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ni[ mjr\ (I'Uqiuiui Sunl uî iui[inL[(l j ui'u [uui[uuinLiJ(i, i

iffal{ (JbpU. 2,[iqu[i pinqnli^ qn JIIL[J jiuli щшjiJui'lj[ig uimugtjuib t & L

Mx 1Гши21лшр|1 L. pi{iupt| — L UU[UIn\IШJ}I'U "uuifui-

[|) JIU\I [иш[ишиГшЪ M e U'uiu 2inmp[i 'lUipuipbpnL^ j tiL"Li[i: M X ~[n h-

M С ~Ь > \}"l-4u\bu liiuL S U / L ' / R -ЧилГш^шфпь^ JUI'U [иш[иш1Гш'и M R dm-

liUpp 1{ш[ии[шЬ b\i M,wj*Li[ihpq{i iu'bl[jm'U ([трйЪш-

ш р Л ф | 1 д к iiiiiirui<5uij'lJi.[nLir bit inpnmn"u[i u i p n i n n T p iji'uinpnq фп p a tip fi

bin: Иг1Ш^шр1{1{ш& urnt|b]_[i uuiiifuj'u'ubpnLir nLunLif'Uiuu[ipi[nLtJ ЬЪ gtjmpii-

lipp bptig и bpnu'Uri.'ulipp [ишпШшЪ Suipgbpp: l^npшJ iu2ti-lTuuil[un{iuj [1 [uuin'u

umuigijiub

1987

\ > & Центральный научно-исследовательский институт информации
, N технико-экономических исследований по атомной науке

v и технике (ЦНИИатоминформ) 1987 г.



•;репршге ;^И.—61(11 )~bv

.'[АРУШЕНИЕ СИЬШТРШ В TVir.̂ L' ••ЛИХОГ

SUU0) /1 Mi.v'J:v КПЛ'^ОР

(редлагаится модель великого г:у.ьедикения
 v
>O(IG;

 ;
 щ е

л
ля.годаря дополнительной .дискретной симметрии решена я

ма с массовым спектром кварков» которая возникает э c

нарушения 50(10) с "йромевуточкой SU(4) * SU(H)j_. * SU(

SU(3>
C
^ U(i)

e
.
L
>i su(2) •* SU(?.)

R
 симметрией., С .учетом

кия этой дискретной симметрии и из условия существования

ко одного легкого бозона Хиггса получено соотношение

массами & и t кварков, которое позволяет зафиксировать отно-

шение масштаба большого объединения Мх и масштаба наруше-

ния кварк-лептонной симметрии Мс. Конкретные значения Мх,

ulc, а также масштаба нарушения S и (2)
R
 -симметрии Ivi

R
 зависят

от экспериментального значения угла Вайнберга и согласуются

с экспериментами по распаду протона. В рамках предложенной

модели изучаются вопросы смешивания трех поколений кварков.

Полученные при этом углы смешивания Кобаяши-Маскова хорошо

согласуются с опытом.

Ереванский физический институт

Ереван 1987
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SYMMETRY BREAKING IN S0(10) GRAND UNIFIED THEORY

AND QUARK MASSES

•1 «Г SO(1O) grand unified theory Is proposed, where the quark mass

prmUt» occurring 1n S0(10) breaking schemes with Intermediate

SU(4) ж Я Ц ! ^ x SU(2)
R
 or SU(3^ x U ( l )

H
 x SU(2^ x SU(2)

ft
 symmetry Is

solved о И щ to additional discrete symmetry. With account of this discrete

symmetry Ь г м Ы п д and from the condition of existence of only one light Higgs

Ьомп, « vrirtfon between Ь and t quark masses Is obtained, which enables

one te ffa «p the ratio of grand unification scale M x to quark-iepton sym-

metry fcratMnq scale M
G
 . The concrete values of M x , M

c
 as well as

SU(2)^ Hpmwtry breaking scale M R , depend on experimental value of Uein-

berg's anfie 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-Haskawa mixing angles are In good agreement

with experiment.
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Notwithstanding the failure suffered by SU(5) grand unified simplest mo-

del 1r. cornfctkn with the recent proton decay experiments, the Idea of orand

unif Icutio: -a ^till being attractive. The grand unified model based on

Sw(ic) ji-cup 1s the simplest among other possible schemes. This model, just

like 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 lifetime In the S0(10) was studied 1n many works

[l-4] . It was shown that the proton lifetime larger against one In SU(5)

can be obtained only 1n those S0(10) breaking schemes which contain Inter-

mediate symmetries G - SU(4) x Sli(Z)
L
 x $и(2)

л
 or G, • SU(3)

C
 x 11 ( 1 ) ^ x

. x SU(2)^ x SU(2)n . In such schemes It Is assumed that S U ^ I R , 1S broken at

a' considerably lesser scale M R , compared to the grand unification mass П х >

In order to provide an agreement with the proton decay experiments. Whereas

available In S0(10) left-right discrete symmetry D, which brings to equality

of gauge coupling constants of SU(2)^ and SU(2)^ groups, can be broken at a

scale П р larger compared to M R , [Si , this ensuring an aoreement to the

cosmology [6,7] . However for such models there arises a problem with fermion



masses, which was pointed out by Svetovoy £ti\ . He has shown that In models

with intermediate SU{2), x SU(2)^ -symmetry under assumption of existence

of only one light (with mass ~Г1«/ ) Higgs boson, the masses of Ь andt

quarks turn out to be the same. In oar work we propose the 50(10) qrand uni-

fied' model where this difficulty H avoided by means of Introducinq the addi-

tional discrete symmetry. Our obtained relation between & and t quark

masses dictates a certain hierarchy In S0(10) break1nn scales, when left-

-right discrete symmetry brewing scale M p and ouark-lepton symmetry

breaking scale M
c
 are not much less than M x ( "" Ю times), while the

SU(2)a breaking scale И д may be much less than М \ • The proton lifetime

predicted may be considerably larger than experiirental Hm1t: Т р _ ^ % + ^ % >

"У 2»10 years. Good predictions for Kobayashi-Maskawa mixinq angles are

also obtained.

First, observe briefly the arguments given In Ref. f8] . Suppose that

at S0(10) breaking there arises an Intermediate symmetry G or G
t
 . For

stapiicity, 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 U). representation (this does not affect the qenerality of con-

clusions). The decomposition of this representation of S0(10) under the

group G has the form:

10 - ( 6, 1, 1 ) + ( 1, 2, 2 ) (1)

Denote Ф • (1, 2, 2 ) ; precisely this field receives v.e.v. connected with

)ц -symmftry breaking. Ф may be presented as a matrix 2 x 2 :

\

"i



Lwhere £ - I C _ ! and ^ U - i form SU(2)^ doublets. For simplicity, we

can determine also field ф conjugated, to Я° :

[у -V)
The mass term In the Lagrangian for Ф , Ф fields has the form:

where M i > Г\ц, , generally speaking, are of the order of qrand unifica-

tion mass Г^х • Diagonal are the states:

(5)

with masses oL Г 1 ,
г
± ^ П 1 ; . One of these states 1s the Hioos field,

whose v.e.v. breaks down the SU(2), x U(l) -symmetry and gives mass to

Ц/, 2 bosons and fermions. The fine-tuning condition requires that a mass

of this field (e.g., Ф
1
 ) should be of П у р order. According to the

assumption on the existence of only one light Hipgs boson, the other field

( Ф
%
 ) must have a mass of M ^ order and zero v.e.v. In accordance with the

generalized survival hypothesis [9] . This gives equality of *>£* and ^*

fields ve.V. < Д * ^ - < У > » T h e
 fermions obtain mass from ф and ф

couplings:

With account of the equality of the t£ and *̂ v.e.v., from (6) we ob-

ч tain for the ^ and "t quarks doublet T R " I» 1.
 u
 the mass equali-



ty (ГЦ. 2 П Ц , this contradicting the experiment. This relation holds If

we add several scalar 10-plets or 126-plets Interacting with the fermion

16-plet, only to save the condition of existence of only one light H1q<?s

field. The relation Ггц, = гл± may be violated only by corrections

~ M f c / П х *
 n o w e v e r

 these corrections are small: for the proton lifetime

to be large enough, Пц, must differ considerably from h x [?1 •

To solve tMs problem, the author of [lOJ suoaested to Introduce addi-

tional heavy fermions, this allowing one V evcfd the undesirable equality

cf -& and t quark masses.

In this work we suggest a model where this problem 1s solved 1n a more

economic and natural way. Here we preserve the assumotion [8l on the sane

order of coupling constants and also assume that the generalized survival

hypothesis as well as minimal number of fine-tuning conditions take place.

Compared to the usual S0(10) model, our model contains only an additional

discrete symmetry. Under the action of this discrete symmetry, the Hioos

field 10 and 16-plet fermions are transformed as follows:

10 — » ilO . 16 —•» e"
U
? 16 (7)

Such symmetry brings to the fact that In mass term (4) ̂  » 0, and the

mass matrix 1s diagonal In ф , ф space. If taking Into account also

SU(2)j^ -symmetry breaking, then It Is more suitable to write the mass term

In terms of **| and £ spinors:

The fine-tuning condition requires that one of spinors 4j , ? , say,

, should have mass ~ fliv ; then the .̂ mass will be ^ П ^ , and
>
 • 0. Finally we'll obtain +Ьз*- the •&• quark mass 1s zero since



the second term 1n (6) 1s forbidden due to discrete symmetry (7).

One would think, that by Introducing discrete symmetry we merely replace

one wrong mass relation by another, but that 1s not really the case. One

should take into account the discrete symmetry breaking, due to which, non-

diagonal In if) , 5 terms must arise 1n the mass term, and just then the

mass of "& quark arises.

Such breaking of discrete symmetry may arise owing to radiative correc-

tions, 1f taking Into account the Interaction of the 1£ H1aos field with

other scalar fields connected with S0(10) breaking: 54_, 21£, £5, Ш .

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

54 —^ 54 , 21£ — » 210

(«0

45 — » - 45 , 126 —^ - 12£

The corresponding breaking scheme looks as

S0(10) < ( 1 , 1. 1)«> « VL
5 3 £ SU{4) x SU(2)^ x SU(2)t x D

^ ^ SU{4) x SU(2), x SU(2)p

15, 1, I k 5 > * И
~ ^ SU(3)

C
 x U(1)

B
.^ x

<( 10, 1, 3 }
1 2
Л - М„

l i ^ % SU(3)
C
 x SU(2)

4
 x U(l)

3
 - G

o

where (1, 1, 1)
S4
 , (1, 1, 1 )

M P
 , (15, l, 1 ) ^ , (10, l, 3)

1 2 > < i
 res-

pectively enter Into the decomposition of representations 5£, 210_, 45, 126

under the group 6 . 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), the term 1n (8) proportional to H^arises from the Interaction of



20* 10 126 126 .

Utadiagonal terms 1n the mass matrix of ^ , ) may arfse from the

quartfc Interactions of H1ggs field 10 with Itself and other fields. Due to

our Introduced discrete symmetry, such Interactions can have only the fol-

lowing form: 10 10 45 54 , 1010 126 1 2 6 , 1 0 1 0 l l 6 126 plus complex-

conjugated terms. However, a concrete group analysis shows that a part of

field 10, Ф * (1, 2, 2), does net 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 )
1 0
 x (1, 2, 2)

1 ( ?
 x (15, 1, 1 ) ^

5
 x (1, 1, l)

5
t, contains no singlet

under the group G.

Stated above Implies that a quadratic In Ф term 1n 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

-k 10 10 45 54 45 45 and others not containing field 126 do not give
n

x
 -

a mass term for <+> . A simplest effective Interaction giving rise to such

term has the form: 4ц. 10 1° 45 54 126 126. Such Interaction may arise

П х

from diagrams shown In Fig. 1. F1g. 2 presents the same diagrams, but 1n

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~fix •
 F o r

 estimates, we'll consider these

masses nearly the same; coupling constants In different vertices of diagrams

we'll consider equal too. Finally, for nondiagonal 1n i\ , ̂ . mass term we

obtain (contributions of Fig. la and lb diagrams are of the same order):

мпеге /\ 1s a typical coupling constant.



With account of (8) vie obtain the following mass matrix for sealer

-doublets \

Here uLflit Is a notation for a sum of terms cominc from different

terms 1n the Lagrangian.

According to the fine-tunine condition, one of matrix (12) Haenvalues

must be of M\v order. In this case, the second SU{2)^ -doublet will have

a mass of W R , order. One can readily calculate the anqle of 1^- ̂  mixing:

I f we assume that > '̂ Is the genuine Higps field (this can alwavs be

attained by choosing signs of coupling constants 1n (1?)), then < ^ ' * > f 0,

< V # > " 0 and we'll obtain:

о \ т

With account of the fact that the second term 1n (6) Is forbidden due to

discrete symmetry, we come to the following expression for the mass ratio

of v and t quarks:

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



estimate that И ь cannot differ very much from Fix , say, no more than

by a factor of 10. In this case N p which 1s between M x and /% cannot

differ strongly from М \ either. No restrictions take nlace for SUfZ)^ •

breaking scale M R , from the quark mass spectrum.

The obtained S0(10) breaking scheme, when the qrand unification scale

Г^х»
 tne

 left-right discrete symmetry breaking scale H
p
 and the quark-

-lepton symmetry breaking scale Г Л
0
 are close to each other, gives for the

proton lifetime results practically the same as those obtained 1n our pre-

vious work [2] . In [2] , the S0(10) breaking scheme looked as follows:

The obtained

\

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

calculate !Лх and ̂ R . 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^v/ * 0.22 ± 0.02 , the least value of P I R (for the

value of QCD Л - parameter, 0.16 GeV) 1s 3-10
7
 GeV; to this corresponds

I 4
X
 « 10

1 6
 GeV and the proton lifetime, 1^> ^ 10

3 7
 yrs, which 1s much

higher than experimental Hm1t.

Note also that the S0(10) breaking scheme (10) can be generalized by

considering the $>\)(2)^ breaking In two steps. First, the SU(2)^ Is broken

by v.e.v. <(1, 1, З ^ ^ И к , up to U(1)
R
 ; then the v.e.v.

<(10, 1, 3 )
1 г б

> = М £ . breaks U ( D ^ x U(l)fc_u up to U(l)y . For such

breaking scheme, the mixing of ^ , £ doublets arises due to the same

diagrams of Fig. 1. Only now, a nondiagonal 1n "£ , ̂  mass term has the

form: А^Г М & plJfC V £ + V*^) . Finally, we'll obtain the

same relation (14) for the mass ratio of & and t quarks. The difference

is that the second SU(2)L| doublet (except the H1ggs field with a mass

) arising at d1agona!1zat1on of mass matrix •£ , £ now will have

10



a mass -v H R , . Note that with the Introduction of the new scale Г^ц, ,

the predictions for the proton lifetime change little, while small values of

f*\
R
 ( -vl TeV) may bring to observable effects [4] .

Our consideration hitherto was restricted to tht heaviest third nenpra-

t1on of \f , "t quarks neglecting quark masses of the first two Genera-

tions, u., (л,, S , С , and n;1x1ng. Now we want to Include the first two

generations and mixing effects. For that, we shall determine the transforma-

tion laws for three generations of fermions - the S0(10) 16-plets - with

respect to our Introduced discrete symmetry. If all the three generations

transform Identically:

then the interaction of fermions with the 10 Hiqgs field w1lT have the form:

51 its 16
 L
16j 1С -г с с

 (17)

With respect to (14), we'll obtain the following relation between the

mass matrices of up, Ц,, C, t and down, cL, S, if quarks:

Jtl^ •=. t ^ e j U u , . Finally, we'll obtain that all mixinci anqles 1n the

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

equalities ^ - ^ - ^ = Ь а & . This 1s, of course, unacceptable.

One can show that the situation cannot be Improved by complication of Hiqqs

sector either.

There exists, however, another possible way to determine fermion trans-

formations relative to discrete symmetry, when not all qenerations of fermi-

ons transform Identically:

* ; IS*-^ .e.^ li»

П



In this case, the Interaction with the H1aqs field lf> has thf> form:

where ^i,j and f*i\ are 3 x 3 matrices of the form:

V 0
0 'Л*
Лм 0

Then the mass matrices of the up and dovn quarks can be written AS

..Hows:

Nats Matrices of the (21) type were already considered In models with

^ x SU(2)|i symnetry [ i l l (see also l'12j and references dterl there).

After diagoiMlization we'll obtain for the Kobayashi-toskawa anqles Q±t

this agreeing well with experiment [13} . For the parameter t a 0 we obtain i

12



« Г П # / Щ , 1n accordance with (13)-(1Б).

Me can see that our Introduced discrete symmetry (15) allws us to tult*

account of mixing between existing three families of auark* etui obtain а

prediction for the angles.

We can prove that the form of quark mass matrices (21), when fenMons

transform with respect to the action of discrete svw«etry aecmMno to tl8).

Is rather general; It does not change when fermions Internet with several

l^-plets or 126-plets.

Consider, e.g., the case when as H1ggs fields we choose two renresenta-

tions l£.j and 11)д, which transform similarly relative to discrete symmetry:

The Interaction responsible for the fermion mass has the form:

where ^ , "Л and /^
1
 , /̂  are matrices of the (20) type.

Consider the mass matrix of Ф , , HP
A
 H1ggs fields without account of

terms of M R order. After Its diagonalization we'll obtain new states

-j° , Ф»' . The Interaction (24) Is to be rewritten as:

13



where y\ , l\
l

 >
 ft, ft are-some new matrices of the (20) type. According

to the fine-tuning condition, one of the fields Ф , Ц
3
 , say, Ф , must

have a mass <^ fix (I.e.
 V

H R , ). Evidently, precisely this field (up to

terms М к , / Г Л * ) contains the genuine H1ggs. Then the third and fourth

terms 1n (25) will not contribute to fermion masses, so we return back to the

form of mass matrices contributed by (2,1).

Thus, we have proposed a model which, by means of additional discrete

symmetry, enables one to avoid the contradiction with fertnion mass spectrum

arising 1n the S0(10) breaking schemes with Intermediate SU(4) x SU(2)
L
 x

x -li(2)^ or 5U(3)
r
 x U ( 1 )

B
_

U
 x SU(2)^ x SU(Z)n symmetry. The obtained re-

lation between •& and t quark masses fixes a certain hierarchy of S0{10'

breaking scales, the proton lifetime here predicted being 1n aoreement w1tr>

experiment. The introduced discrete symmetry at the same time allows one tc

obtain a phencmenologically acceptable model of quark mixing as well as Ь

give good predictions for mixing angles 1n the left charged currents.

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

S.G. Matinyar., R.L. Mkrtchyan and A.G. Sedrakyan for useful discussions
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X—•
126

126
fiSk

126

F1g.l. Diagrams contributing to a nondiagonai 1n t\ ,^ . mass term

In terms of fields - representations of S0(10).

0,2,2) .11,1,1) W

V 415,2,2) / \ (15,2,2) /

(•0,1,3)

(1,2,2)

6)

Fig.2. Diagrams contributing to a nondiagonai In т) , \ mass term

1n terms of fields - representations of SU(4) x SU{2), x
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