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Vanishing corrections on an intermediate scale and implications for unification of forces

M. K. Parida
High Energy Physics Group, International Center for Theoretical Physics, 1-34100 Trieste, Italy
and Physics Department, North-Eastern Hill University, P.O. Box 21, Laitumkhrah, Shillong 793 003, India
(Received 18 March 1996; published 27 January 1998

In a two-step breaking of a class of grand unified theories inclu8i®g10), we prove a theorem showing
that the scale N1|), where the Pati-Salam gauge symmetry with parity breaks down to the standard gauge
group, has vanishing corrections due to all sources emerging from higher seatég,) such as the one-loop
and all higher-loop effects, the grand unified theory threshold, gravitational smearing, and string threshold
effects. The implications of such a scale for the unification of gauge couplings with small Majorana neutrino
masses are discussed. In string inspB&(10), we show thaM ;=5x 10'2 GeV, needed for neutrino masses,
with the GUT scaleM j=My;,, can be realized provided certain particle states in the predicted spectrum are
light. [S0556-282(98)01701-9

PACS numbd(s): 12.10.Dm, 12.60.Jv

[. INTRODUCTION conditions at the string scale to be different from a GUT
boundary condition, attempts have been made to bring down
Grand unified theorie6GUTS) based upon supersymmet- the values of intermediate scales relevant for larger neutrino
ric (SUSY) SU(5), SO(10), non-SUSYSQ(10) with inter- ~ masse$18].
mediate symmetries, and those inspired by superstrings have The presence of &,,4 intermediate gauge symmetry,
been the subject of considerable interest over recent years. f{aving only two couplings fop.>M;, would always guar-
order to solve the stron@P problem through the Peccei- antée gauge unification, and a demonstration Mf
Quinn mechanism and achieve the small neutrino mgdges =~ 10*-10" GeV withMy=M in SUSY inspiredSO(10)
necessary to understand the solar neutrino [2and/or the would solve at least two of the major problems: the string

dark matter of the universe, an intermediate scale seems &2 ur}ificatilon Withcfs('\/:clz)zo'll and neutrino masses
be essentidl3]. Such a scale might correspond to the spon-needEd or solar neutrino flux. .
It has been shown recently that in all GUTs wh&g 4

taneous breaking of gaugdé®lL contained in intermediate . : )
g ot gaug breaks spontaneously at the highest intermediate scale, the

iagg??,)szn;rgetn;s S:rfg azﬂ((zz);issﬁ((zz);ig(ul()f) L sir? (M) prediction is unaffected by GUT threshold and
> c\o T2l ; L R € multiloop (two-loop and higherradiative corrections emerg-
(=Gzpq with [3-6] or without [7] parity, or even others ing from higher mass scalg§]. As a single intermediate
such asSU(2), X U(1)|3RX SU(4)c andSU(2), X U(1)|3R symmetry is more desirable from a minimality consideration,
XU(1)g. . XSU(3)c. But it is well known that the predic- we confine to the singl&,,, symmetry in two-step break-
tions of a grand unified theory are mof8] or less[6,9] ings of all possible GUTs includingQ(10) and prove a
uncertain predominantly due to thresh¢tD] and gravita- theorem showing that all higher-scale corrections to the in-
tional smearing effect§11,12 originating from higher di- termediate scaleM,) prediction vanish. In SUSYSO(10)
mensional operators. The uncertainty in the intermediaténspired by superstrings[19], we find that M,
scale prediction naturally leads to theoretical uncertainties in=10'2— 10 GeV is possible wittM =My, provided cer-
the neutrino mass predictions through the seesaw mechégain states in the predicted spectrum are light.

nism. Therefore, an intermediate scale, stable against theo-

retical uncertainties, would be most welcome from the point Il. THEOREM ON VANISHING CORRECTIONS ON THE

of more accurate predictions on neutrino masses.
. . INTERMEDIATE SCALE
Another problem in SUSY GUTs having a supergrand
desert is the requirement af,(M;)=0.12 to achieve unifi- We now state the following theorem and provide its

cation atM_;=2x10'® GeV. Even though the problem is proof.

alleviated by unknown GUT threshold and gravitational cor- Theorem. In all two-step breakings of grand unified theo-
rections[13], realization of a natural grand unification scale ries, the mass scal@M,) corresponding to the spontaneous
My=Mg,=5.6X g, X 10'” GeV requires the presence of breaking of the intermediate gauge symmetry (3))
some lighter string states which could be the extra gaugex SU(2)gX SU(4)cXP(g,.=02r) has vanishing contribu-
bosons or Higgs scalars of a unifying symmetry, exotic vections due to every correction term emerging from higher
torlike quarks and leptons with nonconventional hyperchargacales(u>M,).

assignment$14-16, or a SU(3) octet and wealSU(2) To prove the theorem we consider the two-loop breaking
triplet in the adjoint representation of the standard gaugattern in SUSY or non-SUSY GUTSs,

group[17]. But, in the absence of an intermediate symmetry,

the neutrino mass predictions may fall short of the solar flux My M, Mz

requirements by two to three orders. Assuming boundary GUT—Gop—Go13—U(1) X SU(3) ¢,
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which may or may not originate from superstrings. Follow- The secondthird) term on the right-hand side ¢2.1), (2.2)
ing the standard notation, we use the following renormalizais the usual one-loogmultiloop) contribution.

tion group equations(RGE9 for the gauge couplings The GUT threshold Aiu), gravitational corrections
ai(m) =gf(u)/4m: (ANRO), or the string threshold effectsAf") when the

MzsusM, model is based upon string inspir&O(10) [20] are con-
tained inA; :
| a M, .
My aM) 27 M, oA 1=Y2L3C A/=AVU4+ANROLASY =2 JRAC. (2.4
2.1
@3 In non-SUSY and SUSY GUTs, the]*?° may emerge from
Mi=usMy higher dimensional operators scaled by the Planck ridgs
leading to a nonrenormalizable Lagrangian
L1 A My icaorac 7 7?
ai(l\/l|) B ai(Mu) 2 : M| i i 17 T LNRO: - W Tr(Fuvd)Fﬂv)_ 2M2 Tr(FMV¢2FMV)
(2.2 Pl pl
e, (2.5

where A; includes threshold effects a/t:Mz(AiZ) due to
the top-quark and Yukawa couplings and superpartners ivhere M p;= Planck mass, an¢ = Higgs field which is re-
SUSY theories. It also includes threshold effeci$)(due to sponsible for breaking the GUT symmetry @,,,. For
heavy particles near the intermediate scale: example, inSO(10), ¢=54. These operators lead to the
modifications of the GUT-scale boundary conditions on
gauge couplings,

A=AP+AM, i=Y,2L,3C (2.3

a (My)+ (14 €)= azr(My)(1+ €2r) = aac(My)(1+ €40) = ag, (2.6)
which imply
AiNRO:_i, i=2L,2R,4C, @7
ag

whereag=GUT coupling ande; are known functions of the parametey8), the vacuum expectation value ¢f M,, and
Mp,.
Using suitable combinations of gauge couplings and E2)8), (2.2), we obtain the following analytic formulas:

My (LBimLA) | (JBI-KA) | (KsA~JsB) o8
M, D D D ' :
| My (LoAu—LsBy) | (KeAu—JeBy)  (JaBy—KyAy) 2.9
M, D D D ’ '
D=AB-AB,, Lot | Mz 3}
uPlI 1PU» S 3a(Mz) aS(MZ) 81
L,= Lom in?2 6y (M 3 2.1
H_BCY(Mz) sin W( Z) 1k ( . @
Ay=2ajc—ay —am, By=3ay —ajr—3as,c, A=3axc—ax—35ay—Ay, B;=35(ay —ay)—By,
Jo=27 Oy + 5§ O0y—§O3c+ 05 + 05— 20,c],  Kg=2m[5(0y— 02) + 05+ 56,5051,
Jy=2mAg+ $ Ay— & Aget Ay +Abr—2Akc], Ka=2m[S(Ay—Ay )+ A +2AL—5AL . (2.11)



2738 M. K. PARIDA 57

The first, second, and third terms on the right-hand side Bu=2(ay —asc)=—3Ay, (2.14
(RHS) of (2.8), (2.9) represent the one-loop, the multiloop,
and the threshold effects, respectively. Each of these contains D=5 (ay —ay)Ay—(2ase—a, —3ay)B
contributions originating from lower scaleg=M,—M,, Tele2L SyJPRU RsEsC 2L 39y PU
and higher scaleg=M,—M . We now examine the con-
tributions to InM,/My) term by term. In the presence of the :ﬂ (3ay, +2azc—5ay). (2.19
G, gauge symmetry fon=M,, a, (u)=asr(w). Then 9
Eq. (2.2) gives

Then By or Ay cancel out from the denominator and the

ay =amR, O =0, Ay =2 (212  numerator of the one-loop term in E@.9) leading to
where theG,,, symmetry implies M, 127, 1 1 a
In —) si Oy— =+ = —
A =AY Z/ one loo a/d 2 3 as
2L = A2R» 2.13 P (2.19
ANRO ANRO, AS” Agg, d:3a2|_+2a3c_5ay.

The restoration of left-right discrete symmetry in the pres-The fact thata, (i=2L,2R,4C) are absent from E¢2.16
ence ofSU(4)c in Ga,4p plays a crucial role in giving rise to - demonstrates that the scal#, is independent of the one-
a vanishing contribution due to every type of higher scaleioop contribution to the gauge couplings emerging from
corrections. higher scalesu=M,—M. But these coefficients do not
cancel out from Iny, /M), which assumes the form
A. One-loop contributions

Using Eqg.(2.12 we find thatB, andA are proportional MU 12m

l
sir? 6 )+x 2.1
to each other, Mz ad ( wo %3, (2.17

6 . o ’ ’
4 Sir? Oy — a—sﬂ/ (agc—ay ). (2.18

The first term on the RHS of E¢2.17) is the one-loop contribution in E¢2.16).
We also note that for any standard weak double},(

5 a ) 5
X: a3c +az|_ §£—1+Sln2 aw +§ay

8
1—§S|r12 Ow

=0, 3af)=5al"

which keeps the one-loop term in EG.16) unchanged. Thus, the scalg is predominantly unaffected by the presence of any
number of light doublets with massesM,, degenerate or nondegenerate.

B. Two-loop and higher-loop effects

Using the second term in the RHS of Eq®.9), (2.14), and(2.15), the coefficients and terms containing; cancel out,
leading to
5
In —

z

_KGAU_J(JBU 2

o
D (59Y 36, —263¢) (2.19

multiloop

showing that all multiloop contributions to the gauge couplings originating fromM, — M, are absent in I, /M5). But
these multiloop effects do not cancel out from the unification mass,

My
In —
z multiloop

where the first term on the RHS of E@.20 is the same as in E@2.19),

M,
In —

) X, (2.20
z multiloop

8 10
O+ 5 3 Oy— 3 Ozc |+ (02L_64C) (az —ay)

5 O
“~ 4d(ayc—ay )

8 5
T|3dcTduT 38y

(2.29

[ (6y— 92|_)+ (O4c— 92L)}



C. Threshold effects

Including threshold effects at=M,, M,, andM, we
separatel, andK, into three different parts,

Jy=39+3\+3%,
Ka=K{+K\+K%,
where
IN=2m(A5 +AS—2A%),
Jy=2m(Ay +30y—54%), i=1.Z,

Ky=2m(ASr+35A5.—5A5),

p_10m
KA:T(AY_ 1), 1=1,Z. (2.22
Using the parity restoration constraint gives
41 1
Ki=3 (Aic—45)=-3 3
(Aj— A3 8

XA:27T 7 + —

| z
(agc—ap) 4d (Ka+ K

D. Gravitational smearing and string threshold effects

In the presence of left-right discrete symmetryGg,p,
ANRO=ABROandAS"'= ASE. The analysis of Il C holds true
in these cases also leading to

INROB,—KYROAL=0,

JBuY-K'AL=0,

M
(In —') =0, p=NRO, string
M o

(In& :2_77 (€20~ €s4c)
Mz/ ro @c (Bsc—az)’
M (ASIF_ASIF
] =or A G
Z/ gir (ayc—az)
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and
JYBy—KiA,=0. (2.23
Using EQq.(2.23 in the third term in Eq(2.9) gives
M 9 J! J%
(In M—'Z)mresmld: ~ g | Kit §A+K§+ gA .
(2.249

Thus, it is clear that the would-be dominant source of uncer-
tainty due to GUT-threshold effects has vanished from
In(M,/M5) which contains contributions from only lower
thresholds atu=M; and u=M,. But the GUT-threshold
contributions do not cancel out from M(,/M) which has
the form

(2.29

My M,
In M_ =!1In M_ +XA,
Z/ threshold Z/ threshold

where

S o z
3 (JatJ3)(az —ay)

/ (ajc—ag). (2.2

1 _3 1 +2 1
ay(pm) 5 ap () 5 agc(p)’

ILLBM|.

Since no specific particle content has been used in proving
the vanishing corrections, the theorem holds true with or
without SUSY and also in superstring based models.

Another stability criterion oM, with respect to contribu-
tions from lower scale corrections is that, up to one-loop
level, it remains unchanged by the presence of any number
of light weak doublets having masses fravhy to M, .

The other byproduct of this analysis is on the stability of
My with respect to 16+ 16, pairs. In all correction terms
for In(My /M), the higher scale one-loop coefficients appear
in the combinatiora,-—a;, . We note that for any 36 (or

164),
(a4c)16,= (@21 ) 16, »

which keeps the value of,-—aj unaltered. Thus, the
value of My is almost unaffected by the presence of any
number of pairs of 16® 16, betweenu=M,—Mgyt. This

Thus, the theorem is proved, demonstrating explicitly thahas relevance for SUS80(10) and string inspired models.
In(M, /M) does not have any modification due to corrections

to the gauge coupling constants _at higher scales gor IIl. PREDICTIONS IN NON-SUSY SO(10)
>M, . When the Higgs scalars, fermions, or gauge bosons of

the full Gy, representations are taken into account, their The stability of M| in non-SUSY S(Q(10), under the
contributions to Ini1, /M) vanish exactly. The origin behind variation of (*) in Eq. (2.5) was demonstrated in R¢R1]

all cancellations is th&,,,, symmetry and the relation be- by accurate numerical estimation. According to the present
tween the gauge couplings, theorem InM,/My) is not only independent of the five-
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. . 1 . . _
d|meq3|onal operator. ang®, but also of other h|gher di- o(c)(1,1,15:0(3°)(1,§,3)+0(3—0)(1,—%,3)+a§3°)(1,0,8)
mensional operators in E(R.5 and parameters arising from

the GUT scale. Similarly, the vanishing GUT threshold cor- +0(1,0,2).

rection toM,, obtained in the accurate numerical evaluation

of Ref.[22], is a part of the present theorem. Imposing theThe representation 16 contains theG,,, submultiplets
parity restoration criteria fop=M, [23], the minimal non-  ,(1L)(2 1 4) andy(®(1,2,9 and the latter decomposes under
SUSY Squ) with 54, 126, and 10 representations, standard model gauge group as

sirf6,=0.2316-0.0003, a¢(M;)=0.118-0.007, and

a }(Mz)=127.9-0.1, predictd21-23, X(R)( 1’ZE= X(lR)( 1,-1,1)+ X(SR)( 1,0,1) + )((?R)(l,— %is_)
_ 113.6+0.16'0° R)’ .
M, =10 04 GeV, +X(§) (1,-3.3).
M, = 105:02-0-2520.4820.11029 Gy, To make the model simpler, we assume some of these lighter

components fromd5 or the pair 1® 16, to be either at
where the firs{second uncertainties are due to those in the M =1 TeV while others are &, . In that case all the equa-
input parametersgthreshold effects In the case oM, the  tions for In(M,/M) and In(My/M,) derived in Sec. Il hold
threshold uncertainties are due to thos#latandM, thresh-  with the replacements
olds only. The third uncertainty due to the five-dimensional
operator in Eq(2.5), which is absent irM,, has been cal- M, M, My My

1) : » In——In—, In——ln—, 6—6°,
culated for »'*/=*5(x10). In spite of the addition of a M, Mc M Mc '
number of extral26 and10 dimensional Higgs fields to
build a model for degenerate and seesaw contributions to the ai—aj(i=Y,2L,3C) and d—dc

neutrino masses i®0O(10) introducingSU(2)y horizontal

symmetry, the scal®, , according to the present theorem, is in Egs.(2.15, (2.16). In addition, there are contributions to
identical to that in the minimal model with the same predic-the mass scales due to evolutions frdd,—Mc. We
tions on the nondegenerate neutrino ma$2d§ The proton  present them here only up to one loop. The two-loop, thresh-
lifetime predictions in the minimal model including the NRO old, and gravitational corrections will be estimated elsewhere
contribution is [27].

Too.et o= 1.44X 1032-1£0.7£ 1.0+ 1.9 0.45 1.0 yr, (In ﬂ

) 127
c one-loop

:a_dc

) 1 o MC
(SIHZGW—E-F?)—%)—R In M—Z,

which might be testified by the next generation of experi-

ments. My M,
(In — ={In—
one-loop

) +XctY, (4.2
c C one-loop
IV. INTERMEDIATE SCALE IN SUSY SO(10)

In the conventional SUSYS(Q(10) employing the Higgs where

supermultiplet$4, 16,9164, and10, in the usual fashion, 5
it is impossible to achievé/, substantially lower thaiv, . Y
When 126,® 126, are used instead of & 165, no inter-
mediate gauge group containiglJ(4)c has been found to c c c Mc
be possible in Ref[25]. But the possibilities of other inter- —(az—ay)(3az +5ay"—8azc)]XIn =,
mediate gauge symmetries in string inspired SUS® 10) ‘
including G,,14 g, # g-r) have been demonstrat¢as,26]
by using extra light,,13 submultiplets not needed for spon-
taneous symmetry breaking, but predicted to be existing in Xc=X(aj—a®),
the spectrunj19].

In the present analysis, in addition to the usbilwith all d
components at the GUT scale, the paiy, 3616, with de- R=—.
sired components &b,,4 breaking scale, and the bidoublet

$(2,2,1)c10 nearMz while (2,2,6 is atM,, we examine v find that when the components under the standard gauge
the effects of other components 4%, or in 16+ 16, not  group given in Table | are &fc=1 TeV, the intermediate
absorbed by intermediate scale gauge bosons, being lightg{ass scaleM,=5x102-2x10" GeV can be achieved
and having masses between 1 TeMr- with My=Mg,=6X 10" GeV. It has been emphasized that
~The adjoint representatiodS contains the left-handed the SU(3). octet andSU(2), weak triplet, being in the
triplet 0 (3,1,1), the right-handed tripletrz(1,3,1), and  standard model adjoint representation and continuous moduli
also o®(1,1,15) underGyype. Under the standard gauge of strings, have a natural justification to keep them Iigh.
group,or and o{®) decompose as In our cases™, o3, o3, and o© belong to the adjoint
representation$l,3,1) and (1,1,15 of Gy,,4, which in turn
or(1,3, D=0 (1,1, )+ 0ok (1,-1,)+0’(1,0,) are contained in the adjoint representati&C SO(10). One

=———[(a5, —a¥)(3a, +5a,—8agc)
8dc(a4c_az|_)[ 2L Ay 2L \% 3C

dc=d(aj—af)=3a5, +2a5.—5ay,
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TABLE I. Predictions for mass scales in the string inspif&@(10) model.

SM submultiplets  SM submultiplets  G,,4 submultiplets M, My
MZ_M| MC_M| M|_MU a,c ai’ (Ge\/) (Ge\/)
0R,03,03 oL ,0r,0°% %7
burdd or XLOXROXL 1 (;) 1025 10'7®
ORX3:X3 Xr: ¢ -2
4_2
_ — 5
X1:1X3:X3 XL XRXL 5 14.3 17.8
) / - 1 10 10
d)u d)d X3 XR1¢ (_ )

set of our solutions in Table | corresponds to the first three ofem on vanishing corrections due to GUT-threshold effects
them being as light aM =1 TeV while the fourth compo- originating from degenerate components ®®(10) Higgs
nent, theSU(3). octet component iw®(1,1,15), is atM, . representations in the presence of other types of gauge sym-
We have also found a completely different type of solutionmetry. The present theorem emphasizes vanishing correc-
where the SU(2)g triplet components angy;® x3C 16y tions due to all sources emerging froe>M, in the pres-
+16,, but not absorbed b8 U(4)c gauge bosons, are near ence ofG,,4 only.

1 TeV. In that case all the componentsdfi(1,1,15) are at

M, . The neutrinos acquire small Majorana masses by a see-

saw mechanism using®Q(10) singlets as explained in Ref. V. SUMMARY AND CONCLUSIONS

[26]. None of the lighter scalar degrees of freedom near 1 \ye have shown that all higher-scale corrections on the

TeV are needed to acquire vacuum expectation vaIue; as .tri\%ermediate—scale predictionM(), corresponding to the
spontaneous symmetry breakings of gauge symmetries I|k@224P gauge symmetry breaking, vanish exactly. Such cor-
SO(10), Gz4p , @ndGyy50ccur following the standard pro- yections are due to one-loop, two-loop, and higher-loop ef-
cedure through the vacuum expectation values of Welfects GUT-threshold, and gravitational smearing effects
known scalar components which are neutral under the resiginating from higher-dimensional operators. In string in-
sidual gauge groups. . _ spired SUSY GUTSs, the string-loop threshold effects have
~The left-handed neutrinos acquire small Majorana neuygq vanishing contributions t™, . In non-SUSYSQ(10)
trino masses via a seesaw mechanism where the right-handgg,els, the intermediate scale has been predicted earlier and
neutrino massMy, rather thenM,, occurs in the Seesaw \ye emphasize tha¥l =103 GeV is quite stable leading to
formula, in both SUSY[26] and non-SUSY theories. But more precise neutrino mass predictions. The predicted proton
sinceMy is of the same order &d, with My<M, inalarge jitetime can be testified by future experiments. TBegp
class of models,.the nght-hapded Majora}na mass is a|59ymmetry having only two gauge couplings guarantees uni-
made correspondingly uncertain whenewris affected by fication, but the problem in SUS8O(10) is the realization
larger uncertainties, especially due to the GUT-threshold efys M,<M,. We find solutions to this problem witM,
fects with nondegenerate components of scalar representa-g v 1g12_2% 104 GeV  and My=M,=6X 10 GeV
tions[8] and gravitational effects due to higher dime”Sionalprovided certain states in the adjoint representatith

operatorg12,21]. This occurs in models where parity is bro- +16 . -
ken at the GUT scale, b s, OF Gppys With Go  Gox [8], and/or 16+ 16, have masses near 1 TeV. The light states in

or evenSU(2) XU (1)gXSU(4)c(=Gy14) [29], breaks at 16*; (116'8 mhay emﬁrge Qastlﬂaﬂy from theb modes Sntolt ab-
the intermediate scale. WifR,,,5 at the intermediate scale, sg;le n'}/'ca?i\rqﬁm'(h?fbe é )%Iga'ugtehe OCSOZS'Of a::]n(?the
these corrections do not vanish, although they are reducea.t € ud'l It : Igt E Ssl Ir']th 'tasb K i r
But in theSO(10) and other GUTS, or string inspired models ntermediate symmetry, such @3, with parity broken a

. - ; the GUT scale, when the submultiplet(1,1,0,8) is at the
with Gy (but NotG,, ) Surviving down to the interme- . A diat IE28]: but only in th i of
diate scale, all major sources of uncertainties emerging fror{,ptermed!ate sca t’ uthon ym he prchsE_n hcase |224P
higher-scale corrections are absenMp and, therefore, cor- Intermediate symmetry, the S(.:ENH as all igher-sca'e cor-
respondingly inM,, even though the latter is still undeter- rections vanishing and neutrino mass predictions in SUSY

mined within one order of magnitude beldw, . It is to be SQ(10) are expected to be more precise.
emphasized that in such models, the order-of-magnitude es-
timation of right-handed Majorana neutrino masses are much
more accurate as compared to other models with intermedi-
ate scales. Consequently, the left-handed—Majorana- The author thanks J. C. Pati, R. N. Mohapatra, G. Senjan-
neutrino-mass prediction is more precise in these modelsvic, and A. Yu. M. Smirnov for useful discussions. Finan-
Further it is not true that imposition of the left-right symme- cial support and hospitality from the Theory Group, Interna-
try at the intermediate scale always leads to vanishingional Center for Theoretical Physics, Trieste, are gratefully
higher-scale corrections. The vanishing correction occuracknowledged. The author also acknowledges the grant of a
only in the presence of the left-right symmet@g, gauge research project SP/S2/K-09/91 from the Department of Sci-
symmetry foru>M,. Mohapatard30] has proved a theo- ence and Technology, New Delhi.

ACKNOWLEDGMENTS



2742 M. K. PARIDA 57
[1] M. Gell-Mann, P. Ramond and R. Slansky, Supergravity =~ [13] T. Dasgupta, P. Mamales, and P. Nath, Phys. Re52[5366
Proceedings of the Workshop, Stony Brook, New York, 1979, (1999; D. Ring, S. Urano, and R. Arnowitipid. 52, 6623
edited by P. van Niewenhuizen and D. Z. Freednidorth- (1995.
Holland, Amsterdam, 1979 T. Yanagida, inProceedings of [14] R. Barbieri, G. Dvali, and A. Strumia, Phys. Lett. 33 79
the Workshop on Unified Theory and Baryon Number in the (1994; Nucl. Phys.B435 102 (1995.
Universe, Tsukuba, Japan, 197&ited by O. Sawada and A. [15] A. Font, L. Ibanez, and F. Quevedo, Nucl. Phg345 389

SugamotaKEK, Tsukuba, 199) (1990; D. Lewellen, Nucl. PhysB337, 61 (1990.
[2] S. P. Mikheyev and A. Yu. Smirnov, Yad. FiZ2, 1441 [16] K. Dienes and A. Faraggi, Phys. Rev. Letb, 2646(1995;
(1979; L. Wolfenstein, Phys. Rev. 07, 2369(1979. Nucl. Phys.B457, 409 (1995.
[3] R. N. Mohapatra and G. SenJanovic, Phys. Rev. K&t912 [17] C. Bachas, C. Fabre, and T. Yanagida, hep-ph/9507219.
(1980; Phys. Rev. D23, 165(1981). [18] K. Benakli and G. Senjanovic, Phys. Rev.53, 5734(1996.
[4] R. N. Mohapatra and J. C. Pati, Phys. RevlD 566 (1975. [19] S. Chauduri, S. W. Chung, G. Hockney, and J. Lykken, Nucl.
[5] J. C. Pati and A. Salam, Phys. Rev.1D, 275(1974). Phys.B456, 89 (1995.
[6] M. K. Parida and P. K. Patra, Phys. Rev. Lé&8, 754 (1992; [20] V. S. Kaplunovsky, Nucl. PhysB307, 145 (1988.
66, 858(1991). [21] P. K. Patra and M. K. Parida, Phys. Rev.48, 2179(1991).

[7] D. Chang, R. N. Mohapatra, and M. K. Parida, Phys. Rev. Lett[22] Dae-Gyu Lee, R. N. Mohapatra, M. K. Parida, and M. Rani,
52,1072(1984; D. Chang, R. N. Mohapatra, J. Gipson, R. E. Phys. Rev. D51, 229(1995.
Marshak, and M. K. Parida, Phys. Rev.3}, 1718(1985; P. [23] M. K. Parida, Pramana, J. Phy&l, 271(1993; ibid. 45, 209

Langacker and M. Ludbid. 44, 817(199J); N. G. Deshpande, (1995.

E. Keith, and P. Palipid. 46, 2261(1992. [24] D. Caldwell and R. N. Mohapatra, Phys. Rev. 3D, 3477
[8] V. V. Dixit and Mark Sher, Phys. Rev. B0, 3675(1989; M. (19949.

K. Parida and C. C. Hazrahid. 40, 3074(1989. [25] M. Bando, J. Sato, and T. Takahasi, Phys. Rev62) 3076
[9] R. N. Mohapatra and M. K. Parida, Phys. Rev.4D3, 264 (1995.

(1993. [26] Dae-Gyu Lee and R. N. Mohapatra, Phys. Rev5®) 4125
[10] L. Hall, Nucl. Phys.B178 75 (1981); P. Langacker and N. (1995.

Polonsky, Phys. Rev. @7, 4028(1993. [27] M. K. Parida(unpublishegl
[11] Q. Shafi and C. Wetterich, Phys. Rev. L&#®, 875(1981); C. [28] R. N. Mohapatraprivate communication

T. Hill, Phys. Lett.135B, 47 (1984). [29] M. K. Parida and P. K. Patra, Phys. Rev.3D, 2000(1989;
[12] M. K. Parida and P. K. Patra, Phys. Rev.3DB, 2000(1989; M. K. Parida and M. Raniibid. 49, 3704(1994.

Phys. Lett. B234, 45 (1990. [30] R. N. Mohapatra, Phys. Lett. B85 235(1992.



