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ABSTRACT OF THE DISSERTATION

Search for Charged B Meson Decays to a Charged Kaon or Pion, a Tau, and an Electron
or Muon Using the BABAR Detector

by

Gil Matias Vitug

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, August 2011

Professor Owen R. Long, Chairperson

We present a search for the lepton-flavor-violating decays B± → h±τℓ (h = K,π; ℓ = e, µ)

using the full BABAR dataset, which corresponds to 471.9 million BB̄ pairs. The search

uses a sample of events where one B meson (the ”tag” B) is fully reconstructed in one

of several hadronic final states. Using the tag-B momentum and the reconstructed h and

ℓ, we are able to fully reconstruct the τ 4-momentum. The reconstructed τ mass is our

main discriminant against combinatoric background. The measured upper limits on the

branching fractions at the 90% confidence level are on the order of 10−5.

vii
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Chapter 1

Introduction

1.1 Physics Motivation/Theory

There are indications that the standard model (SM) of electroweak interactions is

incomplete. Observations of neutrino oscillations in atmospheric [1], solar [2], reactor [3]

and accelerator [4, 5] neutrino experiments suggest the occurrence of lepton flavor violation

in the neutral sector. Experiments involving neutrinoless double-beta decay may provide

the best sensitivity for direct observation of lepton flavor violation in the neutral lepton

sector [6]. From the BABAR experiment, evidence of D0 − D̄0 mixing has been presented,

which may be larger than the expected SM predictions [7]. Glashow-Iliopoulos-Maiani

(GIM) suppressed box diagrams for ∆C = 2 interactions involve quark masses and explain

why ∆mD is much smaller than ∆mK [8]. Flavor non-conserving models with multiple

Higgs doublets have potential to account for larger D0 − D̄0 mixing [9]. These results seem

to suggest that observation of lepton flavor violation in the charged sector may be just on

the horizon.
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Tree-level flavor changing neutral currents (FCNC) in the quark sector are for-

bidden in the SM [10]. However, higher order processes are allowed in down-type FC-

NCs, which is observed in some measured decays rates (∆S = 1 & ∆B = 1); BF (K0
L →

µ+µ−) = (6.87 ± 0.11) × 10−9), BF (K+ → π+νν̄) = (1.5+1.3
−0.9) × 10−10), and BF (B+ →

K+ℓ+ℓ−) = (5.3 ± 1.1) × 10−7 and mass splittings (∆S = 2 & ∆B = 2); ∆mK0 =

mK0
L
−mK0

S
= (3.483±0.006)×10−12 MeV/c2 and ∆mB0 = mB0

H
−mB0

L
= (3.337±0.033)×

10−10 MeV/c2 [11]. At the BABAR experiment, searches for lepton flavor violation in the

charged leptonic sector have yielded upper limits on branching fractions for τ− → ℓ−K0
S

and τ− → ℓ−(ρ0,K∗0, K̄∗0, φ) between (0.8− 18.2)× 10−8 [12] and τ− → ℓ−ℓ+ℓ− between

(1.8 − 3.3) × 10−8 at the 90% confidence level [13]. Lepton flavor violation in the charged

sector has not been observed.

Grand unified theories (GUT) suggest that “...leptons and quarks must lie together

in the same irreducible representations of...” a larger symmetry group and some gauge fields

may carry lepton number and quark number [14]. Tree-level FCNC for quarks and leptons

are assumed to be identical at the grand unification scale. It is well beyond the scope of

this experimental study to go over the intricacy of grand unified theories [15].

Extensions of the SM allow for FCNCs with the addition of another Higgs dou-

blet. Decays with couplings involving the 3rd generation may provide the best chance of

detection [16]. Arguments paraphrasing the motivation of a search for rare three-body B-

meson decays involving τ ’s in the context of grand unification presented by Sher & Yuan is

reiterated below [16]. To try and avoid confusion, the notation is the same: If an additional

Higgs doublet is included in the SM and only neutral currents are considered, the Yukawa
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coupling components in the Lagrangian can be generalized as

(λijad̄
′
iLd

′
jRφa + λijbd̄

′
iLd

′
jRφb) +H.c. ,

where d′i represents the three down-type quarks, φa and φb are complex neutral fields and

the λijk are arbitrary. This generalization can be applied to the up-type quarks and charged

leptons as well, but will be ignored to simplify the arguments. Two new scalar fields H and

φ can be defined as

H ≡ cosβφa + sinβφb, φ ≡ −sinβφa + cosβφb ,

by using a rotation transformation of φa and φb by some angle β. The angle is defined tanβ ≡

vb/va, such that the real components of the Higgs fields acquire vacuum expectation values

va and vb. The real components of H and φ have vacuum expectation values v =
√

v2a + v2b

and zero, respectively. The Yukawa couplings in the Lagrangian are transformed in terms

of the new fields:

(fij d̄
′
iLd

′
jRH + gij d̄

′
iLd

′
jRφ) +H.c. ,

where fij and gij are still arbitrary and that the mass matrix is given by Mij = fijv. After

diagonalization, the terms of the quark mass eigenstates become

[mdd̄LdR(
√
2H/v) +mss̄LsR(

√
2H/v)+

msb̄LbR(
√
2H/v) + hij d̄iLdjRφ] +H.c. , (1.1)

where a natural coupling (hij) to the new scalar φ field component appears, which does not

contribute to symmetry breaking or to the quark or lepton masses. Notice the new H field

is the Higgs field of the SM.

3



Moreover, by assuming mixing between the H field and φ field are small, it is found

that the H field is identical to the SM-Higgs field and the complex field φ is composed of a

scalar φS and a pseudoscalar φP , such that the scalar couples as

hij√
2
d̄idjφS

and the pseudoscalar couples as

hij√
2
d̄iγ5djφP

with similar terms for the leptons. It is assumed that the hij is Hermitian, for simplicity.

Furthermore, this leads to tree-level FCNCs through the exchange of these extra

scalars, with rates in general proportional to h2ijh
2
kl/m

4
φ. Our work is dedicated to searches

involving three-body B → hτℓ decays. Three-body B decays are determined to occur only

through the exchange of the scalar field (φS). Therefore, discussion of the pseudoscalar field

(which occurs mostly in two-body processes) will try to be avoided.

Sher and Yuan continue to argue that the value of the coupling constants, hquarkij

for the down -type sector and hleptonij for the lepton sector should be arbitrary. Extensions

of the SM, with multiple Higgs doublets, remove tree-level FCNCs by assuming coupling

constants are of the order of the gauge coupling (g). By doing this, the mass scale of FCNCs

are unnaturally large citing bounds using the form mShij/g. The argument that Yukawa

couplings are comparable to the gauge coupling is used by many theorists, but is strongly

criticized by Cheng and Sher [9]. They instead argue that the fermion mass structure has an

hierarchical structure and show if no fine-tuning is assumed by requiring only one doublet

per generation, the Yukawa couplings are of the form

hquarkij =
√

(gy)i(gy)j , (1.2)
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where (gy)d = md

√
2/v, (gy)s = ms

√
2/v, and (gy)b = mb

√
2/v are the coefficients of

the transformed Yukawa terms: d̄LdRH, s̄LsRH, and b̄LbRH in equation 1.1, respectively.

Similarly, these terms arise for leptons as well. The coupling hij of the additional scalar to

b and s quarks is then not of order unity, but instead is of order of the geometric mean of

the Yukawa couplings, (gy)b and (gy)s, which retains the Kobayashi-Maskawa (KM) angles

without fine-tuning.

In addition, dimensionless couplings for quarks and leptons can be defined as

ηquarkij ≡
hquarkij

(gy)b
, ηleptonij ≡

hleptonij

(gy)τ
. (1.3)

Experimental bounds calculated from earlier theories assume ηij = 1, which result in

the flavor-changing Higgs mass of ≈ 150 TeV [9]. By substituting equation 1.2 into

equation 1.3, the “most natural value” for the couplings are ηquarkij =
√
mimj/mb and

ηleptonij =
√
mimj/mτ , which results in a more reasonable flavor-changing Higgs mass of

≈ 1 TeV . At the GUT scale, we expect ηquarkij = ηleptonij . Therefore, a B-meson decaying

to Kτµ, Kτe, πτµ, and πτe should result in branching fractions sensitive to η4bs, η
2
bsη

2
bd,

η2bdη
2
bs, and η

4
bd, respectively, assuming these “natural” couplings and GUT scale energies,

and may be within reach at the B-factories.

Quark-level FCNC transitions to LFV processes include, b → sτℓ and b → dτℓ,

where the primary lepton, ℓ = e or µ, comes directly from our signal B decay. Possible

Feynman diagrams for b → sτℓ and b → dτℓ transitions are shown in Figure 1.1(a) for a

tree-level diagram and Figures 1.1(b) and 1.1(c) which involve higher order diagrams and

result in branching fractions which might as well be forbidden in the SM, but are technically

allowed, on the order of BF ∝
(

mν

mW

)2
. The first experimental search for decay modes of this
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type was done for the B+ → K+τµ decay, with an upper limit on the branching fraction of

7.7× 10−5 at the 90% confidence level using the Feldman-Cousins method from the BABAR

runs 1-4 dataset (347.3fb−1 at the Υ (4S) resonance) [18]. The best experimental constraint

of decays of this type involve the Bs → µ+µ− search, where the CDF collaboration has set

an upper limit on the branching fraction of < 5.8× 10−8 at the 95% confidence level [20].

Using again Sher & Yuan notation, we can write branching fractions proportional

to their “most natural” values. Therefore, BF (Bs → µ+µ−) ∝ η2bsη
2
µµ and BF (B+ →

K+τµ) ∝ η2bsη
2
τµ. The ratio between branching fractions and the experimental limit on

the Bs → µ+µ− decay gives us an idea of the sensitivity needed to be competitive for NP

searches at the GUT scale. Table 1.1 provides a summary of the branching fractions for each

signal decay mode search in terms of ηij and sensitivities necessary to be competitive with

the Bs → µ+µ− upper limit. The best chance at improving the constraint on NP, using the

BABAR dataset may come from the B+ → K+τµ search. The full BABAR dataset should

improve the current upper limit of BF (B+ → K+τµ) < 7.7× 10−5 and put constraints on

similar decays that have never been attempted before. There are also possible enhancements

that could come from unknown parameters, buried in these GUT scale couplings that could

be interesting, but we do not discuss them here.

Sher & Yuan also provide an estimate for determining the bound on the mass of

the scalar exchange particle from upper limits on the signal branching fraction. We provide

a summary of these bounds if we assume hypothetical upper limits from the expected BABAR

sensitivity, in Table 1.2. It seems that the best decay process to study for determining these

bounds are from the B+ → K+τℓ; ℓ = e, µ modes.
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Branching fraction Ratio of NP sensitivity to be
proportional to BF (signal):BF (Bs → µ+µ−) competitive with

dimensionless parameter where ηquarkij = ηleptonij at GUT scale BF (Bs → µ+µ−)

BF (B+ → K+τµ) ∝ η2bsη
2
τµ η2τµ/η

2
µµ = mτ/mµ ≈ 17 < 1.0× 10−6

BF (B+ → K+τe) ∝ η2bsη
2
τe η2τe/η

2
µµ = (mτme)/m

2
µ ≈ 1/12.6 < 4.6× 10−9

BF (B+ → π+τµ) ∝ η2bdη
2
τµ η2τe/η

2
µµ = (mτme)/m

2
µ ≈ 1/12.6 < 4.6× 10−9

BF (B+ → π+τe) ∝ η2bdη
2
τe η4τe/(η

2
τµη

2
µµ) = (mτm

2
e)/m

3
µ ≈ 3.7× 10−4 < 2.1× 10−11

BF (Bs → µ+µ−) ∝ η2bsη
2
µµ 1 < 5.8× 10−8

Table 1.1: Summary of sensitivities needed to improve NP constraints. Best experimental constraint on NP parameters of this
type set by CDF collaboration with Bs → µ+µ− result. To be competitive, we need to set upper limits on the order of the last
column, derived using the relationship between Yukawa couplings and dimensionless parameters discussed in text.
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Figure 1.1: Possible Feynman diagrams.

From the work of Black et al. on τ − µ flavor violation [17], we can estimate the

energy scale for flavor-changing operators. They determined that the branching fraction on

B decays involving hτµ; h = K,π is proportional to Λ−4, where Λ is the energy scale for NP.

They predicted NP energy scales in flavor-changing operators of > 2.6 TeV and > 2.2 TeV,
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Decay process Expected upper limit Bound ×(mS/mW )4

B+ → K+τµ (7.7× 10−5) 1 η4µτ < 7.7

B+ → π+τµ 7.7× 10−5 η2eτη
2
µτ < 770

B+ → K+τe 7.7× 10−5 η2µτη
2
eτ < 7.7

B+ → π+τe 7.7× 10−5 η4eτ < 770

Table 1.2: Bounds on flavor-changing couplings from three-body B decays estimated using
the Sher & Yuan calculation [16], with expected BABAR sensitivity, in column 2. Estimated
bounds can provide method for determining mass of the scalar exchange particle, mS , in
Figure 1.1(a).

assuming a branching fraction of 5%, for the B → Kτµ and B → πτµ decays, respectively.

The NP energy scale in flavor-changing operators has been pushed to > 13 TeV, from

the initial BABAR B → Kτµ search which yielded an upper limit branching fraction of

< 7.7 × 10−5 at the 90% C.L. Assuming the same sensitivity for the B → πτµ search, we

can push the NP energy scale to > 11 TeV. With the full BABAR dataset, we expect a

sensitivity on the B → Kτµ branching fraction of 1.3 × 10−5, which would push the NP

energy scale to > 20 TeV. Black et al. does not provide an estimate for determining the

NP energy scale from B → hτe; h = K,π operators, couplings between the third and first

generations.

The Type III two-Higgs-doublet-model using the Cheng and Sher ansatz [9] can

be excluded: in the leptonic sector, perhaps in the next three years from failure to observe

the signal µ → eγ at the MEG experiment (unless cancellation between the scalar and

pseudoscalar occurs); in the quark sector, a pseudoscalar mass in the range 100−200 GeV/c2

is problematic in B0 − B̄0 and B0
s − B̄0

s mixing, and an observation of the signal Bs → µµ

would be expected; or also in the quark sector, a branching ratio of < 10−3 for a t → ch

signature, if h is light [21]. Any of the three scenarios above, would rule out the Type III two-
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Higgs-doublet-model. For other tree-level flavor-changing neutral-current models and their

predictions, see the discussion on BGL, MFV, and Two-Higgs Leptonic Minimal Flavour

Violation also summarized from Branco, Ferreira, Lavoura, Rebelo, Sher, and Silva [21].
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Chapter 2

PEP-II and the BABAR Detector

2.1 Introduction

The primary goal of the BABAR experiment is to study CP-violation in neutral

B meson decays. In order to achieve this goal, copious amounts of B mesons must be

created (of order 100 million events) in a relatively clean event reconstruction environment.

This led to the design of a high luminosity asymmetric B Factory, colliding electrons and

positrons head on just above the Υ (4S) center of mass resonance, 10.58 GeV. The electrons

and positrons are accelerated to 9.0 GeV and 3.1 GeV, respectively, which provide a Lorentz

boost to the Υ (4S) resonance of βγ = 0.56. The Υ (4S) is boosted in the forward direction

and decays to BB̄ pairs > 96% of the time; B+B− 51.6% of the time and B0B̄0 48.4% of

the time [11]. This boost provides the necessary vertex separation, that can be measured

using silicon vertex detector technology, between neutral B mesons for time-dependent CP

asymmetry measurements.
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Figure 2.1: Aerial view of SLAC-NAL annotated with accelerator and detector facilities
(top) [22]. Schematic of asymmetric B-Factory and placement of BABAR detector with
HER electron and LER positron directions indicated (bottom) [23].
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Other types of studies are performed using the high event yield (precision mea-

surements) from the B Factory. A better name may be the Flavor Factory. The average

production cross sections of other processes at the Υ (4S) resonance are provided in Ta-

ble 2.1. Precision measurements of decays involving bottom and charm mesons, τ leptons,

Cross-section (nb)

e+e− → bb̄ 1.05
e+e− → cc̄ 1.30
e+e− → ss̄ 0.35
e+e− → uū 1.39
e+e− → dd̄ 0.35

e+e− → τ+τ− 0.94
e+e− → µ+µ− 1.16
e+e− → e+e− ≈ 40

Table 2.1: Production cross sections at 10.58 GeV within the BABAR fiducial region [24].

and searches of rare decays are studied. In our analysis, we focus on reconstruction of Υ (4S)

decays to charged B mesons. In the following, we overview features of the Positron-Electron

Project (PEP II) storage ring and the BABAR detector. For the entire BABAR detector, we

briefly discuss each subsystem and highlight particle identification performance in the event

reconstruction.

2.2 PEP II Asymmetric Collider

SLAC, formerly known as the Stanford Linear Accelerator Center located in Menlo

Park, CA, has been renamed the SLAC National Accelerator Laboratory, one of only three

DOE national accelerator laboratories 1. An aerial photograph of the facility annotated

1Fermi National Accelerator Laboratory and Thomas Jefferson National Accelerator Laboratory are the
others.
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with accelerator and detector facilities can be seen in Figure 2.1. The two-mile long linear

accelerator (Linac), crossing what eventually became the 280 Interstate Freeway running

nearly perpendicular to the Santa Cruz Mountains, injects the PEP-II storage rings; high

energy ring (HER) with electrons and low energy ring (LER) with positrons.

In Figure 2.2, a schematic overview of the linac and PEP-II is provided. The

e-gun and damping rings provide the source of electron bunches which are accelerated in

the linac. Half of the electron bunches are accelerated and feed into a tungsten target,

resulting in electron-positron production. These positrons are collected into the second

damping ring before being accelerated from the linac. The electron and positron bunches

are then injected into the HER and LER, respectively. Table 2.2 provides a summary

Figure 2.2: Schematic of the linac and PEP-II [25].

of PEP-II beam parameters for typical operations during the first year, design, and best

performances. Beams circulate in opposite direction and collide at the interaction point,

where the BABAR detector sits, housed in the interaction region (IR-2) facility, just to the

right of the Collider Experimental Hall in Figure 2.1 (top). Figure 2.1(bottom) provides
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Parameters 1st Year Design Best

Energy HER/LER ( GeV) 9.0/3.1 9.0/3.1 9.0/3.1
Current HER/LER (A) 0.7/1.3 0.75/2.15 2.07/3.21
Number of bunches 553-829 1658 1732
Bunch spacing (ns) 6.3-10.5 4.2 4.2

σLx (µm) 120 110 -
σLy (µm) 5.6 3.3 -
σLz (mm) 9 9 -

Luminosity (1033 cm−2s−1) 2.5 3 12
Luminosity (pb−1/day) 120 135 911

Table 2.2: PEP-II beam parameters for typical first year operations [26], design, and best
performances [27]. σL is defined as the luminous region RMS size of the bunches.

a cartoon schematic of the asymmetric B Factory, PEP-II rings, HER and LER, BABAR

detector orientation, and the forward boost of the Υ (4S) resonance.

BABAR collected data from 2000-2008, completing a total of seven runs (runs 1-6

at the Υ (4S) resonance, with run 7 split at the Υ (2S) and Υ (3S) resonances). The highest

instantaneous luminosity reached by the PEP-II collider is 1.2× 1034 cm−2s−1, well above

the design luminosity. PEP-II has delivered 557 fb−1, while BABAR has recorded 531.43

fb−1. This analysis is concerned with data at the Υ (4S) resonance, where BABAR has

recorded 432.89 fb−1. The off-peak integrated luminosity recorded at BABAR is 53.85 fb−1.

PEP-II officially turned off on April 7, 2008. Figure 2.3 has a complete breakdown of the

integrated luminosity year-by-year. In the following sections, we give a brief overview of

each BABAR sub-detector.

2.3 BABAR Detector Overview

The boosted Υ (4S) resonance provided by PEP-II requires an asymmetric detector

design to optimize the detector acceptance, particularly for spatial resolution requirements
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Figure 2.3: Integrated luminosity runs 1-7 [28].

to untangle B0 − B̄0 mixing. The BABAR detector has been designed to [24]:

• maximize the acceptance in the center-of-mass system.

• accommodate machine components near the region of the interaction point, where

special beam optics are necessary for the high luminosity event rates.
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Figure 2.4: 3D schematic of the BABAR detector with subsystems labeled [29].

• provide excellent vertex resolution, especially in the z-axis, to help discriminate bot-

tom, charm, and light quark vertices.

• identify tracks from charged particles within the transverse momenta range of≈[0.060,4.00] GeV.

• discriminate stable particles (e, µ, π, K, and p) over a wide range of kinematics,

especially for π −K resolution at momenta between (2-4) GeV.

• distinguish γs from π0s within the energy range [0.02, 5] GeV.

• possibly provide neutral hadron (K0
L) identification.
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Figure 2.5: Cartoon of particle flow via each sub-detector.

Figure 2.5 provides a cartoon summary of the particle flow of each sub-detector.

The tracking system is composed of the Silicon Vertex Detector (SVT) and the Drift Cham-

ber (DCH), both operating within the 1.5 Tesla superconducting solenoid which curves the

trajectories of charged particles. The SVT provides the precision vertexing on charged

tracks and the only subsystem capable of tracking low-energy particles. The DCH provides

momentum measurements of charged particles and particle identification through ionization

energy loss per unit length measurements. It has been designed to minimize multiple scat-

tering effects. The Cherenkov detector, or DIRC, is designed to provide additional charged

hadron particle identification for tracks passing the DCH. The Cesium Iodide Electromag-

netic Calorimeter, or EMC, measures energy deposits from neutral and charged particles

18



and is designed to account for the Lorentz boost with barrel and forward endcap compo-

nents. Also the EMC provides photon, electron, and neutral hadron identification. The

Instrumented Flux Return, or IFR, provides muon identification down to approximately

600 MeV and possibly neutral hadron (K0
L) identification.

A detailed schematic of the longitudinal and transverse profile of the BABAR de-

tector is provided in Figure 2.6. A detailed discussion of the BABAR detector is found

in [26, 27].
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(bottom) views [26].
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2.4 Silicon Vertex Tracker

Figure 2.7: Photo of Silicon Vertex Tracker in quality control and prior to installation [30].

The subsystem closest to the beam pipe is the silicon vertex tracker (SVT), a

five layer double-sided silicon strip detector, designed to measure angles and position of

charged particles from the interaction point. The three inner layers provide position and

angle information for measuring the vertex position, while the outer fourth and fifth layers

provide coordinate and angle information to link the SVT tracks with the drift chamber

subsystem tracks. Figure 2.8 provides longitudinal and transverse views of SVT cross-

sections.

Because of the vicinity closest to the beam pipe, the SVT is mechanically designed
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Figure 2.8: Silicon Vertex Tracker schematics: longitudinal (r-z) and transverse (x-y) cross-
sections [26].

to minimize multiple scattering in the extrapolation of the vertex. Therefore, this requires

reducing the inactive material in the acceptance volume by placing the readout electronics at

the ends of the silicon strip detector modules, see Figure 2.7. Another design requirement,

because of high radiation doses from high luminosities, is for the system to withstand a

lifetime radiation dose of 2 Mrad over ten years. The SVT must be reliable, because it is

not accessible during routine shutdowns.

We can determine the momentum of the charged track, p = qrB, by measuring

the bend radius, r, knowing the magnetic field strength, B, and determining charge, q, by

the direction of curvature. For low momentum tracks, the SVT is the only subsystem that

provides information, especially in the case of D∗ → Dπ decays which provides momentum

resolution for the slow pion. It has a z-axis vertexing resolution of 80µm and has the sole

reconstruction information for charged particles with transverse momentum below 120 MeV

(not reaching the DCH). For our analysis the SVT helps with track reconstruction in our

control sample, in D∗ → Dπ decays with slow charged pions and in our hadronic tagged B

reconstructions.
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2.5 Drift Chamber

Figure 2.9: Drift Chamber photo with sense wires connected, prior to installation [32].

The drift chamber (DCH) is the second part of the BABAR tracking system. The 40

cylindrical layer subsystem principally measures momentum of charged particles, ensuring

high reconstruction efficiency for charged tracks with transverse momentum approximately

above 120 MeV. It provides a charged particle trigger and measures ionization loss, dE/dx,

for particle identification. The energy deposited per unit length curves versus momentum

in Figure 2.11 allows us to identify charged particles much better than the SVT alone. The

DCH also provides vertexing from long-lived hadrons, such as the KS → π+π− decays, well

within the acceptance region. The DCH sub-detector is crucial for this analysis.

The DCH provides 140 µm of spatial resolution, averaged over the hexagonal cells
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Figure 2.10: Schematic of cross-sectional view of the DCH with angular resolutions in
degrees and spatial dimensions in mm (bottom) [33].

in the azimuthal-radial plane. The acceptance region of the DCH is shown in the left of

Figure 2.10, consistent with the SVT acceptance in the azimuth. In order to minimize

multiple scattering, the nominal gas mixture while recording data is (He:Isobutane 80:20)

setting the high voltage of the sense wires to roughly 1960 Volts, allowing the DCH to

operate in avalanche mode. As high energy particles propagate through the gas mixture

electrons are liberated and accelerated to the sense wire by high voltage, forming a build-up

or avalanche of electric charge. The dissipation of this electric charge lasts for approximately

10-500 ns, providing timing information to the front-end electronics for readout. There are

7104 cells, with typical cell dimensions of 1.2×1.8 cm2. The mechanical structure of the DCH

is constructed with light materials (inner cylinder: 1 mm thick beryllium 0.28% radiation

lengths, outer cylinder: 2 layers of carbon fiber on Nomex core 1.5% radiation lengths,

and forward endcap: 12 mm thick aluminum in the acceptance region to account for the
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forward boost) with read-out electronics mounted near the rear and forward endplates of the

subsystem, to minimize multiple scattering at the interface between adjacent sub-detectors.

The magnetic field within the DCH is 1.5 Tesla.
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Figure 2.11: Energy loss per unit length (dE/dx) versus Momentum for particle identifica-
tion in the DCH [26].

The drift chamber electronics is designed to not degrade performance of the cham-

ber by more than 10%. The electronics provides hit information from all 7104 channels

to the Level 1 Trigger at a sample rate of 3.75 MHz. The system should maintain good

performance even in cases of large background conditions during collisions. The signal-cell

efficiency in the trigger signal should be greater than 95%.
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Figure 2.12: Schematic of DIRC crystal, with path of internally reflected light reaching
phototubes housed in stand-off box (left) [26] and actual picture of quartz crystal (right) [32].

2.6 Detector of Internally Reflected Cherenkov Light

The BABAR Cherenkov detector, or DIRC, is designed to separate pions and kaons

with momenta from approximately 0.5 − 4.5 GeV, particularly in the range [2.0-4.0] GeV

where charged hadrons have similar dE/dx. It is the next subsystem after the DCH, going

radially out from the interaction point. A 3D DIRC support structure diagram (left) and

schematic layout (right) is provided in Figure 2.12.

The angle between the track trajectory and cone of Cherenkov radiation is the

Cherenkov angle (θc). The measurement of the Cherenkov angle, in conjunction with know-

ing the track angle and momentum from the DCH, allows us to determine the particle mass.

This provides better particle identification rather than only relying on dE/dx from the DCH

and SVT. The Cherenkov angle can be determined from, cos(θc) =
1
nβ

, where n = 1.473 is

the index of refraction of the material (quartz) through which the Cherenkov light propa-

gates and β = v
c
, where v is the velocity of the track propagating across the material and
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c is the speed of light in vacuum. Figure 2.13 provides a detailed schematic of the quartz

bar and the stand-off box that house the phototube detectors.
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Figure 2.13: 3D diagram of DIRC support structure (left) and longitudinal cross section
schematic (right) [26].

The DIRC is composed of 144 quartz bars arranged in a 12-sided polygon around

the beam line. The quartz bar dimensions are 1.7 cm thick, 3.5 cm wide, and 490 cm long.

As a charged particle passes through the quartz bar, Cherenkov light is totally internally

reflected and guided to a region in the backward endcap of the BABAR detector where

approximately 11,000 conventional 2.5 cm diameter phototubes detect the angle of the light

(in the stand-off box). From the position of this phototube, θc is determined.

The DIRC coverage is 87% in the polar angle from the center-of-mass frame and

93% in the azimuthal (due to gaps between quartz bars). In a 1.5 T magnetic field with an

internal radius of 80 µm, only particles with transverse momentum greater than ≈250 MeV

from the interaction point can reach the DIRC quartz bars. The probability for a real kaon

in the DIRC acceptance to pass kaon hypothesis is of order 95% or larger for all momenta
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greater than ≈460 MeV. The fraction of pions misidentified as kaons is less than 3% for

tracks with momenta measured up to ≈3 GeV. Figure 2.14 shows the separation power of

Cherenkov angle versus lab frame momentum of charged particles.

Kaon and pion PID resolution is very important for precision measurements and

without the DIRC, the quality of this analysis and many others would not be possible.

Notice that the pion vs. muon identification is not very good. The probability of correctly

assigning a muon within the DIRC acceptance is > 80% for track momenta less than

≈750 MeV and 95% for track momenta at 500 MeV. Muon reconstruction with larger

momenta require the IFR (see section 2.8).
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Figure 2.15: Photograph of EMC barrel prior to installation (left) with detailed schematic
of support structure components (right) [34].

2.7 Electromagnetic Calorimeter

The electromagnetic calorimeter (EMC) is designed to measure QED processes in

the range 20 MeV to 4 GeV, with excellent shower, energy, and angular resolution efficiency.

Another function is to detect neutral hadrons such as π0s and ηs, along with other radiative

processes. Track hits from charged particles also deposit energy into the EMC. We use the

EMC to identify electrons directly coming from a charged B meson, or from a secondary

hadronic τ decays involving π0s. Neutral particle detection in our tagged side reconstruction

is also important. Signal searches, where the secondary τ decays leptonically, should result

in zero residual energy in the calorimeter after fully reconstructing the event.

Below, we highlight some key points of the EMC subsystem. For details, please

see the NIM paper on the BABAR detector [26]. Design considerations for the EMC require

reliable operation for a lifetime of ten years, exposed to high temperatures and compatible

with a 1.5 T magnetic field. Temperature and radiation exposure must be continually

monitored during operations, with calibrations of electronics and energy response over the
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Figure 2.16: EMC geometry schematic (in mm) of CsI(Tl) crystal arrangement (γ and π0

illustration superimposed) [26].

full dynamic range regularly performed. The EMC is designed with 6580 thallium-doped

cesium iodide crystals CsI(Tl) in the barrel and forward endcap, finely segmented to provide

a hermetic, total-absorption calorimeter. Silicon photodiodes read-out the energy deposited

into the crystals, matched to the spectrum of scintillation light.

The energy resolution of a homogeneous crystal calorimeter is determined from

the sum of two terms added in quadrature:

σE
E

=
a

4
√

E(GeV )
⊕ b, (2.1)

where E and σE is the energy of a photon and its RMS error, measured in GeV. The angular

resolution is determined by the transverse crystal size and the distance from the interaction
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Figure 2.17: Detailed schematic of wrapped CsI(Tl) crystal (left) [26] with a photograph of
an unwrapped crystal illuminated by a light bulb (right) [34].

point, parameterized as a sum of an energy dependent term and a constant:

σθ = σφ =
c

√

E(GeV )
+ d, (2.2)

where E is again the energy measured, in GeV. The energy dependent term a is accounts

for fluctuations in photon statistics, but is also impacted by electronic and beam-generated

background noise. The constant term b is dominant at energies > 1 GeV and results

from non-uniformity in light collection, leakage or absorption from non-crystalline material

and uncertainty in calibrations. Other uncertainties come from operating conditions, such

as variations in temperature, electronic gain noise, and radiation damage. The energy

resolution parameters a and b, for ideal conditions are close to 1-2%. The angular resolution

of a few mrad corresponds to resolution parameters c ≈ 3 mrad and d ≈ 1 mrad. Ideal

conditions are apparently hardly ever met [26].

CsI(Tl) has an intrinsic efficiency for detecting photons of near 100%, losing only
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a few MeV in energy. Detailed characteristics of CsI(Tl) crystals are provided in Table 2.3.

A schematic of a wrapped CsI(Tl) crystal with a photograph of an unwrapped crystal

illuminated by a lightbulb in shown in Figure 2.17.

Properties CsI(Tl)

Radiation length (cm) 1.85
Molière Radius (cm) 3.6

Absorption Length for 5 GeV pions (cm) 41.7
Density (g/cm3) 4.53

dE/dx|mip (MeV/cm) 5.6
Light Yield (Photons/ MeV×103) 40-50

Light Yield Temperature Coef. (%/degC) 0.1
Peak Emission (nm) 565

Refractive Index at Emission Maximum 1.79
Decay Time (ns) 940

Hygroscopic slight
Radiation Hardness (rad) 103 − 104

Table 2.3: Properties of Thallium-doped Cesium Iodide [24].

A schematic of the EMC layout and assembly is provided in Figures 2.15 and 2.16.

The EMC has full coverage in the azimuthal and has a range of [15.8◦, 141.8◦] resulting in

a coverage of solid-angle of 90% in the center-of-mass frame. Reconstruction distributions

of the γγ invariant mass is provided in Figure 2.18.
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2.8 Instrumented Flux Return

The instrumented flux return (IFR) is the last subsystem from the interaction point

and is designed to identify muons and neutral hadrons (in tandem with the calorimeter),

such as K0
L and neutrons over a wide range of momenta and angles. Muon detection is

equally as important as electron detection in this analysis, in which the IFR detects muons

to below 1 GeV. Our analysis requires the detection of muons in our control sample and

in our signal mode reconstructions. The IFR is a large iron structure that secures the

superconducting solenoid and was initially instrumented with Resistive Plate Chambers

(RPCs) in the central part (barrel) and two plugs (endcaps), but eventually replaced with

Limited Streamer Tubes (LSTs) in the barrel. The solid angle coverage of the IFR excludes

300 mrad in the forward direction and 400 mrad in the backward direction.

The IFR was initially segmented with 18 plates of iron, a total thickness of 65 cm

in the barrel and 60 cm in the endcaps, surrounding the solenoidal coil and all other sub-

detectors covering a total active area of approximately 2000 m2. There are six barrel sectors

(sextants) housing roughly 342 RPC/LST modules and four half end doors housing 432 RPC

modules. The iron in the barrel and endcaps act as a flux return of the 1.5 T inner magnetic

field. Between the gaps of the iron house RPCs operating in streamer mode. Eventually,

the iron in the barrel was replaced with brass and instrumented with LSTs, due to the

performance degradation of the RPCs. A novel feature of the BABAR IFR is that it has

a graded segmentation of absorber (with the outer layer thickest) for better performance;

muon identification at low momentum and K0
L detection. Below, we will discuss some of

the specifications of the RPCs and LSTs.
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2.8.1 Resistive-Plate Chambers

Figure 2.19: Photograph of IFR forward endcap (left) with schematic of the forward and
backward endcap modules (right).

In the last days of running, only the forward and backward endcaps of the mag-

netic flux return were instrumented with resistive plate chambers (RPCs). RPCs detect

streamers from ionizing particles in an active volume filled with a gas mixture of Argon,

Freon 134A (C2H2F4), and Isobutane with approximate ratios 57:39:5, respectively via ca-

pacitive couplings held at roughly 8000 V. Figure 2.19 (right) is a schematic of the forward

and backward endcap structure. Figure 2.20 provides a schematic of the RPC module cross

section. The cross section shows two bakelite (phenolic polymer) sheets, 2 mm-thick and

separated by a gap of 2 mm filled with the gas mixture.

The RPC design is intended to create a uniform electric field permeating the gas

mixture volume. As an ionizing particle traverses this medium, the liberated electrons create
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Figure 2.20: Typical RPC module cross section [26].

an avalanche of charge from nearby gas growing into a streamer, or electrical discharge. The

potential change from the streamer is readout via the X-Y (horizontal and vertical) strips

through a 2000 Ω resistor connected as an input to Front End readout Cards (FECs). The

benefits of the this system is simple, low cost construction, the possibility of odd shape

coverage with minimal dead space, large signals with fast response typically 1-2 ns. Each

FEC can readout 16 channels each. From each FEC, the signals are sent to the Front End

Electronics for further processing.

Relatively early within the start of the experiment, it was apparent that the IFR

muon detection system was deteriorating rapidly, typically from 90% response to as low

as 10% in some modules. Apparently, due to poor curing of the linseed oil intended to

provide a smooth surface to create a uniform electric field within the gas mixture volume

of the RPCs. The operating temperatures for BABAR in the IFR region resulted in defects
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Figure 2.21: Photographs of linseed oil coating defects for high temperatures; cause of RPC
degradation.

of the linseed oil coating creating increased dark current rates (electric discharges from

non-smooth surfaces), see Figure 2.21. This eventually led to the decision to upgrade the

barrel with limited streamer tube technology. The forward and backward endcaps remained

as RPCs; the forward endcaps were retrofitted with new RPCs in 2002 with some modules

operating in avalanche mode and backward endcaps left alone due to low response rates

from the boost.

For service work at BABAR , I assisted Henry Band with converting the RPC

front-end electronics cards (FEC) to readout avalanche mode operations. Streamer oper-

ation for the RPCs ran at a approximately 8000 V, while avalanche mode operations ran

at approximately 9200 V. In the electronics readout, the FEC capacitance was increased

to accommodate the larger avalanche signals from the gas response. My duties, required

the change-out of hundreds of FECs for proper electronics readout. Other duties involved

quality control of the FEC prior to installation and monitoring of occupancies after instal-

lation.
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2.8.2 Limited Streamer Tubes

Figure 2.22: Photograph of Limited Streamer Tubes after installation in the IFR barrel
(left) and schematic of full IFR barrel structure (right).

At the end of data collection, the barrel of the the IFR was fully instrumented with

limited streamer tubes (LSTs). The upgrade was necessary due to degradation in efficiency

of the original RPCs over time [36]. The replacement was done in two stages; in 2004, the

top and bottom sextants (see left Figure 2.22); and in 2006, the rest of the barrel.

In the summer of 2006, I participated in the LST muon detector upgrade, therefore

below is a brief summary of my duties. My first hands-on experience with high energy

particle detectors involved participation in the z-plane fabrication, simply helping with

laminating the Mylar foil. The next job involved labor intensive work, preparing the high

voltage (HV) cables for transport from the Collider Hall (CEH) to the interaction region

(IR II) where the BABAR detector was located. More labor intensive work involved help

with coordinating the HV installation and connection to the LST modules, which involved

running cables all throughout the BABAR structure. Other miscellaneous duties involved
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help with fabrication and installation of gas tubes for the digital bubblers. For details of

the LST module construction, please see Menges et al. [36].

After installation, the LST modules are no longer accessible, therefore strict quality

control systems in all phases of the IFR upgrade were established. Components of the LST

modules were fabricated in Italy, assembled at Princeton University and the Ohio State

University, then installed at SLAC. For each phase of the trip, quality control tests were

performed. Modules that failed were due to problems associated with flakes from graphite

paint in the cells or impurities in the sense wire and were removed if it could not be repaired.

HV conditioning tests were performed to insure currents did not exceed 500 nA for voltages

between 4900-5900 V. HV channels were tested using single rates, our what were known as

plateau curves; performing cosmic ray studies with HV intervals of 100 V, from 4900-5900

V, using 100 second intervals for each step, see Figure 2.23. Good modules were determined

to have long and flat plateau response characteristics.

Figure 2.23: LST plateau curves for high voltage optimization [37].
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The RPCs and iron were replaced with 12 layers of LSTs and 6 layers of brass.

The brass compensated for any lose of absorption material after upgrade requirements

where iron was removed. The LSTs consist of a PVC comb of eight cells with dimensions,

15 mm×17 mm, approximately 3.5 m long, encased in a PVC sleeve, with a 100 µm gold-

plated beryllium-copper wire running down the center of each cell. Each cell of the comb

is grounded, covered with graphite and the sense wire is generally held at 5500 V. The

LST gas mixture consists of argon, isobutane, and carbon dioxide with a ratio of roughly

3:8:89, respectively [36] and operates in streamer mode. The signal is readout directly from

the wires through AC-coupled electronics and from z−strips running perpendicular to the

tubes, capacitively coupled to the wires.

A comparison of the RPC versus LST performance using the pion rejection rate

and muon efficiency for two ranges of the muon momentum is given in Figure 2.24. This

analysis uses a neural network based muon selection algorithm [36] As a charged particle

Figure 2.24: Comparison of IFR performance after LST upgrade [37].
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moves through a gas-filled cell, a single wire set at 5500 V senses a streamer build up from

the ionized gas. The readout from the wire allows for the φ direction measurement, while

simultaneously a z-plane signal is induced, orthogonally situated. The φ and z coordinates

coupled with the corresponding layer provide the 3D location hit in the track reconstruction.

An image of the first muon track reconstructed, from cosmic ray data is shown in Figure 2.25.

Figure 2.25: First muons of the new all limited streamer tube barrel.

2.9 Trigger and Data Acquisition

2.9.1 Trigger Level 1 and Level 3

The basic function of the trigger system is to select events of interest rejecting

background, keeping the total event rate under 120 Hz for storage purposes, and contribut-
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ing no more than 1% dead-time. There are two levels to the BABAR trigger: primarily from

hardware Level 1 (L1) and software after event assembly Level 3 (L3). The L1 trigger is de-

signed to achieve very high efficiency, with digitized signals coming directly from Front End

Electronics (FEE) of the DCH, EMC, and IFR. The DCH is triggered if there are at least

two tracks in an event: one long track with transverse momentum greater than 180 MeV

and one short track with pt > 120 MeV. The EMC is triggered if two clusters are both

reconstructed with energy deposits above the the threshold efficient for muons. The two

subsystem triggers allow for good independent cross-calibration of the trigger efficiency. The

IFR trigger is designed to trigger on µ+µ− and cosmic rays, mostly for diagnostic purposes.

A Global Level 1 Trigger (GLT) processes a summary of trigger objects on the

position and energy of particles every 134 ns, φ-maps for the DCH and EMC triggers

and hit topologies for the IFR trigger. This summary is passed to the Fast Control and

Timing System (FCTS) for the final trigger decision. The total rate for this open trigger

was simulated to be about 16 KHz at ×10 nominal beam backgrounds, much greater than

specification requirements of 2 KHz, with a fixed latency window of 11-12µs after an e+e−

collision. The trigger rate can be reduced by requiring various other conditions which

provides for a very robust triggering system. Cross sections, production rates, and trigger

rates are provided in Table 2.4 [26].

The L3 trigger which runs on a unix based farm of commercial processors receives

the output from the L1 trigger and reduces the event rate down to approximately 100 Hz

with a flexible combination of tools to reduce backgrounds while keeping physics events. L3

identifies and flags the special events necessary for luminosity determination, diagnostics,

42



Event Cross Production Level 1
type section Rate Trigger

e+e− → (nb) (Hz) Rate (Hz)

bb̄ 1.1 3.2 3.2
other qq̄ 3.4 10.2 10.1
e+e− ≈53 2 159 156
µ+µ− 1.2 3.5 3.1
τ+τ− 0.9 2.8 2.4

Table 2.4: Cross sections, production and trigger rates for principle processes at 10.58 GeV
with instantaneoud luminosity 3× 1033cm−2s−1.

and calibration purposes by refining and augmenting the L1 conditions. The L3 algorithms

can require better DCH tracking (vertexing resolution) and EMC clustering filters. The

L3 output information is lastly stored on tapes in collections which are retrieved later for

high-level analysis by groups or users.

2.9.2 Data Acquisition

Data acquisition systems are responsible for transport of event data from the

Front End Electronics to mass storage with minimum dead-time. For a layout of the data

acquisition system, see Figure 2.26. For a detailed discussion of the BABAR data acquisition

system, see [26, 27].
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Figure 2.26: Layout of BABAR data acquisition system [26, 27].
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Chapter 3

Analysis of B+ → h+τℓ; h = K, π;

ℓ = e, µ

3.1 Overview

Assuming the existence of tree-level FCNCs and lepton flavor violation, the three-

body B+ → K+τµ(e) search will help constrain parameters between third and second

(third and second/first) generations by either a measurement or setting an upper limit

on the branching fraction, which is proportional to η4bs (η2bsη
2
bd) assuming Sher & Yuan

notation [16]. For the three-body B+ → π+τµ(e) search, the third and first/second (third

and first) generation couplings are constrained in the branching fraction, proportional to

η2bsη
2
bd (η4bd). Searches for decays B+ → K+τe, B+ → π+τµ, and B+ → π+τe have never

before been attempted.

We perform each analysis independently from e+e− → Υ (4S) → B+B− decays,
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where one charged B-meson decay (Btag) is fully reconstructed from a large set of possible

hadronic states. The Btag meson is reconstructed in B− → D(∗)0X− modes; where D(∗)0

is reconstructed as D0γ, D0π0, or D0 and D0 is reconstructed in the K−π+, K−π+π−π+,

K−π+π0, and K0
Sπ

+π− channels. The K0
S candidates are reconstructed in the π+π− chan-

nel, while π0 candidates are reconstructed in the γγ channel. X− represents a system

of charged and neutral hadrons where intermediate resonance states are ignored but con-

strained by combinatoric conditions: n1π
±, n2K

±, n3K
0
S , and n4π

0; where n1 + n2 ≤ 5,

n3 ≤ 2, and n4 ≤ 2; where the total charge must equal −1. In the BABAR collaboration,

this is known as the B recoil technique [40]. In the rest of the e+e− → Υ (4S) → B+B−

event, we require three track candidates presumably from the signal B decay.

In the Υ (4S) center-of-mass (CM) frame of reference, we fully reconstruct the τ

invariant mass using information from the Btag candidate and the kinematics of two other

track candidates, with the hypothesis that the excluded track is from the τ decay. We use

the reconstructed Btag 3-momentum and replace the Btag energy with a more precise CM

beam energy of one beam (Ebeam), the measured 3-momenta of the h and ℓ tracks, and

mass substituted energies for the h and ℓ candidates, to compute the τ invariant mass:

~pBsig
= −~pBtag

~pτ = ~pBsig
− ~ph − ~pℓ (h = K,π; ℓ = e, µ)

Eτ = Ebeam − Eh − Eℓ

mτ =
√

E2
τ − ~p2τ . (3.1)

Since our signal produces neutrinos only from the τ decay, we expect no missing energy if the

τ invariant mass is properly reconstructed. We use particle identification selection criteria
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to determine whether the track excluded in the τ invariant mass calculation is identified as

an electron, muon, or charged pion. A cartoon of the Υ (4S) → BtagBsig decay in the CM

frame with possible track momenta is shown in Figure 3.1.

Figure 3.1: Cartoon of e+e− → Υ (4S) → B+B− decays for a signal (left) and control
(right) mode in the Υ (4S) center-of-mass frame of reference.

Signal candidate events are categorized into three τ decay channels. In BABAR

literature, these channels are known as “1-prong” τ decays: τ → eνν, τ → µνν, and

τ → (nπ0)πν where n = 0, 1, 2,&3. A signal event candidate can also be categorized by

accounting for the charge of the Btag candidate and the charge of the primary lepton, defined

as the lepton that presumably decayed directly from a signal B decay.

Since our signal searches transition through a charged B-meson resonance, contin-

uum events from e+e− → qq̄; q = u, d, s,&c and e+e− → τ+τ− must be rejected. We com-

pute an energy substituted mass for the Btag candidate, again using the beam energy in the
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CM frame of reference and the Btag 3-momentum, such thatmES =
√

E2
beam − |~ptag|2, which

peaks at the B-meson invariant mass. A large component of e+e− → Υ (4S) → B+B−

background for our signals come from semileptonic b → c transitions, where a neutral D-

meson resonance is observed. To account for this background, we compute an invariant

mass of two signal track candidates; one identified as a kaon with opposite sign charge

as the charge of the Btag candidate and one track with opposite sign charge as the kaon

candidate - assumed to be a pion. A non-negligible source of B+B− background from a

charmonium resonance is observed, from B+ → cc̄ h+; cc̄ → ℓ+ℓ− decays, where ℓ = e or

µ and h = K or π depending on the signal search. The invariant mass of two oppositely

charged tracks, assuming either both are electrons or muons is computed.

To reject additional combinatoric background, we compute a likelihood ratio from

other discriminating variables, where a simple cut on each variable would be less than op-

timal. A likelihood ratio function combines inputs from lepton track particle identification

quality, residual energies in the EMC, and an event shape topology variable to separate

contunuum-like events from B+B− events. An optimization on the likelihood ratio is per-

formed, using the average expected upper limit on the signal branching fraction as the

optimization metric.

Our searches are performed using a cut-and-count strategy, where the event se-

lection is optimized in an unbiased way. This is done by not looking at the data in the

range where our signal search is expected to peak. In data, we ignore events in the range

m(τ) ∈ [1.60, 1.95] GeV/c2 but not in our generated signal MC samples, where the signal is

observed to peak. This technique is known as a blind analysis. To estimate the expected SM
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background in the blinded data sample of a particular signal search, we use a data-driven

technique. After applying all event selection requirements to our data and SM Monte Carlo

samples, we compute the expected SM background in data by taking the product of the

total number of events outside the m(τ) signal window in data and the ratio of the total

number of events inside-to-outside the signal window using SM Monte Carlo as a function

of the minimum likelihood ratio discriminant. After unblinding, any excess in the total

number of events in the signal window from the expected SM background will tell us if a

signal exist, or not.

The sensitivity of finding signal modes of these types can be determined using

the event yield of a control sample (B− → D(∗)0ℓ−ν̄; D∗0 → D0(γ, π0); D0 → K−π+;

ℓ = e or µ) with identical, or nearly identical, final state signal topology. We avoid sys-

tematic uncertainties associated with event reconstruction of the signal and the control

modes, since event selection requirements are similar. The D0 resonance provides a nice

clean reconstruction of our control mode. Since there is only one neutrino in the control

mode decay, we can determine the 3-momentum of the neutrino in the CM frame from the

kinematics of the Btag candidate and the three other track candidates in the rest of the

event, ~pν = ~ptag − ~pK − ~pπ − ~pℓ. By assuming a massless neutrino, energy of the neutrino

(Eν) can be inferred. Again using the beam energy of one beam (Ebeam) in the CM frame

- as a replacement of the Btag energy, we can compute the difference in the energies of the

rest of the event assuming the control mode is fully reconstructed using,

∆E(Dℓν) = EK + Eπ + Eℓ + Eν − Ebeam. (3.2)

A cartoon of the Υ (4S) decaying into a Btag candidate and a control mode candidate in the
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CM frame with possible kinematics is shown in Figure 3.1.

An unbinned maximum likelihood fit is performed on ∆E(Dℓν) using data to de-

termine the control mode event yield. A peak at zero in ∆E(Dℓν) accounts for events

from the B− → D0ℓ−ν̄; D0 → K−π+; ℓ = e or µ decay. Events from B− → D∗0ℓ−ν̄;

D∗0 → D0(γ, π0); D0 → K−π+; ℓ = e or µ decays are observed to peak approximately

200 MeV below zero, due to missing energy from a γ or π0 in the event.

3.2 Data and Monte Carlo Samples

The results presented in this analysis are based on the BABAR Υ (4S) on-resonance

data sample, where the PEP-II asymmetric storage ring collides e+e− at the center-of-mass

energy of 10.58 GeV, collecting a total integrated luminosity of 428.99fb−1, during six

phases of running (Runs 1-6) between October 1999 - September 2007. Simulated Monte

Carlo samples help model expected standard model backgrounds while simulated signal

Monte Carlo samples help optimize event selection. All event samples were processed using

consistent environment conditions, in the BABAR analysis-51 Release 24 software package

framework. A summary of the properties of our analysis samples consisting of the total

number of events generated (Ngen), the detector cross-sections (σ), the equivalent total

integrated luminosities (L), and the scale factors to properly compare simulated standard

model MC samples with data are given in Table 3.1.
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Sample Ngen(M) σ(nb) Equiv L(fb−1) scale factor

Generic B+B− 708.762 0.55 1288.66 0.3329

Generic B0B̄0 717.995 0.55 1305.45 0.3286
Generic cc̄ 1128.544 1.30 868.11 0.4942

Generic qq̄; q = u, d,&s 1618.347 2.09 774.33 0.5540
Generic τ+τ− 680.713 0.90 756.35 0.5672

B± → K±τµ, Btag Generic 5.769 -na- -na- -na-
B± → K±τe, Btag Generic 6.449 -na- -na- -na-
B± → π±τe/µ, Btag Generic 11.630 -na- -na- -na-
B± → π±τe/µ, Btag Cocktail 0.429 -na- -na- -na-
B± → K±τe/µ, Btag Cocktail 0.429 -na- -na- -na-

B± → D(∗)0ℓν, Btag Cocktail 0.812 -na- -na- -na-

On-resonance data 6711.96 -na- 428.99 1.0000

Table 3.1: Properties of analysis samples: on-resonance data, standard model MC, signal
mode MC, and control mode MC. Generic samples decay via known SM processes. Cocktail
samples are generated with a mix of hadronic SM processes in order to enhance the BABAR

B-tagging algorithm yield.

3.3 Reconstruction and Event Selection

3.3.1 Btag pre-selection skim

The analysis technique for our signal searches require a Btag candidate be fully

reconstructed. Using the B recoil technique, tagged B-meson candidates that decay hadron-

ically (discussed earlier) are reconstructed using the BABAR BSemiExcl software skim pack-

age [40]. Because of combinatoric reconstruction, multiple Btag candidates are possible.

Each Btag candidate is ranked by mode reconstruction purity, where the best Btag candi-

date with the highest mode purity is chosen. If more than one candidate has the same

mode purity, the Btag candidate with ∆E = Etag − Ebeam closest to zero is chosen. The

event yield after skimming for the Btag reconstruction is provided in Table 3.2. Later, we

explicitly require the Btag mode purity to be greater than 10% for all signal and control

mode reconstructions. To ensure the Btag 3-momentum is properly reconstructed, we use
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Sample Nskim(M) Skim efficiency (%)

Generic B+B− 50.159 7.1

Generic B0B̄0 44.793 6.2
Generic cc̄ 64.583 5.7

Generic qq̄; q = u, d,&s 54.772 3.4
Generic τ+τ− 0.132 ≈0.0

B± → K±τµ, Btag Generic 0.257493 4.5
B± → K±τe, Btag Generic 0.242980 3.8
B± → π±τe/µ, Btag Generic 0.427613 3.7
B± → π±τe/µ, Btag Cocktail 0.087539 20.4
B± → K±τe/µ, Btag Cocktail 0.087734 20.5

B± → D(∗)0ℓν, Btag Cocktail 0.161571 19.9

On-resonance data 97.592 1.5

Table 3.2: Summary of B-tagging yields after BABAR hadronic skimming algorithm applied
to analysis samples: on-resonance data, standard model MC, signal mode MC, and control
mode MC. Generic samples decay via known SM processes. Cocktail samples are generated
with a mix of hadronic SM processes in order to enhance the BABAR B-tagging algorithm
yield.

a truth matching technique in MC to estimate the percentage of miss reconstructed tagged

B-mesons and assume the same percentage in data.

The Btag track reconstruction quality requires a track candidate have a distance of

closest approach of 2.5 cm within the beam pipe (z-axis) and 1.5 cm within the transverse

plane (xy-plane) of the IP. The track minimum transverse momentum is 0.05 GeV/c, with

maximummomentum less than 10 GeV/c. Radiated photons from bremsstrahlung processes

are recovered by adding the BABAR software package CompositionSequences/CompHllSequence

to our analysis framework. Studies on kinematic variables involving electron candidates with

bremsstrahlung recovery resulted in better performance.

52



3.3.2 Signal-side track reconstruction

Recall at the end of section 3.3.1, the requirements on the Btag track quality. For

our signal B-meson track candidates, we require the same level of track quality for three

track candidates not overlapping Btag tracks. We account for extra track candidates that

pass weaker track quality requirements, and consider them later in event selection as track

multiplicity. If only three signal-side track candidates pass at the weaker track quality

requirement, we do not consider additional tracks in the event. This redundancy allows for

possible improvements in signal efficiency.

3.3.3 General preselection

We perform four independent signal searches; two where the primary hadron is a

kaon (B+ → K+τℓ) and two where the primary hadron is a pion (B+ → π+τℓ); each with

ℓ = e or µ. After processing all event samples for Btag reconstruction, a general preselection

is performed. We require the following, for all signal searches:

• Skip any event if the charges of the best reconstructed Btag candidate and recon-

structed Bsig candidate are the same, where the Bsig charge is the net charge of our

three signal-side tracks.

• Reject any event where the best Btag charge is neutral.

• Reject any event if the Bsig candidate has a charge magnitude of 3.

• Require all best Btag candidates have mode purity greater than 10% [19].
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In sections 3.3.4 and 3.3.5, we discuss additional preselection criteria specific to the B− →

K−τℓ and B− → π−τℓ (ℓ = e or µ) analyses, respectively. The signal-side track assignments

require two fundamentally different particle mass assignment algorithms. Table 3.3 provides

a mini glossary of terminology used throughout this paper for reference.

Table 3.3: Mini Glossary of Terminology:

primary track identified to originate from Bsig, not from τ
secondary track identified to originate from τ , not from Bsig

Qsig charge of Bsig candidate
Qtag charge of Btag candidate
Qℓ charge of primary lepton candidate

same-sign charge relative to Bsig candidate
opposite-sign

trkss1 randomly chosen, first of two possible tracks with the same-sign as Qsig

trkss2 randomly chosen, second of two possible tracks with same-sign as Qsig

trkos only signal-side track candidate with opposite-sign as Qsig

3.3.4 Kaon signal modes - preselection and τ channel categorization

Additional preselection requirements for the B+ → K+τµ and B+ → K+τe anal-

yses are summarized below:

• The signal K± candidate must have the opposite charge of the Btag candidate.

• There must be exactly two tracks that are not the signal K± or Btag tracks, with net

charge equal to zero.

• One of the non-kaon tracks must be identified as a muon in the B+ → K+τµ analysis

or an electron in the B+ → K+τe analysis.

Considering charge combinatorics of our three signal-side track candidates, the

best signal kaon candidate is chosen to have the highest BABAR kaon particle identification
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quality. If two tracks with the same-sign charge have equivalent kaon PID quality, the track

with the lower lab frame momentum is assigned our best kaon candidate, which resulted in

better signal purity reconstruction [19].

The primary lepton candidate, coming directly from a signal B decay, must be

identified from one of the two remaining tracks. For the B+ → K+τµ analysis, if only one

of these two tracks is identified as a muon, then the primary lepton is this track. If both

remaining tracks are identified as muons, then we assign primary and secondary lepton

tracks based on the combination that gives a reconstructed τ invariant mass closest to

1.777 GeV/c2 [39]. For the B+ → K+τe analysis, we follow a similar recipe.

Once the kaon and primary lepton candidates are assigned, we need to determine

the mass identity of the track excluded in the τ invariant mass calculation. The excluded

track is presumably from the τ decay. The “1-prong” τ decay channels are categorized

here. By default, the τ track candidate is assumed to be a pion, categorizing the event into

the τ → π(nπ0)ν channel. We re-assign the event to the τ → eνν channel if the τ track

candidate can be identified as an electron. If the τ track is not identified as an electron,

we check if it can be identified as a muon. If it is identified as a muon, then the event is

re-assigned into the τ → µνν channel.

3.3.5 Pion signal modes - preselection and τ channel categorization

Additional preselection for the B+ → π+τµ and B+ → π+τe analyses is discussed

below:

• Skip any event if both track candidates, with the same-sign charge as the Bsig candi-
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date, are identified as muons for the B+ → π+τµ analysis. Two same-sign muons are

not allowed for our signal reconstruction. One same-sign pion track must be in the

Bsig reconstruction. For the B+ → π+τe analysis, likewise, two same-sign electron

tracks must also be skipped.

• Skip any event if none of the three signal tracks can be identified as a muon (electron)

for the B+ → π+τµ(e) analysis. There must be a lepton in the signal-side track

reconstruction.

The algorithm for making signal-side track assignments in theB+ → π+τℓ analyses

is different from the signal kaon mode reconstruction because of a second pion from hadronic

τ → π(nπ0)ν decays. Consider, as an example, signal-side track assignments in the B− →

π−τµ search. First, we isolate the primary muon in the event by assuming its charge has the

same-sign as the Btag charge. The charge configuration may look like B− → π−τ−µ+;B+
tag,

note Qµ = Qtag. For this configuration, the τ daughter track must be negative. If this is

the case, we can reconstruct the signal in three different combinations:

• π−e−µ+ - by requiring only one track candidate be identified as an electron with the

same-sign charge as the Bsig candidate and requiring the remaining track candidate

not be identified as a muon nor an electron. These events are assigned to the τ → eνν

decay channel. The track with opposite-sign charge as the Bsig charge is therefore

identified as the primary muon.

• π−µ−µ+ - by requiring only one same-sign track candidate be identified as a muon

and again requiring the remaining same-sign track not be identified as a muon nor an

electron. The remaining same-sign track must be the primary pion. Events passing
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these criteria are assigned to the τ → µνν decay channel. Since two muons with oppo-

site charge are reconstructed in this channel, the primary and secondary muon track

assignment is decided using the combination which give a reconstructed τ invariant

mass closest to 1.777 GeV/c2 [39].

• π−π−µ+ - if neither same-sign track candidates are identified as leptons, then the

positively charged muon candidate must be the primary muon from the signal B decay.

Therefore, we assume both same-sign track candidates are pions. Because there are

two pions in the event, our primary pion is again decided using the combination with

reconstructed τ invariant mass closest to 1.777 GeV/c2. These events are assigned to

our signal τ → (nπ0)πν decay channel.

If the track candidate with opposite-sign charge as the Bsig charge is not identified

as a muon and only one same-sign track candidate is identified as a muon, then we assign

the same-sign track as the primary muon (B− → π−τ+µ−). The track with opposite-sign

charge as the Bsig charge must be assumed to come from the τ decay, because of charge

conservation. If instead the track with opposite-sign charge as the Bsig charge is identified as

an electron, the final state combinatorics should look like π−e+µ− and the event is dumped

into the τ → eνν channel. If the opposite-sign track and the remaining same-sign track

fail to be identified as leptons, then we assume the final state combinatorics should look

like π−π+µ−. This event is dumped into the τ → π(nπ0)ν channel, where the remaining

same-sign track is assigned to be the primary pion.

Table 3.4 provides a summary of preselection signal MC efficiencies and standard

model MC background yields.
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Sample K−τe K−τµ π−τe π−τµ

Ngen 6.449 M 5.768 M 5.815 M 5.815 M
Npre 10247 10479 12643 7872
ǫtag × ǫsig 0.159% 0.182% 0.217% 0.135%

NB+B− 63921 96649 152506 94110
NB0B̄0 10121 19923 44947 26114
Nuds 9703 73742 46271 46684
Ncc̄ 28263 106201 98091 71233
Nτ+τ− 54 85 572 153

NBG 112062 296600 342387 238294

Table 3.4: Signal efficiencies and Monte Carlo background yields after preselection. Generic
background MC yields are luminosity weighted.

3.3.6 Separating backgrounds by semileptonic B and D decays
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Figure 3.2: Left - Standard Model background from semileptonic charm decays: B− →
D(∗)0π−;D(∗)0 → K−e+νe. Right - Standard Model background from semileptonic bottom
decays: B− → D(∗)0e−ν̄e;D

(∗)0 → K−π+.

We can use the primary lepton and Btag charge correlations of a signal B decay to

help further categorize backgrounds coming from B+B− processes, for each signal search.

By careful examination of Feynman diagrams of dominant background decay processes,

shown in Figure 3.2, we notice we can exploit the correlation between the primary lepton

charge (Qℓ) and Btag charge (Qtag) to separate background contributions via semileptonic
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B decays and semileptonic D decays. Notice in Table 3.5, background from the hadronic

decay B− → D0π−;B+
tag, where the D0 decays semileptonically, requires the charges of the

lepton and Btag candidates be the same (Qℓ = Qtag). Likewise, for background from the

semileptonic B decay B− → D0ℓ−ν̄ℓ;B
+
tag where the D0 decays hadronically, the charges

of the lepton and Btag candidates require Qℓ = −Qtag. Therefore, each signal search can

be broken into six independent search channels; based on the “1-prong” τ decays and also

on the charge of the τ candidate, relative to the charge of the Bsig, or Btag, candidate.

Explicitly, if the charge of the Bsig candidate is negative, we isolate our search parameters

into the six channels: τ− → e−νν, τ− → µ−νν, τ− → π−ν, τ+ → e+νν, τ+ → µ+νν, and

τ+ → π+ν.

B± → π±τℓ Dirty: Qℓ = Qtag Clean: Qℓ = −Qtag

Signal: B− → π−τ−ℓ+; B+
tag B− → π−τ+ ℓ−; B+

tag

Background: semileptonic D decay semileptonic B decay
B− → D0π−; B+

tag B− → D0ℓ−ν̄ℓ; B
+
tag

D0 → K−ℓ+νℓ D0 → K−π+

Table 3.5: Example of signal primary lepton & Btag charge configurations, relative to
backgrounds from semileptonic B & D decays.

Figure 3.3 provides an example of invariant mass distributions of kaon and pion

tracks with opposite charge for the B+ → π+τe; B−
tag; τ

± → π±ν channels. On the left

(right), we requireQe = Qtag (Qe = −Qtag). The top distributions are stacked histograms of

luminosity-weighted SM background MC samples overlapped with on-resonance data, while

the bottom distributions are signal histograms from our B± → π±τe/µMonte Carlo sample.

Notice a large D0 resonance in the SM distributions when Qℓ = −Qtag (top right Figure 3.3)

atm(Kπ)=1.86 GeV. If we remove events below 1.95 GeV (slightly above theD0 resonance),
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Figure 3.3: Background (top) and signal (bottom) m(Kπ) distributions for the B± → π±τe
analysis, after requiring Qe = Qtag (left) and Qe = −Qtag (right) for the τ → π(nπ0)ν
channel only. Just above the D0 resonance in the background distributions are indicated
at 1.95 GeV with a solid blue (red) line for the “dirty” (“clean”) channel.

a huge amount of background is removed, and compared to the remaining Qℓ = Qtag

background, is relatively “clean.” For the rest of this paper, we refer to distributions

requiring Qℓ = −Qtag as “clean” and Qℓ = Qtag as “dirty”, likewise these backgrounds

contain semileptonic B decays and semileptonic D decays, respectively.

Furthermore, we observe in the signal MC distributions for the τ± → π±ν channels,

while requiring Qℓ = −Qtag is “clean” in terms of background reduction, the trade-off is

a loss in signal efficiency after removing events below 1.95 GeV, as seen in Figure 3.3.

Table 3.6 provides a breakdown of the signal efficiencies after requiring the Qℓ and Qtag

correlations. Note that N
(sig)
rec represents the number of signal events passing the Btag

reconstruction, while Npre
m(Kπ) represents the number of signal events passing preselection,

Btag mES > 5.27 GeV, Btag mode purity > 10%, but before the m(Kπ) > 1.95 GeV
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(Npost
m(Kπ) after m(Kπ) > 1.95 GeV) requirements. ǫ

(sig)
rel is the relative efficiency defined

as ratio of signal efficiencies before and after the m(Kπ) > 1.95 GeV requirement. These

event selection variables are discussed further in the following section 3.3.8

“clean” Qℓ = −Qtag “dirty” Qℓ = Qtag

Sample Kτe Kτµ πτe πτµ Kτe Kτµ πτe πτµ

N
(sig)
rec 15677 14429 13313 13702 12659 12541 11734 12471

Npre
m(Kπ) 3988 4079 2129 2586 4105 4022 1894 2678

Npost
m(Kπ) 1453 1461 737 825 2529 2521 1236 1939

ǫpre
m(Kπ) 25.4% 28.3% 16.0% 18.9% 32.4% 32.1% 16.1% 21.5%

ǫpost
m(Kπ) 9.3% 10.1% 5.5% 6.0% 20.0% 20.1% 10.5% 15.5%

ǫ
(sig)
rel 36.6% 35.7% 34.4% 31.7% 61.7% 62.6% 65.2% 72.1%

Table 3.6: Signal efficiency breakdown after requiring Qℓ and Qtag correlations, with event
selection.

Table 3.7 provides a breakdown of background yields after requiring Qℓ and Qtag

correlations. Note that Npre
xxx represents the number of Generic luminosity weighted xxx MC

events passing preselection, Btag mES > 5.27 GeV, Btag mode purity > 10%, but before

the m(Kπ) > 1.95 GeV (Npost
xxx after m(Kπ) > 1.95 GeV) requirements. Npre

BG represents

the combined number of background xxx MC events. The ǫ
(BG)
rel represents relative effi-

ciency, defined as Npost
BG /Npre

BG. A pseudo-purity (ǫpost
m(Kπ)/N

post
BG ) is computed using ǫpost

m(Kπ)

in Table 3.6. No significant benefit between “clean” and “dirty” pseudo-purity is suggested.

3.3.7 Blinding technique

Event selection is optimized in this analysis, by blinding, or ignoring events with

the invariant mass of the τ in the range [1.60,1.95] GeV, from all samples. One exception

is made in the m(τ) background MC distributions, which is needed to help estimate the
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“clean” Qℓ = −Qtag “dirty” Qℓ = Qtag

Sample Kτe Kτµ πτe πτµ Kτe Kτµ πτe πτµ

Npre
B+B−

32088 38929 68844 43777 9829 17362 18095 10191

Npre

B0B̄0
1269 2142 6382 3794 900 1706 3587 2034

Npre
uds 683 6210 4585 4830 878 5490 2838 2542

Npre
cc̄ 2304 8355 9383 7009 1851 7579 5131 3587

Npre
τ+τ−

3 7 56 24 5 11 32 12

Npre
BG 36347 55643 89250 59434 13463 32148 29683 18366

post m(Kπ) > 1.95 GeV

Npost
B+B−

138 370 503 476 301 578 1809 1330

Npost

B0B̄0
9 37 47 36 78 129 510 383

Npost
uds 80 1022 385 489 92 868 310 504

Npost
cc̄ 153 771 440 399 159 722 582 565

Npost
τ+τ−

1 2 5 8 0 5 7 5

Npost
BG 381 2202 1380 1408 630 2302 3218 2787

ǫBG
rel (%) 1.0 4.0 1.5 2.4 4.7 7.2 10.8 15.2

pseudo-purity

ǫpost
m(Kπ)/N

post
BG (%) 0.024 0.005 0.004 0.004 0.032 0.009 0.003 0.006

Table 3.7: Breakdown of background yields after requiring Qℓ and Qtag correlations, with
event selection. The pseudo-purity suggests no significant benefit between “clean” and
“dirty” channels.

ratio of events inside-to-outside the signal region. This is the only time when the cut is not

made.

3.3.8 Summary of event selection

In the following, we define the final event selection parameters and requirements

specific to each signal search, for each τ decay channel. Distributions comparing on-

resonance data overlaid with luminosity weighted background MC and signal MC sam-

ples are placed in the Appendix, for all six channels, where the top-two rows represent

Qℓ = −Qtag, or “clean” modes, and the bottom-two rows represent Qℓ = Qtag, or “dirty”
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modes. To the left are the τ± → e±νν channels, in the middle are the τ± → µ±νν channels,

and to the right are the τ± → π±(nπ0)ν channels. All signal searches require the following

event selection:

• preselection

• m(Kπ) > 1.95 GeV - keeps possible signal events only slightly above theD0 resonance.

• cc̄ vetoes (on appropriate channels) - removes events in the rangem(ℓ+ℓ−) ∈ [3.03, 3.14]

GeV and m(ℓ+ℓ−) ∈ [3.60, 3.75] GeV with ℓ = e or µ around the J/ψ(1S) and ψ(2S)

resonances, respectively.

• γ-conversion vetoes on the hτe modes (electron and pion channels only) - excludes

γ → e+e− conversions in matter, by keeping events with m(e+e−) > 0.10 GeV.

• Btag mES > 5.27 GeV - removes most of the continuum background, focusing on

events that transition through Υ (4S) → BB̄.

• kaon and proton PID vetoes - removes events if any signal-side track is identified as

a proton and removes events if any of the two non primary hadron track candidates

is identified as a kaon.

• track multiplicity equal to zero - explicitly requires only three good quality signal-side

tracks in the event.

Specific for B → πτℓ modes, we also require:

• kaon PID veto on the kaon candidate in the m(Kπ) calculation - since m(Kπ) is

computed independent of B → πτℓ signal reconstruction, we require no signal-side
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track be identified as a kaon.

• kaon PID veto on the primary pion candidate - again, requires no signal-side track be

identified as a kaon.

• minimum pion PID on the primary pion candidate - requires the primary pion track

be identified as a pion.

Note all distributions in Appendices B-F, labeled post m(Kπ) cut are a result of the

above event selection, but exclude requirements on the parameter being presented.

The m(Kπ) cut

If we consider the B → Kτe analysis, where backgrounds that produce nearly

identical final state topologies are illustrated below:

B− → D0e−ν̄e B− → K−τ+e−

D0 → K−π+ τ+ → π+ν̄τ
D0 → K−ℓ+νℓ τ+ → ℓ+νℓν̄τ .

The final state topology of a semileptonic B (top left) with a hadronic D decay (middle left)

is similar in topology as in the signal B → Kτe (top right) with τ decaying to a positive

pion and τ -anti-neutrino (middle right). The particle composition and charge correlation are

identical, except for anti-neutrino flavor. When we have a semileptonic D0 decay involving

a kaon (bottom left), the final state topology is again similar if the signal decay of the τ is

purely leptonic (bottom right), again ignoring anti-neutrino flavor. By trying to reconstruct

the D0 resonance from the invariant mass of the kaon candidate, with same-sign charge as

the Bsig candidate, combined with a track of opposite charge, assuming it is a pion, we

can remove roughly (87-99)% of all SM backgrounds by keeping only events with the mass
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distribution, m(Kπ) > 1.95 GeV , just above the D0 resonance. An example is given in

Figure 3.4.
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Figure 3.4: Invariant mass of a kaon with a track of opposite charge, assuming it’s a pion for
the “clean” (left) and “dirty” (right) B+ → K+τe; τ → π(nπ0)ν channels. SM background
MC overlaid with on-resonance data points (top) and signal MC (bottom).

In Appendix A, we show all m(Kπ) distributions after preselection. Figures A.1

and A.2 show m(Kπ) distributions for the “clean” and “dirty” Kτµ plots, respectively.

Figures A.3 and A.4 show m(Kπ) distributions for the “clean” and “dirty” Kτe plots,

respectively. Figures A.5 and A.6 show m(Kπ) distributions for “clean” and “dirty” πτµ

plots, respectively. Figures A.7 and A.8 show m(Kπ) distributions for the “clean” and

“dirty” πτe plots, respectively.

The overall trend observed is that the “dirty” modes have larger relative back-

grounds after them(Kπ) > 1.95 GeV requirement but better signal efficiency. The trade-off

in background rejection and signal efficiency between the “clean” and “dirty” modes ulti-

mately balance each other in the expected branching fraction limits. No significant benefit
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between either channels.

The m(µµ) cc̄ vetoes

In Appendix B, we show the m(µµ) distributions post m(Kπ) cut. m(µµ) is

computed with two tracks of opposite charge (assuming they are muons) where neither can

be the primary hadron (K or π) candidate, depending on the analysis. For the B → Kτµ

signal search, a source of B background comes from B → (cc̄)K; (cc̄) → µµ decays. See

Figure 3.5 for an example. For the B → πτµ signal search, a smaller source of B background
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Figure 3.5: Invariant mass distributions of two muon candidates with opposite charge for
our “dirty” Kτµ; τ → µνν channel, post m(Kπ) cut. SM background MC overlaid with
on-resonance data points (top) and signal MC (bottom). Observe a significant charmonium
peak near the J/ψ resonance at 3.10 GeV.

from B → (cc̄)π; (cc̄) → µµ decays is also observed. The (cc̄) → µµ veto rejects events with

m(µµ) in the range [3.03,3.14] GeV and [3.60,3.75] GeV around the J/ψ(1S) and ψ(2S)

resonances, respectively. This is applied to the µ and π channels, only. The enhancement

in the π channel is assumed to come from a higher probability of a real muon faking a pion,
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in the particle identification algorithm.

Figure B.1 shows the muon and pion channels for both “clean” (left) and “dirty”

(right) Kτµ modes post m(Kπ) cuts. Figure B.2 shows the muon and pion channels for

both “clean” (left) and “dirty” (right) πτµ modes also post m(Kπ) cuts.

The m(ee) cc̄ and γ-conversion vetoes

In Appendix C, we show the m(ee) distributions post m(Kπ) cut. We compute

m(ee) with two tracks of opposite charge (assumed to be electrons) where neither can be

the primary hadron candidate; neither the kaon in the Kτe reconstruction nor the pion in

the πτe reconstruction. We remove sources of B background observed from B → (cc̄)h;

(cc̄) → ee decays for the respective signal searches, by rejecting events with m(ee) in the

range [3.03,3.14] GeV and [3.60,3.75] GeV around the J/ψ(1S) and ψ(2S) resonances again,

respectively. These vetoes are applied in the e and π channels only. See Figure 3.6, for an

example. No sign of peaking in the π channel is observed, therefore we could easily make

this requirement only in the e channel. But, we include this requirement in the π channel

anyway.

γ-conversions in material can fake signal decays with final states Kee and πee also.

In BB̄ & continuum MC samples peaking near m(ee) = 0 is observed. Recall no peaking

in the π channel is observed near the cc̄ resonances, therefore one would expect not to see

γ-conversions in the π channel either. This is not the case, γ-conversion peaks are observed

in the background MC for both e and π channels. We therefore require m(ee) > 0.1 GeV

in the e and π channels.

Figure C.1 shows the electron and pion channels for the “clean” (top-two) and
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Figure 3.6: Invariant mass distributions of two electron candidates of opposite charge for
our “dirty” Kτe; τ → eνν channel, post m(Kπ) cut. SM background MC overlaid with on-
resonance data points (top) and signal MC (bottom). Observe significant charmonium and
γ-conversion peaks near the J/ψ resonance and zero. A small ψ(2S) resonance at 3.69 GeV
is also observed.

“dirty” (bottom-two) Kτe modes post m(Kπ) cuts. Figure C.2 shows the electron and

pion channels for the “clean” (top-two) and “dirty” (bottom-two) πτe modes post m(Kπ)

cuts.

The Btag mES cut

In Appendix D, we show the Btag mES distributions post m(Kπ) cut. We require

the Btag mES be greater than 5.27 GeV for all signal modes. In general, the agreement
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between the on-resonance data and the standard model background Monte Carlo is fair.

An excess in the expected background Monte Carlo compared to data in some channels is

observed. But, this disagreement should not affect final background estimates since we use

a data-driven technique. See Figure 3.7 for an example.
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Figure 3.7: Distributions of Btag mES for the “dirty” Kτµ; τ → π(nπ0)ν channel, SM
background MC overlaid with on-resonance data (top) and signal MC (bottom), postm(Kπ)
cut. Btag mES > 5.27 GeV keeps most of our signal while removing non-peaking background.

Figure D.1 showsmES distributions for the “clean” (top-two) and “dirty” (bottom-

two) Kτµ search for all τ channels. Figure D.2 shows mES distributions for the “clean”

(top-two) and “dirty” (bottom-two) Kτe search for all τ channels. Figure D.3 shows mES

distributions for the “clean” (top-two) and “dirty” (bottom-two) πτµ search for all τ chan-

nels. Figure D.4 shows mES distributions for the “clean” (top-two) and “dirty” (bottom-

two) πτe search for all τ channels.
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Kaon and proton PID vetoes

Kaon and proton particle identification vetoes for signal-side tracks are required.

The kaon veto removes any event where either the primary lepton or the secondary tau

track candidates are identified as kaons, using a very tight kaon particle identification al-

gorithm, provided by the BABAR collaboration [41]. The proton veto removes any event

where either the primary hadron, primary lepton, or the secondary tau track candidates are

identified as a proton, using a very tight proton selection algorithm, also provided by BABAR

collaborators [42]. The particle identification quality of these selectors can be ranked from

veryloose, loose, tight, to verytight or numerically, from 1 to 4, respectively, where a

selection quality of 0 does not pass the lowest selection quality, veryloose. Events from

signal MC samples rarely have verytight proton or kaon particle identification quality

in the appropriate signal-side track reconstruction, but small amounts of background MC

events are observed to pass verytight levels of PID quality. These events are removed in

our final event selection.

Track selection and quality

Like with our Btag track reconstruction quality, our signal-side track quality re-

quires a track candidate have a distance of closest approach of 2.5 cm within the beam

pipe (z-axis) and 1.5 cm within the transverse plane (xy-plane) of the IP. A more stringent

requirement includes that the track minimum transverse momentum be 0.05 GeV/c, with

maximum momentum less than 10 GeV. The less stringent track reconstruction, known

in BABAR as the GoodTracksVeryLoose selection criteria, only requires a track candidate
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have a distance of closest approach of 2.5 cm within the beam pipe and 1.5 cm within the

transverse plane of the IP [44]. Nearly all signal and background track multiplicities are

consistent with zero. We require the multiplicity of the GTVL-only tracks to be zero for

each signal search.

Kaon PID veto on kaon candidate in m(Kπ) calculation; πτℓ modes only

Since the πτℓ signal searches should not have a kaon in the final state reconstruc-

tion, but we use the B− → D0ℓ−ν̄; D0 → K−π+ control sample to determine the signal

branching fraction, a kaon from the m(Kπ) calculation may persist in an event. Since this

calculation is independent of the B → πτℓ event reconstruction, we can remove all events

with a signal-side track identified as a kaon. Recall BABAR particle identification quality for

kaon selectors can be ranked from veryloose, loose, tight, to verytight or numerically,

from 1 to 4, respectively, where a selection quality of 0 does not pass the lowest selection

quality, veryloose. We observe a few events with kaon candidates passing verytight PID

criteria in the background distributions, but with very few in signal. We veto events if

this kaon candidate passes the kaon verytight PID criteria. The systematic uncertainty

associated with this requirement is discussed in section 4.2.2.

Kaon PID veto on primary pion candidate; πτℓ modes only

The kaon particle identification veto on the primary pion candidate can be easily

appended to the proton and kaon PID veto section discussed earlier. By making this re-

quirement, we exclude all possible real kaon tracks from the signal-side track reconstruction.

We do not observe events with primary pion candidates passing the BABAR kaon verytight
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selection criteria in background or signal MC samples, post m(Kπ) cut. We veto events if

the kaon PID level of the primary pion candidate passes the kaon verytight PID criteria

anyway.

Minimum pion PID on primary pion candidate; πτℓ modes only

Recall in section 3.3.5, that essentially, the primary pion candidate is determined

after selecting the primary lepton from the signal-side tracks and that the primary pion must

have the same-sign charge as the Bsig candidate. Here we explicitly require the primary pion

candidate be identified as a pion, using the BABAR veryloose pion identification selection

criteria [42]. In Appendix E, we show distributions of the pion PID levels on the primary

pion candidate post m(Kπ) cut.

Figure E.1 shows the pion PID level of the primary pion candidate for the πτµ

search for all τ decay channels. Figure E.2 shows the pion PID level of the primary pion

candidate for the πτe search for all τ decay channels.

3.3.9 The m(τ) signal region
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Figure 3.8: Distributions of the reconstructed τ invariant mass for the electron (left), muon
(middle), & pion (right) channels, post m(Kπ) cut for our “clean” Kτµ search. Data is
blinded in the range [1.65,1.90] GeV, while SM background MC is observed with a very
broad, smooth distribution (top). Signal MC peaks sharply at 1.777 GeV (bottom).
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Recall from section 3.1, the τ invariant mass is calculated using equation 3.1.

See Figure 3.8 for an example. The τ invariant mass distributions provide a simple signal

window where we determine signal efficiencies and background estimates for each signal

search. From an optimization study using the best expected average upper limit on the

signal branching fraction as an optimization metric, we determine that a 120 MeV signal

window centered at 1.777 GeV works for all signal searches. The signal window optimization

method is discussed in section 4.1.4.

In Appendix F, we show the m(τ) distributions post m(Kπ) cut with the on-

resonance data blinded in the range m(τ) ∈[1.60,1.95] GeV. Figures F.1, F.2, F.3, and F.4

show m(τ) distributions for all τ decay channels for the Kτµ, Kτe, πτµ, and πτe searches,

respectively. In general, the background shape agreement between data and MC is good,

but the normalization is sometimes off, especially in the pion signal analyses. Again, since

background estimates are obtained from the data sideband, we are not dependent of the

MC normalization, but only the shape of the distributions. This is discussed further in

section 4.1.3.

3.4 Combinatoric background rejection

3.4.1 Likelihood ratio construction

Additional discriminating variables help suppress combinatoric background, but

a simple cut on individual discriminants is below optimal. We combine the lepton track

identification quality, residual energies in the calorimeter, and event shape variables into a
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likelihood ratio function using the relationship:

LR =

∏

i Ps(xi)
∏

i Ps(xi) +
∏

i Pb(xi)
, (3.3)

where the product is over discriminating input variables xi. Ps(xi) and Pb(xi) are proba-

bility density functions modeled from signal and SM luminosity weighted background MC

distributions, after requiring all previous event selection criteria with the m(τ) signal win-

dow blinded in the background distributions. Signal-like events tend towards 1, while high

probability background events peak towards 0. The final likelihood ratio requirements are

determined for each τ decay channel, using the expected average upper limit on the branch-

ing fraction as an optimization metric, discussed in section 4.1.4. The definitions of the

additional discriminating variables are:

• |cos θthr|: The absolute value of the cosine of the angle between the Btag thrust axis

and the thrust axis of the remainder of the event, where the thrust axis is the axis

that maximizes
∑

i â · ~pi, for a set of momenta.

•
∑

Ecal: The scalar sum of the neutral cluster energy in the event from the calorime-

ter that is not associated with the Btag and bremsstrahlung photons or signal-side

daughters (3 tracks). Also referred to as Eextra, in other BABAR analyses.

• Primary lepton PID quality: For hτµ(e) signal searches, the muon (electron) PID

level of the track identified as the muon (electron) coming directly from the signal B

decay.

• Secondary lepton PID quality: The lepton PID level of the track assigned to

come from the tau decay, either an electron or muon.
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We parameterize the |cos θthr| and
∑

Ecal distributions with polynomials using

a least χ2. The primary and secondary lepton PID qualities are in bins from 0 → 4, or

from loosest to tightest PID selector quality, respectively. All likelihood ratio inputs are

normalized to unity.

3.4.2 Inputs to likelihood ratio discriminant

Parameterization of |cos(θthr)| and
∑

Ecal distributions

The signal and background Monte Carlo distributions for the |cos(θthr)| and
∑

Ecal

inputs are parameterized with probability density functions, found in Appendix I Figures I.1,

I.2, I.3, and I.4 for the πτµ, πτe, Kτµ, and Kτe searches, respectively. The |cos(θthr)| back-

ground MC samples in general peak closer to 1 due to jet-like topologies from continuum

processes, while event shapes going through an Υ (4S) resonance are more uniformly dis-

tributed. The signal MC event shape is also more uniformly distributed, making it useful as

an input to the likelihood ratio function. One example is found on the right in Figure 3.9.

See Appendix H for all |cos(θthr)| distributions, post m(Kπ) cut.

The
∑

Ecal distributions require a minimum energy threshold of 50 MeV for all

clusters in the barrel (with polar angle cos θ < 0.8942) and a minimum energy threshold of

100 MeV in the forward region of the detector. A single bin below zero on the horizontal

axis is off-set from the other events, to emphasize that this is where signals may be found

if no additional π0s, presumably from a hadronic τ decay are present. It is exactly the

∑

Ecal = 0 bin. The residual energy is a useful discriminating variable because it peaks

closer to zero in signal MC samples, while distributed away from zero in the background
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Figure 3.9: Distributions of the
∑

Ecal (left) and |cos(θthr)| (right ) for the “dirty” πτµ;
τ → π(nπ0)νν channel, post m(Kπ) cut. SM background overlaid with on-resonance data
(top) and signal MC (bottom).

samples. Note in pion channel signal MC distributions, a broad tail above 2 GeV is observed

from hadronic τ decays with multiple π0s. An example is given on the left in Figure 3.9.

See Appendix G for all
∑

Ecal distributions, post m(Kπ) cut.

Distributions of the primary lepton PID quality

The primary lepton PID levels are discrete inputs to the likelihood ratio, normal-

ized to the integrated number of events for a particular channel. The BABAR collaboration

has developed many particle identification algorithms, with varying levels of quality. The

algorithms used below identify electrons, pions, and protons using an Error Correction Out-

put Code Multiclass Classifier (KM) [42] and muons using a Bagger Decision Tree (BDT) [43].

For the hτµ modes, the primary muon candidate PID level correspond to bins of selection

quality: 4=muBDTVeryTight, 3=muBDTTight, 2=muBDTLoose, and 1=muBDTVeryLoose. For
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the hτe modes, the primary electron candidate PID level correspond to bins of selection

quality: 4=eKMVeryTight, 3=eKMTight, 2=eKMLoose, and 1=eKMVeryLoose.
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Figure 3.10: Distributions of muon PID quality for the primary lepton candidate in
the “clean” Kτµ; τ → eνν channel. Bins correspond to the following PID quality:
1=muBDTVeryLoose, 2=muBDTLoose, 3=muBDTTight, 4=muBDTVeryTight. SM background
MC overlaid with on-resonance data (top) and signal MC (bottom).

Figure 3.10 provides an example. In Appendix J Figures J.1 and J.2, we present

the primary lepton PID level distributions for the Kτµ and πτµ modes, respectively. We

normalize the primary muon PID level distributions before including them as inputs to the

likelihood ratio, in the hτµ analyses. For the hτe signal modes, more often than not, the

primary lepton candidate in the background and signal samples pass at a VeryTight PID

quality, making it a poor discriminating variable. We exclude it from the likelihood ratio,

but instead require the minimum electron PID quality be VeryTight for the hτe analyses,

see Appendix J Figures J.3 and J.4.
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Distributions of the secondary lepton PID quality

Similar to the primary lepton PID quality, the secondary lepton PID quality is also

used as a discrete input to the likelihood ratio function, except that the lepton candidate

is assumed to come from the tau decay. An example is shown in Figure 3.11. The electron
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Figure 3.11: Distribution of muon PID quality for the secondary lepton PID candidate in
the “dirty”Kτµ; τ → µνν channel. The muon bins correspond to the following PID quality:
1=muBDTVeryLoose, 2=muBDTLoose, 3=muBDTTight, 4=muBDTVeryTight. SM background
MC overlaid with on-resonance data (top) and signal MC (bottom).

bins correspond to the following PID quality: 1=eKMVeryLoose, 2=eKMLoose, 3=eKMTight,

4=eKMVeryTight [42], while muon bins correspond to the following: 1=muBDTVeryLoose,

2=muBDTLoose, 3=muBDTTight, 4=muBDTVeryTight [43]. In the muon channels, we observe

secondary lepton tracks passing low PID quality in background but higher PID quality in

signal. For the hτµmodes, we include it as an input to the likelihood ratio function for muon

channels only, see Appendix K Figures K.1 and K.2. The electron channels are observed

to not discriminate well, events in background and signal MC are identified passing mostly
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at the VeryTight PID criteria. In the hτe searches, the secondary lepton PID level is not

a good discriminating variable, therefore we exclude it as an input to the likelihood ratio

function for all channels. The secondary electron candidate is identified with a VeryTight

PID quality in all signal searches, but is not necessarily explicitly required in the event

selection. A summary of inputs used in the respective likelihood ratio funtions is found in

section 3.4.3.

3.4.3 Likelihood ratio outputs

Inputs to the likelihood ratio functions and lepton PID quality requirements are

are summarized below:

• Kτµ: |cos(θthr)|,
∑

Ecal, primary lepton PID level, and secondary lepton PID level

(muon channel only).

• Kτe: |cos(θthr)| and
∑

Ecal only, but require VeryTight primary and secondary

electron PID.

• πτµ: |cos(θthr)|,
∑

Ecal, primary lepton PID level, and secondary lepton PID level

(muon channel only) but require VeryTight secondary electron PID.

• πτe: |cos(θthr)| and
∑

Ecal only, but require VeryTight primary and secondary elec-

tron PID.

Figure 3.12 provides an example of likelihood ratio distributions. Outputs of all likelihood

ratio distributions are found in Appendix L Figures L.1, L.2, L.3, and L.4 for theKτµ, Kτe,

πτµ, and πτe, respectively (recall event selection requirements summarized in section 3.3.8).
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Figure 3.12: Likelihood ratio distributions for our “clean” Kτµ electron (left), muon (cen-
ter), and pion (right) channels. SM background MC overlaid with on-resonance data (top)
and signal MC (bottom). Notice, very good discriminating power.

We observe good data and MC agreement. The optimal minimum likelihood ratio cuts are

discussed in section 4.1.4.

3.5 The (B → D(∗)0ℓν ; D0 → K−π+ ; ℓ = e or µ) control

samples

3.5.1 Signal branching fraction normalization

The D0 → K−π+ background in the range m(Kπ) ∈ [1.845,1.885] GeV provides

a nice clean control sample, to normalize our signal search branching fractions. In the

B± → h±τµ; (h = K or π) analyses, the control sample requires a muon in the final state:

B → D(∗)0µν; D0 → K−π+. In the B± → h±τe; (h = K or π) analyses, the control sample

requires an electron in the final state: B → D(∗)0eν; D0 → K−π+.

The yield of a reconstructed B → f transition can be obtained from a general

tagging technique that reconstructs the other Btag in the event, where f represents the non-
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tag side reconstruction. For our analysis, f is hτℓ (h = K or π and ℓ = e or µ) for our signal

search or Dℓν (ℓ = e or µ) for our control/normalization. We use the BABAR BSemiExcl

reconstruction algorithm, mentioned earlier, for our B tagging. From the tag yield or the

number of events with a reconstructed Btag (Ntag), the known or assumed branching fraction

(Bf ), and the final state signal efficiency (ǫf ), we can essentially determine any B → f yield

from the following formula:

Nf = Ntag F tag
f ǫf (3.4)

Nf = Ntag

(

ǫftag

ǫXtag

)

Bf ǫf . (3.5)

The fraction of events with a B → f transition in the sample, after requiring a reconstructed

Btag is the symbol F tag
f . It is approximately equal to

(

ǫ
f
tag

ǫXtag

)

Bf , if we assume the B → f

yield is much, much smaller than the expected yield of all events where we exclude the final

state reconstruction, B → X decays [19]. Notice we need to include the tag efficiency (ǫftag),

assuming that the signal sample is enriched with a particular B → f transition, based on

how the non-Btag is persisted in the sample.

We show later in our sensitivity measurements that ǫftag is dependent on the final

state topology of the MC sample, but it is not significant. The ǫXtag is the tag efficiency

assuming a B → X candidate, where X represents events with non-f final states on the

signal side. We determine ǫftag from the ratio of the number of reconstructed tagged B’s

to the total number of generated B’s in dedicated signal Monte Carlo samples found in

Table 3.1. The control mode ǫftag is determined from the Generic B+B− sample within the

range m(Kπ) ∈ [1.845,1.885] GeV, where the other Btag meson decays via the transitions

and probabilities defined by the standard model. We avoid measuring ǫXtag, since it cancels
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in the branching fraction normalization.

The number of reconstructed control and signal modes can be determined using

equation 3.5:

NDℓν = Ntag

(

ǫDℓν
tag

ǫXtag

)

BDℓν ǫDℓν (3.6)

Nhτℓ = Ntag

(

ǫhτℓtag

ǫXtag

)

Bhτℓ ǫhτℓ (3.7)

where ǫDℓν and ǫhτℓ are the control and signal reconstruction efficiencies, respectively. Tak-

ing the ratio of equations 3.6 to 3.7 and rearranging, we get the signal branching fraction

to be

Bhτℓ =

(

Nhτℓ

NDℓν

)

(

ǫDℓν
tag

ǫhτℓtag

)

(

ǫDℓν

ǫhτℓ

)

BDℓν . (3.8)

The beauty of using the branching ratio of our signal and control mode branching fractions

is that the tag yield (Ntag) and ǫXtag cancel. Using this normalization, we avoid explicit

measurement of the tag yield and the systematic errors associated with it.

3.5.2 Control sample reconstruction

In addition to preselection, the B → D(∗)0ℓν; D0 → K−π+; with ℓ = e or µ

control samples are reconstructed with similar event selection, as used in the B → Kτℓ

reconstruction found in section 3.3.8, but replace the m(τ) mass window, minimum likeli-

hood ratio, and m(Kπ) > 1.95 GeV requirements with m(Kπ) ∈ [1.845,1.885] GeV. If we

require the Btag mES > 5.27 GeV, a nice clean peak from the D0 resonance is observed in

m(Kπ). Figure 3.13 shows the Btag mES (left) and m(Kπ) (right) distributions excluding

the Btag and m(Kπ) requirements, respectively.

82



 (GeV)esm
5.25 5.3

E
ve

n
ts

 / 
2.

25
 M

eV

0

500

 (GeV)esm
5.25 5.3

E
ve

n
ts

 / 
2.

25
 M

eV

0

500

Preselection and (p,K) vetos MC & data

B+

B0

cc

uds

tautau

) (GeV)πm(K
1.8 1.9 2

E
ve

n
ts

 / 
3.

12
5 

M
eV

0

200

400

) (GeV)πm(K
1.8 1.9 2

E
ve

n
ts

 / 
3.

12
5 

M
eV

0

200

400

Preselection and (p,K) vetos MC & data

B+

B0

cc

uds

tautau

Figure 3.13: Btag mES (left) and m(Kπ) (right) distributions with B → D(∗)0µν; D0 →
K−π+ event reconstruction requirements, excluding Btag mES > 5.27 GeV and m(Kπ) ∈
[1.845,1.885] GeV, respectively.

The track used to compute m(Kπ), with opposite sign charge of the kaon, must

be the track assumed to come from the τ decay, i.e. not the primary lepton in the signal

reconstruction. By requiring that one of the non kaon tracks be identified as a muon

(electron) in the hτµ(e) track assignments and requiring m(Kπ) ∈ [1.845,1.885] GeV, this

is done implicitly. Recall by requiring Qℓ = −Qtag, in order to reconstruct D0 → K−π+

properly, the semileptonic B decay must have the charge configuration: B− → D0ℓ−ν̄ℓ.

There was some Deν peaking background contamination in the control sample from events

where the pion, from D0 → K−π+, fakes the primary muon and the “τ track” is an electron.

To remove this background we require that the primary muon candidate is not used in the

m(Kπ) calculation. The control sample yield from B− → D(∗)0ℓ−ν̄ℓ ; D
0 → K−π+ is used

to normalize the B− → π−τℓ searches as well. Since systematic uncertainties associated

with kaon and pion PID reconstruction between the control and signal mode normalization

do not cleanly cancel, as in the Kτℓ modes, this systematic must be accounted for which is

discussed in section 4.2.2.
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3.5.3 Control sample ∆E fit yields

The reconstruction of theD0ℓν control decays are complete except for the neutrino.

The momentum of the D0ℓν candidate is known to be equal and opposite that of the Btag

candidate in the center-of-mass frame, recall Figure 3.1. The momentum of the missing

neutrino can be accurately inferred assuming correct track reconstruction. This allows

D0ℓν candidates to be fully reconstructed, using the formula

∆E = EK + Eπ + Eℓ + Eν − Ebeam, (3.9)

where Eν is the magnitude of the three-momentum of the reconstructed missing neutrino,

assuming mν = 0.

Figure 3.14 shows the reconstructed ∆E distributions for the D∗0µν (left column)

and D∗0eν (right column) candidates. The three rows show different ∆E resolutions to

help emphasize the components that make up each control mode sample. There are three

components visible: one centered near zero from events with a D0 resonance (dashed), one

asymmetric peak approximately one π mass below zero from D∗0 resonances (dotted), and

a much broader distribution mostly from D∗∗-type and Dπ events (dash-dotted).

The plan again is to normalize signal yields with a primary muon (electron) in

the final state using the D(∗)µ(e)ν control sample fit yield. Recall from equation 3.8 that

the signal efficiency for the D(∗)ℓν control reconstruction, ǫDℓν , is needed. For signal in

the m(τ) reconstruction, it is crucial that the Btag momentum in the center-of-mass (~p∗)

frame be properly measured. If the Btag candidate is missing a low-energy neutral that

does not mis-reconstruct ~p∗ too poorly, the m(τ) reconstruction will still be okay. For this

reason we define the signal efficiency for the control sample reconstruction (ǫDℓν) in terms
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Figure 3.14: Distributions of ∆E for the B → D(∗)0µν (left) and B → D(∗)0eν (right)
control samples. All events require Btag mES > 5.27 GeV and m(Kπ) ∈ [1.845,1.885] GeV.
Dashed (dotted) histograms are candidates truth matched with a D0 (D∗0) in the event.
Dash-dotted histograms are candidates reconstructed as D∗∗-type events. Points with error
bars are from on-resonance data. Data and MC agree very well.
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of events where ∆p∗ ≡ |~p∗true − ~p∗rec| is less than 0.1 GeV, where ~p∗true is the truth matched

CM frame momentum and ~p∗rec is the reconstructed CM momentum for the Btag candidate.

This should be okay since we believe the Monte Carlo is well modeled in the control sample.

Figure 3.15 shows the ∆p∗ distributions for Generic B+B− events (top), events

with a D(∗)µν decay (middle), and events with a signal decay (bottom). Nearly all of

the events with Btag properly reconstructed have ∆p∗ < 0.1 GeV. We truth match track

candidates used to compute p∗true by checking if all tracks properly originate from the same

Btag decay. Notice that the red distributions in Figure 3.15 represent truth matched events

that are not properly reconstructed. The fraction of events that are estimated in MC

allow us to correct for the fraction of events properly reconstructed in data. The signal

efficiencies after considering the fraction of events properly reconstructed from the D∗eν

and D∗µν control samples are given in Table 3.8. Studies of correlations between ∆p∗ and

Btag mES were performed, showing no strong correlations, see 2-D plots in Appendix M.

Mode N0 Nrec N ′
rec fgood ǫDℓν

Dµν 3047 1457 1330 (91.3± 0.7)% (43.6± 0.9)%
D∗µν 8586 4358 3762 (86.3± 0.5)% (43.8± 0.5)%

Deν 3030 1460 1316 (90.1± 0.8)% (43.4± 0.9)%
D∗eν 8311 4342 3676 (84.7± 0.5)% (44.2± 0.5)%

Table 3.8: Fraction of properly reconstructed tag yield and reconstruction efficiencies from
the D(∗)ℓν control modes using the Generic B+B− MC sample. N0 is the number of events
with Btag mES > 5.27 GeV, Btag mode purity > 10%, and ∆p∗ < 0.1 GeV before the
signal-side pre selection. Nrec is the number of D(∗)ℓν candidates reconstructed with event
selection discussed in section 3.5.2. N ′

rec is the same as Nrec with ∆p∗ < 0.1 GeV added. The
fraction of properly reconstructed Btag, fgood, is defined as N ′

rec/Nrec. The reconstruction
efficiency, ǫDℓν , is defined as N ′

rec/N
0.

We perform a three component fit on the ∆E distributions for each control sam-

ple (D(∗)µν and D(∗)eν). The fit parameters for the three ∆E distributions are obtained
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Figure 3.15: Distributions of ∆p∗ = |~p∗true − ~p∗rec| for the Btag meson in Generic B+B− MC
(top), Dµν control MC (middle), and signal MC (bottom). The solid red component of the
distributions is from events where the Btag meson was not truth matched (i.e. not properly
reconstructed).
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using luminosity-weighted standard model MC samples. The three ∆E distributions are

fit separately to obtain the functional forms of the distributions using an unbinned maxi-

mum likelihood fit. We categorize the three components based on how the charmed meson

resonances are reconstructed: D0, D∗0, and D∗∗ (which include D∗∗ℓν events and all other

non-D0 and non-D∗0 backgrounds). Figure 3.16 shows the three individual generic Monte

Carlo ∆E distributions (top row) and the corresponding functional forms of the fits (bot-

tom row) for the D(∗)µν control sample. Figure 3.17 shows the same except for the D(∗)eν

control sample.

Figure 3.18 shows our combined fit parameters determined from MC projected

onto on-resonance data. For the D(∗)µν control sample, we found that a double gaussian

(with a core gaussian mean and width allowed to vary) fit the D0 shape best. For the

D∗0µν contributions, we found that a composite of two PDFs (a gaussian and a crystal

ball combined with a relative fraction allowed to vary) performed best, where the gaussian

mean and width were also allowed to vary. For the D∗∗ contributions, we found that

a composite of two PDFs (a bifurcated gaussian with another gaussian) performed best,

where the additional gaussian was necessary to model a real bump from contributions in

B− → D0π−; D0 → K−π+ decays, where a pion is misidentified as a muon and the

neutrino is not reconstructed, and from B+ → D+
s D

0; D+
s → µν decays, and B− → D0K−

decays [19]. For the above, the yields from the fit parameters were also allowed to vary.

For the D(∗)eν control sample, the yields from the three fit components were

also allowed to vary. For the D0eν shapes, we found that a composite of two PDFs (a

gaussian and a crystal ball) performed best, if the gaussian mean and width were allowed
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to vary and the relative fraction of the composite PDFs were held fixed. For the D∗0eν

contributions, we again found that a composite of two PDFs (a gaussian and a crystal

ball) performed best, allowing the gaussian mean and width to vary. We found that a

bifurcated gaussian performed best on the “other” non-D0 and non-D∗0 decays, or D∗∗-

type components. Table 3.9 provides the yields, on the above fits.

Component Fit yield Fit yield Fraction with Corrected yield
(yield varied) (shape varied) ∆p∗ < 0.1 GeV

Dµν 481± 26 513± 38 0.913 468± 35
D∗µν 1257± 41 1234± 49 0.863 1065± 43
otherµ 653± 31 645± 32 -na- -na-

Deν 516± 28 484± 46 0.901 436± 41
D∗eν 1337± 43 1368± 58 0.847 1159± 49
othere 361± 25 362± 29 -na- -na-

Table 3.9: Results of the on-resonance unbinned maximum likelihood fits to ∆E using the
D(∗)µν and D(∗)eν samples are shown here. The yield varied column shows the results by
varying the 3 yield parameters, shape parameters fixed. In the shape varied column, shape
parameters are allowed to vary also. The shape varied yields are corrected by the fraction
of properly reconstructed Btag candidates, using truth matched information.
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Figure 3.16: Distributions (top row) and fits (bottom row) of ∆E for the three components
of the D(∗)µν sample ∆E fit: other (left), D∗µν (middle), and Dµν right. In the top
middle and top right plots, the dashed distribution is for events with ∆p∗ > 0.1 GeV, which
indicates that the Btag meson was not properly reconstructed. All events are required to
have mes > 5.27 GeV for Btag and m(Kπ) in the range [1.845,1.885] GeV.
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Figure 3.17: Distributions (top row) and fits (bottom row) of ∆E for the three components
of the D(∗)eν sample ∆E fit: other (left), D∗eν (middle), and Deν right. In the top
middle and top right plots, the dashed distribution is for events with ∆p∗ > 0.1 GeV, which
indicates that the Btag meson was not properly reconstructed. All events are required to
have mes > 5.27 GeV for Btag and m(Kπ) in the range [1.845,1.885] GeV.
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Figure 3.18: Projections of the three-component ∆E fit onto data for the B → D(∗)0µν
(left) and B → D(∗)0eν (right) control sample yields. All events are required to have the
Btag mES > 5.27 GeV and m(Kπ) ∈[1.845,1.885] GeV.
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3.5.4 Common sensitivity from control sample

We define our so-called sensitivity, S, by rearranging equation 3.8,

Bhτℓ =
Nhτℓ

NDℓν

(

ǫhτℓtag

ǫDℓν
tag

)

(

ǫhτℓ
ǫDℓν

)(

1
BDℓν

)

, (3.10)

or written as Bhτℓ =
Nhτℓ

S
, where

S ≡ NDℓν

(

ǫhτℓtag

ǫDℓν
tag

)

(

ǫhτℓ
ǫDℓν

)(

1

BDℓν

)

. (3.11)

If we factor out the signal efficiency, such that S = ǫhτℓS0 where

S0 ≡
NDℓν

BDℓν

(

ǫhτℓtag

ǫDℓν
tag

)

(

1

ǫDℓν

)

, (3.12)

we can define a sensitivity, S0, common to the respective τ decay channel.

If we ignore background for the moment and the signal branching fraction is not

zero, the number of expected events in the signal region is Nhτℓ = BhτℓS. In order to extract

an upper limit on the signal branching fractions at the 90% confidence level, we investigate

the R.Barlow frequentist method [45]. Because we cannot ignore backgrounds, the number

of expected events in the m(τ) signal window must be

µ = Nhτℓ + b, (3.13)

or

µ = BhτℓS + b, (3.14)

where b is the expected number of background events in the corresponding m(τ) signal

window.
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We investigated what happens to the Btag efficiency if the signal-side Bsig MC

samples are enriched with a particular final state topology. The common sensitivity factor

(S0) from Equation 3.12 is

S0 ≡
NDℓν

BDℓν

(

ǫhτℓtag /ǫ
Dℓν
tag

ǫDℓν

)

,

which again is common to all τ decay channels. The tag efficiency ratios (ǫhτℓtag /ǫ
Dℓν
tag ) are

expected to be 1, if the Btag reconstruction efficiency is independent of the signal-side final

state topology of the sample. The measured Btag reconstruction efficiency for each signal

MC sample is found in Table 3.10. The computed tag efficiency ratios (ǫhτℓtag /ǫ
Dℓν
tag ) are found

in Table 3.11. The control mode fit yield, NDeν and NDµν , values corrected with MC truth

Btag reconstruction are found in Table 3.9. The control mode signal efficiency, ǫDeν and

ǫDµν , values are found in Table 3.8. Our control sample branching fractions are [39]:

• B(B− → D0ℓ−ν̄) = (2.24± 0.11)%

• B(B− → D∗0ℓ−ν̄) = (5.68± 0.19)%

• B(D0 → K−π+) = (3.91± 0.05)% .

TheD0ℓν andD∗0ℓν control samples give eight independent measures of S0, depen-

dent on the signal mode final state, hτℓ for h = K,π and ℓ = e, µ. The common sensitivities

with corrected tag efficiency ratios are presented in Table 3.12. From correlations between

the Dℓν and D∗ℓν control channels, we compute weighted average sensitivities found in

Table 3.13. These sensitivities are consistent, within measured uncertainties, regardless of

final state topology. The weighted average common sensitivities are used in the expected

upper limit calculations in Appendix P.
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Sample Ngen Nrec ǫtag
Generic B± 2× 708.762M 3.048M (0.215± 0.000)%

Kτµ, Generic Btag 5.769M 14,172 (0.246± 0.002)%
πτµ, Generic Btag 11.63M×0.5 14,072 (0.242± 0.002)%

D(∗)0µν, Generic Btag 2×708.762M×0.00322 11,633 (0.255± 0.002)%

Kτµ, Btag cocktail 429k×0.5 26,396 (12.31± 0.07)%
πτµ, Btag cocktail 429k×0.5 26,243 (12.23± 0.07)%

D(∗)0µν, Btag cocktail 812k×0.5× 0.0841/0.1085 42,047 (13.36± 0.06)%

Kτe, Generic Btag 6.449M 15,747 (0.244± 0.002)%
πτe, Generic Btag 11.63M×0.5 14,069 (0.242± 0.002)%

D(∗)0eν, Generic Btag 2×708.762M×0.00322 11,341 (0.248± 0.002)%

Kτe, Btag cocktail 429k×0.5 26,500 (12.35± 0.07)%
πτe, Btag cocktail 429k×0.5 26,681 (12.44± 0.07)%

D(∗)0eν, Btag cocktail 812k×0.5× 0.0841/0.1085 42,617 (13.54± 0.06)%

Table 3.10: Reconstruction efficiency of the Btag candidate for signal and control sample
(D(∗)0ℓν) Monte Carlo. The “other” B meson is forced to decay as a cocktail, or mix of
hadronic Btag modes, designed to enhance tag efficiency. Ngen is the estimated number of
generated B-mesons in the sample, while Nrec is the number of reconstructed tagged B’s
with mES > 5.27 GeV, ∆p∗ < 0.1 GeV, and mode purity > 10%. Recall that Generic
samples decay via SM processes and probabilities.

Tag efficiency ratios (ǫKτe
tag /ǫ

Deν
tag ) (ǫπτetag /ǫ

Deν
tag ) (ǫKτµ

tag /ǫDµν
tag ) (ǫπτµtag /ǫ

Dµν
tag )

Btag decays generically 0.983± 0.012 0.974± 0.012 0.964± 0.012 0.950± 0.012
Btag decays via cocktail 0.912± 0.007 0.919± 0.007 0.921± 0.007 0.916± 0.007

Tag efficiency ratio in S0 0.983± 0.072 0.974± 0.057 0.964± 0.045 0.950± 0.036

Table 3.11: Tag efficiency ratios for signal modes, B → hτℓ with h = K,π and ℓ = e, µ,
and control modes, B → Dℓν with ℓ = e, µ, respectively. We define our statistical error as
the error when the Btag decays generically. We define a systematic error as the difference
in the tag efficiency ratio when the Btag decays generically and when the Btag decays via
the cocktail sample. In the bottom row, the systematic and statistical errors are added in
quadrature and are used in our common sensitivity calculations in Table 3.12.
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D0µν channel SKτµ
0 = (468±35)

(0.000876±0.000044)
(0.964±0.045)
(0.436±0.009) SKτµ

0 = (11.81± 1.22)× 105

D∗0µν channel SKτµ
0 = (1065±42)

(0.002221±0.000080)
(0.964±0.045)
(0.438±0.005) SKτµ

0 = (10.55± 0.76)× 105

D0µν channel Sπτµ
0 = (468±35)

(0.000876±0.000044)
(0.950±0.036)
(0.436±0.009) Sπτµ

0 = (11.63± 1.16)× 105

D∗0µν channel Sπτµ
0 = (1065±42)

(0.002221±0.000080)
(0.950±0.036)
(0.438±0.005) Sπτµ

0 = (10.40± 0.69)× 105

D0eν channel SKτe
0 = (436±41)

(0.000876±0.000044)
(0.983±0.072)
(0.434±0.009) SKτe

0 = (11.27± 1.49)× 105

D∗0eν channel SKτe
0 = (1159±49)

(0.002221±0.000080)
(0.983±0.072)
(0.442±0.005) SKτe

0 = (11.59± 1.07)× 105

D0eν channel Sπτe
0 = (436±41)

(0.000876±0.000044)
(0.974±0.057)
(0.434±0.009) Sπτe

0 = (11.17± 1.39)× 105

D∗0eν channel Sπτe
0 = (1159±49)

(0.002221±0.000080)
(0.974±0.057)
(0.442±0.005) Sπτe

0 = (11.48± 0.94)× 105

Table 3.12: Common sensitivities for all signal modes, after including tag efficiency ratios
provided the signal-side is enriched with signal-type topologies or control-type topologies.

Combined Correlation
Common Sensitivities Coefficients

SKτµ
0 (10.88± 0.69)× 105 0.11
Sπτµ
0 (10.72± 0.60)× 105 0.01

SKτe
0 (11.50± 1.05)× 105 0.23
Sπτe
0 (11.39± 0.81)× 105 0.09

Table 3.13: Weighted average common sensitivities (normalization) for all signal modes,
where correlations between D0ℓν and D∗0ℓν common sensitivities are included.
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Chapter 4

Results

4.1 Limit calculation

The signal branching fraction upper limit at the 90% confidence level for rare pro-

cesses is calculated based on the number of observed events, background estimates, signal

efficiencies, common sensitivities, and their associated uncertainties using the R. Barlow [45]

and Feldman-Cousins [46] methods. These values are determined from our event selection,

optimized minimum likelihood ratio cuts, and our m(τ) signal window. The Barlow method

also provides a technique for combining the limits for multiple channels in the same exper-

iment. To ensure non-negative branching fraction upper limits, we include the Feldman-

Cousins approach as well. We present branching fraction upper limits combining the three

τ decay channels for the “clean” and “dirty” signal modes, separately. The limit calcula-

tor macros designed for these specifications were developed for the original B± → K±τµ

search [19] and are used in this analysis as well.

In the following, we briefly discuss the R. Barlow method in section 4.1.1 and
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the Feldman-Cousins method in section 4.1.2. A breakdown of signal efficiencies for each

event selection requirement is given in Appendix N Tables N.1 -N.8 for all signal modes.

Data-driven background estimates are discussed in section 4.1.3. Table 4.1 provides a

summary of our optimized minimum likelihood ratio cuts and associated parameters to

estimate expected backgrounds (bi) for all signal modes. In section 4.1.4, we discuss our

optimization procedure for the m(τ) signal window and minimum likelihood ratio cuts.

4.1.1 R. Barlow method

The R. Barlow limit is calculated rearranging equation 4.1, such that the branching

fraction is

Bhτℓ =
1

ǫhτℓS0
(nobs − b), (4.1)

where µ is replaced with nobs, the number of observed events after unblinding, and S

is replaced with ǫhτℓS0, where S0 is determined from equation 3.12 with final common

sensitivities found in Table 3.13 and ǫhτℓ is the final signal reconstruction efficiency found

in Appendix N.

For a given value on Bhτℓ, toy studies are used to randomly generate Gaussian

distributions with measured uncertainties on ǫhτℓ±∆ǫhτℓ, S0±∆S0, and b±∆b. Since the

expected number of observed events should be low, our expected outcome should be based

on Poisson statistics. Consider a Poisson distribution for a single τ channel,

L =
µne−µ

n!
, (4.2)

where µ = BǫS0 + b is the mean computed from sampling the toy distributions discussed

above and n is the number of observed events. The value of B is scanned for increasing
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values starting from zero. The 90% upper limit is the value of B for which 10% of all

measurements would give n ≤ nobs.

For multiple channels, the Poisson likelihood becomes

L =
∏

i

µni

i e
−µi

ni!
(4.3)

and R. Barlow recommends using ∂lnL/∂B = 0 to combine multiple channels, maximizing

the signal branching fraction. For a detailed discussion, please see [45, 19].

4.1.2 Feldman-Cousins method

The Feldman-Cousins method for determining upper limits for a particular confi-

dence range was developed to fix high-energy physics problems concerning proper assign-

ment of coverage from unphysical results. There were two objectives; one associated with

avoiding Bayesian interval construction, and at the same time fixing the problem of unphys-

ical results (in our case, measurements of negative branching fractions). They introduce a

new element, using a particular choice of ordering based on a ratio of likelihoods, as opposed

to just one likelihood as is commonly used. A confidence interval is determined using the

ratio,

R = P (n|µ)/P (n|µbest), (4.4)

where µbest is the mean value from Poisson statistics which maximizes P (n|µ). This “rank-

ing”, or ordering, of likelihoods for various outcomes and means provides a non-Bayesian

approach to fixing the problem of unphysical branching fractions, due to fluctuations where

the number of observed events turns out to be less than expected background, nobs− b. For

a detailed discussion, please see [46, 19]. The Feldman-Cousins upper limits on our signal
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search branching fractions are found in the last column of Table 4.6.

4.1.3 Background estimation

We estimate the number of expected background events in the m(τ) signal window

using a data-driven method, by taking the total number of background in data outside the

signal window and multiplying it by the ratio of background events (inside / outside) from

MC. The bin-by-bin values as a function of minimum likelihood ratio cut for the pion channel

in our “dirty” Kτµ analysis are shown in Figure 4.1(a). The (inside / outside) background

ratio is fairly stable, which we assume is constant as a function of minimum likelihood

cut. The plots of the number of background events outside the signal window vs minimum

likelihood ratio cut show the Monte Carlo expectation (red) and on-resonance data (blue).

The data / Monte Carlo agreement is not bad here. This data-driven background estimate

is performed for all signal searches.

As an aside, if the data / Monte Carlo normalization agreement in the number

of background events outside the signal region vs minimum likelihood ratio cut is bad, we

assume this is still okay as long as the data / Monte Carlo shape is in agreement. In some

cases this becomes a concern, especially in the case when the minimum likelihood ratio cut

results in the uncertainty in the background estimate to be zero. This occurs in cases of

very low statistics, when the LHR distribution runs out of data while there is still some

background in MC. We have found that slightly relaxing, or excluding the minimum LHR

cut keeps the optimization metric fairly unchanged.

Table 4.1 gives a summary of parameters used to estimate expected background,

after final event selection and minimum likelihood ratio requirements using a 120 MeVm(τ)
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signal window. The “BG ratio” column is the ratio of the number of background events

after all selection cuts inside / outside the m(τ) signal window (see example Figure 4.1(a)

bottom). The average values and uncertainties of the background ratios are determined

by-eye. The “Nbg out” columns are the number of background events after all selection

cuts outside the m(τ) signal window, for MC and on-resonance data. The “bi sig. win.”

column is the predicted number of background events in the m(τ) signal window after all

selection cuts using the “BG ratio” and “Nbg out” from data. The final signal efficiencies

(ǫsig) are also provided.
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(a) Top: Background outside m(τ) signal window versus

minimum likelihood ratio cut on-resonance data (blue)

and standard model MC (red). Bottom: Background ra-

tio in/outside signal window versus minimum likelihood

ratio cut using MC, approximately flat at 0.05 ± 0.01.

Product of top and bottom provide estimate of expected

background for the corresponding minimum likelihood

ratio cut (bin-by-bin).

(b) The m(τ) (top-two) and likelihood ratio (bottom-

two) distributions are provided, to help illustrate back-

ground estimates for this channel. Points with error bars

in the top first and third distributions are on-resonance

data. Bottom second and fourth distributions are signal

MC.

Figure 4.1: Example of data-driven background estimate for the “dirty” Kτµ; τ → π(nπ0)ν
channel in the 120 MeV m(τ) signal window.
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Channel LHR BG ratio Nbg out Nbg out bi sig.win. ǫsig
cut (sig.win./out) (MC) (data) (data)

”Clean” B+ → π+τ−µ+, B−
tag:

electron 0.25 0.02± 0.01 89.2± 5.5 55± 7.4 0.9± 0.6 2.28± 0.17
muon 0.50 0.11± 0.04 30.2± 3.3 10± 3.2 1.1± 0.4 2.86± 0.19
pion 0.90 0.04± 0.01 155.0± 7.3 93± 9.6 3.3± 0.9 2.83± 0.19

”Dirty” B+ → π+τ+µ−, B−
tag:

electron 0.25 0.012± 0.003 223.2± 8.7 171± 13.1 2.1± 0.5 3.83± 0.22
muon 0.50 0.04± 0.01 128.5± 6.6 89± 9.4 3.6± 0.9 4.82± 0.25
pion 0.75 0.05± 0.01 571.8± 14.1 512± 22.6 25.6± 2.6 9.12± 0.33

”Clean” B+ → π+τ−e+, B−
tag:

electron 0.25 0.05± 0.03 3.8± 1.2 1± 1.0 0.05± 0.03 1.95± 0.16
muon 0.25 0.03± 0.01 44.0± 3.9 16± 4.0 0.40± 0.16 2.76± 0.19
pion 0.25 0.04± 0.01 262.8± 9.9 172± 13.1 6.02± 1.38 5.75± 0.27

”Dirty” B+ → π+τ+e−, B−
tag:

electron 0.50 0.03± 0.01 39.7± 3.6 31± 5.57 1.0± 0.4 2.87± 0.19
muon 0.25 0.01± 0.01 292.8± 10.1 247± 15.7 3.0± 1.2 4.55± 0.24
pion 0.75 0.07± 0.03 101.5± 5.8 82± 9.1 5.7± 2.5 3.68± 0.22

”Clean” B+ → K+τ−µ+, B−
tag:

electron 0.00 0.02± 0.01 23.1± 3.0 22± 4.7 0.4± 0.2 2.57± 0.18
muon 0.25 0.08± 0.05 11.3± 1.9 4± 2.0 0.3± 0.2 3.23± 0.20
pion 0.90 0.05± 0.02 46.0± 4.2 39± 6.2 1.8± 0.8 4.07± 0.23

”Dirty” B+ → K+τ+µ−, B−
tag:

electron 0.25 0.03± 0.01 8.6± 1.7 5± 2.2 0.2± 0.1 3.66± 0.22
muon 0.90 0.06± 0.03 3.8± 1.2 3± 1.7 0.2± 0.1 3.61± 0.22
pion 0.75 0.05± 0.01 211.5± 8.7 153± 12.4 6.9± 1.5 9.10± 0.33

”Clean” B+ → K+τ−e+, B−
tag:

electron 0.00 0.10± 0.02 14.2± 2.2 6± 2.5 0.57± 0.12 2.17± 0.16
muon 0.40 0.03± 0.01 6.3± 1.5 4± 2.0 0.10± 0.04 2.70± 0.18
pion 0.50 0.05± 0.02 48.9± 4.3 33± 5.7 1.48± 0.50 4.81± 0.24

”Dirty” B+ → K+τ+e−, B−
tag:

electron 0.25 0.10± 0.06 5.7± 1.4 8± 2.8 0.80± 0.48 2.78± 0.18
muon 0.50 0.05± 0.02 7.3± 1.6 3± 1.7 0.14± 0.06 3.20± 0.19
pion 0.50 0.04± 0.01 162.8± 7.5 132± 11.5 4.62± 1.32 8.74± 0.31

Table 4.1: Summary of background estimates (bi) and signal efficiencies (ǫsig) for all τ
decay channels using a 120 MeV m(τ) signal window with final event selection and optimal
minimum likelihood ratio cuts used to compute expected backgrounds in Appendix P.
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4.1.4 Optimization

We performed a 2-D optimization varying the m(τ) signal window range and the

minimum likelihood ratio cut. Our optimization metric for each channel is the expected

average branching fraction upper limit at the 90% confidence level using the R.Barlow

method for individual τ decay channels. The optimization for each parameter is performed

by holding the other parameter fixed when performing the limit calculation.

m(τ) signal window optimization

We selected various m(τ) signal window ranges centered about the nominal τ in-

variant mass of 1.777 GeV: [1.60,1.95], [1.65,1.90], [1.677,1.877], [1.702,1.852], [1.717,1.837],

& [1.727,1.827] GeV. We plot the expected average branching fraction upper limits vs. the

m(τ) signal window for fixed minimum likelihood ratio cuts: 0.0, 0.25, 0.50, 0.75, & 0.90 for

the πτℓ searches and 0.0, 0.25, 0.40, 0.50, 0.75, & 0.90 for the Kτℓ searches. A parabolic

shape would be good, indicating the choice of signal window range is significant, while a

flat shape would indicate a weak dependence on the choice of signal window range. The

plots can be found in Appendix O. Our study shows a very weak dependence on the m(τ)

signal window range and that a 120 MeV window in the range [1.717,1.837] GeV is optimal

for all signal searches.

Minimum likelihood ratio cut optimization

In Figure 4.2, we provide detailed information on the relative signal efficiency

(top), expected number of background events outside the signal region (2nd down), ratio

of background inside to outside the signal region (3rd down), and the expected average
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upper limit branching fraction at the 90% confidence level using the R. Barlow method as a

function of minimum likelihood ratio cut. The minimum likelihood ratio cut is incremented

from [0.00,1.00] in units of 0.05 (20 bins). We find the optimal minimum likelihood ratio

cuts are 0.25, 0.25, 0.25 for the electron, muon, and pion channels, respectively in the

“clean” πτe search. These minimum likelihood ratio cuts correspond to the lowest average

signal branching fraction computed using the R. Barlow method. The expected number of

background events outside the signal region and ratio of background inside to outside the

signal region should correspond to the results provided in Table 4.1 for the “clean” πτe

mode. Our optimal minimum likelihood ratio cuts are signal mode dependent. These cuts

are also summarized in Table 4.1.
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Figure 4.2: “Clean” πτe: Graphs of the relative signal efficiency (top), expected number
of background events outside the signal region (2nd down), ratio of background events inside
/ outside the signal region (3rd down), and the expected 90% confidence level upper limit
(using the Barlow method) on the signal branching fraction (bottom) as a function of the
minimum likelihood ratio cut for the electron (left), muon (middle), and pion (right)
channels, with a simplified 120 MeV optimal signal window for all τ decay channels. The
points with bars in the bottom plots show the average value and RMS of the set of expected
upper limits for that particular minimum likelihood ratio value.
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4.2 Systematic Uncertainties

We perform systematic uncertainty studies on the signal efficiency (ǫsig), after the

minimum likelihood ratio cut, and on the common sensitivity (S0), in the control sample

normalization. The signal efficiency systematic arises from the fact that the minimum LHR

cut is not applied in our control sample. The common sensitivity systematic arises only

in the πτℓ searches, due to the kaon in the control sample and a pion in the signal recon-

struction. In the πτℓ searches, we include additional kaon and pion vetoes in the signal

reconstruction. We argue that a K vs π PID efficiency systematic on the common sensitiv-

ity should account for any additional systematics not already removed in the normalization

using our control sample. Since we estimate background using on-resonance data from the

m(τ) signal window sideband after minimum likelihood ratio cuts, we do not compute a sys-

tematic uncertainty on the expected background. The result of the systematic uncertainty

studies are given below.

Table 4.2 provides a summary of the total absolute error, which include statistical

and systematic errors added in quadrature, for each signal efficiency after applying system-

atic variations to the likelihood ratio inputs. A breakdown of the total relative errors can

be found in Tables 4.3 and 4.4, for the Kτℓ and πτℓ signal efficiencies, respectively. These

total absolute errors go directly into our limit calculation.

The last row in Table 4.5 provides the systematic uncertainty associated with

our common sensitivity, evaluated from the Dµν and Deν control samples. We add total

statistical (found in Table 3.12) and systematic uncertainties on the common sensitivity in

quadrature. The total absolute error must be included in the final limit calculation as well.
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4.2.1 Systematic error on likelihood ratio cut efficiency

In this section, we discuss the method of evaluating the systematic uncertainty on

the efficiency of the minimum likelihood ratio cut. A brief explanation of the variations on

each input component in the likelihood ratio calculation is given below. For background

PDF inputs to the likelihood ratio, we switch from using luminosity-weighted Monte Carlo

samples (as our nominal source) to the on-resonance m(τ) blinding window data sideband.

There is one variation per channel (e, µ, & π) for each of the likelihood ratio inputs:
∑

Ecal,

|cos(θthr)|, primary lepton PID level (hτµ modes only), and secondary lepton PID level (µ

channels only and completely excluded in both πτe modes). For signal MC PDF inputs,

we vary each channel holding everything else fixed. Here is a summary:

•
∑

Ecal: We vary the amount of events with exactly
∑

Ecal = 0 by ± the magnitude of

the difference between the nominal value from signal MC and the data semi-leptonic

double-tag sample (absolute). We also use the data semi-leptonic double-tag sample

to replace the signal MC shape. The semi-leptonic double tag is obtained from our

control sample, within m(Kπ) ∈ [1.845, 1.885] GeV. Details are found in Appendix Q.

• |cos(θthr)|: We use a flat line (uniform) as the variation from the nominal signal PDF.

• primary lepton PID level: We vary each bin of the distribution by ±2.5% (abso-

lute) for the VL, L, and T categories and ±3.2% for the VT category. The four variations

are then added in quadrature. Applied in hτµ modes only.

• secondary lepton PID level: Same as variations in primary lepton PID systematic.

Applied in µ channels only and completely excluded in both πτe modes.
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The deviations from each variation described above is added in quadrature for each channel.

The results of total absolute error on the signal efficiency, from variations in likeli-

hood ratio inputs, is given in Table 4.2 The largest systematic uncertainties are observed in

the “clean” πτe and “clean” Kτe electron channels of 41.4% and 40.2%, respectively. We

observe on the order of 20% in the “dirty” πτe pion channel, “dirty” Kτµ muon channel,

and “clean” and “dirty” Kτe muon channels.

A breakdown of the signal efficiency likelihood ratio input systematics are found in

Table 4.3 and Table 4.4 for Kτℓ and πτℓ modes, respectively. We observe that the largest

systematic errors, in general, come from our variations in the modeling of background for

the
∑

Ecal and |cos(θthr)| distributions.

“Clean” “Dirty”
Total Absolute Error electron muon pion electron muon pion

πτµ 0.18% 0.39% 0.24% 0.25% 0.32% 0.57%
πτe 0.81% 0.31% 0.31% 0.34% 0.36% 0.99%
Kτµ 0.19% 0.36% 0.38% 0.30% 0.70% 0.50%
Kτe 0.16% 0.56% 0.59% 1.12% 0.70% 1.19%

Table 4.2: Summary of total absolute errors on ǫsig, from variations in likelihood ratio
inputs.
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“Clean” “Dirty”
electron muon pion electron muon pion

Variation Kτµ

sig, primary µ PID 0.0% 1.1% 2.9% 1.6% 3.0% 0.9%
sig, secondary ℓ PID 0.0% 0.7% 0.0% 0.0% 2.2% 0.0%
sig,

∑

Ecal zero bin 0.0% 0.4% 1.0% 0.4% 0.4% 0.1%
sig,

∑

Ecal polynomial 0.0% 1.3% 4.6% 0.0% 0.8% 2.2%
sig, |cos(θthr)| 0.0% 0.0% 2.3% 0.4% 0.8% 1.9%

bkg,
∑

Ecal 0.0% 7.2% 0.3% 1.8% 10.6% 1.6%
bkg, |cos(θthr)| 0.0% 5.9% 3.6% 2.5% 14.8% 2.4%
bkg, primary µ PID 0.0% 0.8% 2.6% 0.4% 2.3% 0.4%
bkg, secondary ℓ PID 0.0% 0.0% 0.0% 2.2% 0.8% 0.0%

total systematic error 0.0% 9.5% 7.5% 4.2% 18.8% 4.2%
MC statistical error 6.8% 6.4% 5.7% 5.6% 6.2% 3.6%

total relative error ±6.8% ±11.5% ±9.4% ±7.0% ±19.8% ±5.5%
total absolute error ±0.19% ±0.36% ±0.38% ±0.30% ±0.70% ±0.50%

Variation Kτe

sig, primary e PID 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
sig, secondary ℓ PID 0.0% 1.5% 0.0% 0.0% 4.5% 0.0%
sig,

∑

Ecal zero bin 0.0% 0.0% 0.3% 2.3% 2.2% 0.5%
sig,

∑

Ecal polynomial 0.0% 2.3% 2.8% 1.3% 1.9% 3.4%
sig, |cos(θthr)| 0.0% 0.5% 1.0% 0.0% 0.4% 2.3%

bkg,
∑

Ecal 0.0% 7.7% 1.5% 17.2% 3% 2.5%
bkg, |cos(θthr)| 0.0% 17.2% 7.6% 35.6% 19% 4.2%
bkg, primary e PID 0.0% 5.0% 7.6% 2.6% 6.7% 11.6%
bkg, secondary ℓ PID 0.0% 0.9% 0.0% 0.0% 1.9% 0.0%

total systematic error 0.0% 19.7% 11.3% 39.7% 21.1% 13.2%
MC statistical error 7.4% 6.7% 5.0% 6.5% 5.9% 3.5%

total relative error ±7.4% ±20.8% ±12.4% ±40.2% ±21.9% ±13.7%
total absolute error ±0.16% ±0.56% ±0.59% ±1.12% ±0.70% ±1.19%

Table 4.3: Kτℓ Systematic error on the signal likelihood ratio cut efficiency. Unless stated
otherwise, all errors are relative (i.e. δǫsig/ǫsig ).
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“Clean” “Dirty”
electron muon pion electron muon pion

Variation πτµ

sig, primary µ PID 1.6% 1.5% 3.3% 1.9% 1.5% 2.6%
sig, secondary ℓ PID 0.0% 2.3% 0.0% 0.0% 0.8% 0.0%
sig,

∑

Ecal zero bin 0.0% 0.7% 0.7% 1.0% 0.3% 0.7%
sig,

∑

Ecal polynomial 0.0% 1.9% 2.4% 1.4% 1.9% 3.7%
sig, |cos(θthr)| 1.8% 0.5% 0.0% 1.7% 0.6% 1.0%

bkg,
∑

Ecal 0.0% 1.4% 1.4% 0.0% 2.8% 0.1%
bkg, |cos(θthr)| 0.6% 11.3% 2.9% 0.3% 1.7% 1.2%
bkg, primary µ PID 1.2% 0.9% 1.4% 0.0% 0.3% 1.6%
bkg, secondary ℓ PID 0.0% 0.9% 0.0% 0.3% 0.3% 0.0%

total systematic error 2.7% 12.0% 5.4% 3.1% 4.2% 5.1%
MC statistical error 7.5% 6.6% 6.8% 5.8% 5.2% 3.6%

total relative error ±8.0% ±13.7% ±8.7% ±6.6% ±6.7% ±6.2%
total absolute error ±0.18% ±0.39% ±0.24% ±0.25% ±0.32% ±0.57%

Variation πτe

sig, primary e PID 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
sig, secondary ℓ PID 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
sig,

∑

Ecal zero bin 0.7% 1.0% 0.2% 3.6% 0.6% 1.9%
sig,

∑

Ecal polynomial 0.0% 1.0% 1.9% 1.9% 3.6% 7.0%
sig, |cos(θthr)| 0.7% 1.0% 0.5% 5.6% 0.9% 1.8%

bkg,
∑

Ecal 22.8% 2.4% 0.2% 2.3% 1.5% 12.5%
bkg, |cos(θthr)| 33.1% 4.9% 0.5% 1.9% 0.9% 4.0%
bkg, primary e PID 4.1% 2% 1.9% 2.3% 2.1% 21.6%
bkg, secondary ℓ PID 3.4% 6.3% 0.0% 6.1% 3.6% 0.0%

total systematic error 40.6% 8.7% 2.8% 10.0% 5.9% 26.4%
MC statistical error 8.2% 6.9% 4.7% 6.6% 5.3% 6.0%

total relative error ±41.4% ±11.1% ±5.5% ±12.0% ±7.9% ±27.1%
total absolute error ±0.81% ±0.31% ±0.31% ±0.34% ±0.36% ±0.99%

Table 4.4: πτℓ Systematic error on the signal likelihood ratio cut efficiency. Unless stated
otherwise, all errors are relative (i.e. δǫsig/ǫsig ).
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4.2.2 K vs π PID efficiency systematic on sensitivity - πτℓ modes

We perform an unbinned maximum likelihood fit on ∆E distributions, reconstruct-

ing D0 & D∗0 fit yields (recall subsection 3.5.3 - Control Sample ∆E Fit Yields) requiring

various combinations of hadron or no hadron PID. The ratio of PID efficiencies using Monte

Carlo and on-resonance samples allow us to extract a systematic uncertainty on our com-

mon sensitivity, S0. We account for this systematic by comparing kaon PID efficiency with

pion PID efficiency, ǫKPID

ǫπPID
, using a ratio of on-resonance data to MC,

Rsyst =
ǫ
(onres)
KPID /ǫ

(onres)
πPID

ǫ
(MC)
KPID/ǫ

(MC)
πPID

. (4.5)

The kaon vs. pion PID efficiency systematic is necessary for B+ → π+τℓ searches only. The

deviation from 1.000 along with the propagated uncertainty added in quadrature is how we

define this systematic. See Table 4.5 for a summary of the kaon vs. pion PID efficiency

systematics and the sum of D0 & D∗0 ∆E fit yields with shape parameters allowed to vary.

Details are found in Appendix R.

Shape & Yield Varied MCDµν OnresDµν MCDeν OnresDeν

from ∆E Fits (D0 +D∗0) (D0 +D∗0) (D0 +D∗0) (D0 +D∗0)

NKPIDπPID = N0ǫKǫπ 1656 1473 1670 1568
NKPID = N0ǫK 1663 1480 1679 1577
N0 (No hadron PID) 1762 1595 1816 1710

ǫK (%) 94.4± 0.5 92.8± 0.6 92.5± 0.6 92.2± 0.6
ǫπ (%) 99.6± 0.2 99.5± 0.2 99.5± 0.2 99.4± 0.2
ǫK/ǫπ (%) 94.8± 0.6 93.2± 0.7 93.0± 0.6 92.8± 0.7

Rsyst 0.984± 0.009 0.998± 0.010

K vs. π PID ǫsyst 1.8% 1.0%

Table 4.5: kaon vs. pion PID efficiency systematic (ǫsyst) with shape and yield fit parameters
varied (deviation from 1.000 and uncertainty added in quadrature).
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4.3 Final results

Our unblinded results are summarized in Table 4.6, which are consistent with no

new physics. The estimated backgrounds are consistent with standard model expectations

and the upper limits on the branching fractions for these signal searches using the R. Barlow

and Feldman-Cousins methods at the 90% confidence levels are as such. The unblinded τ

invariant mass distributions are found in Figures 4.3-4.6. Log likelihood scans are provided

in Figures 4.7-4.8, for the number of observed events with Poisson means using the R.

Barlow method, where the maximum value of the likelihood determines our signal branching

fraction B, as the “central value”. 1-sigma positive and negative errors are determined from

0.5 of the log likelihood scan where B is our central value, using the number of observed

events found after unblinding.
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Figure 4.3: Unblinded m(τ) distributions after final event selection for “clean” (left) and
“dirty” (right) Kτe signal searches. Number of observed events consistent with SM
expectations.
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Figure 4.4: Unblinded m(τ) distributions after final event selection for “clean” (left) and
“dirty” (right) Kτµ signal searches. Number of observed events consistent with SM
expectations.
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Figure 4.5: Unblinded m(τ) distributions after final event selection for “clean” (left)
and “dirty” (right) πτe signal searches. Number of observed events consistent with SM
expectations.
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Figure 4.6: Unblinded m(τ) distributions after final event selection for “clean” (left) and
“dirty” (right) πτµ signal searches. Number of observed events consistent with SM
expectations.
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Channel LHR bi sig.win. ni sig.win. R. Barlow UL Feldman-Cousins UL
cut (data) (data) on B @ 90% CL on B @ 90% CL

”Clean” B(B+ → π+τ−µ+, B−
tag) < 5.0× 10−5 < 6.2× 10−5

electron 0.25 0.9± 0.6 0
muon 0.50 1.1± 0.4 2
pion 0.90 3.3± 0.9 4

”Dirty” B(B+ → π+τ+µ−, B−
tag) < 3.5× 10−5 < 4.5× 10−5

electron 0.25 2.1± 0.5 2
muon 0.50 3.6± 0.9 4
pion 0.75 25.6± 2.6 23

”Clean” B(B+ → π+τ−e+, B−
tag) < 6.9× 10−5 < 7.4× 10−5

electron 0.25 0.05± 0.03 1
muon 0.25 0.40± 0.16 1
pion 0.25 6.02± 1.38 7

”Dirty” B(B+ → π+τ+e−, B−
tag) < 0.5× 10−5 < 2.0× 10−5

electron 0.50 1.0± 0.4 0
muon 0.25 3.0± 1.2 2
pion 0.75 5.7± 2.5 3

”Clean” B(B+ → K+τ−µ+, B−
tag) < 3.9× 10−5 < 4.5× 10−5

electron 0.00 0.4± 0.2 2
muon 0.25 0.3± 0.2 0
pion 0.90 1.8± 0.8 1

”Dirty” B(B+ → K+τ+µ−, B−
tag) < 2.2× 10−5 < 2.8× 10−5

electron 0.25 0.15± 0.05 0
muon 0.90 0.18± 0.09 0
pion 0.75 6.88± 1.53 11

”Clean” B(B+ → K+τ−e+, B−
tag) < 3.4× 10−5 < 4.3× 10−5

electron 0.00 0.57± 0.12 2
muon 0.40 0.10± 0.04 0
pion 0.50 1.48± 0.50 1

”Dirty” B(B+ → K+τ+e−, B−
tag) < 0.8× 10−5 < 1.5× 10−5

electron 0.25 0.8± 0.48 0
muon 0.50 0.135± 0.06 0
pion 0.50 4.62± 1.32 4

Table 4.6: bi is the expected background in data after optimized event selection. ni is the
number of actual observed events in data after unblinding. R. Barlow and Feldman-Cousins
upper limits on signal branching fractions at the 90% confidence level are also given.
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Figure 4.7: Log likelihood scan of signal branching fractions for Kτℓ signal searches, with
central values and deviations of 0.5 given as positive and negative uncertainties.
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Figure 4.8: Log likelihood scan of signal branching fractions for πτℓ signal searches, with
central values and deviations of 0.5 given as positive and negative uncertainties.
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Chapter 5

Conclusion

The Feldman-Cousins method for determining confidence intervals at the 90%

upper limit on our signal search branching fractions are again provided in Table 5.1. Observe

Signal Clean Dirty
Search (×10−5) (×10−5)

B(B+ → π+τµ) < 6.2 < 4.5
B(B+ → π+τe) < 7.4 < 2.0
B(B+ → K+τµ) < 4.5 < 2.8
B(B+ → K+τe) < 4.3 < 1.5

Table 5.1: Summary of Feldman-Cousins UL branching fractions at the 90% CL for “clean”
(left) and “dirty” (right) searches.

dirty signal modes perform best, giving lower B UL at 90% CL. The search that provided

the best sensitivity from the full BABAR dataset using the R. Barlow method came from the

“dirty” B → πτe analysis with < 0.5× 10−5, while the best sensitivity using the Feldman-

Cousins approach came from the “dirty” B → Kτe search with < 1.5 × 10−5 both at the

90% CL.

We put conservative constraints on New Physics parameters, using our “clean”
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mode Feldman-Cousins ULs with the full BABAR dataset, corresponding to 471.9 million

BB̄ pairs. Using the Black et al. [17] estimation for determining NP energy scales between

couplings of the third and second generation, and measured upper limit branching fractions

of B(B+ → π+τµ) < 6.2 and B(B+ → K+τµ) < 4.5, we get bound on of Λb̄s > 15 TeV and

Λb̄d > 12 TeV, respectively.

From Sher & Yuan [16], we can provide real experimental bounds on quark-type

FCNCs and LFV Yukawa couplings between third and second generations, and third and

first generations. You can compare our initial hypothetical bounds found in Table 1.2 with

real experimental bounds in Table 5.2. Our measured upper limits improve bounds by an

order to two orders of magnitude. Unfortunately, the resulting bounds on mS are well

within experimental energy scales and agree with no such observations. Future scheduled

Decay process Measured upper limit Bound mS (GeV)

B+ → K+τµ 4.5× 10−5 η4µτ < 4.5× (mS/mW )4 > 13.5

B+ → π+τµ 4.3× 10−5 η2eτη
2
µτ < 620× (mS/mW )4 > 1.0

B+ → K+τe 6.2× 10−5 η2µτη
2
eτ < 4.3× (mS/mW )4 > 3.6

B+ → π+τe 7.4× 10−5 η4eτ < 740× (mS/mW )4 > 5.5

Table 5.2: Measured bounds on flavor-changing couplings from three-body B decays esti-
mated using the Sher & Yuan calculation [16], with measured BABAR sensitivity. Measured
bounds provide method for determining mass of the scalar exchange particle, mS , in Fig-
ure 1.1(a).

experiments, such as the Super B-factories in Italy or Japan, can improve constraints on

New Physics by continuing to search for these decays.
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Appendix A

The m(Kπ) cut
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Figure A.1: “Clean” B+ → K+τ−µ+;B−

tag mode. The invariant mass of the kaon
with the track of opposite charge, assuming that it’s a pion for the electron (left), muon
(middle), pion (right) channels for all backgrounds (top) and signal Monte Carlo (bottom).
Points with error bars from on-resonance data (top). The D0 → K−π+ peak is clearly
visible, except in the e channel (real e poorly faking π). Most of the B background has
m(Kπ) below the D0 mass.
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Figure A.2: “Dirty” B+ → K+τ+µ−;B−

tag mode. The invariant mass of the kaon
with the track of opposite charge, assuming that it’s a pion for the electron (left), muon
(middle), pion (right) channels for all backgrounds (top) and signal Monte Carlo (bottom).
Points with error bars from on-resonance data (top). The D0 → K−π+ peak is clearly
visible in all channels. Relatively larger B backgrounds after the m(Kπ) cut.
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Figure A.3: “Clean” B+ → K+τ−e+;B−

tag mode. The invariant mass of the kaon
with the track of opposite charge, assuming that it’s a pion for the electron (left), muon
(middle), pion (right) channels for all backgrounds (top) and signal Monte Carlo (bottom).
Points with error bars from on-resonance data (top). The D0 → K−π+ peak is clearly
visible, except in the e channel. Most of the B background has m(Kπ) below the D0 mass.

) (GeV)πm(K
0 1 2 3 4

E
ve

n
ts

 / 
50

 M
eV

0

20

40

) (GeV)πm(K
0 1 2 3 4

E
ve

n
ts

 / 
50

 M
eV

0

20

40

-

tag
, B-e+τ+ K→+Preselection, e channel, B all backgrounds

B+

B0
cc

uds
-τ+τ

) (GeV)πm(K
0 1 2 3 4

E
ve

n
ts

 / 
50

 M
eV

0

10

20

-

tag
, B-e+τ+ K→+Preselection, e channel, B signal

) (GeV)πm(K
0 1 2 3 4

E
ve

n
ts

 / 
50

 M
eV

0

100

200

) (GeV)πm(K
0 1 2 3 4

E
ve

n
ts

 / 
50

 M
eV

0

100

200

-

tag
, B-e+τ+ K→+ channel, BµPreselection, all backgrounds

B+

B0
cc

uds
-τ+τ

) (GeV)πm(K
0 1 2 3 4

E
ve

n
ts

 / 
50

 M
eV

0

10

20

-

tag
, B-e+τ+ K→+ channel, BµPreselection, signal

) (GeV)πm(K
0 1 2 3 4

E
ve

n
ts

 / 
50

 M
eV

0

200

400

600

) (GeV)πm(K
0 1 2 3 4

E
ve

n
ts

 / 
50

 M
eV

0

200

400

600

-

tag
, B-e+τ+ K→+ channel, BπPreselection, all backgrounds

B+

B0
cc

uds
-τ+τ

) (GeV)πm(K
0 1 2 3 4

E
ve

n
ts

 / 
50

 M
eV

0

50

-

tag
, B-e+τ+ K→+ channel, BπPreselection, signal

Figure A.4: “Dirty” B+ → K+τ+e−;B−

tag mode. The invariant mass of the kaon
with the track of opposite charge, assuming that it’s a pion for the electron (left), muon
(middle), pion (right) channels for all backgrounds (top) and signal Monte Carlo (bottom).
Points with error bars from on-resonance data (top). The D0 → K−π+ peak is not visible
(e poorly faking π). Most of the B background has m(Kπ) below the D0 mass, while signal
is more symmetrically distributed.
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Figure A.5: “Clean” B+ → π+τ−µ+;B−

tag mode. The invariant mass of the kaon
with the track of opposite charge, assuming that it’s a pion for the electron (left), muon
(middle), and pion (right) channels for all backgrounds (top) and signal Monte Carlo
(bottom). Points with error bars from on-resonance data (top). The D0 → K−π+ peak
is slightly visible, and not visible at all in the e channel. Most of the B background has
m(Kπ) below the D0 mass. We lose signal efficiency but have better background rejection
after the m(Kπ) cut.
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Figure A.6: “Dirty” B+ → π+τ+µ−;B−

tag mode. The invariant mass of the kaon
with the track of opposite charge, assuming that it’s a pion for the electron (left), muon
(middle), and pion (right) channels for all backgrounds (top) and signal Monte Carlo
(bottom). Points with error bars from on-resonance data (top). The D0 → K−π+ peak
is only slightly visible in the µ channel, where a J/ψ peak seems to be present as well.
Relatively larger B background after the m(Kπ) cut, but higher signal efficiencies.
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Figure A.7: “Clean” B+ → π+τ−e+;B−

tag mode. The invariant mass of the kaon
with the track of opposite charge, assuming that it’s a pion for the electron (left), muon
(middle), and pion (right) channels for all backgrounds (top) and signal Monte Carlo
(bottom). Points with error bars from on-resonance data (top). The D0 → K−π+ peak is
clearly visible, except in the e channel. Most of the B background has m(Kπ) below the
D0 mass.
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Figure A.8: “Dirty” B+ → π+τ+e−;B−

tag mode. The invariant mass of the kaon
with the track of opposite charge, assuming that it’s a pion for the electron (left), muon
(middle), and pion (right) channels for all backgrounds (top) and signal Monte Carlo
(bottom). Points with error bars from on-resonance data (top). The D0 → K−π+ peak
is not visible in any of the channels, but we seem to be faking some J/ψ decays in the e
channel. Relatively large B background after the m(Kπ) cut, with higher signal efficiencies.

129



Appendix B

The m(µµ) cuts
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Figure B.1: Postm(Kπ) cut for the invariant mass of the two non-kaon tracks assuming that
both are muons for our “clean” (top-two) and “dirty” (bottom-two) Kτµ modes,
for the µ (left) and π (right) channels only. Points with error bars from on-resonance data
(top). Observe a significant charmonium peak near the J/ψ resonance in the muon channels.
Lower second and fourth distributions from signal MC.
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Figure B.2: Post m(Kπ) cut for the invariant mass of the two non-primary-pion tracks
assuming that both are muons for our “clean” (top-two) and “dirty” (bottom-two)
πτµ modes, for the µ (left) and π (right) channels only. Points with error bars from
on-resonance data (top). Observe a significant charmonium peak near the J/ψ resonance
in the muon channels. Lower second and fourth distributions from signal MC.
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Appendix C

The m(ee) cuts
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Figure C.1: Post m(Kπ) cut for the invariant mass of the two non-kaon tracks assuming
both are electrons for our “clean” (top-two) and “dirty” (bottom-two) Kτe modes,
for the e (left) and π (right) channels only. Points with error bars in top first and third dis-
tributions from on-resonance data. Observe significant charmonium and γ-conversion peaks
near the J/ψ resonance and zero in both e channels. Small rises near the ψ(2s) resonance
are also seen in the background distributions. Bottom second and fourth distributions from
signal MC.
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Figure C.2: Post m(Kπ) cut for for the invariant mass of the two non-primary-pion tracks
assuming both are electrons for our “clean” (top-two) and “dirty” (bottom-two)
πτe+ modes, for the e (left) and π (right) channels only. Points with error bars in top
first and third distributions from on-resonance data. Observe significant charmonium and
γ-conversion peaks near the J/ψ resonance and zero in both e channels. Small rises near the
ψ(2s) resonance are also seen in the background distributions. Bottom second and fourth
distributions from signal MC.
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Appendix D

The Btag mES cut
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Figure D.1: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
Kτµ modes. Distributions of Btag mES for the electron (left), muon (middle), pion
(right) channels. Btag mES > 5.27 GeV keeps most of our signal while removing most of
the non-peaking background. Points with error bars from on-resonance data (top). Bottom
plots from signal MC.
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Figure D.2: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
Kτe modes. Distributions of Btag mES for the electron (left), muon (middle), pion
(right) channels. Btag mES > 5.27 GeV keeps most of our signal while removing most of
the non-peaking background. Points with error bars from on-resonance data (top). Bottom
plots from signal MC.
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Figure D.3: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
πτµ modes. Distributions of Btag mES for the electron (left), muon (middle), pion
(right) channels. Btag mES > 5.27 GeV keeps most of our signal while removing most of
the non-peaking background. Points with error bars from on-resonance data (top). Bottom
plots from signal MC.
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Figure D.4: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
πτe modes. Distributions of Btag mES for the electron (left), muon (middle), pion
(right) channels. Btag mES > 5.27 GeV keeps most of our signal while removing most of the
non-peaking background. The points with error bars in the top plots are the on-resonance
data. Bottom plots from signal MC.
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Appendix E

Pion PID level of the primary pion

candidate (πτℓ modes only)
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Figure E.1: Postm(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two) πτµ
modes. Distributions of pion PID level of the primary pion candidate for the electron
(left), muon (center), and pion (right) channels. The bins correspond to passing at best the
following PID lists: 1=piKMVeryLoose, 2=piKMLoose, 3=piKMTight, 4=piKMVeryTight.
Points with error bars in the top first and third distributions from on-resonance data.
Bottom second and fourth distributions from signal MC.
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Figure E.2: Postm(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two) πτe
modes. Distributions of pion PID level of the primary pion candidate for the electron
(left), muon (center), and pion (right) channels. The bins correspond to passing at best the
following PID lists: 1=piKMVeryLoose, 2=piKMLoose, 3=piKMTight, 4=piKMVeryTight.
Points with error bars in the top first and third distributions from on-resonance data.
Bottom second and fourth distributions from signal MC.
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Appendix F

The m(τ ) signal window
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Figure F.1: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
Kτµ modes. Distributions of the reconstructed tau mass for the electron (left), muon
(middle), & pion (right) channels. Data blinded by removing events with m(τ) in the range
[1.65,1.90] GeV, while background is broad and smooth distribution. Bottom second and
fourth distributions from signal MC, where the signal peaks sharply at the tau mass.
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Figure F.2: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
Kτe modes. Distributions of the reconstructed tau mass for the electron (left), muon
(middle), & pion (right) channels. Data blinded by removing events with m(τ) in the range
[1.65,1.90] GeV, while background is broad and smooth distribution. Bottom second and
fourth distributions from signal MC, where the signal peaks sharply at the tau mass.
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Figure F.3: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
πτµ modes. Distributions of the reconstructed tau mass for the electron (left), muon
(middle), & pion (right) channels. Data blinded by removing events with m(τ) in the range
[1.65,1.90] GeV, while background is broad and smooth distribution. Bottom second and
fourth distributions from signal MC, where the signal peaks sharply at the tau mass.
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Figure F.4: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
πτe modes. Distributions of the reconstructed tau mass for the electron (left), muon
(middle), & pion (right) channels. Data blinded by removing events with m(τ) in the range
[1.65,1.90] GeV, while background is broad and smooth distribution. Bottom second and
fourth distributions from signal MC, where the signal peaks sharply at the tau mass.
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Appendix G

Distributions of
∑

Ecal
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Figure G.1: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
Kτµ modes. Distributions of the residual energy in the calorimeter,

∑

Ecal, with energy
thresholds of 50 MeV in the barrel and 100 MeV in the endcaps for the electron (left),
muon (middle), & pion (right) channels.
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Figure G.2: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
Kτe modes. Distributions of the residual energy in the calorimeter,

∑

Ecal, with energy
thresholds of 50 MeV in the barrel and 100 MeV in the endcaps for the electron (left),
muon (middle), & pion (right) channels.
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Figure G.3: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
πτµ modes. Distributions of the residual energy in the calorimeter,

∑

Ecal, with energy
thresholds of 50 MeV in the barrel and 100 MeV in the endcaps for the electron (left),
muon (middle), & pion (right) channels.
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Figure G.4: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
πτe modes. Distributions of the residual energy in the calorimeter,

∑

Ecal, with energy
thresholds of 50 MeV in the barrel and 100 MeV in the endcaps for the electron (left),
muon (middle), & pion (right) channels.
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Appendix H

Distributions of |cos(θthr)|
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Figure H.1: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
Kτµ modes. Distributions of the |cos(θthr)| for the electron (left), muon (middle), &
pion (right) channels.
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Figure H.2: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
Kτe modes. Distributions of the |cos(θthr)| for the electron (left), muon (middle), &
pion (right) channels.
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Figure H.3: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
πτµ modes. Distributions of the |cos(θthr)| for the electron (left), muon (middle), &
pion (right) channels.
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Figure H.4: Post m(Kπ) cut for our “clean” (top-two) and “dirty” (bottom-two)
πτe modes. Distributions of the |cos(θthr)| for the electron (left), muon (middle), &
pion (right) channels.
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Appendix I

Parameterization of
∑

Ecal and

|cos θthr|
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Figure I.1: πτµ probability density functions of the
∑

Ecal (columns 1 & 3) and |cos θthr|
(columns 2 & 4) MC distributions for “clean” (left-two columns) and “dirty” (right-two
columns) electron (top-two rows), muon (middle-two rows), and pion (bottom-two rows)
channels.

157



(e)

Entries  30
 / ndf 2χ  6.309 / 13

p0        0.0324± 0.0437 
p1        0.094350± 0.003281 
p2        0.0731774± -0.0004242 
p3        0.0159484± -0.0004575 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.05

0.1

0.15

Entries  30
 / ndf 2χ  6.309 / 13

p0        0.0324± 0.0437 
p1        0.094350± 0.003281 
p2        0.0731774± -0.0004242 
p3        0.0159484± -0.0004575 

e channel, All backgrounds Entries  30
 / ndf 2χ   6.65 / 13

p0        0.071759± 0.002582 
p1        0.5551± 0.1976 
p2        1.1460± -0.3055 
p3        0.6940± 0.1589 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2

0

0.1

0.2

Entries  30
 / ndf 2χ   6.65 / 13

p0        0.071759± 0.002582 
p1        0.5551± 0.1976 
p2        1.1460± -0.3055 
p3        0.6940± 0.1589 

All backgroundse channel, All backgrounds

Entries  233
 / ndf 2χ  7.004 / 11

p0        0.009± 0.238 
p1        0.0136± -0.5398 
p2        0.0097± 0.4183 
p3        0.0060± -0.1154 
p4        0.002341± 0.005606 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.1

0.2

0.3

Entries  233
 / ndf 2χ  7.004 / 11

p0        0.009± 0.238 
p1        0.0136± -0.5398 
p2        0.0097± 0.4183 
p3        0.0060± -0.1154 
p4        0.002341± 0.005606 

e channel, signal
Entries  233

 / ndf 2χ  53.89 / 45
p0        0.0057± 0.0126 
p1        0.08038± 0.01451 
p2        0.33140± -0.04642 
p3        0.50055± 0.06386 
p4        0.24765± -0.02484 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2

0

0.05

Entries  233
 / ndf 2χ  53.89 / 45

p0        0.0057± 0.0126 
p1        0.08038± 0.01451 
p2        0.33140± -0.04642 
p3        0.50055± 0.06386 
p4        0.24765± -0.02484 

e channel, signal

Entries  327
 / ndf 2χ  21.93 / 25

p0        0.00971± 0.09897 
p1        0.01787± -0.08213 
p2        0.00980± 0.02196 
p3        0.001597± -0.001704 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.05

0.1

Entries  327
 / ndf 2χ  21.93 / 25

p0        0.00971± 0.09897 
p1        0.01787± -0.08213 
p2        0.00980± 0.02196 
p3        0.001597± -0.001704 

e channel, All backgrounds Entries  327
 / ndf 2χ  44.24 / 42

p0        0.00602± 0.01341 
p1        0.1791± -0.1403 
p2        1.844± 1.957 
p3        9.19± -10.86 
p4        24.9±  29.3 
p5        37.06± -40.83 
p6        28.29± 28.24 
p7        8.615± -7.617 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2

0

0.05

Entries  327
 / ndf 2χ  44.24 / 42

p0        0.00602± 0.01341 
p1        0.1791± -0.1403 
p2        1.844± 1.957 
p3        9.19± -10.86 
p4        24.9±  29.3 
p5        37.06± -40.83 
p6        28.29± 28.24 
p7        8.615± -7.617 

All backgroundse channel, All backgrounds

Entries  402
 / ndf 2χ  11.82 / 15

p0        0.0042± 0.2068 
p1        0.0047± -0.4842 
p2        0.0024± 0.4804 
p3        0.0011± -0.2486 
p4        0.00041± 0.06629 
p5        0.000116± -0.007157 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.1

0.2

0.3

Entries  402
 / ndf 2χ  11.82 / 15

p0        0.0042± 0.2068 
p1        0.0047± -0.4842 
p2        0.0024± 0.4804 
p3        0.0011± -0.2486 
p4        0.00041± 0.06629 
p5        0.000116± -0.007157 

e channel, signal
Entries  402

 / ndf 2χ  52.88 / 46
p0        0.003387± 0.008906 
p1        0.03090± 0.03921 
p2        0.07328± -0.06711 
p3        0.04938± 0.04491 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2

0

0.05

Entries  402
 / ndf 2χ  52.88 / 46

p0        0.003387± 0.008906 
p1        0.03090± 0.03921 
p2        0.07328± -0.06711 
p3        0.04938± 0.04491 

e channel, signal

(µ)

Entries  228
 / ndf 2χ  23.46 / 27

p0        0.00869± 0.07021 
p1        0.01291± -0.03859 
p2        0.005490± 0.006273 
p3        0.0006689± -0.0002161 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.05

0.1

Entries  228
 / ndf 2χ  23.46 / 27

p0        0.00869± 0.07021 
p1        0.01291± -0.03859 
p2        0.005490± 0.006273 
p3        0.0006689± -0.0002161 

mu channel, All backgrounds Entries  228
 / ndf 2χ   29.5 / 39

p0        0.002463± 0.008739 
p1        0.01565± -0.07915 
p2        0.036± 1.553 
p3        0.050± -8.698 
p4        0.06± 20.31 
p5        0.07± -21.02 
p6        0.064± 8.021 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2
0

0.05

0.1

Entries  228
 / ndf 2χ   29.5 / 39

p0        0.002463± 0.008739 
p1        0.01565± -0.07915 
p2        0.036± 1.553 
p3        0.050± -8.698 
p4        0.06± 20.31 
p5        0.07± -21.02 
p6        0.064± 8.021 

All backgroundsmu channel, All backgrounds

Entries  337
 / ndf 2χ  15.04 / 16

p0        0.0044± 0.2183 
p1        0.0045± -0.7138 
p2        0.002± 1.164 
p3        0.00± -1.05 
p4        0.0004± 0.5204 
p5        0.0002± -0.1323 
p6        0.00005± 0.01345 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.1

0.2

0.3

Entries  337
 / ndf 2χ  15.04 / 16

p0        0.0044± 0.2183 
p1        0.0045± -0.7138 
p2        0.002± 1.164 
p3        0.00± -1.05 
p4        0.0004± 0.5204 
p5        0.0002± -0.1323 
p6        0.00005± 0.01345 

mu channel, signal
Entries  337

 / ndf 2χ  40.12 / 44
p0        0.00257± 0.01138 
p1        0.01356± 0.09195 
p2        0.0249± -0.4621 
p3        0.032± 1.052 
p4        0.036± -1.114 
p5        0.030± 0.445 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2

0

0.02

0.04

0.06

Entries  337
 / ndf 2χ  40.12 / 44

p0        0.00257± 0.01138 
p1        0.01356± 0.09195 
p2        0.0249± -0.4621 
p3        0.032± 1.052 
p4        0.036± -1.114 
p5        0.030± 0.445 

mu channel, signal

Entries  1897
 / ndf 2χ  67.34 / 34

p0        0.0031± 0.0999 
p1        0.00378± -0.07756 
p2        0.00145± 0.01988 
p3        0.000174± -0.001671 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.05

0.1

Entries  1897
 / ndf 2χ  67.34 / 34

p0        0.0031± 0.0999 
p1        0.00378± -0.07756 
p2        0.00145± 0.01988 
p3        0.000174± -0.001671 

mu channel, All backgrounds Entries  1897
 / ndf 2χ  41.82 / 44

p0        0.00109± 0.01595 
p1        0.0064± -0.0543 
p2        0.0127± 0.3893 
p3        0.0168± -0.9587 
p4        0.0202± 0.9779 
p5        0.0165± -0.3294 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2

0

0.02

0.04

0.06
Entries  1897

 / ndf 2χ  41.82 / 44
p0        0.00109± 0.01595 
p1        0.0064± -0.0543 
p2        0.0127± 0.3893 
p3        0.0168± -0.9587 
p4        0.0202± 0.9779 
p5        0.0165± -0.3294 

All backgroundsmu channel, All backgrounds

Entries  620
 / ndf 2χ  11.66 / 17

p0        0.0029± 0.2585 
p1        0.003± -1.028 
p2        0.001± 2.162 
p3        0.000± -2.575 
p4        0.000± 1.765 
p5        0.0001± -0.6889 
p6        0.000± 0.142 
p7        0.000± -0.012 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.1

0.2

Entries  620
 / ndf 2χ  11.66 / 17

p0        0.0029± 0.2585 
p1        0.003± -1.028 
p2        0.001± 2.162 
p3        0.000± -2.575 
p4        0.000± 1.765 
p5        0.0001± -0.6889 
p6        0.000± 0.142 
p7        0.000± -0.012 

mu channel, signal
Entries  620

 / ndf 2χ  45.33 / 43
p0        0.00522± 0.01886 
p1        0.1443± -0.0475 
p2        1.2708± 0.3431 
p3        4.845± -1.513 
p4        8.951± 3.659 
p5        7.884± -4.068 
p6        2.651± 1.635 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2

0

0.02

0.04

0.06

Entries  620
 / ndf 2χ  45.33 / 43

p0        0.00522± 0.01886 
p1        0.1443± -0.0475 
p2        1.2708± 0.3431 
p3        4.845± -1.513 
p4        8.951± 3.659 
p5        7.884± -4.068 
p6        2.651± 1.635 

mu channel, signal

(π)

Entries  1532
 / ndf 2χ  28.92 / 36

p0        0.00124± 0.03272 
p1        0.00068± 0.01188 
p2        0.000188± 0.006211 
p3        0.00005± -0.01415 
p4        0.000012± 0.004888 
p5        0.0000026± -0.0005933 
p6        4.934e-07± 2.039e-05 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.02

0.04

0.06
Entries  1532

 / ndf 2χ  28.92 / 36
p0        0.00124± 0.03272 
p1        0.00068± 0.01188 
p2        0.000188± 0.006211 
p3        0.00005± -0.01415 
p4        0.000012± 0.004888 
p5        0.0000026± -0.0005933 
p6        4.934e-07± 2.039e-05 

pi channel, All backgrounds Entries  1532
 / ndf 2χ  56.61 / 42

p0        0.00078± 0.00614 
p1        0.004958± 0.009716 
p2        0.0114± -0.1085 
p3        0.017± 1.211 
p4        0.022± -5.786 
p5        0.03± 12.86 
p6        0.03± -13.43 
p7        0.029± 5.406 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2

0

0.1

0.2
Entries  1532

 / ndf 2χ  56.61 / 42
p0        0.00078± 0.00614 
p1        0.004958± 0.009716 
p2        0.0114± -0.1085 
p3        0.017± 1.211 
p4        0.022± -5.786 
p5        0.03± 12.86 
p6        0.03± -13.43 
p7        0.029± 5.406 

All backgroundspi channel, All backgrounds

Entries  709
 / ndf 2χ  22.68 / 23

p0        0.0072± 0.1052 
p1        0.01325± -0.09027 
p2        0.00716± 0.02572 
p3        0.001149± -0.002399 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.05

0.1

0.15
Entries  709

 / ndf 2χ  22.68 / 23
p0        0.0072± 0.1052 
p1        0.01325± -0.09027 
p2        0.00716± 0.02572 
p3        0.001149± -0.002399 

pi channel, signal
Entries  709

 / ndf 2χ  39.48 / 44
p0        0.00452± 0.01638 
p1        0.091925± 0.001728 
p2        0.56590± 0.06465 
p3        1.4327± -0.1565 
p4        1.58168± 0.09442 
p5        0.631325± 0.002017 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2

0

0.02

0.04

0.06

Entries  709
 / ndf 2χ  39.48 / 44

p0        0.00452± 0.01638 
p1        0.091925± 0.001728 
p2        0.56590± 0.06465 
p3        1.4327± -0.1565 
p4        1.58168± 0.09442 
p5        0.631325± 0.002017 

pi channel, signal

Entries  3773
 / ndf 2χ  44.59 / 38

p0        0.00069± 0.00556 
p1        0.0003± 0.1196 
p2        0.0001± -0.1025 
p3        0.00002± 0.03195 
p4        0.000004± -0.004329 
p5        0.0000007± 0.0002149 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.02

0.04

0.06

Entries  3773
 / ndf 2χ  44.59 / 38

p0        0.00069± 0.00556 
p1        0.0003± 0.1196 
p2        0.0001± -0.1025 
p3        0.00002± 0.03195 
p4        0.000004± -0.004329 
p5        0.0000007± 0.0002149 

pi channel, All backgrounds Entries  3773
 / ndf 2χ  37.64 / 42

p0        0.00064± 0.00881 
p1        0.00389± 0.08244 
p2        0.008± -1.354 
p3        0.011± 8.835 
p4        0.01± -27.34 
p5        0.02± 43.71 
p6        0.02± -34.96 
p7        0.02± 11.12 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2

0

0.05

0.1

Entries  3773
 / ndf 2χ  37.64 / 42

p0        0.00064± 0.00881 
p1        0.00389± 0.08244 
p2        0.008± -1.354 
p3        0.011± 8.835 
p4        0.01± -27.34 
p5        0.02± 43.71 
p6        0.02± -34.96 
p7        0.02± 11.12 

All backgroundspi channel, All backgrounds

Entries  1525
 / ndf 2χ  25.06 / 31

p0        0.00130± 0.07403 
p1        0.000722± 0.005832 
p2        0.00023± -0.06248 
p3        0.00007± 0.03355 
p4        0.000019± -0.006846 
p5        0.0000041± 0.0004963 

 (GeV)cal EΣ
0 1 2 3 4 5

p
ro

b
. /

 0
.1

 G
eV

0

0.05

0.1

Entries  1525
 / ndf 2χ  25.06 / 31

p0        0.00130± 0.07403 
p1        0.000722± 0.005832 
p2        0.00023± -0.06248 
p3        0.00007± 0.03355 
p4        0.000019± -0.006846 
p5        0.0000041± 0.0004963 

pi channel, signal
Entries  1525

 / ndf 2χ  27.77 / 41
p0        0.00127± 0.01845 
p1        0.00603± -0.02117 
p2        0.0106± 0.7462 
p3        0.013± -7.208 
p4        0.0±    32 
p5        0.02± -75.21 
p6        0.02± 96.75 
p7        0.02± -64.36 
p8        0.02± 17.31 

)|thrθ|cos(
0 0.2 0.4 0.6 0.8 1

p
ro

b
. /

 0
.0

2

0

0.02

0.04

Entries  1525
 / ndf 2χ  27.77 / 41

p0        0.00127± 0.01845 
p1        0.00603± -0.02117 
p2        0.0106± 0.7462 
p3        0.013± -7.208 
p4        0.0±    32 
p5        0.02± -75.21 
p6        0.02± 96.75 
p7        0.02± -64.36 
p8        0.02± 17.31 

pi channel, signal

Figure I.2: πτe probability density functions of the
∑

Ecal (columns 1 & 3) and |cos θthr|
(columns 2 & 4) MC distributions for “clean” (left-two columns) and “dirty” (right-two
columns) electron (top-two rows), muon (middle-two rows), and pion (bottom-two rows)
channels.
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pi channel, signal

Figure I.3: Kτµ probability density functions of the
∑

Ecal (columns 1 & 3) and |cos θthr|
(columns 2 & 4) MC distributions for “clean” (left-two columns) and “dirty” (right-two
columns) electron (top-two rows), muon (middle-two rows), and pion (bottom-two rows)
channels.
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Figure I.4: Kτe probability density functions of the
∑

Ecal (columns 1 & 3) and |cos θthr|
(columns 2 & 4) MC distributions for “clean” (left-two columns) and “dirty” (right-two
columns) electron (top-two rows), muon (middle-two rows), and pion (bottom-two rows)
channels.
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Figure J.1: Kτµ distributions of muon PID level for the primary muon candidate in the
“clean” (top-two) and “dirty” (bottom-two) electron (left), muon (center), and pion
(right) channels. Bins correspond to the following PID quality: 1=muBDTVeryLoose,
2=muBDTLoose, 3=muBDTTight, 4=muBDTVeryTight.
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Figure J.2: πτµ distributions of muon PID level for the primary muon candidate for the
“clean” (top-two) and “dirty” (bottom-two) electron (left), muon (center), and pion
(right) channels. Bins correspond to the following PID quality: 1=muBDTVeryLoose,
2=muBDTLoose, 3=muBDTTight, 4=muBDTVeryTight.
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Figure J.3: Kτe distributions of electron PID level for the primary electron candidate
for the “clean” (top-two) and “dirty” (bottom-two) electron (left), muon (center), and
pion (right) channels. Bins correspond to the following PID quality: 1=eKMVeryLoose,
2=eKMLoose, 3=eKMTight, 4=eKMVeryTight.
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Figure J.4: πτe distributions of electron PID level for the primary electron candidate
for the “clean” (top-two) and “dirty” (bottom-two) electron (left), muon (center), and
pion (right) channels. Bins correspond to the following PID quality: 1=eKMVeryLoose,
2=eKMLoose, 3=eKMTight, 4=eKMVeryTight.
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Figure K.1: πτµ secondary lepton PID quality for “clean” (top-two) and “dirty” (bottom-
two) electron (left) and muon (right) channels. The electron bins correspond to the fol-
lowing PID quality: 1=eKMVeryLoose, 2=eKMLoose, 3=eKMTight, 4=eKMVeryTight. The
muon bins correspond to the following PID quality: 1=muBDTVeryLoose, 2=muBDTLoose,
3=muBDTTight, 4=muBDTVeryTight.
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Figure K.2: Kτµ secondary lepton PID quality for the “clean” (top-two) and “dirty”
(bottom-two) electron (left) and muon (right) channels. The electron bins correspond to
the following PID quality: 1=eKMVeryLoose, 2=eKMLoose, 3=eKMTight, 4=eKMVeryTight.
The muon bins correspond to the following PID quality: 1=muBDTVeryLoose,
2=muBDTLoose, 3=muBDTTight, 4=muBDTVeryTight.
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Appendix L

Likelihood ratio outputs
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Figure L.1: Likelihood ratio for our “clean” (top-two) and “dirty” (bottom-two) Kτµ

modes, where Qµ = −Qtag and Qµ = Qtag, respectively, for the electron (left), muon
(center), and pion (right) channels. The points with error bars in the top first and third
distributions are the on-resonance data. The bottom second and fourth distributions are
from signal Monte Carlo. In the “clean” µ channel (top-middle), a minimum LHR cut
of greater than 0.40 results in no more data. This will be a concern in the background
estimation uncertainty, see section 4.1.3 Table 4.1.
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Figure L.2: Likelihood ratio for our “clean” (top-two) and “dirty” (bottom-two) Kτe

modes, where Qe = −Qtag and Qe = Qtag, respectively, for the electron (left), muon
(center), and pion (right) channels. The points with error bars in the top first and third
distributions are the on-resonance data. The bottom second and fourth distributions are
from signal Monte Carlo. May need to assign systematic uncertainty to low statistics “clean”
e channel (top-left) distributions. A minimum LHR cut of greater than 0.25 results in no
more data, in this channel as well. This will be a concern in the background estimation
uncertainty, see section 4.1.3 Table 4.1.
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Figure L.3: Likelihood ratio for our “clean” (top-two) and “dirty” (bottom-two) πτµ

modes, where Qµ = −Qtag and Qµ = Qtag, respectively, for the electron (left), muon
(center), and pion (right) channels. The points with error bars in the top first and third
distributions are the on-resonance data. The bottom second and fourth distributions are
from signal Monte Carlo.
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Figure L.4: Likelihood ratio for our “clean” (top-two) and “dirty” (bottom-two) πτemodes,
where Qe = −Qtag and Qe = Qtag, respectively, for the electron (left), muon (center), and
pion (right) channels. The points with error bars in the top first and third distributions
are the on-resonance data. The bottom second and fourth distributions are from signal
Monte Carlo. May need to assign systematic uncertainty to low statistics “clean” e channel
(top-left) distributions.
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Appendix M

∆p∗ vs. Btag mes scatter plots
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Figure M.1: Scatter plots of ∆p∗ vs. Btag mes for events with a signal decay (top), events
with a D(∗)eν decay (middle), and generic B± events (bottom). No strong correlation
observed when no cuts are applied.

175



Figure M.2: Scatter plots of ∆p∗ vs. Btag mes for events with a signal decay (top), events
with a D(∗)eν decay (middle), and generic B± events (bottom). No strong correlation
observed when the Btag is properly reconstructed.
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Figure M.3: Scatter plots of ∆p∗ vs. Btag mes for events with a signal decay (top), events
with a D(∗)eν decay (middle), and generic B± events (bottom). No strong correlation
observed when the Btag is not properly reconstructed.
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Appendix N

Breakdown of signal efficiencies

Tables N.1, N.2, N.3, and N.4 give the absolute signal efficiency at various stages

of the event selection for the pion modes. Tables N.5, N.6, N.7, and N.8 give the absolute

signal efficiency at various stages of the event selection for the kaon modes.
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has Btag with mes > 5.27 GeV B+ → π+τ−µ+, B−
tag (Qµ = −Qtag)

120 MeV m(τ) signal window SP mode 9209 generic Btag decay
∆p∗ < 0.1 GeV 7373 signal events

electron muon pion ǫtotal

and passes preselection 657 8.9% 739 10.0% 2109 28.6% 47.5%
and m(Kπ) > 1.95 GeV 256 3.5% 313 4.2% 726 9.8% 17.6%
and min τlep PID veto 224 3.0% 313 4.2% 726 9.8% 17.1%
and the (cc̄) vetoes 224 3.0% 309 4.2% 704 9.5% 16.8%
and the (p,K) vetoes 220 3.0% 304 4.1% 671 9.1% 16.2%
and no extra GTVL veto 219 3.0% 301 4.1% 668 9.1% 16.1%
and kaon PID veto 216 2.9% 292 4.0% 659 8.9% 15.8%
and K PID veto on primary π 216 2.9% 292 4.0% 659 8.9% 15.8%
and min primary π PID veto 216 2.9% 291 3.9% 646 8.8% 15.6%

and in m(τ) sig. win. [1.717,1.837] GeV 176 2.4% 244 3.3% 494 6.7% 12.4%
and optimal LHR cuts (0.25, 0.50, 0.90) 168 2.28% 211 2.86% 207 2.81% 7.95%

Table N.1: “Clean” πτµ: Breakdown of absolute signal efficiencies using signal MC.
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has Btag with mes > 5.27 GeV B+ → π+τ+µ−, B−
tag (Qµ = Qtag)

120 MeV m(τ) signal window SP mode 9209 generic Btag decay
∆p∗ < 0.1 GeV 7471 signal events

electron muon pion ǫtotal

and passes preselection 648 8.7% 780 10.4% 2152 28.8% 47.9%
and m(Kπ) > 1.95 GeV 437 5.8% 569 7.6% 1518 20.3% 33.8%
and min τlep PID veto 384 5.1% 569 7.6% 1518 20.3% 33.1%
and the (cc̄) vetoes 384 5.1% 553 7.4% 1480 19.8% 32.4%
and the (p,K) vetoes 377 5.0% 547 7.3% 1439 19.3% 31.6%
and no extra GTVL veto 375 5.0% 545 7.3% 1431 19.2% 31.5%
and kaon PID veto 368 4.9% 537 7.2% 1403 18.8% 30.9%
and K PID veto on primary π 368 4.9% 537 7.2% 1403 18.8% 30.9%
and min primary π PID veto 367 4.9% 535 7.2% 1399 18.7% 30.8%

and in m(τ) sig. win. [1.717,1.837] GeV 308 4.1% 428 5.7% 1160 15.5% 25.4%
and optimal LHR cuts (0.25, 0.50, 0.75) 285 3.81% 359 4.81% 679 9.09% 17.71%

Table N.2: “Dirty” πτµ: Breakdown of absolute signal efficiencies using signal MC.
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has Btag with mes > 5.27 GeV B+ → π+τ−e+, B−
tag (Qe = −Qtag)

120 MeV m(τ) signal window SP mode 9209 generic Btag decay
∆p∗ < 0.1 GeV 7427 signal events

electron muon pion ǫtotal

and passes preselection 674 9.1% 793 10.7% 2292 30.9% 50.6%
OR passes presel w/ min Blep PID veto 622 8.4% 728 9.8% 2112 28.4% 46.6%
and m(Kπ) > 1.95 GeV 238 3.2% 319 4.3% 688 9.3% 16.8%
and min τlep PID veto 222 3.0% 319 4.3% 688 9.3% 16.5%
and the (cc̄) vetoes 217 2.9% 319 4.3% 667 9.0% 16.2%
and γ conversion veto 217 2.9% 319 4.3% 666 9.0% 16.2%
and the (p,K) vetoes 210 2.8% 307 4.1% 607 8.2% 15.1%
and no extra GTVL veto 209 2.8% 305 4.1% 603 8.1% 15.0%
and kaon PID veto 205 2.8% 302 4.1% 593 8.0% 14.8%
and K PID veto on primary π 205 2.8% 302 4.1% 593 8.0% 14.8%
and min primary π PID veto 205 2.8% 302 4.1% 589 7.9% 14.8%

and in m(τ) sig. win. [1.717,1.837] GeV 163 2.2% 218 2.9% 451 6.1% 11.2%
and optimal LHR cuts (0.25, 0.25, 0.25) 145 1.95% 205 2.76% 424 5.71% 10.42%

Table N.3: “Clean” πτe: Breakdown of absolute signal efficiencies using signal MC.
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has Btag with mes > 5.27 GeV B+ → π+τ+e−, B−
tag (Qe = Qtag)

120 MeV m(τ) signal window SP mode 9209 generic Btag decay
∆p∗ < 0.1 GeV 7414 signal events

electron muon pion ǫtotal

and passes preselection 674 9.1% 897 12.1% 2201 29.7% 50.9%
OR passes presel w/ min Blep PID veto 635 8.6% 832 11.2% 2020 27.2% 47.0%
and m(Kπ) > 1.95 GeV 432 5.8% 576 7.8% 1373 18.5% 32.1%
and min τlep PID veto 392 5.3% 576 7.8% 1373 18.5% 31.6%
and the (cc̄) vetoes 383 5.2% 576 7.8% 1328 17.9% 30.8%
and γ conversion veto 380 5.1% 576 7.8% 1321 17.8% 30.7%
and the (p,K) vetoes 368 5.0% 567 7.6% 1286 17.3% 30.0%
and no extra GTVL veto 368 5.0% 564 7.6% 1281 17.3% 29.8%
and kaon PID veto 361 4.9% 554 7.5% 1269 17.1% 29.5%
and K PID veto on primary π 361 4.9% 554 7.5% 1269 17.1% 29.5%
and min primary π PID veto 361 4.9% 548 7.4% 1262 17.0% 29.3%

and in m(τ) sig. win. [1.717,1.837] GeV 272 3.7% 345 4.7% 968 13.1% 21.4%
and optimal LHR cuts (0.50, 0.25, 0.75) 213 2.87% 334 4.50% 270 3.64% 11.02%

Table N.4: “Dirty” πτe: Breakdown of absolute signal efficiencies using signal MC.

182



has Btag with mes > 5.27 GeV B+ → K+τ−µ+, B−
tag (Qµ = −Qtag)

120 MeV m(τ) signal window SP mode 7448 generic Btag decay
∆p∗ < 0.1 GeV 7513 signal events

electron muon pion ǫtotal

and passes preselection 642 8.5% 722 9.6% 2076 27.6% 45.8%
and m(Kπ) > 1.95 GeV 254 3.4% 308 4.1% 720 9.6% 17.1%
and the (cc̄) vetoes 254 3.4% 301 4.0% 699 9.3% 16.7%
and the (p,K) vetoes 247 3.3% 297 4.0% 660 8.8% 16.0%
and no extra GTVL veto 246 3.3% 297 4.0% 657 8.7% 16.0%

and in m(τ) sig. win. [1.717,1.837] GeV 211 2.8% 256 3.4% 530 7.1% 13.3%
and Optimal LHR cuts (0.00, 0.25, 0.90) 211 2.81% 236 3.14% 306 4.07% 10.02%

Table N.5: “Clean” Kτµ: Breakdown of absolute signal efficiencies using signal MC.
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has Btag with mes > 5.27 GeV B+ → K+τ+µ−, B−
tag (Qµ = Qtag)

120 MeV m(τ) signal window SP mode 7448 generic Btag decay
∆p∗ < 0.1 GeV 7399 signal events

electron muon pion ǫtotal

and passes preselection 584 7.9% 719 9.7% 2117 28.6% 46.2%
and m(Kπ) > 1.95 GeV 382 5.2% 478 6.5% 1319 17.8% 29.4%
and the (cc̄) vetoes 382 5.2% 468 6.3% 1302 17.6% 29.1%
and the (p,K) vetoes 379 5.1% 465 6.3% 1262 17.1% 28.5%
and no extra GTVL veto 378 5.1% 464 6.3% 1261 17.0% 28.4%

and in m(τ) sig. win. [1.717,1.837] GeV 337 4.6% 408 5.5% 1051 14.2% 24.3%
and Optimal LHR cuts (0.25, 0.90, 0.75) 320 4.32% 263 3.55% 673 9.10% 16.98%

Table N.6: “Dirty” Kτµ: Breakdown of absolute signal efficiencies using signal MC.
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has Btag with mes > 5.27 GeV B+ → K+τ−e+, B−
tag (Qe = −Qtag)

120 MeV m(τ) signal window SP mode 9656 generic Btag decay
∆p∗ < 0.1 GeV 8196 signal events

electron muon pion ǫtotal

and passes preselection 706 8.6% 746 9.1% 2159 26.3% 44.1%
and passes primary e PID requirement 659 8.0% 686 8.4% 1998 24.4% 40.8%
and m(Kπ) > 1.95 GeV 257 3.1% 317 3.9% 679 8.3% 15.3%
and min τlep PID veto 237 2.9% 317 3.9% 679 8.3% 15.0%
and the (cc̄) vetoes 234 2.9% 317 3.9% 668 8.2% 14.9%
and γ conversion veto 232 2.8% 317 3.9% 666 8.1% 14.8%
and the (p,K) vetoes 225 2.7% 313 3.8% 624 7.6% 14.2%
and no extra GTVL veto 225 2.7% 313 3.8% 624 7.6% 14.2%

and in m(τ) sig. win. [1.717,1.837] GeV 178 2.17% 252 3.07% 483 5.89% 11.14%
and Optimal LHR cuts (0.00, 0.40, 0.50) 178 2.17% 221 2.70% 394 4.81% 9.68%

Table N.7: “Clean” Kτe: Breakdown of absolute signal efficiencies using signal MC.
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has Btag with mes > 5.27 GeV B+ → K+τ+e−, B−
tag (Qe = Qtag)

120 MeV m(τ) signal window SP mode 9656 generic Btag decay
∆p∗ < 0.1 GeV 8367 signal events

electron muon pion ǫtotal

and passes preselection 670 8.0% 740 8.8% 2376 28.4% 45.2%
and passes primary e PID requirement 620 7.4% 681 8.1% 2181 26.1% 41.6%
and m(Kπ) > 1.95 GeV 388 4.6% 426 5.1% 1348 16.1% 25.8%
and min τlep PID veto 338 4.0% 426 5.1% 1348 16.1% 25.2%
and the (cc̄) vetoes 334 4.0% 426 5.1% 1333 15.9% 25.0%
and γ conversion veto 334 4.0% 426 5.1% 1329 15.9% 25.0%
and the (p,K) vetoes 327 3.9% 418 5.0% 1289 15.4% 24.3%
and no extra GTVL veto 324 3.9% 415 5.0% 1284 15.3% 24.2%

and in m(τ) sig. win. [1.717,1.837] GeV 254 3.04% 327 3.91% 977 11.68% 18.62%
and Optimal LHR cuts (0.25, 0.50, 0.50) 233 2.78% 268 3.20% 731 8.74% 14.72%

Table N.8: “Dirty” Kτe: Breakdown of absolute signal efficiencies using signal MC.
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Appendix O

Signal window optimization
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Figure O.1: “Clean” πτµ: Top-two plots show a zoomed-in m(τ) distribution signal
indicating our various signal window ranges with the bottom plots showing the expected
average branching fraction upper limit vs. m(τ) signal window plots. The electron (left),
muon (center), and pion (right) channels are shown. The on-resonance data is blinded
with a 350 MeV signal window.
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Figure O.2: “Dirty” πτµ: Top-two plots show a zoomed-in m(τ) distribution signal
indicating our various signal window ranges with the bottom plots showing the expected
average branching fraction upper limit vs. m(τ) signal window plots. The electron (left),
muon (center), and pion (right) channels are shown. The on-resonance data is blinded
with a 350 MeV signal window.
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Figure O.3: “Clean” πτe: Top-two plots show a zoomed-in m(τ) distribution signal
indicating our various signal window ranges with the bottom plots showing the expected
average branching fraction upper limit vs. m(τ) signal window plots. The electron (left),
muon (center), and pion (right) channels are shown. The on-resonance data is blinded
with a 350 MeV signal window.
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Figure O.4: “Dirty” πτe: Top-two plots show a zoomed-in m(τ) distribution signal indi-
cating our various signal window ranges with the bottom plots showing the expected average
branching fraction upper limit vs. m(τ) signal window plots. The electron (left), muon
(center), and pion (right) channels are shown. The on-resonance data is blinded with a
350 MeV signal window.
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Figure O.5: “Clean” Kτµ: Top-two plots show a zoomed-in m(τ) distribution signal
indicating our various signal window ranges with the bottom plots showing the expected
average branching fraction upper limit vs. m(τ) signal window plots. The electron (left),
muon (center), and pion (right) channels are shown. The on-resonance data is blinded
with a 350 MeV signal window.
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Figure O.6: “Dirty” Kτµ: Top-two plots show a zoomed-in m(τ) distribution signal
indicating our various signal window ranges with the bottom plots showing the expected
average branching fraction upper limit vs. m(τ) signal window plots. The electron (left),
muon (center), and pion (right) channels are shown. The on-resonance data is blinded
with a 350 MeV signal window.
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Figure O.7: “Clean” Kτe: Top-two plots show a zoomed-in m(τ) distribution signal
indicating our various signal window ranges with the bottom plots showing the expected
average branching fraction upper limit vs. m(τ) signal window plots. The electron (left),
muon (center), and pion (right) channels are shown. The on-resonance data is blinded
with a 350 MeV signal window.
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Figure O.8: “Dirty” Kτe: Top-two plots show a zoomed-in m(τ) distribution signal
indicating our various signal window ranges with the bottom plots showing the expected
average branching fraction upper limit vs. m(τ) signal window plots. The electron (left),
muon (center), and pion (right) channels are shown. The on-resonance data is blinded
with a 350 MeV signal window.
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Appendix P

Expected signal branching fraction

limits

Barlow
signal modes Optimal m(τ) Optimal likelihood Bsig = (∗10−5)

signal window (MeV) ratio cuts 90% C.L. limit

e, µ, π e, µ, π mean RMS

B+ → π+τ+e−, B−
tag 120, 120, 120 0.50, 0.25, 0.75 3.99 3.44

B+ → π+τ−e+, B−
tag 120, 120, 120 0.25, 0.25, 0.25 2.78 2.29

B+ → π+τ+µ−, B−
tag 120, 120, 120 0.25, 0.50, 0.75 3.80 3.18

B+ → π+τ−µ+, B−
tag 120, 120, 120 0.25, 0.50, 0.90 4.53 3.78

B+ → K+τ+e−, B−
tag 120, 120, 120 0.25, 0.50, 0.50 2.16 1.67

B+ → K+τ−e+, B−
tag 120, 120, 120 0.00, 0.40, 0.50 2.97 1.47

B+ → K+τ+µ−, B−
tag 120, 120, 120 0.25, 0.90, 0.75 1.85 1.42

B+ → K+τ−µ+, B−
tag 120, 120, 120 0.00, 0.25, 0.90 3.29 1.88

Table P.1: Summary of the multiple channel mean and RMS expected signal branching
fraction upper limits at the 90% confidence level using the R. Barlow method. The best
average limits for each signal decay mode are given optimized for our minimum likelihood
ratio cuts and m(τ) signal window ranges. The Qℓ and Qtag configured modes combine the
three τ decay channels. The Poisson distributions of the expected limits for 500 experiments
are found in Figure P.1.
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Figure P.1: RMS and means of expected signal branching fraction upper limits for optimized
minimum likelihood ratio cuts andm(τ) signal windows. Histograms of the 90% confidence-
level upper limit on the signal branching fraction for 500 generated sets of expected observed
events assuming no signal combining each tau channel using the Barlow method.
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Appendix Q

Signal
∑

Ecal - Double Tag

Systematic

We can conveniently extract a systematic variation on the signal
∑

Ecal likelihood

ratio input from our B− → D(∗)0ℓν; D0 → K−π+ control samples to build distributions

composed of similar final states. This method of using a double tag sample as been done

before, and we use it to obtain a reasonable systematic uncertainty on the signal
∑

Ecal

(Eextra) likelihood ratio signal efficiency.

The nominal signal MC
∑

Ecal distribution is modified by multiplying the normal-

ized signal MC distribution by the ratio of normalized on-resonance to Monte Carlo control

sample (double tag) distributions. The double tag sample reconstructs semi-leptonic B de-

cays with appropriate ∆E requirements which can very closely mimic our signal MC
∑

Ecal

distribution for each τ decay channel. The on-resonance double tag, MC double tag, and

signal MC samples require the same binning in order to properly scale the modified sys-
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tematic signal MC distribution bin-by-bin. We compute the new systematic signal MC

distributions using the formula below with propagated error:

P syst
sig MC

(
∑

Ecal) =

(

Pdata
ctrl

(
∑

Ecal)

PMC
ctrl

(
∑

Ecal)

)

P sig
MC

(
∑

Ecal);

∆P syst
sig MC

= P syst
sig MC

√

√

√

√

(

∆Pdata
ctrl

Pdata
ctrl

)2

+

(

∆PMC
ctrl

PMC
ctrl

)2

+

(

∆P sig
MC

P sig
MC

)2

,

(Q.1)

where P(
∑

Ecal) are normalized extra energy distributions and ∆P is the bin-by-bin un-

certainty. Next, we normalize the new systematic signal MC
∑

Ecal distributions and fit it

to determine new likelihood ratio input parameters for the signal shape. We use the new

PDF parameters as our variation from nominal for each channel coherently. The deviation

from our nominal LHR signal efficiency is our systematic error for this component.

Recall from Figure 3.14, we have our B− → D(∗)0ℓν; D0 → K−π+ control samples,

which we then use for our double tag samples. We can cut around the ∆E distributions

to build
∑

Ecal (Eextra) shapes to mimic our signal final state topologies. The e and µ

channel signal MC shapes are in general similar, see middle and bottom plots in Figure Q.1,

respectively from our “clean” Kτµ example. The plot on top is built from the B− → D0µν

double tag sample, requiring ∆E > −0.05 GeV to remove most of the π0’s in the event

reconstruction. Notice on-resonance data points and Monte Carlo distributions are in good

agreement. We use the plot on top to determine the ratio of normalized on-resonance to

Monte Carlo factors.

In Figure Q.2, we compare the
∑

Ecal shapes needed to generate the π channel

systematic signal MC shape using our “clean” Kτµ example again. In the top plot, we

remove events a single π0 in the reconstruction from D∗0 events by excluding events in the

range ∆E ∈ [−0.5,−0.05] GeV from our entire B− → D(∗)0µν double tag sample. This is
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done to reconstruct the offset peak at
∑

Ecal = 0 where there should be zero neutral pions

and the log tail possibly from multiple π0’s. Again, notice that on-resonance data and the

Monte Carlo distributions are in good agreement.

In Figure Q.3, the
∑

Ecal distributions for our double tag systematic (left) com-

puted using equation Q.1, and the associated PDFs (right) are shown for our three τ decay

channels. We use these input parameters for each channel coherently to extract the sys-

tematic deviation in the LHR signal efficiency. We use the “clean” Kτµ distributions as an

example of the overall procedure. Other distributions can be presented, if requested.
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Figure Q.1:
∑

Ecal (Eextra) distributions used to compute double tag systematic in the
LHR signal efficiency. The on-resonance data and MC distributions from the D(∗)0µν
control sample, after the ∆E > −0.05 GeV requirement (top). Data and MC agreement
is very good. The e and µ channel signal MC “clean” Kτµ distributions are shown in the
middle and bottom plots, respectively.
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Figure Q.2:
∑

Ecal (Eextra) distributions used to compute double tag systematic in the
LHR signal efficiency. The on-resonance data and MC distributions from the D(∗)0µν
control sample, after excluding events in the range ∆E ∈ [−0.5,−0.05] GeV (top). Data
and MC agreement is very good. The π channel signal MC “clean” Kτµ distribution is
shown (bottom).
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Figure Q.3: Modified signal
∑

Ecal (Eextra) systematic distributions with double tag control
data/MC ratios for the “clean” Kτµ e, µ, and π channels (left). The distributions with
error bars are generated using equation Q.1. The associated PDFs with fit parameters are
also shown (right).
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Appendix R

K vs. π PID Efficiency Systematics

- ∆E Fits

This additional systematic uncertainty must be considered because of our normal-

ization of the signal branching fraction using the D(∗)0ℓν control sample reconstruction.

We add this systematic uncertainty in quadrature to our statistical uncertainty in our sen-

sitivity, S, the denominator in equation R.1. For B+ → K+τℓ reconstructions, since the

final state topology is similar, the signal sample hadron PID efficiency and control sample

hadron PID efficiency cancel. In B+ → π+τℓ reconstructions, this is not the case. Recall

our normalized signal branching fraction, equation 3.10, where here we substitute Nπτℓ for

Nobs − NBG - the number of observed events minus the number of expected background

events:

Bπτℓ =
Nobs −NBG

NDℓν

(

ǫπτℓ
tag

ǫDℓν
tag

)

(

ǫπτℓ

ǫDℓν

)(

1
BDℓν

)

. (R.1)
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The
(

ǫπτℓ

ǫDℓν

)

term does not cancel because of the kaon from the D0 → Kπ decay. We account

for this systematic uncertainty comparing kaon PID efficiency with pion PID efficiency,

ǫKPID

ǫπPID
, using the ratios of PID efficiencies also comparing on-resonance data and MC,

Rsyst =
ǫ
(onres)
KPID /ǫ

(onres)
πPID

ǫ
(MC)
KPID/ǫ

(MC)
πPID

. (R.2)

Tables R.2 and R.3 give a detailed summary of the ∆E fit yields broken-down when

kaon and pion PID are applied, kaon PID applied only, and when no hadron PID is applied

to the kaon and pion candidates in the D0 → K−π+ reconstruction. Figures R.1, R.2, and

R.3 show the ∆E fit yields when kaon and pion PID are applied, kaon PID applied only,

and no hadron PID applied, respectively in the D(∗)0µν reconstruction for separate D0,

D(∗)0, and D∗∗ components (top). Projected fits with yields and shape parameters varied

(bottom row) for Monte Carlo distributions (bottom left) and on-resonance distributions

(bottom right) are also shown. Figures R.4, R.5, and R.6 show the same as above, except

for D(∗)0eν reconstructions.

The fraction of properly reconstructed D and D∗ events, for the respective control

modes, requiring Monte Carlo truth matched center-of-mass momentum differences, ∆p∗ <

0.1 GeV, is used to correct the MC and on-resonance fit yields. See Table R.1 for a summary

of the correction factors. Note that fgood is consistent in the D reconstruction and in the

D∗ reconstruction regardless of the applied hadron PID criteria.
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Mode Nrec N ′
rec fgood

KaonPionPID applied
Dµν 1418 1292 (91.1± 0.8)%
D∗µν 4236 3660 (86.4± 0.5)%

KaonPID applied
Dµν 1423 1297 (91.1± 0.8)%
D∗µν 4247 3669 (86.4± 0.5)%

NoKpiPID applied
Dµν 1504 1370 (91.1± 0.8)%
D∗µν 4514 3886 (86.1± 0.5)%

KaonPionPID applied
Deν 1423 1283 (90.2± 0.8)%
D∗eν 4264 3607 (84.6± 0.6)%

KaonPID applied
Deν 1430 1289 (90.1± 0.8)%
D∗eν 4280 3622 (84.6± 0.6)%

NoKpiPID applied
Deν 1563 1412 (90.3± 0.7)%
D∗eν 4591 3879 (84.5± 0.5)%

Table R.1: Summary of fraction of properly reconstructed control sample events with various
hadron PID criteria applied fromD(∗)ℓν reconstructions using generic B± MC samples. Nrec

is the number of D(∗)ℓν candidates reconstructed requiring control sample event selection.
N ′

rec is the same as Nrec with the additional ∆p∗ < 0.1 GeV requirement (see section on
control samples). fgood is defined as N ′

rec/Nrec.
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Components Fit yield Fraction with Corrected yield
(shape varied) ∆p∗ < 0.1 GeV (shape varied)

KaonPionPID applied
Dµν (onres) 477± 38 0.911 435± 35
D∗µν (onres) 1202± 49 0.864 1039± 42
otherµ (onres) 624± 31 -na- -na-
Dµν (MC) 457± 56 0.911 416± 51
D∗µν (MC) 1435± 64 0.864 1240± 55
otherµ (MC) 769± 35 -na- -na-

KaonPID applied
Dµν (onres) 482± 37 0.911 439± 34
D∗µν (onres) 1205± 49 0.864 1041± 42
otherµ (onres) 633± 32 -na- -na-
Dµν (MC) 463± 53 0.911 422± 48
D∗µν (MC) 1437± 61 0.864 1241± 53
otherµ (MC) 772± 35 -na- -na-

NoKpiPID applied
Dµν (onres) 501± 40 0.911 456± 36
D∗µν (onres) 1323± 51 0.861 1139± 44
otherµ (onres) 1055± 39 -na- -na-
Dµν (MC) 467± 73 0.911 425± 66
D∗µν (MC) 1553± 82 0.861 1337± 71
otherµ (MC) 1358± 44 -na- -na-

Table R.2: Summary of ∆E fit results of on-resonance & MC D(∗)µν samples with various
hadron PID criteria applied. The projected fit yields onto on-resonance data were obtained
from the fit yields in Appendix R. In the second column (shape varied), we varied yields
and shape parameters (see text). We use the fit yields in the second column (shape varied)
corrected for the fraction of Monte Carlo truth Btag reconstructed for our corrected yields
(last column). The corrected yields are added in Table 4.5
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Components Fit yield Fraction with Corrected yield
(shape varied) ∆p∗ < 0.1 GeV (shape varied)

KaonPionPID applied
Deν (onres) 474± 46 0.902 427± 41
D∗eν (onres) 1348± 58 0.846 1140± 49
othere (onres) 353± 28 -na- -na-
Deν (MC) 467± 43 0.902 421± 39
D∗eν (MC) 1476± 56 0.846 1249± 47
othere (MC) 471± 32 -na- -na-

KaonPID applied
Deν (onres) 475± 46 0.901 428± 41
D∗eν (onres) 1358± 58 0.846 1149± 49
othere (onres) 354± 29 -na- -na-
Deν (MC) 470± 43 0.901 424± 39
D∗eν (MC) 1483± 57 0.846 1255± 48
othere (MC) 472± 32 -na- -na-

NoKpiPID applied
Deν (onres) 524± 50 0.903 473± 45
D∗eν (onres) 1464± 62 0.845 1237± 52
othere (onres) 451± 30 -na- -na-
Deν (MC) 475± 47 0.903 429± 42
D∗eν (MC) 1641± 61 0.845 1387± 52
othere (MC) 622± 35 -na- -na-

Table R.3: Summary of ∆E fit results of on-resonance & MC D(∗)eν samples with various
hadron PID criteria applied. The projected fit yields onto on-resonance data were obtained
from the fit yields in Appendix R. In the second column (shape varied), we varied yields
and shape parameters (see text). We use the fit yields in the second column (shape varied)
corrected for the fraction of Monte Carlo truth Btag reconstructed for our corrected yields
(last column). The corrected yields are added in Table 4.5
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Figure R.1: Unbinned maximum likelihood fits with kaon and pion PID applied to obtain
separate D0 (left), D(∗)0 (middle), and D∗∗ (right) fit components using our D(∗)µν control
modes from generic B± MC samples. Yield and shape parameters are allowed to vary
when projected onto MC (left) & on-resonance (right) ∆E distributions. Yields found in
Table R.2.
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Figure R.2: Unbinned maximum likelihood fits with kaon PID applied only to obtain sep-
arate D0 (left), D(∗)0 (middle), and D∗∗ (right) fit components using our D(∗)µν control
modes from generic B± MC samples. Yield and shape parameters are allowed to vary
when projected onto MC (left) & on-resonance (right) ∆E distributions. Yields found in
Table R.2.
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Figure R.3: Unbinned maximum likelihood fits with no hadron PID applied to obtain
separate D0 (left), D(∗)0 (middle), and D∗∗ (right) fit components using our D(∗)µν control
modes from generic B± MC samples. Yield and shape parameters are allowed to vary
when projected onto MC (left) & on-resonance (right) ∆E distributions. Yields found in
Table R.2.
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Figure R.4: Unbinned maximum likelihood fits with kaon and pion PID applied to obtain
separate D0 (left), D(∗)0 (middle), and D∗∗ (right) fit components using our D(∗)eν control
modes from generic B± MC samples. Yield and shape parameters are allowed to vary
when projected onto MC (left) & on-resonance (right) ∆E distributions. Yields found in
Table R.3.
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Figure R.5: Unbinned maximum likelihood fits with kaon PID applied only to obtain sep-
arate D0 (left), D(∗)0 (middle), and D∗∗ (right) fit components using our D(∗)eν control
modes from generic B± MC samples. Yield and shape parameters are allowed to vary
when projected onto MC (left) & on-resonance (right) ∆E distributions. Yields found in
Table R.3.
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Figure R.6: Unbinned maximum likelihood fits with no hadron PID applied to obtain
separate D0 (left), D(∗)0 (middle), and D∗∗ (right) fit components using our D(∗)eν control
modes from generic B± MC samples. Yield and shape parameters are allowed to vary
when projected onto MC (left) & on-resonance (right) ∆E distributions. Yields found in
Table R.3.
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