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Disclaimer

В лекции использованы 

материалы школы 
«International Physics School on 
Muon Dipole Moments and 
Hadronic Effects»

и материалы совещания 
«ShwingerFest2022: muon g-2» 
(June 14-17, 2022)

и слайды из презентаций 
коллег по коллаборации Muon 
g-2
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Напоминание 
из прошлой 
лекции
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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)

Logashenko Ivan

WeakHadQED aaaa mmmm 

Интересно не само значение аномального момента мюона, а его 
отличие от предсказания Стандартной модели

Вычисление 𝑎𝜇 в Стандартной модели:

Расчет 𝑎𝜇(𝑆𝑀) не менее важен, чем измерение 𝑎𝜇 𝑒𝑥𝑝 !



From 
F.Jegerlehner
book

The closer you look the more there is to see

“It seems to be a strange enterprise to 
attempt write a physics book about a 
single number. It was not my idea to 
do so, but why not. In mathematics, 
maybe, one would write a book about
𝜋. Certainly, the muon’s anomalous 
magnetic moment is a very special 
number and today reflects almost 
the full spectrum of effects 
incorporated in today’s Standard 
Model (SM) of fundamental 
interactions, including the 
electromagnetic, the weak and the 
strong forces….”

693 pages book on muon (g-2)!
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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 в 
Стандартной 
модели
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Точность 
измерения и 
вычисления 
𝑎𝜇
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QED 
contribution
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универсальный 
𝐴1 𝜇 = 𝐴1(𝑒)

отличаются для 𝑒, 𝜇, 𝜏
лептоны в петле отличаются от внешних лептонов 

𝐶1 = 𝐴1
(2)
=
1

2



QED 
contribution
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𝛼 𝑚𝜇/𝑚𝑒 𝐶4 𝐶5

0.29 ppb



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

Logashenko Ivan MISP 2022. Muon anomalous magnetic moment 14



QED 
contribution
four- and five-
loop
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Electroweak 
contribution
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Hadronic
contribution
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Вклад 
сильных 
взаимодейств
ий

6 881 ± 42 × 10−11 −98.4 ± 0.7 × 10−11 105 ± 26 × 10−11
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370 ppb (0.6%) 10 ppb 220 ppb

Лидирующий
(LO)

Высших порядков
(NLO)

Свет-на свете
(LBL)

J(2017)

KNT(2018): 6 933 ± 25 × 10−11 (0.36%)



HVP structure
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HVP:
what do we 
need to 
measure

∝
1

𝑞2 − 𝑠

𝛼

𝜋
𝐾𝜇(𝑠)

Im Π′ 𝑠 =
𝑠

4𝜋𝛼
𝜎0 𝑒+𝑒− → 𝛾 → ℎ𝑎𝑑𝑟𝑜𝑛𝑠 + ⋯

Analyticity
(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 resonancesLogashenko Ivan MISP 2022. Muon anomalous magnetic moment 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 ≲ 2GeVLogashenko Ivan MISP 2022. Muon anomalous magnetic moment 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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Hlbl structure
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𝑎𝜇 в 
Стандартной 
модели
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BSM 
contribution to 
muon (g-2)
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BSM 
contribution to 
muon (g-2)
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Адронные
сечения для 
HVP
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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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Energy scan 
approach

𝜎 =
𝑁𝑜𝑏𝑠 − 𝑁𝑏𝑔

𝜀 ∙ ∫ 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 signal 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

𝜀 ∙ ∫ 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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The top 
exclusive 
hadronic cross 
sections in the 
world [of 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

𝒆+𝒆− → 𝝅+𝝅−

other final 
states

The larger the contribution, the 
better precision is required

𝑒+𝑒− → 𝜋+𝜋− is by far the most 
challenging and has got the most 
attention (73% of total hadronic
contribution!)
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Luminosity 
measurement e

e

e

e

 ℒ𝑑𝑡 =
𝑁𝑜𝑏𝑠 − 𝑁𝑏𝑔

𝜀 ∙ 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 calculatedLogashenko Ivan MISP 2022. Muon anomalous magnetic moment 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

𝜀 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 
(2017-)
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250 m beamline

New injection complex

VEPP-2000

История набора 
интеграла светимости

upgrade

Распределение набранного 
интеграла светимости по энергии

𝜑
𝜌,𝜔



CMD-3
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DC

ZC

LXe

CsI
BGO

TOF

Mu

Advantages compared to  CMD-2:

• new drift chamber with two 
times better resolution, higher 
B field

better tracking
better momentum resolution

• thicker barrel calorimeter 
(8.3𝑋0 → 13.4 𝑋0)

better particle separation

• LXe calorimeter
measurement of conversion 
point for γ’s 
measurement of shower 
profile

• TOF system
particle id (mainly 𝑝, 𝑛)



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



CMD-3 
published 
results
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Understanding 
of 
intermediate 
dynamics
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In order to measure hadronic cross section, you have to understand the dynamics of 
the process (to properly evaluate detector efficiency). High statistics is crucial!

Example: 
four pions at CMD-3 



ISR approach
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e

e



hadrons

s s’

The initial-state radiation (ISR) approach:
take data at single energy point and 
identify 𝑒+𝑒− → 𝑋 + 𝛾 events to extract 
cross-section  𝑒+𝑒− → 𝑋 in the wide 
energy range. 

𝑑𝑁𝑋 𝛾 𝛾𝐼𝑆𝑅

𝑑 𝑠′
=
𝑑𝐿𝐼𝑆𝑅
𝑒𝑓𝑓

𝑑 𝑠′
𝜀𝑋 𝛾 𝑠′ 𝜎𝑋 𝛾 𝑠′

The cross section is extracted 
from the spectrum of 
𝑒+𝑒− → 𝛾𝐼𝑆𝑅𝑋 events:

𝑑𝐿𝐼𝑆𝑅
𝑒𝑓𝑓

𝑑 𝑠′
= 𝐿𝑒𝑒

𝑑𝑊

𝑑 𝑠′
Effective luminosity

Radiator function –
probability to radiate 
ISR photon (with 
radiative corrections)

ISR luminosity is 2-3 orders of magnitude smaller than plain luminosity. Need 
high luminosity collider – “factory”.



Small angle vs 
large angle ISR
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Small angle (untagged) ISR

• ISR photon emitted along initial 
beam, undetected

• ISR photon is reconstructed from 
kinematics of the final state

Large angle (tagged) ISR

• ISR photon emitted at large angle 
and detected

Angular
distribution

of 𝛾𝐼𝑆𝑅



BABAR 
experiment 
(1999-2008)

Logashenko Ivan
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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



Tagged ISR 
method at 
BABAR

ISR

Hadrons

Generic BABAR ISR 
event

Fully exclusive measurement
Photon with ECM > 3 GeV, which is 
assumed to be the ISR photon
All final hadrons are detected and 
identified

Large-angle ISR forces the hadronic
system into the detector fiducial
region

A weak dependence of the detection 
efficiency on dynamics of the hadronic
system (angular and momentum 
distributions in the hadron rest frame) 
 smaller model uncertainty
A weak dependence of the detection 
efficiency on hadron invariant mass 
measurement near and above 
threshold with the same selection 
criteria.  

Kinematic  fit with requirement of 
energy and momentum balance

excellent mass resolution
background suppression 

Can access a wide range of energy in a 
single experiment: from threshold to 
~5 GeV
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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−)



ISR vs energy 
scan
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• Energy scan analysis is generally simpler, but ISR measurements were done with 
superior detectors

• Before VEPP-2000, ISR measurements had more statistics
• In general, background is higher for ISR measurements
• ISR approach allows for larger detector coverage and smaller model-

dependence 
• In both approaches the visible cross-section is smeared and we need to unfold it:

Energy scan

The cross-section is smeared by ISR

𝜎𝑣𝑖𝑠 𝑠 =  
0

1

𝑑𝑥1𝑑𝑥2𝐷 𝑥1, 𝑠 𝐷 𝑥2, 𝑠 𝜎0 𝑥1𝑥2𝑠

The beam energy is known to high 
precision (∼ 10−4 − 10−3)

The “unfolding” is done via radiative 
corrections

The “response” function is model-
dependent, but it does not have unknown 
pieces

ISR

The cross-section is smeared by detector 
resolution

𝑑𝜎𝑣𝑖𝑠(𝑠, 𝑠
′)

𝑑𝑠′
=
2𝑠′

𝑠
𝑊 𝑠, 𝑠′ 𝜎0(𝑠

′)

The energy of the final state 𝑠′ is 
reconstructed from the kinematics.

If the detector response function is 
known, the unfolding is the robust 
procedure.

But tails in the response function can lead 
to large effects.



Inclusive 
measurements
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Inclusive measurements were systematically performed at 𝑠 ≳ 2GeV

Signal events: one or more hadrons in the 
final state + any number of extra particles
Cuts on multiplicity, sphericity,…
With or without particle identification

The analysis depends on the same ingredients as the exclusive measurement:
event selection, luminosity measurement, calculation of radiative corrections, 
evaluation of  detector efficiency

Key difficulty: to properly model hadronic events for evaluation of efficiencies 
and radiative corrections. There are dedicated MC generators: JETSET, LUARLW

“Typical” good precision: 
𝛿𝑅

𝑅
∼ 3%, best achieved ∼ 2%. 

Important to have large detection efficiency (now ∼ 75%)



BES-II
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PRL88(2002)101802

PLB677(2009)239

• 3 − 5% statistical error per point
• 5 − 8% systematical error 

BES-II performed detailed R(s) 
scan between 2 and 5 GeV

BES-III collected a lot of R(s) data (125 points), not published yet

Major improvement!



KEDR
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Детектор КЕДР

В . Блинов Сессия ИЯФ , 1 февраля 2013 года 3/ 27

Детектор КЕДР

В . Блинов Сессия ИЯФ , 1 февраля 2013 года 3/ 27

VEPP-4M collider

Beam energy range 0.925-5.3 GeV
Luminosity ∼ 4 ⋅ 1031 𝑐𝑚−2𝑠−1

Beam energy is determined to 20-30 keV
(using Compton backscattering and 
resonance depolarization)

KEDR detector



KEDR
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• 2 − 3% statistical error per point
• 2 − 3% systematical error 

KEDR performed detailed R(s) scan 
between 1.8 and 3.7 GeV

KEDR collected R(s) data between 4.7 and 7.0 GeV (17 points)
Most precise measurement



Is there 
agreement 
between 
inclusive and 
exclusive?
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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



What to 
expect in near 
future

 VEPP-2000 has collected >500 1/pb per detector. The ultimate goal is 
1000 1/pb per detector – many more data! Possibility to study 
intermediate dynamics.

 𝑒+𝑒− → 𝜋+𝜋− cross section is about to be published by CMD-3 –
record statistical precision

 SND published 𝑒+𝑒− → 𝜋+𝜋− cross section only using small portion 
of data - more results to be expected

 New analysis of BABAR 𝑒+𝑒− → 𝜋+𝜋− data based on angular 
distribution 

 BELLE-II is taking data – expect new BABAR-like comprehensive ISR 
measurement

 BES-III plans to collect x10 of ISR data

 There is progress in development of new generators for radiative 
corrections calculations – very important for reaching higher accuracy 
(below 0.5%)

 With new high statistics measurements it will be possible to perform 
detailed comparison between ISR and energy scan
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Status of
𝑒+𝑒− → 𝜋+𝜋−
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0.9%

0.5%

0.6-0.8%

0.9%

0.9-1.0%

0.7%

Systematic uncertainties



Status of 
𝑒+𝑒− → 𝜋+𝜋−
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Status of 
𝑒+𝑒− → 𝜋+𝜋−
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Infamous KLOE/BABAR tension 
(more pronounced in the spectra)

𝑎𝜇 calculation is BABAR 

dominated outside of 𝜌 energy 
region (0.6-0.9 GeV)



Statistical 
precision of 
CMD-3 data
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Relative statistical accuracy Δ𝜎/𝜎 of various data sets in 20 MeV energy bins

That’s all I can say about CMD-3 2𝜋 analysis at the moment 



Зарядовая 
асимметрия в
𝑒+𝑒− → 𝜋+𝜋−
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Проведено измерение зарядовой асимметрии в процессе е+е- → π+π-
с детектором КМД-3 

𝐴 =  𝑁Θ<𝜋/2
𝜋 − 𝑁Θ>𝜋/2

𝜋 𝑁

CMD-3 data

Экспериментальные данные не описываются обычно используемыми 
моделями, основанными на вычислениях в рамках sQED.
Результат важен при анализе и интерпретации измерений сечения рождения 
2π (прямым методом и ISR).



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)



Lattice 
calculations
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Lattice 
calculations

Logashenko Ivan MISP 2022. Muon anomalous magnetic moment 78

From overview by H.Wittig at Schwinger Fest 2022



Lattice 
calculations
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From overview by H.Wittig at Schwinger Fest 2022



Lattice 
calculations
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From overview by H.Wittig at Schwinger Fest 2022



Lattice 
calculations
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MUONE
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MUONE
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From talk by R.Pilato “Status of MUonE experiment”



MUONE
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From talk by R.Pilato “Status of MUonE experiment”



MUONE
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From talk by R.Pilato “Status of MUonE experiment”



MUONE
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From talk by R.Pilato “Status of MUonE experiment”



Conclusion

 Фермилаб уже набрал 
статистику, достаточную 
для улучшения точности 
измерения в 4 раза

 Следующий результат из 
Фермилаб ожидается в 
2022 году, с точностью, в 2 
раза лучше, чем в 2021 году

 КМД-3 и СНД набрали 
большой объем 
статистики, идет анализ 
данных. Публикуются  
новые результаты от обоих 
экспериментов.

 В мире развиваются 
методы решеточных 
вычислений адронного
вклада – независимый 
подход
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Результаты из 
Новосибирска 

улучшат точность 
теоретического 

расчета

Результаты из 
Фермилаб улучшат 

точность 
измерения

Lattice/𝑒+𝑒− tension?



Extra slides
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Магнитный 
момент
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Дипольные 
моменты 
частицы со 
спином 1/2
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по определению!



CMD-3 
𝑒+𝑒− → 𝜋+𝜋−

analysis
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Very simple kinematics, but the most challenging analysis due to 
high precision requirement: need to take into account many effects 
(which can affect result by 0.1% or more)

Main background:

𝑒+𝑒− → 𝑒+𝑒−, 𝜇+𝜇−

Measurement at CMD-3: 

• several scans of the whole energy 
region below 2 GeV (took data in 𝜌
region in 2013, 2018, 2020)

• employ correlations of the final 
particles: 𝑒+𝑒−, 𝜇+𝜇−, 𝜋+𝜋−

separation either

• by 2D momentum or 

• by 2D energy deposition

independent measurements!

• many things to study: fiducial volume, 
pion decays, pions interactions in 
detector,backgrounds,…

𝑃− vs 𝑃+@ 𝑠 = 0.5GeV

𝑒+𝑒−

𝜇+𝜇−

𝜋+𝜋−

cosmics

Θ
𝑒+ 𝑒−

𝜋+

𝜋−

High statistics is crucial!  Goal: ~0.5% systematics



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



CMD-3 
𝑒+𝑒− → 𝜋+𝜋−

analysis: 
internal checks
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Comparison between different data sets
Comparison of measured
𝜎 𝑒+𝑒− → 𝜇+𝜇− to QED


