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Experimental constraints on the spin and parity of the Z(4430)"
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We perform a full amplitude analysis of B’ — 'K+ 7~ decays, with ' — utu~™ or ete™, to
constrain the spin and parity of the Z(4430)~. The J* = 17 hypothesis is favored over the 07, 17, 2™ and
2% hypotheses at the levels of 3.40, 3.70, 4.70 and 5.10, respectively. The analysis is based on a
711 fb~! data sample that contains 772 X 10° BB pairs collected at the Y(4S) resonance by the Belle
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detector at the asymmetric-energy e e~ collider KEKB.

DOI: 10.1103/PhysRevD.88.074026

L. INTRODUCTION

Recently, a number of new states containing a c¢cC
quark pair have been observed, many of which are not
well described by the quark model [1,2]. Among these
states are charged charmonium-like state candidates; their
minimal quark content is necessarily exotic: |ccud). The
Belle Collaboration observed a resonance-like structure,
the Z(4430)", in the /7" invariant mass spectrum in
B — /K~ 7" decays [3,4]. Two resonance-like struc-
tures, the Z(4050)" and Z(4250)", were observed in the

PACS numbers: 14.40.Nd, 13.25.—k, 14.40.Rt

X' invariant mass spectrum in B — y., K~ 7" decays
[5]. The BABAR Collaboration searched for these states
inB°— /'K 7" and B — J/ K~ 7" decays [6] and in
B® — y., K~ 7" decay [7] but did not confirm them. The
BESIII and Belle Collaborations also observed
the Z(3900)* in the J/¢ 7™ invariant mass spectrum in
Y(4260) — J/ it 7w~ decays [8,9].

The results described in Ref. [4] are based on a
two-dimensional Dalitz analysis. Here we present the
results of a full amplitude analysis of the same decay
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B’ — /'K*7~, with 4/ > u"u~ or ete™; the decay
channel ' — J/yrar* 7w~ is omitted due to higher multi-
plicity of the final state. The full amplitude analysis is more
sensitive to the Z(4430)~ quantum numbers than a Dalitz
analysis, because there is no information loss due to inte-
gration over angular variables. The analysis is performed
using a 711 fb~! data sample collected by the Belle detec-
tor at the asymmetric-energy e e~ collider KEKB [10].
The data sample was collected at the Y (4S) resonance and
contains 772 X 10% BB pairs.

II. THE BELLE DETECTOR

The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector, a
50-layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like ar-
rangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter comprised of CsI(T1)
crystals (ECL) located inside a superconducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux return
located outside of the coil is instrumented to detect K
mesons and to identify muons (KLM). The detector is
described in detail elsewhere [11]. Two inner detector
configurations were used. A 2.0 cm beampipe and a
three-layer silicon vertex detector were used for the first
sample of 140 fb~!, while a 1.5 cm beampipe, a four-layer
silicon detector and a small-cell inner drift chamber were
used to record the remaining 571 fb~! [12].

We use a GEANT-based Monte Carlo (MC) simulation
[13] to model the response of the detector, identify poten-
tial backgrounds and determine the acceptance. The MC
simulation includes run-dependent detector performance
variations and background conditions. Signal MC events
are generated with Evtgen [14] in proportion to the relative
luminosities of the different running periods.

III. EVENT SELECTION

We select events of the type B — 'K+ 7~ (inclusion
of charge-conjugate modes being implied), where the ¢’
meson is reconstructed via its ete” and w*u~ decay
channels.

All tracks are required to originate from the interaction
point region, dr < 0.2 cm and |dz| < 2 cm, where dr and
dz are the cylindrical coordinates of the point of closest
approach of the track to the beam axis. The z axis of the
reference frame coincides with the positron beam axis; its
origin is the interaction point. Charged 7 and K mesons are
identified using likelihood ratios R, x = L,/(L, + Lg)
and Ry, = Li/(L, + Lg), where L and L are the
likelihoods for 7 and K, respectively, that are calculated
from the combined time-of-flight information from the
TOF, the number of photoelectrons from the ACC and
dE/dx measurements in the CDC. We require R,k >
0.6 for 7 candidates and Rg,, > 0.6 for K candidates.
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The K identification efficiency is typically 90% and the
misidentification probability is about 10%. Muons are
identified by their range and transverse scattering in the
KLM. Electrons are identified by the presence of a match-
ing electromagnetic shower in the ECL. An electron veto is
imposed on 7 and K candidates.

For ' — e"e™ candidates, we include photons that
have energies greater than 30 MeV and are within
50 mrad of the lepton direction in the calculation of the
' invariant mass. We require |M(€7€7) — my| <
60 MeV/c?, where € is either u or e. We perform a
mass-constrained fit to the ¢/ candidates.

The beam-energy-constrained mass of the B meson is

defined as My, = y/Epeam — (3;5;)%, Where Ep,p is the

beam energy in the center-of-mass frame and p; are mo-
menta of decay products in the same frame. We require
|My. — mg| <7 MeV/c?, where my is the B® mass [15].
A mass-constrained fit is applied to the B meson
candidates.

IV. EVENT DISTRIBUTIONS AND SIGNAL YIELD

The difference between the reconstructed energy and the
beam energy AE = Y ,E; — Epeam, Where E; are energies
of the B® decay products, is used to identify the signal.
The signal region is defined as |[AE| < 15 MeV, and the
sidebands are defined as 30 MeV < |AE| < 45 MeV. The
AE distribution is shown in Fig. 1.

To determine the signal and background event yields,
we perform a binned maximum likelihood fit of the AE
distribution. It is fitted to the sum of two Gaussian functions
to represent the signal and a second-order polynomial for the
background; all parameters are free. The total number of
events in the signal region is 2181; the number of signal
events in the signal region is determined to be 2010 = 50 =
40 (here and elsewhere in the paper, the first uncertainty is
statistical and the second is systematic). Systematic errors are
estimated by changing the AF fit interval and the order of the
polynomial. We find multiple candidates in 1.4% of events; no
best candidate selection is applied.

180
160 —
140 E—
120 —
100 —
80F
60 —
a0
20 — ‘
0 ool gt

01 005 0 005 0.1
AE, GeV

Events / 1 MeV

FIG. 1. The AE distribution; the signal and sideband regions
are hatched.
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The Dalitz distribution of M%(,”+ Vs M%ﬁ,#+ for the

signal region is shown in Fig. 2(a). The vertical band due
to production of the intermediate K*(892) resonance is
clearly visible. The Dalitz distribution in Fig. 2(b) for the
sidebands is featureless.

To calculate the reconstruction efficiency, we generate
MC events for B® — i/(— €T€")K" 7~ with a uniform
phase space distribution. The efficiency is corrected for
the difference between the particle identification eff-
iciency in data and MC, which is obtained from a D** —
D°(— K~ #*)@" control sample for K and 7 and a sample
of yy — €€~ for u and e.
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FIG. 2 (color online). The Dalitz plots of (a) the signal region,
(b) sidebands, and (c) efficiency.
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FIG. 3. Efficiency as a function of angular variables.

The efficiency as a function of the Dalitz variables is
shown in Fig. 2(c). The efficiency drops in the lower left
corner due to slow pions and in the upper corner due to
slow kaons; elsewhere it is almost flat. The efficiency as a
function of the angular variables is shown in Fig. 3; 6 is
the ' helicity angle [the angle between the momenta of
the (K%, 7r7) system and the u~ in the ¢’ rest frame] and
¢ is the angle between the planes defined by the (£, €7)
and (K", 7~ ) momenta in the B rest frame. The efficiency
variation in these distributions is at the 10% level.

V. AMPLITUDE ANALYSIS FORMALISM

The amplitude of the decay B° — /K™ 7~ is repre-
sented by the sum of Breit-Wigner contributions for several
intermediate two-body states. Our default fit model in-
cludes all known K" 7~ resonances below the kinematic
boundary (1593 MeV/c?) [K*,(800), K*(892), K*(1410),
K*,(1430), K*,(1430)], the first resonance above the
boundary [K*(1680)], and an exotic '7" resonance.

The amplitude is calculated in a four-dimensional
parameter space, defined by

® =M M .0, ) (1)

The angle-independent part of the amplitude for the decay
B — ¢/K* 7~ via a two-body intermediate resonance R
(where R denotes either a K* 7~ or /7~ resonance) is
given by

L L
F% B)F;e R)(Z_]Z)LB(A]:I_I;)LR

AR MZ — ,
(M) my — My — imgl(Mp)

(2)

where Mp is the invariant mass of two daughters of
the R resonance; F%LB) and F%LR) are the B’ meson and
R resonance decay form factors (the superscript
denoting the orbital angular momentum of the decay);
(pg/mp)s - (pr/Mpg)'® is related to the momentum
dependence of the wave function, with pg (pr) being the
BY meson (R resonance) daughter’s momentum in the B
(R) rest frame; my is the B® meson mass; my is the mass;
and I'(My) is the energy-dependent width of the R
resonance. The formula (2) is the same as in the previous
Belle analyses [4,5]. The angle-independent part of the
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nonresonant amplitude is given by Eq. (2) without the
denominator.
We use the Blatt-Weisskopf form factors [16]:

1+ z
1+z

2+3z0+9
FO = fzoio
2 +32+9 3)

PO — \/1(3) + 622 + 4579 + 225
2+ 6722 + 457 + 225’

FO = 1, F =

>

where z = r?p% (r being the hadron scale) and zy = r*p,,
where ppq is the R resonance daughter’s momentum cal-
culated for the pole mass of the R resonance. For K*
resonances with nonzero spin J, the B decay orbital angu-
lar momentum L can have the values J — 1, Jand J + 1.
We take the lowest allowed Ly as the default value and
consider the other possibilities in the systematic uncer-
tainty. The energy-dependent width is parametrized as

L'(Mg) =T (pr/pro)* * 1 - (mg/Mpg) - F3. (4

The angle-dependent part of the amplitude is obtained
using the helicity formalism. The amplitude of the decay
B — /(= €€ )K*(— K" ™) for one K* resonance is
ARU®) = HE AKX (M2 _)dlg (0 )e edl(0,),  (5)
where A is the helicity of the ¢’ (the quantization axis
being parallel to the K* momentum in the ' rest frame); &
is the helicity of the lepton pair; HY is the helicity ampli-
tude for the decay via the intermediate resonance R; df\(oKf)
and d}, ¢ are Wigner d functions; J(K™) is the spin of the K*
resonance; and Oy~ is the K* helicity angle (the angle
between the ¢/ and 7~ momenta in the K* rest frame).
For K* resonances with spin 0, only A = 0 is allowed. The
angle-dependent part of the nonresonant amplitude is given
by Eq. (5) with relative angular momentum between the
K* and 7 instead of J(K*).

For the decay B" — K*Z (— ¢/(— €€ )7 ), the
amplitude is

AZ (D) = HY AZ (M2, )dy (0, )eVed), (8¢,
(6)

where A’ is the helicity of the ' (the quantization axis
being parallel to the 7~ momentum in the ¢ rest frame);
0,- is the Z~ helicity angle (the angle between the K* and
7~ momenta in the Z™ rest frame); @ is the angle between
the planes defined by the (€%, 77) and (K, 7~ ) momenta
in the ¢/ rest frame; 6 g is the ¢/ helicity angle (the angle
between the 7~ and u~ momenta in the ¢’ rest frame);
and « is the angle between the planes defined by the
(", 77) and (€%, K*) momenta in the ¢’ rest frame.
If the spin of the Z~ equals 0, only A’ = 0 is allowed.
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The amplitudes in Eq. (6) for different A’ values are related
by parity conservation:

HY = —P(Z)(-1)/“)HZ,. (7

The resulting expression for the
function is

signal density

S@) = > ©®

£=1,—1

2. 2 At 2 A,

K* A=—1,0,1 AN=-1,0,1

A detailed description of the derivation of the amplitude is
given in the Appendix.

We perform an unbinned maximum likelihood fit in
the four-dimensional space ®. The construction of the
likelihood function follows Ref. [17]. The function to be
minimized is

_ o S(®) B(®,)
F= 22111((1 b)z,-S(CD,-)erZ,B(CD,))’ 9)

where b is the fraction of the background events and B(®)
is the background density in the signal region. The sum Y,
runs over data events; the sum Y j runs over MC events
generated uniformly over the phase space and recon-
structed using the same selection requirements as in data.
This procedure takes into account the nonuniformity of the
reconstruction efficiency but requires a parametrization of
the background shape.

As there is sensitivity only to the relative phases of

the various contributions, the phase of Hé(*(”z) is fixed to
zero. The detector resolution in Mg, and M, (o~
3 MeV/c?) is small compared to the width of any of the
resonances that are considered and is ignored. The masses
and widths of all the K* resonances except K;(800) are
fixed to their nominal values [15]. The mass and width of
K;(800) are fixed to the fit results in the default model
without a Z= (M =946 +50 MeV/c?>, T =736+
126 MeV); the case of free mass and width is included to
systematic uncertainty. We do not constrain the mass and
the width of the Z(4430)” to the previously measured
values [4]. The r parameters in the Blatt-Weisskopf form
factors are fixed at a default value of 1.6 GeV ™.

H + E
i

Il Il Il Il Il Il
005075 1 1.25151.75 2 2.252.5
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n n
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FIG. 4. The results of the fit to background events projected
onto the Dalitz variables.
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TABLE I. Fit results in the default model. Errors are statistical only.
JP 0~ 1~ 1t 2- 2%
Mass, MeV/c? 4479 = 16 4477 = 4 4485 + 20 4478 = 22 4384 = 19
Width, MeV 110 = 50 22+ 14 200 = 40 83 =25 52 £ 28
Significance 450 3.60 6.40 220 1.8

TABLE II. The absolute values and phases of the amplitudes in the default model for the 1% spin-parity of the Z(4430)~. Errors are
statistical only.

Resonance ay by a b1 a_, b4
K;(800) 2.03 = 0.44 1.87 = 0.22 cee R st cee
K*(892) 1 (fixed) 0 (fixed) 0.81 = 0.07 —2.79 =0.12 0.43 = 0.08 —1.64 =0.15
K*(1410) 0.52 =0.22 0.12 = 0.66 0.47 = 0.44 —1.38 = 0.55 0.57 = 0.31 1.38 = 0.66
K;(1430) 1.08 = 0.50 —2.57=0.63 i e s i
K;(1430) 8.48 = 2.45 —0.41 =0.33 12.6 £ 4.2 2.56 = 0.69 6.44 = 4.21 —2.44 = 1.12
K*(1680) 0.31 = 0.51 2.08 =0.17 1.91 =0.77 3.08 = 0.26 0.48 = 0.59 —1.94 = 2.03
Z(4430)~ 8.85 £ 2.57 —2.97 = 0.77 8.83 =2.75 —2.80 = 0.27 (a_ e'®-1) = (a,e'®)

VI. RESULTS

A. Fit to the background distribution

The background shape is determined using AE side-
bands. The background density function is defined as

B(CI)) = PZ(M%(*W.M M%///ﬂd’)) (10)

where P, is a two-dimensional second-order polynomial.
We perform an unbinned maximum likelihood fit; the
function to be minimized is given by Eq. (9) with b = 1;
thus, the resulting B(®) is efficiency corrected. The results
of the fit, projected onto the Dalitz variables, are shown in
Fig. 4. If the angular variables are also considered and the
fitting function is multiplied by additional polynomials

P(z‘p)(go) and P(za)(ﬁ 4)> the coefficients of the nonconstant
terms are consistent with zero after minimization; thus, the
background does not depend on the angular variables.

B. Fit to the data

The fit results for the Z(4430)~ mass, width and signifi-
cance in the default model are shown in Table I for all spin-
parity hypotheses with J < 2. Note that the 0" assignment
is forbidden by parity conservation in Z(4430)™ — /7~

result of the fit; the confidence level is defined as the
fraction of the pseudoexperiments with the y? value
greater than the y? value in data. The confidence level of
the 17 hypothesis is 15%. The absolute values and phases
of the amplitudes for the 1% hypothesis are listed in
Table II. The significances of the K* resonances are shown
in Table III.

To present the fit results, the Dalitz distribution is
divided into slices that are shown in Fig. 5. The second
and fourth vertical slices correspond to the regions of
the K*(892) and K;(1430), respectively; the second hori-
zontal slice corresponds to the region of the Z(4430)~.
Projections of the fit results onto M, and M}, axes for

the 1% hypothesis and the model without Z(4430)~ are
shown in Fig. 6. The sum of the first, third and fifth vertical
slices [the M?(is'7r) projection with the K* veto applied] is
shown in Fig. 7. Projections onto the angular variables are
shown in Fig. 8.

We also consider other amplitude models, including
models without one of the insignificant K* resonances
[K*(1410), K;;(1430), K*(1680)]; with the addition of non-
resonant K 77~ amplitudes in S, P and D waves; with free

O . . TABLE III. The fit fractions and significances of all
decay.s. The significance of the Z(4430)~ is est1mat§d from . ances in the default model P = 1+).g
the difference of —21n L between the models with and
without a Z(4430)~ signal, taking into account the number ~ Resonance Fit fraction Significance
of added degrees of freedom (six for the 1" and 2 K:(800) (5.8 = 2.1)% 360
hypotheses or four for other hypotheses). The preferred K*(892) (63.8 + 2.6)% Blo
Z(4430)~ spin-parity hypothesis is 1. To test the good- K*(1410) (4.3 +2.3)% 0.60
ness of fit, we bin the Dalitz distribution with the require- K;(1430) (1.1 + 1.4)% 160
ment that the number of events in each bin n; > 16. We K%(1430) 4.5+ 1.0)% 330
then calculate the y? value as 3 ;(n; — s5;)?/s;, where s, is K£(1680) (4.4 + 1.9)% 100
the integral of the fitting function over the bin i. We 7(4430)~ (10.330)% 6.40

generate MC pseudoexperiments in accordance with the

074026-6



EXPERIMENTAL CONSTRAINTS ON THE SPIN AND ...

23
22f
21f
20F
19F
L
17F
16f "1
15F

. o
F to 3 Y
L A T T T e

0.50.75 1 1.251.51.75 2 2.2525
M2(K,r), GeVZ/c*

M2(y',m), GeVZ/ct

FIG. 5. Dalitz plot slices used to present fit results.
Vertical divisions are at (0.796)% GeVZ?/c*, (0.996)> GeV?/c?,
(1.332)? GeV?/c* and (1.532)% GeV?/c*. Horizontal divisions
are at 19.0 GeV?/c* and 20.5 GeV?/c*.

Blatt-Weisskopf r parameters; with free masses and widths
of K* resonances (within their uncertainties [15]); and with
LASS amplitudes [18] instead of Breit-Wigner amplitudes
for all spin-0 K* resonances.

In Ref. [4], the assigned value of the B-decay orbital
angular momentum (L) is varied to study the systematic
uncertainty. In this analysis, we instead change the default
helicity amplitudes with minimal L to partial wave ampli-
tudes with known L (which does not result in a significant
improvement of the likelihood); this model is also included
in the systematic uncertainty.

The significances of the Z(4430)~ for all models
other than the default one are shown in Table IV.

M¥(y'm) < 19 GeV/c* 19 GeV3/c* < M2(y' ) < 20.5 GeV/c*

4
Q.
R

Events / 0.046 GeV?/c
Events / 0.046 GeV?/c*

0.5 1 15 2 25 0.5 1 15 2 25
M2(K,r), GeVZ/c* M*(Km), GeV?/c*

0.796 GeV/c? < M(K;) < 0.996 GeV/c? 0.996 GeV/c? < M(K,1) < 1.332 GeV/c?
5
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The significance of the 1™ hypothesis is above 5.00 for
all the models.

The exclusion levels of the spin-parity hypotheses
(JP = jP) are calculated from MC simulation. For each am-
plitude model, we generate MC pseudoexperiments in accor-
dance with the fit result with the j? Z(4430)~ signal in data
and fit them with the j” and 1" signals. The resulting distri-
bution of A(—=2InL) = (=2InL);r—;p — (=2InL)r_y+ is
fitted to an asymmetrical Gaussian function, and the p-value is
calculated as the integral of the fitting function normalized
to 1 from the value of A(—21InL) in data to +o0. The
results are presented in Table VI. The J© = 17 hypothesis
is favored over the 07, 17, 2~ and 2% hypotheses at the
levels of 3.40, 3.70, 4.70 and 5.10, respectively.

We also generate MC pseudoexperiments in accordance
with the fit results for the 1* hypothesis and obtain the
distribution of A(—21nL). This distribution is fitted to an
asymmetrical Gaussian function, and the confidence level
of the 17 hypothesis is calculated as the integral of the
fitting function normalized to 1 from —oo to the value of
A(—21InL) in data. The resulting confidence levels are
shown in Table VI. The distributions of A(—21InL) for
j? =07 are shown in Fig. 9.

The results of the study of the model dependence of
the Z(4430)” mass and width are shown in Table V. The
maximal deviations of the mass and the width of the
Z(4430)~ from their optimal values are considered as
overall systematic uncertainty due to the amplitude model
dependence. We also estimate the uncertainty due to the
uncertainties of the fit to the background distribution by
varying the background parameters by *1o (with other

M?(y'w) > 20.5 GeV?/c* M(K,m) < 0.796 GeV/c?

Events / 0.046 GeV?/c*
Events / 0.17 GeV?/c*
[e2]

1 g i f i
05 1 15 2 25 0%5 16 17 18 19 20 21 22 23
ME(K,7), GeV2/ct M2y’ ), GeV2/c?

1.332 GeV/c® < M(K.t) < 1.532 GeV/c® M(K,m) > 1.532 GeV/c?

1l

30

20

Events / 0.17 GeV?/c*
Events / 0.17 GeV?/c*

5 16 17 18 19 20 21 22 23
M2y’ ), GeVZ/c*

15 16 17 18 19 20 21 22 23
M2(y' i), GeV?/c*

FIG. 6 (color online).

Events / 0.17 GeV?/c*

|

15 16 17 18 19 20 21 22 23
M2(y' ), GeV?/c*

Events / 0.17 GeV?/c*
w
T

15 16 17 18 19 20 21 22 23
M2(y’ ), GeV2/c*

The fit results with (solid line) and without (dashed line) Z~ (J¥ = 17) in the default model. The points with

error bars are data; the hatched histograms are ¢’ sidebands. Slices are defined in Fig. 5.
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45¢
40f
35F
30F
25f
20f
15
10F

Events / 0.17 GeV?/c*

MR(y’ ), GeV2/c?

FIG. 7 (color online). Projection of the fit results with the K*
veto. The legend is the same as in Fig. 6.

parameters varied in accordance with the correlation co-
efficients) and performing the fit to the data. The maximal
deviations are considered as systematic uncertainty.

C. Efficiency and branching fractions

We use the signal density function determined from the
fits to calculate the efficiency

300
250F

200}

Events /0.2
S @

o o

T

A
o
L I

300
250F

150

Events / (n/5)

100f

50F

FIG. 8 (color online). Projections of the fit results with
(solid line) and without (dashed line) Z~ (J* = 17) onto the
angular variables for the entire signal region (no K* veto) in the
default model. Points with error bars are data.
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TABLE IV. Model dependence of the Z(4430)~ significance.

Model 0~ 1~ 1" 2- 2+
Without K*(1410) 380 340 690 210 100
Without K;;(1430) 490 350 740 l4o0 100
Without K*(1680) 420 330 720 260 l4o
With K3(1780) 290 310 520 220 160
LASS 430 350 620 290 160
Partial wave amplitudes 4.60 350 680 240 180
Free masses and widths 480 350 640 270 200
Free r 410 370 640 240 190
Nonresonant ampl. (S) 5.10 3.60 680 2270 170
Nonresonant ampl. (S,P) 540 3.60 690 300 220
Nonresonant ampl. (S,P,D) 3.60 2.70 5.60 220 l4o
_ [ S(®)e(®)dd an

O T S(@)dd

where €(®) is the phase-space-dependent efficiency. The
reconstruction efficiency is found to be (28.3 = 1.2)%. The
central value is calculated for the default model with Z~
(JP = 1%). The error includes the uncertainty in track
reconstruction efficiency (1.4%), the error from the particle
identification efficiency difference between MC and data
(3.8%) and the uncertainty due to the amplitude model
dependence (0.5%). The error due to MC statistics is
negligibly small. The efficiency includes the correction
for the difference between the particle identification
efficiency in MC and data, (94.2 * 3.5)%.

Using the obtained efficiency and the branching frac-
tions of ¢/ decaysto ete™ and u* u~ [15], we determine

BB — 'K 7 ) X B — €7¢7)
= (9.12 £ 0.30 = 0.51) X 107°

and

45 Value in data

40
35
30
25
20
15
10

Toy MC experiments

. Ll :
(-)60 40 -20 O
A(2InL)

60 80

FIG. 9. Comparison of the 0~ and 17 hypotheses in the default
model. The histograms are distributions of A(—=21InL) in MC
pseudoexperiments generated in accordance with the fit results
with 0~ (open histogram) and 1* (hatched histogram) signals.
The A(—2InL) value observed in data is indicated with an
arrow.
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TABLE V. Systematic uncertainties in the Z(4430)” mass
(in MeV/c?) and width (in MeV).

Model or error source Mass Width
Without K*(1410) B i
Without K7(1430) s iy
Without K*(1680) 27 3
With K3(1780) - iy
+0 +13
LASS 3 -0
. . +12 +0
Partial wave amplitudes 0 26
Free masses and widths f? tﬁ
+13 9
Free r jiny J:O
Nonresonant ampl. (S) fg tl(;
0 8
Nonresonant ampl. (S,P) j“ J:O
Nonresonant ampl. (S,P,D) f(z) fg
. 27 24
Amplitude model, total = %
2 3
Background - i
Total +27 +24

—11 —33

BB — 'Kt 7)) = (5.90 + 0.20 + 0.36) X 1074,

This result assumes equal production of BB and B* B~
pairs. The systematic error includes the uncertainty in the
efficiency, the number of B mesons (1.4%), the signal yield
(3.7%) and the ' — €*€~ branching fraction (2.2%,
assuming lepton universality). This result is combined
with the value of the same branching fraction measured
in the ¢/ — J/¢y 7"~ channel in Ref. [4], taking into
account the correlations between the error sources. The
final combined result is

BB — 'K+ 7 ) = (5.80 = 0.39) X 1074,

where the uncertainty includes statistical and systematic
errors. As we perform a full amplitude analysis, the con-
tributions of the individual resonances are described more

PHYSICAL REVIEW D 88, 074026 (2013)

precisely than in Ref. [4], and we do not combine the
results of the measurements below.

The fit fraction of a resonance R [the Z(4430)~ or one of
the K* resonances] is defined as

[ Sg(D)dD

= Ts@ae 2

where Sp(P) is the signal density function with all con-
tributions other than the contribution of the R resonance set
to 0. The statistical uncertainties in the fit fractions are
determined from a set of MC pseudoexperiments generated
in accordance with the fit result in data. We fit each sample
and calculate the fit fractions; the resulting distribution of
the fit fractions is fitted to a Gaussian function, and the
sigma of the Gaussian function is treated as the statistical
uncertainty. The results are summarized in Table III.

Using the fit fraction of the K*(892) and the combined
B(B® — 'K " 7™), we calculate the branching fraction of
B — ’K*(892) decay:

B(B” — 'K*(892)) = (5.5579%7041) x 1074,

The central value is given for the default model, with the
Z(4430)~ having J* = 17. The systematic error includes
contributions from the same sources as the uncertainty in
the branching fraction of the B — 'K+ 7~ decay, the
amplitude model [(*}%)%] and the background parame-
trization [(*9%)%] dependence of the K*(892) fit fraction.
We also determine the fraction of the K*(892) mesons that
are longitudinally polarized: f; = (45.5731%13)%.

The branching fraction product for the Z(4430)~ is
B(B® — Z(4430)" K ™) X B(Z(4430)" — /'7")
= (6.05;)733) x 1072,

where the systematic error due to the amplitude model

dependence is (¥3)%)%, and the systematic error due to

the background parametrization dependence is (*31)%.

TABLE VI. Exclusion levels of spin-parity hypotheses and confidence levels of the 1* hypothesis.
0~ 1~ 2- 2+
Model 1" over0O- 1T CL. 1Toverl~ 1tCL. 1t over2~ 1TCL. 1% over2t 1" CL.
Default 470 17% 6.30 16% 6.50 50% 820 38%
Without K*(1410) 6.40 40% 120 25% 170 43% 9.20 50%
Without K;(1430) 5.00 22% 410 19% 8.90 69% 8.90 33%
Without K*(1680) 7110 54% 820 58% 10.00 79% 11.10 75%
With K3(1780) 340 53% 370 9.8% 470 27% 510 29%
LASS 4.80 9.7% 6.30 12% 550 28% 820 30%
Partial wave amplitudes 510 30% 6.60 28% 1.60 52% 9. 70 46%
Free masses and widths 4.80 15% 6.00 14% 6.30 37% 740 35%
Free r 550 19% 570 26% 6.50 37% 130 43%
Nonresonant ampl. (S) 3.90 18% 5.00 9.3% 6.10 38% 8.40 25%
Nonresonant ampl. (S,P) 3.40 20% 5.00 18% 6.20 46% 6.20 34%
Nonresonant ampl. (S,P,D) 3.80 20% 4.80 14% 520 41% 520 26%
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VII. CONCLUSIONS

We have performed an amplitude analysis of B? —
'K " 7~ decays in four dimensions. The preferred assign-
ment of the quantum numbers of the Z(4430)” is 17.
The J¥ = 17 hypothesis is favored over the 07, 17, 2~
and 2" hypotheses at the levels of 3.40, 3.70, 4.70 and
5.10, respectively. The results for the mass and the width
of the Z(4430)~ are

M = 448572 % MeV/c2, T =20073112¢ MeV.

We calculate the branching fractions to be
BB’ — 'KT77) = (5.80 = 0.39) X 1074
B(B" — 'K*(892)) = (5.55%9331041) x 1074,
B(BY — Z(4430)" K") X B(Z(4430)" — ¢/'7")
= (6.07}]*%3) x 1073,

and the fraction of the longitudinally polarized K*(892)
mesons to be

fL = 45553 %,

These results supersede previous measurements from a
Dalitz analysis of the same decay channel [4].
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APPENDIX A: DERIVATION OF THE SIGNAL
DENSITY FUNCTION

1. Decay via the K* resonances

The definition of the angle between the decay planes of
the ¢’ and K* is shown in Fig. 10. The coordinate systems
(X, Y+ 2x+) and (x ./, y,, z,) are defined in the BY rest
frame; the xg- and x,, axes are chosen to be the same. The
angle ¢ is given by

¢ =P + e

where ¢ g+ and ¢4+ are the azimuthal angles of the K* and
€", respectively. This angle may be calculated as

(AD)

(dg+ - dg+) _ ([pyr X dg+]-dg+)

cosp =-———"—, sin ¢ = - — - s
ldg+ e | |P¢;’||ak+||a€+|
(A2)
where
.o (P pre) o
ag+ = Pk+ WPK*’
I, (A3)
o (Per by .
a€+ - p€+ - |—) ’|2 Pl/,'y

FIG. 10. Definition of the angle between the decay planes for
BY — /(= £T€")K*(— K*7) decay (in the B rest frame).
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where pg+, P+, pe+ and p are the momenta of K™, K*,
€% and ¢/ in the B rest frame, respectively.

The definitions of the helicity angles are shown in
Fig. 11. The coordinate systems (xk., Y., 2%.) and
(xll,//l’ y’l//,, z’l//,) are obtained by the boosting of the coordi-
nate systems (xg+, yg+, 2x+) and (xy1, vy, z,7) to the rest
frames of the K* and /', respectively. The K* helicity
angle is given by
_(13¢' : ﬁK*)

1By llpie]
where p, and pg+ are the momenta of ¢’ and K* in
the K* rest frame, respectively; the ¢’ helicity angle is
calculated similarly.

The amplitude of the decay B® — ¢/(— €T €")K*(—
K*ta™)is

AK(D) = HE DIE (o 0 0DL(¢¢-, 0,1, 0)

cos Oy = (A4)

= HE ePo di ) (0 )el oo d) (0,

= HY a0 )d)(6,) (AS5)
where HX " is the helicity amplitude, A is the helicity of the 4/,
and ¢ is the helicity of the lepton pair. Note that the orientation
of the coordinate system (x:’b,, y:’h,, z’l/’/,) [this is the coordinate

C//" y/.//” Z/://) rotated by ¢,+ around the z axis and
then by 6,/ around the y axis] is fixed by the condition that the

K* momentum is lying in the plane (x’lL,, z’(;,)_

system (x

2. Decay via the Z(4430)~

The definition of the Z~ helicity angle is shown in
Fig. 12. The coordinate system (x;-, y;-, zz-) is defined
in the Z(4430)~ rest frame, and its orientation is chosen so
that the ¢/ momentum is lying in the plane (x-, y,-).

The definitions of the ¢’ helicity angle and the angle @
are shown in Fig. 13. The coordinate system (55,,,/, Vs ZW)
is defined in the ¢’ rest frame; the K* momentum is lying
in the plane (%, Z,), the azimuthal angle being equal to 0.
The azimuthal angle $ may be calculated as

Do+

FIG. 11. Definition of the helicity angles for B° — /(—
€€ )K*(— K" 77) decay (in the K* and ¢’ rest frames).
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)‘\yZ*
I

FIG. 12. Definition of the Z(4430)~ helicity angle [in the
Z(4430)~ rest frame].

(dg+ - dgr)

COS @ = ra—
gl A6)
ing = WP X ax1-dp)
|prlldgllde|
where
a _1-5 _(ﬁKJr.ﬁﬁ*)»
Kt = Pk* — —— = 12 P=>
p-1> 7 (A7)
- _ > _(5€+‘I—S7T7)—)
Qer = Pe+ pr*»
w

where pg+, p,- and p,+ are the momenta of K*, 7~ and
€" in the ¢’ rest frame, respectively.

The orientation of the coordinate system (fci//,, )7:0,, Z/W)
[this is the coordinate system (%, ¥, Z,) rotated by @
around the z axis and then by éw/ around the y axis]
satisfies the condition that the 7~ momentum is lying in
the plane (¥, Zldﬂ); thus, this coordinate system is not the
same as (x:’h,, y’l/’l,, Z/l///')' The coordinate systems in question
are shown in Fig. 14. The azimuthal angle o may be
calculated as

G, , por X iy ] g
cosaz(fif(), smaz([pf+ 9”]9 K),
|d 7 |ldg| |Pellanldg
(A8)
7577*
-
2’0‘)’
FIG. 13. Definitions of the ¢’ helicity angle and the angle @

(in the ¢’ rest frame).
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7] -
1{"1’/ Ay:s‘)

=l
Zap

"
s Bt Ty

FIG. 14. Definition of the angle « (in the ' rest frame).

where
> > _(131(*'13%)*
ag+* = Pk* |—> |2 Pe+s
Per (A9)
= = _ (]_))77_ : ﬁ€+) ->
Ar= = Pr- |]3 |2 Pets
€+

where pg+, p- and p,+ are the momenta of K*, 7~ and £
in the ' rest frame, respectively. After additional rotation
by « around the z axis, the coordinate system ()Z’W, y’w ZIW)

becomes the same as (x’l;,,, y’iL/, Z’d’,,); thus, the final states are

the same for the decays via the K* and Z(4430)~.
The amplitude of the decay B’ — K*Z (—
€€ ) ) is

AZ (@) = HY D *(0,0,-, 00D (8, 6,0, @)

P'(—=

0/\/ )\/f
= HZ d) (0, )eV%d), (8,)e e, (A10)
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where H f,_ is the helicity amplitude and A’ is the helicity of
the ¢'. The amplitudes in Eq. (A10) are related by parity
conservation in the decay Z~ — /7 ~:

H% = —P(Z7)(—1Y@)HZ,, (A11)

Note that the amplitudes in Eq. (AS5) for A and — A are not
related, because the ¢’ is produced in the weak decay
B’ — /K*.

3. The signal density function

Combining the amplitudes in Eqs. (A5) and (A10), one
gets the signal density function for B — /K" 7~ decays:

DIED IR R M

K* A=—1,0,1 N=-1,0,1

s@) = Y ’

e=1-1

(A12)

The lepton pair is produced in the electromagnetic decay
' — €1 €~ via a virtual photon; thus its helicity £ may be
equal to 1 or —1.

For the charge conjugate decay B® — /K~ 7", the parti-
cles in the definitions of the angular variables change to the
corresponding antiparticles (K™ — K=, w1~ — 7", {7 —
€~ and €~ — €"). If the parity transformation is applied,
then the helicity angles do not change, and the azimuthal
angles change sign (because cos @ — cos ¢ and sin @ —
—sin @). Thus, the signal density for the decay B° —
'K~ ar" is given by Eq. (A12) with the opposite sign of
the azimuthal angles (¢ — —¢, @ — —@ and @ — — ).
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