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Abstract

Experimental evidence for the existence of orbitally excited B meson states is presented in an analysis of the B and B* 7
distribution of Q = m(8**) — m(B'*") — m(r) using 2" decay data taken with the DELPHI detector at LEP.

The mean Q-vaiue of the decays B** —

B 7 is measured to be 284 + 5 (stat.) £ 15 (syst.) MeV/c?. and the Gaussian

width of the signal is 79 £+ S(sta.) % 8(sys() MeV/c®. This signal can be described as a single resonance of mass
m=5732 £ 5(stat.) £ 20(syst.) MeV/c? and full width [ = 145 £ 28 MeV/c?. The obscrved shape is also consistent
with the production of sevcral broad and narrow states us predicted by the quark model and partly observed in the D-meson
sector. The production rate of B** per b-jet is found to be 0.27 £+ 0.02 (stat.) + 0.06 (syst.).

1. Introduction

This letter reports on a search for orbitally excited
B-meson states (B**) in Z® — bb decays. L=1B
mesons have not yet been observed experimentally. A
possible large production rate of narrow B** mesons
in b-quark fragmentation has recently attracted atten-

tion [1], since it would allow self-tagging flavour
identification at production time for studies of neu-
tral B mixing and searches for CP-violation at hadron
colliders. Sizable D** production rates have been re-
ported both in B-decays and in c- quark fragmentation
by ARGUS [2] and CLEO {3], and more recently at
LEP by ALEPH [4] and DELPHI [5], thus proving
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that quark fragmeatation is capable of producing pri-
mary mesons with orbital excitation. This motivates a
search for B** states at LEP.

In the quark model one expects for each specta-
tor flavour four different B meson states with orbitat
angular momentum L = 1 (commonly labeled B**
or B;% in this paper for bi and bd states and B**
for b5 states). The expected main decay modes of

++ mesons are Bz and B*r. In this analysis B and
B* mesons cannot be distinguished, therefore they
are labeled as B*). If the B;* meson mass is above
the B*)K threshold, this will be the dominant decay
mode, since B, is forbidden by isospin conservation.

Heavy Quark Effective Theory (HQET) [6]
groups these four states into two doublets per B-
flavour according to the vector sum of the light quark’s
spin and the orbital angular momentum j; = s, + L:
j1=3/2, 07 =1%,2%and ji=1/2; J" =0%,17. The
members of the first doublet should be very narrow
compared to typical strong decay widths, because
only L = 2 decays are allowed. This is due to angular
momentum and parity conservation for the 2* state
and a dynamical prediction for the 1% partner [6,7].
In the D-meson sector, the two narrow states have
been clearly identified experimentally [2,3,8] and
spin/parity and decay characteristics have been shown
to be in accord with the HQET predictions.

A measurement of production of B* mesons in Z
decays has been performed by the DELPHI {9] as
well as L3 [ 10] and ALEPH [11] collaborations. The
B* /B production rate and the B* polarization ratio
o7 /0 have been found to be compatible with the spin
counting expectations 3 : 1 and 2 : 1. In these mea-
surements the signal was obtained in the By — B mass
difference spectrum, using specially developed inclu-
sive B reconstruction methods. The DELPHI method
serves as the basis for B** reconstruction in this paper.

The DELPHI detector is capable of studying B**
production by using inclusively reconstructed B
mesons ana pion tracks originating from the primary
vertex. The precise vertex reconstruction capability
of DELPHI makes it possible to efficiently tag bb
events. In the analysis that follows, an enriched sam-
ple of bb events from the 1991, 1992 and 1993 LEP
runs is used. The B momentum in each hemisphere is
reconstructed in an inclusive fashion, and it is com-
bined with additional pions coming from the primary
vertex to form the B(*)zr signal. Measurements are

presented for the mean Q-value of transitions between
L =1 and ground state B-mesons as well as the B}
production rate per b-jet. The signal is interpreted in
the framework of quark model predictions.

2. The DELPHI detcctor and event selection

DEL.PHI is a 47 detector with emphasis on particle
identification, three dimensional reconstruction, high
granularity and precisc vertex information. A com-
plete description can be found in Ref. [12]. The de-
tectors most relcvant to this study are the tracking
chambers (Vertex Detector, Inner Detector, Time Pro-
jection Chamber and Outer Detector) and the barrel
electromagnetic calorimeter (High-density Projection
Chamber). DELPHI’s vertex detector consists of three
concentric shells of Si-strip detectors in the central re-
gion at radii of 63,9 and 11 cm parallel to the beam
pipe for precision reconstruction near the interaction
region. The algorithm that is used to enhance the bb
content, as well as the algorithm used to define the
candidate track from the primary vertex for the B**
decay, rely on good vertex reconstruction. Therefore,
the analysis is restricted to the barrel region (45° <
6 < 135°) where there is complete vertex detector
coverage. Inclusive reconstruction of the B momen-
tum is based on charged and neutral particie recon-
struction. The alignment of the various tracking de-

‘tector components as wzll as an accurate description

of efficiencies, resolutions and covariance matrix el-
ements of charged tracks, which are crucial for the
present analysis, have been monitored and adjusted
using Z® — u*u~ decays and primary vertex fits of
non-bb hadronic events. A momentum resolution of
o(p)/p=0.0011-p (GeV/c) is achieved for muon
pairs in the barrel region. Photons and #79’s that are
reconstructed by the High-density Projection Cham-
ber (HPC) have a o(E) /E = 0.26/VE & 0.046 and
an angular resolution of around 0.002 rad in the az-
imuthal angle ¢ and the polar angle 6.

Using standard barrel hadronic selection [13], in-
cluding a cut on the polar angle of the thrust axis
(| cos Oprua| < C.7), 1026793 events are selected

" from the 1991, 1992 and 1993 data. In order to enrich

the sample in bb events, a B meson tagging algorithm
exploiting the large B lifetime [ 14,15] is applied. A
probability is calculated fqr each event assuming that
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all the well-measured tracks originate from a primary
vertex compatible with the beam spot. Selecting only
those events where this probatility is less than 1%
results in an efficiency of 65 & 3% and a purity of
84 4 4% for bb events. This beauty enhanced sample
consists of 175960 cvents.

Efficiencies, backgrounds and resolutions are cal-
culated with the DELPHI simulation package, DEL-
SIM, which uses the JETSET 7.3 Monte Carlo gener-
ator [16] with parameter adjustments from previous
QCD studies [17]. The B* — B mass difference in
the JETSET generator was fixed to the current Particle
Data Group world average. In addition, special Monte
Carlo samples including production and decay of B**
mesons have been generated using masses, widths and
decay modes as predicted by HQET [ 18].

3. Inclusive B reconstruction

The B meson momentum is reconstructed using the
same algorithm [ 19] that is used in the DELPHI B*
analysis [9]. The events are divided into hemispheres
defined by the thrust axis. The rapidity of each recon-
structed charged (assuming pion mass) and neutral
particle (assuming photon mass) with respect to the
thrust axis is calculated. The particles whose rapidi-
ties are outside a window of +1.5 units are considered
to be B meson decay products. The momenta of these
particles are added together in each hemisphere to ar-
rive at a B meson momentum estimate for each side of
the event. This raw B energy is corrected by using the
reconstructed raw invariant mass m, and the ratio of
the energy seen in the hemisphere to the beam energy
(xn = Enemisphere/ Eveam). The invariant mass is set to
the current mass value for the B meson [8]. Details
of this procedure can be found in [9]. To reduce the
amount of badly reconstructed B-mesons a minin..m
reconstructed energy of 20 GeV in the rapidity gather-
ing algorithm is required, and the reconstructed mass
has to lie within £2.5 GeV/c? of the mean recon-
structed B meson mass. This algorithm is only mean-
ingful in two jet events and for the most energetic jet
in three jet events. These have been identified using
the LUCLUS algorithm [16]} with a transverse mo-
mentum cutoff of 3.5 GeV/c.

Using the simulation sample, the energy resolution
of this inclusive technique is determined to be 7%

for 70% of the B mesons (the rest constitute a non-
Gaussian tail towards higher cstiinated energies); the
angular resolutions in 6 and ¢ can be parameterized
as double Gaussians with widths 0.015 rad for 60%
of the data and 0.038 rad for the remaining 40%. The
inciusive rapidity distributions for charged and neutrai
particles as well as the distributions of reconstructed
B mass and reconstructed B energy observed in the
data agree very well with the Monte Carlo expecta-
tions [9]. The simulation prediction of the resolutions
of the inclusive B reconstruction algorithm is verified
by the good agreement in the width of the B* — By
mass difference peak {9].

4. Experimental procedure and results

If the mass of B** mesons is above the B*# but be-
low the Bp threshold, 3** mesons mainly decay into
B or 3*7r. Parity conservation restricts the expected
main decay modes of the single states: the spin-parity
state 0* would decay into Bw (s-wave), the two 17
states into B*# (s- or d-wave), and the 2% state into
both B7 and B*# (both d-wave). Positively charged
pions can come from decays of the Iy = +1/2 states
B*** (containing a b-quark) and B**? (containing a
b-quark). Therefore, flavour tagging with e.g. inclu-
sive leptons or jet charge cannot be used to enhance
the ratio of B** signal to background.

Both the B decay particles as well as the B** de-
cay pion have large rapidities. However, since the B**
decays strongly, the pion should originate from the
primary vertex and not from the B decay vertex.

The quantity which is best accessible experimen-
tally with inclusive B reconstruction methods is the
Q-value of the decay:

Q=m(B™7) ~m(B™) — m(w)
= m(B**) — m(B*®) — m(w).

The symbol B(*) denotes both B and B* states,
which cannot be distinguished with the present
method. The resolution of the present method
can be parameterized as o(Q) = 18 MeV/c*+
65 MeV/c? x (Q [GeV/c?]). It is dominated by

“the energy and angular resolution of the B-meson.

Whether the decay was actually into B or B* and
whether the B* decay photon has been reconstructed,
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only has a negligible effect on the resolution in the Q-
value. However, the decay of a B** of a given mass to
a B*r gives rise to a Q-value which is shifted down-
wards by the B* — B wmass differcnce of 45 MeV/c?
compared to the Q-value of a B decay. Therefore,

for the determination of 2 3** mass from the measur-

able Q-value, an assumption about the B*/B ratio in
the signal has to be employed.

Pion tracks are selected which are compatible with
the primary vertex and not with a secondary B decay
vertex. This is accomplished by the following algo-
rithm. All well measured tracks with at least two vertex
detector hits associated are classified into three ver-
tices: the primary vertex which has to be compatible
with the known beam spot, and two B decay vertices.
The rapidity classification serves as a starting point:
all particles with |y| < 1.5 are assigned to the primary
vertex, and those with y < —1.5 and y > 1.5 to the
two secondary vertices. Three vertex fits are then per-
formed. The track costributing the largest x> is then
tried at the other kinematically allowed vertex (i.e. the
primary vertex if it was a secondary before and vice
versa). The new vertex distribution is accepted if the
x? gets better, otherwise the old distribution is kept.
If the track gives the largest y? contribution in both
situations, it is discarded. This procedure is continued
until no track gives a x? contribution larger than 4.
For the B** pion candidates, only tracks fitted to the
primary vertex arc accepted.

In order to get a clear distinction between primary
and secondary vertices, the reconstructed decay length
(in the signal hemisphere) is required to exceed 1.5
mm. A further reduction of tracks from B decays can
be achieved by requiring a value of less than 1% for
the probability that all the particles in the signal hemi-
sphere stem from the primary vertex. An additional
selection is performed on the lifetime-signed impact
parameter of the pion candidate tracks: if the lifetime-
signed impact parameter of the candidate pion with
respect to the primary vertex is positive, then the y?
probability that it originates from the primary vertex
has to be larger than 15%.

The distribution of the measured B'*)#r Q-values
1s shown as data points in Fig. la. There is a large
cxcess of combinations on top of a smoothly falling
background. The background is well described by the
Monte Carlo prediction, in which B** decay pions
nave been suppressed, shown as shaded area in Fig. 1a.
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Fig. 1. (a) Distribution of thc Q-value of B'*' 7 pairs (data points)
along with the Monte Carlo expectation without B** production
(shaded area). Q is defined as Q=m(B*) 7) —m(B'*?) ~m(wr).
(b) Background subtracted B'*) 7 pair Q-value distribution. The
fit is a simple Gaussian.

The Monte Carlo statistics is comparable to the data
statistics. Fig. 1b shows the difference plot, which is
fit to a simple Gaussian with central value

Q(B*™ — B®)m)
=2%4 + S(stat.) £+ 15(syst.) MeV/c?

and Gaussian width

o =79 + 5(stat.) + 8 (syst.) MeV/c?

containing

N =2157 £ 120 (stat.) £ 323 (syst.)

events. This corresponds to a statistical significance of
18 standard deviations. Systematic uncertainties doin-
inate in the measurements of all these quantities. They
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were determined by modilying cuts and by fitting dif-
ferent background shapes (originating froi: simula-
tion and various phenomenological background mod-
els) to the data. Employing the simulation predic-
tion for the background shape, the normalization had
to be adjusted by the factor 0.95 + 0.0l (stat.) +
0.04 (syst., dependence on cuts) in order to describe
the data well at large Q-values.

Possible reflections from B:* — B‘*) K decays are
expected to contribute in the Q-value range between
50 and 250 MeV/c? at the level of 10% to the ex-
pected B;% signal. Additional uncertainties are intro-
duced by the possible production of £, — A7 and
reflections from the decay B;% — B‘*)p. Their pos-
sible influence has been considered in cvaluating the
systematic errors.

To check whether the signal could be an artifact of
the employed vertex procedure, the selection cuts were
varied within wide ranges. Also using simple analysis
techniques without vertex fitting, a clear excess with
the same characteristics is observed, but on top of a
larger combinatorial background.

Furthermore the charge symmetry of the signal was
tested by dividing the sample according to positive
and negative pion charge, positive and negative jet
charge, and positive and negative product of jet and
pion charge. The jet charge was defined as ( Qjersame —
Qjet,oppo)» Where the Qj were calculated using Qje; =
3,0 - p2%/ 3. pP¢ in the signal hemisphere (ex-
cluding the candidate pion) and in the opposite hemi-
sphere. In all these cases the rates are compatible with
the Monte Carlo prediction.

All tests have been passed successfully, no cut being
found where the behaviour of the data was different
from that expected from the simulation prediction for
a strongly decaying isospin 1/2 B‘*)ar resonance.

The total B}}} rate is determined to be

o3z [Oh_jer = 0.27 £ 0.02 (stat.) £ 0.06 (syst.).

In this rate calculation it was assumed that 2/3 of
all B** decay into charged pions and 1/3 into (un-
observed) 79, according to isospin rules for an / =
1/2 decay into an isovector and an isospinor. Different
cuts on the B reconstruction quality and the candidate
pion selection have been used. The largest systematic

“uncertainty (£0.03) was observed “vhen dividing the
event sample into two hemispheres defined by the an-

gle of the pion in the B** rest frame with respect to
the B** flight direction (helicity angle). Including the
limited Monte Carlo statistics, the systematic crror of
the acceptance calculation is estimated to be. + 15%.

From this the total number of B:* mesons per

¥ ¢

hadronic Z decay is determined to be

Ng-- /Zhag = 0.118 £ 1.007 (stat.) £ 0.023 (syst.).

Assuming the b-barv . 1ate to be 10 + 4% and the
B{*) rate to Le 13 + 2 %, the relative amount of B, 4
mesons which originate from B;Y decay is

ap:s /o8, =0.35 = 0.02 (stat.) £ 0.08 (syst.).

5. Interpretation of the signal

If the signal were due to a single very narrow reso-
nance, the expected Gaussian width would be around
a =38 MeV/c?, as shown in Fig. 2a. This can clearly
be excluded. In order to describe the much broader
observed signal with a single resonance, its full widtn
would have to be

I'=145 + 28 MeV/c2,

The signal would be broadened ir different reso-
nances with different masses cortribute, and some
decay into Bz and others into B*#, leading to a
45 MeV/c? shift in Q-value. The observed signal
shape is consistent with predictions for orbital ex-
citations [18]. According to this model the signal
would consist of two narrow (1% and 2*) and two
broad (0* and 1*) resonances of roughly the same
mass (splittings at the 10 MeV/c? level), decaying
into B* 7 or B, as dictated by spin-parity rules. The
2% is predicted to decay into both B*#r and B with
about equal rates.

There is no prediction about the relative production
rates of the four B** states, but reasonable assumptions
range between 5: 3 : 3 : 1 (spin counting) and 1 :
1:1:1 (state counting) for the 2+ : 1+ : 11 : 0*
states. In the D meson sector the production ratio of
D3 — Dmio D3 — D*m to Di — D*m has been
measured by CLEO [3] to be roughly 2 : 1 : 3. This
is compatible with the state counting picture for the
narrow states. It also confirms the D} — Dw : D5 —
D*m = 1.8 : 1 decay branching ratio prediction from
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Fig. 2. Comparison of the background subtracted Q-value distribution (data points) with various models (solid line). The shaded arca
comesponds to the generated distribution (scaled by a factor 0.2) prior to detector resolution effects : (a) a delta-function at Q = 284
MeV/c? (detector resolution including non-Gaussian tails). {b) two narrow resonances, one decaying into Bur, the other equally into B
and B*wr. A mass splitting of 80 MeV/c? is necessary to describe the observed width. (¢) the model of Eichten et al. [18], plus broad
resonances shifted downwards by S0 MeV/c2. (d) two narrow and two broad states without large mass splitting.

HQET [18]. These facts motivate the use of state
counting and HQET predictions.

An interpretation of the signal as stemming from
only narrow resonances (of width T' =~ 20 MeV/c?)
is unlikely. If the mass splitting were small, the ob-
servable signal width would be only 46 MeV/c?; for
splittings in the order of 35 MeV/c? (as in the D me-
son sector) it is expected to be 52 MeV/c2. To achieve
a signal with the observed width, a splitting of 8C
MecV/c? would be necessary, as shown in Fig. 2b. In
this case, the experimental resolution shozld start to
reso've a substructure. The expcctation for this model
" does not describe the data well. Also, such a large
~ splitting is not expected [ 18]. Therefore the observed
* signal should also contain broad resonances with ¢ full
width T of about 150 MeV/c?,

The data is compared to a model based on masses
and widths for the narrow states as predicted from the
HQET model of Eichten et al. [ 18]. Further assump-
tions are that the two broad states have a width of 150
MeV/c? and that the four B** states are produced in
aratioof 1 : 1-: 1 : 1. Assuming the broad reso-
nances to have the same nass as the narrow oncs does
not describe the data well; therefore they have been
shifted downwards by 50 MeV/c? and their rate has
been increased by 50% for Fig. 2c. Such an energy
splitting between the j; = 3/2 and 1/2 states has been
proposed by Rosner [ 7]. The agreement between data
and simulation wouid be better by slightly lowering
the masses of the narrow states. ‘

Assuming a B*#7 to Ba ratio of 2 : 1, the mean
mass difference between the B meson and the cross
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section weighted mean of the four expected B} res-

onances is determined to be M(B;%) — M(B,4) =

453 + 5(stat.) £ 20 (syst.) MeV/c?, corresponding
to a mass

M(B}%) = 5732 + 5(stat.) + 20 (syst.) MeV/c2.

Part of the systematic error is due to the uncertainty in
the ratio of decays into B* and B in the mapping from
Q-value to mass difference; it can accommodate for
the two reasonable assumptions 1 : 1 and 3 : i. This
value is consistent with the predicted 488 MeV/c? for
the B} — B and 476 MeV/c? for the By — B mass
differences [18].

Fig. 2d is an attempt to describe the data without a
large mass splitting between narrow and broad states.
In this case, the mean mass difference as determined
above and a mass splitting between the narrow states
of 20 MeV/c? is used. The ratio of the broad to narrow
states is 3 : 2, an cven larger contribution of the broad
states would make the agreement better.

With the current experimental sensitivity the inter-
pretations in Fig. 2¢c and d ~annot be distinguished, nei-
ther can one of them be discarded. The simple Gaus-
sian fit shown in Fig. 1b describes the data best. How-
ever, due to the large freedom, consistent results can
be achicved in a number of possible scenarios based
on quark model and HQET.

6. Summary and conclusions

Strong experimental evidence for the cxiviviow vl
orbitally excited B-mesons (B;%) has been obtained
from the B 7+ Q-value distribution using an inclusive
B reconstruction method and separating primary and
secondary vertices with the DELPHI silicon vertex
detector.

The B*)#r Q-value distribution shows a large sig-
nal at Q =284 + 5 (stat.) £ 15 (syst.) MeV/c? witha
Gaussian width of o(Q) =79 + 5 (stat.) = 8 (syst.)
MeV/c2. The signal can be described as a single res-
onance of mass m = 5732 £ 5(stat.) £ 20 (syst.)
MeV/c? and full width I' = 145 + 28 MeV/c2. It
can also be interpreted as stemming from several nar-
row and broad predicted B}, resonances, as predicted

u.d

by quark models and HQET and observed in the D

meson scotor. The rate of BjY mesons per b-jet is
0.27 £ 0.02 (stat.) 3 0.06 (syst.).

In conclusion, the existence of orbitally excited B
mesons has been experimentally established. The re-
sults are in general agreement with predictions.

During the process of refereeing we learned about
a paper by the OPAL Collaboration [20] which- also
shows evidence for B** production.
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