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Abstract

Based on a new approach to quark and lepton masses, where the mass spectra originate
in vacuum expectation values of O(3)-flavor 1+5 (gauge singlet) scalars, a neutrino mass
matrix of a new type is speculated. The mass matrix is described in terms of the up-quark
and charged lepton masses, and, by assuming a special flavor basis, it can be accommodated
to a nearly tribimaximal mixing without explicitly assuming a discrete symmetry. Quark
mass relations are also discussed based on the new approach.

1 Introduction

One of the most challenging problems in contemporary particle physics is to clarify the
origin of flavors. For this purpose, searching for a unified description of the observed quark and
lepton mass spectra will provide a promising clue to us. In conventional mass matrix model, the
quark and lepton mass matrices My are given by the forms (My);; = (Yy)ijvm, where (Yy);; are
coupling constants of the Yukawa interactions fr; friH 0 and vy is a vacuum expectation value
(VEV) of the neutral component of the Higgs scalar H, vy = (H"). Against this conventional
approach, there is another idea: the origin of the mass spectra is due to VEV structures of
Higgs scalars H;; [1, 2], i.e. (Myf)i; = yr((H®);j). In the present paper, we will investigate an
extended model by separating the role of H;; into two roles: one of the roles is to cause SU(2),
symmetry breaking at the energy scale i ~ 10?> GeV, and the conventional SU(2), doublet Higgs
scalars H, and Hj still play the role in this scenario; another one is to give an origin of the mass
spectra, and we consider gauge-singlet scalars (Yy);; whose VEVs give effective Yukawa coupling
constants ((Yy)i;)/A (A is an energy scale of the effective theory). As a typical model with such
gauge-singlet scalars (Y});;, there has been a model [3] with U(3)-nonet scalars, where quarks
and leptons are assigned to 3 and 3 of U(3)p, so that Y} (f = u,d,v,e) are assigned to nonet
of U(3)r. However, this U(3) scenario with this assignment cannot apply to a grand unification
theory (GUT) scenario, because, for example, in SU(5)-GUT, the SU(2)z doublet and singlet
quark fields @ and U should be assigned to the same multiplet 3, so that Y, must be 6 (not
nonet). Then, the model considerably become complicated, because we need fields 6 in addition
to fields 6 in order to make singlets of U(3).

In this paper, considering applicability of the scenario to a GUT scenario, we assume an

0O(3) flavor symmetry instead of U(3). We consider the following superpotential terms:
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where Y; (f = u,d,v,e) and Yg are O(3)-flavor 145 (gauge singlet) fields , and @ and L are
quark and lepton SU(2); doublet fields of O(3)p triplets, and U, D, N, and E are SU(2),
singlet matter fields of O(3)F triplets. Therefore, the fields Yy and Yg are symmetric. Our
basic assumption is as follows: the fields Yy and Yy always behave as a combination of 1+5, so
that, for example, 5 alone never appears in the interaction terms. Hereafter, for convenience,
we will denote 145 as 6. (Note that if Y} are composed of a single (145), Y} are real, but if
Yy are composed of (145)’s more than two, Y; can be complex with YfT = Y}.) In order to
distinguish the fields Y} from each other, we assign additional U(1) charges Qx(Yf) = qf to Y}
(f =u,d,v,e), and Qx(U) = —q, to U, Qx(E) = —qe to E, and so on. The field Yr has the
charge Qx(Yr) = 2qy. In this paper, we will write down our superpotential W under the O(3)r
and U(1)x symmetries.

In the present approach, we will investigate relations among Y; and Yy by using supersym-
metric (SUSY) vacuum conditions for the superpotential W = W, + W+ W, + W, + Wg + Wy,
where Wy (f = u,d,v,e) and Wg determine the VEV structures of Yy and Yg, respectively.
(Since we can easily show (Q) = (L) = (U) = (D) = (N) = (E) = 0, hereafter, we will drop
the term Wy from W when we investigate the VEV structures of Y;. ) Such an approach to
quark and lepton mass matrices has first been adopted by Ma [4] and has been developed by
the author within a context of U(3)-flavor nonet model [3]. In the conventional mass matrix
approach, the investigation has now been on a level with theoretically reliable ground via a long
period of phenomenological investigations. However, the present approach is still in its begin-
ning stage, so that we need more phenomenological investigations. Therefore, we adopt the
following strategy in this approach: (i) First, we search for a possible form of the superpotential
W which can successfully provide relations among the observed masses and mixings from the
phenomenological point of view; (ii) Next, we investigate what symmetries or quantum number
assignments can explain such a specific form of W. In this paper, we will investigate a possible
form of W by putting weight on the step (i).

Recently, as a byproduct in such approach, an interesting neutrino mass matrix form [5]

has been reported: the form is given by
M, x Y'Y 2 4 v 2yt gt (1.2)

Neutrino mass matrix models which leads to the so-called tribimaximal neutrino mixing [6] have
usually been proposed based on discrete symmetries, while, if we assume a specific relation be-
tween a diagonal basis of the charged lepton mass matrix (we call it “e-basis”) and a diagonal
basis of the down-quark mass matrix (we call it “d-basis”), the mass matrix (1.2) can be accom-
modate to a nearly tribimaximal neutrino mixing without explicitly assuming a discrete symme-
try. On the other hand, in general, if a neutrino mass matrix M,, can give reasonable masses and
mixing, a neutrino mass matrix M, with an inverse form of M, M, = m2M, 1, can also give rea-

sonable predictions, because, by taking the inverse of UTM,U* = MP = diag(my,1, mu2, mu3),

14
we can obtain UTM,U = m2(MP)~1 = diag(m2/my1, m3/my2, m2/m,3), i.e. we obtain the
mixing matrix U* instead of U and neutrino masses (m3/my1, m3/my2, m3/my,3) with a nor-
mal (inverse) hierarchy instead of neutrino masses (my1,m,2, my3) with an inverse (normal)

hierarchy. Therefore, in this paper, instead of the model M, Ye_lYu1 /2 + Yu1 / 2Y;_1 + &l =



Ye_l(Yul/ZY6 + YeYul/Q + &Y. Y)Y, !, we will investigate a neutrino mass matrix with a seesaw-

type
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M, = e Y, Y 'vr, (1.3)
where Yr and Y, are given by
Yr < Y2V, + Y, Y1? + &YLYe, (1.4)

and Y, o Yg, respectively. In the model (1.2), the matrix M, was for Dirac neutrinos, while the
present M, is for Majorana neutrinos. The mass matrix (1.2) could not provide a reasonable mass
spectrum without adjusting the parameter &y, while, in this paper, we will give a small value of
Am3, /|Am3,| without the &-term. Note that, in the present scenario, since the Dirac neutrino
mass matrix Y, is identical with the charged lepton mass matrix Y, the nearly tribimaximal
mixing originates in the structure of Yg.

In the next section, we will derive the neutrino mass matrix (1.3) with the form (1.4) of
Yr by using SUSY vacuum conditions for an O(3)r and U(1)x invariant superpotential, and we
will evaluate the mass matrix M, by using the observed values of up-quark and charged lepton
masses. However, in order to evaluate the neutrino mixing matrix, we must know the form of
(1.3) on the e-basis, especially the form of Yu1 /2 on the e-basis. Therefore, in the present paper,
we will put a phenomenological assumption on the relation between e- and d-bases. Then, we will
find that, by using the observed Cabibbo-Kobayashi-Maskawa (CKM) matrix parameters, the
mass matrix (1.3) with the form (1.4) can be accommodated to the observed nearly tribimaximal
mixing. However, since the result is dependent on a phenomenological assumption on the form of
(Y,,) on the basis “e-basis”, the mass matrix is still an empirical one. Nevertheless, we consider
that the result is very suggestive.

In Sec.3, we will discuss the structure of Y, lightly. Finally, Sec.4 will be devoted to

concluding remarks.

2 Neutrino mass matrix without a discrete symmetry
In order to give the operator Y, /2 in the expression (1.4), we introduce additional O(3)r 6
fields ®,, and X, with the U(1)x charges %qu and —gq,, respectively. Then, we can write down

the superpotential for the u-sector
Wy = ATr[@, D, X ] + my Tr [V Xy + Wa (Py). (2.1)

From SUSY vacuum conditions (for the moment, we regard W,, as W), we obtain
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From the condition (2.2), we obtain a bilinear relation
(Yu) = =—(Pu)(Pu), (2.5)

so that the field ®,, plays a role of Yu1 2 However, since the matrix (®,) is not Hermitian, the
relation
U3<Yu>Uu = <Yu>D X diag(muhmuvauS)’ (26)

does not always mean

Ug<¢u>Uu = <(I>u>D o diag(yv/mut, Vmu2, /Mu3), (2.7)

where D denotes that the matrix is on its diagonal basis. As we see later, we need the relation
(2.7). Therefore, we assume the field ®,, (and also Y7) is real, so that the matrix U, is orthogonal
matrix.

From the condition (2.3), we obtain
(Xu) =0. (2.8)

Therefore, from the condition (2.4), we obtain 0Wg,, /0P, = 0. We assume that three eigenvalues
of (®,) can completely be determined by this condition 0Weg, /0®, = 0. However, for this
purpose, the superpotential term Wg, will include U(1)x symmetry breaking terms. In this
paper, we do not discuss the explicit form of Wg,. We assume that the VEV values are suitably
given by Eq.(2.7) with the observed up-quark masses m,;.

For convenience, for the e-sector, we also assume superpotential term W, similar to the

u-sector:

We = A Te[@c®X,] + meTr[Yo Xe] + Wae(®e), (2.9)
where ®., X, and Y, have U(1)x charges %qe, —qe and ¢, respectively, so that we obtain
relations

Y, = —£<beq>e, (2.10)
Me

with <I>eD o« diag(y/met, /Me2,/Me3), Where we have again assumed that the field ®. is real.
(Hereafter, for simplicity, we will sometimes express VEV matrices (A) as simply A.)

In order to obtain the relation Y, o Y., we assume the following structure of W,,:
W, = Ao, Tr[Y, X)) + Aedpe Tr[Ye X, ], (2.11)

where ¢, and ¢, are gauge- and flavor-singlet fields, and we assign U(1)x charges as Qx(X,) =
Zy, Qx(¢y) = —(qv + z,) and Qx(¢pe) = —(¢e + x,). From OW/9¢, = 0 and OW/I¢p. = 0, we
obtain X, = 0. From 0W/0X, = 0, we obtain

A”egz’ey (2.12)

Y, =— e
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Next, let us investigate a possible form of Wg. In order to obtain the relation (1.4) from

the phenomenological point of view, we assume the following form of Wg:
Wgr = AgTr[(Ye®y, + ©,Ye) XR] + mrTr[YrXR], (2.13)

where we have assumed U(1) x charges Qx(Yr) = —Qx(Xgr) = 2¢, and %qu—l—qe—Qq,, =0, From
SUSY vacuum conditions OW /0Yr = 0, we obtain Xg = 0. Then, the requirement 0W /9Y, = 0
leads to the condition OW,/9Y, = 0, so that we obtain the relation (2.10). From W /0Xg = 0,
we obtain
Vi = — 2R (Y0, + B,Y,). (2.14)
mpR
Thus, we can obtain the desirable form (1.4) of Y (without the &y-term).

For convenience, let us define a name of a flavor basis as follows: when a VEV matrix (Y7)
takes a diagonal form on a basis, we call the basis “f-basis”, and we denote a form of a matrix
(A) on the f-basis as (A)s. In order to obtain the neutrino mixing matrix form on the e-basis,
we must know a matrix form of (®,) on the e-basis, i.e. (®,)., although the form (®,), on
the u-basis is given by Eq.(2.7). Let us defined a transformation of a VEV matrix (Y}) from a
b-basis to an a-basis as

(Y1)a = Upa{Y7)sUsas (2.15)

where Uy, are unitary matrices, and they satisfy Ulb = Upq and UgpUpe = Uge. (These operators
Ugap are not always members of O(3) flavor transformations.) Since YfT = Y} in the present
model, the VEV matrix (Y) are diagonalized as Uf(Yf>U ¢ = (Y;)P. Therefore, (Yy)q is given
by (V) = VI(6)(Y,)V(5), where V(§) is the standard expression of CKM matrix. The
simplest assumption is to consider that the d-basis is identical with the e-basis, so that we can
regard Uye as Uy = V because U,y = V. Then, we can evaluate the neutrino mass matrix (1.3)
with (Yg)e oc (Pu)e(Ye)e + (Ye)e(Pu)e by using the form

(B)e = UL (B Use = VI (0) (D) PV (). (2.16)

(Note that the O(3)-invariant relation (2.5) is not valid on the d-basis, because U,q = V(9)
is not orthogonal, although we can still use (®,)q = VI (0)(®,).,V(5). The relation (2.5) is
valid only on a basis which is transformed from the u-basis by an orthogonal transformation.)
In the numerical calculation of M,, we adopt the standard phase convention V() [8] of the
CKM matrix, and use the following input values: the up-quark masses [7] at the energy scale
= Mz, my; = 0.00127 GeV, myo = 0.619 GeV, my3 = 171.7 GeV, and the CKM parameters
8], [Vus| = 0.2257, |V| = 0.0416, |V,p| = 0.00431. (Here, we have used the quark mass values
at u = Mz because we have used the CKM parameter values at y = Mz. For the energy scale
dependency of the mass ratios and CKM parameters, for example, see Ref.[9].) As seen in Table
1, the results are dependent on the C'P violating phase parameter . The present experimental
data [8] on the CKM matrix favor § ~ 7/3. However, as seen in Table 1, the predicted value
of sin?20y3 at 6 ~ 7/3 is in poor agreement with the observed value sin®26y3 = 1.00_¢.13
[10], although the predicted value of tan® @y, is roughly in agreement with the observed value



Table 1: The ¢ dependency of predicted values in the case U, = V(9). The values of sin® 2693
and tan? @5 are estimated by sin? 2623 = 4|(U,)23]?|(U,)33]? and tan? 615 = |(U,)12/(Uy)11/%,
respectively. The numerical results in the case U, = V(—0) are identical with the case Uy, =

V(9).

§ | sin®2093 | tan? 015 | |Uns) Am3, /Am3,
0 0.3890 0.4679 | 0.01156 | 0.00220

60° | 0.7702 0.4979 | 0.01779 | 0.00100

90° | 0.9237 0.5228 | 0.01529 | 0.00070

120° | 0.9836 0.5434 | 0.01055 | 0.00063

180° | 0.9998 0.5604 | 0.00034 | 0.00062

tan? 012 = 0.471508 [11]. Therefore, we cannot regard that the e-basis is identical with the
d-basis.

However, as seen in Table 1, note that the case with 6 > 27 /3 can give a nearly tribimaximal
mixing. Especially, we notice that the case § = w highly realizes the tribimaximal mixing. Since
we have assumed that @, and ®. (therefore, Y, and Y,) are real matrices, so that the u- and
e-bases are connected each other by an orthogonal transformation. This guarantees to use the
relations (2.5), (2.12) and (2.14), which are obtained from the O(3)-invariant superpotential,
on the u- and e-bases. If we still suppose Uye ~ Uyg = V(9), the possible candidates of
the orthogonal matrix U, will be Uy = V(0) and/or Uy = V(7). (Indeed, we can show [5]
Ug = UJeUud = V1(84e)V () = 1+O(|Vip|), so that we can still consider Uye ~ U,q). Therefore,
the case Uy = V() is likely. However, in this paper, we a priori assume the form Uye = V (0ye)
with d,e > 27/3 as a phenomenological requirement suggested in Table 1. Again, we summarize
our phenomenological neutrino mass matrix which can lead to a nearly tribimaximal mixing for

|0ue| > 27/3 as follows:

-1

(My)e = kYL [(VT (0ue) @V (64e)) Y + Y2 (VT (6ue) @DV (0ue))] Y2, (2.17)

e

where Y,P « diag(me, my, m;) and ®L « diag(,/my, \/me, /). (For the phenomenological
reason why the mass matrix (2.17) can give a nearly tribimaximal mixing, see Ref.[5].)

As seen in Table 1, the predicted value of R = Am3,/Am3, is considerably small compared
to the observed value |R| = 0.028 4- 0.004, where we have used the observed values Am3, =
(7.59 + 0.21) x 107°eV? [11] and |[Am3,| = (2.747335) x 1073eV? [10]. The value R can be
adjusted by taking the &-term in Eq.(1.4) into consideration. (It is easy to bring the &p-term
into the present model.) However, the smallness of Am3; can also become mild by considering
the renormalization group equation (RGE) effects. Since, so far, we have not fixed the energy
scale A, the values without RGE effects have been listed in Table 1. The RGE effects will be
able to give a reasonable value of R without the &, term. By the way, the present neutrino
masses are normal hierarchical, so that, if regard my,3 as my3 = m = 0.0523 eV, we can
obtain neutrino masses m,1; = 0.78 meV, m,2 = 1.52 meV and m,3 = 52.3 meV for the case

Oue = T.



3 Down-quark sector

So far, we did not discuss a structure of Wy. Although the purpose of the present paper
is not to give a structure of Wy, here, let us discuss a possible structure of Wy lightly. As we
have assumed that the fields ®,, and &, are real and since we know that the C'P is broken in the
quark sector, we must consider that Yy is complex. By way of trial, let us assume the following

superpotential Wy:
Wy = Ay (Tr[@ x| Tr[@, X 4] + € Tr (@] Tr[® x Xg]) + maTr[YiXy] + g det®x, (3.1)

where we have assumed U(1)x charges Qx(X4) = —Qx(Yy) = —qq and Qx(Px) = qq — %qu.
Since we consider ®, and ®x are real, the factor ¢* in Eq.(3.1) has been introduced by hand in
order to yield a C'P violating phase. Under this charge assignment, the term Tr[® x ®, X 4] is also
allowed. So far, in W,,, W, and Wg, we have not considered cubic terms of a type Tr[A]Tr[BC],
while, in W, we have assumed such a cubic term Tr[A]Tr[BC] instead of a cubic term Tr[ABC.
At present, the form (3.1) is merely a phenomenological assumption, and the form (3.1) is not
a general form. Also note that the cubic term det®x breaks the U(1)x symmetry. From the
condition OW /0®x = 0, we obtain

Y, = —%(Tr[@x]fbu + ¢ OTr[®, D). (3.2)
d

Since we have already taken 0W,/0®, = 0 in Eq.(2.4), we obtain X; = 0 for ®x # 0 from
the condition OW /0®, = Mg, (Tr[®x] Xy + e Tr[®x X4|1) + OW, /0P, = 0. Then, from the
condition OW /0®x = 0, we obtain

. Odet® x

0
0P x

=dx0x — Tr[@x]Px + (1/2) (Tr*[®x] — Tr[@xPx]) 1, (3.3)

where we have used a formula for a 3 x 3 Hermitian matrix A, detA = (1/3)Tr[AAA] —
(1/2)Tr[AA]Tr[A] + (1/6)Tr®[A]. The constraint (3.3) demands that the matrix (®x) is a rank-1
matrix. Such a rank-1 matrix is generally expressed as ((®x)u)ij = vxx;x;, where x; are real

and 22 + 2% + 23 = 1. Therefore, (Yy), is expressed as

(Yadu)ij o< 6ijy/Mas + €325 (v/Mius + Mz + /M), (3.4)

so that we obtain
ms 1 me (3.5)
my 2\ m’ '

where we have assumed €' ~ 1 and (z2/23)? < \/uy2/my3. The observed values are ms/my, ~
0.019 and +/m./m; ~ 0.060 at u = Mz [7], so that the relation (3.5) is in roughly agreement
with the observed value. (We can adjust the predicted value to the observed value by taking a
suitable choice of ; and ) Also we can obtain mg/ms ~ \/m,/me, but the result is sensitive

to the values of x;/x; and «, so that we do not discuss no more details of mg; /mg; in this paper.



4 Concluding remarks

In conclusion, we have proposed a new approach to the masses and mixings of quarks and
leptons. In the new approach, we write a superpotential W for O(3)-flavor 1 + 5 fields Y}
whose VEVs give effective Yukawa coupling constants ((Y7);;)/A and we obtain relations among
masses and mixings from the SUSY vacuum conditions. In this approach, we cannot predict
the absolute values of the masses and mixings, but we can obtain relations among the VEV
matrices Y; and Yg. Under this approach, we have found an empirical neutrino mass matrix
(2.17). The form (2.17) was found as a byproduct when we assumed that (Y.) and (Yy) can
simultaneously be diagonalized. Regrettably, the idea Uye = Uyg = V' (§) with § ~ 7 /3 was failed
to explain the observed fact sin? 2093 ~ 1, but we have found that Uye = V (6yc) with 6, > 27/3
can successfully give the observed values sin® 26,3 ~ 1 and tan®6;5 ~ 0.5. At present, there
is no theoretical reason for the form Uye = V(dye). (Since we have assumed that &, and @,
are real, U,. must be real.) Nevertheless, it is worthwhile noticing because the form is of a
new type which is related to the up-quark masses and which successfully leads to the nearly
tribimaximal mixing without assuming any discrete symmetry. (However, we do not consider
that this denies applicability of a discrete symmetry to the neutrino sector. Rather, we consider
that this suggests that the discrete symmetry is applicable not only to the lepton sector, but
also to the quark sector.)

Since the present approach is still in its beginning stage, we have many tasks to in-
vestigate: for example, (i) investigation of the explicit structures of Weg, (®,) and Wee(P.),
which completely determine the eigenvalues of (®,) and (®.), i.e. (/Mu,/Me, /M) and
(V/Me, /My, /M7 ), Tespectively; (ii) investigation of the explicit structure of Wy in order to
give more definite quark mass relations and CKM matrix parameters (Y; in this paper has in-
cluded free parameters x;, so that we cannot derive definite conclusions because we can adjust
the parameters x; to the observed values freely); (iii) investigation of symmetries and quantum
number assignments which can uniquely derive the present specific (phenomenological) form of
W. In the present scenario, most of the fields ®,, ®., Yy (f = u,d,e), Y, and so on, take VEV
of the order of A, and their masses are also of the order A. However, some components of those
fields are massless in the SUSY limit, and, under the SUSY breaking at p ~ 1 TeV, they have
masses of the order p ~ 1 TeV. Since those particles are gauge singlets, in principle, they are
harmless in the low energy phenomenology. However, in TeV region physics, we may expect
fruitful phenomenology about flavor-mediated (but gauge-singlet) processes. This approach will

shed a new light on the quark and lepton masses and mixings and on a TeV scale flavor physics.
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