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The anomalous magnetic moment of the muon a,

gyromagnetic ratio: g

i =g S

2mc

(1918) Dirac particles: g =2
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Motivation: Muon-Anomaly a,

Introduction and Direct Measurement

The anomalous magnetic moment of the muon a,

gyromagnetic ratio: g

g2mc5
(1918) Dirac particles: g =2
QFT: g#2

muon anomaly: a, = (g —2),/2

Lheory aQED+aweak+ahad

[Schwinger, PR 73, 416 (1948)]

corresponds to an additional magnetic moment associated
with the electron spin, of magnitude &u/u= (3)e?/hc
=0.001162. It is indeed gratifying that recently acquired
experimental data confirm this prediction. Measurements

QED:

Schwinger: a,;
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Motivation: Muon-Anomaly a,, Introduction and Direct Measurement

The anomalous magnetic moment of the muon a,

gyromagnetic ratio: g QED:
g2mc5
(1918) Dirac particles: g =2
QFT: g#2

muon anomaly: a, = (g —2),/2

Lheory aQED+aweak+ahad

Schwinger: a,;

. 2
[Schwinger, PR 73, 416 (1948)]
corresponds to an additional magnetic moment assocxated]
with the electron spin, of magnitude &u/u= (3)e?/hc
=0.001162. It is indeed gratifying that recently acquired
experimental fiata c9nﬁrm this prediction. Measurements
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Motivation: Muon-Anomaly a,

Introduction and Direct Measurement

The anomalous magnetic moment of the muon a,

gyromagnetic ratio: g

ﬁ = g2‘ir}:bc§
(1918) Dirac particles: g =2
QFT: g#2

muon anomaly: a, = (g —2),/2

theory _ _QED weak had
ap =a, +a, " ta,

QED 11658 471.895 + 0.008
Schwinger 11620000

a,, units in 10710

QED:

examples for higher order QED corrections:

2nd 37‘d 4th 5t h

[T.Kinoshita et al., PR L 109, 111808 (2012)]
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Motivation: Muon-Anomaly a,

Introduction and Direct Measurement

The anomalous magnetic moment of the muon a,

gyromagnetic ratio: g

g2mc5
(1918) Dirac particles: g =2
QFT: g#2

muon anomaly: a, = (g —2),/2

theory aQED+aweak+ahad

QED 11658471.895+0.008
weak 154 +0.2

y

a,, units in 10710

weak:

[A. Czarnecki et al., PR D 67, 073006 (2003)
Erratum-ibid. D73, 119901 (2006)]
[M. Knecht et al., JHEP 0211, 003 (2002)]
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Motivation: Muon-Anomaly a,

Introduction and Direct Measurement

The anomalous magnetic moment of the muon a,

gyromagnetic ratio: g

g2mc5
(1918) Dirac particles: g =2
QFT: g#2

muon anomaly: a, = (g —2),/2

Lheory aQED+aweak+ahad

QED 11658471.895+0.008
weak 154 +0.2
had 693.0 +4.9

ay units in 1010
Andreas Hafner (JGU Mainz)
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hadronic:

[M. Davier et al., EPJ C 71, 1515 (2011)]
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Motivation: Muon-Anomaly a,, Introduction and Direct Measurement

The anomalous magnetic moment of the muon a,

experiment:

gyromagnetic ratio: g

g2mc5
(1918) Dirac particles: g =2
QFT: g#2

muon anomaly: a, = (g —2),/2

theory aQED+aweak+ahad Brookhaven National Laboratory (BNL)
[G.W. Bennett et al.,, PR D 73, 072003 (2006)]

A

BNL E821 11659208.9 6.4
QED 11658471.895+0.008

weak 154 +0.2
had 693.0 +4.9
BNL—-SM 28.7 +8.0

y

a,, units in 10710
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Motivation: Muon-Anomaly a,

Introduction and Direct Measurement

The anomalous magnetic moment of the muon a,

gyromagnetic ratio: g

g2mc5
(1918) Dirac particles: g =2
QFT: g#2
muon anomaly: a, = (g —2),/2
theory aQED+aweak+ahad
BNL E821 11659208.9 =£6.4
QED 11658471.895+0.008
weak 154 +£0.2
had 693.0 £4.9
BNL—-SM 28.7 £8.0

y

a,, units in 10710
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Brookhaven National Laboratory (BNL)
[G.W. Bennett et al.,, PR D 73, 072003 (2006)]

aiM an’:
Difference of 3.60

[M. Davier et al., EPJ C 71, 1515 (2011)]
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Motivation: Muon-Anomaly a,

Introduction and Direct Measurement

The anomalous magnetic moment of the muon a,

gyromagnetic ratio: g

g2mc5
(1918) Dirac particles: g =2
QFT: g#2
muon anomaly: a, = (g —2),/2
theory aQED+aweak+ahad+7 Brookhaven National Laboratory (BNL)
< [G.W. Bennett et al., PR D 73, 072003 (2006)]
BNL E821 11659208.9 =£6.4
M _ goxp
QED 11658471.8954+0.008 H o
weak 15.4 +0.2 Difference of 3.60
had 693.0 +4.9
BNL—SM 28.7 +8.0
2 units in 1010 “ " [M. Davier et al, EPJ C 71, 1515 (2011)]
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Motivation: Muon-Anomaly a,, Introduction and Direct Measurement

(g — 2), measurements

Andreas Hafner (JGU Mainz) Hadron Physics for (g — 2),, MESON 2014 3/33



Motivation: Muon-Anomaly a,, Introduction and Direct Measurement
(g —2), measurement: E821 at BNL

pt — et + v+ 7,

Calorimeter

e " — ptv violates P = u™ longitudinally polarized

o 4t stored in a storage ring with constant B
o u™ rotating with cyclotron frequency: &
o T -spin precessing frequency: s

B 2 1\ BxE =
@ Wy = Ws — W= —% |:3MB— (au—ﬁ) BC ] = —QH%B

e u™ — etiv violates P
= e direction remembers u™ polarization
= Fraction of detected e’ above an E-threshold is modulated with &,

[G.W. Bennett et al., PR D 73, 072003 (2006)]
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Motivation: Muon-Anomaly a,, Introduction and Direct Measurement
(g —2), measurement: E821 at BNL

pt — et + v+ 7,

Calorimeter

e " — ptv violates P = u™ longitudinally polarized

o 4t stored in a storage ring with constant B

o u™ rotating with cyclotron frequency: &
o ut-spin precessing frequency: s

magic energy:
E, =3.094GeV = v =293

- _ = = _ _q _’_ 1 EXE 4 ﬁ_—‘
0 Wy = Ws — We= m{aMB ay 72_1) < | = —am, B

e u™ — etiv violates P
= e direction remembers u™ polarization
= Fraction of detected e’ above an E-threshold is modulated with &,

[G.W. Bennett et al., PR D 73, 072003 (2006)]
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Motivation: Muon-Anomaly a,, Introduction and Direct Measurement

(g — 2), measurement: E821 at BNL

= measure &, and B [G.W. Bennett et al., PR D 73, 072003 (2006)]

Experiment Years Polarity  a, x 1

0'° Precision [ppm)]

CERNT 1961  p*

11450 000(220 000) 4300

2
o
2
§ 1L CERNII 1962-1968 p*  11661600(3100) 270
£ F CERN III 10741976 *  11659100(110) 10
> E
g ., L CERN III 1975-1976 p~  11659360(120) 10
E 10 BNL 1997 pt 11659251(150) 13
E BNL 1998 pt o 11659191(59) 5
10° __ ) BNL 1999 ut 11659202(15) 13
é BNL 2000 pt o 11659204(9) 0.73
R F BNL 2001 - 11659214(9) 0.72
10 E. R R Average 11659 208.0(6.3) 0.54
0 20 40 0 80 100
Time modulo 100us
(g — 2),, measurements: Future prospects
e Fermilab g-2 collaboration (E989) [Nucl.Phys.Proc.Suppl. 225-227 (2012), 277-281]

o J-PARC CO||ab0ratI0n [Nucl.Phys.Proc.Suppl

. 218 (2011) 242-246]

= improve experimental precision by a factor of 4
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Theoretical prediction of (g — 2),

Hadronic contributions dominate the uncertainty!
@ hadronic Light-by-Light

@ hadronic Vacuum Polarization
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Motivation: Muon-Anomaly a,, Introduction and Direct Measurement

Dominating hadronic contributions (1): af®-°-
total hadronic contribution: azad = (693.0 £4.9) - 10710

Light-by-Light (LbL): af®tPt = (10.5 £ 2.6) - 10710

o pseudoscalar meson exchange contribution important (79,7, 7')

@ photon-meson transition form factors (TFF) need to be measured

@ mesons in LbL term are virtual

o measure real meson TFFs in experiments
o models: relate real to virtual meson TFF

v

[J. Prades et al., arXiv:0901.0306 (2009)]
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Motivation: Muon-Anomaly a,, Introduction and Direct Measurement

Dominating hadronic contributions (2): af*""

total hadronic contribution: ahad (693.0 £ 4.9) - 10710

Hadronic Vacuum Polarization (VP): ali2¢VP = (692.3 £ 4.2) - 10710

had. Vacuum Polarization

q e *QCD

q %."Gluon

aQep o()~-paeld

@ largest hadronic contribution to a,
o largest absolute uncertainty of a,

@ running of as = pQCD not applicable

[M. Davier et al., EPJ C 71, 1515 (2011)]
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Motivation: Muon-Anomaly a,, Introduction and Direct Measurement

had, VP

Dominating hadronic contributions (2): a,

Optical theorem Dispersion integral

1 o0
32?20 =3 /2 ds K(s) ohad(s)

m
0

10 E—T T T Ii‘ T
-E“ 10-3 % 3
E o[ i o Ohad(s) ~1/s & K(s)~1/s
B U
© 10 ? ~ 1/52
07 Low energy contributions important!
7 F
4 Needed:
8 . .
10 . S hadronic cross section op,q
1 5 /5 [GeV ]
v
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Experimental input for alhe"’y

q

Hadronic contributions dominate the uncertainty!
@ hadronic Light-by-Light

@ hadronic Vacuum Polarization

= Need experimental input!
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B-factories: BABAR and Belle — A success story

PEP-IIGSLAC and KEKB®@Tsukuba

@ asymmetric e™ e -colliders

e /s =10.58GeV = 7'(4S)
= above BB-threshold

Superconducting

BABAR- and Belle-detector Solenoid
@ multi purpose detectors

@ BABAR from 1999 — 2008: B

Lint ~ 05ab™! ~ 4.7-10% BB

@ Belle from 1999 — 2010:
Lt~ 1lab ! ~7.7-10° BB

PID (DIRC)

e@v

Vertex Tracker (SVT)

H Detector (IFR) Central Tracker (DCH)

v
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BUT, there is more...

Initial State Radiation (ISR)-Physics
o high energy v,;sg = lower cms energy
e produce vectors: JP¢ =17~

@ measure opad
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Physics at B-factories

BUT, there is more...

Initial State Radiation (ISR)-Physics

had. Vacuum Polarization
q - XQCD
q gmuon

aQep ~ o)-~poed
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BUT, there is more...

Initial State Radiation (ISR)-Physics

had. Vacuum Polarization

q

& XQCD

had,VP |
N = aM . . G "7Gluon
e+ \/?: Ecm aQcp zo(1)<'5,eeq
v
vy-Physics
e 5 o produce pseudoscalars JF¢ =077 ...
@ measure meson photon transition FFs
e™ 7

= low-energy hadron Physics (u-d-s-quarks) at the B-Factories

Andreas Hafner (JGU Mainz) Hadron Physics for (g — 2),, MESON 2014
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Physics at B-factories

BUT, there is more...

Initial State Radiation (ISR)-Physics

Y
had. Vacuum Polarization
q 47 *QCD
had, VP «@m
= a/J' . q Gluon
y aqQep ~ o()-peend
~y~v-Physics
-
Y
had,LbL
= auad’ b :
et 2

= low-energy hadron Physics (u-d-s-quarks) at the B-Factories
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Meson-photon transition form factors

had,LbL

Meson photon transition form factors for a;
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Meson-photon transition form factors

Selection for meson-photon TFF at B-Factories

e
257
B

e™ 2

Amplitude for vy* — P transition contains unknown function:
transition form factor (TFF): F(q?, q3)

F(q?,q3) at B-factories in single tagged analyses:
e one e along beamline = g2 ~ 0

o other e detected = Q% = —¢? > 4GeV?

@ pseudoscalar (P) meson fully reconstructed
= kinematic constraints to reject background

Andreas Hafner (JGU Mainz) Hadron Physics for (g — 2),, MESON 2014 14 / 33



Meson-photon transition form factors

Selection for meson-photon TFF at B-Factories

e .
257 single tag €
—_—

Amplitude for vy* — P transition contains unknown function:
transition form factor (TFF): F(q?, g3)

F(q?,q3) at B-factories in single tagged analyses:
e one e along beamline = g2 ~ 0

o other e detected = Q% = —¢? > 4GeV?

@ pseudoscalar (P) meson fully reconstructed
= kinematic constraints to reject background
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Meson-photon transition form factors

Why is the form factor interesting?

*

Y

;.f; e T: Hard scattering amplitude (pQCD)

o x: fraction of meson momentum
i carried by one of the quarks

5

F(Q?) = / T(x Q%) 6(x. Q)dx

P @ ¢: Meson distribution amplitude

Meson distribution amplitude ¢
@ important role in theoretical description of many QCD processes:
v = atnT,yy = wm, B = wly, - - -
@ shape (x dependence) not known
@ evolution with @Q? predicted by QCD

= test ¢ shape models with F(Q?) data!

v

Andreas Hafner (JGU Mainz) Hadron Physics for (g — 2),, MESON 2014 15 / 33



79%-photon transition form factor

03[ =
0.25F E

0.2 ‘ . 3

3 H_+ BL-limit | asymptotic limit from pQCD:
i ; lim ey Q2F(Q?) = V2,
I +CcELLO

+CLEO |
| [Brodsky, Lepage, Phys. Lett. B 87, 359 (1979)]

n:‘u‘Mu‘\uu\uH\HH\HH\HHMHF
0 5 10 15 20 25 30 35 40
Q*[GeV?]
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Meson-photon transition form factors

79%-photon transition form factor

03507 e
> F ]
S T ]
= 03F E
g :
Loasf + 3
N 2 |
02 | T N 3
r T BL-limit
0.15F { : B
il ]
015 4 CELLO

r +CLEO

0.05 —+ BaBar
c: | L Ll | | I IS |
0 5 10 15 20 25 30 35 40
Q?[GeV?]

BABAR measurement:

@ systematic uncertainty: 3-6%

0 4GeV? < Q%2 < 9GeV2:
reasonable agreement with CLEO

o Q2> 10GeV?:

pQCD: limgz_,oo @*F(Q?) = V2£;

= asymptotic limit exceeded!

= triggered a lot of theoretical work

> 200 citations since 2009

Andreas Hafner (JGU Mainz)

Hadron Physics for (g — 2),,
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Meson-photon transition form factors

79%-photon transition form factor

5 ] BABAR measurement:
= 03 -
& E E . . ) 5 0
N%MS; 4 ] @ systematic uncertainty: 3-6%
® AR ] 0 4GeVZ < Q% <9GeV?:
3 IW##TT‘ ] e reasonable agreement with CLEO
F 1 2 2.
0.1 +CELLO e Q > 10 GeV©: 5 5
rosk tas pQCD: limgz_,,, Q°F(Q*) = V2f,
E Feete = asymptotic limit exceeded!
%50 s 20 a5 a0 35 4o

Q?[GeV?]
= triggered a lot of theoretical work and a new measurement at Belle:

o disagreement with BABAR at large Q2
@ BUT: also exceeds asymptotic limit
@ slope in better agreement with pQCD

= need more data/experiments

Andreas Hafner (JGU Mainz) Hadron Physics for (g — 2),, MESON 2014 16 / 33



n/n’-photon transition form factors

n— 7t 7070 = 4y n =TTy, — vy
< 0.350r =0.35
) C 3
e f ) ]
= 0.3; ] = 0.3F BL- ||m|t
[ <
W 0.25 - “_-0.25 s !
G L 1 © f J.:+=‘
0.2 ) I = 0.2
L T ]
015 Hﬁgﬁﬂi‘lr + { BL-limit - 015
0~1;# f 0.1 g
L + CLEO ] L -+ CLEO
0.05 } —+ BaBar 0.05 ; —+ BaBar
%o s a0 2530 .35 40 %o s a0 25 30 .35 40
Q*[GeV?] Q*[GeV?]
systematic uncertainty: 2.9% systematic uncertainty: 3.5%
1n-FF approaches asymptotic limit 1’-FF below asymptotic expectation
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Status of g, —2: had. LbL aBl = (10.5+2.6)-101°

= LBL:

@ evaluation not as straight forward as for VP:
= models: relate measured 7°/n/n" TFF to hadronic LbL term

o Q%> 4 GeV?2: B-factories dominate the uncertainties:
70-puzzle should be solved = Belle-2

@ most relevant input for al';BL: low Q2 region
= BESIIl, CMD3, SND, MAMI, ...

@ alternative approach: alﬁbL from lattice QCD

Andreas Hafner (JGU Mainz) Hadron Physics for (g — 2),, MESON 2014 18 / 33



Hadronic cross sections

had,VP
I

Hadronic cross sections for a
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Hadronic cross sections

Experimental input for azad
Optical Theorem Energy scan
q e CMD & SND, VEPP-2M &
/\/’/\, VEPP-2000, Novosibirsk
g o BES-I & II, BEPC, Beijing
_'E 0’
E .
& 10”7k
10’ L
07 |
10_8 ] - il
1 5 Vs [GeV]
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Hadronic cross sections

had

Experimental input for a),

Optical Theorem Energy scan
e e CMD & SNDQVEPP-2M &

q
,\/O/\I <:::> >,\/<E VEPP-2000 in Novosibirsk
q et o BES-III@BEPC-II in Beijing

Initial State Radiation

ohad[mbarn]
L

o KLOE@QDA®NE in Frascati
- o BABARQPEP-II in Stanford
1 5 Vs [GeV ] o BES-III@BEPC-II in Beijing
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Initial State Radiation (ISR) events at BABAR

e (9GeV)

b ISR ‘!
Vs =10.6 GeV hadrons =

et (3GeV)

hadrons.r

=

BABAR

ISR selection

@ Detected high energy photon: E, > 3 GeV
— defines Ecy & provides strong background rejection

@ Event topology: ~isr back-to-back to hadrons
— high acceptance

@ Kinematic fit including ~isr
— very good energy resolution (4 — 15 MeV)

@ Continuous measurement from threshold to ~4.5 GeV
— provides common, consistent systematic uncertainties

Andreas Hafner (JGU Mainz) Hadron Physics for (g — 2),,
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Initial State Radiation (ISR) events at BABAR

e (9GeV)

et (3GeV)

v
Ysa | hadrons.
/s =10.6 GeV hadrons = =
‘ BABAR
ISR selection
@ Detected high energy photon: E, > 3 GeV
— defines Ecy & provides strong background rejection
@ Event topology: ~isr back-to-back to hadrons
— high acceptance
@ Kinematic fit including ~isr
— very good energy resolution (4 — 15 MeV)
@ Continuous measurement from threshold to ~4.5 GeV
— provides common, consistent systematic uncertainties
MESON 2014
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ISR analyses at BABAR

published

ete” -t~ PR D 86 (2012) 032013, PR L 103 (2009) 231801
ete” - KTK™ PR D 88, (2013) 032013
ete” — ¢1(980) PR D 74 (2006) 091103, PR D 76 (2007) 012008
ete” 5> ntr #° PR D 70 (2004) 072004
ete” -5 KTK n, KT K™ 7% KOK*nT PR D 77 (2008) 092002, PR D 71 (2005) 052001
ete™ = 2(rtn7) PR D 85 (2012) 112009, PR D 76 (2007) 012008
ete™ - K"K n%® KtK—ntn, 2(KTK™) PR D 86 (2012) 012008, PR D 76 (2007) 012008
ete™ = KOKY, KKt n =, KOKn = KOKPK T K~ PR D 89 (2014) 092002
ete” = 2t )% 2t T ), KT K ntn~al KT K~y PR D 76 (2007) 092005
ete™ = 3(rtn7), 2(rtaw0), 2(rt T )KT K™ PR D 73 (2006) 052003
ete™ — pp (small 1/5) PR D 87 (2013) 092005, PR D 73 (2006) 012005
ete™ — pp (large \/s) PR D 88 (2013) 072009
ete” — AA, AX0, 3050 PR D 76 (2007) 092006

+

e'e” —-cc— ...

ongoing analyses

ete” =t 770 T 207%7%, KK T F 20/

v
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Contributions of exclusive final states to g, — 2

Contributions of different energy regions to the dispersion integral

206y, o — E < 1GeV region dominates
B Gy — 7t~ channel needed!

2.0 GeV

1.0 Ge
ai‘fd Integral

Andreas Hafner (JGU Mainz) Hadron Physics for (g — 2),,



mtm™ cross section
= P T Thor koo 12 F %  Uolva - kwoewo |
e £+ OLYA °SND  H.——1400 CMD ¢« SND
£ s CMD + DM1 E ‘k r - CMD2 - DMH b
r ¢ CMD2 " DM2 1 +1200— l i ° BABAR —
E4 + KLOEO8 ° BABAR 3 bk F %ﬁfz Average -
& Average 1000 = —
CoLu sooiﬁﬁ ] -
b3 i “L*L 2 eoof ! Z*‘?? .
01 @O "f"f "L“%;“}"?% a00 %
05 1 s Tz 25 o7 072 074 076 078 08 082 084
\s [GeV] \s [GeV]
° p peak Systematic Uncertainties
@ p — w interference BABAR: 0.5%
@ Dip at 1.6 GeV: excited p states CMD2: 0.8%
e Dip at 2.2GeV SND:  1.5%
. . . 0,
o Contribution to ah: 75%! KLOE: 0.8%
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T~ cross section
02T SRS
£ oss  RLOEDS

E °‘°§lm .
il Tm# T W@%MWM

-0.1

-0.15F

02 . . . .
0.5 055 0.6 065 0.7 075 0.8 085 0.9 095

_

o KLOE and BABAR dominate the world average
@ Uncertainty of both measurements smaller than 1%
@ Systematic difference, especially above p peak

o Difference — relatively large uncertainty for azad

Andreas Hafner (JGU Mainz) Hadron Physics for (g — 2),, MESON 2014
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T~ cross section
O S
& oist . KLOE0 "
=01k ¢ KLOE10

OAO(S) f 'u"u'[ I'L.].rLVLH

ok [Hlfmﬁu J; *M MWM

015?

Need to solve this dlscrepancyI

o KLOE and BABAR dominate the world average
@ Uncertainty of both measurements smaller than 1%
@ Systematic difference, especially above p peak

o Difference — relatively large uncertainty for azad
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Recent results

Contributions of exclusive final states

Contributions of different energy regions to the dispersion integral
1.0 GeV
00 GeY, 20GeY, o Precise measurements
’9 5 (jc\/v 3.1 GeV :>
e 206 1GeV < E < 2GeV needed!
1.0 GeV,
Integral azad Uncertainty? Jazad )
a8 3 =
Sl - . |
& \ = Other channels important!
£ oL/
810’/ -
g g o KTK
7] o
O 10
i o KIK?
1E — —
o thn wty
e o mtn— 70
1o s e mtan70xn0
Ecyt = 1.8GeV Ss Gev

)
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Ve = [ K-
Cross section o(ete”™ — KTK™)

52200 R R 2 sET T
<2000 o oo = = f ¢ oA E
g E * CMD2 B § 40F o CMD =
£ 1800 (D(]_020) = BABAR E '§ E v b1t El
21600 ' = o 35 “ DMz 3
g E 3 g © SND 3
& 1400L i g & 30 . oo E
1200E . E 255, =
1000 P E 2004 E
800 4 3 3 " E

E - E 15 S =

600 — i % = E gﬁ» 3
400 b4 . 4 10 °°+° e %ii E

g - - E sE +#‘ﬁ+ Aeplogitogy E
200 - e, = E e e

o0& oo RN R I BN M b b e ) S S B P
1 1.005 1.01 1.015 1.02 1.025 1.03 1.035 1.04 1.1 12 13 1.4 1.5 1.6

Vs’ (GeV) Vs’ (GeV)

@ uncertainties near ¢ peak:
BABAR: 0.8%
CMD2: 2.2%
@ extracted my agree within calibration uncertainties
@ normalization difference:
1s.d. to SND
2 s.d. to CMD2

=> some tension between the results
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Ve = [ K-
Charged kaon form factor at large Q?

Predictions based on QCD in asymptotic regime (Chernyak, Brodsky-Lepage, Farrar-Jackson)

@ Power law: Fx o as(Q?)Q~" with n =2
—in good agreement with the data (2.5-5GeV n = 2.10 + 0.23)

@ HOWEVER: data on |Fk|? factor ~ 20 above prediction!

@ No trend in data up to 25 GeV? for approaching the asymp. QCD prediction
10? g

T T I B B L BRI

o CLEO E
2 10g BABAR -
E: Fit 3

1 3—\ —— asymptotic QCD prediction

107 é&@gﬁ}f%{ -

F hkis E
102 B*Wﬁfﬁf " _g
of g

10 E E
10“%- k(Q?) = 8rf2as(Q?)/Q? _%
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Ve = [

Cross section o(ete™ — KIK?)

~ T T i~ T T
22000} 2 ® — CMD-2
> BABAR 5. L SN
o 10 vV — DM1
>
21500 ] . O — OLYA
3z 1 il b # — BoBar 4
5 mﬁ? ﬂmr
s ﬂﬁ 1T
1000~ 8 - f ‘ -
10 | | ! || TT -
500} e ol T+
L [l " -3, N A | - - " N n
1 1025 105 1075 10 12 14 16 18 2 22
m(K(K, ) GeV/c® E ., (GeV)
reeByoxo = 0.4200+0.0033 £0.0122+0.0019  systematic uncertainty:
¢ TKsKL
e within 1o wrt CMD-2 @ ~ 10% for o > 0.5nb
@ syst uncertainty: 2.9% @ ~ 30% for 0 < 0.5nb
@ dominated by trigger @ dominated by bkg-subtraction
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o e = (T a— T m— R i

Cross Section of ee™ — KOKrTn~, KIK?nt7r—, and KIKOKTK™

g ' g g
E :g osh 1 gum—
5L ﬂ BaBR | 5 BABR L BABR
o] # % * 2
s * ++ %o +'H' ] Lom Jp excluded
S Hhoot ] + +
‘ + *ﬁﬂ + o2r ++ +++ t 1 001 - *
f i b
A Tt o
o v* : t + . mﬂ.'ﬁ# s‘} 0 ’J : m’r ”"J"."—‘ , |+ L + +++ +Hl ++
1 ’ ’ E.. (GeV; ' ’ ' E“,L(Gev;1 : : Em?, (GeV)
Bj/w—mgkfwﬂr = BJ/:,/;—>KgKg1r+ﬂ-* = BJ/#;—»KgKgK*K* =
(3.7+£0.6+£0.4) 1073 (1.68 +£0.16 0.08) - 103 (0.42 4£0.08 £ 0.02) - 103
Systematic uncertainties:
@ ~ 10% in peak region @ ~ 5% in peak region o ~5%
@ ~ 30% at 1.5/3GeV @ ~ 20% at 1.5/3GeV @ stat. error dominates

@ ~ 100% above 3 GeV @ ~ 50— 70% above 3 GeV

15¢ measurement:
previously, isospin relations needed to estimate (g — 2),, contribution
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Recent results

Impact on g, —2: had. VP

had,VP
u

\

53230'7 vP KOK? isospin

0

0

atr—w0rx

<4

data from Davier, EPJ C 71, 1515 (2011

rte—ntw

Andreas Hafner (JGU Mainz)

aVPLO = (692.3+4.2)-10710

channels estimated with isospin rels

largest contributions: KK7 and KKnx

040
KSK;
BABAR not evaluated, yet

KTK~
BABAR reduces §aj??(K™K ™) by factor 2.7

ot ntn—

BABAR reduces daj (7 7)) by 40%

T, 7r_7r0,7rJr 070

wait for BABAR, BESIII, and CMD3 results
e

+ +

T
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Summary & outlook
hadronic cross sections for azad’vp

theory

and a,

@ dominate the uncertainty of azad

o ete” wntr atr™  KTK=, KIK? : well under control
o ete” = vt 70, 7t~ 7070 77— = BESIIl, CMD3, BABAR

. had,LbL
transition form factors for auad’ b

o BABAR-Belle discrepancy for 70 at high Q2
@ 7 and iy’ compatible with pQCD prediction
o a7 Jow Q2 measurements needed = BESIII, CMD3, ...

direct measurement of affp

@ new experiments at Fermilab and J-PARC
= reduce experimental uncertainty by factor ~ 4!
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backup slides
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$(1680) — KOKO

Is it $(1680) ?

2

= P(s) A.;z(mzn) Ay i
z BABAR preliminary ofs) =~ X .0 A,
10 8% |oJP(m A/P(m g
:) (my) (my)
11 3/2
P(s) = ((s/z)2 1 min)
10 A( ) F(mz) m3 170'0_ E
)= -
¥ s-m’+ iwaI‘(s)
i P (s)
10 = f
i 11 E_,, (GeV) HS)=F'EB!' P.(m?)
2 TF i slmyg
< BABAR preliminary !
2t Ayuony = A, +A, A, [ =K Kgn¢anKK,
E 0, = 0.46 + 0.10 + 0.04 nb
m=1674 + 12 +6 MeV/c?
T, =165+ 38 * 70 MeV
! @ =301x038-"fixedtom
Opkg =0.36 £0.18 nb
T,.* Bysx = 14324+ 1546.0eV

ﬁ:m (Gev) Simultaneous KK, and K*K- (and xxt) fit is needed to separate
1=0,1 states and w(1420, 1650), p(1450,1700) contribution .
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¢(1680) observations in other channels

What we know about ¢(1680)

10 —— BBar20 120K K, . T(s) 0 —5— gﬁﬁa&(g%z)ﬂ(sl(“ T(s))
——  BaBar(2011)(¢n'n, ['(s)) ——  BaBar(2011)(¢n"x", I(s))
4 = PDG(2010)(Our estimate) o = PDG(2010)(Our estimate)
[ - Belle(2009)(¢n 7, no T'(s)) i - Belle(2009)(¢e' . no T(s))
E— BaBar(2008)(KK +¢m, I(s) ——— BaBar(2008)(KK +¢m, [(s)
5 —_ DM2+DM1(1988)(I'(s)) 5 ——  DM2+DMI(1988)(I'(s))
—= DM2(1988)(K (K) = DM2(1988)(K jKit)
— DM2(1988)(K'K") —_ DM2(1988)(KK)
25 25
— DM1(1982)(hadrons) -3 DMI1(1982)(hadrons)
— DM1(1982)(KKx) — DM 1(1982)(KKx)
06 165 17 175 18 185 19 195 I % 0.1 02 03 04 05 06 07 08 09
m(¢p(1680)), (GeVicT) [(p(1680)), (GeV)

Energy dependence significantly increase width.
BaBar has measured ¢(1680) parameters in major decay modes:

$(1680) 2 KsKn, KKa? (K*K), ¢m, ¢mrr, KgK| (preliminary) - still no info in PDG
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(g —2), measurements: Future prospects

e Fermilab g-2 collaboration (E989)
@ Nucl.Phys.Proc.Suppl. 225-227 (2012), 277-281
e aiming for precision of 0.14 ppm
e magnet moved from Brookhaven
in July 2013
o J-PARC collaboration

@ Nucl.Phys.Proc.Suppl. 218 (2011) 242-246

e aiming for precision of 0.1 ppm

e use ultra-cold muon beam to limit
transverse momentum

e eliminate electric focusing field

= no magic energy

= improve precision by a factor of 4!

[http://muon-g-2.fnal.gov/bigmove/gallery.html]
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(g — 2), measurements: Future prospects

e Fermilab g-2 collaboration (E989)

@ Nucl.Phys.Proc.Suppl. 225-227 (2012), 277-281

e aiming for precision of 0.14 ppm

e magnet moved from Brookhaven
in July 2013

@ J-PARC collaboration

@ Nucl.Phys.Proc.Suppl. 218 (2011) 242-246

e aiming for precision of 0.1 ppm

e use ultra-cold muon beam to limit
transverse momentum

e eliminate electric focusing field
=> no magic energy

= improve precision by a factor of 4!

[http://muon-g-2.fnal.gov/bigmove/gallery.html]
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Internal structure in various Ecy energy slices

(EPJ C18, 497 (2001)) . .
o First column (4 entries/event):
B 1.0- 1.4 GeV/e*
= 5000
: DATA a1(1260)
g MC -
-] 1 | 1
5 1 2 3 4
14-18 GeV/e*
10000
1 1 1
12 3 4
- 18-23Gevict
2000
'I 1
1 2 3 4
23-3.0 GeVic
1000
500 ;/
1 1
ER (]_26 )1 2 3 4
3.0-45GeVic
200
1
1 1
12 3 4
M, (GeV/c)
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Internal structure in various Ecy energy slices

(EPJ C18, 497 (2001)) . .
o First column (4 entries/event):
B 1.0- 1.4 GeV/e*
2 so00 DATA |50
a1(1260
g /\ MC (1260)
g 1 | ! 1 Lol
S 12 3 4 05 1 L5 2 25
b Y e i 0 Second column (4 entries/event):
bt Y strong p° contribution
1 1 1 1 1 1
12 3 4 05 115 2 2 e.g. for Max > 1.4GeV/c?:
400 T .
f 1823 Geve 1/4th of entries in p° peak
20001 5000 0.0 : .
P p p- is forbidden
p " 0.
T B —pin each event!
23-3.0 Gevict i
1000 20000
50027, 1000
31(126 )1 P ; 4 o{s 1 1:5 2 25
3.0-45GeVre
200 s00-
. e
1 1 1 1 1 1
1 2 3 4 05 1 15 2 25
M, (GeV/c’) M, (GeV/c’)
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Internal structure in various Ecy energy slices

(EPJ C18, 497 (2001))

o J First column (4 entries/event):
3 1.0- 1.4 GeV/e*
ésmu— DATA <00 1000f 21(1260
< /\ MC - 1(1260) )
g 1 | ! 1 Ll Wb bl
IE 1 2 3 4 05 1 15 2 25 05 1 15 2 25
ok T I RO b Second column (4 entries/event):
1000 1000 0 . .
A A . " strong p- contribution
T 2 3 a4 05 1 /15 2 25 os 1 15 2 25| e.g. for My > 1.4 GeV/C2:
fy 2o k- o 53(980) 1/4th of entries in p° peak
e P w4 p°p° is forbidden
/ 3 0.
: 2 ; 4 0'5 ; 15 ; 25 0!5 : 15 ; 25 _> p n eaCh event! )
000E- 2.3-3.0 GeV/c* ook i f29.270) \
100~
e g/ V%, Third column (1 entry/event):

31(126 )1 2 3 4 05 1 1Ii 2 25 05 1 15 2 25

o N | W
1 1 1 1 1 1 1 1
1 2 3 4 0.5 1 15 2 2.5 0.5 1 15 2 25
M,, (GeVie) M Geviey  ———m, vy | (1270), a1(1260), £(980)...7
[MSther_ M, | < 25 MeV/c?

27 lie within p° mass
— other 777~ 's mass plotted

8
g
T
2
T
..-
T
_—
=
A

— Partial Wave Analysis needed

v
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Backup

79-photon transition form factors

gm j EEIE%)O - 7 @ systematic uncertainty:
Né ‘ [ o non "7 efficiency (trigger): 2. 5%
£ _+_+ : 1 bkg (ete™ — ete 7%7%): 0.3 - 6.0%
Foal] ‘%¢+++' | ] model uncertainty: 1.5%
M% T 0 4GeV2 < Q2 < 9GeV?:
o1 ] reasonable agreement with CLEO
I ] e Q2>10GeV?:
L] i 2 2y _
00 10 20 30 40 pQCD IImQZI—N).OQ F(Q )_ \/ifﬂ'
Q* (GeV?) = asymptotic limit exceeded!
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Backup

79-photon transition form factors

L e E @ systematic uncertainty:

*g é%éi . efficiency (trigger): 2. 5%
[ + o 1 bkg (eTe™ — ete n070): 0.3 - 6.0%

model uncertainty: 1.5%

0 4GeVZ < Q% < 9GeV?:
reasonable agreement with CLEO
° Q2>10GeV?:
pQCD: limgz_,., Q*F(Q?) = V2f;

o 10 20 0 = asymptotic limit exceeded!
Q’ (GeV?)

QUIF(Q)I (GeV)

o
)

0.1

= triggered a lot of theoretical work & a new measurement at Belle
> 200 citations since 2009
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n/n’-photon transition form factors

n— nta— 70 n = rtrTn,n — yy
§043HH_H“H*WHH §0.47HH_H‘_H‘_‘H
@ (a) YY—n @ 7 (b) Yy—n' ]
N@ ‘ :\@ 03 r )
SEo02 - | = R [ 1
il pnyre= Dby
et + 02 b 1
. i ]
0.1 - - [ 1
0.1 - 4
A CLEO [
r A CLEO
® BABAR [ BABAR
0OHHlO””ZO””}O””‘tO 00 ‘10””20””30””40
Q* (GeV?) Q* (GeV?)
systematic uncertainty: 2.9% systematic uncertainty: 3.5%

dominated by model unc. & 7% rec.  dominated by model unc. & 7 rec.
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n/n’-photon transition form factors
n— 7T+7T_7T0

0.3 T
(a)

n = atrTn,n — vy
04— ‘

(b)

Q’F(Q) (GeV)
Q’F(Q) (GeV)

(=]
[S]
T
—
4
i
"

0.1 - B
A CLEO (Yy—m) o1 -
O CLEO (e'e = my)
°
]

A CLEO (yYy—1)
[ O CLEO (e -1y

® BABAR (Yy— 1)

B BABAR (¢’ > 1y)
n TR | n

BABAR (Y'y— 1)
BABAR (e'e” > 1y)
Lol n

Ll 07 Ll

10 10° 10 10°
Q* (GeV?) Q*(GeV?)
systematic uncertainty: 2.9% systematic uncertainty: 3.5%
dominated by model unc. & 7% rec.  dominated by model unc. & 7 rec.
1-FF exceeds asymptotic limit 1’-FF below asymptotic expectation
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