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SuperKEKB Accelerator
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* New facility to search for new physics by studying B, D and 1 decays

« Electron-positron collisions at Vs = 10.6 GeV

" New beam pipe SuperKE KB

& bellows

Super-KEKB

Add / modify RF systems
for higher beam current

E (GeV) B* (mm) B*« (cm) [0} I (A) L (cm?s?)
LER/HER LER/HER LER/HER | (mrad) | LER/HER
KEKB 3.5/8.0 5.9/5.9 120/120 11 1.6/1.2 2.1 x10% Low emittance positrons
. 34 o
SuperKEKB :;)C/::r 210\0.27/0@ 3225 | 415 Cas/z% 80 x ;o3 - o ace
actor 2- Damping ring ’\\ New positron target /
w capture section
* Unprecedented design luminosity of 8x103% cm-2s-1 4/
KE K Low emittance gun
- First beams and commissioning in 2016, Belle |I @ ey e
Tsukuba, Japan

detector rolled in 2017
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Belle || Detector

First e*te- collisions recorded e
by Bel Ie I I in Ap r|| 201 8 Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC
J_ * (end-caps inner 2 barrel layers)

EM Calorimeter :
26/4/2018 Csl(TI), waveform sampling electronics "

\\

Particle Identification
electrons (7 GeV) Time-of-Propagation counter (barrel)

Prox. focusing Aerogel RICH (forward)

Vertex Detector &£ 4
2 layers Si Pixels (DEPFET) + J i ~4
4 layers Si double sided strip DSSD o/ A

& = J £ positrons (4 GeV)
Central Drift Chamber

Smaller cell size, long lever arm
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Belle || Detector

* Phase 2 completed in April-July last year = ~0.5 fb-' recorded

KL and muon detector
« Phase 3 began in March 2019 = ~6.5 fb" so far Soraeivabli e
| _—* (end-caps , inner 2 barrel layers)
x103 O EM Calorimeter /// |
‘w [ Csl(TI), waveform sampling electronics
N g |
1= L
2ot :
z :
ar Particle Identification
o | electrons (7 GeV) Time-of-Propagation counter (barrel)
sS4 Prox. focusing Aerogel RICH (forward)
§ [ Vertex Detector
2 2 layers Si Pixels (DEPFET) +
® | | B 4 layers Si double sided strip DSSD
o. ' f BN I /

hgmps  1/1/2021 1/1/2023 1/1/2025 1/1/2027
o"e™e

1/1/2019 : positrons (4 GeV)
(XX | I. ............................................. | Central Drift Chamber
Phase 2 Phase 3 Smaller cell size, long lever arm

(2018, 3 months) (began March 2019)

* Aim for 50 ab-1 by around 2027 (50 times Belle dataset)
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Tracking System of Belle Il

Bl | f |
T\ ~+ Three tracking sub-systems:
i coc J SHBSY
= | - central drift chamber (CDC)
T PXD(2 layers -
; a4\ SVD (2 layers) - silicon vertex detector (SVD)
'ﬂ =] "
_ * %?% % - pixel detector (PXD)
Sgam. STS smallcell ghamber ;_M/ —
— —ge» ——— = ;f::; e « 1.5T solenoid and final focusing
\ I [ . .
= — \ = e magnets inside detector volume
= \ ' (moderate non-uniformity of B-field
IP Chamber y of B-field)
AT %—:ﬁ
s m o N B0 mm g
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Tracking System of Belle Il

oms | - CDC
: =§ f- | - 56 layers (r = 168-1111 mm)
i cDC - arranged into
= \ | superlayers
o of axial (A) &
;\\ ::J o SVD PXD(2 IaverS) ‘ stereo (U,V)
2 . B wires
¥ |
oo
" NS kil
== X Srhg_ll uliﬁhémber —_——i :
Se BN = "-\ I —— axial
T8y : \ i wires
IP Chamber
aAfr e O i i |
1590 mm stereo

wires
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Tracking System of Belle |l

M=F ! f' « SVD
% CDC - 4 layers of double-sided silicon strip
eI sensors (r =39, 80, 104, 135 mm)
o
i S\ svD PXD(2 layers) - 172 sensors, 220k read-out strips
F !
i " |
= ——QC1RP i ",ﬁﬁ%ﬁ—j‘;’%
= | — T
XS \ —gr i
IP Chamber —
At e i i -
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Tracking System of Belle |l

- PXD

it ’ f | - 2 layers of DEPFET pixel sensors
) =§ (r=14, 22 mm)
1\ CDC - 40 sensors, 7.7 million total pixels
Q. T ‘
= 1
©
; cf : SVD PXD(2 layers)
F =3 3R
e i ——— %8
——— TR ,‘,{\ 3 — 2 1 : ,
== e
— 2 T e
e \ = ——a :
:8" . \ % =
IP Chamber §
At Eﬁﬁx‘ﬂﬁ
€ mmm s D€ e e e =
735 mm z=0 1590 mm
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Tracking System of Belle |l

- 2 layers of DEPFET pixel sensors
(r=13, 22 mm)

- 40 sensors, 7.7 million total pixels

CDC

PXD(2 layers)
/

» Phase 2: one sector of VXD installed

» Phase 3: full coverage, 2 PXD layer
with only 4 sensors installed
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Challenges of Tracking @ Belle Il

» Tracking performance is critical for Golden channel for time dependent CP o+ E 1a0f] st o-\[#+ (2]
. . . : : o ppsin(®
achieving Belle Il physics goals violation measurements K* g 1 Bell SVD2 Gosmio (Data) BN715
) ) Btag B / % 100;': T Z: §§l§igiéi';eev,c
= PXD provides ~2x better single Y (4s) R Be g vk vt ()
s S . T - o S U M a= 115=0.1um
vertex resolution wrt Belle o 'w! ------ ot ™ = RG] b= 17902 um GeVic
| Bph{/sw KO o 40?:.'..
* Typical Y(4S) event has 11 tracks ° anti B | INC ~ - : s s
- m _ + _ 0 1 1 1 1 1 1
. . e Vi © 241 ; .
B/D meson tagging requires both ’ lAzll H o e ey A
high efficiency and purity of the Quantum entangled neutral ! ' Belle ~ 200 um §\ A 00 D000 JOUY DOUY JULY JOURY DOUD
B meson pair production v c 0 1t 2z 3 4 5 6 7 8
tracks. pair p Belle Il ~ 130 um pBsin(8)*2 [GeVic]
'{9: : T }\I T I T T T T I T T T T ] T T T T I T T T T :
g 016p X \ 1+ Many tracks are at low momentum = multiple scattering, curling tracks
Zz — Y (4S) Monte Carlo sample -
L - l\ \A - =K | 41+ Sizeable machine background Belle Belle Il
E /A\ \ -p ] - Synchotron radiation, Touscheck,
o.osjl ------------ ] beam-gas and Radiative Bhabha
o / .......... \\ \ \\ . scattering, e*e- production
0.04: \\ . .
- / ] - high-occupancy
0.02F the " . . .
74 ] 11 tracks = 102 signal hits
00""0?5"";"”1.5' 2 25 vs104bkghits
particle p [GeV/c]
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Track Finding @ Belle Il

» Belle Il has state-of-the-art tracking detectors and software

» Modular code structure, with flexibility for reconstruction sequence

CDC Tracks

CDC Tracks Remaining SVD Hits

SVD Tracks

PXD CKF

N\

Track Fit

DESY. [EEERI P. Rados Belle Il Tracking Performance, 7/11/2019



Track Finding @ Belle Il

» Belle Il has state-of-the-art tracking detectors and software

» Modular code structure, with flexibility for reconstruction sequence

(1) CDC track finding with global
+ local approach

(2) Extrapolate to SVD via CKF

CDC Tracks

CDC Tracks Remaining SVD Hits
SVD Tracks
(3) Add SVD-
only tracks
PXD CKF
\ (4) Extrapolate to PXD via CKF
Track Fit
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Track Finding @ Belle |

» Belle Il has state-of-the-art tracking detectors and software

~

« Modular code structure, with flexibility for reconstruction sequence Combinatorial Kalman
Filter (CKF)
(1) CDC track finding with global « Extrapolates track inward, looking
+ local approach for SVD or PXD hits to attach

, » Updating track parameters
(2) Extrapolate to SVD via CKF

CDC Tracks - FastBDT based hit filtering %
and removal of
duplicates

CDC Tracks Remaining SVD Hits
SVD Tracks
(3) Add SVD-
only tracks 7
PXD CKF
\ (4) Extrapolate to PXD via CKF -
Track Fit

DESY. [EEERI P. Rados Belle Il Tracking Performance, 7/11/2019



CDC Track Finding

s Global Algorithm N ( Local Algorithm B
* Legendre _ circular trajectories — straight lines + Segment building: cellular automaton with vertices from
transformation v o hit triplets + linear trajectory. Edges from neighbouring triplets
4 0.8 . . . . .
— conformal map, track Qb sharing two hits. Weights based on common fit quality.
finding reduced to ; o o0 QO
finding a common 2 o0 0.4 Jictel
tangent to set of ' T
circles 1 x-vs-y u-vs-v
1 2 3 4 7 02 04 06 08 "
0157
'g i * Search in p-0 plane + Track building: CA with vertices from pair of segments
a 0.1 . in axial + stereo layers. Edges from common segments.
! = in conformal space, the Weights from Riemann fit in x-y and linear fit in s-z space.
o.os_\\ equation of tangent to a
O\ drift circle is ——
o I sterep. o
p = xgcost + yysinf £ Ry, e,
= Find points of maximum
density in parameter space
I T 2D binary search +
0.1 05 T 15z 28 % sliding window algorithm
\§ J
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SVD Standalone Tracking

Loz sensor
®

] mememe l/a -

zzzzzzzzzz Mﬁk/ 'li"#‘l{l ’ - \\\'\r 2

7 0% Q

 N—
g\ inses wt >

* Reduce combinatorics by combining 3D space-points
from compatible (friend) sectors and applying
filters to reject background hits

relation

Spmss2
uuuuuu

LLLLL

LLLLL

Training of friendship relations + filters on MC
= SectorMap

LLLLLL

« Cellular automaton collects longest paths
beginning with outermost space-points

LLLLL

» Final set of tracks is chosen from all paths
such that no tracks share an SVD hit

For competing paths a quality estimation
is employed (triplet fit, Chi2 of triplets,
p-value of competing tracks)
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Performance in MC

1.00

o
©
o

o
©
o

0.85

Track Finding Efficiency
on Primaries
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Electron
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-
= - 2
Particle Type

Proton

P. Rados

1.000
@) g 0.975
Background = =
Level g £ 0.950
e x1 £5
0.900
s x2 L% ?
X © 0.875
2L
= {5 0.850
0.825

107t

Belle Il Tracking Performance, 7/11/2019

2x107t  5x10t  10°
pt Truth in GeV/c

Background Level
—+— x0
—— x1
—— x2

2x100



Performance in Data: Rediscoveries

« Many known processes have e - % i Bellell 2019 Prefiminary
« . » - o Belle Il 2018 (preliminary) _|_ Data ] S
been “rediscovered” in early 5000F— f 1 = S 30 f Ldt=2.621fb"
u L dt = 250 pb’ — Fit ] 0 300
Belle Il data 40005 E 5 =
o 7 S0 200
» Clear mass peaks from tracks 3000 - b = (497.159 £ 0.013) MeV/c ] § 150
s000F- G = (3.462 £ 0.075) MeV/c* 1 = ‘zg
= VXD+CDC detectors and - 1O sttt | e
track finding algorithms 1000 = _ 295 3 305 31 315 a2
performing as expected ol e R B o ot s e g 3 . . L.
0.47 0.48 0.49 0.5 0.51 0.52 3 oo ® e e *, % ®  eee b
m(r*n) (GeV/c?) 2 o° %% T o ee e ¢ ., « o
-3 . ) ) . . -
La x10° Bellle 11, 2019 Ipreliminar‘y ‘ f.Ldt = 2.GI2 ﬂ:f-l ‘ wone Bellle 1, 201? prelimirllary . ‘ JLdt=‘ 2.62I f.b'l* 295 3 3.05 3.1 3.15 3.2
- _ iz | N M(w) (GeVic)
= 120
il + oata | - Belle Il e Data
1.0 = . —— Total fit
o 100[2019 (preliminary) ~ ~— e — 0% sgnl
0.8} 244rT L] Ldt=5.15fb-1 ...... B — DK con
------ Background

2000 |-
0.6 [
1500

1000 |

[2]
o

Events(/0.0015 [GeV/c?])
Events(/0.0008 [GeV/c?])

0.4

N
(@]

0.2

Candidates per 0.004 GeV/c?

.

.....
“a

)

N
o

. 3
B:"w" T D

5.25 5.26 5.27 5.28 5.29

e . . . . . . .
1.80 1.82 1.84 1.86 1.88 1.90 192 194 1.83 184 1.85 1.86 1.87 1.88 1.89 1.90 191 2
M(K*m¥) [GeV/c?] MIKErFmEm™®) [GeV//r2] MbC (GeV/c )

ot
N
AL

Pull
1
Pull
L b o wn s o
%
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Performance in Data: |IP Resolution

« Study of impact parameter resolutions in early Phase 3 data

« Using back-to-back two track events with both tracks detected by

the CDC, SVD and PXD

DT T T T T T T ]
Belle Il 2019 (preliminary) |
E 20 |- —
= [ ]
&N [ ]
¢ g $ g g 1
~—— —o——t——00—+ ® e —— _._—o—_.__
/N | —_—— —_— —e—
< 10 | _
5 ‘
N—" B
% S 4 Data n
b <4 Simulation /Ldt=21.1pb_l
O _I ] 1 1 1 I ] 1 1 1 I 1 1 1 1 I 1 1 ] 1 I 1 1 1 1 I 1 1 1 ] I
-3 -2 -1 0 1 2 3
¢y estimate
DESY. Belle IT P. Rados

Trad(g Track parameters
V' @ POCA
POCA /%0
o X
PV

* Assuming two tracks come from same vertex, we
can estimate do resolution as:

Ady= dyt) + dy(t,)  8(dy) = oeg(Ady)/\/2

(Data: 14.2 £ 0.1 pm MC: 125 0.1pm)

* 13% larger in data than simulation

- hit cluster resolution too optimistic in MC
- sensor parameters not optimal
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Performance in Data: DO Lifetime

* Measurement of DO lifetime using only a small fraction of the Phase 3 data (0.34 fb-1)

 Fit to proper time distribution of D*-tagged D0 candidates from D**—D0(—K*r)1rs*

* TreeFitter for full decay chain fit

= direct extraction of long-live particle lifetimes, short-lived D* constrained
to measured beamspot

c{)\ EI T T | L I T T T T 1T | T 17T | LI | LI I E g 102 :—II TT | TTTT | TTTT TTTT TT I| TTT I| TTT I| rTTT II TTT |I III_: Dl)("’,"ll)()llltt'll,’r(”ll‘("i()n ,)(,l", beam sp()’
S 350:— e Data Belle Il Preliminary —: — © e Data Belle Il Preliminary J
8 - Wsiona A Ldt=0341b" - i 1 signal ILdt—O34fb’1 1
9 300 =" Jreosw' 3 = - =034%" 1
S C 2 Background 7 ﬂ | cC background ) +
S 2500 15 10— - Measured: 370 * 40 (stat) fs
~ Wt ; (PDG =410.1 £ 1.5fs)
2200 ] - i
[ C _
o - . - T
LLl 150__ - 1_ . —
1000 - : : ] * Important test of Belle Il
: . - ; 1 tracking performance!
n ] B | B .
: 1 ok o N (VXD reconstruction, track
08 182 1.6 9 1.92 1.94 4-3-2-10 12 3 4 5 6 finding, and vertex fitting)
m, .. (GeV/c?) tho (PS)
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Summary and Outlook

In order to achieve its physics goals, Belle |l requires excellent tracking performance

Modular track finding approach has been developed, combining several algorithms tailored
for track finding in VXD and CDC detectors

» Performing well in early data from Phase 2 and Phase 3 operations of SuperKEKB

Further improvements and adjustments are possible, depending on machine background
and performance requirements

More data will come quickly...exciting times ahead!
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BACKUP



Performance in Data: B9B° Mixing

« First glimpse of BO lifetime + B°B°® mixing frequency in Phase 3 data (2.66 fb-1)

sig

tag

« TODO...

- Belle Il 2019, preliminary °, -g i Belle Il 2019, preliminary Toot
N i () il
© . f Ldt=2.66 " : 3 08—+ f Ldt=2.66fb"
=>10000 - © =E
[()) i ¢ data )
R P - Sosf o4 ++
g - - combinatorial g —+—
: | -continuum = 04 o pata +
5000 o i
..(L) i C i Expected
C o i
% "3 0.2 — Ty = 1.525 ps
E Am, = 0.507 ps™
LL I
0 O 1 1 | | | | | 1 | | 1
-15 -10 -5 0 5 0 S 10
M [GeV?/c?] 1At [ps]
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Belle |l Timeline

[ ]
X
=
(o]
'TJ

First collisions recorded by Belle Il -
on 26t April 2018

26/4/2018

Phase 2 of data taking completed
last year

- April-July 2018
- around 0.5 fb-'" of data recorded
- one sector of VXD installed

[;-9e] 71 "3juI

Peak Luminosity [cm2s

<+EENEENEENENEE I;-g

O ot 1/1/2021 1/1/2023 1/1/2025  1/1/202
1/1/2019
*..I l. .................................................. I
Phase 2 Phase 3
(2018, 3 months) (began March 2019)

« Phase 3 started in March this year
- around 6.5 fb-' recorded so far

- full VXD coverage, 2 PXD layer
has only 4 sensors installed

» Aim for 50 ab-1 by 2027 (x50 Belle)
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1) Overview of SuperKEKB, Belle Il and its tracking system
2) Track finding at Belle Il and performance in MC
3) Performance in collision data

4) Summary and outlook
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Tracking System of Belle |l

- PXD
T ’ f' - 2 layers of DEPFET pixel sensors
) =% (r=13, 22 mm)
Eg CDC - 40 sensors, 7.7 million total pixels
o =
= \
[IE: PXD(2 layers) + SVD
ZF — - 4 layers of double-sided silicon strip

sensors (r =39, 80, 104, 135 mm)
s - 172 sensors, 220k read-out strips
e
ff:::j::@
At
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