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We investigate the spontaneous breaking of the Baryon (B) and Lepton (L) number at the TeV
scale in supersymmetric models. A simple extension of the minimal supersymmetric standard model
where B and L are spontaneously broken local gauge symmetries is proposed. The B and L symmetry
breaking scales are defined by the supersymmetry breaking scale. By gauging B and L we understand
the absence of the baryon and lepton number violating interactions of dimension four and five in the
MSSM. Furthermore we show that even though these symmetries are spontaneously broken there are
no dangerous operators mediating proton decay. We discuss the main properties of the spectrum,
the possible baryon number violating decays and the implications for the dark matter candidates.
In this model one can have lepton number violating signals from the decays of the right-handed
neutrinos and baryon number violating signals from the decays of squarks and gauginos without
conflict with the bounds coming from proton decay, n — 7 oscillations and dinucleon decays.

I. I.INTRODUCTION

Experimental data are consistent with baryon number
(B) conservation and lepton number (L) conservation. In
neutrino experiments we have observed the violation of
the individual lepton numbers L. , . but not of the to-
tal lepton number L = L, + L, + L;. It is interesting
to explore the possibility that the observed B and/or L
conservation has its origin in the principle of gauge in-
variance and construct models where B and L are spon-
taneously broken gauge symmetries. To gauge B and/or
L additional fermions beyond those in the minimal stan-
dard model must be added to cancel anomalies. Solu-
tions to the anomaly constraint equations were found in
Ref. [1-3].

The authors in Ref. [2] explored models where baryon
number is gauged with the anomalies canceled by adding
a fourth generation of quarks and leptons. Since three
generations have been observed, and we do not under-
stand why there should be only three, we view this way of
canceling anomalies as less arbitrary than the other pos-
sibilities for canceling anomalies that introduce fermions
with quantum numbers unrelated to those of the observed
standard model fermions. Recently, we constructed two
explicit models where both B and L are spontaneously
broken local gauge symmetries [3]. In these models B
and L are on the same footing and the anomalies are
cancelled by adding a single new fermionic generation.
There is a natural suppression of flavour violation in
the quark and leptonic sectors since the gauge symme-
tries and particle content forbid tree level flavor changing
neutral currents involving the quarks or charged leptons.
Also there is a dark matter candidate that is automati-
cally stable. In these models the symmetry breaking scale
for the U(1)p and U(1) symmetries are not necessarily
related to the weak scale however we explored some of
their phenomenology with that assumption.

In the standard model operators that violate baryon
number (schematically ggql) do not occur until dimen-
sion six and experimental constraints on the nucleon de-
cay rate imply that the mass scale that suppresses them,
A must satisfy, A > 10'® GeV. Hence the observed con-
servation of baryon number is explained if there is no new
physics below this scale, 1.e., a desert. However in models
where baryon number is gauged the observed conserva-
tion of baryon number can be understood, even if there
is new physics at scales much lower than 10'® GeV, since
without spontaneous symmetry breaking operators that
violate B are forbidden and (depending on the charges of
the fields that break baryon number) the spontaneous
breaking of baryon number may not induce operators
that cause observable proton decay.

Supersymmetry (SUSY), softly broken at the weak
scale, solves the hierarchy problem. Today, the min-
imal supersymmetric extension of the standard model
(MSSM) is considered one of the most appealing scenar-
ios for physics beyond the Standard Model (SM). For
a review on supersymmetric models, see Ref. [4]. One
of the open issues for these models is the presence of
renormalizable and dimension five operators that violate
baryon and lepton number. These can be forbidden by
gauging a linear combination of B and L [5] and it is in-
teresting to consider extending the work in Ref. [3] to a
supersymmetric model since it can also achieve that goal.

In this letter we investigate the simplest supersymmet-
ric extension of one of the models in Ref. [3]. Unlike
the nonsupersymmetric case here (if there are no large
Fayet Illiopoulos D terms) the B and L symmetry break-
ing scales are necessarily of order the soft supersymmetry
breaking scale. We discuss the main features of the model
including the properties of the spectrum and dark matter
candidates. We show that there are no dangerous opera-
tors that cause proton decay even after baryon and lepton
number are spontaneously broken. This model should be
interpreted as an effective theory below a scale that is



at most a few orders of magnitude above the weak scale
because beyond that point the Yukawa couplings of the
fourth generation become strong [7]. Consequently the
evidence for a supersymmetric extension of the standard
model based on the meeting of the gauge couplings is not
applicable in models with a fourth generation.

Within the effective field theory approach it is possible
to consider gauge theories that are anomalous. With
a cutoff that is only a few orders of magnitude above
the weak scale it is possible to do this in theories that
gauge B and L [6]. However, we prefer not to take that
approach and cancel the anomalies in B and L using a
fourth generation.

This paper is organized as follows: In section II we
discuss baryon number violation in models where B and
L are spontaneously broken. The B and L violation in
the MSSM is discussed in section III. In section IV we
propose the simplest supersymmetric extension of the
model in Ref. [3], while in section V we summarize our
main findings.

II. II. BARYON NUMBER VIOLATION IN
MODELS WITH B AND L SPONTANEOUSLY
BROKEN GAUGE SYMMETRIES

Recently, we proposed simple extensions of the Stan-
dard Model where B and L are local gauge symme-
tries [3]. These models are based on the gauge symmetry,
SUB)c@SU2)LQU(1)y U(1)p@U(1)r and one
introduces a new fermionic family to cancel all baryonic
and leptonic anomalies. There are two ways to cancel all
baryonic and leptonic anomalies, with a new family of
fermions that has the following properties. In Model I,
one adds Q/L, u/R, d/R with B = —1, and llL, eIR, V;% with
L = —3, while in Model II the new generation has differ-
ent chirality: Q,R, ulL, dlL, with B = 1, and l;%, e,L and
I//L with L = 3. Since the new fourth generation fermions
have different B and L quantum numbers than the quarks
and leptons in the first three generations it was easy to
arrange that are no flavour changing neutral currents at
tree level. In order to avoid a stable fourth generation
quark, we introduced a new scalar field which is a cold
dark matter candidate that coupled the fourth genera-
tion fermions to first three generations. For a discussion
of the cosmology of these models including the genera-
tion of the baryon excess see [8]. For generic studies of
models with fourth generations see Ref. [9].

Since the fourth generation Yukawa couplings get
strong at an energy scale not very far above the TeV scale
these models have a fairly low ultraviolet cutoff and hence
it is important that nucleon decay is forbidden even in-
cluding non-renormalizable operators of very high dimen-
sion. In these models lepton number and baryon number
are broken by the vacuum expectation value of fields Sy,
and Sp with L and B charges ny, and np, respectively. In
the calculation of S-matrix elements lepton number and
baryon number violation arises from insertions of the vac-
uum expectation values of these fields. Possible nucleon

decay modes are: p — 70t p = 7letvr, p — 7letup,
etc. All possible nucleon decay modes have AB = —1
and AL = 4+ an odd natural number. Hence if k|ng| # 1
and/or k|nz| # an odd natural number, for k =1,2,.. .,
proton decay is forbidden even allowing non renormaliz-
able operators of arbitrarily high dimension. Clearly it
is not difficult to arrange that baryon number violating
nucleon decay is forbidden in models where baryon num-
ber and lepton number are gauged by a suitable choice
of the charges np and ny even though these symmetries
are spontaneously broken. Note we are assuming here
that the gravitino mass is greater than the proton mass.
If it is lighter then final states without a lepton would be
allowed.

Two body scattering process that violate baryon num-
ber can occur inside of the nucleus. For example p+n —
7tm0 p4+p — 7tat, KTK*, etc. These along with
n — 7 oscillations are forbidden if klng| # 2. If they are
not forbidden, by the value of n g, the limits they impose
on the scale of baryon number symmetry breaking are
typically not extremely strong because in the low energy
effective theory (below the scales of spontaneous baryon
number and weak symmetry breaking) the lowest dimen-
sion operators that induce AB = 2 transitions have six
quark fields and are dimension nine. For a discussion of
discrete symmetries that enforce baryon number and lep-
ton number conservation in supersymmetric versions of
the standard model see [10].

Models T and IT in Ref. [3] have several scalars with
masses that are at or below the weak scale and this re-
quires multiple fine tunnings (z.e., the hierarchy puzzle).
Furthermore even though we assumed the breaking of B
and L occurred at the weak scale there was no reason
for this to be the case. Motivated by these issues we
study in this letter a simple supersymmetric extension of
Model I. The quantum numbers of the quark and lepton
fields are the same as Model T in [3] but the scalar rep-
resentations used to break the symmetry are different.
Furthermore no additional scalars are introduced to pre-
vent the stability of the fourth generation quarks. In the
supersymmetric version of model I that we discuss below
they decay through non-renormalizable interactions.

III. III. B AND L VIOLATION IN THE MSSM

The MSSM superpotential up to dimension five is given
by

Wryssmy = Wu + Wi + Wi + Ws. (1)
The first term in the superpotential,

Wy = guQiH, + ngCzcﬁd + geLéHy
+ HHqu7 (2)

contains all the renormalizable terms conserving matter
parity, M = (—1)3(B_L). The terms violating L at the



renormalizable level appear in
Wi =eLH, + M.Lé¢ + N QLd". (3)

There is only one term in the MSSM superpotential
which violates B at the renormalizable level and it is
given by

1"

Wg = X acdede. (4)

Now, at the non-renormalizable level one also has the
following dimension five operators that violate B and/or
Lt

~QQQL +

Wy = ?XQQCCZC,&Céc +

M
A

Using the interaction XQMC and the term in Wp one
gets the dimension four contributions to proton decay,
which predict a lifetime of order 7, ~ 10715 years, if the
couplings are order one and the squark masses are around
a 1 TeV. With similar assumptions the dimension five op-
erators in Ws also give unacceptably fast contributions
to the decay of the proton even if the A scale is close to
the Planck scale. For a review on proton decay and a de-
tailed discussion about these contributions see Ref. [11].

In order to clarify our notation we list the MSSM su-
perfields:

2,1/6,1/3,0),

O
Il
PR
S
~
2

(3,
a° ~ (3,1,-2/3,-1/3,0),
d° ~ (3,1,1/3,—1/3,0),
L= <e> ~ (1,2,-1/2,0,1),

and é¢ ~ (1,1,1,0,—1). Notice that we have included
their transformation properties under the gauge group

U(3)C ® SU(2)L ® U(l)y ® U(l)B ® U(l)L, antici-
pating that we will eventually gauge B and L.
The two MSSM Higgses are given by

. T+
H, = (Hﬁ% ) ~ (1,2,1/2,0,0),
2,-1/2,0,0).

Adding right handed neutrinos, ¢ ~ (1,1,0,0,—1), we
have the following extra terms in the superpotential

w, = g,,LH e 4+ M veD©

+ %LLéCﬁC + KQLdCﬁC + %aCJC&CpC. (6)

1 Note we have not yet gauged B and L.

It is well-known that adding three copies of right-handed
neutrinos one can gauge B-L and the dimension four op-
erators that violate baryon and/or lepton number in Wg
and Wy, are not allowed. However, even if we impose
B — L as a gauge symmetry the dimension five contribu-
tions to proton decay that arise from couplings in Ws5 are
allowed. Therefore, one does not resolve the issue of an
unacceptably large proton decay rate in SUSY theories
just by gauging B — L. For a study of the origin of B
and L violating interactions in B-L models see Ref [12].
This is one of the main motivations to consider the SUSY
version of the model proposed in Ref. [3].

In Ref. [13] the authors studied a supersymmetric ex-
tension of our model in Ref. [3]. However, their moti-
vation was primarily a study of dark matter candidates
in the model while our motivation is to construct the
simplest possible SUSY extensions of our model that do
not permit proton decay even including non renormal-
izable terms of high dimension. We use nonrenormaliz-
able interactions to render the fourth generation quarks
unstable instead of adding additional multiplets as was
done in [3]. Note that stable color triplet heavy parti-
cles give rise to exotic nuclei that form atoms. Limits
on the density of such atoms and constraints from Big
Bang nucleosynthesis suggest that stable heavy quarks
with masses of a few hundred GeV are not acceptable.

IV. IV. THE MSSM WITH B AND L GAUGED

In order to write the simplest supersymmetric model
based on the gauge symmetry

Gpr=5SUB)c@SUR)LQU()y U(1)sQU(1)L

and cancel anomalies we need to introduce chiral super-
fields for a new fermionic generation. They are:

@42(32) ~ (3,2,1/6,-1,0),
ag ~ (3,1,-2/3,1,0),
d§ ~ (3,1,-1/3,1,0),
L4—<:j) ~ (1,2,-1/2,0,-3),
&5 ~ (1,1,1,0,3),
o5 ~ (1,1,0,0,3).

We have shown explicitly how the new fermions trans-
form under Gpr. We need additional chiral superfields
that acquire vacuum expectation values that break B
and L. The required new Higgses to break U(1)p are:
Sp ~(1,1,0,—1/3,0) and Sp ~ (1,1,0,1/3,0). For the
chiral superfields that break U(1); there are two possi-
bilities that we consider: either (i) S ~ (1,1,0,0,—6)
and S, ~ (1,1,0,0,6) or (i) S; ~ (1,1,0,0,—2) and
St ~(1,1,0,0,2).



The superpotential of the theory is given by
WeL = Wyukawa + Whiges + Whi, (7)

where in case (i),

W&ikawa :quﬁcﬁu + ngJCI—:’d + gei/écHd
+ g LH.0° + YuQu Hy 0§ + YaQu Hy d§
+ Y.Ly Hyé§ + Y, Ly H, 0§ + )\VZI;ZI)ZSA’L' (8)

Here the ordinary three generation neutrinos have Dirac
masses and the fourth generation neutrino has both Dirac
and Majorana mass terms. The fourth generation neu-
trino mass must be greater than Mz/2. On the other
hand for case (ii)

Wi = guQicH, + ¢aQdHy + g LécH,
+ g, LH, 0 + Y,Q4 H, 05 + Y4Qu Hy dS
VYol HyéS + YLy Hy 08 + M\ei®0°S),

+ A D058 (9)

The ordinary light three generations of neutrinos have
both Majorana and Dirac mass terms and so extremely
small Yukawa coupling constants can be avoided using
the type I see-saw mechanism [14]. The fourth gener-
ation neutrino has a Dirac mass term and a Majorana
mass term that mixes it with the first three generations
of neutrinos.
The Higgs part of the superpotential is

Whiges = nwHyHg + ppSpSp + prSpSr. (10)
Finally the dimension five terms that allow fourth gener-
ation particles to decay to the ordinary generations are

A1 ¢ 3¢ 3¢ & A2 . .5 3¢ 4 A3 e ncncn
W%L = —uyd’d°Sp + —udid°Sp + Kucucucujf.

A A
(11)

The terms proportional to the a; and as couplings are
needed to avoid a stable quark from the 4th generation.
In case (i) the term proportional to ag avoids the presence
of a stable heavy Dirac neutrino. Notice that here we
write only the relevant dimension five operators.

For simplicity in our discussions we ignore kinetic mix-
ing between the U(1)’s and the possible Fayet-Illiopoulos
D-terms.

Symmetry Breaking: Here we investigate the symme-
try breaking mechanism to show that U(1)p and U(1),
can be broken at the TeV scale. In the case of the U(1)p
symmetry, it is broken by the vev of the scalar fields,
Sp and Sg. These vacuum expectation values can be
chosen real and positive. The relevant soft terms for our
discussion are:

—ALgofr = (— bsSpSp + h.c.)
+ mg,[Sel* + m%,|Ss/? (12)

For simplicity of notation we take bp to be real. Using
(Sg) = vp/v/2 and <SB> = 0p/+/2 for the vevs one finds

1 1
Vg = §|#B|2(v?3+5129) — bpuptp + §m2'55”?3
1 ~ gz o2
+ Em%Bv% + 3—];7123 (v —vB)". (13)

Now, assuming that the potential is bounded from bellow
along the D-flat direction we get:

2bp < 2|up|* +mi, +m%, . (14)

while
vy > (sl +md,) (sl +m3, ),  (15)

in order to have a non-trivial vacuum. Minimizing with
respect vp and U one finds that

1
lupl® +m%, — §M§B cos2fBp —bpcot fp =0, (16)

1
luBl? +m3, + M3, cos2fp — bptanfp =0, (17)

2

with tan Sp = v /vp and Mz = (npgp)*(vh + v%)/4.
Here np = 1/3(—1/3) for Sg(Sp). The above equations
can be written as

2 2 2
1 myg, tan® fp — mg
_m2ZB = _|IUJB|2 - ( — = 5(18)

2 tan? Bp — 1

sin ZﬂB
2

by — (2|MB|2+mgB+m2gB). (19)

For symmetry breaking to occur mQZB must be positive
and it is clear from the above equation that the gauge
boson mass is set by the soft supersymmetry breaking
terms since they must overpower the negative contribu-
tion from the pp piece. The U(1)p symmetry is broken
at the SUSY scale.

The analysis of U(1)r breaking is similar to the break-
ing of B — L studied in Ref. [15]. Several fields can get a
VEV: (S1), (S.), (7) and (7¢). There are two different
cases: i) R-parity conservation, where only Sz and Sf,
can get a VEV, and ii) R-parity is spontaneously bro-
ken due to the VEV of sneutrinos. In the latter case one
needs a tackyonic mass term [15] for the “right-handed”
sneutrinos. In this paper we assume that the soft su-
persymmetry breaking mass terms for the sneutrinos are
not tackyonic so that the only fields with lepton number
that get a VEV are S and S;. In the case where the
sneutrinos get a vev, one has R-parity and L violating in-
teractions, which together with the interactions coming
from Eq.(20) give rise to proton decay. Since the cutoff
in the theory is low due to the existence of the Landau
poles for the fourth generation Yukawa couplings, one
finds that these contributions give rise to unacceptably
fast proton decay. For a study where the sneutrino vev
breaks the leptonic symmetry see Ref. [12].



In this paper we do not address the p problem. The
supersymmetric parameters u, pp and pp, are taken to be
of order the supersymmetry breaking scale, even though
there is no clear reason for this to be the case.

Baryon Number Violation: One does not generate op-
erators that mediate proton decay because S; has an
even lepton number charge (see section IIT). In the MSSM
typically we define matter parity as M = (—1)3(B_L) =
My, x Mg, where My = (—1)73F and Mp = (—1)3B
can be called leptonic parity and baryonic parity, respec-

tively. Notice that My = —1 for all leptons and +1
for $;, and Sy. All the fields with baryon number have
Mp = —1. After symmetry breaking, My, is conserved

but Mpg is broken. The fact that M, is conserved tells
us that one cannot generate any operator which induces
proton decay, because one must break M to allow the
proton to decay. Note that the absence of proton decay
is true even if we include nonrenormalizable operators of
arbitrarily high dimension. One can, however, generate
|AB| = 2 operators that mediate nucleus decay. For ex-
ample, a dimension seven operator in the superpotential

Zd

by o . 23
AWE = Tpid°d Sy (20)

generates a contribution to the reaction °O(pp) —1*
CK™* K™ after integrating out the squarks and the gluino.
The relevant dimension nine operator is Co u¢d¢s® ucdcs°®,

with Cy:
- 2
A v3
Cg _ < udA93 B)

Assuming that Mz, M5z ~ 1 TeV, and using the experi-
mental limit on this channel from the Super-Kamiokande
collaboration one finds that A, v% /A% < 1078 [16, 17].
Notice that Cg can induce n —n oscillation at tree level if
one assumes flavour violation in the squark sector. Here,
for simplicity we do not consider this possibility. At one
loop level, one has a contribution to n — n oscillations
where inside the loops one has the charginos (winos) and
the SM quarks. However, constraints from n — 7 oscil-
lations are weaker than the one from dinucleon decays
discussed above. For a review on n — n oscillation see
Ref. [18].

The couplings above allow the squarks to decay to
two quarks with a partial width of order I'(¢§ — ¢q) ~
(A")2(vp/A)®/(647). This of course means that (apart
from the gravitino in models with a high enough scale
of spontaneous supersymmetry breaking), the lightest
neutralino is not a dark matter candidate?. It de-
cays through a virtual squark to three light quarks.
Baryon number violating neutralino decay was discussed

4o

I

(21)

2 Another well motivated dark matter candidate is the axion since
it is associated with the solution of the strong CP puzzle.

in Ref. [19]. In this model the fourth generation squarks
decay to quark pairs which also violates baryon number.

Gauge Bosons: Neglecting kinetic gauge boson mixing,
in this theory we have a leptophobic Z5 and quarkphobic
Z1, neutral gauge bosons associated to the new symme-
tries U(1)p and U(1)r, respectively. For a review on
Z' models see Ref. [20]. The masses of the new neutral
gauge bosons are given by

5\ 1/2
My, = %B (v% + 1;123) / , (22)
n o\ 1/2
my, = 7LgL (vi + 01) / , (23)

where in case (i) ny, = 6 and in case (ii) ny = 2. The
collider constraints on a quark-phobic Z " are more severe
than the case of Zg. For the case of Z, one can use the
LEP2 bounds [21], while for Zp it is possible to use the
UA2 bounds [22].

Neutralinos: The neutralino sector now has B and L
neutralinos in addition to the MSSM neutralinos. In total
one has the MSSM neutralinos x?, the baryonic neutrali-

nos, X% = (Bg, Sg, §B). Here Bp is the U(1)p gaugino,
and the Sp Higgsinos. Finally, one also has the lep-
tonic neutralinos, X} = (Br,Sr,Sr). Here By is the
U(1). gaugino, and Sy, and §L are the superpartners of
the Higgses breaking the local leptonic symmetry. It is

straightforward to work out the neutralino mass matri-
ces. For example, the neutralino Y% mass matrix is,

_ gBYB gBUB

mp 6 6
Mo = | -2 0 —pup |, (24)
.(]BGUB —uB 0

where mp is the bino mass, and up is the mass term of
the Higgsinos in the baryonic sector. Notice that only
when the Higgsino term is small one can have a light
neutralino in this sector.

Sfermions and New Higgs Spectrum: After symmetry
breaking the sfermion masses get an extra contribution
due to the new D-terms for U(1); and U(1l)p. See
Ref. [23] for a similar study of the spectrum of sfermions
of a U(1l) extension of the MSSM. Of course we have
additional sfermions associated with the fourth genera-
tion. In order to illustrate this point we show the charged
MSSM slepton masses

1
M2, = i i, (- i w ) M cos25+ D,
(25)
Mézc = mé? + mi - M% sin® Ow cos2p — Dy, (26)
with

D Lo o 23 (27)

= —MmM COS .

L ong 2L r

Here mj; and mg. are the soft terms for left and right-
handed sleptons, respectively. The new angle G, is de-
fined as tan S, = vy, /0r.



There are three new neutral L-Higgses: two CP-even
Sr,,SL, and one CP-odd Ay, while in the U(1)p-sector
one has the neutral Higgses Sg,, Sp, and Ap. These two
sectors are not coupled to the MSSM sector at tree level
through renormalizable interactions. For a recent study
of the Higgs decays in the MSSM with four generations
see Ref. [24].

The masses of the Higgses in the baryonic sector are

1
m%Bl)SBZ =3 (mi‘B +my, F \/5) , (28)
with
D= (miB — m2ZB)2 + 4m2ZBm?43 sin®(265), (29)
where
2bp
2
= . 30
MAp sin2fp (30)

Notice that the Higgses in this sector can light because
the limit on the mass of Zp is not very strong [22]. In
this way we conclude the discussion of the properties of
the spectrum of our model.

V. V.SUMMARY AND OUTLOOK

In this paper we have proposed a simple model with
baryon and lepton number gauged and spontaneously

broken at the supersymmetry breaking scale. After sym-
metry breaking the leptonic matter parity is conserved
and so proton decay is forbidden (provided the gravitino
is heavier than the proton) even when nonrenormalizable
operators of arbitrarily high dimension are included.

We have noted some of the important features associ-
ated with the spontaneous breaking of baryon number in-
cluding the implications for dark matter candidates. We
have pointed out some properties of the spectrum and
possible baryon number violating decays. It is important
to mention that in this model one can have lepton num-
ber violating signals from the decays of the right-handed
neutrinos and baryon number violating signals from the
decays of squarks and gauginos without conflict with the
bounds coming from proton decay, n — n oscillations and
dinucleon decays. It would be interesting to investigate
the collider signals and cosmological aspects of this model
including the possibility of weak scale baryogenesis.

Acknowledgments: P.F.P. would like to thank the In-
stitute for Advanced Study in Princeton for hospitality
in the last part of this project. P.F.P. thanks S. Spinner
for several discussions. The work of P.F.P. has been sup-
ported in part by the U.S. Department of Energy under
grant No. DE-FG02-95ER40896, and by the Wisconsin
Alumni Research Foundation. The work of M.B.W. was
supported in part by the U.S. Department of Energy un-
der contract No. DE-FG02-92ER40701.

[1] S. Rajpoot, “Electroweak Interactions With Gauged
Baryon And Lepton Numbers,” Phys. Rev. D40 (1989)
2421; X. -G. He, S. Rajpoot, “Anomaly Free Left-right
Symmetric Models With Gauged Baryon And Lepton
Numbers,” Phys. Rev. D41 (1990) 1636; R. Foot,
G. C. Joshi and H. Lew, “Gauged baryon and lepton
numbers,” Phys. Rev. D 40, 2487 (1989).

[2] C. D. Carone and H. Murayama, “Realistic models with
a light U(1) gauge boson coupled to baryon number,”
Phys. Rev. D 52, 484 (1995) [arXiv:hep-ph/9501220].

[3] P. Fileviez Pérez and M. B. Wise, “Baryon and Lep-
ton Number as Local Gauge Symmetries,” Phys. Rev.
D 82 (2010) 011901 [Erratum-ibid. D 82 (2010) 079901]
[arXiv:1002.1754 [hep-ph]].

[4] M. Drees, R. Godbole and P. Roy, Theory and Phe-
nomenology of Sparticles, (World Scientific, 2004).

[5] See for example: K. S. Babu, I. Gogoladze and K. Wang,
“Gauged baryon parity and nucleon stability,” Phys.
Lett. B 570 (2003) 32 [arXiv:hep-ph/0306003]; H. S. Lee
and E. Ma, “Gauged B — (L origin of R parity
and its implications,” Phys. Lett. B 688, 319 (2010)
[arXiv:1001.0768 [hep-ph]].

[6] J. Preskill, “Gauge anomalies in an effective field theory,”
Annals Phys. 210, 323 (1991).

[7] R. M. Godbole, S. K. Vempati, A. Wingerter, “Four Gen-
erations: SUSY and SUSY Breaking,” JHEP 1003, 023
(2010). [arXiv:0911.1882 [hep-ph]].

[8] T. R. Dulaney, P. Fileviez Perez, M. B. Wise,
“Dark Matter, Baryon Asymmetry, and Spontaneous
B and L Breaking,” Phys. Rev. D83 (2011) 023520.
[arXiv:1005.0617 [hep-ph]].

[9] See for example: P. H. Frampton, P. Q. Hung and
M. Sher, “Quarks and leptons beyond the third gen-
eration,” Phys. Rept. 330 (2000) 263 [arXiv:hep-
ph/9903387]; B. Holdom, W. S. Hou, T. Hurth,
M. L. Mangano, S. Sultansoy and G. Unel, “Four State-
ments about the Fourth Generation,” PMC Phys. A
3 (2009) 4 [arXiv:0904.4698 [hep-ph]]; G. D. Kribs,
T. Plehn, M. Spannowsky and T. M. P. Tait, “Four gen-
erations and Higgs physics,” Phys. Rev. D 76 (2007)
075016 [arXiv:0706.3718 [hep-ph]]; L. M. Carpenter,
“Fourth Generation Lepton Sectors with Stable Majo-
rana Neutrinos: From LEP to LHC,” arXiv:1010.5502
[hep-ph]; L. M. Carpenter and A. Rajaraman, “Revisit-
ing Constraints on Fourth Generation Neutrino Masses,”
Phys. Rev. D 82 (2010) 114019 [arXiv:1005.0628 [hep-
phl]]; A. J. Buras, B. Duling, T. Feldmann, T. Heidsieck
and C. Promberger, “Lepton Flavour Violation in the
Presence of a Fourth Generation of Quarks and Lep-
tons,” JHEP 1009 (2010) 104 [arXiv:1006.5356 [hep-
ph]]; A. J. Buras, B. Duling, T. Feldmann, T. Heid-
sieck, C. Promberger and S. Recksiegel, “Patterns of
Flavour Violation in the Presence of a Fourth Genera-
tion of Quarks and Leptons,” JHEP 1009 (2010) 106



[arXiv:1002.2126 [hep-ph]]; S. Dawson and P. Jaiswal,
“Four Generations, Higgs Physics, and the MSSM,”
Phys. Rev. D 82 (2010) 073017 [arXiv:1009.1099 [hep-
ph]]; W. Y. Keung and P. Schwaller, “Long Lived Fourth
Generation and the Higgs,” arXiv:1103.3765 [hep-ph].

[10] L. E. Ibanez, G. G. Ross, “Discrete gauge symmetries and
the origin of baryon and lepton number conservation in
supersymmetric versions of the standard model,” Nucl.
Phys. B368, 3-37 (1992); H. K. Dreiner, C. Luhn and
M. Thormeier, “What is the discrete gauge symmetry of
the MSSM?,” Phys. Rev. D 73 (2006) 075007 [arXiv:hep-
ph/0512163].

[11] P. Nath and P. Fileviez Pérez, “Proton stability in grand
unified theories, in strings, and in branes,” Phys. Rept.
441 (2007) 191; [arXiv:hep-ph/0601023].

[12] P. Fileviez Pérez and S. Spinner, “Spontaneous R-Parity
Breaking and Left-Right Symmetry,” Phys. Lett. B
673 (2009) 251; [arXiv:0811.3424 [hep-ph]]. V. Barger,
P. Fileviez Perez, S. Spinner, “Minimal gauged U(1)(B-L)
model with spontaneous R-parity violation,” Phys. Rev.
Lett. 102 (2009) 181802. [arXiv:0812.3661 [hep-ph]].

[13] P. Ko and Y. Omura, “Supersymmetric U(1)p x U(1)r
model with leptophilic and leptophobic cold dark mat-
ters,” arXiv:1012.4679 [hep-ph].

[14] P. Minkowski, “Mu — E Gamma At A Rate Of One Out
Of 1-Billion Muon Decays?,” Phys. Lett. B 67 (1977)
421; T. Yanagida, in Proceedings of the Workshop on the
Unified Theory and the Baryon Number in the Universe,
eds. O. Sawada et al., p. 95, KEK Report 79-18, Tsukuba
(1979); M. Gell-Mann, P. Ramond and R. Slansky, in
Supergravity, eds. P. van Nieuwenhuizen et al., (North-
Holland, 1979), p. 315; S.L. Glashow, in Quarks and
Leptons, Cargese, eds. M. Lévy et al., (Plenum, 1980),
p. 707; R. N. Mohapatra and G. Senjanovi¢, “Neutrino
Mass And Spontaneous Parity Nonconservation,” Phys.
Rev. Lett. 44 (1980) 912.

[15] P. Fileviez Perez and S. Spinner, “The Fate of R-Parity,”
Phys. Rev. D 83 (2011) 035004 [arXiv:1005.4930 [hep-
ph]].

[16] J. L. Goity and M. Sher, “Bounds on delta B = 1 cou-

plings in the supersymmetric standard model,” Phys.
Lett. B 346 (1995) 69 [Erratum-ibid. B 385 (1996) 500]
[arXiv:hep-ph/9412208];

[17] Michael D. Litos, “A search for dinucleon decay into
kaons using the SK water cherenkov detector”, Ph.D.
Thesis, Boston University, 2010.

[18] R. N. Mohapatra, “Neutron-Anti-Neutron Oscillation:
Theory and Phenomenology,” J. Phys. G 36 (2009)
104006 [arXiv:0902.0834 [hep-ph]].

[19] J. M. Butterworth, J. R. Ellis, A. R. Raklev, G. P. Salam,
“Discovering baryon-number violating neutralino decays
at the LHC,” Phys. Rev. Lett. 103, 241803 (2009).
[arXiv:0906.0728 [hep-ph]].

[20] P. Langacker, “The Physics of Heavy Z’ Gauge Bosons,”
arXiv:0801.1345 [hep-ph].

[21] C. Amsler et al. [Particle Data Group|, “Review of Par-
ticle Physics,” Phys. Lett. B 667 (2008) 1.

[22] M. R. Buckley, D. Hooper, J. Kopp and E. Neil, “Light
7’ Bosons at the Tevatron,” arXiv:1103.6035 [hep-ph];
M. Buckley, P. Fileviez Perez, D. Hooper and E. Neil,
“Dark Forces At The Tevatron,” arXiv:1104.3145 [hep-
ph]; V. D. Barger, K. M. Cheung and P. Langacker,
“Baryonic Z-prime connection of LEP R(b,c) data with
Tevatron (W, Z, gamma) b anti-b events,” Phys. Lett.
B 381 (1996) 226 [arXiv:hep-ph/9604298]; F. Yu, “A
7’ Model for the CDF Dijet Anomaly,” arXiv:1104.0243
[hep-ph]; K. Cheung and J. Song, “Tevatron Wjj
Anomaly and the baryonic Z’ solution,” arXiv:1104.1375
[hep-ph].

[23] P. Fileviez Perez, S. Spinner and M. K. Trenkel, “The
LSP Stability and New Higgs Signals at the LHC,”
arXiv:1103.5504 [hep-ph]; “Testing the Mechanism for
the LSP Stability at the LHC,” arXiv:1103.3824 [hep-
ph].

[24] R. C. Cotta, J. L. Hewett, A. Ismail, M. P. Le and
T. G. Rizzo, “Higgs Properties in the Fourth Gen-
eration MSSM: Boosted Signals Over the 3G Plan,”
arXiv:1105.0039 [hep-ph].



