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Standard Model of Particle Physics

Fundamental	fermions
=	building	blocks	of	matter

Family		1														2														3

Proton	=
uudQuarks
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Standard Model of Particle Physics
Describes	3	of	the	4	fundamental	interactions,	i.e.	forces:
- electromagnetic	force
- weak	nuclear	force
- strong	force

ΔE	⋅ Δt ≈	h
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Standard Model of Particle Physics

"for the discovery of asymptotic freedom
in the theory of the strong interaction"

- strong	nuclear	force

Nobel	Prize	2004

QCD	Quantum	Chromo	Dynamics	 Politzer Gross Wilczek

Describes	3	of	the	4	fundamental	interactions,	i.e.	forces:
- electromagnetic	force
- weak	nuclear	force
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The R Ratio

√s (GeV)

R	lead to	formulation of	Standard	Model
• Number of	colours Nc=	3
• Number of	quark flavours Nf
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The R Ratio

R =

= =		

=	 [	(2/3)2	+	(-1/3)2	+	(-1/3)2	+	(2/3)2		+	(-1/3)2]

σ(e+e- → Hadrons)
σ(e+e- → µ+µ- )

σ(e+e- → µ+µ- )

Σf σ(e+e- → f	f)
Σf zf2

u d														s									 c													b

uds
udsc udscb
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The R Ratio

R =

= =		

=	 [	(2/3)2	+	(-1/3)2	+	(-1/3)2	+	(2/3)2		+	(-1/3)2]

σ(e+e- → Hadrons)
σ(e+e- → µ+µ- )

σ(e+e- → µ+µ- )

Σf σ(e+e- → f	f)
Σf zf2

u d														s									 c													b

uds
udsc udscb

Number Colours
R G B

3	
3	

18/9
30/9

33/9

Good agreement between theory
and experimentà Proof	of concept
of colour charge of quarks in	QCD!
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Standard Model of Particle Physics

confinement

The	World	of	Hadrons	as	bound	objects	of	quarks
Low Energy Frontier

QCD	Quantum	Chromo	Dynamics	

Describes	3	of	the	4	fundamental	interactions,	i.e.	forces:
- electromagnetic	force
- weak	nuclear	force
- strong	nuclear	force
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Search for New Physics

LHC/CERN
Search	for	New	Physics
à Supersymmetry ?!

High Energy Frontier

Testing the	Standard	Model	
with	extreme	accuracy

Precision Frontier

Comparison	of	precise	measurements
with	precise	Standard	Model	predictions

E	=	M⋅c2
p

p

ΔE	⋅ Δt ≈	h



Achim Denig Part	I:	R	Measurements	

The R Ratio

√s (GeV)

R	>	11	GeV
Measurements

from	DESY,	KEK,	CERN
up	to	190	GeV

M	R	Whalley 2003
J.	Phys.	G:	Nucl.	Part.	Phys.	29	A1

This	talk

R	helps to overcome hadronicuncertainties
• running EM	fine structure constant
• anomalousmagnetic moment of muon
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Hadronic Cross Section via Energy Scan

1st Generation	R	<	11	GeV
à 60's,	70's,	80's,	90's
measurements	from	Orsay,
Frascati,	SLAC,	Novosibirsk

BES	
Beijing
2	-5	GeV

.

Novosibirsk
<	2	GeV

Excl.	channels

2nd ,	3rd	Generation	Expts.
à new	millenium
VEPP-2M,	VEPP2000	

Novosibirsk
BEPC,	BEPC	II	Beijing

Energy	Scan	=	systematic	variation	of	collider’s	√s

Inclusive	
R		meas.
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Outline (today)
15

• R	measurementsand the Standard	
Model	of Particle Physics

• 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 Rhad:
The Fine Structure 
constant αEM(MZ

2)
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Running	of	αem (s)	with	s due	to	vacuum	polarization	corrections
• LeptonicVacuumPolarizationcalculablewithinQED
• HadronicVacuumPolarizationnot	accessible in	pQCD
à Dispersion	relation

Hadronic Cross Section Data and αem(ΜΖ
2)

Davier,	et	al.(	2017)
128.947± 0.012

strong

QED

275.3± 0.9
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αem(MZ
2)	limiting electroweak precision fits

à Test	overall consistency of	the electroweak Standard	Model
à Since the discovery of	the Higgs bosonmore timely than ever
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Electroweak Precision Physics

SM	running
sin2ΘW (MHiggs)
limited	by	αemUpcoming	data	from	JLAB,	Mainz,	LHC
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Hadronic Cross Section and αem(ΜΖ
2)
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Hadronic Cross Section and αem(ΜΖ
2)

Disparities :  follow analytical structure functions
a lutes 's

TCS ) = ¥ Sds'
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Analytical continuation of s in the complex plane

a1mcsiE@M.np.K.Fa4.o
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Hadronic Cross Section and αem(ΜΖ
2)
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Hadronic Cross Section and αem(ΜΖ
2)
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Running Fine Structure Constant 
q

q

• is the hadronic vacuum
polarization contributionof the
five lightest quarks u,d,s,c,b

• Low and intermediate
energy regions important
in dispersion integral

 ⇒ from which energy range on
 use pQCD?

Δαhad
(5)

γ* γ*

[ F. Jegerlehner ArXiv:0807.4206]

Δαhad
(5)

Contribution
to
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BEPC (1997 – 2004) : σincl( e+e− → Hadrons )
27

Results
• 3-5	%	statistical	accuracy	per	
scan	point

• Systematic	uncertainty:
~5	…8%	

•Major	improvement	of	R
• Important	QCD	test
•Of	utmost	importance	for
αem(mZ

2)

arXiv:hep-ex/9908046
arXiv:hep-ex/0102003
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KEDR: σincl( e+e− → Hadrons )
28

S.	Eidelman
@	g-2	workshop
Mainz,	06/2018
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BES III @ BEPC II: High Statistics R Scan
30

Online	spectrum	of	R	scan	recently	finished

Rincl =	σhad/σµµ ratio with targeted 3%	systematic accuracy (statistical error <<1%)
125	scan pointswith >105 hadronicevents each
à statistical error negligible

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

Moment of the Muon (g-2)µ
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Muon Anomaly (g-2)µ 

Magnetic	Moment:			m =		μB g		S

Muon Anomaly:			aμ=	(g-2)μ /	2		=		αem /	2π	+	…	=		0.001161….

→ →
μB: Bohr magneton,   g: gyromagnetic factor ~ 2 

§ Direct	measurement	BNL-E821	aμ
exp:

aμ
exp =		(	11	659	208.9	± 6.3	)	·	10-10

33

§ Standard	Model	(SM)	prediction	aμSM:
- QED:				aμQED =	(11	658	471.8971	± 0.007)	·	10-10
- weak:			aμweak =																			(15.36	± 0.10)	·	10-10
- hadronic:		aμhadr =																	(694.49	± 3.55)	·	10-10

aμ
SM =		(	11	659	182.05	± 3.56	)	·	10-10

SM	prediction	entirely	limited	by	hadronic contribution!
Keshavarzi et al. 2018

Massimo	Passera
Yannis Semertzidis
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Muon Magnetic Moment: (g-2)µ
34

One	of	the	most	significant	tests	of	the	SM
Δaμ =	aμexp– aμSM=		(27.05	± 7.28)	·	10-10 (3.7σ)	!!!

Error	or	New	Physics	???

34

Pradler

Keshavarzi et al. 2018
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Standard Model Prediction of (g-2)µ
35

Hadronic contribution	non-perturbative,	the limiting	contribution
aμ

SM =					aμ
QED +						aμ

weak +					aμ
had =							(	11	659	180.2	± 4.9	)	·	10-10

Teubner et	al.	‘11

à HVP:	HadronicVacuum Polarization (	693.27	± 2.46 )	·	10-10
NLO	(	-9.82	± 0.04 )	·	10-10	;	NNLO	(	1.24	± 0.01 )	·	10-10	
)

à HLbL:	Hadronic Light-by-Light	(	9.8	± 2.6 )	·	10-10

HVP HLbL

35

Keshavarzi et al. 2018

σhad = σ( e+e−→ hadrons )
~	1/s	à Data	at	low	energies	needed!

√s (GeV)
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Hadronic Vacuum Polarization (HVP)
36 36

contribution
to uncertainty

of HVP

contribution
to HVP

σhad = σ( e+e−→ hadrons )
~	1/s	à Data	at	low	energies	needed!

Most	relevant	channels:																													
e+e� ! ⇡+⇡� e+e� ! ⇡+⇡�⇡0 e+e� ! 4⇡ e+e� ! KK̄
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Why there is no decay
e+e� ! ⇢ ! ⇡0⇡0
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Hadronic Cross 
Section Measurements 
via Energy Scan from

Novosibirsk
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• VEPP-2M	collider:	0.36-1.4	GeV in	c.m.,	L≈2*1030 cm-2s-1 at	1	GeV

• Detectors	CMD-2 (solenoidal B	field)	and	SND (w/o	B	field)

• Integrated	Luminosity	collected	by	CMD-2	and	SND:		 70	pb-1

to	be	compared	to	6	pb-1	 in	Orsay and	Frascati at	higher	energies

Overview Novosibirsk Results
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0.7% 0.6%	(95)/	0.8%	(98) 1.2-4.2%

~	9×105 π+π- events				

• 4	running	campaigns,	overall	fair	agreement
• Radiative corrections	with	0.3%	uncertainty

systematic	
uncertainty

Phys.Lett.B578(2003)285
JETP.Lett.82(2005)743
JETP.Lett.84(2006)413	
PLB648(2007)78

CMD-2 Measurement σ (e+e− → π +π − )
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• CMD-2:	π+π- <1%,	higher	multiplicities	few	%	accuracy
• SND	measurement	of	π+π- with	1.2%	accuracy

CMD-2

Overview CMD-2 Results
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VEPP – 2000 Collider (since 2010)
CMS	energy range is 0.32-2.0	GeV
uniqueoptics –“round beams”

Design	luminosity	is	!=1032/"#2$@$=2GeV
Experiments	with	two	detectors,	CMD-3	and	SND
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VEPP – 2000 Collider
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VEPP – 2000 Collider (since 2010)
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CMD-3 Detector
Very compact multipurpose

detectorwith high	
resolution tracking

and detection of EM	particles
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Overview CMD-3 Results

Ivan	Logashenko@	Phispsi18
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CMD-3: Structure at the Nucleon Threshold

6π pp

ISR	and beam	energy
spread taken into account

unsmeared

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

6π pp

ISR	and beam	energy
spread taken into account

unsmeared

Structures seen in	various cross section spectra at	NN	threshold

Fit: 	 	 	 	 	 	 ~	1	MeV	width

Interpretation: - Narrow	structure due	to rescatteringeffects pp,	nn ?
	 	 -	Subnucleon	threshold	?	 	 	 	 	 	

arxiv: 1808.00145
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SND Detector

Very compact multipurpose
detectorwith high	
resolution detection

of EM	particles
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Overview SND Results

Tatyana	Dimova@	Phispsi18
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SND: High Multiplicity Channels

Very rare	and complicated decays attacked by VEPP-2000	experiments	 	

e+e� ! ⇡+⇡�4⇡0

e+e� ! ⇡+⇡�⇡0⌘


