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The first full amplitude analysis of BT — J/w¢K ™" with J/w — p"u~, ¢ - K"K~ decays is performed
with a data sample of 3 fb~! of pp collision data collected at /s = 7 and 8 TeV with the LHCb detector.
The data cannot be described by a model that contains only excited kaon states decaying into ¢K ™, and four
J /w¢ structures are observed, each with significance over 5 standard deviations. The quantum numbers of
these structures are determined with significance of at least 4 standard deviations. The lightest has mass
consistent with, but width much larger than, previous measurements of the claimed X(4140) state. The
model includes significant contributions from a number of expected kaon excitations, including the first

observation of the K*(1680)" — ¢K™ transition.
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I. INTRODUCTION

In 2008 the CDF Collaboration presented 3.8 evidence
for a near-threshold X(4140) — J/w¢ mass peak in
B* — J/wpK" decays' also referred to as Y(4140) in
the literature, with width I' = 11.7 MeV [1].2 Much larger
widths are expected for charmonium states at this mass
because of open flavor decay channels [2], which should
also make the kinematically suppressed X — J/w¢ decays
undetectable. Therefore, the observation by CDF triggered
wide interest. It has been suggested that the X(4140)
structure could be a molecular state [3—11], a tetraquark
state [12-16], a hybrid state [17,18] or a rescattering
effect [19,20].

The LHCb Collaboration did not see evidence for the
narrow X (4140) peak in the analysis presented in Ref. [21],
based on a data sample corresponding to 0.37 fb~! of
integrated luminosity, a fraction of that now available.
Searches for the narrow X(4140) did not confirm its
presence in analyses performed by the Belle [22,23]
(unpublished) and BABAR [24] experiments. The
X(4140) structure was observed however by the CMS
Collaboration (50) [25]. Evidence for it was also reported
in BT - J/w¢K™ decays by the DO Collaboration (3¢5)
[26]. The DO Collaboration claimed in addition a signifi-
cant signal for prompt X (4140) production in pp collisions
[27]. The BES-III Collaboration did not find evidence for
X(4140) - J/w¢ in ete” — yX(4140) and set upper
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limits on its production cross section at /s = 4.23, 4.26
and 4.36 GeV [28]. Previous results related to the X (4140)
structure are summarized in Table 1.

In an unpublished update to their Bt — J/yw¢pK*
analysis [29], the CDF Collaboration presented 3.1¢
evidence for a second relatively narrow J/w¢ mass peak
near 4274 MeV. This observation has also received atten-
tion in the literature [30,31]. A second J/w¢ mass peak
was observed by the CMS Collaboration at a mass which
is higher by 3.2 standard deviations, but the statistical
significance of this structure was not determined [25]. The
Belle Collaboration saw 3.2¢ evidence for a narrow J/y ¢
peak at 4350.6?"16 £+ 0.7 MeV in two-photon collisions,
which implies J*¢ = 0** or 2**, and found no evidence
for X(4140) in the same analysis [32]. The experimental
results related to J/y¢ mass peaks heavier than X (4140)
are summarized in Table II.

In view of the considerable theoretical interest in
possible exotic hadronic states decaying to J/w¢, it is
important to clarify the rather confusing experimental
situation concerning J/w¢ mass structures. The data
sample used in this work corresponds to an integrated
luminosity of 3 fb~! collected with the LHCb detector
in pp collisions at center-of-mass energies 7 and 8 TeV.
Thanks to the larger signal yield, corresponding to 4289 +
151 reconstructed BT — J/w¢K™ decays, the roughly
uniform efficiency and the relatively low background
across the entire J/y¢ mass range, this data sample offers
the best sensitivity to date, not only to probe for the
X (4140), X (4274) and other previously claimed structures,
but also to inspect the high mass region.

All previous analyses were based on naive J/w¢ mass
(my),q) fits, with Breit-Wigner signal peaks on top of
incoherent background described by ad hoc functional
shapes (e.g. three-body phase space distribution in Bt —
J/weK™* decays). While the my distribution has been
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Previous results related to the X(4140) — J/w¢ mass peak, first observed in BY — J/w@K™ decays. The first (second)

significance quoted for Ref. [27] is for the prompt (nonprompt) production components. The statistical and systematic errors are added
in quadrature and then used in the weights to calculate the averages, excluding unpublished results (shown in italics). The last column
gives a fraction of the total Bt — J/w@K™ rate attributed to the X(4140) structure.

Experiment B = J/w¢K X(4140) peak

Year luminosity yield Mass (MeV) Width (MeV) Significance  Fraction (%)
2008 CDF 2.7 7! [1] 58 £ 10 41430+£29+1.2 11.7f§"3 +3.7 3.8¢0
2009 Belle [22] 325 +21 4143.0 fixed 11.7 fixed 1.90
2011 CDF 6.0 fb~' [29] 115+ 12 41434725 £ 0.6 1537104 £ 2.5 5.00 149+39+24
2011 LHCb 0.37 fb~! [21] 346 +20 4143.4 fixed 15.3 fixed 140 <7 @ 90% CL
2013 CMS 5.2 fb~! [25] 2480 £ 160 41480+24+£63 28712+ 19 5.06 10 + 3 (stat.)
2013 DO 10.4 fb~! [26] 215 £ 37 4159.0 £43 +£6.6 19.94 12.673) 3.00 21+£8+4
2014 BABAR [24] 189 + 14 4143 .4 fixed 15.3 fixed 1.60 <13.3 @ 90% CL
2015 DO 10.4 fb~! [27] pp = J/wyp.... 41525+ 1,7f56ﬁ 163+£56+114 476 (5.70)
Average 4147.1+£24 15.7+£6.3
TABLE II.  Previous results related to J/y¢ mass structures heavier than the X(4140) peak. The unpublished results are shown in
italics.

Experiment B — J/w¢K X(4274-4351) peaks(s)
Year luminosity yield Mass (MeV) Width (MeV) Significance Fraction (%)
2011 CDF 6.0 fb~' [29] 115+ 12 427447543+ 1.9 3237212+ 76 3.lo
2011 LHCb 0.37 fb~! [21] 346 +20 4274.4 fixed 32.3 fixed <8 @ 90% CL
2013 CMS 5.2 fb~! [25] 2480 £ 160 4313.8£53+73 38j13§’ + 16
2013 DO 10.4 fb~! [26] 215+ 37 4328.5£12.0 30 fixed
2014 BABAR [24] 189 £ 14 4274.4 fixed 32.3 fixed 1.20 <18.1 @ 90% CL
2010 Belle [32] vy = J/we  4350.612° +£0.7 1358 + 4 3.20

observed to be smooth, several resonant contributions from
kaon excitations (hereafter denoted generically as K*) are
expected. It is important to prove that any m; ., peaks are
not merely reflections of these conventional resonances. If
genuine J/y¢ states are present, it is crucial to determine
their quantum numbers to aid their theoretical interpreta-
tion. Both of these tasks call for a proper amplitude analysis
of BY — J/w¢K™ decays, in which the observed m,x and
mp, masses are analyzed simultaneously with the dis-
tributions of decay angles, without which the resolution of
different resonant contributions is difficult, if not impos-
sible. The analysis of J/w and ¢ polarizations via their
decays to u"u~ and K™ K~, respectively, increases greatly
the sensitivity of the analysis as compared with the Dalitz
plot analysis alone. In addition to the search for exotic
hadrons, which includes X — J/w¢ and ZT - J/wK™"
contributions, the amplitude analysis of our data offers
unique insight into the spectroscopy of the poorly exper-
imentally understood higher excitations of the kaon system,
in their decays to a ¢K™ final state.

In this article, an amplitude analysis of the decay
Bt = J/w¢K™ is presented for the first time, with addi-
tional results for, and containing more detailed description
of, the work presented in Ref. [33].

II. LHCB DETECTOR

The LHCb detector [34,35] is a single-arm forward
spectrometer covering the pseudorapidity range 2 <5 < 5,
designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with bending power of
about 4 Tm, and three stations of silicon-strip detectors and
straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of momentum, p,
of charged particles with relative uncertainty that varies
from 0.5% at low momentum to 1.0% at 200 GeV. The
minimum distance of a track to a primary vertex (PV),
the impact parameter (IP), is measured with a resolution
of (15+29/pr)um, where py is the component of the
momentum transverse to the beam, in GeV. Different types
of charged hadrons are distinguished using information
from two ring-imaging Cherenkov detectors. Photons,
electrons and hadrons are identified by a calorimeter
system consisting of scintillating-pad and preshower
detectors, an electromagnetic calorimeter and a hadronic
calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional
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chambers. The online event selection is performed by a
trigger, which consists of a hardware stage, based on
information from the calorimeter and muon systems,
followed by a software stage, which applies a full event
reconstruction.

III. DATA SELECTION

Candidate events for this analysis are first required
to pass the hardware trigger, which selects muons with
transverse momentum pr > 1.48 GeV in the 7 TeV data or
pr > 1.76 GeV in the 8 TeV data. In the subsequent
software trigger, at least one of the final-state particles is
required to have pp > 1.7 GeV in the 7 TeV data or
pr > 1.6 GeV in the 8 TeV data, unless the particle is
identified as a muon in which case pp > 1.0 GeV is
required. The final-state particles that satisfy these trans-
verse momentum criteria are also required to have an
impact parameter larger than 100 ym with respect to all of
the primary pp interaction vertices (PVs) in the event.
Finally, the tracks of two or more of the final-state particles
are required to form a vertex that is significantly displaced
from the PVs. In the subsequent offline selection, trigger
signals are required to be associated with reconstructed
particles in the signal decay chain.

The offline data selection is very similar to that described
in Ref. [21], with J/yw — pu"u~ candidates required to
satisfy the following criteria: py(u)>0.55GeV, pr(J/y) >
1.5GeV, y? per degree of freedom for the two muons to
form a common vertex, y2, (u*p~)/ndf <9, and mass
consistent with the J/y meson. Every charged track with
pr > 0.25 GeV, missing all PVs by at least 3 standard
deviations [y7(K) > 9] and classified as more likely to be
a kaon than a pion according to the particle identification
system, is considered a kaon candidate. The quantity
2x%(K) is defined as the difference between the y? of
the PV reconstructed with and without the considered
particle. Combinations of KT™K~K™ candidates that are
consistent with originating from a common vertex with
72 (KTK"K*)/ndf <9 are selected. We combine J/y
candidates with K*K~K™" candidates to form B" candi-
dates, which must satisfy y2.(J/wK*K K*)/ndf <9,
pr(B") > 2 GeV and have decay time greater than
0.25 ps. The J/wK*™K~K" mass is calculated using the
known J/y mass [36] and the BT vertex as constraints [37].

Four discriminating variables (x;) are used in a likelihood
ratio to improve the background suppression: the minimal
1K), 2(J/wK*K=K*)/ndf, y%(B"), and the cosine
of the largest opening angle between the J/y and the kaon
transverse momenta. The latter peaks at positive values for
the signal as the B™ meson has high transverse momentum.
Background events in which particles are combined
from two different B decays peak at negative values, while
those due to random combinations of particles are more
uniformly distributed. The four signal probability density
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functions (PDFs), P, (x;), are obtained from simulated
B* — J/w¢K* decays. The background PDFs, Py, (x;),
are obtained from candidates in data with a J/wK"K~K*
invariant mass between 5.6 and 6.4 GeV. We require
=231 In[Pgq(x;)/ Pokg(x;)] < 5, which retains about
90% of the signal events.

Relative to the data selection described in Ref. [21],
the requirements on transverse momentum for y and B
candidates have been lowered and the requirement on the
multivariate signal-to-background log-likelihood difference
was loosened. As a result, the B signal yield per unit
luminosity has increased by about 50% at the expense of
somewhat higher background.

The distribution of mg-g- for the selected BT —
J/wKTK~K* candidates is shown in Fig. 1 (two entries
per candidate). A fit with a P-wave relativistic Breit-Wigner
shape on top of a two-body phase space distribution
representing non-¢p background, both convolved with a
Gaussian resolution function with width of 1.2 MeV,
is superimposed. Integration of the fit components
gives (5.3+0.5)% of nonresonant background in the
|mg+ - — 1020 MeV| < 15 MeV region used to define a
¢ candidate. To avoid reconstruction ambiguities, we require
that there be exactly one ¢ candidate per J/wK*K- K™
combination, which reduces the B' yield by 3.2%. The
non-¢p Bt — J/wK"K~K" background in the remaining
sampleis small (2.1%) and neglected in the amplitude model.
The related systematic uncertainty is estimated by tightening
the ¢ mass selection window to +7 MeV.

The mass distribution of the remaining J/w @K™+ combi-
nations is shown in Fig. 2 together with a fit of the B
signal represented by a symmetric double-sided Crystal
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FIG. 1. Distribution of mg-+g- near the ¢ peak before the ¢
candidate selection. Non-B™ backgrounds have been subtracted
using sPlot weights [38] obtained from a fit to the m, k- x-g+
distribution. The default ¢ selection window is indicated with
vertical red lines. The fit (solid blue line) of a Breit-Wigner ¢
signal shape plus two-body phase space function (dashed
red line), convolved with a Gaussian resolution function, is
superimposed.
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FIG. 2. Mass of Bt — J/w¢K™ candidates in the data (black
points with error bars) together with the results of the fit (blue
line) with a double-sided Crystal Ball shape for the BT signal on
top of a quadratic function for the background (red dashed line).
The fit is used to determine the background fraction under the
peak in the mass range used in the amplitude analysis (indicated
with vertical solid red lines). The sidebands used for the
background parametrization are indicated with vertical dashed
blue lines.

Ball function [39] on top of a quadratic function for the
background. The fit yields 4289 4+ 151 Bt — J/ypK™
events. Integration of the fit components in the 5270—
5290 MeV region (twice the B™ mass resolution on each
side of its peak) used in the amplitude fits, gives a
background fraction (f) of (23 + 6)%. A Gaussian signal
shape and a higher-order polynomial background function
are used to assign systematic uncertainties which are
included in, and dominate, the uncertainty given above.
The B invariant mass sidebands, 5225-5256 and 5304—
5335 MeV, are used to parametrize the background in the
amplitude fit.

The B" candidates for the amplitude analysis are
kinematically constrained to the known B* mass [37].
They are also constrained to point to the closest pp
|

A/{ = ZR m¢K Z Z Ai;]/wK*jAK —>¢K]djk*

Ay

Aipy=—1,0,1 2y=—1,0,1

Z IME, I,

Al,=+1

|MK*2

where the index j enumerates the different K** resonances.
The symbol Jg: denotes the spin of the K* resonance,
A is the helicity (projection of the particle spin onto its
momentum in the rest frame of its parent) and Al,=
Ayt — Ay~ The terms d/{l 4, (0) are the Wigner d-functions,
R;(myg) is the mass dependence of the contribution and
will be discussed in more detail later (usually a complex
Breit-Wigner amplitude depending on resonance pole mass
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B rest frame

Aq)xﬁ >
A

K'rest frame
FIG. 3. Definition of the Ok, 0;,,, 04, Ak 5, and Agg: 4
angles describing angular correlations in BT — J/wK**,
J/w = putu, K*" - ¢pK*t, ¢ - KT K~ decays (J/y is denoted
as y in the figure).

Wy rest frame

interaction vertex. The measured value of mg+g- is used
for the ¢ candidate mass, since the natural width of the ¢
resonance is larger than the detector resolution.

IV. MATRIX ELEMENT MODEL

We consider the three interfering processes corresponding
to the following decay sequences: BT — K**J/y, K*T —
@K™ (referred to as the K* decay chain), BT — XK,
X — J/w¢ (X decay chain)and BT — ZV¢, ZT — J/wK™
(Z decay chain), all followed by J/w — utu~ and
¢ — K"K~ decays. Here, K**, X and Z" should be
understood as any ¢K*, J/we¢ and J/wK™ contribution,
respectively.

We construct a model of the matrix element (M) using
the helicity formalism [40-42] in which the six indepen-
dent variables fully describing the K** decay chain are
Mgk, Ok 011y 0y, A 57, and Agpg- 4, Where the helicity
angle 6p is defined as the angle in the rest frame of P
between the momentum of its decay product and the boost
direction from the rest frame of the particle which decays
to P, and A¢ is the angle between the decay planes of the
two particles (see Fig. 3). The set of angles is denoted by Q
The explicit formulas for calculation of the angles in Q are
given in Appendix A.

The full six-dimensional (6D) matrix element for the K*
decay chain is given by

(QK*)dith(g Jethite ¢d/11/w A/L,(g// JeHmAxay,

(1)

Mog-; and width Tog- ). The coefficients Af;;j/ vE" and

AZ}*_’"J’K are complex helicity couplings describing the

(weak) BT and (strong) K** decay dynamics, respectively.
There are three independent complex AB_}J/ v

to be fitted (4, =
Jg+ = 0 in which case there is only one since 4;,, = Ak

couplings

—1, 0, 1) per K* resonance, unless

due to Jp = 0. Parity conservation in the K* decay limits
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the number of independent helicity couplings AK ~oK,

More generally parity conservation requires

A—-BC
A—ﬂg —Ac

which, for the decay K** — ¢K™, leads to

= PyPyPc(=1)/sHcmTapl—BC

(2)

A, = Pg (1) 1A, (3)
This reduces the number of independent couplings in the

K* decay to one or two. Since the overall magnitude and

phase of these couplings can be absorbed in AB_W vk

in practice the K* decay contributes zero or one complex
parameter to be fitted per K* resonance.
|

Ay v ./1,/,

MY, = ZRj(mJ/V/(/’) >, >
J

Aypy=—1.0.11,=-10.1
IMEXRE = N MK+ el MY
"

Ad,=%1

El

where the index j enumerates all X resonances. To add
MK and MX, coherently it is necessary to introduce the
4 "

¢/ term, which corresponds to a rotation about the y*

momentum axis by the angle @ in the rest frame of J/y
after arriving to it by a boost from the X rest frame. This
realigns the coordinate axes for the muon helicity frame
in the X and K* decay chains. This issue is discussed in
Ref. [43] and at more length in Ref. [44].

The structure of helicity couplings in the X decay
chain is different from the K* decay chain. The decay
BT - XK* does not contribute any helicity couplings
to the fit’ , since X is produced fully polarized (1x = 0).
The X decay contributes a resonance-dependent matrix
|

B—Z Z—J/wK
Me, =N Rilmye) Y > ALTHAT Mg

J Arjpy=—10.12,=-10,1
|MK*+X+Z|2 _
Al,=%1

Parity conservation in the Z decay requires

AB—>Z¢

B—Z
I PZ( I)JZJrlA ¢

_ll v

(6)

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

3There is one additional coupling, but that can be absorbed by
a redefinition of X decay couplings, which are free parameters.

X=J/ydj Jxj i
YA (0x)d) o(0F)etrtad) L, (05

K* iaX A, AAX i Ad, N7 |2
E My, +e My, +e "MMJ-
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The matrix element for the X decay chain can be
parametrized using m,,,, and the Oy, 65, , 05, Mgy s/,
A¢y. 4 angles. The angles 67,
0,,, and 0 in the K* decay chain, since J/y and ¢ are
produced in decays of different particles. For the same
reason, the muon helicity states are different between the
two decay chains, and an azimuthal rotation by angle o is
needed to align them as discussed below. The parameters
needed to characterize the X decay chain, including a*,
do not constitute new degrees of freedom since they can
all be derived from mg g and €. The matrix element for the
X decay chain also has unique helicity couplings and is
given by

v and 95; are not the same as

iAg A
.]/l//)el Ty (:bXJ/x//’

4)

I
of helicity couplings AX_W ¢ Fortunately, parity con-

servation reduces the number of independent complex
couplings to one for J& = 07, two for 0, three for 17,
four for 1~ and 27, and at most five independent couplings
for 2.

The matrix element for the Z* decay chain can be
parametrized using m;,x and the 6, 0% e 9%, Adz /s
Agyz , angles. The Z™ decay chain also requires a rotation
to align the muon frames to those used in the K* decay
chain and to allow for the proper description of interference
between the three decay chains. The full 6D matrix element
is given by

z/ld,AqﬁZ " dl

i1y Ay
oy diy (Qz)di/]’o(ei) it Allﬂ( f/w)e’ APy

(5)

Instead of fitting the helicity couplings A}~5C as free

parameters, after imposing parity conservation for the
strong decays, it is convenient to express them by an
equivalent number of independent LS couplings (B, ),
where L is the orbital angular momentum in the decay

and § is the total spin of B and C, 3‘sz +jc
(Vg —Jc|l £ S <Jp+Jc). Possible combinations of L

and S values are constrained via J 4= L+ S. The
relation involves the Clebsch-Gordan coefficients
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2L+1, (In e | S )
AA=BC —
R =22 ”(AB ~dc | dg=ic
L S J
x< 4 ) (7)
0 Zp—ic | Ap—ic

Parity conservation in the strong decays is imposed
by

Py = PpPc(—1)E. (8)

Since the helicity or LS couplings not only shape the
angular distributions but also describe the overall strength
and phase of the given contribution relative to all other
contributions in the matrix element, we separate these roles
by always setting the coupling for the lowest L and S,
By . s, for a given contribution to (1,0) and multiplying
the sum in Eq. (7) by a complex fit parameter A (this is
equivalent to factoring out B; ¢ ). This has an advantage
when interpreting the numerical values of these parameters.
The value of A; describes the relative magnitude and phase
of the B; ¢ to the other contributions, and the fitted
Byg; values correspond to the ratios, Byg;/By s, . ;> and
determine the angular distributions.

Each contribution to the matrix element comes with its
own R(my) function, which gives its dependence on the
invariant mass of the intermediate resonance A in the
decay chain (A = K**, X or Z"). Usually it is given by
the Breit-Wigner amplitude, but there are special cases
which we discuss below. An alternative parametrization of
R(my) to represent coupled-channel cusps is discussed in
Appendix D.
|
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In principle, the width of the ¢ resonance should also be
taken into account. However, since the ¢ resonance is very
narrow (I'y = 4.3 MeV, with mass resolution of 1.2 MeV)
we omit the amplitude dependence on the invariant mg+ k-
mass from the ¢ decay.

A single resonant contribution in the decay chain
BT - A..., A— ... is parametrized by the relativistic
Breit-Wigner amplitude together with Blatt-Weisskopf
functions,

p\Le
R(m|My.Ty) = B, (p. po.d) (p—o)

Ly
X BW(m|M0,FO)B’LA (¢,90,d) (q%) , (9)

where

1
M% - m2 - lMor(m)

W(m|My.Ty) = (10)
is the Breit-Wigner amplitude including the mass-
dependent width,

g\ 2L+l M,
r<m>=ro<qo) Yop, (g.q0dr. (1)

Here, p is the momentum of the resonance A (K**, X or
Z*%)in the B* rest frame, and ¢ is the momentum of one of
the decay products of A in the rest frame of the A resonance.
The symbols p, and ¢, are used to indicate values of
these quantities at the resonance peak mass (m = M)). The
orbital angular momentum in B™ decay is denoted as Ly,
and that in the decay of the resonance A as L,. The orbital
angular momentum barrier factors, p~ B}, (p, py, d), involve
the Blatt-Weisskopf functions [45,46]:

11025 + 1575(p d)* +135(p d)* + 10

(pd)°+(pdP’

By(p. po.d) =1, (12)

Bi(p. po.d) = +((I;°3))22, (13)

R e "
- B ST

B(p. po.d) — \/11025+ 1575(po d)? + 135(py d)* + 10(po d)° + (po d)® 6)

which account for the centrifugal barrier in the decay and depend 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 (d). In this analysis we set this parameter to
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anominal value of d = 3.0 GeV~!, and vary it in between
1.5 and 5.0 GeV~! in the evaluation of the systematic
uncertainty.

In the helicity approach, each helicity state is a mixture
of many different L values. We follow the usual approach
of using in Eq. (9) the minimal Ly and L, values allowed
by the quantum numbers of the given resonance A,
while higher values are used to estimate the systematic
uncertainty.

We set BW(m) = 1.0 for the nonresonant (NR) contri-
butions, which means assuming that both magnitude and
phase have negligible m dependence. As the available
phase space in the BT — J/w¢K™' decays is small
(the energy release is only 12% of the BT mass) this is
a well-justified assumption. We consider possible mass
dependence of NR amplitudes as a source of systematic
uncertainties.

V. MAXIMUM LIKELIHOOD FIT
OF AMPLITUDE MODELS

The signal PDF, Psig, is proportional to the matrix
element squared, which is a function of six independent
variables: mgx and the independent angular variables in
the K* decay chain Q. The PDF also depends on the fit
parameters, @, which include the helicity couplings, and
masses and widths of resonances. The two other invariant
masses, myg and m; , x, and the angular variables describ-
ing the X and Z* decay chains depend on m g and Q;
therefore they do not represent independent dimensions.
The signal PDF is given by

dP

T =P, Qla
dm¢KdQ Pslg(mcﬁl(’ |w)

,(1%) | M(myx, Q@) PO (myx )e(myx, Q)
(17)

where M (myg,Q|@) is the matrix element given by
Eq. (5). ®(myx) = pq is the phase space function, where
p is the momentum of the ¢K* (i.e. K*) system in the B
|
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rest frame, and ¢ is the K* momentum in the K** rest
frame. The function €(m,, Q) is the signal efficiency, and
I(w) is the normalization integral,

l(w) = /Psig(m¢K,Q)dm¢KdQ

ijl}/[qM(prj’ Qj|5)>|2
o MC : (18)
Wi

where the sum is over simulated events, which are
generated uniformly in BT decay phase space and passed
through the detector simulation [47] and data selection.
In the simulation, pp collisions producing B™ mesons are
generated using PYTHIA [48] with a specific LHCb con-
figuration [49]. The weights wl}’lc introduced in Eq. (18)
contain corrections to the BT production kinematics in
the generation and to the detector response to bring the
simulations into better agreement with the data. Setting
wM€ =1 is one of the variations considered when evalu-
ating systematic uncertainties. The simulation sample
contains 132 000 events, approximately 30 times the signal
size in data. This procedure folds the detector response
into the model and allows a direct determination of the
parameters of interest from the uncorrected data. The
resulting log-likelihood sums over the data events (here
for illustration, P = Pg),

lnL(a)) = Zln ,Psig(ml(piygiw))
= Zln |/\/l(pri,Q,-|67))|2 - Nln[(ﬁ-{))

T Z In[®(m i )e(m i, )], (19)

where the last term does not depend on @ and can be
dropped (N is the total number of the events in the fit).

In addition to the signal PDF, Py, (myx.Ql®), the
background PDF, Pbkg(m,/,K, Q) determined from the B*
mass peak sidebands, is included. We minimize the
negative log-likelihood defined as

~InL(®) = —Zln (1 —ﬂ)Psig(mqﬁKhQi@) +ﬂ7)bkg(m¢Ki7Qi)]

i |M(m(/1Ki’Qi|&))|2q)(m(/1Ki)€(muKi’Qi)
=2 a-p 1@) e e

pl(@)

Piye (Mg, Qi):|

Plzkg(mqﬁl(iv Qi)

~ Y [|M<m¢,<,~,sz,~|a»>rz n

(1- ﬂ)lbkg <I>(m¢K,»)e(m¢,K,~, Q)

} + NInI(w) + const, (20)
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FIG. 4. Parametrized efficiency e; (m,, cos O ) function (top)
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and its representation in the Dalitz plane (mg,,m7,,,) (bottom).

Function values corresponding to the color encoding are given on

the right. The normalization arbitrarily corresponds to unity when

averaged over the phase space.

where g is the background fraction in the peak region
determined from the fit to the m;, 4 distribution (Fig. 2),
Piye(myx.€2) is the unnormalized background density
proportional to the density of sideband events, with its
normalization determined by4

wMC Priie (myx;-2;)
JUT ®mgi)e(myg Q)

wie

Ibkg = /Pﬁkg(m¢K)dm¢KdQ X

(21)

The equation above implies that the background term is
efficiency corrected, so it can be added to the efficiency-
independent signal probability expressed by |M|% This
way the efficiency parametrization, e(m g, Q), becomes a

*Notice that the distribution of MC events includes both the
O(myy) and e(myx, Q) factors, which cancel their product in the
numerator.
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FIG. 5. Parametrized efficiency e;(cos8,|myx), €3(cos@,,|
m¢K), €4(A¢K*’¢|m¢K), 65(A¢K*J/,,,|m¢K) functions. Function
values corresponding to the color encoding are given
on the right. By construction each function integrates to unity
at each myy value. The structure in €,(cos@|m x) present
between 1500 and 1600 MeV is an artifact of removing
BT — J/wKTK~ K™ events in which both K*K~ combinations
pass the ¢ mass selection window.

part of the background description which affects only a
small part of the total PDF.

The efficiency parametrization in the background term is
assumed to factorize as

e(m¢K, Q) = €] (m¢K, COS HK*)€2(COS 9¢|m¢K)
X €3(cos 0, |myx )es(Adg ylmyx)
X €5 (A¢K*,J/w|m¢l()' (22)

The € (myk,cos Ox-) term is obtained by binning a two-
dimensional (2D) histogram of the simulated signal events.
Each event is given a 1/(pq) weight, since at the generator
level the phase space is flat in cosf- but has a pq
dependence on mgyg. A bicubic function is used to
interpolate between bin centers. The e (myg,cos k)
efficiency and its visualization across the normal Dalitz
plane are shown in Fig. 4. The other terms are again built
from 2D histograms, but with each bin divided by the
number of simulated events in the corresponding m slice
to remove the dependence on this mass (Fig. 5).

The background PDF, Py (myx, )/ P(myk), is built
using the same approach,

012002-8
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FIG. 6. Parametrized background Py, (m¢K, cos O+ ) function
(top) and its representation in the Dalitz plane (mg,mj,, ;)

(bottom). Function values corresponding to the color encoding
are given on the right. The normalization arbitrarily corresponds
to unity when averaged over the phase space.

Pﬁkg (m¢K» Q)

=P ,cosO- )P 0
<I>(m¢K) bkgl(m¢K cosfk-) bkgz(cos ¢|m¢K)

X Pygs (€080, My ) Py (Adk- plmyk)
x P bkg5(A¢K*,J/w|m¢K)- (23)

The background function Py, (1,4, cos k- ) is shown in
Fig. 6 and the other terms are shown in Fig. 7.
The fit fraction (FF) of any component R is defined as

JIMR (myge, Q)@ (myi ) dm e dQ

FF = ,
J M (myx, Q)P @(my)dm gy d

(24)

where in MZ all terms except those associated with the R
amplitude are set to zero.

VI. BACKGROUND-SUBTRACTED AND
EFFICIENCY-CORRECTED DISTRIBUTIONS

The background-subtracted and efficiency-corrected
Dalitz plots are shown in Figs. 810 and the mass
projections are shown in Figs. 11-13. The latter indicates
that the efficiency corrections are rather minor. The

PHYSICAL REVIEW D 95, 012002 (2017)
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FIG. 7. Parametrized background functions: Py, ,(cos 6 |m k)
Pj3(cos HJ/V/|m¢K)’ngg4(A¢K*a¢|m¢K)’P’l:kg5<gA¢K J/w|m¢K
Function values corresponding to the color encoding are given on
the right. By construction each function integrates to unity at each
myk value.

background is eliminated by subtracting the scaled B™
sideband distributions. The efficiency corrections are
achieved by weighting events according to the inverse of
the parametrized 6D efficiency given by Eq. (22). The
efficiency-corrected signal yield remains similar to the
signal candidate count, because we normalize the efficiency
to unity when averaged over the phase space.

While the myg distribution (Fig. 11) does not contain
any obvious resonance peaks, it would be premature to
conclude that there are none since all K* resonances
expected in this mass range belong to higher excitations,

16

- - 14
:":- ey LHCb

23
22
21

20

m?,, [GeV?]

19

25 3 35 4 45 5
m? . [GeV?]

FIG. 8. Background-subtracted and efficiency-corrected
data yield in the Dalitz plane of (mjy,mj,, ). Yield values
corresponding to the color encoding are given on the right.
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FIG. 11. Background-subtracted (histogram) and efficiency-
corrected (points) distribution of myg. See the text for the
explanation of the efficiency normalization.

PHYSICAL REVIEW D 95, 012002 (2017)

120
LHCb

background subtracted

100

—®— and efficiency corrected

80

60

40

Signal yield/(10 MeV)

20

0 e b b by 1 LR
4100 4200 4300 4400 4500 4600 4700 4800
[MeV]

My

FIG. 12. Background-subtracted (histogram) and efficiency-
corrected (points) distribution of m,,,,. See the text for the
explanation of the efficiency normalization.

and therefore should be broad. In fact the narrowest known
K** resonance in this mass range has a width of approx-
imately 150 MeV [36]. Scattering experiments sensitive
to K* — ¢K decays also showed a smooth mass distribu-
tion, which revealed some resonant activity only after
partial-wave analysis [50-52]. Therefore, studies of angular
distributions in correlation with m,g are necessary. Using
full 6D correlations results in the best sensitivity.

The my 4 distribution (Fig. 12) contains several peaking
structures, which could be exotic or could be reflections of
conventional K** resonances. There is no narrow X (4140)
peak just above the kinematic threshold, consistent with
the LHCb analysis presented in Ref. [21]; however we
observe a broad enhancement. A peaking structure is
observed at about 4300 MeV. The high mass region is
inspected with good sensitivity for the first time, with the
rate having a minimum near 4640 MeV with two broad
peaks on each side.

250}
L LHCb
B background subtracted
9 200 ;+ and efficiency corrected
s F
o 150~
e C
§ B
) |
£, 100~
= |
= -
.20 -
% 50
[ | | | | | | J

00 3800 3900 4000 4100 4200 4300 4400
[MeV]

0 Lo
3500 3600 37

.k
FIG. 13. Background-subtracted (histogram) and efficiency-

corrected (points) distribution of my,, k. See the text for the
explanation of the efficiency normalization.
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The my,x distribution (Fig. 13) peaks broadly in the
middle and has a high-mass peak, which is strongly
correlated with the low-mass m,,,, enhancement (Fig. 10).

As explained in the previous section, the amplitude fits
are performed by maximizing the unbinned likelihood on
the selected signal candidates including background events
and without the efficiency weights. To properly represent
the fit quality, the fit projections in the following sections
show the fitted data sample, i.e. including the background
and without the parametrized efficiency corrections applied
to the signal events.

VII. AMPLITUDE MODEL WITH
ONLY ¢K* CONTRIBUTIONS

We first try to describe the data with kaon excitations
alone. Their mass spectrum as predicted in the relativistic
potential model by Godfrey and Isgur [53] is shown in
Fig. 14 together with the experimentally determined masses
of both well-established and unconfirmed K* resonances
[36]. Past experiments on K* states decaying to ¢pK [50-52]
had limited precision, especially at high masses; gave
somewhat inconsistent results; and provided evidence for
only a few of the states expected from the quark model
in the 1513-2182 MeV range probed in our data set.
However, except for the J¥ = 0T states which cannot decay
to ¢K because of angular momentum and parity conserva-
tion, all other kaon excitations above the ¢K threshold are

2"p, 2D,
2200f= - - —=D— __IF,
= C 3S— 2P, < . -
> I 1 3ot = 1" =
S 20001 70 2P _T0 5E P
= i L i ) 4
= E o2t =2 2 D o
~ 1800 = _ S R = 3 <
* = =) T — e — <
N o<t el 2.=-55 .02 Q
S b po L ZTEEME S
— — = S L=
g 1600: 2 Sl v T z
25 o 1"p o [J= g
1400p= P02 S L= |:|13P2 g
o E E =22 2 +;<
— Nt ~ O - o
1200: < C EZip 2
C M)
1000 5
. 1351_: «M:
800 2
C «
600
L &
1S, = | | | |
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
400 0 1 2 3 I
0 T 1f1r 02t 22713 3'3° 2t4t

FIG. 14. Kaon excitations predicted by Godfrey and Isgur [53]
(horizontal black lines) labeled with their intrinsic quantum
numbers: n?St'L; (see the text). Well-established states are
shown with narrower solid blue boxes extending to 10 in mass
and labeled with their PDG names [36]. Unconfirmed states are
shown with dashed green boxes. The long horizontal red lines
indicate the ¢K mass range probed in BT — J/w@K™ decays.
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FIG. 15. Distribution of m; ., for the data and the fit results

with a model containing only K** — ¢K™ contributions.

predicted to decay to this final state [54]. In B" decays,
production of high spin states, like the K3(1780) or
K, (2045) resonances, is expected to be suppressed by the
high orbital angular momentum required to produce them.
We have used the predictions of the Godfrey-Isgur model
as a guide to the quantum numbers of the K** states to
be included in the model. The masses and widths of all states
are left free; thus our fits do not depend on detailed predictions
of Ref. [53], nor on previous measurements. We also allow a
constant nonresonant amplitude with J¥ = 1%, since such
¢K™ contributions can be produced, and can decay, in the
S-wave. Allowing the magnitude of the nonresonant ampli-
tude to vary with m g does not improve fit qualities.
While it is possible to describe the mygx and m; ),k
distributions well with K* contributions alone, the fit
projections onto mj,, do not provide an acceptable
description of the data. For illustration we show in Fig. 15
the projection of a fit with the following composition: a
nonresonant term plus candidates for two 2P;; two 1D;;
and one of each of 13F5, 13D, 335, 31S,, 2°P,, 13F,,
1°D; and 1°F, states, labeled here with their intrinsic
quantum numbers: n>t!'L, (n is the radial quantum
number, S the total spin of the valence quarks, L the
orbital angular momentum between quarks, and J the total
angular momentum of the bound state). The fit contains
104 free parameters. The y° value (144.9/68 bins) between
the fit projection and the observed my,, distribution
corresponds to a p value below 1077. Adding more
resonances does not change the conclusion that non-K*
contributions are needed to describe the data.

VIII. AMPLITUDE MODEL WITH @K~
AND J/w¢ CONTRIBUTIONS

We have explored adding X and Z* contributions of
various quantum numbers to the fit models. Only X con-
tributions lead to significant improvements in the description
of the data. The default resonance model is described in
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TABLE III.
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Results for significances, masses, widths and fit fractions of the components included in the default amplitude model. The

first (second) errors are statistical (systematic). Errors on f; and f, are statistical only. Possible interpretations in terms of kaon
excitation levels are given, with notation n>5*!L, together with the masses predicted in the Godfrey-Isgur model [53]. Comparisons
with the previously experimentally observed kaon excitations [36] and X — J/w¢ structures are also given.

Fit results

Contribution Significance or Reference My (MeV) 'y MeV) FF (%) fr fi

All K(17) 8.00 42 +8%

NR 164135 0524029 021+0.16
K(17%) 7.60 1793 4+ 591153 365 + 157538 124+ 1077 0244£021  0.37+£0.17
2'P, [53] 1900

K, (1650) [36] 1650 + 50 150 + 50

K'(1%) 1.90 1968 + 65179, 396 + 170578 23420730 0.04+0.08 049+0.10
2°p, [53] 1930

All K(27) 5.60 11+£37%2

K(2) 5.00 1777 + 35412 217 + 116472 0.64£0.11 0.13£0.13
1'D, [53] 1780

K,(1770) [36] 1773 +£ 8 188 + 14

K'(27) 3.00 1853 £2713¢ 167 & 5875 0.534+0.14  0.04 +0.08
1°D, [53] 1810

K,(1820) [36] 1816 + 13 276 + 35

K*(17) 8.50 1722 4+ 20735, 354 £ 751130 67419132 082+004 0.03+0.03
1°D, [53] 1780

K*(1680) [36] 1717 £ 27 322+ 110

K*(21) 540 2073 4+ 9438 678 £3117115°  29+0.877 0.15£0.06 0.79£0.08
2°P, [53] 1940

K3(1980) [36] 1973 +26 373 £ 69

K(07) 3.50 1874 + 437, 168 + 901789 2.6+ 11533 1.0

318, [53] 2020

K(1830) [36] ~1830 ~250

All X(11) 16 £37%5

X (4140) 8.40 4146.5 £ 4.513¢ 83 +212 13.0 + 32138

Averages from Table I 4147.1+£24 157+6.3

X(4274) 6.0c 42733 £83512 564 117 7.1+£2557

CDF [29] 4274434 £1.9 3212 +8

CMS [25] 43138 +£53+73 380+ 16

All X(0%) 284+5+7

NRy/yp 6.40 46+ 111!

X(4500) 6.1 4506 + 1112 92 £211%3) 6.6 24133

X(4700) 5.60 4704 + 1073, 120 +317%5; 12+57

detail below and is summarized in Table III, where the results
are also compared with the previous measurements and the
theoretical predictions for su states [53]. The model contains
seven K*T states, four X states and ¢K* and J/w¢
nonresonant components. There are 98 free parameters in
this fit. Projections of the fit onto the mass variables are
displayed in Fig. 16. The y* value (71.5/68 bins) between the
fit projection and the observed m,,, distribution corre-
sponds to a p value of 22%. Projections onto angular variables
are shown in Figs. 17-19. Projections onto masses in different

regions of the Dalitz plot can be found in Fig. 20. Using
adaptive binning’ on the Dalitz plane myg Vs mj,,, (or
extending the binning to all six fitted dimensions) the y?
value of 438.7/496 bins (462.9/501 bins) gives a p value of
17% (2.3%). The y*> PDFs used to obtain the p values have
been obtained with simulations of pseudoexperiments gen-
erated from the default amplitude model.

>The adaptive binning procedure maintains uniform and
adequate bin contents.
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FIG. 16. Distributions of (top left) K™, (top right) J /w K™ and
(bottom) J/w¢ invariant masses for the BT — J/w¢pK™ data
(black data points) compared with the results of the default
amplitude fit containing K** — ¢K* and X — J/w¢ contribu-
tions. The total fit is given by the red points with error bars.
Individual fit components are also shown. Displays of m,,,,, and
of my,,x masses in slices of myg are shown in Fig. 20.

The systematic uncertainties are obtained from the sum
in quadrature of the changes observed in the fit results when
the K** and X(4140) models are varied; the Breit-Wigner
amplitude parametrization is modified; only the left or
right BT mass peak sidebands are used for the background
parametrization; the ¢ mass selection window is made
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FIG. 17. Distributions of the fitted decay angles from the K**
decay chain together with the display of the default fit model
described in the text.
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FIG. 18. Distributions of the fitted decay angles from the X

decay chain together with the display of the default fit model
described in the text.

012002-13



R. AAIJ et al.

= data - 1" NR‘I)K
—=—total fit K(1")

— background K'(1%)
wO0NR, K(2)+K'(2)
== ' X(4140) ot

2 1+ X(4274) =KD 4
W& 0 X(4500) —— K*(2)
W 0% X(4700) ——K(0)

Candidates

300 .
et )
200F 1 ]
A
cos@fw ¢va/ v =
SR A
100F 1 3
-1 -0.5 0 0.5 -100 0 100
cos6 A¢ [deg]

FIG. 19. Distributions of the fitted decay angles from the Z
decay chain together with the display of the default fit model
described in the text.
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FIG. 20. Distribution of (left) m; 4 and (right) m;,, in three
slices of myy 1 <1750 MeV, 1750-1950 MeV, and > 1950 MeV
from top to bottom, together with the projections of the default
amplitude model. See the legend in Fig. 16 for a description of the
components.
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narrower by a factor of 2 (to reduce the non-¢ background
fraction); the signal and background shapes are varied in
the fit to m;,,»x Which determines the background fraction
p; and the weights assigned to simulated events, in order
to improve agreement with the data on B" production
characteristics and detector efficiency, are removed. More
detailed discussion of the systematic uncertainties can be
found in Appendix B.

The significance of each (non)resonant contribution is
calculated assuming that A(—21n £), after the contribution
is included in the fit, follows a y? distribution with the
number of degrees of freedom (ndf) equal to the number
of free parameters in its parametrization. The value of
ndf is doubled when M, and I’ are free parameters in the
fit. The validity of this assumption has been verified using
simulated pseudoexperiments. The significances of the X
contributions are given after accounting for systematic
variations. Combined significances of exotic contributions,
determined by removing more than one exotic contribution
at a time, are much larger than their individual significances
given in Table III. The significance of the spin-parity
determination for each X state is determined as described
in Appendix C.

The longitudinal (f;) and transverse (f | ) polarizations
are calculated for K** contributions according to

B—J/wyK* 2
AT

fo =% B—J/yK" |2 B—J/yK" 2’ (25)
AP AT 4 A
B—J/yK* 2
fi= B—J/yK" |2 |Az§_>1j:1<* 2 B—J/yK 2’ (26)

A P+ 1A A
where

B—J/wK* B—J/wK*
Aﬁ=+1 v - A/l:—l v . (27)
V2

Among the K** states, the J* = 17 partial wave has the
largest total fit fraction [given by Eq. (24)]. We describe it
with three heavily interfering contributions: a nonresonant
term and two resonances. The significance of the nonreso-
nant amplitude cannot be quantified, since when it is
removed one of the resonances becomes very broad, taking
over its role. Evidence for the first 17 resonance is
significant (7.60). We include a second resonance in the
model, even though it is not significant (1.90), because
two states are expected in the quark model. We remove
it as a systematic variation. The 17 states included in our
model appear in the mass range where two 2P, states are
predicted (see Table III), and where the K™ p — ¢pK ™ p
scattering experiment found evidence for a 17 state with
M, ~ 1840 MeV, T'j ~250 MeV [50], also seen in the
K~p — K n"z~p scattering data [55]. Within the large
uncertainties the lower mass state is also consistent with the

B—J/yK' _
A% -
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unconfirmed K (1650) state [36], based on evidence from
the K~ p — ¢K~ p scattering experiment [51].

There is also a substantial 2~ contribution to the
amplitude model. When modeled as a single resonance
(5.00 significant), My = 1889 £ 27 MeV and I'y = 376 &=
94 MeV are obtained in agreement with the evidence from
the K~ p — ¢K™ p scattering data which yielded a mass
of around 1840 MeV and a width of order 250 MeV [50].
The K*p — ¢K T p scattering data also supported such
a state at 1810 20 MeV, but with a narrower width,
140 4+ 40 MeV [51]. Since two closely spaced 2~ states are
established from other decay modes [36], and since two
1D, states are predicted, we allow two resonances in the
default fit. The statistical significance of the second state is
30. The masses and widths obtained by the fit to our data
are in good agreement with the parameters of the K, (1770)
and K,(1820) states and in agreement with the predicted
masses of the 1D, states (Table III). The individual fit
fractions are poorly defined, and not quoted, because of
large destructive interferences. There is no evidence for an
additional 2~ state in our data (which could be the expected
2D, state [53]), but we consider the inclusion of such a state
among the systematic variations.

The most significant K** resonance in our data is a vector
state (8.50). Its mass and width are in very good agreement
with the well-established K*(1680) state, which is observed
here in the K decay mode for the first time, and fits the 1°D,
interpretation. When allowing an extra 1~ state (candidate for
33S)), its significance is 2.6 with a mass of 1853 += 5 MeV,
but with a width of only 33 + 11 MeV, which cannot be
accommodated in the su quark model. When limiting the
width to be 100 MeV or more, the significance drops to 1.46.
We do not include it in the default model, but consider its
inclusion as a systematic variation. We also include among the
considered variations the effect of an insignificant (<0.30)
tail from the K*(1410) resonance.

There is a significant (5.46) 2% contribution, which we
describe with one very broad resonance, consistent with the
claims of a K3(1980) state seen in other decays and also
consistent with a broad enhancement seen in K~ p — ¢pK°n
scattering data [52]. It can be interpreted as the 2°P, state
predicted in this mass range. An extra 27 state added to the
model, as suggested e.g. by the possibility that the 13F, state
is in the probed mass range, is less than 0.7¢ significant and is
considered among the systematic variations.

There is also 3.5¢ evidence for a O~ contribution,
consistent with the previously unconfirmed K(1830) state
seen in K~ p — ¢K™ p scattering data [50]. It could be a
3!S, state. An extra 0~ state added to the model (e.g. 4'S)
is less than 0.2¢ significant and is considered among the
systematic variations.

We consider among the systematic variations the inclu-
sion of several further states that are found not to be
significant in the fit. These are a 37 state (e.g. 1F;, <1.80),
a 47 state [e.g. 13F4, <2.00 or <0.60 if fixed to the
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K;(2045) parameters [36]] or a 3~ state [e.g. 1°D3, <2.00
if fixed to the K3(1780) parameters].

Overall, the K** composition of our data is in good
agreement with the expectations for the su states, and also
in agreement with previous experimental results on K*
states in this mass range. These results add significantly to
the knowledge of K* spectroscopy.

A near-threshold J/w¢ structure in our data is the most
significant (8.4¢) exotic contribution to our model. We
determine its quantum numbers to be J7¢ = 1t at 5.7¢
significance (Appendix C). When fitted as a resonance,
its mass (4146.5 + 4.57}% MeV) is in excellent agreement
with previous measurements for the X (4140) state, although
the width (83 + 212! MeV) is substantially larger. The
upper limit which we previously set for production of a
narrow (I' = 15.3 MeV) X(4140) state based on a small
subset of our present data [21] does not apply to such a broad
resonance; i.e. the present results are consistent with our
previous analysis. The statistical power of the present data
sample is not sufficient to study its phase motion [56]. A
model-dependent study discussed in Appendix D suggests
that the X(4140) structure may be affected by the nearby
DED;T coupled-channel threshold. However, larger data
samples will be required to resolve this issue.

We establish the existence of the X(4274) structure with
statistical significance of 6.0c, at a mass of 4273.3 +
8.373%* MeV and a width of 56.2 & 10.9'};*, MeV. Its
quantum numbers are also 17" at 5.8¢ significance. Due to
interference effects, the data peak above the pole mass,
underlining the importance of proper amplitude analysis.

The high J/w¢ mass region also shows structures
that cannot be described in a model containing only K**
states. These features are best described in our model
by two JP€ = 0** resonances at 4506 = 117]2 MeV and
4704 + 1077 MeV, with widths of 92 + 2173 MeV and
120 + 31f§‘32MeV, and significances of 6.16 and 5.60,
respectively. The resonances interfere with a nonresonant
0™ J/w¢ contribution that is also significant (6.45). The
significances of the quantum number determinations for the
high mass states are 4.0c and 4.50, respectively.

Additional X resonances of any J” value (J < 2) added
to our model have less than 20 significance. A modest
improvement in fit quality can be achieved by adding
Zt - J/wK"' resonances to our model; however the
significance of such contributions is too small to justify
introducing an exotic hadron contribution (at most 3.1c
without accounting for systematic uncertainty). The param-
eters obtained for the default model components stay within
their systematic uncertainties when such extra X or Z*
contributions are introduced.

IX. SUMMARY

In summary, we have performed the first amplitude
analysis of BT — J/w¢K™ decays. We have obtained a
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good description of data in the 6D phase space including
invariant masses and decay angles.

Even though no peaking structures are observed in the
¢K* mass distributions, correlations in the decay angles
reveal a rich spectrum of K** resonances. In addition to
the angular information contained in the K** and ¢ decays,
the J/y decay also helps to probe these resonances, as the
helicity states of the K** and J/w mesons coming from
the B™ decay must be equal. Unlike the earlier scattering
experiments investigating K* — ¢K decays, we have good
sensitivity to states with both natural and unnatural J?
combinations.

The dominant 1" partial wave (FF = 42 + ng%) has a
substantial nonresonant component, and at least one
resonance that is 7.6¢ significant. There is also 2¢ evidence
that this structure can be better described with two
resonances matching the expectations for the two 2P,
excitations of the kaon.

Also prominent is the 2~ partial wave (FF = 10.8+
2.81,2%). It contains at least one resonance at 5.0¢ signifi-
cance. This structure is also better described with two
resonances at 3.0c significance. Their masses and widths
are in good agreement with the well-established K, (1770)
and K,(1820) states, matching the predictions for the two
1D, kaon excitations.

The 1~ partial wave (FF = 6.7 & 1.9133%) exhibits 8.50
evidence for a resonance which matches the K*(1680)
state, which was well established in other decay modes, and
matches the expectations for the 13D, kaon excitation. This
is the first observation of its decay to the ¢K final state.

The 2" partial wave has a smaller intensity
(FF=2.9£0.8")7%), but provides 5.4¢ evidence for a
broad structure that is consistent with the K3(1980) state
observed previously in other decay modes and matching
the expectations for the 2°P, state.

We also confirm the K(1830) state (3'S, candidate) at
3.56 significance (FF = 2.6 4 1.1773%), earlier observed
in the ¢K decay by the K~ p scattering experiment. We
determine its mass and width with properly evaluated
uncertainties for the first time.

Overall, our K*t — ¢K* results show excellent con-
sistency with the states observed in other experiments,
often in other decay modes, and fit the mass spectrum
predicted for the kaon excitations by the Godfrey-Isgur
model. Most of the K*' structures we observe were
previously observed or hinted at by the Kp—¢K(porn)
experiments, which were, however, sometimes inconsistent
with each other.

Our data cannot be well described without several
J/w¢ contributions. The significance of the near-threshold
X(4140) structure is 8.4¢ with FF = 13.0 4 3.2758%. Tts
width is substantially larger than previously determined.
We determine the J¥C quantum numbers of this structure
to be 17" at 5.7¢. This has a large impact on its possible
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interpretations, in particular ruling out the 0™ or 2%*
DD~ molecular models [3-7,10]. The below-J/y¢-
threshold DED;T cusp [11,20] may have an impact on
the X(4140) structure, but more data will be required to
address this issue. The existence of the X(4274) structure
is established (66) with FF=7.1+25%7% and its
quantum numbers are determined to be 17+ (5.80).
Together, these two JP¢ = 1** contributions have a fit
fraction of 16 + 375%. Molecular bound-states or cusps
cannot account for the X(4274) JFC values. A hybrid
charmonium state would have 1=+ [17,18]. Some tetra-
quark models expected 0~F, 1= [13] or OF*, 2+F [14]
state(s) in this mass range. A tetraquark model imple-
mented by Stancu [12] not only correctly assigned 17+ to
X(4140), but also predicted a second 177 state at a mass
not much higher than the X(4274) mass. Calculations by
Anisovich et al. [15] based on the diquark tetraquark model
predicted only one 17+ state at a somewhat higher mass.
Lebed and Polosa [16] predicted the X(4140) peak to be a
1" tetraquark, although they expected the X(4274) peak
to be a 0~" state in the same model. A lattice QCD
calculation with diquark operators found no evidence for a
17 tetraquark below 4.2 GeV [57].

The high J/w¢ mass region is investigated with good
sensitivity for the first time and shows very significant
structures, which can be described as 0" contributions
(FF =28 &+ 5 + 7%) with a nonresonant term plus two
new resonances: X(4500) (6.1¢ significant) and X(4700)
(5.60). The quantum numbers of these states are deter-
mined with significances of more than 4¢. The work
of Wang et al. [9] predicted a virtual D}*Di~ state at
448 +0.17 GeV. None of the observed J/y¢ states is
consistent with the state seen in two-photon collisions by
the Belle Collaboration [32].
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APPENDIX A: CALCULATION
OF DECAY ANGLES

The decay angles are calculated in a way analogous to
that documented in Appendix IX of Ref. [43]. The five
angles for each decay chain are three helicity angles of J /vy,
¢ and of the resonance in question (e.g. K*) and two angles
between the decay plane of the resonance and the decay
plane of either J/y or ¢. In addition, a rotation is needed
to align the muon helicity frames of the X and Z* decay
chains to that of the K* in order to properly describe the
interferences. The choice of K* as the reference decay chain
is arbitrary. The cosine of a helicity angle of particle P,
produced in two-body decay A — PB, and decaying to two
particles P — CD is calculated from [Eq. (16) in Ref. [43]]

cos@p = — LB LC (Al)
|PsllPc
where the momentum vectors are in the rest frame of the

particle P.

For the BT — J/wK*" decay, the angle between the
J/w — uTu~ and the K** — K™ decay planes is calcu-
lated from® [Eqs. (14)~(15) in Ref. [43]]

Ak gy, = atan2(sin Agg- ;,,.c0s Ay ;,,)  (A2)
ZlK+ . Zlﬂ+
COS A¢K*,J == (A3)
W Jage |
. [Dyjy X dg+] -y
sin Agg- y, = == — (A4)
W By llaxel|a, ]
I I
ag+ = P+ — %PK*+ (AS)
Pk
- - ﬁ i Z’J -
ay+ = Pyt _up-//l//’ (A6)

|Z7]/1//|2

with all vectors being in the BT rest frame. For the BT —
Z*¢ decay, the angle between the Z+ — J/wK™ and the

®The function atan2(x, y) is the tan~'(y/x) function with two
arguments. The purpose of using two arguments instead of one is
to gather information on the signs of the inputs in order to return
the appropriate quadrant of the computed angle.
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¢ — K"K~ decay planes, A¢y 4, can be calculated in the
same way with J/y — ¢, u™ — Kt (the K™ from the ¢
decay) and the accompanying K staying the same.

The angle between the decay planes of two sequential
decays, e.g. between the Z+ — J/wK™ and J/yw — ptu~
decay planes after the BT — ZT ¢ decay, is calculated from
[Egs. (18)—(19) in Ref. [43]]

A¢ZJ/I// — ataHZ(Sin A¢Z,J/W’ COS A¢Z,J/l[l) (A7)
Gy iy
COS A¢Z,J = == (AS)
W Jaylla,|
. _[ﬁK‘F XZZ¢]'ZZ +
SAp, o et (A9)
W b llaglla,e|
- - 1_5 Z)K+ -
ay = py |"i 2 Dk+ (A10)
d, = p, - PK G (Al1)
Pk |

with all vectors being in the J/y rest frame. The other
angles of this type are calculated in the same way, with
appropriate substitutions. For example, A¢g- 4 between
the K** — ¢pK™ and ¢p - K™K~ decay planes after BT —
K**J/w decay is calculated by substituting ¢ — J/y,
ut - Kt (K" from the ¢ decay), and with the accom-
panying K staying the same (all vectors are in the ¢ rest
frame here).

The angle aligning the muon helicity frames between
the K** and Z* decay chains is calculated from
[Egs. (20)—(21) in Ref. [43]]

a” = atan2(sin a?, cos a%) (A12)
cosa? = K AK" (A13)
|+ [|ag
—[pixa Qe
sina? = [{’”* . K*L L (A14)
P lag||ag-+
N
Ag++ = P+ —_,72,417#+ (AIS)
’p;¢+|
. PxDu
ag+ = Pk+ —472”[)”4” (A16)
|P;ﬁ|

where the K™ is the accompanying kaon and all vectors are
in the J/y rest frame. Similarly, oX is obtained from the
above equations with the K™ — ¢ substitution.

For the charge-conjugate B~ — J/w¢K~ decays, the
same formulas apply with the accompanying kaon being
K=, u" replaced by y~ and K from the ¢ decay replaced
by the K~ from the ¢ decay. All azimuthal angles (A¢
and «a) have their signs flipped after applying the formulas
above (see the bottom of Appendix IX in Ref. [43]).
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TABLE IV. Summary of the systematic uncertainties on the parameters of the K** — @K+ states with J® = 2~ and 1*. The kaon py
cross-check results are given at the bottom. All numbers for masses and widths are in MeV and fit fractions in %.

Sys. 2 K(27) K'(27) 1" K(17T) K'(17) NR
variations FF M, I, F M, T, FF FF M, I, FF M, T, FF FF
K* model +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

-4.1 -223 -71.0 -8.6 —149 -385 -55 -75 -79.2 —-196.2 —6.1 -53.8 —143.2 -27.2 5.1
L variations +0.7 +8.6 +54.1 +3.7 +55 +14.0 +3.5 +0.8 +22.3 +204 +34 +475 +37.7 +4.8 +5.0

-1.5 -633 -1279 -93 -31.2 =595 -8.6 -22 —-48.6 -70.3 -0.9 -1599 -72.5 -8.7 =22
exponential NR +05 -48 -135 +04 -0.6 +86 +1.8 -22 -59 -37 +40.7 -214 -454 +0.8 +0.3
X cusp +0.0 +24.6 +422 +54 -0.8 +10.8 +3.8 +1.8 +45 455 +44 -12.0 +40.6 +84 -03
ot -02 +0.8 +387 -16 -19 -12.6 -24 +0.6 -295 +17.2 +09 -0.1 +7.1 =23 +22
d=15 +0.1 +182 +67.2 -0.6 +2.7 +60 -15 +0.7 -174 -56 —-1.0 +82 +139 -2.1 +1.7
d=5.0 +02 -72 -258 -0.1 -10 -05 +13 -15 +122 -69 +05 -84 -428 -1.0 -15
Left sideband +0.1 -42 -95 -02 -1.1 +20 409 -10 +09 +02 +1.1 -87 =302 +09 +0.3
Right sideband -0.1 +32 450 -04 +3.8 +0.1 -12 +1.2 -13 +125 -04 +11.6 +365 —-1.5 -0.1
B +0.2 -81 -354 +1.7 -93 -6.7 +2.6 -2.7 +28.0 -82 +4.0 -234 -63.0 +4.8 -0.8
No w¥¢ -08 -02 +04 -11 400 -05 -15 -08 +19 +12 401 +0.6 +1.8 -0.7 +0.7
¢ window -1.0 =250 -272 -26 -1.1 +412 -14 =27 -113 =365 +0.0 -152 -23.1 460 -19
Total systematic error +1.5 +122.3 4-220.7 +7.7 +17.7 +-82.0 +7.2 +4.7 +153.0 +-138.0 +16.7 +69.7 +173.5 +31.3 4-34.5

—-4.6 =765 —1543 —13.3 -34.7 =72.0 —-10.9 -9.2 —100.5 -214.8 —6.3 —172.3 —177.9 -28.8 -6.4
Statistical error 28 349 1163 11.0 266 58.1 112 81 59.0 157.0 103 650 1703 204 13.1
prX > 500 -27 -04 449 =37 -10.1 —67.0 =5.7 +6.4 +95.2 -238.7 —-3.7 —-87.7 +33.6 -3.8 +4.7

APPENDIX B: SYSTEMATIC UNCERTAINTY

Individual systematic uncertainties on masses, widths
and fit fractions are presented for K** contributions in
Tables IV-V, and for X contributions in Table VI. Positive
and negative deviations are summed in quadrature sepa-
rately for total systematic uncertainties. The statistical
uncertainties are included for comparison.

In many instances, the uncertainty in the K** model
composition is the dominant systematic uncertainty. The
K*T model variations include adding the following con-
tributions (one by one) to the default amplitude model:
second 07, 17 or 2 states, a third 2" state, the 37 K%(1780)
state, a 3T state, the 47 K;(2045) state, and the below
threshold 1~ K*(1410) state. The variations also include

TABLE V. Summary of the systematic uncertainties on the parameters of the K** — @K™ states with J* = 07, 1~
and 2. The kaon pt cross-check results are given at the bottom. All numbers for masses and widths are in MeV and

fit fractions in %.

Sys. K*(17) K(07) K*(27)
variations M, Iy FF M, Iy FF M, Iy FF
K* model +19.9 +314 426 4548 42369 +1.7 +2143 +805.2 +1.6
-33.1 -1410 =27 -90.2 -963 -1.7 —66.9 -2238 0.6
L variations +14.2 +593 +1.8  +12.8 +51.6  +0.7 +52.0 +1723  +0.3
—17.7 —447 -0.2 —44.4 -31.1 =02 -19.1 -107.4 -03
exponential NR +3.3 +11.5  +0.2 =229 +36.3  +04 —13.7 —-65.1 +40.0
X cusp +4.5 +55 —1.2 +7.8 +11.4  +0.1 +26.5 +6.1  -0.2
| —-101.5 -93.1 +0.2 -2.8 -62 -0.1 -167.6 -230.0 +0.3
d=15 +21.1  +121.7 400  +12.1 +25 -0.1  +102.2 +806.2 +40.0
d=50 -4.9 -21.0 +0.0 -10.3 +6.3  +0.2 =72.0 -2425 +40.0
Left sideband +2.7 +7.7  +0.0 —-12.6 20.1  +0.2 -17.9 -28.8 +0.2
Right sideband -3.0 +77 +0.0  +10.0 235 =02 +19.2 +247 =02
p +2.2 -4.1 +0.1 —43.0 +322  +05 —-18.5 +1.1  +04
No wM€ +0.2 -04 +0.1 +1.0 -24 -04 -0.4 =31 =02
¢ window +0.5 -289 -1.8 -33.6 +945 +0.9 -97.0 -2589 +40.2
Total systematic error ~ +32.9  +139.8 3.2 +59.0 42802 +23 42452 +1152.7 1.7
-1084 -180.7 -39 -1148 -104.1 -1.8 2397 -559.0 0.7
Statistical error 19.9 74.7 1.9 432 90.4 1.1 94.2 310.6 0.8
pr > 500 —15.6 -47.1 -02 -1619 24 -02 —10.1 -1022 0.1
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TABLE VI. Summary of the systematic uncertainties on the parameters of the X — J/w¢ states. The kaon p cross-check results are
given at the bottom. All numbers for masses and widths are in MeV and fit fractions in %.
Sys. 1" X(4140) X(4274) 0" X(4500) X(4700) NR
variations FF M, Iy FF M, I'n FF FF M, I'y FF M, I'n FF FF
K* model +2.0 +3.6 +17.1 +2.2 +11.2 +79 +14 +18 493 +13.8 +2.0 +75 +38.6 +6.7 +8.0
-1.7 =26 -11.7 -19 -25 -85 -15 -11.0 -86 -166 —-1.7 —-189 —13.5 —48 -16.6
L variations +32 +22 473 421 +106 +14 +10 +03 +1.3 +108 +1.7 +9.0 +124 +15 +1.2
+00 -12 -62 -05 -08 -46 -12 -47 -96 -112 -1.6 -68 -249 -08 -85
exponential NR +04 -02 -0.1 +04 -02 +06 +08 -1.7 463 +03 402 +7.1 -157 -1.7 -9.1
X cusp +2.2 +09 +64 -54 -14 -12 400 +12 +02 +19 =25 05 -1.6
Tt -06 +02 +15 -04 +32 +02 -03 +0.1 408 -0.1 -03 +09 -58 -09 -I1.1
d=15 -09 +1.1 +53 -05 422 408 -04 +05 +1.7 +32 401 -0.1 +1.7 +0.0 +1.1
d=5.0 +1.1 -02 -20 +0.6 +02 -08 +03 -05 -10 -3.1 -0.1 -12 =32 -07 =25
Left sideband +0.1 -04 -20 +0.1 +04 -08 +0.1 -05 -24 -26 -02 -15 =31 -07 -12
Right sideband -03 +03 +26 -02 -06 +1.0 +00 +05 437 +34 +04 +12 470 +0.8 +1.6
p +12 -06 -36 +12 +1.7 -07 +09 -25 —-46 -11.1 =05 -39 -6.1 -14 -14
No wM¢ +1.6 +0.0 +0.0 +0.1 +0.0 +0.0 +1.4 +17 +00 +02 402 +0.1 +0.0 +1.2 +2.7
¢ window +25 +1.1 +47 +24 -16 +14 +18 +42 —-43 +7.1 412 -93 +58 +0.7 +4.7
Total systematic error +5.9 +4.6 +20.7 +4.7 +17.2 +84 435 +6.5 +12.0 +20.8 +3.2 +13.9 +42.0 +7.2 +11.0
-2.1 =28 -135 -20 -36 -11.1 -24 -6.7 —-145 -204 -23 -241 -333 -53 -21.0
Statistical error 2.8 45 207 32 83 109 25 510 11.1 212 24 101 307 49 107
pr¥ > 500 -13 +1.6 +1.7 =27 +7.8 +122 +02 -9.6 -109 -18.6 -32 -47 -12.7 -6.6 -17.1
omitting the second 17 or 2~ states. The observed devia-  dominated by the observed decay mode. All K** states

tions in the fit parameters are added in quadrature and then
listed in Tables IV-VI.

The other sizable source of systematic uncertainty is due
to the L and Lg- (or Ly) dependence of the Breit-Wigner
amplitude in the numerator of Eq. (9) via Blatt-Weisskopf
factors. Helicity states correspond to mixtures of allowed L
values, but we assume the lowest L values in Eq. (9) in
the default fit. We increase Lp values by 1 for all the
components (one by one). Values of Lg- or Ly can only
differ by an even number because of parity conservation in
strong decays. We performed such variations for states in
which the higher value is allowed, except for the X states,
since the fit results indicate that the higher Ly amplitudes
are insignificant. Again, the observed deviations in the
fit parameters are added in quadrature and then listed in
Tables IV-VI.

The energy release in the BY — J/w@pK" decay is
small (~13% on Mp), and the phase space is very limited,
not offering much range for nonresonant interactions to
change. In the default model the nonresonant terms
are represented by constant amplitudes. When allowing
them to change exponentially with the mass squared,
exp(—am?), the slope parameters, a, are consistent with
zero. The observed deviations in the measured parameters
are included among the systematic contributions.

Replacing the Breit-Wigner amplitude for the X(4140)
structure with a DY D™ cusp in one particular model (see
Appendix D) is included among the systematic model
variations.

The dependence on mass of the total resonance width
[Eq. (11)] used in the default fit assumes that it is

are expected to have sizable widths to the other decay
modes, Kz, Kp, K*(892)x etc. However, ratios of these
partial widths to the ¢K partial width are unknown. To
check the related systematic uncertainty, we perform an
alternative fit (marked I, in the tables) in which the mass
dependence of the width is set by the lightest possible
decay mode allowed: Kz for natural spin-parity resonances
and Kw for the others. This includes changing the Ly«
value.

The Blatt-Weisskopf factors contain the d parameter for
the effective hadron size [58] [Eq. (12)], which we set to
3.0 GeV~! in the default fit. As a systematic variation we
change its value between 1.5 and 5.0 GeV~!.

To address the systematic uncertainty in the background
parametrization, we perform amplitude fits with either
the left or right B mass sideband only. The default fit
uses both.

We perform fits to m;,,4x with alternative signal and
background parametrizations to determine the systematic
uncertainty on the background fraction in the signal region
(). The largest deviation in its value (AS/f = +25%) is
then used in the alternative amplitude fit to the data.

In the default fit, the simulated events used for the
efficiency corrections are weighted to improve the agree-
ment between the data and the simulation. The total
Monte Carlo event weight (WY€) is a product of weights
determined as the ratios between the signal distributions in
the data and in the simulated sample (generated according
to the preliminary amplitude model) as functions of
pr(BT), number of charged tracks in the event, and each
kaon momentum. These weights are intended to correct for
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FIG. 21. Mass of B* — J/w¢K™" candidates in the data with
the p(K) > 250 MeV (default) and p1(K) > 500 MeV selec-
tion requirements.

any inaccuracies in simulation of pp collisions, of BT
production kinematics and in kaon identification. To
account for the uncertainty associated with the efficiency
modeling we include among the systematic variations a fit
in which the weights are not applied.

To check the uncertainty related to non-¢ background,
we reduce its fraction by narrowing the ¢p — K™K~ mass
selection window by a factor of 2. This also accounts for
any uncertainty related to averaging over this mass in the
amplitude fit.

As a cross-check on both the background subtraction and
the efficiency corrections the minimal value of py for kaon
candidates is changed from 0.25 GeV to 0.5 GeV, which
reduces the background fraction by 54% (f = 10.4%) and
the signal efficiency by 20%, as illustrated in Fig. 21. The
mass projections of the fit are shown in Fig. 22. The fit
results are within the assigned total uncertainties as shown
at the bottom rows of Tables IV-VI.

More details on the systematic error evaluations can be
found in Ref. [59].

APPENDIX C: SPIN ANALYSIS
FOR THE X — J/y¢ STATES

To determine the quantum numbers of each X state, fits
are done under alternative J”¢ hypotheses. The likelihood-
ratio test is used to quantify rejection of these hypotheses.
Since different spin-parity 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 y? distribution with one
degree of freedom for A(—21In £) under the disfavored J*¢
hypothesis gives a lower limit on the significance of its
rejection [60]. The results for the default fit approach are
shown in Table VIL The JPC values of the X(4140) and
X (4274) states are both determined to be 17" with 7.6¢ and
6.40 significance, respectively. The quantum numbers of
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FIG. 22. Distributions of (top) ¢K*, (middle) J/wK™ and
(bottom) J/w¢ invariant masses for the BT — J/y¢pK™ data
after changing the pr(K) > 0.25 GeV requirement to
pr(K) > 0.5 GeV, together with the fit projections. Compare
to Fig. 16.

X(4500) and of X(4700) states are both established to be
0" at 5.2¢ and 4.9¢ level, respectively.

The separation from the alternative J*¢ hypothesis with
likelihood closest to that for the favored quantum numbers
in the default fit is studied for each state under the fit
variations which have dominant effects on the resonance
parameters as shown in Table VIII. The lowest values are
taken for the final significances of the quantum number
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TABLE VII.  Statistical significance of J¥'C preference for the X

states in the default model. The lowest significance value for each
state is highlighted.

JPC X(4140) X(4274)  X(4500)  X(4700)
ot+ 10.30 7.80 Preferred Preferred
(0 12.56 7.0 8.1c 8.2¢0
1+ Preferred Preferred 520 490
=" 10.40 6.40 6.50 8.30
2+ 7.66 7206 5.60 6.80
2=+ 9.60 6.40 6.50 6.30

determinations: 5.7¢ for X(4140), 5.8¢ for X(4274), 4.00
for X(4500) and 4.56 for X (4700).

APPENDIX D: IS X(4140) A DD;T CUSP?

While our 17" assignment to X(4140) and its large
width rule out an interpretation as a 0t or 2" DIt D~
molecule (for which 171 is not allowed [3]) with large
~83 MeV binding energy as suggested by many authors
[3—7], such a structure could be formed by molecular forces
in a DYD;7T pair in the S-wave [11,20]. Since the sum of
DY and D;T masses (4080 MeV) is below the J/y¢ mass
threshold (4116 MeV), such a contribution would not be
described by the Breit-Wigner function with a pole above
that threshold. The investigation of all possible paramet-
rizations for such contributions, which are model depen-
dent, goes beyond the scope of this analysis. However, we
attempt a fit with a simple threshold cusp parametrization
proposed by Swanson (Ref. [61] and private communica-
tions), in which the introduction of an exponential form
factor, with a momentum scale (f,) characterizing the
hadron size, makes the cusp peak slightly above the sum
of masses of the rescattering mesons. While controversial
[62], this model provided a successful description of
the Z.(3900)" and Z.(4025)* exotic meson candidates

TABLE VIIIL. Significance, in standard deviations, of JFC¢
preference for the X states for dominant systematic variations
of the fit model. The label “L + n” specifies which L value in
Eq. (9) is increased relative to its minimal value and by how much
(n). The lowest significance value for each state is highlighted.

Systematic variation  X(4140) X(4274) X(4500) X(4700)

Alternative JP¢ AR b R 1+
Default fit 7.6 64 64 5.2 4.9
K1) Lg+2 122 62 74 5.4 5.1
Ky(27) Ly +2 57 60 58 52 45
K3(1780) included 6.2 6.6 6.3 4.9 4.5
Extra K*(17) included 6.8 6.1 58 538 4.7
Extra K,(27) included 6.9 6.7 6.2 4.0 4.8
exponential NR 7.5 6.5 6.1 8.9 4.7
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FIG. 23. Dependence of the real and imaginary parts of the cusp
amplitude on the mass in Swanson’s model [61]. See the text for a
more precise explanation.

with masses peaking slightly above the molecular
thresholds [61].

In Swanson’s model a virtual loop with two mesons A
and B inside (Fig. 1 left in Ref. [61]) contributes, in the
nonrelativistic near-threshold approximation, the following
amplitude,

o) = [ 44

3 T
(27) m—My—Mp—5—+ie

el o241

, (D1)

where m is the J/w¢ mass, psp = M;Mpg/(My + Mp) is
the reduced mass of the pair, S is a hadronic scale of order
of Agcp (Which can be AB dependent), € is a very small
number (¢ — 0), and / is the angular momentum between A

-Im I(Z)
o
~

LI L L L LB L L L

— cusp

"""" Breit-Wigner

LI LI B

ol by by s by by by by
04 02 0 02 04 06 08 1
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FIG. 24. The Argand diagram of the the cusp amplitude in
Swanson’s model [61]. Motion with the mass is counterclock-
wise. The peak amplitude is reached at threshold when the real
part is maximal and the imaginary part is zero. The Breit-Wigner
amplitude gives circular phase motion, also with counterclock-
wise mass evolution, with maximum magnitude when zero is
crossed on the real axis.
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FIG. 25. Distributions of (top left) pK ™, (top right) J/wK™* and

(bottom) J/w¢ invariant masses for the BT — J/w¢pK™ data
(black data points) compared with the results of the amplitude
fit containing K** — ¢K* and X — J/w¢ contributions in
which X(4140) is represented as a J'¢ = 17" D} D;~ cusp.
The total fit is given by the red points with error bars. Individual
fit components are also shown.

and B. The lowest [ values are expected to dominate. The
amplitude IT(m) reflects coupled-channel kinematics. The
above integral can be conveniently expressed as

_ HapPo

M(m) = =527

1(2) (D2)

PHYSICAL REVIEW D 95, 012002 (2017)

4
7 =P (M, + My —m) (D3)
Bi
. x2+2le—x2
1(Z) = dx—————, D4
() A xx2+Z—i€ ( )

where —Z is the scaled mass deviation from the AB
threshold. For [ = 0, the integral above evaluates to

1(2) = %\/;[1 _ VaZeterte(vZ)].

(D5)
For masses below the AB threshold Z >0 and I(Z)
[thus TI(Z)] has no imaginary part. For masses above

the threshold Z < 0, \/Z is imaginary, which leads to both
real and imaginary parts. The real and imaginary parts of
—1(Z) as a function of —Z are shown in Fig. 23, while the
corresponding Argand diagram is shown in Fig. 24 where it
is compared to the phase motion of the Breit-Wigner
function.

The function I1(m) replaces the Breit-Wigner function
BW(m|M,,T) in Eq. (10). The Blatt-Weisskopf functions
in Eq. (9) still apply. Thus, the functional form of this
representation has three free parameters to determine from
the data (f, and the complex S-wave helicity coupling).
The value of f, obtained by the fit to the data,
297 £20 MeV, is close to the value of 300 MeV with
which Swanson was successful in describing the other near-
threshold exotic meson candidates [61]. A fit with such
parametrization (see Fig. 25 for mass distributions) has a
better likelihood than the Breit-Wigner fit by 1.6¢ for the
default model [eight free parameters in the X(4140) Breit-
Wigner parametrization], and better by 3¢ when only
S-wave couplings are allowed (four free parameters),

120
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0 L§ '—,-
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m,7,,6 [MeV]

FIG. 26. Distributions of J/w¢ invariant mass for the
BT - J/w¢K™' data (black data points) compared with the
results of the amplitude fit containing K** — ¢K* and
X — J/w¢ contributions in which X(4140) and X(4274) are
represented as JPC = 17" DEDJT and 0-F DED}(2317)7
cusps, respectively. The total fit is given by the red points with
error bars. Individual fit components are also shown.
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providing an indication that the X(4140) structure may not
be a bound state that can be described by the Breit-Wigner
formula. Larger data samples will be required to obtain
more insight. We have included the X(4140) cusp model
among the systematic variations considered for parameters
of the other fit components. The differences between the
results obtained with the default amplitude model and the
model in which the X(4140) structure is represented by a
cusp are given in Tables IV-VL.

PHYSICAL REVIEW D 95, 012002 (2017)

The X(4274) mass structure can be reasonably well
described by the 0" cusp model for D¥D*,(2317)F
scattering (Fig. 26). However, the multidimensional like-
lihood is substantially worse than for the default amplitude
model (6.60). The likelihood remains worse for the default
fit even if 17" quantum numbers are assumed for such a
cusp (4.40). This particular cusp parametrization is not
useful when trying to describe any of the higher mass J/y¢
structures.
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