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A mechanism for the enhancement for proton lifetime in supersymmetric/supergravity (SUSY/
SUGRA) grand unified theories and in string theory models is discussed where Higgsino mediated proton
decay arising from color triplets (antitriplets) with charges Q = —1/3(1/3) and Q = —4/3(4/3) is
suppressed by an internal cancellation due to contributions from different sources. We exhibit the
mechanism for an SU(5) model with 45, + 45, Higgs multiplets in addition to the usual Higgs structure
of the minimal model. This model contains both Q@ = —1/3(1/3) and Q = —4/3(4/3) Higgs color
triplets (antitriplets) and simple constraints allow for a complete suppression of Higgsino mediated proton
decay. Suppression of proton decay in an SU(5) model with Planck scale contributions is also considered.
The suppression mechanism is then exhibited for an SO(10) model with a unified Higgs structure
involving 144 + 144, representations. The SU(5) decomposition of 144, + 144, contains 5, + 5y
and 45, + 45, and the cancellation mechanism arises among these contributions which mirror the SU(5)
case. The cancellation mechanism appears to be more generally valid for a larger class of unification
models. Specifically the cancellation mechanism may play a role in string model constructions to suppress
proton decay from dimension five operators. The mechanism allows for the suppression of proton decay
consistent with current data allowing for the possibility that proton decay may be visible in the next round

of nucleon stability experiment.

DOI: 10.1103/PhysRevD.77.015015

I. INTRODUCTION

Grand unification and strings are attractive schemes for
the unification of interactions. One consequence of grand
unification is that one has baryon and lepton number non-
conservation which can lead to proton decay [1-3] and a
similar phenomenon occurs in string models (for a review
see [4]). In supersymmetric and supergravity grand unified
theory (GUT) theories [5,6] baryon and lepton number
violating dimension five operators are the dominant con-
tributions [7,8]. These contributions are now stringently
constrained by experiment. Thus the analysis of Ref. [9]
indicates that the minimal SU(5) even in the decoupling
limit is eliminated [9] (we note in passing that the minimal
SU(5) model is eliminated in any case since it fails to
reproduce the fermion masses) and further that supersym-
metric grand unification in general may also be under siege
[10] due to the current experimental lower limits on the
proton lifetime [11,12]. While there are ways to lift the
siege (see, e.g., [13]) the proton lifetime limit is certainly
one of the most important constraints on grand unification
and on string models, and is likely to become even more
stringent as the error corridor on the predictions decrease
and the lower limits from experiment improve. Several
possible avenues for suppressing proton decay have al-
ready been discussed in the literature from mild suppres-
sion using textures [14], and CP phases [15] to stronger
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suppression [16], and suppression up to the current limit of
experiment [17]. Here we add to this list the cancellation
mechanism for the suppression of proton decay from di-
mension five operators which is inspired by a similar
mechanism used to suppress the EDM of the electron and
of the neutron in supersymmetric theories [18].

The outline of the rest of the paper is as follows: in
Sec. I we discuss the constraints necessary for the sup-
pression of baryon and lepton number violating dimension
five operators arising from Higgsino exchange. These con-
straints are valid both for grand unified theories as well as
for models arising from strings. In Sec. III we discuss an
SU(5) grand unification model where we include a 45 +
45-plet of Higgs in addition to the usual Higgs structure of
the minimal SU(5). We show that a suppression of the
dimension five operators can be achieved in this case via a
cancellation between contributions from the 5, + 55 and
from the 45, + 45,. In Sec. IV we discuss the cancellation
mechanism for an SU(5) model with Planck scale contri-
butions. In Sec. V, we extend this analysis to SO(10) GUT,
where we consider the recently proposed model based on a
unified Higgs sector. Specifically, we consider the model
where the Higgs sector consists of the SO(10) irreducible
representations 144, + 144, which allow one to break
the SO(10) gauge group all the way down to SU(3)¢ X
U(1)ep- The SU(5) decomposition of 144, (144;) contains
45,,(45y) of SU(5) Higgs representations. Thus in this case
a mechanism similar to that of Sec. III for the cancellation
of baryon and lepton number violating dimension five
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operators can also be implemented. While the analyses in
Secs. III, IV, and V are for specific models, the cancellation
mechanism for the suppression of baryon and lepton num-
ber violating dimension five operators may be more gen-
eral and applicable to a larger class of models. Conclusions
are given in Sec. VL.

I1. SUPPRESSION OF HIGGSINO MEDIATED
PROTON DECAY IN GUTS AND STRINGS

In this section we consider the constraints that are nec-
essary for the suppression or complete elimination of all
baryon and lepton number violating dimension five opera-
tors in grand unified or in string theory models. Thus in
such models below the unification scale for grand unified
theory or below the string scale for string theory the
standard model gauge group invariance, i.e., invariance
under SU(3)- X SU(2) X U(1)y prevails. For the sake of
the analysis below we assume that the doublet-triplet prob-
lem is resolved with one pair of Higgs doublets light and all
the remaining Higgs doublets and all the Higgs triplets are
heavy. Now grand unified theories and string theories in
general will generate Higgs triplets (antitriplets) with
charges Q= —1/3(1/3) and Q = —4/3(4/3). We
denote the Higgs triplets (antitriplets) with charges Q =
—1/3(1/3) by H{(H},) (g = 1,2,...,n)and a = 1, 2, 3
is the color index, and Higgs triplets (antitriplets) with
charges Q = —4/3(4/3) by H;,(H’q,a) (¢ =1,2,.,m).
The SU(3)c X SU(2), X U(1)y invariant superpotential
below the unification scale may then be written as

(Hy M HE + J o HY + H) W KS)

+ (H My HY + Ty HS + HL KE). (1)
For the matter content of MSSM, with three generations of
quarks and leptons, the sources J and K have the following
form

= o7 + £ yc EC
an fqdl;eaﬂ)’Qa QE fqdb'UaaEb 2
o — 1 Hag . (2)f apf C NnC
Kp f])dEQ‘i Lb + fpél;e YU’;I,BDb’y‘
Here Q, (L) are quark(lepton) SU(2); doublets, and Ug,
Dg (ES) are SU(2), singlets, where d, b = 1, 2,~3 are the
generation indices. For the tilde sources J and K one has
the form
T o = FasDiES

By Ky = TP UggUs, O
Now suppose we make a unitary transformation and go to a
basis where only H; and H (in the new basis) couple with
the matter fields. Then it is easily seen that the condition
that kills the baryon and lepton number violating dimen-
sion five operators of LLLL type is as follows
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UMV + A% =0, @)

abéd

while for the suppression of baryon and lepton number
violating interactions of type RRRR one has the constraint

WMV + (O, MVT )T + A% =0, (5)

Here U and V, and U and V are unitary matrices that take
us to the basis where only H; and H{ couple with matter.
We note that the matrices M and ‘M as well as the sources
J, K, J, K may contain Planck scale contributions as
exhibited explicitly in Sec. IV. However, in addition one
may have quantum gravity (QG) corrections which we
have exhibited by AC and A% terms in Egs. (4) and (5)
to take account of such effects. In this work we do not
consider the quantum gravity corrections although such
corrections could also be utilized for the suppression of
B&L violating dimension five operators 6 in grand unified
and string theory models. If we are already in the basis
where only H, and H/ couple with matter, then U") = | =
VD, U@ == V@ and U = I = V, and if we ignore the
quantum gravity effects then one gets the familiar condi-
tion [19] M ;' = 0 when only the Higgs triplets (antitrip-
lets) with charges Q = —1/3(1/3) are considered in the
analysis. The constraints of Egs. (4) and (5) together are
then sufficient to kill all baryon and lepton number violat-
ing dimension five operators in any grand unified theory or
in any string theory model arising from Higgsino ex-
change. The constraints of Egs. (4) and (5) are very strin-
gent because of their dependence on generation indices.
However, significant simplification will occur in specific
unified models. Below we discuss two models, one in
SU(5) and the other in SO(10) where the constraints of
Egs. (4) and (5) can be satisfied by internal cancellations.
In the analysis below we consider cases where proton
decay is suppressed via the cancellation mechanism both
in the absence of the Planck scale contributions (Sec. III) as
well as when Planck scale contributions are taken into
account (Secs. IV and V).

III. THE CANCELLATION MECHANISM IN SU(5)
GRAND UNIFICATION

In this section we illustrate the satisfaction of Eqgs. (4)
and (5) in the context of an SU(5) model. The Higgs sector
of the minimal SU(5) model consists of a 24 of Higgs to
break the GUT symmetry and a pair of 55 + 5, to break
the electroweak symmetry. Typically in this model a fine
tuning is needed to obtain the doublet-triplet splitting. We
expand now the Higgs sector by inclusion of a pair of
45, + 45, of Higgs (for the use of 45-plet in SU(5) model
building see [20]). In this case the superpotential for the
Yukawa couplings is of the form
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WY = fldh'lOdIO};SH + fl]éb'lod‘si;'gH
+ f545104.10,.45y +f;¢161063'515'EH' (6)
For the Higgs superpotential we choose

WH = M5§H5H + hlgH'24H'5H + hng'24H'45H
+ h355.24.45, + hyM45,.45, + W'W},(24,).
(7

Here W}, (24;) generates spontaneous breaking producing
a VEV of the form

(24y) = diag(2,2,2, =3, =3)M, (8)

and breaks SU(5) — SU(3) X SU(2) X U(1)y and we as-
sume that there is no VEV growth for the 45-plet of Higgs.
In the above we adopt the fine tuning that is conventionally
used to produce a light Higgs. We exhibit this explicitly.
The Higgs doublets arise from both 5, + 5, and from
45 + 45, and we denote these by H(5), P*(45;), and
by H,(54), 0,(45). The mass matrix is given by

H(l P(l
H/ (M;’1 M§2> 9
Qa M21 M22
where for the model of Eq. (7)
M¢ = —3Mh, + M, Md=—ﬂMh,
11 1 5 12 2
22
5 (10)
543 _
Mgl = - ﬁMhS’ Mgz = Mh4

We denote the Higgs triplets by H*(577;), Q%(5144),
P%(457;;) and the antitriplets by H! (5141), 0,(45,44),
P,(573). Here H*, Q* (H,, Q,) have charges
—1/3(1/3) while Q¢ (P,) have charges —4/3(4/3). In
the basis where the columns are H®, P%, Q% and the rows
are H,, Q,, P,, the Higgs triplet mass matrix has the
following form

Ha PO( QO{
Hy My My 0
11
Qu (le My 0 ) (n
P, 0 0 M
where for the model of Eq. (7)
M =2Mh, + M M, =— > Mh
1 1 5 12 N R
5 _ _
My = ——=Mbhj, My, = Mhy, M33 = Mhy.
21 N/ 2 4 33 4
(12)
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From Eq. (9) one finds that all the doublets are heavy and
one needs a fine tuning to get a light Higgs doublet. This
fine tuning condition is

25M

hy = — 2
4 aM

%>_1. (13)

hs| hy —
23(1 3IM

With this constraint the second pair of Higgs doublets are
heavy and do not participate in low energy physics.
Further, with the constraint of Eq. (13) all the three
Higgs triplets given by Eq. (11) are heavy.

The Higgs triplet interactions are

Wine = (J1aH* + 2o P* + HLKT + Qo KS)

+ (J,0% + K°P,), (14)
where J{¥, K, etc. are the matter currents to which the
color Higgs fields couple. We assume that J;, K; arise from
5y + 5y Higgs couplings, while the J,, K, and J, K arise
from 45, + 45,. In order to satisfy the constraint of
Eq. (4) and (5) we make specific assumptions regarding
the generational dependence of 45, Higgs couplings rela-
tive to the 5, Higgs couplings, and of 45, Higgs coupling
relative to the 5, Higgs couplings as follows

Fais = Miap ;az; =X ;aé' (15)
In this case in the analysis of baryon and lepton number
violating dimension five operators the generational depen-
dence factors out and the entire left-hand side of Eq. (4)
and (5) is proportional to f,,, f;c, i On eliminating the
Higgs triplets fields one finds lepton and baryon number
violating operator of chirality LLLL and of chirality
RRRR. The LLLL operators arise from the elimination
of the heavy Higgs fields H,, Q,; H*, P* with charges
* % The cancellation condition in this case is

4
> CEHA )R = 0.
i=1

(16)

Here h} = (hy + Ms/2M), hi=h; (i=234), and
CE(A, ') is a polynomial of the type (a; + by A + c A +
d; A)') where a; etc, are numerical coefficients. For the
B&L violating dimension five operators of chirality
RRRR, one finds that the contributions to them arise
from the elimination of the heavy Higgs fields H.,, Q,;
H?, P* as well as from the elimination of the Higgs triplets
P, Q% with charges * % . The cancellation condition in this
case is

. _
M

>k /\’)Mh4h§ — AN det(H)=0  (17)

i=1

where det(JH) = (Z%h’lh4 — 22—5h2h3) and where CR are
defined analogous to C,.L. Equations (13), (16), and (17)
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constitute three constraints on four Higgs couplings /; (i =
1-4) and thus can be satisfied leaving one parameter still
arbitrary. Specifically, there are no constraints aside from
the parallelity condition of Eq. (15) on the matter couplings
of the Higgs which can thus be used to fix the textures.

IV. THE CANCELLATION MECHANISM IN AN
SU(5) MODEL WITH PLANCK SCALE
CONTRIBUTIONS

In Secs. III we have given an explicit demonstration of
an SU(5) model where the cancellation mechanism leads
to a suppression of proton decay. The analysis of Sec. III,
however, did not have any Planck scale contributions. In
this section we give a further example of the cancellation
mechanism in the context of an SU(5) model including
Planck scale contributions. Such Planck scale contribu-
tions are used to generate the hierarchical structures for
the quark-lepton textures. Thus in the notation of Sec. III
we may write the effective superpotential at the GUT scale
including Planck scale corrections in the form

3 3
W= Z(flnS 10.55 — e + £,,10.10.5, e

) (18)

where the couplings are written in a schematic form. After
spontaneous breaking 3, develops a VEV of size M [see
Eq. (8)] and the above contribute terms suppressed by
powers of (M/Mp;)". An analysis of the quark-lepton
textures using expansions up to (X/Mp;)? was carried out
in [14]. The above analysis has been extended recently to
include expansions up to (2/Mp;)* [21]. The coefficients
asy (asg) of the effective B&L violating dimension 5 op-
erators LLLL (RRRR) take the form

éd . p(1 1
gzbd f()f()

ais agi]é;c’dz (2) f(2) (19)

péd qab’ péd

where f ) f (1,)/, etc. are as defined by Eq. (2). Specifically
Y Eila) B f(l) etc. are effective couplings which are expan-
sions in the Planck scale contributions. Their forms are
explicitly exhibited in [21]. With the larger number of
couplings available it is then possible to satisfy all the
quark-lepton textures. Further, one finds that solutions
allow for the possibility that [21] fﬁj)d =0= f;”d which

completely suppress the B&L violating dimension five
operators. This is an example of the cancellation mecha-
nism where Planck scale corrections allow for the suppres-
sion of proton decay.

V. SUPPRESSION OF BARYON AND LEPTON
NUMBER VIOLATING DIMENSION FIVE
OPERATORS IN AN S0O(10) MODEL

In the SU(5) model of Sec. III we saw that if there are
more than one pair of Higgs triplets contributing to the

PHYSICAL REVIEW D 77, 015015 (2008)

generation of baryon and lepton number violating interac-
tions, then there is the possibility of a partial or complete
cancellation of these operators. In Sec. IV we saw the
phenomenon of cancellation an SU(5) model with Planck
scale contributions. We consider now the SO(10) case.
There is already a considerable literature on model build-
ing in SO(10) (for some recent works see [17,22,23]). Here
we will consider the SO(10) model proposed recently with
one step breaking down to the standard model gauge group
and further down to the residual gauge group SU(3)- X
U(1)y using 144, + 144, of Higgs [24]. This case com-
bines some features of the models discussed in Sec. III and
in Sec. I'V. Thus the model has more than one pair of Higgs
triplets, and further, it has Planck scale contributions. Thus
the quark-lepton masses for the first two generations (see
Sec V C) arise from the Planck scale contributions, while
that of the third generation arise from the cubic interactions
[see Eq. (43)]. We will compute the lepton and baryon
number violating interactions for this model and show that
a complete suppression of baryon and lepton number vio-
lating dimension 5 operators can occur in this case.

We begin by exhibiting the decomposition of 144 under
SU(5) X U(1). Here one finds

144 = 5(Q")[3] + 5(Q))[7] + 10(Q)[~1]
+15(Q(4)[—1] + 24(QH)[-5]
+40(Q[—1] + 45(Qi[3], (20)

where i, j, k are the SU(5) indices and a similar decom-
position of 144 holds so that we have

144 = 5(P)[—3] + 5(P)[~7] + TO(P,)[1] + T5(P;)(1]
+ 24(P))[5] + 40P )[1] + 45(P)[-3]. (1)

We note that the decomposition of 144y + 144, contains
5 + 5 pairs of Higgs, as well as a pair of 45, + 45, of
Higgs. Thus in this sense it contains the essential ingre-
dients of the SU(5) model which has 5 + 5 and 45, + 45,
of Higgs fields. There is then a good chance that a cancel-
lation mechanism works in this case as well. We will show
later in this section that this is indeed the case. The analysis
in the rest of this section is as follows: in Sec. VA we give a
brief discussion of spontaneous breaking with 1445 +
144, of Higgs. In Sec. VB we discuss the doublet—triplet
splitting. In Sec. V C we give an SU(5) X U(1) decompo-
sition of couplings of matter and Higgs. Here we analyze
quartic interactions as well as cubic interactions [25] when
additional 10 and 45 of matter are introduced in order to
generate large masses for the third generation of quarks
and leptons. An analysis of baryon and lepton number
violating interactions is given in Sec. V D where the con-
dition for the complete suppression of baryon and lepton
number violating LLLL and RRRR operators by the can-
cellation mechanism is discussed.
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A. Spontaneous symmetry breaking

To discuss the spontaneous breaking with 144, + 144,
of Higgs, we consider the following form for the super-
potential

W = M(144, X 144y)
A -
“5‘ L (144, X 144y) 45, (T84, X 144,),5.

)\457

(144H 144H)45,(m1.1 X 1444) 45,

210 20 (144, X 144410144y X 144)50.  (22)

In the above the 45, 45, and 210 couplings are defined as
follows

(144 X 144y),45, (144 X 144y),5,

<\P( )M|BEPA|W(+)#><\I,T7)V|BEpA|\P(+)y> (23)
(T4 X 144y) 45, Ty X 1444) 5,
= (W Bl )XWy, 1Bl ) (24)
(144 X 144y)510(144y X 1444)510
<\P( )ﬂlBF[pFUFAF§]|W(+)M>
<\P( )ulBF[pFaFAF§]|‘I’(+)y> (25)

Inthe above I, (u = 1,2, ..., 10) are the SO(10) matrices
which satisfy the Clifford algebra

r,T,}=26 (26)
and B is the SO(10) charge conjugation matrix
B= ]‘[ r, (27)

u=odd

M’ 15

4 1 /24 4 ' !
Wi = {gM + _<? Ags, — _/\210><Q31><Pg1 }Q"Pl * {W[_

PHYSICAL REVIEW D 77, 015015 (2008)

The explicit computations are done using the oscillator
method [26,27] and the techniques developed in
[24,28,29]. These techniques are field theoretic and the
1445 (144)-plet in this scheme is represented by a con-
strained vector spinors |Y(+),> where one imposes the
constraint I',, | Y ),,> = 0. We carry out an explicit analy-
sis and find

P | 1 i
Wgp = MQIP/ + W[_/\“S‘ + g)mzlo}Q}Pfo‘Pi

1 1 , ;
+ W[_‘U\zxsl - 5/\452 - )‘210:|Q;¢P§Q;Pﬁr (28)
The minimization of Wgg gives
; . (29)
(P%) = pdiag(2,2,2, =3, =3),
where ¢, p are constrained by
MM’
= 116)\45| + 7)\4,57 + 4/\2]0. (30)
qp :

B. Doublet-triplet splitting

We discuss now the doublet-triplet splitting. Our general
philosophy is that we are working within the context of a
landscape scenario where a fine tuning to make the Higgs
doublet light is permissible [30,31]. After spontaneous
breaking of the electroweak symmetry discussed in the
preceding section, one finds that the part of the super-
potential that governs the doublet-triplet splitting is given
by

: i2 )\210}<Qm><P 1>}Qin

g 45,

{1 (6, = 5 Aono JQINPINQP, + [ (ks QP QP

+ {— %M + %(Aﬁl - é)\mo)(Q'yxpgp}[ £ %(&FQJ. - BfQi)}[Pij 4 ig(a;{m - 5;;1)1‘)}

+ Lo (—3 Jenmil] o + =610 - siQu [ B+ S0~ 5|

# L] (34 3 20 J@ep [ @ + 010~ st | P + = elp — aip | a1

In the limit when Ays. = 0 = A4s,, Ay9 = O, the Higgs doublets and triplets that pair up are the following set
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Dl: (Qa’ Pa); Tl: (Qa, Pa)

D,: (Qar P%); T,: (Qw P<) (32)
D3: (Qa’ i’)a); T3: (Qa’ f)a)
T4: (Qa’ f)a)

Here T,, T,, T; are color triplet (antitriplet) pairs which have charges Q = —1/3(1/3), while T, have charges
Q = —4/3(4/3). Thus the pattern of color Higgs multiplets discussed in Sec. III is reproduced here.

Mixings among the mutiplets occur when the couplings Ays , Ags,, Ao are nonzero. For the Higgs doublet fields the
doublet D, is decoupled while the mixings that lead to the doublets D, and D5 are generated by the mass matrix

Q Q.

P IM + 95O D5 — B Nys, — 2B Ag0) 298 (10A45, + 3 Ags, — 2 Azio) (33)
p? :
\/2‘1—’7(10)1451 +3 s, — 2210 — M + 45 (T4 A5, — 3 Aas, + £ Aan0)

For the triplets, T; and T, are decoupled while T, and T; mix. The mixings that lead to the Higgs triplets T, and T; are
given by the mass matrix

Q. Q.
P IM + 45 (80 Nys, — 3 s, — 2 M) % 15 (8Ays, + )l452 2 \210) (34)
pe f 98 (845, + Ays, — 3 Az10) —M + 45 (=24M,5, — B A5, — 3A200)
{
We represent the mass eigenstates by primed fields, and the t— %M L ar ﬁ e — e — & A
primed fields may be expressed in terms of the unprimed 1 3 M\ 5 T4 2 15 7210
ones through the following transformation matrices 8 gp/ 816 212
= gM M<_TA45‘ 2045, + FA”O)
(QL, P'9) cosdp  sindp Q. P9
< o = i < 2
(Q., P —sindp cosdp || (Q, P?) 35 b= \/§%<8/\45l + Ays, — §/\2‘0>‘ (38)
QP [ cosdr sindr [ (Qu P
Q. P - sindy  cosdr || (Q,, PY) | The mass eigenvalues are found to be
where Mp, =M + %(180/\451 + 945, — 104510)
! 2 2 1 2 2 2
tan”l.?D = d—%(dz + d2 + d3 ) (36) 1‘4D2’D3 = E(dl + d2 + d3 ),
1
tandy = t_(t2 + 4/t +152), and
3
and where My =M + —(180)l45l + 4M45, — 101519)
2 296 392 My, = —-M+ —( 84Mys, — 4us, +24510) (40)
d, = _5 + W( 5 Ays, — 165, — F)mo)
8  gp/ 1036 1 427 Mz, = 2t =62 + 1),
d2=_§ +W< 5 — s, Tt 5)‘452"‘?)\210) "2
The above allow for making one pair of Higgs doublets
d; =2 \[ 10A45 5 )\ 25 _3 Z Mo 0)) (37)  light by a constraint while all the Higgs triplets remain
5M ' © 6 heavy.
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C. Matter-Higgs interactions

The 16-plet of matter can interact with 144-plet of Higgs
only via quartic couplings. Here we consider the following
interactions

{21165 X 164)10(144; X 1445);
{E0001(165 X 16)10(144; X T4 )1
{9212’6‘2?)(“}(16& X 16)756(144; X 144 ) 15
{)‘(;2,)5 16, X 144,)45(16, X 144 )45,
{52122)2_)}(16(1 X 165)120(144; X 144 5) 159

{5212?;;_)}(164 X 165)120(144¢ X 144 ) 10

ABY 3165 X Taay)s,(16, X T44)s,

ALY 3164 X 1440)10(16, X 144,)10,

which contribute to the masses of quarks and leptons. Since
these couplings are quartic they are Planck scale sup-
pressed. We assume that the first two generation masses
arise from such couplings while the third generation
masses arise from cubic interactions. The quantities within
{} are parameters associated with the particular quartic
couplings with which they appear. The matter-Higgs
quartic couplings can be decomposed in SU(5) represen-
tations as follows

5
wy =S wy. 41)
i=1

The explicit analysis of the couplings in its SU(5) X U(1)
decomposed form is carrried out using oscillator method
[26,27] and the techniques developed in [24,28,29]. The
result of the analysis is recorded in Appendix A. It was
noted in [25] that much larger masses for the third genera-
tion can be obtained if one allows for the mixings of the 16-

|
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plets of matter in the third generation with 10 and 45 plets
of matter. Thus one may have cubic couplings of the type

(16.10.144y),  (16.45.144,). (42)

We note in passing that the particle content of 10 and 45 of
matter in its SU(2) X SU(3) X U(1) decomposition is as
follows: for the 10-plet of matter we have 10 = (1, 1) X
(6) + (1,3)(—4) + (2,3)(1) while the 45-plet has the
decomposition 45 = (2,1)(3) + (1, 3)(=2) + (3,3)(—2) +
(1,3)(8) + (2,3)(—7) + (1,6)(—2) + (2, 8)(3). An explicit
computation of the couplings in SU(5) X U(1) decompo-
sition using the techniques of [24,28,29] gives

1oxTaaxas _ s 1 ook gpd5)L.
Wy loxiaax —fé,;[mezjkzmMZPFl; "

1 .
+ —= €jun M PEES™

V2

_ P Fi ]
2V2M P+ (43)

M}/ Q,F\?

1
10
V16X 14410 f( ,)[ 7

ab 2\/@

L iy 12(10) ]
MJQSF! + .

+— .
22 ¢ _

Using the above interactions, one can generate a realistic
model of quark-lepton-neutrino textures. However, a de-
tailed analysis of the textures generated by the interactions
above and fits to the experimental data is outside the scope
of this work. Here we focus on the baryon and lepton
number violating dimension five operators generated by
the interactions above and how they can be suppressed
consistent with the current data.

D. Baryon and lepton number violating dimension-5
operators
Using Egs. (43), (A4), and (A5) and inserting mass
terms for triplets responsible for proton decay, we find

Wier = J{P, + K1,Q% + M7 QP + [y, costr + J3, sindr [P + [K§ cosdr + K§ sindr]Q), + M1,Q, P
+ [—Jaq sindr + Ja, cosIrP'® + [—K§ sindr + K¢ cosdr]Ql, + MTSQ’QIN”“ + J¢PL, + K, Q

+ My, QP

Here we have defined

(44)
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I = AL NPT, )+ 1660 < A SA LU + D)

— 2\/—2_f%5)(—6“37(516)b2ﬁ(1045)t2y + (gls)TL(](hs)tg + (gm)pLT(l(Lts)bg)’

2 KT
_ (10)(+) (126,126)(+) B
Kla == 326](%5 + Eedb’ >(U2éaE2b’ - 601,3’}/UL52D
4p 10)(+) , 4 (@5) B
Joo = \/g(_4§zib' + )\‘“; )(Ugda 25 - EaBVULdDZb’)

Y
5

+ 2\Efg§5>((1016>t2a(1045>72 + (1007010148 4 ¢ o 100¢510s)hY — ¢ o (100pP10s)¢7)

[\S)

w_ 4 (10)(+) 10) _ 3 _(126136)(+)\, a
K _ﬁ[<16§d5 + 2)\52,[; deE >(E ByDzéﬁ

Ui,)

T
+ (—16{21;)(” +3A00 — —9(12,6’126)(+)>(EMU26 + VLdDZI;)i|

15 ab
B 1
24/10

fgl;))(5aﬁ7(1016)t23(§10)b2y + (1016)tg(§10)1-L + (]O]ﬁ)bg(EIO)VLT)>

(45)

Jsa = 20p[4€0)) = 28U 4 B ) + (—4€0)) + A5 (€0, UL DY )]

Laa™1p
+ 2‘\/§f:(;::5)(_(IOIﬁ)tEE{(1045)TZ + (1015)72(104s)t2a)’

15 —ab

3 96 1 T3¢
K5 = QK—SOJ&?)H) + g9%6'126)”))(6““1)‘2&3[]2@) + 2(4055(311?)(+) - _9(1%6’]26)(+)>(EU§U21§ + ”La’DZb’)}

1
_|__
242

fggo)(6037(1016)1;2/3610)])27 — (1016)tz((§10)7L — (1016)bz((§10)VLT)’

o _ 435)(_a 45)( _a
Jo = —8[9)15”;)(6 BYUEdﬁUzﬁy) — (e B7(1016)t2ﬁ(1045)t27),

169 (126126)(+) [T 3
Kia = =750 (Df ;o E7p) + Ef% (107 Bwbg ).

In the above 4, b etc. stand for the first two generations
while the third generation is explicitly factored out and the
fields denoted by their familiar symbols b, t, 7 for the
bottom quark, top quark and for the 7 lepton. We note that
the currents J, and K, are similar to the tilde currents J and
K discussed in Sec. III. Finally, integrating out the Higgs
triplet fields in Eq. (44), we obtain the usual RRRR and
LLLL operators. These are exhibited in Appendix B. We
now explore the conditions under which proton decay is
suppressed. First all the terms which contain tau do not
contribute since proton cannot decay into a final state with
a tau. It is now easily checked that all the remaining LLLL
and RRRR terms do not contribute or cancel under the
constraints

45)  _ 4 £(10)(+)
Aab’,éd 4546,6&’

10)(+) _  — y10)(+) _ ,(126126)(+)
gab’,éd 0 ’\415,5-51 Qaé,ed :

(46)

The cancellation condition of Eq. (46) involves the quartic
couplings and thus the Planck scale effects. A cancellation
to reduce the proton decay amplitude by a factor of 10 will
lead to extending the proton life time by a factor 10%> and

{
may be sufficient to suppress proton decay to the current
level of experiment for most models making them phenom-
enologically viable. At the same time it leaves open the
possibility that proton decay may be observed in the next
round of experiment [32]. For the case when the Q =
—1/3(1/3) Higgsino exchange is much more suppressed
than the Q = —4/3(4/3) Higgsino exchange, there will be
only RRRR type operators and the dominant mode would
be 7. K.

E. Quark-lepton textures

The analysis presented above produces the quark-lepton
textures with the correct sizes. The first two generation of
masses arise in the above model from quartic couplings of
matter fields with the 144 and 144 Higgs fields [24], while
the third generation masses arise from cubic couplings
involving 144 and 144 of Higgs and additional 10- and
45-plets of SO(10) matter fields [25]. Below we show how
the quartic couplings can generate the desired sizes for the
up quark, down quark, lepton and neutrino masses for the
first two generations. Using the decomposition of SO(10)
couplings in terms of SU(5) couplings the up-quark masses
arise from the interactions
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24
10M10MWH5H (47)

where the fields above are all in SU(5) representations.
Similarly the down quark and lepton masses arise from the
interaction

_ 24, -
10M5Mﬁ”5H (48)

The RR, LR, and LL neutrino masses arise from the
following terms

24y
RR — vmass: 1M1M724H

_ 24
LR — v mass: SMIMWH(SH, 455) (49)
_ 5,
LL — CS5y5y—5
vmass: SySu - Su

It is now easily seen that the right sizes for the quark-lepton
masses for the first two generations can appear after 24,
5y + 5y, 45, + 45, develop vacuum expectation values.
Additionally for the third generation one has cubic cou-
plings which can generate relatively large masses typical of
third generation. The full analysis is rather involved and is
outside the scope of this paper.

VI. CONCLUSION

In this paper we have discussed the mechanism where
contributions from different operators that contribute to the
baryon and lepton number violating dimension 5 operators
tend to cancel producing an enhancement for the proton
decay lifetime in supersymmetric unified theories. The
cancellation mechanism works when there are more than
one pair of Higgs triplets generating baryon and lepton
number violating interactions, with their Yukawa coupling
having similar generational symmetry. We have discussed
in this paper three specific examples, two for the SU(5)
case and the other for the SO(10) case. For the SU(5) case
we first considered a model with a Higgs sector consisting
of Sy + 54, 24y, and 45, + 45,-plets of Higgs. Here the
244-plet breaks the GUT symmetry down to SU(3)c X
SU(2), X U(1)y, and the Higgs doublets from the 5; + 5,
enter in the electroweak symmetry breaking, while the
Higgs triplet fields from 55 + 55 and from 45, + 45,
generate baryon and lepton number violating interactions.
It is then shown that the baryon and lepton number violat-
ing contributions arising from the exchange of Higgs trip-
lets from the 45, + 45, can cancel the baryon and lepton
number contributions arising from the Higgs triplet ex-
change from the 5, + 5, when the generational depen-
dence of the Yukawa couplings of the 55 + 55 and of
45, + 45, are similar. Next we considered an SU(5)
example with only 5, + 5, and 24, of Higgs but includ-

PHYSICAL REVIEW D 77, 015015 (2008)

ing Planck scale contributions. Here it is seen that one can
produce the appropriate quark-lepton textures and a com-
plete suppression of B&L violating dimension five
operators.

For the SO(10) case, we consider a recently proposed
model where a one step breaking of SO(10) to SU(3)+ X
U(1),, can occur with a 144, + 144, of Higgs. Here the
decomposition of 144y + 144, contains automatically
45, + 45, of Higgs in addition to 5, + 55 of Higgs.
The interactions of 144, + 144, with matter are at least
quartic, but normal Yukawa type coupling arise after spon-
taneous breaking when 144, + 144, develop VEVs. In
addition large 3rd generation masses can arise with cubic
interactions when 10 + 45 of matter is included. The
analysis including all these interactions was carried out
and baryon and lepton number violating dimension 5 op-
erators were computed. It is then found that simple con-
straints suppress all LLLL and RRRR baryon and lepton
number violating dimension five operators. While we have
illustrated the mechanism for three models, it is likely
applicable to a larger class in which the baryon and lepton
number violating operators arise from more than one
source. The cancellation mechanism can allow for a com-
plete or partial suppression of proton decay, allowing for
suppression consistent with the current experimental limits
while allowing for the possibility that proton decay may
become visible in the next round of nucleon stability ex-
periments [32]. Finally, we have not addressed in this work
issues related to mass spectra for the heavy fields, gauge
coupling unification, and a detailed numerical fit to quark-
lepton-neutrino mass textures. A detailed analysis of these
topics is outside the scope of this paper. These topics are
worthy of further investigations.

Finally we note that recently there has been much further
work on the interface of GUTs and strings (see, e.g.,
Ref. [33] and the references therein) which make progress
towards the generation of realistic particle physics models.
While some models are free of B&L violating dimension
five operators, others are not [33], and the cancellation
mechanism may play a role in making such models viable.
More specifically, a class of string models which would
otherwise be eliminated by the experimental constraint on
B&L violating dimension five operators could become
phenomenology admissible using the cancellation mecha-
nism proposed here. Further, as noted in Sec. II the quan-
tum gravity corrections which were introduced in Eqgs. (4)
and (5) could also be utilized for the suppression of di-
mension five proton decay. However, a detailed analysis of
this phenomenon is outside the scope of the this paper.
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APPENDIX A: MATTER-HIGGS QUARTIC COUPLINGS

In this appendix we give further details of the matter-Higgs quartic couplings discussed in Sec. V C. Below we exhibit
the results for Wi') (i = 1-5) that appear in Sec. V C. Our analysis gives

a _ r_ @9 (54) i p/ i i (126,126)(+) (19) LQ
W4 _ MaMb{[ /\a'é,b’d’ + Adé,BJ]Pédei + \/§|:15 Qél;,éd + /\éé,lfd:|QéQdi}, (A1)
1
NG

@5 (5 a0 4 8 1200-) Tpij pr
+2[ Adc’,éc? )‘aé,éci+8§a15,c'd +3§a'z§,c'[i }Pékpdj

W‘(‘Z) = Mdle;{ e gj

_ 3,9 (54) a0+ 4 8 020) |pipi
[ 3Adé,ﬁd+)ldé,l3d+8§dé,éd +3§ah’,éd }P’P’

16 (126 T26)(+) , ,(10) a0 4 8 1200 Jvi i
+2[?Qab’,aa tAdise ~ 8abci T3 %bed }Qé%}’ (A2)

Tl 201 | 9 32 a0
G _ pipi[ L9 200 s \ i _ 9 6e ) _ 32 0000
Wi _MdiMbJPC'Pd[4</\dé,i§d' 25 )‘aa-,h'd‘> 4(5’\11&,155- 5)‘aa,;;é> 15 8a5cd } (A3)
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W, MdejH Aicii " Adcsd T 88aneq T 38abed }Pﬁpdk

LT T (126 126)(+) 10+ 8 (120)(-) k 1 (126 126)(+) a0+ _ 8 12000 ]y ok
+[159ab’,c’d’ +8§db,’c,d, +§§,, : }QédejJrz[Q,,,, +8L 7 == i|Qc’iijl}

\/g ab,éd 15 —abiéd ab,éd 37adbéd
MM L[ 2 p026T8) 00 +Eg(lzo)(—) Q0" LA asmee + 47090 o1 o
a bk\/g 159a15,c'd aébd 3 “dbéd %di 3 5Qa'b’,c'c2 abéd Cij g
_,@3) 54 1pk p.
A=At Aéé,;;[z]Pedei}’ (Ad)

5 _ iingkt[o] 2 (126T36)(+) | A100+) L 2 1200=) |yn gy A0+ 1pr prm L [ 200() 1pm pn
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SMickd " 3%ckd ibed atdp T [5 aébd abéd ént g
1 ; i\ (45) (54) L pl
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APPENDIX B: ANALYSIS OF LLLL AND RRRR Wi =R e "D74aU7 55V Bl

DIMENSION FIVE OPERATORS

Below we exhibit the result of the analysis of LLL and

RRRR dimension five operators. These dimension five i U1 _apyGiore (00 Tr0
. . . . pr— [27 c

operators are gotten by integration over all the Higgs triplet Wg™ =Ry e?Pwby Uhelt7 U7 B,

+Ry"ePDg, B¢ US40, . (B3)

fields.
elds + R(2111) GQMDZMUEEB(1016)t<zy(1016)TE
111
Wi =S (W + W), (B1) + RV e Gug, 100) 71 Ug 1S,
g=I

. ) + R(lll) afypc . RC (101)¢C (1056)¢C B4
The index g above denotes whether the particular operator 4 € Liatrs " tip Ly (B4

connects one (I), two (II), or three (III) generations of _
fermions. The operators in Eq. (B1) are defined through W(LI) = L(ll)Gagy(s‘ﬁ)TL(lo‘ﬁ)tg(lolé)tf(lolﬁ)bz

Wg) - R(I)601,3)/(5,6)bza(1016)tzﬂ(1016)t2y(10,6)Tz’ (B2) + L(Z”eaﬁyﬁm),,LT(IOI(,)bg(1016)tf(1016)bz, (B5)
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W = <”> [eaﬂyELaUaU D]+ €apy D], Uz, Db ®6)

W(L“[) = L(m)[e ELdUL,;a(lolﬁ)tf(lolﬁ)bz +e€

aPy

By VLéDZE(IOIG)tf(IOIG)bZ] + |_(21”) eaﬁy(gm)TL(IOIG)thdeZb’

+ L €5, 00w, (100bg UL, DY (B7)

The coefficients L and R are defined in Tables I and II. In computing them we have limited ourselves to one generation of
144 + 144-plet of Higgs. Thus the couplings with 120-plet mediation which are antisymmetric in the generation indices
vanish.

TABLE I. Definition of parameters in Table II.

A c(;[TﬁT N Sl;lT?T
°

C M%z - MT}) cosdt sind

Xias 8p(4£19) — \49)

Xais 2p(~ 166100 — U9 1 5)59)

X345 20p(—4£190) 1 A5

Yias 32q(§((311?)(+) +%Q;1§6,ﬁ)(+))

Yo %(16{;12)(+) + 2)‘21,2) 3 QZI:G 126)(+))
Y5 %(—16{;1;)(” + 3)‘22) {4519 (126,126)( +))
Yais q(_80{((11150)(+> + §9(1§6,126 ()

Ysas 2Q(40§;11?)(+) S9(126 126)( (+)

TABLE II. Coefficients of LLLL and RRRR baryon and lepton number violating dimension five operators

R® f(lo)f(45 sinf,, cosd,,[(—1A — B + %C) sind,, cosf,, + (—1A + B + % —) cosh,, sinfd,, ]
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RUY 11253 Mpf4 Q(126 126)(+) A(45
RY") 2\/— f(45) cosb,;, sind,, Y, ;5 — 10)(20\/-A + 4\/-B - 2\/—0) sinf,;, cosd,, X, s
RYD (45){[(2\[A 2\20)Y,, 5 + (2\/70 — 24/2B)Y,, ;] cosd,, sind,,.
+ [(2\/:A + 2\/—C)Y2{“; + (2\/gC + 2\/—B)Y4d ;1sind,, cosb,.}
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