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We construct the minimal supersymmetric left-right theory and show that at the renormalizable
level it requires the existence of an intermedi&te- L breaking scale. The subsequent symmetry
breaking down to the minimal supersymmetric standard model automatically presersgsmetry.
Furthermore, unlike in the nonsupersymmetric version of the theory, the see-saw mechanism takes its
canonical form. The theory predicts the existence of a triplet of Higgs scalars much lighter than the
B — L breaking scale. [S0031-9007(97)03954-9]

PACS numbers: 12.60.Jv, 11.30.Fs, 12.60.Cn

There is no doubt that the minimal supersymmetricis no control overR parity, we find it useful to provide an
standard model (MSSM) has become the most populaexample of a theory that makes this precise prediction.
extension of the standard model (SM). However, oneRecently a connection betwedd parity and Ul)z—_;
of the most appealing features of the SM is lost in itshas been stressed [7]. A phenomenologically interesting
supersymmetric counterpart: automatic conservation ofeature of the theory is the possibility of a low-lying
baryon and lepton numbers. In supersymmetry (SUSY)B — L scale Mg, = 1 TeV.
unless some mechanism of suppression is found, baryon Furthermore, the see-saw mechanism in this theory
number violation, as is well known, is catastrophically fast.takes its canonical fornw, = m%,/MBL (where mp is

It turns out that another popular extension of the stanthe neutrino Dirac mass term), as opposed to the non-
dard model, the Left-Right (L-R) symmetric theory [1] of- supersymmetric version of L-R models or @0) grand
fers a natural solution to this MSSM problem. TBeL  unified theories (GUTs). Namely, despite its generic see-
symmetry, which is a part of L-R models, automatically saw form, the neutrino mass in ordinary L-R theories de-
forbids all the baryon and lepton number violating operapends unfortunately on the unknown parameters of the
tors [2]. L-R theories are interesting in their own right, Higgs potential.
for among other appealing features, they offer a simple Another important prediction of the theory regards the
and natural explanation of the smallness of neutrino masdiggs masses: one finds an @} triplet with a mass of
through the so-called see-saw mechanism [3,4]. the order ofM3, /My (or Mg, depending which scale is

In view of this, it becomes important to systematically bigger). This could provide a crucial test for the theory
study L-R supersymmetric theories, in order to arrivewith low Mp; .
at a realistic minimal supersymmetric left-right model The minimal model: a brief review-For the sake of
(MSLRM). Up to now, the only serious attempt in this self-consistency, and in order to pave the way for the
direction is the work of Kuchimanchi and Mohapatra realistic model, we first review briefly the minimal model.
[5] which showed that in the minimal version of the The so-called minimal supersymmetric left-right
theory no spontaneous symmetry breaking takes place [6fnodel is based on the gauge group($lJ X SU2); X
Furthermore, when this is cured through the introductiorSU22)z X U(1)z—;. It contains three generations of
of a parity-odd singlet, the soft SUSY breaking termsquark and leptonic chiral superfields with the following
inevitably lead to the breaking of electromagnetic chargaransformation properties:
invariance. This is true at least for a scale of L-R #
symmetry breaking/r above 10 TeV. In this Letter we 0=0G211/3), Q= (% 1.2.-1/3), (1)
stick to the physically motivated assumptionf, being L=(1,21,-1), L= (1,1,2,1),
much larger than the scale of supersymmetry breakidg  where the numbers in the brackets denote the quantum

taken to be not far from the electroweak scig: = My . numbers under SQ)., SU2);, SU2)x, and Ul)z_z,
We show that this problem disappears if one allows foegpectively. The Higgs sector consists of

an intermediateB — L breaking scale. Furthermore, the .
physically unappealing singlet becomes redundant. ®; = (1,2,2,0), (i =12),

The most important result of our study is thait low A =(1,3,1,2), A=(1,31,-2), (2)
energies the model reduces to the MSSM with an exact -
R parity. This is a clear and testable prediction which Ae = (1,1,3,-2), Ac = (1,1,3,2).
follows from the underlying gauge symmetry and theThe number of bidoublets is doubled in order to achieve a
pattern of symmetry breaking. Since in the MSSM therenonvanishing Cabibbo-Kobayashi-Maskawa quark mixing
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matrix, and the number of triplets is doubled for the sakecharge-preserving vacuum, due to the original continuous
of anomaly cancellations. degeneracy. Our vacuum falls classically (without need

The gauge symmetry is augmented by a discrete paritior quantum tunneling) into the true charge-breaking one.
or left-right symmetry under which the fields transform as To avoid this, one could resort to the use of nonrenor-

0 - QO L o L* D; — q)if malizable higher-dimensional terms as suggested in [9].
: _ _C* (3) We prefer in what follows to focus on the phenomeno-
A=Al A—AL logically attractive possibility of an intermediai® — L

The minimal model suffers from an incurable diseasebreaking scale.
it cannot break parity spontaneous|$]. One possible The B — L route—The idea here, often discussed in
way out is to add a parity-odd singlet [8] which in our the context of ordinary L-R models, is to break @\
opinion is not so appealing. Moreover, although nowdown to its subgroup U)z while preservingB — L.
parity could be spontaneously broken, it turns out that th@ his is achieved by including two new Higgs superfields

same happens to the electromagnetic charge. Q) and . with the following quantum numbers [5]:

In this theory, as Kuchimanchi and Mohapatra show
[5], the vacuum manifold contains a circle parametrized Q=(1,310, Q =(1,1,3,0), (5)
by an angled

where under paritf) — €.
cosd 0 What is new, however, is the_ fa_ct that the_:-re is no need
) for the parity-odd sm_gletE. This in our opinion is an
(A,) = El( 0 cosH) important result and it tells us that in a sense this model
¢ siné 0o ) is a realistic MSLRM at least at the renormalizable level.
whered = d in the absence of soft SUSY breaking terms.Furthermore, the vacuum expectation valve (VEV) of the
The problem appears when these terms are switched offiPlet (. splits the masses of the &), X U(1) Higgs
since in general the soft mass terms fap and A, doublets in the bidouble®, allowing thus for the MSSM

will be different, whereas left-right symmetry was forcing &t 10w energies. _

them to be equal in the original superpotential valid at W& now show that parity can be broken spontaneously
the scale of parity breakingfz. In other words, at the and at the same time electronjagnetlc' charge is automati-
scale of SUSY breaking/s the world is not left-right Cally preserved. The effect of introducing the— L neu-
symmetric anymore. Thus = & no longer holds, and tral triplets (2, Q). is best appreciated by first considering
it can be shown that the minimum correspondsfte= the extremization of the potential at high spaMg >
7/4, which breaks electromagnetic charge invarianceMs>Mw, where the effect of the soft breaking terms is

Notice that there is no hope that we live in the fa|?enegligible S0 tha}t the potential hqs the form it t{;\kes for
a supersymmetric gauge theory with superpotential

<AC>=d< 0 sin0>,

Wir = b LTy ®;m0L, + W00 20,150, + LT AL + if* LT 1A L, + moTrAA + miTrA A,
+ %Trﬂz + mTQTrﬂg + i Trr®l m®; + aTrAQA + a*TrA Q.A, + a;TrQ®;r,d 1

+ a;;TI‘QC(I)iTTzq)jTQ, (6)
with hg,), = hf;’)lf, wij = mji = pij, @ij = —aj;, f andh are symmetric matrices, and generation and color indices are
understood. o N ' _ ' '
Supersymmetry implieg flatness conditions given by the following equations for the scalar fields:

Fr = mpaA + a<AQ - %TrAQ) =0,

Fi, = myA, + a*<ACQC - %TrACQC> =0,

Fa = maA + ifLL" 7, + a<95 - %Trﬂ&) =0,

Fa, = myA. + if*L LI 7y + a*<QCAC - %Trﬂcﬁc> =0,
_ _ (7)

Fo = mqgQ + a<AA — %TI‘AA) =0,

3 %[ x 1 T
Fqo, = mQQC + a <ACAC — 3TI‘ACAC> =0,
F; = 2ifr,AL =0,
Fr, = 2if*7'2ACLC =0.
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In the above drop thé fields, which must have zero D3z = 0, itis an easy exercise to show tHat.) vanishes,

VEVs atMy. Itis easy to show thdb) = 0 is consistent

with (7).
We also have to satisfy the-flat conditions, namely,

Dg; = 2TrAfr;A. + 2TrAl /A,
+2Tr QY 7,0, + LIz, =0,
Dy = 2TrAT ;A + 2TrAT7,A
+2Tr QT 7, Q + LTrL =0,
Dp—; = —LTL + 2Tr(ATA — ATA)
+ LI, —2Tr(ATA, — ATA) =0.

(8)

and that().) and(A.) preserveQ,,,. In short
w 0
w) = (5 O
> (13)
0 0 - 0 d

This proves the two important claims we made earlier.
First, that the electromagnetic charge invariance of this
vacuum is automatic for any value of the parameters of the
theory (of course, neglecting as we did the squarks fields).
Second, that the symmetry breaking down to the MSSM
preservesR parity since(L) = (L.) = 0 generation by

<Lc> =0,

Here we keep the left-handed fields since we have tgeneration. This may not be obvious, since the above VEV
show that parity can be broken spontaneously and at th®r A. breaksB — L by two units and gives a Majorana

same time we wish to know wheth@& parity is broken
or not.
Typically in SUSY theories minimization of thB-term

potential [in our case Eq. (8)] leads to a number of flat

mass to the right-handed neutrino. However, siice

parity can be written as

R = (_1)3(BfL)+23 (14)

directions which may be characterized by the set of hologity s the particle spin), tha fields are even under it. Of
morphic gauge invariants formed from the chiral multiplets ., se as often happens in supersymmetry, this vacuum is

[10]. Then, one uses the vanishing of th@otential (7) in

degenerate with the unbroken one. The important point is

an attempt to determine as much as possible of these hol@;at now they are not connected continuously.

morphic functions. One can use this elegant method t0 \yith the remainingD and F equations it is straight-

prove that in this theory a parity-broken minimum leads¢qnyard to find the absolute values of the nonvanish-
to a determination of these gauge invariants, thereforgng VEVs

lifting the flat directions (again, neglecting the squarks

fields as in the MSSM). Because of the lack of space, we
leave this analysis for a separate publication [C. S. Aulakh,
A. Melfo, A. Rasin, G. Senjanovi¢to be published)], and
instead present here a straightforward analysis that leads to

the determination of the vacuum manifold.

It is obvious from (7) and (8) that the left-handed VEVs

can be taken to vanish
(A) = (Ay =(Q) =(L) = 0. 9)

We should mention that in this caé®) mustvanish, as

can be easily seen by minimizing- andVp. Although

clearly there is a solution in which the right-handed() triplet.

wl| = ’ﬂ = Mg,
a
. mama (15)
al = 121 = ™50 2 = iy,
a
Notice an interesting property of (15). If we wish to

have M > Mp;, we needmp > mq, i.e., a sort of
inverse hierarchy of the mass scales. The same situation
is encountered in the case of tReodd singlet.

The analysis of the Higgs mass spectrum proceeds as
usual, with expected results, except for the mass of the
Instead of being/p; as one would imagine

counterpart fields also have vanishing VEVs, and nmaively, it turns out to be of ordev’3, /Mg.
symmetry is broken, we now focus on the realistic parity- Low-energy effective theory aid parity.—An impor-

breaking case.
First notice that (7) gives

TrA? = TrA Q. = 0. (10)
By an appropriate S(2) rotation one may pul. in the

form
0 6.~
(A,) = <<5O> < CO >>s
where superscripts denote electromagnetic charges
B—-L

(11)

Oem = T3 + Tag + (12)

Now (10) gives(s, ")(8%) = 0, which implies the
electromagnetic charge-preserving form fadr.). Next,

tant question that must be faced is what happens when the
soft supersymmetry breaking terms are turned on. Spe-
cifically, one would like to know the fate at parity. In
order to answer this question we need to have an effective
low-energy theory after the heavy fields are integrated out.

It is easy to check that due to the trilinear terms in
the supersymmetric potentidl. can get a VEV only if
L acquires one, and we hayg.) = (LYMs/Mg. Thus
there is noR-parity violation in the right-handed sector
until after it is broken (if at all) by the VEV of the left-
handed sneutrino.

We show now that phenomenological considerations
prevent this from happening. Notice first that in the limit
of infinite My, the MSLRM reduces to the MSSM with

from Fp = 0, baring accidental cancellations amongan exactR parity. Namely, when(}. gets a VEV, the

different families; and using again (10) andz—; —
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into two light SU2) X U(1) doublets and two heavy ones and Mohapatra [5], and as we have reviewed here, in the
(with masses proportional tavw.)). Of course, the light minimal version of the theory the symmetry cannot be

doublets are light only with the usual fine-tuning betweenspontaneously broken, whereas when this is cured by the
the u and thea ({).) terms in the effective potential. addition of a parity-odd singlet one ends up breaking also

In this caseL) # 0 [11] would imply the existence of electromagnetic charge invariance.
the Majoron [12], which corresponds to the spontaneous The minimal price to be paid at the renormalizable
breaking of the globaB — L symmetry. Such a Majoron level is then to accept an intermedidte— L scale. Phe-
can be ruled out due to its couplings to thdoson. nomenologically this of course is a blessing, for it leads

Next, for finite Mg, it is a simple excercise to show that to a whole plethora of new Higgs particles, potentially ac-
the Majoron becomes massive and, as expected on genecassible to experiment. Of particular interest is the triplet
grounds, one finds Q, whose mass is of order mad3, /My; Ms].
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effective theory of the MSLRM is the MSSM with unbroken
R parity, and the lightest supersymmetric partner (LSP)
is stable This has profound phenomenological and
specially cosmological consequences. In particular it
allows the LSP to be a dark matter candidate.

See-saw mechanism-Maybe the nicest feature of the

(16)

whereM; is the Majoron’s mass. This follows from soft
terms in the potential of the type

AVery = ... + MgLT7,®;75L, + ....  (17)

Clearly forMg > My there is no possibility thaw; >
Mz, and the bounds on the doublet Majoron from #he
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