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VEPP-2000 collider

• Uses “round beams” technique (focusing
solenoids)

• Maximum luminosity achieved -
4 × 1031 cm−2s−1

• CMD-3 and SND detectors placed at two
beam interaction points

• VEPP-2000 (Novosibirsk, Russia) scans the 𝑠 in the range from 0.32 to 2.01 GeV

• Beam energy is monitored by the Compton backscattering laser light system with ~50 keV precision

CMD-3

SND
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CMD-3 detector
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CMD-3 detector & physics program

• Precise measurement of 𝑹 =
𝝈(𝒆+𝒆−→𝒉𝒂𝒅𝒓𝒐𝒏𝒔)

𝝈(𝒆+𝒆−→𝝁+𝝁−)
to achieve <1% systematic for major channels

• Study of the exclusive hadronic channels of 𝑒+𝑒− annihilation, test of the isotopic relations

• Study of the “excited” vector mesons: 𝜌′, 𝜌′′, 𝜔′, 𝜙′…

• Study of GE/GM for nucleons and behavior of hadronic cross sections near 𝑁ഥ𝑁 threshold

• CVC tests: comparison of isovector part of 𝜎(𝑒+𝑒− → ℎ𝑎𝑑𝑟𝑜𝑛𝑠) with 𝜏 −decay spectra

• Two-photon physics (e.g. 𝜂 production)

In this talk I’m focusing on the recent results of the study of exclusive hadronic final states

DC

ZC

LXe

CsI

BGO
TOF

Muon veto

SC solenoid
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• There is ~3.5 𝜎 discrepancy between experimentally

measured and SM prediction for 𝑎𝜇

𝜇𝜇 = 𝑔𝜇
𝑞𝜇

2𝑚𝜇
Ԧ𝑠,              𝑔𝜇 = 2(1 + 𝑎𝜇)

Dirac Anomaly

𝒈 − 𝟐 of muon puzzle

𝑎𝜇
𝑆𝑀 = 𝑎𝜇

𝑄𝐸𝐷+ 𝑎𝜇
𝐻𝑎𝑑+ 𝑎𝜇

𝑊𝑒𝑎𝑘

𝑎𝜇
𝐻𝑎𝑑= 𝑎𝜇

𝐻𝑎𝑑(𝐿𝑂) + 𝑎𝜇
𝐻𝑎𝑑(𝑁𝐿𝑂) + 𝑎𝜇

𝐻𝑎𝑑(𝐿𝐵𝐿)

𝛾𝜇 𝜇
H

𝑎𝜇
𝐻𝑎𝑑(𝐿𝑂)

• Magnetic moment of Dirac particle:
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LO-Hadronic contribution to 𝒂𝝁

𝒂𝒉𝒂𝒅;𝑳𝑶𝝁 =
𝜶𝒎𝝁

𝟑𝝅

𝟐

න

𝟒𝒎𝝅
𝟐

∞
𝒅𝒔

𝒔𝟐
𝑲 𝒔 𝑹 𝒔

• 𝑎had,LO𝜇 is calculated by integrating the

experimental inclusive cross section
𝜎 𝑒+𝑒− → ℎ𝑎𝑑𝑟𝑜𝑛𝑠 :

• Due to 1/𝑠2 weighting the energy range of VEPP-
2000 makes a dominant contribution of ~93% to

the 𝒂𝒉𝒂𝒅;𝑳𝑶𝝁 and ~70% to its uncertainty

VEPP-2000
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CMD-3: overview of data taking

2017-2019
2010-2013
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• Before upgrade (2011-2013) the luminosity at high
energies was limited by a deficit of positrons and
limited energy of the booster

• 2017: new injection complex and booster gave a big
improvement in luminosity at high energy, still way
to go

• 2018: “Beamshaking” technique was introduced,
which suppresses beam instabilities (x4 Lum)

• 𝐿~250 pb−1 per detector collected so far:

~65 pb−1 < 1 GeV, ~185 pb−1 > 1 GeV

1-2 GeV 
scan

0.32-1 GeV 
scan

upgrade



Exclusive channels of 𝒆+𝒆− → 𝒉𝒂𝒅𝒓𝒐𝒏𝒔

Event signature Final state (published/submitted, in progress)

2 charged 𝜋+𝜋− 𝐾+𝐾− 𝐾𝑆𝐾𝐿 𝑝𝑝 𝜋+𝜋−𝛾

2 charged + γ’s

𝜋+𝜋−𝜋0 𝜋+𝜋−2𝜋0 𝜋+𝜋−3𝜋0

𝜋+𝜋−4𝜋0 𝜋+𝜋−𝜂 𝜋+𝜋−𝜋0𝜂 𝜋+𝜋−2𝜋0𝜂
𝐾+𝐾−𝜋0 𝐾+𝐾−2𝜋0 𝐾+𝐾−𝜂 𝐾𝑆𝐾𝐿𝜋

0

𝐾𝑆𝐾𝐿𝜂 𝜂′(958)

4 charged
2𝜋+2𝜋−

𝐾+𝐾−𝜋+𝜋− 𝐾𝑆𝐾
±𝜋∓

4 charged + γ’s

2𝜋+2𝜋−𝜋0 2𝜋+2𝜋−2𝜋0

𝜋+𝜋−𝜂 𝜋+𝜋−𝜔 2𝜋+2𝜋−𝜂

𝐾+𝐾−𝜔 𝐾𝑆𝐾
±𝜋∓𝜋0 𝐷∗0(2007)

6 charged 3𝜋+3𝜋− 𝐾𝑆𝐾𝑆𝜋
+𝜋−

6 charged + γ’s 3𝜋+3𝜋−𝜋0

Fully neutral
𝜋0𝛾 2𝜋0𝛾 3𝜋0𝛾
𝜂𝛾 𝜋0𝜂𝛾 2𝜋0𝜂𝛾

Other 𝑛𝑛 𝜋0𝑒+𝑒− 𝜂𝑒+𝑒−

Published/submitted results:

3𝜋+3𝜋−: PLB 723 (2013) 82-89

𝜂′: PLB 740 (2015) 273-277

𝑝 ҧ𝑝: PLB 759 (2016) 634-640

𝐾+𝐾−𝜋+𝜋−: PLB 756 (2016) 153-160

𝐾+𝐾− (𝑎𝑡 𝜙(1020)): PLB 760 (2016) 314-
319

2𝜋+2𝜋− (near 𝜙(1020): PLB 768 (2017)
345-350

𝜔𝜂, 𝜂𝜋+𝜋−𝜋0: PLB 773 (2017) 150-158

𝐾𝑆𝐾𝐿 (𝑎𝑡 𝜙(1020)): PLB 779 (2018) 64-71

3𝜋+3𝜋−𝜋0: PLB 792 (2019), 419-423 

𝐾+𝐾−𝜂: arXiv:1906.08006, submitted to
PLB 8



𝒆+𝒆− → 𝝅+𝝅−: pion formfactor measurement
• It is a main contributor to the 𝑎had,LO𝜇 (~73%)

• The CMD-3’s goal it to measure the |𝐹𝜋|
2 with 0.4-0.5%

systematics uncertainty

• CMD-3’s 2013 & 2018 statistics for 𝜋+𝜋− a few times larger
than in other experiments

• To control systematics, two independent approaches for
determination of the number of 𝜋+𝜋− events are used:

momentum-based and energy deposition-based

1) momentum-based 2) energy deposition-based

𝑬𝒃𝒆𝒂𝒎 = 𝟐𝟓𝟎 𝐌𝐞𝐕

𝝁

𝒆

𝝅, 𝝁

𝒆

𝑬𝒃𝒆𝒂𝒎 = 𝟒𝟔𝟎 𝐌𝐞𝐕

𝝅

• Momentum-based approach
works better at low c.m.
energies (<0.8 GeV), energy-
based – at large energies
(>0.6 GeV). Using both
methods in the middle allows
to control systematics

• In both cases 2D-likelihood
function is constructed, its
minimization gives 𝑁𝜋𝜋/𝑁𝑒𝑒 9



𝒆+𝒆− → 𝝅+𝝅−: pion formfactor measurement

• The projection of the fitting 
functions after minimization:

𝟐𝟓𝟎 𝐌𝐞𝐕

fit

data

𝜇+𝜇−

𝑒+𝑒−

𝜋+𝜋−

cosmics

momentum-based

• Currently the systematics
is estimated to be 0.6-
0.9% (momentum-based)

The list of sources of 
systematics:

• Radiative corrections

• e/𝜇/𝜋 separation

• Uncertainty of fiducial 
volume

• Beam energy

• Electron bremsstrahlung 
loss

• Pion specific corrections

• Additional test – σ 𝑒+𝑒− → 𝜇+𝜇−

measurement (compatible with QED at
~0.25%):

• The results of 2013 and 2018 are 
consistent within ~0.1%:

e/μ/π
separation 
using particles 
momentum

e/μ/π
separation 
using energy 
deposition
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• Process has very complicated production
dynamics

• Since the detection efficiency strongly
depends on the dynamics, the
simultaneous unbinned fit of 𝝅+𝝅−𝝅𝟎𝝅𝟎 and
isotopically-related 𝝅+𝝅−𝝅+𝝅− final states
is performed

• 64000 𝝅+𝝅−𝝅𝟎𝝅𝟎 events were selected in a
5C-kinematic fit (energy-momentum
conservation + 𝜋0 mass for one pair of
photons)

• 72000 𝝅+𝝅−𝝅+𝝅− events were selected in a
4C-kinematic fit (energy-momentum
conservation)

Study of 𝒆+𝒆− → 𝝅+𝝅−𝝅𝟎𝝅𝟎 process

11



Study of 𝒆+𝒆− → 𝝅+𝝅−𝝅𝟎𝝅𝟎 process
• The effective lagrangians are used to calculate

the amplitudes

• After the fit simulation shows reasonable agreement with data:

• From the unbinned fit the relative amplitudes of
the different mechanisms were determined:

• 𝜔(782)𝜋0 and 𝑎1𝜋 dominate in the
process, but other mechanisms are
also statistically significant

• The total cross section was measured:

• For more details see poster by E. Kozyrev 12



• The selection of kaons is performed using the log-likelihood
function, based on the measured 𝑑𝐸/𝑑𝑥 in the DC

• Event selection: 4C-kinematic fit with all pairs of photons
in the event

𝑀𝐶:𝜙𝜂𝑀𝐶: 𝑝ℎ𝑎𝑠𝑒 𝑠𝑝𝑎𝑐𝑒

𝑒𝑥𝑝 (total)

Study of 𝒆+𝒆− → 𝑲+𝑲−𝜼 process

𝑀𝐶:𝜙𝜂

𝑚𝑖𝑛𝑣 𝐾+, 𝐾− > 1075 MeV/c2

• No evidence of NON-𝜙𝜂 events with 𝑚𝑖𝑛𝑣 𝐾+, 𝐾− > 1075 MeV/c2 (only 𝜙𝜂 is seen):

𝜙(1020)

𝑀𝐶: 𝜙𝜂
13



• Signal/background separation is done by fitting the energy

disbalance distribution:

Study of 𝒆+𝒆− → 𝑲+𝑲−𝜼 process

𝐂𝐌𝐃𝟑

BABAR

14

• From the cross section fitting the 𝜙′(1680) parameters were

determined with the best precision at the moment



• We are trying to probe also charm-physics

• Motivation: A. Khodjamirian et al, JHEP11(2015)142 : 

𝐷∗0 → 𝐷0𝛾:    ℬ 𝐷∗ → 𝑒+𝑒− < 5.2 × 10−6 (90% CL)

𝐷∗0 → 𝐷0𝜋0: ℬ 𝐷∗ → 𝑒+𝑒− < 1.7 × 10−6 (90% CL)

After filtration (1./500 bkg suppression):
• Likelihood of K3π (dE/dx,p)
• Ks filtration 

D*0 → D0 γ

D*0 → D0 π0

All 4 tracks events
(experiment + sim)

D0 → K3π

• First time UL measurement:
15

Searching for 𝒆+𝒆− → 𝑫∗𝟎 (𝟐𝟎𝟎𝟕)

• VEPP-2000 collected 3.4 pb−1 at 2007 MeV:

SM: ℬ 𝐷∗ → 𝑒+𝑒− ≥ 5 × 10−19

New Physics with Z’ : ℬ 𝐷∗ → 𝑒+𝑒− < 2.5 × 10−11

https://arxiv.org/abs/1509.07123


𝐌𝐮𝐥𝐭𝐢𝐡𝐚𝐝𝐫𝐨𝐧 𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 @𝑵ഥ𝑵 threshold 
BaBar
CMD3 2011-2012
CMD3 2017 (prelim.)

CMD3

“born cs.”, convolved with ISR F(s,x)

structure function & beam energy

spread
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• In 2017 we did the
detailed scan of 𝑁ഥ𝑁
threshold region with the
step 0.8 MeV (~beam
energy spread)

• Several dip structures with
~ 1 MeV width are seen in
multihadron production!
(see details in PLB 794
(2019) 64-68)

• Effect can be described via
optical nucleon-
antinucleon potentials
(“Milstein-Salnikov”
parametrization, see Nuc.
Phys. A 977 (2018) 60-
68)

CMD3 2017 (prelim.)

BaBar



17

• Hovewer, some questions still remain: why no “dip” structure in 𝑒+𝑒− → 2𝜋+2𝜋−, 𝜋+𝜋−4𝜋0?

𝐌𝐮𝐥𝐭𝐢𝐡𝐚𝐝𝐫𝐨𝐧 𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 @𝑵ഥ𝑵 threshold 

SND: 𝜎(𝑒+𝑒− → 𝜋+𝜋−4𝜋0)



Study of 𝒆+𝒆− → 𝝅+𝝅−𝜼 process
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• Event selection ( 𝜂 → 𝛾𝛾 ): 4C-kinematic fit (energy-
momentum conservation)

• 𝑒+𝑒− → 𝜌(770)𝜂 mechanism dominates

• Signal/background separation using 𝑚(𝛾𝛾) distribution

• Cross section is fitted with 𝜌 770 , 𝜌 1450 and 𝜌(1700)
intermediate resonances



• 𝒆+𝒆− → 𝑲+𝑲− at 𝝓: PLB 779 (2018) 64 • 𝒆+𝒆− → 𝑲𝑺𝑲𝑳 at 𝝓: PLB 760 (2016) 314-319
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• 𝒆+𝒆− → 𝝅+𝝅−𝝅𝟎𝜼: PLB 773 (2017) 150-158• 𝒆+𝒆− → 𝟑(𝝅+𝝅−)𝝅𝟎: PLB 792 (2019), 419-423 

2011
2012

total
2(π+π-)η

2(π+π-)ω

Other published result



• Study of 𝑒+𝑒− → 𝐾+𝐾−𝜋0:

• Study of 𝑒+𝑒− → 𝐾𝑆𝐾𝐿 above 𝜙 • Study of 𝑒+𝑒− → 𝜋0𝛾, 𝜂𝛾

• Study of 𝑒+𝑒− → 𝐾+𝐾−𝜔(782): 

20

• Study of 𝑒+𝑒− → 𝐾𝑆𝐾𝐿𝜋
0:

Other preliminary result



• CMD-3 has taken ~250 pb−1 of data in the whole energy range
0.32 ≤ 𝑠 ≤ 2.0 GeV and is going to take ~1fb−1 in the next ~5 years

• Some upgrade of detector subsystems are planned (endcap and
barrel coordinate counters, new drift chamber)

• Many analyses have been published. Many others are in progress

21

𝐓𝐡𝐚𝐧𝐤 𝐲𝐨𝐮!

Conclusions
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BACKUP



e+e- → 3(π+π-)π0  from CMD-3

~1% of R(s) at 2 GeV

First time measurement of total cross-section

2(π+π-)η

2(π+π-)ω 2(π+π-)η

BaBar
CMD3

4πη,4πω dominated

3π invariant 
mass

23

Phys. Lett. B792, 419 (2019)

It is the first measurement of the 7pi production



Energy measurement
Starting from 2012, beam energy and energy spread are monitored continuously using 
Compton backscattering system with about 30 keV uncertainty

MeV

Two sources of photons are used: ytterbium and CO lasers. 

CO (5 nm) at the energy above 500 MeV,

Nd:YAG (1 nm) at the energy below 500 MeV.

E. Solodov. CMD-3, SND Overview March 2019 24


