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Prologue

Muon G-2 Ring 
@FNAL
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Muon G-2 final 
result (2025)
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𝑎𝜇  4  5 6 = 1.001 165 920 710 (162)

𝑎𝜇 𝑒𝑥𝑝 = 1.001 165 920 715 (145)

139 ppb

124 ppb



Anomalous 
magnetic 
moment of 
muon

The basics
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 𝜇𝑆 = 𝑔
𝑒

2𝑚
 𝑆

Gyromagnetic ratio 𝒈 connects 
magnetic moment 𝜇 and spin 𝑠

For point-like particle 𝒈 = 𝟐

Anomalous magnetic moment 𝒂
arises in higher-orders

𝑎 = (𝑔 − 2)/2

𝑎𝑒 ≈ 𝑎𝜇 ≈
𝛼

2𝜋
≈ 10−3 (QED dominated)

Idea of experiment: by comparing measured value of 𝒂with the theory 
prediction we probe extra contributions to a beyond theory expectations

Why muon? For massive fields there is 
natural scaling, which enhances 

contribution to 𝑎𝜇 by  𝑚𝜇 𝑚𝑒
2
∼ 43000

compared to 𝑎𝑒 𝑚𝑋

Δ𝑎 ∼
𝑚𝑙
𝑚𝑋

2

 𝑎𝜇(𝑠𝑡𝑟𝑜𝑛𝑔) 𝑎𝜇 𝑄𝐸𝐷 ≈ 6 × 10
−5  𝑎𝜇(𝑤𝑒𝑎𝑘) 𝑎𝜇 𝑄𝐸𝐷 ≈ 10

−6

𝑚𝑙



Standard Model 
prediction for 𝑎𝜇
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𝑎𝜇 = 0.001 165 918 10 (43)

Electromagnetic 
interactions

Strong interactions Weak interactions

0.000 000 069 37 (43)

0.001 165 847 19 (0.1) 0.000 000 001 54 (1)

The uncertainty is dominated by contribution of strong interactions

𝑎𝜇 𝐻𝑎𝑑; 𝐿𝑂 =  𝜎𝑒+𝑒−→ℎ𝑎𝑑𝑟𝑜𝑛𝑠 𝑠 𝐾 𝑠 𝑑𝑠Dispersive approach:

???

WP2020

Physics Reports 887 (2020) 1-166

Requires knowledge of 𝜎𝑒+𝑒−→ℎ𝑎𝑑𝑟𝑜𝑛𝑠 𝑠 from the threshold to few GeV



Contribution 
of exclusive 
hadronic cross 
sections to 𝑎𝜇

In exclusive approach, we calculate 𝑎𝜇 integral for each final state and sum them:

𝑎𝜇
ℎ𝑎𝑑 𝐿𝑂 =  

𝑋=𝜋0𝛾,𝜋+𝜋−,…

𝑎𝜇
𝑋 𝐿𝑂 = 

𝑋

1

4𝜋3
 𝜎0 𝑒+𝑒− → 𝑋 𝐾𝜇 𝑠 𝑑𝑠

From DHMZ’19

The larger the contribution, the 
better relative precision is 
required

𝑒+𝑒− → 𝜋+𝜋− is by far the most 
challenging and has got the most 
attention (74% of total hadronic 
contribution!)
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VEPP-2000 
collider

(BINP, 
Novosibirsk)
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Electron-positron collider
Covers c.m. energy range from 0.36 to 2.0 ГэВ

Two experiments – CMD-3 and SND

e+,e
booster

1000 MeV

CMD-3

2 m2 m

VEPP-2000

SND

“Round beam” optics 

Energy monitoring by Compton backscattering (𝜎 𝑠 ≈ 0.1MeV)

Comprehensive  study of 𝑒+𝑒− → ℎ𝑎𝑑𝑟𝑜𝑛𝑠 with CMD-3 and SND detectors



Measurement 
techniques

Direct vs ISR
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Direct measurement (Energy scan) ISR (Initial State Radiation)

At fixed 𝑠: 𝜎𝑒+𝑒−→𝐻(𝑠) ∼  𝑁𝐻 𝐿

Data is taken at different 𝑠

𝜎𝑒+𝑒−→𝐻(𝑠
′) ∼

 𝑑𝑁𝐻+𝛾 𝑑𝑠′

𝐿⋅  𝑑𝑊 𝑑𝑠′

Data is taken at fixed 𝑠 > 𝑠′

𝑠′

Now: BES-III, BELLE-II

Previous: KLOE, BABAR, CLEO

Future: STCF, VEPP-6

Now: CMD-3, SND2k @VEPP-2000

Previous: CMD-2, SND @VEPP-2M

CMD-3 BABAR

𝛾 hadrons



Collected data

(per detector)
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Overpassed 1 1/fb per detector

η

𝜌,𝜔 𝜑 𝑓1(1285)

𝑝  𝑝, 𝑛  𝑛



CMD-3 
Detector

*Cryogenic 
Magnetic Detector
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• Magnetic field 1.0-1.3 T

• Drift chamber

 𝜎𝑅𝜑 ∼ 100 𝜇, 𝜎𝑧 ∼ 2 mm

• EM calorimeter 
(LXE, CsI, BGO), 13.5 𝑋0
 𝜎𝐸/𝐸 ∼ 3%− 10%

 𝜎Θ ∼ 5mrad

• TOF

• Muon counters

DC

ZC

LXe

CsI
BGO

TOF

Mu



Study of 
exclusive 
channels of 
𝑒+𝑒− →
ℎ𝑎𝑑𝑟𝑜𝑛𝑠
at CMD-3
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* As of beginning of 2025



Study of 
exclusive 
channels of 
𝑒+𝑒− →
ℎ𝑎𝑑𝑟𝑜𝑛𝑠
at CMD-3
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Study of 
exclusive 
channels of 
𝑒+𝑒− →
ℎ𝑎𝑑𝑟𝑜𝑛𝑠
at CMD-3
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Selected results
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𝑒+𝑒− → 3𝜋

published 
result
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PRD 109 (2024) 11, 112002

𝝈 𝒆+𝒆− → 𝝅+𝝅−𝝅𝟎 CMD-3 (2023)

By-product of 𝑒+𝑒− → 𝜋+𝜋− analysis
Based on small subset of 𝑒+𝑒− → 𝜋+𝜋−𝜋0 sample (“collinear” selection 
cuts, 𝜋0 nearly at rest)
Estimated systematic error is 3.3%
2.2𝜎 tension with CMD-2 measurement



𝑒+𝑒− → 3𝜋

ongoing 
analysis
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Based on independent subset of 
𝑒+𝑒− → 𝜋+𝜋−𝜋0 sample

Paper under preparation

ρ, ω, φ, ω’, ω’’

● Ec.m.= 0.66 - 0.97 GeV
● Lint ≈ 51.4 pb-1 (2013,2018)
● εMC ≈ 2%
● N3π ≈ 480k
● Systematic uncertainty (now) 

~2.4%



𝐾𝑆𝐾𝐿, 𝐾
+𝐾−
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𝑒+𝑒− → 𝐾+𝐾− 𝑒+𝑒− → 𝐾𝑆𝐾𝐿

PLB 760 (2016) 314PLB 779 (2018) 64

1.8% systematic error2.0% systematic error

CMD-3 published 𝐾𝑆𝐾𝐿, 𝐾
+𝐾− at 𝜑 1020 only

The data analysis at energies above 𝜑 is ongoing 
for both channels

𝐾𝑆𝐾𝐿

Preliminary



𝐾𝑆𝐾𝐿, 𝐾
+𝐾−
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𝑒+𝑒− → 𝐾+𝐾− 𝑒+𝑒− → 𝐾𝑆𝐾𝐿

PLB 760 (2016) 314PLB 779 (2018) 64

1.8% systematic error2.0% systematic error

𝑅𝐶𝑀𝐷3 =
𝑔𝜑𝐾+𝐾−

𝑔𝜑𝐾𝑆𝐾𝐿 𝑍 𝑚𝜑

= 0.990 ± 0.017



Preliminary 
results of 
amplitude 
analysis for 
𝜋+𝜋−𝜋+𝜋−

and
𝜋+𝜋−𝜋0𝜋0
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Amplitude analysis allows to study dynamics and to reduce model error
Large statistics required



Hadron 
production
in 𝑒+𝑒−

annihilation 
at 𝑁  𝑁
threshold
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Detailed study of hadronic cross sections near 
𝑝  𝑝 and 𝑛 𝑛 thresholds

3 𝜋+𝜋−

𝐾+𝐾−𝜋+𝜋−

2 𝜋+𝜋−

𝑝  𝑝

• sharp change in 𝑒+𝑒− → 𝑝  𝑝, 
3(𝜋+𝜋−), 𝐾+𝐾−𝜋+𝜋−

• width ~1 MeV – consistent with energy 
resolution

• no structure in 𝑒+𝑒− → 2 𝜋+𝜋− ?

PLB 794 (2019) 64

2017 data

x17 more data collected, finer scan, under analysis
soon: 𝑝  𝑝 (including  𝐺𝐸 𝐺𝑀 ), 𝑛 𝑛



Hadron 
production
in 𝑒+𝑒−

annihilation 
at 𝑁  𝑁
threshold
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In majority of final states, there are no structures at 𝑁 𝑁



Preliminary 
result for 
𝐾+𝐾−𝜋0
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Interesting observation – narrow 
resonance structure at 1900 MeV (above 
𝑁 𝑁 threshold)

𝑒+𝑒− → 𝐾+𝐾−𝜋0
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Sensitivity:

𝐵𝐷∗→𝑒+𝑒− ≥
4 × 10−10

𝜀∫ 𝐿𝑑𝑡 𝑝𝑏−1
×

𝜎2𝐸
Γ𝐷∗ 60 𝑘𝑒𝑉

SM prediction:
𝐵𝐷∗→𝑒+𝑒− ≈ 0.1 ÷ 7 × 10

−19

BSM predictions:

𝐵𝐷∗→𝑒+𝑒−
𝑍′ < 2.5 × 10−11

CMD-3 has  collected 25 1/pb at 𝐷0∗

𝐵 𝐷0∗ → 𝑒+𝑒− < 3.7 ⋅ 10−7

Search for 
FCNC process

𝑒+𝑒− → 𝐷∗0

JHEP 1511 (2015) 142



𝑒+𝑒− → 𝜋+𝜋−
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CMD-3 
measurement 
of 
𝑒+𝑒− → 𝜋+𝜋−
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209 energy points
Data collected at
2013, 2018, 2020 

10 years of data taking and data analysis!

Phys.Rev.Lett. 132 (2024) 23, 231903

Phys.Rev.D 109 (2024) 11, 112002



Features of 
CMD-3 
measurement

 World-largest statistics
• 34 000 000 𝑒+𝑒− → 𝜋+𝜋−

• 3 700 000 𝑒+𝑒− → 𝜇+𝜇−

• 44 000 000 𝑒+𝑒− → 𝑒+𝑒−

 Many built-in cross checks
 3 methods for final states 

identification

 2 methods for angle measurement

 Measurement of 𝜎 𝑒+𝑒− → 𝜇+𝜇−

 Measurement of charge asymmetry

 Very detailed study of potential 
systematics
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𝜎 𝑒+𝑒− → 𝜇+𝜇− 𝐶𝑀𝐷3/𝜎 𝑒
+𝑒− → 𝜇+𝜇− 𝑄𝐸𝐷

+0.17 ± 0.16 %

Charge asymmetry in 𝑒+𝑒− → 𝜋+𝜋−

GVDM
dispersive

Final systematic error is 0.7% at 𝜌 peak



Comparison to 
other 
measurements
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CMD-3

CMD-3 is systematically above previous measurements by ~2-5%

10%



Hadronic 
contribution 
from 2𝜋
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WP 2025



Experiment vs 
SM prediction
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Experimental value

CMD-3

Lattice

SND2000

SND

CMD-2

BNL

FNAL 2021

FNAL 2023

FNAL 2025

WP 2025



Prospects for 
SM prediction
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At the moment the comparison between experiment and theory is limited by the 
accuracy of the SM prediction

1. There are a lot of efforts to understand discrepancies in existing 𝜋+𝜋− data
1. Expect result from SND @VEPP-2000 soon
2. BABAR performs reanalysis of data using new independent approach
3. KLOE: new analysis of 7x larger data set
4. BES-III performs analysis of new data
5. BELLE-II plans to measure hadronic cross section
6. CMD-3 and SND continue to collect data

2. There is dedicated experiment, Muone, being prepared at CERN to measure 
hadronic contribution via 𝑒𝜇 scattering

3. There is fast progress in lattice calculations – expect better precision
4. CMD-3 and SND teams are preparing new experiments at VEPP-2000 aimed 

at x3-4 fold improvements in precision of 𝜋+𝜋− and other hadronic cross 
sections

There are good chances to improve precision of SM prediction in coming years



Recent news

 New preliminary measurement 
from SND (energy scan)

 shifted towards CMD-3

 New preliminary measurement 
from BABAR (ISR)

 confirms previous BABAR
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Contribution to 𝑎𝜇



Future VEPP-
2000 
experiments
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Δ𝑎𝜇 = Δ𝑎𝜇 𝑒𝑥𝑝
2 + Δ𝑎𝜇 𝑆𝑀

2 determines significance of 𝑎𝜇 as SM/BSM test

Need to reduce 
error bars by 

factor 3-4

SM estimation of 𝑎𝜇 based on 

𝜎 𝑒+𝑒− → ℎ𝑎𝑑𝑟𝑜𝑛𝑠 is ~3 times less 
precise than experimental value

𝜎 𝑒+𝑒− → 𝜋+𝜋− with <0.2% 
precision (as well as other exclusive 
final states) is required in order to 
improve SM prediction accuracy to 
FNAL level

No existing experiment can reach that precision 

VEPP-2000 luminosity will continue to be the highest in the world in its energy 
range. The precision is limited by detectors.

CMD-3 and SND plan to upgrade detectors and to start new round of high precision  
measurements around ~2030



Proposed 
CMD-3 
upgrade

Ivan Logashenko (BINP) Results of CMD-3 Experiment at VEPP-2000 Collider 33

New SC magnet 

New Z-chamber

New larger 
drift chamber

New silicon 
vertex 
detector

New 
frontend 
electronics



Summary

 CMD-3 and SND detectors continue to collect data at VEPP-2000 
collider at BINP (Novosibirsk). More than 1 1/fb has been collected 
per detector

 CMD-3 performs comprehensive study of exclusive channels of 
𝑒+𝑒− → ℎ𝑎𝑑𝑟𝑜𝑛𝑠. Many results for individual channels have been 
published.

 CMD-3 results provide key input for evaluation of the hadronic 
contribution to muon anomalous magnetic moment. Recent 
measurement of 𝑒+𝑒− → 𝜋+𝜋− cross section made large impact 
on interpretation of 𝑎𝜇 experimental value.

 CMD-3 plans to finish data taking in 1-2 years and resume it after 
upgrade with the goal to reach 0.2% precision for  𝑒+𝑒− → 𝜋+𝜋−

cross section 
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