
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2024-207
LHCb-PAPER-2024-025

August 8, 2024

Observation of muonic Dalitz decays
of χb mesons and precise

spectroscopy of hidden-beauty states

LHCb collaboration�

Abstract

The decays of the χb1(1P), χb2(1P), χb1(2P) and χb2(2P) mesons into
the Υ(1S)µ+µ− final state are observed with a high significance using pro-
ton-proton collision data collected with the LHCb detector and corresponding
to an integrated luminosity of 9 fb−1. The newly observed decays together with
the Υ(2S)→ Υ(1S)π+π− and Υ(3S)→ Υ(2S)π+π− decay modes are used for preci-
sion measurements of the mass and mass splittings for the hidden-beauty states.

Submitted to JHEP

© 2024 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

�Authors are listed at the end of this paper.

CERN-EP-2024-207
24 July 2024

https://creativecommons.org/licenses/by/4.0/


ii



1 Introduction

Measurements of the properties of quarkonium states provide a test of QCD potential
models [1–4]. While the charmonium system is precisely mapped out [5, 6], the experi-
mental knowledge of hidden beauty states is more limited. In Ref. [7] it was shown that
the clean experimental signature of χc decaying to the J/ψµ+µ− final state, referred to as
muonic Dalitz decays hereafter, provides a new method to precisely measure properties
of charmonia. In this paper, the corresponding measurements in the hidden beauty
system are made. The first observation of the muonic Dalitz decays of the χb1(1P),
χb2(1P), χb1(2P), and χb2(2P) mesons to the Υ(1S) state and measurement of the masses
of these states is reported. These results have very different systematic uncertainties
compared to those obtained from the measurement of the photon energy in Υ(2S) or
Υ(3S) transitions to the χb1,2(1P) or χb1,2(2P) states [8–12]. Since these decay modes
only involve muons, greater precision and better control of systematics can be achieved
compared to studies with radiative modes involving converted photons [13]. In addition,
the Υ(3S)→ (Υ(2S)→ µ+µ−)π+π− and Υ(2S)→ (Υ(1S)→ µ+µ−)π+π− decay modes
are used to make precise measurements of the Υ meson masses and mass splittings.1

As well as providing valuable input to QCD potential models, better knowledge of
the Υ meson masses will improve the precision of electroweak measurements such as that
of the W boson mass, where hidden beauty decays provide a standard method for detector
calibration [14].

This analysis uses LHCb data collected in proton-proton (pp) collisions between 2011
and 2018. The data from 2011 and 2012, collectively referred to as Run 1, were collected at
centre-of-mass energies of 7 and 8 TeV and correspond to integrated luminosities of 1 fb−1

and 2 fb−1, respectively. The rest of the data, referred to as Run 2, were collected between
2015 and 2018 at a centre-of-mass energy of 13 TeV and correspond to an integrated
luminosity of 6 fb−1.

2 Detector and simulation

The LHCb detector [15, 16] is a single-arm forward spectrometer that covers
the pseudorapidity range 2 < η < 5, designed for the study of particles containing
b or c quarks. It includes a high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power of approximately 4 T m,
and three stations of silicon-strip detectors and straw drift tubes placed downstream
of the magnet. The tracking system provides a measurement of the momentum, p, of
charged particles with a relative uncertainty that varies from 0.5% at low momentum
to 1.0% at 200 GeV/c. Large samples of J/ψ→ µ+µ− and B+→ J/ψK+ decays, collected
concurrently with the dataset used in this analysis, are used to calibrate the momentum
scale of the spectrometer [17]. The relative uncertainty achieved on the momentum scale
is 3 × 10−4. Charged hadrons are distinguished using information from two ring-imaging
Cherenkov (RICH) detectors. In addition, photons, electrons, and hadrons are identified
by a calorimeter system consisting of scintillating-pad and preshower detectors, an elec-

1In this paper, the symbol Υ denotes the Υ(1S), Υ(2S) and Υ(3S) states together, and the symbol χb
stands for the χb1(1P), χb2(1P), χb1(2P) and χb2(2P) states.
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tromagnetic and a hadronic calorimeter. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional chambers [18, 19].

The online event selection is performed by a trigger, which consists of a hardware
system followed by a two-level software stage [20,21]. At the hardware trigger stage, events
are required to have either a muon track with high transverse momentum or a dimuon
candidate with a high value for the product of the pT of the muons. For the Run 2
dataset, the alignment and calibration of the detector is performed in near real-time
such that the results are used in the software trigger [22]. The same alignment and
calibration information is propagated to the offline reconstruction, ensuring consistent
information between the trigger and offline software. The first level of the software trigger
performs a partial event reconstruction and requires events to have a pair of well-identified
oppositely charged muons with a reconstructed mass larger than 2.7 GeV/c2. The second
level performs a full event reconstruction. Events are retained for further processing if
they contain a high-mass dimuon candidate.

This analysis makes limited use of simulation. The main input needed from simulation
is the resolution model for the mass distribution of the signal decays. This is obtained using
the RapidSim fast-simulation package [23]. This has been tuned using the LHCb full simu-
lation, implemented with the Geant4 toolkit [24,25] as described in Ref. [26]. In both sim-
ulation frameworks, decays of hadronic particles are described by EvtGen [27], in which
final-state radiation is generated using Photos [28, 29]. The Υ(2S)→ Υ(1S)π+π− de-
cay follows the model described in Refs. [30–32], the Υ(3S)→ Υ(2S)π+π− decay uses
a phase-space distribution, and the Dalitz decays are based on the approach described in
Ref. [33]. The pT spectrum for hidden beauty mesons is taken from the LHCb studies of
Υ production presented in Refs. [34–38].

3 Υ→ µ+µ− selection and mass fits

The selection starts from a pair of oppositely charged muons, selected by the trigger as
an Υ→ µ+µ− candidate. Combinatorial background is efficiently rejected by a requirement
on the output of a boosted decision tree classifier [39,40], referred to as BDT hereafter,
implemented in the TMVA toolkit [41,42]. The BDT classifier is trained on a small
fraction of the data using the sPlot technique [43], with the dimuon mass as the dis-
criminating variable, to distinguish signal and background. As inputs, the classifier uses
seventeen variables related to the decay kinematics, track quality [44–47], vertex quality
and particle identification information [19,48]. A loose requirement on the BDT output
reduces the combinatorial background by a factor of four, whilst only removing 1% of
the signal.

The dimuon mass distribution obtained after the BDT requirement is shown in
Fig. 1. A fit is made to this distribution to extract the mass parameters. In this fit
the Υ(1S)→ µ+µ−, Υ(2S)→ µ+µ− and Υ(3S)→ µ+µ− signals are described by modified
Gaussian functions with power-law tails on both sides of the distribution [49,50]. The tail
parameters of the modified Gaussian functions are shared between the three signal peaks,
and allowed to vary in the fit, while their widths are constrained to scale linearly with
the dimuon mass [34–37]. A third-order polynomial is used to describe the background.
Due to the very large data sample a binned extended maximum-likelihood fit is used.
The bin width, of 1 MeV/c2, is chosen to be sufficiently narrow so that it does not af-

2



9 10 11 12
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
610×

LHCb

9 fb−1
+• Data

Υ(1S)→ µ+µ−

Υ(2S)→ µ+µ−

Υ(3S)→ µ+µ−

Background
Total

mµ+µ−
[
GeV/c2

]

C
an
d
id
at
es
/(
25

M
eV
/c

2
)

Figure 1: Dimuon mass spectrum after the BDT requirement. The result of the fit described in
the text is overlaid.

fect the determination of the Υ masses. The measured masses and mass differences
are corrected for the effect of QED radiative processes using simulation. The correc-
tion for the Υ(1S) mass is large, 3.27 MeV/c2. It largely cancels in the mass splittings,
resulting in residual corrections of 0.29 and 0.14 MeV/c2 for the mΥ(2S) −mΥ(1S) and
mΥ(3S) −mΥ(2S) differences, respectively.

The large yields for the Υ→ µ+µ− modes and the low-background level, lead to a small

Table 1: Parameters of interest, yieldsNΥ, masses and mass differences, from the fit to the dimuon
mass spectra. The uncertainties are statistical only.

Parameter Value

NΥ(1S) [103] 14 609.3 ± 6.7
NΥ(2S) [103] 3 729.1 ± 3.2
NΥ(3S) [103] 1 827.9 ± 2.3
mΥ(1S) [MeV/c2] 9 460.37 ± 0.01
mΥ(2S) −mΥ(1S) [MeV/c2] 562.71 ± 0.04
mΥ(3S) −mΥ(2S) [MeV/c2] 331.77 ± 0.07
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Table 2: Systematic uncertainties on the measurement of the Υ(1S) mass and mass differences
from the analysis of the dimuon mass spectrum.

Source of systematic
Uncertainty [MeV/c2]

mΥ(1S) mΥ(2S) −mΥ(1S) mΥ(3S) −mΥ(2S)

Momentum scale 2.8 0.17 0.10
Energy loss correction 0.02 — —
Radiative corrections 0.13 0.03 0.03
Fit model 0.35 0.10 0.02

Sum in quadrature 2.85 0.20 0.10

statistical uncertainty on the mass parameters, given in Table 1. The dominant systematic
uncertainty on the Υ(1S) mass, 2.8 MeV/c2, is due to the knowledge of the momentum
scale [17]. In the mass differences, this uncertainty largely cancels, giving an uncertainty
of 0.17 MeV/c2 for the mΥ(2S) −mΥ(1S) and 0.10 MeV/c2 for the mΥ(3S) −mΥ(2S) splitting.
An additional uncertainty arises from the size of the energy-loss correction applied in
the track fit [51]. Varying the detector material within its 10% uncertainty and rerunning
the track fit results in a 20 keV/c2 uncertainty for two-body decay modes. Further
uncertainties arise from the knowledge of the radiative corrections and the assumed
fit model. The systematic uncertainty from the modelling of the former is estimated
by running Photos with different settings [17, 52] and largely cancels in the mass
differences. The uncertainty on the latter is evaluated using alternative fit models for
the background, which include convex decreasing polynomials of order two, three, or four;
generic polynomials of the second and fourth order; and a product of an exponential
function and a first-order polynomial function. As an alternative signal shape, a modified
Gaussian function with tail parameters constrained to values obtained in previous LHCb
analyses [34–38,53–55] is considered. The total systematic uncertainties for the mass and
mass difference measurements are summarised in Table 2.

4 Υ(2S) → Υ(1S)π+π− and Υ(3S) → Υ(2S)π+π−

selection and mass fits

The Υ→ µ+µ− candidates with mass in the regions 9.343 < mµ+µ− < 9.556 GeV/c2 and
9.899 < mµ+µ− < 10.124 GeV/c2 are considered as Υ(1S)→ µ+µ− and Υ(2S)→ µ+µ− can-
didates, respectively. Each mass region contains 95% of the corresponding de-
cays, according to the fit described in Sec. 3. To form Υ(2S)→ Υ(1S)π+π− and
Υ(3S)→ Υ(2S)π+π− candidates, selected Υ(1S)→ µ+µ− and Υ(2S)→ µ+µ− candidates
are combined with pairs of oppositely charged particles identified as pions by the RICH
system [48,56]. Combinatorial background is reduced by requiring the scalar sum of the pT
of the pions to be larger than 400 MeV/c. To further suppress background, a parameter
xπ+π− is introduced as

xπ+π− ≡ mπ+π− − 2mπ

mΥπ+π− −mΥ − 2mπ

, (1)
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Figure 2: Mass spectrum of Υ(1S)π+π− candidates with a constraint on the Υ(1S) mass applied.
The result of the fit described in the text is overlaid.

where mπ+π− , mΥ and mΥπ+π− stand for the masses of the π+π−, µ+µ− and Υπ+π− sys-
tems, and mπ is the known mass of the charged pion [57]. Candidates are required to
satisfy a loose requirement, xπ+π− > 0.2. A kinematic fit [58] is made to the selected can-
didates, constraining the dimuon mass to the known Υ(1S) or Υ(2S) mass [57], indicated
in Table 7, as appropriate, and requiring the candidate to be consistent with coming from
a primary pp collision vertex. The χ2 per degree of freedom of this fit, χ2

fit/ndf, is required
to be less than five.

The Υ(1S)π+π− and Υ(2S)π+π− mass spectra are shown in Figs. 2 and 3, respectively.
A fit to the Υ(1S)π+π− mass spectrum is performed using a function consisting of
signal and combinatorial background components. The signal component is described
using the modified Gaussian function described in Sec. 3, with all parameters fixed from
the simulation apart from the peak location and a scale factor sf for the width, which
allows for differences between data and simulation [59–63]. The background component is
modelled by an increasing third-order polynomial function. An extended binned maximum-
likelihood fit is used with the bin width of 100 keV/c2 chosen to be sufficiently narrow so
that it does not affect the Υ(2S) mass determination. The fit result is overlaid in Fig. 2
and the results for the parameters of interest are listed in Table 3. The mass results in
Table 3 include a correction for QED radiation. The value of sf = 1.015 ± 0.012 is found
to be consistent with unity.
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Figure 3: Mass spectrum of Υ(2S)π+π− candidates with a constraint on the Υ(2S) mass applied.
The result of the fit described in the text is overlaid.

A similar signal model, obtained from simulation, is used to fit the Υ(2S)π+π− mass
spectrum. In this case the background component is described by an increasing con-
vex third-degree polynomial function. For this fit, the resolution scale factor is Gaus-
sian-constrained to the value obtained for the Υ(2S)→ Υ(1S)π+π− signal above. The result
of an extended unbinned maximum-likelihood fit is overlaid in Fig. 3 and the results for
the parameters of interest are listed in Table 3. The combined resolution scale factor
determined from the fits to the Υ(2S)→ Υ(1S)π+π− and the Υ(3S)→ Υ(2S)π+π− signals
is

sf = 1.012 ± 0.012 . (2)

Since the Υ(1S)→ µ+µ− and Υ(2S)→ µ+µ− candidates are constrained to their known
masses [57], the residual corrections to the measured Υ(2S) and Υ(3S) masses and their
differences are small. Furthermore, the corrections numerically cancel for the mass splitting
determined to be

mΥ(3S) −mΥ(2S) = 332.03 ± 0.04 MeV/c2 , (3)

where the uncertainty is statistical only.
The statistical uncertainty for the Υ(2S) and Υ(3S) mass difference from Eq. (3)

is slightly smaller than that in Table 1 despite the much lower signal yield and larger
background level. This reflects the better mass resolution for the Υ(2S)→ Υ(1S)π+π−
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Table 3: Values for the parameters of interest, yields N and masses, from the fits to
the Υ(1S)π+π− and Υ(2S)π+π− mass spectra. Uncertainties are statistical only.

Parameter Value

NΥ(2S)→Υ(1S)π+π− [103] 88.55 ± 1.05
NΥ(3S)→Υ(2S)π+π− [103] 1.46 ± 0.05
mΥ(2S) [MeV/c2] 10 023.25 ± 0.03
mΥ(3S) [MeV/c2] 10 355.28 ± 0.03

Table 4: Systematic uncertainties on the measurement of the Υ(2S) and Υ(3S) mass
parameters, and the mass difference from the analysis of the Υ(2S)→ Υ(1S)π+π− and
Υ(3S)→ Υ(2S)π+π− decays.

Source of systematic
Uncertainty [keV/c2]

mΥ(2S) mΥ(3S) mΥ(3S) −mΥ(2S)

Momentum scale 120 33 87
Energy loss correction 20 20 —
Radiative corrections 3 2 1
Fit model 8 2 6

Sum in quadrature 122 39 89

and Υ(3S)→ Υ(2S)π+π− signals. For the mass and mass difference, the same sources of
systematic uncertainty as described in Sec. 3 are considered. The dominant uncertainty
is due to the knowledge of the momentum scale. The uncertainty related to the signal
and background parameterisation is estimated using a set of alternative fit models.
The systematic uncertainties for the mass measurements from analysis of the Υ(1S)π+π−

and Υ(2S)π+π− mass spectra are summarised in Table 4. The Υ(2S) and Υ(3S) mass
measurements are made with the Υ(1S) and Υ(2S) masses constrained to their known
values [57]. The uncertainties in these values are propagated as an external systematic
uncertainty on the mass measurements and discussed in Sec. 6.

5 χb→ Υ(1S)µ+µ− selection and mass fits

Candidate χb → Υ(1S)µ+µ− decays are formed by combining the selected
Υ(1S)→ µ+µ− candidates with oppositely charged particles, identified as muons. In this
case, the requirements on muon identification [19, 48] and track quality [47] are sufficient
to reduce the combinatorial background, mainly originating from pions that decay in
flight. The only additional requirement needed is on the kinematic fit quality χ2

fit/ndf < 5.
The Υ(1S)µ+µ− mass spectrum, for combinations that meet the full set of selection
criteria, is shown in Fig. 4.

Extended unbinned maximum-likelihood fits to the Υ(1S)µ+µ− mass spec-
trum are made separately for the χb(1P) and χb(2P) regions, defined as
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Figure 4: Mass spectrum of Υ(1S)µ+µ− candidates with a constraint on the Υ(1S) mass applied.

9.84 < mΥ(1S)µ+µ− < 9.96 GeV/c2 and 10.20 < mΥ(1S)µ+µ− < 10.32 GeV/c2, respectively.
For each region the fit function consists of three components: two signal components,
describing the axial-vector and tensor χb states, modelled by the modified Gaussian
functions with shape parameters fixed from simulation, and a background component
taken as a positive second-order polynomial function. The natural widths of the χb states
are assumed to be small, as predicted in Refs. [2, 4, 64–66], and are neglected. In these
fits, the width parameters of the Gaussian functions are scaled with a factor sf , that is
Gaussian-constrained from Eq. (2). The results of the fits are overlaid in Figs. 5 and 6
and summarised in Table 5. The statistical significance is calculated for each the four
observed χb→ Υ(1S)µ+µ− decays using Wilks’ theorem [67] and also listed in Table 5.
The mass splittings for the χb(1P) and χb(2P) states are found to be

δmχb(1P) ≡ mχb2(1P) −mχb1(1P) = 19.4 ± 0.4 MeV/c2 , (4a)

δmχb(2P) ≡ mχb2(2P) −mχb1(2P) = 15.7 ± 1.0 MeV/c2 , (4b)

where the uncertainties are statistical only.
Systematic uncertainties for the masses of the χb states and mass splittings are

evaluated using the same techniques described in Sec. 4 for the Υ(2S) and Υ(3S) masses
and Υ(3S) − Υ(2S) mass difference. The uncertainties are summarised in Table 6. Again,
the dominant uncertainty is related to knowledge of the momentum scale, and largely
cancels for the mass splittings. For the systematic uncertainty associated with the fit
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Figure 5: Mass spectrum of Υ(1S)µ+µ− candidates in the χb(1P) region with a constraint on
the Υ(1S) mass applied. The result of the fit described in the text is overlaid.

Table 5: The parameters of interest, yields N and masses, from the fits to the Υ(1S)µ+µ− mass
spectrum. The uncertainties are statistical only. The last column shows the statistical significance
of the signals in units of standard deviations.

Parameter Value S

Nχb1(1P)→Υ(1S)µ+µ− 53.6 ± 7.7 12.4
Nχb2(1P)→Υ(1S)µ+µ− 47.9 ± 7.4 11.5
Nχb1(2P)→Υ(1S)µ+µ− 51.1 ± 10.4 6.5
Nχb2(2P)→Υ(1S)µ+µ− 59.3 ± 10.4 7.2
mχb1(1P) [MeV/c2] 9 892.50 ± 0.26
mχb2(1P) [MeV/c2] 9 911.92 ± 0.29
mχb1(2P) [MeV/c2] 10 253.97 ± 0.75
mχb2(2P) [MeV/c2] 10 269.67 ± 0.67

model, a set of alternative signal models are probed. To test alternative parameterisations
of the background, first-order polynomial functions are used, as well as a product of
a three-body phase-space function [68] and the first- and second-order polynomials.
An additional systematic uncertainty is related to the assumption of the negligible
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Figure 6: Mass spectrum of Υ(1S)µ+µ− candidates in the χb(2P) region with a constraint on
the Υ(1S) mass applied. The result of the fit described in the text is overlaid.

natural width for the χb states. To estimate the associated uncertainty, signal shapes
are parameterised as relativistic Breit–Wigner functions convolved with the detector
resolution, and a series of fits are performed scanning the natural widths from 50 to
250 keV, covering the range of theoretical expectations [2,4,64–66]. The maximal deviations
from the results of the baseline fits are taken as the associated systematic uncertainty.
The mass measurements in Table 5 are made with the Υ(1S) mass constrained to the known
value [57]. The uncertainty in this value is propagated as an external systematic uncertainty
on the mass measurements. The statistical significance for each χb state is recalculated
for each alternative fit model, and the minimal values of 12.4 , 11.2 , 6.3 and 7.0 standard
deviations are taken as the significance of the χb1(1P), χb2(1P), χb1(2P) and χb2(2P) states
accounting for the systematic uncertainties.

6 Results and discussion

A large sample of Υ→ µ+µ− decays is used to measure the masses and mass differences of
the Υ states. While the absolute mass measurements have a large systematic uncertainty,
the mass differences are measured much more precisely

mΥ(1S) = 9 460.37 ± 0.01 ± 2.85 MeV/c2 ,
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Table 6: Systematic uncertainties on the measurement of the χb masses and mass differences.

Source of systematic
Uncertainty [keV/c2]

mχb1(1P) mχb2(1P) mχb1(2P) mχb2(2P) δmχb(1P) δmχb(2P)

Momentum scale 99 106 214 218 7 4
Energy loss correction 20 20 20 20 — —
Radiative corrections 7 8 13 13 1 —
Fit model 4 3 4 2 6 2
Natural width — — 10 10 — —

Sum in quadrature 101 109 215 219 9 4

mΥ(2S) −mΥ(1S) = 562.71 ± 0.04 ± 0.20 MeV/c2 , (5a)

mΥ(3S) −mΥ(2S) = 331.77 ± 0.07 ± 0.10 MeV/c2 , (5b)

where the first uncertainty is statistical and the second systematic.
Using Υ(2S)→ Υ(1S)π+π− decays, where the Υ(1S) mass is constrained [57], a precise

measurement of the Υ(2S) mass is made,

mΥ(2S) = 10 023.25 ± 0.03 ± 0.12 ± 0.09 MeV/c2 , (6)

where the first uncertainty is statistical, the second systematic and the third from the knowl-
edge of the Υ(1S) mass [57]. The uncertainty due to the knowledge of the Υ(1S) mass [57]
largely cancels in the mass difference

mΥ(2S) −mΥ(1S) = 562.85 ± 0.03 ± 0.12 ± 0.01 MeV/c2 . (7)

This value agrees with the one obtained with Υ→ µ+µ− decays, Eq. (5a), and they are
combined in Appendix A.

Using Υ(3S)→ Υ(2S)π+π− decays, where the Υ(2S) mass is constrained [57], a precise
measurement of the Υ(3S) mass is made,

mΥ(3S) = 10 355.28 ± 0.03 ± 0.04 ± 0.48 MeV/c2 , (8)

where the first uncertainty is statistical, the second is systematic and the third is
from the knowledge of the Υ(2S) mass [57], The uncertainty due to the knowledge
of the Υ(2S) mass largely cancels in the mass difference

mΥ(3S) −mΥ(2S) = 331.88 ± 0.03 ± 0.04 ± 0.02 MeV/c2 . (9)

This is in agreement with the value obtained with Υ→ µ+µ− decays, Eq. (5b), and the two
measurements are combined in Appendix A. The dependence on the external knowledge
of the Υ(2S) mass is also removed by using the Υ(2S) mass given in Eq. (6) instead of
the value given in the 2024 edition of the particle data group averages (PDG’24) [57].
Assuming the uncertainties from the momentum scale and energy loss correction are fully
correlated, it gives

mΥ(3S) = 10 355.13 ± 0.04 ± 0.15 ± 0.09 MeV/c2 , (10)
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Table 7: Current knowledge of Υ masses and mass splittings.

Parameter PDG’22 [69] PDG’24 [57]

mΥ(1S) [MeV/c2] 9 460.30 ± 0.26 9 460.4 ± 0.1
mΥ(2S) [MeV/c2] 10 023.26 ± 0.31 10 023.4 ± 0.5
mΥ(3S) [MeV/c2] 10 355.2 ± 0.5 10 355.1 ± 0.5
mΥ(3S) −mΥ(2S) [MeV/c2] 331.50 ± 0.13 331.50 ± 0.13

Table 8: The Υ mass splittings measured by the BaBar collaboration [70]. These results are not
considered in any edition of the PDG.

Parameter Value

mΥ(2S) −mΥ(1S) [MeV/c2] 562.170 ± 0.007 ± 0.088
mΥ(3S) −mΥ(1S) [MeV/c2] 893.813 ± 0.015 ± 0.107

where the last uncertainty is due to the knowledge of the Υ(1S) mass [57].
These measurements can be compared to the current experimental knowledge of

the Υ masses summarised in Tables 7 and 8. Direct measurements of the Υ masses
come from studies made in the 1980s by the MD-1 collaboration at the VEPP-4 storage
rings [71–73], the CUSB collaboration at the CESR accelerator [74], and a joint study
by the ARGUS and Crystal Ball collaborations at the DORIS II collider [75]. Recently,
these data have been reanalysed [76] to take into account improved knowledge of radiative
corrections [77], interference effects [78,79] and the electron mass shift [80]. The reanalysis
resolves long-standing tensions between the CUSB and the MD-1 collaboration results,
improving the knowledge of the Υ(1S) mass significantly in the PDG averages. Prior to
PDG’24, the Υ(2S) mass average included the data from the ARGUS and Crystal Ball
collaborations [75]. Reference [76] has also studied these data, changing the central value
by 0.15 MeV/c2. Neither the value given in Ref. [76] nor the original value obtained
in Ref. [75] are included in the PDG’24 averages. Consequently, the uncertainty on
the Υ(2S) mass has worsened from 0.3 to 0.5 MeV/c2. The values of the Υ(2S) and
Υ(3S) mass presented here agree well with those from Ref. [76]. The value of mΥ(2S) also
agrees with the value [76] obtained from the reanalysis of ARGUS and Crystal Ball data,
mΥ(2S) = 10 022.7 ± 0.4 MeV/c2. For the mass differences, there are tensions in the results
presented here compared to those of the BaBar collaboration [70,81] at the level of 2−4σ.2

The first observation of the χb→ Υ(1S)µ+µ− decays provides measurements of
the masses of the χb states,

mχb1(1P) = 9 892.50 ± 0.26 ± 0.10 ± 0.10 MeV/c2 ,

mχb2(1P) = 9 911.92 ± 0.29 ± 0.11 ± 0.10 MeV/c2 ,

mχb1(2P) = 10 253.97 ± 0.75 ± 0.22 ± 0.09 MeV/c2 ,

mχb2(2P) = 10 269.67 ± 0.67 ± 0.22 ± 0.09 MeV/c2 ,

where the first uncertainty is statistical, the second systematic and the third from the knowl-

2The measurements in Ref. [70] are not listed in the PDG averages.
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Table 9: Masses and mass differences for the χb states from PDG’24 [57]. For the χb(1P)
and χb(2P) states, the second uncertainty comes from the uncertainty on the Υ(2S) and
Υ(3S) mass, respectively. The last column shows the values recalculated from the photon energy
in the Υ(2S)→ χb(1P)γ decays using the mass of Υ(2S) meson from PDG’24 [57] and their
difference. This calculation ignores any correlation between the photon energy measurements.

Parameter PDG’24 [57] Recalculated

mχb1(1P) [MeV/c2] 9 892.78 ± 0.26 ± 0.31 9 892.92 ± 0.33 ± 0.50
mχb2(1P) [MeV/c2] 9 912.21 ± 0.26 ± 0.31 9 912.35 ± 0.29 ± 0.50
mχb1(2P) [MeV/c2] 10 255.46 ± 0.22 ± 0.50
mχb2(2P) [MeV/c2] 10 268.65 ± 0.22 ± 0.50
δmχb(1P) [MeV/c2] 19.10 ± 0.25 19.42 ± 0.44
δmχb(2P) [MeV/c2] 13.10 ± 0.24

edge of the Υ(1S) mass [57]. The corresponding mass splittings are

mχb2(1P) −mχb1(1P) = 19.4 ± 0.4 MeV/c2 ,

mχb2(2P) −mχb1(2P) = 15.7 ± 1.0 MeV/c2 .

The systematic uncertainties for the mass splittings are negligible with respect to the sta-
tistical uncertainties, and are omitted. These measurements can be compared to the cor-
responding world averages, given PDG’24 [57] and shown in Table 9. The previous
measurements were largely made using the photon energy measured in feed down transi-
tions, such as Υ(2S)→ χb(1P)γ. In the PDG’24 these values have not been updated to be
consistent with the quoted value of the Υ(2S) mass, which has a changed central value and
worse precision. The third column in Table 9 shows the precision of the χb(1P) masses
worsening, as discussed above.

The values obtained by this analysis are the most precise measurements of
the χb(1P) masses to date – regardless of the inconsistency in the uncertainties quoted
in PDG’24. They agree well with the previous measurements, made using the photon
energy in Υ(2S)→ χb(1P)γ radiative transitions, which are dominated by results from
the CLEO collaboration [9] and have very different systematic uncertainties. The mea-
surements of the χb(2P) masses have slightly worse precision than the PDG’24 values.
Again, the systematic uncertainties are very different to previous measurements using
the photon energy in Υ(3S)→ χb(2P)γ radiative transitions. All the mass measurements
agree well with the PDG’24 values. The uncertainties on the χb mass splittings are
not yet competitive with world averages values, which are dominated by high-precision
measurements from the BaBar collaboration [8]. The central value for δmχb(1P) is in good
agreement with the PDG’24 value, with a precision factor of 1.6 worse. The precision for
δmχb(2P) splitting is about four times worse than the PDG’24 value. The central value
agrees with the PDG’24 at the level of 2.6 standard deviations. The mass differences
between the χb and Υ(1S) states are listed in Appendix B.

In summary, precise spectroscopy of the hidden-beauty system is reported. Precision
measurements of the masses of the Υ(2S) and Υ(3S) states have been made using their
decays to Υ(1S)π+π− and Υ(2S)π+π− final states, respectively. These measurements are
competitive and are in agreement with the world averages. They improve the knowledge
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of these parameters significantly and with different systematic uncertainties with respect
to measurements at e+e− colliders. In addition, the Υ(1S)µ+µ− system at low mass has
been studied for the first time, complementing the LHCb search for tetraquarks at higher
mass reported in Ref. [82]. This has allowed the χb(1P) and χb(2P) decay modes to be
observed with high significance, leading to competitive measurements of the masses of
these states. The latter measurements are statistically limited and can be improved using
the larger dataset that will be collected with the upgraded LHCb detector [83, 84]. With
a larger dataset, the natural widths of these states could also be probed, and it will be
possible to study χb(3P) decays to the Υ(1S)µ+µ− and Υ(2S)µ+µ− final states.
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A Combination of results in the dimuon and dipion

channels

The measurements of the mass splittings between the Υ states using the Υ→ µ+µ− decays,
Eqs. (5), and using the Υ(2S)→ Υ(1S)π+π− and Υ(3S)→ Υ(2S)π+π− decays, Eqs. (7)
and (9), are in good agreement. They are combined assuming the uncertainty due to the
momentum scale is fully correlated. This gives

mΥ(2S) −mΥ(1S) = 562.84 ± 0.02 ± 0.13 MeV/c2 , (A1a)

mΥ(3S) −mΥ(2S) = 331.86 ± 0.03 ± 0.05 MeV/c2 . (A1b)

The dipion modes dominate the determination of the averages.
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B Mass differences for the χb and Υ(1S) states

The χb mass measurements, made using the known value of the mass of the Υ(1S) meson,
are equivalent to the measurement of the mass differences:

mχb1(1P) −mΥ(1S) = 432.10 ± 0.26 ± 0.10 MeV/c2 , (B2a)

mχb2(1P) −mΥ(1S) = 451.52 ± 0.29 ± 0.11 MeV/c2 , (B2b)

mχb1(2P) −mΥ(1S) = 793.57 ± 0.75 ± 0.22 MeV/c2 , (B2c)

mχb2(2P) −mΥ(1S) = 809.27 ± 0.67 ± 0.22 MeV/c2 . (B2d)

While the systematic uncertainties on the χb masses in Table 6 are dominated by the mo-
mentum scale and hence highly correlated, the statistical correlations are small, less than
1% for the mχb1(1P) and mχb2(1P) states, and 6% for the mχb1(2P) and mχb2(2P) states.
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