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Abstract

We study the phenomenology associated with a light bino-like neutralino with
mass < m, 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 = pH, L+ %Aijki'i 'i'j(EA:C)k + kﬁjkii -Qja(f?c)i‘ + %A'g,jkgaﬁy(ﬁc)?(ﬁc)]ﬁ(DC)Z, (D
with @, U¢, D¢, L, E¢ denoting the usual matter chiral superfields [20] and appearing in three
generations while H,; and H, represent the Higgs supermultiplets. Latin subscripts refer to
flavor and Greek superscripts to color. The SU(2); invariant product is indicated with .
Without loss of generality, A;j; is antisymmetric under exchange of its two first indices, and
A?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 7 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 < m.. At such energies, the active partonic degrees
of freedom consist of the light quarks (in two-component left-handed spinor notation [44])
q; € {u,d,s} and antiquarks q; € {u‘,d,s"}, the light charged leptons e; € {e,u} and an-
tileptons ef € {e, u}, the neutrinos v; € {v,, v,, v;}, the photon A, the gluons G, and the
light neutralino 1. 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 f. For compactness, we will also employ the four-component spinor nota-
tion, with generically F = (f,f¢), and Q; = (qi,ql?)T, and E; = (ei,éf)T representing the
Dirac spinors for the quarks and charged leptons, N; = (v;, ;)" and ¥ = (,7))” represent-
ing the Majorana spinors for the neutrinos and light neutralino, while P, z denote the chiral
projectors. The relevant symmetries are the gauged electromagnetism and chromodynamics
U(1)em % SU(3).. The light neutralino state is (by definition) a color singlet; limits on light
charged SU(2); 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, 1 is thus
necessarily bino-like [21,23].
The most general renormalizable Lagrangian density at low energy reads:

1
Loen. = =P Fuy = G‘””G“ > F[iB—mg]F+ Z [if — m; | F —my, IN;, (2)
F=Q,,E; F=N; xp

where F,, and Gﬁ , represent the field-strength tensors associated with the photon and gluon
fields, D, is the covariant derivative, and my is the mass of the fermion species F. The mass
term m,, induces mixing between the neutralino and neutrino fields. It can be absorbed
within the definition of v, through diagonalization of the mass-matrix. The v; are hence no
longer electroweak gauge eigenstates, but light mass eigenstates of the neutralino-neutrino
sector. So we set my,, Z0 [45, 46]. We also systematically neglect the neutrino masses
m, <« my,m, 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-

4
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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):

& = == (V=P N;)F,, 3)

32m2
* Leptonic operators (the chirality indices J, K may take the values L,R; the indices i, j, k
correspond to the fermion generation):

M}k = (UPLN;)(NTPLN),
(l,], ) € {(1,2, 2), (1, 3, 3), (1, 2, 3), (2, 1, 1), (2, 3, 3), (2, 1, 3), (3, 1, 1), (3, 2,2)} s
Nijie = (IyHPLN;) (N PLNg), (i < k), (4)

Sl = (PN (EjPeEy), VK = (Uy*PLN;) (Ejy, PyEx)
1
e = 4(\1/2’“’PLN )(E; S0 PLEy) -

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

quk” (UP,E)(D;PxUs), Slj‘}f (TP.N)(Q;PcQyr),

Vi = (‘I'YHPJ ) (Di7,PeUi) VK = (B PN) (QruPiQe) s (5)
1

7’1’sz = (\IJZ‘“’PJE )(DiZu Py U, Toi= Z(\I/ZI‘”PL D(QZ,PLQr) -

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

HIK = eqp, (IP,UE) (D, PeD;T), (j<k),

HIK = eqp, (¥P,DP) (0, *PeD;T). (6)
The identity 7—7%{ HlLkL] Hfﬁ( = 0 (and similarly for LL — 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.:

(frf2)(fafa) + (fifs)(fofa) + (fifa)(f2fs) =0

(f16" f2) (f36 ufa) = 2(f1f3) (fofa) (7)
(f16" f2) (f30 ufa) = —2(f1fa) (fof3) »

(flUsz)(fsamﬁ) = —2(f1f4)(fof3) — (fifo) (fsfa) = 2(f1f3) (fofa) + (f1f2)(f3fa) -

Forgetting about neutralino-neutrino mixing, the electromagnetic dipole, leptonic and
semi-leptonic operators violate lepton number, by three units for N and one unit for the others.
The hadronic operators violate baryon number by one unit. We define the Wilson coefficients
C[©] associated with any of these operators Q2 and add the resulting terms to the Lagrangian
density of Eq. (2), hence obtaining our effective field theory with non-renormalizable opera-
tors:

LT = Lien + . C[Q]Q +hec. (8)
Q
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2.2 Matching to the RpvV 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 1) can be described at
leading order by the above EFT.! 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 uy ~ Mgysy 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 V,, or
a scalar S and two fermions F;, Fj:

f,

Vi, o
, " ip, p ;. )

. _ s
Lyssm 3 VuFiv"g, r "PLrFj+SF; g

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

VFeS, vEreR\ Vi fe vERe\
gL,R b= <gL,R] ) :_gR,L] :_<gR,L ! P (10)

SFEf S* AN sfife AN
gL,R) = <gR,L] > :gL,;e :<gR,L " (11)

These rules (for uncolored fields) suffer an exception in the case of non-trivial color products,
as those generated by the A” couplings, see also Ref. [47]. We list the relevant couplings in
Appendix B. Here, we stress [20] that the neutrinos v; and the light neutralino v are just
special (light) occurrences of the neutralino mass eigenstates x,?, while the charged leptons
e; and e; also correspond more generally to light chargino mass eigenstates X};T . Similarly,
Higgs-slepton mixing leads to a collection of real neutral (pseudo-)scalars Sg, built out of the
neutral Higgs and sneutrino components, as well as to charged Higgs-slepton admixtures S;—r.

Squarks are denoted as Qp € {f]p,ﬁp} 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 decay ) — »; ViV (i < k): the amplitude in the EFT reads (where
Q represents the spinor structure resulting from the operator 2):

AT — 399 ] = i(1+ i) CINGjr] (o) Nij - (12)

!The 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):

2

0 0
1 SV Spvivk_ 1 [ 2, ZV5vk
0
Sp

_ _ . 7 Zv Vi o
AMSSM[Q#_’vivjvk]:l 8r & W & & +ngngL ! :| Mjk- (13)
z
Identifying both amplitudes, we deduce:

1 1 1 $996p S0y, 1 Zy; Z Y5y 7 Z 5 v;
CNijil (ko) = 176, |\ 22 g g Wz {gLWgL Ay T . (19
1 SO VA

p

Performing the same operation for the decay ¢ — v; ;¥ (for the same combinations of

flavor indices as those of the operators /\Nfijk in Eq. (4), and in particular i # j, k, j < k), we
can determine:

~ 1 [ ngpvi S}?vjvk _gsgzl)vkgsgvjvi] . (15)

ClNijil(po) = drooms |50 & L L
J S0

p

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 ¢ — ¥;e;ey, where both vector and scalar mediators contribute, we
can determine the remaining Wilson coefficients of leptonic type:

0 . 0,c + —oCy. — c + .
C[SWL]( ) 1 S,y Spelex ! [ Sy e S, esv; n S, ye; S ekvl]
ijk Wo) = mzogL gL 2m2+ gL L gL L 5
S st
P P

c 0 0,c
veR 2 Wye We;v; 1 S¥v Syeie
ClSH 1(ko) = 781 81 TR &
p

1 Zyv, Ze;ek_ 1 Wape, Wejvi 1 S, e S;ekvi

L
C[V:ﬁ( ](IU'O) _M_fgL L Mvzv L I +2m§i gR L 5
p
! 1 zZyv; Zejex 1 Stye Sresw
C[ViﬁR](MO):_M_ggL 8’ _zmjing &' (16)
p

o1 Sopes Sterv; Staper SreSw;
CLTj) (ko) = 7o [0 "I gy g .

5p

The decay amplitudes ¢ — ¥;q;qx (@ = u,d) and ¢ — éiuj&k allow the identification of
the Wilson coefficients of the semi-leptonic operators:

0 0 ¢
vqL 11 S 5,450 1
ClSyi Mwo) = 8" 8" — 5.
s9 Qp

SOy, S%Sq

vqR ' opYi opddk

C[Sijk 1(uo) mgo 81 8r >

P

Qg Qpqsv; Qgs Q¥ qrv;
|: LP gL ] + gL ]gLP :|

B

Qa5 Qfarv;

L ! Zyv, 2454
CIV M (po) = — 582", ™ + g

ijk - T MZoL 2m? ©R 81 ’
P
yqR L 1 Zyw; Zq?qk 1 Q;’flﬁqk qu;-”i
CViic Jmo) = =581 "8r oz &' & (17)

P
Qg Qpasvi
L &L ]

! Qpa; Qar;
c[ﬁff](mbﬁ[gf ‘g,

p
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1 S;’lpei S, dfug 1 U;klpuk flpd;ei 1 Dpwd; ﬁ;"ukei

LL !
CISH o) =" & ' —sre’ & —zz& &
Up Dp

LR 1 STape; ST dSuy
CLSE (1) L gl g @

2 L R >
S
c D ¢ %
eqLL L 1 Wape; de up 1 Dpl,bdj Dp upe;
ClViic Nto) = —378, '8, o8& &
P
c 7k d dc .
eqLR L 1 W”ll)e‘ deuk 1 Up ”L/)le Up jel
CWViie o) = —5z 8, '8 T & &
p
[7_€ ]( )L_ 1 Oy ﬁpd;ei—i— 1 Dl[)d Dfue;
ijk T Tom? 8L &L 2m2 g &' >
b bp
+e: —d°
eqRL 11 Syve S, dju
C[Sijk ](UO) - mz+ gR &1 >
Sp-
¢ [ * [ dSe; DyypdS D¥upe;
eqRR 1 S Ye; Sp d]uk 1 Up’l])uk Up Jel 1 pYd; ' Uk
ClSiyi bo) = o8’ &' 7 — mZ SR 8k iz 8 8
Sp— p p
c 7% 7 AC
eqRL ] WIIJC dellk 1 Up v,buk Updj €;
CVi Nwo) =— Mz 8 & — & & >
Up
B ;%
eqRR 1 1 Wepe; Wdiug 1 Dyyd; DFuge;
C[Vi]’k ](HO) - _WgR lgR + Zm% gL gR 5
P
| 1 ﬁpwd; Dfue; 1 Uy [Ndej?ei
[,lek ](Mo) = 8r 8r T om2 &r 8r .
Dp Up

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

| 1 Ul,UuC U*dcdc | 1 Ull)uf f]*dv_:dc
ClHG (o) = e, e ClMG (o) = ren” 8" "
p p
! DydS D¥utds ~ ! DyapdS D*usds
ClH (o) = g, 8" " CIHRE (uo) = -8 '8, " (18)
Dp Dp
| 1 Dyypd; Druids ~ ! 1 Dypd; Diuid;
[Hlk]](uo) = @g]dp ng ! 5 C[kaLj](MO) = EgRP gLP "
p p

As a consequence of the redundancy Hlk] ”Hl i +HE ‘i that we mentioned earlier, C [Hlk 21(1o)
(7% 4¢ Ii | D* cdc
P ! !

could be distributed onto the other Wilson coefficients. In addition, g, = g
in the RpV MSSM implies that the remaining effective couplings vanish at tree-level order:
CIMR] (o) = 0 = C[HI (o) = CIHE V(1) = CIHELI(1o).

The neutralino decay into antineutrino and photon, i) — y%;, 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:

AN (py) = 1(py ) Fi(pr,)] = ~ oy ()t (py) (P () Z7PLv, (o)) CSSMIEL. (19)

We compute CMSSM[&,], ¢f Eq. (3), in the Feynman gauge. At one-loop order, it involves
vertex diagrams of W-bosons (or charged a Goldstone) and chargino/leptons ( x;—r), as well as
loops of scalar fields (S) with an associated fermion (f). The Z — y mixing diagrams ensure
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UV-finiteness with the triangle diagrams. Combining all contributions,

2
1 W+¢){ Wyt Wyt Wty m? mli
M) = [mple e e e )T (Gt )
w
2
WhpyT Woxv o Wyt whyy m2 Tk
imy(en Ve Vg e LG )| o
Qs SEYF SFv  SYFe S*fy s (Mo M
+P[ TACTIAE P Sl 41 )IL(m_gim_g)
S

STUS GSF _ o SUF* 8% ¥ 78 my
+my (5 )5 (5, 55) |
The implicit sum over )(ji runs over the five corresponding mass eigenstates. For the scalar
diagrams, contained in the second set of brackets, the implicit sum runs over all (S, f,Qy)’s
in the following list: {(S,,x i 1), (0, u, ) (D, d, — }, including color factors for the

quark/squark contributions. The loop integrals ZL,R are provided in Appendix D.

In the EFT, the amplitude corresponding to the i) — y¥; transition receives contributions
from &; at tree-level, but also (at competitive order) from one-loop diagrams involving the
operators f;}f (L), f =e,q, j =1,2,3. In particulay, it is necessary to decouple step by step
the heavy fermions (¢, b) that are integrated out at low-energy but not at the scale y,. The
amplitude reads:

e

AT (py) = (P ¥ilpy )] = — 15

(py),ug*(py)v(‘_/w (p’l/))ZMVPLVVi (pvl-))

. 1 4mug
x {c[&]mc +§ 2Q; N m; [7;{“’](2 — —yp+1In m20>}(.u0): 1)
D 2

where D represents the dimension used for the regularization of the loop integrals, y is the
Euler-Mascheroni constant, u, is the renormalization scale (as already implied), ij is the

electric charge of the fermion species f;, ch 7 = 1 or 3 for color singlets and triplets, respectively.
6C[&;] denotes the counterterm associated with &;, which is needed for the renormalization
of the amplitude. Therefore, the matching condition connecting C[&;](uo) and CMSM[&;] is

not completely trivial, as the 7:vf () continue to contribute below WUo: 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 u, the physical transition itself
(the neutralino decay) takes place at a low energy determined by m,,. As perturbative QCD
fails at low-energy scales, we will employ an infrared scale u > m_. Given the large hierarchy
between ug and u, 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 a, = 4n, the coefficient of the

quadratic Casimir operator C,(3) = 3, the leading contribution to the QCD beta function
11N, -2 .

Bolns] = 3 " with N, = 3 the number of colors, and n, the number of active quark

flavors. We also employ the following notation for the ratios of the a,’s at various scales:

Ny = OZ‘ (Enb)) ny = (( )) andn, = ass ((r:(;; The quark masses m, , appearing in these equations

correspond to decoupling thresholds and should be understood as the MS masses my p(Myp).
The RGE’s associated with the hadronic operators were previously derived in Ref. [53] and
lead to the following evolution (for m, < u < my):

[HJ K

z]k]( ) ,ni/ﬁo[ ]7712,//50[ ]n?/ﬁo[ ] [Hlljjlli]( ) (22)

and similarly for the operators of 7—~[-type. To appreciate the order of magnitude of this correc-

tion, the choice (u L2 GeV, ug L1 TeV) returns an enhancement factor of about 1.4 at low
energy.
The semi-leptonic operators ({ = v, e) receive the following scaling with energy:

C[SquK](‘u) 3Cy(3)/Bol4], 3C2(3)/Bol5], 3C2(3)/Bol6] C[quJK](.UJO)

ijk Ny My Me ijk
¢ ¢
CVE 1w = eV, i 1(wo) (23)

tqJ —C5(3)/Bol4] . —C2(3)/Bo[5] _ —Ca(3)/Bol6 tqJ
C[’]:jz 1(w) =, 2(3)/Pol ]nb 2(3)/Pol ]nt 2(3)/Pol ]C[EZ o) -
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 S qu and Tl.qJ by SfjngK = SqukJK and
¢ i i Al
Sl]qu = (UP;Qu)(Q;PsE;) = —5T; ]ZJ Sl]qk“ would lead to a hybrid running for C[S, qJJ]

(even though Seq“ = Sf)qk”) The choice (,u = 2GeV, uy = 1TeV) 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 7:;’]f operators — see Eq. (21) — require the
renormalization of £; and imply running conditions for the Wilson coefficient:

Max|u?, mgj]

Cl&](u) = Cl&] ZZQe me,C[7;};1(ko) In 2
0

[n?CZ(B)/ﬁO[ﬂ—l _ 1] (%C[TV‘”]) (o) (24)

1]

Z 87TNCqu
4 Bol6] — 2G4 [3]
Z 81N Qq]

q#t

2C5(3)/Bo[6] -1, 2C2(3)/Bo[5]-1 Mq; vq L
SRR |7} 1] (Zel781) (uo)

87‘chqu 2C,(3)/Bo[6]—1  2C5(3)/Bol5]—1[ 2C5(3)/Bol4]—1 my. I
T 4 Bia—203] My oy 2T 1 (G CITT ) (o) -
qj#t,b /50[4] B 2C2[3] ‘ b [ ’ ] ( Qs [ 7] ]>( 0)
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The significance of these corrections is made more explicit after expressing C|[&;](ug) in terms
of the corresponding coefficient in the RpV MSSM — see Eq. (21):

Max[u?, m? ]
C[&](u) = VMg ZzQem CIT7 N (o) In ——5——

2C2(3)//50[6] 1_ mqj ”
- 287NQ, [ FaoEr e In “°](75cm]“])<uo> (25)

q;

2C2(3)/I30[5] 14

- Y s [n [ecsemiel 12 SRRyl iy 18] (T o704 ()

o 2 o[5]— 2C2<3)//5o[4] 1 a, (Ko i 4
) Z — [m 3)/puf6] 17)12)C (3)/Bo[5]—1 /50[ e il:[ ) In m2 ]( C[T: qL]) (Uo) -
q];él.’ b ]

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 u, and u. Finally, we stress that the decay amplitude at the scale u adds a further

factor 2ch Q £ (m £,C [7:;{ ]) (u) In r‘:—j, for all active fermion fields f; at the scale u, to the decay
fi

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 m,,. However, the choice u L my,
for the renormalization scale would be problematic for m,, < m,, as the perturbative descrip-
tion of the strong coupling loses significance. Maintaining u > m. 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 u > m., i =1,2,3):

3
¥

409674

am 2

ClEdw) + 3 20N my n ke LT @) =Tl =) @6)
fj#t,b,... J

Ty — v =

The decays into three neutrinos are also accessible down to very low m,;,. 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 u does not matter here. For the seven independent three-neutrino
channels v;v;v, (i # j = k and (i, j, k) = (1,2,3)):

5

Ty — v, 9] = 307;[3 |C[~/\7ijj](ﬂ)‘2 =T = vy, (27)
Tl — ¥y V3] = Whﬂc[ﬁm](uﬁ + |C[/\~/213](M)|2 - Re[C[J\N/’123](M)*C[/\N/’zw](ﬂ)]}

=T — vy vy75].
Similarly, the neutralino decays into two antineutrinos (i < k) and one neutrino (j) read:

1+51k

Tl — v vj»] = 153673

mS |CING il ()] =T — v, 7%, (28)

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

— mej ef -
Tl — viejer] ZC IQQ’[mw,mw] =T[Y — vejer], (29)

3
2567r oo

where the sums over  and Q' run over the list of leptonic ve operators (see Eq. (4)) and the
kinematic integrals I, o, 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 between 4 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 x 3 space of
the vectorial (u,d,s)!’ SU(3) symmetry:

n°  mg + + -
ﬁ+\/6 T . K ueig® uaqa U3
M=| n _%+3_86 KO |~ |d®a* d*d* d°® |, (30)
_ o 2 0 stu®  s%d* s9s¢
K K _\@"78
Z_O+A_O »+ +
NI . p u(dPsr)y u¥(sPur) u*(uPdr)
B=| = I+ \AT n® | ~egp, |d(dPsT) d*(sPur) d*(uPdY)
- s 250 s*(dfsT) s (sPur) st (uPd)
= = 3

The properties of the hadronic operators H and H under the SU (3); x SU(3)g 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 & [for (3;,3g) or (3;,3g) terms] and

12
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f [for (8;,1z) or (1;,8g) terms]:

PT ~ T
LY 5—aWPTr

+h.c. (€30)]

Here £ = exp [i ] and f, ~ 131MeV is the chiral-symmetry breaking scale (pion decay
constant). The E ’s represent the elements of the canomcal basis of 3 x 3 real matrices (i.e. the
entries of E;; are O except for the one in the i line and j™ column, which is 1). The low-energy
constants @ ~ —0.0144 GeV® and /3 ~ 0.0144 GeV® 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 n°, 3°, A° and 2°. 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 ¢ 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 my,. However, the hadronic decays of hyperons (=% A% and =°; see e.g. Ref. [59]) are
highly suppressed, because they are mediated by the weak interaction and typically involve
an s — 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 m,, < 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 n® — 7i° oscillations, constrains the corresponding mixing
to comparatively weak values. We discuss this feature in Appendix G. Furthermore, if lepton-
number is violated, the subleading 1) 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 of y»-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 neutralino ), the mesons M; € {n®, n*, 7=, K°,K°, K*,K~, ’l’)g}
and the baryons B; € {2°, %7, %7, n% 2% p*,87,A% as 1gzpR
decay width for the process vy — M;B ;, if kinematically open:

o my, my —miy YM;B; YM;B; 2 mp; YM;Bj\ % YM;B;
el — 18] = 220§ (1 ) [l P g™ P+ e () 6™

MIP rBj, we can derive the

327
m§j+m%’1i (mﬁj—mjz\/li)2 1/2
=Ty — M;Bj]. (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 A’s at
~ 1.2 GeV, as soon as these become kinematically accessible.
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0 =0

Further decays, such as the radiative ¢ — YB; (for Bj € {Zo,n , =2 ,AO}) could also be
assessed in the chiral description. Finally, for m,, < m,, 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 1) 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 (¢;) and one meson M. The decay amplitude may be schematically written
as:

Alp — UM = i C[S 5] (M (pa)| QiPiQu 10) ¥4y (D )Prvi, (Pe,)

+1CIVIE™ T (M (par) Q7" PQuc [0) 7y (py )y uPyve, (pe,)
+iCITAT (M (py) | Q5 Py [0) 7y (py) 52Pyve, (b,

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
nd ~ \/ig(u“ﬂ“ + d*d* + s*5*) and account for ) — n’ mixing, the pseudoscalar form fac-

(33)

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

quark mass parameters, e.g. By ~ %(mii + mlz<0 — mio) ~ 0.5GeV?:

iB, R
2v2 M
Here R, represents the overlap of the q;q pair with the valence quarks of M (py, ); for instance

R polutl] = \/Li = —Ro[dd] and all other R 0[q ;Qi] vanish. The axial form factors then relate
to the above through the Dirac equation:

iBo mflj + m‘lk
2
2v2  m3,

In turn, (mqu + my, )By can be written in terms of f, and meson masses. There is no antisym-

. . . - v
metric tensor associated with scalars so that (M (Pm)|Q; ZTPL,RQ,( |0) = 0. In order to account

for effects beyond the chiral approximation, it is possible to re-parametrize the pseudoscalar

(M(PM)‘ QjPRQk 0) = — [Qij] == (M(PM)‘ QjPLQk |0) . (34)

(M(pM)’QjY“PRQk 0) = — Rumlq;dx] Py = _<M(pM)|QjYHPLQk |0) . (35)

and axial form-factors in terms of the decay constants of the meson flglj I as already suggested

in Ref. [33]: <M(PM)|QJ'Y“Y5Q1< 0) =
implicit sum over the quark indices):

. 9qk
i j u

—if,/ Py We finally arrive at the decay widths (with

p — EM] = T (14 T (g0 2 g1 2) 4 e (g7 1}
1ot M (36)
= (st 1Sty - clsig)
— |my (V) = cIVist) = me, (CVE™) - eVl ) |}
s = B { B (st (I - clsig™)
— |y (CIVE™T = V™) — mg, (CDVE™ T - eV D) |}
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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 ~ (4;7,4x),

Pu L P P - 5t
AR T S
* — — Puy Psu  P1n %0
M, = Py V2T et A K, 5 ’ 37
* — %0 o Fip
K, K, \/7(1)8# V3

and after mixing d)g and qbgJ to account for the ¢ and w, one can define the vector and tensor
form-factors:

<M*(pM)|QjYMQk |0) = f;&* Mars Rypx [Qij] ELZ (Pm)> (38)
(M*(pp)| Q;Z* Qi |0) = —if,F R [0k [Phy€ g (Par) — Prr€ s (Par)] -

Then, we may parametrize the decay amplitude as:

7 . = M [ M* Zi
Al — M*T] = 15y () { &) s (Prax )PLr + 2Dy 3w (Pars) 8511 P e, (B,

(39)
M*ypl; — {qJL {qJR
ngU’ :%RM*[Qij]{mM*fA‘/[/*(C[Vijqk ]+C[Viﬁ< ])
£qJ {qJ+1
—fipe (my LT 4 my CITLE )
M*ae; eqJ
gSJw :__RM*[q]qk]C[’EjZ ]’
leading to the decay width:
B m3 2 + 2 ( 2 _ 2)2 1/2
Pl — M7E] = o [1 - pTe e y Toe T (40)
32mmy, My My
m? , —2m? o2m*  —m? (m? , +m?)
x4 (Jgy YR + gy MR |1+ P - e T e T
2 2

MMy, M*apl; % M*apl; My TGy —mg )
—12——5—Re [gVLw *gVRw ]+mi[1—2 e ]
m, Y

2._ 2 méi
[(|gM P |2+|gM vt )(1+%) +4m_wRe[géV[L WPe; *gész w]]

m? . 4+m?2  (m?,—m?)? * *

mx My, M* M™ Pl M*YPL; M*pL; %  M*aL;
) + m?) ]Re[gVL 81 t8vyr 8sr ]
2 ( 2

mli m *_m?i)z M* Z M* [ M* f M* Z
_2mei[1_2%+1‘4—] [ Yl * Y Yl * w] )

—2my|1-2

m 8vi 8r T 8&vr 8s1

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 w, 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.
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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):

Al — 4;MM,] = %C[Sf]ngK] (M1 (p1)M3(p2)| Q;Qx [0) ¥y (P )Pyve. (Po,) (41)
+ 5 CIVIA™] (M1 (p1)Ma(p2)| Q7" Qic10) Ty (P )y Prve, (pe,)
+ %CW;?ZJ] (M1 (p1)My(p2)| Q;Z*Q; |0) %(Pw)%PJ%(PQ)-

We then introduce the scalar, vector and tensor form-factors (with s = (p; + pz)z):

(Ml(pl)Mz(Pz)\ Q;Qx|0) = FéwjiMz (s), (42)

(Ml(Pl)Mz(Pz)‘ Q;7"Qx0) = (p; +P2)“@F&;{M2 (s)

TTl2 —m2

+ [P} = Py — =2 (p1 + p2) M [Fy 12 (s)
(M1 (p1)Ma(p2)| Q2 Qi 0) = i(p} Py — P4PY)Fy 5 ().
Here FéwjiMl (s) = inMz(s), while F‘]yfiwl (s) = —F‘]/\/I},f/fz(s) and F]ij?yl (s) = —F?},ﬁwz(s). 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 ete™ 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 MSSV, 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/(s — M?), 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 m,, 2 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 m,, ~ m. 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:

3 p2
mwB0

512(1 + Sy, ) 32

Ty — £M,My] = > clajclarretMi[a,e],  (43)

Q,Q/
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where the sum extends over all relevant pairs of semi-leptonic operators (Q, Q). The kinematic
integrals G‘™"1M2[), '] 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 ~ m_, 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 Z, symmetry distinguishing it from the SM matter (R-parity in the
MSSM). Thus, y» may appear in cascade decays of heavy resonances produced in high-energy
collisions. It then becomes necessary to assess the abundance of these Z,-conserving cascades
with respect to the competition of a direct Z,-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 Z, 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 Zul,l_lé'“l/) and h%4p. 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
4 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=(f,f°);j,k=1,2,3;J =L,R):

St = (BPLW)(F;PsFy), VI = (By"Py®) (Fiy, PiFy) (44)

satisfying the U(1)., x SU(3), gauge symmetry (and possibly additional discrete symmetries
depending on the model) — the tensor operator 7;{{ = L(IZHWP ) (F i%,yPFy) identically
vanishes. In particular, such operators involving quarks open up the possibility of v 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 (¥ P,¥)(B Py ;S). Then, ¢ pairs can
be produced in a direct BS decay (calculable via the decay constant (0| BysS |B?>), or in semi-

leptonic B decays, such as B — Ky (calculable with the B — K form factor) and more gener-
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ally B — X 1)) (calculable using the heavy quark expansion). These individual decay modes
might be testable at a B factory. Similarly, the (¥ y*P,¥)(C y*P;, zC) or (¥ y*P,¥) (B y* P, zB)
operators would open up the possibility of production from vector quarkonia, such as the J /1)
or the T. 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 1 pair), so that ¢ 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

(S, Vv, T)jkm may also be exploited to search for 1’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 (S )V, T);km operators in the RpV MSSM

at tree-level are virtually identical to those of the (S,V, T);.J;{J(K) operators (f = e,u,d) pro-
vided in Eqgs.(16,17), up to the substitution of v; by ¢ and the generalization of the indices
j and k, so as to include 7, 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 Z, symmetry allows for single production of particles in the ‘exotic’ sector.
Again, 1) might then occur as the end product of the Z,-conserving cascade decay of a singly-
produced heavy resonance, provided the competition of Z,-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 v and a lepton.

Direct production of ¢ from SM particles can proceed through low-energy operators of the
type displayed in Egs.(3-6), but extended to heavier fermions. The matching conditions at tree-
level in the RpV MSSM are again a simple generalization of Egs.(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 T — ¢ v;v;, T — wﬁi[j, T —YM;, or T — YPM;M;
can be computed similarly to the leptonic and semi-leptonic decays of the light neutralino
[see Egs.(27,28,29,36,40,43)]. For a very light fermion, a partonic approach may efficiently
describe the inclusive 7 decays into 1) 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 v
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. A];,) or charm quark (via e.g. A7,,), one can expect single production from beauty-

2See also Ref. [32] for the related decay K — m1p.
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or charm-flavored hadrons. The weight of a few inclusive channels, such as B,D — X1,
may be estimated from the partonic picture. On the other hand, exclusive channels, such as

B*,D* — p*4y or A  — n, are much more difficult to assess since they would require
c
0

the knowledge of baryon-number and flavor violating form factors (B™ — p* or Ag — 1" in
our example). As in the case of pair production, the 1 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 — 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 1 — n°y, 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-
diate v decays at tree-level: A7, = —A%,,. Decay widths will then scale like |1} ,|?. 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 — d transition, and the kinematic threshold is pushed
further up to the opening of A° + n° 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 1) 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
1072 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: A];,, A3;, and A7,,. 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.® 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 O(1). 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 1 mixing with A® and %°. 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.* The latter may actually offer a quantitatively more reliable description of
the (un-charmed) inclusive hadronic decay width for m,, — 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 102 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~%) with respect
to the partonic width, instead of the ~ 10~° suppression observed in the scenarios without
squark mixing of the first row. Squark mixing also allows for other couplings of UDD-type,
beyond A7, ,, 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 upp-coupling (A5, A3,
and A7,,) and a mixing of magnitude 1072 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 7—7“1”1(1 operators via squark mixing. In this respect, the scenario with dominant A7, , 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 A7, or A{,, 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 my, ~ 1.5GeV. 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 m,, < m, while limits on neutron-
antineutron oscillations — see Appendix G — restrict the acceptable magnitude of contribu-

tions to the ’H{Ifl operators (those relevant for strange-number conserving neutralino decays).

From a high-energy model building point of view one might expect the coupling A/, 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].

“For 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 1TeV. First row:
quark-flavor conserving scenarios; lepton-number violation is mediated by the A/,
coupling (left) or the A,, coupling (right). Second row: the lepton-number violating
coupling also violates the strange-number; it is chosen as A/, in the left plot and
as A}, 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 LQD 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 A’ 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 [0, 2] 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 A7,, # 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, ) (n): these are the channels coupling
to the UD and DD pseudoscalar sources opened by A%;;- 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 my, ~ 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+7 in their final state, which also couple to the UD
and DD scalar sources.

In the upper right-hand quadrant of Fig. 2, we turn to the case of a dominant A/,,, hence
switching on the SS scalar and pseudoscalar sources (charm production is kinematically forbid-
den). As a result, the two-body decays of the neutralino are dominated by 1 or n’ production.
The two-pion channels dominate the three-body decay widths: while K — K 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 (VucsI<M ~ 0.225) opens a hardly suppressed
US source which controls the channels with charged leptons in the final state and leads to sub-
stantial kaon (and K + 7) 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 A7, ;.

In the second row of Fig. 2, we consider LQD couplings that violate the strange number:
7&’112 (left) and 1’121 (right). The resulting US, DS or SD (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 VucsKM 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 SU(2); doublet, but not if it is carried by the SU(2); 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 m,, % 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 m,, ~ 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 m,;, < 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 1TeV 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 QQ 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 A3,,: 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, A,; (up) and A},, (down) in the presence
of heavy squarks; Right: LQD couplings involving the third generation squarks, A/,
or A},5, 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 A],; opened electron+pion decays through
the CKM mixing, but not A},,. The same applies to A},;, considered in the upper plot, with
an additional suppression of ]VquKM/ VM2 &~ 3.107*. On the other hand, while strange-
number violating decays are allowed with A}, (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 A7, are indeed these CKM-rotated ones involving electrons and
pions. In the lower plot, we consider a dominant A/ ;: 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 O(10~2) 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, 7 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
A%, (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
my, ~ 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 u;, 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 B;, 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 B;. 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 B; 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 B, # 0, we generate a mixing of magni-
tude ~ 102 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 () v, and, to a lesser extent (after VHEKM suppression), the K™y~
channels. Below threshold for these, the 7° v, and ntu~ 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 SS operator mediates 77
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as well as KK decays, while iis conveys charged K7 decays. We also observe that the specific
pattern imprinted by the B; 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 vu,u+ u~ channel: it is remarkable that
this specific decay is not straightforwardly generated with the antisymmetric LLE couplings,
unless slepton mixing is present. v,etu~ and vye e contribute to the neutralino decays at
a far lesser extent. Finally, the radiative decays i) — yv,,y",, 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 Bs, 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 v, instead of v, (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 ~ 1072, Left: neutralino decays employ the non-
vanishing B,, 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: Bj, 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 y — 7). On the other hand,
the electromagnetic dipole contributions are greatly enhanced by the additional mediation of
T + Higgs-stau loops, involving a sizable Yukawa coupling (tan f3 is set to the typical value
of 10) as well as a large In % As a consequence, the 1) — v v,y v, 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 B,, but now with a de-
coupling SUSY spectrum, albeit the Higgs-slepton mixing is kept at the level of 1072, 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 ¢ — yv,,r¥, is increased by the mass-splitting between scalar states, as cancellations
between the smuon and Higgs loops no longer occur.

lul = 1073 GeV [yl = 1073 GeV

10-23F 10-23¢
- 1021 = 10~}
> >
[ )
2 o

> S

— . —~ -

10727F 10-27F

N — y+v I — y+v
— Leptonic — Leptonic
10-20 — Semi-leptonic 10-29 — Semi-leptonic
00 02 04 06 08 10 12 00 02 04 06 08 10 12
m, (GeV) m, (GeV)

Figure 5: Neutralino decays mediated by bilinear ‘fermionic’ terms. Left: neu-
tralino decays employ the non-vanishing u, = 1073, resulting in chargino-muon
and neutralino-v,, mixing. Right: a non-vanishing us replaces u,. 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 u; 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 Egs.(3-5) and the corresponding neutralino decays
hardly depend on the mass of the sfermion fields. Nevertheless, large values of the u; pa-
rameters would generate unacceptable neutrino masses [20]. For small u;, 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 |u;| = 1073 GeV] which typically produces
neutrino masses under 107!% 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 B; with the left-handed sleptons). Yet, as the effect is proportional to the lepton
masses (and the small u;), 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 u, to 10~2 GeV, thus generating mixings
of the chargino states with the muon and of the neutralino states with »,. 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 p’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 v, £*£~ or v,%,v,, 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 u; = 1073 GeV, offers limited novelty, except for the disappearance of the channels
with a charged lepton, since T 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 ), a well
motivated scenario, with mass m,, < m.. 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 u;. 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 T 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 D*) 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 Egs. (3-6), which potentially mediate a neu-
tralino decay in two-component spinor notation.
* electromagnetic dipoles:

e
1672

51' = (’LIJO'HVVI')F

uv> (l =1,2, 3) D (45)

* leptonic operators:

Nijie = (@) (vim),
(i,j,k) € {(1,2, 2), (1,3,3), (1,2,3), (2, 1, 1), (2, 3,3), (2, 1,3), (3, 1, 1), (3, 2,2)} s

Mjkz(d;éuvi)(i}j&uvk)’ (1<i<k<3), (46)

Sk = (Wm(eser), Sl = Wn)(E2),

ViﬁL = (Y5 v;)(€;5 4ex) Vi?(lch = (po" Vi) (€50u8)).
e = (Yot ) (€50 ek (i=1,2,3, j,k=1,2),
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* semi-leptonic operators:

SEAH = (e (dSuy) Sii = (e)(dig)
St = () (diuy) S = (e (day), (47)
Vi = ($5te)(d;o,ur), Vi = (ate)(d5oiy),
Ve = (ypote ) (d;6 ), Vi = (Yote) (dSo i),
T = (o) (d5 o), T = (00"7)(d;0 1),
(i,j=12,k=1),
Spub = (py) (uSuy,), it = (W) (@),
Vikk = (P61 9,) (8,5 1) ViR = (Pt v (wor,af),
ok = (@Wot v (uSo,uy) (i=1,2,3, j,k=1),
Sl = () (didy), Syt = () (didy),
Vil = (6t ;) (d;o,dy), ViR = (9ot ) (dfo,dy),
T = (Yot v)(dody), (i=1,23, j,k=1,2),
* hadronic operators:
Ml = eapy () (e 47) M = Sapy (V) (4] ).
HEL = e, () (AP dST), HEk = eap, (P7)(d) ),
(i=1,1<j<k<2),
HEL = eap, (PP ) (uSedT), i = eap, (D7) (@),
HRE = e, (90 (uEd;T), A = eapy (9] (@)

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

Z)(.Oxo \V g%—i_gg Z;(Q)(.O *

&1 = _T [NidN* N N* +valN]*v] = (gR ! l) 5 (48a)
in+x_ T Z)(._xl.+

g m [ew Ui U, + 257 (UigUjy + Ui U, ) = =g ™, (48D)
Zx 2 Zx; 1t

g P =g @G Vv B, v =g 0, (480

2, 2

ZuCu; m Zu;u§

& T o (1_§S€V)5U:_gR Jl’ (48d)
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Zufu; 2 Zu;u¢
g = 5«/gf+g§sﬁ,5ij =—g, ', (48e)
2,2
zasa, \/ 81T 82 2 7d;d¢
g, ' = 2 (1—3s0)8;=—8g > (480
2, 42
7d¢d,; V&1 T8 7d,d¢
g =g 26 =—g, ", (482)
wraa; 1 1
_ ( fofx?)* Wi _( W*x?ﬁ)*
- gL - R - gR ’
Whadx; Wy )\ Wy x? Wortr \* :
g = —nalNgVi - NVl = (g ) =—e T ==(a ) wsd
W dfu; g2 . CKM W u;dS whutd;\ * WHdu * .
&L ]:_\_@ ji =g :<gL ' ) :_(gR ]) > (48j)
W~ dfu; W~ u.df Wtutd;\ * WHduS\ *
gR i J:O:_gL I :(gR J ) :_<gL J) X (481()
B.2 Scalar couplings
soxln) 1 . Soxd N *
g, = E(glle',; - g2Ni”v‘V)[X:1dN;:1 —X;’;uN]T‘; +X;’;NIN]?*W] +(iej)= <gR ! ) , (49a)
S?nxi+x-_ Yel &2
L b= \/_E‘/ijl [Xle ]?kd —Xmd U;Z] - \/_E[X;dvi:/de +Xr>rk1uVizU;w +X:11\"[1 Vi:/U;:z,
Alnp SOxtarNF Syt SO\ *
— EXmNIVi:p ;;n = ( R ! ) =& ! = (gR ’ ) 5 (49b)
S,?,uqu' Yi S?nuc,ui * Sglu’uf S?nuiuc. *
&L = _\/_uiXmu5ij = <gR ’ ) =& = (gR J) > (49¢0)
i /
S’(,)ndicd‘ Ydl Al]l S?nd?di * S?nd'dic S?ndidg *

g = _\_@deéij - EXmNI = (gR ' ) =g" = <8R ’) , (49d)
S;x{*’;{]‘? _ &1 XC*V* ZXC* V*N* 82 XC* VEN* \/EV*N* 49
&L _7\/_5( mu Vi T mE} iel) jbix_@ mu( iu jW+ iw ju) (49e)

1 c c C
- Ye Vi:l (Xm]::iN;ZI - XmZikN)?kvl) - Alnpxmgz Viij]%vl
S a\*  Saxlx’ S xT\*
(@) e = (@)
Snjxij‘.) 1 C=* C* C* C*
&r = \/_E(de Uid +XmEé Uiel)(gleb + gZNjw) - gZUiW(de jd +XmElLva,) (49f)
I5-C C
- YeXm;é(Uieled —UygN;y,) — Afnpxm;}g Uie,Nijy,
Swxi ;\*  Saain’ Suxix \*
(@) e = ()
Sy du; : Spuydi\* S uyd S it ) *
g =YV X Vi X = (&) =@ = (&™), (99
Sr;dlcu . S;;uc.dl- * Sr;udlc Sntdiuc- *
&r ]:Y]Vj(i:KM*Xri::( L ) =g&" = <gL J) ) (49h)
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Umu%(') iy * 2\/5 * * U:;XJ%" * U"‘onut? U:Tl;uiXJQ ¥ :
g =Y NE SR N = () =g, = (™) @D
U u?;((.) . 1
" = yIX* Ny, — —X* (8N, + goN;,)
R wimui e 5 mul 3 Jjb 22V jw
U* y%u;\ * Uy Ou Uku 0\ *
mAj ji m ik .
() g ()
D d.cx(.) . \/ﬁ
mEiA;_ yly® * * * 9/ * *
I = YdeDz'NJ'd —3 ngmDéij A’lniXmDZval (49k)
D} x}pdi * Dy, )(]Qdf Dd; )(]Q *
=1\ 8&r =& =\ 8r P
Dmdi“x]‘.’ 1y * 1 * 81 1%y
8r = _YdeD}izde - \/iXmDi'(?ij - g2NjW) - llinXmD}’gl\[le (49D
D} )(}(.)d,- * Dy, )(J(.)df Dtd; X}Q *
L T 7d'ni mUp - jd Ipi "np mUp ™~ je
Uk g di\ * U df Ukdiy i\ *
_ mAj _ % m LA
= (gR ) =& = <gR ) 5 (49m)
U’"dicxji ny7CKM sy CKM 3 v~
8Rr = Yu Vni XmU}g‘VJ'U - gzvni XmeVj
U*yFd * Uy, dS U¥d;yty *
= <ng ! l) :ng T = (ng v ) ) (49n)
% -
DnliZ _ ynyCRMxy % _ g yCKMay _ ppe 4 37 yCKMsy gy (490)
8L =1 Vin mDpYjq — 82Vin mD; Yjw T Anp Vin mDy - je,
Dmxj*ul? * D} X ui Dmul?;(;r *
= | & =g = | & s
Dy i CKM s Dm)(;ruf * Dy u; Dmuf)(j+ *
8r =Y, Vin " XmppViu = (gL ) =8r = (gL ) ) (49p)
Urj:dicd; " Upd;d;\ * U:;dfdic Upd;d; \ * U::dicd;
&1 = _)'m'ijU}g = <gR > =—&; = _(gR ) > &r =0, (499
D¥ucd¢ D du\ * DX*dcut D w.d.\* D¥utdS
m=i’j " m*jti m~ji mHitj m-i’j
g = _AianmD}'{ = (gR ) =g = (gR ) , &g =0. (49r1)

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>3 (W+,il:,€;f)Mé(W_,il;,ef)T +h.c., (50)
with the 5 x 5 matrix:
My gaVq 0
Me= {8V M M (51)
0 0 Yel5ijvd

Here i, j correspond to the flavor indices. u; 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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vTdiag(m ,+)U, from which we deduce the mass eigenstates:

TR o~ — %1 — % _J
=U; W™ +Ujh, +Ul.ejeL.

|My|— ],uH > gV, |, Y2 v,, we can expand the mixing

gD _ 82 (vaMy + v, ) y 82(vaMy + v,u™) yV _ Hy (52)
1d — 2 _|yl2 2w 2 _|yl2 2 7
|My|? — |u| |M|* — |ul
v _ 82 (vau + v, M) v _  &a(vau” + VMs) 1) _ _“_;k
WOTTRGE—WE 0 e T o e

where the mass-indices 1, 2, 3; respectively refer to mostly wino, higgsino and lepton states.
Heree; +eu, 7 forl =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 x 7 Majorana mass-matrix between neutral gauginos, higgsinos and neutrinos, in
the basis (bo,v”vo,hg,ho vf):

u "L
[ M, 0 vy Hv, 0]
&2 _ 82
0 g]WZ \/ivd ﬁvu 0
My=|=Fv o 0 w0 2
g_lzvu _%vu —u 0 _.ug
| 0 0 0 —Ug 0 |

This matrix is Takagi diagonalized [44] via a 7 x 7 unitary matrix N according to
My N Tdiag(mxo)N, from which we deduce the mass -eigenstates

XIQ = Ni"l‘j) +N i";VvT/O + Nl.";ld flg + Nl.";lu flg +N l.";f V{, i=1,...,7. Again, in a hierarchical context,

the mixing matrix can be expanded as N = N(© + N 4 N®) 4 with:

N(l) — _ﬁMl*vd—H‘Wu N(l) _ g_lMl*vu+“vd
_ . 1hy V2 My 2—|uf? 1hy — 2 [Mi[2=|uf? >
1 0 0 0 O N(l) g MYvatuv, N(l) _ _&Mz*vu+uvd
601 O 0 O 2hg /2 IMpP—[uf? > 2h, T V2 [MaP—[uf?
0) _ 4 L (1) _ & a—v) M —p*) (1) _ g u—va)(My—p*)
N = 8 g \/% \lﬁ 8 > N3b _%W» Nsw—?zw,
V2 (1) _ g (a+v) (@ +My) (1) _ g2 (va+v)(w*+M,)
oo o 0o 1l Ne =27 mpwr 0 New T2 mPpE
B B M _ o _ W
NBvl Vo —N4vl, Nslhd =T uxo

(54)
and all other elements of NV 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:

&1 My, + ptvg g1 MV

V2 My [My)2 —[uf2’ CV2Mur

In this description, the indices 1, 2, 3, 4 and 5; refer to mostly bino, wino, a pair of higgsino
and neutrino-like mass eigenstates.

(2) (2)
Ny, = N =

&= (55)
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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 B; = Bf + iB{ (after simplifying other mixing parameters via the minimization
equations of the scalar potential). The 5 x 5 mass-blocks M% and M% for the CP-even and
CP-0dd states in the gauge eigenbases (hJ, h, \%Re [N;]) and (a$, a?, \%Im[ﬁi]) (respectively)

read:

Mfs,zj +M§c§ —(Mj +M§)sﬁcﬁ (BlR)Tt/;
M; = | —(ME+MZ)speg  Mgcg +Mzsg  —(BY)T |, (56)
(BR)tg —(BR) Re[M]
T o2e2 2 R\T
MAsﬂ MASﬁCﬂ (Bl) tﬁ
M% = | Misgep  Micg  (BY)' |, 7)

| (BY)tp  (BY)  Re[Mg]

where (B;) should be understood as a column 3-vector and M]\% = (m% mn T Mo Uiy + M §C27ﬁ5 mn)

is the 3 x 3 mass subblock corresponding to the sneutrinos. Im[M Lz] and B] mix CP-even and CP-

odd degrees of freedom and the mass eigenstates can be decomposed as
R I

xR .
0 _ yR 1,0 R 20 4 PN IRy I 0 I 0 TpNip ri R I
Sy =Xpahy + X by + o Re[N;] +X,qaq + X0, + 5 Im[N;], where (X, X, ) forms an
orthonormal eigenvector of the mass-matrix. We also define the notation X = X® +ix’.

Assuming M Z,Ml\%”i > Mz, |Bi, M2 ij| (j # i), the mass eigenstates can be approximated
by:

hozcﬁh2+sﬁhg, m,zlomMgcgﬂ, GOE—cﬂag+s/§a2, méO:O, (58)
0_ . 1,0 0 2 a2 2.2 0_. 0 0 2 _ ar2
H” =sghy —cgh,,, mHONMA—i—MZsZﬁ, A" =spag +cga,, my, =My,
GR _ 1 & oI 1 5 2 .2 2 2028
b :\—@Re[ bl szﬁlm[Np], mNp~mLpp+|,up| + M, 5.

First order corrections may be encoded as S) = (& +X I(,},z )(82)(© with (S°)(© corresponding

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

2 2
0 M x0 _ Myl
hOHO — ZMX I NRNL m]2\7 _ m]2\7 I
p q
2 2
i L) )0 Bl o o
NpNG m]%lp mlzvq Ny N;Ng mlz\?p mlzvq NN
R
(1) Bp/cﬁ (1) (1) _BP/C/’ (1)
XOR_ P 2~ ““RRryo> XOI_ 2 2__X*10’
HON M2 — m2 NRH HON] M2 — m2 NIH
P p
R I
o _ B/ o _ B/ o
AR 2 2 _XNIAO > XAONR T M2 2 _XNRAO'
P A - mNp p 14 A - mNp 14

As a result, only the heavy Higgs doublets H?, A’ 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 (H; ,H, EL (ESH™),

u’-L’

(]Vz[,«% + 1‘/2[51/)5/25 (Mf;r Mvzvz)sﬁgﬁ (B))'tg  (mgu;)tp
(M + My )spep (Ma + MW)Cﬁ (B)" (me, ;)

M = (Bt (B)* we oo | 6O
(me u*)tg (m H5) MERL 5

M; = (M, + ppt + (M2 + % A 20) 5 )

M; = (mg, +u§2un+(m§m—%vzcm>5mn)’

M}??LR = (AVd — Me, tg MO mn — UkAimnVu) MEZRL - (M’?LR)T'

The mass eigenstates may then be written as S = ng H; +XC H, —|—XC El +XC (Efzi)*.

In a hierarchical context, they may be approximated by:

G = —cﬁH +sgH,, mZ, =0,  H =sgH; +cgH,, my. =M; + M,
B, me = (Mg )i (BR)*, my = (M2 )i (61)

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

c(1) By, /cp c(1) c(1) mep‘up/cﬁ C(1) \*
Y = e 2 = Xprp Xy = 72 2 _( EpH,) )
r My— ms, L R My — ms, R

L
Mz )s (M2 )*
c(1) _ E/Pd o C(1)y % c(1) Epd o c(1)yx
Xee ~ 2, Cmg) 0 Xgn T Kag) . 62
B Ep Ep Ep
XC(I) ( EgLR);q _(XC(I))
BB w2l e
i E

C.4 Mixing in the squark sector

The sfermion mixing matrices can be written in the (1:" L 1:"1;*) basis (F = U, D) as:

2 _ 2 o 1 (Y 2 f o 2 2
Mg =myp +mi+5| 581 —138; (vi—=vi),

M2 M2 R
M2 = D Fir | 2 _ 2 2, YR 2702 2 (63)
7 [MFRL MFR MFRszR+mf+ 281 (v —vi),

2 Ak, YVer % . 2 _ g2t
MFLR =Apve —meu 7 ul)\ijkvu5FD , MF"RL = MFLR
where f is the fermion corresponding to the sfermion F, while f' is its SU(2); partner. Then,
yf 1. are the associated hypercharges, 3, the isospin. Finally, v, denotes the vev. of the Higgs
doublet to which the fermion f couples at tree-level. Each entry should again be understood as
a3 x 3 block. We write the mass eigenstates as F, = X ot F i+ X pF FL. Itis also possible to work
L R
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 ¢y — »;y Transition

The loop integrals IX’; of Eq. (20) can be written in terms of the standard Passarino-Veltman
functions [68, 69]:

m? m2.
If(ﬁ: M_E;) =2 My, ([C21 — Ca3 — Cr2](Py» —py,m)z(j,va,Mﬁ/)
+[Car — G + 2C11 — Cua + Col (—pyy, by ME, 12 12 ) ), (64)

m2, m2
T (5 5) = 43 (Cra(pys —py 2, M2, M3) — [Coy + Col (—pyo py M3 m3 2 ) )

M}, M, 27
2 2
Is(_i) m_é) ms([C11+CO](p¢’ py: f’mg)m5> Cll( pw:py:mgam?:m?)>a
2
Iﬁ( 2 mé) = —mj <[C21 — Cy3 + €11 — C12](py, —py,mﬁ,mﬁ,mﬁ)

+[Co1 — Co3 + Cy1 — Clz](—Pzp:Pwmg’ mj%’ mjzf)) .

In the regime m? « My, 2 mS that we consider here, it is useful (in terms of numerical stability)
to replace these functlons by their limit with vanishing first argument:

IY(0,2) = —15[3 — 22+ (22— 1)f,(2)], Iy (0,2) =4(1—£,(2)), (65)
7;(0,2) = —f,(2)/2, T3(0,2) = ﬁ(fy(i%') ~3) (66)
fole) = -5 (1+ 1),

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 M ')\ or if final
states with charged leptons or hadrons are kinematically 1nacce551ble these b111near 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:

l

C[Nijk] = —

81va (10 + Ubyj) [L<g_f g_g) n M] - 67)

421+ 65 u m]%,_ M, M, M; M}
J

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

CNiji) (o) ~ 0, C[Niji) (o) ~ 0, CIS 5 (1o) ~ 0,
A iMz M2
g 1 1 1 ™R HTTE Kk
CLs35 M (o) ~ —EL | Ay (7 ) - 3
jk 0 ikj\ m2 2m? 2 2 2 2 2
i V2 I Y v S ZmE’ZmEQ
2
_Z)LiklMEle
2 2 )
14 mgémgé
g1k ME% jl g1l M}% 1k
CIVEH (o) ~ S0 il CIVIER] (o) ~ wlh - (e8)
ijk 242 m%m%l ik V2 mZm,
L R L R
M? M?
21 Ak Epil 81y Ey Ik
CIT7 (o) ~ [5.—1—5- ] [5 —(1-5 ]
[Uk](.uo) \@m%j it ( jt) m2, o2m?, K~ ( k) 2
E; ER EL EL

R

Below, we omit the Z or (1 — &;.) indicating sfermion mixing.
15

E.2 Semi-leptonic operators

LR LR d
C[Siﬁ 1(uo) =~ 0~ C[Vi?l;i 1(uo) ~ C[ﬁ;;?](.uo) > C[Si?kR] (ko) ~ 0,
A M? " M? A 2
81 [ Tlkj Nil ilj Dy Lk ikl D jl
CIS1 (o) ~ — 2| 2 (6 — —54) + —5- (61 — ) (61— —2)|
jk 0 2 \Vil 2 2 ki 2 2 \Yjl 2 ’
V2 my, m< 6m~i< m]jé Bmﬁé mD}{
gMﬁklM,% i1 glkﬁle[g) Ik
CVE (uo) ~ —————25, CIVIR (o) » —=——-, (69)
[ ijk ]( 0) 6\/§m]25jm%1 [ ijk ]( 0) 3\/§m%lm2ﬁj
1 R L Dg
2 2
I ) ~ 0[5, ) B [, T
ijk 170 Bﬁm%j b m%l 6\/§m%k . 2]31 ’
R R L L
eqLL 81 A;nijCnKM* ( o M}Z%Lzl') Al{lemClKM* < _ M[%JL mk>
C[Sijk ](AU'O) ~ \/5[ méi 511 mzéi + 6m?~]IL< 5km méi"
A yCKM M2
+ ilm "kl <6 R Dij)] ,
3mf~)j jm mzﬁ{zn
2
LR RL Epli RR
C[Sf]gk 1(uo) ~ 0, C[Sie]gk 1(uo) ~ \/Egﬂ;njvkam*mz SO C[Sggk (o) ~ 0,
EUEL
CKM 2 I y7CKMs 2
C[VeqLL]( o) ~ glA;ankn ) MDLij C[VeqLR]( o) ~ \/Eglki"jvm” MULRmk
ijk 6\@ m2 m?2 > ijk ~ 3 2 m2 5
bl Dy on ok
RL RR R
CVii 1(uo) ~0, CVik ko) ~0, CTx (o) ~ O,
qL ~ gl z’gl‘VnSrIfM* Mlgf mk A;mVCKM* M[?) jm
C[T;k 1(po) ~ —2[ émf—,k <5km — ngm ) _ lgmk%j (5jm - ﬁ)] . (70)
L L Dp R
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E.3 Hadronic operators

WasaL, M, i
CIHL )~ —— 5[5 —— ], M) ~ -

E.4 Electromagnetic dipole operators

Neglecting any degree of mixing:

g 1 m2  m;. 2 m2, = m;
CMSSM[EI] \/:L)‘l]]m [mz If<m_sz., m%] ) + _IS (_2w 2 )] (72)
Ej E E

gl m2 md. 2 TT'[2 mg
- 9if7('1]] [ Is(mgl’,mzf)_ IS( 211) 21)]
DJ b

L

F Kinematic Integrals for the Three-body Leptonic Decays

The kinematic integrals of Eq. (29) are defined by (xj + x5 < 1):

1 24 2_ 1/2
ool ul= [ &5 fap()1-s7(1-202 4+ ST g

(xj4x5)?

where the functions fq o read (with fo o = fq o):

fsrsi(s) = 3(s —x2 = x7) = fsnsn(s), fsisr(s) = —x;xp = fsrsi(s),

Forsi(s) =Fs(F —xp) = 1] = firsa(s), furse(s) = (s [x? = x7] +1) = frsi(s),
frisur(s) =0, forr(s) = 2x;x, (74)
forye(s) = 3{1+2s+ J (1— )—u 2+s)} = fVRVR

frip(s) =S (1 +s" [xk —x7]), freyr(s) = (1 +57 x} = (D),

J
_2+s{1 x+xk_2( :Zx]%)z}.

fri(s)

These can be written as linear combinations of the four base functions

fm(s) =s™, me{—2,—-1,0,1}; this decomposition can be used for the calculation of the inte-
grals.
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x2—x2)?

1 x%4x2 ( 2 ) 1/2
Im[xjjxk] — J; ds fm(s)(]. _5)2 <1 -2 J ; k + J = k ) s (75)

Xj4x;)?

2 2 2 2
7Xk X Jer

X2 2 xle% szrxi 5 x2+x§
I—Z[Xjﬂxk]_|: J2 _|_x2 XI%_(XJZJX) :|L1+|:1+ j2 L2+ §+2(ng_xi)2 SJ

J

2 2+xk
I y[xj,x ] =—|x5— +x +xk—x xk]Lz——[5+x +x7]S,

X2
Iy[xj, xi] = L1+2[x +xk—|—2x xk(x +x7 — 2)] Ly
+%[2+5(x.+xk)—x?—xk—10xjxk]8,

I[xj, x¢] = xgx,f [1 - (x +x) + x?' + x;(‘ + 3x2xi] L,y

L

0)
+ 13 [1— (x +xk)+3x +3xk+32x 2x2 — x©
2

; — x? —29x° xk(x +xk)]S

1+X; ]—Xk 1+X, _
lan :Xl Txips, L2_1n1X ,X2:f
J

X tx 2

_y2_
1 X5 —xp

1/2
S= [1 - 2(xJ2 +x7) + (x]2 - x,f)z] .

The functions I,,, are regular in the limits x; — x; and x;, x; — 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:

My = —(&C[ﬁﬁh]* + [E C[ff[ﬁl]*)(“)’
Myppe = —(&C[Hﬁl] +B C[,H%lLl]) (1) -

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

LﬁPT 5 —my, (¥Pn°) — m;"/)nc(\PPRnO) + h.c., { (76)

1 My My Myge | (Y
—5(1/) npng) | myn Mmp, my ng |+ h.c., (77)
Mype My Mpepe ny
where the entries m,,,, and m,,. 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 m,,, and
myne. 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 [m,,, Mpepe | < [Myn, Myppe| < [m, £my |, the two
mass eigenvalues for the hadron-dominated states read:

1 2m, —my, 2
mpy+ =~ m,+ —Re[m,m + mncnc] + mR&[ﬁlwn + mwnc]
2m,+my,

2(mp+my)? ZIm([my, + Myne]?, (78)

2m,+m 2
m,- ~ —m,+ ERe[m,m + Myepe] — mRe[mwn — My ]

2m,—

My 2
~ Sy P ZIm[my, — Mype]”.
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This results in a neutron-antineutron oscillation frequency of

e > e[y + M| + 5 Re[ My + )] — b Re (i — 2], (79)
which can be compared to the experimental limit on the oscillation time, from Super
Kamiokande [70], T,,c > 2.7 - 10%s. Nevertheless, we stress that this particular limit criti-
cally depends on the connection between 7, and the O'° 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. m,,, and
Myye of Eq. (76). In the RpV MSSM at leading order, C [ﬁ%lfl] and C [?—N[ﬁl] vanish while non-
zero C [7-7%{1] and C [7-7%1] 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:

2 2
\/Eg 14 Mf)RlTl

~LL - ~RL o &1 s Dygln
ClH 1] (o) = 3 Aln m2 m2 C[H111) (ko) ~ 3y2 M2 2 (80)
DR DR DL DR

Similarly, flavor-mixing is a necessary ingredient to generate non-trivial m,,, and m,. ., 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:

L, 3 QPP B +iC e PPy RB;M,, (81
QP = —(aCHR* 4 BCRRYTr[E,, Ay ], Q5 = —(GCRL* 4+ BCLL*)Tr[E,,Ar], (82)
/M = —gcrﬁi*“ [Emn (i) + A;4:)] = Ecﬁ*Tf[Emn(kiAj L (83)
fx Jx
G = %cﬁﬁ*mmnwj +A20)]+ fﬁ%*Tr[EmnWj ~ A0l 9
x X

Here, C#{RR’LR’RL stand for the Wilson coefficients of the operators of H- and 7—~[-types and
can be straightforwardly identified by comparing with Eq. (31). We have written the baryon
and meson octets as B = A;B;, M = A;M;, where A; are linear combinations of the Gell-Mann
matrices, B; € {£°,£*,£7,n°, 2% p*,E7,A°} and M; € {n°,n", n~,K°,K°, K", K, n3}.
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):

L, > iCOME (B (—igM,)ysB;) + i COMEiM, (ByysB)), (85)
_ D—F D+ F
CBMiB;  — Tr[li?tjli]-f-LTl’Mlki)‘j]’ (86)
f;( X
choms = _2Dinial (o a,  AM)A] - Z2TALA (M, + AM,)],  (87)
= G k\g M g/ fx [ S0 ANl Mt L e
x
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where M, = diag[m,, mq, m] is the quark mass matrix, D ~ 0.8, F ~ 0.47 while b, , 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 — d transition are suppressed.

Then, evaluating the two topologies of Feynman diagrams contributing to the ¢ — M;B;
decay amplitude at tree-level, we obtain:

- B Y M;B;
Ax [V — MiBj] =—Vy (Pqp)gL,R JPL,RVB]» (ij) ) (88)
B 2 B,
WMB; M3, BB, QLk(mw + mBkmBj) + Qkaw(mBk + mBj)
8 = ( -C ! 2

2 .
my, —mp, +imp, I}

By B
QL mp, + QR my,

+CBMiB; , (89)
mfp — mﬁk + imp, I}
By (.2 By
YMB; C¢Mi3j i CBxMiB {2 (mw + mBkmBj) +8;my, (mBk + mBj)
R = *r .
mfp — m123k + imp, Iy
B B
=B, M;B; Qka'Bk + QLkmw
—CHR — TR . (90)
my, — mg, + imp, I}

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 y» — ¢;M;M, can be derived
from the amplitude of Eq. (41):

_ mbeg (1=x;)?
[y — &;M,M,] = ds|1—
[ = LMy M 512(1 + Spp,p, ) T3S 2 (X1+X2f2[

1/2
(X3 +X2) + $ (3 - x3)?]

| N

1/2 .
x [1 —2(+x7)+ (8- xl?)z] > e[l g0, 0')(5), (91)
Q.0
where x; = my, /my, X; 5 = my,,/my. This defines the kinematic integral G*"2[Q, Q'] of

Eq. (43). After application of Eq. (42), gziMlMZ [©,Q'](8) can be related to the reduced form-
factors J’:g M) = V2f Y Fg[ 1Mz (mi)sN) /By, for all relevant operator pairs (£2,') (we omit the

permutations that can be obtained from gliMM2[(, Q] = gliMiMe[Q, /]%):

MM S N6 = F0 s+ AN O (FRE)"
MRS SO = HERO (FEO) ©2)
ghMM VK SN 5) = UL - ) - 1R (FAE)
gV ST E) = <R — 0 [Ha - D) + 1R ()
gZiMlMZ[ﬁﬁzJ’SqukJ'K’](g) = 0,
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g MMV V6 = gy =y — L =5 = x22+8) + X F"E)
(M) 1 1 202 4 x3) + B2 - x3)7)
x[1 45— 28+ x2(5 - 2) + x| 12 (9) (f{f’jlg”z )",
gl VI VI ) i—ﬂ(yj — 700 Y FE) (Fyi9)"
X S[1—2(X% +X2) + 5 (X2 —x2)?]

é”},ﬁ”% 5 (F MIMZ( )

3

AT VARG = TS5 a1 20 ) + A0 X
Froe ©) (Fy @)
gEMM[TI) VAR ) o T g1 x2)[1- 264 X3) + 22— X3P
Froe @) (F @)
gZiMle['];fZ‘]”]:fZ‘]]G) = ’;—2'5[2—5—52—X?(4+§)+2X?]
x[1-2(X7 +X3) + (X - X3)?] F L 9) (7’7154},{”2(5))*>
OTI TP G = Tl D) + AT -3

Frte) (7)),

with y; -5 = Mg, i /my; the chiralities J,J’,K, K’ take the values L,R, with the convention
thatJ+1 #J. Settlng baryon, meson, quark and lepton masses to their numerical values, the
kinematic integrals G“MnMn[(, '] can be seen as functions of the sole mass My

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 (i, j,k) € {(1,1,1),(1,1,2),(1,2,2)} (and their CP-
conjugates):

5

- - m
Iy —i;d;di] = 1024(1f5 NS {|C[H~ifj§]|2+|c H{]I,f; +cl kalf ©3)
- Re[CTHIZICTRIAT"] ~ RelCTHAAICTALA)] + Re[CTAICTAL"] |

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

5

[l — ] = gz IS4 I+ O I +3let 1 ©4)

(gi: qj) qk) € {(vi,u, u>7 (vird’d)’ (Vi,S,S), (’Vi,d,S), (Vi,S,d), (ei:d)u)) (ei,s,u)} .
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K Production from the Decays of SM Particles

Production in the decays of electroweak gauge bosons

Single ()(l.o = Y, )(]Q = V¢, V¢) or pair production (xl.o = Y = xj(.)) can occur in decays of the
Z-boson, relying on subleading neutralino components:

X
J l J
7+ 7
MZ M z

m20+m20 (mzo-i-mzo)2 1/2
M, [ 5 1 0 PAES } (95)

[z — 4949 =
[ Xl X]] 24(1 + 5ij)7'f

mZQ_,'_mZO (mZQ_,’_mZQ)Z

0,0 0,0 m_om o 0,0 0,0
% | ZXin|2+| Z)Cilj|2 1_ 2 x; _ Ve x; 16 x; ZjR Zlilj( Zli)(j )*
8L 8r 2M? 2M; M2 €181 8r :

Single production in the decays of a W-boson:

M m? +m§‘ (m? +m§, )2 1/2
e [1 2t 4 T ] (96)
Wape; |2 Wape; |2 m1211+m§i (m12P+m§i)2 My Me; Wweix? Wape; %
X <|gL | + |gR ’ ) [1 - 2M§V - ZM]‘/‘V :| + 6 Mﬁ/ Re[gL (gR ) ] .

Production in the decays of a neutral scalar (Higgs)

Single ()(19 < Y, X]Q < V¢, V¢) or pair production ()(1.0 < Y < x;.)) can occur in decays of the
Higgs boson, relying on subleading neutralino components or sneutrino-Higgs mixing:

Mgo mio'*‘mio (m20+m]2(0)2 1/2
r[s®— 499 = ———F—|1-2-= ! : ! 97)
[ p Xl X]] 16(1 + 5ij)n m?g m;(p)
2 2
Sl o S o mleerx(? 0T, SOy SOx04?
X{(|ng J| +|ng J‘ )[1_ o J]_4 mZOJRe[gLP J(ng J)*] .
P s

p

Production in leptonic transitions

We collect the operators of Eq. (4), last line, and Eq. (44), f L e, in a single basis, allowing to
describe single and pair production in leptonic transitions simultaneously (i > j, n > m):

SKI = ROPXO)EnPE,), VK = ROy PX)(Eny,PrEy),
1, - _
7;§'<mn = Z(X?EMvPKX]Q)(EmZMVPKEn)- 98)

Then, the three-body decay of a charged lepton e, into the lighter e,, and a light neutralino
pair )(io , )(J(.) can be written as the following sum (with mass indices straightforwardly referring
to the particle of corresponding index):

1+6;; (My—mp)? m2+m?  (m2—m?2)? +m? (s—m?2)?
)= e [T L)
[ n le X]] 5127'Cmn (mi+mj)2 S s2 m% mﬁ
x Y clalC[]* g i h [Q,2](s), (99)
0,0/
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where

€ménX; X KJ
g ménki J[Sljmn’ l]mn] s
€ X 4 KJ K+1J
menti J[Sl]mrl’ ijmn ] S

8

emenXi x KJ KJ+1
l ][Sl]mn’S]mn ] S

g™

emen)( X KJ K+1J+1
' J[Sljmn’ ijmn ] S

8

emen X KJ
l J[Vljmn’ ijmn

g"

S

e en;( X KJ K+1J
' J[Vl]mn’sljmn

g"

S

8

emenX{ X} [VKJ SK+1J+1
ijmn’~ijmn

ijmn’~ijmn

S

-

|

ene n}{ )( [VKJ 8KJ+1]

g |
|

gem nx X] [TK SK J

ijmn’~ijmn

S

gem n)(l x} [VKJ VKJ ](s)

ijmn’ “ijmn

If If [If
N | o
3 ga |
3 5 ﬂ?
3

If
|
N
G
3
3

(s)
(s)
(s)
(s)
(s) = =%
(s)
(s)
(s)
(s)

1]
— O
BEM

|

3

[1-2- =1,
VL V6 = Ammnd + ),
gV VS NE) = Ay (s = mf )
gemenxioxj[V{jr{m,vg;yﬂ](s) = —16m;m;
g [T Vimd(s) = —3%2(s —m? 4 mi)(m] —m, +5),
gemenx{’x-[Tfm VlljntrllK](s) = 3= mjz.)(mfl m2 +s),
g T8 VSN = S ) ),
e menx 21’ [ffmn’v{j;l}lK—i_l](s) L LY —mjz)(mﬁ—mfn—s),
g i1} [ffmn’ lJmn](S) = 3[2( s(my +my) =57
[1+ l;m;)z],

gem nl X [7:§<mn’7:§<njnl]( )

Production in hadronic tau decays

Two-body decays involving a pseudoscalar meson:

2

Il
|
_
N
=
2
3
3

—m2 -
le - yM] = = { (1 S (1gf ™ P o+ a8 ?) + 4trel (g™ ) e ]

2
mz

321

with the couplings defined in Eq. (36).

mM+mw (mM—mi)2

1/2
e | (100)

T m‘f

For a light v, we expect the three-body decay channel, involving a meson pair, to be com-
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petitive:
m3B2 (1—my/m;)? 1/2
T[t - Y MM, = ——2— ds|1—2(x? +X2) + $(x? - x32)?
[ — M, M) slznsf;ﬁxﬁxz)z s[1- 202+ x3) + b7 -x27
. qup . m?pzl/z % Y MM, (e
x[1-26+ 55+ G- 57| Y clalcio] g MM, (), (o)

0,0/
where the relation m?g¥*Mz[Q, ](mi%) = mfp glsMiMa[q ](mii) determines the functions
in the integrand in terms of their counterparts of Eq. (92).

Production in baryon-number violating transitions

A baryon B; may decay into a pseudoscalar meson M; and a light neutralino according to:

_ mp, m?,—mi; YM;B; |2 YM;B; |2 m YMBi\ % PM;B;
T[B; > Y M;] = — {(1—1— E M‘)[|gL 1"+ g ]+4m—:;Re[(gL N ey J]

327 my,
2 4 m2 22 92\ 1/2
v (1 _gMutmy (Mg~ ) , (102)
M, My,

with the couplings of Eq. (32). In the case of a nucleon, B; L p T, n°, with a light neutralino,
my, < m,,, 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 — 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 (B, Ag,
etc.) into a light vy and light hadrons:

5

- m ~ ~
b —yad) = ot { ((CTHEI + RSP + (AL

m

<o

+Re[C[H1CIHL T — CIHIAI(CTAAT + CIHI1)]) 7 (

)

m ~ ~ ~
+4m—tRe[C[H‘{ KICIHI T — LG ClHI AT (103)

m

[SAN]

2
~CIHICTT + CI A1) | () } ,
J(x) = 1—-8x+8x>—x*—-12x%Inx,
K(x) = 14+9x—9x%>—x>+6x(1+x)lnx.
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 RpvV MSSM):

5
e—pdd) = o { (IcTKIP + [T + [crisk P
+Re[CIAAICIAL, ) — CIHIANCIALT + I 1)) 7 (o)
+4Tn—fRe[c[Hgﬁ]c[H;;K]* — C[HILICIRL ) (104)
—CIHIICTH T + c[ﬁgjk“]c[ﬁg,jj”]*]/c(”;—%) } :
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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 M into 1) and a (anti)lepton £;:

_ - m M[ Mfi my, My, M‘ei Mli
1 - L] = L1 T (g g 2) g e gy
mei +mw (mfi fmfp)z
><\/1—2 Z, + o (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 of 1) 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: C [Seq“] C [S;ij],
LqRJ T+1q4 eqLJ J (qRJ J 1% (),
CISIAM] — c[SE 1, VI | - eV, e VIR — —e ), C[ T ] — 0.
Similar decays are also accessible to a vector meson M* with the couplings defined in
Eq. (40):

- My Jme (md—mi)*71/2
T[M* — i) = T2 127 | 106
[ Pl = o . (106)
MEpe M*ape my+my (my—mg ) my, my, M*apl s M*apl,
x4 (Ieh P+ el PR |2 - T - | 6 Ry g Y]
M My mM*
m2 +m? (m2,—m? )2 MFL, M, mz)_mz_
+[1_2 :12 by um4 0 ][ (g Y IZ—I—Ig Y "?)(1+ uz tl)
M* M¥ M*

M*pL; %  M*aL;

M*l; %  M*i; M*apt; % M*e;
_4mfimll)Re|:gSL gSR ]+2melRe|: Wl * Y P P ]

gVL gsL +gVR gSR

M*ls M*pl; Ml M*L
+2m1//‘Re[gVL 8&r  T&vr 8s1 ]]}

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 M; — M,
transition (s = (p; —pz)z):

=M M,

(Ma(p2)|QjQx IMy (p1)) =F i *(s), (107)
(My(p2)| Q7" Qi IMy (p1)) = —(p1 — Po)H 55 Fg e ()

[P 4l — T — P Fy s,
(Ma(p2)| Q=" Qi My (p1)) = —i (PP} — Pyp})F ().

The decay width for M; — My1{; then reads (my 5 =myy,):

1 (my—my)? 2 m2 2 2y291/2
T[M; — Mypl;] = —J ds [1—2% Ty (mom) ]
25673m; (my+my, )2 s s

2 _ 1/2 _
x [1 - 2(%) + %] > clale[]r gt a,o'(s), (108)
Q,Q/
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where

Myl 1 otqJK olqJK'
g"VHSE, 847 (s)
Mol olgJK  olqJ+1K’
g S S 1)

;v tqJK olgJK’
gle.b I[Vij%( ’Sijqk ](5)

Myl 1y £9IK  olqJ+1K'
g [Vijk >k 1(s)
Moyl 17 olqJ'K’
g T, S s)
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s 52

where the sum runs over all semi-leptonic operators. As before, the case of 1-pair production
can be addressed by substituting £; by v 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:

5

2
rlb  via] = gz (1C1S I+ AlcWig I + 31174 I) 7 G

b
204873 ij3 ij3 ij3

mIIJ lqJ K lqJK+1 (qJ 00T J+1
+8—mb RE[C[VU% ]C[Si;;lj + ]* +3C[7;jg ]C[Viqu + ]*]/C(
5

- — m 2

m
- sﬂRe[c[v.‘q? Kle[sta Ky 4 3c[T‘qJ]C[v?‘I.”]*]zc(m—i) }
m i3j i3j i3j m12> ’
with 7 and K the functions defined in Eq. (103) and the considered ‘q’ 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; = d,s (of negligible
mass) read:

5

2
rlb — yubay] = qozes (ICISHIP +[CIS I+ AlCh I + 4l 1) T (5%)

102—43
(110)
mfb Sd J SdJ+1 ydJ wdar | & (M
_ 8m—%Re[C[8j3 JC[8E 4] + 4c[Ve Ve, ]]/c(m—%)

n 8m_bRe[C[V;13J]C[SJ¢_13J+1]* _ C[ngJ]C[ngJ]*

. . . . ~ m2
—cvylcss M+ c[vgj]c[s;f;]]lc(m—%) }

T (x) = V1 —4x(1—14x — 2x% — 12x%) — 48x%(1 — x?) In T =4

2Vx
R(x) =+/1—4x(1+5x — 6x2) — 12x(1 — 2x + x2)In =4

2v/x

Again, this formula can be applied to the decays of a top quark (and g; = u,c) up to the
replacement of S, kaj by S, V;‘kj .
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