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The patterns oR violation resulting from the imposition of a gaugedl) horizontal symmetry on the
minimal supersymmetric standard model are systematically analyzed. We concentrate on a class of models
with integer U1) charges chosen to reproduce the quark masses and mixings as well as charged lepton masses
exactly or approximately. The (@) charges are further restricted by the requirement that very large bilinear
lepton number violating terms should not be allowed in the superpotential. It is shown that this leads to
severely constrained patterns of trilinear interactions. Specifically, the only choice compatible with phenom-
enological restrictions is the one in which all the trilined{k and all but at most two trilineax;;,c couplings
vanish or are enormously suppressed. Tli&) dymmetry can allow the effective generation of bilinear lepton
number violating parameters through terms in théalkapotential. The resulting models are identified and the
structure of neutrino masses in some of these is briefly discussed.

PACS numbegps): 14.60.Pq, 11.30.Hv, 12.60.Jv

[. INTRODUCTION lead to definite patterns of tHe violating couplings appear-
ing in Eq. (1). This in turn leads to specific structure for
One of the attractive ways to understand the mysteriou§eutrino masses.
hierarchy among quark and lepton masses is to postulate the The purpose of this paper is to systematically search for
existence of a () symmetry broken spontaneously at a all possible allowed patterns for thieviolating couplings of
scale much larger than that of weak interactipts Most ~ Ed- (1) which result from Y1) charge assignments consistent
fermion masses and the entire Cabibbo-Kobayashi-Maskané('th the successful predictions in the quark sector in case of

(CKM) matrix arise in this approach due to the breaking ofinteger U1) charges for all fields. In a large class of such
the U(1) symmetry and are determined in terms of a parammOdels[A"?’lo'll the U1) symmetry tends to lead to very

eter\~(6)/M and the W1) charges of the fermions. Here 'ard¢ and phenomenologically unacceptable values for the
() determines the scale of(l) breaking andVl is some co_efflmentei of the b|.I|near terms in Eq). Requmng that .
higher scale which could be the Planck scile or the this not happen restricts the allowed set of modells in a strin-
string scale if W1) arises from an underlying string theory. gent.manner. We find a remarkaPIe result th_at in all these
The \ is usually identified with the Cabibbo angle0.22 ~ restricted models, almost all the trilinear couplings in &9.

and all the fermion mass matrices are represented as powe%e either Z€r10, are_hlghly SyppreSSEd’ or their predlct(_e(_j mag-
of X. Although this mechanism is quite general, it becomesr"tUdeS are inconsistent with pr_]enom,enology. Specifically,
quite attractive to combine the virtues of thi¢lysymmetry &/l the models we analyzed require zevg, and at most one
with that of the minimal supersymmetric standard modelC" tWO nonzerok;; if they are to be phenomenologically
(MSSM) [2—8]. In this case, the (1) can give information consistent. The re_sulp_ng theory still possesses Ieptqn number
not only about the quark spectrum but also abouRlparity violation since a significant amount of bilinear couplings can

violating couplings which can determine the neutrino massef€ generated through couplings in théti potential using
through the pattern oR violation it dictate6,7,9—11. the mechanism proposed by Giudice and Masi&M) [12].

Lepton number violation in the MSSM is generated due tol e neutrino mass patterns in this case get restricted in terms
the presence of the supersymmetric partners of quarks arRf Only three or four independent lepton number violating

leptons. This can be characterized by the followigiolat- ~ Parameters, making (@) symmetry a very predictive scheme
ing terms in the superpotential of the model: not only for descriptions of the quark spectrum but also for

neutrino masses and mixing.
We start in the next section with a discussion of our
We =N LiQiDE+NijLiLEf+ 6LiH,. (1)  framework and the basic assumptions and highlight_ the prob-
P lem of the generation of large; parameters within this
framework. In the next section, we discuss the structure of

A priori, this involves 39 independent parameters. Each o1;ri|inear interactions and their consistency with phenomenol-

these can contribute to the mass matrix for the three lighf9Y IN models which can explain the quark spectrum. Sec-
neutrinos. It is desirable to restrict the number of allowed!on IV contains a specific d|scu55|(_)n of the consequences of
couplings from some symmetry principle and théLlsym- models aIIowe(_j on phen.omenologlcal grounds and we sum-
metry can play a crucial role. By requiring that the1 marize the main results in the last section.

charges of the MSSM field should be such that it leads to

correct quark and charge lepton masses as well as the CKM
matrix, one could considerably reduce the freedom in choos- Let us consider the MSSM augmented with a gauged
ing the U1) charges. A set of charges so determined woulchorizontal U1) symmetry. The standard superfields

II. U(1) SYMMETRY AND THE e PROBLEM
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(Li, Qi, Df, U?, Ef, Hy, H,) are assumed to carry After imposing the above-listed requirements, the successful
chargesl;, g;, di, u;, &, hy, h,), respectively, with model is fixed in terms of the four independent charges. Each
running from 1 to 3. The (1) symmetry is assumed to be choice of these charges would imply different patternsRor
broken at a high scale by the vacuum expectation valugiolation. Since the () is capable of predicting orders of
(VEV) of one gauge singlet superfiel with U(1) charge  magnitudes of various couplings, it is not guaranteed that all
normalized to—1 or with two such fields, ¢ with charges ~ the patterns oR violation predicted in this way would be
—1 and 1, respectively. It is normally assumed that only thd®henomenologically consistent. In fact very few can meet the

third generation of fermions has renormalizable coupling<onstraints from phenomenology. The most stringent con-
invariant under ). The rest of the couplings arise in the Straint on possible choice @& charges is provided by the

effective theory from higher dimensional terfis: parameters; . The U1) symmetry can lead to the following
term in W
«ywHﬁﬁyu g\ith:
M) MLin(ﬁ) (5)

whereW; is a chiral superfieldH is the Higgs doublety is
some higher mass scale which could be the Planck 8¢gle
and nj;=;+¢; are positive numbers representing the (6)
charges of¥;, W; under U1), respectively. A similar term €~ (V
is absent in case of a negatimg due to the holomorphic

nature n(_)_fW [2]. For positiven;;, one gets anjth entry of  pjess the charges-+h, are appropriately chosen, the pre-
order\"i in the mass matrix for the fiel¥. The identifica-  gjicted value fore; can grossly conflict with(a) the scale of
tion A~0.22 and proper choice of (1) charges leads t0  gy(2)xU(1) breaking which would require a sneutrino

successful quark mass matrid@s-5]. VEV <O(My,) and (b) neutrino masses. A bilinear param-
A priori, the model has 15 independentlcharges for  oiar ¢ would imply a neutrino masgL4] of order[15]:
matter and 2 charges for Higgs fields. Of these, all but four

This leads to

li+hy

~M\!ithe, (6)

can be fixed from different requirements discussed in the e\2 M%
literature which we list below5]. ,,~(—) M Sirt ¢b. @)
(1) The fermions in the third generation are assumed to K SUsY
have the following couplings invariant undef1): Here, sifig is O(1) if supersymmetry(SUSY) breaking is
g\ g\ not characterized by the universal boundary conditions at a
Wy = B,Q3USH,+ 8,QsDSH (_ +8,L5ESH (_) ] high scale. In the converse case, this factor gets enormously
Yo PresEs2 TARSEIM UM suppressed due to the fact thatcan be rotated away from

@ the full Lagrangian in the limit of vanishing down quark and
charged lepton couplings. This issue is discussed in nhumber

This is possible if of papers[16]. A typical order of magnitude estimate of

q3+U3+h2:0, q3+d3+h1=|3+63+h1=x. (3) Sln2¢ IS [17]
2\ 2
This determinesh,=—q3—u3 and h;=—qz—dz+x with 3h§|nm_>2<
tanB~\*(m;/m,). The phenomenological requirement of z

H — 107
tanB=0(1) implies O0<x=<2. b-7 unification has been im- sin’¢ 1075 ®)

plicitly assumed in writing Eq(3).

(2) The charge differences|i;=q;—0s3, Uiz=Uj—Us,  These equations are very rough estimates. The exact values
and djz=d;—d; (i=1,2) are determined by requiring that depend upon the MSSM parameters. But these rough esti-
the quark masses and the CKM matrix come out to be exmates are sufficient to show that the phenomenologically re-
actly or approximately correct. Various possible values forquired ¢ are grossly in disagreement with typical predic-
these differences have been classifiefbhand we shall use tions, for, e.g., even with si#?>~10"7, m,<1 eV would
these results. neede~1 GeV for u~Mgysy~100 GeV.

(3) The U1) symmetry being gauged is required to be |n order to prevent very large; from being generated,
anomaly free. It has been shoy#] that all relevant 1) one must ensure one of the following.

1672

anomalies cannot be zero in models with a simgiéone is (@) |;+h, is bounded by

to require the correct structure for the quark and lepton

masses. These anomalies then needs to be canceled by the li+h,=24. (9)

Green-SchwarzGS) mechanisni13]. This requirement im-

poses three nontrivial relations among thellcharges. This can lead toe; in the GeV range and neutrinos with
(4) The prediction of an approximately correct hierarchymass in the eV range in the case of models with universal

among the charged lepton masses requires boundary conditions antl ~10'®GeV. In models without

universal boundary conditions, the required magnitude for
[13+e;3=4 or 5 [o5t+e53=2. (4) I;+h, would be even larger.
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TABLE I. We present here all the possible models which gen-three CKM mixing angles. Since the predictions ofly
erate correct quark and lepton mass hierarchies as well as the CKBymmetry are exact only up to coefficients®§1), one has

matrix. to allow for models which may deviate from the exact pre-
dictions by a small amount. The charge differences in mod-

Models ligtes lst€xs Gis O3 Uiz Uz diz ds  els |l 11, and IV represent models which deviate from the

IA 4 2 3 2 5 2 1 0 exact predictions byD(\) [5]. The leptonic mixing analo-

A 4 2 4 3 4 1 1 1 gous to the CKM matrix is still arbitrary in these models but

A 4 2 4 3 a4 1 1 1 the charged lepton masses are required to satigfym.

VA 4 ) 5 3 10 7 & 5 A, m,/m~\?in models A andm/m,~\° m,/m,
~\2'in models B.

IB 5 2 3 2 5 2 1 0 The U1) charges are still subject to the anomaly con-

1B 5 2 4 3 4 1 1 4 straint. The anomalies generated due to the presence of the

1B 5 2 4 3 4 1 -1 -1 extra U1) are as follows:

IVB 5 2 -2 -3 10 7 6 5 3

[SU(3)]2U(1)x: A3=i§1(2qi+ui+di>,

(b) U(2) is broken by only one superfiel@l andl;+h, is
negative. The terms in E@6) are then not allowed iV by
the W(1) symmetry and by the analyticity of. [SU(2)]2U(1)y: A=

(c) I;+h, is fractional, forbidding coupling of the bilinear
term to 6.

(d) Impose some additional symmetry, e.g., modular in- [U(1)y]2U(1)y
variance which may prevent the occurrence of dangerous v X
terms[18].

Note that models containing twé-like fields with oppo- +hy,+h,
site U1) charges would lead to large independent of the
sign ofl;+h,. Thus these models can be made phenomeno-
logically consistent only by choosing fractional or unnatu-
rally high values fotl;+ h,|. We shall therefore not consider .
these models and concentrate only on models with a sifgle —hi+hs. (10)
and also assume only integef1) charges. Ther; can be
suppressed either through) or through(b) if no other sym-
metry is imposed.

Although the structure oR violating interactions follow-
ing from a U1) symmetry alone has been discussed in a
number of paper$4,7,9-11, the requirement that the()  The apnove constraints ok, ,A,,A; can be solved to give
symmetry should not generate largehas not always been
imposed[4,7,10. It is argued customarily tha¢ are un- 3 3
physical as they can be rotated away by redefining the new h=h,;+ hzzz (gi3+ dig)_z (liz+e€s),

H, as a linear combination of the originidl; andL; appear- =1 =1
ing in Eqg.(1). This, however, changes the originalparam-

Mo

(3git1;)+hythy,

Il
s

3
8 2
E 3q,+ Ui+ 3 di+li+2e

3
UMV A= (af-2uf+di-17+ef)

These can be canceled in string theory through the Green-
Schwartz mechanisiil3] by requiring

A,=A;=2A,, A=0. (11

eter to w2+ €”)¥2 Thus, if the models do allow large, l2=m=(l;+15+90s+4h=3x), (12)
then rotating them away generates equally lgigehich is  \\here

also phenomenologically inconsistent. One must therefore al- 3

low only U(1) charge assignments corresponding to zero or _ 4

suppressed; in W. m Z‘l i3t dis—dis) (13

Ill. STRUCTURES OF TRILINEAR COUPLINGS Also, from Egs.(3),
In this section, we shall enumerate possiblg)Umodels Uz=X—2q3—dz—h. (14)
leading to the correct quark mass spectrum and investigate

structures for the trilinear couplings in these models, keepin I di itiveh will Iti | lessh i
the phenomenological constraints in mind. owed inW. Positiveh will result in too largew unlessh is

After imposing Egs.(3), the quark mass ratios and the also correspondingly largeNegativeh does not allow the.
CKM mixing angles are determined in terms of the quarkterm in W but a phenomenologically consistent value can be
charge differences. A systematic search for the possible
charge differences led to the eight modgs7] reproduced
in Table I. 1see, however, Ref18] which imposes additional modular in-

Model | exactly reproduces the quark mass ratios and aNariance.

ote that the parametér determines whether the term is
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generated through GM mechanism in this cdse0 allows TABLE Il. Here we display the allowed models where the fol-
arbitrary u in W. The anomaly constraint determinegom-  lowing constraints have been imposéal: the requirement of cor-
pletely in terms of the charge differences fixed by the modelgect quark and lepton mass hierarchies as per model IA in Table |,
in Table | and is insensitive to the overall redefinition of the (b)) GS anomaly cancellationgc) f;=1;+h,=<0, (d) phenomeno-
U(1) charges. It is seen that all except model IIA lead to zerdogical constraints fromk®-K® mixing on A/, couplings, ande)
or negativeh and thus are phenomenologically consistent. [ds,us,ds,li|<10.

The magnitudes and structure of the trilinear couplings

are determined by the following equations: No. x g3 us dg Iy lp ls fi fy fg If Ay allowed
g 1 021 -5 6 -3 6 -9 -6 -9 No
)\i’jkzﬁ(ci+n?k))\ci+njk, 2 02 15 -5 5 -5 -8 -8 -8 No
3 02 1 -5 -4 -7 -4 -7 -10 -7 No

| 4 02 1 -5 -3 -9 -3 -6 -12 -6N\y3,~4.8x10°7

Nijie= 0(Ci T NjONC " Mk, A5 5 92 2 610 -4 -1 -14 -8 -5)\Zi~5.1><10’4
g | ) 6 03 2 -8-10 4 -10 -15 -9 -15 No
wherec;=l;+x+h,—h, njy=dj3+ds, Njy=ljsteswith 7 o 3 2 g 9 6 -9 -14 -11 -14 No
nf.nj, being completely fixed for a given model displayedg o 3 2 -8 -8 -8 -8 -13 -13 -13 No
in Table I. Note that some of the trilinear couplings maybeg o 3 2 -8 -7 -10 -7 -12 -15 -12 No
zero if the corresponding exponent is negative. They majyjg 2 3 2 6 -7 -3 -8 -12 -8 -13 No
still be generated due to a nonminimal contribution tothe;; 2 3 2 6 6 -5 -7 -11 -10 -12 No
kinetic energy term of different field$-7]. Such contribu- 1, 5> 3 5 5 5 7 -6 -10 -12 -11 No
tions do not, however, affect the order of magnitudes ofj3 5> 3 5 5 4 9 5 .9 -14 -10 No
those couplings which are nonzero to start wWish 14 2 4 3 9 -9 8 -10 -16 -15 -17 No
After imposing the constraints of Egd.1), one is still left 5 4 3 -9 -8 -10 -9 -15 -17 -16 No

with four independent parameters includirg One would
thus expect considerable freedom in the choice f, \jy. -
Typically, more than one such couplings are allowed to b§; tol10ws from Table | that thend:!

imult i . dels. Thus thev lead t jk are positive or small
nonzero simuftaneously In various modeis. Thus they 1ead 1Qqqative numbers in all models. As a consequence, all trilin-
flavor violating transitions which are known to be enor-

: . ear couplings ares\'°~10"'?in this case. This value is too
m_qusly supprfassed. It is these constraints on.th_e product Qb 51 o have any phenomenological consequence.
trilinear couplings which lead to stringent restrictions on the
allowed U1) charges. It turns out that the constraint follow-
ing from the K°—K® mass difference alone is sufficient to B.li+h,<0
rule out the presence of nonzero trilinear couplings in most We shall first show that the most preferred model IA can
models. Thek®—K® mass difference constrains the productP® phenomenologically consistent in this case only when all
Mo\lp, to be <107° [19] for slepton masses oB(100 \{jx are zero and then generalize this result to other cases.
GeV). Allowing for some variation in these masses, we shallThe \{j, are explicitly given as follows in this model:
use the following conservative limit:

A N3 N3

N oA o=\~ 1.3x 10, (16) NPEIUALEAL DD Dl (17)

A1l 1
We now analyze the magnitudes of the product in &)
predicted by models of Table I, when one imposes the addiwhere it is implicit that some element is zero if the corre-
tional requirement that thg+h, be negative or have the sponding exponent is negatiy2]. The matrix in the above
large value given in Eq(9). These requirements result in equation(17) coincides withe *(Mg) ;. Hence, for nega-
zero or suppresseq , respectively. But they would also lead tive |;+h,, it follows that\; is either larger than the matrix
to zero or suppressed trilinear interactions as we now diselement M) or is zero for every. In the former case, one
cuss. Let us consider these two cases separately. cannot easily meet the phenomenological requirement in Eq.
(16). Specifically, the equation far; gets translated to
A. li+h,=24

. e ci=l;+h,+x<—-3 or =3. 18
In this caseg; are artificially forced to be small by choos- e (18
ing a very large value of;+h, as in Eq.(9). But the large . . Lo .
value of these charges also results in an enormous supprelis condition ensures thati; A, either satisfies E¢(16)
sion in the allowed magnitudes of the trilinear couplings.(When ¢i>3) or is identically zero Whe"‘:i<_§- But ¢
This is easily seen from EqéL5). Sinceh is zero or negative =S IS untenable sincé;+h,<0 and ta8~\*(m;/m)

for all allowed models anst<2. it follows that =0(1) needsx=2 leading toc;<2. As a result one must
restrictc; to less than—3 for all i. It can be easily seen that
¢i=Il;+h,+x—h=l;+h,=22, ci=—4 is also ruled out. As follows from Eq17), all )\i’jk
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TABLE Ill. Same as Table I, but for values given by model IB.

No X Os Uz ds I I, I3 fq f, fa If \jj« allowed

1 0 2 2 5 6 -3 -2 10 -7 -6 N1z~ 1.0, Ay3~102
2 0 3 2 -7 -4 -6 -10 -9 -11 -15 No

3 1 3 2 -6 -3 -5 -9 -8 -10  -14 No

4 0 3 3 8 10 -1 -9 -16 -7 -15 N3~ 1.0

5 0 3 3 -8 -8 -6 -6 -14 -12 -12 No

6 1 3 3 7 8 -4 5 14 -10 -11 Ap31~1.0

7 1 3 3 -7 -6 -9 -2 -12 -15 -8 No

8 2 3 3 6 -8 2 -4 14 -8 -10 Ayp~1.0, Ay~2.3x10°°
9 1 4 4 -10  -10 -7 -9 -18  -15 -17 No

10 2 4 4 -9 -10 -5 -8 -18  -13  -16 No

11 2 4 4 -9 -8 -10 -5 -16 -18  -13 No

except\,, are zero in this case to start with. But the mixing wherec; are the same coefficients defined in the context of

of superfields in kinetic terms can regenerate othgg. A’ and are required to bec—4 as argued above. It then
Specifically, one gets immediately follows from Table | that all\;; except
N123:N231, and X3, are forced to be zero. Moreovexg;,
N1o=VON 1 1~N, andX\ ,3; cannot simultaneously be zero. Thus one reaches an
important conclusion that model 1A can be consistent with
N =VEN 1~ phenomenology only if alhj;, and all\;;, except at most
two are zero. We have not made use of one of the anomaly
N 1N~ \2, (199  equations, namelyA;=0. Use of this does not allow even
one\;j to be nonzero in a large number of models.
whereVY rotates the matter field; to bring kinetic terms to Essentially the same argument can be repeated also in the
canonical form(6]: case of other models. The structure)df, is determined in
these models by
WiV,
I _\C+tagzt+d
(o))l Nije AR, 22
ViiN(V (20 wherec;=|;+h,+x—h; The main difference compared to

an earlier model is that the appearing irc; is not forced to
It follows from the above that one must requce<—4  be zero but is given by Eq12) and can take values 1
for all i. One concludes from E@17) that the only phenom- (model 1B, model IlIA, model IVB or —2 (model 11IB). The
enologically viable possibility in model IA is to require van- h=0 for model IIB and the above argument made in the case
ishing \;, for all values ofi,j,k. We emphasize that a non- of model IA also remain valid in this case. Becalrse0 in
trivial role is played in the above argument by the these models, they allow somewhat larger valuesf@om-
requirement of zero or negativet h, and by the value o pared toc;<2 in the case of model IA. These larger values

determined from the anomaly constraints. of ¢; result in an extreme case corresponding;toh,=0
The above argument also serves to restrict the trilineaandx=2. It is possible to satisfy the constraint coming from
couplings\jj, . Defining the antisymmetric matrices\ ();; Amy in these extreme cases; e.g., for model llB; h,=0,
=\ijk, one could rewrite\ as follows: x=2 lead to
0 )\Cz )\C3 )\7 )\6 )\6
(Apj=\* —\°2 0 Nl | (\Dpe~| A& A5 A%, (23
— NG —)Catla—l1 0 A4 A3 a3
0 NG \Cstlil2 This structure is consistent with E€L6) as well as all other
(Ag)ij= X G 0 AC3 , constraints onj, . This possibility cannot be therefore ruled

out purely on phenomenological grounds. But as we will

_ y\Catlq—I _yC ;
AT AT 0 show, A;=0 plays an important role and does not allow
0 U these marginal cases.
(Ag)ij= —\G2lala 0 A2 (21
—\& —\©2 0 2Similar marginal cases are also found for models I11B,IVB.
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TABLE IV. Same as Table IlI, but for values given by model TABLE V. Same as Table IlI, but for values given by model
IIB. IMA.

No. x g3 uz d3 Iy I, Iz f; f, f5 If Ay allowed No. x qs uz d; Iy I, I3 f; f, f3 If Ay allowed

1 02 2 6 -3 -8 -9 -7 -12 -13 No 1 02 3 -6 -7 -2 -9 -12 -7 -14 No
2 02 3 -7 -8 -5 -7 -13 -10 -12 No 2 02 3 6 -6 -4 -8-11 -9 -13 No
3 0 2 3 -7 -6 -10 -4 -11 -15 -9 No 3 02 3 6 -5 -6 -7 -10 -11 -12 No
4 1 2 3 -6 -8 -2 -7 -13 -7 -12 Ap~1.0 4 02 3 -6 -4 -8 -6 9 -13 -11 No

5 1 2 3 6 -6 -7 -4 -11 -12 -9 No 5 02 3 -6 -3-10 -5 -8 -15 -10 A;3,~1.0
6 2 2 3 5 6 -4 -4 -11 -9 -9 N,y~10 6 1 2 3 -5 -6 -2 -7 -11 -7 -12 No
7 13 4 -9 -9 -10 -7 -16 -17 -14 No 7 12 3 55 -4 -6-10 -9 -11 No
8 2 3 4 -8 -9 -7 -7 -16 -14 -14 No 8 12 3 -5 -4 -6 -5 -9 -11 -10 No

9 1 2 3 -5 -3 -8 -4 -18 -13 -9 A;3~1.0

10 1 2 3 -5 -2 -10 -3 -7 -15 -8\;3,~2.3x10°3

IV. MODELS 11 2 2 3 -4 4 4 -4 -9 -9 -9 No

2 2 3 4 -3 -6 -3 -8 -11 -8 A;310

Let us now discuss specific models which successfully12
meet all the phenomenological constraints. An important rolé
is played in categorizing these models by the anomaly con- ) , L
straintA; =0 which has been not yet imposed. Imposition of (4) We did not impose baryon parity in the above analy-
this further constrains the model.

sis. A look at the solutions presented in the tables, however,

It is possible to give a general solution of all anomaly Shows that the operatot /DDy carries large negative
constraints for all models listed in Table I. We outline the €harge in all models. Thus baryon number violating terms
solution for theA;=0 condition in the Appendix. We have are autqmatlcally forbidden from the sgperpo_tent!al. These
numerically looked for integer solutions of the anomaly Con_terms will be generated from the effectivetl) violating D

straints satisfying the criterid) |, +h,<0, (2) ¢; are chosen term

to satisfy the constraint Eq16), e.g.,c;<<—4 in the case of

model 1A, and(3) the absolute values @fs,Us,ds,l1,15,15 1 (6 lqud P,
are restricted to be less than or equal to 10. The last require- Mpl M (UiDjDw),

ment is imposed for simplicity. Moreover, in practice, higher
values of these charges will generically result in suppresse\%hereq__ is the negative () charge of the combination
R violating couplings which may not be of phenomenologi- U?’D-CDCIJkThis leads to barvon number violating counlings
cal interest. Although all (1) couplings can be specified ~' 17 k" y 9 piing
using only four parameters, we have displayed values of
X, Qs, Uz, dsz, l;, andl;+h, in Tables lI-VIIl. We draw ., Map
the following conclusions from the tables. Niji~ M_p

(1) None of the models displayed allow the vallye- h,
=0, ruling out the marginal models displayed in E@3) at
least for the ranges of parameters considered here.

(2) While all \j, are forced to be zero, some of the mod-
els allow one or two nonzerd;;, . We have shown this in
the last column which also gives the order of magnitude forI

the allowed\;j . This need not always be compatible with effectively generated in the same wayNdsdiscussed above.
phenomenology particularly after taking care of the mixing

of kinetic energy terms. Thus some of the models displaye(]—helr_lgnagthdes will ‘also be enormously suppressed,
in the tables would not be allowed =10 ", depending upon the m_odel. : :

(3) Although the termLH, is not .directl allowed. it can . It follows from the forgoing d|scu55|on_s that cpn5|§tently

9 im 2 ectly ’ implemented 1) symmetry allows very simpl®& violating

b.e generated from the thler potential th_rough the mecm\’nteractions, namely, three bilinear terms and at most two
hism proposed by Gl\ﬂlz_] n order_to ‘?Xp'a_'” thgu param- - iiinear couplingsh;;, . The constraints coming from the
eter. The order of magnitudes ef is given in this case by 0o —o ) J . i L i
K”—K" mass difference were instrumental in arriving at this
conclusion. It is worth emphasizing that the effective bilinear
interactions generated from the GM mechanism in this case
are not subject to such stringent constraint from the flavor
wheremgy, is the gravitino mass. This can be read off from violating processA priori, the bilinear terms can be rotated
the tables in all cases. The uniformly large magnitudes ofway in favor of trilinearA’ andX\ interactions. It turns out
[;+h, found in the tables imply th&R violation through the that one does not generate dangerous flavor violating terms
effective bilinear term is also quite suppressed but it can stilln the process. Specifically, one finds, for the flavor structure
be of phenomenological relevance. [17],

gkl

which are extremely suppresseds O(10 %) for my,
~1 TeV. Thus proton stability gets automatically explained
in all the models.

(5) Trilinear lepton number violating terms are not al-
owed in the superpotential from analyticity. But they will be

€~ Mg\l hal, (24
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TABLE VI. Same as Table Il, but for values given by model IlIB.

No X Os Uz ds I P I3 fi fy fa If \jjx allowed

1 0 2 3 -5 -2 -5 -7 -7 -10  -12 No

2 0 2 4 -6 -7 -3 -4 -13 -9 -10 No31~0.22

3 0 2 4 -6 -5 -8 -1 -11 -14 -7 N31~1.0, Aq3~1.0
4 2 3 4 -6 -3 -4 -10 -10 -11  -17 N3~ 1.0

5 0 3 5 -9 -8 -6 -9 -6 -14 -17 No

6 1 3 5 -8 -9 -3 -8 -7 -11 -16 No

7 1 3 5 -8 -7 -8 -5 -5 -16  -13 No

8 2 3 5 -7 -8 -5 -4 -6 -13 -12 No3~1.0

9 2 3 5 -7 -6 -10 -1 -14  -18 -9 N3~ 1.0, Ny3~-0.22
10 2 4 6 -10 -9 -8 -9 -19 -18  -19 No

tanf; . | . b e trum \_/vould depenql upon the structures of soft symmetry
W=~ m[(OL)saLa](mgLﬁeﬁ+ mQidi), (25  breaking terms which themselves would be determined by
the U(1) symmetry. We shall not discuss it here.
where all the fields are in the physical, i.e., the mass, basis.
(OI) represents a mixing matrix determined solely by the V. SUMMARY
ratios ofe; and tads= (=, €2)/ 1 anda, B run overe, u, 7. )
It is seer; that thearesu(ltirlugjI )trmnear inl[tgeractions aﬁe flavor The sqper;‘ymmetnc standar_d model allows 39 lepton
diagonal and thus the parametees are not severely number violating parameters which are not constrained theo-

constrained. The major effect of the bilinear terms is to ret|9ally. We have shown in th|s_paper that theLlsymme- .
generate the neutrino masses and leptonic Kobayash‘i[y invoked to understar_\d fermion masses can play an im-
Maskawa matrix portant role in constraining these parameters. We restricted

The neutrino masses in the presence of bilinear term urselves to '”"?gef @) charges _and c_onS|dered c_hﬁerent
(1) charge assignments compatible with the fermion spec-

alone have been discussed in many papéd. A large .
number of these concentrated on universal boundary condffum- We have shown that the only phenomenologically con-

tions since they provide a natural means to understand thﬂ'Stent possibility in this' context is that all the triline)aii]k
smallness of neutrino masses even when the bilinear pararld a_IIlEt’)ut twokj couplings are zero or extremely small of
eters are not suppressgis,17. The soft SUSY breaking (_)(10_ ). Whll_e the patterns oR violation have been ear-
terms are also subject to(l) symmetry and need not follow i€r discussed in the presence oflly symmetry the system-

a universal structurfl8]. But the smallness of the neutrino aliC_confrontation of these patterns with phenomenology
masses follows here from the(l) symmetry itself without leading to this important conclusion was not made to the best
invoking universal boundary conditions since the allowed®f our knowledge. In fact, some work&1] which neglected
values of|l;+h,| in various tables are large, leading to sup- "€ important constraint df +h,=<0 concluded to the con-
pressedt/ . and hence neutrino masses, E8). The detailed trary that it is possible to obtain phenomenologically consis-
structure of neutrino masses and mixing will be more modef€Nt and nonzero trilinear couplings. o
dependent here than in the case of universal boundary cop- Our Work is restricted to only (1) symmetry which is by
ditions. It seems possible to obtain a reasonable mixing anff" Most popular and to integer(l) charges. Use of other
masses in some of the models. As an example, consigdiorizontal symmetries can allow nonzero trilinear interac-
model 2 in Table III. This is characterized by three bilineartions and still be consistent with phenomenology. An ex-
terms of equal magnitudes. Thus in the absence of any finéiMPple of this can be found if20]. Our work is closely
tuning one can expect to get large mixing angles naturally'€lated to and complements the analysis presentgél]irit

The heaviest neutrino would have mass of the order of )
TABLE VII. Same as Table Il, but for values given by model

M2 IVA.

m,~\18 ~10tev,

Susy No. x o3 ug d3 Iy I, I3 f; f, f3 If \jj allowed
which is in the right range for solving the atmosphericneu-; o 6 3 -9 -10 -4 -7 -13 -7 -10 A,~10
trino anomaly. The other mass gets generated radiatively 5 g 3 9 9 6 -6 -12 -9 -9 No
through Eq.(25) and would be suppressed compared to the; o6 3 9 -8 8 -5 -11 -11 -8 No
above mass. The detailed predictions of the neutrino speg o ¢ 3 9 .7 .10 -4 -10 -13 -7 No

5 2 7 -2 -10 -8 -6 -10 -13 -11 -15 No
6 2 7 -2 -10 -7 -8 -9 -12 -13 -14 No
3The same conclusion was also drawn in R by using a 7 2 7 -2 -10 6 -10 -8 -11 -15 -13 No

different leptonic basis.
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TABLE VIIl. Same as Table Il, but for values given by model
IVB.

No. x g3 uz d3 I, I, I3 fi f, fg If Ay allowed
1 06 -2 9 -8 -5 -4 -12 -9 -8 A\yp~022
2 2 7 -1 -10 -8 -5 -7 -14 -11 -13 No
3 2 7 -1 -10 -6 -10 -4 -12 -16 -10 No

was assumed in this paper that bilinéawiolating interac-
tions come from the GM mechanism and are absent in th

superpotential. Assuming that there are no trilinear interac-

tions in the superpotential it was shown that flavor violating

transitions in the model are adequately suppressed. We have

systematically shown that this is the only allowed possibility
except for the occurrence of one or two trilineag, cou-
plings. This way, W1) symmetry is shown to require that
only 4 or 5 of the total 39 lepton number violating couplings

could have magnitudes in the phenomenologically interest-

ing range.

APPENDIX

Here we give the most general solutions for the Green
Schwarz anomaly conditions in terms of the four indepen
dent charges. The constraihs=A, and A;= A, give us

Eg. (12). The conditionA;=0 can be solved to give

where

PHYSICAL REVIEW D 62 093020

-1
A:k_2 2 (di3+2Ui3)_h+kl+k2_m+3X y
-1
B=1, Z (Gig+4Uiz) — 7h+K; + 10k, — m+9x |,
-1
C=k—2(k2—k1),
e -1
D:k—2<5h_42 (Uis)_S(k2+X) s
E=(2i (di23+qi23—2ui23+kiz)—5h2+2k2(4h—m))
(A2)
and
Ki=l13t €3,
k2: I 23+ 623 . (A3)

In the above we have takep, ds;, |, andx as four inde-
pendent parameters atg has been expressed in terms of
them.m andu; are, respectively, given by Eq€l3),(14) of

the text and remaining charges by Table | defining the mod-
els. This way all Wl) charges get fixed in terms of
gs, dsz, I; andx once a model displayed in the table is
chosen.

[1] C. D. Frogatt and H. B. Nielsen, Nucl. PhyB147, 277
(1979.

[2] M. Leurer, Y. Nir, and N. Seiberg, Nucl. Phy8398 319
(1993; B420, 468(19949.

[3] L. E. Ibanez and G. G. Ross, Phys. Lett3B2 100(1994).

[4] P. Binetruy and P. Ramond, Phys. Lett3B0, 49 (1995.

[5] E. Dudas, S. Pokorski, and C. A. Savoy, Phys. LetB38, 45
(1995.

[6] P. Binetruy, S. Lavignac, and P. Ramond, Nucl. PlB477,
353(1996.

[7] E. J. Chun and A. Lukas, Phys. Lett. 37, 99 (1996; K.
Choi, E. J. Chun, and K. Hwang, Phys. Rev.6D, 031301
(1999.

[8] Y. Nir, Phys. Lett. B354, 107(1995; V. Jain and R. Shrock,
hep-ph/9507238; E. J. Chun, Phys. Lett3&7, 226(1996); K.
Choi, E. J. Chun, and H. Kimbid. 394, 89(1997. Also see J.
M. Mira, E. Nardi, and D. A. Restrepo, Phys. Rev. @2,
016002(2000.

[9] P. Binetruy, E. Dudas, S. Lavignac, and C. A. Savoy, Phys.
Lett. B 422 171(1998.

[10] J. Eliis, S. Lola, and G. G. Ross, Nucl. PhyB526, 115

(1998.

[11] R. Barbieret al, “Report of the group orR-parity violation,”
hep-ph/9810232.

[12] G. F. Giudice and A. Masiero, Phys. Lett.Z06, 480(1988.

[13] M. B. Green and J. H. Schwarz, Phys. La#49B, 117 (1984);

L. E. Ibanez, Phys. Lett. BO3 55 (1993.

[14] L. J. Hall and M. Suzuki, Nucl. Phy$231, 419(1984.

[15] A. S. Joshipura and M. Nowakowski, Phys. Rev5D 2421
(1995.

[16] See, for example, M. Hirscht al, Phys. Rev. D(to be pub-
lished, hep-ph/0004115 and references therein.

[17] A. S. Joshipura and K. S. Balfunpublishegt A. S. Joshipura
and S. K. Vempati, Phys. Rev. 60, 095009(1999.

[18] E. Dudas, C. Grojean, S. Pokorski, and C. A. Savoy, Nucl.
Phys.B481, 85(1996.

[19] For a review see G. Bhattacharyya, hep-ph/9709395; B. Alla-
nach, A. Dedes, and H. Dreiner, Phys. Rev.6D, 075014
(1999.

[20] T. Banks, Y. Grossman, E. Nardi, and Y. Nir, Phys. Re\xaD
5319(1995.

093020-8



