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Abstract

We analyse the allowed range of values ofχ , both in the Standard Model and in models w
new physics, pointing out that a relatively large value ofχ , e.g., of orderλ, is only possible in
models where the unitarity of the 3× 3 Cabibbo–Kobayashi–Maskawa matrix is violated throu
the introduction of extraQ = 2/3 quarks. We study the interesting case where the extra quark
isosinglet, determining the allowed range forχ and the effect of a largeχ on various low-energy
observables, such as CP asymmetries inB meson decays. We also discuss the correlated ef
which would be observable at high energy colliders, like decayst → cZ, modifications of the cros
section and forward–backward asymmetry ine+e− → t t̄ and the direct production of a new quark
 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The experimental determination of the physical CP-violating phases entering the
mixing matrix is of great importance for the study of CP breaking, providing at
same time stringent tests of the Standard Model (SM). The Cabibbo–Kobayashi–Maska
(CKM) matrix [1] V3×3 describing the mixing among the known quarks contains n
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moduli and four linearly independent rephasing invariant phases, which can be ta
[2,3]

β = arg
(−VcdV ∗

cbV
∗
tdVtb

)
, γ = arg

(−VudV ∗
ubV

∗
cdVcb

)
,

(1)χ = arg
(−VtsV

∗
tbV

∗
csVcb

)
, χ ′ = arg

(−VcdV ∗
csV

∗
udVus

)
.

The phasesβ andγ appear in the well-known(d, b) unitarity triangle corresponding t
the orthogonality of the first and third columns ofV3×3, while χ andχ ′ appear in othe
less studied unitarity triangles. The phasesχ andχ ′ are fundamental parameters ofV3×3
as important asγ andβ , playing a crucial rôle inthe orthogonality between the(2,3) and
(1,2) rows, respectively[4].

Within the three-generation SM, the nine moduli and four rephasing-invariantphas
connected by unitarity, which leads to a series of relations among these measurabl
tities. Such relations provide excellent tests of the SM[5], which complement the usual fi
of the unitarity triangle, and have the potential for discovering new physics. In the co
of the SM, the values ofχ andχ ′ are very constrained and therefore the determinatio
these phases provides, by itself, a good test of the SM.

In SM extensions which enlarge the quark sector, the 3× 3 CKM matrix is a submatrix
of a larger matrixV . Independently of whether extra quarks are present or not, on
always choose, without loss of generality, a phase convention such that[3]

(2)argV =




0 χ ′ −γ · · ·
π 0 0 · · ·

−β π + χ 0 · · ·
...

...
...

. . .


 ,

which explicitly shows that in the 3× 3 submatrixV3×3 only the four phases in Eq.(1) are
linearly independent. However, when extra quarks are present the 3× 3 unitarity relations
do not hold, and as a result the range of allowed values forχ andχ ′ may differ from the
range implied by the SM. We will show that even in the case that 3× 3 unitarity does
not apply,χ ′ is constrained to be rather small. Therefore, we will concentrate most o
attention onχ , investigating its expected size within the SM as well as in models
new physics. In Section2 we use extended unitarity relations to estimate the size oχ ,
χ ′ within the SM and its extensions, including both the cases where 3× 3 CKM unitarity
is respected and where it is violated. In Section3 a more precise analysis of the range
variation ofχ in a model with an extra up singlet is carried out. The effects of a largeχ in
some low energy observables are examined in Section4, while the effects at high energ
are discussed in Section5. In Section6 we draw our conclusions.

2. The size of χ and χ ′ in the SM and its extensions

It is well known thatχ ′ has to be very small in the context of the SM and its extens
which keep the unitarity of the 3× 3 CKM matrix. This can be seen, for example, us
the relation[5]
(3)sinχ ′ = |Vub||Vcb|
|Vus ||Vcs | sinγ,
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Table 1
Experimental values of CKM matrix elements

Element Exp. value

|Vud | 0.9734± 0.0008
|Vus | 0.2196± 0.0026
|Vub| 0.0036± 0.0010
|Vcd | 0.224± 0.016
|Vcs | 0.989± 0.014
|Vcb| 0.0402± 0.0019

Table 2
Additional observables required for the fit of the CKM matrix

Exp. value

ε (2.282± 0.017) × 10−3

∆mBd
0.489± 0.008 ps−1

SψKS
0.734± 0.054

which shows that|χ ′| � λ4. Within the SM, the 90% confidence level (CL) interval forχ ′
is

(4)4.95× 10−4 � χ ′ � 6.99× 10−4 (SM).

This range is obtained with a fit to the measured CKM matrix elements inTable 1, together
with ε, the B0 mass difference and the time-dependent CP asymmetry inB0

d → ψ KS ,
SψKS , all collected inTable 2(see Refs.[6,7]).

Even in models whereV3×3 is not unitary, but part of a larger unitary matrixV , χ ′ is
constrained to be rather small[3]. From orthogonality of the first two columns ofV , one
readily obtains

(5)cosχ ′ � |Vud |2 + |Vcs |2 + |Vus |2 + |Vcd |2 − |Vud |2|Vcs |2 − |Vus |2|Vcd |2 − 1

2|Vud ||Vus||Vcd ||Vcs | ,

implying cosχ ′ � 0.9983 and

(6)|χ ′| � 0.0579

at 90% CL. This limit is robust in the presence of new physics, since the moduli inv
are obtained from experiment through tree-level decays, where the SM is expected to g
the dominant contribution. From the strict bound of Eq.(6) it is clear that it will be very
difficult to obtain a direct measurement ofχ ′. Therefore, in the remaining of this work w
will focus our attention onχ .

Within the SM and any extension whereV3×3 is unitary, like supersymmetric or mul
Higgs doublet models, we have the relation
(7)sinχ = |Vub||Vus |
|Vcb||Vcs | sin(γ + χ ′ − χ),
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which shows that|χ | � λ2 in any model where 3× 3 CKM unitarity holds. In particular
within the SM one obtains at 90% CL

(8)0.015� χ � 0.022 (SM).

The only models in whichχ can be significantly larger thanλ2 are those in whichV3×3
is not unitary, what can only be achieved by enlarging the quark sector. The most s
way of doing this is with the introduction of new quark singlets[8,9].1 Quark singlets often
arise in grand unified theories[10,11]and models with extra dimensions at the electrow
scale[12]. They have both their left- and right-handed components transforming as si
under SU(2)L, thus their addition to the SM particle content does not spoil the canc
tion of triangle anomalies. In these models, the charged and neutral current terms
Lagrangian in the mass eigenstate basis are

LW = − g√
2
ūLγ µV dLW+

µ + h.c.,

(9)LZ = − g

2cW

(
ūLγ µXuL − d̄Lγ µUdL − 2s2

WJ
µ
EM

)
Zµ,

whereu = (u, c, t, T , . . .) andd = (d, s, b,B, . . .), V denotes the extended CKM matr
andX = V V †, U = V †V are hermitian matrices.X andU are not necessarily diagon
and thus flavour-changing neutral (FCN) couplings exist at the tree level, although th
naturally suppressed by the ratio of the standard quark over the heavy singlet masses[8].
Moreover, the diagonalZqq couplings, which are given by the diagonal entries ofX and
U plus a charge-dependent term, are also modified. Within the SMXuu = Xcc = Xtt = 1,
Xqq ′ = 0 for q �= q ′, Udd = Uss = Ubb = 1 andUqq ′ = 0 for q �= q ′. The addition of
up-typeQ = 2/3 singlets modifies the first two of these equalities, while the add
of down-typeQ = −1/3 ones modifies the last two. For our purposes, it is sufficien
consider that either up- or down-type singlets are added to the SM particle conte
analyse in turn these two possibilities.

2.1. Models with down-type singlets

In this case, and assuming that there arend extra down singlets, the CKM matrixV is a
3×(3+nd) matrix consisting of the first three rows of a(3+nd)×(3+nd) unitary matrix,
andX = 13×3. From orthogonality of the second and third columns ofV , one obtains the
generalisation of Eq.(7),

(10)sinχ = |Vub||Vus |
|Vcb||Vcs | sin(γ + χ ′ − χ) − Im(Ubse

−iχ )

|Vcb||Vcs | .

From the present bound onb → s	+	−, one obtains that at most|Ubs | � 10−3 ∼ λ4

[13,14], thus implying that in this class of modelsχ cannot be significantly larger thanλ2.

1 The addition of a sequential fourth generation is another possibility, but it is disfavoured by two facts:
experimental value of the oblique correction parameters only leave a small range for the masses of the new qua

(ii) anomaly cancellation requires the introduction of anew lepton doublet, in which the new neutrino should be
very heavy, in contrast with the small masses of the presently known neutrinos.
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2.2. Models with up-type singlets

In these models the quark mixing matrix is a(3+nu)×3 matrix, withnu the number of
extra singlets, andU = 13×3. Almost all the effects discussed in this paper can be alre
obtained in the minimal extension withnu = 1, in which case the quark mixing matr
has dimension 4× 3. From orthogonality of the second and third columns one obtains th
generalisation of Eq.(7) for this model,

(11)sinχ = |Vub||Vus |
|Vcb||Vcs | sin(γ + χ ′ − χ) + |VT b||VT s |

|Vcb||Vcs | sin(σ − χ),

whereσ ≡ arg(VT sV
∗
T bV

∗
csVcb). χ may be of orderλ if VT s ∼ λ2 andVT b ∼ λ, but the

possible constraints from FCN currents in the up sector must also be kept in mind.
orthogonality of the second and third rows ofV , one gets

(12)sinχ = Im Xct

|Vcs ||Vts| + O
(
λ2).

In contrast with models containing down-type singlets, where the size of all FCN coup
is very restricted by experiment, present limits onXct are rather weak. The most stringe
one,|Xct | � 0.41 with a 95% CL, is derived from the non-observation of single top
duction at LEP, in the processe+e− → t c̄ and its charge conjugate[15]. This bound does
not presently provide an additional restriction on the size ofχ . In models with extra up
singlets|Xct | can be of orderλ3 [14], yieldingχ ∼ λ.

From Eq.(12) one derives some important phenomenological consequences. Fir
observe that a sizeableχ is associated to a FCN couplingXct ∼ 10−2, which leads to
FCN decayst → cZ at rates observable at LHC. In addition, the modulus ofXct obeys the
inequality[16]

(13)|Xct |2 � (1− Xcc)(1− Xtt ),

which is verified in any SM extension with any number of up- and/or down-type q
singlets (in particular, with only oneQ = 2/3 singlet the equality holds). We note th
within the SM, Xcc = Xtt = 1 and henceXct = 0. This relation shows that necessa
conditions (and sufficient for the case of only one singlet) for achievingXct ∼ 10−2 are to
have a small deviationO(λ4) of Xcc from unity (which is allowed by the measurement
Rc andA

0,c
FB) and a deviation ofXtt from unity of orderλ2. The latter could be measure

in t t̄ production at a futuree+e− linear collider like TESLA. There is also a decrease
|Vtb| from its SM value|Vtb| � 0.999, which is however harder to detect experimenta
because the expected precision in the measurement of this quantity at LHC is around±0.05
[17]. Last, but not least, this deviation ofXtt from unity is only possible if the new quar
has a mass below 1 TeV, in which case it would be directly produced and observed a

3. Detailed analysis of the range of χ with an extra up singlet
The analysis of the previous section has shown thatχ can in principle be of orderλ
in models with up quark singlets. In order to determine its precise range of variation, it
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is mandatory to perform an analysis including constraints from a variety of process
which the predictions are affected by the inclusion of an extra up quark. We summ
here the most relevant ones.

(1) The presence of the new quark and the deviation of|Vtb| andXtt � |Vtb|2 from the
SM predictions yield new contributions to the oblique parametersS, T andU . The most
important one corresponds to theT parameter, approximately

(14)�T = Nc

16πs2
Wc2

W

(1− Xtt )[−18.4+ 7.8 logyT ],

with Nc = 3 the number of colours andyT = (m̄T /MZ)2. The present experimental me
surement�T = −0.02±0.13 sets stronger limits onVtb andXtt than theS, U parameters
or the forward–backward asymmetryA

(0,b)
FB .

(2) The deviation ofXcc from unity modifies theZcc couplings and thus the predictio
for Rc and the forward–backward asymmetryA

(0,c)
FB . The precise measurement of the

quantities sets a stringent constraint onXcc , with a direct influence onχ , as shown by
Eqs.(12), (13).

(3) The FCN couplingXuc mediates a tree-level contribution toD0–D̄0 mixing, which
is kept within experimental limits forXuc � 5× 10−4.

(4) The new quarkT gives additional loop contributions toK andB oscillations and
rare decaysK+ → π+νν̄, KL → µ+µ−, b → sγ andb → sl+l−. The new terms are sim
lar to the top ones, but proportional to some combination of the CKM matrix elementsVT d ,
VT s , VT b and with the corresponding Inami–Lim functions evaluated atxT = (m̄T /MZ)2.
For the unrealistic casexT � xt the Inami–Lim functions for thet, T quarks take sim
ilar values, and the sum of both terms may be very similar to the top SM contribu
Therefore, in this situation the constraints onVT d , VT s , VT b are rather loose. However, fo
mT � 300 GeV these observables provide important constraints onVT d andVT s , forcing
alsoVtd andVts to lie in their SM range.

These and other less important constraints likeε′/ε have been taken into account in o
analysis[14]. It is important to note that the most recent bound on the CP asymme
b → sγ [18] is still not relevant. Using an appropriate generalisation of the formula
Refs.[19] for the present case, we always find|Ab→sγ

CP | � 0.02, to be compared with th

experimental 90% CL interval−0.06� A
b→sγ

CP � 0.11.
We will conservatively assume that the mass of the new quarkT is of 300 GeV or larger

Present Tevatron Run II measurements seemto exclude the existence of a new quark w
a mass around 200 GeV and decaying toWb [20]. However, we will briefly comment on
the situation if the new quark is lighter than 300 GeV. We remark that the allowed
of χ only depends on the mass of the new quark through themT dependence ofXtt .
The possible values ofXtt are constrained mainly by theT parameter, and are shown
Fig. 1(a) as a function ofmT . For a fixedXtt , the interval in whichχ can vary turns out to

be independent ofmT . The allowed range ofχ as a function ofXtt is plotted inFig. 1(b).
We observe that, as anticipated in the previous section, a deviation ofXtt from unity is
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(a)

(b)

Fig. 1. (a) Allowed interval ofXtt (shaded area) as a function of the mass of the new quark (adapted
Ref. [14]). (b) Allowed interval ofχ (shaded area) as a function ofXtt .

necessary in order to haveχ large. ForXtt = 1 the range ofχ reduces to the SM interva
(seeFig. 1(b)).

We present two examples of matricesV for mT = 300 GeV which give large|χ | with
positive and negative sign, respectively. Wehave not chosen examples which maxim

|χ | but have instead selected two matrices which yield theoretical predictions for presently
known observables in very good agreement with experiment, while showing significant
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departures inχ from the SM expectation. We write the full 4×4 unitary matrices, althoug
only the 4× 3 submatrices enter the charged current interactions. We choose the
parameterisation in Eq.(2), in which the values of the four phases in Eq.(1) are easy to
read directly from the matrices. The first example is

∣∣V (+)
300

∣∣ =



0.9748 0.2229 0.0038 0.0097
0.2230 0.9733 0.0406 0.0362
0.0072 0.0355 0.9422 0.3332
0.0009 0.0419 0.3327 0.9421


 ,

(15)argV
(+)
300 =




0 6.92× 10−4 −0.8222 −0.1046
π 0 0 0

−0.4099 π + 0.3513 0 1.940
0 2.346 0.1001 −1.106


 .

This matrix hasβ = 23.5◦, γ = 47.1◦ in the (d, b) unitarity triangle. Whileβ is close to
the SM prediction,χ = 0.35 presents a large deviation from the SM value. For this ma
SψKS = 0.70, with ε, ∆mBd , Br(b → sγ ), Br(b → sl+l−) and the rest of observable
considered in Ref.[14] also in good agreement with experiment. The second example

∣∣V (−)
300

∣∣ =



0.9748 0.2229 0.0038 0.0090
0.2230 0.9733 0.0419 0.0347
0.0077 0.0406 0.9571 0.2865
0.0024 0.0366 0.2864 0.9574


 ,

(16)argV
(−)
300 =




0 5.17× 10−4 −1.020 0.0700
π 0 0 0

−0.3608 π − 0.2382 0 −1.576
0 −1.026 0.8784 2.449


 .

For this matrixβ = 20.7◦, γ = 58.4◦ in the (d, b) unitarity triangle andχ = −0.24, in
clear contrast with the SM prediction. We find thatSψKS = 0.74, with the other observ
ables agreeing with experimental data. In both examples we observe thatXct = −Vc4V

∗
t4

has a large imaginary part (in this phase convention), as required for a largeχ according
to Eq.(12). The values obtained forχ are of the same order as the estimates given in
previous section. We stress thatχ can be of orderλ while keepingSψKS close to its exper
imental value. Hence, a future improvement of this measurement (e.g., a reduction
statistical error by a factor of two) has little effect on our results.

4. Low energy observables sensitive to χ

The decayB0
d → φKS is an interesting example in which CP-violating effects sens

to χ may be found, with the advantage thatB0
d mesons can be produced at presenB

factories. The time-dependent CP asymmetry is given by

2 Imλ

(17)SφKS = φKS

1+ |λφKS |2
,



ry

el
he

if

n

212 J.A. Aguilar-Saavedra et al. / Nuclear Physics B 706 (2005) 204–220

where

(18)λφKS =
(

q

p

)
B0

d

A(B̄0
d → φK̄0)

A(B0
d → φK0)

(
q

p

)
K0

.

Theq/p factors come fromB0
d andK0 mixing. The SM decay amplitudes are, to a ve

good approximation,

A
(
B̄0

d → φK̄0) = a(xt )VtbV
∗
t s ,

(19)A
(
B0

d → φK0) = a(xt )V
∗
tbVts,

with a(xt) a function ofxt = (m̄t/MW )2, to be specified later. In the SM, or in any mod
without new physics in the decay amplitudes,λφKS can be related to its analogous in t
ψKS decay channel,

(20)λψKS =
(

q

p

)
B0

d

VcbV
∗
cs

V ∗
cbVcs

(
q

p

)
K0

.

Bearing in mind the definition ofχ we can write

(21)λφKS = λψKS e
−2iχ ,

so that definingβ̄ by λψKS = −e−2iβ̄ (β̄ = β in the SM, but these two angles may differ
there are new contributions to the mixing) we have

(22)SφKS = sin(2β̄ + 2χ).

Therefore, if a substantial departure from the approximate SM predictionSφKS � SψKS is
confirmed, it cannot be explained in models with 3× 3 CKM unitarity and without new
contributions to the decay amplitudes.

The best place to measureχ is in CP asymmetries inB0
s –B̄0

s oscillations and decay. I
the SM theB0

s mixing factor is

(23)

(
q

p

)
B0

s

= M
Bs

12

|MBs

12 | = (VtsV
∗
tb)

2

|VtsV
∗
tb|2

= e2iχ .

In any channel without a weak phase in the decay amplitude, for example in theD+
s D−

s

andψφ channels, the time dependent CP asymmetry is

(24)SD+
s D−

s
= sin 2χ,

which in the SM is of order 2λ2.

4.1. b → ss̄s with an extra up singlet

In these models Eq.(19) is replaced by

A
(
B̄0

d → φ K̄0) = a(xt)VtbV
∗
t s + a(xT )VT bV

∗
T s ,
(25)A
(
B0

d → φ K0) = a(xt)V
∗
tbVts + a(xT )V ∗

T bVT s,
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Fig. 2. Different values of̄χ and its geometrical meaning. The relative lengths of the sides of the quadrangle
illustrative.

with xT = (m̄T /MW)2, due to the additional exchange of theT quark. Similarly, Eq.(21)
is generalised to

(26)λφKS = −e−i(2β̄+2χ)

(
1+ f (xT , xt)VT bV

∗
T s/VtbV

∗
t s

1+ f (xT , xt)V
∗
T bVT s/V ∗

tbVts

)
,

with f (xT , xt ) = a(xT )/a(xt). Using the fact that 2|λφKS |/(1 + |λφKS |2) � 1 to a very
good approximation, we obtain

(27)SφKS = sin(2β̄ + 2χ̄),

where the “effective”χ̄ for this process is defined as

(28)χ̄ = χ − 1

2
arg

(
1+ f (xT , xt )VT bV

∗
T s/VtbV

∗
t s

1+ f (xT , xt )V
∗
T bVT s/V ∗

tbVts

)
.

The geometrical interpretation of the effective phaseχ̄ can be seen inFig. 2, for different
values off . It is also useful to defineχSM as

(29)χSM = arg
[
VcbV

∗
cs(VcsV

∗
cb + VusV

∗
ub)

] = arg

(
1+ VusV

∗
ub

VcsV
∗
cb

)

which equalsχ in any model with 3× 3 unitarity. Since sinχSM � |VusVub|/|VcsVcb|,
χSM ∼ λ2 even when 3× 3 unitarity does not hold (seeFig. 2).

From Eq.(28) it can be seen that in the limitmT = mt the effectiveχ entering the CP
asymmetry reduces toχSM,

(30)lim
mT →mt

χ̄ = χSM,
independently of the value ofχ . This “screening” property implies that, despite the fact
that the actual value ofχ may be very different from the SM prediction, the effectiveχ̄
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(a)

(b)

Fig. 3. Modulus (a) and argument (b) off as a function ofmT , for fixedxt .

that enters the CP asymmetry isO(λ2) whenmT tends tomt . For largermT , the degree
of screening depends on the value off (xT , xt): for f = 0 there is no screening, and t
screening is maximal forf = 1. We calculatea(x) using the QCD factorisation result o
Refs.[21], obtaining

a(x) = −0.036880− 0.012896i − 0.005829B0(x) + 0.004137C0(x)

(31)− 0.000438D̃0(x) + 0.016376E′
0(x) + 0.004074Ẽ0(x).

The Inami–Lim [22] functions B0, C0, etc. can be found in Ref.[23]. The function
f (xT , xt ) is plotted inFig. 3 for fixed xt . The screening is important for lowmT , be-
coming milder asmT grows. In contrast,χ can be almost arbitrary formT ∼ mt , while
its size is more restricted for a heavierT , as can be observed inFig. 1. With both effects
working in opposite directions, we find thatSφKS is always inside the interval[0.57,0.93],

approaching the extremes for heavierT . Since the screening is present in anyb → ss̄s

transition, we expect a similar behaviour for all other strong penguin dominated processes.



e
e get

e-
J.A. Aguilar-Saavedra et al. / Nuclear Physics B 706 (2005) 204–220 215

4.2. B0
s –B̄0

s mixing with an extra up singlet

With the addition of aQ = 2/3 singlet, the elementM12 of theB0
s –B̄0

s mixing matrix
can be written as

M
Bs

12 = K
∑

i,j=t,T

(
V ∗

isVib

)(
V ∗

jsVjb

)
S(xi, xj )

(32)= KS(xt , xt )|Vts|2|Vtb|2r2
s e−2iχeff,

with K a constant factor,S the usual Inami–Lim box function and

r2
s e−2iχeff = e−2iχ

{[
1+ S(xt , xT )V ∗

T sVT b

S(xt , xt )V
∗
t sVtb

]2

(33)+
[
S(xT , xT )

S(xt , xt)
−

(
S(xt , xT )

S(xt , xt )

)2](
V ∗

T sVT b

V ∗
t sVtb

)2}
.

The effective phase enteringB0
s –B̄0

s mixing is in this caseχeff, defined from the abov
equation. In the limitxT → xt , the second term in the curly brackets goes to zero and w

(34)lim
xT →xt

χeff = χSM

as in the previous process. However, in contrast with the functionf (xT , xt ) which deter-
mines the screening in theb → ss̄s transitions, the ratioS(xt , xT )/S(xt , xt) in the first
term of Eq.(33)is an increasing function ofxT . This means that, although forxT → xt the
screening operates (as can be read from Eq.(34)), for largexT we can have some enhanc
ment ofχeff with respect toχ . The range of variation of the asymmetrySD+

s D−
s

= sin 2χeff
is shown inFig. 4. Although for heavierT the allowed interval forχ is narrower, the
Fig. 4. Range of variation of the asymmetryS
D+

s D−
s

(adapted from Ref.[14]).
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enhancement above mentioned makes the asymmetry be between−0.4 and 0.4 for theT

masses considered (this range of variation is quite different from the one predicted
SM). Such asymmetry could easily be measured at LHCb, where the expected precision
theψφ channel is around 0.066 for one year of running[24].

4.3. Unitarity and D0–D̄0 mixing

The present experimental values of CKM matrix elements in the first row seem to h
discrepancy of 2.2–2.7 standard deviations[25] with respect to the SM unitarity predictio
|Vud |2 + |Vus|2 + |Vub|2 = 1.2 It is then worthwhile to question whether such appar
unitarity deviation could be explained in scenarios with a largeχ , which also require a
sizeable breaking of 3× 3 unitarity. We will show that this is not possible in the minim
SM extension studied here. In general, we have the inequality

(35)|Xuc|2 � (1− Xuu)(1− Xcc),

but for only one extra singlet the equality holds. With(1 − Xuu) ∼ 4 × 10−3 (implying
|Vu4| � 0.06) from the apparent unitarity deviation in the first row and(1 − Xcc) ∼ 10−3

in order to have largeχ , the FCN couplingXuc would give a tree-level contribution to th
D0 mass difference[28,29]above the present experimental limit|∆mD| � 0.07 ps−1 [6].
In models with more than one extra singlet, the equality in Eq.(35)does not hold and thi
argument is relaxed.

We also point out that, in this minimal extension with only one extra singlet, 4× 4
unitarity implies that in caseVT d andVu4 are both very smallXct is also negligible. Since
VT d must be small due to constraints fromB oscillations (see for instance the matric
in Eqs.(15), (16)), a largeχ requiresVu4 not much smaller than 10−2. Therefore, it is
expected that a largeχ is associated with aD0 mass difference not far from the prese
experimental limit.

5. Effects at high energy colliders

As implied by Eqs.(12) and (13), the fact of having a phaseχ ∼ λ has consequence
in some high energy processes: rare top decays,t t̄ production ate+e− collisions and the
direct production of a new quark at LHC.

5.1. Top decays t → cZ

Top FCN decays are extremely suppressed within the SM and hence they are
signal of new physics, if observed. In SM extensions withQ = 2/3 singlets the tree
level FCN couplingsXut and Xct can be large enough to yield measurable top F
interactions. These vertices lead to rare top decayst → uZ, cZ and single top produc
tion in the processesgu,gc → Zt (in hadron collisions) ande+e− → t ū, t c̄ (in e+e−
2 Recent theoretical calculations[26] and experimental results[27] would eliminate this discrepancy.



t

i-

d

f
–

ne the
-

to 1%
n-

try

nd,

es

phase

new
ts.

ass
rs via
of the

t the
J.A. Aguilar-Saavedra et al. / Nuclear Physics B 706 (2005) 204–220 217

annihilation), plus the charge conjugate processes (see Ref.[30] for a review). The bes
sensitivity to aZtc coupling is provided by top decayst → cZ at LHC. With a luminosity
of 100 fb−1, FCN couplings|Xct | � 0.015 can be observed with more than 5σ statistical
significance[30]. With a luminosity of 6000 fb−1, achievable in one year with a high lum
nosity upgrade[31], a 3σ significance can be obtained for|Xct | � 0.0031. A moderately
small phase, for instanceχ � 0.15, requires ImXct � 0.006, which would be observe
with more than 5σ significance.

5.2. t t̄ production in e+e− collisions

Top pair production at a 500 GeV linear colliderwill provide a precise determination o
theZtt coupling through the measurement of the totalt t̄ cross section and the forward
backward asymmetry. The accuracy of the measurement ofXtt is mainly limited by the-
oretical uncertainties in the prediction of the total cross section. In order to determi
sensitivity to deviations ofXtt from unity, a Monte Carlo calculation of this process is nec
essary[32]. The best results are obtained with beam polarisationsPe+ = 0.6,Pe− = −0.8.
We assume that theoretical uncertainties in the total cross section can be reduced
or below, and a luminosity of 1000 fb−1, which can be collected in three years of ru
ning. For the SM valueXtt = 1 the top pair production cross section isσ = 47.9± 0.5 fb
(including theoretical and statistical uncertainties) and the forward–backward asymme
AFB = −0.375± 0.004 (the error quoted is only statistical). For a phaseχ � 0.15, Xtt

must be typically around 0.96, yieldingσ = 49.4± 0.5 fb, AFB = −0.360± 0.004, which
amount to a combined 4.5σ deviation with respect to the SM prediction. On the other ha
if no deviations from the SM predictions are found, a boundXtt � 0.985 can be set with
a 90% CL, implying that−0.12� χ � 0.14, an indirect limit complementing the on
which will be previously available from low energy processes.

5.3. Direct production of T T̄ pairs in hadron collisions

The last (but obviously not least important) effect correlated with the presence of a
χ ∼ λ is the direct production of the new quarkT . A sizeable deviation ofXtt from unity
is only possible if the new quark is not very heavy, otherwise the contribution of the
quark to theT parameter, given by Eq.(14), would exceed present experimental limi
With the experimental value�T = −0.02± 0.13 and admitting at most a 2σ deviation, a
couplingXtt � 0.96 (as required byχ � 0.15) is acceptable if the new quark has a m
below approximately 850 GeV. A new quark with this mass can be produced in pai
strong interactions, with a total tree-level cross section of 170 fb. The observability
new quark can be estimated as follows. FormT = 850 GeV,Xtt = 0.96 the new quark
decays mainly toWb andZt , with branching ratios Br(T → Wb) = 0.7, Br(T → Zt) =
0.3. This new quark could be easily seen in its semileptonic decaysT T̄ → l±νjjjj , being
the total tree-level cross section of the processqq̄, gg → T T̄ → W+bW−b̄ → l+νjjjj

(including standard detector cuts) 5.5 fb (the same cross section for the final statel−νjjjj )
[32]. TheWjjjj background can be greatly reduced with suitable cuts requiring tha

events have a kinematics compatible withT T̄ production. The tree-level cross sections
after cuts forl+νjjjj andl−ν̄jjjj are 75 and 45 fb, respectively, calculated withVECBOS
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[33]. Taking into account only statistical uncertainties, with 100 fb−1 theT T̄ signal could
be observed with a significance of 10σ .

6. Concluding remarks

We have emphasised that a large value ofχ requires physics beyond the SM, in partic
lar violations of 3× 3 unitarity of the CKM matrix. It has been shown that if this unitar
breaking arises from the presence of down-type isosinglet quarks,χ is still constrained to
be of orderλ2 due to the constraint from theb → sl+l− decay. On the contrary, it has be
pointed out that in the presence of up-type quark singlets a relatively large value ofχ can
be obtained, without entering into conflict with present experimental data.

The implications of a largeχ have been analysed in the context of a minimal mo
with oneQ = 2/3 singlet. We have found that a largeχ can lead to moderate departur
of the SM approximate relationSφKS � SψKS , with SφKS approximately in the interva
[0.57,0.93] (the precise range also depends on hadronic matrix elements). On the
hand, the effects on the CP asymmetrySD+

s D−
s

(and related channels) are much larger, w
these asymmetries ranging in the interval[−0.4,0.4]. These results must be compared w
the ones for models with extra down singlets, where large departures ofSφKS � SψKS can
be accommodated[34] butSD+

s D−
s

is small and very close to the SM range[14]. Therefore,
we can distinguish three possible new physics scenarios:

(1) If a small departure in the relationSφKS � SψKS and a large (but within[−0.4,0.4]
approximately)SD+

s D−
s

are found, they may suggest the presence of a newQ = 2/3 singlet.
(2) If a large departure inSφKS � SψKS is confirmed, but withSD+

s D−
s

very small, it
may indicate the presence of aQ = −1/3 singlet.

(3) In case thatSD+
s D−

s
is found outside the interval[−0.4,0.4], or if a large departure

in SφKS � SψKS and a largeSD+
s D−

s
are simultaneously found, they require the prese

of new physics beyond these SM extensions with extra quark singlets, for instance
symmetric models[35], which in principle could also explain the discrepancies in the
previous scenarios.

If new physics hints are observed at B factories, its identification may be possib
large collider, perhaps with the direct production of the new particles. In the SM extensio
with extra up-type singlets studied we have found four correlated effects which can
vestigated at three different types of colliders: (i) a large phaseχ which has consequenc
on B oscillation phenomena atB factories; (ii) a FCN couplingXct which leads to top
decayst → cZ observable at LHC; (iii) a deviation ofXtt from unity, which can be mea
sured int t̄ production at TESLA; (iv) The direct production of a new quark at LHC. Th
associated effects, especially the discovery ofthe new particles, are crucial to establish
origin of new physics, if observed.

Acknowledgements
This work has been supported by the European Community’s Human Potential Pro-
gramme under contract HTRN-CT-2000-00149 Physics at Colliders, by FCT through



nder
FRH/
e
was

or

.

J.A. Aguilar-Saavedra et al. / Nuclear Physics B 706 (2005) 204–220 219

projects CERN/FIS/43793/2002 and CFIF-Plurianual (2/91), and by MECD u
FPA2002-00612. The work of J.A.A.S. has been supported by FCT under grant S
BPD/12603/2003. M.N. acknowledges MECD for a fellowship. F.J.B. acknowledges th
warm hospitality during his stay at IST, Lisbon, where the major part of this work
done.

References

[1] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531;
M. Kobayashi, T. Maskawa, Prog. Theor. Phys. 49 (1973) 652.

[2] R. Aleksan, B. Kayser, D. London, Phys. Rev. Lett. 73 (1994) 18.
[3] G.C. Branco, L. Lavoura, J.P. Silva, CPViolation, Oxford Univ. Press, Oxford, 1999.
[4] J.P. Silva, L. Wolfenstein, Phys. Rev. D 55 (1997) 5331.
[5] F.J. Botella, G.C. Branco, M. Nebot, M.N. Rebelo, Nucl. Phys. B 651 (2003) 174.
[6] Particle Data Group, K. Hagiwara, et al., Phys. Rev. D 66 (2002) 010001.
[7] Heavy Flavor Averaging Group,http://www.slac.stanford.edu/xorg/hfag/.
[8] F. del Aguila, M.J. Bowick, Nucl. Phys. B 224 (1983) 107;

G.C. Branco, L. Lavoura, Nucl. Phys. B 278 (1986) 738.
[9] P. Langacker, D. London, Phys. Rev. D 38 (1988) 886;

D. London, hep-ph/9303290;
R. Barbieri, L.J. Hall, Nucl. Phys. B 319 (1989) 1;
Y. Nir, D.J. Silverman, Phys. Rev. D 42 (1990) 1477;
G.C. Branco, T. Morozumi, P.A. Parada, M.N. Rebelo, Phys. Rev. D 48 (1993) 1167;
E. Nardi, E. Roulet, D. Tommasini, Nucl. Phys. B 386 (1992) 239;
V.D. Barger, M.S. Berger, R.J. Phillips, Phys. Rev. D 52 (1995) 1663;
F. del Aguila, J.A. Aguilar-Saavedra, G.C. Branco, Nucl. Phys. B 510 (1998) 39;
G. Barenboim, F.J. Botella, Phys. Lett. B 433 (1998) 385;
P.H. Frampton, P.Q. Hung, M. Sher, Phys. Rep. 330 (2000) 263.

[10] J.L. Hewett, T.G. Rizzo, Phys. Rep. 183 (1989) 193.
[11] J.L. Rosner, Phys. Rev. D 61 (2000) 097303.
[12] F. del Aguila, J. Santiago, JHEP 0203 (2002) 010.
[13] G. Barenboim, F.J. Botella, O. Vives, Nucl. Phys. B 613 (2001) 285;

D. Hawkins, D. Silverman, Phys. Rev. D 66 (2002) 016008;
T. Yanir, JHEP 0206 (2002) 044.

[14] J.A. Aguilar-Saavedra, Phys. Rev. D 67 (2003) 035003;
J.A. Aguilar-Saavedra, Phys. Rev. D 69 (2004) 099901, Erratum.

[15] OPAL Collaboration, G. Abbiendi, et al., Phys. Lett. B 521 (2001) 181.
[16] F. del Aguila, J.A. Aguilar-Saavedra, R. Miquel, Phys. Rev. Lett. 82 (1999) 1628.
[17] T. Stelzer, Z. Sullivan, S. Willenbrock, Phys. Rev. D 58 (1998) 094021.
[18] BaBar Collaboration, B. Aubert, et al., Phys. Rev. Lett. 93 (2004) 021804.
[19] See T. Hurth, E. Lunghi, W. Porod, hep-ph/0312260, and references therein.
[20] See for instance CDF, D0 Collaborations, M. Coca, FERMILAB-CONF-03-238-E, presented at Flav

Physics and CP Violation, Paris, France, 3–6 June 2003.
[21] H.Y. Cheng, K.C. Yang, Phys. Rev. D 64 (2001) 074004;

D. Atwood, G. Hiller, hep-ph/0307251.
[22] T. Inami, C.S. Lim, Prog. Theor. Phys. 65 (1981) 297;

T. Inami, C.S. Lim, Prog. Theor. Phys. 65 (1981) 1772, Erratum.
[23] G. Buchalla, A.J. Buras, M.E. Lautenbacher, Rev. Mod. Phys. 68 (1996) 1125.
[24] LHCb technical design report: Reoptimized Detector Design and Performance, CERN-LHCC-2003-030
[25] H. Abele, et al., Eur. Phys. J. C 33 (2004) 1.

[26] V. Cirigliano, H. Neufeld, H. Pichl, hep-ph/0401173;

T.C. Andre, hep-ph/0406006.

http://www.slac.stanford.edu/xorg/hfag/


220 J.A. Aguilar-Saavedra et al. / Nuclear Physics B 706 (2005) 204–220

[27] A. Sher, et al., Phys. Rev. Lett. 91 (2003) 261802;
KTeV Collaboration, T. Alexopoulos, hep-ex/0406001.

[28] G.C. Branco, P.A. Parada, M.N. Rebelo, Phys. Rev. D 52 (1995) 4217.
[29] K. Higuchi, K. Yamamoto, Phys. Rev. D 62 (2000) 073005.
[30] J.A. Aguilar-Saavedra, hep-ph/0409342.
[31] O. Bruning, et al., CERN-LHC-PROJECT-REPORT-626.
[32] J.A. Aguilar-Saavedra, in preparation.
[33] F.A. Berends, H. Kuijf, B. Tausk, W.T. Giele, Nucl. Phys. B 357 (1991) 32.
[34] G. Hiller, Phys. Rev. D 66 (2002) 071502;

A.K. Giri, R. Mohanta, Phys. Rev. D 68 (2003) 014020;
N.G. Deshpande, D.K. Ghosh, hep-ph/0311332.

[35] See for instance G.C. Branco, G.C. Cho, Y. Kizukuri, N. Oshimo, Nucl. Phys. B 449 (1995) 483;

A. Masiero, O. Vives, Annu. Rev. Nucl. Part. Sci. 51 (2001) 161;
A.J. Buras, Acta Phys. Pol. B 34 (2003) 5615.


	The size of chiarg(- Vts Vtb* Vcs* Vcb ) and physics beyond the Standard Model
	Introduction
	The size of chi and chi' in the SM and its extensions
	Models with down-type singlets
	Models with up-type singlets

	Detailed analysis of the range of chi with an extra up singlet
	Low energy observables sensitive to chi
	b ->s s s with an extra up singlet
	B0s-B0s mixing with an extra up singlet
	Unitarity and D0-D0 mixing

	Effects at high energy colliders
	Top decays t ->cZ
	t t production in e+ e- collisions
	Direct production of T T pairs in hadron collisions

	Concluding remarks
	Acknowledgements
	References


