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A sedel of .50(10) grand unified theory is proposed, where the quark mass
spectrun predblem occurring in SO(10) breaking schemes with intermediate
SU(4) x (2 x Su(2)g or SU(3), x U(1)g L % SU(2) x SU(2)p symmetry s
solved ewlng to additional discrete symmetry. With account of this discrete
symatry brosking and from the condition of existence of only one 1ight Higgs
bosen, & reletion between & and T quark masses is obtained, which enables
one % fin wp the ratio of grand unification scale Nx to quark-lepton sym-
metry reshing scale Mc . The concrete values of Mx , Mc as well as
SU(2)y, -spmmetry breaking scale Hn_ depend on experimental value of Wein-
berg's angle and agree with the proton decay experiments. The problems of
mixing of three generations of quarks are being studied within the proposed
model. The obtained Kobayashi-Maskawa mixing angles are -1n good agreement
with experiment.
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Notwithstanding the failure suffered by SU(5) grand unified simplest mo-
del in cornectiun with the recent proton decay experiments, the idea of crand
unificationr 5 51111 being attractive. The grand unified model based on
¢2{il) yreup 1s the simplest among other possible schemes. This model, just
1ike the SU{5), contains only ordinary quarks and leptons as well as the
right neutrino. Whereas in other models, the new particles - mirror fermions
interacting with the right currents - are necessarily present. '

The question of proton 1ifetime in the SO(10) was studied in many works
[1-4] . 1t was shown that the proton lifetime larger against one in SU(5)
can be obtained only in those SO(10) breaking schemes which contain inter-
mediate symetries G = SU(4) x SU(2) x SU(2)g, or 6, = SU(3). x U(l)g , x
R SU(Z)L x SU(2)g . In such schemes it is assumed that Su(2)g, 1s broken at
a considerably lesser scale HK compared to the grand unification mass ”x ,
in order to provide an agreement with the proton decay experiments. Wherczas
available in SO(10) left-right discrete symmetry D, which brings to equality
of gauge coupling constants of SU(Z)L and SU(Z)R groups, can be broken at a \
scale Mp larger compared to Mg [5] , this ensuring an agreement to the

cosmology [6.7_] . However for such models there arises a problem with fermion
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masses, which was pointed out by Svetovoy L'Sj . He has shown that 1n models
with intermediate SU(Z)L x SU(2)p -symmetry under assumption of existence
of only one light (with mass ~ My ) Higgs boson, the masses of § andt

quarks turn out to be the same. In oar work we propose the SO(10) arand uni-

_fied model where this difficulty #s avoided by means of introducing the addi.

tional discrete symmetry. Our obtained relation between & and t auark
masses dictates a certain hierarchy in 50{10) breakinn scales, when left-
-right discrete symmetry breiZing scale I']P and auark-lepton symmetry

breaking scale M. are not much less than My ({ ~ 10 times), while the

'SU(Z)R breaking scale NR may be much less than Mx . The proton 1{fetime

predicted may be considerably larger: than expverimental 1imit: "CP__,Q+J|-o>
7 2-1032 years. Good predictions for Kobayashf-Maskawa mixing angles are
also obtained.

First, observe briefly the arguments given in Ref. [8] . Suppose that
at S0(10) breaking there arises an intermediate symetry G or G,_ . For
simplicity, we shall assume that all quarks and leptons acquire mass due to
interaction with vacuum expectation value (v.e.v.) of one complex Higgs
field in the 10 representation (this does not affect the generality of con-
clusions). The decomposition of this representation of SO(10) under the

group G has the form:
0=(6,1,1)+(1,2,2) (1)

Denote ¥ = (1, 2, 2); precisely this field recefves v.e.v. connected with
SU(Z)L -symmetry breaking. 2 may be presented as a matrix 2 x 2 :

= C‘L_ ?, (2)



° ° :
where % = (é—) and )= (1_) form SU(2) doublets. For simp}city, we
can deternine also field o conjucated to P :

$ - ;o '1‘* o

E— _-rl.loh . (3)

The mass term in the Lagrangian for o ., °\° fields has the form:

Sﬁn = AMP(dkP +d*F) + PME(P"H +F d) (4)

where l"h s I"\,b , generally speaking, are of the order of grand unifica-
tion mass l"\x . Dlagonal are the states:

b, = = (b tP) (5)

with masses oL M,* £JAM% . One of these states is the Hings field,
whose v.e.v, breaks down the SU(Z),_. x U{1) -symmetry and gives mass to

W, 2 bosons and fermions. The fine-tuning condition requires that a mass
of this field (e.g., P, ) should be of M order. According to the
assumption on the existence of only one 1ight Hiags boson, the other field

{ ‘Pz, ) must have a mass of MX order and zero v.e.v. in accordance with the
generalized survival hypothesis [9) . This gives eauality of 7.. and E'
fields vev. (1 =<¥"). The fermions obtain mass from &  and b
couplings:

u.i,‘*’"ra * g’i%% + c.c. (6)

With account of the equality of the '1' and §' v.e.v., from {6) we ob-
t
tain for the § and ¢ quarks doublet '“..R = (“)L K the mass equali-
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-ty Mg, =My , this contradicting the experiment. This relation holds 1f
we add sev)eral scalar 10-plets or 126-plets interacting with the fermion
16-plet, only to save the condition of existence of only one 11aht Hiags
field. Tl.ae relation Mg = m, way be violated only by corrections

~ M&/mx ; however these corrections are small: for the proton lifetime
to be large enough, Mg must differ considerably from My [2].

To solve this problem, the author of [10; sucaested to introduce addi-
tional heavy fermions, this allowing one !« aveid the undesirable equality
of & and t quark masses.

In this work we suggest a model where this problem is solved in a more
economic and natural way. Here we preserve the assumotion [8] on the same
order of coupling constants and also assume that the aeneralized survival
hypothesis as well as minimal mmber of fine-tuning conditions take place.
Compared to the usua) S0{10) model, our model contains only an additional
discrete symmetry. Under the action of this discrete symmetry, the Hiaas
field 10 and 16-plet fermions are transformed as follows:

10— i10, 16— e &g (7)

Such symmetry brings to the fact that in mass term (4) B = 0, and the
mass matrix is diagona) in &P ,ZF: space. If taking into account also
SU(Z)R_ -symmetry breaking, then 1t is more suitable to-write the mass term
in terms of 'PL and ? spinors:

L = (RMETEMEINTL + (LMP~ME) 3% (8)

The fine-tuning condition requires that one of spinors N s 3 s $aY,
" » should have mass ~ Mw s then the &  mass will be ~Mp and
(§°> = 0. Finally we'll obtain +»=* the -?r guark mass is zero since



the seécond term in (6) is forbidden due to discrete symmetry (7).

One would think, that by introducine disérete symmetry ve ﬁéfe1; replace
one wrong mass relation by another, but that is not really the case. One
should take into account the discrete symmetry breaking, due to which. non-
diagonal in ;q . § terms must arise in the mass term, ah&fjﬁst then the
mass of £ d;ark arises.

Such breaking of discrete symmetry may arise owing to radfative correc-
tions, if taking into account the interaction of the 10 Hiaas fie1d with
other scalar fields connected with SO(10) breaking: 54, 210, 45, 126.

These fields, affected by discrete symmetry, are transformed as follows:

# o— 58, 20 — 20
(a)
5 — -5, 126 —» - 126
The corresponding breaking scheme looks as
$0(10) K (i, i, Vg) =
8" ey sutay x su(2), x Su(zig x ¢
{1, 1, 1),a7 = Mg
hio? "By SU(2), x 3U(2)g -
{12

(15, 1, 1)ysy =4,
457 5 SU3), x U(llg., x SU2), x SU(2)g

(10, 1, 3}, =
Be % su(3), x su@) x ull)y = 6

where (1, 1, 1)gq » (1. 1, 1)3q0 » (15, 1, 1)y5 » (10, 1, 3),,,  res-
pectively enter into the decomposition of representations 52, 210, 45, 12F
under the group G . The v.e.v. of the 45, 126 fields simultaneously violate
also the discrete symmetry (7), (9) introduced by us. Note that. with account

of (10), tﬁe term in (8) Proport{onal to M:prises from the interaction of




0% 20 126 126 .

Neadiagonal terms in the mass matrix of 7) , &  may arfse from the
quartic interactions of Higgs field 10 with {tself and other fields. Due to
our introduced discrete symmetry, such interactions can have only the fol-
Towing form: 10 10 45 54 , 10 10 126 126 , 10 10 126 126 plus complex-
conjugated terms. However, a concrete group analysis shows that a part of
fleld 10, d = (1, 2, 2), does nct obtain mass from these interactions,
when fields 45, 54, 126 obtain v.e.v. according to (10). For example, for
the first type of interaction this follows from the fact that the product
1, 2, 2)10 x (1, 2, 2)10 x (15, 1, 1)¢‘5 x (1, 1, 1)g54 contains no singlet
under the group G.

Stated above implies that a quadratic iIn % term in the mass matrix may
arise only after account of radiative corrections. Analysis of all possible
types of interactions shows that the effective interactions of the type of

Iéﬁ 10 10 45 54 45 45 and others not containing field 126 do not give
a mass term for € . A simplest effective interaction givino rise to such
term has the form: - 10 10 45 54 1_—2_3_ 126. Such interaction may arise
from diagrams shown in T’ig. 1. Fig. 2 presents the same diagrams, but in
terms of scalar field representations already decomposed under the G group.

As one can see from Fig. 2, all fields passing along the inner lines of
the diagrams must have masses ~[My . For estimates, we'll consider these
masses nearly the same; coupling constants in different vertices of diaqrams
we'll consider equal too. Finally, for nondfagonal in 'vL . E mass term we

obtain (contributions of Fig. 1a and 1b diagrams are of the same order):

Ay = A¥ D Mg (U3 + ¥1) (11)
Mx

where A s a typica) coupling constant.
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With account of (8) we obtain the following mass matrix for scaler
‘SU(Z)L, -doublets QL" § :

{/ M+ Jﬂ\Z Ad -P-'\-’ H;J
rf\)\ "2)

\

NG ﬂ.t Mft OLM\J‘ -J\v\lz
Mx

Here oLl'hJ' {s a notation for a sum of terms cominc from different
terms in the Lagrangian.

According to the fine-tunine condition, one of matrix (12) eicenvalues
must be of Mw order. In this case, the second SU(2),  -doublet will have

a mass of Hg, order. One can readily calculate the angle of 1)'— ; mixing
m = cos®n' - swmbO %’

S

= si,mevb' + w059 % (13
£429 = A M
4 Mx

If we assume that TL' 1s the genuine Higas field (this can alwavs be

attained by choosing signs of coupling constants in (12)), then <'*) # 0,
{%*Y =0 and we'll obtain:

feos8<Y O 7 (meqv 0\
| = (P> = "
P i\ 0 -sind <"L"‘>) ' 0 °°"6<"-“>)

With account of the fact that the second term in {f) is forbidden due to

discrete synmetry, we come to the following expression for the mass ratio
of '& and ¢ quarks:

The estimate is correct to factors of tenth order. It follows from this

(15)




estimate that Mc cannot differ very much from mx , Say, no more than
by a factor of 10. 1In this case Mp which is between Mx and MC cannot
dfffer strongly from My either. No restrictions take nlace for SU(2), -
breaking scale My, from the quark mass spectrum.

;rhe obtained SO(10) breaking scheme, when the grand unffication scale

MX* the left-right discrete symmetry breaking scale Mp and the quark-

~lepton symmetry breaking scale Mg are close to each other, gives for the
proton 1ifetime results practically the same as those obtained in our pre-

vious work [2] . In [2], the 50(10) breaking scheme looked as follows:

$0040) <151 Vo5 =My G, L10,1,3012 =MR (. The obtained

‘renormalization group equations with account of the second loop enable us to

calculate Mx and‘mn, versus the Weinberg angle. These results will be valid

for the present model as well. With account of experimental value of the
Weinberg angle, sin“*Ow = 0.22 £ 0.02 , the least value of Mg (for the
value of QCD /\ - parameter, 0.16 GeV) is 3107 GeV; to this corresponds
NX = 1016 Gev and the proton 1ifetime, ‘C'? 4 10%7 yrs, which 1s much '
higher than experimental limit.

Note also that the S0{10) breaking scheme (10) can be generalized by
considering the SU(2); breaking in two steps. First, the SU(Z)R is broken
by v.e.v. (1,1, 3),5)= Mg up to U(l)g : then the v.e.v.

(10, 1, 3)17.67: l"\;‘ breaks U(I)R_x W1)g, upto U(l)‘d . For such
breaking scheme, the mixing of s E doublets arises due to the same
diagrams of Fig. 1. Only nc"'m,' a nondiagonal in VA § mass term has the
form: A¢ \_;1",& Me ('S + E*n) . Finally, we'll obtain the
same relation (l,t‘l) for the mass ratio of et and © "quarks. The difference
is that the second SU(Z)L‘ doublet (except the Higgs field with a mass

~ My ) arising at diagonalization of mass mateix 7 , §& now will have

~
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a mass ~ Mﬁ, . Note that with the introduction of the new scaie M;z, ,
the predictions for the proton 1ifetime change little, while small values of
M; ( ~1 TeV) may bring to observable effects [4] .

Jur consideration hitherto was restricted to the heaviest third cenera-
tion of -f; ., t  quarks neglecting quark masses of the first two cenera-
tions, w, ok, s, C , and mixing. Now we want to inciude the First two
generations and mixing effects. For that, we shall determine the traosforma-
tion laws for three generations of fermions - the SO(10) 16-nlets - with
respect to our introduced discrete symmetry. If all the three generations

transform identically:

16423 — e -2 16,23 (16)

?

then the interaction of fermions with the i2 Higgs field will have the form:

_Z-LUJ 6 16 10 + c.cC. (17)
.J‘
With respect to (14), we'l) obtain the following relation between the
mass matrices of up, W,C, Lt and down, cb, s, & quarks:
Ju.d' = tgeJuu. . Finally, we'l) obtain that all mixina anales in the

left charged current {(Kobayashi-Maskawa angles) are zero and there take place

Mmd - M o T = 436
equalittes Tor g

One can show that the situation cannot be improved by complication of Hiqas

. This is, of course, unacceptable,

sector efther.

There exists, however, another possible way to determine fermion trans-
formations relative to discrete symmetry, when not all generations of fermi-

ons transform idemtically:
18,5 — ¢-°‘*1.‘.’.1.5

’

16, — _e—b% 16, (18)
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In this case, the interaction with the Hiags field 10 has the form:

3
2 (Ay18: 15,10 + M 16, 1910") v e (o

b=t

where 7\;_; "~ and r‘i-j are 3 x 3 matrices of the form:

A0 Ag) [0 K 0

0 A 0 -’}‘=/)‘4 0 M (20)
A O As 0 F2 O
Then the mass matrices of the up and down aquarks can he written as
v 1lows:
My = (REBEI) ™
Ma =-CREyI +B)™T
k (2
g [F0 O S Br-,f/O b 0 2
. O A, 0 o L 6'1 0 8‘;

Mass matrices of the (21) type were already considered i1n models with
SU(Z)L x SU(2)p symetry [113 (see also {12] and references cited there).
After dlagonalization we'll obtain for the Kobayashi-Maskawa anales 9,_.

93,, a;:

“_‘_«Lu-mm < suntB, s M ({4 M My
mg My M Moy g Y
(22)
me _Ms | ¢ sintd, ¢ Me 4 M i
= rm .
mt M rr"f- vﬁ' [

5{,'1.93 = n__\_’é ervaz,
Wi,

this agreeing well with experiment [13) . For the parameter t4O we obtain

e

\y
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*:3-3 ~ rw/rnt , in accordance with (13)-(15).

We can see that our introduced discrete symmetry {18) allaws us to take
account of mixing between existing thre: families of auark: and obtaslm a qeed
prediction for the angles.

We can prove that the form of quark mass watrices (21), when fermions
transform with respect to the action of discrete symwetry according to (18),
1s rather general: it does not change when fermions interact with several
10-plets or 126-plets.

Consider, e.g., the case when as Higgs fields we choose two reoresenta-

tions 104 and 105, which transform similarly relative to discrete symmetry:

10, =110, , 19, —ild, (23)

The interaction responsible for the fermion mass has the form:
1
i (Qu./\-.J P, Q. + Qu B Fj Qe
z.
+ O\»L\ ‘P:. Q. + Qi %, M v) Qye) +cc

" (28)
QiLe = )
=E (d_; hoR

where ﬂ1, 7\2' and f‘” . f"l' are matrices of the (20) type.
Consider the mass matrix of i’, , P, Higgs fields without account of
terms of M; order. After 1ts diagonalization we'll obtain new states
Jdo , *’| . The interaction (24) is to be rewritten as:
mz:_‘ ( Q. Ay PQip T Qus, FVJCbQJR- + o (o8)
+ ah‘ 9‘::) 3o’ QJR. + Q.’,L )\";,; :P Q_’,R.) + C.C.

13




where A, :Rt ) )4, I ﬁre.some new matrices of the (20) type. According
to the fine-tuning conditioﬁ;'one of the fields 4° s 43’ s Say, CF’ , Mmust
have a mass << qu (1.e. *’qu_). Evidently, precisely this field (up to
terms M/ MxX ) contains the genuine Higgs. Then the third and fourtk
terms in (25) wil) not contribute to fermion masses, so we return back to the
form of mass matrices contributed by (21}.

Thus, we have proposed a model which, by means of additional discrete
symmetry, enables one to avoid the contradiction with fermion mass spectrum
arising in the SO(10) breaking schemes with intermediate SU(4) x su(2), x
X ;U(Z)R_ or SU(3L; X U(I)B—L. X SU(Z)L x SU(2)g  symmetry. The obtained re-
lation between & and t quark masses fixes a certain hierarchy of SO{10;
breaking scales, tiiz proton lifetime here predicted being in acreement witn
experiment. The 1ntfoduced discrete symmetry at the same time allows one tc
obtain a phencmenologically acceptable model of quark mixing as well as tc

give good predictions for mixing angles in the left charged currénts.

In conclusion, the author would 11ke to express his sincere gratitude tr

5.G. Matinyarn, R.L. Mkrtchyan and A.G. Sedrakyan for useful discussions
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126 126

a) €)

Fig.1l. Diagrams contributing to a nondiagonal in ‘rL ,"; mass term
in terms of fields - representations of S0(10).

(1,2,2) (1,1,1)
\ €15,2,2) /
.‘ “

b =
(10,1,3)

&1, 6:2,2)

(1,2,2) (15:%,9)

Q)

Fig.2. Diagrams contributing to a nondiagonal in K E mass term
in terms of fields - representations of SU(4) x SU(Z)L x SU(2)g -
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