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Supersymmetric SU„2…L3SU„2…R3SU„4…c and observable neutron-antineutron oscillations
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Department of Physics, University of Maryland, College Park, Maryland 20742

~Received 23 April 1998; published 29 January 1999!

We show that in a large class of supersymmetric SU(2)L3SU(2)R3SU(4)c models with the seesaw
mechanism for neutrino masses and anR-parity-conserving vacuum, there are diquark Higgs bosons with
masses (Mqq) near the weak scale even though the scale of SU(2)R3SU(4)c symmetry breaking is around
1010 GeV. This happens because these masses (Mqq) arise out of higher dimensional operators needed to
stabilize the charge-conserving vacuum in the model. This feature has the interesting implication that the
DB52 processes such as neutron-antineutron oscillations can have observable rates while at the same time
yield neutrino masses in the range of current interest.@S0556-2821~98!05423-X#

PACS number~s!: 12.60.Jv, 11.30.Fs, 12.60.Cn, 14.80.Cp
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I. INTRODUCTION

A hallmark of the successful standard model of ele
troweak interactions is the automatic conservation of bar
and lepton number, a property obeyed by all known p
cesses involving elementary particles. Even before the w
known experimental triumphs of the model, this prope
was recognized as very desirable and appealing. On the o
hand, its supersymmetric extension, the minimal supers
metric standard model~MSSM!, which promises to explain
two of the major unsolved problems of the standard mod
i.e., the origin and stability of the weak scale, is plagued
uncontrollable amounts of both baryon and lepton num
violation, known asR-parity violation. Thus a heavy price i
paid to understand the symmetry breaking of the stand
model if one insists on staying within the MSSM.

A model that preserves both the nice properties of
MSSM while at the same time solving theR-parity violation
problem is the supersymmetric left-right~SUSYLR! model
with the seesaw mechanism for neutrino masses@1#. Need-
less to say, the recent hints for neutrino masses provide
extra motivation for studying this model in any case.

A detailed analysis of this model has been the subjec
several recent papers which explore its vacuum structure
resulting particle spectrum@2–5#. Such investigations are es
sential to establish the viability of the model since co
straints of supersymmetry are known to seriously alter
nature of general field theories compared to their nonsu
symmetric versions. A very important result of these inv
tigations is that the requirement of electric charge conse
tion by a vacuum imposes stringent constraints on the s
of left-right symmetry breaking,vR ~or the WR scale! In a
large class of models, essentially two possibilities emerge~i!
the WR mass is in the TeV range andR parity is broken
spontaneously@2# by the vacuum expectation value~vev! of
ñc, or ~ii ! if R parity is conserved by the vacuum, theWR
scale is above 1010 GeV @4,5#. In case~ii !, when theWR
scale is close to its minimum allowed value, there are li
doubly charged bosons and fermions with masses in the
GeV range. There is a simple group theoretical way to
derstand this. The essential point is that the requiremen
holomorphy of the superpotential enhances the global s
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metry of the theory~making it bigger than the gauge sym
metry!. After the supersymmetry-breaking terms a
switched on, the minimum of the theory violates elect
charge forcing one to include the nonrenormalizable term
the superpotential. They then lead to lower limits on theWR

mass following from the lightness of the pseudo Goldsto
~PG! states~sinceM PG.vR

2/M ). Thus the low energy mode
in these theories is the familiar MSSM with automaticR
conservation plus massive neutrinos and doubly charged
ticles. This provides an experimental way to distinguish
SUSYLR models from the MSSM.

When the SUSYLR model is embedded into the SU(2L

3SU(2)R3SU(4)c @6# gauge group with symmetry break
ing implemented by the Higgs multiplets suggested in R
@7#, the arguments leading to the above constraint on theWR

scale carry over and one hasvR[Mc>1010 GeV @Mc being
the SU(4)c-breaking scale#. The enlargement of the gaug
group, however, has a new and important physical impli
tion that we study in this paper. Because of the larger dim
sionality of the Higgs multiplets, the global symmetry of th
superpotential becomes larger, leading to light doubly c
ored fields~or the diquarks! with masses in the 100 GeV
range even though the SU(4)c scale is in the range of 1010

GeV or so. This result is sharply different from the corr
sponding nonsupersymmetric case where the diquark bo
‘‘tag’’ the SU(4)c scale and has the following experiment
manifestations.

The existence of diquark Higgs bosons in the SU(2L
3SU(2)R3SU(4)c was shown in 1980@7# to imply
DB52 processes such as neutron-antineutron oscilla
@7,8# at observable levels provided the masses (Mqq) of di-
quark fields are in the 10–100 TeV range. Since the nat
scale forMqq in the nonsupersymmetric version of the mod
is the SU(4)c scale, the observableN2N̄ oscillation re-
quired the SU(4)c scaleMc to be also in this range. Sinc
Mc[vR also represents the seesaw scale that determine
neutrino masses, this case would imply a neutrino mass
erarchy of eV-keV-MeV type which, though strictly no
ruled out, is not very favored by current experiments and
cosmological considerations. On the other hand, since in
supersymmetric SU(2)L3SU(2)R3SU(4)c model some of
the diquark masses are light despite a high SU(4)c scale, the
©1999 The American Physical Society04-1
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neutrino masses which are connected to theMc[vR scale
can be in the milli-eV to eV range as favored by current d
while at the same time giving anN2N̄ oscillation at an
observable rate. We believe that this result should provid
new incentive to carry out further experimental searches
N2N̄ oscillation, such as the one proposed by the Oak Ri
group @9#.

II. MODEL

The gauge group@6# of the model is SU(2)L3SU(2)R
3SU(4)c ~to be denoted shorthand when needed asG224).
The matter fields~i.e., the quarks and leptons! belong to one
multiplet transforming asC~2,1,4! and Cc~1,2,4̄). For the
Higgs sector, we follow the discussion in@7# and choose the
electroweak Higgs bidoublets transforming asf~2,2,0! and
the triplets as D~3,1,2!, Dc~1,3,22!, D̄~3,1,22!, and
D̄c~1,3,2! of the SU(2)L3SU(2)R3U(1)B2L3SU(3)c
model embedded into theG224 multiplet D~3,1,10!, D̄ ~3,1,
10̄!; Dc~1,3,10̄!, and D c̄~1,3,10!. We will also include a
parity-odd singletS~1,1,1!. ~The numbers in parentheses r
fer to their transformation properties underG224.) Let us
write down the most general potential involving the abo
fields consistent with the symmetries. We will then use th
to obtain the masses for the doubly colored fields and sh
that some of them are pseudo Goldstone bosons and th
fore their masses are light. In order to account for the po
bility that the right-handed scale is large, we include, in a
dition to the renormalizable interactions, all possib
nonrenormalizable interactions of theD ’s and Dc’s among
themselves to lowest order in 1/M whereM is the scale of
new physics above thevR . It could be the Planck scale o
some GUT-related scale. In this paper we will varyM be-
tween 1015 and 1018 GeV. The relevant part of the superp
tential is

W5 i f ~CcT
t2DcCc1CTt2DC!1~M01lS!Tr~DcD̄c!

1~M02lS!Tr~DD̄!1mSS21A@Tr~DcD̄c!#2

1B Tr~DcDc!Tr~D̄cD̄c!. ~1!

In the above equation,A, B, f, l, andM0 are parameters
of the theory withA andB of order 1/M . To this one must
add the soft-supersymmetry-breaking terms, which hav
mass scale in the range of few hundred GeV’s. Since su
symmetry must remain a good symmetry down to the w
scale, theF terms for all the fields must be proportional
m3/2, the SUSY-breaking parameter.

Before turning to discuss the diquark mass spectrum,
point out a very crucial property of these models found
Refs. @3,5# and already alluded to in the Introduction. Th
requirement of electric charge conservation by the vacu
state implies that one must include theA andB terms given
in Eq. ~1!. Because of the enhanced global symmetry of
renormalizable part ofW, the model has light charged and/
colored fields, whose masses arise from theB term and are
therefore proportional tovR

2/M . Since present collider dat
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imply that there are no such particles below 50–100 Ge
this enables one to derive a lower limit on scale ofvR to be
1010 GeV for M5231018 GeV and slightly weaker other
wise @3,5#. In what follows, we will use 1010 GeV as a ge-
neric lower limit onvR .

Using Eq.~1!, one can give a group theoretical argume
for the existence of light doubly charged and doubly color
particles in the supersymmetric limit as follows. For this pu
pose let us first ignore the higher dimensional termsA andB
as well as the leptonic couplingsf. It is then clear that the
superpotential has a complexified U(30) symmetry@i.e., a
U(30) symmetry whose parameters are taken to be comp#

that operates on theDc and D̄c fields. This is due to the
holomorphy of the superpotential. After one component
each of the above fields acquires a VEV~and supersymmetry
guarantees that both VEV’s are parallel!, the resulting sym-
metry is the complexified U(29). This leaves 118 massl
fields. Once we bring in theD terms and switch on the gaug
fields, 18 of these fields become massive as a consequen
the Higgs mechanism of supersymmetric theories. T
leaves 100 massless fields in the absence of higher dim
sional terms. In the presence of the higher dimensional
erators in the superpotential, they lead to 50 complex li
fields which consist of 18Dqq

c plus 18Dqq
c̄ fields: the two

doubly charged fields of Ref.@5# and 12 leptoquark fields o
type (ucec1dcnc), dcec and their complex conjugate state
The detailed analysis of the potential leading to these li
fields in the presence of soft SUSY breaking is identical
that given Ref.@5#. So we do not repeat it here. The impo
tant point is that their masses arise from the higher dim
sional termB and are given byvR

2/M , as already mentioned
In this simplest model with only singlets, the strong co

pling becomes nonperturbative around 106 GeV or so which
is much below theWR scale of 1010 GeV or so. We therefore
extend the model in such a way that the strong coupl
remains perturbative above thevR scale. The simplest way to
do this is to add SU(4)c singlet but SU(2) triplet fields~de-
noted byd anddc) to the model. The parity-odd singlet wil
lift the left-handed part to theWR scale and make it phenom
enologically innocuous at low energies. The resulting the
is described by a superpotential given byW1W8 with W
given above and

W85l9S~d22dc2!1M 8~d21dc2!1l8~DdD̄1DcdcD̄c!.

~2!

The point of the extra field is that in the absence of t
higher dimensional terms, this reduces the global symm
to U(10)3SU(2) in the right-handed sector. The VEVs
Dc and dc break this group down to U(9)3U(1). This
leaves after gauge symmetry breaking 24 real massless s
or 12 complex states. They are easily identified to be the
color-symmetric diquark statesDucuc and Ducuc̄. As before,
the inclusion of the same higher dimensional terms in
superpotential gives mass of order 100 GeV to theucuc

fields for vR.1010 GeV. The remaining diquark fields hav
4-2
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masses of order of̂dc&. We will choose the tree level pa
rameters of the potential such that^dc&.(1023– 1022)vR in
the following discussion.

An alternative possibility is to include SU(4)c singlet but
SU(2) quintet fields~denoted here asS % Sc):

W95M 9~ScSc1SS!1l9~DcScD̄c1DSD̄!

1l9S~S22Sc2!. ~3!

The light particle counting in this case is more subtle sin
all terms in the superpotential do not take part in determin
the vacuum state. By explicit calculation we have check
that the particles that are light in this case areDucuc,Ducuc̄,
Ddcdc,Ddcdc̄, andDdcec,Ddcec̄. It is easily checked that thei
masses come entirely from the higher dimensional term
the superpotential. In this case, also, the strong coupling
comes nonperturbative belowvR .

III. NEUTRON-ANTINEUTRON OSCILLATION

To see howN-N̄ oscillation arises in the various mode
described above, let us include in the superpotential the
lowing higher dimensional terms involving theDc fields:

W85
l2

M
epqrsep8q8r 8s8Dpp8

c Dqq8
c D rr 8

c Dss8
c

1Dc→D

1terms involvingD c̄. ~4!

The SU(2) indices have been suppressed for brevity.
have scaled the nonrenormalizable terms by the same s
M used earlier. So in making estimates for theDB52 am-
plitudes, we will vary this scale between the two values
1015– 1018 GeV. Now note that in conjunction with theDc

mass and coupling terms in the superpotentialW, this gives
rise to a four-scalarDc coupling with strengthle f f to be
estimated below. As noted in Ref.@7#, the diagram in Fig. 1
leads to the six-quarkDB52 couplingucucdcdcdcdc with a
strength

FIG. 1. The Feynman diagram responsible forN-N̄ oscillation.
The unlabelled dashed lines are the scalar diquark bosons with
propriate quantum numbers.
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GDB52.
le f fvRf 3

Mdcdc
4 Mucuc

2 . ~5!

There are also diagrams involving the exchange of t
ucdc-type Higgs bosons in combination with onedcdc bo-
son. These are suppressed compared to the diagram in F
sinceMucdc;vR . In order to estimateGDB52 , we need to
know the value ofle f f . This will depend on whether we ar
considering the triplet or the quintet case.

A. Triplet case

This case is the most interesting since all the gauge c
plings remain perturbative untilvR and we therefore discus
it first. From the superpotential of the model it is easy to s
that

le f f5l2^M01lS2l8dc&/M , ~6!

whereas theF-term condition gives the equation for exa
supersymmetry belowvR to be

M01lS1l8dc50. ~7!

The change in the sign of the coefficient of thedc term is due
to the fact thatDucuc andDdcdc have oppositeI 3R . Thus we
find that

le f fM[l2~M01lS2l8^dc&!.^dc&. ~8!

From this we estimatele f f.10211– 1027 depending on
whether we choose the nonrenormalizable term to be sc
by M Pl or MU .

Taking Mucuc.100 GeV,Mdcdc'^dc&.1023vR , we get
GDB52.(10230– 10233) f 3 GeV25. To convert this into a
N-N̄ transition amplitudedmN-N̄ , one must multiply it by
the hadronization factor@10# usually estimated by variou
methods to be around 1024 GeV6. This leads to an neutron
antineutron oscillation time equal totN-N̄'63(109– 1012)
sec. where we have chosenf '1. On the other hand, if we
chose ^dc&.1022vR , then we would have tN-N̄.6
3(1012– 1015) sec. These estimates fortN2N̄ will go down
by a factor ofe3 if we assumeMqq;e^dc&. We thus see tha
for plausible values of parameters of the theory, one
obtain observableN-N̄ transition times. We find it very en
couraging that we get numbers within the observable ra
of a recently proposed experiment at Oak Ridge@9#.

B. Quintet case

This case has the drawback that the strong coupling
comes nonperturbative below thevR scale. If we however
ignore this point, observabletN-N̄ comes out more easily in
this case, since bothDucuc and Ddcdc are in the 100–1000
GeV range. In this case,le f fM.^M01lS1l8S00&. It
therefore vanishes in the supersymmetric limit and is of
der m3/2 after soft-SUSY-breaking terms are included. W

p-
4-3
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then getle f f. m3/2/M . Now taking Mucuc'Mdcdc.1000
GeV andm3/2.1000 GeV, we get

GDB52.~10220– 10223! f 3GeV25. ~9!

Choosingf '0.01, we gettN2N̄.33105– 33108 sec~using
the hadronic factor to be 1024 GeV6) again in the observable
range.

Let us end with a few comments.
~i! In general, the quark couplings to the diquark fiel

can lead to flavor-changing neutral currents. The point is
the f coupling connects to all generations; as a result, if
denotea,b as the generation indices, then theDS52 ampli-
tudes are induced byDdcdc exchange at the tree level. How
ever, in the triplet model, the diquark fields ofdcdc type are
naturally superheavy. As a result, there are no dange
tree-level flavor-changing neutral currents. On the ot
hand, in the quintet model, thedcdc diquark fields are light.
We therefore have to resort to fine-tuning such asf 1250 and
f 115 f 22 to prevent large flavor-changing neutral currents

~ii ! Furthermore, our conclusion is independent of t
way supersymmetry is broken in the hidden sector, i
05500
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whether it is gravity or gauge-mediated. Again the argume
for the gauge-mediated case are similar to the ones give
@5#.

~iii ! We have also checked that relevant dimension-7
erator that hasDB52 quantum number has streng
(msusy/Mqq)

2Mqq
23 . To lead to a six quark operator, it has

be accompanied by loop factors;(4p)22 which therefore
makes it negligible compared to the dimension-9 terms t
we have considered.

In conclusion, we have found that in a class of simp
supersymmetric SU(2)L3SU(2)R3SU(4)c models, even
though thevR scale is dictated by supersymmetry to be ne
or above 1010 GeV, some of the sextet diquark fields a
forced to be light~in the 100 GeV range!. The presence of
these diquark fields can lead to observable neutr
antineutron oscillation while at the same time allowing ne
trino masses to be in the currently favored eV range.
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