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神奇的缪子

缪子在粒子物理世界中有着独特的特性

• 宇宙射线与大气作用后产生大量缪子

• 与电子电量相同但重200倍，电离作用小，穿透力很强

• 有自旋，是基本粒子但是会衰变

• 1936年安德森和学生尼德迈耶共同发现了缪子

• 认为发现的是汤川秀树已预言的参与强相互作用的介子，很快发现并不是

• 拉比的名言：Who ordered that? 这是谁点的菜?

• 1956年李政道和杨政宁指出缪子衰变中宇称不守恒！
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什么是自旋？

自旋是量子微观世界的独有特性

• 与宏观世界中的转动角动量类比，但是不同：基本粒子自旋为量子化

• 费米子自旋为半整数，玻色子自旋为整数

• 通过测量粒子的自旋磁矩可以深入研究自旋、粒子结构、磁矩之间的复杂关系

• 缪子在垂直磁场中旋转并产生进动(precession)

• 其他粒子与缪子的相互作用将影响缪子的进动频率

• 产生缪子反常磁矩

与理论值不符的反常磁矩意味着新物理！
• 基本粒子不基本或是发现新粒子、新理论
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Muon g-2 Experiment at Fermilab

→ 3.7s

→ 3.3s

2021年《科学》十大进展
诺贝尔物理奖的有力竞争者！
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斯德哥尔摩给诺奖委员
会邀请做专题报告

上一次粒子物理领域获
此类邀请为2013年，希

格斯粒子被发现并于当
年获诺奖！
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Experimental Principle

The name of game: measure frequency

• Put (polarized) muons in a magnetic 

field and measure precession f.q.

• Get muon spin direction from   

decayed electrons

• a ~ difference between precession 

frequency and cyclotron frequency

g=2 g>2

p-
p+

?
?

e+e-
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Frequency Measurements 

Frequency measurements can be done in very high precision

• Measure frequency ratio and extract from several measurements

• p is the proton precession frequency (p ~ |B|) 

• p is the weighted magnetic field folded with muon distribution 

• All other values from Committee on Data for Science and 

Technology (CODATA), uncertainty < 25 ppb 

• E.g. muon-to-electron mass ratio by muonium hyperfine structure experiment

• Final measurements done in three steps

• Inject muons into a ring with uniform magnetic field

• Measure muon frequency difference a

• Measure proton precession frequency p and muon distribution

• Blind analyses: measurements and correction factors done 

*independently* before final answer

𝒂μ~
𝒂

<𝑩>
=

𝒈𝒆

𝟐

𝒂

𝒑

𝒎μ

𝒎𝒆

μ𝒑

μ𝒆
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Experimental Setup

Inflector

QUADS

7

Kicker
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Experimental Setup

Inflector

QUADS

𝒂 : 24 Calorimeter stations located all around the ring

𝐩 : NMR probes and electronics located all around the ring

8

Kicker
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Detector System
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• 15 meter wide dipole 

superconducting magnet

• Inflector, kickers, 

quadrupoles, collimators for 

beam insertion

• 386 NMR probes

• Moving trolley with 17 probes

• 24 calorimeters

• Laser calibration system

• 2 tracker stations

• Auxiliary detectors: 

T0, IBMs, Fiber harps

Collecting data from all 

detector components 
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Data Collection
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✓ Apr. 2021:  Run-1 Result (2018 data) Stat.  434ppb

✓ Aug. 2023:  Run-2/3 Result (2019-20 data) Stat. 201ppb

✓ Circa 2025: Run-4/5/6 Result (2021-23 data) Stat. ~100ppb

✓ Run-2/3 ~ 4 times larger than Run-1

✓ Run-4/5/6 ~ 4 times larger than Run-2/3

PROPOSAL GOAL:

21 x BNL statistics
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𝒂 Measurement

11

• Energetic e+ oscillates as μ+ spin direction aligns or anti-

aligns with momentum direction

• Count e+ hitting calos above threshold (or weight the hits) 

• Extract the oscillation frequency 𝒂 via fitting time spectrum

Threshold 

Energy

Time SpectrumEnergy Spectrum

Spin

Momentum
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p Measurement
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• In-vacuum NMR trolley maps field every few days

2D field maps 

(~8000 points)

17 petroleum jelly 

NMR probes

Azimuthally-Averaged

Variation < 1 ppm

• 378 fixed probes monitor field during muon storage at 72 locations

• Cross-calibrate using a cylindrical plunging H2O probe 
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Full Measurement with Corrections

a ~

⊗

a

p

Muon

Dist

R =

13
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Muon Distribution Measurement

14

• Use muon distribution to weight 
field maps by where the muons live

• Trackers can measure beam 

oscillations directly

• Beam-dynamics corrections

• Tuning simulations

• Optimizing experiment running 

conditions
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Full Measurement with Corrections

15

Measured Values

Phase changes over each fill: 

Phase-Acceptance, Differential 

Decay, Muon Losses

Transient Magnetic Fields:

Quad Vibrations,

Kicker Eddy Current

• Total correction 622 ppb, dominated by E-field & Pitch

• Corrections are small, but dominated Run-1 systematics

• How/where to improve?

8/10/23

E-field & Up/Down motion: 

Spin precesses slower than 

in basic equation
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E-Field and Pitch Correction

• Muons make horizontal circular movement under influence of 

magnetic field B, what about vertical movement? 

• Use electrostatic quadruples to confine muons vertically, this 

brings additional complication

Minimized if g = 29.3 

(magic momentum, Pmagic)

16

• Pitch Correction: muons oscillate vertically (pitch) 

• Residual Electric field correction: Not all muons at Pmagic

BMT Eq.
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Improving Systematic Uncertainties
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Run-1

Systematics

Major improvements came from:

• Repaired damaged resistors: improved beam storage, Cpa 75ppb→13ppb

• Stronger kicker: centered muon distribution, Ce 53ppb→32ppb

• Beam effects: smaller oscillations, 𝒂_𝒄𝒃𝒐 40ppb → 20ppb

• Quad vibrations: more measurement positions, Bq 92ppb → 20ppb

• Pileup background: improved reconstruction/algorithm, 𝒂_𝐩 30ppb → 7ppb

•

Analysis 

Improvements

Running 

Conditions

Improved Sys. 

Measurements



李亮，缪子反常磁矩距离诺奖还有多远？@中国科学技术大学见微学术沙龙 2023年10月13日

Improving Systematic Uncertainties

Total uncertainty: 215 ppb

• Near-equal improvement

• Still statistically dominated

[ppb] Run-1 Run-2/3 Ratio

Stat. 434

Syst. 157

[ppb] Run-1 Run-2/3 Ratio

Stat. 434 201

Syst. 157

[ppb] Run-1 Run-2/3 Ratio

Stat. 434 201

Syst. 157 70

[ppb] Run-1 Run-2/3 Ratio

Stat. 434 201 2.2

Syst. 157 70 2.2

• Total systematic uncertainty: 70 ppb

• Surpasses the proposal goal of 100 ppb!

18
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Blind Analysis

• Perform analysis with software & hardware blinding

• Hardware blind comes from altering our clock frequency

• Clock is locked and value kept secret until analysis completed

• Non-collaborators set frequency to (40 – δ) MHz

• Unblinding meeting (on July 24th 2023)

• Unanimous vote from all collaborators to unblind

• Secret envelopes were finally opened to reveal the hidden clock 

frequencies and the result…

19
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Data Consistency Check 

Perform sliced 

dataset analysis

Sliced dataset 1

Sliced dataset 2

20
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Data Consistency Check 

• 2G and 2H are small datasets

21
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Run2/3 Result & New World Average

aμ(FNAL) = 0.00 116 592 055(24) [203 ppb]

aμ(Exp) = 0.00 116 592 059(22) [190 ppb]

22
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Data Consistency Check 

• Cross checked with BNL results as well

• Datasets taken with slightly different fields

23
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Paper Submission on August 10th

24

Paper Acceptance on September 5th

https://journals.aps.org/prl/accepted/16073Y14U6f1e88e14144d72571973346b1402a44
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Media Reach: ~7.1B Audience

25
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Muon g-2 Theory Prediction

Muon g-2 Theory Initiative: Phys. Rept. 887 (2020) 1-166 (WP2020)

26

aμ(SM) = 0.00 116 591 810(43) [370 ppb]
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Muon g-2 Theory Prediction: HVP 
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am

SM = am

QED +am

EW +am

Had

• Includes quark and gluon loops

• Small contribution with dominant 

source of theoretical uncertainties

• Hadronic Vacuum Polarization

• Two approaches 
• Dispersion relationships 

• Lattice

Hadronic Vacuum 

Polarization (HVP) 

1/s weights low energy strongly: 73% 

from π + π − channel
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Muon g-2 Theory Prediction: HVP 
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• Lattice HVP determinations improving with 

more computing time

• Fast progress but only intermediate window

• Still need full HVP calculations 

• Dispersion relation connects rate of e+e−
→hadrons to HVP

• More experimental data across the energy spectrum, better 

understanding of the data determines the uncertainty.
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Experiment vs. Theory Saga

• Large discrepancy between 

experiment results and theory 

calculations (WP) from 2020

• >5 sigma discovery?!

• Nobel prize?!

• But there are new 

developments …

29
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Hadronic Vacuum Polarization Update

30

• Data-driven results from SND2k and 

CMD-3 since 2020 White Paper

• SND2k agrees with 2020 results

• CMD-3 deviates from all others >3s

• New paper from Babar

• Arxiv: 2308.05233 [SJTU contributions]

• Possible explanation for tensions with 

other experiments

• LQCD Intermediate window: BMW 2020 

claimed 0.8% precision, closer to 

experimental value but 2.1s with data-

driven HVP

• Need full LQCD HVP calculations for all 

windows

• MuonE: aμ_Had from experiment!

https://arxiv.org/abs/2308.05233
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Experiment vs. Theory Saga

• Expect to solve theoretical 

ambiguity in the next 1-2 years

• Muon g-2 Theory Initiative latest 

summary

• https://muon-gm2-

theory.illinois.edu/

• More results from BaBar, KLOE, 

SND, BESIII, Belle II to come soon

• aμ(Exp) Run1-6 uncertainty: 

• <120ppb 50% reduction

• aμ(SM) 2025 uncertainty: 

• <120-150ppb? 50% reduction?

2.3s>5s

31

https://muon-gm2-theory.illinois.edu/
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Muon g-2 Collaboration

32

US Universities
– Boston

– Cornell

– UIUC 

– James Madison

– Kentucky 

– Massachusetts

– Michigan

– Michigan State

– Mississippi

– North Central College

– Northern Illinois 

– Regis

– Virginia

– Washington

US National Labs
– Argonne

– Brookhaven

– Fermilab

• China
– Shanghai Jiao Tong

• Germany
– Dresden

• Italy 
– Frascati 

– Molise

– Pisa

– Roma Tor Vergata

– Trieste

– Udine

• Korea
– CAPP/ISB

– KAIST

• Russia  
– Budker/Novosibirsk

– JINR Dubna

• United Kingdom
– Lancaster/Cockcroft

– Liverpool

– Manchester

– University College 

London

Muon g-2 Collaboration Meeting @ Elba

May 2019

181 collaborators

33 Institutions

7 countries 
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交大缪子物理团队

交大、KEK团队交流

SHINE
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总结和展望

✓ 迄今为止最精确的缪子反常磁矩测量：千万分之二（0.20ppm)

✓ 更精确的最终测量结果预计将于2025年发表
✓ 实验测量值和理论预测值的精度同步提高, 大于5倍标准差的终极发现将吹响新物理革命的号角！

✓ 在多个方向对新物理敏感: 电偶极矩EDM, 对称性破缺CPT/LV以及暗物质的寻找

✓ 日本的J-PARC缪子反常磁矩实验预计于2028年取数

✓ 中国的首个强流缪子源正在建设（东莞），预计2030年左右完成
34

2021 2022 2023 2024 2025 2026 2027

1st Run 1 Results

2nd Run 2/3 Results
x1 BNL statistics

x5 BNL statistics

Run 4 Run 5 Run 6 J-PARC

3rd Run 4/5/6 Results

x16 BNL statistics

Final Run 1-6 Results

x22 BNL statistics
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Backup

35
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BSM Physics

36

Arxiv: 2104.03691
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Data Consistency Check: 
Overall Results

37

Run 2 Run 3a Run 3b

Ring temperature 0.12 0.97 0.22

Time since magnet 

ramp up
0.80 0.82 0.47

Inflector current 0.76 0.38 0.59

Magnet current 0.05 0.27 0.16

Vacuum pressure 0.11 0.93 0.91

Day/Night split 0.85 0.48 0.82
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J-PARC g-2/EDM

38

+
𝒆𝜂

2𝑚𝑐
(𝐸 + Ԧ𝛽 × 𝑩)

g-2 EDME=0
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J-PARC g-2/EDM

39

No magic momentum!
• No strong focusing 

• Super-low emittance    

muon beam 

• Compact storage ring 

• Full tracking detector

Aim to have comparable 

precision with FNAL Run-1 result
• Statistical uncertainty dominated

• a = 0.45 ppm including a_sys < 

0.1ppm

• EDM = 1.510-21ecm

TDR: 2017

KEK approval: 2021

Data taking: 2028?


