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Belle Il experiment at SuperKEKB collider

SuperKEKB Belle II
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i [Belle Il Technical Design Report arXiv:1011. 03527

~* Long Shutdown 1 (LS1) started in July
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https://arxiv.org/abs/1011.0352
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L1 Trigger

|« Purpose: suppress the
background rate, retaining

~100% of bb events with high

i
‘ efficiency also for ccand 777~
|

e Output rate:

.

Now: about 10 kHz

Expected at target luminosity: |

30 kHz

|« latency: Few us

|
o Strategy:

.

processing on FPGA,

using OR of different,
orthogonal, trigger lines

(CDC, ECL)= conservative
approach



CHLT
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Belle Il trigger dataflow: HLT
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L1 output (HLT input) increase with
luminosity given the increased event
rate

Throughput decrease with luminosity
given the increasing complexity of the
events (higher background) which
requires longer processing time

In2021 (£ =2 - 10°*cm—s~!) Belle I
realised that the conditions are not
sustainable to reach the LS1

Optimization of HLT is needed to
increase the throughput (decrease the
processing time)
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timization before the Long Shutdown 1

Ex 18 Run 1434 (1000 events)

e Strategy: optimize the code, producing identical results

SVDSpacePointCreator

e Constraint:

FullGridChi2TrackTimeExtractor

- implemented during data taking to survive until LS1 TrackCreator

TFCDC_AxialTrackFinderLegendre

- the HLT decision, the DQM, the skim cannot change
to keep consistent data taking

SVDUnpacker

TFCDC_SegmentFinderFacetAutomaton

 Optimized the ROOT object management Yorinder

[}
-§ Combined DAFRecoFitter
Reprocessing 10,000 events of Exp 18 Run 1434 on HLT test bench =
300 - CDCToSVDSpacePointCKF_backward
~35% Improvement TRGGDLDOM
280 A
_ SVDSpacePointCreator
E KeepMetaData 1
£ 260 -
E‘ TOPBunchFinder
.
§ 240-
& ECLDQMEXTENDED TOPReconstructor
N TRGGDLDQM,
o \
220 - o SVDUnpacker ECLDQMEXTENDED .
500 | | | | | | | | ECLUr)packer TFCDC_ClusterPreparer _ T pre-upgrade (342.3 ms/event)
05-01-08 05-01-15 05-02-00 05-02-01  05-02-03  05-02-04 05-02-06  05-02-10  05-02-11 upgraded (233.6 ms/event)
Release
2020-12-09 2021-02-25 2021-03-10 2021-03-24 2021-04-07 2021-04-21 2021-05-12 2021-05-26 2021-06-09 0 20 40 _ 60 80 100
Date changed Time [ms/event]
14/1834 16/518 16/815 17/2 17/359 18/486 18/1080 18/1578 18/2134 8

First run [Exp/Run]
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 Thanks to this optimization work we will survived until LS1!
HLT Max Throughput

] max luminosity
20.0 - recorded (June '22)

L1 Trigger rate [kHz]

"; - L1 rate: Exp 18

5.0 ¢ —-- Current max throughput
& —--- Max throughput using release-05-01-08
2.5 1 4 Contingency (+20%)

9 out of 10 units active

T T “ T Y —
2 4 b 8 10

Avg luminosity, recorded [10%*cm~2571]




e But we arrived very close and the trend is
not promising...

L1 Trigger rate [kHZz]

L1 Trigger rate [kHz]
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e But we arrived very close and the trend is

not promising...
After LS1 we will have:
- new collimators (reduce input rate

overall and bkg in bb events) =
Reduce L1 output

- 3 additional HLT units = increase
Throughput

However further HLT optimization is
needed:

- as safety Factor
- toreduce the computing burden

- indirect impact on MC production and
data reprocessing

L1 Trigger rate [kHZz]

L1 Trigger rate [kHz]

HLT Max Throughput (w/o hyperthreading)

—— L1 rate: Exp 26
20 - —-== Max throughput
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| ** Pure qualitative |
: trend, no quantitative |
|
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Further

e — e —————

e Strategy: modify the
reconstruction strategies, allowing
also small degradation, to save
processing time

s needed

HLT timing by modules, exp=18, run=1434, N.events=1000

SYDGlustenzer| T 18800

Muid

Setesetntetatetatatntacfiatatatatatatatatetateiatatatatatntetnt]iatatatatetatelatalatalatntetatatatatecfietatetatatatatetatetatatatatatatetatesfiatetatatntetntatntatetatatatatntatetesfintetatatetatetetetatetatatntatatatatacfietatetatatatatasasnsasatncas

VOFinder

SVDUnpacker

.............................................................................................................................

RelatedTracksCombiner

KeepRawData

SEEEsEsEsersetetesfiatetateteteieieietEIetateIeteInietetes]ieteteieteteleIeteIeelnieletetetetetes]ieteteteteleieieieleteteteieteseletetesfieieieteieteteteteielesetetetetatetesesfietetetetetetesetetetetatetesetesetesesfietatesatatetatesatnsasasases

ECLShowerShape
ECLDigitCalibrator

CDCHitBasedTOExtraction

- - AR - RSN S ———

TFCDC_ClusterPreparer

KeepMetaData_1

Ext

TOPReconstructor
ECLCRFinder

Combined DAFRecoFitter

CDCToSVDSpacePointCKF_backward

reRe_SegmentrinderracetAutomaton 94300

TFCDC_AxialTrackFinderLegendre

TrackCreator

FullGridChi2TrackTimeExtractor

10 15 20 25 30

Time/event [ms]
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reconstruction strategies, allowing
also small degradation, to save
processing time

* First achieved result: CDC Event
Time estimation has been replaced

with SVD Event Time estimation =
2000 times faster [see backup]

 Next step: reducing tracking
processing time (track Fitting)

SVDClusterizer

Muid

VOFinder

SVDUnpacker
RelatedTracksCombiner
KeepRawData

ECLShowerShape

ECLDigitCalibrator
CDCHitBasedTOExtraction
TFCDC_ClusterPreparer
KeepMetaData 1

Ext

TOPReconstructor

ECLCRFinder

Combined DAFRecoFitter
CDCToSVDSpacePointCKF _backward
TFCDC_SegmentFinderFacetAutomaton
TFCDC_AxialTrackFinderLegendre
TrackCreator

FullGridChi2TrackTimeExtractor

I

5

18.Q900

o .*_p L 7 £9.H2p01
20

25 30
Time/event [ms]
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‘Track Fitter calls

° The Fitter is called ~5 times
per track, using a
Deterministic Annealing
Filcer (DAF)

e With the current
configuration the DAF takes
15 ms/track for each call

The DAF its optimization has a
radical impact on
reconstruction CPU time (and
tracking performance)

HLT t|m|ng by modules, exp=18, run=

1434, N.events=1000

SVDClusterizer

Muid

VOFinder
SVDUnpacker
RelatedTracksCombiner
KeepRawData
ECLShowerShape
ECLDigitCalibrator
CDCHitBasedTOExtraction
TFCDC_ClusterPreparer
KeepMetaData_1

Ext

TOPReconstructor
ECLCRFinder

Combined DAFRecoFitte ‘

CDCToSVDSpacePointCKF _| backward [

.....................................................

TFCDC_SegmentFinderFacetAutomaton
TFCDC_AxialTrackFinderLegendre
TrackCreatorg

FullGridChi2TrackTimeExtractor

3) 10 15 20

" Other lowtime |
Fltsnotshown

/;* ...... .................... .............. j: 9+9 ms Forp and
a _ “ K mass hypothESIS

..................................................

..................................................................

25 30
Time/event [ms]
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* For each call of the Fitter the DAF (Deterministic Annealing Filter) is called

* The purpose of the DAF is to remove from the fit the outlier hits to improve
the fit accuracy

e Method:

- The DAF is assigning weights (in the range [0,1]) to each hit, accordingly to
the residuals between the measurement and the Kalman Filter prediction.

- The fit is repeated multiples times lowering an annealing temperature

- A convergence criterion is defined, based on the variation of the weights
and the p-value of the fit (see next slide)

e Status: the DAF has been never optimized, and in the current configuration
the convergence is not tuned = extremely time consuming

15



' Test condition: * Muon Gun i

F ptim 1zation el

Changed some hyperparameters of the DAF [see backup]:

e to obtain reasonable convergence behaviour (use the iteration range, use mainly primary convergence criterion,
exploit more wisely the p-value)

 having the CPU time figure of merit

DAFRecoFitter module CPU time Un-purity of the tracks

no bkg, baseline, mean=10.441+0.01 ms

12008 """"""""""""""""""" e —=— no bkg, baseline

0.025

m—— N0 DKg, Optimized, mean=8.510.01 ms

bkg Exp26, baseline, mean=12.3640.04 ms —*— no bkg, optimized

1000

Events/0.35 ms

: bkg Exp26, baseline

bkg Exp26, optimized, mean=9.89+0.04 ms
' : ‘ ' 0.02 = bkg Exp26, optimized
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S R e

400
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200
L

6 8 10 12 14 16 18 20

o Tima/call [ms] More effective bkg rejection
Better timing performance _(improving in high-bkg scenario)
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 With current HLT scheme we already have a Full online reconstruct
with 2 missing elements:

calibrations with most updated condition: built and then applied
using run-by-run information

PXD: too slow to be read or used online /[see backup]

L1 Trigger

oW oW
| Jap|ing JUaA3

v
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® L T >
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)
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%k—% I a
___ T =
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éﬁ?ﬁo O
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| —1
% I
= —
DQM iﬂ———-{ExpressReco
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L1 Trigger
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 With current HLT scheme we already have a Full online reconstruct
with 2 missing elements:

- calibrations with most updated condition: built and then applied S SLE| B
using run-by-run information =
- PXD: too slow to be read or used online [see backup] R
e Can we change the scheme to use the HLT reconstruction as final

one?

- calibrations: with a more stable detector (accelerator) we can
use previous run information to calibrate online

- PXD: after the LS2 (2026-2027) we plan to replace the PXD+SVD

with the VTX: six-layer CMOS pixel detector, which can be Fully
used at HLT level

- Advantages: faster and tidier dataflow, online final reconstruction

18



ConclUS| B

e The HLT of Belle Il is powerful tool to obtain close-to-final online reconstruction
* Given the increasing background the HLT need constant optimization to fulfil the timing constraints
- Large room for improvement in the track Fitting step

 Thanks to the HLT, with an upgrade of the Belle Il vertex detector, Belle Il can obtain a ready-to-
analysis online reconstruction for free

2019 2020 2021 2022 | 2023 2024 2025 . 2026 2027 2028 2029

| SVD time , . | +3 HLT units: | VXT . ; . HLT as Full-
e , ; mtoroductlon % N 20 kHz input 2‘ 'installation 1 . .online- \
Code 10% speed-up | - sustainable | 1 -reconstruction
Optlmlzat|0n '\ g © 0 000 0 0 0 0 »\ . - g © o o0 ® .. .. : Tt
33% speed up {é .track Fitting speed . .online
e "up 10-30% : *calibration

NB: dotted = my "prediction" only 19
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SuperKEKB and Belle Il experiment

High Level Trigger (HLT) structure and data flow
Limitations and first upgrade
Further upgrade: Tracking optimization

Far future: a tidier and faster HLT For the target luminosity

21



B-Fa ctoryldea B

Asymmetric collidere™e™, E,. = m(Y(4S)) = 10.58 GeV

= coherent BB pairs

Boost of center-of-mass (f/y = 0.28)= measure of Az

High luminosity = precision measurements

Hermetic detector, high precision in vertexing = closed

kinematics /
_ N /

Y (4S)=<bb»

) 7/ 2
Iy sy = 10.58 Gel / C

. _ —19
T ~ 1.5 x 10 l“S
mp ~ 5.279 GeV/¢?

25
- Y(1S)
[}
—20[ e
Rk 0
£, R « C
— L 0 = N
» [ ! = 0
S 150 | ! =
O B T
3 | m
L [t Y(2S) :
T 10} P .
3 - |' ," ‘ /.‘ E
O 5_ " ‘,‘ y'o ‘\‘o " x :Y(4S)
! ¢ 7oy :
: t te :’ ‘.3:' :‘ e Neret . -
ol Qi (R YO Y
9.44 9.46 1())0 1002 1034 1037’ 10.54 10.62

e* e Center-of-Mass Energy [GeV]

ete” —  Cross section [nb]

Y(45) 1.05 + 0.10
cC 1.30
S8 0.38
UY 1.61
dd 0.40
777 () 0.919
prp () 1.148
ete () 300 £ 3
22



SuperKEKB Belle Il

. ilIJEj:(CEJSSOF of KEKB (1999-2010, | Blectromagmeticl
Calorimeter I I
Jdpd n) [CSKT) K; and muon detecor (KLM)
. . o 'Resistive Plate Chamber (barrel)
e Ta FQEt peak lu manSIty: eleqtrons (7 GeV) Scintillators+WLSF+MPCC (endcaps)

6-10% cm—2s7! (x 30 of KEKB)

. . . {Beryllium beampipe I p
» Target |r11teg rated luminosity: fem radius . positrons (4 Gev)
50 ab™ (x 70 Belle at Y (45)) Vortex Detector (VXD) |

2 layers Pixel (DEPFET) | L\ -
o EUETREEE J | \ Particle Identification
TOP: Time of propagation counter (barrel)
o \ ARICH: focusing Areogel RICH (forward) J
'Magnet | - - | | 1 /
'Superconducting solenoid |
Y (um) o' ? 523_5 T 9 Central Drift Chamber (CDC) |
— 56 layers of longitudinal and stereo wires

He(50%):C2He(50%)

—

z (mm)

[Belle Il Technical Design Report, arXiv:1011.0352)]

Nano-beam scheme:
250 um (Z) X 10 um (X) X SOnm (YY)
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SuperKEKB Belle Il
 Successor of KEKB (1999-2010, o

Electromagnetic|

Calorimeter I I N
KEK' Japan) CS|I(T) t :KL and muon detecor (KLM)
T T T S P S > |Resistive Plate Chamber (barrel
Current Status
,. 10 ] ] Y
» complete detector data taking — — Lpeak(Targed ]
started in 2019 ;«.e g | [——nt Liav1] 50
| O
 Current peak luminosity ° 6 | .
4.7 - 10°* cm—2s1 (reached the > 0
22/06/2022) 8 4 .
£ {20 =
| e current integrated luminosity: = ) |
~ 424 fb~! (~Babar~0.5 Belle) 3 110
* Long Shutdown 1 (LS1) started in July 2015 2024 2029 2034

] for several upgrades (beam pipe,
pixel,IOP PMT)



https://arxiv.org/abs/1011.0352
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Unpackers
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EventsofDoom Buster

‘

UOI110NJ1SUOD O

l
\
| HLT filter Yes

— o ———

As of release-05

>  HLT Skim
| v
\‘ ROI finder
‘ No
l Discard
|
ROI Assembler

BUlIO1IUOIN

=

- <_mw > Software (basf2)
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average of cluster time of all cluster associated to tracks in the
event

When
estimation performed after clustering, within SVD track finding

Performance

efficiency=99.8% (higher than CDC)

resolution=1ns (as CDC)

Time consumption=0.015 ms/event (2000 times better than CDC)
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L1 trigger numbers
e input rate: 250 MHz (4ns)

 latency: few us
e Output rate: 10-30 kHz

e Redout time of all PXD sensors: 20 us = too slow for L1

e full PXD output rate: 20 GB/s (with zero-suppression SDC and others T ——
applied) = too big for the bandwidth i o gy oy
’ i / - 40 X8
» PXD saved on the ONSEN: FPGA system to collect and
temporary store PXD data
 HLT takes the decision and cut events in the ONSEN: x3 — —
data reduction

e HLT evaluates ROIs (Region Of Interest) on the PXD layers,
using CDC+SVD tracks: x10 data reduction

 Event builder 2 merging HLT and PXD data
21



:simply a good setup after few days of tests, not really optimized!

Adopted criteria: obtain reasonable convergence behaviour (use the iteration range, use mainly primary convergence
criterion, exploit more wisely the p-value), with the CPU time figure of merit

Optimization approach:

Parameter BASELINE VALUE| NEW VALUE
Aw 0.001 0.1
Ap 1 0.001
Prob cut 0.001 0.001
Max failed hits 5 5
(Tmax, Tmin, Niter) (100, 0.1, 5) (2, 0.01, 5)
Min Iterations Niter (5) 1
Min iteration for Minlter (5) Minlter (1)
pval check
Max iterations Niter+4 (9) Niter+4 (9)

» increase Aw threshold = allow convergence

» decrease Ap threshold = avoid automatic
convergence

 Change min-max iterations = reduce average number
of iterations

e Charge annealing scheme (lowering initial 7) = avoid
discarding weights = "speed-up" the convergence

Convergence behaviour after optimization:

e Convergence spread between iteration 2 and
6 (peak at 4)

e convergence by pval about 10% of the time 78



 For each call of the fitter the DAF (Deterministic Annealing Filter) is called

 The purpose of the DAF is to remove from the fit the outlier hits to improve the Fit accuracy
- removing of beam bkg hits
- removing of hits from other tracks

- removing of o-rays
- removing/fix of wrong L/R CDC hit assigment

 The DAF is assigning weights (in the range [0,1]) to each hit, accordingly to the residuals
between the measurement and the Kalman Filter prediction.

* The fit is repeated multiples times lowering a temperature parameter 1’

- high 1'--> softer assignment, weights tend to move to 0.5

- low 1'--> harder assignment, weights tend to be 1 or 0

* A convergence criterion is defined, based on the variation of the weights and the p-value of
the Fit (see next slide)
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DAF convergence criterion

1.iF max (|w_; —w;|) < Aw = 10~ , where i=hits, j=iterations
Etrack

2.iFj > Ny, = Sand [p;,_; — p;| < Ap = 1, where p=p-value of the Fit

3.iFf > N 1.,y = 9

Additional parameters which reqgulate convergence:

» The annealing temperature is lowered from7, . = 100to7,. = 0.1inN . steps
( 7'is constant in the iterations [NV, . ., N, . |)

» a3 probability cut P = 1073 regulate a damping factor of the weights, to force them to
be 0 if their value is below a threshold.
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1o max ([w_ —w;|) < Aw =
| iEtrack

2.j> Npin=95and [p;,_y —p;| <Ap =1
The criterion 2 is immediately satisfied as soon as checked w

3.J> Ny =9
The DAF always* run 5 iterations ng S

= sometimes (<0.1%) the pvalue==0, in that case additional iterations are run

The criterion 1 (weights) is never satisfied

: 2 iy
N 4

There are room for optiize the DAF iterations!

NB: the CPU time is ~proportional to number of iterations of the DAF

Some examples (single mass hypothesis):
- N, . = 2:6.5ms (7.7 ms) w/o SVD (with SVD)

- N, .. = 5:10.4 ms (15.5 ms) w/o SVD (with SVD) 31
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Test condition:

Optimization performance (DAF 1/4) - o

e Muon Gun
e pT=1GeV

e 0 =770r
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At the end of the day, about the same bkg rejection performance

Clear (good) effect of reduced Temperature 33



ptimization performance (DAF 2/4) -e<oie
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v?/Ndf profile

Muon Gun
e pT=1GeV
e =770

ptimization performance (DAF 3/4) =i
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At the end of the day, about the same L/R performance

35



Events/0.0GeV

Events/0.01GeV

“ Test condltlon

Optimization performace (tracking 1/2)

- no bkg, baseline, 6=3.0 MeV
= N0 bkg, optimized, 6=3.0 MeV
—— bkg Exp22, baseline, 6=3.0 MeV

900 — - ................................................................. ............................................................. —mm
f — no bkg, baseline, 0=1.2

no bkg, optimized, 6=1.2

bkg Exp22, baseline, 6=1.2

bkg Exp22, optimized, c=1.2

bkg Exp20, baseline, 6=1.2

bkg Exp20, optimized, 6=1.3

72000 @ ___________________________________________________________ . _________________________ ' _________________________________________

bkg Exp22, optimized, 6=3.0 MeV
bkg Exp20, baseline, 6=3.0 MeV

e e = LAl .

bkg Exp20, optimized, 0—3 0 MeV

0 -

800

Events/0.25GeV

600

400 ................................. ........................................

600 ........................... ........................................... 't I I
500 . I ........................................... p p u
. - S | S E FRF I S S B

- Ll L. 300 R % _________________________________________

21010 ) ———— ........................................................... ....................................................... .........................................

500

100 B i

100 ..... .........................................

| | e .
0.005 0.01
A pt (estimate - truth) (GeV) 0

pull (pt)

900 —_ .............................................. ................................................... ....................................... —— no bkg, baseline, 6=0.0 cm > e .

- ——— o bkg, optimized, 6=0.0 cm o 900 no bkg, bas-ell-ne, o=1.2

- | —— bkg Exp22, baseline, 5=0.0 cm (Lg B N0 Dk opiinizac, g Lo
800 — i = bkg Exp22, optimized, 6=0.0 cm N 8ol bkg Exp22, baseline, 6=1.2

B ———— bkg Exp20, baseline, 6=0.0 cm Q - bkg Exp22, optimized, 0=1.2
700 —— ------------ —— bkg Exp20, optimized, 6=0.0 cm -an) E bkg Exp20, bas-eli.ne, o=1.2

: r q>3 700 —— bkg Exp20, optlm!zed, o=1.2

m L . | | |
600 __ .............................................. s T— | — |2 R ————— s B

_ 600 _ ............................ e CO T O O St e I e Ot e O O S
BOQ) [ T — R s .......................... F

_ k 500 = ......................
400"~ dO reS|dua| -

= I 400 s T S —
300 __ .............................................. ................................................... s = N P e g 12 TR R ................................................... — :

E 300 ................................. .......................................................... ....................................................... ......................................... |

e I e I : .

[TT1

e L - - b

mm

90.15 0.1 —0.05 0 0.05 01 ' 015 0
A dO (estimate - truth) (cm)

36



Events/0.05

1000

800

600

400

........................................... no bkg , baseline

— no bkg, optimized
— bkg Exp22, baseline

B : bkg Exp22, optimized
= =k —— bkg Exp20, baseline
e — bkg Exp20, optimized

Events/1.0

Events/0.02

2000
1800
1600
1400
1200

1000

500

400

300

200

100

—— no bkg, baseline
—— no bkg, optimized
—— bkg Exp22, baseline
........................................... — bkg Exp22, optimized

—— bkg Exp20, optimized

E_ ——— bkg Exp20, baseline

........................................... P :_

no bkg, baseline

no bkg, optimized
bkg Exp22, baseline
bkg Exp22, optimized
bkg Exp20, baseline

bkg Exp20, optimized

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIJIIIIIIIIIIIIIIIJI

o0 0.1 0.2 0.3 0.4 0.5 0.6

0.7 0.8

0.9 1
p-value

t!

' Test condition:

e Muon Gun

o pT=1GeV
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Combined DAFRecoFitter (ms/ev)

DAF (no bkg) 10.5
DAF (exp20 bkg) 10.3
fit without DAF (no bkg) 2.2
fit without DAF (exp20 bkg) 2.3
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