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Abstract

We present a revised version of the so-called “yukawaon model”, which was proposed
for the purpose of a unified description of the lepton mixing matrix Upy;ns and the quark
mixing matrix Vo as. It is assumed from a phenomenological point of view that the neutrino
Dirac mass matrix Mp is given with a somewhat different structure from the charged lepton
mass matrix M, although Mp = M, was assumed in the previous model. As a result, the
revised model predicts a reasonable value sin? 26,5 ~ 0.07 with keeping successful results for

other parameters in Upy;nyg as well as Vog s and quark and lepton mass ratios.
PCAC numbers: 11.30.Hv, 12.15.Ff, 14.60.Pq, 12.60.-i,

1 Introduction

In a series of papers [1, 2, 3|, the authors have investigated a unified description of the
lepton mixing matrix [4] Upyns and the quark mixing matrix [5] Vogas. The essential idea
is as follows: (i) The Yukawa coupling constants Y; (f = u,d, e, and so on) in the standard
model are effectively given by vacuum expectation values (VEVs) of scalars (“yukawaon”) Yy
with 3 x 3 components, i.e. by (Yy)/A. Here A is an energy scale of the effective theory.
(The yukawaon model is a kind of the “flavon” model [6].) (ii) The model does not contain
any coefficients which are dependent on the family numbers. The hierarchical structures of the
effective Yukawa coupling constants originate only in a fundamental VEV matrix (®g), whose
hierarchical structure is ad hoc assumed at present and whose VEV values are fixed by the
observed charged lepton masses. (iii) Relations among those VEV matrices are obtained from
SUSY vacuum conditions for a given superpotential under family symmetries and R charges
assumed. (Since we use the observed charged lepton mass values as the input values, it is a
characteristic in the yukawaon model that adjustable parameters are quite few.)

In the previous model[l, 3], the quark and lepton mass matrices (charged lepton mass matrix

M., Dirac neutrino mass matrix Mp, down-quark mass matrix My, neutrino mass matrix M,



and right-handed Majorana neutrino mass matrix Mpg) are given as follows:

M, = keq)0<1 + anS)(I)Oa

MD - M67
Mg = kq [®o(1 + agX3)®o + mi1],

My = ku®o(1 + a,X3)®o,
M, = MpMp*MPE,
MR = kR(MuMe + MeMu) + -

where M., ®y, X3, --- are 3 x 3 numerical matrices which result from VEV matrices of scalar

fields. Here the VEV matrices ®g, X3, and 1 have structures given by

. 0 0 NEE 100
Do=| 0 a2 0 |, Xzg=g| 11 1], 1=f010 (1.2)
0 0 3 111 00 1

The coefficients af (f = e,u,d) which are important parameters in the model play an essential role
in the mass ratios and mixings. On the other hand, the family-number independent coefficients
k¢ and k;, do not any role in predicting family mixings and mass ratios. The values of (z1, z2, x3)
with 2% + 23 —1—1% = 1 are fixed by the observed charged lepton mass values under the given value
of a.. (In an earlier model [7], the charged lepton mass matrix M, was given by M, = k.. P,
and M, and Mu are given by those in (1.1) with the replacement ®; — ®.. The structures with
(1+asX3) were suggested in a phenomenological model by Fusaoka and one of the authors [8].)

The previous models [1, 2, 3] have given almost successful unified description and predictions
of Upyns and Vogar. However, these models have failed to give the observed large mixing of
613 in Uppyrns: the observed value is sin® 2613 ~ 0.09 [10], while the model in Ref.[1] predicts
sin® 2613 ~ 10~*. Even in a recent revised model [3], the predicted value was, at most, sin® 26,3 ~
0.03. Since the model does not contain enough number of adjustable parameters as it is, it is
hard to improve the prediction of sin? 20,3 without the cost of other successful predictions. So,
an interesting attempt of introducing the structure X5 into the model has been done in Ref.[2].
In Ref.[2], the structure Xo [see Eq.(1.44)] was introduced in M. together with assumption
Mp = M,, but the predicted value of sin? 26,3 was still small: sin® 26013 ~ 1072, The Vogy was
not discussed in Ref.[2].

In the present paper, we revise the model given in (1.1) by changing the structure only
for the neutrino Dirac mass matrix Mp as follows; the structure X5 is introduced in Mp not
in the charged lepton mass matrix M, unlikely in Ref.[2], and also it is assumed from a phe-

nomenological point of view that the Mp is given with a somewhat different coefficient from



Mp = kp®o(1 + apX2)®Po, (1.3)
where
. 1 10
Xo=5| 110 (1.4)
0 0 O

Using this form we shall discuss Upjsng as well as Vogpr of the model. As to the structure Xs,
we will discuss in Sec.2. When once we accept the form (1.3), we predict a reasonable value of
sin® 2015 ~ 0.07 together with reasonable other parameters of Upyrns, Voxa and quark and

lepton mass ratios.

2 Model

We assume that a would-be Yukawa interaction is given as follows:
A ¢ VY GH A Y S+ gj{lded”q]Hd + KUCY”quu, (2.1)
where ¢ = (vp,er) and ¢ = (ur,dr) are SU(2), doublets. Under this definition of Y, the CKM
mixing matrix and the PMNS mixing matrix are given by Vogar = UJUd and Upyns = UCTUV,
respectively, where Uy are defined by U}M}M tUp = DJ% (Dy are diagonal). (Hereafter, for
simplicity, we denote Upy;ns and Vog s as U and V', respectively.) In order to distinguish each

Wy = YZJK Hd+

yukawaon from others, we assume that Y; have different R charges from each other together
with R charge conservation (a global U(1) symmetry in N = 1 supersymmetry; for example, see
Ref.[9]). (Of course, the R charge conservation is broken at an energy scale A’.)

We assume the following superpotential for yukawaons by introducing fields ©f, P, E, E,
E',E", E", E', ¢., and ¢g:

S D 1 |
We - )\e {¢e}/ew + K(q)o)loz <(Eﬂ)aﬁ + (ZeA XakElel > (@g)ﬂ]} @Je“ (22)
A ij ai 1 — .
Wp = TD {(E,)?YDJ (El)]ﬁ + ((I)g) <E¢j + GDMXJ?»;(E”)’Y&X[;]) ((I)O)Jﬂ} @gw (2.3)
)\'u, kl kly) 7
W, = X{ PyYHp, + VUE }@J (2.4)

!
wW! = 1 {E’kY“E” + (®g) <(E’ )as + Gu—s ! (2.5)
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Table 1: Assignments of SU(2)7,xSU(3).xU(3)xU(3)" and R charges

£ e v¢ q w d° | H, Hy
Ssu@2),|/2 1 1 2 1 1| 2
SsU@3).|1 1 1 3 3 3| 1
U3 |3 3 3 3 3 3|1
Uus [ 1 1 1 1 1] 1
R e Tec Tve Tq Tue Tde | THu THd
Y. Yp Yz Y, Y* Y, ©P ek o, 6v o
1 1 1 1 1 1 1

TYe TYR TYR TYu Tyu 7TYd|T€e¢ TOD TOR TOu Tou Ted

o, X E E E E E' E P P | ¢ ¢y
1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1
3* 3 6 6* 3 3* 1 1 6 6* 1
3* 3 6 6* 3 3* 1 1 6 6* 1
70 %(TE—&—r'é —1)|rg 1—rg v 1= 7% 1—=0) rp 1—7rp | Tee Toe

W= Xa {607 + 1 |00 ()0 + gy X BT ) (8% + B, (B2 8 b e,

(2.6)

Wi = {uyd + A8 [VRTREY + EVyS + Svgmavg] Lo e
Here, we have assumed family symmetries U(3)xU(3)". The fundamental yukawaon ® is as-
signed to (3, 3) of U(3)x U(3)’, although quarks and leptons are still assigned to (3, 1) and
yukawaons Y; are assigned to (6%, 1) of U(3)x U(3)’. In order to distinguish R charges between
Y. and Yy, we have introduced U(3)xU(3)’ singlet scalar fields ¢ and ¢.

We list the assignments of SU(2); xSU(3).xU(3)xU(3)" and R charges for the fields in the
present model in Table 1. The assignments of R charges are done so that the total R charge of
the superpotential term is R(W) = 2. The r parameters in Table 1 must satisfy the following
relations: 7y = 2 =1 —TD —Tye —Tye = 2 —T¢g — Tuc = TYus THd = 2 — T4 — Tye — Tyd =

!
2=Tg—Tuc—Tyds TOe = 2—Tye—Tg¢es TOp = 2—TyD —2I'g, TOop = 2—TyR, "0, = 2—Tyy— 2P,



fo, = 1+1Eg —7Fyy, and re, = 2 —1ryq—1rgq. Here, the R charges of these fields must satisfy the
following relations: 2rg + 7% = rye +7¢e = ryd +7r¢d = 'yu+1—rg, 2ro+rg = ryp +2rp, and
YR = T've + Tyu = 2ryp + rg. Since we consider that family symmetries U(3) and U(3)’ are
gauge symmetries, the model must be anomaly free. However, as seen in Table 1, the present
model has anomaly coefficients A(SU(3)) = 9 and A(U(3)") = 7, so that we need further fields
(6*+3*+3%,1) and (1,6*) of U(3)xU(3)". However, since roles of such additional fields in the
present model are, at present, not clear, we do not discuss such fields.

From Egs.(2.2) and (2.3) [and also (2.5) and (2.6)], we obtain
R(E)+ R(E) = R(E") + R(E"). (2.8)

The VEVs of the introduced fields E, E, P, and P are described by the following superpotential
by assuming R(EE) = R(PP) = 1:

Wegp = %Tr[EEPP] + %Tr[EE]Tr[PP}, (2.9)

which leads to

(EY(E) x1, (P)(P) 1. (2.10)

We assume specific solutions of Eq.(2.10):
—(E) = —(F) =1, (2.11)

1 1, - , ,
—(P) = —(P)" = diag(e ', e"'*2,1), (2.12)
vp Up
as the explicit forms of (E), (E), and (P). We assume similar superpotential forms for E” and
E". and for E' and E'.
From SUSY vacuum conditions W /90 = 0, we obtain the following relations:

(Ye) = ke(®o) (14 ac.XXT) (®7), (2.13)

(Yp) = kp(®f) (1 + apXTX) (Do), (2.14)
(PY(Yu)(P) = ki (Y)(Y™), (2.15)

(Y'Y = ky(®o) (1 + a, X XT) (9F), (2.16)

(Ya) = ka [(®0) (1 + ag X XT) (®F) + mi1], (2.17)
(Vi) = ki (YD (V™) + (V) (Ye) + €1 VD) VD)) (2.18)



where, for convenience, we have already put (E) as 1, and so on. Here, since we have assumed
that all © fields take (©) = 0, we do not need to consider vacuum conditions for other fields
OW/dY, = 0, because those always contain (0). Thus, mass matrices are given by M, = (Y.),
Mp = (Yp), My = kyM,M,, M, = (Y*), My = (Yyq), M, = MpMz"' M}, and Mg = (YR).

The most curious assumption is to assume the VEV matrix form of the scalar X as

1 ) 1 10
—(X)ai==| 110 . (2.19)
vx 2
1 1 0 i
The form (2.19) leads to
(XNXT)) 5 = (Ko ((XTHX)),, = 5 (Ko (2:20)

together with (X)(X) = (X), where X3 and X» is defined by Egs. (1.2) and (1.4), respectively,
and, for simplicity, we have put vx = 1 because we are interested only in the relative ratios
among the family components.

At present, there is no idea for the origin of this form (2.19). We may speculate that this
form is related to a breaking pattern of U(3)xU(3)" (for example, discrete symmetries SoxSs).
In the present paper, the form (2.12) is only ad hoc assumption. However, as seen later, we can

obtain a good fitting for the neutrino mixing angle sin® 263 due to this assumption.

3 Parameter fitting

We summarize our mass matrices in the present model as follows:

M, = k.®o(1 + a.X3)®7, (3.1)

Mp = kp®L (1 + apXs)®, (3.2)
PM,P = k! M“M", (3.3)

M = ky®o (1 + aye™™ X3) oF, (3.4)

My = kq [®0(1 + agX3)®{ +mi1], (3.5)
M, = MpMp' M}, (3.6)

Mp = kg (MeM“ + MMM, + gSMDMD) , (3.7)

where, for convenience, we have dropped the notations “(” and “)”. Since we are interested
only in the mass ratios and mixings, hereafter, we will use dimensionless expressions ®; =

diag(z1, w2, 23), P = diag(e’®', €2, 1), and E = diag(1,1,1). For simplicity, we have regarded



Table 2: Process for fitting parameters. Of course, since these parameters listed in each step
can slightly affect predicted values listed in the other steps, we need fine tuning after the step
5th.

Step Inputs Ninp | Parameters  Npq, Predictions
me My 1 x2
my’ me z2? a3
1st %, % 5 Gey Oy 5
sin? 2093 ay
2nd sin® 2615 2 ap 2 sin? 26,3, 5ép , 2 Majorana phases
0 )2 12
Ry v Mg s
3rd ﬁ; 1 aq
4th ‘VUS|7 |‘/cb| 2 (¢17¢2) 2 ’Vub|a |‘/td|a 6%’13
5th T 1 mg 1 not affect to other predictions
option Am?, my3 (my1,my2, mys), (M)
>N 11 11

the parameter ag as real correspondingly to the parameter a.. The parameters are re-refined by
Eqgs.(3.1)-(3.5).

In the present model, we have 9 adjustable parameters except for z; [ae, ap, (ay, @), aq,
(61, ), mY, and &) for the 16 observable quantities (6 mass ratios in the up-quark-, down-
quark-, and neutrino-sectors, 4 CKM mixing parameters, and 4+2 PMNS mixing parameters).
In order to fix these parameters, we use, as input values, the observed values for m./my, m, /mc,
sin® 2653, sin® 26012, R, mg/ms as shown later. The relative ratios of parameters z; in ®y are
fixed by the ratios of the charged lepton masses m./m, and m,/m.. The process of fixing
parameters are summarized in Table. 2.

Now let us present the details of parameter fitting. Since we do not change the mass matrix
structures for M., M,, and M, from the previous paper [3], we use the following parameter

values of a. and (ay, ay,)
(Gey Gy 0y) ~ (8, —1.35,£8%), (3.8)

which are fixed from the observed values of m./my, my/me, and sin? 20s3:

Pty =t = 0.04570018  pu = /T — 0,060 £ 0.005, (3.9)
Mme ' my

at u = my [11], and sin? 2623 > 0.95 [12]. (These values will be fine-tuned in whole parameter
fitting of U and V later.) Note that the neutrino sector of the model is different from the

previous model, however the predicted values of sin? 26,3 are almost the same before.



Figure 1: Lepton mixing parameters sin? 2019, sin? 2693, sin? 20,3, and the neutrino mass squared
ratio R, versus the parameter ap. (“solar”, “atm”, “t13”, and “10 R” denote curves of sin? 26,9,
sin? 26,3, sin® 2613, and R, x 10, respectively. Other parameter values are taken as a, = 7.5,
a, = —1.35, and «,, = 7.6°.

First, let us investigate lepton sector. In the revised model, a new parameter ap is added.
We illustrate the behaviors of Lepton mixing parameters sin® 2019, sin? 2653, sin? 26;3, and the
neutrino mass squared ratio R, versus the parameter ap for a case of £€) = 0. As seen in Fig.1,
the parameter ap does not change the prediction sin® 2623 ~ 1 in the previous model. Also, note
that the prediction of sin? 263 is insensitive to the parameter ap, i.e. sin?20;3 ~ 0.08. Only the
predictions of sin? 2612 and R, = (m2, — m2,)/(m2; — m2,) are sensitive to the parameter ap.
In order to fit the observed value [12] sin? 2015 = 0.857 & 0.024, we take ap = 9.01. However, in

the model with £J = 0, the value ap = 9.01 cannot fit the observed value [12] of R,,

Am3,  (7.5040.20) x 1075 eV?

R, =
Am3,  (2.327033) x 1073 eV?

= (3.237015) x 1072, (3.10)

The non-zero parameter £) has phenomenologically been brought in order to adjust the predicted
value of R,. The predicted values of sin®26s3, sin® 26012, and sin® 2613 are almost unchanged
against the parameter £0. In order to fit the neutrino mass ratio R,, we take £) = —0.78.

Next, we discuss quark sector. Since we have fixed the five parameters ae, a,, oy, ap,
and ¢Y, we have remaining four parameters for six observables (2 down-quark mass ratios and 4
CKM mixing parameters). The parameters ag and mg are used to fit the observed down-quark
mass ratios [11]

m m
rdy = — = 0.01970:006 = 4 _ (,0530:00% (3.11)
mp ms



350 [

300 [

20 [ cin) ub

200 [

¢, (deg)

150

100

7 [ (Vexdeb |
50 [ 0ol 4 h

0 50 100 150 200 250 300 350

¢,(deg)

Figure 2: Contour plots in the (¢1, ¢2) parameter plane, which are shown by using experimental
constraints on CKM mixing matrix elements: |V,s| = 0.2252 £ 0.0009, |V = 0.0406 £ 0.0013,
|Vap| = 0.00389 £ 0.00044, and |V;4| = 0.0084 £ 0.0006. The CKM elements depends on only the
parameter set of [ae, (ay, o), aq, mJ, ¢1, and ¢o]. Here we present contour plots of the CKM
elements in the (¢1, ¢2) parameter plane by taking the values of other parameters as a, = 7.5,
ay = —1.35, a,, = —7.6°, ag = 25, and mJ = 0.0115. We find that (¢1, ¢p2)=(177.0°, 197.4°) is

consistent with all the CKM constraints.

respectively. Therefore, the four CKM mixing parameters are described only by two parameters
(¢1, d2). As shown in Fig. 2, all the experimental constraints on CKM mixing matrix elements
are satisfied by fine tuning with use of only two parameters (¢1, ¢2).

Finally, we do fine-tuning of whole parameter values in order to give more improved fitting

with the whole data. Our final result is as follows: under the parameter values

ae = 7.5, ap = 9.01, (ay,ay) = (—1.35,—-7.6°), aq = 25,

mg = 0.0115, €2 = —0.78, (41, ¢2) = (177.0°,197.4°), (3.12)
we obtain
r = 0.0465, 1Y% =0.0614, 7, =0.0569, rd; = 0.0240, (3.13)
sin® 2053 = 0.969, sin®20;5 = 0.860, sin®26;3 = 0.0711, R, = 0.0324, (3.14)
Sbp = —131° (J'=-23x1072%), (3.15)
[Vis| = 0.2271, |V = 0.0394, |Vip| = 0.00347, |Vig| = 0.00780, (3.16)
6L p =59.6° (J9=2.6x107"). (3.17)

Here, 6&3 and 5% p are Dirac C'P violating phases in the standard conventions of U and V,

respectively.



Even if we choose a value of ¢) which gives a value of R, within 1o given in Eq.(3.10), our
predicted value of sin? 26,3 is sin? 2613 = 0.07 11f8:882, which is still somewhat small compared
with the observed value sin?26;3 = 0.098 4+ 0.013 [12]. So far, we have assumed that the
parameter £0 is real. If we consider that the parameter &Y is complex, €0 — €Y% we can
adjust the value of sin? 26,3 without changing other predicted values as seen in Fig.3. However,
such a modification by the parameter «a, is not essential in the present model, so that we will

regard that the parameter £) is real.
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Figure 3: Lepton mixing parameters sin? 20,5, sin? 253, sin? 2013, and the neutrino mass squared
ratio R, versus the phase parameter «,,. (“solar”, “atm”, “10 t13”, and “10 R” denote curves of
sin? 2612, sin? 26,3, sin? 2013 x 10, and R,, x 10, respectively. Here the o, dependence is presented

under the parameter values given by (3.12).
We can also predict neutrino masses, for the parameters given (3.12) with real £,
my1 =~ 0.0048 eV, myo ~ 0.0101 eV, my3 ~ 0.0503 eV, (3.18)

by using the input value [13] Am%2 ~ 0.00243 eV2. We also predict the effective Majorana

neutrino mass [14] (m) in the neutrinoless double beta decay as
(m) = |mu1 (Uer)? + mua(Uea)? + mua(Ues)?| = 7.3 x 1074 eV. (3.19)

Finally, let us comment on sensitivity of the predicted values Eq.(3.14) to the input pa-
rameter values Eq.(3.12). For simplicity, we show the sensitivity of only the lepton mixing and
up-quark mass ratios to the input parameters ap, a, and «, in Table 3. (We do not show
sensitivity for the predicted CKM parameters, because it can be easily seen in Fig. 3.) In Table

3, values Az (x = ap, a, and o) for the parameter values x are taken such as (Azx)/x = 0.05,
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Table 3: Sensitivity of the predicted values to the input parameter values. In the table, values
Az (x = ap, ay and ay,) for the parameter values = are taken such as (Ax)/x = 0.05, where the

values z are given in Eq.(3.12). Note that r{, and rg; are independent of the parameter ap.

Aap = +0.451  Aa, = +0.068 Aa, = +0.38

i 0.0465 0.046510:0235  0.0465) 502

ri, 0.0614 0.0614F3907%  0.06147 09017
sin? 2615 | 0.86010992 0.86075:93  0.86075:504
sin? 2023 | 0.9697503; 0.96910-02% 0.96910-052

sin? 2613 | 0.0711709012  0.0711F5:0051  0.071115:0001

where the values z are given in Eq.(3.12). Here, we consider no change of values for the parame-
ters a. and z; (i = 1,2, 3) because those have been fixed by the observed charged lepton masses
with high accuracy. We also do not discuss the parameter dependence of R, and rilg = mgq/ms,
because those are freely adjustable by the parameters ¢0 and mg, respectively, without almost
affecting other observables. As seen in Table 3, the predicted value sin®26;3 is sensitive to
the parameter value a,, so that we can take a value of a, which gives sin® 2015 ~ 0.08 at the
cost of other fitting. Also, we find that those predicted values are practically insensitive to the

parameter value .

6 Concluding remarks

In conclusion, by assuming VEV matrix forms of the yukawaons Eqs.(3.1) -(3.7), we have
obtained reasonable CKM and PMNS mixing parameters together with quark and neutrino
mass ratios. The major change from the previous yukawaon models is in the form of Mp.
Although we give the form by assuming the VEV matrix X,; which is given by Eq.(2.19),
and by considering the mechanism (XX7),5 = (X3)ag versus (XTX);; = (Xa)ij, it is still
phenomenological and somewhat factitious. However, when once we accept the form of Mp, we
can obtain sin® 2613 ~ 0.07 whose value is not sensitive to the other parameters.

Note that the present model does not have any family-dependent parameters except for
(z1,22,23) in (Pg) and (¢1, ¢2) in (P). The parameter values (x1,x2, x3) have been fixed by the
observed charged lepton masses. Therefore, the model have only 9 adjustable parameters for 16
observables. The 5 parameter values of 9 parameters, (ac, ap, (ay, o), and £2), have been fixed
by the observed values m,, /me, m¢/my, sin® 201, sin? 2623, and R,. Especially, the parameter
ap has been fixed the observed value sin®26;5. The parameter £0 has been introduced only in
order to adjust the ratio R,. (In other words, the value of £0 has been fixed by R, the value
(3.10).) Logically speaking, we need four observed values in order to fix the four parameters

e, ap, and (ay, ay,). However, as seen in Fig.1, the values sin? 2623 ~ 0.9 and sin? 2613 ~ 0.07

11



are almost determined independently of the parameter ap when we fix a. and (a,, o) from the
observed up-quark mass ratios. Therefore, sin® 2625 ~ 0.9 and sin” 2613 ~ 0.07 can substantially
be regarded as predictions in the present model. Of course, after we fix the 5 parameters,
predictions are 6 quantities: sin®26;3, 2 neutrino mass ratios, C'P-violating phase parameter,
and 2 Majorana phases.

Of the remaining 4 parameters ag, mg, and (¢1, ¢2), the parameters a4 and mg are deter-
mined by the down-quark mass ratios ms/m; and mg/ms, respectively. Therefore, the 4 CKM
mixing parameters are predicted only by adjusting the two parameters (¢1, ¢2). We can obtain
reasonable predictions of the CKM mixing parameters.

The present model is still in a level of a phenomenological model. Nevertheless, it seems
that the yukawaon model offers us a promising hint for a unified mass matrix model for quarks
and leptons, i.e. it seems to suggest an idea that the observed family mixings and mass ratios

of quarks and leptons are caused by a common origin.
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