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Abstract

The first amplitude analysis of Bt — J/Y¢K™+, J/ — uTp~, ¢ — KTK~ events
is performed in Isobar approximation using all six degrees of freedom of their
decay kinematics and 3 fb~! of pp collision data collected at /s = 7 — 8 TeV with
the LHCb detector. A number of K** — ¢KT states are observed, including
K*(1680), which is observed in this decay mode for the first time (8¢ significant).
A number of J/1¢ mass structures are also observed which cannot be described
with K** contributions alone. A broad and significant (7.60) enhancement just
above the kinematic threshold is best described as a D} D*~ cusp, but a resonant
interpretation is also possible with the mass consistent with the X (4140) state, but
with a much larger width than previously claimed. The JF¢ is determined to be
17+ at 5.70. Previously inconclusive evidence for the second peak is confirmed
with a mass consistent with the 0~ DY DZ; cusp, however, much better described
in our model as a X (4274) 1" resonance (6.00 significant). The high J/¢¢
mass region shows evidence for more structures of high significance, possibly
two 07" resonances. More data and going beyond the Isobar model may be re-

quired to clarify the nature of all J/1¢ mass structures observed in this decay mode.
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1 Introduction

The Standard Model is the framework supporting all of the current understandings of
the fundamental forces in the universe. It concerns itself with the electromagnetic, weak,
and strong interactions, with much work devoted to bringing gravity under its purview.
Additionally the Standard Model allows for the classification of all subatomic particles.
There are three main categories for fundamental particles to fall into: quarks, leptons, and
bosons. Leptons and quarks have half-integer spin, while bosons have integer spin and
mediate the fundamental forces. Quarks participate in all interactions. Leptons do not
feel the strong force. Quarks and leptons come in three generations.

Hadrons are particles made up of quarks (and/or anti-quarks) and held together by
the strong force. These strong interactions are governed by Quantum Chromo-Dynamics
(QCD) in the Standard Model. In QCD quarks have color-charge and are often considered
to be red, blue, or green or an anti color e.g. anti-red. QCD then describes the binding of
these colored quarks together in colorless groups via exchange of gluons (the carrier of the
strong force). The simplest colorless groups are ¢g pairs, in which the anti-quark carries
the anti-color of the quark, or gqq triplets in which each quark carries one of the three
colors (or anti-colors). The former doublets are referred to as mesons while the triplets
are referred to as baryons.

Mesons (¢g), baryons (ggq) and baryonic molecules (i.e. atomic nuclei) are all very well
established bound states of quarks. However, the theory governing the strong interaction
(QCD) does allow for the existence of other “exotic” states. These states could be mesonic
molecules (¢q)(qq), tightly bound tetraquarks (gqGq), penataquarks gqqqq in the form
of loosely bound meson-baryon molecules or tightly bound systems, tightly bound di-
baryons (qqqqqq) etc. Bound states involving gluons as constituents are also possible,
hybrids (¢gg) that involve both quarks and glouns, or even gluonia (gg) are thought to

exist. However, no clear evidence for exotic hadronic states has been found in light quark



spectroscopy. It was not until 2003 and the discovery of the X (3872) state by Belle in the
B — X (3872)K — (J/ipmtn~)K channel that charmonium spectroscopy began to offer
many neutral states with properties inconsistent with pure cc states.

In 2007 the Belle collaboration discovered the first charged state decaying to a charmo-
nium state and a charged pion, Z(4430)". The minimal quark content of such a structure
necessarily involves two quarks and two anti-quarks (a tetraquark candidate). Since BaBar
could not confirm this state, it took until 2014 for LHCb to confirm its existence. The
amplitude analysis presented here follows in the footsteps of the Z(4430)" analysis. This
year charged states decaying to J/i» and a proton have been discovered by LHCb, their
minimal quark content is four quarks and an anti-quark, the long sought pentaquarks.
The amplitude fitter code used in this analysis has been developed based on the experience
gained in the Z(4430)% analysis and generalized to handle a broader scope of analysis. The
code developed for this analysis became the starting point for the Syracuse pentaquark
fitter. We benefited from some improvements implemented during the pentaquark analysis,
particularly speed-ups, for which we thank Nathan Jurik and Liming Zhang.

The work presented in this note is concerned with the investigation of a resonant
structure in Bt — J/i ¢ KT decays. In 2008 the CDF Collaboration presented evidence for
a narrow 12 MeV near-threshold structure in the mass spectrum of J/i) ¢ coming from this
decay [1]. The PDG refers to it as X (4140), though some papers (including CDF) refer to
it as Y'(4140). A narrow resonance decaying to such a final state is necessarily exotic, as
any ¢ resonance at this mass would have OZI allowed decays to pairs of D) mesons and
be very wide with a very small decay fraction to the phase-space suppressed J/) ¢ and
thus remain unobserved unless exotic. In the unpublished update to their analysis 2], the
CDF collaboration claimed 50 significance for the still narrow X (4140) (I' = 15.373%* £2.5
MeV) and presented 3.1 evidence for a second state at 4274.4752 +1.9 MeV also with a

relatively narrow width - see the compilation of all relevant previous results in Tables



and 2

The LHCDb collaboration looked for and did not see any evidence for the narrow 15.3
MeV X (4140) state in the early 2011 data (0.37 fb~! was used) and was reported in a
conference note [3]. An upper limit on its production in Bt — Jip ¢ K™ decays was set,
which was at a 2.40 disagreement with the unpublished CDF results. This upper limit on
the narrow X (4140) analysis was later published by LHCb in 2012 [4]. It has been known
since September 2011 that our data did indicate a broad threshold enhancement in the
region where X (4140) was originally observed.ﬂ However, a proper analysis of a broad
structure required an amplitude analysis with larger statistics, which was later accumulated.
The early LHCb data were inconsistent with the state at 4274 MeV suggested by CDF;
both analyses were based on naive J/i) ¢ mass fits, and an upper limit on its production
was also published [4].

Meanwhile, the CMS collaboration confirmed the X (4140) state in 2011 data with
50 significance, albeit with a larger 28713 419 MeV width [5]. Their data also showed
rather strong peaking at 4313.8.0 £ 5.3 + 7.3 MeV with 38790 4+ 16 MeV width. However,
CMS chose not to claim an observation of the 2nd state since they could not estimate
the significance of this structure reliably. We note that the mass measured by CMS is
inconsistent with the mass of the 2nd peak in the CDF data at 3.160. Since CMS has a
much larger data set from Run I than published, an update of their results is likely in the
near future.

The DO collaboration observed the narrow X (4140), though with marginal significance
and large errors [6]. There is also some peaking at 4328 MeV in their data, but they could
not fit this structure when floating its width.

Adding to the mystery, the DO collaboration very recently claimed a significant signal

for prompt pp — X (4140)+anything, X (4140) — J/i ¢ signal with narrow width. The

!See the presentation by T. Skwarnicki on Sept. 6, 2011 at the LHCb Software & Analysis week.



prompt signal is observed on a very large background parameterized by D0 with an ad hoc
function. We find it surprising that they did not evaluate systematic uncertainty related
to the choice of functional form, thus their systematic errors in this measurements are
likely underestimated.

The ete™ experiments did not have enough statistics to provide significant input on
these states, possibly because of sharply falling reconstruction efficiency near the J/ ¢
mass threshold in B — J/i) 9K decays. There is an unpublished 2009 conference report
by Belle [7] and the recently published analysis by BaBar [8]. No significant evidence for
any J/1 ¢ states were observed, but the upper limits did not contradict the claims from
the hadronic colliders.

The Belle collaboration saw 3.20 evidence for a state at 4350.673% 4 0.7 MeV with
13%5% £ 4 MeV width in 4y production, which implies J” = 0% or 2+, and found no
evidence for X (4140) in this reaction [9].

Table 1: Previous results concerned with X (4140) — J/i) ¢ resonance in B* — J/ip K™ decays.

The first significance for the 2nd DO paper is for the prompt production component, whereas the
second for the non-prompt production. The average excludes the CDF 2008 result.

Year Experiment B — JhoK X (4140)
luminosity statistics My MeV 'y MeV sign. fraction %
2008 CDF 2.7 b1 [1] 58+10 4143.04+2.9+1.2 117583 £3.7 3.80
2011 CDF 6.0 fb~! [2] 115412 41434735 +0.6  1537;%* +25 500 14.9+3.9+24
2011 LHCb 0.37 fo= ! [4] 346 +20 4143.4 fixed 15.3 fixed < 7 @90%CL
2013 CMS 5.2 fb=! [5] 2480 + 160 4148.0+2.4+6.3 2871°+19 500 10+3
2013 DO 10.4 fb~ [6] 215437 4159.0+4.3+6.6 1994126750 310 21+£8+4
2014 BaBar 422 fb~! [§] 189 +£ 14  4143.4 fixed 15.3 fixed 1.60 < 13.3 @90%CL
2015 D0 10.4 fb=1 [10]  pp — JAp ... 415254+ 1.77%3 16.3+£5.6+11.4 4.70 (5.70)
Average 4146.9 +2.3 17.8+6.8

All of the previous analyses that were performed used naive one-dimensional (1D) fits
to the invariant J/i)¢ mass (m ) with X states added incoherently to non-resonant
background which was in turn modeled based on ad-hoc assumptions, which often assumed

a 3-body phase-space distribution. Even though no narrow peaks are observed in the
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Table 2: Previous results concerned with possible heavier X — J/i) ¢ resonances. The average
excludes the CDF 2008, DO and Belle results. Since the masses are inconsistent between the
CDF and CMS, we increased the error on the average to account for it.

Year Experiment B — JWoK X (4274 — 4351) state(s)
luminosity statistics My MeV 'y MeV sign. fraction %
2008 CDF 2.7 b1 [1] 58 +£ 10 not observed
2011 CDF 6.0 fb~! 2] 115412 42744752419 3237215476 3.0
2011  LHCb 0.37 fo=* |4 346 £ 20  4274.4 fixed 32.3 fixed < 8 @I0%CL
2013 CMS 5.2 fb=! [5] 2480 + 160 4313.8+53+7.3 3870 +16
2013 D0 10.4 fb~" [6] 215+ 37  4328.5+ 12.0 30 fixed
2014  BaBar 422 fb~! [§] 189+ 14  4274.4 fixed 32.3 fixed 120 < 18.1 @0%CL
2010 Belle 825 b1 [9) vy — Jhpe 43506720 +0.7 13738+ 4 3.20
Average 4293 £+ 20 35+ 16

oK™ mass distribution, it is clear that a number of known K** resonances can contribute.
Their interference with potential X resonances can have profound effects on the numerical
results for these exotic states, as exemplified by the dramatic changes in the reported
Z(4430)~ mass and width in BY — ¢(2S)7~ KT decays. In this case the naive mass fits
by Belle gave it a mass of 4433 &4 42 MeV and a width of 4575195 MeV [11] The proper
4D amplitude analysis of the Belle data changed these parameters to 4485722128 MeV and
200755732 MeV [12], with a 2D amplitude analysis on the Dalitz plane producing numbers
in between the 1D and the 4D fits [13]. The 4D amplitude fit results were confirmed
by the LHCb 4D amplitude analysis [14]. Not only did the central values change under
the proper analysis, taking into account the interference of the Z(4430)~ — ¢(2S5)n~
with K*® — K+~ contributions, but also the reported statistical and systematic errors
ballooned. Performing an amplitude analysis in all dimensions of the decay kinematics is
also the best way to gain sensitivity to the quantum numbers of the observed resonances,
which is of crucial importance for their theoretical interpretation.

The amplitude analysis presented here uses all 3fb™" collected by the LHCb collabora-
tion from 2011 through 2012, which gives us 4289 + 151 of reconstructed BT — J/ip ¢ K™

events, which is a factor of 2 larger data sample than analyzed by the CMS collaboration



and has a much more favorable signal-to-background ratio.

Full decay kinematics of BT — JW oK™, Jip — ptu~, ¢ — KTK~ decays involves
six dimensions. All of them are utilized to eliminate any biases and to gain the best
sensitivity to the decay dynamics. After selection of B — J/i) K events we will study not
only the J/i ¢ spectrum but also the spectrum of the two other combinations: ¢K and
J K. We will first describe the data used and the preparations made before performing
the amplitude fits. Next, we will explain the formalism by which the data is analyzed. We
will then construct the matrix elements necessary for this analysis. Finally, the results of

the amplitude analysis will be presented together with their implications.



2 The LHC

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a particle collider in a tunnel located under the
border between France and Switzerland. With a circumference of 27 km and energies
exceeding 7 TeV, it is currently the largest and most powerful particle accelerator in
the world. Along the ring there are four places where the beams of protons, which
circulate in opposite directions, are forced to cross. At each crossing sits one of four LHC
experiments: A Large Ion Collider Experiment (ALICE), A Toroidal LHC ApparatuS
(ATLAS), Compact Muon Solenoid (CMS), and LHC beauty quark experiment (LHCb).
When crossed the beams of protons, with very high energies, collide. At such high
energies these collisions result in the creation of new particles, both known and potentially
unknown. Figure [1| shows schematically the entirety the path of the protons as they
circulate throughout the LHC.

The beams of protons used in the LHC begin their journey as hydrogen atoms. Once
the electrons are stripped off only protons are left. These protons start at the Linac2, a
linear accelerator commissioned in the 1980s. The Linac2 requires that the beam have a
current of 180mA by the time it reaches the Proton Synchrotron Booster (PSB). It is at
this point the energy of the protons is 1.4GeV with a pulse length of 100us. The beams
are then moved via kicker magnets from the rings of the PSB and combined to form
one long stream comprised of proton bunches. The beams are then sent to the Proton
Synchrotron (PS). The PS accelerate the protons to an energy of 25 GeV with bunch
spacing of 25 ns and 72 bunches per stream. Several streams are injected into the Super
Proton Synchrotron (SPS) every 3.6 seconds. The SPS once again increases the beam
energy to 450GeV. Before injection into the LHC for collisions the current in the magnets,

as well as other systems is increases. Additionally the timing phase of the SPS must be in



sync with the LHC to insure proper injection timing. The bunches are compressed and
cleaned such that there are no errant tails and the proton bunches are fairly uniform. The
beams are then injected at a rate of 40MHz into the LHC. For a more detailed look at the
LHC the reader is invited to look at Ref. [15].

The injected beams are sent to the LHC by two transfer lines; TI-2, which
injects beams towards ALICE, and TI-8, which injects beams towards LHCb. The
beams then circulate around the LHC in opposite directions and are crossed at four
points along the ring (the four main experiments previously enumerated). Collisions

occur at these four points and relevant data can be collected by each individual experiment.
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2.2 The LHCb Detector

The LHCb detector [16], [17] is a single-arm forward spectrometer covering the psuedo-
rapidity range 2 < 1 < 5, designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system surrounding the pp interaction
region (VELO), which consists of a silicon strip vertex detector. Further downstream is a
large-area silicon-strip detector (RICH1), which sits upstream of a dipole magnet with a
bending power of approximately 4 Tm. Beyond that there are three stations of silicon-strip
detectors and straw drift tubes (T1,T2,T3). 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 high momentum (200 GeV/c). The impact parameter, which
is defined as the minimum distance of a track to a primary vertex, is measured with a
resolution of (15 + 29/pr) wm, where pr is the component of the momentum transverse to
the beam, in GeV/c. Photons, electrons, and hadrons are identified by a calorimeter system
consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and
a hadronic calorimeter. Charged hadrons are distinguished by using information gathered
by two ring-imaging Cherenkov detectors. Muons are identified by a system made of
alternating layers of iron and multiwire proportional chambers. Online event selection is
performed by a trigger, which consists of a hardware stage that triggers based on data
from the calorimeter and muon systems, followed by a software stage which performs a

full event reconstruction. An overview of the the LHCb detector is shown in Figure [2]

2.3 VELO

The VErtex LOcator (VELO) [18] is a silicon microstrip detector that surrounds the
pp interaction region. Its primary purpose is to provide spatial measurements of tracks
in order to identify primary and secondary interaction verticies, a distinctive feature of

hadrons containing b or ¢ quarks. The VELO was designed to cover the forward region in
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Figure 2: A cross section of the LHCb detector with the interaction region on the far left.

such a way that tracks inside the normal LHCb acceptance (15-300 mrad) would cross
at least three of the VELO stations. In doing so, the detector can fully reconstruct 27%
of b and b production at 7 TeV center of mass energy. The VELO, and specifically its
ability to reconstruct primary and secondary vertecies, is a key component in high level
triggering which reduces the 1MHz event rate to a few kHz.

The VELO is constructed from a series of silicon modules, arranged along the beam
line (z-axis). It is comprised of two retractable halves of 21 modules each that, when
closed, lie only 7mm from the beam. These halves are designed to overlap each other to
ensure full angular coverage and to aid in alignment. The layout of the silicon modules
along the beam pipe as well as the open and closed positions of the VELO are illustrated
in Figure When viewed in cylindrical polar coordinates (r,0,¢) each module contains
one r and one ¢ coordinate measuring sensor; these are known as R and ¢ sensors and

are shown in Figure [l The inter-strip pitch varies across each sensor, from about 40
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to 100 wm. FEach strip is read out by Beetle analogue front-end ASICs around the
circumference of the sensor via routing lines on the sensors. The Beetles are operated at a
40MHz sampling rate and have their signals digitized and processed into clusters by an
FPGA-based readout board known as TELL1. Because of the close positioning of the
VELO to the beam, it is exposed to very high levels of radiation fluence and nt —on — n
sensors are used. The only exception is one of the most upstream sensors which utilizes

n* — on — p sensors.

Rsensors | 1m ‘
¢ sensors ‘ ‘
cross section at y=0 @0‘3
N
P n —

RN
VETO | _ interaction region
stations | view of c=53cm
most upstream
‘\‘VELO station
LYy 8.4cm
X
6.cm
VELO fully closed VELO fully open

(stable beam)

Figure 3: The top of this figure illustrates the arrangement of the silicon sensors along the beam
pipe. The bottom illustrates the open and closed positions of the VELO including the overlap
present in the closed system
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Figure 4: An illustration of the r and ¢ sensors that make up the VELO detector.
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2.4 RICH

Located immediately downstream of the VELO is one of the two Ring Imaging CHerenkov
detectors (RICH), with the second located downstream of the three tracking stations
located behind the magnet. The RICH detectors are tasked with particle identification.
This is accomplished by looking at Cherenkov radiation that is emitted by a particle
that travels through a medium, a dense gas (C4Fyg) in this case, faster than light travels
through the medium [19]. This is analogus to an aircraft’s sonic boom, in which a conal
shockwave is produced when a plane exceeds the speed of sound in air. The RICH system
measures the shape of the cone of light that is produced by fast moving particles and since
the shape of the cone is related to the velocity of the particle, the particle’s velocity can
be measured. This information, measured by both RICH1 and RICH2, can be coupled
with the trajectory and momentum information from the magnet and tracking stations to
calculate the mass and charge of a particle. With this, the identity of a particle can be
determined. Particle identification (PID) is key to surpress backgrounds generated from
“uninteresting decays” which can be plentiful due to both pions and kaons being common
products of B meson decays. It is very important to obtain good discrimination between
particle identifications; the RICH gives the necessary information to help get the job done.

The upstream detector, RICH1 [20], is suited to detecting low momentum charged
particles with momentum between about 1 and 60 GeV. In contrast, RICH2 [21]
is designed to cover higher momentum particles with momentum up to 100 GeV or
more. The acceptance of each detector is also markedly different. RICH1 covers the
entirety of the LHCb acceptance where as RICH2 has a much more narrow scope
of coverage; this is by design as RICH2 focuses on a region of acceptance where
high momentum particles are more likely to be found. Both detectors, RICH1 and
RICH2, are designed to focus Cherenkov light using both spherical and flat mirrors

to direct the light away from the detector acceptance. Hybrid Photo Dectrors (HPD)
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are then employed to detect the Cherenkov radiation and form a cone originating
from a charged track. A diagram of RICH1 and RICH2 can be found in Figures
and [6] respectively. The images the rings observe from the phototube planes are
compared with patterns expected from different particle hypothesis. A likelihood,
LEICH(p) s then calculated [22], [23] and thusly the particle can be identified. Most of

the hadron discrimination of the LHCb detector can be ascribed to the two RICH detectors.
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Figure 5: A schematic of the the RICH1 detector located just down stream of the VELO detector.
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2.5 Dipole Magnet

Immediately downstream of the VELO sits a large dipole bending magnet [24]. Through
the magnet, particles, which normally travel in a relatively straight line, bend. The
direction of bending and curvature of the path are dependent upon both the particle’s
charge and momentum. The magnet is designed to have 4Tm of integrated field for
tracks measuring 10m in length. This provides better track separation for the tracking
stations downstream. Even with such a high field the magnet is not superconducting,
as such a solution would be uncessary and cost ineffective. The dipole magnet is
contructed from two seperate coils shaped like a saddle mounted in a frame and
illustrated in Figure [/} Each coil weighs 27 tons and is constructed from 10 layers
wound from about 3 km of aluminum cable. When in operation the current in
the coils reaches about 5.8 kA. The specific ohmic resistance of the coils is below
280m at 20°C. With such a large current, heat is generated and provides the greatest

stress on the magnet. To combat this a 25mm diameter cooling channel lies within each coil.
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Figure 7: An illustration of the dipole bending magnet in the LHCb expirement.
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2.6 Trackers (TT,IT, OT)

Downstream of the Dipole Magnet and before RICH 2 sits three tracking stations aptly
labeled T1, T2, and T3. The inner tracker (IT) is one of two detectors making up a
tracking station (T-station) with the other being the Tracking Turincensis (TT). The TT
is 150cm wide and 130cm high and covers the typical acceptance of the LHCb detector.
The size and scope of the TT makes it able to detect particles entering it with over 99%
efficiency [25]. The TT is constructed from four layers of rows of silicon sensors. Each row
consists of seven silicon sensors that are grouped into two or three sectors to be read out.
The readout hybrid which contains all of the necessary electronics for readout of a sector
is mounted on the end of the row. The first and last of the four layers have silicon strips
read out vertically while the second and third layers have strips rotated +5° and -5° with
respect to the x-axis respectively (Fig. . This configuration better provides a precise
measurement of the individual track positions used in momentum determination in the
bending plane of the dipole magnet [26]. Each detector has 400 um thick silicon strips
each with a pitch of 183 um and give about 50 um resolution spatially.

The inner tracker (IT) sits closest to the beam pipe and consists of three stations.
Each station consists of four boxes located in a cross shape on the x and y axis (Fig. |§]
Each box houses four layers with silicon strips with a pitch of approximately 200 pm and,
similar to the TT, the IT has its first and last layers measuring the x-direction while the
second and third layers are angled at +5° and -5° with respect to the x-axis respectively.
Each layer is comprised of seven staggered silicon ladders. Layers are assembled as long
ladders connected to readout at one end (Fig. . Each layer is either one or two sensors
wide. The ladders used in the top and bottom of the IT are one sensor wide whereas the
left and right boxes use two sensor wide ladders. These two types of sensors are completely
identical in all ways except their thickness; the one-sensor modules have a thickness of

320 pm and the two-sensor modules have a thickness of 410 pum. This choice was made to
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Figure 8: The layout of the 4 TT layers with readout electronics in blue and different readout
sectors shaded. Note the angles of the second and third layer.

preserve high signal to noise ratios while at the same time reducing cost. In total the I'T
covers a 120cm wide and 40cm high cross region centered on the beam.

Taken together the TT covers regions of lower particle density and the I'T covers the
region around the beam, where the particle density is the highest. While employing the
same silicon technology as the VELO, the precision is not as good due to the increased
pitch and sensor thickness.

The outer tracker [27] (OT) again consists of three tracking stations, each with four
layers arranged in the same angular pattern of both the TT and IT. The OT stations sit

around the IT stations and are made up of a gas-tight strawtube module array. Each
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Figure 9: The layout of the IT (in purple) with respect to the TT (light blue).
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Figure 10: The layout of the IT with beam pipe running into the page in the center.
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module is made up of 64 tubes in two offset layers which provide maximal coverage; a
cross-sectional view is given in Figure The OT is a drift-time detector and tracks
charged particles over a large acceptance areas. Drift-time detectors work on simple
principles. Each cylindrical tube coaxially contains a wire held at a positive voltage and
filled with gas. The cylinder’s wall is held at either ground or an equal negative voltage.
When particles enter the tube the gas is ionized and begin releasing electrons. The
electrons are attracted to the the coaxial wire held at 4V and produce a signal in the wire
which can be carried to electronics outside the detector by the wire. The time it takes for
the electrons to reach the wire is related to both the radial distance from the wire to the
ionized electron as well as the velocity of the electron. Time measurements from each
tube can be combined to indicate the direction of travel through the OT. Each tube of the
OT is constructed from a strip of 40 um carbon-doped polyamide foil which is wound
simultaneously with 37.5 um thick laminante of kapton and aluminum. This is done for
gas-tightness, good noise shielding, and for fast signal transmission in the tube. The gas is
a 70% Argon 30% COs mixture, which gives a drift time of around 50ns. The coaxial wire
is made of gold-plated tungsten and has a diameter of 25.4 um. In total, there are 128
tubes in each short module and 256 tubes in each long module. With 96 short modules and

198 long modules in the OT there are almost 63,000 channels accross the entirety of the OT.
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Figure 11: Cross-sectional view of the outer tracker in the LHCb. Note all units are in millimeters.
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2.7 Calorimeters (ECAL,HCAL)

Downstream from the three tracking station are LHCb’s two main calorimeters, the
Electron Calorimeter (ECAL) and the Hadron Calorimeter (HCAL) [16]. In addition to
these two calorimeters there exists, upstream, two detectors. The first is the Scintillator
Pad Detector (SPD) and the second is the PreShower detector (PS). Each calorimeter
utilizes the same principles in operation. Namely, when charged particles move through
material, they lose energy via the electromagnetic interaction with the Coulomb fields.
This ionizes the material through which the particle passes. The excited atoms then
attempt to reach their ground state. This is accomplished when the atom releases energy
obtained from the interaction with the charged particles. The energy is released in the form
of photons, which, when in the visible spectrum, is called scintillation. This scintillation
is then transmitted to a Photo-Multiplier Tube (PMT) via wavelength-shifting (WLS)
fibers. The WLS fibers absorb the light and re-emit photons with a larger wavelength
(lower energy). This shift is important as the PMTs have a higher efficiency for blue light
as opposed to green light. The PMTs focuses particles onto stacked multipliers so that
the photo-electrons, electrons released when struck by photons, are multiplied many times.
This has the effect of creating a large electrical signal from a photon.The SPD and PS that
exist immediately upstream from the calorimeters are designed to signal the presence of
charged particles prior to their entrance to the ECAL. This helps reduce high backgrounds,
specifically backgrounds associated with 7° with high transverse energy.

The HCAL (Fig. is a large rectangular structure measuring 8.4m in height, 6.8m
width, and 1.65m in depth. It is made of layers of 16mm thick iron and 4mm thick
scintillating tiles. Each tile is wrapped in 120 to 150 um of TYV EK ® which protects
the surface of the tiles, enhancea the collection of the WLS fibers, and reduces cross-talk
between fibers. The WLS fibers have a diameter equal to 1.2mm and a length of 1.6m

and read out the light from the scintillators via total internal reflection. They run parallel
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along the edges of the tiles of the HCAL and are connected to PMTs which in turn are
connected to electronics for readout. Each fiber services three tiles along the direction of
the hadron shower development. Each PMT reads one fiber, or a cell of three tiles. As
in other parts of the detector, the higher particle density near the beam necessitates the
division of HCAL into two sections; the outer section, with 608 channels, and the inner
section with 860 channels (Fig. . This also helps preserve the outer section, as the
inner section becomes increasingly damaged due to the higher level of radiation. With
such sectioning, the position and angle of incident for particles can be measured, thus
allowing for more accurate particle identification.

What is actually measured by HCAL are hadronic cascades. Hadronic cascades are
caused when fast traveling hadrons penetrate and interact with the material in the
calorimeter. These interactions produce many secondary particles (mainly pions and
nucleons). These secondary particles repeat the process creating tertiary particles which
create further particles. This cycle repeats until all the energy is lost. These hadronic
showers have been extensively studied and it is known that the maximum length of the
shower is dependent on the energy of the primary particle as well as the absorption length

of the material |28]. As such it is known to be approximated by,

Limaz(N) = 0.2in(E) + 2.50E(0.13) 4+ 0.7, (1)

where the energy (E) is measured in GeV and ) is the material’s absorption length.
Figure [14]illustrates how the two calorimeters combined with the SPD and PS detector

can be used to identify particles.
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Figure 12: The layout of one quarter of the HCAL. The layers of absorbers and scintillating tiles
are placed parallel to the beam as opposed to the ECAL which has them perpendicular.
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Figure 13: The layout of one quarter of the HCAL showing the sectioning used. With the
beampipe in black.
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2.8 MUON system

The last stop downstream from the interaction region is the muon system [29]. The muon
system is made up of 5 stations (M1-M5) with 80cm thick iron absorber walls between
each station, as shown in figure[I5] All but M1 are located downstream of the calorimeters,
with M1 coming just upstream from the calorimeters. Similarly, each station is split into
four regions, labeled R1 to R4 Each region represents a distinct range of distances from
the beam, with R1 being the closest and thus subjected to the highest levels of radiation.
All regions use Multi-Wire Proportional Chambers (MWPC) except for R1 of M1, which
uses triple Gas Electron Multiplier detectors (GEM). GEMs were chosen specifically for
this region because of their ability to tolerate the high radiation environment present in
R1 of station one.

The MWPCs that are used in virtually all of the muon system regions are very similar
to drift tubes. Instead of a cathode cylinder with a single coaxial wire (as in the the
OT), there are two cathode planes with a plane of wires in between. The gas in between
the wires is not the 70/30 mixture of Ar to CO,. Instead, a mixture of Ar/COy/CF} is
used in the proportion 40/55/5, respectively. This mixture was chosen to optimize the
detector [30]. A negative voltage is applied to the planes which creates an electric field
that is very uniform except where distorted near the wires due to their finite cylindrical
nature. When radiation passes through the gas in the chamber, the electrons are ionized
and drift towards the wires. Due to the distortions near the wire, the ionized electrons
are accelerated. This acceleration causes a cascade of electron-ion pairs. These electrons
cause a negative signal in the wire they pass but also cause surrounding wires to pick up
a positive signal. In this way in can be unambiguously determined which wire has been
passed by the particle.

The GEM used in R1 of M1 is a different type of detector. It is comprised of 50 um

copper clad kapton foil densely covered in hourglass shaped holes. Each hole has an
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Figure 15: A cross section of the muon system with the regions R1 to R5 marked. Each filter is
80cm thick iron.

external diameter of 70 um and an internal diameter of 50 um; the pitch of the hole is
140 pm. The detector is a triple GEM detector which means it is made up of three gas
electron multiplier foils between anode and cathode planes. The gas mixture is, once again,
Ar/CO,/CF, only with a different ratio (45/15/40). When a voltage is applied to one side

of the planes, an electric field is produced between the planes and holes. The holes act as
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Figure 16: A front view of the muon system with the beam running perpendicular to the page
and regions R1 to R5 clearly marked.

electron multiplication channels for electrons released by the ionizing radiation of the gas.

This is effectively used as a tracking detector . This is important, as station M1 is

placed upstream of the calorimeters in order to improve pr measurements for the trigger.
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2.9 The Trigger System

The trigger system (Fig. is designed to filter out uninteresting decays [32] from the
initial 40 MHz (bunch crossing rate), leaving about 2-4kHz [33] of interesting decays (with
a focus on B mesons), which can reasonably be written to disk. The final rate is chosen as
it represents the current bandwidth limit for writing events to offline storage. There are
two trigger levels in the LHCb, called Level0 (L0) and the High Level Trigger (HLT). The
HLT is broken up into two stages, HLT1 and HLT2, which can be seen in Figure [17}

Lo HLT1 HLT2
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radiative

Ep-electron 1trackp charm

topological
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di-p

% < 1.1MHz
%’" S0kHz
% ~ 3kHz

Figure 17: A chart of the various triggers and their output rates.

L0 is a hardware trigger built from custom electronics, with a fixed latency of 4us, that
accepts events at a rate of 40MHz and reduces that rate to 1MHz for the HLT. The HLT1
stage takes events that pass LO and performs a partial reconstruction of the event and
reduces the rate by another factor of 20 to about 50kHz. It is at this point that HLT2
performs an almost-full online event reconstruction, selecting out the events destined for
storage. Whereas the L0 is a hardware based trigger the HLT is a software filter that
runs on a CPU farm. The Event Filter Farm (EFF) processes events in parallel and is

comprised of over 20000 CPU Cores.
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2.9.1 The LO Trigger

The LO trigger utilizes objects with high transverse momentum (pr) in the event by
reconstructing the highest transverse energy hadron, electron, and photon clusters in the
calorimeters as well as reconstructing the two highest pr muon tracks from the muon
stations. Both of these conditions are a good indication that heavy particles, such as
B-mesons, have decayed. The L0 receives input from the VELO pile-up system as well
as the calorimeters and muon systems. All data is read in parallel and it is up to the L0
Decision Unit (LODU) to make the final decision. The final decision is derived from the

logical or of the output from each branch. Specifically:

e L0 Calorimeter: finds and selects clusters with high Er (LOHadron, LOElectron,
and LOPhoton lines). The line used depends on the deposited energy in the SPD/PS,
ECAL. and HCAL. the HCAL can also be used to reject events that are triggered
by halo muons. The total number of hits in the SPD gives a quick hardware driven

estimation of charged track multiplicity of an event.

e LO muon [34]: selects high pr muons via the LOMuon and LODiMuon lines. An
independent procedure searches for hits in the Muon stations that are consistent
with a straight line pointing towards the point of interaction. The highest pr muon

segments are used for this decision.

e VELO pile-up: utilizes the two pile-up modules just upstream from the VELO.
Initially it was designed to reject events with multiple bunch-crossings and is currently

used only to trigger beam-gas interactions.

2.9.2 The HLT: Stage 1

The first stage of the HLT (HLT1) is responsible for reconstructing particles in the VELO

to give a first approximation of primary vertices (PVs) in an event. It is also responsible
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for reducing the event rate sufficiently to allow HLT2 to fully reconstruct selected events.
Several lines of decision making are run in parallel such that the total decision time per

event is on the order of 10ms. Specifically:

e Single Track Trigger [35]: searches for a single high momentum track in the event
which is displaced from the PV. The three dimensional VELO tracks are a seed
for reconstruction and no input from L0 is required. All that is required is a good
quality track with large impact parameter (IP) to be found. This aids in selecting

the decays of long lived hadrons comprised of b or c.

e Muon Triggers [36]: This line is only run if the event had been triggered by either
the LOMuon or LODiMuon lines. This line gets all VELO tracks that are extrapolated
and matched with the muon segments used in the L0 decision, providing lifetime
unbiased muon track samples. Single and dimuon lines are run, depending on the
requirements that have been applied to the momentum of the particles and the

invariant mass of composed objects.

e ¢ and ~ Triggers: uses the information gathered by the ECAL

2.9.3 The HLT: Stage 2

With an input rate of about 50kHz the HLT2 is able to access the full body of information
for an event and look for secondary vertices and composed particles. Global Event Cuts
(GEC), which includes the total number of reconstructed tracks, are used to reject events
which would require too much time to process, such as events with high multiplicity of
tracks. Many selections are made, both inclusive and exclusive, to maximize the number
of possible final states. Events selected by the HLT2 are permanently stored as well as all
of the signal trigger candidates. This allows offline comparisons of the objects that fired a

given trigger line and the reconstructed signal candidates. The total bandwidth of HLT2
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is shared among the topological muon and charm triggers, several exclusive lines and some

inclusive lines such as the prompt J/i) and ¢ triggers.
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3 Data selection

The data selection used in this analysis is very similar to that used in the previous
analysis of B — J/i ¢ K performed by LHCD [4]. Muons detected by the muon system,
which is composed of alternate layers of iron and multiwire proportional systems, are
required to have transverse momentum (pr) > 550 MeV. Opposite signed muons are
combined to form J/ip — ptu” candidatesﬂ so long as they are in the mass window of
3040 < my+,~ < 3140 MeV, the x* per degree of freedom of the two muons forming a
common vertex, x2,, (T u~)/ndf <9, and the resulting J/i) candidate has a transverse
momentum (pr)> 1500 MeV. Any charged track with transverse momentum greater than
250 MeV, which misses all primary vertices by at least 3 standard deviations (I Px3y > 9),
and is classified by the particle identification system (PID) as more likely a kaon than
a pion is considered a kaon candidate. E| The J/ip candidates are then combined with
KtK-K* (K~K*tK™) candidates to form five track BT(B~) candidates which then
must originate from a common vertex (x2,,(J/A KTK~K")/ndf < 9), have a decay time
with respect to the primary vertex of at least 0.25ps , a mass (mpg)> 4200 MeV , and a
transverse momentum (pr)> 2000 MeV. Trigger signals are required to be associated with
reconstructed BT candidates[]

We require that there is at least one ¢ candidate in the J/i KK~ K* combination
defined as |mg+x- — My| < 15 MeV.

Background suppression is also provided by selecting events based on a likelihood ratio.

The total likelihood is a product of the probability density functions (Ps) of four sensitive

2Inclusive J/ip — ptp~ candidates from the FullDSTDiMuonJpsi2MuMuDetached stripping line are
used (Stripping20).
3Kaons from the StdAllLooseKaons selection are used as starting point.
4 The trigger requirements for this analysis are:
(LOMuonros|LODiMuontog)&
(Hlt1TrackAlILOTog |HIt1 TrackMuontog |HIt1DiMuonHighMasstos ) &
(Hlt2TopoMu(2,3,4)BBDTros|
Hlt2DiMuonDetached JPsitog|Hlt2DiMuonDetachedHeavyros ).

36



variables (z;):

e the minimum impact parameter (IP) x* of K with respect to the closest primary

vertex (PV),
e 2. /ndf of the B candidate,
e the B candidate IP significance (x% ),

e and cosine of the largest opening angle between the J/) candidate and K candidates

in the plane transverse to the beam.

The signal Ps (Psig(x;)) are obtained from Monte Carlo simulation of B — J/ip oK.
Phase-space Monte Carlo events were used as the variables x; are insensitive to the the
kinematic details of the decay. The background Ps (Pexy(x;)) come from the B signal’s
far-side-band region in data (5600 — 6400 MeV).

With Pgg(2;) and Pprg(a;) in hand we form the logarithm of their ratio, DL Lgg pks =
—23°  In(Pug (%) / Prg (). Figure shows the good agreement between data and
simulation on the DLL distribution as well as the discrimination between signal and
background of B — J/ip¢K. An additional requirement of DLL;g/1, < 5 was imposed,
the value was chosen to maximize N,/ \/m, where N4 is the expected signal
yield and Ny, is the background yield in the region of the B peak. The normalization of
Nsig and Ny, is obtained from a fit to the B mass distribution.

The mass of the J/i candidate is constrained to the nominal J/i) mass, and the
JW KTK~ K" candidate is constrained to point to the nearest primary vertex when
calculating masses of the ¢ and Bt candidates. The J/i KtK~K* candidate is also
constrained to the nominal BT mass, before any quantities used in the amplitude fit are
calculated.

The data contains events in which reconstruction of ¢ is ambiguous, that is to say that

both pairs of oppositely charged kaons have mg+x- within £15 MeV of the nominal ¢
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Figure 18: Fraction of the Bt — J/i)b @K™ signal events passing a cut DLL < x for the data
(blue), the signal MC (black), and fraction of the background events (BT sideband) passing this
cut(red).

mass. These events are subsequently vetoed. It should be noted that such events only
account for 3.2% of B — J/i) ¢ K candidates. Non-¢ background under the ¢ peak is very
small, as illustrated in Fig. [19, where we plot mg+x- for Bt — J4p KTK~K™ events
(two entries per event) before any ¢ selection criteria have been applied (but after all other
cuts). The mg+ - distribution has been fit with a P—wave relativistic Breit-Wigner on
top of 2-body phase-space distribution representing non-¢ background, both smeared with
a Gaussian mass resolution. The ¢ width is fixed to the PDG value (4.266 MeV). The
fitted parameters are ¢ and background amplitudes, ¢ mass (1019.6 = 0.1 MeV), and the
mass resolution (1.24 +0.11 MeV). The p—value of the fit is 85%. Integrating the total and
the background PDFs within the 15 MeV range around the peak, we determine non-¢

fraction to be (5.3 +0.5)% within the nominal ¢ selection WindOWE] After the double-¢

® For the narrower selection windows of 10 and 7 MeV, the non-¢ fractions are (3.8 + 0.4)% and
(2.9 £+ 0.3)%, respectively.
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veto, non-¢ component of Bt — Jip K™K~ K™ decays is at the level of 5.3 — 3.2 = 2.1%.
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Figure 19: The distribution of mg+ - near the ¢ peak region before the ¢ candidate selection
in the linear (top) and log (bottom) scales. The default selection cut in £15 MeV around the ¢
peak. The backgrounds have been subtracted using sWeights set by the fit to the m j, o+ - g+
distribution. The fit of ¢ Breit-Wigner shape plus 2-body phase-space function, smeared with
the Gaussian mass resolution, is superimposed. The total fit PDF is shown as a blue solid line,
while the 2-body phase-space function representing non-¢ contribution is shown as a dashed red
line.
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The distribution of B — J/ip ¢ K candidates in invariant J/i) 9K+ mass is shown in
Fig. We fit this distribution using a symmetric double-sided Crystal Ball shape for the
signal and a quadratic function for the background. The fit yields 4289+ 151 B — J/ oK
events with a B mass resolution of o, = 4.88 + 0.17 Me\/ﬂ The selected B — J/ oK
signal yield constitutes about 69% of all Bt — Jip K™K~ K™ signal events selected with

no ¢ — KK~ requirement (see Appendix [E).
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Figure 20: Mass of B — J/i) ¢ K candidates in the data (black points with the error bars) together
with the fit (blue line) of the double-sided Crystal Ball shape for the signal on top of quadratic
function for the background (green line). The fit is used to determine the background fraction
under the peak in the mass range used in the amplitude analysis (see the text).

We then define the B — J/i) ¢ K signal region as 5270.2 < m jpex < 5289.8 (£20,,) and
the two B-mass side-bands as [5225.3,5256.1] MeV and [5303.9,5334.7] MeV (4.9—11.20,,).

The amplitude fits are performed to the events in the signal region. The sidebands are

SPower parameter in the parameterization of tails was fixed to n = 10 based on fits to the simulated
data. The shape is insensitive to a detail value of n chosen. The parameter « describing where the
Gaussian part turns into the tails (in units of the Gaussian ¢, value) was fitted to the data and yielded
a=12+0.1.
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used to derive the background PDF used in these amplitude fits as described later in
Sec. In the default amplitude fit we use both sidebands merged together. The lower
side-band and upper side-band are compared to each other for the variables used in the
amplitude fit in Fig. 21| (see Sec. [5| for their definition). No dramatic changes are observed,
though since there are some differences, we also perform fits using events from only one
sideband when evaluating systematics (see Sec. @

For a relative normalization of the background and signal PDFs, the background
fraction in the signal region () must be determined. After integration of the functions
describing the signal and background in the fit to BT candidate mass distribution (Fig. [20)),
we find § = (22.8 £0.4)% (statistical error). To evaluate systematic uncertainty, we varied
the fit to m 4k by increasing the order of the background polynomial function (results in
B = 22.3%) or replacing the Crystal Ball line shape with a simple Gaussian (3 = 27.0%).
The largest deviation (3 = 28.6%) is obtained when changing both (see Fig. [22). We use
this value when evaluating systematic uncertainties on amplitude fit results (Sec. E[)

All cuts are summarized in Table [3] The number of multiple-entries per event in the
signal region used in the fit is 0.4%. The rate increases to 3.4% when the J/i) 9K mass
range is extended to cover the BT sidebands used for the background parameterization in
the fit.

The background subtracted and efficiency corrected Dalitz plots (one for each pair
of 9K, Jip ¢, Ji K) after the selection are shown in Fig. 23] The efficiency does vary
over the Dalitz plane, it is plotted in Fig. 29 and is discussed in the next section. The
three mass projections of data without background subtraction or efficiency corrections
are shown in Fig. . And the three mass projections after background subtraction (and

efficiency correction) are shown in Figure
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Table 3: Data selection requirements.

Particle Quantity Requirement
All tracks Track quality: x?/ndf <4

All tracks(2012)  GhostProb. < 0.47

All tracks Clone Default

14 P > 550 MeV

7 IsMuon True

i PID,, (DLL(p-7)) >0

Di-p Vertex quality: x?/ndf <9

Di-p pr > 1.5 GeV

Jp M+ ym Window [3.040,3.140] GeV
K PIDy (DLL(K-7)) >0

K pr > 250 MeV

K Xip > 9

¢ \mK+K7 — M¢’ < 15 MeV

0] # of ¢ candidates =1

B My o+ Window [5.10, 5.5] GeV
B Vertex quality: x?/ndf <9

B Pr > 2.0 GeV

B Lifetime: 7 > (.25 ps

B Trigger L0, HIt1, HIt2 TOS (see text)
B DLL <5
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together with the fit (blue line) of the Gaussian shape for the signal on top of cubic function
for the background (red dashed line). The fit is used to evaluate systematic uncertainty in the
background fraction under the peak in the mass range used in the amplitude analysis (see the

text). Compare to the default fit in Fig.
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4 Kinematic re-weighting of Monte Carlo events

To correct for possible inaccuracies in the modeling of the BT production within the LHCb
acceptance and in the modeling of the detector efficiency, we give Monte Carlo events
weights (wM¢) based on the relative yields of the data and MC in certain kinematic or
event variables. The phase-space MC events are used, re-weighted by the preliminary
amplitude fits to the data, and any corrections which have been applied previously in
the iterative procedure. The variables corrected for in this study are: the transverse
momentum of the BT (pp(B)), the number of tracks in the event (), and the momenta
of each kaon ordered according to their decreasing momenta (p(Ky), p(K;),p(Kz)). The

overall weight applied to a Monte Carlo event is the product of the individual weights for

each variable:

WM = Wy () Wy Wio) * Wp(ky) * Wh(Ka)- (2)

To calculate a given weight, a normalized plot of both data and Monte Carlo was produced.
A binning was chosen based on trends in discrepancy as well as statistical errors. This
leads to a finer binning at lower variable values (e.g. low momentum) and a coarser binning
at higher values (e.g. high momentum). Once an appropriate binning has been established,
a ratio of data to Monte Carlo is found for each bin. Then each Monte Carlo event is
weighted by the ratio of the bin it belongs to. After weighting, all kinematic variables
of both data and MC are once again plotted and compared to ensure proper agreement.
After recursion through the kinematic variables listed above the Monte Carlo set was
found to be in good agreement with the data set. The individual weights used in this
analysis are obtained from the plots in Fig. 26] while the final comparison between the
data and MC is shown in Fig. 27]

Fitting the data while using unweighted Monte Carlo events in the fitter produces

surprisingly little change in the fit results and is included among systematic uncertainties
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(see Sec. [9).
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Figure 26: Plots of the weights used to re-weight MC. Weights are applied in order (left to right,
top to bottom); the transverse momentum of B, the number of tracks, the momentum of the
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5 Amplitude analysis

The primary objective of this study is to look for evidence of exotic states in the J/i) ¢
system, and to attempt to completely model the B — J/ip 9 K system. In doing so we seek
to learn more about the properties of any exotic states (e.g. mass, width, spin, parity and fit
fraction), should they exist, as well as seek a description of any structures present in m
as reflections of non-exotic K* contributions. To accomplish this we will use an unbinned
maximum likelihood fit with explicit parametrization of the background (often called “cFit”
in LHCDb). We will first survey non-exotic K* models involving both previously observed
K*s and those predicted by the relativistic quark model in the kinematically allowed range.
Only after these models have been studied thoroughly will we move to models involving
one or more exotic contributions (i.e. X, Z). In the section below we will describe the

formalism of the fit.

5.1 Fitted Kinematic Variables

The decay of B — J/p oK™+, Jip — ptu~, ¢ — KTK~ has exactly three quasi-two-body
decay chains, each with their own helicity structure and their own set of six independent
variables that fully describe the kinematics of the decay. First, we consider the BT —
JWK*T, Kt — oK™, Jhp — ptp~, ¢ — KTK~ decay chain which shall be known as
the K* decay chain and has the following independent variables (diagrammed in Figure

79):

mgx - the invariant mass of pK ™,

cos i« - the cosine of the helicity angle of K*, which is the angle of the resonance’s

daughter (K" for the K* chain) and of the BT in the rest frame of K*,

cos 0, - the cosine of the helicity angle of J/i, which is the angle of the y* and B* in

the rest frame of J/i),
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cos @, - the cosine of the helicity angle of ¢, which is the angle of its daughter K+ and

K™ in the rest frame of ¢,
A¢g~ 4 - the angle between the decay planes of the K* and ¢,

A¢g- gy - the angle between the decay planes of the K* and J/j).

B rest frame

y rest frame K'rest frame

Figure 28: A pictographic representation of the angles involved in the K* decay chain.
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Next we consider the BT — XK X — Jipé, JW — ptu= , ¢ — KWK~ decay
chain which will be referred to as the X decay chain. It has the following variables

describing the decay:
m e - the invariant mass of Jj ¢,

cosfx - the cosine of the helicity angle of X, which is the angle of the resonance’s daughter

(J/p for the X chain) and the BT in the rest frame of X,

cos 9§/¢ - the cosine of the helicity angle of J/i), which is the angle of ™ and X in the

rest frame of J/i,

coS Qf - the cosine of the helicity angle of ¢, which is the angle of its daughter Kt and X

in the rest frame ¢,
A¢x 4 - the angle between the decay planes of the X and ¢,
Adx jpy - the angle between the decay planes of the X and J/i.

The helicity angles of J/i) and of ¢ in this decay chain are different from those in the
K** decay chain, due to the difference in parent particles between the two decay chains.
Therefore, we have given them a superscript X. Nevertheless, we often neglect to obey
this explicit notation, thus which helicity angle is meant depends on the decay chain it
refers to. All variables describing the X decay chain, while independent of each other,
can be derived from the six variables used to describe the K** decay chain. Therefore,
they do not increase dimensionality of the analysis. Finally, we consider the Bt — ¢Z™,
Zt = JWK" ¢ - KTK~, JW — ptu~ decay chain which shall be referred to as the Z

decay chain, with the following variables describing the decay:

myu Kk - the invariant mass of Jjp K+,

23



cos 7 - the cosine of the helicity angle of Z, which is the angle of the resonance’s daughter

(J/p for the Z chain) and the B in the rest frame of Z,

oS Qf/ » - the cosine of the helicity angle of J/i, which is the angle of 4 and Z in the

rest frame of J/i),

coS 95 - the cosine of the helicity angle of ¢, which is the angle of its daughter K and

B™ in the rest frame ¢,
A¢y 4 - the angle between the decay planes of the Z and ¢,
Ag¢y iy - the angle between the decay planes of the Z and JN.

Similar comments to those made above for the X decay chain also apply to the Z decay
chain variables. In fact, the Z decay chain is directly analogous to that of K* with J/
and ¢ transposed.

It is important to note that the helicity states for the final state muons are not the
same between different decay chains and a correction must be considered to properly
describe the interference between the various decay chains. To align the muon helicity
frames of two decay chains with the third one, additional azimuthal rotations are needed.
The choice of decay chain to use as reference is arbitrary and for this study the K* decay
chain was used. The azimuthal rotation angle a® (or a?) about the y* momentum in the
J/ rest frame is derivable again from the six variables in any of the decay chains.

The calculations for all above angles as well as how the charge conjugated B~ decays
were dealt with is the same as in the Z(4430)" analysis [12]. These calculations were
checked with two other independent methods to avoid mistakes.

To maximize the sensitivity of our analysis we performed six-dimensional unbinned

maximum likelihood fits to the data.
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5.2 Calculation of the angles used in this analysis

The fifteen angles, five for each of the three decay chains, are calculated in an analogous
way to that done in the Belle 4D amplitude analysis of the Z(4430)% signal [12] and
programmed along the same lines as LHCb’s Z(4430)" amplitude analysis [37]. In total,
the five angles for each decay chain are the cosine of the three helicity angles of J/i), ¢
and the resonance in question (e.g. K*) and two angles between the decay plane of the
resonance and the decay plane of either J/i) or ¢. In addition, a rotation is needed to align
the muon frames of the X and Z* decay chains to that of the K* decay chain in order to
properly describe the interferences between the various possible states. The choice of K*
as decay chain of reference is arbitrary.

Cosine of a helicity angle of particle P, produced in two-body decay A — P B, and
decaying to two particles P — C' D is calculated from (Eq. 16 in Ref. [12]):

ﬁB ) ﬁC
= (3)

cosfp = —————,
Ps| Pe|

where the momentum vectors are in the rest frame of the particle P.
For BT — Jip K*T decay, the angle between the J/i) — ptp~ and K*T — ¢ K decay

planes is calculated from (Eq.14-15 in Ref. [12]):

Adgs g = atan2(sin Adg+ gpp 5 COS AQSK*’JM) (4)

G - Gyt
Adbrs 1 — " Gut
COSAPKI = 1G]

— X — . —
[pj/w CLK+] au+ (6)

K = T Tae] ]

L Pr+ PR+

Ax+ = P+ — WPK*Jr (7)
5 Pu+ ﬁJ/w o

a,+ Pyt — ‘L’L_» |2 Jh s (8)
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with all vectors being in the BT rest frame. For BT — ZT¢ decay, the angle between the
ZT — JW Kt and ¢ — KK~ decay planes, A¢y 4, can be calculated in the same way
with J/p — ¢, pt — KT (the K* from the ¢ decay) and the bachelor K staying the
same.

The angle between the decay planes of two sequential decays, e.g. between the
ZT — JWp KT and Jhp — ptu decay planes after the BT — Z1¢ decay, is calculated

from (Eq.18-19 in Ref. [12]):

Dby = atan2(sin Ay g » €OS A(;SZ“W) 9)
Oy Gy
COS AQSZ,J/'gZ) = m (10)
_ [ X asl - a
SinA¢y g = Pice X Tl - (11)

[P+ | |dig) [, |
. . Dy Pkt .

ﬁ,u“’ 'ﬁK“' —
’ﬁK—+|2pK+7

ay+ = Pu+ —

with all vectors being in the J/i) rest frame. The other angles of this type are calculated the
same way, with appropriate substitutions. For example, A¢gg« , between the K** — oK™
and ¢ — K1TK~ decay planes after Bt — K*t.J/i) decay, with ¢ — Jjp, u* — K+ (K*
from the ¢ decay), and the bachelor K staying the same (with all vectors now in the ¢
rest frame).

The angle aligning the muon helicity frames between the K** and and Z* decay chains
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is calculated from (Eq.20-21 in Ref. [12]):

o? = atan2(sina? , cosa?) (14)
cosa? = KE IR (15)
|CLK+| |CLK*+

sina? = ~WPhr X Grce] e (16)
|pu+| |GK+| |GK*+

— pK*+.pM+ —

Apet = Dt — = Pu+ (17>
|p,u+|2 :

— — ﬁ + 'ﬁ + —

dpc+ = P — o Pt (18)
Dyt

where the K is the bachelor kaon and all vectors are in the J/i) rest frame. Similarly,
aX is obtained from the above equations with the K+ — ¢ substitution.

For the B~ — J/ip K~ decays, the same formulae apply with the bachelor kaon being
K, it replaced by = and K from the ¢ decay replaced by the K~ from the ¢ decay.
All azimuthal angles (A¢ and «) have their signs flipped after applying the formulae above

(see the bottom of Appendix IX in Ref. [12]).

5.3 The signal PDF

The signal probability density function (PDF), P, is a function of 6 independent di-
mensions, myx, and the independent angular variables in the K* decay chain collectively
called Q. The PDF also depends on the fit parameters, @ (the helicity couplings, possibly
masses and widths of resonances, etc.) Note that the invariant mass of J/i)¢ and the
various angular variables in the X decay chain depend on myx and €2, therefore they don’t

represent independent dimensions. The signal PDF is given by

_ar
dm¢K d)

N 1 -
= Paig(mgr, QW) = i) IM(mgr, QD)) D(mgr )e(mpx, Q), (19)



where M(myg, QW) is the matrix element. ®(my) = pq is the phase space function,
where p is the momentum of the ¢ K™ system (i.e. K*) in the BT rest frame, and ¢ is the
momentum of K+ in the K* rest frame. e(myr, ) is the signal efficiency. (W) is the
normalization integral:

2
S wMC I M(mue, 5, Q4|
E]’wé\dc '

(@) = / P, Q) dmyg dQ o (20)

where the sum is over simulated events, which are generated uniformly in phase-space and

passed through the detector simulation and the data selection. The weights w?dc

contain
corrections of the production kinematics of the BT and of the detector simulation. They
are specified in Sec. f] The simulation sample contains 132232 events, approximately 30

times the signal size. This procedure folds in the efficiency corrections without a need to

parameterize them, since in the log-likelihood sum over the data events,

In L(< ZlnP&g (mip i, | W)

= Zln|Mpri,Qi]w)\ ~NInI(& +Zln (mip i)e(miy i, )], (21)

the last term does not depend on @ and can be dropped (N is the total number of the

events in the fit).
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5.4 Description of cFit procedure

In addition to the signal PDF, Py, (mek, Q|W), a background PDF, Prike(Mmer, ), is built

from the side-bands. We minimize the log-likelihood defined as,

- lnL(ﬁ) = —2;In [(1 - 5) Psig(quK i Qz’w)) + ﬁpbkg(mw( is Qz)]

= % 1In (1 i ﬁ) ’M(m¢K i Qz’w})‘Q @_()m(z)K i)e(md,K is Ql) n ﬁ Pﬁkg(mqﬂ( is Ql)
I(W) Tixe
L e R AU

BI1(W) Prig (Mo i; %) } }
(1 = B) Iokg P(mgx i)e(mex i, $2)
BI(W) Pricg(mex i, %)
(1 = B lokg (Mo i)e(mox 4, $2)

=—-Y;In {|M(m¢K D)+ ] + NInI(&) + constant,

(22)

where N is the number of events, § = 0.228 is the background fraction in the peak region
determined from the fit to the m 4 distribution (Fig. 20)), I(W) is the normalization
of the signal PDF (Eq. (20)), Py, (mgx,2) is the unnormalized background density
proportional to the density of side-band events, with its normalization determined byﬂ

T oMC Phig(Mor j5)

U J P(myr i)e(m Qs
Ibkg = /Pbkg(m¢K) dm¢K dQ) ! (E¢KB/I)C( ox_551;) . (23)
3§ Wj

The background term is then efficiency corrected so it can be added to the efficiency-
independent signal probability expressed by |/\/l|2 This way the signal efficiency
parametrization, €(myx, §2), becomes a part of the background parametrization which
ultimately affects only a small part of the total PDF ( 22.8%). The efficiency corrections

to the signal part are discussed in Sec. [5.3] and don’t rely on any parametrization.

"Notice that the distribution of MC events includes both the ®(myx) and e(mgyx, ) factors, which
cancel their product in the numerator.
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The efficiency in the background term is assumed to factorize as

e(mek, Q) = €1(Mgr, cos Ok )-€2(cos Oy My )-€3(cos 01 Mo ) - €4 (AP i+ oMy ) €5 (A kce g Mg )-
(24)

The €;(myx, cosOg+) term is obtained by binning a 2D histogram of the simulated events.

Each event is given a 1/(p - q) weight, since at the generator level the phase space is flat in

cos Ok~ but has a p - ¢ dependence on myx. A bi-cubic interpolation is used to interpolate

between bin centers. The €;(myx, cos Ox+) efficiency and its visualization across the normal

Dalitz plane are shown in Fig. [29] The other terms are again built from 2D histograms,

but with each bin divided by the number of simulated events in the corresponding mgx

slice to remove the dependence on this mass. They are shown in Fig. [30}

The background PDF, Py (mgx,2)/P(myr ), is built using the same approach,

Phig(mex, Q)
D(myx)
“Prkgs (€08 05 |mgxc) - Porgy(Adxc glmgrc) - Pokgs(Adxc gp [Mgic)- (25)

= Pbkgl(m¢K, COS 9[(*) . Pbng(COS 9¢’7TL¢K)

The background function Pbkgl(m¢K, cos O+ ) is shown in Fig. and the other terms are
shown in Fig. |32

After background parametrization, the data side-bands can be compared to the back-
ground PDF which can be used to ensure proper parametrization in the fit. The results of
the comparisons are shown in Figure [33|and show good agreement between the parametriza-

tion and the background sample from the data.
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Figure 29: Parameterized efficiency €;(mgx, cos 0x+) function (top) and its representation in the
Dalitz plane (mgr?,m %) (bottom). The normalization arbitrarily corresponds to an average
efficiency of 1 over the phase-space.
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LHCb simulation

1600 1800 2000 1600 1800 2000

M, [MeV] My [MeV]

Figure 30: Parameterized efficiency ea(cosfOg|mer), e€s(costyy|mer), €a(Agrx glmer),
€5(Adg+ g Imgrc) functions. By construction they integrate to 1.0 at each mgx value. The
structure in es(cosfy|mgr) present between 1500 and 1600 MeV is an artifact of removing
B — Ji KKK events in which both K™K~ combinations pass the ¢ mass selection window.
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Figure 31: Parameterized background Phyg, (mgx,cos 0+) function (top) and its representation
in the Dalitz plane (mgx?,m ) (bottom). The normalization arbitrarily corresponds to an
average efficiency of 1 over the phase-space.
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Figure 32: Parameterized efficiency functions: P, o(cosOg|mer), P, 3(costyy[mek),
Pia s(Abrc oMok ), Piigs(Adxc jpp [merc) By construction they integrate to 1.0 at each mgx
value.
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Figure 33: Comparison of the background from the data (black) and the parameterized background
(red) for merc, M p 6, My i (left to right in the top row), cos Ok -+, cosfy, cos, (left to right
in the middle row) , and A¢g+ 4 and A+, (left to right in the bottom row).
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Figure 34: Comparison of the background from the data (black) and the parameterized background
(red) for cosfx, cosfy, cosf, (left to right in the top row) , and A¢y 4 and Agx z (left to
right in the bottom row).
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6 Helicity formalism and matrix element

We use the Isobar model in the default fit to parameterize the decay amplitude, i.e.
we construct the overall amplitude by summing over the individual Breit-Wigner terms
representing individual K*, X, and Z resonances (quasi-2-body model). We also allow
non-resonant terms.

Here we describe the application of the helicity formalism to each decay chain as well
as the construction of the complete matrix element in which the different decay chains can
interfere. The matrix formulation is similar to that used in the Z(4430)" analysis |12].
The complexity of matrix element is increased here, since there are two spin 1 particles
involved in each decay chain and there is an additional ¢ — KK~ decay to describe.
Each decay chain comes with its own unique structure for helicity couplings and individual
set of six kinematic variables. Like in the Z(4430)% analysis, there are also additional

azimuthal angles which realign the muon helicity states between the different decay chains.

6.1 Helicity formalism for the K* decay chain

In the K* decay chain B decays proceed via B — Ji K*, K* — ¢K, with ¢ and J/
decaying via ¢ — KK and J/ip — pu respectively. This is the only “non-exotic” of the
three decay chains. As discussed later there are several known K** resonances which are
expected to contribute to the decay.

The full 6D matrix element for the K* decay chain is given by:

GRS DD DD D

J Ay =—1,0,1 Ap=—1,0,1
0y () i, (0) €000 dy, .an, (Ops) €270 800 R(mgge| Mo - 5, Do e ),

Aap :Ag
ME= > |ImE;,

AN, =%1

y (26)

67



where 7 sums over different K** resonances. The resonance dependent terms are given

this index. Jg« is the spin of the K* resonance. A is helicity of the particle (projection of

the particle spin onto its momentum in the rest frame of its parent) and A\, = A+ — A,-.

dy, »,(0) are the Wigner d-functions. R(mgx) is the mass dependence of the contribution

(usually a complex Breit-Wigner amplitude including Blatt-Weisskopf factors), which will
B—Jp K*

be discussed in more detail later. A o and Af;_@K are complex helicity couplings

describing the decay dynamics of the subsequent weak and strong decays of BT and K*T,

respectively. They are j dependent. There are three independent complex Ai:p‘]/ VK
couplings to fit (Aj, = —1,0,1) per K* resonance, unless Jg- = 0 in which case there

is only one since Ay, = Ag+ due to Jp = 0. The parity conservation in the strong K*
decay limits the number of independent helicity couplings qud)K. More generally, parity

conservation requires

ANTBC = Py Pp Po (—1)/pH/em7a AL -8C (27)

which, for the decay K** — ¢K ™, leads to:
Ay, = P (1) ALy, (28)

This reduces the number of independent couplings in the K* decay to one or two. Since

B Jhp K*

the overall magnitude and phase of these couplings can be absorbed in the A/\W , in

practice the K* decay contributes no or one complex parameter to fit per K* resonances.

6.2 Helicity formalism for the X decay chain

In the X decay chain B decays proceed via B—XK, X — J/ip ¢, with ¢ and J/ip decaying
via ¢ — KK and Ji) — ppu, respectively. The full 6D matrix for the X decay chain

is formulated in a similar manner as in the K* decay chain, except it involves the six

68



kinematic variables associated with the X decay chain enumerated earlier. The matrix

element for the X decay chain also has unique helicity couplings and is given by:

SIS DIED DENND DI PH A

j AJ/w:—].,O,]. )\¢:—170,1

o . )
dO,);JJ/w - <6X> di@o(eg) e hoBoxs di.l/w AN, (9§/w ) e A0, a1 R(mJbe‘MOXJ’v o Xj)

wl

K*+X2 _ K* iaX AX X
MEXR =3 ‘MMM s MX,

AXy=%1

(29)

where j sums over all X resonances. To add MIA(;H and M)A(/\u coherently it is necessary
to introduce the e A term, which corresponds to the rotation about p* momentum
axis by the angle o in the rest frame of J/) after arriving to it by the boost from the X
rest frame. This realigns the coordinate axes for the muon helicity frame to be the same
in the X and K* decay chains. This problem is discussed in Ref. [12].

The helicity couplings are very different in the X decay chain than in the K* decay
chain. The decay B™ — X K+ does not contribute any helicity couplings to the fit since

X is produced fully polarized Ax = 0] The X decay contributes a resonance dependent

X—Jhpo

matrix of the helicity couplings A} e

. Fortunately, the parity conservation discussed
previously reduces the number of independent couplings to 1 for J¥ =07, 2 for 0", 3 for

1%, 4 for 1= and 27, and at most 5 independent couplings for 27.

6.3 Helicity formalism for the Z decay chain

In the Z decay chain B decays proceed via B — ¢Z, Z — J/ip K, with ¢ and J/i) decaying
via ¢ — KK and J/i) — pp, respectively. As before we may construct its matrix element

using the same formalism. The Z decay chain also picks up a rotation to align the muon

8 To be more precise, there is only one coupling which can be absorbed into redefinition of the other
couplings which are free parameters.
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frames to the ones used in the K* decay chain and allows for the proper description of

interference between the three decay chains. The full 6D matrix element is given by:

MG, =YY Y apeag e

j AJ/w:—].,O,]. )\¢:—170,1

Jzj ; ; .
dyy? g (02) A3, o(07) e?o2070 dy | ny (07),) €70 299 R(muypy moz 5, Toz,2)

2
K*+X+2Z12 _ K* iaX AX X iaZ AX Z
M 2= N MK, e, e M, [

AN, ==1

The parity conservation in the Z decay requires

B—Z
AN ¢ = Py(—1)77*1 A_A%m (31)

and provides similar reduction of the couplings as discussed for the K* decay chain.

By fitting the data we discovered that we don’t need any Z contributions to obtain an
accurate description of the data. A possible extension of the present analysis would be
to set upper limits on Z fit fractions, thus we have documented the full matrix element

allowing for three interfering decay chains.

6.4 LS couplings

Instead of fitting the helicity couplings Af;fc C as free parameters, after imposing the parity
conservation for the strong decays, it is convenient to express them by equivalent number
of independent LS couplings (Brs), where L is the orbital angular momentum in the
decay and S is the total spin of B and C, S = Jp + Je (min(0, |Jg — Jo|) < S < Jp+Je).

Possible combinations of L and S values are constrained via .J, 4= L+ S. The relation
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involves the Clebsch-Gordan coeflicients:

2L+ 1 Jp  Jo S L S Ja
AAHBC — B
Ao ;; Vo +175°

Ap —Ac | Ap—Ac 0 Ag—Xe|As—Ac
(32)

The parity conservation in the strong decays is imposed by satisfying the following relation

Py = Pg P (—1)*. (33)

Use of the Bpg couplings has an advantage over the direct use of the helicity couplings,
since the fitted couplings are less correlated; but since an additional equation is involved,
care has to be taken to cache the helicity couplings in each fit iteration as to not compromise
the CPU performance of the fitter. Also, since one coupling in the fit has to be fixed to
(1,0) to define overall magnitude and phase convention of all couplings in the ﬁtﬂ, it is
safer to fix the lowest L and the lowest S coupling as the major contribution to the matrix
elemenﬂ, instead of choosing ad hoc helicity combination.

Since the helicity or LS couplings not only shapes the angular distributions but also
describes the overall strength and phase of the given contribution relative to all other
contributions in the matrix element, we factor these roles out by always setting the lowest

L, the lowest S Bj, coupling for given contribution to (1,0) and multiplying the sum

in Eq. 32 by the complex fit parameter A (this is equivalent to factoring out By,

minSmin ) ‘

This has an advantage when interpreting numerical values of these parameters. The

A; describes relative magnitude and phase of the By, i to the other contributions,

min szn J

and fitted Bpg; values have a meaning of the ratio, Brg;/ByL and determine the

minSmin 7o

9The overall magnitude has no physical meaning in the fits in which the PDF is automatically scaled
to the number of fitted events. An overall phase of the total matrix element is always unobservable.

10Tn the default fit we use non-resonant J/i) ¢ component to set the magnitude and phase conventions,
since it has the largest fit fraction. Normalizing to the most significant K* component, K*(1680), led to
identical log-likelihood value and the same mass, width and fit fraction results for all the components.
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angular distributions.

6.5 Amplitude dependence on the invariant masses

Each contribution to the matrix element comes with its own R(m,) function, which gives
its dependence on the invariant mass of the intermediate resonance in the decay chain
A (A= K* X or Z). Usually it is given by the Breit-Wigner amplitude, but there are
special cases which we discuss below.

In principle, also the ¢ resonance has a variable mass. However, since the ¢ resonance
is very narrow (I'y = 4.3 MeV, mass resolution 1.2 + 0.1 MeV) we omit the amplitude
dependence on the invariant mg+ - mass from the ¢ decay. This speeds up the already
CPU consuming fits tremendously and avoids complications which would have been
introduced by unavoidable convolution of the ¢ Breit-Wigner amplitude with the mass

resolution function which is not completely negligible for such a narrow state.

6.5.1 Single resonant contribution

A single resonant contribution in the decay chain B* — A..., A — ... is parameterized by

the relativistic Breit-Wigner amplitude together with Blatt-Weisskopf functions:

Lp La
R(m|Mo,To) = B, (p.po.d) (pﬂ) BW (m|Mo,To) B, (4. 40, ) (i) R

0 do
where
Vk
BW (m|My,T'y) = 35
is the Breit-Wigner amplitude including the mass dependent width,
2La+1
M,
)= () 20, (.00, (36)
do m
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Here, p is the momentum of the resonance A (K*, X or Z) in the rest frame of BT. ¢
is the momentum of the A resonance’s daughter in the rest frame of the A resonance.
The symbols py and gy are used to indicate values of these quantities at the resonance
peak mass (m = My). The orbital angular momentum in B decay is denoted as Lp, while
in the decay of the resonance A as L4. The orbital angular momentum barrier factors,

pY B (p, po, d), involve the Blatt-Weisskopf functions:

B(,)(pvp07d) ) (37)
1+ (pod)?
B d) ===, (38
1(p7p07 ) 1+(p d)Qa ( )
9+ 3(po d)? + (po d)*
B; ) 7d = ) 39
2(P, o, d) \/9+3(p d)2+ (p d)* (39)
225 + 45(po d)2 + 6(po d)* + (po d)6
B/ d — 40
3(p: po, d) \/225 +45(p d)? +6(p d)* +(p )5’ “0)
B( = 11025 + 1575(po d)2 + 135(po d)* + 10(po )6 + (po d)® (1)
AP0 = 11025 + 1575(p d)2 + 135(p d)* + 10(p d)S + (p d)®’
BL(p.po.d) — 893025 + 99225(po d)2 + 6300(po d)* + 315(po d)® + 15(po d)8 + (po d)1° (42)
S PO C = 893025 + 99225(p )2 + 6300(p ) +315(p d)°+ 15(p d)° +(p d)10

which account for the difficulty in creating the orbital angular momentum (L) and depends
on the momentum of the decay products in the rest frame of the decaying particle (p) as
well as the size of the decaying particle given by the constant d. In this analysis we set
this parameter to a nominal value of d = 3.0 GeV ™', but we vary its values between 1.5
and 5.0 GeV ' in the evaluation of the systematic errors (see Sec. @)

In the helicity approach, each helicity state is a mixture of many different L values.
We follow the usual approach of using in the functions above the minimal L value allowed
by the quantum numbers of the given resonance A. Higher values are set in estimating
the systematic errors.

The k constant appearing in the Breit-Wigner amplitude (Eq. ) is conventional and

is introduced here in an attempt to decouple the numerical values of the helicity couplings
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to be fit from M, and I'y parameters of the resonance:

Mooy
My® + v

7~
Il

(43)

with v = /My? (My? + I'o%) (see Wikipedia for the Relativistic Breit-Wigner). This factor
makes an integral of |BW (m)|? My and T’y independent when integrated in the infinite
mass range. When integrated in the finite phase-space there is a residual M, and I’y
dependence, but this approach is the best one can do short of the numerical integration
of each contribution squared at each iteration of M, and I'y values. Introduction of this
factor does not change the fit results, but it makes relative numerical values of the resonant
couplings better reflect the relative strengths of various resonances and reduces correlation

coefficients between the couplings, My and I'y if the latter are left free in the fit, which in

principle can reduce CPU consumption.

6.5.2 Non-resonant contribution

We set BW (m|My,T'y) = 1.0 for the non-resonant (NR) contributions, which means we
assume that both magnitude and phase have negligible m dependence. As the available
phase-space in the BT — J/i) Kt decays is small (the energy release is only 12% of the
B mass) this is a well justified assumption. The non-resonant contributions are allowed to
be shaped by the Blatt-Weisskopf functions in Eq. |34} if the quantum numbers assigned to
the NR term dictate L # 0. The M, values used in the calculations of py and ¢, are set
to the mid-range for the given decay chain. Since pgnygr and ¢y yg only play a role in the
scaling factor, this choice does not affect the fit results, but affects only numerical values
of the complex coupling describing relative strength and phase of the NR contribution

relative to the other terms in the amplitude.
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7 States decaying to ¢ K

The only conventional hadrons which can contribute to BT — JipdK+ decays are
excitations of the strange charged meson, (u3), hereafter denoted as K**, decaying to
oK™ via s5 popping. Kinematically allowed K** masses, 1513 — 2182 MeV, cover higher
excitations of this system. There are many known K** resonances in this mass range. A
few additional K** states are expected in the quark model but have no experimentally
identified candidates yet.

There is also a possibility of contributions from exotic tetraquarks, e.g. in di-quark
model ((us)(55)), decaying to K via disintegration. This is rather remote possibility
since no undisputed tetraquark candidates made out of the light quarks have been observed.
Even when heavy quarks are involved, there are several experimental candidates for 4-quark
states decaying to 17" (which could be ((uc)(dé)) or ((ué)(dc)) molecules), but none
have been found in ¥ K decay mode (which would be ((uc)(5¢)) or ((uc)(5c))). If exotic
hadrons decaying to ¢K T exist, they would have quantum numbers already expected
among the (u§) excitations, thus could mix with them or show up as extra bound states.
From an experimental point of view, for this and previous measurements, both conventional
and exotic hadrons decaying to ¢ K manifest themselves the same way.

We first review theoretical expectations for the (us) states and discuss to which
extent the observed K*T states match these expectations. We then review what is known
from the previous experiments sensitive to K* — ¢K decays. We then present results
from the attempts to describe our data with the amplitude models containing only ¢K ™

contributions.
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7.1 Kaon excitations

Different radial (n = 1,2,3,...) and orbital angular momentum (L = S, P, D, F,...)
excitations of the us system, together with the total spin of the two quarks (S = 0, 1),
result in an expectantly rich mass spectrum. Each excitation is traditionally labeled with
these intrinsic quantum numbers and with total angular momentum J = 0,1,2,... i.e.
with the K** spin (j: L+ 5) n?5t1L ;. The parity of each state is also well defined,
P = +,—, with P = (=1)L"!. The higher the quantum numbers, the higher the mass.
Widths tend to increase with n, as the binding is weaker for the higher excitations and there
are more decay channels open to it. A spin-singlet state of L # S levels is likely to mix
with the spin-triplet of the same nL multiplet, since they have identical J* numbers (n'P;
with n3 Py, n' Dy with n3Dy etc.). There are still two states expected, not too different in
mass, as the hyperfine splitting (spin-spin interactions) cannot be very large except for the
L = S states. Approximate masses of the kaon excitations were predicted in a relativistic
potential model by Godfrey-Isgur [38] and are listed in Table . They are compared to
the K** states listed in PDG [39] according to the most likely interpretation of each
observed state. Excluding a few outliers (13 Py, 235y, 2' P, 35y, 3%5)), 16 remaining states
have mass correctly predicted within £30 MeVH Therefore, it is reasonable to use this
theoretical model as a guide for which masses yet unobserved kaon excitations may be
contributing to our data. We will refer to these predictions, and to the K** PDG states,
listed in Table 4] when constructing models of the K** contributions to our data.

All confirmed K** states find their natural explanation in the predicted us excitations.

11 As discussed later in the text, in the case of the biggest outlier (2! P;), the fault is likely on the PDG
side which made the controversial choice for the mass of 17 enhancements observed in this mass region in
various experiments. The second biggest outlier (3'Sp) is also not an established resonance from the paper
in which no experimental errors were given. The third largest outlier (13Py) has 07 quantum numbers
which are not allowed in ¢K+ decays. Its mass may be affected by the same type of long distance strong
interactions as proposed for K (800) (i.e. k), not included in Godfrey-Isgur model and relevant only for
low mass 01 states. We do not have any explanations why the observed mass of the 235; candidate is
166 + 16 MeV lower than the predictions. A hint of the 33S; state has been possibly seen (see the next
subsection) also at significantly lower mass than predicted.
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Two unconfirmed K*T states in the mass range relevant for this analysis included in the
long PDG listing but do not find explanation among the expected us states (thus they are
not listed in Table [4) are K5(1580) J¥ = 2~ state with mass ~ 1580 MeV (width ~ 110
MeV), and K (1630) with undetermined quantum numbers and 1629 &7 MeV and 16™13
MeV width. Both are very questionable from the experimental point of view. There is
also an unconfirmed K3(2320) J¥ = 3T state well above the kinematic limit imposed by
Bt — Jh K** decays, with mass 2324 £+ 24 MeV and width 150 4+ 30 MeV, which does
not match us levels (~ 300 MeV below the expectations for the 2F3 states).

The last column in Table 4| summarizes our own assessment of the previous experimental

results on possible states decaying to ¢/, which are reviewed in the next subsection.
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Table 4: Excitations of us predicted by Godfrey-Isgur [38], together with the best experimental
candidate, named if listed in PDG [39]. Bold font names indicate the well established states. All
masses and widths are in units of MeV. The last column is our own assessment of the previous
results for K* — ¢K decays summarized in the next subsection: “seen” if peaking of such partial
wave at nearby mass range was observed in at least one experiment (in some cases also backed
up by the phase information); “possibly seen” if non-zero intensity of the partial wave at relevant
mass was detected by at least one experiment without evidence for peaking; ‘no data” if no
sufficient statistics were available to probe for such wave. In all cases of “seen” or “possibly seen”
entries, there was at least one experiment which did not support such classification, possibly

because of the lack of statistical sensitivity or because of systematic uncertainties.

n®>tL, Jv My, Candidate PDG state AM = oK
Name M.y r M.y — My, decay?
States below the ¢ KT decay threshold
1S, 0~ 470 K™ 494 +244+5 below threshold
13S; 17 900 K*(892)F 892 £+ 0.3 51 +1 —8+5 below threshold
3Py 07 1240 Kj(1430)" 1425450 270 £ 80 +185 £ 50 forbidden
1P 17 1340 K4(1270)F 1272 £ 7 90 £ 20 —68+9 below threshold
3P 17 1380 K;(1400)" 1403 £ 7 174 +13 +23+9 below threshold
1°P,  2¢ 1430 K5(1430)*  1426+1 9843 —445  below threshold
215y 07 1450 K(1460)*  ~ 1400 — 60 ~ 250 —20£+30  below threshold
235, 17 1580 K*(1410)" 1414 £ 15 232 + 21 —166 =16  below threshold
States above the ¢ Kt decay threshold (1513 MeV)

1°D; 17 1780 K*(1680)"  1717+27 322+ 110 —63 £ 27 possibly seen
1'Dy 27 1780 Ka(1770)" 1773 £8 188 + 14 —7+9 seen
1°D, 2 1810 K,(1820)* 1816413 276 £ 35 +6+14  part of Ky(1770)?
18D, 3~ 1790 K3(1780)% 1776+7 159+ 21 1449 no data
23p, 0t 1800 K:(1950)t 1945422 201478 455422  forbidden
2P 17 1900 K(1650)* 1650 £ 50 150 £ 50 —250 £ 50 seen, 18407
22P 17 1930 see entry above
25Py 2% 1940 K3(1980)" 1973 £+ 26 373 £ 69 +33 + 26 seen
318, 07 2020 K(1830)F ~ 1830 ~ 250 —190 seen
335, 17 2110 1910 £+ 40 500 4 200 —200 £+ 40 seen
1¥F, 27 2150 part of K;(1980)?
'y 3% 2120 possibly seen
13Fy 3% 2150 possibly seen
1¥F, 47 2110 Kj(2045)" 2045+9 198 + 30 —65+ 10 no data
States right above the maximum allowed in B* — J/i K*t (2182 MeV)
2D, 1= 2250 no data
21D, 27 2230  K,(2250)" 2247+ 17 180 £+ 30 +17+ 18 no data
25Dy 27 2260 no data
25Ds 37 2240 no data
13Gs 5 2390 Kz(2380)" 2382 4+ 24 178 £49 —8+24 no data
1'G, 4= 2410 no data
183Gy 47 2440  K,4(2500)" 2490 =20 ~ 250 +50 4+ 21 no data
13G5 37 2460 no data
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7.2 Previous experimental results for states decaying to ¢ K+

Only K;(1650), K5(1770) and K (1830) are listed in PDG as seen in ¢K decays (among
these only K»(1770) is a well established state). However, it would be wrong to conclude
from this that the other known K* states don’t decay to ¢K. In fact, there are no upper
limits on branching fraction to ¢K for the other known K* states for a good reason;
activity at other ¢ K masses for a variety of J¥ values have been observed by the past
experiments; the data was just inconclusive about its resonant composition.

Theoretically, only 0 states are forbidden by angular momentum and parity con-
servation to decay to ¢K. In fact, the decay diagram with s5 popping is the same as
the decay diagrams with v and dd, which lead to other common K* decay modes, K,
K*(892)m, Kp, Kw etc. Except for the region very near the kinematic threshold for the
¢ K decay, the phase-space suppression of this decay mode relative to K decay is modest:
< 50% for masses > 1720 MeV). Thus, there are no good theoretical reasons to exclude
from our K** matrix element model any kaon excitation which is within the mass range
allowed in Bt — Ji K*", K*T — KT¢ decays, except for the 23P, (0%) state which
is forbidden by parity and angular momentum conservation. The actual decay width is
driven by angular momentum factors and exact decay dynamics via its interplay with the
internal structure of the K**, ¢ and K mesons. Broken SU(3); symmetry comes into
play in these considerations. We know of only one theoretical model which attempted to
quantitatively predict decay rates of various kaon excitations to various final states - the
flux-tube breaking model by Kokoski-Isgur [40]. Inspection of their predictions confirms
the naive arguments given above; essentially all kinematically allowed kaon excitations are
expected to have reasonably large decay widths to the ¢ K final state.

We will now review in more details what has been observed in the past experiments
which were sensitive to ¢ K states. All previous experiments involved scattering charged

kaon beams off of a fixed proton target, as opposed to pp collisions investigated at LHCb.
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However, they all differed from one another, often by multiple factors: the type of the beam
(K~ or K1) and its energy, the reconstructed final state (charged or neutral kaons were
used, with p or n as the final state baryon), the detector acceptance and model dependent
choices in unfolding the partial waves. While the ¢ K decay rates of potential K* states
contributing to these samples must be the same for all experiments, their production rates
may be very different between them. This should be kept in mind when comparing one
experiment to another, since, in fact, the differences are sometimes large. The strong
production mechanisms present at these scattering experiments are also very different from
the weak production mechanism present in our data. Therefore, intensity of potential K*
contributions observed in various scattering experiments may not be representative of the
intensities of the same K™ states expected in our data. While some experiments were, in
principle, at the position to quantify relative ¢ K decay rates to the other decay rates of
the same K™ states, none of them attempted to do so. Thus, the best we can hope for
from inspection of these results are hints rather than firm expectations.

All experiments used similar technique: extraction of double-moments of decay angles
in K* - K¢ and in ¢ — KTK~ decays in a function of ¢ K mass, followed by unfolding
of these moments for various partial waves in each ¢/ mass bin. Many model dependent
assumptions are made in this process (e.g. which moments to consider, the amplitude model
used in unfolding, which partial waves to allow in unfolding etc.). Efficiency corrections
are highly non-trivial and performed iteratively, thus they are somewhat model dependent.
Some backgrounds are present but are often neglected. The partial waves are labeled
with the J? of the ¢K system (i.e. of K*). Sometimes the orbital angular momentum
between ¢ and K in its decay, Lg+, is also given. The partial wave label may also include
Al-., where Ak~ is the helicity of the K* state (commonly denoted as A in the scattering
papers) and 7 is “the naturality” of spin-parity, i.e. P(—1)7 , of the particle exchanged

between the beam and the target in the process assumed (and biased by the selection
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cuts) to be diffractive - see Fig. . For Ax« = 0, “natural” parity exchanges (n = +)
lead to “unnatural” K* quantum numbers: 0, 1%, 27, ..., while n = — lead to 17, 17,
2%, .... A possible additional analysis step involves fitting a Breit-Wigner amplitude to
the partial wave, often assumed to be the only important contribution in a given mass
range. Such fits are usually done to the magnitudes of the partial waves only. In some
situations, running of the phase of the partial wave with the mass is also inspected, if
the reference partial wave is known not to change its phase significantly over the mass
range of the interest. Only statistical errors are reported from such fits (and propagated
to the PDG listing). Some publications don’t even present statistical errors, but make
qualitative observations with “eye balled” numbers for masses and widths of possible
resonant contributions. There are no quantitative measures of significance of the claimed
resonances. The number of events subject to such analyses was on the order of a few
thousand, thus not much different than what is available in our own data.

K s ¢ K 0

p (a) P P (b) p

Figure 35: Diagrams in diffractive Kp scattering for: (a) production of K* resonance decaying
to ¢ K; (b) non-resonant production of ¢K via a Deck mechanism.
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7.2.1 The results from K p — ¢/ p scattering data

The 1982 paper by Armstrong et al. [41] contains the analysis of 7.7k K~ p — ¢ K~ p events
(18.5 GeV K~ beam) reconstructed with the CERN Q spectrometer. Contributions from
dominant A* — K ~p states (e.g. A(1520)) were suppressed by requiring mg-, > 1950
MeV, which reduces sensitivity of this experiment to high ¢K mass (mgr < 2200 MeV
was analyzed). The remaining A* contributions were neglected. Non-¢ background was
about 15% and neglected (all K*K~ pairs selected as ¢ candidates were assumed to
have J¥ = 17). The partial waves allowed in the fit to the selected double-moments are
shown in Fig. [36 The production mechanism in this experiments favors n = +, and thus
unnatural J¥ combinations for ¢~ states[

The largest intensities are observed in the 11 waves, with a broad peak at ~ 1.7 GeV.
However, interpretation of this partial wave is complicated by the expected contribution
from non-resonant Deck scattering (Fig. [35p). Satisfactory description of this wave was
obtained by combining the model of the Deck amplitude with a K* 17 resonance with
mass ~ 1840 MeV (width ~ 250 MeV), which is close to where the 2P; states are expected
(Table 4]).

Both 27 and 0~ waves have large and peaking intensities, with the relative phase
to the 17S0" wave undergoing significant resonant-like change in these regions. Thus,
these data are indicative of 27 and 0~ resonances with masses (widths) ~ 1730 MeV and
~ 1830 MeV (~ 220 MeV and ~ 250 MeV), respectively. The 2~ peak is in the region
of well established K5(1770) and K,(1820) states (a two Breit-Wigner interpretation was
not tried here) observed also in other decay modes [42], in particular decays to wK [43],
matching the predictions for the two 1D, states. The 0~ peak observed here gave rise to

the K (1830) listing in PDG and has not been confirmed until now. This could be a 3'Sj

12The notation used in Ref. [41] uses different symbols than used in this note; Ag~ is denoted as pu and
our 7 is denoted as e, while 7 is used as P(—1)” of K*.
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Figure 36: Intensities of various partial waves extracted from the K~ p — ¢K p, ¢ — KTK~
scattering data at 18.5 GeV using the CERN ) spectrometer from Ref. . The partial wave
labels, JP Ly N are explained in the text of this note. The right column of figure (a) contains
a phase of the corresponding waves relative to the 17S0" wave.

state, though the mass is significantly below the predicted value.

Two waves with natural J* = 1~ and 2* were allowed with Ag+ = 1 and n = + in the
fit to the moments, and were found to have small intensities. It is useful to stress that this
is due to the production mechanism in this experiments being unfavorable for production
of natural spin-parity combinations and should not be interpreted as an observation that

K* states with such quantum numbers do not have decays to ¢ K final state.
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7.2.2 The results from K*tp — ¢K*p scattering data

The 1985 paper by Frame et al. [44] contains the analysis of 10.5k K*p — ¢Kp events
(13 GeV K™ beam) also reconstructed with the CERN  spectrometer (with an additional
Cherenkov counter added), but by a completely new collaboration.ﬁ With the K beam,
there is no background from strange baryon excitations since pK™ states would have
been exotic. Non-¢ background was < 5% and neglected. Like in the K~ p scattering
experiment discussed above, the production mechanism favors n = +, and thus unnatural
JP K* quantum numbers. The choices made about which double-moments to fit, the
formalism and assumption used in the fit are somewhat different than in the K~ p work.
In particular, A\g- # 0 were not allowed and J¥ = 3% was added when unfolding the
moments for the partial waves, even though like in the K~ p work, only K* moments with
rank up to 4 were used in the unfolding of the partial wave. The intensities of production
partial waves allowed in the fit to the double-moments are shown in Fig.

The 11 wave dominates as in the K~ p analysis, but falls off with mass a bit faster in
the K*p data (since the beam energy and the acceptance after the cuts are not the same,
this does not necessarily constitute a disagreement). The fit of Deck scattering formula
plus a Breit-Wigner gave 1650 & 50 MeV and 150 £ 50 MeV for the mass and width of
the resonance. The mass is lower than in the similar fit to the 17 wave in the K~ p data,
perhaps because different models for the Deck scattering were used. This result prompted
the PDG to represent the 17 effects in K'p scattering via K;(1650) entry (omitted from
the summary PDG tables). We find this to be a questionable choice, since the higher
~ 1840 mass extracted in the analysis of the K~ p data (see above) agreed better with
~ 1800 MeV extracted from the 17 wave of K~ p — K~ 77~ p scattering data [45].

The second most intense wave is again 27, with the parameters of the fitted resonance,

1810 £ 20 MeV mass (140 +40 MeV width) in good agreement with the K~ p analysis.

13None of the authors of 1985 paper appeared on 1982 paper discussed previously.
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Figure 37: Intensities of the fitted production spin density matrix extracted from the K*tp —
¢KTp,  — KTK~ scattering data at 13 GeV using the modified CERN () spectrometer from
Ref. . The partial wave labels give J* of KT states (repeated twice in the superscripts;
zeros in the subscripts denote A+ = 0). The superimposed points are Breit-Wigner fits. The
superimposed crosses show the fit of the Deck model.
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The 31 intensity is found to be almost equally large, rising with mass, but with no
clear indication of a resonant structure. We are puzzled why the higher moments of K*
decay angles were not analyzed to clarify the nature of this evidence. This wave was not
included when unfolding the K ~p double-moments of the partial waves.

The 0~ wave was found to be consistent with zero and is not shown in the paper.
This observation clashes with the K ~p results in which the 0~ was very significant with a
good evidence for a resonant behavior (peaking intensity associated with rapid change
of phase). Perhaps the origin of this disagreement reflects systematic uncertainties in
unfolding moments of the partial waves, which involves constructing a fit model.

The natural spin-parity combinations have low intensities as expected. The 1~ wave
intensities have large statistical errors and “could not be determined” in the 1750-1950
MeV range (no explanation was offered).

The 2% wave intensity is small, but significant, peaking at 1800 & 50 MeV with a
width of 150 &£ 50 MeV. The 2T D1" wave in K~ p analysis shows also a small peak at
this mass (Fig. [36p), which is not far from the 2P, state predicted at 1940 MeV by
Godfrey-Isgur and the K3(1980) state observed by LASS in K~p — K%t 7 ~n [46] and in

K=p— K°p [47] (omitted from the PDG summary tables).

7.2.3 The results from K p — ¢K°n scattering data

The analysis of K~p — ¢K%%n, ¢ — KtK~, KO — 777~ data (11 GeV kaon beam)
collected with the LASS spectrometer was not published but it is presented in the 1993
Ph.D. thesis of Y. Kwon [48]. Unlike the Kp — ¢Kp scattering data, which are dominated
by the exchange of effective 0 quantum numbers between the beam and the target,
Kp — ¢Kn scattering involves single pion exchange, thus 0~ dominates (n = —), making
intensities of K* states with natural J¥ combinations (17, 2%, 37, ...) more pronounced.

To suppress K%n baryonic contributions which become significant above 2 GeV in m SR>
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events with m o, > 1.9 GeV were removed, leaving about 1.3k signal events to analyze
after the substantial non-¢ background subtraction (~ 50%). Thus, unfortunately, this
unique sample suffered from large statistical errors (equivalent background-free sample
would have been only ~ 640 events). Moments of K* decay angles with rank up to 4 were
analyzed, thus allowing extraction of partial waves with J up to 2. Their intensities are
shown in Fig 38

Intensities of the unnatural spin-parity combinations are smaller than of the natural
combination, as expected (see above). The 17 wave has huge statistical errors, but perhaps
shows some peaking at ~ 1800 MeV. Unlike in the Kp — ¢Kp samples, no peaking is
observed in the 2~ wave, but the statistics are poor and the production mechanism is
different. The 0~ wave is consistent with zero.

The natural 1~ and 2% waves dominate the data. Peaking is observed in the 2% wave
at a mass of 2010430 MeV, with a width ] of ~ 400 MeV, in much better agreement than
in the Ktp — ¢K*p analysis (see above) with the mass of the K3(1980) state observed
in the other decay modes. The 1~ wave also peaks at the higher mass, 1910 4+ 40 MeV,
and is very broad, I' = 500 £ 200 MeV, possibly signaling presence of 325, state predicted
by Godfrey-Isgur at 2110 MeV. Non-zero intensity extends to the region of the 13D,
candidate, the K*(1680) resonance (M = 1717 £ 27, I' = 322 + 110) well established in

the other decays modes.

7.2.4 Summary of the previous studies of K* — ¢ K decays

The three previous experiments sensitive to ¢ K states do not paint a very clear picture.
Their statistical power was rather limited. The two Kp — ¢Kp experiments had good
sensitivity only to unnatural spin-parity combinations. The 17 ¢K wave intensity was

dominant, but its resonant interpretation was obscured by non-resonant Deck scattering.

1Read out from the curve superimposed in
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Figure 38: Intensities of the fitted partial waves extracted from the K p — ¢KOn, ¢ — KTK~
scattering data at 11 GeV using the LASS spectrometer from Ref. . The superimposed curves
are Breit-Wigner fits.

These results definitely leave room for two 1P; states predicted above the ¢ K threshold.

Both experiments had good evidence for a resonance in the 2~ wave, consistent with the



well established K»(1770). Two-resonance interpretation of this structure was not tried.
The third unpublished measurement using Kp — ¢Kn did not support such peaking, but
its sensitivity was mostly to natural spin-parities. The third unnatural spin-parity wave,
0™, came out inconsistent from the two experiments sensitive to it, with one experiment
presenting solid evidence for a resonance at 1830 MeV but the other not showing any
significant intensity in this wave. This inconsistency is likely due to systematic effects,
which are poorly addressed in all three analyses, most likely model dependent choices in
unfolding of the angular moments to the partial waves. Moving to natural spin-parity
combinations, all experiments saw evidence for peaking structure in the 2% wave, but with
somewhat inconsistent masses and widths. The Kp — ¢Kn data, with the best sensitivity
to this mode, gave the mass closest to K3(1980) state observed also in other decay modes,
a likely 23 P, state. This measurement had also the best sensitivity to the 1~ wave, and
saw a very broad structure peaking at high mass, perhaps a 335, state, or an overlap of it
with the lower mass 13D, state (likely K*(1680) which was well identified in other decay
modes). The two Kp — ¢Kp measurements showed a different 1~ wave structure, but
this could be due to either the different production mechanism or systematic errors in the
extraction of this wave for which they lacked primary sensitivity. One experiment claimed
a broad 3% wave rising with mass in the questionable analysis in which the moments most
sensitive to such contribution were not included. The other experiments did not allow spin
3 contributions.

Since peaking structures were observed in all J < 2 waves in at least one experiment,
and there was little sensitivity to the higher spins, these measurements suggest that all

allowed J” numbers should be tried. Theoretical expectations lead to the same suggestion.
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7.3 Amplitude models of the ¢ K states

We investigate all allowed quantum numbers of @ K contributions in our amplitude models
with J¥ up to 4. We represent them as a sum of Breit-Wigner amplitudes with free mass
and width and free Byg amplitudes.

In addition to the resonant contributions, we also include a non-resonant ¢K* term
(NRyk) which does not dependent on myg. There is no significant improvement in fit
qualities when allowing the non-resonant ¢ K+ to fall off exponentially with mass. We
do include, however, such a possibility among systematic variations. We associate NRyx
with J¥ = 1% quantum numbers, since in this case, the minimal orbital angular momenta
between the J/i) and the ¢ KT systems, as well as between the ¢ and K systems are both

Bt—JpK*t NRyx coupling only (i.e.

zero. Nevertheless, we do not constrain this term to By
Axr,x ), but also fit to the data non-resonant BLlB+H‘W’K*+ NRox Bg,lB+H‘WK*+ NRyx
and Bg,gBjL_“]/W(*Jr MR as well as the ratio BQJKHHM(+ NR4>K/BOJKH_"’”(+ NRox

We first try to fit the data with the K™ states listed in PDG, plus additional states
at higher masses predicted by Godfrey-Isgur: 3351, 1°Fy, 1'F3, 13F; (see Table [{). In
this initial fit, we fix masses and widths of the PDG states to the PDG values. For the
predicted states we fix the masses to the predicted values and the widths are left as free
parameters. While the myx (Fig. and m k (Fig. distributions are reasonably well
reproduced by the fit, the m 4 distribution (Fig. is not. Calculating a x? between
the data and the fit for these one dimensional projections and converting them to p—values
(pip) by assuming the number of degrees of freedom is equal the number of bins minus
ondﬂ, we obtain 3.6%, 43% and 6 - 1071°%, respectively.

To rule out that this disagreement is due to faulty values of the fixed masses or widths,

we also perform fits in which they are allowed to float. Even though the number of

15This gives the upper limit on pip, since effective ndf may be reduced by free parameters in the fit as

discussed in Appendix
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Figure 39: The distribution of mgx for the data and the fit with the K**s listed in PDG, plus
additional states predicted at the higher mass. Masses of the states are fixed to either the PDG
or predicted values. The widths are fixed to the PDG values or left free for the predicted states.

states, and their initial masses are guided by the Godfrey-Isgur predictions, when fit
unconstrained these fit components can adjust to any ¢ states present in the data. To
avoid fit components converging to unphysically narrow or wide states we limit them to
100-1000 MeV range. The narrowest known K** state above the kinematic limit for the
@K™ decay has a width of 159 +21 MeV (see Table . Any ¢ KT state narrower than 100
MeV in this mass range would have to be exotic. While we investigate such a possibility
later on, in this section we are testing if the data can be described with conventional
hadrons alone. We also limit the resonance poles to be within available phase-space. The

fit yields the following results for fit fractions and masses (widths) of the resonances:

1" total 36% containing NRx 79% interfering destructively with two resonances: 1904+£27
(507 £ 77) MeV 78% and 1909 £ 10 (139 £ 30) MeV 20%. Two states were allowed

since 2! P, and 23 P states are expected in the analyzed mass range (see Table 4] for
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Figure 40: The distribution of m j/ i for the data and the fit with the K ** listed in PDG, plus
additional states predicted at the higher mass. Masses of the states are fixed to either the PDG
or predicted values. The widths are fixed to the PDG values or left free for the predicted states.

the mass predictions).

2~ total 20% with two resonances: 1742 + 13 (123 + 32) MeV 4.2% 2182+ 7 (652 + 114)
MeV 16%. Two states were allowed because of the two well established K,(1770)"
and K5(1820)" states and 1' Dy, 13D, expectations. The narrower state returned by
the fit is consistent with K3(1770)", while the second one is not, but in principle,

could be due to 2'D,, 23D, states.

3t total 15% with a very broad 2151 +45 (1000 £ 1593) MeV resonance (the width reaches
the upper limit and is poorly defined). Such large fit fraction is implausible for
the state which requires L = 3 to be produced in BT decay, especially in the part
of phase-space with no @) available. The mass is in the expected 1'F3, 13F; range.
Allowing two states produces also an implausible result, in which each state has a

~4000% F.F., but the states nearly cancel each other to contribute 17% in total.
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Figure 41: The distribution of m jj; 4 for the data and the fit with the K** listed in PDG, plus
additional states predicted at the higher mass. Masses of the states are fixed to either the PDG
or predicted values. The widths are fixed to the PDG values or left free for the predicted states.

1~ total 15% with two resonances: 1816 £+ 45 (693.7 & 179) MeV 24% (close to the well
established K*(1680)" state and 1°D; expectations) and 1999 + 17 (166 & 37) MeV

10% (consistent with 3%S; expectations).

0~ total 9.1% with only one resonance 1791 £ 23 (364 £ 78) MeV, which is consistent

with not well established K(1830)" and 3'S, expectations;

27 total 1.7% with two resonances: 1822 + 28 (217 +85) MeV 1.7% (possibly 23 P, state
and not well established K3 (1980)") and 2095 4 16 (100 & 18) MeV 0.5% (possibly
13F2);

3~ total 2.4% with only one resonance 1916 £+ 23 (1000 & 150.6) MeV, which disagrees
with the well established K;(1780)" state;

4% total 0.5% with only one resonance 2182 + 19 (259 + 105) MeV, close to the well
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established K}(2045) state.

This model describes the myx (Fig. pip = 42%) and myy i (Fig. pip = 71%)
distributions very well, but still fails miserably to describe m 4 (Fig. 44 pip = 1-107°%).
Since the model does not describe the data, we do not expect fit components to behave
in a defensible way. In fact, several components don’t. Excluding them makes the fit
qualities even worse. Adding more components fails to produce a defensible K* resonant
composition and does not cure the very poor fit qualities in the m 4 distribution.

We therefore conclude that the data cannot be described by amplitude models containing

only K** states.
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Figure 42: The distribution of mgg for the data and the fit with K* model in which masses and
widths were free parameters.
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Figure 43: The distribution of m j, i for the data and the fit with K* model in which masses
and widths were free parameters.
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Figure 44: The distribution of m ;4 for the data and the fit with K* model in which masses
and widths were free parameters.
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8 Default amplitude model

To obtain good quality fits to the data we found it necessary to include exotic X — J/i) ¢
contributions in the amplitude model. We have been guided by the J/i) ¢ mass structures
seen in the data but missed by the K* model fits discussed in the previous section. Different
number of X states with various quantum number combinations have been tried. The
best description of the data is obtained with two J¥ = 17 resonances, which we label
X (4140) and X (4274), followed by two 0T states, labeled X (4500) and X (4700). The
minimal angular momenta in the production and decay of X 0T contributions are zero. A
non-resonant J/i) ¢ 07 contribution is also needed and included with free helicity couplings,
BoﬁoXH‘W‘z’NR"/W (i.e. ANRJ/M) and Bg,2XHJ/W’NRJ/W. We retain only significant K**
contributions in the default amplitude model. Fit results for the default model are of
interest not only for the parameters of the X states, but also for the parameters of the
¢K™ contributions.

The significance of a contribution in the amplitude model which has a fixed mass shape
can be calculated using Wilks theorem, according to which a change in the log-likelihood
value, A(—21In £), when a spurious contribution is added to the model follows the x?(ndf)
distribution, with the number of degrees of freedom ndf equal to the number of free
parameters added to the fit (Anp,,). From the actual A(—21n L) value on the data, a
p—value of the hypothesis that the contribution is spurious can be calculated. We turn
the p—value into equivalent number of standard deviations in the Gaussian distribution[l;gl
n,. In our default model, only the non-resonant contributions have a fixed mass shape.
Wilks theorem is not satisfied when mass and width of resonant contribution are free
parameters of the fit. When naively used, it sets an upper limit on the significance.
Statistical simulations are needed, and were performed on some selected states, to obtain

probability density of A(—21n £). Such simulations performed for the similar amplitude

16Using the ROOT program, n, = /2 TMath :: ErfcInverse (TMath :: Prob(A(—21n £), ndf) ).
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analysis concerned with Z(4430)* yielded A(—21n £) distribution which was well described
with x?(ndf) distribution with ndf approximately equal twice Any,, [49]. For important
contributions, like the X resonances, explicit statistical simulations have been performed
and are discussed in Appendix [8.14] These simulations show that effective ndf to be used
varies from 1.2Anp,, to 1.7An,,.. Nevertheless, we use a conservative approach and use
2.0Anp,, whenever mass and width of a resonance are free fit parameters.

The significance of contributions included in the default model are shown in Table
together with their fit fractions, masses, and widths if appropriate. The significances
of additional contributions which have been investigated but excluded from the default
amplitude model are in Table @ As previously discussed, the narrowest known K** state
above the kinematic limit for the ¢ K decay has a width of 159 4+ 21 MeV (see Table [4)).
Therefore, we set a lower limit of 100 MeV on all the widths of K** resonances. This
makes it less likely that fit will tune a small contribution to a local statistical fluctuation.
A number of fits have reached these limits. On the other hand, if exotic tetraquark or
molecular states decaying to ¢ KT existed, their decay dynamics could be different than of
excited kaons. Therefore, we also investigate fits in which the width is allowed to vary
down to 10 MeV. We also cap the width to be smaller than 1000 MeV. To prevent
resonances running away from the fitted range, we limit their pole masses to be in the
visible phase-space range (1513 — 2182 MeV). Different resonant K** components are
initially labeled as K *)(J¥) for the first state in the given J¥ wave, K®'(JF) for the
second etc., to stress that since their masses and widths are completely unconstrained they
do not necessarily represent any previously observed or predicted states. However, if the
mass comes close to the predicted value of a kaon excitation, we list the mass predicted by
Godfrey-Isgur below the fit result. If there is a K* state matching our observation listed
in the PDG we also include its mass and width below the fitted values for a comparison.

All invariant mass distributions are reasonably well described by the default fit as
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shown in Fig. 46| for m s (XIn/(Nbin —
1) = 37.9/22, pip = 2%) and Fig. 47| for myx (Xip/(Noim —

(Xip/(Npin —

1) = 71.5/67, pip = 33%), Fig. 45| for myx
1) =21.1/23,

pip = 58%). The pip probabilities neglect the effect of free parameters in the fit on the y?

values. When properly calibrated with the statistical simulations, these probabilities (P,2)

are 22%, 0.6% and 39% - see a more detailed discussion in Appendix
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Figure 45: The invariant mass of ¢/ K with the data in black and the total fit in red.

In following subsections we discuss each partial wave (defined in this note by a J¥

value) included in the default amplitude model along with a plot of the contribution(s)

made by that specific partial wave to the overall default model. We also discuss partial

waves not included in the default fit.

Since for partial waves with many interfering components, a total contribution is better

determined than individual ones, we show fit displays with only total partial waves outlined

in Figs. [48] [49] and
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Figure 46: The invariant mass of J/i) ¢ with the data in black and the total fit in red. See the
legend in Fig. [45| for a description of all shown components.
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Figure 47: The invariant mass of J/i) K with the data in black and the total fit in red. See the
legend in Fig. [45| for a description of all shown components.
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Figure 48: The invariant mass of ¢ K with the data in black and the total fit in red. Combined
effect of all contributions of the same JY value are also shown. The individual contributions are

shown in Fig.
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Figure 49: The invariant mass of J/i) ¢ with the data in black and the total fit in red. Combined
effect of all contributions of the same J¥ value are also shown. See the legend in Fig. 48| for a
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Table 5: The results for significances, fit fractions, masses, and widths (statistical errors only) of
the components included in the default amplitude model. Possible interpretations in terms of
kaon excitation levels are given, together with the masses predicted by Godfrey-Isgur model [38]
(italic font). Possible interpretations in terms of the previously experimentally observed K* state
listed in PDF are also given (italic font). For the X (4140) and X (4274) states we compare our
results to the averages over the other experimental determinations compiled in Tables Well
established states have the particle label in bold font.

Contribution JY  n, with ndf = Fit results
ANpar 28N, My MeV 'y MeV F.F. %
Included in the default amplitude model
all K(17) 1t 12.00 8.00 41.7 + 8.1
NRyx 159+ 13.1
K(1%) 8.90 7.60 1793 £+ 59 365+ 157  11.7+10.3
21 P 1900
K'(1%) 3.40 1.90 1968 4+ 65 396 170  23.4+20.4
23P, 1930
all K(27) 2= T.6o 5.60 10.8 £ 2.8
K(27) 6.40 5.00 1777 4+ 35 2174+ 116 14.24+10.9
11D, 1780
PDG K,(1770) 1773 £ 8 188 £ 14
K'(27) 450  3.00 1853427 167+ 58  11.8411.2
13D, 1810
PDG K,(1820) 1816 + 15 276 + 35
K*(17) 1~ 9.50 8.bo 1722 4+ 20 3%4+ 75 6.7+ 1.9
13D, 1780
PDG K*(1680) 1717 + 27 322 + 110
K*(27) 2T 6.60 5.40 2073 +£ 94 678 +311 2.9+ 0.9
2P, 1940
PDG K;(1980) 1978 + 26 378 + 69
K(07) 0~ 430 3.50 1874 + 43 168+ 90 2.6+ 1.2
318, 2020
PDG K(1830) ~ 1830 ~ 250
All X(171) 1+ 16.0 £ 2.8
X(4140) 10.60 9.50 41465+ 4.5 82.8+20.7 13.0+ 3.2
Other exp. Tab. [ J146.9+ 2.3 17.8+ 6.8
X (4274) 7.90 6.80 4273.3+ 83 56.2+10.9 71+ 2.5
Other exp. Tab. 42953.0 + 20.0 35.0+ 16.0
All X(0T) 0" 27.6 £ 5.1
X (4500) 770 6.80  4506.1 +11.1  91.9+21.1 6.6+ 24
X (4700) 710 6.1c  4704.24+10.1 119.7£30.7 124+ 4.9
NR ¢ 6.40 46.2 +10.7
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Table 6: The results for significances, fit fractions, masses and widths (statistical errors only) of
the components tried as additions to the default amplitude model. The widths were limits in
the fits to be between 100 and 1000 MeV. When the lower limit was reached, we also show a fit
without this limit. Possible interpretations in terms of kaon excitation levels are given, together
with the masses predicted by Godfrey-Isgur model [38] (italic font). Possible interpretations in
terms of the previously experimentally observed K* state listed in PDF are also given (italic
font). Well established states have the particle label in bold font.

Contribution J¥ n, with ndf = Fit results
ANpar 2804, My MeV I'n MeV F.F. %
Not included in the default amplitude model
K'(27) 2= 080 0.lc 2143422 100+ 74 15
1.30 0.20 2013417 944+ 42 1.5
21D, 2230
K"(27) 2= 120 020
23D, 2260
K (17) 1= 280 140 1872+15 100+ 7 1.0
3.90 260 1834+ 5 33+ 11 1.0
329 2110
K*'(17) 1= 0lc 000
23D, 2250
K*(1410) 1= 120 030 1414 fixed 232 fixed 1.6
235, 1580
K7(2%) 2t 216 070 1967+14 100+ 62 4.2
2.20 090 1969+ 4 20+ 15 1.0
13F, 2150
K'(07) 0~ 090 020 1960+41 424+ 138
41 S,
K(3%) 3t 3.30 1.70 1931 +15 100+ 38 2.0
3.30 1.80 19294+ 17 914+ 37 2.0
11 Fy 2120
K'(3%) 3 150 030
13Fy 2150
K3(1780) 3” 2.00 1776 fixed 159 fixed 0.5
K*(37) 3” 4.80 3.50 1804420 1000+ 705 0.7
13Dy 1790
K;(2045) 47 060 2045 fixed 198 fixed 0.1
K*(4%) 4+ 3.30 1.90 1888+ &8 100+ 48 0.9
3.30 2.00 1869+ 6 56+ 20 0.8
13F, 2110
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8.1 ¢K* 1" partial wave

Table 7: Mass projection of the ¢ K 17 partial wave and contributions
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The most intense K** wave is J© = 1+ , (42% total fit fraction), which is perhaps not
surprising since no angular momentum is needed to produce such states in BT — J/i K**
decay or to decay them to ¢ K. We represent them by a non-resonant contribution (16%),
interfering with two wide resonances (12% and 23%). The incoherent sum of their fit
fractions is 21% larger relative to the coherent fit fraction, implying only a modest amount
of negative interference between them. The significance of the total 17 K** contribution
is 8 — 120. We do not quote significance of the NRyx contribution alone, since when it
is removed from the model, the higher mass 1™ resonance becomes unphysically broad
(958 + 507 MeV), becoming effectively non-resonant in nature. The significance of the
first 17 state added to the amplitude, 7.6 — 8.90, is determined from the A(—21In L) value
between the fits with the NRyx contribution only and with just one 17 resonance added
(its fitted mass and width in this case are 1898 + 14 MeV and 349 434 MeV, respectively).
The significance of the second 17 state added, 1.9 — 3.40, comes from the A(—21n L)
value between the fits with one and two 17 resonances. Even though the second state has
borderline significance, we retain it in the default model since both resonances have large
fit fractions and because the quark model predicts two closely spaced 11 states, 2! P, and
23P,. The observed masses, 1793 =59 MeV and 1968 £+ 65 MeV, are in the right region
for this interpretation. Their splitting, 175+ 92 MeV is 1.50 larger than the predicted one

by Godfrey-Isgur, 30 MeV. However, this model also predicted a small hyperfine splitting
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of the 1P, states, 40 MeV, whereas the observed splitting is 131 = 10 MeV (see Table [4).

The 17 states claimed in this analysis appear in the mass range where the K~p — ¢K ~p
scattering experiment found evidence for a 17 state with My ~ 1840 MeV, I'y ~ 250
MeV [41] (Fig. [36]), also seen in the K~p — K7 n p scattering data [45]. They are
inconsistent with the unconfirmed K;(1650) state listed in PDG, based on the single
evidence from the K~p — ¢K ~p scattering experiment [44]. See Sec. for a review of
these measurements.

Since already the second 17 state added to the amplitude has a border-line significance,
we have not tried to add a third one. In the systematic studies we performed, we removed

the second state to study the effect on the other fit components.

8.2 ¢K™T 27 partial wave

Table 8: Mass projection of the KT 2~ partial wave
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The second most intense wave among ¢K ™ contributions is 2~ . It requires at least
one unit of orbital angular momentum in the production from B decay and one in its
own decay.

The significance of the first resonance deployed in this wave (from the A(—21n L) value
for the fits with one and no 2~ state) is 5.0 — 6.40. With only one state in this wave,
its mass is 1889 + 27 MeV, width 376 + 94 MeV, and fit fraction 6.8%. This is close
to the mass of 13D, state predicted by Godfrey-Isgur, 1810 MeV, and K;(1820) state
considered established by PDG with mass 1816 + 13 and width 276 +£35 MeV, in the other
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decay modes. The analysis of K~p — ¢ K ~p scattering data provided a strong evidence
for a 27 resonant state at ~ 1840 MeV and width ~ 250 MeV [41] (Fig. [36). Also the
K*p — ¢K*p scattering data supported such state with mass 1810 20 MeV, but much
narrower width, 140 40 MeV [44] (Fig. 7).

Since experimentally, there is a second well established 2~ state, K5(1770) (mass
1776 £7 MeV, width 186 + 14 MeV) matching theoretical expectations that there should
also be 21D, state at 1780 MeV, we also try a fit with two resonances in this wave. The
significance of the second resonance is 3.0 — 4.50. Both resonances acquire similar fit
fractions, 14.2% and 11.8%, but with rather strong negative interference pattern, thus
together they contribute 10.8%. The statistical simulations discussed in Appendix
show that the fit results for the individual fit fractions of these states are expected to be
very unstable and therefore cannot be trusted. Only the combined fit fraction should be
considered to be determined. The mass and width of the lower mass state, 1777 &35 MeV
and 217 + 116 MeV are in excellent agreement with the PDG values. The heavier state
with mass, 1853 + 27 MeV, and width, 167 + 58 MeV, remains very consistent with the
K5 (1820) parameters.

The observed mass splitting, 76 =51 MeV is consistent within the large error with the
value predicted by Godfrey-Isgur, 30 MeV.

Even though the significance of the 2nd state is not overwhelming, we retain it in the
default model since two states are very well motivated both theoretically and from the
known K™ states.

Additional 2~ states can be present in our data, since the 2D, doublet has masses
predicted slightly above the upper mass limit in our data. We have tried adding one or

two extra 2~ states to our fits, but their significances were < 1.2¢ (Table @
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Table 9: Mass projection of the ¢ K 1~ partial wave
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8.3 ¢K* 1 partial wave

The third most intense ¢K+ wave in our data is 1~ @, which does not require orbital
angular momentum in BT decay, but at least one in its own decay.

The significance of the first state in this wave is overwhelming (8.5 — 9.5¢0). Its fit
fraction is 6.7%. The dominant two partial waves have unnatural spin-parity, while this
combination is natural. Production of both with large intensity is not surprising given
that B decays weakly. This is unlike in the scattering experiment which have strong
production mechanisms giving preference to one of the P(—1)7 combinations.

The fitted mass and width, 1722+20 MeV and 354+75 MeV, are in excellent agreement
with the mass and width of the K*(1680) state, 1717 £ 27 MeV and 322 £ 110 MeV,
which is well established in the other decay modes. The mass is close to Godfrey-Isgur
prediction for the 13D, state, 1780 MeV.

The only scattering experiment K~ p — ¢K%n, which had good primary sensitivity to
the 1~ ¢ K wave, had rather poor statistics (see Sec. . Even though these unpublished
results show some intensity in the K*(1680) mass range, the intensity peaks at higher mass
(~ 1910 MeV), suggestive of production of 33S; or 23D, states [48]. The significance of an
additional 1~ state added to our model is 1.4 — 2.80 at the mass of 1872 £ 15 MeV and
the width reaching the lower limit of 100 MeV. When allowing narrower widths, the state
gets more significant, 2.6 — 3.90. With the width of 33 £9 MeV it would necessarily have

to be exotic. We do not find any candidates that could make a molecular (us)(ss) state
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with such quantum numbers, thus it would have to be a tightly bound tetraquark. When
states are allowed to be narrower in the fit, they are more susceptible to overestimation of
their significance via the naive use of Wilks’s theorem (3.9¢), due to larger impact of the
“look elsewhere effect” (more places to find a statistical fluctuation). Even doubling the
effective Any,,, which leads to 2.60, may not be enough to correct for this effect. Thus,
evidence for this state falls far short for what would be required to claim an exotic meson.
We do not include a 2nd 1~ ¢K ™ state in our default model, but we do consider it in the
systematic errors.

The preliminary amplitude analysis of 1 fb~! of LHCb data on B® — J/i) K7~ decayd"|
indicated K*(1680) fit fraction of 0.36%, in agreement with 0.3752% from similar analysis
by Belle [50]. Using B(B® — JApK*n~) = (1.2 4+ 0.6) 102 and B(B* — Jip¢pK™') =
(5.2 4£1.7)107° [39] and combining this with the 6.7% K*(1680) fit fraction determined in
this analysis, we obtain B(K*(1680) — K¢)/B(K*(1680) — Km) = 0.53 £0.32, where the
error does not include errors on the fit fractions and is very large because of the large errors
on the B branching fractions. This estimate compares very well with the predictions of
Kokoski-Isgur, in which this ratio is ranging between 0.36 and 0.67 for the 13D, state [40].

In the default fit we do not include any states with masses below the kinematic limit for
@K™ decay. However, K*(1410)" 1~ state has a mass which is —0.43[ (= —1.0T'y/2.35)
below the threshold and could be contributing via its tail. When added to the fif"¥] its
contribution is insignificant (0.3 — 1.2¢), therefore, it is considered only among systematic
errors. The other below threshold K* resonances (see Table [4]) are even more units of Ty

below the threshold and have not been considered.

1"Presented by Tomasz Skwarnicki at LHCb Workshop on Multi-body decays of B and D mesons at
CBPF, Rio de Janeiro, July 2015, https://indico.cern.ch/event /359085 /.

18The mass and width were fixed to the world average values [39]. The mass dependence of the width
was assumed to be dominated by its dominant decay (K*(892)).
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8.4 ¢Kt 2" partial wave

Table 10: Mass projection of the ¢ K™ 27 partial wave
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It takes at least one unit of orbital angular momentum in B decays to produce a 27 ¢ KT
state, and at least two units to decay it. There is a small, 2.9%, but significant, 5.4 — 6.60
contribution in the 2+ ¢K* wave [10] It peaks at 2073 & 94 MeV and is very broad, with
poorly determined width, 678 + 311 MeV. Its mass fits Godfrey-Isgur prediction for the
mass of the 23P, state, 1940 MeV, and agrees with the K3(1980) entry in PDG (omitted
from the summary tables) based on observations in the other decay modes, listed with a
mass of 1973 + 26 MeV and a width of 373 + 69 MeV. Our result also agrees well with
the K—p — ¢KOn scattering data which showed peaking at 2010 + 30 MeV with a width
of about 400 MeV [48] (Fig. 38).

Allowing a second 2% mass, to account for a possibility of 13F, state, predicted by
Godfrey-Isgur at 2150 MeV, results in an insignificant 0.7 — 2.10 peak at 1967 = 14 MeV.

Given its lack of significance, we do not include it in the default model.

8.5 ¢K7' 0 partial wave

It takes at least one unit of orbital angular momentum in production of 0~ ¢K* state and
exactly one to decay it. We find a significant 3.5 — 4.30 state at 1874 4+ 43 MeV with a
width of 168 + 90 MeV with a small 2.6% fit fraction This mass is significantly below

the mass predicted by Godfrey-Isgur for 315, state, 2020 MeV. However, our results agree
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Table 11: Mass projection of the ¢ K 0~ partial wave
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well with the unconfirmed state K (1830) state listed in PDG on the basis of the evidence
from K~ p — ¢K ™ p scattering, My ~ 1830 MeV and I'y ~ 250 MeV [41] (Fig. .

Even though the mass of a 415 kaon excitation has not been predicted, it could come
into the mass range covered by our data if its mass would also be shifted down relative
to naive expectations. Allowing a second 0~ state in our model gives an insignificant

0.2 — 0.90 state at 1960 =41 MeV and is not included in our default model.

8.6 ¢K™T 3" partial wave

It takes at least two units of orbital angular momentum in production of 3% ¢K* state
and at least two to decay it, thus suppression of such states is expected. There are two 1F3
states predicted by Godfrey-Isgur at 2120 and 2150 MeV. The K+p — ¢ K Tp scattering
data found evidence for significant 3% intensity rising with the mass [44] (Fig. in the
somewhat questionable analysis (see Sec. . When allowing one 3% resonance in our
model, its significance is 1.7 — 3.30 at 1931 £ 15 MeV, and the state tries to be narrow
reaching the lower limit of 100 MeV we have imposed. The second 3™ state in the fit is
even less significant, 0.3 — 1.50.

We do not include 3" contributions in our default model but do include the addition

of such a state in systematic variation.
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8.7 ¢K™T 3 partial wave

It takes at least two units of orbital angular momentum to produce a 3~ ¢K T state
and at least three to decay it, thus, such a contribution is not likely. There is a well
established K3(1780) state with mass and width which is likely to be 13Ds state expected
at 1790 MeV. This wave has not been probed by the scattering experiments sensitive
to ¢ K decays. When probing for this state, with the mass and width fixed to the PDG
values, its significance in our fits is 2.00. When floating mass and width in the fit, it
becomes significant 3.5 — 4.80 but becomes unphysically broad reaching the upper limit
of 1000 MeV we have set. Such essentially non-resonant contribution in the partial wave
suppressed by orbital angular momentum barrier is not plausible, thus we do not include

it in the default model.

8.8 o¢K™T 4 partial wave

It takes at least three units of orbital angular momentum to produce a 4t ¢K* state and
at least three to decay it. Even though not likely to be produced, we investigate this wave
since there is a well established state in other decay modes; the K} (2045) state (likely
13F, state) with the mass 2045+ 9 MeV (I'y = 198 + 30 MeV, which is within the range
of our data. When allowing it with the mass and width fixed to the PDG values it is only
0.60 significant. When floating with variable mass and width it is 1.9 — 3.30 significant,
with the mass significantly below the K;(2045) mass and with the width reaching the
lower limit of 100 MeV (56 + 20 MeV if unlimited). Because of poor motivation for such
a contribution, we do not include it in the default model.

This is the highest spin we have investigated in our ¢ X model.
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Table 12: Mass projection of the J/p ¢ 1T partial wave
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8.9 Ji¢ 1T partial wave

As discussed in Sec. [1] and summarized in Table [l the X (4140) state first seen by CDF
as the narrow [y = 11.7733 4+ 3.7 MeV near-threshold resonance [1], with the width
later updated to 15.373%* + 2.5 MeV (50 significant), was confirmed by CMS (5¢), albeit
with somewhat larger width of 28717 19 MeV. Also DO claimed an observation though
with marginal significance. Recently, the DO collaboration has claimed the observation of
X (4140) in prompt production at the Tevatron, both with narrow widths. The average of
CDF, CMS, and two D0 measurements gives 4146.9 + 2.3 MeV mass and 17.8 + 6.8 MeV
width.

The LHCD analysis of 0.37 fb~! of data revealed no narrow resonance at the threshold
and an upper limit on the production of My = 4143.2 MeV T'y = 15.3 MeV resonance was
set which was at a mild 2.40 disagreement with the CDF claim.

Our present 3 fb~! data are consistent with the claim that there is no narrow, 15.3
MeV wide, resonance near the threshold. A wide near threshold structure is present
with 9.5 — 10.60 significance (before the systematics) and 13% fit fraction. It can be
described as a Breit-Wigner with the mass 4146.5 4.5 MeV, in astonishing agreement
with the average over the previous measurements, but significantly larger width 82.8 +20.7
MeV (30 disagreement without LHCb systematic uncertainties). The most likely J¥
alternative is 2%, which can be rejected at 7.60 as discussed in Sec. [10} This is the first

determination of quantum numbers of this state, which is of crucial importance for its
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theoretical interpretation.

CDF observed 3.10 evidence for the second X (4274) state with a mass of 4274.4752+1.9
MeV and width of 32.3735-3 £ 7.6 MeV. The early LHCb data showed peaking around
4300 MeV, but this structure was not analyzed. CMS observed a second peak at a mass
4313.8 £5.34+ 7.3 MeV (I'y = 38132 + 16 MeV) which was at 3.20 disagreement in mass
with the CDF. The CMS did not evaluate significance of this peak. These results are
compiled in Table [2]

Our data requires a second 1 resonance at 6.8 — 7.9¢ significance and 7.1% fit fraction,
with a mass of 4273.3 + 8.3 MeV, which is in a very good agreement with the CDF value.
That agreement may be misleading since the data and the total fit intensities peak at higher
mass, which is caused by the interference with the other contributions. Had we done a
simple-minded 1D mass fits again, the result would have been higher and fallen in between
the CDF and CMS values. It is entirely possible that the disagreement between the CDF
and CMS, and between CDF and 2011 LHCDb analysis, is due to different acceptance
regions picking a different interference pattern of this state with the other contributions.
This underscores the importance of performing a full amplitude analysis. The determined
width is 56.2£10.9 MeV in statistical agreement with the average between CDF and CMS
values, 35 + 16 MeV. The most likely J© alternative is 17, which can be rejected at 6.4c
as discussed in Sec. This is the first determination of quantum numbers of this state.

The combined fit fraction of the two 11 resonances is 16.0%, thus a negative interference

between them decreases the total fit fraction by a modest 26% of its value.

8.10 J/Y¢ 0T partial wave

The 07 J/ ¢ partial wave is the easiest to produce in Bt — XKt X — J/)¢ decays
since no orbital angular momentum is needed in either the first or the second decay (one

unit of angular momentum is needed to produce the 17 partial wave). For that reason, we
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Table 13: Mass projection of the J/p ¢ 07 partial wave
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allowed a non-resonant contribution in this wave.

The high J/i)  mass region contains perhaps the strongest visible mass structure in
our data, with a deep minimum around 4650 MeV surrounded by peaking structures on
both sides. The high intensity on the high mass side is remarkable, since this region is
kinematically suppressed by the decreasing phase-space function when approaching the
upper limit on this mass. This is similar to the surprisingly large intensity near the lower
limit on the J/i) ¢ mass, where X (4140) resides. The best description of the high mass
region is obtained by two 0 resonances interfering with each other and the non-resonant
contribution. We label them by their approximate masses, X (4500) and X (4700). Their
masses and widths are given in Table [f CDF, CMS and DO did not inspect this mass
range. Belle and BaBar did not have meaningful statistics. Thus, there are presently no
other measurements to compare to.

All three 0% contributions are significant on their own: X (4500) 6.8 — 7.70 (6.6% fit
fraction), X (4700) 6.1 — 7.10 (12.4% fit fraction) and NR 4 6.40 (46.2% fit fraction).
The large NR ;4 intensity is misleading since there are strong negative interferences of
this contribution with the 0% resonances, bringing the total 0% fit fraction down to 27.6%.
The most likely J? alternative for both of these states is 1 which can be rejected at 5.20
and 4.9¢ level (Sec. , respectively.

We have also considered a contribution from virtual B in this partial wave, BT —

KB, BX — Jh)¢. Since the B2 state has not been experimentally observed and could
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be broad we allowed it in the fit with free mass and width. The mass was limited to
5415 — 5830 MeV range. The lower limit corresponds to the B} mass. Its initial value
was set to 5620 MeV. The fitted mass reached the lower limit, 5415 + 91 MeV with
a width of 256 £ 78 MeV. The A(—21In £) improved by only 3.0, which is completely
insignificant for 6 free parameters added to the fit (0.1 — 0.20). Such above the kinematic
limit resonance contributes a smooth tail to the m ¢ distribution modifying mostly the
NR,jpe contribution. The overall 0 fit fraction changes by a modest amount, +3.9%.
The fit fraction (masses) of X (4500) and X (4700) change by —0.9% and —1.8% (+0.1 and
+3.2 MeV), respectively. The other two states in the 1P triplet, By (5830) and By (5840),
have been observed at much higher masses and with small mass splitting. Thus, the fitted
B2 mass value is unrealistically low. Being only 48 MeV above the BY mass, such state
would also have to be narrow. Therefore, we do not include this fit among the fits used to

evaluate systematic errors.

8.11 Multidimensional fit qualities

In addition to the fit quality evaluated for the 1D mass projections discussed previous, we
also quantify the fit quality on the Dalitz plane of mg/w s VS mi 5 by using adaptive binning
procedure. A data bin is split at the median value of a variable, alternating the variables
used in the division until bin content is less than 20 entries. Summing up the pulls squared
over all bins yields x3p/(Npm — 1) = 438.7/495. The pull calculation includes an estimate
of the statistical error from the background subtraction["’] The x? values for unbinned
likelihood fit follow x?(ndf) PDF with Ny, — 1 — npar < ndf < Ny, — 1, where npa, = 98
is the number of free parameters in the fit. This bounds p—value of the hypothesis that the

fit describes the data well obtained from the x3p to 7.3% < pap < 97%. The statistical

19°A pull in given bin is calculates as (Ngata — Neit)/v/Ndata + 0(Nat)? + 52 Nsideband, where o(Ngy) is
the error on re-weighted MC events according to the fit PDF and sy is the scaling factor from the B+
mass side-bands to the fit region. The error on the data bin content dominates.
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simulations discussed later |8.13| can be used to determine effective ndf value, which leads
to Pz = pgalibrated — 17% " For a comparison, the fit with all known plus predicted K**
resonances discussed in the previous section gives a 3, value worse by 7.9 in spite of
more free parameters in the fit (ny,, = 104).

The A(—21n £) values between the default fit and the fit with all known plus predicted
K*T resonances and no exotic contributions is 13.9%.

We also apply the adaptive binning procedure in 6 dimensions using
mg/w ¢,miK,COS 0™ cos Oy, Adx g and Agxe. The Ag variables are folded into
0° — 90° range since the data statistics is too small to get meaningful subdivision of these
anglesm We divide the mass variables twice, divide all angular variables once and attempt
to divide the masses squared again, at which point the bin content reaches about 10 entries
in each bin and subdivision terminates. The default fit gives x2p/(Npin — 1) = 462.9/500
and 2% < pep < 88%. The simulations discussed below W give Pz = pealibrated — 9 307
The fit with the K* components only gives y2p value worse by 5.72.

Projections of all pulls obtained with the 2D and 6D binning for the default fit are
shown in Figs. When fitting the Gaussian distribution to the pull distributions we
obtain mean (rms) values of 0.02 +0.04 (0.94 £ 0.03) and 0.02 £ 0.04 (0.96 4 0.03) for the
2D and 6D pulls, respectively.

Yet another way to illustrate fit quality on the Dalitz plane is to look at the m 4

and m i distributions in slices of mgx and vice versa. Such distributions are shown in

20The folding algorithm is:

if(A¢ > 0){
if(A¢ < 90){return A¢; } else {return180 — A¢; }
}else{
if(A¢ > —90){return — A¢; } else {return 180 + A¢; }
}

(44)
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Figs. 6] and [57]

8.12 Searches for Additional X states

Even though the m ;4 distribution is already well described by the default model, which
contains two 17 X resonances, two 07 X resonances and 0% non-resonant contribution,
we have considered adding more X states. We have tried all J” combinations (for J < 2)
seeded in different m 4 regions. The highest significance (using ndf = 2ny,,) for each
JP value is listed in Table [14 The 1* combination is omitted, since the fitted masses
in such fits collapse into the mass of one of the 17 states already included in the default
model. Since the highest significance is only 20, we do not include any additional J/i) ¢

contributions in our default model.

Table 14: Best candidates for a fifth X — .J/) ¢ state for each J¥ combination. Note: J¥ =17
is omitted due to it collapsing into the other 1 X states.

JP | Largest Significance
0~ 1.30
0" 2.00
1~ 1.1c0
2” 1.00
2+ 1.00

8.13 Fitter Validation

To validate the fitter code and to calibrate various goodness-of-fit measures we gener-
ate pseudo-experiments (“toy” experiments) according to the default amplitude model
extracted from the fit to the real data. This includes the background generation in the
amplitude fit sample and in the sidebands. Each pseudo-experiment has the same statistics
as the real data sample. The detector efficiency is generated according to the parameteriza-

tion described in Sec. The Monte Carlo sample used in the matrix element integration
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is also generated according to this parameterization with the same statistics as used in
the fit to the real data. Every pseudo-experiment is subject to the same fit procedure
as the real data, including forming the background parameterization, thus all statistical
effects are included in the simulation. Fit fractions and resonance masses and widths
averaged over all pseudo-experiments are shown in Table While the total fit fractions
are reasonably well reproduced, individual fit fractions for the strongly overlapping 2~
K,(1770) and K»(1820) states have a huge spread beyond the reported fit errors (the latter
rely on Gaussian approximation of the likelihood). It is clear that the strong destructive
interference between these contributions is the reason for this instability. Therefore, the
fit results obtained for these individual fit fraction should not be be taken seriously. Only
the total 27 fit fraction is measurable. In spite of this problem, the masses and widths
of these states are well reproduced. This problem also exists to a lesser extent in the 17
partial wave. Even though the average fit fractions for NRyx, K; and K| do not agree
within the statistical errors of the simulations with the generated values, the deviations are
within the assigned systematic errors. The latter must already probe related instability,
thus we do not assign additional systematic contribution. Most of masses and widths of
the resonances are well reproduced. A few inconsistencies are well within the assigned
systematic errors. The RMS values over pseudo-experiments are either in agreement or
smaller than the fit errors reported on the real data sample.

The pseudo-experiments can also be used to calibrate various goodness-of-fit measures
summarized in Table 16l The value of the —2In £ in the data is (2.0 £ 0.3)c worse
than the average value over the pseudo-experiments assuming that its value follows the
Gaussian distribution. Since using the likelihood value itself as a goodness-of-fit measure
can sometimes lead to a self-fulfilling test, it is also important to look at x? tests. The x>
variables are expected to follow the y? distribution with ndf value somewhere in between

Npin — 1 and Ny, — 1 — npae (Where Ny, is the number of bins used and np,, is the number
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of free parameters in the fit) depending how well the data bins used in the x? definition
probe the full 6D space of the fitted data. Since the average value in the x? distribution
is equal to ndf, the average x? values over the pseudo-experiments determine effective

T which we also turn into Npart = Npjp — 1 — ndf*®. The

number of degrees of freedom nd
latter should be compared to the actual number of free parameters in the fit, np,, = 98. We
see that the 2, test using the adaptive binning in 6D described in Sec. [8.11} probes all fit

°fl comes close t0 npar. Applying the x? PDF with ndf = ndf*®

dimensions well since 7npa;
rounded to the nearest integer gives the xZ, value obtained in the data, x2,,,, a probability
of P2 = 2.3%@, which is the same as probability for a N, = 2.0c deviation in the Gaussian
distribution.@ Thus the likelihood value and the x2j, test give similar results. While the
2.3% probability likely indicates some deficiency of our amplitude model, it cannot be
ruled out as a statistical fluctuation. In any case, this kind of fit quality is fairly reasonable
for fitting the data in their 6D correlations.

The X3, using adaptive binning on the Dalitz plane has also a large n,,,°", and gives
P2 =17% and N, = 1.00. Therefore, the data are described on the Dalitz plane better
than in all dimensions.

The 1D x? variables obtained with the fixed bins for the three mass projections have
very low np,,T, which is not surprising. The calibrated P,» probabilities are high for
My and myyx, 22% and 39% respectively, and marginal for mgr, 0.6% (N, = 2.50).
Substantially better fits to mgx can be obtained by allowing narrow (< 100 MeV) oK
states in the model, which would have to be exotic. Since none of them appears to be
significant (see Sec. [§ and Table [6) we don’t consider this to be a plausible choice. The

fit qualities with the default model to the myx distribution become high when further

background suppression cuts are applied, pip = 16% for pr(K) > 500 MeV (Fig. and

2P, > = TMath :: Prob(x3,,,, ndf").
22 Using double-sided probability: N, = v2TMath :: ErfcInverse(2 P,2) for P> < 50%, and
N, =V2TMath :: ErfceInverse(2 (1 — Py2)) for P2 > 50%.
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pip = 37% for DL L4y < 0.0 (Fig. vs. pip = 2% for the default selection (Fig. E
Therefore, the most likely explanation for the low P2 on mgx distribution for the default

fit is statistical fluctuation.

8.14 Statistical simulations for significances of selected fit com-

ponents.

As discussed previously, the significance of a fit components can be estimated from the
value of A(—21In L) between the default fit and the fit in which a given component is
excluded. For components which have a fixed shape, if the component is not present in
the data (null hypothesis), the A(—21n L) follows the x? probability distribution with
ndf = Anp,,, where Ang,, is the number of free parameters in that component (Wilks
theorem). This theorem can be used to translate the A(—21In £) value in the data to a
probability (p-value) under the null hypothesis. If very small, then the hypothesis can
be rejected which is usually described as the significance of the fit component. Since we
fit masses and width of the resonances, the look-elsewhere effect is expected to increase
the probability for larger A(—21n £) values, thus the Wilks theorem sets an upper limit
on significance of its contribution. Statistical simulations of pseudo-experiments (see
above under the null hypothesis can be used to estimate the modified PDF of
the A(—21n £) distribution. In previous amplitude analyses such distributions were well
approximated by a x? probability distribution with effective ndf value (ndf*™) [49] which
was close to 2An,,,. We have assumed such behavior when estimating significances of
fit components in the other sections. Every amplitude analysis may be very different
in effective ndf, primarily due to the different structure of free parameters affecting the

angular distributions, and because of the different mass ranges where non-existent fit

23Since pseudo-experiments were not simulated for the reduced data samples, we use p1p = P> (ngfgr =0)

for this comparison.
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Table 15: Fit validation on the default amplitude model.

Quantity | Generated Mean over fit error RMS over

value toy exp. | on the data toy exp.

17 X total FF % 16.0 15.8+0.4 2.8 25+04
X (4140) My MeV 4146.5 41458 £0.7 4.5 4.0+0.7
Iy MeV 82.8 78.8 £ 3.7 20.7 22.5+3.7

FF % 13.0 126 £0.4 3.2 25+04

X (4274) My MeV 4273.3 42750+ 1.0 8.3 6.4+1.0
'y MeV 56.2 56.6 + 1.6 10.9 9.6+1.6

FF % 7.1 77403 2.5 20+0.3

0" X total FF % 27.6 27.44+0.7 5.1 4.24+0.7
NR e FE % 46.2 44.3+1.2 10.7 TT7TE1.2

X (4500) My MeV 4506.1  4507.7+ 1.6 11.1 9.8+1.6
Iy MeV 91.9 97.3+ 3.3 21.2 20.4+3.3

FF % 6.6 754+0.3 2.4 1.9+0.3

X (4700) My MeV 4704.2 47045+ 1.5 10.1 954+1.5
'y MeV 119.7 119.44+4.3 30.7 26.7+4.3

FF % 12.4 122+ 0.5 4.9 32405

17 total FF % 41.7 39.3+£0.6 8.1 3.44+0.6
NRKst FF % 15.9 19.1+£1.2 13.1 76+1.2

K1 My MeV 1793.3  1799.3 £ 9.1 59.0 56.0 +9.1

Iy MeV 364.7 365.3+17.6 157.0 108.5+17.6

FF % 11.7 19.3+2.2 10.3 13.8 £2.2

K, My MeV 1967.9 19742+ 7.2 65.0 442+ 7.2

Iy MeV 396 358.6 £ 174 170.3 107.4+17.4

FF % 23.4 274428 20.4 17.5+£28

2~ total FF % 10.8 11.6 £0.3 2.8 1.6 +0.3

K, (1770) My MeV 1777.2  1781.8 +4.0 34.9 24.8 +4.0
Iy MeV 2175  209.84+15.6 116.3  96.5 +15.6

FF % 14.2 52.2+12.8 11.0 789+ 12.8

K, (1820) My MeV 1853.4  1856.6 +4.9 26.6 30.4+4.9
'y MeV 167  169.8 +10.3 58.1  63.24+10.3

FF % 11.8 48.2 + 12.0 11.2 7424120

1= K*(1680) My, MeV 1721.6 17329+ 34 19.9 20.7+ 34
'y MeV 353.7 388.6+13.8 74.7 84.8+13.8

FF % 6.7 74403 1.9 1.8+0.3

2% K3(1980) My MeV 2072.5 2039.1 +11.8 942 T727+11.8
'y MeV 677.7  574.0 +35.7 310.6 219.8 £35.7

FF % 2.9 3.0+£0.1 0.8 0.6+0.1

0~ K(1830) My MeV 1873.9  1867.1 +5.0 43.2 30.7+5.0
'y MeV 1675 169.4+11.1 90.4 68.3+11.1

FF % 2.6 294+0.2 1.1 1.2+0.2
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Table 16: Various goodness-of-fit measures for the default fit. See the text for the explanation of
various variables. Actual number of free parameters in the fit is npar = 98. The errors given in the
third and fourth columns are statistical due to the finite number of generated toy experiments.

Test Mean (RMS) Data X2 Equivalent

quantity toy experiments probability | standard dev.

—2InL — | —1408.5(89.0) + 14 — | —1226.8 2.00
Nbin ndf*! ”pareff X(Ziata Py No

Xip 501 404.7(26.1) £4.9 | 95.3 £4.9 462.9 2.3% 2.00

Xap 496 411.3(24.6) £4.0 | 83.7£4.0 438.7 17 % 1.00

Xip Mips 68 63.0(13.5)+22 | 40+22 71.5 22 % 0.80

X3p Mok 23 19.2( 5.0)£0.8 | 2.8+0.8 37.9 0.6% 2.50

Xip MK 24 203( 6.7)+1.1| 27+1.1 21.1 39 % 0.30

components can find local fluctuations in data and optimize to them. In this subsection, we
present the results of the statistical simulation of the A(—21n £) distributions for several
resonances present in the default amplitude model. If the A(—21n £) distribution follows
the x? distribution, then the mean A(—21In L) value is equal to ndf*™. A better estimate
of ndf*™ can be obtained by fitting the x> PDF to the A(—21n £) distribution. Such fits
are illustrated for the X resonances in Fig. 58 The results obtained with these simulations
are shown in Table . The effective ndf" values vary from 1.2Anpa — 1.7Anps,. One of
the smallest ndf*™ /An,, ratios is obtained for the simulations of the X (4140) component,
which is perhaps not surprising since this contribution is confined to the relatively narrow
threshold region. Once it reaches the X (4274) region, it loses its identity and such fits
are not accepted. Conservatively, we use ndf*? = 2.0Anp,, for all contributions when the

mass and width of a resonance are free parameters.
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Figure 51: Pulls of the default fit displayed for the adaptive binning on the Dalitz plane.

Table 17: The results for mean, rms values of A(—21n £) distributions between fits without and
with the listed resonance for pseudo-experiments generated without that resonance present in
the amplitude model. Results for ndf*® when fitting the x? PDF to the A(—21n £) distributions

are also given.

resonance | Anp,, | Number of exp. | mean | rms | stat.error | fitted ndfe® | ndret [ ANy
X(4140) 8 40 991|104 1.6 99+0.7| 1.24£0.08
X(4274) 8 40 13.2 | 14.1 2.2 13.0£0.8 | 1.6240.10
X (4500) 6 0] 97] 99 1.6 | 102+0.7| L70£0.11
X (4700) 6 40 9.3 | 10.6 1.7 10.04+0.6 | 1.674+0.10
KI(1+) 10 40 13.1 | 144 2.3 11.7+0.7 | 1.174+0.10
K*(l_) 8 40 10.2 | 10.8 1.7 934+0.6 | 1.16 £0.08
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Figure 52: Distribution of pulls for the default fit model for the two dimensional (top) and six
dimensional (bottom) adaptive binning.
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Figure 53: Distributions of all X angles with the default model. See the legend in Fig. 45| for a
description of all shown components.
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Figure 54: Distributions of all K* angles with the default model. See the legend in Fig. |45| for a

description of all shown components.
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1750 — 1950 MeV, and > 1950 MeV from top to bottom, together with the projections of the
default amplitude model. See the legend in Fig. 45| for a description of all shown components.
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9 Systematic errors

In this section we explore systematic uncertainties on masses, widths and fit fractions.
The changes in these parameters under systematic variations are shown for X — J/ ¢
contributions in Table [1§ and for K** — ¢K* contributions in Tables [19] and 20, For
the total systematic errors, we sum up positive and negative deviations in quadrature
separately. We have included statistical errors for comparison.

The energy release in BT — J/ib KT decay is small (~ 13% on Mpg), thus the phase-
space is very limited, not offering much range for non-resonant interactions to change. In
the default model the non-resonant terms are represented by constant amplitudes. We

have investigated making them decrease exponentially with mass-squared: exp(—|a|(m? —

m?2..)). The improvement in fit quality is completely negligible: A(—2InL) = —0.5
for Anp,, = 2, as the fitted mass slope parameters are consistent with zero: ax =

(7.147.0) x 1078 MeV ~2 and ag- = (0.0 £ 1.5) x 1072 MeV 2. We have included any
change in the values of the fitted parameters in the systematic uncertainty.

Like in similar amplitude analyses, the largest systematic uncertainty is due to the
K** model composition. To explore it, we allow one extra resonance in each partial wave.
The 1" wave is an exception. Since the second 17 resonance included in the default model
is already borderline significant, instead of adding another one, we remove the second one.
The effects of these model variations are presented in Tables The total errors from
these variations are transferred to the summary Tables [I820] In addition, we also include
among the systematics the fit variation in which the X (4140) is represented by D D*~
cusp amplitude replacing the Breit-Wigner representation, as discussed later in Sec. [L1}

The other source of systematic uncertainty is due to Lg and Lk« (or Ly) dependence
of the Breit-Wigner amplitude in the numerator of Eq. [34] via Blatt-Weisskopf factors.
Helicity states correspond to the mixtures of allowed L values, but we assume the lowest

L values in Eq. |34]in the default fit. We increase Lg values by 1 for all the components as
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shown in Tables 2426 Ly or Ly values can change only in units of 2 because parity is
conserved in strong decays. We performed such variation for states in which the higher
value is allowed, except for the X states, since the fit results indicate that the Lx = 2
amplitudes are insignificant. These variations are also shown in Tables [24126] and the
total contribution from them is also shown in the summary Tables

There is also Lg+ dependence in the formula for the total width of the resonance given
by Eq.[36] This formula is only an approximation, valid in the case when the total width
is dominated by the decay mode being analyzed. A better formula would include a sum
over all partial widths. In fact, all K** states are expected to have sizable widths to the
other decay modes, K, Kp, K*(892)m etc. Since ratios of these partial widths to the ¢ K
partial width are unknown, it is not possible to implement such a formulation. However,
as a systematic check we have performed a fit in which instead of assuming ¢K ™ partial
width mass dependence for the total width, we switch all K** total width formulae to the
lightest possible decay mode allowed, which is K7 for natural spin-parity resonances and
Kw for the others, which also changes Ly« value. The observed changes in the fit values
are shown in Tab. [I820] tagged as Iy, entries.

The Blatt-Weisskopf factors contain d parameter for the effective hadron size, which
we set to 3.0 GeV~! in the default fit. In systematic variation we change its value between
1.5 and 5.0 GeV~1.

The default ¢ mass selection window is £15 MeV. We remove candidates in which
more than one KK~ pair falls within this window, which removes 3.2% of the events.
After these cuts non-¢ fraction of the selected Bt — Jhp K™K~ K* events is 2.1% as
estimated in Sec. [3] In our amplitude models, we neglect this S-wave component. To
evaluate systematics of this approximation we narrow down the ¢ mass selection window
to 10 and +7 MeV, which reduces the signal yield by up to 13%, while decreasing

the S—wave fraction by a factor of 2. The observed deviations in the fit values include
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statistical fluctuations due to the decreased data sample, but we nevertheless include them
in the total systematic error.

A good check on uncertainty in the background parameterization is to use only left, or
only right sideband of the BT peak in the J/i) ¢ K™ mass distribution (in the fit default
we add them together).

In order to address systematics associated with the determination of the background
fraction () we varied how the fit to B-mass distribution was performed, as discussed in
Sec. 3] We increased the order of the background polynomial function by one, we changed
the signal shape from a symmetric double-sided Crystal Ball function to a simple Gaussian,
and finally we varied both. All three variations are given in the tables below, however only
the largest deviation (when both are varied) is actually included in the total systematics.

To address efficiency systematic we perform two variations. We remove weights given
to MC events (wM¢ discussed in Sec. {4)) used in the PDF integrals when fitting the data.
The fit results are remarkably stable. As additional cross-checks we tighten the cut on
DL Lgg jrig (Sec. |3)) from < 5 to < 0. This reduces the signal statistics by 30% and reduces
the background fraction by 33%. We also tighten pr cut off in kaon selection (which
applies to all three kaons) from 250 to 500 MeV, we lose 20% of signal but also reduce
the backgrounds fraction 3 by 54% (compare Fig. 59| with Fig. . The fit results for the
X resonances remain very stable. The fit displays for this variation are shown in Fig. [60]
A similar effect is observed when tightening kaon ID cut from PIDg > 0 to > 5, which
reduces the signal by 16% and background by 56%. The changes of the fit parameters from
these cross-checks are shown at the bottom of the tables with the systematic variation,
since we do not include them in the systematic errors as many of them are likely statistical
in nature. The deviations are within, or not far from, the assigned systematic errors@

The fit displays for this cross-check are shown in Fig.

24No results for K/ are given since with such reduced statistics, there is no evidence for the second 17
K, state, which we have removed from the fit.
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To check that the default fit results do not correspond to a local likelihood maximum,
we have performed a fit with the same fit components but fitting helicity couplingd”|
directly instead of using their decomposition into LS couplings. This provides for a
different starting point and a different approach path towards the likelihood maximum.
The same maximum was found in terms of the likelihood value, masses, widths, and
fit fractions. Large number of fit variations included among the systematic exercises
discussed above also probes potential fit ambiguities. Furthermore, we have performed
10 additional fits with the default approach, but initialized at different starting points
for the fit parameters, throwing them randomly around the default fit results in the +30
range. All fits converged to the same likelihood maximum. Randomization of the starting
points in even larger range (£100) does produce many fits which converge to different local
likelihood maxima; none better than the default fit among 10 tried. It is not surprising
that the global maximum cannot be always found by random initialization in too wide a
range given a large number of components in the model, all with free masses and widths.
When initialized too far from the data structures which they are supposed to describe,

they pick up on local fluctuations.

25For strong decays parity conservation imposes constraints on helicity couplings, thus not all are
independent parameters.
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Table 18: Summary of the systematic errors on the parameters of the X — J/i) ¢ states. All
numbers for masses and widths are in MeV and fit fractions in %.

sys 17 X (4140) X (4274) 0" X (4500) X (4700) NR./p 6
var FF| My T, FF| M, T, FF| FF| M, T, FF[ M, T, FF FF
NR exp [+0.4] 0.2 -0.1+04] -02 +0.6 +0.8] -1.7] +6.3 +0.340.2] +7.1 -15.7 -1.7]  -9.1
K~ +2.0[43.6 +17.1 +2.2[+11.2 +7.9 +1.4]+1.8] +9.3 +13.8 +2.0] +7.5 +38.6 +6.7]  +8.0
Model -1.7 -2.6 -11.7 -1.9] -25 -85 -1.5(-11.0] -8.6 -16.6 -1.7] -18.9 -13.5 -4.8 -16.6
L var. +3.2[+22 +7.3+2.1[+10.6 +1.4 +1.0[+0.3] +1.3 +10.8 +1.7] +9.0 +12.4 +1.5[  +1.2

+0.0] -1.2 6.2 -0.5| -0.8 -4.6 -1.2| -4.7 -96 -11.2 -1.6] -6.8 -249 -0.8 -85
[ Tt [ -06[+02 +1.5 -0.4] +3.2 +0.2 -0.3[+0.1] +08 -0.1 -0.3[ $0.9 -58 -0.9[ -1.1
d=15 -0.9[+1.1 453 -0.5] +2.2 +0.8 -0.4[+0.5] +1.7 +3.240.1] -0.1 +1.7 40.0]  +1.1
d=5.0 +1.1[ -02 -2.0 40.6] +0.2 -0.8 +0.3] -0.5] -1.0 -3.1 -0.1] -1.2 -32 -0.7[  -25
Lside +0.1] -04 -2.0 40.1] +0.4 -0.8 +0.1]] -0.5] -24 -2.6 -0.2[ -1.5 -31 -0.7]  -1.2
Rside -0.3[+0.3 4+2.6 -0.2] -0.6 +1.0 +0.0[+0.5] +3.7 +3.4+04[ +1.2 +7.0 0.8 +1.6
[ ¢win 7 [+2.5]+1.1 +4.7+24] -1.6 +1.4+1.8][+42[ -43 +714+12[ -93 458 +0.7] +4.7 |
[ Now™@  [[+1.6[+0.0 +0.0 +0.1] 40.0 +0.0 +1.4[+1.7 +0.0 402 +0.2] +0.1 +0.0 +1.2[ 42.7 |
3 bkg +0.0[+0.0 +0.2+0.0] -0.1 +0.0 +0.0[+0.1[ +0.1 +0.56 +0.0] -0.I +0.1 +0.0  +0.0
3 sig. +0.7 -05 -3.0 +0.6| +1.1 -0.6 +0.5] -1.0 -25 -7.1 -0.3] -1.0 -52 -0.8  -0.8
3 both +12[ 0.6 -3.6 +1.2] +1.7 -0.7+09[ -25] -46 -11.1 05 -39 -6.1 -14 -14
X (4140)Cusp|[+2.2 +0.9] +64 -54 -14]] -1.2] 0.0 +1.240.2] +1.9 -25 05 -1.6
Total +5.9)+4.6 +20.7 +4.7|+17.2 +8.4 +3.5[[ +6.5]+12.0 +20.8 +3.2[+13.9 +42.0 +7.2[ +11.0
Sys 21| -2.8 -13.5 -2.0] -3.6 -11.1 -24]| -6.7) -14.5 -204 -2.3] -24.1 -33.3 -5.3  -21.0
| stat. | 28 45 207 32 83 109 25 51] 11.1 212 24] 101 30.749 10.7
DLL<0 +0.9[+7.3 +34.6 +3.5 -10.9 +14.1 +3.8[+0.9[+12.1 +2.6 +0.0[+12.8 +20.9 +5.7] 475
pr™>500 -13[+1.6 1.7 -2.7] +7.8 +12.2 +0.2] -9.6] -10.9 -18.6 -32[ -4.7 -127 -6.6[ -17.1
Z(27) -22[+0.2 +45 -2.2] +3.0 -2.8 -1.8[+3.3[ +0.2 -10.0 -1.3] -7.2 +156 -3.7  -0.8

136



Table 19: Summary of the systematic errors on the parameters of the K** — ¢K™* states with
JP =27 and 1. All numbers for masses and widths are in MeV and fit fractions in %.

sys 2= Ko(1770) K5(1820) 1+ K1 K/ NRyx
var FF| M, I, FF| M, I, FF| FF| M, I, FF| M, I, FF FF
NR exp [+0.5] 48 -135+04] -06 +86 +1.8] 22 59 3.7 +0.7] 214 454 +0.§ +0.3 |
K* +1.2/+118.1 +194.8 +4.0{+16.2 +53.8 +4.4|| +3.9| +150.8 +122.4 +15.6| +49.0 +159.5 +28.5| +34.4
Model 41) 223 710 -8.6| -14.9 -38.5 -5.5| -7.5 -79.2 -196.2 6.1 -53.8 -143.2 -27.2| 5.1
Lvar. +0.7] +8.6 +54.1 +3.7] +5.5 +14.0 +3.5||+0.8] +22.3 +20.4 +3.4]+475 +37.7 +4.8] +5.0

15| -63.3 -127.9 -9.3| -31.2 -59.5 -8.6|| -2.2| -48.6 -70.3 -0.9(-159.9 -72.5 8.7 -2.2
Tior [-02 +08 +38.7 -1.6] -1.9 -12.6 -2.4[+0.6] -20.5 +17.2 +0.9 -0.1 +7.1 -2.3] +2.2 |
d=1.5 +0.1] +182 +67.2 -0.6] +2.7 +6.0 -1.5|+0.7] -174 5.6 -1.0] +8.2 +13.9 -2.1] +17
d=5.0 +0.2 72 -258 -0.1] -1.0 -0.5+1.3| -1.5| 4122 -6.9 +05| -84 -428 -1.0] -1.5
Lside. +0.1] 42 95 -02] -1.1 +2.0+09| -1.00 409 402 +1.1] -8.7 -30.2 +0.9] +0.3
Rside. 01 432 450 -04] +38 +01 -1.2[+1.2] -1.3 125 -04|+11.6 +365 -1.5 -0.1
[No @ | -08 02 +04 -11] +00 -05 -1.5] 0.8 +1.9 +1.2 +01] +0.6 +1.8 0.7 +0.7 |
| pwin 7 [ -1.0] 2.0 272 26 1.1 +41.2 1.4 27 113 365 +0.0[ -15.2 231 +6.0[ -1.9 |
3 poly. +0.00 +0.3 +23 0.1 +05 +0.7 +0.0[+0.1] 1.1 +1.3 +0.1] 401 +04 +0.1] +0.2
3 sig. +0.2] 48 -182+0.3] -42 -7.6 +0.5|| -1.5] +23.1 +7.9 +1.7| -7.0 -195 +22[ -1.1
3 both +0.2 81 -354+17 -93 -6.7+2.6| -2.7 +28.0 -82 +4.0| -234 -63.0 +4.8 -0.8
X (4140)Cusp||+0.0| +24.6 +42.2 +5.4] -0.8 +10.8 +3.8[+1.8] +4.5 +55 +4.4 -12.0 +40.6 +8.4 -0.3
Total 1.5 4+122.3 +220.7 +7.7] +17.7 +82.0 +7.2|| +4.7| +153.0 +138.0 +16.7| +69.7 +173.5 +31.3] +34.5
sys. 4.6 -76.5 -154.3-13.3| -34.7 -72.0-10.9 -9.2| -100.5 -214.8 -6.3|-172.3 -177.9 -28.8] 6.4
| stat. | 28 349 11631100 266 58.111.2] 81 590 157.0 10.3] 65.0 170.3 20.4] 13.1 |
DLL<0 22 250 -79.1 -8.8+33.0-105.4 -6.8||+7.1+110.9 -56.2 +6.6 +12.4
prE>500 27 04 +4.9 -3.7 -10.1 -67.0 -5.7]|+6.4] +95.2 -238.7 -3.7| -87.7 +33.6 -3.8] +4.7
Z(27) 0.5 -20.3 -16.5 -5.3|+16.2 +27.8 -4.5]+2.1] +9.0 +38.8 -1.1/+67.6 -75.2 -10.9] +2.3
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Table 20: Summary of the systematic errors on the parameters of the K** — ¢K™* states with
JP =07, 17 and 2%. All numbers for masses and widths are in MeV and fit fractions in %.

systematic 1~ K(1680) 0~ K(1830) 2+ K3(1980)
variation My I'y FF My I'y FF My I'y FF
NRexp || +3.3 +115 +0.2 -229 +36.3 +0.4]] -137  -65.1 +0.0 |
K* +19.9 +31.4 +2.6][ +54.8 +236.9 +1.7][ +214.3 +805.2 +1.6
Model 331 -141.0 -2.7] -90.2 -96.3 -1.7|| -66.9 -223.8 -0.6
Lvar +14.2 +59.3 +1.8][+12.8 +51.6 +0.7]] +52.0 +172.3 +0.3
7.7 <447 02| 444 311 -0.2|| -19.1 -107.4 -0.3
Tyor [-1015 931 +02] 28 -62 -0.1] -167.6 -230.0 +0.3
d=1.5 +21.1 +121.7 +0.0[[ +12.1  +2.5 -0.1][+102.2 +806.2 +0.0
d=5.0 49 -21.0 +0.0] -10.3 +6.3 +0.2] -72.0 -242.5 +0.0
Left side. +2.7 477400 -126  20.1 +0.2] -17.9 -28.8 0.2
Right side. 3.0 4+7.7+0.0]+10.0 235 0.2 +19.2 +24.7 0.2
| @owin. 7 || +05 289 -1.8] -33.6 +94.5 +0.9] -97.0 -258.9 +0.2 |
[ Now™® | 402 04401 +1.0 24 -04] 04 31 02|
3 poly. +0.2  +15+0.0] +0.2 +11+00] -05  -3.8+0.0
3 sig. +0.5  -4.2+40.0] -105 +9.9 +0.2|] -7.7  +8.4 40.2
3 both +2.2 41 +01]] -43.0 +322 405 -185  +1.1+0.4
X (4140)Cusp|| +4.5 455 -1.2| +7.8 +11.4 +0.1|| 4265  +6.1 -0.2
Total +32.9 +139.8 +3.2|[ +59.0 +280.2 +2.3[[+245.2 +1152.7 +1.7
sys. -108.4 -180.7 -3.9||-114.8 -104.1 -1.8/| -239.7 -559.0 -0.7
| stat. | 199 747 19] 432 904 1a] 942 3106 08
DLL<0 +1.1  +74 -0.6]+69.6 -150.9 -2.1][+287.3 -157.2 -0.6
prE>500 156 -47.1 -0.2[-161.9 2.4 -0.2| -10.1 -102.2 -0.1
Z(27) 103 -15.2 -1.1][+25.9 675 -0.2] -21.3 +38.1 -0.7
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Table 21: Summary of the systematic errors on the parameters of the X — J/i) ¢ states when
the K* model is modified. All numbers for masses and widths are in MeV and fit fractions in %.

sys 1t X (4140) X (4274) 0F X (4500) X (4700) NR /6
var FF| M, T, FF| M, I, FF| FF| M, I, FF| M, I, FF FF
K;(1780)(37)|| -0.8] -1.3 -6.8 -0.7| +3.0 -2.6 +0.0] -1.5| -43 -2.7 +0.1] -2.8 +10.2 +1.4] +0.5
K;(2045)(47)[[+0.1] 0.9 -1.9 +0.2[ -0.4 +1.2 40.1[[+0.0{40.5 +0.3 +0.1]+1.5 -0.6 +0.1 -0.6
K*(17) +1.0[ -1.1 -3.1 40.5] +7.0 40.2 4+0.6|| -0.2+1.3 +2.5 +1.6|+0.3 +23.2 +6.2|  +6.5
K'(07) 0.4 -0.2 -1.1 -0.4| +1.6 +0.8 +0.3|| -3.0[ -4.5 -5.0 -0.9] -6.4 -3.8 -2.2 -3.0
K" (27) +0.8/43.0 +15.2 42.0| -2.5 +5.0 +0.8|| -0.8| +5.5 +4.9 +0.5/+5.6 +2.3 +2.2 -0.8
K*'(21) +0.1] -1.4 6.4 -0.5] +2.6 -3.4 -0.5|| -2.0[ -5.9 -10.2 -1.1| -3.7 -7.4 -2.1 -5.2
K*(3%) +1.4[+0.7 +2.4 +0.1] +24 -38 -0.3[[+0.1] -0.9 -4.2 +0.1| -7.8 -0.8 -3.3 4.3
no K (1%)  [[+0.7]41.8 +7.4 +0.7] +0.4 +5.5 +1.0] -1.1]40.3 +5.8 -0.7/+4.7 -10.6 +0.5  +0.8
K*(1410) -1.5|4+0.2 403 -1.6] +1.9 +2.3 -0.1|| +1.8/+7.3 +11.3 +1.1| -8.6 +28.8 -0.1]  +4.6
no K (27) [|+0.8] -0.9 -5.9+0.2] +7.0 -6.3 -1.4/|-10.2|40.2 -11.0 -0.5[-12.6 +3.5 -1.7|  -14.6
Total +2.0[+3.6 +17.1 +2.2[+11.2 +7.9 +1.4][+1.8[+9.3 +13.8 +2.0[ +7.5 +38.6 +6.7] +8.0
Sys -1.7] -2.6 -11.7 -1.9| -2.5 -8.5 -1.5|-11.0| -8.6 -16.6 -1.7|-18.9 -13.5 -4.8 -16.6

Table 22: Summary of the systematic errors, due to variation of the K* model, on the parameters
of the K*t — ¢Kt states with JI = 27 and 1*. All numbers for masses and widths are in
MeV and fit fractions in %.

sys 2- K»(1770) K5(1820) 1+ K K NRy s
var FF| M, I, FF| M, T, FF| FF| M, T, FF| M, T, FF FF
K;(1780)(37)|| -0.4] -11.0 -27.4 -1.0] -6.5 +0.2 -0.3| -2.8] -7.8 +1.6 +1.1| -17.0 -64.5 -1.1| +1.0
K;(2045)(41)||4+0.3] 476 +26.0 +0.2| +0.2 -5.7 +0.2| -0.1] +13.1 +32.6 +0.6] -9.9 -6.5 +0.4/ -0.1
K*(17) +0.2]  -4.2  -56.0 +3.4] +2.1 +35.1 +3.9|| -1.8 +98.5 +95.7 -42.8 +123.7 4.2
K'(07) 0.2 -91 -27.6 +0.5| -7.6 +1.6 +1.3|| -0.2] -27.2 -821 -3.7| -7.3 -77.4 -59 435
K" (27) +0.9| +22.0 +59.8 -2.0(+10.5 -18.8 -3.2|[+1.3| +44.0 +68.8 +14.4] -9.1 +100.7 +28.5| +27.1
K*(2F) -0.5| -16.6 -19.6 -2.8] -2.8 +14.7 -2.1|| -2.7] -189 +5.2 +0.6| -18.3 -57.8 -3.1| -0.3
K*(3%) -0.2| +13.8 +83.8 -2.6| -10.7 -13.7 -3.8|| -6.0] -9.2 -24.0 +0.4| -14.3 -584 -43] -25
no K (1) ||4+0.3| +25.9 +37.3 +1.0| +0.1 -30.1 -1.1{[+2.2+104.6 -14.9 +5.9 +8.9
K*(1410) +0.6] +3.9 2.7 +1.8(+12.1 +38.0 +1.6|| -1.4 -3.2 -23.2 -3.8/4+41.4 -31.0 -10.0] -1.4
no K'(27) -4.0|+111.9 +159.0 -7.4 +3.0 -70.9 -174.4 -3.1|4+26.2 -51.0 -5.3| +18.8
Total +1.2|+118.1 +194.8 +4.0|+16.2 +53.8 +4.4(| +3.9| +150.8 +122.4 +15.6+49.0 +159.5 +28.5 +34.4
Sys 4.1 -22.3 -71.0 -8.6| -14.9 -38.5 -5.5|| -7.5| -79.2 -196.2 -6.1 -53.8 -143.2 -27.2| 5.1
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Table 23: Summary of the systematic errors, after variation of the K* model, on the parameters
of the K*T — ¢K ™ states with J© =07, 1~ and 2%. All numbers for masses and widths are in
MeV and fit fractions in %.

systematic 1~ K(1680) 0~ K(1830) 2t K3(1980)

variation My, T, FF| M, T, FF| M, T, FF
K3(1780)(37)|| 40.0 +20.5 +1.2|| -33.3 +29.2 +0.9]| -31.6  -8.7 40.9
K;(2045)(4)|| 424 +9.5 -0.4| +6.2 -8.3 -0.2| -10.8 -48.6 -0.1
K*(17) -29.2 -137.5 -2.0|| -13.8  +8.3 +0.4|| +34.0 -48.1 -0.4
K'(07) 424 -1.5 -0.2|[+50.3 4217.7 279  +6.2 +0.3
K" (27) +7.8 424 -0.2|| +8.7 +2.4 -0.3|| +38.5 4729 -0.3
K*(21) 4.1 -7.040.2|| -25.9 +41.0 +1.1|] -39.4 -212.9 +1.3
K*(3%) 9.7 -29.6 +0.1|| -31.7 +47.5 +0.7|| -32.1 +45.2 +0.0
no K (1) 2116 -5.9 -0.6|[+12.0 -1.4 -1.7|[+199.9 757.3 -0.2
K*(1410) +10.7 424 -1.7][+14.7  -95.9 +0.0|| +21.3 +103.5 +0.2
no K'(27) || +14.5 +21.6 -3.1|| -71.9 +62.0 +0.4|| +53.4 2382 -0.1
Total +19.9 +31.4 +2.6/| +54.8 +236.9 +1.7|| +214.3 +805.2 +1.6
Sys -33.1-141.0 -2.7|| -90.2 -96.3 -1.7|| -66.9 -223.8 -0.6

Table 24: Summary of the systematic errors on the parameters of the X — J/i) ¢ states when
the value of L used in each decay (where applicable) is changed. All numbers for masses and

widths are in MeV and fit fractions in %.

sys 1" X (4140) X (4274) 0F X (4500) X (4700) NRJ/y 6
var FF MO FO FF ]\/fo FO FF FF MQ FO FF MO FO FF FF
Ky Lg-+2 +0.6|+0.7 +-2.8 +0.7| +9.7 +0.8 4-0.7|| -1.5| -0.2 -1.4 -0.1}4+-0.2 -1.5 +0.0 -1.9
K, Lp+1 +0.0j+0.0 -0.2 +0.2| -0.2 +0.1 +0.3}| -0.5| -0.7 +0.1 +0.1| -1.2 +0.6 -0.1 -0.1
K(1680) Lg+1 ||4+0.6/+0.3 +1.3 +0.4| +0.6 +0.7 +0.6|| -0.3|+0.3 +0.3 +0.1] -0.2 40.8 0.2 +0.2
K(1770) Lg~+2 ||+0.1| -1.0 -5.6 -0.3| +1.2 -3.6 -1.1}| -2.0| -1.3 -10.7 -1.2|4+6.1 -13.1 -0.7 -5.4
K(1770) Lg+1 ||+0.1| -0.1 -0.1 -0.2| +0.4 -0.3 +0.0/|+0.1+0.0 +1.2 +0.0] -0.9 +2.1 0.0 +0.3
K5(1820) L-+2||+0.4{+0.1 +1.8 4-0.5| 40.3 +0.3 +0.3|| -2.0] -1.3 +9.6 +1.7| -6.4 +12.0 +1.5 +1.0
K5(1820) Lg+1 ||+0.0{+0.1 40.5 +0.2| -0.1 +0.1 +0.1|| -0.2| -1.2 -3.0 -0.3]4+0.4 -2.9 -0.3 -0.5
K(1830) Lp+1 |[+0.2(+0.0 -0.2 40.3] 40.2 +0.1 +0.2|| -0.9] -1.3 +0.3 +0.1] -1.6 +1.1 +0.0 -0.5
K| Lg~+2 +1.0/+2.0 +6.1 +-1.9| +3.3 +0.9 -0.1}|+4.0] -9.2 +4.4 -1.0/+6.5 -20.9 +0.0 -6.2
K| Lp+1 +0.0(+0.2 +1.9 +0.1| -0.8 +0.0 +0.1{{+0.3| +1.2 +0.8 +0.0|+1.4 +0.2 +0.2 +0.6
K3(1980) Lp+1 ||4+0.2| -0.6 -2.7 -0.3] +2.4 -2.9 -04| -0.1/+0.4 +1.540.1] -0.9 +1.6 +0.2 +0.3
Total +3.2[42.2 +7.3 +2.1]+10.6 +1.4 +1.0[+0.3[+1.3 +10.8 +1.7|+9.0 +12.4 +1.5]  +1.2
sys. +0.0| -1.2 -6.2 -0.5| -0.8 -4.6 -1.2| -4.7] -9.6 -11.2 -1.6| -6.8 -24.9 -0.8 8.5
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Table 25: Summary of the systematic errors, due to variation in the L-value used in decays, on
the parameters of the K*t — ¢K™* states with J© = 2~ and 1. All numbers for masses and
widths are in MeV and fit fractions in %.

sys 2= Ko(1770) K5(1820) 1+ K1 K/ NRyx
var FF| My I, FF| M, I, FF| FF| M, I, FF| M, I, FF| FF
K1 Lg-+2 0.4 -4.7 -209 -2.0+1.6 -4.3 -0.6|| -0.3| -43.6 -28.7 +2.3/+35.1 -63.0 -7.5 -1.9
Ky Lp+1 +0.0| -3.4 -15.0 +0.1] -0.5 +2.7 +0.6/] -0.4] -6.0 -14.9 -0.3] +0.1 -17.4 -0.5] +2.1
K(1680) Lg+1 || -0.1] -0.5 -5.2+0.3] -0.8 +0.4 +0.3|| -0.3] +8.1 -0.3 405 +2.8 -122 -0.9] +0.5
K5(1770) Lic-+2|| -1.3]-62.1-124.0 -7.5] -4.9 -33.2 -6.2[+0.3] -19.1 -41.5 +0.3[+12.2 -10.4 -3.7] +4.5
K(1770) Lp+1 ||+0.3[+7.6 +204 -0.9/+4.4 -04 -0.6] -0.2] +4.4 +15.6 +0.2] -48 -2.3400 -0.6
K5(1820) L-+2||+0.6]-10.5 -15.1 -3.7]-24.8 -38.4 -3.8|| -1.7] -3.1 +4.3 +2.5| -10.2 -10.3 +4.8| +0.6
K5(1820) Lp+1 ||+0.0[+3.8 +6.5 +3.4] -0.9 +13.0 +3.0[+0.0 -1.3 -12.0 -0.4| -1.8 -10.6 -0.5| -0.2
K(1830) Lp+1 ||+0.1] -1.2  -4540.6| -1.9 +2.6 +0.8/| -1.0] -5.5 -11.3 -0.3| -3.4 -18.1 -0.6| -0.2
K| Lg-+2 0.5 -2.0 +48.8 -3.1[-17.9 -30.1 -4.3[[+0.1/+20.3 -42.5 0.0[-159.5 +8.6 +0.0] +0.0
K| Lp+1 4+0.0[+1.4 +9.3 -1.3|+2.8 -6.4 -1.3||+0.7] -3.8+12.4 -0.6/+29.4 +36.8 -1.9] -0.9
K3(1980) Lp+1 ||+0.1/+0.8 -6.3 +1.4] -3.1 +3.5+1.4] -0.6| -1.6 -9.8 -0.4| +1.2 -134 -0.8] -0.1
Total +0.7| +8.6 +54.1 +3.7] +5.5 +14.0 +3.5/| +0.8/ +22.3 +20.4 +3.4| +47.5 +37.7 +4.8| +5.0
sys. -1.5/-63.3 -127.9 -9.3|-31.2 -59.5 -8.6|| -2.2| -48.6 -70.3 -0.9|-159.9 -72.5 -8.7| -2.2

Table 26: Summary of the systematic errors, after variation of the L-value used in the decays, on
the parameters of the K*T — ¢K T states with J© = 07, 1~ and 2F. All numbers for masses
and widths are in MeV and fit fractions in %.

systematic 1~ K(1680) 0~ K(1830) 2+ K3(1980)

variation M, T, FF| M, T, FF| M, T, FF
Ky Lg-+2 -2.8 -13.2 40.0|| -15.6 +17.4 +0.3|| -2.3 +427.0 +0.2
K, Lp+1 +1.6 +3.1 4+0.0|| -8.6 +83+0.1)| -2.3 +1.1+0.1
K(1680) Lg+1 ||+13.5 +54.9 -0.1| -1.5 +1.5+40.0|| +0.1 -3.1 +0.0
K5(1770) Lg~+2|| +0.5 +21.6 +1.4|| -7.3 +11.5 4+0.3||+16.5 +99.6 +0.0
K,(1770) Lp+1 || 40.0 -1.4 -0.2|] +2.8 -4.4 -0.1)| -10.9 -29.8 +0.0
K5(1820) Li~+2|| +4.0 +3.2 40.1|| -39.9 +43.1 +0.4|| -12.6 -55.0 +0.0
K5(1820) Lp+1 -0.5 +0.3 +0.0|| -0.4 +40.8+40.1| +4.4 +15.8 +0.1
K (1830) Lp+1 +1.1 +3.040.1}] -2.0 +17.3 +0.3|| -8.7 -13.6 +0.1
K| Li~+2 -17.4 -42.6 +1.1)| 49.8 -27.7 -0.2||+45.2 +135.4 -0.3
K| Lp+1 -1.5 -2.6 -0.1f| +7.7 -13.4 -0.1|| +8.3 +21.2 -0.1
K3(1980) Lp+1 -04 +1.8+0.1] -2.0 +1.3 +0.1|+17.3 -86.2 -0.1
Total 1142 +59.3 +1.8[+12.8 +51.6 +0.7] +52.0 +172.3 +0.3
SyS. 7.7 447 -0.2|| 444 -31.1 -0.2]| -19.1 -107.4 -0.3

141




—-— pT(K)>250 MeV
—— pT(K)>5OO MeV

— totd fit

-- background

5240 5260 5280 5300 5320 5340
My o [MeV]

Figure 59: Mass of BT — J/iy ¢ K™ candidates in the data with the pp(K) > 250 MeV (default)
and pp(K) > 500 MeV selection requirements.
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Figure 60: The distribution of mgr (top) and m j,4 (bottom) for the data and the fit of the
default model with the tighter cut of pp(K) > 500. See the legend in the top for the description.
Compare to Figs. obtained with the default cuts.
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Figure 61: The distribution of mgr (top) and m 4 (bottom) for the data and the fit of the
default model with the tighter cut of DL L, 1,1, < 0. See the legend in the top for the description.
Compare to Figs. obtained with the default cuts.
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To probe a sensitivity of the significance of the X states to systematic effects, we
have investigated fit variations which have produced the largest changes in values of the
parameters describing these states. The results of this study are shown in Table 27 No
dramatic changes are observed.

Table 27: Significance of the X states for various systematic variations evaluated assuming
x?(ndf = 2Any,,) distribution for A(—21n £). The lowest value for each state is highlighted.

| sys. variation || X(4140) || X(4274) || X(4500) || X (4700) |

| default | 9.0 || 6.8 || 6.7 || 6.1 |
K Ly-+2 11.2 6.8 6.7 8.0
K5(1770) Lyc-+2 9.2 6.0 6.4 5.7
K2(1780)(37) 8.4 6.9 6.1 5.6
NR exp 9.6 6.9 7.3 6.7
K*(17) 8.6 6.2 7.3 6.9
K"(27) 9.7 6.5 6.2 6.0
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10 Spin analysis

To determine the quantum numbers of each X state, fits are done under alternative spin
and parity hypotheses. The likelihood-ratio test is used to quantify the rejection of these
hypotheses. Since different spin assignments are represented by different functions in
the angular part of the fit PDF, they represent separate hypotheses. For two models
representing separate hypotheses, assuming a x? distribution with one degree of freedom
(ndf = 1) for A(—=21In £) under the disfavored J” hypothesis gives a lower limit on the
significance of its rejection, i.e. p—value [51]. Statistical simulations can be employed and
usually lead to a higher rejection level, since the data give positive A(—21n L) Valueﬂ
while A(—21In L) distribution under the disfavored hypothesis tends to peak at large
negative values (see e.g. Ref. [52]) unlike the x?(ndf = 1) distribution which cannot extend
below zero. Since our fits are very CPU intensive we rely on the lower significance limit
given by the x? method, in which the significance of the rejection can be simply calculated
as /A2 D).

The results for the default fit approach are shown in Table 28 The spin of X (4140)
state is determined to be 17 with 7.60 significance. The spin of X (4274) state is established
to be also 17 at 6.40 level. The spins of X (4500) and of X (4700) states are established to
be 0 at 5.20 and 4.90 level, respectively.

Given the limitations on available CPU resourceﬂ, it is an impossible task to perform
as many systematic variations as we did for the mass and width determinations in Sec. [9]
for every J¥ hypothesis and four exotic candidates. Therefore, we have investigated one
(or two) alternative J¥ assignment for each state with the smallest separation from the
favored quantum numbers in the default fit model and we pick the systematic variations

which had the biggest effect on parameters of these states. This study is summarized in

20 A(—211’1 ‘C) = (_2 In ‘C)disfavored JP = (_2 1nﬁ)fatvored P > 0.
2"Each fit requires about 2 days of exclusive use of a 12-core computer. Multi-core computing resources
are not easily available.
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Table 28: Significance of JP preference for the X states in the default model. The lowest value
for each state is highlighted.

JT /Component X (4140) X (4274) X (4500) X (4700)

0F 10.30 7.80 preferred preferred
0~ 12.50 7.00 8.1o 8.20
1+ preferred preferred 520 4.90
1~ 10.40 6.40 6.50 8.30
2t 7.60 7.20 5.60 6.80
2” 9.60 6.40 6.50 6.30

Table 29] Accepting the lowest rejection figure found, the significance of 1* determination
for X (4140) (X (4274)) is 5.70 (5.80) and of 0" determination for X (4500) (X (4700)) is
4.00 (4.50).

Table 29: Effect of systematic variations on the significance of the J* determination for the four
X states. The lowest significance found for each state is highlighted.

systematic variation || 17 X(4140) || 1T X (4274) || 0T X (4500) || 0" X (4700)
alternative .J 2+ 1= | 2 |1t | 2f 1+
default 7.6 | 6.4 6.4 || 5.2 5.6 4.9
K| L A42 12.2 | 6.2 741 54| 65 5.1
Ky(1770) Li+2 5.7 || 6.0 5.8 || 5.2 4.9 4.5
K3(1780) (37) 6.2 || 6.6 6.3 | 4.9 5.1 4.5
NR exp 7.5 6.5 6.1 8.9 5.8 4.7
K*(17) 6.8 || 6.1 5.8 || 5.8 6.2 4.7
K"(27) 6.9 || 6.7 6.2 | 4.0 6.6 4.8
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11 Coupled channel threshold effects from pairs of
D, excitations

The quark content of DD pairs, where D denotes D} excitations (D, D,
D%,(2317)%, D4 (2460)", D4(2536)", D%,(2573)1), is the same as of Jip¢. Virtual
DT D pairs can be produced in BT — K+ [Dg*HDg*)_] decays and rearrange their
quark content to materialize as a J/ib ¢ final state. Many DI D™ thresholds fall in
kinematically allowed m ;4 range.

Attractive forces between the D} mesons can give a rise to a molecular bound state.
Because molecular binding energies are unlikely to be large, masses of such states are
expected not too far below the production threshold for the unbound meson pairs. For
example, deutron has binding energy of 2 MeV, while even in heavy nuclei they stay below
9 MeV per nucleon. Molecular forces drop quickly to zero beyond rather small interaction
ranges, thus only the ground state is expected to be bound. That implies no angular
momentum between mesons (Lp,p, = 0). Therefore quantum numbers of the molecular
state are those which can be obtained from addition of spins of the constituent mesons,
and its parity is simply a product of the constituent parities.

Molecular forces are often described with pion exchange. The D! mesons have no
isospin, thus coupling via pion exchange would be isospin violating. This did not stop
several authors from suggesting that the X (4140) state is a 07* or 27+ D** D*~ molecule
with ~ 83 MeV binding (this threshold is at 4266 MeV) [53-57]. Some authors used 7 and
¢ exchange model [53]56], while others used QCD sum rules [54,/55,57]. However, Wang
et al. used QCD sum rules and found such system not to form a bound state [58]. The

L+-S

17" quantum numbers are not allowed for such molecule [53], since C' = (—1)**° must be

satisfied for identical Dy excitations in the D D pair (C'= C, Cy = (—1)(—1) = +1).

Therefore, for an S-wave molecule (L = 0), J = S must be even. It was also suggested
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that the X (4274) structure is a 0~ D D, molecule with ~ 12 MeV binding energy
(this threshold is at 4286 MeV) [59}/60], which is a more plausible value.

Our default parameterization which assumes Breit-Wigner amplitudes for J/i) ¢ mass
peaks is appropriate for molecular bound states. Our 1" assignment to the X (4140) rules
out its explanation as D*TD*~ molecule. Also our assignment of 17% to X (4274) does
not match its molecular explanation as 0~+ D} D_, state. We have assigned 0" to the
presumed X (4500) and X (4700) resonances. The DD, threshold is at 4635 MeV, which
falls in the depression between these two peaks. We were unable to construct a model
with only one 0% resonances destructively interfering with the NR4; with a free mass
the state always ran away to one side or the other. With the fixed mass, the likelihood is
significantly worse (+77 = 8.8%). The X (4500) is ~ 129 MeV below the threshold which
seems too large to make it a molecular candidate.

Even if there is no bound state, opening of a threshold for production of unbound
DT DT pairs may produce a peaking structure called a cusp in the J/b ¢ mass distribu-
tion near the threshold mass value, as explicitly predicted for this channel by Swanson [61].
Couplings to cusps are expected to be large only for Lpsps = 0, thus effective quantum
numbers are the same as for molecular bound states made out of the same components.

The Breit-Wigner amplitude for an ideal bound state, which is not distorted by
overlapping with a cusp, creates a circular trajectory in the complex plane (so called
Argand diagram, with x-axis being the real component), with counter-clockwise motion
with mass. The imaginary part of the amplitude peaks smoothly at the pole mass, while
the real part crosses zero at this point passing from the positive to the negative values.
Both obviously go to zero far from the pole mass. The magnitude peaks at the pole. The
complex phase starts at zero, undergoes rapid change where the magnitude peaks, crossing
90° at the pole and then flattens out to 180° far above the pole mass. With the present

data statistics replacing Breit-Wigner amplitudes with model independent amplitudes
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binned in mass in attempt to obtain Argand diagrams does not lead to useful results. In
this section we investigate the possibility that some of the observed J/i) ¢ structures can
be interpreted as cusps, which differ from Breit-Wigners in a more subtle way.

A cusp amplitude is also zero far away from the threshold (see Fig. [62|and its explanation
below). There is no imaginary part below the threshold. The real part is positive and
peaks sharply towards the threshold. It starts dropping abruptly above the threshold,
crosses to negative side before it tends to zero way above the threshold. The imaginary
part is positive and rises from zero above the threshold, peaks, and then decreases to zero.
This gives a trajectory on the Argand diagram which is also counter-clockwise with mass,
but it is not circular (Fig. . The exact shape of the trajectory is model dependent.

We employ a relatively simple model of cusps by Swanson [62] (this is an improved
model over his initial work in Ref. [61]). A virtual loop with two mesons A and B inside
(Fig.1 left in Ref. [62]) contributes in non-relativistic near-threshold approximation the

following amplitude{™|

d3q q2z e—24%/Bip

) = | G2 = =

T tie
1€
2pAB

where m is J/ib ¢ mass, puap is the reduced mass of the pair (= My Mp/(Ma + Mp)),
€ is a very small number (e — 0), [ is the angular momentum between A and B. The
lowest [ value is expected to dominate. The denominator of the integrand in Eq. is
related to virtual-D, propagators. The numerator contains an exponential form-factor,
taking into account that hadrons are not point-like objects, which has a free parameter
Bap which should be at a typical hadronic scale of order of Aqcp (can be AB dependent).
The formula contains purely “kinematical” terms and does not implement any dynamics

between the virtual Ds pairs.

28The formulae are not given explicitly in Ref. [62]. We have obtained them directly from the author.
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The above integral (Eq. (45))) can be conveniently expressed as:

(m) = —% 1(2) (46)
7= 4B\ My —m) (47)
Bin
o0 2421 ,—z2
1(Z) = /O dx ﬁ (48)

where —Z7 is the scaled mass deviation from the AB threshold. For [ = 0, the integral

above evaluates to:

1(2) = % VAl = Va Z e erte(VZ)]. (49)

For masses below the AB threshold Z > 0 and I(Z) (thus II(Z)) has no imaginary part.
For masses above the threshold Z < 0, v/Z is complex, which leads both to the real and
imaginary parts having non-zero magnitude. The real and imaginary parts of —/(Z) in
a function of —Z, which are proportional to the real and imaginary parts of II(m) in a
function of m — m4 — mp are shown in Fig. 62 while the corresponding Argand diagram
is shown in Fig. 63|

The function II(m) replaces the BW(m|My,I'y) in Eq. (35), however the Blatt-
Weisskopf functions in Eq. still apply@

All possible DT DY cusps with shapes predicted using the Swanson’s model are
shown in Fig. . It is clear that the D} D*~ cusp, which peaks below the J/i) ¢ kinematic
threshold, is a good candidate to explain the 17 X (4140) structure. It is also enticing to
try the DI DZ; cusp as an explanation for the X (4274) structure, since it peaks at the right
mass, even though this cusp is expected with 0~ quantum numbers which don’t agree with
1" obtained in our analysis. The D" D;(2536)* cusp peaks near the X (4500) structure,

again with mismatch of its 1~ quantum numbers with 0% from our Breit-Wigner based

29This was done on advice from E. Swanson.
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Figure 62: Dependence of the real and imaginary parts of the cusp amplitude on the mass in the
Swanson’s model. See the text for a more precise explanation what is plotted.

analysis. Similarly the D" D% 17, 27 and 3~ cusps peak near the X (4700) structure but
do not match 0% from our default analysis. There is an abundance of cusps at the high
mass region which perhaps can interfere and complicate the analysis.

In the initial exploration we have used the Df D*~ 17 cusp for X (4140) and the DI Dy
0~ cusp for X (4274), while leaving the high mass X structure as that used in the default
approach (NR 4 plus two 07 Breit-Wigner amplitudes). We also did not allow Bjg cusp
amplitudes with L larger than the minimal value (“Lmin” constraint). The fit results are
compared to our default fit in Table [30] The mass projections are shown in Figs [65] [66] and
The A(—21n £) value is worse by 43.7 = 6.6 but with 10 fewer parameters. To check

that this is not due to the Lmin constraint, we also performed the fit in which we allowed
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all Brg cusp amplitudes. Now the likelihood is 34.3 = 5.9 worse than the default fit for

only 4 fewer fit parameters. The higher-I By g amplitudes are only 1.9¢ significant. The

default fit is also preferred by x2,, x3p and

1D fit qualities in mass projections, but by

the smaller margins than from the fit likelihood values. Even though cusps with [ different

from zero are not expected to be prominent we have tried [ = 1 option for the D} D, cusp
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to make its effective quantum numbers 17. This did not improve the fit qualities much.
Therefore, we have also tried a fit in which X (4274) is a 17 resonance, but the X (4140)
is represented by the DI D*~ 17 cusp. The mass projections are shown in Figs ,
and This fit has the likelihood and xZ, which are better than the default fit by an
insignificant amount (1.6 and 1.8%, respectively). The x4, on the Dalitz plane and fit
qualities of 1D mass projections are about equal, as well. In these fits, the results for
the K* states and for X (4500) and X (4700) parameters stay very close to the default fit
results, especially for the fit with one cusp only. The values of # obtained in the fits are
close to a value of 300 MeV, with which Swanson was successful in describing the other
near-threshold exotic meson candidates [62]. Since the default resonant model of X (4140)
has a much larger number of free parameters (8) than the cusp representation (3), we have
also performed a fit with a modified default model in which we allowed only S-wave decays
for X (4140) like in the cusp model. This is justified since the combined significance of
all D-wave couplings is only 0.90. This brings the number of free X (4140) parameters
down to 4, thus only 1 more than in the cusp representation. This is perhaps a more fair
comparison between these models. The cusp model is preferred by A(—21n £)gat. = 3.0%
Simulations of pseudoexperiments from the Breit-Wigner amplitude model, and then fit
with the Breit-Wigner and cusp models gives an average A(—21In L) of —9.7 £ 1.0 with
RMS of 6.8 + 1.0 for the same sign convention. Thus, the data are inconsistent with the
Breit-Wigner model at (2.8 + 0.4)0 level. This estimate, based on the simulations, is in
agreement with the value obtained using the asymptotic theorem for separate hypotheses:

A(—2In L) = 3.00. While this may not be enough to rule out the resonant hypothesis
for X (4140), these results strongly suggest that molecular forces in D} D*~ coupled channel
may be responsible for its creation, and that this structure is not necessarily related to a
bound state. The Df D*~ cusp is only 36 MeV below the kinematic limit for J/i) ¢ decay.

This coincidence of the thresholds provides for very favorable conditions for rescattering of
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DI D:~ into J/i ¢, since the hadrons in both of these final states are nearly at rest in their
center-of-mass frame. This mechanism provides a natural explanation for the peaking of
the observed rate very near the kinematic boundary.

We have included the fit in which X (4140) is represented as a cusp among the systematic

variations used to determine parameters or the other components.

.
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Figure 64: The shapes of X = Dg*HDg*)_ cusps predicted with Swanson’s model using 8 = 0.3
GeV [62] and I = 0. Relative intensities of various cusps reflect the phase-space factors only
assuming the minimal Lp and Lx values.

We have also tried a fit with no X Breit-Wigners but all possible cusps (Fig.
included in the fit (with the minimum L and S couplings). With 110 free parameters
compared to the fit with only X (4140) replaced by a cusp and the other three X peaks
represented by Breit-Wigners (93 parameters) the A(—21In £) value is 66.1= 8.1 worse,
favoring the 1 cusp plus 3 Breit-Wigners model (this fit is shown in Figs. [T1}{72)).
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Table 30: The results of fitting X (4140) and X (4274) structures as DF D~ 1% and Df D, J&
(given below) cusps, respectively. Lmin (all L) means that the cusps were implemented allowing
only the lowest (all) L in the corresponding Brg couplings. The last column is for the fit in
which only X (4140) is represented as cusp. The change of likelihood or x? (in brackets) values
are given in form of number of standard deviations squared. Masses and widths are in MeV. Fit
fractions are in percent.

Quantity Default Lmin,Ji =0~ | all L,J;, =0~ | Lmin,J3 =17 Lmin
Npar 98 88 92 88 93
A(=2InL) 0.0 +43.7 = 6.62 +34.3 = 5.9? +18.4 = 4.4? —2.6=1.6°
(A)X%D 462.88 (0.0) | 478.54 (—|—4.02) 475.40 (—|—3.52) 474.80 (—|—3.52) 459.62 (—1.82)
(A)X%D 438.73 (0.0) | 443.66 (—|—1.12) 440.3 (—|—1.22) 461.11 (+4.72) 438.84 (+0.32)
pip(J/ o) 33.1% 2.1% 2.8% 0.7% 35.5%
(oK) 1.9% 0.9% 2.1% 0.5% 1.6%
pmp(JYK) 57.6% 15.6% 17.4% 16.8% 49.7%
state
K(17) M, 1793 £+ 59 1863 + 41 1914 + 62 1784 £ 16 1795 £ 37
Iy 365 £ 157 537 £ 100 607 £ 88 412 £ 57 421 + 102
K (1T9)M, | 1968+ 65 1964 % 31 1970 + 21 1993 = 50 1956 = 35
Iy 396 £ 170 411 £ 77 420 £+ 53 497 £ 151 437 £ 84
K; 17 tot F.F. 41.7 40.5 40.2 44.6 43.5
K(27) M, 1777+ 35 1766 + 27 1752 + 17 1823 + 32 1802 £+ 31
K2(177O)? FO 217+ 116 211 4+ 68 131 £ 25 396 + 119 260 £ 80
( ~) My 1853 £+ 27 1844 £+ 12 1875 £+ 27 1831 £ 13 1853 £ 19
K, (1820)7 Ty 167+ 58 140 + 33 205 4+ 72 141 + 28 178 + 40
K5 27 tot F.F. 10.9 12.5 11.9 11.0 10.8
K*(17) My 1722 £+ 20 1750 £+ 20 1748 + 19 1731+ 14 1726 + 19
K*(1680)? I'y 354+ 75 422 + 77 432 + 77 388 £ 53 359 £+ 69
F.F. 6.7 8.3 10.1 6.8 5.5
K*(2%) M, 2073 + 94 2045 + 46 2046 + 39 2105 £ 50 2099 £ 71
K*(1980)7? T’y 678 + 311 521 + 151 536 + 12 745 + 174 684 + 236
F.F. 2.9 2.8 2.7 3.2 2.7
K(07) My 1874 £ 43 1870 £+ 34 1875 £+ 27 1879 £ 29 1882 £ 27
I'y 168 £ 90 218 £ 81 205 £ 72 186 £+ 74 179 £ 75
F.F. 2.6 2.8 2.9 2.6 2.7
X(4140) M, | 41465+ 45
To (B) | 82.8+20.7 | (247 +19) (250 £ 12) (244 £ 20) (297 + 20)
F.F. 13.0 12.1 10.0 10.6 13.9
X(4274)M, | 42733+ 8.3 1279.7 £ 6.4
To (B) | 56.2+10.9 | (275 % 40) (255 + 29) (303 £ 21) 50.8 +11.3
F.F. 7.1 2.0 2.0 2.1 5.7
X (4500) My | 4506.1 £ 11.1 4498.7 £ 7.5 4501.9 £6.2 4501.7 £ 6.1 4506.1 £9.4
Iy 91.9+21.1 71.44+14.6 79.24+12.0 88.4 +14.8 93.1 £ 18.8
F.F. 6.6 4.8 4.6 5.7 6.8
X (4700) M, | 4704.2 £10.1 4709.7 £ 6.5 1564711.0 £ 5.0 4709.6 £4.9 4706.1 £7.9
I'y | 119.7 &£ 30.7 96.7 194 95.2 4+ 14.7 109.8 £ 12.2 117.2 +£25.2
F.F. 124 10.9 10.7 12.3 12.9
X 0" tot F.F. 27.6 21.6 21.5 24.5 26.4
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Figure 65: The invariant mass of ¢K with the data in black and the total fit in red when
X (4140) and X (4274) are represented with D D~ 1% and D} D_, 0~ cusps, respectively. Lmin
approximation. The p1p is 0.9%.
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Figure 66: The invariant mass of J/i)¢ with the data in black and the total fit in red when
X (4140) and X (4274) are represented with D D*~ 1% and D} D_, 0~ cusps, respectively. Lmin
approximation. The pip is 2.1%.
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Figure 67: The invariant mass of Ji) K+ with the data in black and the total fit in red when
X (4140) and X (4274) are represented with D D*~ 1% and D} D, 0~ cusps, respectively. Lmin
approximation. The p;p is 15.6%.
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Figure 68: The invariant mass of ¢ K with the data in black and the total fit in red when X (4140)
is represented with D D*~ 17 cusp. Lmin approximation. The p;p is 1.6%.
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Figure 69: The invariant mass of J/i)¢ with the data in black and the total fit in red when
X (4140) is represented with DF D*~ 17 cusp. Lmin approximation. The pip is 35.5%.
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Figure 70: The invariant mass of J/) K+ with the data in black and the total fit in red when
X (4140) is represented with DF D*~ 17 cusp. Lmin approximation. The pip is 49.7%.
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Figure 71: The invariant mass of ¢/ with the data in black and the total fit in red when all
predicted cusps are included. The pip is 1.9%. Many cusps with invisible contributions are not
labeled.
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Figure 72: The invariant mass of J/1 ¢ with the data in black and the total fit in red when all
predicted cusps are included. The pip is 0.02%. The two large cusp contributions at ~ 4430
MeV are 17 cusps from D D;1(2460)~ and D" D?; which are very close in mass, and cancel
each other via negative interference. Leaving only one of them in the fit leads to a very small
F.F. and almost no change in fit quality.
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Figure 73: The invariant mass of J/i) K™ with the data in black and the total fit in red when all
predicted cusps are included. The p1p is 9.6%.
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12 Summary of experimental results

The amplitude analysis of 4.3k BT — Jip¢K™ signal events performed using all six
degrees of freedom of their decay kinematics and 3 fb~! of pp collision data collected at
Vs =T —8 TeV with the LHCb detector provides good sensitivity to resonant structures
and their quantum numbers in both the ¢ Kt and J/i) ¢ systems.

Even though no peaking structures are observed in the ¢ K™ mass distribution, cor-
relations in decay angles reveal a rich spectrum of K** resonances. In addition to the
angular information contained in the K** and the subsequent ¢ decay, the J/i decay also
helps probe these resonances, as the helicity states of the K** and J/i coming from the
decay of spinless BT must be equal. Unlike the earlier scattering experiments investigating
K* — ¢K decays, we have a good sensitivity to states with both natural and unnatural
JP combinations.

The dominant 17 partial wave, (4248 2)% fit fraction, has a substantial non-resonant
component, (16 £ 13 732)%, and at least one resonance 7.60 significant. There is also 2o
evidence that this structure can be better described with two resonances at 1793 4 59 7123,
MeV and 1968 + 65 7,79 MeV with large widths 365 4+ 157 2% MeV and 396 + 170 *17%
(12 £101%5)% and (23 420 735)% F.F.). The observed structure fits the expectations for
the two 2P, excitations of the kaon.

Also prominent is the 2~ partial wave, (10.8 £ 2.8 T1:2)% fit fraction. It contains at
least one resonance at 5.00 significance. This structure is also better described with two
resonances at 3.00 significance. Their masses, 1777 35 7122 MeV and 1853 427 T35 MeV,
and widths, 217 £ 116 732, MeV and 167 £+ 58 T2 MeV, are in good agreement with the
well established K5(1770) and K5(1820) states, which in turn matches the predictions for
the two 1Dy kaon excitations.

The 1~ partial wave, (6.7 £ 1.9752)% F.F., has a strong 8.50 evidence for a resonant

state with the mass 1722 420 7,53 MeV and width 354 + 75 713} MeV which match very
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well with the K*(1680) state, which was already well established in other decay modes,
and matches the expectations for the 12D; kaon excitation. This represents the first
observation of its decay to ¢ K.

The 2% partial wave has a smaller intensity, (2.9 + 0.8 157)% F.F., but provides
a significant 5.40 evidence for a broad, 678 + 31113 MeV in width, structure at
2073 £ 94 727> MeV. With the very large errors, it is consistent with the K3(1980) state
observed previously in other decay modes and matching expectations for the 23 P, state.

Last but not least, we confirm the K (1830) state (3'Sy candidate) at 3.50 significance,
(2.6 £1.1133)% F.F., earlier observed in the K decay by the K~p scattering experiment.
We determine its mass and width with properly evaluated errors for the first time:
1874 + 4332 MeV and 168 4 90 259 MeV.

Overall, our K** — ¢ K™ results show excellent consistency with the states observed
earlier in other experiments, often in other decay modes, and fit the mass spectrum
predicted for the kaon excitations by Godfrey-Isgur model. Most of the K** structures we
observe were previously observed or hinted by the previous Kp — ¢ K (p or n) experiments,
which were sometimes inconsistent with each other. Proper statistical analysis of the
K* — ¢K states has been performed for the first time.

While many statistical and systematic errors on the parameters of the K* resonances
are large, the plausible composition of the ¢ K+ model extracted from our data without
experimental or theoretical constraints, gives us confidence in our amplitude model which
also requires several J/i)¢ components, as the K** states alone cannot reproduce the
several sharp mass structures observed in the J/i) ¢ mass distribution. In this work, we
have attempted to describe such contributions as resonances and obtain a good statistical
and systematic sensitivity to parameters of these presumed states including their quantum

numbers. We have also investigated a possibility for these structure to be cusps related to

many opening thresholds for production of pairs of various excitations of the D, meson.
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The parameterization of cusps is adopted from Swanson’s model [62].

The X (4140) state, first reported as a narrow near-threshold peak is observed as a
broad I' = 83 + 21 297 MeV resonance with a mass of 4146.5 4+ 4.5 753 MeV, a fit fraction
of (13.0 +3.2757)% and significance of 7.60 including systematic effects. Observation of
this broad structure is not at odds with the upper limit on production of the narrow 15.3
MeV state at the similar mass, which was previously set based on 0.37 fb=! subset of our
data. The X (4140) mass measurement is consistent with the previous determinations by
the CDF, CMS, and DO collaborations. The width measurement is significantly larger than
the average over the previous experiment, which used naive mass fits, but agrees within
errors with the width determined by the CMS experiment. The quantum numbers of the
X (4140) state are established for the first time to be JF¢ = 17+ with significance of 5.7¢.
However, this structure can be even better described as 1t D D*~ cusp. Possibility of such
cusp in this channel was explicitly pointed out by Swanson [61]. With its mass threshold
nearly coinciding with the J/i) ¢ mass threshold, this provides a natural explanation for
peaking of the rate very near to the kinematic boundary.

We confirm existence of the X (4274) structure, first observed by CDF. We observe it
with a statistical significance of 6.00, at a mass of 4273.3 £8.3 1142 MeV and with a width
of 56.2 4 10.9 %% | MeV and a fit fraction of (7.1 4 2.573%)%. Due to the interference
effects with the other contributions, the data peaks above the pole mass. This could
explain why the naive mass fits which we performed with a small subset of our present
data sample showed inconsistency with the state proposed by CDF. These results are now
superseded by this analysis. Such effects underline the importance of a proper amplitude
analysis and are also likely to account for 3.2¢ discrepancy in the mass of the second
state as determined by CDF and CMS via the naive mass fits. Different experimental
acceptances can also pick different interference patterns and lead to disagreements in the

position of a state. We establish the quantum numbers of the X (4274) structure to also
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be 17" with 5.50 significance. The combined F.F. of these two 17* contributions together
is (16.0 + 2.8 757)%. The resonance interpretation of X (4274) is favored by our model
over the 0~ DI DXy cusp. However, the latter peaks in the right mass region and provides
fits which are not unreasonable.

The high J/1¢ mass region also shows strong evidence for significant structure, best
described in our resonant model by two JP¢ = 0%+ resonances at 4506 £ 11 712 MeV and
4704 £ 10 T35 MeV, with widths of 92 + 21 135 MeV and 120 + 31 32 MeV, fit fractions
(6.6 £2.4135)% and (12.4 + 4.9792)%, and significance of 6.10 and 5.6, respectively,
interfering with an also significant, 6.40, non-resonant contribution. Its fit fraction is large,
(46.2 £ 10.7 T310)%, and it interferes destructively with the two resonant contributions
to produce a combined fit fraction of the 07 JAp¢ wave of (27.6 £ 5.1 £%*)%. The
significance of the quantum number determinations for these mass peaks is 4.00 and 4.50,
respectively. The high J/1¢ mass region could not be explored by the CDF, CMS and D0
because of the large backgrounds in these experiments which lacked kaon identification
devices. Belle and BaBar did not have sufficient signal statistics to probe this region in a
meaningful way.

None of the observed J/i)¢ structures match the evidence of a state at 4351 MeV
observed in 7y collisions by the Belle collaboration.

Since cusps [61-66] and other rescattering mechanisms, like triangular anomalies [67],
may be present in this channel, the results based on our resonant model for the J/i) ¢
structures should be taken with caution. More data and a survey of various coupled-channel

models are needed to provide a more in depth study of their nature.

165



13 Theoretical implications

Our results have a large impact on the possible theoretical interpretations of the J/i ¢

mass structures observed in BT — J/i) ¢K ™ decays, which we discuss in this section.

13.1 Molecular interpretations

While we confirm the existence of the near threshold structure, previously named X (4140)
(or Y (4140)), our results contradict the claim for this structure to be narrow that drove
many initial interpretations. Our determination of its effective quantum numbers to be
JFPC = 17+ directly rules out many previous hypotheses concerned with this J/) ¢ mass
peak, while a few survive as discussed below.

Perhaps the largest camp are those who believe X (4140) is a hadronic molecule, with
a focus on molecules of Dy meson excitations. R. Albuquerque et al [68] used QCD sum
rules to predict the mass spectrum of a D= D*F current with J¢ = 0*F. They arrived
at mass predictions very much consistent with the observations. In 2015 an additional
study was performed [69]; by assuming a 07" molecular state, they attempted to predict
the width and arrived at 0.34+0.11 MeV which is far too narrow to explain the widths
measured by any of the previous analyses and even more so the width measured in this
analysis. The wrong quantum numbers definitely rule this model out.

Zhi-Gang Wang [70] also used QCD sum rules and assumed 07 molecular D= D:F
state to predict a mass of 4430 MeV. While noting that it is not consistent with the observed
mass of X (4140), they mention that other possibilities, such as hybrid charmonium states,
are not excluded. The hybrid state description would have JP¢ = 1=F which is ruled out
by our results as well.

Xiang Liu and Shi-Lin Zhu [71] opened up the possibility that X (4140) was the

molecular partner of Y (3930) and could possibly have JF¢ = 0*F or 2%+, both of which
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we now know are wrong.

Similarly, Tanja Branz et al [72] calculated the width of a D** D*T molecule with either
JPC = 07 or 2+F and obtained 3.2640.21 Mev or 4.4140.16 MeV, respectively, far below
the width observed in this analysis, and predicting the wrong quantum numbers.

It should be noted that in 2009 Gui-Jun Ding [56] presented a wide swath of molecular
models with different quantum numbers to search for the states with the highest binding

JPC¢ = 17+ is possible for

energy. He mentions that the experimentally determined
D**:D*¥ in the one boson exchange potential but is less attractive for a bound state than
the similar 0~ state due to a higher centrifugal barrier. However, he was not aware that
such quantum numbers are forbidden for D?*D*¥ molecule by the symmetry arguments
as explained in Ref. [71].

The only molecular models which can accommodate 1t quantum numbers for the
X (4140) structure are those invoking molecular forces between DT D*T meson pairs.
However, the sum of their masses is below the J/i) ¢ mass threshold, thus such interactions
cannot create a molecular bound state with a resonant pole mass consistent with the
X (4140) mass determined by fitting Breit-Wigner amplitude to BT — Jip¢K™* data.
In 2014 Eric Swanson [61] suggested that a tail of DED*F cusp can be responsible for
X (4140). His parameterization of the cusp amplitude fits our data better than the Breit-
Wigner formula. While the DED?; cusp peaks at the right mass to explain the X (4274)
structure in our data, it cannot account for its 17" quantum numbers. The high J/i) ¢ mass
structures seen in our data also do not find explanation in his model. More complicated

rescattering effects between virtual D$% DT

meson pairs than a simple kinematic cusp
should be explored.

Recently, also Marek Karliner and Jonathan Rosner mentioned the possibility of a broad
enhancement near the J/i) ¢ mass threshold due to DED:T interactions [73]. However,
£ pT

none of the other bound structures of D! molecules predicted by Karliner-Rosner
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matches our results for the higher J/i) ¢ mass structures seen in our data.

13.2 Tetraquark interpretations

There have been many models presented that assume X (4140) is a tetraquark candidate.

In 2009, right before CDF presented 3.80 evidence for X (4140), N.V. Drenska et al [74]
calculated the mass spectrum of [cs][¢s] tetraquarks using the diquark approach. They
predicted some states decaying to J/i) ¢, none of them near X (4140). They did, however,
tentatively assign JF¢ = 0~ to X (4274), which we can now reject based on our analysis.

In 2015 Zhi-Gang Wand and Ye-Fan Tian [75] used QCD sum rules to predict the
quantum numbers of X (4140). They favored assigning JF¢ = 27+ to X (4140) but
disfavored assigning either J7¢ = 0*+ or JP¢ = 27+ to X (4274). The J'¢ prediction of
X (4140) turn out to be incorrect based one this analysis but it is indeed true that X (4274)
is not 0" nor is it 27F. They did not study 17" states.

F. Stancu asked the question “Can Y(4140) be a c€ss tetra quark” [76] in 2010. He
utilized a model proposed by Hogaasen et al. [77] and explored it for many quantum
numbers. He concluded that J¥¢ = 1+ is the best candidate for X (4140) in the tetraquark
interpretation, and would be an analog of tetraquark interpretation of X (3872), which
is also a JP¢ = 117 state as determined later by LHCb [78] (Bin Gui, Ph.D., Syracuse
University 2014). The DO claim for prompt pp production of X (4140) at Tevatron [10]
can also be invoked as evidence for tightly bound structure of X (4140), since prompt
production of molecular states is suppressed by their large spatial dimensions. Stancu
also predicted a second 111 tetraquark state at the mass 83 MeV higher than the mass
of the X (4274) 17+ state observed in our analysis. However, his mass predictions were
very crude, as evidenced by his overestimation of the X (4140) mass by 49 MeV. The
07+ tetraquark states predicted by Stancu are too low in mass to explain the 07+ J/i) ¢

components needed in our amplitude model in 4500 — 4700 MeV range.
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13.3 The future

Many theoretical models have been ruled out by our results. A few models have limited
success describing certain features of our data, but none can reproduce all observed J/i) ¢
structures. It is possible that more than one dynamical effect shape them. More theoretical

and experimental effort will be required in the future to clarify their nature.
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Appendices

A Display of moments of helicity angles

Often times interesting insight into orbital-momentum structures in the data and fits is
provided by calculating the moments of the cos 0k, cosfx, and cos 0, distributions and
plotting them as a function of the mass associated with each decay chain (e.g. myx for
the K* decay chain). This method can reveal the origin, in terms of orbital-momentum,
of structures in the mass distribution. By analyzing each moment in turn we may obtain
hints as to the quantum numbers of the various structures in the moment. It turns out
that due to the interference between and widths of the states involved there is a noticeable
lack of structure(s) in almost all moments. Thus we show them here to illustrate the

quality of the amplitude fit. The unnormalized moment of I degree is defined as:

Naata

<P/>=)" —Pi(cosO-) (50)

=1

for K* decay chain; where ¢; is the efficiency for event i and P(x) is a Legendre polynomial
of order [. Moments for the other helicty angles can be similarly determined from the
above equation.

We use the parameterized efficiency to calculate ¢; as described in Sec. )} We calculate
moments for both the data, and the phase-space MC re-weighted by the square of the
matrix element obtained from the fit. The latter represent displays of the fitted amplitude
model. Because the distribution of moments is based on efficiency corrected data, we

also show the efficiency corrected data distributions for mgyx, myue, and myy k (“oth

moments” ) in Figure below.
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Figure 74: The three efficiency corrected mass distributions of mgx (top right), m ju,4 (bottom
left), and m j i (bottom right). The data are black points, while the default amplitude fit is
represented by the red points.
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Figure 75: The first six Legendre moments of the K* decay chain starting with the first in the
upper left and proceeding left to right and row by row. The data are black points, while the
default amplitude fit is represented by the red points.
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Figure 76: The first six Legendre moments of the X decay chain starting with the first in the
upper left and proceeding left to right and row by row. The data are black points, while the
default amplitude fit is represented by the red points.
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B Amplitudes obtained in the default fit

Numerical values of the fit parameters in the default fit are given in Table|31|and continued
in Table 32l Polarization parameters of K** and of ¢ for various K* contributions

determined from the LS couplings listed here are given in [C.2]
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C Additional K* studies

C.1 J/ ¢ reflection of helicity amplitudes of ¢ K

To get a sense of what features of m 4 might be explainable by ¢K resonances, we
plotted each combination of helicity couplings (Ay,, and A,,) projected onto the J/i ¢

mass spectrum. To accomplish this, plots were produced in which each combination of

Bt—Jpp K+

K*t oK+
Adpp A)‘aﬁ

and are set to (1,0) while all other amplitudes are set to (0,0).
This was done for each combination of amplitudes in each set of quantum numbers of K**
states that were found in the default fit. Masses and widths of the resonances were set to
their default fit values, which agree well with the known K* states and are not far from

the Godfrey-Isgur theoretical expectations. The distributions shown here are affected by

the selection efficiency.
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Figure 78: The projection of the single set of J¥ = 0~ helicity amplitudes on to m T for a K~
with a mass of 1874 MeV and a width of 168 MeV.

177



%\ 80 -_ L] L] L] .A)\ _ 1= i I L] L] L] __
: E o ¢ 3%0d, E
\:K,T 70— ¢¢°¢¢¢ ¢ ¢ 8 —
2 = -
k] = 0% b5, 30 & ao00, 0 =
R = s ¥ 00" s 0000 ¢ ¢ —
= & =
50 =— a0 e —=
= 000 Ay gp=a=1 E
20 [— < —
= o0 =
30 [fr— o° % —
3 E
20 [fr— o —
= o7 =
10— ° —_
= o o =
" = Lo 'l 'l 'l 'l 'l 'l '] =
% L] L] L] L] L] L] L] L]
2 - $ -
B et ot g
£ = & ety -
g L & -
8 80 [ 0¢ ¢¢ —
C %? Cat .
~ = &0 > -
e A=l ; : =
= © P -
C o ° .
pr) — © ¢ —
— 000 ° —
e ° ° -
» — 00 o —
[ o ° —
: oooo © :
e o ° -
n g 00 2 2 2 2 2 2 o 3
% 80 L] LJ LJ LJ LJ LJ LJ L]
2 95,8
= &, 07
g ™ Oo%"w ¢ %
£ Sa0? 05, 00 & 5000
2 w0 6300 70 00T 6 0% e ¢
o &
<
50 % ¢
*7 A, =1
40 ° Ap=1"
O
30 o %
000
20 o°
000
10 °
Red Red
0 Lo 'l 'l 'l -I J 'l
4100 4200 4300 4400 4500 4600 4700 4800
my, . [MeV]

Figure 79: The projection of the 3 possible sets of J¥ = 17 helicity amplitudes on to m T for
a K* with a mass of 1722 MeV and a width of 354 MeV.
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Figure 80: The projection of the 6 possible sets of J© = 17 helicity amplitudes on to m T for
a K* with a mass of 1793 MeV and a width of 365 MeV.
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Figure 82: The projection of the 3 possible sets of J¥ = 2% helicity amplitudes on to m T for
a K* with a mass of 2073 MeV and a width of 678 MeV.
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Figure 83: The projection of the 3 possible sets of J¥ = 2% helicity amplitudes on to m T for
a K* with a mass of 2073 MeV and a width of 678 MeV.
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C.2 Polarizations of K* states

Given the advances made in K* spectroscopy from this analysis it is of some interest to
calculate the polarizations of K** in BT — J/ip K** decay and of ¢ in K*T — ¢K™* decay.
The longitudinal polarization (f7) is defined as:

| Ap|?

= T A AP

(51)

AB+—>J/’¢JK*+ )\

A , A= = Ayp) or K*F decays

where A are helicity couplings in either BT (

(Aﬁi*_’¢K+). The transverse polarizations are calculated similarly:

AL = —A+1\;§A71
fu= 4] (52)

[A—1[2+|Ao]?+|A+1]2

It is important to note that for the case of strong decays, as in the decay of K*, the
various amplitudes are related by parity constraints, which implies f,; equal to 0 or 1.
Depending on J¥ f; may also be sometimes forced to 0 or 1. While these values are not
very interesting the are included in the table below for completeness.

Table 33: Longitudinal and perpendicular polarizations are given for each K* state in the default
model. The errors are statistical only.

State Jr B decay K* decay

fr fi fr fi
NRyk 17 || 0.522+0.289 | 0.213£0.159 | 0.43440.185 | 0
K, 17 || 0.236+£0.214 | 0.371£0.165 | 0.02040.138 | 0
K, 17 {] 0.042+0.084 | 0.488+0.099 | 0.969+0.091 | 0
K(1680) | 1= || 0.82040.043 | 0.029+0.030 0 1
K,(1770) | 2= || 0.636+0.114 | 0.133£0.128 | 0.2524+0.209 | 0
K,(1820) | 27 || 0.52640.144 | 0.042+0.077 | 0.0554+0.117 | 0
K(1830) | 0~ 1 0 1 0
K3(1980) | 27 || 0.15240.061 | 0.791+0.078 0 1
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In X — Jhb¢ decays the helicity couplings depend on both J/i) and ¢ helicities, fi

and f, definitions do not apply.
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D Studies of possible J/i) K contributions

We have investigated adding exotic Z* — J/i) Kt components to the default amplitude
model.

For J¥ = 2% and 0~ the fits make the width of such contributions very small (4 — 5
MeV), with very small fit fractions (0.5 — 0.6%). Additionally, there are no noticeable
improvements in the description of the various mass distributions and with insignificant
changes in the fit likelihood: 1.20 and 2.50, respectively (using ndf = 2np,,).

For fits with an additional J¥ = 17 or 2= Z* state, the widths (47 — 51 MeV), the
fit fractions (1.9 — 2.5%) and significances (2.50 and 3.10, respectively) are larger, and
there is a slight improvement in the quality of the fit. The mass of hypothetical ZT
states is near the broad peak seen in the distribution of m k. The parameters of the
other fit components remain within the assigned systematic errors (see Tables in
Sec. @ The fit projections for the better of these two fits (J¥ =27, My = 3937 £ 7
MeV, I'y = 51 &£ 25 MeV) are shown in Fig. and have the following fit qualities:
Xin/(Npin — 1) = 67.0/67, pip = 48% for m e, Xin/(Noim — 1) = 32.5/22, pip = 7% for
mer and x3p/(Npim — 1) = 17.4/23, pip = 79% for m k- Even though there are some
improvements to the fit, we do not include such a contribution in the default model, since
3.10 is marginal for an exotic hadron component (the smallest significance among the
accepted X components is 6.10).

For a Z* state with J = 1~ the fit fails to converge, but ends with the Z* mass
(~ 4220 MeV) very close to the upper kinematic limit of J/i) K" and obtains an unreasonably
large width (~ 500 MeV). While its fit fraction becomes large (~ 10%), the mass
projections( |85 show no improvement: xip/(Npin — 1) = 77.7/67, pip = 17% for m. ¢,
Xip/(Npim — 1) = 36.5/22, pip = 3% for myx and x3p/(Npiw — 1) = 23.2/23, pip = 45%
for m k. There is also no improvement in the multidimensional fit qualities. Therefore,

we dismiss such an amplitude contribution from the model.
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Just as Bt — K +(D§*)+D§*)7) cusps can generate peaks in J/1) ¢ mass distribution (see
Sec. , Bt — ¢(D(*)OD§*)+) cusps can generate peaks in J/i» Kt mass distribution. Their
expected positions are shown in Fig.[86] We have tried all such possible cusp contributions
added one-by-one to the amplitude model which already has X (4140) represented as a

cusp. They are all insignificant (< 1.20).
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E B'— JW K"K~ K" signal without ¢ selection.

The invariant mass distribution for B* — J/iy KT K~ K™ candidates, without any require-
ments on masses of the K+ K~ combinations, is shown in Fig. 87, The B* signal yield
is about 46% higher than with the nominal selection which requires one ¢ — K+TK~
candidate. The background subtracted distribution of K™K~ K™ mass shows no peaking
structures (Fig. . The upper sideband of the ¢ peak in the KK~ mass also does
not show any significant peaking structures in the corresponding J/i KK~ (Fig. or
Jp Kt (where KT is the “bachelor” kaon; Fig. mass distributions.

o
o
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Events °oé AMm e\’%
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Figure 87: The invariant mass of J/i) Kt K~ K™ candidates with no selection for ¢ made. The
signal yield is 6248 + 439 as compared to the nominal 4289 + 151 with ¢ selection (Fig. 20).

190



600

500

400

300

200

AARS LARALE RN LAY REAR
_|_
_|_

100

+III

:IJJJJ—IJJJ—LIJJJ—LIJJJ—I—IJJJ—I—IJJJ—I—IJJ—:EJJJ—I—IJJJ—I—IJJJ—
1%00 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500
My

Figure 88: The invariant mass of KT K~ KT for Bt — Jhp K™K~ K™ events (no ¢ selection
imposed). The background has been subtracted using sWeights based on the fit shown in Fig.

f NHH
wt

4100 2200 4300 2400 4500 4600 4700 4800 4900 5000
My, ykk)

160

140

120

100

80

60

40

20

Figure 89: The invariant mass of J/i) KT K~ where the kaon pair satisfies 1040 MeV < my+ - <
1100 MeV. The background has been subtracted using sWeights.

191



200}
150}
100 ~H~ + +
50— | ‘ -~ _|_
0-_ -+ + +
MR BT BT BT T T BT T R
3200 3400 3600 3800 4000 4200 4400

LS

Figure 90: The invariant mass of J/i) KT where the other kaon pair satisfies 1040 MeV <
my+p- < 1100 MeV. The background has been subtracted using sWeights.

192



References

1]

[10]

CDF collaboration, T. Aaltonen et al., Evidence for a narrow near-threshold structure
in the J/1¢ mass spectrum in Bt — J/1p¢pK™ decays, Phys. Rev. Lett. 102 (2009)

242002, larXiv:0903.2229.

CDF collaboration, T. Aaltonen et al., Observation of the Y (4140) structure in the

J/1 & mass spectrum in B — J /1 ¢K decays, arXiv:1101.6058.
LHCb collaboration, Search for X(4140) in Bt — J/yY¢ K™, LHCb-CONF-2011-045.

LHCb collaboration, R. Aaij et al., Search for the X (4140) state in BT — J/y)pK™
decays, Phys. Rev. D85 (2012) 091103(R), arXiv:1202.5087.

CMS, S. Chatrchyan et al., Observation of a peaking structure in the J/1¢ mass spec-

trum from BT — J/1Y¢pK* decays, Phys. Lett. B734 (2014) 261, arXiv:1309.6920.

D0, V. M. Abazov et al., Search for the X (4140) state in Bt — Jhp ¢ KT decays with

the DO detector, Phys. Rev. D89 (2014), no. 1 012004, arXiv:1309.6580.

J. Brodzicka, Heavy flavour spectroscopy, , Prepared for 24th International Symposium
on Lepton-Photon Interactions at High Energy (LP09), Hamburg, Germany, 17-22
Aug 2009.

BaBar, J. P. Lees et al., Study of B*° — J/JYKTK~K*Y and search for B® — J/¢¢
at BABAR, Phys. Rev. D91 (2015), no. 1 012003, arXiv:1407.7244.

Belle collaboration, C. P. Shen et al., FEvidence for a new resonance and search
for the Y (4140) in the vy — ¢J/ip process, Phys. Rev. Lett. 104 (2010) 112004,

arXiv:0912.2383.

DO, V. M. Abazov et al., Inclusive Production of the X (4140) State in pp Collisions

at DO, Phys. Rev. Lett. 115 (2015), no. 23 232001, arXiv:1508.07846.

193


http://dx.doi.org/10.1103/PhysRevLett.102.242002
http://dx.doi.org/10.1103/PhysRevLett.102.242002
http://arxiv.org/abs/0903.2229
http://arxiv.org/abs/1101.6058
http://cdsweb.cern.ch/search?p=LHCb-CONF-2011-045&f=reportnumber&action_search=Search&c=LHCb+Conference+Contributions
http://dx.doi.org/10.1103/PhysRevD.85.091103
http://arxiv.org/abs/1202.5087
http://dx.doi.org/10.1016/j.physletb.2014.05.055
http://arxiv.org/abs/1309.6920
http://dx.doi.org/10.1103/PhysRevD.89.012004
http://arxiv.org/abs/1309.6580
http://dx.doi.org/10.1103/PhysRevD.91.012003
http://arxiv.org/abs/1407.7244
http://dx.doi.org/10.1103/PhysRevLett.104.112004
http://arxiv.org/abs/0912.2383
http://dx.doi.org/10.1103/PhysRevLett.115.232001
http://arxiv.org/abs/1508.07846

[11]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

Belle collaboration, S. K. Choi et al., Observation of a resonance-like structure in the
75 mass distribution in exclusive B — K1)’ decays, Phys. Rev. Lett. 100 (2008)

142001, arXiv:0708.1790.

Belle collaboration, K. Chilikin et al., Experimental constraints on the spin and parity

of the Z(4430)", Phys. Rev. D88 (2013) 074026, arXiv:1306.4894.

Belle collaboration, R. Mizuk et al., Dalitz analysis of B — Knt)' decays and the

7(4430)*, [Phys. Rev. D80 (2009) 031104, larXiv:0905. 2869

LHCDb collaboration, R. Aaij et al., Observation of the resonant character of the

7(4430)~ state, Phys. Rev. Lett. 112 (2014) 222002, arXiv:1404.1903.
L. Evans and P. Bryant, LHC Machine, JINST 3 (2008) S08001.
LHCb Collaboration, S. Amato et al., LHCb technical proposal, .

LHCb Collaboration, F. C. D. Metlica, The LHCb detector and triggers, Nucl. Phys|
Proc. Suppl. 167 (2007) 173.

LHCb Collaboration, LHCb VELO TDR: Vertex locator. Technical design report, .

P. A. Cerenkov, Visible luminescence of pure fluids induced by gamma rays, Dokl.

Akad. Nauk Ser. Fiz. 2 (1934) 451.

LHCb RICH Collaboration, N. Brook et al., LHCb RICH1 Engineering Design Review
Report, Tech. Rep. LHCb-2004-121. CERN-LHCbH-2004-121, CERN, Geneva, Oct,
2005.

M. Adinolfi et al., LHCb RICH 2 engineering design review report, Tech. Rep.
LHCb-2002-009, CERN, Geneva, Mar, 2002. revised version number 1 submitted on
2002-05-21 14:24:22.

194


http://dx.doi.org/10.1103/PhysRevLett.100.142001
http://dx.doi.org/10.1103/PhysRevLett.100.142001
http://arxiv.org/abs/0708.1790
http://dx.doi.org/10.1103/PhysRevD.88.074026
http://arxiv.org/abs/1306.4894
http://dx.doi.org/10.1103/PhysRevD.80.031104
http://arxiv.org/abs/0905.2869
http://dx.doi.org/10.1103/PhysRevLett.112.222002
http://arxiv.org/abs/1404.1903
http://dx.doi.org/10.1088/1748-0221/3/08/S08001
http://dx.doi.org/10.1016/j.nuclphysbps.2006.12.086
http://dx.doi.org/10.1016/j.nuclphysbps.2006.12.086

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

LHCDb Collaboration, R. Forty, RICH pattern recognition for LHCb, Nucl. Instrum|
Meth. A433 (1999) 257.

M. Benayoun and C. Jones, RICH reconstruction and particle identification using

ring fit methods: Application to the RICH2 detector, .
LHC-B Collaboration, LHCb magnet: Technical design report, .

M. Tobin, Performancs of the LHCb Silicon Tracker in pp collisions at the LHC, in
Nuclear Science Symposium Conference Record (NSS/MIC), 1010 IEEE, pp. 935-938.

A.-N. et al. LHCb reoptimized detector design and performance: Technical Design
Report, Technical Design Report LHCb, CERN, Geneva, 2012.

LHCb: Outer tracker technical design report, .

T. Ferbel, Experimental Techniques in High Energy Physics, 1st ed., Addison-Wesley,
Menlo Park, CA, 1987.

LHCb Collaboration, P. R. Barbosa-Marinho et al., LHCb muon system: Technical
Design Report, Technical Design Report LHCb, CERN, Geneva, 2001.

A. A. J. et al. Performancs of the LHCb muon system, tech. rep., CERN, Geneva,
2012.

B.-M. et al. LHCb muon system: second addendum to the Technical Design Report,
CERN, Geneva, 2005.

LHCb, LHCb trigger system technical design report, .

LHCb, H. Ruiz, The LHCb trigger: Algorithms and performance, Nucl. Instrum. Meth.
A623 (2010) 525.

195


http://dx.doi.org/10.1016/S0168-9002(99)00310-1
http://dx.doi.org/10.1016/S0168-9002(99)00310-1
http://dx.doi.org/10.1016/j.nima.2010.03.058
http://dx.doi.org/10.1016/j.nima.2010.03.058

[34]

[35]
[36]

[37]

[38]

E. Aslanides et al., The Level-0 muon trigger for the LHCb experiment, Nucl. Instrum)|

Meth. A579 (2007) 989, arXiv:0705.0310.
V. V. Gligorov, A single track HLT1 trigger, .
R. Aaij and J. Albrecht, Muon triggers in the High Level Trigger of LHCb, .

LHCDb collaboration, R. Aaij et al., Observation of the resonant character of the

7(4430)~ state, Phys. Rev. Lett. 112 (2014) 222002, arXiv:1404.1903.

S. Godfrey and N. Isgur, Mesons in a relativized quark model with chromodynamics,

Phys. Rev. D32 (1985) 189.

Particle Data Group, K. A. Olive et al., Review of Particle Physics,|Chin. Phys. C38
(2014) 090001.

R. Kokoski and N. Isgur, Meson Decays by Fluxr Tube Breaking, Phys. Rev. D35
(1987) 907.

Bari-Birmingham-CERN-Milan-Paris-Pavia, T. Armstrong et al., A Partial Wave
Analysis of the K~ ¢ System Produced in the Reaction K™ p — KK~ K p at 18.5-
GeV/c, Nucl. Phys. B221 (1983) 1.

Particle Data Group, K. A. Olive et al., Review of particle physics, Chin. Phys. C38
(2014) 090001.

D. Aston et al., Evidence for two J(P) = 2- strange meson states in the K(2)(1770)
region, Phys. Lett. B308 (1993) 186.

D. Frame et al., A Spin Parity Analysis of the K+ System Produced in the Reaction
K™p — ¢K'p, ¢ — KTK~ at 13-GeV /e, Nucl. Phys. B276 (1986) 667.

196


http://dx.doi.org/10.1016/j.nima.2007.06.022
http://dx.doi.org/10.1016/j.nima.2007.06.022
http://arxiv.org/abs/0705.0310
http://dx.doi.org/10.1103/PhysRevLett.112.222002
http://arxiv.org/abs/1404.1903
http://dx.doi.org/10.1103/PhysRevD.32.189
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1103/PhysRevD.35.907
http://dx.doi.org/10.1103/PhysRevD.35.907
http://dx.doi.org/10.1016/0550-3213(83)90616-8
http://pdg.lbl.gov/
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1016/0370-2693(93)90620-W
http://dx.doi.org/10.1016/0550-3213(86)90071-4

[45]

[46]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

ACCMOR, C. Daum et al., Diffractive Production of Strange Mesons at 63-GeV,
Nucl. Phys. B187 (1981) 1.

D. Aston et al., The Strange Meson Resonances Observed in the Reaction K p —
KOn*tn~n at 11-GeV/c, Nucl. Phys. B292 (1987) 693.

F. P. Bird, CHERENKOV RING IMAGING AND SPECTROSCOPY OF CHARGED
KSTAR CHARGED KSTAR INTERACTIONS AT 11-GeV/c, PhD thesis, SLAC,
1988.

Y.-j. Kwon, Strange meson spectroscopy in K omega and K phi at 11-GeV/c and
Cherenkov ring imaging at SLD, PhD thesis, SLAC, 1993.

(LHCb Collaboration), R. e. a. Aaij, Observation of the resonant character of the

2(4430)" state, Phys. Rev. Lett. 112 (2014) 222002.

Belle, K. Chilikin et al., Observation of a new charged charmoniumlike state in

BY — J/¢K~mt decays, Phys. Rev. D90 (2014), no. 11 112009, arXiv:1408.6457.

F. James, Statistical methods in experimental physics, World Scientific Publishing,
2006.

LHCb, R. Aaij et al., Quantum numbers of the X (3872) state and orbital angular mo-

mentum in its p°Jv decay, Phys. Rev. D92 (2015), no. 1 011102, arXiv:1504.06339.

X. Liu and S.-L. Zhu, Y (4143) is probably a molecular partner of Y (3930), Phys. Rev!

D80 (2009) 017502, arXiv:0903.2529.

T. Branz, T. Gutsche, and V. E. Lyubovitskij, Hadronic molecule structure of the

Y (3940) and Y (4140), Phys. Rev. D80 (2009) 054019, larXiv:0903.5424.

R. M. Albuquerque, M. E. Bracco, and M. Nielsen, A QCD sum rule calculation for

the Y (4140) narrow structure, Phys. Lett. B678 (2009) 186, arXiv:0903.5540.

197


http://dx.doi.org/10.1016/0550-3213(81)90114-0
http://dx.doi.org/10.1016/0550-3213(87)90665-1
http://dx.doi.org/10.1103/PhysRevLett.112.222002
http://dx.doi.org/10.1103/PhysRevD.90.112009
http://arxiv.org/abs/1408.6457
http://dx.doi.org/10.1103/PhysRevD.92.011102
http://arxiv.org/abs/1504.06339
http://dx.doi.org/10.1103/PhysRevD.80.017502
http://dx.doi.org/10.1103/PhysRevD.80.017502
http://arxiv.org/abs/0903.2529
http://dx.doi.org/10.1103/PhysRevD.80.054019
http://arxiv.org/abs/0903.5424
http://dx.doi.org/10.1016/j.physletb.2009.06.022
http://arxiv.org/abs/0903.5540

[56]

[57]

[61]

[62]

[63]

[64]

[66]

G.-J. Ding, Possible molecular states of D*D* system and Y (4140), Eur. Phys. J|

C64 (2009) 297, [arXiv:0904.1782!

J.-R. Zhang and M.-Q. Huang, (Q3)™®)(Qs)™ molecular states from QCD sum rules:
a view on Y (4140), |J. Phys. G37 (2010) 025005, arXiv:0905.4178.

Z.-G. Wang, Z.-C. Liu, and X.-H. Zhang, Analysis of the Y (4140) and related molecular

states with QCD sum rules, Eur. Phys. J. C64 (2009) 373, arXiv:0907.1467.

J. He and X. Liu, The line shape of the open-charm radiative and pionic decays of

Y (4274) as a molecular charmonium, arXiv:1102.1127.

S. I. Finazzo, M. Nielsen, and X. Liu, QCD sum rule calculation for the charmonium-
like structures in the J/1¢ and J/vYw invariant mass spectra, Phys. Lett. B701 (2011)

101}, arXiv:1102.2347.

E. S. Swanson, Z, and Z. Fxotic States as Coupled Channel Cusps, Phys. Rev. D91

(2015), no. 3 034009, arXiv:1409.3291.
E. S. Swanson, Cusps and Fxotic Charmonia, arXiv:1504.07952.

D. V. Bugg, How Resonances can synchronise with Thresholds, |J. Phys. G35 (2008)

075005, arXiv:0802.0934.

D. V. Bugg, An Ezxplanation of Belle states Z,(10610) and Z,(10650), [Europhys. Lett,

96 (2011) 11002, larXiv:1105.5492,

D.-Y. Chen, X. Liu, and T. Matsuki, Reproducing the Z.(3900) structure through
the initial-single-pion-emission mechanism, Phys. Rev. D88 (2013), no. 3 036008,

arXiv:1304.5845.

X.-H. Liu and G. Li, Fxploring the threshold behavior and implications on the nature
of Y(4260) and Zc(3900), Phys. Rev. D88 (2013) 014013, arXiv:1306.1384.

198


http://dx.doi.org/10.1140/epjc/s10052-009-1146-4
http://dx.doi.org/10.1140/epjc/s10052-009-1146-4
http://arxiv.org/abs/0904.1782
http://dx.doi.org/10.1088/0954-3899/37/2/025005
http://arxiv.org/abs/0905.4178
http://dx.doi.org/10.1140/epjc/s10052-009-1156-2
http://arxiv.org/abs/0907.1467
http://arxiv.org/abs/1102.1127
http://dx.doi.org/10.1016/j.physletb.2011.05.042
http://dx.doi.org/10.1016/j.physletb.2011.05.042
http://arxiv.org/abs/1102.2347
http://dx.doi.org/10.1103/PhysRevD.91.034009
http://dx.doi.org/10.1103/PhysRevD.91.034009
http://arxiv.org/abs/1409.3291
http://arxiv.org/abs/1504.07952
http://dx.doi.org/10.1088/0954-3899/35/7/075005
http://dx.doi.org/10.1088/0954-3899/35/7/075005
http://arxiv.org/abs/0802.0934
http://dx.doi.org/10.1209/0295-5075/96/11002
http://dx.doi.org/10.1209/0295-5075/96/11002
http://arxiv.org/abs/1105.5492
http://dx.doi.org/10.1103/PhysRevD.88.036008
http://arxiv.org/abs/1304.5845
http://dx.doi.org/10.1103/PhysRevD.88.014013
http://arxiv.org/abs/1306.1384

[67]

[68]

[69]

[74]

[75]

A. P. Szczepaniak, Triangle Singularities and XYZ Quarkonium Peaks, Phys. Lett!

B747 (2015) 410, [arXiv:1501.01691]

R. M. Albuquerque, M. E. Bracco, and M. Nielsen, A {QCD} sum rule calculation

for the narrow structure, Physics Letters B 678 (2009), no. 2 186 .

R. M. Albuquerque and R. D. Matheus, The decay channel of the y(4140) molecular
state, Nuclear and Particle Physics Proceedings 258259 (2015) 148 | 17th Interna-
tional Conference in Quantum Chromodynamics (QCD 14)The {XVII} International

Conference on Quantum Chromodynamics.

Wang, Zhi-Gang, Analysis of the y(4140) with qcd sum rules, Eur. Phys. J. C 63
(2009), no. 1 115.

X. Liu and S.-L. Zhu, y(4143) is probably a molecular partner of y(3930), Phys. Rev!
D 80 (2009) 017502.

T. Branz, T. Gutsche, and V. E. Lyubovitskij, Possible Hadronic Molecule Structure

of the Y(3940) and Y (4140), AIP Conf. Proc. 1257 (2010) 432, arXiv:1001.3959.

M. Karliner and J. L. Rosner, Fxotic resonances due to 1 exchange,

arXiv:1601.00565.

N. V. Drenska, R. Faccini, and A. D. Polosa, Exotic hadrons with hidden charm and
strangeness, Phys. Rev. D 79 (2009) 077502.

Z.-g. Wang and Y.-f. Tian, Tetraquark state candidates: Y (4140), Y (4274) and
X (4350), Int. J. Mod. Phys. A30 (2015) 1550004, arXiv:1502.04619.

F. Stancu, Can Y (4140) be a ccss tetraquark ?, J. Phys. G37 (2010) 075017,

arXiv:0906.2485.

199


http://dx.doi.org/10.1016/j.physletb.2015.06.029
http://dx.doi.org/10.1016/j.physletb.2015.06.029
http://arxiv.org/abs/1501.01691
http://dx.doi.org/10.1016/j.physletb.2009.06.022
http://dx.doi.org/10.1016/j.nuclphysbps.2015.01.032
http://dx.doi.org/10.1140/epjc/s10052-009-1097-9
http://dx.doi.org/10.1140/epjc/s10052-009-1097-9
http://dx.doi.org/10.1103/PhysRevD.80.017502
http://dx.doi.org/10.1103/PhysRevD.80.017502
http://dx.doi.org/10.1063/1.3483365
http://arxiv.org/abs/1001.3959
http://arxiv.org/abs/1601.00565
http://dx.doi.org/10.1103/PhysRevD.79.077502
http://dx.doi.org/10.1142/S0217751X15500049
http://arxiv.org/abs/1502.04619
http://dx.doi.org/10.1088/0954-3899/37/7/075017
http://arxiv.org/abs/0906.2485

[77] H. Hogaasen, J. M. Richard, and P. Sorba, A Chromomagnetic mechanism for the
X(3872) resonance, Phys. Rev. D73 (2006) 054013, arXiv:hep-ph/0511039.

[78] LHCb collaboration, R. Aaij et al., Determination of the X (3872) meson quantum

numbers, Phys. Rev. Lett. 110 (2013) 222001, arXiv:1302.6269.

200


http://dx.doi.org/10.1103/PhysRevD.73.054013
http://arxiv.org/abs/hep-ph/0511039
http://dx.doi.org/10.1103/PhysRevLett.110.222001
http://arxiv.org/abs/1302.6269

14 Vita

Thomas Britton

Degrees:
Ph.D. Physics, Syracuse University, 2016
Concentration: High Energy Physics-Experimental
Dissertation: Amplitude Analysis of B — J/ip ¢ K

B.A, Physics/Mathematics, Coe College, 2009
Majors: Physics, Mathematics

Minor: Computer Science

Experience:

Research Assistant, 2011-2015

Syracuse University LHCb group

Head Teaching Assistant (PHY 212), 2009-2011

Syracuse University

Summer Undergraduate Research Fellow 2007
National Institute of Standards and Technology

Topic: Self-Assembling Mono-layers

201



Presentations:

LHCb Workshop on Multi-body decays of B and D mesons — Rio de Janeiro, July 29,
2015

”X(3872) and other neutral exotic meson candidates”

HADRON Conference — Newport News, VA Sept 12-17th, 2015

LHCDb Results on Exotic Meson Spectroscopy

APS Meeting — Salt Lake City, UT April 16-19th 2016

Latest results on tera- and penta-quark candidates from LHCb

Publications:
On the author list of LHCD since 2009 (299 papers as of Feb. 2016)
In progress: Amplitude analysis of B — J/i 9 K (PRL+PRD)

Awards and Honors:
University of Iowa 24-hour mathematical modeling competition: 1st place 2007

MCM Meritorious winner 2009

202



	First amplitude analysis of B+→J/...
	Recommended Citation

	Introduction
	The LHC
	The Large Hadron Collider
	The LHCb Detector
	VELO
	RICH
	Dipole Magnet
	Trackers (TT,IT, OT)
	Calorimeters (ECAL,HCAL)
	MUON system
	The Trigger System
	The L0 Trigger
	The HLT: Stage 1
	The HLT: Stage 2


	Data selection
	Kinematic re-weighting of Monte Carlo events
	Amplitude analysis
	Fitted Kinematic Variables
	Calculation of the angles used in this analysis
	The signal PDF
	Description of cFit procedure

	Helicity formalism and matrix element
	Helicity formalism for the K * decay chain
	Helicity formalism for the X decay chain
	Helicity formalism for the Z decay chain
	LS couplings
	Amplitude dependence on the invariant masses
	Single resonant contribution
	Non-resonant contribution


	States decaying to K+
	Kaon excitations
	Previous experimental results for states decaying to K+
	The results from K-p K- p scattering data
	The results from K+p K+ p scattering data
	The results from K-p n scattering data
	Summary of the previous studies of K* K decays

	Amplitude models of the K+ states

	Default amplitude model
	K+ 1+ partial wave
	K+ 2- partial wave
	K+ 1- partial wave
	K+ 2+ partial wave
	K+ 0- partial wave
	K+ 3+ partial wave
	K+ 3- partial wave
	K+ 4+ partial wave
	J-3mu/-2mu 2mu 1+ partial wave
	J-3mu/-2mu 2mu 0+ partial wave
	Multidimensional fit qualities
	Searches for Additional X states
	Fitter Validation
	Statistical simulations for significances of selected fit components.

	Systematic errors
	Spin analysis
	Coupled channel threshold effects from pairs of Ds excitations
	Summary of experimental results
	Theoretical implications
	Molecular interpretations
	Tetraquark interpretations
	The future

	Appendices
	Display of moments of helicity angles
	Amplitudes obtained in the default fit
	Additional K* studies
	J-3mu/-2mu 2mu reflection of helicity amplitudes of K
	Polarizations of K* states

	Studies of possible J-3mu/-2mu 2muK contributions
	B+J-3mu/-2mu 2mu K+K-K+ signal without  selection.
	References
	Vita

