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Quark and lepton mass matrices in the S@10) grand unified theory with generation flipping
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We investigate the S@0) grand unified model with generation flipping. The model contains one extra
matter multipletyy(10) and it mixes with the usual matter multiplefs(16) when S@10) is broken down to
SU(5). We find the parameter region of the model in which the observed quark masses and mixings are well
reproduced. The resulting parameter region is consistent with the observation thét(@@yhave a source of
hierarchies and indicates that the mixing between second and third generations tends to be large in the lepton
sector, which is consistent with the observed maximal mixing of the atmospheric neutrino oscillation. We also
show that the model can accommodate MSW and vacuum oscillation solutions to the solar neutrino deficit
depending on the form of the Majorana mass matrix for the right-handed neutrinos.

PACS numbgs): 12.15.Ff, 12.10.Dm, 12.60.Jv, 14.60.Pq

[. INTRODUCTION However, these predictions are not altogether ridiculous as a
zeroth order approximatiofthough not fully realisti¢in the
The grand unified theoryGUT) [1] is a very attractive quark sector, since both up-type and down-type quarks have
idea which unifies all gauge interactions of the standarchierarchical mass patterns and the CKM mixings are all
model (SM) and explains otherwise peculiar(1) hyper-  small in nature. What requires large deviation from these
charge assignments. In particular, its supersymmetrigredictions seems to be only the large mixing observed in the
(SUSY) version[2] has achieved the great success of gaugetmospheric neutrino oscillation. Thus, we would like to ex-
coupling[3] andb— 7 Yukawa coupling 4] unifications, S0 tend the minimal SCLO) model to be able to accommodate
that various SUSY GUT models have been proposed so fafye |arge mixing in the lepton sector, keeping their successful
Recently, the Super-Kamiokande Collaboration has réapproximate relations in the quark sector. One way to
ported convincing evidence for atmospzheric neutriglo Ogcma'achieve this extension is to slightly modify §)-5* com-
tions with a mass squared differendeng,=5x10"% eV*  ,, a5 ofy. (16) (nonparallel family structurgl0]).t Since
and nearly maximal mixing angle $B¥,,,=0.8[5]. In the 5% of the standard S()syr contains right-handedown-

SUSY SM, neutrino masses come from the effective SLIIC’er'fype) quarks and left-handed leptons, this modification is di-

potential rectly transmitted only to the lepton flavor mixing matrix
3 [Maki-Nakagawa-Sakat@MNS) [12] matrix]. As for the
— Kij o quark sector, the effect of the modification is transmitted to
Weff_ E llleuHua (1) . . . .
i7=1 Mg the CKM matrix through a diagonalization of the down-type
quark mass matrix, inducing small CKM mixings.

wherel; ,H, are SU2),-doublet lepton chiral multiplets and N @ previous paper, Yanagida and one of the authors
the Higgs doublet chiral multiplet which gives masses for the(Y-N.) have proposed a S@0) GUT model which can ac-
up-type quarks, respectively. Heigj=1, . .. ,3 aregenera- commodate realistic quark and lepton mass matrices along

tion indices, x;; denote dimensionless coupling constants,the above line of reasoningl3]. The model contains one
andMp, is the scale at which this operator is generated. Th&xtra matter multiplet¢(10) belonging to 10 of the
observed mass squared differengeZ,, implies that the SQ10gyr and it mixes with three;(16) when the
scaleMp is substantially lower than the gravitational scale SX10)cur is broken down to S(§) [14]. As a result, the
Ma=2.4x 10" GeV. Thus, it is natural to think that these low-energy quarks and leptons are three linear combinations
effective operators arise from the virtual exchange of som®@f #i(16) and ¢(10), and realistic masses and mixings are
heavy fields of masseMlg through the seesaw mechanism obtained with the right-handed neutrino Majorana mass ma-
[6]. This motivates SCLO) GUT’s [7], which attain complete X My proportional to the unit one.

unification of all quarks and leptons in a single generation N this paper, we extend the previous mofie8] and in-
together with the right-handed neutrinos. vestigate whether it can really accommodate the observed

The minimal version of SUSY S@0) GUT contains values of quark masses and mixings quantitatively. We find
three generations of quarks and leptan616) belonging to that the model reproduces well the obser_ved quark masses
16 of the SA10)gyr and one Higgs fieldd (10). This mini- a_nd 'Fhe CKM matr|?< elements. Thg resulting parameter re-
mal model is known to yield a mass degeneracy of up-typ&ion is consistent with the observation that oritf16) have
and down-type quarks and vanishing quark flavor mixing
[Cabibbo-Kobayashi-MaskawéCKM) [8] mixing] [9], so
that it should obviously be extended in order to be reconciled *For other attempts to realize realistic quark and lepton mass ma-
with the observed pattern of quark masses and mixingsrices in S@10) GUT, see Ref[11].
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a source of hierarchies such agllflavor symmetry charges TABLE I. U(1)g charges.
[15]. Furthermore, we discuss flavor mixings in the lepton — —
sector under certain simplifying assumptions. We find that H(10) H(16) H(1e*) x(16) y(16*) #i(16) (10
the model can naturally explain the observed atmospheric
neutrino deficit[16,5] and solar neutrino defic{tl7,18 by
the neutrino oscillatiorf19,12. The resulting mass squared
differences and mixing angles depend on the form of the _ ) ) ) )
Majorana mass matrik . We consider two cases thety, ~ =V With V being~10'® GeV. This GUT breaking also in-
is proportional to the unit matrix and that it has a hierarchyduces a mass term for the matter multiplets through the fol-
consistent with the above observation that ogy16) have 0wing superpotential:
a source of hierarchies.

This paper is organized as follows. In Sec. Il, we briefly 3 ,
review the model in Ref.13] and slightly extend it removing W= 2 fi€ 7 (16) p(10){ x(16)). (6)
unwanted mass degeneracy between down-type quarks and =1
charged leptons. In Sec. lll, we investigate the model and
find a parameter region where it is cqn;istent_ with _aII thenamely, a linear combinatiob* <33 _ f.é m5i*’ in ;(16)
observed quark masses and mixings including Jeceives a GUT scale mass together véthin ¢(10), and

CP-violating phase. We discuss masses and mixings in thg e other two linear combination§} and 5%, in ¢;(16)

lepton sector, particularly solutions to the solar neutrino defiyenain as massless fields. The relation between these fields
cit, in Sec. IV. Section V is devoted to our conclusions. We

o ; ) X > Y'*can be parametrized as
also add an Appendix, in which we give a detailed derivation

of quark and lepton mass matrices in the model.

0 0 2 0 0 1 1

5*l<' e i61-i5; 0 0
Il. THE MODEL 5 | = 0 e iatio, g
In this section, we explain the model proposed in Ref. 5 0 0 i
[13] and set up the framework for the phenomenological 3
analyses given in the next section. cosa; —sina; 0

The model has three generations/of16) and oney(10)
as matter multiplets. We take a basis where the original
Yukawa coupling matrix of the Higgs fielth(10) to the 0 0 1
matter fieldsy;(16) is real and diagonal:

x| sin@; cosa; O

cosa, 0 e '%sina,\ [5*

3
1 X 0 1 0 *
W=3 2 higsi(16)4i(16)H(10). (2 e .
i=1 —€e%sina, 0 CoSay x
This leads to a diagonal mass matrix for the up-type quarks (7)

as

. without a loss of generalitisee Appendix Here,a4,a, and

m, 0 0 6; are functions off; and »;. Thus, the low-energy quark
Me=m| 0 m, 0], (3)  and lepton fields belonging %* of SU(5) are5; , 5; and
SU(5)-5* of ¢(10) (i.e. 5;), so that the relations,
=M p*xMy, are removed.

The down-type quark mass matrix is, however, incom-

plete, since5§, does not have any Yukawa coupling to
- - H(10). To solve this problem we introduce a pair of Higgs

My =Mmy/M,  Me=me/m, @ fields H(16) andH(16*) and consider a superpotentfial

wherem, andm, are defined as

andm,,m, andm; are given by

W=AH(10)H(16*)x(16*)+MH(16)H(16*). (8
my=hy(54),  Mc=hy(54), mM=hs(5). ©) (1OR{1E)X(16) (19HIE). @)

Here, 5, is a SU(5)5 component ofH(10). At this stage, U(1) R-symmetry may be useful to have this form of super-

the down-type quark mass matrM, and neutrino Dirac Potential. The Wl); charges are given in Table I. The GUT

mass matrixM ,, are completely the same witk , except

for the difference between the vacuum expectation values of

the Higgs fields. . 2We can take\ andM to be real using phase degrees of freedom
We now assume that the $I)gyr is broken down t0 i, 1y(16) andH(16*). Strictly speakingg, in Eq. (11) are defined

SU(5) by condensation of Higgs fieldsy(16))=(x(16*)) in this basis.
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condensatior(?(lb"‘))aéo induces a mass mixing between
5*’s of H(10) andH(16) (i.e., 51 and5f;¢). Thus, a
linear combination

55 =C0S6 5510+ SIN0 5, 1) 9
Mx(16*
tanf=— W (10)

remains as a massless Higgs field in the standar®)gyr

and contributes to the quark and lepton mass matrices. Then, ()

5, can couple td), through the superpotential

3
2 € %1,(16) (L0 H(16), (11)

and the down-type quark and charged-lepton mass matrix is

given by
—mysine; x€%  m,cosa;sina,
cosf| . Y _
o= Mg | Mecosas ye€?% mesina;sina,
0 z COSay
(12)
Here, tand=(5,)/(5}) and
g1 92 O3
—h—stanﬁ y—h—stane zZ= h_3tan0’ (13
b= b1~ p3+ 361+ 0+ 63,
by= o= 3+ 30, — 5+ 53 (14

(for a detailed derivation, see AppengiNote that in the
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TABLE II. The running quark and lepton masses evaluated at
the energy ofZ-boson massm; [22-24 and the GUT scale
Mgur=2X 10 GeV[23].

pm=mz #=Mgyr
my(u) 2.2+0.7 MeV 0.98-0.31 MeV
me(u) 626106 MeV 27947 MeV
me( ) 175+6 GeV 1106-19 GeV
mq( ) 41+1.1 MeV 1.2:0.3 MeV
mq( 1) 85+19 MeV 24+5 MeV
) 3.02£0.19 GeV 1.0%0.06 GeV
0.487 MeV 0.325 MeV
m,, () 102.7 MeV 68.6 MeV
m, () 1.747 GeV 1.171 GeV
_ ke (x(16%)) _ ko (x(16%))
X h3 MG , y h3 MG ,
_ (17
_ ks (x(16))
z h3 MG '
Px= 1T 01— 02, Q=@+ 01— 02, @, =¢3t 01— 0,
(Pt:252, @u:_361_52_253, (18)
¢y =—301+6,—203, ¢Qu=—03

(see Appendix Notice thatdy, 6, ,5,= =0(10 ?) as long as
ki/h;=0(1). The Majorana masses for the right-handed
neutrlnosl are given by the following nonrenormalizable
superpotential:

(19

E 1y i(16) wm%.

After the SO(10y,, breaking we obtain the Majorana mass

present model ta@ can take a value in a wide range due to matrix for the right-handed neutrinos,

the presence of casin Eqg. (12).

The Dirac mass matriM , for neutrinos is also incom-
plete, since5j; never couples to S@8) singlets of ¢;(16)
(i.e., ;). However, the following nonrenormalizable interac-
tions give desired couplings:

(16*). (15)
G

3
Z ki€ % 4;(16) $( 10)H(10)

Together with the original couplings in E(®), the nonrenor-
malizable interactions Ed15) yield

—mysina; €% m,e*ucosa;sina,
M D~ mt ﬁ,]cel ‘Ptcosa’l 5yel ®y ﬁ10e| ‘P”Sin alsin Ay
0 5,6 ¢z € %ucosa,
(16)
Here,

JI]

|J 33 (29

(My)ij= Mg,
whereMg=|j33V¥/Mg. Then, the mass matriM , for the
light neutrinos is given byM,=MI MM, through the
seesaw mechanisf].

Now, we have Sib)-invariant mass matriceM ,,M 4,
and M ,. However, they yield wrong S@)gyt mass rela-
tions,m,=mg andm,=mgy, so that we have to remove these
unwanted mass relations in order to obtain realistic quark
and lepton masses. It can be done by introducing5sU
breaking effects intd/ 4, [20]. We assume that the $8) is
broken down to the SM gauge group by a Higgs multiplet
3. (45) belonging to45 of the SG10)gyr. Then, if2(45) has
nonrenormalizable interactions to the matter and Higgs
fields, the SU5) breaking effect of ordetZ,(45))/M¢ can
be transmitted to the quark and lepton mass matri2és
For this purpose, we introduce the following nonrenormaliz-
able superpotential:
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0008 ' _(@m_vm_u= 112244, m U =004 ' TABLE lll. The observed CKM parametefat u=m;) [22,25]
and their RG-evolved values at the GUT scaMgyr=
X 10' GeVv[23].

0.007

0.006

i | m=mz #=Mgur
0005 - T (Vekm)us(w) 0.215-0.224 0.215-0.224
% ool ] (Vekm) en( 1) 0.036~0.043 0.03%+0.037
(VCKM)ub/(VCKM)cb(Iu') 0060"’012 0061\'012
o008 |- 1 Jexm(w) (1.5~4.4)x10°° (1.1~3.3)x10°°

0.002

adopt the running quark and lepton masses evaluated at the
energy ofZ-boson mass given in Table [R2-24 to con-
strain the mass matrices derived in Sec. Il.

0.001

0 00002 00004 00006 00008 0001 00012 00014 The CKM mixing angles are specified by three real pa-
rameters  Veim)us:(Vekm)en @nd  Vekm)un/ (Vekm) co
- . _@mymus 11224 mum =279 . whose observed values are given in Table[#2,25. CP
violation effects are parametrized by the quantity called Jarl-
0007 1 skog parameter Jckm  [26] defined by Jckwm

=Im{(Vekm) ud(Vekm)ta(Vekm) w(Vekm)upfs Which is in-
dependent of phase conventions of the SM fields. The value

of Jckm Obtained from neutral meson experiments is given
in Table Il [25]. In the following, we search a parameter
1 region of the model consistent with these observed masses
and mixings.
To compare with the mass matrices obtained in Sec. Il,
| we have to use renormalization gro(iRG)-evolved values
of the masses and mixings at the GUT scale. We assume
1 particle content of the minimal SUSY SM between the weak
. , , , , , , scale and the GUT scale. Then, the GUT scale values are not
0 00002 00004 00006 00008 0001 00012 0004 sensitive to the precise mass spectrum of the SUSY particles
and also to tap as long as it has a moderate value 5
FIG. 1. The parameter region ofy andyy where all quark  <tang=<30 [27]. Thus, we fix a value taf=10 for sim-
masses and the CKM parameters are reproduced. We hang $et plicity. The obtained masses and mixings at the GUT scale
to be 112244 andn_ ' to be (a) 394 (central valug and (b) 279  using two-loop RG equations for the Yukawa couplings are
(lowest valug. given in Tables Il and 11[23]. We will use these values to
constrain the parameter space of the mddel.
3 (z ( 5)) Now, we search values oKgy,Yq,Z,a1,@2,¢xq,Pyd
2 [ g (16)Y(1OH(16)——. (21  which reproduce down-type quark mass ratios in Table I,
- Me 32.8<m,/m¢<56.3 and 12.Zms/my<32.2, and all the

We consider that only (1,2) and (2,2) components of theCKM parameters given in Table Ill. We take, to be
down-type quark mass matrikly and the charged-lepton rﬁc’ Y (M ur) =394 (central valug and 279(lowest valug in
mass matriXM ;| are modified from those d¥l 4, for simplic-  order to show the dependence of the results on up-type quark
ity, since the value ok which gives realistic masses and ypasses at the GUT scale. The results hardly depenth,on

mixings is relatively larger than those rfandy as we shall
see later. We represent these modified components with thdue o its smaliness, so that we fm“ (Mgur) to be its

subscriptd and| (i.e., Xq4,Yq s Dxdr Dyd X1 ,Y1 @y and gy). central value 112244, .
With the mass matricedl,,Mg,M, andM,, we can re- We find a parameter space which reproduces all quark
produce well the observed quark and lepton flavor structure masses and mixings including @P-violating phase. The

In the next section, we search a parameter regiod gand E:;g:re;ire;e?r']()ensﬁ) kde%r;dth%% Is Sr:gwr? rlc?u Fr']? 1|v:sstrl15é
Mgy which gives the observed quark masses and mixings in- Y P Ya 9 p_l ghly’ g
cluding aC P-violating phase. reciprocal of the Cabibbo angle (0.22)" *. Since ratios of

Xq,Yq @ndz are related to the CKM mixing angles, we find

0.006 B

0.005

0.004

0.003

0.002

0.001

Ill. THE MASSES AND MIXINGS IN THE QUARK
SECTOR
3The GUT scale value ofm, is highly dependent on the input
The quark masses are estimated using various methogdgiue ofm,(m,), especially in the case that,(m,)=180 GeV. As
such as QCD sum rules. However, the estimated quarige shall see, however, our qualitative conclusions hardly depend on
masses still have some uncertainties. In our analysis, wee value ofm,(Mgy7).
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thatxy,yq andz also have hierarchical structure. Indeed, the s : @ mnu=T12244 mUmo=3%¢
region ofzis around 0.0 z<0.12. The required hierarchy
is milder than that ofh;,h, and hz, and can be roughly 165

parametrized as
hy:hyhy=¢*€%1,

145 |

alpha_2

Xq:Yq:Z=01:0,:05=¢€%€:1, (22) A
with e=0(0.1). This may indicate that only;(16) have a
source of hierarchies such aglly flavor symmetry charges 15 -
[see Eqs(2) and(11)]. To reproduce the observeziP vio-
lation (the value ofJcky given in Table 1) ¢4 has to be 135 : - ” - -

12 13
alpha_1

around 3r/2 (10m/8< ,q=157/8 in both cases ofm,*
=394 andm_ '=279). The results hardly depend @i,
since it can be transfered into the phasemfby an appro-

priate phase rotation of the quark doubletd) and ﬁ1u is
very small.

The parameter region af; and o, (0<aq,a,<mw/2) is
shown in Fig. 2. We find that both,; and a, are close to 18
/2 [cosay~c0Ssa,=0(0.1)]. This implies that the extra
matter multiplets(10) is dominantly coupled withy;(16) in
the superpotential Eq6).* The hierarchy of the couplings
is roughly el

{b) m_t/m_u = 112244, m_t/m_c =279
T T T

185

145

alpha_2

. . 135
COS@;COSa, :SiN@COSay :SiNa,=f:f,: fa=€%e:l,

(23

which also is consistent with the above observation that only
#i(16) have a source of hierarchigsee Eq.(6)]. FIG. 2. The parameter region af, and o, where all quark
Finally, we plot the down-type quark mass rating/ms  masses and the CKM parameters are reproduegdand «, are
andmg/my as functions ofz/cosa; in Figs. 3 and 4, respec- represented with radians and their domains ase@< /2 and 0
tively. We have ascertained thai,/ms andmg/my take any  <a,</2. Solid lines denoter; = 7/2 anda,= 7/2. We have set
value in a range 328m,/m¢<56.3 and 12.Zms/my  m,*to be 112244 anch; * to be(a) 394 (central valugand(b) 279
<32.2, so that there is no relation between them. Note thalowest valug.
the allowed region of/cosa, is hardly dependent oﬁlc’l,

sincez and cosw, respond to the change of; * in the same  (v,—7;) [16,5.> We find that significant region is consis-
way. Thus, our qualitative discussion below is almost indeient with the large angle between, andv,.

pendent oﬁ:ng Y(Mgu7). The quantityz/cosa;, almost corre-

sponds to the tangent of the MNS mixing angle, g, IV. THE MASSES AND MIXINGS IN THE LEPTON

between second and third generations, since it dictates the SECTOR

mixing between left-handed charged leptons of second and

third generations. Actual mixing angle is the sum of itand an  In this section, we discuss the lepton sector of the model
additional contribution from neutrino mass mathik,. Con-  taking m;l and mgl to be their central values for simplicity.
sidering thats, is given by Eq.(17) andh;=0(1), the ad- First, we begin with the charged-lepton masses whose pre-
ditional contribution can be of order the Cabibbo angle.cise values are known experimentally as in Table Il. The
Thus, if two contributions are added up constructively, themass matrix for the charged leptons is different from that for
region z/cosa,=0.4 is consistent with the observed nearthe down-type quarks due to the presence of nonrenormaliz-
maximal mixing of the atmospheric neutrino oscillation able interactions Eq21). We assume that the nonrenormal-

L L L L L L
09 1 11 12 13 1.4 1.5 16
alpha_1

“If some components of the down-type quark mass matrix other SEven if we have no contribution from the neutrino sector, the
than(1,2) and(2,2) ones are modified by nonrenormalizable inter- region z/cosa,=0.6 is consistent with the observed near maximal
actions, the parameter region of4(,«,) is not necessarily very mixing of the atmospheric neutrino oscillation, @ﬂﬂ320.8. In
close to ¢r/2,7/2). This possibility will be considered elsewhere. this case, a relatively large value ok, /m; is favorable.
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(a) m_tm_u = 112244, m_t/m_c =394 (a) m_t/m_u = 112244, m_t/m_c =394
T T T T T

70 T T

T T 50 T T

m_b/m_s
m_s/m_d

20 L . . . . . .
0 0.2 04 0.6 y o.lah 1 12 14 16 0 5 0'2 0‘4 Ie 0‘8 1‘ 1‘2 1‘4 6
Z/cos(al E E . i
(alpha_2) z/cos(alpha_2)
(b) m_tm_u = 112244, m_t/m_c = 279
70 T T T T T T T (b) m_tm_u = 112244, m_t/m_c =279
50 T T T T T T T
60 | ]
a0 | ]

m_b/m_s
m_s/m_d

0 02 04 6 Z/cus(g.lgha_zj 1 12 14 1.6 o ) ) ) ) ) ) )
[} 0.2 0.4 0.6 z/oos(gl':hag) 1.2 14 1.6

FIG. 3. The mass ration,/mg as a function ofz/cosa,. The
allowed region is between two horizontal lines (32:18,/mg FIG. 4. The mass rationg/my as a function ofz/cosa,. The
<56.3). We have sein,* to be 112244 andn_* to be (a) 394  allowed region is between two horizontal lines (1:2M,/ms
(central valug and (b) 279 (lowest valug. <32.2). We have seﬁh;l to be 112244 alnafnc_l to be (a) 394

(central valug¢ and(b) 279 (lowest valug.

izable interactions Eq(21) modify only (1,2) and (2,2)
components of the mass matrices. Thus, we search a param-
eter region ofk; andy, which can well reproduce the known
lepton mass ratios at the GUT scale,/m,=17.07 and U4 = 142244, m_Um_c = 394
m,/mg=211.1, using the values af a; and, obtained in oots b ' ' ' ' ]
Sec. lll which reproduce the quark mass ratios and the CKM
parameters. 0016 - o e 00 S 1

The resulting region ok, andy, is given in Fig. 5 to- oo | " g 7, ]
gether with that oky andy, obtained in Fig. 1. We find that g
there is significant region consistent with the observed °™*[ 8558008 T
charged-lepton masses. The preferred regior,isxy and _ oot °* 1
yi~3yq, Which agrees with the earlier observatip20]. ” oo | ¢ |
Thus, we conclude that the presence of nonrenormalizable
interactions Eq(21) with g{ =0O(1) is sufficient to remove 0006 - 1
unwanted S(b)gyr mass relationsin,=mg and me=my, o004 | SE35553 |
also in the present model.

Next, we discuss the neutrino masses and mixings quali- *** l
tatively. We call the mass eigenstates for three neutrings 0 ' '

[} 0.0005 0.001 0.0015 0.002

v, and v3 such thatmvl< m,,<m,. In the present model, !
we have a mass hierarchy, <m,  due to the fact that FIG. 5. The parameter region &f andy, where all lepton mass

Sys 5y ,0,< 1072, Then, the data of atmospheric neutrino os-ratios are reproduced. The hatched region represents thgtasfd
cillation (v,<v,) from Super-Kamiokande implies that yq given in Fig. 1a). We have sefn, '=112244 andn, '=394.
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TABLE IV. The allowed regions of mass squared differences and mixing angles which reproduce the
observed solar neutrino deficit in terms of the neutrino oscillat&h31. We have also shown mass ratios
m,,/m,_under the mass hierarchy, <m,_.

Solutions om2,, SiNP20s, m,,/m,,
Small angle MSW (412)x10 6 eV? (2-12)x10°3 ~0.03
Large angle MSW (825)x10°% eV? 0.5-0.8 ~0.05
(6—7)x10 10 eV? 0.8-1.0 ~1074
Vacuum oscillation (45)x10710 eV? 0.7-1.0 ~10*
(5—9)x10 1 eV? 0.6-0.9 ~1074

mV3:7>< 102 eV. The neutrino mass matrid , is given ti(_)nal to the unit _matrix or that it has a hierarchy consi§tent
by M, = MTDM glM .o Thus, the scal®l g of the Majorana with the observation that;(16) have a source of hierarchies.
masses iSV determined adp=102—10"° GeV, which is The RG effects between the GUT scale and the weak scale
close to the natural scale derived from HG9) with jss are negligible for our q.ufahtatlve argument, so that we evalu-
—0(1). Theobserved maximal mixing is also naturally ob- ate the masses and mixing angles at the GUT scale and com-

tained as a result of fitting quark masses and mixings. In th&are them with the observed values given in Table IV.

following, we discuss the implications of the model on the . . _
solar neutrino deficit. For simplicity, we ignofP-violating A. The case of unit Majorana mass matrix

effects in the lepton sector and take all values appear in the e first consider the unit Majorana mass matrix case:
neutrino mass matrix to be reap,= ¢y = ¢, = ¢;=¢,= ¢,

=¢,=0 orm. 1 0 O

The observed solar neutrino deficit is explained by either Mu=Mo|l 0 1 0 (24)
matter-enhanced neutrino oscillatigiviikheyev-Smirnov- NTR :
Wolfenstein(MSW [28])] solution or the vacuum oscillation 0 01

solution [29] (ve—v,,v,). Then, the allowed regions of

mass squared differences and mixing angles are as shown litere, we simply assume thity is proportional to the unit
Table 1V [30,31. The MSW solution has two distinct re- matrix for some reasons in the basis that the original Yukawa
gions, that is, the small and the large angle ones. Below, weouplings are diagonal, and regafd, 6, and 5, as free
investigate which solutions the model can realize in twoparameters. Then, the neutrino mass matrikj,

cases that the neutrino Majorana mass maéixis propor- =M1 My*M,p, is given as
|
—mgs; me; 0 —ms; S MyCiS;
m; - R
M V:M_R 6X 5y 52 mCCl 5y mcslsz
m,CiS, MSiS, Co 0 o, (o)
, m2c? — My, +Med,Cy m2c,
m, - - 2, 2. 2 - -
~wio| - My S+ MedyCy S5+ 85+ 685 M, 8,C1+ M, + 8,C, |, (25
02 - - 2
C1 m,, 8,Cq + mc5y+ 6,Co C5

wherec;=cosq; ands;=sing; (i=1,2).

The contribution to the mixing angle between second and third generations from the neutrino mass mé2gxiggiven
by 6,3~ 6,/C,. In view of c,=0(0.1), we choose’,~ € to give naturally the near maximal mixing in the atmospheric
neutrino oscillation(see discussion at the end of Sec).llThen, the relevant mass ratio and mixing to the solar neutrino
oscillation are given as

2o (26)

(27)
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TABLE V. U(1)x charges. The other fields have vanishing charges.

1(16) 2(16) 3(16) #(10) H(10) x(16) x(16%) @
U(1)y 2 1 0 0 0 0 0 -1
as long asé,= 4, and 6, is not very small compared with 5,= €, 8= e, 5,=é (29)

5,.
From Eq.(26), we find that if we choos@,~ €? we ob-

Then, the neutrino mass matriM , =M MM o, is

tain the mass ratio consistent with the MSW solutions. Thengiven as

the mixing angledg, is of order of e from Eq. (27). The
actual mixing angle is the sum @f, and the corresponding
contribution from charged-lepton mass mati,. Since
analyses of the previous section indicaﬁt'@zzo.oﬂf— 0.19,

the resulting mixing angle is consistent with the small angle

MSW solution if two contributions are added up destruc-
tively, while it cannot reach that of the large angle MSW

e‘m  m, e °mm,
m2
t ~ 4 ~
=_— m, € emg , (30
Mg
e *mym, em, e °m?

where m,= mu+ em C; and m,= mc+ €C,. This gives the

solution even if two contributions are added up construcielevant mass ratio and mixing to the solar neutrino oscilla-
tively. The required cancellation is rather mild such that thetion as

reduction of factor two or three is sufficient. We also men-
tion that the mixing anglé.; is small, so that it is not con-
flict with the result of long baseline reactor neutrino oscilla-
tion experimem(CHOOZ) 0:3=0.22[32].

If we choosed, ~ €3, on the other hand, both mass ratio

and mixing angle are conS|stent with vacuum oscillation so-
lution. The reason for this coincidence can be traced back to

the fact that the required neutrino mass rafg,/m,,
~10 *is approximately equal tanf,/m,)? as predicted by a
simple (unit M) seesaw model in the S00) GUT. That is,

if we intend to obtain large solar-neutrino mixing angle we
have to choosé,= rﬁccl, and then we necessarily have the
mass ratian,,, /m, ~ 85/c5~m; . The resulting MNS matrix
has the so-called bimaximal forfil3,33 and evades the
constraint from CHOOZ experiment. We note that this
vacuum oscillation solution is realized with,:k,:ks
=¢%e:1 which is implied by the hierarchy Eqé22), (23)
[see Eq(15)].

B. The case of hierarchical Majorana mass matrix

If ;(16) have a source of hierarchies indicated by Eqgs
(22), (23), it is natural to think that the Majorana mass matrix
My also has hierarchy consistent with it. Thus, we conside

ml/2 66 66
BT i (31
M, mS (mg+ecy)
m, my+emcc;
e B R (32
ez 4 &
From Eq.(31), we obtainm,,/m, =10"?—10"*, which

is consistent with both small and large angle MSW solutions.
Also, the angle is given ag;,=0.1-1 from Eq. (32), so

that we can reproduce the large angle MSW solution natu-
rally. To reproduce the small angle solutiofi, and 6.,
have to be added up destructively, but the required cancella-
tion is mild. (The reduction of factor three to five is suffi-
cient) Thus, we conclude that the the model can accommo-
date both large and small angle MSW solutions in the case of
the hierarchical Majorana mass matrix.

V. CONCLUSIONS
In this paper, we have investigated the (3@ GUT

model with generation flipping. The model contains one ex-

tra matter multiplety/(10) in addition to the usual matter
multiplets ¢;(16), and it mixes with ¢;(16) when the

the case where the Majorana mass matrix has the hierarchic80(10)g 7 is broken down to S(b) by the vacuum expec-

form,

€

3
MN:MR € € € s

62

(28)

up to order-one coefficients.

In this subsection, we stick to the possibility tha(16)
have a source of hierarchies indicated by Eg®), (23), so
that we assume tha, :k,:k;=e€?:€:1. Considering thab,
~ €2 in order to give naturally the near maximal mixing be-
tweenv, andv,, elements of theM ,, have the following
order of magnitude:

tation values ofy(16) and y(16*) fields® The low-energy
quarks and leptons are three linear combinationg;61.6)
and (10).

We have found the parameter region of the model in
which the observed quark masses and mixings are well re-
produced. The required hierarchies of the coupling constants
are consistent with the observation that oghf16) have a
source of hierarchies such aglyflavor symmetry charges.
As for the lepton sector, the model can reproduce the

SThis structure may be realized in a framework of an T
[34].
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charged-lepton masses if there are suitable nonrenormalizble to approach the structure of the Majorana mass matrix

able interactions which introduce $&) breaking effects into  for the right-handed neutrinos.

My, . The obtained charged-lepton mass matrix indicates

that the mixing between second and third generations tends ACKNOWLEDGMENTS
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In the former case, the model can accommodate small angle APPENDIX: THE MASS MATRICES IN THE MODEL

MSW solution and vacuum oscillation solution to the solar

neutrino deficit, depending on the values of the couplingm

constantsk; . The vacuum oscillation solution is realized

. T . sed.
whenk; have the hierarchy indicated in the quark sector, andJ The model contains matter fields(16), #(10) and Higgs

the resulting MNS mixing matrix has the form of so-called fields H(10),H(16). After the spontaneous breakdown of

bimaximal mixing. .
In the latter case, the model can accommodate both smaﬁo(lo)GUT to SU®), these fields decompose as

and large angle MSW solutions and the parameter region is 5! _
consistent with the hierarchy required in the quark sector. It 10,51 +1,=44(16),
is remarkable that the single anomaloud)y flavor symme- .
try with the ¢ field which has the vacuum expectation value 10,+5; +1,=¢5(16),
of order 187 GeV realizes this possibilityThen, the opera- , (A1)
tors in the superpotential have suppression factors of appro- 10;+55 +13=y3(16),
priate powers of(¢)/Mg=e€ depending on their 1)y
charged35]. An example of the (l)yx charges for various 5,15, =y(10),
fields is given in Table \?. Note, however, that this 1)y
alone is incomplete to obtain the superpotential of th
present model, since we have to suppresg_unwanted terms 5H+5§(10):H(10),
such asMg#(10) (10) by hand. Thus, additional symme-
tries are required to make the model natural. x =

To summarize, we have found that in the present model 1hao *Sfiag* Iuag=H(1O). A2)
the observed solar neutrino deficit is explained by different The original Yukawa couplings are given by the superpo-
neutrino-oscillation solutions depending on the form of thetential Eq.(2) and the Majorana masses for the right-handed
Majorana mass matrikl . We hope that future experiments neutrinos by Eq(19). At this stage, the quark and lepton
will distinguish among different solutions and we will be masses are written as

In this appendix, we give a detailed derivation of the mass
atrices in the model, clarifying a phase convention we have

eand

’

1 h1(5n) 0 0 10, h1(5 (10 0 0 1
W=3(10,1010)| 0  ho5y) O 10, | +(10,10,10)| 0 hy(5hag) O 5
0 0 hg{54)/ \ 10, 0 0 hs(Sha0)/ \ 5%’
hi5y) O 0 51 . Mrjiu Mz Meiis\ [ 1,
F(LLl)| 0 ha(Sw) 0 || 8+ 2(LLl)| Myn Majz Mz | L, (A3)
0 0 ha(S) 55 MrJs: Mejsz Mejss/ ' 1s

in terms of SU5) language. Heréij =ji;/|isd andMg is given asMg=|j33V*Mg. If we assume that the Majorana mass

"The nonrenormalizable operators in E81) might be generated via exchanges of some heavy fields, so that they are suppressed by the
mass scale of the heavy fields insteadvbf . We think that the masses for these heavy fields, the GUT &taled the mas$/ are not
related to the anomalous(Uy breaking scale{¢).

8Under the charge assignment of Table V, the nmidsa Eq. (8) should be 1& GeV. On the other hand, i#(10) has the Y1), charge
1, M should be the GUT scale, 0 GeV.
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matrix is proportional to the unit matrij;;=j &;; , in the basis that the original Yukawa couplings are diag@ril]aandMR
are reduced tg;; = &; andMg=jV?/Mg.
The superpotential Ed6) mixes ¢#(10) with «;(16). This term can be written in terms of $&) language as

W= [ f 42+ [ 5[+ f5]%(x(16))5*5,, (A4)

whereB* is a linear combination o8* ', B* =33 f,d 5% /\[f,[Z+]f,[2+|f3]2. We call the remaining two linear combi-
nations5; and5; . The fields5*,5F and5; are related t(Si*' by a unitary transformation. Thus, using arbitrariness of defining
5% and5% and phases of the fields ,5F and5%, we can write this relation as

51 g 19171% 0 0 cosa; —sina; 0 cosa, 0 € %sina,\ [ 5
55, _ 0 g i01+i5, 0 sina; cosa; O _ 0 1 0 57 . (A5)
5t 0 0 e 0 0 1 —€%sina, 0  cosa, 5%

without a loss of generality. Herey; ,a, and 5; are functions of; and ;. Note thats* receives a GUT scale mass together
with 5, by Eq. (A4), so that the low-energy quark and lepton fields belonging*t@f SU(5) are5; , 5; and5j, .

The ¢(10) is coupled with Higgs fields angt(16) by superpotentials Eq§l1), (15). Then, from Eqs(A3), (A5) we obtain
down-type quarkcharged-leptonmass matrixM 1o_s+ and neutrino Dirac mass matri;_s+ defined by

51 51
5% 5%

W=(10,10,10)M g s+ [ "7 | (L1 L15)My 5| ¥ [, (A6)
55 55

as

—hy(Bf0)e 1 2sinay  g1(5i16)€7 hi(Sfyg)e 7 %2 5c0sa;sina,

ha(5810)€ 7 %2c0s@;  gx(5fi19)€ %2 ha(Biag)e %2 Psinaysina,

Mig-5 = i s )
0 93(5ti(16)€ h?,<5ﬁ(10)>ezI lcosa,
—i 81— 0y vV —i8,—18,—18 ;
—h(54)e 17 "%2sina, k1<5H>M—é<P1 hi(5y)e '°17'%27 ' %scosa;Sina,
G
—i8,+i6, v io —i81+i 8y~ 83 ;
M 5= hy(54)e COSay k2<5H>M—Ge' 2 hy(5y)e Sina;Sina; | (A7)

A :
O k3<5H>M_GeI ¢3 h3<5H>eZI(SlCOS(12

SU(5)5* of the Higgs fieldsH (10) andH(16) are also mixed by the superpotential Eg).. One linear combinatioﬁ’;|

gets a GUT scale mass together with(S)5 of ﬁ(lb‘") and the other combinatiof; remains as a massless Higgs field in
the standard S(B)g,r. We can parametrize these fields as

5810 cosd —sing\ [ 5§
(5’;'(16)) :( sing  cosd ) B | (A8)
where tard=—\V/M. That is,
(5f(10) = COSH(5),
(5i(16) =SIN6(5). (A9)
Substituting Eq(A9) for Eq. (A7) and combining with Eq(A3), we obtain complete mass matrices. Defining
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my=hy(54), mM=hy(54), m=hs(54), tanB=(5.)/(5}), (A10)

the quark and lepton masses are written as

m, 0 0\ /u —mye 171 %2sina;  mxge?e mye 911927 1%c0sa;sina,
— cosé s i S o S .
W=(uct){ 0 m; O c|+ W(dsb) mee 9171%cosa;  myg€?®d mge 1t 1%sing, sina,
0o 0 m/\¢ 0 m,ze %3 m,&' *1cosa,
d —mye 171 %2sine; mx e mye %171%2 19%cosa,sina,) [ e
_ cos6 ) . ) . . ) o
— 16, +i6. —i81+ti6—183a] H
X1 s |+ w(eﬂ,']’) mee '“1" “2C0Say mty|e|¢2| mee "“17°°2 3sina;SIna, y +(1}1 vy V3)
b 0 m,ze ¢3 m&* °1cosa, T

—mye "1 %sina; ms,der mye 1% 195cosagsina, ) [ vy
x| me 1ti%cosq, mS,E92 m.e 1ti%271%gin g, sina vo | + N enon
c 1 Oy c 1 2 2 z(vl vy V3)
0 m, 5,€ #3 me®' °1cosa, V3

MR711 MR712 MR713 V1

X| MgJar Mgplz Mgas vy |, (A11)

MR731 MR732 MR733 V3

in terms of the SM fields. Here, we have defined various parameters as

x=ian 0, y= 92 tan 0, z= 93 tan 0, (A12)
hs hs hs

Y LA . T A . (A13)

< 3MG, - 3MG, “ 3MG,

and taken the effects of nonrenormalizable superpotentialZginto account by changing (1,2) and (2,2) components of the
down-type quark and charged-lepton mass matrices from their original vedlfasandye #2.
Now, we redefine various SM fields as

(u,d)—(u,d)eo¥%, u—ue 1% d-d,
(C,S)_)(C’S)éé‘lfiﬁzy E_)Eefi51+ié‘2, ;_)gefi¢3+2i51+ié‘3, (A14)

(t,b)H(t,b)e_2i51_iﬁ3, t_*)t_eZi51+i§3, H*)Heiéé'

(v1,€)—(vy,€)d%"1%, ;1—> vy, €e—e,

(Vo) = (2 WE71%2 vpmvp, e TR, (A15)

(V3|T)_)(V317)eizi517i§31 73_>;31 ?_>?é63,

in order to simplify the form of the quark and lepton mass matrices. Then, frorgA&d) we obtain the mass matrices defined
by
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d e 121 1 41
W=(uet)M,| c | +(dsbMg| s | +(eunIM| & | +(rirvg)Mp| V2 [ +5(vvoraMy| va | (AL6)
E T V3 73
as
m, 0 O
M,=m;| O ﬁ]c ol,
0O 0 1
—msine; Xe€%d  mycosa;sina;
cosh| . o .
Md:mtw m.cosa; Yd€?¢ mgsina;sina, |,
0 z COSay
—mysina; X€%  mycosa;sina,
cosf| . . . _
MFMW mecosa;  Yi€M  mesinagsina, | .
0 z COSay
—msine; €% m,ducosa;sina;
M,p=m| m¢cosa; &,€% me¥sina;sina, |,
0 5,6 ¢z € #wcosa,
jll .712 .713
Mn=Mg| Jo1 Joz J2s|. (A17)
Ja1 Js2 Jss
wherem,=m,/m,,m,=m./m,. Here, we have defined various phases as
D= P1a— P3+ 301+ 0+ 53,  Pyg=pog— Pp3t+ 361~ 5+ I3,
D=1 — P3t+301+ 0,103, dy=dy—h3+36,— 9,1+ 3, (A18)
ex=@11t 01— 02, @y=@+ 01— 62, @ =@zt 61— b3,
¢1=26,, ¢@,=—361—,— 203, (A19)

(,DUE_351+52_253, (,DWE_53.

Note that we have retained the formMfy . As a result, not all phases are physically independent. The domainsasfd a,
can be restricted to

Osa;=7/2, O<a,<ml/2, (A20)

without a loss of generality by redefining the phases of the SM fields appropriately.
Finally, the mass matrix for the light neutrinos defined by
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1 "
W= E(VleVs)M vl V2|, (A21)
V3
is given by
M,=MI MM, (A22)
through the seesaw mechani$éj.
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