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We show that in a class of minimal supersymmetric SO(10) models which have been found to be quite
successful in predicting neutrino mixings, all proton decay modes can be suppressed by a particular choice
of Yukawa textures. The required texture not only fits all lepton and quark masses as well as Cabibbo-
Kobayashi-Maskawa parameters, but it also predicts neutrino mixing parameter U,; and Dirac CP phase

sin| 8 yns| to be 0.07—0.09 and 0.3-0.7, respectively.
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The seesaw mechanism [1] for understanding small
neutrino masses observed in recent experiments seems to
suggest a grand unified theory (GUT) based on the SO(10)
group. Since all quarks and leptons including right-handed
neutrinos are unified under SO(10) group into one 16
dimensional spinor multiplet, this raises the hope that the
masses and mixings of quarks and leptons can be under-
stood in terms of a smaller number of parameters than in
the standard model. Various recent works in a class of
minimal SO(10) models with a single 10 and a single
126 Higgs multiplets [2—4] have substantiated this point
of view and have led to predictions for neutrino mixings.
The predictions for solar and atmospheric mixing angles
are in agreement with present observations [3,4] and that
for U,; is not far below the present upper limits, making
the model testable in planned experiments. The simplest
way to accommodate Cabibbo-Kobayashi-Maskawa
(CKM) CP violation in these models is to include an
additional Higgs field belonging to the 120 dimensional
representation [5] which still remains predictive [5,6] and
leads to a solution to the supersymmetric (SUSY) CP
problem.

Proton decay provides important constraints on GUT
models [7,8]. In most generic SUSY GUTs the dimension
five operators induced by colored Higgsino [9] provide the
dominant contribution to the proton decay amplitudes.
Since they arise from diagrams involving Yukawa cou-
plings, predictions for proton lifetime get related to fer-
mion mass textures. The AB = 1 interactions in generic
SO(10) models [10] involve several GUT scale symmetry
breaking parameters and therefore the situation for proton
decay is less restrictive compared to the minimal SU(5)
model. Nonetheless, since there are experimental bounds
on 16 nucleon decay modes, it is not a priori obvious that
the model will be consistent. In particular, in the minimal
SO(10) models of the type discussed in Ref. [3], there are
four free parameters [11] and it was shown through a
numerical analysis [11,12] (without including RRRR op-
erators) that there exists a very small region in these
parameter spaces for LLLL operators, where all the
present experimental constraints are satisfied for lower
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tanf = 3. The inclusion of the RRRR operator creates a
tension since we will see later that the LLLL and RRRR
operators involve the same terms with opposite sign (due to
D parity) and thereby it becomes impossible to suppress
both of them by the cancellation of the contributing terms.

In this Letter we study the proton decay constraints on
SO(10) models with 10 + 126 + 120 Higgs fields, and
present proton decay constraints combined with fermion
masses and mixings imply a specific relation among
SO(10) breaking vacuum expectation values (VEVs) and
a very specific form for the Yukawa textures. Roughly, they
imply that the proton decay operators are proportional to
the product of two up-type quark Yukawa couplings, i.e.,
Y,ijY, i instead of Y,;Y,, as in the minimal SU(S5) model.
As a consequence, the suppression of both LLLL and
RRRR contributions for proton decay works (without any
fine-tuning) even for large tan/3, which makes this model
easily distinguishable from other simple GUT models. In
addition, it leads to definite predictions for the neutrino
mixing parameter U,; and the Dirac phase ,ys-

The field content of our SO(10) model is as follows:
three 16;(i;) spinors for three generations of matter, and
Higgs fields in 10 (H), 120 (D), and 126(A) ® 126(A), and
a 210 (®) multiplet [13] for GUT symmetry breaking and
for the minimal supersymmetric standard model (MSSM)
vacua. The Yukawa superpotential of the model is

1 1 — 1
Wy = Ehij’wbi‘;[’jH + 5fij¢i¢’jA + §h§j¢i¢jD- (1)
The SO(10) invariance implies that the coupling matrices &
and f are symmetric and A’ is antisymmetric. Altogether
we have six pairs of Higgs doublets: ¢, = (H\°, D},
Dczl’ Zd’ Ad’ (I)d)’ Cu = (HthoJ Dllv Di’ Aw Kw (I)u)’ where
the superscripts 1,2 of D, ; stand for SU(4) singlet and
adjoint pieces under the G4, = SU(4) X SU(2) X SU(2)
decomposition. The mass term of the Higgs doublets is
given as (¢4),(Mp) . (@,)p, and Mp is given in Ref. [14].
We diagonalize this mass matrix by UMpVT = M5 and
assume that (M%), is much smaller than the GUT scale.
The MSSM Higgs doublets are given as linear combina-

tions: Hd = U)lkg(gad)ll’ Hu = Vrg(gpu)u
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We use the SU(5) basis to describe the standard model
decomposition of the SO(10) representation [14,15]. The
Yukawa interactions are written (Gyy, decomposition is
given in Ref. [16]) as

Wiloub — hHCIIO(qu + €e) + hH(qu¢ + €v°)

1 — 1 —
+ —fA (gd¢ —3€e€) + —fA,(qu° — 3€v°
\/gf a(q e) ﬁf (qu <)
+ h'DY(qd® + €e€) + W'Dl (quc + €v°)

1

V3

1
+—n'D%(qd" — 3€e) — —h'D3(qu’ — 3€v°),

NG
2

and Yukawa matrices for fermions are obtained as

Yu=ﬁ+r2f+r3ﬁ', Yd=r1(ﬁ+f+/’_l/), 3)

Y,=ri(h=3f+c,h)), Y,=h—=3nf+ch, 4

where the subscripts u, d, e, v denote up-type quark, down-
type quark, charged-lepton, and Dirac neutrino Yukawa
couplings, respectively, and h =V h, r, = U,;/Vi1,
ry =riVis/Up rs = ri(Vio = Vi3/33) /(Ui + Uy3/V3),
f=Uu/N3r)f,h'=Up+U;/VB3)/rih c,= (U~
VB3UR)/ Ui+ Ui/V3),  c,=r(Vip+33V3)/ (U +
U,3/+/3). The Majorana mass matrices for both left- and
right-handed neutrinos are proportional to the coupling f.
In this Letter we will be using type II seesaw [17].

The dimension five operators (LLLL and RRRR opera-
tors) induced by Higgs triplets,

—Ws = %Cgqukq,qﬂj + C;{kleiufufd;’, &)
are obtained by integrating out the triplet Higgs fields,
o7 = (HT’ DT’ D/T’ AT’ AT’ AIT, (I)T) and Qr = (HT’ DT’
Dh, Ay, Ay, A}, ®7), whose hypercharges are Y = +1/3.
In the expression the fields with ““/”” are decuplet, and the
others are sextet under SU(4) decomposition. The Cp
operator is also generated by other triplets with Y =
*4/3, ¢z = (Dg Ap), and ¢c = (Dg, Ac). The mass
term of the Higgs triplets are given as (¢7),(M7) . (@7), +
(06)a(Mc) (@) The mass matrices, My and M, are
7 X7 and 2 X 2 matrices, respectively [14]. The Yukawa
couplings which cause proton decay are written as

: 1
WP = hHA(g €+ ucde) + hHT<§qq + e”u")
_ _ 71 -,
+ fAz(gl— ucdc)+fAT<§qq — ecuc>+\/§fATeCuC
+ \/zh’(DTMCdC + D’Tq€ —Dre‘u’ +Dle‘uc)
+2f R edC et + 20 Dauu +20' Dede e, 6)

The dimension five operators are written by the Yukawa
couplings A, f, and k' as follows:

”
Cy" = chijhy + x1fijfu + Xahijfu + X3fijhu
+ X4h§jhkl + x5h§jfk1, (7

"
Ci' = chijhy + yifiifua + yohijfu + yafijhu

+ Yahijhy + yshisfu + yehijhiy + y1fijhi

+ yshiihiy + yohif ik + yiohihy. ©

The coefficient ¢ is given as ¢ = (M;!);, and the other
coefficients x;, y; are also given by the components of M !
or M !. Note that y; = —x3, due to the fact that H; and A
have opposite D parity.

A more convenient form of the proton decay operators
can be given by diagonalizing the Higgs triplet mass matrix
My by two unitary matrices, X and Y, as XM;YT =
diag(Ml, Mz, ceey M7),

. 1

kI
= ZM Xarh+ Xoaf +V2X31)ij(Yarh + Yos i,

a

y I
cit'= zM (Xarh = Xaaf +V2X o)) (Yarh = (Vs

a

—V2Y,6)f +V2(Y a3 = Yo )b )iy + (yo, y 1 terms).
9

A consistency check of the formula is obtained by con-
sidering a specific vacua. For example, in the SU(S) limit,
only one of the colored triplets is much lighter than the
others, i.e., M| < M, (a # 1), and we can obtain the
following relations for the diagonalizing matrices from
the explicit form of the Higgs mass matrices in
Refs. [14,15] Ull == X]], V]] = Yll’ U14 == X14 == 0,
V15:Y15:Y16=\/§:1:\/§, U12:U13:X12:X13=

Vip: Vi1 Y Yi3=1: V3:V2:42. As a result,
ry — o0 with f — 0,
ry =0, c,=—1 (10)

for the Yukawa matrices in Eqs. (3) and (4) and thus,
as expected, we get the SU(5) relations, Y, = YT
Y, =7YI, and the dimension five proton decay opera-
tors can be written in terms of the Yukawa couplings as
Clekl = C%kl = (Yd)ij(Yu)kl/Ml-

Let us now investigate the conditions required to sup-
press the proton decay rate in this model. From the experi-
mental inputs of quark and lepton masses and mixings, the
coupling f is almost determined to have the form

2PN
f~1 A 1 1 m/m,
Al

where A ~ 0.2. A naive implication of this is that since up-
type quark masses are more hierarchical than down-type
ones (i.e., m,/m, < my/my,, m./m, < mg,/my), the ex-
pression for the up-type Yukawa matrix requires the fol-
lowing two typical choices: (a) there is cancellation among
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h, f,and h', or (b) A itself has a hierarchical form similarly
to the up-type quark masses. Choice (a) corresponds to the
cases where [1, 2] block of %;; is not far smaller than f;;,
but 3 are chosen such that m,, m. are hierarchically
small. Choice (b) corresponds to 7,3 ~ 0 and is required
to suppress the proton decay naturally. To suppress the
decay rate we need small couplings for first and second
generations in the C g operators. Clearly this would also
require a cancellation among /4, f, and 4’ in case (a). Since
in general the coefficients r,3 in Y, and x;, y; in Cy y are
unrelated, one must find a situation where both cancella-
tions can be achieved in a satisfactory manner. However,
since the 126 Higgs contribution has an opposite signature
(y3 = —x3) for one of the coefficients in C; g, the cancel-
lation required to obtain small Yukawa coupling for Y, by
tuning r,f cannot simultaneously suppress both C; and Cy
operators by tuning X;4. Moreover, since the k/ part of C;,
is symmetric because of SU(3) X SU(2) contraction, the
120 Higgs contribution vanishes due to the antisymmetry
of #'. Thus, if the cancellation in Y, happens by tuning
r3h’, such cancellation will not help in suppressing the C;,
contribution. Thus the decay rate cannot be suppressed in a
natural way if we take choice (a).

We show how the proton decay rate in choice (b) is sup-
pressed compared to the minimal SU(5) model. If r, 3 = 0,
the C; can be written as C’L]kl « (Y, + yh');;(Y,) and, in
the operator C}{kl, the ij part is also related to Y,,. This will
correspond to the case where X4, Y15 ~ 0. We will give an
example later of when this can happen. The Cj contribu-
tion now to the p — K7, mode is suppressed giving a sup-
pression factor A, /A, ~ 1/100 for tanB ~ 50 compared to
the minimal SU(5) model. Similarly, since the k!l part of C;
is also related to Y, instead of Y,, the C; contribution to
p — KW is also suppressed even for tanf ~ 50, compared
to the SU(5) model (since A./A, ~ 1/5). However, as it
turns out, these suppressions are not enough to satisfy the
current experimental bound. Rewriting the proton decay
amplitude as A = a,B,/(4mMrmsysy)A, we can write
A= cA,, + xlﬁff + xzfihf + x3Afh + ---. The coeffi-
cients ¢ and x; are given in Eq. (7), and there are also
similar Cp contributions. To satisfy the current nucleon
decay bounds, we need IAP_,K,;l =108, |A,_,.,| =<
2x 1078, and |A,_x, =5X%107% if the colored
Higgsino mass is 2 X 10'® GeV, and squark and wino
masses are around 1 TeV and 250 GeV, respectively. In
order to satisfy those bounds naturally, we need A,;, < 5 X
1078, If A, = 1077, we need to tune x; and y; for every
decay mode to cancel A, which is unnatural. (Further,
assuming ¢ — 0 cannot make successful suppression of the
decay amplitude since in that case we need to suppress A 1f
which can only be suppressed for tan8 < 3.) Note that the
A, depends on the magnitudes of the elements from the
[1, 2] block of /2 which is determined from the fit to the up-
type Yukawa coupling as a function of r, and r5. The A, is
calculated in the basis where Y, = diag(A,, A,, A,). For

the case where we invoke large r, ; and cancellation to fit
fermion masses, A,, can be ~107%, thereby requiring
a very high level of fine-tuning for all the decay modes.
Proton decay suppression therefore prefers the range
where r, and r; are small. However, even in the case r, =
ry =0, Ay, ~ 1077, cancellations among the coefficients
x; and y; are needed to satisfy the data and we need to
specify the Yukawa texture to suppress the proton decay
rate further. We find the necessary Yukawa texture to be
h = diag[0, 0, O(1)],

_[~0 ~0 X ) (U E
f=l~0 2 2|  K=il-2 0 A
A2 -2 =220

where A ~ 0.2. With r; = 0, and r, given by rym,/m;, ~
A (r,=0.1), we can then generate the correct charm
mass; hj, generates the down-quark mass and Cabibbo
angle 6. with my/mg =~ sin’6,. The up-quark Yukawa
coupling is found to be A, ~ (r,A%)2. We also have a
relation mgmgmy, = czm,m,m., where c; =1 in the pre-
ferred vacuum for the 120 Higgs coupling, Eq. (10). In the
basis where Y, is diagonal, A,, in this texture is not
completely zero but can become much smaller than 1073,

After we suppress the A, we also need to examine the
contribution of the other components, e.g., Aff,hf, Fhhh,..r
They involve the colored Higgs mixings, which can be
suppressed by our choice of the VEVs and the Higgs
couplings. According to our numerical studies, some of
the mixing angles must be about a few percent in the case
of tanB ~ 50 to suppress the decay. The mixing angles can
become larger as tan3 becomes smaller.

The proton lifetime for p — K for this choice of tex-
ture can be larger than the current experimental bound,
T, =2 X 1033 years for any tanS3 (using the lightest col-
ored Higgsino mass to be 2 X 10'® GeV and squark mass
scale around 1 TeV). All other nucleon decay modes are
suppressed as well. In our calculation, we use long- and
short-distance renormalization factors, A; = 1.43 and
typically Ag = 1.8, similar to Ref. [18]. It is important to
emphasize that, without the particular choice of texture, as
mentioned above, the proton decay cannot be suppressed
naturally in these models unless the tan3 is very small. The
presence of A’ is a necessity to suppress proton decay
(suppress A,;,) and fit the fermion masses. This A’ also
helps to explain CKM CP violation [5].

Given the above texture for Yukawa couplings, it is very
interesting to see that the current neutrino data can be fit
and U,; is restricted to a range. In Fig. 1, we plot U3 as a
function of r, with fi;, — 0 (as required in the most
preferred texture) and the value at |ry| =~ 0.1 is the most
important. We find that U ;3 is in the range 0.07-0.09. For
this fit, sin?26,5 is maximal (>0.9), tan’6,,,. ~ 0.4, and
Am2,/Am3: 0.02-0.07 (lower values are more preferred).
We also predict the Dirac CP phase as sin|dyys| to be 0.3
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FIG. 1 (color online). |U,;] is plotted as a function of r,.

to 0.7. The Yukawa matrices are assumed to be Hermitian
to keep the model free from SUSY CP problem.

Finally, we show how the above proton decay suppres-
sion arises by an adjustment among different VEVs. As
noted, we need to have r; =0 in Eq. (3). Since this is
satisfied in Eq. (10) for the SU(5) condition, it may be a
hint that we stay close to the SU(5) symmetric vacuum.
Secondly, we need r, =~ 0 and suppression of the colored
Higgs contributions from 126 submultiplets, namely,

Uiy > Vis, X1, Vi (11)

We denote the VEVs of the submultiplets in 210 multiplet
as follows: ®,:(1,1,1), ®,:(151,1), &;:(151,3)
(where numbers in the parentheses denote G4, quantum
numbers). Recall that in the SU(5) symmetric vacua
[14,15], the ®;’s satisfy the relation /6P, = 2D, =
®; (using the same normalization as in Ref. [14]).
Perturbing the Higgs potential with a small coupling,
MHA®, we obtain ry = A, (v/6D, — ®5) (where A, is
associated with the A;HD® term). If \/6431 = ®;, we
have r; =~ 0. We also obtain the Higgs mixings U4 =

—6V5 Ao/ Pt L Xy = =250/ X

+42D,+8D;
__ 60, —Vad, -+, where m is a coupling of the

Vo, +320, +6D;
®AA term, and similar terms for V5 and Y5 ;4. All these
terms have different denominators. All the Higgs mixing
angles tend to zero in the limit A, — 0. However, suppose
that \/6®, + 2D, + 8D; ~ 0 is satisfied, only U, can
be of finite value, and Eq. (11) is satisfied. This is just an
example, and in our detailed quantitative work we keep all
other terms in the Higgs potential, and we satisfy Egs. (10)
and (11) to suppress the proton decay rate.

In conclusion, we have analyzed the fermion masses and
dimension five AB = 1 operators in the minimal SO(10)
model with 10, 126, and 120 Higgs fields coupling to
matter. We show that by a choice of suitable textures,
one can not only get correct fermion masses and mixings
but also suppress the contributions to proton decay from
both the LLLL and RRRR operators for the entire range of
allowed tan B parameter of MSSM. This choice of textures

requires a suitable SO(10) breaking vacuum condition
which is close to SU(5) invariant vacua. In the favorable
region of parameter space U is predicted to be 0.07-0.09
and sin|&,ys| to be 0.3 to 0.7.
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