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Model-Independent Observation of Exotic Contributions to B — J/wK*n~ Decays

R. Aaij et al.”
(LHCb Collaboration)

® (Received 17 January 2019; published 17 April 2019)

An angular analysis of B® — J/wK*z~ decays is performed, using proton-proton collision data
corresponding to an integrated luminosity of 3 fb~! collected with the LHCb detector. The m(K*z™)
spectrum is divided into fine bins. In each m(K " z~) bin, the hypothesis that the three-dimensional angular
distribution can be described by structures induced only by K* resonances is examined, making minimal
assumptions about the K+z~ system. The data reject the K*-only hypothesis with a large significance,
implying the observation of exotic contributions in a model-independent fashion. Inspection of the
m(J/wx~) vs m(K"z~) plane suggests structures near m(J/wzx~) = 4200 and 4600 MeV.

DOI: 10.1103/PhysRevLett.122.152002

In the standard model, the quark model allows for
hadrons comprising any number of valence quarks, as
long as they are color-singlet states. Yet, after decades of
searches, the reason why the vast majority of hadrons are
built out of only quark-antiquark (meson) or three-quark
(baryon) combinations remains a mystery. The best known
exception is the Z(4430)~ resonance with spin-parity 1~
and width I' =172 £+ 13 MeV [1-3] which has minimal
quark content cc i d, and is therefore manifestly exotic, i.e.,
has components that are neither quark-antiquark or three-
quark combinations. The only confirmed decay of the
7(4430)~ state is via Z(4430)” — w(2S)n~, as seen in
B® > yw(2S)Ktz~ decays [1,4]. The corresponding
7(4430)” — J/wn~ decay rate is suppressed by at least
a factor of 10 [5]. The authors of Ref. [6] surmise that in a
dynamical diquark picture, this is because of a larger
overlap of the Z(4430)~ radial wave function with the
excited state y(2S) than with the ground state J /. For the
B® — J/wK*n~ channel, the Belle collaboration [5] has
reported the observation of a new exotic Z(4200)~ reso-
nance decaying to J/wz~ that might correspond to the
structure in m(y(2S)z~) seen in Ref. [1] at around the
same mass.

A generic concern in searches for broad exotic states like
the Z(4430)~ resonance is disentangling contributions
from nonexotic components. For B — w()K*z~ decays
[7], the latter comprise different K; resonances with spin J,
that decay to K*z~. Figure 1 shows the K’ spectrum,
which has multiple, overlapping, and poorly measured
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states. The bulk of the measurements come from the LASS
K 'z~ scattering experiment [8]. In particular, the decay
B® - J/wK*z~ is known to be dominated by K% reso-
nances, with an exotic fit fraction of only 2.4% [5],
compared to a 10.3% contribution from the Z(4430)
for B® — w(2S)K* 7z~ [9]. This smaller exotic fit fraction
for the J/y case makes it pertinent to study the evidence of
exotic contributions in a manner independent of the
dominant but poorly understood K spectrum.

The BABAR collaboration [11] has performed a model-
independent analysis of B® — y)K*z~ decays making
minimal assumptions about the K’ spectrum, using two-
dimensional (2D) moments in the variables m(K"z~) and
the K™ helicity angle, 6. The key feature of this approach
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FIG. 1. Spectrum of K’ resonances from Ref. [10], with the

vertical span of the boxes indicating £I7,, where I' is the width
of each resonance. The horizontal dashed lines mark the
m(K* ™) physical region for B® — J/wK*z~ decays, whereas
the dot-dashed lines mark the specific region, m(K*z~) €
[1085, 1445] MeV, employed for determining the significance
of exotic contributions.
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is that no information on the exact content of the K7 states,
including their masses, widths, and m(K*z~) -dependent
line shapes, is required. An amplitude analysis would
require the accurate description of the K7 line shapes
which depend on the underlying production dynamics. The
model-independent procedure bypasses these problems,
requiring only knowledge of the highest spin, J,,,x, among
all the contributing K’ states, for a given m(K*z~) bin.
Within uncertainties, the m(J/wz~) spectrum in the
BABAR data was found to be adequately described using
just K states, without the need for exotic contributions.

In this Letter, a four-dimensional (4D) angular analysis
of B — J/wK*n~ decays with J/y — utu~ is reported,
employing the Run 1 LHCb dataset. The data sample
corresponds to a signal yield approximately 40 and 20
times larger than those of the corresponding BABAR [11]
and Belle [9] analyses, respectively. The larger sample size
allows analysis of the differential rate as a function of the
four variables, m(K*z~), 0y, 0;, and y, that fully describe
the decay topology. The lepton helicity angle, 6;, and the
azimuthal angle, y, between the (¢ ™) and (K*z~) decay
planes, were integrated over in the BABAR 2D analysis
[I1]. The present 4D analysis therefore benefits from a
significantly better sensitivity to exotic components than
the previous 2D analysis.

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 <y <5 and is
described in detail in Ref. [12]. Samples of simulated
events are used to obtain the detector efficiency and
optimise the selection. The pp collisions are generated
using PYTHIA [13] with a specific LHCb configuration [14].
Decays of hadronic particles are described by EVTGEN [15],
in which final-state radiation is generated using PHOTOS
[16]. Dedicated control samples are employed to calibrate
the simulation for agreement with the data.

The selection procedure is the same as in Refs. [17,18]
for the rare decay B — uTu~ Kz, with the additional
requirement that the m(u*u~) mass is constrained to the
known J/y mass via a kinematic fit [19]. The data sample
is divided into 35 fine bins in m(K"z~) such that the
m(K*n~) dependence can be neglected inside a given bin,
and each subsample is processed independently. The bin
widths vary depending on the data sample size in a given
m(K*z~) region. Backgrounds from B" — J/wKT,
BY — J/wK*K~, and A) — J/ypK~ decays are reduced
to a level below 1% of the signal yield at the selection stage
using the excellent tracking and particle-identification
capabilities of the LHCb detector, and are subsequently
removed by a background subtraction procedure. The
B(()S) — J/wK"r~ signal line shape in the m(J/wK"n™)
spectrum is described by a bifurcated Gaussian core and
exponential tails on both sides. A sum of two such line
shapes is used for the signal template for the mass fit, while
the background line shape is a falling exponential. The
exponential tails in the signal line shape are fixed from the

simulation and all other parameters are allowed to vary in
the fit, performed as a binned > minimization. An example
mass fit result is given in the Supplemental Material [20].
The cumulative signal yield in the m(K'z7) €
[745, 1545] MeV region is 554,500 + 800.

The strategy in this analysis is to examine the hypothesis
that nonexotic K contributions alone can explain all
features of the data. Under the approximation that the
muon mass can be neglected and within a narrow m(K*z")
bin, the CP -averaged transition matrix element squared
is [21,22]

IMP = SIS VI THE 0,0, 00, (1)

n o AJ

where HZ'J are the K7 helicity amplitudes and dfn,m are
Wigner rotation matrix elements. The helicities of the
outgoing lepton and K5 are n ==+1 and 1€ {0,£1},
respectively. Parity conservation in the electromagnetic
J/w—puut decay leads to the relation H;’JZH;’JEH,{ .
The differential decay rate of B — J/y(— utu")K*n~
with the K 7z~ system including spin-J partial waves with
J < JK .« can be written as

() <o
« > [i(QTF, (2)
dQ S =1

where the angular part in Eq. (1) has been expanded in an
orthonormal basis of angular functions, f;(Q). Here, k
enumerates the m(K"z~) bin under consideration, and
dQ = dcos 8,dcos 0ydy is the angular phase space differ-
ential element. The angular basis functions, f;(Q), are
constructed from spherical harmonics, Y}* = Y7"(6,, ), and

reduced spherical harmonics, P! = \V2rY 7'(6y.0), and are
given in the Supplemental Material [20].

The I'¥ moments are observables that have an overall
m(K*z~) dependence, but within a narrow m(K*z~) bin,
this dependence can be neglected. The number of moments
for the kth bin, nk,,, depends on the allowed spin of the
highest partial wave, JX ., and is given by Ref. [22]

nka =28 +12x (JK . —2), for J5, >2. (3)
Thus, for spin 3 onward, each additional higher spin
component leads to 12 additional moments. In contrast
to previous analyses, dcosf,dy is not integrated over,
which would have resulted in integrating over 10 out of
these 12 moments, for each additional spin. Because of the
orthonormality of the f;(Q) basis functions, the angular
observables, Ff»‘, can be determined from the data in an
unbiased fashion using a simple counting measurement
[21]. For the kth m(K " z~) bin, the background-subtracted
raw moments are estimated as
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k
sx'g nbkg

1raw Zf _)C](Zfi(gp)7 (4)
p=1

where Q, refers to the set of angles for a given event in this
m(K*z~) bin. The corresponding covariance matrix is

315 bké,

Zf, p) + () Zf,

l] raw

(5)

Here, nX._and nbkg correspond to the number of candidates

sig
in the signal and background regions, respectively. The
signal region is defined within £15 MeV of the known B°
mass, and the background region spans the range
m(J/wK"n~) € [5450,5560] MeV. The scale factor, x,
is the ratio of the estimated number of background
candidates in the signal region divided by the number of
candidates in the background region and is used to normal-
ize the background subtraction.

To unfold effects from the detector efficiency including
event reconstruction and selection, an efficiency matrix,
Ef-‘j, is used. It is obtained from simulated signal events
generated according to a phase space distribution, uniform
in Q, as

Mim

Zw,,f, Q). (6)

The w’; weight factors correct for differences between data
and simulation, and the summation is over simulated and
reconstructed events. They are derived using the B® —
J/wK*(892)° control mode, as described in Refs. [17,18].
The efficiency-corrected moments and covariance matrices
are estimated as

F{( = [(Ek) ]IZFI raw’ (7)
Ci; = [(EY) ™ uCl saw [(E) ™ Tj- (8)

The first moment, F’l‘, corresponds to the overall rate. The
remaining moments and the covariance matrix are normal-
ized to this overall rate as I'¥ =T'* /T’ and

Ck

ijstat —

(C{fj s _chffjﬂ“fclf,.) (
r? - @y rry? /)

fori,j € {2,....nku}

The normahzatlon with respect to the total rate renders
the analysis insensitive to any overall systematic effect not
correlated with dQ in a given m(K"z~) bin. The uncer-
tainty from limited knowledge of the background is

included in the second term in Eq. (5). The effect on the
normalized moments, ¥, due to the uncertainty in the x*
scale factors from the mass fit, is found to be negligible.
The effect due to the limited simulation sample size
compared to the data is small and accounted for using
pseudoexperiments. The last source of systematic uncer-
tainty is the effect of finite resolution in the reconstructed
angles. The estimated biases in the measured I'¥ moments
are added as additional uncertainties.

The dominant contributions to B — J/wK*n~ are from
the K*(892)° and K3(1430)° states. To maximize the
sensitivity to any exotic component, the dominant
K*(892)° region that serves as a background for any
non-K’; component, the analysis is performed on the
m(K*z~) € [1085, 1445] MeV region, as marked by the
dot-dashed lines in Fig. 1. The value of JX,, depends on
m(K*z~), with higher spin states suppressed at lower
m(K*z~) values, due to the orbital angular momentum
barrier factor [23]. As seen from Fig. 1, only states with
spin J = {0, 1} contribute below m(K*z~) ~ 1300 MeV
and spin J = {0, 1,2} below m(K*z~) ~ 1600 MeV. As a
conservative choice, JX . is taken to be one unit larger than
these expectations

o {2 for 1085 < m(K*z~) < 1265 MeV,
T3 for 1265 < m(Ktam) < 1445 MeV.

Any exotic component in the J/yz~ or J/wK" system
will reflect onto the entire basis of K; partial waves and
give rise to nonzero contributions from P;(cos6y) com-
ponents for / larger than those needed to account for K7
resonances. From the completeness of the f;(Q) basis, a
model with large enough JX . also describes any exotic
component in the data. For a given value of m(K"z~), there
is a one-to-one correspondence between cos@y and the
variables m(J /wr~) or m(J/wK™). Therefore, a complete
basis of P;(cos@y) partial waves also describes any
arbitrary shape in m(J/wzn~) or m(J/wK™"), for a given
m(K*z~) bin. The series is truncated at a value large
enough to describe the relevant features of the distribution
in data, but not so large that it follows bin-by-bin statistical
fluctuations. A value of JX,, = 15 is found to be suitable.

For the kth m(K'z~) bin, the probability density
function (pdf) for the JX,, model is

7o

Simulated events generated uniformly in Q, after incorpo-
rating detector efficiency effects and weighting by the pdf
in Eq. (11), are expected to match the background-sub-
tracted data. The background subtraction is performed
using the sPlot technique [24], where the weights are
determined from fits to the invariant m(J/wK*n™)

o~ (o Sr@). o
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FIG. 2. Comparison of m(Jyz~) in the m(Ktz™) e
(1085, 1265] MeV region between the background-subtracted
data and simulated events weighted by moments models with
JE e =2 and JK,, = 15.

distributions described previously. Figure 2 shows this
comparison between the background-subtracted data
and weighted simulated events in the m(K'z7) €
[1085,1265] MeV region. The JX, =2 model clearly
misses the peaking structures in the data around
m(J/wr~) = 4200 and 4600 MeV. This inability of the
JE . = 2 model to describe the data, even though the first
spin 2 state, K5(1430)°, lies beyond this mass region,
strongly points toward the presence of exotic components.
These could be four-quark bound states, meson molecules,
or possibly dynamically generated features such as cusps.

To obtain a numerical estimate of the significance of
exotic states, the likelihood ratio test is employed between
the null hypothesis [Kj-only, from Eq. (10)] and the exotic
hypothesis (J%,. = 15) pdfs, denoted as 73’,}; and P*

exotic?
respectively. The test statistic used in the likelihood ratio
test is defined as

0
i ,P]I((* (Qp)
A(2logL)|y=-) 2log—/——"——
‘ pz:; ,P];xotic(gp)
g Ph(Q,)
+xFy 2log——~1——
2 oep 0 )

exotic

+2(nk, —xknk )lo f’Pk;(Q)e(Q)dQ
e T ke R TRL(Q)e(Q)d”
(12)

for the kth m(K*z~) bin, where ¢(Q2) denotes the three-
dimensional angular detector efficiency in this bin, derived
from the simulation weighted to match the data in the B°
production kinematics. The last term in Eq. (12) ensures
normalization of the relevant pdf and is calculated from
simulated events that pass the reconstruction and selection
criteria

Ef =) whfi(@,). (13)

/Pff‘nax (Q)e(Q)dQ ZF{‘E{‘ (14)

Results from individual m(K ™z~ ) bins are combined to give
the final test statistic A(—21log £) = >, A(-21log L)|,.

From Eq. (3) the number of degrees-of-freedom (ndf)
increases by 12 for each additional spin-J wave in each
m(K*z~) bin. From Eq. (10), for the JX, =2 and 3
choices, Andf =12x (15-2)=156 and 12x (15-3) =144,
respectively, between the exotic and K’j-only pdfs for each
m(K*z~) bin. Each additional degree-of-freedom between
the exotic and K’j-only pdf adds approximately one unit to
the computed A(-2log £) in the data due to increased
sensitivity to the statistical fluctuations, and A(—21log L) is
therefore not expected to be zero even if there is no exotic
contribution in the data. The expected A(—2log L) dis-
tribution in the absence of exotic activity is evaluated using
a large number of pseudoexperiments. For each m(K*z™)
bin, 11 000 pseudoexperiments are generated according to
the Kj-only model with the moments varied according to
the covariance matrix. The number of signal and back-
ground events for each pseudoexperiment are taken to be
those measured in the data. The detector efficiency
obtained from simulation is parametrized in 4D. Each
pseudoexperiment is analyzed in exactly the same way as
the data, where an independent efficiency matrix is gen-
erated for each pseudoexperiment. This accounts for the
limited sample size of the simulation for the efficiency
unfolding. The pseudoexperiments therefore represent the
data faithfully at every step of the processing.

Figure 3 shows the distribution of A(—21log £) from the
pseudoexperiments in the m(K"z~) € [1085, 1445] MeV

I — T ]
@ - m(KTr™) € [1085, 1445] MeV LHCb A
g 1000 & Significance = 100 -
: | :
~ 800~ 7
E - -
= C ]
CE) 600 Data 7
g 400 :_ Pseudoexperiments _:
§ r —— Gaussian fit ]
'g 200 [~ .
8 - .
Q—( 0 C 1 h il ]
0 1000 2000 3000
A(—2log L)
FIG. 3. Likelihood-ratio test for exotic significance. The data

shows a 100 deviation from the pseudoexperiments generated
according to the null hypothesis (K7j-only contributions).

152002-4



PHYSICAL REVIEW LETTERS 122, 152002 (2019)

70

4500

m(J/yr~) [MeV]

3500

" 1 L L 1 L " 1 L
1000 1200 1400

m(Ktr™) [MeV]

" 1 L
800

FIG. 4. Background-subtracted 2D distribution of m(J/yz™)
vs m(K"z~) in the region m(K"z~) € [745, 1545] MeV. The
intensity (z-axis) scale has been highly truncated to limit the
strong K*(892)° contribution.

region comprising six m(K*tz~) bins each with the
Jk =2 or 3 choice. A fit to a Gaussian profile gives
A(—2log £) ~ 2051 between the null and exotic hypoth-
esis, even in the absence of any exotic contributions. This
value is consistent with the naive expectation A(ndf) =
1800 from the counting discussed earlier. The value of
A(—2log L) for the data, as marked by the vertical line in
Fig. 3, shows a deviation of more than 10c from the
null hypothesis, corresponding to the distribution of the
pseudoexperiments. The uncertainty due to the quality
of the Gaussian profile fit in Fig. 3 is found to be
negligible. The choice of large J&,, for Pt .. as well
as the detector efficiency and calibration of the simulation,
is systematically varied in pseudoexperiments, with sig-
nificance for exotic components in excess of 6¢ observed in
each case.

In summary, employing the Run 1 LHCb dataset,
non-K* contributions in B — J/wK "z~ are observed
with overwhelming significance. Compared to the pre-
vious BABAR analysis [11] of the same channel, the
current study benefits from a 40-fold increase in signal
yield and a full angular analysis of the decay topology.
The method relies on a novel orthonormal angular
moments expansion and, aside from a conservative limit
on the highest allowed K7 spin for a given m(K*z")
invariant mass, makes no other assumption about the
Kt~ system. Figure 4 shows a scatter plot of m(J/yz™)
against m(K*z~) in the background-subtracted data.
Although the model-independent analysis performed here
does not identify the origin of the non-K7 contributions,
structures are visible at m(J/yz~) ~ 4200 MeV, close to
the exotic state reported previously by Belle [5], and at
m(J/wrn~) ~ 4600 MeV. To interpret these structures as
exotic tetraquark resonances and measure their properties
will require a future model-dependent amplitude analysis
of the data.
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