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Unitarity violation of the CKM matrix in a nonuniversal gauge interaction model
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We explore the unitarity violation of the Cabibbo-Kobayashi-Maskawa (CKM) matrix in the model
where the third generation fermions are subjected to the separate SU(2); gauge interaction. With the
recent LEP and SLAC linear collider (SLC) data at Z-pole and low-energy neutral current interaction data,
the analysis on the parameter space of the model is updated, and the unitary violation is predicted under

the constraint.
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L. INTRODUCTION

The Cabibbo-Kobayashi-Maskawa (CKM) matrix de-
scribes quark mixing for the charged current interaction.
Each element of the CKM matrix is not determined theo-
retically but just parametrized by three angles and one
phase due to the unitarity nature of the CKM matrix in
the framework of the standard model (SM). The unitarity
of the CKM matrix is a universal feature of the flavour
physics and also holds in many new physics scenarios like
the minimal supersymmetric standard model (MSSM) as
well as in the SM. Recently the precision test on the CKM
matrix becomes possible and the unitarity check on the first
row of the CKM matrix has been reported [1]. We parame-
trize the unitarity relation for the first row of the matrix as

|Vud|2 + |Vus|2 + IVub|2 =1- A’ (1)

and A should be zero in the SM. Experimentally each
element has been measured through various weak interac-
tion processes. From the recent nuclear B-decay data, the
first element is determined such that |V, | = 0.9740 =
0.0005. Combined with [V, | = 0.2196 + 0.0023 from
kaon decays and |V,,;,| = 0.0036 = 0.0009 from B decays,
it leads to A = 0.0031 = 0.0014, which indicates a viola-
tion of the unitarity by 2.2¢ standard deviation [2].
However, recent experimental results on |V, | supports
the unitarity again [3] and this issue is still controversial.

If the violation of the unitarity relation in the CKM
matrix turns out to be true, it is a clear evidence of the
new physics beyond the SM. It suggests an interesting
constraint for the nature of the possible new physics since
the conventional supersymmetric models and grand unified
theory (GUT) models usually preserve the unitarity of the
CKM matrix. An example of model having nonunitary
CKM matrix is the model with a heavy singlet quark where
the mixing between the singlet quark and ordinary quarks
can violate unitarity. Another example is the model with
fourth generation, where the 4 X 4 quark mixing matrix is
unitary while 3 X 3 mixing matrix is not.
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The nonuniversal gauge interaction is also a possible
candidate leading to the nonunitarity of the CKM matrix.
The quark mass matrices are diagonalized by a biunitary
transformation with two independent unitary matrices V;,
and V corresponding to the transformations of left-handed
and right-handed quarks, respectively. The charged current
interactions in terms of physical states are expressed by the
product of the two unitary transform matrices for left-
handed up-type and down-type quarks in the SM. Then
the mixing matrix in the charged current interaction should
be unitary since it is the product of two unitary matrices.
However, if the SU(2) gauge interaction is nonuniversal,
the mixing matrix consists of

a 0 O
Ve = VI 0 b 0 |Vv2, )
0 0 ¢

which is no more unitary unless |a|*> = |b|?> = |c]|*>. We
consider a model which contains a nonuniversal gauge
interaction to predict a nonunitary CKM matrix in this
work.

We consider the model where a separate SU(2) group
acts only on the third generation while the first two gen-
erations couple to the usual SU(2) group [4,5]. This gauge
group can arise as the theory at an intermediate scale in the
path of gauge symmetry breaking of noncommuting ex-
tended technicolor (ETC) models [6]. Since different
SU(2) gauge group is assigned on the third generation,
the corresponding gauge coupling constant is different
from that of the first and second generations in general,
which indicates that the electroweak gauge interaction is
nonuniversal. The nonuniversality of the gauge couplings
leads to the violation of the unitarity in the CKM matrix,
although the unitarity violating term is suppressed by the
heavy scale of new physics. On the other hand, the flavour-
changing neutral current (FCNC) interactions generically
emerge in this model, since the neutral currents are no
more simultaneously diagonalized with the quark mass
matrix. Together with a new spectrum of gauge bosons,
the FCNC interactions predict various new phenomena at
colliders and low-energy experiments, and highly constrain
the model parameters. The phenomenology of this model
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has been intensively studied in the literatures, using the
Z-pole data [4,5,7,8] and the low-energy data [8,9].

In this work, we update the previous analysis in Ref. [7]
with the recent LEP and SLC data [10]. The atomic parity
violation (APV), the neutrino-nucleon scattering, ve — ve
scattering, and polarized e-N scattering data are also con-
sidered to improve the constraints on the model parameters
describing the new physics scale and Z-Z' mixing. We
estimate the unitarity violation in the proposed model
and show that the unitarity violation data presented in the
Ref. [2] can be explained in this model under the con-
straints from Z — bb process at the Z-pole and low-energy
experiments.

The observable quantity for quark mixing is the only
product of the unitary transform matrices for the left-
handed up-type and down-type quarks in the SM.
However in this model, the matrix elements of the individ-
ual unitary transform matrices may manifest in some pro-
cesses involving the third generation and we might
confront doubled parameters on the quark mixing. Thus
we have to be careful in treating new parameters.

This paper is organized as follows: In section II, we
briefly review the model with a separate SU(2) symmetry
on the third generation and show the unitarity violation in
this model. The Z-pole data in the LEP and SLC experi-
ments and low-energy neutral current interaction experi-
ments are analyzed to constrain the parameter space of the
model in section IIl. The unitarity violating term is pre-
dicted under the constraints in section IV and we conclude
in section V.

II. THE MODEL

We consider the model based on the extended electro-
weak gauge group SU(2); X SU(2), X U(1)y. The first
and the second generations couple to SU(2); group and
the third generation couples to SU(2), group. We assign
that the left-handed quarks and leptons of the first and
second generations transform as (2,1,1/3), (2,1, — 1) and
those in the third generation as (1,2,1/3), (1,2, — 1) under
SU(2); X SU(2);, X U(1)y, while right-handed quarks and
leptons transform as (1,1,2Q) with the electric charge Q =
T3, + T3, + Y /2. We write the covariant derivative as

DF = 9k + ig T*WE, + ig, TeW}

Y
heTig' 3B ()
where T}, denotes the SU(2)(; ;) generators and Y the U(1)
hypercharge. Corresponding gauge bosons are W,’f o W;: o
and B* with the coupling constants g;, g5, and g’, respec-

tively. The gauge couplings are parametrized by

e e e

__ !
&1 & Ging sing’

&= cosf

“

in terms of the electromagnetic coupling e, the weak mix-

~ sinfcosep’
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ing angle #, and the new mixing angle ¢ between SU(2),
and SU(2),,.

The gauge group SU(2); X SU(2);, X U(1) breaks down
into the SU(2);., X U(1)y by the vacuum expectation
values (VEV) () = (g 2) of the bidoublet scalar field
3, transforming as (2,2,0) under SU(2); X SU(2),, X U(1).
Sequentially the gauge group breaks down into U(1),,, at
the electroweak scale v by the VEV of the (2,1,1) scalar
field ®. We require that the first symmetry breaking scale
is higher than the electroweak scale, parametrized by
v2/u? = A < 1. We demand that both SU(2) interactions
are perturbative so that the value of the mixing angle sin¢
is constrained g(zl, n /4 <1, which results in 0.03 <

sin’¢ < 0.96. After the symmetry breaking, the masses
of the heavy gauge bosons are given by

2
my

Asin®¢cos? ¢’ )

= m, =
while the ordinary gauge boson masses given by m%vi =
m3(1 — Asin* ) = m%cos>0 where my = ev/(2sind).
Since the couplings to the gauge bosons for the third
generations are different from those of the first and second
generations, we can separate the nonuniversal part from the
universal part. First we consider the charged current:

LCC = £6C 4 fSC ©)

where L§€ denotes the universal part and L5 the non-
universal part. We consider the unitary matrices Vi and Vp
diagonalizing U-type and D-type quark mass matrices,
respectively. The universal part is given by

L, =0y, G, WH + GLW*](V{Vp)D, + He., (7)

where
__38 - 4 /
G; = ———=(1 — Asin"¢)IG
L ﬁ( PG
= i(tan<f> + Asin’ ¢ cosp)I (8)

V2
with the 3 X 3 identity matrix / and U = (u, c, t)7 and
D = (d,s,b)". We define the unitary matrix VgKM =
V;DVD corresponding to the CKM matrix of the SM. The
nonuniversal part is written in terms of mass eigenstates as:

L§C = (VEra, + Ve, + VIET) X y#(X Wi

+ X;‘W,fj)(VngdL + VgDzsL + V3D3bL), 9)
where
_ _ 8 .2 & 1
X, = ——=A . X, =—=(—)
e R 1 )

(10)

The quark mixing matrix is no more unitary because of the
existence of L3. The elements of individual unitary trans-
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form matrices V;; and V), : {Vy3;, Vpsi} manifest in the
unitarity violating term in general, which are not observ-
able in the SM. With these elements, the number of pa-
rameters increases drastically. This property might be very
interesting to predict lots of new phenomena in this model,
e.g. exotic CP violation or FCNC. However, as will be
shown later, the additional parameters {V/3;, Vp3;} do not
play a role in the present analysis.

We can read out the expression for the neutral current
interaction terms from the Lagrangian. The nonuniversal-
ity of the gauge couplings brings forth the FCNC interac-
tions at tree level which does not exist in the SM. The
FCNC effects on the lepton number violating processes
have been discussed in Ref. [7]. For the quark sector, the
FCNC interaction terms evolve with the basis used above
as follows

LYC = (VBd, + Vs, + VEby), y*(Y 2, + Y, ZIY)

X (Vid, + Visy + Viby), (11)
where
_ 8 ) ; 8 1
Y=o asintg, V=S ——— (12
LT 2cose ¢ L2 sing cosp (12)

which yield additional contributions to the B — B mixings
and rare decay processes through Z and Z' exchange dia-
grams, and have been discussed in Ref. [9]. In this paper,
we assume no lepton flavour violation to concentrate on the
quark mixings.

III. EXPERIMENTAL CONSTRAINTS
A. Z-pole data

Precision measurement of the Z-pole data at LEP and
SLC has provided highly accurate tests on the SM [10,11].
Still more than —20¢ deviation of A%, the forward-
backward asymmetry of Z — bb decay from the SM pre-
diction suggests a hint of the departure from the SM in the
list of the LEP and SL.C data. It is quite helpful to introduce
the precision variables for the study of the new physics
effects on the electroweak data because the new physics
contributions to the Z-pole observables are expected to be
comparable with the loop contributions of the SM. Here,
we use the nonstandard electroweak precision test in terms
of the € variables introduced by Altarelli ef al. [12,13]
which is useful for the analysis of the Z-pole data. This €
analysis provides a model independent way to analyze the
electroweak precision data, where the electroweak radia-
tive corrections containing whole m, and my dependencies
are parametrized into the parameters €’s. Thus the €’s can
be extracted from the data without specifying m, and my.

The universal correction terms to the electroweak form
factors Ap and Ak are defined from the vector and axial-
vector couplings of lepton pairs to Z boson given by
[12,13]:

PHYSICAL REVIEW D 71, 115008 (2005)

1/, .1

= ——(1+-4p)

i_v =1 —sin?0ly; = 1 — s3(1 + Ak),
A

(13)

X

where s is the Weinberg angle at tree level, satisfying

s3cy = mwa(my)/2Gem} and sin?@l; is the effective
Weinberg angle including the SM loop corrections to the
lepton sector. Another correction term Ary is obtained
from the mass ratio my /m, by the Eq. (1) of Ref. [13].
The parameters (€;, €, €3) are defined by the linear
combinations of correction terms as given by [12,13]

sZATF
= Ap, = c}Ap + 2= — 253 Ak,
A (14)

€3 = c3Ap + (3 — s3)Ak,

which avoid the new physics effects being masked by the
large m? corrections in €, and e;. We note that Ary, is
irrelevant for our analysis and affects only on €,. Hence we
lay aside €, in this paper.

The parameter €, is introduced to measure the additional
contribution to the Zbb vertex due to the large
m,-dependent corrections in the SM. We write the most

general amplitude for Z — bb decay as

_ g _
M(Z — bb) = S cosdy etiy, (gpy — gra¥s)i,
= mf’uﬁ('}’#(ggv - g%ﬂs)
+ ALy, P+ ARy, Pru, (15)

where €* is the polarization vector for Z boson, g,y (gp4)
is the vector (axial-vector) coupling of b quark pair to Z
boson, and g9, (g%,) is the tree-level coupling in the SM.
The electroweak corrections A% and AX depend upon m,
and myg. The large mass of top quark gives rise to addi-
tional m,-dependent contribution to AL such as
AL(m?)|gm o m?/m3, through the top quark exchange dia-
gram [14], while the contribution to AX is suppressed by
the factor of m? /m?. It is absent in the cases of light quarks.
Since the leading contribution of the electroweak radiative
correction of the SM given in Eq. (13) is left-handed in the
large m, limit, Altarelli et al. have defined €, through the
effective couplings g;4 and g,y in the following manner
[13]:
_ ! 1 ! A
8pa = 5( + 3 P)(l + €),

Eﬁzl—§s3(1+Ak)+eh
8va 1+e,

(16)

Xp

of which asymptotic contribution is given by ¢, =
—G pm?/472+/2. The parameter €, defined in this expres-
sion is identical to —A$"(m?) given in Eq. (15).
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Considering the new physics effect, AR can be sizable
and we have to introduce a new parameter to describe the
additional right-handed current interaction effects as done
in Ref. [15,16]. We define the correction terms Ap, and
Ak, in an analogous way to those of lepton sector:

1 1
8pa = 8a(1 + Ap,) = —§<1 + zAp)(l + Apy),

17)
sin0% = sin?0L,(1 + Ak,) = s3(1 + Ak)(1 + Aky),

where Ap,, is a deviation of g;, from the axial coupling of
lepton sector g4, and Ak, is introduced through the effec-
tive Weinberg angle for b quark sector. To avoid being
masked by the electroweak radiative corrections of the SM,
we define the new epsilon parameters by the relations

€, = Apy, €, = %S(Z)(Apb + Aky), (18)
with canceling A7™(m?) in €. Note that €, goes to the
original definition in Eq. (16) and €}, = 0 in the SM limit
since  Ap, = —Ak, = —AM(m?). Consequently €,
purely measures the anomalous right-handed current
interaction.

The parameters €; and €3 are extracted from the inclu-
sive partial decay width I'; and the forward-backward
asymmetry Ak, and €, and €] are extracted from the
observables of the inclusive decay width I', and forward-
backward asymmetry of bb production A%;. In conse-
quence, the four parameters €;, €3, €,, and €), are set to
be one to one correspondent to the observables I';, ALy, T,
and A%,. The quadratic m, dependences of the SM elec-
troweak radiative correction appears in €; and €, while the
m, dependence of €5 is logarithmic.

According to the definitions, we can express the observ-
ables in terms of €;’s up to the linear order as given in
Eq. (123) of Ref. [11], which make it easy to perform the
numerical analysis. We give the modification of the line-
arized relations by excluding the equation of m3%,/m% and
adding the modified equations between the observables Iy,
Ab,, and the € parameters as

Fh = FhlB(l + 1.4261 - 0.5463 + 2.296},),
Aby = Alplg(1 +17.5¢; — 22.75€3 + 0.157¢,)

while the relations of I'; and AL, remains intact

r[ = FllB(l + 1.2061 - 0.2663),
Aby = Abulp(1 + 34.72€, — 45.15¢;3),

with s3 = 0.2311. The Born approximation values I';|z
and Abg|s are defined by the tree-level results including
pure QED and pure QCD corrections and consequently
depend upon the values of a (m%) and a(m%). The QCD
corrections to the forward-backward asymmetries of b
quark pair in Z decays are given in the Ref. [17,18]. We
obtain I',|z = 379.8 MeV, and Abglz = 0.1032 with the
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values a,(m%) = 0.119 and a(m2) = 1/128.90. For the
experimental analysis of AL, a bias factor has to be
introduced to scale the QCD corrections. Here we used
the average value, s, = 0.435, given in Ref. [17]. Through
these four linear equations between (I';, AL, T, ALp), and
(€1, €3, €, €},), we obtain the 4-dimensional ellipsoid in
(€1, €3, €, €)) space from the recent LEP/SLC data given
in Table I, which yields

e =(.1=1.1)x 1073
€, = (2.8 2.9) X 1072,

€= (3.8%1.8) X 1073,
€, = (3.5%24.0) X 1072
(20)

We write the €; variables as €; = €M + €%, The SM
prediction €™ has been calculated by ZFITTER [19],
given as

eM=58x1073,

eiM = —6.6 X 1072,

eEM=50x1073,

eSM =0, @b

The new physics contributions €}°¥ are extracted from the
tree-level vector and axial-vector couplings of fermions to
Z boson

8y = T3h + T3l - ZQSiHZHW + /\Sinz(b(T:;hCOSz(b

- T3ISin2¢), (22)

8A = T3h + T3l + /\Siﬂz(]’)(T3hCOSZ¢ - T3lSin2¢),
where sin?@y, is the shifted Weinberg angle corrected by
the new contribution

2.2

. . c2s
sin?0y, = s3 — Asin*¢p 20, (23)
€~ %o

up to the linear order of A. With these shifted couplings, we
obtain €}V in our model,

€V = —2\sin* ¢, €1V = —Asin* g,
el = Asin?p(1 + [VE]?), ey = Asin’p|VE?,
(24)

which are expressed by three parameters, A, sin¢, and V%.
These parameters are constrained by the condition that
the model predictions are within the experimental ellipsoid

TABLE I.  Data on the precision electroweak tests, quoted in
[10].
Measurement

my 91.1875 = 0.0021 GeV
I, 83.984 = 0.086 MeV
AL, 0.0171 £ 0.0010
R, 0.21638 = 0.00066
Al 0.0997 = 0.0016
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given in Eq. (20). We show the plots of the projected We scan the model parameters A, sin’¢, and |V3| and
experimental ellipses for 1-o and 2-o confidence level  perform the y? analysis for €; variables.. The allowed
and the model predictions in terms of model parameters  parameter set (A, sin’¢) at 90% C.L. is depicted in Fig. 2
in Fig. 1. The left upper plot is drawn on the €,-€; plane,  together with the low-energy experiment bound. The best
the right upper plot on the €,-€, plane, the left lower plot  fit of y?/dof is 0.57 at

on the €;-€) plane, and the right lower plot on the €3-¢,

plane. The straight lines denote the model predictions and A = 0.368, sin¢p = 0.04, VB ==*1, (25
the SM predictions are expressed by the black dots. We

vary the parameter sin’¢ and fix |V2| to be 1. The pa- corresponding to mz = 676.55 GeV. With the small value

rameter |V2| far from 1 is not likely since |V,,| = 1. of sin?¢, the Z' coupling is much smaller than the Z boson
XW[)*S XWOJ
B 10
8 — N
- 8?
= 6
- 4
47
i &
¢s [ ° 2
2? 07 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
= -2~
- — 4=
72 L 1 1 ‘ L 1 1 ‘ L 1 1 ‘ | 1 1 ‘ L 1 1 L1 11 ‘ | 1 1 ‘ L 1 1 ‘ | 1 1 ‘ L 1 1
o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
<1 €
x 1072
121 RN
10F -
8 | -
6 N
gy 4 F
2 C
0 Fry F
-2 =
f4; 74;
C 11 1 ‘ L 1 1 ‘ L 1 1 ‘ | 1 1 ‘ L 1 1 L1 I | 1 1 ‘ | 1 1 ‘ | 1 1 ‘ I
o 1 2 3 4 5 6 7 8 9 10 *‘OW234567873
S XWO—Z 63 x 10

FIG. 1. Model predictions and experimental ellipses in the €; space. The dots denote the SM predictions.
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09 |-

0.8

Disallowed

Al w'ga‘“

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

FIG. 2. Allowed model parameter set on (A, sin’¢) plane by
the low-energy neutral current data, the atomic parity violation
data, and the LEP/SLC data at 90% confidence level. The white
dot corresponds to the point that gives the best x? fit for the LEP/
SLC data and the black dot to the point for the low-energy
neutral current data. The dashed line denotes A = 0.001, the
dotted line A = 0.002, the dash-dotted line A = 0.003.

coupling in the SM. Then the corresponding direct search
bound on my will be much lower than the present Tevatron
limit for the SM type Z’' boson, mz > 690 GeV at 95%
C.L. Thus our best fit value m, = 676.55 GeV is safe
compared to the pp direct limit of the Tevatron. The white
dot in the Fig. 2 denotes the best fit for the LEP/SLC data.
We will discuss Fig. 2 more in the later section.

B. Low-energy experiment

The low-energy neutral current interactions such as
ve — ve, VN scattering, and e; xN — e g X are expressed
by the effective four-fermion interactions and the coeffi-
cients of four-fermion operators have been precisely mea-
sured. The SM predictions for the coefficients are obtained
including radiative corrections, while our model predic-
tions involve both Z and Z’ contributions at tree level. We
perform the analysis to constrain the model parameters
with the low-energy data.

For neutrino-hadron scattering, the relevant effective
Hamiltonian can be written as

Y = Sy =y L0771~ ys)a

+ er(D)g; v, (1 + vs5)g;], (26)

PHYSICAL REVIEW D 71, 115008 (2005)

where €; z(i) (i = u, d) are given by
e r(u, d) = eif‘fe(u, d)(1 — Asin*¢). 27

The relevant effective Hamiltonian for the scattering
ve — ve at low energy can be written in the form

ve GF_ oy ve ve
H" = Evv“(l —ys)vey, (g — gifvsle.  (28)

The coupling constants gy and g4 are written as
gy = gvoplsm(l — Asinep). (29)
For electron-hadron scattering such as e; xkN — eX per-

formed in the SLAC polarized electron experiment, the
parity-violating Hamiltonian can be written as

HN = — %Z[CU?V‘%@M%
+ Cyriev*eqy,vsqil (30)
The coefficients Cy; are given by
Cilua = Cﬂfd(l — Asin*¢), (31)
while the coefficients C,; are given by

Cy, = CM(1 — Asin*@) + 2A| VY [>sin® ¢sin® Oy,

(32)
Cyg = CM(1 — Asin*e) — 2A|VE |>sin® ¢sin®Oyy.

Note that only C,; involve the additional parameters V3U1‘D
because of the operator structure.

The experimental values for these observables and the
standard model predictions are tabulated in Table II quoted

TABLE II. Values of low-energy neutral current experimental
data compared to the standard model predictions, quoted in
Ref. [20].

Experiments SM prediction
€, (u) 0.326 = 0.012 0.3460 = 0.0002
€,.(d) —0.441 = 0.010 —0.4292 =+ 0.0001
€r(u) —0.17559053 —0.1551 = 0.0001
exr(d) —0.02210072 0.0776
gv —0.040 = 0.015 —0.0397 =+ 0.0003
gy —0.507 = 0.014 —0.5065 =+ 0.0001
Ci+ Ciy 0.148 = 0.004 0.1529 =+ 0.0001
Ch, — Cuy —0.597 = 0.061 —0.5299 *+ 0.0004
Coy + Coy 0.62 = 0.80 —0.0095
Cay — Coy —0.07 = 0.12 —0.0623 =+ 0.0006
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from the particle data book [20]. We perform the y? fit for
the ten physical observables with respect to the parameters
A, sing, and |V3Uj’D |. The allowed region of (A, sin’¢) is
shown in Fig. 2. The best fit value xy?/dof = 11.33/10 is
obtained at

A =0.102,
Vil =1,

sin2¢p = 0.13,

33
ol =o, &3

which leads to m, = 749.78 GeV. The black dot in the
Fig. 2 denotes the best fit for the neutral current data.

The atomic parity violation can be described by the
Hamiltonian in Eq. (30). The weak charge of an atom is
defined as

Ow = —2[C;,2Z + N) + C,4,Z + 2N)], (34)

where Z (N) is the number of protons (neutrons) in the
atom. For 13 *Cs atom, Z = 55, N = 78, the correction to
the weak charge is given by

AQy = Qw — Q%/M
= —2[AC,,2Z + N) + AC,4,(Z + 2N)]
= AQM(1 — Asin* ). (35)

The recent measurements and the analyses of the weak

charge for the Cs and TI atoms give the value [21]
Ow = —72.69 £ 0.48 (Cs),
(36)
Ow = —116.6 £ 3.7 (TI),

while the SM predictions are Qy = —73.19 £ 0.03 (Cs),
and Qy = —116.81 = 0.04 (TI). The APV data leads to
the bound on the parameters

0.0003 < Asin*¢ < 0.0134. 37

Figure 2 shows the bounds for the low-energy neutral
current data, the APV data, and the LEP/SLC data at
Z-pole at 90% confidence level in the parameter space
(A, sin’¢). Note that the constraint of the LEP/SLC data
is stronger than that of the low-energy data.

IV. UNITARITY VIOLATION
We have the modified CKM matrix in the Lagrangian:

Vekm = Vegn + V32fV31 ViRV Vi Vs
VTV VTV VSTV
- Asin? ¢, (38)

which describes the quark mixings for the charged currents
coupled to the W= bosons. The mixing matrix for W'=
bosons has the same structure as above matrix except that
the model parameter Asin?¢ is replaced by 1/ sin¢ cosd.

PHYSICAL REVIEW D 71, 115008 (2005)

Although the quark mixing matrix is given in Eq. (37),
the “observed“ CKM matrix measures the effective
charged current interactions through both W and W' ex-
change diagrams at low energies. We consider the effective
Hamiltonian for extracting |V,,|

G _ _
}[eff = T;q%‘bvuq(u'}/p,(l - YS)Q)(V'}/M(I - 75)1)
+ H.c,, (39)

where the measured CKM matrix element is V,, =
Vo, (1 = Asin*¢) and V9, is the CKM matrix element in
the SM. The muon decay constant G is identical to that in
the SM if no lepton mixing is assumed [8]. The additional
parameters {Vy3;, Vp3,} are canceled in Eq. (38) when we
sum the W and W' contributions in the leading order of A.
Thus the unitarity violating term defined in Eq. (1) is
derived

A = 2\sin*¢. (40)
We estimate the unitarity violating term as
A = 0.0012, (41)

with the best fit value of Eq. (25) from the LEP/SLC data,
and estimate as

A = 0.0034, (42)

with the best fit value of Eq. (33) from the low-energy
neutral current data. Interestingly the latter is close to the
reported value A = 0.0031 = 0.0014 [2]. In Fig. 2, the
dashed line denotes A = 0.003, dotted line A = 0.002,
dash-dotted line A = 0.001,

V. CONCLUDING REMARKS

We explained the recent measurement on the unitarity
violation of the CKM matrix by introducing the new
physics with the separate SU(2) gauge symmetry on the
third generation. The additional SU(2) symmetry leads to
the nonuniversality of the electroweak gauge coupling,
which yields the unitarity violating term A of order
O(v?/u?) in the quark mixing matrix. We performed the
updated analysis on the model parameters with the recent
LEP + SLC data, low-energy neutral current data, and the
atomic parity violation data. We find that the Z-pole data
gives much stronger bound than the low-energy data. Thus
the combined analysis of the LEP + SLC data and low-
energy data just provides the same result as Eq. (25) and we
present them separately. Our model predictions of A with
the best x? fit of low-energy neutral current experiment
agrees well with the value reported in the Ref. [1,2] and
still allowed by the LEP + SLC data. It is very interesting
and instructive to find new physics model to explain the
violation of unitarity in the CKM matrix even though the
violation is still controversial. In conclusion, we show that
the nonuniversal gauge interaction model is a good candi-
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date for the new physics with the unitarity violation of the
CKM matrix. The updated measurement on the CKM
matrix elements will probe the unitarity more precisely
in the future.
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