PHYSICAL REVIEW D, VOLUME 60, 076006

Constraining the CKM parameters using CP violation in semileptonic B decays

Robert N. Cahn
Theoretical Physics Group, Earnest Orlando Lawrence Berkeley National Laboratory, University of California,
Berkeley, California 94720

Mihir P. Worah
Department of Physics, University of California, Berkeley, California 94720
and Theoretical Physics Group, Earnest Orlando Lawrence Berkeley National Laboratory, University of California,
Berkeley, California 94720
(Received 10 May 1999; published 13 September 1999

We discuss the usefulness of tBd> violating semileptonic asymmetrgs, 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 atBttiactories. We present the analysis
graphically in terms oM ,, the dispersive part of thB°-B° mixing amplitude. This is complementary to the
usual unitarity triangle representation and often allows a cleaner interpretation of the data.
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PACS numbsefs): 11.30.Er, 12.66-i, 13.20.He

The goal of theB physics programs soon to begin at the In this paper we use the graphical representation in the
e*te, ep, andpp colliders around the world is to test the M1z plane to highlight the information that can be obtained
standard model's predictions f@P violation. It is impor- ~ ffom a measurement ods,, the CP violation in semi-
tant to have a means of quantifying these tests. One seel@Ptonic B decays. The sensitivity ads, to new physics is
measurements and analyses that would not only offer cleaffe!l known[6,7]. We show, in addition, how one can use
signals of new physics, but would also allow the extractionconstraints on, or the observationay, to restrict allowed
of fundamental standard model parameters. regions in the standard model parameter space. Such an

. . . H H H 1 0 po
A reasonable assumption is that the new physics that a@nalysis requires a precise calculation &F, the B™-B

fects theRC-BP mixing amplitude does not affect either tBe width difference. 'I_'hls calculation uses the notion of_IocaI

meson d molitud ¢ Cabibbo-Kob hi-Maskaw uark-hadron duality, and moreover depends on certain non-
Celfl\c/)l e.::a)_/t ? Ip t# tes or ~-a 0-Ro a;l/as;h A ?S E:j erturbative “bag factors.” We propose tests of its consis-

( ) unitarity.” In that case, oné can couple the alréadyiancy and note that its precision should be significantly im-

measured values ¢6¥,,| andAmg with the measurements of

q h olati ies in the d proved in the near future by new input from lattice
ayk, anda,, the CP-violating asymmetries in the decays . |cuiations.

B— yKsandB— m, respectively, to construct the unitarity ~ Under the assumption that tledecay amplitudes are not
triangle and also disentangle the new physics contributiongffected, all the new physics effects can be expressed in
to B®-B® mixing from the standard model ong]. A draw-  terms of one complex number: the new contribution to the
back of this approach is that the unitarity triangle analysisdispersive part of th&°-B® mixing amplitudeM ;,. Explic-
tends to mix up the experimental errors, which are oftenly, we write
quite small, with the theoretical errors that arise in relating
these measurements to CKM parameters. An attractive alter- M= M22+ oM 45, (D)
native is to focus on the dispersive part of the off-diagonal
matrix elementM,, of the B%-BY mixing matrix[3,4]. In
this construction, the data is graphically represented in th
complexM ;, plane[4]. An advantage of this representation
is a separation between the experimental uncertainfynig
from the theoretical uncertainty in its calculation. A short-
coming of both approaches is that discrete ambiguities in
relatinga,« anda,, to CKM phases lead to multiple solu- _ _ _ .
tions for the standard model and new physics parameterd/® Will work in the convention where the phase ), is
[2,5]. Thus, one needs additional information to try and re-23, thus that ofMy, is 2(8+ 8)=2p. (Note, that these
solve these. phases are measured relative to that of bheccd decay

amplitude)

The magnitude oM, is well determined:

where MY, represents the standard model contribution and
&M 12 iIs a complex number representing the new physics
contribution. Also useful is the equivalent representaf@in

M ,=r2e'2’M9,. 2)

For a general analysis of the case where the decay amplitudes are
also affected, sefd]. M| =Amg/2, (3
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where Amg=0.470+0.019 ps'=3.09x10 13 GeV [8]. L B L IR
We can use this to represent the actual valudlgf= M‘l)2

+ 6M 1, as lying somewhere on the unit circle centered at the
origin of the complex\V ;, plane(where all data are rescaled L ]
by the experimentally determined central valueAofig/2). 1 —
The phase oM ,, 28, will be obtained from the&C P asym-
metry inB— ¢Kg:

ak =sin 2. (4) o

We can plot the allowed standard model region in this
plane usind 9]

2 -1

0 _ G 2 2 * 2 F
MlZ_EmBmt 78Bef(VibVig) “So(Xy)- 5

Here Sy(x;)=0.784 " (this is a fit to the exact formulgd]) LL | | | |
is a kinematical factor withx,=m?Z/m3,. The factor 7 -1 0 1 2 3
=0.55is a QCD correction, and typical values {Bgfg are

200=40 MeV. Usingm,=165 GeV, we find

FIG. 1. The complexM (, plane shown in units oAmg/2. The
measured value d¥l, is thus a thin annulus. The standard model

. . 0 . . . .
AMa | Vi VE |2 Bof 2 contribution,M7,, falls within the distorted annulus. The shape is
22: B| It td‘ ( BB ) 2B (6) determined by the values &f,4 allowed by unitarity, given the
2 0-0086 200 MeV, measured terms in the CKM matrix. The central value B@,rfé

he ab f hvsicsl 0. — d di =(200 MeV) is used here. The total off-diagonal matrix element
In the absence 9 new physicsl,= M*12 and one Caﬁ X I~ is the sum of the standard model contribution and the new physics:
rectly useAmg to infer a value forVy,Viy|. Although thisis  \ =M%+ sM,.

not possible if new physics is present, we can still use the

unitarity of the CKM matrix to plot an allowed region for the p +iq1 to BO-B? mixing from the new physics contribution.

standard model, and thus constriif,Vyy|. Using In this constructiorsM , is the vector extending from the
Vyp _ curve in the allowed region fdvl, to the tip of theg vector
V—zae"“’, 0.06=a<0.10, (7) on the unit circle. This procedure is complementary to that
cb

used in[2] to obtainr and & from these measurements. The
and considering V,4=0.975, V.4=—0.220, and V., advantage in this case is a clean separation of the experimen-

=0.0395[10] as well determined relative to the other uncer-tal uncertainties inAmg which are small, from the theory

tainties in the problem, we obtain errors in the standard model contribution to it. Just as in the
_ unitarity triangle analysis, however, discrete ambiguities in
IVioVigle™P= = (VepVeg+ VupVia) obtaining the phaseg and y lead to multiple allowed re-

gions, thus muddying the situati¢@,5]. Without additional

— _ —i
=—0.039§-0.220+0.97me""). (8 inputs, the measurements @J,KS anda,, only allow us to

Using this relation in Eq(6), we find that asa covers the extract 23 up to a twofold ambiguity, ang up to an eight-
stated range ang varies over 0 to 7, M(l’2 covers aregion fold ambiguity. We illustrate this in Fig. 3 based on perfect
of the complexM y, plane as shown in Fig. My,, the full  measurements of the quantitiegx =0.3 anda,,=—0.7.

B°-BY mixing amplitude can lie anywhere on the solid circle, As shown in the figure, the true value of tB8-B° mixing
andM(l’z, the standard model contribution lies somewhere inamplitude,M ;, could be either of the points label@dor b.
the region between the two dashed curves. If there were nBhe standard model contribution to ¥ 9, could lie on any
new physicsM;, would have to lie on the solid circle in one of the curves labeleg, throughys. If there is no new
one of the two regions where it intersects with the aIIowedphySiCS, one can use information frd{n—fmixing as well
standard r_nodel area. : as the fact thaty, 8, andy are the angles of a triangle to
Measuringa,, the CP asymmetry inB—mm would o4, ce these ambiguities to a simple two-fold ambiguity in
give sin2¢+p) (once the penguin effects are determined 4. This is not possible in the presence of new physics, and
Since, in principle, botfB and y+ B are known,y itself is  one needs additional information in order to extract the stan-
known. For fixedy the allowed region foMY, is a curve  dard model parameters from t@eP-violating measurements
extending from the inner to the outer boundary of M§,, @,k anda,. Note, that the, value chosen here already

as shown in Fig. 2. o tells us that there is new physics present inB3eB® mix-
Thus, in principle, theCP-violating measurements,x,  ing amplitude. This can be seen from the fact that neither of
anda,, allow us to disentangle the standard model contri-the pointsa andb on theM y, circle lies within the allowed
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E | | | | ¥ | | | | ¥ | | | | 3 FIG. 2. The compleM ,, in units of Amg/2.
e =+ - = The value of =0.262 is indicated by the tick
C T T . mark on the unit circle. The allowed range of
0 F =3 =3 A derived from sin 2¢+B)=0.43+0.20 is a slice of
1 E ¥ ¥ A the annular region. The three figures correspond,
c I T e 7 left to right, to the values/Bgfg=160,200,240
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standard model region. Although there exist techniques thaltalani mechanism results in s~ mg/m§~ 10" 1. Thus,
aIIo_vv a direct extraction of the angte, these are either ex- pew physics can enhaneg, by increasindI’;,/M 5| and/or
perimentally difficult[11], or suffer from theoretical uncer- gjn b1
tainties and sensitivity to new physi¢42]. We will now In order for new physics to significantly affeE;,, one
discuss how a measurement Of, or ConStl’alntagg_rrestl’ICtS would need either |arge new decay amp"tudes into known
the allqwed Sta”d?fd .”."'Ode' parameter space and helps "fates that are common to baB? and B, or to introduce
sollve d|scr1r¢te amb|gwt|ets£h¥ 4 . dbv th additional, exotic common final states. Such a scenario could
n machines running a ( .5)’ asi IS measured by tN€ o ypance both the factors mentioned above, and could lead to
asymmetry in dilepton events with same sign leptons comm%sro_1 [13]. This would be detected in the very early
from both B decays: stages of data taking at the asymmeBifactories, with only

N( 1= N( 1) about 16 B°-B° pairs. Here we concentrate on the more
= , (9) likely possibility where the new heavy particles contribute to
NI +NI ) M4, but not I'y,. This could lead to enhancements of
sin¢y,, thus allowingag ~0.01[6,7], which would be ob-
where N(171™) [N(1717)] defines the number of times a servable in about one year of running at Biéactories.
BO-B® pair decays into a pair of positiveljnegatively Within the standard model, at leading order we high-
charged leptons.The source a§, is CP violation in the 16]

B°-B° mixing matrix and it arises due to a phase between the

asL

absorbtive and dispersive parts of tB&-B° mixing ampli- -0 GEmmg |5 mg (Ky— K1) F2Bo( Vs VE))2
tude 12 2417 3(mb+md)2 2 1/1BPsS\ Vitb Vitd
2| |[I'oe 8 Ka
aSL=Im(— =|—=|sin¢;,, (10) 3| Kt
M12 M12

X f2Bg(VipViy)2+8(K,+K
where, is the phase betwedhy, andM,. In the standard 5Ba(VioVia) "+ 8(K1K2)

model, ag, is unobservably small,~10 3 because 2
IT15/M1,]~10"2 and because the Glashow-lliopoulos- xféBBFVcbVé‘thbed. (12)
b
I T

Here K;=—0.39 andK,=1.25[16] are combinations of
Wilson coefficients.Bg and Bg are the bag factors corre-
. spo_nding to the matrix el_ements_of the operatds

J E(bd)s_p(bd)s_p and QE(bd)V_A(bd)V_A. Combining
Egs.(11) and(5), and usingm,=4.5 GeV, we have

05

0 2 *
12 me VepVeqd

B

—2=—5.0x 10—3( 145> +0.24+ 25—
7 M1, B My VipVig
j (12)
-1 : In the vacuum saturation approximation one BagBg=1

- 05 0 0.5 1 15 2 2.5 at some typical hadronic scale, and this expectation is con-
firmed by a leading order lattice calculatiph?7]. Although

.~ Voo
] | L e oge-T) 1 1 I

FIG. 3. The compleM ;, plane in units oAmg/2. We show the

twofold discrete ambiguity in the value of@(the pointsa andb)
and the eightfold ambiguity iny (the curves labeledy; . . . yg)

resulting from the measuremertg, =0.3 anda,, =—0.7. We Note that obtaining the numerical result requires using
have usedyBgfg=200 MeV in obtaining the standard model re- =0.88 in Eq.(5) due to the different definition dBg in Eq. (11).
gion. See Ref[16] for details.
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FIG. 4. The relationship betweév ,, Mfl)z, andag,_. The per- 05 7
pendicular distance betweévi;, and the tip of theM?, vector is L 4
given byag, /0.8x 102, where 0.8 102 is the calculated central ; . |

0 0 -
value of '3/ M. 1-1 0.5 0 0.5 1 15 2 2.5
corrections to the vacuum saturation value are unknown, a F|G. 5. The compleM, plane in units ofAmg/2. The pointsa
more precise lattice calculation of this ratio should be avail-andb and the curves; . . . yg result from the measuremerdgy .
able soon. This would result in a more reliable central value=0.3 anda_,=—0.7. The shaded region corresponds to the al-
with well defined errors[which are expected to be |owed standard model parameter space coming from a measurement
=0(25%)] [17]. Note, however, that the uncertainty due to of |ag |<5x 10 3. We have used/Bgfz=200 MeV in obtaining
the ratio of bag factors is restricted to Rgf/M o) the standard model region.
=AT'/Am, and that Im{1,/M15) which arises from the
third term in the parenthesis does not suffer from this uncer-
tainty. Thus,ag, is precisely calculated in the standard twofold ambiguity in obtaining the phase dfl;, and
model. From the measured value f,,/V | and CKM  y1...7vs represent the eightfold ambiguity in obtaining
unitarity we know that|sin/<0.45. Then, usingnZ/m?  M%,.
=0.085 and ImVY pVey/VinVig) ~sinB leads to the limit We first discuss what the constraifias |<5x10°
aSM< 102 which is unobservably small. To simplify mat- would teach us. This should be acheivable in one years run-
ters, we will ignore this small phase in the standard modefing at the asymmetriB factories|18]. As can be seen from
value of ', /M,. One can then write Fig. 4, M1, must lie in a band of widtrag /(0.8x10"?)
above or belowM ,. We illustrate this in Fig. 5 where we
can see that some of the allowed parameter space is ruled out
Iy, T MY, » -i26 by this constraint.
Moo= 0 Mo —(0.8£0.2x 10 (13 Next, in Fig. 6, we illustrate what a measurementgf
12 Mj, M2 <0 would teach us. From Eq14) we see thagg, <0 im-
plies — 7<26<0, thusM(l)2 must be either above thd ,,
vector labeledb, or below the one labeled. This corre-
sponds to the shaded region in the figure, where we see four
of the allowedy curves forM?, have been ruled out. The
fact that one can obtain this significant restriction on the

r2

where we have used E(R) andBg/B=1+0.25 in Eq.(12).
Thus, Eqs(10) and(13) lead to

M%,
ag = O.8i0.2)><102Im(—) 1 T T T
si=( e o .
. 05 -
5 Sin 20 a YZ b Y3 \\ 5

=(0.8£0.29X10 “——. (14 L i

r N 74“: )

0 - ;
Combining Eqs(2) and(14) one sees thdl (fz is given by a 05 - |

vector at an angle @ from M, and whose tip is a perpen-
dicular distances /0.8x 10" 2 from it. In Fig. 4 we demon- "
strate this relation betweév ,,, M‘l)z, andag, . ] L

In Figs. 5, 6, and 7 we use three hypothetical scenarios tc -1 -0.5 0 0.5 1 15 2 2.5
highlight the effects of combining¢Ks anda,, with ag in

constraining the allowed standard model parameter space. A,
before, we useyBgfs =200 MeV and 0'0§a$0'10 0 _p3 anda,,=—0.7. The shaded region corresponds to the al-
construct the allowed standard model region, and assumgyed standard model parameter space coming from a measurement

thata,k =0.3, anda,,=—0.7 have been measured. In all ot 5 0. We have used/Bgfs="200 MeV in obtaining the stan-
three figures, the points labeledand b correspond to the dard model region.

FIG. 6. The compleM 4, plane in units oAmg/2. The pointsaa
db and the curves, . .. yg result from the measuremerts,
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1 - e L B notion of local quark-hadron duality in doing such a calcu-
| M, : ~ MY lation. Although this is expected to be corrdd®d], there
! have been objections to this calculatip?0,21], and it is

important to be able to test its accuracy. One such test is by
_ measuringC P violation in semi-inclusive hadroniB decays
as proposed in22]. The B decays into these semi-inclusive
channels are precisely those that are summed togivand
i as.. An agreement between the measurements and theoret-
ical expectation would support the use of local quark-hadron
duality in this calculation. Another test is available within
_ the B4 system, where there exist two complementary calcu-
lations of the quantityAl'=Rel";,. One done by actually
summing over common final statgz3] and one using quark-
hadron duality{16]. The fact that both give similar answers

FIG. 7. The compleM , plane in units ofAmg/2. The pointsa  and with the same sign could be an indication of the reliabil-
andb and the curves; . . . yg result from the measuremerds ity of the quark level calculation. More importantlAT's
=0.3 anda,,=—0.7. The shaded region corresponds to the al-may actually be large enough to be measurable. A measure-
lowed standard model parameter space coming from a measuremefent of AI's which agrees with the quark level prediction
of ag,=(—5+1)x10"3. We have used/Bgfz=200 MeV in ob-  Would be a further indication of the correctness of the calcu-
taining the standard model region. lation.

To conclude, we have discussed the information one can
standard model allowed region just from the sigragf has ~ obtain from a measurement a§, . The standard model pre-
the major advantage that one does not need a very precigéction as =102 is robust within the assumption of quark-
measurement ofis,, just one that is 3 from zero. This hadron duality. Thus, a measurement in contradiction with
would be useful ifag, turns out to be large. this limit would indicate the presence of physics beyond the

Finally, in Fig. 7 we show the constraints for the samestandard model. Within this theoretical framework, we have
value of awK and Qs but now with a measurement of shown how a measurement ﬂgL could help constrain the
as =(—5+1)x 103 In this case the standard model point CKM parameters, and remove some of the discrete ambigu-

must lie in one of the two shaded bands parallel tolhg ities in their phases. This method depends on the ratio of bag

vectorsa and b, respectively. The width of the bands in- factors Bs/Bg which is poorly known at present, but for

cludes both the assumed experimental error in the measurl@’-hiCh there should be improved lattice calculations available

ment of ag,, as well as the theoretical uncertainty in the :/loon. Ii]l_nz;lllly%fws have pretshgnted f[thebanalydsshlnt Ferms_lof
coefficient ofag, [cf. Eq. (14)]. Notice that for particular 12, WNICh atfords us something quité beyond what 1s avail-
values ofy we now know both sin2andr2, hence one has able with the unitarity triangle. This graphical representation

not only resolved the standard model parameters, but also tll;é] correctly represents where the real uncertainties lie. They
new physics ones ' are not inAmg, which is known quite well, but in our esti-

A crucial ingredient in the discussion so far is the reliabil- mation of the standard model prediction idf,.

ity of the standard model calculation Bf},, which is essen-  The authors would like to thank M. Beneke, G. Buchalla,
tially a long distance quantity. The calculation consists of any, Grossman, L. Randall, and L. Wolfenstein for useful dis-
inclusive sum over final states that are common toBlsnd cussions. This work was Supported in part by the National
the B. Thus, it is reliable to the extent that one can use theScience Foundation under Grant No. PHY-95-147947.
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