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ABSTRACT: The radiative decays Xc1(3872) — P(2S)y and x1(3872) — J/y are used
to probe the nature of the X.1(3872) state using proton-proton collision data collected
with the LHCb detector, corresponding to an integrated luminosity of 9fb~—!. Using the
Bt — x1(3872)K™ decay, the Xc1(3872) — U(2S)y process is observed for the first time and
the ratio of its partial width to that of the x.1(3872) — J/{y decay is measured to be
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=1.67+0.21 £0.12 £ 0.04,

where the first uncertainty is statistical, the second systematic and the third is due to
the uncertainties on the branching fractions of the P (2S) and J/{ mesons. The measured
ratio makes the interpretation of the x.1(3872) state as a pure D°D*? + D°D*? molecule
questionable and strongly indicates a sizeable compact charmonium or tetraquark component
within the x.1(3872) state.
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1 Introduction

Decays of beauty hadrons have proven to be a convenient and fruitful tool in the search
and study of charmonium-like states, whose measured properties point to the presence of
a cc component in their quark content, but forbid them to be associated with any conven-
tional charmonium resonance [1-12]. The first such state, X.1(3872), was observed in 2003 by
the Belle collaboration in the J/7tt 7t~ mass spectrum from BT — J/ Pt~ KT decays [13].
For more than two decades since its discovery, the properties of this state have been inten-
sively studied in eTe™ collisions by the BaBar [14-21], Belle [22-29], and BESIII [30-35]
collaborations; in proton-antiproton collisions by the CDF [36-39] and DO [40] collabora-
tions; in proton-proton (pp) collisions by the ATLAS [41], CMS [42, 43] and LHCb [44-55]
collaborations; in proton-ion collisions by the LHCb collaboration [56]; and in lead-lead
collisions by the CMS [57] collaboration.

The closeness of the mass of the x.1(3872) state [50, 51] to the D°D*" threshold, its
narrow width [35, 50, 51], quantum numbers of J¥'C = 17+ [45, 47] and a large coupling to
the DYD*0 system [18, 23, 24, 29, 35] provide natural arguments to support the interpretation
of the x.1(3872) state as a loosely-coupled D’D*? 4+ D*9D*? molecular state [58-62], in which
the colourless open-charm mesons are spatially well separated. However, the expected
production cross-section for such a molecular object in high-energy hadron collisions is too
small to explain the observed production of the X.1(3872) state [63-66]. In fact, the measured
production cross-section, transverse momentum and rapidity spectra of the x.1(3872) state are
close to those observed for conventional charmonium states [36, 40, 41, 44, 53]. Alternative
hypotheses for the nature of the x.1(3872) state include a charmonium x.; (2P) state [67-70], its
virtual companion [71] or its mixture with a hadronic molecule [70, 72]; a hadro-charmonium
state [73]; a hybrid meson [74, 75] or a tetraquark [76, 77]. A large isospin violation in



Xc1(3872) decays [54] strongly disfavors the interpretation of the x.1(3872) particle as a pure
charmonium state.

Experimental studies of the x.1(3872) lineshape in the J/Wmtn~ [50] and D°D*? [29] final
states, and the combined analysis of the two final states [35] provide important information
about the parameters of the low-energy D’D*? scattering amplitude, namely the scattering
length and the effective range. These parameters, if measured precisely, provide crucial
information about the internal structure of the x.1(3872) state. The sign of the scattering
length, the values of the effective range, and the compositeness parameter [78] indicate
the presence of a compact component in the wave function of the x.1(3872) state [79, 80].
However, the current experimental precision of these parameters is insufficient for drawing
a definite conclusion about the nature of the x.1(3872) state. In the future, the precision
could potentially be improved with increased data sample size, better mass resolution and, as
pointed out in ref. [29], with a combined analysis of the datasets accumulated by the Belle,
Belle 1I, BESIII and LHCb experiments.

The study of the radiative decays of the x1(3872) state into the P (2S)y and J/{y final
states provides an alternative way to probe its nature [81]. Calculations for the ratio of
the partial radiative decay widths into {(2S)y and J/{y final states,
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vary widely depending on the hypothesis considered for the nature of the x.1(3872) state. Each
partial radiative width is subject to a sizeable theoretical uncertainty, while a significant part
of this uncertainty cancels in the ratio of decay widths. The theoretical predictions for the ratio
Py for a variety of the considered models are summarised in table 1. As a general rule, large
values of this ratio, %y, 2 1, are expected under the assumption that the x.1(3872) state
is a conventional charmonium X.1(2P) state [67, 69, 71, 84-90], while calculations based
on the pure DD*-molecular hypothesis give much smaller values, Hyy < 1 [81, 86, 91, 92],
unless specific assumptions on the poorly known ratio of the coupling constants (g5/g2)
for the P(2S) and J /¢ mesons with D®D™) systems [82, 83] are used. Models based on
the mixture of a predominantly DD* molecular state (and sometimes also with J/1p and
J/WPw contributions) and a compact component cover a wide range of %y, but they have
reduced predictive power due to their large dependency on the mixing parameters [93-96].
The calculations based on the Born-Oppenheimer approximation for the ccqq tetraquark [92]
give a result that is similar to expectations from the charmonium models.

Experimentally, the BaBar collaboration reported the first evidence of the
Xc1(3872) = P(2S)y decay and measured %y, = 3.4 £ 1.4 [20]. Subsequently, evidence for
the same decay was found by the LHCb experiment using data collected in pp collisions in
2011-2012 at center-of-mass energies of 7 and 8 TeV, corresponding to an integrated lumi-
nosity of 3fb~1 [46]. The measured %y, value of 2.46 = 0.64 & 0.29 is in good agreement
with the value obtained by the BaBar collaboration. On the other hand, the Belle [26] and
BESIII [32] collaborations did not observe significant signals of the x.1(3872) — 1 (2S)y decay.
The most stringent upper limit is set by the BESIII collaboration, %y, < 0.59 (at 90 % CL),
and is in tension with the values reported by the BaBar and LHCDb collaborations.



Reference Ryy

T. Barnes and S. Godfrey [67] 5.8 cc
T. Barnes, S. Godfrey and S. Swanson [69] 2.6 cc
F. De Fazio [84] (1.64+0.25)  cc
B.-Q. Li and K. T. Chao [85] 1.3 cc
Y. Dong et al. [86] 1.3-5.8 cc
A. M. Badalian et al. [87] (0.8+0.2) cc
J. Ferretti, G. Galata and E. Santopinto [88] 6.4 cc
A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker [89] 2.4 cc
W. J. Deng et al. [90] 1.3 cc
F. Giacosa, M. Piotrowska and S. Goito [71] 5.4 cc/ve
E. S. Swanson [81] 0.38% DD*
Y. Dong et al. [86] 0.33% DD*
D. P. Rathaud and A. K. Rai [91] 0.25 DD*
B. Grinstein, L. Maiani and A. D. Polosa [92] 3.6 % DD*
F.-K. Guo et al. [82]  0.21(g/g2)> DD*
D. A.-S. Molnar, R. F. Luiz and R. Higa [83] 2-10 DD*
P. G. Ortega et al. [93] 1.2 DD*
E. Cincioglu et al. [94] <4 DD*
S. Takeuchi, M. Takizawa and K. Shimizu [95] 1.1-34 DD*
R. F. Lebed and S. R. Martinez [96] 0.33% DD*
[92]

B. Grinstein, L. Maiani and A. D. Polosa 92] > (0.951“8:8%) ccqq

Table 1. Compilation of predictions for the ratio %y, of radiative partial decay widths of
the X.1(3872) state. The last column indicatively marks the considered model: cc¢ for predomi-
nantly charmonium x.1(2P) models; c¢¢/ve for the model of a virtual companion of the x.1(2P) state;
DD* for the predominantly D°D*? + D*D*0 molecular model and models where the molecular com-
ponent is mixed with J/{p and/or J/(pw components and a compact component; and ceéqq for
the compact tetraquark model. The value of . from ref. [82] is expressed in terms of the poorly
known ratio of the coupling constants, (g5/g2), for the 1(2S) and J/{ mesons with D)D) systems,
which are expected to be similar. The same ratio of coupling constants dictates the wide spread of
predictions from ref. [83]. The value in the last row is the minimal possible value of the ratio %y, in
this model; the ratio can be as big as 12 for large diquark sizes.

This paper reports a study of the radiative decays of the x.1(3872) state into
the P(2S)y and J/{y final states using the BT — x.1(3872)K™ decay. The ratio of de-
cay widths %y, defined in eq. (1.1) is measured as the ratio of branching fractions for the
BT — (X1(3872) = Py) KT decays,!

B
By, B (xe1 (387220 (28)y)KF (1.2)
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The analysis is based on pp collision data collected with the LHCb detector for two data-
taking periods, Run1 and Run2. The first sample was previously analysed in ref. [46].

In this paper inclusion of charge-conjugate decays is implied throughout, and the symbol 1 denotes
the J/1 and P (2S) states together.



The second sample was collected between 2015 and 2018 at a centre-of-mass energy of 13 TeV
and corresponds to an integrated luminosity of 6fb~1.

2 Detector and simulation

The LHCb detector [97, 98] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < 1 < 5, designed for the study of particles containing b or ¢ quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-
rounding the pp interaction region [99], a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4T m, and three stations of silicon-strip
detectors and straw drift tubes [100, 101] 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 pp collision vertex (PV), the impact parameter, is measured
with a resolution of (154 29/pr)um, where pr is the component of the momentum transverse
to the beam, in GeV /c. Different types of charged hadrons are distinguished using informa-
tion from two ring-imaging Cherenkov detectors [102]. Photons, electrons and hadrons are
identified by a calorimeter system consisting of scintillating-pad and preshower detectors,
an electromagnetic and a hadronic calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional chambers [103].

The online event selection is performed by a trigger [104, 105], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. At the hardware trigger stage, events are
required to have a muon track with high transverse momentum or dimuon candidates in
which the product of the pr of the muons has a high value. In the software trigger, two
oppositely charged muons are required to form a good-quality vertex that is significantly
displaced from any PV, with a dimuon mass exceeding 2.7 GeV/c2.

Simulated events are used to describe signal shapes, background from partially recon-
structed decays of beauty hadrons, and to compute the efficiencies needed to determine
the ratio Zy,. In the simulation, pp collisions are generated using PYTHIA [106] with
a specific LHCb configuration [107]. Decays of unstable particles are described by EvT-
GEN [108], in which final-state radiation is generated using PHOTOS [109]. The interaction
of the generated particles with the detector, and its response, are implemented using the
GEANT4 toolkit [110, 111] as described in ref. [112]. The pr and rapidity (y) spectra of
the BT mesons in simulation are corrected to match data. The correction factors are calcu-
lated by comparing the observed pr and y spectra for a high-purity sample of reconstructed
BT — J/WK™T decays with the corresponding simulated samples. In simulation, the variables
used for the kaon identification are resampled according to the calibration data samples
of D*t — (DY — K~n") 't decays [113]. The procedure accounts for the dependence of
the kaon identification on the particle pr and n as well as the charged particle multiplic-
ity in the event. The track multiplicity for simulated events is corrected to match that
in the Bt — J/PK* data sample. The track reconstruction efficiency is corrected using
a sample of J/{— pTp~ decays in data [114], to account for imperfections in the simulation.
Samples of BT — J/{ (K** — KTn%) decays with °— yy are used to correct the photon
reconstruction efficiency in the simulation [115-119].



Large simulated samples of inclusive B meson decays to final states with a charmo-
nium, B— X, are used to study the background contributions from partially reconstructed
decays. The BT — J/PK*t decay with K** — K™n®, and inclusive B— W(2S)KTX de-
cays, are the most important contributions to the background. An amplitude model
determined from BY— J/PK* decays [120] is used to produce the simulated sample of
Bt — J/ (K** — K*n¥) decays. The simulated sample of B— {(2S)K*X decays comprises
relevant admixture of BT and BY mesons. For each sample the individual decays of beauty
mesons are simulated as an incoherent mixture of the decays via various excited kaons, namely
K*, K{(700), K;(1270), K*(1410), K5(1430), K*(1680); as well as decays into nonresonant
P(2S)K T, P (2S)K 7, P(2S)K T, P(2S)KTw and P(2S)K*n combinations. The relevant
branching fractions are taken from refs. [8, 121-123], inferred from isospin symmetry, or
estimated based on similar decays where no other information exists.

3 Event selection

The BT — (xc1(3872) — YPry) KT decay candidates are reconstructed using the { — p*pu~ de-
cay mode. Signal candidates are reconstructed by first applying a loose initial selection, and
subsequently using a multivariate classifier to suppress backgrounds. To reduce systematic
uncertainties, the initial selection criteria for both decay modes are kept the same whenever
possible and similar to those used in previous LHCD studies [46, 124].

The muon and kaon candidates are identified by combining information from
the Cherenkov detectors, calorimeters and muon detectors [125] associated to the reconstructed
tracks. To reduce the combinatorial background, only tracks that are inconsistent with origi-
nating from any reconstructed PV in the event are considered. The transverse momentum
of muon candidates is required to be greater than 550 MeV /c. Pairs of oppositely charged
muons consistent with originating from a common vertex are combined to form 1\ candidates.
The reconstructed mass of the muon pair is required to be 3.020 < m+,- < 3.125 GeV /c?
and 3.597 < my+,- < 3.730GeV/c? for J/{ and P(2S) candidates, respectively,

Charged particles identified as kaons are required to have pp > 200 MeV /c. Photons
are reconstructed from clusters in the electromagnetic calorimeter not associated with
reconstructed tracks [126-128]. Each selected J/1{ and 1 (2S) candidate is combined with
a photon to form a x.1(3872) candidate. The transverse energy of the photon candidate
should exceed 1.0 GeV and 0.5 GeV for the x.1(3872) — J /1y and xc1(3872) — P(2S)y decays,
respectively. Finally the BT candidate is obtained by combining a kaon and the x.1(3872)
candidate.

To suppress contributions from Bt — J/PK™ and BT — {(2S)K™ decays, YK* combi-
nations with a mass within 440 MeV /c? of the known B* mass [121] are rejected. A good
quality kinematic fit [129] is required, which constrains the dimuon mass to the known J/
or P(2S) mass [121] and requires the B* candidate to originate from its associated PV.
The BT decay time is required to exceed 100 um/c to suppress the large combinatorial
background from tracks originating from a PV.

A multilayer perceptron (MLP) classifier is applied to candidate events to reduce back-
ground further. The classifier is based on an artificial neural network algorithm [130, 131], con-
figured with a cross-entropy cost estimator [132]. Different classifiers are trained separately for



the BT — (Xc1(3872) — W(2S)y) KT and BT — (xc1(3872) — J/1y) KT decay modes. Both
classifiers use the same input variables. These are related to the reconstruction quality,
kinematics and decay time of the B* candidates, kinematics of the final-state particles and
variables that characterise the kaon and photon identification. The classifiers are trained using
simulated samples of BT — x.1(3872)K™ decays as a proxy for the signal, but different types of
background samples for the two decay modes. For the BT — (xc1(3872) — J/Ury) KT sample,
the background after the initial selection is large and mainly consists of random combinations
of J/1 and K+ mesons with a photon. The background training sample is taken from the signal
mass sidebands in data, i.e. the BT — x.1(3872)K™ candidate decays with the J/{yK™ mass
outside of the interval 5.25 < mj y g+ < 5.32 GeV/ ¢? and the J/ry mass outside of the inter-
val 3.82 < mjpy < 3.93GeV/c?. In the BY = (xc1(3872) — $(2S)y) KT sample, the combi-
natorial background is already largely suppressed by the initial loose selection. The remaining
background is dominated by contributions from B — 1(2S)K*X decays. A simulated sample
of B— P (2S)K X decays is used as the background proxy for training. To avoid introducing
a bias in the MLP evaluation, a k-fold cross-validation technique [133] with k = 7 is used
in the training of both classifiers.

The requirement on the response of each MLP classifier is chosen to maximise the figure-
of-merit S/v/B + S, where S represents the expected signal yield, and B is the expected
background yield. The background yield is calculated from fits to data, while the expected
signal yield is estimated as S = €Sy, where Sy is the signal yield obtained from a fit to
the data with a loose requirement applied, and ¢ is the relative efficiency of the requirement
on the response of the MLP classifier determined from simulation.

The distributions of the YyK™ and {ry masses for the selected B* candidates correspond-
ing to the full data sample are shown in figure 1. For better visibility the Y yK™* mass spectra
are shown for candidates within the narrow {ry mass regions around the known x.1(3872) mass,
3.842 < myag)y < 3.902GeV/c? and 3.782 < myy, < 3.962 GeV/c?. Similarly, the y mass
spectra are shown for candidates within the narrow {yK™ mass regions around the known
mass of the BT meson, 5.258 < Myyr+ < 5.300 GeV/c?. To improve the mass resolutions
the PyK™ and ry masses are calculated using the kinematic fit described above [129].
In addition, to calculate the PyK™ mass, the 1y mass is constrained to the known value of
the Xc1(3872) state [50, 51, 121]. Clear signals corresponding to both Bt and x.1(3872) states
are seen in data for both channels.

4 Signal yield determination

Signal yields of both BT — (xc1(3872) — Pry) KT decay channels are determined using ex-
tended unbinned maximum-likelihood fits to two-dimensional distributions of my,, and my,yx+.
The fit model for the BT — (xc1(3872) — P (2S)y) K* decay channel consists of three com-
ponents:

1. a signal component parameterised as a product of the BT and x.1(3872) signal shapes,
both described by a modified Gaussian function with power-law tails on both sides of
the Gaussian core [134, 135];
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Figure 1. Distributions of the (left) YyyK' and (right) Uy mass of selected Bt candi-
dates summed over Runl and Run2 data-taking periods. Top and bottom rows correspond
to the BT — (Xc1(3872) = P(2S)y) KT and BT — (x1(3872) — J/iry) KT candidates, respectively.
The PpyK™ mass spectra are shown for candidates within the narrow 1y mass regions around
the X.1(3872) mass, and vice versa, the {ry mass spectra are shown for candidates within the narrow
PyK™ mass regions around the BT mass. Projections of the fit, described in the text, are overlaid.

2. a background component from the B— {(2S)K*X decays, whose shape is determined
from the simulation as .
> D BiiLi(w)Z(v), (4.1a)
=0 j=0
where w and v stand for the Y(2S)yK"™ and {(2S)y masses, reduced to
the —1 <wu,v <1 interval, n = 10 and .Z(u) and .Zj(v) are Legendre polynomials.
The (n + 1)? coefficients B;; are calculated as

20+12541
B =Y~y )2 (0). (1.1)
k

where the last sum runs over the events in the simulated sample that passes all selection
criteria;



3. a combinatorial background component parameterised with a two-dimensional nonfac-
torisable positive polynomial function

n n

> o () B (y) (4.2)

=0 j=0
where = and y stand for the P(2S)yK'T and (2S)y masses, reduced to
the 0 < x,y <1 interval, n = 2, % (z) and %J.(y) are the basic Bernstein polyno-
mials and the (n 4 1)? fit parameters o;j are constrained such that 37, oc?j =1

The fit model for the BY — (xc1(3872) — J/{y) KT decays consists of the following four
components:

1. a signal component parameterised as a product of the B* and X, (3872) signal shapes,
where the BT signal shape is parameterised by the modified Gaussian function and
the X.1(3872) signal shape is parameterised by a sum of the modified Gaussian function
and a bifurcated Gaussian distribution [136-138];

2. a component describing the background from partially reconstructed B— J/{X decays,
in turn consisting of two components:

o a background from the BT — J/{ (K** — K™n’) decay, where the shape of this
component is determined from the dedicated simulated sample, following the same
approach as used in egs. (4.1);

« a background from other unidentified B— J/{X decays, which is parameterised
by a two-dimensional Gaussian function;

3. a component describing the random X1 (3872)K™* combinations and parameterised as
a product of the x.1(3872) signal shape and a constant function;

4. a combinatorial background described with a nonfactorisable positive polynomial
function similar to eq. (4.2) with n = 3.

The tail and resolution parameters of the signal shapes are fixed to the values deter-
mined from simulation. The resolution parameters are further corrected by scale fac-
tors, sg+ and syy, which account for a small discrepancy between data and simula-
tion [11, 51, 55, 139-142]. These factors are constrained in the fit using Gaussian constraints
with values of sg+ = 1.102 £ 0.004 and sy, = 1.027 £ 0.004, obtained from the analysis of
a large sample of BY — (xc1 — J/Py) Kt decays [141].

The fit is performed simultaneously over the four samples corresponding to
the BT — (xc1(3872) — ¥(2S)y) K+ and BT — (xc1(3872) — J/Ury) Kt decays and the two
data-taking periods. The peak position parameters of the signal shapes and the sg+ and
syy scale factors are shared between the samples. The results of the fit are overlaid in
figure 1 and the yields of each fit component are summarised in table 2. The statistical
significance for the B* — (xc1(3872) = W(2S)y) KT signal, . | (3s72)sw(28)y; 18 calculated
using Wilks’ theorem [143] separately for the Run1 and Run2 data-taking periods and is
also listed in table 2.



Data-taking period

Parameter Run 1 Run 2
P(28)yK*
B+ (xe1 (3872)51p(28)y) K+ 40£38 63 +£10
Np s (28)K+X 567 + 24 885 + 29
Neomb 55+ 17 132 £ 19
J/PyK*

Nty (xer (3872050 foy)K+ [10°]  0.434+0.03  1.69+0.05
Ng.3 /9% [10%] 3.614+0.11 18.72+0.26
Ny, (3872)K+ [103] 1.184£0.06  5.53+0.23
Neomb [103]  4.05+0.11 17.46 4+ 0.21

1 (3872) 5 (28)y 5.30 6.70

Table 2. Yields for the fit components determined from the simultaneous extended unbinned maximum-
likelihood fit. Uncertainties are statistical only. The last row shows the statistical significance of
the BT — (xc1(3872) — P(2S)y) KT signal.

The study of the fit projections in the narrow PKT™y and 1y mass intervals shows
a good description of data, supporting the chosen fit model, in particular, the absence
of the component describing the random ¥.1(3872)K™ combinations for the {(2S) case.
The inclusion of this component is studied and the effect is accounted for by systematic
uncertainty in section 6.

To validate the observation of the BT — (x.1(3872) — W(2S)y) Kt decay, several cross-
checks are performed. The data are categorised into data-taking periods with different polarity
of the LHCb dipole magnet [144] and charge of the B* candidate. The results are found
to be consistent among all samples. Further, alternative techniques are tried for the signal
determination. Namely, instead of using fits to the two-dimensional mass distributions, fits
to the one-dimensional PyK™ mass distributions are performed for events within the narrow
region around the known X.1(3872) mass. The results are found to be in agreement with
the baseline results. Similarly, consistent results have been obtained also from the fits to
the one-dimensional \ry mass distributions for events within the narrow {pyK™ mass region
around the known BT mass, when the {ry mass is calculated with {yK™" mass constrained
to the known mass of the BT meson.

5 Branching fraction ratio computation

The ratio of the partial decay widths, %y, defined in eq. (1.1) is calculated as

Ry = Bt 1 (BT ESIYIRE - EB i 087223 o) Bojuty- (5.1)
U NBt o (xa (B8T2) I K EB (e (3872 @K B8ty

where N denotes the signal yield from table 2, ¢ stands for the total efficiency, and B is
the branching fraction of a dimuon decay of the P mesons. The total efficiencies are
the products of detector acceptance, reconstruction, selection and trigger efficiencies, and are



calculated using simulated samples, calibrated to match the data as described in section 2.
The resulting ratios of efficiencies are found to be 3.51 £+ 0.08 and 5.15 + 0.07 for Run 1
and Run 2 data-taking periods, respectively, where the uncertainties are due to the limited
size of the simulated samples. The difference between the ratios of efficiencies is mainly
due to the tighter requirement on the response of the MLP classifier applied to suppress
larger background for Run 2 data-taking period. Under the assumption of lepton universality,
instead of the ratio of branching fractions for the dimuon decays of the J/1 and {(2S) mesons,
the corresponding ratio for their dielectron decays of 7.53 +0.17 is used [121], which is known
with a smaller uncertainty.

The value for the ratio %y, is calculated separately for the two data-taking periods
and found to be

T = 2.50 +0.52
Ry =1.49 +0.23

where the uncertainty is statistical only. Systematic uncertainties are discussed in the next
section.

6 Systematic uncertainties

The studied channels share the same set of final-state particles, trigger and preselection
requirements. This leads to a significant cancellation of many systematic uncertainties in
the ratio determination. The remaining contributions are discussed below and summarised
in table 3.

An important source of systematic uncertainty is associated with the fit model. The sys-
tematic uncertainty related to the description of the signal fit components is estimated
using alternative models. A set of pseudoexperiments based on the baseline fit model is
produced and each pseudoexperiment is fit to the alternative model and the ratio of yields for
the BT — (xc1(3872) = P(2S)y) KT and BT — (x.1(3872) — J/{y) K signal components is
calculated. The mean value of this ratio from the pseudoexperiments is compared with
the value from the baseline fit and the largest deviation over the considered list of alternative
models is taken as the corresponding systematic uncertainty. The alternative models used
for the BT signal shape are:

» a modified asymmetric Apollonios function [145];
 a generalised asymmetric Student’s ¢-distribution [146-149];
» a modified Novosibirsk function [150].

The list of alternative models for the x.1(3872) signal consists of the sum of a model from
the list above with a bifurcated Gaussian distribution or the modified Gaussian function,
and the sum of the modified Gaussian function with a Gaussian function. The same
technique is applied to estimate the systematic uncertainty associated with parameterisation
of the combinatorial background components. The two-dimensional nonfactorisable positive
polynomials from eq. (4.2) with n = 1 or n = 3 are tested as alternative models for
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Data-taking period

Source Runl [%] Run2 [%]
Fit model
Signal and combinatorial background i 30
B— {(2S)K X background
Parameterisation * }1:8 * gjg
Composition 0.9 1.9
Simulation sample size 4.2 4.3
Additional components roe Y
BT meson kinematics < 0.1 < 0.1
Track reconstruction < 0.1 < 0.1
Photon reconstruction 1.1 1.1
Kaon identification 1.0 1.3
Trigger 1.1 1.1
Data-simulation (dis)agreement 1.0 e
Simulation sample size for efficiency 2.3 1.4
Total ity iy

Table 3. Relative systematic uncertainties (in %) in the ratio of branching fractions. The total
uncertainty is obtained as the sum of individual components in quadrature.

the {(2S)YK™ case and with n = 2 for the J/{yK™ case. The largest positive and negative
relative deviations over all alternative signal and combinatorial background models are found
to be fgjz % for the Run1 and tg;;‘; % for the Run 2 data-taking periods, respectively. These
values are taken as the corresponding systematic uncertainty.

An additional systematic uncertainty related to the description of the background from
the B— P (2S)K X decays, is computed with alternative models using the technique described
above. The list of alternative models consists of the two dimensional function from eq. (4.1)
with n = 12 and 15; two-dimensional histograms with different binning schemes with no
interpolation, bilinear, biquadratic and bicubic interpolations. The largest positive and
negative relative deviations over all alternative models are found to be ™15 % for the Run 1
and Jjg:g% for the Run2 data-taking periods, respectively. These values are taken as
the corresponding systematic uncertainties due to the parameterisation of the background
from the B— P (2S)KTX decays.

Imprecise knowledge of the branching fractions for the individual B— {(2S)K*X decays
affects the composition of the simulated sample, and therefore the shape of the corresponding
fit component. To estimate the associated systematic uncertainty, a set of dedicated pseudoex-
periments is performed. For each pseudoexperiment, a set of per-event weights are derived by
sampling random values from a Gaussian distribution of the known B — {(2S)K*X branch-
ing fraction and its uncertainty [8, 121-123]. The weights are applied to the simulation
sample and a new parameterisation of the corresponding fit component is determined for
each pseudoexperiment. Subsequently, the fit is performed and the ratio of the yields for
the BT — (xc1(3872) — ¥ (2S)y) KT and BT — (x.1(3872) = J/{y) KT signals is calculated.

— 11 —



The root mean square of the relative deviation of the ratio from the baseline fit result over
the pseudoexperiments is found to be 0.9 % and 1.9% for the Run 1 and Run 2 data-taking
periods, which is taken as the size of the associated systematic uncertainty.

The uncertainty associated with the finite size of the simulated sample is estimated
using similar types of pseudoexperiments. In each pseudoexperiment, a new dataset is drawn
from the two-dimensional histogram based on the statistical uncertainty of the simulated
background. The corresponding systematic uncertainty is found to be 4.2 % for the Run 1
and 4.3% for Run2 data-taking periods.

The addition of other components in the fit, namely the components de-
scribing possible contributions from random (xc1(3872)— P (2S)y) KT combinations,
BT — ¥(2S)yK" and Bt — J/PyK™" decays, as well as alternative parameterisation of
the (xc1(3872) — J/Uy) KT fit component, causes only a small change with respect to the base-
line result. All these components are parameterised as a product of the corresponding signal
function with plynomial function up to order two. The obtained yields for all additional
components are found to be small and consistent with zero, and the maximal positive and
negative relative deviations with respect to the baseline fit are found to be T%%% for Run1
and T32% for Run2 data-taking periods.

The transverse momentum and rapidity spectra for the BT mesons are corrected via an
iterative procedure using the Bt — J/\pK™ control channel. The finite size of the Bt — J/\PpK™
signal sample induces an uncertainty on the BT meson pr and y spectra. In turn, this
uncertainty induces a corresponding uncertainty in the ratio of efficiencies. It is estimated
by using corrections from a prior iteration and checking the deviation of the ratio from
the baseline value. This uncertainty is found to be smaller than 0.1 % for both Run1 and
Run 2 data-taking periods.

There are residual differences in the tracking reconstruction efficiency that do not cancel
out in the efficiency ratio, given the slightly different kinematic distributions of the final-state
particles. The track-finding efficiencies obtained from simulated samples are corrected using
J/W— ptp calibration channels [114]. The uncertainties related to the efficiency correction
factors are propagated to the ratios of the total efficiencies using pseudoexperiments, and
are found to be less than 0.1 % for both Run1 and Run 2.

Differences in the photon reconstruction efficiencies between data and simulation are stud-
ied using a large sample of B* — J/PK**+ decays, reconstructed with the K*+ — KT (1" — yvy)
decay mode [115-119]. The uncertainty on the correction factors is propagated to the ratio
of the total efficiencies using pseudoexperiments and is found to be 1.1 % for both Run1
and Run 2.

The kaon identification variable used for the MLP estimator is drawn from
D*t — (D’ — K~7ntt) " calibration samples [113] and has a dependence on the particle
kinematics and track multiplicity in the event. Systematic uncertainties arise from the limited
size of both the simulation and calibration samples, and the modelling of the particle identifi-
cation variable. The limitations due to the size of the simulation and calibration samples
are evaluated by using bootstrapping techniques [151, 152] to create multiple samples and
repeating the procedure for each sample. The impact of potential mismodelling of the kaon
identification variable is evaluated by describing the corresponding distributions using density
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estimates with different kernel widths [113, 153]. For each of these cases, alternative efficiency
maps are produced to determine the associated uncertainties. Systematic uncertainties of
1.0% for Run1 and 1.3% for Run2 are assigned from the observed differences obtained
with the alternative maps.

A systematic uncertainty related to the knowledge of the trigger efficiencies was previously
studied using large samples of BT — (J/{— ptp™) KT and Bt — (P(2S) — ptp™) Kt de-
cays by comparing the ratios of the trigger efficiencies in data and simulation [154]. Based on
this comparison, a relative uncertainty of 1.1 % is assigned for both data-taking periods.

The remaining discrepancy between data and simulation, not explicitly covered
above, is estimated using a large sample of the BT — (xc1— J/Py) K" decays [141].
The same preselection and MLP classifier are applied to the control channel as for
the BT — (xc1(3872) — P(2S)y) KT channel. The systematic uncertainty is estimated by
varying the requirement on the response of the MLP classifier in the full range. The re-
sulting difference in the data-simulation efficiency ratio is found to be 1.0% in Run1 and
T19% in Run?2.

The finite size of the simulation samples leads to an uncertainty on the ratios of total
efficiencies, which translates to an uncertainty in the efficiency ratios of 2.3 % for Run1 and
1.4 % for Run 2. The total relative systematic uncertainties on the ratio of branching fractions
PRy are calculated as the sum in quadrature of all the values described above and are found
to be T59% for Run1 and %7 % for Run2.

The statistical significance of the x.1(3872) — {(2S)y decay is recalculated using Wilks’
theorem for each alternative fit model, and the smallest values of 4.8 and 6.0 standard
deviations for the Run1 and Run2 samples, respectively, are taken as the significance
including the systematic uncertainty.

7 Results and summary

The decay BT — X.1(3872)K™ is exploited to study the radiative decays of the x.1(3872) state
into P(2S)y and J /1y final states using data collected by the LHCb experiment in pp collisions
at centre-of-mass energies of 7, 8 and 13 TeV and corresponding to an integrated luminosity
of 9fb=t. The significance of the B¥ — (x.1(3872) — P(2S)y) KT signal is found to be
4.8 and 6.0 standard deviations for the Run1 and Run2 data-taking periods, which is
the first observation of the Xc1(3872) — 1 (2S)y decay. The ratio of branching fractions for
the BT — (xc1(3872) = P(2S)y) KT and BT — (xc1(3872) — J/Py) KT decays is measured
separately for the Run 1 and Run 2 data-taking periods. This ratio is interpreted as the ratio
of the partial decay widths for the x.1(3872) — {y decays from eq. (1.1)

A2 = 1.49 £ 0237513 £0.03,

Zpan ! = 2.50 +0.5270:3 £ 0.06,

where the first uncertainty is statistical, the second systematic and the third due to the un-
certainties on the ratio of branching fractions of P (2S) and J/{ mesons into the dilepton
final state. The ratio %E‘;}nl is in good agreement with (and supersedes) the value of
Ryyy = 2.46 £0.70, obtained in the previous study [46]. The results for the Run1l and
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Figure 2. Summary of experimental results for the ratio of the partial decay widths for the radiative
Xc1(3872) = P(2S)y and xc1(3872) — J /Uy decays. The results from this analysis for the Run 1 and
Run 2 data sets are shown as red points with error bars. The coloured band corresponds to the average
of the LHCb results in this paper. Where provided, the outer uncertainties bars correspond to total
measurement uncertainties, while inner ones are for statistical uncertainties only.

Run 2 data-taking periods are combined using the best linear unbiased estimator [155] ac-
counting for the correlated systematic uncertainties. The obtained value for the ratio Zy,
is found to be

Ry = 1.67+£0.21 £0.12+0.04.

A summary of experimental results for the ratio of branching fractions of
the Xc1(3872) — P (2S)y and xc1(3872) — J/y decays is presented in figure 2. The com-
bined ratio of partial radiative widths from this study is below the upper limit set by
the Belle [26] collaboration and consistent with the previous measurements by the BaBar [20]
and LHCD [46] collaborations. However, it is notably in tension with the upper limit set
by the BESIII collaboration [32].

The large measured value of the %y, ratio is generally inconsistent with the calculations
based on the pure DD* molecular hypothesis for the x.;(3872) state [59, 86, 91, 92] unless
some special assumptions are made [82, 83]. On the contrary, it agrees with a broad range
of predictions based on other hypotheses of the x.;(3872) structure, including conventional
cc charmonium [67, 69, 71, 84-90], ccqq tetraquark [92], and molecules mixed with a sizeable
compact component [82, 83, 93-95]. This measurement provides a strong argument in favour
of a compact component in the x.1(3872) structure.
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