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The “International Workshop on e ¢ collisions from ¢ to ¢” (PHIPSI15), was held at University of
Science and Technology of China (USTC), Hefei, China, from Wednesday, September 23 to Saturday,
September 26, 2015. This is the 10th workshop in a series, which started in Karlsruhe in 1996 and contin-
ued in Novosibirsk (1999), SLAC (2001), Pisa (2003), Novosibirsk (2006), Frascati (2008), Beijing
(2009) , Novosibirsk (2011) and Rome (2013), carrying now the name “from ¢ to ¢” first used at the No-
vosibirsk workshop in 1999. The aim of the workshop is to discuss in detail the state of art of various
problems in hadronic physics at low energy e e colliders and the potential of existing and future facilities.

The subjects of the Workshop include: (1) R measurements; (2) Radiative corrections; (3) Form
Factors and OZI rule violation; (4) Spectroscopy (Light and Heavy); (5) muon g—2, experimental meas-
urements and theoretical calculations; (6) Flavor physics; (7) Proton radius puzzle; (8) Gamma-gamma
physics; (9) Tau lepton physics; (10) Machines and detectors.

We thank all the participants and the international advisory committee for making a very successful
Workshop.

The Workshop was sponsored by the Chinese Center for Advanced Science and Technology (CCA-
ST), the National Natural Science Foundation of China (NSFC), the Ministry of Science and Technology
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Abstract; The CMD-3 detector has been taking data since December 2010 at the VEPP-2000
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0 Introduction

The electron-positron collider VEPP-2000-"
has been operating at Budker Institute of Nuclear
The collider is

designed to provide luminosity up to 10** cm 2 -«

Physics since December 2010.

s ! at the maximum center-of-mass energy s = 2

GeV. Two detectors, CMD-3* and SND"/, are
installed in the two interaction regions. The CMD-
3 detector has high detection efficiency, good
energy and angular resolutions for charged
particles as well as for photons. The integrated
luminosity collected by each detector is about
60 pb'.

The precision data on the hadronic cross
sections are required, in particular, to evaluate the

anomalous magnetic moment (AMM) of muon, a,

=(g—2),/2. The VEPP-2000 energy range gives
the major hadronic contribution to AMM, both to
the hadronic vacuum polarization itself (~92%)
and to its uncertainty"*),

The precision of luminosity measurement is a
key ingredient in many experiments which study
the hadronic cross sections at e e~ colliders. It is
very important to have several well-known QED
processes such as e" e —>e"e .y u 4 yy in order
to perform cross checks and control the systematic
uncertainty in luminosity determination. The
CLEO collaboration was the first one to show in
practice how a combined analysis of the processes
e"e —e"e .y and yy helped to achieve a 1%
accuracy for the luminosity™. The preliminary
results on the luminosity determination and

analysis of various hadronic cross sections for many
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processes are presented.

1 CMD-3 detector

Cryogenic Magnetic Detector is a general-
purpose detector shown in Fig. 1. Coordinates,
angles and momenta of charged particles are
measured by the cylindrical drift chamber (DC)
which has a hexagonal cell. The coordinate
resolution in the r-¢ plane is ~ 120n. The
coordinate along the beam axis is measured by
charge division technique with resolution ~2 mm.
The momentum resolution goes like ¢,/pa=1% ~

5%. The double

proportional Z-chamber is mounted directly behind

cylindrical multiwire layer
DC and provides z-coordinate determination of the
track by measuring the analogous information from
cathode strips with an accuracy of ~0.5 mm. The
signals coming from anode sectors are used for the

first level trigger and have time jitter ~5 ns.

9 S5 3 6 7 8 1 2 4

. ‘ !

T
i
/W

/ A
4 §
%A %

0 0.5m I m
| | ]

1 - beam pipe, 2 - drift chamber, 3 - BGO, calorimeter,
4 = Z-chamber, 5 - SC solenoid, 6 — LXe calorimeter,
7 - TOF system, 8 — CslI electromagnetic calorimeter,

9 - yoke, not shown the outer muon range system.

Fig.1 CMD-3 detector

The calorimeter of the detector consists of

three parts. The endcap BGO calorimeter consists

of 640 crystals with a thickness 13. 4 X, (radiation
lengths). The barrel part is placed out-side of the
0. 08 X, thin superconducting solenoid with 1.3 T
magnetic field. The barrel calorimeter consists of
two subsystems. The first one is based on Liquid
Xenon calorimeter (5.4 X,), the second one on the
Csl crystals with a thickness 8.1 X, (1152
crystals) which are arranged in 8 octants. The L.Xe
calorimeter has a tower structure (264 channels)
and seven cylindrical double layers with strip
readout (1 286 channels). The strip information
allows one to measure coordinates of the photon
conversion point with precision of 1~2 mm. The
energy resolution of the barrel calorimeter was
measured using Bhabha events and was found to
be: op/E~4%~8%.

The muon range system is mounted outside of
the magnetic yoke and consists of 36 scintillation
counters in the barrel part and 8 counters at the
endcap. This system serves as the cosmic veto and

has time resolution ~1 ns.

2 Energy scan and luminosity

measurement

The energy range from 1 to 2 GeV was
scanned twice up and down with the step of 50
MeV in 2011 and in 2012. At each energy point the
integrated luminosity ~ 500 nb™' was collected.
The energy points during scan down (only in 2011)
were shifted by 25 MeV with respect to the scan
up. The

measuring the momenta of Bhabha events with

beam energy was determined by
accuracy of 1 ~ 3 MeV as well as using the
Compton backscattering technique for several
energy points near 2 GeV with accuracy ~ 50
ke V',
“CHARGED” and “NEUTRAL” were used while

data taking. A special topological combination of

Two types of the first level triggers

signals from DC cells and Z-chamber, which

roughly reproduce * track”, start a special

processor “ TRACKFINDER ” ¢ TF ).
“CLUSTERFINDER” (CF) was started by signals

coming from calorimeters. A positive decision of
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any trigger generates a command for the data
acquisition system. The average trigger counting
rate was about 200~400 Hz while data taking.
The collected integrated luminosity is ~ 60
pb~' with about 34.5 pb~' above the ¢ energy
range, 8.3 and 8.4 pb ! at the w and ¢ resonances,
respectively, and 9.4 pb™! at low energies. The

—9 _
cmo - e S1 was

peak luminosity ~ 2 X 10%
reached and is currently limited by a positron
injection rate. An upgrade of the injection facility
will the gain of luminosity by a factor of ten is
expected.

The sample of collinear Bhabha events e™ e
were selected for luminosity determination as well

of process eTe —yy as an

as the events
independent tool for cross check. The relative
difference of the luminosities determined with two
processes versus energy is presented in Fig. 2,
where only statistical errors are shown (scan
2012)M,
and in average is about (0.240.3)%. The main

sources which contribute to systematic error are:

The horizontal line is a fit for this ratio

interaction with material of the vacuum chamber
wall about 0.2% ~0.4%; the contribution due to
the different angular resolution for Bhabha events
and yy is estimated as ~0. 8% a correction which
takes into account inclination of the beam axis with
respect to the detector ~0. 4%, z-scale calibration
accuracy of the DC wires contributes about 0. 3%.

Presently we estimate the systematic accuracy as
~1% for energies higher than 1 GeV.

—
L UL UL

(1-L,, /L) / %

-2

Trrrr T

ol o Vo o by by o by by by
600 650 700 750 800 850 900 950 1000
Ebeam / MeV
Fig. 2 The ratio of the relative difference of the luminosities

vs beam energy (scan 2012)

3 Pion form factor measurement

One of CMD-3

experiment is to reduce a systematic uncertainty of

the main goals of the

the cross section of two-pion production to the
than 0.5%. 1In this case the

uncertainty of the hadronic contribution to the

level smaller

AMM value, coming from this channel, will be
0.3~0.4 ppm. The =" = events are separated
either using the particle momenta or the energy
deposition in the calorimeter. Two independent
ways of event separation provide cross-check and
allow to keep the systematic error under control.
Several features of the detector allow to reach
the necessary level of systematic error. The
fiducial volume is determined independently with
the I.Xe calorimeter and the Z-chamber. The beam
energy is measured with precision of gz <50 keV
using Compton backscattering of the laser light.
The radiative corrections are calculated according
to Ref. [ 8] with the accuracy better than 0. 2%.
The first energy scan below 1 GeV was

9. The collected statistics is a

performed in 2013t
few times higher than that in the previous CMD-2
measurements and it is at the level of ISR statistics
collected by the BaBar and KILLOE.

Preliminary results for the cross sections

shown in
+

ole" e —>x" 7 ) measurements are

Fig. 3. The cross section of the process e e —

50g

seuenvnss? : s : ;
04 05 06 07 08 09 1.0
Js / GeV

(=)
o [TTTT

0.

Squares-particle separation with momenta, points-particle
separation with energy deposition in calorimeter
Fig.3 Preliminary results of the pion

form factor measurement
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¢ was measured too. The results of the
measurement are plotted in Fig. 4 with respect to
the QED prediction and provide an important
overall systematic test of the measurement. The
horizontal line is a fit for the double ratio
(630 /o 3") /(657 /6dP)  which was found to be

(99.5+0.5) %.

1.10 ¥ /ndf 16.78/16
Prob 0.4003
1.08 poO ¢ 0.9961+0.004429

D
TTTTTT[TIT[TTT]TTT

—o—

fea.

TTTJTTT[TTT[TTT]TT

ol b b by b by Ty Ly

0.
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Js / GeV

Fig. 4 Result of the measurement of muon pair production

in comparison with the QED prediction

4 Study of the processese” ¢ — KsK |

ande” e > K" K

The most precise previous study of the process
has been performed by the CMD-2'"") and BaBar
detectors. In this paper we present new
measurement of the e" ¢ KK and ¢ ¢ K
K" cross sections. It is known the CMD-2 and
BaBar results in the ¢-peak region disagree at the
level 5%, so new measurements are required. The
e e >KIK? and e e > K" K cross sections
were measured in the c. m. energy range 1. 004 ~
1. 060 GeV at 25 energy points. The detection of
the neutral mode is based on the search for two
tracks with a common vertex in DC from the K%—
n" 7 decay. Each track has momentum, that
corresponds to the kinematically allowed region
and has ionization losses of relativistic pions. The
number of events is determined by the fit of the
two-pion  invariant mass distribution  with
negligible background.

The detection of the charged mode is based on

the search of two central collinear tracks of kaons

with momentum known from DC. Each track has
ionization losses significantly larger than m. i. p.
due to relatively small velocity of kaons under
study. After these requirements the level of
remaining background is less than 0.5%. The
detection efficiency of each kaon was determined
with data as well as with MC simulation and
delivers a deviation less than 1. 5%.

The obtained cross sections for neutral and
charged mode together with the fit are presented in
Fig.5 and Fig. 6,

systematic accuracy for these cross sections is

respectively. Currently the

estimated as 2% and 3%, respectively.

1400
—=— CMD-3
1200 —— CMD-3 Fit
—— onrX10, nb
1000 —=— CMD-2

oS IR T (S S S SRR |

1010 1020 1030 1040 1050 1060
Ec.m. / MeV

CMD-2, CMD-3 and BaBar data are presented.
The black smooth curve (vertical scale increased
by ten times) represents interference of the ¢
amplitude with w,p and their excitations.
Fig. 5 The cross section of the process ¢ ¢ — K; K

around the ¢-meson energy region

500

C —— CMD-3

2000 —— CMD-3 Fit

C — O'NRXIO, nb

L —=— BaBar

) 1500 :—
< C
71000 -
I

..I...fl....l....l....l....l

1010 1020 1030 1040 1050 1060
Ec.m. / MeV

CMD-2, CMD-3 and BaBar data are presented.
Black smooth curve (vertical scale increased by ten times) represents
interference of the ¢ amplitude with w,p and their excitations.
Fig. 6 The cross section of the processe¢” ¢ — K™ K~

around the ¢-meson energy region
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The measured cross section is approximated
according to Vector Meson Dominance model as a
sum of the ¢, w, p - like amplitudes and their
excitations. The neutral and charged channels
were approximated simultaneously, as a result the
following values of the ¢ meson parameters have
been obtained: m,=(1 019. 464 0. 060) MeV/c*,

B¢»K7K7

I, = (4.240 £ 0.017) MeV, =1.573 +

#KgK]
0.06 and their accuracy is comparable or better
than obtained in previous experiments. We plan to
study these processes up to E.,, =2 000 MeV,

available with the VEPP-2000 collider.
5 Study of the processe” ¢ - K" K 7’

To select events under study the following
requirements were applied: two central tracks in
DC with two or more photons in the calorimeter.
For each pair of photons the kinematics
reconstruction was done under assumption that
these photons are the product of the z° decay. If
kinematics of these four particles satisfy energy-
momentum conservation and ionization losses in
DC correspond to kaons, the combination with the
smallest y” is chosen.

The main physical background comes from the
processes e ¢ —>x 1 7’ and e e —x 1 2’72
which are significantly suppressed by using dE/dx
information. The events of the processes e" ¢ —
K"K 2r" and e” ¢ —>K" K™ 7 are rejected by the
kinematics cuts.

determined with MC

radiative corrections.

The detection efficiency was
simulation, including
Preliminary results of the
cross section measurement are shown in Fig.7

along with BaBar data'),
6 Study of the processe” ¢ > K" K™ 7

The e"e” K" K™ 5 process has been studied
earlier by the BaBar in the c. m. energy range from
1.56 to 3.48 GeV in the y—>2y decay channel"*),
and in the energy range from 1.56 to 2. 64 GeV
when 7 decay to x" 7~ 7°""). Tt was found that the

main intermediate mechanism is e e~ —>4(1680)—>

o/ nb

0.2

jh £ SR i”*ﬁ;ﬁqﬁﬁ{;}{ili

W gl

0.4F

IIIIIIIIILAIIIAAAIIIAAIIIIIIIIIIIII

14 15 16 1.7 18 19 20
EC.I“.S. / Gev

Black squares | this analysis, red dots — BaBar data.
Only statistical errors are shown.

Fig. 7 Preliminary results for¢” ¢ — K" K 7 cross section

$(1020) 5, but the statistics was not enough to

study the dynamics of the non-¢(1020)y
contribution.

The analysis of the e” ¢~ =K K~ process is
based on an integrated luminosity of 22 pb!
collected in 2011~2012 at 30 c. m. energy points
in the range from 1.59 up to 2.0 GeV. The 5
meson was treated as a recoil particle, and all the
modes of 7 decay were used. To select events
under study some cuts were applied; kaons are the
product of the $(1020) decay, two collinear tracks
should be in DC with ionization losses dE/dx
which correspond to kaons. The latter condition

allows  significantly  rejects  the  physical
background.

The distributions in AE (defined below) of
simulated signal and background events are fitted
at every point of energy:

AE =
Exs +Ex + V(= pxt — px )" +m; — 2E .

For the signal events the fitting function is a sum

of three Gaussian functions with the different mean
values and widths. The simulated background
events are fitted by a second-degree polynomial.
The functions found are used to fit the distribution
of experimental events in AE to determine the
number of signal events and was found to be
=1 4544 48. The preliminary results of

the cross section of e" ¢~ —¢(1020) 5 process are

Nslgnal total

shown in Fig. 8 along with BaBar data.
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CMD-3 results, based on the data collected in 2011 (circular
markers) and in 2012 (squared markers) ; BaBar results,
measured in 7~>2y mode (triangle markers).

Fig. 8 The cross section of ¢” ¢ — $(1020) 7 process

7 Study of the processes ¢' ¢ — 7y

This process with 3y in the final state is under
study in the whole VEPP-2000 energy range from
400 MeV up to 2 GeV. To select signal events, the
following criteria are applied: three or more
photons in the calorimeter and no tracks in DC.

These should

momentum conservation and the

three particles satisfy energy-
kinematic
reconstruction was performed for them. The
combination with the smallest * is used to choose
the best group with more than three photons. The
number of signal events is determined from a fit of
the two-photon invariant mass spectrum. The
QED process of e” e annihilation to three photons
is the main background and is rejected significantly
by kinematics cuts.

The total cross section is calculated according
to the formula
o(e” e > Py) = N/[Lenvew (1 + 8.) B(P —27) .
where P stands for z” or », N is the number of
signal events, L is the integrated luminosity, .4 is
the radiation correction, e4 1s the detection
efficiency from Monte Carlo simulation, B(P—>2y)
is the branching ratio, and exr is a neutral trigger
+ o et

efficiency studied with an e e Y process.

The preliminary results of the cross section
measurement in the energy range around the ¢
meson are presented in Fig. 9 with the CMD-2

datat'®,

60 E ee— ny + -#- This study
- Bl
50 3 — CMD-22004
: :
£ q0f ; \;
gt ‘3(\'&(
2 30F . (Ql\ i
g e\\ 1 i
T QLT
C i
C L]
101
- ]
B [
T 1 I 11 1 | I 11 1 | l 11 1 1 I 11 1 | I 1 lhl 1 l
1005 1010 1015 1020 1025 1030

Js /' Mev

this analysis, only statistical errors are shown;

CMD-2

Black squares
red dots

Fig.9 ¢ ¢ — 7y cross section

8 Study of the processe” ¢ —> 7' 7 7’

The analysis of the process with three pions
n 7 7 in the final state was performed using 23
pb™! of data collected in the energy range 1.05~
1.8 GeV. Events with two reconstructed tracks
and at least two detected photons in the barrel
calorimeter were selected and then underwent a
kinematic  reconstruction based on energy-
momentum conservation. The combination of two
photons which provides the best »° value is
selected for a further analysis. Additional cuts on
tracks including their recoil mass, momentum,
energy losses dE/dx in DC and collinearity are
used to suppress the physical background mainly

te —>x 1 2°x". The

coming from the process e
number of 37 events is obtained by a fit to the two-
photon invariant mass distribution using a sum of
The total

number of selected 37 events was found to be

the signal and background functions.

6 269. The same procedure has been applied to the
of Monte-Carlo
simulated with a primary generator using the

GEANT4 package and then reconstructed with the

sample events which were

same software as with the experimental data. The
preliminary results for the Born cross section are

shown in Fig. 10 in comparison with the BaBar and
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Fig. 10 Born cross section of ¢” ¢ — 7~ 7 7° ['718

9  Study of the process ¢ e —

K"K 7'«
The cross section measurement of the process
e e >K" K x" x is based on the integrated
luminosity of 22 pb™' in the c. m. energy range
from 1.5 to 2. 0 GeV and this process was studied

before by the BaBar via ISRM,

direct measurements are very important, since

Nevertheless, the

some contributions to a, are based on isospin
relations of various K K nr final states. Any
uncertainty of this approach will be crucial for a,
accuracy.

The signal events should have three or four
tracks in DC coming from the interaction region
and obey the energy-momentum conservation.
Two tracks corresponding to kaons should have the
large ionization losses dE/dx in DC and this
information was input to a likelihood function
Fig. 11

shows a scatter plot of the difference between the

constructed for further K/7m separation.

measured total energy and c. m. energy AE,=FE\,
—FE. .. vs the total momentum for all events with

T n events is

four tracks. The cluster of #" n =
located near the origin of coordinates. The cluster
of signal events with a zero total momentum is
shifted down along the vertical axis.

A similar procedure was used to select signal
events with three tracks in DC. For these events
energy deficit should correlate with the total
(missing ) momentum. For such events, the

energy of a missing particle is calculated and added

-200 |

—400

AE4,/ MeV

—600 &

-800

M|

. IR T RS RPN
10 200 300 400 500 600
P/ MeV-c™)

+ +

The upper cluster of dots represents 7" 7~ 7" 7

while the lower one - K" K~z x~ events.
Fig. 11 Scatter plot of the difference between the total
energy and c. m. energy (AE;) versus the total

momentum for four-track events

to the energy of three detected particles. The
difference between the obtained energy AFE;.; and
c. m. energy is shown in Fig. 12. The signal events
are clearly seen. To obtain the number of
K"K 7"x events the histogram was fitted with
a sum of two Gaussian distributions for a signal
peak and a quadratic polynomial for background.
As a result, 13300 four-track events and 16000
three-track events were selected. To obtain a
detection efficiency, the K" K~ 7" x  events were
simulated with a primary generator using the
GEANT4 package and then reconstructed with the

same software as with the experimental data.

40
35

entries / MeV

DN W

S G S
IIII|IIII|IIII|IIII|IIIIIIIIIlII

—_—
(=

W

-150 -100 =50 0 50 100 150
AE3+1/MCV

Upper smooth line - histogram fit, dotted line - background fit,
lower smooth curve - fit simulated signal events.
Fig. 12 The histogram of the difference between the
calculated total energy with energy of fourth

particle AE;+; and c. m. energy
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Production mechanisms with the K™K~ p, K1
(1270; 1400) K> K" zK, ¢x n and K' K"
intermediate states are required to correctly
describe angular and invariant mass distributions of
to determine the

the experimental data and

detection efficiency which was found to be about
50%~60%.

The cross section as a function of energy,
shown in Fig. 13, are in good agreement with the
previous BaBar measurement'') presented by open
circles. Systematic error is under study and
currently is estimated as 6%. The main systematic
uncertainty is due to the theoretical model,
describing intermediate states and affecting the

detection efficiency.

5 —

C g;;.*

C ¢
24 & ;‘ﬁ?ﬁ_&“*
o o e
e 3 r ] ~H
« F
il +
v [ ¥
+N : '&

Sip %
- 4
22 ot IR B RN R BTSN SR R
1500 1600 1700 1800 1900 2000
E..../MeV

Dots-CMD-3., open circles-BaBar results
Fig. 13 Measurement of the¢™ ¢ -~ K™ K "

cross section

10 Production of six pions

Production of six pions in e e~ annihilation

was studied at DM22%?) and BaBar'*). The DM2
experiment observed a “dip” in the cross section of
the process 3 (x" 7 ) near 1.9 GeV, confirmed
later by the BaBar. The origin of the “dip” remains
unclear, but the most popular explanation is
related to opening pp and nn channels as discussed
in many theoretical papers-*.

The analysis is based on 22 pb™! of integrated
luminosity collected in the c¢. m. energy range from
1.5 to 2 GeV. Candidates for the process under
study are required to have five or six tracks in DC,

For six- or five-track candidates the total energy

and total momentum are calculated, assuming all

tracks to be pions:

EN

5,6 5,

ml*EvP,JFmst\: I;‘

i=

Fig. 14 shows a scatter plot of the difference

between the total energy and c. m. energy AE; =
Eo — Ecn
candidates. A clear signal of six-pion events is seen
“tail” which

initial

versus momentum for six-track
as a cluster of dots near zero and

corresponds to events when electrons
(positrons) radiate photons. The events with total
momentum less than 150 MeV/c¢ and with the
difference AE;, — 200 < AE; < 100 MeV, are
required to determine the number of six-pion
events. To estimate the background MC simulation
of the major processes 2(x 7 #°) and 2(x" 7 )x’
was performed and was found to be smaller
than 1%.

To determine the number of events with one
missing particle, a sample with five selected tracks
These

correlated with the total (missing) momentum.

is used. events have energy deficit
The energy of a missing particle is calculated and
added to the energy of five detected pions. The
difference of the obtained energy and c. m. energy
AE;s+, is shown in the left part of the same graph
by points together with the simulated background
coming mainly from the processes e e —
2(r 7w 7") and e" e >2(x" 1 )z’ and shown by a
solid line.

The polynomial fit parameters vary for the

and MC

distributions as well as different cuts that lead to a

experimental simulated background
~3% uncertainty in the number of signal events.
A more detailed analysis can be found in Ref. [ 25].
We have studied intermediate states in the final
state with six charged pions and came to the
following conclusion: the dynamics production

changes versus energy and this phenomenon
demands a further investigation. High statistics,
which will be obtained at VEPP-2000, will allow
to study dynamics with much better accuracy and

reduce the models systematics. Calculation results
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Black points-CMD-3, open circles-BaBar data

Fig. 15 Measurement of the ¢" ¢ — 3(x" 7 ) cross section

To measure the cross section of the process
e e —=>2(x 7). a sample of events with four
charged and two neutral pions was selected. To
select neutral pions, the spectrum of invariant
mass of all two-photon combinations was studied
inside the energy gap from 60 MeV/c* to 200
MeV/c? and a combination with the nearest to the
pion mass is chosen.

The number of signal events at each energy

corrections and detection efficiency. The results

for the cross section are presented in Fig. 16. The

77 7")/nb
(3] w B W (@)} ~ )

ofe'e —2(

1300 1400 1500 1600 1700 1800 1900 2000 2100

E.n / MeV
Black points-CMD-3, open circles-BaBar data

Fig. 16 Measurement of thee” ¢ — 2(x" 7 =) cross section
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analysis of the data is going on now.

11 Cross section measurement of the

ete—>ng 1 ande ¢ > T

processes

1.1 e e — 77r+ T o>y

The candidates for events under study with
two tracks in DC and two or more photons were
selected. A combination of two photons with the
best y” is chosen and events of yyx"x~ undergo a
kinematic fit. To calculate the number of the pr"
n events the invariant mass distribution is fitted
and shown in Fig. 17, at the energy point
1 500 MeV.

140

120
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y

40FH '+W =
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s
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e

800
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M,/ (MeV-c?)

Fig. 17 The fit of two-photon invariant mass
at the energy point of 1 500 MeV shown

with a linear fit for the background

The preliminary results for the cross section
of the e efﬂm-+ 7w process are plotted in Fig. 18
with SND resultst'*'™. The systematic uncertainty
for this process is about 5.2% and mainly due to

the detection efficiency, which depends on the

5 ¢ BaBar

+ CMD-3
=== fir, model 1
= fir, model 2
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T[T I T T[T T T[T T TTTT]
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Js /Gev

The results are presented together with BaBar data.

Fig. 18 Thee™ ¢ — 771'+ 7 Born cross section

measured in the » — yy channel

theoretical ~model  describing the  angular
distribution of the final particles and is calculated
using Monte Carlo simulation. Two different fits
of the e" ¢ —pr' x Born cross section under the
VDM model are presented too with/without
p(1700). At the current statistics it is not possible
to make a conclusion about presence of the
o(1700).

11.2 e+e—>77'r+7r—>n'+7r O 7. e e —

f f f

wt'w > o ownt T

The form of the =" 7 #° invariant mass
distribution for the e ¢~ —>x" 7 ' 7 x° process
has been determined with Monte Carlo simulation
and was used to determine the numbers of the
signal events under study. The preliminary results
for the Born cross sections of the e e” 97771‘ T

+

and e"¢ —wr w processes are shown in Figs. 19

and 20.
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The results are presented together with BaBar data.
Fig. 19 Thee' ¢ — g« Born cross sections

measured when 7 decay into three pions 7" 7 7
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The results are presented together with BaBar data.
Fig.20 Thee' ¢ — wr' 7 Born cross sections

measured when o decays into three pions 7™ 7 7°

The current systematic uncertainty for these

channels is estimated as 15%.
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12 Study of the process w — 7'e¢’ ¢

This process was studied earlier with the
CMD-2 detectort®*.,

on an integrated luminosity of 10 pb ™! collected in

The current analysis is based

the center-of-mass energy range 760 = 840 MeV.
The w decay to n’¢™ e~ has been studied using the
7’ dominant decay mode: #° — yy. The main
background for this process comes from the decay
wtox 7 n° and to ©°y followed by the Dalitz

% or ¥ conversion in the material in

decay of the «
front of the drift chamber and QED processes. To
select signal events under study, different cuts
were applied. In particular, to suppress events
from decay w—n" n~ #n° the following parameters
were used: an opening angle between tracks should
be A¢<C1 rad, the spectra of the recoil mass of
photon pairs and some features of the kinematic
decay. The separation method for z’¢" ¢~ and z"y
(with y conversion on the material in front of DC)
is based on the information about momentum of the
track and vertex position which uses a neural
network. The efficiency of suppression is: for 7’y
~84Y%, while we lose ~2% of signal events.

The detection efficiency e+~ = 22% was
determined using MC simulation based on the
GEANT4 package. The number of signal events
has been obtained from a fit of the yy invariant

These

values were used to determine the visible cross

mass distribution at each energy point.

section shown in Fig. 21.

The total number of selected w — #'e’ e~
events is 1228, The current value of B (@ —
e’ e )=1(7.15+0.38) X10~*, where the trigger
efficiency, efficiency of reconstruction of close
tracks and the contributions come from w—>n" 7
s w—> 'y were not taken into account. The

analysis is still in progress.

13 Conclusion

VEPP-2000 successfully operates with a goal
to get ~1 fb™! in 5~ 10 years and provide new

precise results on the hadron production. The

14 === : : Rt e
r o ' : 1 sigma 1.196:0.061
o : : : M 782.552+0.197

L AN T 7 [Full width 7.743+0.921]]
oo i : ; const 0.094=0.047

1.0 _—"‘E """" 5 -

08f--ionrfi ;

Al ;L

04 F-plord ;

02 ;L

N R U DU DUUI S I
775 780 785 790 795 800

Js / GeV

Fig. 21 The visible cross section for the process o — 7’¢" ¢~

current integrated luminosity was measured using
two well-known QED processes e Te L vy
Two types of the first level triggers “CHARGED”
and “ NEUTRAL”

information that allowed to determine the detection

e —>e

delivered the independent

efficiencies and to estimate their uncertainties,
Data analysis is in progress, the already collected
data sample delivers the same or better statistical
precision for the hadronic cross sections than in

previous experiments,
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0 Introduction

The VEPP-2000 ¢" ¢ collider' ( Fig.1)
operates in the center-of-mass (c. m.) energy
range from 0.3 to 2.0 GeV. Experiments at
VEPP-2000 were carried out in 2010~2013. The
maximal luminosity achieved during these
experiments was 2 X 10" em™? ¢ s '. The
luminosity was limited by deficit of positrons.
VEPP-2000
upgraded. This upgrade is expected to provide an
increase of VEPP-2000 luminosity at 2 GeV up to

10> em % « s ! and should result in a more stable

Currently the complex is being

operation of the accelerator complex.

ILU

Linac

B-3M
250 MeV
synchro-
betatron

e, e
booster
825 MeV

- +
e e
converter

Fig. 1 The layout of the VEPP-2000 ¢ ¢ collider

The Spherical Neutral Detector ( SND )P
(Fig. 2) is the universal nonmagnetic detector,
which consists of a nine-layer drift chamber, an
aerogel Cherenkov counter, a three-layer spherical
electromagnetic calorimeter with 1640 Nal (T1)
crystals, and a muon system. During 2010~2013 a
data sample with an integrated luminosity of about
69 pb ! was recorded with the SND detector in the
energy range from 0.32 to 2.00 GeV. Data
accumulated in the energy region above the ¢-

meson resonance correspond to an integrated

B P I I R
0 20 40 60 80 100 cm

1 - beam pipe, 2 — tracking system, 3 — aerogel Cherenkov counters,
4 = Nal(TD crystals, 5 phototriodes, 6 —iron muon absorber,
7~9 —muon detector, 10— focusing superconducting solenoids.

Fig.2 The SND detector

luminosity of 45 pb™'.

The physical program for VEPP-2000 includes
precise measurements of all major channels of et e
annihilation to hadrons from threshold up to 2
GeV. The main goal of these measurements is to
improve the accuracy of R=g¢(e" ¢~ —hadrons)/
ole"e —u" 1), which is used for calculating the
muon anomaly (g — 2), and the fine structure
constant at Z-mass a,, (s=M%). Other items of the
program are: study of the production, dynamics

and decays of the excited vector states p'»0 o s »

and </>/, the comparison of the isovector cross
sections with the corresponding spectral functions
in ¢ decays, study of the nucleon pair production

near threshold and some others.

1 Multihadron processes

1. 1 e+ e — 7T+ T 7'('() [4]
The et e —>x" x n” cross section measured by
SND is shown in Fig. 3 in comparison with data of

previous experiments. This is the most precise
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measurement in the energy range 1.05 ~ 2.00
GeV. For energies below 1.8 GeV the cross
section data are well described by the VMD model
with the contributions of w, ¢, w (1420) and
Above 1.8 GeV, an extra
resonance or a non-resonant contribution needs to

be added to

w(1650) resonances.

describe section

cross energy
dependence.
e
Y
N SND(2003)
: SND(2011)
6F
|5FE
6 4F
2
-y
IE+T i : :
2 A R

0 1 1
1000 1200 1400 1600 1800 2000
Js / GeV

Fig. 3 The cross section fore" ¢ —> " 7 7’
obtained by SND at VEPP-2000 in comparison
with the previous SND*) and BABAR' data

1.2 ¢ e—>nxrx Ui 7

It is wusually assumed that the dominant
mechanism for this reaction is the transition via the
p(770) n intermediate state. The measured 7" 7~
invariant mass spectrum is shown in Fig. 4. It can
be seen that it differs from the spectrum calculated
under the o (770) 5 assumption. The observed
deviation may be a result of a contribution of other
intermediate state, e. g. p(1450)7.

Thee'e —x'n 7 cross section measured by
SND at VEPP-2000 in comparison with previous
measurements is shown in Fig. 5. The fit to the
cross section data was performed for two models:
@ a sum of the p(770), p(1450) and p (1700)
resonance contributions and @ a sum of the p(770)
and p (1450) contributions. The value of the
p(1700) amplitude obtained in the first model
deviates from zero by 2. So, we cannot come to a
definite conclusion that the p(1700) contribution is
needed for data description.

+

Using our data on the e e~ —yr w Cross

300; o '+‘

T

393
(=3
(=]

100

L L
' RS T

events / (25MeV-¢?)

300 400 500 600 700 800 900 1000

M/ (MeV-c?)

The histogram is the simulated spectrum for the oy mechanism.

Fig.4 Ther 7 invariant mass spectrum for

¢" ¢ >z & 7data events (points with error bars)

= BABAR

g | » SND@VEPP2M
14500 | « SND@VEPP2000

op/ nb

1.2 1.4 1.6 1.8 2.0
Js /1 GeV

The solid curve is the result of the fit with p, p(1450)
and p(1700) contributions. The dashed line is the result
of the fit with p and p(1450) contributions.

Fig.5 Thee" ¢ — ' 7 7 cross section obtained
by SND at VEPP-2000 in comparison with the previous
SND™! and BABAR"" measurements

section under the CVC hypothesis, the branching
fraction of the decay t—=>nyr n’v. is calculated to be
(0.156 +0.011)%. This value is in reasonable
agreement with the PDG™* value B(z—>yr x'v,) =
(0.139+0.01) %.
1.3 ¢ ¢ —>K K 7

This process is studied in the y—yy decay
mode. The measured cross section in comparison
with BABAR data is shown in Fig. 6. The fit to

the cross section data is performed in the
the main mechanism of this

reaction is €+67"¢(1680)4’¢(1020)7} The result

hypothesis that
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of the fit is in agreement with the data.

= BABAR

e SND
— SND FIT

T

T ]

.| | I

1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.00
Js / GeV

The solid curve is the result of the fit described in the text.
Fig.6 Thee ¢ — K" K ycross section obtained by SND

in comparison with the BABAR measurement-'")

1.4 ¢ e —>xn 71077

This  process runs through  different
intermediate states. The contributions of the wy
and ¢y intermediate states are clearly seen in the
spectrum of the 7" 7~ #° invariant mass shown in
Fig. 7. The contribution of ap intermediate state is
seen in the yr invariant mass spectrum shown in

Fig. 8. There is also a non-resonant contribution.

i Ny 219.5+29.3

100 — Ny, 77.69+29.67
L N, 233+73.4
Nipig 121.9+80.6

events / 0.025

Ec.n=1.744 GeV

1 1 | 1 1 | L L Il

0.8 1.0 12
M/ GeV

Fig.7 Thex 7 #° invariant mass spectrum

for¢” ¢ —x" x x’7data events

(points with error bars) at E., =1. 794 GeV

+

The measured e ¢ > 7 #° 7 CTOSS section 1s

shown in Fig. 9. This is the first measurement of

[ T T I T T T I T T T l T T T I ]
60 Ec.m,=1.944 GeV ]
I —ep
—h

i omega |

L — phi 4
40— — arho —
I — nres .

20 — —
I { ' |

0 : ‘ ’ T | T
TR N N TR TR TR NN SRR SR SN NN SO M N

0.8 1.0 1.2 1.4

Mdn/ GeV
Fig. 8 The 5r invariant mass spectrum for

et ¢ > x" x n'ydata events (points

with error bars) at E.,=1. 944 GeV

the cross section. We suppose that the dominant
contributions to the e” e =z & x’y cross section
comes from the ¢(1680) and w(1650) resonances.
The cross section for the wy component is shown in
Fig. 10 in comparison with BABAR data. The fit

section data takes into account
and w(1420)
resonances. The sharp decrease of the cross section
to zero above E., > 1.8 GeV is explained by

destructive interference of the two resonance

to Cross

contributions of the ¢ (1680)

amplitudes.
1.5 ¢ e —>wr'

The update of our previous measurement of
the ¢ ¢ —>wn” cross section'”® based on the full
SND data set collected at VEPP-2000 is presented
in Fig. 11 in comparison with the SND at VEPP-
2M result (SND 2000) and CLEO data. The
CLEOQO cross section is calculated under the CVC
hypothesis from the spectral function in the ¢—
wmyv, measured in Rel, [15]. The cross-section
energy described by
contributions of the p, o (1450) and p (1700)

resonances. The transition form factor F,,, for y*

dependence is  well

—wnr’ vertex F,,, obtained {rom the measured cross
section is shown in Fig. 12. Below 0.7 GeV the

same form factor measured in the w—> 7"y
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Fig.9 Thee" ¢ — x' x n’ycross section measured by SND

4--l...|...]|.vl«

3 = SND .
o BABAR

ole'e—wn) /nb

| L " N | L L N | L L L 1
1.4 1.6 1.8 2.0

EC.[“. / Gev

Fig. 10 The ¢ ¢ — ay cross section obtained
by SND in comparison with BABAR data’'?!

decay''® is shown. The solid curve represents the
results of the VMD prediction with the parameters
obtained from our cross section fit. The dashed
curve shows the p(770) contribution only. One can

¢~ annihilation and w—

see that the data from e
7’y decay cannot be described with the VMD
model.
1.6 ¢ ¢ —>K K

In this measurement charged kaon
identification is based on information from the
aerogel threshold Cherenkov counters'™. Our
preliminary result on the e ¢ — K" K cross
section in comparison with BABAR data is shown

in Fig. 13. The complex energy dependence of the

| = e ]Uv|v‘||v1vvv ~~~~~~~ L e S e
E ‘ —— Fit to SND data

L1

1E+H & i : 4

B n ]
\é - -
SRS -
N@ E 4
T * SND 2015 ]
= |g_1L * SND2000 AN |
= NA60 ~ 3

.

~
\\+
P IR BRI AR PR R R

04 06 08 10 12 14 16 L8 20
E/GeV

T

1E-2

‘.\)m‘

0

The circles represent SND at VEPP-2000 data,
the triangles of previous SND and VEPP-2M data and
squares data from the NA60 experiment!!6]

Fig. 12 The transition form factor for the y* — «r’ vertex

cross section is explained by interference of the
amplitudes of all isoscalar and isovector resonances
located in the energy region under study.
1.7 Production of nucleon-antinucleon pairs

The cross sections for the e” e —pp and e e
—nn processes measured by SND are shown in
Figs. 14 and 15. Both cross sections are constant in
the energy region under study. The values of the

pp and nn cross sections coincide within errors.

2 Search for the rare decays 7 ,n—>¢' ¢

In the Standard Model (SM) these decays
proceed through the two-photon intermediate state
and therefore are suppressed by a factor of o

compared with the two photon decays, where o is
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Fig. 13 Thee' ¢ — K™ K cross section obtained
by SND in comparison with BABAR data"'*’
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Fig. 14 Thee' ¢ — pp cross section obtained
by SND in comparison with BABAR data’'’
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0O FENICE
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b L 1] T
T
—f
0.5
0 »—E—i J
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2E,/ MeV
Fig. 15 Thee ¢ — mn cross section obtained
by SND in comparison with FENICE data™*"-
the fine structure constant. An additional

suppression of Cm,/my., )2 arises from the

approximate helicity conservation. So, the partial

decays is less than the

width of 77/, 7]"6} e

corresponding two-photon width by a factor of
~a’ (m,/my.,)?. The low probability makes these
decays sensitive to possible contributions of new
physics beyond the SM. At the VEPP-2000 " e
collider these decays can be searched for using the

inverse reaction e’

e 97]/, 7. The strictest upper
limit on the branching fraction ?/'?(7/—>e+ e )<<l.2X
1078 at the 90% confidence level (CL) was set in the
experiment with the CMD-3 detector at VEPP-20002".
The upper limit on the y-decay %(7]96} e )<2.3X
10 % was recently set in the HADES experiment-?*.

Search for the 7/"6‘ e~ decay is based on the
data set with an integrated luminosity of about 2. 9
pb~" collected by SND at c. m. energy close to my
=(957. 7840. 06) MeV. Five decay chains with a
total branching fraction of 51.5% are used to
reconstruct 1/. No data events satisfying 1/
selection criteria process have been found. As a result
the upper limit has been obtained % (7/ e e )]
1.0X10* at 90% CL. The combined SND and CMD-
3 limit is %(77/_)6+ e )<5.6X1077,

During the 2010 ~2013 experiments the SND
detector didn’t collect data at m, = (548.862 *
0.018) MeV. So, we study the possibility to
perform y—>e" ¢ search after VEPP-2000 upgrade.
To do this, data with an integrated luminosity of
108 nb ™! collected in the c. m. energy range 520~

580 MeV are used. No background events for the

+ 0_0_0

reaction e ¢ —7 in the decay mode >n"z"x’ have
been found. This means that data with an
integrated luminosity of 324 nb ™' will provide a
sensitivity of 10 ° for A(y—>e" ¢ ). Such data may

be accumulated in two weeks of VEPP-2000 operation.

3 Conclusion

During 2010 ~ 2013,
VEPP-2000 ¢" ¢~ collider with the SND detector
were carried in the c. m. energy range from 320 to

2 000 MeV. Data with an integrated luminosity of

experiments at the

about of 69 pb~! were collected. Analysis of these
data is in progress. Obtained results on hadronic
cross sections have the same or better statistical
After

precision than previous measurements.
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VEPP-2000 upgrade, data taking will be resumed
with the goal to collect 1 fb™".
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contribution to the total ¢” ¢~ — hadrons cross experiments, the latest are experiments at VEPP-

section, which is important for (g—2), factor and 2M2 and BABARPY,
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SND detector™®J,

SND detector is the aerogel Cherenkov detector

with 7 =1.13 index of refraction, used in our

The important feature of the

study to separate pions and kaons.

The data were collected during 2011 and 2012
runs, the integrated luminosity in the energy range
1. 05~2. 0 GeV is about 35 pb .

1 Data analysis

In our analysis the events were selected with
two collinear tracks coming from the interaction
region. Besides the K' K events, the similar
collinear processes e" e —>e e, yuty s T L pp
and cosmic muon events contribute to this class.
To suppress the ;" and 7”&~ background we
require that one of the tracks hit the Cherenkov
counter, which produces the veto signal from these
events, The K" K~ events don’'t produce the
Cherenkov signal in our momentum range. To
suppress the background from pp events, the
dE/dx cut was imposed for one of two tracks:
dE/dxx<<1.5 « dE/dx,, where indices K and e
correspond to kaons and electrons. The " e” —
e e background was subtracted using the total
energy deposition in calorimeter (shown as a peak
1 in Fig. 1). The background from the multihadron

+ - -

processes like ¢e" ¢ = a7 2, 1 22,

200
175

—_
wn
(=]

W
(=)
- —

125

events
)
(=)

~
W

N
(%

.
s

0.6 0.8 1.0 1.2

E/\Js

The lines are the approximation curves for the signal

=)
)
N
~

and background processes.
Fig. 1 The distribution of the normalized energy

deposition in calorimeter at £ =1. 425 GeV

K"K #°, etc. was subtracted by the sideband
method in the A¢—Af plane, where Ag and Af are

noncolinearity angles in ¢ and @ planes for the pair
of tracks.

The detection efficiency of the et e =K K~
process versus beam energy is shown in Fig. 2.
The dependence of the detection efficiency on the
radiative photon energy in Fig.3 is taken into
account. The correction coefficient from the
kinematic cut is estimated to be ¢y, = 1. 007 6 +
0.002 2, the correction from Cherenkov counter is
c, = 1.0035 + 0.001 2, and

correction is Cgem = 1. 002 50. 001 3.

the geometry
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Fig. 2 The detection efficiency of the process

e e —> K" K versus energy
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Fig.3 The detection efficiency of the processe¢™ ¢ — K™ K~

(=)

(=] S R L RS RN AN LR LR R

versus radiative photon energy at £ =1. 6 GeV

2 The total cross section

The visible cross section ¢4 of the process

under study is related to the total cross section o :
1
5 6) = | de v a (51— )« Fz9) + efs2)

@b
where s=E*, F(z,s) is the probability for the

initial particles to emit the photon carrying the
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fraction of energy Vs, e (s, =) is a detection

efficiency as a function of Vs and =.

The total cross section g, is determined using
the following procedure. The measured visible
cross section at each energy point as a function of
energy g.s = N/IL (here N is a number of selected
events, IL is an integrated luminosity ) is
approximated by a function calculated using Eq.
(1) with some model for the total cross section.
As a result of the approximation the parameters of
this model are calculated together with the function

R(s) =04 (s) /oo (s). Experimental values for the

total cross section are determined, and then
according to the following equation:
Ovis
oo — (2
R(s)

Model dependence of the result is estimated by
varying the total cross section models.

In Fig. 4 the obtained values of the cross
section versus energy are presented together with
the previously measured BABAR result. The good
agreement between both measurements is seen.
The rise of the cross section at ~1 GeV is due to
the $(1020) state, and the structure at ~1.7 GeV

comes from the contribution of the $(1680) resonance.

b
J '\ e SND
K e BABAR
1E+1 | "a—,
“-mt,,,,.‘.“
2 | e,
& - -
4
'E #,
- ¥ fﬁ{f}ﬁw t 4
1E-1 PR S S SR SR S H ST S S N SR S h L P
1.2 1.4 1.6 1.8 2.0
Js / GeV

Fig. 4 The total cross section of thee” ¢ —> K™ K~
process from this work and BABAR"!

The systematic uncertainty in the measured
cross section is defined by the luminosity accuracy 1%,
the detection efficiency error 1. 3%, radiative correction

error 0. 1%. Total uncertainty is about 1. 7%.

3 Conclusion

The cross section of the e" e~ —K K™ process
in the energy range 1. 05~2. 0 GeV was measured
at the VEPP-2000 ¢* ¢ collider with the SND
detector. The measured cross section well agrees

with existing data.
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0 Introduction

One of the most important quantities

F¢~ annihilation is R, defined as the

measured in e
ratio of the radiatively corrected total hadronic
cross section in electron-positron annihilation to
the lowest-order QED cross section of the muon
pair production. The precise R (s) measurements
are crucial to testing QCD predictions and allow

one to determine the value of the strong coupling

Received: 2015-11-30; Revised ;: 2016-04-20

constant ¢,(s), the anomalous magnetic moment of
the muon (g — 2), and the value of the
electromagnetic fine structure constant at the Z°
peak o (M%).

dominate in all experiments to measure the R value

Note that the systematic errors

in the energy region between the J/¢ and ¢(2S).
That is a good motivation for new experiments on
the precise measurement of R in this energy range.

The knowledge of the narrow resonance

parameters allows us to calculate analytically their

Foundation item: Supported by Russian Science Foundation (14-50-00080), Presidential Scholarship (SP5889.:2013:2).
Biography: TODYSHEV K. Yu. , male, born in 1977, PhD. Research field: high energy physics. E-mail: todyshev(@inp. nsk. su
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contribution in R. The product of the dielectronic
width of the J/¢ resonance and the branching
fraction for its decay to hadrons, I, Bp. was
measured in the KEDR experiment, and the

preliminary result is reported in the present article,
1 R measurement

1.1 Analysis

The following principles are used in our
analysis. We subtract tails of the J/¢ and ¢(2S)
resonances from the observed cross section taking
into account contributions from physical processes.
The vacuum polarization is calculated without the
contribution of narrow resonances.

The R value was calculated as follows:

oo ($) — Zel,g(.s‘)al,g(s) — 2%(3‘)%(5‘)

R

e(s) (1 +380s))ay, (s)
(D
where gqs (5) = N — Nees b is observed hadronic
JLdt

annihilation cross section, N, represents all
events that pass hadronic selection criteria, Ny 1y
represents the residual machine background. 4, (s)
is the Born cross section for e ¢ —u "y and e(s)
is the detection efficiency for the single photon
annihilation to hadrons. The second term in the
numerator corresponds to the physical background

“e . u p production, "z  production

from e
above threshold and two-photon processes. The
third term represents a contribution of the J/¢ and
$(2S).

The detection efficiencies ¢ and ¢, were
determined from simulation. The efficiencies e,
were found by fitting the resonance regions. The
resonances were fitted separately in each scan, the
free parameters were the detection efficiency at the
world average values of the leptonic width I', and
its product by the hadronic branching fraction
B,...» the machine energy spread and the observed
continuum cross section magnitude in the reference
point below the resonance. The procedures of a

narrow resonance cross section calculation and

fitting are described in more detail in Refs. [1-2].
In our approach the radiative correction factor
can be written as
14805 :J dx , NF(S,I) .
= 1 —ca—ao |2
R —2)9e(d—2)s)
R(s)e(s)

where F(s,z) is the radiative correction kernel™”,

(2)

The vacuum polarizations IT and R do not include
the J/¢ and ¢(2S) resonances.

It should be mentioned that, using the way
described above we get the R, value. To obtain
the quantity R, it is necessary to take into account
the contribution of narrow resonances.

1.2 Experiment description and results

In 2011 the region of the J/¢ and ¢ (2S)
resonances was scanned in the KEDR experiment
with an integrated luminosity of about 1 pb™' at
seven energy points. To determine the relative
contributions of the J /¢ and ¢(2S) in the observed
cross section without external data, the additional
data samples of about 0.4 pb™! were collected at
ten points in the peak regions. The data points and
the resonance fits are shown in Fig. 1.

The following sources of  systematic
uncertainty have been considered for the R
measurement at each energy point: luminosity,
radiative  correction, Systematic uncertainties
related to the detection efficiency of hadronic
detector background from

events, response,

physical  processes and  residual = machine
background from the accelerator.,

The major sources of the systematic
uncertainty on the R, value are listed in Tab. 1.
The uncertainties vary depending on the energy
points,

During data collection at a given energy point
the relative beam energy variation was less than
107* allowing us to neglect this source of
uncertainty.

The obtained R and R values and luminosity-
center-of-mass energies are

weighted average

presented in Tab.2. The results and analysis
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presented above are discussed in more detail in

Ref. [4].

Tab.1 R, systematic uncertainties

Source

Uncertainty/ %

Continuum simulation

Luminosity measurement

Radiative correction

J/¢ and $(2S) contribution

e e X contribution
{1~ contribution
Trigger efficiency
Nuclear interaction
Cuts variation
Machine background

Sum in quadrature

1.4~2.1
1.

o O O O

1

0.2

0.2
0.6

0.5~1.

.4~0.6
L 1~2.8
.1~0.2
.1~0.2

1

2.1~3.6

Tab.2 Measured values of R, (s) and R(s)

with statistical and systematic uncertainties

2 Iv. (/¢ « B (J/¢ —hadrons)
analysis

The product of the dielectronic width of the
J /¢ resonance and branching fraction for its decay
to hadrons, I.t,- X Buas was measured in
experiment with KEDR detector performed during
energy scan at the VEPP-4M e' ¢ collider in
2005. In that experiment, the integrated
luminosity 230 nb™' was collected, which
corresponds to about 250 thousand J /¢ mesons.

Analytical expression for the ¢” ¢ annihilation
cross section near a narrow resonance in the soft
photon approximation was first obtained in Ref.
[5] forty years ago. With up-to-date modifications
the procedures of a narrow resonance cross section
calculation can be found in Refs. [ 1-2]. The

Js/MeV Rugs (D{R(s)} hadronic cross section includes a resonant part and
3119.940. 2 2. 215{2. 237} 0. 08970. 066 interference which are proportional to leptonic and
3223. 00, 6 2.172{2. 173} 0. 05740. 045 hadronic widths., The observed multihadron and
: =+ + 56+ — . . .
33147207 2.200{2. 200} 0. 056+0. 043 e e~ production cross sections as a function of the
3418.2+£0.2 2.168{2.168}40. 05040. 042

center of mass energy near J/¢ resonance are
3520. 84£0. 4 2.200{2.201}=0. 050+0. 044 . .
presented in Fig. 2.
3618.241.0 2. 201(2. 207} 0. 05940, 044 The ficd f .
e Iitting ol the resonance cross section
3719.4+£0.7 2.187{2.211}40. 06840. 060 g
allows us to determine the product dielectronic
B 2500 6001
N *zooo—
1500 4001~
1E+3 — §
= $1o00F
- 200 5
- 500}
B 1 1 1 1 1 1 i
2 3085 3000 3095 3100 3105 3680 3685 3690 3695 3700
~ B q
£% i
© IE+2 | e Scanl
- 0
- O Scan?2
=
- ] é
1E+1 —
: 1 I 1 1 1 1 I 1 1 1 1 I 1 - 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 | -
3100 3200 3300 3400 3500 3600 3700
Js / MeV

The curves are the result of the fits of the narrow resonances. The inserts show the closeup of the J/¢ and ¢(2S) regions.

Fig. 1 The observed multihadronic cross section as a function of the c. m. energy for the two scans
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Fig. 2 The observed multihadron cross section as a function of the c. m. energy (left figure)

and cross section of the process //¢— ¢" ¢ (right figure)

width and hadronic branching fraction. The
preliminary result is I, X Bpg = (4. 88 0. 07 =
0.15) keV. The main sources of systematic
uncertainties are listed in Tab. 3.

Tab.3 Main systematic uncertainties

in the measurements I, X By, of J/¢

Source Uncertainty/ %
J/¢ decay simulation 2.0
Luminosity measurement 1.5
Detector response 1.5
Energy determination 0.5
Other 0.5
Sum in quadrature 3.0

Our preliminary result agrees with those of
other measurements and has a better precision, as

shown in Fig. 3.

3 Conclusion

We have measured the R ratio at seven points
with the center-of-mass energy between 3.12 and
3.72 GeV. The achieved accuracy is about or
better than 3. 3% at most of energy points at the
systematic uncertainty of about 2. 1%.

The products of the dielectron width of the
J /¢ meson and the branching fraction of its decays

to the hadrons were preliminarily measured with an

oo X By, J Iy
KEDR —e—
2006
CLEO
1995
BES
lTRASCATl 1975 ‘
I T T T
35 4.0 45 5.0 55
keV

The gray band corresponds to the world-average valuelt!
with allowance for the uncertainty in it.
Fig. 3 Results of experiments aimed at measuring the
product of the dielectronic-decay width of the J /¢

meson and the branching ratio for its decay to hadrons

accuracy of 3.4%.
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. about 3 standard deviations from the measurements

0 Introduction performed at the Brookhaven Laboratory that have
The theoretical evaluations of the muon reached an accuracy of 0.54 ppm: a,

anomaly, a, = (g, —2)/2, find a discrepancy of (11 659 208. 9+ 6.3) X 10"t A large part of

the uncertainty on the theoretical estimates comes
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from the Ileading-order hadronic contribution 3
a ", which at low energies is not calculable by

perturbative QCD, but has to be evaluated with a
dispersion integral using the measured hadronic
cross sections:

2 .
m N
£

. 1 2 [foo K(L)
a (0] = +(<) | B9 @
where K(s) is a QED kernel function™® and R(s) is
referred to as the ratio of the cross section for e e~

annihilation into hadrons to the pointlike muon-

pair cross section at center of mass energy/s. The
region below 1 GeV is dominated by the 7~ 7~ final
state and contributes with ~70% to a/*, and
~60% to its uncertainty. Therefore, improved
precision in the dipion cross section would result in
a reduction of the uncertainty on the LLO hadronic
contribution to a,, and in turn to the SM
prediction for a,. This energy region is accessible
with the KLOE
exploiting the ISR process.

1 KLOE detector

The KLOE detector operates at DA®NE, the

Frascati ¢-factory, an e’ e~

fixed energy, W=ys=a1 020 MeV, the ¢ meson
mass.
(DO and a calorimeter (EMC)!!, The DC has a
momentum resolution of g, /p| ~0. 4% for tracks

with polar angle 6 > 45°

experiment in Frascati by

collider running at

It consists of a cylindrical drift chamber

Track points are
measured in the DC with a resolution in r— ¢ of
~0.15 mm and ~2 mm in 2. The EMC has an

energy resolution of ¢/E~5.7%/VE (GeV) and

an excellent time resolution of ¢, ~54 ps/vVE(GeV)
@100 ps.
Calorimeter  clusters  are  reconstructed
grouping together energy deposits close in space
and time. A superconducting coil provides an axial
magnetic field of 0.52 T along the colliding beam
direction, which is taken as the z axis of our
coordinate system. The x axis is horizontal, the y
axis is vertical, directed upwards. A cross section

of the detector in the y, z plane is shown in Fig. 1.

i f
YOKE
S.C. COIL —
Trostat
[T Barrel EMC [ 1]
A I ’ 4
N soe<e<130° .
*DRIFT CHAMBER|
7m

S
ﬁ £
: |

[ So<ociz0
N ]

=

Fig. 1 Vertical cross section of the KLOE detector,
showing the small and large angle regions where

photons and pions (or muons) are accepted

2 Measurement of the ¢e" ¢ — 7 1

cross section at KLOE

The differential cross section measured at
KILOE is evaluated using the following relation;:

¢ do(x" 7 ¥
) ds, ISR

where s, is the 77 7 invariant mass squared. The

= 0. (s,) H(s.»s) (2)

radiator function H is computed from QED with
complete NLO corrections™ and depends on the
e e center of mass energy squared s. g, obtained
from Eq. (2) requires accounting for final state
radiation (FSR).

In the 2008 and 2012 KLLOE measurements a
data sample of integrated luminosity of 240 pb!
collected in 2002 was used'®®. In both analyses the
“small angle photon” selection is chosen. Such
selection requires two tracks of opposite sign with
50°<C,<C130° (wide cones in Fig. 1) and a missing
photon emitted within a cone of ,<C15° around the
beamline (narrow cones in Fig.1). Since the
photon is not explicitly detected, its momentum has

to be reconstructed from kinematics: p, 2 puoiss =
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these cuts

—(p++p ).

guarantee a high statistics for ISR signal events,

However, although

and a reduced contamination both from the
resonant process ¢ ¢ —>x' 1 x° in which the 7z’
mimics the missing momentum of the photon (s)
and from the final state radiation process e e —
n" 7w Yesks a highly energetic photon emitted at
small angle forces the pions also to be at small
angles (and thus outside the selection cuts),
resulting in a kinematical suppression of events
with MZ < 0.35 GeVZ.
section, oo, » (related to the pion form factor in
the following Eq. (4)), i. e

running of q,, and inclusive of FSR, the dipion

From the bare cross
corrected for the

contribution to the muon anomaly A™ a, is
measured. The dispersion integral for A™ a, is

computed as the sum of the values for ¢, times

the kernel K(s):

A, = %ﬂjm vy (DK () (3)

where the kernel is given in Ref. [9] and it gives:
A™a, (0. 35 GeV* << ML, < 0. 95 GeV?) =
(387,24 0. 5o = 2. 4y & 2. 30) X 1071,
To access the two pion threshold, in 2010 the
KLOE

requiring events that were selected to have a

Smin

collaboration performed an analysis
photon at large polar angles between 50°<(9,<C130°
(wide cones in Fig. 1, left), in the same angular

region as the pions”. The 140 pb ! data sample
has been collected at CM energy Vs =1 GeV in

order to significantly reduce the contamination
from the f,7 and pr decays of the ¢g-meson. On the
other hand, this selection results in a reduction in
statistics and an increase of the background from

" n°. The following value for

the process ¢—>r
the dipion contribution to the muon anomaly A™a,,
was found;
A™aq, (0.1~ 0.85 GeV*) =
(478.5+ 2, 0y £ 5. 0y £ 4. 54) X 10717,

In the last KLOE measurement (KLOEI12) the
' x y /u' oy ratio is used to extract the dipion
cross section. Eq. (2) in fact, is also valid for

ete >y p vy and e e =y y with the same

radiator function H. The pion form factor is

calculated by:

[FG [P =2 ot (DA 8 (3.

as

D
where &yp 1s the Vacuum Polarization ( VP)
correction, 7, accounts for FSR radiation assuming
point-like pions and oo (¥) is the bare cross section
defined ast™

do(x™ 7 (9),ISR) /ds’
do(p” - (). ISR)/ds’

e e —>pup (P.sH (5

where s'=s,=5,. As said before, the data sample

. /
A s =

used is the same as in the 2008 analysis. However,
while the analysis for xzy is essentially the same as

for KLOEO0S,
introduced in the gy analysis. First of all the

some new elements have been

separation between the znrxy and puy events is
obtained by using the track mass variable (Mgk) »
calculated from the energy and momentum
conservation laws, with the following conditions:
Mk <115 MeV for the muons and Mgk > 130

MeV for the pions (see Fig. 2).

E — data
r e ATTY
L ey
- +
1E+3 1 Y+ HEY
i @
=]
L =
1E+2} =
E g
= o ]
C e Z (LY
Lot o,
K e
1E+1j31§= I
xS
L T I P R L
80 100 120 140 160 180
MTRK / MeV

The vertical lines shows the selection cut (Mrg<<115 MeV)
for muons and (Mtrx >130 MeV) for pions.
Fig. 2y and 7y Mrk distributions

This selection has been cross checked using a
kinematic fit or applying a quality cut on the helix
fit for both 7 — 4 tracks. Consistent results have
been obtained with all methods.

The differential gy cross section is obtained
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from the observed number of events N,., after
subtracting the residual background Ny, and
dividing for the selection efficiency (e (s,)) and
luminosity (L), as:

dg“u}/ _ Ncbs _ kag‘ 1
ds, As, e(s,)L

The result of the measured puy cross section was

(6)

compared with the QED calculations to NLO made
by the MC code Phokhara” and a very good
agreement was found within the quoted systematic
uncertainties ",

Then, the bare cross section gh.(,, (inclusive of
FSR, with VP effects removed) is obtained from
the bin-by-bin ratio of the nxy and puy differential
cross sections described above. This cross section
is used in the dispersion integral to compute A™a,,.
The pion form factor | F, |? is then calculated using
Eq. (4.

Eq. (3) gives A™a,=(385. 1= 1. 1., 2. 6., &
0.84) X 107 in the interval 0. 35 GeV? <<M? <
0.95 GeV?,

integral,

For each bin contributing to the

statistical errors are combined in

quadrature and systematic errors are added linearly.

3  Comparison between the KLOE

measurements and the results

from other experiments

Comparing the results of the KLLOE12 and
KILOEOS8 analyses it is possible to see that they are
in good agreement, in particular, in the p mass
region (see Fig. 3). Since the KLLOE12 result on
the pion form factor was determined using the ratio
of the dipion and dimuon cross sections, measured
with the same data set, the radiator H function is
not used, the luminosity of the sample cancels out
and the

resulting in an
[7-8]

acceptance corrections compensate,

almost negligible systematic

. Fig. 4 shows the comparison between the
| F, |? distribution obtained in the KLOEI2 and
KLOE10 measurements, requiring the ISR photon

error

to be reconstructed at an large angle, inside the
EMC barrel. They are obtained from independent

data sets under different running conditions (W=

50
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40F 5l \ 4 e KLOEI2
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25k . . . g
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C f
30p f 4
- ?t 88
& 25F / \
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o 4 .Q
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- F g \
S

M2/ GeV?

Fig.3 Comparison of the KLOE12 measurement
with the KLOE8 measurement
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Fig. 4 Comparison of the KLOE12 measurement
with the KLOE10 measurement

M, KLOE12, W=1 GeV KLOE10), and also with
which implies
The two
measurements are in very good agreement,

In Figs.5 and 6. the KLOEI2 result is
compared, respectively, with the result from the
BaBar experiment at SLAC" which uses the ISR

method and the results obtained from the energy

a different selection method,

independent systematic uncertainties.
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at (0.1 ~0.85GeV?*) = (378.14+2.8) X 107",

The combined measurement of the | F, |? has also
been fitted using the Gounaris-Sakurai ( GS)
model"' (see Fig.7). In the table of Fig.7
preliminary fit results are reported. Only the
statistical error is reported in the fit. The
determination of the w-meson mass parameter is
very close to the current PDG value (ME'YE=782. 7
+ 0.24x3; PDG M = 782.65 + 0.12),

01 02 03 04 05 06 07 08 09 10
(M) ] GeV?

Fig. 7 Preliminary fit to the combination
of the last three KLOE results (KLOEO0S,
KLOE10, KLOE12) on the | F, |*

demonstrating the accuracy of the track momentum
reconstruction of the KLLOE detector. We expect
that including also the systematic error in the fit

the discrepancy with the PDG should reduce.
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Tab.1 Parameters obtained from the fit

Parameters(G-S) KLOE(PDG)
M,/MeV 774,340, 142 (775. 49740. 34)
I,/MeV 146. 940, 24, (149. 1£0. 8
M, /MeV 782. 740, 24 (782. 65+0. 12)
I,/MeV 7. 07420, 44ae (8. 497-0. 08)

/1073 1. 4540. 04sta
p/1073 —83. 140. 65a
YA 10. 241, 7
y/nd o 221.4/82(2.7)

4 Conclusion

During the last 10 years KLLOE has performed
a series of precision measurements using the Initial
State Radiation process. The preliminary combined
measurement of the last analysis (KLLOE12) with
two previously published ( KLLOEOS,
KILOE10), with the corresponding fit using the GS

parametrization, has been presented. The result

results

confirms the current discrepancy (~ 3¢) between
the Standard Model (SM) calculation and the

experimental value of the muon anomaly a,.
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0 Introduction

R value is defined as the ratio of the hadronic
production cross section via the electron and
positron annihilation to that of the theoretical cross
section of p" s~ at the Born level,

_ 6°(¢" ¢ —>y* — hadrons)
T 0( * + - (D
e e >y —u pu)

The R value is an important input parameter for
testing the Standard Model (SM). The precision
of R values has a significant influence on the

uncertainties of calculations of QED running

Received: 2015-11-30; Revised : 2016-04-20

electromagnetic coupling constant « (s), muon
anomalous magnetic moment (g—2), global fit of
the Higgs mass in SM'"?'. In the calculations, R
values adopt experimental results below 5 GeV,
and the pQCD prediction was used in the higher
energy region,

When we look over the PDG published in
different years, we may find that R values have
been measured by many groups from the hadronic
threshold to Z° scale. With the increase of the

+

luminosity of the e" e colliders, more data

samples with larger statistics have been
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accumulated, and in pace with the improvement of
experimental methods, the precision of the R
values has been evidently improved. Fig.1 shows
the current world data of R values from 2m, to 110
GeV in PDG2014,

F ) ]
1E43 | J/ B
8 v wm2S) A E
1E+2
wl? ]
1E+1 | , ‘ "]
: A é
s
L Ap ]
1E—1 L R A Ll
1 1E+1 1E+2
Js / Gev

Fig. 1 The R values from 2, to Z° scale in PDG2014

BES Collaboration has performed three rounds
of R value measurements using the data samples
taken with BESII at BEPCP™, the results were
shown in Fig. 2. The first and second rounds of
measurements performed the R value scan at about
100 energy ponits between 2 ~5 GeV and took
small data samples (only about 1 000 hadronic
events collected at per energy point), and the
relative precision of R values was reduced from
over 15% in earlier experimentst®'" to 7%. The
third round of measurement of R values used larger
data samples at three energy points (E,, = 2. 65,
3.07 and 3.65 GeV, the numbers of hadronic
events were about 24 000, 34 000 and 84 000,
respectively), and the results reached a better
precision of about 3.5%. Theorists used R values
measured with BESII data in the calculation of
Aoty in the running electromagnetic coupling
constant ¢ (s) = 1/[1 — Aa (s)], the relative
uncertainty contribution resulting from the errors
of R values between 2~5 GeV decreased to 35%
from earlier 55%, and the relative uncertainty of

" in (g—2) was reduced to about 15% from an

earlier 25 %1%,

In the energy region above the open charm

a

threshold, there exist several high-mass ¢-family
charmonium resonances (¢ (3770), ¢ (4040),
$(4190), ¢(4415)) with quantum number J™ =
1 which were well

confirmed in earlier

5.0

¢ BES.P Rev. Le 8 000)594
4.5 - * BES, Phys. Rev. Lett. 88, (2002)101802

® BES, Phys. Lett. B677, (2009)239
4.0

250 | 1L

20F

Een / GeV

Fig.2 The summarization R value scan with BEPC/BESII

experiments (see the references cited in Ref. [15]
for details)
X(4260) and X (4360), which can be produced

directly in the e® annihilation. Based on the work

and the newly discovered states

presented in Ref. [6], the line shape and resonant
parameters of ¢ (3770), ¢(4040), ¢(4190) and
$(4415) were measured'™ . Fig. 3

measured R values and the fitted line-shape of

shows the

these resonances, But because the small statistics
and larger scan step, the broad structure in the
r'x J/¢gs called Y (4260),
BABAR"%), was missed in BESII scan.

discovered by

5.5
501 x’/d.0.f=1.05
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

0

-0.5F

.O 1 1 1 1 1 1 1 1 1 1 1
3.7 3.8 39 4.0 4.1 42 43 44 45 46 47 48 49 5.0

E../ GeV

Fig.3 The R scan of the high mass charmonium
line-shape at BEPC/BESII

In the measurement of resonance parameters
with BESII scan data, the fitting method was
improved compared with earlier measurements (see
the references cited in Ref. [15]) in the following

aspects: (D intrinsic/effective initial phase angle in
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Breit-Wigner amplitude was kept; @ interference
terms between final states decayed from heavy ¢-
family resonances were considered; @) energy
dependence of the total widths were calculated; @
as the measurements of R values and resonant
parameters are closely related and affected, they
were measured using the iterative method, so that
the R values and resonant parameters were updated

2° But due to the very small data

simultaneously
statistics, some important information (such as,
the selected numbers of various DD final states in
$(3770), ¢(4040), ¢(4160) and ¢(4415) decay)
are very limited, and so the accurate expression of
the interference terms can not be obtained from the
data analysis, and some approximations on model
describing energy dependent widthes had to be
taken.

BEPCII is a double-ring ¢ ¢~ collider running
at center-of-mass energies between 2.0 and 4.6

GeV and reaches a peak luminosity of 0. 85X 10%

2 1

at center-of-mass energy of 3770 MeV.
The BESIII detector is located at the BEPCIIM'™,

designed to fulfill the requirement of the r-charm
[18]

cm “ s

physics experiments Since the luminosity of
BEPCII is about 100 times of that of BEPC, and
BESIII performs much better than BESII, one may
expect that R value measurement with data taken
with BESIII may reach a better precision than that

of BESII, and then the calculations of Aa(s) and

had

ay will have less uncertainties, and the SM

prediction can get more better test.

1 Data samples of R scan

BESIII Collaboration made a comprehensive
and QCD

experimental study, and the main objects are as

plan for R value measurement
follows: the measurement of R values reaches a
precision about 3%; the fit of the line-shape of
high mass charmonium and resonance parameters,
form factors of mesons and baryons get significant
improvement. The whole data taking plan was

divided into three phases.

1.1 Phase |

The purpose of this phase is for machine study
and prestudy of data analysis. The data samples
were taken at 2. 232 4, 2.4, 2.8 and 3. 4 GeV with
a total luminosity of about 12 pb™' in 2012. Based
on the obtained information, the next R scan plan
was optimized and the time needed for the
following data taking was estimated. These data
can be used for the parameter tuning of the
LUARLWY, and the

measurement of R values and the form factors of

hadronic  generator
some hadronic channels with large production cross
section.
1.2 Phase I

It is a fine scan between 3. 85 and 4.59 GeV
for the measurement of R values and high mass
charmonium line-shape and resonant parameters.
Drawing on the experience of R scans at BESII'*/,
the data samples collected at 104 energy points
with more reasonable energy arrangement and
relative smaller step-size (2~5 MeV), the total
luminosity is about 800 pb ', while 4 times of J /¢
fast scan was done for the beam energy calibration.
The data samples at each energy point at least
contains 10° hadronic events, so that the cross
section of all DD final sates can be measured and
the shortcoming in the BESII measurement can be
overcome. Fig. 4 shows the online cross section at

scan energy points,

35

30

25

20

online cross section / nb

TrrrJrrrrrJyrrrrJrrrrir
I I I I

15
1 1 1 1 1 1 1 1
38 39 40 41 42 43 44 45 46
Een / GeV

Fig. 4 The online cross section of the R scan with BESIII
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1.3 Phase II

BESIII collected the data samples at 22 energy
points between 2.0 and 3.08 GeV with the total
Moreover, J/¢

fast scan was done three times for beam energy

luminosity being about 500 pb !,

calibration, and separated beam samples were

collected for the study of beam associated
backgrounds. These data samples are used for the
measurement of R values, meson and baryon and
hyperon form factors, and the study of threshold

effects of A, 3, 5, etc.

2 Status of R value measurement

In the experiment, R value is measured with
the following expression
Nﬁg(\t* Nhg
Gyl g €raa (1 +0)

the meanings of all these quantities in above

Rey = (2)

formula having been explained in Refs. [5-7]. So
the work of R value measurement is, in fact, to
determine these quantities from data analysis and
Mont Carlo simulations and give their errors.
2.1 Data analysis

The tree level Feynman diagrams of the
physical processes produced in e ¢~ collision in
BEPCII energy region can be summarized into 5
types as shown in Fig. 5. Data analysis is the most
basic work for R value measurement, consisting of
luminosity measurement, background subtraction
and selection of hadronic events,

The luminosity of the data samples can be
measured by the processes of e" e —e¢' e or yy.
These two QED processes are well understood in

physics, and the precision of the corresponding
BABAYAGA reaches 0.5%. The signal events of

e e and yy have very clear characteristics in the
detector and can be well selected, and the
remaining backgrounds are very limited. The error
of luminosity measurements is about 1%,

The scheme of hadronic events selection is
similar to that used in works”™ but optimized-*.
The hadronic event selection can be classified into
which use the

track level and event level,

(e)

Fig. 5 The physics processes in¢" ¢ collision;

(a) Bhabha; (b) ;f p andz ¢ ;
(¢) two photons; (d) yy ; (e) hadrons,

EMC, and TOF. The
combined error of event selection and MC is

estimated by the ratio A (Nf5i/ena) as in Ref. [7],

information of MDC,

the relative errors are preliminarily estimated as
about 2. 5% ~3.0% dependent on energies.

The numbers of the residual QED background
events, Ny, in Eq. (2), are determined employing
the MC method,

Ny = Llewow T 6,0, T exo +epo,] (3
where L is the integrated luminosity of data, ¢, the
cross section of Bhabha process, e. the efficiency
for Bhabha events that pass the hadronic event
selection criteria, other symbols have
corresponding meanings. The values of ¢, and ¢,
are about 5 X 107, and e, smaller than 5%
depending on the difference between energy point
and threshold of "z . The amount of background
from e" e —>e¢" e X is smaller than 1% of Ny,.
2.2 Generator LUARLW

The general picture of electron-positron
annihilation and hadrons production are shown in

Fig. 6. The nonperturbative hadronization can be
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described by the phenomenological model. In R
value measurement the Lund area law generator
LUARLW! is used for determining the hadronic
LUARLW

constitutes; initial state radiation (ISR), string

efficiency. contains the following
fragmentation, multiplicity and momentum-energy

distributions, decay of unstable hadrons.

EW Perl.QCD  Hadron-
isation

Detector

Fig. 6 The picture of ¢" ¢ annihilation into hadrons

In the simulation of ISR return processes, the
sampling of the effective center-of-mass energy E.,
for a hadronic event can be obtained by the

[23-25]
’

differential cross section or the equivalent

accumulative cross section, which are shown
in Fig. 7.
There are some phenomenological parameters

in LUARLW,

parameters are those which determine the ratios of

In the BEPC energy, the main
mesons and baryons with different quantum
numbers (s, L, J) in the string fragmentation
process. In LUARLW these parameters are stored
in array PARJ (1 —20) as in JETSET™, their
default values were set with the values from fitting
the data measured with DELPHI at LEP*", Fig. 8
shows the mesons (M) and baryons ( B and B)
produced at the vertex of the light-cone area in the
string fragmentation. The values of PARJ(1—20)
are tuned to make the MC agree with the
experimental data taken with BESIII.

Starting from the Lund area law, one may
obtain an approximation expression of a poisson-
like multiplicity distribution for the preliminary

fragmentation hadrons-*"

%46 %
B2k E
£ 1E-3F E
T Of ]
5 - ]
1E-4E E
IE-SE ! L, 3
0 I 2 3 4 :
Elw/ GeV
(a)
22
20 )
18
16 o :IdmzﬁW(S””Lﬂﬁ
¢t X (s) s [1+ 77(m)Y
14
12 )

accumulative cross section / nb

Mhagrons / GeV
(b)
Fig.7 (a) The differential cross section of ISR return
process at ., =5 GeV (in any scale) ;

(b) the accumulative cross section at E., =3, 65 GeV

Fig. 8 The mesons and baryons production

in the string fragmentation,

M means meson. and B means baryon

P,(s) = fj—:exp[co Fen—p) +e(n—p? ]

4

where n is the number of the fragmentation
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hadrons, 4 can be understood as the average
multiplicity. The energy dependence of , can
approximately quote the QCD prediction

p = a+ Bexp(yys) (5)
where ¢15 ¢25 ¢35 a» B and y are free parameters
and need to be tuned.

The simulations of the continuum states
include lowest and leading order QCD correction

o ) gq — string — hadrons
e e >y — — .
gqq — 2strings — hadrons
The vector mesons whose masses are smaller
than 2 GeV and with J®**=1""
to the virtual photon in the ISR return process
e e >y > p(770).w(782) , $(1020)+++p(1700)
(6)

The production and decay of the charmonium

can directly couple

adopt the standard pictures®’, For example, the
simulation of J/¢ contain following channels
e e >y —>J/p—>
voele sy
y* — gqg — string — hadrons
ggg — 3strings — hadrons
Ygg — 2strings — hadrons
Yp. = gg —> 2strings — hadrons

¥ + radiative decay channels,
The simulations for ¢(3686), ¢(3770), ¢(4040),
¢(4190) and ¢(4415) are similar.

The cross section for a chosen exclusive
process e e” —qq(g)—>string(s)—m; +my++-+m,
can be factorized as

do(s) = do(e" e —>qq) »
dXqg — my smy+m, 55) D)
The do(e™ e —qq) is the QED cross section, d7is
the probability for string fragmentation into n
hadrons and the energy-momentum distributions of
the fragmentation hadrons are determined by Lund
area law'*/,
2.3 Parameter tuning of LUARLW

Two schemes used for parameter tuning and

optimization will be described below.

2.3.1 Scheme A: ConExc+LUARLW

The red points in Fig. 9 show the sum of cross

sections of the measured exclusive processes, and
the black points the total cross sections measured
inclusively. The differences between them show
that only parts of the exclusive processes were

measured above 2 GeV.

1E+3

1E+2

1E+1

cross sectiion / nb

LRLALLL LU B L L B

2 4
Mhagrons / GeV

S

The black points are the total cross section measured
in inclusive method, and the red points are the sum
of the measured exclusive cross sections.

Fig. 9 The Born cross section of ¢" ¢ —

hadrons below 5 GeV

We have a hadronic generator ConExc +
LUARLW. The simulations for the measured
processes adopt the exclusive way, the weights of
events are proportional to the corresponding cross
sections, and the momentums of the hadrons are
determined by the phase-space method for multi-
hadrons  states and the angular
But the

remaining unmeasured or unknown processes will

specific

distributions for two-hadrons states.

be generated via LUARLW in an inclusive way.
Choose m important parameters to be tuned,
assume that their optimal values can be obtained by
fitting the distributions of the final state
observables x. In order to make the fit effective,
the distributions of x should be sensitive to those
chosen parameters. Parameter tuning is an
iterative process. At the beginning, the default
values are used as the initial values. Let p denote
the parameters vector with m components, and
change the chosen parameters around the initial
value p, by dp, then the final state distributions
for each bin of each distribution can be expressed

as the functions of the parameters?”
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fpo+op.x) =
ai” (x) + Zm;af“ ()8 p: + _ijlafj”c‘)‘ P D
i 8
~ M(p, +dp ) (9

The fit is equivalent to solving a system of
linear equations

F.ealzx) = M) 10
where M (x) is the vector of model predictions
corresponding to the vector of parameters p, +4dp ,
(x), F the
The

effective tuning should choose those parameters

a(x) the vector of coefficients a{),

matrix containing parameter variations,
which are sensitive to the distributions of M (x).
The sensitivity can be quantified as

oM /o pi
M(I) Pi ’

For the purpose of R value measurement, sensitive

Si(x) = 1=1,- an

,m)

distributions may be charged and photon
multiplicities, momentum of charged particles,
polar angle cos #, meson and baryon ratio,
momentum, etc.

2.3.2 Scheme B: Pure LUARLW
In scheme A, the generated number of MC

30000
25000
20000
15000

events

10000
5000

(=]

= T e

|II-_._1
5 10

]vtrack
(a) multiplicity of charged track

4 + + 4

events

-0.5

0
cos 6

0.5

(c) polar angle cos 6

1.0

events

events

samples increases rapidly with the number of the
chosen parameters to be tuned. In practice, an
acceptable number of parameters to be tuned is
around 10. In the model, every parameter has a
specific function and can not be replaced by others.
Therefore the number of parameters in need of
tuning is much larger than 10. In fact, any number
of parameters can be tuned manually, as long as its
tuning can improve the MC simulations. At last,
the fit method in scheme A was used to optimize
them further.

2.3.3.

If the event generator is correct and the

Comparisons between data and MC

detector simulation is real, a good parameter set
should make MC agree well with data for most of
the distributions, especially for those which are
sensitive to hadronic efficiency, such as charged
and neutral multiplicities, cos @, momentum.
Fig. 10 and Fig. 11 show the comparisons between
data and MC for some selected distributions. The

differences mean further tuning is needed.

3 Conclusion

The three-phase data collection plan has been

|‘|I||
10

N,
(b) multiplicity of photon

16000
14000
12000
10000
8000
6000
4000
2000

+

S

S [T T I T T

5 15

25000

20000

15000

10000

5000

2
Mmck / GeV

(d) momentum of charged track

Fig. 10 Comparison between data and MC in scheme A at 3. 65 GeV
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Fig. 11 Comparison between data and MC in scheme B at 3. 400 GeV
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carried out, and the data analysis is almost

finished.

challenging task, which will continue to be done

Parameter tuning still remains a

till the MC agrees well with data and the errors of
hadronic efficiency reaches an acceptable level, for
example, 2%, and the total error of R values is
reduced to 3%.
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X 10" between them is 3. 65",

years, a new experiment at Fermilab is expected to

In the following

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®*,

() [~ | K(s
a;wdu):QJ RS Y RO
377_ ’lm;r Ky
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-
section, The integrand decreases
Therefore,

precision measurement at low energy is very

pair cross
monotonically with increasing s.

important. About 91% of the total contribution to

ld 10 js accumulated at center-of-mass energies Vs

a
<1.8 GeV and the two-pion channel contributes
more than 70% of a0,

Two precision measurements of g, have been
done by the KLOE Collaboration in Frascati®®',
and the BABAR Collaboration at SLACM', both
of which claim an accuracy of better than 1% in the
below 1 GeV. However, a

discrepancy of approximately 3% on the peak of

energy range

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

”e

study of e" e~ —>x" 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-
described in detail

functional detector, it is

elsewherel. 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 o o

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

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

the ISR photon. The radiation function, used to
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describe this ISR effect, is precisely known.
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~
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 (untag). 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

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,

/T separation
the most
important one is ¢" ¢ —>yu’ x . 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 ™ n~ ¥
and x" 7. We choose the implementation of a
Clermont-Ferrand Multilayer Perceptron (CFMlp)
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 u'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 #" =~ y. 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 y 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 (yrsr) cross section

Another method to obtain the cross section is
to normalize the 7" 7~ ¥ events to the x" u ¥
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 (0.8541.68)% 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

. 1s calculated in the same mass range to be a7"'°
(600N9OO MeV/c?) = (368. 2 £ 2. 5, 3. 3 X
107, Fig. 3

BESIII and other measurements.

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

BaBar is only 1. 7.

T T T
KLOE 08 368.1+0.4+2.3+2.2

———— 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 1 1 1
360 365 370 375 380 385 390 395
az™°(600~900 MeV) /107"

—_— BESIII

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

Fig. 3 Our calculation’" of the LO hadronic vacuum
polarization 2 contributions to (g — 2), in the energy
range 600~900 MeV/c* from BESIII and based on the data
from KLOE 08}, 10-*!, 122!, and

BaBar''"’, with the statistical and systematic errors

The form factor is also extracted with formula
/ 33 /

| F, |?(s) = B

mafi(s))

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

charged pion mass m,, and the dressed cross

Gﬁcsml (S/ ) ( 2 )

. . / — — /
section dressed g2 (5") =g (e" e =" 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 X2/ndf: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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il — BESIII fit _
40 -4 BESII E
35 =
o5 =

FEETETE PR PRI S T S T S L PR
060 065 070 075 080 085  0.90
Js' / GeV

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 PDGL17]
m,/(MeV « ¢™2) 776.0+0. 4 775.26+£0. 25

Ir,/MeV 151.1£0.7 147.84+0.9
m,/(MeV » ¢ 2) 782.140. 6 782.65+0.12

I.,/MeV fixed to PDGI'7) 8.49+0. 08

lcol /1073 1.740.2 —

[ ¢, | /rad 0.047+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 KLLOE
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.

L
S LT

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 KLOE 7" and the BESIII fit

0.015
BESIII fit ]
0.010 —+— BaBar i
—+— BESIII E
T 0.005
= il i 1
7 olhl a A -
M = i Y5
E —-0.005 :I +
{ L
[
-0.010 { .
{
{
(]
_0.015n:nnl--n-|||..I|.|.l...|I|1||
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 e" ¢ —> 7" 7 7°

Many efforts have been made on the study of
e’ e —x x x’ 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
energy scan experiments, like CMD2M%%! and
SNDH124

there are still points where the difference between

By comparing results from the two,

them is as large as 10%. Above the ¢ resonance,

BaBar measured the cross section until 3.0

GeV™®!, The discrepancy with DM2% is very
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large, around 1. 6 GeV. All these differences need
to be clarified with upcoming new results.

At BESIII, we use the 2. 93 {b™" 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
significantly due to the untagged method. As a

statistics 1s increased

result, measurement of branching fraction J/¢—

"7 n° with very high precision is feasible.

3 Conclusion

We perform a cross section measurement of
the 6™ (e" e —n" 7 (yrg)) with an accuracy of
0.9% in the dominant p(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 a™' (600 ~ 900 MeV/c*) =
(368. 23 2. 54 £3. 34) X 1071,

factor is extracted with vacuum polarization. It is

The pion form

found to be closer to KLLOE’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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... . . distributions.
0 Definition and basic properties . . -
The Feynman amplitude of diagram in Fig. 1,
0.1 Definitions in the space-like direction, i. e. , for the scattering
The nucleon form factors'') (FFs) parametrize process, reads
the factor to be associated to the photon-nucleon- _ —
. . phot , M= L aw k)7, kDT POT(pr s pOU ) s
antinucleon vertex, see Fig.1, yN N, assuming q
extended nucleons, i. e., particles with non- where e is the electron charge, u and U are the

pointlike charge and magnetic moment spatial spinors of electrons and nucleons respectively, and
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space-like

The hexagon represents the non-pointlike nucleon vertex.
Fig. 1 Feynman diagram of the one-photon
exchange annihilation and scattering processes

e"e”—>NN and e" N>e N

the four-momenta, in parentheses, are defined as
in Fig. 1. The non-constant matrix, I (p;. ps ),

which describes the nucleon vertex is

D (prapn) = P EY (@) + LR () (1)
2My

where FY and FY are the Dirac and Pauli FFs,
Such an expression represents the most general
Lorentz four-vector, containing gamma matrices
and nucleon four-momenta, that fulfills Lorentz,
parity, time-reversal and gauge invariance. Form
factors are scalar Lorentz functions of ¢, where ¢
is the photon four-momentum.
0.2 Analyticity

The hexagon in Fig. 1 symbolizes the sum of
all the electromagnetic contributions, i. e., all
those diagrams having an arbitrary number of loops
of all hadrons (computable in scalar quantum
electrodynamics ), with external lines only be
photon, nucleon and antinucleon. The amplitudes
of all these diagrams are analytic functions in the
whole ¢* complex plane, except for a discontinuity
cut, along the positive real axis, starting from
¢5=(2M,)?. Such a threshold corresponds to the
mass of the lightest hadronic state that can couple
with the virtual photon. Moreover, the hermiticity
of the electromagnetic current operator of the
nucleons implies the Schwarz reflection principle
for FFs so that, they are real for real ¢* outside the

cut, while they have non vanishing imaginary parts

for real ¢*>(2M,)%.
0.3 Sachs form factors
nucleon

From the expression of the

electromagnetic four-current in terms of the Dirac
and Pauli FFs,
Ji = eUCp)OI(py s pU(py) =
. I T7 N N
e ?’+4JWVF§ Up)yUpy) (F) +F~;>),
another pair of FFs can be defined as
Y (P = FY(¢") +FY (gD
Gu(q®) = FY (") +FY(g") |
_ ¢
UMy

These are the Sachs electric and magnetic

(2

FFs'*, that, in the Breit frame, where the nucleon
four-momenta are p, = (E, — q/2) and p, =
(E.q/2), represent the Fourier transforms of the
nucleon charge and magnetization spatial
distributions. It follows that their values at ¢ =0
correspond to the total charge, Qy, and magnetic
moment, uy, of the nucleon, i e , G¥(0)=Qy,
R‘/YI(O):#N-

0.4 Measuring form factors

The differential cross section for the elastic
scattering, in Born approximation, Feynman
diagram of Fig. 1 in vertical direction, and in the
laboratory frame (LLab), also known as Rosenbluth
[3]

formula®’, reads

doo _
d 4w§51n4<%> 1=
{ "§‘2<q2>—{1+2<1—T>tan2(%)}Gﬁ<q2>}

(3)
while the annihilation cross section, in the same

approximation, but in the e¢” e~ center of mass

frame (CoM), is™"

doxy _ o[ 1 0o N (2) |2
o f4qz{rbm O 1 GY (g |2+

(14 cos’ (@) | GN (gD \2} (D)

where 0,, w;.» are the scattering angle, the initial
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and final energies of the electron in Lab, ¢ is the — fesin(26) Gi(qz)
Coulomb correction, § is the scattering angle and G (g z}ﬁ’(qz) Ssin(@Y),

the velocity of the outgoing proton in CoM.

By studying the angular distributions of the
scattering and annihilation processes, Sachs FFs
can be measured: completely in the space-like
region, ¢ <_ 0, where they are real; only in
modulus in the time-like region, ¢* >0, above the
physical threshold ¢} = (2My)?, where they are
complex. Moreover, by using only cross section
data, the time-like complex structure of FFs
remains inaccessible, as well as their values below
the threshold ¢},

region, 0<{¢"<qi.

in the so-called unphysical
Besides this procedure, FFs can also be
measured by using polarization observables, 1. e. ,
by exploiting the so-called Akhiezer-Rekalo
polarization method”*. In particular, the
polarization transferred to the nucleon, initially
unpolarized, by longitudinally polarized electrons
in a scattering process, allows to measure space-

like FFs.

scattering process et p—>e pf (the up-arrow

More in detail, by exploiting of the

stands for polarization), the ratio between the
transversal (in the scattering plane) and the
longitudinal component of the outgoing proton
polarization vector in Lab is proportional to the
ratio of FFs™%, i e, ,

Pi(q®) _ 2M,cot(6./2) GE(g*)

P{f(qz) w1—|—wz Gf/l((f)’
where the symbols are those of Eq. (3).

In the annihilation process e” ¢ —N*' N*,
due to the complex nature of time-like FFs,
unpolarized electrons produce polarized nucleons.
In particular, the component, orthogonal to the
scattering plane, of the nucleon polarization vector
in CoM is™

PY (¢*) =

(14 cos’ (@) + sin* (O

(g™
where symbols follow the labelling of Eq. (4) and
@ is the relative phase between electric and
magnetic FFs. It follows that, by detecting the
polarization of only one of the final nucleons, the
phase of the complex ratio GY¥/GY can be
measured.
0.5 Basic properties

The complex nature of the amplitude and
hence of FFs, for time-like values of ¢, which is
expressed formally by the optical theorem, lies in

the fact that the photon, with such a four-

momentum, gets enough virtual mass, V¢*, to
couple with, and hence produce a series of on-shell
hadronic intermediate states. Besides multi hadron
ones, light vector meson resonances are the

strongest coupled, i. e., the most probable

intermediate states. They represent the main

contributions to the FFs even though, having
masses below the physical threshold +/¢f, their
peaks lie in the unphysical region. The complex
structure of a prototype FF F (¢*) is sketched in
Fig. 2, where the three-dimensional surface (grid)
represents the modulus squared | F (¢*) |? versus
the unphysical ¢° complex plane. Indeed, it is in
this Riemann sheet, where analyticity can be
violated, that a generic resonance, of mass M; and
width I';, manifests itself as a pair of complex
conjugate poles z; and z;* (this is due to the
Schwarz reflection principle), with? =, @M+
M
0.6 The asymptotic behavior

The space-like asymptotic behavior of FFs is
inferred by means of dimensional counting rules of
quantum chromodynamics®*'. At high space-like

¢*s i e. ¢*K—Ajep» the momentum transferred by

(D The position of the pole in the ¢ complex plane is strictly connected to the physical mass and width of the resonance, the definition of

such quantities depends on the function used to describe the cross section. For instance, by using the relativistic Breit-Wigner formula and that

in modulus squared reads | BW(s) [?=[ (M; —s)2+T%M?] !, the poles would be located exactly at M? +i,IM;.
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PP analyticity and boundedness of FFs in the upper
|

The grid surface represents the modulus

squared of a prototype FF F(g¢?).
The poles are the resonances, the red curve is the | F(¢?)|?
as it appears for real values of ¢%, i.e. ,
it is the intersection between the surface and the plane Im(g?)=0.
The green band indicates the discontinuity cut ((2M,;)?,o0).
Fig. 2 Pictorial representation of first quarter

of the ¢ unphysical complex plane

the virtual photon to the nucleon must be shared
among the constituent quarks, in order for the

nucleon to remain intact, by gluon exchanges.

Fig. 3 Gluon ( g ) exchanges among the constituent
quarks ( ¢ ), to share the momentum transferred

to the nucleon by the virtual photon

Following the schematic representation in
Fig. 3, for the nucleons, that have three valence
quarks, the minimum number of exchanges is
two hence

FX(g®) oc (—g) ™ ¢¢ >—co,
with i=1,2,

The Pauli FF has a further power (—¢*) !
since it is responsible for the spin-flip part of the
nucleon electromagnetic current. The Sachs FFs,
given in Eq. (2), have the same behavior

GEm(g®) oc (—¢*) 2, ¢ >— oo,
The asymptotic behavior in the time-like region can
be obtained by from the

taking advantage

half plane, Tm(g”*)>0. Such regularities allow to
apply the Phragmén-Lindelséf theorem''® which
ensures that FFs have the same vanishing power-
law along any straight line from the origin to
infinity, i.e. ,
Gim(l g [ e™)
| e?)
The identity between space-like and time-like

lim
N 2
| | oo GEm(| q

=1,V0€ [0,x]
asymptotic behavior is verified by taking this limit
with 0=0. It follows that

GEm(g®) oc (@)%, ¢* — oo,
This result, since time-like FFs are complex,
implies that imaginary parts vanish faster than the

real ones

. ImI:GAE‘:[\/[(qz)] 1 N 9 o
(}an) Re[G}}',M(qz)] - (1£1if})arctan(¢5,m(q )) =0,
i ey Praw (¢°), the phase of the electric
(magnetic) FF, tends to 2z radians as stated by

the Levinson theorem!'!,

1 The threshold

The threshold region is represented by few
hundreds MeV, say O0E, interval (2My, 2My +
0E) . which starts at the time-like N N production

energy. An e e collider operating at a CoM

energy EE (2My , 2My +6E) would produce N N
pairs almost at rest.

It is in this energy interval that charged
nucleon and antinucleon experience the strongest

electromagnetic interaction that, in the Born

differential cross section formula of Eq. (4), is
accounted for by the Coulomb factor ¢ The

expression of ¢ can be obtained in the point-like
limit asH?!*

1

— e ™ /B =

€= grou, (0) |7 =T X EXR(S)

g1
where ¢icou. () is the wave function solution of the
Schrodinger equation with the Coulomb potential
and B is the nucleon velocity given in Eq. (4). The

two terms ¢ and %, called enhancement and

[14]

resummation factor'*", account for the single and

multi-photon  contributions,  respectively; ¢
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dominates at threshold where %21, i.e. , i L ]

L e BaBar2005 4

€ 0b = %a, g—0". 1000 o BaBar2013 A

i —  Predicti 1

The enhancement factor compensates for the L Ry | rediction ]

closing of the phase-space by making the total Born g 7O * ]

cross section finite and different from zero at o i + ]

threshold, in particular""®” &S00 H+ ]

3 2 i ]

lim oy (¢°) = 24 [ GNUME) |2 (6) i ]

1My w 2M ¥ 250 ++ =

where GN (4M%) is the common threshold value of i " ¢ ¢ .j

electric and magnetic FFs, that is, from the ol v v
1.8 2.0 2.2 2.4

definitions of Eq. (2), assuming no singularities
for the Dirac and Pauli FFs, G¥ (4M%) =Gy (4M%)
=GN (4MR).

modulus of FFs can be measured even exactly at

It follows that, the cross section and

threshold. By taking advantage from the initial

state radiation techniques, BaBar Collaboration

measured pp cross section'®',  practically
reaching the threshold.
Solid and empty black circles in Fig. 4

represent two sets of BaBar data''®'"

one e 9p5
cross section, while the red point at the production
threshold, which is indicated by the blue dashed
line, is the expected value for the total cross
section in case of
| GE(AME) | =| G{(AME) | =| G* (M) | = 1.

In other words, assuming a flat cross section
in the threshold region, BaBar Collaboration has
measured, for the first time and at a percent level,
a unit FF at threshold. Such a result seems to
suggest that the physical threshold has a special
meaning for the FFs, in contrast with their basic
theoretical properties. Indeed, by considering an
FF as the superposition of intermediate resonances
and multi-hadron states, at these time-like four-
momenta its value should be the sum of tails of
these contributions, hence there is no reason for
expecting this sum to be exactly one.

The flat e e
threshold

considering;

— pp cross section in the

region could be explained by
(D FFs almost constant and unitary;

(@ a resummation factor which accounts for

J7 1Gev
The blue dashed line indicates the physical threshold /¢2 =2M,.
The solid red point at threshold represents the cross section
expected if |Gf:(4M3) | =[G (4M3) | = |GF (4M3) [ =1.
The blue curve is a prediction, see text.
Fig. 4 Total cross section of e* e~ —pp, measured
by the BaBar Collaboration in 2005,

solid circles, and 2012, empty circles

multi-gluon exchanges (a—>a,)

P> P = —L o =0.5.

’ 1 —em/B” %
In fact, in this case, the total cross section,
that is obtained from the expression of Eq. (4)
where all constants are reported in units of

pb, becomes
o (¢) = [850 pb] 4.

and its behavior, shown as a blue curve in Fig. 4,
describes the data quite well.
On the other hand, the effective FF

1 Gpp(qz)

Ge P = o ’
O s (145)
3q° 2t

extracted from the BaBar cross section data, by
considering the usual resummation factor (Eq. (5))
and as reported in Fig. 5, shows a steep decreasing
behavior starting from the threshold that, having a
flat cross section, turns out to be

Gcf{(qz)@ 1 -

V& € [2M,,2M, + oE .
The curve 1/V/7 is shown in red in Fig. 5. It is

1—e™?,
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in perfect agreement with the BaBar data on
G.:(¢"), represented by black circles jointed by
lines.
1.1 Isotropy at the pp production threshold

The identity of electric and magnetic FFs at
the threshold is also interpreted as a consequence

of isotropy.

1.00

0.75

cff(qz)

& 0.50

0.25

L B S S S S IS B E B B B B

q’ /1 GeV

The red solid curve represents the function 1/V/7, see text.
The dashed blue line indicates the proton physical threshold.
Fig. 5 The black circles, but for the point at the threshold,
which has been obtained by extrapolating the cross section,
are the data on the effective proton FF measured

by the BaBar Collaboration

Besides Sachs, Dirac and Pauli FFs, also
partial wave FFs can be defined. From parity and
total angular momentum conservation, in Born
approximations, N N can be produced with only
two values of orbital angular momentum, 1. e. ,
Lxw=0,1. In fact, the N N system has to have
parity Pxy =P,=—1 and total angular momentum
Jsw=J,=1, where P, and J, are photon quantum
numbers. Since, Pyv = (— 1)1, —1 is the
intrinsic N N parity, and the total spin is Sxy =0,
1, it follows that: Lyy must be even (Lxy =0,2,
-++) and

Jw=1l€{|Lw—Sw |+ [ Lxx +Sxw | }+
{1} (Lyxw sSyww) = (0,1
{{1,2,3} (Lxy »Sww) = (2,1

all the other combinations (Lxy. Sxy) give total

angular momenta different from J,=1. Hence only

S and D waves are allowed, the corresponding FFs
are

GY(g®) = %(2@(};&(&) +GY (),

GE (@) = + GG =G ().

while the total annihilation cross section in CoM

and in terms of GY and GY reads
2
o) = BEL LT QY 2] G 1]

where the Coulomb correction acts only on the S-
wave term. From the definitions of Eq. (7) follows
that the isotropy at threshold, i. e. , the presence
at threshold of the only S wave and the vanishing
of the D-wave contribution, is equivalent to the
identity Gz (¢f) =G (g]).

Such an identity is experimentally observable,
especially for lambda and sigma baryons, in a
typical experiment at an e ¢~ collider (e. g. BESIII
at BEPCII'®)). In particular, the ratio |G”(¢})/
Gy’ (g3) | is measurable, even exactly at the
production threshold. This is because all those %%
final states where the (lambda or sigma) baryon,
% (anti-baryon %), is at rest in the lab, can decay
weakly into a nucleon (anti-nucleon) and a pion
which have enough momentum to reach the
detector.

Measuring a non-vanishing D-wave
contribution, i. e. , the inequality |G£(g})/Gu(qh) |
1 would be the first observation of the analyticity-
violation for the Dirac and Pauli FFs, that must
have a simple pole at threshold (z = 1) with

opposite residues. In more detail, we define

NG
Fi(g) = —BC L 7. ()
r—1
~4
Fi(¢) = ffl+F;,m<q2>,

where AG*=G{ (¢3) — G (¢3) and Fio.m (¢°) s
the analytic part of the Dirac (Pauli) FF. In this
case, i. e., by allowing for different values of
Sachs FFs at threshold and assuming | AG” | <
|Gi (g |, the
section of Eq. (4) has the limit

do 4%

dQ ¢ gt

annihilation differential cross
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a2§[| Gilq) |+ Re(AG G (¢)sin? ()], neglected but also the unexpected unitary

3ME,
It depends on the scattering angle, and hence is not
isotropic, even at threshold. This can be also seen
by considering the values of the partial wave FFs at

¢ =q}. They are

¥
(g —— Gligh + 25"
¢ —qi 3
73
Gh(g) ——>— VAGT
¢* — gt 3

As expected, the anisotropy, which is
measured by the threshold value of Gf, depends on
difference between electric and magnetic FFs,
Unique sources of anisotropy are corrections
due to %% final state interaction, that provide an
overall power of 3%, which means a simple pole
for the FFs. Theoretical calculations give an order-
o*1 effect in case of only Coulomb final state
interaction (charged baryons). On the other hand
strong Coulomb-like interaction, computed in case

[20]

of heavy quarks“**, provides a large effect but is

proportional to 8" (n € N), hence vanishing at
threshold.

2 Conclusion

The threshold region for baryon FFs is a rich
and unexplored mine of information on low-energy
strong dynamics. Recently, in the pp final state,
an FF oscillatory behavior has been clearly
identified””"” and interpreted as a manifestation of
pp final state interaction. Moreover, the
observation of anisotropy, by measuring a value
different from one for ratio between the moduli of
Sachs FFs, is now suitable for experiments like
BESIHI'®!. Indeed, in such an experiment the
detection efficiency for a %% pair of lambda or
sigma baryons, is different from zero even exactly
at threshold, when %% are produced at rest in Lab,
since the decay products have always enough
momentum to reach the detector.

From the theoretical point of view shedding
light on the threshold behavior would help with
understanding not only the nature of possible %%

final state corrections still underestimated or

normalization observed in the case of pp and that
seems to hold also for other %% channels/?!,
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0 Introduction

Electromagnetic form factors (EMFF’s) are
among the most basic properties that describe the
internal structure of hadrons. They give direct
access to their spatial charge and magnetisation
distributions. The knowledge of these is,
however, far from complete and several open
questions are awaiting their answer. This review
deals with EMFF’s of ground state baryons. These
are studied in two kinematically different domains:
The space-like (SL) region is studied by elastic
electron-baryon scattering, whereas the time-like
(TL)

annihilation into a baryon-antibaryon pair, or vice
The topic of elastic EMFF’s has been

region is studied in electron-positron

versa.

Received: 2015-11-30; Revised ;: 2016-04-20
Foundation item: Supported by The Swedish Research Council.

addressed recently by several review articles and
the reader is referred to these (Refs. [1-4]) for a

more thorough presentation.

1 Space-like form factors

The most abundant information on EMFF’s
comes from elastic scattering of electrons on
nucleons. This process is visualised in Fig. 1.

It has been assumed that this single virtual
photon exchange process gives a good description
of the upper

electromagnetic vertex in Fig. 1 is well known and

scattering  reaction. The
the baryon electromagnetic properties are contained
in the lower non-pointlike baryon vertex. The 4-
momentum squared, ¢°, is a negative quantity in

the SL region and one therefore usually defines Q°

Biography: JOHANSSON Tord, PhD/Prof. Research field: high energy physics. E-mail: tord. johansson(@physics. uu. se
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e (k) e (k)

7@

B(p)) B(p»)

Fig. 1 Feynman diagram of the Born term

for elastic electron baryon scattering

= — ¢*. The baryon vertex matrix element can
then be written as
, K
I = Fr @)y +
1 2M,

B

F}(Q)is™q, oY

where FP(@Q?) and F§(Q?) are related to the non-
helicity-flip and helicity flip part of the hadronic
current and are named Dirac and Pauli EMFF’s,
respectively. It is convenient to re-write these

EMFF’s in terms of the Sachs FF’s;

2
GE:Flfz'Fz;T: Qzl
4 BJ (2)

GM - F1 +F2
The Sachs FF’s

relativistically, to the Fourier transformations of

correspond, non-

the transverse charge and magnetic spatial

distributions in the Breit frame. However, the
interpretation becomes more complicated as the
energy increases (see e. g. Ref. [1]).

The  space-like EMFF’s  have

traditionally been obtained in terms of Gi and G¥;

elastic

via the Rosenbluth separation technique as

dG do' E, 1 9 T 9 ’

b _ (o ~ —— (Gt +—Gf

de (CLQ)MOM Ebeam 1+T< ’ € V[) 1 (3)
0 |

€ 1+ 21+ )tan%4,/2

where Ey.m and E, are the energy of the incoming

and scattered electron, respectively, 6, the electron

scattering angle, and e is the virtual photon
polarisation'. The linear dependence on z and ¢ of
Eq. (3) allows for a definition of a reduced cross

section as

Ored —

e+ Eyn do do o

T E, do (dAQ)Mott B
%+ =Gk (4)

T

Hence, o6.q has a linear dependence on ¢ at a
given ¥ with a slope proportional to G% and an
intercept at Gi;. G% and Gi; are therefore extracted
from fits to experimental data by measuring the
cross section at a given @ at different energies
(e). It should be noted that the 1/7 factor makes it
difficult to determine G% at higher @ by this
method. In turn, corrections to the one-photon
approximation can give sizeable impact on the small
quantity G%/r and therefore on the extraction
of Gg.

1.1 Proton space-like FF’s

Many data have been collected on elastic
electron scattering on the proton since the
pioneering experiments by Hofstadter™ in the
50’s. In the static limit GMp :#/)GE/’ and this is
roughly consistent with data. Furthermore, the Q°
dependence of the proton EMFF’s is well
characterised by a dipole behaviour: Gp = (1+Q*/
0.71 GeV?)?. This is depicted in Fig. 2 where the
Gg and Gy/p, are divided by Gp.

A rather coherent picture has emerged from
these data. More recently, however, polarisation
measurements have brought a new dimension to
this topic. Two techniques have evolved:

(D Polarisation transfer experiments. Here a
longitudinally polarised electron transfers its
polarisation to the recoiling proton. The transverse
(P,) and longitudinal (P;) polarisation of the
proton is subsequently measured via a secondary
scattering. The Gg/Gy ratio is  then
determined from

Ge
Gy P, 2M,

@ Polarised proton target experiments. Here

P/ E eam E{* e
_ e Wtani (5)
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Fig.2 Experimental data on the proton G (upper gure) and Gy /s, (lower gure) divided

by the dipole function G, (Refs. [1,3] and references therein)

one measures the asymmetry between the cross
sections for the two electron helicity states, A=
(6+ —0-) /(o F0o-).

Both these methods have the advantage that
they do not have the 1/r suppression of the Gg
term and that many systematical effects cancel
when taking ratios. See e. g. Ref. [1] for more
details. It came as a big surprise when the
polarisation measurements of /J,,GEP /GMp from JLab
showed a distinct difference from the results
obtained from the Rosenbluth separation method as
shown in Fig. 3.

Whereas the Rosenbluth separation indicates a

of 10 GeV? the

polarisation data show a linear decrease of the ratio

constant ratio up to a @Q°

with @Q°, even indicating a zero-crossing in the
region of Q=10 GeV?. Why this difference? It is

generally believed that the polarisation data are

more accurate and one plausible explanation is that
the Rosenbluth separation is much more sensitive
to contributions from two-photon exchanges. This
would then be reflected by this difference. A way
to test this hypothesis is to measure the ratio R=
(e p)/o(e” p) since the two-photon contribution
enters with different signs for the two cases. It is
not straightforward, however, to make precise
comparisons of different experiments due to
different systematical uncertainties. A way out of
this difficulty is offered by the CILAS experiment at
JLab by using a beam that simultaneously contains
electrons and positrons created by pair-production
of high energy photons®. The result is not
conclusive due to the statistics but points towards
the two-photon hypothesis being correct.

Another proton puzzle is the difference in the
RMS extracted from electron

charge radius
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Adapted from Ref. [3]
Fig. 3 Experimental data on the ratio #/)GE/) / G\/I/) extracted

using Rosenbluth separation (black symbols) and

polarisation measurements (coloured symbols)

low @ and Lamb-shift

measurements in muonic and ordinary hydrogen.

scattering data at

This topic is covered in several contributions to
these proceedings and the reader is referred to
these contributions for more details.

1.2 Neutron space-like FF’s

Much less data are available on neutron space-
like FF’s. Ge, and Gy, have traditionally been
extracted from quasi-elastic electron scattering
from deuteron targets. The Rosenbluth separation
requires large corrections in this case, however.
More recent polarisation measurements employ
polarised deuteron and ®He targets.

The data on Gy, agree well with the same
dipole expression as for the proton, as can be seen
in Fig. 4, pointing to the similarity between Gy
and Gy, . See e. g. Refs. [1-2] for more details.

2 Time-like form factors

Baryon form factors in the time-like region are
extracted from measurements of the produced
particles in ¢ ¢ <> B B reactions as depicted

in Fig. 5.

1.00
Q
2
2
s
&)
0.75
- I 4
0.50 IIlII 1 1 lllllll 1 1 L1 1 111
1E-1 0 1

0*/ GeV?

Adapted from Ref. [3]
Fig. 4 Experimental data on the ratio GM” / 1:GD

extracted using Rosenbluth separation (black symbols)

and polarisation measurements ( coloured symbols)

e'(ky) B(p»)

ac)

e (ki) B(p2)

(a) Direct annihilation

e (k) B(p»)

e (k) B(p))

(b) Initial state radiation

Fig. 5 Feynman diagrams of the Born term for processes

used to determine baryon time-like FF’s

The FF’s in the TL region are complex

functions
Re[Gr(¢)Gu (") ] =1 Ge(¢») || Gu(g®) | cos 951
Im[Gr(¢)Gii (gD ] = Ge(g) || Gu(g®) | sin ¢ |
(6)
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where ¢ is the relative phase between Gr and Gy,.
This relative phase gives polarisation effects on the
final state even if the initial state is unpolarised.
Assuming one photon exchange (Born term) one
can extract information on the TL FF’s from the
differential cross section according to
do
dcos 0
2
a(
QI(;<| G
4q°
qZ
T:4 l7ﬁ:\/171/T7
B

C=y/1—e"), y=m/p

. . 1
(14 cos’0) + — | G \Zsin2(9>
T -

D)
where C is a Coulomb factor. At the kinematical
threshold are =1 and Gx=G,;. It should be noted
that the Coulomb factor implies a non-zero cross
section at threshold for charged final states, whereas
C=1 for the neutral case. Re[Gr(¢°)Gy(¢*) ] and
Im[ Ge (¢*) Gy (¢) ] are related to the polarisation
P, and the spin correlation C,. by the relations!”

sin 20Im[ GGy 1/ vz B
(| Ge [*si0®) /e +| Gy |71+ cos’d)
sin 20sin ¢/t

¥

— (8)
Rsin®0/\t + (14 cos*)
and
o sin 20Re[ GGy J/ Ve _
(| Gy |?sin’®) /2 +] Gy |2(1+ cos?®)
sin 20cos ¢/t (9)

 Rsin?0/c+ (14 cos’®) /R

The coordinate system is defined such that y is
normal to the scattering plane, z in the direction of
the outgoing (anti) baryon and x defines a right
handed system.

The TL FF ¢* dependence is either obtained
from an energy scan as shown in Fig.5(a) or by
using the initial state radiation (ISR) technique as
shown in Fig.5 (b).

energy scan while staying at a fixed energy due to

The latter allows for an

the energy distributions of the ISR photons. This
has the

simultaneously, and by

2

advantage that all ¢° are sampled

these  minimising

systematic uncertainties. Another advantage is

that the final state baryons are not produced at rest

at the kinematical threshold using ISR. All this is,

however, at the expense of a lower luminosity.
The data from experiments in the TL region

are often limited and do not allow for a statistically

2

significant determination of | Gg |? and | Gg
individually. Most experiments quote therefore an
effective FF, | Gg |*,

cross section

based on the total

‘ waf ‘:
( 4B

(qz Gy |” +2M5 | G |*
q" + 2M;,
2.1 Proton time-like FF’s

A compilation of proton effective time-like FF

); (10)

is shown in Fig. 6. The most extensive data sets
come from the BaBar experiment (Refs. [ 89 ])
using ISR whereas the other data points are taken
at fixed energies (see Ref. [ 10 ] and references

therein).

LENLL N LB |
BESII
BaBar
BESII
FENICE
CLEO
E760

E835

i

22 24 26 28 30 32 34 36
q/(GeV-c?)

|
1E-1F * ]
| |

Geff
OB %X % 0 & e
1ol

ot

[ —~H

1E-2

Fig. 6 Plot of the proton effective time-like form factor '’

There are several open questions concerning
proton TL FF’s, There is an unexpected increase
of |G| s 1. e. an increase of the cross section with
respect to phase space behaviour as one approaches
the kinematical threshold in e" ¢~ collisions. There
are also discrepancies between the experiments that
have extracted | Gg |/| Gy | near threshold™®',
There are recent results from BESIII that in this
region but the statistics are not sufficient to be

[10]

decisive Furthermore, there is a structure in
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the BaBar data in the region of ¢*<3 GeV/c as can
be seen in Fig. 6. The reason for this structure is
not known but it has recently been pointed out in
Ref. [ 12] that the data seem to exhibit an
oscillartory pattern, hinting towards some kind of
interference effect.
2.2 Neutron time-like FF’s

Data are very scarce on the neutron time-like
FF’s. Few data points on the effective form factor
exist from the FENICE experiment at DA¢NEE13]
and, more recently, from the SND experiment at
VEPP-2000"""", These data are compatible with the
corresponding data on the proton. More details on
this topic are given in the contribution from A.
Korol in these proceedings.
2.3 Hyperon time-like FF’s

Only time-like FF’s are accessible for the
Their

e~ collision is therefore the best

hyperons due to their short lifetime.

production in e”
way to study their electromagnetic structure.
Hyperons also offer a straightforward access to
polarisation variables since many of them decay via
parity violating weak decays.

Data exist from BaBar'**', CLEO-C"%/,

preliminary data from BESIII are presented at this

New,

workshop by Y. Wang. The BaBar experiment did
employ the ISR technique whereas CLLEO-C and
BESIII use discrete energies. The most complete
data set comes from the BaBar experiment which
encompasses data on the effective FF of both A and
SOU5) 0 These data are displayed in Fig. 7.

One remarkable feature about these data is
that there seems to be an enhancement of the cross
section as one approaches the kinematical
threshold. This is further emphasised in new
preliminary data from BESIII presented at this
meeting. None of the published data on the
hyperon channels have large enough statistics to
determine |G| and |Gy | or even their ratio with
any statistical accuracy. This situation is about to
be changed by a recent measurement by BESIII as
reported by Y. Wang. There is even the prospect

to measure the phase, including the sign, between
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Fig.7 Plot of hyperon effective TL FF

from the BaBar experiment.
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The proton effective TL FF is also displayed for comparison

|G| and |Gy for the A hyperons.

3 Conclusion and outlook

A lot of progress has been made over the last
years on baryon ground state form factors but we
still lack a unified understanding of their space-like
and time-like form factors. These data have also
raised new questions that need to be answered.

@D Up to which momentum transfers is the
Rosenbluth separation technique valid and how
sensitive are different experimental observables?

@ Is the proton radius puzzle real?

® What is the reason for the structure in the
proton time-like FF?

@ What is the reason for the threshold
enhancement for baryon time-like FF’s?

® From what

interpretations based on perturbative QCD for

momentum transfer do

space-like and time-like FF’s start to become valid?
New data from JLab 12 GeV, BESIII and the
PANDA experiment at FAIR will hopefully be

decisive in answering these questions.
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0 Introduction

The total e" e — hadrons cross section (or
R(s))

physical quantities: agep (M) used in precise tests

is important for calculation of various

of EW physics, and better precision of this value is
Also R (s) is

interpretation  of

required in the case of ILCM.
essential  for the precise
measurements of the anomalous magnetic moment
of the muon a,= (g—2)/2*), The comparison of
this experimental value to the theoretical prediction
provides a powerful test of the Standard Model.

The dominant contribution to production of

hadrons in the energy range+s<<1 GeV comes from
the e ¢ —x" 7 mode. This channel gives the
main contribution to the hadronic term and overall
theoretical precision of a,. And in the light of new
g— 2 experiments at FNAL and J-PARC, which
plan to reduce an error by a factor of 4, it is very
desirable to improve systematic precision of the
7w cross section at least by a factor of two.

At CMD-2 this process was measured in the

energy range from 0. 37 GeV to 1. 38 GeVF %, The
0.6% ~ 0.8%

measurement was achieved for +s <1 GeV. For

systematic uncertainty of this

energies above 1 GeV it varies from 1.2% to
4.2%. SND measured the e” ¢ —x" n cross
section in the energy range 0. 39~0. 97 GeV with
the systematic uncertainty of 1. 3%,

1 VEPP-2000 and CMD-3

The electron-positron collider VEPP-2000*
has been operating at Budker Institute of Nuclear
Physics since 2010. The collider is designed to
provide luminosity up to 10% cm™* « s™! at the
maximum center-of-mass energy s = 2 GeV. At
present two detectors, CMD-3"") and SND-'*,
are installed in the interaction regions of the
collider. In 2010 both experiments started data
taking. The physics program'*® includes high
precision measurements of the e e — hadrons
cross sections in the wide energy range up to 2
GeV, studies of known and searches for new

vector mesons, studies of nn and pp production
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cross sections near the threshold and searches for
exotic hadrons. It requires a detector with high
efficiency for multiparticle events and good energy
and angular resolution for charged particles as well
as for photons.

CMD-3 (Cryogenic Magnetic Detector) is a
general-purpose detector, see Fig. 1. Coordinates,
angles and momenta of charged particles are
measured by the cylindrical drift chamber with a
hexagonal cell for uniform reconstruction of

tracks.
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4 = Z—chamber, 5~ SC solenoid (0. 13 X,, 13 kGs),
6 — L.Xe calorimeter, 7 — TOF system,

8 — Csl electromagnetic calorimeter, 9 — yoke.,
not shown muon range system

Fig.1 CMD-3 detector

The calorimetry is performed with the endcap
BGO calorimeter and the barrel calorimeter. The
barrel calorimeter, placed outside of the
superconducting solenoid with 1.3 T magnetic
field, consists of two systems: ionization Liquid
Xenon calorimeter surrounded by the Csl
scintillation calorimeter. The total thickness of the
barrel calorimeter is about 13.5 X,. The LXe

calorimeter has seven layers with strip readouts

which give information about a shower profile and
are also able to measure coordinates of photons
with high accuracy of about a millimeter precision.

The 10* cm™? » s7! luminosity was reached by
the VEPP-2000 collider. The already collected
integrated luminosity is about 60 pb™' per detector
in the full energy range, where about 18 pb ! was
collected below the ¢ energy. The luminosity at
high energy was limited by a deficit of positrons
and maximum energy of the booster (825 MeV
now) , and after upgrade of the accelerator complex
we expect the luminosity to gain by a factor of ten.
The new positron injection facility and achieved
operational experience will also improve luminosity
at low energy.

The first energy scan below 1 GeV for a7
measurement was performed at VEPP-2000 in
2013. The luminosity of the already collected data
sample is higher than that in the previous CMD-2
experiment and is similar to or better than that in
the BaBar'') and KLOE"" ') experiments (Fig. 2).
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Fig. 2 Statistical precision of | I, |* from the CMD-3
data in comparison with CMD-2, BaBar,
KLOE and BESIII results

2 Data analysis

The 7"~ process has a simple event signature
with 2 back-to-back charged particles. They can be
selected by wusing the following criteria: two
collinear well reconstructed charged tracks are
detected, these tracks are close to the interaction

point, fiducial volume of event is inside a good
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region of the drift chamber. The selected data number of electrons according to the QED
sample includes events with: e"e , u' p s 7' 1 prediction.

cosmic muons, and it practically doesn’t contain

any other physical background at energies Vs <<
1 GeV.

These final states can be separated using
either the information about energy deposition in
the calorimeter or that about particle momenta in
the drift chamber, as shown at Fig.3. At low
energies momentum resolution of the drift chamber
is sufficient to separate different types of particles.
The pion momentum is well aside from the electron
one up to energies Ep., << 450 MeV, while the
iy events are separated from others up to
Erom<< 330 MeV,
number of muons should be fixed relative to the

280

and at higher energies the
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At higher energies the peak of electron shower
in the calorimeter is far away from the peak of
minimal ionization particles. The separation using
energy deposition works best at higher energies
and becomes less robust at lower energies. In this
method the number of muons can be extracted by

fixed according to QED

event separation or
prediction.

Determination of the number of different
particles is done by minimization of the binned
likelihood function, where two dimensional PDF
functions are constructed in different ways for each
type of information.

To construct PDF functions in the case of
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Fig. 3 Distributions of measured momenta in the drift chamber (top row) and energy deposition in the calorimeter

(bottom row) of collinear events at energies E\,.., =250 MeV (left column) and 460 MeV (right column)
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event separation by particle momentum we take as
an input the ideal momentum spectra for e" e, 4’

+

¢ » © wm events from the MC generator for

applied selection criteria. Then the generated
distributions are convolved with the detector
response function which includes effects from
momentum resolution, bremsstrahlung of electrons
at the beampipe, pion decay in flight. The
functions themselves are general enough and most
of their parameters are free in minimization.
Description of cosmic events is done on the
basis of experimental events with impact
parameters outside of the beam interaction region.
Distributions of 3z background events (which
gives a small contribution) are taken from full MC
simulation. The result of minimization at Eem =
252.8 MeV is shown in Fig. 4 and for the point at
the w resonance peak Ey..,=391. 48 MeV in Fig. 5.

hppexp_2px
‘| Entries 202805 |

1E+4

1E+3

1E+2

1E+1 B ........

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
momentum (+) / Epeam

histogram-data, lines-projection of fitted functions
after minimization: the peaks from left to right —
7", 475 e, cyan line-cosmic events
Fig. 4 Momentum distribution of positive charge
particles for £, =252.8 MeV

In the case of event separation by energy
deposition of particles: the PDF distributions of
energy deposition are taken from MC or data itself.
Each process is fitted by its own analytical
function, and then these functions are used during
minimization with some free parameters. Electron
distributions are described by a function with most
of parameters free. Muon description is taken from

simulation and convolved with additional smearing

hppexp_diag

244]

07 08 09 10 1.1 1.2
(P‘+P7)/2/Ebeam

histogram-data, lines-projection of fitted functions

after minimization: the peaks from left to right 3,27, 24,

e"e™, cyan line - cosmic events

Fig. 5 Average momentum distribution for events
with | AP | /Eyem <<0.038, E,..., =391.48 MeV

as free parameters (it's planned to select muons
totally from data). And cosmic events are selected
from experimental data by the vertex position. The
pion particles can be cleanly selected from huge w.,
¢ — 3w data samples. The example of energy

deposition of selected pions is shown in Fig. 6.

140

120

100

LI L L L B

events per 4.65 MeV

o b b b b b b D T

0 50 100 150 200 250 300 350 400 450
Em

Fig. 6 Energy deposition in the calorimeter of 7
from 37 events with P.- =387.5 MeV/c

Full energy deposition in LXe with Csl
calorimeters is used at the moment. An example of
the minimization result at Ej.., = 387.5 MeV is
shown in Fig. 7.

As further development, one can use a neural
net for event classification. This can help to

exploit information about the showerprofile from 7
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Fig.7 Result of event separation based on energy

deposition information at E,.,, =387.5 MeV

strip layers in the I.Xe and energy deposition in the
Csl calorimeter.

The comparison of two approaches with the
pion form factor after event separation is shown in
Fig. 8, where additional corrections, common to
two methods (e. g., the trigger efficiency), are
not applied.

50
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;;.”.»,‘.}g‘i‘i‘?i' e ‘%e
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[
(=]
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0

Open crosses — separation done on the calorimeter
information, filled squares — on particle momentum.
Some additional corrections, common to two methods

(e. g. » the trigger efficiency) ., are not applied

Fig. 8 Preliminary results on FZ from CMD-3

These two methods overlap in the wide energy
range and provide a cross-check of each other,
allowing to reach a systematic error of event

separation at the level of 0.2%.

The only significant physical background in
the selected data sample is pions from 3x events at
the w energy. The total contribution from these
events Ns, /N, <C0.85% is small even at the peak
of w. These events are independently identified in

based on  momentum

+

particle  separation

distributions. The g(e"e —x 7 #°) cross section
obtained as a by-product of this analysis agrees
well with published results by CMD2 and SND
experiments. The geometrical acceptance was
calculated using Monte-Carlo with 37 in the phase
space model, and the reconstruction efficiency is
mostly the same as for studied collinear events and

will be canceled during Ns./N, normalization.

3 Systematic uncertainty

The systematic error of x' =«

channel is
expected to be mainly from the following sources:

0.2% — e/p/n separation, 0.2% — pion specific

correction, 0.1% — radiative corrections, 0.1%
— fiducial volume, 0.1% — beam energy
determination. The final goal of the CMD-3

experiment is to reduce an overall systematic
uncertainty in this channel up to 0. 35%.

In the CMD-3 detector, a polar angle of tracks
is measured by the DC chamber with the help of
the charge division method with the z-coordinate
resolution of about 2 mm. This measurement is
unstable by itself as it depends on calibration and
thermal stability of electronic board parameters.
An independent calibration should be applied
relative to another system, such as the ZC-
chamber or the LLXe calorimeter., The ZC chamber
is a 2-layer multiwire chamber installed at the
outer radius of the DC chamber. It has a strip
readout along Z coordinate, where the strip size is
6 mm and the z-coordinate resolution is about 0.7
mm for tracks with 1 radian inclination. Also the
CMD-3 detector has the unique L.Xe calorimeter
where ionization is collected in 7 layers with a
cathode strip readout, where the combined strip
size is 10 ~ 15 mm and coordinate resolution is

about 2 mm. Both subsystems have precision for



oA

Preliminary results on pion form factor at CMD-3 329

strip position better than 100 yp m, which should
give less than a 0.1% systematic contribution to
luminosity determination.

Determination of the fiducial volume could be
made independently with the help of the [LXe and
Z-chamber subsystems. It allows an efficient
monitoring of detector operation stability during
data taking. This monitoring shows compatibility
between two subsystems inside the range |87/Z|
<6X107* for the 2013 season, which corresponds
to 0.1%

determination at 0. =1 rad. An addition of other

systematic error of luminosity
crosschecks of Z scale measurement (radiography
of detector elements from conversion of particles,
momentum versus polar angle correlation and so
on) will allow to keep a systematic uncertainty
from this source at the 0.1% level.

Measurement of beam energy by Compton
backscattering of the laser photons with precision
o <50 keV!'"™ will keep a systematic uncertainty
from this source below 0. 1%.

The reconstruction inefficiency in the CMD-3
detector is about 0.2% ~ 1%, which is 3 ~ 10
times better than was achieved by the CMD-2
experiment. Moreover, we plan to study in more
detail pion specific loss because of decay in flight
and nuclear interaction using ¢,w—>37 experimental
data.

Another important source of systematics is
theoretical precision of radiative corrections''®,
Additional studies like crosschecks of different
calculation approaches and further proof from
comparison with experimental data are necessary in
this field. Comparison between the MCGPJ" and
BabaYaga @ NLO') generators was performed.
The integrated cross-section for applied cuts is well
consistent at the level better than 0.1% between
both tools, but strong difference in the P™ X P~
momentum distributions is  observed.  Also
observed is some discrepancy between experimental
data and fitted functions when using event
separation by momentum information, where the

initial input comes from the MCGP] generator,

while BabaYaga(@ NLO describes the data better.
One of the next steps for improvement of the
MCGP] generator can be an addition to the angular
distribution for photon jets. While this discrepancy
doesn’t affect analysis by

mostly energy

deposition, it becomes crucial if momentum
distribution information is used. We expect that
the overall uncertainty from MC tools can be
reduced to 0. 1%.

One of the tests in this analysis is a
measurement of the e” ¢~ ="y cross section at
low energy, where separation was performed
using momentum information. Preliminary results
of this test are consistent with the QED prediction
with an overall precision of 0.5% as shown

in Fig. 9.

1.10 - - - - x*/ndf 16.78/16

i : : : Prob 0.4003
1.08 poO 0.9961:£0.004429
1.06 : g

)
& 1.04
~ 1.02
S
5 1.00
1 0.8
Lo
2 0.96
[§}
0.94
0.92

Coooa b by b by Lo b ba g 1y

0.9
0.30 0.35 040 045 0.50 0.55 0.60 0.65 0.70
Js / Gev

Fig. 9 Preliminary result of the measurement of muon

pair production in comparison with the QED prediction

4 Conclusion

VEPP-2000 accelerator successfully operates
with a goal to get ~1 fb™! in 5~ 10 years which
should provide new precise results on hadron
production. The CMD-3 and SND detectors were
upgraded, with significantly improved performance
and monitoring capabilities of different detector
subsystems. The first scan below 1 GeV for a =
7 measurement was done in 2013, The already
collected data sample has the same or better
statistical precision of cross sections than was
achieved by other experiments. Data analysis is in

progress.
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A new positron injection complex will be
commissioned during this winter. The luminosity
will be increased by a factor of 10 up to 10% cm™* »
s ' at 2E=2 GeV. It is expected that the new
positron injection facility and achieved operational
experience will also improve the luminosity at low
energies for the #" 7~ scan. High statistics will
allow us to study and to better control different
systematic contributions, with a final goal of 0.35%

precision for the ¢(x" 7 ) cross section measurement.

We thank the VEPP-2000

team for excellent machine operation.
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0 Introduction

Electromagnetic interaction of the nucleons
(neutrons and protons) can be described with two
complex functions of transferred momentum, the
electric form factor Gg (s) and the magnetic form
factor Gy (s). In the timelike region above

nucleons production threshold (s > 4M% ) this

Received: 2015-11-30; Revised: 2016-04-20

functions can be partially extracted from the total
cross section and the angle distribution in the

annihilation processes e’

e —pp and e e —>nn.
The early results were obtained by the
BaBar' and PS170"! experiments for protons and
in the FENICE"! experiment for neutrons. In this
paper we review the results from the CMD-3 and

SND detectors for the process e e~ —>pp, and the
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result from the SND detector for process e” e —
nn. The data were collected at the VEPP-2000
collider*" during the data taking runs in 2011 and
2012 at the center of mass energy range 1. 8~2.0
GeV. The collider allows to study e e collisions
at the center of mass energy range 0. 3~2.0 GeV
with the luminosity in the studied region (~1. 8
GeV) L=0. 7X10* cm™ « sec”! and the energy
spread 0g=0. 6 MeV. The detectors are located in
the opposite sides of the VEPP-2000 collider. The
data are being collected in parallel.

The SND¥ ) (Fig. 1) detector includes the drift
chamber (DC), the three layer electromagnetic

(EMC) Nal(T1]) calorimeter and the muon system.

1 - beam pipe, 2 - tracking system, 3 - aerogel cherenkov counter,
4 = Nal(TD crystals, 5 - phototriodes, 6 — iron muon absorber.
7~9 - muon system, 10~ VEPP-2000 solenoids
Fig.1 The SND layout

The CMD-3 detector''™'" (Fig. 2) includes the
drift chamber in the 1.3 T magnetic field, EMC

9 8 56 37124

3 y]‘v

LTI

=

NERRNRARIRINND

1 = vacuum chamber, 2 - drift chamber, 3 = BGO calorimeter,
4 = Z-chamber, 5 - SC solenoid, 6 — .Xe calorimeter,
7 = Csl calorimeter, 8 - yoke, 9 - VEPP-2000 solenoids
Fig.2 CMD-3 layout

calorimeter consisting of BGO endcap and two
barrel layers, LLXe and Csl. It also includes the
muon system.

The integrated luminosity collected in the
region of interest is ~8. 7 pb ! and summarized
in Tab. 1.

Tab.1 The integrated luminosity

experiment IL/pb~! ILG/s>>1.88 GeV)/pb !
12. 2010~06. 2011 25 3.8
01.2012~04. 2012 17 4.9
total 43 8.7

The differential cross section of the process
e"e —>NN can be expressed as a function of
transferred momentum squared (s) and polar angle

D

. 2
—dfég) — (] Gy 17+ cos’0)
+ M| Gor 12sinto) (D

where C is the Coulomb factor''? taking values C=
1 for neutron and C’%%/(l—e’% ) for proton, My

is the nucleon mass, Gy (s) and Gg(s) are electric
and magnetic form factors.

The full cross section then can be written as:

2
o(s) :4&;@(\ G (5) |2+2Af” [ Ge(o) |?)

(2

It is convenient to use also “effective form

factor” for comparison of the results from the
different experiments;

2M
= |G

| Gu(s) |2+ s |?

F(s) = 3

1+—2]z/[ZN

The measured event distribution from cos
can be used to obtain the ratio of electrical and
GA/I(S).

magnetic form factors

1 CMD3 and SND pp measurements

The selection procedure of pp events depends
on the proton energy. Close to the kinematic
threshold both protons and antinprotons stop in

the beam pipe material with loss of the proton,
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while the antiproton gives an annihilation star. For

the higher proton energy both the proton and the F: : v BaBar
antiproton cross drift chamber, giving high dE/dX
tracks. Then antiproton gives an annihilation star
in the outer wall of the drift chamber.

The main criteria for selecting pp events at v
CMD-3 and E;...,<<950 MeV (near the threshold), _’F
are the following'™': 4 or more tracks with a 4k i i i I

1 1 1
. . . 1880 1900 1920 1940 1960 1980 2000 2020
common vertex found in the beam pipe material; - IMeV

cross section / nb
(e) o
oo =
T ’ T T
_+_
—
I.____.,_..
+*"*

no tracks with energy deposition in calorimeter
higher than 400 MeV. At Ey.. =950 MeV two

opposite-charge collinear central tracks in DC are

300

required; the track momentum values are limited

}il E ‘<O 15 (<€0. 2 for Epem<<955 MeV), 10():— | P oo A o
L+ b-zozd

and the total energy deposition in the calorimeter is ‘
200 MeV -08 -0.6 -04 -02 0 02 04 06 08

The criteria at SND and E}.., <<960 MeV are
the following (preliminary): exactly 3 tracks with

Evems /0.2
[
(=3
S

as

Fig.3 The CMD-3 pp cross section and angle distribution

a common vertex located in the beam pipe

. R 1400
material, and no other tracks (proton is not . ~#-SND MHADI11
) ) 1200 —4-SND MHADI12
registered). At Ep.n = 960 MeV two collinear C -#-BABAR
central tracks in DC with large dE/dx are required, 10001 i ¢, ¢ ¢ é* :
B t ettt -
the total energy deposition in the calorimeter is '§- 800:_ : ' - R e
o .
=650 MeV, one of the tracks should not have any 600 e s
associated calorimeter cluster. a0
The pp cross sections ( ¢, ) were obtained 200
from the well known expression: b
1900 1950 2000 2050
N=¢els, « L ) 2E/ MeV
where N is the number of events, L is the oo
integrated luminosity, ¢ is the detection efficiency, 180E
and & is the radiative correction. The systematic 160
uncertainity is estimated to be 6% for CMD-3 and 140¢
120
0 E
7% for SND. 1005
. o Gg . 80
Fit of the cos @ distribution to expract ~= is F
Gy 60
also made for both experiments. The results are ;g:_
(IL—l49+023+031tCMD3[“]qnd E—1.64 Y P T U P
Gum c Gu . -1.0 -0.8 0.6 -04 -02 0 02 04 06 08 1.0

cos @

+0. 26 at SND (preliminary result).
The cross sections for the CMD-3"*) and the
SND (preliminary) are shown in Fig. 3 and Fig. 4.

Fig. 4 The SND pp cross section and angle distribution

(preliminary results)
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2 SND 7m measurement

+

events from the e ¢ — mn

+

To select

process-*!

e _’€+6’

, all events that meet the criteria for e

and e"e —2y are removed explicitly,
cosmic background is suppressed with the muon
system veto. At least two clusters in the EMC
calorimeter are required in the event. Other criteria
utilize the energy: 950 MeV <Epyc<<1 500 MeV
and the total event momentum registered in
calorimeter: Prvc =>0. 5 * Epams 25° < Oppye <<
155°,

To extract the cross section (g,; ) from the
number of events (N) the following expression
taking into account cosmic background is
used;

N =ormm * L"‘O‘pﬁ,\ns eL+x+T+ebo. L
where 6,,.vis is a visible pp cross section satisfying
nn selection criteria, ory is a visible cross section of
processes with smooth behavior near nn pair
production threshold, x is the visible cosmic events
rate, T is the time of data taking for particular
energy, L is the integrated luminosity, e is the

and ¢ is the

The visible cosmic

detection efficiency, radiative

correction. event rate 1s
obtained with a common fit in all energy points and
found to be (1. 4040. 07) X 107° Hz. For oy its
direct measurement below nn threshold is used,
but it is also estimated from possible physical
background process contributions and found to be
in a good agreement. The obtained cross section

separately for two seasons and early data from
FENICE™! are shown in Fig. 5",

3 Discussion

The e e
constant, though it is natural to expect its decrease
4 M

- s
as ﬁ/s:%

— pp cross section is almost

when approaching the threshold
(Fig. 4). Both SND and CMD-3 results (Fig. 6)

confirm the BaBar result, that near

2

v 2012
e 2011
O FENICE

o'~

o/nb
T
——1
—<H
e P
et
—e—f
<
e

H-o—
H—<—

k= —
1

T

1 PR R |

1800 1850 1900

1

2000

|

1950

2FE, / MeV
Fig.5 The SND iz cross section
2.5
. —+— BaBar
r PS170
2.0~ ' ; | —— CMD-3
. —+ SND
— L5 __l[_ i
© T 1 - 1
S jof
0.5}
07 [ RTINS BRI [ . 1
1.90 1.95 2.00 2.05 2.10
E ./ MeV

Fig. 6 The p EM form factors ratio

threshold strongly differs from unity. This was
somewhat unexpected, because of Gp = Gy at
threshold.

The e ¢~ —nn cross section is also constant
(Fig. 5) and coincides within the errors with for e*
e —pp (Fig. 7). The 5,=0, relation suggests that
isovector amplitude

either the isoscalar or

dominates in the e” ¢~ — nn process near the

threshold. The pQCD asymptotics is 22 =14,

Possible explanations of this observation could
be;:

(D sub-threshold resonance;

@ final state interaction between nucleons.

The theoretical discussion of the phenomenon

on the base of Paris nucleon-antinucleon optical
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0.6 . ‘
- T ted e SND |
0.5 T}}{ ‘[ J_ n anti-n
n_r O BABAR
T p anti-p
504 % Ll' i
g:ll 1
g %I’IT .I.
2 0.3 Tf.n. m §Il‘§LF‘L _ul_o_‘
T
0.2 j
01 1900 1950 20100 ‘
2E, / MeV

Fig.7 Nucleon effective form factor

potential " suggests that isoscalar channel
dominance should lead to attraction while isovector
to repulsion. However, it is noted!'™ that e" e —
nn threshold jump has almost equal value and
opposite sign with isovector part of e e —
3(x )2z #°) processes (Fig. 8). In other
multipion channels any features compatible in
magnitude are not observed near the nucleon pair

production threshold.

10 T
sE (@ ‘
o ¢b, & v . e 0
=PF° — ., s
b 4F :
2F :
0:1....1..',‘|H.||....L
1.80 1.85 1.90 1.95 2.00
2E/ GeV
10: T
sk (b) i
2 6F '
© 4 :
25_ :—._-l_'.l e & & .
0:| TR ST RSN UN S N R SV R T
1.80 1.85 1.90 1.95 2.00
2E [ GeV
10 T
8E (© i b g 8% 3
E L]
_86;_. ] AJ—f-E—i—lﬁ!
6 4F '
2F ‘
0:] 1 1 1 A ' 1 I'l 1 l 1 1 1 1 I 1 1 1 'l I
1.80 1.85 1.90 1.95 2.00
2E [ GeV

Fig.8 ¢" ¢ — m and isovector ¢" ¢ — 6

jump compensation

4 Conclusion and plan

The cross section of the e™ e — pp is
measured independently with the CMD-3 detector
and with the SND detector at VEPP-2000 collider.
The timelike effective electromagnetic form factor
of protons, ratio of electric and magnetic form
factors are extracted.

The cross section of the e” e —nn is measured
with the SND detector,

electromagnetic form factor of neutron, ratio of

timelike effective
electric and magnetic form factors are extracted.
Results for both the neutron and the proton
form factor near the pair production threshold
agree well with previous measurements (BaBar,
FENICE ), but raise

questions.

some interpretation

Future modernization of collider and both
detectors would allow to improve these results.
VEPP-2000 is undergoing an upgrade of the
electron and positron sources which will allow to
increase its luminosity by the order of magnitude.
For the new runs the laser Compton backscattering
method will be used for the beam energy
measurement. An electronics upgrade of the SND
detector will allow the time measurement in the
calorimeter to better separate antineutron signal
from the cosmic background. The new time of
flight (TOF) system on the CMD-3 detector will

also improve the power of antineutron selection.
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models of hadron internal structure in general.
Looking back on the history, the experimental
results on FFs have driven and renewed models
which are trying to explain FFs of Nucleons at low
and high ¢*, in the space-like region as well as in
the time-like region. In a parity, time reversal and
gauge invariant theory, the structure of any non-

point-like particle of spin S is parametrized in

terms of (2S+1) FFs. Hence baryons with %

spin, which are considered here, are described by
two electromagnetic FFs,

In the time-like (TL) region, assuming a
metric where the momentum transfer squared ¢* is
positive, the FFs have complex values, and their
module can be measured by means of cross section
and angular distribution measurement. By looking
into the polarization of the outgoing baryons, the
information on the relative phase can be achieved.
The Sachs FFs, electric Gz and magnetic Gy, are
introduced as linear combinations of the Dirac and
Pauli FFst.

one virtual photon channel, is supposed to be the

The Born cross section, that is the

dominant one in the time-like region. That means
the final states have the photon quantum numbers,

in particular, the same, negative, charge

conjugation. As a consequence there should be a
forward/backward symmetry. The two virtual
photons would have the opposite one and the
these two contributions

interference between

should produce a forward/backward asymmetry.
+

Indeed a small asymmetry has been found in ¢" e” —
Y 2P, Conversely, in the space-like region at
high ¢* the very different behaviour of Gg and Gy
has been assumed to be due to a strong
contribution from the two-photon exchange. The
Born cross section can be written as a function of
Gr and Gy, as in Eq. (1). The differential Born
cross section can be written as in Eq. (2), by
Gr

G M

) can

which the FFs (|Gg| and |Gy | or R:‘

be measured.

_AmBT e L e
e = P [ Gu "5 1G] D

daliom:é&g 2 L iz |2
o = F [ (Atcos'®) | Gy |* +—sin'd | G |* |

(2
The factor ¢ is a correction to the Born cross
section, due to Coulomb interaction between the
outgoing charged baryons. Until now % has been
supposed to be the same as for point-like fermions,
because of the long range Coulomb interaction.
Analiticity of the Dirac and Pauli FF requires
Ge (4MP) =Gy (AMP).

some of these assumptions (that have never been

However it might be that

under discussion) have to be reviewed, as it seems
according to the present data on baryon FFs. For
this reason it is worthwhile to collect more data on
this topic. BESIII is a detector on a e e~ collider
with very good performances that provides a good

environment for measuring the FFs of baryons.

1 Proton FFs

In the TL region, measurements of proton
FFs have been performed by means of e ¢” —
pp27,

also pp — e

the radiative return e e >y pp-* ", and

e M While there are many,

somewhat consistent, measurements concerning

the total cross section, there are few, not

G

Gum

consistent, data on the ratio R= , mostly

from BABARY and PS170Y.,

Recently, based on 157 pb™! collected at 12
scan points between 2.22 and 3.71 GeV in 2011
and 2012, proton FFs have been measured at
BESIII"™, The product of proton and anti-proton
selection efficiency times initial-state-radiation
(ISR) up to the next-to-leading (NLO) correction
e (1 + &),
ConExc*, is about 66% at 2.23 GeV., with a
15% reduction at 4 GeV. After ISR correction,
cross section and effective FF are extracted

according to Eq. (3) and Eq. (4). The cross

factor, estimated by means of

section is shown in Fig. 1(a). In Fig. 1(b) R, as
extracted from the angular distribution of the
proton, is shown, too. The method of moments
(MM) (Eq. (5)) has also been used to evaluate R,
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see Tab. 1. The cross section has been measured
with an accuracy between 6.0% and 18.9% up to
Js<Z3. 08 GeV, improving the previous results. Gy
has also been measured.

o — Nr/}.\' _ N/)k'g
P T e (1+6)

G| = /K(HZ%)(M) )

(3)

2Ety
2
(cos’0,) = NLJ %&coszﬁp .

[ (+cos,) | Gy |17 +

(1~ cos’9,) | R | Guy |* Jdeosd, (5)

Tab. 1 Results on R and Gy, by fitting the proton
angular distribution as well as by the method

of moments at different c. m. energies

Js/MeV |GE/Gu| |Gy [ (X107%)
Fit on cosf,

2232.4 0.8740.2440.05 18.42=£5.09=+0. 98

2400. 0 0.91+0.38+0.12 11.30+4.73+1.53

3050. 0~3080. 0 0.9540.454+0.21  3.61+1.71+0.82

Method of moments

2232. 4 0.8340. 24 18. 60£5. 38
2400. 0 0.8540. 37 11. 524+5. 01
3050. 0~3080. 0 0. 8840. 46 3.34+1.72

At present, the precision of R is still
dominated by statistics. In 2014 and 2015, BESIII
has collected more data by means of an energy
scan. These data will provide the opportunity to
get better results on proton FFs,

The proton FFs have also been measured with
the large XYZ dataset collected at BESIII by means

LR L B B
g f (@)

<+

Pt

L L L |
* BESIII
¢ BaBar
o BESII
+* FENICE
x CLEO
2 E760
o E835

L1l

1E+2

T
Lol

1E+1

cross section / pb

LEREERLL |
fuTm|

|
t

_.
I

TTTTT

1 1 1 1 1 f.

CLuiT

24 26 28 30 32 34 36

N
S}

M,/ (GeV-c?)

of ISR technique, which allows a continuous ¢*
threshold.
efficiency depends slowly on ¢ and it is about 20%

measurement from the Detection
with yir-untagged mode, and about 6% with Y-
tagged mode. Full angular distribution in hadronic
center-of-mass is acquired, and the acceptance at
threshold is non-zero, in the untagged mode.
BESIII statistics is competitive with BABAR above

M(pp)~2.0 GeV.
2 Neutron FFs

Up to now, the experimental results on
neutron FFs are very few. Only FENICEY and
SND''" gave results about neutron effective FFs,
This is due to the difficulties in detecting low
energy n, when the n does not produce a hadronic
shower yet in the electromagnetic calorimeter
(EMC). The n always annihilates and releases a
large amount of hadronic energy, more than twice
the nucleon mass. The sources of background in
detecting an n are other neutral particles, like 7,
¢ and mostly beam and neutral cosmic rays.

At BESIII, the depth of the EMC is about 15
electromagnetic radiation lengths, and about 50%
of a hadronic interaction length, which is roughtly
the probability of detecting high energy n and n
interacting in the EMC. For a 1 GeV photon the
EMC energy resolution is 2. 5% in the barrel and
5.0% in the end-caps, which provides a chance to
reconstruct at least the n. The measurements can

be performed by means of ¢ e — nn with the

2.0 P
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PS170

o
4
.
—+

G/ 1Gul
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e
b b b b b b b beaa by

M,y / (GeV-c?)

Fig. 1 The Born cross section (a) and R (b) from BESIII compared with other measurements
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scanned data and by means of the radiative return
e e =7y nn using the XYZ data. The detection
strategy could be: first identify n and y; then
the EMC shower information is used in those cases
where n identification is possible; finally event
kinematics is used to further veto the remaining
backcground. The EMC

between n  and

capability in
distinguishing photon is
comprehensively studied with the Toolkit for
Multivariate Data Analysis in the ROOT (TMVA)
package. The result is shown in Fig. 2, where one

can see that n and photon are well seperated.

TMVA overtraining check for classifier: MLP

L L B e e B ) o e
3:, S}gnal (test sample) L Slgnall (training sample) 3
Background (test sample) « Background (training sample)

= Kolmogorov-Smirnov test: signal (background) probablity=0.778(0.422) =
F L2} ]

(1/N)dN / dx
(3] w N W N ~ o0

T[T T[T T[T [ T[T TT

o b b b b b b

MLP response

The hatched histogram and dots represent signal.
The other histogram and dots are for background from a photon.
Fig.2 The EMC capability in distinguishing between
and photon studied with TMVA package

To increase the overall detection efficiency,
relaxing n identification, the muon counter (MUC)
and the TOF counters can be exploited. MUC is
made of Resistive Plate Counters interleaved with
the yoke iron. The yoke iron is about 54 ~cm in
total, which makes ~96% the probability the n
interacts in MUC. TOF counters are fired by the n
annihilation star and the TOF measurement might
be enough to get rid of n detection. So these are
additional possibilities to detect n at BESIII, and
their feasibility is under study.

3 AFFs

The Coulomb factor should not enter the cross
section formula in the case of a neutral baryon

pair. Therefore the Born cross section is expected

to vanish at threshold, increasing with the velocity
of the baryon. The AA cross section and FFs have
been measured by BABAR by means of ISR
technique, from threshold to 2. 27 GeV, with a
non-zero cross section of (204 + 60 £ 20) pb at
threshold. This result may conflict with the theory
prediction but it is integrated on a large energy
interval, because of ISR.

With the data collected in 2012, the FFs of AA
have been measured at BESIII preliminarily at four
energy points, 2232.4, 2 400.0, 2 800.0, 3 080.0
MeV and a search has been done by looking at A—
pr and A—nx’. At 2 232.4 MeV, very close to
the threshold, the momentum of the final proton is
too low to leave a message in the detector and the
antiproton interacts on the beam pipe. However it
is possible to exploit the fact that in the A— pr’
decaying vertex of the secondary particles produced
by » in the beam pipe is 3~cm displaced, due to
the interaction with the beam pipe. For A—nr’
selection, the TMVA based on Boosted Decision
Tree is applied to veto large background. The #° in
the final state has a monochromatic momentum,
about 105 MeV. According to the aforementioned
features, 43 =7 events have been selected from
A—pr® mode, and 22 £ 6 events from A — nr’
mode. Surprisingly, a large cross section, about
(320458) pb very close (~1 MeV above) to the
threshold has been observed. Cross section and
effective FF are listed in Table. 2. Fig. 3 shows AA
cross section, as measured by BESIII, BABARM®
and DM2M,

Due to parity violating decay of A— px, the
proton emission depends on A polarization in the
AA frame. The imaginary part of FFs leads to a
polarization observable, as shown in Eq. (6). 8, is
the polar angle of A in AA frame. 0, is the polar
angle of p in A frame. According to the data taken
in 2014 and 2015, a statistical accuracy between
6% and 17% for P, can be achieved.

sin20sinA¢/t _3 (cosb,”

P, :7Rsin26’Ar+ (1+cos’2)/R  a,

(6)
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Tab.2 BESIII results on AA cross section

and effective form factor

«/T/MGV Utbm/pb \G\(XIO*Z)
22324
A—>pr A—>pr’ 325+53+46
A—nr° (3.01. 00, 4) X102
combined 320458 63.4+5.7
2 400, 0 1334220419 12.9340. 9740. 92
2 800. 0 15.345.442.0 4.16=+0. 734+0. 27
3 080. 0 3.941.140.5 2. 2140, 31+0. 14
e — —
350 F = BESIII 3
300 f_ * BaBar —f
Na) E 7
2250 » DM2 3
=] E J
2 200F E
N -
w 150 + =
3 E =
§ 100F ++ =
S0E —+ 3
0F | e, . ]
2.5 3.0 3.5

M/ (GeVee™?)
Fig. 3 BESIII, BABAR and DM2 measurements
of AA from 2.0 up to 3.6 GeV

4 FFs of A. and other hyperons

The Coulomb
threshold, in the case of " ¢= = AA. predicts

enhancement factor ¢ at

2 3
OBorn — 721Aa/[2 | G2 =0.15] G |* nb. Results from

Belle'"”) indicate that the cross section near the
threshold of A.A. is nearly 0.15 nb, which means
G ~ 1 at threshold. This strange result is
consistent with what has been found by BABAR in
e" e — pp. Also the ratio R, as measured by
BABAR, might be unexpected, being different
from 1 (but integrated on an energy interval) as
expected according to analiticity. However, the
Belle result is affected by a very large uncertainty.
To verify this, more integrated luminosity is
needed. BESIII collected at 4575 ~ MeV, very
close to the threshold, an integrated luminosity of
42 pb~'. Very likely, BESIII will collect more data
at high Thus, the section

energy. Cross

measurement will be largely improved, and a 10%
precision in the measurement of R is expected with
a luminosity of 200 pb™', assuming an R value
similar to the one found in the proton case at
BABAR.

Taking the advantage of the large energy
range and large data samples at BESIII, the TL-
FFs of other hyperons, such as A 3°, 3 3°,
S3,3 3y ,.2E.E . Q0 Q , together

with the measurements of R and relative phase A®

[1)

at single energy points will be extracted.

5 Conclusion

BESIII is an excellent laboratory for baryon
Both scan and ISR
techniques can be used. The proton FFs and the

form factor measurements.

ratio have been measured using 2011 ~2013 data.
With the same data, preliminary results on AA
have been just released. With higher statistics
between 2.0 and 3.1 GeV, collected in 2014 and
2015, new significant results will come and
improve FFs status for p, n, A, 5, Q, =, A..
Also the measurements with XYZ datasets by ISR

method are worth anticipating.
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0 Introduction

Meson transition form factors for the lightest
neutral pseudoscalar mesons P= 7", and 77/ are
the scalar functions describing the vertex
consisting of the meson and two photons Py* y*.
They are relevant for the description of processes
such as radiative decays, P—>Yy, single and double
Dalitz decays, P—>{"{ vy and P—>1{" 1 [T [,

Te =Py and et y—

meson production processes, e
e P,
relatively well described within approaches based
on the Vector Meson Dominance (VMD) model.
However, the VMD model does not match QCD

predictions for the asymptotic region.

The main features of such processes are

Received: 2015-11-30; Revised : 2016-04-30

The transition form factors studies are a field
of hadronic physics  where  high-precision
measurements are possible and several theoretical
calculations are becoming available which could
match the experimental precision. Recently they
are subject to intensive studies” and one of the
reasons was their relation to the dark photon
searches and to the muon anomalous magnetic
moment, a,, measurement. The Py* y* vertex is
the key ingredient of the hadronic light-by-light
( HLbL)

prediction of the a,

component for the Standard Model
[56] . Moreover the precise
knowledge of the lepton pair mass spectra is
mandatory in searches for the quark-gluon plasma

and in studies of hadron properties modifications in

Biography: KUPSC A. , male, born in 1965, PhD. Research field: hadron physics. E-mail: Andrzej. Kupsc@ physics. uu. se
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heavy ion collisions'™.

The information about transition form factors
is obtained from production processes in e e~
colliders or in two photon processes. It could be
also studied in decay processes involving lepton
antilepton pair (Dalitz decays). The transition
form factors are also closely related to the
anomalous hadronic process involving odd number
of pseudoscalar fields. Two examples of such
processes are; p—>x © 7 and w—>x 71 x'. The
mesons for the decay studies could be produced at
many facilities in the world including e. g.
photoproduction and hadroproduction

experiments,

1 WASA-at-COSY experiment

WASA-at-COSY experiment collected data
between 2006 and 2014 at the Cooler Synchrotron
(COSY ) ring at Forschungszentrum Jiilich in
Germany. COSY can provide deuteron or proton
beams with momentum up to 3.7 GeV/c. The
experimental facility includes WASA detector
optimized for the study of interactions and decays
of the light mesons and a fixed internal target
using hydrogen or deuterium 30 pm frozen
pelletst®.

The WASA detector consists of a forward part
arranged to measure baryonic ejectiles and a central
section to detect light mesons or their decay
products (leptons and photons). The forward part
consists of plastic scintillator layers of various
thicknesses and drift chambers covering full
azimuthal angle. The central part consisting of a
Csl (Na) electromagnetic calorimeter with 1012
elements and a mini drift chamber surrounded by a
barrel is  inside a

plastic  scintillator

superconducting solenoid. A detailed description of
the WASA detector is found in Refs. [ 8-9].

The mesons for the decay studies are produced
using two complementary hadronic reactions in pp
or pd collisions. The two reaction types for the

production of a neutral meson X are pd—*HeX or

pp—>ppX.

The first

characterized by initially fast rising cross sections

group of the reactions are

which reaches plateau. The optimal signal to
background ratio is reached at energies close to the
reaction threshold. The two body final state
includes *He which enables easy identification of
the meson production process by reconstructing
very clean signal in the forward part of the WASA
detector. It allows to collect a data sample without
bias on the decay channel of the studied meson.
However, the drawback is large total cross section
of the pd interactions which limits the useful
luminosities (due to pile-up processes which are
most significant for the calorimeter and for the
drift chamber). At the same time the maximum
cross section of the meson production in the *He
fusion is rather low. For example, for the pd—
"Hey it is 0.40(3) pbH" M meaning that few T
mesons are produced per second at a typical
. The pd—*HeX

fusion reaction could therefore provide unbiased

luminosity of 2>X10% ecm 2 « s !

data sample suitable for determination of the
branching ratios and for searches of invisible decay
modes. This reaction could be also used for high
precision studies of the decay distributions for the
more common decays.

The total data set for the 5 meson decay
studies includes 3X 10" tagged mesons produced in
the pd collisions. The pd—*Hey reaction was used
with a proton beam of 1 GeV. The published
analyses include studies of reaction mechanisms of

the common decays such as 77%7r‘ T e

[15]

and y—
Ty The recently finished measurement of
the branching ratios is reported in the next
section!®, pd—>*Hew reaction at 1.45 and at 1.5
GeV was used for studies of w—x" x x” Dalitz plot
and for studies of other hadronic decays of the w
meson. The analysis of the v decays is ongoing and
the status was presented in Ref. [17].

The meson production in the pp — ppX
reaction has larger cross sections. In addition,
lower total cross section for the proton-proton

interactions allows for larger luminosities to be
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used. However, more restrictive trigger conditions
have to be used to limit the number of the rates of
the collected events. The conditions include
information on the decay channel i. e. separate
chains for charged and neutral decay channels. For
example, 5 mesons have been produced in
protonproton interactions at beam kinetic energy of
1. 4 GeV, corresponding to the excess energy of 56
MeV and cross section 9.8 + 1.0 pb"*). The
collected data sample corresponds to more than 52X
10° 7 mesons produced. The w mesons were
produced in proton-proton interactions at beam
kinetic energies 2. 06 GeV and 2. 54 GeV with the
corresponding cross sections of 5. 7 ub and 35 pb.
The WASA detector was in fact designed and
optimized for studies of rare #x° meson decays
produced in pp — ppr’ reaction at CELSIUS
storage ring in Uppsala at the kinetic beam energy
of 550 MeV. This corresponds to the excess
energy of 122 MeV with respect to ppzn’ threshold
(i. e. below two pion production thresholds) with
a cross section of 1. 12 mb"*!. In the series of runs
WASA-at-COSY has collected a few millions of 7’
—7v e e events for dark photon searches, =°
transition form factor studies and for measurement
of i’—>e" e branching ratio. The results based on
about 10% of the collected data samples were

published in 2013,

2 Branching ratios of the 17 meson
decays

The 7 meson data sample collected from pd
collisions was used to determine the branching
ratios of the 7 meson decay modes'®. The
following four decay modes are considered: y>r" 7
Y 7]—>e‘ e Vs 77971" n e ¢ and n—>e’ e e e .
The branching ratios are normalized to the y—>x"
n 7" decay. In addition a CP-violating asymmetry in
77—>7r+ 7w e e is measured.

The absolute branching ratios were obtained
by using the world average from Ref. [19] for the
BR(y>r' n 7°)=(2.292%0.028) X 10 '. The

results are presented in Tab. 1.

Tab. 1 Summary of the  meson branching ratios
measured by WASA-at-COSY

Channel Branching Ratio
portay (4. 6740, 07a/tie £0. 194) X102
q—’e‘ ey (6. 7240, 07 o/ £0. 31455) X103

gl aele” (2. 740, 20 £0. 24) X107
geteete (3. 240, 94 0. 550) X109

The value for the '(p>r" 7~ 9)/T(p>r" 7 )
is 0. 208 &= 0. 003 /s £ 0. 008,,. It is in a good
agreement with the older experiments™®?" but is
2.6 and 2.5 standard deviations above the recent
values from CLEO™ and KLOE™" respectively.

The branching ratio for p—>e”e” y is consistent
with the most recent Particle Data Group fit (6.9
+0.4)X107? but it is more precise. The absolute
branching ratios for 77—>7r+ r ete and 77—>e+ e e e
decays are in good agreement with the values
reported by KLOE? %],

The uncertainties for 77—>7r+ 7 ¥ and 7]—>e+ ey
are dominated by the systematic effects and the
largest contribution comes from a comparison of
two data sets corresponding to the experimental
runs with different luminosities and accelerator
settings and which were separated by more than
one year.

The CP violating asymmetry, A;, determined
from the distribution of the angle ¢ between the
n'n and e"e  decay planes for y>r"x ¢ e has
been also determined and found to be consistent
with zero: A, =(—1. 126, 64, 0. 2,,) X 10 %
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