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1 Introduction

The supersymmetric version of SO(10) Grand Unified Theory (GUT) [1-18] is an interesting
candidate for the new physics beyond the Standard Model (SM). First, the fermions in
every of the three generations are contained in the same representation 16 of SO(10).
These 16plets contain the right-handed neutrinos so that neutrino masses and mixings
can be taken into account through the see-saw mechanism. Second, by including different
Higgs multiplets, fermion masses and mixings can be described correctly. Third, once the
two Higgs doublets for the charged fermion masses are arranged at the electro-weak scale,
supersymmetry (SUSY) protects their smallness against quadratic divergences.

The supersymmetric SO(10) GUT has also problems to be solved. The contents of the
Higgs multiplets are not fixed a priori. In the minimal version, the Higgs sector contains
10, 126, 126 and 210 [6-10]. This brings in several difficulties in the predictions. The
model is highly constrained by the requirement of SUSY at high energy scales. To account
for the neutrino masses and mixings, an intermediate scale given by the VEVs of 126 and
126 is needed which, however, breaks badly the unification of the gauge couplings. Also,
there is the so-called doublet-triplet splitting (DTS) problem to explain that why the two
Higgs doublets are light in the Minimal Supersymmetric SM (MSSM) while all the other
multiplets, especially the triplets in the same minimal representation 10, are all superheavy.

The Missing Partner Mechanism (MPM) has been successfully used in supersymmetric
GUT of SU(5) [19-23] to provide a natural realization of the DTS within the Higgs multi-
plets. This mechanism is then used in SO(10) model [24, 25]. To account for the charged
fermion masses, this Minimal SO(10) model with MPM (Minimal SO10MPM) [25] needs
to be extended to include more 126 and 126 while keeping the MPM [26]. However, there
are still difficulties to overcome, including how to incorporate the see-saw mechanism and
how to suppress proton decay in the model.

In the present work, we will study the extended SOI0MPM. The SO(10) symmetry
is broken directly to the SM gauge group, while an intermediate VEV to account for the



see-saw scale is used which is only a small correction to the SO(10) symmetry breaking.
The other 126 — 126 need to have large VEVs not only to keep unification, but also to
suppress proton decay required by the experimental data.

In section 2 we will review the Minimal SO10MPM briefly. In section 3 the extended
SO10MPM is constructed and solved explicitly. Mass matrices of doublets and triplets are
shown in section 4. Fermion masses and proton decay are studied in section 5. In section 6
we will summarize.

2 Review of the minimal SO10MPM

In the SU(5) models, the MPM is realized by introducing a U(1) symmetry to forbid the
5 —5 to have direct mass term. By coupling 5 (5) Higgs to 50(50), which contains a color
triplet (anti-triplet) but no weak doublet, through 75 which breaks SU(5), the color triplets
in 5 — 5 gain GUT scale masses while the weak doublets are still massless.

In SO(10), the 5 and 5 of SU(5) constitute a 10, and the 50 and 50 of SU(5) are
contained in 126 and 126, respectively, as

126 =145+ 10 + 15 + 45 + 50,
126 =1+ 5+ 10+ 15 + 45 + 50. (2.1)

In total, a pair of 126 — 126 multiplets contains 2 pairs of doublets and 3 pairs of triplets.
In addition, the SU(5)-breaking 75 is contained in 210 of SO(10) which breaks SO(10)
symmetry. Then, in principle, the MPM of SU(5) can be embedded into SO(10). This needs
to include more Higgs in the model and to impose an extra U(1) symmetry to eliminate
unwanted bilinear and trilinear couplings from the superpotential, leaving some elements of
the mass matrices to be zero. Denoting the multiplets which cannot(can) get mass through
couplings with itself or its conjugate as “light” (“heavy”) fields, the Higgs fields

10 x 2 + 120 + 126/126 + 210

are required in the minimal version [25], in which the 10s and 120 are light with Q = 1,
126 — 126 are heavy with Q = —1, and 210 is also heavy with @ = 0. The heavy fields
126 — 126 get their masses through couplings with a singlet X with Q = 2, while the light
fields get masses only through couplings with 126 — 126 and 210. Fermions are contained
in the three 16plets with @) = —%, coupling only with the light fields. It is easy to count
that there are 4 (4) pairs of light doublets (triplets), and 3 (4) pairs of heavy doublets
(triplets). The mass matrices are

Dlight Dheavy

Diight O4xa  O(G)axs
Mp= _"8 2.2
b Dheavy <O(G>3><4 O(G)3><3 ( )

for the doublets, and

irlight Theavy

Tight O4x4 O(G)axa
Mp= _"% 2.3
g Theavy (O(G)4><4 O(G)4><4 ( )



W, (16) | Hi(10) | H2(10) | D(120) | A/A | Aj/A1 | Ay/Ay | ®(210) | X (1)
Q| -1 1 1 1 1 -1 -1 0 2

Table 1. SO(10) multiplets and their U(1) charges. ¥;(i = 1,2,3) represent three generations of
fermions, A/A, A1 /A1, Ay/Ay are all 126/126 multiplets, and X is an SO(10) singlet whose VEV
breaks the U(1) symmetry. H; 2 and D are 10plets and 120plet, respectively. Higgs multiplets with
@ =1 are light while the others are heavy.

for the triplets. Here, 0454 stands for a 4 x 4 null matrix, while O(G)s mean matrices whose
elements are of the GUT scale. Generally speaking, Mp has one zero (light) eigenvalue,
and M7 has none. Because the determinant of Mp contains 7! = 5040 terms, and each
term inevitably has one factor that comes from the 4 x 4 null matrix part, this makes the
determinant of Mp vanished. Since the heavy part of Mr is larger than that of Mp, all
eigenvalues of Mp remain superheavy, and the DTS is thus achieved.

However, one cannot fit all fermion masses with only 10 and 120 fields, a light 126
must be introduced to couple with the fermions. Meanwhile, the heavy side of fields must
be extended to keep the MPM [26]. We will study this extended SO10MPM in the next
section which was not solved explicitly in [26].

3 Extended SO10MPM with 3 pairs of 126 — 126

In the Minimal SO10MPM the see-saw mechanism is not included to explain the neutrino
masses. In fact, SO(10) has a basic conflict between incorporating the see-saw mechanism to
generate the neutrino masses and realizing the unification of gauge couplings. In the type-1
see-saw models [27-30], the right-handed neutrinos need to have masses at the intermediate
scale of the order of O(10')GeV [31-33]. Similarly, in the type-II see-saw models, a weak
triplet at the intermediate scale is needed. This intermediate scale, however, breaks the
gauge coupling unification badly since fields at this scale will change dramatically the
running behaviors of the coupling constants.

To incorporate the see-saw mechanism, we use the extended SO10MPM with three
pairs of 126 — 126. The GUT scale VEVs are assigned to the MSSM singlets of these
126 — 126 except that of the 126 which couples to fermions has an intermediate VEV.
The SO(10) symmetry is thus directly broken to MSSM symmetry, so that gauge coupling
unification can be maintained hopefully as all particles other than the MSSM Higgs doublets
are superheavy. All the three pairs of 126 — 126 are needed to keep SUSY unbroken at high
energy, as the conditions for the F- and D-flatness are satisfied.

The model includes the following set of states in table 1, and their U(1) quantum
numbers are also assigned to eliminate unwanted masses and couplings. The U(1) contains
an anomaly which is canceled through the Green-Schwarz mechanism [34-37].

The general renormalizable Higgs superpotential is given by

W = %mq>¢’2 + mAiZZ-A + mAZ-ZAi + )\(I)3 + UinZz‘Aj
+ (/\iZiA + XZZAZ) P+ (@in + BUZZ) H;® + (%‘Ai + szz) Do, (3.1)



where i, j = 1,2. Repeated indices stand for summation, as usually understood. Following
the notation of [38], SO(10) breaks down to the MSSM when the MSSM singlets get
VEVs as

&) = (9(1,1,1)), By = (3(15,1,1)), &3 = ((15,1,3)),
V(1,2)R = <A(TO7 1, 3))) 5(1,2)}% = <Z(10> L, 3)) (3'2)

Here the SU(4)¢ x SU(2)1, x SU(2)r indices are used to specify different singlets of MSSM.
Inserting these VEVs into (3.1), we get:

1 _ o
<W):2mq)(@%—}—(I)g—}—(l)g)—|—mAiviRvR+mAivRviR+)\(\[q)%’—}— \fcln(l) \fq>2c1>2>

+ (ANiTirvR + AiURViR) Po + 15 XTirVj R, (3.3)
where we have defined

1 1 1
Pg=|P1——= +Po—~= + P3— 3.4
T R T 310} (3.4)

for further convenience.
To preserve SUSY at high energy, the F- and D-flatness conditions are required. The
D-flatness condition requires

lvrl? + [vir|* + [v2g|* = [VR|* + [V1&]* + [V2r]*, (3.5)

while the F-flatness conditions are

0 0 0 0 0 0 0 0 0 0
{8@1’ 8(132’ 8(1337 81)37 81)137 81)2}3, (9537 8@137 8@237 &X} <W> =0, (3'6)

which are explicitly

PXiH 1

0=meP; + 2\7 +—F NG (ATirvR + AURVR) (3.7)
0 =mePs + ;f;i ;‘i{ﬁ 101@ (\NVirvR + AURVR) (3.8)
0 = me®s3 + )‘q\)/lg)?’ + \[/\??2(1)3 + % (AiTirvR + NiTRVR) , (3.9)
0 = MyD1g + Mo, (3.10)
0= MU + 111 XTir, (3.11)
0 = MoUR + 112 XV;g, (3.12)
0 = Miv1g + Myvag, (3.13)
0 = Myvgr + n; Xvg, (3.14)
0 = Movr + 19, Xv;R, (3.15)
0 = 7ijVirVjR- (3.16)



Here we have defined:
M; = ma,; + \i®o, M; =ma; + Ni®o. (3.17)

Now that there are 10 equations for the F-flatness and 1 for the D-flatness in total, but
only 9 of these constraints are independent. The situation here is comparable with that of
the minimal SUSY SO(10) model in [6, 8], where there are 5 equations for the F-flatness
and 1 for the D-flatness, but only 5 are independent. We can solve the above equations
as follows. The first three equations in the F-flatness conditions, (3.7)—(3.9), are solved in
the same way as in the minimal SUSY SO(10) model which gives

- Vomae T (1 — 51‘2)

b= =T (3.18)
3v2me (1 —2x — a;2)
dy = — 3.19
2 A (1—z) (3:.19)
Dy = 6%36, (3.20)
- 60m2 z(1 — 3z) (1 + 22
()\iﬁiR'UR + /\ﬁRviR) = h o ( (1 _) {(L')2 ) . (3.21)

For x is not to be taken special values to generate accidental intermediate symmetries, all
the VEVs @4 53 are at GUT scale [6, 8].

The next three equations, (3.10)—(3.12), are linear homogeneous equations about vg,
v1r and Uag, so they have non-zero solutions only when

0 M M
det Ml 7711X 1721X = 0. (322)
Mo maX n2eX

Then, among vg, v1g and Vg, only one can be considered as free which is chosen to be
v1R without loss of generality. Similarly, equations (3.13)—(3.15) require
0 My M,
det M1 1711X ’1712X =0 (323)
My a1 X napeX

to have non-zero solutions for vg, v1g and vogr, and v is taken to be free among them.
Note that the condition (3.23) is exactly the same as (3.22). However, the transpose relation
of the matrices in (3.22) and in (3.23) means that the two sets of equations (3.10)-(3.12)
and (3.13)—(3.15) have different solutions. The last equation, (3.16), holds automatically
after taking (3.7)—(3.15) into account.

When all the superpotential parameters are fixed, this condition (3.22) or (3.23) de-
termines the value of @, and thus = can be extracted from (3.4) and (3.18)—-(3.20). The
ratio of U1 to vig is determined by the D-flatness condition (3.5). With = being solved
already, all these VEVs of 126 — 126 are given.

To realize the see-saw mechanism, an intermediate value for vy is taken. All the
other VEVs are taken at the GUT scale. Consequently, there is no Higgs existing at the
intermediate scale. The only exceptions are the right-handed neutrinos needed in the type-I
see-saw.



4 Mass matrices for doublets and triplets

In the Extended SO10MPM model, there are 6 (7) pairs of light doublets (triplets) and 5
(7) pairs of heavy doublets (triplets). The mass matrix for the doublets is written as

21(5x6) A22(5x5)

where the bases are

g(123) p023) 5023) H(23) (23) £(123)
1 2,2) 2(1,2,22) ) D(172,22) ) D(15,2,22)’ A(1572,22)7 A(15,2,22)
for the first 6 columns,
(12-1) LO2-1) [(2-1) (2-1) 2(12-1) (121
Hl(1,2,2)2 7H2(1,2,2)2 vD(1,2,2)2 ’D(1522)2 vA(1522)2 vA(1522)2

for the first 6 rows,
(L23) x(L23) \(25) <(1.2 l) (1.2,3)
A1(1532)7A1(15,§,2) 201 32 A( LRTPY
for the last 5 columns, and

~(12,-2) (12-1) (12-2) ,(12-%) _(1.2-%)

A1(15,2;) ’A1(15,2;) ’A2(15,273) ’A2(15,2;) ’(I)(1072,2)2

for the last 5 rows. In these bases, the subscripts and the superscripts label the SU(4)¢o x
SU(2)r x SU(2)g and the SM representations, respectively. In the Mp, Aq7 is a 6 x 6 null

matrix, while

D = (D D D .7,
Br1®YA /311@(}1% Ba1 YA 521‘1’( ) —ﬂz\l/vgp”
D = (D D Bio;
Bra®{iA 512@;@) B @} 522‘1’]{5) —ﬂ’f/ng
by Tuds 20 V\ij ot
— 11/30 17/30 1 1 2v/30
A1z o) oD ) Wb S | (42
71 DA B NP 2% DA PO 2V/10
A, + M0 0 M, + M@ 0 0
D D) A
0 ma, + M@ 0 ma, + M@0 Adu
= (D) 5 (D) 85 — (D D
BL®iA Bra®iA 7 TOHR ma, + )\lq)(Ag) 0
511<D(D B <I>HA) Z% 71‘5&% 0 ma, + Xﬂ’%ﬁ
D) Fybs — (D D
Agy = | B ®iR Bo®id 75 ToDHA ma, + )\2q>(Al 0 ) (4.3)
521‘1)%,%) ﬁ22‘1’(1fz) fo;% 72‘I>( ) 0 ma, + AQ(I)(D)
_ Bivir  _ Bi2Vir _ 7iViR _’szzR 0 Aivin
V5 V5 2v/30 210 10
and
mX 0 neX 0 0
0 X 0 72X Ao
0 72X 0 722X Azgn
X A ADy | AD
0 Moo 0 g 4 A2 20



where for simplicity we have defined

o) _ P2 03 @ __ % T3
187 V10 2v5 HA V100 2V5
o)y _ 1 P (D) _ ¥ Q3
DA™ 415 6v10° DA 415 610’
@ _ P2 ®s ) _ P2 P

2) . oD — 3
AA 15\/5 30 AA 15\/5

It is easy to see that there is one zero-valued eigen-state in the row and another one
in the column, which are the MSSM Higgs doublets. It can be also noted that these light
doublets contain no components from the doublets in 210 which break B — L quantum
numbers. Consequently, the SU(2)y, triplets in 126s has no VEV, which excludes the type-

IT see-saw mechanism [39] in the model.

The mass matrix for the Higgs triplets are divided into four 7 x 7 blocks as

My = Bi17x7) Biarx) ,
Ba1(7x7) Bag(rx)
where the bases are

(31.-3) (31-1) [B1-8) B8 (315 x(31-3) ((31-3)
12[1(6,1,1)3 ’}12(611)3 ’l)(6,1,3)3 D(10,1,1; A( l,) A(10,1,533 ’A(6,1,1)3

for the first 7 columns,

(BLY) 610 pELY) EL) E15) G (G
H1(6,1,31)7H2(6,1,31)’D(6,1,33) ’D(1o,1,31) (6,1,13) ’A(6,1,13) ’A(TOJ?:J,)

for the first 7 rows,

(31-3) x(B1-3) xB1=3) \(B1-3) B1—3) FB1-5) £(1-3)
A1(6, ? A (611? A (101;,) A2(611§ ’A2(611§ vAz(ung) ,@(15135“'

for the last 7 columns, and

for the last 7 rows. In the My, By is a 7 X 7 null matrix, the rest are

ﬁll@(}ﬂ Bnq’(T) —511\[@3 B2 1<I>HA ﬁ21<I> ) —ﬁ21 \[@3 BirTir

V15 V5
(T) 3 ) ) T) «1> BidUir
Br2P A 512‘I’HA —512\[53 o CI’HA Baa®, & —522\f : N
71P3 71®3 71‘1>2 723 72‘1>3 ”/2<I>2 YiVir
125 12¢/5 65 125 12¢/5 65 215
Bio=| _m®  N1% 71%s _ 2P 7®e J2%3 JiUik
6v10 610 6v/10 6vV10 610 610 2v/15
ma, 0 0 mA, 0 0 /\0
A1 P3 A2 P3 _ AiUiR
0 May 15v/2 . 0 MA, 1572 ) 10v/3
A1 ®3 A2 ®3 __AiUir
0 5y Mar T AP L 0 o5 A, + Ao ® 5/

(4.6)

, (4.7)



— T - T P v, P
511‘55{& 512@&1& E\/% _g\l/% 0 0 M

(7) (T) 7Pz 7P — A1 ®3
Prulyx  Prlyx 12v5 6/i0 A 15v/2 0
—,31 V203 —Big V283 71P2  711®3 A1 P3

— T o5
Pl IR o e dave AT ARsT O
By = 521‘191{& 522‘13)

o ®
s Batd R B 0 0 ma . (1)
2P 2P A2®
’821(1)\773 522‘I)}Z 12v5 6vi0 Az 1;\/?21 . 0
_ 205 285 2Pz 2@ Nobs  — Y
Ba1 N Ba2 e 62\/52 6;% 1;/% mMA, -1:)\2<I’A 0
Bi1vir Bi2vir ViVir  YiViR  _ AiViR _ AiVR
NG V5 215 2V15 10vV/3 5v6
and
N1 X 0 0 N12X 0 0
0 mX 0 0 mX 0 —
0 0 nuX 0 0 naX —’})1\%3
Boo = 7721X 0 0 7722X 0 0 70 s (49)
0 T}12X 0 0 7722X 0 —igi)/%
0 0 ne2X 0 0 7meX —);jg
A1v A1v Aov Aov [} [ 29
0 =ik ~5ve 0 ik Tave me T MG TRAT Y
where
(T) _ (I’l q)Q
HA V10 /30
Dy L2
ot — 1 72 4.10
HA 10 V30 (4.10)
(T) 31 i3

5 T 10v6 | 30vE
We can observe that there is no zero eigenvalue of the triplet mass matrix. Also, all the
other Higgs are massive except those Goldstone modes. This justifies the realization of the
MPM in the extended model.

5 Fermion masses and proton decay

In the present model, the fermion sector is described by the superpotential
W =Y W0, Hy + Y] W0 Hy + Y300 0;D + V30,0, A. (5.1)

In [40, 41] the fermion masses can be fitted by using only one 107 and one 126. As in [40]
for example, the resultant fermion masses are in accord with their experimental values
except the electron mass. In present, although all the Higgs Hq 2, D and A contribute to
the fermion masses, we can also use the H; and A as in [40], taking contributions from
Hy and D as small corrections to the electron mass. These corrections are suppressed by
a factor of 3 -

Yio, - Y15 o Me

Ylg6 Y1g6 M

and are negligible in studying proton decay.

~ 1074




At the GUT scale the fermion masses are taken from [42] for tan 8(Msusy) = 10,
=2 x 10'GeV. After numerical fitting, we get the Yukawa couplings Yo and Ylg(; in
the u-diagonal basis

0.000281 —0.000784 — 0.0001037  0.00760 + 0.00270i
Y3 =] —0.000784 — 0.000103 0.00174 —0.0337 + 0.000650i | , (5.2)
0.00760 + 0.00270i  —0.0337 + 0.000650i 0.999
0.0000651 —0.0000535 + 7.06 x 1076 —0.000519 — 0.000184i
Yis=| —0.0000535 + 7.06 x 10-%; —0.00180 0.00231 — 4.45 x 1075
—0.000519 — 0.000184i  0.00231 — 4.45 x 105 —0.000958

(5.3)

One can easily verify these couplings by calculating the mass eigenvalues of the following
matrices

M, = (a"Y10, + 5“Y126) Vu,
My = (adel + 5dY126> Vd, (5.4)
M, = (Oéde - 3/BdY126> U,

where v, = 123.8GeV and vy = 17.87GeV (see table 5 of [42]). a* = 0.6647, 5" = —0.7471,
a? = 0.06816 and ¢ = —0.9977 come from numerical fitting. We also noticed that the
normalizations (a*)?+ (%)% = 1 and (a?)?+(8%)% = 1 are not accurate due to the existence
of Hy and D(120), but the deviations are small to be neglected reasonably.
In studying proton decay via dimension-5 operators, we limit our analysis to LLLL
operators only, although contributions from RRRR operators are also sizable [43, 44]. The
resultant operators are contained in the superpotential

W5 = C"(Q;Q,;)(Qr L), (5.5)
where the contractions of the indices are understood as
(QiQ5)(QrLi) = €apy (u?d'? - dl?“?) (vjer — d'w) . (5.6)

In (5.5) we have defined

ikl _ gkl z]kl ijkl ijkl

ikl ikl
ot =g, (Mph) Y, Oy =Yg, (Mz") ;5 Yise, (5.7)
ikl ikl
C;jl _YllgG (M ) Y101> 05]2 _Ylgfi (M ) Y1267

where M:Fl is the inverse of the triplet mass matrix Mp in (4.6), and only (M;l)n,
(M;l) 159 (M;1)51 and (M:Fl)g,g, contribute to the LLLL-type proton decay because of the
SU4)c x SU(2), x SU(2)g basis in the triplet mass matrix. The relevant up-left block in
My L equals to inverse of the effective triplet mass matrix which is got by integrating out
the down-right block Bas in (4.6),

Mg = —Bia - Byy - Boy. (5.8)



Running the dimension-5 operators down to the SUSY scale and dressing them by
wino-loops, we get the four-fermion operators. For the dominant decay modes p — KTy,
the coefficients are

3 3
a9 ; i
Cowdy =2 o_fa AL As | Y CVMVipVia + 3 OV VipVa | (5.9)
m joh=1 ij=1
a 3 3
9 . y
Cansny =2 5-fa Ay As | Y CWViVia + > CVWViVia | (5.10)
Jk=1 ij=1
where 52 fA ~ g—;i]\%"i“o ~ 52 X 2.5X 10~°GeV ! is the triangle diagram factor for Myino =
SUSY

400GeV and Mgygy = 4TeV. Aj = 0.22 is the long-distance renormalization factor [45],
and Vj;s are the CKM matrix elements. The short-distance renormalization factor Ag is

g = (Slme) Y (_onlonn) V(o) VE g

if we take ayo(Mgur) = % The decay rates for p — KTy, are

2
, (5.12)

T (p — K+Vl)

B BPQ (mp2 — mKQ)2 2m
= .

L DC 1+ -2 (D+3F) ) C
327Tmp3f7r2 3mB sudvy + +3 ( + ) dusuvy

where m, = 0.938GeV, mg = 0.494GeV, fr = 0.131GeV, D = 0.81, F = 0.44 [45], and
B, = 0.012GeV? [46] are hadronic parameters.

To estimate proton decay rates, we need to analyze the effective triplet mass matrix
Mg in (5.8) in some details. In getting the right-handed neutrino masses, the VEV
TR is taken a small value 10¥GeV compared to the GUT scale 2 x 10'6GeV. In the
limit of neglecting vg, there are three zero eigenvalues in the matrix Bgs, since in this
limit equations (3.8)—(3.9) require 711/m21 ~ M12/M22 and thus Bay has rank-4 instead of
rank-7. Consequently, the elements in Mg are all divergent. However, these elements are
correlated, thus elements in the inverse of Mg are not small even in this limit. Proton
decay proceeds fastly whenever the eigenvalues in M g are not all very big, being irrelevant
to the appearance of all the large entries.

To suppress proton decay, we need to keep all the eigenvalues in B2 and By at GUT
scale while suppressing those in Boy. The later can be achieved only by fine-tuning slightly
the parameters n;;(i,j = 1,2) and me + )\(% + 3@722 + %) The former, to keep the
eigenvalues in Bjy and Bsg; all large, requires at least one pair of large VEVs in 7, (see
the last row in the matrix of (4.7)) and v;r (see the last column in the matrix of (4.8)).
These large v;r and v;r, now required by suppressing proton decay, correspond to the
direct breaking of SO(10) into MSSM, and explicitly breaking of the unification is avoided
as all the Higgs particles beyond MSSM are at GUT scale.

Numerically, there are too many parameters in the model to analyze. The typical
dimensional and dimensionless parameters are taken as in table 2 and 3, respectively.
They lead to the VEVs in table 4.
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parameter | mg | ma, | ma, | ma, | ma, | X
value 1 3 2.96 5 2 30

Table 2. Dimensional parameters (in 10'°GeV).

parameter X A A A2 M| X | m Y2 Y1 | Y2 | M
value 0.17 0.25 0.6 —-0.62 | 1.8 | 1.32 1.5 1.28 | 1.05 | 0.89 | 0.02

parameter | 712 n21 122 B11 | Piz | Bor | Bo2 | P11 | Biz | Bor | Bao
value 0.015 | 0.025 | 0.0188 —1 1.2 1.5 | 135 —=1.5]1.24 ] 1.35| 1.35

Table 3. Dimensionless parameters.

VEV | & | & | ®3 | vg |Ur | ViR | ViR | V2R | V2R
value | 2.1 | 129 | 408 [ 1.82 | 0 | 5.66 | 1823 | 15.0 | 11.94

Table 4. The VEVs (in 10%GeV).

channel lifetime

(p— KTv.) = 3.81 x 1030yrs

56 2

0.012CeV3 (afol)ﬁ 2.5%10~5GeV 1

m(p— Ktvy,) = 1.08 x 103yrs x 5 25 Ta

(p — KTv;) = 1.60 x 1034yrs

Table 5. Proton partial lifetime /years.

Note that the VEVs vgs and Ugs are normalized to ﬁ [38], thus the appearance of
their large values is artificial. Indeed, all the gauge superfields get masses at the GUT scale
through the VEVs listed in table 4. Equations (3.5)—(3.16) are satisfied. 7p = 0 is taken
to study proton decay; in analyzing neutrino masses, however, it should take its practical
values like 10'GeV which are still negligible compared to the GUT scale.

We have also checked numerically the entire Higgs spectrum, confirming the absence
of intermediate state which may otherwise spoil the gauge coupling unification explicitly.
There is the problem, however, that the total f—function will be a large number after
unification, so the coupling constant of SO(10) will blow up quickly.

The numerical results of proton partial lifetimes are listed in table 5. As we can see,
they can be well above the current experimental limit, although at the cost of fine-tuning
some parameters. According to the recent discussion of [47], by taking decoupling effects
of SUSY particles into account, the triangle diagram factors can be even smaller, leading

to longer proton lifetime.

6 Summary and conclusions

The extended SO10MPM is analyzed with the following results. First, type-I see-saw can
be realized by introducing an intermediate VEV which couples to fermions. Second, SUSY
is maintained at high energy. Third, unification is hopefully realized although a fully

— 11 —



adjustment of the parameters are not carried out. Fourth, proton lifetime is consistent

with the data if fine-tuning is used slightly. Works we have not done here include a fully

numerical calculation of gauge coupling unification including GUT scale threshold effects,

and a fully analysis with electron mass corrected by the 120plet Higgs effect. These are

big challenges in future researches. We thank Jun-hui Zheng for useful discussions.
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