PHYSICAL REVIEW D, VOLUME 58, 115007

Supersymmetry and large scale left-right symmetry

Charanijit S. AulakH, Alejandra Melfo? Andrija Rasn,® and Goran Senjanovic
Department of Physics, Panjab University, Chandigarh, India
2International School for Advanced Studies, Trieste, ltaly
and CAT, Universidad de Los Andes, ida, Venezuela
SInternational Center for Theoretical Physics, 34100 Trieste, Italy
(Received 20 February 1998; published 27 October 1998

We show that the low energy limit of the minimal supersymmetric left-right models is the supersymmetric
standard model with an exaRtparity. The theory predicts a number of light Higgs scalars and fermions with
masses much below thig—L and SU(2} breaking scales. The nonrenormalizable version of the theory has a
striking prediction of light doubly charged supermultiplets which may be accessible to experiment. Whereas in
the renormalizable case the scale of parity breaking is undetermined, in the nonrenormalizable one it must be
bigger than about #6-10'2 GeV. The precise nature of the seesaw mechanism differs in the two versions, and
has important implications for neutrino masse30556-282(98)08119-3

PACS numbgs): 12.60.Jv, 11.30.Fs

I. INTRODUCTION extend the Higgs sect¢t6,10,1] or allow for nonrenormal-
izable terms in the superpotentdl7,12.

One of the central issues, if not the main one, in the mini- We first concentrate on the renormalizable version of the
mal supersymmetric standard mod®SSM) is what con-  theory, which is both more conventional and simpler to ana-
trols the strength oR-parity breaking. The suppression of lyze from the point of view of vacuum structure. We then
(some or all R-parity violating couplings in the MSSM is apply the same techniques to the nonrenormalizable version,
essential to avoid catastrophic proton decay rates, and detedd compare the physical implications of both models. This
mines the fate of the lightest supersymmetric particigP). ~ Should not imply that we take the nonrenormalizable version
The most appealing rationale for an otherwisd hocdis- €SS seriously; this is the minimal theory in terms of the

crete symmetry would be to have it as an automatic consd?@rticle spectrum, and it provides the supersymmetric ver-
quence of a gauge principfa]. sion of the minimal left-right theory.

This is more than an aesthetic issue, for only gauge sym- Although in [11,12) the vacuum structure of these theo-

metries are protected against possible high scale violation&es Was studied, in this paper we pre;gnt for the first time a
- .._complete and correct analysis of the lifting of the dangerous
such as, for example, those arising from quantum gravita:

tional effects. Since in the MSSM the action Rfparity on D-flat directions. Among other things, we learned that unless

. . 3(B-L) the sign of various soft mass terms is positive many of the
the superfields may be written &=(—1) [2], theo- g4t directions would not be lifted. This is discussed at length.

ries with gaugedB—L may be regarded as the minimal  oyr main conclusion is that unless electromagnetic charge
framework to implement this idefd,3,4. B—L symmetryis  jnyariance is violatedR parity remains unbroken. More pre-
naturally, indeed ineluctably, incorporated in left-right sym-cisely, the effective low-energy theory becomes the MSSM
metric theories, which provide an understanding of paritywith exact R parity. This is true in both versions of the
violation in nature[5—-8]. A construction of a consistent su- theory. On the other hand, the precise nature of the seesaw
persymmetric left-right theory for generic values of the par-mechanism does depend on whether the symmetry breaking
ity breaking scale Mg) thus becomes essential. A consider-is achieved through a renormalizable or nonrenormalizable
able amount of work has been done on theories withNbyy  superpotential.
[that is,Mg~(1-10M,y] regarding the construction of the BesidesR-parity conservation, another important experi-
theory[9,10. On the other hand, only recently have theremental signature of these theories is the presence of a num-
been attempts to study the more realistic casdaB>M,,  ber of charged Higgs supermultiplets whose masses are
[11,12. In this paper we provide a systematic study of mini-much belowMpg. For a reasonable choice of parameters,
mal supersymmetric left-right theorigMSLRM) with an  they are expected to lie near the electroweak scale. In the
arbitrarily large scale of parity breaking and controllable nonrenormalizable version, these light supermultiplets in-
R-parity violation. clude doubly charged ond42], which makes this model
This forces us to focus on the version of the theory withespecially interesting from the point of view of experiment.
the conventional implementation of the seesaw mechanistWe present in this paper the complete particle spectrum for
[13-15. By this we mean that the right handed neutrinoboth models.
Majorana mass arises at the renormalizable level. However, Another important consequence of our work lies in the
the following problem arises here: such a renormalizablgpossible grand unified or superstring extension of left-right
theory with minimal Higgs content simply does not allow for symmetry. Namely, in the literature, one often assumes the
any spontaneous symmetry breaking whatso€l@}. There extended survival principle for Higgs supermultiplets. By
are two possible ways out of this impasse: one can eithahis one means that the particles which by symmetries are
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allowed to be heavy do indeed become so. The essentisymmetry, namely, the selection of a suitable minimal set of
lesson of our paper is that this is completely wrong, since weHiggs fields to break this symmetry. Furthermore, since the
find a plethora of light Higgs states which evade the abovenodel necessarily includes a right handed neutrino, a mecha-
principle. This conclusion is not new; it was noticed alreadynism to explain the observed suppression of neutrino Ifiss
in the early papers on the supersymmetridB®Dgrand uni- any) is also necessary. Indeed one of the most appealing
fied theory[18,19. Unfortunately this fact is usually over- features of these models is precisely that they provide a natu-
looked in the literature. ral (“seesaw”) mechanism to explain this suppression. In

In the next section, we introduce the left-right supersym-the nonsupersymmetric case, of the two simplest choices for
metric model and discuss possible minimal choices for thehe Higgs fields, namely, doublets or triplets with respect to
Higgs sector. We also summarize the standard method fd8U(2)_g, only the latter allows one to realize the above
studying the structure of supersymmetric vacua, namely, thecenario. However, the inclusion of nonrenormalizable op-
one based on the characterization of the flat directions of therators in the action can be used to introduce small masses
supersymmetric potential by holomorphic gauge invariantdor the neutrino even in the doublet cd&9].
of the chiral superfields. In Sec. Il we apply this method to  In the supersymmetric case for simplicity we will not con-
analyze the structure of the vacuum of the renormalizablsider doublets. Since they carry one unit®f L charge,
model. In Sec. IV we use these results to prove Bigiarity  they are odd undeR parity and thus the scales & parity
(and therefore both baryon and lepton numldemains an and LR symmetry breaking must coincide. Thus the small-
exact symmetry of the low energy effective theory. We de-ness ofR-parity violation in the doublet case can only be
vote Sec. V to the study of the spectrum of the theory, payachievedad hocas in the MSSM. Therefore in this paper we
ing special attention to the light sector. Section VI is wherechoose to work with triplets. In the concluding section we
the nonrenormalizable model is taken up, and compared twill discuss the doublet alternative at greater length. The
the renormalizable version. Finally, we present our conclucancellation ofB—L anomalies requires the usual doubling
sions and outlook in Sec. VII. of supermultiplets and thus the minimal choice of Higgs for

LR breaking must include the multiplets below:
Il. SUPERSYMMETRIC LEFT-RIGHT THEORIES

The left-right symmetric model of gauge interactions A=(1312, A=(131-2),

treats fermions of opposite chiralities in a symmetric way by _

extending the standard model gauge group to SU(3) Ac=(113~-2), A.=(1132, 4

X SU(2). X SU(2)rXxU(1)g_. - Thus the anomaly-free glo-

bal B—L symmetry of the standard model is inescapablywhere A—U AU, but againA.—UXAUf. Left-right
promoted to a gauge symmetry in this picture. To obtainsymmetry can be implemented in these theories either as a
left-right symmetric Yukawa interactions that can give riseparity transformation

to the fermion masses it is necessary to promote the standard

model Higgs boson to a bidoublet, and realistic fermion mass Q-Qc*, Lol @-d
matrices require at least two bidoublets in the supersymmet- o
ric case. A—AZ, AsAY, (5)

In the supersymmetric version of this theory we thus su-
persymmetrize the gauge sector in the standard way and iy as a charge conjugation
troduce three generations of quark and leptonic chiral super-
fields with the following transformation properties: Q—Q., LeLl,, dj—dT,

Q=(3.2,1,1/3, Q.,=(3*,1,2-1/3), AoA,, Aoh,. ®

L=(1,2,1-1), L.=(1,1,2,, (1) o )
The latter definition has an advantage from the point of
®,=(1,2,2,0, (i=1,22), (2) view of grand unification, since it is an automatic gauge
symmetry in S@QL0). If one is not interested in the nature of
where the numbers in the brackets denote the quantum nun@P violation, it makes no difference whatsoever which of

Ve
€c

v Le= ) )

bers under SU(3), SU(2) , SU(2), and U(1k_,, re- the two definitions one uses. Strictly speaking, we do not
spectively (generation indices are understgpoth our con- even need this discrete symmetry in what follows, since in
vention, the supersymmetric limit all the minima are degenerate.
However, the central challenge in left-right theories is the
L= ( 4 breaking of parity; so we include it in order to show that it
e can be done consistently and in accordance with experiment.
For the sake of possible grand unification and transparency
so that L—U.L under SU(2), but L.—UgL. under of our formula we choose the latter one.
SU(2)g, and similarly for quarks. A|SO(1)HU|_<DUE. With this set of multiplets, however, the most general
The nontrivial question that now arises concerns theaenormalizable superpotential that one can write for the trip-
mechanism for the spontaneous violation of left-righR) lets which are to accomplish the breaking of parity is merely
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W, g=if(LTHAL+ LITZACLC)'*‘mA(TT AA+Tr AcKc)- Typically in the r_ninimization of the potential of a SU_SY
@) gauge theory one finds that the space of vatha modull
space’) may consist of several sectors corresponding to “flat
Since we are considering the case whetg>Mg, the  directions” running out of various minima that would be
supersymmetrySUSY) breaking scale, the minimization of isolated if a suitably smaller set of chiral multiplets had been
the potential is to be accomplished by setting fheerms for  used. For example in a $8) SUSY gauge theory with 24
the chiral superfields and tf terms for the gauge fields to of SU(5) as its only chiral multiplet one finds that the per-
zero. Of course one must make sure that the soft supersynmissible vacua with a renormalizable potential are discrete
metry breaking terms do not spoil the obtained hierarchy[namely, the ones corresponding to the two maximal little
This is not automatic for arbitrary soft terms but works in thegroups of SW5) besides the trivial one with the full SB)
case of gravity or gauge-mediated supersymmetry breakinginbroker}. On the other hand, the introduction of additional
In these cases it is known that the soft terms imply a smalmatter multiplets such as %+ 10 anomaly-free pair quickly
perturbation of the SUSY preserving vacua. In what follows|eads to a proliferation of flat directions emerging from these
we assume the usual supergravity scenario of soft terms @fiscrete minima.
ordermg,=M,y. Thus we have a small perturbation param- |n what follows we shall use an elegant and powerful
eterM, /Mg which in the leading approximation can be setmethod for characterizing the vacua of supersymmetric
to zero. Then it immediately follows that the vacuum expec-gauge theorie§21—-24. The essence of this method is sim-
tation valueVEVs) of A,A; must vanish identically while ply the following general result: (a) the space of field
those ofA,A. are determined in terms of the VEVs bfL, ~ VEVs satisfying theD-flatness condition® ,= 0 in a super-
respectively. Since the participation of squark VEVs in thesymmetric gauge theory is coordinatized by the independent
symmetry breaking would lead to charge and color breakindiolomorphic gauge invariants that may be formed from the
(CCB) minima, we shall assume that their vanishing is en-chiral gauge multiplets in the theory. Furthéb) the space
sured by suitable soft mass terms. Given that the squar@f field VEVs satisfying theD andF-flatness conditions is
VEVs vanish, the form of the thB term for theB— L gauge coordinatized by the holomorphic invariants left undeter-

field is then mined by the imposition of the conditio’s=0 for each of
o o the chiral multiplets in the theory.
Dg_ =—LL—2TrATA+LIL+2TrAlA.. (8 The following simple example will serve to clarify the

method. Consider a (@) gauge theory with two chiral mul-
Itis clear that vanishing of thiB term requires that sym- tiplets ¢. with gauge charges-1. Then the conditiorD
metry breaking in the left and right sectors must occur at the- g requires onlyl¢, |=|¢_|. Since gauge invariance can

same scale. _ . be used to rotate away one field phase, we are left with a
To evade this difficulty we introduce an additional set of magnitude and a phase, i.e., one complex degree of freedom
triplets, left undetermined. Resulia) above predicts this since the

only independent holomorphic gauge invariant in this case is

simply ¢, ¢_ . Now consider the effects of a superpotential

where under left-right symmetr@« (). . W=m¢, ¢_. The F-flatness condition now ensures that
The inclusion of this set of multiplets has the additionalPoth VEVS vanish so that thB-flat manifold shrinks from

attraction of allowing a separation of the scales where parity€ complex line parametrized by=¢., ¢ to the single

andB—L symmetry are broken. pointc=0. o
Thus, in principle, one should proceed by building all the

holomorphic gauge invariants, establish which ones are left
undetermined by th&-flathess conditions, and then discuss
We next turn to the minimization of the potential of the how the soft SUSY breaking terms may be used to lift those
supersymmetric gauge theory introduced in Sec. Il. The moghat are phenomenologically unacceptable—such as CCB di-
general gauge-invariant superpotential that leads to a renorections. The analysis with the complete set of fields is, how-

0=(1,3,1,0, 0.=(1,1,3,0, 9

. SYMMETRY BREAKING

malizable action is ever, sufficiently complex to motivate a simplified approach
. _ to the problem.
W, r=h{"LTm®; 7oL+ hy QT 7P 7,Q  +if(LTmAL On phenomenological grounds it is clear that the bidou-
o — — blet and squark fields cannot obtain VEVs at the large scale.
+L% mALe) +my(Tr AA+Tr AcAc) Therefore we omit them from our analysis of the symmetry
breaking at the right handed scale. Even if they participate in

Hij

> Tr Tzq)iTQq)j flat directions running out of the parity breaking minimum,

as long as their soft mass terms are taka®s usual to be
e ~ positive their VEVs at the high scale will vanish. On the
Fa(Tr AQA+Tr AcQcAc) other hand, since large VEVs for the sneutrinos in the right
+ a; (Tr QCIDi72<I>jT72+Tr Qc(piTTz(I)sz), (100 handed sector are priori admissible, theL and L, fields
should be retained in the analysis.
with wij= uji, @jj=—«a;;, f andh are symmetric matrices, The F-flatness conditions that follow from the the super-
and generation and color indices are understood. potential(10) are as follows:

m
+7“(Tr Q2+ Tr Q2+
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Fi=myA+a(AQ—3 Tr AQ)=0,
Fi,=maActa(AcQe—3 Tr Ao =0,
Fa=muA+ifLLTr+a(QA -2 Tr QA)=0,
Fa,=MyAc+ifll{mt+a(QeAc—3 Tr Q:A.)=0,
Fo=moQ+a(AA—1 Tr AA)=0,
Fo,=MaQcta(AcA.—3 TrAA)=0,
FL=2ifr,AL=0,

FL =2ifrA L =0. (11

PHYSICAL REVIEW D 58 115007

the seesaw mechanism which keeps the sneutrino light is to
operate. Then it immediately follows from the condition
FLC=O, namely,

b
ve\”
AR

0 O
2if 16
ITab <5g> 0 ( )
that the sneutrino VEVs in the right handed sector must van-
ish. Thus any VEV ol_. that appears at the high scale must
necessarily break charge. We ensure thébijether withL)
vanishes by suitably positive soft masses, just as for the
squarks. In the Appendix we shall exhibit the flat directions
out of the parity breaking triplet sector vacua associated with
the slepton fields and show that charge is broken in both the
left and right handed lepton sectors along these flat direc-
tions.
In the case with triplets alone we first list the SU(2)

In the above we have self-consistently set the bidoublefnyariants with theiB— L charges. The gauge invariants can
and squark fields, which must have zero VEVs at scaleghen be generated from these by multiplying invariants

>Mpg, to zero.
Multiplying the triplet equations by triplet fields and tak-
ing traces it immediately follows that
Tr A2=Tr AQ=Tr AQ=0,
my Tr AA=mg Tr Q%=a Tr AAQ,
Tr AA(a? Tr Q%—2m3)=0, (12)

with corresponding equatiormsutatis mutandisn the right

whose charges sum to zero. The invariants are

B—L charge Invariant
4 x;=Tr A?
2 Xo=Tr QA
0 Xa=Tr AA, X,=Tr Q2, xs=Tr QAA
-2 Xg=Tr QA
-4 X;=Tr A2

(17)

handed sector. Thus it is clear that in either sector all three

triplets are zero or nonzero together. By choosing the branc

where TrQ2=2m3/a? but TrQ?=0 we ensure that the
triplet VEVs break SU(23 but not SU(2) . The field con-
tent of the triplets is

e

&

oIV 8, 0
~5:v2)’

_ (&2
& —s vzt T

ot +
5(:

O —

w V2 wg
c=( - o ) , (13
wop —wldV2

where superscripts denote electromagnetic charges

Qem=TaL+ Tart — (14
One can use the three parameters of the SH@juge
freedom to set the diagonal elementsAqfto zero so that it

takes the form

0 (& )
A= . 15
Now Eg. (12) gives(&, ~)(6°)=0, which implies the elec-
tromagnetic charge preserving form fak.). Next it is clear
that the Majorana coupling matri;, must be nonsingular if

Blus the corresponding invariant§, with opposite charges,
built from the right handed fields. Without the leptons, be-
sides conditiong12) we have also
Tr A2=Tr A2=0. (18)

Notice that this fixes the values of all th® and hence, in
fact, all the values of all the gauge invariants that one can
form from the triplet fields. Any flat directions running out of
the vacua allowed by minimizing the potential of the triplets
alone(i.e., the trivial and equal left-right VEVs vacua which
preserve parity and the two asymmetric vacua that violate it
must involve the fields we have omitted from the analysis. If
these fields have zero VEVs at the high scale due to positive
soft mass terms, then the vacua at the high scale are isolated
and, in particular, the parity breaking vacuum described
above is phenomenologically viable.

It is easy to use Eq$12) and(15) to see that the VEVs of
Q. ,A. are also fixed to have the charge preserving form

w@o=[y ). w0

0 0 _ 0 d
<Ac>:<d 0)' <Ac>:(0 ;) (19
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In fact using theB—L gauge invariance to fix the relative ing and the resulting soft terms. These terms are known to

phase ofd andd one obtains induce only small shifts of the ordev,/Mg, . Since the
right handed sneutrino mass is large, i.e., of the order of
My — [2mymg\ Y2 Mg, >M,y, small corrections clearly cannot shift its VEV at
W=——="Mg, d=d= a2 =Msg, . all, and it will remain at the origin. This, however, is not

(20)  hecessarily true of the left handed sneutrino, whose mass is
at most of the order oM,,. We discuss its case carefully
Notice an interesting property of EqR0). If we wish to  below.
have Mg>Mg, , we needm,>mg, i.e., a sort of inverse Any R-parity breaking in the right handed sector thus
hierarchy of the mass scales. Furthermore, this hierarchy hasecessarily involves breaking of charge, at least at high
a highly suggestive geometric formng=M3 /Mg. One scalesO(Mg). In fact, in the Appendix we show that the
cannot help speculating that,, could be originated by soft leptonic flat directions running out from the parity breaking
supersymmetry breaking terms. Namely, in the absence ofacuum necessarily violate charge in both left and right sec-
mq, the superpotentia(10) has a global U(1) symmetry tors. Thus we regard it as physically well motivated to as-

with the following R charges: sume that soft SUSY breaking mass terms must be such as to
forbid excursions along thR-parity and charge violating flat
A,K,AC ,Xc 1 directions, just as they must protect color.

a o Thus the effective theory below the scaMg,Mg, will
simply be the MSSMwith the addition of some new particle
L,L:,Q,Q. 1/2. (21)  states: see next sectjonith R parity operative. It will there-
fore also possess an effective global lepton and baryon num-
The idea is very simple. We assume the above W(1) ber symmetry.
symmetry which impliesng=0 and which will be broken Nevertheless, one may worry that the effects of the run-
by the soft breaking termisin the gravity-mediated scenario ning of the coupling constants and masses may be such as to
of supersymmetry breaking, it is easy to see thgtcan be induce VEVs for the sneutrino fields. Such a thing happens
substituted by soft supersymmetry breaking terms. In otheih the MSSM when the Higgs bidoublet mass squared, al-
words though positive at high scales, suffers large negative correc-
tions due to its strong Yukawa coupling to the top quark,
Mo~ Mg~ Myy. (22 developing a VEV at scale®(My,) [4,26]. The situation
o ) with sneutrino fields is, however, quite different since none
This impliesMg, =M\yMg and thus we have only one new qf the |eptonic Yukawa couplings are large. Moreover, even
scale Mg, or Mg. Of course, forMg>M;=yMpMy if the leptonic soft masses were small enough to be over-
(where Mp, is the Planck sca)e nonrenormalizable terms come by renormalization effects in going frdvhg, down to

could in principle induce a bigger value fat,~M&/Mp;.  the electroweakEW) scale, a sneutrino VEV could develop
We should stress, though, that neutrino physics strongly sugnly in the left handed sector since the right handed sneutri-
gestsMg to be smaller or of ordeM, . nos have superheavy masses. The global lepton number sym-
metry of the effective theory beloM g, then implies that a
IV. R-PARITY BREAKING left handed sneutrino VEV would in fact lead to a Goldstone

) ) _ boson: the(double} Majoron[27]. Such a massless doublet

As discussed in the Introduction, at scales where supelyajoron is coupled strongly to thé boson and leads to a
symmetry is valid, the invariance of the action in minimal |arge contribution to its width which is ruled out by experi-
left-right symmetric theories undd® parity is enforced by ment.
B—L gauge symmetry and supersymmetry. Thus the only The one remaining possibility is that the violation of lep-
possible source ofR-parity violation at scales>ms  ton number by the left sneutrino VEV, in combination with
~1TeV is spontaneous: when a field with oddB3{L)  the electroweak VEVs, may trigger a VEV for the right
develops a VEV. In the natural and minimal versions of thenanded sneutrino. Such explicit violation of the effective glo-
left-right supersymmetric theory that we have considereth| Lepton number symmetry would in turn give a mass to
here the only electrically neutral fields that can viol&e the Majoron. If this mass were sufficiently large ¥1,/2),
parity spontaneously without breaking charge are the sneutrthen the contribution of this state to tiewidth would be

nos in the two sectors. On the other hand, we have seen thafippressed. To see howi might get a VEV consider the
the right handed sneutrino VEV is strictly zero at the parity gjjowed trilinear soft term in the potential

breaking minimum when working to leading order in the

ratio mg/Mg ~M /Mg . What happens when the soft

terms are switched on? As we said before, we assume the AVgop="-+mMgLT7,®  mpL o+ -+ . (23
supergravity scenario of spontaneous supersymmetry break-

Oncev and ® develop VEVSs, this implies a linear term in
lwe thank Gia Dvali for bringing up this point. For an original the potential for the right handed sneutrino which will thus
application of this idea, sg5]. get an expectation value
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TABLE I. Mass spectrum for the Higgs supermultiplets in the in the superpotentialmng= MEL/MR' Let us now examine
renormalizable model. the mass spectrum, and see which scales are involved.

State Mass A. Higgs sector

sit ot 2aMg We begin with the masses of the triplets. The restitis

Mg, 1 (Mg 2 Mg>Mpg ) are summarized in Table I.
5;_\/2M w0y aMg 1+ 5 2\ Mg As could be expected, almost all the particles get a mass
R at the scaleMg. In the right handed sector, the doubly
- Mg aMd 14 = 1(Mgy)? charged particles, *, 5, © do so, simply through their ex-
© vaMg U 2(Mg lici in th ial. Th oF . will
R plicit m, terms in the superpotential. The VEV ©¥. wi
1Mo \2 contribute with mass terms for the rest of the charged par-
(w:ﬁ Mg, 5|~ oty et 5;) 2gMg 1+ M_BL) ticles, giving to all of them a large ma$ér. However, the
V2Mg R R neutral particle masses correspond to (iheprinciple) lower
M scaleMg, . The reader can check the manifestation of the
(bf:’+32) BL ; . .
o+ aMg |1+ M- super-Higgs mechanism: we have states with masses equal to
V2 R the charged\(Vg) and neutral Zg) gauge boson masses:
O+ & MpgL
2—( C\/? ) aMp, 1‘% M2(Wg)= 492M +29°M3 BL
Re&:—gc)) 2\ gz—i-g’ZMBL MZ(ZR):4(92+9’2)M28L- (27)
A A aMg
Q aM2, /2Mg In the left handed sector, on the other hand, masses come
HH ~0 directly through the explicit terms in the superpotential.
H H ~M andA have a large mass of ordbtg. But the mass of) is
y R . .
related to the third mass scale we mentioned above,
M2, /Mg. This is the most interesting prediction of the
MMy ) model: a complete SU(2)triplet of scalars and fermions, at
(v = —vZ (24)  a relatively low mass scale, which could be accessible to

future experiments. Notice that for the analysis in the previ-
ous section to be validnnzMé,_/MR should not be below
the scale of the soft supersymmetry breaking terms. In fact,
as we have argued in Sec. lll, the natural scalenfigris of
szW< v) orderms,~ My, at least in the physically motivated picture
525—2. (25)  with the ratioM3,/Mg generated dynamically. The depen-
M&L dence of these new light states bty is noteworthy. Both
Mg,. and My are likely to be large enough to be out of a
direct experimental search. Howevétg, can be indirectly
probed through the usual seesaw-induced neutrino (sass
m2=m?— ~ (26) below), and thus improving the experimental limits on new
J € 2 . . ) .
(v) Mg, non-MSSM states will actually setpperlimits on M. Fi-
nally, this indirect probe and the direct search formay
Thus in order tham; be large enough to evade the width provide a crucial test of the consistency of the theory.
bound, the scalélg would have to beD(mg), which is a Once SU(2) is broken, the bidoublet®, ,®, get split
corner of parameter space we do not consider in this papeinto four SU(2) doublets, and as usual one fine-tuning is
We conclude that within the present scenario the bounds Ofecessary to keep one pair of them light. Namely, whign

the Z width rule out the possibility oR-parity violation due  gets a VEV the mass terms for the bidoublets in the super-
to sneutrino VEVs. In sunthe low energy effective theory of potential become

the minimal supersymmetric left-right model is the MSSM

(with some additional particle states) with strictly unbroken Mij T T

R parity, and the LSP is stable W(mg) === Tr 7@ 3@+ Mgaij Tr 73y 7,0 7.

(28)

This would lead to effectiv®-parity and global lepton num-
ber violating terms of the forrm?LH where

Then the “Majoron” would get a mass squared of order

Mg mgM w

V. MASS SPECTRUM N ] ]
Now, writing the bidoublets in terms of SU(R)doublets
As we have seen, the symmetry breaking takes place 'Pi H as

two stages. At a large scaMr=m, /a, SU(2) is broken

down to U(1)k by the VEV of ).. Later the VEVs of - #° b
A.,A. are turned on atMg =+2mymg/a, breaking d,=(H, ,HQE( _ _Io> (29
U(1)gXU(1)g-. to U(1)y. However, a third scale appears 4 P
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the mass terms are seen to correspond to small VEV after electroweak breaking. Its origin is a term in
_ _ the potential linear i, i.e., of the formA®?A [28]. In

W(my i) = uijHiH;+ a;Mg(HiH;—HiH;). (300  other words, thg1,1) mass element in general is not zero,

and this has important implications for light neutrino mass

With the fine-tuning condition spectrum. Namely, the light neutrino mass is given by

o~ (5= i Mg) =0, (31)

the bidoublets get split into two heavy left handed doublets m,=——. (33
H’,H" with masses~-Mpg, and two MSSM Higgs doublets

H,H. A comment is in order. The fine-tuning of Higgsin0 |5 the supersymmetric version we are considering,
masses does not automatically guarantee the same for thgough, the form(32) is exact up to order Mp,. Simply, at
Higgs scalar masses. However, in the context of the supegne renormalizable level there are no terms linea im the
gravity scenaridand gauge mediationit is well known that  potential. If one admits nonrenormalizable terms cut off by
corrections are at most of orderz =M,y . the Planck scale, along the lines [&8], one finds that at
electroweak breaking A gets a VEV of order
B. Neutrino mass (M3Mg)/(MgMp)). The(1,1) element in Eq(32) is thus
Another distinct prediction of this model is that the see-Suppressed with respect to the usual seesaw mechanism by
saw mechanism takes its canonical form. By canonical formMg /(MrMp)), and is completely negligible for physics

we mean(in the single-generation case much below the Planck scale.
0 mp
(32 VI. NONRENORMALIZABLE MODEL
mp M)/’

As has been pointed out ir12], it is possible to break
where mp is the usual Dirac neutrino mass aMl is the  parity even with just the minimal field content given in Egs.
large Majorana mass of the right handed neutrino. The masd)—(4), if one allows for nonrenormalizable interactions,
M is induced through the VEV oA, and thusM~Mg. suppressed by inverse powers of a large stblencluding
Interestingly enough, the forni32) is hard to achieve in dimension-4 operators, the most general superpotential be-
nonsupersymmetric theories, fax in general acquires a comes

_ _ a _ _ c _ _
Wir=m(Tr AR+ Tr Aclo) HIf(LTrAL +LImAcL o) + 5 r [(Tr AR)Z+(Tr Aho)?]+ 30 Tr AL Tr AcA,

b — 1 _
+ oy LT A2 Tr A2+Tr A2 Tr AZ]+ oy [da T A2 Tr A2+d, Tr A% Tr AZ]

+h:LTT2q)i7'2LC+ hIqQTTZq)iTzQC‘F ,LL” Tr ’Tzq)iT’Tz(Dj“' ﬁkl Tr Tzq);rTzq)j Tr TZCDITZCI)|

@ _ _ Bii — _
o7 (THAAD @ [y Tr AA PP 5) + T Tr 7@ 7@ Tr AA+Tr AGA]

2 Tr q)iTzAc(b}rTzA‘{‘ ﬁ Tr q)iTzAcq)}rTzA+ VqQTTzLQszLC‘*’ ﬁQTTZQQITZQC

+ —
M

Ky i
+ i LTTZL LITzLC-i— M[QTTzQQTTzL + QITZQCQITZLc]- (34)

Of course, not all of the terms above play an equally As in the renormalizable case, we assume that the soft
important role. If a certain renormalizable interaction is al-terms are such as to drive the VEVs of the squark and bid-
ready present in the potentigds is the case, for example, oublet fields to zero. With this assumption it follows, exactly
with the term (_ZLC)Z], one can safely neglect small correc- as in the renormalizable case, that for a parity breaking but
tions of order 1. It is only when there are no cubic or charge preserving VEV oA the VEV of the right handed
guartic couplings that wenustkeep the nonrenormalizable sneutrinos is necessarily zero. Thus dRyparity breaking
ones. due toL. getting a VEV at scales-M g would necessarily

115007-7



AULAKH, MELFO, RAéIN, AND SENJANOVIC PHYSICAL REVIEW D 58 115007

a 2 (b _ — d
any VEVs for thel fields. We are therefore left with the || m+ - Tr AA+ Tr AGA, ) - (M Tr A%+ v AZ

problem of analyzing thé& -flathess conditions for the four

tripletsA,A,A ., A, to determine whether or not they admit a

charge preserving but parity breaking isolated minimum.
The F terms for the triplets now read

break charge. Therefore we assume that the soft terms forbir

X BTr A2+%TrK2 Tr AA=0 (37)
M M ¢

and the corresponding equation for the right handed sector.
Out of the two branches allowed by E®7) we focus on

Fa=|m+ a Tr AA+ ° Tr ACKC)K the one specified by,=0. With this choice the conditions

(bys+d1y9)y;=0; (by;+dyy5)ys=0 (39)

follow from F,=F;=0. These equations are both satisfied
on the branch specified by,=y,=y3;=0 and it then fol-
lows that the only gauge invariants which might remain un-

+ ETHKZJrﬁTrA2 A=0 (35)
M M c ’

. determined, and therefore allow a flat direction out of this
Fas|m*y Tr AA+ VI Ach, )A branch, arg/§ andy{y5. We emphasize we have not chosen
b q a point on a flat direction but a branch of solutions of the
—Tr A2+ 2Ty E)K: 0, ﬂeld e_quations specified by the conditioygs 0. The equa-
M M tions in the right handed sector are now simply
(mM+(a+b)y3)yi=0, (39
Fa= Tr A A +— Tr AA A
MM M ) ¢ (mM+ay3)y3+byiys=0. (40)
+ b Tr A2+ da Tr KZ)KC=O, The two branches of solutions of E9) are (i) yi=
M M and(ii) y5= — (mM)/(a+b). It easily follows from Eq(40)
that apart from the trivial solution where all invariants vanish
the other possibilities are
Fa =M TrA A + Tr AA)AC mM
(@ yi=ys=0, y3=——, (41
b . dl , 1= Y3 2= a
+| = Tr AS+ — Tr A“]A.=0.
M M 2m2

(b) y3=—(mM)/(a+b), yiys= (atb)?’ (42)
In the renormalizable model with an extra tripi@t the

left and right handed sectors are completely decoupled, and Solution (a) is equivalent to the one found in the renor-
the potential admits two discrete minima in each sector. Thenalizable case: it is charge preserving and breaks parity. On
trivial one is chosen by the left handed sector, while the righthe other hand, using SU(R)nvariance to put the diagonal
handed triplets reside in the nontrivial one, which is chargeslements ofA. to zero it immediately follows that solution
and color preserving. In the nonrenormalizable case, on thé) implies breaking of charge.
contrary, the two sectors are coupled in fhequations. As Thus in this model the triplets get a VEV just as in the
we now show, the physically relevant minimum, for which renormalizable one, Eq19), where
the VEV of the left handed triplets vanish and that of the
right handed triplets respects charge, does not involve any — |/ mM
flat direction. This guarantees the stability of the vacuum d=d=1/- “a (43
against the presence of soft terms.

The SU(2 invariants are now just
( )"R ] A. Mass spectrum

It can be seen that the nonrenormalizable model has dis-

B—L charge Invariant tinct features. Symmetry breaking occurs in one stage, at a
scale
4 y;=Tr A2
0 Mm
¥2= TrAf Mg=1/— —. (44)
—4 yz=TrA (36) a

In the analysis, it has been fundamental to assom®ot to
together with their right handed counterparts with oppositébe smaller than the supersymmetry breaking scale. With the
B—L charges. Now, the equations fBr, andFj3 give large scaleM of order Mp;, and m=1TeV, the parity
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TABLE Il. Mass spectrum for the Higgs supermultiplets in the Where,ui’j = wij+ Mé(zﬁij + aij)/M- The crucial difference
nonrenormalizable model. with the previous model can be seen immediately: one will
now fine-tune

State Mass
2

5:_5; ‘/igMR ’ r_( /2__R 2):
Re(ég—gg) ZWMR M11Mo2 M2 2M L2V O’ (48)
8+ 2aM2/M ,
e 2bMZ/M so that the two heavy doublets will not have masses at the

c_» % N large scaleMg but at m=M2/M=1TeV. Just as in the
AA (a=C)Mg/M renormalizable case, it is appealing to have a small stale
H, H ~0 generated softly of ordevl,y . In that case, one could imag-
H', H ~MZ/M ine theu terms being large and being fine-tuned among each

other. However, this does not work, since there would be no
splitting of the doublets within the bidoublets, but rather just

breaking scale becomddz=10'! GeV. However, the mass Splitting of the two bidoublets in the-R symmetric manner
spectrum of the theory in fact involves two scales. Some ofone complete bidoublet would remain light, and the other
the particles in the Higgs multiplets will remain “light” after one heavy. This in the usual manner would imply the van-
SU(2)g breaking, with masses of ordet~M2/M. Thus as  ishing of quark mixing angles. In other wordg;=m, and
in the renormalizable case we have a very interesting phe2oth generated by the soft supersymmetry breaking terms.
nomenology involving light charged, doubly charged, andThe dynam|cgl generation of mass terms'of the theory is a
neutral supermultiplets as shown in Table II. It is appealing@ther appealing and long pursued scenario, and furthermore
also here to invoke soft Supersymmetry breaking terms td"l th|S case there is then no need for the f|ne'tun|ng of Iarge
dynamically generaten, in which case it would be of the and independent mass scales. The clear phenomenological
order of the electroweak scale. test of this idea is the necessary existence of two more weak

Notice again the super-Higgs mechanism being operativéj,OUblet supermultiplets at the experimentally accessible en-
since supersymmetry is not broken. In this case, only th&rgy scale. o
states that belong to super-Higgs multiplets get a mass of Therefore, although parity is broken Btg, the model
order Mg; the rest of the states can only get a Planck-does not re_duce to the MSSM until much later, at the !ower
suppressed mass. Of particular interest is the presence of tvalem. This has important consequences for the solution of
sets of light doubly charged scalars and fermionsthe strongCrF: bprlogilem. hWith four ":cigﬁls folgb'ets with

4 o+ : e masses much beloMg, the running of the Yukawa matri-
(00,0 ), and two full SU(2) triplets (A andA). They s quickly generates a sizable stra@f phase[29]. This

rces any viable solution to the stroi@P problem based
on parity in supersymmetric models to havig; of the order
pf the weak scal¢30].

could have masses as low as the supersymmetry breaki
scale. In contrast to the renormalizable case, the search f
these particles setslawer limit on Mg.

On the other hand, the bidoublet splitting proceeds in a
equivalent way as in the renormalizable model, with the

higher order interactions effectively playing the role of fhe B. Neutrino mass
field. The mass terms fab; come from Another important difference has to do with neutrino
mass. We have seen that in the renormalizable case the see-
Hij T Qi T saw mechanism takes its canonical fo{83). Now the situ-
W(img)=—Tr P, 7, + — Tr{A AP, 7P T e >
(M) =5 S RERE Y (Achc) i 727 ation is completely different, and resembles the nonsuper-

symmetric case. The nonrenormalizable terms now are
+ Bij Tr Tzq’iTTquj Tr(KCAC> (45) essential, since they provide the interaction terms and deter-

M mine the scaleMg. One finds in the potential the relevant
terms(written schematically
or
m _
2 — DZAA+m2A2, (49)
wij Mg T M
W(m¢)= 7+V'Bij Tr Tzq)i TZ(DJ

which gives a VEV forA,

(®% My
<A>: \/WNM_R'

2

R
+ oy i THA+ 1)@l 707, (46)

(50

In terms of the S\(2) doubletsH; ,H; we have now

) exactly as in the nonsupersymmetric cf28]. Once again,
_ r R = T the two models lead to different phenomenological implica-
W(My i) =l HiH + 5 e (HH =HH), @7 P gical imp
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VII. DISCUSSION AND OUTLOOK the crucial difference between the two theories. The doubly

. . charged states are of utmost interest due to their spectacular
In this paperwe h_aye offered a complgte ana]yss .l Syméxperimental signatures. In the past there have been a hum-

metry breaking in minimal supersymmetric left-right models o ¢ haners devoted to the phenomenological implications

with a scaleM i much above the electroweak scale. We were; supersymmetric left-right theories with lod g [31—36,

led by the requirement th& parity not be introduceed hoc iy which the doubly charged states are discussed. Most of
rules out the possibility of using doublet Higgs fields to | jght doubly charged particles continue to exist even if
break parity, and leads naturally to triplets, further motivatedone adds an arbitrary number of gauge singl8@. In this
by the seesaw mechanism. By minimal, then, we mean thegaper, however, we do not include singlets, for the whole
ries with the minimal Higgs sector needed to achieve thepoint of our work has been minimality. The nonrenormaliz-
complete symmetry breaking down to SUEXU(1)ep,- able version is obviously the minimal supersymmetric left-
This in practice means the following. right theory. However, since renormalizability provides the
(i) At the renormalizable level, one needs to introduce acornerstone of field theories, the version with an intermediate
new physical scale associated wiBh-L breaking. This is B-—L scale can also be considered minimal.
achieved through the introduction of an additional pair of Another, equally important, implication of the existence
B—L neutral triplets. The alternative possibility of utilizing of the new light supermultiplets is its impact on the running
parity-odd singlets does not wof&O0]. of the gauge couplings. The analysis done in the past often
(ii) If one accepts nonrenormalizable terms, the Higgselied on the survival principle, assuming that all states
sector consists just of the supersymmetric extension of thevhich by symmetry are allowed to be heavy become so. This
usual states needed to generate consistent fermion and gaugenanifestly wrong, for, as we have shown, there are a num-
boson masses. ber of light scalars and fermions whose existence defies this
In both cases, the requirement of minimality meant theprinciple. Clearly, a new analysis of unification is required. It
exclusion of further singlet states. The central theoretical reis not enough to take the result of our paper, for there may be
sult of our analysis is the proof that the physically acceptabledditional light states which survive the large scale breaking
minimum does not lie on a flat direction. Being an isolatedof the underlying grand unified theory. This has already been
point, with a large barrier separating it from otifeonphysi-  noted in the early works on the $@0) grand unification of
cal) minima, there is no danger that it will not be stable on athis theory[18,19], but no running has been performed in
cosmological scale. these papers. In view of this, it is not clear at all that these
The two versions of the theory have in common two ex-models can be successfully unified, but we reserve the final
tremely important characteristics(a) R parity never gets judgment for the future.
broken, andb) the low-energy effective theory, besides the
usual MSSM states, necessarily contains light charged or
doubly charged superfield multiplets. ACKNOWLEDGMENTS
What is different is the nature of the seesaw mechanism This work was completed during the “Extended Work-
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are two relevant physical mass scales abbg. In the
renormalizable case they aMg, and Mgy (and we discuss
the physically interesting caselg, <Mg). The new light APPENDIX
supermultiplet is the left handed Higgs triplef with a mass
of order M3,/Mg which could naturally lie near the weak
scale[11]. In particular it does so in the case of a dynami-
cally generated ratio of the two new physical scalag and
Mg. In other wordsm,, is the result of soft terms, which ) _ —
break both supersymmetry and an otherwise automatic co¥ab=~ Tba) and triplet fields ;,=Ap,) by
tinuousR symmetry. The light particles comprise both neu-
tral and single-charged scalars and fermions. 1 1_

In the nonrenormalizable model, the scalg, andMg LaLb=§0ab+ > Al (A1)
coincide, but there is a new high scdlep,. In this case
there is a plethora of new light states with a mN%/M Pl
which among other fields include the experimentally veryand similarly in the right handed sector. They obey Fierzing
interesting doubly charged scalars and fermid®. This is  constraints like

In this appendix we analyze the flat directions of the su-
perpotential when the slepton fields in both sectors are re-
tained in the analysis. Since doublets must occur bilinearly in
all invariants it is convenient to define composite singlet
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1 —
(Taba'cd=50'ad0'bc+ ZTr(A;dAéc)- (A2)

Then in addition to the SU(2)g invariants listed in Eq.

(17) one can form the additional invariantsot all indepen-
dend

B—L charge Invariant
—4 abcd —Tr A bA
-4 b =Tr AA,
0 13—Tr A%b
-2 5’ Tr QAL
-2 x12 Tr AAAab
0 X0=Tr AQA.,
4 Xih=Tr A A%b_
-2 x29=Tr AAL AL,
-6 lecdef Tr AabAch
-2 Xll7) Tab

(A3)

and a similar set in the right handed sector. It is easy to show
that Eqg.(12) continue to hold in the present case. Thus one
can again choose the parity breaking vacuum by selectlng tl}g,-a

solution where al(unprimed left handed triplets excem
andxj,x3,xg vanish while the VEVs ok, x: are fixed by

PHYSICAL REVIEW [»8 115007

in Sec. lll, the equation foFLC ensures that the right handed

sneutrino VEVs necessarily vanish. Sindg = —i Va€p) s it
vanishes. Because of the Fierz relations, El) (and a
similar one relating the{9 to products of{3 andx{”), x{
andx{2 all vanish while
Aloap=€ae57+ . (A4)

Then using theF equations in the right handed sector it is
easy to convince oneself that all invariants are fixed in terms
of x{"2° . However, because of E¢A4), only three are of
these are independent and these can be taken x§88.

In the left handed sector one finds thais determined in
terms ofK;b by the equation foiF, ; thus only invariants

involving oy, Or A(C)ab are left. But since all of these may be
written in terms of products o{3” | its is clear that these
are the only independent SU(2)nvariants left undeter-
mined in the left sector and are 3 in number. Sing car-

ries B—L charge (-2) andx{® carries (4), it is clear
that one can form nine mdependent gauge invariants which
are left undetermined after imposition of tReconstraints:

ab[ X(gc)d d] 1/2_

Z[abd=X17 (A5)

Thus the manifold of flat directions running out of the
rity breaking vacuum is parametrized by these nine com-
plex coordinates. From EqA4) and o,p=—iv[,€y, it is
thus clear that the coordinateg, 4 all involve a product of

the solutionx,=2m3/a2. This leaves us with the invariants selectron and antiselectron VEVs, and hence these flat direc-
x—x{9 to consider. In the right handed sector, as we sawions violate charge.
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