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ABSTRACT: Branching fraction ratios between the decays B?S) —J/ Yl ) are measured using

proton-proton collision data collected by the LHCb experiment at centre-of-mass energies of
7, 8 and 13 TeV, corresponding to an integrated luminosity of 9fb~!. The measured ratios
of these branching fractions are
B(B® — J/4n)
B(BY — J/vn
)

B(BY — J/yn/
B(BY — J/vm)

where the uncertainties are statistical, systematic and related to the precision of the n)
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branching fractions, respectively. They are used to constrain the n/n" mixing angle, ¢p, and
to probe the presence of a possible glueball component in the ' meson, described by the
gluonic mixing angle ¢g. The obtained results are

¢p = (41.6779)°,

¢a = (28.1557)°,
where the uncertainties are statistically dominated. While the value of ¢p is compatible with
existing experimental determinations and theoretical calculations, the angle ¢q differs from
zero by more than four standard deviations, which points to a substantial glueball component
in the ' meson and/or unexpectedly large contributions from gluon-mediated processes in
these decays. The absolute branching fractions are also measured relative to that of the

well-established BY — J/1¢ decay, which serves as the normalisation channel. These results
supersede the previous LHCb measurements and are the most precise to date.
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1 Introduction

Decays of the n") mesons provide a unique, flavour-conserving laboratory to test low-energy
quantum chromodynamics (QCD) and search for physics beyond the Standard Model [1].
Their properties reflect the low-energy dynamics of quarks and gluons — the fundamental
degrees of freedom of QCD — and remain challenging to predict due to the effects of
confinement. The constituent quark model [2] describes the n and 7’ pseudoscalar mesons
as linear combinations of the isospin-0 octet and singlet SU(3)-flavour states, where mixing
is a consequence of the larger mass of the s quark relative to the u and d quarks. These
combinations are parametrised by a mixing angle, whose predicted value lies between —25°
and —10°, defining the 1’ (7) meson as mostly singlet (octet) state.

More elaborate approaches to calculate the properties of light hadrons rely on the
symmetry properties of QCD, such as the approximate chiral symmetry among light quarks [3].
This spontaneously broken symmetry generates the octet of pseudoscalar mesons and forms
the basis for chiral perturbation theory (xPT) [4]. In the large-number-of-colours limit of
QCD, xPT can be extended to include the singlet state, providing a consistent framework



to describe the mixing parameters, and showing that a one-angle description is only valid
at leading order in perturbation theory [5, 6].

Phenomenological analyses of different physics processes, such as transitions between
light and heavy hadrons (e.g. Df — nVetv,,! V = n)y with V = J/4), $), diphoton decays
(e.g. n" — ~7) and annihilation processes (e.g. pp — PM with P a pseudoscalar meson
and M = 70 n,w) [7-11], advocate the use of two angles to describe 1/n’ mixing in the
octet/singlet basis. These analyses also emphasise the special role of the quark basis, spanned
by the states |n,) = 1/v/2(|ut) +|dd)) and |ns) = |s5), where these two angles take compatible
values and are replaced by a single angle, ¢p, with a value of around 40° (see ref. [12] for
a review of recent determinations). First-principle calculations on the lattice are becoming
competitive in precision and agree with these determinations [13-15]. Possible (") mixing
with 7¥ mesons or charmonium has also been investigated and found to be negligible [7, 16].

Another intriguing aspect of n") mesons is their possible gluonic content and the connec-
tion with glueballs, the colour singlet states made of two or more gluons predicted by QCD [17].
Interestingly, the QCD anomaly [18-20] contributes to the singlet mass by a purely gluonic
component which, due to mixing, mostly affects the 7" meson [21]. Because of its gluonic
content, the ’ meson may mix with glueballs [22, 23], hence changing the rates of physics pro-
cesses where it is involved (e.g. BT — K/ [24], B?S) — J/¢mn' [25]), and providing indirect
constraints on the mass of the lightest pseudoscalar glueball [26]. Current experimental results
suggest a negligible glueball component in the 1’ meson, although earlier reports indicated
potentially large contributions with limited statistical significance [8, 24, 27-30]. Potential
glueball components to the n meson have also been investigated using .J/v¢ decays [28] and
were not found to be significant.

At the quark level, B?S) — J/ Yn) decays proceed dominantly through the tree-level
transition b — ccq, where ¢ is either a d or an s quark that forms an 7) meson with the
spectator quark. Neglecting decay topologies where the spectator quark participates in the
flavour-changing interaction and the () or J /¥ meson is produced by gluons, simple relations
between decay amplitudes can be derived which relate the relative decay rates to the mixing
angle ¢p [31]. These relations allow to test the validity of the one-angle n/n" mixing scheme
(standard mixing) or the presence of the aforementioned gluon-mediated processes coupling
differently to the two mesons. As proposed in ref. [25], the standard mixing scheme can
be extended to incorporate a glueball component to the 1’ wave function. In the quark
basis, the physical states are written as

) = cosdp [ng) — sin @p [ns),
[n") = cos ¢a (sin ép |11) + cos dp |15)) + sin dc |99),
where |gg) denotes a glueball state and ¢¢ is the gluonic angle. Projecting out the physical

(1.1)

states to the basis states, the following relations between branching fractions are obtained:
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nclusion of charge-conjugate processes is implied throughout.



where the ® terms are phase-space factors defined as
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that are raised to the power three in egs. (1.2) and (1.3) to account for the spin configuration
of the decay. The values for the angles can then be obtained from a combination of the
R, s ratios, as

tan® ¢op = Ry /R, (1.5)
cos* ¢q = Ry - Rs, (1.6)

where, in the case of standard mixing, ¢¢ = 0 and Ry - Rs = 1 [31]. Similarly, one can
calculate the following ratios which only depend on ¢p,

p = BB = J/um) @3B = J/ym) _ mpempo |Vea 2 cot? ¢p )
TTB(BY = J/ym) @3B — J/ym)  tpompo|Ves| 2 '
R B(B® — J/yn') ¥3(BY = J/yy')  Tpompo |Vea| tan® ¢p (18)
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which hold up to SU(3)-breaking corrections, and where m, 7 and V;; are the B?s) mass and

lifetime, and CKM matrix elements, respectively [31].

Initial experimental results were reported in 2012 by the Belle collaboration for the decay
B® — J/vn and the two modes B? — J/vyn and BY — J/¢n' [32, 33]. These measurements
were interpreted as evidence for a sizeable glueball component in the 7’ meson, based on
comparison with theoretical predictions for the branching fractions [29]. Results for the
two B? modes were first reported by the LHCb collaboration using proton-proton (pp)
collision data corresponding to an integrated luminosity of 1fb~! [34]. A second LHCb
analysis, based on a larger integrated luminosity of 3fb~!, measured the four decay modes
and found no evidence for a glueball component. The study determined the mixing angles
to be ¢p = (43.5734)° and ¢g = (0.0 & 24.6)° [12].

This analysis uses the pp sample recorded by LHCb at centre-of-mass energies of 7, 8
and 13 TeV, corresponding to an integrated luminosity of 9fb~!, to determine the branching
fraction ratios between B?S) — J/¢yn' and B?s) — J/1m decays, and subsequently the mixing
angles. Ratios of branching fractions between the two B flavours for a given final state
are also determined (egs. (1.7) and (1.8)), although they are sensitive to ¢p only. The
observables are measured as

B N(B?S) — J/Yn) ‘ 5(3?5) — J/n) B — fy) (1)3(3?5) — J/4n) (1.9)

Ry s = )
T NBY, — Jfn) e(BY = J[un)) By — fy) @3 (BY = J/vn)

where the secondary branching fractions B for the n() decays to the final states [y are
used, and
N(B" = J/yn") eB) — Jjyn") fo ®3(B2 — J/¢n")
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where fs/fq is the ratio of b-quark fragmentation fractions governing the relative production
of B?S) mesons.

Absolute branching fractions are calculated using the decay BY — J/1)¢ as a normalisation
channel. As suggested in ref. [25], a complementary determination of the angle ¢p is possible
using the measurement of B(B® — J/vn) and the ratio

B(B® — J/vyn) @3B — J/y70)

Ro = BB S J/4m9) BB J)on)

= cos® ¢p. (1.11)

This determination uses the known branching fractions of B® — J/¢7° and B? — J/v¢
decays (the latter being used to determine B(B® — J/vm)) and is therefore less precise than
that based on the Ry, ratios. It is nevertheless interesting as the ratio Ry is sensitive to a
possible glueball component in the 7 meson which would modify eq. (1.11) as Ry = cos? ¢p -
cos® gL, where ¢, is the corresponding mixing angle.

This analysis further improves upon the sensitivity of the previous LHCDb analysis [12]
by incorporating a second final state for the reconstruction of the n") mesons, allowing for
two independent determinations of the branching fraction ratios, which are subsequently
combined. The paper is organised as follows. A brief description of the experimental apparatus
is given in section 2 and the selection of signal and normalisation candidates are detailed in
section 3. The selection efficiencies are calculated using simulation in section 4, while the
yields of the various decays are determined from fits to the data, as explained in section 5.
Systematic uncertainties affecting the measurements of the branching fraction ratios and
of the angles are presented in section 6. Results for these observables are presented and
briefly discussed in section 7.

2 Detector description

The LHCb detector [35, 36] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5, designed for the study of particles containing beauty or charm quarks.
It includes a high-precision tracking system consisting of a silicon-strip vertex detector
(VELO) surrounding the pp-interaction region, a large-area silicon-strip detector (TT) 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. The minimum
distance of a track to a primary vertex (PV), the impact parameter (IP), is measured with
a resolution of (15 + 29/pr) pm, where py is the component of the momentum transverse
to the beam, in GeV /c. Various charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors. In addition, photons, electrons, and hadrons are
identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an
electromagnetic and a hadronic calorimeter. The electromagnetic calorimeter response is
calibrated using samples of 7° — vy decays [37]. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger, which consists of a hardware stage
followed by a two-level software stage [38]. An alignment and calibration of the detector



is performed in near real-time with the results used in the software trigger [39]. The same
alignment and calibration information is propagated to the offline reconstruction, ensuring
consistent information between the trigger and offline software. In this analysis, candidate
events are required to pass the hardware trigger, which selects muon and dimuon candidates
with high transverse momenta using information from the muon system. The first stage of
the software trigger performs a partial event reconstruction and requires events to have two
well-identified oppositely charged muons with an invariant mass larger than 2700 MeV /c2. The
second stage performs a full event reconstruction. Events are retained for further processing
if they contain a displaced J/1 — putu~ candidate. The decay vertex is required to be well
separated from each reconstructed PV of the pp interaction by requiring the distance between
the PV and the J/1 decay vertex divided by its uncertainty to be greater than three.

Simulated pp collisions are generated using PyTHIA [40, 41] with a specific LHCb config-
uration [42]. Decays of hadronic particles are described by EVTGEN [43], in which final-state
radiation is generated using PHOTOS [44]. The interaction of the generated particles with the
detector, and its response, are implemented using the GEANT4 toolkit [45, 46] as described
in ref. [47]. The production of some samples is based on a computing-efficient model where
the underlying pp interaction is reused multiple times, with an independently generated
signal decay for each [48]. The resulting selection efficiencies are found to be compatible
with those based on the default production model, with slightly larger uncertainties resulting
from the residual correlation between reused events.

3 Selections

Signal candidates are reconstructed using J/v — u*pu~ decays, and the 77~ (one-photon)
and 7T7~ vy (two-photon) final states of the ") decays, namely: 1’ — pO(— 7F7")y,>

+ tr7n(— vy) and n — 77 7%= ~7) Due to worse mass resolution

n—sata Ty, n -7

and the small 7 — ~+ branching fraction [49], B?S) — J/Yn") (= ~7) decays are not studied.
For the normalisation channel BY — J/1@, the ¢ meson is reconstructed using the decay
O = .

The two muons must satisfy pr > 500 MeV /¢, pass a loose particle-identification (PID) re-

to 7tn 70, with 7

quirement and be unlikely to originate from a PV. Furthermore, their combination should form
a good vertex that is significantly displaced from any PV, have a mass within +100 MeV /c?
of the known .J/1 mass [49] and an IP value larger than 18 um. The J/¢ candidates are
combined with pions and photons. The pions are required to have pp > 250 MeV /¢ and
be unlikely to originate from a PV. Similar to J/v¢ candidates, a requirement is applied to
the quality of the dipion vertex. In the J/¢n'(— nT 7~ ) final state only, the dipion mass
is required to be larger than 500 MeV /c?.

In the two-photon modes, photons must satisfy pyr > 200 MeV /c and be identified as
well-isolated clusters in the electromagnetic calorimeter based on the response of a neural-net
estimator trained to reject hadronic background. The diphoton combination must have
pr > 500MeV /¢ (1000 MeV /¢) for n — nt7~7° (n — 777 n) decays, and a mass within
+100MeV/c? (£155MeV/c?) of the known 7° (1) mass [49]. These mass windows are

2Throughout the paper, the symbol p denotes the p(770) resonance, and the presence of the p° resonance
in the 1’ decay is omitted.



significantly broader than the experimental resolution, as required for the evaluation of
systematic uncertainties later in the analysis. Diphoton and dipion candidates are then
combined to form 77(’ ) candidates, which are required to have pp > 2000 MeV /c. The mass
of n (') candidates must lie in the range 500650 MeV /c? (800-1200 MeV /c?), which is also
significantly broader than the experimental resolution.

In the one-photon modes, the photon pr requirement is increased to 500 MeV /¢ to reduce
combinatorial background and the same requirement on cluster isolation is used. Moreover,
a relatively wide mass window of 400-750 MeV /c? (800-1200 MeV /c?) is chosen for the 7
(") candidates, which must also have pp > 2000 MeV/c.

The ) and J /¢ candidates are then combined and the four-track vertex is required
to have good fit x? and be significantly displaced from the PV that fits best to the flight
direction of the B?S) candidate. Additionally, these candidates must have a mass in the range
4800-6200 MeV /c? and a pr larger than 1800 MeV /c. To improve the B?s) mass resolution, a
kinematic fit [50] is performed where each candidate is required to originate from the PV
and the reconstructed masses of the intermediate narrow resonances (J/v, n), ¢ and 7°)
are constrained to their known values. For the decay modes with two photons, a second
kinematic fit is performed where the mass constraint on the 77~ system is removed. This
allows to improve the n") mass resolution and hence to reduce combinatorial background
below the corresponding mass peaks, as described later in this section.

Further selections are based on a boosted decision tree (BDT) [51, 52] implemented in the
TMVA toolkit [53]. This BDT classifier uses twelve variables which are accurately described
by the simulation. These are related to the decay vertex, the kinematics of final-state particles,
as well as the number of particles from the underlying event that are reconstructed close to
the signal momentum direction, and their pt. A total of eight classifiers are trained, one
for each of the four signal final states and run periods (Run 1 from 2011 to 2012 and Run 2
from 2015 to 2018). The training samples consist of simulated BY decays and same-sign data
candidates (J/¢mT 7T v(v)) for signal and background, respectively.

For a given final state, the BDT threshold and the size of the 77~ (y) and diphoton
mass windows are chosen to maximise the significance of the B signal defined as S/v/S + B.
Here, S and B are the expected B° yield and background contamination in the BY signal
region, respectively, corresponding to approximately three times the B® mass resolution.
They are determined using a fit to the J/¢m "7~ (7y) mass distribution in data where the
B®, BY and background yields are free to vary. Given the large uncertainty in the B° yields,
the value of S is inferred from the BY yield, the Run 1 value of ¢p, and other normalisation
factors. At the chosen working points, the BDT selections reject 95-99% of background and
retain 70-86% of the signal. The chosen mass windows correspond to 20 in the two-photon
modes, where o represents the experimental resolution. In the one-photon modes, the 5
(7") mass window corresponds to 1o (+1.50).

Contamination from B?s) — J/¢Yr T~ decays can occur when the final-state parti-
cles are combined with a reconstructed photon in the event; and similarly for the decays
BY — J/y K7™, where, in addition, the kaon is misidentified as a pion. These backgrounds
are only significant in the one-photon modes and are removed by rejecting signal candidates
with a J/¢hTm~ mass, where h™ is a kaon or a pion, in the vicinity of the known B?S) mass.



The effect of these vetoes on the shape of the combinatorial background mass distribution
is investigated using same-sign data and is found to be negligible.

The selection of normalisation B? — J/¢¢(— ntn~70) decays is largely aligned with
that of B?S) — J/ym(— 77~ 7%) decays. Due to the larger phase space of the ¢ decay,
the normalisation sample exhibits higher combinatorial background which is mitigated by a
more stringent 7 pr requirement of 1000 MeV /c. Furthermore, dedicated BDT classifiers
are trained using simulation where the ¢ meson decays to p™n~, p~7t or p°7%. The BDT
threshold and the ¢ and 7% mass requirements are similar to those in the signal mode to
minimise systematic uncertainties.

After all selections, about 1-2% of events contain multiple candidates, primarily due to
the signal decays where one photon is replaced by another photon from the event. These
candidates are not removed and are instead modelled in the fit, as detailed in section 5.1.

4 Estimation of efficiencies

Selection efficiencies for the BY modes are calculated for each year of data taking using
simulation, and then averaged according to the corresponding integrated luminosity and bb
production cross-section. With a smaller set of simulated samples, the B? efficiency averages
are calculated as the product of the B? averages and the B?/B? efficiency ratios, where
those ratios are obtained for the same data-taking conditions. The associated uncertainty
is discussed in section 6.

The B?S) efficiencies are corrected for small imperfections in the modelling of the n)
lineshapes, in particular of their peak positions and widths. These corrections are derived
from fits to the corresponding mass distributions in data, where only signal candidates in
the vicinity of the B? peak are considered. Fits to the 7t7~v, 777~ 7% and 7+ 7~ 1 mass
distributions in data are shown in figure 1, where the signal and partially reconstructed
background components are modelled using simulation (the signal peak position and width
are free to vary in the data fits) and combinatorial background is modelled using same-sign
data. The efficiencies of the mass requirements in data are then calculated as the integrals of
the signal probability density functions in the relevant mass intervals.

The lineshape corrections vary between 3 and 5% across the signal modes and partly
cancel in the /1’ efficiency ratios, which are affected at the level of 1-3%. A second set of
efficiency corrections addresses the modelling of diphoton lineshapes. In that case, samples
of BY — J/YK**(— K*t7%(— ~v)) and B — J/v¥n(— ~7) decays are used to constrain
the diphoton lineshape parameters in signal data, which allows to determine the corrections
with relatively small uncertainties.® Diphoton corrections are at the level of 2%, which drops
to a negligible level when the n/n efficiency ratios are considered.

Further efficiency corrections account for the difference between the B lifetime value used
in the simulation, 7, and the known value, 7, by assigning each simulated B candidate

the weight
i 1 1
w = 3 exp(t( - )), (4.1)
T T Tsim

3Throughout the paper, the K*(892) resonances are denoted as K*.
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Figure 1. Mass distributions of (top) 1, (middle) " and (bottom) ¢ candidates in data. To

enhance the purity, only ) (¢) candidates with a J/¢n") (J/1$) mass close to the known BY mass
are considered. The fit results show the stacked contributions from signal (in red), combinatorial
background (in green) and partially reconstructed backgrounds (in gray).

where ¢ is the true B? decay time. Given the small CP violation in the BY system and

~
~

the CP-even nature of the signal final states, the approximation 7 =~ 7y, is used, where
71, = 1.429 + 0.006 ps corresponds to the known lifetime of the approximately CP-even (light)
B? mass eigenstate [49]. On the other hand, both the light and heavy eigenstates decay to
the J/v¢ final state, in which case, the effective lifetime of 1.487 ps is used. This value is

based on the mixing and amplitude parameters from ref. [54] and enters the determination of



the normalisation branching fraction, as detailed in ref. [55]. Lifetime corrections amount
to 8-9% and 2-3% in the signal and normalisation modes, respectively.

Additional corrections for the mismodelling of the pion PID response and B?S) kinematics
largely cancel in the efficiency ratios and are therefore not applied. The associated uncertainties

are discussed in section 6.

5 Determination of the yields

5.1 Fit model

The B?S) yields are determined using unbinned extended maximum-likelihood fits to the
J/ym T~ ~(7) mass distributions in the range 51505650 MeV /2. In the signal modes, the fit
models account for the contributions from BY and B? decays and combinatorial background,
whose yields are free to vary. Also, signal decays where one photon is replaced by another
photon from the event, later referred to as random photon backgrounds, are modelled in the
fits. Their yields are constrained to those of the signal decays based on ratios obtained from
simulation. A similar model is used for the normalisation channel, except for the presence
of the BY component which is expected to be negligible [56].

Signal contributions are modelled using a Gaussian function with a power-law tail on each
side of the peak. All B? shape parameters are fixed from simulation, except the width which
is scaled by a free parameter to account for the different resolution in data and simulation.
Given the smaller size of the available BY simulated samples, the corresponding peak value jig
and width o4 parameters are expressed as a function of those of the Bg modes as g = pis— A,
and 04 = 05/ Ry, where A, and R, are extracted from a simultaneous fit to the simulated
BY and BY mass distributions. The BY tail parameters are also used for the BY shapes.

Random photon components are modelled by a modified Gaussian function with exponen-
tial tails. For each model, the BY parameters are determined using simulation and the signal
scale factor is applied to the width. Also in this case, the BY mean and width parameters
depend on those of the BY modes through A, and R,, while BY tail parameters are used for
the B? shapes. The choice of parametrisation for the combinatorial background is motivated
by the mass distribution in same-sign data. Except for the fit to the J/¢n'(— 77~ 7) mass
distribution whose model is further described in section 5.1.2, an exponential function is
used with a slope parameter that is free to vary. Partially reconstructed backgrounds from
BO+) 5 J/ym70+) decays, where the )7 system originates mainly from the ag(980)
scalar resonance and the pion is not reconstructed, are expected to be quite small [57-59].
Moreover, this background should contribute outside the fit region and is thus ignored. Based
on the branching fraction estimates from ref. [60], similar contributions from BY decays are
expected to be even smaller and are also neglected.

5.1.1 Backgrounds in the J/v¥n(— w7 ~v) sample

When one photon is missed, BY — J/yn(— 777~ 7°) and BY — J/¢m'(— nt7~n) decays
can satisfy the J/ym(— ntn~7) selection criteria. Their contributions relative to the BY
signal are estimated to be 12% and 7%, respectively, based on the known 77(’) branching
fractions [49] and simulated selection efficiencies. The estimation of the second background



contribution also requires knowledge of the branching fraction ratio between BY — J/v¢m and
BY — J/vn’ decays, which is calculated using the ¢p and ¢ values from the Run 1 analysis.
The relative fractions of these two background contributions in the J/vn(— 77~ ) fit are
then fixed. Their shapes are modelled by a modified Gaussian function with exponential
tails whose parameters are constrained using simulation. Also in this case, the signal scale
factor is applied to the width of the modified Gaussian functions. Given their smaller
branching fractions, the corresponding backgrounds from B° decays are neglected. The
potential background contribution from B® — J/vyw(— 77~ 7%) decays with one 7¥ photon
not reconstructed is studied and found to be negligible.

5.1.2 Backgrounds in the J/vyn'(— ntn~~) sample

Due to the larger dipion mass allowed in B?s) — J/yn'(— 7mTr ) decays, this sample

includes additional background sources, such as B? — J/w¢(— 777~ 7%) decays in which
one photon from the 7% decay is not reconstructed. To reduce the correlation between the
yield of that background and that of combinatorial background, the former is fixed to the
value measured in the normalisation sample scaled by the ratio of efficiencies in simulation
for the partial and full reconstruction of the decay. Its shape is modelled by the product
of an increasing and a decreasing sigmoid function, whose inflexion points and widths are
determined from simulation. Furthermore, contributions from BO+) — J/yKOH)rtr—
decays with a kaon not reconstructed and an additional photon from the event are modelled
using a modified Gaussian function with a power-law tail on the right side of the peak. The
shape is determined from simulated Bt — .J/K1(1270)% decays where both the K*Ox+
and K*p¥ intermediate states of the K7(1270)T meson are considered, as well as direct
K;(1270)" — Ktntn~ decays. The corresponding yield is left free to vary in the fit. Finally,
the combinatorial background is modelled by the product of a Gaussian and an exponential
function, which accounts for the depletion of candidates at lower masses. Given the presence
of the aforementioned peaking backgrounds in that region, the shape parameters are fixed
using a fit to same-sign data while the yield is free to vary.

5.2 Fit results

The mass distributions for the signal and normalisation modes are shown in figure 2, with
fit results included. The yields of B?S) decays in the signal and normalisation samples are
listed in table 1. For the signal modes, a 1-5% correlation between the B® and BY yields
is observed, which is slightly more pronounced in the one-photon modes. The B°/B? yield
ratios are also shown to emphasise the agreement between one-photon and two-photon
results. Statistical uncertainties at the level of 1-3% and 8-17% are obtained for the BY
and B° modes, respectively.

6 Systematic uncertainties

The main sources of systematic uncertainties on the branching fraction ratios are summarised
in table 2. They pertain to the determination of the B?S) yields (section 6.1), the evaluation
of the efficiencies and their associated corrections (section 6.2), and the precision of the

various inputs that enter the calculation of the ratios (section 6.3).
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Figure 2. Mass distributions of B?S) candidates in data reconstructed in the (top) J/¥n, (middle)
J/yn" and (bottom) J/i¢ final states. The fit results show the stacked contributions from signal
(in red), combinatorial and random-photon backgrounds (in green) and partially reconstructed
backgrounds (in gray or light blue).

6.1 Fit model uncertainties

The systematic uncertainties affecting the signal yields through the choice of fit models

are determined by changing the shape of all components and repeating the fits. For the
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Decay mode

BY, — J/un BY, - J/un BY = J/us
n—ortr 1’ noatey o sata Ty o s oty ¢ = ata A
Ny 285 + 23 110 + 18 94 + 14 355 £ 38 -
N 3280 +£ 60 1244 4+ 40 1885 &+ 45 6002 + 85 2572 + 62
Ng/N,[1072] 87407 89+15 50+08 59407 -
pds [1072] -2.3 —5.1 -1.5 4.6 —

Table 1. Yields Ng s of B?S) decays in the signal and normalisation channels for different final states.
The ratio and correlation coefficient (p4s) between the signal yields are also indicated.

Source Ry Ry R R} RY Ry R) R, R, R
Fit model 4.2 7.8 0.5 24 1.0 4.9 4.1 6.5 1.9 1.9
Lineshape 1.7 2.4 1.7 24 - - - - 1.2 1.6
Photon pr 1.7 0.4 1.7 04 - - - - 0.2 1.5
BDT response 2.7 1.5 27 15 - - - - 0.5 2.6
Sim. sample size 2.8 3.2 1.8 1.7 18 3.0 2.9 2.2 1.5 1.8
Decay model - - - - - - - - 2.2 2.2

Total syst. unc. 6.2 8.9 41 41 21 5.8 5.1 6.9 3.6 4.9
External inputs 1.7 2.1 1.7 21 31 3.1 3.1 3.1 29 3.0
Stat. unc. 17.0  19.6 3.0 35 82 168 152 10.6 3.1 3.4

Table 2. Summary of relative uncertainties affecting the branching fraction ratios, in percent. In the

two last columns, R:](Af) » are the ratios between BY signal and normalisation modes, determined using

the final states with two photons.

components that are fixed relative to the signal, the corresponding fraction is also changed.
The different sources are grouped as follows.

Except for the combinatorial background, all the baseline parametrisations are determined
using simulation. Either these are changed to nonparametric functions, which, in the case of
the signal shapes, are convolved with a Gaussian function to account for resolution effects, or
new parameters are randomly generated using the baseline models and covariance matrices.

The difference between the B® and BY lineshapes, encoded in the A u and R, parameters, is
accounted for by varying these parameters according to their baseline values and uncertainties.
Similarly, the normalisation of the random photon components relative to the signal are
varied according to the uncertainties of the corresponding simulation efficiencies. For the
peaking backgrounds that are constrained relative to the signal, the normalisation is changed
according to the uncertainties of the simulated efficiency and known branching fractions.

In the normalisation mode, the B? peak is described based on simulated resonant ¢
decays. Given that the Dalitz plot in data does not reveal resonant structures, a smaller
sample of nonresonant ¢ — 7wt7 7Y decays is used as an alternative model, from which
a systematic uncertainty is derived. In the case of the J/¢m' (— 77 ~v) model, the fixed
BY — J/y¢(ntrmY) background yield is varied according to the uncertainties of the yield

— 12 —



measured in full reconstruction. The influence of the ¢ decay model on the efficiency is
also accounted for.

For the final states other than J/¢n/(— wtn~ ), the exponential slope parameter
describing the combinatorial background is randomly drawn from a Gaussian distribution.
The Gaussian mean and width are set to the value and uncertainty of the slope parameter as
obtained from a fit to same-sign data in a wide mass region of 4800-6200 MeV /c2. For the
J/n'(— mtm ™) final state, the baseline model is changed to an exponential function and the
same procedure is applied. However, the fit to same-sign data is now performed in the baseline
fit region of 5150-6150 MeV /c? to avoid the low-mass region where the distribution flattens.

In summary, model uncertainties mainly impact the B yields through their sensitivity
to the choice of background parametrisations, with values in the range 1-7% for the different
final states. Uncertainties for the BY yields are negligibly small in the two-photon modes and
reach 1-2% in the one-photon modes, reflecting the larger background contributions. These
are propagated to the branching fraction ratios, with values between 0.5-7.8%, depending
on which modes are combined.

6.2 Selection efficiency uncertainties

Efficiencies are calculated using simulation, under the assumption that small discrepancies
between simulation and data in the modelling of selection variables cancel in the studied ratios.
The corresponding uncertainties are estimated either by correcting the simulation, as done for
the 7](’) lineshapes and BY lifetime, or by using control modes, as done for the BDT response.

Corrections to the efficiency of the ) mass requirements are determined from fits
to the corresponding lineshapes in data (figure 1). The statistical uncertainties on the
fit parameters are propagated to the correction factors by generating several alternative
normalised n(") shapes, and calculating the efficiency as the integral of these functions in
the relevant mass intervals. The relative variations of the efficiency range from 1-2% for
each decay mode, which are added quadratically when considering the 7’ /n efficiency ratios,
resulting in systematic uncertainties of 1.7% and 2.4% in the two-photon and one-photon
modes, respectively. Uncertainties for the diphoton mass requirements contribute to an
uncertainty at the subpercent level, where the same method is used, together with additional
lineshape constraints from BY — J/vyn(— vy) and BT — J/K*T(— KT7%(— 7)) samples.
This study is performed for the normalisation channel, where uncertainties on the gzﬁ/n(’)
efficiency ratios between 1.2% and 1.6% are found.

Mismodelling of the BDT classifier inputs is studied in two parts. First, the photon pt
distributions in data and simulation are compared using the BT — J/1K*t samples. For
each year of data taking, weights are determined in bins of photon pr as the ratio of the
normalised distributions, and applied to simulated signal candidates. To account for the
statistical uncertainty of the B signal, the assigned weights are randomly drawn from a
Gaussian distribution with the mean and width set to the per-bin value and uncertainty of
the weights. The influence of the photon pt modelling is then estimated by calculating the
signal BDT efficiencies using the sum of weights instead of the number of selected candidates.
The change in the 7/n efficiency ratio is equal to 1.7% and 0.4% in the two-photon and
one-photon modes, respectively, which are assigned as systematic uncertainties. This study
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is performed for the normalisation channel, yielding 0.2% and 1.5% for the /¢ and n’/¢
efficiency ratio, respectively.

Control samples are used to assign the uncertainty for the modelling of the other
classifier inputs. The decay BY — J/¢p’(— nt77) is used as a proxy to the signal mode
B?S) — J/¢n'(— 77~ v). For the other three signal modes, which have a lower dipion
mass, the decay BT — ¢(25)(— J/yrntn7)K™ is used instead. New classifiers are trained
without photon pr information, using the baseline signal and background samples, and
are then applied to the control mode candidates. The BDT efficiencies in data are then
determined by fits to the B? or BT mass distributions in data, for candidates passing or
failing the requirements. The efficiency ratios between data and simulation depart from
unity by —7% to —3%, depending on the control mode and BDT requirement considered.
These variations partly cancel in the double ratios, for which values of 2.7% and —1.5% are
obtained in the two-photon and one-photon modes, respectively, and assigned as systematic
uncertainties. In the normalisation channel, the uncertainties are 0.5% and 2.6% for the
n/¢ and n'/¢ efficiency ratio, respectively.

The uncertainties related to the finite size of the simulated samples range from 0.7-
1.6% in the BY signal mode to 1.5-2.6% in the BY modes for which fewer samples are
available. In the normalisation mode, this uncertainty contributes to 1.1%, with an additional
2.2% contribution from the limited number of nonresonant ¢ decays used for an alternative
efficiency determination.

Other subleading uncertainties arise from the lifetime corrections, and the modelling of
the B?S) kinematics and pion PID. The uncertainties associated to the B? lifetime corrections
in simulation are below the percent level, as verified by varying the known values of 7,
or the effective lifetime from ref. [55], and are thus neglected. The modelling of the B(Os)
kinematics is judged based on the comparison of pp and pseudorapidity distributions of
B — J/yYK*(— K*n~) and BY — J/y¢(— KT K~) decays in data and simulation, and is
also found to have a negligible effect on the results. Similarly, the calibration of the pion
PID response would change the efficiency ratios by half a percent. As a result, no correction
is applied and the corresponding uncertainties are ignored.

In summary, the dominant sources of systematic uncertainties on the R, ratios in
the evaluation of efficiencies arise from mismodelling of the 1) lineshapes and the BDT
response, and the finite size of the simulated samples. For the Rn(’) ratios, only the latter
source is relevant.

6.3 External input uncertainties

The physical quantities used to determine the R, ¢ ratios are the branching fractions of the
reconstructed '), ¢ and 7° decays [49], and the phase-space factors defined in eq. (1.4). The
latter are a function of the masses of the B?S), J/1p and n") mesons [49], whose uncertainties
are small enough to be ignored. The extraction of the angle ¢p from the R, ratios relies
on the knowledge of the B?S) masses and lifetimes, the ratio of CKM elements |Vq/Ves|?,
and the hadronisation fraction fs/f4, which is also relevant for the determination of the
absolute branching fractions. The hadronisation of b quarks to a B?S) meson is known to

depend on its transverse momentum and on the pp centre-of-mass energy, as measured in
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Physical quantity

Value

Reference

B(n — v7) (39.36 = 0.18)%
B(n — ntr—n0) (23.02 4+ 0.25)%
B(n — ntn—y) (4.28 + 0.0M%
B(n' — vv) (2.307 £ 0.033)% 49]
By — ntmn) (42.5 £ 0.5)%
B(n' — ntr ) (29.5 + 0.4)%
B(7? = v9) (98.823 + 0.034)%
B(¢p — ntn—7n0) (15.4 + 0.4)%
m(BY?) [MeV/c? | 5366.93 + 0.10
m(BY) [MeV/c? | 5279.72 4 0.08
m(J/) [MeV/c? ] 3096.900 =+ 0.006 [49]
m(n) [MeV/c? ] 547.862 4 0.017
m(n) [MeV/c* | 957.78 + 0.06
®3(BY — J/ym) ) ®3(BY — J/¢n) 0.9436
®3(BY — J/ym') | ®3(BY — J /) 0.9255
®3(BY — J/ym) | ®3(B° — J/yn) 1.2668
®3(BY — J/ym) | @3(BY — J/yn) 1.2424
1, [sec™!] (1.429 £ 0.006) x 1012 [49]
Teft [sec™!] 1.487 x 10712 [55]
fs/fa (TTeV) 0.2390 4 0.0076
fs/fa (8TeV) 0.2385 4 0.0075 5
fs/fa (13 TeV) 0.2539 4+ 0.0079
fs/fa (Run 142) 0.2504 4 0.0078
Ve 0.2248710 00051 61
Ves 0.973521710-500057

Table 3. External inputs used in the determination of the branching fraction observables.

ref. [55], which reported fs/fq values for an average pr of 5 GeV/c of the decaying B mesons
used in that measurement. Due to the higher reconstruction thresholds for decays with
photons, the average B-meson pr in the signal modes is larger, about 10 GeV /¢, resulting in
slightly different fs/fq values. Updated values are determined using the pp-parametrisations
proposed in ref. [55] by assigning a per-event f;/f; value to simulated signal candidates,
keeping the relative uncertainties from the published values. At /s = 13 TeV for instance,
the obtained averages are 3.7% smaller than the published values. All the aforementioned

physical quantities are listed in table 3.

7 Results

7.1 Relative branching fractions

The obtained branching fraction ratios for signal decays of a given B flavour to J/vn and
J/1¢n’ mesons determined in the two-photon final states, Rﬂ, and in the one-photon final
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states, R}S, are

R} =0.58 £0.10 £ 0.04 & 0.01,
R} =0.67+0.13+0.06 & 0.01,
R)Y =1.01 4 0.03 & 0.04 £ 0.02,
R} =0.97 +£0.03 £ 0.03 £ 0.02,

where the first uncertainties are statistical, the second are systematic, and the third relates
to the precision of the n") branching fractions. The determinations of R; or R, obtained
using the two different final states are compatible within one standard deviation.

Possible biases in the central values of R4 s and the accuracy of their statistical uncertainty
estimates are assessed by means of pseudoexperiments. Using the baseline mass fit results, 10%
pseudoexperiments are generated for each final state and the corresponding mass distributions
are fitted with the baseline models. The obtained sets of yields are then combined to calculate
the distributions of the RZ,(J) ratios. For most of the ratios, the biases in the central values
are below 3% of the statistical uncertainties, and the Gaussian widths of the distributions
depart from one by less than 1%, so no corrections are applied. For the Rg ratio, a bias of
11% and slightly asymmetric uncertainties are found. In that case, the bias is ignored and
symmetric uncertainties are assumed, taking the largest of the uncertainties on either sides
of the R distribution. Using the pseudoexperiments, the correlation between the R, and
R ratios is found to be small, below —1.6% and 5.3% in the two-photon and one-photon
modes, respectively.

The branching fraction ratios between signal decays to a given J/yn"") final state for
different flavours of the B mesons are

R)7 = (2.30 £0.19 £ 0.05 + 0.07) x 1072,
R} =(225+0.38+£0.13 £ 0.07) x 1072,
R)Y = (1.3140.20 +0.07 £ 0.04) x 1072,
R}, = (1.56 £ 0.17 +0.11 £ 0.05) x 1072,

where the third uncertainties are associated to the precision of f/f;. The determinations
of R, or R,/ in the one-photon and two-photon modes are compatible within one standard
deviation. Using the phase-space factors from table 3, the following weighted average ratios
of branching fractions are obtained:
B(B® — J/yn)
B(B? — J/yn)
B(BJ — J/yn)
B(BY — J/¢n)
B(B® — J
BEBQ — J?ZZ% = (2.16 £ 0.16 £ 0.05 + 0.07) x 1072,
B(B® = J/¢n')
B(BS = J/dn) ~

which are compatible with previous determinations [12] and are more precise. The ratios

=0.48 +0.06 £ 0.02 £ 0.01,

=0.80£0.02 £ 0.02 £0.01,

= (1.334£0.12 4 0.05 + 0.04) x 1072,

of branching fractions between signal and normalisation are measured in the two-photon
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modes only, yielding

B(BY — J/in
B(B? — J/¢
B(BY — J /1
B(BY — J/v¢

; = (4.50+0.14 £0.16 £ 0.13) x 1071,

)) = (3.70+0.13+£0.18 £ 0.11) x 1071,

where the last uncertainties reflect the precision of the n") and ¢ branching fractions.

7.2 Absolute branching fractions

The branching fractions of the signal B? modes are calculated using the nt )/ ¢ ratios from
section 7.1 and the known value of the normalisation branching fraction, B(B? — J/v¢),
given by (1.018+0.03240.037) x 1073 [55], with the first uncertainty including a contribution
from fs/fs. The results are

B(BY — J/¢m) = (4.58 +0.14 4+ 0.16 & 0.26) x 107*,
B(B? — J/yn') = (3.76 £ 0.13 £ 0.19 £ 0.21) x 1074,

where the last uncertainties reflect the precision of the normalisation branching fraction.
The results for the BY decays, obtained by multiplying the B? branching fractions by the
BY/BY ratios reported in section 7.1, are

B(B® — J/¢m) = (9.92 4 0.79 + 0.42 + 0.46) x 1079,
B(B® — J/¢n') = (5.06 + 0.48 £ 0.32 & 0.24) x 107°.

In these calculations, uncertainties from the two-photon BY modes are counted twice but
remain marginal compared to those of the B? results. On the other hand, the contribution
from fs/fq is removed.

The four results are compatible with the world averages [49] and more precise by a factor
of 1.3-4.0, depending on the decay mode. The precision of the B results is still limited by
statistics, whereas systematic uncertainties and external inputs dominate the BY results.

7.3 Mixing angles

Given the correlation between the ¢p and ¢ values determined using egs. (1.2) and (1.3), the
central values and uncertainties on these observables are calculated by constructing the two-
dimensional likelihood function. Similar to the Run 1 analysis [12], this function is defined as

L= exp <_1 Ktan2 op cos? oc — Rd>2 n (cot2 op cos? oa — RS)Q}) (7.1)

2 OR, OR,

where Ry s and og,  are the central values and total uncertainties of the ratios, respectively,
as found using the one-photon or two-photon final states. A graphical representation of
the two results and their combination is shown in figure 3, where regions corresponding to
different confidence intervals are indicated. Numerical results for the central values and
uncertainties of the angles are obtained by profiling the likelihood with respect to each of
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Figure 3. Contours of the two-dimensional likelihood function of ¢p and ¢g, corresponding to the
one (68% confidence limit, CL), two (95% CL) and three (99% CL) sigma regions, for (left) the
one-photon and two-photon modes, and (right) the combination of these two results. The dotted lines
on the right plot indicate the central values.

these two parameters separately for the one-photon and two-photon modes. For the combined
results, the product of the two likelihood functions is used, which yields

¢p = (41.6719)°,
o = (28.1157)°.

These two results are compatible with the Run 1 determination and supersede it. The
measured 7n/n’ mixing angle is compatible with values found in the literature. The gluonic
angle ¢¢ departs from zero by more than four standard deviations, as evaluated using Wilks’
theorem [62], representing the most precise measurement of this angle to date. Besides the
increased data sample and the use of a second final state to reconstruct the 77(’ ) mesons, the
improvement in precision compared to the Run 1 result is also attributed to the fact that
the uncertainty on ¢g depends on its measured value. This effect can be seen in figure 3
where the likelihood contours are stretched towards low ¢g values, as expected from the
corresponding smaller impact of the glueball component on the B(Os) — J/yn decay rates.

It is interesting to note that egs. (1.7) and (1.8) lead to different determinations of ¢p,
with values of (46.9 &+ 0.6)° and (36.6 £ 0.7)°, respectively. Because these equations rely on
the cancellation of hadronic contributions to the amplitude of B® and B? decays to a given
final-state, this discrepancy points to significant SU(3)-flavour breaking in these decays.

The angle ¢p is also determined through the ratio Ry defined in eq. (1.11). Using the
branching fraction of B® — .J/1n decays determined by this analysis and the known value for
BY — J/7° decays [49], the obtained value is Ry = 0.66 & 0.08, yielding ¢p = (35.7 £ 4.7)°,
which is compatible with the above Ry ,-based determination. As explained in section 1, a
possible glueball component in the n meson would decrease the ratio Ry, implying a smaller
value of ¢p, and is therefore disfavoured.
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8 Conclusions

An updated measurement of the B? — .J/ ¥n) branching fractions is presented, based on a
sample of pp collision data collected by the LHCb detector corresponding to an integrated
luminosity of 9fb~!. A comparison of the branching fraction ratios to predictions from
standard 7/n’ mixing, which requires only one mixing angle ¢p to describe the data, reveals
a deficit of B?S) — J/¢yn" decays relative to the n modes. This result can be explained by a
glueball component to the 1’ wave function and/or unexpectedly large contributions from
gluon-mediated processes to the decay rates. Parametrising the glueball component by a
second angle ¢¢, a relatively large value of (28.13:8)0 is found, which differs from zero by more
than four standard deviations. An 7/7"") mixing angle ¢p of (41.6ﬂ:g)° is determined, which
is compatible and of similar precision to existing phenomenological determinations. Absolute
branching fractions are also updated using the B? — J/1¢ channel as a normalisation.
Significantly more precise values than the world averages are obtained, with factors ranging
from 1.3-4.0 depending on the decay mode. The presented results supersede those of the
Run 1 analysis based on 3fb™! of integrated luminosity. With the precision of the angle
measurements being limited by the yields in the B channels, significant improvements are
expected in Run 3, based on the data from the upgraded LHCb detector.
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