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The first observation of a new meson state decaying into B and a photon is presented using a dataset of
pp collisions at a center-of-mass energy /s = 13 TeV collected by the ATLAS detector at the Large
Hadron Collider, corresponding to an integrated luminosity of 140 fb~!. The B mesons are reconstructed
from a three-muon final state from B — J/y(u*pu~)u*v,X decays, along with photons reconstructed via
conversions to electron-positron pairs in the detector material. The new state is observed with a significance
that exceeds 8 standard deviations. The mass difference between the new meson state and the ground-state
B/ meson is measured to be 64.5 & 1.4(stat) 7% (syst) MeV. This corresponds to a mass for the observed
state of 6339.0 & 1.4(stat) ©|9(syst) + 0.3(m p+) MeV, where the last uncertainty is due to the precision of
the best knowledge of the B meson mass. The low mass difference value matches the theory expectations

for the lowest vector state of the bc system, the B:™ meson.

DOI: 10.1103/vrxp-zkbs

The B} meson represents the ground state of a family of
mesons consisting of a b antiquark and a ¢ quark. These
states share some properties of heavy quarkonium systems,
such as charmonium (&c¢) and bottomonium (bb), and
similar approaches are often used to theoretically study
their mass spectrum [1]. However, the asymmetry in the
masses of the constituent quarks can provide further
insights on heavy-quark bound-state dynamics. Extensive
predictions of the bc excitation spectrum exist in the
literature [2-31], while the experimental knowledge is
relatively limited, mainly due to the suppressed production
rate of the states, which requires simultaneous production
of two heavy quark-antiquark pairs.

The first observation of an excited bc state was reported
by the ATLAS experiment [32] in pp collision data
collected during Large Hadron Collider (LHC) Run 1.
The mass of the structure observed in the Bfz"z~ mass
spectrum is consistent with expectations for the first radial
excitation of S-wave bc states (25). Later, the CMS [33,34]
and LHCb [35] collaborations reported an observation of
two distinct signals compatible with the predictions for the
pseudoscalar and vector components of that excitation,
B.(28)* and Bj(2S)", using the full dataset collected
during LHC Run 2. Recently, the LHCb Collaboration
reported a new observation of a broad peaking structure in
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the B}y mass spectrum, consistent with theory predictions
for the lowest excited P-wave bc states, B.(1P)* [36,37].
In the case of all of the aforementioned excitations, the
mass difference relative to the pseudoscalar ground state,
B, is between 400 and 600 MeV.

Lattice QCD [6—8] and most of other calculations based
on QCD potential models [9-31,38] predict the mass
difference between the lightest excited state of the bc
system, the vector B+ meson, and the ground state to be
between 50 and 70 MeV. The BiT meson is expected to
decay into B! by emitting a photon with almost 100%
probability. No other bc excitation is expected to exhibit
such a low mass splitting relative to B. The small mass
difference complicates the experimental search for the Bt
due to the very soft energy spectrum of the emitted photon,
which is difficult to detect at LHC experiments.

This Letter presents the first observation of a state
consistent with theoretical expectations for the B:" meson,
decaying into By (for simplicity, charge conjugated states
are implied from here onward). The study is performed
with the ATLAS detector [39]. B mesons are recon-
structed in the Bf — J/w(— u"p)u*v,X decay chain,
where X corresponds to any other particles that are not
reconstructed. This choice is motivated by the approxi-
mately 20 times larger branching fraction compared to the
B} — J/wa" decay, used in the earlier bc excited state
searches at the LHC. The resulting gain in acceptance
overcompensates for the complications related to the
presence of the neutrino and hence the partially recon-
structed final state. Because of the significant B/ lifetime
the decay candidates are reconstructed from a displaced
vertex. Photons are reconstructed via conversions to e*e™
in the detector material as vertices of two charged particle
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tracks. Typical values of photon transverse momentum
relevant to this study are below 1-2 GeV and not accessible
to reconstruction approaches based on calorimeter energy
clusters.

The ATLAS experiment [39] at the LHC is a multipur-
pose particle detector with a forward-backward symmetric
cylindrical geometry and a near 4z coverage in solid
angle [40]. It consists of an inner tracking detector (ID)
surrounded by a thin superconducting solenoid providing a
2 T axial magnetic field, electromagnetic and hadronic
calorimeters, and a muon spectrometer (MS). The ID
covers the pseudorapidity range || < 2.5. It consists of
silicon pixel, silicon microstrip, and transition radiation
tracking detectors. The MS surrounds the calorimeters and
is based on three large superconducting air-core toroidal
magnets with eight coils each. The field integral of the
toroids ranges between 2.0 and 6.0 T m across most of the
detector. The MS includes a system of precision tracking
chambers up to |7| = 2.7 and fast detectors for triggering
up to || =2.4. A two-level trigger system was used to
select events [41]. A software suite [42] is used in data
simulation, in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and
data acquisition systems of the experiment.

This analysis is based on the full Run 2 dataset of /s =
13 TeV pp collisions collected by ATLAS between 2015
and 2018 at the LHC. The data are required to satisfy
criteria ensuring that the detector was in good operating
condition [43]. Events are triggered on the basis of the
muons present in the final state of the targeted decay
channel [44]. Several trigger configurations were used to
maximize the signal yield. Most of the triggers were based
on the identification of two muons, with various muon
transverse momentum thresholds from 4 to 11 GeV, requir-
ing opposite charge for the muons in the pair, to form a
good vertex and to have an invariant mass compatible with
aJ/w — putu~ decay. Other triggers required the presence
of a third muon, typically lowering the thresholds down to
4 GeV for all three while still keeping acceptable rates. The
total trigger efficiency is above 60% for B mesons with pr
above 25 GeV.

To model inelastic pp events containing the Bi* — By
decays, followed by the decays B! — J/yu*v,X, large
samples of Monte Carlo (MC) simulated events were
prepared using BCVEGPY 22 generator [45] to model bc
state production, interfaced to Pythia 8.244 [46] to simulate
parton showers and hadronization, and EvtGen [47] to model
heavy-flavor decays. All generated MC events undergo the
full ATLAS detector simulation [42] using Geant4 [48].

Events are required to contain at least three muons
reconstructed using information from the MS and the ID
and satisfying the Loose identification working point [49].
The J/y candidates are built from two oppositely charged
muons, which are required to have pp(p*) > 4 GeV and
[n(u*)| < 2.4, and that have their tracks fitted to a common

vertex [50]. Candidates in the dimuon invariant mass
window 2.8 GeV < m(utu~) < 3.4 GeV are retained for
further analysis. The third muon track with pr(u*) >
3 GeV and |n(u*)| < 2.5 is fitted to a common vertex
with the muon tracks of the J/y candidate. In this fit the
J/y candidate mass is constrained to the world average
value [51]. The combination of the J/y candidate with the
third muon is referred to as the B! candidate below.
Because of the presence of the neutrino in the B decay,
the invariant mass of the signal candidates is expected to
have a smooth distribution in the kinematically allowed
range of roughly 3.2-6.3 GeV.

Primary vertices (PV) are reconstructed from at least two
charged-particle tracks with pr > 0.5 GeV and || < 2.5
[52,53]. The B} candidate is associated to a PV by
choosing the one giving the smallest three-dimensional
impact parameter of the B candidate trajectory. The
position of the PV is determined from a refit of the vertex,
following the removal of the muon tracks used to recon-
struct the B} candidate. The B vertex fit quality must be
17X (BY)/N do.f. < 2, where the number of degrees of free-
dom N, s = 4. The contribution of the third muon track
to the y>(BY) is required to be less than 4 to suppress
background from a genuine J/w combined with a ran-
domly associated muon. The projection of the B{ candidate
transverse momentum on the direction from the PV to the
candidate decay vertex is required to be positive to further
suppress the background from prompt J/y, produced at the
PV. The B candidates are required to satisfy the criterion
pr(BE)/ > pr(track) > 0.2, where the scalar sum in the
denominator is taken over all tracks with pr > 0.5 GeV
originating from the PV, including the tracks of the B}
candidate. The B/ candidates must have pr(Bf) >
25 GeV and |n(Bf)| < 2.4. If the same triplet of muons
allows the formation of two B} candidates passing the
selection above (with different muons considered as the
J/w daughters), only the candidate with the lowest y*(B/)
is retained. Multiple B candidates in a single event are
kept if they share up to two muons. This happens in less
than 0.2% of events for both data and simulated event
samples.

Figure 1 shows the distribution of invariant mass,
m(J/wut), for all Bf candidates with 4.0 <
m(J/wu") < 6.25 GeV. Studies performed with simula-
tion suggest that the distribution contains sizeable contri-
butions from signal B} — J /y//ﬁyﬂX decays and from
background J/y mesons combined with either a true muon
or a hadron misidentified as a muon, due to punchthrough
to the MS or decays in flight. A narrow peak with
m(J/wut)~52 GeV is produced by BT — J/yK*
decays where K is misidentified as a muon. The structure
near 4.5 GeV arises due to various BT — (y/y)KT —
J/wK*X decays with the same kaon misidentification and
where some of the decay products of the heavier charmo-
nium state, such as y(2S) or y., are not reconstructed.
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FIG. 1. The distribution of B} candidate invariant mass. The
color-filled areas show the BY candidates in the mass window
selected for further analysis: from (orange) Region 1—candidates
with y*(B*)/N,,; <2.5, and (green) Region 2—candidates
with y*(B*)/N,, ;. > 2.5, where the quantity y*(B™) is defined
in the text. The blue dashed line shows the expected contribution
of Bf — J/yu"v,X decays, with the normalization calculated
from the fitted B:" signal yield and simulated ratio of
reconstruction efficiencies of B:" and B! candidates, and
extrapolated to the total expected B inclusive production.
The red solid line shows the contribution of Bt — J/wK™*
decay. The gray vertical dashed lines and arrows indicate the
mass range of B candidates used for B} reconstruction.

Many other partially reconstructed B — J/wX decays can
contribute to the mass range below about 5 GeV. Figure 1
also shows the expected contribution from the B} —
J/wuv,X signal. Its shape is taken from the simulation
and its normalization is obtained from the fitted yield of
B:* signal in data discussed below. The normalization also
uses the ratio of B:" and B/ reconstruction efficiencies,
obtained from simulation, and the assumption that 3/4 of
the inclusive B mesons are produced in decays of the
vector B state. The latter assumption is motivated by the
ratio of the spin states involved in the production (naive
spin counting). It is used only for illustrative purposes and
no further aspects of the analysis rely on this normaliza-
tion. The contribution of the Bt — J/wK™ decay with the
shape taken from the simulation and the normalization
extracted by fitting the invariant mass distribution assum-
ing a kaon mass hypothesis for the third muon track
amounts to about 15000 candidates and is also shown
in Fig. 1.

To increase the fraction of B — J/wu*v,X decays and
suppress contributions from other partially reconstructed
b-hadron decays, only B/ candidates with 5.1 <
m(J/wut) < 6.0 GeV are kept for further analysis. The

contribution from BT — J/wK™* decays can be isolated by
performing a modified three-muon vertex fit as follows. A
kaon mass hypothesis is assigned to the third muon track,
and the triplet is refitted to a common vertex with the
following constraints: the J/y candidate muon pair and
whole triplet masses are constrained to the world average
values for J/y and B* masses [51], respectively, and the
reconstructed candidate momentum is required to point
back to the PV. The quality of this modified vertex fit,
X2(BY)/Ngoys with Ny, =7, is used to define two
nonoverlapping regions: Region 1 includes candidates with
22(BT)/Ng, s <2.5 and is expected to contain a signifi-
cant contribution from B™ — J/wK™" and from combina-
torial background; Region 2 includes candidates with
X2(BT)/Ngy s >2.5. According to the simulation, the
expected residual BT — J/wK™ contribution in Region
2 does not exceed 2% of its total contribution to both
regions. Both regions are kept for further analysis and are
shown in Fig. 1 for the data sample.

Candidates for B:* mesons decaying into By are
reconstructed by combining By candidates with a soft
photon. To reconstruct the photons, the process of photon
conversion in the detector material is exploited. Pairs of
oppositely charged ID tracks (both assigned an electron
mass hypothesis) are used for the reconstruction of con-
version vertices. To increase the acceptance for the low-
energy photons, each track is required to have pr(e®) >
100 MeV and |n(e*)| < 2.5. This py threshold is much
lower than a typical value of 400-500 MeV used in most
ATLAS data analyses [54,55]. A dedicated track
reconstruction setup similar to that used in measurements
with minimum-bias data [56] was employed, with certain
computational adaptations made for the track multiplicity
environment of nominal Run 2 data-taking conditions. This
dedicated reconstruction was run on a preselected set of
events [57] containing a B} candidate. Track pairs are fitted
to a common vertex, with the quality of the fit with one
degree of freedom required to satisfy y> < 3. The vertex
radial and longitudinal positions are required to be 20 <
R, (eTe”) <125 mm and [z(eTe™)| < 425 mm, respec-
tively. This geometrical region roughly corresponds to the
volume occupied by the beampipe and barrel layers of the
silicon pixel detector. Photon conversion candidates are
required to have an invariant mass m(ete™) < 50 MeV
and transverse momentum with respect to the direction
from the PV to the conversion vertex pi' < 20 MeV. To
further suppress fake conversion candidates, a combined
selection criterion is applied in the two-dimensional space
of m(e*e™) and p%!, where the signal is concentrated
toward small values of both variables, and the background
dominates at higher values. The reconstruction and selec-
tion efficiency for photons with pr above 200 MeV is
approximately 0.4% in the B:" signal simulation. This is
defined mainly by the radiation thickness of the traversed
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FIG. 2. Distributions of the mass difference for the selected B:* candidates in (a) Region 1 and (b) Region 2. Data are shown as points,
and the overall result of the fit is given by the red solid line. The purple filled area shows the B:" signal contribution, and the orange
hatched area corresponds to the B** background. The combinatorial background is shown with the blue dashed line. The bottom panels
show the pulls, defined as the difference between the data and the fit function divided by the statistical uncertainty of the data point.

material, acceptance of the pp(e*) selection, and the
efficiency of low-energy electron track reconstruction.

Finally, the invariant mass of the muon triplet
and the photon candidate with a kaon mass hypo-
thesis assigned to the third muon is required to be
m(J/wK"ete™) < 6050 MeV. This requirement sup-
presses possible contributions from fully reconstructed
B — J/wK™ and B — J/wn™ decays with soft photons
from final-state radiation. If more than one B’* candidate
passes the selection in a single event, all of them are kept.
This happens in about 2% of events in both data and B:*
signal simulation.

The signal of the Bi™ — B}y decay is identified using the
distribution of the mass difference Am = m(J /yu*ete™)—
m(J/wu™). Figure 2 shows the Am distribution for the
selected Bi" candidates in Region 1 and Region 2. This
distribution features a structure in the region 40 MeV <
Am < 70 MeV in both regions. The observed excess of
events above the expected, smoothly rising, background
distribution in Region 2 is attributed exclusively to the
B:" — B[y decay signal, while in Region 1 the same signal
can be accompanied by B*" — Bty decays, which are
expected to produce a peaking contribution with a Am
value close to Amp+ = mp+ — mp+ = 45.34 + 0.20 MeV
[51]. The expected B*" contamination in Region 2 is
negligible.

An extended unbinned maximum-likelihood fit to the
Am distribution from 0 to 160 MeV (full Am range)
is performed simultaneously to the two regions. The
Bit — B}y decay signal contribution is modelled with a
template made from the simulated event samples with the

adaptive Gaussian kernel density estimation technique [58].
Separate templates are used for Region 1 and 2. The
dependence of the template on the true mass difference
value, Amg.+ = mpg.+ — mpg+, was studied using simulated
signal samples with different values of m . Because of the
lost neutrino in the B} decay final state the mean Am
position of the template is shifted by a few MeV relative to
Amp- and the templates are broader than would be
expected from the photon energy resolution alone. In the
fit to data, the Am values of the simulated events used to
build the template are rescaled to Am x Amp.+ / Amg":i“i“al,

%grlnnal is

the true mass difference value used in the simulated sample.
This linear scaling was shown to well reproduce the signal
Am shape for the Amg-+ values in the 60-70 MeV range.

The B** — BTy decay is modeled with a modified
Gaussian function, G,q xexp (—0.5x x>~/(+2)) [59,60],
where x = |Am — Amg-+|/og+ with the mean Ampg-+ and
width op+ fixed to the values obtained from simulated
samples. This component only contributes to Region 1 and
is absent in Region 2.

The background is dominated by the combinatorial
component and includes a small contribution of photons
produced from final-state radiation in Bf — J/yu*v, X
decays. According to the simulation, the latter contribution
does not exceed 5% of the total background and its Am
shape is consistent with that of the combinatorial back-
ground, therefore it is not considered separately. For the
background modelling, a data-driven method, referred to as
event mixing below, is applied. B" candidates in data with

where Amp.+ is a free parameter of the fit and Am
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80 < Am < 160 MeV (partial Am range) are used to build
synthetic background candidates by combining the B, and
photon from different events. The Am range below 80 MeV
is excluded to avoid contamination from the signal. The use
of the partial Am range biases the background pr(y)
spectrum, as does the mixing procedure itself, favoring
“mixed” candidates with low py(y) that are more likely to
have Am < 160 MeV. These biases should be corrected
since the pr(y) spectrum is highly correlated with the Am
shape. Corrections for the partial Am range are derived
using the B} candidates in the signal simulation where a
reconstructed photon is not matched to the true photon from
B;" (unmatched candidates) by taking the ratio of the
pr(y) spectra of the candidates in the partial and full Am
ranges. The bias due to the mixing procedure itself is
corrected by the ratio of the pr(y) spectra in data
candidates used for the mixing and in the mixed candidates
in the partial Am range. The Am templates for the
combinatorial background are made from the corrected
mixed candidates using the kernel density estimation
technique. Separate templates are made for the Region 1
and Region 2 by using the corresponding BY candidate
selections. The background yields in each region are
allowed to float independently in the fit.

The total B;* signal yield in Region 1 and 2, N+, and
B*T yield in Region 1, N+, are free parameters of the fit.
The ratio of the B yields in Region 1 and 2, NX!. /NR2 is
fixed to the value extracted from the signal simulation.

The results of the simultaneous fit are shown in Fig. 2.
The total B:' signal yield in data is found to be
Ng+ =163 £ 19, where this uncertainty is statistical only.
The yield of the B*t, Ny« = 17 £ 8, is consistent with
expectations based on the amount of B mesons in the peak
in the m(J/wu™) distribution and the simulated efficiency
for B** — BTy events. The signal significance relative to
the background-only hypothesis is evaluated using the
asymptotic distribution of the profile likelihood ratio
[61]. The method of Ref. [62] is used to account for the
look-elsewhere effect. Both the local and global signifi-
cance exceed 10 standard deviations assuming the nominal
fit model and stay above 8 standard deviations for all
systematic variations described below. The fit yields a Bi"
mass difference value of Amg+ = 64.5 + 1.4 MeV, where
the uncertainty is statistical. Separate fits of Region 1 and 2
individually yield consistent Amg.+ values.

Systematic uncertainties in the value of Amg.+ arise due
to detector-related and modelling effects, affecting the
shape of signal templates used in the Am fit, and the
signal extraction procedure itself. Each source of system-
atic uncertainty is considered individually, either by repeat-
ing the analysis with an appropriate change in the
methodology implemented, or by means of MC pseudoex-
periments to assess the sensitivity of the fit to the input
assumptions. The uncertainty sources that have a signifi-
cant impact on the Amp. measurement are listed below

TABLE 1. Systematic uncertainties associated with the mea-
sured value of Amp--.

Source Uncertainty [MeV]

Material modeling and photon Hoad
momentum scale and resolution

B production modeling +0.19
Bf — J/wuty,X decay modeling +0.05
NE! /NEZ. ratio +0.12
Muon reconstruction and trigger +0.16
Background shape modeling +0.79
Total 1095

—1.41

and their contributions are summarised in Table I.
Contributions of individual sources are treated as uncorre-
lated and added in quadrature.

The largest systematic uncertainty is associated with the
ID material modeling and photon momentum scale and
resolution in simulation. Limited knowledge of the actual
material distribution in the ID volume can affect the
modeling the photon conversion probability and the effi-
ciency of photon conversion reconstruction. This is inves-
tigated using a set of alternative Bi™ signal simulations
with varying detector geometry descriptions or Geant4
physics models [63]. The accuracy of the simulation’s
modeling of the photon momentum scale and resolution is
evaluated in a dedicated study with the B** — By process
with subsequent BT — J/wK* decay used as a control
channel. The difference in the reconstructed position and
width of the B*' peak in the distribution of Am’ =
m(J/wK"eTe™) —m(J/wK") between data and simula-
tion indicates a small discrepancy in both the simulated
momentum scale and resolution. An associated systematic
uncertainty is estimated by adjusting the detector Am
resolution and the photon pt of the simulated candidates
by factors that impose consistency of the B** peak width
and position in the simulation and data. The effect of mass
resolution (—0.85 MeV) and the momentum scale
(—0.74 MeV) are added in quadrature resulting in a
Ampg:+ shift of —1.13 MeV. Since they are partially caused
by the uncertainty of the ID material modeling, the latter is
not added in quadrature, but considered only for the
positive-side Ampg-+ uncertainty.

To evaluate the effect of the B/ production modeling, the
simulated pr and |n| spectra of the B} in the signal
simulation are varied based on the comparison between
data and simulation performed with B — J/wzt channel
[64]. The effect of the modeling of the B — J/wuv,
decay, which uses the decay form factors outlined in
Refs. [65-67] in the nominal simulation, is evaluated by
using alternative models based on Refs. [68,69], or the
phase-space model. In addition to the dominant B} —
J/wu* v, channel, other decay chains yielding the J/y and
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a muon in the B decay final state contribute to the
inclusive Bf — J/yu*v,X signal and are included in
the nominal simulation. The total fraction of those decays
in the simulated sample (about 6% after the selection) is
varied between zero and twice the nominal value. These
variations imply an effect on the N§§+ / NE?+ ratio, fixed in
the data fit. Another variation of the fit, where this ratio is
treated as a free parameter, is used to conservatively
account for a possible residual uncertainty associated with
its modeling. Such a fit yields a value consistent with the
expectation from the simulation. Muon reconstruction [49]
and trigger efficiency [44] uncertainties are propagated to
the signal Am template shapes.

Several alternative approaches to describe the combina-
torial background are used to estimate the systematic
uncertainties associated with the modeling of its shape.
Varying the event mixing procedure by keeping the z
projection of the photon momentum from the original
Bt candidate, or by using exclusively the unmatched
Bt candidates in the signal MC sample to correct the
pr(y) spectrum biases, yields tiny variations of the fit
results. Using an analytical function fit to the Am shape
of the unmatched candidates for the background modeling
instead of the event mixing results in a sizeable change in the
background shape, making this second largest contribution
to the overall systematic uncertainty. Across all systematic
variations, the fit with this alternative background descrip-
tion yields the smallest estimate of the signal significance
and is associated with a signal yield reduction of about 15%.

In summary, a new state decaying into By and a photon
was observed by the ATLAS experiment at the LHC using
pp collision data corresponding to an integrated luminosity
of 140 fb~! at 13 TeV center-of-mass energy. The study
was performed using the B — J/wu"v,X decay channel
and an innovative approach to build photon conversion
vertices from low-py tracks reconstructed in a preselected
event sample. The mass difference between the new state
and ground-state B meson is measured to be Amp =
64.5 & 1.4(stat) "} Y (syst) MeV. This value matches the
theory expectations for the lowest vector state of the bc
system, the B:™ meson, which is generally in the range of
50-70 MeV [6-31,38]. However, it is larger than the values
from the most recent precise lattice QCD calculations
[6-8], which are below 60 MeV. The measured Amg:+
value corresponds to a mass for the new state of
m(B:") = 6339.0 & 1.4(stat) | {(syst) + 0.3(mp: ) MeV,
where the third uncertainty is due to the precision of the B}
meson mass knowledge [51]. The new state is observed
with a significance that exceeds 8 standard deviations.
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