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It is shown that empirical relations between the charged lepton spectra and the quark spectra
together with a bimaximal or near bimaximal neutrino mixing matrix necessarily imply that there

is a contribution to |Ue3| given by θC/3
√

2 ≈
√

me/2mµ ≈ 0.052, where θC is the Cabibbo angle.
This prediction could be tested in the near future reactor experiments. The charged lepton mixing
also generates a less robust prediction for the angle θ23 and a small contribution to the phase δ.

I. INTRODUCTION

During the last year our knowledge of the leptonic mix-
ing matrix has reached the precision level. The most
recent 90% C.L. experimental results [1–3] and several
global fits [4–7] have improved our knowledge of the neu-
trino mass differences and indicate that the atmospheric
mixing is almost maximal while the the solar mixing devi-
ates from maximality in a particular way. In the standard
notation,

sin θ12 = 0.53 ± 0.04, (1)

sin θ23 = 0.70 ± 0.11, (2)

sin θ13 < 0.15, (3)

∆m2
sun = ∆m2

21 = (8.2 ± 0.6) × 10−5eV2, (4)

∆m2
atm = ∆m2

23 = (2.45 ± 0.55) × 10−3eV2, (5)

This substantial improvement has confirmed that the lep-
tonic mixing matrix, called MNSP matrix, is nearly bi-
maximal [8, 9] and the particular deviation from bimax-
imality observed has revealed a surprising relation be-
tween the Cabibbo angle, θC and the solar mixing angle
[10] sometimes called the quark-lepton complementarity
relation, θC + θ12 ≈ π/4, hereafter referred to as QLC
relation. Therefore based on the experimental data it is
convenient to define the following parametrization [11] of
the MNSP matrix,

VMNSP =




1√
2

(1 + λ) − 1√
2

(1 − λ) 0
1
2

(1 − λ) 1
2

(1 + λ) − 1√
2

1
2

(1 − λ) 1
2

(1 + λ) 1√
2


 + O(λ2)

(6)
where will use λ alternatively to refer to the Cabibbo an-
gle. We note that the mixing angle θ13 is at present con-
strained to be θ13 < 0.15 ≃ 3λ2 by the non-observation of
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neutrino oscillations at the CHOOZ experiment [3] and
a fit to the global data [7]. There will be many efforts in
the near future to measure all parameters in the neutrino
mixing matrix to a much higher degree of precision. In
the immediate future, reactor neutrino experiments will
strengthen the bounds on θ13 or will actually measure a
non-zero value for it. Is it possible that θ13 is actually
zero or should we expect that future experiments will
measure a non-zero value ? Various symmetry schemes
have been proposed in the literature that lead to a pre-
diction for θ13 while generating a near bimaximal MNSP
matrix [12]. On the other hand, it is known that the
MNSP mixing matrix in a general leptonic basis receives
contributions from both the neutrino and the charged
lepton mass matrices,

VMNSP = (V l
L)†Vν , (7)

where Vν is the neutrino diagonalization matrix and V l
L

is the left handed charged lepton diagonalization matrix,

Mdiag
l = (V l

L)†MlV l
R. It is the main purpose of this

paper to show that, irrespective of what is the precise
nature of the underlying symmetry that determines the
exact deviation from bimaximality in the neutrino mass
matrix, the existence of precise empirical relations be-
tween the charged lepton spectra, the quark spectra and
the Cabibbo angle indicates that the associated charged
lepton mixing together with a near bimaximal neutrino
mixing matrix must generate a contribution to |Ue3|, It
is plausible that this contribution is the dominant source
of |Ue3|. Here Uaj , (a = e, µ, τ and j = 1, 2, 3) denote the
elements of the MNSP matrix.

II. A PREDICTION FOR |Ue3|

There is an empirical relation which has been known
for quite a long time [13, 14],

|Vus| ≈
[
md

ms

] 1

2

≈ 3

[
me

mµ

] 1

2

, (8)



2

This relation has been recently analyzed with precision
by one of the authors who noted that indeed the relation
surprisingly works at the level of ±16%, as the following
ratio shows (see Ref. [15] for details),

[
md

ms

]1/2

:

[
me

mµ

]1/2

= 3.06 ± 0.48. (9)

The relation between the Cabibbo angle and the down-
strange quark mass ratio can be simply explained, as
known from the ’70’s[16], if the down quark mass is gen-
erated from the mixing between the first and second fam-
ilies. In this case, one expects that there is a quark basis
where the normalized down-type quark mass matrix is
given to leading order by,

M̂D =




0
(

msmd

m2

b

) 1

2 O(λ3)
(

msmd

m2

b

) 1

2

(
ms

mb

)
O(λ2)

O(λ3) O(λ2) 1


 . (10)

The order of magnitude in the coefficients (M̂D)13 and

(M̂D)23 is obtained by requiring these entries not to af-
fect the quark mass ratios predicted by the matrix to
leading order. Analogously, the relation between the
Cabibbo angle and the electron-muon mass ratio can
also be simply explained if the electron mass is generated
from the mixing between the first and second lepton fam-
ilies. This implies that there is a leptonic basis where the
charged lepton mass matrix is given to leading order by,

M̂l =




0
(

mµme

m2
τ

) 1

2 O(λ3)
(

mµme

m2
τ

) 1

2

(
mµ

mτ

)
O(λ2)

O(λ3) O(λ2) 1


 . (11)

The order of magnitude in the coefficients (M̂l)13 and

(M̂l)23 can be obtained by requiring these entries to not
modify the leading order terms for the charged lepton
mass ratios. Such a form for the charged lepton mass ma-
trix is also obtained in the mass matrix ansatz in ref. [17].
From the matrix in Eq. 11 and the empirical relation in
Eq. 8 follows that the charged lepton mixing matrix is
given in this leptonic basis by,

V l
L =




1 λ/3 O(λ3)

λ/3 1 O(λ2)
O(λ3) O(λ2) 1



 (12)

It is known that the relation in Eq. 8 between the quark
masses, the charged lepton masses and the Cabibbo an-
gle could be explained in some GUT models [14]. In that
case it is plausible that the basis where V l

L adopts the
form given by Eq. 12 while the down-type quark mass
matrix adopts the form given by Eq. 10 is the gauge fla-
vor basis of the GUT model where quark and leptons
unify in the same representations. Let us assume that

the charged lepton mixing matrix is given to leading or-
der in λ by Eq. 12 and in the same basis the underly-
ing neutrino mass matrix generates an exactly bimaximal
neutrino mixing matrix,

Vν =




1√
2

− 1√
2

0
1
2

1
2

− 1√
2

1
2

1
2

1√
2


 . (13)

In this case one expects the charged lepton mixing to in-
duce a non-zero |Ue3| [18]. In our case, as long as the
mixing in the neutrino sector is approximately bimaxi-
mal, we find,

|Ue3| =
λ

3
√

2
=

(
me

2mµ

) 1

2

≈ 0.052± 0.001 (14)

The present fit to the global data indicates that sin θ13 <
0.15 at 90% C.L. [7]. There are some reactor experi-
ments proposed for the future: BRAIDWOOD in Illinois,
DAYA BAY in China and KASKA in Japan, that are
expected to reach the level of sin θ13 ≈ 0.05 [19]. Since
CHOOZ II will only reach a sensitivity in sin θ13 of ≈ 0.08
at 90% C.L. after 3 years of operation [20], we expect it
to obtain a null result. It has been estimated that neu-
trino factories will reach values of the order |Ue3| ≈ 0.025
[21]. This prediction is rather robust as it will follow
even if the neutrino mixing matrix is not bimaximal, but
merely if the third column has the form as in eq(13). For
example, a neutrino mixing matrix of the so-called tri-
bimaximal [22] form will also yield the same result. We
have learnt during the elaboration of this paper of a si-
multaneous derivation of this prediction by J.D. Bjorken
[23] in the context of the model proposed in Ref. [17]

III. A PREDICTION FOR sin θ23

In this section we would like to point out that based on
a second empirical relation between the fermion masses
and the CKM elements recently unveiled [15, 24] it is
plausible to expect also a contribution to sin(θ23), coming
from the (23) mixing in the charged lepton mass matrix,
and a non-zero CP-violating phase in the MNSP matrix.
Nevertheless, the predictions in this section for θ23 and δ
are less robust than the one for Ue3. The new empirical
relation mentioned above is given by,

θ ≈
[

m3
s

m2
bmd

] 1

2

≈
[

m3
c

m2
t mu

] 1

2

≈ 1

9

[
m3

µ

m2
τme

] 1

2

. (15)

This relation together with an additional empirical rela-
tion with the quark mixing angles,

θ ≈ 1

2

∣∣∣∣
Vcb

Vus

∣∣∣∣ = 0.093± 0.003, (16)

implies [15] that the quark mass matrices can be recon-
structed to leading order as a function of the two basic
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flavor parameters: θ and λ. In certain basis where the
up-type quark mass matrix is diagonal the reconstructed
normalized down-type quark matrix would be given by,

M̂d =




0 θλ2 θλ2e−iγ

θλ2 θλ 2θλ
θλ2eiγ 2θλ 1



 , (17)

where γ is the standard CP-violating phase. Here M̂d

is bidiagonalized by (Vd
L)†M̂dVd

R. In this quark basis,
VCKM = Vd

L, which to leading order is,

VCKM =




1 − λ2/2 λ −θλ2e−iγ

−λ 1 − λ2/2 −2θλ
(eiγ − 2)θλ2 2θλ 1 − 2θ2λ2



 (18)

It has been shown [15] that this simple mass matrix M̂d

fits all the experimental data with precision and addi-
tionally predicts a simple succesfull relation between the
quark CP phases, β = Arg

[
2 − e−iγ

]
. If there is a con-

nection between the charged lepton mass matrix and the
down-type quark matrix, as is the case in some GUT
models [30], we expect that there is a leptonic basis where
the normalized charged lepton mass matrix is given by,

M̂l =




0 θλ2 θλ2e−iγ

θλ2 3θλ 2θλ
θλ2eiγ 2θλ 1



 . (19)

In this basis the charged lepton mixing matrix would be
given to leading order by,

V l
L =




1 λ/3 −θλ2e−iγ

−λ/3 1 −2θλ
(eiγ − 2

3
)θλ2 2θλ 1



 , (20)

where the deviation from unitarity is at most of order
θλ3. If we assume that the neutrino mixing matrix is
exactly bimaximal (or rather the third column has that
form), we obtain, using Eq. 7, a prediction for sin2(2θ23)
given by,

sin2(2θ23) = 4 |Uµ3Uτ3|2 = 1 − 4

9

(
mµ

mτ

)2

. (21)

This corresponds to sin2(2θ23) ≈ 0.998, or that θ23 dif-
fers from π/4 by ≃ 1.7◦. We expect that future ex-
periments could rule out this prediction for θ23. The
magnitude of the CP-violating effects in neutrino oscil-
lations is controled by the rephasing invariant Jν

CP =
Im [U∗

kmUlmUknU∗
ln] (irrespective of the indices). If the

neutrino mixing matrix was nearly bimaximal and CP
conserving the source of the CP-violating phase in the
MNSP matrix would arise from the phase present in the
charged lepton mixing matrix [31], which based on the
matrix in Eq. 20 is given by,

Jν
CP = − θλ2

4
√

2
sin γ. (22)

The phase δ would be given in this case by tan δ =
3λθ sin γ. Experimentally γ seems to be a large an-
gle [25]. The 2004 winter global fit of the CKM ele-
ments obtained using the program CKMFitter [26] gives
us γexp = 61◦ ± 11◦. Therefore Jν

CP could be as large
as about 10−3, which corresponds to a phase δ ≈ 3◦.
Nevertheless, the CP-conservation of the neutrino mix-
ing matrix is a very strong assumption. It is known that
if neutrinos are Majorana particles some neutrino phases
cannot be absorbed by redefinition of the neutrino fields
[27] and in general there would be a contribution to Jν

CP

given by,

Jν
CP = −λ sin φ

12
√

2
. (23)

where φ is one of the Majorana phases. If sinφ is near
one, this contribution would be dominant over the one
in Eq. 22 and would give a maximum Jν

CP as large as
0.014, which corresponds to δ ≈ 45◦. We expect that,
irrespective of the nature of the neutrino, future experi-
ments have to measure a value of δ between the two limits
given by Eq. 22 and Eq. 23, i.e. 3◦ < δ < 45◦.

IV. CAN THE QLC RELATION ARISE FROM

CHARGED LEPTON MIXING ?

The presence of the Cabibbo angle in the MNSP ma-
trix, as recent measurements of the solar mixing angle
indicates, at first sight may suggest that all deviations
from the exact bimaximal ansatz may be a contamina-
tion coming from the charged lepton mixing matrix. We
have seen that the patterns in the fermion spectra sug-
gest that there is a leptonic basis where the electron mass
is generated from the mixing between the first two fla-
vor families. This basis is most probably the gauge fla-
vor basis of the a theory where quarks and leptons unify
in common representations. It is precisely in this basis
where one would expect the neutrino mixing matrix to
be exactly bimaximal. Nevertheless, if this was the case
we would obtain that θ12 = π

4
+ θC

6
instead of the exper-

imentally observed θ12 = π
4
− θC , too small and of the

opposite sign required to account for the QLC relation. If
one insists to fully generate the observed deviation from
bimaximality in the MNSP matrix from the charged lep-
ton mixing, the required mixing would be very large and
as a consequence in such a basis the charged lepton mass
matrix would adopt a very unnatural form in order to
reproduce the correct electron mass [28]. Therefore, we
believe that most probably the Cabibbo angle is already
present in the neutrino mass matrix, or in other words the
QLC relation must arise from the mechanism that gener-
ates the neutrino mass matrix and not from the charged
lepton mixing. Of course, it is entirely possible that the
QLC relation is only approximate and furthermore is ac-
cidental and a red herring and does not therefore need
any explanation.



4

Acknowledgments

We especially thank J.D. Bjorken and also L.J. Hall
and W. Rodejohann for comments and suggestions. This
work is supported by: the Director, Office of Sci-
ence, Office of High Energy and Nuclear Physics, of

the US Department of Energy under Contracts DE-
AC03-76SF00098, DE-FG03-91ER-40676 and DE-FG03-
94ER40833, by the National Science Foundation under
grant PHY-0098840 and by the Ministry of Science of
Spain under grant EX2004-0238.

[1] Y. Ashie et al. [Super-Kamiokande Collaboration],
[arXiv:hep-ex/0404034]

[2] T. Araki et al. [KamLAND Collaboration],
[arXiv:hep-ex/0406035]

[3] M. Apollonio et al., Eur. Phys. J. C 27, 331 (2003)
[4] J. N. Bahcall, M. C. Gonzalez-Garcia and C. Pena-Garay,

[arXiv:hep-ph/0406294]
[5] M. C. Gonzalez-Garcia and M. Maltoni, [arXiv:hep-ph/

0406056]
[6] A. Bandyopadhyay, S. Choubey, S. Goswami, S. T. Pet-

cov and D. P. Roy, [arXiv:hep-ph/0406328]
[7] M. Maltoni, T. Schwetz, M. A. Tortola and

J. W. F. Valle, [arXiv:hep-ph/0405172]
[8] V. D. Barger, S. Pakvasa, T. J. Weiler and K. Whisnant,

Phys. Lett. B 437, 107 (1998); A. J. Baltz, A. S. Gold-
haber and M. Goldhaber, Phys. Rev. Lett. 81, 5730
(1998).

[9] M. Jezabek and Y. Sumino, Phys. Lett. B 440,
327 (1998); F. Vissani, JHEP 9811, 025 (1998);
D. V. Ahluwalia, Mod. Phys. Lett. A 13, 2249 (1998)

[10] W. Rodejohann, Phys. Rev. D 69, 033005 (2004);
A. Y. Smirnov, Neutrinos: ’Annus mirabilis’
[arXiv:hep-ph/0402264]; S. Pakvasa(Unpublished).

[11] W. Rodejohann, Phys. Rev. D 69, 033005 (2004);
[12] K. S. Babu, E. Ma and J. W. F. Valle, Phys. Lett.

B 552, 207 (2003) W. Grimus and L. Lavoura, Phys.
Lett. B 579, 113 (2004); R. F. Lebed and D. R. Mar-
tin, Phys. Rev. D 70, 013004 (2004); H. Fritzsch and
Z. z. Xing, [arXiv:hep-ph/0406206]; W. Grimus, A. S. Jo-
shipura, S. Kaneko, L. Lavoura, H. Sawanaka and
M. Tanimoto, [arXiv:hep-ph/0408123]; R. N. Mohapa-
tra, [arXiv:hep-ph/0408187]

[13] R. Gatto, G. Sartori and M. Tonin, Phys. Lett. B 28

(1968) 128; N. Cabibbo and L. Maiani, Phys. Lett. B 28,
131 (1968); R. J. Oakes, Phys. Lett. B 29, 683 (1969).

[14] H. Georgi and C. Jarlskog, Phys. Lett. B 86, 297 (1979).
[15] J. Ferrandis, “Empirical formulas for the fermion spectra

and Yukawa matrices,” [arXiv:hep-ph/0406004]
[16] S. Weinberg, Trans. New York Acad. Sci. 38, 185 (1977);

J. Bjorken(Unpublished); A. de Rujula, H. Georgi and S.
L. Glashow, Annals Phys. 109, 258 (1977); H. Fritzsch,
Phys. Lett. B 70, 258 (1977).

[17] J. D. Bjorken, S. Pakvasa and S. F. Tuan, Phys. Rev. D
66, 053008 (2002)

[18] A. Romanino, Phys. Rev. D 70, 013003 (2004)
[19] “Non-accelerator-based neutrino experiments”

Y.F. Wang, Plenary talk at ICHEP 2004, August

16-22, Beijing, China

[20] “Letter of intent for double-CHOOZ: A search for the
mixing angle theta(13),” [arXiv:hep-ex/0405032]; For a
brief overview of the double chooz concept and detec-
tor design visit the web address: http://doublechooz.

in2p3.fr

[21] C. Albright et al., [arXiv:hep-ex/0008064] M. Apollonio
et al., [arXiv:hep-ph/0210192]

[22] P. F. Harrison and W. G. Scott, Phys. Lett. B 557, 76
(2003)

[23] ”Masses and mixings in the neutrino sector” J.D. Bjorken
(unpublished)

[24] J. Ferrandis and N. Haba, [arXiv:hep-ph/0404077]
[25] S. Eidelman et al. [Particle Data Group Collaboration],

Phys. Lett. B 592 (2004) 1.
[26] A. Hocker, H. Lacker, S. Laplace and F. Le Diberder,

Eur. Phys. J. C 21, 225 (2001). For updates and new
results obtained using the program CKMFitter visit
the web page http://www.slac.stanford.edu/xorg/

ckmfitter/.
[27] J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227

(1980); S. M. Bilenky, J. Hosek and S. T. Petcov, Phys.
Lett. B 94, 495 (1980); M. Doi, T. Kotani, H. Nishiura,
K. Okuda and E. Takasugi, Phys. Lett. B 102, 323 (1981)

[28] P. H. Frampton, S. T. Petcov and W. Rodejohann, Nucl.
Phys. B 687, 31 (2004)

[29] S. T. Petcov and W. Rodejohann, [arXiv:hep-ph/
0409135]

[30] For instance in SU(5) models where the Higgs field giv-
ing mass to the charged leptons and down-type quarks
transforms under the representation 45 of SU(5) [14]

[31] The observation that a hierarchical structure in the
charged lepton mixing matrix would supress a possible
contribution to Jν

CP has been simultaneously made by
Ref.[29]




