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Gyromagnetic ratio g connects e . Yé

magnetic moment ¢ and spin s As =g %S
H Hu
For point-like particle g = 2
Anomalous
. Anomalous magnetic moment a a=(g—2)/2
mag netic arises in higher-orders
moment of G ~ @, ~ <~ 1073 (QED dominated)
muon Idea of experiment: by comparing measured value of a with the theory
prediction we probe extra contributions to a beyond theory expectations
. a,(strong)/a,(QED) = 6 x 107> a,(weak)/a,(QED) ~ 107°
The basics
Why muon? For massive fields there is Y
natural scaling, which enhances 2
m
contribution to a, by (mﬂ/me)2 ~ 43000 Aa ~ (m—l> g
X

compared to a,
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Electromagnetic Strong interactions Weak interactions
interactions
227

Standard Model \ 0,000 000 069 37 (43) /

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

N /
a, = 0.001 16591810 (43) wrzoz0

Physics Reports 887 (2020) 1-166

prediction for a,,

The uncertainty is dominated by contribution of strong interactions

Dispersive approach:  a,(Had; LO) = jae+e_—>hadr0ns(s) K(s) ds

Requires knowledge of 0, +,- S pqdrons (S) from the threshold to few GeV
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Contribution
of exclusive

hadronic cross
sections to a,
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In exclusive approach, we calculate a, integral for each final state and sum them:

had —
X=nOy,ntn—,.. \
Channel ap* o 1071
0%y 4.41 + 0.06 + 0.04 + 0.07
Y 0.65 + 0.02 £ 0.01 £ 0.01
ntr— 507.85 + 0.83 +3.23 + 0.55
ata a® 46.21 4 0.40 + 1.10 + 0.86
2t am— 13.68 £ 0.03 £ 0.27 £ 0.14
ata 2n° 18.03 + 0.06 + 0.48 + 0.26

2nt2n—a? (n excl.)
ata37Y (7 excl.)
3rt3m—

227727 (1 excl.)
atr4n" (1 excl., isospin)
gt

nw

prta 7w’ (non-w, @)
n2nt2n~

wnm?

wr? (w — 7y)

w2 (w — 70y)

w (non-3m, vy, 77y)

0.69 £ 0.04 £+ 0.06 = 0.03
0.49 £ 0.03 £ 0.09 = 0.00
0.11 = 0.00 £+ 0.01 = 0.00
0.71 £ 0.06 = 0.07 = 0.14
0.08 = 0.01 £ 0.08 = 0.00
1.19 £ 0.02 = 0.04 = 0.02
0.35 £ 0.01 £ 0.02 = 0.01
0.34 £ 0.03 £+ 0.03 = 0.04
0.02 = 0.01 £+ 0.00 = 0.00
0.06 = 0.01 £+ 0.01 = 0.00
0.94 = 0.01 £+ 0.03 = 0.00
0.07 = 0.00 £ 0.00 = 0.00
0.04 = 0.00 £ 0.00 = 0.00

KYK~
KKy,

23.08+£020+033=021
12.82 + 0.06 £ 0.18 £ 0.15

From DHMZ'19
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a; (LO) = Z%j o%(ete” - X)K,(s)ds
X

The larger the contribution, the
better relative precision is
required

ete™ - mwtm~ is by far the most
challenging and has got the most
attention (74% of total hadronic
contribution!)

— K(3)
—— R-ratio

0.4 0.6 0.8 1.0 1.2 1.4
V5 [GeV]



VEPP-2000
collider

(BINP,
Novosibirsk)
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to VEPP-4M & c-t-factory =

Storage Ring

Bldg.13

.

VEPP-2000

Bldg.4 Bldg.20 \E&\\‘:Z:)@

Bldg.1R

Electron-positron collider

Covers c.m. energy range from 0.36 to 2.0 5B
Two experiments —CMD-3 and SND

Design parameters @ 1 GeV

Circumference  24.388 m

Beam energy 150 + 1000 MeV
N of bunches 1x1

N of particles Ix10!

Betatron tunes  4.14/2.14

Beta* 8.5 cm

BB parameter 0.1

Luminosity

1x10%2 cm2s!

CMD-3

e'.e”
booster

1000 MeV

“*Round beam” optics

Energy monitoring by Compton backscattering (o,5 = 0.1 MeV)

Comprehensive study of ete™ - hadrons with CMD-3 and SND detectors

Results of CMD-3 Experiment at VEPP-2000 Collider



Hadrons

S
Direct measurement (Energy scan) ISR (Initial State Radiation)
Measurement
- fixed s: 0+ ,-_(s) ~ Ny /L O+, (s’)~dNH+—”/dS'
teChnquES At FTete oH H e’e —H L-dw /dsr

Data is taken at different s Data is taken at fixed s > s’

Direct vs ISR

Now: CMD-3, SND2k @VEPP-2000 Now: BES-IIl, BELLE-II
Previous: CMD-2, SND @VEPP-2M Previous: KLOE, BABAR, CLEO
Future: STCF, VEPP-6
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Overpassed 1 1/fb per detector

pp, ni

1/pb

1000:§ 102_5 pw ® f1(12855
800 & 1o
Collected data soo

400 600 800 1000 1200 1400 1600 1800 2000
Energy, MeV

(per detector) 400

200

01/2012 01/2014 01/2016 01/2018 01/2020 01/2022 01/2024
Date
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CMD-3
Detector

: Magnetic field 1.0-1.3T
x*
Cryogenlc Drift chamber

Magnetic Detector b | > 0y ~ 100 4,0, ~ 2 mm
EM calorimeter
(LXE, Csl, BGO), 13.5 X,
> oz /E ~ 3% — 10%
» 0g ~ 5 mrad

TOF
Muon counters
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Study of
exclusive
channels of

ete™ -
hadrons
at CMD-3
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Signature

Final states (preliminary, published)

2 charged

ntn,K*K~,K{K;,pp

2 charged+y's

TF+TE_]/, 7T+1T_T[0, 7T+7T_7?; K+K—ﬂ:0! K+K—77; KSKLT[U;
KsKin, 7T+7T—1T0?7, 1T+1r_21r0, 1r+1r‘31r0, ntn4n°

4 charged ntn ntn T, KK ntn T, KKint

4 charged +y's ntrntn r, ntr oy rtn ot et n %O,
K*K™n K"K w

6 charged ntnntn ntnT, KsKinTntnT, KsKem ™

6 charged + y's 3(ntm )

Neutral %y, ny, w1y, nn°nly, nnOny

Other nn,n’ete”,nete”

Rare decays

n', D*(2007)°

* As of beginning of 2025
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Selected results
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o(ete” >t n®) CMD-3(2023)
PRD 109 (2024) 11, 112002

X2/ ndi 40.733737

g0 | T

< 1800 |+ cmD2 — e e I 1608 + 7

'.g 1600 :_+CMD300" __________ AbF -0.0005 i 0',0002

o = 3 ; | %7 ndf 51.868/9

[ VT, S S — A 8 . 782.64 +0.12

n §1200: ; ’ R 9.06 +0.19

— o e o R o) 1498 + 26

e e — 37T © 4000 T %Ay -0.0008+0.0026

| - [%@7ndf 77152/ 71

800F . e R my, 782.66 + 0.05

= |, 8.71+0.10

bl : h d 600 I B I T 1635+ 9

p uplisne 400 o 5 — - ~0.0009 + 0.0024
result wof Y M

1 1 1 I 3 1 1 I 3 1 1 I 3 1 1 I 3 1 1

0075 0.76 0.77 0.78 0.79 0.8 0.81 0.82

(s, GeV
By-product of ete™ —» ¥~ analysis
Based on small subsetofete™ » ntnn
cuts, 0 nearly at rest)
Estimated systematic error is 3.3%
2.20 tension with CMD-2 measurement

O sample (“collinear” selection
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M, = 782.83 £ 0.02 + 0.05 MeV
10° | r, =862 +0.06 +0.09 MeV

(o — 3m) = 1660 + 8 39 nb
o(p —> 3m) = 0.54 +0.09 + 0.40 nb
¢p_m =-91+t7 +25deg

10° ¥2/NDF: 106/96

& [nb]

n 10 I | 1
e e % 3n ) ‘//q T L L T I T T T LR
/ X _ 1.2;— _;
1 b A} | E§ 1:? +1~|+1+1++1+H. uiu L H
- P R AR T L N I
O n g O I n g 10“77I I I07‘75I - ‘G.lI’BI | .| I07185I - I0.|79‘ - 67195I — 0!8 |
- 0.7 0.75 0.8 0.85 0.9 0.95
analysis 's [GeV]
Based on independent subset of e E =0.66-0.97GeV
ete” -t n® sample o Liy=51.4pb™(2013,2018)
o gyc=2%
Paper under preparation o N, =480k
e Systematic uncertainty (now)

~2.4%
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ete” - KtK~

ete” - KK,

—— SND a)
—=- CMD-2

—— CMD-3 Fit

== CMD-3 2012

== CMD-3 2013

e} T T T T T T T T T T Qo
6 . € 10
5
10° = 20 ]
r I 10
i 0 e
L [ —— & (' p + ) interf.
r — (& (p+ ) interf.
29500 1020 1040 7060 ]
Eem . MeV 10
10— — CMD-3 FIT = -
= ] E
B —&= CMD-3 2012 ] T 0.05
i —=— CMD-3 2013 ] '(‘r; 0
| [ B [ THNN T S O N N B L = -0.05
1010 1020 1030 1040 1050 1060
Ec.m.’ MeV 1000
PLB 779 (2018) 64

2.0% systematic error

CMD-3 published KK, , KT K~ at ¢(1020) only

The data analysis at energies above ¢ is ongoing
for both channels
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1030 1040 1050 1E O(rSHO VeV
PLB 760 (2016) 314
1.8% systematic error
Sl R
e ¢ HIGH19 4 HIGH23

Y KK,

100, ”'“;;.W
b PrellrrL %u i

iminary
1072+

1.0 12 1.4 16 1.8 2.0
Vs, GeV
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G, nb

ete” - KtK~

T T T T T T T T T T
L .
e
10° = 20 §
C of ]
L [ —— 0 & (0 p + @) interf.
r — (& (p+ ) interf.
B 29500 1020 1040 7060 ]
E.,.. MeV
10? = — CMD-3 FIT =
B —&= CMD-3 2012 B
: === CMD-3 2013 :
‘ Il Il Il ‘ Il 1 Il ‘ 1 Il | 1 Il 1 1 ‘ Il 1 Il ‘
1010 1020 1030 1040 1050 1060
Ec.m. . MeV
PLB 779 (2018) 64

2.0% systematic error

9ektk-

Remps =
g‘PKSKLw’Z(mfp)
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o,nb

(data - Fit)/Fit

10°

10?

10

0.05

-0.05

1000

= 0.990 + 0.017

ete” - KK,

—— SND a)
—=- CMD-2

—— CMD-3 Fit
== CMD-3 2012
== CMD-3 2013

1030 1040 1050 1060

PLB 760 (2016) 314
1.8% systematic error

e Rsnp = 0.92 +0.03(2.60)

e Remp_» = 0.943 +0.013(4.40)
® Rgapar = 0.972 +0.017(1.50)
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Large statistics required
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Detailed study of hadronic cross sections near

—~ — E 515 ‘ | I
pp and nn thresholds =l el
o 14f =500 1
2017 data = o A— j"ﬁl”' il
c <[ v % i
I‘E.: i pﬁ 08E l1ﬂ
,?.' B 1 06F -{
o 15[ 0al ﬁ 3(mtm™)
H a d ro n % B ] 0.25 '\1‘”{ g
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produc | T -
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Hadron
production
ineTe”

annihilation

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

ete™ - 2(ntm™)

0.0

ete st nnm

.é: |

' + ]ﬂ[|]|[

3 IR
: '.‘I-n.....

1600 1650 1700 1750 1BO0 4EGO 1900 1950 3000

ete” > 2(mtm ) "
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3 - I E
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ete~ —» KYK—1° | | mass [GeV] | width [GeV]

g
=

BW, 1.752+0.008 0.194+0.01
: b : BW» 1.598+0.005 0.325+0.015
Interesting observation — narrow p(1700) | 1.72 (Fxed) 0.25 (fixed)
resonance structure at 1900 MeV (above @(1650) 1.67 (fixed) 0.315 (fixed)
NN threshold) ¢(2170) 2.175 (fixed) 0.061 (fixed)
BW;5 1.8992+0.0013 | 0.0069+0.0024
E 1.2_ S .I -.- R —e— BaBar
P | " £ [ prelimina —o— SND (2011-2012)
relin |nary % 1 —e— CMD-3 (2011-2023)
- —— model X'/ ndf = 0.99
M 0.8 —
result for o :
E:: 0.6 —
K*K r"® 13 E
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Search for
FCNC process

ete” - D*

Ivan Logashenko (BINP)

()

CMD-3 has collected 25 1/pb at D%*

B(D%* - ete™) < 3.7-1077

h
Entries 58568
" Meanx  55.94
Mean y -140.9
.. |stapevx 32561
. [sapevy 3989

400F
2000
0

~200
~400F
~600F

|||||||

C A
0 50 100 150 200 250 300 350
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JHEP 1511 (2015) 142
Sensitivity: > >

4 X 10_10 O2E

Bpe 4,- > X
D'=ete™ = o[ Ldt [pb~1]  Tp- [60 keV]

SM prediction:
Bpipte- ~ (0.1 +7) x 10717

BSM predictions:

z' ~11
BZ. .- <25x10
= h
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§400
5200:— -
ﬂ -
w 5 . [
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N . P . . . .. .-
-400- © - v e Tt s
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ete” st~
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CMD-3
measurement

of

ete” s ntm™

Ivan Logashenko (BINP)

Phys.Rev.Lett. 132 (2024) 23, 231903
Phys.Rev.D 109 (2024) 11, 112002

2
|

|F

209 energy points
Data collected at
2013, 2018, 2020

llllllllllllllllllllllllllllll||:|||||:|||||I:||||1:|
6. 04 05 06 07 08 0.9 1 1.1 1.2
Vs, GeV

10 years of data taking and data analysis!
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a 11c
. . g E 1.7 B A.. 1> /.
* World-largest statistics 2 IoE +0.17 +0.16 %
« 34000000eTe” > wtmT T 10ac
4+ Lo o 1.02° ] } } {- f
*  3700000ete” - putuT T L : . ! ; +H
— _ E ] A 3 L
* 44000000ete” s ete e ! I
T 0.94-
Featu res Of * Many built-in cross checks 0925
* 3 methods for final states 083035 04 045 05 055 06 065 07 075

identification

CMD-3

measu rement 2 methods for angle measurement

- Measurement of o(ete™ - u*tu™)
- Measurement of charge asymmetry

* Very detailed study of potential
systematics

Final systematic error is 0.7% at p peak
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CMD-3 is systematically above previous measurements by ~2-5%

CMD-2
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Prospects for

SM prediction

Ivan Logashenko (BINP)

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 ¥~ data
1. Expectresult from SND @VEPP-2000 soon

BABAR performs reanalysis of data using new independent approach

KLOE: new analysis of 7x larger data set

BES-IIl performs analysis of new data

BELLE-II plans to measure hadronic cross section

CMD-3 and SND continue to collect data

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

3. There is fast progress in lattice calculations — expect better precision

4. CMD-3and SND teams are preparing new experiments at VEPP-2000 aimed
at x3-4 fold improvements in precision of m¥*7~ and other hadronic cross
sections

S

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

Results of CMD-3 Experiment at VEPP-2000 Collider
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Recent news

Ivan Logashenko (BINP)

°* New preliminary measurement
from SND (energy scan)
* shifted towards CMD-3

* New preliminary measurement
from BABAR (ISR)

- confirms previous BABAR

Contribution to a,

(% of 2x measured)
1 1 1 1 1 1 1
SNDOB6 | (93.8%) H O
CMD-2 | (88.6%) H—O—H
0
BABAR 09 | (99.9%) H—O0—H s
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BABAR 25 | (99.9%) H—O0—H o
1]
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n
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Aa, = \/Aaﬂ(exp)z + Aa, (SM)? determines significance of a, as SM/BSM test

SND i .

SM estimation of a,, based on OMDZ - e e

o(ete™ — hadrons) is~3timesless | o o Need to redude

precise than experimental value | =L T ... error bars by

cre factor 3-4

FUtU re VE P P_ 0(64.\9._ — ™) with <0.2% I — Latice ——e— g™

precision (as well as other exclusive g s
2000 final states) is required in order to — e

improve SM prediction accuracy to P % Ee g 0 o %
expe riments FNAL level i - e

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
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New

Proposed
CMD-3

upgrade

Ivan Logashenko (BINP)

frontend

electronics

New SC magnet

New Z-chamber
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- 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

eTe” - 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 ete™ — m¥ ™ cross section made large impact
on interpretation of a, 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™ » w¥m~
cross section
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