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Abstract

We analyse the allowed range of valuesxqfboth in the Standard Model and in models with
new physics, pointing out that a relatively large valuexgfe.g., of order, is only possible in
models where the unitarity of the 3 3 Cabibbo—Kobayashi—-Maskawa matrix is violated through
the introduction of extraD = 2/3 quarks. We study the interesting case where the extra quark is an
isosinglet, determining the allowed range fprand the effect of a largg on various low-energy
observables, such as CP asymmetrie®imeson decays. We also discuss the correlated effects
which would be observable at high energy colliders, like decayscZ, modifications of the cross
section and forward—backward asymmetrygine— — 7 and the direct production of a new quark.

0 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The experimental determination of the physical CP-violating phases entering the quark
mixing matrix is of great importance for the study of CP breaking, providing at the
same time stringent tests of the Standamdd (SM). The Cabibbo—Kobayashi—-Maskawa
(CKM) matrix [1] V3«3 describing the mixing among the known quarks contains nine
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moduli and four linearly independent rephasing invariant phases, which can be taken as
(23]

B= arg(— Vea V:ZJ Vttl Vfb)’ V= arg(— Vua Vu*b V:":l VCb) ’

x =ard— Vi, Vi Vi V), x' =ard—Vea VAV Vus). 1)
The phase® andy appear in the well-knowiid, b) unitarity triangle corresponding to
the orthogonality of the first and third columns 8§, 3, while x and x’ appear in other
less studied unitarity triangles. The phageand x’ are fundamental parameterséf, 3
as important ag andg, playing a crucial réle ithe orthogonkity between thg2, 3) and
(1, 2) rows, respectively4].

Within the three-generation SM, the nine moduli and four rephasing-invariantphases are
connected by unitarity, which leads to a series of relations among these measurable quan-
tities. Such relations provide excellent tests of the [SMwhich complement the usual fit
of the unitarity triangle, and have the potential for discovering new physics. In the context
of the SM, the values of andy’ are very constrained and therefore the determination of
these phases provides, by itself, a good test of the SM.

In SM extensions which enlarge the quark sector, tlhe33CKM matrix is a submatrix
of a larger matrixV. Independently of whether extra quarks are present or not, one can
always choose, without loss of generality, a phase convention sudi3that

0 x' -y
T 0 0

agV=|_8 745 0 ... | (2)

which explicitly shows that in the 8 3 submatrixVz.3 only the four phases in EQ1) are
linearly independent. However, when extra quarks are presentth thitarity relations

do not hold, and as a result the range of allowed valueg fand y’ may differ from the
range implied by the SM. We will show that even in the case that3unitarity does
not apply,x’ is constrained to be rather small. Therefore, we will concentrate most of our
attention ony, investigating its expected size within the SM as well as in models with
new physics. In Sectio@ we use extended unitarity relations to estimate the sizg, of
x’ within the SM and its extensions, including both the cases wher@ £KM unitarity

is respected and where it is violated. In SectBa more precise analysis of the range of
variation of x in a model with an extra up singlet is carried out. The effects of a larme
some low energy observables are examined in Sedtiavhile the effects at high energy
are discussed in Secti@nIn Section6 we draw our conclusions.

2. Thesizeof y and x’ inthe SM and its extensions

It is well known thaty’ has to be very small in the context of the SM and its extensions
which keep the unitarity of the 8 3 CKM matrix. This can be seen, for example, using
the relation5]

, WVl Vesl _.

siny'= ——
| Vies [ Ves |

ny, Q)
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Table 1

Experimental values of CKM matrix elements

Element Exp. value

Vil 0.9734-0.0008

[Vus | 0.21964+ 0.0026

[Vup 0.0036- 0.0010

[Veal 0.224+0.016

[Ves| 0.989+ 0.014

[Vep| 0.0402+0.0019

Table 2

Additional observables requilédor the fit of the CKM matrix
Exp. value

e (2.282+£0.017) x 1073

Amp, 0.489+0.008 ps'1

SyKs 0.734+0.054

which shows thaty’| < A%. Within the SM, the 90% confidence level (CL) interval for
is

495x 1074 < ' <6.99x 1074 (SM). (4)

This range is obtained with a fit to the measured CKM matrix elemerfiabte 1, together
with ¢, the B® mass difference and the time-dependent CP asymmettgg i ¥ Kg,
Sy ks, all collected inTable 2(see Refs[6,7]).

Even in models wher&73, 3 is not unitary, but part of a larger unitary matrix, x’ is
constrained to be rather sm§s]. From orthogonality of the first two columns &f, one
readily obtains

[Vial? + [Ves? 4+ 1 Vus 12 + 1 Veal? = 1 Vual?| Ves|? = | Vus I Veal? — 1

cosy’ > , (5

* 2Vl Vas | Ve Ves] ©)
implying cosy’ > 0.9983 and

|x'] <0.0579 (6)

at 90% CL. This limit is robust in the presence of new physics, since the moduli involved
are obtained from experiment through treeeledecays, where the SM is expected to give
the dominant contribution. From the strict bound of E&).it is clear that it will be very
difficult to obtain a direct measurement pf. Therefore, in the remaining of this work we
will focus our attention ory.

Within the SM and any extension wheVa,s is unitary, like supersymmetric or multi
Higgs doublet models, we have the relation

o |Vub||vus|

SinX = —
[Vepl| Ves|

sin(y +x" = x), (7)



J.A. Aguilar-Saavedra et al. / Nuclear Physics B 706 (2005) 204-220 207

which shows thaty| < 22 in any model where & 3 CKM unitarity holds. In particular,
within the SM one obtains at 90% CL

0.015< x <0.022 (SM). (8)

The only models in whicly can be significantly larger thax? are those in whiclz,3

is not unitary, what can only be achieved by enlarging the quark sector. The most simple
way of doing this is with the introduction of new quark singl@®].1 Quark singlets often

arise in grand unified theori¢s0,11]and models with extra dimensions at the electroweak
scale[12]. They have both their left- and right-handed components transforming as singlets
under SU2),, thus their addition to the SM particle content does not spoil the cancella-
tion of triangle anomalies. In these models, the charged and neutral current terms of the
Lagrangian in the mass eigenstate basis are

Lw = —%IZL)/MVCJLW#+ + h.c,,

,Cz:_%(’ZLV“XML —dpy*Udy — 255 JEy) Zus ©)

whereu = (u,c,t,T,...) andd = (d, s, b, B, ...), V denotes the extended CKM matrix
andX = VVT, U = VTV are hermitian matricest andU are not necessarily diagonal
and thus flavour-changing neutral (FCN) couplings exist at the tree level, although they are
naturally suppressed by the ratio of themstard quark over the heavy singlet mas8is
Moreover, the diagondgqg couplings, which are given by the diagonal entriescoand

U plus a charge-dependent term, are also modified. Within the&\§M= X .. = X;; = 1,

X =0forg #q’', Usg = Uy = Upp, = 1 and U, = 0 for ¢ # ¢’. The addition of
up-type Q = 2/3 singlets modifies the first two of these equalities, while the addition
of down-typeQ = —1/3 ones modifies the last two. For our purposes, it is sufficient to
consider that either up- or down-type singlets are added to the SM particle content. We
analyse in turn these two possibilities.

2.1. Modelswith down-type singlets

In this case, and assuming that therergrextra down singlets, the CKM matriX is a
3 x (3+ny) matrix consisting of the first three rows of&+n,4) x (3+ny) unitary matrix,
and X = 13,3. From orthogonality of the second and third columng/gfone obtains the
generalisation of E((7),

Vi || Vus| . IM(Upge X
_ | ub|| us| S|n()/+X/—X) - ( bs€ )
|Vcb||Vcs| |Vcb||Vcs|

From the present bound dn— s¢*¢~, one obtains that at mo$t| ~ 1073 ~ A%
[13,14] thus implying that in this class of modelscannot be significantly larger thas.

siny (20)

1 The addition of a sequential fourth generation is another possibility, but it is disfavoured by two facts: (i) the
experimental value of the oblique correction paranseteny leave a small range for the masses of the new quarks;
(ii) anomaly cancellation requires the introduction afeaw 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. Modelswith up-type singlets

In these models the quark mixing matrix i$34+ n,,) x 3 matrix, withn, the number of
extra singlets, an@ = 13,3. AImost all the effects discussed in this paper can be already
obtained in the minimal extension with, = 1, in which case the quark mixing matrix
has dimension 4 3. From orthogonality of the seconddathird columns one obtains the
generalisation of E((7) for this model,

Vol Vrsl

[Vub! I Vus| . ’ .

|VL‘b||VL‘S| sm(y X X) * |Vcb||vcs| Sm(g X)’ (11)
whereo = arg(Vrs V5, Vi Vey). x may be of orden if Vg ~ A2 and V7, ~ A, but the
possible constraints from FCN currents in the up sector must also be kept in mind. From
orthogonality of the second and third rowsof one gets

. Im X, 2
S = etviel T O (12)

In contrast with models containing down-type singlets, where the size of all FCN couplings
is very restricted by experiment, present limitsXpn are rather weak. The most stringent
one,|X.| < 0.41 with a 95% CL, is derived from the non-observation of single top pro-
duction at LEP, in the processe™ — t¢ and its charge conjugaf&5]. This bound does
not presently provide an additional restriction on the sizg ofn models with extra up
singlets| X, | can be of ordek? [14], yielding x ~ A.

From Eq.(12) one derives some important phenomenological consequences. First, we
observe that a sizeable is associated to a FCN coupling., ~ 10~2, which leads to
FCN decays — c¢Z at rates observable at LHC. In addition, the modulu¥ gfobeys the
inequality[16]

siny

1Xer |2 < (L= Xee) (X — Xir), (13)

which is verified in any SM extension with any number of up- and/or down-type quark
singlets (in particular, with only on@® = 2/3 singlet the equality holds). We note that
within the SM, X.. = X;; = 1 and henceX,, = 0. This relation shows that necessary
conditions (and sufficient for the case of only one singlet) for achieXing~ 102 are to
have a small deviatio® (A*) of X, from unity (which is allowed by the measurement of
R, andA,(Z’é) and a deviation o, from unity of orderi2. The latter could be measured

in ¢ production at a future™e~ linear collider like TESLA. There is also a decrease of
|Vip| from its SM value|V;,| >~ 0.999, which is however harder to detect experimentally,
because the expected precision in the meament of this quantity at LHC is arougeD.05

[17]. Last, but not least, this deviation &f; from unity is only possible if the new quark
has a mass below 1 TeV, in which case it would be directly produced and observed at LHC.

3. Detailed analysis of therange of x with an extraup singlet

The analysis of the previous section has shown jhatn in principle be of ordek
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 processes for
which the predictions are affected by the inclusion of an extra up quark. We summarise
here the most relevant ones.

(1) The presence of the new quark and the deviatidigf andX,; ~ | V;|2 from the
SM predictions yield new contributions to the oblique paramesefs andU. The most
important one corresponds to tilieparameter, approximately

N,
AT =t (L= Xi)[~184-+ 7.8l0gyr] (14)
"WEW

with N. = 3 the number of colours angr = (77 /Mz)?. The present experimental mea-
surementAT = —0.0240.13 sets stronger limits oW, and X, than theS, U parameters
or the forward—backward asymmemféb ).

(2) The deviation of( .. from unity modifies theZcc couplings and thus the prediction
for R. and the forward—backward asymmemﬁoé"). The precise measurement of these
guantities sets a stringent constraint Xp., with a direct influence ory, as shown by
Eqgs.(12), (13).

(3) The FCN couplingt,. mediates a tree-level contribution fP—D° mixing, which
is kept within experimental limits foK,. <5 x 1074,

(4) The new quarkl gives additional loop contributions t& and B oscillations and
rare decay& ™ — ntvv, Ky — utu~,b— sy andb — slT[~. The new terms are simi-
lar to the top ones, but proportional to some combination of the CKM matrix eleriigpis
Vrs, Vrp and with the corresponding Inami—Lim functions evaluatedrat (rﬁT/MZ)Z.

For the unrealistic caser >~ x; the Inami—Lim functions for the, T quarks take sim-

ilar values, and the sum of both terms may be very similar to the top SM contribution.
Therefore, in this situation the constraintsry,, Vry, Vrp are rather loose. However, for
m7 2 300 GeV these observables provide important constraintggrand Vy,, forcing
alsoV;; andV;, to lie in their SM range.

These and other less important constraintsdike have been taken into account in our
analysig[14]. It is important to note that the most recent bound on the CP asymmetry in
b — sy [18] is still not relevant. Using an appropriate generalisation of the formulas in
Refs.[19] for the present case, we always fimf:,_;m <0.02, to be compared with the

experimental 90% CL intervat0.06 < A}(’;‘W <0.11.

We will conservatively assume that the mass of the new qtiastof 300 GeV or larger.
Present Tevatron Run || measurements s&eaxclude the existence of a new quark with
a mass around 200 GeV and decayingié [20]. However, we will briefly comment on
the situation if the new quark is lighter than 300 GeV. We remark that the allowed range
of x only depends on the mass of the new quark throughuthedependence oX;,.
The possible values of;; are constrained mainly by th& parameter, and are shown in
Fig. 1(a) as a function ofz 7. For a fixedX,,, the interval in whichy can vary turns out to
be independent ofi. The allowed range of as a function ofX,, is plotted inFig. 1(b).
We observe that, as anticipated in the previous section, a deviati@p dfom unity is
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Fig. 1. (a) Allowed interval ofX;; (shaded area) as a function of the mass of the new quark (adapted from
Ref.[14]). (b) Allowed interval ofy (shaded area) as a function Xf; .

necessary in order to hayelarge. ForX;, = 1 the range of; reduces to the SM interval
(seeFig. 1(b)).

We present two examples of matricésfor mr = 300 GeV which give largéy | with
positive and negative sign, respectively. Wave not chosen examples which maximise
| x| 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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departuresiry from the SM expectation. We write the fulbd4 unitary matrices, although

only the 4x 3 submatrices enter the charged current interactions. We choose the phase
parameterisation in Eq2), in which the values of the four phases in Etj) are easy to

read directly from the matrices. The first example is

0.9748 02229 00038 Q009
!V(H _ 1 02230 09733 Q0406 Q0362
30017 | 0.0072 Q0355 09422 03332]°
0.0009 Q0419 03327 0942
0 6.92x 104 —0.8222 -0.104

@ - 0 0 0
ar9V300 = | _0.4009 7 +0.3513 0 1940 |- (15)
0 2346 01001 —1.106

This matrix has8 = 235°, y = 47.1° in the (d, b) unitarity triangle. Whileg is close to

the SM predictiony = 0.35 presents a large deviation from the SM value. For this matrix
Sy ks = 0.70, with €, Amp,, Br(b — sy), Br(b — si*17) and the rest of observables
considered in Ref14] also in good agreement with experiment. The second example is

0.9748 02229 Q0038 Q009
0.2230 Q9733 00419 Q0347

) _
Vool =| 00077 Q0406 09571 02865]"
0.0024 00366 02864 Q9574
0 517x 1074 —1.020 Q0700
- _ T 0 0 0
a9Vso0 = | _03608 7 -02382 0 1576 (16)
0 —1026 Q8784 2449

For this matrixg = 20.7°, y = 58.4° in the (d, b) unitarity triangle andy = —0.24, in

clear contrast with the SM prediction. We find ti&tx, = 0.74, with the other observ-
ables agreeing with experimental data. In both examples we observEhat—V.4V

has a large imaginary part (in this phase convention), as required for ajaageording

to Eq.(12). The values obtained for are of the same order as the estimates given in the
previous section. We stress thatan be of ordek while keepingSy «, close to its exper-
imental value. Hence, a future improvement of this measurement (e.g., a reduction of the
statistical error by a factor of two) has little effect on our results.

4. Low energy observables sensitiveto x

The decanylJ — ¢ Ky is an interesting example in which CP-violating effects sensitive
to x may be found, with the advantage th@? mesons can be produced at presBnt
factories. The time-dependent CP asymmetry is given by

2Ima
_cIMAgKs (17)

Seks = ,
OKS T T g 12
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where
q A(E3—>¢1€0)<q)
ok =(~) —& " 7(L1) | 18
ors (P)BgA(B,9—>¢KO) p/ ko (18)

Theg/p factors come frorng and K ° mixing. The SM decay amplitudes are, to a very
good approximation,

A(BY— ¢K®) =a(x) ViV,
A(BY— ¢K°) =a(x)V,,Vis. (19)

with a(x,) a function ofx; = (i, /Mw)?, to be specified later. In the SM, or in any model
without new physics in the decay amplitudégg, can be related to its analogous in the
¥ Ks decay channel,

Vep VX
oy = (1) b es (1) : (20)
PJ) oV Ves \ P/ ko
Bearing in mind the definition of we can write
hoks =Iyrge 2%, (21)

so that defining by A, k, = —e~2# (8 = g in the SM, but these two angles may differ if
there are new contributions to the mixing) we have

Spks = sin(2/§ +2x). (22)

Therefore, if a substantial departure from the approximate SM predi§§ipn~ Sy x, is
confirmed, it cannot be explained in models wittx 3 CKM unitarity and without new
contributions to the decay amplitudes.

The best place to measugeis in CP asymmetries i8°—B? oscillations and decay. In
the SM theB? mixing factor is

B, 2
(Z> = M Wil (23)
p/go Ml VsVl

In any channel without a weak phase in the decay amplitude, for example it
andy ¢ channels, the time dependent CP asymmetry is

SDJ pr = sin2y, (24)
which in the SM is of order 22.

4.1. b — sss with an extra up singlet

In these models Eq19)is replaced by

A(BY — ¢ K°) = a(x)Vip Vi + aler) Vi Vi
A(BY— ¢ K°) = a(x)V, Vis + a(xr) Vi, Vrs, (25)
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Vo Ves

Fig. 2. Different values ofy and its geometrical meaning. The relatieadiths of the sides of the quadrangle are
illustrative.

with x7 = (m7/Mw)?, due to the additional exchange of thequark. Similarly, Eq(21)
is generalised to

i@ +20) (1 + fer, x) Vs Vi / Vi Vi )
1+ fxr, xt)VTbVTA/thVm

with f(x7,x,) = a(xt)/a(x;). Using the fact that 24k, |/(1 + |/\¢Ks|2) ~ 1 to a very
good approximation, we obtain

Spxs = SiN2B +2%), (27)

Apks = —€ (26)

where the “effective” for this process is defined as

- 1 1+ fer, x) Vo Vi / Vib Vi
X =x— zarg " - .
1+ f(xTa-xl)VTbVTs/thVtS

The geometrical interpretation of the effective ph@sean be seen ifig. 2, for different
values off. It is also useful to defingsy as

(28)

Vus V.
XSM = aquLb V* (Ves 1% o T Vs V;b)] arg(l + u*b> (29)
Ves Ve
which equalsy in any model with 3x 3 unitarity. Since Sitysm < |Vius Vus|/| Ves Ven s
xsm ~ A2 even when 3« 3 unitarity does not hold (sefig. 2).
From Eq.(28)it can be seen that in the limit; = m, the effectivey entering the CP
asymmetry reduces tgsw,
lim x = xswm. (30)

mr—mg

independently of the value ¢f. This “screening” property implies that, despite the fact
that the actual value of may be very different from the SM prediction, the effectjye
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Fig. 3. Modulus (a) and argument (b) ¢fas a function ofn, for fixed x;.

that enters the CP asymmetry@(12) whenmy tends tom;. For largermz, the degree
of screening depends on the valuefafcr, x;): for f = 0 there is no screening, and the
screening is maximal fof = 1. We calculate:(x) using the QCD factorisation result of
Refs.[21], obtaining

a(x) = —0.036880— 0.012896 — 0.00582%Bo(x) + 0.00413To(x)
— 0.000438(x) + 0.016376)(x) + 0.004074¢(x). (31)

The Inami-Lim [22] functions By, Co, etc. can be found in Ref23]. The function
f(xr,x;) is plotted inFig. 3 for fixed x,. The screening is important for lont, be-
coming milder asny grows. In contrasty can be almost arbitrary forny ~ m,, while

its size is more restricted for a heavir as can be observed Kig. 1. With both effects
working in opposite directions, we find th8 x is always inside the interv@0.57, 0.93],
approaching the extremes for heavier Since the screening is present in @ny> sss
transition, we expect a similar behaviour for all other strong penguin dominated processes.
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4.2. BO—BY mixing with an extra up singlet

With the addition of aQ = 2/3 singlet, the elemen/1; of the BO—B mixing matrix
can be written as

12—K Z (ViEvin) ( jb)S(xi»xj)
i,j=t,T
= K S(xr, x0)| Vis || Vi |Pr2e =20 %ett, (32)

with K a constant factof§ the usual Inami—Lim box function and

* 2
I‘Sze_ZiXEﬁ — o2 1+ S(xtyxT)VTSVTb
S(xr, x¢) V;} Vib

N [sm,m B (S(xt,xf))z}(v;gvrb)z} (33)
NEN) S(xr, xr) VisVib -
The effective phase entering?—B mixing is in this casexet, defined from the above
equation. Inthe limit7 — x;, the second term in the curly brackets goes to zero and we get

lim  xeff = xsm (34)
XT—>Xt

as in the previous process. However, in contrast with the fungtion, x;) which deter-
mines the screening in the— s3s transitions, the ratic (x;, x7)/S(x;, x;) in the first
term of Eq.(33)is an increasing function ofr. This means that, although fey — x, the
screening operates (as can be read from(84j), for largexr we can have some enhance-
ment of xeff With respect toy. The range of variation of the asymmeﬁ*w[,f = SiN 2xef
is shown inFig. 4. Although for heavierT the allowed interval fory is narrower, the

— .

0.5

Sujh‘
[==]
g
g

300 400 500 600

Fig. 4. Range of variation of the asymmefy. ,— (adapted from Ref14]).
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enhancement above mentioned makes the asymmetry be betvdekand 04 for theT
masses considered (this range of variation is quite different from the one predicted by the
SM). Such asymmetry could easily be measlat LHCb, where the expected precision in
they¢ channel is around.066 for one year of running4].

4.3. Unitarity and D°—DO mixing

The present experimental values of CKM matrix elements in the first row seem to have a
discrepancy of 2.2—2.7 standard deviatifts] with respect to the SM unitarity prediction
IVial? + |Vius|2 + [Vup|? = 12 It is then worthwhile to question whether such apparent
unitarity deviation could be explained in scenarios with a laygevhich also require a
sizeable breaking of 3 3 unitarity. We will show that this is not possible in the minimal
SM extension studied here. In general, we have the inequality

1 Xuel? < 1= Xu) (L= Xeo), (35)

but for only one extra singlet the equality holds. With— X,,,) ~ 4 x 102 (implying
|V,a] >~ 0.06) from the apparent unitarity deviation in the first row dtd- X..) ~ 103

in order to have largg, the FCN couplingX,. would give a tree-level contribution to the
DO mass differenc28,29]above the present experimental limitm p| < 0.07 ps ! [6].

In models with more than one extra singlet, the equality in(B§) does not hold and this
argument is relaxed.

We also point out that, in this minimal extension with only one extra singlet,44
unitarity implies that in cas&r, andV, 4 are both very smalk, is also negligible. Since
Vra must be small due to constraints fraBnoscillations (see for instance the matrices
in Egs.(15), (16), a largey requiresV,4 not much smaller than 1@. Therefore, it is
expected that a large is associated with #° mass difference not far from the present
experimental limit.

5. Effectsat high energy colliders

As implied by Egs(12) and (13)the fact of having a phase ~ A has consequences
in some high energy processes: rare top decaysoduction ate™e~ collisions and the
direct production of a new quark at LHC.

5.1. Top decayst — cZ

Top FCN decays are extremely suppressed within the SM and hence they are a clear
signal of new physics, if observed. In SM extensions with= 2/3 singlets the tree-
level FCN couplingsX,; and X.; can be large enough to yield measurable top FCN
interactions. These vertices lead to rare top decaysuZ, cZ and single top produc-
tion in the processesu, gc — Zt (in hadron collisions) and*e™ — ti, t¢c (in ete™

2 Recent theoretical calculatioffid6] and experimental resulf27] would eliminate this discrepancy.
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annihilation), plus the charge conjugate processes (seg3gffor a review). The best
sensitivity to aZrc coupling is provided by top decays— ¢Z at LHC. With a luminosity
of 100 fb~1, FCN couplingg X;| >~ 0.015 can be observed with more tham Statistical
significancg30]. With a luminosity of 6000 fb®, achievable in one year with a high lumi-
nosity upgrad¢31], a 3 significance can be obtained foY;| ~ 0.0031. A moderately
small phase, for instance ~ 0.15, requires InX., >~ 0.006, which would be observed
with more than & significance.

5.2. tt productionin e™e™ collisions

Top pair production at a 500 GeV linear collideill provide a precise determination of
the Zrt coupling through the measurement of the tefatross section and the forward—
backward asymmetry. The ageey of the measurement &f,;, is mainly limited by the-
oretical uncertainties in the prediction of the total cross section. In order to determine the
sensitivity to deviations ok, from unity, a Monte Carlo caldation of this process is nec-
essarny32]. The best results are obtained with beam polarisatiyns= 0.6, P,- = —0.8.
We assume that theoretical uncertainties in the total cross section can be reduced to 1%
or below, and a luminosity of 1000 8, which can be collected in three years of run-
ning. For the SM value;, = 1 the top pair production cross sectiorvis= 47.9+ 0.5 fb
(including theoretical and statistical uncéntées) and the forward—backward asymmetry
Apg = —0.375+ 0.004 (the error quoted is only statistical). For a phase 0.15, X;;
must be typically around 0.96, yielding= 49.4+ 0.5 fb, Arg = —0.360+ 0.004, which
amount to a combined 8 deviation with respect to the SM prediction. On the other hand,
if no deviations from the SM predictions are found, a boud> 0.985 can be set with
a 90% CL, implying that-0.12 < x < 0.14, an indirect limit complementing the ones
which will be previously available from low energy processes.

5.3. Direct production of 7T pairsin hadron collisions

The last (but obviously not least important) effect correlated with the presence of a phase
x ~ A is the direct production of the new quark A sizeable deviation oX,, from unity
is only possible if the new quark is not very heavy, otherwise the contribution of the new
quark to theT parameter, given by Eq14), would exceed present experimental limits.
With the experimental valuAT = —0.02+ 0.13 and admitting at most as2deviation, a
coupling X;; >~ 0.96 (as required by >~ 0.15) is acceptable if the new quark has a mass
below approximately 850 GeV. A new quark with this mass can be produced in pairs via
strong interactions, with a total tree-level cross section of 170 fb. The observability of the
new quark can be estimated as follows. kor = 850 GeV, X, = 0.96 the new quark
decays mainly to¥b and Zr, with branching ratios BT — Wb) = 0.7, BI(T — Zt) =
0.3. This new quark could be easily seen in its semileptonic deEdys> [*vjjjj, being
the total tree-level cross section of the procggsgg — TT — WHbW=b — [Tvjjjj
(including standard detector cuts) 5.5 fb (the same cross section for the final statg))
[32]. The Wjjjj background can be greatly reduced with suitable cuts requiring that the
events have a kinematics compatible Wit production. The tree-level cross sections
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[33]. Taking into account only statistical uncertainties, with 100'the 7T signal could
be observed with a significance ofd.0

6. Concluding remarks

We have emphasised that a large valug oéquires physics beyond the SM, in particu-
lar violations of 3x 3 unitarity of the CKM matrix. It has been shown that if this unitarity
breaking arises from the presence of down-type isosinglet quarissstill constrained to
be of order.? due to the constraint from the— si*/~ decay. On the contrary, it has been
pointed out that in the presence of up-type quark singlets a relatively large vajueaof
be obtained, without entering into conflict with present experimental data.

The implications of a larger have been analysed in the context of a minimal model
with one Q = 2/3 singlet. We have found that a largecan lead to moderate departures
of the SM approximate relatiofyx >~ Sy kg, With Sgx approximately in the interval
[0.57,0.93] (the precise range also depends on hadronic matrix elements). On the other
hand, the effects on the CP asymme‘IBAD (and related channels) are much larger, with
these asymmetries ranging in the mter[vaO 4,0.4]. These results must be compared with
the ones for models with extra down singlets, where large departug ot Sy x can
be accommodate84] but S+, is small and very close to the SM ranidd]. Therefore,
we can distinguish three possible new physics scenarios:

(1) If asmall departee in the relationSs k¢ >~ Sy x; and a large (but withifi—0.4, 0.4]
approximatelyS,+ ,- are found, they may suggest the presence of a@ew?2/3 singlet.

(2) If a large departure I8k > Sy ks iS confirmed, but WIthS‘D+D7 very small, it
may indicate the presence ofa= —1/3 singlet.

(3) Incase thaSD+ is found outside the interv@l-0.4, 0.4], or if a large departure
in Sgxg =~ Sykg and a IargeSD+Df are simultaneously found, they require the presence
of new physics beyond these 'SM extensions with extra quark singlets, for instance super-
symmetric model§35], which in principle could also explain the discrepancies in the two
previous scenarios.

If new physics hints are observed at B factories, its identification may be possible at a
large collider, perhaps with the direct prodoa of the new particles. In the SM extensions
with extra up-type singlets studied we have found four correlated effects which can be in-
vestigated at three different types of colliders: (i) a large phasdich has consequences
on B oscillation phenomena & factories; (i) a FCN coupling(.; which leads to top
decays — c¢Z observable at LHC,; (iii) a deviation of;; from unity, which can be mea-
sured insz production at TESLA, (iv) The direct production of a new quark at LHC. These
associated effects, especially the discoverhefnew particles, are crucial to establish the
origin of new physics, if observed.
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