
Muon anomalous magnetic 
moment: 
the Standard Model 
prediction
Ivan Logashenko (BINP)

Moscow 
International 

School of 
Physics

MISP-2024



At the 
beginning of 
2023…
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am(SM) = 0.00116591810(43)  368 ppb

am(Exp) - am(SM) = 0.00000000251(59)  4.2s

 3.7s

 3.3s



On a 
theoretical 
side…
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Δ𝑎𝜇(𝑁𝑒𝑤 𝑃ℎ𝑦𝑠𝑖𝑐𝑠) = 𝑎𝜇 𝑒𝑥𝑝 − 𝑎𝜇(𝑆𝑀)

Ivan Logashenko (BINP)

WeakHadQED aaaa mmmm 

We are interested not in the value of anomalous magnetic moment, 
but in its difference from the Standard Model prediction

𝑎𝜇 in Standard Model

Evaluation of 𝑎𝜇(𝑆𝑀) is as important, as the measurement of  𝑎𝜇 𝑒𝑥𝑝 !



Evaluation of 𝑎𝜇 in 
Standard Model
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Magnetic 
moment
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Moments of 
spin ½ particle
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By definition!



Muon g-2 
Theory 
Initiative
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A consortium of > 100 theorists formed in advance of the new FNAL 

results to compile all the theoretical inputs and provide recommendations



𝑎𝜇 in Standard 
Model
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22



Reach of 
various 
measurements 
𝑎𝜇
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QED 
contribution
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universal
𝐴1 𝜇 = 𝐴1(𝑒)

differ for 𝑒, 𝜇, 𝜏
leptons in the loop differ from external leptons 

𝐶1 = 𝐴1
(2)
=
1

2



QED 
contribution
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𝛼 𝑚𝜏 𝐶4 𝐶5
0.91 ppb

𝑎𝜇
𝑄𝐸𝐷
= 116 584 718.842 .028 .007 .017 .006 .100 [.106] × 10−11

𝐶6

WP2020



QED 
contribution
two-loop
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QED 
contribution
three-loop
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Logarithmic 
enhancement
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QED 
contribution
five-loop
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QED 
contribution
four- and five-
loop
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Electroweak 
contribution
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Hadronic
contribution
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Hadronic 
contribution

6 931 ± 40 × 10−11 −98.3 ± 0.7 × 10−11 92 ± 19 × 10−11
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350 ppb (0.6%) 10 ppb 160 ppb

Leading order
(LO)

Next-to-leading order
(NLO)

Light-by-light
(LBL)

WP(2020)

Compare to experimental accuracy of 190 ppb



HVP:
what do we 
need to 
measure

∝
1

𝑞2 − 𝑠

𝛼

𝜋
𝐾𝜇(𝑠)

Im Π′ 𝑠 =
𝑠

4𝜋𝛼
𝜎0 𝑒+𝑒− → 𝛾 → ℎ𝑎𝑑𝑟𝑜𝑛𝑠 + ⋯

Dispersion relation:

Optical theorem:

Lets put everything together:

𝑎𝜇
ℎ𝑎𝑑(𝐿𝑂)

𝑎𝜇
ℎ𝑎𝑑 𝐿𝑂 =

𝛼2

3𝜋2
 

4𝑚𝜋
2

∞
𝑑𝑠

𝑠
𝑅 𝑠 𝐾𝜇(𝑠) 𝑅 𝑠 =

𝜎0 𝑒+𝑒− → 𝛾 → ℎ𝑎𝑑𝑟𝑜𝑛𝑠

4𝜋𝛼2/3𝑠

𝜎0 𝑒+𝑒− → 𝜇+𝜇−

This is what we need to measure

𝑠 = c.m. energy 2
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R(s)

𝑅 𝑠 =
𝜎0

𝜎0

𝑞 𝑞

𝜇+𝜇−

In the zeroth order of QCD and 
zero quark masses:

𝑅 0 𝑠 = 3 

𝑓

𝑞𝑓
2

𝑅 𝑢, 𝑑, 𝑠 =
6

3

𝑅 𝑢, 𝑑, 𝑠, 𝑐 =
10

3

𝑅 𝑢, 𝑑, 𝑠, 𝑐, 𝑏 =
11

3

𝐷 𝐷 threshold

𝐵  𝐵 threshold

Full pQCD calculation includes NNLO 
contribution, quark masses, running 𝛼𝑠,… 

Good agreement of data vs pQCD
at 𝑠 > 2GeV and away from resonancesIvan Logashenko (BINP) Muon anomalous magnetic moment (MISP-2024) 21



Contribution 
of various 
energies

FJ(2017)

3𝑠

𝑚𝜇
2
𝐾𝜇 𝑠

𝑎𝜇
ℎ𝑎𝑑 𝐿𝑂 =

𝛼2

3𝜋2
 

4𝑚𝜋
2

∞
𝑑𝑠

𝑠
𝑅 𝑠 𝐾𝜇(𝑠) ∼ ∫

𝑅(𝑠)

𝑠2
𝑑𝑠

In 𝑎𝜇
ℎ𝑎𝑑 integral, the main contribution comes 

from low energies

Contribution to the integral Contribution to the error of integral

When we measure R(s) in order to calculate hadronic contribution to 𝑎𝜇, 

we are focused at low energies 𝑠 ≲ 2GeVIvan Logashenko (BINP) Muon anomalous magnetic moment (MISP-2024) 22



Hadronic 
vacuum 
polarization 
contribution
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Hadronic 
vacuum 
polarization 
contribution
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Hadronic light-
by-light 
contributions
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• Hadronic light-by-light has been 

particularly difficult in the past

– Not calculable in QCD

– Not directly measurable

– Relied on model-dependent 

calculations

• Two developments

– advancement in lattice 

calculations

– data-driven approaches to check 

the models

• All approaches are in good 

agreement



Вклады в Hlbl
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HVP structure
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Hlbl structure
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𝑎𝜇 в 
Стандартной 
модели
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Data for HVP 
calculation
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How well do 
we need to 
measure R(s)

From the White Paper  (Physics Reports 887 (2020) 1):

𝑎𝜇
had 𝐿𝑂 = 693.1 4.0 × 10−10

The expected final precision of the Fermilab measurement

Δ𝑎𝜇 = 1.6 × 10
−10

We need to know 𝑅(𝑠) to 0.23% to match Fermilab precision

Now the hadronic contribution is known to 0.57%
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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′

KLOE, BABAR, BES-III, CLEOVEPP-2M: CMD-2, SND
VEPP-2000: CMD-3, SND2k



Energy scan 
approach

𝜎 =
𝑁𝑜𝑏𝑠 − 𝑁𝑏𝑔

휀 ∙ ∫ ℒ𝑑𝑡

𝑒− 𝑒+

hadrons (+𝛾, 𝑙, …)
Direct measurement of 𝜎 𝑒+𝑒− → ℎ𝑎𝑑𝑟𝑜𝑛𝑠
(energy scan approach):

• performed at electron-positron collider
• collect data at different beam energy
• at each energy point: select final states with 

hadrons, subtract background and normalize to 
luminosity

Number of selected events Number of background events

Detection efficiency:
• kinematical limits of detector 

(fiducial volume) – detector 
never has 4𝜋 coverage

• detector response

Luminosity integral
• measured by selection of 

monitoring events  with 
known cross section
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Exclusive vs 
inclusive 
measurement

𝜎 =
𝑁𝑜𝑏𝑠 − 𝑁𝑏𝑔

휀 ∙ ∫ ℒ𝑑𝑡

Detection efficiency is (usually) calculated using 
MC simulation

• In order to calculated ε, we need to know the 
energy and angular distributions of final 
particles (including all correlations)

For high energies, where multiplicity is large 
enough, there are effective models of 
hadronization, which describe data reasonably 
well

At low energy the detection efficiency varies 
significantly between different final states and 
different paths of hadronization (intermediate 
states) 

At low energies we have to measure cross section 
for each possible final state separately and then 
calculate sum to get R (exclusive approach) 

At high energy we can measure total cross 
section directly (inclusive approach)

Final state

Intermediate states

The practical boundary between two approaches in 𝑠 = 2GeV. 

The 𝑎𝜇
ℎ𝑎𝑑 𝐿𝑂 calculation is mostly based on exclusive measurements. 
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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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74%

26%

𝝅+𝝅−

All the rest



Luminosity 
measurement e

e

e

e

 ℒ𝑑𝑡 =
𝑁𝑜𝑏𝑠 − 𝑁𝑏𝑔

휀 ∙ 𝜎𝑘𝑛𝑜𝑤𝑛

We need to know luminosity integral in order to normalize the measured hadronic 
cross section. 

For that we use monitoring process
with known cross section

The most popular monitoring process is 
large angle Bhabha scattering 𝑒+𝑒− → 𝑒+𝑒−: 
easily identifiable, large cross section

Other good processes for luminosity measurement:

• 𝑒+𝑒− → 𝜇+𝜇−

• 𝑒+𝑒− → 𝛾𝛾

• 𝑒+𝑒− → 𝑒+𝑒−𝛾
• 𝑒+𝑒− → 𝑒+𝑒−𝛾𝛾

𝑒+𝑒− → 𝑒+𝑒− in CMD-3

Has many advantages, but relatively 
small cross section and large background

Natural for final states with neutrals

Often used for online measurement

All these are QED processes – the cross section can 
be calculatedIvan Logashenko (BINP) Muon anomalous magnetic moment (MISP-2024) 36



Radiative 
corrections
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ISR FSR

Radiative processes

We want to measure 𝑒+𝑒− → 𝐻, but these events are 
accompanied by similar events where photons are 
emitted by any of the particles.

Radiation of high-energy 𝛾 is suppresses by 𝛼, but 
radiation of soft photons is enhanced. 

Radiation changes both the cross-section and the 
kinematics of the final state:

And we have to calculate radiative corrections to the 
cross section of monitoring process as well

Initial Final

state radiation

𝜎 =
𝑁𝑜𝑏𝑠 − 𝑁𝑏𝑔

휀 𝛿 ∙ 1 + 𝛿 ⋅ ∫ℒ𝑑𝑡



How to 
calculate 
radiative 
corrections
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𝜎𝑣𝑖𝑠 𝑠 =  
0

1

𝑑𝑥1𝑑𝑥2𝐷 𝑥1, 𝑠 𝐷 𝑥2, 𝑠 𝜎0 𝑥1𝑥2𝑠 ⋅ Θ(𝑐𝑢𝑡𝑠)

photon “jet” 𝐷(𝑥, 𝑠)

Hard process at 𝑠′ = 𝑥1𝑥2𝑠

Main idea: allow each initial particle to emit any number of photons (jets). 
The amount of energy carried by photons is described by structure function.

The radiative correction depends on the measured cross-
section – need to use iterative procedure.

we measure this we want to know this

Structure functions are known to high precision (<0.1%). Main limitation is from 
kinematics: we don’t take into account angular distribution of photons in the jet.

This approach is ok for ~1% measurements and is typically used for multi-hadron 
events.

Typical value for radiative corrections is ~10% (can be much larger near narrow 
resonances)



Example: 
𝑒+𝑒− → 𝜋+𝜋−𝜋0
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Visible cross section
𝜎(𝑒+𝑒− → 3𝜋)

Bare cross section 𝜎(𝑒+𝑒− → 3𝜋)



Radiative 
corrections for 
precise 
measurements
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Calculation of radiative corrections for high-precision final states (𝑒+𝑒−, 𝜇+𝜇−, 
𝜋+𝜋−, 𝛾𝛾,…) is much more complicated. Usually, it is implemented as MC 
generator and used together with the full detector simulation for proper 
evaluation of detector efficiency

Extensive review: Eur.Phys.J. C66 (2010) 585-686

MCGPJ (VEPP-2000)

1 real 𝛾 (from any 
particle) + jets along all 
particles

BABAYAGA (𝑒+𝑒−)

1 real 𝛾 + 𝑛𝛾 generated 
iteratively by emitting 
one 𝛾 at a time

PHOKHARA (KLOE, 
BABAR)

1 ISR 𝛾 + 1 real 𝛾 + soft 

Many final states, 
intended for ISR 
measurements

These generators include ISR, FSR, virtual corrections, vacuum polarization and 
(partially) interference between various contributions. 

FSR from hadrons is model-dependent, e.g., assume point-like pions.



Vacuum 
polarization
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In the calculation of 𝑎𝜇, we assume the lowest order photon propagator 1/𝑞2. 

But the real propagator includes higher order effects (loop corrections): 
1/(𝑞2 − Π 𝑞2 ). Therefore the measured cross section have to be corrected:

𝜎0 𝑒+𝑒− → 𝑋 = 𝜎 𝑒+𝑒− → 𝑋 ×
𝛼(𝑠) 2

𝛼2
The running fine structure constant is also calculated via dispersion relation 
based on R(s):

Δ𝛼ℎ𝑎𝑑 𝑠 = −
𝛼𝑠

3𝜋
 
0

∞ 𝑅(𝑠′)

𝑠′(𝑠 − 𝑠′ − 𝑖0)
𝑑𝑠′

Nice way to avoid this correction is to use 𝑒+𝑒− → 𝜇+𝜇− for luminosity 
measurement

𝜎0(𝑒+𝑒− → 𝛾 → 𝑋) 𝜎(𝑒+𝑒− → 𝛾∗ → 𝑋)

In 𝑎𝜇 calculation In experiment

𝑒+𝑒− → 𝑋 𝑒+𝑒− → 𝜇+𝜇− 𝑒+𝑒− → 𝑒+𝑒−



From 
measured 
cross section 
to input to 𝑎𝜇
calculation
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“Visible” cross section 
𝜎 𝑒+𝑒− 𝛾 → 𝑋(𝛾)

Adjust for radiative 
corrections (ISR, FSR) 
𝜎 𝑒+𝑒− → 𝑋

Adjust for vacuum polarization 
and return back FSR 
𝜎0 𝑒+𝑒− → 𝑋(𝛾)

Here we correct for all 
detector effects 

This one is used to get 
parameters of the 
resonances (mass, width,…)

This one is used in the 𝑎𝜇
integral



VEPP-2M 
(1993-2000)
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Energy range: 0.36 – 1.4 GeV

Luminosity up to 5*1030 1/cm2s

Lets set the scale: 
𝜎(𝑒+𝑒− → 𝜋+𝜋−) at 𝜌 peak (0.77 GeV) ~ 1000 nb
𝐿 = 1030 𝑐𝑚−2𝑠−1 corresponds to 1 Hz for 𝜎 = 1000 nb



CMD-2
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SND
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• No magnetic field
• Spherical three-layer NaI calorimeter
• Small drift chamber around interaction point

Optimized for neutral processes (e.g., 𝜋0𝛾)



Overview of 
VEPP-2M 
measurements
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VEPP-2000 
(2011-2013)
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ILU
3 MeV
Linac

B-3M
250 MeV
synchro-
betatron

BEP
e+,e

booster

825 MeV

CMD-3

e  e+

converter

2 m2 m

VEPP-2000

C.m. energy range is 0.32-2.0 GeV 

Unique optics – “round beams”

Experiments CMD-3 and SND started by the end of  2010

Beam energy  
by Compton 
backscattering

SND



VEPP-2000 
(2011-)
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250 m beamline

New injection complex

VEPP-2000

История набора 
интеграла светимости

upgrade

Распределение набранного 
интеграла светимости по энергии

𝜑𝜌,𝜔



CMD-3 
Detector

*Cryogenic 
Magnetic Detector
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• Magnetic field 1.0-1.3 T

• Drift chamber

 𝜎𝑅𝜑 ∼ 100 𝜇, 𝜎𝑧 ∼ 2 − 3 mm

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

 𝜎Θ ∼ 5mrad

• TOF

• Muon counters



SND
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1 – beam pipe
2 – tracking system
3 – aerogel
4 – NaI(Tl) crystals
5 – phototriodes
6 – muon absorber
7–9 – muon detector
10 – focusing solenoid

Advantages compared to previous SND:
• new system - Cherenkov counter (n=1.05, 1.13)

e/π separation E<450 MeV
π/K separation E<1 GeV

• new drift chamber
better tracking
better determination of solid angle



Measurements 
at VEPP-2000
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Final states under analysis at CMD-3

• More final states compare to VEPP-2M
• 1-2 order of magnitude more data
• The experiments are collecting data



BABAR 
experiment 
(1999-2008)

Ivan Logashenko (BINP)
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1.5 T Solenoid Electromagnetic 
Calorimeter (EMC)

Instrumented Flux 
Return (IFR)

Silicon Vertex Tracker 
(SVT)

Drift Chamber (DCH)

Detector of 
Internally 
Recflected 
Cherenkov

Light (DIRC)

PEP-II asymmetric 𝑒+𝑒− collider at SLAC
9 GeV 𝑒− and 3.1 GeV 𝑒+

About 500 fb-1 collected in 1999-2008
Comprehensive program of ISR measurements, using a data sample of 469 
fb-1 collected at and near Υ 4𝑆 (10.58 GeV)



BABAR
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BABAR measurements are mostly tagged

0.5 − 2% syst.error 4 − 15% syst.error



KLOE (2000-
2006)
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Installed at the DAFNE phi-factory

Mostly collected data at 𝜙(1020) meson 

ISR measurement of 𝜎 𝑒+𝑒− → 𝜋+𝜋− , 
both tagged and untagged



BES-III
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BEPC-II collider covers c.m.energy
range from 2 to 5 GeV

“𝑐𝜏-factory”

BES-III detector is taking data 
(and there were BES and BES-II before)

Tagged ISR measurement
𝜎 𝑒+𝑒− → 𝜋+𝜋−

Statistics is limited compare to BaBar



Variety of ISR 
approaches
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Tagged ISR Untagged ISR

Normalization to 
𝒆+𝒆−

KLOE-2010 (𝜋+𝜋−)
BABAR (most 

channels)

KLOE-2005 (𝜋+𝜋−)
KLOE-2008 (𝜋+𝜋−)

BABAR (𝑝  𝑝)

Normalization to 
𝝁+𝝁−(𝜸)

BABAR (𝜋+𝜋−)*
BES-III (𝜋+𝜋−)
CLEO-c (𝜋+𝜋−)

KLOE-2012 (𝜋+𝜋−)



Where the 
measurements 
are done
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VEPP-2M

Babar (ISR@10GeV)

KLOE (ISR)

VEPP-2000

Tau decays

KEDR

BES-IIIBES (ISR@4GeV)

Belle-II (ISR@10GeV)

ISREnergy scan Tau decays

KEDR



𝑒+𝑒− → 𝜋+𝜋−
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Measurements 
of 
𝑒+𝑒− → 𝜋+𝜋−
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BABAR
2009-
2012

KLOE
2009-
2012

VEPP-2M
CMD-2, SND

2004-2008

BES-III
2016

VEPP-2000
SND 2021

CMD3 2023

CLEO-c
2018

There are several measurements of 𝜎 𝑒+𝑒− → 𝜋+𝜋− with sub-percent 
systematic accuracy



Tensions in 
𝑒+𝑒− → 𝜋+𝜋−

data 
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𝑎𝜇
ℎ𝑎𝑑 𝐿𝑂; 2𝜋, 0.6 < 𝑠 < 0.88 GeV

1

4𝜋3
 
0.6

0.88

𝜎0 𝑒+𝑒− → 𝜋+𝜋− 𝐾𝜇 𝑠 𝑑𝑠

KLOE

BABAR CMD-2

10%

There are few-% discrepancies 
between various sub-% 
measurements of 𝜎(𝑒+𝑒− → 𝜋+𝜋−)
Unexplained

WP2020: scale factor for 
Δ𝑎𝜇(𝐻𝑎𝑑; 𝐿𝑂)

CMD-3 goal: new high statistics low 
systematics measurement of 
𝜎(𝑒+𝑒− → 𝜋+𝜋−) via energy scan

2.5%



𝑒+𝑒− → 𝜋+𝜋−

at SND (2021)
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Source < 0.6 GeV 0.6 - 0.9 GeV

Trigger 0.5 0.5

Selection criteria 0.6 0.6

𝑒/𝜋 separation 0.5 0.1

Nucl. interaction 0.2 0.2

Theory 0.2 0.2

Total 0.9 0.8

Systematic uncertainty on the cross section (%)

The analysis is based on 
4.7 pb-1 data recorded in 2013
(1/10 full SND data set)

JHEP 2021,113 (2021)

First measurement of 
𝑒+𝑒− → 𝜋+𝜋−

at VEPP-2000

𝜋/𝑒 separation using ML (BDT)



𝑒+𝑒− → 𝜋+𝜋−

at SND (2021): 
comparison to 
other 
measurements
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𝒂𝝁(𝝅
+𝝅−) × 𝟏𝟎𝟏𝟎

SND & VEPP-2000 409.8  1.4  3.9

SND & VEPP-2M 406.5  1.7  5.3

BABAR 413.6  2.0  2.3

KLOE 403.4  0.7  2.5

0.53 < 𝑠 < 0.88GeV

BABAR/(SND fit)

KLOE/(SND fit)

VEPP2M/(SND fit)



CMD-3 measurement 
of 𝑒+𝑒− → 𝜋+𝜋−

(2023)
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arXiv:2302.08834arXiv:2309.12910

Submitted to PRL Submitted to PRD



CMD-3 
collected data
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The result is based on 3 data taking seasons: 2013, 2018, 2020



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 

indentification

 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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Example of 𝑒+𝑒− → 𝜋+𝜋− event



Statistical 
precision of 
CMD-3 data
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CMD-3 
𝑒+𝑒− → 𝜋+𝜋−

analysis
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Θ

𝑒+ 𝑒−

𝜋+

𝜋−

fiducial volume
Θ0 ≤ Θ𝑎𝑣𝑟 ≤ 𝜋 − Θ0
Θ0 = 1.0…1.4

Θ0

Select events with 2 back-to-back 
tracks in the detector at large angle: 

𝑒+𝑒− → 𝑒+𝑒−, 𝜇+𝜇−, 𝜋+𝜋−

and cosmic background

Key pieces of analysis to reach high 
precision:

• 𝑒/𝜇/𝜋 separation

• radiative corrections 

• fiducial volume

• detection efficiency  corrections 

𝑒+𝑒− → 𝑒+𝑒−, 𝜇+𝜇−, 𝜋+𝜋−; cosmic bg

𝜎 𝜋+𝜋− =
𝜋𝛼2

3𝑠
𝛽𝜋
3 ⋅ 𝐹𝜋

2

𝐹𝜋
2 =
𝑁𝜋𝜋
𝑁𝑒𝑒
− Δ𝑏𝑔 ⋅

𝜎𝑒𝑒
0 ⋅ 1 + 𝛿𝑒𝑒 ⋅ 휀𝑒𝑒

𝜎𝜋𝜋
0 ⋅ 1 + 𝛿𝜋𝜋 ⋅ 휀𝜋𝜋

measured Born cross-section
Radiative corrections

Detection efficiencies



Three methods 
of separation of 
𝑒+𝑒−, 𝜇+𝜇−, 𝜋+𝜋−
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Separation (counting) of 𝑒+𝑒−, 𝜇+𝜇−, 𝜋+𝜋−

events is based on 

a) momenta of two particles

b) or energy deposition in LXe calorimeter

− ln 𝐿 = − 

𝑏𝑖𝑛𝑠

𝑛𝑖 ln  

𝑎=𝑒𝑒,𝜇𝜇,𝜋𝜋,𝑏𝑔

𝑁𝑎𝑓𝑎 𝑋
+, 𝑋− + 

𝑎

𝑁𝑎

𝑋 = 𝑃 or 𝐸

± sign reflects energy deposition and momentum 
of particle with corresponding charge

Independent check by angular distribution

𝑷− vs 𝑷+@ 𝒔 = 𝟎. 𝟓GeV

𝑬− vs 𝑬+@ 𝒔 = 𝟎. 𝟕𝟖GeV

𝝅+𝝅−

𝝁+𝝁−

𝒆+𝒆−

𝝅+𝝅−

𝝁+𝝁−

𝒆+𝒆−

Unique feature of CMD-3: three independent methods to measure 𝑁𝜋𝜋/𝑁𝑒𝑒!
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Three methods agree to 0.2%!



CMD-3 
𝑒+𝑒− → 𝜋+𝜋−

analysis: 
radiative 
corrections
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Measurement of 𝑒+𝑒− → 𝜋+𝜋−

requires high precision calculation of 
radiative corrections.

We use two high-precision MC 
generators for 𝑒+𝑒− → 𝑒+𝑒−:

• MCGPJ generator (0.2%)

• BaBaYaga@NLO (0.1%)

With high statistics we’ve observed 
inconsistencies in tails of distributions, 
which were traced to particulars of 
MCGPJ generator

After improvements, tails of 𝑒+𝑒−

spectra still differ by few %, 
which limits the precision to O(0.1%)

NNLO MC generator for 𝑒+𝑒− → 𝑒+𝑒−

is needed for higher precision



Efficiency 
corrections

Ivan Logashenko (BINP) Muon anomalous magnetic moment (MISP-2024) 72

Efficiency corrections



Measurement 
of polar angle
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Dependence of result on Θ0 cut

Factor 10 smaller compared to CMD-2, SND2k!

We need to precisely know the fiducial 
volume (Θ0 cut).

𝐹𝜋
2 =
𝑁𝜋𝜋
𝑁𝑒𝑒
− Δ𝑏𝑔 ⋅

𝜎𝑒𝑒
0 ⋅ 1 + 𝛿𝑒𝑒 ⋅ 휀𝑒𝑒

𝜎𝜋𝜋
0 ⋅ 1 + 𝛿𝜋𝜋 ⋅ 휀𝜋𝜋

Θ angle is measured by 
drift chamber via charge 
division

Two detector systems 
with strips readout, 
LXe calorimeter and 
Z-chamber, are used for 
precise calibration and 
monitoring of DC



Charge 
asymmetry in
𝑒+𝑒− → 𝜋+𝜋−
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Charge asymmetry in 𝑒+ 𝑒− → 𝜋+ 𝜋− is due to 
interference between ISR/FSR and between 
one- and two-photon exchange  

𝐴 =  𝑁Θ<𝜋/2
𝜋 − 𝑁Θ>𝜋/2

𝜋 𝑁

CMD-3 data

The theoretical model by Lee, Ignatov, PLB 833 (2022) 137283  (GVDM) describes 
well the CMD-3 data
Recent calculation in dispersive formalism Colangelo et al., JHEP 08 (2022) 295 
confirms the effect. 

× 𝐹(𝑠)



Measurement 
of 
𝑒+𝑒− → 𝜇+𝜇−
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𝑒+𝑒− → 𝜇+𝜇− events are identified as a by-product of analysis, which 
allows to measure 𝜎 𝑒+𝑒− → 𝜇+𝜇− and compare it to QED prediction

Powerful cross-check of 𝜎 𝑒+𝑒− → 𝜋+𝜋− measurement! All ingredients are 
tested: event separation, detection efficiencies, radiative corrections. 

𝜎 𝑒+𝑒− → 𝜇+𝜇− 𝐶𝑀𝐷3/𝜎 𝑒
+𝑒− → 𝜇+𝜇− 𝑄𝐸𝐷

+0.17 ± 0.16 %



Comparison of 
data taking 
seasons
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Results based on 2013, 2018 and 2020 data only agree to ~0.1%!
The detector performance and run conditions were significantly different 

for these runs.



Efficiency 
corrections
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Systematic errors

Conservative estimate



Measurement 
of 
𝑒+𝑒− → 𝜋+𝜋−

at CMD-3
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209 energy points



Comparison to 
other 
measurements
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At first glance, they looks close to each other…



Comparison to 
other 
measurements
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CMD-3

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

10%



CMD-3 
𝑒+𝑒− →
𝜋+𝜋−: 
contribution to 
g-2
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At the 
beginning of 
2023…
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am(SM) = 0.00116591810(43)  368 ppb

am(Exp) - am(SM) = 0.00000000251(59)  4.2s

 3.7s

 3.3s



Experiment vs
SM prediction

End of 2023
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WP2020

CMD-3 based

At the moment, the SM prediction for 𝑎𝜇 is unclear (due to hadronic contribution)



Experiment vs
SM prediction

End of 2023
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WP2020
BMW Lattice 2020

CMD-3 based

At the moment, the SM prediction for 𝑎𝜇 is unclear (due to hadronic contribution)



What’s next?
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The status
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Discrepancies in data 
“blind” 𝑎𝜇(𝑆𝑀)

All (or all but one) existing 
measurements of 𝑒+𝑒− →
𝜋+𝜋− underestimated 
systematic uncertainty (at 
least at some energy 
range)

CMD-3 simply exaggerated 
the problem, but it was there 
already



CMD-3: what 
we could do 
wrong?

CMD-3 measurement has many internal cross-checks which doesn’t 
leave much space for unknowns. 

 Is there problem with angle measurement (fiducial volume)?
Unlikely: two systems are used; there is measurement of asymmetry;
angle distribution agrees with simulation

 Is there problem with RC calculation?
Unlikely as a source of discrepancy: CMD-2 and SND use the same code, 
and measurement of asymmetry agrees with RC MC generator. But there 
could be potential systematic shift in RC common for CMD-X/SND (e.g. for 
pions due to limitations of sQED).

 Is there problem with event separation?
Unlikely: three methods agree (CMD-3 is the first measurement with 
several methods)

 Is there problem with trigger or detection efficiencies?
Unlikely: should lead to shift of 𝜎(𝜇𝜇). 

 Stupid mistake?
Always possible, but we’ve done the whole analysis on MC data

 Unaccounted physical background which mimics 𝑒+𝑒− → 𝜋+𝜋−?
Possible, but we accounted for all known backgrounds from 𝑒+𝑒−

annihilation. Something else? Beam/residual gas interactions? 
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Prospects for 
SM prediction
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Discrepancies in 𝑒+𝑒− → 𝐻 data make the SM prediction “blinded”

As of today, we don’t have established estimate of 𝑎𝜇(𝑆𝑀)

There are significant efforts to understand the discrepancies and to obtain 
additional new 𝑒+𝑒− → 𝐻 data:
• SND has the same amount of data collected as CMD-3, analysis is in progress
• BABAR is making reanalysis of old data using new approach (angular analysis)
• KLOE-2 started analysis of collected data, not analyzed before
• BELLE-II plans to do ISR measurement of 𝑒+𝑒− → 𝐻 cross sections

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

There is fast progress in lattice calculations

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



Is there need 
for new 
measurements 
of hadronic 
cross sections?

Ivan Logashenko (BINP) Muon anomalous magnetic moment (MISP-2024) 89

FNAL expected precision of 140 ppb corresponds to 0.25% ⋅ 𝑎𝜇
ℎ𝑎𝑑,𝐿𝑂

HVP contribution: 𝑎𝜇 ℎ𝑎𝑑 = ∫𝜎𝑒+𝑒−→адроны 𝑠 𝐾 𝑠 𝑑𝑠

In order to get HVP accuracy to match FNAL accuracy, 
cross sections need to be measured to ~0.2%    (CMD-3: ~0.8%)

Channel Contribution, ⋅ 𝟏𝟎𝟏𝟎 (KNT19) Relative accuracy,
need (now)

𝜋+𝜋− 504.23(1.90) (0.4%) ??? 0.23% (0.8%)

𝜋+𝜋−𝜋0 46.63(94) (2.0%) 1.1% (1.5-3%)

𝜋+𝜋−𝜋+𝜋− 13.99(19) (1.4%) 0.8% (2-3%)

𝜋+𝜋−𝜋0𝜋0 18.15(74) (4.0%) 2.3% (5%)

𝐾+𝐾− 23.00(22) (1.0%) 0.6% (2%)

𝐾𝑆𝐾𝐿 13.04(19) (1.5%) 0.7% (2%)

𝒂𝝁(𝒉𝒂𝒅; 𝑳𝑶) 692.8(2.4) (0.35%) 0.2%

Any value of Δ𝑎𝜇(𝑁𝑒𝑤 𝑃ℎ𝑦𝑠𝑖𝑐𝑠) = 𝑎𝜇 𝑒𝑥𝑝 − 𝑎𝜇(𝑆𝑀) is valuable!



CMD-3 plans
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The CMD-3 measurement is systematically limited – detector upgrade.

Detector upgrades under discussions: new drift chamber, new Z-chamber at inner 
and outer radii (probably, integrated with DC), dedicated PID/TOF?,…

The goal is to reach ~0.2-0.3% in 𝜎 𝑒+𝑒− → 𝜋+𝜋−

The precision critically depends on development on new generation of MC 
generators for radiative corrections



Under consideration: VEPP-6
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 𝑒+𝑒− collider

o Beam energy from <0.5 to 1.6 GeV (𝐽/𝜓) (2.0 GeV)

o Luminosity ℒ ≈ 103𝟒 c𝑚−2c−1@ 1.6 GeV

 General purpose detector

o Tracking 

o Calorimetry 

o Particle ID

 Physics 

o 𝐽/𝜓 decays

o Baryon thresholds

o Measurement of R

o …

500 МэВ: 131032 c𝑚−2c−1

 1  DAPHNE
1000 МэВ: 121033 c𝑚−2c−1

 10  VEPP-2000
1550 МэВ: 0.511034 c𝑚−2c−1

 30  BEPCII

Full-scale test of Crab-waist final focus!

Complementary to Super charm-tau factory

Preliminary sketch 



MUonE
@CERN
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Dedicated experiment to measure 
hadronic contribution in t-channel.

Measured: angular distribution of 𝜇𝑒 scattering; 4 ⋅ 1012 events!

Now: proof-of-concept data taking; final result after LHC LS3 (2029-)



Conclusion
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Conclusion
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Quest for next-generation experiments: reduce these error bars
Ultimate goal: Hadron data = Lattice QCD = MuONe


