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How far can the SO(10) two Higgs model describe the observed neutrino masses
and mixings?
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Can the SQL0) model with onel0 and onel26 Higgs scalar give the observed masses and mixings of
quarks and leptons without any other additional Higgs scalars? Recently, at least for quarks and charged
leptons, it has been demonstrated that this is possible. However, for neutrinos, it is usually said that the
parameters that are determined from the quark and charged lepton masses cannot give the observed large
neutrino mixings. This problem is systematically investigated, and it is concluded that the present data cannot
exclude the S@.0) model with two Higgs scalars although this model cannot give the best fit values of the
data.
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[. INTRODUCTION and 120, because it does not involve the mass term of the
right-handed Majorana neutrinos which are the ingredients of
The S@10) ground unified theoryGUT) model seems to the seesaw mechanism.
us the most attractive model when we take the unification of We begin with a short review of our previous wge. In
the quarks and leptons into consideration. However, in ordethe case where two Higgs scalaps, and ¢ 4,6 are incorpo-
to reproduce the observed quark and lepton masses and misated in the SQLO) model, the mass matrices of quarks and
ings, usually many Higgs scalars are brought into the modekharged leptons have the following forms:
So itis a very crucial problem to know the minimum number
of Higgs scalars that can give the observed fermion mass M =coMy+ciM;, Mg=My+M;, M=My—3M;.
spectra and mixings. A model with one Higgs scalar is obvi- (1.9
ously ruled out for the description of realistic quark and lep- ]
ton mass spectra. Two Higgs models were initially discussefiere Mo and M, are the mass matrices generated by the
by Mohapatra and co-workef4]. Higgs scalarspio and 126, respectivelycq andc, are the
In a previous papei2], we discussed two Higgs scalars, "atios of the vacuum expectation values
the {10 and 126} and {10 and 120} cases, and showed that

. . c :vulvd:<¢u0>/<¢d0
they reproduce quark-lepton mass matrices, unlike the con- 0~ Uo/Vo 10 10/
ventional result$3]. One of the new points of our approach g o I
is that we adopt general forms of Yukawa couplings allow- C1=v1/v1=(P129/( 129 1.2

able in the SQL0) framework. However, we did not consider

the neutrino mass matrix there, since it may incorporate adand ¢" and ¢ denote the Higgs scalar components that

ditional assumptions such as like the seesaw mechanism, egQuple with up and down quarks, respectively. Eliminating
One of the merits of the S@0) model is that it includes Mg andM; from Eq. (1.1), we obtain

right-handed Majorana neutrinos in the fundamental repre-

sentation and naturally leads to the seesaw mechanism. Also, Me=cgMg+cyMy, (1.3

some_papers claimed that the two Higgs mo¢Ed and

126+ 126} does not reproduce the large mixing angle of th

atmospheric neutrino deficid]. So in this paper we apply

the method developed if2] to the neutrino mass matrix, C= — 3Co+ €y _ 4

fitting the other parameters of the quark-lepton mass matri- d Co—C ' Y co—Cy’

ces. Our model has the two Higgs scalgB and 126}, both

of which are symmetric with respect to the family index. SinceM,, My, and M, are complex symmetric matrices,

Therefore those mass matrices are symmetric whose entrigsey are diagonalized by the unitary matridésg, Uq, and

are complex valued. We do not adopt the other chéid® U,, respectively, as

ewhere

1.9
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UM,U,=D,, UjM4Uq=D4, UIMMU.=D,,

(1.9

whereD,, Dy, andD, are diagonal matrices given by
D,=diagm,,m;,m;), Dg=diagmg,ms,my).
D=diagme,m,,m,), (1.6

Since the Cabibbo-Kobayashi-Maska(@KM) matrix V is
given by

Vy=U U}, 1.7
the relation(1.3) is rewritten as follows:
(VU De(ULU)=cqVDgVi+c,Dy. (1.9

Therefore, we obtain the three independent equations:

TrDD=[cql?Tr{ (VoDgVg+ kD) (V4DaVg+«Dy) '],

(1.9

Tr(DeD{)?=|cq|*Tr{[ (VqD4V{+ «Dy)
X (VgDgVg+xDy) 3, (1.10
detD D} =|cq4l®def (V4D aVi+ kD) (VqDaVi+ kDy) ',
(1.12)

wherex=c,/cy. By eliminating the parameter;, we have
two equations for the parameter

(mz+m2+m?)® (1.9°
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are there solutions that give,= kg, and the corresponding
parameter valuegdy|, ) are, for(a),

(|cql, k) =(3.15698;-0.01929@2¢4172") (1.1
or
(3.03577,-0.0193982995701) (1.17
and, for(b),
(|lcgl, k) =(3.13307-0.019314>71464T)  (1.18
or
(3.00558;- 0.01942@3100147) (1.19

Herems=76.3 MeV for inputd,;=0.0420 rad and=60°

at u=m; (m; is the neutral weak boson mass$-or the
relation between the values gt=m; and those aju= Ay

(A is a unification scale see Ref[2]. The purpose of the
present paper is to investigate whether or not these solutions
can give reasonable values for observed neutrino masses and
mixings.

Il. THE NUMBER OF PARAMETERS IN THE SO (10
MODEL WITH TWO HIGGS SCALARS

As we discussed in the previous section, among the four
degrees of freedom of the complég,,cq} or {cy,«}, we
have been able to fix three of them,and|cy|. This is not
accidental. Let us discuss the situation in detail in thé18D
two Higgs model.

222 (11D (1.12 In the previous papdr2], by using the relatiori1.8), we
e investigated whether or not there is a set of parameters that
2 222 2 can give the 13 observable quantiti®s, D, Dy, andV.
(Me+mj, +m?7) _ (1.9 We can rewrite Eq(1.8) as
2(mZm? + m?m2+ m?m?)  (1.92—(1.10
e ) (1.13 AIDeAc=Cy(V DV + kD), 2.1
where (1.9¥, for instance, means the right-hand side of Eq.where
(1.9 to the third power. Let us denote the parameter values ‘
of « evaluated from Eqs(1.12 and(1.13 as x, and g, Ae=U Uy, (2.2
respectively. Ifk, and kg coincide with each other, then we ,
have the possibility that the $00) GUT model can repro- Cq=|cql€'. 2.3

duce the observed quark and charged lepton mass spectra. If N .

«xa and kg do not coincide, the S@0) model with one1l0 ~ The quantitiesD, D, Dq, andV, are inputs, and the

and onel26 Higgs scalars is ruled out, and we must bring uantities|cy|, «, andA, are the parameters that should be

more Higgs scalar into the model. fixed from these observed quantities. In general,nahn
Note that Egs(1.9—(1.11) can constrain only the abso- unitary matrix forn generations _hasz parameters. There-

lute value ofcy=|cy|€'”. The argument of the parametgy  fore, the number of parameters is

can be determined by taking the neutrino sector into consid-

— —n2
eration. In our previous papg2], we found that only for the N(pmY=N(Ae) +N(cg) +N(x)=n"+2+2. (2.4
signs of the masses On the other hand, the number of equations is
(mt’mC7mU;mb’mS’md;mT'm,u!me) N(eqS:n(n+1), (25)
=(+,—,+;+,—,—;+,=,=* (@ (1.19 _ _
because Eq(2.1) is symmetric. Therefore, the number of
and unfixed parameters is given by
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for n=3, i.e., the 13 observed quantities fix the parameters M.=UTM.U,=ATD.A
|cql, k, andA., but one parameter remains unknown. e TumemuoTe ¢

In the present paper, we will try to predict the neutrino :cd(Vquvng «Dy). (2.19
masses

In contrast to the previous work, the quantities andV, are

—_11T
D,=UM,U, (2D unknown parameters at the present stage. Since

and mixing matrix Vi=AZAT, (2.20
V,=UlU* (2.9 L
and A, is fixed from Eq.(2.1), the number of unknown pa-
by using the observed quantitiés,, D,, Dy, andV, and  rameters in Eq(2.20 is
the parameter valudsy|, «, andA, fixed by Eq.(2.1).
The S@10) GUT asserts that the Dirac neutrino mass N(A,)=N(V))=n2 (2.2)
matrix M is given by the form
Of course, the unknown parametersAip containn unphysi-
Mp=coMo—3ciMy, (2.9  cal parameters which cannot be determined because of the

rephasing in the fieldg, . Therefore, the number of un-
and the Majorana mass matrices of the left-handed and righ;(—n%Wn pgrameters is -

handed neutrinoM; andMpg are proportional to the matrix
Ma: N(pmt=N(D,)+N(A,)+N(|cg|) +N(o)
M =c M, Mg=cgMy, (2.10 =n+n?+1+1=n?+n+2 (2.22

whereMy andM , are related to the quark and charged lep-

. i + i .
ton mass matriceM, . My, andM, as follows: and from the number of equatiodyeqs)=n(n+1) in Eq

(2.14) we obtain the number of unfixed parameters as
~ 3Mg+Me

0 Tr (2-1]) Nfree: N(pmt) - N(qu
=(n°+n+2)—n(n+1)=2. (2.23
M. = Ma—Me (2.12
! 4 ' This means that we can predict the neutrino masses and mix-

_ _ _ ing completely if we have the two valugsg| and o. The
Then the neutrino mass matrix derived from the seesawiumerical predictions will be investigated in the next section.
mechanism becomes

MV=ML_MDM§lMg IIl. NUMERICAL RESULTS

_ -1 Here we discuss the numerical results for the neutrino
=Cc M;—cg(coMo—3cMy) mass s - :
pectrum and neutrino mass matrix. For our example,
X MI1(00M0—301M1)T- (2.13  we use the setin Eq1.18. Even if other sets are used, our
results are scarcely changed. The allowed values of the neu-
In the present paper we adapt=0. Also we may ignore the trino mass square differences and lepton flavor mixing angles
phase ofcg, which does not affect the observed values.depict complicated tracks with moving=argcy (Fig. 1).

Therefore, we can rewrite EqR.13 as This figure shows a general tendency for the lepton flavor
o mixing anglesé#,, and 6,3 to get larger ass approaches
lcr|AID,A,=MpM M, (2.14  3m/2. For illustration we taker=1497/100; then these val-
ues become
similarly to Eq.(2.1), where
- . - Am? Am2
Mp=coMo—3¢; My, (219 —%=0.15, —==0.85,
Amig Amig
~ 1 ~
Mo=7(8Ma+ M), (2.19 SIMP(26,,)=0.76, Sif(20,2)=0.75,
o 1o o Sinf(26,9)=0.16. 3.1
My =5 (M=), 2.1 (200 G0
. There still remain some discrepancies between our results
with and experiments. However our results are much improved in
- T . comparison with those of Babu and Mohapdttd who ob-
Mg=UyMgU,;=V DV, (218 tained sind,,=0—0.3, sing;3=0.05, and sirf,;=0.12—0.16.
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L amy3/am3 g
0.1F
10-2 E
e 0.01—
Ni:.o-‘ amy3/amq3 B
§' 1073 b o<1 FIG. 1. The relation between
10-6 E - 0=37/2 o=3x our results and the two-flavor os-
C (am3 , sin?26;5) ~ KamLANK cillation analysis[14] when o is
Q10 moved. (a) The circles and tri-
10-8 ?g F angles indicate the values of
oo [ Am2JAmi, and Am3,/Am3, at
0 x e SWTF V¥ Supert.evdvsion _— every /2 of o. (b) The circles,
(b) o F 2y B cony = e triangles, and stars indicate the
= 156 values of sif26,3, sir?26;,, and
n2o, , g sir? 20,5 at every 7/2 of . (c)
C The circles, triangles, and stars in-
107 dicate the values of Am3,,
10-1 2263 B sir? 26,5, (AmZ,,sirf26,,), and
~ - (Am3,,sir? 26, at everym/2 of
& sfn226) 1078 - o. Here we have seAmz,=1.5
5 B X 1073 eV? in every case.
10-2 1079 -
10710 =
10-3 C
0 T 27 10-11 1 IIIIIIII 1 |||||||| 1 |||||||| [N
o 1074 103 0.01 0.1 1
sin? 20
The purpose of the present paper is to study the general 1—cq4
tendency of the fitting and not to pursue a precise data fitting, Co= =54.84 202, 3.3
for the data themselves are not definitive, and there are the- !
oretical ambiguities not incorporated in the present data fit- 3+cy
ting, such as the renormalization group effect. C1=— =70.54" 4907, (3.4

Using the values of Eq3.1), we have

|cgl

=3.16,

u

In this case, Eq9.2.11)—(2.13 are rewritten on the basis of

(3.2 M, =D, [see Eq(1.8)] as

0

1

~ 3VDyVgtcg(kDy+VDyVy)

4

—0.0040%°""
—0.0075% 56241
—0.0053% " 65461

=2.1646x 10°e 10481

VgD aVg—Cy(kDy+VgDaVe)

4
—0.0071%" 95231
=9.5127 102e724.44‘1 _ 0'0133@+ 96.541
+ 0_0094@+ 38.231

—0.0075% 56241
—0.0298@ 51591
+0.06358 57641

_ 00133$+ 96.541
—0.0487& " 907
+0.11242" 95131
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|crIM, = (coMo—3c:sM1)My H(coMo—3c;My)T
+0.1162726897  +0.216%+2897  —0.1536 3053
— —4.6628< 10Pe~52171| +0.216%+28061 108193728001 192729521 | Mev. 3.7
—0.153@ 30531 —1.927@72%%%1  +1.0000
Let us choose the free paramefeg| so as to result in small neutrino masses, for example Wogls=3.2x 10*4, we have
Am3,=1.5x103 eV

Here there arises the question of what makes the two flavor mixing angles large. We need to investigate the mixing matrices
U. andU, that diagonalizeM, andM,,, respectively. These are obtained as

+0.863 +0.504+9461  _(.022 56661
Ue=| —0.493 9827 10.834 —0.248 716631 | 3.9
—0.116~ 2407 1+0.2237 18197 +0.969

+0.992 —0.092 15941 0 08g"12861
U,=| +0.04&"7687 +0.724 —0.688 16081 | (3.9
+0.11%"%81 106821671 +0.721
Here,|Ue11],|Ue1a],|Uezil,|Uepd] =0.5 for the charged lepton mass matrix ditl,|,|U,24,|U ,32],|U .33 =0.7 for the neu-

trino mass matrix. Therefore the components of the lepton flavor mixing matrix beRgme |V 1d, [Viz2d, [Vi2ds |[Vizd,
[Vizd, [Vizd =0.5:

+0.84472107  —0.49479%1  +0.206" 2351
V,=| +0.52&73%71  1+0.696 887 —0.488"24971 | (3.10
+0.098" 15.789 +0.52]e*27.43‘1 +0.8483+6.32’ﬂ'

The mixing angled,; becomes larger and the mixing angle —24=15. On the other hand, the number of physical param-
01, smaller if we take a smaller value ffy| or ajmgy|, ora  eters that can be determined by experiments is
larger|m¢|, |my|, or [mg| than their center values.

As a simple example, a shift ¢fny| and |m,| causes a m,, Mg, M, 3
change of mixing angles and neutrino mass square differ-
ences as depicted in Fig. 2. Figure 2 shows thatand 6,5 Md» Ms, My 3
can approach the 99% C.L. of superkamioka8&) [5] CKM: 64, 053, 613, 0, 4
and CHOOZ6] but data#;, and Am3, are out of the range Mg, m,, m 3
of 99%-99.9% C.L. of SOLAR7] and CHOOZ data. T
m,,, m, m, 3
IV. DISCUSSION MNS: 015, 023, 013, 5, B p 6
sum 22 (4.2

Since there are only two basic matriddg andM ; in this

model, the number of parameters in Ea) and (2.14 is whereB andp are Majorana phases in the Maki-Nakagawa-

Sakata(MNS) matrix because there is no rephasing in the
D,, D4, D, D, 3X4=12 neutrino fieldsy, . To sum up the matter, we discuss the
consistency test for 22 physical parameters by using only 15

Ca, [Crl, 2+1+2=5 free parameters. The consistency test in the quark sector is
Vg, Ae, A, 4+9+9=22 good, as shown in our previous paper. In the lepton sector,
sum 39 (4.1) the test is not so bad when we adopt the MSW large mixing

angle solution of the solar neutrino deficit, and this model

favors the normal hierarchy of the neutrino mass spectrum.
and the number of equations N eqs)=12X2=24. There- We can also predict as yet unobserved values such as the
fore the number of free parametersN§pmt)—N(eqs)=39  average neutrino massés),; and the Jarlskog parameter
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@) SK, CHOOZ, SK+CHOOZ

Ve

FIG. 2. The relation betweeni3oscillation
analyses by Foglet al.[15] and by us forAm3,
=1.5x10"2% eV? (QVO). (8 For SK+CHOOZ.
(b) For SOLAR+CHOOZ. The circles indicate
our solutions for Eq(3.1). The solid line through

A4 them is the track asy is varied. From the ex-
u d
perimental limits, |myg| moves over the range

90% C.L. e 99% CLL 4.03-5.29 MeV [16]. |m¢ simultaneously

(b) SOLAR + CHOOZ

changes over the range 76.3-76.2 MeV so as to
satisfy the relation§l.12 and(1.13. If we take a
smaller|my| with a fixed o, the solution in(a)

-3
©F ! ! DU moves rightward and the solution ifv) moves
— 4 1 left and upward Table Ki)]. Since the minimum
S 0F 3 95 %C.L |m4| for (b) gives a poor fit, we have changed
° L F &z ] —99%CL from 1497/100 to 146r/100, which is denoted
ey 0" F - { - 99.9 %C.L. by the star[Table Kii)]. Thus our result ap-
- 1 proaches the 99% C.L. of SKCHOOZ and the
E 10 E 99.9% C.L. of SOLAR-CHOOZ.
T 3
167 | Lol | fm|
10 107 107 a0 a0 10 10%
tanZe,,
in the lepton part. The average neutrino masses appear in 0.87 0.35 0.04
reactions where Majorana neutrinos propagate in the inter- (M) g
. AL 0.50 0.20]. (4.4
mediate states. They are A
JAM3
23 0.14
3 For instance, if we inpuAm3;=1.5x10"3 eV?, (m),, be-
(M,) 5= > UoiUgml, (4.3 comes 0.034 eV. This value is accessible to the next genera-
i=1

wherea andp are (g, u, 7). They correspond to neutrinoless
double beta decaj8] for «=pB=¢e, u-e conversion| u~
+(A,Z)—e"+(A,Z2—2)] for a=pu, B=e, and K decay
(KT=am"u " u~) for a=pB=u [9], etc. In Fig. 3 we have
depicted ther dependence quy>a3/\/Am223. In the case of
Eq. (3.1, these values become as follows:

TABLE |. Our solution (the second and third lingdgrom the
input parametergthe first lin@. The result(i) is obtained when we
move |my| from 4.69 to 4.03 eV(ii) is the result when we move
myg| as in (i) and, furthermore, change- from 1497/100 to
1467/100. These data fittings correspond to Fig. 2.

(i)
|mg|=4.03 (MeV),|m{=76.3 (MeV), o=1497/100,
(Am2)/(Am?2,)=0.43, (Am3y)/(Am3,)=0.57,
Sir?(26;,) =0.52, sif(26,5) =0.91, sif(26,5)=0.17

(i)
|my|=4.03 (MeV),|m|=76.3 (MeV), o=146m7/100,
(Am?,)/(Am?2,)=0.20, (Am3,)/(AmZ,)=0.80,
Sir?(26,,) =0.54, sif(26,5) =0.88, sif(26;5=0.20

1.2
1.0y g
\, @ T~ ~ !—_“-\ ’
VA \ A ,Zm)
(] it \i €e
0.8 v ! "i i
N i ! i
3 v i
§ | :
Zosf
3 n ! *i(m)““
E .’T\‘\ 1".
Vo.ap iy %p- A
:" ,' i ‘\ ‘I ] J ,' (‘:)%”03;1
I S !
Y i I om)
0.2} /1| ¥ gy
A ,
A0
t:—:
0.0 h
0 T (M)e. 2n

FIG. 3. The relations between the averaged neutrino masses of
lepton number violating processes and The hexagons, white
circles, boxes, triangles, black circles, and stars indicate the values

of (M)ee/ VAMG5, (M)e,, / VAMG5, (M), /AMZs, (M), [AMZ,

(m)wl\/Amg?,, and(m),,/\JAmZ; at everym/2 of o.
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-0.01

-0.02

0 b 27

o

FIG. 4. The relation between the Jarlskog paramétand o.
The circles indicate the values dfat everyw/2 of o.

tion of experiments such as GENIU$0], CUORE[11], and
MOON [12]. The Jarlskog paramet¢t3] appears in three
generations:

P( Ve_’ V,u,) - P( V,u,_) Ve)

AEYAERAEY,
C[AENLY  [AENL)  [AEML
X sin 5 sin| 5 sin| 5 (4.5
with
JI=Im(V,1V5V13V) 29)- (4.6)

Here we have adopted the notation

Amp
AE]kEEJ_ Eszy

PHYSICAL REVIEW D 65 033008

TABLE II. The values of averaged neutrino masses and the
Jarlskog parameter for the cag@sand (ii) in Table I.

(i)
(M)ee/ VAM3,=1.16, (M), /JAM3,=0.32,
(M), /JAMZ,=0.09, (m)ﬂ#/\/Amgs: 0.65,
(M), /AmE,=0.40, (m)..,//AmE,~0.36,
J=0.0091

(i)
(M) oo/ VAMZ,=0.94, (m)eM/\/Am223=0.36,
(M)e,/JAMZ,=0.16, (m)W/\/Amga: 0.44,
(m>#7/\/Am223:0.23, (m),,/JAmZ,=0.15,

J=-0.014
AER=E)-E} (4.7)
with
U diag E; ,E,,E3)U 1+ diaga,0,0)
=UMdiag EY ,EY' EM)(UM) L, (4.9

The o dependence a is depicted in Fig. 4. For Eq3.1),
we have

J=0.00015. 4.9

However, it needs careful consideration thhdrastically
changes atr=37/2. (m),; andJ in the cases of Tablesi)

and [ii) discussed in Fig. 2 are also listed in Tablg$) land
I1(ii). In this paper we have discussed to what extent the
SO(10) two Higgs scalar model describes the quark-lepton
masses and mixing parameters. We conclude that this model
cannot be rejected within the existing data. It should be re-
marked that all the parameters can be determined in principle
from the existing data.
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