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• At colliders one produces many (up to 1014) heavy quarks 
or leptons and measures their decays into light flavours

Finding NP in Flavour Observables

Andreas Crivellin

Flavour observables are sensitive to higher 
energy scales than collider searches

Experiment

Standard Model

New Physics

Talks of Uli,
Teppei
and Wouter

Plot: Andreas Crivellin

Large degree of complementarity

At B-Factories with B-Mesons

Belle

Energy Frontier Ansatz

e.g. LHC, Tevatron
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The         Experiment
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‘→ el le ←’

‘B’ breaks the symmetry  
In elle, hence Belle :-)
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⌥(4S)e+ e�

p
s = 10.58GeV

hbb̄i

hbq̄i hb̄qi
Fragmentation into two

bound states: B-Mesons

q̄ q

quark-antiquark-pair
produced from vacuum 

q q

Let’s collide stuff
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⌥(1S) = hbb̄i
⌥(4S) = hbb̄i
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andBs mesons. Samples of b-flavored hadrons of di↵erent
types are available from production at higher energies,
in e+e� collisions on the Z resonance at LEP (ALEPH,
DELPHI, L3, OPAL experiments) and SLC (SLD experi-
ment), as wells in hadron collisions at the Tevatron (CDF
and D0 experiments) and the LHC (LHCb, ATLAS, CMS
experiments).

The cross sections for the process e+e� ! bb̄ at the
⌥(4S), ⌥(5S) and Z resonances are 1.1 nb, 0.3 nb, and
6.6 nb, respectively. The cross section for b-hadron pro-
duction in hadron collisions is much larger, e.g. �(pp !
bb̄) ⇠ 300 µb at a center-of-mass energy of

p
s = 7 TeV.

Table I gives an overview of the data samples recorded
by the various experiments.

TABLE I: Overview of the b-hadron samples recorded
by various experiments. For LEP and SLC the numbers
of produced Z bosons is given instead of the integrated

luminosity
R Ldt.

Experiment
p
s (GeV)

R Ldt ( fb�1) BB/bb̄ pairs

Belle 10.58 711 7.72⇥ 108 BB

BABAR 10.58 426 4.68⇥ 108 BB

CLEO 10.58 16 1.71⇥ 107 BB

ARGUS 10.58 0.2 2⇥ 105 BB

LEPa,c ⇠ 91 ⇠ 4⇥ 106 Z ⇠ 6⇥ 105 bb̄

SLD ⇠ 91 ⇠ 6⇥ 105 Z ⇠ 9⇥ 104 bb̄

LHCb 7000, 8000 3.2 2.6⇥ 1011 bb̄

ATLAS, CMSc 7000, 8000 25 ⇠ 1012 bb̄

Tevatronb,c 1960 10 ⇠ 1011 bb̄
a LEP is representative of the ALEPH, DELPHI, L3, and

OPAL experiments.
b Tevatron is representative of the CDF and D0 experiments.

c Quoted numbers are per experiment.

Semileptonic and leptonic decays of the B meson
are best studied in e+e� collisions, where the four-
momentum of the inital state is known and the events are
rather clean. Their study in hadron collisions is di�cult
due to the large hadronic background and the unknown
initial state, which makes a reconstruction of the neutrino
impossible. Moreover, hadron-collider experiments must
trigger on specific exclusive decay modes, preferentially
with charged particles in the final state. The B-factory
experiments can reconstruct a large variety of B-meson
decay modes with a high e�ciency and are thus able to
perform inclusive measurements.

In this article, we will primarily focus on the measure-
ments of the high-luminosity B-factory experiments Belle
at KEKB and BABAR at PEP-II. They provide the cur-
rently most precise results on B ! `⌫ and B ! X`⌫
decays. If competitive results from other experiments
exist for a specific decay mode, they will be mentioned
as well. The PEP-II collider operated from 1998 to 2008,

KEKB from 1998 to 2010 at a center-of-mass energy ofp
s = 10.58 GeV, equal to the mass of the ⌥(4S).
The production of B mesons in e+e� collisions at the

⌥(4S) resonance is illustrated in Fig. 4. The ⌥(4S) is
the lightest bb̄ resonance with a mass above the BB pair
production threshold: m⌥(4S) = 10.58 GeV > 2mB =
10.56 GeV. It decays almost exclusively to B-meson
pairs, with about equal probability to B+B� and B0B0.
The current upper limit for non-BB decays of the ⌥(4S)
is 4% at the 95% confidence level (Olive et al., 2014).

B! threshold 

(a)

(b)

FIG. 4: B-meson production in e+e� collisions at the
⌥(4S) resonance: (a) cross section for e+e� ! hadrons,

(b) diagram for BB production.

The energies of the collinding electron and positron
beams were chosen to be asymmetric, which resulted in
a boost of the ⌥(4S) resonance and the B mesons pro-
duced in its decay. This boost allows for a better spa-
tial separation of the two B-meson decay vertices. The
flight lengths of the B mesons are used to determine
their lifetimes and are thus important for time-dependent
measurements, in particular the measurement of time-
dependent CP asymmetries. Table II lists some of the
operation parameters of the KEKB and PEP-II colliders.

2. Detectors

The detection of B ! `⌫ and B ! X`⌫ decays re-
quires a reliable reconstruction and identification of the
charged lepton ` = e, µ and, in the case of semileptonic
decays, the hadrons that form the hadronic final state X.
In addition, the other particles in the event need to be
reconstructed to infer the kinematics of the undetected
neutrino from either the missing energy and momentum
in the event or the reconstruction of the second B meson.

Plot: CLEO

The         Experiment: Collision energy
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The         Experiment: B-Meson Decays

inclusive charged particle 

multiplicity: ~5.4 per B-Meson 
or ~ 11 per B-Meson pair

b

q
light 

Quark

heavy
anti-b-Quark

B-Meson

7 ⌧B ⇡ 1.5⇥ 10�12 s

Stolen from Martin Heck

Murphy’s Law of 
Flavour Physics

Was einfach zu messen 
ist, kann nicht 

ausgerechnet werden, 
was einfach zu rechnen 

ist, ist schwierig zu 
messen.

4

What you can measure

without a problem, you

cannot calculate. 

What you can calculate 
easily, you cannot measure
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The         Experiment: Asymmetric Beam Energies
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Asymmetric Beam energies: allow to directly observe CPV in B-system
5
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Figure 1.3.1. Schematic view of the PEP-II (left) and KEKB (right) rings. At PEP-II, the two beams are stacked one on top
of the other; the BABAR experiment is located in an experimental hall at the single interaction region, within region 2 of the
PEP-II complex. At KEKB, the two beams are side-by-side, and intersect in the Tsukuba area experimental hall where the
Belle detector was placed.

1.3 PEP-II and KEKB

PEP-II was located in the tunnel that had housed the
32 GeV center-of-mass energy PEP e+e� storage ring,2

while the KEKB ring was in the 64 GeV center-of-mass
energy e+e� TRISTAN storage accelerator tunnel. Fig-
ure 1.3.1 shows a schematic overview of the PEP-II and
KEKB rings.

Both projects included conversions to meet the B Fac-
tory requirements, namely an instantaneous luminosity in
excess of 1033 cm�2 s�1 and a boost factor (of the CM
frame relative to the laboratory) su�cient for observing
the time evolution of B decays. To achieve these require-
ments, however, some considerable challenges had to be
addressed.

Asymmetric energies mean a dedicated ring for each
beam. In order to reach a high integrated luminosity one
requires an intense positron source and on-energy injec-
tion for both rings. For KEKB, this meant that the in-
jection linear accelerator (Linac) energy had to be raised
from 2.5GeV to 8 GeV in order to provide for on-energy
injection of 8 GeV electrons and su�cient production of
3.5 GeV positrons. PEP-II had the advantage of the ex-
isting powerful SLAC Linac, which could provide the re-
quired electron and positron beams with minimal modi-
fications. Both facilities used high-energy electron beams

2 A maximum center-of-mass energy of 29 GeV was achieved
during the lifetime of PEP.

and low-energy positron beams in order to avoid beam-
instability problems due to ion trapping, which are most
serious at lower energies. Both facilities had only one in-
teraction region (IR) for the detector in order to optimize
the luminosity. The luminosity of an e+e� storage ring is
given by

L =
Nbne�ne+f

Ae↵
(1.3.1)

where the numbers of electrons and positrons in each bunch
are given by ne� and ne+ , Nb is the number of bunches,
f is the circulation frequency, and Ae↵ is the e↵ective
cross-sectional overlapping transverse area of the beams at
the interaction point (IP). While the five parameters are
independent at lower beam currents, at high beam cur-
rents Ae↵ becomes strongly beam-current dependent. As
the product Nbne�ne+ is increased, Ae↵ increases, thereby
limiting the luminosity.

Particles inside a beam bunch are deflected when they
pass through the collective electromagnetic fields of the
oncoming beam bunch at the IP; as a result, the on-
coming bunch collectively acts as a focusing lens. How-
ever, these beam-beam e↵ects are highly non-linear and
produce spreads in the operating point in the betatron-
oscillation tune plane, causing considerable complications
in the machine operation. These beam-beam interactions,
which become larger as the bunch charges are increased,
also limit the luminosity by enlarging Ae↵ .

Attempts to raise the luminosity by raising Nb, the
number of bunches in each ring, face a di↵erent prob-
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What is the difference between 
Belle and Belle II?
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What is the difference between 
Belle and Belle II?

Expected data set increase and ~ increase in inst. Luminosity

50

1
=

LHCbUpgrade

LHCb today
=

Belle II

BaBar andBelle
=

BaBar andBelle

CLEO

As significant for us as the energy increase from 7/8 TeV to 13 TeV at the LHC
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Nano-Beam Scheme 
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present KEKB 

SuperKEKB 
5mm 

1­m 

100­m 

(without crab) L 

Hourglass condition:  
                       ȕy*>~ L= x́/· �

Half crossing 
angle: · �

1­m 

5mm 
100­m 

~50nm 

83 mrad crossing 
angle 

22 mrad 
crossing angle 

13 15 

KEKB → SuperKEKB

Nano-beam scheme:  
Squeeze vertical beam 


spot to 50 nm



April 11, 2017

final focussing 
magnets
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Belle → Belle II

Electrons (7 GeV)

Positrons (4 GeV)

Increased luminosity comes at a price: much larger beam backgrounds
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Belle → Belle II

KL and Muon detection system
RPC based

Electromagnetic Calorimeter:
Thallium activated Caesium Iodide 
scintillation crystals

Central drift chamber:
Gas mixture of Helium and Ethan (C2H6)

Particle identification
Time-of-propagation counter, 
Aerogel Cherenkov ring detector

Vertex detectors
2 layers of Pixel (DEPFET) 
+ 4 layers of strips (DSSD)

Vertex

Drift chamber

Cherenkov / TOP

Calorimeter

KL & Muon
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Belle → Belle II

KL and Muon detection system
RPC based

Electromagnetic Calorimeter:
Thallium activated Caesium Iodide 
scintillation crystals

Central drift chamber:
Gas mixture of Helium and Ethan (C2H6)

Particle identification
Time-of-propagation counter, 
Aerogel Cherenkov ring detector

Vertex detectors
2 layers of Pixel (DEPFET) 
+ 4 layers of strips (DSSD)
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14336 sense wires 
56 layers

Central drift chamber:
Gas mixture of Helium and Ethan (C2H6)

Track trigger – input

input: CDC hits

Central Drift Chamber
14336 sense wires
56 layers

cells of sense wires
and field wires

r

drift

/ t

drift

MC hits

background

S. Neuhaus Connecting the Dots / Intelligent Trackers 2017 Track vertex reconstruction with neural networks at the first level trigger of Belle II 5

Track trigger – input

input: CDC hits

Central Drift Chamber
14336 sense wires
56 layers

cells of sense wires
and field wires

r

drift

/ t

drift

MC hits

background

S. Neuhaus Connecting the Dots / Intelligent Trackers 2017 Track vertex reconstruction with neural networks at the first level trigger of Belle II 5

Cells of sense wires 
and field wires 

Aim: Convert unmarked Hits …

Illustrations:  
Oliver Frost,  

Sarah Neuhaus



14336 sense wires 
56 layers

… into charged particle  
trajectories

Central drift chamber:
Gas mixture of Helium and Ethan (C2H6)

Illustrations:  
Oliver Frost,  

Sarah Neuhaus

e+e�

Physics collision

Beam background



Original question by E. Paoloni
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VXD Online and Offline Tracking 
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Sector-Map

Einteilung des SVD in Sektoren;

Sektoren durch die “vernünftige” Spur in großer 
Simulation geht, sind “Freunde”;

37

To reduce combinatorics:  
Group hits into 


sectors that will contain

a likely neighbouring hit

Done in 3D

Used in track reconstruction

Vertex detector (VXD)
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z-Vertex Trigger
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Benefits of a z-Vertex Trigger

0 1 2 > 2
0

1
2

> 2

20 %

40 %

N forward

N backward

e≠e+ ≠æ ·≠·+

• without z trigger: 3 tracks required
(Ø 1 in each hemisphere)

• with z trigger: only 2 tracks
required

• rescue low multiplicity
events

• potential e�ciency
increase by factor 3.9

The Neuro-Z-Vertex Trigger of the Belle II Experiment (Sebastian Skambraks) 5/ 20

• Typical B-Meson trigger requires 3 tracks (at least one in each hemisphere) 


• A lot of interesting low-multiplicity events are missed
3 tracks or more

2 track  
requirement 
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z-Vertex Trigger
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Belle II Background
Beam Background Tracks
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• increase with Luminosity
• tracks from the beamline

with displaced z vertices
• main processes:

- Touschek E�ect

- Radiative Bhabha

- Beam Gas

∆ need z vertex reconstruction
at 1st trigger level

NeuroTrigger Goals
• suppress machine

background
• reject tracks from z ”= 0 cm
• single track z-vertex

resolution < 2 cm
• time window < 1 µs
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Use FPGA based L1 trigger with neural network to “learn” z 
direction from drift chamber input

Input: 

CDC Trigger

axial
super
layers

stereo
super
layers
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• 56 layers combined to 9 super layers (SL)
• 2336 track segments (TS) in 9 SL
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Output: 

NeuroTrigger - Multi Layer Perceptron

Properties
• supervised machine learning
• function approximation
• short deterministic runtime
• one neuron:

y = tanh(
ÿ

i

w
i

· x
i

+ w0)

input one TS Hit per SL per track
(positions: Ïrel,s
and drift times: t)

output z estimate

z

...

...

w
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w
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input
layer
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Plots: Sebastian Skambraks

Interesting 
physics  

collisions

z

(TS)
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Neural Networks and Lepton colliders
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• Fairly clean environment (even with beam background) and no pile-up

Simuliertes
Beispiel-
Ereignis
Elektron-
Positron-
Beschleuniger

http://www.nikhef.nl/~i93/img/Event6_top.png
6

• Allows use of multivariate methods to implement a “Full Event Interpretation”



Vollständige 
Ereignisinterpretation

● Rekombinations-Effizienz O(1%) nach … 

○ Rekonstruktions-Effizienz
○ “angemessener” Reinheit

… erfordert bereits Betrachtung von 
> 10,000 Zerfallsketten

52

~pBtag = �~pBsig
Allows one to reconstruct the missing

Four-momentum on the signal side



Vollständige 
Ereignisinterpretation

● Rekombinations-Effizienz O(1%) nach … 

○ Rekonstruktions-Effizienz
○ “angemessener” Reinheit

… erfordert bereits Betrachtung von 
> 10,000 Zerfallsketten

52

Reconstruct O(1000-10000) of hadronic and semileptonic modes, 
achieves an efficiency of about O(1%)

B0, B+



Physics
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The big flavour questions and one anomaly
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B-Factory measurement candy bowl
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Decay in the Standard 
Model
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FIG. 8. (Color online). Comparison of the m2
miss and |p∗

ℓ | distributions of the D
(∗)ℓ samples (data points) with the projections of

the results of the isospin-unconstrained fit (stacked colored distributions). The region above the dashed line of the background
component corresponds to BB background and the region below corresponds to continuum. The peak at m2

miss = 0 in
the background component is due to charge cross-feed events. The |p∗

ℓ | distributions show the signal-enriched region with
m2

miss ≥ 1GeV2, thus excluding most of the normalization events in these samples.

B → D∗∗(τ−/ℓ−)ν branching fractions: As noted
above, the sharp peak in the m2

miss distribution of the
D(∗)π0ℓ samples constrains contributions from B →
D(∗)πℓν decays. Events with additional unreconstructed
particles contribute to the tail of the m2

miss distribution
and, thus, are more difficult to separate from other back-
grounds and signal events. This is the case for B →
D∗∗τ−ντ decays, which are combined with B → D∗∗ℓ−νℓ
decays in the D∗∗(ℓ/τ)ν PDFs with the relative propor-
tion R(D∗∗)PS = 0.18. This value has been derived
from the ratio of the available phase space. The same
estimate applied to B → D(∗)ℓ−νℓ decays results in
R(D)PS = 0.279 and R(D∗)PS = 0.251, values that are
58% and 32% smaller than the measured values. Tak-
ing this comparison as guidance for the error on R(D∗∗),
we increase R(D∗∗) by 50%, recalculate the D∗∗(ℓ/τ)ν
PDFs, and repeat the fit. As a result, the values of R(D)
and R(D∗) decrease by 1.8% and 1.7%, respectively. The
impact is relatively small, because B → D∗∗τ−ντ con-

tributions are small with respect to signal decays, which
have much higher reconstruction efficiencies.
Unmeasured B → D∗∗(→ D(∗)ππ)ℓνℓ decays: To as-

sess the impact of other potential B → D∗∗ℓ−νℓ contri-
butions, we modify the standard fit by adding an addi-
tional component. Out of the four contributions listed
in Table VI, the three-body decays of the D∗∗ states
with L = 1 give the best agreement in the fits to the
D(∗)π0ℓ samples. For this decay chain, the m2

miss distri-
bution has a long tail due to an additional undetected
pion. This could account for some of the observed excess
at 1 < m2

miss < 2GeV2 in Fig. 9. We assign the observed
change in R(D(∗)) as a systematic uncertainty.

2. Cross-feed Constraints

MC statistics: Constraints on the efficiency ratios
that link contributions from the same source are taken

BaBar: Phys.Rev.D 88, 072012 (2013)
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SM

R(D)SM = 0.299± 0.003 R(D⇤)SM = 0.257± 0.003
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Figure 1.3.1. Schematic view of the PEP-II (left) and KEKB (right) rings. At PEP-II, the two beams are stacked one on top
of the other; the BABAR experiment is located in an experimental hall at the single interaction region, within region 2 of the
PEP-II complex. At KEKB, the two beams are side-by-side, and intersect in the Tsukuba area experimental hall where the
Belle detector was placed.

1.3 PEP-II and KEKB

PEP-II was located in the tunnel that had housed the
32 GeV center-of-mass energy PEP e+e� storage ring,2

while the KEKB ring was in the 64 GeV center-of-mass
energy e+e� TRISTAN storage accelerator tunnel. Fig-
ure 1.3.1 shows a schematic overview of the PEP-II and
KEKB rings.

Both projects included conversions to meet the B Fac-
tory requirements, namely an instantaneous luminosity in
excess of 1033 cm�2 s�1 and a boost factor (of the CM
frame relative to the laboratory) su�cient for observing
the time evolution of B decays. To achieve these require-
ments, however, some considerable challenges had to be
addressed.

Asymmetric energies mean a dedicated ring for each
beam. In order to reach a high integrated luminosity one
requires an intense positron source and on-energy injec-
tion for both rings. For KEKB, this meant that the in-
jection linear accelerator (Linac) energy had to be raised
from 2.5GeV to 8 GeV in order to provide for on-energy
injection of 8 GeV electrons and su�cient production of
3.5 GeV positrons. PEP-II had the advantage of the ex-
isting powerful SLAC Linac, which could provide the re-
quired electron and positron beams with minimal modi-
fications. Both facilities used high-energy electron beams

2 A maximum center-of-mass energy of 29 GeV was achieved
during the lifetime of PEP.

and low-energy positron beams in order to avoid beam-
instability problems due to ion trapping, which are most
serious at lower energies. Both facilities had only one in-
teraction region (IR) for the detector in order to optimize
the luminosity. The luminosity of an e+e� storage ring is
given by

L =
Nbne�ne+f

Ae↵
(1.3.1)

where the numbers of electrons and positrons in each bunch
are given by ne� and ne+ , Nb is the number of bunches,
f is the circulation frequency, and Ae↵ is the e↵ective
cross-sectional overlapping transverse area of the beams at
the interaction point (IP). While the five parameters are
independent at lower beam currents, at high beam cur-
rents Ae↵ becomes strongly beam-current dependent. As
the product Nbne�ne+ is increased, Ae↵ increases, thereby
limiting the luminosity.

Particles inside a beam bunch are deflected when they
pass through the collective electromagnetic fields of the
oncoming beam bunch at the IP; as a result, the on-
coming bunch collectively acts as a focusing lens. How-
ever, these beam-beam e↵ects are highly non-linear and
produce spreads in the operating point in the betatron-
oscillation tune plane, causing considerable complications
in the machine operation. These beam-beam interactions,
which become larger as the bunch charges are increased,
also limit the luminosity by enlarging Ae↵ .

Attempts to raise the luminosity by raising Nb, the
number of bunches in each ring, face a di↵erent prob-

KEKB → SuperKEKB
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Original question by E. Paoloni

If you have 721 hits in the Belle II detector and you 
want to reconstruct 12 physical trajectories (11 from B-
Meson decays, 1 from beam background), how many 
unique combinations do you need to consider?

⇢
721
12

�
⇡ 2.57⇥ 10769

Number of ways to partition a set of 
n elements into k non-empty sets



7. Estimation of Physics Performance
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(a) mbc for hadronic B+ candidates.
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(b) mbc for hadronic B 0 candidates.

Figure 7.6.: Control plots for hadronic B+ (left) and B 0 candidates (right), for (from top to
bottom) no cut, oMVA > 0.01, 0.1 and 0.5. Correctly reconstructed candidates are
shown in orange, background from B+B° events in blue, from B 0B 0 events in
green, and continuum background in gray.
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5. Tag-Side Reconstruction at Belle

extract the contribution of signal decays (around m2
miss = 0) [73]. This variable can also be

used for analyses where the signal channel includes multiple neutrinos, but single-neutrino
decays are an important background component. An example is the measurement of the
relative branching fractions of B ! D (§)ø∫ø and B ! D (§)l∫l (where l = e,µ), where mmiss

is used to distinguish between decays with a ø lepton (three neutrinos, resulting in a broad
peak in mmiss), a light lepton (one neutrino, i.e. mmiss º 0), and other backgrounds [74].

5.1. Control Variables

To evaluate the efficiency and purity of the tag-side B meson candidates, one frequently
resorts to a set of two variables, mbc and ¢E , that take advantage of the special kinematics at
B factories [11, p. 85]. The beam-constrained mass

mbc =
q

E 2
beam, CMS °~p

2
CMS,

is used in place of the more traditional invariant mass. It replaces the reconstructed energy of
the B candidate with the beam energy Ebeam, CMS, which is half of the total energy available
in the center-of-mass system (CMS). ~pCMS is the three-momentum of the B candidate in
the center-of-mass system. Since the candidate energy is replaced with a beam-parameter-
derived quantity, the beam-constrained mass no longer depends on the mass hypotheses of
particles used for reconstructing the B meson. For correctly reconstructed B mesons (and
those where e.g. only a kaon track was misidentified as a pion) mbc will take values around
5.28 GeV, which corresponds to the mass of B 0/B± mesons. Misreconstructed candidates will
usually have a more broad distribution in mbc. The second variable, the energy difference
¢E , is defined as

¢E = EB , CMS °Ebeam, CMS.

Thus, since®(4S) ! BB is a two-body decay with two daughters of the same mass, correctly
reconstructed B mesons should have an energy equal to half the total energy in the center-
of-mass system, i.e. ¢E should be around zero. For misreconstructed candidates, ¢E will
deviate from zero, e.g. to negative values if a photon is missed in the reconstruction.

Since both variables use different components of the B meson four-momentum, they are
only weakly correlated.

5.2. Cut-based Full Reconstruction

At Belle, two different algorithms for tag-side B reconstruction (called Full Reconstruction)
were used. The first, cut-based approach, reconstructed B mesons in a number of hadronic
decay channels. The algorithm used eight different decay modes for each of B+ and B 0, two

modes for D
§0

and D§° each, seven modes for D
0

, six modes for D+, two modes for D+
s , and

one mode for D+
s . The number of candidates after making combinations was reduced by

applying a selection based on the invariant mass or mass difference for D§
(s) of the candidate.

The applied cuts were fairly wide, e.g. four to five standard deviations for D candidates, but the
exact criteria for these cuts are unknown. In some cases, channels with high combinatorics
were excluded for performance reasons, e.g. if many neutrals (º0 or K 0

S ) were used in a decay

56

Three momentum of tag-side

B-Meson




