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Belle II 

• Located at the SuperKEKB e+e- collider in Japan. 
Operates at √s = 10.58 GeV (Y(4S)). 
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• Collecting data since 2019. Luminosity goal is 50 ab-1 
= 100x BaBar; ~1x BaBar so far.   
  - but with a better detector


• Upgrade of Belle: new tracking, particle ID; new 
calorimeter electronics. 
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positron

electron

KL and muon detector (KLM): 
Resistive Plate Counters (RPC) (outer barrel) 

Scintillator + WLSF + MPPC (endcaps, inner barrel)

Particle Identification (PID): 
Time-Of-Propagation counter (TOP) (barrel) 

Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals 

waveform sampling (energy, time, pulse-shape)

Vertex detectors (VXD): 
2 layer DEPFET pixel detectors (PXD) 

4 layer double-sided silicon strip detectors (SVD)

Central drift chamber (CDC): 
He(50%):C2H6 (50%), small cells,  

fast electronics

Magnet: 
1.5 T superconducting

Trigger: 
Hardware: < 30 kHz 
Software: < 10 kHz
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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. 


• B physics; charm; tau (including lepton flavour violation); 
initial-state radiation production of π+π- and other hadronic 
states; Upsilon decays; new XYZ QCD states.


• Direct searches for beyond-the-Standard-Model particles. 
  - first two papers: search for axion-like particles; search 
for an invisibly-decaying Z′. 
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Belle II collaboration

• 26 countries, 121 institutions, 1164 collaborators, 
including 446 PhD physicists & 392 graduate students 
  - 560 eligible authors
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Canadian group 
8 → 9 faculty, 3 postdocs, 14 graduate students

• UBC: C. Hearty, J. McKenna


• Victoria: J. M. Roney, R. Kowalewski, R. Sobie


• McGill: S. Robertson, A. Warburton


• St. Francis Xavier: Hossain Ahmed


• Manitoba: Savino Longo (as of July 1)
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The past
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BaBar

• Prior to joining Belle II, most of the current group worked 
on BaBar. 


• Collected data at the PEP-II e+e- collider at SLAC from 
1999–2008. Mostly Y(4S), but also Y(2S) and Y(3S).
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BaBar

• Along with Belle, observed CP violation in B decay.
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2008 Nobel prize in physics
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Construction of the BaBar drift chamber at 
TRIUMF

• Significant support from TRIUMF, NSERC, US and Italian 
collaborators. 
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• Canadians made up only ~3% of BaBar, but had a 
significant role in management


• Mike Roney continues as BaBar spokeperson;


• Chris Hearty, Mike Roney, and Steve Robertson 
were physics analysis coordinators;


• Janis McKenna, Mike Roney, and Chris Hearty were 
run coordinators.


• Five physics working group convenors: 
charmonium, tau, leptonic B and c, semileptonic.
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• Canadian analysis leadership in semileptonic B 
decays; tau physics; charmonium; light Higgs 
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SuperB

• A detour on the way from BaBar to Belle II.


• SuperB was a high-luminosity B factory to be built near 
Frascati.  
  - primarily Y(4S), but also ψ(3770) 
  - polarized e- beam


• Cancelled 2012.
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• Very nice place to work.
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• Together with the Frascati group, the Canadian group 
was intending to build the drift chamber. 


• Superior particle identification by using cluster 
counting as well as dE/dx. 
  - successful beam test at TRIUMF M11 line. 
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We had the option of including a termination resistor to ground
on the non-instrumented side of the chamber. The required
termination resistance to prevent reflection of signals is 390Ω.
Runs were taken with and without termination, to see the effect of
reflected signals on PID performance. A circuit diagram showing
our termination is in Fig. 3.

Runs were takenwith chambers A and B strung with 20 μm and
25 μm gold-plated tungsten sense wires, respectively, and gold-

plated aluminium field wires. For some later runs, chamber B was
re-strung with a 30 μm sense wire. The wires are connected to the
endplates by the same crimp-pins and feedthroughs that were
used in the BaBar drift chamber [9].

The gas chosen for the test was a mixture of helium and
isobutane in a 90:10 volume ratio. Helium was chosen because it
reduces the effect of multiple scattering compared to the more
typical argon [10]. Multiple scattering of the charged particles is
the dominant contribution to the tracking resolution at a B-factory
like SuperB. In consideration of the rest of the SuperB detector,
using helium reduces the number of radiation lengths represented
by the drift chamber. With isobutane as the quench gas, we are
able to operate the chamber with a large helium fraction, further
reducing the amount of material. Helium also exhibits a lower drift
velocity and ionization density, which also makes it an ideal choice
for cluster counting as the incoming clusters will be less likely to
overlap in the digitized signal.

The chambers are operated at room temperature and atmo-
spheric pressure. We measured the temperature and pressure
during the data taking periods, we did not use these at any level
of the analysis.

2.2. Amplifiers

We used custom made amplifiers in order to achieve the band-
width required for cluster counting. The amplifiers are based on the
AD8354 RF gain block from Analog Devices. These have a reasonably
low power consumption (! 140 mW for the whole unit) and a
bandwidth of 2:7 GHz. These devices have 50Ω input and output
impedance, and a fixed gain of 20 dB. The simplest configuration that
we investigated was with two AD8354s in cascade. This provides very
good bandwidth performance, but the input impedance of 50Ω
creates a large mismatch with the characteristic impedance of the
drift chamber cells (around 370Ω) and the signal to noise ratio is not
optimal. So, an emitter follower stage was added at the input, using a
low noise RF transistor (BFG425). This was configured either with
370Ω input impedance, or with 180Ω, as a compromise between
impedance matching and tolerance to stray capacitance. We also tried
a configurationwith an additional low gain (2" ) inverting stage (with
a BFG425 transistor), having 370Ω input impedance. In this case, a
single AD8354 gain block was used. The 370Ω configuration gave the
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Fig. 2. Garfield [11] simulation of isochrones for electron drift times in our
prototypes, with 90:10 helium and isobutane. The isochrone intervals (dashed
lines) are 50 ns. The full orange lines are the drift paths. The central point is the
sense wire at high voltage, while the 8 points in a square around it are the field
wires at ground. The extra 6 points outside the cell are bias wires to simulate the
presence of an infinite network of cells. The wire voltages are 1820 V and 1054 V
for the sense wire and bias wires respectively. (For interpretation of the references
to color in this figure caption, the reader is referred to the web version of this
paper.)

Fig. 3. Circuit diagram representing the high voltage connection to the sense wire
with (top) and without (bottom) termination resistor. Without the 390 Ω resistor,
the signal can bounce.

Fig. 1. Photo of the prototype chambers mounted during our beam test. The far
scintillator (Section 2.6) and additional PMTs (Section 2.7) are visible in the
background (labelled (a) and (b) respectively). The amplifier shielding boxes
(c) are on the right side of the picture. The smaller monitoring chamber (labelled
(d)) (Section 2.8) is on top of Chamber B. The blue arrow shows the path of the
particle beam through our prototypes and two of the scintillators. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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then unnecessary noise is also integrated, reducing the resolving
power of the charge measurement. Different equipment combina-
tions give different pulse tail decay times, so the duration must be
optimized empirically. A typical optimal value is ! 600 ns, as
shown in Fig. 11. The optimization of the integration time is
described in Section 6.1.

From the integrated charge we subtract a pedestal calculated
from the previous asynchronous trigger. This pedestal is a charge
integration with the same integration time, but a fixed starting
time. The result is a baseline-subtracted charge, which should

have a smaller systematic error than the raw charge integral. The
distribution of integrated charges for physical triggers and asyn-
chronous triggers is shown in Fig. 12. The physical triggers are
shown separately for each species in Fig. 13.

5.1.4. Cluster counting
Cluster-counting algorithms can vary in complexity, efficiency,

and in their rate of reporting fake clusters. Here we briefly
describe the various algorithms, but precise definitions can be
found in Appendix A.

The algorithms involve two forms of smoothing of the oscillo-
scope traces (Fig. 14). The first is a “boxcar smoothing” where each
sample is replaced with the average of itself and the n"1 previous
samples. The second is a true averaging procedure, where the
number of points in a trace is reduced and each point is the
average of n points.

All of the algorithms involve some kind of transformation of
the smoothed signal, and a threshold-crossing criterion. The
transformed signals for the various algorithms are shown in
Fig. 15. One of the most basic cluster-counting algorithms is the
“Threshold above Average”. It subtracts the non-smoothed signal
at time t from the boxcar-smoothed signal at time t"1, then
applies a threshold.

A more general algorithm (of which the previous is a special
case) is the “Smooth and Delay” algorithm. It involves smoothing
two copies of the signal by different amounts, delaying one of the
copies by a certain number of frames, then taking the difference
and applying a threshold. This algorithm has four parameters, and
is thus more difficult to optimize.

The two algorithms above essentially implement a first-
derivative method. We also implemented a second-derivative
method. This one uses the true averaging procedure rather than
the “boxcar smoothing”. The first derivative is first calculated by
taking the difference between consecutive smoothed samples. The
second derivative is then calculated by taking the difference
between consecutive first derivative values. Each time, we divide
by the time interval represented by a sample, to keep the units
consistent. The number of clusters counted using the second
derivative is shown for each particle species in Fig. 16.

All of the threshold algorithms in principle trigger on the
leading edge of cluster signals. However it is noticeable that real
cluster pulses have a very sharp leading edge (approximately 3 ns)
and a slower decaying trailing edge (approximately 100 ns). Fake
clusters are more symmetric, returning to the baseline voltage
faster than the signal from a real cluster. Thus an algorithm was
devised that takes cluster candidates from the above algorithms,
but requires the pulse to last a minimum duration in order to be
confirmed. Pulses that return to baseline too quickly are discarded
as fake clusters. This “timeout booster” allows the use of smaller
thresholds, which while increasing the efficiency of finding real
clusters also admit more fakes. The timeout criterion removes
most of the fakes but keeps the real clusters.

As mentioned before, each of the cluster-counting algorithms
can return not only the number of clusters, but the actual time at
which each cluster was found. We investigated the use of this
information, in the form of an average time separation between
clusters in each cell.

5.2. Track composition

The prototypes have only a single cell. The traditional method
of identifying particles using the truncated mean requires many
cells forming a track. Thus we construct tracks from the single-cell
events.
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with all particle species combined.
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combined likelihood is

Lsðq;nÞ ¼ Gs;chargeðqÞ $ Gs;clustersðnÞ: ð1Þ

This combined likelihood ignores any correlation between the
two quantities. The correlation is indeed non-zero but is some-
what weak (% 0:3). Possibly combined likelihood models which
make use of the correlation would be more effective, but we did
not investigate this.

As mentioned in Section 2.5, the ability to identify muons and
pions at % 210 MeV=c is our proxy variable for the performance of
the prototypes. Thus we form a ratio of the combined likelihoods

of being a muon and pion

Rðq;nÞ ¼
Lμðq;nÞ

Lμðq;nÞþLπðq;nÞ
: ð2Þ

This quantity's distribution is peaked at 0 for real pions and at
1 for real muons. A cut can be made that maximizes the separation
according to some figure of merit. A typical way to demonstrate
the performance is by making a rejection-selection efficiency plot.
Consider the fraction of real pions that would also be identified as
pions by the cut on R, and the fraction of real muons that would
not be identified (that is, rejected) as pions by the cut on R. We can
thus make a parametric plot of muon rejection efficiency on the
vertical axis and pion selection efficiency on the horizontal axis,
with the parameter being the chosen R cut value (Fig. 19). Similar

Fig. 15. Illustration of the quantity on which a threshold is applied in the various cluster-counting algorithms. Each uses a set of parameters (smoothing width, threshold
level) that were optimized for this run. The threshold level is indicated by the red horizontal line. The last image is the same as the second derivative, but with the binning
shifted, to show that some clusters can be hidden by the binning (e.g. around 480 ns). This event is the same as shown in Figs. 11 and 15. (For interpretation of the references
to color in this figure caption, the reader is referred to the web version of this paper.)
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a b s t r a c t

Single-cell prototype drift chambers were built at TRIUMF and tested with a ! 210 MeV=c beam of
positrons, muons, and pions. A cluster-counting technique is implemented which improves the ability to
distinguish muons and pions when combined with a traditional truncated-mean charge measurement.
Several cluster-counting algorithms and equipment variations are tested, all showing significant
improvement when combined with the traditional method. The results show that cluster counting is a
feasible option for any particle physics experiment using drift chambers for particle identification. The
technique does not require electronics with an overly high sampling rate. Optimal results are found with
a signal smoothing time of ! 5 ns corresponding to a ! 100 MHz Nyquist frequency.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

This paper describes the development and testing of a proto-
type drift chamber whose purpose is to evaluate the feasibility of a
“cluster-counting” technique [1] for implementation in a high
luminosity eþ e# experiment. Cluster counting is expected to
improve particle identification (PID) by reducing the effect of
fluctuations in drift chamber signals. These are due to gas
amplification and the fluctuation in the number of primary
electrons per ionization site. There may also be improvements in
tracking resolution, but this is left for a later study. The require-
ment of fast electronics and larger data sizes may make the
technique impractical in terms of capital costs, available space
near the detector, and computing power. To date the technique has
not been deployed in an operating experiment. This work demon-
strates that a cluster-counting drift chamber is a feasible option for
an experiment such as SuperB [2,3]. SuperBwas cancelled after the

experiments described in this paper, but the results are applicable
to any drift chamber that is used for particle identification. The
design of our prototype chambers was strongly influenced by the
demands of SuperB, which are described in the Technical Design
Report [4].

1.1. Drift chambers

Drift chambers are general-purpose detectors that can track and
identify charged particles [5,6]. They consist of a large volume of gas
with instrumented wires held at different voltages. When charged
particles move through the chamber they ionize the gas particles. The
electrons from these primary ionizations drift towards the wires held
at high positive voltage, while the ions drift towards the grounded
wires. The sense wires are very thin (! 20 μm), such that the strong
electric field accelerates the electrons enough to cause further ioniza-
tion near the sense wire. The new electrons ionize further into an
avalanche, which is registered as an electronic signal on the sense
wire. The amplification of the low-integer number of primary ioniza-
tion electrons into a detectable signal on thewire is called the gas gain.
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doubling or halving of the gas gain. The resulting performance
after doubling and halving the gain is shown in Fig. 23.

Previous to the experiment, the intuitive notionwas that higher
gas gains would be better, since the signals would stand out more
from the random noise on the chamber wires. It appears however
that this is not the case and that indeed better PID performance
can be obtained at lower gas gains. Lower performance at higher
gas gains is either due to gas effects (e.g. space charge) or to the
amplifiers. We did not explore the even lower gains where the
performance is expected to decrease again. Data runs using other
amplifiers with different gain do show the eventual decrease
(Section 6.7), so the optimal voltage is not too far from that shown
in Fig. 23 (within ! 100 V).

When choosing a gas gain for an experiment the most important
features are more often the tracking performance, ageing issues, and
operational issues. This is more likely to influence the choice of specific
gain, regardless of the PID performance. However, if PID performance
is also highly valued, lower gains should be explored.

6.5. Momentum

As shown in Fig. 24, the difference of ionization between pions and
muons is greater at lower momenta. This is in agreement with
theoretical expectations and simulations. As expected, the improve-
ment from adding cluster counting is most noticeable at the momen-
tum where the overall performance is worst, making the detector
response more uniform.

6.6. Dependence of PID on window (Z-position)

The prototypes have five windows at five thin aluminium
positions along their 2:7 m length. The reference point is chosen
to be the amplifiers, so the high-voltage connectors at the other
end of the chamber are at 2700 mm. The centres of the five
windows are 283;816;1349;1883 and 2415 mm from the
amplifiers.

Most tests were performed at the windows 1349 and 1883 mm
from the amplifiers, but a sequence of runs was taken to deter-
mine the effect of the signal propagating along the sense wire. The
sense wire voltages were chosen as described in Section 2.3 at the
middle position, but left unaltered for the other windows in
the sequence. Thus the oscilloscope and amplifier saturations
may change as a function of beam position.

The tungsten wire is very thin and has a non-negligible DC
resistance (421Ω for the 20 μm diameter wire), so it was expected
that the performance would be better at the windows closer to the
amplifiers. Indeed the runs taken at the two windows closest to
the amplifiers have slightly higher efficiencies (Fig. 25) than at the
two furthest windows, but the difference is not large. The variation
for this small data set is also not monotonic, the second-closest
window to the amplifiers shows inexplicably better performance
than the closest.

6.7. Cables

As mentioned in Section 2.4, we tested two different cable types,
and the effect of adding an additional header connector to simulate
needing to feed through a bulkhead. Unlike the previous sections, we
did not compare the performance of the cluster-counting algorithms
using parameters optimized on the single run with non-optimal
parameters. Thus the individual performance numbers may be opti-
mistic, but the comparison between cable types can still be done. In
Fig. 26 we show the result from several runs using an amplifier with
50Ω input impedance. The low gain columns have the Chamber A
sense wire voltage at 1820 V, while the high gain columns are at
1835 V. The high gain voltage was chosen according to Section 2.3.
Since our gain-doubling voltage is approximately 60 V, the low gain
columns have about 84% the gain of the high gain columns. The
voltages are higher than for the runs described in the earlier sections
because the amplifiers have different electronic gain. The cable types
1855 and 179 are described in Section 2.4, while the Y and N
designations indicate the presence or absence of the extra header
connector, respectively.

A general trend to be noticed is that the high gain columns
have noticeably better performance than the low gain columns,
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Fig. 22. Track-wise weighed average of time intervals between clusters, in 50 ps
units for each particle species. This is a run at 210 MeV/c. The three peaks from left
to right are from positrons, pions, and muons, respectively.
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Fig. 23. Variation in PID performance at the three gas gains that were explored.
This is a run at 210 MeV/c using an inverting 370 Ω amplifier.
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Fig. 24. Variation in PID performance with momentum. These three runs all use
the same amplifier with 370 Ω input impedance.
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• Unfortunately, we joined Belle II too late to implement 
the concept there. 
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The present
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Canadian activities on Belle II 

• We did not join early enough to take on a hardware 
project, but we did join the calorimeter group.


• Responsible for 


• Calorimeter calibration


• Calorimeter software


• Trigger menu / high-level trigger algorithms
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• Significant contributions:


• Computing


• Collaboration organization. 
  - Mike Roney is executive board chair;  
  - I was chair of institutional board; 
  - speakers committee; publications committee.


• Physics
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Belle algorithm

New algorithm

Torben Ferber (postdoc) wrote 
new reconstruction software 

designed for higher luminosity

Savino Longo (longos@uvic.ca) ICHEP 2018

CsI(Tl) Pulse Shape Discrimination at Belle II

13

• Offline waveforms are characterized with photon+hadron component fit. 

• Hadron response for all crystals is calibrated using Fourier analysis to compute 
the impulse response for each calorimeter crystals signal chain.

CsI(Tl) Diodes Preamp ShaperDSP

RHadron(t) = LHadron(t) ⇤ IShaperDSP(t)IShaperDSP(t) = IFT
�FT (R�(t))
FT (L�(t))

�
FT = Fourier Transform 
IFT = Inverse Fourier Transform

Sample Fit of Hadron Pulse in Collision Data

Belle II Phase 2 data – preliminary

Savino Longo uses waveform time 
structure to distinguish hadrons 
from photons: new particle ID 

capability for Belle II 

Miho Wakai is developing NN 
tools for position resolution = 

better mass resolution for high-
momentum π0  
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Canadian contribution to Belle II computing

• Approximately 10% of offline computing from Compute 
Canada; simulation production.


• Canadian data center will store and process 15% of the 
2nd copy of the raw data. 


• Funded by CFI in November 2020. $2M in CFI funds. 
$3M in-kind funding from collaboration computing 
resources; no provincial funds.  
  - Randy Sobie (PI) + other faculty.
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Dark sector / dark photons

• Wide range of “dark sector” models address dark matter 
and/or various anomalies. Particularly simple model that 
can explain observed relic densities has dark matter χ 
and a dark photon A′.


• Can be produced at Belle II.

23

only the γ is visible in Belle II the γ and both muons are visible
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Limits on dark sector parameters from BaBar and 
projections for Belle II

• Initial analysis will have sensitivity to parameter space that 
would explain observed dark matter properties.

24

These parameters predict astronomical dark matter. 
Derived from E. Izaguirre, G. Krnjaic, P. Schuster, 

N. Toro, Phys. Rev. Lett. 115, 251301 (2015)

Belle II projection, 20 fb-1

KEK-2018-27, 

arXiv:1808.10567 [hep-ex]

BaBar limit, 50 fb-1 

Phys. Rev. Lett. 119, 
131804 (2017)
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The future
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Belle II outlook

• We start a 15-month shutdown to install a new 2-layer 
pixel detector in July 2022.  
  - also some accelerator work.


• Planning for a second long shut down 2026/2027, 
primarily for accelerator upgrades. Current design of final 
focus cannot achieve desired peak luminosity.


• SuperKEKB international task force will put forward 
recommendations this fall.  
   - electricity costs indicate a solution other than current.
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SuperKEKB luminosity projection

• Peak instantaneous luminosity 4×1034 cm-2s-1 (world 
record), 8% of design. 

27

Projection of integrated luminosity delivered by SuperKEKB to Belle II  

Target scenario: extrapolation 
from 2021 run including expected 
improvements.
  

Base scenario: conservative 
extrapolation of SuperKEKB 
parameters from 2021 run  

• We start long shutdown 1 (LS1) from summer 2022 for 15 months to replace VXD. There will be other 
maintenance/improvement works of machine and detector.

• We resume physics running from Fall 2023.
• A SuperKEKB International Taskforce (aiming to conclude in summer 2022) is discussing additional improvements.
• An LS2 for machine improvements could happen on the time frame of 2026-2027

LS1

[fb-1]

[YY/M/D]

480fb-1

510fb-1

1.5–4 ab-1 by 2026 
(goal is 50 ab-1)
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Polarized electron beam for SuperKEKB —  
“Chiral Belle”

• In parallel with the studies of luminosity upgrades, Mike 
Roney is putting together a proposal to polarize the e- 
beam. 


• Enable measurements of sin2θW in e+e-, μ+μ-, τ+τ-, cc̄, 
and bb̄ with precision similar to LEP/SLD, but at a new 
energy scale. 


• Sensitive to new physics,  
e.g. parity-violating dark Z. 

28

Figure 2: Left: Dark blue band shows Q2-dependent shift in sin2 ✓W caused by a 15 GeV mass dark
Z, adapted from [6]. Right: Comparison of the di↵erence between sin2

✓W at Q2 = 10.582GeV2 for
the SM and in a model with two values of the product of the model-dependent parameters, ✏�, as a
function of mdarkZ . The projected precision of the measurement of sin2

✓W with 40 ab�1 at Chiral
Belle is indicated by the red line. The magnitude of the SM theory error on sin2 ✓W is shown by
the yellow band.

Table 1 also indicates the uncertainties on sin2
✓
eff
W that can be achieved with 40 ab�1 of polarized

beam data - the combined uncertainty at Chiral Belle would be comparable to the Z0 world average
measured uncertainty of±0.00016 from LEP and SLD[1] but made away from the Z0-pole at an order
of magnitude lower energy scale. Assuming lepton universality, the uncertainty on sin2

✓
eff
W from

the three Chiral Belle lepton measurements, including the common systematic uncertainty on the
beam polarization measurement, is projected to be ±0.00018. Figure 1 shows the determinations
of sin2

✓W as a function of energy scale at present and future experimental facilities including
SuperKEKB upgraded with a polarized electron beam delivering 40 ab�1 of data to Belle II.

This electroweak program with polarized electron beams in SuperKEKB would also provide
the most precise tests of neutral current vector coupling universality for all available final-state
fermions. The ratio of Af1

LR/A
f2
LR, which provides a measure of the ratio g

f1
V /g

f2
V , does not depend on

the beam polarization, which cancels in the ratio. Because of this cancellation, the universality ratio
is measured with an uncertainty dominated by statistics. For example, gbV /g

c
V would be measured

with a relative uncertainty below 0.3%, an order of magnitude lower than the current uncertainty
on this ratio. In addition, right-handed b-quark couplings to the Z can be experimentally probed
with high precision at Belle II with polarized beams. Also, measurements with the projected
precision will enable Belle II to probe parity violation induced by the exchange of heavy particles
such as a hypothetical TeV-scale Z

0 boson(s). If such bosons only couple to leptons they will not
be produced at the LHC. Moreover, the SuperKEKB machine will have a unique possibility to
probe parity violation in the lepton sector mediated by light and very weakly coupled particles
often referred to as “Dark Forces”. Such forces have been entertained as a possible connecting link
between normal and dark matter [7, 8]. SuperKEKB with polarization would be uniquely sensitivity
to “Dark Sector” parity violating light neutral gauge bosons, especially when Zdark is o↵-shell and
with a mass between roughly 10 and 35 GeV [6] or even up to the Z0 pole, or couples more to the
3rd generation (see Figure 2).

4

arXiv:2205.12847
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• Will replace existing dipoles with combined function 
spin-rotators. Can be made transparent to the rest of 
the SuperKEKB lattice.  

• Conceptual design underway.  
Goal would be installation  
before the end of the decade. 
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9.2 Dipole-Solenoid-Quadrupoles Combined Function Magnets Con-
cept

This section describes the conceptual design of the spin rotator with combined function magnets
proposed by Uli Wienands (Argonne National Laboratory). The basic idea is to replace a small
number of existing HER dipoles on either side of the interaction point (IP) with the rotator magnets
in a manner that renders the change transparent to the rest of the lattice and HER operation. This
design is intended to introduce the spin rotators with minimal changes to the HER. In this design,
the spin rotator magnet consists of dipole-solenoid combined function magnets with six solenoid-
quadrupole magnets installed on the top to compensate for the x-y plane coupling caused by the
solenoid [67], as shown in Figure 29. The strength of the dipole is maintained as the original
to preserve the machine geometry. Also, this design allows the original machine to be recovered
by minimizing any disruption to the existing ring, such as by turning o↵ the solenoid-quadrupole
field in the rotator magnet. As Figure 30 shows, the spin rotator has two components: the left
rotator (L-Rot) located at ⇠ 210 m upstream of the IP, the right rotator (R-Rot) located at ⇠

169 m downstream of the IP. The L-Rot is to rotate the vertical spin of the incoming beam to
some direction in the horizontal plane, and dipoles located between L-Rot and the IP continue
to rotate spin until it reaches the longitudinal direction. Then, the R-Rot rotates the horizontal
spin back to the vertical. The choice of the rotator’s installation position has to consider the
following constraints: 1) minimizing the impact on the machine dynamics caused by installing the
spin rotator; 2) the rotator magnet strength not exceeding the technical limit. The installation
position must avoid the region ±100 m near the IP and keep the area between L-Rot and R-Rot as
narrow as possible because the vertical polarization is most stable in the ring due to the vertically
induced dipole field. Also, it is beneficial to minimize the number of dipoles that will be replaced.
The technical limit is imposed based on considering the possible technology applied to manufacture
the combined functions magnets, such as the direct wind technology [68]; the technical limit is 5 T
for the solenoid and 30 T/m for the skew-quadrupole. Considering all the constraints listed above,
the four B2E dipoles (field: 0.22075 T, length: 5.9 m) in Figure 30 are determined to be the optimal
positions to install and the detail is given in the Reference [69].

Figure 29: Uli Wienands’ (ANL) concept for a compact combined function spin rotator unit with
overlaid dipole, solenoid and skew-quadrupole superconducting coil fields.

The installation of the rotator is for the e� polarization purpose only; the original machine
dynamics must be preserved as much as possible, which is called “transparency”. Procedures
performed to achieve transparency include the decoupling, optical rematching, and restoring of ring
parameters. The x-y plane is decoupled at the exit of the rotator by fitting the skew-quads. The
optical functions, such as the beta, alpha, and dispersion, need to be matched to the original at
the exit of the rotator region by tuning nearby existing quadrupoles to restore the beam dynamics.
Also, the overall ring parameters such as the Tunes and the chromaticities need to be the same as
in the original lattice to make the rotator fully transparent to the ring.
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Combined function spin rotator 
magnets proposed by Uri Weinands
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