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Recent work associated with upgrading the SuperKEKB 𝑒+𝑒− collider with polarized electron
beams and Chiral Belle’s program of unique precision measurements using Belle II will be
described. These include five values of sin2 𝜃𝑊 via left-right asymmetry measurements (𝐴𝐿𝑅)
in 𝑒+𝑒− → 𝑒+𝑒− , 𝜇+𝜇− , 𝜏+𝜏− , 𝑐𝑐, 𝑏𝑏̄. 𝐴𝐿𝑅 yields values of the neutral current (NC) coupling
constant of each fermion species that will match (e,𝜏) or greatly exceed (b, c, 𝜇) existing 𝑍0

world averages precision, but at 10 GeV, thereby providing unique probes of the running of 𝜃𝑊 .
The program also probes new physics via the highest precision measurements by many factors of
NC universality and tau lepton properties, including the tau g-2. After providing an update on
Chiral Belle’s physics potential, we will report on recent R&D related to provision of the required
hardware, including modest upgrades to the SuperKEKB electron ring.
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1. Introduction

New windows for discovery with the Belle II experiment are opened with the SuperKEKB
𝑒+𝑒− collider upgraded to have polarized electron beams stored in its High Energy Ring (HER),
along with the collider’s high luminosities, as introduced in the Snowmass White Paper [1].

With a few tens of inverse attobarns collected with 70% polarized electron beams, Belle II will
have a novel scientific program, referred to as ‘Chiral Belle’, that uniquely probes new physics with
heavy flavours at the precision frontier and at a center-of-mass energy of 10.58 GeV. This paper will
first summarize the physics potential of the proposed Chiral Belle program. It will then summarize
the three hardware upgrades that enable the Chiral Belle physics program along with updates to the
associated R&D. The plan is to introduce and run with polarized beam while Belle II accumulates
its 50 ab−1 sample, as data with polarized beam is also to be used for Belle II’s current unpolarized
physics program. This results in Belle II/SuperKEKB substantially exceeding its original physics
deliverables, once a modest investment in the polarization upgrade program is made along with
improvements to the luminosity.

2. Chiral Belle Physics Program

By upgrading SuperKEKB to have polarized electron beams along with its high luminosity, the
Belle II experiment will have unique access to high-impact precision neutral current measurements
at 10 GeV centre-of-mass that render it sensitive to new physics processes involving heavy flavours.
In particular, sin2 𝜃𝑊 will be determined by measuring the parity violating left-right asymmetries,
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2𝜃𝑊 (𝑇 𝑓 is the weak isospin of 𝑓 and 𝑄 𝑓 its charge), will be measured separately

for electrons, muons, taus, c-quarks and b-quarks - the final state fermions that are produced at
10 GeV and that can be uniquely identified by Belle II. They will be measured with a precision
comparable to that obtained at the 𝑍0-pole and therefore provide unique probes of the running
of neutral current vector couplings of each of the 1st, 2nd and 3rd generation fermions with high
precision. Discrepancies in the running of sin2 𝜃𝑊 from the Standard Model are predicted in
some Dark Sector models involving the presence of beyond-the-Standard Model parity violating
bosons with masses below the 𝑍0 [2, 3]. Chiral Belle will be the only program that will provide
precise neutral current measurements of charm and beauty quarks and all three charged leptons at
energies below the 𝑍0-pole. In this way it complements the MOLLER experiment [4], which will
have a comparable precision but only involves electrons and at a lower energy (∼100MeV). It also
complements future measurements at the EIC [5], which will probe a similar energy regime, but at
lower precision and only involving 1st generation fermions. As such, this will be the only program
that can probe the flavour sensitivity of beyond-the-Standard Model parity violating bosons with
masses below the Z0.

Beyond testing the runnning of sin2 𝜃𝑊 , the ratios of neutral current vector couplings between
pairs of fermions, which test the univerality of the couplings, will also be measured with substantially
higher precision than has been reported for world average ratios. This is because Chiral Belle’s
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measuremenents of ratios of 𝐴
𝑓

𝐿𝑅
for different fermions benefits from the cancellation of the

dominant beam polarization systematic uncertainties. For example, with only 10 ab−1 of data, the
b-to-c quark coupling ratio will be measured with a relative precision of 0.6%, to be compared
with the current world average uncertainty of 4.8%. With 40 ab−1 one expects the measurement
of the ratios to be 14 times more precise than current world average. As these ratios are precisely
predicted in the Standard Model because of universality, deviations in any of them would signal
New Physics beyond the Standard Model.

Having polarized electron beams also enables a measurement of the Pauli form-factor, 𝐹2(𝑞2),
of the 𝜏 at 10 GeV via asymmetry measurements in 𝑒+𝑒− → 𝜏+𝜏− events. This will provide the
only way to experimentally study the third-generation 𝑔 − 2 at an interesting precision. A 40 ab−1

sample of polarized beam data will yield a measurement at the 10−5 level [6], which represents a 1%
precision on the "Schwinger term" of the anomalous magnetic moment and is orders of magnitude
more precise than current limits on the 𝜏 𝑔 − 2. This will be the only experiment planned to run in
the next couple of decades that can reach this level of precision.

The SuperKEKB polarized beam physics programs also includes precision measurements of
Michel parameters of leptonic 𝜏 decays, studies of QCD hadronization, and precision measurements
of the electric dipole moment of the 𝜏. The polarized electron beams also enable Belle II to improve
sensitivities of lepton flavor violation searches in 𝜏 decays. In the longer term, the 𝜏 anomalous
magnetic moment measurement can reach the O(10−6) level if SuperKEKB is upgraded further to
very high luminosity. At that level of precision, this would be equivalent to the difference between
the measured muon 𝑔 − 2 and the Standard Model predictions scaled by (𝑚𝜏/𝑚𝜇)2, as motivated
in Minimal Flavor Violation scenarios. However, to reach O(10−6) will require substantially more
statistics than 40 ab−1 of polarized beam data as well as improvements in the measurements of 𝑚𝜏

and 𝑚Υ(1𝑆) , and additional theoretical work [6].

3. Update on R&D for the Polarization Upgrade

In order to access this novel precision-frontier Chiral Belle program, the planned upgrades
to increase SuperKEKB luminosity towards a target of 6 × 1035 cm−2s−1 are needed, which are
also required for the unpolarized Belle II program. In addition, three polarization-related pieces of
hardware must be installed: i) the low-emittance polarized source, which will inject transversely
polarized electrons into the HER of SuperKEKB, either with spin-up or spin-down, which are the
stable spin-states in the dipole fields of the 3 km circumference HER synchrotron; ii) a set of spin
rotator magnets in the HER that change the spin of the electrons from transverse to longitudinal
just before the interaction point (IP), which is instrumented with the Belle II detector, and a second
set of spin rotators after the IP which rotates the spin from longitudinal back to transverse; and iii)
a Compton polarimeter that provides online measurements of the beam polarization just before the
IP and after the first spin rotator magnet system.

The polarized source will consist of a laser illuminating a GaAs photocathode and will have the
helicity of the electrons changed by controlling the circular polarization of the source laser, which
was the same method used for the SLC, SLAC-E158 and QWeak experiments. In the actual running
of the experiment, the strategy for changing the polarization state in the HER will be determined
in a manner that minimizes the systematic uncertainties in the 𝐴

𝑓

𝐿𝑅
measurements. The polarized
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source R&D efforts are focused on developing a photocathode for short laser pulse duration, high
spin polarization, long photocathode lifetime and low emittance; see for example [7]. R&D on the
polarized source has many synergies with the polarized source development for the Electron Ion
Collider project at Brookhaven National Lab. Because the electrons emitted from the photocathode
are in a longitudinally polarized state, the spin must be rotated to transverse immediately after
the photocathode, using a Wien filter or bending magnet system, so that transversely polarized
electrons are injected into the linac supplying the HER beam. Spin tracking studies from the
source, through the linac and injector lattice using using Bmad software [8] demonstrate that the
transverse polarization state of the electron beam is preserved after being injected into the HER.
Bmad multi-particle long term tracking studies show that the transverse polarization is maintained
in the HER with a polarization lifetime far exceeding the lifetime of the beam [1].

In order to ensure that the SuperKEKB high luminosity is fully maintained, as required for
Belle II’s both unpolarized and polarized physics programs, it is critical to deploy a spin rotator in the
HER that does not impact the rest of the HER lattice operation - i.e. is "transparent" to the rest of the
lattice. The solution, proposed by Uli Wienands (Argonne National Laboratory), involves replacing
existing dipole magnets in the HER with compact combined function magnets consisting of a dipole,
a solenoid and a system of six skew-quadrupole fields. Two of these compact combined function
magnets would be installed before the IP and two after the IP. This design minimizes disruptions
to the existing lattice and easily allows for the operation of the HER without any spin rotator
magnet fields by turning off the solenoid and skew-quadrupole fields with only the dipole fields on,
thereby recovering the HER without the spin rotators. Frequency Map Analysis dynamic aperture
studies with the spin rotators installed in the HER have shown that stable beams can be maintained
with marginal changes to the dynamic aperture of the lattice [1]. More recent multi-particle
long term tracking studies, which include radiation damping and radiation fluctuations/quantum
excitation effects, and which explore non-linear features of beam and polarization lifetimes have
been conducted using Bmad. Those demonstrate that the beam is stable with compact spin rotators (5
million turns with 20 particles with no lost particles) and that adequately long polarization lifetimes
are achieved (25 minutes, approximately 10 top-up times) when the HER energy is increased to
7.05 GeV from its current value of 7.00 GeV.

It has been demonstrated [9] that the Compton polarimeter can be installed in a manner and
at a location that minimizes disruptions to the existing lattice. The design described in [9] can
achieve polarization measurements having a statistical uncertainty of 1% in five minutes of data-
taking and with systematic uncertainties of less than 0.5%. One unique feature of the Chiral Belle
program is that Belle II will also be able to precisely measure the beam polarization at the IP via the
analysis of the spin-dependent kinematics of hadronic 𝜏 decays produced in 𝑒+𝑒− → 𝜏+𝜏− events.
Since these measure the beam polarization at the IP itself, this technique enables Chiral Belle to
control systematic uncertainties on the beam polarization measured with the Compton polarimeter
associated with transporting the polarization measurement from the Compton polarimeter to the
IP. The tau polarimetery method has been applied in data with the BaBar experiment [10]. In [10]
the technique is described in detail and the statistical and systematic uncertainties using PEP-II
𝑒+𝑒− collision data collected with the BaBar detector at the Υ(4𝑆) center-of-mass energy have
been demonstrated to have a statistical precision of 0.34% with 424 fb−1 of data and a systematic
uncertainty of 0.29%. This level of precision is sufficient to achieve the physics goals described
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above.

4. Upcoming Studies

The SuperKEKB Beam Polarization Conceptual Design Report is in preparation and R&D
work is continuing. A funding request to construct a prototype of the compact combined function
spin rotator magnet using the Direct Wind technique at Brookhaven National Laboratory will be
submitted in the coming months as are funding requests for the Compton polarimeter engineering
and prototypes. Work is also progressing on the development of polarized source photocathodes
with low emittance, short pulse duration, high polarization and long lifetime. Given the promising
results of the studies to date, a proposal is being prepared for a Touschek Polarization Lifetime
Experiment which will measure the lifetime of the transverse polarization in the current HER. In
this experiment [11], expected to use approximately two days of SuperKEKB time immediately
before a summer or winter shutdown, a polarized source will inject transversely polarized electrons
into the HER. The transverse polarization lifetime will then be measured using the fact that the
intrabeam Touschek scattering lifetime depends on the transverse polarization. The polarization
dependence of the Touschek lifetime has been used in past resonant depolarization measurements,
see e.g. [12], and will be a factor in the beam lifetime at the FCC-ee [13]. It is expected that an
HER beam polarization of 70% will increase the Touschek lifetime by 4%. The Belle II background
group has measured the Touschek lifetime in the HER to the few permil level already and will deploy
the same methods to measure the polarization lifetime in the HER without having to install any
additional polarimetry hardware. The Touschek Polarization Lifetime Experiment is intended to
provide an experimental validation of the Bmad multi-particle long term tracking studies predicting
a long transverse spin lifetime. It may also be used in resonant depolarization studies of the HER.

These further R&D studies will provide the input for the Technical Design Report with cost
estimates. The capital costs of the spin rotators, Compton polarimeter and polarization source are
expected to be substantially less than half of the annual power costs of operating the SuperKEKB
accelerator with a significant fraction of those capital costs being provided by non-Japanese groups
on Belle II. Assuming no major hurdles are encountered, it is reasonable to plan for construction of
the polarization upgrade components to commence towards the end of this decade with installation
occuring during SuperKEKB long shutdown and summer shutdown periods. Such a plan would
have the polarization program commencing while SuperKEKB completes its planned delivery of
50 ab−1 to Belle II.
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