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Abstract. We present recent CDF results on the properties of hadrons containing heavy quarks.
These include measurements of charm andΣ−

b Σ∗−
b baryon’s masses, lifetimes and masses ofΩ−

b ,
Ξ−

b andB−
c and a measurement of exclusiveB+ , B0 andΛb lifetimes as well as lifetime ratios

(charge conjugate modes are implied throughout the text). We also summarize new measurements
of exotic particlesX(3872) andY (4140) .
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INTRODUCTION

The interaction between ab quark and the other quark(s) in aB hadron is based on the
strong interaction or Quantum Chromodynamics (QCD). It is often stated that heavy
quark hadrons are the hydrogen atom of QCD since we can use perturbative QCD
to describe the potential quite well. B hadrons probe a unique region of parameter
space (i.e., mass, energy, momentum, velocity) that can be studied using a wide range
of tools like potential models, HQET [1, 2] and lattice gauge calculations. Besides,
measurements ofB hadron lifetimes study the interplay between the strong and weak
interaction and test the validity of HQE [3, 4] and the lifetime-hierarchy of theB hadrons.
The HQE technique is also used to supply input for the extracion of elements of the
Cabibbo-Kobayashi-Maskawa(CKM) quark mixing matrix [5, 6]. Furthermore, because
of its rich mass spectrum and the relatively narrow widths of the resonances, the charmed
baryon system makes a good testing ground for the heavy quark symmetry.

The Fermilab Tevatron Collider is currently the most copious source ofB hadrons,
thanks to the largebb̄ production cross-section in 1.96 TeVpp̄ collisions. With the
current statistics, more than 7 fb−1 on tape (10 fb−1 on tape by the end of 2011),
the TevatronB Physics program allows for a wide range of measurements that are
competitive or complementary withB-factories. We summarize here some of the recent
experimental progress in the measurements related tob hadron spectroscopy. We will
touch not only masses but also quantum numbers and lifetimes in this paper.

THE CDF II DETECTOR

The elements of the CDF II detector most relevant forb Physics analysis are the tracker,
the particle identification detectors and the muon system. The CDF tracker is located
within a 14.1 kG solenoidal magnetic field and it is composed of silicon detectors [7]
surrounded by a drift chamber, COT [8]. The achieved performance of the integrated
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CDF tracker is a transverse momentum resolutionσ(pt)/p2
t = 0.15 % (GeV/c)−1 and an

impact parameter resolutionσ(d) = 35µ m @ 2 GeV/c. The CDF central muon detector
[9] is located around the outside of the central calorimeter, which is 5.5 interaction
lengths thick, at a radius of 347 cm from the beam axis. The pseudorapidity coverage of
the muon detector is|η| < 1.

THE CDF TRIGGER

The bb̄ production cross section of≈ 40 µb [10] is large compared toB-factories.
However, the Tevatron cross section is orders of magnitude smaller than the total inelas-
tic cross section of≈ 50 mb. The CDF experiment triggers on final states containing
single or di-leptons to select high statistics samples of b-hadron decays. Semileptonic
B → lνlX plus charmoniumB → J/ψ X → [l+l−]X decays are of the order of 20% of
the B meson widths. In addition CDF has a special trigger (hadronic trigger) to select
events based upon track impact parameter (the minimum distance between the track
and the beam), called SVT [11]. It is basically a device able to reconstruct tracks in
silicon, with offline-like resolution in the 20µs allowed by trigger latency, and select
events containing tracks originated in a vertex displaced from the primary. These events
are enriched of heavy flavor contents, thanks to the higher mean-valued lifetimes ofB
hadrons.

THE PHYSICS PROGRAM ON HEAVY QUARK HADRON
SPECTROSCOPY

Measurement of the resonance properties of charm baryons

By means of a proper inclusion of kinematical threshold effects in the resonant
decaysΛc(2595)+ → Σc(2455)0,++π+,−, a direct experimental determination of the
pion coupling constant h2 in the chiral Lagrangian is feasible [12]. The knowledge of
h2 provides information about other excited charm and bottom baryons [13, 14].

A measurement of the resonance properties ofΛc(2595)+ andΛc(2625)+ in its de-
cays toΛ+

c π+π− as well asΣc(2455)++,0 andΣc(2520)++,0 in its decays toΛ+
c π± is

reported on [15]. The measurement is performed using 5.2 fb−1 of integrated luminos-
ity. Exploiting the largest available sample in the world, we measure masses and widths
which are competitive to the world averages forΣc states and significantly more precise
than the world averages for excitedΛc states. It turns out that theΛc(2595)+ mass shape
is affected by kinematical threshold effects in the resonant subdecaysΛc(2595)+ →
Σc(2455)++,0π . This leads to aΛc(2595)+ mass which is approximately 3 MeV/c2

lower than the previously measured values [16]. The whole set of masses results fol-
lows : m(Σc(2455)++)= 2453.90± 0.13(exp)± 0.14(PDG) MeV/c2, m(Σc(2455)0)=
2453.74± 0.12± 0.14 MeV/c2, m(Σc(2520)++)= 2517.19± 0.46± 0.14 MeV/c2,
m(Σc(2520)0)= 2519.34± 0.58± 0.14 MeV/c2, m(Λc(2595)+)= 2592.25± 0.24±
0.14 MeV/c2 and m(Λc(2625)+)= 2628.11± 0.13± 0.14 MeV/c2.



The Figure 1 (a) shows theΛc(2595)+ andΛc(2625)+ Q-value distribution together
with the mass fits.
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FIGURE 1. (a)Λc(2595)+ andΛc(2625)+ Q-value distribution (b)J/ψ Ξ− (top) andJ/ψ Ω− (bottom)
invariant masses .

Measurement of the Bottom Baryon Resonances Σ−
b Σ∗−

b

CDF has recently published [17] the best measurements of theheavy baryonsΣ−
b and

Σ∗−
b in decays toΛbπ−

so f t . This study follows the observation of these states published
in [18]. The new analysis is based on a data sample corresponding to an integrated
luminosity of 6.0 fb−1.

Predictions for theΣ−
b Σ∗−

b masses come from non-relativistic and relativistic po-
tential quark models, 1/Nc expansion, quark models in the HQET approximation, sum
rules, and lattice quantum chromodinamics calculations. On the basis of those pre-
dictions, we expect m(Σb ) - m(Λb) ≃ 180-210 MeV/c2 , m(Σ∗

b ) - m(Σb ) ≃ 10-40

MeV/c2 and m(Σ(∗)−
b ) - m(Σ(∗)+

b ) ≃ 5-7 MeV/c2 [19, 20, 21, 22]. The difference
between the isospin mass splittings of theΣ∗

b and Σb multiplets is predicted to be
[m(Σ∗+

b )−m(Σ∗−
b )]− [m(Σ+

b )−m(Σ−
b )] ≃ 0.4± 0.07 MeV/c2 [23, 24]. The natural

width of Σb , Σ∗
b bayrons is expected to be dominated by the P-wave one pion transition

Σb → Λbπ , whose partial width depends on the available phase space and the pion cou-
pling to a constituent quark. Using an HQET prediction [25],the natural widths for the

expectedΣb Σ∗
b masses areΓ(Σ±

b ) ≃ 7 MeV/c2 andΓ(Σ(∗)±
b ) ≃ 13 MeV/c2.

The fourΛbπ−
so f t resonant states masses are measured to be: m(Σ−

b ) = 5815.5+0.6
−0.5

(stat)± 1.7 (syst) MeV/c2, m(Σ+
b ) = 5811.2+0.9

−0.8 (stat)± 1.7 (syst) MeV/c2, m(Σ∗−
b )

= 5835.0± 0.6 (stat)± 1.8 (syst) MeV/c2, m(Σ∗+
b ) = 5832.0± 0.7 (stat)± 1.8 (syst)

MeV/c2 in line with the expectations from above [19, 20, 21, 22].
We report on the first measurement of isospin mass splittingsfor JP = 1

2
+

andJP = 3
2
+

isospin multiplets ofΣ∗
b bottom baryons: m(Σ+

b ) - m(Σ−
b ) = -4.2 +1.1

−0.9 (stat)+0.07
−0.09 (syst)

MeV/c2, m(Σ∗+
b ) - m(Σ∗−

b ) = -3.0± 0.9 (stat)+0.12
−0.13 (syst) MeV/c2 . The difference

between the isospin mass splittings is in agreement with above expectations [23, 24].



We also report on the first measurement of the widths of these states:Γ(Σ−
b ) = 4.3+3.1

−2.1

(stat)+1.0
−1.1 (syst) MeV/c2 Γ(Σ+

b ) = 9.2+3.8
−2.9 (stat)+1.0

−1.1 (syst) MeV/c2 Γ(Σ∗−
b ) = 6.4+2.2

−1.8

(stat)+0.7
−1.1 (syst) MeV/c2 Γ(Σ∗+

b ) = 10.4+2.7
−2.2 (stat)+0.8

−1.2 (syst) MeV/c2.
The Figure 2 shows theΣ−

b , Σ∗−
b (a) andΣ+

b , Σ∗+
b (b) Q-value distribution together

with their fits.
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FIGURE 2. (a) Σ−
b , Σ∗−

b Q-value distribution and (b)Σ+
b , Σ∗+

b Q-value distribution forΛbπ−
so f t candi-

dates. Unbinned fits are also shown.

Ω−
b , Ξ−

b and B−
c mass and lifetime

CDF has recently published [26] the best mass measurements of Ω−
b andΞ−

b as well
asΩ−

b andΞ−
b lifetimes. This is the first lifetime measurement ofΩ−

b ever. This paper
reports the observation of the bottom, doubly-strange baryon Ω−

b through the decay
chainΩ−

b → J/ψ Ω−, whereJ/ψ → µ+ µ−, Ω− → ΛK−, andΛ→ pπ−, using 4.2 fb−1

of data. A signal is observed whose probability of arising from a background fluctuation
is 4.0×10−8, or 5.5 Gaussian standard deviations. The Figure 1 (b) showstheJ/ψ Ξ−

and J/ψ Ω− invariant masses. TheΩ−
b mass is measured to be 6054.4± 6.8(stat.)±

0.9(syst.) MeV/c2. The lifetime of theΩ−
b baryon is measured to be 1.13+0.53

−0.40(stat.)±
0.02(syst.) ps. In addition, for theΞ−

b baryon we measure a mass of 5790.9±2.6(stat.)±
0.8(syst.) MeV/c2 and a lifetime of 1.56+0.27

−0.25(stat.)±0.02(syst.) ps. The already small
experimental uncertainties start to challenge the theoretical models [27, 28, 29].

The B−
c mass measurement with (2.4 fb−1 ) is presented in [30]. A search is made

for the exclusive decayB−
c → J/Ψπ−. This analysis emphasizes the removal of back-

ground by tuning selection requirements on theB− → J/ψK− signal and sideband
background regions using the data. The selection requirements are fixed before look-
ing at theM(J/ψπ−) distribution forB−

c . A signal of 108±15 candidates is observed,
with a significance that exceeds 8σ . The mass of theB−

c meson is measured to be
6275.6±2.9±2.5MeV/c2 in good agreement with theory [31].



TheB−
c lifetime in 1 fb−1 of inclusiveJ/ψ → µ+µ− data is measured usingB−

c →
J/ψ + l−+X decays [32], wherel− can be an electron or a muon andX are unmeasured
particles. We analyzeJ/ψ + l− candidates with an invariant mass between 4.0 and
6.0 GeV/c2, which is the range in which we expect theB−

c signal to lie. A variety
of backgrounds are present in theJ/ψ + l− signal mass window and the contribution
of these backgrounds to the lifetime is estimated using bothdata and Monte Carlo
simulation. An extended log likelihood fit of theJ/ψ + l− lifetime is performed and an
average lifetime of theB−

c meson ofcτ = 142.5+15.8
−14.8(stat.)±5.5(syst.) microns is found.

B+, B0 and Λb lifetimes and ratios

The lifetime of a ground-state hadron containing ab quark and lighter quarks is
largely determined by the charged weak decay of theb quark. Interactions involving
the lighter quarks, referred to as non-spectator interactions, alterb-hadron lifetimes at
approximately the 10% level. The ratios ofb-hadron lifetimes are predicted by the Heavy
Quark Expansion (HQE) [33, 34, 35, 36]. This framework of theoretical calculation is
used to predict low energy QCD effects in many flavor observables, some of which
are critical to high profile new physics searches. For example, the standard model
expectations of the width difference in theB0

s system and the semileptonic asymmetry
are calculated using the HQE. The measurement of lifetime ratios provides a relatively
simple and accurate way to test the HQE framework since no newphysics effects are
expected to be visible in lifetimes.

A measurement of the lifetimes of theB+, B0 and Λb hadrons and of the lifetime
ratiosτB+/τB0, andτΛb/τB0 is presented in [37]. The measurement is performed using
exclusive decays to states containing aJ/ψ with J/ψ → µ+µ−. The work reported
here is based on an integrated luminosity of 4.3 fb−1.

The goal of this set of measurements is to measure lifetimes as precisely as possible
and in a consistent way across all of the decay channels considered. Systematic errors
are controlled to the level necessitated by theB0 andB+ modes, and then we apply the
same methods across the board toΛb. The vertex formed by the two tracks from the
J/ψ is used as an estimate of the transverse decay length (distance from primary to
secondary-J/ψ vertex projected into the transverse momentum of theJ/ψ candidate)
so that systematic errors common to the estimate of decay length cancel to some extent
in the ratio of lifetimes.

The lifetimes are extracted using an unbinned maximum likelihood method. The
likelihood functionL is multivariate, and is based on the probability of observing
a candidate event withm (mass),ct (proper decay time),σ ct (proper decay time’s
error) andσ m (mass’ error). The likelihood is factorized in normalized probability
density functions (PDF) for those variables and is a sum of signal plus background PDF
products. The components the take part in each PDF are described in [37].

The same resolution model,R, is used for signal and background events. It is deter-
mined from the data in the mass sidebands, where between 80-90% of the background
events are expected to originate from the primary vertex, depending on decay channel
and model.R is modeled as three Gaussians centered at t=0; the symmetry of this model



is motivated by simulation, while the number of components is motivated by the data,
specifically, a study of resolution in an inclusive sample ofJ/ψ events. The width of
the Gaussians is given by the candidate measured uncertainty, σ ct , multiplied by a scale
factor, where the scale factor is allowed to dependent onσ ct . The overall systematic re-
duction for the analysis by using the above resolution modelis for example from 0.016
ps to 0.008 ps (forB0) . The systematic error is limited by detector alignment (that can-
cel in ratios). The alignment was determined in MC retracking with different alignment
constants, taking the largest shift (2µ m). For lifetime ratios, the total uncertainty has
larger contributions from systematic uncertainties due toresolution and mass models.

Various projections of the likelihood function are compared with the data in Fig. 3.
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FIGURE 3. (a) ct fit projection for B+ → J/ψK+ candidates, (b)ct fit projection and (c)σ ct fit
projection forΛ0

b → J/ψΛ0 candidates.

We measureτB+ = 1.639±0.009±0.009 ps,τB0 = 1.507±0.010±0.008 ps where
the twoB0 measurements have been combined, and the first uncertainty is statistical,
and the second systematic. These results are consistent andimprove upon the leading
measurements from Belle [38]. The similarities between thedecay channels allow for
the accurate determination of the ratioτB+/τB0 = 1.088± 0.009 (stat)± 0.004 (syst)
which favors a slightly higher value than the current average of 1.071±0.009 [39]. These
results are consistent with the current HQE predictions [40], giving further confidence
in this theoretical framework, and also provide an accuratetest for future Lattice QCD
calculations. For theΛ0

b we measureτΛ0
b

= 1.537± 0.045± 0.014 ps andτΛ0
b
/τB0 =

1.020±0.030±0.008. This measurement is the most precise measurement ofτΛb and is
consistent with the previous measurement in this decay channel of τΛ0

b
= 1.593+0.083

−0.078±

0.033 ps [41] but is more than 2σ above the world average of 1.389+0.049
−0.048 ps. The ratio

is also higher than the predicted values of 0.88± 0.05 [42] but in agreement with 1.063
± 0.027 [43]. Note that the complete NLO-QCD calculations have not been included in
any of the theoretical results. Nevertheless, improvements both from the experimental
and theoretical sides will be necessary beforeτΛb is well understood.

Exotic states

SinceX(3872) in 2003 [44] many exotic mesons have been found. QCD predictions
for these new states are: multiquark mesons molecule (qq‘qq‘), hybrid mesons (qgq) and
glueball (gg) [45]. We report on properties ofX(3872) as well as an update on the mass
measurement together with the exotic particleY (4140).



Analysis of the quantum numbers JPC of the X(3872) and precision Measurement of
its mass. An analysis of the angular distributions and correlations together with the
mass of theX(3872) reconstructed via its decay toJ/ψ π+π− using 780 pb−1 (2.4 fb−1

for the mass measurement) of integrated luminosity is presented in [46, 47].
Constraints on spin, parity, and charge conjugation parityof theX(3872) are derived

by comparing measured angular distributions of the decay products with predictions
for different JPC hypotheses. The assignmentsJPC = 1++ and 2−+ are the only ones
consistent with the data.

Furthermore, the possible existence of two nearby mass states is investigated in [47].
Within the limits of the experimental resolution the data are consistent with a single state,
and having no evidence for two states an upper limits on the mass difference between
two hypothetical states is set. Assuming each state contributes equally to the observed
peak, the 95% confidence level upper limit on the mass difference is 3.6 MeV/c2. Under
the single-state model theX(3872) mass is measured to be 3871.61± 0.16 (stat)± 0.19
(syst) MeV/c2, which is the most precise determination to date.

Observation of a Narrow Near-Threshold Structure in the J/ψ φ Mass Spectrum
in B+ → J/ψ φK+ Decays . Observation is reported [48] for a structure near the
J/ψφ threshold, inB+ → J/ψ φK+ decays with a statistical significance of beyond 5
standard deviations . There are 19± 6 events observed for this structure at a mass of
4143.4+2.9

−3.0(stat)± 0.6 (syst) MeV/c2 and a width of 15.3+10.4
−6.1 ± 2.5 MeV/c2, which are

consistent with the previous measurements reported as evidence of the Y(4140). A new
structure at mass of roughly 4270 MeV/c2 with approximately 3-σ is also reported in
the above refence.

CONCLUSIONS

In this paper we have reviewed CDF results concerning properties of heavy quark
hadrons. The CDF collaboration is very active in this area. The broad physics program
includes mass measurements of charm baryons andΣ−

b Σ∗−
b states, mass and lifetime

measurements ofΩ−
b andΞ−

b baryons and ofB−
c meson, lifetime measurements ofB+ ,

B0 andΛb and finnaly establishment and properties of theX(3872) andY (4140) exotic
particles. We expect more results from the Tevatron which will accumulate more data
until the end of Run II currently scheduled to conclude in 2011.
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