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Abstract: The cross section is measured of e" ¢~ —x 7 in the energy range between 600 and 900
MeV/c* with a 2. 93 fb™! data set taken at the center-of-mass energy 3. 773 GeV at BESIIL. The

initial state radiation technique is used, and the total systematic uncertainty is estimated to be

0.9%. The squared form factor | F,
both KLOE and BaBar.

% is extracted, and comparisons are made with results from

The two-pion contribution to the hadronic vacuum polarization

contribution to (g—2),, is calculated to be a7 (600~900 MeV/c?) =(368. 24+2. 5., +3. 3,,) X

107",
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0 Introduction

The hadronic vacuum polarization (VP) plays
an important role in the precision test of the
Standard Model (SM). One of the cases is the
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theoretical prediction for the anomalous magnetic
moment of muon, a,=(g—2),/2. With dozens of
years’ efforts, the precision on the a, is in the
order of 6X107 ! for both experiment and theory.
The significance of the discrepancy of (28. 748.0)
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X 10" between them is 3. 66", In the following
years, a new experiment at Fermilab is expected to
reach the precision of 0.14 parts per million"*,
which makes the theoretical calculation of a, under
pressure to improve the precision accordingly.

The largest contribution to a, is from quantum
electro-dynamics (QED) including all photonic and
leptonic loops, and the calculation is performed up
to 4-loop level and estimated to 5-loop level. As a
result, the error from QED is negligible. The
weak part includes Z, W* and Higgs loop
contributions, and is suppressed due to the
heaviness of their masses. Until now, it is not
possible to calculate the hadronic contributions
from first principles. Generally, there are three
parts in the hadronic contribution. In terms of
uncertainty, the largest contribution is from the
lowest order (1LO) hadronic VP, to a less extent,
light-by-light

contribution and higher order hadronic VP.

from the hadronic scattering
By using the experimental measurements, the
hadronic VP contribution is obtained via the

dispersion integral™*’,

2 O oo K s
g0 — €O )J TR (D
37-['2 ’lm;r S
where K (s) is the QED kernel®™, and R (s)
denotes the ratio of the bare cross section for e'e”

annihilation into hadrons to the point-like muon-
integrand decreases

Therefore,

pair cross section. The

monotonically with increasing .
precision measurement at low energy is very
important. About 91% of the total contribution to

had, LO
a,

is accumulated at center-of-mass energies s
<(1.8 GeV and the two-pion channel contributes
more than 70% of a0,

Two precision measurements of ¢, have been
done by the KLOE Collaboration in Frascati®",
and the BABAR Collaboration at SLAC™", both
of which claim an accuracy of better than 1% in the
below 1

discrepancy of approximately 3% on the peak of

energy range GeV. However, a
the p(770) resonance is observed. The discrepancy

is even increasing towards higher energies and has

a large impact on the SM prediction of a,.

In this paper, 1 report the two-pion cross
section in the mass range between 600 and 900
MeV/c*. This range includes the important p
peak, which contributes more than 70% to the
two-pion contribution a7 and to about 50% of the
total hadronic vacuum polarization correction of
a,. Besides the 7" 7 channel, perspective on the

study of e" e =z 7" is also included.

1 BESIII experiment

Located at the double-ring Beijing Electron-
Positron Collider, the cylindrical BESIII detector
covers 93% of the full solid angle. As a multi-
functional detector, it is described in detail
elsewhere!'™™. A charged-particle tracking system,
Multilayer Drift Chamber (MDC), is immersed in
a 1 T magnetic field. A time-of-flight ( TOF)
system and an electromagnetic calorimeter (EMC)
surrounding the tracking system are used to
identify charged particles and to measure neutral
particle energies, respectively. Located outside the
EMC, a muon chamber (MUC) is used to detect

muon tracks.

2 Cross section measurement

From the integrand of the dispersion integral,
the most important contribution comes from the
low energy region. We exploit the initial state
radiation (ISR) technique to measure the cross
section with data sample taken at the 3. 773 GeV.
2.1 ISR technique

The emission of the ISR photon is suppressed

a .. L
by —. This is the reason why it is necessary to
T

have large data sample for the application of the
ISR technique. Radiation of a high energy photon

from the initial et or ¢ allows the production of
the hadronic system at an energy point (/s') much
below the nominal machine energy (Vs), which

follows+s'=+/s—2+sE, , where E, is the energy of

the ISR photon. The radiation function, used to
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describe this ISR effect,
Monte Carlo (MC) samples are available for many
channels with PHOKHARA"*', The ISR photons
favor large polar angles, which is beyond the

acceptance of the common symmetrical e e~

is precisely known.

collider. There is only a small fraction of the ISR
photons that falls in the coverage of EMC. In the
final state of an ISR event, there are particles
including the ISR photon and the hadrons., which
should be of course reconstructed to measure the
hadronic cross sections. Then, according to the
angular direction of the ISR photon, different
methods can be used.

If the ISR photon is emitted at small polar
angle, it is possible to detect (tag) it, and the ISR
event can be fully reconstructed together with the
hadronic particles. In this case, a wide mass
spectrum is available from threshold to the
machine energy. The disadvantage is that we
suffer from a large background contribution,
especially in the higher mass range.

Since the majority of the ISR photons favor
the beam direction, the detector loses the power to
find it Cuntag). It is still possible to reconstruct all
the hadronic particles in the ISR events when the
energy of the ISR photon is not extremely high.
With this characteristic, requiring a missing
photon along the beam pipe removes quite an
amount of continuum backgrounds and keeps the
signal almost background free.

2.2 Measurement of ¢" ¢ —> 7' 7

There are only two charged tracks in the

channel under study. As a result, Bhabha events

survive the selections due to a very high cross
section. Information from dE/dx, TOF and EMC
A 4-

constraint (4C) kinematic fit is performed by

is used to veto electrons and positrons.

exploiting the kinematics. Events with yic larger
than 60 are rejected.
2.2.1

In terms of background level,

(£ separation
the most
important one is ¢ ¢ —>yu' x4 . in which the

kinematics is quite similar to the signal. We utilize

a track-based particle identification (PID) ,which is
based on the artificial neural network (ANN)
method, as provided by the TMVA package''.
The following observables are exploited for the
separation: the Zernicke moments''® of the EMC
clusters induced by pion or muon tracks, the ratio
of the energy E of the charged track deposited in
the EMC to its momentum p measured in the
MDC, the ionization energy loss dE/dx in the
MDC, and the depth of a track in the MUC. The
ANN is trained by using MC samples of #7 n~ ¥
and ;" 1~ 7. We choose the implementation of a
Clermont-Ferrand Multilayer Perceptron (CFMlIp)
ANN as the method
background rejection for a given signal efficiency.
The output likelihood yANN is calculated after
training the ANN for the signal pion tracks and

resulting in the best

background muon tracks. The response value
yANN is required to be greater than 0.6 for each
pion candidate in the event selection, yielding a
background rejection of more than 90% and a
signal loss of less than 30%.
2.2.2 QED test

Differences between data and MC are taken to
correct the efficiency at the track level. The
validity of such corrections needs to be proved.

We select p"p 7y events from data and
compare them after efficiency corrections with the
QED prediction, which is scaled to the luminosity
of data. The event selections are quite similar to
that for #7x 7. The only difference is the PID, i.
e. , we are selecting muons instead of pions. Fig. 1
shows the comparison of the di-muon mass
spectrum between data and QED prediction.

The difference between them is (1. 040, 3+
0. 9% from a linear fit as shown below. The
uncertainties of the corrections are taken as the
systematics, which is 0. 9% in total.
2.2.3 Cross section and form factor

With the QED test in the previous section, all
the corrections we made to the efficiency prove to

be reliable.

dividing the two-pion mass spectrum by the global

The cross section is obtained by
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The upper panel presents the event yield found in data and MC.
The inlay shows the zoom for invariant masses
between 600 and 900 MeV/c?.

The lower panel shows the ratio of these two histograms.
Fig. 1 Invariant " ;/ mass spectrum
of data and ;. ;o Yy MC

efficiency and the effective luminosity including
corrections of final state radiation (FSR) and VP.
The black dots in Fig. 2 show the cross section
from 600 to 900 MeV/c%.
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Only the statistical errors are shown.

Fig.2 The baree¢” ¢ — 7" 7w (ypsr) cross section

Another method to obtain the cross section is
to normalize the 7" 7~ 7 events to the 4"y 7
events, since the di-muon cross section is precisely
known. In this approach, part of the systematics is
canceled, for instance, the luminosity, tracking
efficiency, photon efficiency, and so on. As shown

in Fig. 2, the cross section with this normalization

method, represented as blue dots, shows very
good consistency with the black one with a
difference estimated to be (0.85=+1.68)% from a
linear fit. Since the precision of the blue dots is
limited by the statistics of the p p~ ¥ events,
result from the black points is taken as final. The

. is calculated in the same mass range to be a7’
(600~900 MeV/e?) — (368, 242, 5., & 3. 340) X
107, Fig. 3

BESIII and other measurements.

shows the comparison between
Obviously, the
BESIII result tends to confirm KLLOE’s result, but
we need to keep in mind that the deviation with

BaBar is only 1. 76.

IKLOE 08I 368,110.:&2.312.2
————— BaBar 09 376.7+2.0+1.9

KLOE 10 365.3+0.9+2.3+2.2
KLOE 12 366.7+1.2+2.4+0.8

368.2+2.5+3.3

1 1 i | L
360 365 370 375 380 385 390 395
a;"°(600~900 MeV) / 107"

—_— BESIII

The statistical and systematic errors are added quadratically.
The band shows the 1g range of the BESIII result.

Fig. 3 Our calculation'""” of the LO hadronic vacuum
polarization 2 contributions to (¢ — 2), in the energy
range 600~900 MeV/¢* from BESIII and based on the data
from KLOE 08", 10/, 12, and

BaBar™'"J, with the statistical and systematic errors
The form factor is also extracted with formula

| F, |°(s) = 39
mafi ()

with the pion velocity B(s") = /1—4m2/s", the

charged pion mass m,, and the dressed cross

Gdra\scd ( s ) (2)

. ‘g / — — /
section dressed ¢ (5') =g (e" e —>n" 7 ) ()
including vacuum polarization, but corrected for

FSR effects.

experiments, we fit the form factor with the vector

To make a comparison with other
meson dominance model where the Gunaris-
Sakurai parameterization''®’ for the p resonances is
adopted. The fitted result is shown in Fig. 4.

The fit gives y*/nd f=49.1/56, and the fitted
parameters are listed in Tab. 1, all of which are

consistent with the Particle Data Group (PDG)M™
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Only statistical errors are shown. The red line represents the fit
using the Gounaris-Sakurai parametrization.

Fig. 4 The measured squared pion form factor | F, |*

values except the width of p, which shows a 3. 4¢
difference.
Tab. 1 Parameters and statistical errors in the

Gounaris-Sakurai fit of the pion form factor

parameter BESIII value PDGM7]
m,/(MeV « ¢ %) 776.0420. 4 775.260. 25

I,/MeV 151.1£0.7 147.8+0.9
m,/(MeV » ¢ 2) 782.11+0.6 782.65+0.12

I,/MeV fixed to PDGL7! 8.49+0.08

le, /1077 1.7+0.2 —

[ 4, | /rad 0.04+0. 13 —

Comparisons with other measurements are
illustrated in Figs. 5 and 6. Here, the shaded error
band of the fit includes the systematic error only,
while the uncertainties of the data points include
the sum of the statistical and systematic errors.
We observe a very good agreement with the KLOE
08 and KLLOE 12 data sets up to the mass range of
the p—w interference. In the same mass range, the
BaBar and KLLOE 10 data sets show a systematic
shift; however, the deviation is, within 1 to 2
higher

statistical error bars in the case of BESIII are

standard deviations. At masses, the
relatively large, such that a comparison is not
conclusive. There seems to be a good agreement
with the BaBar data, while a large deviation with
all three KLLOE data sets is visible.
indications that the BESIII data and BESIII fit

show some disagreement in the low mass and very

There are

high mass tails as well.

Js'/ GeV
Statistical and systematic uncertainties are included
in the data points. The width of the BESIII band
shows the systematic uncertainty only
Fig. 5 Relative difference of the form factor squared
from KLOE7*/ and the BESIII fit

0.015 1T+ 1T T
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—+— BESIII ]
1 0.005 ¢
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§—0.005 + +
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f
I
001 e

0.60 0.65 0.70 0.75 0.80 0.85 0.90
Js' 1 GeV
Statistical and systematic uncertainties are included
in the data points. The width of the BESIII band
shows the systematic uncertainty only
Fig. 6 Relative difference of the form factor squared
from BaBar'"’! and the BESIII fit

2.3 Perspective of ¢’ ¢ > 7 7°

Many efforts have been made on the study of
e e —x 7 7 process, including both energy
Below 1.0

GeV, w and ¢ dominate the mass spectrum, and

scan experiments and ISR analysis.

the most precise results so far have come from
like CMD2M$%) and

By comparing results from the two,

energy scan experiments,
SND#24
there are still points where the difference between
them is as large as 10%. Above the ¢ resonance,

BaBar measured the cross section until 3.0

GeV?J. The discrepancy with DM2%% is very
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large, around 1. 6 GeV. All these differences need 1 620-1 622.
[ 6 ] ALOISIO A, AMBROSINO F, ANTONELLI A, et

to be clarified with upcoming new results.

At BESIII, we use the 2. 93 fb™! data taken at
the ¢/ peak to perform an ISR study. The wide
mass spectrum is expected to be measured from w
to J/¢ resonance. Compared to BaBar, the
advantage is that we can benefit from both tagged
and untagged methods for different mass ranges.
Above 1.4 GeV, the statistics is

significantly due to the untagged method. As a

increased

result, measurement of branching fraction J/¢—

x n #° with very high precision is feasible.

3 Conclusion

We perform a cross section measurement of
the g"(e" ¢ —>x" 7 (yex)) with an accuracy of
0.9% in the dominant o(770) mass region between
600 and 900 MeV/c?. The two-pion contribution to
the hadronic vacuum polarization part of (g—2),, is
determined to be a7 (600 ~ 900 MeV/c*) =
(368.2 £ 2.5, = 3.34,) X 1071,

factor is extracted with vacuum polarization. It is

The pion form

found to be closer to KLOE’s result, while the
deviation with BaBar is less than 25. By exploiting
the ISR technique, study on other channels is

ongoing.
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