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Evidence of BT — 171v decays with hadronic B tags
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We present a search for the decay BT — 71v using 467.8 x 10° BB pairs collected at the 7'(45)
resonance with the BABAR detector at the SLAC PEP-II B-Factory. We select a sample of events
with one completely reconstructed B~ in the hadronic decay mode (B~ — D®OX~ and B~ —
JAp X 7). We examine the rest of the event to search for a BT — 77w decay. We identify the 77
lepton in the following modes: 77 — etvw, 77 — utvw, 77 — 77U and 77 — ptU. We find an
excess of events with respect to the expected background, which excludes the null signal hypothesis
at the level of 3.80 (including systematic uncertainties) and corresponds to a branching fraction

central value of B(B' — 77v) = (1.8370:53 (stat.) & 0.24(syst.)) x 10~*.

PACS numbers: 13.20.-v, 13.25.Hw

The study of the purely leptonic decay BY — 77v
[1] is of particular interest to test the predictions of the
Standard Model (SM) and to probe of new physics ef-
fects. It is sensitive to the product of the B meson de-
cay constant fp, and the absolute value of the Cabibbo-
Kobayashi-Maskawa matrix element |V,;3| |2]. In the SM
the branching fraction is given by:

G2m pm?2 m2 12
BBt - tty) = L LT [1— —T} fBIVa*75+,
8 mQB

(1)
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where G is the Fermi constant, my and m, are, the
BT meson and 7 lepton masses, respectively, and 75+
is the BT lifetime. Using the Lattice QCD calculation
of fp = (189 +£4) MeV [3], and the BABAR measure-
ment of |V, from charmless semileptonic B exclusive
decays [4], the predicted SM value of the brancing frac-
tion is Bsy (Bt — 7tv) = (0.62 £ 0.12) x 107%. If
we use the BABAR measurement of |V,;| from inclusive
charmless semileptonic B decays [5], the SM prediction
is Bsyr (BT — 77v) = (1.18 £ 0.16) x 10~

The process is sensitive to possible extensions of
the SM. For instance, in two-Higgs doublet mod-
els (2HDM) [6] and in minimal supersymmetric exten-
sions [7] it can be mediated by a charged Higgs boson.
A branching fraction measurement can, therefore, also
be used to constrain the parameter space of new physics
models.

The data used in this analysis were collected with the
BABAR detector at the PEP-II storage ring. The sample
corresponds to an integrated luminosity of 426 fb~" at the
T (4S) resonance. The sample contains (467.84-5.1) x 10°



TABLE I: Published results for BT — 77v from BABAR and
Belle collaborations.

Experiment Tag Branching Fraction (x107%)

BABAR hadronic [8] 1.87094+0.4+0.2
BABAR semileptonic [9] 1.7£0.8+0.2
Belle hadronic [10] 17970501058
Belle semileptonic [11] 1.541038+029

BB decays (Ng5). The detector is described in detail
elsewhere [12]. Charged particle trajectories are mea-
sured in the tracking system composed of a five-layer
double-sided silicon vertex tracker and a 40-layer drift
chamber, operating in a 1.5 T solenoidal magnetic field.
A Cherenkov detector is used for charged 7—K discrimi-
nation, a CsI calorimeter for photon and electron identifi-
cation, and the flux return of the solenoid, which consists
of layers of iron interspersed with resistive plate chambers
or limited streamer tubes, for muon and neutral hadron
identification.

We use a Monte Carlo (MC) simulation based on
GEANT4 [13] to estimate signal selection efficiencies and to
study backgrounds. In MC simulated signal events, one
BT meson decays as BT — 77v and the other decays in
any final state. The BB and continuum MC samples are
equivalent to approximately 3 times and 1.5 times the
data sample, respectively. Beam-related background and
detector noise are sampled from data and overlaid on the
simulated events.

We reconstruct an exclusive decay of one of the B
mesons in the event (which we refer to as the tag-B)
and examine the rest of the event for the experimen-
tal signature of BY — 7Fv. The tag-B reconstruction
can be performed by looking at both hadronic B decays
and semileptonic B decays. Published results from both
BABAR and Belle are summarized in Table[ll

We reconstruct the tag-B candidate in the set of
hadronic decays B~ — M°X~, where M° denotes a
D™ or a Jp, and X~ denotes a system of hadrons
with total charge —1 composed of niw®, no K+, nan?,
n4Kg where ny + ny < 5, no, ng and ny < 2. We recon-
struct the D as D° — K—nt, K nt7% K—ntn—rt,
K% KOrtr=, Kintn= 7% KYK—, or nfm=. We
reconstruct the D* meson as D** — D% D%y, and
the J/ip meson via their decays J/p — eTe™,utTu~.
Two kinematic variables are used to discriminate be-
tween correctly reconstructed tag-B candidates and mis-
reconstructed events: the beam energy-substituted mass
mes = \/s/4—p%, and the energy difference AE =
Ep — \/s/2, where /s is the total energy in the 7°(45)
center-of-mass system (CM) and pp and Ep respectively
denote the momentum and the energy of the tag-B can-
didate in the CM. The resolution on AFE is measured to
be oA p = 10 — 35MeV, depending on the decay mode;
we require |AE| < 30Ap. Events with a tag-B can-
didate arise from two possible classes with different mgg

distributions. One class includes signal events with a cor-
rectly reconstructed tag-B, and background events from
Y(4S) — BB~ with a correctly reconstructed tag-B.
All these events are characterized by an mgg distribution
peaked at the nominal B mass(signal and peaking back-
ground). The other classes of events consist of continuum
background, ete™ — ¢q (¢ =u, , s, )and eTe™ — 7777,
and combinatorial background, 7'(4S) — B°B° or B*B~
in which the tag-B is misreconstructed. These events are
characterized by a smooth mgg distribution.

If multiple tag-B candidates are reconstructed in the
event, we select the one with the lowest value of |AE|. Af-
ter the reconstruction of the tag-B, we require the pres-
ence of only one well-reconstructed track (signal track),
with charge opposite to that of the tag-B. The pu-
rity P of each reconstructed tag-B decay mode is esti-
mated as the ratio of the number of peaking events with
mpgs > 5.27GeV to the total number of events in the
same range. The yield in data is determined by means
of an extended unbinned maximum likelihood fit to the
mgg distribution, as shown in Fig. [l We use a phe-
nomenologically motivated threshold function (ARGUS
function [14]) as probability density function (PDF) to
describe the continuum and combinatorial background
components in the fit, while for the correctly recon-
structed tag-B component we use a Gaussian distribu-
tion plus an exponential tail for the PDF (Crystal Ball
function) [15]. We use only events with the tag-B recon-
structed in decay modes with P > 0.1. Combinatorial
and continuum background distributions in any discrim-
inating variable are estimated from a sideband in mgg
(5.209GeV < mgs < 5.260GeV) and are extrapolated
into the signal region (mgs > 5.270 GeV) using the re-
sults of a fit to an ARGUS function. The peaking BTB~
background shape is determined from BTB~ MC, after
subtraction of the combinatorial component to avoid dou-
ble counting.
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FIG. 1: Fit to the mgs distribution in data. Dots are data,
the upper curve is the global fit result and the lower curve rep-
resents the fitted combinatorial and continuum background.



The signal-side 7 lepton is reconstructed in four de-
cay modes: 77 — eTvi, 77 — ptvv, 7+ — 7Ty, and
7+ — ptv, totaling approximately 70% of all 7 decays.
We separate the event sample into four categories using
particle identification criteria applied to the signal track
(e*, u™, and 7). The 7+ — p*v sample is obtained by
associating the signal track 7+ with a 7" reconstructed
from a pair of neutral clusters with an invariant mass
between 115 MeV/c? and 155 MeV/c2.

In order to remove the eTe™ — 777~ background, we
impose 7 mode dependent requirements on the ratio be-
tween the 2"¢ and the 0*" Fox-Wolfram moments R2 [16]
calculated using all the tracks and neutral clusters of the
event. This preserves 90% of the BT — 77 v signal.

To reject continuum background, we use the absolute
value of cos 7, the cosine of the angle in the CM frame
between the thrust axis [17] of the tag-B and the thrust
axis of the remaining charged and neutral candidates
in the event. For correctly reconstructed tag-B candi-
dates the |cos 7| distribution is expected to be uniform,
while for jet-like eTe™ — ¢q continuum events it peaks
strongly at 1. In order to reject background from events
with a correctly reconstructed tag-B, we study the distri-
bution of several discriminating variables exploiting the
different kinematics between the signal and background
of the remaining reconstructed candidates. We use the
missing momentum polar angle in the laboratory frame
ﬁmiss = ﬁCM - ﬁtagB - ﬁtrk - Zneut ﬁiu where ﬁCM is
the total momentum of the beams, piagp is the recon-
structed momentum of the tag-B, and p}, is the recon-
structed track momentum, and the sum is extended on
all the neutral candidates reconstructed in the calorime-
ter not assigned to the tag-B. For the 77 — 7 mode,
we combine pj,, (where the star denotes the CM frame)
and the cosine of the angle between p,,;ss and the beam
axis (€os B,iss) in a likelihood ratio

_ LS(prrka CcOos omiss)
LP - * * ) (2)
(LS (ptma Cos emiss) + LB (ptrka COs emiss))

where the signal (S) and background (B) likeli-
hoods have been obtained from the product of
the PDFs of the two discriminating variables:
Ls (p;,krka Cos emiss) = Ps (p;«k)PS (COS emiss) and
Lp(p} 4 c08Omiss) = Pr(p;..)Pr(cosOmss). Sim-
ilarly, for the 7= — pTv mode we combine four
discriminating variables in the likelihood ratio Lp:
€08 Omiss, the invariant mass of the 70 candidate, the
pT candidate momentum, and the invariant mass of
the 777 pair used to make the p* candidate. The
PDFs used in the likelihood ratio for the signal and
background are determined from signal and BYB~ MC
samples, respectively.

The most powerful discriminating variable is Fextra,
defined as the sum of the energies of the neutral clus-
ters not associated with the tag-B or with the signal 7°
from the 77 — pTv mode, and passing a minimum en-
ergy requirement (60 MeV). Signal events tend to peak
at low Fextra. Background events, which contain addi-

tional sources of neutral clusters, tend to be distributed
at higher values. The signal region in data is kept blind
until the end of the analysis chain when we extract the
signal yield, meaning that we do not use events in data
with Fextra < 400 MeV during the selection optimization
procedure and for the evaluation of background shapes.

We optimize the selection requirements, including
those on the purity P of the tag-B and the minimum
energy of the neutral clusters, minimizing the expected
uncertainty in the branching fraction fit. In order to es-
timate the uncertainty, which includes the statistical and
the dominant systematic sources, we run 1000 MC simu-
lated pseudo experiments extracted from the background
and signal expected Fextra distributions for a set of pos-
sible selection requirements, assuming a signal branching
fraction of 1.8 x 10~% [8].

Table [[I summarizes the signal selection requirements
and Fig.[2shows the Feyxtya distribution with all the selec-
tion requirements applied. The background events popu-
lating the low Fextra region are mostly semileptonic B de-
cays for the leptonic modes. For the 77 — 7+ mode the
background is composed mostly of charmless hadronic B
decays and semileptonic B decays with a muon in the
final state. For the 77 — p™v mode the backgrounds are
charmed hadronic B decays, semileptonic B decays with
a muon in the final state and a small fraction with a 7.

TABLE II: Optimized signal selection criteria for each
mode.

Variable et wr T pT
P > 10%

Cluster energy (MeV) > 60

R2 < 0.57 < 0.56 <0.56 <0.51
| cos Oz <0.95 <0.90 < 0.65 <0.8
Lp > 0.30 > 0.45

We use an extended unbinned maximum likelihood fit
to the measured Egyra distribution to extract the Bt —
7Fv branching fraction. The likelihood function for the
N, candidates reconstructed in one of the four 7 decay
modes k is

Ny
H {nsykPE(Ei,k) + nb,kpz(Ei,k)}v

i=1

3)
where ng i is the signal yield, ny , is the background yield,
E; i is the Eexira value of the it" event, P§ is the PDF of
signal events, and 73,1; is the PDF of background events.
The background yields in each decay mode are permitted
to float independently of each other in the fit, while the
signal yields are constrained to a single branching ratio
via the relation:

e~ (s ktnok)

Li = Ny!

TLS71€=NB§><61€ x B (4)

where ¢ is the reconstruction efficiency of a particular
7 decay mode, and B is the BT — 77 v branching frac-
tion. The parameters Nyz and ¢ are fixed in the fit
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FIG. 2: FEextra distribution in data (points with error bars)
with all selection requirements applied and fit results overlaid.
The hatched histogram is the background and the dashed
component is the best-fit signal excess distribution. Plot (a)
shows all 7 decay modes fitted simultaneously. Lower plots
show the projection of the simultaneous fit result on the four
analyzed 7 decay modes: (b) 7+ = etv, (¢) 7+ — ptvo
(At = 7tv,(e) 7T = ptv.

while B is allowed to vary. The reconstruction efficiencies
€k, which include the 7 branching fractions, are obtained
from MC-simulated signal events (see Table [[II]). Since
the tag-B reconstruction efliciency is included in ¢ and
is estimated from the signal MC, we apply a correction
factor of Rgata/mc = 0.926 4+ 0.010 to take into account

data/MC differences. This is derived from the ratio of
the peaking component of the mgg distribution for the
hadronic tag-B in data and in MC simulated events.

The signal PDF is obtained from a high statistics sig-
nal sample of MC simulated data. We use a sample of
fully reconstructed events to correct the signal PDF for
data/MC disagreement In addition to the reconstructed
tag-B, a second B is reconstructed in the hadronic or the
semileptonic decay mode using tracks and neutral clus-
ters not assigned to the tag-B. In order to estimate the
correction to the signal PDF, we compare the distribu-
tion of Fextra in this double tagged event sample from
experimental data and MC simulations. The MC distri-
butions are normalized to the experimental data and the
comparison is shown in Fig. Bl We extract the correction
function by taking the ratio of the two distributions and
fitting it with a second order polynomial.

%
BOOE a
s00f- =
400 %
200
| RH WY T (PPN T8 PR FTY ) |
D02 06 1 14 18 22 %02 05 1 14 18 22

Hadronic DT, E b [GeV] Hybrid DT, E b [GeV]
FIG. 3: FEextra distribution for double tagged events. The
“signal” B is reconstructed in hadronic decays (left plot) or
semileptonic decays (right plot). Points are data and boxes
are MC simulation.

We determine the PDF of the combinatorial back-
ground from the mgg sideband. The normalization of
this component in the signal region is obtained by fit-
ting the mgg distribution after the selection has been
applied. The shape of the peaking background is taken
from BTB~ MC. The two background components are
added together into a single background PDF. We esti-
mate the branching fraction by minimizing — In £, where
L =1I}_, Ly, and Ly, is given in Eq. Bl The projections
of the fit results are shown in Fig.

We observe an excess of events with respect to the ex-
pected background level and measure a branching frac-
tion of B(B* — 77v) = (1.8370%3) x 107*, where the
uncertainty is statistical. Table [IIl summarizes the re-
sults from the fit. We evaluate the significance of the
observed signal, including only statistical uncertainty, as
S = /2In(Lsyp/Ls), where Lqip and L, denote the
obtained maximum likelihood values in the signal and
background, and the background only hypotheses, re-
spectively. We find S = 4.20.

Additive systematic uncertainties are due to the un-
certainties in the signal and background Fextra PDF



TABLE III: Reconstruction efficiency €, measured branching
fractions, and statistical uncertainty obtained from the fit
with all the modes separately and constrained to the same
branching fraction. The 7 decay mode branching fractions
are included in the efficiencies.

Decay Mode ¢, (x10™%) Signal yield B(x10~%)
t s etup 2474014 41491 0357052
> ptur 2454014 12.9+£9.7 1127099
sty 0984014 17.1+£6.2 3.697)5;
1.35+0.11 24.04+10.0 3.78%1%

= p+u
62.1+17.3 1.837553

combined

TABLE IV: Contributions to systematic uncertainty on the
branching fraction.

Source of systematics B uncertainty (%)

Additive

Background PDF 10
Signal PDF 2.6
Multiplicative

Tag-B efficiency 5.0
B counting 1.1
Electron identification 2.6
Muon identification 4.7
Kaon identification 0.4
Tracking 0.5
MC statistics 0.6
Total 13

shapes used in the fit. To estimate the systematic uncer-
tainty in the background PDF shape we repeat the fit of
the branching fraction with 1000 variations of the back-
ground PDF's, varying each bin content within its statis-
tical uncertainty. We use the range of fitted branching
fractions covering 68% of the distribution as systematic
uncertainty yielding an overall contribution of 10%. We
correct the systematic effects of disagreements between
data and MC Feytra distributions for signal events us-
ing a sample of completely reconstructed events in data
and MC, as already described. To estimate the related
systematic uncertainties, we vary the parameters of the
second-order polynomial defining the correction within
their uncertainty and repeat the fit to the BT — 77v
branching fraction. We observe a 2.6% variation that we
take as the systematic uncertainty on the signal shape.
Including the effects of additive systematic uncertainties,
the significance of the result is evaluated as 3.80.
Multiplicative systematic uncertainties on the effi-
ciency stem from the uncertainty in the tag-B efficiency
correction (5.0%), electron identification (2.6%), muon
identification (4.7%), charged kaon veto (0.4%), and the
finite signal MC statistics (0.8%). Table [Vl summarizes
the systematic uncertainties. The total systematic uncer-
tainty is obtained by combining all sources in quadrature.

In summary, we have measured the branching frac-
tion of the decay BT — 77v using a tagging algorithm
based on the reconstruction of hadronic B decays us-
ing a data sample of 467.8 x 106 BB pairs collected
with the BABAR detector at the PEP-II B-Factory. We
measure the branching fraction to be B(Bt — 7tv) =
(1.837023(stat.) +0.24(syst.)) x 1074, excluding the null
hypothesis by 3.80. (including systematic uncertainty).
This result supersedes our previous result using the same
technique [8]. Combining this result with the other
BABAR measurement of B(Bt — 77v) derived from a
statistically independent sample [9], we obtain B(B* —
7Tv) = (1.79 £ 0.48) x 10~%, where both statistical and
systematic uncertainties are combined in quadrature.
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FIG. 4: Top plot: Comparison between the measured

B(B' — 77v) branching fraction (horizontal band) with the
prediction of the 2HDM as a function of tan 8/m g+, using
exclusive (red/light gray) or inclusive (blue/dark gray) |Vus|
measurement. Bottom plots: 90% and 99% C.L. exclusion re-
gions in the (my+,tan 3) plane using the exclusive (left) and
inclusive (right) measurements of |Vys|.

Our measurement of the branching fraction B(B* —
7Fv) exceeds the prediction of the SM determined using
the values of |Vy;3| extracted from exclusive semileptonic
events and from inclusive semileptonic events by 2.40
and 1.60, respectively. We also determine, separately for
the exclusive and inclusive |V,,| BABAR measurements,
90% C.L. exclusion regions in the parameter space of
the 2HDM - type II (mg+,tan3), where mg+ is the
charged Higgs mass and tan 3 is the ratio of the vacuum
expectation values of the two Higgs doublets. We find
that, taking |Vy| from the exclusive measurement, most
of the parameters space is excluded at 90% C.L. Using
the higher value of |V,;| from the inclusive measurement,



the constraints are less stringent but already set a lower
limits at the TeV scale for high tan 8. The same implica-
tions on 2HDM are supported by a recent BABAR study
of the B(B — D™)7v) decays [1§]. Fig. @ shows a com-
parison between the measured B(Bt — 77 v) branching
fraction with the prediction of the 2HDM as a function of
tan 8/mg+ and the exclusion plots in the (mg+,tan )
plane for the exclusive and inclusive measurements of
[Vib| -
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