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We present a study of the X*(5568) using semileptonic decays of the B? meson using the full run II
integrated luminosity of 10.4 fb~! in proton-antiproton collisions at a center of mass energy of 1.96 TeV
collected with the DO detector at the Fermilab Tevatron Collider. We report evidence for a narrow structure,
X*(5568), in the decay sequence X*(5568) — BYz* where B — uTDX, D — ¢zt which is
consistent with the previous measurement by the DO Collaboration in the hadronic decay mode,

X*(5568) — Bzt where BY — J/w¢. The mass and width of this state are measured using a com-

bined fit of the hadronic and semileptonic data, yielding m = 5566.9737 (stat) {9 (syst) MeV/c?,

I = 18.61/) (stat) 133 (syst) MeV/c? with a significance of 6.75.

DOI: 10.1103/PhysRevD.97.092004

I. INTRODUCTION mesons containing only the up, down and strange quarks
Since the creation of the quark model [1,2] it was it has been difficult to make a definitive experimental case

understood that exotic mesons containing more than one  for such exotic states, although some persuasive arguments
quark-antiquark pair are possible. However, for exotic ~ have been made (for recent comprehensive discussions of
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exotic hadrons containing both light and heavy quarks, see
Refs. [3-6]). Multiquark states that contain heavy quarks can
be more recognizable owing to the distinctive decay struc-
ture of heavy quark hadrons. The 2003 discovery by the
Belle experiment [7] of the X(3872) in the channel B* —
K*X(— ntn~J/y) was the first candidate exotic meson in
which heavy flavor quarks participate. This state was
subsequently confirmed in several production and decay
modes by ATLAS [8], BABAR [9], BES 1II [10], CDF [11],
CMS [12], DO [13] and LHCb [14] Collaborations. Several
additional four-quark candidate exotic mesons have since
been found, though in many cases not all experiments have
been able to confirm their existence.

Four-quark mesons can be generically categorized as
either “molecular states” or tetraquark states of a diquark
and an anti-diquark. In the example of the X(3872), a
molecular state interpretation would be a colorless D (ciz)
and a colorless D* (4¢) in a loosely bound state. Such a
state would be expected to lie close in mass to the D°D*°
threshold. The tetraquark mode of a colored diquark (cu)
and colored anti-diquark (¢ i) is more strongly bound by
the exchange of gluons and would be expected to have a
mass somewhat below the D°D*? threshold. In many cases,
interpretations of four-quark mesons as pure molecular or
tetraquark states are difficult, and more complex mecha-
nisms may be required [4-6]. The firm identification of
multiquark mesons and baryons and the study of their
properties are of importance for further understanding of
nonperturbative QCD.

Recently the DO Collaboration presented evidence for a
new four-quark candidate that decays to B%z* where B?
decays to J/w¢p [15]. This system would be composed of
two quarks and two antiquarks of four different flavors: b,
s, u, d, with either a molecular constitution as a loosely
bound Bg and K* system or a tightly bound tetraquark such
as (bd) — (51), (bu) — (5d), (su) — (bd), or (sd) — (b 1)
(because the BY meson is fully mixed, the exact quark
antiquark composition cannot be determined). The mass of
X*(5568) is about 200 MeV/c? below the BJK* thresh-
old, thus disfavoring a Bg — K* molecular interpretation.

The X*(5568) was previously reported [15] with a
significance of 5.1¢ (including systematic uncertainties
and the look-elsewhere effect [16]) in the decay
X*(5568) — BY(J/w¢)n™ in proton-antiproton collisions
at a center of mass energy of 1.96 TeV. The ratio of the
number of BY that are from the decay of the X*(5568) to all
BY produced was measured to be [8.6+ 1.9(stat) &
1.4(syst)]%. In order to reduce the background, a selection
was imposed on the angle between the BY and z* (the

“cone cut”, AR = \/Ap* + A¢?* < 0.3 [17]). Without the
cone cut the significance was found to be 3.9¢. In addition
to increasing the signal-to-background ratio this cone cut
limits backgrounds, such as possible excited states of the B,
meson, that are not included in the available simulations.

Multiple checks were carried out to ensure that the cone cut
did not create an anomalous signal [15]. Varying the cone
cut from AR, = 0.2 to 0.5 gave stable fitted masses and
resulted in no unexpected changes in the result. The
invariant mass spectra of the B candidates and charged
tracks with kaon or proton mass hypotheses were checked,
and no resonant enhancements in these distributions were
found. The invariant mass distribution of B)z* was also
examined with no unexpected resonances or reflections
found. Subsequent analyses by the LHCb Collaboration
[18] and by the CMS Collaboration [19] have not found
evidence for the X*(5568) in proton-proton interactions at
/s =7 and 8 TeV. The CDF Collaboration has recently
reported no evidence for X*(5568) in proton-antiproton
collisions at /s = 1.96 TeV [20] with different kinematic
coverage than that of Ref. [15].

In this article, we present a study of the X*(5568) in the
decay to Bz* using semileptonic BY decays, BY — u*tD;X,
where Dy — ¢z~, ¢ > KTK~, using the full run II inte-
grated luminosity of 10.4 fb~! in proton-antiproton colli-
sions at a center of mass energy of 1.96 TeV collected with
the DO detector at the Fermilab Tevatron Collider. Charge
conjugate states are assumed. Here X includes the unseen
neutrino and possibly a photon or z° from a D* decay or
other hadrons from the BY decay. The decay process is
illustrated in Fig. 1. The semileptonic decay channel has a
higher branching fraction than the hadronic channel (B —
J/w). However the presence of the unmeasured neutrino in
the final state deteriorates the mass resolution of the signal.
Still, a good mass resolution for the X*(5568) can be
obtained in the semileptonic channel for events with a large
invariant mass of the ™Dy system, yielding a comparable
number of selected B? candidates in the two channels. The
backgrounds in the semileptonic channel are independent of,
but somewhat larger than, those in the hadronic channel. The
character of possible reflections of other resonant structures
is quite different in the semileptonic and hadronic channels.

FIG. 1. An illustration of the decay X*(5568) — BYz" where
BY — y*D;X in the plane perpendicular to the beam.
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Thus observation of the X*(5568) in the semileptonic
decay channel enables an independent confirmation of its
existence. We report here the results of the search for the
X*(5568) in the semileptonic channel, as well as a combi-
nation of the results in the hadronic and semileptonic
channels.

II. DO DETECTOR

The detector components most relevant to this analysis
are the central tracking and the muon systems. The DO
detector has a central tracking system consisting of a silicon
microstrip tracker (SMT) and a central fiber tracker (CFT),
both located within a 2 T superconducting solenoidal
magnet [21,22]. The SMT has a design optimized for
tracking and vertexing for pseudorapidity of || < 3. For
charged particles, the resolution on the distance of closest
approach as provided by the tracking system is approx-
imately 50 pm for tracks with pr ~ 1 GeV/c, where py is
the component of the momentum perpendicular to the beam
axis. It improves asymptotically to 15 ym for tracks with
pr > 10 GeV/c. Preshower detectors and electromagnetic
and hadronic calorimeters surround the tracker. A muon
system, positioned outside the calorimeter, covering || < 2
consists of a layer of tracking detectors and scintillation
trigger counters in front of 1.8 T iron toroidal magnets,
followed by two similar layers after the toroids [23].

III. EVENT RECONSTRUCTION AND SELECTION

The BY — u™D;X selection requirements have been
chosen to optimize the mass resolution of the Bz system
and to minimize background from random combinations of
tracks from muons and charged hadrons. The selection
criteria are based on those used in Ref. [24] with the cut on
the BY isolation removed and have been selected by
maximizing the significance of the signal.

The data were collected with a suite of single and
dimuon triggers (approximately 95% of the sample is
recorded using single muon triggers). The selection and
reconstruction of ™ Dy decays requires tracks with at least
two hits in both the CFT and SMT.

The muon is required to have hits in at least two layers
of the muon system, with segments reconstructed both
inside and outside the toroid. The muon track segment is
required to be matched to a track found in the central
tracking system that has transverse momentum 3 < p; <
25 GeV/c.

The Dy — ¢rn~; ¢ —» KTK~ decay is selected as fol-
lows. The two particles from the ¢ decay are assumed to
be kaons and are required to have p; > 1.0 GeV/c,
opposite charge and an invariant mass 1.012 <
m(K*K~) < 1.03 GeV/c?. The charge of the third par-
ticle, assumed to be a pion, has to be opposite to that of the
muon. This particle is required to have transverse momen-
tum 0.5 < py < 25 GeV/c. The mass of the three particles

must satisfy 1.91 < m(K*K~z7) < 2.03 MeV/c? The
three tracks are combined to form a common Dj decay
vertex using the algorithm described in Ref. [25]. The Dy
vertex is required to be displaced from the pp primary
interaction vertex (PV) in the transverse plane with a
significance of at least three standard deviations. The
cosine of the angle between the Dy momentum and the
vector from the PV to the Dy decay vertex is required to
be greater than 0.9.

The trajectories of the muon and D3 candidate are
required to be consistent with originating from a common
vertex (assumed to be the B? semileptonic decay vertex).
The cosine of the angle between the combined p* Dy
transverse momentum, an approximation of the BY direc-
tion, and the direction from the PV to the BY decay vertex
has to be greater than 0.95. The BY decay vertex has to be
displaced from the PV in the transverse plane with a
significance of at least four standard deviations. The
transverse momentum of the y* D7 system is required to
satisfy the condition pr > 10 GeV/c to suppress back-
grounds. To minimize the effect of the neutrino in the final
state the effective mass is limited to 4.5 GeV/c? <
m(u*D5) < m(BY).

The impact parameters (IP) [26] with respect to the PV of
the four tracks from the BY decay are required to satisfy the
following criteria: the two-dimensional (2D) IPs of the
tracks of the muon and the pion from the Dy decay are
required to be at least 50 ym to reject tracks emerging
promptly from the PV (this requirement is not applied to the
tracks associated with the charged kaons since the mass
requirements provide satisfactory background suppres-
sion). The three-dimensional (3D) IPs of all four tracks
are required to be less than 2 cm to suppress combinations
with tracks emerging from different pp vertices recon-
structed in the same beam crossing.

The m(K*K~z*) distribution of the candidates that pass
these cuts [except 1.91 < m(K*K~z7) < 2.03 MeV/c?]
is shown in Fig. 2, where the invariant mass distribution in
data is compared to a fit using a function which includes
three terms: a second order polynomial used to describe
combinatorial background, a Gaussian used to model the
D™ peak, and a double Gaussian with similar, but different
masses and widths used to model the Dy peak.

The selection criteria for the pion in the BYz® combi-
nation have been chosen to match those used in the
hadronic analysis. The track representing the pion is
required to have transverse momentum 0.5 < pr <
25 GeV/c (the upper limit is applied to reduce back-
ground). The pion and the BY candidate are combined to
form a vertex that is consistent with the PV. The pion is
required to be associated with the PV and have a 2D IP of at
most 200 ym and a 3D IP that is less than 0.12 cm. Events
with more than 20 B9z candidates are rejected. The most
likely number of candidates per event is 5.1, and only
about 0.1% of the events have more than 20 candidates
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FIG.2. The K™K~ x* invariant mass distribution for the y* ¢z T
sample (right sign) with the solid curve representing the fit. The
lower mass peak is due to the decay D* — ¢z* and the second
peak is due to the DY decay. The blue histogram below the data
points is the invariant mass distribution for the same-sign
sample, u*prt.

per event. To improve the resolution of the invariant
mass of the B%z* system we define the invariant mass
as m(Bn*) = m(utD;a) —m(utD;) +m(B?) where
m(BY) = 5.3667 GeV/c? [27]. We study the mass distri-
bution in the range 5.506 < m(B%z*) < 5.906 GeV/c?.
When using the hadronic data from Ref. [15] in this paper
we use the same mass range as the semileptonic data
instead of the slightly shifted mass range used in the
original analysis [5.5 < m(B%*) < 5.9 GeV/c?]. The
semileptonic data are studied with and without a cone
cut which is used to suppress background, in which the
angle between the u™ Dy system and 7% is required to
satisfy AR = \/An? + A¢? < 0.3. The resulting invariant
mass distributions for the semileptonic channel are shown
in Fig. 3.

2501
w | AR AT
2 - PRHTHE Y i | g
£ i 1 it iy
PR +++LH.+ DO Run I, 10.4 fo"
I AT
® 100§ H“*'-H
Z MMM,

50-*  yData oyl

g 4 Data with Cone Cut
O— 55 56 565 57 575 58 58 59
m(B% 1) [GeV/c?

FIG. 3. The m(B%z%) distribution for the semileptonic data

with (red upward triangles) and without (black downward
triangles) the cone cut. Below 5.56 GeV/c? the red and black
points have the same values.

The selection cuts and resulting kinematics for the
hadronic and semileptonic channels are quite similar.
The requirement that muons be seen outside the toroids
means that the minimum p; for the J/y in the hadronic
channel is about 4 GeV and about 3 GeV for the single
muon in the semileptonic channel. The minimum p; for the
additional pion is 0.5 GeV for both the hadronic and
semileptonic channels. For both channels, we require the
minimum p;(B%z) to be greater than 10 GeV and the
average pr(B'z) for events with m(Bz) ~5.5 GeV is
~17 GeV. For both channels the Bz candidates are in the
range of —2 < x < 2, and more than half of the events have
a muon with || > 1.

IV. MONTE CARLO SIMULATION,
BACKGROUND MODELING AND
PARAMETRIZATION

Monte Carlo (MC) samples are generated using the
PYTHIA [28] event generator, modified to use EVTGEN [29]
for the decay of hadrons containing b or c¢ quarks. The
generated events are processed by the full detector simu-
lation chain. Data events recorded in random beam cross-
ings are overlaid on the MC events to simulate the effect of
additional collisions in the same or nearby bunch crossings.
The resulting events are then processed with the same
reconstruction and selection algorithms as used for data
events.

The MC sample for X*(5568) signal is generated by
modifying the mass of the B* meson and forcing it to decay
to BYz* using an isotropic S-wave decay model. The
X*(5568) is simulated with zero width and zero lifetime.
The resulting K™ K=z~ and Bz invariant mass distribu-
tions are shown in Fig. 4 with all selection requirements.

The signal component of the K™K~ z* invariant mass
distribution (Fig. 4a) is modeled by two Gaussian functions
and the background by a second-order polynomial. The
signal of the m(BYz*) distribution (Fig. 4b) is well
modeled with a single Gaussian and the background with
a third-order polynomial times an exponential. Using the
results of these fits the reconstruction efficiency of the
charged pion in the decay X*(5568) — Bz* is [32.0 &
1.8(stat) & 1.6(syst)]% for pr(u*tDy)>10GeV/c where
the systematic uncertainty represents the expected
differences between the reconstruction efficiencies for
low-momentum tracks in the data and MC simulation.

It is not possible to create a model of the background that
is based only on data. Since the X*(5568) decays to BY
mesons, any data sample that includes BY decays will also
include the signal and is unsuitable for modeling the
background. Hence, we use MC-generated B? events that
result from known particles that have decays that include a
BY in the decay chain, combined with data events where the
muon has the same sign as the Dy candidate (SS events).
MC event generators do not include all possible states as in
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FIG. 4. MC simulation of X*(5568) — BY%z* where B — u*D;X and the width of the X*(5568) is zero. The invariant mass
distributions (a) m(K*K~z~) and (b) m(B%z*) are shown. The background in the m(B%z+) distribution is produced by the combination

of a random charged track with the BY meson.

many cases they have not been experimentally observed.
For example, b¢ resonances decaying to BY mesons could
contribute to our sample.

There are two distinct sources of background in this
analysis. The first occurs when an X*(5568) candidate is
reconstructed from a real y* and D5 together with a
random charged track. This background is modeled using
MC samples.

The background MC sample is generated using the
PYTHIA inclusive heavy flavor production model, and
events are selected that contain at least one muon and a
Di — ¢nT decay where ¢ — KTK~. To correct for the

800 A (a)
700— a DO Run II, 10.4 fb"
N
© 600 A —e— Data
s LA —&— MC Background
g 500 A —=— Weighted MC Background
=}
4\@ 400
c
2 300
(0]
< 200
100
0
5 badt
2
E oL st M T
0 L
10 15 20 25 30 35 40
pT(B"s ¥) [GeV/c]
FIG. 5.

difference in lifetimes in the MC simulation and data, a
weighting is applied to all nonprompt events in the
simulation, based on the generated lifetime of the B
candidate, to give the world-average B hadron lifetimes
[27]. To correct for the effects of the trigger selection and
the reconstruction in data, we also weight each MC event so
that the transverse momenta of the reconstructed muon and
the u™D; system agree with those in the data. The py
distribution of the Bz system is altered significantly by
the weighting as shown in Fig. 5(a). However, the effect is
relatively small for the BYz* mass distribution as seen in
Fig. 5(b).

250 (b)
200
(\l8
>
[0
2 150
P L
o DO Run 11, 10.4 f&'
3 100~
z B —e— Data
!A —a— MC Background
50 N —=— Weighted MC Background
OF L | L L L L L L L |
1.5—++
g 4k %‘t L " LI W Y
3 1 ? ry LAY F*‘imm “nﬁ

555 56 565 57
m(BS wt)
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The MC background distribution, without the cone cut, before and after weighting is compared with data (black points). The

unweighted MC simulation is in blue, and the weighted is in red. The (a) p(B%z) and (b) invariant mass distributions m(B%z*) are
shown. The excess in the data around m(B%2%) = 5565 MeV/c is the X*(5568) signal. The lower panels show the ratio between the

data and corresponding MC simulation.
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FIG. 6. The comparison of the m(B%z%) background only distributions (a) with the cone cut and (b) without the cone cut, obtained
using the weighted MC (histogram) and from the same sign data samples (points with error bars). The fluctuations in the number of MC
events with the cone cut are due to the weighting procedure and the size of the sample.

The second source of background is the combinatorial
background that occurs when a X*(5568) candidate is
reconstructed from a spurious Dy candidate formed from
three random charged tracks that form a vertex. This
background is modeled using data events where the muon
has the same sign as the Dy candidate (SS events).

In Fig. 6(b) we compare the reweighted MC background
simulation, smoothed using one iteration of the 353QH
algorithm [30], with the SS data for the no cone cut case.
These two backgrounds are in good agreement since the y?
between them is 50 for 50 bins. We therefore choose to use
the MC background shape only, for the data without the
cone cut. In Fig. 6(a) we make the same comparison for the
data with the cone cut. In this case, ;(2 = 77 for the 50 bins,
and we therefore need to model the background shape with
a combination of the MC and SS backgrounds.

To construct the background sample for the data with the
cone cut the fraction of MC and SS backgrounds need to be
determined. This is found by fitting the data with a combi-
nation of the MC and SS with the fraction of MC events as a
free parameter in the sideband mass range 5.506 <
m(Bd7*) < 5.55 and 5.650 < m(BY7*) < 5.906 GeV/c?.
The best agreement is found when the MC fraction
is (62 £2)%.

We choose the background parametrization for the
invariant mass distribution, both with and without the cone
cut, to be

Fbgr(m) = (C1m0 + sz% + C3m3 + C4m3)
x exp (Csmg + Cymy), (1)

where  m = m(Bn*), my=m-—myg and my =
5.5063 GeV/c? is the mass threshold. Our baseline choice
of Eq. (1) gives an equivalently good description of the
background as that used in Ref. [15] [Eq. (2)]. It has the
advantages of having one fewer parameter and being zero at
the mass threshold.

Three alternative parametrizations are used to model the
background. The first is that used in Ref. [15],

Fbgr(m) = (C] "‘ szi + C3m3A + C4mi)
x exp (Cs + Cgmy + C7m3), (2)

where m, = m — A and A = 5.500 GeV/c?. The second
is the ARGUS function [31] which is specifically con-
structed to describe background near a threshold,

m2

Frlm) =m( 1) " ep(cm). (3
(1)

th

The third alternative model used to fit the background is the
MC histogram (or combined MC and SS data) smoothed
using one iteration of the 353QH algorithm [30].

The ARGUS function is not used as an alternate para-
metrization in the semileptonic data with the cone cut,
because the fit to background is strongly disfavored (the y?
of the fit to the MC background is 145 compared with
approximately 50 for the alternate functions). The y? per
number of degrees of freedom (ndf) for the four represen-
tations of the background are shown in Table 1.

TABLE 1. Fit results for different parametrizations to the
background model.

Background 2 /ndf

function Cone cut No cone cut

Eq. (1) 51.0/(50—-6) = 1.2 48.1/(50-6) = 1.1

Eq. (2) 429/(50-7)=1.0 48.1/(50-7) = 1.1

Eq. 3) 145/(50 - 2) = 3.0 38.3/(50-2) =0.8

Smoothed 33.8/(50-1) =07 30.9/(50-1) = 0.6
background
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FIG.7. The background model produced according to the procedure described in the text is shown along with background function (1)
(dotted line) (a) with and (b) without the cone cut. The gray band shows the systematic uncertainties on the background model (see

Sec. VIID).

We choose the background description of Eq. (1) as the
baseline. The alternative functions and the smoothed MC
are used to estimate the systematic uncertainty on the
background shape. The m(B%z*) background model dis-
tribution along with the fit using Eq. (1) is presented
in Fig. 7.

V. SIGNAL MASS RESOLUTION

We calculate the mass of the Bz* system using the
quantity,

m(B{n*) = m(u*Di n*) = m(u=DY) + m(BY).  (4)
Before carrying out the search for the X*(5568) in the

semileptonic channel we ensure that it is an unbiased and
precise estimator of the mass of the BYz* system. This is

>~ 5
4\\‘\\\‘\H‘\H‘H\‘H\‘\H‘\H‘

—_
N

Resolution [MeV/c?]
>

[ |
5.64 5.66
[GeV/c?

FIG. 8. The resolution for a zero width resonance as a function
of 7ir(BY7™*). The solid circles and the solid line show the effect of
the missing neutrino, and the open squares and dashed line show
the convolution of the resolution due to the missing neutrino
convolved with the 3.85 MeV/c? detector mass resolution.

studied by simulating the two body decay X(5568)* —
BY7* where BY — =D X, starting with a range of input
masses m(BYzF). PFollowing the decay chain B —
u=DTX and forming the invariant masses m(u*DJ z%)
and m(u* DY) are found. Then m(B%z*) is calculated and
compared to the input mass (Bz™).

To evaluate how well the mass approximation works to
compensate for the missing neutrino, we model the decay
with a toy MC that simulates the virtual W in BY —

¥ + W* with an isotropic distribution of y and v in the W
boson rest frame. The resulting resolution of a zero width
resonance due to the presence of the neutrino is modeled by
a Gaussian. The width varies according to m(B%z™) as
illustrated by the solid line in Fig. 8.

The mass resolution for the DO detector of a state
decaying into five reconstructed charged particles with a
similar kinematic range as in this study is measured using
the MC simulation and is given by a Gaussian function of
width 3.85 MeV/c?. The m(B%z*) resolution function is
obtained by convoluting the Gaussian tracking resolution
and the smearing resolution resulting from the missing
neutrino. The resulting combined resolution, the dashed
line in Fig. 8, can be approximated by

os. = [3.85 + 60.93(m)%%)] MeV/c?, (5)
where m has the same definition as in Eq. (1). These
studies show that the difference between m(B%z*) and
m(B%7*) is less than 1 MeV/c? in the search region. This
is confirmed with the signal MC sample.

VI. SIGNAL FIT FUNCTION

The X*(5568) resonance is modeled by a relativistic
Breit-Wigner function convolved with a Gaussian detector
resolution function given in Eq. (5), Fsig(m,mx,l“x),
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FIG. 9. The m(B%z*) distribution (a) with and (b) without the cone cut. The fitting function is superimposed (see text for details).

where my and I'y are the mass and the width of the
resonance.
The fit function has the form

(6)

where f, and fy,, are normalization factors. The shape
parameters in the background term Fy,, are fixed to the
values obtained from fitting the MC background distribu-
tion (see Fig. 7).

We use the Breit-Wigner parametrization appropriate for
an S-wave two-body decay near threshold,

F= fsingig(m’ mX7FX) +fbngbgr(m>7

m(m)
(my = m?)* + m3*(m)’

BW(m) (7)

The mass-dependent width I'(m) = I'y - (¢,/qo), where ¢,
and g, are the magnitudes of momenta of the BY meson in
the rest frame of the B%z* system at the invariant mass
equal to m and my, respectively.

VIL. X*(5568) SEMILEPTONIC FIT RESULTS

In the fit to the semileptonic data with the cone cut
shown in Fig. 9(a), the normalization parameters f, and
Sogr and the Breit-Wigner parameters my and D'y are

TABLE II.

allowed to vary. The fit yields the mass and width of
my = 5566.4175¢ MeV/c?, Tx =205 MeV/c?, the
number of signal events, N = 12173, and a y* = 34.9
for 46 degrees of freedom. The local statistical significance
of the signal is defined as \/—21n(Ly/L ), Where L.,
and L, are likelihood values at the best-fit signal yield and
the signal yield fixed to zero obtained from a binned
maximum-likelihood fit. The p-value of the background
only fit is 2.1 x 107>, and the local statistical significance
is 4.30.

In the fit to the semileptonic data without the cone
cut shown in Fig. 9(b), the mass and width of my =
5566.773% MeV/c?, Ty = 6.07¢5 MeV/c?, the number of
signal events, N = 139f§31, and a y> = 30.4 for 46 degrees
of freedom. The p-value of the background only fit is
7.7 x 1076, and the local statistical significance is 4.5¢. The
fit results, both for the cone cut and no cone cut cases, are
given in Table II and for various background parametriza-
tions in Table III. The X*(5568) parameters for the cone
cut and no cone cut cases are consistent.

A. Systematic uncertainties

Systematic uncertainties (Table IV) are obtained for the
measured values of the mass, width and event yield of
the X*(5568) signal. The dominant uncertainty is due to

Results for the fit to the semileptonic data sets (see Fig. 9).

Cone cut No cone cut

Fitted mass, MeV/c?

5566.4134 (stat) "2 (syst)

5566.7139 (stat) 19 (syst)

Fitted width, MeV/c?

2,023 (stat) 33 (syst)

6.0% ¢ (stat) ;g (syst)

Fitted number of signal events

y?/ndf

p-value

Local significance

Significance including systematic uncertainties

12173, (stat) g (syst)

139721 (stat) ™3, (syst)

34.9/(50 — 4) 30.4/(50 — 4)
2.1 x 1073 7.7 x 107°
43¢ 4.5¢0
3.20 340
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TABLE IIL

Semileptonic data fits for the different background parametrizations.

Equation (1)

Equation (2)

Equation (3)  Smoothed MC simulation

Cone cut

Fitted mass, MeV/c? 5566.4134 5566.1137 5567.13%
Fitted width, MeV/c? 20793 10438 12437
Fitted number of signal events 1211@} 9{;f2592 95j§(§

% /ndf 349/(50 —4) 43.2/(50—-4) 50.5/(50 —4)
Local significance 430 3.60 e 3.5¢

No cone cut

Fitted mass, MeV/c? 5566.736 5566.2742 5566.013¢ 5566.1143
Fitted width, MeV /c? 6.0504 6.075%" 6587 1073
Fitted number of signal events 139723 116732 14672} 130738

% /ndf 30.4/(50-4) 50.3/(50—-4) 43.8/(50—4) 44.8/(50 —4)
Local significance 4.50 3. 70 470 3.80

(i) the description of the background shape. We evaluate
this systematic uncertainty by using the alternative para-
metrizations of the background, Egs. (2) and (3) and the
smoothed MC histogram and finding the maximal devia-
tions from the nominal fit.

The effect of (ii) the MC weighting is estimated by
creating 1000 background samples where the weights have
been randomly varied based on the uncertainties in the
weighting procedure.

Other sources of systematic uncertainty are evaluated by
(iii) varying the energy scale in the MC sample relative to
the data by 1 MeV/c?, (iv) varying the mass resolution of
the X*(5568) either by &1 MeV/c? around the mean
value, or by using a constant resolution of 11.1 MeV/c?
obtained from the MC simulation of the X*(5568) signal,
(v) using a P-wave relativistic Breit-Wigner function, and
(vi) estimating the shift of the fitted mass peak due to the
missing neutrino.

Systematic uncertainties are summarized in Table IV.
The uncertainties are added in quadrature separately
for positive and negative values to obtain the total
systematic uncertainties for each measured parameter.
The results including systematic uncertainties are given
in Table II.

B. Significance

Since we are seeking to confirm the result presented in
Ref. [15] we do not apply a correction for a look elsewhere
effect. The systematic uncertainties are treated as nuisance
parameters to construct a prior predictive model [27,32] of
our test statistic. When the systematic uncertainties are
included, the significance of the observed semileptonic
signal with the cone cut is 3.26 (p-value = 1.4 x 1073).
The significance of the semileptonic signal without the
cone is 3.46 (p-value = 6.4 x 107%).

TABLE IV. Systematic uncertainties for the X*(5568) state mass, width and the event yield obtained from the
semileptonic data.

Source Mass, MeV/c? Width, MeV/c? Event yield, events
Cone cut

(i) Background shape description +0.7; =0.3 +0.0; —1.0 +0.0; —26.6
(i1) Background reweighting +0.1; =0.1 +0.4; —0.4 +3.9; —4.2
(iii) BY mass scale, MC simulation and data +0.1; 0.3 +0.8; —1.0 +5.1; 7.8
(iv) Detector resolution +0.9; 0.0 +2.7, —=1.0 +6.5; —=0.0
(v) P-wave Breit-Wigner +0.0; —0.4 +0.0; —1.0 +0.0; =3.7
(vi) Missing neutrino effect +1.0; —0.0 . e
Total +1.5; -0.6 +2.8; =2.0 +9.1; -28.3
No cone cut

(i) Background shape description +0.0; —=0.7 +0.7; =2.5 +4.8; =28.0
(i1) Background reweighting +0.1; =0.1 +0.7; =0.7 +5.0; =5.0
(iii) B? mass scale, MC simulation and data +0.3; =0.5 +1.0; —1.4 +7.5; =9.6
(iv) Detector resolution +0.0; =0.5 +1.3; =2.6 +3.7, —6.4
(v) P-wave Breit-Wigner +0.0; —0.2 +0.0; —2.4 +0.0; =7.0
(vi) Missing neutrino effect +1.0; =0.0 e
Total +1.0; —1.0 +1.9; —4.6 +10.9; =31.5
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TABLE V. Mean values and uncertainties for fitted number of events, mass and width from Gaussian fits to
corresponding distributions from 10,000 trials with the cone cut. Also given is the expected statistical uncertainties
on the fitted number of events, A(Ny(sl)), and the expected uncertainties on the measurement of the width,
A(Ty) MeV/cz. A range of signals with 75, 100, 125, 150, 175 and 200 signal events, mass m, = 5568.3 MeV/c2

and width T'y = 21.9 MeV/c? have been simulated. Background parametrization Eq. (1) is used.

Ny (s) Ng(s1) A(Ng(s1)) my MeV/c? I’y MeV/c? A(Ty) MeV/c?
75 80.4 4 0.9 61 5577.9 + 0.24 13.1 15.3
100 108.5+0.7 58 5572.9 +0.17 15.8 15.6
125 1333+ 0.6 59 5570.4 +0.12 17.7 15.3
150 156.7 + 0.6 58 5569.3 + 0.08 19.3 14.6
175 181.0 0.6 59 5568.9 + 0.07 20.2 13.8
200 204.2 + 0.6 61 5568.7 + 0.05 20.8 12.9

C. Closure tests

We have tested the accuracy of the fitting procedure
using toy MC event samples constructed with input mass
and width of 5568.3 and 21.9 MeV/c?, respectively, with
the number of input signal events varied in steps of 25
between 75 and 350. At each number of input signal
events, 10,000 pseudoexperiments were generated. The
signals are modeled with a relativistic Breit-Wigner
function convolved with a Gaussian function representing
the appropriate detector resolution. The background
distribution is based on Eq. (1). For each trial the fitting
procedure is performed to obtain the mass and width and
the number of semileptonic signal events. The results of
each set of trials is fitted with a Gaussian to determine
the mean and the uncertainty in the number of signal
events, the mass and the width (see Table V). The
number of fitted signal events vs the number of injected
signal events for the semileptonic samples are plotted
in Fig. 10.

300 - =
r o~
+ DO Simulation o
i K )
200 |- -
5 i e
ZO | - q o
100 [ B
i S
0 Lo P R B B
0 100 200 300
N.
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FIG. 10. Results of the toy MC tests of the fitting procedure
(black circles) used in the analysis of the semileptonic data with
the cone cut. The number of fitted signal events are plotted vs
fitted number of injected signal events. The dotted line
shows N;, = Ny

For the ensembles with a number of input events similar
to that observed in data, there is a slight overestimate of the
yield and fitted mass, and the width is underestimated. This
width reduction is in agreement with the results of the fits to
data (Sec. VII) and indicate that the semileptonic data are
not sensitive to the width. These effects are accounted for in
the calculation of the significance.

D. Comparison with hadronic channel

The measured values of the mass, width, the number of
signal events, and significance of the signal for the semi-
leptonic channel and the hadronic channel [15] are given in
Table VI. The mass and width of the X*(5568) for the
semileptonic and hadronic channels are consistent taking
into account the uncertainties. The observed yields are
consistent with coming from a common particle given the
number of BY events in the sample and the B? branching
ratios.

E. Cross-checks

As a cross-check the BYz* mass-bin size is set to
5 MeV/c? and to 10 MeV/c? instead of 8 MeV/c?, and
the lower edge of the fitted mass range is shifted by 2, 3, 5,
and 7 MeV/c?. This leads to maximal variations in the
mass of 54 MeV/c?, in the width of 7§ MeV/c? and in
the number of signal events fg which are small compared
to the statistical and systematic uncertainties.

To test the stability of the results, alternative choices are
made regarding the fit parameters. In the first, the back-
ground fit parameters are allowed to float. The resulting fit
is consistent with the nominal fit and the p-value of the
background-only fit is 1.7 x 10™* corresponding to a
statistical significance of 3.8¢ (Table VII). The second
cross-check fixes the mass and width of the X*(5568) to
the values found in Ref. [15]. Again, the resulting fit is
consistent with the nominal fit with an increase in the
number of signal events due to the increased width of
the peak. The p-value of the background-only fit is
1.1 x 107* corresponding to a statistical significance of
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TABLE VI

Fit results obtained in the semileptonic channel and in the hadronic channel (Ref. [15]). In the

hadronic channel with no cone cut the mass and width of the X*(5568) were set to the values found with the cone

cut. LEE—look elsewhere effect.

Semileptonic Hadronic (from Ref. [15])
Cone cut No cone cut Cone cut No cone cut
Fitted mass, MeV/c? 5566.41 34 102 5566.7535 10 5567.8 £2.9109 5567.8
Fitted width, MeV/c? 2019538 6.0700 19 21.9 £ 64732 21.9
Fitted number of signal events 121j35; jgg 139jg31 j3121 133 £ 31+ 15 106 + 23(stat)
Local significance 430 4.50 6.60 4.80
Significance with systematics 320 340 5.60 e
Significance with LEE + systematics e e S5.1c 3.9¢

TABLE VIL

Fit results for the semileptonic channel using parametrization (1) with the nominal fit, with all

parameters free and the mass and width fixed to those of the hadronic channel. Statistical uncertainties only.

Nominal fit

All parameters free

Mass and width fixed to hadronic

Cone cut

Fitted mass, MeV/c? 5566.4734
Fitted width, MeV/c? 2,03'8
Fitted number of signal events 1213[}

% /ndf 34.9/(50 - 4)
Local significance 430

No cone cut

Fitted mass, MeV /c? 5566.773¢
Fitted width, MeV/c? 6.0127
Fitted number of signal events 13912}
y2/ndf 30.4/(50 — 4)
Local significance 4.5¢0

5567.2+2.9 5567.8
83+11.0 21.9
181 + 88 164 £ 44
30.9/(50 — 10) 38.0/(50 —2)
3.80 3.90
5566.6 + 3.5 5567.8
8.4+ 14.5 21.9
144 = 101 168 4+ 42
27.4/(50 — 10) 32.8/(50 —2)
440 420

3.9¢ (Table VII). These cross-checks are also repeated
without the cone cut (Table VII).

VIII. PRODUCTION RATIO OF X*(5568) TO B!

To calculate the production ratio of the X*(5568) to
BY, the number of the B-mesons needs to be estimated.
The fitting of the K™K~ zT mass distribution is descri-
bed in Sec. IV. The number of DJ mesons extracted
from the fit and adjusted for the mass range 1.91 <
m(K*K=zF) <2.03 MeV/c? is N(DY) = 6648 + 127
(see Fig. 2). The number of u=DJ events in the signal
sample that are the result of a random combination of a
promptly produced D and a muon in the event is
estimated using events where the muon and the Dy -
meson have the same sign. The same sign data sample is
analyzed using the same model as the opposite sign data
with the means and widths of the Gaussians fixed to the
values obtained from the opposite sign data. The number
of events in the same-sign sample is N(Df)=426+61.
The mass distributions of the K*K~zF for opposite and
same-sign data are shown in Fig. 2.

The number of BY-meson decays in the semileptonic
data is estimated by subtracting the contribution of the
promptly produced p* Dy events from the overall y*DJ
sample. A study of the MC background simulations shows
that the purity of the resulting sample is 99.5f?;8 %. We find
6222 + 141 BY events.

Combining these results and using the efficiency for the
charged pion in the X(5568) decay (Sec. IV), we obtain a
production ratio for the semileptonic data of

B Npo(sl)
= [7.353:3 (stat) )9 (syst) %. (8)

~ Ng(X*(5568) — BY(sl)z*)
0

for our fiducial selection [which includes the requirements
pr(ptDT) > 10 GeV/c? and 4.5 GeV/c? < m(u*DY) <
m(BY)], where Ny(X*(5568) — BY(sl)z*) is the number
of X*(5568) decays to BYz™ and Ny (sl) is the inclusive
number of BY decays, both for semileptonic decays of
the BY. This result is similar to the ratio measured in
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FIG. 11. The m(B?zri) distribution for the hadronic (red squares) and semileptonic (black circles) data with the combined fitting
function superimposed (a) with and (b) without the cone cut. (see text for details, the resulting fit parameters are given in Table VIII). The

background parametrization function is taken from Eq. (1).

the hadronic channel [8.6 %+ 1.9(stat) & 1.4(syst)]% for
pr(J/wpr*t) > 10 GeV/c? [15].

IX. COMBINED SIGNAL EXTRACTION

We now proceed to fit the hadronic and semileptonic
data sets simultaneously. The hadronic data set is the same
as used in Ref. [15] except that the data are fitted in the
mass range 5.506 < m(B%z*) < 5.906 GeV/c? instead of
5.500 < m(B%7*) < 5.900 GeV/c?. The data selection
and background modeling for the hadronic data set are
described in detail in Ref. [15].

The fit function has the form

©)
(10)

F = fhsigFhsig (M My, Tx) + frperFhber (M),
Fg = fasigFasig(m. my, Tx) + foperFsier (M),

where [ sig @nd f1(s1) pgr are normalization factors. The
shape parameters in the background terms Fi ) per are
fixed to the values obtained from fitting the respective
background models for the hadronic (h) and semileptonic
(s1) samples to Eq. (1). The signal shape Fyq) 4, s modeled
by relativistic Breit-Wigner function convolved with a
Gaussian detector resolution function that depends on
the data sample. For the semileptonic sample the detector
resolution is given by Eq. (5), and for the hadronic channel
it is 3.85 MeV/c?. For the data without the cone cut the
combined data are fitted in the range 5.506 < m(B%z*) <
5.706 GeV/c?* as the hadronic background is not well
modeled for m(B%z*) > 5.706 GeV/c? [15]. The same
Breit-Wigner parameters my and I'y are used for the
hadronic and semileptonic samples. In the fits shown in
Fig. 11, the normalization parameters fqsig and fh(s1).bgr
and the Breit-Wigner parameters my and I'y are allowed to

vary. Since the fraction of BY events produced by the decay
of the X*(5568) should be essentially the same in the
hadronic and semileptonic channels the X*(5568) event
yields (N, and N) are constrained using the parameter

Ng — Ny

Agp=—3—"b
S Ng+ Ny

(11)

which is required to be consistent with the B%-meson
production rate in the hadronic and semileptonic channels

Ngo(s1) = N (h
_ 5o (s1) = Npo (h) = 0.054 £ 0.020,
Npo(sl) + Ngo(h)

As],h(B(s)) (12)

where Npgo(sl) = 6222 & 144, Ny (h) = 5582+ 100 are
the number of semileptonic and hadronic BY decays in the
sample. A likelihood penalty of 0.5[(Agp, — Agn(BY))/
AAgn(BY)]? is applied where AAgy(BY) = 0.020 is the
uncertainty. This uncertainty includes the statistical uncer-
tainty in the number of BY events and the uncertainties in
the relative reconstruction efficiencies and acceptances
between the hadronic and semileptonic data. A ratio has
been chosen for the constraint as it is well behaved if either
of the event yields (V, and N) approaches zero.

The fit results are summarized in Table VIII, and the
correlations between the fit parameters are given in
Table IX. The correlation of nearly one between Ny (sl)
and Ny (had) is a result of the constraint on the event yields
[Eq. (11)]. The local statistical significance of the signal is

defined as /—21In(Ly/Lya), Where L., and L, are

likelihood values at the best-fit signal yield and the signal
yield fixed to zero obtained from a binned maximum-
likelihood fit. For the cone cut the p-value of the fit to the
data with the cone cut is 2.2 x 10~'* and the local statistical
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TABLE VIIIL.

Results for the combined fit to the hadronic and semileptonic data sets (see Fig. 11).

Cone cut No cone cut

Fitted mass, MeV /c?

Fitted width, MeV/c?

Fitted number of hadronic signal events
Fitted number of semileptonic signal events
y%/ndf

p-value

Local significance

Significance with LEE

Significance with LEE + systematics

5566.9137 (stat) TS (syst)

5565.8743 (stat) "3 (syst)

186747 (stat) 333 (syst) 16.3278 (stat) Z¢2 (syst)
13173 (stat) 73 (syst) 99749 (stat) F18 (syst)
147732 (stat) 7/ (syst) 111,758 (stat) 739 (syst)
94.7/(100 — 6) 54.2/(50 — 6)
22x 1071 1.9 x 1078

7.60 5.60

6.90 5.0

6.70 4706

significance is 7.60. The p-value without the cone cut is
8.2 x 107°, and the local statistical significance is 5.86.

A. Systematic uncertainties

The systematic uncertainties of the combined fit are
given in Table X. The uncertainty on (i) the background
shape descriptions is evaluated by using the alternative
parametrizations of the background, Egs. (2) and (3) and
the smoothed MC histogram independently for the semi-
leptonic and the hadronic channels (16 different fits) and
finding the maximal deviations from the nominal fit.

The effect of (ii) the MC weighting for the semileptonic
background is estimated by creating 1000 background
samples where the weights have been randomly varied
based on the uncertainties in the weighting procedure and
measuring the standard deviation and bias of the measured
values.

The (iii) MC component of the background for the
hadronic sample is made up of a mixture of two

TABLE IX. Correlations between the parameters of the com-
bined fit to the hadronic and semileptonic data sets (see Fig. 11).
The yield in the semileptonic channel is N(sl), the hadronic
channel Ny (h), while the fraction of background events is f) per
and fy pgr, TEspectively.

Mass ~ Width  Ny(sl)  Ny(h)  fape  foper
Cone cut
Mass 1 0.22 0.37 037 -0.06 -0.11
Width 0.22 1 0.58 059 -0.16 -0.29
Nx(sl) 0.37 0.58 1 098 -031 -0.44
Ny(h) 0.37 0.59 0.98 1 -0.30 -0.45
Ssivgr -0.06 -0.16 -0.31 -0.30 1 0.14
Shper -0.11 =029 -044 -045 0.14 1
No cone cut
Mass 1 0.38 0.49 049 -0.11 -0.17
Width 0.38 1 0.64 0.64 -0.18 -0.31
Nx(sl) 0.49 0.64 1 099 -0.33 -045
Ny (h) 0.49 0.64 0.99 1 -0.33 -0.46
Ssiper -0.11  -0.18 -0.33 -0.33 1 0.15
Shver -0.17 -0.31 -0.45 —-0.46 0.15 1

independent MC samples with different production proper-
ties (see Ref. [15]), and the systematic uncertainties due to
this are found by varying the composition of this mixture
and measuring the standard deviation and bias of the
measured values. The (iv) size of the hadronic sidebands
is varied using the maximal deviations from the nominal fit
to estimate the systematic uncertainty.

The systematic uncertainty due to the (v) fraction of MC
and SS data in the semileptonic sample, (vi) the MC and
sideband data in the case of the hadronic, is varied
independently between the two samples measuring the
standard deviation and bias of the measured values. Since
the background model for the semileptonic sample without
the cone cut only uses the MC background simulation this
uncertainty (v) does not apply.

All of the uncertainties due to the modeling of the
background are assumed to be independent for the hadronic
and semileptonic data samples.

The remaining uncertainties are measured by finding the
maximal deviations from the nominal fit for (vii) varying
the energy scale in the semileptonic and hadronic MC data
samples by =1 MeV/c? in both samples simultaneously;
(viii) varying the nominal mass resolution of 3.85 MeV/c?
for the DO detector by -1 MeV/c? and +2 MeV/c? in
both the hadronic and semileptonic data samples simulta-
neously; (ix) varying the resolution of the X*(5568) peak
in the semileptonic channel either by 41 MeV/c? around
the mean value given by Eq. (5) or by using a constant
resolution of 11.1 MeV/c? for the semileptonic data while
the mass resolution in the hadronic channel remains at
3.85 MeV/c?; (x) using a P-wave relativistic Breit-Wigner
function for both data sets; (xi) setting the shift of the fitted
mass peak in the semileptonic data with respect to the
hadronic data due to the missing neutrino to =1 MeV/c?;
and (xii) varying the constraint on the relative number of
signal events in hadronic and semileptonic channels
[Eq. (11)] between 0.034 and 0.074. The correlation of
each of the sources of systematic uncertainty between the
hadronic and semileptonic data sets is indicated in Table X.
The uncertainties are added in quadrature separately for
positive and negative values to obtain the total systematic
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TABLE X. Systematic uncertainties of the combined fit for the X*(5568) state mass, width and the event yields. Each uncertainty is

either correlated or uncorrelated between the hadronic and semileptonic data sets.

Event yields, events

Source Sample Mass, MeV/c?  Width, MeV/c? Hadronic Semileptonic
Cone cut

(i) Background shape description Both +0.3; —0.6 +1.9; —0.0 +0.0; —6.6 +0.0; =7.8
(i1) SL background reweighting Semileptonic +0.1; =0.2 +0.2; =0.2 +2.5; =3.3 +2.9; -39
(iii) Hadronic MC samples Hadronic +0.3; =0.2 +1.2; —0.4 +7.0; =2.5 +7.8; =2.8
(iv) Hadronic sidebands Hadronic +0.1; —=0.1 +0.5; —=1.3 +2.3; =9.3 +2.5; —10.2
(v) SL MC simulation/data ratio Semileptonic +0.0; —0.1 +0.1; —0.1 +1.0; —1.2 +1.1; —1.4
(vi) Hadronic MC simulation/data ratio Hadronic +0.0; —0.0 +0.2; —0.2 +1.0; —1.1 +1.1; —1.2
(vii) B? mass scale, MC simulation and data Both +0.2; =0.2 +0.8; —0.8 +3.7;, —4.3 +4.1; —4.7
(viii) Detector resolution Both +0.1; =0.3 +1.3; =34 +1.4; =3.8 +1.6; —4.2
(ix) Missing neutrino effect Semileptonic +0.1; =0.1 +0.1; =0.0 +0.5; -0.1 +0.0; —0.4
(x) P-wave Breit-Wigner Both +0.0; =0.0 +2.1; =0.0 +11.7; =0.0 +13.0; —0.0
(xi) Mass offset Both +0.3; -0.3 +0.1; =0.0 +0.2; =0.4 +0.3; =04
(xii) Production fraction Both +0.0; —0.0 +0.1; —0.1 +1.4; —-1.6 +4.2; —4.2
Total +0.6; —1.2 +3.5; =3.8 +14.7, —=13.6  +16.9; —15.8
No cone cut

(i) Background shape description Both +1.1; —1.9 +1.4; =5.1 +7.6; =32.8 +8.4; =37.1
(ii) SL background reweighting Semileptonic +0.1; =0.0 +0.1; =0.3 +1.8; —1.1 +2.0; —1.4
(iii) Hadronic MC samples Hadronic +0.3; =0.0 +1.1; =0.0 +7.2; =0.0 +7.9; —0.0
(iv) Hadronic sidebands Hadronic +0.3; —0.1 +0.2; —0.6 +4.5; =3.7 +4.9; —4.2
(v) SL MC simulation/data ratio Not applicable ceep e ceep e e P ceep e
(v) Hadronic MC simulation/data ratio Hadronic +0.1; =0.0 +0.5; =0.0 +7.4; —0.1 +8.1; —0.2
(vii) B(S) mass scale, MC simulation and data Both +0.1; 0.1 +0.9; -0.2 +5.1; =0.0 +5.6; —0.0
(viii) Detector resolution Both +0.1; =0.2 +1.6; =3.9 +1.5; =3.5 +1.6; —4.0
(ix) Missing neutrino effect Semileptonic +0.2; =0.1 +0.1; =0.1 +0.4; =0.0 +0.1; =0.3
(x) P-wave Breit-Wigner Both +0.0; -0.6 +3.3; =0.0 +10.7; —0.0 +11.8; —0.0
(xi) Mass offset Both +0.4; —0.4 +0.2; —0.2 +0.0; —0.0 +0.0; —0.1
(xii) Production fraction Both +0.0; =0.0 +0.1; =0.1 +0.8; —0.8 +3.5; -3.6
Total +1.3; =2.0 +4.2; —6.5 +18.2; =33.2  +20.3; —-37.8

uncertainties for each measured parameter. The results
including systematic uncertainties are given in Table VIIIL.

B. Significance

The look-elsewhere effect (LEE) is determined using
the approach proposed in Ref. [33]. We have generated
250,000 simulated background distributions with no signal,
both with and without the cone cut. These distributions are
fit using the same procedure as the data. The mass para-
meter of the relativistic Breit-Wigner is constrained to be
between 5506 to 5675 MeV/c? (the sum of the mass of the
BY and K*) with a starting value of my = 5600 MeV/c?.
The width of the signal is allowed to vary between 0.1 and
60 MeV/c? with a starting value of 'y = 21 MeV/c?. The
maximum local statistical significance for each distribution
is calculated. The resulting distribution of the local sig-
nificance is fitted with the function

froe = Nais[¥*(2) + P> (3)]. (13)

where N, 1S the number of generated distributions, P is
a free parameter and y?(n) is the ¥ cumulative distribution

function for n degrees of freedom. We have used n = 2 and
3 as we are fitting two spectra simultaneously. The resulting
function is integrated above the measured local significance
to determine the global significance (Table VIII). The
significance, not including the systematic uncertainty, of
the observed signal accounting for the LEE and with the
cone cut applied is 6.9¢ (p-value = 4.1 x 107'2). The
significance of the signal without the cone cut is 5.0c
(p-value = 4.1 x 1077). The effect of choosing the function
in Eq. (13) is studied by modifying it to fjoc = Nyias ¥ (2)+
Piy*(4)] and floe = Nyiais[r*(2) +Py* (3) + Poy*(4)] with
no significant change to the significance being observed.
The look-elsewhere effect on the signal significance is
checked with a method described in Ref. [33] that relates
the tail probability with the number of “upcrossing” at a
small reference level. Five hundred simulated background
spectra are generated. Each of these 500 distributions is
fitted with the background plus signal function with
different initial masses from 5506 to 5675 MeV/c? in
5 MeV/c? steps along with a background-only fit. The
significance is plotted for each of the mass points and the
number of upcrossings (each time the significance crosses a
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TABLE XI. Mean values and uncertainties for fitted number of events, mass and width from Gaussian fits to corresponding
distributions from 10,000 trials with the cone cut. Also given is the expected statistical uncertainties on the fitted number of events,
A(Ng), and the expected uncertainties on the measurement of the width, A(T'y) MeV/c?. A range of signals with 75, 100, 125, 150,
175 and 200 signal events, mass m, = 5568.3 MeV/c? and width T'y = 21.9 MeV/c? have been simulated. Background para-
metrization Eq. (1) is used.

Semileptonic channel Hadronic channel my Iy A(Ty)
Nin(sl) N (s1) A(Ng(s1)) Nin(h) N (h) A(Ng(h)) MeV/c? MeV/c? MeV/c?
75 73.8£0.3 25.7 67.3 66.0 £ 0.2 23.0 5569.0 £0.076 19.3 10.9
100 99.1 £0.3 26.3 89.8 88.7+0.2 23.6 5568.4 +0.042 20.8 9.2
125 1249 +0.3 26.8 112.2 111.74+0.2 24.0 5568.4 +0.032 21.5 7.8
150 149.6 £ 0.3 26.5 134.6 133.8+£0.2 23.6 5568.4 +0.027 21.9 6.8
175 1759 +0.3 27.2 157.1 157.3+0.2 243 5568.4 £ 0.023 22.3 6.0
200 200.8 £0.3 27.2 179.5 179.6 £0.2 242 5568.4 +0.021 22.4 54

small reference value) is measured. The mean number of
upcrossings for a reference level of 0.5 is determined, and
the global significance is calculated. The resulting signifi-
cance is consistent with the method described above.
The systematic uncertainties are treated as nuisance
parameters to construct a prior predictive model [27,32]
of our test statistic. When the systematic uncertainties are
included, the significance of the observed signal with the
cone cut applied for the combined fit is reduced to 6.7¢ (p-
value = 1.5 x 107!"), and the significance of the signal
without the cone cut is 4.7¢ (p-value = 2.0 x 107°).

C. Closure tests

To test the sensitivity and accuracy of the fitting
procedure for the combined signal extraction we repeat
the closure tests carried out in Sec. VII C with the following
modifications. The size of the associated hadronic signal is
set using Eqgs. (11) and (12). The appropriate detector
resolution is used, Eq. (5) for the semileptonic sample and
3.85 MeV/c? for the hadronic sample. For each trial the

300 —
- DO Simulation
: Semileptonic Sample
200 —
3 [
Z -
100 - Slope = 1.008 + 0.001
i Intercept =-1.3 + 0.2
0 o N R B L
0 100 200 300
N

in

(a) Semileptonic Sample

fitting procedure is performed to obtain the mass and width
and the number of semileptonic and hadronic signal events.
The results of each set of trials is fitted with a Gaussian to
determine the mean and the uncertainty in the number of
signal events, the mass and the width (see Table XI). The
number of fitted signal events vs the number of injected
signal events for the semileptonic and hadronic samples is
plotted in Fig. 12. These results show excellent agreement
between the input and fit parameters.

D. Cross-checks

To test the stability of the results, alternative choices are
made regarding the fit parameters (see Table XII).

When no constraint is placed on the ratio of the event
yields in the hadronic and semileptonic channels, Eq. (11),
the results are entirely consistent with the fit with the
constraint.

We have also carried out a fit in which two of the
systematic effects are treated as nuisance parameters in the
fit. We allow a mass shift, Am, between the hadronic and

300 —
- DO Simulation
i Hadronic Sample
200 —
3 .
Z -
100 - Slope = 1.005 + 0.001
i Intercept =-1.2 + 0.2
0 B L | L L L L | L L 1 L
0 100 200 300
N

in

(b) Hadronic Sample

FIG. 12. Results of the toy MC tests of the combined sample fitting procedure (black circles) used in the analysis with the cone cut.
The number of fitted signal events are plotted vs fitted number of injected signal events for the (a) semileptonic and (b) hadronic
samples. The dotted line shows N;, = N, and the red line shows the fit to a line.

092004-17



V.M. ABAZOQOV et al.

PHYS. REV. D 97, 092004 (2018)

TABLE XII. Various cross-checks for the combined fit of the hadronic and semileptonic data sets.

Default fit No production constraint Nuisance parameter Zero width
Cone cut
Fitted mass, MeV/c? 5566.9137 5566.8"37 5567.4137 5569.913
Fitted width, MeV/c? 18.677) 183180 21.7713 0
Fitted number of hadronic signal events 13173 127535 134737 60"17
Fitted number of semileptonic signal events 147433 159758 15145 68" 1o
x*/ndf 94.7/(100 — 6) 94.5/(100 — 6) 94.8/(100 — 8) 115.4/(100 - 7)
p-value 22 x 1071 2.0x 1071 2.4 %1071 8.5 x 10710
Local significance 7.66 176 7.66 6.10
No cone cut
Fitted mass, MeV/c? 5565.8"42 5565.8"%4 5566.31¢ 5569.711§
Fitted width, MeV/c2 16379 15.047¢ 20055, 0
Fitted number of hadronic signal events 99j§‘2 84j§‘53 103j§‘9 48f11g
Fitted number of semileptonic signal events 112458 151772 115485 54120
x*/ndf 54.2/(50 - 6) 52.5/(50 - 6) 54.8/(50 - 8) 101.3/(50 = 7)
p-value 1.9 x 1078 8.2 x 107 2.7 %1078 5.1 %10
Local significance 5.60 5.80 5.60 4.60

semileptonic data with a likelihood penalty of
0.5(Am/1 MeV/c?)%. We also allow the overall resolu-
tion of the semileptonic signal to vary by Acg with a
likelihood penalty of 0.5(Acg; /1 MeV/c?)?. The resultant
fit produces a mass, width and event yields that are
consistent with the default fit and shifts of Am = (0.0 +
1.4) MeV/c? and Acg = (—0.1 + 1.4) MeV/c>.

The significance of a nonzero width is determined by
fitting the data with the width set to zero and comparing it
with the fit with no constraint on the width (Table XII).
Using the data with the cone cut the p-value of the width
being consistent with zero is 5.4 x 107, and the statistical
significance is 4.5¢. The significance without the cone cut
is 3.3¢ (p-value = 1.1 x 1073).

X. CONCLUSIONS

We have presented the results of a search for the
X*(5568) — BYz* with semileptonic decays of the BY
meson. The X*(5568) — BYn™ state reported in the case
that BY — J/w¢ [15] is confirmed for the case that
BY - uTD¥X, DF — ¢pa*. The analyses of the hadronic
and semileptonic data give similar measurements of the
mass, width and production ratio of X*(5568) to a BY
meson. The mass and width of this state are measured
using a combined fit of both data sets with the cone
cut, yielding m = 5566.9737 (stat) S (syst) MeV/c?, T =
18.67 ) (stat) 133 (syst) MeV/c?. The p-value for the null
signal hypothesis to represent the data is 1.5 x 107! (6.70).
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