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FIG. 2: Schematic view of Belle-II beam crossing at the interaction region. The spread of the

z vertex distribution can be estimated as �z =

p
✏x�⇤

xp
2�x

where for Belle-II optics in phase 2 the

horizontal emittance ✏x = 4 ⇥ 10�6 mm, �⇤
x = 200 mm, and the crossing angle �x = 41 mrad

leading to expected �z = 0.049 cm.
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SuperKEKB @KEK, Tsukuba

‣ New facility to search for BSM physics by 
studying B, D and τ decays. 

‣ Asymmetric electron-positron collider. 

‣ Major upgrade to the KEKB accelerator with 
x40 the design luminosity (8x1035 cm-2s-1). 

‣ x2 raw beam current. 

‣ x20 smaller beam spot (σy*=50 nm)  
with new nano-beam collision scheme 

‣ First beams and commissioning in 2016

FIG. 1: Schematic view of Belle-I beam crossing at the interaction region. The spread of the

z vertex distribution can be estimated as �z =

p
✏x�⇤

xp
2�x

where for Belle-I optics the horizontal

emittance ✏x = 20 ⇥ 10�6 mm, �⇤
x = 1200 mm, and the crossing angle �x = 11 mrad leading to

expected �z = 1 cm.
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Y(4S)
7 GeV 4 GeV

e- e+

‣ Aim to collect 50 ab-1 of collision data  
(vs ~1ab-1 of Belle)
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Belle II TDR, arXiv:1011.0352

Belle II Detector
‣ General purpose spectrometer 

‣ Roll-in: April 2017 

‣ Detector upgrade to mitigate 
increased beam background

‣ Solid angle coverage >90% 
→ High hermeticity for  

missing particle decays

Vertex	Detector	
2	layers	Si	Pixels	(DEPFET)	+	  
4	layers	Si	double	sided	strip	DSSD

EM	Calorimeter	
CsI(Tl),	waveform	sampling	electronics

Central	Drift	Chamber	
Smaller	cell	size,	long	lever	arm

Particle	Identification		
Time-of-Propagation	counter	(barrel)	
Prox.	focusing	Aerogel	RICH	(forward)

KL	and	muon	detector	
Resistive	Plate	Counter	(barrel	outer	layers)	
Scintillator	+	WLSF	+	MPPC	  
(end-caps	,	inner	2	barrel	layers)

electrons		(7	GeV)

positrons	(4	GeV)

‣ βγ=0.28 (vs 0.42 @KEKB) 
→ Reduced boost requiring 

improved vertex reconstruction



Phase 2
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What is “phase 2”?

Pilot run with limited vertexing 
⇢ Background monitor detectors          
    replacing most of the silicon tracker
⇢ One full octant of PXD+SVD 
                           ( 2   +  4   layers)

‣ Follows from Phase 1 (accelerator commissioning) 
‣ Pilot run to test nano-beam scheme 

‣ Single VXD octant (2 PXD + 4 SVD modules) 
‣ BEAST II: commissioning detector to study beam 

and background conditions
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Global Schedule

�14

Phase 1: SuperKEKB commissioning without final focusing and without Belle II detector.          
(January - June 2016)

Phase 2: Collision data taking with final focusing. Belle II with no final vertex detector. (April 
- July 2018. Recorded ~500 pb−1)

Phase 3: Collision data taking with full Belle II detector. STARTED MARCH 2019!  

‣ Opportunity for analysis preparation and 
early physics results
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Figure 1: This figure shows the invariant mass distributions of charm candidates in 472
pb�1 of collision data, in the mode D⇤0 ! D0⇡0, D0 ! K�⇡+ for 0.1405 < �M < 0.1425
GeV/c2. Events are required to contain at least three good tracks to purity the sample
with processes of the type e+e� ! hadrons, while rejecting beam induced background,
Bhabha scattering, and other low multiplicity background sources. The charged kaon and
pion tracks are required to have impact parameters, |d0| and |z0| less than 0.5 cm and 3.0
cm respectively. Particle identification criteria > 0.5 is applied for K�. The D⇤ candidates
are required to have a centre-of-mass momentum of greater than 2.5 GeV/c to select cc̄
events. The internal document reference is BELLE2-NOTE-PH-2018-004.
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Physics Rediscovery ‣ 472 pb-1 → first rediscoveries of known processes 
  and physics measurements   
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FIG. 1: This figure shows m(K+K�) distributions in 250 pb�1 of collision data. Kaon PID
requirement using all the detector is applied. The selection criteria are the same as mentioned in
BELLE2-NOTE-PH-2018-005.
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FIG. 3: This figure shows the invariant mass distribution of J/ ! µ+µ� candidates in 250 pb�1

of Phase 2 data. Both tracks are required to point to the BKLM subdetector (37� < #trk < 130�);
at least 1 track is required to have muonID > 0.001 and to have the PID information available
from the KLM subdetector. Selection criteria and further details are described in the internal note
BELLE2-NOTE-PH-2018-016.
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Figure 1: This figure shows the invariant mass distribution of J/ ! e+e�candidates in
250 pb�1 of collision data. Events are required to contain at least three good tracks to
purify the sample with processes of the type e+e� !hadrons, while rejecting beam induced
background, Bhabha scattering, and other low multiplicity background sources. The e+ and
e� candidates are tracks required to have impact parameters, |d0| and |z0| < 0.5 cm and
3.0 cm respectively. EECL/p � 0.9 is applied to both e+ and e�. Bremsstrahlung photons
with E� < 1.0 GeV are added to e+and e� tracks in a cone < 5�. The J/ candidates are
searched in, 0.4  p⇤J/ 2 GeV. The internal document reference is BELLE2-NOTE-PH-
2018-014.
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Figure 2: This figure shows the invariant mass distribution of K0
S ! ⇡+⇡� candidates

in 250 pb�1 of collision data. Events are required to contain at least three good tracks
to purify the sample with processes of the type e+e� ! hadrons, while rejecting beam
induced background, Bhabha scattering, and other low multiplicity background sources.
The events are selected with 0.45 < m(⇡+⇡�) < 0.55 GeV/c2. A vertex fitter based on
a Kalman algorithm is used to fit the vertex to reject candidates where the tracks do not
originate from near a common decay point. A track quality criteria of > 0.001 is applied on
the tracks that originate within the beam pipe. An optimised selection is done in di↵erent
regions of K0

S momentum based on the variables - minimum of the smallest approach of
the two daughter tracks, azimuthal angle between momentum and the decay vertex of
K0

S candidate, distance between two daughter tracks at their interception point and flight
length of the K0

S candidate. The internal document reference is BELLE2-NOTE-PH-2018-
017.
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FIG. 2: m�� distribution in Exp 3, runs 112-1355. A � peak at about 542 MeV/c2 is visible.
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FIG. 1: m�� distribution in Exp 3, runs 112-1355. A ⇡0 peak at about 132 MeV/c2 is visible.

6

Figure 1: This figure shows the invariant mass distribution of ⇡0 ! �� in 5 pb�1 of collision
data. Events are required to contain at least three good tracks to purity the sample with
processes of the type e+e� ! hadrons, while rejecting beam induced background, Bhabha
scattering, and other low multiplicity background sources. The photon daughters of the
⇡0 candidates are required to have an energy of greater than 150 MeV, and to be within
the acceptance of the Central Drift Chamber (CDC). The internal document reference is
BELLE2-NOTE-PH-2018-002.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in
250 pb�1 of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K�⇡+ for 0.144 < �M <
0.146 GeV/c2. Events are required to contain at least three good tracks to purify the
sample with processes of the type e+e� ! hadrons, while rejecting beam induced back-
ground, Bhabha scattering, and other low multiplicity background sources. The charged
kaon and pion tracks are required to have impact parameters, |d0| and |z0| less than 0.5 cm
and 3.0 cm respectively. Particle identification criteria > 0.5 is applied to K�. The D⇤

candidates are required to have a centre-of-mass momentum of greater than 2.5 GeV/c to
select cc̄ events. The internal document reference is BELLE2-NOTE-PH-2018-004.
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FIG. 1: This figure shows m(K+K�) distributions in 250 pb�1 of collision data. Kaon PID
requirement using all the detector is applied. The selection criteria are the same as mentioned in
BELLE2-NOTE-PH-2018-005.
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FIG. 3: This figure shows the invariant mass distribution of J/ ! µ+µ� candidates in 250 pb�1

of Phase 2 data. Both tracks are required to point to the BKLM subdetector (37� < #trk < 130�);
at least 1 track is required to have muonID > 0.001 and to have the PID information available
from the KLM subdetector. Selection criteria and further details are described in the internal note
BELLE2-NOTE-PH-2018-016.
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Figure 1: This figure shows the invariant mass distribution of J/ ! e+e�candidates in
250 pb�1 of collision data. Events are required to contain at least three good tracks to
purify the sample with processes of the type e+e� !hadrons, while rejecting beam induced
background, Bhabha scattering, and other low multiplicity background sources. The e+ and
e� candidates are tracks required to have impact parameters, |d0| and |z0| < 0.5 cm and
3.0 cm respectively. EECL/p � 0.9 is applied to both e+ and e�. Bremsstrahlung photons
with E� < 1.0 GeV are added to e+and e� tracks in a cone < 5�. The J/ candidates are
searched in, 0.4  p⇤J/ 2 GeV. The internal document reference is BELLE2-NOTE-PH-
2018-014.
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Figure 2: This figure shows the invariant mass distribution of K0
S ! ⇡+⇡� candidates

in 250 pb�1 of collision data. Events are required to contain at least three good tracks
to purify the sample with processes of the type e+e� ! hadrons, while rejecting beam
induced background, Bhabha scattering, and other low multiplicity background sources.
The events are selected with 0.45 < m(⇡+⇡�) < 0.55 GeV/c2. A vertex fitter based on
a Kalman algorithm is used to fit the vertex to reject candidates where the tracks do not
originate from near a common decay point. A track quality criteria of > 0.001 is applied on
the tracks that originate within the beam pipe. An optimised selection is done in di↵erent
regions of K0

S momentum based on the variables - minimum of the smallest approach of
the two daughter tracks, azimuthal angle between momentum and the decay vertex of
K0

S candidate, distance between two daughter tracks at their interception point and flight
length of the K0

S candidate. The internal document reference is BELLE2-NOTE-PH-2018-
017.

2

Ks	àπ π		

)2  (GeV/cγγm
0.40 0.45 0.50 0.55 0.60 0.65 0.70

)
2 

En
tri

es
 / 

(0
.0

03
 G

eV
/c

0

100

200

300 Data

 > 0.30 GeVγE

Belle II 2018 (Preliminary)

-1 L dt = ~5 pb∫

FIG. 2: m�� distribution in Exp 3, runs 112-1355. A � peak at about 542 MeV/c2 is visible.
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FIG. 1: m�� distribution in Exp 3, runs 112-1355. A ⇡0 peak at about 132 MeV/c2 is visible.
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Figure 1: This figure shows the invariant mass distribution of ⇡0 ! �� in 5 pb�1 of collision
data. Events are required to contain at least three good tracks to purity the sample with
processes of the type e+e� ! hadrons, while rejecting beam induced background, Bhabha
scattering, and other low multiplicity background sources. The photon daughters of the
⇡0 candidates are required to have an energy of greater than 150 MeV, and to be within
the acceptance of the Central Drift Chamber (CDC). The internal document reference is
BELLE2-NOTE-PH-2018-002.
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-1L dt = 250 pb∫

Figure 1: This figure shows the invariant mass distribution of charm candidates in
250 pb�1 of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K�⇡+ for 0.144 < �M <
0.146 GeV/c2. Events are required to contain at least three good tracks to purify the
sample with processes of the type e+e� ! hadrons, while rejecting beam induced back-
ground, Bhabha scattering, and other low multiplicity background sources. The charged
kaon and pion tracks are required to have impact parameters, |d0| and |z0| less than 0.5 cm
and 3.0 cm respectively. Particle identification criteria > 0.5 is applied to K�. The D⇤

candidates are required to have a centre-of-mass momentum of greater than 2.5 GeV/c to
select cc̄ events. The internal document reference is BELLE2-NOTE-PH-2018-004.
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FIG. 1: This figure shows m(K+K�) distributions in 250 pb�1 of collision data. Kaon PID
requirement using all the detector is applied. The selection criteria are the same as mentioned in
BELLE2-NOTE-PH-2018-005.
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FIG. 3: This figure shows the invariant mass distribution of J/ ! µ+µ� candidates in 250 pb�1

of Phase 2 data. Both tracks are required to point to the BKLM subdetector (37� < #trk < 130�);
at least 1 track is required to have muonID > 0.001 and to have the PID information available
from the KLM subdetector. Selection criteria and further details are described in the internal note
BELLE2-NOTE-PH-2018-016.
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Figure 1: This figure shows the invariant mass distribution of J/ ! e+e�candidates in
250 pb�1 of collision data. Events are required to contain at least three good tracks to
purify the sample with processes of the type e+e� !hadrons, while rejecting beam induced
background, Bhabha scattering, and other low multiplicity background sources. The e+ and
e� candidates are tracks required to have impact parameters, |d0| and |z0| < 0.5 cm and
3.0 cm respectively. EECL/p � 0.9 is applied to both e+ and e�. Bremsstrahlung photons
with E� < 1.0 GeV are added to e+and e� tracks in a cone < 5�. The J/ candidates are
searched in, 0.4  p⇤J/ 2 GeV. The internal document reference is BELLE2-NOTE-PH-
2018-014.
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Figure 2: This figure shows the invariant mass distribution of K0
S ! ⇡+⇡� candidates

in 250 pb�1 of collision data. Events are required to contain at least three good tracks
to purify the sample with processes of the type e+e� ! hadrons, while rejecting beam
induced background, Bhabha scattering, and other low multiplicity background sources.
The events are selected with 0.45 < m(⇡+⇡�) < 0.55 GeV/c2. A vertex fitter based on
a Kalman algorithm is used to fit the vertex to reject candidates where the tracks do not
originate from near a common decay point. A track quality criteria of > 0.001 is applied on
the tracks that originate within the beam pipe. An optimised selection is done in di↵erent
regions of K0

S momentum based on the variables - minimum of the smallest approach of
the two daughter tracks, azimuthal angle between momentum and the decay vertex of
K0

S candidate, distance between two daughter tracks at their interception point and flight
length of the K0

S candidate. The internal document reference is BELLE2-NOTE-PH-2018-
017.
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FIG. 2: m�� distribution in Exp 3, runs 112-1355. A � peak at about 542 MeV/c2 is visible.
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FIG. 1: m�� distribution in Exp 3, runs 112-1355. A ⇡0 peak at about 132 MeV/c2 is visible.
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Figure 1: This figure shows the invariant mass distribution of ⇡0 ! �� in 5 pb�1 of collision
data. Events are required to contain at least three good tracks to purity the sample with
processes of the type e+e� ! hadrons, while rejecting beam induced background, Bhabha
scattering, and other low multiplicity background sources. The photon daughters of the
⇡0 candidates are required to have an energy of greater than 150 MeV, and to be within
the acceptance of the Central Drift Chamber (CDC). The internal document reference is
BELLE2-NOTE-PH-2018-002.
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-1L dt = 250 pb∫

Figure 1: This figure shows the invariant mass distribution of charm candidates in
250 pb�1 of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K�⇡+ for 0.144 < �M <
0.146 GeV/c2. Events are required to contain at least three good tracks to purify the
sample with processes of the type e+e� ! hadrons, while rejecting beam induced back-
ground, Bhabha scattering, and other low multiplicity background sources. The charged
kaon and pion tracks are required to have impact parameters, |d0| and |z0| less than 0.5 cm
and 3.0 cm respectively. Particle identification criteria > 0.5 is applied to K�. The D⇤

candidates are required to have a centre-of-mass momentum of greater than 2.5 GeV/c to
select cc̄ events. The internal document reference is BELLE2-NOTE-PH-2018-004.
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Phase 3

‣ May-July 2019: Physics run with full detector setup. 
‣ Luminosity ramp-up + switch to continuous injection.  
‣ Peak Luminosity: 6.1 x 1033 cm-2s-1 (Belle II ON)  

                            1.2 x 1034 cm-2s-1 (Belle II OFF) 

‣ Final goal: 8 x 1035 (vs 2.1 x 1034 of Belle)

~6.5/fb
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Tightening the Luminous Region

Beta Squeezing at IP

�6

Strategy of beta squeezing for Phase 2 and Phase 3 Phase 2.0
detuned

The smallest βy* in the world！

Year

�
⇤ y
[m

]

CEPC

FCC-eeKEKB

DAFNE

PEP-II
CESR-C BEPC-II

VEPP-2000
SPEAR

CESR

PEP

PETRA
LEP, BEPC

TRISTAN

Final design

Phase 2
mm-world

µm-world

Phase 2.0
(LER)

Phase 3

First collision

�⇤
y = 48.6 mm
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�⇤
y = 81 mm
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Start collision tuning

βy* < σzβy* from mm to µm-world
Test of Nano-Beam

FIG. 3: Distribution of the longitudinal component of the interaction vertex estimated using z0
parameter of single tracks originating from the interaction vertex. The plot is based on data
collected in runs 1869 � 2047 in May 19th-21st 2018. The center of the distribution is estimated
using its median. The spread of the distribution is estimated using half of the symmetric range
around the median containing 68% of the distribution, �68. The spread of the distribution shown in
the figure is not corrected for the estimated uncertainty in z0 of 0.025 cm. When the z0 resolution
is subtracted in quadrature, the unfolded �z = 0.049 cm.

3

we are here

‣ β*y = 3mm in 2018 
‣ β*y = 2mm end of Summer 2019 (w/ Belle II off) 
‣ Final luminosity will require β*y = 300µm

‣ Possible thanks to rapid feedback between accelerator team and tracking group.

vs Belle: 
σz=4.5mm
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Beam Spot Measurement

x

y
φ0

|d0|

PV

POCA

Track

FIG. 1: Projection of the coordinate system on the x-y plane. For a track coming from a primary

vertex (PV), the transverse impact parameter (d0) is the signed distance between the point of

closest approach (POCA) and the z axis, and �0 is the azimuthal angle of the track momentum at

the POCA. The sign of d0 is defined to be the same as the one of the z component of the angular

momentum with respect to the origin. The blue area depicts the region where the high energy and

low energy beams overlap; in this drawing, the vertical size and the horizontal size of this region

are not in scale. In practice, the center of the overlap region is displaced with respect to the origin

and d0 needs to be corrected for this o↵set.

1

FIG. 3: For a two-track event where the two tracks, t1 and t2, are produced back-to-back, the

definition of d0 implies that d0(t1) and d0(t2) have opposite signs. Assuming that the two tracks

come from the same primary vertex, the width of the di↵erence �d0 ⌘ d0(t�) + d0(t+) divided byp
2 is an estimate of the d0 resolution. In each �0 bin, the width of the �d0 distribution of selected

tracks, noted �68(�d0), is defined as half of the symmetric range around the median containing

68% of the �d0 distribution. When computing the width of �d0/
p
2 over the full �0 range, one

obtains a d0 resolution estimate of 14.2±0.1 (stat)µm in data and 12.5±0.1 (stat)µm in simulation.

The tracks are selected in a data sample collected in May 2019 (run list: 3689, 3714, 3715, 3718,

3719); in particular, it is requested that the tracks are detected by the PXD, the SVD and the

CDC, and that they belong to two-track events. The same selection is applied to simulated tracks

from a sample of generated Bhabha scattering events with e+e� in the final state.

3

FIG. 2: In each �0 bin, the width of the d0 distribution of selected tracks, noted �68(d0), is defined
as half of the symmetric range around the median containing 68% of the d0 distribution. A beam

profile is drawn in gray; it corresponds to the function

q
(sin�0 · �x)2 + (cos�0 · �y)2 computed

with �x = 14.8µm and �y = 1.5µm (set values in simulation). The fact that the measured points

are above the gray curve comes from the finite resolution of the detector. The tracks are selected

in a data sample collected in May 2019 (run list: 3689, 3714, 3715, 3718, 3719); in particular, it is

requested that the tracks are detected by the PXD, the SVD and the CDC, and that they belong

to two-track events. The same selection is applied to simulated tracks from a sample of generated

Bhabha scattering events with e+e� in the final state.

2

‣ Phase 3 vertex detectors make it possible to  
accurately measure the interaction region. 

‣ Vertex fit of 2-track events (~Bhabha) selecting 
"good" tracks with PXD, SVD and CDC hits. 

‣ 14.1±0.1(stat) µm resolution (x2 better than Belle)



The measurement requires the reconstruction of two vertices: 
1. D0 decay vertex from K and π daughters 
2. D0 production vertex, from the crossing of πs ‘s and D0’s reconstructed momentum 

• D* decays immediately, in the luminous region or beam spot. Constraining the D* to decay in the beam spot 
would significantly improve the resolution on proper time

Gaetano de Marino 3/182019/06/18

Goal: to measure the D0 lifetime using the channel 

D*+→[D0→K-π+]π+  

with the dataset collected until first reprocessing (proc9, 
data until end of May/early June: ~3.5 fb-1, including ~800 
pb-1 of off-resonance data). This measurement is an 
important  test of the Belle II vertexing  performance. 

INFN and 
University  
of 
Pisa

Introduction

Once the whole decay chain has been reconstructed, the decay length of the 
D0 is obtained as: 

40  µ
m

ldec = (rdecay − rproduction) ⋅ p̂D

τ = mDldec /cpD .

and then translated into the proper time:

Note: Figure not in scale

(Ichiro Adachi, Run Coordinator Report 2019.06.03)

parameter extracted value

N1
sig (81± 6) · 10

µ1 (fs) 31± 16
�1 (fs) 127± 15
N2

sig (10± 5) · 10
µ2 (ps) (0.48± 0.17)
�2 (ps) (0.73± 0.13)
⌧ (fs) (370± 40)

TABLE II: Parameters extracted from the unbinned maximum likelihood fit to the reconstructed
proper time distribution.

FIG. 2: Fit to the reconstructed proper time for D0 candidates belonging to the signal region
5.346 < Q(MeV/c2) < 6.353 and 1.848 < M(GeV/c2) < 1.879. The model function is defined in
(2) and the value of the parameters extracted from the fit are reported in Table II.

The proper time distribution is fitted with two Gaussian contributions both convolved
with the exponential:

TPDF (t) = N1
sig ⇥Gauss(t|µ1, �1) ⇤ Exp(t|⌧) +N2

sig ⇥Gauss(t|µ2, �2) ⇤ Exp(t|⌧) ; (2)

the choice is due to considerations on background composition, entirely related to mis-
reconstructed D0s (cc̄ background).

3
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D0 Lifetime Measurement

I. LIST OF APPROVED PLOTS

• Figure 1

• Figure 2

Details of the analysis procedure are described in BELLE2-NOTE-PH-2019-038.
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FIG. 1: Fit to the reconstructed mass of D0 candidates from the decay chain D⇤± ! (D0 !
K⌥⇡±)⇡± with 5.346 < Q(MeV/c2) < 6.353. The red shaded region represents the signal candi-
dates, while the blue region represents the background candidates. The model function is defined
in (1) and the values of the parameters extracted from the fit are reported in Table I.

The mass distribution is fitted with a Gaussian (signal) plus a first-order polynomial
(background):

MPDF (m) = Nsig ⇥Gauss(m|µ, �) +Nbkg ⇥ pol1(m|c0, c1). (1)

1

‣ Powerful test of Belle II vertex fitting performance 

‣ TreeFitter algorithm for full decay chain fitting (arXiv:1901.11198) 

‣ Direct extraction of long lived particles lifetimes 

‣ D* (short lived) constrained to measured beam spot region 

‣ τ(D0) = 370 ± 40 fs using limited data (May/early June)



The measurement requires the reconstruction of two vertices: 
1. D0 decay vertex from K and π daughters 
2. D0 production vertex, from the crossing of πs ‘s and D0’s reconstructed momentum 

• D* decays immediately, in the luminous region or beam spot. Constraining the D* to decay in the beam spot 
would significantly improve the resolution on proper time

Gaetano de Marino 3/182019/06/18

Goal: to measure the D0 lifetime using the channel 

D*+→[D0→K-π+]π+  

with the dataset collected until first reprocessing (proc9, 
data until end of May/early June: ~3.5 fb-1, including ~800 
pb-1 of off-resonance data). This measurement is an 
important  test of the Belle II vertexing  performance. 

INFN and 
University  
of 
Pisa

Introduction

Once the whole decay chain has been reconstructed, the decay length of the 
D0 is obtained as: 

40  µ
m

ldec = (rdecay − rproduction) ⋅ p̂D

τ = mDldec /cpD .

and then translated into the proper time:

Note: Figure not in scale

(Ichiro Adachi, Run Coordinator Report 2019.06.03)
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Hadron ID Performance
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FIG. 5: Kaon e�ciency and pion mis-ID rate for the PID criterion RK/⇡ > 0.5 using the
decay D⇤+ ! D0[K�⇡+]⇡+ in the bins of polar angle (laboratory frame) of the tracks.
Note that the acceptance regions of CDC, TOP and ARICH in polar angle (cos ✓) are

[�0.87, 0.96], [�0.48, 0.82], and [0.87, 0.97], respectively.
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3. BINARY LIKELIHOOD RATIOS
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FIG. 1: RK/⇡ distribution. K and ⇡ tracks are tagged from the charge of the slow ⇡
(daughter of D⇤+) in the decay D⇤+ ! D0[K�⇡+]⇡+.
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4. K-EFFICIENCIES AND ⇡-MIS-ID RATES
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FIG. 2: K-e�ciencies and ⇡-mis-ID rates are calculated for di↵erent PID criteria using the
decay D⇤+ ! D0[K�⇡+]⇡+.
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5. K-EFFICIENCY AND ⇡-MIS-ID RATE IN MOMENTUM/POLAR ANGLE
BINS
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FIG. 4: Kaon e�ciency and pion mis-ID rate for the PID criterion RK/⇡ > 0.5 using the
decay D⇤+ ! D0[K�⇡+]⇡+ in the bins of laboratory frame momentum of the tracks.
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RK/π =
LK

LK + Lπ

‣ Dominant contribution from TOP+ARICH 

‣ Tag-and-probe on D*→ D0(Kπ) π 

‣ Slow pion tags the Kπ charges

R(K/π)>0.5
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FIG. 1: ∆E (left top), Mbc (right bottom) and 2-dimensional plot of reconstructed B0 →
J/ψK0

S , J/ψ → ℓ+ℓ−,K0
S → π+π− from 2019 data sample (phase 3). To extract signal yield,

we perform 2-dimensional un-binned maximum likelihood fit to these samples. Gaussian and AR-
GUS [1] functions are used for the probability density functions (PDFs) of the Mbc for the signal
and background, respectively, while double Gaussian and linear functions are used for the ∆E.
All of the parameters except for the fraction of two Gaussian functions of ∆E signal PDF are
floated together with signal and background yields when performing the fit. We excluded from the
fit the shaded regions of (5.265 GeV/c2 < Mbc < 5.290 GeV/c2, -0.15 GeV < ∆E < -0.05 GeV)
and (5.265 GeV/c2 < Mbc < 5.290 GeV/c2, 0.05 GeV < ∆E < -0.15 GeV) to remove background
candidates mainly due to B0 → J/ψK∗0. Fit results are shown with solid curves in each projection.

[1] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett. B 241 278 (1990).
[2] A. Abashian, et al. (Belle Collaboration), Phys. Rev. Lett. 86 2509 (2001).
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FIG. 1: ∆E (left top), Mbc (right bottom) and 2-dimensional plot of reconstructed B0 →
J/ψK0

S , J/ψ → ℓ+ℓ−,K0
S → π+π− from 2019 data sample (phase 3). To extract signal yield,

we perform 2-dimensional un-binned maximum likelihood fit to these samples. Gaussian and AR-
GUS [1] functions are used for the probability density functions (PDFs) of the Mbc for the signal
and background, respectively, while double Gaussian and linear functions are used for the ∆E.
All of the parameters except for the fraction of two Gaussian functions of ∆E signal PDF are
floated together with signal and background yields when performing the fit. We excluded from the
fit the shaded regions of (5.265 GeV/c2 < Mbc < 5.290 GeV/c2, -0.15 GeV < ∆E < -0.05 GeV)
and (5.265 GeV/c2 < Mbc < 5.290 GeV/c2, 0.05 GeV < ∆E < -0.15 GeV) to remove background
candidates mainly due to B0 → J/ψK∗0. Fit results are shown with solid curves in each projection.

[1] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett. B 241 278 (1990).
[2] A. Abashian, et al. (Belle Collaboration), Phys. Rev. Lett. 86 2509 (2001).
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Lepton ID and Particle Reconstruction

‣ Dominant contribution from: 

‣ eID: ECL (E/p) 

‣ muID: ECL+KLM 
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FIG. 2: The dimuon invariant mass of J/ ! µ+µ� candidates for an integrated luminosity of
2.62 fb�1 using the same environment and track selection as Fig. 1, but with muonID > 0.95 for
each muon candidate.
A Gaussian function summed with a Bifurcated Gaussian is used to model the signal and a first
order polynomial is used to model the background.
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FIG. 3: The dielectron invariant mass of J/ ! e�e� candidates for an integrated luminosity of 2.62
fb�1 using the same environment and track selection as the Fig. 1, but with further selection criteria
applied to J/ candidates in BB events. The momentum of the reconstructed J/ candidate in
the ⌥ (4S) frame is required to be below 2.0 GeV/c and the ratio between the (event-based) second-
order and zeroth-order Fox-Wolfram moment, R2, is below 0.4.
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FIG. 4: The dimuon invariant mass of J/ ! µ+µ� candidates for an integrated luminosity of
2.62 fb�1 using the same environment and track selection as Fig. 2, with extra selection criteria
applied to isolate J/ candidates in BB events, listed in Fig. 3.

4

Re =
Le

Le + Lμ + Lπ + . . .

B→J/ψ X

B→J/ψ Ks

N = 26.9 ± 5.2
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Neutral Particles
π0
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FIG. 1: Invariant mass of �� for data phase III. The functions superimposed are the result of a
binned ML fit to the data using as signal a Crystal Ball plus a Gauss (with the same mean) and
a first order polynomial for background. A clear peak for the decay ⇡0 ! �� is visible. Data
corresponds to an integrated luminosity of 2.62 fb�1 (proc9 hadron skim). The selection criteria
are E� > 120MeV, E9/E21 > 0.9, Nhits > 1.5.

2

0.4 0.45 0.5 0.55 0.6 0.65
)2 (GeV/cγγM

0

2000

4000

6000

8000

10000

12000

14000

16000

18000 )2
Ev

en
ts

 / 
( 0

.0
02

5 
G

eV
/c Data

Fit
Signal
Background

Belle II 2019 Preliminary

-1 L dt=2.62 fb∫

 candidates3 46.2) 10±(100.8 
2 1.3) MeV/c± = (542.1 µ

2 2.3) MeV/c± = (11.9 σ

>0.40 GeVγE

FIG. 2: Invariant mass of �� for data phase III with a Crystal Ball plus first order polynomial
fit. A clear peak for the decay ⌘ ! �� is visible. Data corresponds to an integrated luminosity
of 2.62 fb�1 (prod9 hadron skim). Selection criteria used are E� > 400MeV, E9/E21 > 0.9,
Nhits > 1.5.
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η

‣ Photon selection on plots above based on ECL cluster shape (E9/E25). 

‣ Combinatorial background can be further suppressed with appropriate classifiers.
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First B Mesons from 2019...
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... and Event Shape
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FIG. 1: R2 distribution for ⌥ (4S) data and o↵-resonance data. The event selection requires at least
three tracks and two clusters in the event, with transverse momentum greater than 100 MeV/c
and cluster energy greater than 100 MeV, respectively. Additional requirements on tracks, clusters
and event variables are described in detail in the note BELLE2-NOTE-PH-2019-025. The overall
selection e�ciency on the BB sample is 98.8%. The o↵-resonance contribution is normalized to
the luminosity of the on-peak data.
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(+0.83 offR)

R2 =
H2

H0

Continuum suppression
BB̄

Fox-Wolfram 

Squeeze out more information: 
combine nonlinearly 20+ kinematic, 
decay-time, PID, and topology 
variables to maximize S/B.

e+ e− →
S/B ratio at production is 10-3 — 10-6  

due to light-quark production 
(continuum) and BF.

Hl = ∑
ij

|pi | |pj |
E2

vis
Pl(co sθij)

!4

Rl = Hl /H0

bb̅qq̅
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Full Event Interpretation

‣ Reconstruction of the second B meson (B-tagging) is 
fundamental for the study of missing energy decays 

‣ Exclusive reconstruction via multi-stage classifier over 
~100 of channels: 

‣ Semileptonic tag (higher efficiency) 

‣ Hadronic tag (cleaner)

1. INTRODUCTION

The reconstruction of the second B-meson is an essential analysis technique at B-factories
to study missing energy decays, e.g. final states with a single or multiple neutrinos in the
final state or more exotic signatures involving dark matter. For Belle II a novel algorithm, the
Full Event Interpretation [? ] (FEI), was developed to reconstruct exclusive tag-candidates.
The algorithm relies on machine learning to identify plausible B-meson decay-chains and
uses hadronic and semileptonic tag-side decays to do so. An illustration of the tag- and
signal-side is shown in Figure 1.

2 FEI

�(4S)
Btag Bsig

⌫�

µ
+

⌫µ

⌫�

signal-sidetag-side

Fig. 1: Schematic overview of a �(4S) decay: (Left)
a common tag-side decay B�

tag ! D0(! K0
S(!

⇡�⇡+)⇡�⇡+)⇡� and (right) a typical signal-side-decay
B+

sig ! ⌧+(! µ+⌫µ⌫� )⌫� . The two sides are overlap
spatially in the detector, therefore the assignment of a
measured track to one of the sides is not known a priori.

[16]. It automatically constructs plausible Btag meson
decay-chains compatible with the observed tracks and
clusters, and calculates for each decay-chain the prob-
ability of it correctly describing the true process. “Ex-
clusive” refers to the reconstruction of a particle (here
the Btag) assuming an explicit decay-channel.

Consequently, exclusive tagging reconstructs the Btag

independently of the Bsig using either hadronic or
semileptonic B meson decay-channels. The decay-
chain of the Btag is explicitly reconstructed and there-
fore the assignment of tracks and clusters to the tag-side
and signal-side is known.

In the case of a measurement of an exclusive branch-
ing fraction like Bsig ! ⌧ ⌫� , the entire decay-chain of
the �(4S) is known. Consequently, all tracks and clus-
ters measured by the detector should be accounted for.
In particular, the requirement of no additional tracks,
besides the ones used for the reconstruction of the
�(4S), is an extremely powerful and efficient way to re-
move most reducible1 background. This requirement is
called the completeness-constraint throughout this
text.

In the case of a measurement of an inclusive branch-
ing fraction like Bsig ! Xu`⌫, all remaining tracks and
clusters besides the ones used for the lepton ` and the
Btag meson are identified with the Xu system. Hence,
the branching fraction can be determined without ex-
plicitly assuming a decay-chain for the Xu system.

The performance of an exclusive tagging algorithm
depends on the tagging efficiency (that is the fraction
of �(4S) events which can be tagged), the tag-side-

efficiency (that is the fraction of �(4S) events with a
correct tag) and on the quality of the recovered infor-
mation, which determines the tag-side-purity (that is

1
Reducible background has distinct final state products

from the signal.

the fraction of the tagged �(4S) events with a correct
tag) of the tagged events.

The exclusive tag typically provides a pure sample
(i.e. purities up to 90% are possible), but it suffers from
a low tag-side-efficiency of a few percent, since only a
tiny fraction of the B decays can be explicitly recon-
structed due to the large amount of possible decay-
channels and their high-multiplicity, as well as the im-
perfect reconstruction efficiency of tracks and clusters.

Both the quality of the recovered information and
the systematic uncertainties depend on the decay-channel
of the Btag, therefore we distinguish further between
hadronic and semileptonic exclusive tagging.

Hadronic tagging considers only hadronic B decay-
chains for the tag-side [4, Section 7.4.1]. Hence, the
four-momentum of the Btag is well-known and the tagged
sample is very pure. A typical hadronic B decay has a
branching fraction of O(10�3). In consequence, hadronic
tagging suffers from a low tag-side-efficiency. It is only
possible for a tiny fraction of the recorded events, be-
cause the large combinatorics of high-multiplicity decay-
channels requires tight selection criteria.

Semileptonic tagging considers only semileptonic
B ! D`⌫ and B ! D⇤`⌫ decay-channels [4, Section
7.4.2]. Due to the presence of a high momentum lepton
these decay-channels can be easily identified and the
semileptonic tagging usually yields a higher tag-side-
efficiency compared to hadronic tagging. On the other
hand, the semileptonic tag suffers from missing kine-
matic information due to the neutrino in the final state
of the decay. Hence, the sample is not as pure as in the
hadronic case.

To conclude, the FEI provides a hadronic and semilep-
tonic tag for B± and B0 mesons. This enables the mea-
surement of exclusive decays with several neutrinos and
inclusive decays. In both cases the FEI provides an ex-
plicit tag-side decay-chain with an associated probabil-
ity.

2 Previous work

Previous experiments already developed and success-
fully employed tagging algorithms. In order to compare
the algorithms to one another, the maximum achiev-
able tag-side-efficiency is of particular interest, because
the tag-side-efficiency is directly related to the signal
selection efficiency of the measurement. On the other
hand the achievable tag-side-purity is only of limited
use, because the achievable final purity of the final se-
lection used for the measurement is dominated by the
completeness-constraint. Hence, most of the incorrect
tags can be easily discarded and the final purity de-
pends strongly on the considered signal decay-channel.

FIG. 1: A schematic overview of tag- and signal-side is shown: The ⌥ (4S) decays into a tag-side,
B�

tag
! D0(! KS(! ⇡+⇡�)⇡+⇡�)⇡�, and a signal-side B+

sig
! ⌧+(! µ+⌫µ⌫̄⌧ )⌫⌧ .

1.1. Analysis Strategy

In this note, first studies evaluating the hadronic tagging performance are summarised.
To this end events are reconstructed without any signal-side selection and the Btag kinematic
is studied. A sample enriched in correctly reconstructed candidates is obtained via cutting on
the FEI classifier (or signal probability), and the number of correctly reonstructed tag-side
B-meson candidate events is obtained by fitting the beam-constrained mass, mbc , defined
as

mbc =
q

s/4 � |~p ⇤
Btag

|2 , (1)

with ~p ⇤
Btag

denoting the reconstructed three-momentum of the Btag candidate in the ⌥ (4S)
rest frame, and

p
s denotes the beam energy. The hadronic tagging performance is now

evaluated using two metrics:

1. The tag-side e�ciency - defined as the ratio of the number of correctly reconstructed
tag-side B mesons to the total number of ⌥ (4S) candidates.

2. The purity - defined as the ratio of the number of correctly reconstructed tag-side B
mesons to the total number tag-side B candidates.

In addition, to quantifying the performance of the algorithm it is possible to quantify and
correct for potential mis-matches in the tag-side e�ciency between data and simulation. A
calibration of the FEI can be performed by measuring a signal side with a well-known

3

branching fraction. Here we perform a reconstruction of B ! Xl⌫ decays with an ultimate
aim of deriving e�ciency correction factors. The variables we consider for a signal extraction
are the lepton momentum in the centre of mass frame, p⇤` and miss mass squared, mm2.
Further details of how the latter variable is calculated are described later.

2. SELECTION

2.1. Overview

The FEI algorithm reconstructs hadronic tag candidates from over 100 explicit decay
channels, with more than 10000 distinct decay chains. The first objects provided by the
reconstruction software are the charged tracks, neutral clusters, and displaced vertices. In six
distinct stages, these objects are interpreted as final state particles (e±, µ±, K±, ⇡±, KL, �),
combined to form intermediate particles (J/ , ⇡0, KS, D,D⇤) and eventually combined to
form the Btag candidate. The procedure is illustrated in Figure 2.

At each level, a probability of the form of a multivariate classifier is constructed. This
classifier is built from a set of input features (e.g. four-momentum, vertex information) and
was trained using simulated Phase II ⌥ (4S) ! BB̄ MC events. At the final stage, each
B-meson candidate has an associated signal probability built from the preceding features
and classifiers, which can be used to discriminate correctly identified Btag candidate events
from random combinations. In each event, the candidate with the highest probability is
kept.

2.2. Basic particle cuts

Table IV shows some basic selection cuts which are applied to charged tracks and �
candidates before applying their respective classifiers.

4 FEI
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Fig. 2: Schematic overview of the FEI. The algorithm
operates on objects identified by the reconstruction
software of the Belle II detectors: charged tracks, neu-
tral clusters and displaced vertices. In six distinct
stages, these basics objects are interpreted as final state
particles (e+, µ+, K+, ⇡+, K0

L, �) combined to form in-
termediate particles (J/ , ⇡0, K0

S, D, D⇤) and finally
form the tag-side B mesons.

the detector (background) or even consists of a random
combination of hits from beam-background (also back-
ground).

All candidates available at the current stage are
combined to intermediate particle candidates in the
subsequent stages, until candidates for the desired B
mesons are created. Each intermediate particle has mul-
tiple possible decay-channels, which can be used to cre-
ate valid candidates. For instance, a B� candidate can
be created by combining a D0 and a ⇡� candidate, or
by combining a D0, a ⇡� and a ⇡0 candidate. The used
D0 candidate could be created from a K� and a ⇡+, or
from a K0

S and a ⇡0.
The FEI reconstructs more than 100 explicit decay-

channels, leading to more than O(10000) distinct decay-
chains.

3.2 Multivariate Classification

The FEI employs multivariate classifiers to estimate
the probability of each candidate to be correct. Hence,
each candidate created by the FEI (regardless at which
stage) has an associated signal probability �, which
can be used to discriminate correctly identified candi-
dates from background.

For each final state particle and for each decay-
channel of an intermediate particle, a multivariate clas-
sifier is trained which estimates the probability that
the candidate is correct. In order to use all available

information at each stage, a network of multivariate
classifiers is built, following the hierarchical structure.

For instance, the classifier built for the decay of
B� ! D0⇡� would use � of the D0 and ⇡� candidates,
to estimate the � of the B� candidate created by com-
bining the aforementioned D0 and ⇡� candidates.

Additional input features of the classifiers are the
kinematic and vertex fit information of the candidate
and its daughters. The multivariate classifiers used by
the FEI are trained on Monte Carlo (MC) simulated
events. The training is fully automatized and distributed
using a map-reduce approach.

As can be seen in Figure 2 the available information
flows from the data provided by the detector through
the intermediate candidates into the final B meson can-
didates, yielding a single number which can be used
to distinguish correctly from incorrectly identified Btag

mesons. This allows to tune the trade-off between tag-
side-efficiency and tag-side-purity of the algorithm by
requiring a minimal �. However, most exclusive mea-
surements by Belle, which used the previous FR algo-
rithm, chose a working point near the maximum tag-
side-efficiency as described in Section 2.

3.3 Combinatorics

It is not possible to consider all possible B meson candi-
dates created by all possible combinations. The amount
of possible combinations scales with the factorial in the
number of tracks and clusters. This problem is known as
combinatorics in high-energy physics. Furthermore,
it is not worthwhile to consider all possible B meson
candidates, because all of them (except for two in the
best-case scenario) are wrong.

The FEI uses two sets of so-called cuts. A cut is
a criterion a candidate has to fulfill to be considered
further. For instance one could demand that the beam-
constrained mass of the B meson candidate is near
the nominal mass 5.28 GeV of a B meson particle, or
that a µ+ candidate has a large µ likelihood calculated
from the measurements in the particle-identification
sub-detectors.

Directly after the creation of the candidate (either
from a track/cluster, or by combining other candidates),
but before the application of the multivariate classifier,
the FEI uses loose and fast pre-cuts to remove wrongly
identified candidates (background), without loosing sig-
nal. The main purpose of these cuts is to save comput-
ing time and to reduce the memory consumption. These
pre-cuts are applied separately for each decay-channel.

At first, a very loose fixed cut is applied on a quan-
tity which is fast to calculate e.g. the energy for pho-

FIG. 2: Schematic overview of the FEI algorithm.

4 FEI, arXiv:1807.08680
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FEI with Early 2019 Data

B+ tag

B0 tag
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A Physics Example, B→Xeν
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Conclusions and Outlook

‣ Operations are currently restarting in preparation for the Autumn 2019 run.

‣ Vertex reconstruction 
‣ Final state particle identification 
‣ Particle reconstruction 

‣ Event shape 
‣ Full Event Interpretation 
‣ ... and more.

‣ Belle II provides a unique environment to study rare B, D and τ decay processes. 
‣ Highly performing reconstruction is essential to handle the high luminosity environment:



Backup
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Luminosity Projection
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High Luminosity Study (Belle II off)
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Phase 3 Injection

Decay mode Continuous
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Phase 3 Preparations

RVC opening and QCS extraction BEAST II extraction



‣ Preliminary study and preparation for future analyses 

‣ 3x1-prong topology:  

‣ 𝞽signal→3π𝞶 (+nπ0), 𝞽tag→𝓵𝞶𝞶̅/π𝞶 

‣ Identified through event thrust =  

‣ Dominant backgrounds: qq̅ and eeγ (radiative Bhabha)

Thrust value
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Tau Observation
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‣ Measurement in the exclusive 𝞽→3π𝞶 channel using 
pseudomass technique developed at ARGUS: 

‣ Fit with empirical edge function
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Tau Mass Measurement

Mmin =
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‣ First 𝞽 physics result from Phase 2 

‣ Good agreement with existing 
measurements!

mτ = (1776.4 ± 4.8(stat)) MeV/c2


