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FOR THE BABAR COLLABORATION

We present recent results on C'P violation in the B meson system from the BABAR ex-
periment at the PEP II asymmetric et e~ collider. We discuss the study of C'P violation
in B-mixing and present measurements of unitarity-triangle angles «, 3, and constraints
on 7.
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1. Introduction

The BABAR detector! is located at the eTe™ asymmetric B-factory at SLAC. The
main physics goal of BABAR is to study C'P-violation in the B system and provide
a quantitative test of the C'P sector of the Standard Model. All measurements
presented in this article are based on a dataset of 232 x 10° BB events.

In the Standard Model, C'P violation in the quark sector is due to the complex
matrix Vog s relating the quark weak eigenstates to their mass eigenstates. One
unitarity condition can be written as the Unitarity Triangle: V, V5 + V, V3 +
ViaVi, = 0. Over-constraining this triangle allows one to search for inconsistencies
in the Standard Model. Its angles are generally measured in C' P-violating processes.
The angle 3 is the phase of V,4 accessible in BYB® mixing, and has already been
measured precisely at the B factories. The angle « is the phase of V; found in
transitions like B — D® K, The angle « = m —  — v can be extracted in
processes that involve both B°B% mixing and b — u transitions.

2. Experimental Technique

At the B-factories, C'P violation is studied through the measurement of the time
dependent C'P asymmetry, Acp(t). This quantity is defined as

N(B (t) = fop) = N(B°(t) — for)

Acp(t) = —=
N(B(t) = fcp) + N(B(t) — fcp)

, (1)
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where N (Fo(t) — fop) is the number of B’ that decay into the C P-eigenstate
fop after a time t. In general, this asymmetry can be expressed as the sum of two
components:

ACP (t) = Sf sin(Amt) - Cf cos(Amt), (2)

where Am is the difference in mass between B mass eigenstates. When only one
diagram contributes to the final state, the cosine term vanishes. For decays such as
B — J/YK° S§ = —ns x sin2f3, where 1y is the CP eigenvalue of the final state,
negative for charmonium + Kg and positive for charmonium + K7 . It follows that
Acp(t) = —nysin 25 sin(Amt), which shows how the angle (3 is directly and simply
measured by the amplitude of the time dependent C'P asymmetry.

BB pairs resulting from the Y(4S) decays are produced in a coherent state.
The CP asymmetry is measured as a function of the difference At = Az/(v0)
between the two B-mesons decay times which is proportional to Az, the difference
between their flight distances due to a boost of y3 ~ 0.56 given to the Y (4S). The
average Az is around 250 pum, with a resolution of about 170 um. One of the B
mesons is fully reconstructed into the B decay of interest (Bcp), while the other
B meson (Biag) is used to tag its flavor at production time. Tagging combines
different techniques including the use of semileptonic decays and secondary kaons.
The B-flavor tagging power Q = Y;¢;(1 — 2w;)? is close to 30%, when summed over
the different tagging categories ¢, with efficiencies ¢; and mistag rates w;. In order to
select the signal, the beam energy (Epeqm ) substituted mass mgs = \/E;2, = — pi7.
and the energy difference AE = E; — Ej, ... are powerful kinematic discriminating
variables, peaking respectively for the signal at the B-meson mass and at zero. The
symbol # refers to the T(4S) rest frame.

3. Measurements of 3

The determination of the angle 3 through the study of B° decays plays a key role
in the test of Unitarity Triangle. The measurement of § from decays mediated
by b — ccs tree level diagrams allows for a precise test of C'P violation in the
Standard Model and provides the most precise constraint in the determination of
the parameters p and 7. In addition, the measurement of the same angle in final
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Fig. 1. Feynman diagrams that mediate the B® decays used to measure the angle §: a) B —
charmonium + K°, b) b — c¢s, c) penguin dominated B decays.
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Fig. 2. Measurement of sin 20 in the “golden modes” by BABAR. a) Time distributions for events
tagged as BY (full dots) or B’ (open squares) in CP odd (charmonium Kg) final states. b) The
corresponding raw C'P asymmetry with the projection of the unbinned maximum likelihood fit
superimposed. ¢), d) The corresponding distributions for CP even (J/¢¥Kp,) final states.

states mediated by penguin decays and b — ccd diagrams can be used to look for
new physics. The angle § can be independently measured through the three types
of BY decays illustrated in Fig. 1.

The decays B® — charmonium + K, known as “golden modes”, are dominated
by a tree level diagram b — ¢¢s with internal W boson emission (Fig. 1a). The lead-
ing penguin diagram contribution to the final state has the same weak phase as the
tree diagram, and the largest term with different weak phase is a penguin diagram
contribution suppressed by O(A\?). This makes C; = 0 in equation (2) a very good
approximation. Besides the theoretical simplicity, these modes also offer experimen-
tal advantages because of their relatively large branching fractions (~ 10~%) and
the presence of the narrow J/% resonance in the final state, which provides a pow-
erful rejection of combinatorial background. The C'P eigenstates considered for this
analysis are J/9YKg, ¥(2S)Ks, xc1Ks, n.Ks and J/ K. The asymmetry between
the two At distributions, clearly visible in Fig. 2, is a striking manifestation of C'P
violation in the B system. The same figures also display the corresponding raw C'P
asymmetry with the projection of the unbinned maximum likelihood fit superim-
posed. The results of the fit is sin 23 = 0.722 4 0.040 £ 0.0232. The main sources of
systematic errors are uncertainties in the background level and characteristics, in
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Fig. 3. Measurement of C'P asymmetries for the channel B — J/¢7% by BABAR. The time

distribution is shown for events tagged as B (top) or B° (middle). The dotted lines are the sum
of backgrounds and the solid lines are the sum of signal and backgrounds. The time-dependent
CP asymmetry is also shown (bottom), where the curve is the measured asymmetry.

the parameterization of the time resolution, and in the measurement of the mis-tag
fractions. Most of these uncertainties will decrease with additional statistics. The
world average value for sin 23, heavily dominated by the results from BABAR? and
Belle?, is sin 23 = 0.687 £ 0.032. This value can be compared with the indirect
constraints on the apex of the Unitarity Triangle originating from measurements of
€, Vb, |Ven|, BY and Bg mixing, sin 23 = 0.7934-0.033 as described, for example,
in Ref. 4. The comparison shows good agreement between the measurements, indi-
cating that the observed C'P asymmetry in B® — charmonium + K° is consistent
with the predictions of the CKM mechanism.

For what concerns b — ced channels, a new measurement has been obtained
with the decay B — J/17°, which can proceed with a color-suppressed tree level
diagram with internal W boson emission and a penguin diagram contribution. New
physics could enhance the penguin contribution and would lead to a measurement of
time dependent C'P asymmetry substantially different from that measured in B® —
charmonium+K? decays. The two Deltat distributions are shown in Fig. 3, together
with the corresponding raw C'P asymmetry. We obtain a branching fraction B(B —
J/yr0%) = (1.9440.22(stat)+0.17(syst)) x 1075 and the C'P asymmetry parameters
C = —0.21 + 0.26(stat) £ 0.06(syst) and S = —0.68 + 0.30(stat) £ 0.04(syst)>.

In the Standard Model, final states dominated by penguin b — s3s or b — sdd
decays offer a clean and independent way of measuring sin23%. Examples of these
final states are K9, n/ K0, foK°, m°K°% wK% KtK~Kg and KsKsKg. These de-
cays are mediated by the gluonic penguin diagram illustrated in Fig. 1c. In presence
of physics beyond the Standard Model, new particles such as squarks and gluinos,
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Fig. 4. BABAR measurements of “sin2(3” in the penguin dominated channels. The right band
indicates the world average of the charmonium + K0 final states £1c; the left band is the average
of the s-penguin modes *+1o.

could participate in the loop and affect the time dependent asymmetries”. The de-
cays B® — ¢Kg are ideal for these studies. In the Standard Model, these decays
are almost pure b — sSs penguin decays, and their C'P asymmetry is expected to
coincide with the one measured in charmonium + K decays within a few percent”.
Experimentally, this channel is also very clean, thanks to the powerful background
suppression due to the narrow ¢ resonance. Unfortunately, the branching fraction
for this mode is quite small (~ 8 x 107%), therefore the measurement is affected by
a large statistical error. The decays B — 1’ Kg are favored by a larger branching
fraction (= 6 x 107°). In the Standard Model, these decays are also dominated by
penguin diagrams; other contributions are expected to be small®.

A first measurement of the C'P violation parameters has been obtained for the
channel B® — pKg by BABAR. We obtain the following C'P asymmetry parameters
C = 0.64 £ 0.41(stat) + 0.25(syst) and S = 0.17 £ 0.52(stat) £ 0.26(syst).

The average between the Belle and BABAR measurements in each channel is
illustrated in Figure 4. The band on the right indicates the world-average value
of sin23. A naive average of all the penguin modes® is 2.8¢0 away from the value
of sin 2 measured in the golden mode. This discrepancy, however, has to be in-
terpreted with caution since each mode is theoretically affected by new physics in
different ways.
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Fig. 5. Constraints on the angle a.

4. Measurements of o

B® — h*h~ decays (hh = 7, pp) are dominated by the b — u tree amplitude T,
with weak phase «. Ignoring other contributions, one would simply get Ap+p,- =
% X % = e 2Be2v = 20y, =0 and Sp+,- = sin(2a). But contributions of
amplitude P, from dominant gluonic penguins and with no weak phase, allow direct
C P violation. If we define the amplitude T” as that dominated by tree processes but

also including non-dominant penguins with a weak phase 7, and if § is the strong
i2a |T|+|Plete’
[T'[+[Ple~7e??

Chrp- x sind, and Sp+p- = V1 — C? X sin(2aeys). Measuring Cp+p- and Sp+p,-
only yields an effective value of a, aeys, which depends on the B-decay mode
studied. Fortunately, other B-mesons decays to hh can be used to determine the
difference oo — vy ¢ using isospin symmetry'?. The B — pp branching ratio is about
6 times larger than for B — 7w, and the penguin pollution is much smaller. Thus
this mode is better for constraining o.

A measurement of the branching fraction, polarization and C' P asymmetry has
been obtained by BABAR , for the channel B* — p*p°, B(B* — p*p°) = (16.8 +
2.2(stat) + 2.3(syst)) x 1075, f1 = 0.905 + 0.042(stat) "o 52 (syst), Acp = —0.12 +
0.13(stat) £ 0.10(syst ).

Figure 5% summarizes all constraints on o obtained at BABAR and Belle, yield-
ing a combined value of a = (99:1,2)O in good agreement with the global CKM fit
using other world measurements o = (91.94+5.5)° . The pp mode gives the best sin-
gle measurement, but has mirror solutions that are disfavored thanks to the Dalitz
analysis results. The contribution to the constraint from the w7 modes is limited,
mostly due to the large penguin pollution.

phase difference between the 77 and P amplitudes then: A+~ = ¢



5. Measurements of ~

A theoretically clean measurement of the angle v can be obtained from the
study of B~ — D®OK ()~ exploting the interference between B~ — DK~
and B~ — DYK~ when the D° and the D° mesons decay to the same CP
eigenstate. BABAR has measured the partial-rate charge asymmetries Acpy and
the ratios Rcp+ of the B — DK decay branching fractions as measured
in CP+ and non-CP D° decays'?: Acp, = 0.35 + 0.13(stat) & 0.04(syst),
Acp- = —0.06 &+ 0.13(stat) + 0.04(syst), Rep+ = 0.90 £ 0.12(stat) £ 0.04(syst),
Rep— = 0.86 £ 0.10(stat) £ 0.05(syst), Combining results from BABAR and Belle,
it is possible to obtain the following limits: v = (65 & 20)° ([27,107]@95% CL) or
v = (=115 £ 20)° ([—153,73]@95% CL).

Additional information on the CKM unitarity triangle can come from the time
evolution of B — D®*hF since the decay amplitudes B® — D*)*h~ and B® —
D™+ h~ interfere due to mixing, and the total weak phase difference is 25 + .
Using all BABAR measurements'® we find |sin(28 + )| > 0.64(0.40) at 68% (90%)
confidence level.

6. CP Violation in B® — B°® Mixing

The Standard Model predicts the size of CP asymmetry due to B° — B° mix-
ing to be at or below 1073. A large measured value would be an indication
of new physics. BABAR has recently searched for 7', CP and CPT violation
in mixing using an inclusive dilepton sample, obtaining'* |¢/p| — 1 = (—0.8 £
2.7(stat) & 1.9(syst)) x 1073, Im z = (—13.9 + 7.3(stat) & 3.2(syst)) x 1073 and
AT x Re z = (—7.1 4 3.9(stat) £ 2.0(syst)) x 10~ 3ps~1.
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Fig. 6. Constraints on the apex of the Unitarity Triangle



7. Summary and Conclusions

The measurement of time-dependent C'P asymmetry in BY decays have provided
a crucial test of C'P violation in the Standard Model. The parameter sin 23 is now
measured in b — ¢¢s decays by BABAR with a precision of 5%. Measurements of
time-dependent C'P violation asymmetries in b — ced and in penguin-dominated
modes are sensitive to contributions from physics beyond the Standard Model. The
angle « is now measured with 10% precision, and interesting limits have been ob-
tained for the angle . Figure 6 shows the combined constraints on the unitarity
triangle, coming from all experimental measurements. Most of these measurements
are still heavily dominated by statistical errors and will benefit greatly from addi-
tional data. BABAR has now (September 2006) collected a total integrated lumi-
nosity of 390.22 fb~*, almost double of the one used in this article, and is planning
to double it again by 2008.

References

1. B. Aubert et al., Nucl. Instr. Meth. A 479, 1 (2002).
2. B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 94, 161803 (2005).
3. K. Abe et al., Phys. Rev. D 71, 072003 (2005).
4. See hitp://ckmfitter.in2p3.fr.
5. B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 74, 011101 (2006).
6. D. London, R.D. Peccei, Phys. Lett. B 223, 257 (1989);
N.G. Deshpande, J. Trampetic, Phys. Rev. D 41, 895 (1990);
R. Fleischer, Z. Phys. C 62, 81 (1994);
N.G. Deshpande, X.G. He, Phys. Lett. B 336, 471 (1994);
Y. Grossman, Z. Ligeti, Y. Nir, H. Quinn, Phys. Rev. D 68, 015004 (2003);
M. Gronau, J.L. Rosner, Phys. Lett. B 564, 90 (2003).
7. A.B. Carter, A.I. Sanda, Phys. Rev. D 23, 1567 (1981);
LI. Bigi, A.I. Sanda, Nucl. Phys. B 193, 85 (1981);
R. Fleischer, T. Mannel, Phys. Lett. B 511, 240 (2003);
Y. Grossman, G. Isidori, M.P. Worah, Phys. Rev. D 58, 057504 (1998);
Y. Grossman, Z. Ligeti, Y. Nir, H. Quinn, Phys. Rev. D 68, 015004 (2003);
Y. Grossman, M.P. Worah, Phys. Lett. B 395, 241 (1997);
R. Fleischer, Int. J. Mod. Phys. A 12, 2459 (1997);
D. London, A. Soni, Phys. Lett. B 407, 61 (1997).
8. M. Gronau et al., Phys. Lett. B 596, 107 (2003);
M. Beneke, M. Neubert, Nucl. Phys. B 675, 333 (2003).
9. The Heavy Flavor Averaging Group, http://www.slac.stanford.edu/zorg/hfag/.
10. M. Gronau, D. London, Phys. Rev. Lett. 65, 3381 (1990).
11. B. Aubert et al. [BABAR Collaboration], ArXiv:hep-ex/0607092.
12. B. Aubert et al. [BABAR Collaboration], Phys. Rev. D D73, 051105 (2006).
13. B. Aubert et al. [BABAR Collaboration], Phys. Rev. D D73, 111101 (2006).
14. B. Aubert et al. [BABAR Collaboration|, Phys. Rev. Lett. 96, 251802 (2006).



