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The large datasets provided by the Tevatron pp̄ collider have offered
CDF and DØ experiments unprecedented opportunities to measure B had-
ron masses, lifetimes, and decay branching fractions with great precision,
reconstruct and identify resonances that have never been observed before,
and set stringent limits on many rare decays. In this paper, I summarize
some of the recent heavy flavor results from the Tevatron.

PACS numbers: 12.15.Ff, 13.20.He, 13.20.Jf, 13.25.Hw

1. Introduction

The Tevatron proton and anti-proton collider has been running exceed-
ingly well. It has achieved a record instantaneous luminosity of 1.7 ×
1032 cm−2s−1 and delivered over 1.6 fb−1 to both the CDF and DØ ex-
periments at a center-of-mass energy of 1.96 TeV so far in Run II. Both
experiments have accumulated datasets of more than 1 fb−1. Datasets of
this size offer unique opportunities not just for high pT physics, but also for
B physics. Both CDF and DØ have rich B physics programs. A large num-
ber of B physics results from Tevatron Run II have been either published or
presented at conferences. I cannot possibly cover all the results in my short
talk. Instead, I will summarize a few selected topics falling roughly into
three areas: spectroscopy, rare decays and B0

s physics. People interested in
details or in results not covered in this paper are encouraged to visit the
CDF and DØ B physics web pages [1].

Bottom quarks are copiously produced in pp̄ collisions at the Tevatron.
The cross section is estimated to be ∼ 100 µb. At a typical instantaneous
luminosity of 1 × 1032 cm−2 s−1, this cross section gives a rate of 10 kHz of
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real b-quarks. Like other quarks, b-quarks are promptly hadronized to form
B hadrons. Unlike the e+e− B factories at SLAC and KEK, where only
lightest B hadrons are formed, a large variety of B hadrons are produced at
the Tevatron. The expected compositions are ∼ 80% B+ and B0, ∼ 10%
each for Bs meson and B-baryons. Other B hadrons are also produced,
but at small rates. For example, it is expected that 0.05% of all B hadrons
are Bc mesons. Events with real B’s are buried under even larger QCD
backgrounds (with a total inelastic cross section of 60 mb!). Triggering B
events is a real challenge. In CDF, B hadrons are triggered either by muons
from B decays (semileptonic or J/ψ) or by their long decay distances. In
DØ, the trigger relies solely on muons from B decays.

2. Masses, lifetimes and branching ratios

2.1. B+
c mass

The B+
c meson1 is a b̄c bound state formed by two heavy quarks: a bot-

tom antiquark and a charm quark. It provides a unique opportunity to
test heavy-quark effective theory that has been successful in describing both
lighter charm and bottom hadrons.
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Fig. 1. The CDF reconstructed J/ψπ+ invariant mass distribution with a binned

fit superimposed.

The B+
c meson is not produced at SLAC and KEK B factories and is rarely

produced at the Tevatron. Therefore its mass is not well known. Lat-
tice QCD calculation predicts a mass of 6304 ± 12+18

−0 MeV/c2 [4]. The
CDF experiment has fully reconstructed the B+

c meson through its decay
B+

c → J/ψπ+ with the subsequent J/ψ → µ+µ− decay. Fig. 1 shows the

1 Charge conjugation is implied throughout this proceeding.
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reconstructed J/ψπ+ mass distribution from a sample of 800 pb−1. A fit to
signal and background contributions yields 39 B+

c candidates, corresponding
to over 6 standard deviations for a false signal from a potential background
fluctuation. The B+

c mass is measured to be 6275.2 ± 4.3(stat) ± 2.3(syst)
MeV/c2, in good agreement with the lattice calculation. This is the most
precise B+

c mass measurement to date.

2.2. Λb lifetime

The lifetime of all B hadrons are expected to be equal based on a simple
quark-spectator model. However, when non-spectator effects are taken into
account, they give rise to a lifetime hierarchy of τ(B+) ≥ τ(B0) ≈ τ(B0

s ) >
τ(Λb) ≫ τ(B+

c ) [5]. Precision measurements of B hadron lifetimes are im-
portant to test theory predictions. CDF has reported a new measurement
of Λb (a udb baryon) lifetime in its decay channel Λb → J/ψ(µ+µ−) Λ(pπ−).
Analyzing 1 fb−1 of data, 538 ± 38 Λb candidates are reconstructed. Their
measured proper decay length distribution is shown in Fig. 2(left). A fit
to the distribution results in a lifetime of 1.593+0.083

−0.078(stat) ± 0.033(syst) ps.
This measurement is compared with previous measurements in Fig. 2 (right).
It is interesting to note that the new measurement is significantly above the
world average of all previous measurements, but is closer to those of B
mesons.
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2.3. Branching fractions of B0
s → D

+(∗)
s D

−(∗)
s

As discussed in Section 4, the B0
s − B̄0

s mixing can produce a large
width difference ∆Γs between the two Bs mass eigenstates. The branching

fraction of the B0
s → D

+(∗)
s D

−(∗)
s decays is directly proportional to ∆Γs.

Thus measurement of this branching ratio allows for the determination of
∆Γs. Both CDF and DØ have recently reported results on this topic.

CDF fully reconstructs the B0
s → D+

s D
−
s decay through the identification

of D±
s in its subsequent Ds → φ(K+K−)π,KK∗(Kπ), πππ decay. In a data

sample of 355 pb−1, a total 23.5±5.5 candidates are identified. Fig. 3 shows
the reconstructed D+

s D
−
s mass distribution in the D+

s → φπ+ decay. This
represents the first observation of this fully reconstructed B0

s decay mode.
The measured ratio of branching fractions is

Br(B0
s → D+

s D
−
s )

Br(B0
D → D+

s D−)
=

1.67 ± 0.41(stat) ± 0.12(syst) ± 0.24(fs/fd) ± 0.38(BrDs → φπ) .
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Fig. 3. The CDF invariant mass distribution of D+
s D

−

s candidates with D+
s recon-

structed from its decay to φπ+.

The DØ analysis partially reconstructs B0
s → D

+(∗)
s D

−(∗)
s → D+

s D
−
s +

X → (φπ+)(φµ−ν̄) + X decay. Thus the final state includes D+
s D

−
s ,

D+∗
s D−

s , D
+∗
s D−∗

s . The photons and π0’s from D+∗
s → D+

s γ,D
+
s π

0 de-
cays are not reconstructed. The analysis searches for an additional φ in an
event with a muon and an identified D+

s → φ(K+K−)π+ candidate. The

measured yield 19.3 ± 7.8 is then normalized to that of B0
s → D

+(∗)
s µ−ν̄

decay. Using Particle Data Group [6] values of Br(D+
s → φµ+ν) and

Br(B0
s → D

−(∗)
s µ+ν), the branching fraction of B0

s → D
+(∗)
s D

−(∗)
s is mea-

sured to be 0.071 ± 0.032(stat)+0.029
−0.025(syst).
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2.4. Excited B mesons

Apart from the well established L = 0 S-states (B0
d , B

+, B0
s , . . . ), the

quark model predicts the existence of two wide (B∗
0 and B∗

1) and two nar-
row (B1 and B∗

2) bound (b̄d) L = 1 P -states, collectively called B∗∗ states.
After nearly 30 years of the b quark discovery, little is known about these
states experimentally. However, these states are expected to be produced at
the Tevatron. The wide states decay through the S-wave and therefore have
a large width of O(100) MeV. The resonances of such states are too broad to
be identified. On the other hand, the two narrow states decay through the
D-wave and are expected to have a small width of O(10) MeV. B1 and B∗

2 are
expected to have decay modes B1 → B+∗π−, B∗

2 → B+∗π−, B∗
2 → B+π−

with B+∗ → B+γ. The soft photon from the B+∗ decay is not reconstructed.
Both the CDF and DØ experiments have reported observations of these nar-
row states. Both analyses began with the reconstruction of the B+ meson in
its J/ψ(µ+µ−)K+ (CDF and DØ) and D̄0(K+π−)π+ (CDF) decay modes.
The identified B+ meson is then combined with a track consistent with
originating from the same primary vertex to form B1 and B∗

2 candidates.
Fig. 4 (left) shows the CDF invariant mass distribution of B+π− combina-
tions. Fits to these distributions resulted M(B1) = 5734 ± 3 ± 2 MeV/c2,
M(B∗

2) = 5738 ± 5 ± 1 MeV/c2 for CDF and M(B1) = 5720.8 ± 2.5 ± 5.3
MeV/c2, M(B∗

2) −M(B1) = 25.2 ± 3.0 ± 1.1 MeV/c2, Γ (B∗
2) ≡ Γ (B1) =

6.6±5.3±4.2 MeV for DØ. These results are consistent with each other and
represent the first observations of B1 and B∗

2 excited mesons.
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Fig. 4. The CDF mass difference M(B+π−)−M(B+)−M(π−) (left) and the DØ

mass difference M(B+K−) −M(B+) −M(K−) (right). Curves represent fits to

signal and background contributions.

Similar to the b̄d system, the quark model also predicts 4 P -states for the
b̄s system. DØ has searched for the B∗

s2 state, a counterpart of the B∗
2 state,

through its decay B∗
s2 → B+K− with B+ → J/ψ(µ+µ−)K+. The B+K−

invariant mass distribution from a sample of 1 fb−1 is shown in Fig. 4 (right).
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The B∗
s2 signal is evident. A fit yields 135 ± 31 B∗

s2 candidates with mass
M(B∗

s2) = 5839.1 ± 1.4 ± 1.5 MeV/c2. This is the first observation of the
B∗

s2 meson.

3. Rare decays

Flavor changing neutral current (FCNC) decays are forbidden at tree
level in the standard model (SM) and can proceed via higher order penguin
or box diagrams. Many extensions of the SM allow for tree level diagrams or
alternative loop diagrams for FCNC that could significantly alter the decay
rate with respect to SM expectations.

3.1. B0
d , B

0
s → µ+µ−

In the SM, the branching fraction for B0
s → µ+µ− is expected to be

(3.42 ± 0.54) × 10−9 [7]. The branching fraction of Bd → µ+µ− decay
is further suppressed by CKM matrix elements |Vtd/Vts|

2 leading to a SM
prediction (1.00 ± 0.14) × 10−10. An observation of these decays at the
Tevatron would signal new physics beyond the standard model [8]. Both
CDF and DØ have published limits on these decays. Here, I will discuss the
latest result from CDF.

)RLikelihood Ratio (L
0.9 0.95 1

2
 / 

G
eV

/c
µµ

M

4.8

5

5.2

5.4

5.6

5.8

CDF II Preliminary )-1(780 pb

dB

sB

CMU-CMU
CMU-CMX

Fig. 5. The CDF invariant mass distribution versus the event likelihood ratio (sig-

nal/background). Boxes indicate expected regions for B0
d, B

0
s → µ+µ− decays.

The search for B0
d , B

0
s → µ+µ− involves looking for an excess in the

µ+µ− invariant mass spectrum consistent with the B0
d or B0

s masses. The
challenge is to reduce backgrounds from Drell–Yan processes, semileptonic
decays of bottom and charm hadrons, and instrumental sources. To this
end, event kinematics such as µ+µ− decay length, isolation, and pointing
angles are explored. CDF constructed likelihoods for signal and background
events and cut on the likelihood ratio to reduce backgrounds. The ob-
served dimuon mass versus the likelihood ratio distribution from a sample
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of 720 pb−1 is displayed in Fig. 5. Three candidate events are observed in
the expected signal region, consistent with contributions from background
processes. CDF therefore sets limits Br(B0

d → µ+µ−) < 3.0 × 10−8 and
Br(0→ µ+µ−) < 1.0 × 10−7, both at 95% confidence level (CL). The limit
on B0

s is only a factor of 50 above the standard model expectation.

3.2. B0
s → µ+µ−φ

The decay B0
s → µ+µ−φ is an exclusive FCNC decay corresponding to

the b → sℓ+ℓ− transition at quark level. Within the SM the decay rate
B0

s → µ+µ−φ is predicted to be about 1.6×10−6 [9] excluding long-distance
effects from charmonium resonances. The uncertainty on the rate is large,
estimated to be up to 30% due to poorly known form factors. In the two-
Higgs doublet model, the rate might be enhanced [10].

DØ has searched for the B0
s → µ+µ−φ decay using techniques similar

to those employed for B0
d , B

0
s → µ+µ− analyses. The φ meson is recon-

structed through its decay to K+K−. The µ+µ− pair consistent with J/ψ
or ψ′ decay is removed. Fig. 6 shows the µ+µ−φ mass distribution after all
selection requirements obtained from a sample of about 300 pb−1. No event
is observed in the signal region. A limit of Br(B0

s → µ+µ−φ) < 4.1 × 10−6

at 95% CL is obtained. This limit is only a factor of 3 above the expected
SM value.
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Fig. 6. The DØ µ+µ−φ mass distribution after all selection cut.

3.3. D+ → µ+µ−π+

Unlike down-type quarks, the FCNC processes involving up-type quarks
are less explored experimentally. There are several scenarios of new phe-
nomena [11] that predict deviations from the SM in the up sector. In the
SM, the inclusive rate for D+ → µ+µ−π+ is expected to be dominated by
long distance contributions with µ+µ− from intermediate resonances such
as φ and ω. DØ has searched for the D+ → µ+µ−π+ decay with the µ+µ−

pair from both the resonances and the continuum.



894 J. Qian

Fig. 7 shows the invariant µ+µ−π+ mass distribution, requiring µ+µ− to be
from the φ mass window 0.96 ≤ mµµ ≤ 1.06 GeV/c2. A fit to the observed
distribution with D+ → φπ+, D+

s → φπ+, and background contributions
yield 25±9 D+ candidates. Normalizing to the rate of D+

s , DØ has measured
Br(D+ → φπ+ → µ+µ−π+) = (1.75 ± 0.70 ± 0.50) × 10−6, a significant
improvement over the previous measurement by CLEO [12]. Requiring µ+µ−

to be from the continuum i.e. mµµ ≤ 0.96 GeV/c2 or mµµ ≥ 1.06 GeV/c2,
17 D+ candidate events are observed with an estimated 20.9 ± 3.4 events
from backgrounds. Without excess, DØ sets a limit Br(D+ → µ+µ−π+) <
4.7 × 10−6 at 90% CL.

Fig. 7. The DØ µ+µ−π+ mass distribution requiring 0.96 < mµµ < 1.06 GeV/c2.

The two peaks are expected from D+ (left) and D+
s (right) contributions.

4. B
0

s
Physics

Similar to the B0
d − B̄0

d system, the B0
s − B̄0

s system is expected to mix
and oscillate, as a result of the weak interaction involving box diagrams.
The mixing leads to two mass eigenstates with different values of mass and
decay width. In the SM, the heavier and lighter mass eigenstates are largely
CP-even and CP-odd states, respectively. As B0

s − B̄
0
s oscillates, the relative

mixture of CP-even and CP-odd states changes. Since the two CP states
are expected to decay with different angular distributions, the mixture at
decay can be determined by studying angular distributions of a decay mode
common to both B0

s and B̄0
s such as B0

s , B̄
0
s → J/ψ φ. Denoting the mass

difference ∆ms = MH −ML, the width difference ∆Γs = ΓL − ΓH, and the
average width Γs = (ΓL + ΓH)/2, the time dependent probability that an
initial B0

s meson decays at time t as a B̄0
s (or vice versa) is given by P osc.(t) =

Γse
−Γst( − cos∆mst)/, assuming that ∆Γs/Γs is small. Therefore, ∆ms
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can be determined from the oscillation measurement while the separation
of the two CP components in J/ψ φ decay allows the measurement of the
lifetime difference ∆Γs.

4.1. B0
s lifetime difference

There have been considerable interests in the ∆Γs results [14] from the
Tevatron over the last couple of years. CDF reported the first direct mea-
surement of ∆Γs in 2004 with a number unexpectedly large. DØ subse-
quently reported their first measurement that is in good agreement with the
expectation.
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DØ has recently updated its measurement with 800 pb−1. The kinemat-
ics of B0

s , B̄
0
s → J/ψ(µ+µ−)φ(K+K−) decay can be characterized by three

angles [13]. The lifetime difference and the average lifetime can be extracted
through a simultaneous fit to distributions of the three decay angles and the
proper decay length. Fig. 8 (left) shows the measured decay length distribu-
tion. Also shown in the figure are contributions from CP-even and CP-odd
states determined from the fit. The average lifetime and decay width differ-
ence are determined from a simultaneous fit to these distributions:

τ̄B0
s

=
τH + τL

2
= 1.53 ± 0.08+0.01

−0.03 ps ,

∆Γs = ΓL − ΓH = 0.15 ± 0.10+0.03
−0.04 ps−1 .

Fig. 8 (right) compares the Tevatron results with the theoretical expectation
and other flavor or CP specific measurements.
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4.2. B0
s–B̄

0
s oscillation

Both DØ and CDF have reported results of B0
s–B̄0

s oscillation
frequency [15]. These analyses are briefly described below. There are three
key components for studying B0

s–B̄0
s oscillation: flavor tagging at the pro-

duction, flavor determination at the decay and measurement of the proper
decay time. In the DØ analysis, the flavor at the production is tagged from
the electron or muon charge of the semileptonic decay and jet charge of
the other B hadron (opposite-side tagging). The tag gives a tagging power
ǫD2 ∼ 2.5%. The flavor at the decay is determined through the partial recon-
struction of semileptonic B0

s → D−
s µ

+ν decays with D−
s → φ(K+K−)π−.

The reconstructed decay vertex, corrected for Lorentz boost, gives the proper
decay length. The typical resolution for the proper decay length is about
150 fs. Analyzing 1 fb−1, DØ reconstructs about 5,600 B0

s → µ+νD−
s de-

cays with opposite-side flavor tagging. An unbinned likelihood fit using
decay time and its resolution, flavors at production and decay is employed
to extract the oscillation frequency.
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s oscillation amplitude (right) as

functions of oscillation frequency ∆ms.

Fig. 9 (left) shows the value of −∆ logL of the fit as a function of ∆ms,
indicating a favored value of 19 ps−1 with a range of 17 < ∆ms < 21 ps−1 at
the 90% CL, the first direct two-sided limit on the oscillation frequency. The
result of an amplitude scan [16] is shown in Fig. 9 (right). In this method,
oscillation and non-oscillation are characterized by amplitude A = 1 and
A = 0 respectively. At ∆ms = 19 ps−1 the measured data point deviates
from the hypothesis of no oscillation (A = 0) by 2.5 standard deviations.

CDF employs both opposite-side (ǫD2 ∼ 1.5%) and same-side (ǫD2 ∼
3.5–4.0%) tagging to determine the flavor at the production. The same-
side tagging assumes that when a B0

s (or B̄0
s ) meson is formed through

hadronization, a corresponding Kaon is produced. By measuring the charge
of the Kaon at the same-side of the decaying B0

s (B̄0
s ) meson, the flavor
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at the production is determined. Apart from the partial B0
s → D−

s µ
+ν

reconstruction as DØ discussed above, CDF also fully reconstructs hadronic
B0

s → D−
s (3)π+ decays thanks to their secondary vertex trigger capability.

Without missing neutrinos, the hadronic reconstruction gives superior decay
length resolution, estimated to be around 90 fs. In total, CDF reconstructs
37,000 B0

s (B̄0
s ) in the semileptonic mode and 3,600 in the hadronic mode.

Fig. 10 (left) shows the invariant mass distribution of D−
s π

+ with D−
s →

φ(K+K−)π−.
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Fig. 10. CDF: The D−

s (φπ−)π+ invariant mass distribution (left) and the measured

amplitude values and uncertainties (upper) and the logarithm of the likelihood ratio

(lower) versus oscillation frequency ∆ms (right).

The fitted value of the amplitude as a function of the oscillation frequency
is shown in Fig. 10 (right, upper plot). At ∆ms = 17.3 ps−1, the observed
amplitude A = 1.03 ± 0.28(stat) is consistent with unity, indicating that
the data are compatible with B0

s − B̄0
s oscillation with that frequency, while

the amplitude is inconsistent with zero at 3.7 standard deviations. The
significance of the potential signal is evaluated using the logarithmic like-
lihood ratio Λ of A = 0 and A = 1: Λ = log[LA=/LA=]. The lower
plot of Fig. 10 (right) shows Λ as a function of ∆ms. Under the hypothesis
that the signal is due to the oscillation, the frequency is measured to be
∆ms = 17.31+0.33

−0.18(stat) ± 0.07(syst) ps−1. This is the first measurement of

B0
s − B̄0

s oscillation frequency.

5. Summary

Selected latest heavy flavor results covering spectroscopy, rare decays and
B0

s mixing and oscillation from the CDF and DØ experiments are summa-
rized in this talk. On the spectroscopy, topics covered are B+

c mass and Λb

lifetime measurements from CDF, branching fractions of B0
s → D

+(∗)
s D

−(∗)
s
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determinations from both CDF and DØ, and observations of excited B∗∗

mesons from CDF and DØ. In the area of rare decays, recent results on
FCNC processes B0

d , B
0
s → µ+µ− (CDF), B0

s → µ+µ−φ (DØ) and D+ →
µ+µ−π+ (DØ) are presented. On B0

s mixing and oscillation, the latest re-
sults on the lifetime difference (DØ) and B0

s − B̄
0
s oscillation (DØ and CDF)

are presented.

It is truly a pleasure to present many exciting B physics results from
the Tevatron. I thank my colleagues at the Tevatron for their tireless and
dedicated effort and apologize to them for leaving out many interesting re-
sults. I am grateful to B physics group conveners of both CDF and DØ
(Guennadi Borissov, Brendan Casey, Matthew Herndon, Kevin Pitts) for
their support. I wish to express my gratitude to the conference organizers
for their hospitality and successful hosting of the conference.
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