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Standard Model of Particle Physics

Fundamental fermions
= building blocks of matter

Family 1 2 3
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Standard Model of Particle Physics

Describes 3 of the 4 fundamentalinteractions, i.e. forces:

- electromagnetic force
- weak nuclear force
- strong force

Quarks 0 Leptonen 0 Kraftteilchen
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Standard Model of Particle Physics

Describes 3 of the 4 fundamentalinteractions, i.e. forces:

- electromagnetic force
- weak nuclear force

- strong nuclear force
QCD Quantum Chromo Dynamics RSl

Higgs

“for the discovery of asymptotic freedom
qurs @ Leptoren @) Krafteichen in the theory of the strong interaction"
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The R Ratio
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The R Ratio
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The R Ratio JGU
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Standard Model of Particle Physics

Describes 3 of the 4 fundamentalinteractions, i.e. forces:

- electromagnetic force
- weak nuclearforce
Coupling constant,og (E)

- strong nuclear force confinement
QC D Quantum Chromo Dynamics o,si
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n: Tupoffim Energy, GeV

Low Energy Froniier

Giats  Wiopionon  Weoitien The World of Hadrons as bound objects of quarks
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Search for New Physics
Huglvfnergy Front’wr Precision Frontier
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The R Ratio

JG|U

" _ R helps to overcome hadronic uncertainties
0" (ete” — hadrons) , ,
R = 077 — ' * running EM fine structure constant
o"ete” — ptu~) « anomalous magnetic moment of muon
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Hadronic Cross Section via Energy Scan JG|v

, Energy Scan = systematic variation of collider’s Vs
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Outline (today)

The ,,running”fine structure ,constant”
The anomalous magnetic moment of the muon

R measurements via energy scan at Novosbirsk
R measurements via Intial State Radiation

Summary (today)

Tomorrow: Meson transition form factors
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Motivation for R, _:
The Fine Structure

constant ogy(M,?)




Hadronic Cross Section Data and o, (M)

Running of a,, (s) with s due to vacuum polarization corrections

e LeptonicVacuum Polarization calculable within QED
* HadronicVacuum Polarization not accessiblein pQCD
—> Dispersion relation
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co(s) = a(0)
tem ! (1 — Actem(s)) a ' (MZ) =128.947 + 0.012

Davier, et al.( 2017)

QED  Aaiep(M3) = 314.97686 - 10~
strong Acyaq(M%) = (275.3 +0.9-107*
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Electroweak Precision Physics

a,..(M,?) limiting electroweak precision fits

- Test overall consistency of the electroweak Standard Model
- Since the discovery of the Higgs boson more timely than ever

SLD —
LEP —

SM running
Sinz@W (MHiggs)
limited by a.n,

Upcoming data from JLAB, Mainz, LHC
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Hadronic Cross Section and ., (M) JG|v
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Hadronic Cross Section and ., (M) JG|v
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Hadronic Cross Section and Ocem(MZ2 ) JG|v
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Hadronic Cross Section and ., (M) JG|v
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JG|U

Running Fine Structure Constant
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polarization contribution of the
five lightest quarks u,d,s,c,b
0.0 GeV, oo
e Low andintermediate
Contribution fenergy reglon.s Important
0 Aoy, ® in dispersionintegral
12.GeV => from which energy range on
use pQCD?

[ F. Jegerlehner ArXiv:0807.4206]
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BEPC (1997 —2004) : o,,.,( e"e- — Hadrons )

arXi1v:hep-ex/9908046
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KEDR: O,

(e"e” — Hadrons ) JGU
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1.84-3.05 GeV R = 2.225 4+ 0.020 + 0.047 (Rpqcp = 2.18 £0.02)
V.V. Anashin et al., Phys. Lett. B770 (2017) 174
3.05-3.72 GeV  Ryas = 2.204 + 0.013 £ 0.030 (Rpqcp = 2.16 £ 0.01)
V.V. Anashin et al., Phys. Lett. B753 (2016) 533; arXiv:1805.06235
Total (syst. error) 3.9% (2.4%) at low, 2.6% (1.9%) at high /s

R measurement from 5 to 7 GeV in progress
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BES 11l @ BEPC II: High Statistics R Scan S

Online spectrum of R scan recently finished
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Rina = Onhaa/ Oy, ratio with targeted 3% systematic accuracy (statistical error <<1%)

125 scan points with >10° hadronic events each
—> statistical error negligible

How good are Monte-Carlo generators to simulate hadronicevents ?
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Motivation for R, _:
Anomalous Magentic

Moment of the Muon (g-2),




 Muon Anomaly (2-2) p

—=

Magnetic Moment: m = Mg € S

Muon Anomaly: a,=(g-2), /2 = a., /21t +... =

= Standard Model (SM) prediction a ™.

-QED: @,%°  =(11 658 471.8971 + 0.007) - 1010
- weak: au""eak = (15.36 £ 0.10) - 1010
- hadronic: g hadr= (694.49 * 3.55) - 1010

a, ™ = (11659 182.05 £3.56 ) - 1010 Keshavarzi ctal. 2018
SM prediction entirely limited by hadronic contribution!

= Direct measurement BNL-E821 a °**:
a, = (11 659 208.9+6.3)-101°

Q)

Ug: Bohr magneton, g: gyromagnetic factor ~ 2
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" Muon Magnetic Moment: (g-2),

Keshavarzi et al. 2018
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(a,"Mx 10'%-11659000

u

One of the most significant tests of the SM
Aa, = a,*P—a, M= (27.05+7.28) - 10'1° (3.70) !!!

Error or New Physics ??? Pradler
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Standard Model Prediction of (g-2) ; =]

Hadroniccontribution non-perturbative, the limiting contribution
aM = a3 + gMek + gfd = (11659 180.2+4.9)-1070

Teubner et al. ‘11

- HVP: HadronicVacuum Polarization (693.27 +2.46 ) - 1010
NLO (-9.82+0.04 ) - 101%; NNLO ( 1.24 +0.01 ) - 1010 Keshavarzi etal. 2018
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Hadronic Vacuum Polarization (HVP) JG|u

1 0.0}
a’"" =—— | dsK(s)o
U 4.7'[3 4{2 () had

T
Oyuq= O(ete— hadrons )

~ 1/s = Data at lowenergies needed!
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Why there is no decay

e+e_%p%7r

07_‘_0
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Section Measurements

via Energy Scan from

Novosibirsk
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Overview Novosibirsk Results

LU v 1974 - 2000

LINAC CMD-2 Detector RF

B-3M 200 MeV
Synchrobetatron

BEP 900 MeV
e' e~ booster

e"‘ Detector

Electron-positron convertor

e VEPP-2M collider:0.36-1.4 GeV in c.m., L=2+1030 cm™2s?! at 1 GeV
e Detectors CMD-2 (solenoidal B field) and SND (w/o B field)

e Integrated Luminosity collected by CMD-2 and SND: 70 pb*!
to be comparedto 6 pb-1 in Orsay and Frascati at higher energies
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CMD-2 Measurement o (e*e~ —> mw m~) A=

C:I—_u R e
- e B &b —e— 94 95data @ |.............
: i | 7% 96 data
o L T ol 97data [
—®— 98 data
10 ::::::::::::::::::?::::::::::::::::.. A ":::::::::::::::%:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
R """""""""""""""""""""""""""""""""""" O T0R T events
T ey e ARG
1 | 1 1 1 1 I 1 1 1
500 1000
\s, MeV
systematic = 0.7%  0.6%(95)/0.8%(98) 1.2-4.2% ‘

uncertainty
* 4 running campaigns, overall fairagreement

- Radiative corrections with 0.3% uncertainty ' 1YsLett:8578(2003)285

JETP.Lett.82(2005)743
JETP.Lett.84(2006)413
Achim Denig PLB648(2007)78
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JG|U

Overview CMD-2 Results

e CMD-2: "t <1%, higher multiplicities few % accuracy

* SND measurement of ‘i with 1.2% accuracy
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VEPP — 2000 Collider (since 2010)

CMS energy range is 0.32-2.0 GeV
unique optics —“round beams”
Design luminosityis L=1032/cm?s@s=2GeV
Experiments with two detectors, CMD-3 and SND

2017 data taklng o
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VEPP — 2000 Collider
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VEPP — 2000 Collider (since 2010)

CMD-3 Integrated Luminosity

1/pb
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CMD-3 Detector I

Mu

Very compact multipurpose
detector with high
resolution tracking

and detection of EM particles

Achim Denig Part I: R Measurements
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Overview CMD-3 Results

- 2 charged
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- 2 charged +y's
ete” - n+n_n°,n+n_n, K'K™n ,K+K_n, KSKLTIO,TI+7I_7I017,

mtn n’n?, it n’nnl, O

- 4 charged

ete” sntn ntn KK ntn,KK*

4 charged + y’s

ete” st ntn n’,ntn ot et A7, KK, KK w
» 6 charged
ete »ntn ntn ntn
+ y's only
ete” —» %, ny, n°ny, nny, n°n°n’y, nnOny
- other

- 0+

ete” »nn,nee e’

e

Achim Denig lvan Logashenko @ Phispsil8



CMD-3: Structure at the Nucleon Threshold

Structures seen in various cross section spectra at NN threshold
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CMD-3: Structure at the Nucleon Threshold

o(e*e’— 3(n*m)), nb

Structures seen in various cross section spectra at NN threshold

1.5 io) o ' ' ' T T T T =
16_15; * I . < - ISR and beam energy ]
brta 1 -

RE: ; h* T—{— g 12 spread taken into account -
140, f A R N $ 15 : C .
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oot 6| PP :
0;-'*::‘11-:_6! $ T N B T N B L1 [ R R R R 0_ ‘} 1_ H o= I18|75, — I18I80I — .18|8 :
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E.. MeV 1900 1950 2000
E.m, MeV
o E - Eth .
« OBorn\Lc.m.) — —exp [ —— -
Fit: E A+B |1 I ( ) ~ 1 MeV width
Othr

Interpretation: - Narrow structure dueto rescattering effects pp, nn ?

- Subnucleon threshold ?
arxiv: 1808.00145
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SND Detector

1 L 1 1 1
0 20 40 60 80 100 cm

1 — beam pipe, 2 — tracking system, 3 — aerogel Cherenkov counters, 4 — Nal(Tl)
crystals, 5 — phototriodes, 6 — iron muon absorber, 7-9 — muon detector, 10 —
focusing solenoids. NG

Very compact multipurpose
detector with high
resolution detection
of EM particles

Achim Denig
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Overview SND Results
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SND: High Multiplicity Channels

JG|U
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Visible cross section
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Very rare and complicated decays attacked by VEPP-2000 experiments
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