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Detectors

good impact parameter resolution

displaced track triggers

μ trigger to |η| < 1.1

particle ID with dE/dx, ToF

μ trigger to |η| < 2.0

track trigger to |η| < 1.7

high μ purity

good electron ID
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CDF note 7938

Observation of orbitally excited (L=1) Bmesons

The CDF Collaboration
URL http://www-cdf.fnal.gov

(Dated: November 14, 2005)

We observe the orbitally excited (L = 1) B mesons in the fully reconstructed B decays B J !K J !

µ µ and B D̄0" D̄0 K " . The narrow states B1 and B2 are both observed simultaneously in a fit to

the mass difference Q m B" m B m " , and their respective signal peaks are well-separated. The results

of this study show

m B1 5734 3 stat 2 syst MeV/c2

m B2 5738 5 stat 1 syst MeV/c2

These are currently the best measurements of these quantities.

Preliminary Results for Fall 2005 Conferences



Bound state of two heavy quarks (bc)

good lab for phenomenological
models, lattice QCD

only weak decays possible

Experimentally challenging

Low production rate ~0.5% of total B production rate

Short lifetime makes selection difficult

First observation by CDF in 1998, but large 
uncertainties due to statistics

Tevatron run II yields much higher statistics

exclusive states allow for mass measurements

more precise lifetime measurements

Bc: Introduction
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Bc➙J/ψ π:
Reference Decay B+➙J/ψ K 

Fully reconstructed hadronic decay 
allows for precise mass measurement

New analysis from CDF using 1.1 fb-1

Tune selection on well understood 
reference decay B+ ➙ J/ψ K

After finalizing the selection, 
replace K by π

Wait for a significant excess of events

Measure properties of Bc
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B+ ➙ J/ψ K



Bc➙J/ψ π

>6σ significance over search area of 6245-6305 MeV/c2 using unbinned LH fit

m(Bc) = 6276.5 ± 4.0 ± 2.7 MeV/c2
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Lattice calculations that show good 
agreement with experiment were used 
to predict the mass of the Bc

DØ measurement uses 
semi-leptonic Bc ➙ J/ψ μ

Bc Mass Comparison
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Allison et al.
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FIG. 3: Comparison of theoretical work, with references in
brackets and our equation numbers in parentheses.

consistent. For the Bc mass we find

mBc
= 6304± 4 ± 11+18

− 0 MeV, (6)

mBc
= 6243± 30 ± 11+37

− 0 MeV, (7)

restoring, respectively, the quarkonium and heavy-quark
baselines. We have carried out more checks on the quark-
onium baseline, so we take Eq. (6) as our main result.
Given the rough nature of the last error bar, we consider
the agreement of the two results to be reasonable. Fur-
ther work with more highly improved Lagrangians and
at finer lattice spacing should reduce this error.

Our results are compared to other theoretical pre-
dictions in Fig. 3, including potential models [22, 23],
quenched lattice QCD [17], and potential NRQCD [24,
25, 26]. The quarkonium baseline is shown for refer-
ence. Our result is so much more accurate than the pre-
vious lattice QCD result [17], simply because we have
eliminated the quenched approximation. If our predic-
tion, Eqs. (6) and (7), is borne out by measurements,
it lends confidence in lattice QCD, not only in MILC’s
method for including sea quarks, but also in the control
of heavy-quark discretization effects using effective field
theory ideas. Moreover, within this framework it is clear
how to improve the lattice QCD Lagrangian to reduce
the remaining uncertainties.

We thank Junko Shigemitsu and Matthew Wingate for
the Bs masses used here, and Estia Eichten and Chris
Quigg for helpful discussions. I.F.A. and C.T.H.D. are
supported by the U.K. Particle Physics and Astronomy
Research Council. A.G. is supported by the U.S. De-
partment of Energy. Fermilab is operated by Universities
Research Association Inc., under contract with the U.S.
Department of Energy.
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Excited States: Bd** and Bs**
Spectroscopy of bq mesons not well studied

Only ground state 0– (B+, B0, Bs) and 

excited 1– state (B*) established

HQET predicts 4 P-wave states for
Bd** and Bs**:

B*(s)0 and B*(s)1 decay via S-wave

=> wide states (!(100 MeV/c2))

B(s)1 and B*(s)2 decay via D-wave

=> narrow (!(10 MeV/c2)) states

6 Flavor Physics and CP Violation Conference, Vancouver, 2006
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Masses, widths and branching ratios predicted with good precision
Experimental verification can give insight into quark interaction in 
bound states and aid further development of non-perturbative QCD
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• Transverse momentum ≥ 0.75 GeV/c;

• Correct charge correlation (B+π− or B−π+);

Since BJ decays at the production point, the additional track was required to originate from the primary interaction
point by applying the condition on its combined significance Sπ < 6, where Sπ was defined similarly to (4) using the
impact parameters of the pion. Only those B+ mesons with a mass 5.19 < M(B+) < 5.36 were selected to reconstruct
the BJ candidates. This is the 2σ mass window around the B+ peak.

For each track combination satisfying the above criteria, the mass difference ∆M = M(Bπ)−M(B) was computed.
The resulting distribution of the ∆M is shown in Fig. 3. The signal exhibits a three peak structure, which is
interpreted in terms of the decay modes BJ → B+(∗)π. The highest mass peak (at ∼470 MeV/c2) corresponds to
B∗

2 → B+π. The B∗
2 meson can also decay via the process B∗0

2 → B+∗π, where the B+∗ then decays to B+γ with
100 % probability. The photon released in this process has an energy of 45.78± 0.35 MeV/c2 [1]. In this analysis, the
photon is not reconstructed, and therefore B∗

2 → B+∗π is observed as a second peak separated from the direct peak
by the mass difference ∆M :

∆M = M(Bπ) − M(B) % M(Bπγ) − M(Bγ) = M(BJ) − M(B∗). (6)

This is observed in Fig. 3 as the structure at ∼420 MeV/c2. The branching ratio of B∗
2 to B∗π and Bπ predicted by

theory is 1:1. The direct decay B1 → Bπ is forbidden by angular momentum and parity conservation, and so only
the decay B1 → B+∗π is observed. The non-reconstructed photon in the resulting decay of B+∗ leads to a mass peak
displaced downwards from the true mass of the B1 by ∼46 MeV/c2. This is the lowest mass peak in Fig. 3, at ∼395
MeV/c2.

The mass resolutions were studied using Monte Carlo simulated data. The standard DØ software, i.e. the EvtGen
[13] generator interfaced to PYTHIA[14] and followed by the full GEANT modelling of the detector response and
event reconstruction, was used for the simulations. All three decays B0

1 → B∗+π, B∗0
2 → B∗+π and B∗0

2 → Bπ were
generated. The mass resolutions for BJ → B∗π and BJ → Bπ were found to be consistent for all three decays.

With this taken into account, the expected ∆M distribution has three peaks with the central positions:

• ∆1 = M(B1) − M(B∗), corresponding to the decay B1 → B∗π;

• ∆2 = M(B∗
2) − M(B∗), corresponding to B∗

2 → B∗π;

• ∆3 = M(B∗
2) − M(B), corresponding to B∗

2 → Bπ;

In addition to these narrow P states, there should be two wide BJ states decaying to B+(∗)π through the S-wave. How-
ever, all theoretical models [2–5] predict their width to be large, up to 1 GeV/c2, so that they cannot be distinguished
from the non-resonant background with the current statistics.

Bd** Narrow States
Decay channels:

Photon not reconstructed 

Fit mass difference

for all B+ candidates with                                       

                                        (2σ window around B+ peak)

Constrain                                     from theoretical expectations
and                                                            using the PDG value

10

2

1. INTRODUCTION

To date, the spectroscopy of mesons containing b-quarks is not well studied. Only the ground stable 0− states B+,
B0

d, B0
s and the excited 1− state B∗ are considered as established by the PDG [1]. The quark model predicts the

existence of two wide (B∗
0 and B∗

1) and two narrow (B1 and B∗
2) bound P states [2]. The wide states decay through

the S wave and therefore have a large width of a few hundred MeV/c2. Such states are difficult to distinguish from
combinatoric background. The narrow states decay through the D wave (L = 2) and therefore should have a small
width of around 10 MeV/c2 [2–5].

Almost all observations of the narrow P states B1 and B∗
2 have been made indirectly in inclusive or semi-inclusive

decays [6–9], which prevents their separation and a precise measurement of their properties. The measurement of
ALEPH [10], although partially done with exclusive B decays, was statistically limited and model dependent. The
masses, widths and decay branching ratios of these states, in contrast, are predicted with good precision by various
theoretical models [2–5].

These predictions can be verified experimentally, and such a comparison can provide important information on the
quark interaction inside bound states, aiding further development of the non-perturbative QCD. This note presents
the study of narrow L = 1 states decaying to B+(∗)π with exclusively reconstructed B mesons using the statistics
collected in the DØ experiment during 2002-2005 and corresponding to a total integrated luminosity of about 1 fb−1.

2. DATA SAMPLE

2.1. B+ Selection

B1 and B∗
2 mesons were reconstructed in the following decays [11]:

B0
1 → B∗+π−; B∗+ → B+γ (1)

B∗0
2 → B∗+π−; B∗+ → B+γ (2)

B∗0
2 → B+π− (3)

The B+ mesons are reconstructed in the exclusive decay B+ → J/ψK+ with J/ψ decaying to µ+µ−.
The DØ detector is described in detail elsewhere [12]. The muons were required to be identified with the standard

DØ muon identification tools. In addition, the following selection criteria were applied. Both muons must have an
associated track in the central tracking system with at least 2 measurements in the silicon microstrip tracker (SMT),
and a transverse momentum pµ

T > 1.5 GeV/c as measured in the central tracker including the SMT and central fiber
tracker (CFT). At least one of the two muons should have hits in all 3 layers of muon chambers. The two muons
should form a common vertex and have a combined invariant mass between 2.8 and 3.35 GeV/c2.

An additional charged particle with pT > 0.5 GeV/c, with total momentum above 0.7 GeV/c, and with at least 2
measurements in SMT was selected. This particle was assigned the kaon mass. It was required to have a common
vertex with the two muons with χ2 < 16 per 3 degrees of freedom. The displacement of this vertex from the primary
interaction point was required to exceed 3 standard deviations in the plane perpendicular to the beam direction.

From each set of three particles fulfilling these requirements, a B+ candidate was constructed. The momenta
of muons were corrected using the J/ψ mass constraint. The track of the B+ was assumed to pass through the
reconstructed vertex and to be directed along its momentum. The reconstructed track of the B+ was used to
determine the axial [17] εT and stereo [18] εL projections of its track impact parameter with respect to the primary
vertex together with the corresponding errors (σ(εT ), σ(εL)). Since the B+ track should originate from the primary
vertex, the combined significance SB, defined as:

SB = (εT /σ(εT ))2 + (εL/σ(εL))2 (4)

was required to be less than 40.
The obtained event samples were used to construct the final selection of B+ → J/ψK+ using the likelihood ratio

method, described below. It is assumed that a set of discriminating variables x1, ...xn can be constructed for a given
event. It is also assumed that probability density functions fs(xi) for the signal and f b(xi) for the background can
be built for each variable xi. The combined tagging variable y is defined as:

y =
n∏

i=1

yi; yi =
f b

i (xi)
fs

i (xi)
(5)
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FIG. 2: Mass distribution of J/ψK+ events. The curve shows the fit by the sum of a Gaussian describing the signal B+ →
J/ψK+ and polynomial background.

• Transverse momentum ≥ 0.75 GeV/c;

• Correct charge correlation (B+π− or B−π+);

Since BJ decays at the production point, the additional track was required to originate from the primary interaction
point by applying the condition on its combined significance Sπ < 6, where Sπ was defined similarly to (4) using the
impact parameters of the pion. Only those B+ mesons with a mass 5.19 < M(B+) < 5.36 were selected to reconstruct
the BJ candidates. This is the 2σ mass window around the B+ peak.

For each track combination satisfying the above criteria, the mass difference ∆M = M(Bπ)−M(B) was computed.
The resulting distribution of the ∆M is shown in Fig. 3. The signal exhibits a three peak structure, which is
interpreted in terms of the decay modes BJ → B+(∗)π. The highest mass peak (at ∼470 MeV/c2) corresponds to
B∗

2 → B+π. The B∗
2 meson can also decay via the process B∗0

2 → B+∗π, where the B+∗ then decays to B+γ with
100 % probability. The photon released in this process has an energy of 45.78± 0.35 MeV/c2 [1]. In this analysis, the
photon is not reconstructed, and therefore B∗

2 → B+∗π is observed as a second peak separated from the direct peak
by the mass difference ∆M :

∆M = M(Bπ) − M(B) % M(Bπγ) − M(Bγ) = M(BJ) − M(B∗). (6)

This is observed in Fig. 3 as the structure at ∼420 MeV/c2. The branching ratio of B∗
2 to B∗π and Bπ predicted by

theory is 1:1. The direct decay B1 → Bπ is forbidden by angular momentum and parity conservation, and so only
the decay B1 → B+∗π is observed. The non-reconstructed photon in the resulting decay of B+∗ leads to a mass peak
displaced downwards from the true mass of the B1 by ∼46 MeV/c2. This is the lowest mass peak in Fig. 3, at ∼395
MeV/c2.

The mass resolutions were studied using Monte Carlo simulated data. The standard DØ software, i.e. the EvtGen
[13] generator interfaced to PYTHIA[14] and followed by the full GEANT modelling of the detector response and
event reconstruction, was used for the simulations. All three decays B0

1 → B∗+π, B∗0
2 → B∗+π and B∗0

2 → Bπ were
generated. The mass resolutions for BJ → B∗π and BJ → Bπ were found to be consistent for all three decays.

With this taken into account, the expected ∆M distribution has three peaks with the central positions:

• ∆1 = M(B1) − M(B∗), corresponding to the decay B1 → B∗π;

• ∆2 = M(B∗
2) − M(B∗), corresponding to B∗

2 → B∗π;

• ∆3 = M(B∗
2) − M(B), corresponding to B∗

2 → Bπ;

In addition to these narrow P states, there should be two wide BJ states decaying to B+(∗)π through the S-wave. How-
ever, all theoretical models [2–5] predict their width to be large, up to 1 GeV/c2, so that they cannot be distinguished
from the non-resonant background with the current statistics.
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photon is not reconstructed, and therefore B∗

2 → B+∗π is observed as a second peak separated from the direct peak
by the mass difference ∆M :
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theory is 1:1. The direct decay B1 → Bπ is forbidden by angular momentum and parity conservation, and so only
the decay B1 → B+∗π is observed. The non-reconstructed photon in the resulting decay of B+∗ leads to a mass peak
displaced downwards from the true mass of the B1 by ∼46 MeV/c2. This is the lowest mass peak in Fig. 3, at ∼395
MeV/c2.

The mass resolutions were studied using Monte Carlo simulated data. The standard DØ software, i.e. the EvtGen
[13] generator interfaced to PYTHIA[14] and followed by the full GEANT modelling of the detector response and
event reconstruction, was used for the simulations. All three decays B0

1 → B∗+π, B∗0
2 → B∗+π and B∗0

2 → Bπ were
generated. The mass resolutions for BJ → B∗π and BJ → Bπ were found to be consistent for all three decays.

With this taken into account, the expected ∆M distribution has three peaks with the central positions:

• ∆1 = M(B1) − M(B∗), corresponding to the decay B1 → B∗π;

• ∆2 = M(B∗
2) − M(B∗), corresponding to B∗

2 → B∗π;

• ∆3 = M(B∗
2) − M(B), corresponding to B∗

2 → Bπ;

In addition to these narrow P states, there should be two wide BJ states decaying to B+(∗)π through the S-wave. How-
ever, all theoretical models [2–5] predict their width to be large, up to 1 GeV/c2, so that they cannot be distinguished
from the non-resonant background with the current statistics.

3

A given variable xi can be undefined for some events. In this case, the corresponding variable yi is set to 1. The
selection of the signal is obtained by applying a cut y < y0.

The following discriminating variables were used:

• Transverse momentum of the kaon;

• Minimal transverse momentum of the two muons;

• χ2 of the B+ decay vertex;

• B+ decay length divided by its error;

• Combined significance of the B+ defined in (4);

• Combined significance of the kaon with respect to the primary vertex defined similarly to (4).

The probability density functions for both signal and background were obtained from data. The signal was defined
by all events with 5.19 < M(µ+µ−K+) < 5.34 GeV/c2, and the background was defined by those events with
4.98 < M(µ+µ−K+) < 5.13 GeV/c2 or 5.40 < M(µ+µ−K+) < 5.55 GeV/c2. The background probability density
function for each variable was constructed using the sum of events in the two background bands. The signal probability
density function was constructed by subtracting the average of the two sidebands from the distribution of events in
the signal band. Fig. 1 shows the distribution of the combined tagging variable defined by equation (5). For the final
selection of B+ → J/ψK+ decays, the cut log10 y < −0.08 was applied. With this cut the ratio N(signal)/

√
N(tot)

is very close to the maximal value. The resulting mass distribution of the J/ψK+ system in data is shown in Fig. 2.
The signal peak corresponding to the decay B+ → J/ψK+ contains 16219± 180 events.
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2.2. BJ Selection

The obtained sample of B hadrons was used to select the BJ → B+(∗)π decay. For each reconstructed B hadron
candidate, an additional track, passing the following criteria, was selected:

• ≥ 2 hits in both SMT and CFT;
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width of around 10 MeV/c2 [2–5].

Almost all observations of the narrow P states B1 and B∗
2 have been made indirectly in inclusive or semi-inclusive

decays [6–9], which prevents their separation and a precise measurement of their properties. The measurement of
ALEPH [10], although partially done with exclusive B decays, was statistically limited and model dependent. The
masses, widths and decay branching ratios of these states, in contrast, are predicted with good precision by various
theoretical models [2–5].

These predictions can be verified experimentally, and such a comparison can provide important information on the
quark interaction inside bound states, aiding further development of the non-perturbative QCD. This note presents
the study of narrow L = 1 states decaying to B+(∗)π with exclusively reconstructed B mesons using the statistics
collected in the DØ experiment during 2002-2005 and corresponding to a total integrated luminosity of about 1 fb−1.

2. DATA SAMPLE

2.1. B+ Selection

B1 and B∗
2 mesons were reconstructed in the following decays [11]:

B0
1 → B∗+π−; B∗+ → B+γ (1)

B∗0
2 → B∗+π−; B∗+ → B+γ (2)

B∗0
2 → B+π− (3)

The B+ mesons are reconstructed in the exclusive decay B+ → J/ψK+ with J/ψ decaying to µ+µ−.
The DØ detector is described in detail elsewhere [12]. The muons were required to be identified with the standard

DØ muon identification tools. In addition, the following selection criteria were applied. Both muons must have an
associated track in the central tracking system with at least 2 measurements in the silicon microstrip tracker (SMT),
and a transverse momentum pµ

T > 1.5 GeV/c as measured in the central tracker including the SMT and central fiber
tracker (CFT). At least one of the two muons should have hits in all 3 layers of muon chambers. The two muons
should form a common vertex and have a combined invariant mass between 2.8 and 3.35 GeV/c2.

An additional charged particle with pT > 0.5 GeV/c, with total momentum above 0.7 GeV/c, and with at least 2
measurements in SMT was selected. This particle was assigned the kaon mass. It was required to have a common
vertex with the two muons with χ2 < 16 per 3 degrees of freedom. The displacement of this vertex from the primary
interaction point was required to exceed 3 standard deviations in the plane perpendicular to the beam direction.

From each set of three particles fulfilling these requirements, a B+ candidate was constructed. The momenta
of muons were corrected using the J/ψ mass constraint. The track of the B+ was assumed to pass through the
reconstructed vertex and to be directed along its momentum. The reconstructed track of the B+ was used to
determine the axial [17] εT and stereo [18] εL projections of its track impact parameter with respect to the primary
vertex together with the corresponding errors (σ(εT ), σ(εL)). Since the B+ track should originate from the primary
vertex, the combined significance SB, defined as:

SB = (εT /σ(εT ))2 + (εL/σ(εL))2 (4)

was required to be less than 40.
The obtained event samples were used to construct the final selection of B+ → J/ψK+ using the likelihood ratio

method, described below. It is assumed that a set of discriminating variables x1, ...xn can be constructed for a given
event. It is also assumed that probability density functions fs(xi) for the signal and f b(xi) for the background can
be built for each variable xi. The combined tagging variable y is defined as:

y =
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i=1

yi; yi =
f b
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A. B Reconstruction

The B candidate is reconstructed using tracks in the vicinity of the reconstructed B meson. Analysis cuts on the extra track

in the event were chosen to ensure that the track was prompt and associated with the B meson. There is one extra cut made on

the tracks in the B D̄0! decay channel which excludes tracks from the misreconstruction of D decays. The selection criteria

for the extra track is shown in Table III.

Candidate Cut Value Units

track d0 " d0 3 5

#R B track 0 7

—#z B track — 5 0 cm

pT 0 7 GeV/c

Analysis cut made only for B D̄0! channel

track m D̄0track m D̄0 0.142

or m D̄0track m D̄0 0.148 GeV/c2

TABLE III: Analysis cuts made on tracks in the vicinity of the B meson. A B candidate is reconstructed using tracks which pass these

selection criteria. The final cut is made only for the B D̄0! decay channel.

To create a high purity sample of B candidates, an additional isolation cut was applied to the Bmeson. With this cut, the B

candidates were taken when only one track around the B meson passed all the selection criteria listed in Table III, except with a

pT cut of 0.4 GeV/c instead of 0.7 GeV/c.

III. BMASS ANALYSIS

A. Mass fit to B J $K

The Bmass plot for the B J $K channel is shown in Figure 1. The region below 5.17 GeV/c 2 contains misreconstructed

B J $K 0 decays and was not included in the fit. The combinatorial background is modeled by a linear function. The

Cabibbo-suppressed decay B J $! shows up as a shoulder on the right side of the B J $K peak. The B signal is

modeled by two Gaussians of different widths with the same means for the B J $K . For the B J $! signal, there is

another Gaussian with the mean fixed to 5 33 GeV/c2 and total contribution fixed to 4% of B J $K .

Sideband regions of the mass plot are used to fit combinatorial background in the B mass analysis. For this decay channel,

the signal region is defined as m J $K 5 2491 5 3092 . The low sideband is defined as m J $K 5 17 5 21904 , and

the high sideband is defined as m J $K 5 33941 5 66 .

B. Mass fit to B D̄0!

The Bmass plot for the B D̄0! channel is shown in Figure 1. The shape contains contributions from the signal, the com-

binatorial background, and various partially reconstructed or misreconstructed B decays. A template for the misreconstructed

decays is taken from a Monte Carlo mass spectra simulation of the various decays. The B D̄0! signal is then modeled by

a single Gaussian. The Cabibbo-suppressed decay B D̄0K is also fit with a single Gaussian, with the contribution fixed to

7% of the B D̄0! signal.

Sideband regions are again used to fit for combinatorial background. Due to the misreconstructed B decays in the lower

sideband region, only a high sideband is used for this decay channel. The signal region is defined as m D̄0! 5 2417 5 315 ,

and the high sideband is defined as m D̄0! 5 37029 6 0 .

IV. B MASS ANALYSIS

To reduce the effects of detector and mass resolution, we fit the mass difference #m B m B m B m ! . The

wide B states are expected to be too wide ( 100 MeV/c2) to see with the current data sample. Of the two B narrow peaks,

B1 decays predominantly to B !, with the decay to B! forbidden by angular momentum conservation. B 2 can decay to both B !
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and the high sideband is defined as m D̄0! 5 37029 6 0 .

IV. B MASS ANALYSIS

To reduce the effects of detector and mass resolution, we fit the mass difference #m B m B m B m ! . The

wide B states are expected to be too wide ( 100 MeV/c2) to see with the current data sample. Of the two B narrow peaks,

B1 decays predominantly to B !, with the decay to B! forbidden by angular momentum conservation. B 2 can decay to both B !

and B!. The relative rate of these decays can be extrapolated from recent measurements in the charm sector to be [11]

BR B2 B!

BR B2 B !
1 1 0 3

B then decays to B" (E(") = 45 78 0 35 MeV/c2 [14]) with 100% probabilty. The B is reconstructed while the photon is not;

thus the mass difference values of the B1 and B2 B ! are shifted down by 46 MeV/c2.

The narrow B mass peaks are fit with a non-relativistic Breit-Wigner convoluted with the detector resolution. The detector

resolution is measured from a Monte Carlo simulation (using the Bgen package, which generates Bmesons according to an input

distribution) in which the widths of the B were set to zero. The detector resolution is fit with two Gaussians and measured

separately for the case of BJ B! and BJ B !. This accounts for the smearing of the B spectrum due to the loss of the photon
in B decay, which causes a broadening of the resolution (from about 5 MeV/c 2 to about 6 MeV/c2 for the wider Gaussian).

The width of the Breit-Wigner is fixed to be the same for both B 1 and B2. With the current data sample, we are not sensitive to

the width of the narrow states, so this width was fixed to the theoretical value of 16 6 MeV/c 2 [4]. The contribution of the

B2 B ! is fixed relative to the B2 B! by the relative decay rate given above; the mean of the B 2 B ! peak is also fixed

relative to the mean of the B2 B! peak.
Instead of directly subtracting the sidebands, the sidebands are fit simultaneously with the B mass difference as a component

of the background. The sidebands are fit separately for each decay mode with a function of the form F Q Q # e Q $. The

remaining background, which consists of underlying event, pile-up events, tracks from B hadronization, and the wide B states,

is expected to have the same shape regardless of decay channel. This shape consists of a wide Gaussian for the wide B states

and another function F Q . For the wide Gaussian, the mean and width float in the fit but the number of events is constrained to

be about the same as the number of events in the narrow B states, an assumption based on measurements from DELPHI [11].

Another input to the fit is the possible contribution from Bs decays. So far only the decay Bs2 BK has been observed [11].

When the kaon is misreconstructed as a pion, the Bs shows up as a small, wide contribution at low Q values. Using the best

measured and theoretical parameters, we generated a PYTHIA [15] Monte Carlo sample and fit the total B s signal with a single

wide Gaussian. This shape and its normalization to the total number of B mesons are fixed in the fit to data.

To combine both samples, we fit the two decay channels simultaneously for both sidebands and B mass difference plots with

an unbinned maximum likelihood fit. We first perform a binned % 2 fit to both of the sideband plots to get a good starting point

for the simultaneous fit. The results of the unbinned simultaneous fit to the sidebands is shown in Figure 2 and to the B mass

plots is shown in Figure 3. The %2 value is calculated between the binned histogram and the value of the fit at the center of the

bin for the regionQ 0 0 0 8 only. The results from the fit (statistical errors only) are

B1 Q value = 0.269 0.003 GeV/c2

B2 Q value = 0.319 0.004 GeV/c2

N(narrow B events in B J &K) = 80 18

N(narrow B events in B D̄0!) = 106 20

V. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties are evaluated for the B1 and B2 mass measurements. The primary source of systematic errors in

this analysis are associated with the fit. Tracking systematics associated with the pion from B decay have been calculated for

pions in D decay [16] and are much smaller than the fit systematics. The first two entries in Table IV constitute the tracking

systematics.

The fit stability and fit systematics are studied using Toy Monte Carlo samples. The fit stability tests find a slight fit bias on

the Q values of both B1 and B2; the only effect of note is the underestimation of the B 2 statistical error. The error increases by a

factor of 1.22, bringing it from 4 MeV/c2 up to 5 MeV/c2.

Fit systematics are studied by generating samples of Toy Monte Carlo from a template in which one parameter or input is

changed from the default fit. These samples are then fit with the default. The difference of the B 1 and B2 Q values from the

default fit are fit with a Gaussian, and the systematic error due to that change is taken as the mean of the Gaussian.

One of the most signficant sources of error are assumptions made on the B 2. This includes the relative rate of decays
BR B2 B!

BR B2 B !
1 1 0 3, and the relative fraction of

B2 B!

B
in the fit. There are no theoretical predictions for this last frac-

tion, but there are not sufficient statistics to be sensitive to it in this fit. So this value was fixed to 0.23 0.08, which is the value

it took if allowed to float in the fit. Increased data statistics should decrease this systematic error.

Other large sources of systematic errors included the choice of parameterization for the non-combinatorial background shape

and fixing the narrow state widths. The narrow state widths were both constrained to be the same and fixed to a value of 16 6
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in the event were chosen to ensure that the track was prompt and associated with the B meson. There is one extra cut made on

the tracks in the B D̄0! decay channel which excludes tracks from the misreconstruction of D decays. The selection criteria

for the extra track is shown in Table III.
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vertex with the two muons with χ2 < 16 per 3 degrees of freedom. The displacement of this vertex from the primary
interaction point was required to exceed 3 standard deviations in the plane perpendicular to the beam direction.

From each set of three particles fulfilling these requirements, a B+ candidate was constructed. The momenta
of muons were corrected using the J/ψ mass constraint. The track of the B+ was assumed to pass through the
reconstructed vertex and to be directed along its momentum. The reconstructed track of the B+ was used to
determine the axial [17] εT and stereo [18] εL projections of its track impact parameter with respect to the primary
vertex together with the corresponding errors (σ(εT ), σ(εL)). Since the B+ track should originate from the primary
vertex, the combined significance SB, defined as:

SB = (εT /σ(εT ))2 + (εL/σ(εL))2 (4)

was required to be less than 40.
The obtained event samples were used to construct the final selection of B+ → J/ψK+ using the likelihood ratio

method, described below. It is assumed that a set of discriminating variables x1, ...xn can be constructed for a given
event. It is also assumed that probability density functions fs(xi) for the signal and f b(xi) for the background can
be built for each variable xi. The combined tagging variable y is defined as:

y =
n∏

i=1

yi; yi =
f b

i (xi)
fs

i (xi)
(5)
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We observe the orbitally excited (L = 1) B mesons in the fully reconstructed B decays B J !K J !

µ µ and B D̄0" D̄0 K " . The narrow states B1 and B2 are both observed simultaneously in a fit to

the mass difference Q m B" m B m " , and their respective signal peaks are well-separated. The results

of this study show

m B1 5734 3 stat 2 syst MeV/c2

m B2 5738 5 stat 1 syst MeV/c2

These are currently the best measurements of these quantities.
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CDF (370 pb-1) DØ (1fb-1)

m(B1) [MeV/c2] 5734±3±2 5720.8±2.5±5.3

m(B*2) [MeV/c2] 5738±5±1 5746.0±3.9±5.4

m(B*2) - m(B1)
[MeV/c2]

4±6±2 25.2±3.0±1.1

Γ1 = Γ2 [MeV/c2] 16±6 (fixed) 6.6±5.3±4.2

B1 and B*2 observed

12

5

)
2

) - M(B)    (GeV/cπM(B

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

N
u

m
b

e
r 

o
f 

E
v

e
n

ts

0

20

40

60

80

100

120

140

160

180

200

220

240

-π +*
 B→  1B

-π +*
 B→ *

2B
-π +

 B→ *
2B

 RunII Preliminary∅D

-1
1 fb

FIG. 3: Mass difference ∆M = M(Bπ) − M(B) for exclusive B decays.The line shows the fit by the function (7). The
contribution of background and the three signal peaks are shown separately.

Following this expected pattern, the experimental distribution was fitted by the following function:

F (∆M) = Fsig(∆M) + Fback(∆M)
Fsig(∆M) = N · (f1 · G(∆M, ∆1, Γ1) + (1 − f1) · (f2 · G(∆M, ∆2, Γ2) + (1 − f2) · G(∆M, ∆3, Γ2))). (7)

In these equations, Γ1 and Γ2 are the widths of B1 and B∗
2 , f1 is the fraction of B1 contained in the BJ signal and f2

is the fraction of B∗
2 → B∗π decay in B∗0

2 signal. The parameter N gives the total number of observed BJ → B+(∗)π
decays. The background Fback(∆M) was parameterized by a fourth-order polynomial.

The function G(x, x0, Γ) is the convolution of the relativistic Breit-Wigner function with the experimental resolution
in ∆M (parameterized by the double Gaussian function calculated from simulation):

G(x, x0, Γ0) =
1

N0

∫
Res(σ1, σ2, x

′, x, S) · x0Γ(x)
(x′2 − x2

0)2 + x2
0Γ2(x)

dx′ (8)

Res(σ1, σ2, x, x̂, S) =
1√

2πσ1

· 1
S + 1

exp
(
−(x − x̂)2

2σ2
1

)
+

1√
2πσ2

· S

S + 1
exp

(
−(x − x̂)2

2σ2
2

)
(9)

N0 =
∫

x0Γ(x)
(x2 − x2

0)2 + x2
0Γ2(x)

dx (10)

Γ(x) = Γ0
x0

x

(
k

k0

)2L+1

F (L)(k, k0) (L = 2) (11)

F (2)(k, k0) =
9 + 3(k0r)2 + (k0r)4

9 + 3(kr)2 + (kr)4
(12)

The variables k, k0 in (11-12) are the magnitude of the pion three-momentum in the BJ rest frame when BJ has a
four-momentum-square equal to x2 and x2

0 respectively, F (2)(k, k0) is the Blatt-Weiskopf form factor for L = 2 decay
[15] and r = 5 (GeV/c)−1 is a B hadron mass scale. The widths σ1 and σ2, and the scale parameter S, are fixed from
the simulation.

All theoretical models predict that the widths Γ1 and Γ2 of B1 and B∗
2 are almost equal. Therefore, they were set

to be equal in the fit: Γ1 = Γ2 = Γ. In addition, the mass difference of B∗ and B+ was fixed at the PDG value of
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We observe the orbitally excited (L = 1) B mesons in the fully reconstructed B decays B J !K J !

µ µ and B D̄0" D̄0 K " . The narrow states B1 and B2 are both observed simultaneously in a fit to

the mass difference Q m B" m B m " , and their respective signal peaks are well-separated. The results

of this study show

m B1 5734 3 stat 2 syst MeV/c2

m B2 5738 5 stat 1 syst MeV/c2

These are currently the best measurements of these quantities.
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Bs** Narrow States
Decay to Bs π suppressed by isospin conservation

Final event selection by requiring less than 4 candidates / event 
and Neural Net cut optimized for best 
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FIG. 1: Invariant mass distribution of the B+ → J/ψK+ (left) and B+ → D
0
π+ (right) candidates after preselection.
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FIG. 2: Distribution of the Neural Network output for the signal and background events used in the training of the Neural

Network for B∗∗
s → B+K− → [J/ψK+]K− (left) and B∗∗

s → B+K− → [D
0
π+]K− (right) channel.

output, which is chosen to keep as much signal as possible, while removing a large part of the background. The
invariant mass distributions of the B+ candidates in the two channel are shown in Figure 1. In total, 31000 B+ signal
events are selected in the J/ψK+ decay channel and 27200 in the D

0
π+ channel.

The B∗∗
s candidates are constructed by combining B+ candidates with a track which is assumed to be a kaon. For

the selection two Neural Networks are trained on a combination of Monte Carlo events for signal patterns and data
for background patterns. The data for background patterns are taken from the Q value range from 0 to 200 MeV/c2.
Q is defined as M(B+K−)−M(B+)−M(K−) where M(B+K−) is the invariant mass of the B+K− pair, M(B+) is
the invariant mass of the B+ candidate and M(K−) is the mass of the kaon. In order to avoid possible biases of the
Neural Network in the mass, the signal patterns from Monte Carlo are reweighted to have the same Q distribution
as data. Neural Networks for both channels combine topological, kinematical and particle identification quantities of
the various particles in the decay chain. The distribution of the Neural Network output for the two Neural Networks
for the signal and the background used in the training are shown in Figure 2.

2

1. INTRODUCTION

To date, the spectroscopy of mesons containing b-quarks is not well studied. Only the ground stable 0− states B+,
B0

d, B0
s and the excited 1− state B∗ are considered as established by the PDG [1]. The quark model predicts the

existence of two wide (B∗
0 and B∗

1) and two narrow (B1 and B∗
2) bound P states [2]. The wide states decay through

the S wave and therefore have a large width of a few hundred MeV/c2. Such states are difficult to distinguish from
combinatoric background. The narrow states decay through the D wave (L = 2) and therefore should have a small
width of around 10 MeV/c2 [2–5].

Almost all observations of the narrow P states B1 and B∗
2 have been made indirectly in inclusive or semi-inclusive

decays [6–9], which prevents their separation and a precise measurement of their properties. The measurement of
ALEPH [10], although partially done with exclusive B decays, was statistically limited and model dependent. The
masses, widths and decay branching ratios of these states, in contrast, are predicted with good precision by various
theoretical models [2–5].

These predictions can be verified experimentally, and such a comparison can provide important information on the
quark interaction inside bound states, aiding further development of the non-perturbative QCD. This note presents
the study of narrow L = 1 states decaying to B+(∗)π with exclusively reconstructed B mesons using the statistics
collected in the DØ experiment during 2002-2005 and corresponding to a total integrated luminosity of about 1 fb−1.

2. DATA SAMPLE

2.1. B+ Selection

B1 and B∗
2 mesons were reconstructed in the following decays [11]:

B0
1 → B∗+π−; B∗+ → B+γ (1)

B∗0
2 → B∗+π−; B∗+ → B+γ (2)

B∗0
2 → B+π− (3)

The B+ mesons are reconstructed in the exclusive decay B+ → J/ψK+ with J/ψ decaying to µ+µ−.
The DØ detector is described in detail elsewhere [12]. The muons were required to be identified with the standard

DØ muon identification tools. In addition, the following selection criteria were applied. Both muons must have an
associated track in the central tracking system with at least 2 measurements in the silicon microstrip tracker (SMT),
and a transverse momentum pµ

T > 1.5 GeV/c as measured in the central tracker including the SMT and central fiber
tracker (CFT). At least one of the two muons should have hits in all 3 layers of muon chambers. The two muons
should form a common vertex and have a combined invariant mass between 2.8 and 3.35 GeV/c2.

An additional charged particle with pT > 0.5 GeV/c, with total momentum above 0.7 GeV/c, and with at least 2
measurements in SMT was selected. This particle was assigned the kaon mass. It was required to have a common
vertex with the two muons with χ2 < 16 per 3 degrees of freedom. The displacement of this vertex from the primary
interaction point was required to exceed 3 standard deviations in the plane perpendicular to the beam direction.

From each set of three particles fulfilling these requirements, a B+ candidate was constructed. The momenta
of muons were corrected using the J/ψ mass constraint. The track of the B+ was assumed to pass through the
reconstructed vertex and to be directed along its momentum. The reconstructed track of the B+ was used to
determine the axial [17] εT and stereo [18] εL projections of its track impact parameter with respect to the primary
vertex together with the corresponding errors (σ(εT ), σ(εL)). Since the B+ track should originate from the primary
vertex, the combined significance SB, defined as:

SB = (εT /σ(εT ))2 + (εL/σ(εL))2 (4)

was required to be less than 40.
The obtained event samples were used to construct the final selection of B+ → J/ψK+ using the likelihood ratio

method, described below. It is assumed that a set of discriminating variables x1, ...xn can be constructed for a given
event. It is also assumed that probability density functions fs(xi) for the signal and f b(xi) for the background can
be built for each variable xi. The combined tagging variable y is defined as:

y =
n∏

i=1

yi; yi =
f b

i (xi)
fs

i (xi)
(5)
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FIG. 3: Q = M(B+K−)−M(B+)−M(K−) distribution of the B∗∗
s candidates (full line) with the distribution of wrong sign

candidates (green area) for B∗∗
s → B+K− → [J/ψK+]K− (left) and B∗∗

s → B+K− → [D
0
π+]K− (right) channel.

For the final selection we cut on two quantities, which are the number of candidates in the event and the output of
the Neural Network. The number of candidates is used separately and not in the Neural Network because a correct
simulation of this quantity is nontrivial and difficult. Therefore we also select the cut value rather arbitrarily just
from the fact, that more candidates in the event means a smaller signal to background fraction. Before extracting any
information from data we fix the cut on the number of candidates to be less than four candidates in the event. The
value of the cut on the Neural Network output is chosen to optimise the significance S/

√
S + B in the Q window from

60 to 70 MeV/c2. The optimisation is done on a combination of a Monte Carlo simulation which is used to obtain a
nominator and data from which the denominator is extracted at each tested cut value. The best cut is found to be
0.5 for the B∗∗

s → B+K− → [J/ψK+]K− channel and 0.3 for B∗∗
s → B+K− → [D0

π+]K− channel.
To check for possible systematic effects we examine also wrong sign combinations (B+K+). They are selected using

the same selection criteria as the signal right sign candidates. The cut on the Neural Network output and a cut on
the number of candidates which has the same value, but a different definition. While for the right sign combinations
the number of right sign candidates is used, for the wrong sign combinations the number wrong sign candidates are
counted to follow the logic of the selection for the signal.

III. RESULTS

In Figure 3 we show the Q value distributions for the two studied channels. In the B∗∗
s → B+K− → [J/ψK+]K−

channel, two clear peaks are visible at around 67MeV/c2 and 10MeV/c2. In the channel B∗∗
s → B+K− → [D0

π+]K−

the peaks are not as clear but there is still evidence of the peaks in the same positions. We also varied the selection
cuts and the binning and the two peaks showed consistent behaviour. In contrast to right sign combinations, the
wrong sign combinations don’t show any significant and consistent structure. Figure 4 shows the Q distribution of
the two channels added together.

To extract the Q values from the data we use an unbinned maximum likelihood fit. The two peaks are described
by two Gaussians. We use a phenomenological function able to describe the background without any attempt to
distinguish different types of backgrounds. The basic properties of the function are that it should go to zero at Q = 0
and should have a maximum followed by a slow decrease. The functional form is

B(Q) = α[Q(β −Q)]γ exp [−γ(Q− δ)] (1)

where α is normalisation constant and β, γ and δ are free parameters. The fit has 3 parameters for each of the Gaussians
and 4 parameters for the background. All parameters are free during the fit. The fitting code was validated using
Toy Monte Carlo experiments of same statistics and sample composition as observed in the data. The fit projections
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For the final selection we cut on two quantities, which are the number of candidates in the event and the output of
the Neural Network. The number of candidates is used separately and not in the Neural Network because a correct
simulation of this quantity is nontrivial and difficult. Therefore we also select the cut value rather arbitrarily just
from the fact, that more candidates in the event means a smaller signal to background fraction. Before extracting any
information from data we fix the cut on the number of candidates to be less than four candidates in the event. The
value of the cut on the Neural Network output is chosen to optimise the significance S/

√
S + B in the Q window from

60 to 70 MeV/c2. The optimisation is done on a combination of a Monte Carlo simulation which is used to obtain a
nominator and data from which the denominator is extracted at each tested cut value. The best cut is found to be
0.5 for the B∗∗

s → B+K− → [J/ψK+]K− channel and 0.3 for B∗∗
s → B+K− → [D0

π+]K− channel.
To check for possible systematic effects we examine also wrong sign combinations (B+K+). They are selected using

the same selection criteria as the signal right sign candidates. The cut on the Neural Network output and a cut on
the number of candidates which has the same value, but a different definition. While for the right sign combinations
the number of right sign candidates is used, for the wrong sign combinations the number wrong sign candidates are
counted to follow the logic of the selection for the signal.

III. RESULTS

In Figure 3 we show the Q value distributions for the two studied channels. In the B∗∗
s → B+K− → [J/ψK+]K−

channel, two clear peaks are visible at around 67MeV/c2 and 10MeV/c2. In the channel B∗∗
s → B+K− → [D0

π+]K−

the peaks are not as clear but there is still evidence of the peaks in the same positions. We also varied the selection
cuts and the binning and the two peaks showed consistent behaviour. In contrast to right sign combinations, the
wrong sign combinations don’t show any significant and consistent structure. Figure 4 shows the Q distribution of
the two channels added together.

To extract the Q values from the data we use an unbinned maximum likelihood fit. The two peaks are described
by two Gaussians. We use a phenomenological function able to describe the background without any attempt to
distinguish different types of backgrounds. The basic properties of the function are that it should go to zero at Q = 0
and should have a maximum followed by a slow decrease. The functional form is

B(Q) = α[Q(β −Q)]γ exp [−γ(Q− δ)] (1)

where α is normalisation constant and β, γ and δ are free parameters. The fit has 3 parameters for each of the Gaussians
and 4 parameters for the background. All parameters are free during the fit. The fitting code was validated using
Toy Monte Carlo experiments of same statistics and sample composition as observed in the data. The fit projections
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I. INTRODUCTION

Studies of excited states of hadrons play a vital role in understanding Quantum Chromodynamics, the theory of the
strong interaction. The excited heavy mesons play a similar role as the hydrogen atom in Quantum electrodynamics.
In this analogy, the heavy quark plays the role of the atomic nucleus, while the light quark takes the role of the
electron in the hydrogen atom. Few predictions for masses and widths are available from theory [1–4]. They are
summarised in Table I. Table II summarises the basic properties of the B∗∗

s mesons.

state/reference Ebert et al. [1] Godfrey et al. [2] Eichten et al. [3] Falk et al.[4]
M [MeV/c2] Γ [MeV] M [MeV/c2] Γ [MeV] M [MeV/c2] Γ [MeV]

B∗
s0(1/2) 5841 - 5830 170 - - - -

Bs1(1/2) 5859 - 5860 - - - - -
Bs1(3/2) 5831 - 5860 - 5834 < 1.0 5886 2.8± 1.2
B∗

s2(3/2) 5844 - 5880 2.6 5846 1.0 5899 7± 3

TABLE I: Theory predictions for masses and widths of the orbitally excited (L = 1) Bs mesons.

jq JP B∗∗
s state decay mode width

1/2 0+ B∗
s0 BK broad (S-wave)

1/2 1+ Bs1 B∗K broad (S-wave)
3/2 1+ Bs1 B∗K narrow (D-wave)
3/2 2+ B∗

s2 BK, B∗K narrow (D-wave)

TABLE II: Properties of the orbitally excited (L = 1) Bs mesons. J is the total orbital momentum of the state, P its parity
and jq is the total orbital momentum of the light quark.

A lot of experimental results have been obtained in recent years for the orbital excitations with L = 1 of D, Ds

and B mesons. On the contrary for orbital excitations of the Bs meson, only one of the four states was observed up
to now, first by the OPAL Collaboration [5] and later confirmed by the DELPHI Collaboration [6]. Recently also the
DØ experiment reported the observation of the same state [7]. In all three experiments, only one narrow state was
observed and it is a priori unknown which one was observed. The DELPHI Collaboration interpreted the observed
signal to stem more probably from the B∗

s2 than from the Bs1. This interpretation is based on the width of the
observed state, which was more consistent with the B∗

s2.
In this note we report on the search and observation of the narrow doublet of orbital excitations with L = 1 of the

Bs mesons ( commonly named as B∗∗
s ) using the CDF II detector, which is described in [8]. The observed pattern of

two narrow states allows us for the first time to uniquely determine the masses of the narrow B∗∗
s states.

II. DATA SAMPLE & EVENT SELECTION

This analysis is based on an integrated luminosity of 1 fb−1 collected with the CDF II detector between March
2002 and February 2006. Data are collected using the J/ψ → µµ and the two track trigger. The J/ψ trigger starts
from two tracks, which have information in the muon chambers and pT larger than 1.5 (2.0) GeV/c2 for different
subdetectors and/or data taking periods. For the final online selection, two tracks are required to have an opposite
charge, an opening angle smaller than 135◦ and an invariant mass around the world average J/ψ mass. The two track
trigger selects events based on the large impact parameter of the tracks coming from the B-hadron decays. It requires
two tracks with an impact parameter in the range from 120µm to 1mm together with minimal transverse momentum
of each track and minimal scalar sum of the transverse momenta of the two tracks.

The offline reconstruction starts with reconstructing B+ candidates in the J/ψK+ and D
0
π+ decay modes with

J/ψ → µ+µ− and D
0 → K+π− [11]. The B+ → J/ψK+ is reconstructed from the J/ψ trigger data while the

B+ → D
0
π+ is from the two track trigger data. Reconstructed candidates are preselected using separate Neural

Networks for each of the two channels. To construct a Neural Network the NeuroBayes c© [9] package is used. Both
Neural Networks combine topological, kinematic and particle identification quantities of the B+ and its daughters. The
Neural Network for the B+ → J/ψK+ is trained on the Monte Carlo events with the full CDF detector simulation for
signal patterns and data from sidebands for background patterns. For the B+ → D

0
π+ channel we use the possibility

to train the Neural Network with weights and use only data from both signal and sideband regions and subtract
background statistically during Neural Network training. The preselection is done by cutting on the Neural Network

↳
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FIG. 3: Q = M(B+K−)−M(B+)−M(K−) distribution of the B∗∗
s candidates (full line) with the distribution of wrong sign

candidates (green area) for B∗∗
s → B+K− → [J/ψK+]K− (left) and B∗∗

s → B+K− → [D
0
π+]K− (right) channel.

For the final selection we cut on two quantities, which are the number of candidates in the event and the output of
the Neural Network. The number of candidates is used separately and not in the Neural Network because a correct
simulation of this quantity is nontrivial and difficult. Therefore we also select the cut value rather arbitrarily just
from the fact, that more candidates in the event means a smaller signal to background fraction. Before extracting any
information from data we fix the cut on the number of candidates to be less than four candidates in the event. The
value of the cut on the Neural Network output is chosen to optimise the significance S/

√
S + B in the Q window from

60 to 70 MeV/c2. The optimisation is done on a combination of a Monte Carlo simulation which is used to obtain a
nominator and data from which the denominator is extracted at each tested cut value. The best cut is found to be
0.5 for the B∗∗

s → B+K− → [J/ψK+]K− channel and 0.3 for B∗∗
s → B+K− → [D0

π+]K− channel.
To check for possible systematic effects we examine also wrong sign combinations (B+K+). They are selected using

the same selection criteria as the signal right sign candidates. The cut on the Neural Network output and a cut on
the number of candidates which has the same value, but a different definition. While for the right sign combinations
the number of right sign candidates is used, for the wrong sign combinations the number wrong sign candidates are
counted to follow the logic of the selection for the signal.

III. RESULTS

In Figure 3 we show the Q value distributions for the two studied channels. In the B∗∗
s → B+K− → [J/ψK+]K−

channel, two clear peaks are visible at around 67MeV/c2 and 10MeV/c2. In the channel B∗∗
s → B+K− → [D0

π+]K−

the peaks are not as clear but there is still evidence of the peaks in the same positions. We also varied the selection
cuts and the binning and the two peaks showed consistent behaviour. In contrast to right sign combinations, the
wrong sign combinations don’t show any significant and consistent structure. Figure 4 shows the Q distribution of
the two channels added together.

To extract the Q values from the data we use an unbinned maximum likelihood fit. The two peaks are described
by two Gaussians. We use a phenomenological function able to describe the background without any attempt to
distinguish different types of backgrounds. The basic properties of the function are that it should go to zero at Q = 0
and should have a maximum followed by a slow decrease. The functional form is

B(Q) = α[Q(β −Q)]γ exp [−γ(Q− δ)] (1)

where α is normalisation constant and β, γ and δ are free parameters. The fit has 3 parameters for each of the Gaussians
and 4 parameters for the background. All parameters are free during the fit. The fitting code was validated using
Toy Monte Carlo experiments of same statistics and sample composition as observed in the data. The fit projections
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We observe the orbitally excited (L = 1) B mesons in the fully reconstructed B decays B J !K J !

µ µ and B D̄0" D̄0 K " . The narrow states B1 and B2 are both observed simultaneously in a fit to

the mass difference Q m B" m B m " , and their respective signal peaks are well-separated. The results

of this study show

m B1 5734 3 stat 2 syst MeV/c2
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These are currently the best measurements of these quantities.
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B*s2 observed: Bs1 too?

DØ uses same B➙J/ψ K data

sample as for Bd** search

14

6

Bs1 B∗
s2

B+ → J/ψK+ B+ → D
0
π+ B+ → J/ψK+ B+ → D

0
π+

Q [MeV/c2] 10.87± 0.19 10.68± 0.46 67.03± 0.44 66.85± 0.76
σ [MeV/c2] 0.64± 0.25 1.18± 0.56 1.79± 0.42 2.88± 0.75

N 16.98± 5.14 20.66± 7.12 44.15± 13.36 55.74± 19.20

TABLE III: Comparison of the unbinned maximum likelihood fits of the two data subsets coming from different B+ decays.
Those two subsamples are independent and have roughly the same B+ yield. The errors are statistical only.
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added together.

are Q values for the two peaks and number of signal events. The two Q values are

Q(Bs1) = 10.73 ± 0.21 (stat)MeV/c2

Q(B∗
s2) = 66.96 ± 0.39 (stat)MeV/c2

(2)

with 36.4±9.0 events in the peak at 10.73 MeV/c2 and 94.8±23.4 events in the peak at 66.96 MeV/c2. In both cases,
the likelihood function has a well defined minimum. They are shown in Figure 8 for the peak at 10.73 MeV/c2 and in
Figure 9 for peak at 66.96 MeV/c2.

Systematic effects due to the tracking and fitting procedure are studied for the obtained Q values. For the tracking,
there are two main sources of uncertainty and those are the COT error matrix scaling and the calibration of the
material and magnetic field inside the tracking volume. A detailed study of the effect was done for the measurment
of mass and width of the orbitally excited charm D∗∗ states [10]. The combined uncertainty of the two tracking
sources is found to be 0.14 MeV/c2. The fitting procedure can contribute from the fact that unknown shape of the
background, which can be wrongly modelled, and the simplification, where a single Gaussian is used in the fit, while
two decay channels can have different resolutions and therefore two Gaussians would be more appropriate. All those
effects are studied using large statistics of Toy Monte Carlo experiments, which are generated with the studied effects
and fitted with the original fit. In all three cases, the pulls of the Q values were consistent with a Gaussian with mean
zero and unit width. Therefore we don’t assign any systematic uncertainty coming from the fitting procedure.

To estimate the statistical significance of the two peaks, we repeat the fit without the studied peak. From the value
of the likelihood functions of the original fit L and the fit without the given peak L0 we can form −2 lnL0/L. This
quantity asymptotically behaves as a χ2 distribution with degrees of freedom equal to the difference in the number
of free parameters in the two fits. This allows us to convert the −2 lnL0/L to a probability and therefore also a
statistical significance. From this procedure we obtain a significance of 6.3 σ for the peak at 10.73 MeV/c2 and 7.7 σ
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events. The solid histogram shows the MC distribution of the decay B∗∗ → B(∗)π where the π is misidentified as a kaon.

III. SYSTEMATIC ERRORS AND CONSISTENCY CHECKS

The influence of different sources of systematic uncertainty were estimated by varying the background parameterization, and
by varying the fitting range and the bin width of the ∆M distribution. For all these variations the change of parameters did not
exceed the statistical uncertainty (Eq. 1). The measured position of B hadrons is shifted by ∼ 6 MeV/c 2 relative to the world
average value due to an uncertainty in the DØ momentum scale. The mass difference ∆M was corrected by the ratio of the
measured and PDG masses of B+ meson. The resulting correction is 0.1 MeV/c2. A conservative estimate of the uncertainty
was obtained by setting it equal to the size of the correction. The selection cut on p T of the kaon was varied between 0.5 and
0.8 GeV and the results were consistent within the statistical error. Conservatively, the full variation was also included as the
systematic uncertainty. The total systematic uncertainty for the B ∗0

s2 mass was found to be 1.5 MeV/c2. The contribution of
different sources into the systematic error is given in Table I.

TABLE I: Systematic uncertainties in the B∗0
s2 mass.

source δM(B∗0
s2 ) (MeV/c2)

Fitting Procedure 1.0
Cut on pT of kaon 1.1
Momentum scale 0.1

Total 1.5

The excited B∗∗ mesons studied in [6] could produce a peak in the (B +K−) mass spectrum, since the type of the charged
particle combined with B+ is not identified. To study this effect, the decays B ∗∗ → B(∗)π with parameters similar to that
measured in [6] were generated and reconstructed in the same way as our B +K− sample. The resulting M(B+K−) mass
distribution, where the pion was assigned the mass of kaon, is shown as a filled histogram in Fig. 1 . The simulated distribution
was normalized to the measured yield of B ∗∗ mesons. It can be seen that the background due to B ∗∗ decays produces a wide
distribution which does not affect the reconstruction of the narrow B ∗0

s2 signal.
The mass distribution in data of the B+K+ system (the incorrect charge for the B ∗0

s2 ) gives an estimate of a combinatoric
background for the B+K− system (Fig. 1). No resonant structure is visible.

2

I. INTRODUCTION

The spectroscopy of B-mesons is still in its infancy. Only the stable J P = 0− ground states B+, B0
d , B

0
s and the excited

1− state B∗ have been observed [1]. Previous studies of excited (bs̄) states have been carried out using inclusive samples with
limited precision and ambiguous interpretation [2].
The properties of (bs̄) excited states, and the comparison with the properties of the (bū), (b d̄) systems provide good tests of

various models of quark bound states and are important for their continuing development. These models predict the existence of
four P states in the (bs̄) system, two wide resonances (B∗

s0 and B∗
s1) and two narrow resonances (Bs1 and B∗

s2) [3]. The wide
resonances decay via S wave processes and therefore have a width of a few hundredMeV. Such states are difficult to distinguish
from the combinatoric backgrounds. The narrow resonances decay via D-wave processes (L = 2) and should have a width of
approximately 10 MeV/c2 [3]. If the mass of the BsJ (J = 1, 2) is large enough then the main decay channel should be B (∗)K
as the Bsπ is forbidden by isospin conservation.
This note presents the observation of the process B ∗0

s2 → B+K− using a data sample with an integrated luminosity of 1 fb−1

produced in pp collisions at
√

s = 1.96 TeV and collected by the DØ experiment at the Tevatron Collider during 2002-2005.

II. DATA SAMPLE

The DØ detector is described in detail elsewhere [4]. The B+ is reconstructed in the exclusive decay [5] B+ → J/ψK+

where J/ψ → µ+µ−. The procedure for selecting a B+ sample is described in [6]. A total of 16219 ± 180 B+ events were
reconstructed.
To reconstruct a BsJ each B+ was combined with an additional charged particle. The charged particle was required to have

hits in the silicon tracker and in the central fiber tracker [4], pT > 0.6 GeV/c, and the opposite charge to the B+. Since the BsJ

is expected to decay immediately after production, the additional particle was required to originate from the primary interaction
vertex by requiring that its combined significance SPV < 6, where S2

PV = (dax/σax)2 + (dst/σst)2, where dax, dst are the
axial and stereo impact parameters with respect to the primary vertex, and σ ax, σst denotes the resolution. The charged particle
was assigned the mass of the kaon.
The mass difference∆M = M(B+K−)−M(B+)−M(K−)was then computed (see Fig. 1). A mass peak is clearly visible

at 66 MeV/c2. The∆M distribution is then fitted with a third order polynomial representing the combinatoric background and a
Gaussian representing the signal. The parameters describing the background and the signal were allowed to vary in the fit. The
resulting signal parameters are

N = 135 ± 31(stat),
∆M = 66.4 ± 1.4 (stat) MeV/c2, (1)

σ = 4.7 ± 1.5 (stat) MeV/c2,

where N is the total number of signal events, and σ is the width of the peak. The parameter uncertainties are statistical and
are obtained from the fitting procedure. If the distribution is only fitted by the background function the total χ 2 increases by
≈36, which corresponds to a signal significance exceeding 5 standard deviations. This result can be interpreted as the process
B∗0

s2 → B+K−. By using the PDG values for the masses of the B+ andK−, the mass of B∗0
s2 is found to be:

M(B∗0
s2 ) = 5839.1± 1.4MeV/c2(stat) (2)

TheB∗0
s2 meson should also decay viaB∗0

s2 → B∗+K−. Themass difference between theB∗+ andB+ isM(B∗+)−M(B) =
45.78 ± 0.35 MeV/c2 and the B∗+ decays to B∗+ → Bγ. Therefore the decay B∗0

s2 → B∗+K− should produce a signal with
∆M % M(B∗0

s2 ) − M(B∗+) − M(K−) % 20MeV/c2. However, the orbital momentum L = 2 and the small mass difference
result in a strong suppression of theB∗0

s2 → B∗+K− process, explaining the absence of this decay in the observedmass spectrum
( Fig. 1).
To estimate the experimental resolution of the signal, the decayB ∗0

s2 → B+K− was simulated using the standard DØ software
and reconstructed using the same algorithms as the data. The mass difference resolution of the simulated events was found to be
4.6± 0.2MeV/c2. The width of the signal observed in the data is consistent with the experimental resolution, indicating that the
B∗0

s2 has a small width. It is likely that the narrow width can be explained by the small amount of phase space available for the
B∗0

s2 → B+K− decay.
The B0

s1 meson can only decay via the process B 0
s1 → B∗+K−. The mass splitting between B∗

2 and B1 mesons in the b̄d
quark system, studied in our paper [6] was found to be M(B ∗

2) − M(B1) = 25.2 ± 3.2 MeV/c2. Taking into account that the
quark model predicts the same mass splitting in the b̄s quark system [3] and using∆M(B∗0

s2 ) (Eq. 2), the mass of B0
s1 should be

M(B0
s1) % 5814MeV/c2. In this case the decay B0

s1 → B∗+K− would be forbidden sinceM(B0
s1) < M(B∗+) + M(K−).

This is a possible explanation for not observing the decays of the B 0
s1 meson in the∆M spectrum.

CDF (1 fb-1) DØ (1 fb-1)

m(Bs1) [MeV/c2] 5829.4±0.2±0.6 –

m(B*s2) [MeV/c2] 5839.6±0.4±0.5  5839.1±1.4±1.5

m(B*s2) - m(Bs1)
[MeV/c2]

10.20±0.44±0.35 –
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FIG. 10: (Left) Distribution of the −2 lnL0/L for evaluating the p-Value for the peak at 10.73MeV/c2. Toy Monte Carlo
experiments without the corresponding peak were generated and fitted with and without the peak. All experiments where the
fit converged in the Q-range from 0 to 50MeV/c2 are used here. (Right) P-Value as a function of −2 lnL0/L for the peak at
10.73MeV/c2.

the peak at Q = 10.73 MeV/c2 would stem from the decay Bs1 → B∗+K−. Another peak from decay B∗
s2 → B∗+K−

is expected at Q ≈ 21 MeV/c2. This peak however will be much smaller as the predicted ratio of the branching
fraction for the two B∗

s2 decays is

B(B∗
s2 → BK)

B(B∗
s2 → B∗K)

= 12.0 ± 3.5 (3)

Our data indeed show few bins above the fitted background at the corresponding Q value of around 21MeV/c2.
This slight excess is consistent with the expectation for the B∗

s2 → B∗+K− decay, but is far from being statistically
significant. The swapped assignment of the two peaks at 10.73 and 66.96 MeV/c2, would result in a very large
mass difference between the B∗

s2 and Bs1 which would be rather unnatural for the hyperfine splitting within the
doublet. Therefore we assign to the peak at Q = 10.73 MeV/c2 the decay Bs1 → B∗+K− and to the peak at
Q = 66.96 MeV/c2 the decay B∗

s2 → B+K−.
Assigning the two observed peaks to the decays of the two narrow states we can transform the measured Q values

to the masses of the two narrow B∗∗
s states. The corresponding masses are

m(Bs1) = 5829.41 ± 0.21 (stat) ± 0.14 (syst) ± 0.6 (PDG) MeV/c2

m(B∗
s2) = 5839.64 ± 0.39 (stat) ± 0.14 (syst) ± 0.5 (PDG) MeV/c2

where the PDG error is due to the error on the masses of B+ and the mass and B∗+. Finally the mass difference of
the two narrow B∗∗

s states is

∆m(B∗
s2, Bs1) = 10.20 ± 0.44(stat) ± 0.35(PDG) MeV/c2

with PDG error comming from the mass difference between B+ and B∗+. The measured value is close to the model
expectations.

IV. SUMMARY

In this note we report on the observation of the two narrow states of the orbitally excited Bs mesons. For the first
time we observe two narrow peaks in the B+K− distribution. The observed pattern of the two peaks allows us for
the first time to make unambiguous assignments of the peaks to the states which translate to the mass measurements
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FIG. 9: Dependence of the likelihood function on the Q value for the peak at 66.96MeV/c2. The left plot shows the function
in a wider range around the minimum, while the right plot zooms into the region around the minimum.

for the peak at 66.96 MeV/c2.
As the peak at the 10.73 MeV/c2 is observed here for the first time additional a study of the significance is done. We

generate a large sample of Toy experiments with background according to our data and the signal at 66.96 MeV/c2.
Each of the Toy experiments is fitted in the same way as data and −2 lnL0/L is evaluated. In Figure 10 we show
the distribution of −2 lnL0/L from the Toy experiments where the fits converged and the Q value for the peak with
lower Q-value was between 0 and 50 MeV/c2. This distribution is then converted to the dependence of the p-Value
on −2 lnL0/L, which is shown in Figure 10 in right panel. The value observed in the data is larger than any seen
in the Toy experiments. Last non-zero p-Value occurs around −2 lnL/L0 ≈ 35.15 with p-Value 2.13 · 10−7. This
corresponds to the significance slightly above 5 sigma and gives additional support for the observation claim.

The two peaks seen in the data can be interpreted as the two states of the narrow doublet of orbitally excited Bs

mesons. The natural interpretation is that the peak at Q = 66.96 MeV/c2 stems from the B∗
s2 → B+K− decay while
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FIG. 10: (Left) Distribution of the −2 lnL0/L for evaluating the p-Value for the peak at 10.73MeV/c2. Toy Monte Carlo
experiments without the corresponding peak were generated and fitted with and without the peak. All experiments where the
fit converged in the Q-range from 0 to 50MeV/c2 are used here. (Right) P-Value as a function of −2 lnL0/L for the peak at
10.73MeV/c2.

the peak at Q = 10.73 MeV/c2 would stem from the decay Bs1 → B∗+K−. Another peak from decay B∗
s2 → B∗+K−

is expected at Q ≈ 21 MeV/c2. This peak however will be much smaller as the predicted ratio of the branching
fraction for the two B∗

s2 decays is

B(B∗
s2 → BK)

B(B∗
s2 → B∗K)

= 12.0 ± 3.5 (3)

Our data indeed show few bins above the fitted background at the corresponding Q value of around 21MeV/c2.
This slight excess is consistent with the expectation for the B∗

s2 → B∗+K− decay, but is far from being statistically
significant. The swapped assignment of the two peaks at 10.73 and 66.96 MeV/c2, would result in a very large
mass difference between the B∗

s2 and Bs1 which would be rather unnatural for the hyperfine splitting within the
doublet. Therefore we assign to the peak at Q = 10.73 MeV/c2 the decay Bs1 → B∗+K− and to the peak at
Q = 66.96 MeV/c2 the decay B∗

s2 → B+K−.
Assigning the two observed peaks to the decays of the two narrow states we can transform the measured Q values

to the masses of the two narrow B∗∗
s states. The corresponding masses are

m(Bs1) = 5829.41 ± 0.21 (stat) ± 0.14 (syst) ± 0.6 (PDG) MeV/c2

m(B∗
s2) = 5839.64 ± 0.39 (stat) ± 0.14 (syst) ± 0.5 (PDG) MeV/c2

where the PDG error is due to the error on the masses of B+ and the mass and B∗+. Finally the mass difference of
the two narrow B∗∗

s states is

∆m(B∗
s2, Bs1) = 10.20 ± 0.44(stat) ± 0.35(PDG) MeV/c2

with PDG error comming from the mass difference between B+ and B∗+. The measured value is close to the model
expectations.

IV. SUMMARY

In this note we report on the observation of the two narrow states of the orbitally excited Bs mesons. For the first
time we observe two narrow peaks in the B+K− distribution. The observed pattern of the two peaks allows us for
the first time to make unambiguous assignments of the peaks to the states which translate to the mass measurements
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Summary

New precise mass measurement of m(Bc) = 6276.5 ± 4.0 ± 2.7 MeV/c2

Bc lifetime measured by both CDF and DØ in agreement with theory

2 narrow states of Bd** system measured & consistent with theory predictions

Puzzle of Bs** excited states

CDF measures both narrow states with Δm ≈ 10 MeV/c2

DØ only sees B*s2

Using DØ measurement of Δm from Bd**,  no Bs1 peak expected

Improved measurement of Δm in Bd** system could shed light on 

discrepancy in Bs** system
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Observation of orbitally excited (L=1) Bmesons

The CDF Collaboration
URL http://www-cdf.fnal.gov

(Dated: November 14, 2005)

We observe the orbitally excited (L = 1) B mesons in the fully reconstructed B decays B J !K J !

µ µ and B D̄0" D̄0 K " . The narrow states B1 and B2 are both observed simultaneously in a fit to

the mass difference Q m B" m B m " , and their respective signal peaks are well-separated. The results

of this study show

m B1 5734 3 stat 2 syst MeV/c2

m B2 5738 5 stat 1 syst MeV/c2

These are currently the best measurements of these quantities.
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s candidates (full line) with distribution of wrong sign

candidates (green area) for two channels added together.
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FIG. 5: Fit projections of the unbinned maximum likelihood fits done on the two decay channels separately. On the left side

B∗∗
s → B+K− → [J/ψK+]K− is shown while on the right we show the B∗∗

s → B+K− → [D
0
π+]K− channel.

to the two subsamples from the different decay channels are shown in Figure 5. The parameters for the two signals
are listed in Table III. The two samples are consistent with each other. The only small difference is in the resolution,
where the channel B∗∗

s → B+K− → [D0
π+]K− has slightly worse resolution than B∗∗

s → B+K− → [J/ψK+]K−. In
addition we also compare the background shapes of the two channels. They are shown in Figure III. The functions
are scaled to have the same total area as the function from the fit to the full sample to facilitate a shape comparison.
Both channels are consistent in the signal parameters and background shapes and therefore we add both channels
together to do the final fit. The resulting fit projection is shown in Figure III. The quantities extracted from this fit
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Bs1 B∗
s2

B+ → J/ψK+ B+ → D
0
π+ B+ → J/ψK+ B+ → D

0
π+

Q [MeV/c2] 10.87± 0.19 10.68± 0.46 67.03± 0.44 66.85± 0.76
σ [MeV/c2] 0.64± 0.25 1.18± 0.56 1.79± 0.42 2.88± 0.75

N 16.98± 5.14 20.66± 7.12 44.15± 13.36 55.74± 19.20

TABLE III: Comparison of the unbinned maximum likelihood fits of the two data subsets coming from different B+ decays.
Those two subsamples are independent and have roughly the same B+ yield. The errors are statistical only.
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are Q values for the two peaks and number of signal events. The two Q values are

Q(Bs1) = 10.73 ± 0.21 (stat)MeV/c2

Q(B∗
s2) = 66.96 ± 0.39 (stat)MeV/c2

(2)

with 36.4±9.0 events in the peak at 10.73 MeV/c2 and 94.8±23.4 events in the peak at 66.96 MeV/c2. In both cases,
the likelihood function has a well defined minimum. They are shown in Figure 8 for the peak at 10.73 MeV/c2 and in
Figure 9 for peak at 66.96 MeV/c2.

Systematic effects due to the tracking and fitting procedure are studied for the obtained Q values. For the tracking,
there are two main sources of uncertainty and those are the COT error matrix scaling and the calibration of the
material and magnetic field inside the tracking volume. A detailed study of the effect was done for the measurment
of mass and width of the orbitally excited charm D∗∗ states [10]. The combined uncertainty of the two tracking
sources is found to be 0.14 MeV/c2. The fitting procedure can contribute from the fact that unknown shape of the
background, which can be wrongly modelled, and the simplification, where a single Gaussian is used in the fit, while
two decay channels can have different resolutions and therefore two Gaussians would be more appropriate. All those
effects are studied using large statistics of Toy Monte Carlo experiments, which are generated with the studied effects
and fitted with the original fit. In all three cases, the pulls of the Q values were consistent with a Gaussian with mean
zero and unit width. Therefore we don’t assign any systematic uncertainty coming from the fitting procedure.

To estimate the statistical significance of the two peaks, we repeat the fit without the studied peak. From the value
of the likelihood functions of the original fit L and the fit without the given peak L0 we can form −2 lnL0/L. This
quantity asymptotically behaves as a χ2 distribution with degrees of freedom equal to the difference in the number
of free parameters in the two fits. This allows us to convert the −2 lnL0/L to a probability and therefore also a
statistical significance. From this procedure we obtain a significance of 6.3 σ for the peak at 10.73 MeV/c2 and 7.7 σ
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FIG. 3: Q = M(B+K−)−M(B+)−M(K−) distribution of the B∗∗
s candidates (full line) with the distribution of wrong sign

candidates (green area) for B∗∗
s → B+K− → [J/ψK+]K− (left) and B∗∗

s → B+K− → [D
0
π+]K− (right) channel.

For the final selection we cut on two quantities, which are the number of candidates in the event and the output of
the Neural Network. The number of candidates is used separately and not in the Neural Network because a correct
simulation of this quantity is nontrivial and difficult. Therefore we also select the cut value rather arbitrarily just
from the fact, that more candidates in the event means a smaller signal to background fraction. Before extracting any
information from data we fix the cut on the number of candidates to be less than four candidates in the event. The
value of the cut on the Neural Network output is chosen to optimise the significance S/

√
S + B in the Q window from

60 to 70 MeV/c2. The optimisation is done on a combination of a Monte Carlo simulation which is used to obtain a
nominator and data from which the denominator is extracted at each tested cut value. The best cut is found to be
0.5 for the B∗∗

s → B+K− → [J/ψK+]K− channel and 0.3 for B∗∗
s → B+K− → [D0

π+]K− channel.
To check for possible systematic effects we examine also wrong sign combinations (B+K+). They are selected using

the same selection criteria as the signal right sign candidates. The cut on the Neural Network output and a cut on
the number of candidates which has the same value, but a different definition. While for the right sign combinations
the number of right sign candidates is used, for the wrong sign combinations the number wrong sign candidates are
counted to follow the logic of the selection for the signal.

III. RESULTS

In Figure 3 we show the Q value distributions for the two studied channels. In the B∗∗
s → B+K− → [J/ψK+]K−

channel, two clear peaks are visible at around 67MeV/c2 and 10MeV/c2. In the channel B∗∗
s → B+K− → [D0

π+]K−

the peaks are not as clear but there is still evidence of the peaks in the same positions. We also varied the selection
cuts and the binning and the two peaks showed consistent behaviour. In contrast to right sign combinations, the
wrong sign combinations don’t show any significant and consistent structure. Figure 4 shows the Q distribution of
the two channels added together.

To extract the Q values from the data we use an unbinned maximum likelihood fit. The two peaks are described
by two Gaussians. We use a phenomenological function able to describe the background without any attempt to
distinguish different types of backgrounds. The basic properties of the function are that it should go to zero at Q = 0
and should have a maximum followed by a slow decrease. The functional form is

B(Q) = α[Q(β −Q)]γ exp [−γ(Q− δ)] (1)

where α is normalisation constant and β, γ and δ are free parameters. The fit has 3 parameters for each of the Gaussians
and 4 parameters for the background. All parameters are free during the fit. The fitting code was validated using
Toy Monte Carlo experiments of same statistics and sample composition as observed in the data. The fit projections
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