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We report a search for B® decays into invisible final states using a data sample of 657 X 10° BB pairs
collected at the Y(4S) resonance with the Belle detector at the KEKB ete™ collider. The signal is
identified by fully reconstructing a hadronic decay of the accompanying B meson and requiring no other
particles in the event. No significant signal is observed, and we obtain an upper limit of 1.3 X 10™* at the
90% confidence level for the branching fraction of invisible B® decay.
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In the standard model (SM), the decay B° — v pro-
ceeds through the three annihilation diagrams shown in
Fig. 1(a). This decay is highly helicity suppressed with an
expected branching fraction at the 10729 level [1]. Because
neutrinos participate only in weak interactions, the experi-
mental signature is missing energy and momentum corre-
sponding to the presence of a B meson in the event. New
particles hypothesized by physics beyond the SM, such as
R-parity violating supersymmetry, can be involved in these
B decays, resulting in a final state with only weakly inter-
acting particles and providing the same signature as in
B° — vo. For instance, Ref. [2] discusses the B decay
into a neutrino and a neutralino ( /\7?), shown in Fig. 1(b);
the branching fraction could be as high as 1076-1077.
Therefore, signals of invisible B decays in current B fac-
tory data would indicate new physics. So far no such
signals were observed. The first experimental result
was provided by the BABAR Collaboration, with B(B —
invisible) < 2.2 X 10™* at the 90% confidence level [3]
with a semileptonic tagging method; recently, the upper
limit was pushed to 2.4 X 1073 with more data and im-
proved tagging efficiency by BABAR [4].

In this paper we report the result of a search for B decays
to an invisible final state based on the data collected
with the Belle detector at the KEKB asymmetric-energy

PACS numbers: 13.20.He, 12.15.Ji, 12.60.Jv

(3.50n8GeV) et e collider [5]. The data sample consists
of 657 X 10° BB pairs accumulated at the Y(4S) reso-
nance, corresponding to an integrated luminosity of
606 fb~!, and an additional 68 fb~! of off-resonance
data recorded at a center-of-mass (CM) energy about
60 MeV below the Y(4S) resonance. The Belle detector
consists of a four-layer silicon vertex detector, a 50-layer
central drift chamber (CDC), time-of-flight scintillation
counters (TOF), an array of aerogel threshold Cherenkov

v d X1
B0 dr

17 b 17

v d v
BY br

17 b ba

FIG. 1. Feynman diagrams for the SM process via B® — v
(a) and for new physics via B® — $9% (b) [2].
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counters (ACC), and a CsI(T1) electromagnetic calorimeter
(ECL) located inside a superconducting solenoid coil that
provides a 1.5 T magnetic field. Outside the coil, the K?
and muon detector (KLM), composed of resistive plate
counters, detects KY mesons and identifies muons. The
detector is described in detail elsewhere [6]. A GEANT3-
based [7] Monte Carlo (MC) simulation of the Belle de-
tector is used to optimize the event selection and to esti-
mate the signal efficiency.

Since the Y(4S) decays to BB pairs, invisible B decay
candidates are identified by fully reconstructing a B meson
(Bae) following the procedure of Ref. [8] in hadronic modes,
and then examining whether there are any other particles in
the event. The neutral B, candidates are reconstructed
through B® — D™~ h* decays, where h* denotes 7+, p*,
af,or D_(Y*) *[9]. Candidate DZ) mesons are identified through
the channels D;* — D y and D*~ — D%7~ . Candidate D,
mesons are reconstructed using the following final states:
K ota®, K-atmnta, K'K~#n", Kd=n*, Kn* =P,
and Kdn"w*m~ for DY; K@%, Kin', KK,
K 7t7, Ksn* 7™, K- wta" 7, and Ko™ 7~ #° for
D% and KYK*, K™ 7~ w*,and K* K~ 7™ for D .

Charged kaons and pions are identified using specific
ionization from the CDC, time-of-flight information from
the TOF, and Cherenkov light yield in the ACC. This
information is combined to form a K- likelihood
ratio R, = Lx/(Lx + L), where Lg (L) is the
likelihood that the track is a kaon (pion). Tracks with
Rk/n > 0.6 are regarded as kaons and R/, <0.4 as
pions. The typical selection efficiency for a 1.0 GeV/c
kaon (pion) is 83% (90%) while the misidentification
probability for 1.0 GeV/c kaons (pions) as pions (kaons)
is around 6% (12%). Neutral Kg — 7"~ candidates are
identified by pairing two opposite-sign charged tracks,
both treated as pions, and then requiring that this pair
have an invariant mass near the nominal Kg mass with a
vertex displaced from the e*e” interaction point.
Candidate K)’s are selected from KLM hit patterns that
are not associated with any charged track [10]. Neutral
pions are identified using the 7° — vy decay and requir-
ing each photon to have a minimum energy of 50 MeV and
vy mass between 0.115 GeV/c? and 0.156 GeV/c?. The
p”" and af meson candidates are reconstructed using the
pt = 77’ and af — 77 7 channels.

The selection of By, candidates is based on two kine-
matic variables: the beam-energy constrained mass

My = JEl..m — p3 and the energy difference AE= Ep —
Eycams Where Ep and pp are the reconstructed energy and

momentum of the B, candidate in the ete” CM frame,
and Eye,y is the beam energy in this frame. The B,
candidates are required to have M,, > 5.22 GeV/c? and
|AE| < 0.3 GeV. Within this region, we define the
signal region: 5.27 GeV/c? < My, <5.29 GeV/c? and
—0.08 GeV < AE < 0.06 GeV. Figure 2 shows the M,
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FIG. 2 (color online). The M, (a) and AE (b) distributions for
the By,, candidates. Candidates having M. and AE within the
signal regions between the two arrows are used to search for B
decays to invisible final states.

and AE distributions of the By,, candidates in data. If there
are multiple B,, candidates in an event, the candidate with
the smallest x? is retained, where y? is computed using
AE, the D meson mass, and the mass difference between
the D* and D (for candidates with a D* in the final state),
weighted using their expected resolutions. We reconstruct
9.5 X 10’ neutral B, candidates in total. After identifying
the B,, candidate, we require no additional charged tracks
nor 7° or K9 candidates in the rest of the event.

The dominant backgrounds are from ete™ — ¢ (¢ =
u, d, s, ¢) continuum events and BB decays witha b — ¢
transition (generic B background). Two variables are used
to distinguish the signal and continuum events: cosfp,
defined as the cosine of the angle between the By, flight
direction and the beam axis in the CM frame, and cosfr,
the cosine of the angle of the B,, thrust axis with respect to
the beam axis in the CM frame. Clear differences in the
distribution of each variable between signal and continuum
background are shown in Fig. 3, using the MC simulation.
We define the fit region as —0.9 <cosfz <0.9 and
—0.6 < cosf; < 0.6. The variable cosfy is used in the fit
to extract the signal yield. Other backgrounds, such as rare
B decays via b — q (¢ = u, d, s) processes and ete” —
717~ transitions, are also considered in the signal extrac-
tion and studied using large MC samples. The 777~ back-
ground is small and has an event topology similar to the
continuum; therefore, the continuum and 777~ back-
grounds are combined and called the non-B background.

The most powerful variable to identify B decays into the
invisible final state is the residual energy in the ECL,
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FIG. 3 (color online). Normalized distributions of (a) cosfy
and (b) cosf; for the signal and continuum backgrounds. The
solid histogram is the signal and the dashed histogram is the
continuum background.

denoted Egcp, which is the sum of the energies of ECL
clusters that are not associated with the By,, daughters. To
further suppress the background, minimum energy thresh-
olds are required for clusters located in various ECL re-
gions: 50 MeV for the barrel (32.2° < <128.7°),
100 MeV for the forward end cap (6 <32.2°), and
150 MeV for the backward end cap (6 > 128.7°).

The signal yield for invisible B decays is extracted from
an extended unbinned maximum likelihood fit to the Egcy,
and cosfp distributions. The likelihood is

I o
T

L= N/! n(zanE(EECL,COSHB)), (1)

=1\

where i is the event identifier; n; is the yield for category j,
which corresponds to either signal, generic B, rare B, or
non-B background; and P;(Egcy, cosfp) is the product of
the probability density functions (PDFs) P(Egc;) and
P(cosbp), since we have verified that Egcp and cosfp
are uncorrelated for each component. For each category,
the Egcr, PDF is modeled as a histogram function, while
the cosfp PDF is described by a first or second order
Legendre polynomial. The non-B Egcp. PDF is constructed
from off-resonance data, while all other PDFs are obtained
using MC simulations. The normalization of the rare B
background category is estimated from the MC simulation
and is fixed in the fit.

The Egcp, simulation is validated using doubly tagged
events in which the B, is fully reconstructed as described

above and the other B is identified as B — DY~ ¢ p (€ =
e, w). Candidate D*~ mesons are reconstructed via D*~ —
D7, followed by D® — K 7r~, while D~ is identified as
D™ — Kd%w~ and K" 7~ a . The track and 7° selections
are applied here. Background contributions in the doubly
tagged sample are found to be negligible; therefore, only
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FIG. 4 (color online). Egcp distribution for doubly tagged
events, in which one B is fully reconstructed and the other B
is reconstructed as B® — D™~ ¢* p. Points with error bars are
data, and the solid histogram is a signal MC simulation.

loose selections on D and D* masses and the mass squared
of the undetected particles mp, = |Ppeam — Pg,, —
Pyo-¢+|? (where P denotes the four-momentum of the
e*e” system, By, or the D)™ €* system) are applied.
The observed Epgcp, distributions for doubly tagged
events, shown in Fig. 4, are found to be in good agreement
with MC simulations. The signal yields for control modes
are obtained by fitting the Egcy, spectra while the efficien-
cies are estimated from MC samples. The measured
branching fractions with their errors, listed in Table I, agree
well with the Particle Data Group (PDG) values [11]. The
B — D™~ ¢" p decays are also used to study the system-
atic uncertainty arising due to the track, 7, and K9 re-
jections as well as to calibrate the signal efficiency. The
aforementioned systematic uncertainties are estimated by
comparing the efficiency before and after the application of
those vetoes on data and MC. The data-MC efficiency
ratios for track, 7, and K9 vetoes are 0.996 * 0.012,
0.913 £ 0.020, and 1.096 * 0.020, respectively. The cen-
tral values are used to correct the MC efficiencies, while
the statistical error is treated as a contribution to the
systematic uncertainty. Since the central value of the track
veto inefficiency is small, no scaling factor is applied on
the veto efficiency. Instead, the sum of the inefficiency and
the statistical error is quoted as a systematic uncertainty.

TABLE 1. Summary of the fit result for B" — D® ¢ty
samples (branching fractions in units of 1073). The second and
third columns show the products of branching fractions, where
the error on the second column is statistical only.

Mode Measured result PDG value [11]
B > D" utv 1.41 = 0.20 1.34 + 0.06
B’ — D* ety 1.62 = 0.18 1.34 = 0.06
B> D (Kmm)u*v 1.99 = 0.21 1.98 = 0.12
B’ — D~ (Kmwm)etv 1.93 +0.14 1.98 = 0.12
B’ — D’(Kgﬂ'),u*v 0.19 = 0.06 0.22 +0.02
B’ — D (KYm)e™v 0.21 +0.05 0.22 = 0.02
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TABLE II. Summary of fit yields for the signal and back-
ground. The normalization of the rare B background contribution
is fixed in the fit.

Yield
8.97¢3
131.6733
Non-B background _23_23%:8

Rare B background 3.7
Observed events 121

Component

Signal

Generic B background

Table II lists the signal and background yields for invis-
ible B decays from the fit while Fig. 5 shows the Egcp and
cosfp distributions superimposed with the fit result. No
significant signal is observed. The signal efficiency, deter-
mined with MC simulations and later calibrated using the
doubly tagged B® — D™~¢* v sample, is (2.2 + 0.2) X
10~#, where the error is dominated by the systematic
uncertainty.

The systematic uncertainty associated with the signal
efficiency is dominated by the B, reconstruction effi-
ciency. The uncertainty on By,, reconstruction is estimated
by comparing the yield difference between data and the
corresponding MC sample, generated with a proper
mixture of generic B and continuum events. The By,, yields

Events/0.05 GeV

0.6 . 1.2
EgcL (GeV)

Events/0.15

-0.5 0 0.5
cosbg

FIG. 5 (color online). The Egcp (top) and cosfp (bottom)
distributions with fit results superimposed. Points with error
bars are data. The red cross-hatched region is the signal compo-
nent on the top of the total background shown in the yellow filled
histogram. The blue dashed curve is the generic B contribution,
which is larger than the total because of the negative fit result for
the non-B background shown in the green dotted histogram. The
purple hatched area corresponds to the rare B contribution.
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are extracted by fitting the M, distributions, and an un-
certainty of 8.3% is assigned. Systematic uncertainties
arising from the requirement of no additional charged
tracks nor 7° and K9 candidates are estimated to be
1.6%, 2.0%, and 2.0%, respectively, using BY —
D™~ ¢*p decays in data. The uncertainty in the number
of BB pairs is 1.4%.

The uncertainties in the signal yield extraction are sum-
marized in Table III. The uncertainty due to fixing the
normalization of the rare B component is obtained by
varying the rare B yield by the estimated uncertainty
(= 1.9 events). The corresponding variation in the signal
yield, fg:%, is assigned as the systematic uncertainty. For
each Egcp, PDF, we successively vary the content of each
histogram bin by %10 to obtain a new PDF. The variation
in the signal yield using the new PDF is calculated by
performing an unbinned likelihood fit; the quadratic sum of
all the variations gives the systematic uncertainty for the
PDF. The systematic uncertainty arising from cosfp PDFs
is negligible. Moreover, the effect of bin size is also
investigated by choosing different bin sizes to model the
PDFs. Again, the variation in the signal yield is considered
as a systematic uncertainty. The total systematic uncer-
tainty is computed by summing all contributions listed in
Table III in quadrature.

Since there is no significant signal observed, an upper
limit at 90% confidence level (C.L.) is computed using the
fit likelihood as a function of the branching fraction.
The branching fraction is obtained from the signal yield
from the fit, the signal selection efficiency, and the number
of BB pairs. The likelihood at each branching fraction is
obtained using Eq. (1) except that the signal yield is fixed
in the fit. The systematic uncertainty of the measurement is
taken into account by convolving the likelihood function
with a Gaussian whose width equals the systematic uncer-

tainty (AB),

s (B) L(B/) e—((fB—BI)Z/zABZ) B )
smear - [ —’—27TAfB . ( )

The upper limit on the branching fraction is estimated
by integrating the likelihood function from zero to
the bound that gives 90% of the total area. We obtain

TABLE III. Summary of systematic uncertainties arising from
PDF modeling and components with fixed normalizations.
Source Events
Signal PDF Negligible
Generic B PDF +1.6/ — 1.4
Rare B PDF *0.1
Rare B fixed yield +0.2/ = 0.1
Non-B PDF +1.9/ - 1.3
Binning effect +1.7/ - 1.8
Sum +3.0/ — 2.6
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B(B — invisible) < 1.3 X 10~* at the 90% C.L. The ex-
pected upper limit, estimated by applying the same method
on the MC sample, is 1.1 X 1074,

In conclusion, we have performed a search for B —
invisible decay with a fully reconstructed By,, on a data
sample of 657 X 10° BB pairs collected at the Y(4S)
resonance with the Belle detector. No significant signal is
observed, and we set an upper limit of 1.3 X 10™# at the
90% confidence level for the branching fraction of invis-
ible B decay. The limit obtained for B — invisible decay
is the most stringent constraint to date with a hadronic
tagging method.
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