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Experimental Results on B mesons from the BaBAr experiment

J. CHAUVEAU!
LPNHE, Universités Paris VI & VII, Tour 33 RAC
4.place Jussieu

F-75252 Paris Cedex 05 FRANCE

Highlights of a selection of results obtained by the BABAR experiment on the PEP-I1
collider at SLAC until the spring of 2002 are presented. The phenomenology of CP
violation in B decays is briefly reviewed. At that time, CP violation was already
significantly established in the decays of neutral B mesons to charmonium and a
neutral K: sin2 = 0.75+£0.094+0.04. The analysis method and its implementation
are described. The interpretation of the measurements and future prospects are
discussed. Preliminary results on charmless and other rare B decays, that could
lead to measurements of the CKM angles o and ~ are shown.

1 An overview of CP Violation in B decays

For CP violation to occur in B meson decay[l], at least two amplitudes,
with a fundamental phase difference have to contribute. Three types of CP
violation are distinguished[2, 3].

In direct CP violation the B and B decay to CP conjugate final states with
different rates. Direct CP violation requires both strong and weak phase
differences. It can affect neutral and charged B mesons in contrast with the
other types which rely on neutral B mixing.

CP wiolation in mizing occurs when AB = 2 transitions (box diagrams) exist
which make mass eigenstates that are different from the CP eigenstates.
Finally CP wviolation in the interference between mizing and decay is the case
where a final state built out of a CP self conjugate collection of quarks (which
can be a CP eigenstate fop) is reached either from a B® or from a B° after
a B® — B flavor oscillation.

A very clean theoretical situation is obtained in the last case when a single
diagram dominates the B® — fcop transition (golden mode). A time depen-
dent CP asymmetry (see Equation 1 below) follows from the opposite signs
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for the interference terms between the two decay paths starting with a B° or
a B°.

New ee™ colliders, the B factories, were built when it was demonstrated they
could host experiments sensitive to CP violation in golden modes within the
standard model. Since Kobayashi and Maskawa extended the Cabibbo theory
of flavor mixing in charged current weak interaction to 3 families of quarks[4],
it has been known that the standard model formalism is able to account for
CP violation. The unitary quark mixing matrix, called the CKM matrix V,
contains an irreducible phase the value of which might explain all CP violat-
ing phenomena. More generally, V depends on 4 parameters. A convenient
representation due to Wolfenstein[5] is :

Vid Vs Vb 1—)%/2 A AN (p—in)
V= Vg Ves Vo | = -2 1—\2/2 AN? +O(\Y).
Ve Vis Vo AN (1 —p—in) —AN 1

The unitarity relation computed with the first and third column is conven-
tionally used to draw a normalised triangle in the complex plane, the unitarity

triangle (UT), pictured at the bottom of Fig. 1.
The definition of the CKM angles, «, 3 Fig. 1 The Unitarity Triangle.

and 7 is explicit on the picture. The ViV
goal of the experiments at B factories
is to overdetermine the apex (p,7n) of
the UT, and more generally, the 4 pa-
rameters of the CKM matrix. @
Nonleptonic b decays[2] mainly proceed R
via tree (T) and penguin (P) diagrams > vt
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. . . . - w =
New physics could be discovered if in- . 5 ]
. Vas 3 W & Vab 4
compatible # measurements were ob- B G
tained from golden modes with differ- B “=a

ing decay mechanism (e.g. T in the first
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The rate of such a BY decay has interference effects between that amplitude
and that of B°B® mixing which are free from strong interaction complications.
When more than two decay paths with comparable strengths contribute, only
an effective phase can be obtained.

More complicated processes can be used to search for CP violation at high
luminosity. For example cascades[6] where T.,s and T\.s transitions lead to
a D or D meson which decay to a final state they share in common have
rates which depend on 7.

Table 1: CKM structure of non leptonic b decay amplitudes. The amplitude
for a b — ¢1¢aqs transition is written in terms of T and/or P amplitudes
with the CKM factors shown explicitely. The power of A governing the first
and second terms are given. A golden channel leads to a pure measurement
of a CKM phase. Only effective phases are accessible from the non golden
channels.

quark process 1st term | 2nd example | UT angle
Accs ~ cb‘/czchs + Vuqu*SPs )\2 >‘4 gOlden ‘]/¢ KS,L ﬁ

Asss ~ ‘/cb‘/ci(;Ps + VubVJSP; )\2 )\4 golden d Kg ﬁ

Acca = Vo VT eca + Va Vi Pa A3 A3 DY*D= | 3+0
Auud ~ VubVJdTuud + V;fb‘/t:lpd )\3 )\3 7T+7T_ Qeyf

2 Experimental setup and analysis tools

2.1 PEP-II and BaBar

CP violation in the interference between mixing and decay produce time
dependent CP-asymmetries. For a CP eigenstate fop:

A _ F(?ghys(t) - fCP) - F(B;()]hys(t) - fCP)
fer = DB, (0) = fer) + T(BY,.(H) = for)
= Cy.pcos(Amgt) + Sy, sin(Amgt).

(1)

In Eq. (1), t is the proper time elapsed between the production of a B meson
with known flavor (beauty) and its decay. Bppys(t) is the evolved B state



after t. Neglecting CP wviolation in mizing, the coefficients can be written:

_2]m()\fCP) .
1+ |>‘fop‘2

1- |/\ch|2

C — 3
fer 1+ ‘)\fCP|2

(2)

SfCP =

A—0
where \f, ., = % X ﬁi X nop, ¢ and p are the mixing parameters, A (resp.

A) are the B? (resp. B°) — fcp amplitudes and nop is the CP parity of the
fop state. A non-zero Cf,, is evidence for direct CP violation. For a golden
mode |A| = |A], and |S},.,| is the sine of a CKM angle. For the golden modes
in Table 1, S¢., = ncp X sin2f3.

To be capable of measuring CP asymmetries, an experimental setup, must
fulfill the following requirements.

Since the fop branching ratios are small (a few 10™* for the highest charmo-
nium + kaon modes), a high luminosity collider (a B factory) is required
to detect a significant sample of decays. The ete™ B factories, PEP-II at
SLAC and KEK-B in Japan operate at the 7(4S) resonance which decays
exclusively to BB pairs, is produced with ~ 1nb cross section above a man-
ageable background.

High performance tracking and calorimetry are required to reconstruct
pure samples of exclusive non leptonic final states.

To tag the initial flavor of the B,,,, particle identification is needed.

To measure the time ¢, the B mesons have to fly far enough in the labora-
tory. This is achieved by boosting the 7°(45), using different electron and
positron energies. Note that, at an asymmetric B Factory, one needs to
measure At, the time between the decays of the two B mesons as the 77(45)
decay point is not accessible.

With 9 GeV e~ and 3.1 GeV e, PEP-II boosts the 17(4S) by 3y = 0.55. The
average mean distance between the two B decay points is thus 260 pm in the
laboratory. The maximum instantaneous luminosity achieved to date is 4.6 x
1033 Clnx "



The results presented here are based on an integrated luminosity of 56.4 fb™!,
of which 6.5 were taken at an energy below that of the 7°(4S) resonance.

2.2 Experimental technique

Time dependent CP-asymmetries are studied in samples of B°B® events
where one B meson decays to a completely reconstructible exclusive non
leptonic final state and the other, to a flavor specific mode. Before any
decay, the BB pair is in a coherent L=1 quantum state i.e. it remains a
particle-antiparticle pair. When the flavor specific decay occurs, the other
B has the opposite flavor. It then evolves in the way prescribed by BB
mixing. This argument holds whatever the time ordering of the two decays|[2,
3]. To analyse CP-asymmetries, the experimental technique[8] consists in
implementing the exclusive B meson reconstruction, the B flavor tagging
and the vertexing algorithm for the determination of At.

Very pure samples (see section 3) are selected for fop as well as flavor eigen-
states using two kinematic variables AE and mgg. AFE is the difference in
the center of mass frame between the energy of the B candidate and the
beam energy. mgg is the invariant mass of the B candidate computed from
the candidate momentum and the beam energy which is much more precisely

known than the candidate energy.
To determine At, the projection Az along the

electron beam of the vector joining the decay
points of the two B mesons is measured. The
vertex of the fully reconstructed B is obtained
from a geometric and kinematic fit of the can-
didate. The other B decay point is obtained
iteratively from the charged tracks which re-
main after removal of those belonging to the
reconstructed candidates and those with which
a V% (K?or A) can be constructed. That vertex
is constrained to be compatible with the flight
path of that Bhéfw)HRwitHR0(Hadeged)2971 0 Td (v)Tj 5.7491 0 Td Td (j 4(w)Tj 8.0325 11.9



the At resolution is needed with parameters to be fitted from the data.

A hierarchical B flavor tagging algorithm using four non overlapping sets
of criteria (categories) exploits the charge correlations between the b quark
and the leptons or kaons produced in the CKM-favored b — ¢(— s) quark
decay chain. More global information (e.g. charged particle momentum
spectrum, soft pions from D* decays, etc.) are input to neural networks used
to complete the tagging algorithm. The efficiency ¢ ~ 0.7 and the mistag
fraction w characterize the performance. The overall effective efficiency is
Q =¢ x (1 —2w)? =0.251 £ 0.008.

To validate the experimental techniques, the lifetimes of the B mesons and
the B°B? oscillation frequencies are measured using appropriate reconstructed
samples. The At distributions obtained for charged and neutral B s are
shown on Fig. 3. The measured lifetimes: 79 = 1.546+-0.032(stat.)£0.022(syst.) ps,
71 = 1.673+£0.032 £0.023 ps, are compatible with previous measurements[10]
and have smaller errors. The lifetime ratio measurement[9], 7o /79 = 1.082 +
0.026 £0.012 promises an ultimate error at the level of 1 %. Similarly, samples
of reconstructed neutral B mesons decaying to flavored final states enabled
to extract the averaged mistag fraction and also showed compatibility of the
measured BB oscillation frequency Amy with previous measurements.

3 The measurement of sin23.

Mode || Nygggea | Purity
(ce)K? 995 94%
Jhp K? 742 5%
Jhp K*0 113 83%
All CP 1850 79%

Table 2: Yields in the B reconstruction
fop modes after tagging. Note that for
the J/i K*0 final state a partial wave
analysis is needed to separate the CP-
even and CP-odd contributions.

Some of the yields measured for the golden modes B? —charmonium K? as
well as — charmonium K? (more difficult to select because the KY energy
is not measured) are shown on Fig. 4 and summarized in Table 2. Since the
tagging performance is the same for both samples, the At distributions for
tagged flavored B and fop samples are simulataneously fit keeping 7y and
Amy fixed at the previous pre-BaBar values[10]. The result for a sine-wave
only Acp(At) is: sin28 = 0.75 £ 0.09 £ 0.04.



The CP asymmetries as a
function of At are shown on  Fig. 4 Charmonium K? and J/i K? yields.
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pected. Since the confer-
ence, that measurement has
been updated[11] to sin23 =
0.741 4+ 0.067 £ 0.033. A sim-
ilar result[12] 0.7194+0.074 +
0.035 is obtained by the
BELLE experiment. Con-
sistent results are obtained
in BaBAR by doing fits look-
ing at one decay chan- o
nel only. 2 R ey
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The 1 and 2-standard deviation zones for sin2( in the (p,n) plot are shown
on Fig. 6. There is a four-fold trigonometric ambiguity. One solution agrees
with previous non-CP measurements. The standard model is resilient.

A preliminary result on B® — 1, K? (first line of Table 1) was shown at the
conference: sin23 = 0.434+0.46 4+ 0.08. Although signals were seen in B — ®K
channels, no result was available for the pure penguin Agp.



The Spp and Cpp coeflicients
of Eq.( 1), for B — D®+ DX~
decays are summarized in Ta-
ble 3. More data are needed
before any conclusions can be
drawn from these measure-
ments.

In summary, CP violation has
been discovered by the ex-
periments at the B factories.
At the current level of preci-
sion, all the data are compat-
ible with the standard (CKM)

model.

h=ll

Table 3: Prelimi- Mode Spp Cpp

nary results on the ["D*F D | —0.05 £ 0.45 + 0.07 | 0.12 = 0.30 + 0.03
BY — DWTDW= | petp- || Z043+1.41+0.20 | 0.53 + 0.74 + 0.13

coefficients ~ Spp | p*~p+ 0.38 4+ 0.88 & 0.05 | 0.30 & 0.50 % 0.08
and CDD-

4 Towards sin2a sy

B decays to two-body final states without charmed hadrons (charmless 2-
body channels) could give access to the o and v angles of the UT. Originally,
the B® — 777~ channel looked like a golden mode for sin2a. But it was soon
realized that penguin graphs P; competed with the T,.4 at O(\?) (see the
last line of Table 1). Unless |P/T| << 1, three amplitudes interfere, P, T,
and that of mixing. A fit to Ag}’rf, pretending that it is a golden channel,
can at best determine (the sine of) an effective phase a.sr. The present
analyses fit for the C,, and S, coefficients defined in Eq. (2). With more
theoretical input like isospin invariance, SU(3) symmetry or relying on QCD
inspired models[13, 14] to compute the P and T amplitudes, conclusions on
CKM angles can be reached. They are however subject to theoretical errors.
It is much harder to implement the experimental technique for charmless



decays because the branching ratios of these CKM or penguin suppressed
decays are tiny (in the 1075 or 107 range) and because the final states have
much weaker kinematical or topological constraints. Particle identification at
high momenta where the DIRC is effective and methods to efficiently remove
the continuum e*te™ — ¢g are employed on top of tagging and vertexing.

The final states including charged pions and kaons are treated simultaneously.
On top of mgs and AFE, other discriminating variables are used, namely a
Fischer discriminant which characterizes the event energy flow and the DIRC
Cherenkov angles of the charged particles. The analyses are performed in two
steps. In the first, the CP-averaged branching ratios and the time integrated
CP asymmetries are determined. The results of the first step are injected as
fixed quantities in the time dependent analyses (second step) which apply
tagging and vertexing. All results are preliminary. They are constantly re-

fined. The time integrated results are summarized in Table 4.
The experiment is becoming sen-  Fig. 7 (p,n) for B® — 77 with model[13].

sitive to the final states with 7° s
which are needed in isospin con-
structions. In May 2002, the
fit to AL (At) gave: Crp =
—0.01+0.37£0.07, Sy = —0.02+
0.29 + 0.07. The numbers have
since moved within errors. For
fun, the (p,n) plot assuming the
validity of a model[13] is pic-
tured on Fig. 7. Any conclusions
about the CKM angles are pre-
mature. P

Constraint from B x*z” using QCD FA

5 Rare decays

At the conference, preliminary results were mentioned very briefly on rare
decays, like the B¥ — DK™ where the D decays to KTK~, a CP eigenstate
shared by the D and the D (see the very end of section 1). Results on a
host of (two-body and quasi two-body) charmless modes were listed. The
high branching ratios of " K channels is confirmed. No significant direct CP
asymmetries have been found in charged B decays. The status of electroweak



Table 4: Preliminary results on B — charmless 2-body decays as of May 2002.
CP averaged branching ratios and time integrated CP asymmetries (direct
CP violation) are presented. Most of these results have been updated since
then. The BY — K%r" asymmetry, all the BY — 777% and B® — 7%
results were recent. The K° 7% and K° K° are based on 20.6 fb~' of data
only.

B — Yield | Signif. BR (1079) A girect
KT n 403 + 24 178 +1.1+0.38
K+ 70 149 £ 1718 11153 +£1.0

KO 7t 172+17+9 | 178 | 17578 +1.8| —0.1740.10 £ 0.02
K70 | 179758419 4.5 82132 4+12| 0.0040.1140.02

Tt 125778 54+0.7£0.5
7t 70 62+58 119 5.2 4171508 —0.0270% £0.10
70 70 9.8 £8.7 1.3 <34
Kt K- 0.675] <1.1
Kt K | -568+25 <38
K% K° 3.5154 1.5 <13

penguin decays branching ratios was given:
Br(B — K0t07) = 0.841930 +0195106 Br(B — K*(t4~) < 3.5x10 %at 90 % c.l.

6 Summary and outlook

The BaBar measurement of sin23 had reached a precision of 0.09 at the time
of the conference and of 0.067 since then[11]. There is still headroom before
it becomes dominated by the systematic errors (at the level of 0.03).
Charmless B decays are the focus of many analyses. There is steady progress
towards significant measurements of sin2a. s in two and now three pion final
states.

Many modes testing the same standard model parameters via different graphs
will be constantly scrutinized, looking for new physics.

The abundant harvest of experimental data on many branching ratios and
asymmetries will help to refine the theoretical knowledge of B decays.
Scenarios to accelerate progress towards higher luminosities and reach ab™*
samples sooner than presently planned are actively studied.
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