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Constraining the CKM parameters using CP violation in semileptonic B decays
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We discuss the usefulness of theCP violating semileptonic asymmetryaSL not only as a signal of new
physics, but also as a tool in constraining the Cabibbo-Kobayashi-Maskawa parameters. We show that this
technique could yield useful results in the first years of running at theB factories. We present the analysis

graphically in terms ofM12, the dispersive part of theB0-B̄0 mixing amplitude. This is complementary to the
usual unitarity triangle representation and often allows a cleaner interpretation of the data.
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The goal of theB physics programs soon to begin at t

e1e2, ep, and pp̄ colliders around the world is to test th
standard model’s predictions forCP violation. It is impor-
tant to have a means of quantifying these tests. One s
measurements and analyses that would not only offer c
signals of new physics, but would also allow the extract
of fundamental standard model parameters.

A reasonable assumption is that the new physics that

fects theB0-B̄0 mixing amplitude does not affect either theB
meson decay amplitudes or Cabibbo-Kobayashi-Mask
~CKM! unitarity.1 In that case, one can couple the alrea
measured values ofuVubu andDmB with the measurements o
acKS

andapp , the CP-violating asymmetries in the decay

B→cKS andB→pp, respectively, to construct the unitarit
triangle and also disentangle the new physics contributi
to B0-B̄0 mixing from the standard model ones@2#. A draw-
back of this approach is that the unitarity triangle analy
tends to mix up the experimental errors, which are of
quite small, with the theoretical errors that arise in relat
these measurements to CKM parameters. An attractive a
native is to focus on the dispersive part of the off-diago
matrix element,M12, of the B0-B̄0 mixing matrix @3,4#. In
this construction, the data is graphically represented in
complexM12 plane@4#. An advantage of this representatio
is a separation between the experimental uncertainty inDmB
from the theoretical uncertainty in its calculation. A sho
coming of both approaches is that discrete ambiguities
relatingacKS

andapp to CKM phases lead to multiple solu
tions for the standard model and new physics parame
@2,5#. Thus, one needs additional information to try and
solve these.

1For a general analysis of the case where the decay amplitude
also affected, see@1#.
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In this paper we use the graphical representation in
M12 plane to highlight the information that can be obtain
from a measurement ofaSL , the CP violation in semi-
leptonic B decays. The sensitivity ofaSL to new physics is
well known @6,7#. We show, in addition, how one can us
constraints on, or the observation ofaSL to restrict allowed
regions in the standard model parameter space. Such
analysis requires a precise calculation ofDG, the B0-B̄0

width difference. This calculation uses the notion of loc
quark-hadron duality, and moreover depends on certain n
perturbative ‘‘bag factors.’’ We propose tests of its cons
tency, and note that its precision should be significantly i
proved in the near future by new input from lattic
calculations.

Under the assumption that theB decay amplitudes are no
affected, all the new physics effects can be expressed
terms of one complex number: the new contribution to
dispersive part of theB0-B̄0 mixing amplitude,M12. Explic-
itly, we write

M125M12
0 1dM12, ~1!

where M12
0 represents the standard model contribution a

dM12 is a complex number representing the new phys
contribution. Also useful is the equivalent representation@2#,

M125r 2ei2uM12
0 . ~2!

We will work in the convention where the phase ofM12
0 is

2b, thus that ofM12 is 2(b1u)[2b̃. ~Note, that these
phases are measured relative to that of theb→cc̄d decay
amplitude.!

The magnitude ofM12 is well determined:

uM12u5DmB/2, ~3!
are
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where DmB50.47060.019 ps2153.09310213 GeV @8#.
We can use this to represent the actual value ofM125M12

0

1dM12 as lying somewhere on the unit circle centered at
origin of the complexM12 plane~where all data are rescale
by the experimentally determined central value ofDmB/2).
The phase ofM12, 2b̃, will be obtained from theCP asym-
metry in B→cKS :

acKS
5sin 2b̃. ~4!

We can plot the allowed standard model region in t
plane using@9#

M12
0 5

GF
2

12p2
mBmt

2hBBBf B
2~VtbVtd* !2S0~xt!. ~5!

HereS0(xt).0.784xt
0.76 ~this is a fit to the exact formula@9#!

is a kinematical factor withxt5mt
2/mW

2 . The factor hB

50.55 is a QCD correction, and typical values forABBf B are
200640 MeV. Usingmt5165 GeV, we find

M12
0 5

DmB

2
UVtbVtd*

0.0086
U2S ABBf B

200 MeVD
2

e2ib. ~6!

In the absence of new physics,M12
0 5M12 and one can di-

rectly useDmB to infer a value foruVtbVtd* u. Although this is
not possible if new physics is present, we can still use
unitarity of the CKM matrix to plot an allowed region for th
standard model, and thus constrainuVtbVtd* u. Using

Vub

Vcb
5ae2 ig, 0.06<a<0.10, ~7!

and considering Vud50.975, Vcd520.220, and Vcb
50.0395@10# as well determined relative to the other unce
tainties in the problem, we obtain

uVtbVtd* ue2 ib52~VcbVcd* 1VubVud* !

520.0395~20.22010.975ae2 ig!. ~8!

Using this relation in Eq.~6!, we find that asa covers the
stated range andg varies over 0 to 2p, M12

0 covers a region
of the complexM12 plane as shown in Fig. 1.M12, the full
B0-B̄0 mixing amplitude can lie anywhere on the solid circ
andM12

0 , the standard model contribution lies somewhere
the region between the two dashed curves. If there were
new physics,M12 would have to lie on the solid circle in
one of the two regions where it intersects with the allow
standard model area.

Measuringapp , the CP asymmetry inB→pp would
give sin 2(g1b̃) ~once the penguin effects are determine!.
Since, in principle, bothb̃ andg1b̃ are known,g itself is
known. For fixedg the allowed region forM12

0 is a curve
extending from the inner to the outer boundary of theM12

0 ,
as shown in Fig. 2.

Thus, in principle, theCP-violating measurementsacKS

and app allow us to disentangle the standard model con
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bution to B0-B̄0 mixing from the new physics contribution
In this constructiondM12 is the vector extending from theg
curve in the allowed region forM12

0 to the tip of theb̃ vector
on the unit circle. This procedure is complementary to t
used in@2# to obtainr andu from these measurements. Th
advantage in this case is a clean separation of the experim
tal uncertainties inDmB which are small, from the theory
errors in the standard model contribution to it. Just as in
unitarity triangle analysis, however, discrete ambiguities
obtaining the phasesb̃ and g lead to multiple allowed re-
gions, thus muddying the situation@2,5#. Without additional
inputs, the measurements ofacKS

andapp only allow us to

extract 2b̃ up to a twofold ambiguity, andg up to an eight-
fold ambiguity. We illustrate this in Fig. 3 based on perfe
measurements of the quantitiesacKS

50.3 andapp520.7.

As shown in the figure, the true value of theB0-B̄0 mixing
amplitude,M12 could be either of the points labeleda or b.
The standard model contribution to it,M12

0 could lie on any
one of the curves labeledg1 throughg8. If there is no new
physics, one can use information fromK2K̄ mixing as well
as the fact thata, b, andg are the angles of a triangle t
reduce these ambiguities to a simple two-fold ambiguity
g. This is not possible in the presence of new physics,
one needs additional information in order to extract the st
dard model parameters from theCP-violating measurements
acKS

andapp . Note, that theacKS
value chosen here alread

tells us that there is new physics present in theB0-B̄0 mix-
ing amplitude. This can be seen from the fact that neithe
the pointsa andb on theM12 circle lies within the allowed

FIG. 1. The complexM12 plane shown in units ofDmB/2. The
measured value ofM12 is thus a thin annulus. The standard mod
contribution,M12

0 , falls within the distorted annulus. The shape
determined by the values ofVtd allowed by unitarity, given the
measured terms in the CKM matrix. The central value forBBf B

2

5(200 MeV)2 is used here. The total off-diagonal matrix eleme
is the sum of the standard model contribution and the new phys
M125M12

0 1dM12.
6-2
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FIG. 2. The complexM12, in units ofDmB/2.

The value ofb̃50.262 is indicated by the tick
mark on the unit circle. The allowed range ofg

derived from sin 2(g1b̃)50.4360.20 is a slice of
the annular region. The three figures correspo
left to right, to the valuesABBf B5160,200,240
MeV.
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standard model region. Although there exist techniques
allow a direct extraction of the angleg, these are either ex
perimentally difficult@11#, or suffer from theoretical uncer
tainties and sensitivity to new physics@12#. We will now
discuss how a measurement of, or constraints onaSL restricts
the allowed standard model parameter space and help
solve discrete ambiguities.

In machines running at theY(4s), aSL is measured by the
asymmetry in dilepton events with same sign leptons com
from bothB decays:

aSL[
N~ l 1l 1!2N~ l 2l 2!

N~ l 1l 1!1N~ l 2l 2!
, ~9!

where N( l 1l 1) @N( l 2l 2)# defines the number of times
B0-B̄0 pair decays into a pair of positively@negatively#
charged leptons.The source ofaSL is CP violation in the
B0-B̄0 mixing matrix and it arises due to a phase between
absorbtive and dispersive parts of theB0-B̄0 mixing ampli-
tude

aSL5ImS G12

M12
D5U G12

M12
Usinf12, ~10!

wheref12 is the phase betweenG12 andM12. In the standard
model, aSL is unobservably small, ;1023 because
uG12/M12u;1022 and because the Glashow-Iliopoulo

FIG. 3. The complexM12 plane in units ofDmB/2. We show the

twofold discrete ambiguity in the value of 2b̃ ~the pointsa andb)
and the eightfold ambiguity ing ~the curves labeledg1 . . . g8)
resulting from the measurementsacKS

50.3 andapp 520.7. We
have usedABBf B5200 MeV in obtaining the standard model r
gion.
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Malàni mechanism results in sinf12;mc
2/mb

2;1021. Thus,
new physics can enhanceaSL by increasinguG12/M12u and/or
sinf12.

In order for new physics to significantly affectG12, one
would need either large new decay amplitudes into kno
states that are common to bothB0 and B̄0, or to introduce
additional, exotic common final states. Such a scenario co
enhance both the factors mentioned above, and could lea
aSL;0.1 @13#. This would be detected in the very ear
stages of data taking at the asymmetricB factories, with only
about 106 B0-B̄0 pairs. Here we concentrate on the mo
likely possibility where the new heavy particles contribute
M12 but not G12. This could lead to enhancements
sinf12, thus allowingaSL;0.01 @6,7#, which would be ob-
servable in about one year of running at theB factories.

Within the standard model, at leading order we have@14–
16#

G12
0 52

GF
2mb

2mB

24p F5

3

mB
2

~mb1md!2
~K22K1! f B

2BS~VtbVtd* !2

1
8

3 S K11
K2

2 D
3 f B

2BB~VtbVtd* !218~K11K2!

3 f B
2BB

mc
2

mb
2

VcbVcd* VtbVtd* G . ~11!

Here K1520.39 andK251.25 @16# are combinations of
Wilson coefficients.BS and BB are the bag factors corre
sponding to the matrix elements of the operatorsQS

[(b̄d)S2P(b̄d)S2P and Q[(b̄d)V2A(b̄d)V2A . Combining
Eqs.~11! and ~5!, and usingmb54.5 GeV, we have2

G12
0

M12
0

525.031023S 1.4
BS

BB
10.2412.5

mc
2

mb
2

VcbVcd*

VtbVtd*
D .

~12!

In the vacuum saturation approximation one hasBS /BB51
at some typical hadronic scale, and this expectation is c
firmed by a leading order lattice calculation@17#. Although

2Note that obtaining the numerical result requires usinghB

50.88 in Eq.~5! due to the different definition ofBB in Eq. ~11!.
See Ref.@16# for details.
6-3



n,
ai
lu
e
to

e
rd

t-
de

-

s

.

um
ll

g

run-

d out

four

he

l

al-
ment

al-
ment

ROBERT N. CAHN AND MIHIR P. WORAH PHYSICAL REVIEW D60 076006
corrections to the vacuum saturation value are unknow
more precise lattice calculation of this ratio should be av
able soon. This would result in a more reliable central va
with well defined errors @which are expected to b
&O(25%)] @17#. Note, however, that the uncertainty due
the ratio of bag factors is restricted to Re(G12/M12)
.DG/Dm, and that Im(G12/M12) which arises from the
third term in the parenthesis does not suffer from this unc
tainty. Thus, aSL is precisely calculated in the standa
model. From the measured value ofuVub /Vcbu and CKM
unitarity we know thatusinbu,0.45. Then, usingmc

2/mb
2

50.085 and Im(VcbVcd* /VtbVtd* );sinb leads to the limit
aSL

SM,1023 which is unobservably small. To simplify ma
ters, we will ignore this small phase in the standard mo
value ofG12 /M12. One can then write

G12

M12
5

G12

M12
0

M12
0

M12
52~0.860.2!31022

e2 i2u

r 2
, ~13!

where we have used Eq.~2! andBS /B5160.25 in Eq.~12!.
Thus, Eqs.~10! and ~13! lead to

aSL5~0.860.2!31022ImS M12
0

M12
D

5~0.860.2!31022
sin 2u

r 2
. ~14!

Combining Eqs.~2! and~14! one sees thatM12
0 is given by a

vector at an angle 2u from M12 and whose tip is a perpen
dicular distanceaSL/0.831022 from it. In Fig. 4 we demon-
strate this relation betweenM12, M12

0 , andaSL .
In Figs. 5, 6, and 7 we use three hypothetical scenario

highlight the effects of combiningacKS
andapp with aSL in

constraining the allowed standard model parameter space
before, we useABBf B 5200 MeV and 0.06<a<0.10 to
construct the allowed standard model region, and ass
that acKS

50.3, andapp520.7 have been measured. In a
three figures, the points labeleda and b correspond to the

FIG. 4. The relationship betweenM12, M12
0 , andaSL . The per-

pendicular distance betweenM12 and the tip of theM12
0 vector is

given byaSL/0.831022, where 0.831022 is the calculated centra
value ofG12

0 /M12
0 .
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twofold ambiguity in obtaining the phase ofM12 and
g1 . . . g8 represent the eightfold ambiguity in obtainin
M12

0 .
We first discuss what the constraintuaSLu,531023

would teach us. This should be acheivable in one years
ning at the asymmetricB factories@18#. As can be seen from
Fig. 4, M12

0 must lie in a band of widthaSL /(0.831022)
above or belowM12. We illustrate this in Fig. 5 where we
can see that some of the allowed parameter space is rule
by this constraint.

Next, in Fig. 6, we illustrate what a measurement ofaSL
,0 would teach us. From Eq.~14! we see thataSL,0 im-
plies 2p,2u,0, thusM12

0 must be either above theM12

vector labeledb, or below the one labeleda. This corre-
sponds to the shaded region in the figure, where we see
of the allowedg curves forM12

0 have been ruled out. The
fact that one can obtain this significant restriction on t

FIG. 5. The complexM12 plane in units ofDmB/2. The pointsa
andb and the curvesg1 . . . g8 result from the measurementsacKS

50.3 andapp520.7. The shaded region corresponds to the
lowed standard model parameter space coming from a measure
of uaSLu,531023. We have usedABBf B5200 MeV in obtaining
the standard model region.

FIG. 6. The complexM12 plane in units ofDmB/2. The pointsa
andb and the curvesg1 . . . g8 result from the measurementsacKS

50.3 andapp520.7. The shaded region corresponds to the
lowed standard model parameter space coming from a measure
of aSL,0. We have usedABBf B5200 MeV in obtaining the stan-
dard model region.
6-4



c

e
f

nt

-
u
e

t

il-

a

th

u-

by

e

oret-
ron
in
cu-

-
s

bil-

ure-
n
cu-

can
-
-
ith

the
ve

igu-
bag
r
ble

of
il-

ion
hey
-

la,
is-
nal

a
m

CONSTRAINING THE CKM PARAMETERS USINGCP . . . PHYSICAL REVIEW D 60 076006
standard model allowed region just from the sign ofaSL has
the major advantage that one does not need a very pre
measurement ofaSL , just one that is 3s from zero. This
would be useful ifaSL turns out to be large.

Finally, in Fig. 7 we show the constraints for the sam
value of acKS

and app , but now with a measurement o

aSL5(2561)31023. In this case the standard model poi
must lie in one of the two shaded bands parallel to theM12
vectorsa and b, respectively. The width of the bands in
cludes both the assumed experimental error in the meas
ment of aSL , as well as the theoretical uncertainty in th
coefficient of aSL @cf. Eq. ~14!#. Notice that for particular
values ofg we now know both sin 2u andr 2, hence one has
not only resolved the standard model parameters, but also
new physics ones.

A crucial ingredient in the discussion so far is the reliab
ity of the standard model calculation ofG12

0 , which is essen-
tially a long distance quantity. The calculation consists of
inclusive sum over final states that are common to theB and
the B̄. Thus, it is reliable to the extent that one can use

FIG. 7. The complexM12 plane in units ofDmB/2. The pointsa
andb and the curvesg1 . . . g8 result from the measurementsacKS

50.3 andapp520.7. The shaded region corresponds to the
lowed standard model parameter space coming from a measure
of aSL5(2561)31023. We have usedABBf B5200 MeV in ob-
taining the standard model region.
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notion of local quark-hadron duality in doing such a calc
lation. Although this is expected to be correct@19#, there
have been objections to this calculation@20,21#, and it is
important to be able to test its accuracy. One such test is
measuringCP violation in semi-inclusive hadronicB decays
as proposed in@22#. The B decays into these semi-inclusiv
channels are precisely those that are summed to giveDG and
aSL . An agreement between the measurements and the
ical expectation would support the use of local quark-had
duality in this calculation. Another test is available with
the Bs system, where there exist two complementary cal
lations of the quantityDG5ReG12. One done by actually
summing over common final states@23# and one using quark
hadron duality@16#. The fact that both give similar answer
and with the same sign could be an indication of the relia
ity of the quark level calculation. More importantly,DGs
may actually be large enough to be measurable. A meas
ment of DGs which agrees with the quark level predictio
would be a further indication of the correctness of the cal
lation.

To conclude, we have discussed the information one
obtain from a measurement ofaSL . The standard model pre
diction aSL&1023 is robust within the assumption of quark
hadron duality. Thus, a measurement in contradiction w
this limit would indicate the presence of physics beyond
standard model. Within this theoretical framework, we ha
shown how a measurement ofaSL could help constrain the
CKM parameters, and remove some of the discrete amb
ities in their phases. This method depends on the ratio of
factors BS /BB which is poorly known at present, but fo
which there should be improved lattice calculations availa
soon. Finally, we have presented the analysis in terms
M12, which affords us something quite beyond what is ava
able with the unitarity triangle. This graphical representat
@4# correctly represents where the real uncertainties lie. T
are not inDmB , which is known quite well, but in our esti
mation of the standard model prediction ofM12.
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