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DIRAC CE 
WNs 

1.Check slots in a site. 

2.Submit pilot jobs to CE. 

Submit Belle II Jobs. 

Many steps →  Need to detect problems in each step 

Sometimes, CE reports incorrect # of running pilot 
jobs due to the problem of CREAM etc.  

In such cases, DIRAC  misunderstands site is full and 

stops to send jobs. This problem can be 

characterized by long-keeping-silent pilot jobs 

(long time since last communication with DIRAC). 

Pilot silent time distribution (in minutes). 

Red line shows the possible maximum 

silent time for normal pilot jobs. In this case, 

CREAM-CE recognizes finished job as running. 

Submission of pilot jobs to CE often fails  because of CE down 
 or problem on VOMS proxy etc. Pilot jobs are sent by  

“SiteDirector”  agent  but  activity  is  not  stored  in  DB.    DIRAC  agent 
 to monitor the activity of SiteDirector is developed and visualized. 

One site 

Each CE 

SiteDirector 

CheckAgent 

submit 

Analyze log 

Site 

https://ekptrac.physik.uni-karlsruhe.de/trac/HappyFace/ 

Submission to batch server often fails because of  

problem on the batch system. If it is failed,  

status  of  pilot  job  becomes  “Aborted”.   

At the beginning of the pilot job, DIRAC client is installed to 

communicate with DIRAC server. Then, sanity checks of the 

computing node are performed. If a problem is found, the 

pilot job stops immediately. 

Ex. CVMFS not properly mounted, disk full,  
      failed to download DIRAC client etc.. 

Pilot life time distribution (in minutes). 

Redline is possible minimum life time  

for normal pilot jobs. In this case, one of  

WNs does not have enough disk space. 

Payload jobs may fail with many reasons. For  
example, failed to contact meta data server 
(AMGA), failed to handle input/output files, 
and problem on program itself. 

“Job  efficiency”  for  each  site. 
Simultaneous failure for all the site  

means problem on central server. 

In this case, AMGA was down. 

• Belle II experiment is a next-generation B-factory at KEK in 

Japan, which will start for physics run  without vertex detector 

in 2017, where 50 ab-1 data sample will be collected for 10 

years, which corresponds to about 5x1010 BB-pair events.  

• We roughly need to handle 1MHS06 cpu resources ,100PB 

storage for one set of raw data and 100 PB one for MC/analysis 

data, finally. 

• In order to utilize these huge resources, we adopt distributed 

computing technique. 

SVD: 4 DSSD lyrs J 2 DEPFET lyrs + 4 DSSD lyrs 
CDC: small cell, long lever arm 
ACC+TOF J TOP+A-RICH 
ECL: waveform sampling, pure CsI for end-caps 
KLM: RPC J Scintillator +SiPM (end-caps) 

KEKB superKEKB 

• Belle II has adopted DIRAC as the distributing computing 

software framework, which can handle grid, cloud and local 

cluster resources. (http://diracgrid.org/) 

• CVMFS is used to provide Belle II software and libraries. 

• At the present, around 40 sites participates (LCG, OSG, HPC, 

cloud and traditional cluster) and more than 25K concurrent 

jobs are handled at peak. 

Introduction Belle II computing Monitoring 
・For the effective use of huge resources, a monitor system 

   for detecting problems quickly and identifying the source  

  is necessary. 

 

・In this poster, we introduce passive monitors, where  

  data existing in DIRAC DB are retrieved  and  then 

  processed and visualized to detect problems. 

 

 ・In some cases, necessary information are not stored in 

   DIRAC DB. In such cases, DIRAC agents which collect  

   information are developed. 

 

 

 

 

 

 

 

・For active way, please visit poster by K. Hayasaka  

  (sessionB, poster 314, booth 18). 

DIRAC DB Monitor server 

process/ 

visualize 

・Developed at Karlsruhe Institute of Technology 

・Modular structure. 

・In the Belle II HappyFace instance, not only 

   for workload management issue but also 

   downtime etc are shown. 

Now, we can detect problems in each step! 
Automate the process (work in progress) 

・Next step is to identify reason (as much as possible) and inform/disable each site. 

・These process should be automated.   

・Combine with DIRAC Resource Status System 

Notice short  

pilot job exists. 

Download and 

analyze log files. 

Identify the reason and 

 problematic WN name. 

Check if the same problem 

happens for a long time in  

the same WN. 

Inform site 

via GGUS 

Disable the site 

Check problem 

is fixed. 

Enable the site 

HappyFace as a platform 1.Check slots in a site. 

3.Submit pilot jobs to batch system 4.Perform sanity checks 

2.Submit pilot jobs to CE 

5.Execute Belle II Jobs 

Example for  
sanity check failure 

Workload management flow in the DIRAC 

Possible to detect problems 

for sites with multiple CEs. 

Example of error message: 
[BLAH error: submission command failed (exit code = 1) (stdout:)  

(stderr:qsub: Queue is not enabled MSG=queue is disabled.] 

 

4. Perform sanity checks 

5. Execute Belle II Job 

                    ・ 

                  ・ 

Pilot Job 

We aim to resolve the problem quickly and maximize the availability of Belle II computing system! 

3.Submit pilot jobs to     

   batch system. 
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ミューオン g-2 と eeàππ 反応過程	

p  標準模型による理論値 

p ハドロン相互作用の効果が 
支配的な不定性の要因 

p  QCDでは計算が困難 
à  eeà(hadrons)断面積の 

測定結果をもとに計算 
p この測定値の精度が理論計算の 

誤差を決めている 
p  eeàππ 反応過程が最も 

大きく寄与する	
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Fig. 24. History of evaluations before 2000 (left) [73–76,186–189,79–81,190,191,83,162–167], and some more recent ones (right) [178–185,161,175];
(e+e�) = e+e�-data based, (e+e�, ⌧ ) = in addition include data from ⌧ spectral functions (see Section 4.1.2).

Fig. 25. Optical theorem for the hadronic contribution to the photon propagator.

Before we will continue with a discussion of the higher order hadronic contributions, we first present additional details
about what precisely goes into the DR equation (109) and briefly discuss some issues concerning the determination of the
required hadronic cross-sections.

4.1.1. Dispersion relations and hadronic e+e�-annihilation cross sections
To leading order in ↵, the hadronic ‘‘blob’’ in Fig. 19 has to be identified with the photon self-energy function ⇧

0had
� (s).

The latter we may relate to the cross-section e+e� ! hadrons by means of the DR equation (101) which derives from
the correspondence Fig. 25 based on unitarity (optical theorem) and causality (analyticity), as elaborated earlier. Note that
⇧

0had
� (q2) is a one particle irreducible (1PI) object, represented by diagrams which cannot be cut into two disconnected

parts by cutting a single photon line. At low energies the imaginary part is related to intermediate hadronic states like
⇡0� , ⇢,!, �, . . . ,⇡⇡ , 3⇡ , 4⇡ , . . . ,⇡⇡� , , . . . , KK , KK⇡ . . . which in the DR correspond to the states produced in e+e�-
annihilation via a virtual photon. At least one hadron plus any strong, electromagnetic or weak interaction contribution
counts. e+e�-data in principle may be used up to energies where � –Z interference comes into play above about 40 GeV.

Experimentally, what is determined is of the form

Rexp
had(s) = Nhad(1 + �RC)

Nnorm"

�norm(s)
�µµ, 0(s)

,

whereNhad is the number of observed hadronic events,Nnorm is the number of observed normalizing events, " is the detector
efficiency–acceptance product of hadronic events while �RC are radiative corrections to hadron production. �norm(s) is the
physical cross-section for normalizing events, including all radiative corrections integrated over the acceptance used for the
luminosity measurement, and �µµ, 0(s) = 4⇡↵2/3s is the normalization. This also shows that a precise measurement of
R(s) requires precise knowledge of the relevant radiative corrections.

Radiation effects may be used to measure �had(s0) at all energies
p
s0 lower than the fixed energy

p
s at which an

accelerator is running [192]. This is possible due to initial state radiation (ISR), which can lead to huge effects for kinematical
reasons. The relevant radiative return (RR) mechanism is illustrated in Fig. 26: in the radiative process e+e� ! ⇡+⇡�� ,
photon radiation from the initial state reduces the invariant mass from s to s0 = s (1� k) of the produced final state, where
k is the fraction of energy carried away by the photon radiated from the initial state. Such RR cross-section measurements
are particularly interesting for machines running on–resonance like the �- and B-factories, which have enhanced event
rates as they are running on top of a peak [193–195]. The first dedicated RR experiment has been performed by KLOE at
DA8NE/Frascati, by measuring the ⇡+⇡� cross-section [86,171] (see Fig. 21 and Refs. [196,197]).

Results for exclusive multi-hadron production channels from BaBar play an important role in the energy range between
1.4 to 2 GeV. In fact new data became available for most of the channels of the exclusive measurements in this region. In
contrast the inclusive measurements date back to the early 1980’s and show much larger uncertainties.

F. Jegerlehner, A. Nyffeler / Physics Reports 477 (2009) 1–110 33

Perturbative QCD fails to be a reliable tool for estimating ahadµ and known approaches to low energy QCD like chiral
perturbation theory as well as extensions of it which incorporate spin-1 bosons or lattice QCD are far from being able to
make precise predictions. We therefore have to resort to a semi-phenomenological approach using dispersion relations
together with the optical theorem and experimental data.

The basic relations are
– analyticity (deriving from causality), which allows one to write the DR

⇧ 0
� (k2) � ⇧ 0

� (0) = k2

⇡

Z 1

0
ds

Im⇧ 0
� (s)

s(s � k2 � i")
. (101)

– optical theorem (deriving from unitarity), which relates the imaginary part of the vacuum polarization amplitude to the
total cross section in e+e�-annihilation

Im⇧ 0
� (s) = s

4⇡↵(s)
�tot(e+e� ! anything) := ↵(s)

3
R(s), (102)

with

R(s) = �tot

�

4⇡↵(s)2

3s
. (103)

The normalization factor is the point cross-section (tree level) �µµ(e+e� ! � ⇤ ! µ+µ�) in the limit s � 4m2
µ. We obtain

the hadronic contribution if we restrict ‘‘anything’’ to hadrons. The complementary leptonic part may be calculated reliably
in perturbation theory and the production of a lepton pair at lowest order is given by

R`(s) =
s

1 � 4m2
`

s

✓

1 + 2m2
`

s

◆

, (` = e, µ, ⌧ ), (104)

which may be read off from the imaginary part given in Eq. (75). This result provides an alternative way to calculate the
renormalized vacuum polarization function Eq. (73), namely, via the DR equation (66) which now takes the form

⇧ 0`
� ren(q

2) = ↵q2

3⇡

Z 1

4m2
`

ds
R`(s)

s(s � q2 � i")
, (105)

yielding the vacuum polarization due to a lepton-loop.
In contrast to the leptonic part, the hadronic contribution cannot be calculated analytically as a perturbative series, but

it can be expressed in terms of the cross section of the reaction e+e� ! hadrons, which is known from experiments. Via

Rhad(s) = � (e+e� ! hadrons)
�

4⇡↵(s)2

3s
, (106)

we obtain the relevant hadronic vacuum polarization

⇧ 0had
� ren(q

2) = ↵q2

3⇡

Z 1

4m2
⇡

ds
Rhad(s)

s(s � q2 � i")
. (107)

At low energies, where the dominating final state consists of two charged pions,11the cross-section is given by the square
of the electromagnetic form factor of the pion F (0)

⇡ (s) (effective ⇡+⇡�� vertex undressed from VP effects, see below),

Rhad(s) = 1
4

✓

1 � 4m2
⇡

s

◆

3
2

|F (0)
⇡ (s)|2, 4m2

⇡ < s < 9m2
⇡ , (108)

which directly follows from the corresponding imaginary part

Im ⇧ 0(⇡)
� (q2) = ↵

12
(1 � 4m2

⇡/s)3/2

of a pion loop in the photon vacuum polarization. At s = 0 we have F (0)
⇡ (0) = 1, i.e., F (0)

⇡ (0) measures the classical pion
charge in units of e. For point-like pions we would have F (0)

⇡ (s) ⌘ 1. There are three differences between the pionic loop
integral and those belonging to the lepton loops:
– the masses are different
– the spins are different
– the pion is composite—the Standard Model leptons are elementary.

11 A much smaller contribution is due to � ⇤ ! ⇡0� , the hadronic final state with the lowest threshold s > m2
⇡0 .

2.2.1 Hadronic contribution

The hadronic contribution to aµ is about 60 ppm of the total value. The lowest-order diagram
shown in Fig. 3(a) dominates this contribution and its error, but the hadronic light-by-light
contribution Fig. 3(e) is also important. We discuss both of these contributions below.

Figure 3: The hadronic contribution to the muon anomaly, where the dominant contribution
comes from the lowest-order diagram (a). The hadronic light-by-light contribution is shown
in (e).
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Figure 4: (a) The “cut” hadronic vacuum polarization diagram; (b) The e

+
e

� annihilation
into hadrons; (c) Initial state radiation accompanied by the production of hadrons.

The energy scale for the virtual hadrons is of order mµc
2, well below the perturbative

region of QCD. However it can be calculated from the dispersion relation shown pictorially
in Fig. 4,

a

had;LO
µ =

⇣
↵mµ

3⇡

⌘2
Z 1

m2
⇡

ds

s

2
K(s)R(s), where R ⌘ �tot(e+e� ! hadrons)

�(e+e� ! µ

+
µ

�)
, (8)

using the measured cross sections for e+e� ! hadrons as input, where K(s) is a kinematic
factor ranging from 0.4 at s = m

2
⇡ to 0 at s = 1 (see Ref. [16]). This dispersion relation

relates the bare cross section for e

+
e

� annihilation into hadrons to the hadronic vacuum
polarization contribution to aµ. Because the integrand contains a factor of s�2, the values
of R(s) at low energies (the ⇢ resonance) dominate the determination of ahad;LOµ , however
at the level of precision needed, the data up to 2 GeV are very important. This is shown
in Fig. 5, where the left-hand chart gives the relative contribution to the integral for the
di↵erent energy regions, and the right-hand gives the contribution to the error squared on
the integral. The contribution is dominated by the two-pion final state, but other low-energy

5

O(1)	

誤差2 の内訳	

lowest order 
hadronic	

from 
arXiv1311.2198  	

light-by-light	

Physics Reports 477 (2009) 1–110	

aSMµ = aQED
µ + aEW

µ + aHad,LO
µ + aHad,HO

µ + aHad,LbL
µ

1 Introduction

The Standard-Model (SM) value of the muon anomaly can be calculated with sub-parts-per-
million precision. The comparison between the measured and the SM prediction provides a
test of the completeness of the Standard Model. At present, there appears to be a three- to
four-standard deviation between these two values, which has motivated extensive theoretical
and experimental work on the hadronic contributions to the muon anomaly.

A lepton (` = e, µ, ⌧) has a magnetic moment which is along its spin, given by the
relationship

~µ` = g`
Qe

2m`

~s , g` = 2| {z }
Dirac

(1 + a`), a` =
g` � 2

2
(1)

where Q = ±1, e > 0 and m` is the lepton mass. Dirac theory predicts that g ⌘ 2,
but experimentally, it is known to be greater than 2. The small number a, the anomaly,
arises from quantum fluctuations, with the largest contribution coming from the mass-
independent single-loop diagram in Fig. 1(a). With his famous calculation that obtained
a = (↵/2⇡) = 0.00116 · · · , Schwinger [1] started an “industry”, which required Aoyama,
Hayakawa, Kinoshita and Nio to calculate more than 12,000 diagrams to evaluate the tenth-
order (five loop) contribution [2].

(a) (b) (c)

γ

µ
γ γ

µ

γ

γµ

γ

µ

X X

Y

µ −
e

+
e

µ µ

Figure 1: The Feynman graphs for: (a) The lowest-order (Schwinger) contribution to the
lepton anomaly ; (b) The vacuum polarization contribution, which is one of five fourth-order,
(↵/⇡)2, terms; (c) The schematic contribution of new particles X and Y that couple to the
muon.

The interaction shown in Fig. 1(a) is a chiral-changing, flavor-conserving process, which
gives it a special sensitivity to possible new physics [3, 4]. Of course heavier particles can
also contribute, as indicated by the diagram in Fig. 1(c). For example, X = W

± and Y = ⌫µ,
along with X = µ and Y = Z

0, are the lowest-order weak contributions. In the Standard-
Model, aµ gets measureable contributions from QED, the strong interaction, and from the
electroweak interaction,

a

SM = a

QED + a

Had + a

Weak
. (2)

In this document we present the latest evaluations of the SM value of aµ, and then discuss
expected improvements that will become available over the next five to seven years. The
uncertainty in this evaluation is dominated by the contribution of virtual hadrons in loops.
A worldwide e↵ort is under way to improve on these hadronic contributions. By the time
that the Fermilab muon (g � 2) experiment, E989, reports a result later in this decade,
the uncertainty should be significantly reduced. We emphasize that the existence of E821

2
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Improvement of the precision with which the total cross
section of eþe" annihilation into hadrons is known is also
needed for a more accurate estimation of the hadronic con-
tribution to the muon anomalous magnetic moment because it
is one of the crucial limiting factors in a search for new
physics (Bouchiat and Michel, 1961; Gourdin and de
Rafael, 1969; Bennett et al., 2006).

There is an important relation between spectral functions
in eþe" annihilation into hadrons with isospin I ¼ 1 and
corresponding ! lepton decays based on conservation of
vector current (CVC) and isospin symmetry (Thacker and
Sakurai, 1971; Tsai and Tsai, 1971). Although first detailed
tests of such relations showed satisfactory agreement between
such spectral functions (Kawamoto and Sanda, 1978;
Eidelman and Ivanchenko, 1991), higher accuracy reached
in both eþe" and ! lepton sectors revealed possible system-
atic effects not accounted for in the eþe" and/or ! experi-
ments (Davier et al., 2003a, 2003b). An understanding of
these effects is crucial for improving the accuracy with which
the hadronic contributions to the muon anomalous magnetic
moment can be estimated from ! decays to two and four pions
as first suggested by Alemany, Davier, and Höcker (1998).

Detailed measurements of the energy dependence of vari-
ous exclusive cross sections allow us to improve our knowl-
edge of vector mesons and look for new states, both of light
(Druzhinin, 2007) and heavy quarks (Eichten et al., 2008).

B. Initial state radiation

In eþe" collider experiments, exclusive and total hadronic
cross sections are usually measured by scanning the acces-
sible energy range. The process of eþe" annihilation is
accompanied by emission of one or several photons from
the initial state. The lowest-order Feynman diagram describ-
ing initial state radiation (ISR) is shown in Fig. 2. The
quantity measured directly in the experiment is the visible
cross section

"vis ¼
N

L
; (1)

where N is the number of selected events of the process
eþe" ! hadronsþ n#, n ¼ 0; 1; 2; . . . , and L is the inte-
grated luminosity of the collider collected at the center-of-
mass (c.m.) eþe" energy 2E0. The visible cross section is
related to the Born cross section "0 corresponding to the
lowest-order diagram of Fig. 1 via the integral (Kuraev and
Fadin, 1985) providing the 10"3 accuracy:

"vis ¼
Z 1"m2

min=s

0
"ðs; xÞWðs; xÞ"0½sð1" xÞ'dx; (2)

where s ¼ 4E2
0, x is an effective fraction of the beam energy

E0 carried by photons emitted from the initial state, mmin is
the minimal possible invariant mass of the final hadrons, and
"ðs; xÞ is the detection efficiency for the process eþe" !
hadronsþ n# as a function of x and s. The so-called radiator
function Wðs; xÞ, taking into account higher-order QED con-
tributions, in particular, from the diagram in Fig. 2, is fully
calculable in QED (Actis et al., 2010). Because of the photon

emission from the initial state, the visible cross section
depends on the Born cross section at all energies below the
nominal eþe" c.m. energy 2E0.

In conventional scanning experiments, the influence of ISR
is suppressed by the requirements of the energy and momen-
tum balance between the final hadrons and the initial eþe"

state. In this case the detection efficiency has an x dependence
close to the step function "ðs; xÞ ¼ "0ðsÞ for x < x0, and zero
for x > x0. At small x0, Eq. (2) can be rewritten as

"vis ¼ "0ðsÞ"0ðsÞ½1þ $ðsÞ'; (3)

where 1þ $ðsÞ is the radiative correction factor, which takes
into account higher-order QED corrections. To calculate this
factor it is necessary to know the s dependence of "0 in the
range from sð1" x0Þ to s. For slowly varying cross sections,
$ is about 10% and can be determined with an accuracy better
than 1% using existing data on the cross section energy
dependence. Thus, in scanning experiments, from the data
collected at the c.m. energy

ffiffiffi
s

p
, the cross section "0ðsÞ is

determined directly.
Another approach is also possible. Equation (2) can be

rewritten in the differential form:

d"visðs;mÞ
dm

¼ 2m

s
"ðs;mÞWðs; xÞ"0ðmÞ; (4)

where we have made a transformation to the variable m ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sð1" xÞ

p
, the invariant mass of the hadronic system. At

nonzero x the dominant contribution to the visible cross
section comes from the one-photon ISR (see Fig. 2). With
the inclusion of the ISR photon momentum in the selection
conditions on the energy and momentum balance, the non-
zero detection efficiency for ISR events can be obtained in a
wide range of the hadronic invariant mass. As a result, from
the measurement of the mass spectrum for the process
eþe" ! hadronsþ # at fixed c.m. energy

ffiffiffi
s

p
, the cross

section "0ðmÞ can be extracted in the invariant-mass range
from threshold to the mass close to

ffiffiffi
s

p
.

The idea of utilizing initial state radiation from a high-
mass state to explore electron-positron processes at all ener-
gies below that state was previously outlined by Baier
and Khoze (1965) and Baier and Fadin (1968). The possibil-
ity of exploiting such processes at high-luminosity % and
B factories was discussed by Arbuzov et al. (1998),
Benayoun et al. (1999), Binner, Kühn, and Melnikov
(1999), and Konchatnij and Merenkov (1999) and motivated
studies described in this paper.

e+ hadrons

e- γ

FIG. 2. The lowest-order Feynman diagram describing the initial
state radiation process eþe" ! #þ hadrons.
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Belle II実験でのeeàππ断面積測定	

p  radiative return method: 
eeàππγ 事象を観測 
p 始状態放射(ISR)で高エネルギー γ を放出 

à実効的に低いエネルギーでの 
衝突を再現 

p 見たいハドロンを全て捉え, 
その不変質量を再構成 
à各種実験的補正 
(選別効率, 背景事象, unfolding…) 
à各√sでの断面積に焼き直し 

p  ππγ (signal) と同時に 
µµγ (normalization) を測定	
p 各種系統誤差を相殺 
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Hadron production via eþe" collisions with initial state radiation

V.P. Druzhinin, S. I. Eidelman, S. I. Serednyakov, and E. P. Solodov

Budker Institute of Nuclear Physics SB RAS, Novosibirsk, 630090, Russia
and Novosibirsk State University, Novosibirsk, 630090, Russia

(published 6 December 2011)

A novel method of studying eþe" annihilation into hadrons using initial state radiation
at eþe" colliders is described. After a brief history of the method, its theoretical foundations
are considered. Numerous experiments in which exclusive cross sections of eþe" annihilation
into hadrons below the center-of-mass energy of 5 GeV have been measured are presented.
Some applications of the experimental results to fundamental tests of the standard model are
listed.

DOI: 10.1103/RevModPhys.83.1545 PACS numbers: 13.66.Bc, 14.40.Be, 14.40.Pq
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I. INTRODUCTION

A. Why is low-energy eþe" annihilation interesting?

Studies of low-energy eþe" annihilation into hadrons are
of great interest for theory and have numerous applications.
According to current concepts, eþe" annihilation into had-
rons proceeds via an intermediate virtual photon that pro-
duces a pair of quarks q "q, followed by the hadronization of
quarks into observed hadrons. This process is described by
the lowest-order Feynman diagram shown in Fig. 1. When the
initial energy of eþe", or equivalently of the intermediate
virtual photon, is large enough, the process of hadronization
is well described by QCD. At small energies, lower than
2–3 GeV, produced hadrons are relatively soft and intensively
interact with each other forming hadronic resonances. At the
moment QCD fails to describe this energy region. Because
of that, it is vitally important to gain sufficient information
from experiment to be used as input for various QCD-based
theoretical models. QCD sum rules are an example of how
measurements of total and exclusive cross sections can be
used to extract such fundamental parameters of theory as the
strong coupling constant $s, quark, and gluon condensates
(Shifman, Vainshtein, and Zacharov, 1979).

Precise knowledge of vacuum polarization effects based on
the total cross section of eþe" annihilation into hadrons is
necessary to estimate the hadronic contributions to the run-
ning fine-structure constant and thus determine its value at the
Z boson mass $ðM2

ZÞ, a key component of the high-precision
tests of the standard model (Burkhardt et al., 1989; Eidelman
and Jegerlehner, 1995; Hagiwara et al., 2003; Burkhardt and
Pietrzyk, 2005; Actis et al., 2010).

e+

hadrons

e-

FIG. 1. The lowest-order Feynman diagram describing the process
of eþe" annihilation into hadrons.
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Fig. 2. Comparison between individual e+e≠ æ fi+fi≠ cross-section measurements from BABAR [4, 5], KLOE 08 [6],
KLOE 10 [7], KLOE 12 [8], BESIII [9], CMD2 03 [10], CMD2 06 [11], SND [12], and the HVPTools combination. The error
bars include statistical and systematic uncertainties added in quadrature.

KK spectra, while small remaining non-resonant decay
modes are considered separately.

2.3 The four-pion channels

Recent results using the full BABAR data on e+e≠ æ
fi+fi≠2fi0 are now available [15]. As with other BABAR
measurements using the ISR method with the ISR pho-
ton measured at large angle, the acceptance for the re-
coiling hadronic system is large so that the resonance
substructure, dominated by the Êfi0, fl0fi0fi0, and fl+fl≠

final states, can be fully identified and accurately mod-
elled with a Monte Carlo generator. The systematic
uncertainty is 3.1% below 2.7 GeV, a considerable im-
provement over the value of about 10% of preliminary
results available so far. Data from some older exper-
iments, both imprecise and inconsistent, are now dis-
carded. As seen in the left hand plot of Fig. 5 the
BABAR results lead to a substantial precision improve-
ment in this channel.

The fi+fi≠2fi0 HVP contribution to ahad,LO
µ from

threshold to 1.8 GeV is 18.03±0.06±0.48±0.26, where
the total uncertainty of 0.55 is reduced by a factor of

2.3 compared to our 2011 result [2]. We note that the · -
based result 21.0±1.2±0.4 (the second uncertainty ac-
counts for isospin-symmetry breaking corrections), ob-
tained from a combination of ‹· fi≠fi+fi≠ and ‹· fi≠3fi0

spectral functions measured by ALEPH [13], is 2.2 ‡
larger than the e+e≠ value and twice less precise.

New 2fi+2fi≠ cross-section data (cf. right hand plot
in Fig. 5) were published by BABAR in 2012 [16] using
the full available data sample and with a reduced sys-
tematic uncertainty (2.4%) compared to previous par-
tial results. New measurements from CMD3 between
0.920 and 1.060 GeV are also available [17]. The re-
sulting combined HVP contribution is 13.68 ± 0.03 ±
0.27 ± 0.14, with a total uncertainty of 0.31 reduced by
a factor of 1.7 compared to our 2011 result [2].

For comparison, the ALEPH · -based prediction of
2fi+2fi≠, 12.8 ± 0.7 ± 0.4 [13], is consistent, but more
than twice less precise than the e+e≠-based one. The
· -based evaluation of the sum of the two four-pion chan-
nels, 33.8 ± 1.5, benefits from an anticorrelation due to
the ‹· fi±3fi0 contribution in both channels. It is con-
sistent with the e+e≠-based value of 31.7 ± 0.6 within
1.3 ‡. The · -based cross-section predictions are com-
pared to the e+e≠ data in Fig. 5.

4

   [GeV]s
0.5 0.6 0.7 0.8 0.9 1

C
ro

ss
 s

ec
tio

n(
ex

p)
 / 

C
om

bi
na

tio
n 

- 1

-0.1

-0.05

0

0.05

0.1

BABAR Combined

-π+π→-e+e -π+π→-e+e

   [GeV]s
0.5 0.6 0.7 0.8 0.9 1

C
ro

ss
 s

ec
tio

n(
ex

p)
 / 

C
om

bi
na

tio
n 

- 1

-0.1

-0.05

0

0.05

0.1

   [GeV]s
0.5 0.6 0.7 0.8 0.9 1

C
ro

ss
 s

ec
tio

n(
ex

p)
 / 

C
om

bi
na

tio
n 

- 1

-0.1

-0.05

0

0.05

0.1

KLOE08
KLOE10

KLOE12
Combined

-π+π→-e+e -π+π→-e+e

   [GeV]s
0.5 0.6 0.7 0.8 0.9 1

C
ro

ss
 s

ec
tio

n(
ex

p)
 / 

C
om

bi
na

tio
n 

- 1

-0.1

-0.05

0

0.05

0.1

   [GeV]s
0.5 0.6 0.7 0.8 0.9 1

C
ro

ss
 s

ec
tio

n(
ex

p)
 / 

C
om

bi
na

tio
n 

- 1

-0.1

-0.05

0

0.05

0.1

BES Combined

-π+π→-e+e -π+π→-e+e

   [GeV]s
0.5 0.6 0.7 0.8 0.9 1

C
ro

ss
 s

ec
tio

n(
ex

p)
 / 

C
om

bi
na

tio
n 

- 1

-0.1

-0.05

0

0.05

0.1

   [GeV]s
0.5 0.6 0.7 0.8 0.9 1

C
ro

ss
 s

ec
tio

n(
ex

p)
 / 

C
om

bi
na

tio
n 

- 1

-0.1

-0.05

0

0.05

0.1

CMD2 06
CMD2 03

SND
Combined

-π+π→-e+e -π+π→-e+e

   [GeV]s
0.5 0.6 0.7 0.8 0.9 1

C
ro

ss
 s

ec
tio

n(
ex

p)
 / 

C
om

bi
na

tio
n 

- 1

-0.1

-0.05

0

0.05

0.1

Fig. 2. Comparison between individual e+e≠ æ fi+fi≠ cross-section measurements from BABAR [4, 5], KLOE 08 [6],
KLOE 10 [7], KLOE 12 [8], BESIII [9], CMD2 03 [10], CMD2 06 [11], SND [12], and the HVPTools combination. The error
bars include statistical and systematic uncertainties added in quadrature.

KK spectra, while small remaining non-resonant decay
modes are considered separately.

2.3 The four-pion channels

Recent results using the full BABAR data on e+e≠ æ
fi+fi≠2fi0 are now available [15]. As with other BABAR
measurements using the ISR method with the ISR pho-
ton measured at large angle, the acceptance for the re-
coiling hadronic system is large so that the resonance
substructure, dominated by the Êfi0, fl0fi0fi0, and fl+fl≠

final states, can be fully identified and accurately mod-
elled with a Monte Carlo generator. The systematic
uncertainty is 3.1% below 2.7 GeV, a considerable im-
provement over the value of about 10% of preliminary
results available so far. Data from some older exper-
iments, both imprecise and inconsistent, are now dis-
carded. As seen in the left hand plot of Fig. 5 the
BABAR results lead to a substantial precision improve-
ment in this channel.

The fi+fi≠2fi0 HVP contribution to ahad,LO
µ from

threshold to 1.8 GeV is 18.03±0.06±0.48±0.26, where
the total uncertainty of 0.55 is reduced by a factor of

2.3 compared to our 2011 result [2]. We note that the · -
based result 21.0±1.2±0.4 (the second uncertainty ac-
counts for isospin-symmetry breaking corrections), ob-
tained from a combination of ‹· fi≠fi+fi≠ and ‹· fi≠3fi0

spectral functions measured by ALEPH [13], is 2.2 ‡
larger than the e+e≠ value and twice less precise.

New 2fi+2fi≠ cross-section data (cf. right hand plot
in Fig. 5) were published by BABAR in 2012 [16] using
the full available data sample and with a reduced sys-
tematic uncertainty (2.4%) compared to previous par-
tial results. New measurements from CMD3 between
0.920 and 1.060 GeV are also available [17]. The re-
sulting combined HVP contribution is 13.68 ± 0.03 ±
0.27 ± 0.14, with a total uncertainty of 0.31 reduced by
a factor of 1.7 compared to our 2011 result [2].

For comparison, the ALEPH · -based prediction of
2fi+2fi≠, 12.8 ± 0.7 ± 0.4 [13], is consistent, but more
than twice less precise than the e+e≠-based one. The
· -based evaluation of the sum of the two four-pion chan-
nels, 33.8 ± 1.5, benefits from an anticorrelation due to
the ‹· fi±3fi0 contribution in both channels. It is con-
sistent with the e+e≠-based value of 31.7 ± 0.6 within
1.3 ‡. The · -based cross-section predictions are com-
pared to the e+e≠ data in Fig. 5.

BaBar	

KLOE (伊)	

ρピーク付近での
平均からのズレ 	

combined	

Eur. Phys. J. C (2017) 77:827	

p  既に高精度(≾1%)での測定が 
数々の実験でなされている 

p  しかし実験間で数%のズレがある 
à世界平均の誤差は依然大きい 

p  Belle IIでの検証が重要 
p  目標精度 : 0.5% 

(BaBarと同レベル/超えるレベル)	
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Fig. 1 Bare cross section of e+e− → π+π− versus centre-of-mass energy for different energy ranges. The error bars of the data points include
statistical and systematic uncertainties added in quadrature. The green band shows the HVPTools combination within its 1 σ uncertainty
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Belle / Belle IIでの測定	

p Belle実験では, この測定に適したトリガーを
持たなかったため高精度の測定は不可能 

p Phase2運転での解析 
p ππ質量分布 

p ρメソン共鳴ピークの観測 

p シミュレーションとの比較 : 全体像の理解 
p 各種系統誤差の理解 
à先ずはトリガー効率 

5 / 15 
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Belle II phase2運転	

p 今年3月下旬から開始 
p 4月にfirst collision 
p 7月中旬までの運転で 

472 pb-1のデータを取得	

6 / 15 
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ππγ不変質量分布	

電磁カロリーメータ	

ISR γ	

π	 π	

e-	 e+	

飛跡検出器	

実線 : 検出可能 
破線 : 検出不可能	

崩壊点検出器	

解析概略	

p  要求するオブジェクト 
p 高エネルギーのγ (ISR) 

(ECMS>3 GeV) 
p 異符号の2トラック 

(p>1 GeV/c) 
p  事象選別 

p  ISRはバレル中央領域にヒット 
ßアクセプタンスが大きい 
p  10<M(ππγ)<11 GeV/c2 

ß他に粒子が存在しないことを要求 
p  E/p<0.8 
ß(陽)電子でないことの要求 
ßRadiative Bhabha(eeàeeγ)を除去 

バレル領域	
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解析概略	

p  要求するオブジェクト 
p 高エネルギーのγ (ISR) 

(ECMS>3 GeV) 
p 異符号の2トラック 

(p>1 GeV/c) 
p  事象選別 

p  ISRはバレル中央領域にヒット 
ßアクセプタンスが大きい 
p  10<M(ππγ)<11 GeV/c2 

ß他に粒子が存在しないことを要求 
p  E/p<0.8 
ß(陽)電子でないことの要求 
ßRadiative Bhabha(eeàeeγ)を除去 

ISR γ の角度θ [∘]	

π± の両方が飛跡検出器に入る	

運動量が1 GeV/c以上	

バレル領域	

ISR γ	

θ

Belle II MC 
(w/o BG) 	

π±のアクセプタンス	
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解析概略	

p  要求するオブジェクト 
p 高エネルギーのγ (ISR) 

(ECMS>3 GeV) 
p 異符号の2トラック 

(p>1 GeV/c) 
p  事象選別 

p  ISRはバレル中央領域にヒット 
ßアクセプタンスが大きい 
p  10<M(ππγ)<11 GeV/c2 

ß他に粒子が存在しないことを要求 
p  E/p<0.8 
ß(陽)電子でないことの要求 
ßRadiative Bhabha(eeàeeγ)を除去 
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ππγ不変質量分布	

peak at collision 
energy (10.58 GeV)	

phase2 
データ	

E/p ratio	

M(ππγ) [GeV/c2]	

phase2 
データ	
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data

ππ不変質量分布	

p  ρメソンの明瞭なピークを観測! 
Belle II最初のρの「再発見」 
p  E/p以外の粒子識別を 

課していない 
àµµγ / KKγの寄与が 
含まれる 
p 低質量領域(<0.5 GeV/c2): 
φàK+K-ピーク 

p 高質量領域(>1 GeV/c2): 
µµγ過程が支配的 

p  シミュレーションの予想と 
観測した分布はよく一致 

10 / 15 

ρàππ	

φàK+K-	MCではトリガー効率は
100%と仮定	

phase2データ	

πの質量を仮定するため, 
本来の位置からずれる	
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トリガー効率	

p  精密測定では高いトリガー効率が必須 
p  offline解析で精度よく見積もるのは 

困難 
p  eeàππγ解析で用いるトリガー条件 

p  カロリーメータでの全エネルギー 
> 1 GeV 

p  Bhabha veto 
ßππγ事象をvetoしてしまうと問題!! 

p  phase2でのBhabha vetoロジック 
p  2D Bhabha veto: θのみ 

àBelleでは大きなロス 
p  3D Bhabha veto: φも使う 

p  phase2ではBhabhaも全部取って 
いるので直接ロスしうるイベントを 
調べられる 
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allows to detect events of an eþe" interaction
rejecting the beam background whose energy
deposition in the calorimeter is usually small. This
trigger has simple logic and can provide fast
response to be within a time window of the GDL
requirement(less than 1:85 ms).

If the energy deposited in the TC is above the
threshold value, the analog sum signal of the STM
called GATESUM is further transmitted into an
analog adder (AAA). Such an arrangement
suppresses the contribution of the electronics
incoherent noise from all TCs without energy
deposition. The AAA adds four or five GATE-
SUM signals and resulting signals go to the other
analog adder (AAB) producing an entire f-ring
analog sum signal. As shown in Fig. 3, the number
of f-rings in the y-direction is 12 in the barrel and
5 in both endcap regions. AAA modules are

located near the detector while AAB modules are
in the electronics hut (about 30 m away). The
scheme of two-stage analog summation allows to
simplify the cabling. The analog current signal
driving method between AAA and AAB was
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Fig. 2. Schematic diagram of ECL calorimeter readout electronics.
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Belle trigger simulation	
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à中澤さんの講演 
à藪内さんのポスター	
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Bhabha vetoによるロスの見積もり 	

p  2D Bhabha veto 
p  phase2の殆どの期間で利用可能 
p  (12.3±0.8stat)% (M(ππ)<2 GeV/c2) 

p  Belleから改良しているが 
大きなロス 

p  3D Bhabha veto 
p  phase2最後に導入 (34.6 pb-1のみ) 
p  γの角度領域を広げて統計を稼ぐ  

[50∘,110∘]à[17∘,128∘] 
p  2 events / 360 events 

à(0.6±0.4stat)% 
p  2Dよりよい性能 

à今後は3D Bhabha vetoを用いて 
高統計のデータ取得を行える	
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2D Bhabha veto	

phase2データ	

phase2データ	

黒:再構成された全事象 
赤:vetoされる事象	

黒:再構成された全事象 
赤:vetoされる事象(2D) 
青:vetoされる事象(3D)	

3D Bhabha veto	

ππ不変質量分布	
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今後の展望	

p  1%を切る精度で測定するためには 
あらゆる事象選別効率を精密に 
把握しなければならない 
p トリガー 
p トラッキング 
p 粒子識別 
p 背景事象 
p アクセプタンス 
p … 

p phase2データで検出器応答をよく 
把握し, 高統計でのデータ解析に備える 

p  500 fb-1程度で信号事象は十分な統計量に 
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F. Systematic errors

Systematic uncertainties affecting the !! sample in
different mass regions are now summarized. The statistical
errors of the measured efficiencies are included with the
main statistical uncertainty on the !! mass spectrum.
However, in some cases, remaining systematic uncertain-
ties are attached to the efficiency measurement process and
quoted as such. Details have been given for each efficiency
study in Secs. IV and VB. The results for all systematic
uncertainties are listed in Table V.

The overall relative systematic uncertainty on the
!!ð"FSRÞ cross section is 5:0# 10$3 in the 0.6–0.9 GeV
range, but significantly larger below and above the central
region. For comparison, the statistical error of the
measured efficiency corrections amounts to 4:7# 10$3 at
the # peak, while the statistical error of the raw spectrum is
1.35% at that mass.

A full treatment of the systematic uncertainties is im-
plemented, using a covariance matrix. To achieve this we
consider the individual systematic errors (for each source,
as given in Table V) to be 100% correlated in all the mass
bins. Then the total systematic covariance matrix is built as
the sum of the covariance matrices corresponding to each
individual systematic source.

G. Consistency check with tight and loose !2 selection

The loose $2 criterion is used in the # central region,
while the tight one is used in the tails where backgrounds are
larger. However it is possible to compare the results obtained
with the two selections in the central region. This provides a
test of the $2 selection efficiency and of the multihadronic
background. The test is also sensitive to unfolding, as mass
resolutions are different in different 2D-$2 regions. For this
test, events are selectedwith the ‘‘# central’’ conditions, and
with either the tight or loose $2 criterion.

The result of the test is expressed as the ratio of the
efficiency-corrected and unfolded spectra for the loose

over the tight $2 selections. The fitted value of this ratio
over the full central range (0:5–1:0 GeV=c2) is found to
be consistent with unity within errors, 0:9983% 0:0049
with a $2=DF of 53:6=49 for 10 MeV=c2 bins. Fits in
100 MeV=c2 intervals, given in Fig. 41, do not show any
significant trend for a resolution mismatch between data
and corrected MC. Deviations from unity are at a much
smaller level than the resolution correction applied to the
MC in the intermediate region (Sec. VII A, shown by the
dashed histogram). They are also within the range of
estimated uncertainties between the two $2 conditions
(background and $2 selection efficiencies). We thus
conclude that the procedure used for correcting the MC
mass-transfer matrix is consistent within the quoted
systematic uncertainties.

TABLE V. Systematic uncertainties (in 10$3) on the cross section for eþe$ ! !!ð"FSRÞ from the determination of the various
efficiencies in different !! mass ranges (in GeV=c2). The statistical part of the efficiency measurements is included in the total
statistical error in each mass bin. The last line gives the total systematic uncertainty on the !! cross section, including the systematic
error on the ISR luminosity from muons.

Sources 0.3–0.4 0.4–0.5 0.5–0.6 0.6–0.9 0.9–1.2 1.2–1.4 1.4–2.0 2.0–3.0

Trigger/filter 5.3 2.7 1.9 1.0 0.7 0.6 0.4 0.4
Tracking 3.8 2.1 2.1 1.1 1.7 3.1 3.1 3.1
!-ID 10.1 2.5 6.2 2.4 4.2 10.1 10.1 10.1
Background 3.5 4.3 5.2 1.0 3.0 7.0 12.0 50.0
Acceptance 1.6 1.6 1.0 1.0 1.6 1.6 1.6 1.6
Kinematic fit ($2) 0.9 0.9 0.3 0.3 0.9 0.9 0.9 0.9
Correl. %% ID loss 3.0 2.0 3.0 1.3 2.0 3.0 10.0 10.0
!!=%% non-cancel. 2.7 1.4 1.6 1.1 1.3 2.7 5.1 5.1
Unfolding 1.0 2.7 2.7 1.0 1.3 1.0 1.0 1.0
ISR luminosity 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4
Sum (cross section) 13.8 8.1 10.2 5.0 6.5 13.9 19.8 52.4

FIG. 41 (color online). The ratio of the corrected and unfolded
mass spectra (data points) for loose over tight 2D-$2 selection in
the central # region fitted in 100 MeV=c2 bins, compared to the
band of independently estimated uncertainties (solid lines). The
MC mass-matrix resolution correction is shown as the dashed
histogram.

PRECISE MEASUREMENT OF THE . . . PHYSICAL REVIEW D 86, 032013 (2012)

032013-39

BaBar の論文での 
系統誤差の一覧 
PRD86 032013	

2トラックが近接している 
場合の選別効率の低下	
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おまけ	
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Further detail is described in BELLE2-NOTE-PH-2018-030.

6

g-2に占める 
各モードの寄与 
 (√s<1.8 GeV)	

p eeàπ+π-π0γ
p ミューオンg-2の計算で 

2番目に大きな不定性を与えるモード 

p ω, φのピークを観測 
(ω, φàπ+π-π0の 
「再発見」) 

p およそシミュレーション 
の予測に一致	

ω	

φ	

πππ不変質量分布	
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まとめ	

p eeàππ断面積はミューオンg-2のハドロン
の寄与を計算するために重要な入力値 

p Belle IIでの精密な測定を行うべくphase2
のデータを用いた解析を行っている 

p ρメソンのピークを観測し, シミュレーション
と同程度の事象数を得た 

p 3D Bhabha vetoを用いることで高いトリ
ガー効率が期待できる	
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