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Gyromagnetic ratio g connects e . Yé

magnetic moment y and spin s Hs =g %S

H H
For point-like particle g = 2
Anomalous magnetic moment a a=(g—2)/2

arises in higher-orders

ae = A, = % ~ 1073 (QED dominated)

The basics

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

a,(strong)/a,(QED) = 6 x 107> a,(weak)/a,(QED) ~ 107°

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

2

m
contribution to a, by (mﬂ/me)2 ~ 43000 Aa ~ <_l) m
compared to a,
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a, (Exp) = 0.00 116 592 059(22) [190 ppb]
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Muon G-2
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Muon G-2 Ring

@FNAL
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Principles of
CERN-IIl type

measurement
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1. Spin precesses relative to
momentum with frequency w,
proportional directlyto a ,

W, = ws — W, = ageB/mc

mc w,

a, = Muons are stored in a storage ring

e B wg and B are measured

Need focusing!

2. Effect of electric field is cancels out
for muons of "magic” momentum

Muons with p = 3.09 GeV/c are used

a —
/"/yz—l c

zero fory, = 29.3

o e [ - ( A )ﬁxﬁ] Focusing with electrostatic quadrupoles
a,B —
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Corrections due to beam dynamics

A
[

wa _ w1+ Ce+Cp+ Cpo + Caa + Cru

m
Wp Wy 1 + .Bk -+ Bq,
Y
Measured Values

Corrections due to
transient magnetic fields

Obtaining

U SR

& XM;(TT) N’e(H) m# Ye
g wp Me(H) He me 2

|

Metrological constants known to ~25 ppb

Total correction is about 622 ppb
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100 1000
\1 Muon g-2 (FNAL)

Weighted e* in g 80 /L 800
our final fit after 3 \ /
quality control & 60 \ :“”'3/ 600
E>1GeV g 40 \ / 400
t>30us & RUM
Run-1vs Run-2/3 £ / T
- - Run-1
L . :
A® “® A9 W9 o 10
o o e o o
Statistics e Factor 4.7 more data in Run-2/3 than Run-1
Dataset Statistical Error [ppb]
Run-1 434
Run-2/3 201
Run-1 + Run-2/3 185

Improvement by factor 2.2
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Analysis

Wj syst.
Improvements
Ce
Cp &:w;n1+0e+0p+cpa+cdd+cml
wp Wit 1+ B + By
Run-1vs Con
Running
= . C
Run 2/3 Conditions &
Cad
. Wp SYst.
Systematics
B
Improved { q BN Run-1
Measurements B, BN Run-2/3
0 20 40 60 80

uncertainty / ppb

Overall improvement by factor 2.2
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: Correction  Uncertainty
t1t
Quantity [ppb) (ppb]
wq' (statistical) - 201
wg' (systematic) - 25
Ce 451 32
Cp 170 10
Cpa -27 13
Cad -15 17
le 0 3
. Featin {wy (7) x M(7)) - 46
Final error B, 21 13
B, -21 20
table 1 (34.7°) /e - 11
Qe/ 2 - 0
Total systematic — 70
Total external parameters — 25
Totals 622 215

The Run-2/3 result is statistically dominated
70 ppb systematic uncertainty surpasses the proposal goal of 100 ppb!
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Total collected

statistics
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- Muon g-2 (FNAL) //
Z 201 Run-6 |
Z
2
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>
=
S
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T
hd 5- A’]-B
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21.9 BNL datasets have been collected in FNAL (proposal —21 BNL)

Run 4/5/6 statistics is x3 Run-1/2/3
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Muon G-2 2023

result
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What about theory?

Measurement of pion formfactor by CMD-3 and muon (g-2)

14



Muon G-2 Theory Initiative
Consortium of >100 theorists au(EXp) = 0.00 116 592 059(22) [190 ppb]

and experimental physicists
“"White paper”, Phys.Rep. 887 (2020) 1-166

The anomalous magnetic moment of the muon in the Standard Model
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Standard Model

prediction for a,,
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Electromagnetic Strong interactions Weak interactions
interactions

|
\ 0.000 000 069 37 (43) /

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

\ /
a, = 0.001 165918 10 (43)

The uncertainty is dominated by contribution of strong interactions

Measurement of pion formfactor by CMD-3 and muon (g-2)
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Next to leading order

Lead;rljg)order (NLO+NNLO) Ligh;cLI;)I/_-)light
Hadronic (6931 + 40) x 10711 (=859 + 0.7) x 101 (92 +18) x 10~
CO nt ri bution to ahad _ had VP LO ha,d .VP NLO had Light—by—Light
muon (g-2) i g ) i
345 ppb (0.6%) 10 ppb 155 ppb

Dominant!

Ivan Logashenko (BINP) Measurement of pion formfactor by CMD-3 and muon (g-2)
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HVP:
what do we

need to
measure

Ivan Logashenko (BINP)

X ds 1
/ — —ImH’( ) X
Dispersion relation:

a;**(LO)
I
I 2

Optical theorem: 2 Im ’\/\,@’\/\, = ‘ ’\/\,C
I
|
S
ImII'®) = —¢%e*e™ - y - hadrons + -++)

4t

This is what we need to measure

Lets put everything together: /
a? ds / + -

0% e*te” - y - hadrons
a[}ad(LO) = ﬁ ?R(S)Ku(S) R(s) = ( Y )

4m2 / 47-[“2/35

o’(ete” —» utyu)

Measurement of pion formfactor by CMD-3 and muon (g-2)

s = (c.m.energy)*



Energy scan

approach
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Direct measurement of o(ete™ = hadrons)

(energy scan approach): hadrons (+y, 1, ...)

» performed at electron-positron collider € . @ -

+

 collect data at different beam energy / \
 ateach energy point: select final states with
hadrons, subtract background and normalize to

luminosity
Number of signal events Number of background events
N obs N bg
g =
- [ Ldt

Detection efficiency: Luminosity integral

* kinematical limits of detector * measured by selection of
(fiducial volume) — detector monitoring events with
never has 47 coverage known cross section

Measurem®nt IELECEOL FESPONSE d muon (g-2)
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Exclusive vs

inclusive
measurement

Ivan Logashenko (BINP)

Detection efficiency is (usually) calculated using

MC simulati —_
simulation NObS Nbg
* Inorderto calculated g, we need to know the o =
energy and angular distributions of final @ f Ldt

particles (including all correlations)

For high energies, where multiplicity is large
enough, there are effective models of Final state
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)

_ Intermediate states
At high energy we can measure total cross

section directly (inclusive approach)
The practical boundary between two approachesin+/s = 2 GeV.

The glad QLQF) cglcylation is mostIX based on exclusive measurements.
MeasHrement of dion formfactor by CMD-3 and muén (g-2)
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Contribution
of exclusive

hadronic cross
sections to a,

Ivan Logashenko (BINP)

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

had —
X=nOy,ntm—,.. \
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

Measurement of pion formfactor by CMD-3 and muon (g-2)

a; (LO) = Z%j o%(ete” = X)K,(s)ds
X

The larger the contribution, the
better relative precision is
required

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

All the rest

21



Radiative

corrections

Ivan Logashenko (BINP)

S

We want to measure eTe™ — H, but these events are
accompanied by similar events where photons are
emitted by any of the particles.

Radiation of high-energy y is suppresses by «, but
radiation of soft photons is enhanced.

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

_ A%bs_'Nﬁg
£(8) - (1+6) - [ Ldt

o

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

Measurement of pion formfactor by CMD-3 and muon (g-2)

Radiative processes

L
L
G

ISR FSR
Initial Final
state radiation
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Vacuum

polarization

Ivan Logashenko (BINP)

POV

d%(ete” -y - X) glete” - y* > X)
In a, calculation In experiment

2

In the calculation of a,,, we assume the lowest order photon propagator 1/q~.

But the real propagator includes higher order effects (loop corrections):
1/(q? — T1(g?)). Therefore the measured cross section have to be corrected:

|a(s)|?

o%(ete” > X) =cd(ete” - X) X —

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

as (@ R(s")
A = ——
Apaa(s) 37, 5'(s—s —i0) S

!

Nice way to avoid this correctionistouse ete™ — u*u~ for luminosity
measurement

N T Y Y SV VS

ete” - X ete” - utu~ ete” - ete”

Measurement of pion formfactor by CMD-3 and muon (g-2)
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There are several measurements of 6(e*te™ —» m*m™) with sub-percent
systematic accuracy

VEPP-2M
<LOE CMD-2, SND
BABAR 2004-2008
K >° %D
o BES-III
Measurements 2016

of

ete” s ntm™

i
0/ / *tg %

&)
VEPP-2000 >
D SND 2021 |™ DN

' 27 CMD3 2023

Ivan Logashenko (BINP) Measurement of pion formfactor by CMD-3 and muon (g-2)



Measurement
techniques:

Direct vs ISR

Ivan Logashenko (BINP)

Direct measurement (Energy scan)

At fixed s: 0 ,+,-_,4(s) ~ Ny /L
Data is taken at different s

VEPP-2M: CMD-2, SND
VEPP-2000: CMD-3, SND2k

Measurement of pion formfactor by CMD-3 and muon (g-2)

ISR (Initial State Radiation)

dNy 4y /ds?
/ Y

o _ S ~ —_——
ete —’H( ) L-dwW /dst

Data is taken at fixed s > s’

KLOE, BABAR, BES-III, CLEO
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CMD-2

03 / 1400
BaBar (09) ——+— CMD-2 (06) —e—
0.2 | KLOE combination CMD-2 (03) —=— .
gu(e*e' S KLOE combination L 4 1200
0-2 r 0, + - +_- N

— —_ clee -an) .

- o) . ‘ -4 1000 =
§ = N : % -
£ = £ B - 800
-g +I¢ ,g - % i % ﬁ i; E } +[:!
g T8 b 7
w . w I 2 N = 600 .
0 Kl ] h % . o

og: @ og! i - % a @

5.4 =) Rod N ., - =}

OE, © cjt_?, 0.1 / . ) 400 °

L e 200
e KLOE 7**[
] ] ] ] 4 0 ] ! ! ! 0

‘ 4
0.6 0.65 0.7 0.75 0.8 0.85 0.9

Tensions In o s om0

+ - + - %di -
RN There are few-% discrepancies
e e nn between various sub-% a;*(L0; 2m,0.6 < +/s < 0.88 GeV)
d ata measurements of a(eTe™ - ¥ ™) 3 before CMD2
Unexplained 3 g
= - SND
;- —— 2.5% KLOE comb
WP2020: scale factor for E T E— BABAR
. = - BES
Aa,(Had; LO) 3 .
= . SND2k
CMD-3 goal: new high statistics low . mms 4 e
systematics measurement of ~" 560 565 370 478 580 585 390
+,- +. =\ i 1 088
o(eTe” - mm™) via energy scan 2o [ atere - mtno K ()ds
0.6
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CMD-3 measurement
ofete”™ - w7~ cross
section




to VEPP-4M & c-t-factory «.

K-500
Linac -~
Storage Ring
Bldg.13

VEPP-2000

K-500 BEP
Bldg.4 Bldg.20 \\ @

Bldg.1R

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

V E P P - 2 O O O Design parameters @ 1 GeV

Circumference | 24.388 m

CO | | i d e r Beam energy 150 + 1000 MeV
N of bunches 1x1

N of particles Ix101

Betatron tunes  4.14/2.14

Beta* 8.5 cm

e'.e
booster

1000 MeV

BB parameter 0.1

Luminosity 1x10°2 cm2s!

“Round beam” optics

Energy monitoring by Compton backscattering (o5 = 0.1 MeV)
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VEPP-2000
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Energy

measurement

Ivan Logashenko (BINP)

Starting from 2012, energy is monitored
o l continuously using compton backscattering,
- S with ~30 keV precision
I

: Infrared radiation

%3500 ! presmsmrnaaenes :h .............. E-I 2012.04.20 (16:21:3:

Makc. JHEPrus pacCeaHHbIX

¢potoHor B M3B.

A~5MKM,
P=1BT,
CO na3ep

200 400 600 800 1000
JHeprusa nyuka B3IIII-2000 8 M3B.

E =993.662 + 0.016 MaB

M.N. Achasov et al. arXiv:1211.0103v1 [physics.acc-ph] 1 Nov 2012

Measurement of pion formfactor by CMD-3 and muon (g-2)

MeV
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SND detector

L L Lo 1 3 1 )
0 20 40 60 80 100 cm

1—beam pipe 5 — phototriodes

2 —tracking system 6 — muon absorber

3 —aerogel 7—9 —muon detector

4 — Nal(Tl) crystals 10 — focusing solenoid
Ivan Logashenko (BINP) Measurement of pion formfactor by CMD-3 and muon (g-2)
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CMD-3
Detector

*Cryogenic
Magnetic Detector

Ivan Logashenko (BINP)

Magnetic field 1.0-12.3T
Drift chamber
» Opy ~ 100y, 0, ~ 2 —3 mm
* EM calorimeter
~ (LXE, Gsl, BGO), 13.5 X,
> 05/E ~3%—10%
» 0g ~ 5mrad
« TOF
* Muon counters

Measurement of pion formfactor by CMD-3 and muon (g-2)



CMD3 collected Luminosity as of 19.06.2023

Y I T T A R I A 1 fb~! nearest goal
g e
S S e
= = 10*
S 700§ Ef
g Eiw
£ 600 9
: w 2
E 500 % 1024
3 =
Collected data 2 4005 - wl I
© e MevAT threshold

300
200F

1pb!

45 4pb

: Collected since 12.2010
Rho scan<1GeV: 64 pb*
: >1 GeV Ll pb'1

0' =2011 2012-2013 2014-2015 2016-2017 2018-2019 20202021 2022"”2023

100 17.8 pb* colllder upgrade

Theete™ - mm™ resultis based on 3 data taking seasons: 2013, 2018, 2020

Ivan Logashenko (BINP) Measurement of pion formfactor by CMD-3 and muon (g-2)



Collected data

Ivan Logashenko (BINP)

o f,(1285)

pb-' per 50 MeV

101

10°=—
1077 |
400 600 800 1000 1200 1400 1600 1800 2000
Energy, MeV
Measurement of pion formfactor by CMD-3 and muon (g-2) 34



Final states

under analysis

Ivan Logashenko (BINP)

Signature

Final states (preliminary, published)

2 charged

o, KTK™, KsKi, pp

2 charged + y's

ntry, e, it 270, it 3nP,
it 470, thr, o,
mrn2n'n, KK A%, KK 2A°,
K_'_K_T], KSKLT[O, KSKLT]

4 charged 2(t), KK mtrr, KgK=mrT

4 charged + y's 2", 2a2n2A°,  wtwm,
T W, 227, KTK~w,
KsK*=mFr®

6 charged 3t ), KsKgmrtm™

6 charged + y's 3(rtr )

Neutral ™y, 27y, 37%, ny, ©°ny, 27y

Other nm, 7lete, nete”

Rare decays

n’, D*(2007)°

Measurement of pion formfactor by CMD-3 and muon (g-2)
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is discussed.
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Features of
CMD-3

measurement

Ivan Logashenko (BINP)

* World-largest statistics
* 34000000ete” >t~
e« 3700000ete” - utu”
e 44000000ete” s ete”

* Many built-in cross checks

* 3 methods for final states
indentification

2 methods for angle measurement
- Measurementofo(ete™ —» utu™)
- Measurement of charge asymmetry

* Very detailed study of potential
systematics

Measurement of pion formfactor by CMD-3 and muon (g-2)

Exampleofete™ » 't~ event
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+,- +,o— yty— tao—. -
Select events with 2 back-to-back ete” —eTe T, utuT, mTw"; cosmic bg

tracks in the detector at large angle:

Tt
ete" s ete ,utu~, ntn”
and cosmic background
Key pieces of analysis to reach high
precision: ®

* e/u/m separation + _

C M D'3 * radiative corrections > /
O

* fiducial volume

ete” st~
analysis

 detection efficiency corrections

2
T
o(n ™) = ¥,33 | Fy]? T~
fiducial volume

Op < Ogyr < (T — 0g)
0p=10..14

IE. |2 =<Nnn_A > Oge - (14 8ee) - €ce
" Nee b9 0'7('371: (14 6n) " €nn

measured Born cross-section Detection efficiencies

Radiative corrections
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Three methods

of separation of
ete ,utu-,mtm™

Ivan Logashenko (BINP)

Separation (counting) of ete ", utu~, "
events is based on

a) momenta of two particles

b) or energy deposition in LXe calorimeter

Nafa(X+,X_)

2.

a=ee,uu,nm,bg

X=PorkE

+ ) N,
a

bins

—InL = —Zniln[

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

Independent check by angular distribution

For some fits ratio N, /N, is fixed to QED
prediction, adjusted for RC and detector effects

E-vsE" @+/s =0.78 GeV

E 391.48

MsB

171.4

Meany  164.6
' 105.8

10°

109.7

10?

10

% 50 100150200250300350400450500 '

E ye +; MeV

+ 280
) B
3 0 10°
= 260
£
3
5240 ! Ty .L.._.;, i
o ! oL b
= e "v.-:r-.., o ? .
By §emri - 10
220 ™ ’: - = '-
Foeirk ’:? B
: ] .T'.-. ol L] B
PR '-_’;f_{-t
oo h 75 10
TN il ) wEAT T
o E R e
TS AT LR ’
‘.-. - it ia i -I'j :"-v... '-. - 1-':.'
uly W s m . Tep L aka®
160@-&_ i A i _
| 1= 11 .'u Pn' .|. P 1
160 180 200 220 240 260 280

Momentum, MeV/c, +

Unique feature of CMD-3: three independent methods to measure N;;/N,,!
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Where to get
p.d.f.s

fx(p™,p™) and
fx(ET,E7)?

Ivan Logashenko (BINP)

- “ldeal” p.d.f.s are smeared with

Separation by momentum Separation by energy deposition

PDFs are based on MC PDFs are mostly empirical

- “Ideal” p.d.f.s are generated using * fx(E™,E™) are partly constructed

ete” - X*X~(y) MC generator using the data:

— tagged electrons and positrons

. . — €OsSmic muons
detector resolution function to get e me

fx(@*p7)

Separation by angle distribution

1D fit of sum of fx (0 4,r)

[x(©4,r) are taken from MC
generator + efficiency corrections

Measurement of pion formfactor by CMD-3 and muon (g-2)
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Three methods agree to 0.2%!
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Background
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Efficiency corrections

RHO2013/RHO2018 .. N
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1004 E= T RO TR SRS SR
= xnanz H H : :

R 1 Pl Er—— F
1.001

0.986

n_mz: . -

0.08 :

0978~ 0,999 B=i e

u-?s—I+ _ 0.933 " i . ._ __
: ’3 -0. 6% E \\"s oSS I B R 1 A

0.972 -

ase efflcrency. 'u
~ O 35% \

i i i i
1 1 .E 1 .4 1 .5 1.8 2 2.2

0.925

th dth nns
1.00 ; H ; ; H ; H 1.001, H ; H H ; H ; I

0.929

i . mear'mg na— “ N hl‘l's cu‘l'
Ae cut ‘ A 2 45%

ecu’r
ﬂs 035%;

1 H L 1 1
1 12 1.4 I.& 2.2

Trigger b
A 0. 2%

0.935

Ivan Logashenko (BINP) Measurement of pion formfactor by CMD-3 and muon (g-2) 46



Measurement of polar angle (Z)

Polar angle measured by e+ ' ZC chamber

DC chamber ' (was in operation until mid 2017)
with help of charge division multiwire chamber

method with 2 layers and with strip

(Z resolution ~ 2mm), readout along Z coordinate
Unstable, depends on
calibration and thermal
stability of electronic
Calibration done relative to

LXe (ZC)

strip size: 6mm
Z coordinate resolution ~ 0.7 mm
(for6__ . ~1rad)

track

Common
HV +1.2 kV 1 wire

LXe calorimeter
ionization collected in 7 layers with cathode
strip readout,

Anode pad

Cathode stripes

combined strip size: 10-15 mm
Coordinate resolution ~ 2mm

strip precision, coordinate biases ~ 100 pm
should give ~0.1% in Luminosity determination
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Cross-checks of polar angle (Z)

Monitoring of z-measurement
between ZC vs LXe

DC tracks vs LXe points

Inner DC radius effect:
© - angle with Z vertex constrain
/unconstrained case for 2 tracks

lecafon2
o 0.0031 - itz gi ] = 0.02p i : ¥ { nff 88.55/ 11
E - o i+ Fiies R s’ L Psep|Esep § Prob 3.202e-14
73 C ; : L. & o | C © | p0 -0.001577 + 7.9066-05
8 0002_ ........................ ® N 8 3014 z%_o“s:__ e T
2 L 10182 -
N 0.001 RHOZOlS = :_. ; l 1481 0.01~-
. EHE :
. = 2 et C
&9. 0 chn : g 51 B3 fast ’.{. 0.005 —
N L i » 'F“g-' i 9._ g *n g C
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_0.002— S e i 8 —0.005 C
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0.003%~35600 25000 30000 35000 40000 45000 -0.01 i o T e e

run number

Variation because of
DCh instability, different B field,

3z ~ 0.5 mm instability over regions

at R=40 cm

Beam Energy, MeV
Inner layers operate at low HV—

Low resolution, higher systematics
During RHO?2013: 4 middle layers in DCH

ZC, LXe noise level (by o, track direction, etc)

were switched of f

- higher weights of inner layers
N.B. 6 - angle is defined with vertex constrain
- inner radius biases should be suppressed

N.B. in average <8z> should be better

ZC/LXe comparison LXe/ DC comparison Inner DC radius effect:
0.25% @ 0.3% @ 0.7%(RHO2013)/0.3%(RHO2018)
February 2023 = 0.8% (RHO2013) / 0.5%(RHO2018) Novosibirsk
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Measurement

of polar angle

Ivan Logashenko (BINP)

® angle is measured by
drift chamber via charge
division

Two detector systems
with strips readout,

L Xe calorimeter and
Z-chamber, are used for
precise calibration and
monitoring of DC

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

N ad
|F |2 — ( Tt _ Ab > . ee
T Nee 9 0

1

» 0.004
0.003
0.002

cut cutl.1
|[FO/FRe et

o
o
=)
—h

-0.001
-0.002
-0.003
-0.004

’ (1 + 5ee) " Eee

O-T[T[

’ (1 + 67'[7'[) “Enm

RHO2018

(@ +i0 o

...RHo2018;

sepbyPFi'HO2013

byEHH02013

=

asymmetry

i

0>1.0 6>1.1 6>1.2 6>1.3

0>1.4 O<m/2 O>m/2

Dependence of result on 0, cut

Factor 10 smaller compared to CMD-2, SND2k!

Measurement of pion formfactor by CMD-3 and muon (g-2)
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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.
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From
measured

Cross section
to mput.to a,
calculation

Ivan Logashenko (BINP)

e N
“Visible"” cross section
olete (y) » X(¥))

N Y
e N
Adjust for radiative
corrections (ISR, FSR)
glete™ - X)

N Y
e N

and return back FSR
o%(ete” = X(¥))

Adjust for vacuum polarization

Measurement of pion formfactor by CMD-3 and muon (g-2)

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 a,
integral
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MC generators for RC calculation

Two high precision MC generators is used
MCGPJ(0.2%, e+e- u+u- +m-) vs BabaYaga@NLO (0.1%, e+e- u+p-)

e+e- = e+e-(y) : great consistency <0.1% in the total cross section

e+e- = p+pu-(y) : It is missed mass term in FSR term in most of generators
(effect 0.4% at /s=0.32 GeV)

e+e- = m+m-(y) : only MCGPJ available with 0.2% precision
(for energy scan experiments)

Achieved precision in current analysis is sensitive
for differential cross sections predictions
e/m separation by momentum requires

do/dP+dP- spectras as initial input
Asymmetry study requires do/d6 spectras

Ivan Logashenko (BINP) Measurement of pion formfactor by CMD-3 and muon (g-2)
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History: problem with “old” MCGPJ

Measurement of e e~ — » 7w requires high precision
calculation of radiative corrections.

Several MC generators avallable with 0.1-0.5% precision.

Ivan Logashenko (BINP)

CMD-3: MCGPJ generator p- pT
VS —

With  high  statistics  we Ev  Ep
cbserved discrepancies in tails ;"f;"iﬂ“;
of e%e  experimental spectrum
with theoretical prediction. : AT

L - T ]
The corresponding changes in - “]I o
pdfs fo(pt.p") produce | srmi=lil
percent-level systematic shift of o
Nirta™) for event separation

by P oy

. For the integral (radiative comection)
the effectis neghgible

MCGPJ was modified to improve the agreement: angular distribution for y jets

Measurement of pion formfactor by CMD-3 and muon (g-2)
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MC generators for RC calculation

BaBaYaga®NLO shows better agreement with the data:
1) Momentum spectras better describe data:

gives consistent results in N /QED
(effect on |F_|? ~0.2% at /s=0.78 GeV, and rising to 1.5%
at 0.9 GeV when using momentum-based separation)

2) Experimental asymmetry in e+e- data
relative to BabaYaga@NLO:
0A = -0.060 + 0.026 %
relative to MCGPJ
8A = -0.140 + 0.026 %
BabaYaga@NLO consistent with NNLO MCMule
3A = +0.006 + 0.003 % at /s=0.76 GeV

We adopted generators usage in this way:

MCGPJ (integral)
T+m- ¢ MCGPJ

>

a 1.
lu

?1 06
,T1.o4
@

‘o 1.02F -
1 4

®

0.98
0.96

°8

effect on N /QED

with input do/dP*dP spectra
Taken fr'om MCGPJ

x° / naf 95.116 /5

Prob 0.000124
p0O 1.0127 £ 0.001587

—rdoon WM

e
8 4

AR

. effects of l:sabaYaga@NI;JfMC(;’:PJ spectras :

llllllllllllllllllllllllllllllIlllllll

llllllllllllllllllllllllllllllllllll

3 035 04 045 05 055 06 065 07 0.75
is, GeV

e+e- : BabaYaga@NLO MCGPJ/BabaYaga@NLO difference gives systematics
p+y- : BabaYaga@NLO (differential cross section) | |F|2. when using momentum-based separation

Better NNLO generators are needed for higher
precision
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MC generators for RC calculation

Effect on 27 radiative correction from
different |F|?: parametrizations
(over different datasets)

Radiative corrections within
1.<(n+6'—07)/2<n—1.rad, |A$|<0.15, |A6|<0.25

0.01
0.008 oCMDZ :
L

g 0.006F------8-.BaB = =
X 0.004 | :

o?.20.002
A OF: ~rag o

-0.008

MDS)_1

(143,,9)

C

1.05

8

l‘l‘!’llll'!llllfrllll'!llll.'!_l'

=
©

0.4 306 . o 1 ahaz 00—
Vs, GeV

Systematic uncertainty
02% (m+m-)® 0.2% (Ft,s>0.74 GeV) @ 0.1% (e+ e-)

N.B. KLOE/BABAR difference in derivative 4%/0.4GeV,
own CMD-3 is very possible as 1%/0.1 GeV = same 0.2% estimation (from Fm model)
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Measurement
of

ete” - utu~

Ivan Logashenko (BINP)

ete”™ — u*tu~ events are identified as a by-product of analysis, which
allows to measure o(e*te™ - u*u~) and compare it to QED prediction

o(eTe™ » u u)cups/o(eTe™ = u ) oep

—
]

1.08
1.06
1.04
1.02
1

0.98
0.96
0.94-
0.921-

o(e'e =)o g,

_| 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
083 035 04 045 05 055 06 065 0.7 075
+0.17 £ 0.16 %

Powerful cross-check of a(e*e™ —» m*m ™) measurement! All ingredients are
tested: event separation, detection efficiencies, radiative corrections.
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- hz

[ Enties 6443442407
Nean 0.002455
) 2991

10°

2013 and 2018 data were taken in the

oo [— experiment

same energy range, but with 10°- — sxperimer
significantly different detector : I
conditions: G e
* luminosity integral in 2018 is factor 10k
2-5 larger ;
: * data rate (luminosity) in 2018 was 10
D Iﬂ:e rence factor 2-5 larger ;d
« drift chamber in 2013 operated '
between 2013 | i 2013 0p -
WlthOUt 4 mlddle |ayer5 (OUt Of 19) = : : : : | Entries 2.261564e407
. Z- ' - 201 Sow 21
and 2018 data Zchamber (mportancfor - gf 203 A ==
precision determination of fiducial ; % \’\ —mixd s
volume) broke before 2018 run - N - om
* Zbeam size in 2018 was twice C e
wider 5 . WA
* calorimeter electronics was [t A\
significantly updated before 2018 \.\\ '
SRSIENT0RE S - 20

4

averaage? cm

Z beam size
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- 0.1
ﬁ 0.08 OSSO SOOI SO S
g | ©cMD3 2013
u_-o 0.06 Lo —— CMD3 2018 [~ I | S
o —— CMD3 2020
L 0.04 [
0.02

Comparison of 002
data taking 004

seasons

_0 _IIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIII
'6.3 0.4 0.5 0.6 0.7 038 0.9 1 1.1 1.2

Vs, GeV

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.

Ivan Logashenko (BINP) Measurement of pion formfactor by CMD-3 and muon (g-2)



Measurement
of

ete” st~
at CMD-3

Ivan Logashenko (BINP)

30—
20—

10

—

............. 209 energy pOIntS

: -’
g

0.3

04 0.5 0.
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Systematic errors

¥ Radiative corrections 0.2% (2m) ® 0.2% (Fm) @ 0.1% (e+e-)

X e/p/m separation 0.5 (low)-0.2 (p)-0.6 (9) %

¥ Fiducial volume 0.5% / 0.8% (RHO2013)

x Correlated inefficiency 0.1 (p) - 0.15%(>1 T'aB)

X Trigger 0.05 (p) - 0.3% (>1 T3B)

x Beam Energy (by Compton o< 50 keV) 0.1% (out of resonances), 0.5% (at w, ¢ -peaks)
¥ Bremsstrahlung loss 0.05 %

X Pion specific loss 0.2% nuclear interaction

0.2%(low) - 0.1% (p) pion decay
0.8% (low) - 07%(p) - 1.6% (9)
11% (low) - 09% (p) - 2.0% (o) (RHO2013)

Conservative estimate
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At first glance, they looks close to each other...

= CMD-2
- BABAR
> SND

> SND2k
- BES

| | | f 5 | | + KLOE10
___________________ T e,
| | 5 f % |« cMmD3

Comparison to

30

other
measurements 20

10

IIIIIIII[lll[lll[lll[[l||

03 04 05 06 07 08 09 1 1.1 1.2
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CMD-3 is systematically above previous measurements by ~2-5%
CMD-2 ' SND, SND@VEPP-2000

0.2

P1

. [~-cMmDp2 3 [=-cMD-2

fo.15 |~—sno . | S B | g

£ |~ sND2k t |~ SND2k ‘
0.1 : , A

1'2 @?1o%§

1t \ 2

E |
. oz dip! 4} “ ; ;
| ~0.05F- l “ WH | \
IHI ; : —0.1|;_ : l ?
04 05 06 07 08 09 1 1.1 1.2 '6.3 04 05 06 07 08 0.9 1 11 1.2

/s, GeV s, GeV
BABAR KLOE

=0

Comparisonto &

..
el .
———

& o

& o &
w—mn-lllllllll ITTI ||||T1’TTT‘[TI’T‘I'

———

other
& : ‘ ; A » 0.2¢ ' .
measurements [V RN ) ; == /
3 N |1 [ T | ~ rosi: |
- e T U PRUNER R L e ® 04H | O S S T N e o N
0.05F |+
..... 0; * ‘ : 3
-0.15° L = e N
= L | !

w
P.
-y

043704 05 06 07 08 08 1 11 12 903 05 06 07 08 09 1 11 12
s, GeV s, GeV
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m2 S ete——~* adrons K
grado _ M Tet e~y —shadrons($) (s)ds 0.6 < [s<0.88 GeV
H 1273 J 2 S

a e ,LO 10—10
u ]

CMD- E . beforeCMD2 |  before CMD2 368.8 +10.3
3 . - CMD2 CMD2 3665+ 3.4
+ ,— E . SND SND 3647 + 4.9
e e — E. ol s KLOE comb KLOE 360.6 + 2.1
1T + T ] _. BABAR BABAR 3701+ 27
: . §- " B;s BES 36{3@% Eteﬁngx;
contri but|on to = . CLEO CLEO 3700+ 6.2
= . SND2k SND2k 3667 + 3.2
g-2 E- — = CMD3 CMD3 379.3+ 3.0
) R R

360 365 370 375 380 385 390 _
a™™ (0.6</s<0.88Gev), 10" RHO2013 380.06 +0.61 + 3.64

RHOZ0189379.30"+0.33 ¢ 2.62 x10 1

Sum 379.35:030+295
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Experiment vs

SM prediction

Ivan Logashenko (BINP)

vy
Z
r
L

FNAL Run-1 1 3 ;

FNAL Run-2/3 —11—

FNAL Run-1 + Run-2/3 +——¢

WP2020 —e—i
World Average
CMD-3 based ®
175 180 185  19.0 195 200 205 210 215
a,x10° - 1165900

At the moment, the SM prediction for a,, is unclear (due to hadronic contribution)
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Experiment vs

SM prediction

Ivan Logashenko (BINP)

vy
Z
r
L

FNAL Run-1 1 3 ;
FNAL Run-2/3 —11—

FNAL Run-1 + Run-2/3 +——¢

_ BMW Lattice 2020

WP2020 ° —e—i
World Average
CMD-3 based ®
175 180 185  19.0 195 200 205 210 215
a,x10° - 1165900

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

Measurement of pion formfactor by CMD-3 and muon (g-2)

65



Ivan Logashenko (BINP)

What's next

Measurement of pion formfactor by CMD-3 and muon (g-2)

66



CMD-3: what

we could do
wrong?

Ivan Logashenko (BINP)

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

* Isthere problem with angle measurement (fiducial volume)?

Unlikely: two systems are used; there is measurement of asymmetry;
angle distribution agrees with simulation

s 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.q. 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 a(uu).

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

Unaccounted physical background which mimicse*e™ - n¥mn™?

Possible, but we accounted for all known backgrounds from e*e™
annihilation. Something else? Beam/residual gas interactions?

Measurement of pion formfactor by CMD-3 and muon (g-2)
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CMD-2 and
CMD-3 are

very different
measurements

Ivan Logashenko (BINP)

Similarities: CMD-2

* Two subsystems, endcap
calorimeter (not used) and Z-
chamber (only used in 2013
CMD-3 data)

* Analysis strategy
Differences:

* Major detector systems (DC
and calorimeter), electronics CMD-3

* DCresolution
- Statistics (CMD-3 x30)

* Analysis implementation

CMD-2 and CMD-3 are very different realization
of the same-type measurement

Measurement of pion formfactor by CMD-3 and muon (g-2)
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Prospects for

SM prediction

Ivan Logashenko (BINP)

Discrepanciesin e*e™ — H data make the SM prediction “blinded”

As of today, we don’t have established estimate of a,, (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 ee™ — H cross sections

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

There is fast progress in lattice calculations

There are good chances to improve precision of SM prediction in coming years
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i3amepeHune
a4 POHHbIX

CeYEeHUN AN
(g - 2)“

Ivan Logashenko (BINP)

FNAL expected precision of 140 ppb corresponds to 0.25% - a,;*“*°

Bknag cunbHbix B3aumogeiicTemin: a, (had) = [ 0+ oo mm0m (5) K(s) ds

Y4T06bl TOYHOCTL TEOPUU «AOTHANA» SKCMEPUMEHT, HEOHXOAMMO U3MEPUTH
aAPOHHbIe cevyeHUs C ToOYHoCTbio ~0.2% (KMA-3: ~0.8%)

Bknag, - 1010 (KNT1g) OTH.TOYHOCTb:
HaAo (ecTb)

ntm™ 504.23(1.90) (0.4%) xa-xa 0.23% (0.8%)
ntn n®  46.63(94) (2.0%) 1.1% (1.5-3%)
ntn nTmT  13.99(19) (1.4%) 0.8% (2-3%)
ntn n'n®  18.15(74) (4.0%) 2.3% (5%)
KTK~ 23.00(22) (1.0%) 0.6% (2%)
K;K; 13.04(29) (2.5%) 0.7% (2%)
a,(had; LO) 692.8(2.4) (0.35%) 0.2%

CueHapuin «paBHOMEPHOTO» yAy4LleHUs
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CMD-3 plans

Ivan Logashenko (BINP)

Short-term (~1 year)

Collect additional data dedicated to systematic checks of the measurement
(with different detector and running conditions).

Long term (~5-10 years)
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 isto reach ~0.2-03%ino(e*te™ » n¥n™)

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

KUX oLMOOK
ete” s ntm™

Ivan Logashenko (BINP)

Cuctematuyeckme owmnbkm KM/A-3 rarel - Hao

KMA-3
x Radiative corrections 0.2% (2n) ® 0.2% (Fr) ® 0.1% (e+e-) 0.1% 0.1%
X e/p/T separation 0.5 (low) - 0.2 (p) - 0.6 (¢) % 0.2% 0.1%
x Fiducial volume 0.5% / 0.8% (RHO2013) 0.2% 0.1%
x Correlated inefficiency 0.1 (p) - 0.15%(>1 T3B) 0.1%
x Trigger 0.05 (p) - 0.3% (>1 T3B)
x Beam Energy (by Compton o_< 50 keV) 0.1% (out of resonances), 0.5% (at w, ¢ -peaks) 0.2% 0.1%
* Bremsstrahlung loss 0.05 %
x Pion specific loss 0.2% nuclear interaction 0.1%

0.2%(low) - 0.1% (p) pion decay
0.8% (low) - 07%(p) - 1.6% (o)
11% (low) - 0.9% (p) - 2.0% () (RHO2013)

KntoueBble Tpebyemble yayylieHus:

* WNpeHTndukayms (passeneHme)

* TenecHbln yron

* faepHble B3aMMOAEeNCTBUS (BakyyMHasa Tpy6ba)

M napasifie/ibHOe Pa3BUTME PACYeTOB PaAMALMOHHbIX NONPABOK...

Cratuctuka KMA-3: ~0.08%, 7 mecsaueB

Measurement of pion formfactor by CMD-3 and muon (g-2)
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L Xe MU [06aBnTb ciom

PeMOHT 1 3aMeHa
3/IEKTPOHUKMN

ZK

3ameHa
UWUANHAPUYECKOWN Z-
Kamepbl

Csl TKC
BGO YcTaHOBKa HOBOWM
TOPLLEBOM KOOPANHATHOM
PeMOHT 1 3aMeHa CUCTEMb
371eKTPOHMKM
o ~ o
HeT nnaHoB g 3ameHa apendoson

Kamepbl
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PaspaboTtka
HOBOW

ApendoBou
Kamepbl

Ivan Logashenko (BINP)

NaeT MmogennmpoBaHMe pasHblX BAPUAHTOB

NayT nogrotosutenpHble R&D, obwme ana Bcex BapmaHToB
[1poBOI0KA, MUHbI, KOHCTPYKLLMOHHbIE MaTepUasibl, 3N1EKTPOHUKA

K KOHLY 2024 rofa — MOHMMaHWE KOHCTPYKL MK

CronmocTb: O(20 MAH.pY6.) Ha MaTepmanbl N KOMMNEKTYIOLWMe

SUPERLAYER NUMBEROF | VUMBEROF  NUMBEROF | grepeq CELL SiZE DS oF The CMD new drift
NUMBER LAYERS ANGLE, rrad rt dr,mm
| | LAYER  SUPERLAYER | mead | j LAYER, mm hamb ¢
; 2 . 3& o 5,000 0175 31543 chamber geometry
8642 0.038 13185
N 9 3 " 0 5.278 0.094 84,106 INNER DIAMETER, mm [
7518 0019 14762 DUTER DIAMETER, mm 600
6.529 0.068 95422 WIRE LENGTH, mm 440
3 : 5 108 4 7.391 0014 106,078 ENDPLATE THICKNESS, mm 7
6667 0.054 126,848 NUMBER OF WIRES: 5 804
¢ Z & 18 48 7330 0011 137512 ® SIGNALZ5um 1508
6.662 0042 157.404 @ FELD 100um 1920
5 3 & 261 0 7.072 0.008 167.757 O FELD 125un 2376
753 0001 178827 TOTAL TENSION LOAD, kg 82
6683 0034 200831 ENDPLATE FLEXURE (MAX)", mm 34
6 2 109 213 +99 708 0007 211,266
6750 0030 22813 ¥ .
7 2 125 250 101 ENDPLATE MATERIAL:
7.108 0.008 243.007 INIKAI M55 quasi-isatropic carbon fiber with
6772 0027 263236 Young's modulus E = 168 GPa
8 3 141 423 0 7.091 0.005 273713 .
7370 0001 284620 A — axial
ToTAL 1 1508 U, V —stereo
5 .6 7 8
- - = s o
* o0° °-'w,‘o°.. ”_.‘.c'uo.o
. o ® e *° o0 i o ®
o o0 * e 00 " ® g 0® 00 .
e+ 0% I .08 50 .‘..oo"
\
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Under consideration: VEPP-6

> e+e_ collider 500 M3B: 1+3-1032 ¢cm~2c™ !
~ 1 - DAPHNE
o Beam energy from <0.5 to 1.6 GeV 2.0 GeV
o &Y a4 2 1 U7 ) 1000 M3B: 1+2-10% cm~2¢™!

o Luminosity L = 10°* cm™“c™~ @ 1.6 GeV ~ 10 - VEPP-2000 s P
> General purpose detector 1550 M3B: 0.5+1-103* cm=2c¢ ! 5

o Tracking ~ 30 - BEPCII - &

o Calorimetry Preliminary sketch ’

o Particle ID ete-from —> e -

. existing \ s

~  Physics injector i

o J/Y decays

0S or ¢ 0z oL

o Baryon thresholds
o Measurement of R Full-scale test of Crab-waist final focus! K
© .. Complementary to Super charm-tau factory
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Under consideration: CW at VEPP-4M

e+ e- e+ e-
Partial Cw S5 33 aar S wn~ oomgl =
KEDR ifg §=§="’=‘=?..-:.. %: .g %g% g B kO011r
IP 8 = iy . -
=
Lirz=30 m New Crab WaiSt Sectic_)h___
VEPP-4M VEPP-4CW

VEPP-4M straight section is modified.

_ Electrostatic separation of colliding beams.
There is proposal to make a test of CW at VEPP-4M

Beneficial for all future collider projects
What can be tested: final focus elements, nonlinear beam
dynamics, beam-beam effects, backgrounds,...
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: : 1
Dedicated experiment to measure HLO Q0

hadronic contribution in t-channel. a, = 7 / dr(1 — 5'3)Aahad[t($)]
0

Lautrup, Peterman, De Rafael, Phys. Rep. C3 (1972), 193

Letter of Intent: The MUonE Project, SPSC-1-252

~ 100 cm

10 cm

M2 muon beam

at CERN H € t Hadrons

E, =160 GeV [V
Be Si Si Si
Be (or C) target _ N Tra.cking system:
1.5 cm thickness 3 pairs of silicon strip detectors (CMS 2S modules)
e Hmuon filter

M2 u beam = 47,’;/ “Z"f'f_':‘j,,,,,,,,,,l 7777777 u chamber
160 GeVie - m
station #1  #2  #3 T #k 40 | I
ECAL 1

Measured: angular distribution of pe scattering; 4 - 1012 events!

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

Ivan Logashenko (BINP)

- CMD-3 performed a new measurement of a(e*e™ - n¥tn™) at

energies /s < 1.2 GeV

- The best statistical precision in the world

- Up to 0.7% systematic accuracy — on a par with previous
measurement

- The measurement is supported by accompanying

measurements of o(e*e” - u*tu~) and charge asymmetry of
e e —>T[ T

- The CMD-3 result is systematically larger than previous

measurements

- The SM prediction of muon (g-2), based on CMD-3 result, is

in agreement with recent muon (g-2) measurement at FNAL

- The status of SM prediction is unclear; with amount of world-

wide dedicated efforts, expect improvement in theory in
coming years

Ultimate goal: Hadron data = Lattice = MUONe

Measurement of pion formfactor by CMD-3 and muon (g-2)

78



