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➢ Accelerator: KEKB → SuperKEKB

➢Detector: Belle → Belle II



SuperKEKB accelerator
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• Came back to the game in March 2019.
• First time to use the Nano-beam scheme, verify it!
• Lum. record in 2021 run: 3.81 × 1034.
• Expect to achieve 𝟏𝟎𝟑𝟓 𝒄𝒎−𝟐𝒔−𝟏 in 2022.
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Designed luminosity of SKB

➢ Max daily lum: ~2.2 fb-1

➢ KEKB in 2001:~20 fb-1 

𝑳𝒑𝒆𝒂𝒌 = 𝟑. 𝟖𝟏 × 𝟏𝟎𝟑𝟒 𝒄𝒎−𝟐𝒔−𝟏

in 2021 run



Capability of the Belle II experiment
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First super B factory

17种基本粒子



Belle II探测器
➢ 正负电子对撞，本底

水平低！
➢ 超导聚焦磁场将束流

尺寸压低到纳米量级；
➢ 全覆盖立体角探测器，

可探测中性粒子；
➢ 可利用对撞质心系；
➢ 对含中性粒子末态测

量有优势。

国际前沿重味物理探测器：LHCb和Belle II
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4 GeV e+

7 GeV e–

中心漂移室

硅顶点
探测器

电磁量能器

粒子鉴别系统KL和缪子探测器Belle II
探测器

SuperKEKB
加速器

LHCb探测器
➢ 质子-质子对撞，信号产额大！
➢ 单臂式探测器，重点探测前冲

角度；
➢ 大量的硅探测器，顶点和径迹

重建性能非常好；
➢ 对纯带电末态测量有优势。

p
p

重量：1400吨
高度：7.1米
长度：7.4米

世界上两个最先进的探测器！
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654页！

物理研究内容十分丰富！

粒子物理版
大兴机场

Belle II Physics



底夸克：质量最大
的稳定夸克，研究
味物理的理想夸克

弱相互
作用力

D型
夸克

夸克间带电流相互作用的拉格朗日量：

ℒ𝑾± = −
𝒈

𝟐
𝑼𝒊𝜸

𝝁
𝟏 − 𝜸𝟓

𝟐
𝑽𝑪𝑲𝑴 𝒊𝒋𝑫𝒋𝑾𝝁

+ + 𝒉. 𝒄.

标准模型中的味物理机制：CKM矩阵
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弱作用
本征态

CKM
矩阵

质量
本征态

Wolfenstein参数化形式

CKM矩阵的幺正性：

𝑽𝑪𝑲𝑴𝑽𝑪𝑲𝑴
† = 𝑰

➢ 得出六个幺正三角形，其中两个𝑶(𝝀𝟑)级别
➢ 幺正性是CKM测量的主要内容，对寻找和研

究新物理的贡献十分敏感！
➢ Jarlskog参数：衡量CP破坏的大小

𝑱𝑪𝑷 = 𝝀𝟔𝑨𝟐𝜼

U型
夸克



CKM矩阵的精确测量

角𝛾：测量𝑏 → 𝑐
与𝑏 → 𝑢的干涉

角𝜷：测量𝒃 →
𝒄𝒄𝒔含时过程

角𝜶：同位旋分析测量



CKM当前的测量精度
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|𝑽𝒖𝒃|：对𝑩 → 𝑿𝒖𝒍𝝂的测量
➢ 单举过程：
|𝑉𝑢𝑏|𝑖𝑛 = (3.67 ± 0.09 ± 0.12) × 10−3

➢ 遍举过程：
|𝑉𝑢𝑏|𝑒𝑥 = (4.49 ± 0.16−0.17

+0.16 ± 0.17) × 10−3

➢ |𝑉𝑢𝑏|𝑒𝑥与|𝑉𝑢𝑏|𝑖𝑛的差别超过3𝜎！

|𝑽𝒄𝒃|：对𝑩 → 𝑿𝒄𝒍𝝂的测量
➢ 单举过程：

|𝑉𝑐𝑏|𝑖𝑛 = (42.2 ± 0.8) × 10−3

➢ 遍举过程：

|𝑽𝒕𝒅|和|𝑽𝒕s|：通过𝑩 − 𝑩震荡等
|𝑉𝑡𝑑| = (8.1 ± 0.5) × 10−3

|𝑉𝑡𝑠| = (39.4 ± 2.3) × 10−3

Wolfenstein参数化：
𝜆 = 0.22453 ± 0.00044, A = 0.836 ±0.015
𝜌 = 0.122−0.017

+0.018, 𝜂 = 0.355−0.011
+0.012

➢ 衡量CP破坏的𝐽𝑎𝑟𝑙𝑠𝑘𝑜𝑔参数：
𝐽𝐶𝑃 = (3.18 ± 0.15) × 10−5

幺正三角形内角：
𝛼 = (86.2−4.0

+4.4∪ 178.4−5.1
+3.9)°

𝛽 = (22.14−0.67
+0.69)°, 𝛾 = (71.1−5.3

+4.6)°

LHCb对相角𝜙𝑠的测量：

𝜙𝑠
𝑑𝑑𝑠 = −0.10 ± 0.13 ± 0.14 𝑟𝑎𝑑

𝜙𝑠
𝑠𝑠𝑠 = −0.073 ± 0.115 ± 0.027 𝑟𝑎𝑑

CKM矩阵有很大的研究空间，LHCb和Belle II
实验正在使之进入精确测量的新阶段，具有
发现新物理的重大潜力！



Belle II和LHCb预期达到的测量精度
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根据现有测量的预期标准模型的预期

精确测量
CKM矩
阵是发现
新物理贡
献的可靠
途径。

精度大幅
提高以后，
CKM幺正
性是否继
续保持？

预期精度：
◆ 𝛼: 0.6°
◆ 𝛽: 0.4°
◆ 𝛾: 1.5°
◆ 𝑉𝑐𝑏 :
1 − 1.5%
◆ 𝑉𝑢𝑏 :
2 − 3%



Expected achievements by Belle II

2025???



|𝑉𝑢𝑏| and |𝑉𝑐𝑏| at Belle (II)

M. Merola / C. Niebuhr, EPS 2021



Inclusive vs exclusive 𝑉𝑥𝑏
Long standing tension between inclusive and 
exclusive Vxb determinations:

What’s the contributions due to Kaon (veto) 
in inclusive 𝑉𝑥𝑏? Especially the neutral 𝐾𝐿？



Inclusive and exclusive 𝐵 → 𝑋𝑐𝑙𝜈
Inclusive 𝐵 → 𝑋𝑐𝑙𝜈 :

arXiv: 2111.09405 [hep-ex]

Dominant systematics from continuum modeling, 
lepton ID, and signal shape.

Branching ratio of 𝐵− → 𝐷0𝑙−𝜈:

arXiv: 2110.02648 [hep-ex]



|𝑉𝑐𝑏| from 𝑞2 moments
Measurement of the 𝑞2 moments, that allows the extraction of 
𝑉𝑐𝑏 , utilizing the method proposed in JHEP 02 (2019) 177:

Belle, full data set (711 𝑓𝑏−1)
arXiv: 2109.01685 [hep-ex]

Analysis performed on the 
recoil of a fully reconstructed B 
meson (Hadronic Tagging)

The measured moments will 
serve as input for a new 
|𝑉𝑐𝑏| determination.

Belle II: arXiv: 2009.04493 [hep-ex]

Measurements of hadronic mass moments < 𝑀𝑋
𝑛 >

in 𝐵 → 𝑋𝑐𝑙𝜈, which can be used to determine 
𝑉𝑐𝑏 together with other observables of inclusive B 

decays.

𝑞2 of the 𝐵 meson system 
to the 𝑋𝑐 system.



Exclusive |𝑉𝑢𝑏| at Belle

Inclusive 𝐵 → 𝑋𝑢𝑙𝜈 :

The 𝐵 → 𝑋𝑐𝑙𝜈 background is strongly 
suppressed with the use of a BDT.

arXiv: 2104.13354 [hep-ex]

Branching ratios of 𝐵− → 𝜂(′)𝑙−𝜈:

Signal-side only 
reconstruction to 
increase the efficiency.

No restriction on the 𝑞2

range, to reduce the
model uncertainty.

Phys. Rev. D104, 012008 (2021)

711 𝑓𝑏−1



Exclusive |𝑉𝑢𝑏| at Belle II
arXiv: 2111.00710 [hep-ex]

“Golden modes” for |𝑉ub|, measured on the 
recoil of fully reconstructed B mesons:



Full-event-interpretation (FEI) tagging at Belle II

Full Event Interpretation (FEI):Comp. and Soft. For Big Sci. 3, 6 (2019)

Multivariate algorithm for exclusive tagging of one B meson

in a Υ(4𝑆) decay using hierarchal approach.

Over 100 𝐵 meson decay channels

and over 10,000 decay cascades

Improved efficiency up to 50%

relatively with respect to
conventional approaches!

arXiv:2008.06096



Time dependent CPV in B decays

< Δ𝑧 > ~ 130 𝜇𝑚 at Belle II

sin(2𝛽) is still a fundamental input for the CKM UT fit, it will be a golden 
channel at Belle II until the end of data taking.



sin(2𝛽/𝜙1) from 𝐵 → 𝐽/𝜓𝐾0

sin(2𝛽) = 0.55 ± 0.21 ± 0.04
(significance ∼ 2.7𝜎)

WA: sin(2𝛽) = 0.699 ± 0.017

BELLE2-NOTE-PL-2020-011

𝐵 → 𝐽/𝜓𝐾𝑆

arXiv: 2106.13547 [hep-ex]𝑩 → 𝑱/𝝍𝑲𝑳

𝐾𝐿 reconstruction:
⚫ Get direction of 𝐾𝐿 according to cluster in KLM.
⚫ 𝐽/𝜓 → 𝑒+𝑒− or 𝜇+𝜇−

⚫ Mass constraint of 𝐽/𝜓𝐾𝐿 to get the 𝑃4 of 𝐾𝐿.

➢ 𝑁𝑠𝑖𝑔 𝑒+𝑒− = 226 ± 20 , 𝑁𝑠𝑖𝑔 𝜇+𝜇− = 267 ± 21
➢ In good agreement with Belle. 
➢ But the systematic uncertainties related to peaking 

background is relatively large. 
➢ Δ𝑁𝑝𝑒𝑎𝑘𝑖𝑛𝑔 𝑒+𝑒− = 31 , Δ𝑁𝑝𝑒𝑎𝑘𝑖𝑛𝑔 𝜇+𝜇− = 28

𝑒+𝑒− 𝜇+𝜇−



B Flavor Tagger

• The algorithms provide essential inputs 
for measurements of quark-favor mixing 
and CPV.

• The flavor (B or B) of the unreconstructed 
B in the eveCnt is determined by 
combining information from:
• Charged leptons;
• Charged kaons and pions;
• Presence of 𝐾𝑆, Λ0, …

• Effective FT efficiency:
• For a category-based algorithm: 

• For a deep-learning algorithm:

arXiv: 2110.00790 [hep-ex], submitted to EPJC

category-based flavor tagger

𝐵0 → 𝐷(∗)−ℎ+

DNN flavor tagger based on a deep-
learning multi-layer perceptron (MLP)

𝐵0

𝐵±

𝐵±

𝐵0

𝑟 = 1 − 2𝑤，where 𝑤 is the wrong tag fraction



sin(2𝛽/𝜙1) outlook
• sin(2𝛽/𝜙1) from 𝐽/𝜓𝐾0 with 50 𝑎𝑏−1 data will be systematics dominated.

• Irreducible systematic uncertainties from alignment of the vertex detector and Doubly 
Cabibbo Suppress Decays on the tag side.

• Penguin pollution can no longer be ignored and must be constraint from 𝐵 → 𝐽/𝜓𝜋0 and 
other SU(3) related channels.



𝛼/𝜙2 at Belle (II)

• The measurement of 𝜙2 from 𝐵 → 𝜋𝜋 (or 𝜌𝜌) is from isospin analysis: 

• Observables: 
➢Branching fractions: 𝜋±𝜋0, 𝜋+𝜋−, 𝜋0𝜋0

➢Direct CP (time-independent) asymmetries: 𝐶+−, 𝐶00

➢Time-dependent CP asymmetries: 𝑆+−, 𝑆00

➢We expect to push the sensitivity to Δ𝛼 ∼ 1𝑜 .

Gronau and London,
PRL 65 (1990), 3381



𝛼 related measurements at Belle II
arXiv:2106.03766 [hep-ex]
Measurements of 𝐵0 → ℎ+𝜋−, 𝐵+ → 𝐾𝑆𝜋

+

arXiv:2107.02373 [hep-ex]
First evidence of 𝐵0 → 𝜋0𝜋0(3.4𝜎)

arXiv:2105.04111 [hep-ex]
Measurement of 𝐵± → ℎ±𝜋0



𝐵 → 𝜌+𝜌0 at Belle II 
arXiv:2109.11456 [hep-ex]

• 𝜌+ → 𝜋+𝜋0(→ 𝛾𝛾), 𝜌0 → 𝜋+𝜋−

• 𝐵 → 𝜌𝜌 ispospin analysis comes with the additional 
complication that it needs the longitudinal polarization 
fraction 𝑓𝐿of the decay (as the CP eigenvalues depend on 
the helicity state); 

• A complex, multi-dimensional analysis is mandatory for 
this kind of final states;

• The branching ratio and 𝑓𝐿 are compatible with the WA;
• Also on this case we see better performance compared to 

Belle.



𝛾/𝜙3 at Belle II
• Most difficult angle to compete with LHCb, but the importance of this input for the CKM

fit fully justifies the effort;
• 𝜙3 is the phase between 𝑏 → 𝑢 and 𝑏 → 𝑐 quark transitions.
• Sensitivity comes mostly from time integrated measurements of 𝐵− → ഥ𝐷0𝐾− and 𝐷0𝐾−.

• Several methods exist to extract the weak 
phase: GLW, ADS, BPGGSZ

• Belle II will have unique sensitivity to 
modes with neutrals in the final state:
➢ GLW: 𝐾𝑆𝜋

0, 𝐾𝑆𝜂;
➢ ADS using 𝐷∗0 → 𝐷0𝛾, 𝐷0𝜋0;
➢ BPGGSZ of 𝜋+𝜋−𝜋0, 𝐾+𝐾−𝜋0，…

(From Niharika Rout )



BPGGSZ at Belle (II) 
model independent

F. Abudinén et al, Belle + Belle II
JHEP02(2022)063

• First analysis on the combined Belle (711 𝑓𝑏−1) + Belle II 
(128 𝑓𝑏−1) data set;

• Final states: 𝐵+ → 𝐷0 𝐾𝑆ℎ
+ℎ− ℎ+, ℎ = 𝜋,𝐾;

• Full re-optimization of selection and continuum suppression;
• Model-dependent uncertainty is avoided through 𝐷 Dalitz

plot binning;
• 40% increase in signal yield compared to previous Belle 

analysis.
• New inputs from BESIII on strong-phase has significant 

impact on systematic uncertainty.



Future prospects 

• Expected uncertainty with 10 𝑎𝑏−1 data set is 
< 3𝑜.

• Many other multi-body final states and 𝐾𝑆ℎℎ

from inclusive 𝐷∗0(+)are ongoing.



R&D for Belle II KLM upgrade

arXiv:2203.11349v1 [hep-ex]





To upgrade the Belle II detector
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Snowmass whitepaper



Expected precision with Belle II upgrade

arXiv:2203.11349v1 [hep-ex]



Why to upgrade KLM



B

How to measure the momentum
of a neutral hadron???

➢Stable particles detected in collision experiments：𝛾、

𝑒±、𝜇±、𝜋、 Kaon、𝑝/ ҧ𝑝 and neutron.

➢It’s always very difficult to measure a neutral hadron：

𝐾𝐿 and neutron.

➢ Charge = 0, no track in a general detector.

➢ HCAL designed for energy measurement, but too much energy

leakage due to 𝜋0, neutrino, etc.

➢ HCAL typically doesn’t have a good performance in 

measuring the deposited energy, due to the cost.

➢But, if we can measure the flight time…
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A

C



If KLM can perform like a TOF,
• There are many hits in a hadronic cluster, which is mainly 

produced in strong interaction with nuclear in the KLM. Fast time 
information is expected. If we can measure the stop time precisely, 
the time of flight can be determined, since the start time from 
Interaction Point (IP) has a precision of less than 30 ps.

• The relationship between the mass 𝑚, the momentum 𝑝，the 
distance 𝐿 and the time of flight 𝑇 :

𝑇2𝑐2 − 𝐿2 = 𝑚2𝐿2𝑐2𝑝−2，

• The relationship between the precisions:

𝛿𝑝 =
𝑇𝑝3

𝑚2𝐿2
𝛿𝑇

• For example：in Belle II detector， a 1.5 GeV/𝑐 𝐾𝐿 with flies L =
2 𝑚 before creating a cluster in KLM, if the KLM has a performance 
of 𝛿𝑇 = 100 𝑝𝑠, then, T = 7.07 𝑛𝑠 and 𝛿𝑝 = 0.19 GeV/𝑐.Therefore, 
𝛿𝑝

𝑝
= 13%！

• Neutron has a large mass than 𝐾𝐿 .

36
Introduced this idea at the 34th Belle II General Meeting (B2GM)。



The original idea for the detector

• Start time:
• IP for the collider，𝛿𝑇 < 30 𝑝𝑠

• For most of the know stable particles, such as B meson, D 
meson and some baryons, the life time 𝜏 < 10 𝑝𝑠.

• Stop time：
• The time when a hadron cluster is created,

• Combine time information from multiple hits.

• The lower dE threshold, the more hits.

• Typically, resolution of TOF: < 100 𝑝𝑠
• Good reference for us

37

Use the original design for KLM, scint+WLS fibre+SiPM, and
improve the time resolution.



高精度前端电子学的设计

• 基于高精度的三极管开发各种读出电子学，开展低
噪声高速前放的设计。

• 设计方案可针对不同类型（滨松，国产NDL）以及数
量的SiPM。

• 实现很高的时间精度，33 𝑝𝑠！
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激光器测试SiPM时间分辨

很好的单光子分辨效果

500- 400- 300- 200- 100- 0 100 200 300 400

Time Difference (ps) 
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 0.55± =  46.47 s

𝛿𝑇= （32.5±0.4 ）ps

100ps多路激光器

完整的塑闪探测条

NDL SiPM



塑闪+SiPM探测原型机
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单个探测道时间精
度：128ps !

不同探测道的ADC
分布非常接近！

MCP-PMT测
量

4片SiPM并联测量

高能所进口塑闪：3𝑐𝑚 × 5𝑐𝑚 × 1𝑚

 研究实现了建造探测器的各个关键环节：塑闪（国产），
SiPM（国产NDL，滨松），读出电子学（自行设计）

 制作了完整的探测道，宇宙线测试结果显示优异性能：

 时间分辨：达到128ps，与MCP-PMT和圣戈班塑闪的性
能一致！

 稳定的ADC分布，使得探测器有可能用于dEdx的测量。

 研究表明，探索出来的探测器方案具有很好的性能，优于
部分预期！

国产塑闪尺寸： 4𝑐𝑚 × 1𝑐𝑚 × 10𝑐𝑚

MCP-PMT 4 SiPMs



Summary

• The start of the Belle II Experiment was slower than expected, but there 
are coming competitive measurements.

• Complex and ambitious analyses have been shown already, more will 
come in the near future.

• Belle II Physics Program will cover most of the inputs relevant for the 
CKM UT analysis.

• The snowmass whitepaper of Belle II upgrade has been submitted. 

• The R&D for Belle II KLM upgrade is ongoing at Fudan. 



Backup



Belle II detector

𝐻 = 7.1𝑚, 𝐿 = 7.4𝑚,𝑊 = 1400𝑡



KLM readout upgrade at Belle II
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HV：28 V

Keep laser constant

HV：30 V

HV/ V Pedestal ADC
𝝈 of time 

difference

28 1.2 140，90 65

30 2.9 400,270 46

Time resolution = 𝜎/ 2

New NDL SiPM with 6𝑚𝑚 × 6𝑚𝑚



Effect from the velocity of cosmic rays！

45

T1-T2 T3-T4

T2-T4T1-T3

T2-T3

+

T1, T4
T2 and T3 with distance of ~4𝑐𝑚
T1 and T4 with distance of ~10𝑐𝑚 T1 close to T2, T4 close to T3

T1-T4

Time resolutions:

T2,T3: 132.0 ± 3.3𝑝𝑠

T1,T2: 127.2 ± 2.7𝑝𝑠

T3,T4: 119.5 ± 2.0𝑝𝑠

T1,T3: 199.2 ± 4.5𝑝𝑠

T2,T4: 169.3 ± 3.6𝑝𝑠

T1,T4: 222.1 ± 4.4𝑝𝑠

➢ Increase of time resolution is due to the velocity of CR.
➢ Velocity of CR should be taken into account.


