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

Aa,(New Physics) = a,(exp) — a,(SM)

Ona

a, in Standard Model

theoretical
side...

Weak

_ L OQED Had
a _aﬂ +aﬂ +aﬂ

U

Evaluation of a, (SM) is as important, as the measurement of a, (exp)!
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Evaluation of a, in
Standard Model




Magnetic

moment

Ivan Logashenko (BINP)

Suppose that there is a point particle f at rest in an
external magnetic field B. If the interaction Hamiltonian
Ham between f and B is given by

—

Hmdm — _ﬁ' B ’
then fi is called the magnetic dipole moment of f.

@ If f has anon-zerospin §, then i < §

@ H,.4. Is P-even and T-even

@ |ts cousins:
EDMd: Hgpm= —d- E (P-odd, T-odd)
(EDM: electric dipole moment)

anapole a: H,,, = —a- (V X E) (P-odd, T-even)
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Moments of

spin V2 particle
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For_a spin-1/2 particle f,

(FNIZ"f(p)) = g (P )T puy(p)

(2

Iy = F1(q2)’m + o

sz(qz)G'pyq"
— F3(q*)ou,q"vs — Fa(q?) (vuq® — 2mgqu)s

There are no other independent form factors of a spin-1/2 particle
other than F;(q?),...,F4(q?) (See e.g., Nowakowski, Paschos, &
Rodriguez, physics/0402058)

Fi(0) = —eQy (electric charge) By definition!
F>(0) = —eQyray (as : anomalous magnetic moment)
F3(0) = dy (EDM)

F4(0) = ay (anapole moment)

If fis a Majorana particle, then Fy(q?) = F3(q?) = F3(q*) = 0.

Muon anomalous magnetic moment (MISP-2024)



A consortium of > 100 theorists formed in advance of the new FNAL
results to compile all the theoretical inputs and provide recommendations

¢ White Paper posted 10 June 2020 (132 authors, 82 institutions, 21 countries)

The anomalous magnetic moment of the muon in the Standard Model
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a, [1071] Aa,, [107H]
experiment 116 592 061. 41. — 22
QED O(«) 116 140 973.321 0.023

BNL E821 2006
+ Fermilab 2021

QED O(a?) 413 217.626 0.007
QED O(C}ig) 30 141.902 0.000 A{jyama et al. 2020
- QED O(a*) 381.004 0.017
18 Nnaar
a.u Standard QED O(a?) 5.078  0.006
MOdEl QED total 116 584 718.931 0.030
electroweak 153.6 1.0
had. VP (LO) 6931. 40.
had. VP (NLO) —-98.3 0.7
had. LbL 92. 19.

total 116 591 810. 43, hadrons
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Reach of
various

measurements
Ay
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QED

contribution
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a?"? = C (%) + Cs (g)2+03 (9)3+C4 (g)4+05 (g)5+...

7 v T /i

" = Ay + As(my/me) + As(my, /ms) + As(my, /me, my,/my)
I \ . J

universal differfore, u, t
A (u) = Ai(e) leptons in the loop differ from external leptons

A = AP (g) + AW (9)2 + Al (g) g AW (g)“ + A (E) i

T ™ v T T

1
2
Cl=Ag)=§

Muon anomalous magnetic moment (MISP-2024)
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e (@) e (@) e (@) (D) e ()

[opst ok C¢ Y CV - (afm)t, x10M
1 05 0.5 116140973, 2420(260)
2 —0.328 478 44400 0.765 857 423(16) 413 217.6270(90)
OED 3 1181234017 24.050 509 82(28) 30 141.9022(4)
4 —1.9113(18) 130.8734(60) 380.9900(170)
contribution 5 9.16(58) 751.92(93) 5.0845(63)

WP2020
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Tabuuna 1 — Braaibl paziniioro Hopsjika Teopul BO3MYILEeHH B afffﬂ :

a?®’ =116 584 718.842 (.028) (.007) (.017) (.006)(.100) [.106] x 10~

/S

\\\

C, 0.91 ppb

11



AW — —0.328 478 965 579 103 78 ...
AWM (my,/m,) = 1.094 258 3111 (84)
A (my/my) = 0.000 078 064 (25)

Cy — 0.765857410(27).
QED
contribution ) > 3
two-loop
4) 5) 6)
& : :
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AP = 1.181 241 456 587 ...
QED A (my, fme) = 22.868 380 02 (20)
AL (my fmy) = 0.000 360 51 (21)

contribution
three-loop Cs

AL (my, fmemy, /ms) = 0.000 527 66 (17)

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

= 24.050 509 64 (43).
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the logarithmic enhancement ln(mﬂ/me) ~ 5.3
note: It does not exist for the lightest lepton, electron.
Two sources of the logarithm
1. Charge renormalization of the vacuum—polarizatioen(VP) function

2nd_order VP arises
2 5)

Logarithmic ~n(my/me) — ¢ ~ 3

enhancement

“Renormalization Group” estimate
2. Light-by-light scattering diagram

2
§7r2 In(m,, /me) ~ 35

Coulomb photon loops provide the factor m?

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



12,672 Feynman vertex diagrams contribute to the 10t order .

They are classified into 32 gauge-invariant subsets over 6 sets.

o PO P FE pY

I(a) I(c) I(d) I(e)

@/@\/@\@m

I(e) I

550 gw A B

QED

contribution

II(a) II(b) II(c) TI(d) Ii(e)
five-loop S WA SNW/ENWN

M@ W(b) VI(e

No mass- (0]
i £33 (31 £ () ] o

VI(D) VI(gy" VI(h) VIQ) VIG) VI(k)
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QED
contribution

four- and five-
loop

Ivan Logashenko (BINP)

— 132.6852 (60)
— 0.042 34 (12)

QED contributions to
the muon g-2 is now
— 742.18 (87) firmly established.

— 0.062 72 (4)

— —0.068 (5)
— 2.011 (10)

Rough estimate of the 12t-order contribution:
6th-order light-by-light x three 2"%-order vp x 10 ways
~20x 373 x 10 (o/mt)® ~5,000 (a/m)® ~ 0.08 x 1071

Recall the aimed goal of the on-going experiments ~ 12 x 10!

Muon anomalous magnetic moment (MISP-2024)
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Electroweak

contribution

Ivan Logashenko (BINP)

Electroweak (EW) contribution:

a, (EW) = 19.48 x 10—1‘1+£—4.12(10) X 10—101+ 59(10—121
1-loop 2-loop 3-loop leading log
= 15.36(10) x 10719, (Number taken from PDG 2020)

where the uncertainty mainly comes from quark loops.

@ 1-loop result published by many groups
(Bardeen-Gastmans-Lautrup, Altarelli-Cabibbo-Maiani,
Jackiw-Weinberg, Bars-Yoshimura, Fujikawa-Lee-Sanda) in
1972, and now a textbook exercise (Peskin & Schroeder’s
textbook, Problems 6.3 (Higgs) and 21.1 (W, Z))

@ 2-loop contribution (~ 1700 diagrams in the 't Hooft-Feynman
gauge) enhanced by In(mz/m,) and also by a factor of ©(10),

) a,(EW, 1-loop) (ln% + 1) .

o

where the factor of 10 appears since many “order one”
diagrams accidentally add up. (Czarnecki-Krause-Marciano)

a,(EW, 2-loop) ~ —10 (E

n

Muon anomalous magnetic moment (MISP-2024)
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Hadronic

contribution
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There are several hadronic contributions:

LO HVP NLO HVP HLbL
Y
had. had.

LO HVP: Leading Order Hadronic Vacuum Polarization Contribution
NLO HVP: Next-to-Leading Order HVP Contribution
HLbL: Hadronic Light-by-Light Scattering Contribution

(e) 3¢ (f) 3¢ (2) 3b.Ibl (h) 3d

NNLO HVP Contributions

HLbL NLO Contrib.

Muon anomalous magnetic moment (MISP-2024) 18



Hadronic

contribution
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Leading order Next-to-(ll\elic(:)h)ng order Light-by-light
(LO) (LBL)

N /

WP(2020)
(6931 + 40) x 10711 (-983 + 0.7) x 10711 (92 +19) x 10711
aha;d _ had ,VP LO had VP NLO had ,Light —by—Light
7!
350 ppb (0.6%) 10 ppb 160 ppb

Compare to experimental accuracy of 190 ppb

Muon anomalous magnetic moment (MISP-2024)
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HVP:
what do we

need to
measure
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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)

s = (c.m. energy)?

Muon anomalous magnetic moment (MISP-2024)
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107 g

3-loop pOCD

g > qq) AL — Horacn
o0( ) o NI

R(s) =

¢ KEDR
107! fuf:. Sum of the exclusive mode « BRES
E!" | contri IJI]CIIE | | |
In the zeroth order of QCD and 05 1o LS 20 25 3.0
zero quark masses: 7 DD threshold b
Rﬁ Wl o e l A
R(O) (S) =3 Z 2 :M::::1+LGW
qf r . ;dLUTII]:‘]J
f % Crystal Ball
4 + BES
¢ KEDR
3+ |
R(w.d,s) =3 gfa{ﬂ{“__ﬁ +w
10 | | | |
R(u, d’ S, C) _ 3.0 3.5 40 45 5.0
311 BB threshol
R(u,d,s,c,b) = —
3 h Y(4S)
. |
Full pQCD calculation includes NNLO |
contribution, quark masses, running a;,... RNt —'Lé*_) IR
3 - « Mp1 ¥ ARGUS 4 CLEO ¥ CUSB ¢ DHHM
» Crystal Ball 5
Good agreement of data vs pQCD ’ T een A T
9.3 10.0 10.5 V'?,Ge\’ 11.0

\van Logashenko (BINP) at (5.2 2.GeV.and away.from resonances



In a/}*? integral, the main contribution comes K(s)

from low energies

00 0.63...

a’ ds R(s)
aﬁad(LO) :W ?R(S)KM(S) ~f > ds 0-39...

2 +

ContrIbUtlon FJ(2017)

of various
energies

1.0 GeV
0. ¢

3.1 GeV

0. >
9.5 GeV

3.1 GeV
1.0 GeV
Contribution to the integral Contribution to the error of integral

When we measure R(s) in order to calculate hadronic contribution to a,,
\van Logashenko (BINP) we are focused at low energies y/s < 2 GeV -



Hadronic
vacuum

polarization
contribution
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N78

G69

K84
B85

MD90
EJ95
DH97
A97
DEMZ03
HO4
DHMYZ10
HLMNT11
DHMZ11
JS11
DHMZ17
J17

650 660 670

Muon anomalous magnetic moment (MISP-2024)

680

690

700

710

720
a,(Had,LO) x 10
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Hadronic
vacuum

polarization
contribution
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= T ' |
LM20
BMW20
ETM18/19 |

Mainz/CLS19
FHM19

PACS19
RBC/UKQCD18
BMW17

RBC/UKQCD
data/lattice

BDJ19
J17

DHMZ19
KNT19

WP20
T B

_..not used in WP20___

-60 -50 -40

30 -20 -10 0

(aliM-a:i’xp ) X 10"

Muon anomalous magnetic moment (MISP-2024)
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Hadronic light-
by-light

contributions

Ivan Logashenko (BINP)

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

Muon anomalous magnetic moment (MISP-2024)

Glasgow consensus (09)
N/JNO9
J17

Mainz21 (+ charm-loop)

not used in WP20

—0O—

RBC/UKQCD19 N

(+ charm-loop)

WP20 data-driven &
dispersive

WP20 —a—

Lo
0 20 40 60 80 100 120 140 160
HLbL 11

a x 10

u

25



alotLBL = (9.545(6.468 + 1.487 + 1.500] 4 1.240 + (70 n.07)
0.755[0.189 + 0.519 + 0.047) £+ 0.271 + (ay,f1. /1)
—0.598[—0.017 — 0.296 — 0.285] = 0.120 +  (ag.fo.f})
0.11[0.079 + 0.007 + 0.022 + 0.002] £ 0.01 + (f4, f2.ab.as) hadrons
20405+ (7 — Loop) adrons
223+04 + (quark — loop)
0.3+02)x 10710 (NLO)
= (10.34 £2.88) x 10°'0. -
7l
o different contributions calculated or estimated (in 10~11):
at, K+ quarks
Iz I, p
9444 —24+1 5+7 18+10
— increasing systematic control over HLbL using
dispersion-theoretical approach Aoyama et al. 2020

Ivan Logashenko (BINP) Muon anomalous magnetic moment (MISP-2024) 26



HVP structure
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e photon two-point function:

Y(k, 1) H;er(k)

> one single independent momentum £
> symmetric rank-2 tensor: two structures g,,,,, k. k,

> scalar invariant can depend on one single invariant /2

e gauge invariance: kHIL,, (k) =0 = kY11, (k)

M, (k) = (K2g, — Kk, )TI(R)

— Lorentz + gauge invariance reduce HVP to
one single function of a single variable!

Muon anomalous magnetic moment (MISP-2024)
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HIbl structure
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Colangelo, Hoferichter, Procura, Stoffer 2014, 2015

e HLbL tensor I1***?: Lorentz invariance
— 138 (136) scalar functions Eichmann et al. 2014

e gauge invariance: Bardeen, Tung 1968; Tarrach 1975

54
A
A7 = " T,
1=1

— 7/ distinct structures, 47 related by crossing hadrons

e master formula;: g

7
JHLbL _ _86/ d*qr d'gq i Tilar i) g1, @2 —1 — 2)
g (2m)* (2m)* qig3 (a1 + a2)?[(p + @1)* = ma][(p — 42)® — m}]

° fﬁ-: known kernels
1, dispersively <+ measurable form factors / scatt. amplitudes

Muon anomalous magnetic moment (MISP-2024)



From Table 1 of the White Paper

Contribution Section Equation Value x10""  References
Experiment (E821) Eq. (8.13) 116592089(63) Ref. [1]
HVP LO (e*e”) Sec.2.3.7 Eg.(2.33) 6931(40)  Refs. [2-7]
HVP NLO (e*e™) Sec. 2.3.8  Eq.(2.34) -98.3(7) Ref. [7]
HVP NNLO (e*e™) Sec. 2.3.8  Eq. (2.35) 12.4(1) Ref. [8]
au B HVP LO (lattice, udsc) Sec.3.5.1 Eq.(3.49) 7116(184) Refs. [9-17]
o HLbL (phenomenology) Sec. 494  Eq.(4.92) 92(19) Refs. [18-30]
CTa H A a pT H O M HLbL NLO (phenomenology) Sec. 4.8 Eq. (4.91) 2(1) Ref. [31]
HLbL (lattice, uds) Sec. 5.7 Eq. (5.49) 79(35) Ref. [32]
HLbL (phenomenology + lattice) Sec. 8 Eq. (8.10) 90(17) Refs. [18-30, 32]
M OA e-rl M QED Sec. 6.5 Eq. (6.30) 116584718.931(104) Refs. [33, 34]
Electroweak Sec. 7.4 Eq. (7.16) 153.6(1.0) Refs. [35, 36]
HVP (e*e”, LO + NLO + NNLO) Sec. 8 Eq. (8.5) 6845(40) Refs. [2-8]
HLbL (phenomenology + lattice + NLO)  Sec. 8 Eq. (8.11) 92(18) Refs. [18-32]
Total SM Value Sec. 8 Eq. (8.12) 116591 810(43) Refs. [2-8, 18-24, 31-36]
Difference: Aa,, := a,” - a;™ Sec. 8 Eq. (8.14) 279(76)

HVP: Hadronic Vacuum Polarization contribution
HLbL: Hadronic Light-by-Light contribution

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



Ivan Logashenko (BINP)

Data for HVP
calculation

Muon anomalous magnetic moment (MISP-2024)
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How well do

we need to
NEEHIEING,

Ivan Logashenko (BINP)

From the White Paper (Physics Reports 887 (2020) 1):
afif4(L0) = 693.1(4.0) x 10710
The expected final precision of the Fermilab measurement
Aa, = 1.6 x 10710
We need to know R(s) to 0.23% to match Fermilab precision

Now the hadronic contribution is known to 0.57%

Muon anomalous magnetic moment (MISP-2024)
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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

Muon anomalous magnetic moment (MISP-2024)

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

32



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

Energy SCan Number of selected events Number of background events

approach N _—

Nobs o Nbg

g =
- [ Ldt
Detection efficiency: Luminosity integral
* kinematical limits of detector * measured by selection of
(fiducial volume) — detector monitoring events with
never has 41 coverage known cross section

Ivan Logashenko (BINP) Muon anon’walo&l %t&@%d?ﬁéRQ@ﬁgozm



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 g4 %O;calculation is mostly based on exclusive measurements.

Muohnomalous agnetic moment (MISP-2024)
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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

Muon anomalous magnetic moment (MISP-2024)

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

35



Luminosity

measurement

Ivan Logashenko (BINP)

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

N, — N
For that we use monitoring process j Ldt = obs bg
with known cross section € * Ognown

The most popular monitoring process is
large angle Bhabha scatteringete™ —» ete™:
easily identifiable, large cross section

Other good processes for luminosity measurement:

+,—- +,,- Has many advantages, but relatively
c eteT outpu .
small cross section and large background
e ete™ > YY Natural for final states with neutrals

e efe” msetey
e efe” s eteTyy

Often used for online measurement

All these are QED processes — the cross section can

+,- +,—
e"e” > e"e inCMD-3
be %lgw&tﬁo@s magnetic moment (MISP-2024) 36



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

Muon anomalous magnetic moment (MISP-2024)

Radiative processes

L
L
G

ISR FSR
Initial Final
state radiation
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How to
calculate

radiative
corrections

Ivan Logashenko (BINP)

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.

) Hard process ats' = x;x,s

Opis(S) = j dx,dx,D(xq,s)D(x5,5)00(x1x,5) - ©O(cuts)

we measure this we want to know this ;

photon “jet” D(x, s)
The radiative correction depends on the measured cross-
section — need to use iterative procedure.

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)

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

w({782)

Visible cross section
/ g(ete™ - 3m)

-
.....

10
1
-1
10
-2
10
700 800 900 1000 1100
/s, MeV

Muon anomalous magnetic moment (MISP-2024)
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Radiative
corrections for

precise
measurements

Ivan Logashenko (BINP)

Calculation of radiative corrections for high-precision final states (e*e™, u*u~,
ntm~, yy,...) 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) BABAYAGA (e*e™) PHOKHARA (KLOE,
BABAR)

1real y (from any 1real y + ny generated

particle) + jets along all iteratively by emitting 1ISRYy +1real y + soft

particles oney atatime

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.

Muon anomalous magnetic moment (MISP-2024)
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Vacuum

polarization

Ivan Logashenko (BINP)

POV

d%(ete” -y - X) glete” - y* > X)

In a, calculation In experiment

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”

Muon anomalous magnetic moment (MISP-2024) 41



From
measured

Cross section
to mput.to a,
calculation

Ivan Logashenko (BINP)

Adjust for vacuum polarization
and return back FSR
a’(eTe” - X(¥)

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

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

N Y
e N

Muon anomalous magnetic moment (MISP-2024)

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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VEPP-2M

(1993-2000)

Ivan Logashenko (BINP)

L3 v 1974 - 2000

LINAC CMD-2 Detector

VEPP-2M
180 - 700 MeV

B-3M 200 MeV
Synchrobetatron

BEP 900 MeV
e e  booster

Electron-positron convertor

Energy range: 0.36 — 1.4 GeV

Luminosity up to 5*103° 1/cm?s

o(ete” - wtn™) at p peak (0.77 GeV) ~ 1000 nb

Lets set the scale:
L =103%° cm™2s71 corresponds to 1 Hz for o = 1000 nb

Muon anomalous magnetic moment (MISP-2024)

SND
e Detector

RF
Cavity
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Ivan Logashenko (BINP)

0 100 200 mm

LI
TSR

)

VA

1 - vacuum chamber
2 - drift chamber

3 - Z-chamber

4 - main solenoid

!
g 5
<
1\"5
N 0
[
]
5 - compensating magnet 9 - iron yoke

6 - BGO endcap calorimeter 10 - storage ring lenses
7 - Csl barrel calorimeter
8 - muon range system

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

0.0.0/0°0/
0000

DON®

| OB OGN
0.000,0]0.0/004[0;0]0

-]
[7¥]

=X

D
]
R

N 10
/

\ T

= I-‘/H\‘-I

=

* No magnetic field
* Spherical three-layer Nal calorimeter
« Small drift chamber around interaction point

Optimized for neutral processes (e.g., ©°y)

Muon anomalous magnetic moment (MISP-2024)
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¢ CMD2m*rrnl 19
CMD2 K'K 21
¥ CMD2K'K 21
O CMD2 K°K" 66
& CMD2ny 84
CMD2 =y—3y 51
CMD2 nn*n’ 6
CMD2 ni’e+e” 19
SND |F |* 45
SND r*' ' 48
SND rt*rn® 125
SND m+ n°n° 35
SND K'K 62
SND K°KL 66
SND 1y 95
SND ny 44
SND n’n’y 45

= — ‘ : % CMD2|F 7118
e [ : : : ® CMD2r'mr'T 65
103 =_ ........................... ................. :. SR R ........................ 5 CMD2 i+ 96

Overview of
VEPP-2M

10

® <4 x P[]

nEENIEnENIS

el LY

1.2

10"

OX%p» o @
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Beam energy
by Compton
backscattering

ILU
3 MeV
Linac

B-3M

250 /x\ev BEP

synchro- + o
VEPP'2000 >e[1'a1'r'on bo%é.fer.
(2011-2013) 825 MeV

Design parameters @ 1 GeV
e —>e' Circumference | 24.388 m
converter Beam energy 150 + 1000 MeV

N of bunches 1x1

N of particles 1x10"

C.m. energy range is 0.32-2.0 GeV
Betatron tunes  4.14/2.14

Unique optics — “round beams” Bota* 05 om
Experiments CMD-3 and SND started by the end of 2010 BB parameter | 0.1
Luminosity 1x10% cm?s!

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



to VEPP4M & c-ttactory —_— 250 m beamline

S VEPP-2000

Storage Ring \
VEPP-2000

) Bidg.13 K09 BEP @
Bldg.4 Bldg.20 \ Q
New injection complex Bidg 1R
2 I 3
~ : - hiurm1 E 102
800/ v 3000 pis
VEPP-2000 - B :
B -}
[ o 1
(2011-) - "
400;
- 10“5—
200_— -
i upgrade -
B 10"
0_ IIIIIlllIIIIII|IIIIIIIIIJIIIIIIIIIIIIllIIIIII 400 600 800 1000 1200 1400 1600 1800 2000
01/2012 01/2014 01/2016 01/2018 01/2020 01/2022 01/2024 Energy, MeV
NcTopus Habopa PacnpepeneHne HabpaHHOro
MHTerpasia CBeTUMOCTH MHTerpasja CBeTMMOCTM MO SHEPrum

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



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

Muon anomalous magnetic moment (MISP-2024)



Ivan Logashenko (BINP)

0 20 40 60 80 100 cm

1—beam pipe

2 —tracking system Advantages compared to previous SND:

3 —aerogel e new system - Cherenkov counter (n=1.05, 1.13)
4 — Nal(TI) crystals e/mt separation E<450 MeV

5 —phototriodes /K separation E<1 GeV

6 —muon absorber e new drift chamber

7—-9 — muon detector better tracking

10 — focusing solenoid better determination of solid angle

Muon anomalous magnetic moment (MISP-2024)
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Measurements

at VEPP-2000

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

Final states under analysis at CMD-3

Signature

Final states (preliminary, published)

2 charged

e, KYK, KK, pp

2 charged + v's

mtny, e, it 270, w30,
ot 4nl, T, e n,
mwt 2%y, KPR, KYK2A0,
K+K_T], KSKUTO, KSKLT]

4 charged 2(mt), KPK—mt, KsKEmrt

4 charged + v's 2t )n®,  2at2m 270, wtm,
i w, 227, KK~ w,
KsK*=rFn®

6 charged 3 ), KsKgmrtm

6 charged + y's ()

Neutral iy, 2%y, 37, ny, 7°ny, 27y

Other nm, nlete, nete”

Rare decays

n’, D*(2007)°

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



PEP-Il asymmetric e*e™ collider at SLAC

9GeVe and3.1GeVe?
About 500 fb* collected in 1999-2008
Comprehensive program of ISR measurements, using a data sample of 469

fb-1 collected at and near Y (4S) (10.58 GeV)

Electromagnetic
Calorimeter (EMC)

1.5 T Solenoid

Detector of
BA BAR Internally
Recflected
Cherenkov
Light (DIRC)

experiment
(1999-2008)

Instrumented Flux Silicon Vertex Tracker
Return (IFR) (SVT)

Muon anomalous magnetic moment (MISP-2024) 52
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0.5 — 2% syst.error 4 — 15% syst.error

BABAR measurements are mostly tagged
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Installed at the DAFNE phi-factory

Mostly collected data at ¢p(1020) meson

ISR measurement of a(ete™ » n¥m ™),

L

gl N HAMBER] (=P both tagged and untagged
KLOE P W a¥ aw
( 20 O O = : ; ’ - i + KLOE12
% Z oo | £
: -~ 21200 - N « KLOE10
200 6 ) : ® . « KLOE0S
‘e y
$1000 - _
K I + !
) L ‘
© 800 - ! 4
I ol ‘*
L t* *
600 - , ’
F ‘
' :
¢ "
400 - ¢ '
¢ "
‘- .I
000 e .,
g"”‘” .‘-.'-n-l
0_l|“||||‘||||‘ll||‘||||‘ll||‘||||‘||||‘||||‘||||
0.1 02 03 04 05 06 07 08 09 1
(M)* [GeV]
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15

oz Kok =
-~ Ty, T
% <. 0-2. .
,,,,’/ \\\\\ Lominasity: BEPC-II collider covers c.m.energy
] cm ST
u N Gpsnm gy range from 2 to 5 GeV
i : % 1.89GeV o "
44 - - !‘T Energy spread: ct-fa Ctory
" sy o w516 X10¢
1 i T i ¢+ No. of bunches: ) }
¥ e # - nooo3 BES-IIl detector is taking data
.o o B Vi oy cm ? B h l th:
t . ™ P e (and there were BES and BES-Il before)
'\‘\ ;; Total current:
Y i 0.91A
YN /7 SRmode: Tagged ISR measurement
> 2 0.25A @ 2.5 GeV b - + -
= , 27 olete" > n™)
- 45:_ T T I T T _:
= BESTI BRI
- 3+ korn 3
- —+— BESII =

10

0.6 0.65 0.7 0.75 0.8 0.85 0.9

Vs'[GeV]

Statistics is limited compare to BaBar
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Tagged ISR Untagged ISR

Va riet Of |SR .. KLOE-2010 (t¥7m ™) KLOE-2005 (7 ™)
4 N°rmae'lzeaf'°" = BABAR (most KLOE-2008 (*7")
approaches channels) BABAR (pp)

BABAR (mtm™)*

BES-Ill (m*m ™) KLOE-2012 (r*m™)
CLEO-c(r*m™)

Normalization to
pp(y)

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



Where the

nEENIEnENIES
are done

Ivan Logashenko (BINP)

Davier-Hoecker-Malaescu-Zhang, 2019

E 6 B l l I l | : I l l E I | l I l l l I_
04 - Jyr w29 2
- - BES-II -
S : 1 Yaoa0 ]
Al -
3L ]
2 -
- == ce — hadronsdata -
: > (HVPTools compilation) :
10— VEPP ?BES —
Z { KEDR 7
— ) —— pQCD (massless) —
| | ] | ] l ] | l l | ] l ] ] | ] H
D0 1 2 3 4 5
Vs [GeV]
Energy scan [ ISR Taudecays

Muon anomalous magnetic moment (MISP-2024)
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ete” >

Muon anomalous magnetic moment (MISP-2024)
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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
% R
e %4
VEPP-2000 |&°
9! SND 2021 ‘Viﬁ’\*
27 CMD3 2023
5

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



Tensions In

ete” s ntm™
data

Ivan Logashenko (BINP)

0,0
(07/0KLOE combination) = 1

CMD-2

0.3 / 1400
BaBar (09) ——+— CMD-2 (06) +—e—
0.2 | KLOE combination CMD:Z (QS) —e— . . |
llete = ') - 02 _KL(;E:E:_‘T:E;’; o . 1200
) "S ‘ % } -4 1000 =
iy = 01 FT b oy
® £ I : - 800 &
FORO ‘ : J =
T8 % %ﬁ§ ¢ 7
o # 0:] H % ﬂﬁﬁ i - { { %— 500
/‘- e 200
02 + -
| | | | | 4 0 KLOE 2 | | | | | 4 0
0.6 0.65 0.7 0.75 08 0.85 09 0.6 0.65 0.7 0.75 0.8 0.85 0.9
Vs [GeV] Vs [GeV]
There are few-% discrepancies had
. a :
between various sub-% ay®*(L0; 2m,0.6 < /s < 0.88 GeV)
measurements of a(ete™ » ntn ™) . before CMD2
Unexplained 3 CMDZ
e — SND
;_ —— 2. 50/0\ KLOE comb
WP2020: scale factor for E T E— BABAR
Aa,(Had; LO = BES
”( ; LO) £ CLEO
= - SND2k
CMD-3 goal: new high statistics low =
. LR T N U T
systematics measurement of 360 365 370 375 380 385 390
+,- o=\ i 0.88
o(e’e — m'm )Vviaenergyscan 1
( ) gy 73 o%e*e” - ntnT)K,(s)ds
Muon anomalous magnetic moment (MISP-2024) 0.6 60



JHEP 2021,113 (2021)

e prrtrrrrTTTrTTTTrT T T T
First measurement of & 14001 S e R R .
ete” -mtn~ 1200 b
at VEPP-2000 sy an .
1000 j. . ................. ,.., ................. . ............... _. . ................. , ................ e

800

The analysis is based on -

4.7 pbidatarecordedin2013 |

+ + (2/20 full SND data set) 400f-
e e —T T 200 et

| i | i L1 1 | i | - i | i | i L1 1 | i L1 1 1 L
500 550 600 650 700 750 800 850 900

at S N D (2021) 1T /e separation using ML (BDT) Vs, Mev

: [ Systematic uncertainty on the cross section (%)
“E . Source <0.6GeV  0.6-0.9GeV
“F Trigger 0.5 0.5
0'3;_ Selection criteria 0.6 0.6
°'2;_ e /T separation 0.5 0.1
o1F Nucl. interaction 0.2 0.2

e Theory 0.2 0.2
Total 0.9 0.8

Ivan Logashenko (BINP) Muon anomalous magnetic moment (MISP-2024)
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— I”” M |

i dﬁ"l 1t n!

at SND (2021): B .
comparison to
other
measurements

KLOE/(SND fit)

Il I Ll 1 | | - I | | I L1 1 1 I N | | L1 | I | | :
550 600 650 700 750 800 850 900

Vs, MeV

Ivan Logashenko (BINP)

Muon anomalous magnetic moment (MISP-2024)

"I_E 0.15_ T T T T I T T T T ! T T T T ! T T T T I T T T T
E - H H
o - —=— SNDO06
01
- —+ CMD2
0.05:— l .
0
AP 8 O S W M 55 T
o VEP 2IVI/(b N D fit)
70.15:| 1 1 1 1 1 1 1 1 L L 1 1 1 1 i 1 1 1 L | 1 1 1 1 i 1 1 1 1 1 1 1 1

0.53 < +/s < 0.88 GeV
T ) 0
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+ 0.7t 2.5
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CMD-3 measurement
ofete” > mtm™
(2023)
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Measurement of the pion formfactor with CMD-3 detector and its implication to the

hadronic contribution to muon (g-2)
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The cross section of the process ete™ — 777~ has been measured in the center of mass energy
range from 0.32 to 1.2 GeV with the CMD-3 detector at the electron-positron collider VEPP-2000.
The measurement is based on an integrated luminosity of about 88 pb™" out of which 62 pb™" con-
stitutes a full dataset collected by CMD-3 at center-of-mass energies below 1 GeV. In the dominant
region near g-resonance a systematic uncertainly of 0.7% has been reached. The impact of presented
results on the evaluation of the hadronic contribution to the anomalous magnetic moment of muon
is discussed.
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CMD3 collected Luminosity as of 19.06.2023

Y I T T A R I A 1 fb~! nearest goal
g _E s
S S e
o T
S 700; E
] E a0
£ 600 S .
E 500% N otk d
CMD-3 : soop
= 200 - 1
Q | 600 1800 2000
collected data S o
1pb!
200 45.4pb” Collected since 12.2010

ﬁho scan<1GeV: 64 pb*
| 1 GeV ZZ1 pb'1

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

100 17.8 pb* colllder upgrade

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

Muon anomalous magnetic moment (MISP-2024)
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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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E-vsE" @+/s =0.78 GeV

Entries
Mean x 171.4
Mean y 164.6
StdDevx 1058
StdDevy 109.7

E 391.48

10°

events is based on

> :
Separation (counting) of ete ", utu~, " = as0-
mﬁ

a) momenta of two particles T 102

b) or energy deposition in LXe calorimeter

10

na

afa(X+;X_)

Three methods ~inL ==Y nn

bins L ee,uu,mm,bg

X=PorkE

+ ) N,
a

of separation of

n
||g

N
[}
(=]

e e , ‘Ll [/l U TT + sign reflects energy deposition and momentum
of particle with corresponding charge

Momentum, MeV/c, -
N
5

N
N
o

L

2001 "%s e ik

Independent check by angular distribution

180 3

1600

o | 1= 1 o ) la%ais=
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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E vs P separations

-
O
n
-
g
Q.
-
@)
U

Ivan Logashenko (BINP)

~ 0.06

Three methods agree to 0.2%!

-0.04

(N_/N)™(N_/N,)"

o

=
IIIIIIIIIIIII.—I—I—'...I—I—I..IIII

Prob 0.94733
Moo  3.04080+07 # 1.8680e+04

i ) ndf aina/vd || x* ) ndi 5222 44
: | Prob 01245 Prob 1847

pd 0001627 + DO0D0299 po 0.0004369 + 0.0005233 Boo e o

700F LN\

oint at Ebeam = 350 - 410 MeV— -

. m RHOZDIZ :

L ® BHO20ME NN, 1.0173 £ 0.0013
| ! S : : BA. __ -0.0015738 * 0.0003770
¥ A N./N, fit/predict 0.9981 + 0.012

uolNqILsIp g Aq 414

-0.0pL5—

L i
300 350 400 450
Beam Energy, MeV

For sum of /s = 0.7 - 0.82 GeV points

by momenta in DCH:  Ngpx /N.. = 1.0193 +- 0.00030

by energies inLXe A Nux /N.. = -0.09 +- 0.024%

from theta with free 3A: = -0.20 +- 0.12%
with fixed 6A=0: = +0.21+- 0.07%

%920°0

' LUOJJ TEIS UOWWOoD)

12
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beal
—
N

w [
Measurementofete™ » wtm™ E |
requires high precision calculation of £
radiative corrections. go.a
=

We use two high-precision MC 0.6
generators forete™ - ete~

CMD-3

n * MCGPJ generator (0.2%)
e e 2N T « BaBaYaga@NLO (0.1%)

ana|y5|S: With high statistics we've observed % 02 04 06 08 1 12
d o inconsistencies in tails of distributions, e ....M?.mentum/Ebea"_'._____._____
rad |at|Ve which were traced to particulars of Original MCGPJ
: MCGPJ generator wpversion 031045
corrections ’
After improvements, tails of e*e~ /;é:am
spectra still differ by few %, 1 o -
which limits the precision to O(0.1%) 10¢

pd

NNLO MC generatorforete™ —» ete”
is needed for higher precision 3

BabaYaga
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Efficiency corrections

alftrk

RH02013/RH02018

~0.35%

ase efflcrency: '.'

bram

0.986

n_mz: . -

0.08 :

0978~

0.976 '—i|.+

oora [ } & O 6%

0.972 -

i i
1 1.2 1.4 1.5 18

th

i
2 2.2

1.001,

8 cu’r

A 035%;

0.929

AB cut

mear'lng

1
2.2

A~02%

-. ngger ]
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0.935
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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

T

|Fecut/F9cut1 .1|2

o
o
=)
—h

-0.001
-0.002
-0.003
-0.004

Muon anomalous magnetic moment (MISP-2024)

’ (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!
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i i T | H Pr
San‘uos . . i 1
o

Charge asymmetryine* e - ¥ 7~ is due to G o ——
interference between ISR/FSR and between S N | (e
one- and two-photon exchange oo || T i H
A = (Ng<n/2 _ Ng>n/2)/N _0‘00:00 400 500 G(i][} '}'f.m SIéIO 200 100011;20 12;()0
z 0.018 "
"20.016
<, 0-014¢ | X @ F(s)
.EEnmz
Charge 2 ook
. 0.008f
asymmetry in 0.006F
+ ,— + 0.004

o
-0.002

300 400 500 500 700 300 900 1000 1100 1200
Vs, MeV

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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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.

Muon anomalous magnetic moment (MISP-2024)
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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.
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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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Measurement
of

ete” st~
at CMD-3

Ivan Logashenko (BINP)

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

: -’
gy

03 04 05 0.
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At first glance, they looks close to each other...

= CMD-2

o BABAR
o SND

o SND2k

s+ BES

+ KLOE10
+ KLOE12

Comparison to

30

other

« CMD3
nEENIEnENIS 20

10

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

03 04 05 06 07 0809 1 1153

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




CMD-3 is systematically above previous measurements by ~2-5%
CMD-2 ' SND, SND@VEPP-2000

‘|- CMD-2
|—snD
| = snpz«

0.2

P1

it

5 ‘|- CMD-2
= SND
.|~ SND2k

1'2 @?1o%§

&
3

[FE

o
-

1t \ 2

'1=' Li§§¥M+ Q K\\\
4 '615"'bfe"'bii"bfé"bié"';""1i.1'"'1i2"

/s, éeV i s, GeV
BABAR KLOE

=0

Comparisonto &

..
el .
———

& o
& o &
w'rrrlTTr‘rr[run“nl ITri ||||Trrrr[‘rr‘r‘r

04 os'os 07 08 09

other
& : ‘ ; A - 0.2¢ ' .
measurements [V RN ) ; == /
£t 1 | | |1 [ T | ~ raosi |
- . | 0.14 b bosuslos oo doo | ORI .
0.05F |+
..... 0; * ‘ : 3
4ME§M | ﬁ?ﬁz- L9
-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 — adrons K
ahad,LO _ i Oete——~*—had (S) (S)dS 0.6 < J-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 E - CMD2 CMD2 3665 + 3.4

+,— E . SND SND 3647 + 4.9

e e — E. ol s KLOE comb KLOE 360.6 + 2.1
T[+T[_ : ] . BABAR BABAR 3701+ 27

: . §- " B;s BES 36{2@% Eteﬁngx;

contribution to 3 .. CLEO CLEO 3700 + 6.2
= . SND2k SND2k 3667 + 3.2

g-2 E- — = CMD3 CMD3 379.3+ 3.0

C I CETE

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 379.35F0.50+ 2:95

49
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a,(SM) = 0.00116591810(43) = 368 ppb

BNL g-2 — . :
- 3.70

At the FNAL g-2 + o :

beginning of { 120 )
2023...

» i ® }
Standard Experiment
Model average

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5
a,-10° — 1165900

au(Exp) - a“(SM) = 0.00000000251(59) =2 4.20

Ivan Logashenko (BINP)
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vy
Z
r
L

FNAL Run-1 1 3 ;

FNAL Run-2/3 —11—

Experiment vs
SM prediction

FNAL Run-1 + Run-2/3 +——¢

E d f WP2020 —o—
n O 2023 World Average
CMD-3 based o
175 180 185 190 195 200 205 210 215
a,x10° - 1165900

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

FNAL Run-1 1 3 ;

FNAL Run-2/3 —11—

Experiment vs
SM prediction

FNAL Run-1 + Run-2/3 +——¢

_ BMW Lattice 2020

E d f WP2020 ® —o—
n O 2023 World Average
CMD-3 based ®
175 180 185 190 195 200 205 210 215
a,x10° - 1165900

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

What's next?

Muon anomalous magnetic moment (MISP-2024)
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2 oo
hadLO __ M

O+ e—_w,*—)hadrons(s)K(s)

ds

a T e—
H 1273 [ s

|
T

The status

—_—

|

béfore CMD2
CMD2
SND
KIi.OE comb
BABAR
BES
CLEO
SND2k
cMD3

360 365 370 375 380

Ll I Ll 1 1 Ll 1 1
_ 385 390
a™™ (0.6 <ys<0.88GeV), 107"
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Discrepancies in data
“blind"” a,, (SM)

All (or all but one) existing
measurements ofe¥e™ —
't~ underestimated
systematic uncertainty (at
least at some energy
range)

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

86



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?

Muon anomalous magnetic moment (MISP-2024)
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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

Muon anomalous magnetic moment (MISP-2024) 88



Any value of Aa, (New Physics) = a,(exp) — a,(SM) is valuable!

FNAL expected precision of 140 ppb corresponds to 0.25% - aﬁ“d'LO

HVP contribution: a, (had) = [ 0.+ (s) K(s) ds

e —aJpOHbI

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

Is there need

e
measurements . need (now)
. . 504.23(1.90) (0.4%) 777 0.23% (0.8%)
Of hadron_lc ntnn®  46.63(94) (2.0%) 1.1% (1.5-3%)
Cross sections? Tt 13.99(19) (1.4%) 0.8% (2-3%)
rtn nn®  18.15(74) (4.0%) 2.3% (5%)
KtK~ 23.00(22) (1.0%) 0.6% (2%)
KsK; 13.04(29) (2.5%) 0.7% (2%)
a,(had; LO) 692.8(2.4) (0.35%) 0.2%
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The CMD-3 measurement is systematically limited — detector upgrade.

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

The goal isto reach ~0.2-0.3%ino(e*te™ » nw¥n™)

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

C M D '3 p | a n S LXe Mu Ao6asuTe ciom

PeMOHT 1 3ameHa
3N1€KTPOHUKM

ZK

3ameHa
LUUAVHApUYECcKon Z-
Kamepsl

Csl
BGO

PeMOHT 1 3ameHa
3/1€KTPOHUKMU

TKC

YcTaHoBKa HOBOM
TOpLEBON KOOPANHATHOM
cucTeMsl

TOF

AK
Het nnaHos Gy 3ameHa gpelidoBoit

Kamepsbl
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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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: : 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-)

Ivan Logashenko (BINP) Muon anomalous magnetic moment (MISP-2024)
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SM prediction Experiment

——

PRL 131(2023) 16, 1618

®
“White Paper”
PhysRep 887 (2020)

Conclusion

——————>

*

CMD-3-based
“White Paper”

llllllllllllllllil.l-.l..l.l.ll..l.l.il.l.l.l.l

18 18.5 19 19.5 20 20.5
a, X 10° —/1165900

¥ ; . or

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