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Abstract

A search for excited states of the BX meson is performed using 4.9 fo=! of 7 TeV and 19.2 fb~! of
8 TeV pp collision data collected by the ATLAS experiment at the LHC. A new state is observed through
its hadronic transition to the ground state, with the latter detected in the decay BX — J/y7*. The
state appears in the m(BXrTn~) — m(BF) — 2m(n*) mass difference distribution with a significance
of 5.2 standard deviations. The mass of the observed state is 6842 + 4 + 5 MeV, where the first error
is statistical and the second is systematic. The mass and decay of this state are consistent with
expectations for the second S-wave state of the B meson, BX(259).
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Observation of an Excited Bé‘: Meson State with the ATLAS Detector

ATLAS Collaboration

A search for excited states of the BY meson is performed using 4.9 b= of 7 TeV and 19.2 fb~*
of 8 TeV pp collision data collected by the ATLAS experiment at the LHC. A new state is observed
through its hadronic transition to the ground state, with the latter detected in the decay BE —

J/imE. The state appears in the m(BEfzTn~)

— m(B¥) — 2m(r¥) mass difference distribution

with a significance of 5.2 standard deviations. The mass of the observed state is 6842 +4 + 5 MeV,
where the first error is statistical and the second is systematic. The mass and decay of this state
are consistent with expectations for the second S-wave state of the BX meson, BE(2S).

PACS numbers: 14.40.Nd

The BF meson was first observed by the CDF experi-
ment in the semileptonic decay mode [1], and its hadronic
decay mode was observed later by both CDF [2] and D0
|3] experiments. The B meson has also been observed
by the LHCb experiment in various decay modes [4]. Ex-
cited states of the BF meson have not previously been
observed. The spectrum and properties of the B family
are predicted by non-relativistic potential models, per-
turbative QCD, and lattice calculations [3]. Measure-
ments of the ground and excited states through fully re-
constructed channels will provide tests of the predictions
of these models and ultimately the opportunity to extract
information on the strong interaction potential.

The second S-wave state, BF(2S), is predicted to have
a mass in the range 6835-6917 MeV [5]. The next S-wave
state, BX(39), is predicted to have a mass above the
threshold for decay into a BD meson pair. Both the 1.5
and 2S states have pseudoscalar (07) and vector (17)
spin states that are predicted to differ in mass by about
20-50 MeV. Transitions between the spin states occur
through soft photon radiation that escapes identification
in ATLAS; the spin states cannot be separated by this
analysis.

This Letter presents the observation of a new state
whose mass is consistent with predictions for the B (25),
the second S-wave state of the B¥ meson. The BF(295)
state is reconstructed in the decay to the BX meson and
two oppositely charged pions, with the B reconstructed
through its decay to J/yrt, J/v¢ — utu~.

The ATLAS collaboration at the Large Hadron Col-
lider (LHC) uses a general-purpose particle detector 6],
consisting of several subsystems including the inner de-
tector (ID), the electromagnetic and hadronic calorime-
ters, and the muon spectrometer (MS). Muon reconstruc-
tion at ATLAS makes use of both the ID and the MS.

Muons pass through the calorimeters and reach the
MS if their momentum is above approximately 3 GeV.
The inner detector features a three-component track-
ing system, consisting of two silicon-based detectors, the
pixel detector and the microstrip semiconductor tracker
(SCT), and the transition radiation tracker (TRT). ID
tracks are reconstructed if their transverse momentum,

pr [1], is greater than 400 MeV and the magnitude of
their pseudorapidity, ||, is less than 2.5. Muon candi-
dates are formed from a stand-alone MS track that is
matched to an ID track [§]. In this analysis the MS is
only used to identify muons, while their momentum is
measured using the ID information only.

The trigger system [9] comprises three levels: the
hardware-based Level-1 trigger and the High-Level Trig-
gers (HLT), cousisting of the Level-2 trigger and the
Event Filter (EF). The Level-1 trigger uses resistive plate
chambers (RPC) and thin gap chambers (TGC) to trig-
ger muons in the pseudorapidity ranges of |n| < 1.05 and
1.05 < |n| < 2.5, respectively. One or more regions of
interest identified by the Level-1 muon trigger seed the
HLT muon online reconstruction algorithms, where the
responses from both the ID and the MS are combined.
For this analysis the HLT selection for the J/v requires
two muons, respectively 1 and pe, originating at a com-
mon vertex, with the invariant mass of the muon pair ly-
ing between 2.5 GeV and 4.3 GeV. The individual muon
pr thresholds are pr(u1) > 6 GeV and pp(p2) > 4 GeV.

This study uses pp collision data collected in the years
2011 (y/s = 7 TeV) and 2012 (1/s = 8 TeV) by the AT-
LAS experiment. The datasets used correspond to an
integrated luminosity of 4.9 fb~! and 19.2 fb~!, respec-
tively. The luminosity estimate has an uncertainty of
1.8% in 2011 [11] and 2.8% in 2012.

To improve the resolution, peaks are sought in the
distribution of the variable Q = m(Bfrr) — m(BF) —
2m(nt), where m(B¥) is the offline reconstructed invari-
ant mass of the B candidate, m(BX7n) is the invariant
mass of the BF candidate combined with two charged
pion candidates, and m(7*) is the charged pion mass
[10]. The BF candidates are reconstructed through the
decay Bf — J/¢(uTp~)mT. Since hadronic decays of
excited B meson states have no observable displacement
from the pp interaction point, these candidates are then
combined with two charged pion candidates both orig-
inating at the corresponding pp interaction point. The
mass difference (@) distribution is formed and analyzed
in the range 0 — 700 MeV.

The BF selection criteria for the events are optimized



separately for 7 TeV and 8 TeV data using the corre-
sponding Monte Carlo (MC) samples, produced in the
ATLAS simulation framework [12, [13]. Differences be-
tween the 7 TeV and 8 TeV selection criteria are due to
the higher /s and the number of simultaneous pp inter-
actions per bunch crossing hereafter called pile-up. The
increase in the BE production cross section between the
7 TeV and 8 TeV MC samples is approximately 3%.

The PYTHIA 6 and 8 MC generators |14, [15], tuned for
the LHC conditions [16], are used along with a dedicated
PYTHIA extension for B¥ meson production, based on
calculations from Ref. [17]. The following MC samples
are used to optimize the event selection criteria (charge
conjugates implied): B decay modes J/ymt, J/YKT,
J/bpt (o7 = 707), J/putv, J/prnt, JfprtaT ot
as well as .J /1 X produced inclusively or from bb. The MC
simulated events are treated in exactly the same way as
the collision data, and the same analysis selections are
always applied. The exclusive (BJ) channels are gener-
ated with PYTHIA 6, and inclusive (J/¢X) channels are
generated with PYTHIA 8.

This analysis involves several steps. First the J/v can-
didates are formed as described below. Then a pion track
candidate from the same vertex is added to form a BF
meson candidate. Finally, the BX(2S) candidates are
formed by adding two pion candidates originating at the
primary vertex (PV; the selection of the primary vertex
is defined below).

The J/v candidates are reconstructed from pairs of
oppositely charged muons. These pairs are fitted to a
common vertex with the procedure described in Ref. [18].
The following requirements are applied to each J/v can-
didate:

e The pr of the higher-pr muon candidate to be
above 6 GeV, and the pr of the lower-pr muon
candidate to be above 4 GeV; these are approxi-
mately the pr values for which the trigger is fully
efficient.

e The J/1 vertex fit chi-square per degree of freedom
X?/NDOF < 15 (this selection keeps more than
99.9% of the candidates, and is included only to
remove spurious dimuon combinations).

e The invariant mass resolution of the J/¢ depends
on the direction of the muons, with more forward
candidates showing poorer resolutions. The sample
is split into three categories and selection require-
ments are optimized for each of them: (1) both
muons have |n| < 1.05, (2) one muon has |n| < 1.05
and the other one has 1.05 < |n| < 2.5, (3) both
muons have 1.05 < |n| < 2.5. The invariant mass
m(putp~) is calculated from the track parameters
adjusted by the common-vertex fit to be in a three
standard deviation 30 mass window around the
world average mass m(J/v) |10], where the J/1 re-
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constructed width o varies in the range 40-90 MeV
depending on muon reconstruction precision in dif-
ferent regions of pseudorapidity and on the data-
taking period.

Selection requirements for the BE were chosen by max-
imizing S/+/S + B, using MC events. Here S is the num-
ber of signal events and B refers to the number of back-
ground MC events scaled according to the production
cross section. The production cross sections are taken
from the MC generators’ predictions. The optimiza-
tion has been carried out separately for the two different
datasets.

The pion candidate from the BCi is required to have
pr > 4 GeV. Hit requirements in the pixel detector and
SCT are imposed on all tracks to ensure a reliable impact
parameter reconstruction.

BF candidates are reconstructed by fitting two muon
tracks from the J/4 candidate together with a pion can-
didate track to a common vertex. The invariant mass
of the two muons is constrained to the world average
of m(J/¢). The yields per unit of integrated luminos-
ity, and the central values of the dimuon invariant mass
distributions are verified to be consistent within each
dataset.

A significant part of the combinatorial background
consists of real J/1 candidates combined with candidate
pions that are not associated with a B — J/¢r* decay.
This background is reduced by imposing a lower cut on
do/o(dp); do here represents the projection of the pion
track impact parameter relative to the primary vertex
onto the transverse plane, and o(dp) is the track-by-track
uncertainty on dyp. Pion candidates are required to have
do/o(dy) > 5 for 7 TeV data and > 4.5 for 8 TeV data. In
7 TeV data the PV is defined as the collision vertex with
the highest summed scalar p% of its constituent tracks.
In 8 TeV data — the data collected with higher pile-up
— the PV is identified as the vertex closest in three di-
mensions to the reconstructed decay vertex of the BF
candidate. All reconstructed B candidates are also re-
quired to satisfy the following selection criteria:

e the J/ym vertex fit x2/NDOF < 2 for 7 TeV and
< 1.5 for 8 TeV data;

e the pr of the B¥ candidate to be above 15 GeV for
7 TeV and above 18 GeV for 8 TeV data.

Figure [ shows the invariant mass distributions for the
BF candidates for 7 TeV data and 8 TeV data in the
mass range 5620-6820 MeV. Both distributions are fitted
separately using an extended unbinned maximum likeli-
hood fit, with a Gaussian function modeling the signal
and an exponential modeling the background shape. The
various exclusive BY decay modes mentioned above are
shown to have negligible contribution to the background
shape. The results of the fits are summarized in Table



[l The fitted mass values are consistent with the world
average for the BY mass [10]. The signal yield per fb~!
of the BY is lower in 8 TeV data due to the harder pr
requirements. The stability of the B yield was checked
through its normalization to BT — J/¥K™* decays that
were reconstructed with similar requirements.
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FIG. 1: Invariant mass distributions of the reconstructed

BE — J/in* candidates in 7 TeV data (top) and in 8 TeV
data (bottom). The data are represented by the points with
error bars (statistical only). The solid line is the projection
of the results of the unbinned maximum likelihood fit to all
candidates in the mass range 5620-6820 MeV. The dashed
line is the projection of the background component of the
same fit.

Data [Signal events|Peak mean [MeV][Peak width [MeV]

7 TeV 100+£23 6282+8 49+12
8§ TeV| 227£25 6277+6 50£8

TABLE I: The results of the unbinned maximum likelihood
fits of the invariant mass distribution of the B candidates.
Systematic uncertainties are not included.

The reconstruction of the excited state candidates uses
the B ground state candidates within 3¢ of the fitted
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mass value of the corresponding dataset. These candi-
dates are combined as described below with two pion
candidate tracks associated with the corresponding pri-
mary vertex. The pr threshold of the pion candidates is
400 MeV. No additional selection requirement is applied
to the BFX(2S) pion candidates. The three tracks from
the secondary vertex and the two tracks from the pri-
mary vertex are refitted simultaneously with the follow-
ing constraints given by the decay topology: the refitted
triplet of the BF tracks and the pair of PV pion tracks
must intersect in two separate B and BF(2S) vertices.
The invariant mass of the refitted muon tracks is con-
strained to the J/¢ world average mass, and the com-
bined momentum of the refitted BF tracks must point to
the BF(2S) vertex. When multiple BF(2S5) candidates
are found in the same event, the one with the best x?
value returned by the fitter is kept as an excited state
candidate. Wrong-charge combinations (BXrtn+ and
BXr~n7) are kept separately for comparison with the
combinatorial background shape in the right-charge com-
binations (oppositely charged pion pairs).

Figure shows the mass difference distribution
m(BErr) — m(BEY) — 2m(n) for the right-charge com-
binations Bt 7~ as well as the wrong-charge combi-
nations.

A structure is observed in the mass difference distri-
bution. In order to characterize it, an unbinned max-
imum likelihood fit to the right-charge combinations is
performed. The fit includes a third-order polynomial to
model the background and a Gaussian function for the
structure. The background shape resulting from the fit is
verified to be consistent with the wrong-charge combina-
tions (which are not used to constrain the model in the
right-charge fit) by fitting the same shape to them, with
the normalization as the only free parameter. Alternative
models for the signal and the background parameteriza-
tions are studied as sources of systematic uncertainty.
A Breit—Wigner contribution was tested in convolution
with the Gaussian function and was found to be negli-
gible, implying that the natural width of the structure
is small relative to the detector resolution. The result-
ing fit parameters (with statistical uncertainties only), as
well as the distributions of the wrong-charge (BXz+7,
BFrn~n~) combinations are shown in figure The
wrong-charge combinations are normalized to the same
yield as the right-charge background.

The relative BF(25)/BZ yield ratio is verified to be
statistically consistent between the 7 TeV and 8 TeV
data.

The fit finds the peak at a mass difference (Q) value of
288.24+ 5.1 MeV in the 7 TeV data and 288.4 4+ 4.8 MeV
in the 8 TeV data. The fit yields 22 4+ 6 signal events
in the 7 TeV data and 35 £ 13 events in the 8 TeV
data. The Gaussian width of the structure is found to be
18.2 £ 3.8 MeV in the 7 TeV data and 17.6 £ 4.0 MeV
in the 8 TeV data. All uncertainties mentioned in this
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FIG. 2: The Q = m(BZnr) — m(BE) — 2m(r¥) distribution
for the right-charge combinations (points with error bars) and
for the same (wrong) pion charge combinations (shaded his-
togram) in 7 TeV data (top) and in 8 TeV data (bottom).
The wrong-charge combinations are normalized to the same
yield as the right-charge background. The solid line is the
projection of the results of the unbinned maximum likelihood
fit to all candidates in the range 0-700 MeV. The dashed line
is the projection of the background component of the same
fit.

paragraph do not include systematic uncertainties.

There are two dominant sources of systematic uncer-
tainty on the position of the peak. One comes from
the uncertainty on the mass of the B ground state
candidate and is largely canceled in the mass differ-
ence distribution. The other involves systematic uncer-
tainties in the fit of the mass difference distribution it-
self. The uncertainty on the mass of the BF(2S) can-
didate is dominated by the fitting procedure and esti-
mated below to be about 3.6 MeV. The contribution
from the uncertainty on the pion momentum scale to
the B mass is 1.2 MeV. The residual uncertainty from
the B candidate mass in the mass difference distribu-
tion, dmpzt ng) = dmps X (Mp)/mpx g, where the
om p* is the world average uncertainty on the BF mass
[10], is about 1.7 MeV. The systematic uncertainty on
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the mass difference introduced by the fitting procedure
is estimated by:

e varying the background model. An exponential
threshold function (f(Q) «~ Q% "%, where a and b
are free parameters) and second- and fourth-order
polynomials were considered as alternatives, result-
ing in a 3.4 MeV systematic uncertainty;

e varying the fit mass range from 0-700 MeV to 0—
1500 MeV, results in a 1.2 MeV contribution to the
systematic uncertainty;

e using different models for the signal. A single
Breit-Wigner function, a Breit-Wigner function
convolved with a Gaussian function, and a double
Gaussian function were considered. This results
in a negligible systematic uncertainty, compared to
the above two;

In each case the largest difference between any of the
variations mentioned and the default fit model is used as
the systematic uncertainty. The values are calculated as
the weighted mean of the 7 and 8 TeV mass values.

An additional systematic uncertainty of 2 MeV is ob-
tained from the study of the mass bias in the selection of
the candidate with the best x? of the vertex fit.

The various sources of systematic uncertainty are
treated as uncorrelated. The total averaged systematic
uncertainty propagated to the mass value of the new
structure is approximately 4.1 MeV.

The significance of the new structure is evaluated with
pseudo-experiments. A large number of background-only
mass difference distributions are generated. Parameters
of the generation are taken from the fit with their un-
certainties to account for systematic effects. The back-
ground shape is scaled to the observed number of events.
The mean mass value of the signal contribution is left
free to vary within the theoretically motivated range
(6835-6917 MeV) to evaluate the “look-elsewhere effect”
[19]. The significance is calculated as the fraction of the
pseudo-experiments in which the difference of the loga-
rithms of fit likelihoods AlnL with and without signal is
larger than in the data. In terms of standard deviations
the significance of the observation is 3.7¢ in the 7 TeV
data and 4.50 in the 8 TeV data. For the combined
7 TeV and 8 TeV dataset the total significance of the
observation is found to be 5.20. The local significance of
the observation, obtained by fixing the mean value of the
signal component, is 5.4c.

In conclusion, the distribution of the mass difference
Q = m(Bfntr™) — m(BF) — 2m(n*) for events with
the BF meson reconstructed in its decay to J/¢r* has
been investigated in pp collisions at the LHC using the
ATLAS detector. The analysis is based on an integrated
luminosity of 4.9 (19.2) fb™! of pp collisions at a center-
of-mass energy of 7 (8) TeV. A new state is observed



at @ = 288.3 £ 3.5 £ 4.1 MeV (calculated as the error
weighted mean of the 7 TeV and 8 TeV mass values)
corresponding to a mass of 6842 + 4 + 5 MeV, where
the first error is statistical and the second is systematic.
The significance of the observation is 5.2¢ with the “look
elsewhere effect” taken into account, and the local sig-
nificance is 5.4¢0. Within the uncertainties, the mass of
the resonance corresponding to the observed structure is
consistent with the predicted mass of the BF(2S5) state.
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