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Abstract. The form of the mixing matrix of quarks is discussed. The exponential parameterisation of the
Cabibbo—Kobayashi-Maskawa (CKM) matrix is identified as the most general form of the mixing matrix.
Its properties are reviewed in the context of the unitarity requirement. A recurrence series representation of
the exponential form of the mixing matrix that is easy to handle is obtained, allowing for a direct and simple
method of calculation of the CKM matrix. The generation of the new parameterisations of the CKM matrix

by the exponential form is demonstrated.
1 Introduction

One of the greatest advances in physics in the 20th cen-
tury was certainly that of the formulation of the stan-
dard model (SM) [1-3], in which a joint description of
the electromagnetic and weak interactions is implemented
via the gauge theory based on the SU(2)r (weak isospin) X
U(l)y(weak hypercharge) 8roup and its spontaneous breaking
via the Higgs mechanism [1,2,4]. The SM has been exten-
sively tested during the last decades, and so far experimen-
tal results do not contradict it. At present the Higgs boson
remains the only one missing piece of the standard model
to be confirmed experimentally.

The quark mass eigenstates differ from the weak eigen-
states. These latter consist of a linear combination of eigen-
states of the strong interaction. Indeed, the weak eigen-
states of the quarks (¢’) are linear superpositions of the
mass eigenstates (¢) given by the unitary transformations:

u u

C: = UL,R C s

L L,R ¢ L,R

d d

Si = DL,R S s (1)
b L,R b L,R

where the U, g and Dy, g are unitary matrices (unitary in
order to preserve the form of the kinetic terms in the initial
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massless Dirac Lagrangian for the quarks), and the sub-
scripts L and R stand for the left and right components.
The matrices Ur, g and Dy, r diagonalise the mass matrices

MUYP for the up and down quarks v and d:

m, 0 O
Ug'MYU,=( 0 m. 0 |,
0 0 my
mq 0 0
Dg'MPDL=| 0 ms 0 |, (2)
0 0 mp

which constitutes the following mass terms for the up and
the down quarks:

(ﬂ/ E/ f/) MU Z/
R

+h.c.,
!/
t L
d/
(d s b ), MP ls)i +h.. (3)
L

In this case, the charged weak current for the three quark
generations is written as follows:

d/
= (@@ )l ¥
L
) d
=(u Et)L(Uﬂ'DL)% z (4)
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From the above formula, we pick out the mass mixing ma-
trix V, as follows:

Vud Vus Vub
Vea Ves Ve | - (5)
Via Vis Vip

V=U{Dy=

In this context it is clear that the mixing matrix V — a uni-
tary 3 X 3 matrix that acts on the charge —e/3 physical
mass states (d, s,b) and transforms them into new inter-
action eigenstates (d’, s’,b’) — plays the central role in the
theory.

2 Exponential and other mixing
matrix parameterisations

The mixing matrix V' can be written in several forms. The
first one, proposed by Kobayashi and Maskawa [5], in ex-
plicit parameterisation was given by the Euler angles 6;
and the complex phase §. The common form of this param-
eterisation with a different placement of the phase, given
by the three mixing angles 612, 623, #13 and the CP non-
invariant phase §, is written as follows [6—10]:

V=
c12¢13 ‘ 512€13 ‘ size

— 512093 — 12823513 C12c23 — s12523513€"  sascis |
$12823 — C12¢23513¢"°  —C12593 — S12¢23s13€"  C23C13

(6)

with ¢;; = cosf;j, s;j =sinf;;, and the “generation” in-
dex 4,5 =1,2,3. These parameterisations are exact to all
orders. When one of the angles vanishes, so does the mixing
between the related generations. In the limit 23 = 613 =0
the third generation decouples from the other ones, and we
end up with the well known case of Cabibbo mixing [11]
with 912 = 9C.

The proposals for the approximate form of the V matrix
are essentially based on its expansion into a power series
of the parameter A = sin 6. ~ 0.22. The analysis of the ex-
perimental data related to the decay times of the various
particles expressed in terms of the Cabibbo angle shows
that the matrix V' can be written with an accuracy of up to
A2 in the following simple form:

1-A2/2 A 0
—A 0 1-X%/2 27 | (7)
0 -1

Ve

The matrix V in (7) is unitary and sets the second order pa-
rameterisation. Among the higher order parameterisations
of the mixing matrix, the one best known is the parame-
terisation proposed by Wolfenstein, which contains the free
parameters p, n and A [12]:

1-A%/2 A AX3 (p—in)
Vv = - 1-)2/2 AN? . (8)
AN (1—p—in) —AN? 1
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It satisfies the unitarity requirement with an accuracy of
O(A\3). Note that the complex entries of the matrix (8) can
be written as exponents; then (8) is sometimes called the
Altarelli-Franzini form.

Probably, the most general form of the mass mixing ma-
trix is the exponential representation [13—15]):

V =exp (/1) ) (9)

where A is a 3 x 3 matrix. According to the Cayley—
Hamilton theorem [16], the matrix V' can be explicitly
written as the sum of powers of the matrix A, as follows:

V:eA:aof—I—alfl—i—agflz, (10)
where the coefficients of the expansion are determined
from the algebraic system in which the eigenvalues of A are
involved. In general, the entries of the matrix A are com-
plex in order to account for the C'P violation effects:

R 0 a; as
A=| —a7 0 —a} (11)
—a3 az 0

In the simplest case, of real values of the entries, they can
be set as follows:

A= /my/ms.

In order to account for the C'P violation together with the
flavour mixing, the matrix A can be written in the follow-
ing simple anti-Hermitian form [17, 18], which ensures the
unitarity of the matrix V:

a; =\, i=1,2,3, (12)

0 A Mexp (i)
-A 0 —\?
—Mexp (—id) N2 0

A= . (13)

where the parameter § accounts for the violation of the
CP symmetry, and the parameter A is responsible for
the quark flavour mixing. Evidently, the free parameters
in the parameterisation form (13) have been reduced, re-
spectively, to that employed in the Cabibbo—Kobayashi—
Maskawa matrix. Due to the small value of A, the expo-
nential representation (9) can be written in the form of a
rapidly converging series:

exp[4] =3 2

n=0

(14)

The exponential form of the matrix V includes the com-
monly used Wolfenstein and Altarelli-Franzini matrices.
Indeed, we can consider the following generalised form of
the exponential matrix with additional parameters x and

y:

i 0 A (z))?exp (i6)
A= —A 0 —-@N? |, (15)
— (zA)’ exp (~16) (yA)? 0
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which, upon expansion into a series to the fourth order of
A, yields

V
1., A A3 3 .
1-2A +3ﬂ 2 ’\;F A2 A (p—in)
by A2 X 1 5 i
_)\_0_? 1_?—?(,4 ﬁ) MA(l—-—a+ik) |
NA(L-p—in)  —NA(1-f+ir) 1Az
(16)
with
x> x> A2
=1/2—— 5, = — si 57 =51
p=1/ /2 cos n y2s1n K=
A:_y27
A2 /1 23 N1 a8
a= (5-Fews) o= (3+irems)
(17)

It is now obvious that keeping only the terms of third order
in A in (16) and taking into account the small value of A ~
0.22, we obtain the extended form of the Wolfenstein ma-
trix [12,19], which differs from the Altarelli-Franzini ma-
trix just by the complex number representation r exp [i¢] =
p+in. However, different from [12], we write the param-
eters a, 3, p,n, xk and p in the matrix (16) as certain well
defined functions of A, x,y and ¢, as given by the formu-
lae (17). For z =y =1, i.e. from (13), exactly the form (8)
of the Wolfenstein mixing matrix follows. The high order
parameterisations, like for example in [20], are reproduced
by (16) exactly up to third order, and the difference ap-
pears in the high order corrections. For example, there are
corrections of fourth order in A\, AV, AV.y and AV
in (16), and the coefficients in the terms AV, and AV, dif-
fer from the ones given in [20]. The imaginary part of AV;,
can be written Im (AV;,) = —iA)\477/2, whereas AV, coin-
cides with the corresponding term in [20].

3 Recurrence relations for the exponential
CKM matrix

The mass mixing matrix V, written in the exponential
form (9), can be calculated with theoretically arbitrary ac-
curacy by accounting for high order terms in the power se-
ries expansion (14). In what follows, we shall demonstrate
how this procedure can be completed. Consider the matrix
of third order with complex entries A = {a;;} (¢, =1, 2, 3)
and the following invariants:

J1 :TrA:a11+a22+a33, (18)
ail ai2 a11 a13 az2 a23 (19)
az1 a2 a31 a33 as2 ass
and
Jy—det A. (20)
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It has been shown [21] that, with the help of the Cayley—
Hamilton theorem, the nth power of the matrix A can be
expressed in terms of the Chebyshev polynomials of two
variables and in terms of the first and the second powers of
the matrix A as follows:

n—2
A" =pp_1(u,0) J3 3 A* 4 (—vpn—2 (u,v) + 3 (u,v))
n—1 n
X J3 3 A+pn_o(u,v)J3 T (21)

Here the variables v and v are defined by the relations

_1 _2
u=J1J; 3, v=JaJg ?, (22)
I is the unit matrix, and the matrix invariants J; 23 are
defined by (18), (19), and (20). The Chebyshev polynomi-
als of two variables p,, (u, v) obey the following recurrence

relation:

Pn (U, v) = upn—1 (4, v) = vpp—2 (u,v) + pn—3 (u,v), (23)
and this yields the first three terms:
po(u,v) =0, p1(u,v)=1, p2(u,v)=u. (24)

In the case of the matrix A as given by (13) with § = 0 (real
case), the first and the third matrix invariants vanish,
M+ AE

J3=0, J=0, Jo= (25)

Moreover, since det A = 0, the recurrence relation (21) re-
duces to the following simple form:

n—1 n J
An+1:JTUn7 ( >A2 JjUnf ( 1 )A,
: "\2vin 2 \evih
(26)

where U, (z) are the Chebyshev polynomials of the second
kind. Since Tr (A) = 0, the argument u (see (22)) of the
Chebyshev polynomial equals zero, and the polynomial re-

duces to
n
e (-3).
cos 7r2

with the following oscillating values: U,, =1,0,—1,0, 1,0,
etc. Now, substituting the expressions (25), (26), (27),
and (13) with 6 = 0 into the series expansion (14), we ob-
tain the following series for the matrix V:

(27)

B (A2 42840
B Z: (n+1)!
N - sin (22 )AQ‘(;:O
X COS(2)A5:O+—(/\2+/\4+)\6) , (28)

where the matrix A is given by (13), and its second power
explicitly can be written as follows:

A —AZ )6 A5 exp (id) -3
A2 = Nexp(—if) —A2-)2*  —Mexp(if)
-3 —Atexp(—i6) —At—)6

(29)
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Thus, formula (28) essentially represents the exponential
mass mixing matrix V', written in terms of the first and the
second powers of the matrix A for § = 0. .

In the case of complex values of the entries of A, i.e. § #
0, the expression for the invariant J> coincides with that
obtained for the real case. However, since det(A) # 0, J3
takes a nonzero value,

J5 = det (A) — —2)%sinh (id), (30)
so that the recurrence relation in the form (21) has to
be employed for our calculations. However, the relation
J1 = 0 makes the variable v vanish — u = 0 (see the defin-
ition (22)), and hence, the mixing matrix V' is now given by
the following recurrence relation:

T PEE ol 75
=1+ +7+n§m Gn—1 (w) J

~>

(g (0) s (0)) Lo T At s (w) IE ) |
(31)

where the matrix A is specified by (13) and its second order
is given by (29), whereas the polynomials g,, are given by

an (w) =

n+2 1
a2 _
w Un ( 2w+/w

)+wnT+5Un_1 (— L

2wﬁ> + w—n+1
2+ w3

(32)
The polynomials in (32) involve Chebyshev polynomials of
the second kind, U, (z), with variable the w related to the

variable v (see the definition of (22)) by the following rela-
tion:

v=w—w 2. (33)

In the complex case, d # 0, the variable v can be writ-
ten in terms of the parameters A and J, as it follows
from (22), (30), and (25):

v= (A4 M%) (—20%sinh (i6))F . (34)

4 Conclusions

It can be seen from the exponential forms (13) and (15)
that the matrix V' can be represented as a sum of the fol-
lowing two terms, i.e., A; of the first order and As of the
second order in )\,

o A 0 A0
A=A1+A, A= -X200],
0 00
0 0 (z))’exp (id)
Ay = 0 0 2

— (@))’ exp (—id) (yA)?
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Recalling that it is the exponential form (9) that gives

physical sense to the matrix A, we can write V in the fol-
lowing form:

e (5 ) o (42) e ()

+ % [Av [Ads] [ +0 (x9). (36)
Taking into account the physical value of the parameter A =2
0.22, we find that the last commutator term in (36) is of the
order O(X%). The above relation (36) between the exponen-
tial forms yields in fact the new parameterisation with the
mass mixing matrix being the following matrix product:

. A .
Voy=P1- P2 P, P1=eXp<7l>7 P2=eXP<A2>a
(37)

which has the same entries as the matrix V in (9) up to
O(X%). The form of the matrix P can easily be obtained
from (37). Indeed,

cos (A/2) sin(A/2) 0
P = —sin(A/2) cos(N/2) 0 |, (38)
0 0 1

and it can easily be verified that it is contained in the
first order expansion of the Kobayashi—-Cabibbo—Maskawa
matrix (6). The matrix P, accounting for the second and
higher order contributions, can be written as follows:

P =

Y2+5\2 cos (AQA) (1fcos (AQA)) is X sin ()\2/1)
S — e =

Oy

i85y (lf_izcos_()\2/i)) N2 +y? fosA(zx%i) _ysin (AA_QA)
2 A2 A
7e_i65\75in ()_‘QA) Yisin (A_2A) cos (A2/i>
A
(39)
where
A=1\Y24X2, Y =42 A=z°). (40)

The expressions (37) and (38) are exact, and the direct
check of the unitarity of the matrix V,, given by (37) and
(38), (39) confirms that the new parameterisation V, =
P, - P, - P is unitary.

The expansion of the V,, matrix in a power series of
A to the order O(A\?) yields, for z=1, y=1 and § = 0, the
Kobayashi—-Cabibbo—Maskawa matrix Vky, whereas the
higher order expansions include the Altarelli-Franzini and
the Wolfenstein parameterisations.

Moreover, the series form of the exponential mass ma-
trix obtained, with each term eventually reduced to the
first and second powers of the matrix A and the sum of its
minors, allows one to find them easily in a numerical form
with any chosen accuracy. The unitarity of the matrix V'
is preserved at every order of A. The exponential forms (9)
of the mass mixing matrix V obtained with account of
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the formulae (13) and (15), (28), (31), and (37), generalise
the Wolfenstein and Altarelli-Franzini parameterisations
of the matrix V. The symmetric and generic form of
the obtained parameterisation formulae naturally includes
the hierarchical feature of the Wolfenstein and Altarelli-
Franzini parameterisations. It can be seen that the cal-
culations of the series, obtained for the exponential mass
mixing matrix, can easily be performed also in the case of
0 # 0, thus accounting for the violation of the C'P symme-
try at any desired order of A with the invariance preserved.

Formulae (31), (32) and also (37)—(40) define new uni-
tary mixing matrix parameterisations. Eventually, we have
to say that despite significant progress in experimental
physics in the last decades, the experimental check of high
order contributions to the mass mixing matrix still remains
beyond present experimental capabilities.
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