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Abstract. Using the data samples collected with the CDF Run II detector during the year 2002 and early
2003, new measurements of the production cross-sections and the masses, lifetimes and branching fractions
of beauty and charm hadrons are presented. New measurements of the Λb mass, lifetime, and branching
fractions have greatly improved the current knowledge of bottom baryon properties and decay dynamics.
The large charm signals made available by the silicon vertex track trigger have enabled the establishment of
key measurements using rare charm decays that are sensitive to new physics beyond the Standard Model.
The decay signals Bs → Dsπ and the two body charmless decays of B0 and Bs have been established.
These decay channels are important milestones towards the measurement of Bs mixing and direct CP
violation in the B system.

1 Introduction

The CDF Run II detector is described in detail in [1].
In CDF II, the Silicon Vertex Tracker (SVT) [2] recon-
structs two dimensional tracks in 4-5 layers of the inner
silicon vertex detector online, thus allowing triggers on
detached vertices at Level 2. The SVT impact parame-
ter resolution is measured to be 48µm including a 30µm
beam spot. The SVT selects tracks with transverse mo-
menta greater than 2 GeV/c and impact parameter to the
beam > 120µm. The SVT reconstruction efficiency ver-
sus track transverse momentum and impact parameter is
shown in Fig. 1. Since January 2002, large samples of D
and B mesons from B → DX decays have been collected
using SVT. Approximately 1 million fully reconstructed
charm decays have been collected in the first 138 pb−1 of
data.

The Run II Level 1 muon triggers have also been up-
graded. The muon triggers combine tracks reconstructed
in the central-outer tracker drift chamber (COT) with
muon track stubs in the central muon systems. The trig-
gered muon transverse momentum threshold is at 1.5
GeV/c, where the Level 1 muon trigger efficiency is 92%.
The muon trigger efficiency is 97% for muons with trans-
verse momentum> 2 GeV/c. A large sample of J/ψ events
has been collected using the di-muon triggers (more than
1 million J/ψ in 138 pb−1.)

In this paper, the CDF Run II beauty and charm mea-
surements of production cross-sections, masses, lifetimes,
and rare decays from data collected during 2002 and early
2003, with the upgraded SVT and di-muon triggers, are
reviewed.

2 Charm production

2.1 Direct charm production cross-section

The secondary vertex trigger immediately provided large
samples of fully reconstructed D mesons during the first
few months of data taking in early 2002. From 5.7 pb−1

of data, D mesons were reconstructed in the modes D0 →
K−π+, D∗+ → D0π+, D0 → K−π+, D+ → K−π+π+,
and Ds → φπ+ as shown in Fig. 2. Charm mesons orig-
inating from B meson decays can be distinguished from
directly produced charm by studying the impact param-
eter of the meson to the primary vertex. D mesons from
secondary decays of B mesons will not point back to the
primary vertex. A Monte Carlo simulation (MC) is used to
model the impact parameter distribution of charm mesons
from B decays. The impact parameter distribution of two-
track vertices that originate from the primary vertex is
measured using Ks → ππ decays in the same data sam-
ple. The fit to the impact parameter distribution of re-
constructed D mesons is shown in Fig. 3. The fraction
of directly produced D mesons obtained from the fit is
fD(D0) = 86.6 ± 0.4 ± 3.5%, fD(D∗+) = 88.1 ± 0.4 ±
3.5%, fD(D+) = 89.1 ± 0.4 ± 2.8% and fD(D+

s ) = 77.3 ±
3.8 ± 2.1%. The number of observed directly produced D
mesons is corrected for the tracking and secondary ver-
tex trigger efficiencies and detector acceptance. The dif-
ferential cross-section thus obtained, for various D mesons
with transverse momentum pT > 6.0 GeV/c, and rapidity,
|y| < 1.0, is shown in Fig. 4 with the theoretical prediction
from recent NLO QCD calculations [3] overlaid. The data
is found to be 30 − 70% higher than current theoretical
predictions.
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Fig. 1. SVT efficiency compared to offline reconstruction as a function of track transverse momentum (left) and impact
parameter (right). The distributions labeled new indicate the improvement in SVT performance achieved in mid-2003

Fig. 2. D0, D∗, and Ds invariant mass signals reconstructed in CDF Run II

2.2 Charmonium production

Non-relativistic quarkonia bound states are best described
by Non-Relativistic QCD ( NRQCD) theoretical mod-
els which are used to predict the hadroproduction cross-
sections [4]. At large transverse momenta, fragmentation
type production is expected to dominate and color-octet
matrix elements dominate the color-singlet matrix ele-
ment contribution. Using color-octet matrix elements ex-
tracted from data, the model can accommodate the Run
I data at the Tevatron for J/ψ with transverse momenta
> 5 GeV/c. At low transverse momenta, soft gluon effects
and non-fragmentation effects from other octet matrix el-
ements that are difficult to calculate theoretically become
important and cause theory predictions and data to di-
verge. The Run-II CDF detector has an improved dimuon
trigger with a lower muon transverse momentum thresh-
old of 1.5 GeV/c. This has extended the low transverse
momentum range of triggered J/ψ events down to pT = 0
GeV/c. A new measurement of the total inclusive J/ψ

cross-section in the rapidity range |y| < 0.6 using 37 pb−1

of Run-II data has been carried out. This is the first mea-
surement at a hadron collider of the total cross-section of
centrally produced J/ψ. The differential cross-section is
shown in Fig. 5 and the integrated cross-section is mea-
sured to be:

σ(pp → J/ψX, | y(J/ψ) |< 0.6) ×Br(J/ψ → µµ)

= 240 ± 1(stat)+35
−28(syst) nb

3 Masses, lifetimes, and branching fractions
of b/c-hadrons

3.1 Beauty hadron masses

The CDF Run II detector is in a unique position to greatly
improve the measurement accuracy of many of the b-
hadron masses. In particular, the measurement of the Bs
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Fig. 3. Binned likelihood fit to the sideband subtracted D impact parameter distributions used to determine the fraction of
prompt D mesons in the inclusive modes
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Fig. 4. The differential D0, D∗, D+, and Ds cross-section distributions measured in CDF Run II (points with error bars) and
the theoretical predictions overlaid as a shaded band

Table 1. b-hadron mass measurements at CDF II

Particle Measured mass (MeV/c2) PDG 2002 mass (MeV/c2)
B+ 5279.32 ± 0.68(stat) ± 0.94(syst) 5279.0 ± 0.5
B0 5280.30 ± 0.92(stat) ± 0.96(syst) 5279.4 ± 0.5
B0

s 5365.50 ± 1.29(stat) ± 0.94(syst) 5369.6 ± 2.4
Λb 5620.4 ± 1.6(stat) ± 1.2(syst) 5624 ± 9

and beauty-baryon masses which are only accessible at the
Tevatron. The calibration of the CDF II momentum scale
is the key ingredient in precision mass measurements. The
momentum scale is correctly determined by a complete
accounting of the detector material for energy loss correc-
tions, and a correct calibration of the detector magnetic
field. The Run II momentum scale is calibrated using a
large data sample of 538,000 J/ψ → µµ events. The vari-
ation of the J/ψ invariant mass as a function of transverse
momentum is a very precise indicator of whether all mate-
rial has been included properly. A small amount of passive
material is added to the material description of the silicon
vertex detector, until no variation in the J/ψ invariant
mass is seen as a function of transverse momentum, as
shown in Fig. 6. In addition the final calibration of the
CDF magnetic field is performed by correcting the J/ψ
momenta until agreement is reached with the world aver-
age value (Fig. 6) [5]. The calibrations are cross-checked

by applying the material and magnetic field corrections
to other standard mass signatures: Ks, D

0,±, andΥ (1S).
These are found to be in excellent agreement with the
PDG values. Fig. 7 shows the invariant mass distributions
of B+/B0/Bs/Λb, measured using the calibrated mate-
rial and magnetic field, in fully reconstructed hadronic de-
cays to final states containing a J/ψ. The invariant masses
measured and the comparison to the PDG 2002 results [5]
are listed in Table 1. The CDF Run II measurements of Bs

and Λb mass show marked improvement over the current
world average results.

3.2 D+
s −D+ mass difference

The measurement of ∆M(D+
s −D+) is input to the overall

PDG fit for all the charmed mesons. The values of the
mass difference are predicted by Heavy Quark Effective
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Fig. 5. The invariant mass distribution of triggered J/ψ events reconstructed in 37 pb−1 of Run-II data (left). The differential
cross-section for J/ψ with |y| < 0.6 (right)
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Fig. 6. The J/ψ mass as a function of transverse momentum. Red points: No energy loss corrections, blue points: energy loss
corrections using default material description, green points: energy loss correction using final calibration of silicon material,
black points: invariant mass after magnetic field calibration applied

Theory (HQET) [6] and Lattice QCD calculations [7]. The
energy loss and magnetic field calibrations described in
the last section are applied to the measurement of the Ds

mass in the decay modes D±
s , D

± → φπ, φ → KK. An
unbinned log-likelhood fit to the invariant mass of φπ is
performed and the fit projection is shown in Fig. 8.

The mass difference measured is: m(D±
s ) −m(D±) =

99.41±0.38(stat)±0.21(syst) MeV/c2. This measurement
is already an improvement over the current particle data
group value of m(D±

s ) −m(D±) = 99.2 ± 0.5 MeV/c2 [5].

3.3 Bs lifetime using Bs → J/ψφ

The lifetime of the Bs meson is the least well measured
of the B meson lifetimes making it difficult to compare

experimental values of the lifetime ratios with theoretical
prediction. In addition, theory predicts a lifetime differ-
ence between the two Bs CP eigenstates, which can be
extracted by combining the lifetime measurement with an
angular analysis. To this end, a new measurement has
been performed of the Bs lifetime at CDF in the de-
cay mode J/ψφ, which is a mixed CP state. A total of
120 Bs → J/ψφ events are reconstructed from 138 pb−1

of data, and the lifetime is extracted from a maximum
log likelihood fit to the proper decay length of Bs can-
didates. The B0 lifetime is measured in a similar fash-
ion using a much larger sample of 800 B0 → J/ψK∗0

events. This sample is also used to estimate systematic
uncertainties. The CDF Run II lifetimes of B0

s and B0 are
measured to be τBs

= 1.33 ± 0.14(stat) ± 0.02(syst) ps,
and τB0 = 1.51 ± 0.06(stat) ± 0.02(syst) ps respectively.
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Fig. 7. b-hadron decay modes used to measure the B+, B0, B0
s , and Λb invariant mass in CDF Run II

The data and fit distributions are shown in Fig. 9. An an-
gular analysis is currently under-way to separate the two
CP eigenstates using the larger data sample collected in
Summer 2003.

3.4 Λb lifetime, and branching fractions

A combination of the increased luminosity of Run II and
new triggers oriented towards B-physics has created new
opportunities to study the heavy baryons and expand the
knowledge of the structure of baryonic matter.

Prior to the start of Run II of the Tevatron, no mea-
surement existed of the Λb lifetime in a fully reconstructed
mode. Lifetime measurements using partially semileptonic
decay modes containing a Λc and a lepton from LEP [8]
and CDF Run I [9] were limited in accuracy and had feed-
down from other heavy baryons. In CDF Run II, the Λb

lifetime in the fully reconstructed hadronic decay mode
of Λb → J/ψΛ has been measured. Using 46 ± 9 recon-
structed events, the lifetime is measured to be τΛb

=
1.25±0.26(stat)±0.1(syst) ps. The current measurement
is from 65 pb−1 of Run II data. The statistical uncer-
tainty on this measurement is expected to be greatly re-
duced when the full 225 pb−1 of Run II data is analysed.
The invariant Λb mass and the corresponding lifetime fit
results are shown in Fig. 10

CDF Run II has successfully carried out new and im-
proved measurements of the Λb mass and lifetime using
fully reconstructed decay modes containing J/ψ obtained
from the enhanced di-muon and level 1 track triggers.
Heavy baryon decays to non-charmonium final states have
also been reconstructed using data obtained from the sil-
icon vertex trigger. A sample of 96 Λb → Λ+

c π
− candi-

dates has been reconstructed and is used to measure the
branching fraction of Λb in this decay mode. At CDF,
measurements of ratios of branching ratios are more pre-
cise than absolute measurements, since most of the sys-
tematic errors cancel. It is then possible to rely on the
B factories to provide precise measurements of higher-
statistics branching ratios for use as denominators. Fur-
ther, it is advantageous to package this branching ratio
together with other poorly known quantities such as frag-
mentation fractions. The Λb → Λ+

c π
− measurement is nor-

malized to the decay B0 → D−π+, D+ → Kππ, which
has the same number of particles in the final state. The
decay Λb → Λ+

c π
− contains reflections and satellite con-

tributions from other B meson decays, and other baryons.
All possible reflections are studied and the different com-
ponents are put into a one-dimensional binned extended
likelihood fit. The fit projections to the Λ+

c π
− distribu-

tions are shown in Fig. 11. The 2002 PDG fragmentation
ratio of fbaryon/fd = 0.304 ± 0.053, where fΛb

and fd are
the fragmentation fractions to Λb and Bd respectively, is
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Fig. 9. Lifetime fit projection for B0 → J/ψK∗ (left) and Bs → J/ψφ (right)

used to extract the ratio of branching fractions:

Br(Λb → Λ+
c π

−)
Br(B0 → D−π+)

= 2.2±0.4(stat)±0.3(syst)±0.7(BR+FR)

This is the first measurement of the Λb branching fraction
in this mode.

4 Rare charm decays

4.1 Cabbibo suppressed D decays

The study of the precise structure of the Standard Model
has been guided by measurements of mixing and CP viola-
tion in the neutral K and B meson sectors. The Standard

Model predictions for the rate of mixing and CP viola-
tion in the charm sector are small, with the predictions
in both cases ranging from 0.1-1.0% [10]. Observation of
CP violation above the 1% level would be strong evidence
for physics beyond the Standard Model. The SU(3) flavor
symmetry predicts Γ (D0 → K+K−)/Γ (D0 → π+π−) =
1.0, while the world average value is 2.88±0.15. This devi-
ation is most likely caused by large final state interactions.
The observed CP asymmetry in these decays is propor-
tional to the direct CP violation, which is predicted to be
small in the SM, multiplied by the sine of the strong phase
difference. D0 candidates are combined with a soft pion,
πs, from D∗± → D0π±

s . The soft pion is used to tag flavor
as well as reduce combinatorial background and remove
the auto-reflection from D0 → Kπ decays. The distribu-
tions of the reconstructed decays are shown in Fig. 12.
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Fig. 10. Invariant mass distributions of Λb → J/ψΛ events used to measure the Λb lifetime (left). Projection of the unbinned
log-likelihood fit to the Λb proper decay length (right)
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The ratios of branching fractions normalized to D0 →
Kπ is measured to be Γ (D0→K+K−)

Γ (D0→Kπ) = 9.38±0.18(stat)±
0.10(syst)% and Γ (D0→π+π−)

Γ (D0→Kπ) = 3.686 ± 0.076(stat) ±
0.036(syst)%. These measurements compare favorably
with the worlds current best measurements from the
FOCUS [11] experiment of Γ (D0 → K+K−)/Γ (D0 →
Kπ) = 9.93 ± 0.14 ± 0.14% and Γ (D0 → π+π−)/Γ (D0 →
Kπ) = 3.53 ± 0.12 ± 0.06%. The intrinsic charge asym-
metry of the CDF detector is corrected for by study-
ing samples independent samples of unbiased tracks as
a function of track transverse momentum. To check for
any possible residual effects, the corrections are applied
to the D0 → Kπ data sample where no CP asymme-
try is expected. After correcting for detector effects, the
decay asymmetries are found to be Acp(D0 → KK) =
2.0 ± 1.7(stat) ± 0.6(syst)% and Acp(D0 → ππ) = 3.0 ±
1.9(stat) ± 0.6(syst)%.

Given the systematic uncertainties currently achieved
by these measurements, the addition of more data from

CDF Run II should significantly improve the current mea-
surement precision.

4.2 Rare FCNC D0 → µµ

In the Standard Model, the FCNC decay D0 → µµ is sup-
pressed by the GIM mechanism, with a branching frac-
tion estimated to be Br(D0 → µµ) ≈ 3 × 10−13 [12].
In contrast, some SUSY models with R-Parity violation
predict branching fractions as large as 3.5 × 10−6 [12].
The best published limit, at 90% C.L. is, 4.1 × 10−6.
Given the large number of charm mesons accessible at
CDF Run II with the silicon vertex trigger, CDF Run II
has the potential to take the lead in the search and im-
prove over existing experiments. The SVT-triggered sam-
ples of D0 → K−π+ are used to understand acceptance,
background and signal normalization. The results are nor-
malized to the mode D0 → π+π− such that most ac-
ceptance effects cancel and only the relative efficiency of
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Fig. 13. Using D∗ tagged D0 → Kπ decays, the probability that a pion (left) or kaon (right) is misidentified as a muon is
measured. The transverse momentum dependence is shown

D0 → µ+µ− to π+π−, obtained from a Monte Carlo
simulation, is needed. The expected background is from
D0 → π+π− with both pions misidentified as muons and
combinatorics. The π/K mis-identification probability is
determined from D∗ tagged D0 → Kπ events, where one
or both tracks are tagged as muons and is shown in Fig. 13.
The expected combinatoric background contribution is ob-
tained from a study of the mass sideband in D∗ tagged
D0 → π+π− events. The D0 → π+π− normalization and
mis-identification backgrounds are shown in Fig. 14. The
current background estimate is found to be 2 events and
is dominated by combinatoric backgrounds. The number
of events found in the search window after muon iden-
tification is required on both tracks is zero as shown in
Fig. 14, therefore the current CDF limit obtained from 63
pb−1 of data is Br(D0 → µ+µ−) ≤ 2.4 × 10−6 @ 90%
C.L. A better understanding of the sources of combina-

toric background could potentially increase the sensitivity
of the current analysis to 2 × 10−7.

5 CKM physics prospects in CDF Run II

5.1 Bs mixing

In Fig. 15, the Bs mixing reach from 2000 fully recon-
structed hadronic decays, assuming an 11% tagging ef-
ficiency is shown. The first Bs → Dsπ signals recon-
structed using the non-optimized silicon tracker perfor-
mance shown in Fig. 1 is shown in Fig. 15. Using the cur-
rent improved performance of the track triggers and the
same signal to background of 2/1, 1600 hadronic events
per fb−1 are expected, extrapolating from the already re-
constructedBs → Dsπ signal. With modest improvements
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Fig. 14. The D∗ tagged D0 → π+π− used for normalization (left). The D0 → π+π− mis-identification background without
muon identification required (center) and the µµ invariant mass after both tracks are required to be tagged as muons (right)

Fig. 15. Bs mixing reach using 2000 fully reconstructed hadronic Bs decays (left). Bs → Dsπ signals reconstructed in the first
65 pb−1 of CDF Run II data (right)

in triggers, more hadronic modes reconstructed, and in-
cluding kaon tagging using the new time-of-flight system
in CDF Run II, the 2000 events of fully hadronic Bs de-
cays are achievable in 1 fb−1 - this gives a 5 σ sensitivity
for ∆(ms) = 18 ps−1 with 1.7 fb−1 of data and a 5 σ
sensitivity for ∆(ms) = 24 ps−1 with 3.2 fb−1 .

5.2 Direct CP violation in b → hh

CDF Run II has collected several hundred charmless
two track decays of B mesons in the decay mode b →
hh events, where h could be π/K/p and b could be a
B+/B0/Bs/Λb. The invariant mass distribution of b → hh
candidates from 65 pb−1 using a pion hypothesis for both
tracks is shown in Fig. 16. The goal is to measure the
CP decay asymmetries in the decay modes Acp(Bd →
π+π−/K+π−, Bs → KK/K−π+, Λ0

b → p+π−/p+K−).
Although the CP asymmetries in the charmless 2-body

Bd decay modes have been measured at the B-factories,
the asymmetries in the modes Bs and Λb are currently
only accessible at the Tevatron. The first step in mea-
suring the CP asymmetries is disentangling the different
components that contribute b → hh. Differences in π−K
kinematics are used to separate Kπ/πK from ππ/KK
by exploiting the relationship between the invariant mass
and the quantity α = (1 − p1/p2) · q1, where p1/p2 is
the ratio of the minimum to the maximum momentum
of the two decay hadrons and q1 is the charge of the
lowest momentum hadron. The distribution of α versus
M(ππ) from a Monte Carlo simulation is shown in Fig. 17.
In addition, π/K separation using dE/dx particle id is
used to separates ππ decays from KK, and πK from Kπ.
An unbinned log-likelihood fit to the kinematic variables
α, M(ππ), and the π/K dE/dx probabilities are used
to separate the different hh components. The fractions
of B0 → Kπ, B0 → ππ, Bs → KK,Bs → Kπ are
53 ± 6%, 14 ± 5%, 32 ± 6%, and 1 ± 4% respectively. The
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Fig. 16. b → hh invariant mass distributions using a pion hypothesis

Fig. 17. The hh invariant mass using a pion hypothesis for various b → hh decays versus the quantity α = (1 − p1/p2) · q1
(left). On the right is the CDF K − π dE/dx separation

results are used to extract the decay asymmetry in the
mode B0 → Kπ:

ACP = B̄0
d→K−π+−B0

d→K+π−

B̄0
d→K−π++B0

d→K+π− =

0.02 ± 0.15(stat) ± 0.017(syst)

and the relative branching fraction of Bs → KK:

Br(Bs→K±K∓)
Br(Bd→K±π∓) =

2.71 ± 0.73(stat) ± 0.35(fs/fd) ± 0.81(syst)

using the world average measurement of the fragmentation
fraction fs/fd = 0.27 ± 0.04.

6 Conclusion

CDF Run II has produced new measurements of the charm
and beauty cross-sections, lifetimes and branching frac-

tions using the data sample collected during the first year
of running. These measurements exploit the high yields of
triggered displaced charm mesons and J/ψ from the sec-
ondary vertex track trigger and upgraded dimuon triggers
respectively. More than 1 million charm and J/ψ signals
have been reconstructed. The upgraded detector and trig-
gers have enabled CDF Run II to significantly contribute
new knowledge of the heavier beauty hadrons which are
currently accessible only at the Fermilab Tevatron. New
measurements of the Bs and Λb masses, lifetimes and
branching fractions have improved or superseded the cur-
rent worlds best measurements. The study of rare charm
decays has been established as a tool to probe physics be-
yond the Standard Model, and a new best limit on the rare
FCNC decay of D0 → µµ has been measured. In addition
the decay signals Bs → Dsπ and the two body charmless
decays of B0 and Bs have been established. These decay
channels are important milestones towards the measure-
ment of Bs mixing and CP violating decay asymmetries.
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