
Upgrades of Belle II (beyond Int(L dt) = 50 ab-1 up to 250 ab-1)

Some of the relevant Snowmass White Papers, describing future physics opportunities at Belle II

Tom Browder (University of Hawai’i)
Mike Roney (University of Victoria)

https://arxiv.org/abs/2203.07189, MC simulation of NP and Delta Observables for BàD* l 𝝂

https://arxiv.org/abs/2203.06827,  MC simulation of NP and Delta Observables for BàK* l+ l-

Executive Summary of Belle II/SuperKEKB White Papers: https://arxiv.org/abs/2203.10203
Belle II Detector Upgrades White Paper https://arxiv.org/abs/2203.11349
SuperKEKB Electron Polarization Upgrade White Paper 
https://drive.google.com/file/d/14vnE4U0spOJBJwPhQA7pVybHlq-MvobQ/view
Belle II Physics Program White Paper 
https://www.slac.stanford.edu/~mpeskin/Snowmass2021/BelleIIPhysicsforSnowmass.pdf

Opportunities for Precision QCD at Belle II https://arxiv.org/abs/2204.02280
Charged Lepton Flavor Violation in the Tau Sector 
(joint paper of Belle II and other future experiments)  https://arxiv.org/abs/2203.14919

See talks by Rusa
Mandal and Lopa
Mukherjee

See talks by 
Anselm Vossen
and Swagato
Banerjee.

New Hadrons 
by Bryan 
Fulsom
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https://arxiv.org/abs/2203.06827
https://arxiv.org/abs/2203.10203
https://arxiv.org/abs/2203.11349
https://drive.google.com/file/d/14vnE4U0spOJBJwPhQA7pVybHlq-MvobQ/view
https://www.slac.stanford.edu/~mpeskin/Snowmass2021/BelleIIPhysicsforSnowmass.pdf
https://arxiv.org/abs/2204.02280
https://arxiv.org/abs/2203.14919


The Geography of the International Belle II collaboration

This is rather unique in Japan. The only comparable 
example is the T2K experiment at JPARC, which is also an 
international collaboration

Youth and potential: There are ~330 graduate students in the collaboration

Belle II now has 
grown to ~1000 
researchers from 
26 countries



Brookhaven National Laboratory (BNL)
Carnegie Mellon University
Duke University
Iowa State University
Indiana University
Kennesaw State University
Luther College
Pacific Northwest National Laboratory (PNNL)
Virginia Tech

University of Cincinnati
University of Florida
University of Hawai’i
University of Louisville
University of Mississippi
University of Pittsburgh
University of South Alabama
University of South Carolina
Wayne State University

US Belle II, 18 
institutes, 120 
members



Belle II Physics “Mind Map” for Snowmass 2022

Dashed lines indicate extensions to SuperKEKB/Belle II that can enhance 
the physics reach of the facility. Details in 

Wealth of new physics possibilities in different domains of HEP (weak, strong, 
electroweak interactions). Many opportunities for initiatives by young scientists.

https://confluence.desy.de/display/BI/Snowmass+2021

FAQ: Is there really 
enough physics for 
330 graduate 
students ?
Ans: Absolutely, c.f. B 
factory experiments, 
>500 papers. Most  by 
Phd student/advisor, 
postdoc or  small group.

Today, we focus on the B 
physics neurons and briefly 
touch the ElectroWeak
polarization neuron and new 
physics opportunities at 250 
ab-1



Now will describe some speculations about how Belle II might discover new 
physics and discuss whether significantly more data is needed.

Exploring the unknown with bàs
“electroweak penguins”: (neutral current)

Research penguinPhoto Credit: National 
Geographic

Discovering NP with bàc l 𝜈
“trees”: (charged current)

Sequoia National Forest



What happens beyond 50 ab-1 ?

JAHEP report to 
Snowmass: Arxiv
2203:13979 

The dagger refers to a measurement in the range 1 < q2 < 6 GeV2/c2



Without Belle II measurements of ACP(B0àK0 π0) , we are stuck.

https://arxiv.org/abs/2104.14871

Requires neutrals 
and flavor tagging.

The isospin sum rule 
detects enhanced 
NP electroweak 
penguins in BàK 𝜋

With Belle II@250 
ab-1 , expect a 
sensitivity of 
~0.018

Michael Gronau



BàD(*) τ υ, there is a possible breakdown of lepton universality

Some new physics possibilities 
(leptoquarks (LQ), charged Higgs 
type 3 etc..):

With current data from Belle, LHCb and BaBar:  
Evidence of lepton universality breakdown in 
semileptonic B decays with  τ leptons. Last Belle 
measurement with semileptonic tags brings down 
the WA discrepancy from 4à3.4σ. With Belle 
II@250 ab-1, expect R sensitivities below 0.3% and 
can do NP angular distributions using 𝜏 → 𝜋𝜈

R(*)
D = ℬ(B → D(*)τντ)

ℬ(B → D(*)ℓνℓ)
This could be NP in the weak bàc charged current

N.B. Systematics 
are included.

Use ratios to 
reduce 
dependence 
of SM 
predictions 
on FF’s.



Altmanshofer, Stangel fit to all data (mostly LHCb)
https://arxiv.org/pdf/2103.13370.pdf

New Physics Couplings in bàs

Ken Wilson

Be very careful about 5𝜎 NP claims, leftmost 
column assumes minimal QCD, resonance effects 
in angular asymmetries and q2 distribution. 

C9 :  >5𝜎
from the 
SM

The primes are right-
handed couplings.

Feynman 
family and 
diagrams



The solution is the
Delta (Δ) Observables.

https://arxiv.org/abs/2203.06827

Resonant bàc cbar s 
contributions

https://arxiv.org/abs/2203.06827


Belle has tried out some of the Δ Observables with 0.7 ab-1

S. Wehle, C. Niebuhr, S. Yashchenko, et al. (Belle 
Collaboration), PRL118, 111801 (2017) 

ΔP′ 5 = P′ 5(B → K*μ+μ−) − P′ 5(B → K*e+e−)
ΔP′ 4 = P′ 4(B → K*μ+μ−) − P′ 4(B → K*e+e−) a.k.a. Q4

a.k.a. Q5

https://doi.org/10.1103/PhysRevLett.118.111801


Belle II is gearing up for lepton universality 
tests (a few examples from data).



Reminder and Motivation:

C9 : Global fit to world bàs data gives a >5𝜎 deviation from the SM

Estimates use pseudo-
experiments with 4-D 
unbinned maximum 
likelihood fits to 4 
variables in BàK* l+ l-
to extract Wilson 
coefficients Ci directly 
from data.

https://arxiv.org/abs/2203.07189

A. Sibidanov et al.

Use q2 >1 GeV2 and 
|q2 –M2|<0.25 GeV2 and 
assume 25% Belle 
efficiency 

https://arxiv.org/abs/2203.07189


Snowmass Bullet Point:
Use the Δ Observables in BàK* l+ l- to discover New Physics at Belle II
without QCD and hadronic uncertainties.

A. Sibidanov et al., https://arxiv.org/abs/2203.07189

https://arxiv.org/abs/2203.07189


Belle II Sensitivity to NP Right-Handed Currents, (C7
’) 

Snowmass Bullet Point:
Use the Δ Observables in BàK* l+ l- to discover New Physics at Belle II
without QCD and hadronic uncertainties.

A. Sibidanov et al., https://arxiv.org/abs/2203.07189

https://arxiv.org/abs/2203.07189


ΔAFB(B → D*+ℓν) = AFB(B → D*+μ−ν) − AFB(B → D*+e−ν) + correlated angular 
asymmetries@250 ab-1

https://arxiv.org/abs/2203.07189Plots: Quinn Campagna (Ole Miss)

Zero in the SM; 
Triple-product T violating asymmetry, 
S7,may reach 0.3% in some NP 
scenarios and be visible @250 ab-1

The Δ 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠 𝑒𝑙𝑖𝑚𝑖𝑛𝑎𝑡𝑒 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑐𝑒 𝑜𝑛 ℎ𝑎𝑑𝑟𝑜𝑛𝑖𝑐 𝐹𝐹𝑠.

https://arxiv.org/abs/2203.07189


ΔAFB(B → D*+ℓν) = AFB(B → D*+μ−ν) − AFB(B → D*+e−ν) + constraints on NP 
coupling 
parameters@250 ab-1

https://arxiv.org/abs/2203.07189Plots: Quinn Campagna (Ole Miss)

Angular asymmetries 
provide a tighter 
constraint on NP 
LFUV couplings 
(right-handed V+A, 
extra left-handed V-A 
and pseudo-scalar 
couplings).

N.B. Form Factor uncertainties cancel out in Δ variables

https://arxiv.org/abs/2203.07189


BàK ν νbar: NP without hadronic uncertainties !

This is one way that Belle II could discover New Physics soon. For example:
https://arxiv.org/abs/2107.01080, Phys. Rev. D. 104, 053007 (2021) 

New Technique from Belle 
II with inclusive ROE (Rest 
of the Event)  tagging.

An emerging anomaly ???

Phys. Rev. Lett. 127, 181802, (2021)

B → Kνν̄

But it is also possible that NP shows up only in bàs l+ l- but not in bàs nu 
nubar or vice-versa. The two classes of EWPs are related but distinct.

Andrezj
Buras

4% experimental error on BàK* ν 𝜈𝑏𝑎𝑟 𝑤𝑖𝑡ℎ 𝐵𝑒𝑙𝑙𝑒 𝐼𝐼@250 𝑎𝑏-1

Width of SM band is FF 
uncertainty

“Note there are 
no charm loops here”-
Wolfgang  A.

https://arxiv.org/abs/2107.01080


• Goal is ~70% polarization with 80% polarized source (SLC had 75% 
polarization at the experiment)

• Electron helicity would be chosen randomly pulse-to-pulse by controlling the 
circular polarization of the source laser illuminating a GaAs photocathode 
(similar to SLC source)

• Inject vertically polarized electrons into the High Energy Ring (HER) - needs 
low enough emittance source to be able to inject.

• Rotate spin to longitudinal before IP, and then back to vertical after IP using 
solenoidal and dipole fields – recent studies have demonstrated feasibility

• Use Compton polarimeter to monitor longitudinal polarization with <1% 
absolute precision, higher for relative measurements (arXiv:1009.6178) -
needed for real time polarimetry – similar to HERA and EIC technologies.

• Use tau decays to obtain absolute average polarization at IP – BABAR analysis 
demonstrates 0.5% precision (see C. Miller, Lake Louise Winter Institute 2022)

Upgrading SuperKEB with Polarized Electron Beams:
“Chiral Belle” uses Belle II with L-R polarized SuperKEKB



“Chiral Belle II” -> Left-Right Asymmetries
•Measure difference between cross-sections with left-handed 
beam electrons and right-handed beam electrons
•Same technique as SLD ALR measurement at the Z-pole giving 
single most precise measurement of :

sin2qefflepton = 0.23098±0.00026
•At 10.58 GeV, polarized e- beam yields product of the neutral 
axial-vector coupling of the electron and vector coupling of 
the final-state fermion via  Z-g interference:

(for s-channel Born)  

20



21

Warning: Does 
not include 
CDF 2022 W 
mass update.

Belle II/SuperKEKB with a polarized e- beam can address 
this long-standing electroweak discrepancy and hint of NP



• Left-Right Asymmetries (ALR) yield high precision measurements of the 
neutral current vector couplings (gV) to each of accessible fermion flavor, f :
• beauty (D-type)
• charm (U-type)

T3 = -0.5 for charged leptons and D-type quarks
+0.5 for neutrinos and U-type quarks

(as well as for 3 charged leptons and light quarks)

22

A New Path for Belle II Discovery in a Precision 
Neutral Current Electroweak Program with Heavy Quarks

Steve Weinberg



Projections of b-quark and c-quark
Neutral Current Vector Coupling 

Sensitivities
with 70% polarized e- beam

UNPRECEDENTED PRECISION

Unique Access to New Physics in bottom-to-charm Neutral Current 
Vector Coupling Universality Ratio via ALR (b-bbar)/ ALR (c-cbar)

1 - Physics Report Vol 427, Nos 5-6 (2006), ALEPH, OPAL, L3, DELPHI, SLD
sin2 QW - all LEP+SLD measurements combined WA = 0.23153 ± 0.00016
sin2 QW - Chiral Belle combined leptons with 40 ab-1 have error ~current WA

Final State 
Fermion

SM World 
Average1   

Chiral Belle 20 
ab-1

Chiral Belle 
50 ab-1

Chiral Belle 
250 ab-1

gv
f (MZ) gv

f (MZ)
s (gV

f) or 
s(gV

b/ gV
c)

s (gV
f) or 

s(gV
b/ gV

c)
s (gV

f) or 
s(gV

b/ gV
c)

b-quark -0.3437 -0.322 ±0.0003(stat) 
±0.0017(sys)

±0.0002(stat) 
±0.0017(sys)

±0.00009(stat) 
±0.0017(sys)

(eff.=0.3) ± .00049 ±0.0077 ±0.0017(total) ±0.0017(total)±0.0017(total)
2.8𝜎 tension Improves x 4 Improves x 4 Improves x 4

c-quark 0.192 0.1873 ±0.0006(stat) 
±0.0009(sys)

±0.00035(stat
) ±0.0009(sys)

±0.00016(stat) 
±0.0009(sys)

(eff.=0.3) ± .0002 ±0.0070 ±0.0011(total) ±0.0010(total)±0.0009(total)
Improves x 7 Improves x 7 Improves x 8

gV
b /gV

c -1.7901 -1.719 ±0.0058     
(stat ~ total)

±0.0034      
(stat ~ total)

±0.00015    
(stat ~ total)

Ratio ± .0005 ± .082 Improve x 14 Improve x 24 Improve x 53
Relative 
error: 0.18% 4.8% 0.32% 0.19% 0.09%

bottom-to-charm
UNIVERSALITY  RATIO

Beam Polarization 
(dominant systematic)

cancels in the ratio

⟩

Get stuck 
at ~20 
ab-1

Use the 
ratio



Conclusions on the Belle II/SuperKEKB upgrade 
physics program @250 ab-1

• Leverage Belle II’s photon, electron,  𝜋0, missing energy sensitivities for rare B 
decays, to measure CKM parameters and find NP.
• Use 𝛥 Observables to find NP in angular asymmetries in bàs and bàc (ideally 

suited for Belle II at ultra- high luminosity, which has strong capabilities for both 
electrons and muons).
• Use the Belle II/SuperKEKB’s e- polarization upgrade and ALR (b bbar)/ ALR (c cbar) 

to resolve a precision electroweak anomaly and discover NP (and bypass the 
systematic limits).
• Belle II has Strong  and Unique Capabilities for New Physics and resolution of the 

major high energy physics anomalies (not just those in B physics).

New members in the Belle II UWG (Upgrade Working Group, chair: Francesco Forti) are 
welcome to join. R&D on Belle II detector upgrades is the current focus.

https://confluence.desy.de/display/BI/Snowmass+2021
Belle II Snowmass 
White Papers:



From December 2021 SCIENCE magazine article by A. Crivellin
and M. Hoferichter.

Belle II’s Strong  and Unique Capabilities 
for New Physics and resolution of HEP 
Anomalies:

Belle II’s unique inclusive and missing energy capabilities.
The current WA for BàK nu nubar (2.4 +-1.1) SM.

ΔAFB(B → D*+ℓν) = AFB(B → D*+μ−ν) − AFB(B → D*+e−ν)

ΔAFB A 4𝜎 deviation from the SM is found in a meta-
analysis of  Belle data (0.71 ab-1)

https://arxiv.org/abs/2104.02094

Belle II; Phys. Rev. Lett. 127, 181802 (2021)

Eur. Phys. J.C. 81 
(2021).

Examples of  how Belle II might find New Physics in the coming years.

But these modes require lots of data….”There is no royal road to new physics” (to 
paraphrase Euclid). Diagnosis of NP may require Int(L dt)=250 ab-1 



From December 2021 SCIENCE magazine article by A. 
Crivellin and M. Hoferichter.

A major supporting role of Belle II in the 
resolution of two more of the other major 
HEP anomalies (g-2) and the Cabibbo Angle 
Angle Anomaly.  See Belle II White Papers
and talks by Anselm Vossen and Swagato
Bannerjee.

Critical role of Belle II for the 
resolution of  B physics anomalies.

Snowmass bullet points 
for NP:

In many cases, Int(L dt) =250 ab-1 >> 50 
ab-1 may be needed at Belle II to 
diagnose the nature of the new physics
(e.g. Wilson coefficients in bàs l+ l- or 
NP couplings in BàD* l 𝜈)



Snowmass Backup 
Materials



May 16, 2022: SuperKEKB
passed L=4 x 1034/cm2/sec. 
A new world record for 
accelerators.

This about 3.5 times higher 
than L_max(PEP-II/BaBar) with 
a factor of 5 lower product of 
beam currents.  A factor of two 
better than KEKB. Nanobeams 
work !

KEK has convened an 
International Task Force 
(ITF) for SuperKEKB to 
map out a path to the target 
luminosity 6 x 1035/cm2/sec.

ITF Participation from 
accelerator teams at CERN 
(FCC-ee), IHEP, ESRF, 
BNL, SLAC….

Also see Snowmass paper on beam bkgs
A. Natochii et al . http://arxiv.org/abs/2203.05731



https://arxiv.org/abs/1808.10567
Outcome of the B2TIP (Belle II Theory Interface) Workshops (2014-2018)
Emphasis is on New Physics (NP) reach.

Strong participation from theory community, 
lattice QCD community and Belle II experimenters.
689 pages, published by Oxford University Press

Some updates in
Belle II Physics Program White Paper 
https://www.slac.stanford.edu/~mpeskin/Snowm
ass2021/BelleIIPhysicsforSnowmass.pdf

https://arxiv.org/abs/1808.10567
https://www.slac.stanford.edu/~mpeskin/Snowmass2021/BelleIIPhysicsforSnowmass.pdf


Assume 
Belle 
efficiency






