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Effects of mixing with quark singlets
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The mixing of the known quarks with new heavy singlets can modify significantly some observables with
respect to the standard model predictions. We analyze the range of deviations permitted by the constraints from
precision electroweak data and flavor-changing neutral processes at low energies. We study top charged current
and neutral current couplings, which will be directly tested at top factories, such as the CERN LHC and the
DESY TESLA. We discuss some examples of observables fcend B physics, such as the branching ratio
of K, — 7%vv, theB? mass difference, or the time-depend€® asymmetry irB2—D_ D , which can also
show large new effects.
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I. INTRODUCTION (LHC) and the DESY TeV Energy Superconducting Linear
Accelerator(TESLA) [11,12. For instance, single top pro-
The successful operation of the CERNe ™ collider LEP ~ duction at LHC[13-15 will yield a measurement oV,
and the SLAC Large DetectdSLD) in the past few years With an accuracy ot 7%. In top pair production, the angu-
has provided precise experimental dite?] with which the lar distributions of the top decay products will provide a very

standard mode(SM) and its proposed extensions must bePr€cise detérmination of the structure of tiétb vertex,
confronted. Thef res)ults for'/f hgve converge@3, 4], pro- even sensitive to QCD correction6]. The prospects for

. . . T V4 andV, are less optimistic due to the difficulty in taggin
viding evidence for direcCP violation in the neutral kaon g light (t.qsuark jets. P y Intagaing
system. In additionB factories have begun producing data  Before top factories come into operation, it is natural to

on B decays andCP violation, which test the Cabibbo- ask ourselves how large the departures from the SM predic-
Kobayashi-Maskaw#CKM) matrix elements involving the tjons might be. Answering this question means knowing how
top quark and the CKM phase However, the determination precisely one can indirectly fix the allowed values of the
of most parameters involving the top quark is still stronglyleast known parameters, taking into account all the present
model dependent. While the CKM matrix elements that mixrelevant data from electroweak precision measurements and
light quarks are extracted from tree-level proces&msd from kaon,D andB physics. We will show that there is still
hence their measurement is model independent to a largelot of room for new physics, which may manifest itself in
exteny, the charged current couplingsy and V. are de-  the form of deviations of the properties of the known quarks
rived from one-loop processd$], to which new physics from SM expectations. This is especially the case for the top
beyond the SM may well contribute. The Fermilab Tevatronquark, whose couplings are poorly known, and also for rare
determination oV, in top quark pair productiofi6] is ob- K decays andCP asymmetries in the neutrd systems,
tained assuming 8 3 CKM unitarity, and the neutral current which are currently being probed KtandB factories.
interactions of the top with th& boson remain virtually With this aim we study a class of SM extensions in which
unknown from the experimental point of view. This fact con- Q=2/3 up-type orQ= —1/3 down-type quark singlets are
trasts with the high precision achieved for the couplings ofadded to the three SM famili¢$7—27. These exotic quarks,
theb andc quarks at LEP and SLD, obtained from the ratiosoften called vectorlike, have both their left and right compo-
Rp,R. and the forward-backward(FB) asymmetries nents transforming as singlets under SY(2and therefore
AP ASC their addition to the SM quark content does not spoil the
The situation concernin@ P violating phases is better cancellation of the triangle anomalies. In these models,

(see for instance Ref$7,8]). A few years ago, the single which are described in the next sections 3 CKM unitarity
phases present in the CKM matrix could merely be adjusted does not necessarily hold, and mixing of the new quarks with
to reproduce the experimental value of the o@Il violation  the standard ones can lead to sizable departures from the SM
observable available; in the kaon system. With the resolu- predictiong28—31]. For instance, the CKM matrix elements
tion of the conflict between the NA31 and E731 values ofVig, Vis andVy, and the top neutral current couplings with

g'le, and the recent measurement of 1B&® asymmetry theZboson can be quite different from SM expectations. The
ak, in the B system(9,10], there are two newC P violation  ratio of branching fractions of the “golden modes” Bt(

observables, both in agreement with the SM predictions;~ 7°»¥)/Br(K*— " vv) can have an enhancement of one
which allow us to test the CKM picture oEP violation. ~ order of magnitude with respect to the SM predlctlon and
Experiments under way aB factories keep investigating the time-dependentCP asymmetry in the decayB?
other CP asymmetries to dig out the phase structure of the~DJ D , which is predicted to be very small in the SM,
CKM matrix. Likewise, the knowledge of the top quark can have any value betweenl and 1.

properties will improve in future years, with the arrival of  Apart from their simplicity and the potentially large ef-
top factories, such as the CERN Large Hadron Colliderfects on experimental observables, there are several theoret-
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ical reasons to consider quark isosinglets. Down singlets apng isodoublets and mirror quarks fodMe consider a SM
pear in grand unification theorig®2,32,33, for instance extension withN standard quark families ang, up, ng down
those based on the gauge grdep(in the 27 representation vectorlike singlets. The total numbers of up and down
of Eg a Q=—1/3 singlet is associated with each fermion quarks, N,=N+n, and NVg=N-+ny, respectively, are not
family). The presence of down singlets does not spoil gaugeecessarily equal. In these models, the charged and neutral
coupling unification, as long as they are embedded within theurrent terms of the Lagrangian in the weak eigenstate basis
27 representation dEg [25,26]. When added to the SM par- can be written in matrix notation as

ticle content, they can improve the convergence of the cou-

plings, but not as well as in the minimal supersymmetric SM 9 ) s @unrt

[34]. Models with large extra dimensions with for instaige ~ £w=— EUL yHd"W, +H.c.,

in the bulk predict the existence of a tower Q&= 2/3 sin-

glets T("y. If there is multilocalization the lightest one,

Tk, can have a massi;~300 GeV or larger and an ob-  ,— — Zi U U@ —dl yed(D 282,04 )7, (1)
servable mixing with the top35]. Similarly, if bg is in the Cw

bulk, there exists a tower d@{";, but the mixing with SM

fermions is suppressed in relation to the top case if the Higg .
boson is restricted to live on the boundary. flavor space. These terms have the same structure as in the

There are three recent studies regarding the constraints otM: With N generations of left-handed doublets in the
models with extra singlei86—34. In this work, we extend 'Sospin-related terms, but with all the, , Ny fields in Je .
these analyses in three main respe@isWe include up sin- The dlﬁerenpes show up in the mass eigenstate basis, where
glets, as well as down singlets, referring to them as models 1€ Lagrangian reads
and Il, respectively(ii) We study the limits onVq, Vs,

Vi, top neutral current couplings and other observables not _ 9 +

previously analyzedii) We take a larger set of experimen- Lw= \/EULWVdLW“ +He,

tal constraints into account: the correlated measurement of

Ry, Re, A% A% A A.: oblique corrections; thesmgl, g — B

|6mg |, and|smp| mass differences; th€P violation ob- Lr=— T(UL‘}/“XUUL—dL‘}/“deL—ZS\ZNJg_m)Z#. 2)
servablese,s’/s,awKS; the decaysh—sy, b—su*u™, b W

—sete”, K* =7 vy, andK, —u* u"; vN processes and Here u=(u,c,t,T,...) and d=(d,s,b,B, ...) are A
atomic parity violation. In addition, we examine severaland Ny dimensional vectors, anX",X? are matrices of
other potential restrictions, which turn out to be less impor-dimension N, X N, ,NgX Ny, respectively. In general the
tant than the previous ones. We allow mixing of all the gen-NuX Ny CKM matrix V is neither unitary nor square.

erations with eitheQ=2/3 or Q= —1/3 exotic quarks, and The most distinctive feature of this class of models is the
we consider that one or two singlets can mix significantly,appearance of tree-level FCN couplings in the mass eigen-

although for brevity in the notation we always refer to onestate basis, originated by the mixing of weak eigenstates with
extra singlefT or B. the same chirality and different isospin. These FCN interac-

This paper is organized as follows. In Sec. Il the maintions mix left-handed fields, and are determined by the off-
features of the models are described. In Sec. Il we summediagonal entries in the matrice¢’,X?. On the other hand,
rize the direct limits on CKM matrix elements and the the diagonaZqqterms of up- or down-type mass eigenstates
masses of the new quarks. In Sec. IV we review the cond are(dropping here the superscript on tKematriceg
straints from precision electroweak daR,;, R;, asymme-

with (u{®,d{”) doublets under SU(2)of dimensionN in

tries and oblique corrections. In Sec. V we focus our atten- cl= ixqq_quS\ZN*
tion on flavor-changing neutralFCN) processes at low
energies: meson mixingd decays and kaon decays. The cgz—ZQqs\zN, €]

various constraints on thé couplings of theu,d quarks are
studied in Sec. VI. We introduce the formalism necessary fowith the plus(minus sign for up(down) quarks. With these
the discussion of some observables frimandB physics in  definitions, the flavor-diagonalqq vertices read
Sec. VII. We present the results in Sec. VIII, and in Sec. IX
we draw our conclusions. In Appendix A we collect the com- _ 9 — .4 —
mon input parameters for our calculations, and in Appendix Lzqq= m(qm’ CLOL T JrY*CRAR)Z .- (4)
B the Inami-Lim functions needed. The statistical prescrip-
tions used in our analysis are explained in Appendix C.  For a SM-like mass eigenstate without any left-handed sin-
glet componentXqq=1, Xy =0 forg’#q, and it has stan-
dard interactions with th& boson. For a mass eigenstate
with singlet components,€9X,,<1, which implies nonzero

In order to fix our notation briefly, in this section we will FCN couplingsX,, as well.
be a little more general than needed in the rest of the paper Let us write the unitary transformations between the mass
(see for instance Ref39] for an extended discussion includ- and weak interaction eigenstates,

II. BRIEF DESCRIPTION OF THE MODELS
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ul=yu,  uS=uRug,

d?=y9d,, d3=uRdg, (5)
wherel/9" andz/9R areN X Ny unitary matrices. The weak
interaction elgenstaten;;L R mclude doublets and singlets. It
follows from Eqgs.(1),(2) that

— (UUL)*MdL

lo?

X8s= UM Uy, X3 =Ub)* Uy (6)
with i,j running over the left-handed doubletsy,3
=u,c,t,T, ... ando,7=d,s,b,B, ... . From these equa-

tions it is straightforward to obtain the relations
XY=V,

xd=vTy, 7)
and to observe that!=(X")",X%=(X%". Furthermore, we
can see that in generdl is not a unitary matrix. We will

restrict our discussion to models where eithge=0 or n,

=0, i.e., we will consider either up singlets or down singlets,

but not both at the same time. In this context a submatrix
of a unitary matrix, and in each case we can write

N
Xi,ﬁ':; VaiVZi_ apf i 2 Val Bi

EV*V =8,, 2 ViV

lo

)

It is enlightening to observe that far+ 8, o+ 7, we have
the inequalitie§39,4Q

[ Xapl?=(1=X5,) (1= Xgp),
9

Therefore, if for instanc&!,,=1 (that is, if the diagonaZ
vertex is the same as in the $lthe off-diagonal couplings
involving the quarka vanish. As a rule of thumb, FCN cou-

XS, 12<(1-X5,)(1-X3,).

PHYSICAL REVIEW D57, 035003 (2003

TABLE |. Direct measurements of CKM matrix elememn,, is
obtained from|V,| and the ratidV,/Vy|.

[Vid 0.9735-0.0008
Vi 0.2196+0.0023
[Vl (3.6-1.0)x10°3
[Ved 0.224+0.016
[Ved 0.97+0.11
Vel 0.0402-0.0019

Ill. DIRECT LIMITS

Even though in these SM extensions the 3 CKM ma-
trix is not unitary, in the two examples under study it is still
a submatrix of a &4 unitary matrixV. The direct determi-
nation of the moduli of CKM matrix elemen{$] in Table |
sets not only direct limits on these CKM elements them-
selves but also unitarity bounds on the rest. After the require-
ment of V,~1 from precision electroweak dataee Sec.
IV) these bounds are stronger. In this case, the Tevatron con-
straint[6]

[Vio|?
[Vigl?+ Vil 2+ [ Vi |2

=0.97:534

(10

is automatically satisfied.

The non-observation of top decays-qZ, g=u,c at
Tevatron[41] provided the first limit on FCN couplings in-
volving the top quark/X,|<0.84 with a 95% confidence
level (C.L.) (from now on we omit the superscript when it is
obvious. These figures have improved with the analysis of

single top production at LEP in the processe —tq

+1tq, which sets the bounds(,|<0.41 with a 95% C.L.
[42]. LEP limits are model dependent because in single top
production there might possibly be contributions fronyta
effective coupling. These vertices are very small in most SM
extensions, in particular in models with quark singlets],
thus in our case the photon contribution may be safely ig-
nored.

As long as new quarks have not been observed at
Tevatron or LEP, there are various direct limits on their
masses, depending on the decay channel analy&ed\Ve

plings arise at the expense of decreasing the diagonal onegssumemy,mg>200 GeV in our evaluations.

This fact has strong implications for the limits on FCN cou-

plings, as we will see later.

The equality forX" in Eg. (9) holds in particular ifn,
=1. Likewise, the equality foX? holds whenny=1. This
implies that the introduction adnly oneextra singlet mixing
significantly (as is usually done in the literatyreesults in

IV. LIMITS FROM PRECISION ELECTROWEAK DATA
A. R,, R, and FB asymmetries

In the discussion after Eq$9) we observed that FCN
interactions can be bounded by examining the deviation from

additional restrictions in the parameter space, and in prinunity of the diagonal ones. This is a particular example of a

ciple may lead to different predictions. Moreover, foy
=1 or ng=1 the CKM matrix has three independe@®
violating phases, whereas fa,=2 or ny=2 there are five.

more general feature of these models, that the isosinglet
component of a mass eigenstate can be determined from its
diagonal couplings with th& boson. In this section we will

Hence, in our numerical analysis we will consider also theexplain how the experimental knowledgeRf, R, and the

situation when two singlets can have large mixing=2,
ng=0 orn,=

FB asymmetries of thé andc quarks constrains their mix-

0, ng=2, to give a more complete picture. In ing with isosinglets. We will study in detail the case of the

the rest of the paper we write the expressions for only ondottom quark; the discussion for the charm is rather similar.

extra singlet for simplicity.

Ry, is defined as the ratio
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TABLE Il. SM calculation ofR,, R, A%g, Ag’é, Ay, Ac TABLE Ill. Correlation matrix for the experimental measure-
and experimental values. ments ofR,, R., A%, A2, Ay, and A..
SM Experimental Total Rp R, AP A Ay Ac
prediction measurement error
Ry 1.00 -0.14 -0.08 0.01 -0.08 0.04
Ry 0.21558 0.21646 0.00065 R -0.14 1.00 0.04 -0.01 0.03 —-0.05
R 0.1722 0.1719 0.0031 Ag"g —0.08 0.04 1.00 0.15 0.02 0.00
ALP 0.1039 0.0990 0.0017 Al 0.01 -o0.01 0.15 1.00 0.00 0.01
Agg 0.0744 0.0685 0.0034 Ay —0.08 0.03 0.02 0.00 1.00 0.13
Ay 0.935 0.922 0.020 A 0.04 —0.05 0.00 0.01 0.13 1.00
A 0.669 0.670 0.026
— 5cb=2(i)|v 12F(x,) (14)
I'(Z—bb) L5 o) Tl TR

Rp= I'(Z—hadrong’ (D

(note that we use a different normalization with respect to

- = = H — 2
The partial width to hadrons includesy, dd, ss, cc, and Ref.[46]), with x,=(m;/My)“ and

bb. The numerator of this expression is proportional to

(CE)2+(cg)2 plus a smaller term.propgrtional tm,. The F(x)= iz[xt+2-880 logx,— 6.716
pole FB asymmetry of thé quark is defined as 8sy
op_ 0(€0S6>0)—o(cosh<0) 12 +(8.368 logx, — 3.408/x;
P8 o(cosf>0)+ a(cosf<0)’ +(9.126 logx, + 2.260/x?
where 6 is the angle between the bottom and the electron +(4.043logx, + 7.410/x3+ - - -]. (15
momenta in the center of mass fraf€he coupling param-
eter A, of the bottom quark is defined as We have omitted the imaginary part Bf(x;) since it does
not contribute toﬁcE . This large correction-(m,/My,)? is a
(cP)?—(ch)? consequence of the non-decoupling behavior of the top

(13)  quark, and CKM suppression makes it relevant only for the
bottom quark. It decreases the valueRpfby 40 and has the

. . . indirect effect of increasing; slightly. Its inclusion is then
Itis obtained from the left-right-forward-backward asymme- .. \ia| tg compare the theoretical calculation with experi-

try of theb quark at the SLD, and considered as an indepeng. .+ |n Table Il we collect our SM predictions f&,, R
dent parameter in the fits, despite the fact that the FB asymzop L

. 2 A%, A, and A, calculated using the parameters in
ﬁ,b_ FB FB» b C
metry can be expressed 5= 3/44eAp, with A, the Appendix A, together with the experimental values found in
coupling parameter of the electron. —

At the tree IeveI,cE= _Xbb+2/3s\2/v' cg=2/3s\2,\,; hence Ref.[1]. The masses used ak&S masses at the scalé .

. . e o / The correlation matrix necessary for the fit is in Table III.

n a first gpproxmanon the mixing of thquark with down The mixing of theb quark with down isosinglets de-
singlets in model Ihd%%reaiésobﬁfrom ;Jmty andl thus de-k creasesVy,, making this negative correction smaller in
cregsgs]?b, Ay an Apg- The e ept ol some € egtrowea modulus. This is however less important than the effect of
radiative corrections can be taken into account using @ modi,e Jeviation ofX,,, from unity. The net effect is that in

fied minimal subtraction schem&/G) definition of the sine  model I Xpp, and hence alsV,,, is tightly constrained by

of the weak angles3=0.23113[5] and for the electron cou- R, to be very close to unity.

pling an “effective” leptonic sifofl,=0.23137[1]. Other In model | the mixing of the top quark with singlets modi-

electroweak and QCD corrections that cannot be absorbefies theZtt interactions, and the expression me in Eq.
into these definitions are included as wgl4,45. They are  (14) must be corrected accordingigee Ref[47] and also

of order 0.6% foru, c and —0.25% ford,s,b. Furthermore, Ref.[48]). The decrease iX;; can be taken into account with
for the bottom quark there is an important correction origi-the substitutiorF— F +F,, with

nated by triangle diagrams involving the top qu]:

® (D)% (cB)?

F _ 1 Xtt_l
2(&)-& 5 Xt

2— 4 Iogxt). (16)
These two observablego notinclude the photon contributions, x—1
and A% is defined for massless external particles. They are ex-
tracted from the experimental measuremerg o6~ —bb after cor- ~ Moreover, there are additional triangle diagrams with the
recting for the photon contribution, external masses and other efmass eigenstaf€ replacing the top quark, or involvingand
fects[1,2]. T. The T quark contribution is added to E@l4) as the top
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term but multiplied by|V+,|?. Thet—T contribution is given TABLE IV. Experimental values of the oblique parameters.
by Vi VrF3(Xe,X7), with x;=(m;/My)? and
S —0.03+:0.11
- 1 ReX 1 X2 | T —0.02+0.13
3(Xt,X7)= 22 2 | XXXl 0g Xt U 0.24+0.13
2
- logx, | + X ( all log Xy cesses with only SM external particles are radiative correc-
i—1 X=X\ Xr—1 tions given by vacuum polarization diagrartablique cor-
rectiong, rather than triangle and box diagrantdirect
— log Xt) (17)  correctiong. We will use the definition§52,53
1 )
o 16, Ma¥(M2) ~TIs/(0)
In model | this radiative correction gives the leading ef- - M2 '
fect onR, of the mixing. However, the presence of the new ‘
qguark may make up for the difference in the top quark con- T
tribution. Should the new mass eigenstate be degenerate with T = 222 [1115(0) —1133(0)],
the top quarkmy=m, andxy=x;, one can verify that ZoWEW
(M) ~1134(0)  og(M2)~ ag0) |
Vil 2F (0) + [Vl 2F (1) = Vip| [ F (x0) + Fa(X)] U=16m — VKAZ re ZMZ <
W
+ V| 2[F(X1) + Fa(X1)] (19

+VipVrpFa(Xe 1), (18) They are equivalent to the ones used in RBf, as can be
seen by a change of basis. In these expressions only the
2 d ! contributions of new particles are meant to be included. Ra-
=|Viplsw, this means that for degeneratd the correction  giaiive corrections from SM particles must be treated sepa-
has the same value as in the Skhd in this situation tbhe rately because their leading effects are direct, not oblique.
terms withF, andF; cancel each othgrFormy~my, 6C{  The ‘parametersST,U are extracted from precision elec-
has a similar magnitude as in the SM and low val¥&s  troweak observables, and their most recent values are in
~0.6 are allowed. For heaviel, the size of this radiative Taple V. The contributions t&, T and U of an arbitrary
correction sets limits on the CKM anghr,, and thus on  number of families plus vectorlike singlets and doublets have
Vip - been computed in Ref53]. In our models there are no ex-
The study of the charm m|X|ng and the constraints on itsptic vectorlike doublets, hence right-handed currents are ab-
couplings fromR;, A. and A is completely analogous sent and their expressions simplify to
(interchanging the roles of up and down singleta prin-
ciple, the presence of a new heavy down quRrinduces a N ( NMu N

as intuitively might be expected. Sincg|?+|Vyyl?

large m3-dependent correction, but this is suppressed by the S= o azl ;1 Vool 24+ (YarYo)
CKM factor |V,g|? and hence the analysis is simplified. The

pole FB asymmetry of the quarkhas also been measured Ny
recently, A%5=0.1008+0.0120 [49], although not nearly - E X820 ( yavyﬁ)_E X3, l/f+(ya,y7)),
with the same precision as theand ¢ asymmetries. This
determination assumes that the FB asymmetries ofutde Ny Ny
qguarks and th& branching ratios are fixed at their SM val- _ N ( 2 E Vool 204 (Yo V)
ues and thus cannot be properly taken as a direct measure- 164 Swa e = T A
ment. We do not include it as a constraint, but anyway we v
have checked that at this level of experimental precision it ) d d 12
would not provide any additional constraint on the model. 2 | Xapl“0+(YarYp) — 2 XA “0+(YoY2) |
B. Oblique parameters N Ny Ny
The oblique parameterS, T and U [50,51 are used to Y=~ g(gl 021 Vool X+ (Yo Yo)
summarize the effects of new particles in weak currents in a
compact form. Provided these particles are heavy and couple Vg
weakly to the known fermions, their leading effects in pro- - 2 X582+ (VY p) = E XS 12X+ (Yo Y ))

(20)
2In obtaining Eq.(17) from the results quoted in Ref46] we )
have assumed a CKM parametrization withV, real. This is our whereN.= 3 is the number of colory;; = (m;/Mz)“ and we
case with the parametrizations used in the numerical analysis itise theMS definition ofs3,, as well asMS masses at the

Sec. VIII. scaleM . The functions multiplying the mixing angles are
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22y.+14y, 1 yq 11y
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Y2
Ve(yry2)=——g—— ~glogy + —g— f(y1 Yo+ —g— f(Yz y2),
2y1¥2 . V1
0 Y2)=Y1ty— log—,
+(Y1,Y2)=Y1tY2 vi=v,°%,
yityz (yi—y2)? [(Y1_y2)3 yitys } Y1 yl
Vo) = - + - lo f , + f ,
X+(Y1.,Y2) 2 3 6 2(y1-Y2) (Y1.Y1) (Y2,Y2)
1 oyity, (ya—yo)?
3 6 8 |fye) (21)
The functionf is defined as
+1 —-y,—1
—2JA arctar Y2~ _ arctan 2 . A>0,
f( ) - W (22)
Y1.Y2)= 22
yity,—1+v-A
V—A log ,  A=<Q,
yity—1-v-A
|
with A=—1-y2—y3+2y,+2y,+2y,y,. The functions . ) .,
y,0,x are symmetric under the interchange of their vari-  S=5_[Vrsl [~ 0.34+O(y )],
ables, andy, x satisfy 6(y,y)=0, x(y,y)=0.
These expressions are far from transparent, and to have a N,
better understanding of them we will examine the example of T= ﬁwmﬁ[ 18.4+7.8logy+O(y+ )],
an up singlet mixing exclusively with the top quark. In this 16msycy
limit, the new contributions are
N
U=— 5|V’ —0.60+O(yr 1)]. (25)

N
S= Z{lva|2[w+(yT Yo) — ¥ (YiaYp) ]

- |XTt|21//+(YT Yot

C
= m{wnﬂ 0. (Y1.Yp) — 0:(Yt,Yp)]

— [ X720+ (y1.¥0)}

N
U=- ﬁ{lva|z[X+(yT Yp) = X+ (Yt Yb)]

These expressions give a fair estimate of the effect of the top
mixing in the oblique parameters. We notice that the effect
onS,U is very small,S=—0.1V1,|?, U=0.29V1,|?, but
sizable for T (for instance, T=2.94V1,/> for my
=500 GeV). Indeed, th& parameter bounds the CKM ma-
trix elementVy, (and henceV,,) more effectively than the
radiative correction tdr,, and better than low energy observ-
ables.

In model Il the analysis is similar, but the constraints from
Ry, and FCN processes at low energies are much more re-
strictive than these from oblique corrections.

— [ Xgd 2x+ (y7.y0)}- (23

V. LIMITS FROM FCN PROCESSES AT LOW ENERGIES

The factorg V| 2,| X1/ describing the mixing of the quark
T are not independent: as can be seen from the results in Sec. In this section we discuss low energy processes involving

I, for n,=1 we have the relation

meson mixing and/or decays. An important point is that al-
most all the observables analyzed receive short-distance con-

IX12= |V1pVinl 2= Vbl 2(1— V11| 2). (24)  tributions from box and/or penguin diagrams wif 2/3

quark loops(otherwise it will be indicated explicitly The

Fort andT degenerate] andU would automatically vanish top quark amplitudes are especially relevant due to the large
independently of the mixing, anB= —0.16|X1{2. In order ~ top quark mass, and are proportional\t§Vs, ViyVy, or

to obtain a simple approximate formula whem>m,, we  V{\Vy, (or their squares depending on the meson consid-
approximate *|V1,/°~1 and keep only the leading order ered. The observables are then sensitivi tpand Vs (also

in yr. [Needless to say, we use EqR0)—(22) for our fits]  to V,,, but the most important restrictions on its modulus

Using the numerical values of,,y;, this yields

come from precision measurements examined in the last sec-

035003-6



EFFECTS OF MIXING WITH QUARK SINGLETS PHYSICAL REVIEW D57, 035003 (2003

tion). Additionally, there are extra contributions in the mod- Gr

els under study: either new box and penguin diagrams with ,cggxz 2k e 5 )\;'d)\de(xa Xg)

an internalT quark in model | or diagrams with tree-level V2 Amsy | ap=uct

flavor-changing neutral current§CNC) mediated by theZ — —

boson in model II. In any case, the new terms depend on X(sLy#du)(sLy,du), (26)

*
products of two elements of the fourth row 9f(VT4Vs, with \&=V*VV,4, etc. The functiorF is not gauge invari-

* * H H
VTdVTt! or VrgVrp in model | and FCN couplingXgs, X ant, and its expression in the 't Hooft—Feynman gauge can
or Xsp in model ). be found, e.g., in Ref55]. (This and other Inami-Lini56]

The a priori unknown top quark and new physics terms ¢, ctions are collected in Appendix BThe terms involving
are added coherently in the expressions of all these obserysq quark can be eliminated using

ables. Then, in principle there may exist a “conspiracy” be-

tween top quark and new physics contributions, with the first

very different from the SM prediction and new physics mak- > Nga= Xsd (27
ing up for the difference. As long as we use a sufficiently “

exhaustive set of low energy observables and reproduce thedihg setting<,= 0, resulting in

experimental values, this possibility can be limited. This is

because the products;Vis, . .. , ViqVrs Or Xq4s, €tc. ap- box CF @ "
pear in the expressions of these observables in combinations ~ Leff = — 2 4| o NgiMsaSo(Xy 1 Xp)
with different coefficients. AmSy L« p=ct
Our observables for models | and Il inclugémg|,
|5mBS|,s,s’/s, the branching ratios forb—se'e™, b +8Xsq Ect NEBo(X,) + X2,
—sutu”, K'—=7 vy, K.—u"u~ and theCP asym- . .
metry a,« . For model | we useédmp| as well. It must be X (s y*dL) (s y,dy), (28

stressed thathey are all independenand give additional
information that cannot be obtained from the rest. For ex
ample, if we removes from the list we can find choices of
parameters of our models for which all the remaining observ- So(X, Xg) = F (X4 ,Xg) — F(X,,0)— F(0x4)+F(0,0

. . . . . a B ) ﬁ ar ¥ ﬁ 3 3
ables agree with experimelithe precise criteria of agree- (29)
ment used will be specified in Sec. Vilbut & is more than
5 standard deviations from its measured value. This proceand By is given in terms of by

dure applied to each one shows that none of them can be
dismissed. 4BO(Xa) = F(Xalo) - F(0,0) (30)
e e e e o ) acdon there are o terms o be included i the L
g P ' pre : grangian. The first corresponds Zatree-level FCNC,

ference| Smy| and some other partial rates, like~sy, B
—svy, Butu~, Be—uu”, agree with SM expecta- G ., — _
tions (b— sy is nevertheless included in the jité\n impor- LE=— Exgd(sL'yﬂdL)(sLyﬂdL)- (32)
tant exception is the decag, — 7°vv, which will be stud-
ied in Sec. VII. SeveraC P asymmetries can also differ from The second Originates from diagrams with one tree-level
SM expectations, and are thus good places to search for deCN coupling and one triangle loop. Its contribution plus the
partures from the SM or further restrict the models underg term in Eq.(28) can be compared with the short-distance
consideration. effective Lagrangian fok°— u*u~ (see Ref[54] for the

In the rest of this section we review the theoretical calcu-getaily, concluding that the sum of both gives the gauge-

together with their experimental status. gauge-invarianA S= 2 effective Lagrangian then reads

where the gauge-independent functiyis given in terms of
the true box functior by

— M CEF a B
A. Neutral meson oscillations Leg=——= > NNESH(x, Xg)

. . \/E 4773\2/\1 a,B=c,t
1. The AF =2 effective Lagrangians

The complete Lagrangian f@ = — 1/3 external quarks in

— a 2
the presence of extra down singlets has been obtained in Ref. 84773\2/\/)(5%:20,( NsaYo(Xa) ¥ X5
[54] and we follow their discussion except for small changes o o
in the notation. We ignore QCD corrections for the moment X (s y*dy) (s y,dy). (32

and neglect external masses. The Lagrangian&%pB° and

B oscillations are similar up to CKM factors, and for sim- We use the Il superscript to refer to model II. TX&, term in
plicity in the notation we refer to the kaon system. The boxEq. (26) is subleading with respect 6%, and it has been
contributions can be written as omitted.
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The SM Lagrangian can be readily recovered by setfcing A',L= —8de[)\ﬁs7l§Yo(Xc)+?\Es7l{<tYo(Xt)]

Xgs=0 in the above equation. In model | the Lagrangian )

reduces to the SM-like box contributions but with terms in- ATSW « o

volving the new mass eigenstafe + 77 Xds: (36)
G e with 75,=0.58, 75=0.60. We estimater/;=7%, 7%

Lig=——F > AIALSo(xy . xp) ~ K i i ot
eff 2| 472, a St sd\sd B 117, and expect that this is a good approximation because
W RG evolution is slower at larger scales.
X(ELY"dL)(gLY d) (33) In the neutral kaon system the mass differedog; can
LdL).

be written as

In the B® and BY systems the approximation of vanishing
external masses is not justified for thejuark. However, the
two terms involving Sy(Xc) =So(Xc %) and Sp(Xc,%;) aré  \yhere the second term is a long-distance contribution that
much smaller than the one witBy(x)=So(X;.X;) and can  cannot be calculated reliably. For the first term we obtain
be neglected, and for the latte,<m, and thE approxima- (4 64+0.68)x10 3 ps ! within the SM, whereassmy
tion is valid. The effective Lagrangian f@°-D° mixing is  =5.30x 10 3 ps 1. The large~30% long-distance contri-
more problematic and we will deal with it later. _ bution prevents us from usingmy as a constraint on our
Short-distance QCD corrections are included in thesenodels, but we observe anyway that the short-distance part

Lagrangians as; factors multiplying each term in the usual 2 ReMY, always takes values very close to the SM predic-
way. These factors account for high energy QCD effects an@ion once all other constraints are fulfilled.

omy=2 ReM',+ smj° (37)

renormalization grougRG) evolution to lower scalef57]. The CP violating parametet is calculated &

When available, we use next-to-leading or(&tO) correc-

tions[58]. For the nonstandard contributions we use leading _ImMK,

logarithmic (LL) RG evolution[59]. The differences be- g=e ™ ——=° (38
tween LL and NLO corrections are minimal provided we use \/§5mK

MS massesn;(m;) in the evaluation$58]. Some represen-

X . and in the SM it is close to its experimental value (2.282
tative QCD corrections for the new terms are +0.017)x 10~2 after a proper choice of the CKM phase
6/2 6/23 (see Appendix A The SM prediction with the phasé
5{as(l\/lz)} ’ =1.014 that best fits, &'/e, a,«  and|omg| is e=(2.18
as(my) +0.38)x 10 3. Notice that there is a large theoretical error
in the calculation, mainly a consequence of the uncertainty in
(34) By, which results in a poor knowledge of the CKM phase
that reproduceg within the SM. In models | and Il this
parameter receives contributions from sevel& violating
Here the superscripts,B refer to the neutral mesons, and phases and thus it cannot be used to extract one in particular.
the subscripts to the term considered. Instead, we let the phases be arbitrary and require that the
prediction fore agrees with experiment.

ag(mp)
ag(me)

n§=[as(mc>]6’2{

6/21
ag(my)

ag(my)

n$T=[as(mo]6’23[

2. K° oscillations

— . o . 3. B oscillations
The elementV ;, of the K°-K°® mixing matrix is obtained

from the effective Lagrangiafsee for instance Ref57]), The elementvi ?2 of the B%-B°® mixing matrix is
K GIZ:M\ZNfﬁéKmKO K K B G|2:M\2Nf§éBmBO t > B
12=—2[(>\35)2ncc (Xe) + (N o) 7So(Xy) M= > [(Aap)“7:So(xe) +Ag]  (39)
12 127
t K A
+ N gshasTeeSo(Xe X)) + Ak (B9 with mg=5.279 GeV. We usefg=200+30 MeV, Bg

_ _ _ =1.30+0.18 from lattice calculationg3]. The terms corre-
In this expressionmyo=498 MeV is the K® mass, fx  sponding toSy(x.) and So(x.,%) have been discarded as
=160 MeV the kaon decay constant taken from experimentisual, because in the SM, as well as in our models, they are
and By =0.86=0.15[60] the bag parameter. The QCD cor- numerically 2—3 orders of magnitude smaller than$hx;)
rections are ncKcz 1.38+0.20, nﬁzO.S?, 77cKt:O'47 [61] term (the CKM angles are of the same order and the
(we do not explicitly write the errors when they are negli- functions are much smallerThe QCD correction isnf‘t
gible). The extra piecé\x in models | and Il is =0.55. The nonstandard contributions are

I T K T K
A|<:()\ds)277TT (X7) + Ngsh dseSo(Xe  XT)
CT K %This expression assumes a phase convention WME¥,, is
N gsh ds7rSo( Xt X1), real. For a rephasing-invariant definition ofsee Ref[62].
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A'B=(Rgb)zﬂ-?rso(xﬂ+>\Eb>\gmeTso(Xt X7), In the absence_ of new physics, or if the extra phakedy
cancel,a = sin2g.
. ¢ B TS5 Bu2 The phase oMY, is relatively fixed by the determination
Ap=—8Xaphap 7 Yo%) + ——— 72Xy (40 of ¢ and Smy . Despite the good experimental precision of

both measurements, the former has a large theoretical uncer-

The termsSy(X¢,Xt) In A'B and Yy(Xc) in A'EL have been tainty from I§K and the latter from long-distance contribu-
dropped with the same argument as above. The QCD corretions. This allowsdy to be different from zero, but it must be
tions for the rest arg?;=0.55, 75=0.57 and we approxi- small anyway. The agreement af,c, with experiment then
mate 7&= 7. constrains the phas®; . The asymmetry in semileptonic de-

Since|T'?|<|MY,|, the mass difference in tHsystem is  cays depends also afy [65] and does not provide any extra

constraint on the parameters of these models.
| omg| =2|M 1, (4D
4. B? oscillations

and is Tuseful to constre}mgb and the new physics param-  Thg analysis oB? oscillations is very similar to the pre-
e_ters,)\db or Xgp dependm_g_on the model considered. Long-yious one for thes® system, with
distance effects are negligible in tiBesystem, and the SM
calculation yie_ldsj Smg|=0.49+0.16 ps %, t_olbe compared GgM\ZNféséBsmBO
with the experimental value 0.489.008 ps *. Mi‘zz - S[()\tsb)zﬂﬁsso(xtHAB ] (46)

A second restriction regarding oscillations comes from 127 s
the time-dependent asymmetry in the de@&y- yKg (see R
for instance Refl62] for a precise definition This processis and mgo= 5.370 GeV, fg =230+35MeV, Bg =1.30

mediated by the quark-level transitidm—ccs and takes +0.18 [63]. The Sy(x.) and Sy(X.,X;) terms have again
place at the tree level, with small penguin corrections. Thebeen neglected, and the QCD correction for $3éx,) term
amplitude for the decay can then be written to a good apjg ’728:0-55- The new contributions are

proximation asA=AV¥* V.., with A real. Therefore the

asymmetry i8] a = Im\ ., with Ag = (N2 nEsSo(xr) + AN Sy esSo( X % 7),
(M?z)* A MTz B 4775\2N B
NyKs= W A MY Ags: - 8XSb}\tSb77HSYO(Xt) * a 7725X§b,
12 12
(47)
_ (MT)* VepVes M1 42 with the terms involvingSy(Xc 1) in Ag andYo(Xc) in Ap_
IME VE Vs IMY discarded. The QCD correction factors are the same as for

M. The SM estimate for|smg|=2|M55 is 17.6

and provides a constraint on the combination of phases of g g ps 1. Experimentally only a Iof/ver bound fd¥my |
B,K mixing and the decap—ccs, which are functions of  o.icic |6mg |=13.1 pst with a 95% C.L., which cansbe
the CKM CP violating phases and angles. Our calculation B . .
within the SM givesa, x_=0.71, and with other choices of saturated in models ! gnd I gnd thus provides a constraint

s ’ L not always considered in the literature. Larger values than in
parameters for the CKM matrix the prediction may chang&ne sMm are also possible.
by =0.08. The world average ig,« =0.734* 0.054[64].

This asymmetry can also be expressed as 5. D° oscillations

In contrast with theK® and B® systems,D® mixing is
mediated by box diagrams wit®= —1/3 internal quarks.
. o This circumstance leads to a very small mass difference in
with 5 one of the angles of the well-knowdb unitarity 6 5. as a consequence of the Glashow-lliopoulos-Maiani
triangle, (GIM) mechanism. In addition, the approximation of vanish-
. ing external masses is inconsistent, and with a careful analy-
B=ar _Vchcb sis including the charm quark mass an extra suppression
VgV, ~(mg/m,)? is found [66,67, resulting in |émp
~10 Y GeV. NLO contributions, for example dipenguin
and 6, 6 parametrizing the deviation of the mixing ampli- diagramg68], are of the same order, but to our knowledge a

a¢KS=Sin(2,8+203—20K), (43)

: (44)

tude phases with respect to the SM, full NLO calculation is not available yet. Long-distance con-
tributions are estimated to hémp|~ 1016 GeV [69].
ME, MK On the other hand, the present experimental lihditnp|
20g=arg—7—, 26k=arg— —. (450  <0.07 ps1=4.6x10 * GeV with a 95% C.L., is still or-
12)sm (M12)sm ders of magnitude above SM expectations. This limit can be
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saturated in model | with a tree-level FCN COUp'MgJ [70] there are 0n|y twiK =" V;GVGHtS[?G]. The Correspond_

In model II with a new quarkB the GIM suppression is jng 90% C.L. interval for the branching ratio [8.2,4§
partially removed but we have checked tRét mixing does  x 101

not provide any additional constraint for a masss The new physics contributions are denotedy:, and
<1 TeV. Hence here we only discuss model I. The elemen{n models | and I they read
M2, is then |
e , A= =N Xo(x7),
D_GFMWfDBDmDO 47TSW D2 I
12™ 1271,2 7z XCU ’ (48) AK+ = CUZZXSd1 (50)

. N
wherempo=1.865 GeV and =215+ 15 MeV[71]. We as-  Where the factoCy,z in Ay« is [77]

sumeBp=1.0=0.3. We have omitted the SM terms, whose 2 72
explicit expression can be found for instance in Héf7], Cuaz= =_ SW_ (51)
since they are generically much smaller than the one written \/EGFM\ZN a

above. In contrast wittk® and B? oscillations, the terms
linear in X., are both negligible due to the small masses/n model | there is another consequence of the mixing of the
ms,m;, and we have dropped theéhThe QCD correction is  top quark not considered in these expressiofis:and Xrr
72=0.59. The mass difference is given bjsmp| are different from unityhence the functiorc, correspond-
=2|M?2|, and provides the most stringent limit o6, . ingtoZ penguins changéand there are extra penguin dia-
grams withT andt, proportional to the FCN coupling;t .
This is the same kind of modification that we have seen in
the discussion of the radiative correctionRg. There it was
1. Kr>mtvry found that the net effect of the top mixing would cancel for
_ mr=m; and is small formy~m,. The magnitude of the
The importance of the rare kaon decy —7"vv in  correction required to take this effect into account in
setting limits on the FCN couplin¥s4 has been pointed out Br(K*— 7 ») can be estimated in analogy with that case.

before[40]. 'I_'his is a theoretically very clean process afterWe find that the correction grows witr andmy ; however,
N.LO corrections reduce the scale dependence._ The UNC&Hese cannot both be large, as required by oblique param-
tainty in the hadronic matrix element can be avoided by I'eaters. The result is that the error made using E4@,(50) is
lating this process to the leading dedéy — %" v using  smaller than the combined uncertainty frox, and m
isospin symmetry, and then using the measured rate for th@ o). For X, in its upper limit it amounts to a 6% extra
latter: systematic error, unimportant with present experimental pre-
_ cision. For each value of;+ andm; we include the estimate
Br(K*—=a*vp) _ Igra of the correction required in the total theoretical uncertainty.
Br(K* Oet) 2m2st V. 2 Bearing in mind the.approxmatlon made in using Eqs.
(KT —meTy)  2msy|Vud (49),(50), we also omit the QCD factors in the calculation
because they represent a smaller effect.

B. K decays

2

| t X
X|:e2# ) INXNLF Nsat Xo(Xe) This decay sets relevant constraintsXdn, A1, and Xqq
" that cannot be obtained from the rest of the processes studied
+Ag+|2 (49) in this section. This fact has been explicitly proved by study-

ing what the range of predictions for Bt( — =" vv) would
The factorr+=0.901[73] accounts for isospin breaking be if the rest of the restrictions were fulfilled but not the one

corrections. The charm contributions at NLO &ve] Xg{* regardingk t — 7" vv. Since in some regions of the param-

=(10.6-1.5)x 1074, Xj= (7._1iX1.4)>< 10, and the eter space BK*— * v») would be out of the experimental
QCD correction to the top term igi =0.994[75]. The func- interval, this process cannot be discarded in the analysis.
tion Xo=Cy— 4B, can be found in Appendix B. The top and

charm terms have similar size becau)Sg(xt)>X'NL but 2. K —ptu~

Nea<N&g- With Br(K*—m%" 1) =0.00487 we obtain the A complementary limit o', AT, and X4 comes from

SM value BrK*— 7" vv)=(6.4=0.6)x10 %, where in the short-distance contribution to the dedgy— u* u . Al-

the uncertainty we include only that derived fram and  though theoretically this is a clean calculation, the extraction

X'NL, and not that from CKM mixing angles. Experimentally from actual experimental data is very difficult. The branch-
ing ratio Br(K, — st ") =(7.18+-0.17)x 10 °[78], can be
decomposed into a dispersive pgReA]? and an absorptive

“Extending the discussion in Réb4] to the case oD%-D° mix-  Part [ImAJ%. The imaginary part can be calculated from

ing, we can argue that the functions multiplying the terms linear inBr(K_— y¥) and amounts to (7.070.18)x 10" ? [5], which

X., are the Inami-Lim functions appearing D°— " 1=, which ~ almost saturates the total rate. The extraction of the long-

are also in this case Y, [72]. distance component from the real pafReA]?=(1.1
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+2.4)x 10 % is not model independef79], but as long as The study ofb— sy in the context of SM extensions with
our aim is to place limits on new physics we can use theup and down quark singlets was carried out at leading order
model in Ref.[80] as an estimate, obtaining the 90% CL (one loop in Refs.[81,82. The Wilson coefficients at the
bound|ReAgp|><1.9x10°. scaleMy relevant for this process are, using the notation of

On the theoretical side, the calculation of the short-Ref.[57],
distance part of the decay is done by relating it Ko

—u’ Neb
MY, Cz(Mw)z_)\_tS, (57)
_ sb
Br(KL—u" 1 )sp
+ + ,
Br(K"—pu"v) C7y(|\/lw)=—EDO(Xt)+AC7y(MW),
_ K, a?
Tk + oS0 Vel 2 Cec(Mw)=— EE(')(Xt)"‘ACsG(MW),
X[YnLReNSyt 7 Yo(x)ReNg+ Ak 1, (52) Ca(My)=ACs(My),
with 7 =5.17X10"® s, 7¢+=1.238x 10" ® s. The factor in C7(My)=AC/(My),
the charm term isyy, =(2.94+0.28)x10 % at NLO [74].
The functionY,= Cy— B, can be found in Appendix B, and Co(Mw) =ACo(My).

the QCD correction for the top is very close to unity,

: _ The extra terms in model | are straightforward to include:
=1.012[75]. Using Br(K*— u*v)=0.6343 from experi-

ment, the SM prediction is BK, —utu )sp=(6.6 1N\,
+0.6)x 107 1% The new physics contributions are ACY(My)=— > )\_tDO(XT)*
sb
A = 71Yo(x7) ReN ]y, LT
b
ACys(Mw)=— 5 —>Eg(x7),
Al =ReCyzzXsg. (53) 2 N
_ | —
As in K™ — a* vy the mixing of the top quark modifies the AC(Mw)=0,
Inami-Lim functionCy and adds a new—T term. The net ACYL(My,) =0
effect is small and has been taken into account in the theo- oW ’
retical uncertainty. ACH(My)=0. (58)

C. B decays In model Il there are contributions froleenguins with one
L Box or two FCN couplings, pludH penguins and other terms
- B=ASY

originated by the non-unitarity of. The expressions read
The inclusive decay width" (B—Xsy) can be well ap- [81]

proximated by the parton-level widih(b—sv). In order to

reduce uncertainties, it is customary to calculate instead the M b(23 XsBXBb
: 7(My) = Rt ETE| T —
ratio 36 A
sh
I'(b—sy) X[£5(ye) + &5 (Wp)],
" To—cer) 59
( —Cer AC“ (M )_X_(__Sg 3§Z)_3XSBXBb
and derivel'(b—sy) from R, and the experimental mea- st A3 s ° A
surement of"(b—cev). The ratioR,, is given b
(b=cev) v1s given by X[E(ye) + EX W),
|7\ b|2 6a
| 7 (M)|2, (55 I _ 1 Xsp
T Vel 7@ T ACHMwW =5 ¢
wherez=m./m, (pole massesand
ACY (M 2 zxsb
f(z)=1-82°+82°— 28— 247*logz (56) 7(Mw)=—3 W)\_tba
S

is a phase space factor for—cev. The Wilson coefficient

C;,(u) is obtained from the relevant coefficients at the scale
My by RG evolution.
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with y;=(m;/M5)?, w;=(m;/My)2. The functions¢ are
given in Appendix B. We have made the approximatiggs
=0, y,=0, mg/m,=0, and avery small term proportional
to XggXgp has been omitted nAC andAC Note also

ElOA(MW

sponding to the top quark,

and Il. The RG evolution to a scaje=5 GeV giveg 81,83

Cy,(1) = —0.158,(My,) +0.695;,(My,)

+0.08%g5(Myy) +0.14T5(Myy)
+0.101C,(M

w)—0.0384(My).  (60)

ACiu(M

From this coefficient we geR,=2.62x 10 % in the SM. In
order to incorporate NLO corrections we normalize our LO
calculation to the NLO valu¢84] with an ad hoc factor
K,=1.12, and we keep the normalizing factor for the calcu-
lation of R, in models | and Il. This is adequate provided the
nonstandard contributions are small. The systematic error of
this approximation is estimated to be smaller thak (K,
—1)[R,—R,(SM)], and vanishes if the new physics terms
scale with the same factdét, . We have found that in prac-
tice this error is of ordelO(10 °), and in the worst case
2x10 4, smaller than the uncertainties present in the LO

ACy(My) =

PHYSICAL REVIEW D 67, 035003 (2003

o( X¢)

)\sb

t
sh

w) ="
Nsb

and in model Il we hav§89]

ACI@;V( My) =

2
Sw

+AC;0a(My).

Yo(Xr)

4 Cuzz)\—t.

(63

~4zZy(x0)|, (69

Adp Yo(xr)

sw

Xsb

sb

CUZZ Xsb

Cin(Mw) =~ o

- (65
Nsb

and NLO calculations. With this procedure and usingtBr( The RG evolution to a scale=5 GeV gives the coefficients

—>C€V) 0.102 we obtain Bi§—sy)=3.34x10 4, in very
good agreement with the world average (3‘3034)>< 104
[85—87. We take as theoretical uncertainty the one quoted in
Ref.[84], 0.33x 10 “.

2. B=XJtI™

The analysis of the decag— Xl *|~ is very similar to
the previous one oB— X.y. Again, the process can be ap-
proximated byb—sl|*1~ and the quantity theoretically ob-
tained is the differential ratio

d
—T(b—sl*l™),

R o)=_ -
n(s)= F(b—>cev) ds

(61)

with §=(p|++p,f)2/mt2, the normalized invariant mass of
the lepton pair. The calculation at LI@8] involves two more
operators at the scal®lyy, Qgy, and Qqgs. Defining for

conveniencegy ,Cin by

- 8 | 8 1672
o o 9(z,s) 9 ogz+ 27+ 9 :
Cgvzﬂcgw ClOA:ECmAv (62 .
2 arctar————,
the latter are 472
—-1
S
= 4 Ngp Yo( Xt)
Cov(My)=— 9t + —4Zo(%)+ACqy(My), X 47°
A 1+ 1——
S
log
_ _ 472
SWe obtain the factoK, by comparing our LO and the NLO 1— 1- —
calculation ofR, in Ref.[84] with a common set of parameters. S
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of the relevant operators,

Ci(p)=—-0.221C5,(My),

Col)=1.09T,(My),

E9V(M):EQV(M

Cioa(p)=Cioa(My),

CeM(m)=Cou()+9(z,9)[3Cy (1) +Co( )],

w) +1.8385(My),

(66)

andC-, as in the procesb—sy. We define for brevity in
the notation an “effective’Cgy,

(67)

where thes-dependent functiog is [88]

2 472 (2 422)
- || 2+t —=
9 s s
s<427?
(68)
+ i, S>472,
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Then, the differential ratid;, is written as Py=0.387+0.088B"?,

o? NGl P,=0.474-0.01B{?—10.18@§"2,
472f(2) [Vepl?

Ri(s)= (1-8)2[(1+29)(|CEM|?+|Cyanl?)

Pe=0.188-1.39B"?+0.45B?, (72
+4(1+2/S)|C,.|2+ 12 ReC%_CE. (69)
( 7 7V with B2 B2 non-perturbative parameters specified be-
The partial width Brb—s|*17) is derived by integrating  0W. The new contributions are
from 4mf/mg to 1 and multiplying by the experimental value A =L (x)ImAT
of Br(b—cev). Within the SM we obtain Bi§—se"e™) ef et sd
=7.3x10"% Br(b—su"u )=5.0x10"° These values I
. o . A= Py+Py+P,)ImXy.
are a little sensitive to the precise valuesgf used. We use, o= Cuaz(Pxt Pyt P2)Im X
as throughout the paper, tiMS definition. Experimentally,

Br(b—su’u")=(8.9:2.7)x 10;67bUt for eIecEré)ng only InA!, we approximate the coefficients irF, (x;) with the
an upper bound exists, Br{~se"e )<11.0<10 " with a  ¢orresponding ones iR, (x,). From lattice or largeN, cal-
view of the experimental errors it is not necessary to incor'counting for final state interactioi®3,94 modify these fig-
porate NLO corrections to set limits on new physics. Theures to Bgl/2)=1.55i0.5 Bga/z)= 0.7+0.2 yielding &'/s

theoretical uncertainties, including the possible modification_ " 3. .
. . L =(1.64+0.70)X -
of the Cy functions, do not have much importance eitkier (1.64+0.70)x 10 = in good agreement with the world av

. . erage (1.720.18)x 10 [3,4]. With largeN, expansions at
contrast \.N'th the d?c?‘%s” an_d we do not take them into NLO very similar results are obtaind@®5]. Notice that the
account in the statistical analysis.

Despite th : tal L deb 11 large theoretical error in thB parameters partially takes into
?SP' € the worse experimental precision, in mo account the different values from different schemes. These
—sl|7|™ sets a stronger limit on the FCN couplidg, than

b This i q db i thi del the d uncertainties, together with cancellations among terms, bring
b_>5|7+'|, IS |sbun erjltood becausel n : clf model the Iefca)ébout a large uncertainty in the prediction. In spite of this
—sl'l can be mediated by tree-level diagrams involVingga et 7/ is very useful to constrain the imaginary parts of
Xsp, While in the proces®— s+ this vertex appears only in | ¢ AT, andX o [77]
sd» s :

extra penguin diagrams and unitarity corrections, of the sames®’
size as the SM contributions. Botk-e andl = u have to be
considered, as the former sets the best upper bound and the
latter provides a lower bound. In model | it also gives a more The combined effect of the low energy constraints figm
restrictive constraint thaibh—svy, but we still include the andB physics is to disallow large cancellations and “fine-
latter in the fit. tuning” of parameters to some extent. As emphasized at the
beginning of this section, the various observables depend on
D. The parameter &' the CKM anglesV,y,V:s,Vi, and the new physics param-
eters in different functional forms. Therefore, if theoretical
and experimental precision were far better the parameter
space would be constrained to a narrow window around the
egp"\\/l values, and perhaps other possible regions allowed by
ancellations. However, as can be seen in Table V, present
theoretical and experimental precision allow for relatively
large contributions of the new physics in models | and II,
with large deviations in some observables.
Other potential restrictions on these models have been
e explored: the rare decay8—I!*l~, Bs—I"lI~ and B
- ~Fer(x)Im Neat A, (700 X wv. With present experimental precision they do not
provide additional constraints, nor do the predictions for
with their rates differ substantially from SM expectations. An im-
portant exception is B, — m°vv). This decay mode does
Far(X0) = Pot+ PxXo(X) + PyYo(X) + PzZo(X) + PEEo(X)  not provide a constraint yet, but in models | and Il it can
(71 have a branching ratio much larger than in the SM. Its analy-

[ - - is is postponed to Sec. VII.
andA,. representing the new physics contribution. The fac>'"° 'S POSIP

tors multiplying the Inami-Lim functions are

(73

E. Summary

This parameter measures dir€@P violation in the kaon
system(its definition can be found for instance in RE32]).
For several years the experimental measurements have b
inconclusive, but now the determination has settled, with g
present accuracy of 10%. On the contrary, the theoretical
prediction is subject to large uncertainties. Instead of calcu
lating ¢’ directly, we calculates’/e=Ree'/e, using the
simplified expressiof92]

VI. OTHER CONSTRAINTS

_ 12 32 , _
Po=—3.167+12.40B{"?+ 1.26 B{*?, The diagonal couplings of the,d quarks to theZ boson

(1/2) are extracted from neutrino-nucleon scattering processes,
Px=0.540+0.0238¢"~, atomic parity violation and the SLAC polarized electron ex-
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TABLE V. Experimental values of the low energy observables TABLE VII. Correlation matrix for the parameters
used in the fits, together with the SM calculations with the paramg? ,g3,6, , 6.
eters in Appendix A. The theoretical errors can be found in the text

The mass differences are inds ot g 6, Or

SM prediction Expt. value ot 1 0.32 —0.39 ~0

gi 0.32 1 -0.10 ~0
g 2.18x10°3 (2.282+0.017)x 102 o, ~0.39 ~0.10 1 0.27
| Smg| 0.49 0.48%0.008 Or ~0 ~0 0.27 1
kg 0.71 0.734-0.054
|omg | 17.6 >13.1 (95%)
| smp| ~10°° <0.07 (95%)
Br(K*— 7" vv) 6.4x10° ' (3.2-48)x 10 ' (90%) L=~ T E [Ciiey,7°eq i+ Chiey, v eq v v ;]
Br(K,—u*u)sp  6.6%10°10 <1.9x10°9 (90%) " 75
Br(b—sy) 3.34x 1074 (3.3:0.4)x10°4
Br(b—se"e") 7.3x10°° <11.0<107° (90%) plus a QED contribution. We are not considering mixing of
Br(b—sutu™) 5.0x10°° (8.9£2.7)x10°° the leptons, and hence the coefficie@ts,C,; are at the tree
g'le 1.64x10°° (1.72+0.18)x 10" ® level [19]
Xou 4,

periment(see Ref[5] and references therein for a more ex- Cu=- (T_ §SW)’

tensive discussion The values och,R,cﬂR derived from

vN neutral processes have a large non-Gaussian correlation, Xgg 2 ,
and for the fit it is convenient to use instead Cu=—| ~ - T35
1 1
07 = ZL(c 2+ (e, Cau X ~ 54253,
1 uy2 dy2 1 2
= Z[(CR) +(CR) ], C2d=—de - §+25W . (76)

The parameter€,, and C,4 can be extracted from atomic

u ~
parity violation measurements. The combinatiGa=C,,

L
g =arctan;,

ct —C,4/2 is obtained in the polarized electron experiment. In
Table VIII we quote the SM predictions &;,,Cyq, Co,
o including the radiative corrections to Eq3§6), and the ex-
Or= arctany . (74) perimental values. The correlation matrix is in Table IX.
cg The leading effect of mixing with singlets is a decrease of

Xyu (in model ) andX4q (in model 11), which reduceg? and
The SM predictions for these parameters, including radiativéhe modulus ofC, in both cases, and also the modulus of
corrections[5] and using theViS definition ofs?,, are col-  Cyy Or C14, depending on the model considered. The angle

lected in Table VI, together with their experimental values.f. grows when the up quark mixes with a singlet and de-
The correlation matrix is in Table VII. creases when the mixing corresponds to the down quark. The

The interactions involved in atomic parity violation and right-handed couplings are not affected by mixing with sin-
the SLAC polarized electron experiment can be parametrizeglets, and thugg and 6 remain equal to their SM values.

with the effective Lagrangian However, they have to be included in the fit because of the
TABLE VI. SM calculation ofg?,g3,6, ,6g and experimental TABLE VIII. Experimental values and SM calculations of the
values. parameter<,,,,Cy4 in the Lagrangian in Eq(75) and the combi-
nation C,= C,,— Cy4/2.
SM Experimental
prediction measurement Error SM Experimental

) prediction measurement Error
o 0.3038 0.3020 0.0019
g3 0.0300 0.0315 0.0016 Cu —0.1886 —0.209 0.041
o, 2.4630 2.50 0.034 Cud 0.3413 0.358 0.037
Or 5.1765 4.58 039 C, —0.0492 -0.04 0.12
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TABLE IX. Correlation matrix for the parameteiS,,, Cyq leading to an increase in B{(_H’ITOVF) of an order of mag-

andC,=Cou~ Cod/2. nitude, even keeping BK* — = vv) at its SM value.
Clu Cld 62 . o R
B. The CP asymmetry in B;—D_ D
C 1 —0.9996 -0.78 _ . .
Cl" 09996 1 0.78 The “gold plated” decayB?— D D is mediated by the
ald _6 78 0.78 1 quark-level transitiorb— ccs. This decay is dominated by a
5 . .

single tree-level amplitudd& oV, V s and it is then free of
hadronic uncertaintief98]. The time-dependen€ P asym-

experimental correlation. Another consequence of the mixingn€try is written asap o =ImXp:p_, with [99]
may possibly be the modification of the small radiative cor-

rections to Eqs(74),(76). We neglect this subleading effect

and assume that the corrections remain with their SM values. Apfp =

(MBS *
ERY

\ chs
chs

(79

VII. SOME OBSERVABLES FROM K AND B PHYSICS
WITH LARGE NEW EFFECTS

and also

aD;D;:Sin(Zf_ZHBS), (80)

There is a large number of observables of interest that will
be tested in experiments under way and for which our mod-
els lead to departures from the SM. Necessarily, our study jwith
not complete and we pass over many relevant processes that

deserve further attention. We discuss for illustration the VeoVes

CP-violating decayK, — 7% and the time-depende@P
asymmetry inB—D D

A. The decayK, — vy

This decay is closely related ®*— =" vv, but its de-
tection is much more difficult. At present it is still unob-
served, and the 90% C.L.

Br(K_ — 7%vv)<5.9x 1077 [96]. It is calculated as
Br(K — 77-01;;)
K o?

“Br(K* — %" 1)
TK+ 2

X >

l=eu,7

=r
“ 25| Vel

[XNLIm Neat 7t XO(Xt) Im 7\sd

+ImAg+12, (77

with the corresponding isospin breaking correctimaL

=0.944. The SM prediction for this partial width is (2.3
+0.17)x10 %, one third of the value for BK"

T v?). As only the imaginary parts of the CKM products

enter in the expression for Bt( — 7°vv), it is possible to
have this decay rate much larger while keeping KB'(

limit on this decay mode is

(81)

§=ar%—

and b, parametrizing the deviation of the phasel\tb?; with
respect to its SM value,

thv.tks

MEs

205 —arg—.

82
(M >)sm (82

In the SM{=0, so the asymmetraD;DS— is predicted to be
very small @D;D;20-03 with the parameters for the CKM

matrix in Appendix A. Therefore, its measurement offers a
good opportunity to probe new physics, which may manifest
itself if a nonzero value is observ¢é9].

Another possible final state given by the same quark-level
transition isy¢. This state has a clean experimental sigha-
ture at hadron collidersy— 171~ and¢—K K™, providing
better chances to measure sif{26g) at Tevatron[100].
However, in this case both particles and ¢ have spin 1,
and then the orbital angular momentum is not fix¢d. B2
—DJ D the twoD mesons have spin 0, and therefore they
are produced in b=0 CP-even statg.The s¢ are produced
in an admixture ofCP-even andCP-odd states, which can
be disentangled with an analysis of the angular distribution
of their decay products™| ~,K*K~ [101]. We will loosely
refer to the CP asymmetries containing the phase{(2

— " vv) in agreement with experiment. However, there is a—26g) as ap:p_, understanding that this includes the

model-independent limit

Br(K, — m%vv)
(K _)\4 376

_— 78
Br(K"—atvy) (78

that holds provided lepton flavor is conserné&¥]. We will

asymmetries corresponding to final statbg Dg, #d,

D "D}, etc. Finally, it is worthwhile mentioning that
cos(Z—ZeBs) can also be measured, on condition that the
width difference between the two mass eigenstates is sizable
[102). This can be done without the need for tagging the

initial state BS or §S) and provides an independent mea-

find later that in our models this bound can be saturatedsurement of this important phase.
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VIIl. RESULTS 1

We are more interested in the departures from SM predic-
tions originated by mixing with exotic singlets than in find- 0.9
ing the best fit to all experimental data. Therefore we must
specify the criteria for what we will consider as agreement of
these models with experiment, and of course our predictions—,
depend on this choice. We requiig¢individual agreement of =
observables with data, arii) that the jointy? of the observ- 0.7
ables, divided in subsets, is not much worse thanythef
these subsets in the SM. For the first condition, the numbel
of standard deviations allowed in a single observable is simi-
lar to the departure already present in the SM. The seconc

0.8

s . . .. . 0.5 L | L | L | L
condition consists in requiring that thé of a group of vari- 200 300 400 500 600

ables is smaller than or equal to the SM value increased m
by a quantity numerically equal to the number of variables in )
the group. On average, this condition means admitting.a 1 7/C- 1. Allowed values ofVy,| (shaded argan model I, as a

deviation for a variable which in the SM coincides with the function of the mass of the new quark.

experimental measurement, an extra departure ofOfdda
variable which is at & within the SM, or 0.24r for a vari-
able which is already at@ in the SM. This second condition

+ +.3 +,,-
is in practice much stronger than the first one. These criteriJaémDL Br(K"—a"vv), Br(K.—u"p)sp and Brb
are best explained by enumerating them. —se"e ) we require that the predictions are in the experi-

(1) The moduli of the CKM angles/,q,Vye,Vup:Veg, mental intervals quoted in Table {he upper limit of| smp|
Ve, Vp Can be at most @ away from the figures in Table 1. N the literature has a 95% C.L., |n§t9ad of the more common
The sum of they2 must be smaller than the SM result plus 6. @€ Of 90%. We also set the conditiofdmg_/omg|>26.7,

(2) The predictions foR, ,R;,A% A% A, A, may be rather than| 5mBs|>13.1 ps !, to avoid theoretical uncer-
up to 30 away from the central values in Table II. We allow tainties. With all these restrictions we explore the parameter
larger departures than in the previous case because the Sdpace to find the interval of variation of charged current top
prediction ofA%g is almost 3r from the experimental mea- quark couplings, flavor-diagonal and flavor-changigou-
surement. We also require that thé (calculated with the plings and the observables introduced in the last section. We
correlation matrix in Table I)lis smaller than the SM result discuss the results for models | and Il separately.
plus 4 (in model ) or plus 3(in model Il). The number of
variables in this subset that effectively change with the mix- A. Mixing with an up singlet
ing are 4 and 3 in models | and I, respectively.

(3) The contributions to the oblique paramet&Ss,U
from new physics have to be withine2 of the values in
Table V. The sum of the¢? of the three variables must be

2
Sm&!;e;ﬁgagt}::r\?al\éﬁegalrgemplrzr?d a. are allowed to and oblique corrections almost cancel, while the new quark
o ' Bl & TyKs ) can virtually take the place of the top quark in reproducing
move within 2.5 of the numbers in Table V. The totat  the experimental values of the meson observables analyzed.
has to be smaller than the SM value plus 3. This is viable because for smatl; the Inami-Lim functions

(5) The branching fractions fob—sy and b,_’slﬁff for the top and the new quark are alike. Ag grows this
are required to agree_W|t2h the experimental figures in Tablgossibility disappears and the dominant contributions come
V within 20, and theiry® has to be smaller than the SM from the top quark, but still significant departures from the
result plus 2. _ SM can be found. In our analysis we have checked that for

(6) The departure of'/e from the experimental measure- the values and plots shown the Yukawa couplings remain
ment in Table V can be at mostlarger than the departure perturbative. The decoupling limit is not reached in any of
within the SM. _ the cases considered.

(7) The parameterg?, g, 6., 6r, Ci,, Ciq andC, One of the most striking results in model | is the deviation
have to be within 2 of the central values in Tables VI and of |V,,| from unity (see Fig. 1L The modulus ofV,, is de-
VIIl. Their x?> computed with the correlation matrices in termined by the coupling/t, in Fig. 2, and the latter is
Tables VII and IX is required to be smaller than the SMbounded by thel parameter, as was seen in Sec. (Vhe
value plus 5 ¢r and 6 are not affected by the mixing in dependence on only one observable leads to the very simple
these model)s behavior of the curves in Figs. 1 and)2For my

The observables, |émg|, Br(b—sy) and ¢'/e have =200 GeV,|V,,| can be as small as 0.58. The lower limit
large theoretical errors that are of similar magnitude to theon |V,| grows with my, but even form;=600 GeV it is
experimental ones. In the comparison of these observablg¥,,|=0.977, substantially different from the SM prediction

with experiment we use the prescription explained in Appen-
dix C, assuming that the theoretical errors are Gaussian. For

One fundamental parameter in model | is the mass of the
new quarkmy . We find that for lowmy the effects of mixing
can be huge, with/,4, Vs andVy, very different from the
SM predictions. In this scenario the effects of mixing Ry
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1 ; . ; . 0.05 ; ; . ,

0.04

0.03
=
0.02
0.01
0 1 | | | f 0
200 300 400 500 600 200 300 400 500 600
m, m,
T T
FIG. 2. Allowed values of the coupling/r,| of the new quark FIG. 4. Allowed values ofVyg| (shaded argain model |, as a
(shaded arean model I, as a function of its mass. function of the mass of the new quark.

|V,p|=0.999. Although sizable and theoretically very impor- the blank regions in these three figures are excluded. The
tant, this 2% difference is difficult to detect experimentally atquoted allowed limits might be wider if some delicate can-
LHC, which is expected to measure the sizeVf with a  Cellation not found in the numerical analysis allows a small
precision of+0.07[13]. region in parameter space withy ,V,s or their ratio outside
The top quark charged-current couplings andV,q can ~ the shaded areas. _ o
be very different from SM expectations as well. In the SM [N contrast with the former, the intervals for CKM mixing
3% 3 CKM unitarity fixes|V,|=|Vcp|. In model 1|V, can anglesVry, Vig o_Io not _show a pronounced decrease with
be between 0.002 and 0.061 for =200 GeV(see Fig. 3 ~ M- Vra can be in the interval &|Vr¢=<0.05 for themy
The allowed interval narrows a®; increases, and fom;  Vvalues studied, and the maximum size [¥f4 decreases
=600 GeV the interval is essentially the same as in the SMTom 0.06 formy=200 to 0.05 fomy; =600 GeV. o
The range of variation o¥,4 is also considerably greater  The counterpart of the departure from the SM prediction
than in the SM(see Fig. 4 For m;=<300 GeVV,4 can be |th|=0.999 is the decrease of tizdt coupling. Within the
almost zero(and in this case th& quark would account for SM, the isospin-related teri; equals 1 by the GIM mecha-
the measured values &f andB observables or even larger  Nism, while in model | the GIM breaking originated by mix-
thanV,s, as can be seen in Fig. 5. Again, for heaviethe N9 with a singlet _reduces its magnitude. The modulus of
permitted interval decreases and fof=600 GeV it is prac- Xit» @S Well asVy,, is determined by the parametéf, and
tically the same interval as in the SM. We remark that the€nce its possible size is dictated only by thearameter.
curves in Figs. 3—5 giving the upper and lower bounds arisd e interval allowed foiX; is plotted in Fig. 6, where we
from the various restrictions discussed in Secs. Il1-VI, espeoPserve that form;=200 GeV it reaches down t&;
cially those regarding meson observables; thus their compli= 0-34. The lower limit of the interval grows witimy and is
cated behavior should not be surprising. We do not claim tha@PProximatelyX,;=0.96 for my=600 GeV. TheZtt cou-

0.07 : : : , . 3
0.06 al 2.5
0.05 i . 5
_ 004p - 7
> 8 ~ 15
0.03 Ed
" 1
0.02
0.01 0:
0 L 1 L 1 L | L 0 n | t 1 I L
200 300 400 500 600 200 300 400 500 600
m, m,
T T
FIG. 3. Allowed values ofV,| (shaded arean model 1, as a FIG. 5. Allowed values of the rati¢V,q/V,s| (shaded argan
function of the mass of the new quark. model I, as a function of the mass of the new quark.
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FIG. 6. Allowed values ofX| (shaded arean model I, as a
function of the mass of the new quark.

pling will be precisely measured in_production at TESLA.
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0.04 ; ; ; ,

0.03

0.01

0
200 600

FIG. 7. Allowed values of the FCN couplin (shaded area
in model I, as a function of the mass of the new quark.

supersymmetric or two Higgs doublet modelshere observ-

With a ¢.m. energy of 500 GeV and an integrated luminosityable FCNtc vertices can be generated hut vertices are
of 300 fb™~, 34800 top pairs are expected to be collected atuppressed. The observability oZau FCN coupling is the

the detector in the semileptonic channejjjj, with | an

same, and even better in the cas&bfproduction processes

electron or a muon. The estimated precision in the determiat | HC. The coupling,; between the top and the new mass

nation of X;; with this channel alone is of 0.02. Then, even
with my=600 GeV a 2&r effect could be visible.

eigenstate (which is a function of the charged-current
coupling V¢,) can reach the maximum value permitted by

FCN couplings are perhaps the most conspicuous manthe model X,;=0.5 form;<210 GeV, descending slowly to

festation of mixing with quark singlets, and offer another

a maximum ofX;t=0.2 whenm;=600 GeV(see Fig. 8.

excellent place to search for new physics. In the SM they The mixing with a new singlet may also give new effects
vanish at the tree level by the GIM meChanlsm, and thqh low energy observables. The branching ratio I@t

effective vertices generated at one loop are very small as
consequence of the GIM suppress[d03]. This results in a
negligible branching ratio Bt(Zc)~ 10~ * within the SM.

In model | the FCN coupling.; can be sizabl€39], leading

to top quark decay$—Zc [104], Zt production at LHC
[105,10€ and single top production at linear collid¢f07—
110]. For my~m, the new contributions to meson observ-
ables involvingT diagrams are small, and this FCN coupling
can be relatively largdX.| =0.036(see Fig. 7.5 A coupling

of this size yields a branching ratio Br>Zc)=6.0x10"4
(nine orders of magnitude above the SM predickitmat
would be seen at LHC with 18 statistical significance in
top decays and 46 in Zt production(with an integrated
luminosity of 100 fo'1), and at TESLA with 8.2 signifi-
cance in single top productiofwith 300 fb"%). For larger
my, the contributions of thd quark to meson observables

(in particular toK™— 7" vv and the short-distance part of
K.—u"u~) decrease monotonically the upper limit on
|Xci, with some very small local “enhancements” that can
be observed in Fig. 7. Fof very heavy there is still the
possibility of |X.|=0.009, giving Br(—Zc)=3.8x10 °,
which would have a 1.2 significance in top decay pro-
cesses at LHC.

In model | theX,; coupling can have the same size as
X¢t- This contrasts with other SM extensioffer instance,

5The reduction with respect to the number quoted in IR&9] is
mainly due to the improved limit ohsmp)|.

2 7% can reach 10 for “low” my, and

4.4x10° 10 for m=300 GeV, one order of magnitude
above the SM prediction BK — 7lvv)=2.4x10 %
These rates would be visible already at the E391 experiment
at KEK, which aims at a sensitivity of:8107°, and up to
~40 events could be collected at the KOPIO experiment
approved for construction at BNIfor a summary of the
prospects on the rare decays — 7+ vv andK, — wvv see

for instance Ref[111]). The ratio Br, — 7 vv)/Br(K*

0

0.5 : : : ,

0.4

0.3

E

=
0.2

0.1

0 L | L | L 1 L
200 300 400 500

Ty

600

FIG. 8. Allowed values of the couplinfXy| of the new quark
(shaded arean model |, as a function of its mass.
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FIG. 9. Range of variation of BKLHWOVB/Br(KJr

ot V;) in model | (shaded arda FIG. 10. Allowed region for the real and imaginary parts of the

FCN couplingXys in model II.

— 7" vy) of the decay rates of the two kaon “golden The CKM matrix elements involving the new quark are all

modes,” plotted in Fig. 9, can be enhanced an order of magsMall.[Vyg|=<0.087,|V;g|<0.035,|V,g|<0.041, but notice-

nitude over the SM prediction-0.35, and saturate the limit @bly they can be larger thaw,,.
in Eq. (78) for my=310 GeV. This enhancement and a FCN couplings between the light quarks are sniaB

N L = . . . required by low energy observableespecially the coupling
larger value of BrK™—m"vv) (compatible with experi between thed and s quarks, |Xyd<1.0<10°5. It makes

mental d"i‘tl% lead to the maximum value BK(—7vv)  gense to study Ré,s and ImXy separately, even though in
=4.4x<10" . On the other hand, a strong suppression Ofyrinciple X 4 is not a rephasing-invariant quantity. This is so
this dgcay mode is possible, _W|.th values several orders Ongecause Eq(38) assumes a CKM parametrization with
magnitude belqw the SN_I prediction. . . Vi4Vys real. This requirement eliminates the freedom to

The njziss pllfference in thes system s predicted to be rephaseXys (up to a minus sighand enables us to separate
~18 ps W'trl'? the SM. The ¢X|st|ng_ lower bound its real and imaginary parts meaningfully. The region of al-
|5mBs|213'1 ps " can be saturated in practically the whole lowed values forXys is plotted in Fig. 10 for comparison
interval of mr studied. The ratigsmg_/ Smg | has been pro- with other analyses in the literatuf®6—3§. This figure
posed for a determination o¥,s/V.4| [5]. Of course, this must be interpreted with care: the density of points is not
determination is strongly model dependent, because newssociated with any meaning of “probability,” but is simply
physics may contribute to both mass differences. This rati@n effect related to the random generation and CKM param-
equals 36 in the SM, and in model | it may have valuesetrization used to obtain the data points, and the finiteness of
between the experimental lower limit of 26.7 and 77. Finally,the sample. The height of the allowed area is determined by
the asymmetrgp p -, which practically vanishes in the SM, thee’/e constraint, and the width b, —u* ™. Compar-

provides a crucial test of the phase structure of the CKMNY this plot with the ones in Ref$36,38 we see that the
matrix. The non-unitarity of the 33 CKM submatrix and €t part of the rectangle determined by'/e and K,
the presence of extr@P violating phases in model | let the —# # IS practically eliminated by the constraints from

asymmetryap+p- have any value betweenl and 1 inde- K*—a"vv ande, except the upper left corner. The height
S of the rectangle is also smaller, meaning that in our case the

requirement frome'/e (using the prescription in Appendix
C) is more stringent.

The upper bounds foXy, and Xgp, found in our analysis

In model Il the mass of the new quark does not play anare|Xq,|<1.1xX10 3, [Xp/<1.1x 10 3. Plots analogous to
important role in the constraints on the parameters of théig. 10 are not meaningful for these parameters, because
model. The only dependence amg appears in th®° mass there is a freedom to rephase thefield and change the
difference(which at present does not imply any restriction atphases ofXy, and X, arbitrarily. The only meaningful
least for masses up to 1 TeVb—sy (less restrictive than bounds are hence the limits on their moduli. The FCN cou-
b—slI*17) and oblique parameters, which are less importanpling X, is not so limited by low energy measurements, and
thanR,, and have no influence in practice. Agreement of thecan reach 0.041.
latter with experiment requires th&@V,,| is very close to Despite these restrictions Ay, Xqp,Xsp @and the fact
unity, |V,|=0.998. This is indistinguishable from the SM that CKM matrix elements involving the known quarks must
prediction|V,| =0.999, and force¥4 andV, to be within  be within the SM range, the presence of tree-level FCN cou-
the SM range, 0.0059|V,4|=<0.013, 0.035|V,¢=<0.044. plings has sizable effects on low energy observables, of the

pendently ofm;.

B. Mixing with a down singlet
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same magnitude as in model I. A decay rate KBr( TABLE X. Values of some observables for the “best fit” matrix

—>1-r°v;):1.6>< 102 can be achieved, and the ratio |ns_rrl10de| Il with two extra singlets. The mass differences are in

Br(K_ — 7%v)/Br(K"— 7" vv) can equal 4.34. The lower
limit on |5mBS| can be saturated, and the rajt'tths/ dmg d| Observable Value

can be up to 67. As in model I, the asymme&ry;DS— may

Ry 0.21590
have any value betweenl and 1. R, 0.1724
AR 0.1039
C. Mixing with two singlets Agg 0.0744
Mixing with more than one singlet lets two quarks of the A, 0.935
same charge, for instance tldeand s quarks, mix signifi- A 0.669
cantly with exotic quarks without necessarily generating e 2.08x10°3
FCN couplingXys between them, by virtue of EqE). This | smg| 0.45
allows a better fit to the measured CKM matrix elements|smg | 17.6
and u,d diagonal couplings to th& boson, especially in kg 0.74
model Il. In this model the global fit can be consideranyBr(K+HW+V;) 6.0x 1011
better than in the SM, for instance with the CKM matrix Br(K,—u* 1 )sp 6.3 10~ 10
—3
0.9742 0.2187 0.0037 0.0325 0.0442 Br(b—sy) 3.35<10
Br(b—sete") 7.3x10°©
0.2183 0.9750 0.0401 0.0076 0.0097 Br(b—su* ") 5.0 10~ ©
|[V|=[ 0.0074 0.0396 0.9992 0.0061 0.00B6 g'le 1.6x1073

0.0539 0.0001 0.0028 0.7370 0.67B7

0.0160 0.0002 0.0066 0.6750 0.7376 preciably in either model | or model Il when we allow mix-
ing with more than one singlet of the same charge.

0.00 0.00 3.09 0.00 0.00
563 2.49 028 5.66 5.6 IX. CONCLUSIONS

argv=| 1.79 5.36 0.00 0.02 2.9p, (83) .The aimfof this papelr( h_as Ibeen to irr:vestigate how ;cjhe
existence of a new quark singlet may change many predic-
069 256 000 360 4.0 tions of the SM while keeping agreement with present ex-
3.96 270 0.00 291 0.19 perimental data. In model | the mixing withQ= 2/3 singlet
might lead to huge departures from the SM expectation for
The actual masses of the two extra down quarks are not veifie CKM matrix element¥,q,Vis,Vy, and the diagonal cou-
relevant, and have been taken as 200 and 400 GeV in tHdling Ztt. Additionally, observable FCN couplingstu and
calculation. In this example the? of the six measured CKM Ztc may appear. These effects depend on the mass of the
matrix elements is 1.14, while in the SM best fit it is 4.77.new quark, as has been shown in Figs. 1-9. For
The parameters describing t@eiu and Zdd couplings are  ~200 GeV the new quark might effectively replace the top
9520_3024, 0, =2.4612,C,4=0.3398,C,= — 0.0492, and quark in reproducing the experimental observableK iand

the others are unchanged with respect to their SM Valueﬁo&?ﬁﬂgs’sal%\/rveir(;l?cfi%;\s/ag?\stgg @ ;l‘?ﬁ;:g%ﬁ?ggg;
The x? of these parameters is 7.73, improving the SM valu _ CTOTES. :
X P P g itfhe leading contributions tk andB observables are the SM

experiment is equal to or better than that within the SM, aNeS, With possible new contributions from the new quark.
can be seen in Table Xhe experimental results far and This effect can be clearly appreciated in Figs. 3—5, where it

. _ ~ is also apparent how important a direct determinatio gf
omg can_be accommooLated W'fh shg_htly_ IargBrparam_— and Vs would be. Unfortunately, the difficulty in tagging
e_ters. This example of “best fi" mairix gives the predic- light quark jets at Tevatron and LHC makes these measure-
“0n3|be|=0-OOE|XbB’|=0'004'aD§D§= —0.96. The re-  onts very hard, if not impossible. Any experimental
sult Br(K,— 7%vv)=2.0x10 1% is very similar to the SM  progress in this direction would be most welcome.
case, but other examples with a little wopgecan be found, The mixing of the top with the new quark results in values
having enhancementsr suppressionsf this rate by factors of Vy, and the Ztt coupling parameteiXy; significantly
up to 3. Therefore, this example shows explicitly that newsmaller than 1. These deviations from unity would be observ-
physics effects are not in contradiction with good agreemenable at LHC[13] and TESLA, respectively. For largeny,
with experimental data, although our restrictive criteria for|Vy,| and|X,| must be closer to unity, as can be seen in Figs.
agreement with experiment at the beginning of this sectiorl and 6. However, the decreaseXg would be visible at
already made it apparent. TESLA even formy=600 GeV. The FCN coupling&tu

Finally, we have also noticed that the predictions for theandZtc could also be observed at LHC for a wide range of
parameters and observables under study do not change ap; [104-108.
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TABLE XI. Summary of the predictions for model I.

PHYSICAL REVIEW D57, 035003 (2003

TABLE Xll. Summary of the predictions for model II.

Quantity Range Quantity
[Vip| 0.58 1 [Vip| 0.998 1
Vil 4x10°° 0.044 [Vl 0.0059 0.013
Vil 0.002 0.06 Vil 0.035 0.044
[Vig/ Vi 6x10 4 2.9 Vgl 0 0.087
[Vrdl 0 0.052 Vgl 0 0.035
[Vrd 0 0.063 Vgl 0 0.041
[Vl 0 0.81 [Xqd 0 1.0x10°°
[ Xl 0.34 1 ReXgs —1.0x107° 3.4x10°°
[Xudl 0 0.038 Im Xy —2.7x10°% 2.4x10°8
[Xed 0 0.036 [Xgpl 0 1.1x10°3
[Xr] 0 0.5 [Xsp) 0 1.1x10°3
Br(K,— 7%vv) ~0 4.4<10°10 [Xpsl 0 0.041
Y — 10
Br(K_—m°v) ~0 4.35 Br(ki—avs) - Ho0
BrK " —m 0) Br(K —m%vv) -0 4.34
| mg,_/ Smg| 26.7 77 Br(K*— 7 vv)
ap+tp- -1 1 |6mg_/ Smg| 26.7 67
= ap:o; -1 1

The effects of top quark mixing are not limited to large
colliders. Indeed, the observableskrandB physics studied
here provide an example where these effects do not disa
pear when the mass of the new quark is large. We have
shown that the predictions for the dec&y — 7’vv, the iA‘CKNOWLEDGMENTS
omg_mass difference and tHeP asymmetryap +p_ can be | thank F. del Ayuila, R. Gonzkez Felipe, F. Joaquim, J.
very different from the SM expectations, and effects of newPrades, J. Santiago and J. P. Silva for useful comments. | also
physics could be observed in experiments under way othank J. P. Silva, F. del duila, A. Teixeira and G. C. Branco
planned. These predictions for model | are collected in Tabldor reading the manuscript. This work has been supported by
XI. Before LHC operation, indirect evidence of new physicsthe European Community’s Human Potential Program under
could appear in the measurement@P asymmetries aB  contract HTRN-CT-2000-00149 Physics at Colliders and
factories. A good candidate is the asymmetty:p_ dis- by FCT through project CERN/FIS/43793/2001.

cussed here, but many other observables @Rdasymme-
tries are worth analyzing. If no new physics is observed,
further constraints could be placed &P violating phases. Unless otherwise specified, experimental data used
In model Il the effects of the new@=—1/3 singlet on y, . \ghout the paper are taken from Réfs5]. We use the
CKM matrix elements are negligible and FCN couplings be'results in Ref[112] to convert the pole masses to theMS

tween known quarks are very constrained by experlmentaslcheme and to perform the running to the sddle. The
data. However, the predictions for meson observables, sum- | in Table XIIl. Fou.d havis
marized in Table XII, are rather alike. In addition, we have'®SY ts are in Table - Fou,d,s we quote t Masses

shown how the mixing with two singlets can improve the at2 Gev insteaq of the pole.masses. The _numbers in paren-
agreement with the experimental determination of CKM ma_theses are not directly used in the calculations.

trix elements andZuu,Zdd couplings. This can be done
keeping similar and in some cases better agreement Wiﬂl".lh
electroweak precision data akdandB physics observables.
The “best fit” example shown would also lead Hb;Dg

elements and nonstandard contributions to meson physics
e‘\_/ould improve considerably.

APPENDIX A: COMMON INPUT PARAMETERS

TABLE XIIl. Quark massedin GeV) used in the evaluations.
e uncertainty irm, is taken ast5.1 GeV. Foru,d,s we write

the MS massesﬁ(Z GeV) instead of the pole masses.

=—0.96, in clear contrast with the SM value. m; mi(m;) m(M,)
.. . . . . i i i e
All the effects of mixing with singlets described are sig-
nificant, but of course the decisive evidence would be them, (0.003) - 0.0016
discovery of a new quark, which might happen at LHC ormy (0.006) - 0.0033
even at Tevatron, provided it exists and it is light enough. Inm, 1.5 1.22 0.68
this case, the pattern of new physics effects would allow usn, 0.12 - 0.067
to uncover its nature. Conversely, the non-observation of g, 174.3 164.6 175.6
new quark would be very important as well. If no new quarkm, 4.7 4.12 29

is found at LHC, the indirect constraints on CKM matrix
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The running massem.(m;)=1.28, my(m,)=4.19 are
also needed. The lepton pole massesrage-0.511 MeV,
m,=0.105 andm,=1.777 GeV. We takeM,=91.1874,
I',=2.4963,M,,=80.398, andM ;=115 GeV. The electro-
magnetic and strong coupling constants at the skbjeare
a@=1/128.878,a5=0.118. The sine of the weak angle in the
MS scheme is2=0.23113.

The CKM matrix used in the context of the SM is ob-
tained by a fit to the six measured moduli in Table |, and is
determined by |V,4d=0.2224, |V ,|=0.00362, |V
=0.0402, and the rest of the elements obtained usik@ 3
unitarity. The phasé in the standard parametrizati¢f] is
determined performing a fit te, &'/, a, . and | Smg|
with the rest of the parameters quoted, and the result
=1.014 is very similar to the one obtained in the fit in Ref.

[5].

APPENDIX B: INAMI-LIM FUNCTIONS

In this appendix we collect the Inami-Lim functions used
in Sec. V. The box function$ and S, appear in meson
oscillations.Dj, Eq andEy are related to photon and gluon
penguins. The function¥, andY, are gauge-invariant com-
binations of the box functioB, and theZ penguin function
Co, XOZCO_4Bo, Y0=CO_BO' The fUnCtion ZO iS a
gauge-invariant combination of photon arfl penguins.
Their expressions red®6,57

PHYSICAL REVIEW D 67, 035003 (2003

3Xin

SO DD

XiX; (X7 —8x;+4)
4(x,—1)%(x—X;)

09 X;

XiX) (X7 —8x;+4)
4(Xj - 1)2(X] _Xi)

logx;, (B5)

4% — 12+ x3 3x3

Xi)= - logx;,
SO( I) 4(1—X|)2 2(1—X|)3 g I
(B6)
1
Zo(Xi):_§|09Xi
18x— 163¢+ 252 — 108;
_|._
144(x;— 1)
32x*—38x3— 15¢2+ 18x;
logx;, (B7)
72(x;—1)%
Bo(x) = =| = I BS
olX)=7 1-x, + (x—1)? 0gx|, (B8)
c _xi_xi—6 3x;+2 I B9
O(Xi)_g_xi—l+ (x—1)2 ngi_, (B9)
X _Xi_Xi+2 3Xi_6 | B10
O(Xi)_g-xi_l‘l'()(i_l)z ogxi_, (B10)
v _ X -Xi_4 3Xi | B11
o(Xi)—g Xi—l+ (x—1)? 0gX; |- (B11)

The functions appearing in theFCNC penguins involved in
the calculation ob—sy are[81]

2 | Xi(18—11x; — x?)
Eo(x)=—3 09Xi+12(1—_xi)3
x2(15— 16x;+4x?)
+ logx;, (B1)
6(1—x;)*
Dix) 83+ 5x%— 7 _3Xi3+2Xi2|
Xj)=— - 0gXx;,
o 121-x)°  2(1—-x)* o
(B2)
£ (%) x3— 5xZ— 2x; 3x2 I
o(X)=— + 09X,
o M1-x)°  21-xpt N
(B3)
£ _ 4—7xixj
(5 X)= 21 (1-x)
4-=8X;+XiX;
+ 5 X; log X
4(1—x)(X—Xj)
4_8Xi+Xin 2
X logx;, (B4)

A4(1—x)Ax—x)
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16Wg — 29W2+ 7wl may noj, we use the probability law P(A)
En(wg)=— . =3,P(A|B))P(B;), with 2;P(B;)=1, to convolute the
1441—wpg) x.-dependen® number withg:
_2WB+3WE + o0 + o p—
+————logwg, (B15) :J _ _f | el
24(1—wpg)* P i P|Mﬁxtg(xt)dxt 1 . erf \/Eae g(x)dX; .

where we have approximatgd=0, y,=0 andmg/my=0. (€9

The assumption that = u, without error can be translated to

APPENDIX C: STATISTICAL ANALYSIS Eq. (C5 choosing the “distribution function’g(x,) = 8(x;
OF OBSERVABLES WITH THEORETICAL — ), in which case we recover E(C4).
UNCERTAINTY An adequatébut not uniqug choice of the functioy(x;)

The most common situation when comparing a theoreticaln@y be a Gaussian. One source of systematic uncertainties is

prediction x; with an experimental measuremexy is that often dl.Je o the input parameters involved in the theorical
the uncertainty in the former can be ignored. This does no‘faIC.:UIat'on o, as, CKM mixing angles,. etg, .wh.ose. ex
happen for some observables analyzed in this article, whic erimental values are given by a Gaussian distribution. It is

are subject to low energy QCD uncertainties. For example, ifnen likely t'hat thg djstribution functiog(x,) (V\{herext is
we have fore x.=(2.282:0.017)x10°2 and x,=(2.42 also a function of its input parametgisgas a maximum a,

+0.42)x 10 3, how many standard deviationsxgfrom x,? gnd falls quickly f°f increasing — . This feature can be

To answer naively that it is at 8slis clearly wrong, and the implemented in a simple way by choosigix;) as Ga_u_55|an,
comparison between both should weigh in some way thgnd we expect that the results are not very sensitive to the
error onx; . Here we explain how we obtain in such cases JPrecise shape of the functig(x,).

reasonable estimate of the agreement between the theoretical Let us then assume thg(xt)_ls a Gaussian with meai,
and experimental data. and standard deviatioar; . Intuitively, we expect that ifo;

Let us recall howk, andx, are compared when the former <Ze EG. (C5) should reduce to EqC4). This is easy to

has a Gaussian distribution with mean and standard de- show. Writing the explicit form of(xy),
viation o, andx; is error-free and equajs, (see for instance

2 2
Ref. [113)). The x2 value is defined as poq J e X &N e
I t .
) —= 20, \2mo
2:<Me—,ut> €

X O k The limits of this integral can be taken ag—noy, wu;
+no,, with n=4. The integral is negligible out of these
and from it theP number is computed as limits due to the exponentidthe error function takes values

B between 0 and )l Changing variables td\;=x,— u;, we

p:f f(z1)dz (%) observe thafA /<o, under the assumption that,<o.

X2 Expanding the error function in a Taylor series to order

the integral can be done analytically,
wheref(z;n) is the x? distribution function fom degrees of g y y

freedom, N lpe—
P=1-erf—erf———-. (C?
ZN2-1g-22 V2 V20,
f(z;n):W. (C3)
27T (n/2) For n=4, erfn/\2=1 to an excellent approximation and

we obtain Eq.(C4), as we wanted to prove.
Results forP values can be expressed in a more intuitive
m as standard “number of sigmad, inverting Eq.(C4),

The P value is the probability of obtaining experimentally a
x? equal to or worse than the actual one, that is, a resul{Or
equally or less compatible with the theory. Performing the

integral in Eq.(C2), n,=\2erf {(1-P), 8
X e md ith erf~1 the inverse of the error function. However, thi
P=1—erf\/5=1—-erff——, (cay W nv error function. However, this

2 \/Ege does not retain the geometrical interpretation of the distance

betweenu, and w; in units of o, that has whenr,~0.

with erf the well-known error function. The probability of ~ We apply this procedure to the example at the beginning
obtaining an equal or better result is-P. For instance, of this appendix, withx,=(2.282+0.017)x10 3 and x,
with | ue— | = o we have - P=erf(1/,/2)=0.68, corre- =(2.42+0.42)x 10 3. Assuming for simplicity that the dis-
sponding to one Gaussian standard deviation, as it obviouslyibution of x; is Gaussian, we obtain the much more reason-
must. able result oh,=2.25. This number must be compared with

Whenx; is not considered as a fixed quantjy but has n,=8.1, obtained without taking into account the theoretical
some distribution functiog(x;) (that may be Gaussian or error, i.e., calculating naivelyy;— uo)/oe. The use of the
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theoretical error in the statistical comparison mitigates thevithout proof the expression fdP in this case. Assuming
discrepancy and implements numerically, in a simple but efthat the physical region i.=0, x;=0,

fective way, what one would intuitively expect in this case.
The resultn,=2.25 reflects the fact that the theoretical and p=1—

experimental values can have a good agreemery; ifs
smaller than its predicted value,=2.42<10 2 but a bad

one if x; is larger, which is also possible because the theo-
retical error is of either sign. The prescription presented here

has also one very gratifying property: if we change
— ui = pyt Sy, with Suy<oy, the P value is hardly af-

fected. Foru{ =2.35x 103, n, changes only to 2.23, while th

the pull calculated naively decreases to 4.

-1
1+erf P
\/Eo'e
o —X ma Je—X
Xf erfllue t| +erf X e |:U~e t|} g(x)dx,.
0 \/E‘Te \/Eo'e
(C9

Finally, notice that the expressions in E¢E5),(C9) for
e P number are not symmetric under the interchange of

theoretical and experimental data, eveg(;) is Gaussian.

This construction can be generalized when not all theThis reflects the fact thalP(datdtheory)# P(theonydata),
range of variation oie,X; is physically allowed. We write but they are related by Bayes’ theorem.
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