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Using the full CDF Run II data sample of 9.6 fb−1 , we report first evidence with a significance
of 4.4 standard deviations for a new resonance found simultaneously in B0 π + and B+ π − mass
distributions. We refer to it as B(5970) and measure its mass, width, and production rate relative
to the B∗0,+
state.
2
We also report the first study of orbitally excited B+ mesons and updated studies of orbitally
excited B0 and B0s mesons. Of the B1 and B∗2 states, we measure the masses, widths, the product of
the relative production rate of B1 and B∗2 states times the branching fraction into a B0,+ meson and
a charged particle, and the branching fraction of the B∗0
s2 state. We also determine the production
rate of the orbitally excited B0,+ states relative to the B0,+ ground state.
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1. Introduction
The spectroscopy of B(s) mesons, consisting of a b quark and a u or d (or s) quark, supports
the understanding of quantum chromodynamics by testing its low-energy approximations, such as
the heavy quark effective theory (HQET) [1]. While the ground state B(s) mesons and the spin-1
B∗(s) mesons have been thoroughly studied [2], this paper investigates the states with orbital angular
momentum L = 1 and a possible radially excited state.

The spectrum and possible decays of B∗∗0,+ mesons are illustrated in Fig. 1. They decay to
combinations. B∗∗0,+ states with j = 12 are expected to be too broad to be distinguishable
from background at the CDF experiment. The j = 32 states decay via a D-wave and are narrow
enough to be observed at CDF. The B∗2 state can decay either to Bπ or B∗ π final states. The lowenergy photon from the B∗ → Bγ decay is typically not reconstructed, the decays of this state yield
two structures in the Bπ invariant mass spectrum. The orbital excitations of B0s mesons are expected
to have the same phenomenology as those of B0,+ mesons. They decay to B0 K̄ 0 and B+ K − final
states, but not to B0s π 0 . Throughout this text, charge conjugate states are implied.
B(∗) π

Orbitally excited B mesons were first observed in electron-positron collisions at LEP in 1995 [3,
4, 5, 6] and further studied by the Tevatron experiments in proton-antiproton collisions [7, 8, 9, 10,
11]. Recent measurements were also performed by LHCb [12].

Figure 1: Spectrum and allowed decays for the lowest orbitally excited states B∗∗0,+ . For B∗∗0
mesons the
s
pion is replaced by a kaon and the states have higher masses.
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For each B0 , B+ , and B0s mesons, four distinct L = 1 states exist. The dynamics is dominated
by the coupling between the orbital angular momentum and the spin of the light quark combining
to a total light-quark angular momentum j = 12 or j = 32 . Further splitting due to the spin of the b
quark results in two doublets of states: The j = 12 states are named B∗0 and B1 mesons; the states
with j = 23 are named B1 and B∗2 mesons. The subset number indicates the total angular momentum.
All four states are collectively referred to as B∗∗
(s) mesons.
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2. Data sample and event selection
√
We use data from pp collisions at s = 1.96 TeV recorded by the CDF II detector at the
Fermilab Tevatron corresponding to the full Run II integrated luminosity of 9.6 fb−1 . The key
components of the CDF II detector [13] for these measurements are the charged-particle trajectory
(tracking) subdetectors, namely the silicon-strip detector and the open-cell drift chamber, located in
a uniform axial magnetic field of 1.4 T, together with the muon detectors. Additional information
is obtained from time-of-flight detectors which are located outside the tracking detectors.

0

B mesons are formed in the following seven decay modes: B+ → J/ψ K + , B+ → D π + ,
0
B+ → D (π + π − )π + , B0 → J/ψ K ∗ (892)0 , B0 → J/ψ KS0 , B0 → D− π + , and B0 → D− (π + π − )π + .
∗∗0 → B(∗)+ π − , B∗∗+ → B(∗)0 π + and B∗∗ → B(∗)+ K − channels.
We reconstruct B∗∗
s
(s) mesons in the B
To improve the mass resolution, we use the Q value, defined as Q = m(Bh) − m(B) − mh instead of
m(Bh) to determine the resonance parameters because it reduces the effect of the B reconstruction
resolution.
To the reconstructed data, we apply modest requirements on quantities providing significant
signal-to-background separation. The resulting B mass distributions are then fit with a linear or
exponential background model and one or two Gaussians as a signal model, depending on the B
decay mode. This information is used to calculate s Plot weights [15]. Observed events and their
weights are input to a multivariate classifier [16], allowing training based on data only. Topological, kinematic, and particle identification quantities of the B mesons and their final-state particles
are used as input variables. A moderate requirement is applied on the discriminator’s output to
remove candidates formed using random combination of tracks that meet the candidate’s selection
requirements.
∗∗
For the selection of B∗∗
(s) mesons, we rely on simulations of B(s) decays. The neural network
∗∗
is trained to separate B∗∗
(s) signal from background using simulations as signal and B(s) candidates
observed in data, which contain a negligible signal fraction, as background. To avoid biasing the
training to a certain mass range, simulated events are generated with the same Q-value distribution
as the background in data.

The final selection is made by imposing a requirement on the output of the discriminator
∗∗0 and B∗∗+ candidates, the data sample is divided into a
for each B∗∗
(s) decay channel. For B
subsample with one candidate per event and a subsample with multiple candidates per event to
increase sensitivity, as resulting from the better signal-to-background ratio in the single-candidate
subsample. The resulting B∗∗
(s) -meson spectra are shown in Fig. 2.
The narrow state at the lowest Q value is interpreted as the B1 → B∗ h signal and the two higher
Q-value structures as B∗2 → B∗ h and B∗2 → Bh signals. At Q values around 550 MeV/c2 a broad
structure is visible, in both the B∗∗0 and B∗∗+ invariant-mass distributions.
3
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Recording of the events used in this measurement is initiated by two types of triggers. The
J/ψ trigger is designed to record events enriched in J/ψ → µ + µ − decays by posing requirements
on a di-muon system in the event. The displaced-track trigger [14] demands a pair of tracks with an
intersection point displaced from the primary-interaction point and certain requirements on their
impact parameter und transverse momentum, which preferentially selects events with decays of
long-lived hadrons.
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Figure 2: Distribution of Q value of B∗∗0 (top left), B∗∗+ (top right) and B∗∗0
s
is summed over decay channels and overlaid with fit results, as well as the deviations of data from the fit
function, normalized to the fit uncertainty.

3. Q-value fit
We use a maximum-likelihood fit of the unbinned Q-value distributions to measure the properties of the observed structures. Separate fits are performed for B∗∗0 , B∗∗+ , and B∗∗0
mesons.
s
For each flavor, the spectra for several B-meson decay channels are fit simultaneously. For the
background component we use a Γ function [17] for the B∗∗0,+ spectra and a polynomial for the
B∗∗0
spectra. Each B signal is described by a nonrelativistic Breit-Wigner shape whose parameters
s
are free in the fit, convoluted with a double Gaussian that accounts for the detector resolution and
whose parameters are determined from simulation. In order to determine directly the relative rates,
the relative efficiencies for reconstructing the various B∗∗
(s) states, determined from simulation, are
included in the fit model. The structure in the 500 < Q < 600 MeV/c2 range of the spectrum, is
described by a nonrelativistic Breit-Wigner function convoluted with a single Gaussian. In the B∗∗0
fit, a component for misreconstructed B∗∗0
mesons in which the low-energy kaon from the B∗∗0
s
s
decay is reconstructed as a pion is added.
External inputs are used in the fit to resolve the ambiguity due to the overlapping B∗∗0,+ signal
structures. The difference between the mean mass values of the B∗2 → Bh and B∗2 → B∗ h signal
structures is constrained to independent experimental measurements and the the relative branch∗0/+
state is constrained by theoretical assumptions and measurements of the
ing fraction of the B2
∗∗
properties of D mesons.
4
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To measure the relative rate of B and B∗∗0 mesons production, we use the ratio between the
∗∗0 → B+(∗) π − decay, followed by the B+ →
sum of B01 and B0∗
2 meson yields reconstructed in the B
0 +
D π decay, and B+ meson yields reconstructed in the same final state. The conditional probability
for reconstructing a B∗∗0 meson if a B+ meson is already reconstructed in a B∗∗0 → B(∗)+ π − event
is determined from simulation. Assuming isospin symmetry, we conclude that B∗∗0 mesons decay
to B0 π 0 states in one third of the cases and are therefore not reconstructed.

4. Systematic uncertainties

5. Evidence for a B(5970) state
As a consistency check that the structure at Q ≈ 550 MeV/c2 is not an artifact of the selection,
we apply to B+ π + combinations the same criteria as for the signal sample. No structure is observed
in the invariant-mass distribution of the wrong-charge combinations as shown in Fig. 2. Because
B0 mesons oscillate this cross check cannot be done with B̄0 π + combinations.
To determine the significance of the previously unobserved broad structure, we use the difference in logarithms of the likelihood ∆L between fits to data with Q > 400 MeV/c2 that include or
not the B(5970)0,+ signal component. The background is described by a straight line. The signal
yield is floating freely, and the mean and width are constrained to be in the ranges 450 to 650
MeV/c2 and 10 and 100 MeV/c2 , respectively, to avoid having a large fraction of the signal outside
the fit range. The B(5970)0 and B(5970)+ candidates are fit simultaneously with common signal
parameters. The result of the fit to data is shown in Fig. 3.
5
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Several sources of systematic uncertainties are considered, including uncertainties on the absolute mass scale, mass resolution, and the fit model. The study of the mass-scale uncertainty
[8, 10] and the detector resolution [18] have been performed in earlier analyses. The systematic
uncertainty associated with possible mismodelings of the background shape is estimated by fitting
fit is varied and the assumed
with alternative background models. The lower bound of the B∗∗0
s
∗
photon energy from the B decay and the branching fraction of the B∗2 decays are varied within
their uncertainties and the data are fit again. The deviations in the measured parameters with respect to the default results are taken as systematic uncertainties. Two broad B∗∗0,+ j = 21 states are
expected at similar masses as the two narrow B∗∗0,+ states and their influence to the measurement
is estimated. The fitting procedure is tested for biases, by fitting random mass spectra with known
signal parameters. An uncertainty is also assigned on the relative acceptance between B(s)1 → B∗ h,
B∗(s)2 → B∗ h, and B∗s2 → Bh decays derived from simulation. The B∗∗0 -meson yields in six independent ranges of transverse momentum in simulated events are compared to data and reweigted
to estimate a systematic uncertainty on the conditional probability for reconstructing a B∗∗0 meson
if a B+ meson is already reconstructed.
The dominant systematic uncertainty for most quantities is the description of the background
shape, except for the Q values of the B∗∗0
states, where the mass-scale uncertainty dominates.
s
Additional significant contribution comes from the fit constraints, whereof the B∗2 properties are less
affected than those of the B1 , because the B∗2 → Bπ signal is well separated from the overlapping
signals.
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Figure 3: Sum of Q-value spectra of B∗∗0,+ candidates in all considered decay channels with fit results for
the broad structure overlaid and the deviations of these from the fit function, normalized to the fit uncertainty.

Applying the same procedure to random distributions generated from the background distribution observed in the data, we determine the probability p of observing a value of ∆L at least as
large as that observed in data and obtain a statistical significance of 4.4σ .
To check the systematic effect of the background model on the significance, we repeat the
significance evaluation with the default fit model of the B∗∗0,+ measurement and we obtain a significance higher than 4.4σ .

6. Results
We determine the properties of fully reconstructed B∗∗0 , B∗∗+ , and B∗∗0
mesons shown in
s
∗∗0
∗∗+
∗∗0
Table 1 using about 8400 B
decays, 3300 B
decays, and 1350 Bs decays. The relative
B(B∗s2 →B∗+ K − )
∗
branching fractions of the Bs2 state is found to be B(B∗ →B+ K − ) = 0.11 ± 0.03 (stat) ± 0.02 (syst).
s2

We also determine how many narrow B∗∗0 states are produced per B+ meson for B+ mesons having
a transverse momentum larger than 5 GeV/c and find a fraction of 19 ± 2(stat) ± 4(syst)%.

B01
B∗0
2
B+
1
B∗+
2
B0s1
B∗0
s2
B(5970)0
B(5970)+

Q (MeV/c2 )
262.6 ± 0.8 ± 1.3
317.8 ± 1.2 ± 1.2
261 ± 4 ± 3
317.9 ± 1.1 ± 0.9
10.37 ± 0.10 ± 0.14
66.75 ± 0.13 ± 0.14
558 ± 5 ± 12
541 ± 5 ± 12

Γ (MeV/c2 )
20 ± 2 ± 5
26 ± 3 ± 3
42 ± 11 ± 13
17 ± 6 ± 8
0.7 ± 0.3 ± 0.3
2.0 ± 0.4 ± 0.2
70 ± 18 ± 31
60 ± 20 ± 40

rprod
0.66 ± 0.12 ± 0.51
1.8 ± 0.9 ± 1.2
0.18 ± 0.02 ± 0.02

Table 1: Measured masses and widths of B∗∗
(s) mesons and the broad structure; relative production rates
∗

σ (B1 )
B(B1 →B h)
times branching fractions of B∗∗
(s) mesons rprod = σ (B∗2 ) · B(B∗2 →Bh)+B(B∗2 →B∗ h) . The first contribution to the
uncertainties is statistical; the second is systematic.
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The properties of the previously unobserved resonance in a sample containing 2600 B(5970)0
and 1400 B(5970)+ decays are shown in Table 1. We measure the rates of the broad structures relative to the decays B∗2 → Bπ in the range pT > 5 GeV/c of the produced B meson,

B(B(5970)→B
π )
0
0
rprod
(B(5970)) = σ (B(5970))
, to be rprod
(B(5970)0 ) = 0.5 ± 0.1 (stat) ± 0.3 (syst)
σ (B∗2 )
B(B∗2 →Bπ)
0
(B(5970)+ ) = 0.7 ± 0.2 (stat) ± 0.8 (syst).
and rprod
(∗)+ −

7. Summary
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Using the full CDF Run II data sample, we measure the masses and widths of B∗∗
(s) mesons.
∗∗+
For the first time, we observe exclusively reconstructed B
mesons and measure the width of
the B01 state. The results are consistent with, and significantly more precise than previous determinations based on a subset of the present data [8, 10]. The results are also generally compatible
with determinations by the D0 [7] and LHCb experiments [12]. The only exception is a remaining
discrepancy with the D0 measurement of the mass difference between B01 and B0∗
2 mesons. The
∗∗0
∗∗+
properties of the B and B
states are consistent with isospin symmetry.
We observe a previously unseen charged and neutral Bπ signal, dubbed B(5970), with a significance of 4.4σ . Interpreting it as a single state, we measure its properties for charged and neutral
combinations and find them to be statistically consistent as expected by isospin symmetry.

