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1 Introduction

The properties of excited B mesons containing a light quark can be described in the context
of heavy quark effective theory (HQET) [1]. Since the mass of the b quark is much larger
than the QCD scale, the Lagrangian can be expanded in powers of 1/my, where the leading
term defines the static limit (mj — c0). In the heavy quark approximation, the B mesons
are characterised by three quantum numbers: the orbital angular momentum L (S, P, D
for L = 0,1,2 respectively) of the light quark, its total angular momentum j, = |L £ %|,
and the total angular momentum J = |j, + %| of the B meson. The spectroscopic notation
has the form n?5*1L; where S = 0 or 1 is the sum of the quark spins and where the
quantum number n describes the radial excitations of the state. The PDG notation [2]

(which is used in this paper) has the form BS*) (m) or BS*)(nL), where m is the mass in

units of MeV,! the * superscript is given to those states with natural spin-parity P = (—1)”
(JP =0%,17,2%,...), and the subscript J is omitted for pseudoscalar and vector states.
A prime may be used to distinguish two states with the same quantum numbers.

For L = 0, there are two possible (J; j,) combinations, both parity-odd, corresponding
to the B meson ground state with J© = 0~ and to the excited B* state with JZ = 1~.
Higher excitations are collectively referred to as B™* states and decay strongly to lighter
B mesons and pions. For L = 1 there are four different possible (.J; j,) combinations, all

parity-even. Predictions for the masses of such states and higher excitations spread over
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Figure 1. Mass predictions of the excited B states [3—10]. The boxes cover the range of predictions
for the masses of each state, and the red dots indicate the measured values. The horizontal lines
correspond to the Br (red) and B*7 (blue) thresholds.

a wide range of values, as shown in figure 1 [3-10]. As can be seen in figure 1, the states
come in doublets (two values of J for each j,), and within each doublet, one has natural
and one unnatural spin-parity quantum numbers. States with natural spin-parity (except
for 07) can decay to both Bm and B*r final states. States with unnatural spin-parity
cannot decay to the pseudoscalar-pseudoscalar B final state due to parity conservation,
but may decay to B*m (table 1). Since the B* meson decays to B7y, the signature from
a doublet of B** states is given by three peaks in the B mass spectrum (unless the
doublet includes a 0 state): one from the natural spin-parity state decay to Bw, and
two from both states decaying to B*m with a missing photon. Due to the missing photon,
the peaks from B*m decays are shifted down from the true B** mass by the difference
between the B* and B masses (this feature recently allowed a precise determination of the
B* — B mass difference from the B* K~ spectrum [11]). Depending on the widths of the
states and the mass resolution, two or all three of these peaks may overlap and be hard to
distinguish experimentally. The Bj and Bj states are predicted to be very broad [3, 10]
since they decay via S-wave (the comparable states in the charm sector have widths of
around 300 MeV [2]). However, the B; and Bj states decay only via D-wave and are
predicted [3, 10] and observed [2] to be much narrower. Higher states such as the B(2S),

'Natural units where & = ¢ = 1 are used.



JP Allowed decay mode
Br B*r
0t yes no
0-,17,27,... no yes
17,2%,37,... yes yes

Table 1. Allowed decay modes for the excited B states.

B*(2S), B2(1D) and Bj3(1D) are predicted to have widths in the 100-200 MeV range [10],
consistent with the recent measurement of the properties of the D?;(1D) state [12, 13].

In contrast to the situation in the charm sector, there is relatively little experimental
information concerning B meson spectroscopy. The Bi(5721)% and B3 (5747)° states have
been observed by the CDF [14] and DO [15] experiments, and recently the CDF collabo-
ration has presented results on the charged isospin partners, together with evidence for a
higher mass resonance [16]. This result has prompted theoretical speculation about the
origin of the new state [17-21]. While in the D meson system amplitude analyses of excited
states produced in B decays can be used to determine their spin and parity (see, for ex-
ample, refs. [12, 13, 22]), in the B meson system it is very difficult to assign with certainty
quantum numbers to observed states. The labelling of the states follows the quark-model
expectations for the quantum numbers, which have not been experimentally verified.

In this paper, the results of a study of B¥7~ and Bzt combinations are presented.
The inclusion of charge-conjugate processes is implied throughout. The analysis is based
on a data sample corresponding to 3.0fb~! of LHC pp collision data recorded with the
LHCDb detector at centre-of-mass energies of 7 and 8 TeV.

The B mesons are reconstructed in the Jap K+, D7+ Dztrtr= Jap K*°, D=zt
and D~ 7wt~ channels, with subsequent J/ip — ptp=, D — Kt7n~ and KTn—nt7n—,
D~ — Ktn~n~ and K** — K*+7~ decays. The B meson candidates are required to
originate from a primary pp collision vertex (PV), and are combined with pions originating
from the same PV (referred to as “companion pions”). Both “right-sign” (RS) and “wrong-
sign” (WS) combinations are considered, where the latter are those with quark-content
that precludes that the pair originates from the strong decay of an excited B meson (e.g.
Bt7T) and are used to model the combinatorial background. Excited B mesons are seen as
peaks in the RS invariant mass distributions, and are fitted with relativistic Breit-Wigner
(RBW) functions. An additional very broad component, observed in the RS and not in
the WS combinations, is referred to as “associated production” (AP) in this paper. The
AP contribution may originate from very broad resonances or from correlated nonresonant
production of B mesons and companion pions in the fragmentation chain.

The remainder of the paper is organised as follows. A brief description of the LHCb
detector is given in section 2. The selection requirements are described in section 3, the fit
model is discussed in section 4, and the nominal fit results are given in section 5, with the
evaluation of the systematic uncertainties in section 6. Interpretation of the results and a

summary are given in section 7.



2 Detector and dataset

The LHCb detector [23, 24] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < 1 < 5, designed for the study of particles containing b or ¢
quarks. The detector includes a high-precision tracking system consisting of a silicon-strip
vertex detector [25] surrounding the pp interaction region, a large-area silicon-strip detec-
tor located upstream of a dipole magnet with a bending power of about 4 Tm, and three
stations of silicon-strip detectors and straw drift tubes [26] placed downstream of the mag-
net. The tracking system provides a momentum measurement with relative uncertainty
that varies from 0.5% at low momentum to 1.0% at 200 GeV, and an impact parameter
measurement with resolution of 20 um for tracks with large momentum transverse to the
beamline (pr). Different types of charged hadrons are distinguished using information
from two ring-imaging Cherenkov detectors [27]. Photon, electron and hadron candidates
are identified by a calorimeter system consisting of scintillating-pad and preshower detec-
tors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by
a system composed of alternating layers of iron and multiwire proportional chambers [28].
The trigger [29] consists of a hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which uses information from the vertex
detector and tracking system.

In the simulation, pp collisions are generated using PYTHIA [30] with a specific LHCb
configuration [31]. Decays of hadronic particles are described by EVTGEN [32], in which
final-state radiation is generated using PHOTOS [33]. The interaction of the generated
particles with the detector, and its response, are implemented using the GEANT4 toolkit [34,
35] as described in ref. [36].

3 Event selection

The B meson candidates in each decay mode are reconstructed using a set of loose selection
requirements to suppress the majority of the combinatorial backgrounds. The selection
criteria are similar to those used in previous analyses of the same channels [37-40]. The
Bt — J/YK*t and BY — J/¢YK*0 selections require a B candidate with pr > 3GeV
and a decay time of at least 0.3 ps. For the other decay modes, the selection explicitly
requires that the software trigger decision is based only on tracks from which the B meson
candidate is formed. No requirement is imposed on how the event was selected at the
hardware trigger stage. Additional loose selection requirements are placed on variables
related to the B meson production and decay, such as transverse momentum and quality
of the track fits for the decay products, detachment of the B candidate from the PV, and
whether the momentum of the B candidate points back to the PV. Because B® mesons
oscillate, the distinction between RS and WS combinations is clearest at short BY decay
times, and hence only B candidates with decay time below 2 ps are used in the analysis.

The mass distributions for the BT and BY candidates are shown in figure 2. Only B
meson candidates falling within 25 MeV of the nominal B mass for the decay modes con-
taining J/i) mesons, or within 50 MeV for the other modes, are selected for further analysis.
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Figure 2. Mass distributions of the BT and B® candidates reconstructed through (a) BT —
DOzt ntntn™), (b) Bt — J/YK*, (¢) B = D~ (nt,ntat7n7), and (d) B® — J/¥wK*° decays.
The J/ib, D° and D~ masses are constrained to their world average values [2]. Results of fits are
superimposed for illustration. The signal (dot-dashed red line) is modelled with a double Crystal
Ball [41] distribution, while the background (dashed black line) is modelled with a second-order
polynomial. The total fit is shown as a solid blue line.

Samples of about 1.2 million BY and 2.5 million Bt candidates are obtained, with purity
depending on decay mode and always larger than 80%. Each candidate is combined with
any track that originates from the same PV and that is identified as a pion. The particle
identification requirements on the companion pion are chosen to reduce potential back-
grounds from misidentified particles to a level where they can be neglected in the analysis.
Over the momentum range relevant for this analysis, the pion identification requirements
are 81% efficient at identifying pions, while they have 3.1% and 2.6% probabilities respec-
tively to misidentify a kaon or a proton as a pion. Since the production of B}** mesons
is likely to be suppressed relative to the production of B** states, as has been observed
for the ground states [42, 43|, these requirements are expected to reduce background from
the decays Bg1(5830)0 — B*F K~ and B},(5840)° — B**K~ or BT K~, where the kaon is
misidentified as a pion, to a negligible level.

Further selection requirements are placed on the B** candidate. The invariant mass
and x?/ndf (ndf is the number of degrees of freedom) of the B** candidate vertex fit are
calculated constraining the B candidates and companion pion to originate from the PV,
and also constraining the known B meson mass, and the masses of intermediate J/i, D°
and D~ mesons in the B decay. The x?/ndf of the B** candidate vertex fit is then required
to be below 3.5. In order to reduce combinatorial backgrounds, the PV associated with
the B** candidate is required to have fewer than 75 charged particles associated with it.
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Figure 3. Distributions of the @ values of the B** candidates after the selection for the (top)
BT and (bottom) B candidates. The white histograms represent the RS combinations, while the
overlaid shaded red histograms represent the WS combinations. The right hand plots are made
after applying an additional requirement of pp > 2 GeV on the companion pion.

The angle 0 is required to satisfy cos@ > —0.5, where 6 is the angle between the pion in
the B7 rest frame and the opposite direction of the boost vector from the B7 rest frame
to the laboratory frame.

Finally, the companion pion is required to have more than (0.5) 5 GeV of (transverse)
momentum, while the B candidate is required to have pt > 10 GeV for candidates where
the companion pion has pr > 2 GeV. In any selected event, the B candidate can potentially
be combined with several different pions to create B** candidates. The average number of
candidates per selected event is 1.4 and all of them are used for the subsequent analysis.

4 Fit model

The distributions of the mass difference, @ = m(Bw) — m(B) — m(w), following these
selection requirements are shown in figure 3 for both RS and WS B** candidates, where
mp and m, are the known masses of the B meson and the pion [2]. All B decay modes are
combined in figure 3 and in the subsequent analysis. Two narrow peaks are seen in both
Btn~ and B%7T mass difference distributions, corresponding to the B;(5721)%" — B*rw
signal overlapping with the B3(5747)%" — B*r decay, and the Bj(5747)%" — B decay.
In addition, an excess of RS over WS combinations around @ ~ 500 MeV is particularly
prominent after requiring the companion pion to have pp > 2 GeV. This peak could result
from a combination of two heavier B** resonances, consistent with the expectation that
B*™* states come in doublets, as described in section 1; the structure is further analysed as



described below. Furthermore, a comparison with the WS distributions shows a very broad
excess of RS combinations lying under the resonances, corresponding to AP as discussed
in section 1.

The Q-value distributions of Bt7~ and Bzt candidates are fitted independently to
determine the masses and widths of the various resonant signals. In order to increase
sensitivity to the parameters of the high mass states, the fits are performed in three bins
of companion pion pr: 0.5 < ppr < 1GeV, 1 < py < 2GeV and pr > 2GeV. The fits
minimise the total x? of the Q-value distributions (in bins of width 1 MeV) simultaneously
for the three companion pion pr bins.

The combinatorial background shape is obtained from WS combinations. It has been
checked that the WS background consists of purely combinatorial background by studying
Br combinations in which a B meson from one event is combined with a companion pion
from another event; consistent shapes are found. The WS @Q-value distributions are fitted
with piecewise-defined, smooth polynomial (“spline”) functions. The shape is fixed in the
subsequent fit to the RS distribution, but the yield is allowed to vary.

Resonances are modelled with RBW lineshapes [44], given by

I'(m)

Arpw(m) = (m2 — mg)2 + miT2(m) ’ 4.1)

where m is the Br invariant mass (which is trivially related to the @ value), mg is the
mass value for the resonance? and I'(m) is the mass dependent width

m m 2[+1
D(m) =To—> ((;]((mo))> FE. (4.2)

In the latter equation I'y is the natural width, g(m) is the B or 7 momentum in the rest
frame of the resonance and [ is the orbital angular momentum between the B and 7 mesons.
The Blatt-Weisskopf form factors F; [45, 46] account for the fact that the maximum angular
momentum is limited by the phase-space in the decay. Defining the dimensionless quantity
2(m) = ¢*>(m)R?, where R is the effective radius, F; is defined as

]:0:1a

1+ Z(mo)
14 2(m)’

(z(mgo) — 3)* + 9z(my)
Fy = . 4.3
’ ¢ (=(m) — 3 + 92(m) 43

Fi =

Depending on the fit model, the B** resonances are described by five or six
RBW shapes:

e one for the B;(5721)%" — B*r feed-down into the left narrow peak with width,
yield, and mean free to vary in the fits;

2The mass difference mo — m(B) — m(x) is referred to as the mean p hereafter.



e one for the B}(5747)%" — B signal (the right narrow peak) with width, yield, and
mean free to vary in the fits;

e one for the B}(5747)%% — B*r feed-down into the left narrow peak with width
fixed to be the same as that of the B}(5747)%" — Br signal, mean shifted from the
B3(5747)%" — Br peak by the known B* — B mass difference, 45.0 & 0.4 MeV [2],
and relative yield in pr bins constrained as described later;

e two (or three) for the higher mass components, with widths, means, and yields free to
vary in the fits (except in the three RBW case, where two of the means are constrained
by the B* — B mass difference).

The alternative descriptions for the higher mass resonances are motivated by the lack of
knowledge of their quantum numbers. As described in section 1, a doublet of states is
expected to give rise to three peaks. For example, for the (B(2S), B*(2S)) doublet the
higher (lower) mass of the pair has natural (unnatural) spin-parity. The description with
three RBW shapes, two of which are constrained to have means offset by the B* — B mass
difference, is therefore a physically motivated choice, obtained by applying quark-model
expectations to the new states. However, there are two possibilities for this configuration,
since it may be either the lower or the higher of the states that gives rise to two peaks.
The alternative, with only two RBW shapes, is an empirical model, that corresponds to
the minimal choice necessary to obtain a satisfactory description of the data. This is taken
as the default and is referred to hereafter as the empirical model, but results of alternative
fits with three RBW shapes are also presented.

The RBW shapes have several parameters which need to be fixed in the fits, in particu-
lar the spin and effective radius input to the Blatt-Weisskopf form factors. The By (5721)%F
and Bj(5747)%% resonances are assigned spin 1 and 2, respectively, and are both assumed
to decay via D-wave (I = 2), while the two higher mass resonances are assigned spin 0
(I = 0) in the default fit. The effective radius is fixed to 4 GeV~! [13]. The mass resolu-
tion is around 2MeV which is negligible compared to the natural widths (> 20 MeV) of
the resonances, and is therefore not modelled. The variation of the signal reconstruction
efficiency with @) value is described with a fifth-order polynomial function with parameters
determined from simulation. All signal parameters except the yields are shared between the
different pr bins and B meson decay modes, though the efficiency function is determined
independently for each pr bin.

The AP component is caused by correlations between the B meson and the companion
pion, and as such is not present in either the WS sample or in a sample obtained by mixing
B mesons and pions from different events. As there is no suitable data control sample from
which it can be constrained, it must be empirically modelled. The AP is modelled by a
sixth-order polynomial shape determined from simulation with an additional broad spin-0
RBW function to account for possible data-simulation differences. The latter component
is introduced since the modelling of fragmentation effects in the simulation is expected to
be imprecise.



Fit parameter Btna— BOrt

By (5721)%F p 263.94+0.7  260.9+ 1.8
By (5721)%* T 30.14+1.5 29.1+ 3.6
B3 (5747)%F p 320.6+04  318.1+0.7
By(5747)%F T 24.5 + 1.0 93.6 + 2.0
Np, (5721)0.+ low pr 14200 + 1400 3140 + 750
Np, (5721)0+ mid pr 16200 + 1500 4020 + 890
Np, (5721)0.+ high pr 48304+ 470 940 + 260
Nps(57amy0.+ low pr 7450 + 420 1310 + 180
Nps(5747)0.+ mid pr 7600 + 340 2070 + 180
Npy (s747y0+ high pr 1690+ 130 640+ 80
B(B;(5747)%" — B*r)/B(B;(5747)%T — Brr)  0.7140.14 1.0+0.5
B (5840)% p 444+ 5 431+ 13

B;(5840)°+ T 127 + 17 224 + 24

B(5960)%" p 5504 £2.9 5458 +4.1

B;(5960)"" T 824+ 8 63+ 15

Np,(5840)0.+ low pr 3200 + 1300 1630 + 970
Np, (5840)0.+ mid pr 5600 + 1000 3230 + 720
Np, (5840)0.+ high pr 3090+ 550 2280 + 450
Ng, (5960)0.+ 1ow pr 3270 + 660 610 + 240
Np,(5960)0.+ mid pr 4590 + 610 910 + 250
Ng, (s960)0.+ high pr 2400 + 320 500 + 140

Table 2. Results of the fits when two RBW functions are used for the B;(5840)% % and B (5960)%+
states (empirical model). The mean u of each peak is given together with the width I' and the
yield Nggate- The parameters related to the AP and WS components are suppressed for brevity. All
uncertainties are statistical only. Units of MeV for p and I' are implied.

The relative yields of B3(5747)%" — B*m and Br in each pr bin are fixed according
to the relative efficiencies found in simulation, so that the relative branching fraction ratios
B(B;(5747)%" — B*m)/B(B3(5747)% " — Br) are free parameters of the fits. The WS and
AP yields are freely varied in the fits, independently in each pt bin. The RBW parameters
of the AP shape are also freely varied; the remaining parameters are fixed to the values
obtained from simulation to avoid instabilities in the fits. The fit procedure is validated
using large ensembles of pseudoexperiments.

5 Fit results

The results of the empirical model fits to the B** candidates integrated over the three pr
bins are shown in figure 4. The results are also shown split by pt bin in figure 5, where the
plots have been zoomed into the range below 800 MeV in order to emphasise the resonant
structures. The results for the parameters of interest are reported in table 2. Note that the



Fit parameter ~ Btn~ BOrt
(5840)%F 1 471422 455+ 26
(5840)%+ T 107420 215+27
(5960)%F 4 5524+ 4 547+ 4
(5960)%T T' 82410 61+15

By(5840)%F y 4444+ 5 425+15
(5840)
(5960)
(5960)

58409t T' 1194+ 17 229 + 27
5960)%* 1 575+ 6 547+ 5
5960)%+t T 56+ 7 61414

Table 3. Results of the fits when the natural spin-parity hypothesis is assigned to (top quadruplet)
the B;(5840)% T state or (bottom quadruplet) the B;(5960)%F state, so that three RBW shapes
are used to model the broad resonances in the fit. The mean p of each peak is given together with
the width I'. All uncertainties are statistical only. Units of MeV for p and I" are implied.

reported mean values correspond to the peak positions, and do not include any correction
for the B* — B mass difference, but when a state is assumed to have natural spin-parity,
and therefore gives two peaks, the mass value reported is that of the higher peak. The
results are consistent for the charged and neutral states, as expected since the uncertainties
are larger than isospin splitting effects. The results for the higher mass states depend on
whether they are assumed to have natural or unnatural spin-parity, and the results with the
alternative hypotheses are presented in table 3. For the purpose of labelling, and without
prejudice on their quantum numbers, the lower of these states is referred to subsequently
as the B;(5840)%% and the other as the B;(5960)"" state.

The covariance matrix of the empirical model fit is given in appendix A. For brevity,
the results for the signal yields and for the background parameters are not reported. The
magnitudes of the correlations between the signal observables and background shapes are
smaller than 30%. All fits have acceptable minimum x? values.

6 Systematic uncertainties

Systematic uncertainties are evaluated in a data-driven manner, by varying fit parameters
or configurations from their default values and taking the difference in the fit results as
a systematic uncertainty. Summaries of the systematic uncertainties are given in tables 4
and 5 for BT~ and B%7t resonances. The total systematic uncertainties on each indi-
vidual parameter are obtained by combining all sources in quadrature. The covariance
matrix of the systematic uncertainties, given in appendix A, is computed by considering
the correlated effects on the fit parameters of the systematic uncertainties.

The modelling of the background shapes may depend on the choice of fit range. The
upper and lower edges of the range are varied independently by 20% to assign systematic
uncertainties. Similarly, any dependence of the results on the choice of bin width is evalu-
ated by repeating the fits with 2 (instead of 1) MeV binning. Additional uncertainties due

~10 -
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Figure 4. Result of the fits to the Q-value distributions for (top) B*7~ and (bottom) Bor*
candidates. The components are labelled in the legend. The normalised residuals (pulls) of the
difference between the fit results and the data points, divided by their uncertainties, are shown
underneath each plot.

to the background modelling are assigned by varying the spline function used to describe
the WS distribution and by varying parameters of the AP polynomial function.

The relative efficiencies of the B35 (5747) decays to B*m and B in each of the three
pr bins are fixed in the nominal fit. These are varied independently to assign systematic
uncertainties. The uncertainties in the dependence of the efficiency on () value are propa-

11 -
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Figure 5. Result of the fit to (left) B*7~ and (right) B7* candidates, split into (top to bottom)
low, medium and high pr bins, with ranges as labelled on the plots. The components are labelled
in the legends. The fit pulls are shown underneath each plot.

gated to the results by repeating the fit after varying, within their errors, the parameters
of the polynomial function used to describe the variation. Uncertainties are assigned for
possible differences between data and simulation in the efficiency function by reweighting
the simulation to match the B momentum distributions observed in data. Uncertainties
are also assigned to take in account the effect of changing the pt > 3 GeV cut on the B
candidate to pt > 4 GeV, and of varying the boundaries of the three bins of the companion
pion pr.

Possible biases in the fits are investigated with ensembles of pseudoexperiments. No
significant bias is found for most of the parameters, but shifts in the means and widths of
the B;(5840)° and B;(5960)° states of up to 30% of the statistical uncertainty are found
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Source B1(5721)° B3(5747)° B(5840)°  B;(5960)"
I I'' BFratio pu T L r I r

Total statistical 0.72 1.52 0.14 0.37 1.01 495 16.70 2.88 7.71
Fit range (high) 0.33 1.30 0.06 0.08 0.37 220 290 0.52 0.26
Fit range (low) 0.04 0.11 0.01 0.02 0.39 0.04 822 0.69 2.83
2 MeV bins 0.02 0.14 0.00 0.04 0.07 1.09 0.50 0.08 1.00
Spline knots 0.11 0.01 0.02 0.02 0.26 1.75 0.04 045 1.44
Float AP 0.03 0.00 0.00 0.03 0.30 1.58 10.16 0.73 4.23

B3(5747)° rel. eff., low pr 0.56 0.91 0.15 0.08 0.16 0.07 0.23 0.00 0.18
B3(5747)° rel. eff., mid pr 0.64 1.01 0.05 0.09 0.18 0.08 0.26 0.00 0.16
B3(5747)° rel. eff., high pr  0.20 0.37 0.03 0.02 0.07 0.02 0.00 0.01 0.09
Eff. variation with @ value  0.13 0.33 0.02 0.04 0.07 045 246 0.19 0.70
Data-simulation reweighting 0.07 0.38 0.02 0.00 0.16 1.81 2.03 0.49 0.12

B pr 002 020 001 024 0.72 398 3.67 130 4.29
pr binning 090 245 024  0.06 039 1.49 27.77 420 147
Fit bias 0.06 0.17  0.01  0.00 0.16 0.45 534 040 2.24
Spin 0.02 0.06 001 0.06 046 195 3.32 0.62 3.74
Effective radius 0.33 1.44 002 012 076 217 968 1.24 3.81
B* — B mass 0.10 0.11  0.03  0.02 0.11 0.04 0.17 0.00 0.09
B;(5840)° JF 001 0.04 000 0.01 001 — — 167 0.76
B;(5960)° J¥ 001 020 000 0.00 016 0.18 800 —  —
Extra state 0.00 026  0.00 0.04 0.34 167 099 0.12 2.08
Total systematic 1.36  3.49 0.30 0.33 148 6.68 34.24 5.10 941

Table 4. Systematic uncertainties on the results of the fit to the B*n~ candidates. Units of MeV
for p and T are implied.

and corrected for. Systematic uncertainties corresponding to the size of the bias seen in
the ensembles are assigned to all parameters.

Further systematic uncertainties are evaluated for the fixed fit parameters. The spins
of the higher mass states are changed from zero to two, the Blatt-Weisskopf effective
radius is varied from its nominal value of 4 GeV~! to 2 and 6GeV~!, and the B* — B
mass difference is varied within its uncertainty [2]. The effects on the other parameters of
the fit, when the B;(5840)° and B;(5960)° states are assumed to have natural spin-parity
and hence contribute two peaks to the spectrum, are assigned as systematic uncertainties;
the effects on the parameters of the B;(5840)° and B;(5960)° states themselves when
changing this assumption are presented in table 3. Finally, the fits are repeated allowing
for an additional state with a peak around @) ~ 800MeV. The additional state is not
statistically significant, but the changes in the fitted parameters are assigned as systematic
uncertainties. The systematic uncertainties due to the momentum scale calibration are
found to be negligible.
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Source By (5721)* B3 (5747)+ B;(5840)" B, (5960)*

I I'  BFratio pu r W r W r
Total statistical 1.81 3.57 0.51 0.72 1.99 1270 23.90 4.07 14.50
Fit range (high) 0.35 0.74 0.10 0.11 0.25 1.51 1285 0.38 0.46
Fit range (low) 0.64 1.13 0.13 0.06 0.13 7.8 39.71 0.14 1.44
2MeV bins 0.16 0.34 0.05 0.10 0.49 058 3.84 0.28 0.52
Spline knots 0.30 0.08 0.07 0.03 022 194 264 025 0.25
Float AP 0.02 0.31 0.01 0.02 0.03 291 244 0.19 224

B3(5747)" rel. eff, low pr 1.50 2.14 0.43 0.12 049 0.15 1.63 0.02 0.03
B3(5747)7 rel. eff, mid pr 1.55 2.26 0.53 0.12 0.51 0.29 2.03 0.04 0.15
B3(5747)" rel. eff, high pr  0.49 0.90 0.11 0.03 0.12 0.10 0.84 0.02 0.07
Eff. variation with @ value  0.07 0.27 0.02 0.03 010 165 728 0.16 0.94
Data-simulation reweighting 0.04 0.38 0.03 0.00 0.02 213 749 040 1.75

B pr 0.45 1.38 0.17 0.14 054 116 7.79 098 4.65
pr binning 1.82 1.03 0.26 0.15 1.38 0.4 55.56 0.94 11.43
Fit bias 0.14 0.39 0.04 0.01 032 114 7.65 0.57 4.21
Spin 0.14 0.33 0.05 0.15 094 418 2449 1.67 5.98
Effective radius 0.70 1.48 0.12 0.19 029 282 2215 0.39 3.76
B* — B mass 0.21 0.06 0.07 0.01 0.15 032 048 0.03 0.07
By (5840)T JF¥ 0.00 0.05 0.00 0.03 015 — — 072 164
B;(5960)T JF 0.02 0.01 0.01 0.04 026 599 486 — —

Extra state 0.03 041 0.00 0.00 0.15 6.28 12.82 0.43 7.81
Total systematic 3.10 4.28 0.79 0.40 2.07 13.70 79.82 2.52 17.18

Table 5. Systematic uncertainties on the results of the fit to the Bzt candidates. Units of MeV
for p and T are implied.

In addition, various cross-checks are performed to ensure fit stability and reliability.
The stability of the data fits is studied by splitting the sample by the year of data taking,
magnet polarity, and the charge of the companion pion. The resulting independent samples
are fitted using the same configuration as the nominal fit, and the results within each split
are found to be consistent.

7 Interpretation and conclusions

The analysis of the invariant mass spectra of B*7~ and B’7r combinations reconstructed
with the LHCb detector reported in this paper provides measurements of the properties of
a number of B** resonant states. The interpretation of the results is now given in two parts:
firstly for the narrow B** signals, and subsequently for the broad, higher mass B** signals.

The narrow states are identified with the previously observed By (5721)° and Bj(5747)°
states, and their B;(5721)" and B3 (5747)" isospin counterparts. The peak positions in

— 14 —



the Q-value distributions reported in section 5 can be converted into absolute masses using
the known B and 7 meson masses and the B* — B mass difference [2], leading to

Mpy(srany0 = 57277 £ 0.7 £ 14 £ 0.17 £ 0.4 MeV,

M By (5747)0 = 5739.44 £ 0.37 £+ 0.33 £ 0.17 MeV ,
mp, (5721)+ = 5725.1 £1.8 x£3.1 £ 0.17 £ 0.4 MeV,
MpBs(5747)+ = 5737.20 £ 0.72 £+ 0.40 £ 0.17 MeV ,
F31(5721)0 = 301 x£15 £35 MeV ,
FB§(5747)0 = 245 +1.0 +£1.5 MeV ,
FB1(5721)+ = 291 +36 £43 MeV ,
Ipssramy+ = 23.6 £20 =+ 2.1 MeV .

The listed uncertainties are, from left to right: the statistical uncertainty, the experimental
systematic uncertainty, and, where applicable, the uncertainty on the B meson mass and
the uncertainty on the B* — B mass difference. Note that By (5721)%" and B (5747)%%
notations are maintained here for consistency with the previous literature, even though
the values of the masses no longer agree with these labels within uncertainty. The results
reported above are the most precise determinations of these quantities to date.

The relative branching fractions for the Bj(5747)%% decays are measured to be

B (B3 (5747)" — B*T7 ™)
B(B3(5747)% — B*r~)
B (B3 (5747)" — B*'r )
B (Bj(5747)t — BOr+)

= 0.71+£0.14 £0.30,

=10 £05 £08 ,

where the uncertainties are statistical and systematic, respectively. The significances of
the Bj(5747)%T — B*r decays are evaluated using a likelihood ratio test. Values of
6.50 and 1.8¢ are obtained for B*t7~ and B*°nt, respectively, when only the statistical
uncertainty is considered. The inclusion of systematic uncertainties reduces the significance
for the B*Tn~ case to 3.70. This result therefore corresponds to the first evidence for the
B3(5747)° — B**r~ decay. The relative branching fractions for the Bj(5747)%" decays
are in agreement with theoretical predictions [10, 47-50].

Structures at higher mass are clearly observed in the @-value distributions. To in-
vestigate the significance of the high mass states, large samples of pseudoexperiments are
generated and fitted with different configurations. To cover the dominant systematic uncer-
tainty on the yield of these states which arises due to lack of knowledge of the shape of the
AP component, the pseudoexperiments are generated with the AP shape that minimises
the significance. A first ensemble is generated without any high mass states included. Each
pseudoexperiment in this ensemble is fitted twice, once with the same model as used for
generation and once with an additional high mass resonance included. The distribution
of the difference of x? values between the two fits is extrapolated to obtain the p-value
corresponding to the probability to find a x? difference as large or larger than that ob-
tained from the corresponding fits to data. This procedure gives significances of 9.60 for
the BT~ case and 4.80 for the B7t case.
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A second ensemble of pseudoexperiments is generated with a configuration that corre-
sponds to the best fit to the data with a single high mass resonance. The pseudoexperiments
in this ensemble are fitted both with the model used for generation and with a second high
mass resonance included. The significances of the second peaks, again obtained from the
difference in x? values, are found to be 7.50 and 4.60 for the Bt7n~ and Bzt cases,
respectively. Since isospin symmetry is expected to hold for these states, this shows that
under the hypothesis that the high mass structures are due to resonances, two new pairs
of particles are observed.

Masses and widths of the B;(5840)%F and B;(5960)%* states are obtained with differ-
ent fit models, as discussed in section 4, and the corresponding results are shown in table 6.
The properties of the B;(5960)%" states are consistent with and more precise than those
obtained by the CDF collaboration when assuming decay to B [16]. If the B;(5840)%"
and B;(5960)% T states are considered under the quark model hypothesis, their properties
are consistent with those expected for the B(2S) and B*(2S) radially excited states.

In summary, the B*7~ and BT invariant mass distributions obtained from LHC
pp collision data recorded at centre-of-mass energies of 7 and 8 TeV, corresponding to an
integrated luminosity of 3.0 fb~!, have been investigated in order to study excited B mesons.
Precise measurements of the masses and widths of the B;(5721)%F and Bj(5747)%7 states
are reported. Evidence is found for the Bj(5747)% — B**m~ decay. Clear enhancements
over background are observed in the mass range 58506000 MeV in both B*¥7~ and Bz
combinations. Fits to the data, accounting for the apparent enhanced production of the
high mass states in the high transverse momentum region, allow the parameters of these
states, labelled B(5840)%" and B;(5960)" ", to be determined under different hypotheses
for their quantum numbers.
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Empirical model

mp,ssa0p | 5862.9 £ 5.0 £ 6.7 £ 0.2
Tp,saop | 1274 £ 167 + 34.2
mp,soc0p | 5969.2 £ 29 £ 51 £ 0.2
Tp, o000 | 823 £ 77 + 94
mp, sy | 5850.3 £ 127 £ 137 + 0.2
Tp,sa0ys | 2244 £ 239 £ 798
mp, o0+ | 59649 £ 41 £ 25 £ 0.2
[p,060+ | 630 £ 145 £ 17.2

Quark model, B;(5840)%" natural

mp,(ssa00 | 5889.T £ 222 £ 67 £ 02
[p,ssa0p0 | 107.0 £ 19.6 + 34.2

mp, o0 | 60159 £ 3.7 £ 51 + 02 £ 04
Ip,o6000 | SL6 £ 99 =+ 94

Mp,ssa0y | BSTAS £ 257 £ 137 £ 0.2
Tp,ssa0y+ | 2146 £ 267 £ 79.8

mp,soe0)+ | 6010.6 £ 40 £ 25 £ 02 = 04
[p,060+ | 614 £ 145 £ 17.2

Quark model, B;(5960)%" natural

mp,ssa0p0 | 59078 £ 4T £ 67 £ 02 £ 04
Tp,ssa0p0 | 1194 £ 17.2 + 342

mp, o600 | 5993.6 £ 64 + 51 £ 02
Tp,o6000 | 559 £ 66 + 94

mp,ssa0 | 58893 £ 150 £ 137 £ 02 * 04
Tp,sanys | 2293 £ 269 £ 79.8

mp, 060+ | 59664 £ 45 £ 25 £ 0.2
Tp,060)¢ | 608 £ 140 £ 17.2

Table 6. Parameters of the B;(5840)%" and B;(5960)% " states obtained with different fit models.
The empirical fit uses two, and the quark model fits three, RBW shapes to model the broad reso-
nances. The listed uncertainties are, from left to right: the statistical uncertainty, the experimental
systematic uncertainty, and, where applicable, the uncertainty on the B meson mass and the un-
certainty on the B* — B mass difference. Note that any state not explicitly labelled as “natural” is
considered to have unnatural spin-parity (and not to be 0%); the reported mass can be converted
into the corresponding result under the 0" spin-parity assumption by subtracting the B* — B mass
difference. Units of MeV are implied.
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A Covariance matrices

Tables 7 and 8 each show both statistical and systematic correlations between the main
parameters of interest in the BY7n~ and Bz fits, respectively. In each table, the masses
and widths of the two broad states are seen to be heavily correlated with each other because
they overlap, while the parameters of the narrow states are correlated because of the overlap
between the B;(5721)%7 state and the Bj(5747)%F feed-down.

By (5721)° B3 (5747)0 B(5840)° B(5960)°
I r BF ratio 1 r I T 1 T
B1(5721)° 1 0.5
B1(5721)° T 0.8 23
B;(5747)° BF ratio —0.1 —0.1 0.0
B;(5747)° 0.1 0.1 0.0 0.1
By(5747)° T -0.2 —04 0.0 00 1.0
B,(5840)° 1 0.0 —04 0.0 00 00 245
B;(5840)° T -0.1 20 00 —04 -12 231 2789
B;(5960)° 1 00 0.1 0.0 0.0 00 74 212 8.3
B,;(5960)° T 0.1 06 0.0 01 09 -214 -41.2 -102 59.4
B1(5721)° p 1.9
By(5721)° T 1.0 122
Bj(5747)° BF ratio —0.1 —0.1 0.1
B3(5747)° u 0.1 0.1 0.0 0.1
B3 (5747)° I -0.2 0.3 0.0 0.0 22
B;(5840)° 1 0.1 0.1 0.0 0.0 0.0 446
B;(5840)° T -0.2 —04 0.0 00 0.1 0.0 1172
B,(5960)° 1 0.0 00 0.0 0.0 00 00 00 260
B,;(5960)° T 02 03 0.0 00 00 0.0 -0.1 0.0 886

Table 7. Statistical (top) and systematic (bottom) covariance matrices of the nominal BT 7~ fit,
where p and I stand for the mean and width respectively. The parameters related to the AP and
WS shapes and the signal yields are suppressed for brevity. Units of MeV for p and T' are implied.

B1(5721)F B3 (5747)* B;(5840)* B;(5960)*
I r BF ratio o T m r m r
Bi(5721)* p 3.3
Bi(5721)* I 50 12.7
B;(5747)* BF ratio —0.9 -1.5 0.3
B;(57471) " p 04 04 —0.1 0.5
B3(5747)* I -0.8 —1.9 0.2 0.1 4.0
B;(5840)* p 05 -32 0.1 1.6 88 161.3
By (5840)* T 22 94 —07 —09 -76 —425 5712
B(5960)* p 0.1 0.0 0.0 02 10 207 -78 16.6
B;(5960)* T -0.3 1.0 0.0 —-04 -20 -958 —1074 -—224 210.2
B1(5721)F 9.6
By(5721)* T 3.7 183
Bj;(5747)* BF ratio —0.8 —1.1 0.6
B;(5747)% u 0.2 03 0.1 0.2
B3 (5747)* T -0.8 —1.2 0.2 —-01 43
B (5840)* 1 -0.2 —0.3 0.0 00 0.1 1877
B;(5840)* T 30 43  —09 02 -10 -03 6371
B;(5960)* p 0.0 0.0 0.0 00 00 00 0.0 6.4
By(5960)* T 0.0 0.0 0.0 00 00 —01 0.0 0.0 2952

Table 8. Statistical (top) and systematic (bottom) covariance matrices of the nominal Bz fit,
where i and I stand for the mean and width respectively. The parameters related to the AP and
WS shapes and the signal yields are suppressed for brevity. Units of MeV for p and I" are implied.
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