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Mellin transform approach to rephasing invariants
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In the low-energy effective theory of neutrinos, the Haar measure for unitary matrices is very likely to
give rise to something similar to the observed Pontecorvo-Maki-Nakagawa-Sakata matrix. Assuming the
Haar measure, we determine the probability density functions for all quadratic, quartic Majorana, and
quartic Dirac rephasing invariants for an arbitrary number of neutrino generations. We show that for a fixed
number of neutrinos, all rephasing invariants of the same type have the same probability density function
under the Haar measure. We then compute the moments of the rephasing invariants to determine, with the
help of the Mellin transform, the three probability density functions. We finally investigate the physical
implications of our results in function of the number of neutrinos.
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I. INTRODUCTION

In flavor physics, the passage from gauge eigenstates to
mass eigenstates encodes flavor mixing. This mixing is
encapsulated in the Cabibbo-Kobayashi-Maskawa (CKM)
matrix for the quark sector. In the Standard Model of
particle physics, there is no equivalent mixing for the lepton
sector. However, the Standard Model must be extended
to take into account neutrino oscillations [1,2], and that
extension allows for mixing in the lepton sector. In the low-
energy effective theory of neutrinos, this is encoded in the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix for
the lepton sector.

The CKM and PMNS mixing matrices, which are
unitary matrices, can be redefined by phase rotations of
the quark and lepton fields, respectively. Since physical
observables must be invariant under these field redefini-
tions, only some functions of the mixing matrix elements
can be measured explicitly. The simplest way to proceed is
to write physical observables in terms of the so-called
rephasing invariants of the mixing matrices [3,4]. As their
name implies, rephasing invariants do not change under
field redefinitions. The most celebrated rephasing invariant
is the Jarlskog invariant [3] associated to the CP-violating
Dirac phase of the CKM matrix.
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Flavor physics is notoriously hard. Experimental data
show that the CKM matrix is hierarchical while the PMNS
matrix is rather random. It is very difficult to come up with
a convincing theoretical story behind the patterns observed
in the mixing matrices. One possible path forward is to
study the mixing matrices statistically. Indeed, it is possible
to determine how likely it is to draw at random a unitary
matrix resembling the CKM matrix or the PMNS matrix
from a given probability density function (PDF). If that
probability is large, then the mixing matrix is likely to
originate from the associated PDF, and the average values
of the different rephasing invariants under that PDF can be
compared with the observed experimental values, leading
to predictions for the unknown ones.

For the quark sector, the CP-violating Jarlskog invariant
mentioned above was studied statistically in [5,6].
Assuming the Haar measure, which is the most natural
measure on the space of unitary matrices, the PDF for
the Jarlskog invariant was computed analytically in [6].
Considering that the observed Jarlskog invariant is
2o ckm = (3.041530) x 1075 [1] and the probability of
obtaining it from the PDF associated to the Haar measure is
very small P{|y"| < [y&,lckm} ~ 0.08%, it was shown in
[6] that the CKM matrix should not be seen as being a
generic unitary matrix drawn randomly from the PDF
associated to the Haar measure.

For the lepton sector, an equivalent analysis was per-
formed in [7]. It was shown there that under the Haar
measure, the probability of generating a unitary matrix
with the observed quartic Dirac rephasing invariant
[y pMNs = 0.0321000° (see, e.g., [8]) was quite large,
P{|yP| < |y8plpmns )} & 60%. Allowing for the possibility
that neutrinos are Majorana, the same was true for the
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quartic Majorana rephasing invariants. Hence, [7] con-
cluded that the statistical hypothesis that the PMNS matrix
arises randomly from the PDF associated to the Haar
measure was highly likely, contrary to the CKM matrix.
Moreover, [7] showed that the average value of the quartic
Dirac rephasing invariant {|y?|)pyns = 7/105 = 0.030
was in striking agreement with the observed value. Since
the Jarlskog invariant seems larger in the neutrino sector,
leptonic CP violation could be larger; therefore, the
statistical analysis of [7] thus suggests that the baryon
asymmetry of the Universe could originate from lepto-
genesis, assuming that leptonic CP violation remains large
under the renormalization group flow at high energy.

Although the Haar measure is the most natural measure
for unitary matrices, there is a plausible theoretical story
behind its origin, namely, the anarchy principle [9-12]. The
anarchy principle states that the light neutrino mass matrix
parameters originate from the seesaw mechanism and that
the high-energy mass matrices are generated randomly
from the appropriate Gaussian ensembles. The low-energy
neutrino parameters are thus derived from these randomly
generated high-energy parameters, leading to specific
ensembles for the low-energy parameters [7,12]. It was
then proven there that the PDF for arbitrary neutrino
numbers factorizes into a PDF for the light neutrino
mass eigenvalues and a PDF for the mixing angles and
phases of the PMNS matrix. The former is given by a
complicated multidimensional integral, while the latter is
simply the Haar measure (independently of the seesaw
mechanism, as foreseen on physical grounds in [10]). The
factorization into two independent PDFs for the light
neutrino masses and mixing parameters leads to physical
implications that are independent between the masses
and the PMNS matrix. For the masses, it was shown that
the preferred seesaw mechanism is of types I-III while
the preferred mass splitting is in agreement with the
normal hierarchy.

The PDFs for the PMNS (or, for that matter, the CKM)
rephasing invariants associated to the U(N) Haar measure
for neutrino numbers N =2 and N = 3 were obtained in
[7] based on the work of [6]. The technique employed there
was built on the knowledge of the moments being
expressed as products of beta-distributed random variables.
Although explicit, it was unclear how complicated the
PDFs would become for larger neutrino numbers which
could be of interest for extensions of the Standard Model
with sterile neutrinos. In this paper, we introduce another
technique relying on the knowledge of the moments and the
Mellin transform. This method leads to direct expressions
for all rephasing invariant PDFs for arbitrary neutrino
numbers in terms of Meijer G functions. In this unified
theoretical formalism, we will demonstrate that all rephas-
ing invariants of the same type (i.e., quadratic, quartic
Majorana, and quartic Dirac) have the same PDF. In
function of the number of neutrinos N, we will also argue

that the anarchy principle, and more generally the Haar
measure, prefers three neutrino flavors.

This paper is organized as follows: Sec. II discusses
quadratic, quartic Majorana, and quartic Dirac rephasing
invariants. The Haar measure is then introduced and some
of its properties are demonstrated. A convenient para-
metrization for unitary matrices is also described. The
equality of the PDFs for rephasing invariants of the same
type is then proven with the help of permutation matrices.
In Sec. III, the Mellin transform approach to PDFs is
discussed in all generality and some preliminary results on
Meijer G functions are given. In Sec. IV, the PDFs for the
three types of rephasing invariants are computed in function
of the neutrino number and the results are expressed in
terms of the Meijer G functions for the quartic rephasing
invariants. Section V presents a discussion of the analytic
results, with comparisons to numerical results, an analysis
of the behavior of the PDFs around the origin, and an
analysis of the average values in function of the neutrino
number. For the latter, it is shown that the observed
experimental values prefer three neutrino flavors. Finally,
Sec. VI presents our conclusion.

II. REVIEW

In this section, we discuss the quadratic, quartic
Majorana, and quartic Dirac rephasing invariants. After
reviewing the Haar measure, we demonstrate that all
rephasing invariants of the same type (quadratic, quartic
Majorana, quartic Dirac) have the same PDFs with respect
to the Haar measure. Hence, there are only three distinct
PDFs to consider for any neutrino number N.

A. Rephasing invariants

As stated in the Introduction, basis independence implies
that the proper physical observables obtained from the
PMNS matrix must be invariant under phase rotations of
the fields. These physical observables are the rephasing
invariants [3,4]. For the unitary matrix U, the quadratic x;;,
quartic Majorana yﬁ” , and quartic Dirac yiDj rephasing
invariants are given by [13]

x;; = U,
M __ * *
Vi = Im(Uin Uin Uiojo Uio.i())’
yiDj = Im(Uiojo UijU;kojU;‘kjo)’ (2'1)

respectively. Here, the values i and j, are fixed arbitrarily
and the indices i and j labeling the different rephasing
invariants are such that i, j # iy, jo. To reach a set of
independent rephasing invariants, other constraints must
be imposed on the ranges of i and j [13]. However, this
observation is of no consequence since all rephasing
invariants of the same type have the same PDFs as shown
below.
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Since the rephasing invariants (2.1) are bounded as

1 1
_<y <—

6v3 U T 6y3
(2.2)

0<x;<1,

M
l]— <y] S

4;|~
Bl

for future convenience it is of interest to rescale them in the
following way:

Xijs = 16|y§’1|2, xp = 108|y3|2. (2.3)
Hence, the three types of rescaled rephasing invariants x
are bounded on the interval [0, 1]. We note here that the
rescaling (2.3) is motivated in parts by the fact that the odd
moments of the quartic rephasing invariants under the Haar
measure vanish.

Before proving that there are only three independent
PDFs (one per type of rephasing invariants), we now focus

on the Haar measure and discuss some of its properties.

B. Haar measure

The Haar measure for the N x N unitary matrix U is
obtained straightforwardly by taking the wedge product of
each independent elements of the matrix U'dU ,' which
arises naturally from singular value decomposition [14].
By definition, the Haar measure is both left and right
invariant, i.e., it satisfies U'dU — UTdU when U - LUR
for L and R constant unitary matrices. This property is
easily proven since UTdU — R'U'dUR and the wedge
product leads to

(U'dU)= A\ (U'dU);; = (R'U'dUR)

where p(R) is a polynomial in R. A simple computation
shows that for R = R,R;, we must have p(R,R,) =
p(R,)p(R,); therefore, the polynomial p(R) must be a
positive power of the determinant. Clearly, since the
Jacobian of any transformation must be real, the
Jacobian of the transformation U — LUR must be given
by the norm of a positive power of the determinant, i.e.,
p(R) = |detR|F for some positive number k. Hence,
considering that R is unitary, p(R) =1 irrespective of
the value of k and the Haar measure is both left and right
invariant, as stated previously.

For future convenience, we now introduce a specific
parametrization for unitary matrices based on [15]. In this
parametrization, an N x N unitary matrix U is expressed as

lAlthough U'dU is a matrix, we use the same notation for the
measure. The meaning should be clear from the context.

U= H exp(igh ;i Py) exp (i€ Zji) H exp(ip;P;),
1<j<k<N 1<jEN

(2.4)

where the matrices P; and X, are given explicitly by
(Pj)ix = 6;i0jk
Here, the N(N — 1)/2 mixing angles 6, the N(N —1)/2

phases ¢j;, and the N phases ¢; are restricted to the
intervals

(Zjk)ip = —i8;ibkp + 6,404;.

0ix €10.7/2), ¢ €10,2m), € [0,2x),
respectively [implying the ranges (2.2)]. Finally, the Haar
measure in the parametrization (2.4) is given by

UtdU = sin(;;)[cos(0;;)]*V

1<i<j<N

_i)_ld¢ijd9ij H do;

1<i<N

(2.5)

and depends nontrivially only on the mixing angles.

In the context of the PMNS matrix and the rephasing
invariants [13], the phases ¢; are not the unphysical phases
that can be absorbed by redefinitions of the fields.
Therefore, the usual CP-violating Majorana and Dirac
phases are complicated functions of the phases ¢; and
the remaining phases ¢,;.

C. Equality of PDFs

We now want to prove that all rephasing invariants of
the same type have the same PDF. To proceed, we focus on
the moments of the rescaled rephasing invariants (2.3),
given by

UT dU (x:: s—1 ,
" Vol(V3) Aevﬁ (i)

1
(
1
- UTdU M s—l’
~ Vol(V% )Aevf\, )
1
(

Utdu(xp)s', (2.6)

VOI V )Ae)}[z\,

respectively. Here, V%, is the Stiefel manifold for the group
of N X N unitary matrices U(N) and its volume is given by

ON ZN(N+1)/2

[l<ianT ()

First, we introduce the permutation matrices

Vol(V%) = / UtdU =
veV?

(Iap)ij = 8ij = 6iabaj — OipOpj + 8iabp; + ipSaje  (2.7)
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It is easy to see that I1,, M permutes the ath and bth rows of M while MI1,;, permutes the ath and bth columns of M. Since
1), =11, then U - I1,,UIl,, is unitary and the Haar measure does not change, U'dU — U'dU.
Therefore, with an appropriate change of integration variables using the permutation matrices (2.7), we have

1 1
R Utdu|U,; |2 —/ UtdU|(11,,UTL ), |26=D
<<xlj) > VOI(V%V) %]EV,Z\, | | VOI(VZ) ver? |( ia jb)lj'
1
(

— UtdU U, 2(s—1) — ’ s—1 ,
GOV o, VA = ()™

as well as
()1 = VOIEV )/Jevz UtdUAIm(U, U, ;U3 Uy P
VOIEV )Le% UtdU|4Im[(UXL, ), ;(UTL,), J(UH/b)lojo(UHjb)lojo]|2(S_1)
VOIEV )Le\ﬂ U'dUAIm( Ui Uip Uiy 1010>|2S D= (),
and finally
((xf)=") = Vol(lv )Levz Utau|6v3Im(U, ;U U Us )P
1 _
= Vol(12) L o UtdU|6v/3Im|(I1,, UTL), ;. (T, UTLy, ) (T, UTL, ) (T, UTL, ) 1260
W L . UtdU|6V3Im(U, ;U UL, Ut )P~ = ((xB,)571).

Again, in each of these equations, we simply implemented
a change of integration variables, changing U — 11, UIl.,
with the appropriate a, b, ¢, and d. Moreover, we relied on
the left and right invariance of the Haar measure. Also, we
note that since i, j # iy, jo, the indices i, and j, did not
change under the permutations.

We now conclude that under the Haar measure, the
moments (2.6) of the rephasing invariants of the same type
are all equal. Since the PDF is completely determined by its
moments, this demonstration implies that all the rephasing
invariants of a particular type have the same PDF.
Therefore, there are only three PDFs to determine: one
for the quadratic rephasing invariants x, one for the quartic
Majorana rephasing invariants x*, and one for the quartic
Dirac rephasing invariants x”.

III. MELLIN TRANSFORM

This section reviews the Mellin transform. We first
discuss in all generality how to compute PDFs from their
moments with the help of the Mellin transform. We then
focus on moments of the particular type that occur for our
rephasing invariants and express the relevant PDFs in terms
of Meijer G functions.

A. Mellin transform method

The Mellin transform of a function f(x;) is defined as

/oo [H dxkxi"_]]f(xl, s Xy)
0 L=

=g(S1, . Sp),

{MSFH(s1senn8,) =
(3.1)

where the Mellin transform g(sy, ..., s,,) is a function of the
variables s;, the conjugate variables associated to the x;.
The inverse Mellin transform is given by

e A | E= T P

—ico =1 2ri

= f(x1,...,x,) (3.2)
for an appropriate choice of y.

The Mellin transform (3.1) is a powerful tool to
determine a PDF from the knowledge of its moments.
Indeed, for an unknown PDF f(xi,...,x,) of n random
variables x; with support on the positive axes, by definition
the Mellin transform ¢(s,...,s,) corresponds to its
moments. Hence, it is possible to obtain the unknown
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PDF by operating an inverse Mellin transform (3.2) on
the moments.
More precisely, the moments, which are given by

An—l / |:deka } x1,..-,xn)

= {IMFH(s15 0 0),

<x§1—1 e

are simply the Mellin transform (3.1). Therefore, the
inverse Mellin transform (3.2) of the moments

M )

=flx e xy)

leads directly to the PDF of interest f(xy, ..., x,).

79 = (M) = 1]

(o)

1

where the last equality necessitates > ||, f; <
function,

Gm’n(al, T O
P
by, -, bu, by, ..., bq

where L is the proper contour.

In the analysis of the behavior of the Meijer G function
(3.5) around the origin, we encounter the generalized
harmonic numbers H, ,,, which are defined as

1
Hn.m = Zk_ma
k=1

Therefore, the PDF for the moments (3.3) is simply
given by (3.4) which is written in terms of the Meijer G
function (3.5), and its behavior around the origin leads to
the generalized harmonic numbers (3.6).

Hn EHn,l‘ (36)

IV. REPHASING INVARIANT PDFs FOR
ARBITRARY NEUTRINO NUMBER

In this section, we finally determine the three different
PDFs for the rephasing invariants using the results of the
previous sections. For each case, we first find the simplest
rephasing invariant with the parametrization (2.4) and use
the Haar measure (2.5) to determine the moments (see [7]).
Then we find the associated PDF with the help of the
inverse Mellin transform (3.2). For the quartic rephasing

“r U(ay + Br)

“r U(ay + Br)
[H T(ay)

=)
2| ==— [ dsz*
) 27i L Hlf:n#—l F(S + ak) HZ:m—H r(l

B. Meijer G functions and generalized
harmonic numbers

In the computation of the moments (2.6) from the explicit
Haar measure (2.5), we come across & = [1 + (=1)%]/2
and the moments

m

H (o +ﬂk

=1

(3.3)

where «; and f; are real and positive (see [7] for more
detail). We thus investigate the PDF associated to the
moments (3.3) before proceeding with the explicit moments
for the rescaled rephasing invariants (2.3).

From the discussion above, the PDF f(x) for the
moments (3.3) is simply the inverse Mellin transform
(3.2), which gives

1 +ico T Ty =1
/V dsx_SH (ak +S)
27i Jy—ico D+ —1+s)
o +p-1, ..., a,+p,—1
}Gm( 1A P ‘x) (3.4)
o —1, e a, —1

—1 for convergence. This result is expressed in terms of the Meijer G

I'(l—a;—s)
—bk—S)’

TS UG+ b) Tl

(3.5)

|
invariants, the results are expressed in terms of Meijer G
functions (3.5).

A. Quadratic invariants

The simplest quadratic rephasing invariant in the para-
metrization (2.4) appears when we set i = N and j = 1. In
that case, we have

x=|UN1|2:Sin2(91N), OSXSI

With the Haar measure (2.5), the moments are easily
computed and are given by

T(N)T(s)

A T et

Hence, from (3.4), the PDF is

P(x)dx = {M 1 (x*"1)}(x)dx = (N = 1)(1 — x)N2dx

(4.1)

for all quadratic rephasing invariants.
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B. Quartic majorana invariants

In the parametrization (2.4), the simplest quartic Majorana invariant is obtained by setting iy = N, jo =1, and j = 2.
From (2.1), the rephasing invariant takes the form

cos?(6;,)sin(60;,) sin(=2¢; + 2¢,) N=2

M — Im(Un, UnoU%, U ) = {
Y (Un2UnaUpUn) cos?(60;y)sin?(0,y)sin?(O,y) sin(2poy — 201 + 2¢0) N > 2

with the rephasing invariant defined in the interval

<y <

A=
ENg.

Clearly, the odd moments under the Haar measure vanish, justifying the switch to the rescaled quartic Majorana
invariant (2.3).
A direct computation with the explicit form of the Haar measure leads to the moments

22N | T(N)T(s = 3)°T(s)

- - - —, VY N >2.
Ts + Y9 (s + X9 (s + XA (s 550

((M)=) =

Thus, using the inverse Mellin transform and (3.4), the PDF for the rescaled quartic Majorana rephasing invariant (2.3) can
be expressed as

P (M) dx = {MT((xM)*=1) (M) dx
N-4 N-3 N=2 N-1
- 2%—2NF(N)G332< o xM> dxM,
R R 2> O
or, in terms of the quartic Majorana rephasing invariant y",

N—4 N-3 N-2 N-1

B 4 4 4 > 4

Putar =22t 5 T T e @2
27 2° 2°

for all quartic Majorana rephasing invariants.

C. Quartic Dirac invariants
Finally, the simplest quartic Dirac invariant in the parametrization (2.4) originates from setting iy = N — 1, j, = 2,
i = N, and j = 1. With this choice, the associated rephasing invariant (2.1) is expressed as
yP =Im(Uy_1 Uy Uy_y  Uxs)
cos?(6y3) sin(6,3) cos(;5) sin(6;,) cos(By3) sin(B,3) sin(¢h3) N=3
a {0052(911\/) sin(0yy) cos(0 y-1) sin(0 y—1) cos(Oay) sin(Opy) sin(6r y-1) sin(pan-1 — Pon) N >3

with the rephasing invariant defined in the interval

Lo 1
63 ) T6v3

Once again, we can directly see that under the Haar measure, the odd moments vanish. This observation justifies using the
rescaled quartic Dirac invariant (2.3).
Following [7] with the help of the Haar measure (2.5), the moments are easily computed to be

N3 Ngé (N = 2)I(N)T(s = )I(s)’(s + N = 3)
[(s +Y23)0(s + 5A0(s + 852 0(s + Y52)T(s + 5

(P = V N >3.
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From (3.4), the rescaled quartic Dirac rephasing invariant (2.3) has for PDF

N-=3 N=2 N-=3 N=2 N-1

_ o  AANAl sof 2 2 3 3 3
Pp(xP)dxP? = {M((xP) 1) }(xP)dxP = 23 N3Nz (N - 2)['(N)G33 ( IR 0 0 N3 xD>de,
2 9 9 9 9
which translates into
N3 N2 N=3 N2 N-1
Pp(yP)dyP = 25-N35-Ng(N — z)r(N)|yD|G§;‘;< ] 20 30 30 ; ‘108|yD|2> dyP (4.3)
2> 5 5 9 -

for all quartic Dirac rephasing invariants y?.

V. DISCUSSION

This section compares the analytic PDFs obtained above with numerical results, investigates the behavior of the PDFs
around the origin (vanishing rephasing invariants), and discusses the physical implications of the PDFs (considering |y
instead of y for the quartic rephasing invariants due to their PDF invariance under y — —y).

A. Analysis of the PDFs

The three PDFs as a function of the neutrino number N for the quadratic, quartic Majorana, and quartic Dirac rephasing
invariants are given in (4.1), (4.2), and (4.3), respectively. We reproduce the results here for convenience,

P(x)dx = {M N x1) }x)dx = (N = 1)(1 — x)¥2dx,

N—

IS
=
|

ey Tt R (M P
_37 _55 _Ev 0
N-3 N=-2 N-3 N-2 N-1
Pp(yP)dyP = 25-N35-N (N — 2)[(N DGS‘O( o2 3 s 3 ‘108 D2)d D 5.1
p(y7)dy (N =2)L(N)|y”|Gs;5 S1oo 0 0 N-3 P ) dy (5.1)

We can now compare the analytic results (5.1) with numerical results and investigate the behavior of the PDFs (5.1) around
the origin. For the numerical results with a given N, we simply generate a large sample of random N x N unitary matrices
and determine their rephasing invariants. In each case (quadratic, quartic Majorana, and quartic Dirac), we did verify
numerically that all rephasing invariants of the same type have the same PDF.

We first begin with the quadratic rephasing invariant. Their PDFs (4.1) for different N are shown in Fig. 1 and their
behavior around x = 0 is given by

P(x) ~ (N —=1)[1 = (N —2)x].

Clearly, the quadratic rephasing invariant PDFs peak around x = 0 as the number of neutrinos N increases. This feature is
common to all types of rephasing invariants.

The quartic Majorana rephasing invariant PDFs (4.2) for different N are shown in Fig. 2. Their behavior around y” = 0
can be written as

(N-=2)(N-1)

Pu(y") ~ S 2 (160M ) + 4(2Hy s = 31n2) In (16 )

5 2
—12(4Hy_3 —3In2)In2 + 16H12\,_3 +16Hy_3, — % )

where we used (3.6). We note that the case N = 2 must be evaluated with the help of the limit N — 2. Moreover, contrary to
the two other PDFs, the PDF for the quartic Majorana rephasing invariants blows up at the origin.

Finally, for different choices of N, the quartic Dirac rephasing invariant PDFs (4.3) are illustrated in Fig. 3. Using (3.6)
again, around the origin y? = 0, the PDFs behave as

036001-7



JEAN-FRANCOIS FORTIN et al.

PHYS. REV. D 102, 036001 (2020)

N =2

10 |||u|| "l I. [Ln i 0 adin 'ulll I'
l|"|'| '“ IR R A "-r i |—| i

0.2 0.4 0.6 0.8 1

FIG. 1.

X

0.8 1

Quadratic rephasing invariant PDFs for different values of N. The red curves correspond to the analytic results while the

histograms correspond to the numerical results with a sample of 5 x 10* unitary matrices.
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for N = 3 and
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for N > 3. The case N = 3 must be considered separately
since the limit N — 3 does not commute with the limit
y? = 0.

We note that the analytic results (5.1) are in perfect
agreement with the numerical results, validating our
approach based on the Mellin transform. Moreover,
although they are not expressed in the same way, we have
checked that the explicit PDFs (5.1) match the ones found
in [7] for N=2 and N = 3.2

*The equality of the PDFs implies identities between the
Meijer G functions obtained here and the expressions in terms
of hypergeometric functions and Meijer G functions computed
in [7].

B. Analysis of the average values
By analyzing the PDFs and the average values of |y
and |yP|, it was argued in [7] that the 3 x 3 PMNS matrix
was likely to have been drawn randomly from a probability
experiment distributed following the Haar measure.
Moreover, it was found that the N =3 average value
(]yP]) = x/105 ~ 0.030 was in very good agreement with
the experimental value |y2,| = 0.032 +0.005.° It is of

interest here to investigate the average values for arbitrary

*Here and in the following, we always assume N =3 in
extracting the rephasing invariants.
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FIG. 2. Quartic Majorana rephasing invariant PDFs for different values of N. The red curves correspond to the analytic results, while
the histograms correspond to the numerical results with a sample of 5 x 10* unitary matrices.

neutrino number N, which could be relevant for physics
beyond the Standard Model with sterile neutrinos.

Using (5.1) or the associated moments, the average
values of the absolute values of the rephasing invariants
and the average values of the rephasing invariants square
are given by

| 2
W=y -y
N 2
(Iy™1) :m,
M |2 2
M =y w w3
b z(N=2)
W = v —sev s nav s 1
(PP = y-2 (52)

2(N=1)N*(N+1)(N+2)

A comparison of the averages (5.2) as a function of the
neutrino number N and the experimental values is provided
is Fig. 4. Here the solid red lines are the average values
(5.2), while the blue and the green dots correspond to
values calculated from the experimental values for the

mixing angles and phases. For the two quartic Majorana
rephasing invariants, the values correspond to maximum
allowed y¥ (blue) and y3 (green) while for the Dirac
rephasing invariant, the blue and the green dots correspond
to the best-fit observed value and the maximum allowed
value respectively. We see that under the probabilistic
approach used here with the Haar measure, the case N = 3
is the best-case scenario to match with nature when
considering the quartic Dirac rephasing invariants. For
the quartic Majorana invariants, our statistical approach
also points toward N = 3 when considering the maximum
allowed values for both invariants (N = 2 would be better,
since it allows for the very large |y}|, but that case is
excluded). We thus conclude that in our framework, there
would not be any extra sterile neutrino (apart, e.g., from the
three heavy neutrinos responsible for the type I seesaw
mechanism).

4By best-fit value, we mean the rephasing invariants computed
from the best-fit mixing angles and phases extracted from
observations assuming N = 3. By maximum allowed values,
we mean the rephasing invariants computed from the best-fit
mixing angles extracted from observations assuming N = 3.
Hence, in the latter, the phases are kept free.
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N =4

Quartic Dirac rephasing invariant PDFs for different values of N. The red curves correspond to the analytic results, while the

histograms correspond to the numerical results with a sample of 5 x 10* unitary matrices.

Before concluding, it is of interest to point out that
the largest rephasing invariants obtained from the Haar
measure originate from the smallest neutrino number.
Hence, CP violation is larger for smaller N. This
matches with our observation that all three PDFs

— (M)
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peak around the origin as the number of neutrinos N
increases, leading to vanishing moments as N — oo.
In fact, it is now easy to perform a large N analysis.
For example, from the average values (5.2), we

see that
— (")
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FIG. 4. Quartic rephasing invariant average values (solid red lines and black dots) in function of the neutrino number for Majorana
(left panel) and Dirac (right panel) rephasing invariants. In the left panel, the blue and green dots represent the maximum allowed values
(for N = 3) calculated from the experimental values for the mixing angles. In the right panel, the blue dot represents the best-fit observed
value (for N = 3) and the green dot represents, as in the left panel, the maximum allowed value (for N = 3) also calculated from the
experimental values for the mixing angles.
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Therefore, the leading term in the large N approxima-
tion leads to exact results for the quadratic rephasing
invariant average values but for N = 3 it overestimates
the quartic Majorana average values by a factor of 4/3
and the quartic Dirac average values by a factor of
35/24. Hence, higher order corrections in 1/N are
necessary to obtain good approximations for the quartic
rephasing invariants when N = 3.

(5.3)

VI. CONCLUSION

In this paper, we studied analytically the statistical
implications of the Haar measure for the rephasing invar-
iants of the PMNS matrix as a function of the number of
neutrinos. After a review of the rephasing invariants and
the Haar measure, we introduced the Mellin transform
approach to determine the PDFs with the help of the
moments. We calculated the latter from a given para-
metrization for unitary matrices and showed that under
the Haar measure, all PDFs for rephasing invariants of the
same type are equivalent. We then computed the three
independent PDFs in terms of the Meijer G functions and
studied their physical implications.

We first compared our analytical results with numerical
results by generating a large sample of unitary matrices and
computing their rephasing invariants. We also studied the
behavior of the PDFs around the origin, showing that they
peak at that point, implying that the average values of the
absolute values of the rephasing invariants tend to zero as
the neutrino number increases.

We then investigated the average values of the absolute
values of the rephasing invariants by comparing them with
experimental values. We argued that the N = 3 case is
preferred in our statistical analysis. However, to take into
account all rephasing invariants at the same time, it would
be necessary to consider the joint PDF for all rephasing
invariants.

With this work, we now have the PDFs for all rephasing
invariants under the Haar measure, which appears in the
anarchy principle. The PDF for the light neutrino masses
originating from the anarchy principle is also known for
arbitrary neutrino number, but it is expressed in terms of a
complicated multidimensional integral. It would be of
interest to determine an analytic form for these PDFs,
maybe in a large N setting.

ACKNOWLEDGMENTS

This work is supported by Natural Sciences and
Engineering Research Council of Canada.

[1] K. A. Olive et al. (Particle Data Group Collaboration),
Review of particle physics, Chin. Phys. C 38, 090001
(2014).

[2] I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-
Soler, and T. Schwetz, Updated fit to three neutrino mixing:
exploring the accelerator-reactor complementarity, J. High
Energy Phys. 01 (2017) 087.

[3] C. Jarlskog, Commutator of the Quark Mass Matrices in the
Standard Electroweak Model and a Measure of Maximal CP
Violation, Phys. Rev. Lett. 55, 1039 (1985).

[4] O.W. Greenberg, Rephase invariant formulation of CP
Violation in the Kobayashi-Maskawa framework, Phys.
Rev. D 32, 1841 (1985); I. Dunietz, O. W. Greenberg,
and D.-D. Wu, A Priori Definition of Maximal CP Viola-
tion, Phys. Rev. Lett. 55, 2935 (1985).

[51 G.W. Gibbons, S. Gielen, C.N. Pope, and N. Turok,
Measures on mixing angles, Phys. Rev. D 79, 013009 (2009).

[6] C. Dunkl and K. Zyczkowski, Volume of the set of
unistochastic matrices of order 3 and the mean Jarlskog
invariant, J. Math. Phys. (N.Y.) 50, 123521 (2009).

[7] J.-F. Fortin, N. Giasson, and L. Marleau, Probability density
functions for CP-violating rephasing invariants, Nucl. Phys.
B930, 384 (2018).

[8] K. Abe et al. (T2K Collaboration), Combined Analysis of
Neutrino and Antineutrino Oscillations at T2K, Phys. Rev.
Lett. 118, 151801 (2017); Measurement of neutrino and
antineutrino oscillations by the T2K experiment including a
new additional sample of v, interactions at the far detector,
Phys. Rev. D 96, 092006 (2017); Constraint on the matter—
antimatter symmetry-violating phase in neutrino oscilla-
tions, Nature (London) 580, 339 (2020).

[9] L.J. Hall, H. Murayama, and N. Weiner, Neutrino Mass
Anarchy, Phys. Rev. Lett. 84, 2572 (2000); A. de Gouvea
and H. Murayama, Statistical test of anarchy, Phys. Lett. B
573, 94 (2003); J. Heeck, Seesaw parametrization for n
right-handed neutrinos, Phys. Rev. D 86, 093023 (2012);
A. de Gouvea and H. Murayama, Neutrino mixing anarchy:
Alive and kicking, Phys. Lett. B 747,479 (2015); Y. Bai and
G. Torroba, Large N (=3) neutrinos and random matrix
theory, J. High Energy Phys. 12 (2012) 026; J. Heeck
and W. Rodejohann, Sterile neutrino anarchy, Phys. Rev. D
87, 037301 (2013); X. Lu and H. Murayama, Neutrino
mass anarchy and the universe, J. High Energy Phys. 08
(2014) 101; K. S. Babu, A. Khanov, and S. Saad, Anarchy
with hierarchy: A probabilistic appraisal, Phys. Rev. D 95,
055014 (2017); A.J. Long, M. Raveri, W. Hu, and

036001-11


https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1007/JHEP01(2017)087
https://doi.org/10.1007/JHEP01(2017)087
https://doi.org/10.1103/PhysRevLett.55.1039
https://doi.org/10.1103/PhysRevD.32.1841
https://doi.org/10.1103/PhysRevD.32.1841
https://doi.org/10.1103/PhysRevLett.55.2935
https://doi.org/10.1103/PhysRevD.79.013009
https://doi.org/10.1063/1.3272543
https://doi.org/10.1016/j.nuclphysb.2018.03.009
https://doi.org/10.1016/j.nuclphysb.2018.03.009
https://doi.org/10.1103/PhysRevLett.118.151801
https://doi.org/10.1103/PhysRevLett.118.151801
https://doi.org/10.1103/PhysRevD.96.092006
https://doi.org/10.1038/s41586-020-2177-0
https://doi.org/10.1103/PhysRevLett.84.2572
https://doi.org/10.1016/j.physletb.2003.08.045
https://doi.org/10.1016/j.physletb.2003.08.045
https://doi.org/10.1103/PhysRevD.86.093023
https://doi.org/10.1016/j.physletb.2015.06.028
https://doi.org/10.1007/JHEP12(2012)026
https://doi.org/10.1103/PhysRevD.87.037301
https://doi.org/10.1103/PhysRevD.87.037301
https://doi.org/10.1007/JHEP08(2014)101
https://doi.org/10.1007/JHEP08(2014)101
https://doi.org/10.1103/PhysRevD.95.055014
https://doi.org/10.1103/PhysRevD.95.055014

JEAN-FRANCOIS FORTIN et al. PHYS. REV. D 102, 036001 (2020)

S. Dodelson, Neutrino mass priors for cosmology from [13] E.E. Jenkins and A.V. Manohar, Rephasing invariants of

random matrices, Phys. Rev. D 97, 043510 (2018). quark and lepton mixing matrices, Nucl. Phys. B792, 187
[10] N. Haba and H. Murayama, Anarchy and hierarchy, Phys. (2008).

Rev. D 63, 053010 (2001). [14] R. Muirhead, Aspects of Multivariate Statistical Theory
[11] J.R. Espinosa, Anarchy in the neutrino sector?, arXiv: (Wiley, New York, 2009).

hep-ph/0306019. [15] C. Spengler, M. Huber, and B. C. Hiesmayr, A composite
[12] J.-E. Fortin, N. Giasson, and L. Marleau, Probability density parameterization of unitary groups, density matrices and

function for neutrino masses and mixings, Phys. Rev. D 94, subspaces, J. Phys. A 43, 385306 (2010); Composite

115004 (2016); J.-F. Fortin, N. Giasson, and L. Marleau, parameterization and Haar measure for all unitary and

Anarchy and neutrino physics, J. High Energy Phys. 04 special unitary groups, J. Math. Phys. (N.Y.) 53, 013501

(2017) 131. (2012).

036001-12


https://doi.org/10.1103/PhysRevD.97.043510
https://doi.org/10.1103/PhysRevD.63.053010
https://doi.org/10.1103/PhysRevD.63.053010
https://arXiv.org/abs/hep-ph/0306019
https://arXiv.org/abs/hep-ph/0306019
https://doi.org/10.1103/PhysRevD.94.115004
https://doi.org/10.1103/PhysRevD.94.115004
https://doi.org/10.1007/JHEP04(2017)131
https://doi.org/10.1007/JHEP04(2017)131
https://doi.org/10.1016/j.nuclphysb.2007.09.031
https://doi.org/10.1016/j.nuclphysb.2007.09.031
https://doi.org/10.1088/1751-8113/43/38/385306
https://doi.org/10.1063/1.3672064
https://doi.org/10.1063/1.3672064

