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PHYSICAL REVIEW D 66, 016008 (2002

Isosinglet down quark mixing and CP violation experiments

Donovan Hawkins and Dennis Silvernfan
Department of Physics and Astronomy, University of California, Irvine, Irvine, California 92697-4575
(Received 1 May 2002; published 31 July 2002

We confront the new physics models with extra isosinglet down quarks in theQfewiolation experi-
mental era with sin(8) and e’ /e measurement¥ * — 7" v events, ancs limits. The closeness of the new
experimental results to the standard model theory requires us to include full standard(&iddemplitudes
in the analysis. In models allowing mixing to a new isosinglet down quark, ag,ifldvor changing neutral
currents are induced that allowZ? mediated contribution t8-B mixing and which bring in new phases. In
(p, 1), (Xs,sin(y)), and(xs,sin(2ps)) plots we still find much larger regions in the four down quark model than
in the SM, reaching down tg~0, 0<sin(y)<1, —0.75<sin(2¢)<0.15, and sin(&s) down to zero, all at &.
We elucidate the nature of the cancellation in an onderfour down quark mixing matrix element which
satisfies the experiments and reduces the number of independent angles and phases. We also evaluate tests of
unitarity for the 3<3 Cabibbo-Kobayashi-Maskawa submatrix.

DOI: 10.1103/PhysRevD.66.016008 PACS nunider11.30.Er, 12.15.Hh, 12.15.Mm, 12.64.

[. INTRODUCTION additions. Section IV presents the full SM contributions as
well as the four down quark modéFDQM) amplitudes for
The “new physics” class of models we use are those withthe CP violating and FCNCK meson experiments that are

extra isosinglet down quarks, where we take only one newsed. Section V presents the joint chi-squared analysis and
down quark as mixing significantly. An example ig,Bvhere  results for the SM and FDQM model for the various plots
there are two down quarks for each generation with only ondisted above. Section VI presents the sizes or limits on the
up quark, and of which we assume only one new isosinglematrix elements, mixing angles, phases, FCNC couplings
down quark mixes strongly. This model has shown large posand unitarity quadrangles. Section VI lists the conclusions

sible effects inB-B mixing phaseg1]. The newB factory and projects what the next down quark mass limit might be.
results on sin(B) in the standard modéEM) range, the:'/ e

experimental convergence, the néW — 7+ vv result, the
Amg limits near the SM prediction, and other new measure-
ments require a finer analysis and a potential challenge to Groups such asdgwith extra SU(2) singlet down quarks
new physics models. In this paper we include the full SM[4] give rise to flavor changing neutral currenSCNC)
contributions as well as the new physics contributions fromthrough the mixing of four or more down quark3,5—8§|.

the isosinglet down quark model to jointly analyze the con-The initial quarks of definite weak isospin ing,Efor each
straints from all of these experiments, as well as other flavogeneration are the left handed isodoublef, (d ), their
changing neutral curren@CNC) limits and SM Cabibbo-  right handed isosingleis;, andd’ , and the yet to be found
Kobayashi-Maskaw&CKM) matrix element constraints. isosinglet pairD]) andD.

In models allowing mixing to a new isosinglet down \We can take the initial up quark matrix to be the mass
quark(as in ) flavor changing neutral currents are inducedeigenstates, sg?:ui , giving V¥=13,3. The down quarks
that allow az® mediated contribution t@®-B mixing and (dio,DiO), which correspond to the same generationsi;as
which bring in new phasdd—3. In (p,7), (Xs,sin(®)), and  mix to form mass eigenstatesl;(D;) via the matrixV(6
(Xs,Sin(2py)) plots we still find much larger regions than in X 6), WherediO,_=Vidj dj_ . The weak interaction charged cur-
the SM, reaching down tg~0, 0<sin(y)<1, and sin(2)  rent matrix is therd =V'Tx V9, the 3x6 matrix that is the
down to zero(below the SM range all at 1o limits. The  upper three rows o¥Y. The lower three rows o¥¢ are the
nature of the cancellation in a fourth down quark matrixthree linear combinations ofd(,D;) that are the isosinglet
elementV 4 to satisfy the experiments is elucidated. We alsoD? which cannot couple to up quarks by the weak interac-
establish ranges for the new mixing elements to the newjons.
isosinglet down quark, and make a simple estimate of the \We truncate tha/9 matrix to the 4x 4 matrix using only
lower mass limit of the new down quark. the D quark that mixes mosgiand dropping the superscrigt

In Sec. Il we introduce the scenario with more downon V), giving the four down quark modéFDQM). Calling
quarks as in E, truncate it to one extra down quark, intro- the new down quark mixturB, the weak charged currents of
duce the 4«4 mixing matrix, and apply it td-B mixing. D to u, ¢, andt quarks areVp=Ssg,, Vep=S.£" %24, and
Section Il presents th€ P violating By andB decay asym-  V,p=S14€ '°4, which are in the fourth column. The fourth
metries, andBg mixing, including the FCNC tree diagram row gives the linear combination that is the initial isosinglet

DE . The complete X4 mixing matrix was given previously
[9,10]. The leading terms in the >4 down quark mixing
*Email address: djsilver@uci.edu matrix with 6 angles and 3 phases are

II. ISOSINGLET DOWN QUARK MIXING MODEL
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d S b D
u —is _p)
. C1C34 S12C34 S13€ 1 S8 M
V= ¢ —S12 1 S23 Spe” % | (1)
4 (S12523—515€'°13)  —Sy3 1 S34
Vg Vs Vap \on
|
where, to leading order in new angles, If the FCNC amplitudes are a large contributor to the

B4-B4 mixing, they introduce three new mixing angles and

two new phases over the standard mao@&) into the CP

violating B decay asymmetries. The size of the contribution

3) of the FCNC amplitudeUy, as one side of the unitarity
quadrangle is less than 0. 15 of the unit bRggV.,| at the

V= — Sgq— Spe | 02485~ 51,0 1P1as 61015, (4 1-olevel .(see Sec. V| but we have fogncﬂ3_,5_,7,& that it

can contribute as large an amountBg-B,4 mixing as does

the standard model. The new phases can appear in this mix-

ing and give total phases different from that of the standard

The FCNC amplitudes are given in terms of the mixingsmodel inCP violating B decay asymmetriei¥—9,11,12.

Vi to form the isosinglet down quark Bj] For B4-B4 mixing with the four down quark inducelo-d

x _ —is —is —is
Vig= —8148 W4+ S48 ' 72815,— S34(S1553— 5158 '), (2)

* _ —is —is —is
Vis™ —Sp8 ' 724= 148" ' 714815+ Sgu(Sp3t S15818 ' 1),

A. FCNC in Z° couplings from extra isosinglet down quarks

—U=VEV, for ], (5) coupling,Uy,, we have[9]
The FCNC couplings of the down quarks to th& are then ) ) )
given by Xq=(2G¢/3\2)Bgf3mg np7a|UZigap+ Udsl, (8
e

UijEiLV”djLZ,L- (6)

Z S
Leenc 2sindy,codyy where withy,=mZ/mg,,

The flavor changing neutral currents af&,8] —Ugqy

=VisVag, —Usp=ViVap, and—Upg=VipVag. _ U2 av=[ /(47 sif o) 1yifo(y) (VEV)Z,  (9)
The diagonal neutral current couplings are reduced in

strength by the amplitudes into the isosinglet down quarks,

becoming andxg=Amg_/I'g =75 Amg_. In order to compare magni-
: - tudes, in the SMUZ,,_4,=0.50< 10" 8(1—p+i 7).
LNc= > (1= VgD di v di Z,,. (D) The CP violating decay asymmetries depend on the com-

- 2sinfy,cosp

W v bined phases of thagEg mixing and theb quark decay

The FCNC with tree levelZ® mediated exchange may amplitudes into final states of defini®P. Since we have
contribute part oBS-B} mixing and ofB%-BY mixing, and found thatZ mediated FCNC processes may contribute sig-

the constraints leave a range of values for the fourth quark'sificantly to BJ-B mixing, the phases obly, would be

mixing parameters. As shown in Fig. B3-BY mixing may ~ important. The FCNC amplituddq, to leading order in the

occur by theb-d quarks in aBy annihilating to a virtualz new angles is

through a FCNC with amplitude 4, and the virtualZ then

creatingb—aquarks through anothe_r FCNC, again with am- Uygp=( — Sas— SpaSpef 024) (S35, +s0 10— s, 07 10us, )

plitude U,4, which then becomes B4 meson. (10)
b w* d b d
¢ ¢ ) whereV,y=~ (58,3~ 512 °19), andV , =S~ ' %13,
BY t t + Uy U, B
ZO
—_— e~
d W b d b lll. MIXING AND CP VIOLATING DECAY ASYMMETRIES

IN THE FOUR DOWN QUARK MODEL
FIG. 1. The SM second order weak box diagram plus the double Q

FCNC vertex tree diagram with an intermedia8 for By-Bg With new additive contributions t&€ P violating decay
mixing. asymmetries, the asymmetries are no longer sines of SM

016008-2
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unitarity triangle angles. However, they are still sines of thetaking the ratio ofxs to x4, which is better calculated theo-
overall phases of the amplitudes in the asymmetries. We anaetically, and in which we have also included the FCNC with
lyze the FDQM with the present data, and also show proz° exchange

jected results for three different sir{pvalues of—1.0, 0O,

and +1.0, which are allowed under the FDQM, although Am U2, ot UL
sin(2a)=*1 are not allowed by the SM atc2 XS:K: 13 dm' (19
s sta—abt Uap
A. sin(2p) and sin(2a) We now include the amplitude method analysis of LEP

In the four down quark model we use “sing and  With SLD to assign a\ x? for eachAm; calculated in the
“sin(28)" to denote results of the appropriaBy decayCP  angular parameter grid.8].
violating asymmetries, but since the mixing amplitudes are
superpositions, the experimental results for these asymme- D. The B, decay asymmetry, si2¢s)
tries are not directly related to angles in a triangle. Being

.. . * 2
imaginary parts of pure complex exponentials, they are sines In the standard modelB; mixing involves {/isVy)

of phase angles. The asymmetries with FCNC contribution¥"hiCh is_almost exactly real, and the leading decay process
included are(for §mixing to B before decay of b—ccs has no significant phase from the decay which is

proportional tovﬁb. Thus almost nd&C P violating phase de-
SIN(23)=Ag0_.yk? velops in the most likelyBs decays. This occurs in the de-
caysBs—J/V ¢, Be—DJ D, , andBs—J/WKg. The near
vanishing of this asymmetry is a test of the $8]. Below,
we will find a strange twist on this, since the FDQM will
include a range that includes values smaller than the SM
(1) range, and does not exceed it. In the SM the arglés the
small angle in theb-s unitarity triangle, and its nonzero
sin(2a)= —ABgﬁHwi value indicates CP violation.
In the four down quark model, the P violating Bg decay
asymmetry igfor the mixing toJ/ ¢ or D;D; without the
12 final Kg)

(U apt U3 (VEVS (Vi)
|UZieapt Udsl (VepVEg) (VyeViy)

=Im

(UZi-ap+ U (VipVua)
|UZi-abT Ul (VupViig)

with U? defined in E i . (Ugtdfsb"'ugb) (V:chs)
Std—db g.(9). The same mixing phase Sin(2¢¢) = — Im . (16
occurs in both asymmetries, times the squares of the different |UZg—spt U2 (VepVE)
decay phases. We take the Moriond results for ghfom
Babar[13] and Belle[14,15 to give the weighted average which includes the double FCNZ° exchange proportional

sin(28)=0.78+0.08. to UZ,. Because of the additional flavor changing term, in
the four down quark model, the angle given by the above
B. sin(y) asymmetry will not generally be an angle in a triangle.
In the four down quark model, what we mean by “siji(
is the result of the experiments which would give this vari- IV. FOUR DOWN QUARK MODEL AMPLITUDES
able in the SM[16,17], as inBY—D K. Here, the four IN'KAON EXPERIMENTS

down quark model involves more complicated amplitudes,

; ) . g A. FCNC as an addition to penguin plus box amplitudes
and “sin(y)” is not simply sin(;3):

Since CP violation and FCNC experiments witk me-
(Ugtd—sb_l— Ugb) (VEVes) (VE V4o sons are approaching the SM range and also limit FCNC
> > " " ) amplitudes, we now include the full SM amplitudes with the
|USta-sbtUsel [ViipVed [VenVus (13 FCNCZ° exchange amplitudes as well. TKemeson experi-

ments aree, K" — 7" vy, K .—uu, and we now add the
where recent and fairly well determined results for R&{’).
We use the amplitudes determined by Buf49,20. In
U2 so=[a/(4msindg) 1y fo(y) (ViVip)?. (14 order to reconcile the notation between us and Buras and
Silvestrini[21], we relate theiZys to our Ugq by taking

sin(y)=Im

In the SM, U2, =10x10"°.
2

aa
Zgo=— | —
o V2Gemg,

C. The “frequency” of B, oscillations, x¢ Usq, (17

In the four down quark modek, is no longer the simple
ratio of two CKM matrix elements, but now involves the as implied by their definitions in Lagrangians.
Z-mediated annihilations and exchange amplitudes as well. In the following formulas,B, is the AS=1 box ampli-
Here we avoid the full theoretical uncertainty 8af2, by  tude,S, is the AS=2 box amplitudeC, is the Z° penguin
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amplitude D is the off-shell photon penguifwith D being
the on-shell amplitude andE, is the off-shell gluon penguin
(Eg being on-shejl Gauge independent combinations are

XO: Co_ 4BO (18)

Yo=Co—Bg (19
1

ZOZC0+ ZDO (20)

For m=170 GeV andm.=1.25 GeV, for example, these
guantities are Sy(x;)=2.46, Sy(Xc)=Xe, Sp(Xe,Xt)
=0.0022, Xq=1.57, Yq=1.02, Z,=0.71, Ex=0.26, D}
=0.38, andE,=0.19.

The FCN@° exchange with amplitudd 45 can be added
to thed-s Penguin amplitude with th&Z° by the substitution

772
V2GeM§,

to obtain the SM plus FCNC result.

NCo(X) = M Co(X%y) — Usd, (21

B. Indirect CP violation in epsilon

In K-K mixing, the small indirecCP violation is given
through| €| [19],

[ImM 4, (22

==

€E|l=m —F——
V2AM ¢

where we include the substitution from EQJ1):

2
G 2R 21y %2 *2
MIZZWFKBKmKOMWD\c 71S0(Xe) + A { “172Sp(X%p)

V2G

12 FiéKmKougd.

2NN 73S0(Xe %) ] =
(23

The short distance QCD corrections factors in NLO [dr€]
7,=1.38+0.20, ,=0.57+0.01, andn;=0.47+0.04, and

we useBy=0.85+0.13.

C. Direct CP violation in Re(€'/€)
The directCP violation in K° decays, Ref’/€), has re-

PHYSICAL REVIEW D 66, 016008 (2002

Fe'=Po+ PxXo(X¢) + PyYo(Xt) + PzZo(X) + PeEg(X¢).

The P’s are functions d3?=1.0+0.3, B3?=0.8+0.2, and
A2 =340+50 MeV[19].

D.K*=amtvy

The recent detection of two events Ki*— 7" vv has

produced the experimental res{24]
BRexpl K" =7 v) = (157" 51 x1071°  (26)

compared to the SM rang@5] of (0.72+0.21)x 10" %%, The
Poisson probability for the angle parameters is converted to a
chi-squared fornj26] which is convolved into the tota}?
formula. For this experiment using a logarithmic prior, with
2Xnyp=4 degrees of freedo26], the addition toy? is

BR
x?=2(n)y=2x(2 eventyx BRcalc.

expt

The sum of the SMI19] plus FCNC contributions is obtained
by using Eq.(21):

(27)

BRcaIc(K+—>7T+V )

C¥2

—rBR(K* — %" p)————
« IV 2 72sirt 6y

2 2

ar
—U d
V2GeM,

|

(28)

X| 2] N X8+ AX (%) —

2

+ i U
V2GemZ,

N XLt N X (%) —

Here, X(X;) = 7,Xo(X1), etc., and[27] 7,=0.994. Without
the SM, the contribution of th&° exchange alone with am-
plitude Ugq is x?>=1.61x 10°| U442

E. K —p*p~

The short distance weak FCNC contributionkp— u u
constrains Rd{y) and is given from[28] after including
Eqg. (21):

BRIK,—pu" 1)

ceived more accurate measurements that are definitely non-

zero. The average of KTe\22] and NA48 [23] gives

Re(e'/€)=17.3+ 2.4, where the error has been increased by

J(x?/df). The sum of the SM19,20 plus FCNC amplitude
from Eq.(21) is

2
Re(e'/e)=ImN\F . — 5 ImUgd Px+Py+Pz],

V2GeME,
(24)

where

T, a?

=BR(K*—pu*v)

Tk+ |Vus|2’7T23in40W
772 2
X | Ren YLt ReNY(X;)— m ReUgq
FVtw
(29

Here, Y(x;) = n,Yo, and[27] »y=1.012. The long distance
contribution has been analyzg29]. We make the & limit
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conservatively as the sum of therlexperimental limit plus SM Present 1g, 90% CL, 20
the 1o long distance estimafe9]. -
From the aboveK meson formulas, the error formulas o

c

»

were generated USINGATHEMATICA .

0.7

0.6

V. JOINT CHI-SQUARED ANALYSIS OF THE SM 0.5
AND THE FDQM EXPERIMENTS g:

FCNC experiments put limits on the new mixing angles  °2
and constrain the possibility of new physics contributing to

BY-BY and B2-BY mixing. Here we jointly analyze all con-

o 1y Ly by e by b by e by L L
-0.8 -08 -04 =02 0 0.2 0.4 0.6 0.8 1

straints on the X4 mixing matrix obtained by assuming sin(2p) vs. sin(2a) sin(2a)
only one of the SU(2) singlet down quarks mixes apprecia-
bly [7]. We use the seven experiments for the 3 CKM FIG. 2. The(sin(2),sin(28)) plot for the standard model with

submatrix element$2], which include those on the three contours at ir, 90% C.L., and 2 with present data.

matrix element¥/s,Vyp,Vep Of theu andc quark rows) e|; . .

Bd_gd mixing (x); the new limits onAm,, or x.; and the above with t_hree parameters to give three_degregs of free-

new measurements for sinfR For studying FCNC, we in- dom. In the figures we shqw the contours with confidence

clude V4 and V4, the bound orB— uuX. (which con- levels(C.L.) at values equivalent tod, 90% C.L. (1.6@),_

strainsb—s), the two events itk " — " v [12,26,30, and apd 2. The new BaB§|[33] and Belle[+£4d}ﬂ average 1s
o o . . . e sin(28)=0.78+0.08. This gives3=25.6°"7.. From Fig. 2

Ry in Z"—bb [12] (which directly constrains thes, mixing  or the SM we see that the singrange is from 0.63 to 0.96

element. FCNC experiments will bound the three ampli- 54 5, "centered around the experimental average of 0.78. The
tudesUgys, Usp, andUpg which contain three new mixing g sin(22) range at 2 is from —0.90 to+0.57.
angles and three phases. We use the mass of the top quark as

m=174 GeV. We also add FCNC constraints fraf
— um, NOW including the large long distance error, and the
new and more convergent results fdre from NA48 [23]
and KTeV[22]. In the FDQM analysis including FCNC experiments,
Related analyses including both SM and FDQM ampli-there are 17 experimental degrees of freedom, minus 9 pa-
tudes in kaon constraints by Barenboim, Botella and Vivegameters, giving 8 remaining degrees of freedom. In contrast
[31,37 precede this work. We have applied a fyfl analysis  to the SM, for the FDQM in Fig. 3, almost the entire region
rather than just 95% C.L. bounds, and have included the newin(28)>0.48 is allowed at &, and sin() can be as low as
larger and more exact sing® results, as well as new " 0.55 at Ir. In the FDQM, all values of sin(@ are allowed.
— 7 vy, €'le results, and new and fukts data. We have N this case, the largerdl range for sin(3) than from the
also included an analysis of the<4t mixing matrix param-  direct experimental measurement is an effect of including so
eters and found a crucial cancellation in one of the matrix"any experiments in the joint fit.
elements.
We use a method for combining the Bayesian PoissonC. Standard model with comparison experiments(p, %) plot

distribution_for the average for the two observed events in  Here we depart from the analysis of the SM experiments
K*— o vv [24,26 with the chi-squared distribution from alone to show the effects of the additional thi€¢emeson
the other experiments. This treats the two events with a logasyperiments, namelyK*—w*vv, K —puu, and €'le.
rithmic Bayesian prior as four degrees of freedom. This gives
a total of ten additional experimental degrees of freedom for FDQM — Present, 1o, 90% CL, 20
the FDQM. —_
In maximum likelihood correlation plots, we use for axes 0.9
two output quantities which are dependent on the mixing\C/o.s
matrix angles and phases, such asz), and for each pos- -7 07
sible bin with given values for these, we search through the  °6
nine dimensional angular data set of th& 4 down quark 05
mixing angles and phases, finding all sets which give results 04
in the bin, and then put into that bin the minimyph among g'z
them. To present the results, we then draw contours at sev |
eral x? in this two dimensional plot corresponding to given 0
confidence levels.

B. Four down quark model (sin(2a),sin(28))
plots—present limits

-08 -06 -04 -02 O 02 04 06 038 1

sin(2a)

A. Standard model (sin(2a),sin(2B)) plot—present constraints Siﬂ(zﬁ) VS. sin(Za)

For the SM we take. =V as fixed and then use the six  FIG. 3. The(sin(2x),sin(28)) plot for the FDQM with contours
experiments on the 83 CKM matrix elements named at 1o, 90% C.L., and 2.

016008-5



DONOVAN HAWKINS AND DENNIS SILVERMAN PHYSICAL REVIEW D 66, 016008 (2002

SM Present 10, 90% CL, 20 FDQM, 10, 907 CL, 20
1

T E g = 1 g e
:o.g E o8 E s £
3 06 F 06 F
04 £ 04 F
07 F 7 02 F 02 E I s
N S R o E o B &7
3 -02 F -02 B
05 F 74 -0.4 F -04 F
04 F g -06 F -06 F
0'3;_”/ ’v‘:/\\"'"".‘ _O'sg_n|||||||||||||||||| _0‘85_|||||||||||||||||||
0.2 ] i 05 0 o5 1 ' s o o5 4
o';5_...|...|...|...|...|§...|..|...|...|.. (a) Present P (b) sin(Qa)=—1 P
=1 -0.8 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
o)
p—n Plot Sos E Sos E
06 F 06 F pEEETES
FIG. 4. The p,n) plot for the SM with three comparison kaon 04 F 04 E Qﬁ
experiments added, with joing? contours at 4r, 90% C.L., and o.g §: 0.(2) : S
20. The light lines are for the kaon experiments and are described —0.2 £ -02 F
in the text. -0.4 F -04 E
-0.6 E -0.6 3
. . . O e TR
While they are not needed in the SM analysis, they are in- 1 -05 0 05 1 -1 -05 o0 05 1
cluded in the FDQM analysis. In this case, there are 13 ex- (c) sin(2a)=0 P (d) sin(20)=1 P
perimental degrees of freedom, minus 4 parameters, giving a
net 9 degrees of freedom. Contours areaf 90% C.L., and FIG. 6. The p,%) plots for the four down quark model from:

20. The three newK meson experimental contours for the (a) present data, and for projected siajalues of—1, 0, and 1.
SM are shown in Fig. 4. Fo¢'/ €, the lower 1o contour is  Contours are atd, 90% C.L., and 2.

the horizontal dot-dashed line, where the central contour

would be a horizontal line ag=1.1. ForK, — uu the solid  contours are at&, 90% C.L., and 2. The half-circles about
vertical line atp=—0.66 is the lower & contour with the (p,7)=(0,0) are the center and ol contours for
central contour being a vertical line at=0.9, which is not  |V},V,q/V%,Vcdl. The hyperbolas are the center and don-
shown. This includes conservatively a large and uncertaiours for e. The quarter circles aboup(n)=(1,0) are for
long distance effed29]. ForK " — «* vv the dotted contour |V,4| from x4 in B4-By mixing. The lines emanating from
giving an additionaly?=1 is the arc of the circle centered (p,7)=(1,0) are the central andallimits for sin(28). The
about (p, 7)=(1.3,0). It is not quite as restrictive in the SM Am, 90% circular arc is shown as the dashed quarter-circle,
as the 90% C.L. from theg or Am limit, which is shown as  although the analysis weights eaalm, or eachV,q in x2.
the dotted quarter-circle aboup,(7)=(1.0,0). For the rest We see the effects of the,=(Amg/T"g)=1.35y|V s/V q4|?
of the SM analysis we drop these three ri€¢wneson experi- lower bound in the SM limiting the length ofv,,

ments. «\[(1—p)%+ 7? and cutting offp for p<0.

D. Standard model: (p, ) plot E. Four down quark model: (p,#) plots

For the SM p,#) plot in Fig. 5, the jointy* enclosed As in the SM, the plottegh and » are taken as the coor-
dinates ofV},, scaling the base of thie-d unitarity quad-

SM Present 10, 90% CL, 20 rangle to unity
SER- .
08 F e pFin=ViVua/VEVed- (30
08 F
07 £ The unitaritity quadrangle is given by
06 F
05 S VioVuat VepVeat VipViat VipVaa=0 (32)
0.4 F L
Zz : where the last term has limi{&J,/V, V4| <0.15, as will
o1 E i be shown later. The near half circles = 6= 615 (V{,
S SRR AVRPRNON Y N A APRPRPRN RRPRPEN £ PR Y PR T BP0 O AR R =s,42'%19) at present are due 4 or 5,4 (Which are related
-t 708 06 04 —02 00z 04 06 08 1 hacoming some of the source of the obser@H violation
o0—n Plot P in €, so thatd; 5 is less constrained. The#; s can be closer to

zero or 180° so thay can also be small or zero. For pro-

FIG. 5. The p,7) plot for the standard model, showing the;1 ~ jected sin()=+1, 0, or —1, we see regions extended be-
90% C.L., and 2r contours of the joint fit, and the central and1 yond the SM regions, which also allow to be small(see
contours of the various constraints. Fig. 6). Examining the effect of each neW experiment
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FDQM — Present, 10, 90% CL, 20 SM Present 10, 90% CL, 20
—_ 15 g —~ 1 B
8 125 F K>
H E LS o9 [
w ' E f )
<. o075 F :
g 0.5 ;_ 08
L E F
RSN or b
o F :
-0.25 E o6 b
-05 E C
-075 £ 05
1 E | L | L | L | L 1 L | L |
0 50 100 150 200 250 300 350
0.4
613 r
<5FCNC/|5expt|) vs. 643 03 |
FIG. 7. The ratio €rcnc/|€expl) Of the contribution of the 0.2 _
FCNC amplitude toex as a function of the anglé,;. o
01 F
separately, we find that tHeé™ — 7" vv result eliminates the I N T I T T S T
large 1o negatives rings from the previous analysj]. 0 ©° 0 4 S & 70 X5°
s

sin(y) vs. x,

F. Fraction of the new FCNC amplitude in €
) 0 . FIG. 8. The ks,sinvy) plot for the standard model with present
In order to display how the FCNZ™ exchange with the  jimits with contours at &, 90% C.L.. and 2.

new phases itJ 45 can account for th€ P violation in ey,

we plot the ratio of the FCNC contribution to the experimen-sin(y) available in the FDQM. A subsequent sjifneasure-

tal result. In Fig. 7, ércnc/|€expl) is shown against the ment will be needed to distinguish between the two models.
phase ofV},, which is 8;3. In Fig. 7, while ercyc cannot

account for the entire result, it can account for 60% of it at I. The decay asymmetry from B mixing, sin(2¢,)
a 1o confidence level. ¢, is the small angle in thb-s unitarity triangle given by
G. Standard model: (xs,sin(y)) plots VepVest VipVist VipVus=0. (33
X is determined in the SM from FDQM, 1o, 90% CL, 20
—~ 1 — —~ 1 F
Xs=1.35¢y(| Vigl/| Vil ) (32) Sos 1} L Sos F
= £ o086 F
. o . ®osE I ® o4 E
The largest error arises from the uncertainty\ty|, which o2 E ’,a oz E
follows from the present 15% uncertainty iBgfg=230 0 F = o E
+35 MeV from lattice calculation§34]. In the SM, theB -02 B ) -02 F
factory measurements construct a rigid triangle from the :8: 3 :g: 3
knowledge ofa and B, and removes this uncertainty in o8 E o8 E
andx, in the future. S Bl b b bund g By
From present data for the Skkg,sin(y)) plot in Fig. 8, o 4; *0 :O ;00 °
the limits at 2r are 0.56<sin(y)<0.99, and 16:x,<48. Be- (0) Present %
cause of the approximately linear relation betwegnand
sin(y), an exactxs measuremento(1/|V,4|?) can strongly = e :
constrain sing) to +0.07 in the SM. TXE TeE
“ o4 b ? o4 |
. 0.2 F 0.2 F
H. Four down quark model: (xs,sin(y)) plots o E o E
In the FDQM, the sinf) range goes down to zero atrl —02 ¢ -0z p
f . -0.4 F -0.4 F
or —0.4 at 2o (Fig. 9), sincen now goes down to zero ail _o6 E —o6 E
or to —0.2 at 2r wherep~—0.5. A larger sinf) range is -08 F -08 E
thus allowed in the FDQM than in the SM. Tixg allowed B v e B REPTSRT T
region in the FDQM is 16 to 60 atdl or to 80 at 2r, which (c) sin(20) = 0 % (d) sin(26) = 1%

is also larger than the & x; range of 48 in the standard

model. In the FDQM, there is not an approximately linear  FiG. 9. The(xs,sin()) plots for the four down quark model
relation between sinj andxg as there is in the SM. Thus an from (a) present data, antb), (c), and(d) for B factory cases for
accurate measurementxyfstill leaves a very large region of values of sin(2) as labeled.
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FDQM — Present, 10, 90% CL, 20 FDQM — Present, 10, 90% ,2¢
~ 01 [ —,0.15
s r > C
N o008 [ 23 i
g L et S ~ 0.1
® o006 [ F R > i
0.04 - i 3 == £ o0s
r i . ¢ - B
0.02 H A i
C i oo -
o i SR o |
-002 | E
C -0.05 |
-0.04 [ i
L -0 -
-0.08 [ :
_01:...|...|...|...|,,, _0'15'....|....|....i....|....|....
) 20 40 60 80 100 2045 -0 —0.05 0 0.05 0.1 0.15
Re(Uy) /IV Vel
g X cd Vb
B, Asymmetry sin(2¢,) vs x, " ° (IM(Ua) /VegVeol) vs. (Re(Ug,) /IVeaVopl)
FIG. 10. The(xs,sin(24y)) plot for the B, asymmetry sin(ay) FIG. 11. The complex plot of) 4, scaled to make it the fourth

in the four down quark model for present data, with contourssgt 1  Side of the unitarity quadrangle in tieed unitarity plot.
90% C.L., and 2.
VI. SIZE OF THE MIXING MATRIX ELEMENTS
In Wolfenstein terms this is AND MIXING ANGLES
. A. Bound from z°—bb
(AN X1+ 1X[—AN2 = AN (p+in)] _
5 . The weak isovector part oZ°—bb is reduced by (1

Then, sing)=AN*7/AN?=\?7. This is small in the standard b Lo 22 1
model where sin(@)=2\7=0.10y, o at 2 Vo= = 5 (1= Vapl) + 3 simf bt 3o,

0.030<sin(2¢)=<0.060. 35 1 1

n2ds (39 Ab=—§(1—|V4b|2)+ 3P (37)
In the FDQM, as seen in Fig. 16; 0.2=<sin(2¢$y<0.065 at

20, and down to zero atd. Here the range continues down stz bb)
to zero sincen can go down to zero. Hence, a value of
sin(2¢) less than 0. 03 would signify a deviation from the Cr Gemd
SM. _ ZQcepPrR Tz

6\/577

where Cqcp=3(1.0385), and p;=0.0094 for m,
Unitarity of theb-d columns has four terms, which may =174 GeV. Present data and theory give
be written as

[(VP)2+(AP)?], (39

J. Fourth side of the unitarity quadrangle U4

. . . REXPZ 0.21642+0.00073 (39
VibVudt VepVedt VipVia—Upa=0, (36)

RiNeoN=0,2158+ 0.0003. (40)
since—Upg=V},Vaq. (We useUy,=U},.) As the unitarity
triangle is scaled bV V.4 to make a unit base, the com- We note that thdV,,| effect is to decreas®,,, while the
plex plot of U,y is also so scaled. The length of the experiment is aboutd above the theory. To lowest order in
Upg/|VEpVed side, as plotted in Fig. 11, is thus less than|V,,| the FDQM effect is
0.15, compared to the unit base in the 4) plot, and prefers

possibly a more vertical direction. The accuracy of angles FZ%‘”FCNC
and sides of the unitarity triangle must and should reach this T=(1—2.zqv4b|2). (41
accuracy for a good test of the SM. bb
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FDQM — Present Data, IV,l=s5 20 Surface FDQM — Present, 10, 90% CL, 20
I 30 F -
LO -.'/
300 [
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250 |-

0.0225 3~
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0.0175
0.015
0.0125
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0.0075
0.005 3
0.0025 3

200

T
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150 |
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] 1 |- ] I |
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013

844 VS. 043

FIG. 13. Contour plot of5;, vs 8,3 with contours at &r, 90%

) C.L., and &.
FIG. 12. The Lego plot for the heighV 4|~ s34 at 20, on the

H 3 ~ .
base off V4| (units 107%) vs [Vg| ~S14- In Wolfenstein terms,|V q|~S14~\?, Sys~S15514~\°,

|Vp| ~834.<A\2/2, but|V,s|<\>. The sequence may violate

This gives a contribution tg? of the heirarchical expectation from thex CKM matrix.
In the double FCNCZ° exchange amplitude iB4-B,
x*=(0.82+0.68x 10°|V 4|22 (42 iing. via ge amp d"Bd
This x? is used as a constraint on all angle choices in the fit. Ugp=—VigVap~5S1€ 1455, (43)
Taking the 90% C.L. limit aj?= (1.64) gives the bound on .
[V, from Ry, alone of| V| ~|s34=<0.035. it is only the 5,4 phase in U 4p)2~e ™ 2'%14 that can add to the

SM box diagram term with its phase o¥},)2.
B. 3D matrix element Lego plot

From the Zr surface in the 3D space of the magnitudes of C. Phases
the matrix elements involved in the FCNC, Fig. 12, we can The cancellation inV,s to make it small requiress,,
see the limits and ranges of two of the matrix elements. To= 614+ 7. Thus we can display the phases in a two dimen-
5% accuracyV,q= —S14€'°14, and its magnitude ranges from sional plot 0f8;4 Vs 813, as in Fig. 13. Whed,3 is in its SM
0.035 to 0.085 at @. To 10% accuracW,,= —Sz4, and its  range of 40°[sin(y)=0.64] to 70° [sin(y)=0.94] the SM
magnitude ranges up to 0.020 at ZThe third FCNC matrix terms can be dominant and the small FCNC amplitudes al-
element,|V,4|, is bounded by 0.0004. This requires a finelow eachés,4 equally. For certain values 4, near 80° and
cancellation between its two components iR g€’ %24 270°, the new physics amplitudes can be dominant &nd
—51,514€'%14), such thats,,~S;,8,4 and d,,= 814+ 7 to get  can be large, leading to the enlarged ) contours that can
the cancelling minus sign. This means that there is effecreach~0 and extend beyond t8,;<200° at 2.
tively only one new phase, which we may considerdas.
From the cancellatiors,, ranges from 0.009 to 0.017 at2 D. FCNC phase structure
The cancellation is to about 1/20 of the valuespf. The
third term in V,q, Sai(Sya+tS1,51€'°%9), then contributes
=0.0009, which is the same order as the partly cancelin
terms. The cancellation does not mean fine tuning since on

Using theV,g cancellation structure witb,,= s;,5;4 and
$24= 614+, We can rewrite theV,; matrix elements in
ferms of just one phase in the leading terms

could have parametrized,s by a single angle instead. How- Vg~ — Sy 925, 41014 (44)
ever, the incredibly small size ¢¥,{<\° could be consid-

ered a fine tuning itself. In comparison to the SM CKM Vo~ —Sas (45)
matrix we should note that keeping the leading terms in the

real and imaginary partsVes=1+iA2\%7, V,g=-—\ V4~ (Spa— S15514) € P14+ S3,S,3. (46)

—iA2\57, and V,sc= —AN2—iAN*7. So even in the stan-
dard model there are matrix elements whose imaginary partso leading order, it is clear that only the two new phasss
are as small as @("), O(\°), and OQ°). which only one is effectively independerdre included in
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the V,;, and therefore in theJ;; and in the FCNC ampli- CKM submatrix, ind-s, s-b, andd-b projections, respec-
tudes. The SM phas# ; does not appear in the leading terms tively. Their sizes will be discussed in Sec. VIG under uni-

of Uj;. tarity quadrangles.
The FCNC couplings, using the cancellation relations, are  Bounds on the size of thp/,|, i=1, 2, 3, bound the
s deviation from unity of the sum of the squares of the three
Uds= — 514 (S24— S12814) + Sa4S28 4], (47)  CKM elements in each column
Usp=Sad (Sp4— 155198 "4+ S3,553], (48) L= (IVuil*+ I Veil >+ Vi [2) = [Vail 2. (52)
Ugb=S1453€ 14, (49 Similarly, for the rows, thes;,|> measure the deviation from

unity for the sum of the squares of the CKM row elements.
We note that whiles;, ands,, are nonzero, the cancellation For thed column oru row, since|V ,4|=s,4~0.035 to 0.
in V45 and the ability ofsz, to vanish still allow allU;; to 085, unitarity of the CKM three elements of tdeolumn or

vanish. u row is off by
E. Variable determination 0.0012<|V,4|?<0.0072, or (52
In general for the three complex matrix elemevits, one 4 2y 4
would expect three magnitudes and three phases. In deter- 0.50 <[Vl "< 3N". (53
mining these from the-U;;=V};V,; however, one overall For thes column, sincdV,<0.40x 103, the deviation

phase would not appear experimentally, due to W& gom ynitarity of the CKM submatrix is bounded by
structure of theJ;; . So we can at best determine three mag-

nitudes and two phases from thg; . This agrees with the |V4¢/2<0.16x 106=0.6\1°, (54)
three new angles and two new phases introduced in the 4

X4 unitary matrix where an extra phase has been removed For theb column ort row, since|V | =53,<0.020, the
for the definition of the nevD® down quark. Whereas the deviation from unitarity of the CKM submatrix is bounded
threeU;; may seem to contain three real and imaginary partgy

to be determined, they are not independent, since there is one

restriction between them, namely that the product |V4p?<0.0004G=0.17\*~\°. (55

_ 2 2 2 . i
U asUstUpa=1Vaal “[Vas|“|Vanl (50 For thec row, sinces,,;=s;,514=\Sy4, the deviation of

. . . , the CKM from unitarity is a multiple of the row result from
is real. So again, we are left with three magnitudes and twq

phases that can be determined by experiments involving the™

FCNC amplitudes, which allows us to determine the three 0.500< 5,4 2<3\°. (56)
new angles and two new phases, just from low energy ex- 4
periments involving theJ;; . Finally, the deviation ofV,,? from unity is an overall

With sufficient energy to produce oifequark, the angles 1 aasure of mixing to the fourth down quark
Si4 can each be determined separately by the combined weak
production ofuD, cD or tD pairs, or from the similar de- 1—|Vag?=s54t 5, +5%,. (57
cays of theD quarks.

The cancelation inVys has relateds,;;=As;4 and 6, The right-hand side is dominated b, giving
= o4+ 7. Thus there are only effectively two independent
new angles and one new phase to be determined from the IV4?=1-(0.5-3)\% (58
five independent components of thie , leading to an over-
constrained system. Finding a consistent solution is then a
test of the FDQM. Of course, if more variables are found to
be needed, the mixings to five or six down quarks would 1. b-d quadrange
have to be considered. The present fits have found nonzero
values fors,, and its related,,. Yet sg, may still be small or
vanish, and the one new independent phase is still to b
determined, although its determination is coupled to that of
the CKM 6,5 phase.

G. Unitarity quadrangle completion

The orthogonality relation between theand d columns
8f the 4X4 mixing matrix is

VipVuat VepVeat VipVia— Ug,=0. (59

- _ The fourth side of théb-d unitarity quadrangle, scaled to
F. Unitarity tests on the CKM submatrix make the base of unit length, i&,/|V*,Vp|. From Fig. 11,
Contained in the X4 analysis are tests of the unitarity of we see that the length of the FCNC quadrangle side(sl5
the 3x 3 CKM submatrix contained in thexd4 FDQM mix- in the vertical or imaginary direction, and0.06 in the hori-
ing matrix. The FCNC couplingdl 45, Ug,, andUy, mea-  zontal or real direction. The sides of thed unitarity quad-
sure the deviations from orthogonality of the columns of therangle can be written in a modified Wolfenstein form as
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U= Mo+y)

VL:,Vud—>p+m VJ,th—>1-p—m—?»(q>+w)

ViV i -1

FIG. 14. Theb-d unitarity quadrangle scaled B3, with sides
given as above.

VisVua=AN(p+in), (60)
VepVea= —AN®, (61)
VipVag= —Uj,= —S14534€ 14 (62

=AN*(¢p+iy), and (63
ViVia=AN[1—p—in—N(p+i)], (64)

where we have introduced+i¢ into —Upg, with a coeffi-
cient to make the scaled quadranglendependent. An ex-
ample of the scalet-d quadrangle is shown in Fig. 14. We

PHYSICAL REVIEW D 66, 016008 (2002

x16°FDQM Present, 10, 90%, 20

0.05

-0.05

-0.1

-0.15

-0.2

—005 Db by b b b Lo Lo b Lo
-0.25-02-015-0.1-005 0 005 01 015 02 025

Re(Usb)/ch\/;;o
(|m<Usb>/|vcb\/csl) VS. (Re(Usb)/lvcbvcsl)

see that unitarity requires that the length of the FCNC cou-

pling side— U}, has to be cancelled by another triangle side
to close the triangle, and that occurs \t§V,y having an
addition to the SM formula. The area of thed unitarity

FIG. 15. Contours for the complex FCNC couplibl, scaled
by |ViV.p|, which is the fourth side of thes-b unitarity
quadrangle.

quadrangle is computed by adding the areas of three sulyg |argest sides of this unitarity quadrangle are of length

triangles and a rectangle

Areab—d)=A%\5[ +(1—p)y]/2. (65)
We note that if either or botly and ¢ are nonzeroCP is
violated, and the quadrangle has a nonzero area, analogous
the SM unitarity triangle result. However, as we will see
below, the area of thb-d quadrangle is different from those
of the other unitarity quadrangles by tkleterm above.

2. sb quadrangle

The unitarity orthogonality between ttseand b columns

for the s-b quadrangle is
VieVupt VesVept VigVip— Usp=0. (66)

The first term isAN*(p—i ), the second term i&\?, and
the third term is— A\?, to leading order. If we scale the base
to unit length by dividing byA\?, then the first term side is
of order 0. 02 in length. From Fig. 15, the fourth side of
scaledUgy, is of order 0. 0001, or 0.5% of the small third side

of the triangle. The enclosed angle is then the same as in th

SM, ¢=\?7, and the triangle’s or quadrangle’s area is
A28 y/2.

3. d-s quadrangle
The orthogonality relation between theands columns is

VE Vst VE Voot VEVig— Ugs=0. (67)

\, being the first and second terms, and the third term is

A2\5(1—p+in)=0.0004(1 p+in). The fourth side is the

FCNC couplingUgq, which is bounded in magnitude by
2.5x10°°=\7, as seen in Fig. 16. Thus the FCNC fourth

+
Rt

x 10

FDOM — Present, 10, 90%, 20

—~0.25
s
"
Z 02

0.15

0.1

-0.15

-0.2

[N NN NN ST RS RS R N
0 005 01 015 02 025
x 10

Re(Uy)

-0.25
-0.25 -0.2 -0.15 -0.1 -0.05

Im(U,q) vs. Re(U,,)

FIG. 16. Contours for the complex FCNC couplidgg which is

the fourth side of thel-s unitarity quadrangle.
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side is at most 6% of the small third side. The angle subsmaller, with the other phases causing much of the presently
tended by the small third side is then essentially the same asbserved CP violation. In the (x,sin(y)) plots in the
that by the third and fourth sides, beingy=A?\*7. The  FDQM, all of sin(y)=0 is allowed at present in contrast to

triangle’s or quadrangle’s area is al&d\®7/2. sin(y)=0.55 in the SM, and with no approximately linear
relation as in the SM. This will require combining experi-
H. The sum rule for the CP violating B decay mental results ofxg and sinf), to find out if the results
asymmetry angles correlate to the narrow linear region of the SM analysis. The

present range fox, is from 16 to 48 at 2¢ in the SM, and

It was shown beforé¢6] that as long as the penguin dia- )
grams in theB decays can be neglected, that the sum of thécrom 1610 80 at 2¢ in the four down quark model. The-d

Do . ) . “Unitarity triangle, scaled to unit base length, has to be mea-
QP waatmg decay angles' even with new physics Cor‘mbu'sured to an accuracy of 0.15 or better to begin to limit a
tions, is7 modulor. This can be seen from Eql2) and ¢\ side and to verify the SM against the FDQM.
(11) where in the sum of (@+2), the By mixing phase Each E generation also contains an isosindi} or ster-
cancels out in general_, regardless of its source, and from Eqﬁe neutrino, which may provide a connection between the
(13 and (:.LG.)’ where in the sum of (2+4¢y), th_e phase quark and lepton searches for new physics in terms of estab-
from B¢ mixing cancels out. The other tree amplitude decayIiS ing new particle representations
phases in these equations either cancel or sum to the phase OPThe mass of the lightest singlet aown quark ig @uld
a product of mixing matrix elements which becomes a prod; to the mixi |
uct of absolute values squared, with zero phase. This leads Poe roughly related to the mixing angle by

the CP violating B decay angle sum rulgs] 05~=My/Mp, and with |V,p|=63,<0.02  (69)

a+B+y+2¢s=m, modm. (68 from combined fits, that gives
VIl. CONCLUSIONS FOR ISOSINGLET DOWN mp=2500<m,=11 TeV. (70)
QUARK MODELS Using the singleR,, 90% C.L. limit of | 5, <0.035, which is

With much new data, it is still the case that FCNCs canhot as strong as the combined fits, giveg=4 TeV. The

contribute significantly tB,-By mixing and toB<-B, mix-  Previous analysigl] gave a lower limit of 1.2 TeV.
ing, and give contributions with new phases. In the FDQM,
all sin(2w) are allowed. In the £, ) plane, the FDQM al-
lows large regions fop<0 as opposed to the=0 regions This research was supported in part by the U. S. Depart-
in the SM, and in particular, those whewpegoes to zero, both ment of Energy under Contract No. DE-FG0391ER40679.
with the present data and with the projected sif)(2alues.  We acknowledge the hospitality of SLAC. We thank Herng
In new physics models then, the SM pha%eor 5, can be  Tony Yao, Sheldon Stone, and David Kirkby for discussions.
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