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We present a reanalysis of nucleon decay in the context of the R-parity violating Minimal Super-
symmetric Standard Model, updating bounds on R-parity violating parameters against recent experimental
and lattice results. We pay particular attention to the derivation of these constraints and specifically to the
hadronic matrix elements, which usually stand as the limiting factor in order to derive reliable bounds,
except for these few channels that have been studied on the lattice.
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I. INTRODUCTION

The question of matter stability emerged sixty years ago
from the realization that the observed baryon asymmetry of
the Universe [1] required a violation of those symmetries
forbidding proton decay [2]. While baryon number B is
accidentally conserved in the Standard Model (SM) at the
perturbative level (as well as lepton number L), it is an
anomalous symmetry and thus broken by effects such as
instanton or sphaleron processes [3—5]. On the other hand,
B (or L) violation could reach more dramatic proportions in
constructions of new physics, such as grand unified
theories (GUTs) [6] or supersymmetric (SUSY) extensions
of the SM [7,8], where the Lagrangian density is not even
classically B (or L) invariant. In the former case, the typical
pattern of proton decay is imprinted in its mediation by
the gauge bosons of the extended gauge group [9-12]. In
the second case, B or L conservation is conditioned to the
explicit enforcement of these symmetries as a model-
building ingredient.

The usual assumption in the Minimal Supersymmetric
Standard Model (MSSM) consists in applying an R-parity
(Rp) [13] on the Lagrangian density, making the lightest
supersymmetric particle a stable dark-matter candidate by
the same occasion. At the level of renormalizable terms, B
and L would then again appear as accidental symmetries of
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the model. Nevertheless, if the MSSM is regarded as an
effective field theory (EFT) at the electroweak (EW) and
SUSY scales, nonrenormalizable operators acquire a legiti-
macy as markers of effects of higher energy (e.g., a GUT or
string completion), so that Rp-conserving B/L-violating
operators of dimension five could then develop and mediate
proton decay [14—16]. Alternatively, Rp could be sacrificed
altogether, leading to so-called Rp-violating (RpV) models
[17,18], with (renormalizable) bilinear and/or trilinear
either B- or L-violating terms in the superpotential. At
this level, it is still possible to impose B or L invariance on
the Lagrangian density, or accept proton decay as a
phenomenological possibility.

These theoretical motivations, especially in the context
of GUT models, have triggered extensive experimental
interest in discovering B-violating decays of nucleons.
Early experiments testing the law of B conservation,
proposed by Weyl, Stueckelberg, and Wigner [19-21],
actually predate the Sakharov paper from 1967 [2]: a first
experiment was performed in 1954 by Goldhaber, and also
by Reines, Cowan, and Goldhaber [22]. See Table I in
Ref. [23] for a list of early experiments, 1954—1964, as well
as the work by Gurr et al. in 1967. However, even the most
recent results [24-34] have found no evidence for this
phenomenon and place ever stronger bounds on individual
proton or neutron decay channels. Recently, several new
experiments [35-37] have been announced; they should be
able to extend the current sensitivity considerably. See also
the recent overview in the introduction of Ref. [12].

In R-parity conserving supersymmetry, dimension-five
baryon-number violating operators have been considered
[14]. However, they involve external superpartners, which
at low energies must be converted to SM particles, thus
reverting to dimension-six operators, with possibly more
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than one high-energy mass scale. A complete list of
dimension-five lepton- or baryon-number violating oper-
ators is given in Ref. [16].

In this paper, we focus on nucleon decay from the RpV
perspective, i.e., with low-energy renormalizable couplings
and mediators relatively close to the EW scale. The
superpotential of the R,-conserving MSSM is extended
by the following terms [14]:

1
W, =il - Li + i/lijkLi CLi(E€), 4 Ay L; - Q;(D),

1
+5%}keaﬂy(U")?(Dc)f(D”)L (1)

where Q, U¢, D¢, L, and E° denote the usual quark and
lepton superfields, - is the SU(2), invariant antisymmetric
product, and g,5, is the three-dimensional Levi-Civita
symbol. The indices i, j, and k correspond to the three
generations of flavor, while a, f, and y refer to the color
index. The parameters 4;;, and 47, satisfy the following
conditions without loss of generality: 4;x = =4,
Ay = —Ajy;- The first three sets of terms of Eq. (1) violate
L and the last one, B. The simultaneous existence of B- and
L-violating couplings opens up decay channels of nucleons
into mesons and (anti)leptons, where squarks appear as
typical mediators at tree level. See Fig. 1, where we show
the decay p — #xv via an effective four-fermion interac-
tion generated from the U°D D¢ and LQD¢ operators.
Such nucleon decays have received attention for a long time
in the RpV MSSM [38], see e.g., [18,39] for summaries.
Original studies focused on (B—L)-conserving processes
[40], then (B 4 L)-conserving ones [41,42]. Reference [43]
observed that flavor flips associated to the charged
weak interaction could be exploited to extend the limits
to all flavor directions of the RpV couplings.1 For related
cosmological bounds see, for example, [5,46,47]. Beyond
the “direct” nucleon decays mediated by a virtual squark
exchange, slightly more complicated structures involving
additional intermediate charginos and neutralinos were
also considered [38,48-51]. In case such decays are
kinematically allowed, these supersymmetric fermions
[52], or more exotic new particles [53,54], could also
replace the lepton in the final state. The case of a very light
neutralino is still experimentally allowed [55-58] and can
also be searched for in rare meson decays in various
experiments [59-63].

Beyond nucleon decays, which violate the baryon
number by one unit, processes violating B by two units,
such as dinucleon decays or neutron-antineutron oscilla-
tions, provide relevant limits on single RpV couplings, in
particular, of U°D°D“ type. However, these phenomena
also often require further sources of flavor violation in the
squark sector. For this reason, we will not discuss them in

'See also Refs. [44,45] for the effects of flavor flips on bounds
on and also on signals of RpV, beyond proton decay.

IS
Y
Y

T
d

v

FIG. 1. Possible diagram for proton decay via an effective
operator generated from the R-parity violating operators U° D D¢
and LQODF¢ in the superpotential.

detail below and refer the interested reader to the recent
summary in Ref. [64].

In the current paper, we attempt to update the status of
the limits applying to the RpV couplings, providing a more
detailed attention to the low-energy form factors, about
which the RpV literature remains cursory, in general. We
restrict ourselves to tree-level RpV contributions since a
full one-loop matching would be much more involved. We
also renounce a heuristic implementation of the quark-
flavor changes, as proposed in, e.g., Ref. [43] since we
believe that such limits depend on the renormalization
scheme, i.e., on the formal definition of the tree-level
couplings.2 In the following section, we introduce the EFT
encoding nucleon decays and derive the matching con-
ditions. We also discuss the relevant low-energy hadronic
matrix elements, referring to lattice evaluations, when
available, then comparing these results to those of a static
bag model, which we employ in other cases. Finally, in
Sec. III, we apply up-to-date experimental bounds to
specific decay channels and obtain limits on combinations
of RpV couplings, before a short conclusion.

II. MATCHING THE RpV CONTRIBUTIONS ON
THE AB =1 HAMILTONIAN

In this section, we review the general framework that we
employ to compute the nucleon decay widths in the context
of the RpV MSSM.

A. Low-energy EFT and QCD running

The classification of operators involving only SM fields
and satisfying the SM gauge symmetries and violating B
was performed in [65,66]. The operators of lowest dimen-
sion that do not conserve B are of dimension six and
conserve B — L [65]. Among them, we will be more
particularly interested in

1 Jc\a
Ohunpg = eapy ()5, Pr(u)h]
() PLe)y = (d)pPL(v),].
5 Jc\a oc
Ohiipg = eapy (@ Vi PR [@)) Prle) ). (2)
’It is indeed possible to thus inflate the set of limits applying to

individual (or pairs of) RpV couplings, but the actual bounds, in
fact, constrain given directions in parameter space.
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Note that u, d, e, and v correspond to the usual four-
component spinors representing quarks and leptons, with
latin index relating to flavor and greek to color. Note that f¢
(f = u, d, e, v) indicates charge conjugation: f¢ = Cf7,
with C the charge-conjugation matrix. P,z are chiral
projectors. We note that the fields are defined in the
gauge-eigenstate basis so that an additional Cabibbo-
Kobayashi-Maskawa (CKM) rotation on, e.g., the
down-type left-handed quarks and a Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) rotation on the neutrinos should
be included, in case we wish to work in the mass
eigenbasis.

Dimension-seven operators conserve B+ L [67].
Through a Higgs vacuum expectation value (VEV), they
produce effective dimension-six operators, which violate
the EW symmetry. We will encounter the following ones:

Olinpg = €apy | ()% Pr ()] [(2), Pr(d)}).
Olrpg = €apy | ()% Pr(A))[(2),Pr(u)}).
Ofinpg = eapy [(d°)5, Pr(d)[(2) P ()},
Olinpg = €apy [(d)5,PR(DI[(@) Pr(d)y).  (3)

Such terms are produced in the RpV MSSM via particle
mixing, either in the squark or in the lepton-Higgsino-
gaugino sectors. An EW-violating VEV is always needed to
generate them. As long as the EW and SUSY scales are not
resolutely in hierarchical ratio, i.e., Mgysy/ My is not too
big, the associated suppression is not paramount. In fact,
even the relic of a dimension-eight operator will show up in
tree-level matching, though involving two orders of mix-
ing:

R = e, [(d°)5, Pr(d)) [(05) P (). 4)

In all the operators considered above, the lepton field can
be replaced by an electroweakino field. In fact, due to the
mixing appearing in the RpV context, the neutrinos and
charged leptons could themselves be viewed as specific
neutralino and chargino eigenstates. The resulting new
operators could be genuine low-energy operators in the
presence of, e.g., a light gaugino. If, on the contrary, the
electroweakinos are very massive (as compared to
the nucleon mass), then these operators with external
electroweakinos are simply a step in the direction of typically
higher-dimensional low-energy operators, as considered in,
e.g.,Ref. [51]. Aslong as no further quark (or gluon) lines are
attached in this manner, the QCD aspects of the operators
with external electroweakinos do not differ from those of
operators with external leptons (up to momentum-dependent
terms), so that the recipes discussed below continue to apply.

In the RpV MSSM, B-violating effects in nucleon decays
are mediated by supersymmetric particles. At least the
sfermions can be expected to be comparatively heavy with

respect to the scale at which nucleon decay takes place.
This means that, below the scale of the sfermions, we can
summarize their impact in the B-violating processes by
their contribution to the operators of Egs. (2)—(3) (where,
technically, the operators of Egs. (3) should be restored to
their full EW-conserving version). This defines the effec-
tive Hamiltonian as follows:

Hel = QZZO:QCQ (ur)Q(pg)> (5)

where up denotes the renormalization scale. The Wilson
coefficients Cg, encode the short-distance effects and are
obtained from integrating out the heavy fields. Large
lnlv';fl—‘if‘Y corrections, where My denotes the nucleon mass,

are expected to develop via radiative effects between the
scale of the sfermions up = Mgygy, where the short-
distance effects are defined, and the scale of the nucleon
Ur = My, at which the operators mediate the hadronic
process. The leading contributions to the anomalous
dimension have been studied in Ref. [68]. Contrary to
the case of GUTs, our high-energy boundary, the sfermion
scale, is expected to be comparatively close to the EW
scale, so that we can neglect the EW running and restrict
ourselves to the sole QCD running. Following Ref. [68], all
the operators then receive a simple scaling factor from the
QCD corrections, which we can summarize as follows:

Co (ﬂR) = nQCDCQ(MSUSY)’

B [as(mf)} 2//30[6}' {as(mb)] 2/Bol5]
faco = as(Msusy) as(m;)
. [asw)]z/ﬂow
as(my) ’
PolNFl = 11=2Np, ”

with ag the running QCD coupling. The low-energy scale
Up cannot be set much below the charm mass m,. because of
the perturbative description failing at low energy. Lattice
calculations [69] employ ur = 2 GeV. Then, the problem
is factorized in two separate issues, the determination of the
short-distance coefficients Cq(Mgysy) (or matching to the
high-energy model), which we perform in the next sub-
section, and the evaluation of the hadronic matrix element,
which we discuss in the subsequent subsections.

B. Defining the Wilson coefficients

In order to define the Wilson coefficients, we consider
partonic scattering amplitudes both in the full RpV MSSM
and in the EFT, and identify them at the SUSY scale
(matching). See Fig. 2 for example interactions.
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FIG. 2. Possible nucleon decays via the combination of couplings

1. Feynman amplitude in the RpV MSSM

These transition amplitudes can be easily written at tree
level in terms of the couplings that are defined in the
Appendix.

An internal sup (up-squark) line mediates a transition
amplitude with three external down-type quarks (for
simplicity, we write fields in the amplitudes below, while
they should be replaced by four-component spinors in
practice):

AN e =" (g,
< (04t Pa( @), P ()
) @A), Pl

( (

+{(m,a) & (n,f) < (p.7)]- 7)

Here, my, denotes the sup mass of generation k, and the
couplings (g%94), .., etc. are defined in Appendix B. The
lepton spinor is one of the light states of the chargino-lepton
system: e, =y, (we omit the +2 above, as well as the
+4 for the neutrinos among the neutralino states later on).

We see that the result projects on the operators Q,(f,), pg and
0,y of Eq. (3).

Similarly, with two entering up-type lines, one entering
down-type line and a lepton, we have a diagram with an
internal sdown line:

8 ie
AR, dhite ) = = (G
Dy

(G2 pgl ()P R(AN[(€°) ,Pr (1))
(IR ) pg )% Pr(A)A][(€°) P ()]}
+[(m,a) < (p.7)]- (8)

Here m> denotes the sdown mass and again the couplings
( gj‘qu)m w, are given in Appendix B. For two entering down-
type lines and one entering up-type line plus a neutrino, we
first have a diagram with internal sdown line (the equation
is somewhat abusive as we consider neutrino and anti-

neutrino simultaneously):

S
3®
S
&
D

(D); > <
- - - - __4.__
(d) d7 ()5

S

/1//

kmn

and 4, ;. These can be seen as #- or s-channel processes.

LEapy (gePd
2

ARPV [M%dgdj;;l/q] = R )mkn

x{(g Ddz)kpq[(F);PR(d)g][(?)qPL(d)Z]
(I g [ )% PR(DA][(2) PR ()]}
+[(n.p) < (p.r)l- )

Then, there is a diagram with an internal sup line contri-
buting to the same amplitude:

2
Uy

{92 )i ()5 Pr(d)) () P ()]
+(9R"™ ) kpg (@) Pr(A)R)[(2) P ()]}
+((m.a) < (n.p)]. (10)

ie
AR iy | =5 (G

2. Amplitudes in the effective field theory
The corresponding amplitudes in the EFT read,

AEFT[df,‘ldﬁd};yeq] =ieqp,1(Coy)
x [(d°)2 Py
+H(Coy)mnpgl(d),
+[(m.0) < (n.5)

(d)n][(2),PL(d)}]
Pr(d)s][(2),Pr(d)}]}
(p.1)], (11)

AP [ dhe el ==1€a3,{(C0,) umpq

x[(u®)2, Pr(d)n][(€9) Py (u)})
H(C0y)umpg ()4 PR(d)R[(€°) , Pr(u)}]}
+[(m.a) < (p.r)]. (12)
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AEFT[”%dZd?Vq} = —ieap, {(=C0,)umpq
x [(®)8, Pr(d)a)[(0°),PL(d)}]
+(C) nmpa  (WE)% P(A)][(2)
~(CR) pnpal (@), PR(d))[(°)
~(C0,)mnpgl (@)% PR(d)A[(@)
+[(n.p) < (p.7)]. (13)

3. Matching
Identifying Eqgs. (11)—(13) with Egs. (7)—(10), we obtain

D
(CO] )nmpq = ’/’1_2~ (gl;QDd)mkn (gL u){)kpq’
Dy
" D
(C05 )nmpq = m_% (gRDd)mkn (gRuX)kpqv
Dy
o Dd
(CQl)nmpq = m2~ (gRDd)mkn(gR Z)kpq’
Dy

1 U
(CQZ)mnpq =5 (glgdd)kmn (gRuZ)kpq’
ml-]k

1 vd
(CQ5>mnpq - m—z_ (ggdd)kmn(gL Z)kpq»

Uy

1 ud
(CQ5>mnpq = m—2~ (ggdd>kmn<gR X)kpq’
Uy

1 u
<CR)mnpq = m—% (g%dd>kmn<gg x)kpq' (14)
Uy

The contribution to O, is mediated directly by A" and A/
couplings. The contribution to Os is in fact of dimension
eight: it involves a Higgs VEV from squark mixing and a
second from chargino mixing. It is thus generated from the
u; terms and receives additional mixing suppression. The
contributions to Q; and Qg can be generated from a A’
coupling, in which case, the Higgs VEV is provided by
squark mixing or from y;, in which case, the VEV comes
from gaugino-Higgsino mixing. The contribution to Q, is
essentially mediated by mixing of the lepton with the
gauginos. The contributions to Q5 and R are of the same
order as that to Os, i.e., they depend on secondary mixing
of the leptons with the charginos/neutralinos. This counting
is changed if we replace the external leptons by electro-
weakino states, as we see in Sec. III.

C. Low-energy operators

So far, we have kept generic flavor indices. However,
assuming that valence quarks determine nucleon decays,
we can restrict ourselves to the three light quark flavors (as
well as the two lighter charged leptons), hence to a smaller
set of operators:

O = 4 [(d)*Prut?|[(u7) Py e].
Y = 0 | (d) it (&) P,
O = 44, [(d°)*Prut?)|[(u7) P,
¥ = (0P it [(d°) Pr],
Of = £, [(5°) Pl (uF ) P e,
T (G | (0
O = £, [(5°) Pl [ (uF ) P,
Y = e, [(d°)°Pru?|[(5°) P,
O = £ |(5°)*Prud?|[(d°) Pre],
QY = 45, [(d°)* Pl [ (5°)7 Pr],
Qlﬁ = ea/iy[(F)aPRdﬂ][(I)YPRVC]’
RY = &5, [(5°)°Ppd?) [ (u) P,
Qg = 'faﬂy[(F)aPRdﬂ][(?)YPU?L‘]’
Ot = £ (5°)" Py’ [(d°) Pget]. (15)

Operators with " (lower set) induce AS = 1, while those
without preserve strangeness. We neglect operators with
AS > 2. The lepton should be understood as generic, e = e,
pand v = v, , .. We note that when twice the same quark is
contracted in a scalar product, .., £,5,[(d°)*Py, gd’], then
the operator is identically 0.

It is then straightforward to identify the Wilson coef-
ficients of the operators of Eq. (15) with the low-energy
coefficients of the original operators, Eqs. (2)—(3):

Clof] = (COI)llle’

C[@ﬂ = <C01)21167

Clof] = _VEI (Col)llrw

C[@ﬂ = _VEIKM(Col)erw

C[(b”ﬂ = _sz (Co,)urw

C[Oﬁ = (C05)111e’

C[@g} = (CO5)21137

C[Qlﬂ = (CQ|)]llw

C[Qﬂ = (CQl)lew

C[Q”ﬂ = (CQl)llzw

C[Qlﬂ = (CQ2)2111/ - (CQZ)IZIw

C[ﬁy} = (Cr)211y = (Cr) 12145

C[Qé} - VglKM CQ5)21re - (CQ5)12re]’
C[QE} = (CQ6)211e - (CQ6)121e' (16)
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Here, we have chosen to define the couplings such that the
CKM rotation VKM is fully carried by the down-quark
sector [70].

D. Hadronic matrix elements

In order to connect the parton level B-violating EFT to
actual nucleon decays, it is necessary to evaluate the
operators of Eq. (15) between the nucleon and its hadronic
decay products, e.g., pions or kaons. Nonperturbative
methods are needed to perform this step. Among the
models employed in the 1980s, a first class [71-76] would
consider nonrelativistic partons and exploit the SU(6)
flavor-spin symmetry. An alternative approach is that of
the bag models [77-82], where partonic quarks are now
relativistic. Major conceptual difficulties in these descrip-
tions appear in association with, e.g., the treatment of a
relativistic pion in the final state or the impact of the three-
quark fusion process [80,83]. Partial conservation of axial
vector currents was also employed for the estimate [83-86].
The formulation of a chiral model for baryon interaction
[87-90] allowed to derive relations between the decay rates
mediated by dimension-six operators and low-energy con-
stants (LEC). How far the validity of the chiral model
extends is not completely clear. Predictions are (very)
roughly in agreement among these calculations.

1. Lattice evaluation

Lattice approaches to nucleon decays were also consid-
ered early on and have continued up to this day [69,91-96].
Corresponding calculations focus on dimension-six oper-
ators and nucleon (N) decays into one pseudoscalar meson
(IT) and one (anti)lepton (L'©)): N = TI 4 L), The matrix
elements can be represented by the following form factors:

(=)0 N (p) = Pu{ WL ()

if
3 Wl ) )

Q6 =eap (@)1 Pc(@)|[Pu ()] (17)
!

Here, ¢ = u, d, s; G,H € {L,R} are the indices of the
chiral projectors; p and # denote the four-momenta of the
nucleon and (anti)lepton, respectively; uy(p) represents
the spinor associated with the nucleon My, its mass, and
W](\(/)j)r.[[ﬁzm] correspond to the form factors, which depend

on the momentum transfer squared 7> between the
nucleon and the meson. For commodity, we will write
the left-hand side of Eq. (17) in the abbreviated form
(T1|(9:9;)(qr)y|N) below. If g; = q;, then the operator is
identically 0. Parity invariance of the strong interaction
results in identities under (L,R) <> (R,L) or (L,L) <>
(R,R) exchanges. The assumption of isospin invariance
u <> d produces further relations between different initial
or final states: p < —n, 7t <17, 1° = -2 n -,
Kt K% pt o p™, p0 = —p° 0 - w, K" < K.
The lattice results for all the relevant form factors WS{ [EI]T
(including the renormalization scheme conversion) are

presented in Table 4 of Ref. [69]. The W’]\{ [51]1 corrections

are evidently suppressed for electrons and neutrinos in the
final state but have been considered in the case of a muon
(see Table 5 of the previous reference). We then obtain a
complete list of matrix elements for the operators of

Eq. (15) for the transitions of N — IT+ L(©) type:
(M(p—2£), L) |Qq 4IN(p))
it

= (0P { W (€)= WE() b (19

wp = uy, vy denotes the lepton spinor. From there, it is
straightforward to derive the decay amplitudes and decay
widths:

A[N =TT+ L)
=iy ClQey|(N(p - £). L)|Qsu|N(p))
Q

= iV_VL(Z)PH%:C[QGH]W%ZEMN(P)7 (19)

1 My +M;  (My—MP\?[1
[N - T+ L] = 1—2—1 L 1 L) (= N = I+ L©]]2
AR mnMN\/ ot (T ) [ -2
MN Mlz-[ g N—-TI\* / N-TII
:@ (1 _M—12V> Z(C[QGH]W[QGH]) (C[QG’H’]W[QL;/H/])(SHHU (20)

Q.

with Q, Q" scanning the list of Eq. (15), ) representing
the sum over spinor polarizations, and My denoting
the mass of particle X. We have neglected the lepton

[

mass in the last line. W reduces to W, most of the
time but includes the W correction for muons in the final
state.

015020-6



NUCLEON DECAY IN THE R-PARITY VIOLATING MSSM

PHYS. REV. D 104, 015020 (2021)

TABLE I. Hadronic matrix elements for proton decays from lattice [(Lat.)] computations. Here the entries such as
(du)g(u)y denote the operator Qg 7 of Eq. (18). We have not included the subscripts Qg 5 on W, but just indicate
the decay mode in brackets.

Wolp = 2°] Wolp = 2°] Wolp = 1] Wolp = 1]
(du)(u)y (GeV)?, lat. (GeV)?, bag (GeV)?, lat. (GeV)?, bag
LL, RR 0.134 0.015 0.113 0.074
LR, RL —0.131 -0.015 0.006 0.005
Wolp = 7] Wolp = 7]
(du)g(d)y (GeV)?, lat. (GeV)?, bag
LL, RR 0.189 0.022
LR, RL —0.186 -0.018
Wolp = K°] Wolp = K]
(su)g(u)y (GeV)?, lat. (GeV)?, bag
LL, RR 0.057 0.010
LR, RL 0.103 0.012
(su)g(d)y (su)g(d)y (du)g(s)y (du)(s)y (sd)g(u)y (sd)g(u)y
Wolp = K*]  (GeV)% lat.  (GeV)?, bag  (GeV)? lat.  (GeV)?, bag  (GeV)? lat.  (GeV)2, bag
LL, RR 0.041 0.139 0.014 —0.098 -0.012
LR, RL —-0.049 -0.022 —-0.134 -0.014 —-0.054 -0.010

2. Nonlattice evaluation

If we want to consider other decay channels, e.g.,
involving vector mesons, we need to turn to other means
of estimates of the hadronic matrix elements since corre-
sponding lattice results are not available. However, this
means that the uncertainties will be significantly larger for
these additional channels. The lattice results are presented
with comparatively small uncertainties ~O(10%) [69].
This latter reference already mentions a factor 2 to 3
difference with the proton decays evaluated from LEC,
showing that the precision drops considerably when resort-
ing to nonlattice methods. In practice, we consider the static
bag model described in the Appendix, from which we
expect results of strictly qualitative value. On the other
hand, considering the relatively large mass of the vector
mesons, the static bag model should be performing almost
in its regime of validity. We first compared the results of the
bag model with those obtained in Ref. [78], which we
essentially follow, and sensibly recovered the results of this
paper for the operator considered in this reference. Then,
we consider the bag predictions for the N — I1+ L
channels in order to compare with the lattice results and
assess the reliability of this approach. The results are
displayed in Table I for a proton radius of 5 GeV~! and
smaller meson radii (pion: 3.3 GeV~!, kaon: 2.8 GeV~!,
and 7: 4.7 GeV~!). In the case of “narrow” mesons (pions
and kaons), the results of the bag model are one order of
magnitude below the central values originating from the
lattice calculation and somewhat closer for “broad” mesons

(n, a factor ~2). The difference in the case of the narrow
mesons can be somewhat reduced if one employs the same
bag radius of the proton for the mesons as well—essentially
because the overlap between proton and meson wave
functions is larger—and these values could be further
tuned by varying the chosen proton radius (which we do
not attempt). We thus observe that the bag model is not
reliable on a quantitative basis. However, the corresponding
results seem to always underestimate the hadronic matrix
elements, so that the bounds that one obtains when using
these values are conservative.

The hadronic matrix elements for the transitions into
vector mesons are shown in Table II with meson radii
4.8 GeV~! (tho, omega) and 3.0 GeV~' (K*). There, we
define the form factors as follows:

(V(p=O)QuIN(p)) = WY () Prurun(pel (p—2).
1)

Vi

where ¢, corresponds to the polarization vector of the

vector meson. Including the lepton spinor L(¢) in the matrix
element, the decay amplitude and widths then read,
AN = V 4 L19]
= iZC[QGHKV(p =7). L(C>|QGH|N(p)>
Q

= iZC[QGH]W?g]z:X]WL(l)PHyﬂ”N(p)g/‘t/*(p -7), (22)
o
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TABLE II. Hadronic matrix elements for proton to vector meson decays using the bag model. Otherwise, the
notation is as in Table L.

Wolp = p°] Wolp - '] Wolp = p*]
(du)g(u)y (GeV)?, bag (GeV)?, bag (du)g(d)y (GeV)?, bag
LL, RR 0.062 —0.041 LL, RR 0.088
LR, RL —0.032 0.041 LR, RL —0.048

Wolp = K™ (su)g(d)y (du)g(s)y (sd)g(u)y
(su)g(u)y (GeV)?, bag Wolp = K**] (GeV)?, bag (GeV)?, bag (GeV)?, bag
LL, RR —0.005 LL, RR 0.013 0.022 —0.008
LR, RL —0.006 LR, RL 0.009 —0.022 —-0.002
1 M2 + M2
[[N—V+LE] = 1- AN -V + L2
| = Tt D il

M3, . M?,
T 64nM3, M3,

We have again neglected the lepton mass in the last
expression. Given that the matrix elements obtained with
the bag model are suppressed, as compared to those derived
on the lattice, the limits applying to nucleon to vector
meson transitions will always prove subleading as com-
pared to those of the nucleon to pseudoscalar meson
channels. As the latter are more reliable, this situation is
desirable so that derived bounds are conservative. On the
other hand, we note that in the bag model, the branching
ratios of the nucleon to vector meson transitions are larger
than those of the nucleon decays into pseudoscalar mesons.
Consequently, a more precise determination of the hadronic
form factors for vector channels could eventually lead to
competitive results, at least in certain directions of the
B-violating operator basis.

The matrix elements for the neutron decays can be
obtained from those of the proton channels by exploiting
the isospin symmetry:

= (x"[(du)g(d)u|P),
= —(2"|(du)g (1) | p).
= (nl(du)g(u)p|p),
—(K°|(su) () | ).
= (K" |(du)6(s)ulp),
—(K"|(sd)(u)u|p),
—(K"|(su)g(d)ulp),
= (p"|(du)(d)ulp),

M2
_V
M2
My

)Z (CGHWE) C[%,H]wfg%:]). (23)
|

(P°l(du)g(d)yln) = —(p°|(du)g(u) | p).

(| (du)g(d)y|n) = (o|(du)c(u)y|p).
(K**|(sd)g(d)y|n) = —(K*|(su) () | ).
(K*|(du)g(s)y|n) = (K**|(du)(s)ulP).
(K*|(su)(d)y|n) = —(K**|(sd) () p).
(K*|(sd)(u)y|n) = —(K**|(su)(d) | p)- (24)

E. Summary

For commodity, we introduce reduced decay widths "
for the nucleon (V) to pseudoscalar (IT) or vector (V) meson
transitions, from which the actual decay widths (I') can be
recovered as follows:

MN”IZCD M?
[N - I+ L] = 27D (77
IV~ T+ L =—0 ( M,
x T[N = T4 L), (25)
M3772 M2
[IN = V4 L] =_N1CD [
IN=VHLE =gme '
M2\ -
x <1 +2—2V>F[N—> VL), (26)
MN

where 7gcp represents the QCD running factor of Eq. (6).

We may then summarize the calculation of the nucleon
decay widths into a meson and a (an anti)lepton with the
following equations:
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Clp = (2% n,p° °) + e'] =

Llp = (a*.p") + 119 =

WAMCIORE + WM Clog) P
=Tn— (2~
|W%7MC[O”]|2 +wgMeeipP

p7)+ e,

=T[n - (2%n,p° &°) + 1],

[[p = KO 4 et] =
[n— K" +e] =

[[p = Kt 4 9] =

WEMCIOT) + (WM OS],
WM CIOSIP + WM ClQg].

N-M 12
WAMCOX) +

WN—»Mc[O ]

N—=M ~[DV]|2
Ow szeb C[R ]l

+ WM CIQ] + WM CIQ] + WM ClOs)P
1 2

=T[n - K% + (9], (27)

where the N — M superscript corresponds to the nucleon
(N) to meson (M) transition.

III. BOUNDS ON R-PARITY-VIOLATING
PARAMETERS

A. Approximations

The ingredients described in the previous section can be
included within a code and would allow to perform a test
that takes the mixing effects into account to their full extent.
Nevertheless, for simplicity, we perform several approx-
imations below on the mixings in the SUSY sector and
RpV violation, which allow to derive analytical bounds on
the RpV couplings:

(i) We neglect secondary electroweakino-lepton mix-
ing, only allowing for the leading Higgsino-lepton
mixing generated by the bilinear RpV parameters.

(i) We linearize the sfermion-electroweakino/lepton-
quark couplings in terms of lepton-violating RpV
parameters.

(iii) We neglect Yukawa couplings of the first generation.

(iv) We assume that the squark sector is aligned with the

Yukawa structure of the quarks, so that the squark
mass matrices do not involve new sources of flavor
violation.

(v) We neglect left-right squark mixing, except for the
third generation.

We stress that the assumptions on the squark sector
eliminate most constraints originating in AB = 2 proc-
esses. While flavor violation in the squark sector could be
restored at the radiative level through charged electroweak
(ino) loops, this feature would depend on the renormaliza-
tion scheme adopted for the squark masses and would only
be meaningful in a full one-loop analysis of B-violating
processes. Under these conditions, NN — KK [97] appears
as the main source of constraints from AB = 2 phenomena.
Depending on the SUSY spectrum, the latter place limits on

the coupling 17, that can be read off in the left panel of
Fig. 4 in Ref. [64].

Exploiting these hypotheses considerably simplifies the
expression of the Wilson coefficients for the operators of
Eq. (15):

D
* * |Xk R
cloy] = _’l/l/glvlc}(M {Yféfg ’%fq] mR

Dy
el 1 y/CKMx | yf 1k |Xf13‘2
Cloy] = _/11(]2‘/ Y 5fg ’11fg m2
Dy
D
U, * |X !/|2
ClOY] = 2,5
mp
3
| D.q|2
CIOY] = =ty 5
k
Dy
[O/yl] = /1191 [Y2592 ; fﬁq] 2
Dy
XD3XD3*
CIQY] = Ay sy AL
Dy
~ . X gXDg*
C[Qf] = _/1/1/32%31 k;l%
Dy
~y . XD3XD;*
C[Qlll] 1311%21(:;7%
Dy
R X ]XU';*
C[Q?] = ('1/3/21 _lg/lz)/l;?IVCKM kRz
mUk
Clos] = €[05] = C[Qy] = €] = C[R"] =0, (28)

where [ is the lepton-flavor index while summation over

T D
repeated indices is implicit. The Xz, etc. denote the
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sfermion mixing factors given in Appendix A. This list can
be further reduced by neglecting sbottom mixing, CKM
mixing, or the strange-quark mass. We note, however, that
all the coefficients of Eq. (28) are linearly independent, i.e.,
that one can a priori find directions in parameter space
where only one of these coefficients (and any of the
nontrivial ones) is nonzero.

In Eq. (28), we have considered only the four-fermion
operators mediating proton decay that explicitly include a
lepton field. As argued before [49-51], it is meaningful to
consider operators with an electroweakino field replacing
the lepton, either because the electroweakino is light and,
e.g., long-lived, or because a heavy electroweakino medi-
ates higher-dimensional operators for proton decay. In the
latter case, an electroweakino-fermion-sfermion coupling
with further RpV sfermion-fermion-fermion interaction
would indeed produce dimension-nine (or higher) oper-
ators.” Here, we specialize in a subsequent coupling of the
LLE type since the hadronic matrix elements studied in the
previous section would not apply if additional quarks were
involved.* Factorizing out this step, we provide the Wilson
coefficients for the operators of Eq. (15), where an electro-
weakino replaces the lepton. The subscript b, w, h(.),
respectively, denote bino, wino, Higgsino states (with two
states of mass +u in the neutral case). Electroweakino
mixing can be included in the picture by combining the
various Wilson coefficients,

} X D3 x P
Cloy | = _92/1/1/31‘/(1:3K M kRisz
mp
. XD3XD3*
C[Ovlv ] _ _92/1/1/32V1C3KM* kR2 kL
Dy
. e Xl
C[O? ] = YZV(ljg *j’/l/gl G
mp,
s Xk
ClOY] = YiviEay, o4
Dy
. Y2 |x% o
C[O/}f_] =-—£ 121 kf = _C[Oﬁ}
V2 my,
\/z |XD1 |2
clon = =5 oty 5= =0
my,

The loop diagrams of Ref. [51] would be inconsistent in the
context of the tree-level matching that we perform here and
obviously depend on the renormalization conditions defining the
RpV couplings.

On the other hand, hadronic matrix elements for B-violating
operators of dimension nine would yield further limits on RpV
parameters.

. \/i |XD1 2
ClOY) = - =g, X
3 mp
. \/E XDz 2
c10) = =Ygy,
Dy
o _ V2 XA
C[Qlﬂ = 791( /1'21 - /1,12) mkf
Uk
Aht 9y/CKMx ( 911 " |Xllcjlg|2
C[QS ] = Yqu1 ( 21 _/1912)m—z~
Uy
cloy™) = cloy™] = €™ =0
Clop™") = ClOy™*) = clo) = 0
Cloy ] = oy ] =
ClOy"] = ClO¥'] = CIOY "] = C[RP™M = 0. (29)

Here g, =e/sinfy is the U(l), hypercharge gauge
coupling, and ¢, is the SU(2), gauge coupling.
Unsurprisingly, the contributions are suppressed (i.e.,
require sfermion mixing or vanish) when the quantum
numbers of the bino (SU(2)-singlet), wino (triplet) or
Higgsinos (doublets) lead to an operator violating the
SM gauge group. However, we note that the operators
of type Q;, with a bino are SM conserving, hence fully
legitimate dimension-six objects. All these coefficients are
only B violating, so that they do not involve A’ or y;
couplings, in contrast to the coefficients of Eq. (28). Yet,
unless the lightest neutralino is very light, the “decays” of
the electroweakino line require additional RpV effects to
contribute to nucleon decays.

B. Nucleon decays into a meson and a lepton

The experimental results for nucleon decay modes into a
meson and a (an anti)lepton are collected in [34]. The
channels with pseudoscalar mesons in the final state tend to
be more constrained than those with vector mesons. Thus,
in consideration of our conservative estimates of the
hadronic matrix elements for the decays into vector meson,
these latter processes hardly have a chance to compete in
the current situation.’ Therefore, the limits on the Wilson
coefficients of Eq. (28) principally derive from the decays
into pseudoscalar mesons:

*However, we note that this would not be systematically the
case if we also employed the hadronic matrix elements derived
with the bag models for the decays into pseudoscalar mesons
since the branching ratios associated with the vector mesons are
then larger. A more precise determination of the hadronic matrix
elements for the nucleon to vector meson transition could thus
increase the relevance of these channels.
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(i) From p — %™ [32], nocp|ClO%
(ii) From p — no/ﬁ (321, nqcn| ClOY

<92x 10732 GeV2.
Il
) < 1.5 % 107 GeV2,

(iif) From n — 7 [30], nqcp[3, [C[OY]* + 1.05 3, [CIQI] P2 < 3.5 x 1073 GeV ™2,
(iv) From p — K%* [28], 5jocp|C[Of]| < 6.4 x 1073 GeV~2.

(v) From p — K% [29], nocp|ClO]
~ 1261, ngen|ClL
(vii) From n — K*u~ [26], nocp|C[Q

1
(vi) Fromn — K"e 6
"
6

A

<53x1073" GevV~2.
I

]| <6.4x10730 GeV2.
| <45%x1073° GeV—2.

(viii) From p—K*v [31], noep[Y., |CIO%]4+0.366C % [OF]]>+1.05-3", |C[Q%]4+0.295C[Q4]|7]"/* <2.0x 1073 Ge V2.

Assuming a universal squark mass m and defining the mixing parameter A LR~ =M Fy]LR

: 2
/m> o (With [M Fg]ue the left-

right squared-mass-matrix element, as defined in Appendix A) for F’ g = U s Dg (g = 3), we arrive at the following limits on
combinations of RpV parameters (with implicit sum on repeated indices):

my \23.15

2 VR Yf5 =% 1 <29 %1072 g_) ==

1g1 [ fg 1fg 1 TeV) ngcep
my \23.1

(VRN yls B2 g 1 <47 <0 22} 22

g1 [ fg 2fg x 1 TeV Nocp
N 1/2 my \23.1

2 4 105 A AR < 1 x 1072 () 22

[| To1Anl> + 314751 ALk x 1TeV) noco

my \23.15

N, VKM [yf 8y, — H <2.0x 10-25< ¢ > —

H 1 TeV QCD

my \23.15

2 YCKM: Yf5 =2 1 < 1.7x107% e

12V 1f [ fq'u 2fg 1 TeV QCD

y my \23.15

" VCKM*/V* Us) 2.0x 10724 0 —_—

(X501 — 2512) 1f1 Apgl 1 TeV) nocp
e AT ~ mp \23.1

(Mg = M) VSN AT < 1.4 % 10 24( g > —

|

a0 2~ iy | - 03060,

These constraints update earlier bounds (e.g., [18]) with
somewhat stronger limits due, in particular, to the relatively
recent results from the Super-Kamiokande experiment. In case
the squark mediator is a strange squark (g = 2), one can
further exploit the limit from dinucleon decays applying to 475,
[64] to derive a bound on single couplings of the L QD¢ type.

However, the theoretical uncertainties have not been
taken into account in the derivation above. In addition to the
uncertainties associated to the hadronic matrix elements (of
order 10% according to [69]), one should add those
uncertainties originating with the Wilson coefficients.
While the leading QCD logarithms should be properly
included in 7gcp, finite and Next-to-leading order (NLO)
QCD corrections are not considered and could easily

1/2
+ 1.05|AD3 214, 4%, + 0. 295/1132/1;31|2] <64x107%

(30)

amount to a ~30% modification. Electroweak logarithms
have also been neglected, as well as electroweak flavor-
changing effects. We believe that the latter can only be
consistently included by performing a matching of one-
loop order and choosing a particular renormalization
scheme (so that the RpV parameters are set to a specific
definition). Finally, we should stress that the approxima-
tions on squark and electroweakino-lepton mixing over-
simplify the system, so that the bounds of Eq. (30) cannot
replace a full numerical test. In particular, the relevance of
neglecting flavor-changing effects in the sfermion sector,
while allowing flavor-violation in the RpV couplings, can
be questioned. Therefore, these limits should be seen at a
purely qualitative level.
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C. Nucleon decays into a meson and a long-lived bino

In this section, we assume the existence of a light bino
with mass comparable or below that of the muon and long-
lived so that it would appear as an invisible particle in
nucleon decays. Then, the dimension-six operators of
Eq. (29) are constrained by the limits on p — Kvb® In
principle, the decay width involving such a bino final state
should be counted together with other decay channels
involving an invisible final state, i.e., a neutrino or an
antineutrino, which were presented in the previous sub-
section. However, for simplicity, we neglect the purely
leptonic contribution to invisible decays below, e.g.,
because L-violating parameters vanish:

(1) From p — K*v [31]

noen| C[Q'7] + 0.295C[Q] — 0.705C[ Q%]
<2.0x 1073 Gev2,
from which we deduce (using 1},, = —1%,,),

my \?3.15 0.350
10, <3.9x 10725 —£ . (31)

1 TeV NMocp 91
This limit is much stronger than that obtained
from dinucleon decay in Ref. [64], of order

|A15|~107%(mp/1 TeV)?(M3/1 TeV)!/2. However, in
the presence of a very light bino, one should not neglect
the mediation of this light field (in place of the gluino)
in the AB = 2 process. The latter would consist of a low-
energy diagram with two effective quartic bino-quark

dimension-six vertices (Q(li)zh) connected by a light bino
line, instead of the dimension-nine operators obtained by
integrating out heavy new physics. In particular, this means
that the momentum of the exchanged bino cannot be
neglected but needs to be assessed as part of the (strong)
low-energy dynamics. This would motivate a reanalysis of
this constraint (which goes beyond the scope of the
current work).

D. Nucleon decays into a meson and three leptons

The gauginos are now assumed to be heavy; they are thus
intermediate and off shell in the decay and can themselves
decay to three leptons. The Wilson coefficients of Eq. (29)
can be combined with gaugino and RpV couplings of the
LLE type in order to form the following dimension nine (or
higher from the SU(2), -conserving perspective):

®In principle, the kinematics of the decay to a light, but
massive, neutralino are different than to a neutrino. The detailed
consideration is beyond the present work.

S1 = eapy[(d°) Pril)[(u®) PLe][2,PLey).
S1 = 4, [(5) PrU)[(u¥) Ppe][,P e,
T 11 = €4y [(s)*Prul | [(d°) Prf][e,,Pe, ).
'j'/n = 8aﬁy[(7)aPRuﬁH(sT)},PRyﬂ [emPLen),
T 1 = €4, [(s)*Prul|[(d°)7 Pre][2,, Py,
Iy = £apy[(d°)"Prul][(5°) Prey) [, P,
T 13 = €4py [(5°)*Prul][(d°) Prey][2,, Pprs).
I3 = £apy[(d°)*Prul][(5°) Prey) [, P,
T 14 = apy [(5°)*Prul][(d°) Pref 5, Pren),
Il = £apy[(d°)*Prul)[(5°) Pref] [ Pres),
T1s Eapy [(56)*Pru][(d€) Pref (Ve Prey,).

15 = €apy[(d°) Prul[(s) Pref][t°uPLe ),
T a1 = 4, [(s°)*Prd’][(u) Pre§][2,, P ey
T2 = €4p, [(5°) Prd’)[(u)" Prey][2,, PLv),
T 23 = €4p, [(5°) Prd’)[(u)" Prey][2,, Prrs),
Ty = 45 [(5°) PR’ ] [(u°) Pres] [0, Presn).
7A—25 = aﬁy[(?)aPRdﬂM(u )}/PRelMU wPren). (32)

The associated Wilson coefficients read (where we have
neglected the Yukawa couplings of the light leptons and
assumed universal slepton masses):

_ W 92/11mn
clsil=clorlee
e W™ /Imn
Cld)] = cloy )2
2m1v[
Clh ] = ~C[Q}) D
fM1m~
~ ~ [
C ! g le lmn
[ 11] [ 1}\/_M1m~l
o A A
C[TZI] [Qb] 91 mn

\/_Ml m pe
- \/_gl)“lnm

ClF ] = Cl2f) et
ClT] = €12 1@;}%
ClFa] = €10 ]f‘;"fl’;’:’
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~ A \/Eglll*
CclT —-C Qb nml
(] = IO
A A, \/291/1*
C T —-C Qb nml
7] = 1O
A \/291/1*
C[T'3] = Q] ——=—5
13 1 Mlmél
~ ~ glﬂ}‘
C[T 4] = -C]Q o
{ 14] [ l} \/§M1m~
~ N A3
cli C Q/b 91 m
[ 14] [ l]ﬁMlmE
A A, glﬂ?
ClT24) = —ClQa] =~
24 2 \/lem%l
A ~ b G114 zAE'*
Cl7 5] = —ClQf] ===tk
15 1 \@Mlm?:;l
C[ ] ] _ C[Q/b] glj'nmlAlIi:S;F
15 — — V1=, 5
\/lem%’
A by 914 zAE’*
C[T 5] = —C[Qf| ==Lk (33)
ﬂMlm%l

Here the my, denote the sneutrino masses. Applying

lifetime limits from inclusive nucleon decay channels with
antileptons [98,99], we derive the following RpV limits
(with m2Z the universal slepton mass):

(i) From p — 7'

— ot
e eye,,

|Af13e}“/1/31|[|/1211|2 + [ P]1?

<23x%x107° Mo \*(_mp )
1 TeV 1 TeV

y M, 3.15 (0.653)2
1 TeVﬂQCD 9 .

(ii) From p — K% ey ey,

|Af;e'1/1/32|[|/1211|2 + || ]2

~\2 _\2
<24 x 10780 L
1 TeV 1 TeV
o M, 3.15 <O.653>2
1 TeV'?QCD 9 .

(iii) From p — K*1\“eyeih,

. S0 Mo )
|/1/1/l2)“lm2| < 1.6 x10 10 (m)

()P My 315 (0.350\2
1 TeV 1 TeV ’7QCD g1 ’

* _ mQ 2
|’1/1/12/11m1| <7.0x 10710 (m)

. 2 2
(i \? My 315 0350\ 36)
1 TeV 1 TeV T]QCD g1

Here, we employed the four-body final-state phase space
derived in [100] and neglected the lepton masses.

E. Purely leptonic final states

Experimental constraints on purely leptonic decay chan-
nels are also available [27]. These could a priori be
mediated by the strangeness-conserving dimension-nine
operator of Eq. (32), §;. Additional contributions from the
operators of Eq. (15) and an off shell photon seem difficult
to assess in the context of nonperturbative QCD. We will
not consider them. We then need to evaluate the nucleon
decay constant (0|S|N). Note that (0| represents the QCD
vacuum and N = p, n, the nucleon. For this, we exploit the
LEC of the chiral model [87] and write

(Oleas, [(d°)*Prul][(u®) Py ]|p) = &[Pru,).  (37)

(Oleap, [(d°)*Prul][(d°) PRl|n) = p[Pgu,].  (38)

with @ and ﬁ the LEC calculated in Ref. [69] (see Eq. (23)
of this reference). These quantities are a priori valid in the
limit of vanishing energy transfer so that their use in decay
processes with energy comparable to the nucleon mass is
highly unreliable. Reference [69] quotes a factor of 2-3 (on
the conservative side) in the case of nucleon decay widths
into a meson and a (an anti)lepton, as compared to the full
lattice evaluation of the hadronic matrix elements. Thus, we
again expect results of purely qualitative value.

The transitions mediated by the operators of type S| lead
to the following limits:

(i) From p — et~ [27],

. ma \2 S \2
|ALRA 314100 <5-1X10_”< 2 > ( ~L )

1 TeV 1 TeV
M, 3.15 [/0.653\2
X —2 < ) . (39)
1 TCVWQCD 9
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(ii) From p — eTute™ [27],

5 B my \2( mp \2
|ALRA 31 4211 | < 4.2 x 1071 <1 TeV> (1 T]e:,V)

M, 3.15 /0.653\2
x —= ( ) . (40)
1 TeVv Qe (%5}

which, for these specific directions, are stronger than the
constraints obtained with the inclusive decay widths,
including an antilepton.

IV. CONCLUSIONS

In this paper, we have revisited the constraints from
nucleon decays on RpV parameters, updating the bounds
with current lattice calculations and experimental limits.
We have also paid more detailed attention to the derivation
of these constraints than usually presented in the literature.
Nucleon decays could take a very diverse pattern in the
context of RpV, and the current sets of bounds are restricted
by the limited knowledge of hadronic matrix elements. We
have exhumed the bag model for an estimate of the
transitions involving vector mesons, but the outcome
suffers from the comparison with the precise lattice results
available for decays into pseudoscalar mesons. For this
reason—and the associated performance of experimental
searches—Ilimits from the nucleon transition to pseudosca-
lar meson and (anti)lepton (or invisible) place the most
stringent limits on RpV parameters.

In the RpV MSSM, it is also possible to build
L-conserving B-violating operators involving electrowea-
kinos, opening further search modes. Once again, the full
exploitation of these channels is limited by the absence of
reliable evaluations of hadronic matrix elements for, e.g.,
purely leptonic nucleon decays or channels with multiple

|

% Vet
Yoy (Af —H #)

where f is the fermion corresponding to the sfermion F,
while f is its SU(2), partner. Then, Y is the associated

Yukawa coupling, y{_ r the associated hypercharges, and

IJ; the isospin. Finally, v, denotes the VEV of the Higgs
doublet to which the fermion f couples at tree level. In
principle, each matrix element in Eq. (Al) should be
understood as a 3 x 3 block in flavor space. With Mgysy
above the electroweak scale, left-right mixing in
the squark sector is only relevant for Y;=1Y,,
(but Ay is still a matrix in flavor space, meaning that

f
w4 V2 g ] (%g% - §g§) (2

mesons in the final state. Constraints from AB = 2 proc-
esses could provide complementary information, e.g., on
such scenarios, in particular, in the presence of a very light
bino liable to mediate such transitions close to resonance.

On the high-energy side, we have restricted ourselves to
a pure tree-level matching of the Wilson coefficients, as a
one-loop matching would be technically much more
involved. As a consequence, the limits that we have derived
in Sec. III should be seen as largely qualitative. In
particular, we renounced flavor-violating loops enlarging
the set of RpV couplings that can be constrained, as
sometimes presented in the literature. More precise limits
could naturally be derived in an analysis of one-loop order,
but these should then also depend on the renormalization
conditions chosen to fix the counterterms of the RpV
parameters, a point that seems to have been overlooked in
corresponding proposals.
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APPENDIX A: MSSM, RpV AND MIXING

1. Mixing in the squark sector

This is an R-parity conserving effect. The sfermion
mixing matrices can be written in the (F,, F§") basis as
follows:

2

% (2
- v3) Yf”f(’*f‘/‘ﬁ)

v
mp, + Y303 + £ g1 (vi - v3)

right-handed squarks of the third generation could still
have a relevant mixing with left-handed squarks of any

generation). )
We define the (unitary) mixing matrix X, such that
M. = X"'diag[m3. ]X". Then, the gauge eigenstates are

connected to the mass eigenstates through F; = Xt Fr+
X F¢:, and reciprocally, F, = X0, F;, F§ = X F¥. The
mass matrix of Eq. (A1) should be diagonalized in a fully
unprejudiced fashion as to the magnitude of the matrix
elements, in general. However, it is instructive to consider
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the expansion in terms of the electroweak VEVs.
Then (neglecting intergeneration mixing), m%l ~m
mi ~mp, X Xip~1 and X{p & =X) ~ ~[MZ] z/
(M %l -M %2) The left-right mixing is obviously associated
with an electroweak VEV and is thus liable to generate

contributions to dimension-seven operators.

2. Mixing in the chargino/lepton sector

This involves both R-parity conserving (wino-Higgsino
mixing) and R-parity violating effects (Higgsino-lepton
mixing) [16]. We work in the description where the
sneutrino fields do not take a VEV. Then the mass terms

read —£ 3 (W', b, e YMe(w~, by, e3)T + H.c., with
M, g4 0
v, H /’lg

0 0

Me = (A2)

6 Ofgva

Note that f, g correspond to the flavor indices. Note also that
Mg is the RpV bilinear coupling. The mass matrix of Eq. (A2)
is diagonalized with a pair of unitary matrices so that
Me = VTdiag(m i)U The mass eigenstates are then

defined as y;” = Vi wt + Vi hy + V5, e;f,)(l Us w+

w

Uz, h; . T U;, e 1, and the gauge elgenstates can be expressed
in terms of the mass eigenstates through inversion.

= [ull > gv.
|luy|, Yev,, we can approximate these mixing elements by
the following expressions:

Ui Vi, Ugy & 1,
Vo Use,s Vae, ® 1,
G (vaM5 + vpt)

TV
Vi~ 9 (vap + v, M3) ’
My ? = |uf?
Uy, _QZ(UdM2+vuﬂ*)’
|My|* = |u?
UZelN/ﬁ;
u
Vo~ gZ(Udﬂ*+UuM2)’
Mo = [’
Uy~ ——,

Ule,7 Vle,’ V2e, ~ O;

U3wv V3wa V3h ~ 07 (A3)

where the mass-indices 1, 2, and 3, respectively, refer to
mostly wino, Higgsino, and lepton states.

3. Mixing in the neutralino/neutrino sector

This is largely comparable to that in the chargino/lepton
sector, however, it leads to at least one massive neutrino
[38,101,102]. The mass term is of Majorana type and, in the
basis (b°, w0, K, 1381/{) involves the 7 x 7 matrix:

M, 0 —%vd o, 0

O M2 %Ud —%Uu O

My = —f’/—‘ivd %Ud 0 —u 0
%vu _%vu —H 0 —Hy

0 0 0 -4, O |

(A4)

This matrix is diagonalized via the 7 x 7 unitary matrix N
according to My = N'diag(m,)N, from which we
= N},b+ N 70 + Ny, ho+

w

deduce the mass eigenstates y!
0 )

AN, v, i=1,

context, the mixing elements can be linearized to

7. Again, in a hierarchical

Nips Ny, N5y, = 1,
Ny, Niy,s Ny, Noy, %0,
Nsp. Nsy. Nsy. %0
Ny, ~— g1 Mijvg + pv,
oA A= W
Ny, zﬂMﬂ’u + HVq
V2 M (P
- 9 Myvg +pv,
Y V2 Mo — P
Ny ~— 92 Myv, + pvg
"2 M = W
Ny, 91 (Vg = 0,) (M, —p)
M| = |ul?

N, 9 (v = vg)(Ms — p")
T2 IMLP =l

[\

(AS)

\/_M
91 (va+v,) (W + M)
2 M P =
2 (va + v) (" + M)
Mo |* = |uf?

(A6)
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where the indices 1, 2, 3, 4, and 5 correspond to mostly bino, wino, a pair of Higgsino, and neutrino states (in fact 5 covers
three leptonic states).

APPENDIX B: FEYNMAN RULES

Below, we write the Weyl two-component spinors [103] with lower case letters and the four-component spinors with

capital letters. The baryon-number-violating couplings involving sups read (4., = —24y;)
* F7e Nk (e \B (e
L3 eqp by (U5 (di)n(d5)} + Hee. (B1)
= eap Al Xk Unl(D°)aPR(D)}] + Hee., (B2)

and for sdowns,

L3 el (55)5(@5)5DS), + He. (B3)
(1ﬁy’1;;jernRD/j[(W)Z1PR (D)Z] + H.c. (B4)
Here X, X% denote the squark mixing coefficients, cf. Appendix A 1. We will use the notations (g§¢¢),,,,, and (g4>?),,.,

to denote the complete coefficients in the second lines of Eqgs. (B1) and (B3), respectively. We have, furthermore, in the
Lagrangians put the fields in parentheses.
The lepton-number-violating couplings involving sups, downs, and charginos read,

£3 VIO (i (@55 + 41 ()5 20) /(@) + YATR)F065) () = 90 00)5 (9 (dy ) + He,

* Ud,
= U {(D)319L % Pr + 9™ Prl g (")} + Hoc, (B5)
Ud U, x U, *
gLni(fq = Vg;(M{YZXm;? th - ngmi qu]; (B6)
Ud, Ug %4y - U, 77«
an)l(fq VSFM[Y'Z(?ermi Uy + %ngmL qu] (B7)

Note that g, , are gauge couplings. The lepton-number-violating couplings involving sdowns, ups, and charginos read,

L3 Yh(DR)F(hg) (ur)§ = g2 (D)™ (™) (up)§ + 2 (DR)E(er) p(ur ) + Yi(DL)™ (i) () + Hee.  (BS)

- D%I{(F) [gL ZPL + gRI?MZPR]qu(X_L]} +H.c. (B9)
D «Tvg vDPg * D, x « vDyi *
gL:z);”q V?;(M [YéXm(I]? Uﬁih - g2quL UqW+%JkX 7 quz] (BlO)
Du, * *
ng);q = VCKM YfXWlL th (BI1)

The lepton-number-violating couplings involving sups, ups, and neutralinos read,

rre\a( 7, a - ax |91 (7 ~ ax(79\ (5 \a 2\/§ FreNa (L) (¢ \a
L3 =Y(U)3(h) (u )t — —= (L)% |5 (B) + g2 (0°) | (ur )% = Y4(UL )% (hy) (715)% + == 91 (U5)4(b) (75)% + H.c.
V2 3 3
(B12)
= U{(T)%1g. " Pr. + 9g " Prl s, 1)} + Hee. (B13)
u U« 1 U;x |9
gll,]m)}q = Y{:X f th” - Exmi |:?qu/7 -+ gZqu:| , (B14)
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2f

: g]XUf % (B15)

U U
gR:j;‘q = YmefL N*
The lepton-number-violating couplings involving sdowns, downs, and neutralinos read,

£ 5 YDy )R (d, )~ 1<DL>7*[91<> 4o (0 >}<dL>; 2, (D)) (o ) = YDy o (R )

V2 3
=X 0 DR B) AR = 2 (Do) (20 (@) + He,
Ra (TS Dd,
- Dma{(Dc)?[gL XPL + 9r }(PR]qu()(O)q} +H.c.
Dd Dy % |y Dy %
ng)j‘q = _Y}};mee Ngn, = ﬁxmi {? Ngp = QZNWJ Ao Xk Ny,
d Dy s o 7y \/i Dy sy oy Dy % xrs
Tang = =YX, 1 "Ny, — 5 9 Xuk N, = A X NG (B16)
Omitting the slepton-Higgs mixing, the slepton-lepton/electroweakino couplings read,
N, Ny * N Nyty
gLﬁp(U)]g = YmeLVj€f de - gZmeL ijUkef - AqumeLVjeq Ukep (ngkj )
N, 91 - G2 Ny N0y
gLi;(zﬁ = ﬁxmi ( jl/kab + ijNkvf) %Xmi ( jI/kaW + Nijkuf) (ng;/fj )
Epx
Xon
Qf,,}fjf = YfX (le/kad = NjaUse,) + Té [(91Njp + 2N j)Use, = 92N i, Upi]s
E
AfPKIXmR N]D/ Uke = (QR)r(nk); ) )
E* * * * * * L,
an}z{jl)c( = (YfX N]d + \/_g] N]b)Vke j'qu mL N]v V (QL};sz); ) . (B17)

APPENDIX C: STATIC BAG APPROACH TO NUCLEON DECAYS

In the MIT bag description of hadrons [104,105], valence quarks are relativistic fermions trapped in a spherical potential
well of radius R (we restrict ourselves to the flat infinite potential: V(|X| < R) = 0 and V(|X| > R) = ), the boundary of
which is stabilized by a pressure term. The associated fields can then be decomposed in modes,

g(x) = Y [t Uy (R + bV, (R)ein],

m,s

with s = i—% = 1| the spin and m indexing the solutions of the boundary conditions. Note that a;, ; and bZZS are creation
and destruction operators of (anti)quarks. Note also w,, = E,,/R with E,, denoting the energy of the mode. We will restrict
ourselves to the mode of lowest energy,7 which can be described by the four spinors in Dirac representation:

; x|
. ;) Jol@o s
Uos) =iy fems— e aes o i (€D
87R’ (wy — 1) sin” wg i52 j1 (00 )z
Vos(x) = CU;
]
3 —i 8 1 (w0 Rk
— y : H l( 0'R ) ’ (C2)
87R3 (wy — 1) sin® NG IX\)

"In the case of the strange quark, we include a quark mass—see Ref. [106]—of 0.1 GeV, which, however, has negligible impact as
compared to the massless case.
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with jo(x) =302 and j;(x) =S4 — €S2 the first two
X X
spherical Bessel functions, and @q~2.04 the first
root of the equation jo(w) = ji(@). x1 = (3) =~}
=0 =x
|

The hadronic bag states can be constructed with creatlon
operators of the valence quarks a,lf and antiquarks bm (ais
the color index) acting on the vacuum and satisfying the
usual anticommutation relations. For example,

proton,
1) = 22t e = a0
neutron,
ny) = 3T7~ dp (aray) = aglay)|o);
neutral pion,
) = 5= (b = b = bl + bl )
and neutral rho,
102) = 2 (bt — bl ash)0)
190) = 507 (bayag) = barda) + bl iy = by a)[0) (C3)
IP21) = 5 (b aq, = b ag))|0).
[
Then, the matrix element of a partonic operator  between = Contractions  between  operators involving  both

hadronic external states < H ;| [ dXQ(X)|H; > att = 0 can
be evaluated from replacing the quark fields within Q by
their expression in the bag model, leading to the usual
interplay of Wick contractions. Different bags are em-
ployed for the various hadrons, the typical radius being
5 GeV~! for a nucleon and 3.3 GeV~! for a pion. A Wick
contraction between an external creation/annihilation op-
erator and an internal quark field thus exports the bag
wave function of the corresponding hadron under the f dx.

|

)y} = (0] f< v qt — bl ad) / (@ YT [ () 1] 222

- dyU (5)U% (5 {
f

external hadrons produce spectator quarks, leading to a
separate integral representing the overlap between the

1,0) =

the case

two bag functions: for instance, <O|aaT[ ] [

Ht H,» -
Ja5ULT (UL (5)8up-
of the py — ple™ transition mediated by an operator
Qrr = €45, [(d°)Tul][(u®)'Te], with T, T’ representing
generic spinor-algebra matrices,

Below, we detail

Epys d d
> ap(aydg) - aylag))|o)

3\/§ ﬁT

(BCUL @)[0% (F)e(F)] + 2 / dE [V (R)TVA (F)][V7 (F)e(3)

- [ @RV RV re() - / dE[V} RNV} (R))[0% (F)e ()

+ [ @O @I O + [ d

The connection between this calculation in the bag
model and the transition amplitude is not completely trivial
and requires resorting to the wave packet formalism
[78,107]. We apply the conversion factor in Eq. (12) of
Ref. [78]. The outgoing lepton is regarded as free, so that its
position dependence would be a simple e~***, with k the

XU (X)rug(x )][Vi’(f)l“’e(f)]}- (C4)

|
associated momentum. However, in the static approxima-

tion, the frequency |7€| leads to a very slow variation, hence
this factor can be discarded, or kept [79,81], e.g., in an
attempt to extend the prediction to the case of light pions. In
this latter case, however, the static cavity description is not
really suited, and tentative corrections should be seen as
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largely heuristic, such as the phenomenological suppres-
sion introduced in [78]. In our analysis, however, the decay
channels into pions are already covered by the lattice
description, so that the results of the bag model are only
employed in the more suitable configuration with heavy
mesons in the final state. To complete the calculation of the
transition amplitude, we provide the free-lepton spinors in
the Dirac representation:

. A /EE + mey
ug (k) = i ’ )
Ez+m As
k 4
kG ){/‘
vi(k)=| Vi (C6)

E; = K+ m; (C7)

wy =i %), (cs)

with the standard normalization convention. Once all the
matrix elements have been computed, it is possible to
match them onto the form factors of the decay, e.g.,

A%p = plet] = (p°, et|CaQlp)

= Wiy 05 (k) Paytu, (0)e (—k).  (C9)
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