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Abstract

We describe a new method to measure the apglef the CKM Unitarity Triangle using amplitude analysis of the multibody
decay of the neutrab meson produced vi#& — D™ 0 colour-suppressed decays. The method employs the interference
betweenD® and DO to directly extract the value of@, and thus resolve the ambiguity betweety Z2nd 7w — 2¢1 in the
measurement of s{@¢1) usingB0 — J/¥ Kg. We present a feasibility study of this method using Monte Carlo simulation.

0 2005 Elsevier B.VOpen access under CC BY license.

PACS: 11.30.Er; 12.15.Hh; 13.25.Hw; 14.40.Nd

1. Introduction

Precise determinations of the Cabibbo—Kobayashi—-Maskawa (CKM) matrix elefbeats important to check
the consistency of the Standard Model and search for new physics. The valu@et siwhereg; is one of the an-
gles of the Unitarity Triangl§] is now measured with high precision: &¥p1) = 0.7314+0.056[3]. However, this
measurement contains an intrinsic ambiguity; 2— 7 — 2¢1. Various methods to resolve this ambiguity have
been introducef#], but they require very large amounts of data (some impressive first results notwithst&hying

We suggest a new technique based on the analysi’ef> D9, followed by the multibody decay of the
neutralD meson. Here we ugé’ to denote a light neutral meson, suchids n, p°, w. The modes3® — Dcph?,
utilizing the sameB decay but requiring th® meson to be reconstructed @ eigenstates, have previously been
proposed as “gold-plated” modes to search for new physics eff@ctSuch effects may result in deviations from
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the Standard Model prediction th@&P violation effects inb — cud transitions should be very similar to those
observed irb — cés transitions, such aB® — J /v K 5. Detailed considerations have shown that the contributions
from b — ucd amplitudes, which are suppressed by a factor of approximately{0}0@an be taken into account.
Consequently, within the Standard Model, studie8®f> Dcph® can give a measurement of ;) that is more
theoretically clean than that frod@® — J /v K s [8]. However, these measurements still suffer from the ambiguity
mentioned above.

In the case that the neutrBl meson produced iB° — DiC is reconstructed in a multibody decay mode, with
known decay model, the interference between the contributing amplitudes allows direct sensitivity to the phases.
Thus 23, rather than si(2¢1) is extracted, and the ambiguity? «— & — 2¢1 can be resolved. This method is
similar to that used to extragk, usingB* — DK * followed by multibodyD decay[9,10].

There are a large number of different final states to which this method can be applied. In addition to the possi-
bilities for 2%, and the various different multibodp decays which can be used, the method can also be applied
to B — D*hY. In this case, the usual care must be taken to distinguish between the decaysDz° and
D* — Dy [11]. Also, if h° is not a spinless particle, angular analji$ia] will be required to resolve the contribut-
ing amplitudes ta3° — D*h0.

We also note that this method can be applied to other neBitna¢son decays with a neuti@lmeson in the final
state. In particular, the decaf — D™ K g has contributions from — ciis andb — ués amplitudes, which have
a relative weak phase differenceqy. Therefore, analysis a8° — D™ K s can be used to measure not om,
but alsogs [13]. The value ofp1 obtained from such an analysis can be used to test the Standard Model prediction
that CP violation effects inb — cis transitions should be, to a good approximation, the same as thése-iacs
transitions. Furthermore, modes such@s» D¢ can in principle be used to measure the weak phaszé)i-ﬂ?_?
mixing. However, our feasibility study is not reIevanthS decay modes, which cannot be studied & tactory
operating at th@”(4S) resonance, and therefore we do not discuss this case further.

In this Letter we concentrate primarily on the ded®y— Dz° with D — Ksn Tz~ (and denote the decay
chain asB® — (Ksn 7 ~)pn©). This multibodyD decay has been shown, in the analysis, to be particularly
suitable for Dalitz plot studies. In the remainder of the Letter, we first give an overview of the relevant formalism,
and then turn our attention to Monte Carlo simulation studieBbé> (Ksm+7~) p0. We attempt to include all
experimental effects, such as background, resolution, flavour tagging, and so on, in order to test the feasibility of
the method. Based on these studies, we estimate the precision with gghieim be extracted with the curreit
factory statistics.

2. Description of the method

Consider a neutraB meson, which is known to b8° at time tag. FOr experiments operating at the(4S)
resonance, such knowledge is provided by tagging the flavour of the Btimason in thel" (4S) — BB event. At
another timesjg the amplitude content of thB meson is given by

|BO(Ar)) = e1A11/2m50 <|B°) coSAmAL/2) — i§|BO>Sin(AmAt/2)>, (1)

whereAt = tsig— tag, Tgo iS the average lifetime of thB% mesonAm, p andg are parameters d#°-B° mixing
(Am gives the frequency oB%-B° oscillations, while the eigenstates of the effective Hamiltonian inRfe

BO system areB..) = p|BY) £ ¢|B%)), and we have assum&@PT invariance and neglected terms related to the
BO-BO lifetime difference? In the following we drop the terms af 1471/2750.

1 Details of the time-evolution of the neutr&llmeson system can be found in many references, for example the BaBar PhysiclBpok,
2 A full treatment of theB; case must take the non-zero lifetime difference into account. We do not include this extension here, for brevity.



A. Bondar et al. / Physics Letters B 624 (2005) 1-10 3

c b > > U

D’ D’
g " ! gV ‘
d -« -< d d < < d
Fig. 1. Diagram for the dominant colour-suppressed amplitude for Fig. 2. Diagram for the colour- and Cabibbo-suppressed amplitude
B9 — Dr0. for B0 — D=,

Let us now consider the decays of tRemeson toDh°. At first, we consider only the favourdd— ciid (and
charge conjugate) amplitude, showrFiig. 1. Then theD meson produced bg decay at timesig, is an admixture

of D% and D°, which we denote by zo:
|Djo(AD) = | D®)cos AmAL/2) — isnho(—l)l|Do)sin(AmAt/2), @)

where we use;o to denote th€P eigenvalue ohY, and! gives the orbital angular momentum in th&° systen?

The next step is the multibody decay of themeson. We us® — K+~ forillustration. We follow[9] and
describe the amplitude for ° decay to this final state a&(m?2 , m2), wherem? andm? are the squares of two
body invariant masses of thész * and Ks7 ~ combinations. Assuming nGP violation in the neutralD meson
system, the amplitude for R decay is then given by (m2, m3). The amplitude for the8 decay at timesig is
then given by

Mjo(AD) = f(m?%,m%) cosAmAL/2) — ignho(—l)lf(mi, m?)sin(AmAt/2). ©)

Similar expressions for a state which is known to B at time ltag are obtained by interchanging® < BC,
D' DO peoyg andmiem%:

Myo(At) = f(m? . m?) cos AmAL/2) — i%nho(—l)lf(mz_, m2) sin(AmAt/2). (4)

In the Standard Modelg/p| = 1 to a good approximation, and, in the usual phase convejg]oargq/p) =
2¢1. Then

Mjo(A1) = f(m?, m%) cosAmAL/2) —ie 2P0 (=) f(m?%, m?) sinAmAL/2), (5)
Mpo(At) = f(m%,m2) cosAmAt/2) —iet#1n,0(—1) f(m?, m%)sin(AmAL/2), (6)

and it can be seen that once the mofleh? , m2) is fixed, the phase¢? can be extracted from a time-dependent
Dalitz plot fit to B® and B® data.

At this point it is instructive to compare to thB* — DK* analysis[9]. In that case we obtained time-
independent expressions
My = f(m? . m2) +rpge @699 (2 m2), @)
Mp+ = f(mf_, m2_) + rpge Pkt f(mz_, mi), (8)

3 Inthe case o8° — D*iP, an additional factor arises due to B8 properties of the particle emitted in ti* decay (eithed* — Dr©
or D* — Dy).
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where rpg is the ratio of the magnitudes of the contributing (suppressed and favoured) decay amplitudes
(rpx = |A(B~ — D°K~)/A(B~— — D°K)|), anddpx is the strong phase between them. It can be seen that
the role ofrpg in the time-independent analysis is taken by the expressidmtanz/2) in the time-dependent
case. Furthermore, in the time-dependent case, there is no non-trivial strong phase difference. Therefore, the time-
dependent analysis has the advantage that there is only one unknown parameter, which partly compensates for th
experimental disadvantages that are accrued.

We now consider the effect of the Cabibbo-suppre$seducd amplitudes, shown ifig. 2 The magnitude of
this amplitude is expected to be smaller than the Cabibbo-favoured diagmgni)(by a factor of

~0.02. ©)

oo |A(B® — DOh0)| ’ Vip V3

" JA(BY— DORO)| |V VE,

Since this simple approximation neglects hadronic factors, it is the same g}, #itiough the precise values will
depend on the final state. We denote the strong phase difference between the two ampligiagesvalsich, in
general, will be different for eachP). Including this amplitude, the expressions E@&.and (6)are replaced by

Mpgo(At) = [f(mz,, mi) + rDhoei(‘thO_d’?’)f(mi, m%)] COSAmAt/2)

— ig_i2¢1)7h0(—1)1 [f(mi, m%) + rDhoei(aDh0+¢3)f(m%, mi)] Sin(AmAt/Z), (10)
Mpo(Ar) = [f(mi, m2_) + rDhoei(‘SD/10+¢3)f(m2_, mi)] CoOSAmAt/2)
— ie+i2¢1nho(—1)l[f(m2_, mi) + rDhoei(SDhO*m)f(mi, m%)] Sin(AmAt/2). (112)

In principle, therefore, it is possible to extract all four unknown parametess, (2,0, §pj0, ¢3) from the
time-dependence of the Dalitz plot. However, due to the smallnesg,efthis is highly impractical. On the other
hand, the above formulation allows us to generate simulated data including the suppressed contribution, and thus
estimate the effect of its neglect.

The above expressions may also be applied%o> DKs. In this case, the ratio of amplitudes is not small
(rpks ~ 0.4). Therefore, both @ and¢z can be extracted from a time-dependent Dalitz plot analysis. In fact, the
size ofrpk makes this mode quite attractive for the measuremegs of

3. Feasibility study

The potential accuracy of thg; determination is estimated using a Monte Carlo based feasibility study. We
generateB® — (Ksn T ~) ph® decays and process the events with detector simulation and reconstruction. Signal
B candidates are selected. Signal and tag@ingrtexes are reconstructed in order to obtainand the flavour of
the taggingB meson is obtained. Finally, we perform an unbinned likelihood fit of the time-dependent Dalitz plot
to obtain the value o, and its uncertainty.

3.1. Monte Carlo generation

In order to test the feasibility of the method described above, we have developed an algorithm to generate Monte
Carlo simulated data, based Bmnt Gen [15]. We first test the generator by restricting the—~ Ksm 7~ decay to
the K5p° channel. In this case, the formalism simplifies to the familiapi® case, and the time-dependent decay
rate (neglecting suppressed amplitudes), is given by

o~ 1A1/T50 _
P(AD) = ——— {1+ ¢SppoSin(AmAD}, (12)
4TBO
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Fig. 3. At distributions forB9 — (Ksp) p7° () g = +1, (b)g = —1, (c) asymmetry.

Table 1

List of resonances used f@° — K g7t 7~ decay simulation

Resonance Amplitude Phasy (
K*(892 T~ 1.418 170
K6‘(143Q+7r_ 1.818 23
K3(1430*T 7~ 0.909 194
K*(892~x+ (DCS) 0100 341
Kgp® 0.909 20
Kso 0.034 134
K5 f0(980 0.309 208
K fo(1370 1.636 105
K f2(1270 0.636 328
K gt~ non-resonant D 0

where theb-flavour charge; is +1 (—1) when the tagging meson isB® (B%),* and, within the Standard Model,
Spepid = —Neppo(—1)! sin(2¢1). For theCP odd decayD — Ks0°, npgp = —1, 50 for(Ksp®) pr®, Spp0 =
—sin(2¢1). Fig. 3shows generator level information for these decays.

We next implement three bod decays into our generator. The amplitude of & — Ksn 7~ decay is
described by a coherent sum of two-body decay amplitudes plus non-resonant part:

N
f(misn*" m%(sn‘*’) = Zajelaj Aj (m?(sﬂ‘*" m?(grr*’) + bglﬁ’ (13)
j=1

whereN is the number of resonances; (m?( i mf{ .+)»aj ande;; are the matrix element, amplitude and phase,
respectively, for thgth resonance, anﬁian(fﬁ are the amplitude and phase for the non-resonant component. For
further details, se@] and references thereifiable 1describes the set of resonances we use in the decay model of
our generator, which is similar to that in the CLEO measurerjisit Fig. 4 shows the Dalitz plot distribution for

the D° — K7 tn~ decay generated according this model.

For further confirmation of the operation of our generator, we look at the generator level time-dependent Dalitz
plot. We generaté8® — (K577 ) ph? decays using@ = 47°. In Fig. 5we show the invariant mass distribu-
tions of theD decay daughters for events wigh= —1, and compare those for events with greater tharzo/2
with those for events witlr less than-tz0/2. Events with A¢| < tzo/2 or g = +1 are not shown. We see clear

4 This parameter should not be confused with the parametBPeEO mixing, which was also denoted by the sympol
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Fig. 5. Generator level invariant mass distributionsZbflecay daughters produced in the — (Ksn+n—)Dh0 decay chain. Events are
generated with @; = 47°, and only events witly = —1 (taggingB decays as3®) are shown. The dashed histograms show distributions for
events withAr > 7,0/2, the solid histograms show those for events with< —7,0/2.

differences in the two invariant mass distributions; in particular we see more events with positive than megative
in the pY region of ther *7 ~ invariant mass distribution, as expected frbig. 3.

Since we are concerned with the feasibility of studying these modd&sfattory experiments, we use the
software of the Belle Collaboration to perform simulation of the Belle detector and to reconstruct candidate events.
The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector (SVD),
a central drift chamber (CDC), aerogel thresh@lerenkov counters (ACC), time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter (ECL) located inside a superconducting solenoid coil that provides
a 1.5 T magnetic field. An iron flux-return located outside of the coil is instrumented to defentesons and
to identify muons (KLM). The detector is described in detail elsewl&rg. The detector simulation is based
on GEANT[18]. Belle is installed at the interaction point of the KEKB asymmetric-enefgy~ (3.5 GeV on
8 GeV) collider[19]. KEKB operates at th& (4S) resonance.{s = 10.58 GeV) with a peak luminosity that
exceeds B x 10°** cm2s~1. The asymmetric energy allowsr to be determined from the displacement between
the signal and tagging meson decay vertices.
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Table 2
Detection efficiency, expected numbers of signédf) and backgroundNpkg) events and signal purity for thB® — (Kgn T ~)phO final

states. The expected numbers of events are based on the Belle data sample oft253 b

Process Efficiency (%) Nsig Npkg Purity
D0 8.1 118 49 71%
Dw 3.9 49 8 86%
Dn 4.3 47 15 76%
Sum 214 72 75%

3.2. Event reconstruction

We reconstruct the decay®’ — (Ksn 7 ~)ph® for % = 79 5 andw. We use the subdecayg — 717,
7%= yy,n— yy, nTn 7% andw — 7tx 70 The reconstruction, including suppression of the dominant
background from continuum production of quark—antiquark pairs #datm collisions, is highly similar to that in
related Belle analysd&0]. The properties of the background events are studied using geghrand continuum
Monte Carlo. Our studies allow us to estimate the number of signal and background events to expect from a given
data sample (we use the data sample of 253 fbontaining 275 millionB B pairs, collected with the Belle detector
before summer 2004 as our baseline). The results are summarisaiolén2

For our further studies, we use only tiier® mode, for which the expected number of signal events is the
largest. In our pseudo-experiments, described below, we use numbers of signal and background events (300 anc
100, respectively) which are rounded up from the totalkble 2 as we expect some improvement is possible due
to optimization of the selection for this analysis.

The signalB meson decay vertex is reconstructed using Bh&rajectory and an interaction profile (IP) con-
straint. The taggin@ vertex position is obtained with the IP constraint and with well reconstructed tracks that are
not assigned to signdt candidate. The algorithm is described in detail elsewfizrge Tracks that are not associ-
ated with the reconstructeB — (Ks7 7 ~) ph° decay are used to identify tibeflavour of the accompanying
meson. The tagging algorithm is described in detail elsewj22ie

We divide thegp, = [0°:180C°] range into 18 points in steps of 1.0For each point we perform 30 pseudo-
experiments with data samples consisting of 300 reconstruztetevents. We add 100 background events to each
sample, where the background is modelleda$y— D°r°, with uniform phase space dec& — Ksrtz .

For each pseudo-experiment, we perform a unbinned time-dependent Dalitz plot fit. The inverse logarithm of
the unbinned likelihood function is minimized:

n

—2logL = —Z[Zlogp(mii,mz_i, At,-) - |Og/ p(mi, m?, At) dmi dm? dAti|, (14)
i=1 7

wheren is the number of eventmii, m%i andAty; are the measured invariant masses offthéaughters, and the

time difference between signal and taggiBgneson decays. The functiqr(mi, m?, At) is the time-dependent

Dalitz plot density, which is based on E@S5) and (6) including experimental effects such as mistagging And
resolution—we use the standard Belle algorithms to take these effects into account. The background component is
also introduced intg.

Thus, for each input value af; we obtain fitted results from 30 pseudo-experiments. From the means and
widths of the distributions of these results we obtain the avegagi results and estimates of their statistical
errors. These results are showrFig. 6. We find the fit results are in good agreement with the input values, and
the expected uncertainty @n is around 25.

To look for tails in the distributions, we also study larger ensembles of pseudo-experiments b imaut
values: 23.5and 66.5, which correspond to s{@¢1) = 0.73. We have performed this study both for the numbers



8 A. Bondar et al. / Physics Letters B 624 (2005) 1-10

Coloasbona b b ben by by bywa Laas E.I...I...I...I‘..I...In.I...I...I...
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

¢)1 input value, ° ¢1 input value, °

Fig. 6. (Left) average fit result and (right) averagg; statistical error, as functions of the input value.

60 F
L 40 |

Events
Events

35 [
30 |-
25 [
20 F
15 F

10

0"......."...ﬁ...i.
20 0 20 40 60 80 100
9,,°

Fig. 7. Fit results forp1. The solid (hatched) histograms correspond to the input vatge=247° (2¢1 = 133°). The left (right) plot corresponds
to a data sample roughly equivalent to 250 %500 fb~1).

of events described above, corresponding roughly to 258 ¢or which we perform 250 pseudo-experiments
for each input value of1), and for numbers twice larger (hence 500 ¥pfor which we perform 125 pseudo-
experiments)Fig. 7 shows the distribution of the fit results. We do not observe any pathological behaviour,
demonstrating that this method can indeed be used to distinguish the two solutiong2e¢x simith sufficiently
large data samples.

We have tested for possible bias in the method due to neglect of the suppressed amplitudé8)&agd.(11).
Due to the smallness oaf,,0 compared to the8°—~B° mixing effect, we expect any such bias to be small, and
indeed we find it to be smaller than 1%.

As noted above, this method is highly similar to that used to ex#vgaisingB* — DK™ followed by multi-
body D decay[9,10]. A significant complication arises in that case due to uncertainty iDtldecay model, and
we expect this will also affect thB8° — Di° analysis. However, the time-dependent analysis does not suffer due
to the smallness of the ratio of amplitudes, and therefore we expect that the model uncertainty may be smaller.
Furthermore, a number of methods have been proposed to address the model uncertainty (for example, using in-
formation fromCP taggedD mesons which can be studied atmafactory, such as CLEO-c), and this analysis can
also take advantage of any progress in that area.
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4. Conclusion

We have presented a new method to measure the Unitarity Triangle gngkng amplitude analysis of the
multibody decay of the neutrd@ meson produced in the proces®&s— DhC. The method is directly sensitive to
the value of 21 and can thus be used to resolve the discrete ambiguity2r — 2¢1. The expected precision of
this method has been studied using Monte Carlo simulation. We expect the uncertagntyoone about 25 for
an analysis using a data sample of 253%b
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