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TABLE I: Summary of aµ results from CERN and BNL, showing the evolution of experimental

precision over time. The average is obtained from the 1999, 2000 and 2001 data sets only.

Experiment Years Polarity aµ × 1010 Precision [ppm] Reference

CERN I 1961 µ+ 11 450 000(220 000) 4300 [2]

CERN II 1962-1968 µ+ 11 661 600(3100) 270 [3]

CERN III 1974-1976 µ+ 11 659 100(110) 10 [5]

CERN III 1975-1976 µ− 11 659 360(120) 10 [5]

BNL 1997 µ+ 11 659 251(150) 13 [6]

BNL 1998 µ+ 11 659 191(59) 5 [7]

BNL 1999 µ+ 11 659 202(15) 1.3 [8]

BNL 2000 µ+ 11 659 204(9) 0.73 [9]

BNL 2001 µ− 11 659 214(9) 0.72 [10]

Average 11 659 208.0(6.3) 0.54 [10]

the data analysis is described and the paper concludes with a discussion of the theoretical

standard model value for aµ and its comparison to the final result.

II. EXPERIMENTAL METHOD

A. Overview

The cyclotron ωc and spin precession ωs frequencies for a muon moving in the horizontal

plane of a magnetic storage ring are given by:

ω⃗c = − qB⃗

mγ
, ω⃗s = −gqB⃗

2m
− (1 − γ)

qB⃗

γm
. (3)

The anomalous precession frequency ωa is determined from the difference

ω⃗a = ω⃗s − ω⃗c = −
!

g − 2

2

"
qB⃗

m
= −aµ

qB⃗

m
. (4)

Because electric quadrupoles are used to provide vertical focusing in the storage ring, their

electric field is seen in the muon rest frame as a motional magnetic field that can affect the

7

TABLE I: Summary of aµ results from CERN and BNL, showing the evolution of experimental

precision over time. The average is obtained from the 1999, 2000 and 2001 data sets only.

Experiment Years Polarity aµ × 1010 Precision [ppm] Reference

CERN I 1961 µ+ 11 450 000(220 000) 4300 [2]

CERN II 1962-1968 µ+ 11 661 600(3100) 270 [3]

CERN III 1974-1976 µ+ 11 659 100(110) 10 [5]

CERN III 1975-1976 µ− 11 659 360(120) 10 [5]

BNL 1997 µ+ 11 659 251(150) 13 [6]

BNL 1998 µ+ 11 659 191(59) 5 [7]

BNL 1999 µ+ 11 659 202(15) 1.3 [8]

BNL 2000 µ+ 11 659 204(9) 0.73 [9]

BNL 2001 µ− 11 659 214(9) 0.72 [10]

Average 11 659 208.0(6.3) 0.54 [10]

the data analysis is described and the paper concludes with a discussion of the theoretical

standard model value for aµ and its comparison to the final result.

II. EXPERIMENTAL METHOD

A. Overview

The cyclotron ωc and spin precession ωs frequencies for a muon moving in the horizontal

plane of a magnetic storage ring are given by:

ω⃗c = − qB⃗

mγ
, ω⃗s = −gqB⃗

2m
− (1 − γ)

qB⃗

γm
. (3)

The anomalous precession frequency ωa is determined from the difference

ω⃗a = ω⃗s − ω⃗c = −
!

g − 2

2

"
qB⃗

m
= −aµ

qB⃗

m
. (4)

Because electric quadrupoles are used to provide vertical focusing in the storage ring, their

electric field is seen in the muon rest frame as a motional magnetic field that can affect the

7

��������� ����� ������� �"�
�!�������
�!������� ������������ 

Momentum 

Spin 

e 

����������� ������  �� ����������	�������	��������
�  





Ergebnisse der Zeitmessungen:Ergebnisse der Zeitmessungen:

N(t) = N0 e�t/⌧
[1 + A cos(!at + �0)]



Result

1

Hadronic Contributions to R and g � 2 from
Initial-State-Radiation Data
To appear in the proceedings for XXIX Physics in Collision, International Symposium in Kobe, Japan, August 30 - September

2, 2009

Denis Bernard, from the BaBar collaboration
Laboratoire Leprince-Ringuet - Ecole polytechnique, CNRS/IN2P3, 91128 Palaiseau, France

Abstract
I review the recent e⇥orts to improve the precision of

the prediction of the anomalous moment of the muon,
in particular of the hadronic contribution of the vac-
uum polarization, which is the contribution with the
largest uncertainty. Focus is given to the recent result
for e+e� ⇧ ⌅+⌅� by the BaBar collaboration, obtained
using events with radiation in the initial state.

1. Introduction
Elementary particles have a magnetic moment ◆µ pro-

portional to their spin ◆s, with ◆µ = (ge)/(2m)◆s. While
pointlike Dirac particles would have g = 2, i.e. an
“anomalous” relative deviation of a ⌅ (g�2)/2 = 0, Nafe
et al. observed the first hints of a significant deviation
from ae = 0 more than 60 years ago [1]. The following
year, Schwinger computed [2] the first-order contribution
to a, equal to �/(2⌅), the diagram for which is shown in
Fig. 1.

The development of the quantum electro-dynamics
(QED) followed, and later of gauge theories in general,
making these early works the very basis of our present
understanding of the elementary world. Tremendous ef-
forts have been devoted to improving the precision of the
theoretical prediction and of the direct measurement of
a since then [3].

More than 60 years later the situation is pretty ex-
citing, with the experimental and theoretical precision
on the anomalous magnetic moment of the muon aµ

both of the order of 6. ⇥ 10�10, and a discrepancy of
(29± 9)⇥ 10�10 between them, i.e. amounting to 3.2 ⇧,
should Gaussian statistics be assumed (Table 1.).

Table 1. Summary of the contribution to the theory prediction
of the value of aµ, compared with the experimental measure-
ment [3].

QED 116 584 71.81 ± 0.02
Leading hadronic VP 690.30 ± 5.26
Sub-leading hadronic VP -10.03 ± 0.11
Hadronic light-by-light 11.60 ± 3.90
Weak (incl. 2-loops) 15.32 ± 0.18
Theory 11659179.00 ± 6.46
Experiment [4] 11659208.00 ± 6.30
Exp � theory 29.00 ± 9.03

The largest contribution to aµ is by far from QED
but its contribution to the uncertainty is negligible. In
terms of uncertainty, the main contribution is from the
hadronic component of the one-loop vacuum polarization
(VP, Fig. 2.) and, to a lesser extent, from the hadronic
component of the light-by-light processes (Fig. 3.).

The photon propagator with VP is obtained from the
bare propagator by replacing the electric charge e by the

Fig. 1. 1st order contribu-
tion to a.

Fig. 2. Lowest-order
hadronic VP diagram.

Fig. 3. A light-by-light di-
agram.

energy dependant quantity:

e2 ⇧ e2/[1 + (�0(k2)��0(0))],

where k is the photon 4-momentum. At low energy,
hadronic processes are not computable with the desired
precision. Instead the VP amplitude �0(k2) is obtained
from the dispersion relation:

�0(k2)��0(0) =
k2

⌅

Z 1

0

Im�0(s)
s(s� k2 � i⇥)

ds,

which in turn is related through the optical theorem:

Im�0(s) = �(s)Rhad(s)/3,

to the ratio:

Rhad(s) = ⇧had
3s

4⌅�(s)
=

⇧e+e�!hadrons

⇧e+e�!µ+µ�
.

Finally, the hadronic VP contribution is obtained from
the “dispersion integral”:

ahad
µ =

⇣�mµ

3⌅

⌘2
Z

Rhad(s)K̂(s)
s2

ds,

where K̂(s) is an analytical function that takes values
close to 1. We note, from the 1/s2 variation of the in-
tegrand that the dominant contribution comes from the
low energy part of the integral. A good experimental

ar
X

iv
:0

91
0.

32
94

v1
  [

he
p-

ex
]  

19
 O

ct
 2

00
9



Hadronic corrections4

170 180 190 200 210 220

e+e- with BaBar ππ
BaBar ππ
BNL-E821

Davier 09 tau
Davier 09 e+e- with KLOE
Davier 09 e+e- w/o KLOE
Jegerlehner 08 e+e-
Hagiwara 07 e+e-

(aµ - 0.0011659) 10-10

Fig. 10. aµ: the present situation.

has been confirmed, within reasonable significance, by
a number of measurements using various methods, each
a⇥ected by its own systematics.

The obvious next step, before calling for new physics,
is therefore to check the measurement:

• A new collaboration is planning to move the experi-
mental apparatus from BNL to FNAL, and perform
a new measurement with statistics increased by a
factor of 50, and reduced systematics, bringing the
experimental uncertainty down to 0.14 ppm, i.e.,
1.6⇥ 10�10 [20].

• It would obviously be intensely desirable to cross-
check such a measurement using a completely dif-
ferent set-up. An alternative scheme is explored at
J-PARC, with a micro-emittance muon beam inside
a high-precision magnetic field, mono-magnet stor-
age “ring” [21].

5.2. Prediction
On the prediction side, the main e⇥ort is understand-

ably devoted to the hadronic VP contribution.

• BaBar will complete its ISR program and provide
measurements of all possible hadronic final states
in the low energy range relevant to this discussion.

• Belle may check BaBar’s ⇤+⇤� measurement and
BaBar may check Belle’s ⌅ spectral functions.
KLOE is working on an analysis with photon tag-
ging too.

• BES III will measure Rhad(s) in the range 2.0 –
4.6 GeV, something that will improve on aµ only
marginally, but will also measure the ⌅ ⌅ ⇥⇤+⇤0

branching fraction with improved precision [22], an
important ingredient in the use of the ⌅ -based spec-
tral functions.
The recent calculation of isospin-breaking correc-
tions [11] will be published and will doubtlessly be
cross-checked by other authors.

• The collider at Novosibirsk has been upgraded to
VEPP-2000 [23], and the CMD [24] and SND ex-
periments too.

Following the vacuum polarization, the next target in
line for improvement is the contribution of light-by-light
scattering. Here too work is in progress and there is
hope to improve the precision, both theoretically [25],
and using results of the �� programe at DA�NE � 2
[26]

In total, there is good hope to bring both the predic-
tion and experimental uncertainties of aµ at a very few
10�10.
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• Traditionally, extracting hadronic corrections from  
e+e− gave ~3.5σ deviation, while τ results gave 
~2σ.

• Extraction from τ relies on (approximate) isospin 
symmetry.

expt. value
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As many of you may have heard: 
Muon (ring) is moving… 

BNL 
E821 

FNAL 
E989 

Why move 600 ton, 15 meter wide 
metal ring half-way across U.S.? 
• Why muons? 
• What’s muon g-2? 
• What do we learn from it? 
• Why we are moving it to Fermilab? 
• How we are going to run the 

experiment? 
 

 







Schedule

• The “big move” took place in 2013.

• In the meantime, the experiment has been 
installed at Fermilab.

• Data taking should start 2017.


