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Belle II

We got the first physics data...

KL and muon detector

Resistive Plate Counter (barrel outer layers)
ol e 100 150 200

(end-caps , inner 2 barrel layers)

EM Calorimeter -E
Csl(Tl), waveform sampling electronics ] @

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

electrons (7 GeV)

Belle I

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

LSS5 v g positrons (4 GeV)
Central Drift Chamber :

Smaller cell size, long lever arm

Belle Il TDR, arXiv:1011.0352 A L* a

Belle Il online luminosity Exp: 7-8 - All runs
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Belle 1II

Z,3=2-10%  8.10% cm?s

Peak Luminosity Trends (e'e” collider)
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Belle Il has a broad physics program at the
precison frontier — key ingredients:

Increase statistics — record 50ab™ of data
by increasing luminosity (squeeze beams &
larger currents)

Reduce systematics — state-of-the-art
detector and software
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Belle II

Golden channel for Time-

Dependent CP Violation

measurements
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Quantum entangled neutral
B meson pair production

Belle data vs. Belle Il MC
simulation (2 layer PXD):

T
v

140i | Fitfunction: o=\/a2+ # i
N ppsin(®*
120 s Belle SVD2 cosmic (Data) BN715
:: —s— a= 174+ 03 um
100+ b= 343+ 0.7 um GeVic
) Belle Il single track events (MC)
80 .- a= 9.0%01um
s b= 175 = 0.2 um GeV/c
60—
40f+ j
r
20 = M_‘_‘
0 : Il 1 1 i 1
2.4F
; g;+\.+-rr+'r\.+ ...... fosiisqeiirrrdTL PEERTT O ——
8L ——
1.6 I i i | i L |
0 1 2 3 4 5 6 7 8
ppBsin(0)*? [GeV/c]

d0 resolution

tag

|
A Z

z,-Resolution o [um]

0.B(-)II(;/OBeII(-J 1

140‘ Fit function: o=\/a+ # i
H ppsin(®)*®
120 H Belle SVD2 cosmic (Data) BN715
:ll —s— a= 263=0.4um
100p+ b= 329 08umGeVic
= | Belle Il single track events (MC)
80 smme== a= 115=01um
s b= 179+ 0.2 um GeV/c
601
40 :—”‘:
n ':“ﬁri
20— M~
0: 1 1 Il
2.4
22 PR PrT L T-%""‘
2f jqpti -
1.8~ +++
1.6 I i [ ] 1 i I
0 1 2 3 4 5 6 7 8
ppBsin(6)*? [GeV/c]

€+

K+

| B{//j
<<

Belle ~ 200 um
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Wim[ Y(4S) Event

= Y(4S) center of mass is boosted
» 7GeV e on4 GeVe*— By =0.28

» reduced boost w.rit. Belle

= average multiplicities
» |1 charged tracks

5 neutral pions

» | neutral kaon

= soft charged tracks momentum
spectrum
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Single track vertex resolutions

~ 2 x times better than Belle 4
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</ >| Belle Il Vertex Detector in 2019 physics run

Belle IT

\ Silicon Vertex Detector (SVD)

- Extrapolate to pixel to match hits to tracks,
despite machine background (ROI — selection) ]
\ - Standalone tracking (and PID) for low pt tracks "

- 6 layers of DSSD with low material budget (~0.7X /layer)
- Excellent hit time resolution (~3ns)

T
\

Pixel Detector (PXD)
N
/ | \ - Precise impact parameter
! 1 resolution for primary
f \ and secondary vertices
- 8M DEPFET pixels
*2nd yer has only 4 .
Sensors in aIIed (upgrade to In 2 layers* (~0.2X/layer)
full PXD in 2021) - 1st layer @ 14mm from IP
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</>| Track Finding @ Belle I

Belle 1II

* Modular tracking design Combinatorial Kalman

- - . Filter (CKF)
Finding, fitting and merging strategy can be

adjusted to background conditions / detector

: . , - Extrapolates track inward
degradation or to find cosmics

and looks for hits to attach,
updating the track
parameter predictions

- BDT based hit filtering and

1) Find tracks in central dumplicates removals
drift chamber (CDC)

with global & local

Standard reconstruction track-finding workflow

approach 2) Extrapolate

CDC Tracks to SVD with

> SVD CKF CKF
CDC Tracks H Remaining SVD Hits
e SVD Tracks | T
ombine

Fit s —l Standalone 3) Add SVD'

\ only tracks

PXD CKF 4) Extrapolate to

\ PXD with CKF

Track Fit




<D | Track Finding @ Belle II:

O

=z | Central Drift Chamber (CDC)

Global CDC Track-Finding

Conformal transformation maps circles

(helices in x-y plane) to straight lines
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Find tracks as tangents to drift
circles by determining points

of maximal 015

density PR
in parameter z ot
space

Local CDC Track-Finding

Cellular automation (CA) formed
from triplets and linear segments
(vertices) and neighboring triplets
sharing hits (edges), weigths based
on common fit quality

CA with vertices from pairs of
segments in axial+stereo (z-
measurement) layers, weights from
Riemann fit in x-y and s-z
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Belle I
. . . AT
Reduce combinatorics by combining ¢ /iﬂ’ llaﬂ
space-points from compatible (friend) ///{l;!l.L_ll..
sectors and applying filters to reject Vi /TS
background hits /Z,’"Eb',l.

friendship relations '
ssssss + filters

Cut(Distance3D)

Cut(Distance2D)

Cut(SlopeRZ)

Cut(Distance1D2Z)

Cut(CosXY)

AllICuts = allowed region
+

cluster time difference

Training of friendship relations
and filters on MC - SectorMap

Space-points + SectorMap — Segment network —
Cellular automaton finds longest paths:

Fake and clone tracks (hits) removed based on quality indicator
(triplet fit, Chi2 of triplets, p-value of competing tracks)

SVD Standalone Track Finding
& Track Finding Performance on MC

Overall track-finding performance
on simulated events vs pt and
beam background

(CDC + SVD + PXD 2021)

finding efficiency on primaries'”

1.0 —_—
0.9
0.8
—}— no background
0.7 nominal bkg
nominal bkg x 2
06 —+— nominal bkg x 3

—}— nominal bkg x 4

5x1072 107! 2x10t 5x10t 10° 2x10°
prt Truth in GeV

(% factoring out the geometrical acceptance

- Track finding efficiency > 90% for
p>100MeV/c @ nominal bkg.

- Robust against beam background
- Can find tracks down to 50MeV/c
- Acceptable performance with 2 x
nominal background

- Optimizations still ahead
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</ >| Track & Vertex Fitting @ Belle Il

Belle II

GENFIT Toolkit for generic track fitting Vertex Fitters @ Belle |l

- rewritten based on experience @ Belle &
COMPAS & PANDA

- any measurement type

- takes into account inhomogeneous
magnetic field, energy loss & material
effects

- Kfit — Belle (I)
implementation, minimum
least squares

- Rave — standalone
implementation of CMS
libraries, Kalman based

B Field [T)

o TreeFitter — Belle ||
implementation of global
decay chain fit, Kalman
based, can use various
constraints, fit neutrals,

lifetimes ...

- several fitters implemented:

- Kalman - /

- General Broken P K:
Lines (for alignment) i Primary di-muon event & <l

- Deterministic Annea"ng :if from 2019 dataset fitted %
Filter (DAF) &Y with DAF up to the muon s

(our default) ' system
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» Alignment & calibration are key ingredients to
reach target performance of the detector

* Single fully integrated track based alignment
method for pixel & strip, central drift chamber
and muon system based on Millepede Il and
General Broken Lines track model

VXD alignment parameters
6 rigid body 5
paramaters per half- v

i

Track Based Alignment @ Belle Il

Millepede i

>

a

shell (x 4), | -

ladder (x 65) and = <
sensor (x 212)

+ 3 + 4 (+ 5) parameters for surface
deformations for each sensor (2D Legendre
polynomials up to 4th order)

* Global linearized Chi2
minimization for very large
number of parameters

 Used @ H1, CMS, Mu3e,

PHYSICS
AT THE

COMPASS ... L
: Alliance
Minimize )(2 w.r.t alignment parameters
. Rl
tracks hits \J D =

x* (g, D) = z ZriTj(g’lf) vitriy(g. L)
Jj i

residual:

track

; - i =m;; —pij(9.})
o .
:‘. i i, (measurement m)
global parameters global to Jocal parametght
:': n®
-5-
~ . )
N
. a" -.; ' . local parameters
L 'nm =B - : {one block for each track)
Eim |
-~ £ : -
1S me 0 Matrix for
EL
"
| R inversion...
Sy : .

g ... alignment parameters (global)
l; ... track parameters (local)

= up to 4230 VXD alignment parameters (Lorentz angle calibration under development) 10




Initially large displacements (100‘s of um) and sensor deformations (up to ~0.5mm for some SVD sensors)

roe s _._L:. " | Entries 79290

fTrte 2t | Mean x 79.8

% 77| Meany -101.1

o | Std Dev x 117.2

Std Dev 100
W e AT

[um]

Residual in U coordinate

h JIn g i
-200 100 0 100 200 300
Residual in V direction [um]

2D track-to-hit residuals
in one SVD sensor (L4)

300

200[-s natun e LT

[um]

(=3
=]

Residual in U coordinate

|
o
(=3
=]

=000 100
Residual in V direction [um)]

Number of hits in sensor

Number of hits in sensor

‘ Sensor deformation have significant impact
5 on track-to-hit residual distributions and
resolutions
§ 0.2 % -
g 0 g 12000— . Final alignment m= Rigid body
g 5 Mean 1.825 Mean 2.938
5° 200 2 StdDev  66.39 StdDev  85.44
% 0.4 10000 g Before alignment
8 o6 Mean 78.32
o Std Dev 121.4

ot
o

= Complex surface
Mean 6.051
Std Dev 65.93

711 -08 060402 0 02 04 06 08 1

V coordinate in Legendre parametrization

Sensor deviation from
flatness derived from residuals
dependence on angles of non-
perpendicular tracks

1

l 1 LI | LI I LI

Number of Mts in sensor

o
oo

LILENL l LI I LI

o
@

o
s

-100 0 100
Residual in V direction [um]

200 300

o
o

After alignment, the sensors are near
to flat and residual distributions optimal

o
(S

|
o
s

U coordinate in Legendre parametrization
o

-06 Ts
=6
24 2018 PXD
08 3 2 {i $.0.¢
20 L RITH ** IR PRRLIITIL JPPR T
1908 0604 02 0 02 04 06 08 1 éj tt ++*+* il i ¢ H 4 “é'q*“*“*v’ﬂ,‘ﬂ
V coordinate in Legendre parametrization S -6
S8

12/05/2018 19/05/2018 26/05/2018 02/06/2018 09/06/2018 16/06/2018 23/06/2018 30/06/2018 07/07/2018

Monitoring stability using residuals after alignment (stable within < 10/20um for PXD/SVD) T 11



<D | Performance with 2019 (cosmic) data

O

ez | Overlap Track-to-hit residuals

Powerfull method (but needs large statistics) to February 2019 April 2019
detect detector misalignment to which standard %0 g Eiries 1277363 200 e Erives 5176 oo
. . T B Mean x -2.591 =5 . d. an x -0
residuals (and alignment) are only weakly o I S o
sensitive (weak modes), like radial expansion, : e 0 | 2 ey
twist etc. E so0 | 5 ‘2 )
Separate tracks to 3 g HE :
categories: d> - 5
- it - $ $ 00
. . o B
1) With a double hit in - 8 8
some layer (direct oo e 8| g
. i . residu U o =] H
neighbouring sensors) A\ Y e e T o0 200 o
(< 10% of traCkS) Difference between residuals in V coordinate [um] Difference belween residuals in V' coordinate [um]
2) With a double hit in X ;
some layer (next \ v 2 )2 ﬁ
neighbouring sensor) 3 % g o0 fg
(additional 2 orders of A : 18 2
magnitude smaller e : :
statistics) \ : §
--------------------------------------------------------------------------------------------------------- Y e Wl E_nt-ri;s 915560:.'"""""""
3) Others: i i Neeny
S?tandam Standard residuals did not m oo Me | Supmr»
residuals® show anything striking! 2 e )
Initial validation with 2019 cosmics — found issue 53
with wrong pitch size for SVD sensors in software. o|d
No indications of significant problems in overlap
residuals afterwards (but still wider than simulations). -« SESSGEEs o I oy o 12
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Standard method
Compare two tracks
with common vertex

Difference of + and — track parameters
at point of closest approach (POCA) to
origin measure vertex resolution

ﬂdﬂ = dg(t_) + d[)(t+).

Track parameters @ POCA:

Track4
Y
POCA ,,%0

|d D’|"--._. )

PV

xY

Performance with 2019 data
Measuring vertex resolution (1/3)

Trick with super-small beamspot
and single tracks

Our vertical beamspot size is so tiny,
that for nearly horizontal tracks, the
spread of dO directly measures vertex
resolution

Going into vertical direction, beamspot
size contribution increases

Oy <1.5HM

>

oes(do) = /0?7 + (o, cosdg)? + (o, sindy)2.

Beamspot sizes derived from
machine parameters for initial
physics runs in 2019:

o, =148 ym, o, = 1.5 pm, o, = 357 pm.

13



Q(B Measuring vertex resolution (2/3)
Look at di-muon and Bhabha events...

Belle 1II
Selection:

Variable Requirement

|do| <3

|20 <1

# selected tracks in the event

PT

|0 — /2]

pfsin(#)3/?

# CDC hits

# SVD hits

# PXD hits

# selected tracks in the event
product of the charges in the event g

I
N
o

AIVIVVYV AV



<D | Performance with 2019 data

O

ez | Measuring vertex resolution (3/3)

Standard method Trick with super-small beamspot

Ady = dﬂ(t—) + dO(t—i-)' Jﬁg(dg) = \/O’rz + (Jx CoSs (,50)2 + (Jy sin @0)2.
25 hl ' ' ’ ! | ' ! ! ! | ' i ' ! | ! ! ! ! I ! ' ' ' I ' ' ! ' I_ 25 [ T T T T I T T T T '| T U U U [ U T T T I T T T T I T T T T |
. Belle Il 2019 (preliminary) | [ Belle Il 2019 (preliminary) |
E 20 | j [ -+ —q.—:t ]
- - 20 | -
=" [ | = | = ]
IB 15 b4 —— ++_,_++ _+_+::_._+ g = 15 WPEE N " e
~ E o —————  ———— —— L — o ’ A —_— —— i S —o
—~ [ = —— —o] {-3: [ / N / R
=Ny - > 10 F / \ /! N
@ i 1 00 i / \ ! \ ]

< & / \ / \

| i — \ / A
E > 5 + Dan ' ] ° 5 ’! i giar;ilation \\ f;‘ ' \\\ ]
(@) + Simulation /Ldt—?l‘lph ! ] )/ ——- Beam profile \\ K I/Lrlt—:zl_lph ' N
ol o o o ] Y I I E R E IR RS M R
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

¢y estimate oo estimate
dp resolution estimate:
o Data: 4(do) = oes(Ado)/v2 = 141+ 0.1 pm, Minimum @ ~ 14um for horizontal tracks
o Simulation: &(do) = oss(Adp)/v/2 = 12.5 + 0.1 pm. (beam profile only contributes ~ 1.5um)

~ Both methods aaree MC simulation probably
(also the slight ) Impact parameter too optimistic + sensor

discrepancy to MC resolution in do: parameters not optimal

. ! + ...
simulation) 14.1 +/- 0.1 (stat) um 15




<D | Performance with 2019 data

O

ol DO Lifetime Measurement

D* - pi_ . DO (- Kpi)
- Powerful test of reconstruction performance:

VXD reconstruction, tracking and vertex fitting
- Using TreeFitter for full decay chain fit — direct

extraction of long-living particle lifetimes m, @*‘f‘.x
- Short-lived D* constrained to measured beamspot ;" Ddecay vertex
Dl.& -
+ T 200 pm -
Extracted DO lifetime: 370 +/- 40 (stat) fs —— 7 —
(USing Only Sma” fraCtion Of 2019 data) D" extrapolated production point  beam spot

. VALUE (10715 5) EVTS
PDG: 4101+ 1.5 OUR AVERAGE

S A R I I L B I ’;102_ BN T
&) - ] o = - =
% 350 «Dpata Belle Il Preliminary — A - e Data Belle Il Preliminary ]
0] 3005_ W sigrai f Ldt =034 b _ e - Wsigna ILdt=0.34 o' ]
§ E Background Q B ct background
O 250 — Model ] 053 105_ = Model E
I F i - .
w " ]
= 200: i i
g | —
w 150 ] 1
100F - - -
50" = I :
_"‘”" : - S . ] 10_13|||| Ll |E{ X||||| |||||E
9.8 1.82 1.84 1.86 1.88 1.9 1.92 1.94 4 -3-2 10 1 2 3 4 5 6

my .. (GeV/c?) t, (ps)



<D | Performance with 2019 data
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ez | Measuring BO — anti-BO mixing

Nu(jAt))
A(|At]) = = =
Ny (|At]) + Nar(|At])
Jlrlag 1
: Belle Il 2019, preliminary
r . M
tag () 08 =+ _[Ldt:gsﬁ fbo
O .
Bm I
' 0.6 | + —t

# first oscillation = +

Fraction of unmixed events

D4 . ata
Semileptonic B% decays on both sides: : o +
- B0y, DD* I, v (D*DDO1,,p) Frpected
- Bumg - fmg 02 t,=152ps
: Am, = 0.507 ps'
| D | ] 1 1 1 ]
- Belle Il 2019, preliminary < 0 5 10
o ILdt=2.66 b ‘ IAtl [ps]
%10000- * data L] . . .
O . : Vertices determined by extrapolating lepton tracks to
. I combinatorial ™ - - I I I
o ] the beamspot — delta Z (+ boost) — delta t (from initial
< (oo | EHcomimem - state determined from tag side decay)
e I
= _
(] . . .
3 Signal and tag side leptons should have opposite
charge (determines BO flavour) — but same charge

°%%5 -0 -5 0 5 (Mixed) events start to appear over time
M [GeV?/c*] — neutral B meson mixing

17
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Belle II

« Data taking started! Autumn run starts soon

* B-Physics requires excellent performance of vertex
reconstruction

- Includes also track finding, fitting and detector calibration (including
alignment)

« Performance validations and monitoring with first data from
low-level (residuals) to physics-level studies confirm all parts

of the vertex ecosystem work :
Transverse impact parameter (d )

resolution*: ~ 14 um

(close to expectations)

- But we still need some ,fine-tuning” and understand subtle features
(visible only because we are so precise :-)

 Most fun still ahead!

*Measured in 2019 spring data, before PXD
accident. Will get even better with full PXD in 2021... 18
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Thank you for your attention!

19
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BACKUP

20



| Grey Is recycled, coloured IS

|
‘\\ Belle II

New beam pipe
& bellows

Colliding bunches

New superconducting /

permanent final focusing
quads near the IP

Replace short dipoles
with longer ones (LER)

h%lwﬁﬁ#ﬂﬁ
HAHHAR A ovenence

Redesign the lattices of HER & m ” N7

LER to squeeze the emittance :
Ve

TiN-coated beam pipe Low emittance gun
with antechambers Low emittance
\ 8 electrons to inject

Add / modify RF systems
for higher beam current

Positron source

[

New positron target /
capture section

[NEG Pump)

E (GeV) B* (mm)
LER/HER LER/HER

3.5/8.0 5.9/5.9
SuperKEKB 4070 ¢0.27/0.30 )
factor 20
70:
g % Goal of Belle 11/SuperKEKB
£ so;
3% 40F 50 ab!
e
:
P
1o§—
£ | |
x10%% 8;_
e L~8x103% cm2 s1
e f
183
=8 2
! E I: ; ] 1 ] ]
2?)17 2018 2019 2020 2021 2023 2024 2025

Calendar Year




D> | Typical Weak Modes in Alignment for

S Detectors with B-Field & Cylindrical Symme

Belle II
AR Ao AZ
Radial Expansion Curl Telescope
(distance scale) (Charge asymmetry) (COM boost)
R | < .
—»
: L
Elliptical Clamshell Skew
(vertex mass) (vertex displacement) (COM energy)
- Ny T bl
i ; —— -
N\ T I
l\’\{i {"—:
Bowing Twist Z expansion
(COM energy) (distance scale)
Z e :
M
S —

— For tracks from IP, such distortions leave Chi2 unchanged, but change parameters
of the tracks — bias in track parameters: weak modes are the biggest challenge in
track based alignment

— Several ways to reduce them: many track topologies (cosmics with/without
magnetic field, tracks not from IP, vertex/mass constrained decays ...), detector
construction: overlaps, survey or external measurements ...

22
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eneral Broken Lines AT THE
Belle II

> Track model with proper describtion of multiple scattering

Helmbholtz Alliance

> Track constructed from measurement and scattering points

kink interpolation

> User has to provide at each point:
= Residuals, measurement errors, projections from track coords.— measurement coords.

= Jacobians of propagation between adjacent points
= Scattering errors at scatterers; derivatives of residuals w.r.t. align. params (for MP2)

> Track described by change of curvature and kinks at scattering points

X = (Aq/p, Uy, ..., Uy of scatterers) S from measurements
: . 2(x) = H. .x—m)V1(H, x —m: e
> Track fit by minimization of; % ® Z (B3¢ = 100) Vo (Hip g = 101)
i seat from kinks
> Interface to MP2 + z (Hp ) Vi (Hy e

=2
Integrated into GENFIT2 package
Profits from generic treatment of many different measurement types

Advanced treatment of material for multiple scattering estimation (thick scatterers)
Mathematically equivalent to Kalman Filter (but faster) 23
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</ > PXD + SVD Parameters

Belle II

1 50 55 - 60 2 x 8
PXD 8 M
2(%) 2.2 75 50 70 - 85 2 x 12
3 3.9 300 - 320 50 169 2 x 7
4 8.0 300 - 320 50 240 3 x 10
SVD 225k
5 10.4 300 - 320 50 240 4 x 12
6 13.5 300 - 320 50 240 5 x 16

24
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