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Abstract

We study supersymmetric models of lepton and baryon number
violation based on an abelian family gauge group. Due to possible
lepton-Higgs mixing, the lepton violating couplings are related to the
Yukawa couplings and may be generated by them even if they were
absent in the original theory. Such terms may be dominant and are
not given by the naive family charge counting rules. This enhancement
mechanism can provide an alignment between lepton-number violating
terms and Yukawa couplings: as a result they conserve quark flavour.
A natural way of suppressing baryon number violation in this class of
models is also proposed.
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Most of the phenomenological discussions on R-parity violations in the
supersymmetric extensions of the Standard Model assume that there is a
single R-parity violating coupling, at least to leading order. This is often
presented in parallel with the situation among the Yukawa couplings where
the top Yukawa coupling is clearly leading. But if this argument has any
truth in it, any theory of fermion masses should account for the relative
size of R-parity violating couplings as well. In this paper, we will assume
the existence of an abelian family symmetry which explains the observed
hierarchies and mixings in the quark and charged lepton sectors and discuss
its consequences for the R-parity violating couplings [1, 2, 3, 4, 5].

It is well-known that the simultaneous presence among R-parity violat-
ing couplings of unsuppressed couplings violating lepton number as well as
baryon number leads to dangerously fast proton decay. We will in most of
what follows assume the existence of a discrete symmetry such as a bary-
onic parity which ensures baryon number conservation: the only allowed
couplings violate lepton number. We will however relax in the end this as-
sumption and show that family symmetries may yield a natural suppression
mechanism for such couplings.

In the general approach using an abelian family symmetry to constrain
the order of magnitude of Yukawa couplings [6], one describes the breaking
of the family symmetry by the small parameter ¢ =< 6 > /Mp where 6
is a field of family charge normalized to —1 and My a typical flavor sym-
metry scale. For exam[A)leA dgnoting by ¢; the family charge of the super-
Tijk = ¢i + ¢j + ¢ # 0, but $ipidkgriir is. Thus, once the family symme-
try is spontaneously broken by < 6 > 0, the superpotential may include

W >3 )\Z'jk(i)i(i)j(i)k, (].)

with
>\ijk ~ PiTOit Ok (2)
This sort of naive power counting is actually not exact if, for some rea-
son, the low energy fields, which we will denote by ®; do not coincide with
the fields &% of definite family charges ¢;. There is a possible enhancement
of the low energy couplings with respect to the naive estimate (2). A stan-
dard example occurs precisely in the case of R-parity breaking: the weak
doublets of hypercharge —1 and given family charge may not coincide with
the Higgs doublet H; and the lepton doublets L; of the Standard Model. If
they do not correspond exactly, the rotation to the low energy states —which



are not eigenstates of the family symmetry— may yield a different order of
magnitude for the low energy couplings (2) in the case where the field redef-
inition is nonholomorphic. We will illustrate this enhancement mechanism
precisely on the R-parity violating couplings and show that it is accompa-
nied with an alignment of these couplings along the direction of diagonal
Yukawa couplings.

To be more precise, let us first write the superpotential in terms of the
fields which have definite charges under the abelian family symmetry: be-
sides the standard low energy quark and lepton superfields Q¥, U*, D¥ and
EF*, the Higgs doublet H, and the Standard Model singlets N* of respec-
tive family charges gk, ug, dk, ex, hy, ni (K = 1,2,3), we introduce four left-
handed doublets L* of hypercharge —1 and family charge I, (=1,2,3,4).

The superpotential reads:

W = /LaﬁaHu + MZJNZN]
AN LOLPEF 4+ AD LoQIDF + M), L*H, N* + N Q'H,U*
+A U DI D" (3)
with AZse = =, and X = —Xjj ).
The standard Higgs superfield H; of hypercharge —1 is defined as the

combination of L% along which U(1)y is broken.
More precisely, introducing v® =< L >,

1 o
Hy=—) voL" (4)
Vd -

where vy = (3, vav®)/2.

The other interesting direction is along p = [pe] (if it is not completely
aligned with v = [v,], as is generally the case). Defining therefore w = [w,]
as the normed vector orthogonal to v in the (v, g ) plane, one introduces
the lepton superfield:

L} = Zwafza. (5)

As we will see the corresponding neutrino acquires a mass through the L*H,
terms in (3).
We can then write

. H,
e = oo 4 L3w + L3
Vd



H .
= 4y el (6)
Vg

where LY =3, €%, L" is orthogonal to v and w and e%3 = w®.
We also introduce the angle ¢ between w and v, i.e.

v .
o = peos &= psin uwa, (7)
d

where 1 = (3, pap®) 2.

The superpotential in (3) now reads:

W = pcoséHgH, + psinéL3H, + MijNiNj
+AELHEY + \RQUH, DY + NN LPH, N* + A\ Q' H,U*
+Aijp L' L EF + X, L'QT D* + AkN HyH,N* + X, U'DID*, (8)

where
Oé

B
A = 2\ .e” i , AR =-\D

aik
d

v¢
AR = Afka—d ’ Aijk = Aogre®ie’;
>‘I]k - Aa]ke i >‘zk - Aake i (9)

An obvious remark at this point, which will prove to be useful in what fol-
lows, is that the baryon number violating couplings A ;K are not touched
by the field redefinition and therefore stay independent of the Yukawa cou-
plings. For the time being, we will set them to zero by imposing for example
a baryonic parity 3

In the new basis (Hy, L), the two neutrinos corresponding to L%, a = 1,2
decouple from the other states and we are left with a five-by-five neutralino-
neutrino mass matrix which reads in the (¥, Z, H), HY, LY) basis:

MIC%U + MQS,IZU (M2 - MI)Swa 0 0 0
(My — My)swew  Mis? + Mac?, myzsinB —my cos 3 0
M, = 0 my sin 3 0 —pcosé  —psiné
0 —my cos 3 —pcosé 0 0
0 0 —psiné 0 0
(10)

3 A simple way to obtain a baryonic parity is by the spontaneous breaking U(1) = Z,
which arises if the field # which breaks U(1) has a charge N normalized to the smallest
charge of the theory [7].



where ¢,, = cos 0y, s, = sinb,, and tan g = v, /vy.
The non-zero eigenvalue corresponding to the neutrino reads [8]

My, = mgtan®¢€, (11)
with
B m? cos? B(Myc2, + Mas? ) cos &
My Mypcos € —m%sin28(Mic2, + Mas2)’

mo (12)
where M; and M, are the usual U(1)y and SU(2);, gaugino soft masses.
As is well-known [9, 10], such a neutrino mass is compatible with the
experimental limits only if the angle £ is small, that is in case of approximate
alignment between v and p. We will consider this situation in what follows.
The family symmetry gives the order of magnitude of the couplings (3),
in the basis of family symmetry eigenstates. If we assume that the quadratic
terms are not present in the original superpotential and are produced from
the Kéhler potential through the Giudice-Masiero mechanism [11], then

o ™~ el (13)

where .
lo = |la + hul, (14)

m is a typical supersymmetry breaking mass scale and € measures the break-
ing of the family symmetry (as usual we take it to be the sine of the Cabibbo
angle). Let us denote by l~0 = hg the smallest of the l~a and assume that
0<ly<I; (i=1,23). Then obviously

il po ~ €710 (15)

The components of v depend on p as well as on the soft terms in the
scalar potential,

Viott = (Bp)aL®Hy +m¥y Hy Hy +mZ Lot L + - - (16)
where the order of magnitude of the parameters are as follows *,
(Bu)a~ée  my~m?  miy~ el ol (17)

“A more detailed determination of the soft parameters in theories with abelian family
symmetries and Giudice-Masiero mechanism is given in [12].



Since [y < l~i, the scalar potential can be minimized in some obvious approx-
imations and the e dependence of the v components can be easily obtained,

Vo /vy ~ € i g ~ €i~lo, (18)
Thus, within our assumptions,

Vg ~ v’ Ko~ [
I°~H, Li~L; (19)
and tan 8 = (v, /vq) ~ e~lo.
F‘rom~(15)~ and (18), the alignement between v and p is controled by the
powers (I; —lp), so that o
€% ~ ella=bil, (20)
Since sin? ¢ can be written as

Za,,@ (Mavﬂ - M,@va)Q

.2
sin” ¢ =
¢ 2uv3

(21)

one easily obtains that o

sin? & ~ (3=l (22)
where I3 is defined by 0 < o <l3 <1, (a = 1,2). One thus checks that the
vector w,, defined in (7) is of order el>=!3| in agreement with w® = e®;.

Let us consider the consequences of this mixing for the R-parity violating
interactions. The superpotential (3) is defined in terms of the family sym-
metry eigenstates. Its invariance under this symmetry implies that the cou-
plings are proportional to powers of € as given by (2) if charge ¢;+¢;+¢;, > 0,
while its analiticity implies that they vanish if the total charge is negative.
From this and the € dependence of the mixings in (20), one derives relations
between the R-parity violating couplings and the Yukawa couplings as de-
fined by (9). In the case where [; < [y, the former come out larger than the
latter in contradiction with experimental limits. It is possible to escape this
conclusion by assuming sufficiently negative [; charges, so that the couplings
AiEjk, Ai[])-k, AN in (3) vanish by analyticity®. Then, in all cases,
Aijk ~ Eli_lo)\ﬁ€ ,
e o~ AR (23)

N imloyN
Aij €TON .

5If the gauge singlets N; are included in the theory, this assumption is needed in order
to avoid large neutrino masses from the seesaw mechanism (cf. below).



Notice that by the naive power counting the € factor in (23) would be
eli=lo_ Therefore, according to the values of the charges l,, we distinguish
four different patterns in the relations (23), as follows.

(D) I + hy > lo + hy > 0.

In this case, all couplings in (3) are non-vanishing (unless there are zeroes in
the corresponding fermion mass matrices) and, in the combinations given by
the r.h.s.’s in (9), all terms such that [, <;, are comparable in magnitude.
Then the naive power counting is preserved and the relations (23) are verified
for any values of the indices, but the matrices A} (A;) do not commute
with the Yukawa A? (resp. A”) matrix. Hence the R-parity violations are
flavour changing in this case. These non-diagonal lepton number violations
are required to be extremely small by FCNC processes, in particular by the
limits on ex and Amg ®. However, in models which account for realistic
fermion mass hierarchies, it is sufficient to require I; —ly > 3 in order to fulfil
these constraints. This suppresses as well quark flavour conserving R-parity
violations.

(I1) lp 4+ hy <0 < i+ hy

This pattern of charges gives rise to an enhancement of flavour conserving”
lepton number violation. Indeed, the naive power of ¢ would be different
from that in (23) since, in this case, L —lp = (I — o) — 2ly. The R-parity
violating couplings are larger by a factor e 2/0. Furthermore, only the same
terms with & = 0 (or § = 0) in (9) contribute to this enhanced couplings as
well as to the corresponding Yukawa matrices. For example,

AT ~ Ak s Aije ~ AGjpe’ 10 ~ e 2oelitaitds (24)
and similarly for Aﬁ and A;jr, (AY and AJY). Hence, the matrices of the
couplings of the Hy and all the L;’s are approximately proportional, i.e.,
aligned in the flavour space. The leading R-parity violations are predicted
to be diagonal in the quark flavours. This can also be seen as a suppression of
the flavour changing lepton number violations, which obey the naive power
counting, and a more comfortable fulfilment of the experimental constraints

®For a review on these limits see, e.g., [13]

"Notice that the alignment discussed here means that, for the mass eigenstates, the
Ajj, matrix elements in (23) are non-vanishing for j = k, and that the six non-vanishing
antisymmetric purely leptonic couplings A;;jx have j = k or ¢ = k. For simplicity, we also
refer to the latter as flavour conserving lepton number violation.



from FCNC processes. In this case, the flavour diagonal couplings \; and \;

might be larger by a factor e 2o ag compared to case (I). This would result
in a factor of O(103) for the corresponding widths and cross-sections since,
as already discussed, [p = 1 for intermediate values of tan j.

(III) I; + hy < lop+ hy <0

As explained above, in this case the charges [; have to be sufficiently negative,
so that the non-vanishing couplings in the right-hand side of (9) have a = 0
or f = 0. One recovers the alignment in flavour space as in (24). The
lepton number violating trilinear couplings are all driven by the mixing (6)
induced by the misalignment between v and p so that they are fully aligned
to the Hy couplings. The power of € in (23) is the opposite of the naive
counting one and the R-parity violations can be suppressed by the choice of
the charge differences, I; — Iy, and are not constrained by KK mixing.

(IV) i+ hy <0 <Ip+ hy
If the charges [; are not negative enough to imply vanishing couplings by
analyticity, the lepton number violating couplings obey the naive power
counting while the Higgs couplings would get an enhancement factor of e 2/,
There is no alignment and the R-parity violating couplings still supersede the
Higgs couplings by a factor €/ ' in spite of their enhancement. In order to
satisfy the phenomenological constraints, the [;’s have to be more negative,
and the pattern of lepton number violating couplings will be similar to case
(III) above, with alignment given in (24) and the failure of naive power
counting.

Therefore, in models with abelian charge assignments that satisfy the
experimental requirements, the lepton number violating couplings obey the
naive power counting in case (I), but not in the other three cases, where
they are aligned to the fermion mass matrices in flavour space. Moreover, in
case (II) this property is due to an enhancement of flavour diagonal R-parity
violation!

An important consequence of lepton number violation is the generation
of neutrino masses. At the tree-level, one neutrino gets a mass as given by
(11) and (12). If the gauge singlets N; are not introduced in the theory, the
other two neutrino states get their masses and mixings at the one loop level.
This has been recently discussed [4] in detail for case (I), but the other cases
are quite similar (with the assumption made in case (IIT)). For completeness,
we just present the general expression for the neutrino mass matrix, which



takes into account the loop contributions as well as the seesaw masses. It
can be written as follows:
ii+ij 72[0 (

(mu)ij =€ m06i36j3 + Mioop + mseesaw)- (25)

where myqop is a scale defined by the loop contributions [9, 14], which are
dominated by the bb one, so that [4],

(26)

m

1 keV /500 GeV
Mloop ™~ cos2 3 )

where m is the squark mass. The seesaw contribution corresponds to the
scale,

(27)

1 13

Mg

where we have introduced the large scale M such that the IV; mass matrix in
the superpotential (3) is of the form M;; ~ €% Mp. For Mg > 101°GeV,
the loop contribution dominates over the seesaw mechanism. For the sake
of comparison, we approximate (12) by

(28)

mo ~ (100 GeV) cos? 8 <w> ,

and we recall that cos8 ~ €. In order to satisfy the cosmological limits
on the v, mass, we must require s > 7. We refer to [4] for a detailed
phenomenological discussion of these predictions, which extend to the three
cases above as already remarked.

It is worth noticing that the powers of € in the neutrino mass matrix
(25) are the same that appear in the relation between lepton number violat-
ing couplings and the Yukawa couplings in (23), providing relations for the
magnitudes of these physical quantities. For example

N
My ~ mo(S22E)? (29)

We now come back to the problem of baryon number violation in this
class of models. We already noticed that there is a qualitative difference
between the couplings A" and X, X. The latter, even if for some symmetry
reason they are absent from the superpotential, can be generated for lep-
tons and down quarks through the Higgs-lepton mixing that we discussed



previously. On the contrary, if a symmetry reason forbids the former (A”)
couplings in the superpotential and allow them in the Kahler potential, they
will only appear after supersymmetry breaking through the Giudice-Masiero
mechanism [11]. More precisely, if u; +d; +dj, < 0 for all 4,5,k = 1,2,3,
then at high energy we have terms in the Kahler potential of the type
e (tdi+d)yipi Dk, Then we get contributions in the low-energy ef-

>
fective superpotential

W~ Mﬂpeluz‘ﬂiﬁdk'UZ'DJ'D’c : (30)
where Mp is the Planck mass. We therefore find suppressed couplings, of
order 10~'7 to 10~!? depending on the specific model, for moderate negative
quark charges. Combining these values with the corresponding ones for \’ as
discussed previously, we find that the proton decay can be suppressed down
to acceptable values which could be tested in the forthcoming years. Of
course, not all the couplings (30) are equally dangerous and this discussion
can be refined in a specific model.

Because of the usual quark Yukawa couplings, this mechanism generally
asks for large positive ¢; charges and is constrained by the U(1) anomaly
cancellation conditions. We have searched for explicit solutions in models
based on a family U(1) symmetry [15], [16], [L8] with anomaly cancellation &
la Green-Schwarz [17]. By imposing anomaly conditions and using explicit
models [18] , we found that the mechanism can be implemented in cases
(ITT) and (IV) with the standard particle content. We give as an illustration
one model with the following charge assignements:

G1=6,02=5,03=3,u1 =7 ,u2 =4 ,u3 =2,
dy= 7 dy= 8 ds=—8 Iy = —8 Iy — —8 I = —8 . (31)

In this example, the relevant couplings mediating proton decay satisfy A’ A" <
107 16€'6 ~ 10726 for € ~ 0.22, which shows the high degree of suppression
which can be obtained if such couplings are obtained through the Giudice-
Masiero mechanism. We emphasize that if we relax the anomaly cancella-
tion conditions (by allowing the presence of exotic particles in the spectrum)
models can be proposed with more moderate values of the charges and effi-
cient suppression of proton decay.
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