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Measurement of the masses and width of the narrow orbitally
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Abstract

We report a measurement of the masses and width of the neutral orbitally
excited B mesons in decays to B®T7~ using 1.7 fb~! of data collected by the
CDF II detector at the Fermilab Tevatron. The mass and width of the narrow B3
state are measured to be m(B3") = 5739.9777 (stat.) 102 (syst.) MeV/c? and
[(B30) = 22.1739 (stat.) 732 (syst.) MeV/c? respectively. The mass difference
between the narrow B3’ and BY states is measured to be 14.6752 (stat.) J_rojg
(syst.) MeV/c?, resulting in a BY mass of 5725.373C (stat.) T0-% (syst.) MeV/c2.
This is currently the most precise mass measurement of these states and the first

measurement of the B;O width.

The bound states of a heavy b quark with either a light u or d quark are generically
referred to as a B meson. The ground J¥ = 0~ (B) and 1~ (B*) states are well
established [1], but the spectroscopy of the excited B states has not been well studied.
The first excited state of the B meson is predicted to occur when the light quark has an
orbital angular momentum of L = 1. This results in two isodoublets of excited states,

one with a light quark angular momentum of J; = % and a total angular momentum

of J =0 (B) or 1 (By), and another with J; = 3 and J = 1 (B) or 2 (Bj) [2-5]. The

four states are collectively referred to as B**. The J; = % states decay to B®)m via an
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S-wave transition. Consequently, these states are expected to be very broad and have

3

5 states decay to BY7 via a D-wave transition and

not yet been observed. The J; =
are expected to have widths of 10 — 20 MeV /c? [3]. The decay B; — Br is forbidden
by angular momentum and parity conservation, while both B — Brm and B} — B*rw
decays are allowed. Decays to a B* proceed as B* — B7, where the photon is not
detected. Because of the missing photon, the observed BY and B3’ — B*m peaks
are shifted to a lower mass by the B* — B mass splitting of 45.78 + 0.35 MeV /c? [1],
resulting in an expected signal structure of three narrow B** resonances.

Previous measurements of the neutral B; and Bj states have been made using
inclusive or semi-inclusive decays which did not allow for separation of the narrow
states [6-11], or were statistically limited [12]. Recently the D@ Collaboration has
reported resolving the neutral By and Bj states [13], but the width of these states was
not measured. In this Letter, we present a measurement of the masses of the two J; = %
states, BY and B3, and a measurement of the width of the B3° state. We reconstruct
B*% in B*7~ and B**7~ decays; throughout this paper, any reference to a specific
charge state implies the charge conjugate state as well. We use data collected in pp
collisions by the CDF II Detector at the Fermilab Tevatron between February 2002
and January 2007, corresponding to a total integrated luminosity of 1.7 fb~*.

The components of the CDF II detector [14] used for this analysis are the magnetic
spectrometer and the muon detectors. The tracking system is composed of a multi-layer
silicon microstrip detector [15] able to measure impact parameters with a resolution on
the order of 35 pum [16]. It is surrounded by an open-cell drift chamber (COT) [17].
Both components are located inside a 1.4 T axial magnetic field. Muons are detected
in planes of multi-wire drift chambers and scintillators [18] outside of the hadronic
and electromagnetic calorimeters, which act as absorbers. The muon detectors cover
the pseudorapidity range |n| < 1.0, where n = —Intan(f/2) and @ is the polar angle

measured from the proton direction.



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

A three-level trigger system is used for the online event selection. The important
trigger components for this analysis are the Extremely Fast Tracker (XFT) [19], which
finds tracks in the COT in the level 1 trigger, and the Silicon Vertex Trigger (SVT) [20],
which at level 2 adds information from the silicon detector to the tracks found by the
XFT. Two independent level 3 triggers are used in this analysis. The dimuon trigger
[14] requires two tracks of opposite charge matched to track segments in the muon
chambers, where the mass of the pair is consistent with the J/1) mass. The displaced
vertex trigger [21] requires two tracks with large impact parameters. Additionally, the
intersection of the tracks must be displaced from the interaction point and a minimum
transverse momentum, ¢.e. the momentum component perpendicular to the proton
beam direction, is required for each track.

The offline reconstruction begins by reconstructing B+ candidates in the J/¢ K™,
D7*, and D°x*7rtn~ decay modes with J/v — p*u~ and D° — K*x~. Decays
of Bt — J/YK™" are reconstructed from the dimuon trigger data while decays of
BT — D%t (ntm™) are reconstructed from the displaced vertex trigger data. In all
three decay modes, the tracks are constrained in a 3-D kinematic fit to the appropriate
vertex topology with the .J /1) and D° masses constrained to the world average values [1].
All tracks not used to reconstruct a BT candidate are considered pion candidates, and
their 4-momentum is added to that of the BT candidates to form B** candidates. We
search for narrow resonances in the mass difference distribution of Q@ = m(B*t7n~) —
m(BT) — M,-, where m(BTn~) and m(B™) are the reconstructed invariant masses of
the BT 7~ pair and the BT candidate respectively, and M, - is the known pion mass [1].

Selection of the B** candidates is done using separate neural networks for each of
the three BT decay modes. The neural networks are based on the NEUROBAYES [22]
package and combine discriminating variables into a single quantity.

We build diffferent neural networks for each of the three B decay modes. The

neural networks for the B — J/¢K* and Bt — D" nt7~ channels use simulated
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events as the signal patterns and data events from the B* mass sideband as the back-
ground patterns for training. In the Bt — D%r* channel, the neural network is trained
using only data. To train on data only, we take Bt candidates in the invariant mass
signal region of 5240 to 5310 MeV /c? as the signal patterns and B* candidates in the
invariant mass sideband region of 5325 to 5370 MeV/c? as the background patterns.
Events from the B* mass sideband are also used as signal patterns with a negative
weight to account for the background in the signal region. The most important topo-
logical and kinematic discriminants for the neural networks are the impact parameter
of the BT, the projection of the distance of the B* decay vertex to the primary vertex
on the normalized transverse momentum, the transverse momentum of the kaon or
pion from the BT decay, and the impact parameter of the kaon or pion from the B*
decay. The neural networks for B* selection in the BT — J/¢ K+ and B* — D™
channels are taken from the study of the B* states [23]. The fitted BT yields are
51 500 in the J/¢K* decay channel, 40 100 in the D°7* channel, and 11 000 in the
Dzt 77~ channel.

For the B** selection, three neural networks are formulated and trained on a com-
bination of simulated events for the signal patterns and data for the background pat-
terns. The data for the background patterns are taken from the entire () range of 0 to
1 GeV/c?. The signal contribution in the data is marginal and can be neglected during
neural network training. To avoid biasing the network in the training, the simulated
events are generated with the same () distribution as the data. The neural network
inputs include the output of the corresponding B™ neural network and the properties
of the pion from B** decay in addition to the quantities used by the corresponding
B™" neural network. The most important discriminants are the impact parameter and
transverse momentum of the pion from B** decay and the output of the BT neural
network.

For the final B** selection we select on the number of candidates per event and on
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the output of the neural networks. The requirement on the number of candidates is
fixed to be the same for all three B™ decay channels, and requires fewer than six B**
candidates in an event. The cut on the neural network output is chosen to maximize
Nt /v/Naata- The optimization is done by counting the number of Monte Carlo events
Nyc and the number of data events Nyu, in the Q signal region of 0.2 to 0.4 GeV/c?
for a given cut on the network output. In this analysis, we combine the B** events for
all three B* decay channels and use this combined @ distribution to measure the B**
properties. Thus, we optimize the B** selection for each Bt decay channel using the
combined significance, which is a function of all three network outputs. The resulting

combined @) distribution is shown in Figure 1.

N C

L 200F ] o Data

> . — Total Fi

© 180[ | otal Fit

= - |1 B, - B

Lo 160? 11 —B, - B

o 140; |4 i:| -+ B, - BT

o 120 1 '| | — B: S BOK
0 C i

L 100F s o

.‘g N ol n I,, ip) ,,

— 80 — --v!"" i T I||| "II||| LI

o] r |‘!”"|' H II Il ||' " 'nl N

S 60 At PUITHRRE 4

. : Ry A ||" i

O 40? 0 " i |: ||]:““I

204

8005 o4 "0s o8 1o
Q = m(Bn) - m(B) - m_ (GeV/c?)

Figure 1: Invariant mass distribution @ = m(B*7~) —m(B™) — M,-
for exclusive Bt decays. The fit is described in the text. Curves

are shown separately for the background, the B}* reflections, and the
three B** decays.

We perform an unbinned maximum-likelihood fit to the combined @) distribution.

us The B** signal structure is interpreted as the three decays BY — B*tr— B3’ —

ne BYn~, and B} — B*'n~, with B*™ — BT~. Because of the missing photon in
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decays through B*, we expect a total of three narrow B** signal peaks. Each peak
is modeled by a non-relativistic fixed-width Breit-Wigner distribution convoluted with
the detector resolution model. The detector resolution as a function of @) is determined
from simulation and modeled by two Gaussian distributions, a dominant narrow core
of an ~ 2 MeV/c? width and a small broad component of an ~ 4 MeV /c? width for the
tails. A systematic uncertainty is assigned for possible underestimation of the detector

resolution by the simulation.

The current sample of data has insufficient statistics to fit for all signal parameters.
We fit for the @Q value of the B3 — Btr~ decay, the mass difference between the
BY and Bj° states, the width of the B3, and the number of events in the B} and
B3® — B*r~ peaks. Other parameters are imposed as part of the fit and are taken
either from previous measurements or from theoretical predictions. These are: the
energy of the B* photon, E(y) = 45.78 +0.35 MeV /c? [1]; the ratio of the BY and B3’

7 FF((]%?O)) = 0.940.2 [3]; the ratio of the B3° branching fractions

BR(B3°—-Btn—)
» BR(B3°—B*tr—) —

widths

1.1+ 0.3, which is based on observations of the charm sector [11].

We also expect reflections from B*Y — BT K~ decays in the B** @Q distribution
when the kaon is mistakenly assigned the pion mass. The shape of this reflection is
determined by using simulations from the study of the B!* states [23] and is a fixed
component of the fit. The number of B*? events expected in the B** distributions
is also determined from [23] and enter the fit as Gaussian constraints with a 50%

uncertainty assigned. In this data sample we expect 24 BY, events and 62 B}y events.

The background is modeled by a power law times an exponential. There is a small
fixed component to the background at high @ values (Q > 0.7 GeV/c?), but the

background shape under the B** signal region is allowed to float in the fit to data.

The result of this fit to the combined data is shown in Figure 1. The x? probablity

of the fit is 78% in the range Q € [0.0,0.5] GeV/c?. The following parameters are
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measured for the BY and B3
m(B3°) —m(B%) — M, = 3215717 (stat.) T03 (syst.) MeV/c?,
m(B3°) —m(BY) = 14.9752 (stat.) T3¢ (syst.) MeV/c?, and
[(B3°) = 22.773%5 (stat.) 1§ (syst.) MeV/c2.

The number of events are N(B?) = 50377 (stat.) ™55 (syst.), N(B3® — B*n~) =
385795 (stat.) 353 (syst.), and N(B3® — B*fr~) = 35118 (stat.) T3% (syst.). The
signal is consistent with theoretical predictions, including those entered as Gaussian
constraints in the likelihood. Using the mass of the B [1] and the correlations between

the fit parameters, the absolute masses of the BY and B3° are:
m(B3Y) = 5740.277% (stat.) 752 (syst.) MeV/c? and
m(BY) = 5725.37}5 (stat.) 777 (syst.) MeV/c2.

Systematic uncertainties on the mass differences, width, and yield measurements
fall into three categories: mass scale, assumptions entered as Gaussian constraints in
the fit, and the choice of background and resolution models.

To determine the mass scale uncertainty, we compare CDF II measured () values
of the D*, X9 ¥+ A% and +(25) hadrons with the world average @ values [1]. We
recoonstruct the decays D** — D" with D' — Ktr—, X0 — Afr=, ST — Afnt,
and AXT — Afzntr=, all with AT — pK 71, and ¢(25) — J/vntn~ with J/¢ —
w . The Q value dependence of this systematic uncertainty is modeled with a linear
function, which is evaluated at the B** () values to estimate the systematic uncertainty.
This is a small contribution to the systematic uncertainty.

Assumptions made in the fit are included as Gaussian constraints added to the
likelihood. Thus, the systematic uncertainty due to these assumptions is part of the fit

uncertainty on each parameter. To separate the statistical and systematic components
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Table 1: Systematic uncertainties of the B*** parameters. Each row corresponds to one
source of systematic uncertainty. The columns show the resulting uncertainties for the
five B** signal parameters. Uncertainties on the mass difference and width parameters
are in units of MeV /c?.

Source QBY) T(By) m(By) —m(B) NBy —Br) NBY

Mass scale 005 0003

Fit constraints o2 - oI + e

Background parameterization +0.14 —0.1 +0.16 +17 —13

Resolution uncertainty +0.003  —0.5 +0.001 -2 -3

Total +0.4 +2.1 +0.7 +32 +86
—0.3 —1.6 —0.9 —23 —73

of the fit uncertainty, we refit the data with the constrained parameters fixed. The
uncertainty on each parameter from this fit is purely statistical. To determine the
systematic contribution to the fit uncertainty, we subtract in quadrature the uncer-
tainties for the two fits to data, one with the constrained parameters floating and one
with them fixed. Assumptions in the fit are the largest systematic uncertainty on all

parameters.

To estimate the uncertainty due to the choice of background or resolution models,
we generate pseudo-experiments using an alternate background parameterization or
increased resolution width. Each pseudo-experiment is modeled by both the default
fit and the fit with an alternate background model or increased resolution width. We
then take the difference between the parameter values in the varied fit and the default
fit as the systematic uncertainty due to the model. We fit the distribution of pseudo-
experiment differences with a Gaussian, and take the mean of the Gaussian as the
systematic uncertainty. The uncertainty due to the detector resolution underestimation

is negligible. The uncertainty due to the background model is also relatively small.

In summary, using the three fully reconstructed decay modes B*** — BTr~ —
(J/YKH)r~, B — Btar~ — (D°7%)7~, and B** — Bfr~ — (D’zntnta)r,

we observe the two narrow B**V states in agreement with previous measurements and
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theoretical predictions. This is the most precise measurement of the narrow B**? states
to date. This is also the first measurement of the B3° width.
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