismiss the two-body decay
formalism for vector mesons and directly exploit the more complete form-factors for meson
pairs, i.e. three-body semi-leptonic decay channels, as we perform below. Yet, in the case
of the ω, mainly decaying into three pseudoscalar mesons, the two-body formalism remains
sufficient at low energy.

The properties of scalar and tensor mesons being ill-known (and broad), an application
of the two-body formalism with such particles in the final state would provide limited insight.

15

https://scipost.org
https://scipost.org/SciPostPhys.14.5.134


SciPost Phys. 14, 134 (2023)

Instead, it is again more meaningful to regard these states as mediators in the three-body decay
widths.

Decays into one lepton and two pseudoscalar mesons are relevant as soon as enough phase-
space is available. In view of the CP-conservation observed by the strong interaction, we need
not consider pseudoscalar and axial-vector mediations and the decay amplitude schematically
reads (still neglecting the interactions between leptons and mesons in the final state):

ArψÑ ℓ̄i M1M2s “
i
2 CrSℓq JK

i jk s



M1pp1qM2pp2q| Q̄ jQk |0〉 v̄ψppψqPJ vℓi
ppℓi

q (41)

`
i
2 CrVℓq JK

i jk s



M1pp1qM2pp2q| Q̄ jγ
µQk |0〉 v̄ψppψqγµPJ vℓi

ppℓi
q

`
i
2 CrT ℓq J

i jk s



M1pp1qM2pp2q| Q̄ jΣ
µνQk |0〉 v̄ψppψq

Σµν
2 PJ vℓi

ppℓi
q .

We then introduce the scalar, vector and tensor form-factors (with s ” pp1 ` p2q2):



M1pp1qM2pp2q| Q̄ jQk |0〉” F M1M2
S jk psq , (42)




M1pp1qM2pp2q| Q̄ jγ
µQk |0〉” pp1 ` p2qµ

m j´mk
s F M1M2

S jk psq

`
“

pµ1 ´ pµ2 ´
m2

M1
´m2

M2
s pp1 ` p2qµ

‰

F M1M2
V jk psq ,




M1pp1qM2pp2q| Q̄ jΣ
µνQk |0〉” ippµ1 pν2 ´ pµ2 pν1qF M1M2

T jk psq .

Here F M2M1
S jk psq “ F M1M2

S jk psq, while F M2M1
V jk psq “ ´F M1M2

V jk psq and F M2M1
T jk psq “ ´F M1M2

T jk psq. The
two-meson form factors automatically include contributions from scalar, vector or tensor res-
onances. They can be computed from chiral perturbation theory in the low-energy range: we
refer the reader to Ref. [61] for a recent and comparatively exhaustive derivation. We note in
passing that radiative corrections (including resonance effects) significantly modify the lead-
ing order contribution in chiral perturbation theory, so that no simple approximation is viable
in this regime.

However, theoretical approaches to the two-meson form factors fail for energies somewhat
above 1 GeV because they rely on the two-body approximation for intermediate states in the
scattering, this condition not being reliable any longer at higher energies. Phenomenological
parametrizations exploiting experimental data from tau decays or e`e´ scattering can be em-
ployed essentially for vector form factors — see e.g. Ref. [62]. The case of scalar form-factors,
determinant for the RpV MSSM, is far more difficult to systematically address without trust-
ing a specific model [63,64]. Here, we employ the form factors provided by Ref. [61], which
can be used up to an invariant mass of 1.2 GeV for the di-meson system. Beyond this energy,
we simply extrapolate the form factors with a rational function A{ps ´ M2q, mimicking the
mediation by the principal resonance: this is a coarse approximation for this higher-energy
regime. For the vector and tensor currents, it amounts to neglecting the impact of secondary
resonances, which we believe is a reasonable approximation. The situation for scalar currents
is more complicated as the various form factors at 1.2 GeV have not yet reached a ‘tail’ behav-
ior. As the scalar operators contain the main contributions in the RpV MSSM, this means that
the description of semi-leptonic decays at masses mψ ą

„ 1.2 GeV remains purely qualitative. In
addition, it is likely that four-body decay channels become relevant already at energies below
the tau mass, so that a partonic description of the inclusive hadronic width at mψ « mτ may
become preferable to a channel-by-channel approach.

Once the form-factors for the two-meson channels are numerically defined, we can derive
the corresponding 48 (+ 48 CP-conjugate) decay widths for the neutralino:

Γ rψÑ ℓ̄i M1M2s “
m3
ψ

B2
0

512p1 `δM1M2
qπ3 f 2

χ

ÿ

Ω,Ω1

CrΩsCrΩ1s˚ Gℓ̄i M1M2rΩ,Ω1s , (43)
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where the sum extends over all relevant pairs of semi-leptonic operators pΩ,Ω1q. The kinematic
integrals Gℓ̄i M1M2rΩ,Ω1s are defined in Appendix I and a priori depend on all the masses of the
process.

Given the considered range of neutralino mass, we will assume that the available semi-
leptonic final states are dominated by the one- and two-meson channels, without need of
addressing the three-body channels (beyond the resonant contribution resulting from single
meson production). At higher masses „ mτ, the partonic description — see Appendix J —
should become applicable.

4 About the Production of the Light Neutralino

While we focus on the decays of the light exotic fermion, which can be conveniently classified
through the listing of the low energy operators, the phenomenology of such a particle also
crucially depends on its production modes. The latter can be extremely diverse and model-
dependent since they may occur at any scale, depending on the beam energy of the collider. If
the light bino-like particle is sufficiently long-lived, it may even possess thermal relics, allowing
for tests in Dark-Matter detection experiments. Here, we restrict ourselves to a short discussion
of typical production channels at colliders.

4.1 R-parity conserving production modes

Contrary to its decays, the dominant production channels of the light exotic fermion may
not necessarily violate the Z2 symmetry distinguishing it from the SM matter (R-parity in the
MSSM). Thus, ψ may appear in cascade decays of heavy resonances produced in high-energy
collisions. It then becomes necessary to assess the abundance of these Z2-conserving cascades
with respect to the competition of a direct Z2-violating decay of the heavy resonances into SM
matter.

If we turn to the direct production of the light fermion from SM sources (i.e. not involving
further new physics states), then Z2 conservation implies a production in pairs. The most obvi-
ous ‘portals’ with SM matter then involve the Z- or Higgs bosons via renormalizable operators
of the form Zµ ψ̄σ̄

µψ and h0ψψ. Limits on invisible (or exotic) Z and Higgs decays place
strict limits on such production mechanisms. In the case of the RpV MSSM, the couplings of
ψ to the Z-boson or the SM-like Higgs would involve the subleading higgsino components
of this state (while the dominant bino component remains inert), hence providing a straight-
forward suppression mechanism. However, precision experiments, e.g. at a linear collider or
a Z-factory, might allow to detect small exotic decay widths of the neutral SM bosons. This
possibility was examined in e.g. Refs. [35,36].

At low energy, pair production would proceed through non-renormalizable operators of the
form (restricting ourselves to dimension 6 and omitting the hermitian conjugates; f “ e, u, d;
F “ p f , f̄ cq; j, k “ 1, 2,3; J “ L, R):

9S f J
jk ” pΨ̄PLΨqpF̄ j PJ Fkq , 9V f J

jk ” pΨ̄γµPLΨqpF̄ jγµPJ Fkq , (44)

satisfying the Up1qem ˆ SUp3qc gauge symmetry (and possibly additional discrete symmetries
depending on the model) — the tensor operator 9T f

jk ”
1
4pΨ̄ΣµνPLΨqpF̄ jΣµνPL Fkq identically

vanishes. In particular, such operators involving quarks open up the possibility of ψ produc-
tion in the decays (or collisions) of hadrons (of various spin). Let us illustrate this feature
with an example: we consider the low-energy operators pΨ̄ PLΨqpB̄ PL,RSq. Then, ψ pairs can
be produced in a direct B0

s decay (calculable via the decay constant 〈0| B̄γ5S
ˇ

ˇB0
s

�

), or in semi-
leptonic B decays, such as B Ñ Kψψ (calculable with the B Ñ K form factor) and more gener-
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ally B Ñ Xsψψ (calculable using the heavy quark expansion). These individual decay modes
might be testable at a B factory.2 Similarly, the pΨ̄ γµPLΨqpC̄ γµPL,RCq or pΨ̄ γµPLΨqpB̄ γµPL,RBq

operators would open up the possibility of production from vector quarkonia, such as the J{ψ

or the Υ . For meson decays to two light neutralinos see Ref. [32]. The situation is more
complicated if the hadronic initial state produced in the experiment is not clearly identified
(because many hadrons can potentially decay via the low-energy operator that couples them to
the ψ pair), so that ψ production in a b-jet, for instance, would have to be modeled together
with the hadronization string for a quantitative estimate. Leptonic four-fermion operators
p 9S, 9V , 9T q

e pJq

jk may also be exploited to search for ψ’s in lepton-antilepton decays or, in the
presence of lepton-flavor violation, in leptonic tau (or muon) decays.

Contributions to the operators of Eq. (44) depend on the UV-completion. In the RpV MSSM
at tree level, typical ‘s-channel’ mediators would be the Z- and Higgs bosons. In view of the
limits on invisible / exotic decays of the Z or the SM-like Higgs, these two mediators are
probably not competitive. Heavy Higgs doublets would be legitimate mediators (at least in
couplings to third-generation fermions) provided their coupling to the bino-dominated state
is not exceedingly suppressed. Sfermion exchange provides another type of ‘t-channel’ con-
tribution. In fact, the matching conditions for the p 9S, 9V , 9T q

f pJq

jk operators in the RpV MSSM

at tree-level are virtually identical to those of the pS,V ,T q
ν f JpKq

i jk operators ( f “ e, u, d) pro-
vided in Eqs.(16,17), up to the substitution of νi by ψ and the generalization of the indices
j and k, so as to include τ, c or b. At the loop level, additional contributions from e.g. SUSY
box diagrams are also expected. The evolution under the renormalization group is also un-
changed, see Eq. (23), although the infrared scale for production should be adjusted to the
corresponding center-of-mass energy.

4.2 R-parity violating production modes

Violation of the Z2 symmetry allows for single production of particles in the ‘exotic’ sector.
Again, ψ might then occur as the end product of the Z2-conserving cascade decay of a singly-
produced heavy resonance, provided the competition of Z2-violating decays does not over-
shadow such modes. In the RpV MSSM, a heavy Higgs state might also exploit its subleading
slepton component to decay into ψ and a lepton.

Direct production ofψ from SM particles can proceed through low-energy operators of the
type displayed in Eqs.(3-6), but extended to heavier fermions. The matching conditions at tree-
level in the RpV MSSM are again a simple generalization of Eqs.(16-18). Lepton decays would
then appear as a first potential lepton-number violating source of the light exotic fermion. For
instance, the decay widths associated with τÑψνiν̄ j , τÑψℓi ℓ̄ j , τÑψMi , or τÑψMi M j
can be computed similarly to the leptonic and semi-leptonic decays of the light neutralino
[see Eqs.(27,28,29,36,40,43)]. For a very light fermion, a partonic approach may efficiently
describe the inclusive τ decays into ψ and light hadrons, since the large phase space suggests
a possible saturation of the hadronic width. Individual channels have been considered in
Ref. [39]. The limited phase space in muon or electron decays restricts the possibility of ψ
production to leptonic channels.

Operators of semi-leptonic and hadronic types also suggest single production of the exotic
fermion in hadron decays. Exchanging the fermions in the initial and final states in Eq. (32)
opens the path to a lepton-number conserving disintegration of baryons and, in particular,
of nucleons [48]: this is a very constrained production channel, but constantly investigated
by experiments. Now turning to operators including a bottom (generated in the RpV MSSM
via e.g. λ2

113) or charm quark (via e.g. λ2
212), one can expect single production from beauty-

2See also Ref. [32] for the related decay K Ñ πψψ.
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or charm-flavored hadrons. The weight of a few inclusive channels, such as B, D Ñ Xψ,
may be estimated from the partonic picture. On the other hand, exclusive channels, such as
B`, D` Ñ p`ψ or Λ0

b,c Ñ π0ψ, are much more difficult to assess since they would require

the knowledge of baryon-number and flavor violating form factors (B` Ñ p` or Λ0
b Ñ π0 in

our example). As in the case of pair production, the ψ content of a b- (or c-) jet due to the
presence of baryon-number violating operators would probably require detailed modeling. The
situation is comparable when considering semi-leptonic operators, even though it should be
possible to theoretically describe a few individual exclusive channels testable at B-factories:
the corresponding form-factors (e.g. B Ñ K) are no longer baryon-number violating, hence
more easily accessible. A few such processes have been exploited in e.g. Refs. [33–35].

To summarize this short discussion, the potential production channels of a light neutralino-
like particle are even more diverse than its decay modes. Many transitions may be difficult to
describe accurately with the usual techniques, as they would call upon unknown form-factors
or require a dedicated hadronization model. The relative magnitude of pair and single produc-
tion channels should also be systematically compared, as these sources are largely independent
from one another. Given that our focus in this paper are the decays of the neutralino-like par-
ticle, we will leave this discussion of the production modes at this qualitative level. A few
formulae for the production of a light neutralino in the decays of SM particles are provided
for reference in Appendix K.

5 Numerical Applications

The formalism described in the previous sections is collected within a Mathematica package,
which allows for the computation of all the considered decay widths of a light neutralino for
the most general MSSM input. Numerical comparison of a few individual semi-leptonic widths
with a private code, derived from Ref. [33] and subsequently employed in simulations of far-
detector sensitivities, returned discrepancies by a factor 10 (underestimating the pseudoscalar
meson channel) to 100 (overestimating the vector meson channel). These differences were
traced back to the impact of QCD running — see Eq. (23) —, the issues in matching raised at the
very end of Section 2.2 and numerical bugs. We here demonstrate a few possible applications
of these calculations at the numerical level.

5.1 Baryon-number violation

We first assume that lepton number is conserved. Neutralino decays are then driven by baryon-
number violating couplings. We stress again that hadronic decays are kinematically forbidden
for a fermion with mass below the proton mass, and in fact, as long as we neglect the radiative
hadronic decay ψÑ n0γ, below the threshold for nucleon+pion production, i.e. „ 1.075 GeV.
Then, our description for such channels is at best of qualitative value, due first to the limited
validity of the chiral description, especially in the higher mass range, and also to the restric-
tion to the fundamental baryon octet, beyond which further hadronic states become available
almost from the opening of the kinematic window for hadronic decays.

If flavor mixing is negligible in the sfermion sector, only one RpV parameter is liable to me-
diateψ decays at tree-level: λ2

112 “ ´λ2
121. Decay widths will then scale like |λ2

112|2. Yet, such
a coupling cannot lead to decays into nucleons and pions (the kinematically available chan-
nels at low mass) without a source of s Ñ d transition, and the kinematic threshold is pushed
further up to the opening of Λ0 `π0 production (at „ 1.25 GeV). Nevertheless, the weak in-
teraction is always available as a source of flavor violation and can mediate neutralino decays
into nucleons and pions at low mass via the mixings of ψ with the hyperons: the recourse to
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Figure 1: Hadronic decay width of the neutralino in various scenarios. First row: No
squark mixing; the neutralino decays are mediated by the (right-handed) squarks of
first and second generation with mass at 1 TeV (Left) and 100 TeV (Right). Second
row, left: Mixing of magnitude 10´2 between right-handed light down-type (1 TeV)
and heavy strange-type squarks (100 TeV). Second (right) and third row: Mixing of
10´2 between the heavy squarks of first generations (100 TeV) and the light squarks
of third generation (1 TeV); the dominant coupling of UDD-type is chosen differently
in the three cases: λ2

113, λ2
312 and λ2

132. The inclusive hadronic width, normalized
to the dominant coupling of UDD-type squared is displayed in red. The partonic
approximation is shown in dashed orange.
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the weak Lagrangian considerably reduces the widths, however.3 The total neutralino width in
such a setup is presented in the first row of Fig. 1 for squark masses of 1 TeV (left) and 100 TeV
(right). The solid red line represents the actual hadronic width, while the dashed orange curve
corresponds to the partonic three-body approximation (hence ignores hadronic thresholds).
The scaling of the Wilson coefficients as the inverse of the mass-squared of the squark medi-
ator amounts to a 10´8 suppression at the level of the decay width in the scenario with the
heavier sfermions — QCD logarithms also produce a prefactor of Op1q. In the mass range ac-
cessible only to the nucleon+pion final states, the decay width is significantly suppressed (as
compared to the partonic width) and clearly dominated by the resonant behavior caused by
the ψ mixing with Λ0 and Σ0. Above „ 1.25 GeV, the hadronic neutralino decays can proceed
without recourse to the weak interaction and promptly reach a magnitude comparable with
the partonic width.4 The latter may actually offer a quantitatively more reliable description of
the (un-charmed) inclusive hadronic decay width for mψ Ñ 2 GeV.

The presence of squark mixing may substantially alter the picture presented above, in par-
ticular with respect to the relative importance of nucleon+pion channels as opposed to the
strange-violating ones. In the second row of Fig. 1, on the left, we allow for a mixing of mag-
nitude 10´2 between a light right-handed sdown at 1 TeV and the heavy sstrange at 100 TeV.
Then the nucleon+pion decays only receive a mixing squared suppression (10´4) with respect
to the partonic width, instead of the „ 10´9 suppression observed in the scenarios without
squark mixing of the first row. Squark mixing also allows for other couplings of UDD-type,
beyond λ2

112, to contribute to the neutralino decays: such effects will always be suppressed in
proportion to the needed mixing to couple squark mediators to the light quarks. The last three
plots of Fig. 1 illustrate this setup with various choices of dominant UDD-coupling (λ2

113, λ2
312

and λ2
132) and a mixing of magnitude 10´2 between heavy squarks of first and second gener-

ations (100 TeV) and light squarks of third generation (1 TeV). Again, the relative importance
of the decays into nucleons and pions depends on the possibility to generate a contribution to
the rHJK

111 operators via squark mixing. In this respect, the scenario with dominant λ2
113 results

in no suppression of the strange-number conserving channels with respect to the strange-
violating ones, since all require the same degree of mixing of the squarks of third generation
with those of first and second generations (this mixing was made symmetrical for both genera-
tions in our example). On the other hand, strange-number conserving decays in the scenarios
with dominant λ2

312 or λ2
132 require one additional degree of flavor mixing as compared to

the strange-violating ones, explaining the suppression of the nucleon+lepton channels in the
corresponding plots.

We note the comparative agreement of the hadronic and partonic widths in the higher
mass range (once enough decay channels are kinematically accessible) for all scenarios of
Fig. 1. This situation may be largely coincidental since the chiral description is not expected to
be predictive (or even exhaustive) in this regime, while the partonic description is insensitive
to hadronic thresholds, hence only valid at sufficiently high mass. However, this agreement
allows for a comparatively smooth transition between the two models at mψ « 1.5 GeV. Fi-
nally, we stress that the hadronic description of the baryon-number violating scenario should
also be put into perspective with its consequences for the phenomenology of baryons. Corre-
spondingly, constraints on nucleon decays [48] apply for mψ ă

„ mp while limits on neutron-
antineutron oscillations — see Appendix G — restrict the acceptable magnitude of contribu-
tions to the rHJK

111 operators (those relevant for strange-number conserving neutralino decays).

3From a high-energy model building point of view one might expect the coupling λ2
112 not to appear alone,

but those couplings related by CKM mixing to also be present in the theory, correspondingly suppressed. See for
example [17,65].

4For a related comparison of partonic decay widths to those incorporating hadronic thresholds in the case of
sterile neutrinos see Ref. [66].
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Figure 2: Semi-Leptonic decay width of the neutralino in various scenarios with-
out sfermion mixing. Both slepton and squark masses are set to 1 TeV. First row:
quark-flavor conserving scenarios; lepton-number violation is mediated by the λ1

111
coupling (left) or the λ1

122 coupling (right). Second row: the lepton-number violating
coupling also violates the strange-number; it is chosen as λ1

112 in the left plot and
as λ1

121 in the right one. The green, blue and red curves respectively represent the
two-body decay width into one lepton and a pseudoscalar meson, the two-body de-
cay width into one lepton and a vector meson and the three-body decay width into
one lepton and two pseudoscalar mesons.

5.2 LQD̄ couplings and semi-leptonic decays

We now turn to the lepton-number violating case and consider the decay channels driven by
the couplings of LQD-type. In the absence of RpV bilinear terms, the semi-leptonic decay ampli-
tudes are all expected to scale linearly with a λ1 coupling and receive a quadratic suppression
with the mass of the mediating sfermions.

In Fig. 2, we investigate the neutralino decays in the mass-range r0,2s GeV in several sce-
narios without sfermion mixing. Correspondingly, the squark (and slepton) mediators always
belong to the first or second generation. In the upper left-hand quadrant, we consider the de-
cays proceeding through λ1

111 ‰ 0. Wilson coefficients of scalar-type dominate the considered
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regime, resulting in suppressed vector-meson production (mostly driven by tensor operators
here; shown in blue) as compared to the channels with pseudoscalar mesons. Unsurprisingly,
the two-body decays with one pseudoscalar meson in the final state (shown in green) primarily
involve (neutral or charged) pions, and secondarily, η (η1): these are the channels coupling
to the Ū D and D̄D pseudoscalar sources opened by λ1

111. In addition, despite the kinematic
suppression, three-body decays (shown in red) are quite important and eventually dominate
the semi-leptonic width at high mass. At mψ « 1.2 GeV (the upper limit for fully reliable form
factors), they already amount to about 50% of the magnitude of the two-body widths: the
radiation of an extra pion indeed costs little phase space at such energies and the relevant
channels thus involve two pions or pion+η in their final state, which also couple to the Ū D
and D̄D scalar sources.

In the upper right-hand quadrant of Fig. 2, we turn to the case of a dominant λ1
122, hence

switching on the S̄S scalar and pseudoscalar sources (charm production is kinematically forbid-
den). As a result, the two-body decays of the neutralino are dominated by η or η1 production.
The two-pion channels dominate the three-body decay widths: while K ´ K̄ is allowed, these
channels only open in the higher range of mass. In addition, the Cabibbo Kobayashi Maskawa
(CKM) mixing between first and second generation (V CKM

us « 0.225) opens a hardly suppressed
ŪS source which controls the channels with charged leptons in the final state and leads to sub-
stantial kaon (and K `π) production. In any case, this scenario is characterized by a higher
threshold for neutralino decays, since favored final states are all more massive than in the
scenario with dominant λ1

111.
In the second row of Fig. 2, we consider LQD couplings that violate the strange number:

λ1
112 (left) and λ1

121 (right). The resulting ŪS, D̄S or S̄D (pseudo)scalar sources trigger kaon
production in semi-leptonic neutralino decays. Three-body channels are again competitive in
the higher mass window, involving the radiation of one extra pion. A noteworthy difference
between the two scenarios emerges from CKM mixing, as the V CKM

us allows for pion+electron fi-
nal states, already accessible in the lower mass range, in the case where the second-generation
index is carried by the SUp2qL doublet, but not if it is carried by the SUp2qL singlet.

In all the scenarios of Fig. 2, we have displayed the inclusive partonic width as a dashed
orange curve. Such a description is obviously unreliable in the lower mass-regime, as it ig-
nores thresholds and tends to underestimate the actual semi-leptonic decay width by orders of
magnitude (due to the three-body phase-space suppression). Yet, as the semi-leptonic width
becomes increasingly controlled by the production of meson pairs for mψ ą

„ 1.5 GeV, the par-
tonic approach also starts providing an inclusive width of comparable magnitude. In fact, the
partonic description of uncharmed semi-leptonic decays may be quantitatively more meaning-
ful at mψ « 2 GeV, where the mesonic form factors are largely speculative.

In Fig. 3, we study the impact of the sfermion sector on the neutralino decays. We restrict
ourselves to masses mψ ď 1.2, where the two-meson form factors are fully reliable. In the plots
on the left-hand side, we linger on scenarios with strange-number violation and no squark
mixing, but consider very massive squarks of first and second generations at 100 TeV, instead
of 1 TeV in the previous set of plots — sleptons continue to be comparatively light, at 1 TeV.
The mediation of squarks in low-energy processes is thus inhibited. However, in the upper
plot, we observe that the suppression of squark mediation hardly affects the magnitude of
neutralino decay channels driven by (pseudo)scalar Q̄Q currents — a factor „ 0.5 as compared
to the corresponding scenario in Fig. 2. Indeed, these operators also receive contributions from
slepton mediators, which remain effective independently from the squark sector. On the other
hand, the tensor (and vector) currents receive only contributions from squark mediators, so
that the widths involving vector mesons in the final state are even more suppressed than in
the previous scenarios. In the lower plot, we vary the lepton index of the LQD coupling, setting
it to λ1

321: as tau production is kinematically inaccessible in the decays of a light neutralino,
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Figure 3: Sfermion effects in semi-Leptonic decay width of the neutralino in scenar-
ios. The squark masses of the first two generations are set to 100 TeV, while the third
generation squarks and the sleptons remain at about 1 TeV. Left: LQD couplings vio-
lating the strange-number are considered, λ1

121 (up) and λ1
321 (down) in the presence

of heavy squarks; Right: LQD couplings involving the third generation squarks, λ1
131

or λ1
113, are considered without (up) or in the presence of flavor-violating squark

mixing (down). The color conventions are similar to those of Fig. 2.

only decay channels involving a neutrino in the final state are allowed, which contrasts with
the scenario of the upper plot.

On the right-hand side of Fig. 3, we consider mixing effects in the quark or squark sectors.
We already stressed, when discussing Fig. 2, that λ1

121 opened electron+pion decays through
the CKM mixing, but not λ1

112. The same applies to λ1
131, considered in the upper plot, with

an additional suppression of |V CKM
ub {V CKM

us |2 « 3 ¨ 10´4. On the other hand, while strange-
number violating decays are allowed with λ1

121 (see plot in the upper left-hand corner), this
is no longer possible with third generation quarks, so that the only allowed decay channels in
the scenario with dominant λ1

131 are indeed these CKM-rotated ones involving electrons and
pions. In the lower plot, we consider a dominant λ1

113: this coupling cannot funnel the decays
of a light neutralino except in the presence of squark mixing involving the right-handed sbot-
tom. Therefore, we introduce a mixing of Op10´2q between down-type squarks of the two first
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generations and of the third one, resulting in neutralino decays into leptons and pions, η or
kaons. As the squark mediation is crucial in the neutralino widths employing squark mixing,
we observe that the decays into vector mesons recover their relative, though subleading, im-
portance with respect to the channels involving a single pseudoscalar meson. Finally, we stress
that similar effects are triggered by slepton mixing and that, in the scenario with dominant
λ1

321 (in the lower left-end corner of Fig. 3), decays involving electrons or muons in the final
state could be restored in this fashion.

To summarize this discussion, we have observed that the semi-leptonic decays of the neu-
tralino driven by LQD-couplings are controlled by scalar and pseudoscalar contributions. In
particular, the production of a single meson dominates the low-mass window, with meson
pair production becoming competitive as soon as pion radiation costs little relative energy, at
mψ « 1 GeV. A partonic description may become reliable around the tau mass. Furthermore,
it would be relevant to place flavor-violating effects in neutralino decays into the perspective
of known constraints on flavor transitions.

5.3 Lepton-number violating bilinear couplings

The interplay of trilinear couplings of LLE-type with leptonic neutralino decays offers limited
novelty. Instead, we here consider the decays triggered by RpV bilinear terms. We observe that
such terms are generically present in the Lagrangian and generated by the renormalization
group as soon as lepton number is violated. There exist two categories of bilinear couplings
in the RpV MSSM:

1. the mass terms µi , i “ 1, 2,3, introduced in the superpotential in particular produce
lepton-electrowikino mixing, opening the possibility of breaking lepton number directly
at the level of the external legs of the operators mediating neutralino decays;

2. the mass-squared terms Bi , i “ 1,2, 3, introduced in the soft SUSY-breaking Lagrangian
result in admixtures between the heavy Higgs doublets and the slepton sector: lepton
number may then be violated in neutralino decays by the double nature of the scalar
mediators.

We first focus on scenarios with non-vanishing scalar bilinears Bi . Considering that it is
necessary to break lepton number in diagrams mediating neutralino decays, hence play on
the double nature of the slepton-Higgs admixtures, contributions to four-fermion operators
then necessarily exploit Higgs couplings to SM fermions: this implies a Yukawa suppression
for all the decay amplitudes involving light fermions, adding to the scale and mixing suppres-
sion factors. Consequently, the neutralino partial widths conveyed by the Bi terms are typi-
cally very narrow. On the other hand, contrarily to the trilinear terms, the individual bilinear
couplings do not specify the nature of the ensuing (lepton-number violating) decays, so that
semi-leptonic channels dominated by the strange Yukawa coexist with leptonic channels trig-
gered by the muon Yukawa and electromagnetic decays conveyed by chargino / slepton-Higgs
loops. The latter escape the Yukawa suppression while the loop-factor suppression might be
alleviated by the logarithmic dependence in case of hierarchical spectra.

We illustrate this discussion about neutralino decays mediated by the bilinear scalar terms
with Fig. 4. In the upper left-hand quadrant, through B2 ‰ 0, we generate a mixing of magni-
tude „ 10´2 between heavy Higgs and smuons taking mass in the TeV range. The higher mass-
window is dominated by semi-leptonic neutralino decays conveyed by the strange Yukawa
coupling, in particular the ηp1qνµ and, to a lesser extent (after V CKM

us suppression), the K`µ´

channels. Below threshold for these, the π0νµ and π`µ´ decays can still contribute, though
at a reduced rate. Similarly to the previous subsection, channels involving meson pairs in the
final state contribute at a sizable level in the upper mass range: the S̄S operator mediates ππ
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as well as KK decays, while ūs conveys charged Kπ decays. We also observe that the specific
pattern imprinted by the Bi couplings favors semi-leptonic scalar contributions over vector and
tensor, so that decays into vector mesons are virtually absent. Leptonic decay channels are of
comparable magnitude, which can be related to the comparative size of the muon and strange
Yukawa couplings, and are mostly represented by the νµµ

`µ´ channel: it is remarkable that
this specific decay is not straightforwardly generated with the antisymmetric LLE couplings,
unless slepton mixing is present. νee`µ´ and νµe`e´ contribute to the neutralino decays at
a far lesser extent. Finally, the radiative decays ψ Ñ γνµ,γν̄µ, generated by chargino and
Higgs-smuon loops, control the low mass-range.

In the upper right-hand corner of Fig. 4, we turn to the case of a dominant B3, resulting in
Higgs-stau mixing. The size of leptonic and semi-leptonic decays is not fundamentally modi-
fied by this replacement, with all leading channels now involving ντ instead of νµ (while the
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Figure 4: Neutralino decays mediated by bilinear scalar terms. Higgs-slepton mix-
ing is maintained at the level of „ 10´2. Left: neutralino decays employ the non-
vanishing B2, resulting in Higgs-smuon mixing; all these scalars take mass in the TeV
range in the upper plot while sleptons are made very heavy (100 TeV) in the lower
plot. Right: B3, generating Higgs-stau mixing, is chosen to dominate the decays. The
blue, green and red curves respectively represent the inclusive photon+neutrino, lep-
tonic and semi-leptonic widths.
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charged channel are kinematically forbidden by the replacement µÑ τ). On the other hand,
the electromagnetic dipole contributions are greatly enhanced by the additional mediation of
τ + Higgs-stau loops, involving a sizable Yukawa coupling (tanβ is set to the typical value
of 10) as well as a large ln MSUSY

mτ
. As a consequence, the ψ Ñ γντ,γν̄τ widths dominate the

neutralino decays in all the considered mass-range.
In the lower plot of Fig. 4, we return to the case of a dominant B2, but now with a de-

coupling SUSY spectrum, albeit the Higgs-slepton mixing is kept at the level of 10´2. Lep-
tonic and semi-leptonic decay channels receive contributions of comparable magnitude to
their counterparts of the upper plot, since the Higgs-dominated mediator in the TeV range
has about unchanged properties. On the other hand, the importance of the radiative chan-
nels ψ Ñ γνµ,γν̄µ is increased by the mass-splitting between scalar states, as cancellations
between the smuon and Higgs loops no longer occur.
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Figure 5: Neutralino decays mediated by bilinear ‘fermionic’ terms. Left: neu-
tralino decays employ the non-vanishing µ2 “ 10´3, resulting in chargino-muon
and neutralino-νµ mixing. Right: a non-vanishing µ3 replaces µ2. The blue, green
and red curves respectively represent the inclusive photon+neutrino, leptonic and
semi-leptonic widths.

In Fig. 5, we consider the impact of the supersymmetric bilinear mixing parameters µi on
the decays of a light neutralino. The main effect rests with the appearance of chargino-lepton
and neutralino-neutrino admixtures and the RpV / lepton-number breaking does not involve
the mediation of heavy fields. Indeed, electroweak gauge bosons then become the main con-
tributors to the dimension 6 operators of Eqs.(3-5) and the corresponding neutralino decays
hardly depend on the mass of the sfermion fields. Nevertheless, large values of the µi pa-
rameters would generate unacceptable neutrino masses [20]. For small µi , the latter depend
on secondary mixing of the neutrinos with higgsinos and gauginos, so that small mass values
are easily explained. In practice, we will consider |µi| “ 10´3 GeV, which typically produces
neutrino masses under 10´10 GeV in our scenarios. We note that the bilinear ‘fermionic’ pa-
rameters also generate mixing of the heavy Higgs doublets with the right-handed sleptons
(similarly to Bi with the left-handed sleptons). Yet, as the effect is proportional to the lepton
masses (and the small µi), it hardly has a chance to reach phenomenological relevance for
scalar fields in the TeV range or beyond.

In the plot on the left-hand side of Fig. 5, we set µ2 to 10´3 GeV, thus generating mixings
of the chargino states with the muon and of the neutralino states with νµ. The mediation of
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the neutralino decays by electroweak gauge bosons means that, contrarily to the previously
considered scenarios, the vector operators dominate in the current setup. Consequently, the
production of vector mesons (mainly ρ’s) controls the semi-leptonic decays in the higher mass
window, generating large decays into pion pairs + muons or neutrinos. Decay channels in-
volving single pions are still significant and control the lower mass range, where kinematically
allowed. Leptonic decays are also sizable, which can be traced back to the gauge nature of
the mediation. Channels violating muon number, such as νµℓ

`ℓ´ or νµν̄ℓνℓ, are determi-
nant in our example, with decays involving a neutrino+antineutrino triplet controlling the
low mass-range. Electromagnetic decays are subleading in this scenario and proceed essen-
tially through a muon /W loop. The plot on the right-hand side, corresponding to the decays
caused by µ3 “ 10´3 GeV, offers limited novelty, except for the disappearance of the channels
with a charged lepton, since τ production is kinematically forbidden. The mediation through
gauge fields ensures that the decay widths remain of comparable magnitude with respect to
the previous case.

We thus observe that the choice of lepton-number violating bilinear parameter controlling
the decays of the light bino-like state leaves a distinguishable imprint on the leading channels.
This variety simply reflects the diversity of the accessible low-energy operators on which the
lepton- and baryon-number violating parameters of the UV theory (in our case the RpV MSSM)
can project.

6 Discussion and Conclusions

In this paper, we have systematically studied the baryon- or lepton-number violating decays
of a light exotic fermion from the perspective of an EFT and connected this analysis to the
specific case of a SUSY RpV UV completion. Here the light fermion is a light bino ψ, a well
motivated scenario, with mass mψ ď mτ. The interactions of the exotic particle with hadronic
matter represent the main difficulty in controlling its phenomenology, but are of paramount
importance in order to provide testable predictions for searches at collider and derive reliable
limits.

In this respect, our study, though marking a step forward, still leaves ample room for im-
provement. In particular, baryon-number violating decays of the light fermion are at best
qualitatively described by our chiral approach restricting to the fundamental baryon octet: go-
ing beyond this approximation certainly represents a challenge for hadronic physics, however.
Turning to the semi-leptonic channels, our analysis greatly benefits from the inclusion of the
two-meson + lepton final states through the form-factors of Ref. [61]: these decay modes
indeed tend to overtake the channels with a single meson at energies of about 1 GeV. Corre-
sponding effects can be approximated by the production of vector resonances only in scenarios
where operators of vector type dominate, which, in the RpV context, only happens when the
phenomenology is determined by the bilinear parameters µi . Extending our predictions for
masses above 1.2 GeV however rests on uncertain theoretical ground, especially in the case of
the determinant scalar operators. For all channels, we have neglected (non-hadronic) inter-
actions between final state particles, which is certainly an illegitimate approximation in the
immediate vicinity of decay thresholds.

Further improvements could also be considered from the perspective of the low-energy EFT
itself, such as the inclusion of next-to-leading QCD logarithms in the group evolution. Higher-
orders in the matching to the RpV MSSM would likewise help ascertain how much of the
associated phenomenology can be absorbed within the definition of the tree-level couplings.
The definition of multiple thresholds may also be justified in scenarios with hierarchical exotic
sectors.
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Another desirable feature would rest with a systematic assessment of the low-energy phe-
nomenological constraints applying to the tested scenario. In the case of baryon-number vi-
olation, we have already studied the bounds resulting from nucleon decays in Ref. [48] and
sketched how to apply limits from neutron-antineutron oscillations in the presence of a light
exotic fermion in Appendix G. Further limits from di-nucleon decays [71] are also applicable.
Nevertheless, associated constraints strongly depend on the modelization of the interactions of
the new physics field with hadronic matter and require a good control over flavor-violating ef-
fects in corresponding observables, both in and beyond the SM. Concerning the lepton-number
violating case, the various scenarios need to be put into the perspective of e.g. neutrino mass
predictions or lepton-flavor transitions, often requiring the inclusion of loop effects.

Extension of our analysis for masses above the τ mass a priori appears as a difficult un-
dertaking, since the interactions with charmed hadrons then need to be reliably described. A
few individual channels, such as semi-leptonic decays involving a single Dp˚q meson, can be
predicted (and have been considered in e.g. Ref. [33]), but would generally prove insufficient
as soon as the phase space allows for further meson radiation.

Finally, quantitatively testing the existence of a light exotic field requires to control the
production modes of this particle in experiment, which may be difficult when this production
employs hadronic channels. A few reference formulae for calculable processes can be found
in the appendix.
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A Dimension 6 operators for neutralino decay in two-component
spinor notation

For clarity, we express all the operators listed in Eqs. (3-6), which potentially mediate a neu-
tralino decay in two-component spinor notation.

• electromagnetic dipoles:

Ei ”
e

16π2
pψσµννiqFµν , pi “ 1, 2,3q , (45)

• leptonic operators:

rNi jk ” pψνiqpν jνkq ,

pi, j, kq P tp1,2, 2q, p1, 3,3q, p1,2, 3q, p2,1, 1q, p2, 3,3q, p2,1, 3q, p3, 1,1q, p3, 2,2qu ,

Ni jk ” pψ̄σ̄µνiqpν̄ jσ̄µνkq , p1 ď i ď k ď 3q , (46)

Sνe L
i jk ” pψνiqpec

j ekq , Sνe R
i jk ” pψνiqpē j ē

c
kq ,

Vνe L
i jk ” pψ̄σ̄µνiqpē jσ̄µekq , Vνe R

i jk ” pψ̄σ̄µνiqpec
jσµ ēc

kq ,

T νe
i jk ” pψσµννiqpec

jσµνekq , pi “ 1,2, 3 , j, k “ 1,2q ,
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• semi-leptonic operators:

S eq LL
i jk ” pψeiqpd c

j ukq , S eq LR
i jk ” pψeiqpd̄ j ū

c
kq ,

S eq RL
i jk ” pψ̄ēc

i qpd c
j ukq , S eq RR

i jk ” pψ̄ēc
i qpd̄ j ū

c
kq , (47)

V eq LL
i jk ” pψ̄σ̄µeiqpd̄ jσ̄µukq , V eq LR

i jk ” pψ̄σ̄µeiqpd c
jσµūc

kq ,

V eq RL
i jk ” pψσµ ēc

i qpd̄ jσ̄µukq , V eq RR
i jk ” pψσµ ēc

i qpd c
jσµūc

kq ,

T eq L
i jk ” pψσµνeiqpd c

jσµνukq , T eq R
i jk ” pψ̄σ̄µν ēc

i qpd̄ jσ̄µνū
c
kq ,

pi, j “ 1,2 , k “ 1q ,

Sνu L
i jk ” pψνiqpuc

jukq , SνuR
i jk ” pψνiqpū j ū

c
kq ,

Vνu L
i jk ” pψ̄σ̄µνiqpū jσ̄µukq , Vνu R

i jk ” pψ̄σ̄µνiqpuc
jσµūk

kq ,

T νu
i jk ” pψσµννiqpuc

jσµνukq , pi “ 1,2, 3 , j, k “ 1q ,

Sνd L
i jk ” pψνiqpd c

j dkq , Sνd R
i jk ” pψνiqpd̄ j d̄

c
kq ,

Vνd L
i jk ” pψ̄σ̄µνiqpd̄ jσ̄µdkq , Vνd R

i jk ” pψ̄σ̄µνiqpd c
jσµd̄k

k q ,

T νd
i jk ” pψσµννiqpd c

jσµνdkq , pi “ 1,2, 3 , j, k “ 1,2q ,

• hadronic operators:

HLL
i jk ” ϵαβγpψucα

i qpd c β
j d c γ

k q , HLR
i jk ” ϵαβγpψucα

i qpd̄βj d̄γk q ,

HRL
i jk ” ϵαβγpψ̄ūαi qpd c β

j d c γ
k q , HRR

i jk ” ϵαβγpψ̄ūαi qpd̄βj d̄γk q ,

pi “ 1 , 1 ď j ă k ď 2q ,

rHLL
i jk ” ϵαβγpψd c β

j qpucα
i d c γ

k q , rHLR
i jk ” ϵαβγpψd c β

j qpūαi d̄γk q ,

rHRL
i jk ” ϵαβγpψ̄d̄βj qpucα

i d c γ
k q , rHRR

i jk ” ϵαβγpψ̄d̄βj qpūαi d̄γk q ,

pi “ 1 , j, k “ 1, 2q .

B Feynman Rules

Below, we list the relevant MSSM RpV couplings of Eq. (9). Mixing matrices are defined in
appendix C.

B.1 Electroweak gauge couplings

g
Zχ0

i χ
0
j

L “ ´

b

g2
1 ` g2

2

2

“

Nid N˚
jd ´ NiuN˚

ju ` Niνl
N˚

jνl

‰

“ ´

´

g
Zχ0

j χ
0
i

R

¯˚

, (48a)

g
Zχ`

i χ
´

j

L “

b

g2
1 ` g2

2

“

c2
W UiwU˚

jw `
c2
W ´s2

W
2 pUid U˚

jd ` Uiel
U˚

jel
q
‰

“ ´g
Zχ´

j χ
`

i

R , (48b)

g
Zχ`

i χ
´

j

R “

b

g2
1 ` g2

2

“

c2
W V ˚

iwVjw `
c2
W ´s2

W
2 V ˚

iuVju ´ s2
W V ˚

iel
Vjel

‰

“ ´g
Zχ´

j χ
`

i

L , (48c)

g
Zuc

i u j

L “ ´

b

g2
1 ` g2

2

2

`

1 ´
4
3 s2

W

˘

δi j “ ´g
Zu ju

c
i

R , (48d)
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g
Zuc

i u j

R “
2
3

b

g2
1 ` g2

2 s2
W δi j “ ´g

Zu ju
c
i

L , (48e)

g
Zd c

i d j

L “

b

g2
1 ` g2

2

2

`

1 ´
2
3 s2

W

˘

δi j “ ´g
Zd j d

c
i

R , (48f)

g
Zd c

i d j

R “ ´

b

g2
1 ` g2

2

3
s2
W δi j “ ´g

Zd j d
c
i

L , (48g)

g
W `χ0

i χ
´

j

L “ ´g2

“

NiwU˚
jw `

1?
2
Nid U˚

jd `
1?
2
Niνl

U˚
jel

‰

(48h)

“

´

g
W ´χ`

j χ
0
i

L

¯˚

“ ´g
W `χ´

j χ
0
i

R “ ´

´

g
W ´χ0

i χ
`

j

R

¯˚

,

g
W `χ0

i χ
´

j

R “ ´g2

“

N˚
iwVjw ´

1?
2
N˚

iuVju
‰

“

´

g
W ´χ`

j χ
0
i

R

¯˚

“ ´g
W `χ´

j χ
0
i

L “ ´

´

g
W ´χ0

i χ
`

j

L

¯˚

, (48i)

g
W ´d c

i u j

L “ ´
g2

?
2

V CKM ˚
ji “ ´g

W ´u j d
c
i

R “

´

g
W `uc

j di

L

¯˚

“ ´

´

g
W `diu

c
j

R

¯˚

, (48j)

g
W ´d c

i u j

R “ 0 “ ´g
W ´u j d

c
i

L “

´

g
W `uc

j di

R

¯˚

“ ´

´

g
W `diu

c
j

L

¯˚

. (48k)

B.2 Scalar couplings

g
S0

mχ
0
i χ

0
j

L “
1
2

pg1N˚
i b ´ g2N˚

iwq
“

X ˚
md N˚

jd ´ X ˚
muN˚

ju ` X ˚

mÑl
N˚

jνl

‰

` pi Ø jq “

´

g
S0

mχ
0
j χ

0
i

R

¯˚

, (49a)

g
S0

mχ
`

i χ
´

j

L “
Y l

e
?

2
V ˚

iel

“

XmÑl
U˚

jd ´ Xmd U˚
jel

‰

´
g2

?
2

“

X ˚
md V ˚

iwU˚
jd ` X ˚

muV ˚
iuU˚

jw ` X ˚

mÑl
V ˚

iwU˚
jel

‰

´
λlnp
?

2
XmÑl

V ˚
iep

U˚
jen

“

´

g
S0

mχ
`

j χ
´

i

R

¯˚

“ g
S0

mχ
´

j χ
`

i

L “

´

g
S0

mχ
´

i χ
`

j

R

¯˚

, (49b)

g
S0

muc
i u j

L “ ´
Y i

u
?

2
Xmuδi j “

´

g
S0

muc
jui

R

¯˚

“ g
S0

mu ju
c
i

L “

´

g
S0

muiu
c
j

R

¯˚

, (49c)

g
S0

md c
i d j

L “ ´
Y i

d
?

2
Xmdδi j ´

λ1
l ji

?
2

XmÑl
“

´

g
S0

md c
j di

R

¯˚

“ g
S0

md j d
c
i

L “

´

g
S0

mdi d
c
j

R

¯˚

, (49d)

g
S´

m χ
`

i χ
0
j

L “ ´
g1

?
2

pX C ˚
mu V ˚

iu ` 2X C ˚

mE l
R
V ˚

iel
qN˚

j b ´
g2

?
2

X C ˚
mu pV ˚

iuN˚
jw `

?
2V ˚

iwN˚
juq (49e)

´ Y l
e V ˚

iel
pX C ˚

mE l
L
N˚

jd ´ X C ˚
md N˚

jνl
q ´λlnpX C ˚

mEn
L
V ˚

iep
N˚

jνl

“

´

g
S`

m χ
´

i χ
0
j

R

¯˚

“ g
S´

m χ
0
j χ

`

i

L “

´

g
S`

m χ
0
j χ

´

i

R

¯˚

,

g
S´

m χ
`

i χ
0
j

R “
1

?
2

pX C ˚
md Uid ` X C ˚

mE l
L
Uiel

qpg1N j b ` g2N jwq ´ g2UiwpX C ˚
md N jd ` X C ˚

mE l
L
N jνl

q (49f)

´ Y l
e X C ˚

mE l
R
pUiel

N jd ´ Uid N jνl
q ´λ˚

lnpX C ˚

mEp
R
Uien

N jνl

“

´

g
S`

m χ
´

i χ
0
j

L

¯˚

“ g
S´

m χ
0
j χ

`

i

R “

´

g
S`

m χ
0
j χ

´

i

L

¯˚

,

g
S´

m d c
i u j

L “ Y i
d V CKM ˚

ji X C ˚
md `λ1

lniV
CKM˚
jn X C ˚

mE l
L

“

´

g
S`

m uc
j di

R

¯˚

“ g
S´

m u j d
c
i

L “

´

g
S`

m diu
c
j

R

¯˚

, (49g)

g
S´

m d c
i u j

R “ Y j
u V CKM ˚

ji X C ˚
mu “

´

g
S`

m uc
j di

L

¯˚

“ g
S´

m u j d
c
i

R “

´

g
S`

m diu
c
j

L

¯˚

, (49h)
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g
Umuc

iχ
0
j

L “ ´Y i
u X ˚

mU i
L
N˚

ju `
2

?
2

3
g1X ˚

mU i
R
N˚

j b “

´

g
U˚

mχ
0
j ui

R

¯˚

“ g
Umχ

0
j uc

i

L “

´

g
U˚

m uiχ
0
j

R

¯˚

, (49i)

g
Umuc

iχ
0
j

R “ ´Y i
u X ˚

mU i
R
N ju ´

1
?

2
X ˚

mU i
L
p

g1
3 N j b ` g2N jwq

“

´

g
U˚

mχ
0
j ui

L

¯˚

“ g
Umχ

0
j uc

i

R “

´

g
U˚

m uiχ
0
j

L

¯˚

, (49j)

g
Dmd c

i χ
0
j

L “ ´Y i
d X ˚

mDi
L
N˚

jd ´

?
2

3
g1X ˚

mDi
R
N˚

j b ´λ1
lniX

˚
mDn

L
N˚

jνl
(49k)

“

´

g
D˚

mχ
0
j di

R

¯˚

“ g
Dmχ

0
j d c

i

L “

´

g
D˚

m diχ
0
j

R

¯˚

,

g
Dmd c

i χ
0
j

R “ ´Y i
d X ˚

mDi
R
N jd ´

1
?

2
X ˚

mDi
L
p

g1
3 N j b ´ g2N jwq ´λ1˚

l inX ˚
mDn

R
N jνl

(49l)

“

´

g
D˚

mχ
0
j di

L

¯˚

“ g
Dmχ

0
j d c

i

R “

´

g
D˚

m diχ
0
j

L

¯˚

,

g
Umd c

i χ
´

j

L “ Y i
d V CKM ˚

ni X ˚
mUn

L
U˚

jd `λ1
l piV

CKM ˚
np X ˚

mUn
L
U˚

jel

“

´

g
U˚

mχ
`

j di

R

¯˚

“ g
Umχ

´

j d c
i

L “

´

g
U˚

m diχ
`

j

R

¯˚

, (49m)

g
Umd c

i χ
´

j

R “ Y n
u V CKM ˚

ni X ˚
mUn

R
Vju ´ g2V CKM ˚

ni X ˚
mUn

L
Vjw

“

´

g
U˚

mχ
`

j di

L

¯˚

“ g
Umχ

´

j d c
i

R “

´

g
U˚

m diχ
`

j

L

¯˚

, (49n)

g
D˚

m uiχ
´

j

L “ Y n
d V CKM ˚

in XmDn
R
U˚

jd ´ g2V CKM ˚
in XmDn

L
U˚

jw `λ1
lnpV CKM ˚

in XmDp
R
U˚

jel
(49o)

“

´

g
Dmχ

`

j uc
i

R

¯˚

“ g
D˚

mχ
´

j ui

L “

´

g
Dmuc

iχ
`

j

R

¯˚

,

g
D˚

m uiχ
´

j

R “ Y i
u V CKM ˚

in XmDn
L
Vju “

´

g
Dmχ

`

j uc
i

L

¯˚

“ g
D˚

mχ
´

j ui

R “

´

g
Dmuc

iχ
`

j

L

¯˚

, (49p)

g
U˚

m d c
i d c

j

L “ ´λ2
ni jXmUn

R
“

´

g
Umdi d j

R

¯˚

“ ´g
U˚

m d c
j d c

i

L “ ´

´

g
Umd j di

R

¯˚

, g
U˚

m d c
i d c

j

R “ 0 , (49q)

g
D˚

m uc
i d c

j

L “ ´λ2
in jXmDn

R
“

´

g
Dmd jui

R

¯˚

“ g
D˚

m d c
j u

c
i

L “

´

g
Dmui d j

R

¯˚

, g
D˚

m uc
i d c

j

R “ 0 . (49r)

C Mixing in the RpV MSSM

C.1 Mixing in the chargino / lepton sector

We work in the field basis where the sneutrino fields do not take a vacuum expectation value
(vev) [67]. Then the Dirac mass-terms in the chargino/lepton sector read

´L Q pw̃`, h̃`
u , ec f

R qMC̃pw̃´, h̃´

d , eg
LqT ` h.c. , (50)

with the 5 ˆ 5 matrix:

MC̃ “

»

–

M2 g2vd 0
g2vu µ µ j

0 0 Y i
eδi j vd

fi

fl . (51)

Here i, j correspond to the flavor indices. µ j is the RpV bilinear coupling. For the mass
matrix of Eq. (51) we perform a singular value decomposition [44] with a pair of unitary
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matrices such that: MC̃ “ V T diagpmχ˘

i
qU , from which we deduce the mass eigenstates:

χ`

i “ V ˚
iww̃` ` V ˚

ihh̃`
u ` V ˚

ie j
ec j

R , χ´

i “ U˚
iww̃´ ` U˚

ihh̃´

d ` U˚
ie j

e j
L .

In the hierarchical context |M2|, |µ|,
ˇ

ˇ|M2|´|µ|
ˇ

ˇ " gv, |µ j|, Y g
e vd , we can expand the mixing

matrices according to W “ I`W p1q `. . ., for W “ U , V . The non-trivial elements of W p1q read:

Up1q

1d “
g2pvd M˚

2 ` vuµq

|M2|2 ´ |µ|2
, Up1q

2w “ ´
g2pvd M2 ` vuµ

˚q

|M2|2 ´ |µ|2
, Up1q

2el
“
µl

µ
, (52)

V p1q

1u “
g2pvdµ` vuM˚

2 q

|M2|2 ´ |µ|2
, V p1q

2w “ ´
g2pvdµ

˚ ` vuM2q

|M2|2 ´ |µ|2
, Up1q

3l d
“ ´

µ˚
l

µ˚
,

where the mass-indices 1, 2, 3l respectively refer to mostly wino, higgsino and lepton states.
Here el ` eµ, τ for l “ 1,2, 3.

C.2 Mixing in the neutralino / neutrino sector

Similarly to the chargino/lepton sector, electroweak-symmetry breaking and RpV mixing pro-
duce the 7 ˆ 7 Majorana mass-matrix between neutral gauginos, higgsinos and neutrinos, in
the basis pb̃0, w̃0, h̃0

d , h̃0
u,ν f

Lq:

MÑ “

»

—

—

—

—

—

–

M1 0 ´
g1?

2
vd

g1?
2

vu 0
0 M2

g2?
2

vd ´
g2?

2
vu 0

´
g1?

2
vd

g2?
2

vd 0 ´µ 0
g1?

2
vu ´

g2?
2

vu ´µ 0 ´µg

0 0 0 ´µg 0

fi

ffi

ffi

ffi

ffi

ffi

fl

. (53)

This matrix is Takagi diagonalized [44] via a 7 ˆ 7 unitary matrix N according to
MÑ “ N T diagpmχ0qN , from which we deduce the mass eigenstates

χ0
i “ N˚

i b b̃ ` N˚
iww̃0 ` N˚

ihd
h̃0

d ` N˚
ihu

h̃0
u ` N˚

iν f
ν

f
L , i “ 1, . . . , 7. Again, in a hierarchical context,

the mixing matrix can be expanded as N “ N p0q ` N p1q ` N p2q ` . . ., with:

N p0q “

»

—

—

—

—

—

–

1 0 0 0 0
0 1 0 0 0
0 0 1?

2
1?
2

0

0 0 ´
1?
2

1?
2

0
0 0 0 0 1

fi

ffi

ffi

ffi

ffi

ffi

fl

,

N p1q

1hd
“ ´

g1?
2

M˚
1 vd `µvu

|M1|2´|µ|2
, N p1q

1hu
“

g1?
2

M˚
1 vu`µvd

|M1|2´|µ|2
,

N p1q

2hd
“

g2?
2

M˚
2 vd `µvu

|M2|2´|µ|2
, N p1q

2hu
“ ´

g2?
2

M˚
2 vu`µvd

|M2|2´|µ|2
,

N p1q

3b “
g1
2

pvd ´vuqpM1´µ˚q

|M1|2´|µ|2
, N p1q

3w “
g2
2

pvu´vd qpM2´µ˚q

|M2|2´|µ|2
,

N p1q

4b “ ´
g1
2

pvd `vuqpµ˚`M1q

|M1|2´|µ|2
, N p1q

4w “
g2
2

pvd `vuqpµ˚`M2q

|M2|2´|µ|2
,

N p1q

3νl
“

µl?
2µ

“ ´N p1q

4νl
, N p1q

5lhd
“ ´

µ˚
l
µ˚ ,

(54)
and all other elements of N p1q are trivial. As we only consider bino- or neutrino-dominated
fields in the external legs, we only provide the bino-neutrino mixing of second order:

N p2q

1νl
“ ´

g1
?

2

µl

M1

M1vu `µ˚vd

|M1|2 ´ |µ|2
, N p2q

5l b “ ´
g1

?
2

µ˚
l vd

M˚
1 µ

˚
. (55)

In this description, the indices 1, 2, 3, 4 and 5l refer to mostly bino, wino, a pair of higgsino
and neutrino-like mass eigenstates.
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C.3 Mixing in the Higgs / slepton sector

The neutral Higgs and sneutrino states mix at tree-level through the soft SUSY-breaking RpV
parameters Bi ” BR

i ` i B I
i (after simplifying other mixing parameters via the minimization

equations of the scalar potential). The 5 ˆ 5 mass-blocks M2
S and M2

P for the CP-even and
CP-odd states in the gauge eigenbases ph0

d , h0
u, 1?

2
RerÑisq and pa0

d , a0
u, 1?

2
ImrÑisq (respectively)

read:

M2
S “

»

—

–

M2
A s2
β

` M2
Z c2
β

´pM2
A ` M2

Zqsβ cβ pBR
i qT tβ

´pM2
A ` M2

Zqsβ cβ M2
A c2
β

` M2
Z s2
β

´pBR
i qT

pBR
i qtβ ´pBR

i q RerM2
Ñ

s

fi

ffi

fl
, (56)

M2
P “

»

—

–

M2
A s2
β

M2
A sβ cβ pBR

i qT tβ
M2

A sβ cβ M2
A c2
β

pBR
i qT

pBR
i qtβ pBR

i q RerM2
Ñ

s

fi

ffi

fl
, (57)

where pBiq should be understood as a column 3-vector and M2
Ñ

“
`

m2
L mn `µ˚

mµn ` M2
Z

c2β

2 δmn
˘

is the 3ˆ3 mass subblock corresponding to the sneutrinos. ImrM2
L̃
s and B I

i mix CP-even and CP-
odd degrees of freedom and the mass eigenstates can be decomposed as

S0
p “ X R

pd h0
d ` X R

pu h0
u `

X R
pÑi?
2

RerÑis ` X I
pd a0

d ` X I
pu a0

u `
X I

pÑi?
2

ImrÑis, where pX R
p¨

, X I
p¨

q forms an

orthonormal eigenvector of the mass-matrix. We also define the notation X ” X R ` i X I .
Assuming M2

A , M2
Ñ ii

" M2
Z , |Bi|, |M2

Ñ i j
| ( j ‰ i), the mass eigenstates can be approximated

by:

h0 ” cβh0
d ` sβh0

u , m2
h0 « M2

Z c2
2β , G0 ” ´cβa0

d ` sβa0
u , m2

G0 “ 0 , (58)

H0 ” sβh0
d ´ cβh0

u , m2
H0 « M2

A ` M2
Z s2

2β , A0 ” sβa0
d ` cβa0

u , m2
A0 “ M2

A ,

ÑR
p ”

1?
2
RerÑps , Ñ I

p ”
1?
2
ImrÑps , m2

Ñp
« m2

L pp ` |µp|2 ` M2
Z

c2β

2 .

First order corrections may be encoded as S0
p “ pδpm`X p1q

pmqpS0
mqp0q with pS0

mqp0q corresponding

to the states of Eq. (58), where the non-trivial elements of X p1q are:

X p1q

h0H0 “ ´
M2

Z s4β

2M2
A

“ ´X p1q

H0h0 , X p1q

ÑR
p Ñ I

q
“ ´

ImrM2
Ñ

spq

m2
Ñp

´ m2
Ñq

“ ´X p1q

Ñ I
q ÑR

p
,

X p1q

ÑR
p ÑR

q
“

RerM2
Ñ

spq

m2
Ñp

´ m2
Ñq

“ ´X p1q

ÑR
q ÑR

p
, X p1q

Ñ I
p Ñ I

q
“

RerM2
Ñ

spq

m2
Ñp

´ m2
Ñq

“ ´X p1q

Ñ I
q Ñ I

p
, (59)

X p1q

H0ÑR
p

“
BR

p{cβ

M2
A ´ m2

Ñp

“ ´X p1q

ÑR
p H0 , X p1q

H0Ñ I
p

“
´B I

p{cβ

M2
A ´ m2

Ñp

“ ´X p1q

Ñ I
p H0 ,

X p1q

A0Ñ I
p

“
BR

p{cβ

M2
A ´ m2

Ñp

“ ´X p1q

Ñ I
pA0 , X p1q

A0ÑR
p

“
B I

p{cβ

M2
A ´ m2

Ñp

“ ´X p1q

ÑR
p A0 .

As a result, only the heavy Higgs doublets H0, A0 undergo RpV mixing with the sneutrinos at
leading order.

Similarly, the mass matrix in the charged sector mixes charged Higgs and sleptons. In the
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gauge basis pH´

d , H´
u , Ẽ i

L , pẼc i
R q˚q,

M2
C “

»

—

—

—

–

pM2
A ` M2

W qs2
β

pM2
A ` M2

W qsβ cβ pBiq
T tβ pmei

µiqtβ
pM2

A ` M2
W qsβ cβ pM2

A ` M2
W qc2

β
pBiq

T pmei
µiq

pBiq
˚ tβ pBiq

˚ M2
ẼL

M2
ẼLR

pmei
µ˚

i qtβ pmei
µ˚

i q M2
ẼRL

M2
ẼR

fi

ffi

ffi

ffi

fl

, (60)

M2
ẼL

“
`

m2
L mn `µ˚

mµn ` pm2
em

`
g2

1´g2
2

4 v2c2βqδmn
˘

,

M2
ẼR

“
`

m2
E mn `µ˚

mµn ` pm2
em

´
g2

1
4 v2c2βqδmn

˘

,

M2
ẼLR

“ pAe ˚
mnvd ´ mem

tβ µδmn ´µkλ
˚
kmnvuq , M2

ẼRL
“
`

M2
ẼLR

˘:
.

The mass eigenstates may then be written as S´
p “ X C

pd H´

d ` X C
pu H´

u ` X C
pẼ i

L
Ẽ i

L ` X C
pẼ i

R
pẼc i

R q˚.

In a hierarchical context, they may be approximated by:

G´ “ ´cβH´

d ` sβH´
u , m2

G˘ “ 0 , H´ “ sβH´

d ` cβH´
u , m2

H˘ “ M2
A ` M2

W ,

Ẽ i
L , m2

Ẽ i
L

“ pM2
ẼL

qii , pẼc i
R q˚ , m2

Ẽ i
R

“ pM2
ẼR

qii . (61)

Then, the non-trivial mixings at first order are given by:

X Cp1q

H´ Ẽp
L

“
Bp{cβ

M2
A ´ m2

Ẽp
L

“ ´X Cp1q

Ẽp
L H´

, X Cp1q

H´ Ẽp
R

“
mep
µp{cβ

M2
A ´ m2

Ẽp
R

“ ´
`

X Cp1q

Ẽp
R H´

˘˚
,

X Cp1q

Ẽp
L Ẽq

L
“

pM2
ẼL

q˚
pq

m2
Ẽp

L
´ m2

Ẽq
L

“ ´
`

X Cp1q

Ẽq
L Ẽp

L

˘˚
, X Cp1q

Ẽp
R Ẽq

R
“

pM2
ẼR

q˚
pq

m2
Ẽp

R
´ m2

Ẽq
R

“ ´
`

X Cp1q

Ẽq
R Ẽp

R

˘˚
, (62)

X Cp1q

Ẽp
L Ẽq

R
“

pM2
ẼLR

q˚
pq

m2
Ẽp

L
´ m2

Ẽq
R

“ ´
`

X Cp1q

Ẽq
R Ẽp

L

˘˚
.

C.4 Mixing in the squark sector

The sfermion mixing matrices can be written in the pF̃L , F̃ c ˚
R q basis (F̃ “ Ũ , D̃) as:

M2
F̃

“

«

M2
F̃L

M2
F̃LR

M2
F̃RL

M2
F̃R

ff

,

$

’

’

’

’

&

’

’

’

’

%

M2
F̃L

” m2
FL

` m2
f `

1
2

ˆ

Y f
L

2 g2
1 ´ I f

3 g2
2

˙

pv2
u ´ v2

d q ,

M2
F̃R

” m2
FR

` m2
f `

Y f
R

4 g2
1pv2

u ´ v2
d q ,

M2
F̃LR

” A˚
f v f ´ m f µ

v f 1

v f
´µiλ

1˚
i jkvuδF̃ D̃ , M2

F̃RL
“ M2 :

F̃LR
,

(63)

where f is the fermion corresponding to the sfermion F̃ , while f 1 is its SUp2qL partner. Then,
Y f

L,R are the associated hypercharges, I f
3 , the isospin. Finally, v f denotes the vev. of the Higgs

doublet to which the fermion f couples at tree-level. Each entry should again be understood as
a 3ˆ3 block. We write the mass eigenstates as F̃p “ XpF̃ i

L
F̃ i

L`XpF̃ i
R

F̃ i
R. It is also possible to work

under the simplifying assumption that inter-generation and left-right mixings are suppressed
compared to the diagonal hierarchy.
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D Loop Integrals for the ψÑ ν̄iγ Transition

The loop integrals IV,S
L,R of Eq. (20) can be written in terms of the standard Passarino-Veltman

functions [68,69]:

IV
L p

m2
ψ

M2
W

,
m2
χ j

M2
W

q “ 2 M2
W

´

rC21 ´ C23 ´ C12sppψ, ´pγ, m2
χ j

, M2
W , M2

W q

` rC21 ´ C23 ` 2C11 ´ C12 ` C0sp´pψ, pγ, M2
W , m2

χ j
, m2

χ j
q

¯

, (64)

IV
R p

m2
ψ

M2
W

,
m2
χ j

M2
W

q “ 4 M2
W

´

C11ppψ, ´pγ, m2
χ j

, M2
W , M2

W q ´ rC11 ` C0sp´pψ, pγ, M2
W , m2

χ j
, m2

χ j
q

¯

,

IS
L p

m2
ψ

m2
S
,

m2
f

m2
S
q “ m2

S

´

rC11 ` C0sppψ, ´pγ, m2
f , m2

S , m2
Sq ´ C11p´pψ, pγ, m2

S , m2
f , m2

f q

¯

,

IS
Rp

m2
ψ

m2
S
,

m2
f

m2
S
q “ ´m2

S

´

rC21 ´ C23 ` C11 ´ C12sppψ, ´pγ, m2
f , m2

S , m2
Sq

` rC21 ´ C23 ` C11 ´ C12sp´pψ, pγ, m2
S , m2

f , m2
f q

¯

.

In the regime m2
ψ

! M2
W , m2

S that we consider here, it is useful (in terms of numerical stability)
to replace these functions by their limit with vanishing first argument:

IV
L p0, zq “ ´

1
1´z

“3
2 ´ 2z ` p2z ´ 1q fγpzq

‰

, IV
R p0, zq “ 4

`

1 ´ fγpzq
˘

, (65)

IS
L p0, zq “ ´ fγpzq{z , IS

Rp0, zq “
1

2p1´zq

`

fγpzq ´
1
2

˘

, (66)

fγpzq ” ´
z

1´z

`

1 `
ln z
1´z

˘

.

E Wilson Coefficients at Leading order in RpV / Mixing

In this section, we express the Wilson coefficients at leading order in terms of the RpV pa-
rameters, in an expansion with respect to the mixing between gauge / flavor eigenstates and
neglecting the Yukawa couplings. This operation provides a more intuitive view of the con-
tributions of the RpV MSSM to the Wilson coefficients. We naturally assume that the light
neutralino is bino-like. Nevertheless, the corresponding results do not accurately describe all
arbitrary parameter choices of the model. In particular, bilinear RpV contributions (mixing
leptons / sleptons and Higgs / Higgsinos, hence involving higher orders in mixing or Yukawa
couplings) are then systematically discarded. In regimes where |λ

p1q,p2q

i jk | !
ˇ

ˇ

µi1

µ

ˇ

ˇ or if final
states with charged leptons or hadrons are kinematically inaccessible, these bilinear param-
eters would however determine the decays of the light neutralino. For instance, decays into
neutrinos are controlled by the following Wilson coefficients, involving two degrees of mixing:

CrNi jks “ ´
g1vdpµiδ jk `µkδi jq

4
?

2p1 `δikqµ

” 1

m2
Ñ j

´ g2
1

M1
`

g2
2

M2

¯

`
g2

1 ` g2
2

M1M2
Z

ı

. (67)

In addition, Yukawa contributions for the muon or the strange quarks may be competitive with
mixing terms of higher order.
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E.1 Leptonic operators

Cr rNi jkspµ0q « 0 , CrNi jkspµ0q « 0 , CrSνe R
i jk spµ0q « 0 ,

CrSνe L
i jk spµ0q « ´

g1
?

2

»

–λik j

´

1
m2

Ñi

´
1

2m2
Ẽk

L

`
1

m2

Ẽ j
R

¯

´
ÿ

l‰i

λlk j M
2
Ñ il

m2
Ñi

m2
Ñl

`
ÿ

l‰k

λil j M
2
ẼL lk

2m2
Ẽk

L
m2

Ẽ l
L

´
ÿ

l‰ j

λikl M
2
ẼR jl

m2
Ẽ j

R

m2
Ẽ l

R

fi

fl ,

CrVνe L
i jk spµ0q «

g1λikl

2
?

2

M2
ẼLR jl

m2
Ẽ j

L

m2
Ẽ l

R

, CrVνe R
i jk spµ0q «

g1λil j
?

2

M2
ẼLR lk

m2
Ẽ l

L
m2

Ẽk
R

, (68)

CrT νe
i jk spµ0q «

g1λikl
?

2m2
Ẽ j

R

”

δ jl ´ p1 ´δ jlq

M2
ẼR jl

m2
Ẽ l

R

ı

`
g1λil j

2
?

2m2
Ẽk

L

”

δkl ´ p1 ´δklq

M2
ẼL lk

m2
Ẽ l

L

ı

.

Below, we omit the
ÿ

l‰¨

or p1 ´δl¨q indicating sfermion mixing.

E.2 Semi-leptonic operators

CrSνu L,R
i jk spµ0q « 0 « CrVνu L,R

i jk spµ0q « CrT νu
i jk spµ0q , CrSνd R

i jk spµ0q « 0 ,

CrSνd L
i jk spµ0q « ´

g1
?

2

”λ1
lk j

m2
Ñi

`

δil ´
M2

Ñ il

m2
Ñl

˘

`
λ1

il j

6m2
D̃k

L

`

δkl ´

M2
D̃L lk

m2
D̃l

L

˘

`
λ1

ikl

3m2
D̃ j

R

`

δ jl ´

M2
D̃R jl

m2
D̃l

R

˘

ı

,

CrVνd L
i jk spµ0q « ´

g1λ
1
ikl M

2
D̃LR jl

6
?

2m2
D̃ j

L

m2
D̃l

R

, CrVνd R
i jk spµ0q «

g1λ
1
il j M

2
D̃LR lk

3
?

2m2
D̃l

L
m2

D̃ j
R

, (69)

CrT νd
i jk spµ0q «

g1λ
1
ikl

3
?

2m2
D̃ j

R

”

δl j ´

M2
D̃R jl

m2
D̃l

R

ı

´
g1λ

1
il j

6
?

2m2
D̃k

L

”

δlk ´

M2
D̃L lk

m2
D̃l

L

ı

,

CrS eq LL
i jk spµ0q «

g1
?

2

”

λ1
ln j V

CKM ˚
kn

m2
Ẽi

L

´

δil ´
M2

ẼL l i

m2
Ẽl

L

¯

`
λ1

il j V
CKM ˚
ml

6m2
Ũk

L

´

δkm ´
M2

ŨL mk

m2
Ũm

L

¯

`
λ1

ilmV CKM ˚
kl

3m2

D̃ j
R

´

δ jm ´
M2

D̃R jm

m2
D̃m

R

¯ı

,

CrS eq LR
i jk spµ0q « 0 , CrS eq RL

i jk spµ0q «
?

2g1λ
1
ln jV

CKM ˚
kn

M2
ẼLR l i

m2
Ẽ l

L
m2

Ẽ i
R

, CrS eq RR
i jk spµ0q « 0 ,

CrV eq LL
i jk spµ0q «

g1λ
1
inmV CKM ˚

kn

6
?

2

M2
D̃LR jm

m2
D̃ j

L

m2
D̃m

R

, CrV eq LR
i jk spµ0q «

?
2g1λ

1
in jV

CKM ˚
mn

3

M2
ŨLR mk

m2
Ũm

L
m2

Ũk
R

,

CrV eq RL
i jk spµ0q « 0 , CrV eq RR

i jk spµ0q « 0 , CrT eq R
i jk spµ0q « 0 ,

CrT eq L
i jk spµ0q «

g1
?

2

”

λ1
il j V

CKM ˚
mn

6m2
Ũk

L

´

δkm ´
M2

ŨL mk

m2
Ũm

L

¯

´
λ1

ilmV CKM ˚
kl

3m2

D̃ j
R

´

δ jm ´
M2

D̃R jm

m2
D̃m

R

¯ı

. (70)
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E.3 Hadronic operators

CrHLL
i jkspµ0q « ´

2
?

2g1λ
2
n jk

3m2
Ũ i

R

”

δin ´

M2
ŨR in

m2
Ũn

R

ı

, CrHRL
i jkspµ0q « ´

g1λ
2
n jk

3
?

2

M2
ŨLR in

m2
Ũ i

L
m2

Ũn
R

, (71)

Cr rHLL
i jkspµ0q «

?
2g1λ

2
ink

3m2
D̃ j

R

”

δ jn ´

M2
D̃R jn

m2
D̃n

R

ı

, Cr rHRL
i jkspµ0q « ´

g1λ
2
ink

3
?

2

M2
D̃LR jn

m2
D̃ j

L

m2
D̃n

R

.

E.4 Electromagnetic dipole operators

Neglecting any degree of mixing:

CMSSMrEis «
g1

?
2
λi j jme j

” 1

m2
Ẽ j

L

IS
L

` m2
ψ

m2

Ẽ j
L

,
m2

e j

m2

Ẽ j
L

˘

`
2

m2
Ẽ j

R

IS
L

` m2
ψ

m2

Ẽ j
R

,
m2

e j

m2

Ẽ j
R

˘

ı

(72)

´
Nc g1

9
?

2
λ1

i j jmd j

” 1

m2
D̃ j

L

IS
L

` m2
ψ

m2

D̃ j
L

,
m2

d j

m2

D̃ j
L

˘

´
2

m2
D̃ j

R

IS
L

` m2
ψ

m2

D̃ j
R

,
m2

d j

m2

D̃ j
R

˘

ı

.

F Kinematic Integrals for the Three-body Leptonic Decays

The kinematic integrals of Eq. (29) are defined by (x j ` xk ă 1):

IΩ,Ω1rx j , xks “

ż 1

px j`xkq2
ds fΩ,Ω1psqp1 ´ sq2

´

1 ´ 2
x2

j `x2
k

s `
px2

j ´x2
k q2

s2

¯1{2
, (73)

where the functions fΩ,Ω1 read (with fΩ1,Ω “ fΩ,Ω1):

fS L ,S L psq “
1
2ps ´ x2

j ´ x2
kq “ fSR,SRpsq , fS L ,SRpsq “ ´x j xk “ fSR,S L psq ,

fV L ,S L psq “
x j
2 rs´1px2

j ´ x2
kq ´ 1s “ fVR,SRpsq , fV L ,SRpsq “

xk
2 ps´1rx2

j ´ x2
ks ` 1q “ fVR,S L psq ,

fT L ,S L,Rpsq “ 0 , fV L ,VRpsq “ 2x j xk , (74)

fV L ,V L psq “
1
3

␣

1 ` 2s `
x2

j `x2
k

s p1 ´ sq ´
px2

j ´x2
k q2

s2 p2 ` sq
(

“ fVR,VRpsq ,

fT L ,V L psq “
3x j
2 p1 ` s´1rx2

k ´ x2
j sq , fT L ,VRpsq “

3xk
2 p1 ` s´1rx2

j ´ x2
ksq ,

fT L ,T L psq “
2`s

6

␣

1 `
x2

j `x2
k

s ´ 2
px2

j ´x2
k q2

s2

(

.

These can be written as linear combinations of the four base functions
fmpsq “ sm, m P t´2, ´1,0, 1u; this decomposition can be used for the calculation of the inte-
grals.
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Imrx j , xks ”

ż 1

px j`xkq2
ds fmpsqp1 ´ sq2

´

1 ´ 2
x2

j `x2
k

s `
px2

j ´x2
k q2

s2

¯1{2
, (75)

I´2rx j , xks “

„

x2
j ´x2

k
2 `

x2
j `x2

k

x2
j ´x2

k
´

x2
j x2

k

px2
j ´x2

k q3

ȷ

L1 `

„

1 `
x2

j `x2
k

2

ȷ

L2 `

„

5
2 `

x2
j `x2

k

2px2
j ´x2

k q2

ȷ

S ,

I´1rx j , xks “ ´

„

x2
j ´ x2

k `
x2

j `x2
k

2px2
j ´x2

k q

ȷ

L1 ´

”

1
2 ` x2

j ` x2
k ´ x2

j x2
k

ı

L2 ´
1
2 r5 ` x2

j ` x2
ksS ,

I0rx j , xks “
x2

j ´x2
k

2 L1 `
1
2

”

x2
j ` x2

k ` 2x2
j x2

kpx2
j ` x2

k ´ 2q

ı

L2

`
1
6

”

2 ` 5px2
j ` x2

kq ´ x4
j ´ x4

k ´ 10x2
j x2

k

ı

S ,

I1rx j , xks “ x2
j x2

k

”

1 ´ 3px2
j ` x2

kq ` x4
j ` x4

k ` 3x2
j x2

k

ı

L2

`
1
12

”

1 ´ 3px2
j ` x2

kq ` 3x4
j ` 3x4

k ` 32x2
j x2

k ´ x6
j ´ x6

k ´ 29x2
j x2

kpx2
j ` x2

kq

ı

S ,

L1 ” ln 1`X1
1´X1

, X1 ”
x2

j ´x2
k

x2
j `x2

k ´px2
j ´x2

k q2 S , L2 ” ln 1`X2
1´X2

, X2 ” ´
S

1´x2
j ´x2

k
,

S ”

”

1 ´ 2px2
j ` x2

kq ` px2
j ´ x2

kq2
ı1{2

.

The functions Im are regular in the limits x j Ñ xk and x j , xk Ñ 0.

G Neutron-antineutron Oscillations

The chiral Lagrangian of Eq. (31) implies neutralino-baryon mixing, which can mediate
baryon-antibaryon oscillations. Here, we focus on the very constrained case of the neutron
[70]. Eq. (31) in particular contains the terms:

LχPT
ψ

Q ´mψnpΨ̄PLn0q ´ m˚
ψnc pΨ̄PRn0q ` h.c. ,

#

mψn ” ´
`

α̃Cr rHRL
111s˚ ` β̃ Cr rHRR

111s˚
˘

pµq ,

mψnc ” ´
`

α̃Cr rHLR
111s ` β̃ Cr rHLL

111s
˘

pµq .
(76)

We can express this in terms of a mass matrix for the neutralino-neutron-antineutron system:

´
1
2

pψnL nc
Rq

»

–

mψ mψn mψnc

mψn mnn mn
mψnc mn mnc nc

fi

fl

¨

˝

ψ

nL
nc

R

˛

‚` h.c. , (77)

where the entries mnn and mnc nc emerge from dimension 9 (six-fermion) operators and cor-
respond to a direct high-energy contribution to the neutron-antineutron mixing. At tree-
level, these are mediated by gluino + squark or heavy neutralino + squark diagrams — see
e.g. Ref. [71] for a recent review. They entail a scale-suppression double to that of mψn and
mψnc . Relevant lattice evaluations of the hadronic matrix elements for the dimension 9 oper-
ators can be found in Ref. [72].

Diagonalization of the mass matrix of Eq. (77) generates a mass splitting between the
neutron and antineutron. At leading order in |mnn, mnc nc | ! |mψn, mψnc | ! |mn ˘mψ|, the two
mass eigenvalues for the hadron-dominated states read:

mn` « mn `
1
2Rermnn ` mnc nc s `

2mn´mψ
2pmn´mψq2 Rermψn ` mψnc s

2

`
2mn`mψ

2pmn`mψq2 Imrmψn ` mψnc s
2 , (78)

mn´ « ´mn `
1
2Rermnn ` mnc nc s ´

2mn`mψ
2pmn`mψq2 Rermψn ´ mψnc s

2

´
2mn´mψ

2pmn´mψq2 Imrmψn ´ mψnc s
2 .
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This results in a neutron-antineutron oscillation frequency of

ωnnc « Rermnn `mnc nc s`
2mn´mψ

2pmn´mψq2 Rerpmψn `m˚
ψnc q

2s´
2mn`mψ

2pmn`mψq2 Rerpmψn ´m˚
ψnc q

2s , (79)

which can be compared to the experimental limit on the oscillation time, from Super
Kamiokande [70], τnnc ą 2.7 ¨ 108 s. Nevertheless, we stress that this particular limit criti-
cally depends on the connection between τnnc and the O16 lifetime, which involves complex
nuclear modeling. A comparable bound has been extracted from the deuteron lifetime [73]
using EFT methods, but finding significant discrepancy with nuclear models [74]. Naturally,
the existence of light new physics (in the presence of a light neutralino) may further modify
corresponding analyses. More direct limits from neutron beam experiments are available in
Ref. [75], with further improvement expected at the European Spallation Source [76].

Let us focus on the contributions originating in neutron-neutralino mixing, i.e. mψn and
mψnc of Eq. (76). In the RpV MSSM at leading order, Cr rHLR

111s and Cr rHRR
111s vanish while non-

zero Cr rHLL
111s and Cr rHRL

111s imply flavor mixing in the squark sector. This suggests a source
of suppression from flavor-mixing in addition to that originating in the RpV violation. In the
approximation of suppressed flavor mixing (see Appendix E), we have:

Cr rHLL
111spµ0q «

?
2g1

3
λ2

1n1

M2
D̃R1n

m2
D̃1

R
m2

D̃n
R

, Cr rHRL
111spµ0q «

g1

3
?

2
λ2

1n1

M2
D̃LR1n

m2
D̃1

L
m2

D̃n
R

. (80)

Similarly, flavor-mixing is a necessary ingredient to generate non-trivial mnn and mnc nc , so that
the existence of neutron-antineutron oscillations in the RpV MSSM strongly depends on the
chosen flavor template.

H Hadronic Decay Widths

The mixing Lagrangian of Eq. (31) generates mixing terms between the neutralino and the
baryons, as well as trilinear couplings with mesons:

Lχ Q Ω
Bk
L,Rψ̄PL,RBk ` i C

ψMi B j

L,R ψ̄PL,RB j Mi , (81)

Ω
Bk
L ” ´pα̃C LR ˚

mn ` β̃CRR ˚
mn qTrrEmnλks , ΩBk

R ” ´pα̃CRL ˚
mn ` β̃C LL ˚

mn qTrrEmnλks , (82)

C
ψMi B j

L ” ´
α̃

fχ
C LR ˚

mn TrrEmnpλiλ j `λ jλiqs ´
β̃

fχ
CRR ˚

mn TrrEmnpλiλ j ´λ jλiqs , (83)

C
ψMi B j

R ”
α̃

fχ
CRL ˚

mn TrrEmnpλiλ j `λ jλiqs `
β̃

fχ
C LL ˚

mn TrrEmnpλiλ j ´λ jλiqs . (84)

Here, C LL,RR,LR,RL
mn stand for the Wilson coefficients of the operators of H- and rH-types and

can be straightforwardly identified by comparing with Eq. (31). We have written the baryon
and meson octets as B ” λ jB j , M ” λi Mi , where λ j are linear combinations of the Gell-Mann
matrices, B j P tΣ0,Σ`,Σ´, n0,Ξ0, p`,Ξ´,Λ0u and Mi P tπ0,π`,π´, K0, K̄0, K`, K´,η0

8u.
Through the mixing terms of Eq. (81), the neutralino may decay into one baryon and one

meson using the baryon-meson-baryon interaction (in four-component spinor notation):

Lχ Q i C B̄k Mi B j
`

B̄kp´i {BMiqγ5B j
˘

` i C̃ B̄k Mi B j Mi
`

B̄kγ5B j
˘

, (85)

C B̄k Mi B j ”
D ´ F

fχ
Trrλ:

kλ jλis `
D ` F

fχ
Trrλ:

kλiλ js , (86)

C̃ B̄k Mi B j ” ´
2b1

fχ
Trrλ:

kpMqλi `λi Mqqλ js ´
2b2

fχ
Trrλ:

kλ jpMqλi `λi Mqqs , (87)
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where Mq “ diagrmu, md , mss is the quark mass matrix, D « 0.8, F « 0.47 while b1,2 are ill-
known (we will ignore them in practice). Further terms accounting for the weak interaction
can be included: they are essential in the description of the hyperon decays — see e.g. Ref. [59].
We dispense with a detailed description here: they essentially matter in the immediate mass-
vicinity of an hyperon or in situations where other sources of s Ñ d transition are suppressed.

Then, evaluating the two topologies of Feynman diagrams contributing to the ψ Ñ M̄i B̄ j
decay amplitude at tree-level, we obtain:

Aχrψ Ñ M̄i B̄ js “ ´v̄ψppψqg
ψMi B j

L,R PL,RvB j
ppB j

q , (88)

g
ψMi B j

L ” C
ψMi B j

L ´ C B̄k Mi B j
Ω

Bk
L pm2

ψ
` mBk

mB j
q `Ω

Bk
R mψpmBk

` mB j
q

m2
ψ

´ m2
Bk

` imBk
Γk

`C̃ B̄k Mi B j
Ω

Bk
L mBk

`Ω
Bk
R mψ

m2
ψ

´ m2
Bk

` imBk
Γk

, (89)

g
ψMi B j

R ” C
ψMi B j

R ` C B̄k Mi B j
Ω

Bk
R pm2

ψ
` mBk

mB j
q `Ω

Bk
L mψpmBk

` mB j
q

m2
ψ

´ m2
Bk

` imBk
Γk

´C̃ B̄k Mi B j
Ω

Bk
R mBk

`Ω
Bk
L mψ

m2
ψ

´ m2
Bk

` imBk
Γk

. (90)

I Semi-leptonic Three-body Decays

In the approximation where the lepton in the final state does not interact with the di-meson
system, the decay width for an individual semi-leptonic process ψÑ ℓ̄i M1M2 can be derived
from the amplitude of Eq. (41):

Γ rψÑ ℓ̄i M1M2s “
m3
ψ

B2
0

512p1 `δM1M2
qπ3 f 2

χ

ż p1´x iq
2

pX1`X2q2
ds̃

”

1 ´
2
s̃ pX 2

1 ` X 2
2q `

1
s̃2 pX 2

1 ´ X 2
2q2

ı1{2

ˆ

”

1 ´ 2ps̃ ` x2
i q ` ps̃ ´ x2

i q2
ı1{2 ÿ

Ω,Ω1

CrΩsCrΩ1s˚ g ℓ̄i M1M2rΩ,Ω1sps̃q , (91)

where x i ” mℓ1
{mψ, X1,2 ” mM1,2

{mψ. This defines the kinematic integral GM1M2rΩ,Ω1s of

Eq. (43). After application of Eq. (42), g ℓ̄i M1M2rΩ,Ω1sps̃q can be related to the reduced form-
factors FM1M2

Ω ps̃q ”
?

2 fχ F M1M2
Ω pm2

ψ
s̃q{B0 for all relevant operator pairs pΩ,Ω1q (we omit the

permutations that can be obtained from g ℓ̄i M1M2rΩ1,Ωs “ g ℓ̄i M1M2rΩ,Ω1s˚):

g ℓ̄i M1M2rSℓq JK
i jk ,Sℓq JK 1

i ȷ̃k̃
sps̃q ”

1
8p1 ´ s̃ ` x2

i qFM1M2
S jk ps̃q

`

FM1M2

S ȷ̃k̃
ps̃q

˘˚
,

g ℓ̄i M1M2rSℓq JK
i jk ,Sℓq J`1K 1

i ȷ̃k̃
sps̃q ”

x i
4 F

M1M2
S jk ps̃q

`

FM1M2

S ȷ̃k̃
ps̃q

˘˚
, (92)

g ℓ̄i M1M2rVℓq JK
i jk ,Sℓq JK 1

i ȷ̃k̃
sps̃q ” ´

y j´yk
8

“1
s̃ p1 ´ x2

i q ´ 1
‰

FM1M2
S jk ps̃q

`

FM1M2

S ȷ̃k̃
ps̃q

˘˚
,

g ℓ̄i M1M2rVℓq JK
i jk ,Sℓq J`1K 1

i ȷ̃k̃
sps̃q ” ´

x i
8 py j ´ ykq

“1
s̃ p1 ´ x2

i q ` 1
‰

FM1M2
S jk ps̃q

`

FM1M2

S ȷ̃k̃
ps̃q

˘˚
,

g ℓ̄i M1M2rT ℓq J
i jk ,Sℓq J 1K 1

i ȷ̃k̃
sps̃q ” 0 ,
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g ℓ̄i M1M2rVℓq JK
i jk ,Vℓq JK 1

i ȷ̃k̃
sps̃q ”

1
8s̃2 py j ´ ykqpy ȷ̃ ´ yk̃q

“

1 ´ s̃ ´ x2
i p2 ` s̃q ` x4

i

‰

FM1M2
S jk ps̃q

ˆ
`

FM1M2

S ȷ̃k̃
ps̃q

˘˚
`

m2
ψ

24

“

1 ´
2
s̃ pX 2

1 ` X 2
2q `

1
s̃2 pX 2

1 ´ X 2
2q2

‰

ˆ
“

1 ` s̃ ´ 2s̃2 ` x2
i ps̃ ´ 2q ` x4

i

‰

FM1M2
V jk ps̃q

`

FM1M2

V ȷ̃k̃
ps̃q

˘˚
,

g ℓ̄i M1M2rVℓq JK
i jk ,Vℓq J`1K 1

i ȷ̃k̃
sps̃q ”

x i
4s̃ py j ´ ykqpy ȷ̃ ´ yk̃qFM1M2

S jk ps̃q
`

FM1M2

S ȷ̃k̃
ps̃q

˘˚

´
m2
ψ

4 x i s̃
“

1 ´
2
s̃ pX 2

1 ` X 2
2q `

1
s̃2 pX 2

1 ´ X 2
2q2

‰

FM1M2
V jk ps̃q

`

FM1M2

V ȷ̃k̃
ps̃q

˘˚
,

g ℓ̄i M1M2rT ℓq J
i jk ,Vℓq JK 1

i ȷ̃k̃
sps̃q ” ´

m3
ψ

16 s̃
`

1 ´ s̃ ´ x2
i

˘“

1 ´
2
s̃ pX 2

1 ` X 2
2q `

1
s̃2 pX 2

1 ´ X 2
2q2

‰

FM1M2
T jk ps̃q

`

FM1M2

V ȷ̃k̃
ps̃q

˘˚
,

g ℓ̄i M1M2rT ℓq J
i jk ,Vℓq J`1K 1

i ȷ̃k̃
sps̃q ”

m3
ψ

16 x i s̃
`

1 ` s̃ ´ x2
i

˘“

1 ´
2
s̃ pX 2

1 ` X 2
2q `

1
s̃2 pX 2

1 ´ X 2
2q2

‰

FM1M2
T jk ps̃q

`

FM1M2

V ȷ̃k̃
ps̃q

˘˚
,

g ℓ̄i M1M2rT ℓq J
i jk ,T ℓq J

i ȷ̃k̃
sps̃q ”

m4
ψ

96 s̃
“

2 ´ s̃ ´ s̃2 ´ x2
i p4 ` s̃q ` 2x4

i

‰

ˆ
“

1 ´
2
s̃ pX 2

1 ` X 2
2q `

1
s̃2 pX 2

1 ´ X 2
2q2

‰

FM1M2
T jk ps̃q

`

FM1M2

T ȷ̃k̃
ps̃q

˘˚
,

g ℓ̄i M1M2rT ℓq J
i jk ,T ℓq J`1

i ȷ̃k̃
sps̃q ” ´

m4
ψ

16 x i s̃2
“

1 ´
2
s̃ pX 2

1 ` X 2
2q `

1
s̃2 pX 2

1 ´ X 2
2q2

‰

FM1M2
T jk ps̃q

`

FM1M2

T ȷ̃k̃
ps̃q

˘˚
,

with y j,k, ȷ̃,k̃ ” mq j,k, ȷ̃,k̃
{mψ; the chiralities J , J 1, K , K 1 take the values L, R, with the convention

that J `1 ‰ J . Setting baryon, meson, quark and lepton masses to their numerical values, the
kinematic integrals Gℓ̄i MmMnrΩ,Ω1s can be seen as functions of the sole mass mψ.

J Partonic Decay Widths

For hadronic or semi-leptonic processes with a large phase space (i.e. far above thresholds),
the partonic descriptions regains its legitimacy. We neglect quark and lepton masses below.

For the three hadronic decay channels pi, j, kq P tp1,1, 1q, p1, 1,2q, p1,2, 2qu (and their CP-
conjugates):

Γ rψÑ ūi d̄ j d̄ks “
m5
ψ

1024p1 `δ jkqπ3

"

ˇ

ˇCrHJ K
i jk s

ˇ

ˇ

2
`
ˇ

ˇCr rHJ K
i jk s

ˇ

ˇ

2
`
ˇ

ˇCr rHJ K
ik j s

ˇ

ˇ

2
(93)

´ Re
“

CrHJ J
i jksCr rHJ J

i jks˚
‰

´ Re
“

CrHJ J
i jksCr rHJ J

ikks˚
‰

` Re
“

Cr rHJ J
i jksCr rHJ J

ik js
˚
‰

*

.

For the semi-leptonic decay channels (and their CP-conjugates):

Γ rψÑ ℓ̄iq j q̄ks “
m5
ψ

2048π3

"

ˇ

ˇCrSℓq J K
i jk s

ˇ

ˇ

2
` 4

ˇ

ˇCrVℓq J K
i jk s

ˇ

ˇ

2
` 3

ˇ

ˇCrT ℓq J
i jk s

ˇ

ˇ

2
*

, (94)

pℓi , q j , qkq P tpνi , u, uq, pνi , d, dq, pνi , s, sq, pνi , d, sq, pνi , s, dq, pei , d, uq, pei , s, uqu .
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K Production from the Decays of SM Particles

Production in the decays of electroweak gauge bosons

Single (χ0
i

!
“ ψ, χ0

j
!

“ ν f , ν̄ f ) or pair production (χ0
i

!
“ ψ

!
“ χ0

j ) can occur in decays of the
Z-boson, relying on subleading neutralino components:

Γ rZ Ñ χ0
i χ

0
j s “

MZ

24p1 `δi jqπ

„

1 ´ 2
m2
χ0

i
`m2

χ0
j

M2
Z

`

pm2
χ0

i
`m2

χ0
j
q2

M4
Z

ȷ1{2

(95)

ˆ

"

´

|g
Zχ0

i χ
0
j

L |2 ` |g
Zχ0

i χ
0
j

R |2
¯”

1 ´

m2
χ0

i
`m2

χ0
j

2M2
Z

´

pm2
χ0

i
`m2

χ0
j
q2

2M4
Z

ı

` 6
m
χ0

i
m
χ0

j

M2
Z

Re
”

g
Zχ0

i χ
0
j

L pg
Zχ0

i χ
0
j

R q˚
ı

*

.

Single production in the decays of a W -boson:

Γ rW Ñψeis “
MW

24π

„

1 ´ 2
m2
ψ

`m2
ei

M2
W

`
pm2

ψ
`m2

ei
q2

M4
W

ȷ1{2

(96)

ˆ

"

´

|gWψei
L |2 ` |gWψei

R |2
¯”

1 ´
m2
ψ

`m2
ei

2M2
W

´
pm2

ψ
`m2

ei
q2

2M4
W

ı

` 6
mψmei

M2
W

Re
”

g
Wψeiχ

0
j

L pgWψei
R q˚

ı

*

.

Production in the decays of a neutral scalar (Higgs)

Single (χ0
i

!
“ ψ, χ0

j
!

“ ν f , ν̄ f ) or pair production (χ0
i

!
“ ψ

!
“ χ0

j ) can occur in decays of the
Higgs boson, relying on subleading neutralino components or sneutrino-Higgs mixing:

Γ rS0
p Ñ χ0

i χ
0
j s “

mS0
p

16p1 `δi jqπ

„

1 ´ 2
m2
χ0

i
`m2

χ0
j

m2
S0

p

`

pm2
χ0

i
`m2

χ0
j
q2

m4
S0

p

ȷ1{2

(97)

ˆ

"

`

|g
S0

pχ
0
i χ

0
j

L |2 ` |g
S0

pχ
0
i χ

0
j

R |2
˘

”

1 ´

m2
χ0

i
`m2

χ0
j

mS0
p

ı

´ 4
m
χ0

i
m
χ0

j

m2
S0

p

Re
”

g
S0

pχ
0
i χ

0
j

L pg
S0

pχ
0
i χ

0
j

R q˚
ı

*

.

Production in leptonic transitions

We collect the operators of Eq. (4), last line, and Eq. (44), f !
“ e, in a single basis, allowing to

describe single and pair production in leptonic transitions simultaneously (i ě j, n ě m):

SK J
i jmn ” pX̄ 0

i PK X 0
j qpĒmPJ Enq , VK J

i jmn ” pX̄ 0
i γ
µPK X 0

j qpĒmγµPJ Enq ,

T K
i jmn ”

1
4

pX̄ 0
i Σ

µνPK X 0
j qpĒmΣµνPK Enq . (98)

Then, the three-body decay of a charged lepton en into the lighter em and a light neutralino
pair χ0

i , χ0
j can be written as the following sum (with mass indices straightforwardly referring

to the particle of corresponding index):

Γ ren Ñ emχ
0
i χ

0
j s “

1 `δi j

512πmn

ż pmn´mmq2

pmi`m jq
2
ds

”

1 ´ 2
m2

i `m2
j

s `
pm2

i ´m2
j q2

s2

ı”

1 ´ 2
s`m2

m
m2

n
`

ps´m2
mq2

m4
n

ı

ˆ
ÿ

Ω,Ω1

CrΩsCrΩ1s˚ g emenχ
0
i χ

0
j rΩ,Ω1spsq , (99)
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where

g emenχ
0
i χ

0
j rSK J

i jmn,SK J
i jmnspsq ” ps ´ m2

i ´ m2
j qpm2

n ` m2
m ´ sq ,

g emenχ
0
i χ

0
j rSK J

i jmn,SK`1 J
i jmn spsq ” ´2mim jpm2

n ` m2
m ´ sq ,

g emenχ
0
i χ

0
j rSK J

i jmn,SK J`1
i jmn spsq ” 2mnmmps ´ m2

i ´ m2
j q ,

g emenχ
0
i χ

0
j rSK J

i jmn,SK`1 J`1
i jmn spsq ” ´4mim jmnmm ,

g emenχ
0
i χ

0
j rVK J

i jmn,SK J
i jmnspsq ”

mmmi
s ps ´ m2

i ´ m2
j qpm2

n ´ m2
m ` sq ,

g emenχ
0
i χ

0
j rVK J

i jmn,SK`1 J
i jmn spsq ” ´

mmm j
s ps ` m2

i ´ m2
j qpm2

n ´ m2
m ` sq ,

g emenχ
0
i χ

0
j rVK J

i jmn,SK J`1
i jmn spsq ”

mnmi
s ps ´ m2

i ` m2
j qpm2

n ´ m2
m ´ sq ,

g emenχ
0
i χ

0
j rVK J

i jmn,SK`1 J`1
i jmn spsq ” ´

mnm j
s ps ` m2

i ´ m2
j qpm2

n ´ m2
m ´ sq ,

g emenχ
0
i χ

0
j rT K

i jmn,SK 1 J
i jmnspsq ” 0 ,

g emenχ
0
i χ

0
j rVK J

i jmn,VK J
i jmnspsq ”

“

pm2
n ´ m2

mq2 ´ s2
‰“

1 ´
pm2

i ´m2
j q2

s2

‰

´
1
3

“

pm2
n ´ m2

mq2 ´ 2spm2
n ` m2

mq ` s2
‰

“

1 ´ 2
m2

i `m2
j

s `
pm2

i ´m2
j q2

s2

‰

,

g emenχ
0
i χ

0
j rVK J

i jmn,VK`1 J
i jmn spsq ” 4mim jpm2

n ` m2
m ´ sq ,

g emenχ
0
i χ

0
j rVK J

i jmn,VK J`1
i jmn spsq ” ´4mnmmps ´ m2

i ´ m2
j q ,

g emenχ
0
i χ

0
j rVK J

i jmn,VK`1 J`1
i jmn spsq ” ´16mim jmnmm ,

g emenχ
0
i χ

0
j rT K

i jmn,VK K
i jmnspsq ” ´3 mi mm

s ps ´ m2
i ` m2

j qpm2
n ´ m2

m ` sq ,

g emenχ
0
i χ

0
j rT K

i jmn,VK`1 K
i jmn spsq ” ´3

m j mm
s ps ` m2

i ´ m2
j qpm2

n ´ m2
m ` sq ,

g emenχ
0
i χ

0
j rT K

i jmn,VK K`1
i jmn spsq ” 3 mi mn

s ps ´ m2
i ` m2

j qpm2
n ´ m2

m ´ sq ,

g emenχ
0
i χ

0
j rT K

i jmn,VK`1 K`1
i jmn spsq ” 3

m j mn
s ps ` m2

i ´ m2
j qpm2

n ´ m2
m ´ sq ,

g emenχ
0
i χ

0
j rT K

i jmn,T K
i jmnspsq ”

1
3

“

2pm2
n ´ m2

mq2 ´ spm2
n ` m2

mq ´ s2
‰

“

1 `
m2

i `m2
j

s ´ 2
pm2

i ´m2
j q2

s2

‰

,

g emenχ
0
i χ

0
j rT K

i jmn,T K`1
i jmn spsq ” ´12mim jmnmm .

Production in hadronic tau decays

Two-body decays involving a pseudoscalar meson:

Γ rτÑψMs “
mτ
32π

!

`

1 `
m2
ψ

´m2
M

m2
τ

˘`

|gψM̄τ
L |2 ` |gψM̄τ

R |2
˘

` 4
mψ
mτ

Re
“

pgψM̄τ
L q˚ gψM̄τ

R

‰

)

ˆ

”

1 ´ 2
m2

M `m2
ψ

m2
τ

`
pm2

M ´m2
ψ

q2

m4
τ

ı1{2
, (100)

with the couplings defined in Eq. (36).
For a light ψ, we expect the three-body decay channel, involving a meson pair, to be com-
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petitive:

Γ rτÑψM1M2s “
m3
τB2

0

512π3 f 2
χ

ż p1´mψ{mτq2

pX1`X2q2
ds̃

”

1 ´
2
s̃ pX 2

1 ` X 2
2q `

1
s̃2 pX 2

1 ´ X 2
2q2

ı1{2

ˆ

”

1 ´ 2ps̃ `
m2
ψ

m2
τ

q ` ps̃ ´
m2
ψ

m2
τ

q2
ı1{2 ÿ

Ω,Ω1

CrΩsCrΩ1s˚ gψM1M2rΩ,Ω1sps̃q , (101)

where the relation m2
τgψM1M2rΩ,Ω1sp

s
m2
τ
q “ m2

ψ
g ℓ̄3M1M2rΩ,Ω1sp

s
m2
ψ

q determines the functions

in the integrand in terms of their counterparts of Eq. (92).

Production in baryon-number violating transitions

A baryon B j may decay into a pseudoscalar meson M̄i and a light neutralino according to:

Γ rB j ÑψM̄is “
mB j

32π

"

´

1 `
m2
ψ

´m2
Mi

m2
Bj

¯”

ˇ

ˇg
ψMi B j

L

ˇ

ˇ

2
`
ˇ

ˇg
ψMi B j

R

ˇ

ˇ

2
ı

` 4
mψ
mBj

Re
”

`

g
ψMi B j

L

˘˚
g
ψMi B j

R

ı

*

ˆ

´

1 ´ 2
m2
ψ

`m2
Mi

m2
Bj

`
pm2

ψ
´m2

Mi
q2

m4
Bj

¯1{2
, (102)

with the couplings of Eq. (32). In the case of a nucleon, B j
!

“ p`, n0, with a light neutralino,
mψ ă

„ mµ, the form factors computed on the lattice [56]may offer a quantitatively more accu-
rate description of these transitions. Higher orders in the chiral perturbation theory (e.g. en-
coding the electroweak charged interactions) can be added in order to account for e.g. the
s Ñ d transition.

For a heavy quark, i.e. with a large available phase space for the decay products, the par-
tonic description may offer a good approximation of the decays of a b-flavored hadron (B̄, Λ0

b,
etc.) into a light ψ and light hadrons:

Γ rb Ñψūd̄ js “
m5

b

1024π3

"

´

ˇ

ˇCrHJ K
1 j3s

ˇ

ˇ

2
`
ˇ

ˇCr rHJ K
1 j3s

ˇ

ˇ

2
`
ˇ

ˇCr rHJ K
13 js

ˇ

ˇ

2

`Re
“

Cr rHJ J
1 j3sCr rHJ J

13 js
˚ ´ CrHJ J

1 j3s
`

Cr rHJ J
1 j3s˚ ` Cr rHJ J

13 js
˚
˘‰

¯

J
`m2

ψ

m2
b

˘

`4
mψ
mb

Re
”

Cr rHJ K
1 j3sCr rHJ`1 K

13 j s˚ ´ CrHJ J`1
1 j3 sCr rHJ`1 J

1 j3 s˚ (103)

´CrHJ J
1 j3sCr rHJ`1 J

13 j s˚ ` Cr rHJ J
1 j3sCr rHJ`1 J

13 j s˚
ı

K
`m2

ψ

m2
b

˘

*

,

J pxq ” 1 ´ 8x ` 8x3 ´ x4 ´ 12x2 ln x ,

Kpxq ” 1 ` 9x ´ 9x2 ´ x3 ` 6xp1 ` xq ln x .

The same approach is evidently applicable to a top quark, provided higher-order operators
do not compete with those of dimension 6 that we consider here (i.e. provided the scalar
mediators are much heavier than the top quark in the RpV MSSM):

Γ rt Ñψd̄ j d̄ks “
m5

t

1024π3

"

´

ˇ

ˇCrHJ K
3 jks

ˇ

ˇ

2
`
ˇ

ˇCr rHJ K
3 jks

ˇ

ˇ

2
`
ˇ

ˇCr rHJ K
3k js

ˇ

ˇ

2

`Re
“

Cr rHJ J
3 jksCr rHJ J

3k js
˚ ´ CrHJ J

3 jks
`

Cr rHJ J
3 jks˚ ` Cr rHJ J

3k js
˚
˘‰

¯

J
`m2

ψ

m2
b

˘

`4
mψ
mt

Re
”

CrHJ K
3 jksCrHJ`1 K

3 jk s˚ ´ CrHJ J
3 jksCr rHJ`1 J

3 jk s˚ (104)

´CrHJ J
3 jksCr rHJ`1 J

3k j s˚ ` Cr rHJ J`1
3 jk sCr rHJ`1 J

3k j s˚
ı

K
`m2

ψ

m2
b

˘

*

.
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A charm quark is likely too close to the threshold for baryon production for such an approxi-
mation to be meaningful in descriptions of the decays of D-mesons.

Production in leptonic and semi-leptonic meson decays

Two-body decays of a pseudoscalar meson M̄ into ψ and a (anti)lepton ℓ̄i:

Γ rM̄ Ñψℓ̄is “
mM

16π

!

`

1 ´
m2
ℓi

`m2
ψ

m2
M

˘`

|gψM̄ℓi
L |2 ` |gψM̄ℓi

R |2
˘

´ 4
mℓi mψ

m2
M

Re
“

pgψM̄ℓi
L q˚ gψM̄ℓi

R

‰

)

ˆ

c

1 ´ 2
m2
ℓi

`m2
ψ

m2
M

`
pm2

ℓi
´m2

ψ
q2

m4
M

, (105)

with the couplings defined in Eq. (36) (and possibly extending the operator basis to include
third-generation fermions). For a neutral meson, pair production ofψ is obtained from a simi-
lar formula, up to a factor 2 (for identical particles) and the Wilson coefficients of the operators
of Eq. (44) replacing those of Eq. (5) in the definition of the couplings: CrSℓq L J

i jk s Ñ Cr 9Sq J
jk s,

CrSℓq R J
i jk s Ñ Cr 9Sq J`1

k j s˚, CrVℓq L J
i jk s Ñ Cr 9Vq J

jk s, CrVℓq R J
i jk s Ñ ´Cr 9Vq J

k j s˚, CrT ℓq J
i jk s Ñ 0.

Similar decays are also accessible to a vector meson M˚ with the couplings defined in
Eq. (40):

Γ rM˚ Ñψℓ̄is “
mM˚

48π

”

1 ´ 2
m2
ψ

`m2
ℓi

m2
M˚

`
pm2

ψ
´m2

ℓi
q2

m4
M˚

ı1{2
(106)

ˆ

#

´

|gM˚ψℓi
V L |2 ` |gM˚ψℓi

V R |2
¯”

2 ´
m2
ψ

`m2
ℓi

m2
M˚

´
pm2

ψ
´m2

ℓi
q2

m4
M˚

ı

` 6
mℓi

mψ
m2

M˚

Re
“

gM˚ψℓi ˚

V L gM˚ψℓi
V R

‰

`

”

1 ´ 2
m2
ψ

`m2
ℓi

m2
M˚

`
pm2

ψ
´m2

ℓi
q2

m4
M˚

ı”

m2
M˚

`

|gM˚ψℓi
S L |2 ` |gM˚ψℓi

S R |2
˘`

1 `
m2
ψ

´m2
ℓi

m2
M˚

˘

´ 4 mℓi
mψRe

“

gM˚ψℓi ˚

S L gM˚ψℓi
S R

‰

` 2mℓi
Re
“

gM˚ψℓi ˚

V L gM˚ψℓi
S L ` gM˚ψℓi ˚

V R gM˚ψℓi
S R

‰

` 2mψRe
“

gM˚ψℓi ˚

V L gM˚ψℓi
S R ` gM˚ψℓi ˚

V R gM˚ψℓi
S L

‰

ı

+

.

This expression is again straightforwardly extended to pair production through the substitution
of the Wilson coefficients and the application of a factor 2.

As soon as enough phase space is accessible, semi-leptonic decays become competitive.
We restrict ourselves to a three-body decay involving pseudoscalar mesons in the initial and
final states. Then, in analogy to Eq. (42), one can introduce the form-factors for a M1 Ñ M2
transition (s ” pp1 ´ p2q2):



M2pp2q| Q̄ jQk |M1pp1q
�

” F
M1M2

S jk psq , (107)



M2pp2q| Q̄ jγ
µQk |M1pp1q
�

” ´pp1 ´ p2qµ
m j´mk

s F
M1M2

S jk psq

´
“

pµ1 ` pµ2 ´
m2

1´m2
2

s pp1 ´ p2qµ
‰

F
M1M2

V jk psq ,



M2pp2q| Q̄ jΣ
µνQk |M1pp1q
�

” ´ippµ1 pν2 ´ pµ2 pν1qF
M1M2

T jk psq .

The decay width for M1 Ñ M2ψℓ̄i then reads (m1,2 ” mM1,2
):

Γ rM1 Ñ M2ψℓ̄is “
1

256π3m1

ż pm1´m2q2

pmψ`mℓi q2
ds

”

1 ´ 2
m2
ψ

`m2
ℓi

s `
pm2

1´m2
2q2

s2

ı1{2

ˆ

”

1 ´ 2p
s`m2

2

m2
1

q `
ps´m2

2q2

m4
1

ı1{2 ÿ

Ω,Ω1

CrΩsCrΩ1s˚ gM2ψℓ̄i rΩ,Ω1spsq , (108)
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where

gM2ψℓ̄i rSℓq JK
i jk ,Sℓq JK 1

i ȷ̃k̃
spsq ”

1
4ps ´ m2

ψ ´ m2
ℓi

qF
M1M2

S jk psq
`

F
M1M2

S ȷ̃k̃ psq
˘˚

,

gM2ψℓ̄i rSℓq JK
i jk ,Sℓq J`1K 1

i ȷ̃k̃
spsq ” ´

mψmℓi
2 F

M1M2

S jk psq
`

F
M1M2

S ȷ̃k̃ psq
˘˚

,

gM2ψℓ̄i rVℓq JK
i jk ,Sℓq JK 1

i ȷ̃k̃
spsq ” ´

m j´mk
4

“

1 ´
m2
ψ

´m2
ℓi

s

‰

F
M1M2

S jk psq
`

F
M1M2

S ȷ̃k̃ psq
˘˚

,

gM2ψℓ̄i rVℓq JK
i jk ,Sℓq J`1K 1

i ȷ̃k̃
spsq ”

mℓi
4 pm j ´ mkq

“

1 `
m2
ψ

´m2
ℓi

s

‰

F
M1M2

S jk psq
`

F
M1M2

S ȷ̃k̃ psq
˘˚

,

gM2ψℓ̄i rT ℓq J
i jk ,Sℓq J 1K 1

i ȷ̃k̃
spsq ” 0 ,

gM2ψℓ̄i rVℓq JK
i jk ,Vℓq JK 1

i ȷ̃k̃
spsq ”

1
4pm j ´ mkqpm ȷ̃ ´ mk̃q

“m2
ψ

`m2
ℓi

s ´
pm2

ψ
´m2

ℓi
q2

s2

‰

`

F
M1M2

S ȷ̃k̃ psq
˘˚

F
M1M2

S jk psq

`
m4

1
12

“

1 ´ 2
s`m2

2

m2
1

`
ps´m2

2q2

m4
1

‰“

2 ´
m2
ψ

`m2
ℓi

s ´
pm2

ψ
´m2

ℓi
q2

s2

‰

F
M1M2

V jk psq
`

F
M1M2

V ȷ̃k̃ psq
˘˚

,

gM2ψℓ̄i rVℓq JK
i jk ,Vℓq J`1K 1

i ȷ̃k̃
spsq ” ´

mℓi mψ
2s pm j ´ mkqpm ȷ̃ ´ mk̃qF

M1M2

S jk psq
`

F
M1M2

S ȷ̃k̃ psq
˘˚

`
mℓi mψ

2s m4
1

“

1 ´ 2
s`m2

2

m2
1

`
ps´m2

2q2

m4
1

‰

F
M1M2

V jk psq
`

F
M1M2

V ȷ̃k̃ psq
˘˚

,

gM2ψℓ̄i rT ℓq J
i jk ,Vℓq JK 1

i ȷ̃k̃
spsq ” ´

mψ
8 m4

1

`

1 ´
m2
ψ

´m2
ℓi

s

˘“

1 ´
s`2m2

2

m2
1

`
m2

2p3s´m2
2q

m4
1

‰

F
M1M2

T jk psq
`

F
M1M2

V ȷ̃k̃ psq
˘˚

,

gM2ψℓ̄i rT ℓq J
i jk ,Vℓq J`1K 1

i ȷ̃k̃
spsq ” ´

mℓi
8 m4

1

`

1 `
m2
ψ

´m2
ℓi

s

˘“

1 ´
s`2m2

2

m2
1

`
m2

2p3s´m2
2q

m4
1

‰

F
M1M2

T jk psq
`

F
M1M2

V ȷ̃k̃ psq
˘˚

,

gM2ψℓ̄i rT ℓq J
i jk ,T ℓq J

i ȷ̃k̃
spsq ”

m4
1

48 s
“

1 ´ 2
s`m2

2

m2
1

`
ps´m2

2q2

m4
1

‰“

1 `
m2
ψ

`m2
ℓi

s ´ 2
pm2

ψ
´m2

ℓi
q2

s2

‰

F
M1M2

T jk psq
`

F
M1M2

T ȷ̃k̃ psq
˘˚

,

gM2ψℓ̄i rT ℓq J
i jk ,T ℓq J`1

i ȷ̃k̃
spsq ”

mℓi mψ
8 m4

1

“

1 ´ 2
s`m2

2

m2
1

`
ps´m2

2q2

m4
1

‰

F
M1M2

T jk psq
`

F
M1M2

T ȷ̃k̃ psq
˘˚

,

where the sum runs over all semi-leptonic operators. As before, the case of ψ-pair production
can be addressed by substituting ℓi byψ in the expression above, hence employing the Wilson
coefficients of the operators of Eq. (44), and introducing a factor 2 for identical particles in
the final state.

When substantial phase space is accessible in the final state, i.e. for hadrons involving a
heavy quark, the partonic description may again prove a useful approximation. Neglecting the
masses of the light leptons and quarks, we can write the relevant decay widths for a bottom
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quark:

Γ rb Ñψℓ̄iq js “
m5

b

2048π3

"

´

ˇ

ˇCrSℓq J K
i j3 s

ˇ

ˇ

2
` 4

ˇ

ˇCrVℓq J K
i j3 s

ˇ

ˇ

2
` 3

ˇ

ˇCrT ℓq J
i j3 s

ˇ

ˇ

2
¯

J
`m2

ψ

m2
b

˘

(109)

` 8
mψ
mb

Re
”

CrVℓq J K
i j3 sCrSℓq J K`1

i3 j s˚ ` 3CrT ℓq J
i j3 sCrVℓq J J`1

i j3 s˚
ı

K
`m2

ψ

m2
b

˘

*

,

Γ rb̄ Ñψℓ̄i q̄ js “
m5

b

2048π3

"

´

ˇ

ˇCrSℓq J K
i3 j s

ˇ

ˇ

2
` 4

ˇ

ˇCrVℓq J K
i3 j s

ˇ

ˇ

2
` 3

ˇ

ˇCrT ℓq J
i3 j s

ˇ

ˇ

2
¯

J
`m2

ψ

m2
b

˘

´ 8
mψ
mb

Re
”

CrVℓq J K
i3 j sCrSℓq J K

i3 j s˚ ` 3CrT ℓq J
i3 j sCrVℓq J J

i3 j s˚
ı

K
`m2

ψ

m2
b

˘

*

,

with J and K the functions defined in Eq. (103) and the considered ‘ℓq’ operators extend the
base of Eq. (5) to bottom quarks (the index ‘3’ referring to b). The decays of a top quark would
take exactly the same form (but the operators now include t instead of b). The decay widths
of a b quark producing a pair of light neutralinos and a light quark q j “ d, s (of negligible
mass) read:

Γ rb Ñψψq js “
m5

b

1024π3

"

´

ˇ

ˇCr 9Sd J
j3 s

ˇ

ˇ

2
`
ˇ

ˇCr 9Sd J
3 j s

ˇ

ˇ

2
` 4

ˇ

ˇCr 9Vd J
j3 s

ˇ

ˇ

2
` 4

ˇ

ˇCr 9Vd J
3 j s

ˇ

ˇ

2
¯

rJ
`m2

ψ

m2
b

˘

(110)

´ 8
m2
ψ

m2
b

Re
”

Cr 9Sd J
j3 sCr 9Sd J`1

3 j s ` 4Cr 9Vd J
j3 sCr 9Vd J

3 j s

ı

rK
`m2

ψ

m2
b

˘

` 8
mψ
mb

Re
”

Cr 9Vd J
j3 sCr 9Sd J`1

j3 s˚ ´ Cr 9Vd J
3 j sCr 9Sd J

3 j s˚

´ Cr 9Vd J
j3 sCr 9Sd J`1

3 j s ` Cr 9Vd J
3 j sCr 9Sd J

j3 s

ı

rK
`m2

ψ

m2
b

˘

*

,

rJ pxq ”
?

1 ´ 4xp1 ´ 14x ´ 2x2 ´ 12x3q ´ 48x2p1 ´ x2q ln 1`
?

1´4x
2

?
x ,

rKpxq ”
?

1 ´ 4xp1 ` 5x ´ 6x2q ´ 12xp1 ´ 2x ` x2q ln 1`
?

1´4x
2

?
x .

Again, this formula can be applied to the decays of a top quark (and q j
!

“ u, c) up to the
replacement of 9S, 9Vd J

jk by 9S, 9Vu J
jk .
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