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R-Parity violation in a SUSY GUT model and
radiative neutrino masses
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ABSTRACT: Within the framework of an SU(5) SUSY GUT model, a mechanism which
effectively induces R-parity-violating terms below the unification energy scale Mx is pro-
posed. The model has matter fields BL(Jr) + 107~y and Higgs fields H_) and F(Jr) in
addition to the ordinary Higgs fields H(;) and ﬁ(,) which contribute to the Yukawa
interactions, where (+) denote the transformation properties under a discrete symme-
try Zs. The Z; symmetry is only broken by the p-term EH)H(_) softly, so that the
54y <» H(4) <> H(_) mixing appears at 4 < mgp, and R-parity violating terms 5.5,10,
are effectively induced from the Yukawa interactions F(_)ELH)IO L(—), 1.e. the effective
coupling constants ;i of vr;er e, and l/Lid%jde are proportional to the mass matri-
ces (M});r and (M;)jk, respectively. The parameter regions which are harmless for the
proton decay are investigated. Possible forms of the radiatively induced neutrino mass

matrix are also investigated.

1. introduction

The origin of the neutrino mass generation is still a mysterious problem in the unified
understanding of the quarks and leptons. As the origin, from the standpoint of a grand
unification theory (GUT), currently, the idea of the so-call seesaw mechanism[?] is influ-
ential. On the other hand, an alternative idea that the neutrino masses are radiatively
induced is still attractive. As an example of such a model, the Zee model [3] is well known.
Regrettably, the original Zee model is not on the framework of GUT. A possible idea to
embed the Zee model into GUTs is to identify the Zee scalar h™ as the slepton €r in an
R-parity-violating supersymmetric (SUSY) model [4]. However, usually, it is accepted that
SUSY models with R-parity violation are incompatible with a GUT scenario, because the
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R-parity-violating interactions induce proton decay [5, 6]. By the way, there is another
problem in a GUT scenario, i.e. how to give doublet-triplet splitting in SU(5) 5-plet Higgs
fields. There are many ideas to solve this problem []. Although these mechanisms are
very attractive, in the present paper, we will take another choice, that is, fine tuning of
parameters: we consider a possibility that a mechanism which provides the doublet-triplet
splitting gives a suppression of the R-parity violating terms with baryon number violation
while it gives visible contributions of the doublet component to the low energy phenomena
(neutrino masses, lepton flavor processes, and so on)[h]. In the present paper, we will try
to give an example of such a scenario.

In the present paper, in order to suppress the dim-5 proton decay, a discrete symmetry
Zs is introduced. The essential idea is as follows: we consider matter fields 5L(+) +107(()
of SU(5) and two types of SU(5) 5-plet and 5-plet Higgs fields H(i) and H (), where
() denote the transformation properties under a discrete symmetry Zo (we will call it
“Zo-parity” hereafter). The superpotential in the present model is given by

W:WY+WH+szz 5 (11)
where Wy denotes Yukawa interactions
Wy = Z(Yu)in(Jr)lOL( yil0p(—y; + Z (Yy) ”H( )5L( yil0p(—)j - (1.2)
2 12

Under the discrete symmetry Zy, R-parity violating terms 5p,4)51(4+)10(_) are exactly
forbidden. The discrete symmetry Zs is softly violated only by the following u-terms

WH = F(+) (m.,. =+ g+¢)H(+) =+ F(_)(m_ =+ g_q))H(_) =+ mSBF(+)H(_) , (1.3)

where ® is an SU(5) 24-plet Higgs field with the vacuum expectation value (VEV) (®) =
vogdiag(2,2,2,—3,—3), and it has been introduced in order to give doublet—triplet splittings
in the SU(5) 5- and 5-plets Higgs fields at an energy scale p < Mx (Mx is an SU(5)
unification scale). The Zy-parity is violated only by! the term E(JF)H (—)- Note that H_
and H () in the mgp-term do not contribute to the Yukawa interaction (1.2) directly, so
that proton decay via the dimension-5 operator is suppressed in the limit of mgp — 0. (A
similar idea, but without Zs symmetry, has been proposed by Babu and Barr [8].) The
terms W,,;, have been introduced in order to bring the F(+) > 3(+) mixing:

Wiz = 3 _ 5r,(4i (bims + ¢ig5®) Hyy (1.4)

where ), |b;|? = > lci|> = 1. At the energy scale u < My, the terms Wy + Wi are
effectively given by

Wy + Wiz = Z ( ) H cosa Zd 5 sina(a) H((i))

a=2,3
CH B + " H 15
+ m_ (=) +msp (R ( : )
=23 a=2,3
1The Zo symmetry can softly violated not only by the term F(Jr)H( ), but also by terms F(_)H(_H

and 57,(1)1 H(—y. However, in the present scenario, the existence of H (+)H(—) is essential. The details are
discussed in Appendlx A of [:L]
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where Y, |d;|*> = 1, the index (a) denotes that the fields with (2) and (3) are doublet and
triplet components of SU(5)—SU(2)xSU(3), respectively, and

mf) cosa® =m, — 3g vy , mf) cosa® = my + 2g,va4 (1.6)

@) o @) g B aina®dq — A ‘
my’ sina'Yd; = msb; — 3gsvasc; , my’ sina'”d; = msb; + 2g5v24c; (1.7)
m(}) =m_ —3g_vyy , m(f’) =m_ +2g_v9y . (1.8)

Therefore, the mgp-term together with m, sin a-term induces the ﬁ(,) e 5L(+) mixing,
so that the R-parity violating terms 57,575,107, are generated from the Yukawa interactions
H(_y51,(11107(_). The coupling constants A;j; of 5;5;10; will be proportional to the charged
lepton mass matrix (My);; or down-quark mass matrix (MdT) jk- (The details are discussed
in the next section 2.) As we demonstrate in Sec. 2, we can show that the mixing BL(JF) e
H ) is negligibly small for the colored sector, while it is sizable for SU(2)-doublet sector.

The parameters in the present model need fine-tuning. For example, we will find that
a large value of mgp is not acceptable, because for such a large value of mgp the proton
decay due to the dimension five operator becomes visible. On the other hand, we will find
that a smaller value of mgp leads to a small bottom quark mass, so that a small value of
mgp is not acceptable. We will take mgp ~ 10'* GeV. In Sec. 3, we will investigate a
possible form of the radiatively induced neutrino mass matrix due to the R-parity violation
term 5.5.,107. The radiatively induced neutrino mass matrix M7%® will be expressed by
the sum of two rank-1 matrices. On the other hand, we also have contributions M from
VEVs (#;) of the sneutrinos to the neutrino mass matrix M,,. Finally, Sec. 4 will be devoted
to the summary.

2. H()-5(4) mixing

In order to suppress the proton decay, we want to take mf) ~ My with a sizable a®, but
mf) ~ Mx with a negligibly small a(®. However, from the relations (1.6) and (l.7), we
obtain the relation

msb; + 2g5v94¢; _ mf) sin a(2)di + bgsvo4c;

d; tan a® = (2.1)

my +2givas mf) cos () + 5g. vay

The requirement |o®)| < My, /Mx leads to the constraint |gs| < My /Mx for |g, | ~ 1. We
do not like to introduce such a small dimensionless parameter gs. Therefore, for simplicity,
we will put g5 = 0 hereafter. Then, without loss of generality, we can put

Br(p = Z bidL(4)i (2.2)

where EIL( 41 does not mean the observed first generation particle. (Hereafter, for conve-

(a)

nience, we denote 5’,:( 1)1 as 54y simply. The effective parameters m ", m@ and (@
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are given as follows:

m(+2) = /(m — 3g4v24)% + m? , m(j) = \/(m+ + 291 v24)2 + m?

m® —m_ —3g vy, m® = m_ +2g_vay (23)
2 ms ms ®B) = ms ~ 5
tano mi=3g+v2a — (D tan & my +2g4v2g m(f’) .

We will take

mf)NMW, mf)NMX,
m® M, m® ~ My (2.4)
tan a® ~ ifs »  tan a®) ~ e

where M; ~ 10 GeV and ms ~ 10! GeV as we state later. The mass matrix in the basis
of (H(_), H(+), 5L(+)1) and (H(+), H(_)) is given by

0 m_
M = | mycosamgp | . (2.5)
mqysina 0

Here and hereafter, for simplicity, we drop the index (a). The mass matrix (2.5) is diago-

nalized as
mi 0
UMu=D=| 0 msy | . (2.6)
0 0

Note that the matter field 3’Ll is still massless, and also note that it is not in the eigenstate
of the Zqy parity.
The mixing matrix U is easily obtained from the diagonalization of

2
MiM={ | ] mSBg”i R I (2.7)
mggmy cosa [mgp|® + |m_|

For real m{, mgp and m4, we obtain

U— ( cos 8, sm@u) ’ (2.8)

—sinf,, cos b,

2mgpmy cos o

tan 20, = , 2.9
29, = B %0, (2.9
2 L. 2 2 1
mi = 5 (mSB +m+ +m_) - EQ ) (210)
o L. o 2 2 1
my =3 (mép +m7 +m2) + §Q , (2.11)
where
Q = (m%p — m3 +m?) cos 20, + 2mgpm.. cos asin 20, . (2.12)
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When we define

A=mig—mi+m?, B=2mggmycosa, (2.13)
A B

0820y = —— | sin20, = ——ou— | 2.14

VAT B? VAT B2 (2.14)

the quantity @ is given by

Q=VA>+B2= \/[m?gB + (my —m_)?] [mig + (my + m_)?] — 4mZpm? sina .

(2.15)
The rotation U is also obtained from the diagonalization of
m? mMmsBM_ 0
MM = | mgpm_ m%p +m? cos? @ m? cosasina | . (2.16)
0 m%r cos asin o m%r sin? o
The mixing matrix elements U;3 are easily obtain as follows:
T = — ina U Lo sina ,Uss = — (2.17)
= —mgpsina = ——m_sina = —m_cosa .
13 N3 SB ,» U123 N3 s U 33 N3 )
where
NI =-—m? + migsin’a . (2.18)

Other matrix elements are obtained as follows: We express the mixing matrix U as

C13C12 C13512 513
U= | —co3s12 — $23€12513 C23C12 — S23512813 S23€13 | (2.19)
§23512 — C23C12513 —S23C12 — €23512513 C23C13

where s;; = sin6;; and ¢;; = cos 6;;. Then, by comparing (2.19) with (2.17), we obtain

— mgp sin a 1

s13="Us = , 13 = — (2.20)
\/m2_+m%Bsin2oz V1+ (msp/m_)%sin®a

523 = ﬁ = —sina , C23 = COS( . (221)

C13

By using the relation (MTM)y; = Uy1U11(m})? + U1aU12(m})?, the mixing angle ;5 is
obtained as follows:

1 m? 1
cos 20y = ——— [m2+m2—2— = —(mp +m2 —m? —2migsin®a)
m2 —m? 1 2 2 Q"B + SB
B m?% — m3 cos 2 — m? (2.22)

\/mf + 2(m3 — m2)m2 + mj + 2mim? cos 2a + m%.

Note that cos 2619 ~ —1 for m2 > m%B,mi, so that 019 ~ 7/2.
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Since the physical fields (H1, Ha,57,,574,573) are given by

H(7) Uit Uip U300 H,
_(+) Uz U U3 00 FQ
5L(+) = U31 U32 U33 00 5L1 s (2.23)
B4 0 0 0 10 5L2
B3 0 0 0 01/ \5,

the Yukawa interactions F(_)gLH)lO () lead to the effective Yukawa interactions at a low
energy scale

(Ya)ijH1 [01(U11Uss — U13U31)571 + U11(8i2575 + 51‘3511;3)] 107—y; 5 (2.24)
and the induced R-parity violating terms
(Ya)is U550 (01 Tsa501 + 0570 + 65515 ) 101 (2.25)

where we have assumed that |m;| << |mg|, i.e. the Higgs field surviving at a low energy
scale is not Ho, but H;.
The effective Yukawa interactions (2.24) give the fermion mass matrices

(M) = TOTD _TOTD)(vy)ij00 = T (Ya)ijva for i =1, 220
U§1) (Ya)ijva for i =2,3,
=)0 FOT@ oy
(M) = (U(') Uszs —Ui3Usy )(Ya)ijvg for i =1, (2.27)
U1y (Ya)ijva fori = 2,3,

where vy = (Hi), and, in (2.26), we have used the general formula U;U;; — UyUj =
€ijmEkinUpy, for an arbitrary 3 x 3 unitary matrix U. Note that in the present model, the
relation My = MZ does not hold.

From the R-parity violating terms (2.25), we obtain coefficients Aij,f), Aijkg), )\5’,’3)
and >\( i ), which are the coefficients of the interactions (vpiep; — ele/Lz)eR], (vr1d%dr; —

er1dyur;), (dgerivur; — dgvridr;), and 5aﬁvdR1d}§uRja respectively, as follows:

AP =0, AZD = (M) /va (i =2,3), (2.28)
T
2,3 /‘i( )1 /Ud 2,3 .
AGY = g A = KMy /va (= 2,3), (2.29)
)
1 exUD TS
32 &R 17/vd 32 . .
Mnﬁ:—( /a6 gy e (= 2,3), (2.30)
)
/U
Ay =0, ABD = en(Mb)ijfva (i=2,3), (2.31)
where @ (3)
K=—5y, &= (2.32)
Uﬁ) U(2)
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Figure 1: Radiative generation of neutrino Majorana mass

Note that the proton decay due to the exchange of squarks JZ is forbidden in the limit of
& — 0, while the radiatively-induced neutrino masses do not become zero even if £ — 0. To
suppress the proton decay due to these couplings, x should be small while to have neutrino
masses k should have a sufficient strength. In this respect we can show that x ~ O(0.1) is
welcome. Also to suppress the proton decay through dimension 5 operators it is necessary
that mgp must be small, though it is also bounded from below to make yukawa couplings
be sufficiently large. [i1].

3. Radiatively induced neutrino mass matrix

In a SUSY GUT scenario, there are many origins of the neutrino mass generations [iL(].
For example, the sneutrinos 7;;, can have VEVs (¥) # 0, and the neutrinos vz; acquire
their masses thereby [L1]. In the present model, there is a R-parity violating bilinear term
5L(+)H(+), while there is no E(,)HH) term (the so-called p-term). In the physical field
basis (the basis on which the mass matrix (2.5) is diagonal), the so-called p-term, m, HH;,
appears, while the 5, H; term is absent. Therefore, in the present model, the sneutrinos
cannot have VEVs (7;) at tree level. The VEVs (#;) # 0 will appear only through the
renormalization group equation (RGE) effect. The contribution highly depends on an
explicit model of the SUSY symmetry breaking. Since the purpose of the present paper
is to investigate a general structure of the radiative neutrino masses, for the moment, we
confine ourselves to discussing possible forms of the radiative neutrino mass matrix .

The radiative neutrino mass matrix M’% is given by
d d
M) = MS+ M7, (3.1)

where M? is generated by the interactions vye LECR and VLELeCR (i.e. by the charged lepton
loop) and MY is generated by Z/LdCRJL and VLJdeL (i.e. by the down-quark loop). We
assume that the contributions from Zee-type diagrams due to H EE mixing is negligibly
small because the term H H 10;, must be not H{H10z, but H1H,10;, (recall that only
the field H; has the VEV in the present model).

We consider the radiative diagram with (vr); — (er); + (€})n and (er)r + (€7)m —
(v%)i- The contributions (M});; from the charged lepton loop are, except for the common
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factors, given as follows:

(M)ij = (Mrkm0i1 — AMimOk1) (A1ji0n1 — )\1nl5j1)(Me)kl(M62LR)nm + (i < j) , (3.2)

where M, and M 62L r are charged-lepton and charged-slepton-LR mass matrices, respec-
tively. Here and hereafter, we will drop the common factor in (M%?);;, because we have
an interest only in the relative structure of the matrix elements (M;%?);;. Since, as usual,
we assume that the structure of ]\A/feQL g is proportional to that of M., we obtain

(M2)i; = MimAjt(Me)1(Me)1m + 9i1051 MkmAni(Me) ki (Me) nm
=01 A1 A ke (Me) 1m (Me) gt — 51 M M kem (Me) 1 (Me ) gt - (3.3)

Since Af;; = )\%2) — k(1—6;1)(MJ);; from the expression (J.2
from the charged lepton loop:

), we obtain the contribution

M¢=H!I'SH, — SiH.H, — H' HI'S; + S Tr(H.H.) . (3.4)

where we have dropped the common factor k, and the Hermitian matrix H, and the rank-1
matrix S are defined by

H, = MM/ (3.5)
100

Si=1000| . (3.6)
000

Similarly, we can obtain the contributions from the down-quark loop. From the ex-
pression (2.30), we denote A\, = AZ3) ag

1ij 1ij
My = wlpdu + (1 - 8)](MD)i; (3.7)
where
; (38)
p= ~ :
1— xSy JUS)
Then, we obtain
Mg = SiTr(HqHy), (3.9)
where
Hy= MM, . (3.10)

Note that the result (3.9) is independent of the value of p.

The field 57(4); defined in Eq. (22) does not mean the observed first-generation field
(d®,v,e)r (and its SUSY partner). The forms of M¢ and M¢? on the general basis are given
by

M¢=H'SH, - SH.H, — H'H!'S + STr(H.H,) , (3.11)

M2 = STr(HyHy), (3.12)

where S is an arbitrary rank-1 matrix S = U5T S1Us, which is given by the rebasing 5; —
5, = (Ui5);.
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It is convenient to investigate the form M7%® on the basis on which the charged lepton
mass matrix M, is diagonal: H, = D2 = diag(m?2, m2,, mZ;) = diag(mZ, m2, m?). Then,
the matrix M is given by

Si1(mgy +mgsz)  Sia(miz +m2mZy) Siz(mgy +m2imZs)

Mg = | Soi(mgs +m2im2)  Saa(mgg+mg)  Saz(myy +mZymZs) (3.13)
S31(mgy + mZymZs) Ssa(miy +mZymZs)  Ssz(miy + mgy)
S11 S12 0
~ mﬁ 321 322 0 = mﬁPSP s (314)
0O 00
P = diag(1,1,0) . (3.15)

Therefore, we can express the neutrino mass matrix M7% as the following form:
M} = mg (PSP + k%9), (3.16)

where k is given by k ~ (my/m.)? and mg will be given later [in Eq. (3.18)]. The matrix S is
a rank-1 matrix, so that PSP is also rank-1 matrix. In other words, the radiative neutrino
mass matrix M/ has the following form by assuming (Us)1e ~ O(€), (Us )14, (Us)1r ~ O(1)

62 € 62 € €
M7 = my el |+k] el (3.17)
ell

It shows a good hierarchical pattern [[5].

So far, we have not discussed the absolute magnitude of the neutrino mass matrix M.
When we assume m?(ér) = m2(ér3) ~ m?(€ga) ~ m?(€r1) and m?(er) = m?(er3) ~
m?(€r2) ~ m?(er1) and the rank-1 matrix S is normalized as Tr(SST) = 1, the coefficient
mg in the expression (3.16) is given by

(2), 4
1 ,m"m 9/~ 9/~
mo = —167T2R 2 LF(m*(eg),m*(er)) , (3.18)
where
2 2 1 m%z

mp—myp mg

If F(m2(er), m2(er)) ~ F(m2(dgr), m2(dy,)), the factor k is given by k ~ (my/m,)* = 8.6.
However, in the present paper, we regard k as a free parameter. By using 1/167% =
6.33 x 1073, m'? = m(H?) = 2 x 10 GeV, m.(mz) = 1.75 GeV, v = 174 GeV and
tan 8 = 1.5, we obtain

mo ~ 1.9x*F eV , (3.20)

where F is the value of F(m?(€g), m?(¢)) in the unit of TeV. If the neutrino mass matrix
M, is dominated by the radiative mass terms M’ and we wish that the largest one of
my; is of the order of \/Am2,,, ~ 0.05 eV, the value xk ~ 107! is favorable.
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4. Summary

In conclusion, within the framework of an SU(5) SUSY GUT model, we have proposed a
mechanism which effectively induces R-parity-violating terms at u < mgp. In our model,
those terms with lepton number violation are large enough to generate neutrino Majorana
masses while those with baryon number violation are strongly suppressed so that the ex-
perimental bound of proton decay is evaded. This is related with doublet-triplet splitting.
We have matter fields 5L(+) + 107, and two types of Higgs fields H(4) and ﬁ(i), where
() denote the transformation properties under a discrete symmetry Zy. The Higgs fields
H and E(_) couple to 107,(y107_) and 5L(+)10L(_), respectively, to make the Yukawa
interactions. The Zy symmetry is only broken by the u-term, mspH )H(_), so that the
H ) < 5() mixing is effectively induced at p < mgp. Because of the heaviness of the
color triplet components of the Higgs fields, the mixing is sizable in the SU(2); doublet
sector, while it is negligibly small in the SU(3). triplet sector.

Whether the model is harmless or not for proton decay is highly sensitive to the choice
of the parameter values, especially, mgp and ms. A smaller value of mgp gives a lighter
mass for the massive Higgs fields Hy (another one, Hj, corresponds to the Higgs field in the
conventional model), so that the case spoils the unification of the gauge coupling constants
at 4 = Mx. On the other hand, a large value of mgp induces the proton decay due to
the dimension-5 operator. We have taken mgp ~ 10'* GeV. Also, a large value of ms
induce the proton decay due to the exchange of squark d. We have taken ms ~ 101 GeV.
Those parameter values can give a reasonable magnitude of the neutrino mass. However,
the choice of such a small ms gives a small mixing between F(+) and 3(+), so that the case
gives U%) ~ Uﬁ) and Uﬁ)ﬁé? - U%)Ugfl) o~ Uﬁ)ﬁg — U%)Ug). Therefore, the case with
|a®| < 1 cannot give a sizable deviation from M} = M,. However, this is critical for each
parameter value. The details are dependent on the explicit model, i.e. on the choice of the
forms S and U = U f,%. A further careful study based on an explicit model will be required.

Anyhow, if the present scenario is working, the proton decay will be observed in the
near future, because possible parameter values are in critical ranges for the proton decay in
order to explain the quark and lepton (charged lepton and neutrino) masses and mixings.

The present model leads to a radiatively-induced neutrino mass matrix M7% which is
given by sum of two rank-1 matrices as shown in Eq. (3.16). The “two” is originated in the
two contributions from charged lepton loop and down-quark loop. This can show a good
hierarchical form and hence promising.

The present model will be worth noticing. In the present model, the coupling constants
Xijk of vpier ey, and VLid(}:%jde are proportional to the mass matrices (M;);, and (M;)jk,
respectively. The model will give fruitful phenomenology in flavor violating processes.
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