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Abstract

A study of the lineshape of the x.1(3872) state is made using a data sample
corresponding to an integrated luminosity of 3fb~! collected in pp collisions at
centre-of-mass energies of 7 and 8 TeV with the LHCb detector. Candidate y.1(3872)
and 1(25) mesons from b-hadron decays are selected in the J/¢mT 7~ decay mode.
Describing the lineshape with a Breit—Wigner function, the mass splitting between
the x.1(3872) and 1(25) states, Am, and the width of the x.1(3872) state, I'sw,
are determined to be

Am = 185.598 £ 0.067 £ 0.068 MeV ,
Tew = 1.39 £0.24 +0.10 MeV,
where the first uncertainty is statistical and the second systematic. Using a Flatté-
inspired model, the mode and full width at half maximum of the lineshape are
determined to be
mode = 3871.69 1 T%  Mev

FWHM  =0.221507040  MeV.
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An investigation of the analytic structure of the Flatté amplitude reveals a pole
structure, which is compatible with a quasi-bound D°D*? state but a quasi-virtual
state is still allowed at the level of 2 standard deviations.
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1 Introduction

The last two decades have seen a resurgence of interest in the spectroscopy of
non-conventional (exotic) charmonium states |1] starting with the observation of the
charmonium-like x.1(3872) state by the Belle collaboration [2]. Though the existence
of the x.1(3872) particle has been confirmed by many experiments [3-7] with quantum
numbers measured to be 177 [8, (9], its nature is still uncertain. Several exotic inter-
pretations have been suggested: e.g. a tetraquark [10], a loosely bound deuteron-like
D°D*® molecule [11] or a charmonium-molecule mixture [12].

A striking feature of the y.1(3872) state is the proximity of its mass to the sum of the
D*Y and D° meson masses. Accounting for correlated uncertainties due to the knowledge
of the kaon mass, this sum is evaluated to be mpo + mp+o = 3871.70 £ 0.11 MeV . The
molecular interpretation of the x.(3872) state requires it to be a bound state. Assuming
a Breit-Wigner lineshape, this implies that 0 &/ = mpo + mp+o — m, 3s72) > 0. Current
knowledge of 0F is limited by the uncertainty on the y.;(3872) mass, motivating a more
precise determination of this quantity. The nature of the y.(3872) state can also be
elucidated by studies of its lineshape. This has been analysed by several experiments
assuming a Breit—Wigner function [3,5,/13]. The current upper limit on the natural width,
Iew, is 1.2 MeV at 90% confidence level [14].

In this analysis a sample of x.1(3872) — J/¢Yn*7n~ candidates produced in inclusive
b-hadron decays is used to measure precisely the mass and to determine the lineshape of
the x.1(3872) meson. Studies are made assuming both a Breit—Wigner lineshape and a
Flatté-inspired model that accounts for the opening up of the D°D*® threshold [15,[16].
The analysis uses a data sample corresponding to an integrated luminosity of 3fb™" of
data collected in pp collisions at centre-of-mass energies of 7 TeV and 8 TeV during 2011
and 2012 using the LHCb detector.

2 Detector and simulation

The LHCb detector [17,|18] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 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 surrounding the pp interaction region [19], a large-area silicon-strip detector
(TT) located upstream of a dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes [20] placed downstream of
the magnet. The tracking system provides a measurement of momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at
200 GeV. As described in Refs. [21],22] the momentum scale is calibrated using samples
of Jib — ptp~ and BT — JAip KT decays collected concurrently with the data sample
used for this analysis. The relative accuracy of this procedure is estimated to be 3 x 10~*
using samples of other fully reconstructed b hadrons, 7" and K§ mesons. The minimum
distance of a track to a primary vertex (PV), the impact parameter (IP), is measured with
a resolution of (154 29/pt) wm, where pr is the component of the momentum transverse
to the beam, in GeV.

!'Natural units with ¢ = i = 1 are used through this paper.



Different types of charged hadrons are distinguished using information from two
ring-imaging Cherenkov (RICH) detectors. Photons, electrons and hadrons are identified
by a calorimeter system consisting of scintillating-pad and preshower detectors, an elec-
tromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire proportional chambers [23].

The online event selection is performed by a trigger [24], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, where a full event reconstruction is made. Candidate events are required to pass
the hardware trigger, which selects muon and dimuon candidates with high pp based
upon muon system information. The subsequent software trigger is composed of two
stages. The first performs a partial event reconstruction and requires events to have two
well-identified oppositely charged muons and that the mass of the pair is larger than
2.7GeV. The second stage performs a full event reconstruction. Events are retained for
further processing if they contain a displaced p*p~ vertex. The decay vertex is required
to be well separated from each reconstructed PV of the proton-proton interaction by
requiring the distance between the PV and the u* ™ vertex divided by its uncertainty to
be greater than three.

To study the properties of the signal and the most important backgrounds, simulated
sampels of pp collisions are generated using PYTHIA [25] with a specific LHCb configura-
tion [26]. Decays of hadronic particles are described by EVTGEN [27], in which final-state
radiation is generated using PHOTOS [28]. The interaction of the generated particles with
the detector, and its response, are implemented using the GEANT4 toolkit [29] as described
in Ref. [30]. For the study of the lineshape it is important that the simulation models
well the mass resolution. The simulation used in this study reproduces the observed
mass resolution for selected samples of BT — J/W K+, B® — Jiy KTn~, B® — Jh) ¢ and
Bt — Jip Ktrtr~ decays within 5%. To further improve the agreement for the mass
resolution between data and simulation, scale factors are determined using a large sample
of ¥(28) — JhpmnTn~ decays collected concurrently with the x.;(3872) sample. This will
be discussed in detail below.

3 Selection

The selection of x.1(3872) — Ji w7~ candidates from b-hadron decays is performed
in two steps. First, loose selection criteria are applied that reduce the background from
random combinations of tracks significantly while retaining high signal efficiency. Subse-
quently, a multivariate selection is used to further reduce this combinatorial background.
In both steps, the selection requirements are chosen to reduce background whilst selecting
well reconstructed candidates. The requirements are optimised using simulated signal
decays together with a sample of selected candidates in data where the charged pions have
the same sign. The latter sample is found to be a good proxy to describe the background
shape. Though the selection criteria are tuned using the x.(3872) simulation sample,
the 1(2S) — JApntn~ decay mode is also selected with high efficiency and used for
calibration.

The selection starts from a pair of oppositely charged particles, identified as muons.
Incorrectly reconstructed tracks are suppressed by imposing a requirement on the output
of a neural network trained to discriminate between these and trajectories from real



particles. To select J/iv — p™p~ candidates, the two muons are required to originate
from a common vertex that is significantly displaced from any PV. The difference between
the reconstructed invariant mass of the pair and the known value of the J/i) mass [31]
is required to be within three times the uncertainty on the reconstructed mass of the
wt T pair.

Pion candidates are selected using the same track-quality requirements as the muons.
Information from the muon system is used to reject pions that decayed in the spectrometer
since these pions tend to have poorly reconstructed trajectories which result in y.1(3872)
candidates with worse mass resolution. Combinatorial background is suppressed by
requiring that the x% of the pion candidates, defined as the difference between the x? of
the PV reconstructed with and without the considered particle, is larger than four for
all PVs. Good pion identification is ensured by applying a requirement on a variable
that combines information from the RICH detectors with kinematic and track quality
information. Since the pions produced in y.1(3872) decays have relatively small pr, only
a loose requirement on the transverse momentum (pr > 200 MeV) is imposed. In addition,
the pion candidates are required to have p < 50 GeV. This requirement rejects candidates
with poor momentum resolution and has an efficiency of 99.5 %.

To create x.1(3872) candidates, J/v¢ candidates are combined with pairs of oppositely
charged pions. To improve the mass resolution a kinematic vertex fit [32] is made which
constrains the .J/1 invariant mass to its known value [31]. The reduced x? of the fit,
X2 /ndf, is required to be less than five. Candidates with a mass uncertainty greater than
5.0 MeV are rejected. Finally, requiring the (-value of the decay to be below 200 MeV
substantially reduces the background whilst retaining 96% of the x.;(3872) signal. Here
the Q-value is defined as Q) = M+ -tz — Myt~ — Maptr— Where Myt gtz Myt -
and m,+.- are the reconstructed masses of the final state combinations.

The final step of the selection process is based on a neural network classifier [33-36].
This is trained on a simulated sample of inclusive b — x.1(3872) X decays and the same-
sign pion sample in data. Simulated samples are corrected to reproduce kinematical
distributions of the 1(2S5) mesons observed on data. The training is performed separately
for the 2011 and 2012 data samples. Twelve variables that give good separation between
signal and background are considered: the pseudorapidity and transverse momentum of the
two pion candidates, the x% for each of the two pions, the pseudorapidity and transverse
momentum of the y.;(3872) candidate, the x? of the two-track vertex fit for the pions,
the x2,/ndf, the flight distance x? of the candidate calculated using the reconstructed
primary and secondary vertices, and the total number of hits in the T'T detector. All
these variables show good agreement between simulation and data. The optimal cut on
the classifier output is chosen using pseudoexperiments so as to minimise the uncertainty
on the measured x.;(3872) mass.

4 Mass model

The observed invariant mass distribution of the Jap 77~ system, m jpy+~-, for the 1(25)
and x.1(3872) resonances is a convolution of the natural lineshape with the detector
resolution. For the ¢ (25) resonance the lineshape is well described by a Breit—Wigner
function. The situation for the x.(3872) meson is more complex. Previous measurements
have assumed a Breit—Wigner resonance shape. However, as discussed in Refs. [12]/15]/16],



this is not well motivated due to the proximity of the D°D** threshold. Several other
alternative lineshapes have been proposed in the literature [15,/16,37,38]. In this analysis
two lineshapes for the x.1(3872) meson are considered in detail, a Breit-Wigner and a
Flatté-inspired model [15|16]. These models are investigated in the next sections. The
S-wave threshold resonance model described in Ref. [37,38], that accounts for the non-zero
width of the D*® meson, was considered but did not fit the data well. If the mass is close
to the D°D*0 threshold, this model is not able to accommodate a value of the natural
width much larger than I'p«w = 65.5 & 15.4keV [37]. As will be discussed below, the study
presented here favours larger values of the natural width.

The analysis proceeds in two steps. First, unbinned maximum-likelihood fits are made
to the m jy+,- distribution in the region around the ¢(2S5) mass. These measured values
of the ¥(25) mass and mass resolution are used to control systematic uncertainties in
the subsequent fits to the m jjr+.- distribution in the x.(3872) mass region. For both
sets of fits the natural lineshape is convolved with a resolution model developed using the
simulation. The application of the J/t) mass constraint in the fit [32] results in the mass
resolution being dominated by the kinematics of the pion pair. In particular, the resolution
is worse for higher values of the total momentum of the pion pair, p,+,-. Consequently, the
analysis is performed in three p,+,- bins chosen to contain an approximately equal number
of signal candidates: pr+,- < 12GeV, 12 < p+,- <20GeV and 20 < p+,- < 50GeV.
The core mass resolution for the y.1(3872) state varies monotonically between 2.4 MeV
and 3.0 MeV between the lowest-p,+,- and highest-p,+.- bin. Possible differences in data
taking conditions are allowed for by dividing the data according to the year of collection
resulting in a total of six data samples.

The resolution model is studied using simulation. In each p,+,- bin the mass resolution
is modelled with the sum of a narrow Crystal Ball function [39] combined with a wider
Gaussian function. The Crystal Ball function has a Gaussian core and two parameters
that describe the power-law tail. The simulation is also used to determine the value of the
transition point between the core and the power law tail, a, as a multiple of the width, o,
of the Gaussian core. The value of the exponent of the power law, n, is allowed to vary in
the data fits with a Gaussian constraint to the value obtained in the simulation applied.
When fitting the y.1(3872) mass region in data the values of the core resolution, o, for
the Gaussian and Crystal Ball functions are taken from simulation up to an overall scale
factor, s, that accounts for residual discrepancies between data and simulation. For each
pr+o— data sample the value of sy is determined in the corresponding fit to the 1(25)
mass region and applied as a Gaussian constraint. The systematic uncertainty associated
with the choice of the signal model is assessed by replacing the nominal model with the
sum of either two Crystal Ball or Gaussian functions.

The shape of the combinatorial background is studied using the same-sign data sample
as well as samples of simulated inclusive b — J/1 X decays. Based upon these studies, the
background is modelled by the form (mprtr- — Myp — 2mpx ) e Mupata=/ where
co is fixed to 3.6 based on fits to the same-sign data. Variations of this functional
form together with other models (e.g. exponential or polynomial functions) are used as
systematic variations. In total, seven different background forms are considered.



5 (25) mass

Since the ¢ (2S5) state is narrow and away from the phase-space limits, a spin-0 relativistic
Breit-Wigner function is used to model the lineshape. A spin-1 Breit-Wigner function is
considered as part of the systematic uncertainties and found to give identical results. This
lineshape is convolved with the default resolution model and a fit to J/y7nt7n~ mass is
performed in each of the six p,+,- data samples. The natural width of the 1(25) is fixed
to the known value [31]. Figure |I| shows the m -+~ distributions and fit projections for
each data sample and Table [I| summarises the resulting parameters of interest. Binning
the data and calculating the x? probability of consistency with the fit model gives the
values greater than 5% for all fits. The fitted values of the ¢(2S5) mass agree with the
known value [31] within the uncertainty of the calibration procedure. The values of sy
are consistent with the expectation that the simulation reproduces the mass resolution in
data at the level of 5% or better. When applied as constraint in the fit to the x.1(3872)
region, additional uncertainties on sy are considered. Accounting for the finite size of
the simulation samples, the background modelling and the assumption that the 1(25)
calibration factor can be applied to the x.1(3872) candidates, the uncertainty on sy is 0.02,
independent of the bin. The values of s; in Table [I| are applied as Gaussian constraints in
the fits to the x.(3872) region with an uncertainty of 0.02.

6 Breit—Wigner mass and width of the x.;(3872)
state

To extract the Breit—Wigner lineshape parameters of the x.1(3872) meson, a fit is made
to the mass range 3832 < m jjyr+,- < 3912MeV in each of the six p+,- data samples
described above. A spin-0 relativistic Breit-Wigner is used, as in Ref. [9],

For each data sample the mass difference between the ¥)(2S) and x.1(3872) meson, Am,
is measured relative to the measured mass of the 1/(25) state rather than the absolute mass.
This minimises the systematic uncertainty due to the momentum scale. The fit in each
bin has seven free parameters: Am, the natural width I'gw, the background parameter ¢y,
the resolution scale factor sy, the tail parameter n, and the signal and background yields.
Again a Gaussian constraint is applied to n based on the simulation. The parameter s
is constrained to the result of the fit to the 1(2S) data. The fit procedure is validated

Table 1: Results of the ¢(2S) mass and scale factor sy obtained for the nominal fit model. The
quoted uncertainties on the 1(25) mass and sy are statistical.

Year Drtn— |GeV] My(2s) [MeV] Sy

2011 Dot < 12 3685.97 £ 0.02 1.03 £ 0.01
2011 12 < prvn- <20 3685.98 = 0.02 1.05 £ 0.01
2011 20 < prtr- <50 3686.10 = 0.03 1.04 £0.01
2012 Dt < 12 3686.01 £ 0.01 1.03 £0.01
2012 12 < prtn- <20 3686.02 £ 0.01 1.05 £ 0.01
2012 20 < prtr- <50 3686.09 £ 0.02 1.01 £0.01
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Figure 1: Mass distributions for J/yntn~ candidates in the ¢(2S) region for (top)the low,
(middle) mid and (bottom) high p,+.- bins. The left (right)-hand plot is for 2011 (2012) data.
The projection of the fit described in the text is superimposed.

using both the simulation and pseudoexperiments. No significant bias is found and the
uncertainties estimated by the fit agree with the spread observed in the pseudoexperiments.
These studies show that, values of I'gw larger than 0.6 MeV can reliably be determined.

For the six p,+,- data samples the J/i) 77~ mass distributions in the y,.;(3872) region
and fits are shown in Fig. [2 and the results summarised in Table 2 Binning the data
and calculating the x? probability of consistency with the fit model gives values much
larger than 5% for all bins apart from the high-momentum bin in the 2012 data where
the probability is 2%. The values of Am and I'gw are consistent between the bins giving
confidence in the results.

A simultaneous fit is made to the six data samples with Am and I'pw as shared
parameters. This gives Am = 185.588 4+ 0.067 MeV and I'gw = 1.39 £ 0.24 MeV, where
the uncertainties are statistical. Consistent values are found when these parameters are
determined through a weighted average of the six individual bins, or by summing the
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Figure 2: Mass distributions for J/ip w7~ candidates in the x.1(3872) region for (top) the low,
(middle) mid and (bottom) high p,+.— bins. The left (right)-hand plot is for 2011 (2012) data.
The projection of the fit described in the text is superimposed.

likelihood profiles returned by the fit.

The dominant systematic uncertainty on the mass difference Am arises from the
3 x 10~* relative uncertainty on the momentum scale. Its effect is evaluated by adjusting
the four-vectors of the pions by this amount and repeating the analysis. The bias on Am
from QED radiative corrections is determined to be (—10 4 14) keV using the simulation,
which uses PHOTOS (28] to model this effect. The measured value of Am is corrected by
this value and the uncertainty considered as a systematic error. The small uncertainty on
the fitted values of the ¥ (25) mass is also propagated to the Am value. Biases arising from
the modelling of the resolution and the treatment of the background shape are evaluated
to be 2keV using the discrete profiling method described in Ref. |[40]. The uncertainties
on the Am measurement are summarised in Table [3] Combining all uncertainties, the



Table 2: Results for Am and I'gw and x.1(3872) signal yields. The quoted uncertainties are

statistical.

Year  prip- [GeV] Am [MeV] Ipw [MeV]  Ngg [10°]

2011 Prtre— < 12 18532 £0.20 1.88+0.74 1.78+0.13
2011 12 < pr+n- <20 185.78 +0.21 1.53+0.74 1.794+0.13
2011 20 < prt.— <H0 18546 +0.21 1.03+0.82 1.684+0.13
2012 Prtn- < 12 185.63 £0.13 1234047 3.24+0.18
2012 12 < pri.- <20 18547 4+£0.14 1.484+0.48 3.70£0.18
2012 20 < pr+.- <H0 185.81 +0.15 1.154+0.57 3.26£0.17
Total 185.588 4 0.067 1.394+0.24 15.63 £0.38

Table 3: Systematic uncertainties on the measurement of the mass difference Am.

Source Uncertainty [MeV]
Momentum scale 0.066
Radiative corrections 0.014
Fitted 1(2S5) mass uncertainty 0.007
Signal + background model 0.002
Sum in quadrature 0.068

mass splitting between the x.1(3872) and ¥ (2S) mesons is determined as
Am = 185.598 + 0.067 £ 0.068 MeV ,

where the first uncertainty is statistical and the second is systematic. The value
of Am can be translated into an absolute measurement of the x.;(3872) mass using
My(2s) = 3686.097 £ 0.010 MeV from Ref. [31], yielding

My, (3872) = 3871.695 £ 0.067 & 0.068 £ 0.010 MeV

where the third uncertainty is due to the knowledge of the ¢ (2S) mass. For these
measurements it is assumed that interference effects with other partially reconstructed
b-hadron decays do not affect the lineshape. This assumption is reasonable since many
exclusive b-hadron decays contribute to the final sample, and the x.;(3872) state is narrow.
This assumption has been explored in pseudoexperiments varying the composition and
phases of the possible decay amplitudes that are likely to contribute to the observed data
set. These studies conservatively limit the size of any possible effect on m, , (3s872) to be
less than 40 keV.

The uncertainties from the knowledge of sy and n are already included in the statistical
uncertainty of I'gw via the Gaussian constraints. Their contribution to the statistical
uncertainty is estimated to be 0.05 MeV by comparison to a fit with these parameters fixed.
Further uncertainties arise from the choice of signal and background model. These are
evaluated using the discrete profiling method with the alternative models described above.
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Based upon these studies an uncertainty of 0.10 MeV is assigned. The uncertainty due to
possible differences in the pr distribution between data and simulation is evaluated by
weighting the simulation to achieve better agreement and lead to a 0.01 MeV uncertainty.
Summing these values in quadrature gives a total uncertainty of 0.1 MeV.

The value of I'gw, including systematic uncertainties,

I'pw =1.39+£0.24 £ 0.10 MeV ,

differs from zero by more than 5 standard deviations. Fits were also made fixing I'gw to
zero and allowing sf to float in each bin without constraint. The value of s; obtained is
between 1.2 and 1.25 depending on the bin, much larger than can be reasonably explained
by differences in the mass resolution between data and simulation after the calibration
using the ¥(2S) data.

Care is needed in the interpretation of the measured I'gw and m,, (3s72) parameters
since }mDo + Mp0 — mxc1(3872)| < I'gw. The Breit—Wigner parameterisation may not be
valid since it neglects the opening of the D°D*° channel.

7 Flatté model

7.1 The Flatté lineshape model

The proximity of the y.;(3872) mass to the D°D*° threshold distorts the lineshape from
the simple Breit-Wigner form. This has to be taken into account explicitly. The general
solution to this problem requires a full understanding of the analytic structure of the
coupled-channel scattering amplitude. However, if the relevant threshold is close to the
resonance, simplified parametrisations are available and have been used to describe the
X1(3872) lineshape [15]/16].

In the JApntn~ channel the y.(3872) lineshape as a function of the energy with
respect to the D°D*" threshold, E = m -+~ — (Mpo + mp-o), can be written as

dR(J/pmtn™) ~ I',(E)
dE ID(E)*

(1)

where I',(E) is the contribution of the J/)m ™7~ channel to the width of the x.1(3872)
state. The complex-valued denominator function, taking into account the D°D*® and
DT D*~ two-body thresholds, and the JAap 77~ Jipntr~x° channels, is given by

D(E)=FE — E;+ % [g (k1 + ko) +T,(E) +T'w(E) +Ty). (2)

The Flatté energy parameter, £y, is related to a mass parameter, my, via the relation
E¢ =mg— (mpo + mpw). The width Iy is introduced in Ref. [16] to represent further
open channels, such as radiative decays. The model assumes an isoscalar assignment of
the x.1(3872) state, using the same effective coupling, g, for both channels. The relative
momenta, of the decay products in the rest frame of the two-body system, k; for D°D*®
and ky for the DT D*~ channel, are given by

ki =\2mE, ky=+/2p(E —9), (3)



where § = 8.2MeV is the isospin splitting between the two channels. The reduced

. m MM % m m —
masses are given by p; = % and po = % For m jp -+~ masses below

the D'D*® and D*D*~ thresholds these momenta become imaginary and thus their
contribution to the denominator will be real. The energy dependence of the J/im ™
and JAp mTn~ w0 partial widths is given by [16]

rE) = g, | o _am BT,
PR 21 (m' —m,)? +T2/4°

2may
rB) = o | e BT
R e 27 (m! —mg,)?+T12/4"

3max

(4)

(5)

The known values for masses m,, m,, and widths I',, I',, [31] are used and the lineshapes
are approximated with fixed-width Breit—Wigner functions. The partial widths are param-
eterised by the respective effective couplings f, and f,, and the phase space of these decays,
where intermediate resonances p° — 777~ and w— 77~ 7Y are assumed. The dependence
on E is given by the upper boundary of the integrals M (E) = E + (mpo 4+ mp«o) — m .
The momentum of the two- or three-pion system in the rest frame of the y.;(3872) is
given by

The model as specified contains five free parameters: mg, g,y and the effective
couplings f, and f,. In contrast to the Breit-Wigner lineshape, the parameters of the
Flatté model cannot be easily interpreted in terms of the mass and width of the state.
Instead it is necessary to determine the location of the poles of the amplitude. The
analysis proceeds with a fit of the Flatté amplitude to the data and subsequent search for
the poles.

The resulting Flatté lineshape replaces the Breit-Wigner function and is convolved with
the resolution models described in the first part of the paper. The Flatté parameters are
estimated from a simultaneous unbinned likelihood fit to the J/7nt7n~ mass distribution
in the six p,+,- data samples. The data points are corrected for the observed shifts of
the reconstructed mass of the 1(25) in each bin.

7.2 Fits of the Flatté lineshape to the data

In order to obtain stable results when using the coupled channel model to describe the
JRpmt T mass spectrum, a relation between the effective couplings f, and f,, is imposed.
This relation requires that the branching fractions of the y.;(3872) state to J/i p° and
Jipw final states are equal, which is consistent with experimental data [5,[14,41], thus
eliminating one free parameter in the fit. Furthermore, a Gaussian fit constraint is applied
on the ratio of branching fractions

['(xa(3872) = Jipntn™)

Rpp. = 2 —0.1140.03. 7
bp I'(xe1(3872) — DO D*0) (7)

The value used here is obtained as the weighted average of the results from the BaBar [5]
and Belle [14//41] collaborations, as listed in Ref. [42]. The Flatté model reduces to the
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Table 4: Results from the constrained Flatté fit. The uncertainties are statistical.

g fp x 10° [y [MeV] mo [MeV]

0.108 4 0.003 1.8+ 0.6 14404 3864.5 (fixed)

Breit—-Wigner model as a special case, namely when there is no additional decay channel
available near the resonance. However, the R 5. constraint enforces a large coupling to
the D°D** channel and the lineshape will be different from the Breit-Wigner function in
the region of interest.

For large couplings to the two-body channel the Flatté parameterisation exhibits a
scaling property [43] that prohibits the unique determination of all free parameters on the
given data set. Almost identical lineshapes are obtained when the parameters £y, g, f,
and ['y are scaled appropriately. In particular, it is possible to counterbalance a lower
value of E; with a linear increase in the coupling to the DD" channels g. While this is
not a true symmetry of the parameterisation — there are subtle differences in the tails of
the lineshape — in practice, within the experimental precision this effect leads to strong
correlations between the parameters.

Figure |3| illustrates the scaling behavior in the data. The black points show the best-fit
result for the parameter g evaluated at fixed E¢, optimising the remaining parameters at
every step. To a good approximation g depends linearly on E; with

dg -1

d_Ef = (—15.11£0.16) GeV . (8)

The red points show the negative log likelihood relative to is minimum value ALL for each
of these fits, revealing a shallow minimum around m = 3860 MeV. At lower E; values
ALL raises very slowly, reaching a value of 1 around —270 MeV. Values of E; approaching
the D°D*0 threshold are disfavoured, though. In particular good quality fits are obtained
only for negative values of Ey. A similar phenomenon has been observed in the previous
analyses of BaBar and Belle data and is discussed in Ref. [16]. As in those studies, for the
remainder of the paper the practical solution of fixing my = 3864.5 MeV, corresponding
to By = —7.2MeV, is adopted. The remaining model parameters are evaluated with this
constraint applied. This procedure has been validated using pseudoexperiments and no
significant bias is found. For g and I'y the uncertainties estimated by the fit agree with the
spread of the pseudoexperiments. For f, an uncertainty which is 10% larger than what is
found in the pseudoexperiments is observed and this conservative estimate is reported.
The measured values for g, f, and I'y are presented in Table . In order to fulfill the
constraint on the branching ratios, Eq. @, the effective coupling, f,, is found to be 0.01.
The systematic uncertainties on the Flatté parameters are summarised in Table p| and
discussed below. The systematic uncertainties introduced by the background and resolution
parameterisations are evaluated in the same way as for the Breit-Wigner analysis, using
discrete profiling. The impact of the momentum scale uncertainty is investigated by
shifting the data points by 66 keV and repeating the fit. Further systematic uncertainties
are particular to the Flatté parameterisation. The location of the D°D** threshold is
known to a precision of 0.11 MeV [31]. Varying the threshold by this amount and repeating
the fit leads to an uncertainty on the parameters which is similar to that introduced by
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Figure 3: The coupling to the DD" channels g as a function of Flatté energy parameter Ky
(black points with error bars). The corresponding change in negative log likelihood, ALL is
shown as well (red dots).

Table 5: Systematic uncertainty on the measurement of the Flatté parameters.

Systematic g fp x 10° Iy [MeV]

Model +0.003 —0.004 +0.6 —0.5 +05 —-04
Momentum scale + 0.003 —0.003 +0.1 —-0.2 +0.1 —-0.2
Threshold mass +0.003 —0.003 +0.2 -0.2 +0.2 -0.3
D0 width —0.001 —0.2

Sum in quadrature 4+ 0.005 —0.006 +0.7 —0.6 +06 —-0.6

the momentum scale. Finally, the D*® meson has a finite natural width, for which an
upper limit of I'p«0 < 2.1 MeV [31] has been measured. However, theoretical predictions
estimate I'p« = 65.5 £ 15.4 keV [37], based on the measured width of the D** meson.
Modified lineshape models taking into account the finite width of the D** are available.
In particular, Refs. [37,44] suggest replacing ki (E) in Eq. with

K(E) =/ =2u(E — Eg +ilpw/2), (9)

mpo(mpo+m_ o)
(2mD0 +mw0) -
With this modification there is always a contribution to both the imaginary and real part

of the denominator function in Eq. . Repeating the fit results in a similar but worse fit
quality with a log-likelihood difference of 0.1. The width I'y is reduced by 0.2 MeV, which
is the smallest systematic uncertainty on this parameter.

where Er = mp+«o — mpo —myo. The reduced mass, p, is calculated as

12



= o Bfeiﬂf\i\lﬁgr‘lerl
— Flatté

‘Incl. resolution and Baclkglrolunld
~~~~~~~~~~ Breit-Wigner
— Flatté

LHCb

dR(Jfpmta™)
de/I/J rta—

.-

N N N | N |. 1 N N N | N N N | N N N | N
3.868 3.87 3.872 387 0384 38 388 39
Mt = [GeV] M Jpp [GeV]

Figure 4: Comparison of the Flatté (solid, red) and Breit-Wigner (dotted, black) lineshapes.
The left plot shows the raw lineshapes for the default fits. The location of the D°D*? threshold
is indicated by the blue vertical line. On the right the distributions are shown after applying
smearing with the resolution function and adding background.

Table 6: Results of the fit with the Flatté lineshape including statistical and systematic
uncertainties. The Flatté mass parameter mg = 3864.5 MeV is used.

Mode [MeV] Mean [MeV] FWHM [MeV]

3TLOO G 0 37166054 1 0225 0

7.3 Comparison between Breit—Wigner and Flatté lineshapes

Figure [4] shows the comparison between the Breit-Wigner and the Flatté lineshapes.
While in both cases the signal peaks at the same mass, the Flatté model results in a
signifcantly narrower lineshape. However, after folding with the resolution function and
adding the background, the observable distributions are indistinguishable.

To quantify this comparison the fit results for the mode, the mean and the full width
at half-maximum (FWHM) of the Flatté model and their uncertainties are summarised
in Table [0 The mode of the Flatté distribution agrees within uncertainties with the
Breit—Wigner solution. However, the FWHM of the Flatté model is a factor of five smaller
than the Breit-Wigner width. To check the consistency of these seemingly contradictory
results, pseudoexperiments generated with the Flatté model and folded with the known
resolution function are analysed with the Breit—Wigner model. Figure|5|shows the resulting
distribution of the Breit—Wigner width determined from the pseudoexperiments, which
is in good agreement with the value observed in the data. This demonstrates that the
value obtained for the Breit—-Wigner width, after taking into account the experimental
resolution, is consistent with the expectation of the Flatté model. The result highlights
the importance of a proper lineshape parameterisation for a measurement of the location
of the pole.
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Figure 5: Distribution of the FWHM obtained for simulated experiments generated from the
result of the Flatté model and fitted with the Breit—Wigner model (filled histogram). Both
models account for the experimental resolution. The dashed red line shows the FWHM of the
Flatté lineshape, while the solid blue line indicates the value of the Breit—Wigner width observed
in data.

7.4 Pole search

The amplitude as a function of the energy defined by Eq. can be continued analytically
to complex values of the energy E. This continuation is valid up to singularities of
the amplitude. There are two types of singularities, which are relevant here: poles and
branch points. Poles of the amplitude in the complex energy plane are identified with
hadronic states. The pole location is a unique property of the respective state, which
is independent of the production process and the observed decay mode. In the absence
of nearby thresholds the real part of the pole is located at the mass of the hadron and
the imaginary part at half the width of the state. Branch point singularities occur at
the threshold of every coupled channel and lead to branch cuts in the Riemann surface
on which the amplitude is defined. Each branch cut corresponds to two Riemann sheets.
Through Eq. the amplitude will inherit the analytic structure of the square root
functions of Eq. that describe the momenta of the decay products in the rest frame of
the two-body system. The square root is a two-sheeted function of complex energy. In
the following, a convention is used where the two sheets are connected along the negative
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real axis. An introduction to this subject can be found in Refs. [45-47] and a summary is
available in Ref. [4§].

For the x.1(3872) state only the Riemann sheets associated to the D°D*® channel
are important, since all other thresholds are far from the signal region. The following
convention is adopted to label the relevant sheets:

L E— B — g <+\/7—2M1E o/~ 2(E — 5)) + %F(E) with Im £ > 0,

I E— E; — g <+\/7—2M1E 4 /2 (E - 5)) n %F(E) with Im E < 0,
1L E— By — g <—\/—2,u1E 4/~ 2(E — 5)) + %F(E) with Im B < 0,
IV: E— Ef— g <—\/—2,u1E o/~ 2(E — 5)) v %F(E) with Im £ > 0,

where I'(E) = T')(E) + I',(E) + I'y. The fact that the model contains several coupled
channels in addition to the D°D*® channel complicates the analytical structure. The
sign in front of the momentum /—2p; F is the same for sheets I and IT and therefore
they belong to a single sheet with respect to the D°D*0 channel. The two regions are
labelled separately due to the presence of the the Japntn~, JapmTn~ 70 channels, as well
as radiative decays. Those channels have their associated branch points at smaller masses
than the signal region. The analysis is performed close to the D°D* threshold and points
above and below the real axis lie on different sheets with respect to those open channels.

SheetsI and II correspond to a physical sheet with respect to the D°D** channel,
where the amplitude is evaluated in order to compute the measurable lineshape at real
energies E. SheetsIIl and IV correspond to an unphysical sheet with respect to that
channel. Sheet II is analytically connected to sheet IV along the real axis, above the D°D*0
threshold.

In the single-channel case, a bound D°D*" state would appear below threshold on the
real axis and on the physical sheet.

A virtual state would appear as well below threshold on the real axis, but on the
unphysical sheet. A resonance would appear on the unphysical sheet in the complex plane
[45-47]. The presence of inelastic, open channels shifts the pole into the complex plane and
turns both a bound state as well as a virtual state into resonances. In the implementation
of the amplitude used for the analysis, the branch cut for the D°D*® channel is taken
to go from threshold towards larger energy F, while the branch cuts associated to the
open channels I'(E) are chosen to lie along the negative real axis. The analytic structure
around the branch cut associated to the Dt D*~ threshold is also investigated, but no
nearby poles are found on the respective Riemann sheets.

At the best estimate of the Flatté parameters the model exhibits two pole singularities.
The first pole appears on sheetII and is located very close to the D°D*® threshold .
The location of this pole with respect to the branch point, obtained using the algorithm
described in Ref. [49], is £y = (0.06 — 0.13 i) MeV. Recalling that the imaginary part
of the pole position corresponds to half the visible width, it is clear that this pole is
responsible for the peaking region of the lineshape. A second pole is found on sheet ITI. It
appears well below the threshold and is also further displaced from the physical axis at
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Figure 6: The phase of the Flatté amplitude obtained from the fit to the data with
mo = 3864.5MeV on sheetsI (for ImnE > 0) and I (for ImE < 0) of the complex energy
plane. The pole singularity is visible at Frr = (0.06 — 0.13 i) MeV. The branch cut is highlighted
with the black line. The trajectory of the pole taken when the couplings to all but the DD*
channel are scaled down to zero is indicated in red.

Figure [6] shows the analytic structure of the Flatté amplitude in the vicinity of the
threshold. The color code corresponds to the phase of the amplitude on sheetsI (for
ImE > 0) and II (for ImFE < 0) in the complex energy plane. The pole on sheet II
is visible, as is the discontinuity along the D°D*® branch cut, which for clarity is also
indicated by the black line. The trajectory followed by the pole when taking the limit
where the couplings to all channels but D°D*0 are sent to zero is shown in red and
discussed below.

As shown in Table 5| taking into account the finite width of the D*° has a small effect
on the Flatté parameters. However, the analytic structure of the amplitude close to the
threshold is changed such that in this case the branch cut is located in the complex plane
at Im F' = —I'p«0 /2. The phase of the amplitude for this case is shown in Fig. El The
displaced branch cut is highlighted in black. The pole is found at Ef; = (25 — 140 7) keV
in a similar location to the case without taking into account the D*° width. In particular,
the most likely pole position is on sheet II, the physical sheet with respect to the D°D*°
system. The location of the pole on sheet III is found to be Efj; = (—3.59 — 1.05¢) MeV,
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Figure 7: The phase of the Flatté amplitude as obtained from the fit with a finite D** width of
I'p«o = 65.5keV on sheetsI (for Im £ > —I'p.0/2) and II (for Im £ < —I"p«0/2) of the complex
energy plane. Since the D* meson is treated as an unstable particle, the DYD*® branch cut,
indicated by the black solid line, is located at Im ' = —I"ps«0/2. The location of the pole is on
the physical sheet with respect to the D?D*V system.

similar to the fit that does not account for D* width.

The uncertainties of the Flatté parameters are propagated to the pole position by
generating large sets of pseudoexperiments, sampling from the asymmetric Gaussian
uncertainties that describe the statistical and the systematic uncertainties introduced
through the resolution and background parameterisation. The systematic uncertainty on
the pole position due to the momentum scale, location of the threshold and the choice of
the Flatté mass parameter are discussed in the following.

The confidence regions for the location of the poles, corresponding to 68.3%,95.4%
and 99.7% intervals, are shown in Figures [§ and [9] For large values of g the pole on
sheet IT moves to sheet IV, which is analytically connected to the former along the real
axis above threshold. Therefore, sheet II (for Im £ < 0) and sheet IV (for Im E' > 0) are
shown together for this pole. While a pole location on sheet II is preferred by the data, a
location on sheet IV is still allowed at the 20 level. The pole on sheet I1I is located well
below threshold and comparatively deep in the complex plane and is shown in Fig. [0} For
comparison, the location of the confidence region for the first pole on sheetsIl and IV are
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Figure 8: Confidence regions for the pole position on sheetsII and IV in the complex energy
plane. The displayed uncertainties include statistical contributions and the modeling uncertainty.
The poles are extracted at a Flatté mass point of mg = 3864.5 MeV. The shaded areas are
the 1, 2 and 30 confidence regions. The branch cut is shown as the blue line. The location of
the branch cut singularity is indicated with a vertical bar at £ = 0+ 0+¢. The best estimates
for the pole position is indicated by a cross. The black points indicate the samples from the
pseudoexperiments procedure that lie outside the 3o region.

also indicated on sheet I11.

The positions of both poles depend on the choice of the Flatté mass parameter my.
The dependence of the lineshape on mg has been explored in the region below threshold
and for the results shown in Fig. |3| the corresponding pole positions are evaluated. The
location of the pole on sheet II extracted for —17 < £y < 0 MeV are marked by black
circles in Fig. For smaller values of mg the pole moves closer to the real axis, for
values of mg approaching the threshold, the pole moves further into the complex plane.
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Figure 9: Confidence regions for the pole position on sheet III in the complex energy plane. The
displayed uncertainties include statistical contributions and the modeling uncertainty. The poles
are extracted at a Flatté mass point of my = 3864.5 MeV. The shaded areas are the 1, 2 and
30 confidence regions. The branch cut is shown as the blue line. The location of the branch
cut singularity is indicated with a vertical bar at £ = 0+ 0¢. The best estimate for the pole
positions is indicated by a cross. The confidence region for the pole on sheetsII1/IV is shown
in outline for comparison. The black points indicate the samples from the pseudoexperiments
procedure that lie outside the 3o region.

For all fits performed the best estimate for the location of the pole is on sheet II.
Figure [10] also shows the combined confidence regions, which account for the explored
range of E;. For each fit, a sample consisting of 10° pseudoexperiments is drawn from
the Gaussian distribution described by the covariance matrix of the fit parameters. Only
the statistical uncertainties obtained for each fit are used for this study. The resulting
samples of pole positions are combined by weighting with their respective likelihood ratios
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Figure 10: Confidence regions for the pole on sheet IT in the complex energy plane. The displayed
uncertainties include statistical contributions and the uncertainty from the choice of the Flatté
mass parameter mg. Modelling uncertainties are not shown. The shaded areas are the 1, 2 and
30 confidence regions. The branch cut is shown as the blue line. The location of the branch cut
singularity is indicated with a vertical bar at £ = 0 4+ 0¢. The black circles indicate the best
estimates for the pole position for the different choices of my.

with respect to the best fit. The preferred location of the pole is on sheet II. However, a
location of the pole on sheet IV is still allowed at the 20 level.

The location of the pole on sheet I1I, in particular its real part, depends strongly on
the choice of my. For small values of mg the pole moves away from the threshold and has
less impact on the lineshape. For my approaching the threshold this pole moves closer
to the branch point and closer to the pole on sheet II. Since the asymmetry of the poles
with respect to the threshold contains information on the potential molecular nature of
the state , the values of the pole positions are provided for the most extreme scenario
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that is still allowed by the data with a likelihood difference of ALL = 1, (c¢f. Fig. [3)) at
mo = 3869.3 MeV. In this case the two poles are found at Ejp = (0.09 — 0.33 ) MeV and
EIH = (—085 —0.97 Z) MeV.

The location of the threshold with respect to the observed location of the peak has a
profound impact on the Flatté parameters and therefore on the pole position. The main
uncertainties, which affect on which sheet the pole is found, are the knowledge of the
momentum scale and the location of the D°D*? threshold. As shown in Table , both
effects are of equal importance. Figure [11] shows the statistical uncertainties of the pole
on sheet II for the case that the mass scale is shifted up by 66 keV. The pole is moving
closer towards the real axis but the preferred location remains on sheet II. A measurement
of the lineshape in the D°D** channel is needed to further improve the knowledge on the
impact of the threshold location.

It is possible to study the behavior of the poles in the limit where only the DD* channels
are considered. The trajectory traced by the pole on sheet II when the couplings to the
other channels (f,, f., I'g) are sent to zero is indicated by the red curve in Fig. @ The
coupling g and the Flatté mass parameter F; are kept fixed while taking this limit.
For the best fit solution the pole moves below threshold and reaches the real axis at
E = —24keV staying on the physical sheet with respect to the DYD*® threshold. This
location is consistent with a quasi-bound state in that channel with a binding energy of
Ey, = 24 keV. If the pole lies in the allowed region on sheet IV, taking the same limit also
sends the pole onto the real axis below threshold, but on the unphysical sheet with respect
to D°D*. This situation corresponds to a quasi-virtual state. Both types of solutions are
analytically connected along the real axis through the branch cut singularity. Therefore,
only upper limits on the binding energy can be set. For the bound state solution and
only accounting for statistical uncertainties, the result is E, < 57keV at 90% confidence
level (CL). Including the systematic uncertainties due to the choice of the model this limit
becomes E, < 100keV at 90% CL. Setting the couplings to the other channels to zero
causes the pole on sheet I to move to the real axis as well, reaching it at £ = —3.51 MeV.
The corresponding values extracted at the highest allowed value of my = 3869.3 MeV are
E, = 29keV for the bound state pole and Ej, = 0.73 MeV for the pole on the unphysical
sheet.

8 Results and discussion

In this paper a large sample of y.1(3872) mesons from b-hadron decays collected by LHCb
in 2011 and 2012 is exploited to study the lineshape of the y.1(3872) meson. Describing
the lineshape with a Breit—Wigner function determines the mass splitting between the
Xc1(3872) and 9(2S5) states to be

Am = 185.598 £ 0.067 = 0.068 MeV ,

where the first uncertainty is statistical and the second systematic. Using the known value
of the ¢(25) mass [31] this corresponds to

My, (3872) = 3871.695 £ 0.067 & 0.068 £ 0.010 MeV

where the third uncertainty is due to the knowledge of the 1(2S) mass. The result is in
good agreement with the current world average [31]. The uncertainty is improved by a
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Figure 11: Confidence regions for the pole on sheet IT in the complex energy plane, in the case
that the mass scale is shifted up by 0.066 MeV, due to systematic uncertainty of the momentum
scale. Only the statistical uncertainties are displayed. The shaded areas are the 1, 2 and 3¢
confidence regions. The cross indicates the location of the pole found in the default fit, with the
nominal momentum scale. The branch cut is shown as the blue line. The location of the branch
cut singularity is indicated with a vertical bar at £ =0+ 03.

factor of two compared to the best previous measurement by the CDF collaboration .
The measured value can also be compared to the threshold value, mpo +mp+0 = 3871.70 £+
0.11MeV. The x.1(3872) mass, evaluated from the mean of a fit assuming the Breit—
Wigner lineshape, is coincident with the D°D*0 threshold within uncertainties, with
0F =0.01 +£0.14 MeV. A non-zero Breit-Wigner width of the x.1(3872) state is obtained
with a value of

I'gw = 1.39 + 0.24 + 0.10 MeV.
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The values found here for m,, (3872) and I'gw are in good agreement with a complementary
analysis using fully reconstructed Bt — x.1(3872) Kt decays presented in Ref. [51] and
combined therein.

Since | E| < I'pw, the value of I'gw needs to be interpreted with caution as coupled
channel effects distort the lineshape. To elucidate this, fits using the Flatté parameteriza-
tion discussed in Refs. [15/16] are performed. The parameters are found to be

g = 0.108+0.003+3%
fo = (1.8+0.6%57) x 1072,

Ty = 1.440.440.6MeV,

with mg fixed at 3864.5MeV. The mode of the Flatté distribution agrees with the
mean of the Breit—Wigner lineshape. However, the determined FWHM is much smaller,
0.22 7508025 MeV, highlighting the importance of a physically well-motivated lineshape
parameterization. The sensitivity of the data to the tails of the mass distribution limits
the extent to which the Flatté parameters can be determined, as is expected in the case
of a strong coupling of the state to the D°D* channel [43]. Values of the parameter E;
above —2.0 MeV are excluded at 90% confidence level. The allowed region below threshold
is =270 < By < —2.0MeV. In this region a linear dependence between the parameters
is observed. The slope ddTgf is related to the real part of the scattering length [15] and is
measured to be

dg -1

d_Ef = (—15.11+£0.16) GeV ™.
In order to investigate the nature of the x.(3872) state, the analytic structure of the
amplitude in the vicinity of the D°D*° threshold is examined. Using the Flatté amplitude,
two poles are found. Both poles appear on unphysical sheets with respect to the J/ipwt ™
channel and formally can be classified as resonances. With respect to the D°D*® channel,
one pole appears on the physical sheet, the other on the unphysical sheet. This configura-
tion, corresponding to a quasi-bound D°D*" state, is preferred for all scenarios studied in
this paper. However, within combined statistical and systematic uncertainties a location
of the first pole on the unphysical sheet is still allowed at the 20 level and a quasi-virtual
state assignment for the y.;(3872) state cannot be excluded.

For the preferred quasi-bound state scenario the 90% CL upper limit of the D°D*0
binding energy Ej is found to be 100 keV. The asymmetry of the locations of the two
poles, which is found to be substantial, provides information on the composition of the
Xc1(3872) state. In the case of a dominantly molecular nature of a state a single pole close
to threshold is expected, while in the case of a compact state there should be two nearby
poles [52]. The argument is equivalent to the Weinberg composition criterion [53] in the
sense that the asymmetry of the pole location in momentum space determines the relative
fractions of molecular and compact components in the y.1(3872) wave function [54]

Ko — K1

= —=1—-Z.
|k1| + | ko

Here Z is the probability to find a compact component in the wave function. The
momentum |ki| = 6.8 MeV is obtained by inserting the binding energy of the bound state
pole into Eq. (3). The corresponding value for the second pole is |ke| = 82MeV and
therefore one obtains Z = 15%. The asymmetry of the poles depends on the choice of my.

23



The asymmetry is reduced as the my parameter approaches the threshold. The largest
value for mg that is still compatible with the data is 3869.3 MeV. In this case one obtains
Z = 33% and therefore the probability to find a compact component in the x.;(3872)
wave function is less than a third. It should be noted that this argument depends on the
extrapolation to the single channel case. For resonances the wave function normalisation
used in the Weinberg criterion is not valid and Z has to be replaced by an integral over
the spectral density |54]. Nevertheless, the value obtained in this work is in agreement
with the results of the analysis of the spectral density using Belle data [41,55], presented
in Ref. [16].

The results for the amplitude parameters and in particular the locations of the poles,
are systematically limited. In the future, a combined analysis of the x.(3872) — J/pntn~
and x.1(3872) — D°D* channels will make possible improvements to the knowledge on
the amplitude parameters.
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