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Belle II

• Next generation B-factory, located at the SuperKEKB 
asymmetric e+e- collider. 

• 40x the peak luminosity of KEKB; 50 ab-1 integrated 
luminosity = 30x the combined of BaBar and Belle. 
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• Detector is an upgrade of Belle. New tracking and 
particle ID; upgrades to calorimeter and muon systems. 
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Physics

• Primary goal is to seek evidence for new physics through 
a wide range of measurements that are sensitive to the 
presence of heavy virtual particles.  
  - asymmetries, rare decays, forbidden decays. 
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• Also direct searches for new physics;  

• investigations of the nature of QCD through the 
studies of new bound states (XYZ);  

• exploration of CP violation and the weak force.  

• B physics; charm; tau (including lepton flavour 
violation); initial-state radiation production of π+π- and 
other hadronic states; Upsilon decays
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Search for light dark matter using e+e- → γ + invisible 

• Dark Sector models include light dark matter χ 
accessible through decay of a dark photon A′ that mixes 
with γ with strength ε.  Belle II will have unique 
capabilities, even with the initial small dataset. 
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Schedule / Status

• SuperKEKB commissioned with single beams in Spring 
2016 (Phase 1 commissioning). 

• Detector moved onto  
beam line April 2017. 

• 1st collisions, no vertex  
detectors: Feb. 2018  
(Phase 2). 

• Collisions with full  
detector: Jan. 2019 (Phase 3).
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SuperKEKB luminosity projection
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SuperKEKB luminosity projection


Goal of Be!e II/SuperKEKB

9 months/year

20 days/month
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Calendar Year


peak luminosity by 
summer 2022, end 
of 4th “experiment”

50 ab-1 by summer 
2024, end of 6th 
“experiment”

colliding beams 
with full detector, 
1st “experiment”



Collaboration

• 23 countries, 100 institutions, 750 collaborators, 
including 380 PhD physicists & 260 graduate students. 

• Canada joined in March 2013. 
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Canadian group: 10 faculty, 9 current and  
4 completed grad students, 2 postdocs

• UBC: C. Hearty, J. McKenna, T. Mattison, T. Ferber,  
A. Hershenhorn 

• Victoria: J. M. Roney, R. Kowalewski, R. Sobie,  
A. Sibidanov, A. Beaulieu, S. de Jong, S. Longo, C. Miller 

• McGill: S. Robertson, A. Warburton, W. Ahmed,  
A. Fodor, H. Pikhartova, R. Seddon 

• Montreal: J.-P. Martin, P. Taras, N. Starinski
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Canadian activities

• Preparations for physics (including single photon); 

• Background measurements and remediation; 

• Calorimeter reconstruction and calibration. 

• Detector material studies → not in my talk 

• Computing (particularly cloud) → not in my talk 

• Four students talks Monday 11:30 AM Botterell B139 
Steve Robertson overview Thursday 8 AM Botterell B139
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Single beam commissioning

• Initial commissioning; 

• Vacuum scrubbing; 

• Studies of non-luminosity  
backgrounds using specialized 
detectors (“BEAST”)  
  - 3He tubes for thermal 
neutrons; Sam DeJong (UVic)  
  - CsI/CsI(Tl)/LYSO crystals;  
Alex Beaulieu (UVic)
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“dynamic” pressure improved by 
scrubbing, but not yet at goal

Gas model. Because mass spectrometers only give distribu-2103

tions of the m/z for the di↵erent gas ion fragments, any further2104

e↵ort to interpret these as gas molecule abundances already in-2105

volves an act of interpretation [61]. Some early assumption2106

about the nature of the gas are therefore required. Di-hydrogen2107

and air constituents are first added to the list of gases as the de-2108

fault hypothesis: H2, H2O, N2, O2, CO, CO2, Ar. Then, light2109

hydrocarbons are added progressively starting from CH4 un-2110

til all peaks in the spectra could be accounted for: CH4, C2H6,2111

C2H4, C3H4, C3H6, C3H8. Finally, none of these standard gases2112

predict a peak at m/z = 3 as strong as the one observed by the2113

RGAs in BEAST. Two hypotheses could explain this feature:2114

deuterium-hydrogen molecules DH and tri-hydrogen atoms H3.2115

It is worth noting that both these species are relatively exotic on2116

Earth, however the SuperKEKB vacuum chamber, with its very2117

low pressure, hydrogen-rich residual gas and high levels of ion-2118

izing and neutron radiation provides conditions favourable to2119

their creation.2120

Calculation of the proportion of each gas. The proportion of
each gas species in the residual gas is then found by calculating
the optimal proportions to explain the measured spectra in the
least-squares sense. The problem is expressed as solving

arg min
x
kAx � yk2 , x � 0 (46)

where y is a column vector of the observed relative abundances
for each m/z peak, A is a matrix whose columns each corre-
spond to the standard spectrum for a gas model constituents,
and x is a column vector of the relative proportion (in number
of molecules) of each gas in the mix. The vector of the optimal
proportions of each gas, x̂, is therefore

x̂ =
⇣
ATA
⌘�1

ATy. (47)

Calculation of an e↵ective Z for this gas mix. The gas pro-2121

portions x̂i, together with their molecular formulae, are then2122

used to calculate the number b j of atoms of element Zj by sim-2123

ply multiplying each x̂i by the number of atoms of Zj in the2124

gas molecules. Assuming that the probability of interaction be-2125

tween a beam electron and an atom Zj is proportional to Z2
j2126

— this follows the typical cross section equations for Coulomb2127

scattering and Bremsstrahlung o↵ atomic nuclei [62] — the so-2128

called e↵ective Z, Ze, is expressed as a weighted average of Z2
j .2129

D
Z2
E
=

P
j Z2

j b j
P

j b j
(48)

Ze =

q⌦
Z2↵ (49)

It is “e↵ective” in the sense that this Ze is the atomic number2130

of a pure gas that would produce the same level of beam-gas2131

interactions as the gas mix found in the vacuum chamber. This2132

number can then readily be used to scale the simulation that has2133

been generated with a single value of Z.2134

6.1.3. Vacuum scrubbing results2135

Measurement based on the dynamic pressure. Figure 74 shows2136

the evolution of the base pressure during phase 1 operation. We2137

Figure 74: Base pressure measured as a function of date. Red circles represent
LER measurements, while blue squares represent HER measurements.

see that while the HER quickly reaches the equilibrium value of2138

1 ⇥ 10�8 Pa after it was turned on in March, the LER shows no2139

appreciable asymptotic behaviour, with the minimum recorded2140

pressure varying between 1 ⇥ 10�8 Pa and 1 ⇥ 10�7 Pa. Even if2141

the daily variation is more dramatic than with the HER, the val-2142

ues remain well below the pressures observed during operation2143

which are on the order of 1 ⇥ 10�6 Pa or more during opera-2144

tion at full nominal current, so such variability should produce2145

negligible e↵ects on the dynamic pressure measurement.2146

Figure 75 shows a comparison of the two di↵erent estimates2147

for dP/dI.

Figure 75: (color online) Comparison of two methods used to estimate the dy-
namic pressure. The circles are the SuperKEKB group results, obtained using
equation (43) whereas the squares were obtained with BEAST data using equa-
tion (44). Blue points represent HER data and the red ones, LER data

2148

Both methods are in good agreement, exhibiting a power-2149

law behaviour over more than 3 decades. The slope between2150

100 A ·h and 1000 A ·h is ⌘LER = �0.9 for the LER and ⌘HER =2151

�0.6 for the HER.2152

During early commissioning, the situation is reversed with2153

the LER slope ⌘LER = �0.46 being much smaller than the HER2154

slope ⌘HER = �0.79, according to the SuperKEKB group data.2155
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“First Measurements of Beam  
Backgrounds at SuperKEKB”, in preparation 

Backgrounds in crystals vs beam current

Alex Beaulieu



BEAST commissioning detectors

13Peter Kodys

BEAST commissioning detectors



Background measurements during Phase 1 
commissioning

• Study beam gas scattering by varying pressure & current; 
Touschek (scattering within a bunch) by varying size & 
current. 

• Critical point is to use  
residual gas analyzers to 
correct for the effective  
atomic number Ze of the gas. 
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Run Ring Current (mA)
2007 HER 320
2008 HER 480
2009 HER 640
3007 LER 360
3008 LER 540
3009 LER 720

Table 22: Touschek size sweep runs.

sweeps:

Observable = A · IPZ2
e + B · I2

�y
, (51)

where A and B are constants related to the sensitivity of a de-2255

tector channel to beam-gas and Touschek backgrounds respec-2256

tively, I is the beam current, P is the vacuum pressure, and �y2257

is the vertical beam size. In order for this beam-gas term to be2258

accurate, Ze-dependent e↵ects must be negligible during stable2259

operation (see section 6.1.2) and the measured pressure P must2260

be a reasonable approximation of the gas pressure at the (un-2261

known) scattering position. For the Touschek term, we assume2262

that the number of bunches in the ring and beam energy are2263

constant.2264

For visualization purposes, it is convenient to rewrite the
model as

Observable
IPZ2

e
= A + B · I

PZ2
e�y

(52)

and plot Observable/(IPZ2
e ) vs. I/(PZ2

e�y). On such a scat-2265

terplot the data should fall on a line with o↵set indicating the2266

beam-gas sensitivity A and slope equal to the Touschek sensi-2267

tivity B. These two sensitivities A and B have di↵erent units and2268

are only meaningful in comparisons against sensitivities of their2269

own type. This formulation allows direct comparisons between2270

Touschek simulation and data without reference to beam-gas2271

simulation.2272

As a first check of the validity of the heuristic model, we2273

demonstrate in Fig. 82 that the Touschek contribution in a se-2274

ries of LER fills with constant beam size is constant, despite2275

repeated top-o↵s of the beam current and subsequent decays of2276

the current and pressure in the ring.2277

Figure 81 shows the result of a fit to a single chan-2278

nel of the BGO detector for all LER size sweeps using the2279

heuristic model. Each point represents the mean values of2280

Observable/(IPZ2
e ) and I/(PZ2

e�y) for one of the (3 sweeps)·(52281

size settings per sweep) = 15 subruns, with standard deviation2282

error bars. This subrun averaging is for visualization purposes2283

only and is not used in the final fits. The linearity of this dis-2284

tribution despite large variations in current, pressure and beam2285

size validates the heuristic model.2286

6.2.3. Corrections to data2287

Some beam parameter PVs require corrections to address2288

known miscalibrations. Particularly, we make modifications to2289

the beam size and pressure measurements.2290
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Figure 81: An example of fitting the heuristic beam gas and Touschek model
of Eq. 52 for all three LER size sweeps. A single BGO channel provides the
observable, and quantities on both axes have been averaged within a subrun.
Shapes correspond to currents and colors to beam size settings. The o↵set of the
best-fit line contains the beam-gas contribution, and the slope indicates changes
in the Touschek contribution as the beam size is varied.

A correction to the measured beam size �0y has been deter-
mined experimentally in the form of an o↵set added in quadra-
ture. The corrected beam size �y is given by:

�y =
q
�02y � �s, (53)

where �s=12.07µm for LER and 32.82µm for HER.2291

Pressure measurements come from cold cathode gauges2292

mounted every 10m on ports where the sputter ion pumps are2293

located. Due to the physical proximity of the gauges to the2294

pumps and their separation from the beam line, the measured2295

pressure is estimated to be a factor of 3 below the pressure seen2296

by the beam. Furthermore, the average ring pressure is a poor2297

proxy for the pressure at the scattering position. For the LER,2298

we identified a nearby gauge that appears to be close enough to2299

both the RGA and average loss position to yield a flat distribu-2300

tion of Observable/(IPZ2
e ) vs. time (see Fig. 82). This pump2301

is identified as D02 L25, located 12m upstream of the IP. For2302

LER runs, we take the pressure to be three times the value from2303

this gauge. For the HER, we currently do not have access to2304

the individual pump data and therefore use three times the ring2305

average pressure.2306

6.2.4. Selections2307

We include all BEAST detector data from size sweep runs2308

in the fits with the following exceptions. To avoid CsI/LYSO2309

hit rate saturation e↵ects, we required ILER < 500mA only for2310

those observables. We included only physically plausible beam2311

sizes with 35µm < �y < 400µm. We ignored data during in-2312

jection and for ten seconds afterwords to avoid potentially dy-2313

namic beams. When computing ratios, we only show results2314

when all sensitivity parameters in the ratio are determined to2315

better than 2�.2316
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The BEAST data archive begins on 2015-02-15, with a LER2156

beam dose slightly above 2 A · h.2157

Finally, the result in Figure 75 shows that for operating cur-2158

rents reaching Amperes at the end of phase 1, the HER dynamic2159

pressure contribution is of comparable scale with the base pres-2160

sure. However, for the LER, the dynamic contribution domi-2161

nates the base pressure by a factor of at least 10. Should dP/dI2162

keep following the same power-law behaviour, the LER should2163

be operated for more than 1⇥104 A ·h in order for the dynamic2164

pressure to be on the same scale as the base pressure, at the2165

design 3.6 A beam current.2166

Measurement based on BEAST detectors. Figures 76 and 772167

show the scrubbing process as seen by the BEAST detectors2168

for HER and LER scrubbing processes, respectively. The same2169

general power-law dependence is observed across all detectors.2170

For the HER scrubbing shown in Figure 76, LYSO, 3He and

-

Figure 76: Measured Touschek-subtracted electron beam induced background
as a function of delivered current

2171

BGO are in good agreement with the power-law model across2172

all four decades. The slopes of LYSO and 3He data are -0.742173

and -0.77 respectively, therefore close to the dP/dI value. For2174

BGO, the slope is larger at approximately -1.2. The other2175

two sub-detectors exhibit di↵erent behaviours, which can be at-2176

tributed to instrumental e↵ects.2177

In both figures 76 and 77, there is plateauing or increase2178

of the rates beyond 400 A·h observed with all subdetectors.2179

A possible explanation is related to conditioning of the non-2180

evaporable getters (NEG) that happened during that period.2181

Such conditioning is known to release heavier elements in the2182

vacuum chamber, which produces considerably more back-2183

ground due to the Z2 dependence.2184

Otherwise, the biggest change to the accelerator during this2185

period is the addition of permanent magnets to the uncoated alu-2186

minium bellows meant to reduce electron multipacting at large2187

currents. The SuperKEKB group showed that this e↵ectively2188

reduced the electron-cloud e↵ect without changing beam orbit2189

and optics [67].2190

Figure 77: Measured Touschek-subtracted positron beam-induced background
as a function of delivered current

6.1.4. Sample results of residual gas analysis and e↵ective2191

atomic number2192

Figure 78 below shows example results obtained from the2193

beam-gas constituents analysis. The top panel shows the prod-

Figure 78: Time series of a pressure bump experiment and typical results

2194

uct of average pressure and beam current P · I with and without2195

weighting with Ze
2 as defined in equation (48). The central2196

panel shows recorded background rates for one typical channel2197

of two di↵erent subsystems, and the bottom panel shows the Ze2198

during the vacuum bump experiment.2199

Qualitatively, it is observed that the recorded background2200

rates track the weighted P·I better than the default, un-weighted2201

version. We see an increase of the hit rates around 13:42 which2202

is not associated with any notable increase of the average pres-2203

sure. The explanation is that heavier elements are released2204

first. They don’t contribute significantly to the pressure in-2205

crease, yet the e↵ective Z of the gas is larger then, and the2206

Z2-dependence of beam-gas interactions produces a visible in-2207
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rate = A · IPZ2
e +B · I2/�y

variation in Ze during “vacuum bump”

✓
2.5

1.35

◆2

= 3.4 “First Measurements of Beam  
Backgrounds at SuperKEKB”, in preparation 

beam gas

Touschek

rate    =    beam gas    +   Touschek



Background shields

• Considerable shielding built into final focus magnets. 

• Canadian group is providing lead/polyethylene shields, 
particularly for calorimeter endcaps; factor of 2 reduction 
in peak rates. 
  - Alex Beaulieu 

• First job of this type for  
contractor, Turbulent Diffusion 
Technology.
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Radiative Bhabha beam backgrounds

• Biggest source of beam backgrounds are radiative 
Bhabhas, e+e- → e+e-γ . ~3500 per beam crossing. 
  - low energy γ and n; shower debris 
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tungsten shielding

e- with lower energy is 
steered into beam pipe

superconducting magnets 
steer nominal energy 

electrons in beam pipe 

trajectory of e- 
with full energy

• Despite shielding, many 1—2 MeV photons reach the detector. 

Canadian shield goes here



Background monitors

• McGill and Montreal groups are developing background 
monitors embedded in the shields to provide real-time 
feed back to operators:  
  - collimator adjustments 
  - characterizing injection background

17

Hardware developed by Montreal electronics  
group headed by J. P. Martin: 
• LYSO crystal 
• fine-mesh PMT 
• pseudo differential readout 
• 258 MHz ADC = bunch spacing 
• can synchronize with trickle injection

Nick Starinsky



Calorimeter reconstruction

• Precision calorimetry is critical to the physics program, 
particularly with respect to LHCb. 

• CLEO, BaBar, and Belle have all used CsI(Tl) before, but 
we will have much higher backgrounds.  

• New readout electronics with  
waveform fitting gives much  
better timing resolution to  
reduce out-of-time  
backgrounds. 
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• Torben Ferber (UBC postdoc) has developed 
innovative reconstruction code for the calorimeter. 

• number of crystals included in the cluster varies 
with background level; 

• also depends on the hypothesis made on the 
particle type: hadron vs photon. 

• machine learning to reduce position bias compared 
to Belle and BaBar
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• Result is a dramatic improvement in energy resolution 
over existing algorithm. 
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FIG. 16: Photon energy resolution as function of true photon energy. Note the di↵erent

y–axis ranges of the plots. A smooth curve has been fitted to the points to guide the eye.

3. POSITION RESOLUTION

3.1. Polar Angle (✓) Resolution

The photon polar angle resolution as function of true photon energy is shown in Fig. 17.

The polar angle resolution is sensitive to the solid angle coverage per crystal and decreases

the further away the cluster center is from ✓ 6= 90�. The polar angle resolution shows a weak

dependancy on the material in front of the ECL.
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~2x improvement at 
full backgrounds

Torben Ferber



Shower shapes

• Photon showers are regular shaped, symmetric;  
hadronic showers are much more variable. 

• Alon Hershenhorn (UBC) has exploited the  
hypothesis-based clusters to quantify these  
differences using Zernike moments.  
  - BDT with 11 moments vs 1 for BaBar 

• Compare how much a shower looks a photon if we 
assume it is a photon to how much it looks like a photon 
if we assume it is a hadron. 

21

Zom-B, Wikipedia



Pulse shape discrimination (PSD)

• Heavily-ionizing particles produce CsI(Tl) signals with 
noticeably different time structures than photons. 
  - well known in nuclear physics, but not used in 
previous collider experiments. 

• Savino Longo (UVic) has proposed implementing PSD 
particle ID in Belle II:  

22

Alpha vs Gamma Pulse Shape

• CsI(Tl) crystal + PMT + digitizer.

Experimental Setup:
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• Well established in literature that due to large di↵erence in dE/dx alpha

and gamma have distinctly di↵erent pulse shapes[1,2,3].

• With co-op student John Co↵ey at UVic we compare pulses from Am-241

alpha source with Bi-207 gamma source.

Q(t)
Q(7.4µs)

RPID ⌘ Q(1.2µs)/Q(7.4µs)

Integrated charge vs time from CsI(Tl), α and γ 

Savino Longo



• Data from two beam tests at TRIUMF: M11 (summer 
2015), and Proton/Neutron Irradiation Facility (fall 2016).

23

Update on 300 MeV/c test beam Data:

• Result below is for 300 MeV pi+ in CsI(Tl) using PMT readout. 

300 MeV/c pi+ 
DATA PMT

pi+ ionization

pi+ hadronic scatter

5

Location of detectors during  
PIF background measurement

500 MeV cyclotron was operating 
during background measurement 
performing isotope production. 

Current Hypothesis: Additional  
background events are from neutrons 
generated from 500 MeV protons 
hitting target.
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Prerequisites
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Signal shapes

Default MC shape
Diode shape
PSD580 shape
Gamma shape

Full electronic noise
covariance matrix is used.

Particle momentum is 1
GeV/c.

31 ADC counts as in the
current MC.

Time fit range is from -1
to +1 ADC count.
Number of templates in
time and PSD variables is
16 and 10
correspondingly.
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Challenges in implementing PSD in Belle II

• Currently obtain amplitude and time of energy deposition 
in each crystal using a real-time waveform fit in an FPGA. 

• Need a new FPGA algorithm that also extracts a PSD 
discriminator. Must be robust, fast, and not damage 
existing E and t measurements. Alexei Sibidanov UVic RA 

• template needs to be individually 
trained for each crystal using  
full waveforms, including hadrons

24

Alexei Sibidanov



• GEANT (at least, our model) does not produce a 
difference in pulse shape. Savino is working on this.  

• Proposal is to record full waveforms for a fraction of 
the Phase 2 colliding beam data. May even test new 
FPGA code. 
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Summary

• Belle II will have first colliding beam data within a year. 
Physics opportunities with the first data include a search 
for light dark matter. 

• Canadian group’s contributions include: 
  - physics 
  - backgrounds: characterization, shields, monitor  
  - calorimeter reconstruction, shower shapes, pulse 
shape discrimination 

• Addition details in students’ talks tomorrow and Steve 
Robertson’s talk on Thursday. 
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