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The two colliding beam experiments at the Tevatron proton-antiproton collider, CDF and DO,
continue to publish world-leading measurements of CP Violation parameters in the B meson
sector. I will present several recent results from both experiments, including measurements of
direct CP violating parameters in decays of By, B} and B? mesons; a new D0 measurement
of af, using time-dependent analysis of Bs — pTvD; X decays; and the latest Tevatron
combination of the CP violating phase 35, measured in the ‘golden mode’ Bs — J/9)¢.

1 Introduction

While observational evidence strongly indicates that our universe is matter dominated, funda-
mental symmetry principles require that during the big-bang origin of the universe, exactly equal
amounts of matter and antimatter were produced !. Hence, current theoretical models postulate
that a matter-antimatter asymmetry developed at some point in the history of the early uni-
verse. The pioneering physicist Andrei Sakharov postulated three necessary conditions for such
a situation to occur. These are: Baryon number violation, a period of non-thermal-equilibrium,
and sources of both C- and CP-symmetry violation 2. The Standard Model of particle physics
includes some degree of CP-violation (CPV) as a result of a complex phase in the quark mixing
(CKM) matrix. However, theoretical models strongly suggest that the level of Standard Model
CPV is insufficient to describe the observed baryon asymmetry of the universe, in some cases
by several orders of magnitide?. As such, it is important to investigate possible non-SM sources
of CP violation.

CP violation studies in heavy-flavor physics can be divided broadly into three classes. Di-
rect CPV occurs when the decay width of a process differs from that of its charge conjugate
equivalent, for example in B meson decays to a final state f: T'(B — f) # I'(B — f). The



asymmetry of each such process is characterised by the quantity:

N(B—J)~N(B— )
N(B— D+ NB - f)

ACP(B — f) = (1)

where the convention is that the positive (negative) term in the numerator corresponds to the
b (b) quark process.

CP violation can also arise due to the mechanism of neutral B meson mixing, if the mass
eigenstates are not pure CP states. In this case, the characteristic inequality is T'(B — f) #
['(B — f), i.e. there is an asymmetry a%; in the decays of B mesons which have oscillated into

their antiparticle prior to decay:

N(B) — )~ N(B) — )
NBY = )+ NB) = )

(2)
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Finally, in neutral B decays where the same final states are available with or without mixing, CP
violation can be induced via interference between the mixed and unmixed process. An example
of particular interest at the moment is the decay B? — J/1¢, since it enables a measurement of
the parameter 3, expected to be sensitive to the effects of physics beyond the Standard Model.

All three classes of CPV have been studied at the Tevatron experiments, and will be described
in more detail in the remainder of this talk.

2 Experimental Environment

Both CDF 8 and D0 ? have been described in detail elsewhere. Both contain central tracking
detectors within a magnetic field, surrounded by calorimetry, and with muon detectors placed
furthest from the collision point. One of the strengths of the CDF detector relating to CPV mea-
surements is an excellent momentum resolution, resulting from a large-volume tracking detector
with many detection surfaces. In addition, the trigger system includes a dedicated displaced
secondary-vertex trigger, which provides good efficiency for B hadron processes, in particular
for fully hadronic decays where there is no lepton to provide the trigger signal. A benefit of
the DO detector is its excellent muon system, providing broad coverage over central and forward
regions, and with thick shielding to reduce contamination from sources such as hadronic punch-
through and beam spray. In addition, the magnet polarities in DO are regularly reversed, which
helps to mitigate detector-induced asymmetries, significantly reducing systematic uncertainties
on asymmetry measurements.

3 Direct CP Violation

The DO experiment has performed a search for direct CPV in B* — J/¢K*(r%) decays,
using 2.8 fb~! of data '°. The parameter Acp(BT — J/¢K7T), defined according to Eq. (1),
is predicted by the Standard Model to be small (~ 0.003). This is due to the smallness of
the relative phase arg[—V.,V}/VisVj;] between tree-level and penguin diagrams in the b —
scc transition. In contrast, the equivalent asymmetry Acp(BT — J/¢7t), involving a b —
dcc transition, may be enhanced to order one percent as a result of the much larger phase
arg[~VeaV3/ ViV

After reconstructing the B¥ mesons by appropriate combination of two muon objects (from
J/v¥ — pp decay) with a charged track, the signal fraction is optimised using a likelihood ratio
method, combining several signal-sensitive variables into a single discriminant. Since charged
kaons and pions cannot be distinguished on a particle-by-particle basis, the two decays are
reconstructed collectively, and the relative number of each type is extracted from unbinned
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Figure 1: Invariant mass plots used in searches for direct CPV by DO (left) and CDF (right). In each case, the
number of decays of each charge and type is determined from fits to the data, and used to extract Acp.

maximum likelihood fits to the invariant mass M (J/¥K¥), as shown in Fig. 1(a). The fit
includes contributions from B — J/Y K, B — J/¢m (shifted upwards in mass, since the pion
track is allocated the kaon mass), and partially reconstructed decays B — J/9¥K*.

To disentangle possible detector effects from the CPV-induced asymmetry, the total data
set is divided into eight sub-samples, according to the sign of the solenoid magnet polarity,
the sign of the J/¢ K system pseudorapidity, and the sign of the kaon charge. The number of
J/¢YK (m) candidates in each sample is extracted from the likelihood fit, and the results are used
to solve a system of eight simultaneous equations which distinguish the true physics asymmetry
from several possible sources of detector asymmetry. In addition, the contribution from kaon
reconstruction asymmetry (caused by the difference in interaction cross-sections of K+ and K~
in the detector) is measured directly in data, and used to correct for this effect. The resulting
asymmetries are found to be:

Acp(BT — J/yYK™T) +0.0075 4 0.0061 (stat.) 4 0.0027 (syst.) (3)
Acp(BT — J/yrT) = —0.0940.08 (stat.) 4 0.03 (syst.) (4)

For the J/¢¥K case, this represents an improvement on the current world-average precision,
while the J/¢7 value shows competitive precision.

The CDF experiment has also performed a search for direct CPV, in decays B?s) — hTh'~
(h,h' = K or m) using 1 fb~! of data'!. Two sets of selection requirements are chosen such as to
minimise the expected uncertainty of Acp separately for low-yield and high-yield modes. The
resulting mass distribution following application of the latter selection requirements is shown in
Fig. 1(b). Despite the good mass resolution of ~ 22 MeV, the various B?s) — hTh'~ channels are
unresolved in this peak. Detailed Monte Carlo studies are performed to understand the expected
M () contributions from different sources, which comprise the principal modes B® — 77—,
BY — K*7~ and B? — K™K~ in addition to previously unobserved modes B® — KT K~
BY — ntK—, Ag — pm~ and Ag — pK~. Using a multi-dimensional unbinned maximum
likelihood fit, the relative contributions of these modes is measured. After subtracting the
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Figure 2: Invariant mass distributions from CPV measurements made by DO (right) and CDF (left).

asymmetry from kaon interaction effects, the following direct CPV parameters are extracted:

Acp(BY — K—nt) = 40.39+0.15 (stat.) =+ 0.08 (syst.) (5)

S

Acp(B® — KTn™) = —0.086+0.023 (stat.) & 0.009 (syst.). (6)

Equation (5) represents the first ever measurement of a CP asymmetry in the BY system.

4 CPV in Mixing: a¥, in Bs — ptvD; X Decays

B? mixing was first observed at the Tevatron in 2006 213, Tt implies that the mass eigenstates,
Byy and Byp, of the BY system are superpositions of the flavor eigenstates:

| Bsu) =p | Bs) —q| Bs), | Bs) =p | Bs) +q | Bs).
If p # ¢ then the mass eigenstates are not pure CP states, and the symmetry is violated. The
experimental observables describing CPV in mixing are:

¢s = arg(—Mi2/T'12), (7)
Al'y = T'p—Tg =~ 2|T'12|coses, (8)
AMS = MH—ML %2‘M12’, (9)

where I'yy 1, and My 1, are the widths and masses of the heavy and light mass eigenstate, respec-
tively, and I'12 and Mo are off-diagonal components of the time-evolution matrix.

The flavor-specific semileptonic asymmetry ag; as defined in Eq. 2 is sensitive to these
parameters, according to the relation

S

L
aSL - AMS

tangs. (10)

DO has recently performed a measurement of a%; in decays B — D;utvX, with Dy —
¢, ¢ — KTK~ and Dy — K*K~,K* — K*t7~ 14, For each channel, the signal selection is
optimised using a likelihood ratio method. The resulting D invariant mass distribution for the
¢m~ case is shown in Fig. 2(a).



The rates of direct and mixed decays F(Bg — ptX) are sensitive to the parameter agr,
according to the following relations (assuming no direct CPV):

P(BY = uX) = Np-|Af?(1—agy) e 50 1/20c0sh(Tyt/2) — cos(AM)] (1)

S

F(BS —putX) = Ny - |Af\2 (1 ) e Tst. 1/2[cosh(T'st/2) + cos(AM,t)]  (12)

with similar expressions for the charge-conjugate decays. Without going into the details of
these equations, which can be found elsewhere 15 they can be used to identify the most
important aspects of the analysis. Firstly, the time-evolution of the decay rates means that a
time-dependent analysis is needed to maximise sensitivity to ag;; in turn, this requires that
the measured decay lengths be converted to the proper decay length through the use of so-
called k-factors, which account for the missing neutrino energy. Secondly, only mixed decays
are sensitive to ag, which implies that initial flavor tagging is required to reduce dilution from
the non-mixed decays.

A multi-dimensional unbinned maximum likelihood fit is performed on the data, simultane-
ously fitting the visible proper decay length (VPDL) and its uncertainty, the mass of the D
meson candidate, the predicted tagging dilution, and the value of the signal discriminant. The
effect of different backgrounds is studied in detail using MC simulation, and fits to the mass
distribution. In addition, detector asymmetries are accounted for in the fit, by including the
regularly reversed toroid polarity as an additional input parameter. The results of the fit yield
the following measurement of the semileptonic flavor-specific asymmetry:

a% = [~7.4+9.3 (stat.) 718 (syst.) | x 1073 (13)

This is the most precise single measurement of ag;, with precision currently dominated by the
limited statistics. For reference, the Standard Model prediction is ag; = (0.02064:0.0057) x 1073,

5 (s in Bs — J/v¥¢ Decays

The third class of CPV in heavy-flavor physics arises due to the interference between direct
and mixed decays to a common final state. For example, between the processes B — J/vy¢
and B? — BY — J/u@. In this case, the parameter of interest is the relative phase between
the mixing and decay amplitudes, 20; = —arg[V;p Vi /Vp V], The SM predicts a value 265 =
(0.04 4+ 0.01) rad, whereas new physics models can enhance this phase significantly. As such,
this channel is an excellent probe for physics beyond the Standard Model.

Since both J/v¢ and ¢ are vector particles, J/1¢ is a superposition of CP-odd and CP-even
final states. Angular analysis is thus required in order to separate the contributions from the
CP eigenstates. In fact, there are three distinct polarisations: longitudinal, mutually paral-
lel, and mutually perpendicular, associated with complex amplitudes Ag(t), A)(t), and A (),
respectively. The differential decay rate can be written:

d'T[BY — J/yp(utp ) p(K+K )
dcosfdpdcosypdt

f1(0,0,0)|Ao(t)] + f2(0, ¢, )| A (1)] (14)

+ f3(0,0, ) [AL@)] + f4(0, 0, ¥)R[AG(1) Ay (¢)]
+  f5(0,0, V)[AG(E)AL()] + f6(0, o, V)A[()AL(E)],

where (6, ¢,1) are characteristic decay angles of the event, and f;() are well-defined functions
omitted here for clarity. The complex amplitudes A(t) depend on:

e Physical parameters ALy, AMj, (s, 7s (mean lifetime of BY system);

e The initial flavor of the BY meson;
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Figure 3: DO results (in two variables) of the likelihood fit over the time-dependent angular distribution of decays
BY — J/¢¢, used to measure the physical parameters of the system, such as ¢ and AT.

e The boundary values A(t = 0);
e Phases of complex amplitudes d; and d,.

Both CDF !0 and DO ! have performed recent measurements of 3, in the .J/1¢¢ channel, each
using 2.8 fb~! of data. The analysis strategy is the same for both experiments: a likelihood fit
is performed over the time-dependent angular distribution. As in the ag; measurement, flavor
tagging is used to provide additional sensitivity. The effectiveness of tagging is characterised by
the power eD?, where ¢ is the efficiency (fraction of total events which are tagged) and D is the
dilution (fraction of correct tags minus fraction of incorrect tags). For the CDF (DO0) analysis,
a power of 1.8% (2.5%) is reported for opposite-side tagging. Another requirement is that the
angular acceptances and efficiencies be well-modelled; simulations are used for this purpose.

Events are selected using a cut-based (D0) or neural net (CDF) selection, with yields of
around 2K and 3K events respectively. Figure 2(b) shows the resulting J/1¢ invariant mass
distribution from the CDF analysis. Following event selection, flavor-tagging, and modelling of
detector effects, the multi-dimensional likelihood fit is performed. Figure 3(a) shows the DO fit
results for ¢, one of the three event angles in Eq. (14), while Fig. 3(b) shows the associated fit
result for the lifetime.

Results are presented in terms of the two-dimensional likelihood contours in the (85, ATl's)
plane, which correct for systematic uncertainties and the effects of non-Gaussian uncertainties
(using pseudo-experiments). The results from CDF and DO are in agreement, and have been
combined by the Tevatron Averaging Group '®. The results are shown in Fig. 4(a), and are
inconsistent with the SM prediction at a statistical level of 2.12 ¢. The ambiguities apparent in
Fig. 4(a) are a result of symmetries in the complex amplitudes under certain transformations of
Bs and ATl';. New results in this channel from both experiments are expected for the Summer
2010 conference season.

5.1 The Charmless Analogue: Bs — ¢¢

CDF have performed a search for By — ¢¢ decays using 2.9 fb~! of data. This is the charmless
analogue of the golden J/v¥¢ mode. However, the dominant Standard Model process is the
b — s penguin diagram, and therefore the relative branching fraction is expected to be small
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Figure 4: CP Violation in the interference between mixing and decay amplitudes of B — J/v¢ decays is
expressed in terms of the (8s, AT's) contour plot (left). The equivalent charmless decay BY — ¢¢ is suppressed
in the Standard Model, quantified by the relative branching ratio measured by CDF (right).

with respect to J/¥¢. In principal, a measurement of the CP-violating phase (5 in this channel
different from the corresponding phase in J/1¢ (tree-dominated) would be an indication of New
Physics in penguin-decays, in addition to any observations in mixing.

Events are selected in the final state K™K~ K+ K~ according to requirements on a number
of discriminating variables, optimised separately to maximise S/v/S + B, where S (B) is the
number of signal (background) events in the region of the mass peak. The resulting invariant
mass distribution is shown in Fig. 4(b); the signal contribution is fitted with a double-Gaussian
function, with N(¢¢) = 295 + 20 candidates; the background is modelled by an exponential
function. Using the same selection criteria, the equivalent mass distribution for the .J/¢¢ final
state is found to contain 1766 + 48 candidates. In these fits, contributions from mis-identified
decays to J/YK* and ¢K* are taken into account using input from simulation. The relative
branching ratio for the two BY decays is then determined using the formula:

B(BY = ¢¢) _ Noo  BU/Y— ) eywo
B(BY — J/¢) Ny Bld— KTK™) eh9

(15)

The branching fractions of J/¢ — puu and ¢ — KTK~ are taken from the Particle Data
Group. The ratio of selection efficiencies € ;/,4/€4¢ is measured in simulation, and is found to
be 0.939 + 0.030 + 0.009; this value is close to unity because all events are required to satisfy
a displaced secondary vertex trigger, with no input from muon-based triggers. The additional
factor ¢, accounts for the fact that, in the J/¢¢ case, at least one muon is required to be
identified by the muon detector; it is measured in data to be 0.8695 4 0.0044. Putting together
all the numbers, the relative and absolute branching ratios are found to be:

Bz(s é?g_) _’Jq/b:zi)) [1.78 4 0.14 (stat.) & 0.20 (syst.)]% (16)
B(B? — ¢p) = [2.40 £0.21 (stat.) = 0.27 (syst.) +0.82 (BR)] x 107°. (17)



The absolute branching fraction is in agreement with current theoretical predictions, although
the uncertainties on these values are large 1.

6 Conclusions

CP Violation in B hadron physics is currently generating excitement in the particle physics
community. Both CDF and DO are becoming sensitive to small deviations from the Standard
Model predictions, as a result of a rapidly increasing dataset, very mature and stable acceler-
ator and detector complex, and improved use of innovative analysis tools, such as multivariate
selection techniques. While disagreement with the SM is only at a low-level (around 2 o) at the
moment, consistent deviations are observed in multiple independent measurements, from two
independent experiments. As such, it is important that the experimental precision continues
to improve, to increase the statistical power to differentiate between the SM predictions and
possible New Physics contributions.

In addition to the analyses described here, there are several other studies ongoing, such as
— T¢P—odd iy decays B? — Dg*)Dg*), and an updated result in the
dimuon asymmetry measurement, which is sensitive to ag; and ¢,. In these early days of the
LHC experiment, our goal at the Tevatron is to continue to produce high quality measurements,
build on our legacy as a discovery machine, and set some tough standards to match.

a measurement of T'¢P—even
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