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PHYSICAL REVIEW D, VOLUME 58, 095006
Full range of predictions for B physics from isosinglet down quark mixing

Dennis Silverman
Department of Physics and Astronomy, University of California, Irvine, Irvine, California 92697-4575

~Received 26 June 1998; published 25 September 1998!

We extend the range of predictions of the isosinglet~or vector! down quark model to the fully allowed
physical ranges, and also update this with the effect of new physics constraints. We constrain the present
allowed ranges of sin(2b) and sin(2a), g, xs , andABs

. In models allowing mixing to a new isosinglet down

quark ~as in E6) flavor changing neutral currents are induced that allow aZ0 mediated contribution toB2B̄
mixing and which bring in new phases. In~r,h!, „xs ,sin(g)…, and (xs ,ABs

) plots for the extra isosinglet down
quark model which are herein extended to the full physical range, we find new allowed regions that will require
experiments on sin(g) and/orxs to verify or to rule out an extra down quark contribution.
@S0556-2821~98!05221-7#

PACS number~s!: 11.30.Er, 12.60.2i, 12.15.Hh, 14.40.Nd
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I. INTRODUCTION

The ‘‘new physics’’ class of models we use are those w
extra iso-singlet down quarks, where we take only one n
down quark as mixing significantly. An example is E6 ,
where there are two down quarks for each generation w
only one up quark, and of which we assume only one n
iso-singlet down quark mixes strongly. This model h

shown large possible effects inB2B̄ mixing phases. The
approachingB factory experiments will also set limits on th
phases of the mixing angles to the new iso-singlet do
quark in this model. In previous analyses@1,2#, we focused
on ranges of variables in which the standard model~SM!
results occurred, in the sense of looking for small deviatio
in setting limits. As emphasized by Wolfenstein@3#, we now
explore the full range of output in variablesh, sin(g), and the
Bs asymmetry to indicate the full possible range of outcom
for these experiments due to new physics models.

A significant number of improved constraints have a
peared in the last two years, and most importantly, som
the Rb experiments now give results in agreement with
standard model. Since the mixing to a new down quark
only decrease the diagonal neutral current, these results
give useful limits on the parameters. The other improv

experiments areK1→p1nn̄, the new D0 limit on B
→mmX, improvedVub limits, and the CERNe1e2 collider
LEP lower bounds onDms or xs . We also now have an
exact method of combining the one event Poisson resul

K1→p1nn̄ with the Gaussian probability experimen
which results in a chi-squared distribution@4#.

We also project to a range of results from theB factory
experiments. For different sin(2a) cases, we find extende
multiple regions in~r,h! that will require experiments on
sin(g) or xs to decide between, and experiments on b
could be required to bound out or to verify the model. W

also find a sizeable range for theBs2B̄s mixing asymmetry
in the extra down quark model, while in the SM this asy
metry is very small. In setting limits we use the method o
joint x2 fit to all constraining experiments.
0556-2821/98/58~9!/095006~6!/$15.00 58 0950
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II. ISO-SINGLET DOWN QUARK MIXING MODEL

Groups such asE6 with extra SU(2)L singlet down
quarks give rise to flavor changing neutral currents~FCNC!
through the mixing of four or more down quarks@2,5–8#.
We use the 434 down quark mixing matrixV which diago-
nalizes the initial down quarks (diL

0 ) to the mass eigenstate
(djL) by diL

0 5Vi j djL . The flavor changing neutral curren
we have are@7,8# 2Uds5V4d* V4s , 2Usb5V4s* V4b , and
2Ubd5V4b* V4d . These FCNC with tree levelZ0 mediated

exchange may contribute part ofBd
02B̄d

0 mixing and ofBs
0

2B̄s
0 mixing, and the constraints leave a range of values

the fourth quark’s mixing parameters.Bd
02B̄d

0 mixing may

occur by theb2d̄ quarks in aB̄d annihilating to a virtualZ
through a FCNC with amplitudeUdb , and the virtualZ then
creatingb̄2d quarks through another FCNC, again with am
plitudeUdb , which then becomes aBd meson. If these are a
large contributor to theBd2B̄d mixing, they introduce three
new mixing angles and two new phases over the stand
model~SM! into theCP violating B decay asymmetries. Th
size of the contribution of the FCNC amplitudeUdb as one
side of the unitarity quadrangle is less than 0.15 of the u
baseuVcdVcbu at the 1-s level, but we have found@2,5,7,8#
that it can contribute, at present, as large an amount toBd

2B̄d mixing as does the standard model. The new pha
can appear in this mixing and give total phases differ
from that of the standard model inCP violating B decay
asymmetries@7–11#.

For Bd2B̄d mixing with the four down quark induced
b2d coupling,Udb , we have@9#

xd5~2GF/3& !BBf B
2mBhBtBuUstd2db

2 1Udb
2 u ~2.1!

where, withyt5mt
2/mW

2 ,

Ustd2db
2 [„a/~4p sin2uW!…yt f 2~yt!~Vtd* Vtb!2, ~2.2!

andxd5DmBd
/GBd

5tBd
DmBd

.

TheCP violating decay asymmetries depend on the co
bined phases of theBd

02B̄d
0 mixing and theb quark decay
© 1998 The American Physical Society06-1
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DENNIS SILVERMAN PHYSICAL REVIEW D 58 095006
amplitudes into final states of definiteCP. Since we have
found thatZ mediated FCNC processes may contribute s
nificantly to Bd

02B̄d
0 mixing, the phases ofUdb would be

important. Calling the singlet down quarkD, to leading or-
der the mixing matrix elements toD are VtD's34, VcD
's24e

2 id24, andVuD's14e
2 id14. The complete 434 mixing

matrix was given previously@9,12#. The FCNC amplitude
Udb to leading order in the new angles is

Udb5~2s342s24s23e
id24!~s34Vtd* 1s14e

2 id142s24e
2 id24s12!,

~2.3!

whereVtd'(s12s232s13e
id13) andVub5s13e

2 id13.

III. JOINT CHI-SQUARED ANALYSIS FOR CKM
AND FCNC EXPERIMENTS

FCNC experiments put limits on the new mixing angl
and constrain the possibility of new physics contributing
Bd

02B̄d
0 andBs

02B̄s
0 mixing. Here we jointly analyze all con

straints on the 434 mixing matrix obtained by assumin
only one of the SU(2)L singlet down quarks mixes appreci
bly @7#. We use the nine experiments for the 333 CKM
sub-matrix elements@1#, which include: those on the five
matrix elementsVud ,Vcd ,Vus ,Vub ,Vcb of theu andc quark
rows; ueu and KL→mm in the neutralK system @13#; Bd

2B̄d mixing (xd); and the new limits onDms , or xs . For
studying FCNC, we have four experiments which include
bound onB→mmX ~which constrainsb→d and b→s) for
which we have the UA1 and the new D0@14# results, the
new first event inK1→p1nn̄ @4,11,15–17# and new results
on Rb in Z0→bb̄ @11,18# ~which directly constrains theV4b
mixing element!. FCNC experiments will bound the thre
amplitudesUds , Usb , and Ubd which contain three new
mixing angles and three phases. We use the mass of the
quark asmt5174 GeV. We use a method for combining th
Bayesian Poisson distribution for the average for the
observed event inK1→p1nn̄ @17# with the chi-squared dis
tribution from the other experiments. We take^n&52.7
3108uUdsu2, ignoring the SM contribution, since the ob
served event is at a rate four times the SM result.

In maximum likelihood correlation plots, we use for ax
two output quantities which are dependent on the mix
matrix angles and phases, such as~r,h!, and for each pos-
sible bin with given values for these, we search through
nine dimensional angular data set of the 434 down quark
mixing angles and phases, finding all sets which give res
in the bin, and then put into that bin the minimumx2 among
them. To present the results, we then draw contours at
eral x2 in this two dimensional plot corresponding to give
confidence levels.

IV. CONSTRAINTS ON THE STANDARD MODEL
CKM MATRIX AT PRESENT

We first analyze the standard model using the pres
constraints on the eight Cabibbo-Kobayashi-Maska
~CKM! related experiments. We use the results
09500
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uVub /Vcbu50.0860.016 or a 20% error@19#.
In Fig. 1 is shown the~r,h! plot for the standard mode

with contours atx2 which correspond to confidence leve
~C.L.! that are the same as the C.L. for 1-s, 2-s, and 3-s
limits. Figure 1 shows large regions for the present CK
constraints. We see the effects of thexs51.35xduVts /Vtdu2

lower bound in the SM limiting the length ofVtd

}A(12r)21h2 and starting to cut offr for r,0.
In Fig. 2 is shown the„sin(2a),sin(2b)… plot for the stan-

dard model, for the same cases as in Fig. 1. In compariso
previous analyses@2#, the region near sin(2a)51 is no longer
within the 1-s contour.

In Fig. 3 is shown the„xs ,sin(g)… plot for the standard

FIG. 1. The~r,h! plot for the standard model, showing the 1,
and 3-s contours, for the present data~large contours! and for pro-
jectedB factory results~smaller circular contours! at sin(2a)51, 0,
and21 from left to right.

FIG. 2. The„sin(2a),sin(2b)… plot for the standard model at 1, 2
and 3-s with present data~nearly horizontal contours!, and with the
sample results of theB factories ~almost circular contours!, for
sin(2a)51, 0, and21 from left to right.
6-2
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FULL RANGE OF PREDICTIONS FORB PHYSICS . . . PHYSICAL REVIEW D 58 095006
model with ~a! present data, and~b! for the B factory cases
sin(2a)51,0,21 from left to right. xs is determined in the
SM from xs51.35xd(uVtsu/uVtdu)2. The largest errors aris
from the uncertainty inuVtdu, which follow from the present
20% uncertainty inABBf B5200640 MeV from lattice cal-
culations@21#. The B factory in the SM constructs a rigid
triangle from the knowledge ofa and b, and removes this
uncertainty ing and xs in the future. A cautionary note fo
experiments emerges from this plot, namely that sin(g) is
close to one~0.7 to 1.0! for the 1-s contour, and high accu
racy on sin(g) will be needed to add new information to th
standard model. At 1-s the range ofxs in the standard mode
is from 14 to 33. It is clear that the different sin(2a) cases
give distinct ranges forxs . Checking whetherxs agrees with
the range given by a sin(2a) measurement will be a good te
of the standard model.

V. CONSTRAINTS ON THE FOUR DOWN QUARK
MODEL AT PRESENT, AND AFTER THE B FACTORY

RESULTS

In the following, we will find and take sin(2b)50.65 as
the center of the current range for the SM with its projec
B factory errors of60.06 @22#, and vary sin(2a) from 21.0
to 1.0, using the projectedB factory errors of60.08.

Here we also project forward to having results on sin(2a)
and sin(2b) from theB factories, and show how there will b
stronger limits on the new phases of FCNC couplings th
from present data. In the four down quark model, we u
‘‘sin(2a)’’ and ‘‘sin(2b)’’ to denote results of the appropri
ateBd decayCP violating asymmetries, but since the mixin
amplitude is a superposition, the experimental results

FIG. 3. The (xs ,sing) plots are shown for the standard mod
with: ~a! present limits; and~b! sample results for theB factories
for sin(2a)51, 0, and21 from left to right.
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these asymmetries are not directly related to angles in a
angle in this model. The asymmetries with FCNC contrib
tions included are

sin~2b![AB
d
0→CK

s
05ImF ~Ustd2db

2 1Udb
2 !

uUstd2db
2 1Udb

2 u
~Vcb* Vcs!

~Vcb* Vcs!*
G
~5.1!

sin~2a![2AB
d
0→p1p252ImF ~Ustd2db

2 1Udb
2 !

uUstd2db
2 1Udb

2 u
~Vub* Vud!

~Vub* Vud!*
G

~5.2!

with Ustd2db defined in Eq.~2.2!.
In the four down quark model, what we mean b

‘‘sin(g)’’ is the result of the experiments which would giv
this variable in the SM@23#. Here, the four down quark
model involves more complicated amplitudes, and sin(g) is
not simply sin(d13):

sin~g![ImF ~Ustd2bs
2 1Ubs

2 !

uUstd2bs
2 1Ubs

2 u
~Vub* Vcs!

uVubVcsu
G . ~5.3!

We note that since sin(g) is an imaginary part of a comple
amplitude, it can have values ranging from21 to 11. We
now extend the range of the previous analyses to cover
complete range.

In the four down quark model,xs is no longer the simple
ratio of two CKM matrix elements, but now involves th
Z-mediated annihilations and exchange amplitudes as w

xs51.35xd

uUstd2bs
2 1Ubs

2 u
uUstd2db

2 1Udb
2 u

, ~5.4!

where

Ustd2bs
2 5„a/~4p sin uW

2!…yt f 2~yt!~Vtb* Vts!
2. ~5.5!

The asymmetryABs
in Bs mixing in the standard mode

with the leading decay process ofb→cc̄s has no significant
phase from the decay or from the mixing which is propo
tional to Vts

2 . The near vanishing of this asymmetry is a te
of the standard model@6#, and a non-zero value can resu
from a ‘‘new physics’’ model. With the FCNC, the result

ABs
5ImF ~Ustd2bs

2 1Ubs
2 !

uUstd2bs
2 1Ubs

2 u
~Vcb* Vcs!

~Vcb* Vcs!*
G . ~5.6!

Again, since this is an imaginary part of a complex amp
tude, we extend our studies to the full range including ne
tive values for this. Since it concerns theBs mixing, we plot
it againstxs which involves the magnitude of the amplitud
used inABs

.
In the four-down-quark model with the unitarity quad

rangle, what we plot for the~r,h! plot is the scaled vertex o
the matrix elementVub* :

r1 ih[Vub* Vud /uVcbVcsu. ~5.7!
6-3
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DENNIS SILVERMAN PHYSICAL REVIEW D 58 095006
Sinceh is an imaginary part, it can have negative as well
positive values. While the negative values were not includ
before in comparing to the standard model, they are n
included to show the full range of predictions of the fou
down-quark model.

We then make maximum likelihood plots which includ
„sin(2a),sin(2b)…, ~r,h!, (xs ,sing), and (xs ,ABs

).
The corresponding plots for the four down quark mod

are shown for present data and for projectedB factory data in
the following figures. In the figures, we showx2 contour
plots with confidence levels~C.L.! at values equivalent to
1-s and at 90% C.L.~1.64s! for present data, and for pro
jectedB factory results. Again, for results with theB facto-
ries, we use the example of the most likely sin(2b)50.65
with B factory errors of60.06, and errors of60.08 on
sin(2a).

In Fig. 4 we have plotted thex2 contours for the location
of the vertex of~r,h!. We note that in contrast to the sta
dard model, in Fig. 4~a! the presently allowed 90% C.L
contour in the four down quark model is an annular ri
representing no constraint ond5d13 which can result from
the FCNC with its new phaseseid14 or eid24 in Udb causing
the known CP violation. In Figs. 4~b!, 4~c! and 4~d! we
show theB factory cases of sin(2a)521,0 and 1, respec
tively, with contours at 1-s and at 90% C.L. The existence o
several regions, even now for negativeh, requires that extra
experiments in sin(g) or xs will also be needed to verify or to
bound out the extra down quark mixing model. Use of t
slightly more conservative bound foruVub /Vcbu of 0.08
60.02, which is used by some authors, still results in m
tiple regions.

FIG. 4. The~r,h! plots for the four down quark model from:~a!
present data, and forB factory cases for values of sin(2a) as la-
beled. Contours are at 1-s and at 90% C.L.
09500
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In order to display how the FCNCZ0 exchange with the
new phases inUds can account for theCP violation in eK ,
we plot the ratio of the FCNC contribution to the root-mea
square of the SM and the FCNC contributions,

Re
FCNC5

Im~Uds
2 !

@~Ae
SM!21„Im~Uds

2 !…2#1/2, ~5.8!

so that 21<Re
FCNC<1. Here Ae

SM5a Im(2Ẽ* )/
(4p sin2uW) and E is from Inami and Lim@20#. In Fig. 5
Re

FCNC is shown against the angle ofVub* which is d13. In
Fig. 5, for d13 from 20° to 150°,Re

FCNC50 is allowed, i.e.,
the SM can account foreK in this analysis. At angles furthe
outside that region, for2180<d13<0, only new physics
contributions can give the imaginary part, whereRe

FCNC'1.
In computingx2 for a „sin(2a),sin(2b)… contour plot for

the four down quark model, we find that all pairs
„sin(2a),sin(2b)… are individually allowed at 1-s. This is a
much broader allowed region in sin(2b) than the standard
model result from present data in Fig. 2. The allowed 1s,
90% C.L. and 2-s contours in the„sin(2a),sin(2b)… plot for
the cases of theB factory results with the four down quar
model are very similar to the SM results shown in Fig. 2

In terms of other experiments, the„xs ,sin(g)… plot for the
four down quark model is shown in Fig. 6~a! with the al-
lowed region from present data, with 1-s and 90% C.L. con-
tours. This allows all values of sin(g) even in the extended
region from21<sin(g)<1 at the 90% C.L. At 1-s, xs lies
between 13 and 48.

In Figs. 6~b!, 6~c! and 6~d! are shown the cases sin(2a)
521, 0, and 1, respectively, at 1-s and at 90% C.L. They
reflect the same regions that appeared in the~r,h! plots, Figs.
4~b!, 4~c!, and 4~d!. The resemblance is increased if we r
call that roughly sin(g)'h, and also thatxs}xd /uVtdu2 where
uVtdu is the distance from ther51, h50 point. We see that
experiments on sin(g) and xs are necessary to resolve th

FIG. 5. The ratioRe
FCNC of the contribution of the FCNC ampli-

tude to eK divided by the root-mean-square of the SM and t
FCNC amplitudes, as a function of the angled13.
6-4
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possible regions allowed by the four down quark model. F
the case of sin(2a)521, the allowed values of sin(g) in Fig.
6~b! are different than those for the standard model in F
3~a!. The sin(2a)50 case allows regions of sin(g) lower than
in the SM.

The extent of the non-zero value ofABs
in the four down

quark model is shown in Fig. 7 from present data with co
tours at 1-s, 2-s, and 3-s. Plots for theB factory cases~not
shown! are similar. We note that in the new full range pl
ABs

is roughly symmetric about zero, with the largest ab

lute values at 0.35 at 1-s, and 0.5→0.6 at 90% C.L. This is
much different from the<0.025 value ofABs

in the SM.
We now report on additional plots that are not sho

here. We compared the limits on the four down quark FC
amplitude uUdbu versus the standard model amplitu
uUstd2dbu for Bd

02B̄d
0 mixing, at present and after theB fac-

tory results. At present the constraints are such thatuUdbu can
go from zero up to as large as the magnitude ofuUstd2dbu at
1-s @9#. uUsbu is restricted to about half ofuUstd2bsu. The
total phase ofBd

02B̄d
0 mixing can range over all angles

while the SM phase is between230° and 80° when in com
bination with the FCNC amplitude. The magnitude

FIG. 6. The„xs ,sin(g)… plots for the four down quark mode
from ~a! present data, and~b, c, and d! for B factory cases for
values of sin(2a) as labeled. Contours are the same as in Fig. 4
09500
r

.

-

-

uUdb /(VcdVcb)u in the unitarity triangle is<0.15 at 1-s.
The 90% C.L. limits on the three new quark mixing el

mentsuV4du, uV4su, anduV4bu are roughly equal to the mixing
angles to the fourth down quarku14, u24 and u34, respec-
tively. They are bounded by 0.05, 0.05, and 0.08, resp
tively. The values allowed in combination are much mo
restricted, since they are roughly bounded by hyperbo
curves, due to constraints acting on their products inUds ,
Usb , andUbd .

VI. CONCLUSIONS

We have extended our analysis to the full range of
variablesh, sin(g) andABs

, all of which are imaginary parts

to include all of their negative values. For the four dow
quark model, they all show remarkable and experimenta
important new behaviors. From present constraints, the
tex of Vub* now is allowed in this model to be complet
circular annulli about (r,h)5(0,0) at 90% C.L. due to the
new phasesd14 or d24 accounting for the presently observe
CP violation in e. sin(g) is now allowed in this model ove
its entire range from21 to 11. The range ofABs

is almost
equally as large for its negative values as it is for its posit
values, and perhaps large enough to be observed. Since
almost null in the SM, this could be a dramatic evidence
new physics.

For theB factory cases, there are new multifold allowe
regions as shown in the extended~r,h! plots including for

FIG. 7. The (xs ,ABs
) plot for theBs asymmetryABs

in the four
down quark model for present data, with contours at 1, 2 and 3s.
6-5
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negativeh. This will require additional experiments onxs

and sin(g) to well define the four down quark model result
and eventually to verify or bound out the relevance of
model here. In the„xs ,sin(g)… plot for similar cases, there ar
new multiple regions for sin(g) negative.
o
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